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➤ Large scale next-generation accelerator neutrino facilities:  

➤ Precise measurement of CP violating phase in the leptonic sector. 

➤ DUNE & Hyper-Kamiokande — both measurements will be systematics dominated
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Challenges of GeV neutrino beams

Neutrino flux

~ 10% uncertainties

The physics 

<latexit sha1_base64="P338vq3xe9Wsk1ZLck+B/TXBy4g="></latexit>

R = �⌫µ(E⌫)⇥ P⌫µ!⌫e ⇥
 

X

⌫X!eX0

�⌫e(E⌫)⇥ ✏(E⌫ , E
r
⌫)

!

Neutrino-nucleus cross sections

1) Energy spectrum is not the same between ND and FD (oscillation and geometry). 
2) Near-to-far detector ratio is not robust against detector systematics. 
3) Low stats and large bkgs in electron-neutrino (exclusive) measurements at the near detector
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➤ A precision neutrino facility —  1% flux uncertainties 

1) neutrino-nucleus cross sections, 

2) Muon collider demonstrator and test-bed.  

3) new physics at short-baselines,

Neutrinos from STORed Muons

Fermilab (2012)

nuSTORM coll., FERMILAB-LOI-2013-02, arXiv:1206.0294

nuSTORM coll., Proposal to the Fermilab PAC, arXiv:1308.6822


Effort redirected to CERN (2013)

nuSTORM coll., Expression of Interest CERN, arXiv:1305.1419


CERN (2019) PBS study

nusSTORM coll. CERN PBC REPORT 2019-003

CERN-PBC-REPORT-2019-003

The vSTORM concept

https://arxiv.org/abs/1206.0294
http://arxiv.org/abs/arXiv:1308.6822
http://arxiv.org/abs/arXiv:1305.1419
https://cds.cern.ch/record/2654649?ln=en


Matheus Hostert (UMN) 4

The vSTORM flux

µ+ ! e+ ⌫e ⌫µ

⇡+ ! µ+ ⌫µ

Stored muons

➤ Usual 5 GeV/c       injection, and 1—6 GeV/c stored 

Pion-flash

K-decays

π decays

µ decays
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Pion-flash
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The vSTORM flux

µ+ ! e+ ⌫e ⌫µ

⇡+ ! µ+ ⌫µ

Stored muons

p+

µ+ ! e+ ⌫e ⌫µ
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➤ Usual 5 GeV/c       injection, and 1—6 GeV/c stored 

Pion-flash

Pion-flash

Stored µ

~ 30 times

K-decays

π decays

µ decays

µ+ ! e+ ⌫e ⌫µ
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➤ Precision neutrino source: 

➤ Well-known rate, energy spectrum, and composition 
➤ unique flavor composition —                    
➤ monitored beam line
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3.8 GeV/c muons
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The ENUBET concept

Enhanced NeUtrino BEams from kaon Tagging

Possibility to tag:


K —> π0 e+ νe  

and

K —> µ νµ 
π —> µ νµ 

A. Longhin, L. Ludovici, F. Terranova, EPJ C75 (2015) 155 

νµ 

νe

➤ A precision neutrino facility —  1% flux uncertainties 

1) electron-neutrino scattering on nuclei, 

2) new physics at short-baselines 

3) first tagged neutrino beam
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The GeV neutrino energy region — cross sections

Accelerator neutrino fluxes span a challenging region:

Poorly measured cross sections and several overlapping regimes in nuclear medium.

➤ Neutrino QE scattering 

➤ Axial form factor of the nucleon 

➤ Inelastic scattering 

➤ Dominated by Δ(1232) resonance — single pion and photon production 

➤ Several other overlapping resonances + interference effects 

➤ Shallow inelastic scattering 

➤ Low Q2 and W region — transition region: quark-hadron duality 

➤ Deep inelastic scattering 

➤ Better understood, but also subject to in-nuclear-medium effects.

 RES 

 QE 

 DIS 

See NuSTEC white paper — 10.1016/j.ppnp.2018.01.006.                       By L. Alvarez

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.ppnp.2018.01.006&v=188b79e7
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The GeV neutrino energy region — cross sections

Accelerator neutrino fluxes span a challenging region:

Poorly measured cross sections and several overlapping regimes in nuclear medium.

➤ Neutrino QE scattering 

➤ Axial form factor of the nucleon 

➤ Inelastic scattering 

➤ Dominated by Δ(1232) resonance — single pion and photon production 

➤ Several other overlapping resonances + interference effects 

➤ Shallow inelastic scattering 

➤ Low Q2 and W region — transition region: quark-hadron duality 

➤ Deep inelastic scattering 

➤ Better understood, but also subject to in-nuclear-medium effects.

