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Why study the free neutron?

ÇMain goal of Particle Physics :
Establish consistent picture of Natureôs fundamental 

interactions
ÁHigh Energy PP : 

o Operates at TeV scale(1012 eV) 
Ý study of 2nd (s, c, m, nm) and 3rd (b, t, t, nt) particle families

ÁLow Energy PP (e.g. with neutrons) :
o Operates at neV scale (10-9 eV) 

Ý study of 1st (u, d, e, ne) particle family

o Reveals respectable sensitivity:
ïEnergy: DE/E ~10-11·10-13   (DE ~10-23 eV)

ïMomentum: Dp/p ~10-10·10-11

ïSpin polarization: Ds/s ~10-7

ÁFundamental neutron physics provides more than 20 observables 
reach in information which is difficult to achieve (or not achievable  
at all) in other fields of Particle Physics

ñENERGY frontierò

ñPRECISION 
(intensity) 
frontierò
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Neutrons: cold (CN ) and ultra -cold (UCN )
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VFïFermi pseudo-potential,  
b ïscattering length, 
N ïnumber density

Á VF(Be) ª Ekin = 252 neV, 

Á mn B(1 T) ª Ekin =   60 neV, 

Á mgh(1 m)  ª Ekin = 100 neV
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Ç Cold neutrons : CN CN

kin 5 meV, 1 km/sE v

Ç Ultra -cold neutrons ïcan be 
stored in material or magnetic traps

Á vUCN < 8 m/s, 

Á TUCN < 4 mK , 

Á lUCN > 50 nm

Ç UCN production via moderation of CN :
Á Earth gravitational field and/or scattering from turbine blades (ILL)

Á Super-thermal process e.g. in solid D2 (PSI, LANL, GUM) or super -fluid He 

(ILL; in development)
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UCN spallation source at PSI

sD2
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R&D for UCN source at PSI

Ç Contribution of Polish 
Institutions were 
supported by grants 
from:

Á KBN
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Á NCN

Á POLONIUM
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Neutron b-decay
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Neutron b-decay in Standard Model
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Ç Only 2 SM parameters establish neutron bdecay :
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ïCKM matrix element

ïaxial-to-vector coupling  
constant ratio

Ç Can be extracted from:

Á Neutron lifetime

Á Angular distribution of decay products (correlation coefficients)
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Neutron b-decay correlations
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p ïelectron momentum q ïneutrino momentum

sïelectron spin sensing direction

Ç For decay of polarized neutrons of (polarization àJð/ J ):

J.D. Jackson et al., Phys. Rev. 106, 517 (1957); J.D. Jackson et al., Nucl. Phys. 4, 206 (1957);
M.E. Ebel et al., Nucl. Phys. 4, 213 (1957)

Ç Coefficients a , b, é, W are functions of  l
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Neutron b-decay correlations worldwide 
Experiment Correlation and anticipated 

precision
Location and status

aSPECT a (3³10-4) FRM-2 (ongoing)

aCORN a (5³10-4) NIST (ongoing)

Nab/ aBBa/PANDA a (~10-4), b (3³10-4), A, B, C (~10-4) SNS (planned)

emiT D (~10-4) ïmeasured NIST (completed)

PERC a, b, A (3³10-5), B, C, D (?) FRM-2 (construction)

PERKEO A (2³10-4), B, C (2³10-3) ïmeasured ILL (ongoing)

UCNA A (2.5³10-3) LANL (ongoing)

UCNB B (<10-3) LANL (ongoing)

nTRV N, R (~10-2) - measured PSI (completed)

BRAND a, A, B, D, H , L, N, R, S, U, V
(~5³10-4)

ILL (in preparation),
ESS (planned)
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Neutron lifetime experiments

ÇñIn -beam ò
ÁRegister rate of decay products 

from well defined fiducial volume 

with well determined fluence rate

Ç ñBottle ò
Á Measure change with time of 

neutron ensemble confined in 

storage bottle
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Ç Different kind of systematic 
effects
ÁñIn -beam ò limited by 

uncertainties of the decay 

volume and the beam fluence

ÁñBottle ò suffer from 

disappearance channels 

different than decay 

Ç Beam vs. bottle tn tension
Á BSM with heavy particles cannot explain it

Á Light BSM (DM decays)? [Fornal & Grinstein, PRL 120 (2018)]
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CKM unitarity ïtesting SM
Ç Unitarity condition requires:

