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DISCLAIMERS
I am a BSM theorist giving a short talk: 

• Will not discuss low energy or neutrino experiments.  

• Will not discuss many interesting topics including 
QCD, heavy ions, etc. 

• Incomplete list of physics opportunities. 

See references in backup slides for much more. 
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COLLIDER CONCEPTS
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• e+e- machine: higher energy and/or luminosity than 
LEP. (CEPC, CLIC, FCC-ee, ILC)   

• Hadron collider: higher energy than LHC.  
(FCC-hh, HE-LHC, SppC) 

• Electron hadron collider, capture some of the 
advantages of both hadron and lepton machines.  

• Muon collider, can achieve much higher energy than 
electrons, technology is unproven.
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HIGGS POTENTIAL

4

SM says Higgs breaks 
electroweak symmetry 
with this potential.  

No direct experimental 
evidence of this. 
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HIGGS POTENTIAL

5

SM says Higgs breaks 
electroweak symmetry 
with this potential.  

No direct experimental 
evidence of this.  

Can measure derivatives 
of potential. 

V(h) ∼
1
2

m2
h h2 +

1
3!

λ3 h3 +
1
4!

λ4 h4 + . . .

Taylor series:



DANIEL STOLARSKI     May 29, 2022      IPP 50th Anniversary Symposium

N-HIGGS PRODUCTION (hh/μμ)

6

λ3

h

h

h
h
λ4

SM makes definite predictions for these coefficients:

λ3 ∼
g m2

h

mW
λ4 ∼

g2 m2
h

m2
W

Can directly measure these couplings with  
multi-Higgs production (very hard at LHC). 
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In the early universe, electroweak symmetry is restored.

7

SM predicts smooth transition  
from unbroken to broken phase. 

ELECTROWEAK PHASE TRANSITION (hh/μμ)
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ELECTROWEAK PHASE TRANSITION (hh/μμ)
In the early universe, electroweak symmetry is restored.

8

BSM theories (with new states) could have violent 
transition, possible baryogengesis mechanism. 
Curtin, Meade, Yu, arXiv:1409.0005.



DANIEL STOLARSKI     May 29, 2022      IPP 50th Anniversary Symposium

NEW LIGHT PARTICLES (ee/μμ/he?)
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e+

e−
Z*

Z

h

In lepton collider, can use 
knowledge of initial state 
to detect that a Higgs was 
created without seeing it.

Search for Higgs decays 
to new particles. 
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e+

e−
Z*

Z

h

In lepton collider, can use 
knowledge of initial state 
to detect that a Higgs was 
created without seeing it.

Search for Higgs decays 
to new particles. 

Can also look for new 
electroweakly charged 
particles with difficult 
decays. 

Could be connected to 
dark matter or SUSY. 

NEW LIGHT PARTICLES (ee/μμ/he?)
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NEW HEAVY PARTICLES (hh/μμ/he?)
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With 100 TeV CM, could 
discover: 

• ~10 TeV coloured particles  

• ~2 TeV electroweak particles 

• ~20 TeV resonances 

Probing 10 TeV scale increases 
required tuning of weak scale 
from 1/100 to 1/10,000.
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PROBING HIGH SCALES (ee/hh/he/μμ)
Precise measurements can be translated to limits (or 
discoveries!) of new physics at high scales.  

Parameterize via effective field theory (very general).   

Example:    

Can also do with W, Higgs, leptons, quarks…

δΓZ

ΓZ
∼

1
500,000

⇒ Λ ∼ 50 TeV

12
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DARK MATTER (hh/μμ)
WIMP classic (pure electroweak 
state) prefers a mass of 1-3 TeV.  

Disappearing track search can 
probe cosmologically relevant 
parameters.  

Also significant reach in      
mono-jets, mediator models,  
co-annihilation, asymmetric DM…

13
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Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].

