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DEEP UNDERGROUND NEUTRINO EXPERIMENT
CDR, Vol 1, 1601.05471 [physics.ins-det], CDR, Vol 2, 1512.06148 [physics.ins-det], TDR vol 1, JINST 15 (2020) 08, T08008, TDR 

Vol 2, 2002.03005 [hep-ex]
• Beam - LBNF (FNAL), 1.2-2.4MW, Baseline 1300 km
• Far detector (LArTPC, ~ 40 kt fiducial mass) located on-axis such that observed flux is a broad spectrum (0.5-5 

GeV) 
• DUNE has a broad program of neutrino oscillation physics, constrain the standard three neutrino paradigm 

• Beam covers first and second oscillation maxima
• Alternative beam tunes possible

2.2 Neutrino Three-Flavor Mixing, CP Violation and the Mass Hierarchy 27

of producing and detecting ‹· ’s, the oscillation modes ‹µ,e æ ‹e,µ provide the most promising
experimental signatures of leptonic CP violation.

For ‹µ,e æ ‹e,µ oscillations that occur as the neutrinos propagate through matter, as in terrestrial
long-baseline experiments, the coherent forward scattering of ‹e’s on electrons in matter modifies
the energy and path-length dependence of the vacuum oscillation probability in a way that de-
pends on the magnitude and sign of �m2

32
. This is the Mikheyev-Smirnov-Wolfenstein (MSW)

effect [71,72] that has already been observed in solar-neutrino oscillation (disappearance) experi-
ments [73,74,75,76]. The oscillation probability of ‹µ,e æ ‹e,µ through matter, in a constant density
approximation, keeping terms up to second order in – © |�m2
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In the above, the CP phase ”CP appears (via Jcp) in the expressions for Psin ” (the CP-odd term)
which switches sign in going from ‹µ æ ‹e to the ‹µ æ ‹e channel, and Pcos ” (the CP-conserving
term) which does not. The matter effect also introduces a neutrino-antineutrino asymmetry, the
origin of which is simply the presence of electrons and absence of positrons in the Earth.

Recall that in Equation 2.2, the CP phase appears in the PMNS matrix through the mixing of
the ‹1 and ‹3 mass states. The physical characteristics of an appearance experiment are therefore
determined by the baseline and neutrino energy at which the mixing between the ‹1 and ‹3 states
is maximal, as follows:
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where n = 1, 2, 3... denotes the oscillation nodes at which the appearance probability is maximal.

The dependences on E‹ of the oscillation probability for the LBNE baseline of L =1,300 km are
plotted on the right in Figures 2.3 and 2.4. The colored curves demonstrate the variation in the ‹e

appearance probability as a function of E‹ , for three different values of ”CP.

The Long-Baseline Neutrino Experiment
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The Long-Baseline Neutrino Experiment

Long-Baseline Oscillation Experiments

Elizabeth Worcester, Future LBL Experiments, NDM22 8

Value of dCP affects both rate and shape of appearance probability, 
with asymmetric impact on neutrinos and antineutrinos

• Measure nµ survival and ne appearance in a nµ dominated beam
• Optimize choice of baseline and energy for desired measurement
• Appearance probability depends on Dm232, sin2q23, sin22q13, dCP, and 

matter effects
• Muon neutrino beam
• Measure electron neutrino appearance  and muon neutrino disappearance probability 



DUNE Near Detector
DUNE-ND Preliminary, 2103.13910

• ND Goals - 
• Constrain systematics to electron neutrino 

appearance measurement
• Precision physics measurements

• Three components
• ND-LAr - LArTPC similar to FD
• ND-GAr - Gas Argon TPC detector
• SAND - on-axis magnetized beam 

monitor
• ND-LAr and ND-GAr movable off-axis for the 

DUNE-PRISM program
• Each element specifically designed to fulfill 

requirements of oscillation measurement

SAND
ND-GAr ND-LAr

4.86m 5.2m 5m

v



DUNE Far Detector
CDR, Vol 1, 1601.05471 [physics.ins-det], CDR, Vol 2, 1512.06148 [physics.ins-det], TDR vol 1, JINST 15 (2020) 08, T08008, TDR 

