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I Three Flavor eigenstates: ⌫e , ⌫µ, ⌫⌧ .

I Three Mass eigenstates: ⌫1, ⌫2, ⌫3.

• Create in one flavor (νµ), but detect in another (νe)

Neutrino	Oscillations
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“Mixing	Matrix”

• Each flavor (e, µ) is a superposition of different masses (1, 2)
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• Neutrinos in standard model:

• Massless, neutral leptons, week 

interactions only.

• Experiments has observed that neutrinos 

created in one flavor can be detected in 
another flavor at a distance.

Neutrino Oscillation

Neutrino Mixing
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I Three Flavor eigenstates: ⌫e , ⌫µ, ⌫⌧ .

I Three Mass eigenstates: ⌫1, ⌫2, ⌫3.

• Neutrinos have mass.

• Each flavor state is a superposition 

of different mass states.

• New physics beyond standard 

model!

This means:
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The Mixing Matrix

The neutrino mixing (PMNS) matrix can be factorized into 3
experimental regimes:
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Atmospheric (23) Cross-Mixing (13) Solar (12)

13 sector is the least known so far:

I Mixing angle ✓13,
I mass hierarchy:

I �m2
31 > 0 Normal Hierarchy

I �m2
31 < 0 Inverted Hierarachy

I CP-violation: �CP

• Measurement of neutrinos oscillations 
could answer important questions like:

• Mixing angles

• Neutrino mass ordering

• Leptonic CP-violation


• Still other questions: absolute mass 
scale, mass origin…

Neutrino Oscillation

⌫e Appearance Measurement
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Physics Goal:

I Mixing angle ✓13,
I mass hierarchy:

I �m2
31 > 0 Normal Hierarchy

I �m2
31 < 0 Inverted Hierarachy

I CP-violation: �CP

Approach:

I 1. Neutrino beam produced by accelerators.

I 2. The near detector to constrain the neutrino flux and
measure the backgrounds.

I 3. Extrapolate background components measured at near
detector to far detector, assuming no oscillations.

I 4. Look for excess of ⌫e-like events in the far detector.
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Intensive Neutrino source Massive Detector

νμ oscillation
νe

e-

Hadrons



Particle Physics Seminar at BNL, June 13th, 2019 Slide  6

§ Next generation long-baseline neutrino experiment in the US
§ Interaction collaboration: 1180 collaborators from 177 institutions in 31 countries
§ Intense neutrino beam from Fermilab to South Dakota, over 1300 km baseline
§ A near detector to measure the neutrino flux before oscillation
§ A ~ 40 kt fiducial mass liquid argon far detector at SURF’s 1.5 km level

1300 km
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Introduction to DUNE
• Deep Underground Neutrino Experiment 
• The next generation long-baseline neutrino oscillation experiment in the US
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Introduction to DUNE
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New, powerful LBNF neutrino beam 

Massive Liquid argon far detector 
 (40 kt)

Near detectors to constrain systematics

• Deep Underground Neutrino Experiment 
• The next generation long-baseline neutrino oscillation experiment in the US
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N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the FD Neutrino flux

Detector response

Oscillation probability Cross section

Why Do We Need Near Detectors?
FD:
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N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the FD Neutrino flux

Detector response

Oscillation probability Cross section

Why Do We Need Near Detectors?
FD:

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the ND Not the same  

neutrino flux
Not the same  

Detector response

Oscillation probability 
(zero in the ND) Cross sections? 

Need Ar target

ND:

Need to reconstruct Eν 
correctly!

Need ways to disentangle those factors!



• We need new detector technologies and new analysis approach 
to bring down the systematic uncertainties for DUNE. 

LIMITATIONS OF ND COMPLEX

✦ Current ND design: LAr TPC followed by high pressure Ar gas TPC & plastic scintillator.

✦ Intrinsic limitations from the use of (single) Ar nuclear target:

● Ar target not good for flux measurements due to substantial nuclear effects (n, FSI, etc.);
● Need to understand the nuclear smearing (unfolding in FD), present even for an ideal Ar detector;
● Need to calibrate the reconstructed neutrino energy scale.

=⇒ We can not rely entirely on MC/model corrections to control related systematics

✦ Need redundancy & in-situ measurements to constrain systematics from Ar target.
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DUNE Sensitivity

Normal Hierarchy

 = 0.08513θ22sin

 = 0.4523θ
2sin

CDR Reference Design

Optimized Design

1%⊕5%

2%⊕5%

3%⊕5%

50% CP Violation Sensitivity

Factor ~2

Cost of systematic uncertainties
can be large in DUNE

Roberto Petti USC

DUNE CDR [Vol. 2], arXiv:1512.06148 [physics.ins.det]
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Uncertainties to Neutrino Oscillations



Flux Measurements
Figure from Amit Bashyal

PPFX…finally
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Simulation Full%Neutrino%
Ancestry

Full%ancestry%of%a%neutrino%event%(from%primary%proton%
hitting%target%to%neutrino%production)

For
Each%interaction%in%an%ancestry

Coverage%of%interaction%by%
Existing%Data%sets

• Direct%Coverage

• Coverage%By%Extension

• No%Coverage%at%all

*Coverage%by%Extension%of%Data%Sets
• Extend%the%coverage%for%interactions%that%are%not%covered%

directly%wherever%possible
• Material%scaling,%Isospin symmetry,%quark%counting%etc.

*No%Coverage%at%All
Apply%uncertainties%based%on%best%estimation%from%current%
physics%models%if%an%interaction%is%not%covered%directly%or%
indirectly

ND
Figure from Amit Bashyal
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Neutrino-electron scattering Low-ν method 
(focus of this talk)

Flux Measurements
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• At very low ν = Eν - El, the cross section is independent from Eν:  

 
    (A, B and C are parameters formed by nuclear structure functions and form factors.) 

• The measurement of low-ν neutrino energy spectrum is approximately a 
measurement of flux shape. 

• The effect of non-zero ν cut is accounted for by a correction by MC. 
 

8

Low-ν Flux Measurement

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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Γνðν̄Þ
CC ðEÞ ¼ ðNνðν̄Þ

CC ðEÞ − Bνðν̄Þ
CC ðEÞÞ × Aνðν̄Þ;DET

CC ðEÞ; ð3Þ

is the fiducial event rate and is tabulated below. To obtain
the incident beam flux, we employ the “low-ν” method
described previously [4,6,25,26]. In brief, the differential
dependence of the cross section in terms of ν is expanded
in ν=E as

dσν;ν̄

dν
¼ A

!
1þ Bν;ν̄

A
ν
E
−
Cν;ν̄

A
ν2

2E2

"
; ð4Þ

where E is the incident neutrino energy. The coefficients A,
Bν;ν̄, and Cν;ν̄ depend on integrals over structure functions
(or form factors, in the low energy limit).

A ¼ G2
FM
π

Z
F2ðxÞdx; ð5Þ

Bν;ν̄ ¼ −
G2

FM
π

Z
ðF2ðxÞ ∓ xF3ðxÞÞdx; ð6Þ

and

Cν;ν̄ ¼ Bν;ν̄ −
G2

FM
π

Z
F2ðxÞ

!
1þ 2Mx

ν

1þ RL
−
Mx
ν

− 1

"
dx: ð7Þ

In the limit of ν=E → 0, the B and C terms vanish and
both cross sections approach A [defined in Eq. (5)], which
is the same for neutrino and antineutrino probes scattering
off an isoscalar target (up to a small correction for quark
mixing). We count events below a maximum ν value (ν0)
and apply a model-based correction

Sνðν̄Þ;ν0ðEÞ ¼ σνðν̄Þðν0; EÞ
σνðν̄Þðν0; E → ∞Þ

; ð8Þ

to account for ν=E and ðν=EÞ2 terms in Eq. (4). The
numerator in Eq. (8) is the value of the integrated cross
section below our chosen ν0 cut at energy E, and the
denominator is its value in the high energy limit. For
antineutrinos, the structure functions inEq. (6) add, resulting
in a larger energy dependent correction term than for the
neutrino casewhere they are subtracted and partially cancel.
The flux is then proportional to the corrected low-ν rate

Φνðν̄ÞðEÞ ∝ðFνðν̄ÞðEÞ − Bνðν̄Þ
Φ ðEÞÞ × Aνðν̄Þ

Φ ðEÞ
Sνðν̄Þðν0; EÞ

: ð9Þ

We obtain a quantity that is proportional to the total CC
cross section,

σνðν̄ÞCC ðEÞ ∝Rνðν̄Þ × Sνðν̄Þðν0; EÞ × Aνðν̄Þ;KIN
CC ðEÞ; ð10Þ

by applying a correction, Aνðν̄Þ;KIN, for regions outside of
our experimental acceptance. The term Aνðν̄Þ;KIN (discussed
in Sec. VA) is computed from a generator level

Monte Carlo model. The rates, Rν and Rν̄, in each beam
mode are used to obtain the ratio

RCCðEÞ¼
σν̄CCðEÞ
σνCCðEÞ

¼Rν̄

Rν

!
Aν̄;KIN
CC ðEÞ×Sν̄ðν0;EÞ×Hνðν0Þ

Aν;KIN
CC ðEÞ×Sνðν0;EÞ×Hν̄ðν0Þ

"
:

ð11Þ

The termsHνðν0Þ andHν̄ðν0Þ, which supply the absolute
flux normalization in the low-ν method for neutrinos and
antineutrinos, respectively, are related in the Standard
Model and nearly cancel in this ratio. The measurements
are performed using the same detector and beam line,
which reduces the effect of some experimental uncertain-
ties. The ratio measured in this technique also benefits from
cancellation of correlated model terms; this cancellation
reduces the modeling component of the systematic uncer-
tainty relative to that for either neutrino or antineutrino
measured cross section.

