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i.e. 

what will and will-not have been measured 
after MicroBooNE era?
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to project in time by 10-12 yrs from now, 
it could be helpful to first go back in time by 10-12 yrs 

and
evaluate achievements and pace of progress since then.

This may give some support for projections and guesses 

... the risk of slipping into trite remarks is extremely high
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NuINT’01 - KEK-Tsukuba

WHERE WERE WE 12 YRS AGO?
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Available at that time 

(collected from 1979 
to1995) + NOMAD Data 

(already collected)

M. Sakuda (summary talk)
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CC-Inclusive XSECT

XSect data looked scattered, and errors were large 
but (general opinion), statistics was low, 
flux affected by large uncertainties, 
detector systematics (possibly) non fully 
understood/controlled   

NuInt-’02
(S. Zeller)
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However, the real (scary) message the (e,e’) community from 
the (e,e’)-community was:

  nuclear effects are important and 
far more complex and overwhelming 

than usually assumed  

V. Pandharipande

This was for many of us (neutrino community) the start of 
an exhausting effort into nuclear physics 
(mediated through the e,e’-experience) 

NuInt’01
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* today a consistent picture is far to be available yet 

- Fermi Gas model for nucleons in Nuclei is no longer a considered a satisfactory model
 
- MC’s need truly major upgrades in the treatment of nuclear effects 

[but again, coherent/comprehensive theoretical models are not yet available - i.e. universally 
accepted - and MC coding is very difficult (if not impossible) at this stage]

Additional (BIG) complications wrt (e,e’)experiments are intrinsically connected to:
 
  * Neutrino Experimental Approach 
and
  * Neutrino Detectors  

- we know (now) that about 20% 
Nucleons in Nuclei are in SRC (np) pairs
 
- long range correlations (MEC) are very 
relevant and may change significantly 
XSECT measurements

- Pion absorption (two-body) is relevant

- FSI’s are always a big pain

- all these effects are combined and 
interfere w/ each other - (e.g. MEC can 
involve SRC pairs !)
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* the big, main difference btw. el-scattering & 𝜈-scattering 
experiments is the incident energy, not fixed, but broadly 
distributed in the beam spectrum

* as a consequence, also the 4-Momentum Transfer 
components (ω,q) are not directly determined by final 
lepton kinematics

⇒ the study of Nuclear Effects 

that heavily affect neutrino interactions 
- all currently used targets are Medium/Heavy Nuclei - 
is hampered to some extent by the 
limited accuracy in (ω,q)
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Neutrino Energy Reconstruction and 
the Detector Technology

from NuInt-’01 possible 
(only) if your 

detector allows 
for it !!

otherwise this is 
what one could do:   

use only muon 

Cherenkov detectors

....this, 
however, was 

just a wish
at that time

M. Sakuda (summary talk)
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THE NEED OF DETECTORS WITH ENHANCED DETECTION 
CAPABILITY FOR EMITTED PROTONS AND LOW ENERGY PIONS 

FROM NEUTRINO INTERACTIONS IS QUITE EVIDENT 

Neutrino energy distribution at Eμ = 600 MeV and θμ= 60 deg 
(upper panel) and Eμ= 1 GeV and θμ= 35deg (lower panel), 
reconstructed from previous slide Eq. using random target 
nucleon (p;E) values sampled from the probability distributions 
associated with spectral function (SF) and the RFGM, with Fermi 
momentum pF = 225 MeV and removal energy = 27 MeV (FG). 
The arrows point to the values of Eνrec obtained from Eq. in 
(previous slide).

O. Benhar and N. Rocco
arXiv:1310.3869

This also reflects on 
(ω,q)  

transfer momentum  
determination 
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WHERE ARE WE NOW ??
(A DECADE AFTER NUINT’01)

New Generation - XSECT-dedicated ν-experiments
(MINERvA, SciBooNE, ArgoNeuT)

Non-XSECT-dedicated ν exp’s
(NOMAD, MiniBooNE, MINOS-ND, T2K-ND)

provided high statistics nu-XSECT measurements, 
but (!):

- run at high energy (DIS dominated)
or

- with no/limited sensitivity to Nucl.Effects
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New Experimental Results:
CC-Inclusive: 

•MiniBooNE
•MINERvA
•T2K
•ArgoNeuT

Ch.π production:
•MINERvA
•T2K

Neutr. π production:
•MINERvA
•T2K

CC QE:
•MiniBooNE
•MINERvA
•(prospects from T2K)

CC-0π (=1μ+Np topology) 
• ArgoNeuT 

Nuclear Effects:
•ArgoNeuT 

MonteCarlo:

Comparisons (GENIE, NEUT, NUANCE, NUWRO)

Features of GiBUU generator

MEC implementation in GENIE, NUWRO, GiBUU

Theory (a limited selection):

Anti-ν to ν Xsect systematics
 
Strange Particle productions

CCQE, 2p2h excitations and ν energy 
reconstruction

Photon emission in (anti)ν NC interactions with 
nucleons and nuclei

2012-13
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MiniBooNE 
and NOMAD 
νμ  and anti-νμ 

CCQE

High Stat. (non-XSECT-dedicated) ν-Exp’s
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XSECT-dedicated ν-Exp’s

MINERvA
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Imaging LAr-TPC detector:

- exclusive topologies can be fully reconstructed 

 the high PID capability allows:

- proton detection and determination of proton multiplicity at the neutrino 
interaction vertex down to very low proton energy threshold -                                                 

(in ArgoNeuT:       Tthr = 21 MeV, i.e. below Fermi level)

- soft pion detection and discrimination from proton

- reconstruction of proton(s) kinematics ultimately allow for most precise 
reconstruction of the incoming neutrino energy (from its excellent Energy and Spacial 
resolutions). 

