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•  What is it?
–  A physics program with 3 LAr TPCs in the Fermilab Booster Neutrino Beam

•  Why are we doing it?
–  Explore neutrino oscillations beyond three-neutrino mixing

•  search for eV mass-scale sterile neutrinos in both appearance and 
disappearance channels

•  Resolve the LSND and MiniBooNE anomalies

–  Measure neutrino - Ar cross-sections in the sub-GeV to few-GeV region 
with millions of interactions

–  Further advance LAr TPC technology and build up experience relevant for 
the future Long Baseline program (LBNF/DUNE)

•  The three projects/detectors: SBND, MicroBooNE, ICARUS
•  Status and plans
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Status of Sterile Neutrino fits with Global Data
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A number of short baseline neutrino oscillation experiments have observed an anomalous excess of
neutrinos in the low energy range. This may hint towards the existence of additional neutrino mass
splittings. If true, additional sterile (non-interacting) neutrino states above the current 3 neutrino
model would be required. On the other hand, many parameters of the allowed space are limited
by experiments that have seen no anomaly. We will introduce models which accommodate these
additional neutrinos, and then discuss our work towards fitting these models to the available global
high �m2 oscillation data. We will then present the latest results of these fits.
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I. INTRODUCTION

A. Oscillation Formalism

The current theory of neutrino oscillation proposes that the weak interaction eigenstates of neu-
trinos (⌫e, ⌫µ, ⌫⌧ ) are composed of a linear superposition of the mass eigenstates of the neutrinos,
labeled as ⌫

1

, ⌫
2

, ⌫
3

. The relationship between these two bases is given by the Pontecovo-Maki-
Nakagawa-Sakata (PMNS) Matrix:
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When a neutrino is produced by weak decay into one of its weak eigenstates and then travels
through space, the composition of the neutrino state in the weak basis will oscillate. A detector,
then, will have a non-zero probability of finding a neutrino of a di↵erent weak flavor than was
originally produced.
This idea can be best illustrated if we assume a 2 neutrino model. In this case, there are only

two weak and mass eigenstates for the neutrinos, and the mixing matrix is 2⇥2 parameterized by a
single parameter ✓:
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If we assume that a ⌫µ was produced with energy E⌫ , its initial state can be rewritten in the mass
eigenstate basis as |⌫µi = �sin ✓ |⌫

1

i + cos ✓ |⌫
2

i. If we then let the state evolve with time as it
propagates through space a distance L, the probability of finding a ⌫µ will be

P (⌫µ ! ⌫µ) = 1� sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
, (1)

where �m2 is the mass squared di↵erence of the two mass eigenstates, L is the distance that the
neutrino propagates, and E⌫ is the energy of the neutrino. When a detector is used to find the same

⇤
diaza@mit.edu

ar
X

iv
:1

71
0.

04
36

0v
1 

 [h
ep

-e
x]

  1
2 

O
ct

 2
01

7

2

FIG. 1: This plot shows the probability of finding either ⌫e or ⌫µ a distance L from where the ⌫µ was first created.

The parameters used were �m2 = 0.0002 eV2, sin2(2✓) = 0.8, E⌫ = 1 GeV.

neutrino type as the one created, this is referred to as a disappearance experiment. Conversely, the
probability of finding a ⌫e, which was not present before, is

P (⌫µ ! ⌫e) = sin2(2✓)sin2
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E⌫ [MeV]

!
. (2)

When a detector looks for a neutrino of a di↵erent type than the one initially produced, this is
referred to as an appearance experiment. As expected, the sum of these two probabilities is one in a
two neutrino model. In Figure 1, we depict the changing probabilities of finding either ⌫e or ⌫µ for
some given parameters.
In practice, we try to place the detector where we expect the first maximum (minimum) to be for

an appearance (disappearance) experiment. This is where the clearest sign of oscillation will be.
For a 3 neutrino model, we have a similar, albeit more complicated, probability oscillation equation
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where ↵ and � are the neutrino weak eigenstates, while i and j are the mass eigenstates.
The PMNS matrix can also be written as a 3-rotation
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where, for example s
12

⌘ sin(✓
12

). We find 3 mixing parameters, ✓
12

, ✓
13

, and ✓
23

, and one CP
violating phase �. We can see how � results in CP violation if we go back to Eq. (3). If we wish
to consider the oscillation of antineutrinos instead of neutrinos, then we would take the complex
conjugates of the matrix elements, i.e. U ! U⇤. Since the real part of a complex number does
not change with complex conjugation, the term where the real part is taken in Eq. (3) does not
change. The term where we take the imaginary part, though, flips signs with complex conjugation.
Thus, if � 6= 0, 180, then the matrix elements will have a complex component, and the oscillations
between neutrino and antineutrinos will be di↵erent. This results in CP violation, since neutrinos
and antineutrinos should oscillate the same if CP were conserved.

11

parameter best fit ± 1� 2� range 3� range
�m2

21 [10
�5eV2] 7.56±0.19 7.20–7.95 7.05–8.14

|�m2
31| [10�3eV2] (NO) 2.55±0.04 2.47–2.63 2.43–2.67

|�m2
31| [10�3eV2] (IO) 2.49±0.04 2.41–2.57 2.37-2.61

sin2 ✓12/10
�1 3.21+0.18

�0.16 2.89–3.59 2.73–3.79
✓12/

� 34.5+1.1
�1.0 32.5–36.8 31.5–38.0

sin2 ✓23/10
�1 (NO) 4.30+0.20

�0.18
a 3.98–4.78 & 5.60–6.17 3.84–6.35

✓23/
� 41.0±1.1 39.1–43.7 & 48.4–51.8 38.3–52.8

sin2 ✓23/10
�1 (IO) 5.96+0.17

�0.18
b 4.04–4.56 & 5.56–6.25 3.88–6.38

✓23/
� 50.5±1.0 39.5–42.5 & 48.2–52.2 38.5–53.0

sin2 ✓13/10
�2 (NO) 2.155+0.090

�0.075 1.98–2.31 1.89–2.39
✓13/

� 8.44+0.18
�0.15 8.1–8.7 7.9–8.9

sin2 ✓13/10
�2 (IO) 2.140+0.082

�0.085 1.97–2.30 1.89–2.39
✓13/

� 8.41+0.16
�0.17 8.0–8.7 7.9–8.9

�/⇡ (NO) 1.40+0.31
�0.20 0.85–1.95 0.00–2.00

�/� 252+56
�36 153–351 0–360

�/⇡ (IO) 1.44+0.26
�0.23 1.01–1.93 0.00–0.17 & 0.79–2.00

�/� 259 +47
�41 182–347 0–31 & 142–360

aThere is a local minimum in the second octant, at sin2 ✓23=0.596 with ��2 = 2.08 with respect to the global minimum.
bThere is a local minimum in the first octant, at sin2 ✓23=0.426 with ��2 = 1.68 with respect to the global minimum for IO.

