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Precision neutrino experiments 
require accurate cross sections

Nobody would argue with this obvious statement here

Still, is this really true? And why?



Basic observations
We are trying to measure conversion/survival 
probabilities for neutrinos                        and 
antineutrinos                      w/ high precision 

OK: measure the event rates in near and far detectors 
and take a ratio.  

Use the same target.  

Simple, no cross sections?

P(νi → νj)
P(ν̄i → ν̄j)



Oscillation probabilities are 
functions of neutrino energy

For example, the location of the 
oscillation features (dips) tell us 
about the values of Δm2.  

The depth of the dips tells us 
about the mixing angles.  

Unlike electron beams, neutrino 
beams are not monochromatic  
(in fact pretty broad)

Chapter 4: Long-Baseline Neutrino Oscillation Physics 4–63
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Figure 4–1: The unoscillated spectrum of ‹µ events from the LBNE beam (black histogram)
overlaid with the ‹µ æ ‹e oscillation probabilities for di�erent values of ”cp and normal hierarchy
as colored curves.

‹e appearance coupled with larger rate asymmetries when CP violating e�ects are included.
LBNE has higher appearance rates with a 700 kW MI beam even when compared to Stage
1 of a neutrino factory (NF) with a 1 MW beam from Project X upgrades †.

4.1 LBNE Detector Simulation and Reconstruction

A 10-kt-scale LArTPC Far Detector, the LAr-FD, fulfills the high-mass requirement for
LBNE and provides excellent particle identification with high signal selection e�ciency
(Ø 80%) over a wide range of energies as described in the LBNE Conceptual Design Re-
port Volume 1 [24]. This is the chosen technology for the LBNE far detector. The status
of the LBNE LArTPC simulation and reconstruction e�orts, and expected performance is
summarized in this section.

4.1.1 Far Detector Simulation

Interactions of events in the FD are simulated with GEANT4 [70] using the LArSoft [71]
package, which is built on the ART software framework [72]. ART is developed and supported

†The corresponding MI power would be 1.2 MW for the neutrino program with this phase of Project X

Scientific Opportunities with LBNE



This is so even for the so-
called “narrow” beams

Consider NOvA (FNAL 
to Northern Minnesota, 
810 km baseline) 

Good sensitivity to the 
“atmospheric” 
parameters                     
(      and            )

NOvA Detectors 

¨  Designed for electron ID 
¤  Low Z materials 
¤  65% active 

¨  ND: Underground at FNAL 
¨  FD: On the surface at Ash River 

P. Vahle, Neutrino 2016 6 

Δm2
23θ23



Contours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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Mayly Sanchez - ISU
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P R E D I C T I N G  T H E  F D  O B S E R VAT I O N
• Each quartile for the neutrino and antineutrino beams gets unfolded independently and the true Far/

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

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

!21

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

see poster #75NOvA at Neutrino 2018

Maximal mixing is no longer strongly disfavoredMayly Sanchez - ISU
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• Matter effects introduce a small asymmetry in the maximal disappearance point 
between neutrinos and antineutrinos. 

• Tension between the muon neutrino and antineutrino datasets (at the 1 σ level) favors 
upper octant (UO) for normal hierarchy (NH) and lower octant (LO) for inverted 
hierarchy (IH). 

Refined energy reconstruction
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tion to be roughly a circle in the bi-probability plane, with the
diameter of ⌃ 0.15 [42]. For example, by measuring P ⌃ 0.05
and P ⌃ 0.03, NO⇤A could claim to have evidence that the hi-
erarchy is normal at almost 3⌃ confidence level (C.L.). More-
over, at 2⌃ C.L., the phase � would be determined to be
3⌅/2± ⌅/2. As a second example, if NO⇤A were to mea-
sure P ⌃ P ⌃ 0.04, the hierarchy could not be established. It
would be known, however, that the � phase is either in the in-
terval ⌅/2±⌅/2 with NH, or in the interval 3⌅/2±⌅/2 with
NH. In other words, the existence of CP violation would be
suggested at the 2⌃ C.L.

