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We introduce a new search strategy for visibly decaying muonphilic particles using a proton beam
spectrometer modeled after the SpinQuest experiment at Fermilab. In this setup, a ~100 GeV pri-
mary proton beam impinges on a thick fixed target and yields a secondary muon beam. As these
muons traverse the target material, they scatter off nuclei and can radiatively produce hypothetical
muonphilic particles as initial- and final-state radiation. If such new states decay to dimuons, their
combined invariant mass can be measured with a downstream spectrometer immersed in a Tesla-
scale magnetic field. For a representative setup with 3 x 10'* muons on target with typical energies
of ~ 20 GeV, a 15% invariant mass resolution, and an effective 100 cm target length, this strategy
can probe the entire parameter space for which ~ 200 MeV — GeV scalar particles resolve the muon
g — 2 anomaly. We present sensitivity to these scalar particles at the SpinQuest experiment where
no additional hardware is needed and the search could be parasitically executed within the primary
nuclear physics program. Future proton beam dump experiments with optimized beam and detector
configurations could have even greater sensitivity.
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I. INTRODUCTION

In recent years, searches for muonphilic particles — new particles beyond the Standard Model that couple
primarily to muons — have attracted considerable interest, inspiring novel strategies involving beam dumps
[L], B-factories [2], missing energy and momentum experiments [3l 4], the Large Hadron Collider [5],
and even future muon colliders [[6] (see Ref. [7]] and references therein for a survey of such techniques).
In part, this popularity is related to the possible evidence for new physics from the Fermilab Muon g — 2
collaboration, which has recently measured the anomalous magnetic moment of the muon [8-11]]. This new
result is consistent with the earlier Brookhaven measurement [12] and the world average for a,, = %( 9—2)u
now deviates from the Standard Model (SM) prediction [13H37]] by

Aay = aS® — g — (251 4 59) x 10711, &

which constitutes a statistically significant 4.2¢ discrepancy.!

If this discrepancy is due to new physics, there are necessarily new particles in nature that couple to
muons. These particles can be classified according to whether they are heavy with order-unity couplings to
the muon (e.g. new weak-scale states charged under SM gauge interactions) or light and feebly coupled. If
the former possibility is realized in nature, such states could be discovered with future high-energy collider
searches [6, 54]. If instead, the particles in question are light and feebly coupled, the possibilities for new
physics are much narrower: the particles must be muonphilic scalars or vectors, which are singlets under
the SM gauge group [[7]. It has been shown that, for most available decay channels, existing and planned
intensity frontier experiments have sufficient sensitivity to discover these light new states if their couplings
to the muon resolve Aau [, 13 4L [7, I55H57]]. However, there is a notable exception to this otherwise
comprehensive coverage: scalars S with sub-GeV masses and prompt dimuon decays.

In this paper, we propose muon spectrometers at proton beam dumps as promising experiments to search
for S — pp~ and potentially discover the new physics responsible for Aa,,. While the parameter space
of interest in this paper is framed around scalar particles that resolve g — 2, the search strategy we present
is general and can be adapted to search for any new particles that decay appreciably to dimuons. Proton
beam dumps feature enormous luminosity and copious secondary production of muons through pion decay,
evading some of the event rate limitations that cap the sensitivity of muon beam experiments such as M3
[4] and NA64-4 [3]. The production of S from bremsstrahlung during nuclear scattering in the dump,
ptN — pt NS, is only weakly dependent on the muon energy, and thus a mono-energetic muon beam
is not necessary. As we will show, for S couplings that resolve Aa,, the S decay is prompt and the
signal is an invariant mass peak in opposite-sign muons emerging from a single vertex in the dump. The
sensitivity is therefore driven by the invariant mass resolution, and we will argue that selecting events in
the final portion of the dump, combined with a high-momentum-resolution spectrometer magnet, suffices to
achieve the invariant mass resolution needed to observe a signal above the SM background from continuum
QED production. We emphasize that our proposed search strategy involves no new hardware and can be
parasitically implemented at any proton beam spectrometer experiment.

