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Outline (1)

experimental  constraints  
on               ,              and  q

(short)  review of        electromagnetic  properties 

<   >

magnetic  moment         millicharge charge  radius

Particle Data Group 
Review of Particle Properties  (2014-2018)     

update  of   2019



Studenikin,
“ electromagnetic interactions:     

A window to new physics – II,  
arXiv: 1801.18887

Electromagnetic properties of 
neutrinos,

arXiv: 1912.12497

+   upgrade:



Outline (2)

– two interesting  new phenomena in 

spin  (flavour)  oscillations

in   moving  matter    and

electromagnetic interactions (new effects)  



P. Pustoshny,   A. Studenikin,  
“Neutrino spin and spin-flavour  oscillations in transversal matter  
currents  with  standard  and  non-standard interactions”
Phys. Rev. D98 (2018) no. 11, 113009

A. Popov,   A. Studenikin,   
“Neutrino eigenstates and flavour, spin and spin-flavor oscillations in  

a constant magnetic field“
Eur. Phys .J. C 79 (2019) no.2, 144, arXiv: 1902.08195

50 years  of           oscillation  formulae   
Gribov & Pontecorvo (1969)                                       

new  developments in       spin  and  flavour  oscillations
generation  of           spin  (flavour)  oscillations   by          
interaction  with  transversal  matter  current j

inherent interplay of          spin and  flavour oscillations in 



electromagnetic 
properties                                                      

(flash on theory) 



Limits from reactor ν-e
scattering experiments 
A.Beda et al. (GEMMA Coll.)

(2012):

(1990) 



q

p´p

electromagnetic vertex function

Matrix element of electromagnetic current
is a Lorentz vector

should be constructed  using

vectors and 

matrices 
tensors

Lorentz covariance (1)
and electromagnetic
gauge invariance (2)



1) CP invariance + Hermiticity                 = 0 , 

Matrix element of  electromagnetic current between 
neutrino states

,
where vertex function generally contains 4 form factors

dipole
1. electric

4. anapole

2. magnetic
3. electric

Dirac

Hermiticity and  discrete symmetries  of  EM current            put constraints 
on form factors           

EM properties                  a way to distinguish 
Dirac and Majorana

2) at zero momentum transfer only electric 
Charge              and  magnetic moment
contribute to                             ,
3) Hermiticity itself   three form factors
are real:      .

Majorana
1) from CPT invariance 
(regardless   CP   or   CP  ) .

=  0
…as early as 1939, W.Pauli…



In general case matrix element of can be considered between 
different initial           and final             states of different masses

and

form factors are matrices in          mass eigenstates space.

Dirac 

1) Hermiticity itself does not apply           
restrictions on form factors,

o

( off-diagonal case )

2) CP invariance + Hermiticity

,

are relatively real (no relative phases) .

Majorana

1) CP invariance + hermiticity

or

… beyond 
SM…  

… quite different
EM properties … 



Dipole magnetic and electric

are most well studied and theoretically understood
among form factors

…because  in the limit                       they have 
nonvanishing values 

ν magnetic moment

ν electric moment  ???



Naïve  relationship  between               andm

If           is generated by physics beyond the SM at energy scale  Λ ,

then

contribution to           given by      m , then

P. Vogel e.a., 2006

3.3

Voloshin, 1988;
Barr, Freire,
Zee, 1990

…combination of constants 
and loop factors…

…  problem to get large and  still  acceptable                m
--



… most easily  accepted  are 
dipole  magnetic and electric moments 

however most accessible for experimental  
studies are  charge  radii 

magnetic  moment 
in  experiments

<   >



Studies of ν-e scattering  
- most sensitive method for experimental 

investigation  of   

Cross-section:

where the Standard Model contribution

T is the electron recoil energy and 

for anti-neutrinos

to incorporate charge radius: ???



