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What motivates searches for baryon instability?What motivates searches for baryon instability?
Need for explanation of the observed baryon asymmetry of the Universe (BAU)

A. Sakharov (1967):  three ingredients needed for BAU explanation:

(1) Baryon number violation
(2) C and CP symmetry violation
(3) Departure from thermal equilibrium

BAU does not give us a priori mode of nucleons decay. 
Particular decay modes are predictions of theoretical models.

• In Standard Model baryon number is not conserved   ‘t Hooft (1976) ...
(important in early Universe, but not observable at low
temperatures. Alone can not explain BAU).

• Idea of Unification of particles and their interactions.
Pati & Salam (1973): quark− lepton unification …
Georgi & Glashow (1974):  SU(5) - unification  of  forces ...

• New low quantum gravity scale models.
N. Arkani-Hamed, S. Dimopoulos, G. Dvali (1998) ...



Results of  > 20 years 
of nucleon decay searches
by Kamiokande, IMB, 
Super-K, Frejus, Soudan-2…

Impressive limits reached (S-K):
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Did we explore all 
the possibilities?
What can we say about 
nucleon lifetime?



Mode-independent 
limit for nucleon 
lifetime is only 

> 1.6×10
25

years !
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Most of measured modes 
have lifetime > n⋅1030 years

but few exceptions:
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What is What is ““ModeMode--independent nucleon lifetimeindependent nucleon lifetime””?  ?  
τ >1.6 ⋅ 1025 years

by J.C. Evans and R.I. Steinberg, Science, Vol. 197 (1977) 989-991
based on the paper of E.W. Hennecke et al., Phys Rev C11(1975) 1378-1384



 
LLLeeettt’’’sss   uuussseee   ooonnnlllyyy   cccooonnnssseeerrrvvvaaatttiiiooonnn   lllaaawwwsss:::   

(energy-momentum, angular momentum, electric charge) 
 

 
NNeeuuttrroonnss  ccaann  ddeeccaayy::      
  
c to charged particles + hadrons  (well measured) 
d to invisible particles (ν)   (not well measured!) 
e or disappear to unknown channels (not well measured!) 
 
PPrroottoonnss  ccaann  ddeeccaayy::    
 
c to charged particles + hadrons   (well measured) 
d to invisible particles (ν)   (not possible!) 
e or disappear to unknown channels (not possible!) 

 
 



y Evans and Steinberg in the mode-independent lifetime limit 
addressed essentially d + e. Some of modes c would 
experience intranuclear final state interactions and can destroy 
residual daughter nucleus (129Xe), but all these dangerous 
modes already had life-time limits above the mode-
independent one. 

y Super-K and future “proton decay” experiments are mostly 
focused on c  type of decays. 
 
y Before exploring further type c modes of decay one should 
measure all what was not well measured. Corresponding 
mode-independent lifetime limits should be and can be 
improved up to the level of other modes 1030−1031 years.  
 
y On this way one can either discover nucleon instability or 
establish a new (mode-independent) limit on the stability of 
matter.   

 



Neutron disappearance can be searched in KamLAND

ννννν →→ nnn    , d and also e

Unique features of KamLAND detector:Unique features of KamLAND detector:

• Large mass: 1,000 ton of Liquid Scintillator ( ~ CH2)

• Low detection threshold: < 1 MeV 

• Good energy resolution: 

• Position reconstruction accuracy in x,y,z:  ~ 25 cm

• Low background: 2700 mwe; buffer shield; veto-shield;

Rn shield; LS purification for U, Th < 10−16 g/g

)(%5.7~ MeVE

These features allow observation of the sequence 
of nuclear de-excitation states produces by 

disappearance of nucleon.



Disappearance of neutron from 12C will 
result in nuclear de-excitations of 11C*

DDee--eexxcciittaattiioonn  ooff  1111CC**  ssttaattee  pprroodduucceedd  bbyy    
ddiissaappppeeaarraannccee  ooff  aa  SS11//22  nneeuuttrroonn  iinn  1122CC66  

 

 (Excitation level 23 MeV, width 7 MeV) 

De-excitation branchings in % 
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Branching 11C* → 10C + n + γ = 2.79 ± 0.2 % per S1/2 neutron 
                                                                                                             E. Kolbe & Y.K. nucl-th / 0206030 



 

PPPooossssssiiibbbllleee   dddeeettteeeccctttiiiooonnn   ooofff   nnn→→→333ννν   iiinnn   KKKaaammmLLLAAANNNDDD   
 

