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NO’A 

Recent and future accelerator and atmospheric neutrino 
 long baseline neutrino oscillation experiments

Super-Kamiokande, IceCube, Km3Net, T2K, Hyper-Kamiokande (H2O)
MiniBooNE, NO’A, JUNO (Scintillator), MicroBooNE, DUNE (Argon)

All experiments use nucleus as target.

KM3Net

DUNE

IceCube

ϭbƛƪƪŜƴ{ŜƪƪŜƛ

Hyper
Kamiokande
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Why do neutrino cross-sections (interactions) matter?

Atmospheric ⱨ 100 MeV ~ TeV
 Wide energy range
 Wide travel distance (baseline)
 All flavors (’ȟ’ȟ’ȟ’)

Accelerator ⱨ 100 MeV ~ 10 GeV
 Narrower energy range
 Fixed travel distance (baseline)
 Mostly (’ȟ’) in the beam

  (Small fraction of ’ and ’)

Available neutrino beams are not monochrome.

3



/ƘŀǊƎŜŘ ŎǳǊǊŜƴǘ ǉǳŀǎƛπŜƭŀǎǘƛŎ ǎŎŀǘǘŜǊƛƴƎ ό //v9 ύ

Neutral current elastic scattering

Singlemeson productions

Deep inelastic scattering 
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NC + CC Total

// ¢ƻǘŀƭ

CC QE

CC 1p CC DIS

Singlephoton productions

’ ὔᴼὰ ’ ὔ ‎
( radiative decay of resonance )

Why do neutrino cross-sections (interactions) matter?

п

CC multi nucleon

’ ὔᴼ’ ὔᴂ

Neutrino detectors ~ nucleus target
 ±ŀǊƛƻǳǎ άƴǳŎƭŜŀǊ ŜŦŦŜŎǘǎέ have to be taken into account.
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Neutrino flux and neutrino interactions

DUNENOnA

Neutrino cross-section Anti-neutrino cross-section

T2K !¢a n DUNENOnAT2K ATM n

J. A. Formaggio, G. P. Zeller, Rev. Mod. Phys. 84 (2012) 1307

Atmospheric n Accelerator n
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Case 1: Atmospheric neutrinos, En > 100MeV

W+

’

n

nm + n Ƃ m- + X
m

-

X

(Em, pm)qm

Methodology of neutrino oscillation experiments
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Charged current interaction ’ Ӷ’ ὔᴼὰ ὰ 8

‘

Compare the observed lepton momentum and
 ŘƛǊŜŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ άŜȄǇŜŎǘŜŘέ ŘƛǎǘǊƛōǳǘƛƻƴǎ
    with various oscillation parameters.
         (few exceptions)

½ŜƴƛǘƘ ŀƴƎƭŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ǎŀƳǇƭŜǎ



ω Matter effect ~ from mass hierarchy
 Possible enhancement in several GeV
  passed through the earth core
   One of the flavors (’ or ’ )
     shows this enhancement.

ω Solar termfrom q23 octant degeneracy 
 Possible ne enhancement in sub-GeV

ω Interference   CP phase

Interference

Matter effect

Solar term

Difference in # of electron events:

aŜǘƘƻŘƻƭƻƎȅ ƻŦ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ
Case 1: Atmospheric neutrinos, En > 100MeV

Different appearance probabilities 
        of ’ and ’ 

Matter
Solar

Interference

sin2q23   = 0.5
sin2q13 = 0.04

7

’ᴼ’

Solar

’ O ’ 

Normal hierarchy

1 10
n energy (GeV)



Matter
{ƻƭŀǊ

Interference

sin2q23   = 0.5
sin2q13 = 0.04

Methodology of neutrino oscillation experiments
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Solar

’ O ’ 

bƻǊƳŀƭ ƘƛŜǊŀǊŎƘȅ

1 10
n energy (GeV)

Observables ’ CC ’ CC

Number of rings More Fewer

Transverse momentum ratioLarger Smaller

E Fraction of energetic ring Smaller Larger

# of decay electrons More Fewer

# of neutrons Fewer More

Statistically separate ’ and ’ 

Dominant interaction ( a few ~ 10 GeV )
Ҧ 5ŜŜǇ ƛƴŜƭŀǎǘƛŎ ǎŎŀǘǘŜǊƛƴƎ

Differential cross-sections are different

n

b
Hadrons

l

Case 1: Atmospheric neutrinos, En > 100MeV



ÅDownward-going neutrinos constrain many flux and cross-
section uncertainties.

ÅSystematic uncertainties with asymmetric zenith angle 
dependence have the largest effect on mass ordering analysis.