… courtesy  of 
A.Starostin…

Magnetic  moment  contribution  dominates  at  low  electron 

recoil  energies  when                                         and
… the lower the smallest measurable electron recoil energy is, 
smaller values of          can be probed in scattering experiments …



June 2012
A. Beda et al, in:

Special Issue on “Neutrino Physics’’ ,
Advances in High Energy Physics (2012) 2012,

editors: J. Bernabeu, G. Fogli, A. McDonald, K. Nishikawa

GEMMA (2005 – 2012 - running)
Germanium Experiment  for Measurement 

of Magnetic Moment of Antineutrino 

JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant
World  best   experimental   (reactor)  limit

…   quite  realistic  prospects  of  the  near future … 
unprecedentedly  low  threshold 

2020 ?



Implications  of            limits from different experiments
(reactor , solar                            )  are different.

magnetic moment in experiments
(for neutrino produced as        with energy E
and after traveling  a  distance   L )

where neutrino mixing matrix

Observable         is an effective parameter that depends on neutrino
flavour composition at the detector.

Effective

magnetic and electric moments

    



Phys. Rev. D 96 (2017) 091103 
Limiting            with Borexino Phase-II solar neutrino data

2017





Experimental limits 
for different effective 

C. Giunti,  A. Studenikin,  “Electromagnetic interactions of   neutrinos: 
A window to new physics”,  Rev. Mod. Phys. 87 (2015) 531

new 2017 Borexino PRD :

Particle Data Group,  2014-2018  and   update  of   2019



… comprehensive analysis  of ν-e scattering …

…  all experimental  constraints  on  charge radius should be redone



charge radii

<   >
… most accessible for experimental    

studies are  charge  radii 



Although it is usually assumed that            are electrically  neutral 
(charge quantization  implies                     ),

can  dissociates  into  charged  particles  so that                                          :

charge radius and anapole moment 

dipole
1. electric

4. anapole

2. magnetic
3.  electric

where the massive           charge radius
For massless 

anapole moment

Interpretation of charge radius as an observable is rather delicate issue:              represents   a 
correction to tree-level electroweak scattering amplitude between         and charged particles,
which receives radiative corrections from several diagrams ( including           exchange) to be 
considered  simultaneously               calculated   CR   is infinite and gauge dependent quantity. 
For massless  ,         and                can be defined (finite and gauge independent) from scattering 
cross section.

? ? ? For massive           ? ? ?
Bernabeu, Papavassiliou, Vidal, 
Nucl.Phys. B 680 (2004) 450



Concluding remarks
cross section  of   -e is determined in terms of  3x3 matrices  
of        electromagnetic form factors
in short-baseline experiments one studies form factors in    
flavour basis

long-baseline experiments more convenient to interpret in terms
of fundamental  form factors in mass basis

millicharge  when it is constrained in reactor short-baseline 
experiments (GEMMA, for instance) should be interpreted as

charge radius in      -e elastic scattering can’t be considered 
as a shift                                                     , there are also contributions 
from flavor-transition charge radii

Kouzakov, Studenikin
Phys.  Rev.  D   95   (2017)  055013



Physical Review D 
– Highlights 2018 –
Editors’  Suggestion 

“Using data from the COHERENT 
experiment, the authors put 
bounds on electromagnetic 
charge radii, including the first 
bounds on  transition charge
radii. These results show 
promising prospects for current 
and upcoming       -nucleus 
experiments”

K. Kouzakov,  A. Studenikin, “Electromagnetic properties of massive 
neutrinos in low-energy elastic neutrino-electron scattering”
Phys.  Rev.  D   95   (2017)  055013

Ch – It – Ru
collaboration 



Physical Review D  – Highlights 2018 – Editors’  Suggestion 

Particle Data Group, 
Review of Particle Properties  (2018),
update  of   2019

coherent         scattering 
due   to   charge   radius



Experimental limits 
on       charge radius 

C.  Giunti,  A.  Studenikin,  “Electromagnetic interactions of   
neutrinos: a window to new physics”, Rev. Mod. Phys. 87 (2015) 531

