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Neutrino Physics is a big field now!
• Neutrino oscillations

• Long baseline
• Short baseline
• Accelerator
• Reactor
• Atmospheric

• Neutrino mass
• Direct mass measurements
• Double beta decay
• Neutrino mass theory (and mixing matrix theory)

• Neutrino sources from nature
• Solar
• Geo
• Supernova
• Astrophysical energetic sources (e.g. AGN blazars)



Dark Matter Experimental Searches

• Direct Detection
• Spin-independent
• Spin-dependent
• WIMPs
• Axions
• Light WIMP candidates
• Hidden sector particles

• Indirect Detection (γ, ν, cosmic ray antimatter)
• Production at Colliders
• Fixed target DM production-detection

Scorpion S4E17
TV show copying 
the DEAP-3600 
detector schematic



Dark Matter Candidates

Neutralinos from supersymmetry 
are a candidate DM Weakly 
Interacting Massive Particle 
(WIMP)

Direct detection by observing 
nuclear recoils
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4"IDM2018"Brown"University" PICO is a bubble chamber
DM detector at SNOLAB 
with world-leading
sensitivity to
spin-dependent
WIMP-nucleon couplings



How does PICO work?

2 The PICO Bubble Chamber

The PICO bubble chamber consists of a synthetic silica bell jar sealed to stainless steel bellows
that is suspended in a stainless-steel pressure vessel. The silica jar is partially filled with the
fluorinated target liquid and is topped with a water bu↵er that creates the separation of the
active fluid from the bellows (Fig. 1). A hydraulic system controls the pressure of the system
and allows to superheat the target (expansion). When a particle interaction deposits energy in
the superheated liquid, a bubble nucleation can occur if certain conditions are met. According
to the Seitz theory of bubble chambers 7, the energy deposits must exceed a critical energy,
and be contained within a critical radius. Bubbles that fail to pass these conditions are too
small and will collapse under their own surface tension. High frame-rate video cameras are
comparing successive images, and the appearance of a gas bubble within the detector triggers
a fast compression. Images from this event are stored along with the digitized acoustic signals
sensed by the piezoelectric transducers that are coupled to the sicica jar. Other data stored for
the bubble event include the readings of the various pressure and temperature transducers, as
well as the fast digitization of the signal of a di↵erential pressure transducer. After a period of
compression that allows for all gases to condense, the chamber is ready for the next expansion.

Figure 1 – The detection principle of the PICO bubble chamber. When the energy deposition from a particle’s

interaction with the superheated fluid exceeds the detector’s threshold energy and is contained within the critical

radius, a small gas bubble is nucleated and grows to macroscopic scales. A fast compression of the system

is triggered by the photographic system and condenses the bubble back to the liquid state. The acoustic signal

associated with the bubble formation contains valuable information on the microscopic structure of the nucleation

mechanism.

The bubble chamber technology employed by the PICO Collaboration is particularly ad-
vantageous to the search for WIMPs. Due to the microscopic details of bubble nucleation in
superheated liquids 7, the detectors can be operated in thermodynamic conditions at which they
are virtually insensitive to gamma or beta radiation. Furthermore, the measurement of the
bubble’s acoustic emission allows for powerful discrimination between signals from alpha decays
and those from nuclear recoils 8. Finally, the bubble chamber’s photographic system allows the

figure from G. Giroux

(C3F8)



PICO-60 Results from 2017
• 52.2 kg of C3F8 (45.7 kg fiducial volume)

• Most sensitive spin-dependent DM 

search

• Dashed exclusion curves are indirect 

detection limits (model-dependent)

• PandaX-II uses xenon that also has spin-

dependent sensitivity…but not as good 

as fluorine

PICO:60'(previous)'limits'
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PICO-60 Recent Results
• Lower energy threshod from 3.29 keV to 2.45 keV

• Measure/calibrate lower threshold nucleation efficiency and acoustic parameter 
using neutrons

• Slightly larger fiducial volume, other small analysis improvements

23"

Combined'PICO:60'C3F8'results'

IDM2018"Brown"University"