V. EVENT RECONSTRUCTION AND SELECTION

Neutrino events are reconstructed using timing and
spatial information of energy deposited in the MINERvA
scintillator. Hits are grouped in time into “slices” and within
a slice, spatially into “clusters” which are used along with
pattern recognition to identify tracks. The CC-inclusive
event sample, denoted Nνðν̄Þ

CC ðEÞ, is selected by requiring a
primary track matched into the MINOS ND. MINOS-
matched track momentum, Eμ, is reconstructed using either
range, for tracks that stop and deposit all of their energy in
theMINOSND, or the measured curvature of the trajectory,
for tracks which exit the MINOS ND. Tracks measured
from range in MINOS have a momentum resolution of
order 5% while those measured from curvature typically
have a resolution of order 10%. Clusters not associated with
the MINOS-matched muon track form the recoil system
and are calorimetrically summed to obtain the hadronic
energy, ν. Neutrino energy is constructed from the sum
Eν ¼ Eμ þ ν. An event vertex is assigned by tracking the
muon upstream through the interaction region until no
energy is seen in an upstream cone around the track. The
vertex is required to be within the fiducial region of the
scintillator.
Additional track requirements are applied to improve

energy resolution and acceptance. The track fitting pro-
cedure in the MINOS spectrometer yields a measurement
of the momentum with an associated fractional uncertainty,
which is required to be less than 30%. The charge-sign is
determined by measuring the track curvature and is
required to be negative for tracks in FHC mode and
positive for those in RHC mode. We also require the muon
track candidate to have a minimum energy Eμ > 1.8 GeV
and a maximum angle θμ < 0.35 rad (20°) with respect to
the beam direction in the lab frame. The portion of the track

L. REN et al. PHYSICAL REVIEW D 95, 072009 (2017)

072009-4
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• Low-ν has been used by past 
experiments including NOMAD, 
MINOS, MINERvA etc.


• MINERvA has an excellent 
example why we want in situ flux 
measurements.

• External hadron production 

data (thin target or think target 
data from NA49 and MIPP) 
give inconsistent result.


• Independent check by low-ν 
measurements confirms the 
thin target result. 


• Low-ν cut significantly reduce 
remaining uncertainties.

While most of these uncertainties are smaller than those
coming from the hadron production, they dominate at the
4–6 GeV region, which is the falling edge of the neutrino
energy distribution, shown in Figs. 8 and 9.

V. RESULTS

The thin target flux prediction for the NuMI LE νμ
beam is shown in Fig. 8. The prediction uses thin target
data combined with the ab initio uncertainty estimates for
processes that lack a data constraint. The ratio between the
corrected and uncorrected flux predictions is also shown.
Incorporating the corrections described here reduces the
predicted flux near the focusing peak by 8% while in the
high energy region it increases the prediction by as much as
30%. The uncertainties as a function of neutrino energy,
which were shown separately for hadron production and
beam focusing in Figs. 5 and 7, are combined in this
procedure and shown in the error bands in Fig. 8. The
νμ flux is 287! 22νμ=m2=106 POT when integrated over
the 0 < Eν < 20 GeV range.
The thick target flux prediction for the NuMI LE νμ beam

is shown in Fig. 9. The data used in the prediction are
predominantly the π and K yields measured by MIPP. The
prediction also uses some thin target data to fill in gaps, as
well as the ab initio uncertainty estimates on processes that
lack a data constraint. Table II shows the fraction of thin
and thick target data used in the thick target prediction.
Figure 10(a) shows the ratio between the thin and thick

target flux predictions. The error band and covariance matrix
were constructed using the multiuniverse technique and
account for correlations between systematic uncertainties
that are common to the two predictions. There is a clear
discrepancy between the two, especially in the region
4≲ Eν ≲ 15 GeV. This is due to a large suppression, relative
to the simulation, of πþ yields in the thick target data in the
range 10≲ pz≲ 40 GeV. We quantified the level of agree-
ment by computing the χ2 between the two predictions,

χ2tt ¼
XN

i;i≤j
ðϕthick

i − ϕthin
i Þðϕthick

j − ϕthin
j Þ½V−1

tt 'ij; ð4Þ

where ϕthick;thin refers to the flux predictions in the
bins i, j and Vtt is the bin-to-bin covariance matrix. For
0 < Eν < 50 GeV we find χ2tt ¼ 144.7 for 19 degrees of

freedom (p ¼ 10−21).MINERvAcross-section analyses tend
to include events in the energy range of 2 < Eν < 22 GeV,
and we find p ¼ 10−12 for this range.
MINERvA has two in situ flux constraints that can, in

principle, help discriminate between the thin and thick
target predictions. First, the rate of νe− → νe− was mea-
sured with a precision of 11.5% and can be used to
constrain the flux since the process has a well-known cross
section [43]. The measurement is sensitive to the integrated
flux but only weakly sensitive to the Eν dependence since
only the electron energy can be measured in the detector
and the outgoing neutrino carries away significant energy.
The measured rate is in good agreement with both the thin
and thick target predictions, mostly because the LE flux is
peaked in the range 2 < Eν < 5 GeV where the two
predictions differ by less than the statistical precision of
the νe− scattering measurement.
The second in situ constraint uses a sample of νμA →

μ−X events in which the energy of the recoil system (ν) is
much lower than the neutrino energy [44]. The cross
section for this low-ν process has a weak dependence on
the neutrino energy that is understood at the few percent

TABLE II. The impact of thin and thick target data sets on the
prediction of the thick target νμ flux at the MINERvA detector in
the LE beam configuration. The rows show the fraction of
interactions which lead to a νμ that are covered by the thick
and thin target data sets, including the ab initio uncertainty
estimates made for some processes.
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FIG. 10. Ratios of flux predictions. (a) The flux predicted using
data from thick target experiments divided by the flux prediction
that uses only thin target data. (b) The thin and thick target
flux predictions divided by the in situ flux measured using the
low-ν technique. The error bands on each curve account for
uncertainties in the numerator and denominator, including the
effect of significant correlations between the thick and thin target
predictions.
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energy distribution, shown in Figs. 8 and 9.
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data combined with the ab initio uncertainty estimates for
processes that lack a data constraint. The ratio between the
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Incorporating the corrections described here reduces the
predicted flux near the focusing peak by 8% while in the
high energy region it increases the prediction by as much as
30%. The uncertainties as a function of neutrino energy,
which were shown separately for hadron production and
beam focusing in Figs. 5 and 7, are combined in this
procedure and shown in the error bands in Fig. 8. The
νμ flux is 287! 22νμ=m2=106 POT when integrated over
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and we find p ¼ 10−12 for this range.
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principle, help discriminate between the thin and thick
target predictions. First, the rate of νe− → νe− was mea-
sured with a precision of 11.5% and can be used to
constrain the flux since the process has a well-known cross
section [43]. The measurement is sensitive to the integrated
flux but only weakly sensitive to the Eν dependence since
only the electron energy can be measured in the detector
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Previous Low-ν Measurements

While most of these uncertainties are smaller than those
coming from the hadron production, they dominate at the
4–6 GeV region, which is the falling edge of the neutrino
energy distribution, shown in Figs. 8 and 9.
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beam is shown in Fig. 8. The prediction uses thin target
data combined with the ab initio uncertainty estimates for
processes that lack a data constraint. The ratio between the
corrected and uncorrected flux predictions is also shown.
Incorporating the corrections described here reduces the
predicted flux near the focusing peak by 8% while in the
high energy region it increases the prediction by as much as
30%. The uncertainties as a function of neutrino energy,
which were shown separately for hadron production and
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νμ flux is 287! 22νμ=m2=106 POT when integrated over
the 0 < Eν < 20 GeV range.
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predominantly the π and K yields measured by MIPP. The
prediction also uses some thin target data to fill in gaps, as
well as the ab initio uncertainty estimates on processes that
lack a data constraint. Table II shows the fraction of thin
and thick target data used in the thick target prediction.
Figure 10(a) shows the ratio between the thin and thick
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that are common to the two predictions. There is a clear
discrepancy between the two, especially in the region
4≲ Eν ≲ 15 GeV. This is due to a large suppression, relative
to the simulation, of πþ yields in the thick target data in the
range 10≲ pz≲ 40 GeV. We quantified the level of agree-
ment by computing the χ2 between the two predictions,
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where ϕthick;thin refers to the flux predictions in the
bins i, j and Vtt is the bin-to-bin covariance matrix. For
0 < Eν < 50 GeV we find χ2tt ¼ 144.7 for 19 degrees of

freedom (p ¼ 10−21).MINERvAcross-section analyses tend
to include events in the energy range of 2 < Eν < 22 GeV,
and we find p ¼ 10−12 for this range.
MINERvA has two in situ flux constraints that can, in

principle, help discriminate between the thin and thick
target predictions. First, the rate of νe− → νe− was mea-
sured with a precision of 11.5% and can be used to
constrain the flux since the process has a well-known cross
section [43]. The measurement is sensitive to the integrated
flux but only weakly sensitive to the Eν dependence since
only the electron energy can be measured in the detector
and the outgoing neutrino carries away significant energy.
The measured rate is in good agreement with both the thin
and thick target predictions, mostly because the LE flux is
peaked in the range 2 < Eν < 5 GeV where the two
predictions differ by less than the statistical precision of
the νe− scattering measurement.
The second in situ constraint uses a sample of νμA →

μ−X events in which the energy of the recoil system (ν) is
much lower than the neutrino energy [44]. The cross
section for this low-ν process has a weak dependence on
the neutrino energy that is understood at the few percent
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interactions which lead to a νμ that are covered by the thick
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estimates made for some processes.

Eν (GeV) 3–4 6–7 9–10 14–15 19–20
Thick (%) 87 76 70 69 75
Thin and ab initio (%) 13 24 30 31 25

 F
lu

x 
R

at
io

0.8

1.0

1.2

1.4

1.6

Thick / Thin

(a)

 Neutrino Energy (GeV)
0 5 10 15 20 25 30 35 40 45 50

 F
lu

x 
R

at
io

0.8

1.0

1.2

1.4

1.6

νThin / Low-

νThick / Low-

(b)

FIG. 10. Ratios of flux predictions. (a) The flux predicted using
data from thick target experiments divided by the flux prediction
that uses only thin target data. (b) The thin and thick target
flux predictions divided by the in situ flux measured using the
low-ν technique. The error bands on each curve account for
uncertainties in the numerator and denominator, including the
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• Low-ν has been used by past 
experiments including NOMAD, 
MINOS, MINERvA etc.


• MINERvA has an excellent 
example why we want in situ flux 
measurements.

• External hadron production 

data (thin target or think target 
data from NA49 and MIPP) 
give inconsistent result.


• Independent check by low-ν 
measurements confirms the 
thin target result. 


• Low-ν cut significantly reduce 
remaining uncertainties.
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Uncertainties to the Low-ν Method

• Low-ν cut significantly reduce remaining uncertainties.

