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may be conducted in other studies, such as neutrino magnetic moment, dark matter direct
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Master Thesis
Summary

GENERAL NEUTRINO INTERACTIONS WITHIN COHERENT ELASTIC
NEUTRINO-NUCLEUS SCATTERING

Muhammad Fauzi MUSTAMIN

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Physics Graduate Program, High Energy and Plasma Physics
Supervisor: Assoc. Prof. Mehmet DEMIRCI
2021, 80 pages

In this work, we investigate the effect of general neutrino interactions within the Co-
herent Elastic Neutrino Nucleus Scattering (CEVNS). In this process, neutrino collides with
the nucleus via a neutral boson exchange as a whole. We give the standard model (SM)
formulation of the process by considering the nucleus as spin-0 and spin-1/2. Coherent
criteria of the interaction are also discussed by showing the form factor effect for several
target nuclei. For the general interaction, we consider two models: non-standard interac-
tions (NSI) and a simplified model. We show the differential cross-section effect of each
model with the SM predictions to look for new physics behaviors. Indication of new physics
from the NSI is presented in a parameter space of interaction strength of flavor conserving
and flavor violation case. Recent values of interaction strength for the NSI for both con-
siderations are used to show the difference from the SM. The simplified model consists of
all the possible invariant bilinear combinations; scalar, pseudoscalar, vectorial, axial-vector,
and tensorial interactions. We consider low energy scale approximation in the calculation of
new physics contributions so that the momentum transfer term in the propagator is included.
The constraints on free parameters of both models, namely interaction strength for NSI and
coupling-mass for the simplified model, are given with 68% and 90% CL using data from

the COHERENT experiment.

Keywords: Neutrino, CEVNS, General neutrino interactions, NSI.
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Yiiksek Lisans Tezi
OZET

KOHERENT ELASTIK NOTRINO-CEKIRDEK SACILMASI ILE GENEL NOTRINO
ETKILESMELERININ INCELENMES]

Muhammad Fauzi MUSTAMIN

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiisii
Fizik Anabilim Dali, Yiiksek Enerji ve Plazma Fizigi
Danisman: Dog. Dr. Mehmet DEMIRCI
2021, 80 sayfa

Bu calismada, genel notrino etkilesimlerinin Koherent Elastik N6trino Cekirdek Sacil-
mas1 (CEVNS) iizerindeki etkisini inceliyoruz. Bu siirecte, notrino, ¢cekirdegin yapisini boz-
maksizin, bir notr bozon degis-tokusu aracilifiyla ¢ekirdekten sacilir. Cekirdegi hem spin-0
hem de spin-1/2 olarak dikkate alarak, standart model (SM)’de CEVNS igin tiim formiilasy-
onu tiiretiyoruz. Ayrica, birka¢ hedef ¢ekirdek icin form faktorii etkisi iizerinden koher-
entlik kriterini tartistyoruz. Bu baglamda, genel notrino etkilesmelerini iki farkli yoldan
ele aliyoruz: Standart Olmayan Nétrino Etkilesmeleri (NSI) ve Basitlestirilmis model. SM
otesi Yeni Fizik davraniglarini incelemek i¢in her modelin diferansiyel tesir kesitini SM tah-
minleriyle karsilastirtryoruz. NSI’den gelen Yeni Fizik katkilari, ¢esni korumlu ve c¢esni
ihlali durumlart icin ¢iftlenim parametrelerinin uzayinda sunuluyor. Burada, SM’den sap-
may1 gostermek icin parametrelerin giincel degerleri kullanilmistir. Basitlestirilmis model
cercevesinde, tiim olasi invaryant bilineer kombinasyonlari, yani; skaler, pseudoskaler, vek-
tor, aksiyel-vektor ve tensor etkilesmeleri inceliyoruz. Yeni fizik katkilarini diisiik enerji
Olceginde hesapliyoruz. Sonug olarak her iki model icin, COHERENT deneyi verilerini
kullanarak serbest parametreler uzayr (NSI icin etkilesme parametreleri ve basitlestirilmis
model i¢in ¢iftlenim-kiitle parametre uzay1) izerindeki kisitlamalar1 %68 ve %90 giivenirlik

diizeyinde elde ediyoruz.

