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Observational Evidence
Coma Cluster

In 1933 F. Zwicky predicted vy

Concluded p ~ 400 X puminous

Zwicky attributed the difference to “dark matter”

Today, calculation shows 5 200 to 300 times greater than puminous

Rotational dynamics indicates much more mass exists than we
see

vV v v v

v

v F. Zwicky, Helv. Phys. Acta 6, 110 (1933).
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More Observational Evidence for Dark Matter

Rotation Curves Cosmic Microwave
DISTRIBUTION OF DARK MATTER IN NGC 3198 BaCkg rou nd
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Multipole expansion and fit of CMB from
the Planck data?

7. S. van Albada et al., Astrophysical Journal 295, 305 (1985)
o 2Planck Collaboration: P. A. R. Ade et al., 2013, A&A Preprint.
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http://dx.doi.org/10.1086/163375

Thermal Relic

» Dark Matter (DM) density
depends upon annihilation
cross-section

Incressing <oyv> » Smaller cross-section
V ________ = earlier freeze-out
o = higher density
______ ¢ » Observed DM density
gives

‘ " o 3 (ov) ~3x 10726 cm3/s

x=m/T (time -) 1

~

(20 TeV)?

Thermal origin suggests DM interactions and mass in the
vicinity of the weak scale

o 0Slide adapted from P. Schuster DarkSector2016
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Direct Detection

CDMSlite and CRESST-II' LUX?

3 3 3
E
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WIMP-nucleon cross section ( zb )

Dark Matter Particle-Nucleon Cross Section (pb)
‘WIMP-nucleon cross section ( cm 2 )

Dark Matter Particle-Nucleon Cross Section (cm?)

10° 104
1075 _Coherent Neutrino Scattering on Cawo, “ 0w 102l ) L L 10
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Dark Matter Particle Mass (GeV/c) my g (GeV/e)

» How to go to lower mass?
» Produce in beamline where the dark matter will be boosted

G. Angloher et al., Eur. Phys. J. C76, 25 (2016), arXiv:1509.01515 [astro-ph.CO]
2D, S. Akerib et al., (2016), arXiv:1608.07648 [astro-ph.CO]
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sub-GeV Dark Matter

v
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sub-GeV Dark Matter: Production

» Initially developed in order to solve the Production

511 keV spectrum line seen from the gl X0
galactic bulge'. o d

» Not constrained to Lee-Weinberg Vo,
Bound = my < 1GeV xt

» Consists of a dark vector mediator (V) X
and a dark matter particle (x)? v v

» Decay Modes:

Visible: Condition: my < 2m,, Mode:

p > » p
|V A

Invisible: Condition: my > 2m, Mode: v
V= xx!' P > > p

1C. Boehm and P. Fayet, Nucl.Phys. B683, 219 (2004), arXiv:hep-ph/0305261 [hep-ph], C. Boehm et al.,
Phys.Rev.Lett. 92, 101301 (2004), arXiviastro-ph/0309686 [astro-ph]

o 2B, Batell et al., Phys.Rev.Lett. 113, 171802 (2014), arXiv:1406.2698 [hep-ph]
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http://dx.doi.org/10.1016/j.nuclphysb.2004.01.015
http://arxiv.org/abs/hep-ph/0305261
http://dx.doi.org/10.1103/PhysRevLett.92.101301
http://arxiv.org/abs/astro-ph/0309686
http://dx.doi.org/10.1103/PhysRevLett.113.171802
http://arxiv.org/abs/1406.2698

sub-GeV Dark Matter: Lagrangian

» Lagrangian to add to the Standard Model (SM)'

L=1L ZF;W/-"W+ A — SFuF™

o 1X (0 — 19" Vi) x — myxx Dirac fermion DM
X7 (8 — g’ V) x[P — m? x? Complex scalar DM

» Vector portal chosen over others due to constraints from
previous data?

