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Outline

2) Radiative corrections to inverse muon decay

1) (Anti)neutrino energy spectra from muon,
pion, and kaon decays
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Coherent elastic neutrino-nucleus scattering

- CEvNS enters precision era with DAR sourcesπ

- at low neutrino energies (<50 MeV) nuclear state is unchanged 

- first detection in 2017 at SNS, measured on CsI and Ar

- large cross section scales as squared number of neutrons N2

- rapidly developing field nowadays
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nucleus recoils as a whole

COHERENT, Science 357 (2017) 6356, 1123-1126 

Stodolsky (1966), Freedman (1974), Kopeliovich and Frankfurt (1974)
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Artificial neutrinos: accelerator

www.fnal.govAkimov et al., Science 357 6356, 1123-1126 (2017)

decay at rest decay in flight

Coherent and CCM T2K, NOvA, MiniBooNE, MicroBooNE
MINERvA, MINOS, NuTeV

SBN, DUNE, HyperK, ESSnuSB

- s from decay of light mesons and muons; STORM and ENUBETν ν

meson decay: monochromatic line
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K+ ! ⇡0e+⌫e
<latexit sha1_base64="j8bSfSA3Dj1VaW8IzSqxX1ujdWY=">AAACBHicdVBLSwMxGMzWV62vVY+9BIsgCMtu7fNW9CJ4qWAf0N2WbJq2odnskmSFUnrw4l/x4kERr/4Ib/4bs20FFR0ITGa+j2TGjxiVyrY/jNTK6tr6Rnozs7W9s7tn7h80ZRgLTBo4ZKFo+0gSRjlpKKoYaUeCoMBnpOWPLxK/dUuEpCG/UZOIeAEacjqgGCkt9czsVfcUuiqEbkS7NnSDOLnzuKdZz8zZVr5arjpFaFt2sVAplxKSr5acM+hY9hw5sES9Z767/RDHAeEKMyRlx7Ej5U2RUBQzMsu4sSQRwmM0JB1NOQqI9KbzEDN4rJU+HIRCH67gXP2+MUWBlJPA15MBUiP520vEv7xOrAYVb0p5FCvC8eKhQcygDp00AvtUEKzYRBOEBdV/hXiEBMJK95bRJXwlhf+TZt5ySpZzXcjVzpd1pEEWHIET4IAyqIFLUAcNgMEdeABP4Nm4Nx6NF+N1MZoyljuH4AeMt0/vaJcM</latexit>

K+ ! ⇡0µ+⌫µ

<latexit sha1_base64="UoaNlyWQQ9yEiUBoqZk/pJToDBk="></latexit>

K0
L ! ⇡±e⌥⌫e

<latexit sha1_base64="r9MggjGJ2Fl7C21TFF66z4NVvRk="></latexit>

K0
L ! ⇡±µ⌥⌫µ
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(Anti)neutrino energy spectra from muon,  

pion and kaon decays
O.T., Phys. Lett. B 829, 137108 (2022)

✓
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DAR spectrum at tree levelπ

π+ → μ+νμ

μ+ → e+νeν̄μ

Akimov et al., Science 357 6356, 1123-1126 (2017)

- flavor-dependent spectrum at tree level with prompt  lineνμ



Radiative corrections to decay of mesons

8

- negligible change when normalized to experimental lifetime

π− → μ−νμγ K− → μ−νμγ

10
3

 ω
ν μ

 d
Γ(
π-

μ-
ν μ
γ)

Γe
xp

 (π
-
μ-
ν μ

) d
E ν

μ

10−6

10−4

10−2

1

Eνμ, MeV
0 5 10 15 20 25

leading order
linear in FV and FA

quadratic in FV and FA

power-counting error

10
3
ω
ν μ

 d
Γ(

K
-
μ-
ν μ
γ)