ÅHowever, this analysis is statistically limited.

Systematic uncertainties (Atmospheric neutrino @ SK)

Neutrino interactions
Hadron interactions

(Super-Kamiokande)

ф



Case 2: Accelerator neutrinos, En = 100MeV ~ a few GeV

n Ҍ b Ҧ l Ҍ bΩ     Charged current quasi-elastic scattering

W+

nl l-

n p

nm + n Ƃ m
- + p

m
-

p

(Em, pm)qm

Use direction and momentum of lepton to reconstruct (estimate) 
energy of neutrino ōǳǘ ŜȄǇŜǊƛƳŜƴǘǎ ǳǎŜ άƴǳŎƭŜǳǎά ǘŀǊƎŜǘΦ

ÅPurity of the selected events
ÅBinding effects of target nucleus

Fermi momentum, Binding energy etc.
ÅContamination ~ Impurity

Interactions other than genuine CCQE, like multi-nucleon 
interaction.

Accelerator based experiment O Known neutrino direction

aŜǘƘƻŘƻƭƻƎȅ ƻŦ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ
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Flux & neutrino interaction parameter fitting

T2K ~ Constraints from near detector measurements

11



Before fitting

After fitting

Near detector measurements reduce 
the systematic uncertainty drastically, 
from 17% to 3%

{ȅǎǘŜƳŀǘƛŎ ǳƴŎŜǊǘŀƛƴǘƛŜǎ ό¢нY ŜȄǇŜǊƛƳŜƴǘύ
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T2K ~ Constraints from near detector measurements

13Neutrino energy

Uncertainty
Anti-neutrino mode ’ flux @ SK

Some of the neutrino interaction 
model parameters

*) Pre-fit central values & errors
 are estimated with external data

Cƛǘ ƴŜǳǘǊƛƴƻ ŜƴŜǊƎȅ ǎǇŜŎǘǊǳƳ 
ŀƴŘ ƴŜǳǘǊƛƴƻ ƛƴǘŜǊŀŎǘƛƻƴ ƳƻŘŜƭ 
ǇŀǊŀƳŜǘŜǊǎ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΦ 

1 10 (GeV)
Neutrino energy

Uncertainty
Neutrino mode nm flux @ SK

1 10 όDŜ±ύ



Charged current interactions,
  mainly n Ҍ b Ҧ l Ҍ bΩ Ҍ ƘŀŘǊƻƴǎ
 ( Charged current deep/shallow inelastic scattering ) 

Case 3: Accelerator neutrinos, En > several GeV

W+

nl l-

N Hadrons

nm 
m

-

p

(Em, pm)qm

p

p
Use direction and momentum of lepton 
 together with the observed energy of hadrons
   to estimate the energy of neutrino.
Event topologies of neutral current interactions
 and electron neutrino charged current interactions
   are quite similar in some detectors. 

aŜǘƘƻŘƻƭƻƎȅ ƻŦ ƴŜǳǘǊƛƴƻ ƻǎŎƛƭƭŀǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ
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Methodology of neutrino oscillation experiments
Case 3: Accelerator neutrinos, En > several GeV

Charged current interactions,
  mainly n Ҍ b Ҧ l Ҍ bΩ Ҍ ƘŀŘǊƻƴǎ
 ( Charged current deep/shallow inelastic scattering ) 

(A. Himmel)
15



Systematic uncertainties (NO’A experiment)
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How we study neutrino interactions

²Ŝ Ŏŀƴ ƴƻǘ ƻōǎŜǊǾŜ ƻǊ ƳŜŀǎǳǊŜ ƴŜǳǘǊƛƴƻǎέ ŘƛǊŜŎǘƭȅΦ
²Ŝ Ƴǳǎǘ άǊŜŎƻƴǎǘǊǳŎǘέ ƴŜǳǘǊƛƴƻ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ƻōǎŜǊǾŜŘ 
particles, unless we just count the number of neutrinos.

p

Lepton

Target nucleus

p proton

ƴŜǳǘǊƻƴ

Example (1 pion production)

“
Hadrons

Neutrino

’ ὴO ὰ ὴ “

p
n

ƴ

Use particle ID information and measured kinematic distributions of 
άƻōǎŜǊǾŜŘέ ƭŜǇǘƻƴ ŀƴŘ ƘŀŘǊƻƴǎ ǘƻ ƛŘŜƴǘƛŦȅ ƴŜǳǘǊƛƴƻ ŦƭŀǾƻǊ ŀƴŘ 
reconstruct energy and direction.

