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is one of the pillars of the modern Cosmology and Particle Physics:

- it follows from the inflation [Dolgov, Zeldovich]

- it is required for explanation of Matter-Antimatter  
asymmetry (Baryon Asymmetry) of the Universe BAU
1) CP and C symmetry violation
2) Baryon Number Violation           [Sakharov, Kuzmin]
3) Out-of-thermal equilibrium         

- it is motivated by Grand Unification Theory (GUT) models 
[Georgi, Glashow, Pati, Salam, Mohapatra, Senjanovic, ...]

- new theoretical ideas for BNV [Babu, Berezhiani, Mohapatra, …]
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 Standard Model violates B, L and  (B+L)  at a tiny level  
insufficient for BAU and unobservable at the present  
temperatures, but SM conserves (BL) [G. ‘t Hooft …]

At electroweak scale fast (B+L) violation would wipe out 
BAU if latter was originated by (BL) conservation 
processes at inflation scale (sphaleron mechanism)
[V. Kuzmin, A. Rubakov, M. Shaposhnikov]  
 (BL) must be violated in nature.

 Expected proton decay with B = 1 and conserving (BL) 
so far do not show up in underground experiments  
[IMB, Super-K, Soudan-II, Frejus…]
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 If Majorana neutrino with L=2 exists thus demonstrating (BL)V BSM then        
also B=2 should exist, e.g. like neutron  antineutron transformation.

 B  and  L  are connected via conservation of angular momentum.
L =  B   (BL) = 0  or (BL) = 2.  Do we observe (BL)V anyware?

 Naively (BL) is strongly violated in regular matter:   #n + #p  #e ≠ 0

However, on the scale of the universe it might be compensated by
the unknown number of relic neutrinos and antineutrinos …

 Experimental searched for (BL)V:

(a) in “neutrinoless double beta decay”:
experiments KamLAND/ZEN, EXO,
GERDA, CUORE, NEMO, Majorana …

(b) in neutron to antineutron transformation:
A new experiment at European Spallation
Source (ESS).

n n

n n



Neutron    Antineutron Neutron    Antineutron 

In the famous E. Majorana 1937 paper  
“Teoria simmetrica dell’elettrone e del positrone”,
Il Nuovo Cimento, v.14, 1937, pp. 171-184:

“ ... this method ... allows not only to cast the 
electron-positron theory into a symmetric form,    
but also to construct an essentially new theory 
for particles not endowed with an electric charge 
(neutrons and the hypothetical neutrinos).”

(translated by L. Maiani)
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In 1937 E. Majorana conjectured an idea that neutron and 
antineutron can be the states belonging to the same particle.
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• Antineutron discovered in 1956  by B. Cork et al. @ LBL was 
turned out  to be a particle different from neutron (e.g. with 
different cross sections);

• With development of particle physics the baryon number B was 
identified as a good global symmetry describing observed nature 
[n‐nbar was discussed in this content  by M. Gell‐Mann and A. 
Pais, Phys. Rev. 97 (1955) 1387; by L. Okun, Weak Interaction of 
Elementary Particles, M. 1963, p. 200]. B=0 !

• Later with understanding of quark structure of baryons and  
development of  QCD  it was commonly assumed that neutron 
is not a Majorana particle.
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This mixing fraction must be small, otherwise it would be already 
observed and unless there are some suppression conditions or 
mechanisms present.

The presence of some small fraction of the Majorana component in 
the neutron wave function that violates baryon number can not be 
excluded ! 

Neutron and antineutron components  can be mixed in the wave 
function of a free neutron and under certain conditions the mixing 
fraction  can evolve with time.

However, neutron still can be a mixture of " "  and " "n n



 Such mixing occurs when some symmetry is broken 

• Gauge symmetry   mixing of U(1) x SU(2) in SM Z0 and 

• Strangeness, beauty  in 

• Flavor number  in neutrino flavor oscillation 

• Lepton number  in Majorana neutrinos                 

• Baryon number 

0 0 0 0,  K K B B 

emn n

e en n

n n
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• N  Nbar ‐like process was suggested as a possible mechanism 
for explanation of  Baryon Asymmetry of Universe             

V. Kuzmin, 1970

• N  Nbar can work within GUT + SUSY ideas. First considered 
and developed within the framework of L/R symmetric 
Unification models by

