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Use Accelerators To Increase
Sensitivity to Lower Masses

Missing mass Missing energy / missing momentum
X

ECAL/HCAL
i‘ y roacker v
'}‘ ) ra Target =
] . )é e —> ]

et o

Best yield scaling

Resonance signal, with luminosity
rate gives coupling
information
Searches for the
Proton / electron beam dump mediator

Target Decay Pipe Beam Dump MiniBooNE Detector
a

P~
Be

Air

50m ) 4m ) 487 m

Focus Here

Probes DM interaction twice

o
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Production of Dark Matter

X

x = scalar dark mater particle

Through Neutral Meson
Production + Decay

Proton beam

Proton beam

Through Proton
Bremsstrahlung

€% = Mixing angle between I/ and SM X
pa ap = gauge coupling between I/ and y
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Dark Matter Interactions

Nucleons

(quasi-) Elastic (NCE)

N

For Ex = 300 MeV

A
° fc?sAIam

Electrons

Interactions look just like
neutrino interactions

All interactions are neutral
current = mediator is not
charged

Neutrino detectors are already
designed to search for such
interactions



The MiniBooNE

Signal
Detector Region Veto
Region
* Cherenkov/Scintillation
Detector o ¢ oo ey
« 1280 inner, 240 veto R e o
PMTS

* \eto region helps reject
backgrounds coming
from the outside

* Designed to test LSND
neutrino oscillation
excess

* Has been running

since 2002 *
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Muons
- Long strait tracks
-> Sharp clear rings

Electrons

- Multiple scattering

- Radiative processes
-> Scattered fuzzy rings

Neutral pions
- Decays to 2 photons

-> Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
-> Isotropic scintillation hits
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Muons
- Long strait tracks " gUw
-> Sharp clear rings _ )

Electrons A5 : e
- Multiple scattering A ’
- Radiative processes G N _»
-> Scattered fuzzy rings AP ANV 7 "

. . |
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Neutral pions TR
- Decays to 2 photons |
- Double fuzzy rings ' B

NC elastic scattering e |‘ S 4

o N = - - .
- No Cherenkov radiation Ny s L)
-> Isotropic scintillation hits N S g
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Muons
- Long strait tracks
-> Sharp clear rings

Electrons
- Multiple scattering

- Radiative processes
-> Scattered fuzzy rings

Neutral pions i
- Decays to 2 photons
-> Double fuzzy rings

NC elastic scattering
- No Cherenkov radiation
- Isotropic scintillation hits
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Muons
- Long strait tracks
-> Sharp clear rings

Electrons )Py P Y%A

- Multiple scattering (KLF

- Radiative processes | ¥
-> Scattered fuzzy rings £ | f ¥

Neutral pions /L NS |
- Decays to 2 photons Re | | , o o\d .

r'y i

-> Double fuzzy rings\ /, kN :
l—b ) ® T )\ \, " | /\
NC elastic scattering /" | "\, |
- No Cherenkov radiation QN . | «
- Isotropic scintillation hits NN
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Booster Neutrino Beamline
15 years of running ...

2.0E19 4.0E21
Il Comissioning Ml Neutrino [l Antineutrino Beam Dump

* Accelerator has
delivered more than

30x10%° proton-on- :
target (POT) for 3 = R
different modes of comre Loe21 )
running
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B o 107 i apart to
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] | l | 1 | L | L 1 within 2%
01/Jan/04 31/Dec/04 31/Dec/05 31/Dec/06 01/Jan/08 31/Dec/08 31/Dec/09 31/Dec/10 01/Jan/12 31/Dec/12 31/Dec/13 31/Dec/14 01/Jan/16 31/Dec/16
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Beam-Dump Mode
(Nov 2012 — Sep 2013 1.86x102%9 POT)