<   >

M.Cadeddu, C. Giunti,  K.Kouzakov,
Yu-Feng Li,  A. Studenikin, Y.Y.Zhang,
Neutrino charge radii from COHERENT elastic neutrino-nucleus   
scattering,  Phys.Rev.D   98 (2018) 113010

… updated  by  the recent  constraints 
(effects of physics Beyond Standard Model)



constrains  
on  
fundamental 
physics

coherent         scattering 

COHERENT data have been  used
for different purposes:

nuclear neutron distributions   
Cadeddu, Giunti, Li, Zhang 
PRL 2018

weak mixing angle  
Cadeddu & Dordei,  PRD 2019
Huang  &  Chen  2019

electromagnetic properties 
Papoulias & Kosmas PRD 2018

non-standard interactions 
Coloma, Gonzalez-Garcia, 
Maltoni, Schwetz PRD 2017
Liao & Marfatia PLB 2017

Kate  Scholberg,  
plenary talk at   TAUP  2019  



… However, strict requirements for 
Q quantization may disappear in extensions
of  standard                                EW model  if 

with  Y = 0 are included :  in the absence 
of  Y quantization  electric charges  
Q gets dequantized

In SM   (without        )  triangle anomalies
cancellation constraints          certain relations among particle hypercharges     
that is enough to fix all        so that they, and consequently Q, are quantized

gauge invariance
+                                                                  

anomaly cancellation constraints

neutrality Q=0
is attributed to         

… A remark on electric charge of …

imposed in SM of
electroweak 
interactions

Foot, Joshi, Lew, Volkas, 1990;
Foot, Lew, Volkas, 1993;
Babu, Mohapatra, 1989, 1990
Foot ,  He (1991) 

…General proof:
In SM :

Q=0Q=0 is proven also by direct calculation in SM 
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
Cabral-Rosetti, Bernabeu, Vidal, Zepeda, 2000;
Beg, Marciano, Ruderman, 1978;
Marciano, Sirlin, 1980; Sakakibara, 1981;
M.Dvornikov, A.S., 2004 (for extended SM in 

one-loop calculations)

millicharged

Beyond  
Standard 
Model… 



Experimental limits 
for different effective q
C.  Giunti,  A.  Studenikin,  “Electromagnetic interactions of   
neutrinos: a window to new physics”, Rev. Mod. Phys. 87 (2015) 531

A.  Studenikin :  “New  bounds  on  neutrino  electric  millicharge  
from  limits  on  neutrino magnetic  moment”,
Eur.Phys.Lett. 107 (2014) 2100

C.Patrignani  et  al   (Particle  Data  Group), 
“The Review of Particle Physics 2016” 

Chinese Physics C 40 (2016) 100001 

Particle Data Group 
Review of Particle Properties  

(2016-2018)     
update  of   2019



(                            )

Bounds  on  millicharge  q from
(GEMMA Coll. data)

-e cross-section
two  not  seen  contributions:

Expected  new constraints  from  GEMMA:

Bounds  on  q from

Constraints  on  q
now

2020   (expected)

                    

… unobserved
effects  of  New Physics

(                      )

… unprecedentedly  low threshold  …

Studenikin, Europhys. Lett.
107 (2014) 210011

Particle Data Group,  2016-2018  
and  update  of   2019



ν
γ

ν
γ decay in plasma

ν
ν

γ
ν decay, Cherenkov radiation

!!!
ν ν

e / N e / N
Scattering

γ

ν νL R

external
source

Spin precession

γ

electromagnetic   interactions



New mechanism of 
electromagnetic radiation

Studenikin, A.Ternov,  
Phys.Lett. B 608 (2005) 107

A.Grigoriev,  A.S., Ternov, 
Phys.Lett. B 622 (2005) 199

Studenikin,
J.Phys.A: Math.Gen. 39 (2006) 6769

J.Phys.A: Math.Theor. 41 (2008) 16402

A.Grigoriev, A.Lokhov,  
A.Studenikin, A.Ternov, 

Nuovo Cim. 35  C (2012) 57
Phys.Lett.B 718 (2012) 512

A.Lobanov, A.Studenikin,   
Phys.Lett. B 564 (2003) 27
Phys.Lett. B 601 (2004) 171