R. Mohapatra and R. Marshak, 1979 …

• Recent theoretical N‐Nbar ideas were reviewed by 
R. Mohapatra in http://arXiv.org/pdf/0902.0834.pdf
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Most recent: workshop organized 
by the European Spallation Source
and CERN on June 12-13, 2014 

https://indico.esss.lu.se/indico/conference
Display.py?ovw=True&confId=171

with several theoretical talks by

R. Mohapatra,
R. Shrock,
Z. Berezhiani,
A. De Gouvea,
J. Berger,
S. Gardner 

and discussions of practical 
experimental aspects of a new 
N-Nbar search experiment at ESS



R. Mohapatra



R. Mohapatra 2014
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Baryogenesis at TeV scale 
or Post Sphaleron Baryogenesis 

Babu et al., PRD 87, 115019 (2013),
connected to LHC observables

Shrock & Nussinov (2002)
Dolgov (2011)

Berezhiani (2006-2013)



  result will probe different energy scales. 
  result can rule out PSB, a testable model

Positive
N  of baryogenesis.ull
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(1982-84)
Rao and Shrock



where  is a potential symmetrically different for  and 
(e.g. due to non-compensated Earth mag. field, or nuclear potential); 
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ion time in an experiment.

In ideal  situation of no suppression i.e. 

"vacuum oscillations" : 0 

and experimentally ~ 0.1 s  to 1  s  0t
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Previous State-of-the-Art
NNbar Search

2 9 2

8

No ~ GeV background!  No candidates observed !

Measured limit for one year of running: 

Sensitivity: 1.5 10  s s "ILL sensitivity unit"

0.86 10nn

N t

st
⋅ = ´

> ´




HFR @ ILL
  57 MW

 Cold n-source
25  D2

fast n,  background

Bended n-guide    Ni coated, 
          L ~ 63m, 6 x 12 cm      2  
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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 : 
nn  8 6 107. sec

at ILL/Grenoble reactor in 89‐91 by Heidelberg‐ILL‐Padova‐Pavia Collaboration 
M. Baldo-Ceolin et al., Z. Phys., C63 (1994) 409

N‐Nbar search experiment with free neutrons

~ 700 m/s
n

v
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Top view
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No candidates observed.

Limit set for a year of running:

with L ~ 76 m  and  0.109 sec

measured 1.606 10

sensitivity: 
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Quasi-free conditions: vacuum, magnetic field  10 nT

neutron anti-neutron

Observation
of annihilation2

 obs
n n
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7 9Present >8.6 10  s (ILL limit)  >4 10  s (@ ESS)

         or Sensitivity increases by factor of >1,000

t t´  ´

~ 5p

! Small tuning of magnetic field can suppress or enhance the n-nbar transformation



ESS experiment configuration
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Dia ~ 4 mn n

v  50 m/s

Super‐mirrors: commercial products of Swiss Neutronics

 

7  [m/s]

 is up to 7

m

m

v^ > ⋅



Richard Hall-Wilton
December 201321



Ken Andersen, Dec 201322



Ken Andersen, Dec 201323

(2013)
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Ken Andersen, Dec 2013
25



Ken Andersen, Dec 2013
26

14 HZ



ESS  TDR  Chapter 3, page  177, April 2013
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Tungsten



Sensitivity Simulation Parameters
Z
0

Zm

2BTUB

ZTARG

2RTAR
G

m 

Cold
Moderator

1. ESS TDR baseline cold moderator geometry and spectrum
2. Z0 – distance of reflector start (10 m)
3. Zm – distance of reflector end (50 m)
4. m – supermirror reflector parameter (m=6)
5. ZTARG – distance moderator-detector = 2large demi-axis (200 m)
6. RTARG – radius of the annihilation detector (1 m)
7. BTUB – small demi-axis (2 m)
8.  – angular occupancy (10 degree)

Y_GRAV – neutron gravity fall (detector vertical offset)  ( ‒0.5 m)

Y_GRAV
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2Sensitivity:    N t⋅
 many neutrons (large ) and very slow(large )N t

Neutrons E kin T,K Velocity Wavelength
Fast ~ 1 MeV ~ 1010 ~ 0.046 c ~ 0.0003 Å
Thermal ~ 25 meV ~ 300 ~ 2.2 km/s ~ 1.8 Å
Cold ~ 3 meV ~ 35 ~ 760 m/s ~ 5 Å