Rk nd X Decay-in-flight due to

0 ~ short life time

v
ekl Decay-in-flight after
It~ .y leaving target

Beam Thin
Target

X
0 Decay-in-flight due to
short life time

Beam Thick

Target
e Absorbed or decay-
at-rest=- reduced neu-
trino flux

Target Decay Pipe Beam Dump

P —

Bel  Air

v event rate in MiniBooNE
decreased by a factor of 50
compared to v Mode

MiniBooNE Detector

- Los Alamos 50 m 4m
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion

? 107 J/\.@\
Invis.
NG AN s e e e g s |
* First dedicated search for e” - aBar
direct detection of ‘;a o favered .7 |1\ A2 [ O\~ ,
accelerator-produced dark  « . : /
matter in a proton beamline u 10 "F nass . '
> -
* Y « DM annihilation cross -
section
-9 ’ !‘
10 "= xenonto .#7 [ E187 Direct"
X - e ‘< Detection
— ; K4 Nucleon

.....

m, = 3mx’ a,=0.5
— MB 90% CL

----- MB 90% Sensitivity

107"

A

— )
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NATIONAL LABORATORY DI2018 R. T. Thornton — Latest Results from MiniBooNE 14




New To Nucleon Analysis

(Full Nucleon)

— ~ 300
qlo NCEOff TO r NCTCOOff
'% —— Data (stat error) E C —— Data (stat error)
S I Detector Bkg. < 250— I Detector Bkg.
3 Dirt Bkg. 'é - Dirt Bkg.
g Beam Unrelated Bkg. Q 200— Beam Unrelated Bkg.
g F Raw Sys. Error e r : Raw Sys. Error
5 2+ | 2 r
- = SO DM Total s M .l. - DM Total
T ] e — DM 0n component S T | J— DM 0n component
e R A SO DM 1z component — SO DM 1z component
1— L
o TR ||| e
108: I e ————
E ; ------------- EI”“"I"”“”““”““” P PP E ; ---------------------------------------------------
S o S o
s dof . s dof
O 20F N, a 2 i
[ 02 0.4 0.6 08 i 12 5 % 030 AT 68 08 1 12 14
2 Q2. (GeV? c?) 3 P, (Gevc)
* Neutral-Current elastic nucleon cut  * Neutral-Current single ° cut
* Large beam unrelated bkg. (BUB) * Reduced to almost no dirt and BUB
* DM at high Qg has large % of true 1 7°
sample * Simultaneous fit of NCE and NCr° cuts
* Constrained by v and v data
- Los Alamos
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New To Nucleon Analysis
(Full Nucleon)

D .~ 300
o NCE ‘o C
= —e— Data (stat error) E -
g I Detector Bkg. < 20—
E Dirt Bkg. 'é -
g Beam Unrelated Bkg. 9 .
Y BE Raw Sys. Error >
S o 3 f
-3 = AP DM Total s 0
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1= -

os- MeESSSS____._.... 00 ||| e
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= 60 ~ 60F
= 408 . s 405
o U — Q 200
L 0.2 0.4 0.6 0.8 1 12 5 % 03 TOAT0E T 08 T 12 14
e Q2, (GeV2 c?) S b (Gev )

* Neutral-Current elastic nucleon cut  * Neutral-Current single r° cut

* Large beam unrelated bkg. (BUB) * Reduced to almost no dirt and BUB
* DM at high Qg has large % of true 1 7°
sample * Simultaneous fit of NCE and NCrr® cuts

e Constrained by v and v data

A

)
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New To Nucleon Analysis
(“Time-of-Flight”)

Beam Dump

Be Target 50m

P—EOR—
"

MiniBooNE
Detector

Neutrino Production

ADC

2ns Bunch Structure (us)

Fiber Optic

P P L L L
0.5 0.52 0.54 0 56 0.5
Time Since Start of fSpII(p)

RWM Timing Signal

A

)
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Comparing Time Distributions
NCE NCr’

x10°
C —m, =0.1 MeV - _ —m, =0.1 MeV
70 —m, =25.1 MeV B T —m, =25.1 MeV

n —m, =50.35 MeV 0.12/— 111 — m, =50.35 MeV
—_ 60_— ——m, =105.5 MeV —_ - — —— m, =105.5 MeV
Woor m, =190.6 MeV 04 1 m, =190.6 MeV
e r m, = 309.7 MeV E r B ] m, = 309.7 MeV
2 50 g [ al
(] | e V' [ = . — V'
'E B det 'E = _| | | det
< L <0.08— — B
7 - » - | |
T 40— ‘| T
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Dark matter could come later = Distort timing distribution
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Distributions in Fit

* Fit 11 Correlated Distributions
e Bold =in PRL
* Highlighted = Signal Channels

Events/(1e20 POT)/(GeV? ¢?)

