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• n ea r  to  d ia g o n a l: 
• a c cu ra te  fi r st  r o w  e lem en ts  f r o m  sem ilep to n ic  d e ca y s:

• Sen sitive un itarity test v ia

• P rob es r ig h t- h a n d ed  cu r r en ts, sca la r  &  ten so r  in te ra ctio n s...
• C h a llen g e : a c cu ra te  m ea su r em en t o f  V u d

I.  Cabibbo-Kobayashi-Maskawa matrix
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Semileptonic decay amplitude:

f3, g 2 an d  g 3 n eg lig ib le  in  S tan d ard  M od el

         I so sp in  b rea k in g  in  v ecto r  fo rm fa cto rs

         C V C , iso sp in  sym m etr y :

                                      S M :  2  f ree  p a ra m eters:

– U niversality:

– S em ilep to n ic  d e ca y  ra te :

 
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II.  Vud via nuclear β - decays

• 9  su p era llow ed  0 +  0 + tran sition s w ith in  I=1  m ultip lets (10C, 14O,  

26m A l, 34Cl, 38m K, 42S c, 46V, 50Mn, 54Co),                                    :

• R esu lt:

• L a rgest u n certa in ty  con tr ib. f rom
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III.  Vud via neutron decay

–                                     ,  n o  co r r e ct io n  δC 

– C om b in a tion  o f  tw o  ob ser v a b les:

         1 ) n eu tron  lifetim e:

         2) β -  a sym m etr y :

– N o  n u clea r  st r u ctu r e  d ep en d en t  co r r e ct io n s

– E x cellen t ex per im en ta l con d ition s

2 2 1 3  F G Ta n MdM  
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1)  Neutron lifetime

• In-beam experiments:
– Measure radioactivity of a neutron beam:

• Requires absolute determinations of               and

• Storage experiments:
– Measure decay of trapped neutrons directly:

• No absolute determinations, but:

n n

N V
dt

Nd
τ τ

ρ
 

,           dN V
dt

ρ

0 exp( ( ))N t tN t
τ

⎛ ⎞ ⎜ ⎟
⎝ ⎠

1 11
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– Liquid surfaces (Fomblin)
– M odulation of losses via well-

defined variation of the ratio 
sur face/volume

– Extrapolation: volume  
– Result:

[W. Mampe et al., NIM A284 (1989) 111]
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D ata f rom  
  MAMBO II:

[A. Pichlmaier et al., NIM A 440 (2000) 517]

 ( ) :
1 0 0 1 5 0  n

t y p i ca lly F o m b lin
sτ τ  

8 8 1 .0 3 n sτ  
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– S u r fa ces f rom  f roz en  ox ygen   b e s t  
sto ra ge tim e ev er  ob ta in ed  w ith  a  
m a ter ia l bo ttle

– S/V  –  variation  +  ex trapola tion
– M ea su rem en ts fo r diff erent U CN -

v elo c ity - sp e ct ra
– R esu lt:

23 n sττ  

8 8 8 .4 3 .1 n sτ  

[V. Nesvizhevsky, A. Serebrov et al., JETP 75 (1992) 405]
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– Liquid surfaces
– D etection of upscattered neutrons 

(m onitoring of losses)
– Result: s t a t s y s t8 8 5 . 4 0 . 9 0 . 4  n sτ   

[S. Arzumanov, L. Bondarenko et al., NIM A 440 (2000) 511]
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– M agn etic trapp in g  o f  v er y  co ld  
n eu t ron s 

– (sp in  com pon en t w ith               )

– R esu lt:
8 7 6 .7 1 0 n sτ  

[F. Anton, W. Paul et al., NIM A 284 (1989) 111]
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– P roduction  of U C N  in  a 3-D  m agn etic trap  
( in ela stic  n - sca tter in g  in  su per fl uid  4H e)

– In-situ  d e te ct io n  o f  ch a rg ed  p a r t ic le s  (N(t)) 
(scin tilla tion  in  th e H eliu m )

– r eq u ir e s  u lt ra p u re  4H e at 150 m K  !
– First r e su lt :

[P.R. Huffman et al., Nature 403 (2000) 62]

330
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

  

– P roduction  of U C N  in  a 3-D  m agn etic trap  
( in ela stic  n - sca tter in g  in  su per fl uid  4H e)

– In-situ  d e te ct io n  o f  ch a rg ed  p a r t ic le s  (N(t)) 
(scin tilla tion  in  th e H eliu m )

– r eq u ir e s  u lt ra p u re  4H e at 150 m K  !
– First r e su lt :

[P.R. Huffman et al., Nature 403 (2000) 62]

330
200750  n sτ 





  

2)  Neutron β - asymmetry
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• In general: a, b, A, B, D, R, τn are functions 
                                                      of LV,A,S,T and RV,A,S,T 

• Within the standard m odel:

               
              determination of the weak couplings  gA and gV

 

2 2

2 2

2

2

2 21

1 ,          2 ,      
1 3 1 3

2 ,       

            

      0,
1 3

1 3           : A
V

V
n wi

a A

B b

h gg
g

t

D R

λ λ λ

λ λ

λ λ

λ

λ λτ 

 
 

 


    



  

  

• In general: a, b, A, B, D, R, τn are functions 
                                                      of LV,A,S,T and RV,A,S,T 