This paper is organized as follows. We introduce the scalar singlet model in Section [lI] as a solution
to Aa,, which can also be seen as a representative example of a muonphilic model. In Section [III, we
introduce the basic experimental concept and discuss the generic requirements on the detector configuration.
Then, in Section[[V] we calculate the scalar singlet production rate as well as that of the leading irreducible
background processes, and propose cuts which maximally exploit the different kinematics of signal and

! Previous lattice QCD extractions of the hadronic light-by-light [38-40] and hadronic vacuum polarization [41-49] contributions
to a,, are consistent with both the measured value and semi-analytical calculations based on R-ratio data. However, the BMW
collaboration [50] has extracted a SM prediction of a,, that is consistent with the measured value. This result is in tension with
a,, as determined by R-ratio methods and might be in tension with the SM electroweak fit [S1H53]], so future lattice calculations
and improved R-ratio data will be necessary to conclude whether Eq. (1)) is evidence of new physics.



background. In Sec.|V| we take the specific case of the SpinQuest experiment at Fermilab and detail key
characteristics of the experiment, expected backgrounds, and the potential sensitivity to muonphilic scalars.
Finally, we conclude and provide an outlook on the near-term experimental prospects in Section.

II. SCALAR SINGLET MODEL

We extend the SM by a scalar .S which is a singlet under the SM gauge group, and which couples
exclusively to muons through the Yukawa interaction

LD gsSTiu, 2)

where gg is a dimensionless coupling constant. This coupling induces a shift in Aa,, at one-loop level
which yields

z2 ot 1+2)(1—2)? gs \2 (700 MeV 2
AdS =I5 ( ~2x107° 5 3
U= g2 o (1—=2)2+z(mg/my)? % (10—3> ms ’ ©)

where mg is the mass of S. The approximate equality holds in the limit mg > m,, and gives a sense
for the typical size of couplings required. In the absence of other interactions, for mg > 2m,, the only
tree-level decay channel is S — p .~ with a corresponding width of

g&ms am?\ "
'S —u ,u_):S<1—2u> : (4)

8 mg

At one-loop level, there are also S — v and S — vv decay channels, but these are further suppressed by
a? and G%,, respectively, so the dimuon channel has a branching fraction near unity.

As noted in Ref. [58|[59], the interaction in Eq. (2) is not gauge-invariant under the electroweak symme-
try of the SM, but it may be generated from the dimension-5 operator

1
Luy = KSHT Lpf+he., (5)

where, in two-component Weyl fermion notation, L, is the second generation lepton doublet, ;€ is the right
handed muon field, H is the SM Higgs doublet, and A is the mass scale at which new particles have been
integrated out. Matching Wilson coefficients yields gs = v/A, so for gg = 1073, the cutoff scale of the
effective field theory defined by Eq. (2) is valid up to A = 250 TeV. Consequently, for the parameter space
we consider in this paper (mg < 5 GeV and muon beam energies below 50 GeV), the effective theory
description is perfectly valid.

Previous work to constrain this model has focused on search strategies to probe the invisible decay
channel if S couples to neutrinos or dark matter [4} (60, [61]], as well as other loop-suppressed modes for
mg < 2m,, which lead to long-lived S and displaced diphoton decays through one-loop processes [1]]. By
contrast, here we focus on the visible decay mode S — pp~, which we assume has a 100% branching
fraction for mg > 2m,. Allowing for alternate invisible decay modes (which may imply the presence
of new dark states) reproduces the phenomenology of previous invisible decay studies such as M? [4] and
NA64-p [60] and we will not consider these in this paper.

Finally, we note that the phenomenological search strategy introduced below may also be applied to
new spin-1 vector particles whose couplings to the muon resolve Aa,. However, nearly all theoreti-
cally consistent models for visibly-decaying vectors in this mass range have been ruled out by laboratory
searches [7, 62]]. The only remaining anomaly-free U (1) extension to the SM that can still resolve Aa,,
is gauged L, — L, [62] for vector masses between ~ 10-200 MeV, where the lower bound is set by cos-
mology [63] and the upper bound is set by the BABAR eTe™ — 4y search [2]. Thus, for nearly all of
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FIG. 1: Proton beam dump spectrometer signature of prompt muonphilic scalars produced in the back of the beam
dump, labeled as the “Target”, and reconstructed by the downstream tracking stations. The spectrometer setup is
inspired by the existing SpinQuest experiment, but we argue that the search strategy presented in this paper can work
for other proton beam spectrometer configurations with a large flux of muons (see main text for details).

the remaining viable parameter space in this model, the vector particle decays invisibly to neutrinos and is,
therefore, testable with NA64-1 [64] and M3 [4], which are optimized for missing momentum signatures.
By contrast, scalar particles that resolve Aa,, can still visibly decay to dimuons [7]], so we focus on this
scenario throughout our analysis.