Crucially, all these determinations would apply only if it
were somehow known that NSI was ruled out. When we allow
for nonzero NSI in the e�⌥ sector, the situation changes con-
siderably, and the regions corresponding to the two hierarchies
expand significantly. To illustrate this, we first consider the
NSI scenario that was used in the fit of the solar data in Fig. 1.
Recall that the thick curve in that figure was constructed for
|⇥e⌥ | = 0.4 and the phase �⇤ = 0. In this case, at NO⇤A the
variation of the vacuum phase traces out the dashed ellipses in
Fig. 3, analogously to the SM ellipses discussed above. When
NSI-SM interference is constructive the probabilities in both
neutrino and antineutrino modes can be substantially larger,
approaching 0.08�0.10. If nature prefers such fortuitous val-
ues of NSI, NO⇤A will see dramatic deviations from the SM
expectations. We see that NO⇤A is in an excellent position to
probe NSI couplings at a level suggested by the solar data.

Notice that the size of the NSI effect in Fig. 3 can be once
again roughly understood from the discussion in Sect. II B:
since

�
2GF ne cos⇧23⇥e⌥ is ⌃ 3 times larger than �⇤ sin2⇧12,

the dashed ellipses are roughly a factor of three longer.
Alternatively, one may be interested in the general question

of NO⇤A’s sensitivity to ⇥e⌥ , without reference to the solar
data. To address this issue, we vary the �⇤ phase in its entire
range. We also restrict |⇥e⌥ | to a smaller value, 0.2, which is
justified given the level of sensitivity seen in Fig. 3. With this
new fiducial value, we can repeat the same exercise as before
but now with several different values of the ⇤-phase. Doing
so in Fig. 4, we find the regions shown in Fig. 4 (top).

Doing this for all possible ⇤-phases from 0 to 2⌅ traces out
the large blobs for the two hierarchies, see the bottom panel of
Fig. 4. Note that for any given point in the NSI regions, many
ellipses with distinct vacuum and ⇤-phases intersect. This
means considerable degeneracy of parameters corresponding
to distinct values of both the ⇤-phase and the vacuum phase �
intersecting at any given point. This is especially true in the
central regions where one can see what in mathematical jargon
is known as a double “swallowtail catastrophe,” as the param-
eter region folds on itself. Based on this observation alone,
NO⇤A will have difficulty in knowing what combination of
phases they are truly measuring.

Let us now consider four qualitative possibilities for the
outcome of NO⇤A as illustrated in Fig. 4 (bottom):

(1) Clear NSI and hierarchy determination. For example,
the point (P,P) = (0.08,0.04) (⌅ in Fig. 4) is widely dis-
crepant from any SM-only explanation. Moreover, such
a set of probabilities would not be likely to have come
from SM or NSI cases in the inverted hierarchy. In this
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FIG. 4: Similar to Fig. 3, although here we fix |⇥e⌥ | = 0.2. Top:
Scanning over many values of the NSI phase �⇤ results in signif-
icant degeneracy, with many distinct curves intersecting at a given
point. Bottom: The result of allowing �⇤ to float arbitrarily yields
the shaded blobs. See text for a discussion of the four qualitatively
distinct points.

case, one could fairly say that the normal hierarchy and
nonzero NSI are strongly favored. This represents an
example of the best case scenario for NO⇤A being sen-
sitive to this new physics.

(2) Clear NSI determination only. Here the point (P,P) =
(0.055,0.06) (• in Fig. 4), would indicate a strong pref-
erence for the existence of NSI. Of course with this
measurement alone however, no confident statement
about the sign of the mass hierarchy could be made.

(3) Hierachy determination only. An exemplary point of
this possibility is offered by (P,P) = (0.06,0.03) (� in
Fig. 4). Here the normal hierarchy would be mildly pre-
ferred over any explanation based on the inverted hier-
archy. However, this point is degenerate with SM and

Even more critical when going 
beyond the minimal paradigm

New physics can confuse 
parameter extraction, 
introduce degeneracies   

The solution is to map 
out oscillation probability 
as a function of energy. 

To search for this, we 
must have good energy 
resolution 

A.F., I. Shoemaker, arXiv:1207.6642



Thus the crucial link is the 
measurement of energy

Assume we have excellent near and far detectors, which can both 
measure neutrino energies well. Then we (mostly) don’t need cross 
section physics. 

Oscillation papers as the main product 

Neutrino cross section information as a by-product.  

One-way information flow: from experiment to cross section models. 

For the oscillation studies, one could crudely assign the difference 
between observed and modeled cross sections to some process. 
Say, call it “tuning 2p2h”. This may have little to do with the actual, 
physical 2p2h rate.



So why again do we need 
cross section models?

The question is actually more interesting than it sounds 

We need them to measure neutrino energy 

Experiments do not have a direct way to measure 
energy precisely  

The cross section model is then needed to improve this 
measurement 

by filling in the missing information



Measuring neutrino energy
CC interactions create a charged lepton 
+ some hadrons in the final state.  

