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What is DarkQuest?
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• Proton fixed target beam dump

• Spectrometer

• Present on the neutrino-muon beamline

• Receives protons from NuMI



Why DarkQuest?
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Why DarkQuest?

High energy, short lifetime, short-baseline setup
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Beam dumps

Δθ

arxiv:2008.08108

arxiv:1804.00661
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https://arxiv.org/pdf/2008.08108
https://arxiv.org/abs/1804.00661


Beam dumps
Experiments COHERENT, CCM, 

JSNS2 SBND, MicroBooNE ICARUS, DUNE ND

Proton K.E, 
Detector distance 

0.8 GeV

~20 m

8 GeV 

110 - 470 m

120 GeV 

570 -  900 m

0.07 0.01 - 0.004 0.003 - 0.001

Target to dump 
[m] - 50 250 - 600

Δθ

arxiv:2008.08108

arxiv:1804.00661

Increasing energy & shorter lifetime

Decreasing flux
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Experiments COHERENT, CCM, 
JSNS2 SBND, MicroBooNE ICARUS, DUNE ND DarkQuest

Proton K.E, 
Detector distance 

0.8 GeV

~20 m

8 GeV 

110 m

120 GeV 

570 m

120 GeV 
18.5 m

0.07 0.01 - 0.004 0.003 - 0.001 0.06

Target to dump 
[m] - 50 250 - 600 0

Δθ

arxiv:2008.08108

arxiv:1804.00661 Decreasing flux

Beam dumps

Increasing energy & shorter lifetime
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High energy, short lifetime, short-baseline setup

Increasing energy & shorter lifetime

Δθ

8

https://arxiv.org/pdf/2008.08108
https://arxiv.org/abs/1804.00661


Experiments COHERENT, CCM, 
JSNS2 SBND, MicroBooNE ICARUS, DUNE ND DarkQuest

Proton K.E, 
Detector distance 

0.8 GeV

~20 m

8 GeV 

110 m

120 GeV 

570 m

120 GeV 
18.5 m

0.07 0.01 - 0.004 0.003 - 0.001 0.06

Target to dump 
[m] - 50 250 - 600 0

arxiv:2008.08108

arxiv:1804.00661 Decreasing flux

Short-baseline setup - Scattering environment

Increasing energy & shorter lifetime

Δθ
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Short-lived Dark Gauge Boson
 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)
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Short-lived Dark Gauge Boson

Prompt decays to  for 
 
νν̄

mZ′ 
< 2mμ

Prompt decays to 
assuming 

χχ̄
gχ ≫ gSM

 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)

Z′ 
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Short-lived Dark Gauge Boson

Prompt decays to  for 
 
νν̄

mZ′ 
< 2mμ

Difficulty finding visible decay 
products

 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)

Z′ 

Prompt decays to 
assuming 

χχ̄
gχ ≫ gSM
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Short-lived Dark Gauge Boson
 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)

Prompt decays to  for 
 
νν̄

mZ′ 
< 2mμ

Scattering of associated 
long-lived particle (LLP)

Z′ 

Prompt decays to 
assuming 

χχ̄
gχ ≫ gSM
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Short-lived Dark Gauge Boson
 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)

Prompt decays to  for 
 
νν̄

mZ′ 
< 2mμ

LLP : ν LLP : χ

Z′ 

Prompt decays to 
assuming 

χχ̄
gχ ≫ gSM

Scattering of associated 
long-lived particle (LLP)
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Short-lived Dark Gauge Boson
 (minimal)U(1)Lμ−Lτ   Dark matter U(1)X ⟷ (χ)

Prompt decays to  for 
 
νν̄

mZ′ 
< 2mμ

New gauge boson : Off-shell Mediator

LLP : ν LLP : χ

Z′ 

Prompt decays to 
assuming 

χχ̄
gχ ≫ gSM

Scattering of associated 
long-lived particle (LLP)
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Trident scattering of LLP

1.  enhancement (coherence)


2.  favors high energy


3.  final states


Z2

σtrident

l+l−
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Trident scattering at DarkQuest

1.  enhancement  - High  materials 


2.  favors high energy - 


3.  final states -   detected within ~ 20 m 


Z2 Z

σtrident 1 GeV < ELLP < 50 GeV

l+l− μ+μ−
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Neutrino Tridents in SM
Five diagrams including  *          


Reduced to two effective diagrams **


W+ and Z

Fierz identities

*arxiv.org/abs/1910.08090

**arxiv.org/abs/1612.05642

Vμμ =
1
2

+ 2 sin2 θW Aμμ =
1
2

∝ (Vμμ − Aμμγ5)
18
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DarkQuest