III. PROTON BEAM DUMP SPECTROMETER CONCEPT

To search for muonphilic scalars as a possible explanation for Aa,,, we require a large flux of muons on
a target which will produce the scalars via bremsstrahlung, as shown in Fig. [l (red boxed inset). From the
decay width of the S to muons in Eq. (@), the lab-frame decay length is:

_ 2
I ~8x 108m<ES/mS> <7OOM6V) (10 3) : (6)

10 mg gs

where we have taken the mg > my, limit. Except for a very small region of phase space just above
the dimuon threshold, the couplings required to explain Aa,, imply that the S must decay promptly. This
remains true even if there are additional invisible decay modes, since those will only increase the total width
and hence decrease the decay length.

Therefore, the target itself cannot be very dense or else the momentum resolution will be degraded
by multiple scattering, so a large muon flux is important to compensate for this lower density. In this
paper, we consider the SpinQuest spectrometer as an example of an experimental setup to search for such
muonphilic scalars. A schematic inspired by SpinQuest is shown in Figure [I The proton beam travels
through some magnetized material producing a large fraction of u* with ©O(20 GeV) energies, most of
which originate from pion decays. These secondary muons are produced along the beam dump and those
muons traversing the target region, which in Fig.[I]is denoted by “Target” in green, can produce the S during
a nuclear scattering event and the outgoing daughter muons have enough momentum to exit the dump and
be detected. The path of the beam muon is deflected by the magnetized dump, while the analysis magnet
alters the trajectories of the three outgoing muons to measure their curvature and hence momenta. The
signal is thus two or three muons originating from the same vertex in the dump (depending on whether the
third muon has a high enough momentum to emerge from the tracking stations), with the invariant mass of



an opposite-sign muon pair reconstructing the mass of the S. We note that Ref. [55] previously considered
S production from secondary muons at SpinQuest but focused on the eTe™ decay mode, whereas we focus
on the irreducible decay to p+ ™.

This search strategy can be employed at any proton beam dump spectrometer with the following key
features:

* a high-intensity proton beam with high repetition rate, from which a large flux of muons is produced.
A high repetition rate, near-continuous wave beam is more valuable than a beam of similar current
but lower duty factor (pulsed) in order to reduce combinatorial backgrounds;

* a beam dump that is many nuclear interaction lengths thick, to allow predominantly muons to exit
through through the dump and greatly reduce hadronic backgrounds, with the last portion of the
dump serving as the target;

* abeam of sufficient energy to produce secondary muons capable of traversing the entire dump, retain-
ing sufficient momenta to both produce the S and to boost its decay products into the spectrometer’s
acceptance;

* a magnetized beam dump to spatially spread out positive and negatively charged beam muons to
reduce the combinatorial backgrounds;

* a detector that can trigger on dimuon coincidences in the presence of a high muon flux, has good
momentum and angular resolution such that the invariant mass resolution is mostly influenced by
multiple scattering, and is granular enough to reject backgrounds.

As we will see below, the dominant irreducible background is muon pair production from QED, while an
important reducible background is the combinatorial background from independent production of muons in
the dump. Because the search strategy is a bump hunt in invariant mass, the relative size of the QED
background will be driven both by the invariant mass resolution and the effective target length {1 (the
green region in Fig.[I). These requirements are in some tension because a larger {7 improves the sensitivity
(which scales as v//7 assuming Poisson fluctuations on the background), but also leads to increased multiple
scattering and a degraded mass resolution, as well as a larger combinatorial background. A full optimization
of the sensitivity with respect to {7 requires a concrete experimental design and is beyond the scope of this
study, but as an example, we will take /7 = 100 cm and a 15% invariant mass resolution. This figure
represents the combined effects of an intrinsic 5% experimental resolution and multiple scattering and is
further justified with simulations in Sec.

