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properties and spin state in elastic
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Search for electromagnetic neutrino properties

C. Giunti, A. Studenikin, Neutrino electromagnetic interactions: a window to new physics Rev. Mod. Phys. 87,
531 (2015)
A. Studenikin, Electromagnetic neutrinos: The basic interaction processes and constraints from laboratory
experiments and astrophysics. Nucleus-2024, 11:30 04.07.2024

Neutrino electromagnetic properties open a window to the beyond-Standard-Model physics

+ Already in SM, neutrinos have a charge radius vi(ps) v;(py)
[Bernabeu et al, PRD (2000), PRL (2002), arXiv (2003)] o

<12 >~10"32cm? @

» Minimally extended SM predicts the neutrino’s magnetic momer
[Fujikawa, Shrock, PRL (1980); Shrock, NPB (1982)]
)HB v(q)

1,=3,2 x 10710 (2
» Neutrinos may also have other electromagnetic properties:
millicharge, electric and anapole moments
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Coherent elastic neutrino-nucleus scattering
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Electromagnetic properties of neutrinos can be probed experimentally with the CEVNS

* In 2017 COHERENT collaboration observed CEVNS process for the first time
« Data of COHERENT and Dresden-II experiments have been already used to obtain limits for
neutrino’s millicharge, charge radius and magnetic moment
Charge radii (10732¢m?)

Fixed Rn Free Rn
lo 20 36 lo 20 30
Csl + Ar
(r2.) —56+ -2 —68 = 11 7822 ~55+—4 —67+ 14 —77:25
(2 ) 646 —68 = 12 7117 6429 —67 =15 —71=19
{r.) <27 <33 <36 <25 <32 <36
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Magnetic moments (1071%u;)

Fixed R, Free R,
lo 2c 3¢ le 20 30
Csl + Ar
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Cadeddu, M., Dordei, F., Giunti, C., Li, Y. F., Picciau, E., & Zhanq, Y. Y. (2020). PRD, 102(1), 015030.
Cadeddu, M., Giunti, C., Kouzakov, K. A., Li, Y. F., Studenikin, A. I., & Zhang, Y. Y. (2018). PRD, 98(11), 113010.




Coherent elastic neutrino-nucleus scattering
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 |n addition to COHERENT and Dresden-Il there is a number of other
CEVNS experiments:

VGEN, CONUS, CONNIE, NU-CLEUS, MINER, RED-100, CEVENS,
Ricochet, TEXONO, ,...

* |In order to investigate neutrino electromagnetic properties in CEVNS
experiments we need a theoretical apparatus, which takes into account
ALL form factors of the neutrino and nucleus

« A proton is the simplest nuclear target. Moreover, elastic neutrino-proton
scattering is a promising tool for detecting supernova neutrinos (JUNO
yellow book arXiv:1507.05613) Therefore in current investigation we
focus on neutrino-nucleon scattering




Astrophysical neutrino's state in the detector on Earth

source oscillation detector

Due to interaction of the neutrino magnetic moment with a magnetic field in the
astrophysical source and/or with interstellar/intergalactic one the spin-flavor neutrino
oscillations arise

Therefore in the most general case the neutrino state in the detector before scattering
on a nucleon is described by the spin-flavor density matrix (written in the mass basis)

L,r.
Pij = 5% (ﬁ'-ij - (.-a,.;!»;’“fn + ( é "'}1)“;’5)

pij is a reduced density matrix in the neutrino mass space

Ci-j form the matrix of spin polarizations of the neutrino in its rest frame




Neutrino-nucleon scattering

The matrix element of the process with account for all the neutrino and nucleon
form factors:
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Neutrino vertex and form factors

Neutrino electromagnetic vertex:

AEMIT gy = (v, — qud /) [F5 (@) + F1(@®)aPys) — i, a” [f11(d®) + i fE (%))

fﬁ(o)—e,;- fﬁ((‘))—m. f£0)=¢ey, fff(f()]—u.,x (r?) =

df o(q°)
| 6( .fg.q {

pd / / X ~

millicharge lectric dipole moment charge radius

q: =0

anapole moment



Nucleon vertexes and form factors

Nucleon electromagnetic vertex:
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Nucleon neutral weak vertex:
ﬁffﬁ;Nj({.{) =v.Fi(q°) — ﬁ 0 q” Fo(q°) — 171G alq’) + ST Gp(q®)d" Vs
f | VN
Dirac Pauli Axial Pseudoscalar