2.45keV& 3.29keV& Total&

Exposure&(kg@d)& 1404.2& 1167.0& 2571.2&

WIMP'candidates' 3' 0' 3'

Multiple&bubble&events*& 2& 3& 5&

Background'prediction'

Neutron&background&from&multiples**& 0.8& 0.5& 1.3&

Neutron&background&from&simulation& 0.38& 0.25& 0.63&

Gamma&background& 0.13& 0.03& 0.16&
8B&CEVNS&background& 0.10& 0.06& 0.16&

Rough&(2@sigma)&agreement&between&observation&and&background&simulation,&but&
we&choose&not&to&make&use&of&the&background&prediction&in&setting&exclusion&limits.&
&
*Multiples&exposure&is&larger&than&WIMP&search&exposure&due&to&fewer&cuts.&
**Expect&3.8&multiples&per&single&bubble&from&neutron&backgrounds.&

from R. Neilson, IDM2018, July 2018



PICO-60 Recent Results
• Lower energy threshod from 3.29 keV to 2.45 keV

• Measure/calibrate lower threshold nucleation efficiency and acoustic parameter 
using neutrons

• Slightly larger fiducial volume, other small analysis improvements

from R. Neilson, IDM2018, July 2018

25"

SD'limits'

IDM2018"Brown"University"



XENON1T is a two-phase 
LXe TPC DM detector at 
Gran Sasso lab in Italy with 
world-leading
sensitivity to
spin-independent
WIMP-nucleon couplings



How does XENON1T work?
• 2 tonne active liquid xenon volume (3.2 T total); 1.3 T fiducial volume

• S2:S1 ratio discriminates between nuclear recoils (WIMP, neutron) and electron 
recoils (gamma-ray backgrounds)

from L. Grandi, IDM2018, July 2018
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XENON1T Recent Results
• 1 tonne-year exposure
• 1.4-10.6 keVee equivalent to 4.9-40.9 keVnr

from E. Aprile et al., PRL 121, 111302 (2018)
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XENON1T Recent Results

from L. Grandi, IDM2018, July 2018



XENON1T Recent Results

from E. Aprile et al., PRL 121 111302 (2018)



XENON1T Recent Results

from Snowmass “P5 G2DM” study arXiv:1310.8327 



DEAP-3600 is a LAr scintillating DM 
detector at SNOLAB – it’s the DM 
detector with the largest fiducial mass
(2.2 tonnes) and has leading spin-
independent WIMP sensitivity with Ar,
especially at high mass >200 GeV



How does DEAP work? c 40Ar
40Ar

c
2

FIG. 1. Cross-sectional diagram of the DEAP-3600 de-
tector. Located inside the steel shell are inward-looking
PMTs, LGs, filler blocks and the AV, which holds the
LAr and the GAr layer. Located on the outer surface of
the steel shell are MV PMTs. Above this, a steel neck
contains the neck of the AV, acrylic FGs and the cooling
coil. The neck is coupled to a central support assembly
on which the glove box is located. Shown also is the neck
veto fiber system (green). Not shown is the MV water
tank in which the core of the detector is contained.