IV. SIGNAL AND BACKGROUND RATES, KINEMATICS, AND CUTS

A. Signal and irreducible background

Our signal process is on-shell S production from muons scattering off a fixed target of nuclei N, y* N —
ptN S, followed by the prompt S — p i~ decay (Fig. . The experimental signature includes at least two
opposite-sign muons in the final state originating from a single vertex which reconstruct the invariant mass
of the S. The SM background is dominantly continuum muon pair production u* N — p* N p+p~ through
electromagnetic processes, including both the radiative (Fig.[3] left) and Bethe-Heitler trident (Fig. [3] right)
diagrams [65, 166]. The background from off-shell Z production is negligible at the beam energies we
consider. Photon-initiated background processes resulting from a hard photon bremsstrahlung, uN — uN+~
followed by vIN — hadrons, are negligible since they can be mitigated with a mild di-muon selection and
are further suppressed by (m./ mu)2 for muon beams compared to the case of electron beams.
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FIG. 3: Feynman diagrams representing the dominant Standard Model background processes for dimuon pair pro-
duction in muon-nucleus scattering. The radiative diagram (left) also has a contribution from final-state radiation, but
radiation off the nucleus is suppressed since mpy > m,,.

We simulated both signal and background processes with CalcHEP [67]. Although MadGraph [68]] has
become a standard tool for fixed-target experiments as well as collider experiments, it has known issues
with collinear emission processes [[1] which give large fluctuations in the computed cross section, while
CalcHEP reliably gives sub-percent level Monte Carlo errors [69]. We implemented a custom form factor
in CalcHEP for the nuclear target by scaling all the cross sections by a dipole form factor [[70]:

Ga(t) = G5(t) + Gy°\(t) | (7)

where the elastic contribution is

G\(t) = 22 @t (LY 8)
2V 1+ a2t 1+t/d) (

2

and the inelastic contribution can be written as

. a?t \2 L+ 7(u2-1)
Ghel(t)y = Z [ ———— ) Wh(t) , Wh(t)= |——L = 9
2 (1) <1+a’2t> 2(1) 2(t) (Lt 1/to)] )]
The parameters of this form factor model are
1132-1/3 7732723
a=—""  Jd=""2 d=0.164GeVZA?3 t5=0.71 GeV? , (10)
Me Me

2 Note that a typo in the literature has been propagated to various references from Ref. [[70], now corrected here: the Wa(t)
function should not be squared.
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FIG. 4: Cross sections as a function of beam energy for background and signal for various .S masses, with gg set to
the minimum value consistent with the measured Aa,, to within 20.

where 11, = 2.79, 7 = t/(4m2), Z and A are the atomic number and mass number of N, m,, and m,
are the proton and electron masses, and ¢ = —(p/y — pn)? is the squared 4-momentum transfer to the
nucleus (initial 4-momentum p;, final momentum p’y). For the signal events, in order to avoid any issues
arising from the narrow width of the S, we generated on-shell S events u™N — p*NS, decayed the S
isotropically in its rest frame, and boosted back to the lab frame. In order to confirm that the form factor
was correctly implemented in CalcHEP, we reproduced the results of Fig. 8 of Ref. [69] for the process
uN — pNS with N an aluminum nucleus. The number of signal events or background events Ng g is
given by

Ns.p = 02 nyp b x MOT, (11)

where o(2©) is the accepted cross section given any cuts applied (described further below), ny and £7
are the number density of nuclei in the target and the effective target length, respectively, and MOT is the
number of muons on target.

B. Kinematics and cuts

As a starting point, based on the setup envisioned in Section [V] below, we will consider the example
of a 4~ beam on an iron target with Z = 26 and A = 56, np = 8.5 X 1022/cm3, and /7 = 100 cm.
Figure 4] shows, as a function of the beam energy, the cross section for p~p~u™ events from the QED
background process and signal process for different scalar masses, fixing the coupling gg for each mass to
be the minimum coupling required to resolve Aa,, to within 20. The cross section is largely insensitive
to the beam energy, but for all energies and masses, the QED background is several orders of magnitude
larger, requiring additional cuts to render the signal visible. The most obvious such cut is an invariant mass
cut; this turns out to be most efficient when performed on the opposite-sign muon pair with the hardest 11—,
which we can justify by comparing the signal and background kinematics.

