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(Work done in the Rafael Quantum Optics Lab)
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Outline

 Axion Like Particles (ALPs)
e Axions and Axion Like Particles
* Coherent Interactions
e The Comagnetometer
* What is a Comagnetometer?
e Comagnetometer Dynamics
* Comagnetometer Experiments
e Future Prospects (and recent developments)

e Conclusions
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QCD Axion

* A solution to the strong CP problem, 0ycp — alf, .

[Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978]
S
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QCD Axion

A solution to the strong CP problem, 6ycp — alf,.
[Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978]

0.a

e Pseudo-scalars. Has derivative couplings, e.g.: ; wysyty
A(ZQCD ’
® maOC
s

Can be a CDM component

Can be very light and remain CDM candidate:

m,(relevant to talk) < 10712 eV
4
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QCD Axion

AX|on Like Particles (ALPs)

A solutlon (ol iCeang CR.prelienT, QCD = a/f

2 ,"- ﬂ S .

[Peccei, Quiasiiiiiyyre 978 Wllczek 19?8]

Pseudo-scalars. Has derivative couplings, e.qg.: ; wysriy
y N i

Can be a CDM component (we assume all)

Can be very light and remain CDM candidate:

m,(relevant to talk) < 10712 eV
4
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ALP-SM Interactions
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Is there a way to improve on the astrophysical bounds?
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Coherent Interactions (1)

0.3 GeV

m, - cm3

> 1/43

For light ALPs (m, < 30 eV ), 7, = 3 5E ooiie




Coherent Interactions (1)

0.3 GeV A
For light ALPs (m, $30 eV ), =———=> /43¢ _Brogiie
IxH
a = aye” P

In the non-relativistic limit, for £, ~ d,a - wr*ysy.

Hal//y/ ~ aia ' 1/77i1/5ll/ ~dy - Fa -5 W

v
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Coherent Interactions (2)

—_  — — —

b,-S,=—b, -39S

Hayy = = a” Py a—y " Py

ayy gGW

—_—

b a—y = Sayy'V 2p, cos(mt) - 7}a—l/f [astro-ph/9501042]
o [ N o [
This is an effect linear in 84y !

But how to measure it?

8




Larmor Precession and
Zeeman Splitting

Interaction of a classical magnetic field B with a spin § :

Reminder: H,,,=—b,_,- S,

Is there a known way to measure magnetic fields?

2
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Using Alkali Magnetometers
to Hunt ALPs

Magnhetometers can measure the
magnetic-like effect of the ALPS!

But they also measure the actual
magnetic fields of the SM...

10
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Differentiating: EM vs. ALPs

Magnetic Fields:

What if we measure with two particles?

il




But That is Not Enough

(subtracting two numbers is
harder than it sounds)

3

Can we build a device
that subtracts the two splittings from each other?

12
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Outline

v * Axion Like Particles (ALPs)

e Axions and Axion Like Particles

e (Coherent Interactions

e The Comagnetometer

What is a Comagnetometer?
e Comagnetometer Dynamics
* Comagnetometer Experiments

e Future Prospects

e Conclusions

ALP DM generate a
magnetic-like field, but
it cotiples differently to

different particles
compared to the SM.
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Comagnetometer
Concept
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Comagnetometer
Concept

Electrons and neutrons
are in a cell
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Comagnetometer
Concept

Electrons and neutrons
are in a cell

Pump pumps electrons
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Comagnetometer
Concept

Electrons and neutrons
are in a cell

Pump pumps electrons
Electrons pump neutrons

Probe measures electrons
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Comagnetometer
Concept

Electrons and neutrons
are in a cell

Pump pumps electrons
Electrons pump neutrons
Probe measures electrons

Magnetic fields induce
a resonance regime

Immunity to magnetic fields!

Sensitivity to (transverse)
anomalous fields!
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Comagnetometer
Ingredients List

Glass Cell
K Vapor
SHe Gas
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Comagnetometer
Ingredients List

Glass Cell
K Vapor
SHe Gas

Lasers

Probe Laser
Juswiainseaw uonezue|od

N>
o<

Pirsa: 20100070 Page 24/61



Comagnetometer
Ingredients List

E Glass Cell
9’_1_ K Vapor
N
= M 3He Gas
“ = Lasers
-
0 >
0 )
(o] (7))
E C
@
=
()
=
oS
Misc:
2 Oven
Magnetic Shields

Magnetic Coils
Optical Components
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First Magnetometer:

Alkal
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Alkali Magnetometer Dynamics

tI=1 t ~ 0.02 [sec]

Laser Pumps,
Relaxation “steadies”
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Alkali Magnetometer Dynamics

t=0 t ~ 0.02 [sec]
h

Laser Pumps,
Relaxation “steadies”

® ©

Sk szu A RKSK

]

?1; ~ 82+ e R 55




Alkali Magnetometer Dynamics

t=0 t ~ 0.02 [sec] t 2 0.02 [sec]
Laser Pumps, Anomalous and Regular
Relaxation “steadies” Magnetic fields tilt

the steady state solution

(Keeps wiggling
® with the fields)

— 1 o — — ‘T;K —

i ”

?1; ~ 82+ e R, 55
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Alkali Steady State

. . . — — b — B — ] o
*k To leading order in important stuff. Sy=1x (B +{—*") X Sk — RS+ Ry =0
K

R, z spin determined by the
2R pump. No sensitivity to b.