Four Free Parameters

» m, — mass of x » my — mass of V
» ¢ — kinetic mixing angle » o/ = g’?/4r — coupling
between V and SM photon constant between V and

'B. Batell et al., Phys.Rev.Lett. 113, 171802 (2014), arXiv:1406.2698 [hep-ph].
o 2P, deNiverville et al., Phys.Rev. D84, 075020 (2011), arXiv:1107.4580 [hep-ph].
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http://arxiv.org/abs/1406.2698
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://arxiv.org/abs/1107.4580

sub-GeV Dark Matter: Detection

Interactions

» Interactions similar to v interactions

> Makes corresponding v irreducible
background

» CHo, in MiniBooNE

» This talk focuses on DM-NCE
scattering

Neutral-Current Elastic (NCE)

v

INDIANA UNIVERSITY

R. T. Thornton

Neutral-Current (quasi-)Elastic

C12
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Defining Y

» From thermal relic and assuming small interactions between
dark sector and Standard Model

X
. Vi ZI
SM
e XT
2
m
JVNO/ezax—ff
my
4
m
YEEZO/< X) =
v
Ya
O'VN72
X

» Y = Dimensionless parameter controlling cross-section

o 0Slide adapted from P. Schuster DarkSector2016
R. T. Thornton September 23, 2016
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sub-GeV Dark Matter: p g-2

» Can add a one loop correction to the
~-fermion vertex

» This correction changes the
electromagnetic fine structure constant

» Constraints from electron g-2 Yy \V4
» Correction can reduce discrepancy in

g-2'
» A goal is to exclude parameter space

where this correction reduces the p g-2
discrepancy

M. Pospelov, Phys.Rev. D80, 095002 (2009), arXiv:0811.1030 [hep-ph], P. Fayet, Phys. Rev. D75, 115017
'11(2007)' arXiv:hep-ph/0702176 [HEP-PH]
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http://arxiv.org/abs/0811.1030
http://dx.doi.org/10.1103/PhysRevD.75.115017
http://dx.doi.org/10.1103/PhysRevD.75.115017
http://arxiv.org/abs/hep-ph/0702176

Production

v

Use a fixed target proton beam to produce
dark matter and a neutrino detector to
detect its interaction

The dark matter will be produced through
decay of 7°/n or through Bremsstrahlung

The interaction in the detector will be
neutral current scattering off free protons or
bound nucleons

This process is sensitive to ¢*a’ for given
my, m,

Note: vs are now a background
measurement

INDIANA UNIVERSITY R. T. Thornton September 23, 2016 13



Extension to sub-GeV Dark Matter

» Add baryonic current’

€

C=cy— B Fm o LRy 5

A F FuF™ 4 Gsg' Vil + -

g 1 -
JM = 5 E Qi Qi sum over all quark species
i

» Whene=0g' — gg (ag = g3/4n) L is solely dependent on
baryonic current

» This scenario is called leptophobic

» MiniBooNE NCE analysis is sensitive to this model (proton
production and proton/neutron detection)

B. Batell et al., Phys. Rev. D90, 115014 (2014), arXiv:1405.7049 [hep-ph], P. deNiverville et al., (2016),
lIJarXiv:1609.01770 [hep-ph]
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Why MiniBooNE?

v
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MiniBooNE Detector

Signal > 800 tons of mineral oil (CHy)

Region Veto » Cherenkov tracking detector
with scintillator component

» 1280 inner and 240 veto PMTs.

» Ran for a decade and has
obtained/published:

> v mode: 6.5 x 1020 POT

» 7 mode: 11.3 x 1020 POT

> 11 oscillation papers

> 14 cross section and flux
papers

> 1 detector and 1 supernova
search paper

> 18 PhD theses

» The detector is well
understood

v
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v and 7 Oscillations

Antineutrino
o Data (stat err.)