Anahtar Kelimeler: No6trino, CEVNS, Genel notrino etkilesmeleri, NSI.
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1. INTRODUCTION

1.1. The Early Era of Neutrino

In the year 1930, a neutral particle was hypothesized by W.Pauli to address unknown
missing energy in the 3-decay. He proposed the existence of a weakly interacting fermion
with the scale of the electron mass that responsible for this phenomenon. E. Fermi in 1932
then termed this elusive particle neutrino and considered it to be massless and neutrally
charged (Fermi, 1934). The general form of the 3-decay process that produces this particle

can be written as

X(A,Z) Y (A Z+1)+e +T.. (1.1)

The initial atom X, with the atomic number Z and mass number A, decays into the final atom
Y accompanied with an electron and an electron anti-neutrino. This process can be viewed

at the nucleon level as neutron changes to a proton

n—p+e +Vve, (1.2)

where the diagram describing this three-body decay mode can be pictured as a four-fermion

vertex as in Figure 1. The amplitude of this process can be interpreted using the prescription

Figure 1. B-decay with Four-fermion coupling.



of quantum electrodynamic (QED) by introducing a coupling Gr to the interaction vertex,

M = Gr(pyHn)(eyuve), (1.3)

where p,n,e, and Vv, are spinors of proton, neutron, electron, and electron neutrino, respec-
tively. In writing amplitude, we note that only particle spinor is entered so when we en-

counter an antiparticle, we can reverse the momentum to obtain particle spinor.

The amplitude in Eq.(1.3) which is a product of two currents in the same point in
space-time is known as an effective theory. This four-point interaction, proposed by Fermi
(Fermi, 1934), had been driven by many experimental attempts to explain the full features
of the B-decay phenomena. The cross-section of the hypothetical neutrino was predicted to
be oy < 10~* cm? with energy Ey ~ 2 MeV (Bethe and Peierls, 1934). The first detection
was succeeded from the proton inverse 3-decay experiment in a ton-mass scale Savannah
River detector (Cowan et al., 1956), which match the theoretical prediction. Their attempts
became not only the first successful observation of anti-neutrinos but also the inspiration for
the development of neutrino detectors. Since then, the B-decay experiments intensified to

study the full physics of the phenomenon.

The general set-up of the B-decay experiments was aimed to observe emitted electron
angle using specific nuclei under the influence of an external magnetic field, such that the
nuclear spin-polarized along the field. The triumph of this experiment happened as Wu and
her team (Wu et al., 1957), using ®°Co (J = 5) nucleus, found a signature of maximal parity
violation since the emitted electrons in their observation prefer the opposite direction from
the nucleus spin. Figure 2 represents the experimental setting as well as the consequence of
the process. Since the total spin J = L+ S, where the angular momentum L does not change
under parity, only the spin § can be in an arbitrary direction under the parity transformation.
It implies that antineutrinos should be emitted in the same direction as the nuclear spin.
With this observation, the emitted electron antineutrinos that accompanying electrons then
should have the right helicities, a parameter that will be discussed further. This conclusion
is achieved from the massless consideration of neutrino. This is the reason why neutrino

(antineutrino) was considered to carry no mass and left-handed (right-handed) chirality.

The four-fermion interaction needs to be modified to accommodate this parity vio-
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Figure 2. Experimental consideration of -decay of ®'Co into ®*Ni*, ¢; and V.

lation. This was achieved by introducing a simple form of vector—axial-vector, V — A, to
the weak current (Feynman and Gell-Mann, 1958; Sudarshan and Marshak, 1958; Sakurai,

1958). Hence, for the case of electron and its antineutrino

Joe=er(1=7)ve. (1.4)

We can then write the previous amplitude, neglecting nucleon structure, as
Gr,_ -
/%zﬁpy“(l—f)n][em(l—f)ve]. (1.5)

The factor 1/+/2 is conventional to compensate the new form of interaction so that the value
of Gr stay still. The updated value of this coupling is 1.1663787(6) x 1073GeV~? (Zyla et
al., 2020). The scale of this coupling indicates a necessity for a new interaction at that time,

a weak interaction.

1.2. Neutrino Sources

Neutrinos are available abundantly around us since they are fabricated from many
sources. Neutrally charge, tiny mass (even considered massless), and only interact weakly

with other particles made neutrinos unobserved with human’s sense organs. Extremely sen-



sitive and generally large detector size is needed to detect neutrinos from their source, which
can come from natural and artificial agents. The spectrum of neutrinos that pass through the
earth is shown in Figure 3, an updated version for Grand Unified Neutrino Spectrum (GUNS)

at the earth so far (Vitagliano et al., 2020). Some of them are briefly discussed below.
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Figure 3. The neutrino spectrum from various sources on the surface of the Earth,
taken from the improvement of GUNS (Vitagliano et al., 2020). In this
improved version, neutrino comes from CNB, BBN, and DSNB, as well as
from cosmogenic sources have been included.