The inner surface of the AV is coated with88

a 3 µm layer of 1,1,4,4-tetraphenyl-1,3-butadiene89

(TPB) that converts 128 nm scintillation light pro-90

duced by the LAr to visible wavelengths over a spec-91

trum that peaks around 420 nm. At these wave-92

lengths, the light can travel through the AV and93

LGs and be detected by the PMTs, near their peak94

quantum e�ciency. These LG-coupled PMTs pro-95

vide approximately 71% spherical coverage of the96

AV surface. For structural reasons, there are 1197

distinct “pentagonal” gaps in LG coverage that are98

each slightly smaller in diameter than a LG. These99

gaps, alongside all other spaces between LGs, con-100

tain Tyvek reflectors on the outer AV surface.101

An opening at the top of the AV leads to a UVA102

acrylic neck, which is connected to a longer stainless103

steel vacuum jacketed neck. This neck contains a104

stainless steel N2 cooling coil, which condenses GAr105

coming from the purification and process systems106

during filling. The condensed LAr enters the AV,107

directed by a set of UVA acrylic flow guides (FGs)108

located at the opening of the neck. The FGs were de-109

signed for the original plan in which the neck would110

be filled with LAr. In this case, the FGs would pro-111

mote convection in the LAr, aiding with heat trans-112

fer from the LAr to the cooling coils, while reducing113

the optical coupling between the neck from the LAr.114

Two bundles of Kuraray Y11 wavelength shifting115

optical fibers are wrapped around the base of the116

outer surface of the AV neck. Both ends of each117

bundle couple to a Hamamatsu R7600-300PMTs,118

for a total of 4 neck veto PMTs. This neck veto is119

used to tag Cherenkov light produced close to the120

AV neck, a relatively photo-insensitive region of the121

detector that contains a large amount of acrylic.122

Prior to coating the AV with TPB and filling the123

detector, a mechanical resurfacer was lowered into124

the detector in order to remove an outer 0.5mm layer125

of acrylic along with 222Rn progeny that may have126

deposited on the surface following exposure to air.127

The entire assembly as described is contained in a128

stainless steel sphere that is purged with a constant129

flow of Rn-scrubbed N2. This sphere is submerged130

in a 7.8m high by 7.8m diameter water tank with131

48 outward-looking Hamamatsu R1408 8 ” PMTs132

mounted to its outer surface. Together, these PMTs133

and the water tank constitute the Cherenkov muon134

veto (MV), which is used for tagging cosmogenically-135

induced backgrounds.136

Data acquisition137

The data acquisition system is illustrated in Fig-138

ure 2. Each PMT is connected to an array of custom139

signal conditioning boards (SCBs), which decouple140

the signal from the high voltage and boraden the141

outgoing signals according to the digitizer sampling142

rates. The SCBs output a high-gain copy of their143

signal to the fast V1720 digitizers (250MS/s), a low-144

gain copy to the slow V1740 digitizers (62.5MS/s),145

or both.146

The SCBs output a high-gain copy of their signal147

to the fast V1720 digitizers (250MS/s), a low-gain148

copy to the slow V1740 digitizers (62.5MS/s), or149

both. The dynamic range of the detector is thus150

extended for high energy events.151

Each SCB connected to the AV PMTs outputs a152

copy of their summed waveforms to the digitizer trig-153

ger module (DTM), which determines when trigger154

conditions have been met and subsequently sends a155

LAr scintillation time profile

electron scintillation

nuclear recoil scintillation



DEAP-3600 Recent Results
• 9.87 tonne-day exposure – soon, new results with 2.2 tonne-year exposure

• 10-31 keVee equivalent to 37-105 keVnr

4

FIG. 2: Measured, trigger-e�ciency-corrected 39Ar � spec-
trum from a subset of the data and the fit function (red)
based on simulation, with �2

ndf = 1.02. The inset shows the
global energy reponse function, Eq. (2), from the 39Ar fit, and,
as a cross-check, � lines from 40K and 208Tl compared with
the extrapolated function; 208Tl diverges from the function
because of PMT and DAQ non-linearity.

5⇥larger than in SCENE. We note this 7.6% produces a
proportional 5% shift in the median Fprompt. Compari-
son of external neutron AmBe source data with a simpli-
fied detector simulation shows qualitative agreement and
serves as a validation of the model, see Fig. S3 in Sup-
plemental Material []. AmBe data is not used directly
to model the WIMP-induced NR acceptance as 59% of
AmBe events in the 120-240 PE window contain multiple
elastic neutron scatters.
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FIG. 3: AmBe source data after cuts, with the ROI for the
WIMP search (black box).