Figure|5[shows the kinematic distributions of both signal and background events for a 20 GeV p~ beam,
without applying any cuts. The principal difference between the signal and background processes is that
the cross section for S production is peaked when S takes nearly all the beam energy [4], [71]], at least for
mg > my, which is the case whenever S can decay visibly. As a result, the S is highly boosted, and thus
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FIG. 5: Kinematic distributions for ;= =~ u™ events produced by SM QED background (shaded gray, labeled “BG”)
and signals of various scalar masses with a 20 GeV p~ beam. Relative distributions (normalized to unity for illustra-
tion) are shown for the fraction of the beam momentum carried by the hardest final-state 11—, labeled 117 (top left),
w™ (top right), and softer 1., labeled 15 (bottom left). The momentum of the leading 1~ transverse to the beam is
also shown (bottom left). For heavy S, the pr and angular separation of the hardest muons peak at larger values than
the background.

the harder 41~ dominantly originates from S decay, with the momenta of the " and harder 1~ both peaked
at |Pheam|/2. By contrast, the soft singularity of the massless photon in QED means that the ;1 momentum
distribution is peaked at zero, while the harder p~ is typically the beam muon which still carries a large
fraction of the original beam momentum.®> Both of these features are apparent in the top panel of Fig.
Combined with the fact that the high boost afforded by fixed-target experiments makes almost all events
purely in the forward direction, a cut on p, for both the u™ and hardest ;. allows an efficient separation
of signal and background. We also note that for both signal and background, the recoil ;™ is very soft and
often carries less than 25% of the beam momentum (bottom left). In practice, the soft ;~ may not even be
observable if it curves away from the tracking stations, so absent any issues from combinatorial background
due to the fact that the beam contains both p and 1.~ we can define the signal as two muons of opposite
sign originating from the same vertex. We argue in Sec. [V] below that the combinatorial background is
likely negligible compared to the irreducible background for mg < 1 GeV. Finally, the bottom-right

3 We note that the same distinctions between the QED and muonphilic particle kinematics hold for massive vectors, pseudoscalars,
and axial vectors [72]], and thus the same search strategies we propose should apply to those models too.
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FIG. 6: The "~ invariant mass distribution is shown for background and signal for several scalar masses (in MeV
units), in events produced from a 20 GeV p~ beam. A 5 x 10! MoT sample (corresponding to approximately 1 year
of running at SpinQuest, see Sec.[V)) is shown with gg set to the minimum values which resolve Aa,, for each mg
value, as in Fig. l Here, the invariant mass is formed from the harder ;= (labeled 1) in the event and 3-momenta
are smeared to produce a 15% mass resolution. Each muon is required to satisfy p, > 5 GeV.

panel of Fig. |5 shows the transverse momentum distributions of the p. The collinear singularity of QED
(regulated by the muon mass) implies that the background peaks at small pr, while for heavy S, the pr is
peaked at larger values.*

Fig. E] shows the invariant mass spectrum of the ;™ paired with the hardest 12—, for both signal and back-
ground, after applying the p, cut. As in Fig. ] we have normalized the signal to the values of gg consistent
with Aa,,. Keeping in mind the possible degradation of the mass resolution with multiple scattering in the
target, we take as an example a 15% invariant mass cut, which means we require that the harder muon pair
has an invariant mass within mg + r, where 2r/mg = 0.15. In Fig. E] we have applied a uniform Gaussian
smearing to each of the 3-momentum components to qualitatively simulate a 15% mass resolution. For ex-
ample, taking mg = 500 MeV and implementing this invariant mass cut, the background is further reduced
by a factor of ~8 and we keep ~90% of the signal (the remaining 10% are events where the softer p~
originates from S decay). The requirements on achieving such an invariant mass resolution are discussed at
length in Section[V]

Figure 7| (left) shows the effect on the sensitivity Ns/y/Np from applying one or both cuts for a 20
GeV beam and 10 MOT, using the same signal normalization that resolves Aa,. We show the effect
of an invariant mass cut alone (green curve) to emphasize the fact that a standard “bump hunt” strategy is
much less efficient for our particular signal process without applying the p, cut. After applying both the
invariant mass cut and the p, cut, the signal efficiency is ~ 83% for low S masses near 220 MeV and
~ 50% for higher S masses near 1 GeV. Due to the clear separation of signal and background kinematics,
the combined effect of both cuts can improve the sensitivity by an order of magnitude for mg < 1 GeV,
and even render the experiment free of irreducible QED background for larger masses. To illustrate the
experimental requirements necessary to achieve full coverage of the g — 2 parameter space for a given
mg, in Figure [/| (right) we plot the muon flux required to achieve approximate 3o discovery sensitivity,
Ns/+/Np = 3, as a function of mg. With 15% invariant mass resolution and a 100 cm iron target region,