– 3 –

Mahbubani, Schwaller, Zurita, 
arXiv:1703.0532 
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MUON COLLIDERS

14 (a) (b)

Figure 1. The equivalent proton collider energy p
sp [TeV] required to reach the same, beam-level

cross section as a µ
+
µ

� collider with energy p
sµ [TeV] for (a) 2 ! 1 and (b) 2 ! 2 parton-level

process, for benchmark scaling relationships between the parton-level cross sections [�̂]p and [�̂]µ

as well as for pair production of t̃t̃ and �
+
�

� through their leading 2 ! 2 production modes.

we identify the kinematic threshold as ⌧ = sµ/sp, and likewise the factorization scale as
µf =

p
sµ/2. If one further assumes a relationship between the partonic cross sections, this

identification allows us to write equation 3.6 as

X

ij

�ij

✓
sµ

sp
,

p
sµ

2

◆
=

[�̂]µ

[�̂]p
⌘

1

�
. (3.7)

which can be solved⇤ numerically for sp as a function of sµ and �.
For various benchmark assumptions (�) on the partonic cross sections [�̂]p and [�̂]µ,

and for the parton luminosity configurations ij = gg (red) and ij = qq (blue), where
q 2 {u, c, d, s} is any light quark, we plot in figure 1(a) the equivalent proton collider energy
p

sp as a function of psµ, for a generic 2 ! 1, neutral current process. In particular, for
each partonic configuration, we consider the case where the ij and µ

+
µ
� partonic rates are

the same, i.e., when � = 1 (solid line) in equation 3.7, as well as when � = 10 (dash) and
� = 100 (dash-dot). The purpose of these benchmarks is to cover various coupling regimes,
such as when ij ! Y and µ

+
µ
�
! Y are governed by the same physics (� = 1) or when

ij ! Y is governed by, say, QCD but µ
+
µ
�
! Y by QED (� = 10).

Overall, we find several notable features. First is the general expectation that a larger pp

collider energy is needed to achieve the same partonic cross section as a µ
+
µ
� collider. This

follows from the fact that pp beam energies are distributed among many partons whereas
µ
+
µ
� collider energies are effectively held by just two incoming partons. Interestingly,

we find a surprisingly simple linear scaling between the two colliders for all ij and �

combinations. For the ij = qq configuration and equal partonic coupling strength, i.e.,
� = 1, we report a scaling relationship of psp ⇠ 5 ⇥

p
sµ. Under the above assumptions,

⇤
Explicitly, we use the scipy function fsolve to carry out a brute force computation of this transcen-

dental equation. We report a reasonable computation time on a 2-core personal laptop.

– 7 –

2 → 1 2 → 2

Costantini et al. arXiv:2005.10289

Muon colliders can do it all! 

Can reach much higher energies than electron collider. 

Effective energy much higher than pp. 
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ENERGY VS LUMINOSITY

15 Liu and Wang arXiv:2205.00031
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FIG. 1. Top: Required luminosity for lepton colliders for various physics goals in the energy range of 80
GeV to 1 TeV. The required instantaneous luminosities assume one detector. For experiments with mul-
tiple concurrent detectors running, one can multiply its luminosity by the number of detectors to obtain
the e↵ective physics yields. The run plan of the colliders often has various stages to achieve di↵erent pre-
cision goals. Hence, the luminosities goals displayed here are “ballpark” figures which loosely correspond
to run plans. The actual physics output for each stage of a proposed collider can be worked out from this
figure straightforwardly. Bottom: We overlaid the instantaneous luminosities of various proposed lepton
colliders in this energy range. The run plans are taken from Snowmass Agora presentations [10–12].

of this study to provide a simple, quantitative, and schematic understanding of the luminosity

requirement for future colliders. Hence, we choose to show the cases with unpolarized beams
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FIG. 2. Required luminosity for lepton colliders for various physics goals in the energy range 1 TeV
to 20 TeV, assuming one detector for each experiment. For high-energy lepton colliders, while it is
possible to have a staged approach to run at di↵erent energies, such plannings are still at very early
stages. Hence we assumed a uniform run time of 10 yrs. The luminosity requirement for 5� discovery
of the benchmark DM scenarios Higgsino and Wino are shown in purple lines. The disappearing track
search dominates the Dark Matter discovery luminosity curves. The exception is for Higgsino with lepton
collider energy below 6 TeV, where the boost of the Higgsino is insu�cient to generate the signal, and
the missing energy search dominates the search; for details, see Refs. [48, 49]. Bottom: We overlaid the
instantaneous luminosities of various proposed lepton colliders in this energy range. The run plans are
again taken from Snowmass Agora presentations [10–12, 14].