Events/(1e20 POT)/(GeV* ¢?)

Events/(1e20 POT)/(GeV ¢?)

Events/(1e20 POT)/(GeV? ¢?)

Events/(1e20 POT)/(GeV ¢")

Neutrino Antineutrino Off-Target
CCQE CCQE CCQE
Neutrino Antineutrino Off-Target
NCE NCE NCE
Neutrino Antineutrino Off-Target
NCr® NCr® NCr®

Off-Target Off-Target

NCE NCr©
Timing Timing
» Los Alamos
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Electron Analysis

* Search for v—electron
neutral-current like
interactions

Data

DM: m, =301 MeV, m = 37.72 MeV
Dirt Bkg.

Detector Bkg.

Events/GeV
8

* Qutgoing electrons are
very forward (cos 6, >

0.99) £ 100 —
2 -
. = 80f- Signal
* Low Evis cut to remove 5 60
Beam unrelated bkg. % a0fF-
)| Y W S
 Beam related bkg. 8.9 0 _ 1
constrained by 0.9 < ¢
2] E
cosf, < 0.99 £ 165
= 1.4
§ 125
e Statistical only fitin 3D w o.gg—
* Evis oaE
* cosé, TR e
0 14 16 18
* Bunch Time Bunch Time (ns)
- Los Alamos
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New 90% Confidence Limits

* No significant excess
observed

e Results improved
from 2017 PRL (MB
Elastic N)

e Set world leading
limits

* Sensitivity
* Low mass = Electron
* High mass = Full N

arxiv:1807:06137
submitted to PRD
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Various Looks

Direct detection

Does not require
coupling to leptons

107 107 K*>n*+invis. Jy—
B o, favored B a, favored
) i o i
ﬁ 1 0_8 = ? 1 0—8 =
o - o C
3 - £ -
2 B 5, N MB Elastic
= — M B_ EI_ectron £ |
(Z) B + Timing ™
I o I Direct I _o| MBFuUllN Direct
> 1 0 ﬂm_g/ Detection > 1 0 ;*’ Timing Detection
€ Eoo--====7" " e Nucleon é — -~ Nucleon
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£ I g !
£ 10 £ 1oL
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w C — W N =
I - 4 X I - 4 X
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10" 1011
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1
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Various Looks (different slices)

V

Relic
Density

-8
10 E 9 Direct_
- o, favored 107 g, favored Detection
- - ) - Nucleon
=) i o -
] MB Elastic N . ] - BaBar
a 9 “Direct [=] -
3 107 Deféstggi 3
x E MB Full N Nucle X 10710 MB Elastic /
1S C + Timing £ =
@ — ~ = MB Full N
n - -C n [ + Timing
> > = =
\Er 10—10__ é oo ---
< - h 11 MB Electron
E> C E> 10 = + Timing
o B S= E
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S’ — N
=) 2 B
NZS 1 . 3 L
w 107" Relic_ N
I E Density I 10712 ]
> = > . . .
N Rule out relic density line
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Neutrino Oscillation Analysis

v mode Y mode Combined
Data 1959 478 2437
Unconstr. Background 1590.5 398.2 1988.7
Constr. 1577.8 398.7 1976.5
Excess 381.2 79.3 460.5
+ 85.2 + 28.6 +99.0
4.50 2.80 4.70
0.26% (LSND) v, — v, 463.1 100.0 563.1

E 1.8 —
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c 1. —]
N & —=— V,: 11.27x10° POT -
o 1
23 i
A How does excess scale? E
& PE
1= E
= =
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oXE ’21_\~ —f
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Checking if Excess Scales with only
with POT