3 v. from ™
3 v, from K*"
3 v, from K
8 «° misid —
COA—=N
[ dirt ]
3 other

—— Constr. Syst. Error 1 » Combined l/ and P
appearance oscillation search

Events/MeV
i

» Combined a decade of data
taking

» Backgrounds determined by
cross-section measurements

Events/MeV

14 15 3.0
E% (GeV)

Combined v and 7 analysis'

o TA. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 110, 161801 (2013), arXiv:1207.4809 [hep-ex]
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v and v Charge-Current Quasi-Elastic

d?c
a%ﬁ(cmz/(iav) T ateey) mGeY)
-

e MiniBooNE data (3N=10.7%) |

[ MimiBooNE data with shape error

—— MiniBooNEY, CCQE data (CH,)

[ ] stape uncertainey

10
8
10 .
& 4
0 ~II| 2N
21y

———————
—
S=——

Double-Differential Cross section for v
data’

Double-Differential Cross section for v
data?

» First v double-differential CCQE cross-section measurement

TAA. Aguilar-Arevalo et al., Phys. Rev. D81, 092005 (2010), arXiv:1002.2680 [hep-ex]
o 2A A Aguilar-Arevalo et al., Phys. Rev. D88, 032001 (2013), arXiv:1301.7067 [hep—ex]
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INDIANA UNIVERSITY

vand v NCE

[ miniBooNE NCE cross-section with total error

+ Monte Carlo NCE-like background

0.2 04 0.6 0.8 1 12

14, 16
Q2 (GeV?)

S0 MiniBooNE data
NUANCE MC prediction M,=1.23 GeV,x=1.022

NUANCE MC prediction M,=1.35 GeV, x=1.007

P P I AR I AR AR BT S
0.2 0.4 0.6 0.8 1 12 1.

E 2
Q% (GeV?)

TA A Aguilar-Arevalo et al., Phys. Rev. D82, 092005 (2010), arXiv:1007.4730 [hep-ex]
2A A Aguilar-Arevalo et al., Phys. Rev. D91, 012004 (2015), arXiv:1309.7257 [hep-ex]
R. T. Thornton

v

2o
p(cm/GeV?) =

2
Ql

do/dQ;

2 2
(0 ncp/dQqp)/ (A0 e/ dQqe)

ode
)40-39
2
B8 MiniBooNE VNCE cross section
with total error
L5 . MC NCE-like background
— MC (MiniBooNE M} )
..... MC (M,=1.02 GeV)
1
0.5
0 T A " A
02 04 06 08 1 12 Z1.4 1.26
Qe (GeV)
1l [ MiniBooNE data

0.5

I — MC (MiniBooNE MY %)

..... MC (M,=1.02 GeV)

0.2 0.4 0.6 0.8 1

1 2Z 14
Qgp (GeV?)
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Definition of Q2

Using the quasi-Elastic assumption the reconstructed Q3. are
calculated

CCQE

2 2 2
e 2MhE. - [(My)? 4 2 — M
2 [M,’, —E,+ /B2~ mﬁcos@u}
Q4 = —mP +2E%F (EM —\/E2 — mu? cos 0H>

NCE

QR = 2my T

v
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Booster Neutrino Beamline (BNB)

Fermilab Accelerator Complex

Events/MeV/10°POT

0 L 1 1 e

0.5 1.0 1.5CC 20
ECC% (GeV)
3w T T T T T T T T =
. = VIPOT = (102.1 = 0.1)x 10" 3
» Beam: 8 GeV protons g “E it et E
= =
> Target: Be = E
. ol -
> DI.St.ance to = S/POT = (2079 + 0.05)x 10" =
MiniBooNE: 541 m wf- findt = 915.44/762 3
Y= PR s~ - - SRR - it i)
> Stable and S s s . . s , . E
CUTawDi  SUDeci  SUDeitS DS  OVIam0s  SUDecls  SUDc0s  SUDSc/i0  OTant

“well-understood”
beam

v
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Beam-Dump (Off-Target) Mode

