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Trident: Neutrino scatters off nuclear target and produces 
a lepton pair. Focus usually on  and  tridents due to 
lower detection thresholds and larger cross sections. 

- Only  observed by Charm-II  and CCFR 

 experiments 
- Upper limit set by NuTeV. 
- Results consistent with SM. 
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Trident: Neutrino scatters off nuclear target and produces 
a lepton pair. Focus usually on  and  tridents due to 
lower detection thresholds and larger cross sections. 

- Only  observed by Charm-II  and CCFR 

 experiments 
- Upper limit set by NuTeV. 
- Results consistent with SM. 

SM:  least studied particle in SM. 
- DONuT  and OPERA  

-  tridents at DUNE as another potential source of  
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Trident: Neutrino scatters off nuclear target and produces 
a lepton pair. Focus usually on  and  tridents due to 
lower detection thresholds and larger cross sections. 

- Only  observed by Charm-II  and CCFR 

 experiments 
- Upper limit set by NuTeV. 
- Results consistent with SM. 

SM:  least studied particle in SM. 
- DONuT  and OPERA  

-  tridents at DUNE as another potential source of . 
BSM: Potential background. 

- SM production: decay of  mesons or -oscillations. 
Anomalous for DUNE. 

- Abundance of BSM with  final states (e.g. sterile 
oscillations, , , , etc.)
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Deep Underground Neutrino Experiment (DUNE)

Tau Tridents at DUNE

- DUNE will start data taking ~2029. 
- Long-baseline Liquid Argon (LAr) Time Projection Chamber (TPC) neutrino experiment: 

- Near Detector (ND): 574 m, 67t argon 
- Far Detector (FD): 1300 km, 40kt argon

Chicago, ILLead, SD
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Deep Underground Neutrino Experiment (DUNE)

Tau Tridents at DUNE

- DUNE will start data taking ~2029. 
- Long-baseline Liquid Argon (LAr) Time Projection Chamber (TPC) neutrino experiment: 

- Near Detector (ND): 574 m, 67t argon 
- Far Detector (FD): 1300 km, 40kt argon 

- Focus on DUNE ND; will detect ~  events / (GeV ton MW year).106 ν ⋅ ⋅ ⋅

Chicago, ILLead, SD
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DUNE Beam

Tau Tridents at DUNE

120 GeV proton beam strikes on graphite target.1

1
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3  are stopped by a block of concrete and steel in the absorber hall.μ
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DUNE Beam

Tau Tridents at DUNE

120 GeV proton beam strikes on graphite target.1

1

 are focused by magnetic horns and travel through decay pipe producing .π, K μ, νμ2

2

3  are stopped by a block of concrete and steel in the absorber hall.μ

3

4

4

 beam reaches the DUNE Near Detector 574 meters from the graphite target.νμ
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DUNE Standard (CP-optimized) mode: 
- Magnetic horn configuration 

prioritizes less energetic  
producing 1 — 5 GeV range for 

 measurements. 

- 2 GeV

π, K

δCP

⟨Eν⟩ ∼
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DUNE Near Detector Fluxes

Tau Tridents at DUNE

DUNE Standard (CP-optimized) mode: 
- Magnetic horn configuration 

prioritizes less energetic  
producing 1 — 5 GeV range for 

 measurements. 

- 2 GeV

π, K

δCP

⟨Eν⟩ ∼

DUNE -optimized mode: 
- Alternative horn configuration 

prioritizes focusing of more 
energetic  increasing the 
flux above 5 GeV for higher  
measurements. 

- 4 GeV. 

