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Hyperpolarized gases : 3He, 12°Xe, (1°°Hg)

|= 1/2 OP-techniques:

MEOP
= ~1.913 R seor PROD

My = -2.1276 py

C
By, = -0.7779 py ‘

PAMP
0.1 <B (Tesla) <12

arXiv:1806.07624 (2018)

Schmidt-model (valence neutron): My = Hxe = K

n

More refined models:
3He (Faddeev calculations): J. L. Friar et al., Phys. Rev.C 37, 2869 (1988)

n, = 0.9- Mye

129Xe (core-polarization corrections applied to ab initio nuclear shell model calculations):
PRA 80 (2009) 032120

(s,) = 0.76(sx,) (Sp> ~ 0.24(Sx,)




Spin-clocks
A. Schawlow : "Never measure anything but frequency!”

Maser oscillation
Free spin precession

Relaxation:

T,-longitudinal relaxation time : 3He: T,>100 h in special glass vessels
129Xe: T; ~10-20 h

Repetto et al. IMR 252 (2015) 163

T,-transverse relaxation time : Tz < T1



Features of SHe/1°Xe spin-clocks
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Features of 3He/'>°Xe spin-clocks
Atomic clock <«<—— Spin clock

Oscillator + Frequency divider + Counter

6S,,. F=3,m.=0 < F=4,m.=0

133¢ @v=9192... GHz
— _._/_
F=4 Micro-Wave
f=9.192.631.770Hz
F=3 —O—_
4
F =V, Ih<3uHz accuracy (absolute scale):
- State detection 6f~ 3 pHz
= + corresponding energy shift
= A\/V\« . frequency feedback SE ~ 1.5-102° GeV
Spin clock :
R reference transition at f~ 10 Hz accuracy to trace
B W with 6f/f~ 1013 tiny frequency shifts
accuracy (absolute scale): ~ 6 orders of

5f~1pHz — O6E~4.1036 GeV magnitude higher



Accuracy of frequency estimation:
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If the noise w[n] is Gaussian distributed, the Cramer-Rao Lower

Caveat (pHz)

AX =~ 0.1um /day

Bound (CRLB) sets the lower limit on the variance &2 :\O
p=10 cm| |
12 *
oF > : ’ -xC(T,T,)

(27) ’(SNR) g - T =

example: SNR =10000:1, few=1Hz, T=1day = /O; ~ pHz



== |ong spin-coherence times (T,*)

noise ~1 fT /«/Hz
SQUID

detector 0-—-.

i ] 'I _*

Motional narrowing regime: T4 <<1/(y-AB)

(G. D. Cates, et al., Phys. Rev. A 37, 2877)

1 1 1 B,
=+
T2 Tl T2, field
1

T2, field
Long T, :

T. >100 h
+ ~ p~mbar,R ~5cm, B, ~ 4T

=

Bsoun [pT]

Bsoun [PT]
S b o s @

-124

*

T, =(60.2+0.1)h :




1,0

Comagnetometry to get rid of magnetic field drifts
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Subtraction of deterministic phase shifts

|. Earth’s rotation

| AD = (DXe' YXe/YHe' CI)He

phase signal (rad)

1] . 10600 . 20600 l 30600 . 40600 . 50600
time (s)
Il. Ramsey-Bloch-Siegert shift

'I — Equation (9)
g H e ! Equation (10)
\3 .
. . self shift~ S .e™'™
z -1 0
w
w
& 2
cross-talk ~ ~t/T, )
) ( SO ¢ e

—2t/T, —2t/T,
by e by e T [AD L (0)




Phase residuals after subtraction of
deterministic phase shifts
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Measurement sensitivity

oD ~10 yrad @ day ==p S =

T /S
XD
277 -86400

~18 pHz @ day



Symmetry tests and BSM searches

SHe/!2%Xe : ultra-sensitive probe for
non-magnetic spin interactions of type:

[ Vnon—magn. =a -0 =— Upy - BPM J

rentz violating sidereal modulation

N N requency _
n - Vin=(b) éG/n |
gs ax'on ...... gp
< .-N-der ~dent short-range inferactions

- V/ih=c&-flh |

> Search for EDM of Xenon

. Vi/h=-|d,|&-E/n

> ..

