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WWWhhhaaattt   mmmoootttiiivvvaaattteeesss   ssseeeaaarrrccchhheeesss   fffooorrr   bbbaaarrryyyooonnn   iiinnnssstttaaabbbiiillliiitttyyy???   

•  Baryon asymmetry of the universe (BAU). 
 Sakharov (1967), Kuzmin (1970) ... 

•  In Standard Model baryon number is not conserved  
 (at the non-perturbative level). 

         �t Hooft (1976) ... 

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

•  New low quantum gravity scale models. 
 N. Arkani-Hamed, S. Dimopoulos, G. Dvali (1998) ...  
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Three ingredients needed for BAU explanation 
 

(A. Sakharov, 1967, V.  Kuzmin 1970) 
 

(1) Baryon number violation  

(2) C and CP symmetry violation 

(3) Departure from thermal equilibrium 
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In “Standard Model” 
 

Baryon and Lepton numbers are violated at non-
perturbative level. 

�t Hooft (1976) 
 
This fact must be very important for the Early 
Universe when temperature was above 100 
GeV, however at the present low temperatures 
this effect is so small that doesn’t lead to any 
observable consequences. 
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In nucleon disappearance the conservation of 
angular momentum requires that spin ½ of 
nucleon should be transferred to another 
fermion (either lepton or another nucleon): 
 

 

That leads to the selection rule: 
∆B = ± ∆L   or  ∆ (B−L)  =  0, 2 

 

 

•  In Standard Model always ∆(B−L) = 0 
 
•  Second  possibility  of ∆ (B−L)  = 2 allows 

transitions: 
∆B = − ∆L, ∆ B  = 2, and ∆ L  = 2   
 

Conservation or violation of  (B−L) is an 
essential issue in the discussion of baryon 
instability. 
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First Unification Models: 
in 1973   J. Pati and A. Salam:  SU(2)L⊗ SU(2)R⊗ SU(4)C 

•  Quark-lepton unification through SU(4) color 
•  Left-Right symmetry and restoration of Parity Conservation broken in SM 
•  Violation of Baryon and Lepton number 
•  Quantization of Electric Charge 
•  Existence of Right-Handed neutrinos 
•  (B−L) as a Local Gauge Symmetry 
•  Possible violation of (B−L): N→lepton + X, ν ν↔ ↔,  and   n n  oscillations 

in 1974   H. Georgi and S. Glashow:  SU(5) 

•  Quark-lepton unification  
•  Violation of Baryon and Lepton number 
•  Quantization of Electric Charge 
•  Prediction of the proton decay p→e++π0 with lifetime 1031±1 years 
•  Neutrino masses = 0, no Right-Handed neutrinos 
•  Grand Unification of forces (e-m, weak, and strong) at E ~ 1014 GeV 
•  Prediction of sin2ϑW =0.214±0.004 
•  Prediction of existence of Great Desert between ~ 103 and ~ 1014 GeV 
•  Conservation of (B−L) 
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 As a result of extensive experim
ental p-decay 

searches  in the  past  ~20 years  a  num
ber of 

(B−L)  conserving   m
odels   have   been  rejected: 

 
 

!!! !
  O

riginal SU
(5)  

!!! !
  O

ne-step-broken SO
(10)  

!!! !
  SU

SY
 extended SU

(5)  

""" "
  SU

SY
 extended SO

(10)  
   

 
It is tim

e to look for the processes w
ith ∆∆∆ ∆(B

−−− −L
) = 2 ! 
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IIss  ((BB−−−−−−−−LL))  qquuaannttuumm  nnuummbbeerr  ccoonnsseerrvveedd??  
•  Our  laboratory  samples  (protons + neutrons − electrons)  have 

  (B−L) > 0 
•  However, in the Universe most of the leptons exist as, yet 

undetected, relict ν  and ν  radiation (similar to CMBR) and 
conservation of (B−L) on the scale of the whole Universe in an 
open question; 

•  From the Equivalence Principle tests (Eötvös, 1922; Dickey et al., 

1964; Braginsky & Panov, 1972) “(B−L) photons” (Sakharov, 1988) can 
be excluded at the level of  ~10−12, i.e. conservation of (B−L) is 
two orders of magnitude “less probable” than conservation of 
Baryon charge. 

•  Non-conservation of (B−L) was discussed since 1978 by: Davidson, 

Marshak, Mohapatra, Wilczek, Chang, Ramond, ...) 
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IIss  ((BB−−LL))  vviioollaatteedd??  
 