Vol 2, 2002.03005 [hep-ex]

• 1300 km baseline
• Liquid Argon time projection chamber (LArTPC) - high resolution neutrino interaction imaging
• 4x17 kton LArTPC modules



Imprint of NSI on CP violation & mass hierarchy sensitivities
Mehedi Masud, Animesh Chatterjee, PM, J Phys G 2016, Mehedi Masud, PM, PRD 2016, Jogesh Rout, Mehedi Masud, PM, PRD 2017, Mehedi Masud, Mary 

Bishai and PM, Scientific Reports (2019)
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Figure 6: CP sensitivity for collective NSI terms at DUNE.

Having described the e↵ect of o↵-diagonal NSI terms, we now address the impact of the
diagonal ones - "ee, "µµ, "⌧⌧ . We show the impact of the three diagonal NSI parameters ("ee,
"µµ and "⌧⌧ ) in Fig. 5. The e↵ect of "µµ is very small as it is the most constrained parameter
(Eq. 8). For the choice of values of the NSI parameters, the CP sensitivity sees a drop most
likely due to the statistical e↵ect (a) dominating in these cases.

After understanding the impact of individual diagonal as well as o↵-diagonal NSI terms, we
now address the collective e↵ect of the most influential NSI terms as far as CP sensitivity
is concerned. In Fig. 6, we show the collective impact of the three terms (|"ee|, |"eµ|, |"e⌧ |)
which show the largest impact when considered in isolation. We note that when the NSI
terms are small, the associated phases of the NSI terms (even if taken collectively) do
not contribute in an observable manner to (b) and (a) dominates. However when we take
somewhat larger values, we see the interplay of the the two e↵ects (a) and (b) with the
possibility of second e↵ect (b) overtaking the first (a) as we go from small to large values
keeping the marginalisation range intact.

We summarize the impact of NSI on the CP violation sensitivity at long baselines as shown
in Fig. 6 for DUNE. If we compare the solid and dashed black curves, we note that for
small values of parameters (0.01, 0.01, 0.1) NSI brings down the �

2 from ⇠ 5� to ⇠ 3� at
� ⇠ ±⇡/2 for the case of zero NSI phases. The impact of true non-zero NSI phases can
be seen in the form of grey bands for the choice of moduli of the NSI terms. For larger
values of parameters (0.07, 0.07, 0.7) NSI can drastically alter the �

2 not only at � ' ±⇡/2
(SI, maximum) but at almost all values of � including at � = 0,±⇡ if we allow for phase
variation. For some particular choice of the NSI moduli and phases, we note that in this
case, the �2 decreases from ⇠ 5� to ⇠ 2.5� or increases to ⇠> 5.5� not only at � ' ±⇡/2 but
for most values of �. This can lead to a misleading inference that CP is violated even when
we have CP conservation in the SI case (� = 0,±⇡). Here the phases have a bigger impact
which can be seen as widening of the grey bands as we go from smaller to larger moduli of
NSI terms.
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IMPACT OF NEW PHYSICS ON CORRELATIONS AND DEGENERACIES AMONG 
PARAMETERS

Masud, Roy and PM, Phys.Rev.D 99 (2019) 11, 115032
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10°

6°

14°

NH

Δ
δ
	(
°)

0

10

20

30

40

true	δ	(°)

−150 −100 −50 0 50 100 150

IH

true	δ	(°)

−150 −100 −50 0 50 100 150

2
nd
	maxima	(3MW)

LE	(1.1MW)	+	LE	(2.2MW)

LE	(1.1MW)	+	LE	(2.2MW)	

+	2
nd
	maxima	(3MW)

gaussian	smearing

The CP phase resolution (with improved energy resolution) 

is better than 10 degrees

Second oscillation maximum at DUNE



Signals of eV-scale sterile neutrino at long baseline 
neutrino experiments
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Figure 12: Separation between (3 + 0) and (3 + 1) case for T2HK, DUNE (LE and ME) and
P2O at �2 level. We take two sets of values of sterile parameters : conservative choice (�m2