Observable: Aw=a_,, —@-wm =(1- e | 7% )V I 1

Y xe



Limifs Qni.or'em‘z and CPT Vi‘ola-‘rlon




A closer look...

Standard Model (SM)
of particle physics

General relativity is
a classical theory, i.e.,

SM: relativistic quantum
non-quantum

field theory

electromagnetic
force weak force

Courtesy of C. Lammerzahl

Planck scale: energy scale where gravity meets quantum physics | M~ 10%° GeV

Unification theories: string theory, loop quantum gravity,..

Spontaneous Lorentz symmetry

breaking in string theory |OW-€N€I"9Y world :

Lorentz& CPT Violation

SME Phys. Rev. D 55, 6760 (1997)
Phys.Rev. D 58, 116002 (1998)

Background fields (tensor fields)
give preferred direction

e.g. rest frame of CMB




photon sector:

Test of
constancy of ¢

(kghchpv: 19 independent
parameters
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Standard-Model Extension
- matter sector -

A. Kostelecky and C. Lane: Phys. Rev. D 60, 116010 (1999)
Modified Dirac equation for a free spin % particle (w=e,p,n)

. 1 1
(E?Vé;ap nrwm‘@%)}y =0 ysy# +ie) ot — [ yso* + izg}’t"wa’“‘ oY — EHL%GW + icyHoY + idlvl"vysy“a"j ¥Y=0

\ [\ J U J \ J

staiidAes REDE CPT odd CPT even
1\

Y

Lorentz violating terms

Experimental access:

Cs- fountain Wolf et al., PRL 96, 060801 (2006)
Torsion pendulum B.Heckel et al. PRD 78 (2008) 092006
W ow m,, f Antihydrogen spectroscopy
Wby = (MPlanck> My Astrophysics
Hg/Cs comparison clock

comparison b N
U

10°Gey k-1 UCN/Hg comparison experiments
Neutron: b, ~ {

He/Xe maser
107%GeV k=2 K/He co-magnetometer




%

~
Coupling of spin & to background field: V=-b-c

— . ¥ J
VZeeman VLV
(b)&- B~ cos (Qgiq - t + @)

VVAVAN
~ 102 GeV

cosmic microwave @1uT .
background \7\7\7\/
LV

Zeeman

v =368 km/s
ATzp~ 3.3 MK



Electron (w=e) Proton (w=p) Neutron (w=n)
b'[GeV](o) | [(-0.7£1.3)-10% | | | e
b [GeV](10) (-0.2+1.3)-1031 | | e | TS

______________ < 1031
R <6.0-10% <3.7-10%
b"[GeV](1
LEeriee <7.610% <8.4.10%
Torsion pendulum eSpin maser experiments with 3He and 1%°Xe

B.R.Heckel et al., PRD 78 (2008) 092006

D.Bear et al., PRL 85 (2000) 5038

Magnetic shields

0]OJOJOI0IOI0IOI0I0I0IOI0IOI0] @ 12%e
@ °He
@ Rb
Preamp
. . — S Detection
Pickup coil — electronics
<\ i __'_'_'_'_; I
Maser bulb < - Current
BRIV IRRR R KR Re—— controller

Solenoid

e K-3He co-magnetometer
J. M. Brown et al. PRL 105 (2010) 151604
e 3He/129Xe co-magnetometer

F.Allmendinger et al., PRL 112 (2014) 110801




Search for a new pseudoscalar boson
(Axion-like particle)

Gerardus 't Hooft,: QCD has a non-trivial vacuum structure that in
principle permits CP-violation

L_:a’sé_?~

&

@ from neutron EDM we get:  d_ ~107°.0 < 3-10% e-cm

Q
Qu

MV

87T

Original proposal for Axion ( R. Peccei, H.Quinn PRL 38(1977),1440)
as possible solution to the ,Strong CP Problem® that cancels the CP violating term
in the QCD Lagrangian

o

| - = 2]
Lﬁ = E ; (I(X)G”V -G <C¢"> == }( =
87 f, ’ g

Modern interest: Dark Matter candidate. All couplings to matter are weak

Axions, if they exist, will be very light and will mediate a macroscopic?f{- force

m_- f 1012 GeV . energy scale P.Q.-symmetry

m, = f =R 6:uev ) f fa " is spontaneously broken

a d



http://en.wikipedia.org/wiki/Gerardus_'t_Hooft

Axions generated in the sun

X-ray
detector

AXION SEARCHES
using the
Primakoff Effect

Primakoff Effect
Axion conversion into
photon (or the
Galactic axions inverse)

