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CCQE. Why should we care?

- basic process: bulk of events at Hyper-K and DUNE

- neutrino-nucleus cross sections and future accelerator-based fluxes

- best channel for reconstruction of neutrino energy

Noemi Rocco
Neutrino 2020

Formagio and Zeller 
(2013)
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CCQE scattering on free nucleon

- cross section measurements give us axial form factor

Llewellyn Smith

unpolarised observables are measured

cross section expression:
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⌧ =
Q2

4M2

C =
1

4

⇥
(FV

D )2 + ⌧(FV
P )2 + (FA)

2
⇤

<latexit sha1_base64="9SI85v7NE1KRwW0hW2CLqYkw/EU="></latexit>

s� u = 4ME⌫ �Q2 �m2
`

<latexit sha1_base64="j0RFNH8DfnvDTfw+0FTPi94bpSk="></latexit>

A = 2⌧(FV
D + FV

P )2 � (1 + ⌧)
h
(FV

D )2 + ⌧(FV
P )2 � (FA)

2
i

� m2
`

4M2

h
(FV

D + FV
P )2 + (FA + 2FP )

2 � 4(1 + ⌧)FP
2
i

<latexit sha1_base64="0ErQTpxXuF5twPBygeiD9byAZfQ="></latexit>

B = ±4⌧FA(F
V
D + FV

P )
<latexit sha1_base64="9OHunM9wvmQRpyZ4DROxogyzAWo="></latexit>

⌫

e e

⌫

<latexit sha1_base64="GkESPxKba7qd8chOZu8CCwF770w="></latexit>

`�(`+)
<latexit sha1_base64="6A30UG82hkelKLsXQhDB5whc+Es=">AAAB9XicdVDLSgMxFM3UV62vqks3wSJUxGFmWm3dFd24rGAf0E5LJk3b0ExmSDJKGfofblwo4tZ/ceffmE5HUNEDl3s4515yc7yQUaks68PILC2vrK5l13Mbm1vbO/ndvaYMIoFJAwcsEG0PScIoJw1FFSPtUBDke4y0vMnV3G/dESFpwG/VNCSuj0acDilGSku9LmGsd1pM2slxP1+wTCsBtEynelaxy5pYzsW5XYJ2ahVAino//94dBDjyCVeYISk7thUqN0ZCUczILNeNJAkRnqAR6WjKkU+kGydXz+CRVgZwGAhdXMFE/b4RI1/Kqe/pSR+psfztzcW/vE6khlU3pjyMFOF48dAwYlAFcB4BHFBBsGJTTRAWVN8K8RgJhJUOKqdD+Pop/J80HdMumc5NuVC7TOPIggNwCIrABhVQA9egDhoAAwEewBN4Nu6NR+PFeF2MZox0Zx/8gPH2CWwDkdE=</latexit>

⌫`(⌫`)
<latexit sha1_base64="spIbXOpNoSI5KDp3/jIy1Kzp/AE=">AAACBnicdVDNS8MwHE3n15xfU48iBIcwL6Xtppu3oRePE9wHrKOkWbqFpWlJUmGUnbz4r3jxoIhX/wZv/jdmWwUVfRB4vPd+SX7PjxmVyrI+jNzS8srqWn69sLG5tb1T3N1ryygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcfX878zi0Rkkb8Rk1i0g/RkNOAYqS05BUPXZ54LmGs7EY6N7sm1dJ0rp14xZJlWnNAy3TqpzW7qonlnJ/ZFWhnVglkaHrFd3cQ4SQkXGGGpOzZVqz6KRKKYkamBTeRJEZ4jIakpylHIZH9dL7GFB5rZQCDSOjDFZyr3ydSFEo5CX2dDJEayd/eTPzL6yUqqPdTyuNEEY4XDwUJgyqCs07ggAqCFZtogrCg+q8Qj5BAWOnmCrqEr03h/6TtmHbFdK6rpcZFVkceHIAjUAY2qIEGuAJN0AIY3IEH8ASejXvj0XgxXhfRnJHN7IMfMN4+Af6omXg=</latexit>

n(p)
<latexit sha1_base64="EAN3r9cDA/O/zWz/jhHebSHZt8Q=">AAAB63icdVBNS8NAEN3Ur1q/qh69LBahXkKSVltvRS8eK9haaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs2goo+GHi8N8PMvCBmVGnH+bAKK6tr6xvFzdLW9s7uXnn/oKuiRGLSwRGLZC9AijAqSEdTzUgvlgTxgJG7YHqV+Xf3RCoaiVs9i4nP0VjQkGKkM0lU49NhueLYzgLQsb3mWcOtG+J4F+duDbq5VQE52sPy+2AU4YQToTFDSvVdJ9Z+iqSmmJF5aZAoEiM8RWPSN1QgTpSfLm6dwxOjjGAYSVNCw4X6fSJFXKkZD0wnR3qifnuZ+JfXT3TY9FMq4kQTgZeLwoRBHcHscTiikmDNZoYgLKm5FeIJkghrE0/JhPD1KfyfdD3brdneTb3SuszjKIIjcAyqwAUN0ALXoA06AIMJeABP4Nni1qP1Yr0uWwtWPnMIfsB6+wSyeI4F</latexit>