The region-of-interest (ROI) in this analysis, as shown
in Fig. 3, was defined by allowing for an expectation of
0.2 leakage events from the 39Ar band, determined with
the PSD model. It maintains the NR acceptance of >5%
at the lowest energies. The smaller number of 39Ar events
in the short exposure and the low Fprompt leakage allowed

us to set the energy threshold at 80 PE (10 keVee), lower
than the nominal 120 PE originally projected [3]. Above
150 PE the lower limit on Fprompt is chosen to remove 5%
of NRs in each bin. The ROI also has a maximum Fprompt

chosen to remove 1% of NRs in each 1 PE bin. The
maximum energy was set to 240 PE to reduce possible
backgrounds from the surface ↵ activity [16].
The first LAr fill of the detector took approximately

100 days between May and mid-August 2016. For the
majority of this time, Ar gas was introduced into the de-
tector from the purification system for cooling. In the
final phase of the fill, shortly following the discussed
dataset, a leak in the detector neck contaminated LAr
with clean Rn-scrubbed N2. The detector was subse-
quently emptied and refilled, and it has been taking data
since Nov. 1, 2016, with a slightly lower liquid level.
In this work, we focus on the period Aug. 5 to 15

(9.09 days), when the detector contained a constant LAr
mass. The refractive index di↵erence between liquid vs.
gaseous Ar is such that scintillation light in the LAr
reaching the surface of the liquid with angle of inci-
dence >53� is totally internally reflected. This produces
rates in the PMTs facing the gas which are 20% lower
than rates of PMTs facing the liquid. Consequently,
from the PMT rates the liquid level can be inferred,
590±50 mm above the AV centre, and the full LAr mass:
3322±110 kg.
Calibrations were performed after the 2nd fill: 23 h of

22Na (Nov. 3-4) and 65 h of AmBe data (Dec. 2-4).
Data were analyzed from runs where (1) the di↵er-

ence between the maximum and minimum AV pressures
corresponded to <10 mm change in the liquid level and
(2) there were no intermittently mis-behaving PMTs, i.e.
no PMT read <50% of its average charge, determined
from approximately 5 minute samples (all runs with such
PMTs were a↵ected by the issue for a large fraction of
the run and were thus flagged). Independently, during
this dataset one PMT was turned o↵ (and has since re-
turned to operation). In all cases, pressure excursions
were correlated with periods of the cryocoolers operating
at reduced power. Out of 8.55 d of physics runs, 2.92 d
are removed by failing both criteria and an additional
0.91 d by failing criterion 2 alone. The remaining 4.72 d
of run time contained a total deadtime of 0.28 d, due to
17.5 µs deadtime after each trigger, resulting in a 4.44 d
livetime.
Acceptance for WIMP-induced NR events, see

Fig. 4(a), is determined using a combination of 39Ar
events (uniformly distributed in the LAr volume) and
simulation of Fprompt for NRs. The sample of 39Ar single-
recoils is obtained first by applying low-level cuts to re-
move events (1) from DAQ calibration, (2) from pile-up
or (3) highly asymmetric (>40% of charge in a single
PMT) e.g. Cherenkov events in LGs and PMTs. The
approach of measuring acceptance for NRs using ERs is
used since none of the cut variables depend on the pulse

Calibration: nuclear recoil discrimination using deployed gamma and neutron sources

Neutron-source 
nuclear recoil 
band

Electron band 
mostly from 39Ar 
beta decay



DEAP-3600 Recent Results
• 9.87 tonne-day exposure – soon, new results with 2.2 tonne-year exposure
• 10-31 keVee equivalent to 37-105 keVnr

No events in 
the nuclear 
recoil band



DEAP-3600 Recent Results
• 9.87 tonne-day exposure – soon, new results with 2.2 tonne-year exposure
• 10-31 keVee equivalent to 37-105 keVnr
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dominated by uncertainties in Eq. (2); the second largest
contribution is associated with the NR quenching factor,
i.e. the reduction in NR scintillation yield relative to ER
([keVr]= Le↵ ·[keVee], when referring to energies of NR,
keVr, the unit of the full energy of the recoil, can be
used). We used measurements from SCENE, which re-
ports two di↵erent NR-energy-dependent quenching fac-
tors, di↵ering due to non-unitary recombination at null
field: Le↵,83mKr (the ratio of LY measurements for NRs
to 83mKr ER calibration) and L (the Lindhard-Birks
quenching factor describing the suppression of scintilla-
tion photons and extracted electrons). We adjusted the
Lindhard-Birks quenching factors fit to L to account for
the relative recombination rates of NR and 83mKr ER
at null field, according to the NEST model [20], fitting
Thomas-Imel and Doke-Birks recombination parameters
to SCENE’s Le↵,83mKr values. The fit uncertainties were
inflated to account for di↵erences between the SCENE
and DEAP-3600 detectors and the di↵erent recombina-
tion rates of the 83mKr ER and the 22Na low-energy fea-
ture used for our energy calibration. These factors, along
with uncertainty in the SCENE value of Birks’ constant
and the di↵erence between L and Le↵,83mKr were included
in the overall quenching factor uncertainty.