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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FSI describe the propagation of particles created in a primary
neutrino interaction through nucleus

All MC generators (but GIBUU) use intranuclear cascade model
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• Eν reconstruction:  dominated by Eµ scale uncertainty 
• EΗad (ν) uncertainty: is it really “low”-ν ? (nuclear effects!) 
• MC shape correction: knowledge of the B/C terms 
 
    (A, B and C are parameters formed by nuclear structure functions.) 

• the measurement of low ν spectrum is approximately a measurement of 
flux shape. 

• The effect of non-zero ν cut is account for by a correction by MC. 
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It is even more difficult to do it on Ar target

MINVERvA

discrepancy in the hadronic energy distribution with the
data remains. To assess an additional uncertainty from this
unmodeled contribution, we fit the data excess at low
hadronic energy described in Ref. [15] in the neutrino
energy range 2< Eν < 6GeV (taking into account sepa-
rately proton-proton and proton-neutron initial states)
to obtain a corrected model [30,31]. We take the uncer-
tainty as the difference of the result obtained with this data-
driven model, from the nominal result. The MINERvA
antineutrino data also show an excess in the same region.
We apply the corrected model from neutrino described
above and then fit the remaining antineutrino excess to
obtain a data-driven antineutrino 2p2h model uncertainty.
The primary effect of varying the size of this contribution is
to shift the overall level of the cross section. The normali-
zation procedure removes most of the effect and the
remaining uncertainty is less than 1.5% (2%) on the cross
section (flux).
The contamination from wrong-sign events is significant

only for the antineutrino sample (about 4% above 15 GeV).
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FIG. 5. Measurement uncertainties for neutrino (left) and antineutrino (right) low-ν fluxes. The total uncertainty (sys.+stat.) is the solid
line. Components from the cross section model (dashed red), FSI (dot-dash blue), and energy scales (dotted) are shown. The 3.6%
uncertainty in the external normalization (dashed black) is the error of the NOMAD data in the normalization region.
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FIG. 6. Measurement uncertainties for neutrino (left) and antineutrino (right) total cross sections. The total uncertainty (sys.+stat.) is
the solid line. Components from the cross section model (dashed red), FSI (dot-dash blue), and energy scales (dotted) are shown. The
3.6% uncertainty in the external normalization (dashed black) is the error of the NOMAD data in the normalization region. Statistical
error dominates the measurement in the antineutrino result.
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FIG. 7. Measurement uncertainties for the cross section ratio,
RCC. The total uncertainty (sys.+stat.) is the solid line. Compo-
nents from the cross section model (dashed red), FSI (dot-dash
blue), and energy scales (dotted) are shown. Normalization
uncertainty is very small (<1%) and is included in the total
error curve. The uncertainty is dominated by the statistical
precision of the antineutrino sample.
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If We Have Hydrogen Target…

• Low-ν cut significantly reduce remaining uncertainties.

• Eν reconstruction:  dominated by Eµ scale uncertainty 
• EΗad (ν) uncertainty: is it really “low”-ν ? (nuclear effects!) 
• MC shape correction: knowledge of the B/C terms 
 
    (A, B and C are parameters formed by nuclear structure functions.) 

• the measurement of low ν spectrum is approximately a measurement of 
flux shape. 

• The effect of non-zero ν cut is account for by a correction by MC. 
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Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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Summary

Tomasz Golan MC generators @ NuSTEC 25 / 40

FSI describe the propagation of particles created in a primary
neutrino interaction through nucleus

All MC generators (but GIBUU) use intranuclear cascade model
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• No ambiguities in Eν reconstruction. 

• No ambiguities in ν due to final-state interactions.  

• Much better known cross-section model.


• Low-ν cut significantly reduce remaining uncertainties.

What if we have hydrogen (free proton) target?



• Build a hydrogen detector (fill GAr TPC with high-pressure hydrogen gas 
for example). Causes safety concerns. (A potential hydrogen bomb!)


• Use hydrocarbon and carbon-subtraction
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• No ambiguities in Eν reconstruction. 

• No ambiguities in ν due to final-state interactions.  

• Much better known cross-section model.


• Low-ν cut significantly reduce remaining uncertainties.

What if we have hydrogen (free proton) target?

Great! But how do we get hydrogen target?



• Neutrino mode: νμ p => μ- p π+  


• Anti-neutrino mode: 

• p => mu+ p pi- 

• d

• umubar p => mu+ n 


• .

A Precise Determination of (Anti)neutrino Fluxes with

(Anti)neutrino-Hydrogen Interactions

H. Duyang, B. Guo, S.R. Mishra and R. Petti

Department of Physics and Astronomy,
University of South Carolina, Columbia, South Carolina 29208, USA

Abstract
We present a novel method to accurately determine the flux of neutrinos and antineutrinos,

one of the dominant systematic uncertainty a↵ecting current and future long-baseline neutrino
experiments, as well as precision neutrino scattering experiment. Using exclusive topologies in
⌫(⌫̄)-hydrogen interactions, ⌫µp ! µ�p⇡+, ⌫̄µp ! µ+p⇡�, and ⌫̄µp ! µ+n with small hadronic
energy, we achieve an overall accuracy on the relative fluxes better than 1% in the energy range
covering most of the available flux. Since we cannot rely on simulations nor model corrections at
this level of precision, we present techniques to constrain all relevant systematic uncertainties using
data themselves. The method is based upon the approach we recently proposed to collect high
statistics samples of ⌫(⌫̄)-hydrogen interactions in a low-density and high-resolution detector, which
could serve as part of the near detector complex in a long-baseline neutrino experiment, as well as
a dedicated beam monitoring detector.

PACS numbers: 13.60.Hb, 12.38.Qk
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• d
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ν < 0.5 GeV
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Introduction to KLOE-STT

You Inst Logo

Detector geometry

3 18 March 19 Federico Ferraro | Neutron detection in a KLOE-based detector

STT

• Re-use of KLOE magnet (solenoid) and EM calorimeter 
(lead-scintillating fibers), which reduces the cost.


• Straw-Tube Tracker provide the tracking and target mass. 

• A compact version of DUNE CDR reference design

• Low-density, high resolution. 

• Provide hydrogen!


• For more details see docdb #13262


• Low-ν cut significantly reduce remaining 
uncertainties.

outer diameter: 5.76 m, inner diameter: 4.86 m, overall length: 4.40 m B = 0.6 T, average density ρ ∼ 0.16 g/cm3, radiation length X0 ∼ 3.5 m, tracking sampling 0.15 (0.36)%X0 ⊥ 
(∥) 
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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hydrogen (free proton) target

Measurement of Neutrino-Hydrogen in STT

Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen
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Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen

Ar and other nuclear targets provide 
understanding of the nuclear effects

14



• Assuming 5-ton radiator (CH2) mass 
 
 
 
 
 
 
 
 
 
 
 

• Do we need to subtract carbon events from CH2 in full phase space?

Statistics

15

CP optimized beam ⌫⌧ optimized beam

Process FHC 1.2MW, 5y RHC 1.2MW, 5y FHC 2.4MW, 2y RHC 2.4MW, 2y

⌫µ CC on CH2 34,300,000 5,500,000 65,570,000 3,810,000

⌫̄µ CC on CH2 1,680,000 13,100,000 1,152,000 24,000,000

⌫e CC on CH2 508,000 242,000 665,000 181,000

⌫̄e CC on CH2 85,700 187,000 70,000 190,000

⌫µ CC on H 3,360,000 542,000 6,510,000 375,000

⌫̄µ CC on H 308,000 2,490,000 210,000 4,330,000

⌫e CC on H 49,700 23,900 65,800 17,800

⌫̄e CC on H 15,400 34,400 12,600 33,900

TABLE I. Number of events expected in the proposed STT for a fiducial mass of 5 tons (C3H6)n
targets and 714 kg of hydrogen (within radiator targets). Results with two di↵erent LBNF beam
options are shown: (a) default 3 horn beam optimized for the CP violation search (1.2 MW, 120
GeV, 1.1 ⇥1021 pot/year); (b) high energy option optimized for the ⌫⌧ appearance (2.4 MW).

moved o↵-axis. We note that the overall volume occupied by the standalone detector with
the compact STT is smaller than the magnetized detector currently considered.

III. PHYSICS PROGRAM

In order to assess the physics sensitivity of the proposed detector we use as default the
engineered 3 horn LBNF beams optimized for the CP violation search with 120 GeV protons,
a 1.2 MW power, and 1.1 ⇥1021 pot/year. Table I lists the expected number of inclusive
Charged Current (CC) events for the various beam components for a 5 year run with both
the FHC neutrino and RHC antineutrino beam modes. A nominal fiducial mass of 5 tons of
CH2 radiator targets, providing about 714 kg of hydrogen, results in statistics large enough
to achieve accurate measurements of all relevant physics processes discussed in the following.
As discussed in Sec IIA, various additional nuclear targets like C, Ar, Ca, Fe, etc. can further
enhance the physics potential.

Another interesting option is provided by the LBNF beam optimized to detect the ⌫⌧
appearance in the Far Detector. The corresponding energy spectrum is substantially higher
than the one with the default beam configuration, resulting in an increase of the expected
event rates by a factor 2.4 with respect to the default beam (Tab. I). A realistic scenario
could be that after completing a data taking of 5 years with the standard FHC beam and 5
years with the standard RHC beam, we can have dedicated runs with the ⌫⌧ optimized beam.
Even a modest exposure of 2 years with FHC and 2 years with RHC in this configuration
would substantially enhance the discovery potential of the precision tests of fundamental
interactions described in Sec. III B. To this end, by the time we can realistically have dedicated
runs with the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the
LBNF beam intensity is expected to be upgraded from 1.2 MW to 2.4 MW.
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to achieve accurate measurements of all relevant physics processes discussed in the following.
As discussed in Sec IIA, various additional nuclear targets like C, Ar, Ca, Fe, etc. can further
enhance the physics potential.

