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Neutrino oscillation: clear evidence of BSM 
 

→  𝜈 physics can provide guidelines for BSM

New symmetry in the neutrino sector

New symmetries? New particles?

• Unexpected appearance of SM particles

• Missing energy in accelerators

- These can be identified by probing new interactions of 𝜈 inducing

• Appearance/disappearance of SM 𝜈 in neutrino experiments

Talk by G. Karagiorgi
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Focus: self interactions among active 𝜈 (or + sterile 𝜈) 
 ➱ secret neutrino interaction (SNI)

New symmetry in the neutrino sector

• Neutrino oscillation anomalies: LSND, MiniBooNE
Asadi et al., PRD 2018 Smirnov, Valera, JHEP 2021

Dentler, Esteban, Kopp, Machado, PRD 2019

Abdallash, Gandhi, Roy, JHEP 2022 Dutta et al., PRL 2022

• Dark matter interacting with active 𝜈: Majoron DM, sterile 𝜈 DM
Rothstein, Babu, Seckel, NPB 1993

De Gouvea, Sen, Tangarife, Zhang, PRL 2020

• Cosmological issues: small scale problems (strongly constrained) 
 
                                   𝐻0 tension

Aarssen, Bringman, Pfrommer, PRL 2012 Ahlgren, Ohlsson, Zhou, PRL 2013

Escudero et al., JHEP 2019 Brinckmann, Chang, LoVerde, PRD 2021 Lyu, Stamou, Wang, PRD 2021
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• Dark matter interacting with active 𝜈: Majoron DM, sterile 𝜈 DM
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See also SNOWMASS WP 
2022, 

Berryman et al., PDU 2023



• Flavor-universal SNIs are strongly constrained by cosmological/
astrophysical observations: CMB, BAO, BBN, ..

• Laboratory experiments provide strong constraints on SNI with 𝜈𝑒, 𝜈𝜇 

Das, Ghosh, JCAP 2021Brinckmann, Chang, LoVerde, PRD 2021

Burgess, Cline, PLB 1993 Lessa, Peres, PRD 2007 Bauer, Foldenauer, Jäckel, JHEP 2018

Deppisch, Graf, Rodejohann, Xu, PRD 2020 Berryman et al., PDU 2023

Kolb, Turner, PRD 1987Huang, Ohlsson, Zhou, PRD 2018

New symmetry in the neutrino sector



• Flavor-universal SNIs are strongly constrained by cosmological/
astrophysical observations: CMB, BAO, BBN, ..

• Laboratory experiments provide strong constraints on SNI with 𝜈𝑒, 𝜈𝜇 

Das, Ghosh, JCAP 2021Brinckmann, Chang, LoVerde, PRD 2021

Burgess, Cline, PLB 1993 Lessa, Peres, PRD 2007 Bauer, Foldenauer, Jäckel, JHEP 2018

Deppisch, Graf, Rodejohann, Xu, PRD 2020 Berryman et al., PDU 2023

Probe flavor non-universal or off-diagonal SNI with 𝜈𝜏 , 𝑔𝜏𝛼 ?

Tau neutrino experiments

Kolb, Turner, PRD 1987Huang, Ohlsson, Zhou, PRD 2018

New symmetry in the neutrino sector



Neutrino experiments
• Observations of 𝜈𝜏 challenging due to prompt and semi-visible 

decays of 𝜏 (identification and reconstruction) as well as high 
𝐸th > 3 GeV beyond the oscillation maxima & small CC-𝜎.

• 𝜈 oscillations so far: either 𝜈𝜇 / 𝜈𝑒 disappearance or 𝜈𝑒 appearance



Neutrino experiments
• Observations of 𝜈𝜏 challenging due to prompt and semi-visible 

decays of 𝜏 (identification and reconstruction) as well as high 
𝐸th > 3 GeV beyond the oscillation maxima & small CC-𝜎.

• DONuT (9 events), OPERA (10 events), IceCube (7 high E events) 
Statistically from 𝜈𝜇 → 𝜈𝜏: SK (291), IceCube (1804 CC + 556 NC)

• 𝜈 oscillations so far: either 𝜈𝜇 / 𝜈𝑒 disappearance or 𝜈𝑒 appearance



Neutrino experiments

• Accelerator based experiments: SND@LHC & FASER𝜈 (current) 
            FLArE100, FASER𝜈2, AdvSND, SHiP, DUNE ND   (future)     

• Atmospheric experiments: IceCube, TAMBO, DUNE FD, …

Now we are ready to directly detect enormous 𝜈𝜏 events!!!

