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Why cross sections now?



PDG 1996 
http://pdg.lbl.gov/1996/www_2ltab.ps

In two decades, we went from this:

http://pdg.lbl.gov/1996/www_2ltab.ps


… to this:
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… without having to understand cross 
sections precisely. What changes now?



Discovery era precision era→
In the early days, signals were large and observables robust 

Atmospheric neutrinos: oscillations reduce  flux by a 
factor of 2, up/down asymmetry cancels uncertainties 
(SuperK) 

Solar neutrinos: oscillations reduce  flux by a factor of 3, 
measurements with both charged and neutral current (SNO) 

Modern experiments look for O(10%) effects in search for 
subtle signatures of CP violation, mass hierarchy, new physics  

νμ

νe



Goal: precision studies of neutrino 
oscillations as a function of energy

Reconstruction of energy is key and for this we need 
accurate cross section models

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



Measuring neutrino energy 
at DUNE/NOvA

In the beam of 1-4 GeV, a 
variety of final states are 
produced, with protons, 
pions, and neutrons 

Because of this, lepton 
kinematics alone is 
insufficient to infer   

Have to use calorimetric 
reconstruction: measure 
energy of all final-state 
particles

Eν

see AF, S. Li, arXiv:1811.06159,  
arXiv:2007.13336



Typical 4 GeV neutrino in LAr

A number of missing 
energy channels 

Generators are needed 
to fill in missing 
information  

E.g., neutron losses, 
low-energy p/pi-
discrimination, etc

see AF, S. Li, arXiv:1811.06159,  
arXiv:2007.13336
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FIG. 12. Hadronic energy budget after fully propagating neu-
trino events (cf. Fig. 6). The averaging was performed over a
set of 10,000 4 GeV ⌫µ CC interactions. Shown are the frac-
tions of the hadronic energy that go into ionization charge
(charge) above and below the CDR thresholds, that are lost
to recombination (rec), lost to nuclear breakup (nucl) and,
finally, that escape as decay neutrinos (⌫). As in Fig. 10,
the corresponding processes for neutrons are shown separately
(n).

able, consistent with the behavior observed for the ten
events of Sec. IVA. A lot of statistics is then required to
fully characterize it.

Moreover, since the loss fractions may change with the
incoming neutrino energy, large samples must be gener-
ated for each energy value of interest. The study in ques-
tion is thus by necessity computer-intensive. We report
its findings below, in several steps.

First, let us specialize to a fixed neutrino energy.
To this end, we return to the 10,000 CC neutrino-
argon 4 GeV scattering events we previously discussed
in Sec. III A. We run all of them through FLUKA and
perform averaging over the results. To make the com-
parison with the earlier discussion straightforward, we
also impose the CDR thresholds (according to Table I).
The di↵erence with Sec. III A is that now we apply them
consistently, to the low-energy particles produced at all
stages in the events.

The outcome of this analysis is summarized in pie-
chart form in Fig. 12, which should be compared with
Fig. 6. It is immediately apparent that the new pie
chart is qualitatively di↵erent: the energy budget now
has many components, with none clearly dominating the
rest, in agreement with what we already saw in Fig. 10.
The contrasts are numerous. For example, loss to nu-
clear breakup comprises a significant part of the overall

energy budget in Fig. 12, especially the part caused by
neutrons. This category is not present at all in Fig. 6.
Even among the categories that are common between
the two pie charts, there are notable di↵erences. The
neutron-related slices in Fig. 12 together add up to 30%
of Ehad, significantly more that the corresponding slice
in Fig. 6. The di↵erence is made up by secondary neu-
trons knocked out in propagation. The fraction of energy
that goes to subthreshold losses is as large as 20% in
Fig. 12, dramatically larger than the corresponding slice
in Fig. 6. Clearly, considering full propagation qualita-
tively changes every aspect of the problem.

The total visible energy in Fig. 6 is seen to be only
40%, significantly lower than in Fig. 12. We see that
this number strongly depends on the experimental per-
formance: it can be as low as 29% if all neutrons are
also missed, a maximally pessimistic scenario, or as high
as 60%, if all neutron-created charge is detected and all
thresholds are lowered to zero.