Tunable resonant cavity in magnetic
field coupled to a ultra low noise
microwave receiver

ADMX, CARRACK

8 Tesla

Laboratory axions

Polarised laser through vacuum
in a strong magnetic field
(PVLAS)

“Light shinning through wall”
Photonregeneration

(BFRT, OSQAR, ALPS, LIPPS, GammeV)



Short range interaction of the axion

Yukawa-type potential with monopole-dipole coupling:

V (r) = iA- 5( 1 + 1 e—”/1 (Moody and Wilczek PRD 30 130 (1984))
Ar r¢
hzg g h 10°eV <m_ <10%eV
with: x=——""F  J=—— ;
10°m < 4 <10™m
87rm m.c
n a

N . polarized matter n unpolarized matter N
—> —

gN ...................... Or - ‘
y axion g Faxion

= —
: < = Q-

Faxmn



Dewar housing -
the LT_-SQUIDs Ty <

/”/ BGO crystal
: ! ' I —

:

3He/129Xe cell




Exclusion Plot for new spin-dependent forces

m, (eV)
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Mass (eV)
0~* 10" 107% 1007 107% 107"

lﬂ—EE | I | | I |
104
> . lﬂ—ﬂﬁ
o1y
"
S 1028
1077 - S Aat ophysical L .
o —p‘—}hmlts [45] [20] |
B8  This work Tt ]
lﬂ—ﬂﬂ ! Ll A Lol Ll A -
10~ 107 107t 1w 1w 10t 10
K-3He comagnetometer A (m)

Romalis et al., arXiv:1801.02757



ARIADNE axion experiment

Resonantly detecting axion-mediated forces PRL 113 (2014) 161801

Meildner screen

©
O Bo—field

3He sample

B, ~ AV,
h'yHe

-€OS(N- @, - t)

=== Classical NMR experiment

-

In resonance: @, 5, = N- &,y

sensitivity ~ Q = 60'T2*
SQUID

(quality factor)
loop



Projected reach for monopole-dipole axion mediated interactions

QCDAxionmy in eV
(S (VS (S

Experimental Bounds

Raffelt, PRD82(2012)015001 i
Astrophysical and Experimental Bounds y

Force Range in cm



easurement of the
1235Xe EDM

GUTENRERG, Vi JUL'CH universityo

FO {UNGSZENTRUM gronlngen




Our world is composed of matter

.. and not antimatter = -
==

History of the Universe %Tﬂ%\ >\\
e .
=R s %{RT\?‘ éﬁ /

n, ~400/cm? (CME;)\]

n,~ 0.2 protons/m3

MY

SM prediction based on observed
flavor-changing CP-violation (CKM-matrix)

N, —N-
77 _ b b ~ 10—18
n

V4




SM CP-odd phases

~10
Ockm ™~ O() QQCD <10
explains (,‘Af’ in K and B meson constrained experimentally (d,, dy, )
mixing and decays (strong CP problem)

Electric dipole moments (EDMS)

of elementary particles AE
(flavor-diagonal GP )

EDM measurement free of SM
background

d ~10%-10*ecm  d, <107 ecm

fourth order
electroweak

Khriplovich, Zhitnitsky 86



Fundamental
theory

TeV

Qcp|

nuclear

atomic

Wilson
coefficients

Low energy
parameters

Nucleus
level

Atom/molecule
level

)

N ———— —— -

gt (

L |

i [=]

.

EDMs of

diamagnetic atoms
(Hg,Xe,Ra.Rn,..)

