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Main Injector 120 GeV Proton Beam

● NM4 experimental hall sits on the 120 GeV Main Injector beamline 

 → Expect 1e18 POT in a 2 year run before the PIP-II upgrade 

 → For projections have assumed 1e20 POT after the PIP-II upgrade

Current beam parameters:
~2e4 protons / bunch
53 MHz bunch frequency
4s spill every 60s  
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SpinQuest Target & Spectrometer
● Spectrometer has 5m thick Fmag (1.8T) as the beam dump and absorber, hollow 

KMag (0.4T) for tracking, and 4 stations of drift chambers (tracking) and 
scintillator hodoscopes (triggering)
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SpinQuest Nuclear Physics Program

● Specialized cryogenic target to measure the Sea-quark Sivers asymmetry
● Test of whether sea quarks have orbital angular momentum

● Minor upgrades to the target NMR system enable Transversity measurements
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Main Injector 120 GeV Proton Beam

● SpinQuest approved for a 2 year run. Joint NP/HEP upgrade “DarkQuest” has been 
presented to the PAC and has received stage 0 and contingent stage 1 approval
● Subject to the ongoing review process for bringing first beam to NM4 in 2023 
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Physics Goals from Snowmass

Stefania Gori, BNL P5 Townhall Meeting

https://indico.bnl.gov/event/18372/contributions/75189/attachments/46972/79645/TalkP5Gori.pdf
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Dark Sector Particle Production
● Copious production of dark sector 

particles in variety of BSM models
● Mechanism depends on the model:

 → Proton bremsstrahlung,                 
      meson decay, tau decay

Dark scalar

Heavy Neutral Lepton

Dark vector

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

B. Batell, J. Evans,  
S. Gori, M. Rai 
arxiv:2008.08108
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Dark Sector Particle Decays
● Wide variety of possible decay modes 

with different detector signatures
● Long-lived neutral Kaon decays, e.g.     

                       , are important 
backgrounds, can be suppressed with 
dedicated detectors

Dark scalar Heavy Neutral Lepton

Dark vector
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SpinQuest Dark Photon Trigger

● Installed “DP Hodoscopes” to parasitically 
trigger on displaced dimuon vertices

● Measurement in non-bending plane gives  
z-vertex resolution of O(10) cm, eliminate 
most combinatoric background 

● Increase acceptance to low mass signals
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SpinQuest Dark Photon Trigger

● Expect O(1000) signal events in unexplored parameter space
● Trigger acceptance limited by rate and large combinatoric backgrounds
● Can probe novel parameter space with nominal SpinQuest run
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DarkQuest Upgrade Concept

● DarkQuest upgrades the spectrometer with one Electromagnetic calorimeter 
(EMCal) sector (Pb-scintillator from PHENIX Experiment, 2mx4m)

 → Identify and trigger on e/γ/π; reject muon background
● Opens possibility to search for wider range of dark sector signatures
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DarkQuest Upgrade Concept
● PHENIX EMCal meets the 

experimental requirements for a very 
low total cost

● Good energy resolution for e/γ
● Simple and low rate trigger signature
● E/p provides good particle 

identification to separate e/μ/π
● Total cost of upgrade ~$1.5M
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● Dark Photon benchmark 
● Comparable or better limits 

compared to other 
experiments for lower cost 
and shorter time scale

● Excellent complementarity 
with other experiments 
including DUNE

● DarkQuest will explore sub-
GeV mass range for 
couplings 10-5 – 10-6

● Upgrades to the experiment 
can push bounds in any 
direction (higher mass, 
larger or smaller couplings) 

Dark Sector Sensitivity Projections
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Decay Volume Acceptance

Estimated bounds for different intensity scenarios and decay regions: 
 → 5m−6m: After FMAG and before station 1.
 → 5m−9m: After FMAG and before KMAG.
 → 5m−12m: After FMAG and before the end of KMAG
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Pion Bremsstrahlung

D. Curtin, Y. Kahn, R. Nguyen 
arxiv:2305.19309

● Recent phenomenological study on 
another dark photon production 
mechanism: pion bremsstrahlung

● Subdominant below 1 GeV, but exceeds 
DY production for higher masses

● With more P.O.T. will start to become 
sensitive to this mechanism and can 
extend sensitivity to higher masses

https://arxiv.org/abs/2305.19309
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Axion-Like Particles