» Can reduce vs by steering beam
past target

» Target is air cooled = can run beam
so target is not hit

541m 1

» Charged mesons are absorbed in the steel beam dump before
decaying = reduces the measured v flux

v
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Off-Target Run Stability

£

V[POT = (102.1 + 0.4)x10"
X'Indf = 840.35/862

VIPOT x10°"7

JIPOT = (20.79 * 0.05)x10™"
X"Indf = 815.44/782

H

V[POT = (2.00 +0.04)x10""
X Indf = 101.81/97

A
1 | 1 I 1 L 1 1 1 1 1 |
GT3ano FTIDecioq FTIDecios FTIDecIo6 O13anios FiDecion TDecios FUDecio OTdannz FDecrz FTIDecTTs

o : : : : . > Requested 1.5 x 1020 POT

Beam dump run

»> Ran 9 months, Nov 2013 to begining
of Sept. 2014, collected
1.9 x 1020 POT

POT per week (10"%)
otal POT (10°POT)

L

» Thanks Accelerator
Division

2013 2013 2014 2014 2014 2014 » CCQE v “event”/POT decreased by
~ 50 compared to v-Mode

!l
INDIANA UNIVERSITY R. T. Thornton September 23, 2016 23



Off-Target NDM Fit Description

EliswooocL
EeswoosncL

e » Use Limited Sample (the first 3.2 x 10" POT (~17%

— ] of data)) to tune NCE cuts and understand
backgrounds.

An? (eV?)

» Determine and understand nuisance parameters

Antineutrino

» Determine and understand systematics

» For full use of all constraining data (and in spirit of
previous analyses) a combined fit was done

» Combined NCE/CCQE distributions from v-Mode
and off-target running

> Use the MiniBooNE CL method developed for
oscillations

» Frequentist using delta maximum log-likelihood

Combined v and 7
analysis’

o TA. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 110, 161801 (2013), arXiv:1207.4809 [hep-ex]
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Understanding Backgrounds

v
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Backgrounds

v — Mode-NCE (NCE,)

» 2 Categories of Backgrounds e
N
o C NCE,
> Beam Unrelated (BUB) S 1'8; —¢— Data (stat errors)
» Beam related (BRB) $ 1eE, aha L ek :ybssz“”s)
» Detector (vget) g et Vaa

= Vit

Y
T
¢
>

> Dirt (vairt) 12

» BUB measured by random
trigger (small in NCE,) 08

0.6

» BRB simulated - well
understood from previous
analyses 02

0.

0.2 0.4 0.6 0.8

v
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Knowing where the Target is

BPM Projected Position At Beginning of Target During 10/28/13 Target Scans

x10°
g E
E 2 g
> L <
10— 20 @2
- 0
C —18 3
- [}
5— —j16 §
C $
- —14 <
o— e
C —10
-5 ; —8
- 6
-10{— 4
- 2
15 P L. Ll - L s o
-15 -10 -5 0 5 10 15
> Beam position monitors are used to find the target X (mm)

> Seems as though either the target is tilted horizontally or something is not lined
up downstream (cannot tell the difference)
» LM875 is loss monitor upstream of target sensitive to beam backscatter
'Y
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Decay Pipe Inspection

Inspected decay pipe for debris

Used the FRED (Finding Radiation
Evidence in Decay Pipe) Robot

Found no debris

Also found no evidence of magnetic
field above Earth’s field

v

v

v

v

POE / USB power
distribution system

v
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Added Material To Simulation

» Materials that did not matter for on-target running play a role in
off-target. They were added to the BooNEG4Beam simulations

1. *Vacuum Pipe

2. *MWTGT Al Foils and Wires

3. *Ti Window

4. *Al Target Back Plate

5. *Be Window

6. *Al Target Base Block

7. *Be Upstream Fin Locator

8. *Al Bellows Contact Assembly
9. Al Horn

0. Be Target, Fins and Outer Tube
1. *Be Downstream Fin Locator

®

0 50 cm

v
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Simulation Prediction Compared to CCQE

N
@
S

+ Data (stat error)

Vet Average CV

=
o
=]

> Default MC (red dotted) was low
by a factor of 1.6

CCQE Events

i
I
S

s Vg, Nominal Beam Profile (NBP)

12

S}

Vo NBPx 16

» Found 4 excursions that scrape
the target and gives ~# CCQE
events

i
o
S

@
S

-3
<]

