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OverviewOverview

The first 3 minutes of the Universe (in a nutshell)

Weak interaction properties of hadrons
–– NeutronNeutron lifetimelifetime measurementmeasurement

Flavour diagonal CP-violation 
–– EDM EDM of the of the neutronneutron

Nature and the search for right-handed partners
–– NeutronNeutron bound bound ββ--decaydecay

Toolbox: Ultracold neutrons
–– Sources with Sources with DD22 converter converter 
–– Sources with Sources with superfluidsuperfluid heliumhelium

Summary
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10-43 seconds:

The curtain is being lifted…

Superstrings: a ‘Weltformel’ ?

• All forces are unified
• The world is 10-dimensional
• However, only 4 dimensions have participated in 

the expansion of space All other dimensions are 
curled up

Space and time are foamlike….
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10-35 - 10-32 s:

Inflation:
within 10-32 seconds space 
expands by a factor 1050

• Quantum-fluctuations in the energy density   
are being amplified 
(3 K background radiation)

• The build the base for future galaxy formation
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A tiny excess of matter over 
antimatter is created

We are made from the 1 in the ninth decimal
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Until 10-10 seconds:

Soup from elementary particles 
and exchange bosons constantly 
interacting

Thereby cooling off by spatial 
expansion and modification of 
coupling strength
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10-10-10-6 seconds:
Electroweak symmetry 

breaking

Neutrinos decouple: 
Weak interaction is becoming too 
weak, neutrinos stop exchanging 
energy and momentum with 
other particles
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10-2-103 seconds:

Creation of first elements: 
Primordial nucleosynthesis

The first 3 minutes 
are over

No stable elements 
with
A=5, 8

4He is heaviest 
element
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105 years:
Creation of atoms

Decoupling of photons

From 109 years on:
Creation of stars and galaxies
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Neutron decay and BBNeutron decay and BB--NucleosynthesisNucleosynthesis

< 1 second after Bing Bang:
–– Electroweak process: Electroweak process: ggVV, , ggAA

–– proton/neutron = 6:1, freeze out at proton/neutron = 6:1, freeze out at kT~kT~∆∆mmpnpn

> 1second after Big Bang: 
–– proton/neutron changes by proton/neutron changes by nn--decaydecay to 7:1to 7:1

100 seconds (kT = 0.1 MeV)
–– Deuteron formationDeuteron formation

Helium formation
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Neutron lifetime and CosmologyNeutron lifetime and Cosmology

Three parameters:
–– ηη1010 = (n= (nBB / n/ nγγ) * 10) * 101010

WMAPWMAP

–– YYpp = He / p= He / p
MetalMetal--poorpoor stars/galaxiesstars/galaxies

–– ττnn

ExperimentsExperiments

Using standard weak/nuclear
physics codes
–– Deuteron Deuteron abundanceabundance ((smallsmall))
–– Helium Helium abundanceabundance
–– Lithium Lithium abundanceabundance ((smallsmall))
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Primordial NucleosynthesisPrimordial Nucleosynthesis

Element generation as function of time
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Current status of resultsCurrent status of results

new

PDG 2004 τ=885.7±0.8 s

Lifetime τ :

Current type of Experiments
–– In beam experiments In beam experiments -- count decays in count decays in fiducialfiducial volumevolume
–– Storage experiments Storage experiments -- count decays after a preset storage time count decays after a preset storage time tt

Storage lossesStorage losses
Loss of time informationLoss of time information

Present values
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Measurement of the LifetimeMeasurement of the Lifetime

A new lifetime experiment
–– High statisticsHigh statistics (large volume)(large volume)
–– Minimize Minimize systematicsystematic effectseffects

No wall losses (no material walls)No wall losses (no material walls)
Detection of surviving n after storage time tDetection of surviving n after storage time t
Online detection of decayOnline detection of decay--protonsprotons

–– Detect Detect defectsdefects
Depolarized neutronsDepolarized neutrons
Vary spring tensionVary spring tension

Magnetic bottle for UCN

–– µµnn = = -- 60.3 60.3 neVneV/T/T
–– BBmaxmax = 2 T= 2 T
–– attraction for attraction for 

