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Why BSM in neutrino experiments?

The existence of non-zero 
neutrino masses, inferred 
from neutrino oscillation 

measurements, is the only 
laboratory-based evidence 

of physics beyond the 
standard model
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Why BSM in neutrino experiments?

The existence of non-zero 
neutrino masses, inferred 
from neutrino oscillation 

measurements, is the only 
laboratory-based evidence 

of physics beyond the 
standard model

Where do neutrino masses 
come from? 

Do neutrinos communicate 
with DM? 

Are neutrinos their own 
antiparticle? 

Is lepton number conserved? 

What is going on in LSND/
MiniBooNE? 

…
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I did this talk thinking about LArTPCs,  
but maybe it is general enough 

Some examples of opportunities that could benefit from timing 

1. Precision physics (sin2θw) 
2. Dark matter searches 

3. Sterile neutrino searches 
4. Long lived particles
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

Only neutrino data point

Let’s put DUNE  

in this plot!
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

Can we do ν-N scattering? 

Have you seen Minerva wine 
and cheese talk on Oct 25???
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

Can we do ν-N scattering? 

Have you seen Minerva wine 
and cheese talk on Oct 25???

What about ν-e scattering? 

Reasonable stats in DUNE 

Flux uncertainties? PRISM!
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!
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νe change is 10 times larger! 

This happens at the 
differential cross section level
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

νµ scattering: sin2θw almost an overall normalization 

νe scattering: Interesting, but depends on νe contamination? 

νe contamination grows as one goes off-axis 

(νe contamination is late in time as well)

mailto:pmachado@fnal.gov
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

νe contamination
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!
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to improve background rejection. It should be noted that
LArTPCs have an exquisite angular resolution, of order
1�, for electromagnetic showers [25]. Given this, we have
estimated numerically that the CCQE background is neg-
ligible for our analysis.

In Fig. 2 we present DUNE sensitivity to the vec-
tor and axial couplings, gV and gA for on-axis only
(dashed green) and DUNE-PRISM configuration (dark-
blue). For comparison, we also show the limits from
CHARM-II [31] (gray), LSND [32] (dotted light-brown)
and TEXONO [33] (dot-dashed light-violet). The first
feature to notice is that both DUNE on-axis only and
CHARM-II measurements su↵er from a four-fold degen-
eracy. This degeneracy happens because the neutrino
flux in both these experiments is dominated by muon
neutrinos. By looking at Eq. (2) and Table I, we observe
an exact degeneracy in the di↵erential cross section for
⌫µ � e scattering under the transformations

(gV , gA) ! (gA, gV ) and (gV , gA) ! (�gV ,�gA).

Applying an appropriate combination of these trans-
formations gives the four-fold degeneracy observed in
Fig. 2. The TEXONO experiment measured electron re-
coils from anti-neutrinos produced in a nuclear reactor.
It can be shown that the total cross section in this case
is proportional to 3g21 + g22 , which describes an oblique
ellipse in the (gv, gA) plane centered at (�0.5,�0.5). The
TEXONO allowed region we see in Fig. 2 is this degener-
acy slightly broken by spectral data. The LSND preferred
region can also be understood by similar arguments, but
its neutrino flux is a combination of ⌫µ, ⌫̄µ, and ⌫e with
energy spectra given by (mostly) pion decay at rest.

In DUNE-PRISM, the presence of both muon and elec-
tron neutrinos is a powerful tool to lift such degeneracies.
To illustrate this point, we present in Fig. 3 the Ee✓e
spectra in neutrino-electron scattering events for the first
5 o↵-axis positions (upper and middle panels). For each
position, we show three lines corresponding to three pairs
of vector and axial couplings (gV , gA): (�0.04,�0.5), the
SM expectation (solid); (�0.48,�0.04), the leftmost de-
generate region (dotted); and (0.47, 0.02), the rightmost
degenerate region (dashed). It is clear that the rightmost
degeneracy is lifted due to the higher ⌫e contamination,
as shown in the lower panel. Finally, as shown in Fig. 2,
we call attention to the possibility of measuring both
µ+µ� and e+e� neutrino trident events in DUNE on-
axis (dashed purple) and DUNE-PRISM (light-blue) and
their sensitivity to (gV , gA). As the dependence on these
couplings is quite di↵erent for trident events, see Eqs. (3)
and (4), and help lifting the degeneracy as well. Notice
that we are considering the e�ciencies obtained in [36].
Any improvement in the reconstruction of the dielectron
or dimuon channels will help on the determination of the
(gV , gA) couplings.

Finally, this analysis can be used to determine the
value of sin2 ✓W at hQ2i = (48 MeV)2. In Fig. 4 we
present the theoretical values of sin2 ✓W in the MS scheme
(black line) which is a fit to the current measurements
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FIG. 3. Ee✓e neutrino-electron event rates for the first 5 o↵-
axis positions (upper and middle panels). To illustrate the
lift of the degenerate regions in Fig. 2, for each position, we
show three lines corresponding to three pairs of vector and ax-
ial couplings (gV , gA): (�0.04,�0.5) (solid); (�0.48,�0.04)
(dotted); and (0.47, 0.02) (dashed). The lower panel shows
the contamination of electron neutrino relative to muon neu-
trino events in each of these 5 positions.