17



How we study neutrino interactions

²Ŝ Ŏŀƴ ƴƻǘ ƻōǎŜǊǾŜ ƻǊ ƳŜŀǎǳǊŜ ƴŜǳǘǊƛƴƻǎέ ŘƛǊŜŎǘƭȅΦ
²Ŝ Ƴǳǎǘ άǊŜŎƻƴǎǘǊǳŎǘέ ƴŜǳǘǊƛƴƻ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ƻōǎŜǊǾŜŘ 
particles, unless we just count the number of neutrinos.

p

Lepton

Target nucleus

Ǉ proton

neutron

Example (1 pion production)

“
Hadrons

Neutrino

’ ὴO ὰ ὴ “

Ǉ
n

n

The άǊŜŀƭέ detectors can not detect or measure all the particles.
Momentum threshold (or acceptance) and resolution, angular 
acceptance, particle identification, charge separation etcΧ

18



How we study neutrino interactions

²Ŝ Ŏŀƴ ƴƻǘ ƻōǎŜǊǾŜ ƻǊ ƳŜŀǎǳǊŜ ƴŜǳǘǊƛƴƻǎέ ŘƛǊŜŎǘƭȅΦ
²Ŝ Ƴǳǎǘ άǊŜŎƻƴǎǘǊǳŎǘέ ƴŜǳǘǊƛƴƻ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ƻōǎŜǊǾŜŘ 
particles, unless we just count the number of neutrinos.

p

[ŜǇǘƻƴ

Target nucleus

p proton

neutron

Example (1 pion production)

“
Hadrons

bŜǳǘǊƛƴƻ

’ ὴO ὰ ὴ “

p
n

n

bŜǳǘǊƛƴƻ ƛƴŦƻǊƳŀǘƛƻƴ ƴŜŜŘǎ ǘƻ ōŜ άǊŜŎƻƴǎǘǊǳŎǘŜŘέ ǳǎƛƴƎ ƻǳǊ 
knowledge of neutrino-nucleon/nucleus interactions.

Understanding of neutrino interactions
19



How we study neutrino interactions

wŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ ǘƘŜ ƴŜǳǘǊƛƴƻ ŘŜǘŜŎǘƻǊǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ 
ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŜƴŜǊƎȅ ƻŦ ƴŜǳǘǊƛƴƻǎΦ

1. Interactions are quite different.
2. Directional distribution of outgoing leptons are quite different.
3. Number of generated particles are quite different.

Angular distribution of ‘

0.7 GeV ’ charged current

(simulation, O2 target)

5.0 GeV ’ charged current

(simulation , O2 target)

CCQE + 2p2h

CC 1“

CC others

//v9 Ҍ нǇнƘ

CC 1“A
rb

itr
a

ry
 u

n
it

—

CC others

’ 
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Current issues in understanding/measuring 
  neutrino-nucleon/nucleus cross-sections

1. Neutrino energy is not monochromatic, and neutrino flux 
(absolute rate and shape) predictions have uncertainties.

2. Neutrino energy needs to be reconstructed using the observed 
particles in the detector. However, not all the particles are visible 
in the detector.

3. Recent detectors use nucleus target, and neutrino-nucleon and 
neutrino-nucleus interactions have large uncertainties.
1. Various interaction channels exist.
’ὔO ὰὔȟ’ὔO ὰ“ὔȟ’ὔO ὰὔ ὬὥὨὶέὲίȟὩὸὧȢ

2. Neutrino nucleon interactions need various experimental 
inputs. Some of them requires neutrino experiments. (Axial-
vector part)

3. Nuclear (binding) effect affects significantly.
4. Produced hadron interactions in and out of the nucleus have 

uncertainties. 21



Current status ƻŦ άƴŜǳǘǊƛƴƻ ŎǊƻǎǎ-ǎŜŎǘƛƻƴέ ƳŜŀǎǳǊŜƳŜƴǘǎ

Inclusive charged current total cross-section

S.Navaset al. (Particle Data Group), Phys.Rev.D110, 030001 (2024) 

DΦtΦ ½ŜƭƭŜǊ όt5D ǊŜǾƛŜǿ нлнпύ

22
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Current status ƻŦ άƴŜǳǘǊƛƴƻ ŎǊƻǎǎ-ǎŜŎǘƛƻƴέ ƳŜŀǎǳǊŜƳŜƴǘǎ

Inclusive charged current total cross-section

S.Navaset al. (Particle Data Group), Phys.Rev.D110, 030001 (2024) 

(G.P. ZelleǊΩǎ ǊŜǾƛŜǿύ

Large uncertainties

Limited # of experiments

но

https://pdg.lbl.gov/2024/html/authors_2024.html


Cross-section measurement

M.Wascko

Bubble chamber
   Extensively used in 1960s to 1980s.