A.Grigoriev, A.Lokhov,
A.Ternov, A.Studenikin

The effect of plasmon mass 
on Spin Light of Neutrino
in dense matter
Phys.Lett.  B  718 (2012)   512



Astrophysics bounds on 

Mostly  derived  from  consequences  of helicity-state change
in astrophysical medium:

available degrees of freedom in BBN
stellar cooling via plasmon decay
cooling of SN1987a

A global treatment would be desirable, incorporating oscillations
and matter effects, as well as the complications due to 
interference and competitions among various channels 

Bounds depend on 
modeling of astrophysical system,
on assumption on he neutrino properties .

Generic assumption:
absence of other nonstandard interactions
accept for             



Astrophysics bounds on 
… examples…  

1) SN 1987A  provides energy-loss limit on               (also     d and   
transition      moments) 

…in magnetic moment scattering
(change of  helicity)    L R

proto-neutron star  formed  in  core-collapse  SN   can  cool  faster    

… inconsistent   with  SN1987A
observed  cooling  time 

Barbieri, Mahapatra 
Lattimer, Cooperstein

1988

R L2)              from inner SN core have  larger energy than              emitted
from neutrino sphere 
then in galactic   B 

R L
(sterile) (active) 

from  absence of anomalous high-energy  Nötzold
1988



energy quantization
in   rotating   

magnetized  star                 
Grigoriev, Savochkin, Studenikin,   Russ. Phys. J.  50 (2007)  845
Studenikin,                J. Phys.  A:  Math. Theor.  41  (2008) 164047
Balantsev, Popov, Studenikin,  

J. Phys.  A: Math. Theor.  44  (2011)  255301
Balantsev, Studenikin, Tokarev, Phys. Part. Nucl.  43  (2012)  727 

Phys. Atom. Nucl.  76  (2013)  489

Studenikin,  Tokarev,   Nucl.  Phys. B  884  (2014)  396

… astrophysical  bound on 
millicharge          from 



In quasi-classical  approach           
quantum  states  in  rotating  matter  

motion  in  circular  orbits

due  to  effective  Lorentz   force

where
matter   induced   “charge”,   “electric”         and

“magnetic”     fields

A. Studenikin,
J.Phys.A: Math.Theor.
41(2008) 164047



Escaping   millicharged s  move on curved orbits    
inside  magnetized  rotating   star   and 

feedback of effective Lorentz force  
should effect initial   star  rotation   

Star Turning  mechanism ( ST )
Studenikin,  Tokarev,  Nucl. Phys. B 884 (2014) 396

New astrophysical constraint on       millicharge

… best astrophysical
bound … 

…to avoid  contradiction  of       ST  impact 
with  observational  data  on  pulsars … 



P. Pustoshny,   A. Studenikin,  
"Neutrino spin and spin-flavour  oscillations in transversal matter  
currents  with  standard  and  non-standard interactions“ 
Phys. Rev. D98 (2018) no. 11, 113009

A. Popov,   A. Studenikin,   
"Neutrino eigenstates and flavour, spin and spin-flavor oscillations in  

a constant magnetic field“
Eur. Phys .J. C 79 (2019) no.2, 144, arXiv: 1902.08195

50 years  of           oscillation  formulae   
Gribov & Pontecorvo (1969)                                       

new  developments in     spin  and  flavour oscillations
generation  of           spin  (flavour)  oscillations   by          
interaction  with  transversal  matter  current j

inherent interplay of          spin and  flavour oscillations in 



Pavel   Pustoshny,   A. S.  
"Neutrino spin and spin-flavour 
oscillations in transversal matter  
currents  with  standard  and 
non-standard interactions",  
Phys. Rev. D98 (2018) no. 11, 113009

Artem   Popov,   A. S.. 
"Neutrino eigenstates and flavour, 

spin and spin-flavour oscillations in 
a constant magnetic field ", 

Eur. Phys .J. C79 (2019)
no.2, 144

ArtemPavel

New         spin  (flavour)   
oscillations



only   in 
and 
matter at rest

63 years !