We omit terms containing the
pseudoscalar form factor in the cross
section due to a small neutrino mass




The cross section

The full cross section:
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dQy  dQ  dQ  dQ) A0 dO o’

K = {L,R)

st t
2 1+—) (C"+C"— [Er4-a ))
( (s—m3)2) 7V T amy M R

dmit K il B & ik K
—(S—m%v)2 CA_4 QCM m(c‘/ +CA—2RGC‘/&M):*:

da{l‘; _ G2t%(s —m?%) (1 B 4m?\,)3/2
dQ  16m2m%(s +m%)

2t t
+ 5 (2 e 5 ) Re (Cifga — CE&M)} ;

S — ’"LN S — 'I'TLN
The effects of form factors and oscillations are contained in the following coefficients:
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Neutrino-helicity-flipping cross section
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are effective left- and right-handed neutrino magnetic moments




The transverse neutrino polarization part of the cross section
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length of transverse neutrino
polarization vector

angle between transverse
neutrino polarization and
transverse recoil momentum




Numerical results for the v, scattering on a nucleon:
The effect of the transition charge radii (r?) e, (7 )er, (5) 4o
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Numerical results for the v, scattering on a nucleon:
The effect of the diagonal magnetic moment
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@ Neutrino magnetic moment:
Pee <1510 yg, pyy <2310 g, prr <2.1x107" g



Numerical results for the v, scattering on a nucleon:

The effect of the diagonal magnetic moment and transverse neutrino polarization
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Summary

« Theoretical study of the processes of elastic neutrino-nucleon scattering
has been carried out taking into account the electromagnetic form factors of
neutrinos and the form factors of a nucleon, as well as the effects of
neutrino spin polarizations.

» General expressions have been obtained for the cross sections of elastic
neutrino-nucleon scattering. Based on the obtained expressions, humerical
calculations have been carried out for elastic neutrino-proton scattering
taking into account the charge radii and magnetic moments of neutrinos,
taking into account possible effects of supernova neutrino spin polarization.
It is shown that the contribution from right-handed neutrinos can be at the
same level or even greater than that from left-handed ones. Also there is
and of the neutrino transverse spin polarization on the cross section
differential with respect to the solid angle of the recoil proton.




Thank you for your attention!




Parametrization of nucleon form factors

- GE(9?) - 4;, Gu(g*)

F5(q°) ,
For this purpose we use the Sachs form factors — amy
N(,2 Gu(e) - GN( )
Fu(g®) =
1- 4mN

Parametrization of nucleon form factors (see Papoulias D. K., Kosmas T. S. Advances in High Energy Physics
2016 (2016) and references therein)

GY 1- _Tﬂ'M
uv 1= b+ (557 )P0Ne — (357)%0s my = 938MeV, u, = 2.793, p, = —1.913,
. 1 —TaE My = 843MeV, gn— 1267, M= 1049MeV,
- + (%= )zb%z — (57 )20k’ af, = —0.19, b, =11.12, bh, =15.16, bl = 21.25,
) _4_%;\1 2o 0%, = 1.00, By =12.31, BB, = 2557, b, = 30.61,
“E=1_ 2 N ) A= 1.68, A = 3.63,
a e al, =828, bl =213, bl,=77, bl,=238.
Gi=0.ll—3p
A

Parametrization of the strange form factor (see Butkevich A. V. Phys. Rev. D. 2023. 107, N 7. 073001)

2 2

(2)_ Q_<T§> (1_ q

—2
(-~ M) : .
amy FS(g®) = ¢5(1 - Q_}_z ga =€ [—0,2,0,2] , other «strange»
FS(@) = — M - q° = A A M3 parameters equal zero



Connection between neutral weak and electromagnetic form
factors of nucleon

According to the hypothesis of vector current conservation, vector neutral weak form factors can be
expressed via electromagnetic ones

1 . 1 n 1
Fiale) = (5 — 2sin” 0w ) F§ ps — 1§FQ.M - EFls.z
i 1 1 n 1 1
Flale) = (5 — 25in® Oy ) F§ 5y — 1§FQP.M - §F15.2

Here we restrict ourselves only with
charge and magnetic form factors in the
electromagnetic vertex

F;, — strange form factors of nucleon

In the axial case, one can also factorize an axial strange form factor

T3 _a 1
GY p(q?) = ESGA,P(QE) - 5Giar(@)