● DarkQuest will have excellent sensitivity to photon coupled ALPs
● Produced through Primakoff process or photon fusion
● Again, excellent complementary coverage compared with DUNE
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Scalar Models for (g-2)μ

● One model which can resolve 
(g-2)μ is a light scalar singlet

● Large secondary production of 
muons from π/K in the 
DarkQuest beam dump

● For mS > 2 mμ , decay is prompt, 
to μ+μ- (SpinQuest) 

● For m
S 
< 2 m

μ 
, decay is 

displaced, to γγ (DarkQuest)

● DarkQuest can cover most of 
the remaining parameter space 
with mS ~ 2 m

μ
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Muon Missing Momentum in DarkQuest

● Large muon flux could be 
used for a M3 like detector 
within DarkQuest
● 2e8 muons / spill
● 5e13 muons / year

● Exploring different detector 
concepts and feasibility

Precision 
Tracking

Active 
Target
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Strongly Interacting Dark Matter

● Generic framework where DM is the 
lightest state of a strongly coupled 
hidden sector (HS) that is uncharged 
under SM forces

● Dark matter is composed of the lightest 
states in this sector

● DarkQuest can probe cosmologically-
motivated parameter space that has not 
been tested by previous experiments

● Different decay product energy 
spectrum  
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Inelastic Dark Matter
● Non-resonant electrons coming from decay
● Softer energy and off-axis production vs. minimal dark photon 
● Uncovered parameter space can be probed by DarkQuest

A’ χ→
2
χ

1
  e→ +e- χ

1
χ

1
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Further Spectrometer Upgrades
Y. Tsai, P. deNiverville, M. Liu 

arxiv:1908.07525

● Possible further upgrades extend coverage and sensitivity

● Adding PID detector, new dump and fast tracking, and /or second ECAL

● Shorten the beam dump to be sensitive to intermediate lifetimes

● Upgraded Trigger/DAQ to handle higher rates 
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Sensitivity Projections for “LongQuest”

A’ χ→
2
χ

1
  e→ +e- χ

1
χ

1
 

● Increased sensitivity from RICH Detector to discriminate e+/π+

● Can turn off Kmag to increase acceptance for softer electrons
● Results in improved sensitivity throughout parameter space 
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Summary
● Proton Fixed Target Experiments on the 120 GeV beamline 

offer a compelling multi-frontier physics program

➔ Better understanding of the proton PDF and origin of its spin

➔ Dark Sector searches sensitive to a wide range of models

● DarkQuest upgrade would be a springboard for a long 
term dark sector program

➔ Makes use of existing infrastructure in NM4 and can explore 
new parameter space on a short timescale  

➔ Further detector/beam upgrades could enhance sensitivity

● CW slow extracted beam, new dump, silicon tracking, etc.

● This program complements well other efforts and would 
positions FNAL as a world leader in dark sector searches  
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Backup



120 GeV Physics Opportunities                     FNAL A.C.E. Workshop                        David Sperka (Boston University) 26

DarkQuest Collaboration

● Strong team of both 
Experimentalists and 
Theorists

● Regular meetings for 
almost 4 years

● Fully Integrated with 
current SpinQuest 
collaboration

arxiv:2203.08322

https://arxiv.org/abs/2203.08322
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DarkQuest EMCal Upgrade
● PHENIX EMCal PMTs to be replaced with SiPMs
● Custom 4-ch front end SiPM board has been 

developed at Boston University
● Commercial off-the-shelf ASIC board designed by 

CAEN for ADC and triggering
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● PHENIX EMCal PMTs to be replaced with SiPMs
● Custom 4-ch front end SiPM board has been 

developed at Boston University
● Commercial off-the-shelf ASIC board designed by 

CAEN for ADC and triggering

DarkQuest EMCal Upgrade
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DarkQuest Reconstruction/Simulation
● Commissioning displaced tracking 

using full SpinQuest simulation and 
reconstruction framework

 → First step for a dimuon search 
● EMCal integrated in to detector 

simulation, reconstruction 
algorithms are well-advanced
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Dark Sector Sensitivity Projections

Dark scalar Heavy Neutral Lepton
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Faser
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SHiP
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SHADOWS
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SHADOWS
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