TABLE I: Neutrino oscillation parameters summary determined from this global analysis. The ranges for inverted
ordering refer to the local minimum of this neutrino mass ordering.

with ��2 = 2.1, while for the case of inverted ordering we obtain a local minimum in the second octant at
��2 = 2.7 with respect to the global minimum. Maximal atmospheric mixing is disfavoured at ��2 = 6.0 for
the case of normal ordering. Finally, our global fit shows a slight preference for normal neutrino mass ordering,
with ��2 = 2.7. As discussed in the previous section, this sensitivity to the mass ordering comes mainly from
the tension in the preferred values of ✓23 in T2K and NO⌫A, found to be stronger for the case of inverted mass ordering.

Before closing we comment on the atmospheric data from the Super-K experiment. In contrast to Ref. [59], we
include the old Super-K atmospheric neutrino data samples I, II and III, following the analysis provided by the Super-
K Collaboration in Ref. [79], the same “safe” procedure adopted previously in Refs. [1, 61, 62]. However, concerning
the most recent atmospheric neutrino Super-K data samples, as stressed in [59], they are not presented in a form that
allows a reliable use outside the collaboration, so we chose not to include them in our analysis. Fortunately, as we
saw, the constraining power of the new long–baseline neutrino data is higher, at least insofar as the determination of
the atmospheric oscillation parameters is concerned.
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We present a new global fit of neutrino oscillation parameters within the simplest three-neutrino
picture, including new data which appeared since our previous analysis [1]. In this update we
include new long–baseline neutrino data involving the antineutrino channel in T2K, the first data
from NO⌫A, as well as new reactor data, such as the Daya Bay 1230 days electron antineutrino
disappearance spectrum data and the 500 live days prompt spectrum from RENO, as well as new
Double Chooz data. We also include atmospheric neutrino data from the IceCube DeepCore and
ANTARES neutrino telescopes. Finally, we also update our solar oscillation analysis by including
the 2055-day day/night spectrum from the fourth phase of the Super-Kamiokande experiment. We
find that for normal mass ordering the lower atmospheric octant is now preferred by ��2 = 2.1.
Maximal atmospheric mixing is disfavoured at ��2 = 6.0. Finally, the normal ordering is preferred
by ��2 = 2.7 with respect to inverted mass ordering. We also discuss details concerning the mass
ordering, CP violation phase and octant sensitivities.

I. INTRODUCTION

The discovery of neutrino oscillations constitutes a major milestone in astro and particle physics over the last
few decades. Solar and atmospheric neutrino studies were the first to give convincing evidence for neutrino con-
version [2, 3]. By studying the distortion in the neutrino spectra, laboratory experiments based at reactor and
accelerators have played a key role in selecting neutrino oscillations as the conversion mechanism at work. Reactor
and accelerator experiments have now brought the field of neutrino oscillations to the precision era, contributing
significantly to sharpen the determination of the oscillation parameters [4–9]. Particularly relevant was the input of
the KamLAND experiment in elucidating the nature of the solution to the solar neutrino puzzle [10, 11]. Indeed,
KamLAND measurements have ruled out alternative mechanisms involving spin flavor precession [12, 13] as well as
nonstandard neutrino interaction (NSI) solutions to the solar neutrino problem [14]. Such NSI-only scenarios as well
as all other more exotic hypotheses are all ruled out by KamLAND [5, 15].

Precision tests of the oscillation picture have already a long history, and remain as timely as ever. Indeed, one
can probe neutrino NSI with atmospheric [16] as well as solar neutrino data [17, 18], where the robustness of the
solar neutrino oscillation description has been questioned [19, 20]. There have been a variety of studies scrutinizing
the possible role of NSI in various neutrino oscillation setups [21–35]. Likewise, although already constrained by
experiment, the effect of neutrino non-unitarity of the lepton mixing matrix, expected if neutrino masses arise a la
seesaw [36–38], could lead to important ambiguities in probing CP violation in neutrino oscillations [39], as well
as opportunities for probing novel effects. These need to be taken up seriously in the design of future oscillation

⇤Electronic address: dvanegas@ifi.unicamp.br
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‡Electronic address: valle@ific.uv.es
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FIG. 3: 90 and 99% C.L. allowed regions at the sin2 ✓23– �m2
31 plane for normal (left) and inverted mass ordering

(right) as restricted from the long-baseline experiments.

IV. GLOBAL FIT RESULTS

We now describe the global results of our updated neutrino oscillation fit. There are no significant changes derived
from the new solar neutrino data, hence we move directly to the results for atmospheric neutrinos. Here there are
new data from the ANTARES and IceCube collaborations. As seen in Fig. 2, the 863-day atmospheric data from
ANTARES and the 3-year data from IceCube DeepCore are enough to provide a determination of the atmospheric
oscillation parameters, clearly dominated by DeepCore.

On the other hand, Fig. 1 shows how the new reactor data, clearly dominated by Daya Bay, provide a significantly
improved determination of ✓13. It also illustrates the important role of reactor neutrino data in mapping out the
allowed region of atmospheric squared mass splitting parameter.

We find that the latest NO⌫A neutrino results disfavour maximal mixing, ✓23 = 45�, at more than 2�, as seen
in Fig. 3. Note also that the neutrino telescope atmospheric results are in complete consistency with what follows
from the old Super-Kamiokande atmospheric data and the recent long-baseline data, leading to a clear global picture
for the all-atmospheric data fit, shown in Fig. 2. One sees that atmospheric parameters are mainly constrained by
long-baseline data, shown in Fig. 3, and that, although highly disfavored by the first NO⌫A data, maximal mixing
remains allowed at 99% C.L.

In what follows we highlight the main features of our neutrino oscillation global fit results, focusing upon the main
open challenges of the three-neutrino picture: CP violation and the mass ordering as well as the ✓23 octant problem.

CP sensitivity and neutrino mass ordering

Long–baseline neutrino oscillation data play an important role in determining the mass ordering and CP violating
phase, �. In order to make this point clear, we can plot the �2 profile for the CP phase, as determined from long-
baseline-only data, as well as by the global oscillation data sample, as shown in the right panels in Fig. 4. Note that
here the ��2 profile has been obtained from the local minimum for each mass ordering.
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FIG. 4: Left: 90 and 99% C.L. regions from T2K and NO⌫A data only (black and blue lines, respectively) and from
the global fit of all the oscillation experiments (colored regions). The star indicates the best fit point from
our global analysis, found for normal mass ordering, while the black dot indicates the local minimum
obtained for inverted mass ordering. Right: ��2 profile as a function of � from T2K-only (black) and from
the global fit (magenta). In both cases, upper (lower) panels correspond to normal (inverted) mass ordering.