N

J

EDMs of paramagnetic\

atoms and molecules
(TI,YbFThO,...)
Atoms in traps (Rb,Cs,Fr)

\ Solid state Y




Atomic EDM

complete shielding: ngf = E&xt +Eint =& -Egxt =0
= AEgpy = —depm - E&ff = —dgpy " €~ E&xt =0
L.I.Schitt (PR 132 2194,1963):

EDM of a system of non-relativistic charged pont particles that
interact electrostatically can not be measured : £ =0



Diamagnetic EDMS -, ,Schiff suppression: ¢

For a finite nucleus, the charge and EDM have different spatial
distributions

. _ I 1 . 5 .
S- Schiff moment: S = 5} =10 [/ ep(7)Frid r — .‘;Zd [ ;’J('F)szfgf’:|

Schiff moment is dominant CP-odd N-N interaction for large atoms

dA:kA.lOﬂ,{ fSB}ecm (Kye~0.38)
e ™m

S=S (gi(;,le ,dn , dp : ) (low energy parameters)

[o dA~]_OZZ(RN/RA)2 d ~0@10°)d [dA :g°dnuc] }

EDM sensitivity: od 06(8° Eoy '3NR'T3/2)_1



EDM precision experiments (upper limits)

Year

10-2
Ra

'E NiZnFeO Cs fountain
v
9 Cs
= ®
2 1072 - "en
bl Xe Hg
o

TIF
E Ce YbF

n
E Xe T g PbO
o Tl
6 10-27- | £
- YbF
E
r Rosenberry, Chupp PRL 86 (2001) 22 ThO
SE pumped masers of 12°Xe and 3He Hg
-27 H
dy, =(0.743.3,, £0.1,, )x107% ecm 9
0—3(] . T
1960 1980 2000 2020



Experimental Setup MIXed

mu-metal cylinder
gas preparation
area outside MSR
solenoid
low T.-SQUID
gradiometer(s)
-5 kV #—9—‘6 kv
pneumatic valve cos-coil
Turbo pump B, (cos-coil) B,(solenoid)
B . TTT magnetically
- trans gas transfer line shielded room

(MSR)

—> for details : talk of St. Zimmer



Extracted Xe-EDM limits

150|
100}

—e—i

0 —-

50} __ « T ‘L__L
; Y
| T
‘L

_502 | I\
: L

d,, /107° ecm

(dye)=(4.126.4,, £0.07,, )x10" ecm

stat.

2001

1 2 3 4 5 6 71 8
Parameter optimization: runt

32
‘VBZ‘; Pher Pxer Pog (partial pressures); system noise: ~ SNR-(T2 )




Comparison: Hg-EDM vs Xe-EDM sensitivity

Hg-EDM:)

SNR~ 30000 @ fg,, = 1 Hz
<E> =8 kV/cm
oy, = 4.1 x 1022 ecm/day

' Xe-EDM: |

SNR~ 10000 @ fg,, = 1 Hz
<E> = 0.8 kV/cm

T2,Xe*~ 3h

Ay, = 4 x 10-2% ecm/day

Improvements:
e <E>

* SNR, T, — new magnetic shield
noise: 10 fT /</Hz — ~1fT /VHz
VB|: 10pT/cm — ~3pT/cm

Parameter | Limit (this work)| Theory
dxe 1.2.107% e em | 95% CL
d. 1.2-107* e em |[35, 36]
CTon 2.8-1077 [35]
Cp.n 1.0-10—* [35]
Crp 9.0-10~" [35]
Cpop 3.2-1071 [35]

S 3.2-107'"" e fm® |[35, 40, 41]
d, 1.0-107* e cm | [42]

dp 54-107* e em  |[42]

go 2.9.1077 [43]

g1 4.0-1077 [43]

g2 2.7-1077 [43]

[35] V. A. Dzuba, V. V. Flambaum, and S. G. Porsev, Phys.
Rev. A 80, (2009).
[36] V. V. Flambaum and I. B. Khriplovich, Zh. Eksp. Teor.
Fiz. 89, 1505 (1985).
[42] N. Yoshinaga, K. Higashiyama, R. Arai, Prog. Theor.
Phys. 124, (2010).
[43] V. F. Dmitriev, R. A. Sen'kov, and N. Auerbach, Phys.
Rev. C 71, 035501 (2005).



Conclusion and Outlook

> 3He , 12°Xe clocks based on free spin precession
— long spin coherence times

T, . ® 100hours

i Eur. Phys. J. D 57, 303-320 (2010)
T, . =8 hours (

> 3He/'29Xe clock comparison experiments:

® Secarch for neutron spin coupling to a Lorentz and CPT-violating background field

V(r)/h=<5>é-&/h b" < 8.4x10™* GeV (68%C.L.) tightest constrains

in the matter sector

® Short range spin-dependent interaction (axion search):

V(I’): 9s9p (h)z (

+— intherange103m < A < 10!m
87z m,

J1 17, mew upperlimits for 0. 9;
o, F)|—+=|e
rA r

ARIADNE: probing QCD axion parameter space

%
® 129Xe electric dipole moment (MIXed-collaboration):

‘dXe‘ <1.2x107%" ecm (95%CL) room for improvements



Thank you for your attention







Limits on CP-violating observables from *°*Hg EDM limit

dy, = —2.4 x 1078y, /fm?

