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The strong CP-Problem -

The non-trivial vacuum structure of QCD predicts violation of CP-
symmetry:

g From neutron EDM we get:
Gb G’” =
327 ~0-107"° ecm <3-10™° ecm

L=6-%

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.

a g b ~uv g i
L, = Cf o G,G, <a> E with: maocz

AXIONSs: Light and weak interacting particles.
Modern Interest: Dark Matter candidate.
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Yukawa type potential with monopole-dipole coupling [1]

Axion Potential:
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[1] J.E. Moody and F. Wilczek. Phys. Rev. D, 30, 130 (1984). 4
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Axion Potential:

Yukawa type potential with monopole-dipole coupling [1]

~ - 1 1)\ _ 7
V(r)=Kn°G(—+—2)e i N
Ar 1
g\..... ceee
with: K = 558 , A= i —
8rm, m c N, N

=> Indirect search of the axion via the axion potential in the range

of the ,axion mass window": 10° eV < m <1072 eV
10°m < A <10 m

[1] J.E. Moody and F. Wilczek. Phys. Rev. D, 30, 130 (1984). 4
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Principle of measurements
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How to measure?

4 N
[ unpolarized W e (t) =W e (t) T
3He — matter
:: Bi,Ge,;0,, crystal with: a)L,He (t) = )/He ) B(t)
— A w =2xv =2V /h
Position: close — Sp Sp
é
4 )
“He (Ddistant (t) = (DL,He (t)
\_ J

Position: distant

Requirement: o, , (7) = const.
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Principle of measurements
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3He/12°Xe Co-magnetometer

10}
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Principle of measurements
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3He/12°Xe Co-magnetometer

10+
a)Xe (t) = yXe | B(t) '§ 5t wHe (t) = )/He . B(t)
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Phase difference:
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o

3He/12°Xe Co-magnetometer

10+
a)Xe (t) = yXe | B(t) '§ 5t wHe (t) = )/He . B(t)
5 o
2 5
g ° -
-10¢f j%:- or
63.0 632 634 3.6 3 64.ml
time (s) \5-
63.0 63..2 63..4 63I.6 63..8 64.0 63.0 63I.2 63l.4 63I.6 63I.8 64.0
time (s) time (s)
Elimination of magnetic field drifts (Zeeman-Term):
Frequency difference: Aw = . - /e . = — Vhe . - B(?) !A YeH(t -t
' - He Xe yHe yXe - C()Sp ( 0 )
}/Xe yXe

D(t) =j0)(t')dt'

Phase difference:




Experimental Setup

_—

7 layered magnetically

=3~ shielded room

o

#" & (residual field < 1nT)

J. Bork, et al., Proc. Biomag 2000, 970 (2000).

LT.-SQUID
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suspension mechanism
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Helium:

T,* ~ 53 h
SNR ~ 7500

Xenon:

T,* ~5h
SNR ~ 2250




Data Analysis
T ——

1. To cancel magnetic field influence we calculate the weighted phase
difference:

AD(t) =D, — T P

~ * He

YXB

I A(I)(t) - (I)He_ YHe/ Yxe (I)Xe

Ad(t) [ rad
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Data Analysis
\

1. To cancel magnetic field influence we calculate the weighted phase
difference:

A(I)(t) =P, - Vhe D, = const

YXe

2. Temporal dependence can be described by:

* *
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Data Analysis
\

1. To cancel magnetic field influence we calculate the weighted phase
difference:

A(I)(t) =P, - Vhe D, = const

YXe

2. Temporal dependence can be described by:

* *

—‘[/szHe . _t/TZ,Xe 4.
f(t)y=c+a_-t+a ‘e +a, € +Aw -t H(t-t,)
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= Av
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Summary Results
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September 2010:

10 measurements (~9 hours)

gap = 2.2 mm

sample: Bi,Ge;0,, with: p =7.13 g/cm?