• Within the standard m odel:

               
              determination of the weak couplings  gA and gV

 

2 2

2 2

2

2

2 21

1 ,          2 ,      
1 3 1 3

2 ,       

            

      0,
1 3

1 3           : A
V

V
n wi

a A

B b

h gg
g

t

D R

λ λ λ

λ λ

λ λ

λ

λ λτ 

 
 

 


    



  



  

Th e spectrom eter PERKEO II (Heidelberg – ILL)

  Effect Correction Error
  Polarization analysis
      Polarization efficiency    1.1%    0.3%
      spinflip efficiency    0.3%    0.1%
  Data set
          Statistics    0.45%
          Background    (0.5%)    0.25%
  Detector response
          Linearity    0.2%
          Width and pedestal    0.1%
          Drifts    0.06%
          Edge effect    (-0.24%)    0.1%
  Hemisphere integration
          Mirror effect    0.09%    0.02%
          backscattering    0.2%    0.17%
  Radiation corrections    0.09%    0.05%
  Sum    2.04%    0.68%

[J. Reich, H. Abele, D. Dubbers et al., NIMA 440 (2000) 535]
 // [H. Abele, S. Baeßler. D. Dubbers et al., to appear in PRL]: 

[H. Abele, S. Baeßler, D. Dubbers et al., PLB 407 (1997) 212]: 0.1189(12)
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          Drifts    0.06%
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  Hemisphere integration
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          backscattering    0.2%    0.17%
  Radiation corrections    0.09%    0.05%
  Sum    2.04%    0.68%

[J. Reich, H. Abele, D. Dubbers et al., NIMA 440 (2000) 535]
 // [H. Abele, S. Baeßler. D. Dubbers et al., to appear in PRL]: 

[H. Abele, S. Baeßler, D. Dubbers et al., PLB 407 (1997) 212]: 0.1189(12)
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IV.  Next steps to improve on Vud 
1) New run with PERKEO II 

• 4 times stronger beam at ILL
(Supermirror guide set up by Heidelberg group)

• Neutron polarization analysis with pol. 3He

2) M easurement of              angular correlation coeffi cient 
a with aSPECT
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      P resen t kn ow led ge :  

A im  of aSPECT:

Th e proton recoil spectrom eter aSPECT
           (Mainz – München – Sussex)

- 3 4( )  10     3 1  ) 0(aσ σλ  
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S tra teg y :
– M agn eto-g rav itation al trappin g  

of U C N , avoiding w all collision s
– N o  lo s se s  d u e  to  d ep o la r i sa t io n  

(?), but:
– C on tro l o f l o s s e s

– In-situ  m ea su r em en t o f  N(t) 
u sin g  p r o to n  d e te c to r s

[F.J. Hartmann, I. Altarev, S. Paul et al., 
TU München, E18]

Setup of the trap with 
 permanent magnets

 :  1 nA i m sτσ 

1 11
l s sn oτ ττ   

3) M agnetic storage of ultracold neutrons
                   (TU München, PNPI)

[O. Zimmer, JP G 26 (2000) 67-77]

• UCN density at FRM II: 104 cm-3

                         (at ILL: 50 cm-3)
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V.  Radiative corrections
• M odel-independent rc‘s:

– C hanges spectra and asym m etries ( 1 % effe c t s)
– Reliably calculated

• M odel-dependent rc‘s:
– Can be absorbed into GV and λ  

         (neglecting terms of order                               ) 

– Very important for CKM unitarity test, but less reliably known

5l n 1 0e n

n e

E m
m E

α  

, . , . 2 .4 0 0 .0 8 %
      2.2%0.2%

V
R a s

V
ymR p

V
m edR Δ   

 

Δ Δ

. 0 . 2 4 GeV,   . 4 GeVm e d a s y m p  
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// [F. Glück, PL B 436 (1998) 25]

[W.J. Marciano, A. Sirlin, PRL 56 (1986) 22] //
[A. Sirlin, in Prec. Tests of the Standard Electroweak Model, World Sc. 1994]  
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VI.  Conclusions
– B oth  0 + 0 + su p era llo w ed  n u clea r  β -  d eca y s a n d  n eu tron  β -  d e ca y  

seem  to v iolate C K M  un itarity  (by  2.2σ  r e sp . 3σ).

– N u clea r  β -  d e ca y s  h a v e  r ea ch ed  th eo r et ica l lim it  se t  by  m od el-
d ep en d en t ra d ia tiv e  co r r ection   ΔRV. P rob lem s w ith  cor rection  δC, 
fu r th er  in v estiga ted  both  th eoretica lly  a n d  ex per im en ta lly .

– N eu tron  d eca y  h a s sm a lle r  th eo r etic  u n cer ta in tie s . N ew  ex p er im en ts: 

           β -  a sym m etry w ith  PERKEO II,
              an tin eu tr in o  –  elect ron  a n gu la r  cor rela tion  w ith  aSPECT,

              n eutron  lifetim e v ia  m a g n etic  s to ra g e  of UCN

                    w ill im prove p recision  of  V u d  b eyon d  lim it set  by   ΔRV.

                               N ew , r elia b le  ca lcu la tion  o f  ΔRV  n e ed ed !
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