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NEUTRINO TRIDENTS

Precision era with next-gen neutrino experiments; probe
rare SM and BSM processes
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NEUTRINO TRIDENTS

Precision era with next-gen neutrino experiments; probe Vy v Ve Ve
rare SM and BSM processes
Trident: Neutrino scatters off nuclear target and produces 44 Z
a lepton pair. Focus usually on e and p tridents due to /
lower detection thresholds and larger cross sections. —— Uy > v
- Only v, u™ ™ observed by Charm-11 ( ~ 55) and CCFR | )i
(~37) experiments 7 7
- Upper limit set by NuTeV.
- Results consistent with SM. Z/y Z /v
N N
Charged-Current Neutral-Current
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NEUTRINO TRIDENTS

Precision era with next-gen neutrino experiments; probe

rare SM and BSM processes

Trident: Neutrino scatters off nuclear target and produces

a lepton pair. Focus usually on e and p tridents due to
lower detection thresholds and larger cross sections.

- Only v, u™ ™ observed by Charm-11 ( ~ 55) and CCFR

( ~ 37) experiments
- Upper limit set by NuTeV.
- Results consistent with SM.
SM: v, least studied particle in SM.
- DONUT ( ~ 9) and OPERA ( ~ 10)

- 7 tridents at DUNE as another potential source of v/_
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NEUTRINO TRIDENTS

Precision era with next-gen neutrino experiments; probe Vy v Ve Ve
rare SM and BSM processes

Trident: Neutrino scatters off nuclear target and produces 44 Z
a lepton pair. Focus usually on e and p tridents due to
lower detection thresholds and larger cross sections. —— Uy > v
- Only v, u™ ™ observed by Charm-11 ( ~ 55) and CCFR
( ~ 37) experiments —~ -
- Upper limit set by NuTeV. l l
- Results consistent with SM. Z/y Z /v
SM: v_ least studied particle in SM.
_ DONUT ( ~ 9) and OPERA ( ~ 10) N N
- 7 tridents at DUNE as another potential source of v..
BSM: Potential background.

- SM production: decay of D mesons or v-oscillations. Charged-Current Neutral-Current
Anomalous for DUNE. [1] D. Geiregat et al. (CHARM-II Collaboration), Phys. Lett. B 245, 271 (1990).

. . . [2] S. R. Mishra et al. (CCFR Collaboration), Phys. Rev. Lett. 66, 3117 (1991).
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DEEP UNDERGROUND NEUTRINO EXPERIMENT (DUNE)

Lead, SD

Chicago, IL

Sanford
Underground
Research Facility

NEUTRINO
PRODUCTION

/I: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR

- 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
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DEEP UNDERGROUND NEUTRINO EXPERIMENT (DUNE)

Lead, SD

Chicago, IL

Sanford
Underground
Research Facility

NEUTRINO
PRODUCTION

/I: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR

- 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 -10° v events [ (GeV-ton-MW-year).
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@ 120 GeV proton beam strikes on graphite target.

@ 7, K are focused by magnetic horns and travel through decay pipe producing p, v,,.
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DUNE BEAM
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@ 120 GeV proton beam strikes on graphite target.
@ 7, K are focused by magnetic horns and travel through decay pipe producing p, v,,.

@ u are stopped by a block of concrete and steel in the absorber hall.
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DUNE BEAM
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@ 120 GeV proton beam strikes on graphite target.
@ 7, K are focused by magnetic horns and travel through decay pipe producing p, v,,.
@ u are stopped by a block of concrete and steel in the absorber hall.

@ v, beam reaches the DUNE Near Detector 574 meters from the graphite target.
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DUNE NEAR DETECTOR FLUXES
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DUNE NEAR DETECTOR FLUXES

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

prioritizes less energetic z, K
producing 1 — 5 GeV range for

Ocp measurements.
- (E,) ~2GeV
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DUNE NEAR DETECTOR FLUXES
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DUNE Standard (CP-optimized) mode:
- Magnetic horn configuration 10-1

prioritizes less energetic z, K
producing 1 — 5 GeV range for

e

Ocp measurements. —~
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DUNE 7-optimized mode: o Lu;.1()—3 =
- Alternative horn configuration | -
prioritizes focusing of more ) -

energetic x, K increasing the
flux above 5 GeV for higher v,
measurements.

- <Ey> ~ 4 GeV.
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TRIDENT GENERATOR
(Based on work by Altmannshofer et al. (2019))

[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: Q2 < M‘%,Z — 4 Fermi interactions. V; v,
Only consider y — N contributions Vi —» «— (v 0,
Avoids Equivalent Photon Approximation (EPA)

- Shown to be unreliable for all but the 0 £l+

coherent scattering of the yﬂ,u+,u_ trident.

[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: 0° < M‘%,Z — 4 Fermi interactions. V; v;

Only consider y — N contributions

Avoids Equivalent Photon Approximation (EPA)
- Shown to be unreliable for all but the 0

coherent scattering of the yﬂ/,ﬁ,u_ trident.

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

- Scales as Z°.
- Experimental signature: oppositely charged leptons without any hadronic activity.

[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: 0° < M‘%,Z — 4 Fermi interactions. U; v;

Only consider y — N contributions

Avoids Equivalent Photon Approximation (EPA)
- Shown to be unreliable for all but the 0

coherent scattering of the yﬂ/,ﬁ,u_ trident.

