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Neutrino Sources

NEUTRINO
FACTORIES

Neutrinos are everywhere,
generated by a variety of processes

Fusion of hydrogen

nuclei to form Sun

helium in the Sun.

Supernovae and
collisions between
cosmic rays and 0 2
air particles in

Earth’s atmosphere.

Particle accelerators
smashing protons
into a target and

fission from the _ . ‘.

radioactive decay of
elements inside °

nuclear reactors. Nuclear fission

© nature

/
Supernovae [

®@0000O0

WHERE THEY
WILL BE DETECTED

Deep Underground Neutrino
Experiment (DUNE), United States
Status: Planned

Cost: US$1 billion

Will make highest-energy

neutrinos of any experiment.

Status: Planned

Cost: About $800 million

Will be the world’s largest neutrino
detector — it is 25 times

bigger than its predecessor,
Super-Kamiokande.

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

India-based Neutrino
Observatory (INO), India
Status: Funding approved
Cost: $233 million

Will be largest experimental
basic-science facility in India.
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CEvNS Process

® Theoretically proposed in 1974 in the Standard Model (SM)
framework. (Freedman, Phys.Rev.D 9 (1974))
In the process, neutrinos collide with nucleus via Z boson followed by
recoil nucleus.
Incoming neutrinos interact with nucleus as a whole without changing
its internal state.
It can occur at low enough Q2 where the de Broglie wavelength is
large compared to nuclear radius.
scattered
Y v 0 neutrino
a

’
4

nuclear

g;on recon
secondary
recoils
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® |t provides relatively large o

--- ¥3Cs CEVNS —— Pb v, NIN total
. 127,
18 |CEWNS ~ seeees Pb v, NIN 1n
among other neutrino e P v, NN Zn

interaction processes. — &0

- Vel
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® Hard to detect; the nuclear
recoil energy, T,,, is around a
few keV.

® Successfully detected by
COHERENT Collaboration in
2017. (D. Akimov et al., A
Science 357 (2017)). ©T ey ey %
® The heavier the target, the greater the boost in the cross-section but
the smaller the recoils.

Cross-section (10 cm?)
= E
o 24
UmmERLL

7]

S,
b

lmani

e The CEvNS process is well predicted in the SM. Therefore, a measured
deviation from it can provide a test of beyond SM (BSM) physics.
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CEvNS Cross-Section

N

7

e CEvNS is a pure weak neutral current process mediated by a Z boson.
e The SM CEvNS differential cross section is given by

doyn G,%—mN SM\2 2,1 =2 my Ty
= — 1
= ) e (- Tg) o

o,

Weak charge of the nucleus b
QM =gl Z +elN (2)

with the proton and neutron couplings

gl =1/2(1 — 4sin*fy), gl = —1/2 (3)

WP
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Form Factor

e The F(|g]?) describes the
structure of the nucleus.

® \We use the Helm
parameterization (Helm, 1956)

where ji is the first order
Spherical Bessel function, and
the momentum transfer is

Q2 = _q2 =2mp Ty (5)

V4 Karadeniz Technical University

e The CEvNS process is focused
in the region Q < 50 MeV. For
this scale, it can be taken to be
F?(lq1%) = 1.

10°
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N? Dependence

e A deviation from oc N? prediction can be a signature of
beyond-the-SM physics (Scholberg, 2021).

2
© Q%= (N (1-4sin?0w)Z)" , sin® fu = 0,23857

Qv x N,o x Q% — o ox N? (6)
e Verify the expected neutron-number dependence of cross-section:
10°
S T
] :
P
o) COHERENT Measurements
3 10 /‘Ar e SM Prediction
g /’N: FF = unity
o / Klein-Nystrand FF

L PN IVRNEFIS VRS AT AYAAVATE IVATArS WA
]U 10 20 30 40 50 60 70 80 90
Neutron Number
bues... Figure from COHERENT, PRL 126, 012002 (2021).
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Properties of Neutrino

® Non vanishing mass of neutrinos are indicated by neutrino oscillation
process (Pontecorvo, 1957; Maki et. al. 1962).

® This fact leads to the requirement of SM extension, since neutrinos
are massless in the SM.

® Electromagnetic properties (magnetic moment, charge radius,
milicharge) are one of the possibilities (Giunti & Studenikin, 2015).

V3 . wd s ¢ bh t
— , n T
B E— ' U T
L 1 1 L L 1 1 1 L 1 1 L L 1 1
104 1072 10° 107 10* 10° 108 101 10"
m, eV
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® For neutrinos the electric charge is
zero and there are no electromagnetic “)
interactions at tree-level.

v(py)

® Such interactions comes from
quantum loops effects that allow (q)
neutrinos direct interaction with
photon and charged particles.