As theoretically discovered in 1985 by Kuzmin, Rubakov, and Shaposhnikov, the 
non-perturbative effects of Standard Model (sphalerons) will wipe out BAU at 
electro-weak energy scale if BAU was generated at some unification scale > 1 TeV 
by (B−L) conserving processes.  If (B−L) is violated at the scale above 1 TeV, 
BAU will survive.   

Violation of (B−L) implies nucleon instability modes: 

. , , , etcnepnn ννννν →→→ +  or ∆(B−L)= −2 

rather than conventional modes: 

. , , , 00 etcKpKpep ++ →→→ µνπ  or ∆(B−L)= 0 
 

If conventional (B−L) conserving proton decay would be discovered tomorrow 
by Super-K, it will not help us to understand BAU. 
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PPhhyyssiiccss  ooff  ((BB−−LL))  vviioollaattiioonn  ssccaallee  sshhoouulldd  iinncclluuddee::  
 

|∆(B−L)|=2 
 

(1) XlN +→   and  XlllN +→  

(2) Majorana masses of ν’s 

(3) Neutrinoless double β-decay 

(4) Intranuclear NN disappearance 

(5) Vacuum nn →  transitions
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N N
e eu ut tr ro on n  → →

  A A
n nt ti in ne eu ut tr ro on n  T Tr ra an ns si it ti io on n  

• 
The oscillation of neutral m

atter into antim
atter 

is w
ell know

n to occur in 
0

0
K 

K
→

 and 
0

0
B 

B
→

 
particle transitions due to the non-conservation of 
strangeness 

and 
beauty 

quantum
 

num
bers 

by 
electro-w

eak interactions. 

• 
There are no law

s of nature that w
ould forbid 

the 
n

n
→

 transitions except the conservation of 
"baryon charge (num

ber)": 

M
. G

ell-M
ann and A. Pais, Phys. Rev. 97 (1955) 1387 

L. O
kun, W

eak Interaction of Elem
entary Particles, M

oscow
, 1963  

• 
First suggested as a possible B

A
U

 m
echanism

 by  
M

. V. K
uzm

in, 1970 

• 
First 

considered 
and 

developed 
w

ithin 
the 

fram
ew

ork of U
nification m

odels by  
R. M

ohapatra and R. M
arshak, 1979 
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E En ne er rg gy y  s sc ca al le e  o of f  n
n

→
  t tr ra an ns si it ti io on ns s  i is s  

i in nt te er rm m
e ed di ia at te e  b be et tw w

e ee en n  S SM M
  a an nd d  G G

U U
T T  

 •  
M

ost  favorable  in  SU
(5)  p→

e +π
0  decay  is  due  

to X
- &

 Y
- bosons (w

ith m
asses ∼ 10

15 G
eV

) exchange 
w

ith am
plitude ~ m

−2 (for dim
ensional reasons) : 

X

uu

edd
d

+}
π

0     M
p

gm

2X 2
~

          

•  
in  the  low

est  order  the  nn-transition  should 
involve  6-quark  operator  w

ith  the  am
plitude  (again  

for dim
ensional reasons) ~ m

−5: 
 

dd

d
d

u
u

∆
 uu

∆
 dd

∆
 dd

<∆
0>             M

~
1m

nn
5ℵ

 

O
bservable n

n
→

 transition rates w
ould correspond 

to the m
ass scale m

ℵ
 ∼ 10

5−10
6 G

eV
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Recent important theoretical papers on nn →  
 

•  K.S. Babu and R.N. Mohapatra, “Observable neutron-antineutron 
oscillations in seesaw models of neutrino mass”, Physics Letters B 518 (2001) 
269-275 

 
•  S. Nussinov and R. Shrock,  “N-nbar Oscillations in Models with Large 
Extra Dimensions”, hep-ph/0112337 v1  27 Dec 2001 
 
 
•  G. Dvali and G. Gabadadze, “Non-conservation of global charges in the 
Brane Universe and baryogenesis”, Physics Letters B 460 (1999) 47-57 
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P Pr ro ob ba ab bi il li it ty y  o of f  n ne eu ut tr ro on n- -a an nt ti in ne eu ut tr ro on n  t tr ra an ns si it ti io on n  

( )
( )( )

( )
( )

Ψ
ΨΨ

t
tt

a
t

a
t

nn
n

n
=

 
 

=
 

 
+

 
 

10
01

  

w
here 

(
)

(
)

(
)