Another interesting option is provided by the LBNF beam optimized to detect the ⌫⌧
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event rates by a factor 2.4 with respect to the default beam (Tab. I). A realistic scenario
could be that after completing a data taking of 5 years with the standard FHC beam and 5
years with the standard RHC beam, we can have dedicated runs with the ⌫⌧ optimized beam.
Even a modest exposure of 2 years with FHC and 2 years with RHC in this configuration
would substantially enhance the discovery potential of the precision tests of fundamental
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runs with the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the
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Excellent hydrogen statistics 

0.7 ton of hydrogen mass
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CH2 radiator targets, providing about 714 kg of hydrogen, results in statistics large enough
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As discussed in Sec IIA, various additional nuclear targets like C, Ar, Ca, Fe, etc. can further
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appearance in the Far Detector. The corresponding energy spectrum is substantially higher
than the one with the default beam configuration, resulting in an increase of the expected
event rates by a factor 2.4 with respect to the default beam (Tab. I). A realistic scenario
could be that after completing a data taking of 5 years with the standard FHC beam and 5
years with the standard RHC beam, we can have dedicated runs with the ⌫⌧ optimized beam.
Even a modest exposure of 2 years with FHC and 2 years with RHC in this configuration
would substantially enhance the discovery potential of the precision tests of fundamental
interactions described in Sec. III B. To this end, by the time we can realistically have dedicated
runs with the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the
LBNF beam intensity is expected to be upgraded from 1.2 MW to 2.4 MW.
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Large number of carbon background!

overwhelm the small number of signal events we want to measure

Excellent hydrogen statistics 

0.7 ton of hydrogen mass
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No fermi motion, no FSI… 

easy final stat topology

3-Track Topology
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If this is a free proton as in h, there is not fermi motion, doesn’t correlate with other 

Free proton: 
No fermi motion, no FSI… 

easy final stat topology

Carbon nucleus: 
Fermi motion, binding energy,  

NN correlations, FSI… 
low-energy proton, pion or neutrons  

easily miss detection
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If this is a free proton as in h, there is not fermi motion, doesn’t correlate with other 

ν-H Selection: Transverse Kinematics
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• Hydrogen: Momentums of final-state particles are balanced in the 
direction transverse to the beam direction without nuclear effects. 
The only smearing is detector effects.


• Carbon: Nuclear effects causes imbalance on the transverse plane.

• Key detector features: low-threshold, high resolution measurement 

of all final-state particles as much as possible. 
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ν-H Selection: Transverse Kinematics
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ν-H Selection: Resonance (3-Track Events)

• Resonance pion production

• Two simple transverse variables:

• δpTT: momentum imbalance in the “double transverse” direction. 

•                                      , where      and      are the missing      and 

total      of hadrons.

• ~90% purity of hydrogen events (neutrino energy independent).

• The remaining carbon background is measured by the graphite target.

Hydrogen Event Selection (νµp → µ−pπ+)

! RMH also makes some improvement for FHC 3trk.

! The purity improves from 77% to 89% with RMH cut.

3 / 9

νp → μ−pπ+

δpTT

μ-

p

π+

“double transverse”

X. Lu et al.: Phys. Rev. D 92, no. 5, 051302 (2015) 

pH
T⊥(GeV )

pH
T⊥

pH
T
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ν-H Selection: Resonance (3-Track Events)

• Resonance pion production

• Two simple transverse variables:

• δpTT: momentum imbalance in the “double transverse” direction. 

•                                      , where      and      are the missing      and 

total      of hadrons.

• ~90% purity of hydrogen events (neutrino energy independent).

• The remaining carbon background is measured by the graphite target.

Hydrogen Event Selection (νµp → µ−pπ+)

! RMH also makes some improvement for FHC 3trk.

! The purity improves from 77% to 89% with RMH cut.

3 / 9

νp → μ−pπ+

RMH = (PM
T − PH

T )/(PM
T + PH

T ) pTpM
T pH

T
pT

pH
T⊥(GeV )

pH
T⊥
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ν-H Selection: Resonance (More Variables)

• Resonance pion production

• Two simple transverse variables:

• δpTT: momentum imbalance in the “double transverse” direction. 

•                                      , where      and      are the missing      and 

total      of hadrons.

• Missing mass: reconstructed invariant mass using all measured 

final state particles minus target proton at rest (Thanks to Xin!) 
• ~95% purity of hydrogen events selection is achievable.

νp → μ−pπ+

RMH = (PM
T − PH

T )/(PM
T + PH

T ) pTpM
T pH

T
pT

pH
T⊥
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ν-H Selection: Likelihoods

• Build log likelihood function using more variables (                             ) 
can achieve even better purity while maintains efficiency. 

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC
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FIG. 3. Distributions of ln�H for the H signal, the C background, and the CH2 plastic (sum) for
the exclusive µ�p⇡+ CC topologies. The multiple peaks are the e↵ect of the binning used to build
L
H . The H and C distributions are normalized to the expected relative abundance in CH2.

this section. However, it provides information complementary to RmH , so that the combined
e↵ect of both these variables improves the overall selection e�ciency.

The use of simple cuts RmH < �0.6 and pH
T? < 0.03 GeV/c provides a clean selection

of ⌫p ! µ�p⇡+ H interactions from the CH2 plastic with an e�ciency of 93% and a purity
of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.

We can further improve the selection of H interactions by using multivariate techniques
exploiting the complete event kinematics [18–20]. Assuming the two momentum vectors of
the lepton and hadron system, we have in total 3 transverse and 2 longitudinal degrees of
freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.

We use a likelihood function incorporating multi-dimensional correlations among kinematic
variables. An optimization of the kinematic selection suggests the following function:

L
H
⌘

⇥
[ RmH , p

H

T?, ✓⌫T ], pm
T
, �lH

⇤
(1)

where the square brackets denote correlations (Fig. 2). The L
H function is over-constrained

in the transverse plane to compensate for the missing correlations, binning, etc. A function
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freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.
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Something like 95% purity with 90% effiencicy

The background is very small now which makes subtraction very easy
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ν-H Selection: Background Subtraction

• We can not reply upon MC for the background subtraction.

• It has to be data-driven by the graphite target measurement. 

• Graphite mass can be optimized to minimize statistical uncertainty.
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Process CH2 target H target CH2 selected C bkgnd

⌫µ CC µ�p⇡+ 3,924,000 2,484,000 2,430,000 194,000

⌫µ CC inclusive 34,900,000 3,591,000 4,140,000 1,160,000

⌫̄µ CC µ+p⇡� 836,000 373,000 365,000 29,100

⌫̄µ CC µ+n 4,960.000 1,240,000 360,000 70,000

648,000 126,000

⌫̄µ CC inclusive 13,000,000 2,882,000

TABLE II. Number of events expected in the selection of various processes on H with (anti)neutrino
beams similar to the ones available in DUNE [1, 2], assuming 5+5 years of data taking with the
neutrino and antineutrino beam polarities. The first two columns (CH2 and H targets) refer to
the initial statistics, while the last two include all selection cuts described in this paper. For the
CH2 and C targets the numbers refer to the given final state topologies originated from either p
or n interactions. For the µ+n topologies the first line refers to the events with n identified in the
tracker (25%) and the second to the ones with n identified in ECAL (45%). See the text for details.

C. Achievable statistics

In the following we will assume an overall fiducial mass of 5 tons for the CH2 targets.
This value is realistically achievable with the detector technology discussed in Sec. II and a
relatively compact tracking volume around 50 m3 (without fiducial cuts), depending upon
the specific configuration of the main detector parameters. The measured distributions of
the generic kinematic variables ~x ⌘ (x1, x2, ....., xn) in ⌫(⌫̄)-H interactions are obtained as:

NH(~x) ⌘ NCH2(~x)�NC(~x)⇥
MC/CH2

MC

(3)

where NCH2 and NC are the data from the CH2 plastic and graphite (C) targets. The
interactions from this latter are normalized by the ratio between the total fiducial masses of
C within the graphite and CH2 targets, MC/CH2/MC . The subtraction in Eq.(3) is performed
after all the selection cuts including the kinematic analysis described above, resulting in the
purities and e�ciencies summarized in Tab. I. Practical considerations require the graphite
targets to be smaller than the actual amount of C inside the CH2 plastic, thus resulting in a
statistical penalty associated with the subtraction procedure. Figure 6 illustrates how the
total statistical uncertainty on NH from Eq.(3) compares to the ideal one expected from
a pure H2 sample equivalent to the statistics of H interactions within CH2. For a given
e�ciency, the purity of the H samples achievable by the kinematic selection is crucial for
the feasibility of this technique. Our analysis suggests that a fiducial mass for the graphite
targets of about 600 kg (i.e. MC/MCH2 = 0.12) provides a reasonable compromise with a
statistical penalty less than 30%. We note that this statistical penalty can be further reduced
by analytically smoothing the measured distributions from the graphite target.

As an example of application of our technique, we consider neutrino and antineutrino
beam spectra similar to the ones expected in the DUNE experiment. To this end, we assume
a nominal beam power of 1.07 MW with 1.47⇥ 1021 pot/year and a total running time of
5+5 years with the neutrino and antineutrino beam polarities [1, 2]. Table II summarizes the
total number of events expected for the various topologies and targets. The planned upgrades
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Data-driven subtraction of small backgrounds (model-independent)
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interactions from this latter are normalized by the ratio between the total fiducial masses of
C within the graphite and CH2 targets, MC/CH2/MC . The subtraction in Eq.(3) is performed
after all the selection cuts including the kinematic analysis described above, resulting in the
purities and e�ciencies summarized in Tab. I. Practical considerations require the graphite
targets to be smaller than the actual amount of C inside the CH2 plastic, thus resulting in a
statistical penalty associated with the subtraction procedure. Figure 6 illustrates how the
total statistical uncertainty on NH from Eq.(3) compares to the ideal one expected from
a pure H2 sample equivalent to the statistics of H interactions within CH2. For a given
e�ciency, the purity of the H samples achievable by the kinematic selection is crucial for
the feasibility of this technique. Our analysis suggests that a fiducial mass for the graphite
targets of about 600 kg (i.e. MC/MCH2 = 0.12) provides a reasonable compromise with a
statistical penalty less than 30%. We note that this statistical penalty can be further reduced
by analytically smoothing the measured distributions from the graphite target.

As an example of application of our technique, we consider neutrino and antineutrino
beam spectra similar to the ones expected in the DUNE experiment. To this end, we assume
a nominal beam power of 1.07 MW with 1.47⇥ 1021 pot/year and a total running time of
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Data-driven subtraction of small backgrounds (model-independent)
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Emphasize: same detector response of pure carbon target

pH
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ν-H Selection: Background Subtraction

• Assuming 600 kg of graphite 
target, the subtraction only 
slightly increase the statistical 
uncertainty by ~20%.
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FIG. 5. E�ciency (solid line) and purity (dashed-dotted line) as a function of neutrino energy for
the kinematic selection of the exclusive ⌫µp ! µ�p⇡+ CC topologies on hydrogen from the CH2

polypropylene target. The same cut on ln�H as in Table I is applied.

