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Muonic Dark Matter

Muon targets?
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DM may bemuophillic

We ultimately seek a full theory of DM and its
Interactions.



Muonic Dark Matter

Existing bounds on DigImuon interactions are from
astrophysics, cosmology, or virtual effects.
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A direct terrestrial search is epistemically distinct and
provides an opportunity for a surprising discovery.

Laboratory ceiling is higher (sensitivity will improve).



Direct Muonic Dark Matter Detection

Consider ultralight DM:
May have a coherent interaction over many muons

Large local DM number density can enhance detection

DM background field may apply a force on muons or a
torgue on muon spins.



Direct Muonic Dark Matter Detection

Consider ultralight DM:
May have a coherent interaction over many muons

Large local DM number density can enhance detection

DM background field may apply a force on muons or a

torgue on muon spins.
BROOKHELWUEN [Bennett et al, 0602035]
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Measurements of the muon electric dipole moment (EDN
Muon spin precession with ultralight bosonic DM
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Conventional spin precession
Measurements of the muon magnetic dipole momeni2(g

Measurements of the muon electric dipole moment (EDN
Muon spin precession with ultralight bosonic DM

Detection reach and DM solutions to th&cganomaly:
Scalar DM with muon Yukawa coupling
ALP DM with muon EDM coupling

ALP DM with muon wind coupling

Vector DM with muon gauge coupling



DM in Muon ¢2 and EDM Experiments

Conventional spin precession
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Spin Precession in a Storage Ring
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DM in Muon ¢2 and EDM Experiments

Measurements of the muon magnetic dipole momeni2(g



Tracking Muon Spins

AsymmetridVluon Decay

Positrons are preferentially emitted along the direction of
the anttmuon spin.

—
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Polarized muon al @
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Positron flux ™~
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Tracking Muon Spins

Energy Is a proxy for direction

The most energetic positrons are those emitted along the
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Momentum Count

The number of decay positions in the highest energy bin
tracks the momentunrtomponent of the muon spins:
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Momentum Count

The number of decay positions in the highest energy bin
tracks the momentunrtomponent of the muon spins:

NTO( (14‘65*}7)

For SM precession:

S \ Wa
(Rotated Rest Frame)
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p
S P x cos (wat)

Nt oscillates at the restrame precession frequency.



Momentum Count

Nt from BNL 2 (3.6 billion detected positrons)
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Stack and Fit

Bunch 1

Each bunch lasts 640 us (about 10
muon lifetimes) and observes about
1000 decay positrons.

Bunch 2
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collected over years.

\fndividual bunch data is retained)
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Stack and Fit

Bunch 1
Each bunch lasts 640 us (about 10
muon lifetimes) and observes about
1000 decay positrons.

Bunch 2

Align and sunm= 107  bunches,
collected over years.

\fndividual bunch data is retained)
Stacked

Fit for frequency of stacked/ '

signal, this isv,



g ¢ 2 Precision

BNL results: %‘I& ~ (.5 10_6 [Bennet et al, 0602035]

2}

3.30 deviation from SM prediction.
[Davieret al, 1908.00921]

Fermilab projections: %’“j ~ 1077  [Grange etal, 1501.06858)

JPARC projections; 2£a ~ 10~7  [Abe etal, 1909.03047]
Wa



DM in Muon ¢2 and EDM Experiments

Measurements of the muon electric dipole moment (EDN



A Muon Electric Dipole Moment

A moving electric dipole wilrecesan a magnetic
fleld. A muon EDM contributes to, as:

LIEEDM = —2 de (‘l_f X E)

This Is orthogonal to the magnetic field!
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A Muon Electric Dipole Moment

A moving electric dipole wilrecesan a magnetic
fleld. A muon EDM contributes to, as:

QEDR*I = —2 de (‘l_f X E):)

This Is orthogonal to the magnetic field!

(Rotated Rest Frame)
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Vertical Count

Detecting an EDM requires measuring upward vs downward
moving positrons.

The momentum count is blind to this.