41 =
1 eV2, ✓14 = 5.7�, ✓24 = 5�, ✓34 = 20�, �14 = �34 = 0�) shown as solid lines and optimistic choice
(�m2

41 = 1 eV2, ✓14 = 18�, ✓24 = 6�, ✓34 = 25�, �14 = �34 = 0�) shown as dotted lines.

beam. For the (3 + 1) case, we depict two cases, �13 = 0� in blue and �13 = 90� in red. As
can be seen from Fig. 10, the two curves lie within the cyan band for T2HK or P2O (or grey
or yellow band for DUNE) for conservative choice of parameters. There is some distinction
possible between the (3+ 1) curves and the (3+ 0) bands for the optimistic choice of sterile
parameters (see Fig. 11). The events corresponding to �13 = 0� are shown in blue while the
events corresponding to �13 = 90� are shown in red (see Fig. 10).

In order to distinguish between the (3 + 0) and (3 + 1) case, we define a metric 7 (see [85])

�
2(�13(true)) = min

�13(test)

xX

i=1

2X

j


N

(3+1)
i,j (�13(true))�N

(3+0)
i,j (�13(test) 2 [�180�, 180�])

�2

N
(3+1)
i,j (�13(true))

(22)

where, N
(3+0)
i,j and N

(3+1)
i,j are the test and true event datasets. We have marginalised

over the parameters, �13, ✓23 and �m
2
31 in the test dataset as these are presently unknown.

This �2 was calculated using a set of conservative values of the sterile parameters (�m
2
41 =

1 eV2
, ✓14 = 5.7�, ✓24 = 5�, ✓34 = 20�, �14 = �34 = 0�). The index i corresponds to energy

bins (i = 1 ! x, the number of bins depends on the particular experiment). For T2HK,
there are x = 95 bins of width 0.05 GeV in 0.1 - 5 GeV [11]. For DUNE, there are x = 62
energy bins each having a width of 0.125 GeV in the energy range of 0.5 - 8 GeV and 2
bins of width 1 GeV each in the range 8 - 10 GeV [77] and for P2O, there are x = 10 bins
of width 1 GeV in 1.5 - 11.5 GeV) [15]. The index j is summed over the modes (⌫ and ⌫̄)
respectively.

In Fig. 12, we plot the quantity defined above as a function of �13 for the three experiments
- T2HK, DUNE and P2O. It can be noted that for conservative choice (i.e., values close to

7The definition of the �2 in Eq. 22 includes only statistical e↵ects and facilitates our understanding. The
systematic e↵ects are taken into account in the numerical results.
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Can we distinguish between 3+0 and 3+1 effects ?

Parveen, Sharma, Patra and PM, EPJC 85, 181 (2025)



Role of improved energy resolution on the standard 
unknowns

Parveen, Rout and PM, to appear
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Figure 1: |�PCP
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|⇥ 100 versus �13 for ⌫µ ! ⌫e and ⌫µ ! ⌫µ transitions

2.2 Sensitivity to mass hierarchy (MH)

The mass-hierarchy (MH) probability di↵erence is defined as,

�PMH

↵�
= PNH

↵�
� P IH

↵�
, (7)

where PNH

↵�
and P IH

↵�
are the probability of transition for normal hierarchy (NH) and inverted

hierarchy (IH). We can find the expression for anti-particle case by replacing (“�13 with
��13”), (“�14 with ��14”), (“�34 with ��34”) and (“Â with �Â”).

Standard (3 + 0) case

For ⌫µ ! ⌫e channel, the �PMH

µe
in the (3 + 0) case is given by,

�PMH(3+0)
µe

' 4s213s
2
23

"
sin2(Â� 1)�

(Â� 1)2
� sin2(Â+ 1)�

(Â+ 1)2

#

+ 2↵s13 sin 2✓12 sin 2✓23
sin Â�

Â

"
cos(�+ �13)

sin(Â� 1)�

(Â� 1)

+ cos(�� �13)
sin(Â+ 1)�

(Â+ 1)