B. Results for di↵erent event topologies

In Sec. IIIA we showed that our kinematic analysis can e�ciently select ⌫p ! µ�p⇡+

and ⌫̄p ! µ+p⇡� interactions on the hydrogen embedded inside the CH2 plastic. These
topologies are minimally a↵ected by the detector smearing, which is given by the momentum
resolution of the three final state particles.

Another important exclusive process is the quasi-elastic (QE) ⌫̄ ! µ+n on hydrogen. The
reconstruction of this topology is more complex because of the presence of the neutron in
the final state and a single charged track. Detailed GEANT4 simulations show that 25-30%
of neutrons interact inside the tracker and can be detected. Another 45-60% of the neutrons
can be detected in the ECAL surrounding the tracker [2], thus allowing a combined detection
of 70-90% of the neutrons. For events with a single charged track the resolution on the
position of the primary vertex is worse than for multi-track events and is essentially defined
by the thickness of a single CH2 (or C) target plane by noting the absence of straw tube
hits preceding the presumed target. However, events can still be e�ciency associated to the
correct target material, due to the lightness of the tracking straws and the purity of the
target itself. The corresponding uncertainty is given by the ratio between the thickness of
the straw walls and the thickness of a single CH2 target, resulting in an e�ciency > 99%.
From the positions of the primary vertex and of the neutron interaction within the detector
we can reconstruct the neutron direction. Assuming that the target proton is at rest, we
calculate the energy of the incoming antineutrino as:

E⌫ ⌘
M2

n
�m2

µ
+ 2EµMp �M2

p

2 [Mp � Eµ + pµ cos ✓µ]
(2)

where Mp,Mn,mµ are the masses of the proton, neutron, and muon, respectively, and pµ, Eµ

and ✓µ are the momentum, energy and the angle of the outgoing muon. The energy of the
neutron is En = E⌫ � Eµ and the momentum vector of the neutron is obtained from the

9

ν-H Selection: Background Subtraction

• The selection efficiency is 
quite high and flat for 
neutrino energy < 5 GeV 

• Assuming 600 kg of graphite 
target, the subtraction only 
slightly increase the statistical 
uncertainty by ~20%.
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CCQE

• Neutrons themselves are invisible.

• About 25-30% of the neutrons interact within STT 45-60% in ECAL 

producing charged secondary particles..

• Interaction vertex position is obtained from the muon.

• Get the neutron direction from the vertex to interaction point. 

• Get the neutron energy from the muon kinematics with QE assumption.

• Similar hydrogen vs carbon selection with resonance events.  

ν̄μ

μ+

ν

n

Vertex from muon track

charged hadrons

neutrons interact in  
tracker or ECAL



• Systematic uncertainty sources:

• Muon energy scale: 0.2%

• Hadronic reconstruction.

• Cross-section modeling: 20% MA, 10% MV.


• 25

Low-ν Method on Hydrogen (Resonance 3-Track)

 ν<0.5 GeV
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Low-ν Method on Hydrogen:      - CCQEν̄μ

• Systematic ncertainty sources:

• Muon energy scale: 0.2%


• Hadronic reconstruction.


• Cross-section modeling: 20% MA

 ν<0.25 GeV



STT LAr
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Flux Normalization Measurement by ν-e Scattering

• Pure electroweak process with small, but 
very well known  cross section: Good for 
measurement of absolute flux. 

• Very forward-going electron/muon (small 
Eeθ2) in final state with no other particles. 

• Need good angular resolution. 
• Uncertainty will be dominated by 

statistics: need enough detector mass. 
• Given known neutrino direction it is also 

possible to measure flux shape.

FIG. 1: Lowest order Feynman diagrams of the ν on e elastic scattering.

I. INTRODUCTION

We present a study of the neutrino-electron elastic scattering (ν − e) in the NOvA near
detector. Because ν − e is a purely leptonic process, free from nucleon and nuclear effects,
the Standard Model (SM) can precisely predict its cross-section [1][2]. Consequently, a
measurement of ν-e interaction unambiguously constrains the absolute ν+ν̄ flux. The lowest
order Feynman diagrams of the neutrino-electron elastic scattering are shown in Figure 1.

In ν− e scattering, the angle of the electron in the final state with respect to the original
neutrino direction is uniquely determined from the neutrino energy and the electron kinetic
energy (derived from Ref [1], Formula 5.27):

cos θ = 1−
me(1− y)

Ee

, (1)

where me is the rest mass of the electron, Ee is the energy of the electron and y is the
ratio of the electron kinetic energy to the neutrino energy. When me << Eν , cos θ is close to
unity and the electron in the final state is collinear with the ν-beam, offering the diacritical
variable to distinguish signal from backgrounds.

II. DATA SAMPLE

We use NuMI data collected by the NOvA near detector between 2014 and 2015, with
2.97 × 1020 protons on target (POT). Run numbers for this data set are from 10377 to
10992. The Monte Carlo (MC) sample use the NuMI flux using the FLUKA generator for
hadro-production and the Geant4 modeling for the beam transport. Neutrino interactions
are simulated using the GENIE generator. For the background MC, we use the inclusive ND
MC-sample, composed of νµ-CC, νe-CC, NC, and Rock-events, corresponding to 8.71×1020

POT . For the signal MC, we generate 2.97× 1022 POT neutrino-electron elastic scattering
events with the GENIE generator.

III. NEUTRINO-ELECTRON ELASTIC SCATTERING PID AND e/π0 PID

To identify neutrino-electron elastic scattering signal and to reject the dominant π0-
induced backgrounds, two neural network based particle identification algorithms, Neutrino-
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ν-e scattering IMD

Neutrino-Electron Scattering
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Chris Marshall - ND workshop6

ν+e event rate in DUNE flux
80GeV 3-horn optimized flux

Ar target @ 574m
Step function efficiency

Total events vs. threshold DUNE Work in Progress

• Pure electroweak process with small, but very well 
known cross section: 

• Better statistics in LAr, but significantly larger 
background from νe-QE where proton absorbed/
below threshold due to nuclear effects. 

• STT gives low-systematic measurement 
complementary to LAr. 

• ~2% uncertainty on flux normalization.
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Summary

• Flux uncertainty is an important uncertainty source to DUNE. 
• KLOE-STT provides possibility to measure neutrino-hydrogen 

interactions, combined with low-ν technique it provides precise flux 
measurements.   

• Key detector features for the hydrogen measurements: 
• Abundant hydrogen in CH2 
• High-resolution, low-threshold measurements of final state particles 

for signal vs background separation 
• Dedicated carbon target with same detector response as CH2 for 

background subtraction. 
• KLOE-STT’s constraint on the beam modeling is complementary to 

other ND detectors and the DUNE-prism concept. 
• For more details:  Phys.Lett. B795 (2019) 424-431



Back up slides
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Outline

• Introduction to nu-oscillation and DUNE

• why do we need a near detector (or near detectors)

• Why do we need to know the neutrino flux

• low-nu in general

• low-nu on hydrogen

• Introduction to KLOE-STT

• low-nu on hydrocarbon with bkg subtraction: CH2

• what if we have CH?


• Low-ν cut significantly reduce remaining uncertainties.



• Until now statistical uncertainty is still the dominant uncertainty 
source to oscillation measurements.


• This is no longer true in the DUEN era.

• But wait, where is the flux uncertainty?

Uncertainties to Neutrino Oscillations

7
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Systematics
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Systematics

NOvA’s new 2019 neutrino/antineutrino oscillation measurement

what is exactlu the near-far differences?
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Most	important	systematics:
• Detector Calibration
– Will be improved by the 2019 test beam program

• Neutrino cross sections
– Particularly nuclear effects (RPA, MEC)

• Muon energy scale

• Neutron uncertainty – new with ν̅’s
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Most	important	systematics:
• Detector Calibration
– Will be improved by the 2019 test beam program

• Neutrino cross sections
– Particularly nuclear effects (RPA, MEC)

• Muon energy scale

• Neutron uncertainty – new with ν̅’s
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NOvA’s 2018 neutrino/antineutrino oscillation measurement
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Cross Section Uncertainties

• Example of NOvA’s NC Coherent π0 measurement, one of the 
background channel to νe appearance oscillation measurement. 

• Flux is one of the dominant systematic uncertainty sources. 
• The “background modeling uncertainty” also limited by flux. 
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Table 11: List of systematic and statistic uncertainties.

Source �(%)
Calorimetric Energy Scale 3.4
Background Modeling 10.0

Control Sample Selection 2.9
EM Shower Modeling 1.1
Coherent Modeling 3.7

Rock Event 2.4
Alignment 2.0

Flux 9.4
Total Systematics 15.3

Signal Sample Statistics 5.3
Control Sample Statistics 4.1

Total Uncertainty 16.7

• NSig,raw = NData,selected �NBkg,norm = 987.4391

The ⌫µ flux (�) has been discussed in Sec. 2. The number of integrated neutrino flux (0⇠120392

GeV) we use is393

• �⌫ = 123.2/cm2/1010POT394

The e�ciency of coherent signal selection(✏) and the number of target nucleus in the fiducial395

volume (NTarget) will be discussed in the following subsections.396

7.1 E�ciency397

The e�ciency (✏) is defined as the ratio of the final selected ⌫µ coherent ⇡0 signal events to398

the total generated signal events in the fiducial volume. We use the SA ART files to count the399

number of coherent ⇡0 signal interactions at generated level. The numbers we get are400

• Nsig,selected = 857.7401

• Nsig,generated = 20832.9402

corresponding to the data pot, which leads to the e�ciency403

• ✏ = Nsig,selected/Nsig,generated = 0.041404

7.2 Number of Target Nucleus405

The targets for neutrino coherent interactions are nuclei rather than individual nucleons. The406

NOvA ND is mainly composed of scintillator oil and PVC [30]. The fiducial mass is calculated407

by scaling from the total detector volume (table 12). The mass of each element is calculated408

using CAFAna script reading gdml files [27]. The total number of target nucleus is calculated409

as410

NTarget =
X

i

Mi ⇤NA

Wmolar,i
(3)
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• LAr + HP ArG TPC + 3DST

• DUNE prism

DUNE Near Detectors

6

what is exactlu the near-far differences?