- Upward-going 𝜈𝜏 events: Directly confirm atmospheric 𝜈 oscillation, 
& probe New Physics involved there 

Talk by Carlos



Neutrino experiments

• Accelerator based experiments: SND@LHC & FASER𝜈 (current) 
            FLArE100, FASER𝜈2, AdvSND, SHiP, DUNE ND   (future)     

• Atmospheric experiments: IceCube, TAMBO, DUNE FD, …

Now we are ready to directly detect enormous 𝜈𝜏 events!!!

- Upward-going 𝜈𝜏 events: Directly confirm atmospheric 𝜈 oscillation, 
& probe New Physics involved there 

- Downward-going 𝜈𝜏 events: Not from oscillation, 
       ⇒ Anomalous downward-going 𝜈𝜏 appearance

Extremely 
sensitive to 
New Physics

See also Dev, Dutta, Han, Kim, PLB 2024 for short-baseline experiments

Talk by Carlos



Theoretical set-up
Reference scenario (for concreteness): a sub-GeV 𝑍′ scenario

<latexit sha1_base64="4g6m1f0maWPpSO/xB0KKoA/9FkU="></latexit>
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• A theoretical cook-up suppressing the ℓ± interactions needed.

Farzan, Heeck, PRD 2016 Farzan, Tortolla, Front. Physics 2018

Phenomenological set-up: 
exclusive coupling

• Other spin mediator, e.g., Majoron, can be considered 



Theoretical set-up
Kinematic process: 3-body meson decay

• Conventional 2-body decay of a pseudoscalar meson such as 
𝜋± → 𝜇±𝜈: chiral suppression.

<latexit sha1_base64="22l3+gSFW3X3hBmy+IjXIK/cFSQ=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiualJ8dFlw40aoYB/QpmEyvWmHziRhZlIooX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7T5BwprTjfFtr6xubW9uFneLu3v7BoX103FRxKik0aMxj2Q6IAs4iaGimObQTCUQEHFrB6G7mt8YgFYujJz1JwBNkELGQUaKN5Nu28LvAea+CL7HwH3oV3y45ZWcOvErcnJRQjrpvf3X7MU0FRJpyolTHdRLtZURqRjlMi91UQULoiAygY2hEBCgvm18+xedG6eMwlqYijefq74mMCKUmIjCdguihWvZm4n9eJ9Vh1ctYlKQaIrpYFKYc6xjPYsB9JoFqPjGEUMnMrZgOiSRUm7CKJgR3+eVV0qyU3Zvy9eNVqVbN4yigU3SGLpCLblEN3aM6aiCKxugZvaI3K7NerHfrY9G6ZuUzJ+gPrM8fo/2SWA==</latexit>
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• 3-body decay: enhanced by the longitudinal mode of 𝑍′
<latexit sha1_base64="KEOqoL3I2Oysc7T+uFNT7T9ltjI=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFd1aT46LLgxo1QwT6wTcNkOmmHziRhZlIooX/ixoUibv0Td/6N08dCWw9cOJxzL/feEyScKe0439bK6tr6xmZuK7+9s7u3bx8c1lWcSkJrJOaxbAZYUc4iWtNMc9pMJMUi4LQRDG4nfmNIpWJx9KhHCfUE7kUsZARrI/m2Lfz7TgldIOFnT2fjTsm3C07RmQItE3dOCjBH1be/2t2YpIJGmnCsVMt1Eu1lWGpGOB3n26miCSYD3KMtQyMsqPKy6eVjdGqULgpjaSrSaKr+nsiwUGokAtMpsO6rRW8i/ue1Uh2WvYxFSappRGaLwpQjHaNJDKjLJCWajwzBRDJzKyJ9LDHRJqy8CcFdfHmZ1EtF97p49XBZqJTnceTgGE7gHFy4gQrcQRVqQGAIz/AKb1ZmvVjv1sesdcWazxzBH1ifP28nkjg=</latexit>
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Barger, Chiang, Keung, Marfatia, PRL 2012 Carson, Rislow, PRD 2012

Laha, Dasgupta, Beacom, PRD 2014 Bakhti, Farzan, PRD 2017

See also Dutta et al., PRL 2022



Theoretical set-up

• Branching ratio of the 3-body decay can be dominant for light 𝑍′ 
despite the phase space suppression.