1913-1993
Bruno  Pontecorvo

early history of       
oscillations



Resonance amplification of oscillations in matter: Akhmedov, 1988
Lim, Marciano

… similar   to 
MSW    effect

spin and spin-flavour oscillations in



Neutrino   spin and 

spin-flavour
oscillations  engendered 

by  transversal   matter   currents
(         )   

P. Pustoshny,   A. Studenikin,  
“Neutrino spin and spin-flavour  oscillations in   
transversal matter  currents  with  standard  and  
non-standard interactions”
Phys. Rev. D98 (2018) no. 11, 113009



Phys.Atom.Nucl. 67 (2004) 993-1002



Consider

where

A.Studenikin, 
“Neutrinos in electromagnetic 
fields and moving media”, 
Phys. Atom. Nucl. 67 (2004)

spin
spin-flavour

transversal 
current





… the effect of          helicity 
conversions and oscillations induced by 
transversal matter currents has  been  recently  confirmed:

J. Serreau and C. Volpe,
“Neutrino-antineutrino correlations in dense anisotropic 
media”,       Phys .Rev.  D90 (2014) 125040

V. Ciriglianoa, G. M. Fuller,  and A. Vlasenko,
“A new spin on neutrino quantum kinetics”
Phys.  Lett.  B747 (2015) 27

A. Kartavtsev,  G. Raffelt,  and H. Vogel,    
“Neutrino propagation in media:  flavor-, helicity-, and pair 
correlations”,  Phys. Rev.  D91 (2015) 125020 …
,



Neutrino  spin (spin-flavour) oscillations  in  
transversal matter  currents 

… quantum treatment …

spin  evolution  effective  Hamiltonian  in  moving  matter  + 
transversal 
and    
longitudinal
currents

?
two flavor          with  two  helicities:  

interaction  with  matter  composed  of  neutrons:
neutron number 
density in laboratory 
reference frame

velocity of matter

flavour 
and 

mass states

P.  Pustoshny,   A. Studenikin , 
Phys.  Rev.  D98  (2018)   no. 11,  113009 



by longitudinal  matter current                        

(2 flavours  x 2 helicities)  evolution  equation   

vacuum matter
at rest

moving 
matter

Standard      Model 

moving 
matter

matter
at rest

Non-Standard   Interactions

Resonant  amplification   of         oscillations:                       

j
by   longitudinal                         

by matter-at-rest effect                        

by matter-at-rest effect                        
P. Pustoshny,   A. Studenikin, Phys. Rev. D98 (2018) no. 11, 113009



a model of  short  GRB

D

d

Consider       escaping central neutron star 
with inclination angle         from accretion 
disk:

Toroidal  bulk  of  rotating  dense  matter  with  

transversal velocity of matter  
and   

resonance  condition

Perego et al,
Mon.Not.Roy.Astron.Soc.    

443 (2014)  3134 
Grigoriev,  Lokhov, 

Studenikin, Ternov,  
JCAP 1711 (2017) 024 



Resonance amplification of 
spin-flavor oscillations   
(in the absence  of         )  

Criterion – oscillations are important:

0

0neglecting :

(within short GRB)  if



Eur. Phys .J. C79 (2019) 144,   

“Neutrino eigenstates and 
flavour, spin and spin-flavour oscillations 

in a constant magnetic field”