Very Cold (VCN)  1 meV ~ 10  430 m/s  9 Å

Ultra Cold (UCN) ~ 250 neV ~ 0.003  8 m/s  600 Å

nu
m

be
r
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A.  525  ILL B.  730  ILL C. 156  ILL
D. 526  ILL

Cold source design and optimization is presently pursued by ESS

Total sensitivity is a sensitivity in ILL units  number of running years.
The goal of new N-Nbar experiment is to reach sensitivity > 1,000  ILL
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Conceptual Antineutron Annihilation Detector 
for ESS NNbar Experiment to be built by New Collaboration 

100 times
higher flux
of neutrons
than at ILL
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Neutrons inside nuclei are "free" for the time: 
30

each oscillating with "free" probability   

1
and  "experiencing  free  condition"      times per second.

Transformat
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2
2

AIntranuclear decay lifetime (exponential):        

where  needs to be calculated by nuclear theory

nn
nn

R

R
t

tt t= = ´
D

nnbar for bound neutrons is heavily suppressed by dimensional factor
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16 2 56 40Calculated for , , ,  (?) by 

   W. Alberico et al  (1985-1998)

   C. Dover, A. Gal, J. Richard (1989 -1996) 

   B. Kopeliovich and J. Hu

E. Friedman and

fner (

 A. Ga

1998)

 l (2008): for O   c

O D Fe Ar









2

hanged by factor of 2; accu 15%

V. Kopeliovich, I. Potashnikova (2011) - recent for  (relevant f   

   B. Kopeliovich, A. Vainshtein (2012 -13) - reconfirmed agreement
                        

or SNO)D






                                      (not yet published)

Theoretical calculations of nuclear suppression factor R

(Friedman and Gal, 2008)22 1(Oxygen) 5 10 s  ( 15%)R -» ´ 
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Future lattice calculations arguably can provide an improvement 
in value and in accuracy of the suppression factor R

2
nucl n nRt t = ´

All agreed within
    factor of 2

No recent updates for  (future LAr BNF)
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This is the most recent, most detailed 
search by Super-K Collaboration with 
highest neutronyears of exposure and  
with most comprehensive treatment 
of  systematic uncertainties. Uses 
suppression factor of Dover et al. 
Exists as arXiv paper.



36Ed Kearns, Boston University, 2013

This limit includes  statistical  PDF 
as well as PDFs for detector 
efficiency, background, and 
exposure time uncertainties



Bound neutron N-Nbar search experiments Bound neutron N-Nbar search experiments 

Experiment Year A nyear  (1032) Det. eff. Candid. Bkgr.  nucl , yr (90% CL)

Kamiokande 1986 O 3.0 33% 0 0.9/yr >0.431032

Frejus 1990 Fe 5.0 30% 0 4 >0.651032

Soudan‐2 2002 Fe 21.9 18% 5 4.5 >0.721032

SNO * (Thesis) 2010 D 0.54 41% 2 4.75 >0.3011032

Super‐K * 2011 O 245 12.1% 24 24.1 >1.891032

* Preliminary  (not published)

• From Kamiokande to Super-K 
atmospheric  background is 
present in the data.

• Large D2O, Fe, H2O detectors all 
are dominated by backgrounds; 

• Observed improvement is weaker 
than SQRT due to irreducible atm-
background and uncertainties in 
efficiency and background.

• Still possible to improve a limit but 
impossible to claim a discovery.
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Effect of the presence of background

24 candidate events in Super-K  might already 
contain several genuine n-nbar events.

Hypothetical assumption
of big underground 
backgroundless 
detectors with 1 
candidate detected

38



Big new Liquid Argon detectors (LBNE, GLACIER) potentially might 
have significantly better suppression of atmospheric neutrino 
than Water‐Cherenkov detectors.  Whether the backgroundless 
operation in these detectors at the decay level ~ 1033 ‐ 1035 yr will
be possible is not yet demonstrated.
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Ed Kearns, Boston University, 2013

That is a question of the  background suppression



Conversion of Bound Limit to free Oscillation LimitConversion of Bound Limit to free Oscillation Limit

Experiment Year A  nucl , yr (90% CL) R(old), s1 R(new), 
s1 (old), s (new), s

Kamiokande 1986 O >0.431032 101022 51022 >1.2108 >1.65108

Frejus 1990 Fe >0.651032 141022 ? >1.2108 ?

Soudan‐2 2002 Fe >0.721032 141022 ? >1.3108 ?