Measuring these contributions requires well known flux and ability to measure exclusive final states

 RES 

 QE 

 DIS 

See NuSTEC white paper — 10.1016/j.ppnp.2018.01.006.                       By L. Alvarez
Leitner, LAR, Mosel, PRC 73 (2006) 

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.ppnp.2018.01.006&v=188b79e7
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The GeV neutrino energy region — cross sections

Accelerator neutrino fluxes span a challenging region:

Poorly measured cross sections and several overlapping regimes in nuclear medium.

➤ Neutrino QE scattering 

➤ Axial form factor of the nucleon 

➤ Inelastic scattering 

➤ Dominated by Δ(1232) resonance — single pion and photon production 

➤ Several other overlapping resonances + interference effects 

➤ Shallow inelastic scattering 

➤ Low Q2 and W region — transition region: quark-hadron duality 

➤ Deep inelastic scattering 

➤ Better understood, but also subject to in-nuclear-medium effects.

Monte Carlo tuning is not physical — we do not learn how to make general predictions.

See NuSTEC white paper — 10.1016/j.ppnp.2018.01.006.                       By L. Alvarez

A. Himmel. For NOvA (NEUTRINO2020)

NOvA coll., Eur.Phys.J.C 80 (2020) 12, 1119

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.ppnp.2018.01.006&v=188b79e7
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Direct measurement of the νe cross section

T2K, JHEP10(2020)114
MINERvA, PRL 116, 081802 (2016) MicroBooNE, arXiv:2109.06832

Uncertainties are large, always subject to flux normalization and detector systematics.


Statistics still low — increasing exposure may not help due to large backgrounds from muon-neutrinos.


Tuning with electron-neutrinos is much harder than muon-neutrinos — does it still cover “unknown unknowns”?

Oscillation studies assume a theoretical 
uncertainty of 2.8% for σνe /σνµ
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Direct measurement of the νe cross section

T2K, JHEP10(2020)114

ENUBET

MINERvA, PRL 116, 081802 (2016)

vSTORM
>10k events in 0.5 kt detector 

Assuming 1% flux uncertainty 

Energy range optimized for 
DUNE’s flux

MicroBooNE, arXiv:2109.06832

Enough rates for detailed 
exclusive final state studies 

+ 
differential cross sections  
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Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? )

Summary
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➤ Rare processes — Statistics (✔): 

Summary
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Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? ) 

➤ Rare processes — Statistics (✔): 
➤ Neutrino-electron scattering

Summary

Forward electrons — hard background due 
to large electron-neutrino flux.

10.1103/PhysRevLett.125.051803

DUNE prism

Precision physics

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.125.051803&v=5e2219a5


Matheus Hostert (UMN) 15

Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? ) 

➤ Rare processes — Statistics (✔): 
➤ Neutrino-electron scattering

➤ Neutrino trident production 

Summary

Nucleus Nucleus

Cross section at the level 

of 10-6 of CCQE at 2 GeV

Magnetized detector 
with large Z nuclei is ideal. 

Test of new physics

explanations to (g-2)µ

Optimistic DUNE

P. Ballet et al, PRD 100 (2019) 5, 055012
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Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? ) 

➤ Rare processes — Statistics (✔): 
➤ Neutrino-electron scattering

➤ Neutrino trident production 

➤ Light new particles produced at target/kaon decays/muon decays

Summary

µ+
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e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>

⌫⌧
<latexit sha1_base64="+HjoapzyurlEnlbNHpdEkLued0M=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsstCTaWGIiYOQuZG/Zgw17e5fdWRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvygTX6HnfTmFtfWNzq7hd2tnd2z8oHx61dWoUZS2ailQ9REQzwSVrIUfBHjLFSBIJ1olGNzO/88SU5qm8x3HGwoQMJI85JWilx2ogTS9AYqq9csWreXO4q8TPSQVyNHvlr6CfUpMwiVQQrbu+l2E4IQo5FWxaCoxmGaEjMmBdSyVJmA4n84un7plV+m6cKlsS3bn6e2JCEq3HSWQ7E4JDvezNxP+8rsH4KpxwmRlkki4WxUa4mLqz990+V4yiGFtCqOL2VpcOiSIUbUglG4K//PIqaddr/kXNu6tXGtd5HEU4gVM4Bx8uoQG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/AOz7kGo=</latexit>

Ar

gap?

no pointing
N

Production in neutrino scattering Production in K/π/µ decays and decay in flight

Alternative explanations to the MiniBooNE excess with dark sectors
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Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? ) 

➤ Rare processes — Statistics (✔): 
➤ Neutrino-electron scattering

➤ Neutrino trident production 

➤ Light new particles produced at target/kaon decays/muon decays


➤ Short-baseline oscillations/flavor transitions: 
➤ Well-known flux (✔) + Statistics (✔) + Energy reconstruction ( ? ) 
➤ Spectral shape distortions or anomalous (dis)appearance signals.

