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proton

Protons :29kg
Neutrons: 24kg
Electrons: 16 g
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The Neutron and its surrounding

Jpractical® neutrons and their energy range

Range Ultracold Cold Thermal Epithermal Fast
300neV 10 meV 300 meV 10keV 20 MeV
Velocity (ms™) | | | | | |
1 10° 10°
Wavelength (m) | | | |
10°° 107° 107" 107"
Energy (eV) | | B | — | | ' | | |
\ 10 10°° J 107 107 1 10° 10° 10°
Interaction Potential Typical numbers
Nuclear (optical) 27th*b O(r)/m V. ~50neV
Gravitational mg-r ~100neV per m
Magnetic —u - B(r, t) ~60neV per 1
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LMU

The Universe

b4 + +

BigBang 10*sec 10~ sec 100 sec 400,000 years 10 billionyears 13.7 billion years
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LMU

Tum

e Neutron and the History of the Universe :
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- LMU

e Neutron and the History of the Universe e

Stringtheory:
> 3 spatial dimensions
e Curled up? Size scale ?
* Deviations from Newtons law

B”'ﬁgl"

g
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LMU

mm

e Neutron and the History of the Universe afl(Qe

Baryogenesis (e.g. GUT):
e Baryon number violation

* CP violation

 Thermal non-equilibrium

b4 4

BigBang 10*sec 107°°s
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LMU

he Neutron and the History of the Universe af (e

Electroweak Baryogensis :
* Baryon number violation (Sphaleron)
* CP Violation (e.g. EDM neutron)

* Thermal non-equilibrium
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LMU
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'he Neutron and the History of the Universe e

Primordial nucleosynthesis:
How many neutrons available for
nucleosynthesis

* Coupling constants

e Lifetime

b4 4 } } A

BigBang 10*sec 107°sec 10"%sec 10~ sec 100 sec
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- The Neutron and the History of the Universe al((ens

Production of heavy elements
Supernova explosions and NS mergers
Nuclear physics in neutron rich stars

e
e V
. [—
V
- — V /
& v E
V
§ H
- ‘,
&
V
. v &
7
BigBang 10*sec 107°sec 10 "%sec 10~°sec 100 sec 400,000 years 10 billionyears 13.7 billion years
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he Neutron and the History of the Universe af{(e

b4 4 A ;

BigBang 10*sec 107°sec 10"%sec 100 sec 400,000 years 10 billionyears 13.7 billion years
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1043 Sec. past Big-Bang: How it all began

Superstrings: a

Forces unified
The world is 10+1-dimensional
Only 4 dimensions participate in inflationary expansion

All other Dimensions are curled up

S|

BigBang 10 *sec
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10-43 Sek. nach Big Bang: Neutronen testen den Raum

Neutrons test law of gravitation

IS ?

N

Bilg &
B% = Deviations at small distances could hint to higher

dimensions
= Neutrons sensitive to

= Quantum states in earth gravitational field

S|

BigBang 10 *sec
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Gravitation — Quantisation in Earth Gravitational field

'‘Nothing yel, .. . How about you, Newton?”
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Gravitation — Quantisation in Earth Gravitational field af(ee

B2 52 I AN AN
( 2, 022 | mg92> Yk = th iy 6 |
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Gravitation — Quantisation in Earth Gravitational field

E [peV]
n=s VA & i
(4.78)
n=4 N
(4.09)
heutron absorber ¥
(3.32) Vi
=2 I/ N/ 1A 1y
2050 (2.46)
10 pm
...elc. n=1 .
n=1 n=2 n=. n=4 1.40) T 7777
L , y
- 0 10 20 30 40 50 60
Z [um]
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m Gravitation — Bound states in Earth‘s field ' C)R'G'Ns
Sensitivity: peV

Distance scales : <10um

Nature 415 299 (2002)

an(z) Iec
Z axis P bt

- [\
e

20 um

10 pm

n=1 n= n=. n=4
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Gravitation — Bound states in Earth’s field

Sensitivity: peV
Distance scales : <10um
Nature 415 299 (2002)

Z axis 2 [Py /

P AR~
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Gravitation — Bound states in Earth’s field

Sensitivity: peV
Distance scales : <10um
Nature 415 299 (2002)
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Gravitation — Bound states in Earth’s field

Sensitivity: peV
Distance scales : <10um
Nature 415 299 (2002)
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Gravitation — Bound states in Earth’s field

Sensitivity: peV
Distance scales : <10um
Nature 415 299 (2002)
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Gravitation — Quantization in Earth Field Il

E [peV]

Yukawa coupling:
» strength o

* range A

Until now:

Atomic force microscope:
 Newtonr> 10um

Problem: Casimir effect (,falsch“-effect)