F ( B)= −∇ µ ⋅

Bµ
r ur



PSI Workshop PSI Workshop 1515

Neutron trajectories

good bad

Experimental setupExperimental setup

Magnetic 
multipole
Beff ~ 2T

Current rod

Proton detection

Proton 
trajectories
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Design

1.1 m

1 m

Assume: new high-density UCN source
(FRMII, PSI)
–– UCN (gasUCN (gas--) density: r = 10) density: r = 1033--101044 cmcm--33

–– BBmaxmax= 2 T= 2 T BBminmin= 10= 10--3 T3 T
–– Volume: 700 lVolume: 700 l
–– NNstoredstored = 10= 1077 --101088

–– Statistical accuracy:Statistical accuracy:
∆∆tt ~ 1s     per measurement cycle (30 min):~ 1s     per measurement cycle (30 min):
∆∆tt ~ 0.1s  in 2~ 0.1s  in 2--4 days4 days
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CPCP--violation and EDMviolation and EDM

EDM is a test for flavour diagonal CP
–– Test of structure of vacuum at small distance scalesTest of structure of vacuum at small distance scales
–– Background free probe for ‘new physics’ (unlike CKM induced CP)Background free probe for ‘new physics’ (unlike CKM induced CP)

CP violation in nucleons (neutron) needed for
–– BaryogenesisBaryogenesis problem (matter vs. antimatter in the universe)problem (matter vs. antimatter in the universe)

Cosmological requirement (Sakharov criteria)Cosmological requirement (Sakharov criteria)
Inflationary scenario suggests dynamical generation of baryon nuInflationary scenario suggests dynamical generation of baryon numbermber

–– Test CP violating part in Test CP violating part in QCD QCD ((θθ--termterm))
MagicallyMagically finefine--tunedtuned to to zerozero

EDM can be studied in 
–– DiamagneticDiamagnetic atomsatoms
–– ParamagneticParamagnetic atomsatoms, , moleculesmolecules (CP (CP inducinginducing electronelectron--EDMEDM ddee))
–– NeutronNeutron (CP in (CP in quarkquark sectorsector))
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Search for Electric Dipole MomentsSearch for Electric Dipole Moments
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Electric Dipole Moments and PhysicsElectric Dipole Moments and Physics

Thallium, YbF

atom/molecule
level

CP from particles to atoms (main connections)
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level
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Ramsey method (split oscillatory fields)
Two-chamber system

How to measure an EDMHow to measure an EDM

hω =    µB
+ dE

E
- dE

±

B∆ω = ω↑↑ − ω↑↓ = 4 ·dn ·E/ħ
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φ ∼ 1
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Present limit: dn<3·10-26 e·cm
Limitations for δdn:
–– # stored neutrons# stored neutrons

New New UCN source (e.g. FRMII)(e.g. FRMII)
–– EE--field strengthfield strength

New New material for storage bottlefor storage bottle
–– BB--field stability (field stability (10fT10fT)/uniformity ()/uniformity (3pT/cm3pT/cm))

New New magnetometrymagnetometry ((33He)He)
shieldingshielding

–– Systematic correlationsSystematic correlations
Field shapes, simulationsField shapes, simulations

Aim: dn 10-27 e·cm (first round limit)
Final aim: dn 10-28 e·cm

Schematic Sketch of 3He-Magnetometer

86.5 10 Hzυσ −= ⋅ / 2HeB fTυδ σ γ= ≈
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CompetitionCompetition

Much efforts around the world with different 
approaches
–– CryoCryo--EDM at Grenoble (ILL)  EDM at Grenoble (ILL)  -- supersuper--thermal thermal 44He source with He source with 

internal experimentinternal experiment
–– Lamoreaux/GolubLamoreaux/Golub in USA (NIST/LANL) in USA (NIST/LANL) -- supersuper--thermal thermal 44He, He, 

internal internal 33He magnetometer, nHe magnetometer, n--detection… very ambitious and detection… very ambitious and 
difficult)difficult)

–– EDM in Switzerland (PSI) EDM in Switzerland (PSI) –– (multi(multi--cell system)cell system)
–– EDM at FRMII EDM at FRMII –– ((δδB ~ 2ft) !B ~ 2ft) ! ((Mainz Mainz –– TUM TUM –– GatchinaGatchina))