FMAG, Fe

120 GeV 
Protons

Target

5 m

SM particles 
deflected

ΔpT = 2.9 GeV

B. Batell, JA. Evans, S. Gori, M. Rai, arxiv:2008.08108

A. Berlin, S. Gori, P. Schuster, N. Toro, arxiv:1804.00661

A. Apyan, B. Batell, et.al., arxiv:2203.08322 19
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DarkQuest

FMAG, Fe
KMAG

120 GeV 
Protons

Target

5 m 1 m

18.5 m 2.5 m

ST3

SM particles 
deflected

ΔpT = 2.9 GeV

ΔpT = 0.4 GeV

B. Batell, JA. Evans, S. Gori, M. Rai, arxiv:2008.08108

A. Berlin, S. Gori, P. Schuster, N. Toro, arxiv:1804.00661

A. Apyan, B. Batell, et.al., arxiv:2203.08322

ST2ST1

Detection of new physics: 
Muon final states

20

https://arxiv.org/pdf/2008.08108
https://arxiv.org/abs/1804.00661
https://arxiv.org/pdf/2203.08322


FMAG, Fe
KMAG

120 GeV 
Protons

Target

SM particles 
deflected

ΔpT = 2.9 GeV

ΔpT = 0.4 GeV

A. Apyan, B. Batell, et.al., arxiv:2203.08322

~ 2 m dump extension : Fe 75 cm ECAL : PbSc 1m hadron absorber : Fe

Neutrino Trident at DarkQuest- Phase 2
Detection of μ+μ−

ECAL :  e+e−, μ+μ−, γ

ST3 ST4

νμ

μ+

μ−
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FMAG, Fe
KMAG

120 GeV 
Protons

Target

SM particles 
deflected

ΔpT = 2.9 GeV

ΔpT = 0.4 GeV

Detection of μ+μ−
ECAL :  e+e−, μ+μ−, γ

ST3 ST4

νμ

μ+

μ−

Muon propagation 
through matter

Neutrino Trident at DarkQuest- Phase 2
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FMAG, Fe
KMAG

120 GeV 
Protons

Target

SM particles 
deflected

ΔpT = 2.9 GeV

ΔpT = 0.4 GeV

Detection of μ+μ−
ECAL :  e+e−, μ+μ−, γ

ST3 ST4

νμ

μ+

μ−

 
Used to determine sensitivity
dσtrident /d(Eμ+, Eμ−, θμ+, θμ+)

Neutrino Trident at DarkQuest- Phase 2
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SM neutrino tridents at DarkQuest
Scattering media: 

• FMAG - 2m iron beyond magnetic field

• ECAL - 0.75 m PbSc

• Absorber - 1m iron

No. of  from trident  
~ 4 pairs

μ+μ−

Observed at ECAL and ST4
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Vanilla scenario : 


ℒV
μτ = −

m2
Z′ 

2
Z′ αZ′ α + gμτZ′ α(μ̄γαμ + ν̄μγανμ − τ̄γατ − ν̄τγαντ)

Lμ − Lτ
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Vanilla scenario : 


ℒV
μτ = −

m2
Z′ 

2
Z′ αZ′ α + gμτZ′ α(μ̄γαμ + ν̄μγανμ − τ̄γατ − ν̄τγαντ)

Lμ − Lτ

New contribution to 
neutrino trident
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Vanilla scenario : 


ℒV
μτ = −

m2
Z′ 

2
Z′ αZ′ α + gμτZ′ α(μ̄γαμ + ν̄μγανμ − τ̄γατ − ν̄τγαντ)

Lμ − Lτ

New contribution to 
neutrino trident
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DarkQuest sensitivity: 

Nexcess = Ntot − NSM

Nexcess
trident > 2



DarkQuest limits for 
events beyond SM: 

ECAL and absorber 
scattering : detected in 
ST4

Signal -  eventsμ+μ−

NA64 results : Paolo Crivelli's talk
28

https://indico.fnal.gov/event/59896/contributions/280032/attachments/173469/234901/MuMASS_%20NA64mu_MinneapolisWorkshop.pdf


Dark Matter
Assume : gD ≫ gq, gl

 ℒ ⊃ −
1
2

m2
Z′ 

Z′ αZ′ α + (gq ∑
q

xqq̄γαq + gl ∑
l

xll̄γαl)Z′ α +gD χ̄γα χZ′ α

See also: 
P. Fayet, Phys. Rev. D 70, 023514 (2004) 
M. Pospelov, A. Ritz, M.M. Voloshin, Phys. Lett. B 662, 53 (2008) 
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.70.023514
https://www.sciencedirect.com/science/article/pii/S0370269308002402?via%3Dihub