ArgoNeuT

Nuclear Effects definitively play a key-role.
For a quantitative investigation, a more sensitive 

detector technology is necessary

15Friday, 22November , 2013



 proton threshold 
is 21 MeV of 

Kinetic Energy
(ArgoNeuT)

muon%

Short%(2%wires)%track%with%high%ioniza6on%%
superimposed%to%the%muon%track%

KE=22  3 MeV±

The$short$track$behaves$like$proton$

*$Kine4c$energy$vs$track$length$(data)$

• $NIST$predic4ons$

The$event$is$(CCQE)$1p$–$1$µ�!

Length=0.5 cm

Low energy proton reconstruction
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17

π

p1

p2
p3

•p1: 4.9  cm  ----> T=83±5 MeV
•p2:    5  cm  ----> T=134±7 MeV
•p3:    5  cm  ----> T=134±7 MeV

•π:   3.5  cm  ----> T=26±3 MeV

1μ 3p 1π
⇒ Event not in the
muon+Np sample

p/π± identification capability
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Event topology 

16 

ν interaction vertex!

ν beam! ν beam!

ν interaction vertex!

EXCLUSIVE EVENT  TOPOLOGY

1! +2p

ν beam!

Sensitive to 
SRC

(paper on 
arXiv 

by the end of 
the yr)
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WHERE WILL WE BE IN 5YRS FROM NOW ??

IN THE FOLLOWING: 
THE MICROBOONE PERSPECTIVE/VIEW

MINERvA era - continued
NOvA - started

MicroBooNE - about to start

MicroBooNE:
- most sensitive detector to study Nuclear Effects 

and ν-Energy reconstruction
- simultaneously exposed to BNB (~0.8 GeV) and 

NuMI-offaxis (2-3 GeV)
- XSECT is (one of the two) major physics goal of its 

program
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MicroBooNE

Instead of MC based 
classification of the 

events in the 
interaction channels 

(QE, RES, DIS etc),  
CC neutrino events 

in LAr can be classified 
in terms of 

Final State Topology 
based on Particle 

Multiplicity: 
0 pion (i.e. µ+Np, where 

N=0,1,2...), 
1 pion (i.e. µ+Np+1π),

 etc..

Booster ν-Beam
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 - High Stat. study of Nuclear Correlations and 
their impact on 

νμ-CC QE / RES reactions 
(in quasi-DIS-free conditions)

- assuming 9e20 POT per 3 years for NuMI, 

about equivalent Stat. is being 
collected (> 100k evts) [C. Adams - Yale]

- extension of precise neutrino 
energy reconstruction/nuclear 
effects in the LBNE energy range

What about NuMI-off axis data ?  (I)

Data from BNB 
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• a first considerably large sample of νe CC events (~4k) 
is available (intrinsic NuMI beam)   [C. Adams - Yale]                  

[similar to current ArgoNeuT νμ CC Statistics]

What about NuMI-off axis data ? (II)

This sample will provide 
opportunity to step into 
the so far unexplored      
νe CC territory  

ArgoNeuT νe CC event: (1e + 2p) Event
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WHERE WILL WE BE
 SOMETIME BY THE END  OF  THE  DECADE ??

view from a crystal ball (...full of LAr) 

after MicroBooNE, 
a “precision era” in XSECT 
measurement could start 

as soon as 
a high-resolution detector 

be operated 
as Near-Detector in a 
high-intensity ν-beam 

for next generation oscillation 
studies
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STRANGE Particle production in ν-N interactions
search for rare processes: 

a new page in neutrino interaction physics

Single Strange Baryon production
Cabibbo suppressed

require Bubble Chamber-like detector capabilities:
detached vtx’s detection and excellent PId
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e.g

ArgoNeuT 

Direct access to nuclear 
effects requires:

- low threshold for 
proton detection 
(well below Fermi 

level)

- neutron detection 
capability                  

(p conversion via CEX)

- sensitivity to low 
energy de-excitation 
γ’s (via Compton Sc.) 

high-resolution detector
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•

arXiv:1309.7987 [physics.ins-det]

LAr1-ND: a new ~50t fid. LArTPC 
on the BNB - (SciBooNE Site) 

for Exclusive Topologies XSECT determination

Near-Detector in a 
high-intensity ν-beam 

“precision era”
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μ

μ

 Neutrino

 present generation ν-Exp’s 
      (MINERvA, MicroBooNE): 

 in-depth study of Nuclear Effects and    
     their impact on ν-Interaction reconstruction 

 first hints about νe-XSECT

 NEXT generation 
high-resolution detectors 

operated 
as Near-Detector in  

high-intensity ν-beams:

The Rare Process&Precision era 
in exclusive 

XESECT measurements for both 
muon and electron neutrino 

SUMMARY
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