No events are observed in the ROI, see Fig. 4(b).
Figure 5 shows the resulting upper limit on the spin-
independent WIMP-nucleon scattering cross section as a
function of WIMP mass, based on the standard DM halo
model [21]. A 90% C.L. upper limit is derived employ-
ing the Highland-Cousins method [22] (a counting only
technique which incorporates systematic uncertainties).
For a more conservative limit, the predicted background
from 39Ar leakage was not subtracted. We note that this
analysis was not blind.
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FIG. 5: Spin-independent WIMP-nucleon cross section
90% C.L. exclusion from 4.44 live days of DEAP-3600 data.
Also shown are current results from other searches [23–
28], and the full sensitivity of XENON1T and DEAP-3600
(a 3 tonne-year background-free exposure with a 15 keVee

threshold).

DEAP-3600 achieved 7.8 PE/keVee LY at the end of
the detector fill without recirculation, and demonstrated
better-than-expected PSD (permitting a 37 keVr energy
threshold), with promising ↵ and neutron background
levels. Analysis of the first 4.44 d of data results in
the best limit at low energies on discrimination of �-
decay backgrounds using PSD in LAr at 90% NR accep-
tance, with measured leakage probability of <1.2⇥10�7

(90% C.L.) in the energy window 15-31 keVee (52-
105 keVr). This measurement has lower threshold than
DEAP-1 [3] and higher statistics than DarkSide-50 [26].
After NR selection cuts no events are observed, resulting
in the best spin-independent WIMP-nucleon cross sec-
tion limit measured in LAr [26] of <1.2⇥10�44 cm2 for
a 100 GeV/c2 WIMP (90% C.L.)§. Data collection has
been ongoing since Nov. 2016 and forms the basis for a
more sensitive DM search currently in progress.
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Concluding Remarks: Dark Matter 
Searches
• Searches for WIMP (neutralino) dark matter are excluding 

lots of parameter space

• Will supersymmetry be found at the LHC?

• Is supersymetric DM alive?

• All of the leading dark matter experiments are seeing... 
signals in excess of background!
• Does that mean the signal is just around the corner?

• Does that mean we need a better handle on backgrounds (estimation and 
reducing)?

• Just low statistics and nothing to get excited about? Yeah, probably…

• Searches for particle dark matter are branching out to test 
other DM candidates/models



Neutrino Physics is a big field now!
• Neutrino oscillations

• Long baseline
• Short baseline
• Accelerator
• Reactor
• Atmospheric

• Neutrino mass
• Direct mass measurements
• Double beta decay
• Neutrino mass theory (and mixing matrix theory)

• Neutrino sources from nature
• Solar
• Geo
• Supernova
• Astrophysical energetic sources (e.g. AGN blazars)



Double Beta Decay

Majorana neutrino mass has this term in the 
Lagrangian

It’s precisely this term that is responsible for the 
process below, neutrinoless double beta decay

L
C
Lm yy



Photo Gallery Double Beta Decay 
Experiments

Photo Gallery

Neutrinoless Double Beta Decay
Experiments



Summary of Recent Double Beta 
Decay Results

Experiment Isotope T1/2
lower
limit [yr]

mbb upper
limit range
[meV]

EXO-200 136Xe 1.8´1025 150-400
KamLAND-Zen 136Xe 1.1´1026 60-160
GERDA 76Ge 8.0´1025 120-260
Majorana Demonstrator 76Ge 1.9´1025 240-520
CUORE 130Te 1.5´1025 110-500