This result shows how to the current global sensitivity to the CP determination is dominated by the T2K
experiment, with some added rejection against � = ⇡/2 obtained after combining with the other experiments. Thus,
for normal ordering, � = ⇡/2 is disfavoured with ��2 = 7.4 (2.7�) . The rejection against � = ⇡/2 is found to
be stronger for inverted mass spectrum, where it is excluded with ��2 = 13.3 (3.7�), with respect to the global
minimum in the inverted ordering, and ��2 = 16.0 (4.0�) with respect to the absolute minimum in the normal mass
ordering. As can also be seen from the figure, the current preferred value of � for both mass orderings lies close to 3⇡/2.

Concerning the sensitivity to the neutrino mass ordering, our global fit shows a slight preference for normal neutrino
mass ordering, with ��2 = 2.7. This weak indication of a preferred mass ordering can not come from atmospheric
data, since IceCube DeepCore and ANTARES data are not yet sensitive to the mass ordering through the observation
of matter effects in the atmospheric neutrino flux. In fact, the difference between normal and inverted mass ordering
is only ��2 = 0.4, obtained mainly from IceCube DeepCore data. On the other hand, the latest atmospheric data
from Super-K starts showing hints of matter effects [75] though, as explained before, this data sample is not included
in our analysis. After a detailed analysis we have found that this sensitivity comes mainly from the tension between
the values of ✓23 preferred by the T2K and NO⌫A experiments. This tension is illustrated in the left panel of Fig. 4,
where we have plotted the allowed regions in the sin2 ✓23–� plane for T2K–only, NO⌫A–only and from the combined

•  Well established & measured 
•  θ13 precision driven by Daya Bay 
•  θ23 global fit prefers weakly Normal 

mass Ordering (NO) 
•  δ sensitivity from T2K alone 
•  SK, DeepCore, ANTARES (atmo) 

& long baseline (T2K, NOvA) will 
drive precision improvements in 
the next 10 years 

Salas,	Forero,	Ternes,	Tortola,	Valle:	August	2017	



Sterile neutrinos?

•  A solution to anomalies, or a 
solution looking for a problem?

•  Number of active (WI) neutrinos 
is 3 (Z width)

•  But non-interacting extra neutrino 
states could exist

•  New parameters introduced
•  Simplest case: 3+1
•  Mass scale (Δm2) unrestricted:
–  ~1eV2 (anomalies)
–  keV (Dark Matter)
–  1010-1015 GeV (Leptogenesis, 

seesaw/GUT)

02/11/20174 Christos Touramanis | Fermilab SBN
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C. Adding a neutrino

To add more neutrinos to our model, we simply add a new row and column to our old PMNS
matrix. We refer to one additional neutrino as the 3+1 model.
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This new form adds 7 matrix elements, 1 mass splitting, and 2 CP violating complex phases
[6]. The four Usi matrix elements cannot be constrained because we cannot directly observe sterile
neutrinos.
Additionally, since the observed mass splitting in LSND, �m2

41

, is much larger than the two SM
mass splittings, we will use the short-baseline approximation, where we assume that �m2

21

and �m2

32

are both 0 and that the 3 SM neutrino states are degenerate. Short-baseline refers to experiments
with L/E ⌧ 1, so that when �m2 ⌧ 1,

sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
⇡ 0

and terms due to these �m2 can be negleted.
Assuming this, the probability equation (3) (which is valid for an arbitrary number of neutrinos),

becomes

P (⌫↵ ! ⌫�) = �↵� � 4(�↵� � U⇤
↵4U�4)U↵4U

⇤
�4) sin

2

 
1.27
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E⌫ [MeV]

!
. (5)

Note that since eq (5) is real, then there is no CP violation in this limit.
We can define

sin2 2✓↵� = |4(�↵� � U⇤
↵4U�4)U↵4U

⇤
�4|

If we let ↵ = �, then we get

P (⌫↵ ! ⌫↵) = �↵� � sin2 2✓↵� sin
2
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E⌫ [MeV]

!
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And if we let ↵ 6= �, then

P (⌫↵ ! ⌫�) = sin2 2✓↵� sin
2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
.

We notice that, in this limit, the form of the oscillation equations for a one sterile neutrino model
are identical to the 2 neutrino oscillation probabilities given in Equations (1) and (2). We thus find
that the 3+1 model in the short-baseline limit is similar to a 2 neutrino model.

eV-scale sterile neutrino physics

Sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance) �m2
21

�m2
31

�m2
41

�e

�µ

��

�s

I “phenomenological model”: eV scale state is not related to seesaw or the
mechanism of neutrino mass generation

I eV scale seesaw e.g.: Blennow, Fernandez-Martinez, 11; Fan, Langacker, 12;
Donini, Hernandez, Lopez-Pavon, Maltoni, TS, 12

T. Schwetz (KIT), NNN17 4



Sterile neutrinos at the eV scale? LSND

•  Decay-at-rest pion beam (Los Alamos)
•  Excess in (anti-νµ to anti-νe)
•  After huge background subtraction
•  Baseline 30m
•  E=[20-50MeV]

•  Oscillation frequency: Δm2=1.2 eV2

•  Estimated 3.8σ

•  Exclusions from νµ disappearance 
experiments

•  The “LSND anomaly” (1990s)

02/11/20175 Christos Touramanis | Fermilab SBN
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(a) Excess of neutrino events detected in LSND above the
expected background

(b) Best fit parameters of a neutrino, given the data from
LSND

B. Can we have more neutrinos?

We would like to ask if it’s possible to have more than the 3 neutrinos that currently exist in the
Standard Model. To try to answer this question, we consider the Z decay width [4].

We would expect that the Z decay width is just the sum of the decay width of its decay channels,

�Z = 3�ll + �
hadrons

+N⌫�⌫⌫ ,

where �ll is the decay width of the charged leptons (which we assume are all the same through lepton
universality), �

hadrons

is the decay width to the hadrons, �⌫⌫ is the decay width to the neutrinos,
and N⌫ is the number of neutrinos.

�Z , �ll, and �
hadrons

are all known experimentally, and �⌫⌫ can be predicted through SM predictions.
If we then solve for N⌫ :

N⌫ =
�Z � 3�ll � �

hadrons

�SM

⌫⌫

,

we find that N⌫ = 2.9840 ± 0.0082. This value of N⌫ is consistent with the Z decaying to only 3
neutrinos.

The most obvious way to bypass this requirement is if the fourth neutrino is more massive than
half of the Z boson mass, making the decay kinematically forbidden. But given the upper bound of
the neutrino masses [5], m⌫ < 2eV, it is not possible that a fourth neutrino could reach up to a mass
of mZ/2 ⇡ 46 GeV with the �m2 found by LSND. This, then, could not explain the mass splitting
seen in LSND.