#
, (8a)

For ⌫µ ! ⌫µ channel, the �PMH

µµ
in the (3 + 0) case is given by,

�PMH(3+0)
µµ

' �4s213s
2
23

"
sin2(Â� 1)�

(Â� 1)2
� sin2(Â+ 1)�

(Â+ 1)2

#

� 2s213 sin
2 2✓23 sin� cos Â�

"
sin2(Â� 1)�

(Â� 1)2
+

sin2(Â+ 1)�

(Â+ 1)2

#

5

Sensitivity to the octant of ✓23 :- It is important to determine the value of sin2 ✓23 with
su�cient precision to determine the octant of ✓23. A combination of ⌫e appearance (which
is sensitive to sin2 ✓23) and ⌫µ disappearance (sensitive to sin2 2✓23) measurements would
allow us to probe both maximal mixing and the octant of ✓23. The ��2 is defined as [61]

��2
octant

= |�2
✓
test
23 >45� � �2

✓
test
23 <45� | (14)

where the value of ✓23 in the wrong octant is constrained only to have a value within the
wrong octant (i.e., it is not required to have the same value of sin2 2✓23 as the true value).

7 Results and Discussion

7.1 CP violation sensitivity

• The CP violation sensitivity is shown against the Dirac CP phase, �13 for stan-
dard(3+0) and sterile(3+1) scenarios with TDR and best reconstruction configura-
tions in Figure 8. The blue and red curves correspond to TDR and best reconstruction
respectively.
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Figure 8: CP violation sensitivity for (3+0) and (3+1) scenarios with TDR and best reconstruc-
tion

• The fractional plot for CP violation sensitivity is shown in Figure 9 where the sen-
sitivity is plotted against the fraction of �13. This plot tells that 48% and 52% of
�13 values have sensitivities over 5� for TDR and best reconstruction respectively
in standard(3+0) scenario. In sterile(3+1) scenario only 22% and 30% of �13 val-
ues have sensitivities over 5� for TDR and best reconstruction respectively. The 3�
sensitivity can be achieved by TDR and best reconstruction for 65% of �13 values in
standard(3+1) scenario whereas in sterile(3+1) scenario 55% and 65% of �13 values
have sensitivities over 3� for TDR and best reconstruction respectively.

• The sensitivity for best reconstruction peaks over the TDR at �13 = ±90� for both
scenarios. This happens because the best reconstruction has a very small statistical
edge over the TDR in apperance channel (see Figure 7).
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Future Plan
• Organisational roles - Member of the Authorship and Publications Board (2022 onwards)
• Deviation from the three flavour neutrino oscillations

• Non-standard Interactions, Sterile neutrinos, Neutrino decay, PMNS non-unitarity, CPT 
violation

• Deep Underground Neutrino Experiment
• Near and Far Detectors - to take into account systematics carefully (with Sabila Parveen, 

Navaneeth Poonthottathil)
• Beam optimisations for new physics NSI (with Jogesh Rout, Laura Fields)
• Machine learning approaches to extricate new physics (with Abhishek Iyer, Kolin Paul and 

Srikanta Bedathur)
• Other Physics opportunities - Tau neutrinos at DUNE, nature of neutrinos, supernova neutrinos
• Testing foundations of QM such as Leggett-Garg Inequalities at DUNE



Research areas

Credit :  1111.0507 [astro-ph.HE]
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Systematic uncertainty
Phased Construction arXiv:2203.06100, Talk by Elizabeth Worcester, NDM22 

 

Systematic Uncertainty

Elizabeth Worcester, Future LBL Experiments, NDM22 12

DUNE: Impact of Interaction 
Model Uncertainty on CP 

Violation Sensitivity

• Order few percent uncertainty required 
for precision measurements

• Sources of uncertainty:
• Neutrino flux
• Neutrino interaction model
• Detector effects

• DUNE and HyperK systematics largely 
uncorrelated, with different:

• Neutrino energies
• Far detector target nuclei
• Detector calibration, 

reconstruction, and event 
selection effects

• Impact of biases due to shortcomings 
in the interaction model is large

• Near detectors are critical to achieve 
precision measurement goals!