ÅSuper heated liquid as target. Initially D2, later Freon.
ÅLower the pressure when the particle comes by pulling the piston.
ÅGenerated charged particles ionize the liquid and create bubbles.
ÅTake pictures using a camera, find the trajectory (bubbles) in the 

image and reconstruct the tracks.

24



Cross-section measurement

ό!b[ύ

Bubble chamber
ÅCurvature can be used to measure momentum and charge.
ÅThickness of the track corresponds to the energy loss.

-> Used to identify particles.
ÅHigh particle detection efficiency 

  even for low momentum heavy particles, like protons.

’ ὴO ‘ὴ“

25



Cross-section measurement

(ANL)

Bubble chamber
ÅLimited by statistics because of the detector mass and the 

scanning method (= by eye). At most a few thousands events.
ÅSeparation of ‘ and charged “ was rather difficult.

It is difficult to differentiate particles with similar mass and same 
charge. (= Thickness of the track is similar.)

Å“  detection efficiency was not high due to the limited volume.

’ ὴO ‘ὴ“
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Cross-section measurements
1998 ~ neutrino-nucleus interactions are studied (again)
    for long baseline neutrino oscillation measurements

Scintillation fiber tracker
with water container@K2K
(SciFi @ KEK, K2K)

Full active scintillator
tracking detector
(SciBar@FNAL, BNB)

Oil Cherenkov detector
(MiniBooNE@FNAL, BNB)

Scintillator + Iron
tracking detector
(MINOS ND@FNAL,NuMI)

1kt Water
Cherenkov
detector
(@ KEK, K2K)

нт



Cross-section measurements

 

More recent experiments
ÅHigh statistics (with intense neutrino beam)
ÅLow momentum particle (hadron) detection/tracking
ÅVarious target nuclei

MINER’A (@FNAL, NuMI)
Full active detector
+ various nuclear target
+ MINOS ND

T2K ND280 (@J-PARC, T2K)
Full active scintillator tracker, 
 TPC, Calorimeter

NO’A (@FNAL, NuMI)
Full active scintillator
 tracking detector

28



/ǊƻǎǎπǎŜŎǘƛƻƴ ƳŜŀǎǳǊŜƳŜƴǘǎ
More recent experiments
ÅHigh statistics (with intense neutrino beam)
ÅLow momentum particle (hadron) detection/tracking
ÅVarious target nuclei

MicroBooNE (@FNAL, BNB)
Liquid argon TPC

NINJA (@J-PARC)
Nuclear emulsion detector

Water target 
Emulsion Cloud Chamber
(ECC)

29



Water in Aluminium tanks
(70% H2O, 22% Al, 8% CH)

Angle resolution ~1deg.
m momentum threshold
 Pm > 600 MeV
 (Require m to reach MRD.)
proton momentum threshold
 Pp > 600 MeV
 (Require proton to penetrate at least three layers in SciFi.)

K2K Scintillating Fiber (SciFi) detector

ол



5.75m

800 tons CH2 detector
 Signal region 1280 8inch PMTs
 Veto region   240 8inch PMTs

Use Cherenkov and scintillation light.
  Ὕ > 200MeV (ὖ > ~287MeV/c)

Typical m event

MiniBooNE

31



Muon Range Detector
  (MRD)

9ƭŜŎǘǊƻƴ /ŀǘŎƘŜǊ ό9/ύ

SciBar

ω мн нέ-thick steel layers
       + scintillator planes
           ( alternate x & y )
ω Measure m momentum   
        using range
      ( up to ~ 1.2 GeV/c )

ω Spaghetti calorimeter
ω 2 planes (11 X0)
       4 x 4 cm2 cell x 128
ω Identify p0 and ne

2m

4m

( Used in K2K experiment )

( Used in CHORUS, HARP and K2K )

ό /ƻƳǇƻƴŜƴǘǎ ŀǊŜ ǊŜŎȅŎƭŜŘ 
           ŦǊƻƳ Ǉŀǎǘ ŜȄǇŜǊƛƳŜƴǘ ύn 

ω Full active tracking detector

15 tons of scintillator ( 14336 bars )
 also acts as the interaction target.

WLS fiber readout, 64ch MA-PMT

Cell size   : 2.5 x 1.3 x 300cm3

SciBooNE

32



n

Extruded
scintillator
(15t)

Multi -anode
PMT (64 ch.)