(gray data points), together with the DUNE (blue data
point) and DUNE-PRISM (red data point) sensitivities
to this angle. While the former is slightly better than the
latter, we emphasize that the on-axis only measurement
of sin2 ✓W has a stronger dependence on the neutrino flux
modelling, while DUNE-PRISM depends more on the rel-
ative on- to o↵-axis flux uncertainties. Regardless, we
show that both measurements will be competitive with
current constraints.

4

to improve background rejection. It should be noted that
LArTPCs have an exquisite angular resolution, of order
1�, for electromagnetic showers [25]. Given this, we have
estimated numerically that the CCQE background is neg-
ligible for our analysis.

In Fig. 2 we present DUNE sensitivity to the vec-
tor and axial couplings, gV and gA for on-axis only
(dashed green) and DUNE-PRISM configuration (dark-
blue). For comparison, we also show the limits from
CHARM-II [31] (gray), LSND [32] (dotted light-brown)
and TEXONO [33] (dot-dashed light-violet). The first
feature to notice is that both DUNE on-axis only and
CHARM-II measurements su↵er from a four-fold degen-
eracy. This degeneracy happens because the neutrino
flux in both these experiments is dominated by muon
neutrinos. By looking at Eq. (2) and Table I, we observe
an exact degeneracy in the di↵erential cross section for
⌫µ � e scattering under the transformations

(gV , gA) ! (gA, gV ) and (gV , gA) ! (�gV ,�gA).

Applying an appropriate combination of these trans-
formations gives the four-fold degeneracy observed in
Fig. 2. The TEXONO experiment measured electron re-
coils from anti-neutrinos produced in a nuclear reactor.
It can be shown that the total cross section in this case
is proportional to 3g21 + g22 , which describes an oblique
ellipse in the (gv, gA) plane centered at (�0.5,�0.5). The
TEXONO allowed region we see in Fig. 2 is this degener-
acy slightly broken by spectral data. The LSND preferred
region can also be understood by similar arguments, but
its neutrino flux is a combination of ⌫µ, ⌫̄µ, and ⌫e with
energy spectra given by (mostly) pion decay at rest.

In DUNE-PRISM, the presence of both muon and elec-
tron neutrinos is a powerful tool to lift such degeneracies.
To illustrate this point, we present in Fig. 3 the Ee✓e
spectra in neutrino-electron scattering events for the first
5 o↵-axis positions (upper and middle panels). For each
position, we show three lines corresponding to three pairs
of vector and axial couplings (gV , gA): (�0.04,�0.5), the
SM expectation (solid); (�0.48,�0.04), the leftmost de-
generate region (dotted); and (0.47, 0.02), the rightmost
degenerate region (dashed). It is clear that the rightmost
degeneracy is lifted due to the higher ⌫e contamination,
as shown in the lower panel. Finally, as shown in Fig. 2,
we call attention to the possibility of measuring both
µ+µ� and e+e� neutrino trident events in DUNE on-
axis (dashed purple) and DUNE-PRISM (light-blue) and
their sensitivity to (gV , gA). As the dependence on these
couplings is quite di↵erent for trident events, see Eqs. (3)
and (4), and help lifting the degeneracy as well. Notice
that we are considering the e�ciencies obtained in [36].
Any improvement in the reconstruction of the dielectron
or dimuon channels will help on the determination of the
(gV , gA) couplings.

Finally, this analysis can be used to determine the
value of sin2 ✓W at hQ2i = (48 MeV)2. In Fig. 4 we
present the theoretical values of sin2 ✓W in the MS scheme
(black line) which is a fit to the current measurements

600

800

1000

1200

1400

Ev
en
ts
/b
in
/(
75
to
n)
/(
0.
5
ye
ar
)

DUNE ND - ν mode

�� = ����� �� = ����

�� = -����� �� = -����

� �

� �

0

100

200

300

400

Ev
en
ts
/b
in
/(
75
to
n)
/(
0.
5
ye
ar
) �� �

�� �

�� �

0. 0.2 0.4 0.6 0.8 1.
0.

0.1

0.2

0.3

Eeθe2 [MeV rad2]

(ν
e+

ν e
)/
ν μ

FIG. 3. Ee✓e neutrino-electron event rates for the first 5 o↵-
axis positions (upper and middle panels). To illustrate the
lift of the degenerate regions in Fig. 2, for each position, we
show three lines corresponding to three pairs of vector and ax-
ial couplings (gV , gA): (�0.04,�0.5) (solid); (�0.48,�0.04)
(dotted); and (0.47, 0.02) (dashed). The lower panel shows
the contamination of electron neutrino relative to muon neu-
trino events in each of these 5 positions.