τ

π, K
ντ

⟨Eν⟩ ∼
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Trident Generator
(Based on work by Altmannshofer et al. (2019))

Tau Tridents at DUNE

[8] Altmannshofer et al., Phys. Rev. D 100, 115029 (2019)
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Trident Generator
(Based on work by Altmannshofer et al. (2019))

DUNE: 4 Fermi interactions. Q2 ≪ M2
W,Z →

Avoids Equivalent Photon Approximation (EPA) 
- Shown to be unreliable for all but the 

coherent scattering of the  trident.νμμ+μ−

Tau Tridents at DUNE

[8] Altmannshofer et al., Phys. Rev. D 100, 115029 (2019)

Only consider  contributionsγ − N
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Trident Generator
(Based on work by Altmannshofer et al. (2019))

Avoids Equivalent Photon Approximation (EPA) 
- Shown to be unreliable for all but the 

coherent scattering of the  trident.νμμ+μ−

For DUNE, cross section divided into two regimes 
- Coherent scattering with argon nucleus.  

- Nuclear form factor. 
- Scales as . 
- Experimental signature: oppositely charged leptons without any hadronic activity. 

Z2

Tau Tridents at DUNE
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DUNE: 4 Fermi interactions. Q2 ≪ M2
W,Z →
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Trident Generator
(Based on work by Altmannshofer et al. (2019))

Avoids Equivalent Photon Approximation (EPA) 
- Shown to be unreliable for all but the 

coherent scattering of the  trident.νμμ+μ−

For DUNE, cross section divided into two regimes 
- Coherent scattering with argon nucleus.  

- Nuclear form factor. 
- Scales as . 
- Experimental signature: oppositely charged leptons without any hadronic activity. 

- Incoherent (diffractive) scattering with individual nucleons. 
- Nucleon form factors. 
- Fermi gas model; includes Pauli blocking factor. 
- Scales as . 
- Experimental signature: oppositely charged leptons + proton or neutron.

Z2

Z

Tau Tridents at DUNE

[8] Altmannshofer et al., Phys. Rev. D 100, 115029 (2019)

Only consider  contributionsγ − N
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Cross Section Validation

Tau Tridents at DUNE

Coherent scattering uncertainty : 
- Higher order QED corrections  
- Nuclear form factors  
- Higher order EW corrections 

( ≃ 6%)
( ≃ 3%)

( ≃ 1%)
( ≃ 5%)

Incoherent scattering uncertainty : 
- Higher order QED corrections  
- Nucleon form factors  
- Higher order EW corrections  
- Nuclear modeling 

( ≃ 31%)
( ≃ 3%)

( ≃ 3%)
( ≃ 5%)

( ≃ 30%)

[9] P. Ballett et al., J. High Energy Phys. 01 119 (2019)

νμAr → νμμ+μ−Ar

[10] Magill and Plestid, Phys. Rev. D95, 073004 (2017)
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νμAr → νττ+μ−Ar
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[11] Zhou and Beacom, Phys. Rev. D 101, 036011 (2020)
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Coherent scattering uncertainty : 
- Higher order QED corrections  
- Nuclear form factors  
- Higher order EW corrections 

( ≃ 6%)
( ≃ 3%)

( ≃ 1%)
( ≃ 5%)

Incoherent scattering uncertainty : 
- Higher order QED corrections  
- Nucleon form factors  
- Higher order EW corrections  
- Nuclear modeling 

( ≃ 31%)
( ≃ 3%)

( ≃ 3%)
( ≃ 5%)

( ≃ 30%)

Cross Section Tau Tridents

Ntrident =
Mdet

MAr
NPOT ∫

dΦ
dE

σ(E)dE

[11] Zhou and Beacom, Phys. Rev. D 101, 036011 (2020)

νμAr → νττ+μ−Ar
νμAr → νμτ+τ−Ar
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Summary and Outlook

- Importance of  as a SM signal and a BSM background. 

- First results for coherent scattering on Argon for  and 

. 

ντ
νμAr → νττ+μ−Ar

νμAr → νμτ+τ−Ar
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τ τ

N ∼ 13 − 24 νμAr → νττ+μ−Ar
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Summary and Outlook

- Importance of  as a SM signal and a BSM background. 

- First results for coherent scattering on Argon for  and 

. 