All efforts aim at similar accuracy (dn=10-28 e·cm)
–– Different Different source techniquessource techniques
–– Different Different magnetometrymagnetometry
–– Different Different systematic effectssystematic effects
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Right Handed NeutrinosRight Handed Neutrinos

Observation of Neutrino oscillations requires neutrino 
mass
Popular scenario: 
–– lightlight leftleft--handedhanded neutrinosneutrinos
–– heavyheavy rightright--handedhanded neutrinosneutrinos
–– Seesaw mechanismSeesaw mechanism

Implications on cosmology
–– Neutrino decay as source for Leptogenesis and CP violationNeutrino decay as source for Leptogenesis and CP violation
–– Candidate for Candidate for dark matterdark matter particlesparticles

What is the mass scale of a right-handed sector ?
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The Structure of Weak InteractionThe Structure of Weak Interaction

Standard (V-A) structure of weak interaction embedded 
in SU(2)L

Extensions of standard model may lead to
–– Right handedRight handed currents (leftcurrents (left--right symmetric models)right symmetric models)

WWRR, , ννRR

Measure leftMeasure left--handedness of the handedness of the νν
–– TensorTensor or or scalarscalar forces forces 

ggTT, , ggSS

Measure ratio of (VMeasure ratio of (V--A) coupling strength and total strengthA) coupling strength and total strength

Use neutron decay observing
–– with with HFS analysisHFS analysis
–– Small branching fraction (BR=4Small branching fraction (BR=4··1010--66) (83% 1s, ) (83% 1s, 10% 2s10% 2s))

and ( )  ⋅ + ⋅
r r r r r

ee p ep νσ σ σ σ σ
→ →e eevn p Hv
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Measurement TechniqueMeasurement Technique

Unpolarized n decay in magnetic field within reactor tube
––

––

–– SelectSelect F, mF, mF F of emerging hydrogen atom using of emerging hydrogen atom using spinspin--filterfilter
methodmethod

–– IdentifyIdentify hydrogen from nhydrogen from n--decay viadecay via
Doppler shifted Doppler shifted laserlaser--ionisationionisation processprocess
Magnetic Magnetic spectroscopyspectroscopy

–– RateRate: 0.3 H: 0.3 H--atom/s in 2satom/s in 2s--statestate
Physics:
–– Relative rates of Relative rates of F=0,1, mF=0,1, mFF=0,1=0,1 give signature for give signature for ggSS and and ggTT

–– Rate of Rate of F=1, mF=1, mFF= = --11 shows (shows (V+AV+A))

kin

H( ) ( ) with |E | = 326.5 eV= −
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Lamb shift
spin-filter

Decay volume

Ioinization

Acceleration

spectroscopy

Detection

Reactor

Experimental setupExperimental setup
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Breit Rabi
splittingDecay volume

Ioinization

Acceleration

spectroscopy

Detection

Reactor

Experimental setupExperimental setup

2P

2S

B3

deexcited atoms

e (1,1) e (1,0)

α (1,1) α (1,0)

β (0,0) β (1,-1)

538 Gauß 604 Gauß

Brf = 1.6 GHz

Stark mixing

τ  ≈ 1.5 ns

(E1 cf. setup)

BRFB3

E

quantization 
B-field

Spin rotator Ioinization laser
Lamb shift
spin-filter
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Precision and CompetitionPrecision and Competition

Precision expected:
–– Improvement on Improvement on ggSS upper limitupper limit: factor 10 in 2 days/: factor 10 in 2 days/εε ((εε=efficiency)=efficiency)

Present accuracy: |Present accuracy: |ggss/g/gVV|< 0.067|< 0.067**

–– Improvement on Improvement on ggTT upper limitupper limit: factor 20 in 2 days/: factor 20 in 2 days/εε
Present accuracy: |Present accuracy: |ggTT/g/gAA|<0.09|<0.09**

Improvement on Improvement on νν: : factor 100 in 30 days/factor 100 in 30 days/εε (statistically)(statistically)
Present accuracy: 15% from Present accuracy: 15% from µ,τµ,τ decaysdecays

Competition
–– Neutron Neutron decay correlationsdecay correlations
–– Direct searchesDirect searches for Wfor WR R at LHCat LHC
–– MuonMuon andand tautau decaydecay (Michel parameter) (Michel parameter) –– presently best limitpresently best limit

*Severijns et al. 2006: global fit w/o τn
new



PSI Workshop PSI Workshop 2929

Principle: Hydrogen spectroscopy at a reactor
First stage (2007-2010):
– Laboratory test A

Laser ionization of hydrogen with 
Magnetic spectroscopy
Use H-source partially existing

I. Measurement: Detect neutron bound β-decay (FRMII)

Second stage:
–– LaboratoryLaboratory test Btest B

Test spinTest spin--filter methodfilter method
Need polarized H source (second spin filter ?)Need polarized H source (second spin filter ?)