Γe
xp

 (K
-
μ-
ν μ

) d
E ν

μ

10−6

10−4

10−2

1

Eνμ, MeV
0 50 100 150 200

- broadening of monochromatic line with elastic peak

- analytic spectra presented

- negligible change in flux-averaged cross sections due to distortion

-  10-4 change in GeV (anti)neutrino fluxes≲

<latexit sha1_base64="Hk4zZa6K8k4tgVqr5oa4S0C4Yrs="></latexit>

�
40

Ar

⌫̄µ
= (15.1867± 0.25)⇥ 10�40 cm2

�
40

Ar

⌫̄µ,LO = (15.1875± 0.25)⇥ 10�40 cm2



Radiative corrections to muon decay

9

- permille-level change in agreement with KLN theorem

- flavor-dependent distortions at permille level

- modern QED/EW form factors with different mass of leptons

 μ− → e−ν̄eνμγ

ω
νd

|Γ
(μ

-
e- ν

e ν
μγ

)|

Γ L
O

(μ
-

e- ν
e ν
μ)

 d
E ν

e

10−8

10−6

10−4

10−2

1

Eνe, MeV
0 10 20 30 40 50

leading order
O(α) massless
O(α) mass correction

ω
νd

|Γ
(μ

-
e- ν

e ν
μγ

)|

Γ L
O

(μ
-

e- ν
e ν
μ)

 d
E ν

μ

10−8

10−6

10−4

10−2

1

Eνμ, MeV
0 10 20 30 40 50

- analytic spectra presented in agreement with b decays within QCD

- permille change in flux-averaged cross sections due to distortion
<latexit sha1_base64="B5VYiRrHLKo4TgXNbe48OYzW0cQ="></latexit>

�
40

Ar

⌫̄e
= (17.484± 0.43)⇥ 10�40 cm2

�
40

Ar

⌫̄e,LO = (17.490± 0.43)⇥ 10�40 cm2

<latexit sha1_base64="9jPklGc2ZjgU7xT7zateat80BzI="></latexit>

�
40

Ar

⌫µ
= (22.448± 0.66)⇥ 10�40 cm2

�
40

Ar

⌫µ,LO = (22.454± 0.66)⇥ 10�40 cm2

3-4 ‰

M. Jezabek, J.H. Kuhn, Nucl. Phys. B 320, 20 (1989)
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Radiative corrections to inverse muon decay 

for accelerator neutrinos

✓

O.T., Kaushik Borah, Richard J. Hill,  
Kevin S. McFarland, Daniel Ruterbories (2023)
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- successful implementation by MINERvA collaboration

MINERvA constraint by inverse muon decay

- 10-20% correction on flux normalization, reduced error 

MINERvA, Phys.Rev.D 104, 092010 (2021) 

<latexit sha1_base64="MNZrLiPsX8cTRUcjeiFRUZuXLMM=">AAACBHicdVDLSgMxFM34rPVVddlNsAhuOszUPndFNy4r2FbotCWT3mpoJjMkGaGULtz4K25cKOLWj3Dn35hpK6jogcDJOfeSnONHnCntOB/W0vLK6tp6aiO9ubW9s5vZ22+pMJYUmjTkobzyiQLOBDQ10xyuIgkk8Dm0/dFZ4rdvQSoWiks9jqAbkGvBhowSbaR+JuuJuO8FMYZeHns6xMkdsFF6+X4m59iFWqXmlrBjO6VitVJOSKFWdk+wazsz5NACjX7m3RuENA5AaMqJUh3XiXR3QqRmlMM07cUKIkJH5Bo6hgoSgOpOZiGm+MgoAzwMpTlC45n6fWNCAqXGgW8mA6Jv1G8vEf/yOrEeVrsTJqJYg6Dzh4YxxyZs0ggeMAlU87EhhEpm/orpDZGEatNb2pTwlRT/T1oF2y3b7kUxVz9d1JFCWXSIjpGLKqiOzlEDNRFFd+gBPaFn6956tF6s1/nokrXYOUA/YL19Aow+l2o=</latexit>

⌫µe
� ! ⌫eµ

�

<latexit sha1_base64="0jdjvHmhW7qnmZZJOE4hg+t4TSo="></latexit>

Ethr
⌫ & 10.9 GeV

- muon energy  spectrum: 
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Inverse muon decay theory
- precise Lagrangian with GF from muon decay 

- 2.5 from 3 cross sections reproduced by alternative method 

<latexit sha1_base64="VIbMlKJ6xVmeXr1hqZuPutdnplM="></latexit>

Le↵ = �2
p
2GF⌫̄e�

�PL⌫µ µ̄��PLe+ h.c..