* A cut on pr would only efficiently separate signal from background at masses ms > 1 GeV, where (as we illustrate below) the
irreducible QED background is already subdominant to the expected combinatorial background after the invariant mass and p,
cuts.
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FIG. 7: Left: Sensitivity as a function of scalar mass mg for various cuts, setting gs to the minimum value which
resolves Aa,, at each mg and assuming 10*® MOT and ¢7 = 100 cm. Right: MOT required to reach Ng//Np = 3
as a function of mg, for gg as in the left panel. Both panels assume a muon beam energy of 20 GeV.

we can probe the full parameter space that resolves the anomaly up to 1 GeV with ~ 3 x 10'* MOT. For
larger mg at this luminosity, the QED background becomes subdominant to the combinatorial background
in a realistic experimental implementation, as we will describe in Sec. below.

V. POTENTIAL REACH AT THE SPINQUEST EXPERIMENT

To make the discussion in Sec. concrete, and to illustrate the experimental considerations relevant
for a practical implementation of our proposal, we imagine a setup similar to the SpinQuest experiment at
Fermilab [73]], where a 120 GeV proton beam impinges on a magnetized steel beam dump (Z = 26) many
radiation lengths thick. Target interactions produce a spectrum of lower-energy secondary muons, which
continue through the target and can produce S through bremsstrahlung during any scattering process, as
described above. To identify the vertex corresponding to .S decay, we consider only signal events which
occur in the last portion of the 5 m beam dump, of length /7 ~ 100 cm. As the simulated muon spectrum at
proton beam dump experiments is still to be fully validated [S7], we leave a detailed sensitivity calculation
for future work and consider a monochromatic 20 GeV muon beam. We note, however, that both signal and
background cross sections are largely independent of the beam energy as shown in Fig. ] so treating the
muons as monochromatic is a decent approximation up to experimental acceptance effects.

A. Muon beam properties

The signal sensitivity and estimated rate of backgrounds depend on the expected secondary muon mo-
mentum spectrum, following their traversal of the bulk of the beam dump. To facilitate these studies, we
perform a toy simulation of muons passing through the dump, based on their initial spectra obtained from
a full Geant4 simulation of the SpinQuest experimental setup [73]. Muons are randomly assigned to a po-
sition at the beginning of the dump based on the expected beam profile and propagated to the end of the
dump, accounting for (a) initial muon momenta transverse to the beam, (b) small and wide-angle scattering
within the dump, and (c) the effect of a 1.9 T magnetic field. The momenta of muons before and after the
dump are shown in Figure([8] The relative composition of muons is approximately 55% (45%) for positively
(negatively) charged muons.



11

| after traversing dump
before traversing dump
107!
i
o
=
-
Q
<
&
g 1072
&) £
>
<)
107%¢

muon p, [GeV]

FIG. 8: Secondary muon momentum spectrum from a primary 120 GeV proton beam. The part of the spectrum
consisting of muons which exit the dump with p, > 20 GeV, which we treat as our muon beam, is shaded in red.

To estimate the time required to achieve a given number of MOT at SpinQuest, we can use the finding of
Ref. [73] that 1.9 muons per RF bucket reach the first tracking station. Combining this with our simulation
model, we find that 0.8 such muons have p, > 20 GeV. Each 4 sec spill of 53 MHz buckets thus yields
2 x 108 MoT with energy above 20 GeV, or 3 x 10! MoT in 24 hours of running. Assuming that the
accelerator complex can deliver beam with an average duty factor of 50% over the full year, this amounts
to 5 x 103 MOT accumulated per year of operation in the nominal configuration, such that our target
luminosity for mg up to 1 GeV can be in principle achieved in 6 years of running.