II.II. MeasurementMeasurement of of HFS populationHFS population
– Setup of high power IR laser (deexcite nS states with n > 3)
III. Measurement of HFS population related to ν

Working Plan n BoundWorking Plan n Bound−−ββ--DecayDecay

kin

H|E | = 326.5 eV
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Production of Ultra Cold NeutronsProduction of Ultra Cold Neutrons

Reactor Neutrons : E0 = ~ 2 MeV

Moderator (heavy water) T =  300K
thermal neutrons E0 =  25 meV 2.2 km/s

in or close to reactor core:

Moderator (Deuterium) T = 20 K
cold E0 = 4 meV 1.1 km/s

Maxwellian velocity distribution::

Selection and further cooling
Very cold (VCN) E0 = 10-5 -10-6 eV     50-15 m/s

ultracold (UCN) E0 = 10-7 eV             5 m/s
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SuperthermalSuperthermal sourcessources

Two systems are known for production of UCN 
(non(non--equilibrium cooling)equilibrium cooling)
–– Solid deuteriumSolid deuterium

UpscatteringUpscattering processes < processes < downscatteringdownscattering processprocess
At T~5K: At T~5K: σσabsorptionabsorption ~ ~ σσupscatteringupscattering

Mean free path of UCN in solid DMean free path of UCN in solid D22 ~ 10~ 10--15cm15cm
Placement in cold beam Placement in cold beam w/wow/wo premoderationpremoderation
Position: close to nPosition: close to n--sourcesource
Accumulation modeAccumulation mode

–– SuperfluidSuperfluid heliumhelium
No No upscatteringupscattering or absorptionor absorption
Usable cold neutron flux for Usable cold neutron flux for λλ ~ 8~ 8ÅÅ
Placement outside strong heat inputPlacement outside strong heat input
Typically used for internal experimentsTypically used for internal experiments
Extraction recently demonstratedExtraction recently demonstrated
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Examples of UCN sourcesExamples of UCN sources

Solid D2- sources:
–– LANLLANL
–– TRIGA (Mainz)TRIGA (Mainz)

Using TUM geometry/prototype: 100,000 UCN detected in one ‘shot’Using TUM geometry/prototype: 100,000 UCN detected in one ‘shot’
Upgrade in preparationUpgrade in preparation

–– PSI (in preparation)PSI (in preparation)
–– FRMII (financing now ok)FRMII (financing now ok)

Superfluid helium
–– NIST source (builtNIST source (built--in lifetime experiment)in lifetime experiment)
–– ILL: ILL: CryoCryo--EDM (builtEDM (built--in EDM experiment)in EDM experiment)
–– Small ‘portable’ test source at FRMII Small ‘portable’ test source at FRMII –– allows extractionallows extraction
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UCN sourcesUCN sources

Mini D2

200820082008

Triga Mainz
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SummarySummary

Neutrons offer excellent laboratory to study particle 
physics and cosmology
–– CPCP--violationviolation and and mattermatter--antimatter asymmetryantimatter asymmetry
–– Nucleon weak interaction and Nucleon weak interaction and primordial nucleosynthesisprimordial nucleosynthesis
–– RightRight--handed part of nature handed part of nature –– dark matterdark matter candidatescandidates

Some key experiments performed with stored neutrons
–– Technological development of UCN sourcesTechnological development of UCN sources
–– Large financial investment based on existing nLarge financial investment based on existing n--sourcessources
–– Technological challengesTechnological challenges

Precision experiments required
–– Systematic and statistical accuracySystematic and statistical accuracy mandatorymandatory
–– New ideas coming up New ideas coming up –– exploration stageexploration stage