12C(n→3ν)11C*               
                     ª n +10C*  
                                  ª γ +10C (3.35 MeV γ) 
                       ª10B + β+ (27 sec, QEC = 3.65 MeV, 99%) 

 
 

3-hit signature:  γ (3.35 MeV), n (~ 200 µs, 2.2 MeV), β+ (27 sec, 2−3.65 MeV) 
 

Rate of n→3ν events @ Limit 
Limit τ(n→3ν) From  KamLAND events/kt/year 

Present limit  (90% CL) > 5⋅1026 yr PDG’ 98 ~ 5,000 

Possible limit (90% CL) > 3.0⋅1030 yr KamLAND by 2005 Background < 1 event/year 

 
  •  Search limit for one neutron disappearance (n→3ν) can be improved  
      in KamLAND by 3-4 orders of magnitude 
  •  Similar improvements can be made for two-neutron disappearance 

 



((BB−−L) numberL) number



First Unification ModelsFirst Unification Models
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NNeeuuttrroonn  →→  AAnnttiinneeuuttrroonn  TTrraannssiittiioonn  
• The oscillation of neutral matter into antimatter is well known to
occur in 00 K K →  and 00 B B →  particle transitions due to the non-
conservation of strangeness and beauty quantum numbers by electro-
weak interactions. 

• There are no laws of nature that would forbid the N→Nbar
transitions except the conservation of "baryon charge (number)": 

M. Gell-Mann and A. Pais, Phys. Rev. 97 (1955) 1387
L. Okun, Weak Interaction of Elementary Particles, Moscow, 1963

• First suggested as a possible BAU mechanism by          V. Kuzmin, 1970 

• First considered and developed within the framework of Unification 
models by             R. Mohapatra and R. Marshak, 1979
 
 





Í

Predicted n-nbar 
upper limit is
within a reach of 
new reactor and 
UCN experiments

Î
Quarks and leptons 
are separated by 
extra-dimension in 
this model: proton 
decay suppressed, 
n-nbar not since only 
quarks are involved



Proton decay
is strongly 
suppressed in 
this model, but
n-nbar is not 
since nR has no
gauge charges







PDG 2002:
Limits for both 
free reactor neutrons and
neutron bound inside nucleus

> 6.5⋅1031 years→
(Fréjus)

Soudan II result from 2002
τ (Fe) > 7.2⋅1031 years  (Fe)



 
n n→  transition search  experiments with free neutrons 

~1975 (expt.)    LUSCHIKOV...   @JINR  s101 3
nn ⋅>τ    

 1980  (proposal)    FIDECARO...   @ILL   →  

 1982  (proposal)    GOODMAN...  @ORR (not approved) 
                        (Harvard-ORNL-UT ) 

 1983  (proposal)    ILYINOV...   @INR (approved, now stalled) 
                          (INR/Moscow Meson Factory) 

 1985  (published)  FIDECARO...   @ILL s101 6
nn ⋅>τ  

~1986 (proposal)  BALDO-CEOLIN... @ILL  →  

 1990  (first result) BALDO-CEOLIN... @ILL s101 7
nn ⋅>τ  

 1994  (published) BALDO-CEOLIN... @ILL s106.8 7
nn ⋅>τ   

UCN neutrons have not been tried so far !



HFR @ ILL
  57 MW

 Cold n-source
25Κ  D2

fast n, γ   background

Bended n-guide    Ni coated, 
          L ~ 63m, 6 x 12 cm      2  

58 

H53 n-beam
~1.7 10   n/s. 11

(not to scale)

Magnetically 
shielded 

 95 m vacuum tube

Annihilation 
target 1.1m
∆E~1.8 GeV

Detector:
Tracking&

Calorimetry

Focusing reflector 33.6 m

Schematic layout of
Heidelberg - ILL - Padova - Pavia nn search experiment 

at Grenoble  89-91

Beam dump

~1.25 10   n/s11

Flight path 76 m
< TOF> ~ 0.109 s

Discovery potential :
N tn ⋅ = ⋅2 91 5 10. sec

Measured limit : 
τnn ≥ ⋅8 6 107. sec



Detector of Heidelberg
-ILL-Padova-Pavia 
Experiment @ILL 1991
(size typical for HEP experiment)