e Relic Neutrino: Relic neutrinos come from the early universe before the expansion
period. In this phase, neutrinos together with photons were trapped as hot-plasma in
an equilibrium state by electroweak interactions. They were exist through yy — vv
ore et S vV, detected as cosmic neutrino background (CNB), andn — p+e~ + V,
during the big-bang nucleosynthesis (BBN). When the temperature decrease, neutrinos
decoupled and filled the universe as hot relics. Neutrinos then dominated dynamics of
the early stage and structure formation of the universe as they have tiny masses. Cross-

section of this case is predicted to be ¢ ~ 107°% cm? (Gelmini, 2004).

e Cosmogenic: Cosmogenic events have been recorded an ultra-high-energy cosmic
rays up to 1020 eV (Bird et al., 1994). This is the most energetic neutrino source

had ever been observed, yet with the lowest flux. What kind of event-triggered this



acceleration still remains unanswered. Some candidates for this process are gamma-
ray burst, a remnant of supernovae, and cosmic rays with Greisen-Zatsepin-Kuzmin
(GZK) cutoff (Greisen, 1966; Zatsepin and Kuzmin, 1966). Detection of this event
has been driving the development of the so-called neutrino telescope, such as IceCube
(Aartsen et al., 2015) in the South Pole and Antarctic Ross Ice-Shelf Antenna Neutrino
Array (ARTANNA) (Barwick et al., 2015) in the Antartica.

Supernova: Supernovas produce a high-flux neutrino when a core of a massive star
collapse. The collapse occurs just in a small fraction of a second, however able to
separate iron nuclei in the core into its nucleons components which then undergoes
neutronization as free protons favored to capture electrons followed by neutrino prod-
uct and formed what is called a protoneutron star. There is an exchange of energy from
p+e S n+ v, reactions. Neutrinos produced during this procedure rapidly escape
the star core which now mostly composed of the neutron as burst. Only about 1% of
energy in this process produce visible electromagnetic radiation, while the rest is radi-
ated away as neutrinos. Supernova explosion was detected with 24 events of v, when
the explosion of the Supernova 1987A reached earth in 1987; 11 at Kamiokande-II
(Hirata et al., 1987), 8 at Irvine-Michigan-Brookhaven (IMB) (Bionta et al., 1987),
and 5 at Baksan (Alekseev et al., 1987). This is the first detection of neutrino from
such a process so far. Additionally, this supernova explosion also produces the diffuse
supernova neutrino background (DSNB) which has lower flux and weakly glow in the
MeV scale (Horiuchi et al., 2018). The aim of detecting this phenomenon is still in

advancement.

Stars: Stars that undergo thermonuclear reaction in their core produce neutrinos with
large flux, especially the electron neutrino. As for our solar system, neutrinos appear as
a product of nuclear fusion inside the core of the sun. Fusion reaction of hydrogen clas-
sified from pp chain (Bethe and Critchfield, 1938) as well as carbon-nitrogen-oxygen
(CNO) cycle (Bethe, 1939) which can be expressed as 4p+2e~ — “He+2v, +energy.
The released energy is 4m), +2m, — mag, = 26.731 MeV, where 4m;, = 28.296 MeV,
me = 0.511 MeV, and may, = 2(m, —mp) = 2(939.565 — 938.272) MeV. Schematic
diagrams for both process are shown in Figure 4. Neutrinos from this source are

termed solar neutrinos, which has been integrated in the standard solar model (SSM)



(Bahcall et.al., 2000). Neutrinos reach the surface of the sun much earlier than pho-
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Figure 4. Process of the proton-proton cycle and CNO cycle inside the sun.

tons since only interact weakly, so that understanding solar neutrino is important to
learn the interior of the sun. Despite availability, they arrive at the Earth’s surface with

relatively small energy.

Atmospheric Neutrino: In the outer atmosphere of the earth, interactions of cosmic ray
particles such as the proton, helium, or other massive nuclei, with atoms that construct
the atmospheric layer generate short-lived mesons such as kaon or pion (Gaisser and
Honda, 2002). Neutrinos are commonly occur as a product of pion (17 — u™ +vy)
and kaon (K~ — u~ + V) decays, which then lead to muon decay (U™ — e~ + V. +
Vu, U — e +Vv,+ V). Neutrinos from this process are termed atmospheric neutrinos
and arrive at the Earth’s surface with relatively large energy, but smaller flux compared

to the previous sources.

