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Muon Anomalous Magnetic Moment

 Mangano, Keshavarzi, Nomura,  Teubner 1802.02995

Theory updates have only widened disagreement

Remains a great hint of possible new physics 

aµ ⌘ aµ(obs)� aµ(SM) = (31.3± 7.7)⇥ 10

�10

aµ ⌘ aµ(obs)� aµ(SM) = (28.8± 8.0)⇥ 10

�10

 Jegerlehner 1705.00263

Longstanding ⇠ 3.7� 4.1� anomaly in (g � 2)µ

Soon FNAL g-2 experiment will shrink error bars



Many popular  new physics models are now ruled out…
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FIG. 5: Regions of the A0 parameter space (" vs mA0) ex-
cluded by this work (green area) compared to the previous
constraints [7, 18–20] as well as the region preferred by the
(g � 2)µ anomaly [5].
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[15] J. Blümlein and J. Brunner, Phys. Lett. B 731, 320
(2014).

[16] S. Andreas, C. Niebuhr and A. Ringwald, Phys. Rev. D
86, 095019 (2012).

[17] M. Pospelov, Phys. Rev. D 80, 095002 (2009).
[18] S. Adler et al. [E787 Collaboration], Phys. Rev. Lett. 88,

041803 (2002).
[19] A. V. Artamonov et al. [E949 Collaboration], Phys. Rev.

D 79, 092004 (2009).
[20] D. Banerjee et al. [NA64 Collaboration], Phys. Rev. Lett.

118, 011802 (2017).
[21] J. P. Lees et al. [BABAR Collaboration], Nucl. Instrum.

Meth. A 726, 203 (2013).
[22] B. Aubert et al. [BABAR Collaboration], Nucl. Instrum.

Meth. A 479, 1 (2002); Nucl. Instrum. Meth. A 729, 615
(2013).

[23] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. In-
strum. Meth. A 506, 250 (2003).

[24] A. Hoecker et al., PoS ACAT 040 (2007),
arXiv:physics/0703039.

[25] A. Drescher et al.[ARGUS Collaboration], Nucl. Instrum.
Methods Phys. Res., Sect. A 237, 464 (1985).

[26] Additional plots are available through EPAPS Document
No. E-PRLTAO-XX-XXXXX. For more information on
EPAPS, see http://www.aip.org/pubservs/epaps.html.

[27] M. J. Oreglia, Ph.D. Thesis, report SLAC-236 (1980),
Appendix D; J. E. Gaiser, Ph.D. Thesis, report SLAC-
255 (1982), Appendix F; T. Skwarnicki, Ph.D. Thesis,
report DESY F31-86-02(1986), Appendix E.

[28] P. del Amo Sanchez et al. [BABAR Collaboration], Phys.
Rev. Lett. 107, 021804 (2011).

[29] W. A. Rolke, A. M. Lopez and J. Conrad, Nucl. Instrum.
Meth. A 551, 493 (2005).

BABAR:1702.03327 

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Conclusions based on first-generation measurements

Motivates better understanding muon-philic interactions

Weak scale models also under tension (e.g. MSSM)



Best viable BSM explanation: new muon-philic particles

How do we directly test this scenario?

�

µ

µ

 New particle couples to muons &  decays invisibly 

?



TAGGING TRACKER

MAGNET
ECAL

HCAL
μ-

RECOIL  
TRACKER E/

20 CM

Figure 2. Experimental schematic. The incoming muon beam passes through a tagging tracker in the

magnetic field region before entering the tungsten target. Outgoing muons are detected with a recoil tracker,

with the magnet fringe field providing a momentum measurement. Electromagnetic and hadronic calorimeters

veto on photons and hadrons produced in hard interactions in the target which could lead to significant muon

energy loss. (anything else to say? –yk)

planned suite of electron scattering experiments in the next decade [], this model is an example
of a scenario to which direct-detection experiments are blind but which can be decisively tested
with fixed-target experiments.

We emphasize that Phase 1 is “shovel-ready” and can be completed with minimal modifications
to the Fermilab muon source and with only a few weeks of data taking. A null result would decisively
exclude any new physics explanation of the (g �2)

µ

anomaly from particles lighter than 1 GeV. Phase
2 is comparable to the CERN SPS proposal, and in this paper we focus specifically on the advantages
of pairing such an experiment with the lower-energy Fermilab muon beam, and the relevance of this
search to the thermal DM parameter space.