B. Reconstruction efficiencies and mass resolution

The capability to efficiently trigger and accurately reconstruct di-muons will drive the sensitivity of
muon spectrometer experiment to scalar decays. The forward region of SpinQuest is instrumented with an
emphasis on detecting muons from the decay of a high mass virtual photon or meson produced through
target interactions. Consequently, we consider only muons with momenta above 5 GeV in the following
analysis, assuming the trajectories of particles with lower momenta cannot be accurately measured. While
imperfect acceptance can lead to a small additional inefficiency, the effect has a complex dependence on
the exact geometry of the detector and details of the reconstruction algorithms, which we do not attempt to
reproduce in this work. We note that despite the small loss in acceptance, a minimum requirement on the
muon momentum removes background processes far more efficiently than signal, due to the soft sub-leading
muon expected from radiative processes, as seen in Figures [5]and

Another key driver of the search sensitivity is the achievable di-muon mass resolution, which should
be small to reduce the level of backgrounds, particularly for small scalar masses. We assume a 5% mass
intrinsic experimental resolution, in accordance with the studies of Ref. [[73|] based on decays between the
dump and tracking stations. However, because the scalar decays promptly after being produced within the
last fraction of the dump, this mass resolution will generally be further degraded by multiple scattering.
Using the simulation described above, we propagated this effect to the mass resolution of S — p* ™ pairs
as a function of the target length traversed. This leads to a trade-off, illustrated in Figure [9] where scalars
produced earlier in the dump can be selected to enhance the overall signal rate, at the price of poorer mass
resolution. In this study, we take an effective target thickness of /7 = 100 cm as a representative choice,
corresponding to an approximate 15% total mass resolution including multiple-scattering effects. Finally,
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FIG. 9: Left: Reconstructed di-muon mass is shown for events with mg = 1 GeV produced in the last portion of
the dump, taking into account both multiple scattering effects and a 5% experimental resolution. Mass distributions
are shown for several target thicknesses in units of X, with larger decay volumes increasing yields but degrading
the mass resolution. Note that our fiducial value of /7 = 100 cm corresponds to about 57X in steel. Right: The
corresponding signal sensitivities (Ng/v/Ng) as a function of the mass window for each of the same thicknesses.
The optimal window size is indicated with a black dot. A flat background in the neighborhood of the scalar mass is
assumed.

we need to be able to determine if the candidate dimuon mass pair originated from the target region. The
displaced vertex resolution in the 2z axis determined from simulation studies in Ref. [73] is approximately
10 cm. This would be degraded by multiple scattering effects in the last ~1 m of the dump but would still
be sufficient to determine if the dimuon pair is in the target region with reasonable efficiency.

C. Combinatorial background

In addition to the irreducible QED background discussed in Sec. an additional experimental back-
ground can arise through combinations of independently-produced muons in the dump that conspire to
produce an apparent di-muon vertex. This effect, unlike the irreducible radiative and trident backgrounds,
is sensitive to details of the experimental setup such as vertex resolution, which we take as 0, = 1cm in
line with SpinQuest’s projected capabilities [73].

The chance of finding a 4~ u™ vertex from uncorrelated muons is generally low because the magnetic
field separates the oppositely-charged particles produced early in the dump. Here the “wrong-sign” muon
can only form a potential .~ ™ vertex if the combined effects of initial beam momenta and scattering in
the dump are enough to compensate for the strong magnetic field bending its path in the opposing direction.
Figure [10[ (left) shows the distribution of " and 1~ positions in the bending plane at the end of the dump.
As utS — putp~ pt signal events would result from the production of an S off of a u late in the dump,
signal vertices will generally be concentrated at large « (signal efficiency is €5, = 95% for Zgump > 10 cm),
and vice-versa for ;.S events. Our simulation predicts a contamination rate of wrong-sign muons of
3 x 1074 after selecting events displaced by 10 cm in the bending plane.

The rate of combinatorial ™y~ pairs can be computed from the rate of wrong-sign scatters into the
signal-enriched region together with the expected position spread and vertex resolution. The experimental
resolution motivates a requirement that the reconstructed coordinates transverse to the beams agree to within
2 cm, which occurs randomly in only 0.6% of background events. All together, this toy simulation predicts
arate of 5 x 1076 candidate pairs of 5 GeV muons per each time sample. The distribution of masses from
these background events are shown in Figure (right) for a sample of 5 x 10'3 MoT. Considering a 15%
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FIG. 10: Left: The position of positively and negatively charged muons in the bending plane, after traversing the
beam dump. Right: The m, - ,+ mass distribution for p~ i+ pairs passing a common vertex requirement.

window in di-muon mass, we expect this sample to contain about 100 combinatorial background events at
1 GeV. This background grows rapidly with mass (a power law fit yields a dependence ~ mﬁ“,), with
7x 106 events for mg = 2 GeV, illustrating the need for novel experimental strategies to probe the high-mass
region. Less than one combinatorial background event is predicted below 800 MeV for this luminosity.