• Order few percent uncertainty required for 
precision measurements

• Sources of uncertainty :
• Neutrino flux
• Neutrino interaction model 
• Detector effects

• Impact of biases due to shortcomings in 
the interaction model is large

• Near detectors critical to achieve precision 
measurement goals



Barbara Yaeggy, talk at NuFact 2022, 2203.05591 Snowmass white paper

What about tau neutrinos at DUNE ?
• Among all fermions of the SM, tau neutrinos are least experimentally seen. Only 9 tau neutrino + tau anti 

neutrinos CC events seen in DONuT experiment and 10 tau neutrino CC events seen in OPERA 
experiment.

• Current generation of neutrino experiments provides nearly complete description of 3 flavor paradigm.

• All information about tau sector is taken from 

• Lepton universality for cross-sections

• PMNS unitarity for oscillations

• We need to test these assumptions.

                             

              

Truth Level Studies: Nature of F5 and Hypothesis of F4 = 0, F5 = 0 for 
higher values of x. 

Barbara Yaeggy - University of Cincinnati

- GENIE 3.0.6 truth Information
- Using DUNE far detector geometry 

(Argon 40 ) 
- Tau optimized flux

● CP optimized (3 horns configuration) 

- Low energy 
- Default starting configuration

● Tau-optimized (2 horns configuration) - 
future upgrade, under investigation

- High energy spectrum 
- Possible configuration after CP 

program has completed

Expected counts/year:

~ 30   𝜈𝜏   in CP-optimized neutrino mode
~ 130 𝜈𝜏   in CP-optimized neutrino mode

~ 800 𝜈𝜏   in Tau-optimized neutrino mode

7

CP optimized configuration (3 horns)

~130 tau neutrino counts/year

~30 tau anti-nu counts/year

Tau optimized configuration (2 horns)

~800 tau nu counts/year



Matter NSIs

Three-flavor neutrino evolution equation with matter NSIs:

i
d

dt
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Wolfenstein (1978); Valle (1987); Guzzo, Masiero, Petcov (1991); Roulet (1991)

In general, this gives rise to rather cumbersome neutrino transition probabilities.
T. Ohlsson (KTH) Non-Standard Neutrino Interactions (IPP12) 12 / 29

T. Ohlsson 

Flavour dependent refraction in the NC 
piece (diagonal as well as off-diagonal NSI terms)

Oscillation Parameter Best-fit value 3� range Precision (%)

sin2 ✓12/10�1 3.23 2.78 - 3.75 14.85
sin2 ✓23/10�1 (NH) 5.67 (4.67)a 3.92 - 6.43 24.25
sin2 ✓23/10�1 (IH) 5.73 4.03 - 6.40 22.72
sin2 ✓13/10�2 (NH) 2.34 1.77 - 2.94 24.84
sin2 ✓13/10�2 (IH) 2.40 1.83 - 2.97 23.75
�m2

21 [10
�5 eV2] 7.60 7.11 - 8.18 7.00

|�m2
31| [10�3 eV2] (NH) 2.48 2.30 - 2.65 7.07

|�m2
31| [10�3 eV2] (IH) 2.38 2.30 - 2.54 5.00

�/⇡ (NH) 1.34 0.0 - 2.0 -
�/⇡ (IH) 1.48 0.0 - 2.0 -

aThis is a local minimum in the first octant of ✓23 with ��2 = 0.28 with respect
to the global minimum.

Table 1: Best-fit values and the 3� ranges for the oscillation parameters used in our
analysis [4]. Also given is the precision which is defined as ratio (in percentage) of the
di↵erence of extreme values to the sum of extreme values of parameters in the 3� range.
Here NH (IH) refer to normal (inverted) hierarchy.

and E (especially above a GeV). This “one mass scale dominant” (OMSD) approximation
allows for a relatively simple exact analytic formula for the probability (as a function of
only three parameters ✓23, ✓13 and �m2

31) for the case of constant density matter [46] with no
approximation on s13, and it works quite well9. In order to systematically take into account
the e↵ect of small parameters, the perturbation theory approach is used. We review the
necessary formulation for calculation of probabilities that a↵ect the atmospheric neutrino
propagation using the perturbation theory approach [40].