Another hypothesis, which we’ll explore through the rest of these proceedings, is that this new
neutrino does not interact weakly. This hypothetical particle is called a sterile neutrino.
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B. Can we have more neutrinos?

We would like to ask if it’s possible to have more than the 3 neutrinos that currently exist in the
Standard Model. To try to answer this question, we consider the Z decay width [4].

We would expect that the Z decay width is just the sum of the decay width of its decay channels,
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where �ll is the decay width of the charged leptons (which we assume are all the same through lepton
universality), �

hadrons

is the decay width to the hadrons, �⌫⌫ is the decay width to the neutrinos,
and N⌫ is the number of neutrinos.
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are all known experimentally, and �⌫⌫ can be predicted through SM predictions.
If we then solve for N⌫ :

N⌫ =
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⌫⌫

,

we find that N⌫ = 2.9840 ± 0.0082. This value of N⌫ is consistent with the Z decaying to only 3
neutrinos.

The most obvious way to bypass this requirement is if the fourth neutrino is more massive than
half of the Z boson mass, making the decay kinematically forbidden. But given the upper bound of
the neutrino masses [5], m⌫ < 2eV, it is not possible that a fourth neutrino could reach up to a mass
of mZ/2 ⇡ 46 GeV with the �m2 found by LSND. This, then, could not explain the mass splitting
seen in LSND.

Another hypothesis, which we’ll explore through the rest of these proceedings, is that this new
neutrino does not interact weakly. This hypothetical particle is called a sterile neutrino.



Sterile neutrinos at the eV scale? MiniBooNE

•  Fermilab BNB
•  800t mineral oil detector
•  Excess in (anti-νµ to anti-νe), 2.8σ
•  Excess in (νµ to νe), 3.4σ
•  Different energy distribution
•  At lower energies than LSND region

•  Dominant background: photons
•  But the detector can’t distinguish 

photons /electrons!

•  The “MiniBooNE anomaly” (2000s)

02/11/20176 Christos Touramanis | Fermilab SBN
O. Palamara  | Short baseline accelerator neutrino oscillations Tamura Symposium | May 9 201710

Short-Baseline Accelerator Anomalies
MiniBooNE
Baseline 540 m 
E=[0 - 2] GeV  

L/E ≈ 1 m/MeV
800 tons mineral oil

Low-energy excess

LSND excess 
expected at HE

• Decay in flight neutrino source (Booster 
Neutrino Beam - Fermilab) 

• L/E similar to LSND
• LSND anomaly not evident in MiniBooNE where 

expected, but a clear excess in !"→!e (3.4 #) 
and !"→!e (2.8 #) appearance is observed in a 
lower energy range 

__

PRL 110 (2013) 161801



Reactor Anti-neutrino Anomaly (RAA) 

•  Re-calculation of nuclear reactor 
higher than experimental 
measurements
–  Mueller et al 1101.2663, Huber 1106.0687

•  Compatible with anti-νe 
disappearance in eV-scale 
oscillation 
–  Mention et al 1101.2755

•  5 MeV bump in real/model energy 
spectra ratio seen by all reactor 
experiments
–  Can’t explain the RAA
–  Questions precision of flux calculations

02/11/20177 Christos Touramanis | Fermilab SBN

eV-scale sterile neutrino physics ‹e disappearance

Reactor anomaly
calculation of neutrino flux from nuclear reactors predict too many
neutrinos Mueller et al., 1101.2663, P. Huber, 1106.0687
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dashed: θ13 = 0

f = 0.935 ± 0.024 (di�erent from 1 @ 2.7‡)

can be explained by ‹̄e disappearance at eV-scale Mention et al, 1101.2755

T. Schwetz (KIT), NNN17 5

eV-scale sterile neutrino physics ‹e disappearance

Reactor anomaly – recent developements

I 5 MeV bump seen by RENO, DoubleChooz, DayaBay

Chinese Physics C Vol. XX, No. X (201X) XXXXXX

the agreement is reasonable in other energy regions. A
comparison to the Huber+Mueller model yields a �2/dof
of 46.6/24 in the full energy range from 0.7 to 12 MeV,
corresponding to a 2.9 � discrepancy. The ILL+Vogel
model shows a similar level of discrepancy from the data.

Another compatibility test was performed with a
modified fitting algorithm. In this method, N(=number
of prompt energy bins) free-floating nuisance parameters
are introduced to the oscillation parameter fit to adjust
the normalization for each bin, as described in [65]. The
compatibility was tested by evaluating

��2 = �2(standard)��2(N extra parameters) (29)

for N degrees of freedom. We obtained ��2/N =
50.1/25, which is consistent with the results obtained
by the first method using Eq. 28.
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Fig. 23. (A) Comparison of predicted and mea-
sured prompt energy spectra. The prediction is
based on the Huber+Mueller model and normal-
ized to the number of measured events. The error
bars on the data points represent the statistical
uncertainty. The hatched and red filled bands rep-
resent the square-root of diagonal elements of the
covariance matrix (

�
(Vii)) for the reactor related

and the full systematic uncertainties, respectively.
(B) Ratio of the measured prompt energy spec-
trum to the predicted spectrum (Huber+Mueller
model). (C) The defined �2 distribution (��i) of
each bin (black solid curve) and local p-values for
1 MeV energy windows (magenta dashed curve).
See Eq. 30 and relevant text for the definitions.

6.3 Quantification of the Local Deviation

The ratio of the measured to predicted energy spectra
is shown in Fig. 23B. The spectral discrepancy around 5

MeV prompt energy is clearly visible. Two approaches
are adopted to evaluate the significance of this discrep-
ancy. The first method evaluates the �2 contribution of
each energy bin,

��i =
Nobs

i �Npred
i

|Nobs
i �Npred

i |

��

j

�2
ij ,

�2
ij = (Nobs

i �Npred
i )(V �1)ij(N

obs
j �Npred

j ). (30)

By definition,
�

i ��2
i is equal to the value of �2 defined in

Eq. 28. As shown in Fig. 23C, an enhanced contribution
is visible around 5 MeV.

In the second approach, the significance of the de-
viation is evaluated based on the modified oscillation
analysis similar to Eq. 29. Instead of allowing all the
N nuisance parameters to be free floating, only parame-
ters within a selected energy window are varied in the fit.
The di�erence between minimum �2s before and after in-
troducing these nuisance parameters within the selected
energy window was used to evaluate the p-value of the
local variation from the predictions. The p-values with
1 MeV sliding energy window are shown in Fig. 23C. The
local significance for a discrepancy is greater than 4 � at
the highest point around 5 MeV. In addition, the local
significance for the 2 MeV window between 4 and 6 MeV
were evaluated. We obtained a ��2/N value of 37.4/8,
which corresponds to the p-value of 9.7 � 10�6(4.4 �).
Comparing with the ILL+Vogel model shows a similar
level of local discrepancy between 4 and 6 MeV.