T1/2[ ]−1 =G0ν

mββ

2

me
2 M0ν

2



SNO+
• Is the upgraded Sudbury 

Neutrino Observatory
• 3.9 tonnes of tellurium 

in 780 tonnes of liquid 
scintillator
• Search for double beta 

decay of 130Te
• Te loading starts in 2019



Long Baseline Experiments



Long Baseline Experiments

Mayly Sanchez - ISU

T H E  N O VA  E X P E R I M E N T  I N  A  N U T S H E L L
• Upgraded NuMI beam of muon 

neutrinos or antineutrinos at 
Fermilab running at 700kW. 

• Highly active liquid scintillator  
14-kton detector off the main axis 
of the beam. 

• Functionally identical detectors: 
Near Detector (ND) site at 
Fermilab and Far Detector (FD) 
810 km away at Ash River, MN. 

• NOvA observes disappearance of 
muon neutrinos and 
antineutrinos, appearance of 
electron neutrinos and 
antineutrinos and potential 
suppression of neutral current 
interactions. 

!5

baseline

NOνA Far Detector

NOνA Near Detector

longest
←                      →



How to make a neutrino beam



What is measured in an accelerator 
neutrino oscillation experiment?

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04
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Measuring oscillation params @T2K

•Tests CPT symmetry
•Leading order dependence on sin22θ23 

•Difficult to distinguish θ23>45° from θ23<45° 
•Leading order dependence on |Δm2

32| 
•Doesn’t depend on the sign of the mass 

splitting (hierarchy) 

•Tests CP symmetry
•Leading order dependence on sin22θ13, sin2θ23 

•Can separate θ23>45° from θ23<45° 
•Sub-leading dependence on sin(δcp) 

•Can detect CP violation 
•Sub-leading dependence on Δm2

32 through 
matter effect 

•Relatively small in T2K due to baseline 

6

see poster by:
R.P. Litchfield,  #445, Wed

νμ disappearance νe appearance



What is measured in an accelerator 
neutrino oscillation experiment?
• Δ"#$

$

• sin2θ23

• sin2θ13

• Neutrino mass hierarchy (normal or inverted)
• δCP



On the neutrino mass hierarchy…



NOνA

Mayly Sanchez - ISU

T H E  N O VA  E X P E R I M E N T  I N  A  N U T S H E L L
• Upgraded NuMI beam of muon 

neutrinos or antineutrinos at 
Fermilab running at 700kW. 

• Highly active liquid scintillator  
14-kton detector off the main axis 
of the beam. 

• Functionally identical detectors: 
Near Detector (ND) site at 
Fermilab and Far Detector (FD) 
810 km away at Ash River, MN. 

• NOvA observes disappearance of 
muon neutrinos and 
antineutrinos, appearance of 
electron neutrinos and 
antineutrinos and potential 
suppression of neutral current 
interactions. 

!5

baseline

NOνA Far Detector

NOνA Near Detector

longest
←                      →

NOνA content from M. Sanchez, Neutrino 2018, June 2018



NOνA Detector Signals

Mayly Sanchez - ISU

N O VA  E V E N T  T O P O L O G I E S  

!9
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NOνA νμ disappearance

Mayly Sanchez - ISU
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

Near ratio is used to obtain a FD prediction from ND data.  

• We estimate cosmic background rate from the timing sidebands of the NuMI beam triggers and 
cosmic trigger data. 

!21

• Observe 113 events in neutrino mode (expect 730 +38/-49(syst.) w/o oscillations),  
65 events in antineutrino mode (expect 266 +12/-14(syst.) w/o oscillations). 

see poster #75
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!20

• Selected muon neutrino and antineutrino 
charged current interactions in ND. 

• Reconstructed neutrino energy is 
estimated from muon length and 
hadronic energy.  

• Wrong sign contamination in ND is 
estimated to be 3% for neutrino beam and 
11% for antineutrino beam.  