Quantity Expression Limit Ref.
d, She/(1.9 fm?) 1.6 x 10720 ecm  [21]
d, 1.3 x Sy, /(02 fm*) 2.0 x 107 ecm (21}
Jo St/ (0.135 e fim?) 2.3 x 10712 5]
71 She/(0.27 e fm?) 1.1 x 10712 5]
7 She/(0.27 efm’) 1.1 x 10712 5]
HQCD @‘{}/OOISS [.5 x 10_1{] |2223]
(d,—d;)  9/2x10%em™)  57x10% ecm  [25]
Cq dy, /(5.9 x 107%* ecm) 1.3x 1078 [15]
Cp dpg/ (6.0 x 107 ecm) 1.2 x 1077 [15]

Cr dpge/(4.89 x 107 ecm)  1.5x 1079 see text




Schematic layout of the He-3 nuclear magnetometer based on free spin precession

Bollz_ /
CsOPM
B,< 100 pT
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Recorded free spin precession signal

12

BSQUID [pT]

2124

SQUID

5

f, ~13Hz -

BSQUID [pT]
o

-1044

-15

C. Gemmel et al.,

T, =(60.2+0.1)[A]

0.0 02 0,4

time [s]

Eur. Phys. J. D 57, 303 (2010)

amplitude (pT)

CsOPM f, ~37Hz
B——
ab
2_‘.
of
_al. i
_4l-
_gl : y
005 010 0.5 020
time (s)
= 1.04 coil off coil on
G /
Ry
® 053
1
=
Z 004
©
(0]
N
© -0.54
£
2
91 " |ABJ=22nT
o 1 2 3 4 5 6 7
time (s)

f = f, —48.6MHz



THE CURRENT BOUNDS fa If axions are dark matter, they are a relic
GeV of the early universe. A particular scenario

. coupled with the requirement that the
axion mass density not severely overclose
the universe results in a lower bound to

=
@
<

C. Hagmann, H. Murayama, G.G.
Raffelt, L.J. Rosenberger, and 1012
K. van Bibber

2008 Rev. Part. Physics.

Phys. Lett. B 667,1 (2008).

Cold DM

the axion mass.
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HV supply
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electric fleld [kviom]
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Results of automatic gradient compensation

(Downhill-simplex algorithm)

Spherical cell (diameter 10 cm)
filled with 30 mbar of polarized 3He

~ 10 min per iteration step

total measurement time:

~ 4 hours

SHe ocexp —t/T

Spin coherence effective
time

T*/s gradients

“

start

0 0

1 0.11
3 0.30
5 0.33
13 0.30

0.15

0.11

0.30

0.30

0.40

-0.30
-0.34
-0.60

-0.67

0

0.11
0.01
0.02

0.18

7499 ~30 pT/cm
9758

14750

26590

35120
37686 <10 pT/cm



Bs(t)

= Cye * COS(Wyet) + Sye - SIN(Wyet) + Cxe - COS(Wyxet) + Sy,

Sln(ert) + Clin ° t + Cconst
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L(®) ~ _ R ()

? glass tube glass tube g

control runs:
Nno mass was moved

sample 3He-129% e cell sample
301 @) '
201 g
10 measurements (~9 hours) S 01T 8 % Ly
gap (Ax) = 2.2 mm g;g ¢ % I
Mass sample: BGO crystal (p=7.13 g/cm3) 38 :
-50 ]

h 3
}

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7

# measurement run

[ Av,, = (—2.9+ 6.9+ 0.4) nHz (95% C.L.) J

Analysis:

5(Avsp)| = 2- Vy/h

Potential after integration over unpolarized/polarized matter sample

Vo =Ve, () = ZTrNﬂ;g e AT/ x(l —e€ D-M) : (1 — e ‘i-"f)‘) -n(A) .

-y

95 gp| <T(R)