Exclusion Plot

Excluded region
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Ax=0mm
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Free spin precession of 3He and 22Xe
with long spin coherence times:

T,,.~353h T, = 5h

2.Xe
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Free spin precession of 3Heh’

with long spin coherence times:
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T,,.~353h T,,.~ 5h

2.Xe

longer T7, v, — increase of sensitivity (o, ~ 1/7°7)

Clock comparison experiment
Spin-dependent short-range interaction:

V(r)= g58, () (o, ﬁ)[i + Lz] e™"'*  J.E.Moody, F.Wilczek PRD 30 (1984), 130
r

n

Av,, = (2.9 3.6) nHz —> 3(Av,)

= 7.1 nHz (95% CL)

corr
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n
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* Improvement:
Direct contact of spin probe and crystal — more sensitive to A <1 mm
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« Free spin precession of *He andee\

‘
with long spin coherence times:

T,,.~353h T, = 5h

2.Xe

longer T7, v, — increase of sensitivity (o, ~ 1/7°7)

Clock comparison experiment
Spin-dependent short-range interaction:
2
gs8p I
/()= Etr )
4

o, ﬁ)[% + Lz] e‘”/l J.E.Moody, F.Wilczek PRD 30 (1984), 130
r 2

n

Av,, = (2.9 3.6) nHz —> 3(Av,)

_ =7.1nHz (95% CL)

* Improvement:

Direct contact of spin probe and crystal — more sensitive to A <1 mm

THANK YOU!

14
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Baryon/Anti-Baryon Puzzie

ViC ENtWICKIUNG aes vniversums

N R ©  Baryon/Anti-Baryon Asymmetry
= 1 +m developed after 10-19 s after the Big

[

Bang

» Observed Asymmetry: ny/n =101

Sacharow criteria:

v" Violation of baryon number

v" Thermal disequilibrium
v' CP-/C-Violation

Calculated Asymmetry: ng/n,=10-8




Solar axions \

Helioscope experiment (CAST)
Labor axions

DlRECT - Polarization experiments
PVLAS
search of the (PVLAS )
axion via the / e

Primakoff effect |

Primakoff effect
Conversion of an

axion into a photon

Galactic axions

microwave cavity experiment
(ADMX, CARRACK) |

- ,Light shinning through a
wall“ experiment
(BFRT, OSQAR, ALPS,
LIPPS, GammaeV

Bo ]
Single
real

a o photo

a
T y T sEmm y
§m.
photo o~ ~
B B

8 Tesla




Axion Potential: ‘\

Yukawa type potential with monopole-dipole coupling [1]

polar  axial
vector vector

I Z‘ P( :
n-o=

T(n-

=P
Q!
N—
I
|
—_
=P
o]’
N —

P-, T-violation
CP-violation

with:

=
Q!
N—
I
I
—_
=
Q!
N—

[1] J.E. Moody and F. Wilczek. Phys. Rev. D, 30, 130 (1984).



Data Analysis

Fit to raw data:

) ) = N
i i . i i i o 90r '
f'(1)= ag, sm(ouHe t) +a, cos(a)He t) S sl
2 ]
i i i i 2 gof
+d % sm(a)Xe t) +a, ., COS (a)Xe t) 5 0
S I
i i L sk
(D 65 i 1 ' n 1 n 1 ‘ L 1
-1.5 -1.0 -0.5 0 0.5 1.0 1.5
t(s)
l3He, 129X e phase
a4
i _ s,He/Xe i . i = .+ (number of periods since
(I)He/Xe = arctan ai + nHe/Xe 2'7-[’ nHe/Xe - a)He/Xe begin of measurement)
cHe/Xe

weighted phase difference

|
AD = @, -THe.p = P,

Xe

YXe
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Spin coherence time: long (7") vs. short (4T)
AT .

A’\AAAAAAA/
AVARVARVARVARVARVARVARVA

Example: SNR = 10000:1 , f,= 1 Hz, =24 h,AT=6min -0 =300-0_,




Precision of measurement
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If the noise w[n] is Gaussian distributed, the “Cramer-Rao-

Lower Bound (CRLB)" sets the lower limit on the variance 0,

o, = \/E : C(T;)
27-SNR v, - T




Precision of measurement
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VVVVVVV

If the noise w[n] is Gaussian distributed, the “Cramer-Rao-

Lower Bound (CRLB)" sets the lower limit on the variance 0,

o, = \/E : C(T;)
27-SNR v, - T

Example:

SNR =2300, vgyw =1Hz, T=9h

= [Ov ~ IO'IOHZ]