- new total cross sections, energy spectra, and 2D cross sections
Bardin and Dokuchaeva (1987)

- muon energy spectrum verified , derived    νμe− → νeμ− νee− → νμμ−

Eν = 15 GeV

LO νμe- νeμ-

LO νee- νμμ-

|O(α)| νμe- νeμ-

|O(α)| νee- νμμ-

10
4
2
d
�

d
E

µ


cm

2

G
eV

�

<latexit sha1_base64="JUHyeR/7S2MphhDWeS7QBFGAZPo="></latexit>

Eµ [GeV]

<latexit sha1_base64="b+ppxFEVHlKjFdXgOpIdyXQoQrk=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGKrosiuiygn3AzDBk0rQNTTJDkhHKUPFX3LhQxK3f4c6/MdPOQlsPBA7n3Ms9OVHCqNKO822VlpZXVtfK65WNza3tHXt3r63iVGLSwjGLZTdCijAqSEtTzUg3kQTxiJFONLrK/c4DkYrG4l6PExJwNBC0TzHSRgrtg+vQ5yl89DnSQ8kz74a0g0loV52aMwVcJG5BqqBAM7S//F6MU06Exgwp5blOooMMSU0xI5OKnyqSIDxCA+IZKhAnKsim8Sfw2Cg92I+leULDqfp7I0NcqTGPzGSeUs17ufif56W6fxFkVCSpJgLPDvVTBnUM8y5gj0qCNRsbgrCkJivEQyQR1qaxiinBnf/yImmf1tx67eyuXm1cFnWUwSE4AifABeegAW5BE7QABhl4Bq/gzXqyXqx362M2WrKKnX3wB9bnDyFdlZw=</latexit>

0.01
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1

10

11 12 13 14 15

dominant neutrino component
has larger cross section

energy spectrum in
both channels
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Inverse muon decay theory

<latexit sha1_base64="N0RPZbu2mbKlOAiwEBtxYVe007Y="></latexit>

F = Eµ✓
2
µ ⇡

✓
1� Eµ

E⌫

◆ 
2me �

m2
µ

Eµ

! <latexit sha1_base64="tvoBE4sv3RNiHvYf5EqW5q2iSEk="></latexit>

FMINERvA =
Eµ✓2µ

1� Eµ

35 GeV

- radiative corrections to distribution of experimental discriminant 

O(α) νμe- νeμ-, Eq. (29)
O(α) νμe- νeμ-

MINERvA
medium-energy flux

FMINERvA [keV]

<latexit sha1_base64="c7JCsvF98ol7EK6Wt01IcwAMrjg=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkosuqKLpQqtgHpLFMppN26OTBzKRQQvwFN/6KGxeKuHXlzr9x0kbQ6oELh3Pu5d57nJBRIQ3jU8tNTc/MzuXnCwuLS8sr+upaXQQRx6SGAxbwpoMEYdQnNUklI82QE+Q5jDSc/nHqNwaECxr4N3IYEttDXZ+6FCOppLa+08KIxafJbctDsse9+OL88uR6cJjAO/gtWX1St5O2XjRKxgjwLzEzUgQZqm39o9UJcOQRX2KGhLBMI5R2jLikmJGk0IoECRHuoy6xFPWRR4Qdj15K4JZSOtANuCpfwpH6cyJGnhBDz1Gd6ZVi0kvF/zwrku6BHVM/jCTx8XiRGzEoA5jmAzuUEyzZUBGEOVW3QtxDHGGpUiyoEMzJl/+S+m7JLJf2rsrFylEWRx5sgE2wDUywDyrgDFRBDWBwDx7BM3jRHrQn7VV7G7fmtGxmHfyC9v4FeVyd/Q==</latexit>

dσ dσ
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−15
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- double-differential distributions and corrections to      distribution
<latexit sha1_base64="jjpI4kmOEvdyqaMm/EIr5EwgshQ=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPw0zMegsK4jGCWSAZQk+nJ2nS0zN29whhyE948aCIV3/Hm39jZxFU9EHB470qqur5MWdKO86HtbK6tr6xmdnKbu/s7u3nDg5bKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vbHlzO/fU+lYpG41ZOYeiEeChYwgrWROmmPYI6upv1c3rELtUrNLSHHdkrFaqU8I4Va2T1Hru3MkYclGv3ce28QkSSkQhOOleq6Tqy9FEvNCKfTbC9RNMZkjIe0a6jAIVVeOr93ik6NMkBBJE0Jjebq94kUh0pNQt90hliP1G9vJv7ldRMdVL2UiTjRVJDFoiDhSEdo9jwaMEmJ5hNDMJHM3IrICEtMtIkoa0L4+hT9T1oF2y3b7k0xX79YxpGBYziBM3ChAnW4hgY0gQCHB3iCZ+vOerRerNdF64q1nDmCH7DePgEkZJAO</latexit>F

