Searching for ALP DM in Alkali-Noble-Gas Haloscopes

Xiao-Ping Wang (FE/\F)
Apr, 10 @IHEP

Base On: arXiv: 2309.16600
arXiv:2306.08039 (ChangE collaboration)



Outiline BESBHEN

...............

e Strong CP problem and Dark Matter candidate of SM
e Axion solution to CP problem and as a DM candidate
 Axion DM search via different particle experiments
e ALP DM search via NMR method( CASPEr)
e ALP DM search via Comagnetometer method

...... e ALP DM search via CHANGE experiment

oo e Summary



Successful of SM SR
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The field of HEP has been vibrant & exciting!

HEP has enjoyed the remarkable achievement
of 50*-year uninterrupted discoveries!
From quarks to the Higgs boson,

with heroic efforts in theory and experiments:
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Problem of SM-Strong CP problem
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® | ow-energy QCD done predict
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® Based on above QCD, we can build a theory for meson, then induce the neutron eDM at

nucleon level

7
_ &
edg c A? —16 4ok
d, = = log i 3 X 1070 e cm VR
n | j) | n

® Pression measurement

......

......

.....

......



eThe neutron eDM in classical formula
d =) gr

-Use the neutron has asizer, ~ 1/m_

d,| ~ 10713y/1 — cosfe cm

n

-Comparing to the experiment results, we need cos @ = 1
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Problem of SM-DM candidate SR
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_ Standard Model of Elementary Particles
° D a rk m atte r p rO pe rt I eS : three generations of matter interactions / force carriers

(fermions) (bosons)

mass =22 MeV/c? =].28 GeV/c? =173.1 GeV/c? =125.09 GeV/c?

1.No Charge (Not charged Quark, Leptons)

gluon higgs

2.Massive (Not gluon, photon) o [ 9’ h ‘ o H
‘ charm
3.Long enough life-time (not Z, W, H)

=4.7 MeVI/c? =06 MeV/c? =4.18 GeVic?
- @ |- @ | @

*Only Possibility: Neutrino dfw—J StfﬁJ bw

=(.511 MeV/c? =105.66 MeV/c? =] 7768 GeVic? =91.19 GeV/c?
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SR No DM candidate in SM
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The QCD axion for Strong CP problem

................

*The EFT consists of a single new particle, the axion (a), and a single new coupling (f )

~J/

33(ﬁ+9) L GG

1, 3272

*To solve strong CP problem

d x—+0=0

a

*QCD axion mass relationship
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Dark Matter Candidates @ --::ooooeeeeee

................

0000000000000000

Wave -like Part/cle like Astro Candidates

QCD axion WDM limit unitarity limit

1022 eV o LV GeV 10wv My 10 Mg
] m I }

Ultrahght” DM\ “nght’ "DM  WIMP Composite DM Primordial

(Q-balls, nuggets, etc) black h()les

non-thermal  / dark sectors
sk fields~~" sterile v
can be thermal
SRR Today’s focus

SRS HEP at a cross-road: explore all directions!
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*Core-Cusp Problem

....... Cusp — CDM
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Ultralight Dark Matter-Axion ~  ::ocoooooeeeeee
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‘Production: Misalignment
a(t) = a (H > ma)

a—+ 3H(t)a + mga =0 —
a(t) = aysin (myt) (H < m,)
*QCD Axion having a very small mass

m, ~ 6 x 10~%V ( 10 Gev )
o fi

* The Axion energy density will be | T e
: _
|

PN
$ ~ 0.1 ( 1012GeV)
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Ultralight Dark Matter-ALP
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* The ALP Lagrangian

a Ca 0,a - i Cun
5 S—E fayaFF+ Cf 7 frtysf+ faf,,a alornnl” — = my%ﬁa JyshnFHY

* The ALP energy density will be

3/4 _3/4

1/2 2 )
QMIS h2 — O 12 ma fa th 1+Zeq ®2
ALP ‘ 4.7 x 10-1%V 1016GeV 0.15 3.4 % 103 1