We see that a consistent application of the CDR
thresholds to entire events in DUNE leads to dramatic en-
ergy losses. In this respect, it should be kept in mind that
the CDR thresholds are extremely conservative and in no
way reflect fundamental technology limitations. Indeed,
as already mentioned in Sec. III B, liquid argon detectors
can observe much less energetic particles [31, 32], even
down to MeV-scale deposits from de-excitation gamma
rays, as recently shown by ArgoNeuT [33]. Accordingly,
while lowering thresholds all the way to zero may not be
realistic, it is of interest to consider what can be achieved
under optimistic assumptions. To this end, if we impose
hit-finding thresholds [31–33] of 100 keV (applied to ac-
tual ionization charge), the below-threshold slice in Fig. 6
shrinks from 20% to as little as 2%. For the rest of this
section, we will adopt such optimistic values.

With this setup, we can now turn to our general results.
We repeat the same full event simulations as done before,
for a set of neutrino energies in the range of 0.1–5 GeV,
which encompasses the spectrum of the DUNE beam.
The results are presented in the left panel of Fig. 13. This
time, we specialize to ⌫e+40Ar scattering and include the
electron shower in the overall energy budget, so that the
total adds up to the incoming neutrino energy. We also
impose low particle thresholds of 100 keV per hit, as
discussed earlier.

While some variation with energy is observed, over-
all the fractions are quite stable. This result is perhaps
surprising, given the significant change of the final-state
composition as the neutrino energy is varied between 1
and 5 GeV. The main changes with energy are in the
fraction of hadronic energy that gets lost to charge re-
combination and in the fraction that goes to neutrons.

Because of its high importance, we carried out a dedi-
cated investigation of the energy dependence of the neu-
tron channels. For this, we simulated complete prop-
agation in liquid argon of neutrons with initial kinetic
energies from 100 MeV to 1 GeV, averaging, as before,
over 10,000 events at each energy value. Table II shows



Does this really matter for 
oscillation measurements?

Figure from NOvA,
arXiv:1906.04907
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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 2019

 implies a steeply rising spectrumθ23 = π/4

Figure from NOvA,
arXiv:1906.04907



cf. NOVA 2016
More events in the dip could be interpreted as evidence 
of nonmaximal mixingContours 

Maximal mixing excluded at 2.5σ 

P. Vahle, Neutrino 2016 18 
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What are the greatest 
challenges?

The problem is very rich, has many ingredients, as 
implemented  

QE, RES, DIS, FSI, multi-nucleon, etc 

Which processes are the most challenging to model? 
Which are behind the largest discrepancies? 

This is asked as a physics question here, not in a 
Snowmass sense



Neutrino scattering at 
several GeV

Testing everything with neutrino 
scattering is challenging 

neutrino beams are not 
monochromatic and energy 
reconstruction requires good 
generators, see above!   

Find an independent way to 
systematically test all these 
processes

θµ = 15◦
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Figure: A. Ankowski, AF, Phys Rev 
(2020) e-Print: 2006.11944



Use electron scattering

Despite the different primary vertex, much physics in common: 
Vector part of the interaction 
Initial nucleon momentum distribution (spectral function) 
Final state interactions (rescattering, optical potential, nuclear 
transparency) 
DIS limit, hadronization at several GeV, etc 
 - discussion in Sec. 2 of 1912.06140 [10.1103/
PhysRevD.101.053004]   

Systematic study of generator models using a large inclusive electron 
scattering dataset

https://doi.org/10.1103/PhysRevD.101.053004
https://doi.org/10.1103/PhysRevD.101.053004
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Predictions of GENIE v2.12.10 beyond the quasielastic peak 
are in dramatic disagreement with the data



A-dependence

The same pattern for Ar, Ti, Al and C. -> not nucleus-specific -> use 
carbon data, for which there is abundant data gathered over decades

2.2 GeV electron beam 
JLAB

12

Data A-dependence

HEP Institutional Review 2022

Murphy et al.,
PRC 100, 054606 (2019)



Different kinematic regimes

Problems with many other 
datasets

Systemic 
discrepancies 
beyond CCQE
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Zeroing in on the source of 
the error: go to simple targets