Wave-length
shifting fiber

1.7m

3
m

ÅIƛƎƘ ŜŦŦƛŎƛŜƴŎȅ 
     ŜǾŜƴ ŦƻǊ ǘƘŜ ǎƘƻǊǘ ǘǊŀŎƪǎ

ω Can detect 
      low momentum protons 
           down to ~350 MeV/c.

ω PID (p/p) 
  & momentum measurement
            by dE/dx.

ÅFull Active tracking detector
       Extruded scintillator 

      with WLS fiber readout
            Cell size   : 2.5 x 1.3 x 300cm3

            Light yield :7~20p.e. /MIP/cm 
        (2 MeV)

        reconstruct vertex
        identify the interaction

SciBooNE

33



MINOS Near detector
É 980 tons Tracking sampling calorimeters

É Stack Iron plate and scintillator plane
Thicknessof Iron plate is2.54 cm
Scintillator width is 4.1cm

É With magnetic field
 Charge identification
 Momentum measurement using
 both curvature and track length.
 

оп



É 980 tons Tracking sampling calorimeters

É Stack Iron plate and scintillator plane
Thicknessof Iron plate is2.54 cm
Scintillator width is 4.1cm

É With magnetic field
 Charge identification
 Momentum measurement using
 both curvature and track length.
 

MINOS Near detector

35



MINERnA experiment

En~ 3.5GeV (Low energy) or En~ 6 GeV (Medium energy)

Located in front of the MINOS near detector (NuMI beamline)

Medium energy beam

ос



Located in front of the MINOS near detector (NuMI beamline)

Fine grained detector with various target material.

MINERnA experiment

NIM A743 (2014) 130

Triangular shape scintillator and three views, 
        X, U and V (60 degrees)

17mm

37



¢нY bŜŀǊ ŘŜǘŜŎǘƻǊǎ

ω Off axis n detectors
     neutrino flux measurements
     neutrino interaction studies         

In the UA1 magnet ( 0.2 T )On axis
detector

ωOn axis near n detector INGRID 
n interaction rate
n beam direction monitor

Off axis
detectors

38
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NO’! experiment
NO’! @ FNAL, NuMI off-Axis
(14.6 mrad off-axis beam)

Near detector
 4.2m x 4.2m x 15.8m (0.3 ktons)
 214 layers, 20,192 pixels

4.2m

оф



NO’! experiment

(Matt Wetstein 
 @ NuINT24)

’ ὲᴼ‘ ὴ

’ ὲᴼὩ ὴ

’ ὔᴼ’ “ “ὴ

Liquid scintillator tracking detector

Showering

LǎƻƭŀǘŜŘ ŀƴŘ ǎƘƻǿŜǊƛƴƎ

40



MicroBooNE
MicroBooNE @ FNAL, BNB (Liquid Argon TPC)

CCQE-like event 

Neutrino energy is < 1 GeV
   CCQE dominant region

Low proton momentum threshold
  ~ 300 MeV/c (Ek ~ 47 MeV)

https://doi.org/10.2172/1573216 

пм

https://doi.org/10.2172/1573216


NINJA experiment 

Nuclear emulsion detector

NINJA @ J-PARC MR neutrino beamline

Mean Ὁ ~ 1.49 GeV 
CCQE & single “ production

Low hadron momentum threshold
 Proton ~ 200 MeV/c
 Charged pion ~ 50 MeV/c

Emulsion films are inserted 
 between the target material.

9ȄŀƳǇƭŜ ƻŦ ƳǳƭǘƛǇƭŜ ǘǊŀŎƪ ŜǾŜƴǘ

42



NINJA experiment 

CCQE 
Candidate

Emulsion films can be inserted in various target material.
Main emulsion detector does not provide timing information.
Also, the size is small, and particles escapes from the detector easily.
Need to be combined with the other time stamper
           and tracking detectors.

NINJA @ J-PARC MR neutrino beamline

43



n

ƭ(El, pl)

(En, pn)

N
(EN, pN)

Nucleon or Resonance N*
(EN*, pN*)

W : Invariant Mass of N*
2

*

2

* NN pEW -¹

ǉн Υ п ƳƻƳŜƴǘǳƳ ǘǊŀƴǎŦŜǊ 

q

q2  ό9l - En)
2 - (pl  - pn)

2 
  (= -Q2)

Frequently used variables

Energy transfer : ’ ‫
‫ ’  El - En

’ ὴO ὰ ὢ

ὼ  
ẗ

   (Bjorken x)

ώ
ẗ

ẗ
 = 

пп



Charged current quasi-elastic scattering

Free nucleon     : C.H.L. Smith(Phys. Rep. 3,261(1972))

Cross-section formulation
W+

nl l-

n Ǉ

ὃὗ ȟὄὗ ȟὅὗ   are described as functions of vector, axial-
vector and pseudo-scaler form factors.