A.Popov, A.Studenikin,  

arXiv: 1902.08195



Dirac equation                                                                                    in a constant  

however,  are not stationary states
in magnetic field 

Consider  two  flavour          with  two helicities  as   superposition  of 
helicity  mass  states    

energy spectrum            

stationary 
states  in             

spin operator  that  commutes with           : “bra-ket”  products            



Probabilities  of       oscillations (flavour, spin and spin-flavour)

flavour

spin

spin-
flavour

… interplay of oscillations
on vacuum

and
on magnetic

frequencies

A.Popov, A.S., Eur. Phys .J. C79 (2019) 144 

magnetic moments 
of          mass  states 



For the case                          probability  of  flavour oscillations

Chotorlishvili,  Kouzakov,
Kurashvili, Studenikin, 

Spin-flavor  oscillations of 
ultrahigh-energy cosmic neutrinos 

in interstellar space: The role of 
neutrino magnetic moments,  

Phys. Rev. D96 (2017) 103017

flavour no spin oscillations

A.Popov, A.S., Eur. Phys .   J. C79  (2019) 144 

… amplitude of
flavour oscillations
on vacuum
frequency
is modulated by
magnetic
frequency



For the case                          probability  of  spin oscillations
no flavour oscillations

spin

… amplitude of
spin oscillations
on magnetic
frequency
is modulated by
vacuum
frequency

A.Popov, A.S., 
Eur. Phys .  J. C
79  (2019) 144  



For the case                   probability  of  spin-flavour oscillations

… in literature:

spin-flavour

… interplay of oscillations
on vacuum

and
on magnetic

frequencies



For  completeness:        survival                           probability              

A.Popov, A.S., Eur. Phys .J. C79 (2019) 144 

…  depends  on             and 

∑ of  all  probabilities  (as it should be…) :             

the discovered  correspondence  between flavour and  spin 
oscillations in         can be important in studies  of             

propagation in astrophysical environments       



Conclusions



electromagnetic properties:    
Future prospects

charge radius in      - e elastic scattering  can’t  be 
considered as a shift                                                  , there 
are also contributions from flavor-transition 
charge radii –
new analysis (re-analysis) of data  is  needed

new  constraints  on            (and           )   
from  GEMMA and  Borexino (?)

q



A. de Gouvea, S. Shalgar,
Cosmol. Astropart. Phys. 04 (2013) 018

interactions could have important effects 
in astrophysical and cosmological environments

future high-precision observations of supernova 
fluxes  (for instance, in  JUNO experiment) 

may reveal effect of  collective  spin-flavour 
oscillations  due to Majorana 



two new aspects  of spin,  spin-flavour and 
flavour oscillations

consistent treatment  of         spin,  flavour
and spin-flavour oscillations in    

generation  of          spin and spin-flavour
oscillations by          interaction  with  
transversal  matter  current j

electromagnetic  interactions  (new effects)  

Studenikin, 2014
Pustoshny,   
Studenikin,   

Phys.Rev. D98 
(2018) 113009

Popov,   
Studenikin,   

Eur. Phys .J. C 79
(2019) 144

new   effects  in         oscillations in analysis 
of  supernovae        fluxes ( for JUNO ? ) 



AS ‘14, Chen ea ‘14
AS ‘14 (astrophysics)
neutrality of matter

Electromagnetic  Properties  of 

EP theory - vertex  function matrices in        mass 
eigenstates  space

Dirac Majoranaelectric   charge
magnetic      moment

electric   moment
anapole  moment 

form   factors                      
at    

static EP  of

if ifif ifif

if

Hermiticity and   discrete symmetries  of  EM current             
put constraints  on form factors     

EMP        experimental  bounds

q
ifµ

if

ifa
if

q   = 0
if

if

ifa
if

CPT
+

charge 
concervationεε

µ

transition  moments                 are   GIM  suppressed

much   greater   values     are   Beyond  Minimally   Extended  SM 
µ
ε

µ eff -- 11
µ

B

GEMMA  Coll. 2012
Borexino Coll. 2017
Astrophysics, Raffelt  ea  1988

Arcoa Dias ea 2015

Alexander  StudenikinMSU                                                           JINR

q
e

-- 12

-- 19
-- 21 0

reactor          scattering

C.Giunti, A.Studenikin,
“       electromagnetic 
interactions:  A window to new 
physics”,  Rev.Mod.Phys, 2015

Studenikin,
“        electromagnetic interactions:  

A window to new physics - II”,  
arXiv: 1801.18887

Fujikawa &  Shrock, 1980

= 0/



Thank   you
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