This paper is organized as follows. In section 2 we introduce our benchmark model; in section
3 we discuss the characteristics of signal production; in section 4 we describe the basic experimental
setup and relevant background processes; in section 5 we describe the necessary detector and beam
properties; in section 6 we describe our key findings; finally, in section 7 we o↵er some concluding
remarks.

2 Physics Motivation

In this section we present the physics motivation for a muon-specific mediator X. We begin by review-
ing the contributions of vector and scalar particles to (g �2)

µ

, and then present a concrete benchmark
model with a muon-philic gauge interaction which can be coupled to dark matter. Although this is
not the only model that preferentially couples a new force carrier to muons, it serves as a represen-
tative example without loss of essential generality. Basic variations away from this example (i.e. the
scalar force model in [9]) feature the same basic degrees of freedom and their signal characteristics are
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Figure 7. Parameter space for a muon-philic vector (left) or scalar (right) particle as described in Sec 2.1.

The green bands represent the parameter space for which such particles can reconcile the (g � 2)µ anomaly

to within 2� of the measured value. Also shown are the LDMXµ projections for phases 1 and 2 involving the

Fermilab test beam facility and the SeaQuest beamline respectively (see Sec. 5.2 for more details).

of individual muons and the experimental signature is an outgoing muon from the target which has
significant momentum loss as compared to the incident muon with no other detector signals. This is
illustrated in Fig. 2.

The signal production cross section depends on the incoming beam energy and the number of
radiation lengths, X

0

, of the target. Good muon momentum resolution for both the incoming and
outgoing tracking system is crucial. A high field dipole magnet, and its fringe field, surround the
tracking region in order to provide a good momentum measurement. The target should be active to
detect background processes from hard muon scattering in the target. Downstream of the target, we
have additional electromagnetic and hadronic calorimeters to capture muon energy loss from standard
bremsstrahlung and possible photon-nucleon and muon-nucleon hard processes which produce hadrons.
The angular spectrum of the signal and background processes, shown in Fig. 4, informs the geometry
of the tracker and calorimeters.

What separates this experimental proposal from previous studies [9, 10] are the energy of the
incident muons, which are an order of magnitude less, and the technology, based on the proposed
LDMX experiment, which complements this energy scale and does not rely on measurement of visible
decay products of X. This allows for a more compact experimental setup while still achieve necessary
detector performance. In this paper we consider an incident 15 GeV muon beam as a typical energy
range for the experiment, but a range of comparable muon energies is reasonable and our setup does
not rely crucially on the precise value of the beam energy.

4.2 Backgrounds

The relevant background processes for electron beams were enumerated in [13], and for muon beams
in [10]. Here, we summarize the various categories of backgrounds and how their e↵ects are modified
in the case of a muon beam. The main di↵erence between muon and electron beams is that muons
are minimum ionizing particles, and will continuously lose energy passing through a thick target.

– 10 –

Phase 1 ⇠ 1010 MOT Phase 2 ⇠ 1013 MOT

Generic test of light new particles in (g � 2)µ
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What is this stuff ?

Zeroth Order Outstanding Problems

Accelerated

Expansion
Cosmic

Matter Asymmetry

Also Quantum Gravity

Inflation

2

Neutrino Masses



Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?
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H ⇠ n�v =)

If interaction rate exceeds Le↵ =
g2

⇤2
(�̄�µ�)(f̄�µf)

Equilibrium is easily achieved in the early universe if 

T 2

mPl
⇠ g2T 5

⇤4

����
T=m�

g & 10�8

✓
⇤

10GeV

◆2 ✓GeV

m�
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 Hubble expansion

Applies to nearly all discoverable models (except axions)

Thermal Equilibrium
Advantage #0: Hard to avoid 



Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

Observed density requires

�vsym ⇠ 3⇥ 10�26cm3s�1

⌦� ⇠ h�vi�1
n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

*Known initial condition
*Predictive rate 

*Insensitive to high scales



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
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````

< MeV

Thermal Equilibrium
Advantage #2: Narrows Viable Mass Range

Neff  / BBN

Most of current
 Search program



Decades of direct detection: null results

10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Cushman et al. arXiv:1310.8327



Null LHC results cast doubt on weak scale SUSY

Where else should we look?
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Major Blind Spot: Muon-Philic Dark “Mediators”

L � Z 0
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Figure 2. Z0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species

⇢R = ⇢� + ⇢⌫ =

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
⇢� , (3.2)

where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for NSM

e↵ = 3.046 is
slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e+e�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z 0 population is in equilibrium with SM particles at early times. In this scenario,
the Z 0 population always satisfies nZ0 = n