Kinematic process on our focus: 3-body meson decay

• Accordingly, very strong exp. bounds on 𝑔𝑒𝑒 : below ≲ 10-4.



Sensitivities for 𝜈𝜏 SNI
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Sensitivities for 𝜈𝜏 SNI
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𝑔𝑒𝜏

Large enough 
phase space

• 𝑔𝑒𝜏  only: no other couplings to 𝜈, ℓ±, 𝐵

• For 𝑔𝜏𝜏 , sensitivities are much weaker (BR: 10-4 smaller for 1 MeV) 
due to phase space suppression.

𝑔𝑒𝜏



10°3 10°1 101 103

mZ 0(MeV)

10°10

10°8

10°6

10°4

10°2

g e
ø

NA62

BBN

Z decay

SN1987

Sensitivities for 𝜈𝜏 SNI: lab. bounds

• 𝑍 → 𝜈𝜈𝑍′ (dark gray)

90% C.L. 
sensitivities

• NA62 (green):
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RK =
�(K+ ! e+⌫e)

�(K+ ! µ+⌫µ)

Bakhti, Farzan, PRD 2017
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(2.488± 0.010)⇥ 10�5

<latexit sha1_base64="iJkBxTjkd2Fy4vB6789qLkrCj2Y="></latexit>

RSM
K = (2.477± 0.001)⇥ 10�5



Sensitivities for 𝜈𝜏 SNI: cosmo bounds

(Poorly) modified from Huang, Ohlsson, Zhou, PRD 2018

Main processes for thermal equilibrium or production of light mediators
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Sensitivities for 𝜈𝜏 SNI: cosmo bounds

• BBN bound: 𝛥𝑁eff ≲ 1 when in thermal equilibrium at 𝑇 ~ 1MeV, 
                    primordial abundances of light elements for 𝜈𝑒 (similar)Huang, Ohlsson, 

Zhou, PRD 2018
<latexit sha1_base64="dBLNTrsSzpiOVrsOX+HIR9l+WHk=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrCIrkoiXrosuHFZwV6wCWUynbRDJ5MwMxFCqa/ixoUibn0Qd76N0zQLbf1h4OM/5zDn/EHCmdKO822trK6tb2yWtsrbO7t7+/bBYVvFqSS0RWIey26AFeVM0JZmmtNuIimOAk47wfhmVu88UqlYLO51llA/wkPBQkawNlbfrngiRV6AJcpBx+jhtG9XnZqTCy2DW0AVCjX79pc3iEkaUaEJx0r1XCfR/gRLzQin07KXKppgMsZD2jMocESVP8mXn6IT4wxQGEvzhEa5+3tigiOlsigwnRHWI7VYm5n/1XqpDuv+hIkk1VSQ+UdhypG5cZYEGjBJieaZAUwkM7siMsISE23yKpsQ3MWTl6F9XnOvapd3F9VGvYijBEdwDGfgwjU04Baa0AICGTzDK7xZT9aL9W59zFtXrGKmAn9kff4ADk2TuA==</latexit>
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⌫Z 0 ! ⌫Z 0

• Cosmological bounds are stronger than the scalar mediator due to d.o.f.

90% C.L. 
sensitivities
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• Phase shift of the power spectrum by late 𝜈 free streaming 
     → much weaker than NA62 for the flavor-universal scenario 𝑔𝑒𝑒=𝑔𝜇𝜇=𝑔𝜏𝜏

CMB bound?

• 𝛥𝑁eff ≲ 0.3 applies when 𝑍′→𝜈𝑒𝜈𝜏 in prior to the recombination epoch.