> Avg. of excursions gives correct
# CCQE events to within 1%

» With low stats, not sensitive to
change in energy shape

IS
S

N
]

o

2 25
ES® (GeV)

v
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Scraping Projections Assuming no shift in

Target

X-Y Start Position (z=-437.19cm) X-Y Position At Window (z=-8.61cm) X Posiion At Beginning of Taget (¢=3.4%cm)
Sisf Sisf
oF
osf
3
. ma e o } et - et . + 1
xem) xem) xem
X- Position At Middle of Target (2=39.05cm) XY Postion At Downstream Locator (2=73 54cm) X-Y Position At 25m absorber (=2526.11cm)
B ~ g z
osf osf 0
3 ok o
S + T B T gt T + T ERET B R
x(em) (e ey
X-Y Position At Detector (2=54091.48cm)
¢ i 3-0 Beam Position Ellipses
Increase Y-Divergence
20
100 ———— Increase Y-Angle
o
-100) Decrease Y-Angle
20
-300) ————— Increase X-Angle
-
SRR o = ——— Nominal Off-Target Beam Position

v
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Off-Target CV Flux

v-Mode Off-Target

€ F Ve € [ Ve
é 107 : E 0= Y
S e e "
{w“ E %f [
E 108 E
101 ;
104 ;A o E-
107 o5 1 15 2 : 55 107 o5 = v7‘17 15 3 o
Energy (GeV) : Energy (GeV)
> & =5.0x 107"y /POT/cm’ > &= (1.9+1.1) x 107" v/POT/cm?
P Mean Energy of 833 MeV P Mean Energy of 657 MeV

» Total Flux integrated over 0.2 < E, < 3 GeV
» Flux reduction of ~30

v
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CCQE Event Rate Reduction

Off-Target (CCQEox) v —Mode (CCQE,)

20

x10
M 5 [
& 140~ CCQE,, o F CCQE,
% £ —4— Data (stat errors) % 3 —4— Data (stat errors)
E’ 120~ A4 Total Bkg (sys errors) \E/ o 4 Total Bkg (sys errors)
c B c C
g L + Vdei g 25 vde!
i} i, m
1004_ e Vi = Vit
80—
L 15
60— C
L 1=
40— =
= 0sf
C Lol Lol C

ca Lo Lo Lo Lo
0.2 0.4 0.6 0.8 1

=)
o

» CCQE event rate reduction of ~50
» CCQEgy has peak slightly lower in EF compare to CCQE,,
consistent with softer v-flux
I}
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Reducing Beam Unrelated Background

Limited Sample Off-Target-NCE (NCEo¢)

Events/(35.8 MeV)

N
S

=)

® Data
—— Total Bkg
rrrrr Beam Unrel. Bkg
Beam Rel. Bkg: v,
Beam Rel. Bkg: v,

>

IR IS TR |
100 150

P
200 2
Nucleon Recoil Energy (MeV)

n
50

Initial look showed BUB
= 69% of data

Using previous trigger
info. to reject events that
had hit info. before the
beam trigger

» Reduced BUB to 58% of data with BRB efficiency of 95%
» Off-target BUB measured with random trigger at ~10 Hz

v

INDIANA UNIVERSITY

R. T. Thornton

September 23, 2016
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Fitting

v
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Nuisance Parameters

0
= L
o F NCE,
2 18-
I r —¢— Data (stat errors)
S L
S 16 A, A Total Bkg (sys errors)
a ~°C A
2 -
< F 2etea Beam unrel. bkg
= [A-e v,
o léfe sV lag
C e Vdm
12—

0.8

0.6

0.

