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Outline

1) elastic scattering of leptons on nucleons

2) QED nuclear medium effects in

electron-nucleus scattering

(anti)neutrino-nucleus and
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 photon-proton vertex

Electron-proton scattering

1Ɣ amplitude

Q2 = �(k � k0)2 momentum transfer

electron energy

Dirac and Pauli form factors

�

u(k, h) ū(k0, h0)

N(p,�) N̄(p0,�0)

�µ(Q2) = �µFD(Q2) +
i�µ⌫q⌫
2M

FP (Q
2)

T =
e2

Q2
(ū (k0, h0) �µu (k, h)) ·

�
N̄ (p0,�0)�µ(Q2)N (p,�)

�

<latexit sha1_base64="/srIzxqCWbXPnQfjk9HOCRtKukM=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8Lbsxz1tQBI8RzQOSJcxOJsmQ2dllZlYISz7BiwdFvPpF3vwbZ5MIKlrQUFR1093lR5wp7Tgf1srq2vrGZmYru72zu7efOzhsqTCWhDZJyEPZ8bGinAna1Exz2okkxYHPadufXKZ++55KxUJxp6cR9QI8EmzICNZGur3q034u79iFWqXmlpBjO6VitVJOSaFWds+Raztz5GGJRj/33huEJA6o0IRjpbquE2kvwVIzwuks24sVjTCZ4BHtGipwQJWXzE+doVOjDNAwlKaERnP1+0SCA6WmgW86A6zH6reXin953VgPq17CRBRrKshi0TDmSIco/RsNmKRE86khmEhmbkVkjCUm2qSTNSF8fYr+J62C7ZZt96aYr18s48jAMZzAGbhQgTpcQwOaQGAED/AEzxa3Hq0X63XRumItZ47gB6y3T4ivjfs=</latexit>

Ee

<latexit sha1_base64="s7OXxZ6EIQ65BMOLXKoDKi3xo18=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwNWSm9uGu6EKXFewDOmPJpGkbmswMSUYoQ/0VNy4UceuHuPNvTB+Cih4IHM65l3tygpgzpRH6sDIrq2vrG9nN3Nb2zu5efv+gpaJEEtokEY9kJ8CKchbSpmaa004sKRYBp+1gfDHz23dUKhaFN3oSU1/gYcgGjGBtpF6+4AmsR1Kk3iUWAk9vPZH08kVko1K17LgQ2W6tXCkhQ5B7VqnVoGOjOYpgiUYv/+71I5IIGmrCsVJdB8XaT7HUjHA6zXmJojEmYzykXUNDLKjy03n4KTw2Sh8OImleqOFc/b6RYqHURARmchZV/fZm4l9eN9GDmp+yME40Dcni0CDhUEdw1gTsM0mJ5hNDMJHMZIVkhCUm2vSVMyV8/RT+T1qu7VRs5/q0WD9f1pEFh+AInAAHVEEdXIEGaAICJuABPIFn6956tF6s18VoxlruFMAPWG+fqKGVcg==</latexit>

�µ



4

Form factors measurement

- electromagnetic FFs known at % level and better, axial FF - 10-20 %

Sachs electric and magnetic form factors

GE = FD � ⌧FP GM = FD + FP⌧ =
Q2

4M2
" $ ✓lab

A1@MAMI: J. C. Bernauer et al. (2014)

0.003 GeV2 < Q2 < 1 GeV2

d�unpol

d⌦
⇠ G2

M (Q2) +
"

⌧
G2

E(Q
2)

PRAD@JLAB: W. Xiong et al. (2019)
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Gstd.dipole =
1

⇣
1 + Q2

⇤2

⌘2
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contact interaction at GeV energies

CCQE scattering on free nucleon

tree-level amplitude

 momentum transfer

neutrino energy

isovector Dirac and Pauli
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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  fluxesν

- channel for reconstruction of neutrino energy

Noemi Rocco
talk at Neutrino 2020

Formaggio 
and Zeller 

(2013)
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QED medium effects

- charged lepton exchanges photons with nuclear medium



9

SCETG formulation

- leading-order cross sections are distorted
- EFT and full QED calculations are performed

- forward scattering is dominant process

- Glauber photons exchanged with a nuclear charge distribution

- change: integral along final lepton direction over charge and potential 
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Neutrino scattering

- permille-level distortion of cross sections: O( ) correctionα2

- smaller correction to inclusive cross section

- relative correction per nucleon <latexit sha1_base64="YBYW9K1DG5EwdOKWiBbXJyR5H9k="></latexit>
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Antineutrino scattering

- permille-level distortion of cross sections: O( ) correctionα2

- larger correction than for neutrino scattering

- relative correction per nucleon <latexit sha1_base64="YBYW9K1DG5EwdOKWiBbXJyR5H9k="></latexit>
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SCETG formulation

- leading-order cross sections are modified
- EFT and full QED agree above the lepton mass scale

- forward scattering is dominant process

- change: integral along final lepton direction over charge and potential 
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- add initial-state exchanges, no interference with final-state exchanges
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- change: integral along initial lepton direction over charge and potential 

- Glauber photons exchanged with a nuclear charge distribution
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Electron scattering

- relative correction per nucleus after incoherent sum over nucleons

- percent-level at low momentum transfers: O( ) correctionα2

- critical new effect for electron scattering experiments
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Proton charge radius extraction

- QED medium effects reduce tensions to A1@MAMI data
- calls for a more elaborate analysis of form factors

- determinations from elastic electron-proton scattering data

- determinations from the Lamb shift in muonic hydrogen

- combination of spectroscopic transitions in ordinary hydrogen

Clara Peset, Antonio Pineda and O. T., Prog. Part. Nucl. Phys. (2021)

reduction of ep-scattering result
?



15

Conclusions

- permille-level QED nuclear medium distortion 0f neutrino-nucleus  

    cross sections: negligible at current state-of-the-art

QED nuclear medium effects
SCETG and full QED

- permille- to percent-level corrections in electron-nucleus scattering: 

    calls for reanalysis of nucleon and nuclear form factors 

- SCETG works perfectly at GeV energies
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- DUNE and Hyper-K: leading-edge 𝜈 science experiments

- origin of matter-antimatter asymmetry

- mass hierarchy and oscillation parameters

- Grand Unified Theories

- dynamics of supernova explosion

δCP

PMNS matrix, Δm312

proton decay

wait for one;)
DUNE, CDR (2016), TDR (2020)

Neutrino experiments
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Neutrino experiments
- DUNE and Hyper-K: leading-edge 𝜈 science experiments

- measurement of 𝜈μ disappearance and 𝜈e appearance

- near detector: determine flux and cross sections
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