10~%° 10~ 102
Sub-dominant
The QCD Axion

dark matter

Exotic heavy
ALPs

Exotic light ALPs

oooooo AXion
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 Axion DM search via different particle experiments

e ALP DM search via NMR method( CASPEr)

e ALP DM search via Comagnetometer method
...... e ALP DM search via CHANGE experiment

.oo. e Summary



L ® k2 ® & & ® ® @ & ® £ » ® x5 i

& L) - L] () & ® L) - ® - - §

® ® ® w *® & ® @ ® L ® ® ® @ L

® ® ® ® o o ® ® @& ® ® L ® ® L L

* The ALP Lagrangian

Coy 0,a - d,a
1nt - U H H
LMD Sﬂ = “aFF + Cf%fy y5f+faf,,a alonrn)” + C,,— 7 eyt'yse
Counline to Coupling to axion . Coupling to axial
plng nuclear moment  Coupling to electron moment
photon Creates mesons, induce
>pin dependent - Meson decay Axioelectric
energy shifts/spin effect, Analogous
precession i to ohotoelectric
fermions
i oo =Bl !
SERES Coy = —1.92(4) Cor = 012(1) + = (cf = ¢f)
nnnnnn C —

s —0.47(3) + 0.88(3)cY — 0.39(2)c!
o e )+ 0850, 2 c_o.30‘2 Eog (7 ) = 1.920g [ £
G, = 0020 40883 0390 Cu= e+ [ glog( ) = 192@log ( =
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Oscillating

. omlad . 300MeV
» With local DM density: p, = —— = f, — AL
.. ». Ihe probability of y — a is
S 2
SN 1 2 | sin(4q1) :
AR Py_m(B,l,q) =Z<ga,,Bl> 1 q=l<},—l<a~ma/2w
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ALP Dark Matter Experiments

» Laboratory Experiments: Lasers (light shining through walls)
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e ALP DM search via NMR method( CASPEr)
e ALP DM search via Comagnetometer method
...... e ALP DM search via CHANGE experiment

oooo: * Summary
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Nuclear magnetic resonance method  ::::::-::00000
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* Axion couples to SM particles @

7) —_— —> /

— ALP X
T ON=VBaALp 0 / l
Y

* Oscillate the mass at Larmor frequency

%0 — gaNN\/zpDM COS (mat)

BALP = gaNN\/zpDM cos(m, t) = gaNN\/Z,ODM cos(w, 1) (3.2)  signal«fy

* Bloch Equations

ViBy=w:
P M — - +udi A
,,,,,, — =yMx B Generate transverse from longitudinal |
...... dt Frequency (Hz)

......

------ Time varying Axion BALP drives spin precession — produces transverse magnetization

......
......
......
......
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polarized

Nuclear
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D Amplitude depends on
nuclear spin pelarization

MEESH | paigend e Gewi  dcwsn

Detection sensitivity determined
by magnetometer noise limits

When ALP frequency
= Larmor Frequency

CASPEr Group; Sci.Adv. 5 (2019) 10, eaax4539
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e ALP DM search via Comagnetometer method
...... e ALP DM search via CHANGE experiment

ooio: e Summary



Torque: generates transverse from longitudinal e

Decaying excitations: causes stabilization

-If B, is constant & S =0 _
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* nuclear spins can be directly hyperpolarized
to achieve a polarization of by spin-
exchange optical pumping

* nuclear spin signals can be enhanced due
to large Fermi-contact enhancement factor
(~100)
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Comagnetic resonance method -::::ooooveeee
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Magnetometers can measure ALPs. Alkali magnetometers are easy to work with, while
Noble magnetometers are more sensitive.

K Droplet |

|

v
N>

ext.

JuswiaiNSea\ uolezue|od

Et‘He—K l
SRR Z JHEP 01 (2020) 167
. ... .1. any magnetic noise (at low frequencies) has no effect on the alkali spins!