The most direct way is to measure the 
energies of all these particles and add 
them up. Calorimetry. 

This is how NOvA and DUNE work and 
this will be our focus here. 

NOvA and DUNE are not perfect 
calorimeters. Have missing energy 
channels.

 

 

 

 

Hadronic system

 

 

 

 



Digression: Can’t we use 
only the charged lepton?

“kinematic method”: use energy 
and angle of the final-state lepton 
+ energy-momentum conservation 

Neglects Fermi motion of the 
struck nucleon 

Works only when the invariant 
mass of the hadronic system is 
known (e.g., QE) 

DUNE operates at energies of 
several GeV, where one has a 
variety of possible hadronic final 
states
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Prerequisite: missing energy 
and resolution

This turns out to be a very interesting physics problem 
in its own right. Broad implications for the performance 
of the experiment beyond cross section uncertainties.  

At first, we wanted to make use of published results on 
this. However, the literature turns out to be incomplete, 
confusing, and even contradictory, both on the missing 
energy and on energy resolution. Hence, we ended up 
simulating the problem from scratch.



Rules of the game
We do not use any internal proprietary DUNE tools 

Our simulation framework is based on combining GENIE (version 
2.12.8) for primary interactions and FLUKA (version 2011.2x.2) for 
event propagation in LAr 

GENIE is the event generator used by all Fermilab experiments 

FLUKA has a solid reputation, especially for propagating 
neutrons and gammas (as recently confirmed by ArgoNeuT) 

We want something that is fast, flexible, and can transparently 
separate different contributions. Complementary to full detector 
simulations. 

One year later, here are the results (arXiv:1811.06159, PRD 2019 )



Basic findings
Energy reconstruction strongly depends on the detector 
performance and analysis strategy. Depending on assumptions, the 
energy resolution of DUNE can vary by as much as a factor of 3. 

The first key step is to identify the missing energy channels:  

subthreshold particles,  

charge recombination,  

neutrinos created in pion/muon decays,  

energy lost to nuclear breakup.



Missing energy crucially depends on the 
composition of the final-state hadronic 
system

Electromagnetic showers have many 
tracks and charge blips. The latter are 
from gammas Compton scattering. 
Different charge/energy conversion 
compared to a charged pion track. 

Protons vs charged pions have 
different charge density along their 
tracks. This means different charge 
recombination. The efficiency of 
calorimetry is tied to the efficiency of 
particle-ID
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Neutrons
Neutrons deserve a special focus, 
since they by themselves do not 
leave ionization tracks 

They do lose energy, through 
nuclear breakup. 

Some of this energy is truly lost. 

Some does appear as ionization, 
when nuclei de-excite, emitting 
gammas. These gammas 
Compton scatter, with m.f.p. ~ 14 
cm. This gives rise to the “spray”
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Neutrons

Same as previous slide, 
with particle trajectories 
shown
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Neutrons
Sometimes energetic 
secondary nucleons are 
knocked out. That could 
include protons, which do live 
ionization tracks.  

These protons are special: 
they don’t connect to the 
main event and don’t 
necessary point at the 
primary vertex. Special 
attention needed!
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Example event at DUNE, 
from our simulations

Muon is the longest track. 
Decays in the end (Michel 
electron seen) 

Charged pion is intermediate. 
Secondary interaction 

Proton track is short. Also 
secondary interaction 

Spray of small charge 
deposits. Mostly due to 
neutrons.
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Event composition: prompt 
particles

For illustration, let’s look 
at the first 10 events of 
the simulation
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Simulating energy flow

Now let’s run these 10 
events through FLUKA 

Notice very different 
breakdowns 

Even at the same 
hadronic energy: cf. 
events 1 and 3 
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Simulating energy flow, 
again!

Since shower 
development is an 
inherently stochastic 
process, the same 
events can be realized 
differently! Need large 
simulation statistics!
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However, this has little to do 
with the real missing energy 
budget! 

Fully propagating events 
and imposing the CDR 
thresholds, we find this for 
the hadronic system 

Neutrons are separated in 
their own subcategories

Eν = 4 GeV

6

threshold values quoted in the DUNE CDR document.
These are reproduced in Table I.

p ⇡± � µ e others

Thresholds
(MeV)

50 100 30 30 30 50

TABLE I. Detection thresholds according to the DUNE CDR
document [1]. The values given correspond to the kinetic
energy of each particle.