Neutrons:
* limits for Newton: r < 10um

* range: 1 nm <A <100 pum
* strength: oo ~ 108
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avitation: Q-Bounce

Abele et al.: arXiv:1510.03078v1

# Magnetic shielding
B Detector

[] Scatterer

B Neutron mirrors
B Collimating system
£ ucN - Beam pipe
] Vacuum chamber

Bl Granite table
Bl Active antivibration control

H. Abele et al.

Tum
‘ ORIGINS
Excellence Cluster
™
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TI_ITI Gravitation: Q-Bounce

Abele et al.: arXiv:1510.03078v1

H. Abele et al.

# Magnetic shielding
B Detector

[] Scatterer

B Neutron mirrors
B Colimating system
[ ucN - Beam pipe
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Abele et al.: arXiv:1510.03078v1 =
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LM

~ Gravitation: New Generation Measurements (measure time/frequency) {2
 Level scale H. Abele et al.
e Determine level distance via induction of transitions :‘” ° T
p) —eo— —

e Mechanical excitation

 Magnetic excitations(Granit)-Exp MHHHHHNHHM H H HHH Hm é
» Energy resolution i--
 Rabi method | ”

e use 2-level system with transition frequency—,,®3mor

o

* |nduce mechanical transitions (replace RF field)
* Phase comparison with external mechanical oscillator (kHz)
* Energy change of UCN (Granit-Exp)

* Sensitivity  V@=mugz) +  WOEz-z,)  +  Vy,2)

J

Gravity Fermi-pseudopotential hypothetical

potential
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- Gravitation: New Generation Measurements (measure time/frequency) g

Irz

. Level scale H Abelelet aI -

* Determine level distance via induction of transitions :Zi_._ o L
 Mechanical excitation
 Magnetic excitations(Granit)-Exp E!W

-—é

* Energy resolution
* Rabi method

e use 2-level system with transition frequency—,,®3mor

o

* |nduce mechanical transitions (replace RF field)
‘E.

* Phase comparison with external mechanical oscillator (kHz) g%
* Energy change of UCN (Granit-Exp)

» Sensitivity  V@=mz0+  ViOz-z,)  + V2
Grawty Fermi-pseudopotential hypothetical

potential
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a Probability distribution

Height above mirror (um)

Observed transitions:

60

50

o
o

o

254.672
463.174
647.449
208.502
392.777
561.229

v’
2
{2
val’
I E, E, E, E, E,
Mirror vibrating
at frequency Energy (peV)
1.407 2.459 3.321  4.083  4.779

6—>

[ —eeeeeep ()

N—eeeeeeoeoooy

b Measured transmission

== Model fit
_ @ Data
1.2 ] o
4 ©
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Gravity Resonance Spectroscopy



a Probability distribution b Measured transmission

60 - ) == Model fit

- 2 T
i ‘l//5| 1.2: " o ® Data

SMISSION

Energy AE =2 -10-15 eV “ |
by GRS |
|

Height above mirror (um)

500 550 600 650 700

1 2
Mirror vibrating

at frequency Energy (peV) cillation frequency (Hz)
C . :
1.407 2 450 332 Transition frequencies
- o | measured by fitting
o 254.672 Rz -— a model to the data
S
= 463.174Hz ®——I——>© 1) <> |3)
S 647.449Hz @ e——t——v—s 0 1) <> |4)
< 208.502 Hz > O
= 392.777 Rz O
O JTTF — ¢
2 Gravity Resonance Spectroscopy
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Models, Sensitivity and distance scales af(Ce

"1 ; |
I(l — o ()—r//\).

- Yukawa type force V(r) = —G

- Extra dimensions:

V(r)

2
mc

- Symmetrons dark energy with new scalar field V(z) =mgzA s ¢ (z)

Which distance scale 7
dark matter density: pa= 3.8 keV/cm3 corresponds to a distance scale 1, ~ {4/ help, ~ 85 um

Experiment Sensitivity

* Limits for Newtons law: about 1Tum
* Sensitivity for Yukawa contribution:

e Strength .~ 108
 Range A ~20um
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Using observed transitions

N=10 F "~ /\\//\ / |
n=9k= £\ -\ LT _

< ~_ N .
. / 1601.37 Hz

n=38: ; j O .
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n=7:f=___ O — =
i | o
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N=6:F—< /i a I
o Py 1155.60Hz g <

9! N ~_
L= TN A = 4 0832 peV 987.24 Hz

. N 4 |
../ E=3.3214 peV 803.05 Hz

n=3: *
n=2- |4 . 4 = 2.4399 peV 594.66 Hz

340.12 Hz

n

10 20 30 40 50 60 heightz [ym]


https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga
https://media.nature.com/original/magazine-assets/d41586-019-02375-0/d41586-019-02375-0_17037682.mpga

A A

Ilspin upll
neutron...