The excess between 4 and 6 MeV was �1.5% of the
total observed IBD candidates. An excess of events in
a same energy range was not observed in the spallation
12B beta decay spectrum, ruling out detector e�ects as
an explanation. Adding a simple beta-decay branch or a
mono-energetic peak cannot reproduce the observed ex-
cess, indicating that it cannot be explained by a simple
background contribution. Contributions from other in-
teraction channels (e.g. �̄e+13C) were investigated and
were found to be too small to account for the excess. The
events in the energy region around 5 MeV are carefully
examined: the neutron capture time, the delayed energy
spectrum, and the distance distribution for the delayed
neutron capture signal were found to match IBD event
characteristics. The vertex distribution of the prompt
signal was found to be uniform and consistent with IBD
events.

Figure 24 shows the event rate versus time in the
energy window of 4.5-5.5 MeV and other windows.
The strong correlation indicates that the excess around
5 MeV is proportional to the reactor antineutrino flux.
Therefore, it strongly suggests that the deviation is due
to the imperfect modelling of the reactor antineutrino
spectrum. A recent ab initio calculation of the antineu-
trino spectrum showed a similar deviation from previous

010201-27

DayaBay, 1607.05378

T. Schwetz (KIT), NNN17 6



RAA: recent data 

•  Daya Bay analysed flux depedence on 
fuel evolution:
–  235U flux deficit, 239Pu consistent with model (add 

up to 90% of total)

–  Flux-free fit prefered over sterile neutrino at 2.7σ
•  Daya Bay, NEOS (Gd doped liquid 

scintillator, Korea), DANNS (Gd covered 
plastic scintillator, Russia) provide new 
constraints
–  1607.01174, 1610.05134, Moriond EW 17

•  Graph: all reactor results
–  Red (blue) cross: best fit for free (fixed) flux
–  Dentler et al 1709.04294

02/11/20178 Christos Touramanis | Fermilab SBN
Figure 3: Allowed regions at 1, 2, 3� (2 dof) confidence level for the combined analysis of all reactor

neutrino experiments listed in table 2. For the shaded regions we take the predicted fluxes and their quoted

uncertainties according to Huber and Mueller [1, 2] at face value (“flux-fixed”), while for the unshaded

contour lines, the fluxes from the four main fissible isotopes are allowed to vary freely (“flux-free”). The

blue (red) cross indicates the best fit point for the flux-free (flux-fixed) analysis.

• Solar neutrino data. We update our previous analysis [16] by accounting for the 2055-
day energy and day/night asymmetry spectrum from Super-Kamiokande phase 4 [55].
We also include the new measurement of neutrinos from the proton-proton (pp) fusion
chain in the Sun recently presented by Borexino [61]. In addition, we make use of the
total rates from the radiochemical experiments Chlorine [49], GALLEX/GNO [50] and
SAGE [51], the electron scattering data binned in energy and zenith angle from all
the previous Super-Kamiokande phases [52–54], the individual data sets from the three
phases of SNO [56–58], and the Borexino phase-I data samples consisting of 740.7 days of
low-energy data [59] and 246 live days of high-energy data [60]. Thus the solar neutrino
data used in our analysis consists of 325 data points. Details of the implementation
of the oscillation probabilities and relevant parameters can be found in Appendix C
of [16].

• Radioactive source experiments. The calibration of Gallium solar neutrino experiments
has been tested by deploying radioactive sources in the GALLEX [50,62] and SAGE [63,
64] detectors. Both experiments have updergone two calibration campaigns: one with
37Ar and one with 51Cr in the case of SAGE, and both with 51Cr in the case of GALLEX.

12



Sterile neutrinos: other data

•  The Galium anomaly: νe flux deficit from 
radioactive sources in Gallex, SAGE

•  Accelerator short baselines: appearance 
vs disappearance tension. Consistency p-
values:
–  2x10-4 Gariazzo, Giunti, Laveder, Li 1703.00860
–  1x10-5 Dentler, Kopp, Machado, Maltoni, Martinez, 

Schwetz, NNN 17

•  Cosmology:
–  Neff = 3.04 + 0.18 (68 CL) 

–  Σmν < 0.23 (95% CL) 

–  PLANCK, 1502.01589

02/11/20179 Christos Touramanis | Fermilab SBN

eV-scale sterile neutrino physics ‹e disappearance

The Gallium anomaly

radioactive sources in gallium solar neutrino exps.: ‹e +71 Ga æ71 Ge + e≠

combined fit:

‰2
min = 2.3/3 dof

r = 0.84+0.054
≠0.051

�‰2
r=1 = 8.7 (2.9‡)

0.5 0.7 0.8 0.9 1 1.1
observed / expected

0.5 0.6 0.7 0.8 0.9 1 1.1

Gallex 51Cr

Gallex 51Cr

SAGE 51Cr

SAGE 37Ar

Gallium data using Frekers et al PLB11

oscillations with �m2 ≥ 1 eV2 can lead to reduction of the ‹e flux within
the detector volume Acero,Giunti,Laveder,0711.4222; Giunti,Laveder,1006.3244

T. Schwetz (KIT), NNN17 12



The Fermilab Short Baseline Neutrino program proposal

02/11/201710 Christos Touramanis | Fermilab SBN

Short Baseline Neutrino (SBN) program at Fermilab

4

● Three liquid argon time projection chamber (LArTPC) detectors in the 
Booster Neutrino Beam (BNB) at Fermilab.

Booster Neutrino 
Beam



SBN membership

02/11/201711 Christos Touramanis | Fermilab SBN

The ICARUS-WA104 Collaboration 
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• Building	completed	on	budget	and	in	

advance	of	need

• ICARUS	T600	detector

– Refurbishing	 complete,	delivered	 to	FNAL

– Warm	vessel	 and	insulation	 installed

– TPC	electronics	 in	fabrication

– CRT	progressing	well	 in	Europe	and	US

• Cryogenics	

– Fabrication	nearing	completion	 in	Europe	

and	at	Fermilab

11/1/2017 Peter	Wilson	|	SBN	Program	Overview12

Far Detector Progress Addresses	Charge	Questions	1,	2

• ICARUS	Challenges

– Weight	of	ICARUS	vessels	 exceeds	

crane	capacity.		Developing	rigging	

plan	
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The SBN program

A Three LArTPC Short-Baseline Neutrino Oscillation Program in the Fermilab
Booster Neutrino Beam [arXiv:1503.01520]

Detector Baseline Active LAr
(m) mass (tonnes)

SBND 110 112
MicroBooNE 470 87

ICARUS 600 476

Same neutrino beam, nuclear target,
detector technology: Reducing e↵ect
of systematic uncertainties.