To quantify the impact of prompt neutrons and thresh-
olds, we generated a set of 10,000 ⌫µ +Ar CC scattering
events with a 4 GeV neutrino energy and have taken the
average. The results are shown in Figure 6. Most energy
is visible, i.e., carried by charged particles above thresh-
olds. There is 19% energy loss to neutrons, the number
that is consistent with [2]. Thresholds, on the other hand,
plays a negligible role here. This may be a little surpris-
ing, as an intuitive argument is that if a charged pion
falls below threshold, then we lose not only its kinetic
energy, but also its rest mass 139 MeV. In fact, pions on
average carry ⇠ 30% of total hadronic energy. But they
most likely have around 500 MeV of total energy, with
a long tail extending up to 3 GeV. The fraction of pions
that falls below the 50 MeV threshold is tiny.

As we emphasized before, Figure 6 is misleading be-
cause it takes into account only the primary neutrino
interaction. For example, neutrons can be produced also

FIG. 6. Hadronic energy budget after primary neutrino in-
teraction. A set of 10,000 4 GeV ⌫µ scattering events has
been averaged over. Shown are the fractions of the hadronic
energy that go into prompt neutrons, sub-threshold particles
(according to Table I) and the rest.

downstream, as the events develop. Conversely, while
neutrons themselves do not leave tracks, some of their
energy can nonetheless be converted to visible charge,
via hadronic interactions with the Argon nuclei in the
detector medium. It is also intuitively clear that most
sub-threshold particles will be found at the last stages of
shower development. These arguments make it apparent
that a meaningful study of the energy loss channels must
include the full event development. We therefore turn to
it next.

B. Particle propagation in medium

We inject all final-states particles out of GENIE into
FLUKA, with their correct 4-momenta. FLUKA uses
these inputs to simulate the full event development
in liquid argon, incorporating all relevant physics pro-
cesses, such as ionization and radiative energy losses,
hadronic inelastic interaction, and particle decays. Un-
like GEANT4 [16, 17], which handles particle propaga-
tion in LArSoft, physics models in FLUKA are not tun-
able by users.

For each event, primary particles and all subsequently
produced secondary particles interact and propagate till
all particles either fall below propagation thresholds or
escape a user-defined geometry. We set our propagation
thresholds to 0.05 MeV, which is much lower than the
DUNE detection thresholds. As for the geometry set-
tings, we define the interaction region to be 12 m ⇥ 14.5
m ⇥ 58 m, the geometry of one 10-kton DUNE mod-
ule [18]. When assuming neutrons to be 100% invisible,
we discard neutron propagation with the DISCARD card.

Di↵erent types of final-state particles have distinct sig-
natures in liquid argon. Below we review what happens
to muons, electrons, gamma rays, charged pions, protons,
and neutrons. The latter deserve a special discussion, as
they are a major channel of missing energy.

1. Charged particles and gamma rays

Muons. Charged particles, when moving through liq-
uid argon, impart some of their kinetic energy to sur-
rounding electrons. This results in ionization tracks. In
a typical ⌫µ + Ar scattering event, the longest track is
left by a muon, as illustrated in Fig. 2 (right panel). This
track is mostly straight, with some deflection provided by
multiple Coulomb scattering on ions in the medium. The
energy loss rate is almost constant, ⇠ 2 MeV/cm [19], as
is expected from a minimally ionizing particle. The dis-
tance a muon travels before coming to a stop can there-
fore be estimated by

dµ =
Eµ

0.2 GeV/m
. (2)

A 4 GeV muon can travel ⇠ 20 m. Each module of the
far detector of DUNE is 58 m long and 12 m ⇥ 14.5



From missing energy to 
resolution

With all channels well characterized, one can work 
backwards and reconstruct the true energy. 

Divide observed charges by the expected visible 
fraction 

The procedure works only on average, but events 
are inherently stochastic. Hence the inferred true 
value will fluctuate. 