Ψ
0

10
0

1
0

0
=

 
 

=
=

 ;     a
  a

n
n

;
 

Ψ
2

2
2

1
=

+
=

a
a

n
n

  
  norm

alization. 
 Evolution of antineutron com

ponent vs tim
e can be found from

 
tim

e-dependent Schrödinger equation: 

 
 

 
 

 
Ψ

=
∂ Ψ∂

H �
t

ih
  

 
 

 

w
ith H

am
iltonian of the system

: 
 

  
  

α
α

=
n

n

E
E

H �
 

w
here E

E
n

n
,

 are non-relativistic energy operators  

n
n 2

n
n

n
n 2

n
n

V
m2 p

m
E  

; 
V

m2 p
m

E
+

+
=

+
+

=
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•   W
e assum

e C
PT and  

m
m

m 
n

n
=

=
→

 

•   W
e assum

e that the  gravity is the sam
e for n and n

 

•   In practical case (Earth m
agnetic field) 

V
V

V
n

n
=

−
=

; 

    
B

V
n

r
r⋅
µ

=
  and  

B
V

n
r

r⋅
µ−

=
  

)
(

n
n

µ−
=

µ
=

µ
r

r
r

  and 

  
 

 
−

α
α

+
=

V
m

V
m

H �
 

(
)

h

2
2

2
2

2

n
n

V
2

    
;t

cos
1

V
2 1

(t)
P

+
α

⋅
=

ω
ω

−
⋅

+
α

α
⋅

=
→

 

external fields different for neutrons and antineutrons can 
suppress transition ! 

 if external fields are sm
all (vacuum

 transition) and ωt<<1: 
 

2

nn

2
2 2

n
n

t
t

(t)
P

  
  τ

=
⋅

α
≈

→
h

  

w
here  

α
=

τ
h

nn
  or  

nn
τ

=
α

h
; 

     
 

 w
here  

nn
τ

 
 characteristic transition tim

e 
−

  

           A
ll dynam

ics of n
n

→
 transition is determ

ined by ααα α 

D
iscovery potential (sensitivity) ⇒

  D
P

t
.

.
~ 

 N
n ⋅<

>
2

 
 

w
here  N

n  − num
ber of neutrons/s on a detector 

and 
<

>
t 2

 − average neutron flight tim
e
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HFR @ ILL
  57 MW

 Cold n-source
25ΚΚΚΚ  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 : 
τ nn ≥ ⋅8 6 107. sec
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D

etector of H
eidelberg-ILL-Padova-Pavia Experim

ent 
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Suppression of n
n

→
 in intranuclear transitions 

 
(sim

ple picture by V
. K

uzm
in) 

  
N

eutrons inside nuclei are "free" for the tim
e: 

 ∆t~
1

E
M

eV
s

binding
~

~
1

10
10

22
−

 
 and "experience" this condition N

 tim
es per second: 

 N
~

1t∆ 
 Transition probability per second: 
 

 
 ∆

⋅  
  τ ∆

=
τ

=
t 1

t
1

P
nn

nucl
nucl

  and 

 τ
τ

τ
nucl

nn
R

nn
t

T
=

=
⋅

2
2

∆
 

 T
~

1t ~
10

 s
  -  "nuclear suppression factor"

R
22

-1
∆
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Intranuclear  neutron →
 antineutron  transitions: 

Soudan II’2002 
 

 
 

τA  ≥ 7.0⋅10
31   years (Fe) 

IM
B

’84  
 

 
 

 
τA  ≥ 2.4⋅10

31   years (O
2 ) 

K
A

M
IO

K
A

N
D

E’86 :   
 

 
τA  ≥ 4.3⋅10

31   years (O
2 ) 

FR
ÉJU

S’90:  
 

 
 

τA  ≥ 6.5⋅10
31   years (Fe) 

Expected Super-K
:  

 
 

τA  ≥ 1.6⋅10
33   years (O

2 )  

Experim
ental signature of n

n
→

 is <5> π‘s  

For vacuum
 transitions of free neutrons: M

. B
aldo-C

eolin et al., ZPH
Y

 C
63 

(1994) 409 at ILL/G
renoble reactor: τ

free >
⋅

8
6

10
7

.
sec 

Intranuclear transitions are heavily suppressed:  

 

τ
τ

A
R

=
⋅

free
2

 
 

 

w
here R

 is “nuclear suppression factor”  ~ 10
23 s -1 

 

Theoretical progress on R
 during the last ~ 20 years w

as due to the w
orks  of:   

V
. K

uzm
in  et  al.;  R

. M
ohapatra  and  R

. M
arshak,  C

. D
over, A

. G
al, and J. 