SNO * (0.002SK) 2010 D >0.3011032 2.481022 2.941022 >1.96108 >1.8108

Super‐K * 2011 O >1.891032 101022 51022 >2.44108 >3.45108

V. Kopeliovich 
2011, Deuterium

Friedman and Gal 
2008, OxygenDover, Gal

et. al, old

8 24

most conservatively (from S-K arXiv paper and New R):

(from bound) 3.5 10   or  2 10
nn

s eVt a - > ´ < ´
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* Preliminary  (not published)

Nuclear lifetime Free neutrons



Free Neutron and Bound Neutrons  
NNbar Search Limits Comparison 

2
bound freeRt t= ´

intranuclear 
search exp.
limits:
Super-K,
Soudan-2
Frejus, SNO

Free neutron
search limit 
(ILL - 1994)

ESS 3-years
with free n

Factor of 1,000 
Increase from S-K

42

Recent S‐K (2011)
limit based
on 24 candidates
and 24.1 bkgr.

From S-K
arXiv paper

Factor of 1,000 
from ILL to ESS

Post‐Sphaleron Baryogenesis Babu et al

for O

Bkg LBNE
0

110

3
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Complementarity of intranuclear and free‐neutron search
Observations of n‐nbar with both free and bound neutrons are important

191. If  with  10  

the transformation of free   will be suppressed by . 
But it will NOT be additionally suppressed inside the nuclei where 
suppression f

n
n n n n n n

Planck

m
m m m m m m m

m

n n m

a -
æ ö÷ç ÷ç¹ D = - < ÷ç ÷÷çè ø

 D

 

(Abov, Djeparov, Okun - 1984).actor is present due to ~ 30  E MeVD

2. If n-nbar will be observed inside nuclei but due to  will  appear 
with free neutron, it will be possible to "unlock" it for free neutrons by 
tuning the magnetic field. (Does't apply for intran

m notD

uclear n-nbar)

3. If n-nbar will be observed both with free neutrons and inside nuclei, it 
will be possible to set a new more tight limit on /  as a test of CPT. m mD
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4. If NNbar will be observed first with free neutrons, the transformation 
can be suppressed in a controlled way by weak magnetic field. Variation 
of this field can be extrapolated to zero, revealing the magnitude of 
or the upper limit on . 

5. If Baryon number is brocken sponteneously (Z. Berezhiani, 2014) then 
intranuclear transformation can either be amplified or significantly suppressed
insid

m
m

D
D

e the nuclei.

6. Thus, the observation of different transformation probability for free and 
bound neutrons, might give a hint for a new physics and complementary 
mechanisms beyond the vacuum NNbar and SM.

Observations of n‐nbar with both 
free and bound neutrons are important (2)



Z. Berezhiani's vision (2014) of  connection 
       to Mirror (and Dark) Matter   

n n
n n


¢
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PNPI Experiment to search for nn disappearance 
at ILL/Grenoble reactor, A. Serebrov et al  (2009)

NIM A611 (2009) 137-140
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 det ( ) ( )
( )

( ) ( )
B B

B
B B

N t N t
A t

N t N t
-

-

-
=

+

Measured asymmetry 
~ (71.4)104 (5)
n  n oscillation time ~ 2-5 sec;
mirror  mag. field ~ 0.1 G

Measurements of UCN life-time asymmetry
under alternation of vertical magnetic field 

B


Re-analyzed by Z. Berezhiani and F. Nesti
Eur. Phys. J. C (2012) 72:1974
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• Tunable magnetic field might reveal resonance enhancement.
• Your proposal IRIDE of facility included search fro n  n.
• Regeneration experiment n  n  n that can be planned for 

small neutron facilities is not demanding for super-intensive beam 

This can be a non-expensive small-effort experiment 
with a fundamental discovery made not at LHC
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 New ESS-based n-nbar search experiment with free neutrons can provide a 
testable ground for post-sphaleron baryogenesis models and answer the question 
of matter-antimatter asymmetry of the universe by discovering a new force of 
nature.

 New experimental groups are very welcome to join the initial effort of new 
European N-Nbar Collaboration.

 Intranuclear N-Nbar search seems being dominated by atm.  background. 
Serious efforts should be made to allow LAr technology to explore 
complementarity in new n-nbar physics.

 New HEP physics of n  nbar and n  n will be sensitive to magnetic lab fields.

 IRIDE might be the next place where a new physics is discovered.

 Not all new discoveries are to be made with LHC!   