(eq)
Z0 where

n
(eq)
Z0 =

Z 1

0

d3~p

(2⇡)3
gZ0

eE/T � 1
, (3.3)

is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as

Ne↵ =
8

7

✓
11

4

◆4/3
⇢⌫
⇢�

�����
T=Tcmb

, (3.4)
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µ

e.g. — gauged U(1) muon-tau number, no electron coupling

µ�

New force couple DM to muons, sets relic abundance
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Figure 2. Experimental schematic. The incoming muon beam passes through a tagging tracker in the

magnetic field region before entering the tungsten target. Outgoing muons are detected with a recoil tracker,

with the magnet fringe field providing a momentum measurement. Electromagnetic and hadronic calorimeters

veto on photons and hadrons produced in hard interactions in the target which could lead to significant muon

energy loss. (anything else to say? –yk)

planned suite of electron scattering experiments in the next decade [], this model is an example
of a scenario to which direct-detection experiments are blind but which can be decisively tested
with fixed-target experiments.

We emphasize that Phase 1 is “shovel-ready” and can be completed with minimal modifications
to the Fermilab muon source and with only a few weeks of data taking. A null result would decisively
exclude any new physics explanation of the (g �2)

µ

anomaly from particles lighter than 1 GeV. Phase
2 is comparable to the CERN SPS proposal, and in this paper we focus specifically on the advantages
of pairing such an experiment with the lower-energy Fermilab muon beam, and the relevance of this
search to the thermal DM parameter space.

This paper is organized as follows. In section 2 we introduce our benchmark model; in section
3 we discuss the characteristics of signal production; in section 4 we describe the basic experimental
setup and relevant background processes; in section 5 we describe the necessary detector and beam
properties; in section 6 we describe our key findings; finally, in section 7 we o↵er some concluding
remarks.

2 Physics Motivation

In this section we present the physics motivation for a muon-specific mediator X. We begin by review-
ing the contributions of vector and scalar particles to (g �2)

µ

, and then present a concrete benchmark
model with a muon-philic gauge interaction which can be coupled to dark matter. Although this is
not the only model that preferentially couples a new force carrier to muons, it serves as a represen-
tative example without loss of essential generality. Basic variations away from this example (i.e. the
scalar force model in [9]) feature the same basic degrees of freedom and their signal characteristics are
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µ(E ⇠ 15 GeV)

Tests same interaction that sets relic abundance 
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Figure 1. Dark bremsstrahlung signal process. (change A to X in diagram –yk)

paired with a thick (⇠ 50 radiation length) target and the planned LDMX detector [14] downstream
to veto SM backgrounds. The thicker active target compared to the ⇠ 0.1 radiation length in the
nominal LDMX setup electron beam setup allows for a larger production cross section while exploiting
the fact that the muons will lose much less energy than electrons in a similarly-sized target. In analogy
with similar processes involving electron beams, one can take advantage of the distinctive kinematics
of the radiated massive X to distinguish signal from background. The Fermilab muon beam option
provides several advantages over existing proposals for new physics searches with either electron beams
or high-energy muon beams:

• Bremsstrahlung backgrounds suppressed. The principal reducible backgrounds for LDMX
are dominated by hadronic processes initiated by a real bremsstrahlung photon. Relative to
electron beams, the bremsstrahlung rate is suppressed by (m

e

/m

µ

)2 ⇡ 2 ⇥ 10�5, so background
rejection becomes much simpler for muon beams for an equivalent target thickness.

• Compact experimental design. For m

X

⌧ E

beam

, the signal production cross section is
largely independent of beam energy. However, compared to the CERN/SPS option [10], with
⇠ 100�200 GeV beam muons, a lower-energy muon beam allows for greater muon track curvature
and, therefore, a more compact experimental design. In particular, percent-level momentum
resolution is possible with the target placed in the magnetic field region, reducing acceptance
losses from having the magnet downstream of the target.

We propose a two-phase experiment, each covering a well-motivated region of parameter space:

• Phase 1: (g � 2)
µ

search. With 1010 muons on target (MOT) and existing detector technology,
we will show that our setup can probe the entire (g � 2)

µ

region not currently excluded by
experiments, for X a scalar or a vector. Here we are agnostic as to the UV completion of such
a model, and we are simply aiming for an apples-to-apples comparison between a virtual X

contributing to (g � 2)
µ

and a real X emitted from an initial- or final-state muon.