Dark Matter at DarkQuest
1. Production of Z′ ∝ g2

q

30



1. Production of Z′ ∝ g2
q 2. Production of χ ; BR = 100 %

Dark Matter at DarkQuest
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1. Production of Z′ ∝ g2
q 2. Production of χ ; BR = 100 % 3. Detection: μ+μ− ∝ g2

μg2
D

Dark Matter at DarkQuest

32



Dark Matter Trident
1. Production of Z′ ∝ g2

q 2. Production of χ ; BR = 100 % 3. Detection: μ+μ− ∝ g2
μg2

D

Total event rate ∝ g2
qg2

μg2
D

COHERENT   (arxiv.org/abs/2110.11453) 
 NA64    (Paolo Crivelli's talk)

∝ g4
qg2

D
μ ∝ g2

μ

33
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Dark Matter with Dark Photon

COHERENT events =  
DarkQuest events =  

NC × 1.2 × 1018g2
qg2

D
1.2 × 1019g2

qg2
μg2

D

gq = gl = ϵe ; xf = qf

Signal -  eventsμ+μ−

NA64  : Limits  μ ≥ 2 × 10−8
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NA64mu events =  
DarkQuest events =  

NN × 3.2 × 106g2
μ

1.8 × 1014g4
μ + 6.5 × 106g2

μ

Dark Matter with Lμ − Lτ
gq = 0 ; xμ = 1 ; xτ = − 1

Signal -  eventsμ+μ−

COHERENT : Limits  ≥ 3 × 10−8
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Conclusions
• Scattering at DarkQuest - many new physics opportunities


• Neutrino Trident - DarkQuest sensitivity in  band.


• Dark Matter Trident - Large cross section - lepton final states at 
DarkQuest


• New Physics via Trident - DM, HNLs via upscattering, Axions, etc.

(g − 2)μ

36



Thank You



Backup



Neutrino Tridents in SM
Formalism used: Beyond EPA 

• Find 


• 


• Total cross section : 


σ(νγ → νμ−μ+) = σνγ(Q2, s)

σνγ(Q2, s) : σT
νγ(Q2, s) and σL

νγ(Q2, s)

σνN(Eν)

σνN ∝ hT
N(Q2, s)σT

νγ(Q2, s) + hL
N(Q2, s)σL

νγ(Q2, s)

(Hadronic current)  in coherent regimehN ∝ Z2



 Neutrino TridentLμ − Lτ

• 


• 


•

ℳSM,Z′ = ℳSM
V + ℳSM

A + ℳZ′ 

V

ℳZ′ 

V = (−
1

2GF

g2
Z′ 

m2
Z′ 

m2
Z′ 

k2 − m2
Z′ 

)ℳSM
V

σmix

σSM
∼ 107 ;

σZ′ 

σSM
∼ 1014

DarkQuest sensitivity 
to  for excess 

events > 2 
Z′ 

Ntot
trident − NSM

trident > 2
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Backgrounds at DarkQuest
1. Decays :


• Large in Phase 1 : 


• Can be reduced to  in Phase 2


2. CC:


• Single muon events  -  we look for muon-antimuon pairs.


• Yet to study in detail

K0
L → π±μ∓νμ

> 𝒪(102−3)

𝒪(10)

νμ

B. Batell, JA. Evans, S. Gori, M. Rai, arxiv:2008.08108

A. Berlin, S. Gori, P. Schuster, N. Toro, arxiv:1804.00661

A. Apyan, B. Batell, et.al., arxiv:2203.08322

https://arxiv.org/pdf/2008.08108
https://arxiv.org/abs/1804.00661
https://arxiv.org/pdf/2203.08322


Dark Matter at COHERENT
1. Production of Z′ ∝ g2

q 2. Production of χ ; BR = 100 % 3. Nuclear recoil ∝ g2
qg2

D

Total event rate ∝ g4
qg2

D



Dark Matter at NA64
1. Production of Z′ ∝ g2

μ 2. Production of χ ; BR = 100 %

Missing energy ∝ g2
μ



Prospective improvements
• Include  tridents and  final states


• Better defined sensitivity from understanding tracking stations beyonf ST4

ντ τ+, τ−



Beam dumps
Experiments COHERENT, CCM, 

JSNS2 SBND, MicroBooNE ICARUS, DUNE ND

Proton K.E, 
Detector distance 

0.8 GeV

~20 m

8 GeV 

110 - 470 m

120 GeV 

570 -  900 m

0.07 0.01 - 0.004 0.003 - 0.001

Target to dump 
[m] - 50 250 - 600

Δθ

arxiv:2008.08108

arxiv:1804.00661
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Sensitivity : B − 3Lμ

• Additional enhancement from 
muon coupling compared to 
COHERENT

COHERENT events =  
DarkQuest events =  

NC × 1.2 × 1018g2
qg2

D
10.8 × 1019g2

qg2
μg2

D