O.T., Kaushik Borah, Richard J. Hill, Kevin S. McFarland, Daniel Ruterbories (2023)

elastic kinematics 
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Conclusions

- common framework for muon and inverse muon decay

- first (anti)neutrino energy spectra from radiative meson decays

radiative corrections
in EFT framework

⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

- precise neutrino spectra from muon decays

- QED/EW form factors with different mass of leptons

- radiative corrections to inverse muon decay observables
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Thanks for your attention !!!
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ºSTORM 
� Neutrinos from Stored Muons 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

� Feasibility at CERN: Ahdida et al., CERN-PBC-REPORT-2019-003 

Adey et al., Annu. Rev. Nucl. Part. Sci. 2015.65 
 
Precisely known flux: 
 

� Normalization (< 1%) 
� Flavor composition 
� Energy spectrum  



ENUBET: 8ux constraintENUBET: 8ux constraint 
Not directly taggable components:
1) ⇥

e
 from K0+/-  in the proton/hadron dump

 → reduce by tuning the dump geometry/location

2) ⇥
e
 from K+ in front of the tagger

(after 1st bend/2nd bend) ~10% contamination  →

accounted for with simulation (~geometrical).

 ⇥
e CC

 spectra

Rel. fraction

taggable

Uncertainty reduction for the tagged 8ux 
component

Constrain the 8ux model by exploiting correlations 
between the measured lepton distributions and the 
8ux  Fit the model with data and get energy →

dependent corrections. 

Each histogram component 
corresponds to a bin in 
neutrino energy

Muon z

An example:
E

v
(bin 1)

E
v
(bin 2)

E
v
(bin 3)

Talk by A. Branca
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ENUBET / NP06ENUBET / NP06

Aims at demonstrating the feasibility and physics performance of a neutrino beam where lepton production is 
monitored at single particle level 

● Instrumented decay region 
    K+  e→ + ν

e 
π0  (large angle) e→ + 

    K+  → μ+ ν
μ 
π0  or  → μ+ ν

μ 
 (large angle) → μ+

● ν
e
 and ν

μ 
8ux prediction from e+/μ+ rates

1) Design/simulate the layout of the hadronic beamline 
2) Build/test a demonstrator of the instrumented decay tunnel 

Requires a collimated p-selected hadron beam 
 → only decay products hit the tagger  manageable rates →

Requires a “short”, 40 m, tunnel (~all ν
e 
from K, ~1% ν

e 
from μ)

→ Bonus: an “a priori’’ constraint on the n energy by exploiting 
correlations between E

ν 
and the position of interactions in the 

detector (narrow band beams)

 pillars

Enhanced NeUtrino BEams from kaon Tagging ERC-CoG-2015, G.A. 

681647, PI A. Longhin, Padova University, INFN
● CERN Neutrino Platform: NP06
● Physics Beyond Colliders CERN study

 A. Longhin, L. Ludovici, F. Terranova, EPJ C75 (2015) 155Talk by G. Brunetti



The MINERvA Experiment

● Ran between 2009-12 in the NuMI low energy (LE) 
configuration: E≈3.5 GeV

● 2013-19 in the medium energy (ME) configuration: E≈6 GeV
● Huge dataset, especially in the ME configuration

○ Neutrino mode:4.3e6 𝜈𝜇-CC interactions with MINOS acceptance. 
○ Anti-neutrino mode 2.5e6 anti-𝜈𝜇-CC interactions

Low Energy @ MINERvA
Medium Energy @ Minerva
Medium Energy @ NOvA

4
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Motivation for measuring flux and cross-sections: 
Oscillation Experiments

● Predicted, a priori, from a beam simulation 
(g4NuMI, g4LBNE)

● Hadron production data (NA49, NA61, MIPP, etc) 
used to improve the simulation. Incorporated via 
event by event reweighting.

● Uncertainties from the HP data, physics model, & 
beam optics propagated via many universes 
(a.k.a. multi-sim) approach.