2 2 2
1uu us bdV V V+ + =

Ç Vub is small (Vub = 3.6(7)³10-3) so the unitarity test involves essentially 
only Vud and Vus

Ç Vud from:
Á Nuclear super -allowed b-decays : 

sophisticated nuclear structure 

calculations, some problems with 

Q-values

Á From pion b-decay : theoretically 

cleanest, statistically not competitive

Á From neutron b-decay : 

theoretically clean

1. Neutron decay
2. Neutron b-asymmetry A (PERKEO II)
3. Neutron b-decay (PDG 2015 +  PERKEO II)
4. Unitarity
5. 0+­ 0+ nuclear transitions

A. Serebrov(2016)
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Transverse electron polarization
in neutron decay
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Ç If only transverse electron polarization can be observed:

Ç All correlation coefficients can be expressed as combinations of 
real and imaginary parts of exotic (scalar and tensor ) couplings:
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BRAND project
Ç Systematic exploration of electron spin dependent 

correlations:   H , L , N , R, S, U , V
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BRAND project
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Ç Experimental methods:

Á Measure e-p coincidences

Á Electron tracking in hexagonal , low Z, low 
pressure MWDC

Á p-e conversion in followed by e detection in 
scintillator (ToF, position)

Á Decay vertex reconstruction

Á Electron spin analysis by Mott scattering

Á Mott scattering vertex reconstruction

Ç Gradual improvement of experimental 
accuracy (floor of systematic errors):

nTRV
(PSI )

BRAND I 
( ILL )

BRAND II
( ILL )

BRAND III
(ESS)

4³10-3 ­ 2³10-3 ­ 1³10-3 ­ 5³10-4 ­ ?
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BRAND Collaboration

Ç Presently BRAND collaboration consists of :
ÁJU Krakow: K. Bodek1), D. Rozpedzik, J. Zejma1), K. Lojek, 

M. Perkowski, M. Kolodziej: 
e- and p-detectors, front end electronics and DAQ, simulations

ÁINP PAS Krakow: A. Kozela1), K. Pysz& Co.: 
mechanical structure, vacuum window, MWDC tracker, Mott target, 
Slow Control

ÁILL Grenoble: T. Soldner:
polarized CN beam and infrastructure, vacuum

ÁKU Leuven: N. Severijns1) , L. De Keukeleere.:
guiding magnetic field

ÁNCSU Raleigh: A. Young:
pe-converter film

Áé

1) Members of nTRV@PSI
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BRAND phase -1 (ILL) funded by NCN (OPUS -15)



EFT approach in b-decay

Ç For experiments at energy significantly 
lower than BSM scale (Li): 

()6
eff SM SM2 2

1 1
i i i

i

a= + º +
L L
ä ä

aiïWilson coefficients

Di
(6) ï dimension-6 operators 

~100 GeV

~1 GeV

Energy
Ç Semi-leptonic processes, partonic level, 

exchanged W-boson is heavy ïSM interaction 
Lagrangian takes the contact (V-A)³(V-A) form

( )2

BSM BSM,i if g Ma=L
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Ç Electrons and missing transverse energy (MET) channel

LE-HE competition: CMS results
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M. Gonzalez-Alonso et al., 
Ann. Phys. 525 (2013), 
180308732

Gupta et al., 
1806.09006



Neutron EDM
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EDM of elementary particles

ÇNot degenerated spin İ particle:
ÁSpin is the reference direction for magnetic (m) and electric (d) 

dipole moments

ÁHamiltonians for interaction with magnetic and electric fields are

M EH H dm=- Ö =- Ö =- Ö =- Öɛ B ů B d E ů E

Ád is T-odd and P-odd

Ád 0̧ Ý T is violated and CP is violated (through CPT theorem)

ÇSM predictions for d are:

40 3110 cm 10 cme nd e d e- -Ö Ö

21K. Bodek, "Studies of fundamental interactions with slow neutrons "



Pospelov& Ritz, Ann. Phys. 318 (2005) 119

CP violation and permanent EDM
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