Das, Gosh, JCAP 2021 Archidiacono, Hannestad, JCAP 2014

90% C.L. 
sensitivities

Sensitivities for 𝜈𝜏 SNI: cosmo bounds

Talk by D. Camarena
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• Phase shift of the power spectrum by late 𝜈 free streaming 
     → much weaker than NA62 for the flavor-universal scenario 𝑔𝑒𝑒=𝑔𝜇𝜇=𝑔𝜏𝜏

CMB bound?

• 𝛥𝑁eff ≲ 0.3 applies when 𝑍′→𝜈𝑒𝜈𝜏 in prior to the recombination epoch.

Dedicated study with flavor non-universal and off-diagonal SNI needed.

Das, Gosh, JCAP 2021 Archidiacono, Hannestad, JCAP 2014

90% C.L. 
sensitivities

Sensitivities for 𝜈𝜏 SNI: cosmo bounds

Talk by D. Camarena



• Core-collapse supernova: SN1987A energy loss rate in blue shaded region 
                                         (flavor universal & diagonal case)

Heurtier, Zhang, JCAP 2017Brune, Pas, PRD 2019

• More general case: dedicated study needed.
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90% C.L. 
sensitivities

Sensitivities for 𝜈𝜏 SNI: astro bounds

Talk by Y.Z. Qian



Sensitivities for 𝜈𝜏 SNI: SND & FASER𝜈
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• Both experiments can obtain the sensitivities beyond the current bounds for  
𝑚𝑍′ ~ 30 - 50 MeV or 𝑚𝑍′ ≲ 2 keV.

SND@LHC/
FASER𝜈: 150 fb-1

• Although slight smaller, SND@LHC can be more sensitive than FASER𝜈 due 
to its slight off-axis location (detailed analysis in progress).

for Run 3 of the 
LHC following
Kling, Nevay, PRD 2021

(~ 30 fb-1 as of Mar 2023)



Sensitivities for 𝜈𝜏 SNI: DUNE FD

Unexpected 
𝜈𝜏 appearance



Background?
• In ideal situations, no backgrounds.

Machado, Schulz, Turner, 
PRD 2020
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Background?
• In ideal situations, no backgrounds.

Machado, Schulz, Turner, 
PRD 2020

Sensitivities for 𝜈𝜏 SNI: DUNE FD

DUNE: expected to have 
excellent event topology 
reconstruction capabilities.

Apply the methods in 
collider pheno, e.g., jet 
clustering, cuts, …

Unexpected 
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Background?
• In ideal situations, no backgrounds.

Machado, Schulz, Turner, 
PRD 2020

Sensitivities for 𝜈𝜏 SNI: DUNE FD

DUNE: expected to have 
excellent event topology 
reconstruction capabilities.

Apply the methods in 
collider pheno, e.g., jet 
clustering, cuts, …• Signal-to-background efficiencies increase!

Unexpected 
𝜈𝜏 appearance

NC/CC background?



Aurisano, 
NuTau2021 talk

Sensitivities for 𝜈𝜏 SNI: DUNE FD

• NC background ~ 70 for 10 years: this might be still optimistic.



10°3 10°1 101 103

mZ 0(MeV)

10°10

10°8

10°6

10°4

10°2

g e
ø

DUNE atm (With NC BG. and 10% EÆ.)

DUNE atm (With NC BG. and 100% EÆ.)

DUNE atm (No NC BG. and 100% EÆ.)

NA62

BBN

Z decay

SN1987

• Solid: No background with 100% identification and reconstruction efficiency 
Dashed: Neutral Current background (70 for 10 years) 
Dotted: Neutral Current background & 10% efficiency

Sensitivities for 𝜈𝜏 SNI: DUNE FD

Machado, Schulz, Turner, PRD 2020DUNE, arXiv:2002.03005

400 kt ∙yr

90% C.L. 
sensitivities



10°3 10°1 101 103

mZ 0(MeV)

10°10

10°8

10°6

10°4

10°2

g e
ø

DUNE atm (With NC BG. and 10% EÆ.)

DUNE atm (With NC BG. and 100% EÆ.)

DUNE atm (No NC BG. and 100% EÆ.)

NA62

BBN

Z decay

SN1987

• Solid: No background with 100% identification and reconstruction efficiency 
Dashed: Neutral Current background (70 for 10 years) 
Dotted: Neutral Current background & 10% efficiency

Sensitivities for 𝜈𝜏 SNI: DUNE FD

An order of magnitude 

difference.