• Systematic uncertainties shown are shape 
only, 1.3% and 0.5% offset for neutrinos 
and antineutrinos respectively  is removed 
for display purposes.  

• The data is split in four equal populations 
(quartiles) of hadronic energy fraction as a 
function of reconstructed neutrino energy. 

• Energy resolution varies from 5.8% 
(5.5%) to 11.7% (10.8%) for neutrino 
(antineutrino) beam. 

see poster #75

Near Detector Far Detector
(note: spectrum distorted by oscillations)

113 events observed in FD, 730 events expected if no oscillations



NOνA νe appearance
• 58 events for neutrino with 15 background
• 18 events for antineutrino with 5.3 background

Mayly Sanchez - ISU
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Antineutrino mode

E L E C T R O N  N E U T R I N O  A N D  
A N T I N E U T R I N O  A P P E A R A N C E

• On the neutrino beam we observe 
58 events and expect 15 
background interactions: 

• 11 beam, 3 cosmic background 
and < 1 wrong sign background.  

• For the antineutrino beam we 
observe 18 and expect 5.3 
background interactions: 

• 3.5 beam background,  
< 1 cosmic background and  
1 wrong sign background. 

!29

>  4σ  e v i d e n c e  o f  e l e c t ro n   
a n t i n e u t r i n o  a p p e a r a n c e

Mayly Sanchez - ISU

A L L O W E D  R E G I O N  F O R  J O I N T  
A P P E A R A N C E  A N D  D I S A P P E A R A N C E

• NOvA’s results compared to other experiments. 
Allowed 90% C.L. regions are compatible. 
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see poster #81



NOνA CP violation

Mayly Sanchez - ISU

A L L O W E D  O S C I L L AT I O N  PA R A M E T E R S  

!34
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• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81
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• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81

Normal hierarchy preferred: 1.8σ
Some ability to start to constrain δCP



T2K

T2K content from M. Wascko, Neutrino 2018, June 2018



T2K νμ disappearance

Imperial College  
London
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T2K νe appearance

Imperial College  
London
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•Compare consistency with 
PMNS ν̅e appearance (β = 1) 
and no ν̅e appearance (β = 0) 

• if β = 0 expect 6.5 events
• if β = 1 expect 11.8 events

•The data shapes look more 
consistent with background 
spectra than ν̅e signal 
spectrum

•Use rate+shape analyses:

•No strong statistical 
conclusion yet

see posters by:
F. Bench,  #277, Wed

Neutrino appearance:
- 75 events observed
- 73.8 events predicted best-fit 
oscillations

Antineutrino appearance:
- 9 events observed
- 6.5 if no oscillation
- 11.8 with oscillations



T2K Latest Results
oscillation parameters  
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Atmospheric sector: θ23, Δm2
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Atmospheric sector: θ23, Δm2
32(1)
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T2K CP violation
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!CP vs. sin2θ13

•sensitivity assumptions:

•sin2θ13= 0.0219 (2016 PDG)

•sin2θ23 = 0.528

•NH, δCP = -1.601

•Data fit stronger than sensitivity
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!CP 1D contours
•CP conserving values outside of 2σ region 

for both hierarchies

•19% of toys exclude CP conservation at 
2σ CL (both !CP=0 & !CP=π)
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Normal hierarchy preferred @ 88.8%
CP-conserving δCP lie outside 2σ region



Is the 3-flavor oscillation picture 
complete?

LSND	Anomaly

Annu.	Rev.	Nucl.	Part.	Sci.,	63(1),	45–67.	

!" → $"%&

beamstop

Time
Cerenkov

Scintillation

Neutron	
capture	on	H

'"%̅&%)

3LSND	observed	a	3.8- excess

water	target

800	MeV	proton	beam



MiniBooNE
• \

• Built at Fermilab to test/resolve the LSND anomaly

MiniBooNE L/E ~500 m/500 MeV

LSND L/E ~30 m/30 MeV

• Different backgrounds, different systematics, different (similar) detector

• However, MiniBooNE saw its own low-energy “background” excess…

MiniBooNE content from E.-C. Huang, Neutrino 2018, June 2018

Annu.	Rev.	Nucl.	Part.	Sci.,	63(1),	45–67.	