p(n)
<latexit sha1_base64="i/8LMrT/zNUcGR8RsNql9MvT7yM=">AAAB63icdVBNS8NAEN3Ur1q/qh69LBahXkKSVltvRS8eK9haaEPZbDft0t1N2N0IJfQvePGgiFf/kDf/jZs2goo+GHi8N8PMvCBmVGnH+bAKK6tr6xvFzdLW9s7uXnn/oKuiRGLSwRGLZC9AijAqSEdTzUgvlgTxgJG7YHqV+Xf3RCoaiVs9i4nP0VjQkGKkMymuitNhueLYzgLQsb3mWcOtG+J4F+duDbq5VQE52sPy+2AU4YQToTFDSvVdJ9Z+iqSmmJF5aZAoEiM8RWPSN1QgTpSfLm6dwxOjjGAYSVNCw4X6fSJFXKkZD0wnR3qifnuZ+JfXT3TY9FMq4kQTgZeLwoRBHcHscTiikmDNZoYgLKm5FeIJkghrE0/JhPD1KfyfdD3brdneTb3SuszjKIIjcAyqwAUN0ALXoA06AIMJeABP4Nni1qP1Yr0uWwtWPnMIfsB6+wSyfI4F</latexit>



4

CCQE scattering on free nucleon

- cross section measurements give us axial form factor

- only 3 experiments performed with deuterium bubble chamber

Fermilab bubble chamber, Richard Drew

ANL 1982: 1737 events

BNL 1981: 1138 events

FNAL 1983: 362 events

world data: ~3200 events

A.S. Meyer, M. Betancourt, R. Gran and R.J. Hill (2016)

direct access to form-factor shape
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CCQE scattering cross section

- strong motivation to reduce 10-20% axial form factor error

- light band: uncertainty of axial form factor

- dark band: uncertainty of iso 1 fit
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Kaushik Borah, Richard J. Hill, Gabriel Lee and O. T. (arXiv: 2003.13640)
A.S. Meyer, M. Betancourt, R. Gran and R.J. Hill (2016)
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Form factors and polarization observables

comparable to unpolarized cross section rates
- spin asymmetries are not suppressed by        or coupling constant:

- sensitivity to axial form factor at GeV muon antineutrino energies

O. T. (arXiv: 2008.03527)

- pseudoscalar form factor can be accessed independently
- sizable contribution of axial form factor at GeV energies 
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Samoil M. Bilenky and Ekaterina Christova (2013) 
Krzystof M. Graczyk and Beata E. Kowal (2019) recent studies:

- sensitivity to pseudoscalar form factor with tau (anti)neutrino
and muon (anti)neutrino of hundreds MeV energies
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CCQE scattering cross section

- strong motivation to reduce 10-20% error of axial form factor 

- light band: uncertainty of axial form factor

- dark band: uncertainty of iso 1 fit
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Kaushik Borah, Richard J. Hill, Gabriel Lee and O. T. (arXiv: 2003.13640)
A.S. Meyer, M. Betancourt, R. Gran and R.J. Hill (2016)
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- large kinematical logarithms enhance radiative corrections

multiplied by

- phase-space restrictions enhance radiative corrections

- crucial dependence on detector details

Radiative corrections in CCQE

↵
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soft photons

smaller collinear logarithms

- CCQE with electron flavor is subject to large corrections
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Melanie Day and Kevin S. McFarland (2012) 
A. De Rujula, R. Petronzio and A. Savoy-Navarro (1979)

ln
E⌫

m`
⇠ 6� 10

<latexit sha1_base64="/KkY/GXN1QOa5L3AuYQvOa0zoWk="></latexit>

- radiative corrections crucial for %-level oscillation expts 

O. Tomalak and R.J. Hill (2020) 
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- cross section with soft photons is given by factorization formula

Factorization approach

- determine hard function at hard scale matching

me
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Interaction with nucleons

9. Quantum chromodynamics 39

reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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- QCD running coupling

- hadrons are correct degrees of freedom at GeV energy
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Hadronic model at GeV scale

- exchange of photon between the charged lepton and proton

- correct kinematical and infrared logarithms

- add self energy for charged particles

- assume onshell form for each interaction vertex

- the best determination of hard function
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- add real soft and collinear radiation on top

discussed for CCQE: Krzystof M. Graczyk (2013) 
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- cross section with soft photons is given by factorization formula

Factorization approach

- soft and collinear functions obtained analytically
- hard function describes physics at GeV energies

- determine hard function at hard scale matching

- RGE evolution of the hard function to scales

- soft and collinear functions are evaluated perturbatively
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- calculate cross section at low energies accounting for all large logs
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Cross section. Preliminary results 

- corrections with e larger; cancellation virtual vs real
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Cross section. Preliminary results 

- similar muon and electron anti- over neutrino ratios
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Cross section. Preliminary results 

- similar muon and electron cross sections with collinear ɣ
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Conclusions

axial form factor

neutrino flux

- model for hard function: hadronic model with nucleon state
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energy reconstruction

Ongoing

- kinematical, phase-space and perturbative logarithms included

- radiative corrections are calculated with % level of accuracy

- radiative corrections are formulated in factorization framework

- quantify details of real radiation

- improve error estimate

signal channel
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