• Ideally, the ND would have zero oscillation probability, and all the other 
factors the same as FD, which allows cancellation of systematics.


• However in practice…

• Flux is never the same between ND and FD.

• Detector response is never the same between ND and FD.

• Some ND even uses different nuclear targets from FD. 

• And we still need to know Eν!

11

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the detector Neutrino flux

Detector response

Oscillation probability 
(zero in the ND)

Cross section (E-38 cm2)

Can We Cancel All Systematics by ND?
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Very small cross section => Limited number of events observed in the detector 

Statistical uncertainty has been the dominant uncertainty source in  
most of the neutrino experiments so far

• Solutions:

• Massive detectors.

• Heavy nuclear targets (Ar). 
• Powerful neutrino beams.

• Price:

• Resolution/calibration?

• Nuclear effects? 
• Flux uncertainties?

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the detector Neutrino flux

Detector response

Oscillation probability Cross section (E-38 cm2)

Statistical vs Systematic Uncertainties



• Ideally, we could measure oscillation by measuring number of interactions 
(as function of neutrino energy), if all the other factors are known.


• However in practice…

• Flux has >10% uncertainty.

• Cross-sections are not well-known. 

• Detector simulation and calibration can also be difficult.

• Therefore we need ND.

10

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)

Number of events  
observed in the detector Neutrino flux

Detector response

Oscillation probability Cross section (E-38 cm2)

Why Do We Need Near Detectors?



Neutrino Flux at DUNE

• DUNE will use the new LBNF neutrino 
beam. 

• Flux uncertainty comes from hadron 
production and beam focusing.

2

¾ Long baseline neutrino oscillations
¾ Supernova neutrinos
¾ Proton decay

40 kt liquid argon TPC (4x10 kt)

Intense wideband beam  70
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Neutrino Flux at DUNE

• DUNE will use the new LBNF neutrino 
beam. 

• Flux uncertainty comes from hadron 
production and beam focusing.

2

¾ Long baseline neutrino oscillations
¾ Supernova neutrinos
¾ Proton decay

40 kt liquid argon TPC (4x10 kt)

Intense wideband beam  71

DUNE Beam Simulation

• LBNF%beam%line%(g4lbnf)%simulated%with%GEANT4%package
• Detailed%simulation%of%particle%production,%transportation%and%decay%leading%
to%the%neutrino%flux%production
• Produced%neutrinos%are%projected%at%the%Far%and%Near%Detector%locations%for%
physics%studies.

6
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Low-ν Method
• Low-ν cut significantly reduce remaining uncertainties.

NuMI Flux Measurement EP Method

Low-⌫ Relative Flux Extrapolation

• D. Naple & S.R.Mishra introduced a low-⌫ relative flux extrapolation
method

• It starts from the standard ⌫ (⌫µ) + nucleon di↵erential cross-section
formula:

d�⌫(⌫̄)

dxdy
=

G 2

FME
⇡

⇥
✓

1� y � Mxy
2E

◆
F ⌫(⌫̄)
2

+
y 2

2
2xF ⌫(⌫̄)

1
± y

⇣
1� y

2

⌘
xF ⌫(⌫̄)

3

�

• Bjorken scaling variable:

x =
Q2

2P · q , y =
P · q
P · k1

• energy transfer to the hadronic system:

⌫ =
P · q
M

= E · y

• Structure function: F1,F2,F3
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NuMI Flux Measurement EP Method

Low-⌫ Relative Flux Extrapolation
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If E � 1GeV, the number of events in a given energy bin with hadronic
energy less 1 GeV, is proportional to the neutrino flux: N(E )⌫<1 / �(E )
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Uncertainties to the Low-ν Method

• Low-ν cut significantly reduce remaining uncertainties.

Eν reconstruction:   
dominated by  
Eμ uncertainty

EΗad (ν) uncertainty: 
it need to be correct to  

ensure the sample is “low-nu”
MC shape correction: 

knowledge of the B/C terms 

It is even more difficult to do it on Ar target!

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 

d�
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�A�1
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A
�

E
�
C
A
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2 E 2 �

Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.

 

��
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M

�E��E�

Final state interactions

MC generators

νN interactions

νA interactions

Final state interactions
FSI
Intranuclear cascade
Cascade algorithm
INC input
FSI in GENIE

Formation time

Summary

Tomasz Golan MC generators @ NuSTEC 25 / 40

FSI describe the propagation of particles created in a primary
neutrino interaction through nucleus

All MC generators (but GIBUU) use intranuclear cascade model

by T. 

n

p

discrepancy in the hadronic energy distribution with the
data remains. To assess an additional uncertainty from this
unmodeled contribution, we fit the data excess at low
hadronic energy described in Ref. [15] in the neutrino
energy range 2< Eν < 6GeV (taking into account sepa-
rately proton-proton and proton-neutron initial states)
to obtain a corrected model [30,31]. We take the uncer-
tainty as the difference of the result obtained with this data-
driven model, from the nominal result. The MINERvA
antineutrino data also show an excess in the same region.
We apply the corrected model from neutrino described
above and then fit the remaining antineutrino excess to
obtain a data-driven antineutrino 2p2h model uncertainty.
The primary effect of varying the size of this contribution is
to shift the overall level of the cross section. The normali-
zation procedure removes most of the effect and the
remaining uncertainty is less than 1.5% (2%) on the cross
section (flux).
The contamination from wrong-sign events is significant

only for the antineutrino sample (about 4% above 15 GeV).
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FIG. 5. Measurement uncertainties for neutrino (left) and antineutrino (right) low-ν fluxes. The total uncertainty (sys.+stat.) is the solid
line. Components from the cross section model (dashed red), FSI (dot-dash blue), and energy scales (dotted) are shown. The 3.6%
uncertainty in the external normalization (dashed black) is the error of the NOMAD data in the normalization region.
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FIG. 6. Measurement uncertainties for neutrino (left) and antineutrino (right) total cross sections. The total uncertainty (sys.+stat.) is
the solid line. Components from the cross section model (dashed red), FSI (dot-dash blue), and energy scales (dotted) are shown. The
3.6% uncertainty in the external normalization (dashed black) is the error of the NOMAD data in the normalization region. Statistical
error dominates the measurement in the antineutrino result.
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FIG. 7. Measurement uncertainties for the cross section ratio,
RCC. The total uncertainty (sys.+stat.) is the solid line. Compo-
nents from the cross section model (dashed red), FSI (dot-dash
blue), and energy scales (dotted) are shown. Normalization
uncertainty is very small (<1%) and is included in the total
error curve. The uncertainty is dominated by the statistical
precision of the antineutrino sample.
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What if we have hydrogen (free proton) target?

• Low-ν cut significantly reduce remaining uncertainties.

Eν reconstruction:   
dominated by  
Eμ uncertainty

EΗad (ν) uncertainty: 
it need to be correct to  

ensure the sample is “low-nu”
MC shape correction: 

knowledge of the B/C terms 

It is even more difficult to do it on Ar target!

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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Charge current n-Nucleon scattering
�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)
Need a process with small cross-section uncertainty

• Cross section is flat at low ν = Eν - Εμ with smaller uncertainty: flux 
shape measurement (used by NOMAD, MINOS, MINERvA). 

• The cross-sections of ν-H are better understood than heavy 
nucleus and free from uncertainties from nuclear effects. 


• Low-ν cut significantly reduce remaining uncertainties.

Nuclear effects!

No cut

Flux Measurements: Low-ν Method

Uncertainties further constrained by  
differential measurements in inclusive sample.

Cross-section uncertainty < 1%

 ν<0.5 GeV: ~25% efficiency



• At very low ν = Eν - El, the cross section is independent from Eν:  

 
    (A, B and C are parameters formed by nuclear structure functions.) 

• the measurement of low ν spectrum is approximately a measurement of 
flux shape. 

• The effect of non-zero ν cut is account for by a theoretical correction: 
 

• Systematic uncertainty dominant: 
• Muon energy 
• Hadronic energy (ν) 
• Theoretical correction 

• See Lu Ren’s talk on Tuesday for 
ΜINERvA’s Low-ν flux measurement

DUNE Work in Progress

Low-ν method

Jiajie Ling - USC APS Meeting 5

Low-↵ Flux Prediction

Relative flux extracted by the low ↵ method – in 
the ↵�0 limit, the neutrino (anti-neutrino) cross 
section is independent of energy.

For non-zero ↵, energy dependence of 
the flux shape is corrected from the 
cross section model. 
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�It is very hard to simulate the neutrino flux 
accurately. Large uncertainties associated with the 
proton-nucleon hadron production process. There 
is about 30%-40% difference between data and MC 
simulation.

�We can use our Near Detector data to correct the 
MC simulation and predict the neutrino flux.
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Chris Marshall - ND workshop14

Sample 2: Charged-current low-ν 

● Differential cross section can be written as:

● A, B, and C are integrals of structure functions

● ν = Ehad = Eν - Elep

● In practice, the low-ν sample is defined with some 
finite cut ν0 << Eν 



Introduction to the Straw Tube Tracker (STT)
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HiResM⌫:
Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009
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FIG. 1. Drawing of one compact STT double module including four thin polypropylene CH2 targets.
The plastic targets can be replaced with thin graphite (C) plates or any other solid nuclear target.

exploiting both ionization signals dE/dx and the Transition Radiation produced by e± in
the radiator foils. This latter capability o↵ers ⇡ rejections ⇠ 103 for 90% electron e�ciency.

B. Integration with the DUNE Near Detector

The proposed STT must be inserted into a magnetic field of 0.5-0.6 T and must be
surrounded by a 4⇡ ECAL to measure neutral particles not decaying/interacting within
the STT volume. The overall magnetic volume required to accommodate the complete STT
proposed is about 49 m3. Two di↵erent options are possible and are being studied: (a)
integration within the magnetic spectrometer currently planned for the DUNE ND complex;
(b) addition as a new self-contained detector.

The first option implies a hybrid detector including a high pressure Ar gas TPC (HPgTPC)
and STT sharing the same magnetic volume. The geometry and configuration can be opti-
mized based upon the magnet constraints and the desired physics performance. One advantage
of this solution is the possibility to use the HPgTPC as active Ar target in combination with
the H target within the STT.

The second option implies the need of an additional magnet and ECAL. A possible low-
cost solution can be the reuse of the existing solenoidal magnet and ECAL from KLOE [5].
The performance of the proposed STT within this magnet has been evaluated with com-
plete GEANT 4 simulations by various Italian groups and is consistent with the physics
performance expected from a detector integrated within a dipole magnet.