1. B
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2. flip pulse... CE
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) \% flip pulse. Cz

clock comparison:

external oscillator
neutron

Clock adjustment

Clock comparison
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Energy Measurements — Ramsey method

1ISION

O
O
-
ol

Ilspin upll
neutron

1st 7t/2 spin
=~ Jlip pulse...

I

precession

2ndm/2 spin
flip pulse.
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oy
B “Spin up” S

1. neutron... ::::::::::::::j::j:jjjjiiiliillﬁﬁﬁ'.ﬁff_i
1st /2 spin —

2. flip pulse... CE
e,
3. S~ ) precession .::::::ijﬁjﬁﬁﬁfﬁfﬁ:f.f.f;
foratimeT |

A S O 2ndn/2 spin ED
g flip pulse. Cz

Precision Energy Measurements — Ramsey method

exploit AE - At < h
make At = T large (observation time)
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Tum,

Ramsey Separated Oscillatory field method - gBounce Expt :

prepare ground state
induce 7/ flip (energy transfer)

" /2 flip /2 flip
create coherent s.uperposmon of two states to 6> to/from | 6>
free propagation
| - | ground state ground state
wave functions propagate in time adjust selector analyser
to the gravity potential free propagation
possible phase shift between states develops Qo bhorer | Qitbmpen
induce 7z/2 flip (energy transfer) o —
m,l_lllnlaunnuuunuuunuu-l
test resulting superposition w
2 modes: I 11 11 IV \Y%
flip + /2 (remove ground state)
flip — /2 (repopulate ground state) o> O o> — |0 jon E
analyse intensity of ground state i e 7 T
11> O—C |1> é—»’“‘ 11> O—0O 11> C—— 11
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orepare ground state D =
induce /2 flip (energy transfer) @

create coherent superposition of two states

‘-
=
i)
~
3
o

=N T - S,

: T 3 o O A * 2

free propagation S g Q 5 5

_ o | ground state S N, % N, S <

wave functions propagate in time adjust selector S S v S
S : S

to the gravity potential
possible phase shift between states develops Contierer

induce 7z/2 flip (energy transfer)

test resulting superposition
2 modes: I 11 11 IV \Y%
flip + /2 (remove ground state)

flip — m/2 (repopulate ground state) o> Qe o> — o> — o> — o> —
: : 6> O—ss 65 ——O 16> O—O 6> O—0 6> O—s2
analyse intensity of ground state ; Fs : s ;
11> @—0 11> —O 11> O—CO 11> O |1>

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025 oscillator oscillator



amsey Spectroscopy, qBOUNCE EXPERIMENT

- LMU

JES-
0

* Frequency sweep 930-1020 Hz

r [mcps]
25+
” e

2

1

1

v [HZ]
940 960 980 1000 1020
Region |l Region ll Region 1] Region IV Region V

ultracold
Nneutrons

Stephan

n
5 'ﬂip

neutrormnr
counter

tube
Y ¥ v Y v v
initral oscillating coherent oscillating final
energy state mirror superposibion of mirror energy state
preparation energy states analysis

3) -
1) -
2) =

in 4.3 Hz steps
* Three transitions

9)
6)
8)

g = 9.814 4+ 0.001 [m/s?]




amsey Spectroscopy, qBOUNCE EXPERIMENT

- LMU

JES-
0

* Frequency sweep 930-1020 Hz

in 4.3 Hz steps

r [meS] * Three transitions
! 3) - 19)
i N * 1) > [6)
251 - - | ‘ .+ 12) - 18)
i A | ~N T
b o —T ¢ g = 9.814 + 0.001 [m/s?]
2 o
Energy AE =4 -10-17 eV :
1 Ramsey Spectroscopy Method of
1 Separated Oscillatory Field by GRS
E=hv
— — v [Hz
940 O 1020 [Hz]
Region | gion V
ultracold neutrorr
neutrons fgg:ter
Yy ¥ Y Yy ¥y 9
initral oscillating coherent oscillating final
energy state mireor SUDErpoOSIDON of mirror energy state

Stephan preparation energy states analysis



ravitational Spectroscopy: Measure the Neutron’s Electric Charge (@'Ns

L Hey, Bartender! For you, ...
® How much for a no charge.
mixed drink? e ﬁ',__l
b, £
-,
® oo
L e —— ‘"'Ju

W ussnr hg 100

2

L1410

_é —

A neutron walks into a bhar...
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Use Ramseys method
* Sensitivity
* Superimpose an electric potential on the gravitational potential