0.2

P
IABRARN R R R

L,
edbigiel
Lot

v

v

v

INDIANA UNIVERSITY

1 , 1_‘;2
Q2 (GeV?)

o
©

NCE, Data/MC
°
%
&

0.8

0.75

0.7

0.65

A Q2. dependent inverted Gaussian with vertical offset to
account for NCE,, data MC differences (7-Mode data shows about the

same disagreement)

Flux-factor scalings to match the # of CCQE events
(off-target and v — Mode) is used to get the overall

normalization

R. T. Thornton

September 23, 2016
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Systematics

Total Correlation Matrix

» Correlations between data
sets are accounted for

» All bins are correlated

» Table gives total uncertainty
with all backgrounds
(BUB+BRB) = effect of
NCEo BRB uncertainty is
reduced due to large BUB

%702040608 1121402040608 11202040608 11214 0.2040608 1 12
CCQE, NCE, CCQE,, NCE,,

Source total uncertainty (%)

Dist. v Flux cross sections det. model total sys
CCQE, 6.5 15.3 2.5 16.8
NCE, 6.4 11.3 13.3 18.6
CCQEs 14.8 18.4 2.3 23.7
NCE o 9.2 6.9 8.2 14.3

Y
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Results

v
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Full NCEg¢ Distribution

§ : NCEON
I 250%- —¢— Data (stat errors)
5, r A Total Bkg (sys errors)|
‘E N LLUTLLL Beam unrel. bkg X
& 200fen #events  uncertainty
i BUB 697
150[- Vet DKg 775
veirt bKg 107
100 Total Bkg 1579  14.3% (pred. sys.)
Data 1465 2.6% (stat.)
50f
o ‘0.2 ‘ 0.4 0.6 0.8 1 ‘ 1.2
Q@ (GeV?)
» No nuisance parameters applied yet
» Data consistent with background only
» Systematics dominated
!l
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Ratio of Distributions

3
g 4.5+ —+— Data (stat errors)
o
» Reduces correlated 2 4 A Bkg Pred. (sys. errors)
systematics [
. . g a5
> Expect all bins to equal 1 if o
there were no BUB and no w35
excess 2t
2.5 +
» High first bin due to higher =
% of BUB in NCE 2= -{-
compared to NCE,, s + +
> Final fit is was a combined F + + +
fit not a ratio =
o.s%‘m”m”m”m”m”\

0.2 0.4 0.6 0.8 12
Q (GeV?)

!l
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Null Fit Probability

.

=
2

» Final fit is was a combined
fit not a ratio

Events/(1e20 POT)

» Included correlations to

102 |=—
determine nuisance E
parameters e
> Upper tail probability of 98% i . kg Prediction (sys. errors)

(determined with fake data)

Bkg Only Fit Result

» Propagating uncertainties in
nuisance parameters
reduces uncertainty in
NCEoff from ~15% to
~10%

@

(Fit - Data)/Data
°
[T RTTTTT
(o]
(o]
Lel
R
z
4
Jn
o
(o]
Q
®
z
4
®

0 02040608 1 1214 02040608 1 12 02040608 1 12 14 02040608 1 1
v oft oir

v
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BdNMC Prediction

» Used BdnMC'to generate
THue events lists for different
combinations of my m,

NCE Nucleon Events

> Produlced event lists in the my = 0.01GeV e = 10-3 o — 0.1
following range 104
0.0 0.2 0.4 06 0.8 1.0
my € [001 ; 1) GeV and my(GeV)

m,, € [0.001,m,/2) GeV

» Included 7°/n-decay and
Bremsstrahlung channels

» 79/ events lists from the
BooNEG4Beam MC were
used to generate the 7° and n
distributions

Pions/POT

Off-Target Average w +

7 8
p (GeVirc)

v P, deNiverville et al., (2016), arXivi1609.01770 [hep-ph]
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Accounting for Low Q2 in DM Prediction

x
X
U

x10°
18

e Total From NUANCE

£€=0.001,a'=0.1

my =10 MeV m, =1 MeV

NUANCE Events/1e20 POT
.
S
DM Generator Events/1e20 POT

E 7L e Bound H
121~ L2
C | - m,, =767 MeV m, =381 MeV
r Extrapolated Total H X
1 st
08 08H
061 06H
04
0.2
ST T T I Ol LT e
T R BT E A F R A 04,045 05 T AR TR PR M VR Vo
© (GeV) T (GeV)