Machado, Schulz, Turner, PRD 2020DUNE, arXiv:2002.03005

400 kt ∙yr

90% C.L. 
sensitivities



10°3 10°1 101 103

mZ 0(MeV)

10°10

10°8

10°6

10°4

10°2

g e
ø

DUNE atm (With NC BG. and 10% EÆ.)

DUNE atm (With NC BG. and 100% EÆ.)

DUNE atm (No NC BG. and 100% EÆ.)

NA62

BBN

Z decay

SN1987

• Solid: No background with 100% identification and reconstruction efficiency 
Dashed: Neutral Current background (70 for 10 years) 
Dotted: Neutral Current background & 10% efficiency

Sensitivities for 𝜈𝜏 SNI: DUNE FD

An order of magnitude 

difference.

Machado, Schulz, Turner, PRD 2020DUNE, arXiv:2002.03005

• DUNE far detector (400 kt∙yr) is most sensitive for 𝑚𝑍′ ≳ 1 MeV, 𝑚𝑍′ ≲ 60 keV  
by observing the downward-going 𝜈𝜏 appearance. (better than cosmo) 

400 kt ∙yr

90% C.L. 
sensitivities
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Red solid: DUNE best case
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Sensitivities for 𝜈𝜏 SNI: FPF, SHiP

• FLArE100 (cyan, 100 ton) and FASER𝜈2 (purple, 20 ton) can be most 
sensitive among the accelerator based experiments (comparable to the 
worse sensitivity at DUNE) but the results depend on the flux uncertainties.

• SHiP becomes better as 𝑍′ gets heavier since its hadron absorber increases 
the relative flux of 𝐷𝑠 meson providing large phase space.
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Sensitivities for 𝜈𝜏 SNI

• Sensitivities are 
comparable or 
slightly weaker 
(SHiP) due to the 
phase space.
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BR(K+ ! µ+⌫⌫⌫) < 2.4⇥ 10�6

• DUNE far detector (400 kt∙yr) is still most sensitive for 𝑚𝑍′ ≳ 1 MeV,  
𝑚𝑍′ ≲ 60 keV.

• We now apply the rare Kaon decay constraint at E949 (yellow). 
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Comparison with the other flavor couplings
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2∫ØØ decay
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• DUNE far detector (400 kt∙yr) is still most sensitive for 𝑚𝑍′ ≳ 1 MeV,  
𝑚𝑍′ ≲ 10 keV but at least about an order of magnitude weaker than 𝑔𝑒𝜏, 𝑔𝜇𝜏.

• 2𝜈𝛽𝛽 applies but weaker than the others. Deppisch, Graf, 
Rodejohann, Xu, PRD 2020

• Shape of the (atmospheric) flux uncertainty can 
wash out the sensitivities.

Sensitivities for 𝜈𝜏 SNI
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Sensitivities for 𝜈𝜏 SNI

Universal and diagonal coupling & scalar mediator case

𝑚𝜈4 = 4 keV 
sin2(2𝜃)=10-9



Berryman et al., PDU 2023

Sensitivities for 𝜈𝜏 SNI

Universal and diagonal coupling & scalar mediator case

𝜈𝜏 experiments 
(This work)

DUNE FD, 
FPF, SHiP

𝑚𝜈4 = 4 keV 
sin2(2𝜃)=10-9



Conclusions
• Upcoming (& ongoing) tau neutrino experiments can shed light on 

our steps toward New Physics BSM. 

• We can probe flavor non-universal (𝜈𝜏-philic) SNI preferred by 
cosmo/astro/lab.: we use SND@LHC, FASER𝜈, AdvSND, SHiP, 
FLArE100, FASER𝜈2, and DUNE 

• Atmospheric data at DUNE far detector shows the best sensitivities 
due to the unexpected downward-going 𝜈𝜏 appearance with small 
backgrounds: stronger than cosmo for 𝑚𝑍′ ≳ 1 MeV, 𝑚𝑍′ ≲ 60 keV. 

• Tau identification and reconstruction efficiency are important. 

• Future: dedicated study of flavor non-universal or off-diagonal SNI 
in cosmo/astro, mediators with other spins, cLFV rare decays. 