• Phase 2: Thermal muon-philic DM search. With a larger flux of 1013 MOT and upgraded
detector performance to reject backgrounds at the level of 10�13, our setup can probe a significant
portion of parameter space for which DM is thermally produced through U(1)

Lµ�L⌧ gauge
interactions. In light of the null results from traditional WIMP searches [], as well as the
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Figure 2. Z0 induced scattering and decay processes that can delay ⌫µ and ⌫⌧ decoupling.

where x = mZ0/T , H ⌘ ȧ/a is the Hubble expansion rate, a is the scale factor in an FLRW metric,
�Z0 is the rest frame width, K1,2 are Bessel functions of the first and second kind, and an (eq) label
denotes an equilibrium quantity – for a derivation and discussion, see Appendix A. Although there
are many other processes that can a↵ect nZ0 in the early universe, but since we are interested in the
weakly (or even feebly) coupled regime gµ�⌧ ⌧ 1, it su�ces to consider only decays and inverse decays
in the collision term.

We are interested in the e↵ect of Z 0 decays on the total radiation density at the surface of last
scattering, which can be written in terms of Ne↵ , the e↵ective number of neutrino species
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where ⇢� is the photon energy density, the factor of 7/8 accounts for the fact that neutrinos are
fermions, and the (4/11)1/3 = T⌫/T� in the SM. Note that the SM prediction for NSM

e↵ = 3.046 is
slightly larger than 3 because of the small amount of entropy transferred to the neutrinos during e+e�

annihilation [12, 13]. We categorize our study into four qualitatively distinct regimes whose impact
on �Ne↵ has distinct parametric dependence on model parameters.

3.1 Equilibrium Regime (Negligible Kinetic Mixing)

If gµ�⌧ is su�ciently large, the inverse decay process satisfies h�Z0i � H before neutrino-photon
decoupling and the Z 0 population is in equilibrium with SM particles at early times. In this scenario,
the Z 0 population always satisfies nZ0 = n
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is the equilibrium number density and gZ0 = 3 is the number of spin states. Since the coupling is
su�ciently large, the (inverse)decays occur rapidly in equilibrium and their entropy is transferred to
other species once the population becomes nonrelativistic and inverse decays become kinematically
forbidden. We can write the e↵ective neutrino species as
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Figure 8. Parameter space for predictive thermal DM whose abundance arises through direct annihilation

to SM particles via s-channel Z0 exchange.The vertical axis is the product of couplings that sets the relic

abundance for a given choice of DM mass and spin (see Appendix A). Also plotted are constraints from the

neutrino trident process, as well as projected limits from a similar proposal at the CERN SPS [12].
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⇡

. 0.01, ✏

n

. 0.1, these processes will give less than 1 fake event per 1015 incident
muons. This informs the detector performance requirements for Phase 2.

• Muon pair production: µN ! µNµ

+

µ

� or µN ! µN�, �N ! Nµ

+

µ

�. This rate is small
for Phase 1 luminosity, but is the dominant reducible background for the Phase 2 muon beam.
Indeed, the kinematics of the Bethe-Heitler “trident” diagram are peaked in the region of phase
space where one muon is produced collinear with the incoming muon [19], but this background is
reducible since the majority of the time the remaining muon can be tagged, and/or the presence
of two MIPs can be seen in the tracker. We discuss the performance of the tracker further in
Sec. 5.1.2, and include a detailed discussion of the pair production background in Appendix B.

4.2.3 Irreducible backgrounds

• Irreducible neutrino pair production: µN ! µN⌫⌫. The only single process resulting in
real missing energy relevant for muon beams is Z-mediated neutrino pair production, but the
small cross section at 15 GeV beam energies renders this rate negligible even for Phase 2.

• Moller + CCQE: µe ! µe, ep ! n⌫

e

. For this process, the incident muon scatters a target
electron, which acquires a large fraction of the incident beam energy and then undergoes a
charged-current quasi-elastic (CCQE) scatter o↵ a proton. The resulting final state contains
one low energy muon and a majority of the beam energy carried away by the n and ⌫. If the
neutron is not vetoed, this process is an irreducible background, whose probability per muon is
conservatively estimated to be
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Summary

New fixed-target missing momentum experiment

Phase 1: 1e10 MOT robustly test g-2 BSM
Phase 2: 1e13 MOT cover thermal dark matter

Muonic forces poorly constrained

Trigger on large missing energy, veto SM particles
Utilize existing muon sources beams at Fermilab