» BdNMC does not include nuclear model (assumes all nucleons
are free)

» Low Q? effects important for NCE below ~90 MeV

v
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90% Sensitivity and Confidence Limit

Sensitivity Confidence Limit
< 05 . < 05 a
© ° 3 E ®  BestFitPoint 2
%0.45 ® BestFit Point BN ~0.450- m§
€ 1040% € F (e*a'),, = te-12:3e-12 07 <
. 0.4— 3
0.4 (efa) = 1e-12+3e-12 E £ A BestCL (ea), =1e-15 | %
101 8 0.35 10"
z F
2 0.3 4
g F | 12
1012 g 0.25( 10
0.2
101 E 10"
015
104 01 10
0.05—
” -15
01 02 03 b s 10 04 02 03 0.4 05 06 07 08 09 1 1©
m, (GeV) my (GeV)

> Treated each combination my, m, independent

> Bestfitis at my = 0.260 GeV m, = 0.041 GeV

» Upper tail probability at best fit is 96% (determined by fake data)

> Best sensitivity is at my = 0.767 GeV m, = 0.381 GeV with e*a’ =1 x 10~1°

v
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Number of DM Events

Confidence Limit NCEo
= 0.5 =)
S o e oo
S ® BestFitPoint o o H
%0.45 " B S 250 NCEq;
(%) = 1e-12+3e-12 102 I
04 = - % [ —4— Data (stat errors)
A BestCL (sa) =1e-15 % 2 L ] i
4 101 2 200/ A Null Fit (resulting errors)
C — Bkg + Sig at Lowest CL
102 150 «eweee BKg + Sig at Highest CL
10" 100
10 N N - - .
AT PPel] P A A
01 02 03 0.4 05 06 07 08 09 1 0.2 0.4 06 0.8 1 12
m, (GeV) Q2 (Gev?)

Apply nuisance parameters
Blue Line = Lowest CL point = 6 events DM events
Dashed Green Line = Highest CL point = 163 events DM events

vV v v Y

Events are after detector and cut efficiencies
!}
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Slice of CL Parameter Space

» Choice in what combination of my, m,, €, o' is plotted

m)*

=107

g2a'(m

11 g-2 favored

Y=

107 1 g-2 favored

10710

m, =10 MeV,a'=0.1

MiniBooNE 90% CL

ol ——MimiBoNESO%CL | = ) o
107 -+ MiniBoONE 90% Sensitivity MiniBooNE 90% Sensitivity

107 107"

1 1
m, (GeV) m, (GeV)

> g-2 band is where this model explains p g-2 to within 3o

» Exclude this model solving the u g-2 discrepancy in most parameter space

> Relic density is where this model satisfies the thermal relic constraint

» Exclude where this model matches relic density in some parameter space
!l
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Comparing to other experiments

. 4
£2a (mxlmv)

Y=

10

107

Direct Det

10710

“ Relic Density

,_
@
H
5

m, =3m,a'=05
MiniBooNE 90% CL r
------- MiniBooNE 90% Sensitivity

1071

m, =10 MeV,a'=0.1

MiniBooNE 90% CL

MiniBooNE 90% Sensitivity

. .
107 10" 1
m, (GeV)

» First dedicated proton beam-dump search for DM
» Exclude new parameter space’

T Amount of parameter space newly excluded depends on slice plotted
R. T. Thornton September 23, 2016
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Model Independent Fit

» Added fit
parameters, one
for each T bin

» Efficiency
corrected
predicted #
events in true -
nuclear recoil
energy

x
X
<

N

o

HH‘H\‘HH\‘\\\‘\\\‘l\\‘\\\‘\\\

Unfolded Excess Events/(1e20 POT)/GeV

S S T T T EI)

> Integrated =

100 + 240 5
Events/1e20 z,

» This will be in a € N _ 06
data release with o TV (GeV)
covariance matrix » True radius is 610.6 cm

» Last bin is [0.55,2) GeV
')
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Leptophobic Model

s my =3my k=0
10° » »

» Used Model
Independent Fit 1074 |
to produce 90%

CL!