N O —
B (h)—> .
7 s,

Positrons mostly upward  Positrons mostly downward

Measure the differencA Nz  in the number of upward
versus downward moving positrons:

ANBO(§*§



Vertical Count

CEEDM = —2 de (ﬁ X E)
The momentum and vertical components of spin are:

S - p =50 cos (wat) Phase shift between
. —— momentum and
~ vertical counts.
S B = Sou:fﬂ Sin (wat)

ST

Net increase Iin
2 2 L momentum count
\/wsm + wedm

&
S
|

frequencyg mimics
anomaly.



Stack and Fit

Vertical Count, Bunch 1

Vertical Count, Bunch 2

Sum all

\ bunches
Vertical Count, Stacked
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Stack and Fit

Vertical C_OU”L _Buh?h - Momentum Count, Stacked

.
-

Vertical Count, Bunch 2

Fit stacked

Sum all momentum count

\ bunches
Vertical Count, Stacked
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Stack and Fit

Vertical Cpunt, _Buhf:h - Momentum Count, Stacked

.
-

Vertical Count, Bunch 2

Fit stacked

Sum all momentum count

\ bunches
Vertical Count, Stacked

{
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Fit stacked vertical count tod sin (wet + ¢q)



Stack and Fit

Counts

BNL stacked momentum and vertical counts:
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[Bennett et al, 0811.1207]



Frozen Spin

A dedicated EDM search would do best by minimizigg,

Choose laboratory EM fields to set,;, = 0
[Adelmannet al, 0606034]



Frozen Spin

A dedicated EDM search would do best by minimizigg,

Choose laboratory EM fields to set,, = 0
[Adelmannet al, 0606034]

(Rotated Rest Frame)

A

—_—
B “a

— Orbital Plane



Frozen Spin

A dedicated EDM search would do best by minimizigg,

Choose laboratory EM fields to set,, = 0
[Adelmannet al, 0606034]

(Rotated Rest Frame)
A
B Wa
§ @ — Orbital Plane




Frozen Spin

A dedicated EDM search would do best by minimizigg,

Choose laboratory EM fields to set,, = 0
[Adelmannet al, 0606034]

(Rotated Rest Frame)
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Vertical Count: S - B = Sp cos (Wedmt) ~ S Wedmt



EDM Precision

BNL: <~ >5-10"4

Wa

BNL null result limits the muon EDM to a value slightly too sihalll
to explain the total precession anomaly;
P P y\d€| <1.9-107Pecm

[Bennett et al, 0811.1207]

Fermilab and-PARC projection: . > 5.10-6
Wa ™
[Grange et al, 1501.06858
[Abe et al, 1909.03047]

Frozen spin projection: w1 > 1099

war""*-.-"

[Adelmannet al, 0606034]



DM in Muon ¢2 and EDM Experiments

Muon spin precession with ultralight bosonic DM



DM-perturbed Spin Precession

In @ muon rest frame, the spin evolves according to:

S = @u(t) x S
SM precession:

Wa (t) = —miHaME — Cf‘_jsm, Ap = % (g;u — 2)



DM-perturbed Spin Precession

In @ muon rest frame, the spin evolves according to:

§:u7a(t) X S

SM precession:

Fa(t) = —miuaﬂg = Gam =73 (g — 2)
Effect of DM background:
u—ja (t) — u—jsm =+ Cf‘_-)j’cl_'n:l (t)

Momentum count measuregd,(t)]
Vertical count measuresiam (t) L Gsm



Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

e AN
Amplitude is set by the local Oscillation frequency
DM energy density (and DM is the DM mass

mass for scalars)



Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

e AN
Amplitude is set by the local Oscillation frequency
DM energy density (and DM is the DM mass

mass for scalars)

Expectdam(t)  to be tirdependent.

DC signals do arise from observables which depend®n
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DM is manifest locally as a AC classical background field
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Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

10%teV  1018evy 10'leV = 0% eV =w
=1year =fillrate bunch duration !

10~2~’cV/ 10718 eV 1“ 1/“ / 102 eV
1 Hz 102

DM mass: |
107" Hz 107! Hz 10* Hz 10% Hz

<€ >

e

DM field is static over each bunch, but oscillates
many times over the lifetime of the experiment.




Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

10%teV  1018evy 10'leV = 0% eV =w
=1year =fillrate bunch duration !