Ener Regio
gy | “€gion 1 Region 2 |
Quantum state |> - --m—_,__ R\egm
e Reqi
___________ N€gion 4
Quantum state [p> ----—@_ o Coherent arm===---_ Region 5
: “""‘\-_____ of P> 3 superPOSitl.(;F) """""" ---
= polarizef S nd Iq> o T—-
'T M A A T - ?
Mirror 1 Mi /2 -fIp R Tl | ﬁ T T T . - —
and scatterer iy o 2 lyzer
on top (‘;‘;'g}”coup,ed Mirror 3, /2 P -
fli ,-:t atOr, ﬂ,ght path L MirrOr 4 . m
ght path | €lectric fig| with ¢ Mirror 5 - Jwron
dE oscill (:u | and scatt ﬂlght path
na erer
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Gravitational Spectroscopy: Measure the Neutron’s Electric Charge

Use Ramseys method
* Sensitivity

* Superimpose an electric potential on the gravitational potential
. Search for frequency shift : AE = g - E = hAv

Energy | Region 1 Region

Negion 2
Quantum state |> - --m—_,__
= =~ —
Quantum state |p> |----—@ _ o
. I il ——
Mirror 1 . 7/2 -fp
and scatter rror 2
on tOp er with Coupled Mirror 3
Oscillator, flight path L
Ight path | electric field E
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Gravitational Spectroscopy: Measure the Neutron’s Electric Charge

Use Ramseys method H. Abele et al. 2023
* Sensitivity

* Superimpose an electric potential on the gravitational potential

. Search for frequency shift : AE = g - E = hAv

« prototype measurement: g, < 1071 . e M

- ‘
§ 1.0]
a
g i
° e 1000
g 08 e 1750
) I
¥

0.7

380 385 390 395 400 405

Frequency [HZ]

. future: g, < 10721 . ¢ (best present limit)
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10-35 bis 10-32sec. Past Big Bang

Inflation:

= Amplification of quantum fluctuations of energy
density ( )

= They are at origin of creation of galaxies (later)

S SR

BigBang 10*sec 107°sec

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025



10-34 bis 10-33 Seconds after Big Bang

are made form 9th digit 1,000000001

S S

BigBang 10*sec 1073°sec
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10-34 bis 10-33 Seconds after Big Bang ;

( ORIGINS
-

‘.
'

are made form 9th digit 1,000000001

S S

BigBang 10*sec 1073°sec
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10-34 bis 10-33 Sekunden nach dem Big Bang

Physics processes:

e CP-Violation
 n-EDM

Baryon number violation
* Not observed till today

Thermal non-equilibrium
* |nflation

S S

BigBang 10*sec 1073°sec
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m LMU

((‘omems
- ? Excellence Cluster

and CP-Violation

« P —mirror operation (x = - x)

» C - charge conjugation (q > - q)

= T—timereversal (t 2 -t) cccevrevrrennenen.

CPT must be conserved!
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The role of an n-EDM

EDM is test for flavour diagonal CP

» Test of vacuum structure at small distances
» Background free probe for ‘new physics’ ( on contrast to CKM ind.. CP)

CP violation in nucleon (neutron) needed for

» Baryogenesis Problem (matter vs antimatter in universe)
cosmological necessity (Sakharov criteria)

» Test CP violating part in QCD (6-term)
Magic fine tuning to zero (6 < 10-9)

EDM is studied In

= Diamagnetic atoms (strong CP problem)
» Paramagnetic atoms, molecules, (QF‘ inducing electron-EDM d,)

« Neutron (GP in quark-sector)

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025



- LMU

JES-
0

strong interaction

\ CP-violating term

1fm

GrNNJxNN My
d, = D, (k* =0) = In { —
( )= iy m ( )

~ 0 x2x 1071 — cm
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- LMU

utron EDM @'Ns

electroweak interaction

M
)
//////////—’ W—I_, K 0.001fm

d S
Pk : Pk I/ .
W CP-violating CKM\
u i d
P4k P+k d ' t \ S
‘ — l_
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Standard Model EDM

pion-nucleon picture

(d and ) y external EM-field
i AP S N
/// \\\\
n ’ " 2’_ é@ ’n
\\Q‘P vertex
W
S ]
C,! C,t
CKM
g
u)d u,d

d M~ 1032 e cm
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JES-
0

Supersymmetry creates many CP violating phases

quark EDM

g, W.B e )
0.2/Mpew fm
/X\ : 10 TeV:
q1,> Y ; - :In .'l ". i 2+ 105 fm
) xi xi ar(ly)
“, :
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LMU

‘New Physics at the TEV scale e

iz

Yy = E-field d m

Dimensionless
coupling
constant

T-violating
phase

A, ~10"MeV =10 TeV

sing ~ 1

(new heavy particle)
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How to measure an EDM ?