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

- Scales as Z°.
- 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 Z.
- Experimental signature: oppositely charged leptons + proton or neutron.

[8] Altmannshofer et al., Phys. Rev. D 100, 115029 (2019)
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Argon “OAr
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Argon “CAr
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CROSS SECTION TAU TRIDENTS

Coherent scattering uncertainty ( ~ 6%):
- Higher order QED corrections ( ~ 3%)
- Nuclear form factors ( =~ 1%)
- Higher order EW corrections ( ~ 5%)

Incoherent scattering uncertainty ( ~ 31%):

Higher order QED corrections ( =~ 3%)
Nucleon form factors ( =~ 3%)

Higher order EW corrections ( ~ 5%)
Nuclear modeling ( ~ 30%)

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

Coherent scattering uncertainty ( ~ 6%):
- Higher order QED corrections ( ~ 3%)

- Nuclear form factors ( =~ 1%)

- Higher order EW corrections ( =~ 5%)
Incoherent scattering uncertainty ( ~ 31%):
- Higher order QED corrections ( =~ 3%)

- Nucleon form factors ( =~ 3%)
- Higher order EW corrections ( ~ 5%)
- Nuclear modeling ( ~ 30%)
M., dd
]Vtrident MAr —N POT d_EG(E )dE

[11] Zhou and Beacom, Phys. Rev. D 101, 036011 (2020)
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Coherent scattering off “’Ar
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Incoherent scattering off “’Ar
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SUMMARY AND QOUTLOOK

- Importance of ©_ as a SM signal and a BSM background.
- First results for coherent scattering on Argon for v, Ar — v 7 u”Ar and

vﬂAr — D’uT+T_AI'.
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SUMMARY AND QOUTLOOK

- Importance of ©_ as a SM signal and a BSM background.
- First results for coherent scattering on Argon for v, Ar — v 7 u”Ar and

v,Ar — v, 7777 Ar
- DUNE, particularly the z-optimized configuration, will be a useful probe of =

tridents with N ~ 13 — 24 expected events for v, Ar — 1,77~ Ar for 3
years of running and 67t of argon.
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SUMMARY AND QOUTLOOK

- Importance of ©_ as a SM signal and a BSM background.
- First results for coherent scattering on Argon for v, Ar — v 7 u”Ar and

v,Ar — v, 7777 Ar
- DUNE, particularly the z-optimized configuration, will be a useful probe of =

tridents with N ~ 13 — 24 expected events for v, Ar — 1,77~ Ar for 3

years of running and 67t of argon.
- FASERv: High energy behavior of 7 trident cross sections suggest larger N
for detectors such as FASERy with E  in the 1 — 10 TeV range. DIS will

become relevant but coherent and incoherent contributions are still
important. Expect results soon.

Thank you!
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BACK-UP SLIDES



COHERENT TRIDENT CROSS SECTION

Differential coherent scattering cross section off a nucleus of mass m1,; enhanced by Z>.

; Z202,G2 1 &k &p, &p_ PP HP L,
O =
12876 myE, 2E, 2E, 2E_ 2Ep g

S*k—k —p.—p_+q)

Leptonic Tensor Z AA

8,88 ,8_

(p_—q)-v+m g oV A gV A (p+_Q)'y+m+
A, =@ YﬂPLu)< [ (p_—qP—m2 —y (gijkl + gljkﬂ’s) -7 (gijkl + gijkﬂ/s) (pr— ) — m_% Ya| V+

Hadronic Tensor H;ﬁ — 4papﬁ[FN(q2)]2
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INCOHERENT TRIDENT CROSS SECTION

Differential incoherent scattering cross section off an individual nucleon of mass m,,,.

| aiyGE: 1 &k Ep, Ep_ B3P HlLy
O =
P 1287 my,E, 2By 2E, 2E_ 2Ep g

5k —k'—p,—p_+q)

Hadronic Tensor

4my, [GE(OHP 0 GEH (O]
H;('i) — 4P0!Pﬁ< ; + Q . (Q )] + g“ﬂQz[Gﬁ(”)(QZ)]Z
Q + 4m p(n) Q +4m P(n)
Total incoherent cross section for ZN
d6ineon = O(1q|)(Zdo, + (A — Z)da,)
3 1ql gl
Pauli blocking: ©(|q|)=<{ 4 7= 165} for [q| < 2pr pr =235 MeV
1 for |q| > 2pp
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ARGON FORM FACTOR

, sin(gr)

qr

Fy(Q?) = [drr — py(r)

Argon nuclear form factor using a 3-
parameter Fermi parametrization for the

charge distribution py(r)
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NUCLEON FORM FACTORS
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Proton: electron-proton elastic scattering

Proton Form Factors

Neutron: electron-nucleus (deuterium and *He)
scattering
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MOMENTUM TRANSFER DISTRIBUTIONS — COHERENT

Distribution for Coherent Scattering off “’Ar
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MOMENTUM TRANSFER DISTRIBUTIONS — PROTON

Distribution for Incoherent Scattering (proton) off “°Ar
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MOMENTUM TRANSFER DISTRIBUTIONS — NEUTRON

Distribution for Incoherent Scattering (neutron) off *°Ar
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