No background; 
no candidates observed
for a year of running →
measured limit:

sec106.8 7
nn ×≥τ



ILL: Institute Max Von Laue-Paul Langevin in Grenoble

RHF
Reactor
Ð



Suppression of n n→  in intranuclear transitions 
 

(simple picture by V. Kuzmin) 
 

due to nuclear potential different for neutron and anti-neutron: 
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Transition probability per second:  
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NN→→Nbar Nbar search limit of large detectorssearch limit of large detectors
((Reviewed at Indiana University Workshop on nReviewed at Indiana University Workshop on n--nbar search with UCN, September 13nbar search with UCN, September 13--14, 2002)14, 2002)

• New Soudan II 2002 limit for n→nbar search (T. Mann)

years102.7            limit II Soudan 31
Fe ×>τ

• Future limits expected from SNO (J. Formaggio) and Super-K (Ken Ganezer )
(guesstimate of T. Mann)

years 105.7~   K- Sof reach Future
years 108.4~    SNOof reach Future

32
O

32
O

×τ
×τ

• Since sensitivity of SNO, Super-K, and future large underground detectors 
will  be  limited  by  atmospheric  neutrino background (as demonstrated by
Soudan  II  experiment,  it  will be  possible to set a new limit,  but difficult 
to make a discovery. 



Present search limits of NPresent search limits of N→→Nbar transitionNbar transition

factor" nsuppressio
 nuclear" is R where

  
 R    2

free nnA τ⋅=τ



2
freebound R τ⋅=τ

Free neutrons are more advantageous Free neutrons are more advantageous 
for Nfor N→→Nbar searchNbar search



How to improve sensitivity of experiments with free neutron?How to improve sensitivity of experiments with free neutron?





Detector

  100 MW
HFIR

reactor

Cold
Neutron 

Moderator

reactor
  core

vacuum tubemagnetic shield
focusing
reflector

beam
dump

annihilation
    target

Schematic layout of nn-
search experiment at HFIR

Technical issues

  2
.3

 m

L ~ 200 - 500 m

  Residual pressure  < 10−4 Pa
  Earth magnetic field must be 

shielded down to residual  < 5 nT

Typical n
eutro

n fli
ght 

tim
e  ~

 0.3 sec



The conceptual scheme of antineutron detector



Monte Carlo simulated antineutron annihilation 
event in N-Nbar Detector

Intranuclear anti-neutron-carbon annihilation model/generator 
(1996, E. Golubeva, A. Iljinov, et al.)





High-Flux Isotope Reactor 
at Oak Ridge National Laboratory 
where sensitivity of n-nbar search 
can be increased from the present 

level by factor of  >1,000

sec103 9×>nnτ

With no background 
one event can be a discovery!

Unfortunately, this US national facility,
managed by BES/DOE, has different
scientific priorities. HFIR is not available
for N→Nbar search experiment.

Very strong support of HEP and NP 
communities in US is needed to 
change this attitude.



New approach: UltraNew approach: Ultra--Cold Neutrons (UCN)Cold Neutrons (UCN)
Typical UCN: E ≈ 100 neV, v ≈ 6 m/s,  λ ≈ 600Å



UCN factory under construction at PSI/ZUCN factory under construction at PSI/Züürichrich

Dedicated proton beam
with duration 4 sec 

every 400 sec





NN--Nbar search with UCNNbar search with UCN
UCN lifetime in the large storage bottle can be ~ 600 s, i.e. much larger than in 
approach with cold neutron beam (~ 0.3 s). However, the sensitivity gain is 
not quadratic with time but rather linear. Since nuclear potential of the wall is 
different for two components of neutron-antineutron wave function, t2-clock 
resets at the collision.

Whether the materials of the wall can be “tuned” to minimize the loss of 
coherence of N-Nbar wave function , is an interesting quantum mechanics 
problem that is not yet completely understood. 

New UCN production technique being developed in Japan by Y. Masuda and 
his collaborators, based on super-fluid He converter, potentially offers highest 
UCN production rates (even with low-power neutron sources) > 6⋅107 UCN/s
corresponding in small volumes to UCN density ~ 2⋅105 ucn/cc. This production 
rate should allow with sufficiently large detector reach a sensitivity corresponding 
to N-Nbar oscillation time  > 1⋅109 s (assuming reset of wave function).



UCN guide

target

moderator
proton beam

He-II cryostat

A new UCN source at RCNPA new UCN source at RCNP



Typical detector size:

height  2.5 m

diameter 5 m



Not
available

Not
direct











UCN production technique being developed UCN production technique being developed 
in Japan offers the best opportunity to search in Japan offers the best opportunity to search 

for neutronfor neutron--antineutron transition antineutron transition 
and hopefully to discover it and hopefully to discover it ……