Ramsey method
e.g. double chamber System

Aw = w4y —wy, =4 -d, -E/h
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TI.ITI EDM-Measurement

Neutron
Larmor frequency

HF normal
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Measure: neutron EDM — Ramsey method

A
b A “cpi . :::;:::::::::::::::::::::::::iff clock Comparison:
pin up S
1 neutron.. |
neutron
—
1st ;t/2 spin —
flip pulse... C_i Clock adjustment
T @, free
precession. |
@ ndnj2spin ——
* % f/Zo Z/SZ"'” —— | Clock comparison
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 Measure: neutron EDM — Ramsey method
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Measure: neutron EDM - Ramsey method

1 ”Spin upll
neutron...

1st /2 spin
flip pulse...

............... : free
pl’ ecession.
g @ 2ndn/2spin
% flip pulse.

< 4 M Q

= aET\m

Figure of Merit

visibility of Ramsey pattern
electric field strength

time of free precession
number of neutrons observed

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025




e

cold Neutrons (UCN)

- Kinetic energy < 250 neV (< 7 m/s velocity)

- Gravitational potential 100 neV/m (< 2.5m against gravity)
ey Se e ¢ - magnetic level splitting  ~ 60 neV/T

Ve v 3o ¥ i®% - Strong interaction: n reflect from many surfaces

Y /’ ‘ Fermi-potential < 340 neV
Source @ ILL Grenoble UCN storage for ~ 885 s (p-decay time)
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cold Neutrons (UCN)

- Kinetic energy < 250 neV (< 7 m/s velocity)

- Gravitational potential 100 neV/m (< 2.5m against gravity)
ey Se e ¢ - magnetic level splitting  ~ 60 neV/T

Ve v 3o ¥ i®% - Strong interaction: n reflect from many surfaces

Y /’ ‘ Fermi-potential < 340 neV
Source @ ILL Grenoble UCN storage for ~ 885 s (p-decay time)
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LMU

 How accurately do we have to measure ? E@

Iz

Neutron(spin) precession of 30 Hz

Present sensitivity:
one spin-rotation in 180 days

energy resolution: Egpy = 3 -10-22 eV

' d, | <3:1026 e-cm

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025



LMU

 How accurately do we have to measure ? E@

Neutron(spin) precession of 30 Hz

Present sensitivity: planned sensitivity:
one spin-rotation in 180 days one spin rotation in 50 years

energy resolution: Egpy = 3 -10-22 eV energy resolution: Egpy = 3 -10-24 eV

' d, | <3:1026 e-cm | d, | <3-10-28 e:cm
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How accurately do we have to measure ? e

Measurement will exclude many
,false” theories and , hypotheses”

neutron

. __awy

o A ORI £ e 5 %
N A s &\ E - s ¥ 3
\ . . ~ ’ .
bk TN 0 i, é‘\' ~ DR @i ¢ 7 >
- ) NN ”~ s . = ;
vy p p o A BTRY/
. 3 : N it ‘ ‘e,
i A ) . N " \;‘. /4 1 ’
» 5 \\‘ » 'd‘)* G . - 4 v
» 1 Ve : .
o) . S A
h ! " 3R R v ’ t
I RGN, . Y S~ .
% A v e

¥ I{,{ e

charge separation charge separation
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Neutron EDM searches and friends

Closed Shell Systems (no direct d.)

Neutron EDM is purest system

10—18 ®
. O
Closed shell systems probe variety of 1020
underlying CP violating effects 00
Requires theory to = 10-22 O X
. extract signal strength O ® y
* interpretation (static: electron, A/ ® O
nucleon, quark, dynamic: e-N = 1074 @ neutron ‘0 PN
interaction) 0 * Hg L% 04 Q
_76 [] O @
107“°r m Xe 0
TIF * .
10-28 X Ra x
Yb o
1950 1960 1970 1980 1990 2000 2010 2020
Year
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LMU

Neutron EDM searches and friends (:

Closed Shell Systems (no direct de)

O
10~ 18 [
New/planned activities
O
10~ 20|
Collaboration| Species Method Sensitivity Status |
(1072 ecm) __ Q0O
PanEDM I n UCN 380 Commissioning E —79 O X
PanEDM 11 n UCN 79 Commissioning O 1 O i ®
Beam EDM n beam 500 proof-of-principle L o X
n2EDM n UCN 110 Start data-taking . O
n2EDMagic n UCN 50 Construction S 1 O —24| £ @ ®
nEDMsf n UCN 20 Development A ® neutron “ o0
O
- 107%°F m Xe - O ° %o
time scale: 5-15 years
. TIF * _
aim:d, < 107" e - cm 10-28 X Ra *
). ¢
Yb )
1950 1960 1970 1980 1990 2000 2010 2020
Year
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The Real Setup

EETToTET

&
= gz o
L s e R 2
1
SMM 10
Lo

Fierlinger et al.