» LSND, E137, . |
etc. do not @ 10 | j
constrain due |
to lepton final . -

. . — MiniBooNE
state interaction 1076k K*—n*+nvisible

» MiniBooNE — nO%y+nvisible

ver | f — Monojet (CDF)
covers a Ot 0 — Neutron Scattering

new parameter 1071 — Jfy—invisible
space ‘ ‘ — Direct Detection
102 10! 1

m,(GeV)

"Thanks to P. deNiverville for doing the analysis

v
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Future

v
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Next Analyses in this Data Set

. . Limited NCE ¢ RF Timing Spectrum
RF spill-event timing o

» Massive DM will be delayed
relative to v backgrounds

nts/(POT 10%%)

Ever

» Predictable timing spectrum 1
vs. dirt which is flat in time

» Timing is even applicable to
v-oscillation data to separate

e-y

DM-Electron Scattering YN = A+ X, A — 7O
> v-e scattering as background » NC=° background
> Expect better sensitivity than NDM > 0 is a clean detection signal

» BUB small and expect better
sensitivity than NDM

v
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Future sub-GeV DM Searches

What would more data do?

» NDM is systematics limited more data will further optimization of analysis
» 70DM and eDM are currently statistics limited and more data is crucial

Recent BNB Upgrade: Dual beam on-/off-target running

» Fast trim magnet to switch proton trajectory is installed

»> BNB horn operates at 5 Hz but 7 Hz can be delivered to BNB when NuMI is
down for maintenance or repair

» Gates around MI are installed; more opportunities for BNB beam

Short Baseline Neutrino Program

> Entire program can search for low-mass DM
»> Short Baseline Near Detector DM signal is ~ 20 x the MiniBooNE rate

!l
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Possible New Beam Configuration

Iron/Steel Target at BNB

S s Off-target BUB
i e Off-Target v

P
3

T T TITI

det

» Some v
backgrounds come
from proton beam
scraping 0

- Steel-Target v,

NCE Events/1e20 POT

I

> Proton beam
interacts in 50 m of
decay pipe air

T T T

N

T T T

> Replace the Be
target and Al horn
with an Iron/Steel P S T H S R BN

Target 0.2 0.4 0.6 0.8 1 Qz (Ge\ll.z)

Prediction at MiniBooNE for illustration

» Initial look shows CCQE event rate suppressed by ~1000
compared to v-Mode

v
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Closing Remarks

» Rich history of fixed target/beamdump data

» MiniBooNE completed a first proton beam-dump run to search
for dark matter

» Produced confidence limits in large my, m, parameter space

» Exclude some new parameter space in vector portal kinetic
mixing theory

» Produced Model Independent Fit (MIF) for use for other theories

» MIF used to set CL in leptophobic theory (exclude large
parameter space)

» Future MiniBooNE analysis is promising

» FNAL has great opportunity for further exploration of sub-GeV
dark matter

v
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Extra Slides
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Detector and Cut Effects on DM Pred.

x10°
5 18F 5 8o
a [ a C
S 16l £=0.001,a'=0.1 e F £=0.001,a'=0.1
o L o =
3 PH g 7o
2 [ g F
S 14 - - s F - _
[ m, =10 MeV m, =1 MeV 2 g0l m, =10 MeV m, =1 MeV
w H w +
S 12f E
s} H -~ m, =767 MeV m, =381 MeV 50— - m, =767 MeV m, =381 MeV
5 [ r
o L
s A a0 e
S osf F
O 30
0.6 C
04ft e
0.2 o L e
ot e b ofi Ly, I
005 01 015 02 025 03 035 04 045 05 0.2 0.4 0.6 0.8 12
T (Gev) QZE (GeV?)

> Detector and Cut efficiencies reduces the number of low energy DM
scatters

> MiniBooNE sensitive to (Ty*®) = O (100 MeV) after efficiencies applied

» Expect to see higher sensitivity around m, than below m_o
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