Precision of measurement

\
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VVVVVVV

If the noise w[n] is Gaussian distributed, the “Cramer-Rao-

Lower Bound (CRLB)" sets the lower limit on the variance 0,

o, = : C(T2
27-SNR v, - T

o oM

e
SNR = 2300, vgy =1Hz, T=9h (Tz*)_l o V4/3pWB1‘2 vs.  SNRo pV
pT

- 2
p =~ mbar, V =200 cm’, B, =uT, ‘VBl‘ b
cm |p

Example:

= [Ov ~ lO'IOHZ]




Data Acquisition

3He, 129Xe + N, (buffer gas)
@ Pyt = 31...37 mbar - ~

129Xe
SHe

He

SQUID signal (pT)
o

-5
o, (1) =7, " B() 10} Wy, (1) =7y, B(?)
' 634 636 63.8 64.0
time (s)
5.
\ -
o of
II
[11]
_5l
63.0 632 634 636 638 64.0 63.0 632 634 636 638 64.0

time (s) time (s)



Transversal Relaxationtime

\A

t : I
o exp(__*) Free spin precession:

T ;,,\\/ Wae ! signal ocexp(—t / Tz)
111 T,: ms —> h
1 1 . 1 . 1
Il collisi 1 5 =
R ISIOnS[ ] T'Z Tiwary Ti vdW TVZ grad
~ — _—— ’ i
Tlawand 8h-100h| § field gradients [3]
van der Waals molecules [2] 1
Xe 2, grad 43 | p P
T, ~13h V*°p|VB|
CRLB: O X

¥ SNR-TY* |signal xp-V| = [p~mbar, V~100 cm’, Bl~,uT] [4]

[1] J. Schmiedeskamp et al., Eur. Phys. J. D 38, 2006. [2] B. Chann et al., PRL. 88(11), 2002.
[3] G. D. Cates, S. R. Schaefer, W. Happer, Phys. Rev. A 37, 1988. [4] C. Gemmel et al., Eur. Phys. J. D 57, 2010.



Transversal Relaxationtime

il

Pu.= 2 mbar, py .~ 8 mbar, py, = 35 mbar

R= 3cm

8
SHe
-6
&2 . .
§4 Helium:
é. 129% @ 7, ~ 33 h
% SNR ~ 7500
0 J Xenon:
0 D 4 6 8 10 12
time (h) 7, ~5h
SNR ~ 2250




Summary Results

September 2010:

10 measurements (~9 hours)

gap = 2.2 mm

sample: Bi,Ge;0,, crystal with density p = 7.13 g/cm?

h P
Analysis: Vsp (f) - Es8p (£ . 5)(i + i) Lot/

R L EORY RN v

8nmn VBGO Vecell I I?\’ r

The mean potential <V ,> was calculated numerically for our measurement cells (J= 58
mm, / = 58 mm). The gap between the inner volume of the measurement cell and the
Bi,Ge;0,, crystal (= 60 mm, / = 70 mm) was 2.2 mm.

8n2mnVceHA(Avsp)

e

A(Av,)>2(V,)/h = gg <
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®
O

c—d Left

d— c Left

| | |
8 9 10 1
# measurement run

c —d Right

d — ¢ Right
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Sp

=2Jr-(1—yHe/yXe)

SR

2010

Test data

30 -
20-

104 T

Avg, (nHz)

20 4
30 -
_40 -

104 *

50 -

-

| | |
8 9 10
# measurement run

15



Exclusion Plot

Excluded region

10'32 111l I ] L L1y | I N | I ] ] 1 |
107 10 103 102 107!

1: S.A. Hoedel (2011)
A (m) 2: G.D. Hammond (2007)
3: W-T. Ni (1998)




Exclusion Plot

10~ et —rrrem—r e

107" AN Q

10720 N~
qu \\
X 1072
2 o \
(@)
10—26 \
\\ 1: A.K. Petukhov (2010)
N 2N 2: AN, Youdin (1996)
10729 e /_.t N\ 3: A.P. Serebrov (2010)
=SS
10—32 _|_|_|_|_u,|ﬂ 1 |||||||H L L L
10 10> 10™* 102 102 10" 10° 10
A [m]

Plot taken from: G. Raffelt, Phys. Rev. D 86, 015001 (2012)