D. Estimated sensitivity at SpinQuest

Fig. [11]| shows our estimated sensitivity to the ¢ — 2 parameter space at a SpinQuest-like experiment,
including the invariant mass resolution, target length, and combinatorial effects discussed above. Our limit
on gg is defined’ by solving Ng/ VN = 3 for gs at each mass value mg. As anticipated, with 3 x
10 MOT, we can cover the full Aa,, parameter space up to 20 for mg < 1 GeV. We estimated the
combinatorial background by scaling the results of Fig.[T0] but the extremely steep scaling with mass results
in a sharp degradation of the sensitivity of our proposed experiment at around 1 GeV. We have verified that
the sensitivity is largely unchanged for different beam energies; the same muon flux with 30 GeV or 40
GeV muons can probe the same parameter space, which suggests that our estimates are likely robust to the

precise secondary muon spectrum at proton beam dump experiments.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we have introduced a new search strategy for muonphilic particles using proton beam
dump spectrometers. As primary protons impinge on a fixed target, they produce a beam of secondary
muons whose interactions with the target material can produce new muonphilic particles. If these new
states decay visibly to dimuons, the daughter particles emerge from the target region and their combined
invariant mass can be reconstructed using a downstream tracking station. This search strategy can be para-
sitically executed at the Fermilab SpinQuest experiment and can achieve unprecedented sensitivity to new

5> While systematic uncertainties are neglected in this analysis, they are expected to have negligible impact due to the robust
background estimate from m,,+,~ side-band fits. Background sculpting due to kinematic thresholds near ms ~ 2m,, may

require careful treatment, which we will leave for future work.
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FIG. 11:  Sensitivity to the (¢ — 2),, parameter space for a SpinQuest-like spectrometer at a proton beam dump
experiments. We assume the same fiducial parameters as discussed in Sec. namely 20 GeV beam energy, {1 =
100 cm, 15% invariant mass resolution, and py > 5 GeV on the hardest ;+ ™ pair. We include both irreducible QED
background and reducible combinatorial background. A muon flux of 3 x 104 MOT, corresponding to approximately
6 years of running at nominal SpinQuest luminosity, can fully cover the preferred region for Aa,, to 20 for mg <
1 GeV.

muonphilic particles with 3 x 10'4 muons on target and appropriate analysis cuts.

While the search strategy we outlines here is general for any muonphilic particles, our discussion has
been framed around particles that resolve the longstanding muon g — 2 anomaly, which is arguably the
longest-standing disagreement between SM predictions and experimental measurements. Assuming the
theoretical prediction of g — 2 remains unchanged with the inclusion of recent lattice QCD results, all pos-
sible beyond-the-SM solutions should be tested comprehensively. Here we have found that a proton beam
dump spectrometer can cover parameter space in a highly complementary region to missing-momentum
experiments such as M3 [4], which can probe mg < 2my,, and NA64-1, 3], which can fully probe the
parameter space for an L, — L, gauge boson. Future B-factories such as Belle-1I can also cover the visible
scalar decay parameter space [7]], but the full luminosity may be a decade away. In the intervening years,
our analysis shows that proton beam dump experiments such as SpinQuest can potentially discover the new
physics responsible for Aa,, at masses below 1 GeV in a reasonable ~6 years of running, and likewise has
sensitivity to other muonphilic particles in this mass range.

More detailed analyses by experimental collaborations are required to produced a more refined sensitiv-
ity projection, including in-situ measurements of the SpinQuest muon spectrum and several detector effects
such as detector reconstruction efficiency and trigger efficiency. Additional and more sophisticated analysis
techniques include multivariate kinematic selections and an optimization of the beam dump target region.
Nonetheless, even with such considerations, the sensitivity of the SpinQuest experiment can benefit even
more significantly from beamline considerations and detector improvements. Increasing the duty factor of
the SpinQuest experiment, which currently takes data for 4 s out of 1 minute, could increase the expected
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MOT in a year by approximately an order of magnitude — of course at the expense of other experiments.
Furthermore, the RF bucket-to-bucket intensity is limited by the efficiency of the slow extraction of the
beam from the main injector and the occupancy of the detector. By improving the proton beam intensity
and using more modern highly-granular tracking detectors, especially at the front of the spectrometer, the
sensitivity of the experiment could also be drastically improved.
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