>
> T
% 20 - Off-Target +Data -
« Scale total combined excess £ g ve from "
to predict how many excess o F v, from K
events expected for off- 16| v, from K°
target running - B =° misid
1 B A— Ny
* Expected 35.5 + 7.4 excess 124 M dirt
events between 200 and W0 other
1250 MeV 10

e  Measured -2.8 excess events

* Explanations that scale by
only by POT instead of
neutrino production are
ruled out at 4.60

.203040506070809 1 1.11.21314 15 3
E® (GeV)
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Summary

e Can use accelerators to help guide where to look
for dark matter

* MiniBooNE/BNB was repurposed for a dark matter
search

* First results were published in PRL (Editors
Suggestions)

* Pi0 and Electron searches improved upon the first
results (submitted to PRD) — new parameter space
excluded

e Off-target run was able to rule out explanations of
the oscillation excess that scale solely on number of
POT

Pa

» Los Alamos .
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Extra Slides

e

)
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Example of an Empirical Exotic
Model: An MSW-Like Resonance

C = /05220 (1 — E/E,¢5)? + sin2 26

sin? 20y, = sin? 20 /C*
Am3, = CAm?

P(E K E, .5, L) =~ sin? 20 x sin®(1.267Am?L/E)

0.030
Ere$=300 MeV
—— E1=30 MeV
0.025
- E2=300 MeV
= E3=3000 MeV
Q0
© 0.020
Q
@]
a
Simil Y 0.015
imilar to: 5
. 2 sin? 20 = 0.0015
arXIV.1712.08019 qéo'OlO Amz —_ 1.59 eVZ
arXiv:1202.1024 <
N 0.005
0.000
A 0.0 05 10 15 2.0 25 3.0
S L[m]/E[MeV]
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Events/MeV
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Probability = 86%
(sin26, Am?)__ = (0.0015,1.590 eV?)

Eresg; =270 & 30 MeV .

065— """ %‘
0.4 :;%ﬂ
02E M 4 ;

0.0F e e e & .
. L |
2

04 06 08 10 12 14 30 10°° 1072 107 1

5" (GeV) sin®26
,/j! A more exotic model could provide a better fit to the MiniBooNE/LSND data
- Lo
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Short Baseline Neutrino Program

Distance from Active

Detector BNB Target LAr Mass
- % SBND 110m 112ton
ii 555 i . MicroBooNE 470 m 87 ton
= g 3 ICARUS 600 m 476 ton
= i =

.
o '—'—1‘ 7
B B BooREr " croBoONE
— " lcarus - T600 (operating)
(relocated)
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Dedicated SBN “Beam-Dump” Target
(Expression of Interest to 2017 FNAL PAC)

* A dedicated SBN “beam-dump” target would decrease the v rate by another
factor of 20

* Adding an extra target to the BNB in the dog leg region would allow
simultaneous v/beam-dump running

Beam “dog leg” region
gleg  reg Significant existing

- environmental
shielding in place

: ] Current neutrino
target / horn

Site for Option 1

Extensive environmental
shielding required for
a new “target station”

Beam steering
“kicker” magnet

Site for Option 2

» Los Alamos o
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Dedicated SBN “Beam-Dump” Target
(Expression of Interest to 2017 FNAL PAC)

* Increase SBN physics output at low cost

* Positive response from FNAL PAC, seeking DOE funding

107

arXiv:1707.04591 [hep-ph]

o~
-
_____

ea'(my/my)*

.............
............
.....

Y=

------

..... COHERENT
----- SBND NCE Electron
..... SBND Inelastic r°
—— LSND

E137
—— Electron/Muon g-2
—— Scalar DM Relic Density
........ MiniBooNE

1

Distance from  Active
Detector BNB Target LAr Mass
SBND .o 110m 112ton
vicrolSBND: Start 87 ton
“AfUtesting relic d/olon

density line

10-2
i my(GeV)

1077

» Los Alamos
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New To Nucleon Analysis

(“Time-of-Flight”)
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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First Results: (quasi-) Elastic Scattering
PRL 118, 221803 (2017) Editors’ Suggestion
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