M
. R

ichard;  P. K
abir;  W

. A
lberico et al.; and m

ost recently J. H
üfner and B

. 
K

opeliovich   ⇒
 16O

: 
 

R
=(1.7-2.6)⋅10

23 s -1 

56Fe: 
 

R
=(2.2-3.4)⋅10

23 s -1 

40A
r: 

 
R

=(2.1-3.2)⋅10
23 s -1 

12C
: 

 
N

ot yet treated
 

Present PD
G

 lim
it: τ

free
8

(intranuclear)
1.2

10
s

≥
⋅

 
 

Expected Super-K
 result: τ

free
s

≥
⋅510

8
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106 107 108 109 1010

τ (free neutron) , seconds

1030

1031

1032

1033

1034

1035

1036

Kamiokande '86

Frejus '90

G
re

no
bl

e 
'9

4

Future Super-K reach

Nuclear theory with uncertainty

Present Neutron-Antineutron transition limits
Tintnuc = R ∗  (τ free)2

, where R is "nuclear suppression factor" in intranuclear transition
T 

(in
tra

nu
cl

ea
r t

ra
ns

iti
on

), 
ye

ar
s
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nn →    SSSeeeaaarrrccchhh   SSSeeennnsssiiitttiiivvviiitttyyy   
 

Fréjus limit ≈ Grenoble limit = 1 unit of sensitivity 
 

Method Present limit Possible future limit 
Possible sensitivity 

increase 

Intranuclear          
(in N-decay expts) 

6.5⋅1031 yr = 1u 
(Fréjus) 1033 yr (Super-K) × 16 u 

UCN trap none 3÷6⋅108 s  (PSI) × 10÷40 u 

Geo-chemical (ORNL) none 4⋅108÷7⋅109  s       
(Tc in Sn ore) × 16÷160 u 

Cold reactor beam 8.6⋅107 s = 1u 
(@ILL/Grenoble) 

3⋅109 s 
(@HFIR/ORNL) × 1,000 u 
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New advanced layout for HFIR/ORNL 
 
 
 
 

 HFIR
 Reactor
 100 MW

L ~ 200-500 m
Focusing
Ni-58  reflector

Cold 
neutron 
source 

Annihilation
target

 2 m dia.

n n
Detector

 
 

Conceptual layout of  nn →   search experiment  
for HFIR/ORNL reactor with focusing reflector (not to scale) 
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High-Flux Isotope Reactor at Oak Ridge National Laboratory 
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  Section view

 of O
R

N
L/H

FIR
 reactor. For 

n
n

→
 search 

experim
ent the cold supercritical hydrogen m

oderator 
should be installed in the H

B
−3 beam

 tube. 
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Com
parison  

of 
the 

m
ajor 

param
eters 

of 
the 

new 
n

n
→

 
search 

experim
ent proposed for H

FIR H
B

−−− −3 beam
 at O

RN
L 

with another recent reactor-based experim
ent. 

N
eutron source 

R
H

F/G
renoble 

 H
FIR

/O
ak R

idge (H
B

−3 beam
) 

R
eference 

M
. B

aldo-C
eolin et al., 

Z. Phys. C
63 (1994) 409 

W
. B

ugg et. al, LO
I 

U
TK

-PH
Y

S-96-L1 

Status 
C

om
pleted experim

ent 
Proposal 

R
eactor pow

er (M
W

) 
58 

(85) 100 

R
eactor's peak therm

al n-flux  
1.4 ⋅10

15 (n/cm
2/s) 

1.5 ⋅10
15 (n/cm

2/s) 

M
oderator 

Liquid D
2   

Supercritical H
2   

Source area 
6×12 cm

2 
~ 11 cm

 dia. 