SZ_

Sx . SZ( yK? +bK)y

g
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Reducing Magnetic Noise

One problem was that yx is very large

can we find another atom with smaller y?

NOble Gases*| sk Mostly 3He,Xe,2'Ne.

"

(BONUS):
Almost no chemical interactions

v

Can have higher density (quieter measurements)

20
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(Naive) Noble Magnetometer Dynamics

=0 t ~ O(1) [hr] t 2 few hours
Alkali Pumps Anomalous and Regular
Relaxation “steadies” Magnetic fields tilt

the steady state solution

(Keeps wiggling
with the fields —

if they vary
slowly)
s S S + B + e xS
S He = — RHe SHe + Rpu,effS K VHe Yy He
e

]

Sie ~ S2 + e~ Rul . 5§
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Noble Steady State

** To leading order in important stuff.

§Z — Rp“’efsz o Sz Y = g2 @y
K" ?

RHe }’HeBz yHeBz

Magnetic noise is still too big!

And since by, ~ e, we can only look
at masses which are m, < 1/[hr]

23



Mutually Induced Magnetic Fields

2 v
r j k 5 ._ r Binguced on k & ~ Spe

O(—SK

Magnetic field from
(quantum) point-like
interactions

mduccd on He

(Warning: a math-filled slide is coming)
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The Mixed Alkali-Noble Equations (1)

*k To leading order in important, relevant stuff.

sk From now on we will only discuss the transverse state, with v-=v*+i-v>.

6,4
-, - b _,
SHezyHe(B-l_ He)XSHe
YHe
v . i
Sk \ _ (miK — Ry ) Sk
.J_ — » J_
SHe LUH SHe
a)K = yKBz a)He — YHeBz

26
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The Mixed Alkali-Noble Equations (1)

*k To leading order in important, relevant stuff.

sk From now on we will only discuss the transverse state, with v-=v*+i-v>.

— — Z} — — — —
K= YK(B "‘y—K) X Sg—RgS g +2yxAMy. S g X Sk
K
— —s ?He — — —
SHE - ]/He B -+ X SHe +2;VHL;LMK S K X SH{:
YHe
al . . Al
Sk \  [iwgx—Rg —iwy, g Si
Sﬁe —lWg_pfe lWH, S ﬁe
Wk = }/KBZ_I_CUKO Wy, = YHeBz_I_(DHeO

26
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The Mixed Alkali-Noble Equations (2)

* To leading order in important stuff.

S (ia)K — Ry —ine_K) Sy
S0 —lWg_py, Oy, S
)

ODE with two modes and two eigenvalues.
Wk = yKBZ_I_a)KO Dpe = YHeBz_I_a)HeO

Can we resonantly couple the two modes?
What would that do?

L




Reaction Time of the System
Far From Resonance

No Mixing I

With Mixing
SX(1) S% (f)
>
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Reaction Time of the System

Far From Resonance
S}é(t)‘

No Mixing h

With Mixing

S (1) T
LI A
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The Resonance Regime (1)

B:=124-B,,
B=1.04-B,,
BZ = BFES

B?=094-B,,

B°=068-B,,

B-=-0.750 mG _|

00 02 04 " o6 0.8 1.0

[Kornack, Romalis 2002]
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The Resonance Regime (1)
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[Kornack, Romalis 2002]
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The Resonance Regime (2)
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Compensation Point lllustration (B)

*k A 2D heuristic illustration, so some artistic freedom was taken.

33
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Compensation Point lllustration (be)

*k A 2D heuristic illustration, so some artistic freedom was taken.

34
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Compensation Point lllustration (bn)

*k A 2D heuristic illustration, so some artistic freedom was taken.
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Outline

Axion Like Particles (ALPs)

ALP DM generate a

e Axions and Axion Like Particles magnetic-like field, but

it couples differently to
different particles

The Comagnetometer compared to the SM.

e (Coherent Interactions

* What is a Comagnetometer?

* Comagnetometer Dynamics Through a special
tuning of the controlled

magnetic fields,
* Future Prospects (and recent com_a_gnetometers are
sensitive to anomalous
fields, while immune to
Conclusions magnetic noise.

* Comagnetometer Experiments

progress)
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Compensation Point lllustration (B)

*k A 2D heuristic illustration, so some artistic freedom was taken.