In the ultra-relativistic limit, the neutrino propagation is governed by a Schrödinger-type
equation (see [53]) with an e↵ective Hamiltonian

H = Hvac +HSI +HNSI , (6)

where Hvac is the vacuum Hamiltonian and HSI,HNSI are the e↵ective Hamiltonians in
presence of SI alone and NSI respectively. Thus,

H =
1

2E

8
<

:U

0

@
0

�m2
21

�m2
31

1

AU † + A(x)

0

@
1 + ✏ee ✏eµ ✏e⌧
✏eµ? ✏µµ ✏µ⌧
✏e⌧ ? ✏µ⌧ ? ✏⌧⌧

1

A

9
=

; , (7)

where A(x) =
p
2GFne(x) is the standard CC potential due to the coherent forward scat-

tering of neutrinos and ne is the electron number density. The three flavour neutrino mixing

9This approximation breaks down if the value of ✓13 is small since the terms containing �m2
21 can be

dropped only if they are small compared to the leading order term which contain ✓13. After the precise
measurement of the value of ✓13 by reactor experiments, this approximation is well justified. For multi-GeV
neutrinos, this condition (L/E ⌧ 104 km/GeV) is violated for only a small fraction of events with E ' 1
GeV and L � 104 km.

5

9 new parameters

Ref: Wolfenstein (1978), Grossman (1995), Berezhiani, Rossi (2002), Davidson et al. (2003) , Ohlsson, Tortola and Farzan

What are non-standard interactions ?



Sterile neutrino

Experiment L E Channel
LSND 30 m 20-200 MeV Electron antinu Appearance 

MiniBooNE 541 m 0.2-3 GeV Electron anti(nu) Appearance + Disappearance 
MicroBooNE 541 m 0.5-3 GeV Appearance + Disappearance

Dasgupta and Kopp, 2106.05913

LSND MiniBooNE

2.1 LSND: Neutrinos from Stopped Pion Decay
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Figure 2.2: The distribution of observed events in LSND as a function of positron energy
Ee (left) and as a function of L/E⌫ (baseline over reconstructed neutrino energy, right).
Green histograms show the background from the intrinsic ⌫̄e contamination in the beam
(mostly due to the decay of µ� from ⇡

� decay in flight), while red histograms indicate
all other backgrounds, such as misidentified ⌫µ and ⌫̄µ. Blue histograms correspond to
the predicted signal from (2-flavor) neutrino oscillations. Figure taken from [20].

eled the LSND target hall (including also the aforementioned A1 and A2 targets).
Thanks to the nearly hermetic shielding of this area, it is difficult to imagine where
these estimates could have gone wrong.

• Accidental backgrounds. The signature of a CC ⌫e interaction, consisting of a
positron and a neutron, can be mimicked by random coincidences between cosmic-
ray induced neutrons and cosmic-ray induced electrons or positrons, or by random
coincidence between cosmic-ray induced neutrons and electrons generated by CC
⌫e interactions. (Unlike ⌫̄e, ⌫e are abundant in the LSND beam.) However, these
backgrounds can be estimated straightforwardly, and it turns out that they are
negligible because the probability for both temporal and spatial coincidence between
a random neutron and a random electron or positron is tiny.

• Knock-on neutrons. If a ⌫e interacts with a carbon nucleus inside the LSND
detector via quasi-elastic scattering, it will convert into an electron and eject a
proton. On its way out of the nucleus, this proton may transfer its energy to a
neutron, so that the final state will be e

� + n. This final state is indistinguishable
from the e

+ + n signature of a ⌫̄e interaction. As ⌫e are abundant in the LSND
beam, even a small probability for the production of such knock-on neutrons could
be problematic. However, energetics come to the rescue: the energy required to
liberate a neutron from a carbon nucleus is so high that events of this type would

11
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2.2 MiniBooNE: A Horn-Focused Neutrino Beam
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Figure 2.3: MiniBooNE observed event spectra in neutrino mode (left) and in anti-
neutrino mode (right). Black data points correspond to the observed event rates, shaded
histograms indicate the (largely data-driven) background predictions, and the blue dashed
histogram illustrates the best oscillation fit. Plots taken from refs. [23] (left) and [24]
(right).

single electron or positron, as well as CC ⌫µ and ⌫̄µ interactions, identified by the single
muon in the final state.