Target diam
eter 

1.1 m
 

2.0 m
 

Flight path 
76 m

 
300 m

  

N
eutron fluence @

 target 
1.25 ⋅10

11 n/s 
~ 8.5 ⋅10

12 n/s 

A
verage tim

e of flight 
0.109 s 

 0.271 s 

D
etector efficiency 

0.48 
~ 0.5 

O
peration tim

e (s) 
2.4 ⋅10

7 
7⋅10

7 (~3 years) 

τ
nn  lim

it (90%
 C

L) 
8.6 ⋅10

7 s 
3.0 ⋅10

9 s 

D
iscovery potential per second 

1.5⋅10
9 n⋅s 2 

6.2⋅10
11 n⋅s 2 

Sensitivity 
1 

 ~ 400 
 For one day of operation at H

FIR
 in a new

 proposed n-nbar 
search one can obtain the sam

e D
iscovery Potential as for 

one 
year 

of 
the 

previous 
R

H
F-based 

experim
ent 

in 
G

renoble. 
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10 6 10 7 10 8 10 9 10 10

τ  (free neutron) , seconds

10 30

10 31

10 32

10 33

10 34

10 35

10 36

T 
(in

tr
an

uc
le

ar
 tr

an
si

tio
n)

,  
ye

ar
s

Kamiokande '86

G
re

no
bl

e 
'9

4

Frejus '90

Future Super-K reach

H
FI

R
  G

O
A

L

Nuc
lea

r th
eo

ry 
with

 un
ce

rta
int

y

FU
TU

R
E 

 N
-N

ba
r  

PR
O

SP
EC

TS

HFIR  GOAL

Stability of matter from Neutron-Antineutron transition search

T intnuc  = R  ∗  (τ free )2 
, where R  is "nuclear suppression factor" in intranuclear transitions
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C
PT test ( m

m
=

?) in n
n

→
 transitions 

(if the latter w
ould be observed)  

[Abov, D
jeparov, O

kun, JETP Lett, 39 (1984)493] 

Ψ
=

∂ Ψ∂
H �

t
ih

,  w
here  

  
  

α
α
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w
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If α≠ 0, then n
n

→
 transition exists. If then ∆ m

 w
ould be larger 

than ~1/tobs , the n
n

→
 transition of free neutrons in vacuum

 
w

ill be suppressed, but the intranuclear n
n

→
 transitions w

ill 
not be suppressed significantly m

ore than they are by the 
difference of intranuclear potential for neutron and anti-neutron. 

∆ m
/m

 experim
entally know

n as: 
9± 5 ⋅ 10

−5      
for neutrons 

<  8⋅ 10
−9     

 
for e

+ and e
− 

1.5± 1.1 ⋅ 10
−9 

for protons 
<  10

−18  
 

for K
0s  

W
ith n

n
→

 transitions the C
PT sym

m
etry can be tested dow

n 
to ∆ m

/m
~10

−23, i.e. below
 the m

n /m
Plank ≅  10

−19. 
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Im
portance of n

n
→

 search experim
ents 

 If discovered: 
n

n
→

 w
ill establish a new

 force of nature and a new
 

phenom
enon  leading  to  the  physics  at  the  energy  scale  of 

~10
5 G

eV
.  

W
ill provide an essential contribution to the understanding of 

baryon asym
m

etry of the universe. 
N

ew
 physics em

erging from
 the m

odels w
ith low

 quantum
 

gravity scale can be revealed.  
N

ew
 sym

m
etry principles determ

ining the history of the 
universe during the 1

st second of creation can be established: 
∆ (B

− L) ≠  0.  
Further experim

ents w
ith free reactor neutrons + underground 

experim
ents w

ill allow
 testing w

ith unprecedented sensitivity:  
−   w

hether 
n

n
m

m
  

=
 (C

PT theorem
) w

ith ∆ m
/m

≈ 10
−23 

−   gravitational equivalence of baryonic m
atter and antim

atter 
 If N

O
T discovered:  

w
ithin 

the 
reach 

of 
1,000 

tim
es 

im
proved 

experim
ental 

sensitivity a new
 lim

it on the stability of m
atter at the level of ~ 

10
35 years w

ill be established. W
ide class of SU

SY
-based 

m
odels w

ill be rem
oved (K

. Babu and R. M
ohapatra, 2001). 
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Conclusions 
 

Thinking of early 2000’s is different from early 1980’s: 
 

1980’s 2000’s 

•    GUT models conserving (B−L) 
     were popular for BAU 

•    BAU without GUT; 
     ∆(B−L)≠0 is needed for BAU 

•    No indications for  
     neutrino mass 

•    mν ≠ 0 and  
     Majorana nature of neutrino 

•    Great Desert from  
     SUSY scale to GUT scale 

•    Possible unification with 
     gravity at ~ 105 GeV scale 

   !  . 0 , etcKνp,πep ++ →→     !   .302 ν, etcν, nβ, , νnn R →→  

→→→→  Future searches for baryon instability 
should look for nn →  and B−L violation 

in both reactor and underground experiment 
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