... 2. the two species are “in resonance”, allowing for a fast response to sudden changes.



Comagnetic - The compensation point ::::::::::oo
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SIJ nal + YAz AIB L Ak

Sam (a) — m ) — With B, aix = B noise T 24MNobS 1 Nob/ SNob.2
¢ B, Al — my) + il
(?’Alk z,Alk — My I Alk

Idalk — YAISZ Al 1 + 2YNobAMNob Inop = 0m, % 0, By yopForis
- - - - tunable such thatd Saik =0
aBJ_, Nnoise (yAlsz,Alk o md) + erlk (}/NObBZ,NOb _ ma) + erob Hhable sue 2 Bl, noise Alk

Bnoise
| B: B.
......
......

......
......
.....
......
.....

......
......

...... No Signal



Comagnetic - The compensation point :::::::::::o:0
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03 Al B YAIKOZ Alk ) 2YNobMNob I'nob ® 0,my, = 0, Bz qgpForis
oB : o B T T B T tunable such thataB , SAlk = ()
1. holse (?’Alk z,Alk — ma) + 1l Ak (}’Nob z,Nob — ma) 11 Nob 1, hoise

SRS Sk & ¥Big = b
e e e Measurable Signal!
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Comagnetic - The compensation point --:::----------
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AN _ Y AISZ, Alk | + 2YNobAMMNob Cop R 0sm, % 0, By nopForis
GBL’ noise (yAlkBZ,Alk — ma> + iFAlk (yNObBZ,NOb — ma> + iFNOb tunable such thataB_L’ noise SAlk — O

......

......

e Measurable, Enhanced Signal!
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Noble and Alkali Spin Detectors for ~  -tiiiiiiiiiiiil

Ultralight Coherent darK matter Liniiiiiiii

e NASDUCK SERF fom [Hz]

10° 101

104

)
=

(a) a4 2 (b) == <=
\ \
) ‘ Pv
alkali-metal noble gas —
(d) atom (*°K) atom (*He) :|> 10-5
| c O
‘1liill|!i"§ ' ;“;‘ ‘ -f Z
: Z
an. N U«%
detection Spin-Exchange Spin-Exchange NASDPCK SERF
collisions Relaxation Free 10_6 (thls work)

oooooo | o | 'iélll
oooooo ﬂwDNI[e\q

OOOOOO

e e . NASDUCK Collaboratiion, Published in: Nature Commun. 14 (2023) 1, 5784
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*Response to Signal

Y AlkSz,AlkBJ_,Alk ?’Alk’lMNobSZ o

i (60 ma) (VAlsz,Alk_ma) + Ak |

| Alkaliresponse {{ Nobleresponse |

‘Floquet fields: B, = b, + B cos (a)Ft)

yAlkSZ,AlkBJ_,Alk<a) — ma) € mal (a) a ma) . eimat+nwFt

S anB
R z 77;7”) VAIKPz,AlkP L Alk
& (}’Alsz,Alk,o — My — ”CUF> + il 5

Sa(®) =

(yaBralk — Ma) + i an

......
......
......

— (1 yAlkSZ,AlkBJ_,Alk(a) = ma)
SEEES San (@ = m, + ) = nh

...... (VNosz,Nob,o — ma) st N

------ So that for m, = ynonB,Nnob.or WE Can Now have both the species in resonance!
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...... e ALP DM search via CHANGE experiment

ooio: e Summary



................

................

0000000000000000

-Good control on photon-shot-noise
and magnetic noise
-Sharp amplification is wasted

-Smaller amplification but with much

. N ,‘ L “ @ ¢ 2 @ " Strongly-coupled
wider resonance s Ll /ﬁi/”wg
A. Do not need to scan (e.g. 35 ! b UM B

months)

. . ... B. Long-time measurement at single

......

point to compensate

......