ÅVector form factors (FV)
 Determined by the electron scattering experiments.
  Quite precisely measured.
ÅAxial vector form factor (FA)
 Determined by the neutrino scattering experiments.
  ¢ƘƻǳƎƘǘ ǘƻ ōŜ άƳŜŀǎǳǊŜŘέΦ45



W+

nl l-

n Ǉ

( ί ό τὓὉ ή ά  

Charged current quasi-elastic scattering

Free nucleon     : C.H.L. Smith(Phys. Rep. 3,261(1972))

Cross-section formulation

46



Charged current quasi-elastic scattering

W+

nƭ l-

n p

Typical signatures of ’ and ’ CCQE

  ’ ὲᴼ‘ ὴȟ’ ὴO ‘ ὲ

ÅNeutrino case
1) One (negative) charged lepton with one proton.
2) One (negative) charged lepton without ŀƴȅ ƻǘƘŜǊ άǾƛǎƛōƭŜέ 

hadrons.

ÅAnti neutrino case 
1) One (positive) charged lepton with neutron.
2) hƴŜ όǇƻǎƛǘƛǾŜύ ŎƘŀǊƎŜŘ ƭŜǇǘƻƴ ǿƛǘƘƻǳǘ ŀƴȅ ƻǘƘŜǊ άǾƛǎƛōƭŜέ ƘŀŘǊƻƴǎΦ

 ²Ŝ άƳŀȅέ ǊŜǉǳƛǊŜ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ƻƴŜ ŘŜŎŀȅ ŜƭŜŎǘǊƻƴΦ 
  ‘ ᴼ Ὡ ’ ’ȟ‘ ᴼ Ὡ ’’ 

   But ‘  may be captured.
   Also, detection efficiency (detector) is not 100%.
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Charged current quasi-elastic scattering
Why are the bubble chamber results used

ŀǎ άǊŜŦŜǊŜƴŎŜέΚ 

¢ƘŜ ǘŀǊƎŜǘ ǿŀǎ 5нΦ όbƻǘ ŀƭƭ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎΦύ
 bŜǳǘǊƻƴ ǘŀǊƎŜǘ ǿƛǘƘ ƳƛƴƛƳǳƳ ƴǳŎƭŜŀǊ ŜŦŦŜŎǘǎΦ

n
p

Nucleus
p

n

proton

neutron

tƻǎǎƛōƭŜ ƴǳŎƭŜŀǊ ŜŦŦŜŎǘǎ ǿƛǘƘ ƭŀǊƎŜǊ ƴǳŎƭŜǳǎΥ
Å¢ŀǊƎŜǘ ƴŜǳǘǊƻƴ ƛǎ ōƻǳƴŘ ƛƴ ƴǳŎƭŜǳǎΦ
Å{ŎŀǘǘŜǊŜŘ ǇǊƻǘƻƴ Ƴŀȅ ǊŜπƛƴǘŜǊŀŎǘ ƛƴ 
ƴǳŎƭŜǳǎ ōŜŦƻǊŜ ŜǎŎŀǇƛƴƎΦ ό5ƛǊŜŎǘƛƻƴ ŀƴŘ 
ƳƻƳŜƴǘǳƳ Ƴŀȅ ōŜ ŎƘŀƴƎŜŘΣ Ƴŀȅ ƪƛŎƪ 
ƻǳǘ ǘƘŜ ƻǘƘŜǊ ƴǳŎƭŜƻƴǎΣ Ƴŀȅ ǇǊƻŘǳŎŜ ǘƘŜ 
ƻǘƘŜǊ ǇŀǊǘƛŎƭŜǎΣ ƭƛƪŜ ǇƛƻƴǎΦύ
     όὴ ὔᴼὔὔ “ύ

Å{ŎŀǘǘŜǊŜŘ ǇǊƻǘƻƴ Ƴŀȅ ƛƴǘŜǊŀŎǘ ƛƴ ǘƘŜ 
ŘŜǘŜŎǘƻǊ ƳŜŘƛǳƳΦ

ÅAdditional particles generated by non CCQE interaction may 
interact and become invisible. 

W+

nl l-

n p
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!Ȅƛŀƭ ǾŜŎǘƻǊ ŦƻǊƳ ŦŀŎǘƻǊ W+

nl l-

n p

Charged current quasi-elastic scattering

Ὂ ή Ὂ π ρ
ή

ὓ

Ὂ π ρͯȢςφχ( From b decay )

Assumed dipole form.