distributions. As argued in the previous section, for a typical four-fermi contact interaction, the

required luminosity for a fixed target scale of ⇤/cEFT scales as 1/E2. For high-energy lepton

e+e- collider
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E VS L HADRONS
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Liu and Wang arXiv:2205.00031 13
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FIG. 3. Luminosity requirements for high energy hadron colliders, for possible initial states (gg, red; qq̄
blue). One set of goals, the optimal case, is to have the ultimate reach scale linearly with the center-
of-mass energy. This would require the luminosity scale as E2

CM, similar to the lepton collider. At
the same time, to get most of the increase in the reach, say 70% of the optimal reach, the required
luminosity is much lower. This is a consequence of the scaling of parton luminosity as a function of the
parton center-of-mass energy. The scaling of the reach shown here is done by statistics and using parton
luminosity [55]. We used the reach at the HL-LHC as a reference point for the extrapolation. For the
gluon-gluon initial state dominated process, we assumed the reach of the mass of new physics at the
HL-LHC of 3 TeV (approximately 1.5 TeV for pair production). This could be similar to the case, for
example, the stop. For qq̄ initiated processes, we assumed a reach at the HL-LHC of 1 TeV (which would
be about 500 GeV for pair production). This would be similar to the electroweak states. Changing the
assumption of HL-LHC reach will give rise to some di↵erences but a↵ect the qualitative feature. The
luminosities of several proposed future hadron colliders, taken from Agora presentations [13], are shown.

At the same time, it is possible to make some rough estimates for searches based on the behavior

of parton luminosity and statistics [55]. This method, and a discussion of the qualitative behavior

of the reach, are summarized in Appendix A. By the nature of this estimate, we will not be able

to take into account subtle kinematic e↵ects. The main factor which determines the reach is the

composition of the initial state that dominates the production. For new physics charged under

color, typically, the gluon-gluon initial state would give the dominant contribution. For example,

this is the case for the stop in supersymmetry3. At the same time, qq̄ initial state dominants the

contribution to new physics, which are neutral under color, both for the case of single production

(such as Z 0) or pair production (such as electroweak multiplets).

Our result is presented in Fig. 3. In the following, we make a couple of observations.

• Given two colliders with the center of mass energies E1 and E2, the corresponding reach

of the masses of a particular new physics particle are denoted as M1 and M2, respectively.

3 A possible exception is diquark production, to which valance quark gives the dominant contribution.
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CHALLENGES
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The physics case is the easy part! 

Have to find funding for these machines.  

Significant technology development is necessary: 

•Better accelerator technology 

•Better detector technology 
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CAP SEMINAR DAY
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THANK
YOU
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RECENT REPORTS
Snowmass 2022 white papers (arXiv numbers):
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• FCC-hh: 2204.10029  

• FCC-ee: 2203.08310 

• ILC: 2204.13627 

• ReLiC: 2203.06476 

• CERC: 2203.07358

• CEPC: 2205.08553 

• CLIC: 2203.09186 

• Electron ion: 2203.13199 

• Muon collider: 2203.07361
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OLDER REPORTS
Some reports from earlier (arXiv numbers):

21

• 100 TeV pp BSM: 
1606.00947 

• 100 TeV pp Higgs: 
1606.09408  

• FCC-ee: 1308.6176 

• ILC: 1306.6352

• CEPC: 1811.10545 

• CLIC: 1812.07986 

• LHeC and FCC-he: 
2007.14491 

• Muon Collider: 
2005.10289
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MUON COLLIDERS
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arXiv:2006.16277FERMILAB-PUB-20-208-AE-T

A Guaranteed Discovery at Future Muon Colliders

Rodolfo Capdevillaa,b,⇤ David Curtina,† Yonatan Kahnc,‡ and Gordan Krnjaicd§
aDepartment of Physics, University of Toronto, Canada

bPerimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
cUniversity of Illinois at Urbana-Champaign, Urbana, IL USA and

dFermi National Accelerator Laboratory, Batavia, IL USA
(Dated: July 1, 2020)