10~2~’cV/ 10718 eV 1“ 1/“ / 102 eV
1 Hz 102

DM mass: |
107" Hz 107! Hz 10* Hz 10% Hz
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e

DM field oscillates within each bunch.




Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

10%teV  1018evy 10'leV = 0% eV =w
=1year =fillrate bunch duration !

10~2~’cV/ 10718 eV 1“ 1/“ / 102 eV
1 Hz 102

DM mass: |
107" Hz 107! Hz 10* Hz 10% Hz

<€ >

e

DM field oscillates faster than the SM precession.
Signal is suppressed here and mimics known systematics.




Ultralight Bosonic DM

DM is manifest locally as a AC classical background field

¢(t) = Po cos(Mmymt)

1021eV  1018ev 10'leV = 0% eV =w
=1year =fillrate bunch duration !

10~2~’cV/ 10718 eV 1“ 1/“ / 102 eV
1 Hz 102

DM mass: |
107" Hz 107! Hz 10* Hz 10% Hz

<€ >

N/

Focus of this work.




DM in Muon ¢2 and EDM Experiments

Detection reach and DM solutions to th&cganomaly:
Scalar DM with muon Yukawa coupling



A Scalar DM Precession Signal

Scalar DMp  of mass,, with a muon Yukawa coupling:
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A Scalar DM Precession Signal

Scalar DMp  of mass,, with a muon Yukawa coupling:
LDy ppip
DM background field is:

O(t) = /= cos (myt)

DM field generates a timgarying muon mass and

OV ) = my, + yo(t)

A= gty S




A Scalar DM Precession Signal

Rest frame precession frequency:

—

Gu(t) = ~anD

2
X Wsm [ — miM ﬁf; COS (mgbt)}
Solve the precession equation:

Spinprecessesbout B with an
instantaneous angular frequengy. ()|



Frequency Modulation

Vertical count vanishes as in SM.

Momentum count exhibits has frequency modulation:

S . p = Spcos |Wemt “:,2;1 sin (mgt)

mye < Wsm

| N | N

| | |

Gradual drift in the local
precession frequency



Stacking of the FM DM Signal

Could FM precession be hiding in th& gata?
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Stacking of the FM DM Signal

Could FM precession be hiding in th& gata?

Yes- stacking averages away the modulation.

The stacked data is a sum of cosines at different frequencies

Sp ~ (oscillation at (w(t))) - (envelope with scale O'w(t))

/ \
Small deviation from Envelop is nearly flat
the SM value over each bunch




TimeResolved Frequency Tracking

Can we detect FM precession?

Yesc use archived data to measure the precession
frequency as a function of time.



TimeResolved Frequency Tracking

Can we detect FM precession?

Yesc use archived data to measure the precession
frequency as a function of time.

Bunch 1

Individually fit

each bunch
Time seriesw, (1)

Bunch 2 " 10% data points

Noise:




TimeResolved Frequency Tracking

Fourier transform ofw, (%)
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TimeResolved Frequency Tracking

Fourier transform ofwg (t)

Wsm 1s the DC bin
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TimeResolved Frequency Tracking

Fourier transform ofwg (t)
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Detection Reach for DIMluon Yukawa

-10

Log1o(y)

-15

—20 = e e e =1 NSNS [Droret al, 1909.12845]

11 Virtual contribution

o ol ol sl sl il D2 | to muon anomaly

~_ DM explains
g-2 anomaly

Timeresolved
detection ]

B ARy — -/ N SN Cooling

[Gninenkg 553242]
[Grifols andMassq 9610205]

Detection possible with
sub-bunch analysis
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Detection Reach for DIMluon Yukawa

Log1o(y)
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E: Virtual contribution

to muon anomaly

N., SN Cooling
[Gninenkg 553242]
[Grifols andMassq 9610205]

> Atomic clockg F' F
[Arvanitakiet al, 1405.2925]

NSNS [Droret al, 1909.12845]
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DM in Muon ¢2 and EDM Experiments

Detection reach and DM solutions to th&cganomaly:

ALP DM with muon EDM coupling



A DM EDM Signal

PseudoscaladdDM of massn, with an EDM interaction:

LD —3gafioasyspF

DM field generates atime-varyingeDM for the muon. The
precession frequency Is:

Gy = Wem B + Wm €os (Mmgt) (ﬁ X E)

Wdadm — QgQﬁ)jm ‘UPLB



A DM EDM Signal

LD —5gapoagys pFP Wdm = 29@%5

Mg

=g Wdm
B —
A = ) =
Wsm 1

P Orbital Plane
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A DM EDM Signal

LD —5gapoagys pFP Wdm = 29@%5

Later

1 Wsm bunch




A DM EDM Signal

LD —5gapoagys pFP Wdm = 29@%5

Wdm

ANg >0

Vertical count has amplitude modulation

S.B=25, ijﬂ”; coS (Mamt) sin (wyt)




A DM EDM Signal

LD —5gapoagys pFP Wdm = 29@%5

Mg

Momentum count has frequency modulation and a shift.

Spinprecessesvith an instantaneous angular
frequency |&,(t)]

o (t)] = \/wgm + w3 (t) ~ wsm - %demlz cos? (Mamt)



A DM EDM Signal

LD —5gapoagys pFP Wdm = 29@%5

Mg

Momentum count has frequency modulation and a shift.

Spinprecessesvith an instantaneous angular
frequency |&,(t)]

o (t)] = \/wgm + w3 (t) ~ wsm - %demlz cos? (Mamt)

_ 1 |wdml? 1 |wdm!?
= (wsm + gﬁ) + 71— COS (demt)

Positive frequency shift [

¢ explains g2 anomaly Frequency modulation



TimeResolved Amplitude Tracking

Can we reveal AM in the vertical counts, analogous
to the FM precession in the momentum counts?



TimeResolved Amplitude Tracking

Can we reveal AM in the vertical counts, analogous
to the FM precession in the momentum counts?

Momentum Count,
Fit each E}Uﬂﬁhﬂi
momentum count : :

Wa(t), Pa (t)

Fit corresponding vertical A(t) oc w ()
countio:  4gin (Wat + Pa)

Vertical Count, Bunch 1



TimeResolved Amplitude Tracking

Fourier transform of vertical amplitude:

AP

/ [Fermilab, PARC]
| Wdm /

No SM DC

component o .
Noise IS10™ ‘' wg,,

Mg



Detection Reach for Muon EDM Coupli
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DM in Muon ¢2 and EDM Experiments

Detection reach and DM solutions to th&cganomaly:

ALP DM with muon wind coupling



ALPMuon Wind

LD goyapy’ysp

In the rest frame of the muon:H{ D ¢ Va- S

Muon spinprecessesbout the relative velocity of DM, which is
essentially the muon velocity.

— el

W = W B+ W, €OS (Mgt) U

Wdm — g v 2pdm



ALPMuon Wind

LD goyapy’ysp

In the rest frame of the muon:H{ D ¢ Va- S

Muon spinprecessesbout the relative velocity of DM, which is
essentially the muon velocity.

el

W = W B+ W, €OS (Mgt) U

Wdm — g v 2pdm

This is an oscillating perpendicular perturbatmtihe precession
dynamics and detection limits are qualitatively the same as the
EDM coupling.

The two counts are now iphase, which may introduce additional
systematic errors. [Bennett et al, 0811.1207]



Detection Reach for AiNfuon Wind

100 | .

0.01} _—

Time—Resolved EDM FNAL/J-PARC muon g-2 (virtual)

[ d, a I
SN cooling =
1070 o o o e e e e e e e e e e Semd ) FyvYsH |
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DM in Muon ¢2 and EDM Experiments

Detection reach and DM solutions to th&cganomaly:

Vector DM with muon gauge coupling
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Muonic Vector DM

Ultralight vector DM manifests as a local dark electric and

magnetic field:
Fam = V20dm €0s (Mamt)
Bdm — Udedm

Four distinct contributions to precessiqrthe dominant one is
the component of £,  transverse to the orbital plane:

- __ 9dm g -
Wdm — mu'}”z v X Edm
Not observable at BNL or Fermilab, as vertical

trapping EM fields will screen:,,,  [Bennettetal 0602035]
[Grange et al, 1501.06858]

Observed at-PARC or future frozen spin searches.

[Abe et al, 1909.0304 TAdelmannret al, 0606034]
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