(gray data points), together with the DUNE (blue data
point) and DUNE-PRISM (red data point) sensitivities
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latter, we emphasize that the on-axis only measurement
of sin2 ✓W has a stronger dependence on the neutrino flux
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!

LSND

TE
XO

N
O

CHARM-II
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Precision physics - measuring sin2θw at DUNE
De Gouvêa M Perez-Gonzalez Tabrizi, so appear soon!
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I did this talk thinking about LArTPCs,  
but maybe it is general enough 

Some examples of opportunities that could benefit from timing 

1. Precision physics (sin2θw) 
2. Dark matter searches 

3. Sterile neutrino searches 
4. Long lived particles
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Light DM

We are talking about new physics below the ~GeV scale 
DM interacts with gauge boson A’ 
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Light DM

p

target
detector

dark matter
π0

e–

We are talking about new physics below the ~GeV scale 
DM interacts with gauge boson A’ 

A’ mixes with our photon via the kinetic term ==> dark photon 
Anything that decays to photon can go to A’ followed by A’  to XX 

Neutrino beams are perfect! 

Battell et al 0906.5614, de Niverville et al 1107.4580, et al’ 1205.3499, et al’’ 1807.06501, Izaguirre et al 1307.6554, Coloma et al 
1512.03852, Jordan et al 1806.05185, de Romeri et al 1903.10505, … 

mailto:pmachado@fnal.gov
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Light DM

We are talking about new physics below the ~GeV scale 
DM interacts with gauge boson A’ 

A’ mixes with our photon via the kinetic term ==> dark photon 
Anything that decays to photon can go to A’ followed by A’  to XX 

Neutrino beams are perfect! 
but…

p

target
detector

dark matter
π0

e–

π+
neutrino

neutrinos are the background!!!
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Light DM

Possible solution: turn neutrinos off (i.e. run in beam dump mode)

p

target
detector

dark matter
π0

e–

π+
neutrino
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Light DM

Solution 2: go off-axis

p
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Nucleus scattering

dumb electron scattering
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Light DM

Solution 3: Timing? Do we want a dedicated study?  
Do we have the necessary info?

p

target
detector

e–

π0 dark matter

Time vs energy structure to distinguish DM vs neutrinos?

p

target
detector

e–

π+ high E nu

π+ low E nu
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I did this talk thinking about LArTPCs,  
but maybe it is general enough 

Some examples of opportunities that could benefit from timing 

1. Precision physics (sin2θw) 
2. Dark matter searches 

3. Sterile neutrino searches 
4. Long lived particles
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Sterile neutrino searches
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FIG. 1: The layout of the LSND detector and the A6 beam stop area.
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FIG. 2: The layout of the A6 beam stop, as it was configured for the 1993-1995 data taking.
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LSND MiniBooNE
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LSND MiniBooNE

+ Extremely significant (over 5σ) 
+ Sterile neutrinos provide a good fit of LSND+MiniBooNE 
+ Sterile neutrinos are a simple, minimal model 
– Extraordinary tension with other data set (4.7σ)

Dentler et al 1803.10661

Sterile neutrino searches
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LSND MiniBooNE

+ Extremely significant (over 5σ) 
+ Sterile neutrinos provide a good fit of LSND+MiniBooNE 
+ Sterile neutrinos are a simple, minimal model 
– Extraordinary tension with other data set (4.7σ)

Dentler et al 1803.10661

Take home message: 
If there is appearance, 
there needs to be both 
disappearances!

Sterile neutrino searches
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Sterile neutrino searches

Anatomy of the excess: 
Several distributions, looking for 

consistency among them

Bill Louis @ PINS 2019
Bill Louis @ PINS 2019
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Sterile neutrino searches

Bill Louis @ PINS 2019
Bill Louis @ PINS 2019

Anatomy of the excess: 
Several distributions, looking for 

consistency among them
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Sterile neutrino searches

Backgrounds and timing?

all
250ps

500ps
750ps

1ns

Distribution of excess in time could be interesting 
Are these high energy events migrating to low E? 
Do they look like νe from µ±, K± or K0?

Angelico et al 2019
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I did this talk thinking about LArTPCs,  
but maybe it is general enough 

Some examples of opportunities that could benefit from timing 

1. Precision physics (sin2θw) 
2. Dark matter searches 

3. Sterile neutrino searches 
4. Long lived particles
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Long lived particles

p

target
π+

νµ

µ+

detector

µ-

detector

p

target
π+

N

µ+ µ+

π-

Next few slides are taken from Yun-Tse Tsai @ PONDD 2018
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Long lived particles

Time of Flight

 14

BNB MicroBooNE
νμ 

∼2μs 

N
N

νμ 

νμ 
νμ 

νμ 
νμ νμ 

470m
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Long lived particles

300 MeV HNL

Ballett et al 2016
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Few other scenarios and possibilities

Dark photons, millicharged
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Conclusions

Improved timing may help SM and BSM physics case 

Large stats ==> timing anatomy 

We need more studies to prove the physics case, happy to help 

Timing vs PRISM or timing + PRISM?
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