Costas Andreopoulos (Liverpool/STFC-RAL) SBND June 29, 2017 3 / 22



 Protons: 8 GeV
 Target: 1.7λ Be 
 Horn: 174 kA, 143µs, two polarities
 Decay tunnel: air, 50 (25) m
 5Hz, 81 x 2 ns bunches 19 ns apart

Fermilab accelerator complex & Booster Neutrino Beam
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Detector Distance from BNB Target LAr Total Mass LAr Active Mass

LAr1-ND 110 m 220 t 112 t

MicroBooNE 470 m 170 t 89 t

ICARUS-T600 600 m 760 t 476 t

TABLE I: Summary of the SBN detector locations and masses.

A. The Booster Neutrino Beam

The Booster Neutrino Beam is created by extracting protons from the Booster accelerator
at 8 GeV kinetic energy (8.89 GeV/c momentum) and impacting them on a 1.7� beryllium
(Be) target to produce a secondary beam of hadrons, mainly pions. Charged secondaries are
focused by a single toroidal aluminum alloy focusing horn that surrounds the target. The
horn is supplied with 174 kA in 143 µs pulses coincident with proton delivery. The horn can
be pulsed with either polarity, thus focusing either positives or negatives and de-focusing the
other. Focused mesons are allowed to propagate down a 50 m long, 0.91 m radius air-filled
tunnel where the majority will decay to produce muon and electron neutrinos. The remainder
are absorbed into a concrete and steel absorber at the end of the 50 m decay region. Suspended
above the decay region at 25 m are concrete and steel plates which can be deployed to reduce
the available decay length, thus systematically altering the neutrino fluxes. A schematic of the
BNB target station and decay region is shown in Figure 2. See Refs. [11, 12] for technical
design reports on the 8 GeV extraction line and the Booster Neutrino Beam.

FIG. 2: Schematic drawings of the Booster Neutrino Beamline including the 8 GeV extraction line,
target hall and decay region.

The timing structure of the delivered proton beam is an important aspect for the physics
program. The Booster spill length is 1.6 µs with nominally ⇠ 5⇥1012 protons per spill delivered
to the beryllium target. The main Booster RF is operated at 52.8 MHz, with some 81 buckets
filled out of 84. The beam is extracted into the BNB using a fast-rising kicker that extracts all
of the particles in a single turn. The resulting structure is a series of 81 bunches of protons each
⇠2 ns wide and 19 ns apart. While the operating rate of the Booster is 15 Hz, the maximum



BNB: neutrino beam fluxes
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allowable average spill delivery rate to the BNB is 5 Hz, set by the design of the horn and its
power supply.

The BNB has already successfully and stably operated for 12 years in both neutrino and anti-
neutrino modes. The fluxes are well understood thanks to a detailed simulation [13] developed
by the MiniBooNE Collaboration and the availability of dedicated hadron production data for
8.9 GeV/c p+Be interactions collected at the HARP experiment at CERN [14, 15]. Systematic
uncertainties associated with the beam have also been characterized in a detailed way as seen
in Refs. [13, 16] with a total error of ⇠9% at the peak of the ⌫

µ

flux and larger in the low and
high energy regions.
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FIG. 3: (Top) The Booster Neutrino Beam flux at the three SBN detectors: (left) LAr1-ND, (cen-
ter) MicroBooNE, and (right) ICARUS-T600. (Bottom) Ratio of the fluxes for each neutrino species
between ICARUS and LAr1-ND (left) and between ICARUS and MicroBooNE (right). Fluxes at the
far detectors fall o↵ faster than 1/r2 when compared to the 110 m location and the ⌫
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/⌫̄
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spectra are
harder due to the restricted solid angle at the far locations. These e↵ects and associated systematic
uncertainties are fully considered in the analysis. The far detector locations are clearly in the 1/r2

regime with 4702/6002 = 0.61.

The neutrino fluxes observed at the three SBN detector locations are shown in Figure 3.
Note the rate in the near detector is 20-30 times higher than at the MicroBooNE and ICARUS
locations. Also, one sees the ⌫

µ

spectrum is slightly harder at the far locations as a result of
the narrower solid angle viewed by the far detector. We’ll see later, however, that this does
not introduce a significant systematic in oscillation searches. The shapes of the ⌫
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/⌫̄
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fluxes
are more similar. The composition of the flux in neutrino mode (focusing positive hadrons) is
energy dependent, but is dominated by ⌫
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(⇠93.6%), followed by ⌫̄
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(⇠5.9%), with an intrinsic
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contamination at the level of 0.5% at energies below 1.5 GeV. The majority of the ⌫
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originates from pion decay in flight (⇡+ ! µ
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) except above ⇠2 GeV where charged kaon
decay is the largest contributor. A substantial portion of the intrinsic ⌫

e

flux, 51%, originates
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at	SBND	 at	MicroBooNE	 at	ICARUS	

ICARUS/SBND	 ICARUS/MICROBOONE	
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SBND Physics Goals

1) Perform a high-precision measurement of the BNB flux × ν-Ar cross-section before 
oscillation.

The high degree of correlation between near and far detectors (same beam, same neutrino 
target, same detector technology) grants a reduction on the systematic uncertainties.

Boost in the sensitivity for oscillations at Δm2 ~ 1 eV2 to conclusively address the short-baseline 
neutrino anomalies.

2) Perform high-precision measurements of cross-sections of νµ and νe on Ar to improve our 

knowledge of neutrino-nucleus interactions and reduce systematic uncertainties on 
oscillation searches, for both short and long baselines.

3) Develop further the LArTPC detector technology.

BNB flux by MiniBooNE; PRD 79, 072002
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•  Large Far Detector (~1/2 kton) provides statistical power
•  Three baselines provide redundancy, sensitivity to oscillation frequency
•  Same beam minimizes flux uncertainties
•  Same nuclear target (Ar) minimizes cross section uncertainties
•  Same technology (single phase TPC) minimizes detector uncertainties 

Neutrino oscillations at SBN
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The role of the SBND

SBND samples the unoscillated neutrino flux with very high statistics.

Record 3-yr MicroBooNE dataset in 2 months!

SBND data will enable tuning of flux and cross-section modelling, and
produce unoscillated predictions for MicroBooNE and ICARUS.

SBND carries the main burden for systematic error reduction in SBN.
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The Short-Baseline Neutrino Program at Fermilab

● Neutrino beam from pion decay-in-flight mostly (plus kaon 
and muon decay).

– Single horn for focusing charged mesons.

– Well-known beam, same as MiniBooNE (PRD 79, 072002).

● 3 Liquid Argon Time Projection Chamber (LArTPC) detectors.