= : ==

FRAM I

DFG 25 i EDM %

Auf der Suche nach der Erxlarung fur die Materie-Antimaterie-Asymmetrie im Universum

Magnetische Abschirmung

fur die Messung des Elektrischen Dipolmoments des Neutrons
an der Technischen Universitat Minchen

RAMY MU

+ D U T Excellence Cluster
Univorse
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The Real Setup af(Cmee

Fierlinger et al.
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- LMU

‘Real Setup (e

Fierlinger et al. "

Key: avoid magnetic false effects

- perfect” magnetic shielding - best room worldwide (remaining field few fT)
-, Perfect” control over non-magnetic material

- Frequent and rapid demagnetization

-+ Co-magnetometry (199Hg)

- NEDM <1028 e cm In reach

- missing : UCN !
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- LMU

new EDM apparatus PanEDM (e

w magnetometer

online access
channels

UCN

+199Hg chambers

h voltage
electrode 200 kV

Goal: o(d,,) <5.10-28 ecm (30) with 200 days data, stat.+syst.
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LMU

e new EDM apparatus PanEDM

Experiment - Setup Magnetic shielding

N

“* -

.‘.._,_1 | —

-

=

=N

=200 0
—h,

Neutrons,  § -

Measuring cell
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LMU

'External Magnetic Shielding af(es

Fierlinger et al. "
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* The ‘best performing’ shield
- SF 108 @ 1mHz (w/o ext. comp. coil)
 Degaussingin 30 s
* Jechnology understood and available
* Further improvements possible

« Measured field in outer shield:
<3 nT in 5 cm distance from shield walls
<0.5nTin 1 m3volume
<150 pT in EDM cell volume
<1 pT/cm gradient in
0.5 m diameter

Key Issue: magnetometry
* Cs magnetometers and Hg co-magnetometer
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Until 10-6 Seconds past Big Bang

Soup of material particles and force
particles in steady exchange

Simultaneously —

Modification of coupling strength

Universe becomes ‘left handed’

BigBang 10*sec 107°sec
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-1 A modern Goldhaber experiment

Helicity of Neutrinos™

M. GOLDBABER, L. GroDZINS, AND A. W. SUNYAR

Brookhaven National Laboratory, U pton, New YVork
(Received December 11, 1957)

COMBINED analysis of circular polarization and

resonant scattering of v rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eut®?™,
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
1somer compatible with its decay scheme,! 0—, we find
that the neutrino is “left-handed,” ie., o, p,=—1
(negative helicity).
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A Modern Goldhaber Experiment

Observe neutron decay:

2-body decay : properties of the /7 are a mirror of the v,

properties G- B B
HH: — — :O’HVQ pH:_pVe
ol P
with HFS analysis: -0, and (0,+0,) -0

Small decay width (BR=4-10%) (83% 1s, 10% 25)
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Measurement technique

Unpolarised n decays in the magnetic field in a reactor tube

Selection: F, mg of hydrogen atom with spin filter method

ldentify: Hydrogen from n-decay via
= Doppler shift Laser ionisation process
= Ar charge exchange ionisation in H- (1S-2S state selectivity ~1:100)

= Magnetic spectroscopy

Rate: 0.3 H atoms/s in the 2S state

Physics:
« Relative rates F=0.1, mg =0.1 Signature of gs and g+
« Rate of F=1, mg = -1 shows (V+A)
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Measurement technique

- P 4 F=0,
\,c - C-~ me=0

W= 44.14 +/- 0.05

V. ¢um

W,= 0.622 +/- 0.011
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Principle of set-up

Reactor

Lamb shift
spin-filter

loinisation

:’.. spectroscopy

' Acceleration
Decay volume

n » Detection

H (F,m) p
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How to Detect 2-body Neutron Decay (nBOB)

» Use neutron source - FRMII (cold beam, core), ILL, CSNS
* Define decay volume
» Detect hydrogen atoms - microcalorimeter’

. Measure their energy - 326 eV with AE ~ 1 eV

n-beam detector (micro calorimeter)
HV ~ | Hv b )
n-beam n-beam
+1kV / -1kV >
. H-atom |
' n-decayvolume ¢ -
detector ! ‘ i

detector (micro calorimeter)

*together with Shuo Zhang (CSNS) L
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Precision and competition of BoB

Expected precision;

« Improvement of gs (upper limit): Factor 10 in 4 doapo/e (e=edpdLrevyp)
— Previously: Ig /gy 1< 0.067°