1.5 2.0 2.5 3.0 3.5 4.0 4.5
Reconstructed neutrino energy (GeV)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

dP
/d

E
(G

eV
�

1 ) En = 3 GeV

CDR, 17%
Charge, 12%
Best rec, 6%

Energy reconstruction 
3 GeV neutrino

Applied the reconstruction 
procedure in three 
scenarios: 

1.CDR thresholds 

2.total charge calorimetry 

3.detailed event 
reconstruction (particle ID  
corrections, low 
thresholds)
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Energy reconstruction 
3 GeV antineutrino

The same for 
antineutrinos 

Notice the reconstructed 
energy for scenario 3 is 
very asymmetric 
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Although the migration matrices 
are non-Gaussian, one can still 
characterize energy resolution 
by their standard deviation 

Dramatic hierarchy of 
resolutions between scenarios 
1, 2, and 3 persists across the 
DUNE energy range 

Anti-neutrinos are better 
measured above ~ 2 GeV, 
neutrinos below



The entire process relies on the 
details of the cross section model

We predict the full hadronic system w/ GENIE and then infer how 
much should be visible for given reconstruction assumptions 

Which properties are important depends on the detector 
performance! 

For example, in our best-case scenario, neutron production is 
key (multiplicities and energies) 

On the other hand, without particle-ID information, we also 
need to know how many charged pions vs protons we have in 
the final state



How do we validate our 
generator?

Compare to other generators 

Test against well-measured processes



use electron scattering

Common physics includes 
- Initial nucleon momentum distribution (spectral function)  
- Final state interactions  
- Hadronization at several GeV, meson exchange currents, etc  

(Axial response is needed separately)
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use electron scattering

GENIE generator predictions show dramatic discrepancies with a 
variety of inclusive electron scattering data 

Artur Ankowski, A.F., Shirley Li, the last 2 years
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Electron scattering comparison

Data collected at JLab in 2017
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Different kinematic regimes

Chronic problems with many 
other datasets.

Systemic 
discrepancies 
beyond CCQE
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Mapping out the pattern of 
discrepancies
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Comparing to earlier 
comparisons

T. Katori (NuInt 2012) noted in a couple of comparisons 
of GENIE that the agreement was poor 

Different energy regime, 0.5 GeV datasets.
https://indico.fnal.gov/event/5361/session/21/contribution/58/material/slides/0.pdf
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Comparing to earlier 
comparisons

Different energy regime, 0.5 GeV datasets. Recommended cure: Dytman 
2p2h. Not pursued further. 

Too bad! By extending the comparisons to the several-GeV regime 
relevant to DUNE, we see that while the QE peak shows better 
agreement (RFG), the regime of inelasticities exhibits stark discrepancies

560 MeV, 36 deg

(a) total

DIS
res

MEC
QE

d2
σ
/d
Ω
dω

(n
b/
sr

G
eV

)

0.40.30.20.10.0

90

60

30

0

560 MeV, 60 deg

(b)

ω (GeV)
0.40.30.20.10.0

6

4

2

0

560 MeV, 145 deg

(c)

0.40.30.2

0.6

0.4

0.2

0



Summary of inclusive electron 
scattering comparisons

Pattern of dramatic discrepancies beyond the QE peak 

50% or larger discrepancies, both near the Delta peak 
and beyond, in transition to DIS 

The same pattern is present in Carbon and deuterium 

Without better hadronic physics, this problem cannot 
be cured



Impact on hadronic final 
states

Inaccurate model of pion 
production leads to incorrect 
prediction for the properties 
of the hadronic system 

The problem can be further 
compounded by nuclear 
physics, namely the 
development of the intra-
nuclear cascade: primary 
hadrons undergo FSI, knock 
out nucleons, lose energy, 
get absorbed, etc 
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Summary
Cross section physics enters neutrino oscillation studies via its impact on energy 
measurement 

The model is used to fill in the missing pieces 

The key predictions for DUNE are exclusive hadronic final states 

Things like neutrons, proton-pion composition 

Which one is most important depends on the performance of the detector 

Inclusive electron comparisons indicate hadronic inelasticities (resonances/SIS/
DIS) are mis-modeled in GENIE. This is troubling for the composition prediction. 

Nuclear physics — transport of particles — further compounds the issue



What data would help?

Exclusive data from electron scattering 

Data on the hadronic final states from NOvA and 
MINERvA 

More experiments such as ANNIE (“The Accelerator 
Neutrino Neutron Interaction Experiment”) and 
CAPTAIN to understand neutron production and 
interactions in LAr



Thank you!



Postscript: Why do DUNE at 
several GeV?

This is clearly a very challenging energy range to model 
interactions. Why would anyone choose it? 

Dictated by physics of the problem 

Earth matter effect is used to distinguish mass hierarchies 

But the matter term             has dimension of inverse length! 
To have significant matter effects in Earth, one needs 
baselines ~ 103 km. But then to have an oscillation maximum 
with atmospheric splitting,             requires energies of 
several GeV

2GFne

Δm2/2Eν