Earth Radioactivity: Neutrinos are also produced beneath the Earth from the existing
radioactive materials. The neutrino fluxes are mostly originated from the decay of
Uranium and Thorium isotopes on the crust layer, only available as V,. The main reac-
tions which produce this geoneutrinos can be expressed as 233U —2% Pb+8a + 8¢~ +

6V, +51.7 MeV or 232Th —208 Pb + 6 + 4e~ + 4V, +42.7 MeV (Fiorentini et. al.,



2007). Detection of these neutrinos can be conducted by observing their interactions
with protons that followed by neutron capture, v, + p — n+e™. Since the elements
responsible for its decay have a comparable lifetime with Eath’s age, geoneutrinos
provide useful information about geological activities, the generation of the magnetic

field as well as the evolution of the Earth.

e Particle Accelerator: Neutrinos from particle accelerator can be obtained mostly from
pion decays, which is produced from the collision of the proton beam with a fixed
heavy target such as graphite. Massive target enables the produced decaying pion to
come at rest. This is the reason this kind of accelerator is termed a decay at rest (DAR)
experiment. With this procedure, all SM neutrino flavors can be produced. Such ex-
periments have been used by Karmen (Armbruster ef al., 2002) and LSND (Athanas-
sopoulos et al., 1997) for studying, for example, neutrino oscillation, the weak form

factor of nuclei, neutral current universality, and astrophysical neutrinos.

e Nuclear Reactor: Produced energy from nuclear power plants contains neutrino within
a few MeV scale. Typically, v, type is detected since the core of reactors undergo f3-
decay from the nuclear fission process. Nuclei with rich neutron become the main
source of the fuel such as 23U, 9Py, 238U, and 2*'Pu. Hence, a steady-state single
flavor neutrino is produced from a nuclear reactor. Neutrinos detected from reactor
based on proton’s inverse 3-decay V, + p — n+e™. Some of the nuclear reactors that
aim to observe mixing angle and the possible appearance of sterile neutrino are Double

CHOOZ (Abe et al., 2012), RENO (Ahn et al., 2012), and Daya Bay (An et al., 2012).

1.3. Neutrinos in the Standard Model

The Standard Model (SM) is the state-of-the-art theory that explains all fundamental
particles and their interactions. The model is constructed from a gauge theory of SU(3)¢ X
SU(2)p x U(1)y local symmetry (Glashow, 1961; Weinberg, 1967; Salam, 1968). The sub-
scripts C,L, and Y stand for color, left-hand chirality, and hypercharge, respectively. The
SU (3)c¢ describes color charges from Quantum Chromodynamics (QCD), a model that ex-
plains the dynamics of quarks inside nucleons together with their binding gluons. The

SU(2)r x U(1)y is the group transformation that is obeyed by all the particles, quarks and



leptons, correspond to the electroweak interactions. After spontaneous symmetry breaking,

the electroweak-interaction Lagrangian reads the following form (Zyla et al., 2020):

P == L Wby s TP ()W T

- 2c§‘:9w ;ll‘fn’“(g"v — gAY )WiZy +¥"p"<ia —m=SHH )y

(1.6)

This Lagrangian describes both quarks and leptons with their electroweak interactions with
photon Ay, = By, cos By + Wﬁ sin By, charged bosons WHi = (W‘} F Wﬁ) /+/2, neutral boson
Zy = —BysinOy + WS cos By, and the Higgs boson H. Here Oy denotes the weak mixing

angle. Fermions are denoted by yj;, while its doublet representation ¥ stands for either quark

u; Vi
‘| or lepton “|. Note that @’ = ) ;Vijd; where V;; is known as Cabibbo-Kobayashi-
d! I

Maskawa (CKM) matrix, responsible for quark flavor-mixing under the influence of weak

interactions.

The first term in the Lagrangian describes electromagnetic interaction, where e stands
for positron electric charge and Q for its sign. The next two terms are for weak interaction. It
contains the electroweak coupling gw = e/ sin @y with T+ stand for the weak isospin raising

and lowering operators, and also the coupling of vector and axial-vector structure, defined as

g, =T —20;sin’ 6y, g\ =T (1.7)

Here, 73 and Q; are respectively the weak isospin third component and the charge of fermion-
i. The last component in the Lagrangian describes fermion kinetic and mass term, as well
as its coupling to Higgs boson. The parameter v ~ 246 GeV is the vacuum expectation
value (vev) of the Higgs field. The effective value of the sinus square of the weak angle is
sin’ Oy = 0.23153(4) (Zyla et al., 2020). This value changes according to the energy scale

as depicted in Figure 5, where results from various experiments are shown.