® Important consequences can be observed in astrophysical
environments, in which neutrinos propagate over long distances in
vacuum and in matter (Jana, 2022).
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Review of Sterile Neutrino

®vve@®

electron tauv sterile
neutrino neutrino neutrino

® |t is possible that there are additional massive neutrinos, such as those
at the eV scale suggested by anomalies found in short-baseline
oscillation experiments (Aguilar, et. al., 2001; Abdurashitov, et. al.,
2006).

® In the flavor basis the additional neutrinos are sterile. Measurement of
the invisible width of the Z-boson that the number of light active
neutrinos is three (Schael, et. al., 2006) and the existence of a heavy
fourth generation of active fermions with an active neutrino heavier
than mz/2 is disfavored by the experimental data (Lenz, 2013).

® From the theoretical point of view, it is likely that if there are sterile
neutrinos, all neutrinos are Majorana particles, but the Dirac case is
not excluded (Giunti and Studenikin, 2015).

N

WP
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Neutrino Magnetic Moment

® |n mininal SM extensions in which neutrinos acquires Dirac masses
through right-handed neutrinos the MM is given by (Rev.Mod.Phys. 87
(2015) 531)

3eGF —19 m,/
y=————m, =32 x10 —
a 8v/2m2 " 8 (eV

® The Lagrangian for the neutrino magnetic moment
(0% = i[y*,~4P]/2) (Harnik et. al., 2011):

LD MVﬂO'aﬁaﬁAaM (8)

B (7)

The photon A, mediates the new interaction.
® The effective magnetic moment p,, is given in unit of Bohr magneton

uB = \/47T04EM/(2me).

® For magnetic moment from the sterile neutrino (phy. Rev. D 106,095022 (2022)):

2
T
LD diot g, o =20 Mk (9)
N me ,U/B

WP
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The Cross-section

Many BSM theories predict a MM larger than the value in Eq(9). It adds
incoherently to the cross-section:
e Contribution of the active neutrino magnetic moment is calculated by

do 1™ b | p2pamp (1) )
dTor B mg UB 7 Tor E, '

This may lead to detectable distortions of the recoil spectrum. 2 is
an effective neutrino magnetic moment relevant to a given neutrino
beam.

® Regarding the case of sterile neutrino, with state v4 and mass my, the
cross-section is obtained as

d VSMM
o _ Tady
[dan} mg

1 1
Z2F 212\2 - =
FIaPE (- 7

Hv

(11)

B mﬁ 1 my — Thr B mf{(mN — Thr)
N 2El/mN an 2EI/ 8E3m%\1 Tr%r
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e Kinematic constraint of the sterile case is

/[ 2
mﬁSQmNan( rnN7—El/_1>7
nr

® The minimum neutrino energy induced by vy is

min _ mﬁ +2mpy T,
v 2(\/an(an + 2mN) - an)7

which is higher than the active neu-

(12)

(13)

trino case. 100 CEVNS
; . 50
® The E/" continuously .
decreases as the increase of ~ § 10} T T
: - i P Ot S 1
the recoil energy, until E"" % ° )
wp T 2 k04 MoV - mne -
reaches the extreme value ——___ ma=0-1 MeV me=5 MV
: 2 L e mg=05MeV ----- m=10 MeV
Elinm =m + m4/2mN. 05k-nmeen” o mmes my=1MeV
----- my=2 MeV
0.01 0.10 1 10 100
N T keV]
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Differential Rate

® The differential rate of the CEvNS in general can be written as

dR e (B £ d®(E)) do(Ey, To)

= — d v )
AT M7 Jegi dE,  dT.

(14)

where d®(E,)/dE, represents solar neutrino flux. Here we consider
BS05(OP) solar neutrino (Bahcall & Serenelli, 2005).

® |n this equation, the € is the exposure of the experiment, and mr is
the target nuclei.

® The nuclear recoil energy is converted from electron equivalent one
with quenching factor.

N

Wy
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Solar Neutrino Flux

Solar neutrinos: huge flux of neutrinos coming from the Sun spanning on a
wide range of energies up to 20 MeV.

® Solar neutrino flux from BS05(OP) standard solar model.
e On the Earth, neutrino flux from 8B and hep are the most observable.

~ 10— e
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Event Rate

Predicted event rate of the v,MM as a function of the nuclear recoil energy
for 1, = 10~ up (with pp is the Bohr magneton).