MiniBooNE has collected a neutrino flux corresponding to 18.75 ⇥ 1020 protons on
target in neutrino mode (⇡+ focused) and 11.27⇥1020 protons on target in anti-neutrino
mode (⇡� focused). The resulting event spectra and predicted backgrounds are shown in
fig. 2.3. A clear excess is observed, with a significance of 4.7� in neutrino mode and of 4.8�
when neutrino and anti-neutrino mode data are combined [23]. Like the LSND excess,
the MiniBooNE excess can be explained in terms of active-to-sterile neutrino oscillations
when considered in isolation (blue dashed histograms in fig. 2.3), but this explanation
runs into severe difficulties when fitted together with data from other experiments (see
section 4.1).

While backgrounds in MiniBooNE are manifold, many background contributions can
be estimated using data-driven methods. An irreducible source of background arises from
the intrinsic contamination of the beam by ⌫e and ⌫̄e produced in kaon or muon decays
(turquoise histograms in fig. 2.3. Kaons are produced in the primary target, and albeit
the production rate is much lower than for pions, their larger branching ratio to ⌫e / ⌫̄e

makes them non-negligible. Muons are produced in pion decay, and while most of them
are stopped in the rock separating the decay tunnel from the detector, some of them
decay already in the decay tunnel, leading to an extra flux of high energy neutrinos.
The intrinsic ⌫e / ⌫̄e contamination of the MiniBooNE beam was determined based on
external measurements and on data from the SciBooNE detector located in the same
beam, upstream of MiniBooNE [25].

A second source of background arises from ⇡
0 production in neutral current (NC)

neutrino interactions, followed by the decay ⇡
0
! �� (red histograms in fig. 2.3). As
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2.2 MiniBooNE: A Horn-Focused Neutrino Beam
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Figure 2.3: MiniBooNE observed event spectra in neutrino mode (left) and in anti-
neutrino mode (right). Black data points correspond to the observed event rates, shaded
histograms indicate the (largely data-driven) background predictions, and the blue dashed
histogram illustrates the best oscillation fit. Plots taken from refs. [23] (left) and [24]
(right).

single electron or positron, as well as CC ⌫µ and ⌫̄µ interactions, identified by the single
muon in the final state.

MiniBooNE has collected a neutrino flux corresponding to 18.75 ⇥ 1020 protons on
target in neutrino mode (⇡+ focused) and 11.27⇥1020 protons on target in anti-neutrino
mode (⇡� focused). The resulting event spectra and predicted backgrounds are shown in
fig. 2.3. A clear excess is observed, with a significance of 4.7� in neutrino mode and of 4.8�
when neutrino and anti-neutrino mode data are combined [23]. Like the LSND excess,
the MiniBooNE excess can be explained in terms of active-to-sterile neutrino oscillations
when considered in isolation (blue dashed histograms in fig. 2.3), but this explanation
runs into severe difficulties when fitted together with data from other experiments (see
section 4.1).

While backgrounds in MiniBooNE are manifold, many background contributions can
be estimated using data-driven methods. An irreducible source of background arises from
the intrinsic contamination of the beam by ⌫e and ⌫̄e produced in kaon or muon decays
(turquoise histograms in fig. 2.3. Kaons are produced in the primary target, and albeit
the production rate is much lower than for pions, their larger branching ratio to ⌫e / ⌫̄e

makes them non-negligible. Muons are produced in pion decay, and while most of them
are stopped in the rock separating the decay tunnel from the detector, some of them
decay already in the decay tunnel, leading to an extra flux of high energy neutrinos.
The intrinsic ⌫e / ⌫̄e contamination of the MiniBooNE beam was determined based on
external measurements and on data from the SciBooNE detector located in the same
beam, upstream of MiniBooNE [25].

A second source of background arises from ⇡
0 production in neutral current (NC)

neutrino interactions, followed by the decay ⇡
0
! �� (red histograms in fig. 2.3). As
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