● Some systematic control by changing horn 
currents, target position, or off axis position

Neutrino 
Flux

The event rate at a near detector is a convolution of three terms

519



The NuMI Beam
NuMI @ 
FNAL

“Horns Of 
Plenty”
Simon van der Meer

focusing
peak

high energy tail

12

20



in situ data: the low-nu technique
Cross-section as a function
of the energy transfer 𝜈
Becomes constant for small 𝜈/E,
resulting in a measurement 
of the flux shape.

Normalized to well 
measured high energy 
neutrino CC 
cross-section 
Data indicates a warping of 
the flux shape around the 
focusing peak. Best 
hypothesis is a 3.6% (1.8𝜎) 
shift in the muon energy 
scale .

● “Use of Neutrino Scattering Events with Low 
Hadronic Recoil to Inform Neutrino Flux and 
Detector Energy Scale” A. Bashyal et al 
(MINERvA), 2021 JINST 16 P08068 

19
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Neutrino electron scattering

● Kinematics requires that Eeθe
2 < 2me 

● The signature is a very forward energetic electron with no hadronic recoil.
● Electron can radiate real photons. Important to include them in the cross-section.

23
22



Constrained flux

3823
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Neutrino Electron Scattering

• %.: → %.:, cross-section uncertainties below 1% but reaction is 
only a few parts in 104 of total on nuclei.

• Events/year in % beam
§ Rates sufficient in a

LAr TPC (50 ton) for a measurement of total rate to better than 1% (stat).
• Simulated analysis, including 

leading interaction systematics 
on backgrounds, shows 
reduction in flux uncertainties.
§ 8% to 1-2% uncertainties at flux peak
§ Limited, but useful, capacity to probe spectrum.

5 August 2019 Kevin McFarland: DUNE's Near Detector 7Bins of 5%

Detector LAr TPC HPg Ar TPC 3D Scint Tracker
%& + . (Ee>500 MeV) 6600 130 1100

%.: → %.: flux constraint 
previously demonstrated 

by MINERvA, 
Phys. Rev. D 93, 112007, 

and  arXiv:1906.00111

arXiv: 1910.10996 

~ 6000 inverse muon decay (IMD) events in 5 years of data taking
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DUNE PRISM
• If near detector is movable…
• Flux at near detector location varies with 

transverse position: range of “off axis” fluxes.
§ Exploit this to make a pseudo “monochromatic” 

beam by combinations of fluxes at different locations.
• Monochromatic beam can directly measure interactions 

vs. true 5% to understand relationship to reconstructed 56=>?@.
§ One analysis strategy: form directly the

expected flux of muon neutrinos after oscillations
that should be observed at the far detector.

§ Then measure the observed response and
translate to far detector. 

§ Interaction model independent, by construction.
5 August 2019 Kevin McFarland: DUNE's Near Detector 8



Precise fluxes for cross-section program

26
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nuSTORM implementation at the SPSnuSTORM implementation at the SPS
ν

e
 and ν

μ 
beams from decay of circulating low-E muons

● 100 GeV/c p from SPS (156 kW). Fast extr. (10.5 us).
● Storage ring (1-6 GeV/c with a 16% acceptance)
● 52% of π  → μ

 
 before 1st turn 

 →ν
μ 

8ash @ “injection pass”

● 1 τ
μ
 ~ 27 orbits:

● For 1020 POT (2 × 1020 expected in 5 y) @ 50 m
● 6.3×1016 ν

μ 
/ m2

● 3.0×1014 ν
e 
/ m2

π+  →ν
μ

K+   → ν
μ

μ+   → ν
μ

μ+   → ν
e

Hadronic + leptonic
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2) Conventional “meson based” beams brought to a new standard  → use a narrow band beam 
and shift the monitoring at the level of decays by instrumenting the decay tunnel (tag high-
angle leptons)  remove the main limit to cross section measurements by reducing the 8ux →

normalization uncertainty from O(5-10%) to ~O(1%).

An ancillary facility providing physics input to the long-baseline program: reduction of 
systematics thanks to unprecedented measurements of the v

e
 (and v

μ
) cross sections

Novel beams (meson based)Novel beams (meson based)

Hadro-production (p-target) uncertainties  by-passed by lepton “counting”→

Talk by G. Brunetti
ENUBET 