33
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Compensation Point lllustration (B)

*k A 2D heuristic illustration, so some artistic freedom was taken.
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Direct Detection with the Comag

The Comag

38
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Fifth Force Search

Many polarized

nisclai The Comag

ALP Mediator

39
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Old Systems

Variable
Waveplate
arizer

Final Mirror

Translation Stage

Position Detector®

Pump Beam
Diode Laser 4

{Analyzing) Polarizer

> Position Detector

Oven &

= = Hot Air Flow

Collimator

& Insulation
- Cooling Jacket]
& Cell

Magnetic Shields

D“—;_—I ]

Probe Beamn

Diode Laser TN

=, Deviator

= Collimating Lens

al
"-I-—‘ Translating Lens

Probe Bzam

’d
I"nlar:/rrH
|§|lﬂ

Polarizer
Pockel Cell

Position Detector &

K
o feedin®E
itiom ¥

Optical Table
Lower Section

Optical Table
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The Existing Data

e 105 0% 07 07 01 110 w0 o
w [sec™}

41
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Results (e)

m, [sec'1]
107 1073 109 103

This work [II] -

[
=
[#%]

L mg-—range |

L Torsion pendulum

Gaee [GEV]
=

This work [I]

I Solar axions

-9
1 0 — White dwarfs

L | ! _ . ! | :
10—21 10—18 10—15 10—12

m, [eV]

o e

(See paper for a list of citations)
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Results and Projections (n)

m, [sec™]
1073 10° 10° 1010
1 0_,.3 CASPEr (comag, ) _ CASPEr | | . l '
(ZULF) o
Va/Vig i 4__/ - 2
— \ vk [I1] =
T 107°H o
> _'.T.:
(b} s
O, This work [II1] g
rd g
2 107 _
(@)] This work [I]
1 0— 12
| | | 1 | | | | | | | |
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Future Prospects:

Unlikely to be done by us

Cold Xenon
Long Range Search

A Dedicated
Comagnetometer Search

Dedicated “Comagnetometer
-Adjacent” searches

Experiment will be performed/
already has been

46
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Four experiments should occur & 5. =+
in the near future p Joili ik B

1. High frequency “comagnetometer” (Data is waiting to be analyzed )

(Proof of concept stage, no clear

oo L e e schedule for full experiment )
3. Rb-Xe mid-frequency “Comangetometry” (Initial measurements taken, full
data in a few months)

Ly
(Proof of Concept stage, true

2 = 11 ”
4. Rb-Xe low-frequency “Comangetometry experiment in a few months)
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Results and Projections (e)

my [sec'1]
10°° 1073 10° 103
|

This work [1I] -

Torsion pendulum
This work [I]
N

Future DM comag.

| 1 | | 1 1 | 1 1 l
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Results and Projections (n)

m, [sec'1]
107> 10° 10° 1010
] 1 I I I P I I i| I
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= Futid S Ra0 cotae
> S . | _FUopgbng ringe comag: 1 1
O, This work [III]
=
Z 1079 L :
© A
(@) This work [I] ©OF
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(See paper for a list of citations)
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Conclusions

 Comagnetometers offer a strong probe to the ALPs
parameter space.

* Future experiments with comagnetometers could
supersede the best existing bounds.

e |f unexpected improvements occur in the experimental
direction, comagnetometers might be sensitive to
(asymmetric) cosmic neutrinos.

52
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Conclusions

 Comagnetometers offer a strong probe to the ALPs
parameter space.

* Future experiments with comagnetometers could
supersede the best existing bounds.

e |f unexpected improvements occur in the experimental
direction, comagnetometers might be sensitive to
(asymmetric) cosmic neutrinos.

* ALPs in these masses could not only be so-called fuzzy
DM, but might in fact be the QCD axion.

[L. Hui et al.:1610.08297;Marques-Tavares et al.:1803.07575]

52
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A CHRISTMAS GIFT FOR PHYSICISTS:

| THE. FIXION |

A NEL PARTICLE THAT EXPLAINS EVERYTHING

MAIN COMPONENT CONFINES QUARKS AND GLUONS
OF DARK MATTER AR -
NEUTRALIZES MONOFOLES IN EARLY UNWERSE
SPONTANEOUSLY MEDIATES PROTON DECAY
EMITS DARK, ENERGY BUT THEN HIDES IT
INTRODUCES DISPERSION INTD BROKEN SIMETRY CAVSES
PERVIONS FROM KITCHEN MICROLIAVES, =0, EXPLANING UNOBSERVED
EXPLAINING FRST RADID BURSTS NEUTRON DIPOLE. MOMENT [xkcd]
CAUSES ALPHA EFFECT COVERS NAKED SINGULARITIES
INTERCEPTS CERTAIN GRAVITATIONAL CAUSES CORONAL HEATING
LFVES BEFORE Y1
EESHE SUPERLUMINALLY SMOOTHS
HIGGS-IsH ~ ANISOTROPIES IN EARLY UNIVERSE
PCCELERMES CERTAN (BUTPDDs FRINT FOLARIZATION
SPACECRAFT DURING FLYBYS FOR BICEP3 TO FIND)
MELTS ICE IN "SNOLIBALL TRIGGERS SBERIAN SINKHOLES
EARTH" SCENARD TRANSPORTS NELTRINGS FASTER THAN
{ — LIGHT BUTONLY ON CERTAIN DAYS
SUPPRESSES SIGHMA v
N BFERIBNE ,a’\ THROUGH ONE ARER OF FRANCE.

Thanks For Listening!

53
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