The planned ND hall for DUNE is large enough to implement the possibility of a movable
ND complex (DUNE-Prism). The size of this hall allows in principle the installation of the
additional detector we propose either o↵-axis or on-axis once the other ND components are

3

Wall (Kapton, 70 µm) 

Anode wire  
(Gold-plated tungsten, 20 μm) 

gas

A charged particle

FEB

FEB

• We are proposing a new detector for the DUNE near detector complex 
to help break the degeneracy.


• There are many cool things that a STT can do

• I will focus the neutrino-hydrogen measurements.  
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NuWro GiBUU GENIE

Process E�ciency Purity E�ciency Purity E�ciency Purity

⌫µp ! µ�p⇡+ 93% 86% 93% 84% 93% 91%

⌫̄µp ! µ+p⇡� 89% 84% 89% 87% 89% 89%

TABLE III. Comparison of the e�ciency and purity for the kinematic selection of H interactions
from the CH2 plastic target using simple cuts on RmH and pH

T? with the NuWro [21], GiBUU [22],
and GENIE [23] event generators. The same selection cuts as in Tab. I are used in all cases.

of the beam intensity to a nominal power of 2.4 MW would more than double the available
statistics. Similarly, the high-energy beam option designed to detect the ⌫⌧ appearance in
the far detector would increase the available statistics by another factor of 2.4 with a much
harder spectrum [28].

IV. DISCUSSION

A. Systematic uncertainties

The kinematic analysis described in Sec. III allows to identify all the main ⌫(⌫̄)-H CC
topologies within the CH2 plastic target with little residual backgrounds ⇠8-20% from
interactions on the carbon nucleus. This selection dramatically reduces not only the statistical
uncertainty from the background subtraction procedure (Sec. III C), but also the impact of
systematic uncertainties on the modeling of nuclear e↵ects in carbon [3]. These latter are
further reduced by the model-independent background subtraction using the data obtained
from the dedicated graphite target. The CH2 plastic can be considered as an e↵ective tank
filled with hydrogen, while the graphite represents the empty tank. This technique is similar to
what has been done for decades in electron scattering experiments, in which a cryogenic tank
is filled with a liquid H2 target and special runs with the empty tank are taken for background
subtraction 2. Since the CH2 and C targets are configured as thin layers spread out uniformly
over the tracking volume, the corresponding corrections for the detector acceptance are small
and, most importantly, similar for both targets. The impact of possible model dependencies
through these corrections is therefore negligible on ⌫(⌫̄)-H measurements, as they would
appear as third order e↵ects on the data-driven subtraction of small backgrounds.

In order to check the sensitivity of our results to the details of the interaction modeling we
repeat the event selection based upon simple cuts on RmH and pH

T? with three event generators:
NuWro [21], GiBUU [22], and GENIE [23]. These generators use di↵erent assumptions for the
(anti)neutrino-nucleon cross-sections, as well as for the nuclear modeling of both initial and
final state interactions. As shown in Tab. III, our kinematic selection of H interactions from
the plastic CH2 targets is rather stable and we obtain comparable e�ciencies and purities
with all the three event generators used.

Reconstruction e↵ects on the four-momenta of the final state particles can in principle
degrade the kinematic selection. For this reason in our studies we used a realistic detector

2 One of the dominant systematic uncertainties in electron scattering experiments on hydrogen is typically

given by the knowledge of the density/mass of the cryogenic target. Our technique for measuring ⌫(⌫̄)-H

interactions allows a more precise knowledge of the actual target mass.
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 Check of model dependence in the H selection 

15

This is to show that the number of efficiencies and purities we estimate is realistic.  
the difference between generators here will not be systematics because we will have 

carbon data to measure them 
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Fig. 5. Summary of the expected statistical and systematic uncertainties in the νµ relative flux determination using νµ p → µ−pπ+ exclusive processes on hydrogen. Two 
different input spectra similar to the ones planned in the LBNF are considered: (a) a low-energy beam optimized to search for CP violation (left plot) with a cut ν < 0.5 GeV; 
(b) a high-energy beam optimized to detect the ντ appearance (right plot) with a cut ν < 0.75 GeV. See text for details.

Fig. 6. Summary of the expected statistical and systematic uncertainties in the ν̄µ relative flux determination using ν̄µ p → µ+n QE exclusive processes on hydrogen. Two 
different input spectra similar to the ones planned at the LBNF are considered: (a) a low-energy beam optimized to search for CP violation (left plot) with a cut ν < 0.25
GeV; (b) a high-energy beam optimized to detect the ντ appearance (right plot) with a cut ν < 0.25 GeV. See text for details.

gets are configured as thin layers, ensuring that the corresponding 
acceptance corrections are small and, most importantly, similar for 
both targets. We verified this latter condition with detailed detec-
tor simulations using the GEANT4 program [7]. We emphasize that 
the data from the graphite target automatically include all types 
of interactions, as well as reconstruction effects, relevant for our 
analysis. The impact of possible model dependencies through the 
acceptance corrections is therefore negligible, since they would ap-
pear as third order effects on the data-driven subtraction of small 
backgrounds.

The C background subtraction introduces an increase of the sta-
tistical uncertainties of the selected H samples, as discussed in 
Ref. [1 ]. We checked the impact of this subtraction on the flux 
determinations described in Sec. 3 with a detailed study of the 
corresponding energy dependence. Fig. 7 summarizes our results 
for the νµp → µ−pπ+ flux sample on H. The cut ν < 0.5 GeV 
increases the purity of this sample to about 94%, since at small 
energy transfers C background events are more subject to nuclear 
effects, making the kinematic analysis more efficient. With the 
analysis and exposures of Ref. [1 ] (low energy beam) we expect 
about 39,000 C background events to be subtracted from the flux 
sample. As a result, we obtain a modest increase in the statistical 

Fig. 7. Effect of the C background subtraction using the dedicated graphite target on 
the statistical uncertainty of the selected νµp → µ−pπ+ on H with ν < 0.5 GeV. 
See text for details.

uncertainty of the H sample of about 20% (Fig. 7) compared to the 
ones shown in Fig. 5. We note that this statistical penalty can be 
further reduced by analytically smoothing the measured distribu-
tions from the graphite target and/or by using a tighter kinematic 
selection.

Low-ν Method on Hydrogen (3-Track)
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Low-ν Method on Hydrogen (RHC QE)

HiResM⌫:
Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

CP optimized RHC
<latexit sha1_base64="Ljw6Atdt4HoqxyD8XhgqVFmZzbo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZK60GWxmy6r2Ae0oUwmk3boPMLMRGhD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCRNGtfG8b2dtfWNza7uwU9zd2z84dI+OW1qmCpMmlkyqTog0YVSQpqGGkU6iCOIhI+1wVJv57UeiNJXiwYwTEnA0EDSmGBkr9d3TXhjDWgPKxFBOJySC9/Va3y15ZW8OuEr8nJRAjkbf/epFEqecCIMZ0rrre4kJMqQMxYxMi71UkwThERqQrqUCcaKDbH79FF5YJYKxVLaEgXP190SGuNZjHtpOjsxQL3sz8T+vm5r4JsioSFJDBF4silMGjYSzKGBEFcGGjS1BWFF7K8RDpBA2NrCiDcFffnmVtCpl/6rs3VVK1ds8jgI4A+fgEvjgGlRBHTRAE2AwAc/gFbw5T86L8+58LFrXnHzmBPyB8/kD8PyUPA==</latexit>

⌫� optimized RHC
<latexit sha1_base64="qOPvGnijYfa2jVjjvQNmlTWUkrk=">AAACBXicbVA9TwJBEN3zE/Hr1FKLjWBiRe6w0JJIQ4lGPhLuQvaWPdiwt3fZnTNBQmPjX7Gx0Bhb/4Od/8YFrlDwJZO8vDeTmXlBIrgGx/m2VlbX1jc2c1v57Z3dvX374LCp41RR1qCxiFU7IJoJLlkDOAjWThQjUSBYKxhWp37rninNY3kHo4T5EelLHnJKwEhd+8QLQlz0ZNr1gKRFHCfAI/7Aevi2Vu3aBafkzICXiZuRAspQ79pfXi+macQkUEG07rhOAv6YKOBUsEneSzVLCB2SPusYKknEtD+efTHBZ0bp4TBWpiTgmfp7YkwirUdRYDojAgO96E3F/7xOCuGVP+YySYFJOl8UpgJDjKeR4B5XjIIYGUKo4uZWTAdEEQomuLwJwV18eZk0yyX3ouTclAuV6yyOHDpGp+gcuegSVVAN1VEDUfSIntErerOerBfr3fqYt65Y2cwR+gPr8wffd5eF</latexit>

⌫ < 0.25 GeV
<latexit sha1_base64="nsHAWGZJsT535KCeMcmwXanKUjI=">AAACDHicbVC7TsMwFHXKq5RXgZHFokViqpIiBANDBQOMRaIPqYkqx71prTpOZDuIKsoHsPArLAwgxMoHsPE3uI8BWo5k6eicc+3r48ecKW3b31ZuaXlldS2/XtjY3NreKe7uNVWUSAoNGvFItn2igDMBDc00h3YsgYQ+h5Y/vBr7rXuQikXiTo9i8ELSFyxglGgjdYslN/Cjh9Sd3JRK6GW47IoEX2C7Uj0t42toZiZlV+wJ8CJxZqSEZqh3i19uL6JJCEJTTpTqOHasvZRIzSiHrOAmCmJCh6QPHUMFCUF56WSFDB8ZpYeDSJojNJ6ovydSEio1Cn2TDIkeqHlvLP7ndRIdnHspE3GiQdDpQ0HCsY7wuBncYxKo5iNDCJXM7IrpgEhCtemvYEpw5r+8SJrVinNSsW+rpdrlrI48OkCH6Bg56AzV0A2qowai6BE9o1f0Zj1ZL9a79TGN5qzZzD76A+vzBzwBmcQ=</latexit>

⌫ < 0.25 GeV
<latexit sha1_base64="nsHAWGZJsT535KCeMcmwXanKUjI=">AAACDHicbVC7TsMwFHXKq5RXgZHFokViqpIiBANDBQOMRaIPqYkqx71prTpOZDuIKsoHsPArLAwgxMoHsPE3uI8BWo5k6eicc+3r48ecKW3b31ZuaXlldS2/XtjY3NreKe7uNVWUSAoNGvFItn2igDMBDc00h3YsgYQ+h5Y/vBr7rXuQikXiTo9i8ELSFyxglGgjdYslN/Cjh9Sd3JRK6GW47IoEX2C7Uj0t42toZiZlV+wJ8CJxZqSEZqh3i19uL6JJCEJTTpTqOHasvZRIzSiHrOAmCmJCh6QPHUMFCUF56WSFDB8ZpYeDSJojNJ6ovydSEio1Cn2TDIkeqHlvLP7ndRIdnHspE3GiQdDpQ0HCsY7wuBncYxKo5iNDCJXM7IrpgEhCtemvYEpw5r+8SJrVinNSsW+rpdrlrI48OkCH6Bg56AzV0A2qowai6BE9o1f0Zj1ZL9a79TGN5qzZzD76A+vzBzwBmcQ=</latexit>

FIG. 6. Summary of the expected statistical and systematic uncertainties in the ⌫̄µ relative flux
determination using ⌫̄µp ! µ+n QE exclusive processes on hydrogen. Two di↵erent input spectra
similar to the ones planned at the LBNF are considered: (a) a low-energy beam optimized to search
for CP violation (left plot) with a cut ⌫ < 0.25 GeV; (b) a high-energy beam optimized to detect
the ⌫⌧ appearance (right plot) with a cut ⌫ < 0.25 GeV. See text for details.