– Same detector technology and target to reduce 
systematic uncertainties.

– Electron vs gamma discrimination to investigate 
MiniBooNE anomaly.

ICARUS
L = 600 m
476 tonnes

ν data in early 2019

Booster Neutrino Beam (BNB)
8 Gev protons on Be target

 �E
ν

 ~ 700 MeV⇥
MicroBooNE

L = 470 m
90 tonnes

ν data since Oct 2015

SBND
L = 110 m
112 tonnes

ν data in early 2020

SBND

μBooNE

ICARUS



With all 3 detectors SBN will provide 5σ coverage of the 
LSND 99% allowed region and the current global fit best 
values
Electron / photon discrimination afforded by LAr TPC key for 
elucidating the nature of the MinoBooNE e-like excesses

Search for sterile neutrinos: ᶟᵤ → ᶟe appearance

● A large mass far detector and a near detector 
of the same technology reduces both statistical 
and systematic uncertainties

● SBN detectors enable 5σ coverage the 99% C.L. 
allowed region of the LSND signal and global 
best fit values
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Sterile search in νµ è νe appearance 
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Electron vs gamma discrimination with LArTPC

ArgoNeutT PRD 95, 072005
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Electron vs gamma discrimination with LArTPC

ArgoNeutT PRD 95, 072005



With all 3 detectors SBN will extend coverage by an order of 
magnitude compared to (SciBooNE – MiniBooNE) 

Resolving the current appearance – disappearance 
discrepancy will be necessary for understanding the eV-scale 
oscillation landscape 

Sterile search in νµ disappearance 
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Search for sterile neutrinos: ᶟᵤ disappearance

● SBN can extend the search for muon neutrino 
disappearance an order of magnitude beyond 
the combined analysis of SciBooNE and 
MiniBooNE

● Critical aspect to verify an oscillation 
hypothesis
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C. Andreopoulos, NuInt17

SBND: next-generation cross sections measurements
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High event rate with excellent imaging capabilities

⌫µCC , BNB/FHC, 6.6⇥1020 POT, 112 tonnes active mass
GENIE Model Configurations

Hadronic Final State G17 01b G17 02a
Inclusive 5,389,168 5,329,241

0 ⇡ 3,814,198 3,744,108
0 ⇡ + 0p 27,269 34,696
0 ⇡ + 1p (> 20 MeV) 1,629,252 2,235,338
0 ⇡ + 2p (> 20 MeV) 1,150,368 637,535
0 ⇡ + 3p (> 20 MeV) 413,956 229,239
0 ⇡ + >3p (> 20 MeV) 396,212 263,727

1 ⇡+ + X 942,555 1,021,212
1 ⇡� + X 38,012 21,242
1 ⇡0 + X 406,555 370,666
2 ⇡ + X 145,336 131,308
> 3⇡ + X 42,510 40,702

Physical Process
QE 1,569,073 2,827,928
MEC 1,398,773 513,453
RES 1,816,570 1,539,159
DIS 581,905 441,057
Coherent 22,846 7642

Also:
- ⇡ 350k NC⇡0 events
- ⇡ 12k ⌫

e

CC events
- ⇡ 1k charm (QE) events
- ⇡ 400 ⌫ + e

� events

A generational
advance in

neutrino-nucleus
interaction studies.

G17 01b: Updated empirical model / G17 02a: Theory-driven model (See J.Wolcott’s GENIE talk)
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SBND will underpin: 
•  Advances in neutrino 

nucleus interactions 
understanding

•  Improving generators
This will be crucial also for 
realizing the DUNE physics 
potential



The three SBN detectors in a snapshot 
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SBN experimental setup

ICARUS MicroBooNE SBND

● LArTPC
● 600 m from ᶟ production
● 476 ton active volume
● 4x1.5 m drift length
● 75kV high voltage
● 0.95 ms drift time at 

500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 53246 wires
● Warm analog and digital 

electronics
● 360 8” PMTs

● LArTPC
● 470 m from ᶟ production
● 89 ton active volume
● 2.56 m drift length
● 128 kV high voltage
● 1.6 ms drift time at 500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 8256 wires
● Cold analog/warm digital 

electronics
● 32 8” PMTs

● LArTPC
● 110 m from ᶟ production
● 112 ton active volume
● 2x2.0 m drift length
● 100 kV high voltage
● 1.28 ms drift time at 

500V/cm
● 3 wire planes: 0, ∓60 deg, 

3mm wire pitch, 11264 wires
● Cold analog and digital 

electronics
● 120 8” PMTs && scin. bars

RUNNING UNDER CONSTRUCTIONINSTALLATION
8



Lorena Escudero, Rencontres du Vietnam 2

MicroBooNE
Micro Booster Neutrino 

Experiment 

Part of the short baseline 
neutrino (SBN) program 

at Fermilab

A Liquid 
Argon 
TPC

inside its 
cryostat

at LArTF 
(FNAL)

Lorena Escudero, Rencontres du Vietnam 4

MicroBooNE data taking

~ 5.5e20 POT BNB collected. ~7.6e20 POT NuMI collected.

In terms of neutrino 
interactions for BNB:

Taking neutrino data since fall 2015

~140k νμ CC interactions 
~55k νμ NC interactions

 Oct 2015                         May 2017  Oct 2015                         May 2017

MicroBooNE uptime ~97% 
during stable operations.

 Oct 2015                         April 2017

MicroBooNE: the middle detector, already running
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•  140k nm CC interactions
•  55k  NC interactions

Lorena Escudero, Rencontres du Vietnam 5

First MicroBooNE neutrino events 
Collection plane (Y)

MicroBooNE public note 1002

First induction plane (U) First induction plane (V)

Automated neutrino event 
selection
• Beam timing coincidence and optical 

reconstruction
• Identification of neutrino event 

topologies and TPC reconstruction

“Modern bubble chamber” images

*Color scale indicates 
amount of deposited charge
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Electron drift and purity

MicroBooNE public note 1003

Main electronegative 
contaminants: O2 & H2O 

• Removed:


• Gasesous purge (April 2015)

• LAr purification (July 2015)


• Monitored: 

• Gas analyzers

• Purity monitors (measuring 

drift time of e- between their 
cathodes and anodes) 

Within 3 weeks from start of 
filtration, surpassed design 
expectation and achieved 
>= 6ms e- drift lifetime, 
maintained since then

design requirement

• Long time for electrons to drift from cathode to anode (~2.3 ms)  

• High-purity LAr is essential for a LArTPC operation

From purity monitors

Lorena Escudero, Rencontres du Vietnam 11

Noise

arxiv:hep-ex/1705.07341 (submitted to JINST)

signal/noise ~40 
(collection plane)

Important LAr R&D results! 