= Improvement of gt (upper limit ): Factor 20 in 4 days/e
— Previously: Ig /gta 1<0.09 °

» Improvement of H, : factor 100 in 60 donpo/e (statistically)
— Previous realisation: 15% from u,t decays

Competition
= Neutron decay correlations
» Direct search of Wy at the LHC

= Muon and tau decays (Michel parameter) - presently best limits

At ILL: decay rates 10 times higher than in Munich

*Severijns et al. 2006: global fit with/without T, new
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.l Structure of the Weak Interaction

— Right-handed currents (left-right symmetrical models)
e Wi, Vi
 Measure left-handedness of the v

— Tensor or scalar forces

* 87, 8s
* Measure ratio of (V-A) coupling and total coupling
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Structure of the Weak Interaction

— currents (left-right symmetrical models)

e Measure left-handedness of the v
— or forces

* Measure ratio of (V-A) coupling and total coupling
* Use neutron decay: observe
— n— pev, —> Hv, with HFS analysis
— Small branching ratio (BR=4:10-6 ) (83% 1s, 10% 25s)

—

Gp. eand(g 6) pV

— Rate: 0.3 H atoms/s in 2s state
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Structure of the Weak Interaction

— currents (left-right symmetrical models)

e Measure left-handedness of the v
— or forces

* Measure ratio of (V-A) coupling and total coupling
* Use neutron decay: observe
— n— pev, —> Hv, with HFS analysis
— Small branching ratio (BR=4:10-6 ) (83% 1s, 10% 25s)

—

6, 0,and(0,+0,) Py
— Rate: 0.3 H atoms/s in 2s state
* Physics:
— Relative rates of F=0.1, m; =0.1 give signature of gc and g
- Rate of F=1, m; = -1 shows (V+A)
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10-2 — 103 Seconds after Big Bang

Primordial nucleosynthesis

BigBang 10*sec 107°sec
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Primordial Nucleosynthesis

t<1s, kT >1.3MeV (15 billion °C)*
thermal equilibrium

p+e = n+v
n+e" = p+v

Is<t<100s,0.1 MeV < kT < 1.3 MeV

-

neutron decay
N —sfdutie BV
n/p: 1/6 > 1/7

O

neutron decay

log(mass fraction)
thermal eqquilibrium
-

t>100s, kT <0.1 MeV, bec. of y/B

deuterium fusion

100 1000 10000
n + p — d + ’Y t [s]

*T in sun 60000°C at surface to 15 Mio°C in the core
epnan rau FecCiSion €



TI.ITI Primordial Nucleosynthesis (o

t<1s, kT >1.3MeV (15 billion °C)* t>100s, kT < 0.1 MeV (1.2 billion oC)
thermal equilibrium

— d+p — °He+7 "He +n
SO
P+€ P Yl—|—1/ d+d H + p ‘Li+p

+ T, d+d SHe + 1 7
n+e' — pAVlism ] -
He 4~ He Bes=4 SHe 4% He

SHe + d 4He+p

Is<t<100s,0.1 MeV < kT < 1.3 MeV

neutron decay
N —sflutie BV
n/p: 1/6 > 1/7

log(mass fraction)
thermal eqquilibrium

t>100s, kT <0.1 MeV, bec. of y/B

deuterium fusion

100 1000 10000
n + p — d + ’Y t [s]

*T in sun 6000°C at surface to 15 Mio°C in the core
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102 - 103 Seconds past Big Bang ;

( ORIGINS
-

Primordial nucleosynthesis

BigBang 10*sec 107°sec
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10-2 — 108 Seconds past Big Bang

No stable element with
Primordial nucleosynthesis A=5and A=38

c'leflet| e c”c”| c”| c”| - relevant quantity:

13 15 17

B B B
Be| Be and couplings

first 3 Minutes are
over

6 7 8 9 10 11 12 13
Neutrons

BigBang 10*sec 107°sec
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Neutron Lifetime and Nucleosynthesis

Three parameters:

N1 = (Ng/ n,) * 1010

» CMB (WMAP-Satellit)
Yo=4He/(p +4 He)

= Low metallicity (early) stars/galaxies

Tn
= EXperiments

Knowledge of weak and nuclear force:
* Helium abundance”
* Deuteron abundance(small)**

* Lithium abundance(small)** 10

10-1°
Verhaltnis Baryonen zu Photonen
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©  Particle Data Group / SuW-Grafik

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025



Neutron Lifetime and Nucleosynthesis

Three parameters:
N1 = (Ng/Nn,) * 1010

R B B B B _ B _ B _ B _=E B B P-------

L
O
e
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©
&
)
I

6

Ratio baryons to photons 19-1°
°* LIthium abundance(sma
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Neutron Lifetime and Nucleosynthesis