The longstanding muon g� 2 anomaly may indicate the existence of new particles that couple to
muons, which could either be light (<⇠ GeV) and weakly coupled, or heavy (� 100 GeV) with large
couplings. If light new states are responsible, upcoming intensity frontier experiments will discover
further evidence of new physics. However, if heavy particles are responsible, many candidates are
beyond the reach of existing colliders. We show that, if the (g � 2)µ anomaly is confirmed and no
explanation is found at low-energy experiments, a high-energy muon collider program is guaranteed
to make fundamental discoveries about our universe. New physics scenarios that account for the
anomaly can be classified as either “Singlet” or “Electroweak” (EW) models, involving only EW
singlets or new EW-charged states respectively. We argue that a TeV-scale future muon collider will
discover all possible singlet model solutions to the anomaly. If this does not yield a discovery, the
next step would be a O(10TeV) muon collider. Such a machine would either discover new particles
associated with high-scale EW model solutions to the anomaly, or empirically prove that nature is
fine-tuned, both of which would have profound consequences for fundamental physics.

INTRODUCTION

The 3.7 � discrepancy between the Brookhaven mea-
surement of the muon anomalous magnetic moment aµ [1]
and the Standard Model (SM) prediction [2] is among
the largest and most persistent anomalies in fundamen-
tal physics. The latest consensus [3–22] gives

�a
exp
µ

= a
exp
µ

� a
theory
µ

= (2.79 ± 0.76) ⇥ 10�9
. (1)

If experiments at Fermilab [23] and J-PARC [24] con-
firm the Brookhaven result, and if precision QCD calcu-
lations do not appreciably shift the theoretical prediction,
it would establish the first conclusive laboratory evidence
of physics beyond the SM (BSM).

Since the new physics contribution to aµ is fixed by
coupling-to-mass ratios, the anomaly can be reconciled
either with light weakly coupled particles [25], or with
heavy particles that couple appreciably to muons [26–
35]. If the former scenario is realized in nature, multiple
fixed-target experiments are projected to discover new
physics in the decade ahead [36–44]. However, if these
searches ultimately report null results, the only remain-
ing possibilities involve heavy particles.

Heavy BSM states modify aµ through the dimension-5
operator

Le↵ = Ce↵
v

M2
(µL�

⌫⇢
µ
c)F⌫⇢ + h.c. , (2)

where µL and µ
c are the two-component muon fields,

v = 246 GeV is the SM Higgs vacuum expectation value
(vev), Ce↵ is a constant, and M is the BSM mass scale.
Note that the symmetries of the SM already impose im-
portant constraints on this operator: the chirality struc-
ture of Eq. (2) requires a fermion mass insertion to gener-
ate �aµ, and reconciling the di↵erent electroweak quan-
tum numbers of µL and µ

c requires an insertion of v. All

BSM scenarios that generate this interaction fall into one
of two categories:

• Singlet Models: if all new particles are neutral
under the SM, the Higgs coupling insertion, and
hence also the chirality flip, must arise from the
small muon mass mµ = yµv/

p
2, so Ce↵ / yµ,

where yµ is the Higgs-muon Yukawa coupling. For
the maximum couplings allowed by unitarity, ex-
plaining �aµ in Eq. (1) implies M <

⇠ TeV, see
Eq. (4).

• Electroweak (EW) Models: if some of the new
states carry SU(2)L ⇥ U(1)Y quantum numbers,
the chirality flip and the Higgs coupling insertion
in Eq. (2) can arise from new and potentially larger
masses and couplings, allowing a BSM mass scale
M & 10 TeV. Importantly, these interactions may
yield large finite loop contributions to the Higgs
mass and muon Yukawa coupling.

For both classes of models, there is a “worst case” sce-
nario in which the new particles couple preferentially to
muons and are maximally beyond the reach of existing
experiments while still generating the required �aµ.