Front-end ASIC inherent noise reduced with 
operation in cold 

TPC excess noise 
• Coherent noise: induced by the low-voltage 

regulators 
• Harmonic noise: induced by the cathode 

high-voltage power supply (appearing at odd 
harmonics of its ripple frequency 36kHz)

• Burst noise at 900kHz, source not confirmed 
yet (suspected PMT HV supply or interlock 
system power supply) 

With hardware upgrades in 
summer 2016 (for coherent and 
harmonic noise) and noise-filtering, 
greatly improved ratio signal/noise

Noise-filtering

U plane channels

MicroBooNE
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Michel electrons
arxiv:hep-ex/1704.02927 (submitted to JINST)

• Automated reconstruction of ~14k Michel electrons produced by decay at rest of 
cosmic-ray muons 

• Low energy electrons (up to ~50MeV)
• Bragg peak and kink information used to identify Michel electrons 
• Studied the impact of energy lost to radiative photons produced by ionisation and 

bremsstrahlung

w (beam)

x (drift)
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Muon momentum with MCS 
Multiple Coulomb Scattering used for momentum estimation

contained μs exiting μs

arxiv:hep-ex/1703.06187

• Contained and exiting muons
• Analyze deflection angular 

scattering
• Likelihood-based method
• Tuning of the Highland formula for 

LArTPCs

Lorena Escudero, Rencontres du Vietnam 25

!μ CC inclusive cross section

MicroBooNE 
public note 1010

Other MicroBooNE analyses 

Proton 
identification in NC 

elastic events 

MicroBooNE 
public note 

1025

And others…

Exotic physics
SuperNova

NuMI Physics

MicroBooNE 
public notes

Find more in:

3D shower 
reconstruction

•  Noise filtering, automatic reconstruction
•  Multiple algorithms including PANDORA & Convolutional Neural Networks
•  Muon tagger installed (Bern)
•  Space charge calibrated with muons and laser



•  TPC similar but not identical to 
protoDUNE-SP

•  Cryostat: next-to-protoDUNE design 
for DUNE (lighter structure)

•  Two TPC volumes

SBND: the Near Detector, under construction
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The SBND detector

Liquid Argon Time Projection Chamber (LArTPC) detector in membrane cryostat.

A key prototype for DUNE. Similar design / construction procedures for many components.

Membrane cryostat:
3rd generation DUNE prototype
with lighter support structure.

SBND hall at O(100) m from the BNB target.

112 (270) tonnes active (total) LAr mass.

Detector at shallow depth (3m of concrete overburden).

Cosmic veto around cryostat (94% CR flux coverage).

Costas Andreopoulos (Liverpool/STFC-RAL) SBND June 29, 2017 9 / 22
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The SBND TPC

Active LAr volume: 4m ⇥ 4m ⇥ 5m.

Cathode Plane Assembly (CPA) in
the middle (bias = -100 kV).

Anode Plane Assemblies (APA) on
beam left and right form two
ionization drift volumes.

Maximum drift distance: 2 m.

Drift field ⇡ 500 V/cm.

Drift direction perpendicular to the
beam direction.

Charge and light readout.

Costas Andreopoulos (Liverpool/STFC-RAL) SBND June 29, 2017 11 / 22

The SBND TPC

Charge readout:
Two tiled 2.5m-wide Anode Plane Assemblies
(APA) on each side of the TPC

3 wire planes: Y (vertical) and U/V (±60o).

3 mm wire plane spacing.

150 µm CuBe wires, 3 mm wire pitch.

11,263 channels

Cold electronics mounted on 2 APA sides.

S/N for M.I.Ps > 12

Light readout:

120 8” Hamamatsu R5912 Cryogenic PMTs

10-stage 107 gain, 16% QE (LAr temp),
1 nsec resolution for single p.e.

Coated with TPB wavelength shifter

24 extra PMTs with no TPB coating

Sensitive to prompt Ckv light

⇠15 p.e. per MeV deposited 2 m from PMT plane.

Costas Andreopoulos (Liverpool/STFC-RAL) SBND June 29, 2017 12 / 22



SBND construction
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Summary

SBND is a new LArTPC detector at the Booster neutrino beam

With very high event rates and oustanding imaging capabilities, SBND will
tranform our understanding of ⌫/⌫̄ interactions in the few-GeV energy range, and

carry the main burden of systematic error reduction for SBN sterile ⌫ searches.

SBND is currently under construction.
Neutrino data-taking expected to start in 2019!

Preparations for prompt and succesful physics exploitation already underway.

Costas Andreopoulos (Liverpool/STFC-RAL) SBND June 29, 2017 21 / 22

SBND detector construction/prototyping/testing

11

Anode frame production

APA wiring prototyping

Cathode frame production

HV testing facility

Field cage 
divider board 

tests

● More details in the talk by D.G. Gamez, “The Short Baseline Neutrino Detector 
at Fermilab”, later in this session

CPA	
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•  New cold vessel
•  New photon detection system
•  New readout electronics
•  Service of TPC elements (cathode)

ICARUS: the Far Detector, refurbished at CERN

02/11/201724 Christos Touramanis | Fermilab SBN



•  Refurbished ICARUS T600 is at 
Fermilab since summer 2017 

•  Building is competed

•  Warm vessel and insulation is installed

•  New TPC electronics in fabrication

•  CRT progress in Europe and USA
•  Cryogenics fabrication near completion 

both in Europe and at Fermilab

•  Aiming for LAr fill near the end of 2018 

ICARUS at Fermilab
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• Building	completed	on	budget	and	in	

advance	of	need

• ICARUS	T600	detector

– Refurbishing	 complete,	delivered	 to	FNAL

– Warm	vessel	 and	insulation	 installed

– TPC	electronics	 in	fabrication

– CRT	progressing	well	 in	Europe	and	US

• Cryogenics	

– Fabrication	nearing	completion	 in	Europe	

and	at	Fermilab

11/1/2017 Peter	Wilson	|	SBN	Program	Overview12

Far Detector Progress Addresses	Charge	Questions	1,	2

• ICARUS	Challenges

– Weight	of	ICARUS	vessels	 exceeds	

crane	capacity.		Developing	rigging	

plan	
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Summary

•  The Fermilab SBN programme is in full action with one detector 
taking data, one ready to be integrated, and one in construction

•  There will be two detectors taking data in 2019, three in 2020
•  Sterile neutrino case less compelling than ten years ago
–  BUT a discovery would be a tremendous paradigm shift for particle physics
–  AND in any case the LSND and MiniBooNE anomalies must be understood

•  SBN(D) will open up a new era in neutrino-nucleus interaction studies 
and push the limits of our understanding the underlying physics

•  LAr TPC technology transitioning from R&D to production

Lots of challenges, lots of opportunities, lots of excitement.
Watch this space 
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