Deuterium
14

Electron scattering on deuterium

HEP Institutional Review 2022

A.M.A. & A. Friedland,
PRD 102, 053001 (2020)

data: data: Malace Malace et al.et al.,,
PRCPRC 80, 035207 (2009), 035207 (2009)

data: data: Niculescu Niculescu et al.et al.,,
PRLPRL 85, 1186 (2000) , 1186 (2000) 



Hydrogen
15

Electron scattering on hydrogen

HEP Institutional Review 2022

A.M.A. & A. Friedland,
PRD 102, 053001 (2020)

data: Niculescu data: Niculescu et al.et al.,,
PRLPRL 85, 1186 (2000), 1186 (2000)

data: data: Malace Malace et al.et al.,,
PRCPRC 80, 035207 (2009), 035207 (2009)

	 For details, see e-Print: 2006.11944 
	 DOI: 10.1103/PhysRevD.102.053001

Large discrepancies originate from the (mis)modeling of 
hadronic processes 

Notable double counting in the RES->DIS region



Mapping out the pattern of 
discrepancies

  
20

A.M.A. & A. Friedland,
PRD 102, 053001 (2020)

Are these issues general and relevant?

Carbon Hydrogen



Large discrepancies persist 
for other generators

At high energies, the SIS region is especially challenging
23

Are these issues common between generators? 

HEP Institutional Review 2022

A.M.A., A. Friedland & S.W. Li,
in preparation

Hydrogen, 2.445 GeV @ 20.00º

data: 
Niculescu et al., PRL 85, 1186 (2000)

ω (GeV)

A. Ankowski., A. F. & S.W. Li, in preparation 
Data: Niculescu et al., PRL 85, 1186 (2000)   



Large discrepancies persist 
for other generators

At high energies, the SIS region is especially challenging
A. Ankowski., A. F. & S.W. Li, in preparation 
Data: Niculescu et al., PRL 85, 1186 (2000)   

24

Are these issues common between generators? 

HEP Institutional Review 2022

A.M.A., A. Friedland & S.W. Li,
in preparation

data: 
Niculescu et al., PRL 85, 1186 (2000)

ω (GeV)

Hydrogen, 4.054 GeV @ 24.03º



Large discrepancies persist 
for other generators

Generally, overlaps between different mechanisms 
present a lot of conceptual challenge

26

Are these issues common between generators? 

HEP Institutional Review 2022

data: 
Sealock et al., PRL 62, 1350 (1989)

A.M.A., A. Friedland & S.W. Li,
in preparation

ω (GeV)

Carbon, 1.299 GeV @ 37.5º



Instructive: comparison with 
e4nu data

The same double-counting is manifested at high E

  
27

(Semi)exclusive (e,e’p) cross section

M. Khachatryan et al. (CLAS and e4ν), Nature 599, 565 (2021)



Summary: state of the art of 
MC generators 

Modern generators model the regime of several GeV as a combination of 
different channels. The problem is not specific to any generator version:  

Transition from higher resonances to DIS is problematic. Yet, nearly 
half of DUNE events fall into this regime 

MEC contribution added to QE by hand, typically worsens the 
description of the QE peak 

Generator developers must resort to ad hoc prescriptions, due to the lack 
of a consistent theoretical approach. This leads to discontinuities, double-
counting, and other inaccuracies.  

In general, the accuracy for pion production is worse than for QE



Note I: large discrepancies among 
generator predictions for exclusive 
channels

• 	e-Print: 1912.06140 [hep-ph]

• 	DOI: 10.1103/PhysRevD.101.053004
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Note II:Another ingredient is 
the nucleon axial FF

Lattice QCD has made 
tremendous progress in the last 
decade 

Excited state contamination 
identified and subtracted, 
different methods by different 
groups (ETMC,NME, RQCD) 

Results agree between the 
groups, conserve PCAC, 
disagree with the old dipole  

Cf. work by Hill, Paz, Meyer 
et al Work with E. Passemar and her students at IU

Kevin Quirion Indiana University5

Progress in Lattice QCD

After 2018: 

Low energy excited state was identified 
and accounted for


Low  data supports a low value for the 
axial mass


High  data supports a high value for 
the axial mass

Need precise lattice data throughout 

 in order to fully 
parametrize the axial form factor

Q2

Q2

0 ≤ Q2 ≤ 1 GeV2

Figure by Kevin Quirion, IU