3. E↵ect of the C Background Subtraction

The kinematic analysis described in Sec. II allows the identification of the ⌫µp ! µ�p⇡+,
⌫̄µp ! µ+p⇡�, and ⌫̄µp ! µ+n topologies within the CH2 target with little residual back-
grounds ⇠8-20% from interactions on the carbon nucleus 3. The purity of the H samples
can be further increased by tightening the multivariate selection [1]. A necessary condition
to reduce systematic uncertainties on the subtraction of the small C background is to use
a model-independent approach based entirely upon the data obtained from the dedicated
graphite (pure C) target. The detector technology discussed in Sec. II is essential, since the
CH2 and C targets are configured as thin layers, ensuring that the corresponding acceptance
corrections are small and, most importantly, similar for both targets. We verified this latter
condition with detailed detector simulations using the GEANT4 program [7]. We emphasize
that the data from the graphite target automatically include all types of interactions, as well
as reconstruction e↵ects, relevant for our analysis. The impact of possible model dependencies
through the acceptance corrections is therefore negligible, since they would appear as third
order e↵ects on the data-driven subtraction of small backgrounds.

The C background subtraction introduces an increase of the statistical uncertainties of
the selected H samples, as discussed in Ref. [1]. We checked the impact of this subtraction
on the flux determinations described in Sec. III with a detailed study of the corresponding
energy dependence. Figure 7 summarizes our results for the ⌫µp ! µ�p⇡+ flux sample on H.
The cut ⌫ < 0.5 GeV increases the purity of this sample to about 94%, since at small energy
transfers C background events are more subject to nuclear e↵ects, making the kinematic
analysis more e�cient. With the analysis and exposures of Ref. [1] (low energy beam) we
expect about 39,000 C background events to be subtracted from the flux sample. As a result,

3 We obtain similar e�ciencies and purities using three independent event generators: NuWro, GiBUU, and

GENIE [1].
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Hadron Production Uncertianties
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Data-Driven Form Factors 
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FHC µ�p⇡+

full statistics
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FIG. 2. Left plot: expected statistical and systematic uncertainties on the reconstructed Q2 distri-
bution of ⌫µp ! µ�p⇡+ events on H. Two results for the flux uncertainties are shown: (a) using
the initial ±15% uncertainty; (b) after an iterative procedure using ⌫µp ! µ�p⇡+ on H with
⌫ < 0.5 GeV (Fig. 5). Right plot: reconstructed Q2 distribution of selected ⌫µp ! µ�p⇡+ on H
for the complete sample without ⌫ cut. The solid circles (mock-data) correspond to the nominal
GENIE cross section and include both statistical and systematic uncertainties added in quadrature
(left plot). The sensitivity to a modification of the axial form factor by MA ± 20% is shown for
illustration purpose, together with the result of the nominal GiBUU simulation. All distributions
are normalized to the same integral.

by resonance production. Since all final state particles can be accurately reconstructed in the
low-density tracker described in Sec. II, the unfolding of the detector response is controlled
by the momentum resolution �p/p ⇠ 3%. These features make the ⌫µp ! µ�p⇡+ topology
an excellent tool for the determination of the relative ⌫µ fluxes as a function of E⌫ .

The relevant model uncertainties are the ones a↵ecting the energy dependence of the RES
cross-section on hydrogen, which is controlled by the proton form factors. These uncertainties
are substantially smaller than in any nuclear target, due to the absence of nuclear e↵ects. In
order to estimate their e↵ect on the determination of the relative fluxes we vary the axial
and vector form factors in the event generators and repeat our analysis. The results shown
in Fig. 1 (left plot) indicate flux shape uncertainties of the order of 2–5% depending upon
the neutrino energy considered. We can further reduce such uncertainties by restricting our
analysis to events with low hadronic energy ⌫. Given the typical invariant mass of resonant
processes, cuts down to ⌫ < 0.5 GeV are feasible. Figure 1 (right plot) demonstrates that
the use of this cut with ⌫µp ! µ�p⇡+ events on H can reduce the hadronic uncertainties
on the flux determination to the sub-percent level. This e↵ect arises from the flattening of
the energy dependence of the RES cross-section at ⌫ < 0.5 GeV, associated to the reduced
phase space, which is pushing the residual rise at energies lower then the range of interest for
the flux measurement. Considering an input flux similar to DUNE and the exposures from
Ref. [1], the overall e�ciency of the cut ⌫ < 0.5 GeV on the reconstructed hadronic energy
is about 25% for the µ�p⇡+ topologies on H (Tab. I), resulting in a total of 560,000 events
expected in the flux sample.

As discussed in Sec. II , our analysis is based upon inclusive CC samples with all relevant

5
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Low-ν Method on CH2 (Alternatives)
• CH2 minus carbon is definitely the best choice

• high H statistics => low stat uncertainty

• Low background => low background uncertainty


• Alternatives:

• CH minus carbon

• CH2 minus CH 


• Challenges: 

• Need good resolution and low threshold for H vs C separation as much 

as possible.  

• need as similar as possible detector response for CH and carbon, or 

CH2 and CH. 

• Low-ν cut significantly reduce remaining uncertainties.
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Neutron Detections

You Inst Logo

Sections of 𝛽𝑟𝑒𝑐𝑜 vs 𝛽𝑡𝑟𝑢𝑒 @ different 𝛽𝑡𝑟𝑢𝑒

18 March 19 Federico Ferraro | Neutron detection in a KLOE-based detector15

𝜎β ≈ 0.023

𝛽𝑟𝑒𝑐𝑜−𝛽𝑡𝑟𝑢𝑒
𝛽𝑡𝑟𝑢𝑒

< 0.30 for 27% of the neutrons generated in 𝜈 interactions in LAr
(or for 60% of the neutrons with 𝛽𝑟𝑒𝑐𝑜>0.01)
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Flux Shape Information by ν-e Scattering

Electron Energy vs Angle 2D (Smeared)

I �(Ee) = 6%/
p
E , �(✓) = 1 mrad. The distribution is smeared out,

but still see the di↵erence.
5 / 18

• Pure electroweak process with small, but 
very well known  cross section: Good for 
measurement of absolute flux. 

• Very forward-going electron/muon (small 
Eeθ2) in final state with no other particles. 

• Need good angular resolution. 
• Uncertainty will be dominated by 

statistics: need enough detector mass. 
• Given known neutrino direction it is also 

possible to measure flux shape.

FIG. 1: Lowest order Feynman diagrams of the ν on e elastic scattering.

I. INTRODUCTION

We present a study of the neutrino-electron elastic scattering (ν − e) in the NOvA near
detector. Because ν − e is a purely leptonic process, free from nucleon and nuclear effects,
the Standard Model (SM) can precisely predict its cross-section [1][2]. Consequently, a
measurement of ν-e interaction unambiguously constrains the absolute ν+ν̄ flux. The lowest
order Feynman diagrams of the neutrino-electron elastic scattering are shown in Figure 1.

In ν− e scattering, the angle of the electron in the final state with respect to the original
neutrino direction is uniquely determined from the neutrino energy and the electron kinetic
energy (derived from Ref [1], Formula 5.27):

cos θ = 1−
me(1− y)

Ee

, (1)

where me is the rest mass of the electron, Ee is the energy of the electron and y is the
ratio of the electron kinetic energy to the neutrino energy. When me << Eν , cos θ is close to
unity and the electron in the final state is collinear with the ν-beam, offering the diacritical
variable to distinguish signal from backgrounds.

II. DATA SAMPLE

We use NuMI data collected by the NOvA near detector between 2014 and 2015, with
2.97 × 1020 protons on target (POT). Run numbers for this data set are from 10377 to
10992. The Monte Carlo (MC) sample use the NuMI flux using the FLUKA generator for
hadro-production and the Geant4 modeling for the beam transport. Neutrino interactions
are simulated using the GENIE generator. For the background MC, we use the inclusive ND
MC-sample, composed of νµ-CC, νe-CC, NC, and Rock-events, corresponding to 8.71×1020

POT . For the signal MC, we generate 2.97× 1022 POT neutrino-electron elastic scattering
events with the GENIE generator.

III. NEUTRINO-ELECTRON ELASTIC SCATTERING PID AND e/π0 PID

To identify neutrino-electron elastic scattering signal and to reject the dominant π0-
induced backgrounds, two neural network based particle identification algorithms, Neutrino-
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ν-e scattering IMD

Neutrino-Electron Scattering

10

Chris Marshall - ND workshop6

ν+e event rate in DUNE flux
80GeV 3-horn optimized flux

Ar target @ 574m
Step function efficiency

Total events vs. threshold DUNE Work in Progress

• It is also possible to measure flux shape 
by ν-e scattering. 

• Each neutrino energy bin corresponding 
to a unique distribution of electron 
energy and angle.

• A template fit in electron 
energy vs angle space. 

• The precision not quite 
comparable to Low-ν on H.
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Complementary of KLOE-STT to DUNE-Prism
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Other opportunities from Nu-H Measurement