• Similar	L/E
• MiniBooNE	~500m/500MeV
• LSND	~30m/30MeV

• 800-ton	mineral	oil	Cherenkov	detector
• Different	systematics

• Different	flux,	event	signatures,	and	
backgrounds	from	LSND

• Horn	polarity	determines	% or	%̅ mode
• Flux	monitor	for	short	baseline	neutrino	program	
(SBN)

• Well-understood	detector	with	26	
publications(4900+	citations)	in	different	channels,	
as	well	as	recent	
• %& from	." decay	at	rest	from	NuMI beam

• Dark	matter	search	
4

MiniBooNE

Booster	

Neutrino	

Beam

8GeV	

protons



MiniBooNE: Mineral Oil 
Cherenkov/Scintillator DetectorEvent	Signatures

• Examples	of	%& CCQE,	
%) CCQE,	and	NC!2
event	topologies
• Use	primarily	
Cherenkov	light
• Compare	fits	of	
different	track	
reconstruction	
hypotheses	for	PID
• Insensitive	to	the	
difference	between	
single	photon	and	
single	electron	(time	
of	flight	might	help)

9



MiniBooNE Recent Results
• Double the neutrino data set, consistency checks, improved background estimates

A.A. Aguilar-Arevalo et al., arXiv:1805.12028

Data	Set

8

Previous	%: 			6.46×10;2 POT
Previous	%̅: 11.27×10;2 POT

new	%:
6.38×10;2 POT

more	to	comeBeam	dump	
dark	matter	

search

• 15+	years	of	running	in	neutrino,	antineutrino,	and	beam	dump	
mode.	More	than	30×10;2 POT	to	date.

• Result	of	a	combined	12.84×10;2 POT	in	% mode	+	11.27×
10;2	POT	in	%̅ mode	is	presented	in	this	talk



MiniBooNE Recent Results
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Previous	
6.46×10;2
POT

New	
6.38×10;2
POT

Excess:	Old	vs	New	in	lMode

14The	observed	%) spectra	are	statistically	consistent	between	the	new	and	previous	
data	sets	(KS	prob =76%)

Statistical	error	onlyStatistical	error	only

sin; 2N , Δ>; pq =
(0.002,	3.14	eV2)

sin; 2N , Δ>; pq =
(0.88,	0.048	eV2)

Previously MiniBooNE had a low-energy excess in neutrino mode inconsistent with oscillations
Now with double the data, the low-energy data fits the oscillation hypothesis



MiniBooNE Recent ResultsExcess:	Neutrino	vs	Anti-neutrino

• Excess	in	neutrino	and	antineutrino	mode	is	
qualitatively	consistent

15

Combined	best	fit
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MiniBooNE Recent ResultsL/E

• Average	Iwxy of	each	bin	is	used
• MiniBooNE	neutrino,	MiniBooNE	antineutrino	and	LSND	
are	consistent in	appearance	probability	and	L/E 17

MiniBooNE	
% + %̅ best	fit



MiniBooNE+LSND Oscillation 
Results

Simple 2-neutrino oscillation model

Δm2 is large: ~0.1-1.0 eV2

inconsistent with 3-neutrino model

Confirms LSND at 4.8σ
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(Δ>;, sin; 2N) = (0.037	eV;, 0.958)
s;/tuv = 10.0/6.6 (prob =	15.4%)

(Δ>;, sin; 2N) = (0.041	eV;, 0.958)
s;/tuv = 19.5/15.4 (prob =	20.1%)

16

lmode l + lmmode



Concluding Remarks: Neutrino 
Physics Recent Results
• We’ve learned a lot since the discovery of neutrino 

oscillations 20 years ago!

• We’re closing in on the mass hierarchy and the CP violating 
phase

• We still need to understand neutrino mass – are neutrinos 
Majorana fermions? ⟹ double beta decay

• What’s going on with LSND and MiniBooNE? Maybe more 
surprises? Mixing with sterile neutrinos?

Our work here is not done!