- DUNE, particularly the -optimized configuration, will be a useful probe of  
tridents with  expected events for  for 3 

years of running and 67t of argon. 
- FASER : High energy behavior of  trident cross sections suggest larger  

for detectors such as FASER  with  in the  TeV range. DIS will 
become relevant but coherent and incoherent contributions are still 
important. Expect results soon.

ντ
νμAr → νττ+μ−Ar

νμAr → νμτ+τ−Ar
τ τ

N ∼ 13 − 24 νμAr → νττ+μ−Ar

ν τ N
ν Eν 1 − 10

Thank you!
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Coherent Trident Cross Section
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dσcoh =
Z2α2

EMG2
F

128π6

1
mNEν

d3k′ 

2Ek′ 

d3p+

2E+

d3p−

2E−

d3P′ 

2EP′ 

Hαβ
N Lαβ

q4
δ4(k − k′ − p+ − p− + q)

Aα = (ū′ γμPLu)(ū− [γα
(p− − q) ⋅ γ + m−

(p− − q)2 − m2
−

γμ(gV
ijkl + gA

ijklγ5) − γμ(gV
ijkl + gA

ijklγ5)
(p+ − q) ⋅ γ + m+

(p+ − q)2 − m2
+

γα] v+)

Lαβ = ∑
s,s′ ,s+,s−

AαA†
β

Hαβ
N = 4PαPβ[FN(q2)]2

Tau Tridents at DUNE

Differential coherent scattering cross section off a nucleus of mass ; enhanced by .mN Z2
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dσp(n) =
α2

EMG2
F

128π6

1
mp(n)Eν

d3k′ 

2Ek′ 

d3p+

2E+

d3p−

2E−

d3P′ 

2EP′ 

Hαβ
p(n)Lαβ

q4
δ4(k − k′ − p+ − p− + q)

Tau Tridents at DUNE

Differential incoherent scattering cross section off an individual nucleon of mass .mp(n)

Hαβ
p(n) = 4PαPβ (

4m2
p(n)[Gp(n)

E (Q2)]2

Q2 + 4m2
p(n)

+
Q2[Gp(n)

M (Q2)]2

Q2 + 4m2
p(n)

+ gαβQ2[Gp(n)
M (Q2)]2)

Hadronic Tensor

k k′ 

p−
p+

q

P′ P

dσincoh = Θ( |q | )(Zdσp + (A − Z )dσn)

Total incoherent cross section for AZN

Θ( |q | ) =
3
4

|q |
pF

− |q |3

16p3
F

for |q | < 2pF

1 for |q | > 2pF

Pauli blocking: pF = 235 MeV
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Argon Form Factor

Argon nuclear form factor using a 3-
parameter Fermi parametrization for the 
charge distribution ρN(r)

Tau Tridents at DUNE

FN(Q2) = ∫ drr2 sin(qr)
qr

ρN(r)

ρN(r) =
𝒩 (1 + w r2

r2
0 )

1 + exp ( r − r0

σ )
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Nucleon Form Factors

Proton: electron-proton elastic scattering

Tau Tridents at DUNE

Neutron: electron-nucleus (deuterium and He) 
scattering

3

G p
E(Q2) =

1 + aE
p τ

1 + bp
E,1τ + bp

E,2τ2 + bp
E,3τ3

G p
M(Q2)
μp

=
1 + aM

p τ
1 + bp

M,1τ + bp
M,2τ2 + bp

M,3τ3

Gn
M(Q2)
μn

=
1 + aM

n τ
1 + bn

M,1τ + bn
M,2τ2 + bn

M,3τ3

Gn
E(Q2) =

Aτ
1 + Bτ (1 +

Q2

(0.71 GeV)2 )
−2

τ =
Q2

4M2
p



DIEGO LOPEZ GUTIERREZ 33

Momentum Transfer Distributions — Coherent

Tau Tridents at DUNE
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Momentum Transfer Distributions — Proton

Tau Tridents at DUNE
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Momentum Transfer Distributions — Neutron

Tau Tridents at DUNE