Influence of the
Bi,Ge,O,, crystalon T,




Systematic errors

Transversal field gradients

YHe
YXe

Aw=mm— W

> N

§$As BO




Systematic errors

Transversal field gradients —

A(D = (DHe - the = A(DCM = YHe . (BXe + AB) - YHe . BXe = YHe . A]3|.H(t-t0)|

YXe
AB 3 pT 2z <
simulated: —=—B <0.08— A
As 0z BGO( ) cm
e
Barometric formula: Sie »
. :tAs B
Mgo SXe 0
p(Z) = p * exp — Z
0 RGT <
= As=S, -S, =1.2-10"m <
BGO magn. susceptibility ¥ =~-19-100@B=1.5T
S. Yamamoto, IEEE,
Transationsactions
a YHe on Nuclear Sience,

= AVCM— As-—B

Py BGO( ) 23_5(1 e y yXe) <0.03 nHz Vol. 50, No. 5, 2003




Systematic errors

~li—

Field gradients (general)

T, ie1lg in low magnetic fields (G. D. Cates, et al., Phys. Rev. A 37, 2877)

MVEl A 2 = 2 ~ 2 . P
SR L _ARY (‘VBLZ +|VB, | +2|VB, | )ocR4°p~\VB\
TZ Tl T2, field TZ, field 1 75D
BGO magn. susceptibility y~-19-10@B=1.5T oS etoms on

=> additional field gradients




Systematic errors

—~i—

Field gradients (general)

LI 1 _4RY (WB “+|vB, | +2VB ‘2)ocR4 p-|VB[
TZ Tl T2, field TZ, field 175D v b b

BGO magn. susceptibility % ~-19-10@B=1.5T

=> additional field gradients

Error due to changes of T,"

AT,y 13 lag |t
) 2

* 2 *
(T ) Tz He 2 T2,Xe
T 2. He
|AVS;S <
. 2n(1—yHe/yXe)
BO with: <aHe> ~11.5rad, <aXe> ~0.1rad, t, =3 h,
< T, =530, T, =5h, AT, |<160s
T
= HA\/ 2 1<0.1 nHz
< Sys




Comsol Simulation
T ——

0,000 -

-0,001 -

-0,002 -

B (nT)

— _K5. e
-0,003 - B (pT)=-5-exp(-x"/16)

-0,004 -

-0,005 -

10,006 L BN
20 -10 0 10 20



Comsol Simulation

‘\

(pT)=-5-exp(-x"/16) = dB,, / 0x (pT/cm)=+10/16-x-exp(-x"/16)

Assumption:

BBGO



Comsol Simulation

\

(pT)=-5-exp(-x"/16) = dB,., /0x (pT/cm) = +10/16-x-exp(-x° /16)

Assumption:

BBGO

3 " / :\\ | 0B,/ 0x=047TpT /cm
S 08 | | peo
o 1 1
SN EVARRIAN .
‘é 0.6 / | |
E 0.4 : : 0By.n /0y, 0By, 107 << 0By, / 0x
3 05 / : \ :

' | AN |

oo/\

0 2 4 6 8 10

x (cm)



Determination of T,

C  8000] Exponential fit of amplitudes:

= .

2 .

S 6000} ~t/T,
3 :\ ﬁt (t ) =d," €

S 4000




amplitude (fT)

Determination of T,

80005 Exponential fit of amplitudes:
6000 4T,
| it)=a,e
4000:\\ f ( ) 0
2000:
0 2 4 5
time (h)
= 20
Residuals: O : .
'g 10—~ fﬁﬁ-"
residuals(t) = a(t) - fit(t) | = H"“*ﬁ...._ P e
g- O - z!‘a %%aﬁ:?&'f{?“’ "??B-
T 40 < I
0 2 4 6 8




Decay of Amplitudes
\

A(t)=fa(t)-]fl)(t).]2(t),....AO.e—t/Tz

a.) Drift of SQUIDs and motion of SQUIDs in the magnetic field f,(z)

b.) Changes of the field gradients

l t) A
Ratiofty e Jue® Sox® A

jfb,He (t) f.c,He (t) AO,He r i T;,Xe i Tg,He

= Dirift £ (z) due to SQUIDs and motion of SQUIDs in the magnetic drops
out.




SR Measurements september 2010

green: Z2E+Z5S, red: Z3D-Z2S, black: Z3I-Z1S
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ResidualsRatio

LV Measurements march 2009
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