Three parameters:

N1 = (Ng/ny) * 1010

» CMB (WMAP-Satellit)
Yo=4He/(p +4 He)

= Low metallicity (early) stars/galaxies
Tn

= EXperiments

Knowledge of weak and nuclear force:
* Helium abundance”

* Deuteron abundance(small)**

* Lithium abundance(small)**
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Measurements
Plagued by

e systematic effects

e personal bias

e competition for
smallest quoted
uncertainties

Lifetime - Overview

neutron lifetime value [s]

Ll e bottle
O corrected
i beam
PDG mean
o000 —
PDG average
Beam average
¢+ UCN bottle experiments
800 — | ¥ Beam experiments
" ! |
{ T
880 — { { I
1 IR
870 | I | I | I
1985 1990 1995 2000 2005 2010 2015 2020 2025

Year
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A=l

LMU

_ifetime - Overview (@s
. =
Measurements
ArioonNnbank.cot
Plagued by
|
e systematic effects TRUTH)

e personal bias

e competition for
smallest quoted
uncertainties
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'Measurement of n-Lifetime with PENeLOPE

Magnetic trap
{Ith onlln‘e p:’detectlg Y
' !
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Storage volume |
700 |
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~ Measurement of n-Lifetime with PENeLOPE

Magnetic trap

{(th online p-detection
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‘Measurement of n-Lifetime with PENeLOPE

Detect protons online - Magnetic trap -
= Each measuring cycle gives expontential with online p-detection
= Post accelerate protons onto detector

Detect neutrons past storage time t
= Many cycles to get exponential

Assumption:

* new intense UCN source(FRMII, TRIUMF)
 UCN (gas-) density: p = 103-104 cm-3

Brnax=2T Bpn=103T

Volume: 700 |

Nstorage= 107 -108

Real time detection of p,e

L
[
O
00
-
4
O
>
3
-
@)
O
-
W
Q
S
(Vo)
~N
q

Statistical accuracy:
« At~1s per measuring cycle (30 min):
« At~0.1s In 2-4 days
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L
helium cryostat —= . ‘, racetrack coils

accelerating
electrode

storage coils

proton detector

neutron absorber

UCN entry
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Source for ultra cold Neutrons

FRM Il of TUM

Q-‘ ’ : ) ..‘ 5
: ‘ ol
I AR
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LMU

nm
((omsms
- 3 Excellence Cluster

™

Source for ultra cold Neutrons

Rant
Experiments -
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UCN Sources

hest source: SuperSun@ILL 235 UCN/cm3 with 3.6 - 10° total (new) (SFHe)
slanned source: TUCAN@TRIUMF 1.6 - 107/s - steady source (SFHe)

operating source: UCN@PSI 12 UCN/cm3with 4 - 10° total (since 2011)

upgraded source: UCN@LANL 180 UCN/cm3 - pulsed
nlanned source: UCN@FRMIlI 5000 UCN/cms3 - steady state source

use superfluid He @ 0.5K

R . . y | '::::::_..\ .

(S - P
. ) - ) _
, ) - \ \
. B N .\-‘ ) ) ~

neutron-phonon scattering

use solid deuterium @ 5K

Elementary Excitations
In Liguid Helium

* a similar source planned at CSNS | O ¢Y © Y9 | Momentum Q { £ in n-")

Stephan Paul | Precision experiments with cold and ultracold neutrons | Beijing 2025



m LMU

decelerating neutrons:

moderation:
- water (heavy water)
- liquid deuterium

cooling - superthermal source
- solid deuterium (5K)
- superfluid helium

~_
/ T\"\

thermisch
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LMU

| Source: Generating Ultra Cold Neutrons afl (e

strong new UCN source :
superthermal D,-source at FRM-II

FRM I
Forschungs-Neutronenquelle
. Heinz Maier-Leibnitz

Cryogenic supply lines || UCN converterin SR6 || D,O moderator vessel [ | SR6 beam port exit

(

o

i —

‘T_‘—ﬁ'

. e ¥

¢
(e .‘mmﬁ ._t;_.L ‘“‘ T )

o
s ‘q

Status: -
* UCN production tested é
* components ordered
* installation 2028 |
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Summary (e

* Particle physics with neutrons adresses the early Universe

* Precision experiments test model of particle physics

* Sensitivity beyond TeV scale
 Limit for mass scales given by precision alone
* No limit by particle energies

* Interpretation of deviations not unique
* need several complementary measurements

* Precision experiments test gravitation

* Complementary to ,classical methods’
* No principle limit (background free measurement)

* New neutron sources (UCN-source, cold beams) erected (ILL) or in
construction (FRMII, TRIUMF, CSNS)

* Internationally active field of science
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