➤ Zero-baseline effects: non-unitarity/non standard interactions


Summary
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Short-baseline anomalies

<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫e

arXiv:2006.16883

<latexit sha1_base64="1jiCnf8Uf6S7tLLj8byw02UhX5A=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSiKKLotuXFawD2hCmEwn7dDJTJiHUEI/wY2/4saFIm5duvNvnLRZaOuBgcM593LnnDhjVGnP+3aWlldW19YrG9XNre2dXXdvv62EkZi0sGBCdmOkCKOctDTVjHQzSVAaM9KJRzeF33kgUlHB7/U4I2GKBpwmFCNtpcg9CYS1i+084GYSBamBgRZwTiaRW/Pq3hRwkfglqYESzcj9CvoCm5RwjRlSqud7mQ5zJDXFjEyqgVEkQ3iEBqRnKUcpUWE+DTSBx1bpw0RI+7iGU/X3Ro5SpcZpbCdTpIdq3ivE/7ye0clVmFOeGU04nh1KDIM2cdEO7FNJsGZjSxCW1P4V4iGSCGvbYdWW4M9HXiTts7p/UffuzmuN67KOCjgER+AU+OASNMAtaIIWwOARPINX8OY8OS/Ou/MxG11yyp0D8AfO5w9OF54D</latexit>

⌫µ ! ⌫e

arXiv:0104049

EXCESS: 560± 119.6 EVENTS only in nu mode 
4.8 sigma significance

EXCESS: 87.9 ± 22.4 ± 6 EVENTS 
3.8 sigma

<latexit sha1_base64="JLx/Ru2kM4Lyse1CUHlh1I+rMa0="></latexit>

L/E ⇠
✓
1eV2

�m2

◆
➤ Short-baseline oscillation at

SBN program @ FNAL may confirm or constrain it.

In case of a positive signal,

we will need dedicated facilities to study it


and definitive tests.

https://arxiv.org/pdf/2006.16883.pdf
https://arxiv.org/pdf/hep-ex/0104049.pdf
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New Physics searches

➤ A definitive test of short-baseline oscillations
⌫µ ! ⌫µ

⌫e ! ⌫µ

⌫µ ! ⌫µ

Separated  
by timing.

Charge separation with

Magnetic field

1) T or CPT conjugate of  usual appearance channels 
2) muon identification much easier than electrons  
3) no photon backgrounds.

D. Adey et al, 10.1103/PhysRevD.89.071301

Magnetized far detector

@ 2 km 


1.6 x 1018 useful muon decays

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.89.071301&v=3098f61a
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New Physics searches

➤ A definitive test of short-baseline oscillations
⌫µ ! ⌫µ

⌫e ! ⌫µ

⌫µ ! ⌫µ

Separated  
by timing.

Charge separation with

Magnetic field

1) T or CPT conjugate of  usual appearance channels 
2) muon identification much easier than electrons  
3) no photon backgrounds.

D. Adey et al, 10.1103/PhysRevD.89.071301

Magnetized far detector

@ 2 km 


1.6 x 1018 useful muon decays

ENUBET is also an electron-neutrino disappearance experiment:

1 kt LAr detector at 1 km 

w/ (1%, 2%, 5%) flux uncertainty.


Performs a direct check of anomalies in  
electron-neutrino disappearance 

Test of eV-sterile neutrino hypothesis


https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.89.071301&v=3098f61a
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Some ideas for new physics strategies at vSTORM

Direct contributions to new physics searches at vSTORM 
➤ Precision as an “umbrella strategy”: 

➤ Well known flux (✔) + well-known SM xsecs ( ? ) 

➤ Rare processes — Statistics (✔): 
➤ Neutrino-electron scattering

➤ Neutrino trident production 

➤ Light new particles produced at target/kaon decays/muon decays


➤ Short-baseline oscillations/flavor transitions: 
➤ Well-known flux (✔) + Statistics (✔) + Energy reconstruction ( ? ) 
➤ Spectral shape distortions or anomalous (dis)appearance signals.

➤ Zero-baseline effects: non-unitarity/non standard interactions


Indirect contribution to new physics searches elsewhere: 
➤ Clean measurement of exclusive cross sections that can be fed to other GeV-scale neutrino exps.

➤ Precision measurement of “standard candles” — Low-ν? coh-π± production?

Summary
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Conclusions

➤ nuSTORM and ENUBET would open a door to precision neutrino physics (<1% flux uncertainties) in both ve and vµ 

sectors. 

➤ Cross section measurements would provide invaluable input to LBL program 

➤ Would like precise measurements of exclusive channels, preferrably in differential format. 

➤ Definitive test of short-baseline neutrino oscillations 

T and CPT analogues of MiniBooNE and LSND.  

➤ Search for new physics at zero-distances (eg. non-unitarity) or neutrino scattering.

See also synergies between nuSTORM and ENUBET 
Monitored K decays for a precise ve beam
Andrea Longhin @ Neutrino 2020: 10.5281/zenodo.4139739