Mainly, bubble chamber (mainly D2) data were used to obtain ὓȢ

BNL, D2
MA=1.07  0.06 GeV/c2

1,236 events

ANL, D2
MA=1.00  0.05 GeV/c2

1,737 events

Miller et al., 
PRD 26, 537 
(1982)

Q2[(GeV/c)2] vнώόDŜ±κŎύнϐ

World average
 MA ~ 1.03 GeV/c2 

Baker et al., 
PRD 23, 2499
(1981)
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Charged current quasi-elastic scattering

n
p

Nucleus
Ǉ

n

proton

neutron

Example of the other experiments

MiniBooNE (Oil Cherenkov detector)
 Select single άƳǳƻƴ ƭƛƪŜέ ǊƛƴƎ ŜǾŜƴǘ
     with one decay electron.
Advantage ƻŦ ǊƛƴƎ ƛƳŀƎƛƴƎ ά/ƘŜǊŜƴƪƻǾέ ŘŜǘŜŎǘƻǊǎ
 Angular coverage is large.
 The energy threshold of ‘ is quite small. 

Purity of CCQE was estimated to be 77% and 
efficiency was 26.6%.
    (Phys. Rev. D81 (2010) 092005)

MiniBooNE ⱨⱧ flux

²Ҍ

nl l-

n p
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Charged current quasi-elastic scattering
YнY ŀƴŘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ άƴŜǿέ ŜȄǇŜǊƛƳŜƴǘǎ ŀŦǘŜǊ мффл 
found discrepancies.
Å {ǘǊƻƴƎ άŦƻǊǿŀǊŘ ƎƻƛƴƎέ ‘ suppression.

 Stronger suppression in the small q2 region.
Å Larger number of ά//v9-ƭƛƪŜέ ŜǾŜƴǘ ǊŀǘŜ όмл Ϥ ол҈ύ

[ƛƳƛǘŜŘ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ƭƻǿ ƳƻƳŜƴǘǳƳ ƘŀŘǊƻƴǎΦ 
     πҔ [ƛƳƛǘŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ŘŜǘŜŎǘƻǊǎΦ

Single Ⱨ track
No pion or proton.

MiniBooNE T2K

W+

nl l-

n Ǉ
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Charged current quasi-elastic scattering ’ ὲᴼὰ ὴ
Ӷ’ ὴO ὰ ὲ

W+

’

n X

ὰ

Dominant interaction in a few hundred MeV. 

9ȄǇŜǊƛƳŜƴǘǎ ŀŦǘŜǊ ǘƘŜ ƭŀǘŜ мффлΩǎ ŦƻǳƴŘ 
discrepancies.
ÅFraction of forward going chargedleptons in 

CCQE-like events is smaller than expected.
Å# of CCQE-like events is larger than expected.

n
p

Nucleus

p

n

ǇǊƻǘƻƴ

neutron

Lƴƛǘƛŀƭ άƴǳŎƭŜƻƴέ ƛǎ ōƻǳƴŘ ƛƴ ǘƘŜ 
target nucleus.
Scattered (produced) nucleon is 
in the nuclear medium.
Hadrons may interact in nucleus.

άbǳŎƭŜŀǊ ŜŦŦŜŎǘǎέ

aƻŘŜǊƴ ƴŜǳǘǊƛƴƻ ŜȄǇŜǊƛƳŜƴǘǎ ǳǎŜ άnuclear targetΦέ
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Charged current quasi-elastic scattering ’ ὲᴼὰ ὴ
Ӷ’ ὴO ὰ ὲDominant interaction in a few hundred MeV. 

tƻǎǎƛōƭŜ ǎƻǳǊŎŜǎ ƻŦ ŘƛǎŎǊŜǇŀƴŎƛŜǎ
мύbǳŎƭŜŀǊ ƳƻŘŜƭƛƴƎ όōƛƴŘƛƴƎ ŜŦŦŜŎǘǎύ
Å /ƘŀƴƎŜǎ ǘƘŜ ŀƭƭƻǿŜŘ ƪƛƴŜƳŀǘƛŎŀƭ ǊŀƴƎŜǎ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴǎΦ

нύbŜǳǘǊƛƴƻπƴǳŎƭŜƻƴ ƛƴǘŜǊŀŎǘƛƻƴ ƳƻŘŜƭƛƴƎ όŀȄƛŀƭ ǾŜŎǘƻǊ ŦƻǊƳ ŦŀŎǘƻǊύ
Å /ƘŀƴƎŜǎ ǘƘŜ ŜȄǇŜŎǘŜŘ ŜǾŜƴǘ ǊŀǘŜǎ ŀƴŘ ŘƛǎǘǊƛōǳǘƛƻƴǎΦ
Å tŀǊŀƳŜǘŜǊ ƛǎ ŘŜǘŜǊƳƛƴŜŘ όƳŀƛƴƭȅύ ōȅ ǘƘŜ ƻƭŘ ōǳōōƭŜ ŎƘŀƳōŜǊ 
ƴŜǳǘǊƛƴƻ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴ ǘƘŜ тлΩǎ ŀƴŘ улΩǎΦ

9ȄǇŜǊƛƳŜƴǘǎ ŀŦǘŜǊ ǘƘŜ ƭŀǘŜ мффлΩǎ ŦƻǳƴŘ ǎƻƳŜ ŘƛǎŎǊŜǇŀƴŎƛŜǎΦ

It is easy to change MA, gives reasonable agreements 
ǿƛǘƘ ŘŀǘŀΣ ŀƴŘ ǘƘǳǎΣ ƛǎ ǳǎŜŘ ŀǎ ŀƴ άŜŦŦŜŎǘƛǾŜέ ǇŀǊŀƳŜǘŜǊΦ

Axial vector form factor (dipole) Ὂ ή
Ȣ

Ⱦ

3) Missing interactions which are observed as CCQE-like
ÅEasily change the expected event rates and distributions.
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Charged current quasi-elastic scattering

1) Nuclear modeling (binding effects)
’ ὲᴼὰ ὴ
Ӷ’ ὴO ὰ ὲ

n
p

Nucleus

p

n

proton

neutron

{ŜǾŜǊŀƭ ƳƻŘŜƭǎ ƘŀǾŜ ōŜŜƴ ǇǊƻǇƻǎŜŘ ŀƴŘ ŀǊŜ ōŜƛƴƎ ǘŜǎǘŜŘΦ
ÅCŜǊƳƛπƎŀǎ
/ƻƴǎƛŘŜǊƛƴƎ ƴǳŎƭŜƻƴπƴǳŎƭŜƻƴ ŎƻǊǊŜƭŀǘƛƻƴǎ

Å{ǇŜŎǘǊŀƭ ŦǳƴŎǘƛƻƴ
 /ƻƴǎƛŘŜǊƛƴƎ ƴǳŎƭŜŀǊ ƳŜŘƛǳƳ ŜŦŦŜŎǘǎ
ÅwŜƭŀǘƛǾƛǎǘƛŎ ƳŜŀƴπŦƛŜƭŘ όwaCύ ŀǇǇǊƻŀŎƘŜǎ
Å{ǳǇŜǊπǎŎŀƭƛƴƎ ƳƻŘŜƭ ǿƛǘƘ waC
ÅΦΦΦ

Differential cross-section is large at 
small 4-momentum transfer (q2).
{ŜƴǎƛǘƛǾŜ ǘƻ ǾŀǊƛƻǳǎ άƴǳŎƭŜŀǊέ 
binding effects.
Outgoing nucleon is also re-
scattered in the nucleus.
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Charged current quasi-elastic scattering

Study @ MicroBooNE

Select CCQE like events
ÅOne muon (100  ς1200 MeV/c)
ÅOne proton (300 ς 1000 MeV/c)
ÅNo charged pions over 70 MeV/c
ÅNo neutral pions or heavier mesons
ÅAny number of neutrons

1) Nuclear modeling (binding effects)

arXiv:2310.06082

CƛƎǳǊŜǎ ōȅ !Φ CǳǊƳŀƴǎƪƛϪbǳLb¢нп 55



Charged current quasi-elastic scattering

Study @ MicroBooNE1) Nuclear modeling (binding effects)

arXiv:2310.06082

Figures by A. Furmanski@NuINT24

Select CCQE like events
 ‌  for small missing momentum
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Charged current quasi-elastic scattering

Study @ MicroBooNE1) Nuclear modeling (binding effects)

arXiv:2310.06082

Figures by A. Furmanski@NuINT24

Select CCQE like events
 ‌  for large missing momentum
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/ƘŀǊƎŜŘ ŎǳǊǊŜƴǘ ǉǳŀǎƛπŜƭŀǎǘƛŎ ǎŎŀǘǘŜǊƛƴƎ

ὓ was ~1.0 GeV/c2 from experiments in 1970s and 1980s (most of 
them were bubble chamber experiments).
However, ὓ is larger in most of the experiments after 1990s.

2) Neutrino-nucleon interaction modeling

Axial vector form factor (dipole) Ὂ ή
Ȣ

Ⱦ
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