..... : amplification lost
S ChangE experiment: Kai Wei, .. XPW.. et al, 2306.08039
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Comagnetometer—Optical pumping -:---ocoveveene

. The He polarization rate is
Spin-exchange Rate: ['¢p = ki [K] + kg [RD]

dPy,
dH =FSE(PA_PH6) — I'hePre
t
’ P i e
- 5P, \
= S ) o+ pump light Rb |~100% Q(/
;: % Quenching
:§ D* % by N, 0
: o0 5. Yy, B
m, =-1/2 mg = 1/2
"
SRS (H;'
S Spin-exchange Optical Pumping:
""" » 1960: Bouchiat/Carver/Varnum (Princeton), PRL 5, 373, P=0.01%

e * Now:Rb-K optical pumping P>70%
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RS, +R,S, +REP"  {R{, RS, RS} e
Q Q

b?| x P — Q x P® +

004 * HSR
—— HSR Fit

e Method: tune external B field to make | =R /\
Larmor frequency equal (HSR region) Jl/ \

Palkali = Yalkali (Bext T Bnoble ) R

0.01 0.1 I 10 100 0. I 10 100
! ) Frequency (Hz)

Response (mV)

Response (mV)

oooooo A A 10 E
...... “noble = “noble (Bext T Balkall ) : jl ~a @
...... 4+ & |
) e o c.. " , = Ei g ;: o i'“’_/_j_ ._—’—’;;::4_,,
----- ReqUIre Wjikali Whoble 2 T 2 i
...... = o 4
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* Random phase In different p mode

¢p: is uniform random variable in [0, 2Pi]

|
- P N, = pDMVf(p)(Ap)B/a)p: is mean occupation number of p mode
. . . o 1905.13650, NC 2021
e Signal is stochastic instead of deterministic N
8 . —
p; === Va(jAn - (A T -af
/N G Stochastic
Ak — 3 Re [ﬁk] 0 Bk —_ z IIIl [ﬁk] . % -
N N t
L (d | 8N 02) = : exp (——dTZ_ld) £ -5 v — I
S V)N det(T) 2 6f  Detormmtic L20% "7 '95%
S , -22 -21 -20 -19 -18 -17 -16 —-15 —-14 -13
S d= 4B =200 logjomg [6V/c?
- - Signal and white background are multivariate Gaussian distribution Signal

. . .contains non-diagonal term Junyi Lee et al, 2209.03289, PRX 2023



* The response to ultra-light dark

matter field b;' coupling with noble-
gas nuclear spins

S )f — K b nb;l Stochastic DM
X

o m Q

Signal Signal Analysis
HSR Time Domain Freq Domain
* The response to magnetic field mg (eV)
S¢ =K, B
X B,"y 10° g
e The scale factor relation 10°
Ky = K,,w/®"
y X
- 107
» Search on ALP-neutron coupling gamn =
B 1008k
.« . « « . The relation between nucleus §
. . . . . coupling and nucleon coupling S 107 al
°°°°°° 8aNN = gngcmn T 5pgapp 1010
=+« + +» Spin polarization fraction to Ne 1ot |
10°

ENe = (.58 and £N¢ = 0.04 10?2 107



e ChangE experiments set competitive limits on ALP-nucleon couplings

e I[mproving ALP-proton coupling limits by 105-106

Comagnetometer HSR search on ALP DM::::::::::

e Provideing best limits on ALP-neutron couplings at ~[0.02, 0.2] Hz and [10, 200] Hz
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Summary = oo
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e Ultralight Bosonic or Wave-like Dark Matter represents an exciting new frontier in the
quest to unravel the mysteries of dark matter

e A multitude of experiments are underway, each tailored to investigate different
possible interactions between dark matter and ordinary matter

e ChangE experiments set competitive limits on ALP-nucleon couplings
e Improving ALP-proton coupling limits by 105-106

e Provideing best limits on ALP-neutron couplings at ~[0.02, 0.2] Hz and [10, 200] Hz
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......
......
......

...... Thank you!
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