® The contribution of active 10! T
neutrino magnetic moment = el ~-- SMAMM, 4, =1x 1072
(vaMM) is suppressed by the &
recoil energy Th,. %10’“
® The effect of v,MM would o |
become significant at low recoil %1073
energy. B
® One needs the low threshold 10705 e e o0 - o
experiments for improved Tor (keV)
exploration.
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Predicted event rate of the vsMM as a function of the nuclear recoil energy
for 11, = 10~ up and several sterile neutrino masses.

® The vsMM contribution 10
. . SM+v;MM, m; =10 MeV
decreases with the increment  _ 10l = SN, my = 6 MeV

<. === SM+UMM, my =3 MeV
. -== SM+u,MM, my =1 MeV
- ~ — sm

107t

of sterile neutrino masses.

® The contribution of the vsMM
is similar to that of the v,MM
case.

Events (kg~! kev~! day~!
=
<

® However, the effect of the
vsMM is suppressed at low
recoil energies due to the 70 102 107 100 101
presence of the sterile neutrino Tor (kW)
mass in the E" relation (13).
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Statistical Analysis

® \We adopt the pull approach of the x? function
20 i _Ri —B—Z~§‘C[ 2
: b J
Y e RO ICE
i=1 j
° R(’;bs and Réxp are the observed and expected event rates, respectively.
® We use 20 data points from CDEX-10 experiment (Geng et.al., 2023)
for R;bs :
e A’ denotes the experimental uncertainty.
[

The solar neutrino flux uncertainty is represented by CJ’

N

WP
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® The constraint on active neutrino magnetic moment

)

05 10 15 20 25 30 35 4.0
o] (1ip) x107°

® The upper limit is obtained as |, |(ug) < 1.874 x 1072 at 90% CL.

Best limits @time of the paper: |uve| <0.29 % 107, GEMMA @90% CL (reactor #- scattering) - also TEXONO and CONUS (CEvNS)
‘ fy | <88 X 107" LSND @ 90% CL (accelerator v e scattering).

N
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V4 Karadeniz Technical University Beyond Standard Model: From Theory to Experiment (BSM-2023) 24



Numerical Results 0000@00

® We derive the new bound on
sterile neutrino case from the 107
recent CDEX10 data. p tvaim o
e \We superimpose our projected 3w i =
sensitivities from realistic 3 u
(%10) and optimistic (%1) i — b vy
scenarios.
® The upper-limit for the 90% 107 g oy 10t 10?

C.L. with 2 d.o.f is found to be ms (MeV)

oy S 2.79 x 1079,

® \We compare our results with available limits. There is a small
improvement compared to COHERENT (CSI) result.

N
e
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1078

e \We derive the new bound on
sterile neutrino case from th
recent CDEX10 data.

® \We superimpose our projectt
sensitivities from realistic

SHP [Main] (ve)
~.95% C.L.

BQ

realistic
4

10-°

(%10) and optimistic (%1)
scenarios.
® The upper-limit for the 90%

C.L. with 2 d.o.fis found to be

Py S 2.79 x 107°.

A/ Vs -V
optimistic o 14

o

Prelimi
XENONIT (ve)
10T 100 10T 102
my (MeV)

10711 |

® \We compare our results with available limits. There is a small
improvement compared to COHERENT (CSI) result.

bz
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e \We derive the new bound on
sterile neutrino case from the
recent CDEX10 data.

® \We superimpose our projected
sensitivities from realistic
(%10) and optimistic (%1)
scenarios.

TSHip (Main] (ve)
~.95% C.L.

My, (IJB)

o) inary)
® The upper-limit for the 90% R - 702
. . 10 10
C.L. with 2 d.o.f is found to be Me\
Ly < 2.79 x 1079. my4 (Me
® \We compare our results with available limits. ... _asmall

improvement compared to COHERENT (CSI) result.

® For optimistic scenario, there is an improvement to the considered
existing limits in the mass range of 0.2 -3 MeV.
A

[Hep..
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Summary

® \We have studied the magnetic moments for active and sterile
neutrinos in the framework of CEvNS.

e Their effects to CEvNS are studied using solar-neutrino flux with
CDEX10 data.
® Behavior of these properties are shown in the event-rate spectrum.

® \We derive new constraints on magnetic moments of the active and
sterile neutrinos.

® Although some of the limits obtained are not competitive with
available results yet, they provide complementary and relevant
information.

e The CEvNS process proves to be once again an important tool for
testing sectors beyond SM with highly competitive precision.
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