In this Letter we present a “no-lose theorem” for a fu-
ture muon collider program:

If the (g � 2)µ anomaly is due to BSM physics,
a combination of fixed-target experiments and a
muon collider with

p
s & TeV and ⇠10 ab�1 of

luminosity will be able to discover all explanations
for the anomaly involving only SM singlet fields. If
no new particles are found, a higher-energy muon
collider with

p
s ⇠ 50�60 TeV would then be guar-

anteed to discover the heavy states in EW models
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FIG. 1. Example Feynman diagrams contributing to (g � 2)µ. Left: In models that only feature SM singlet scalars or vectors
S or V , the chirality flip and Higgs vev insertion must originate on the muon line, so the contribution in Eq. (4) implies
O(1) couplings for singlets at the ⇠ TeV scale. Right: In scenarios that feature SM charged states, as shown for nightmare
scenario, the chirality flip and EWSB Higgs coupling insertion can be placed on internal lines, parametrically enhancing �aµ

and allowing for BSM mass scales above 10 TeV.

with sizable couplings that generate �aµ, or em-
pirically prove that nature (specifically the Higgs
and muon mass) is fine-tuned. If the latter is true,
the BSM states generating �aµ have to have sev-
eral very large couplings, and still be lighter than
⇠ 100 TeV due to perturbative unitarity bounds.
Such states would be discoverable at some future
facility.

In our no-lose theorem we assume the validity of quan-
tum field theory, so it is understood that a violation of
perturbative unitarity would also be a signature of (possi-
bly strongly-coupled) new physics with BSM states below
100 TeV.

SINGLET MODELS

If the BSM states are all EW singlets, their masses do
not arise from electroweak symmetry breaking (EWSB),
so the chirality flip (and hence the Higgs vev insertion)
in Eq. (2) originates on the muon line, as shown in Fig.
1 (top). Here Ce↵ ⇠ g

2
yµ, where g is the singlet-muon

coupling. These models for g � 2 must involve at least
one new particle coupled to the muon,

gSSµ̄µ , gV V⌫ µ̄�
⌫
µ , (3)

where S/V is a scalar/vector (axial or pseudoscalar cou-
plings give the wrong sign �aµ) and parametrically

�aµ ⇠
g
2
m

2
µ

12⇡2M2
⇠ 10�9

g
2

✓
300 GeV

M

◆2

, (4)

where we have taken the M � mµ limit [25, 37]. Thus,
singlets near the weak scale must have ⇠ O(1) couplings
to yield �aµ ⇠ 10�9 in Eq. (1) and the masses are
bounded by M . 2 TeV to satisfy unitarity bounds which
require gS/V .

p
4⇡.

In what follows, we assume that the singlet S or V

couples to the muon as in Eq. (3) with su�cient strength

to resolve the �aµ anomaly. We find that for all vi-
able masses and decay channels, low energy experiments
will test all singlet candidates below . few GeV, and an
appropriate muon collider can test the remaining heavy
singlets in a model independent fashion.

Light Singlets

Although there are many experiments designed to
probe light, singlet particles responsible for �aµ (see [45]
for a review), most candidates are already excluded based
on how they couple to light SM particles. Nearly all vec-
tor bosons from anomaly-free U(1) SM gauge extensions
(e.g. B � L) are ruled out as explanations for the �aµ

anomaly [46]; the only exception is a gauged Lµ � L⌧

gauge boson, which remains viable for mV ⇠ 10 � 200
MeV [47, 48], but will be fully tested with upcoming
kaon decay [49] and muon trident searches [42]. Light
scalars that couple preferentially to muons can still be
viable depending on their dominant decay modes and
lifetimes [37].

Proposed muon beam fixed-target experiments can
likely test all remaining �aµ candidates below the few-
GeV scale [36–44]. In particular, the proposed NA64µ

[36, 50] and M3 [38] experiments are projected to cover
all invisibly decaying singlet �aµ candidates lighter than
a few GeV. These concepts can likely be modified to also
test visibly decaying singlets produced in muon fixed-
target interactions, such as a muon beam variation on
the HPS experiment [51]. Combined, these approaches
would leave no room for sub-GeV singlets that explain
�aµ. (Small model dependent gaps may remain for sin-
glets that decay semi-visibly, but these typically within
reach of various future experiments [43]; we address this
possible loophole in future work [52].)