The elementary particles of the SM can be summarized as the gauge group irreducible
representation in Table 1. It shows the fermions quantum numbers for each gauge group
transformations. It can be seen that neutrinos are doublets under SU(2) transformation,
singlets in SU(3), and own —1/2 hypercharge. Their electric charge vanishes since Q =

T3+ Y, where their weak isospin 73 is 1/2.
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Figure 5. The sin” 8y as a function of energy scale i, adapted from (Zyla et al., 2020).

Table 1. Irreducible representation of the SM (dsy (3, dsu(2))y-
3,1) 33 (3,1)_1y3

(1,2) 12 (3,2) 16 | (1,1)

V, ! :

( ;) L (Z”> L X "k i
Vu ¢!

w), §i i HR CR SR

Ve t ;
( T >L (bi) L * ® Pk

Considering only neutrinos, where g{, = gf;‘ = 1/2, the Lagrangian becomes

(v) g o - 8 o

S == =)V 1—7)laW, — % 1—7)vaZ

int 2\/§Za: aYu( 75) aWy 40089Wza: a¥u( 7’5) alu 08
+h.c.,

with i runs up to the third lepton family and 4.c. stands for Hermitian conjugate. The La-

grangian shows that the neutrino interaction with lepton needs to be mediated by either W=

or Z° boson. Both mediators are respectively responsible for the standard charged and neutral

current interactions. It can be seen clearly that the electroweak current has V — A structure.

This also indicates that neutrinos are left-handed in the SM, as have shown in Table 1.

The Fermi interaction from the previous -decay then being resolved by the appear-
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ance of a massive W boson as in Figure 6. The corresponding amplitude of this process can

Figure 6. B-decay in the SM with mediator W™~

be obtained from Feynman rules Appendix 7.2. as
8
My = 5 |7 (1= P )nllenu(1=7)vel. (1.9)
w

2
Comparing to the Gr form, it is found that % = ;’7"2. The mass of the W+ boson is about
w

80.4 GeV, hence using the value of G the weak coupling is gw = 0.65.

1.4. Neutrino Properties

1.4.1. Neutrino Flavors

It is known that neutrinos come in three flavors. They are correspond to each lepton
types, e, , and 7. The Vv, type occurs in the 3-decay process as mentioned previously in
Eq.(1.2). The other two types were discovered from different channels. Possible processes
of these are the pion decay for v, and the leptonic-tau decay for vz, respectively given in the

following reactions
=t vy, T = Vite +V,. (1.10)

These processes obey lepton number conservation, L = 1 for lepton, L = —1 for antilepton,
and L = 0 for non-leptonic particle. Moreover, there are also number conservation for each
generations denoted by L., Ly, and L; which can have value of 1 for particle and —1 for an-

tiparticle. Both reactions above and the 3-decay for example obey this lepton conservation.
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The restriction of three generations in the electroweak theory is determined from Z
boson decay. The decay width consists of the summation of visible hadrons, e"et, u~u™,
and 777, as well as invisible process widths. The branching ratio of the invisible final states
for SM consideration would be due to the number of the light neutrino species N,. There-
fore, the branching ratio of the invisible decay would be I'j,, = NyI'yy and from combined
LEP observations (Schael et al., 2006), the number of light neutrino species, excluding non-
standard possibilities, is Ny = 2.984 +0.0082. Hence, the SM should contain three neutrino

flavors.

1.4.2. Chirality and Helicity

Concept of chirality comes from the chiral matrix y° in the V — A structure of weak in-

teractions. It gives rise to two possible chiral operators, right and left projection, respectively

defined as

1

&=%0+WL Po=2(1-7). (1.11)

The y° matrix itself consists of the other y-matrices
0.1 01
r=r=0"7ry= o) (1.12)

The left(right)-handed operator belongs to —1(+1) eigenvalue of the P (Pg) operator for
particle spinor and reversed case for antiparticle, since }/52 = 1. Both operators satisfy the

following properties
P+ Pr= l, P Pg :PRPLZO7 PRg,L:PRL' (1.13)

With these operators, any fermion and anti-fermion spinor can be decomposed respectively

as

frL=PrLf, frL=PLrf. (1.14)
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The weak current in Eq. (1.4) clearly contain left-handed chirality if factor 1/2 attached.

Furthermore, we may calculate this current form to show that
1
e S (1 =) Ve = &Y' Pl Ve = ePrY' PLVe = &Y Ve (1.15)

It then appears that in the weak interactions, involved particles participate only with L-
component spinor. This is in fact a direct implication of the parity violation, observed in

the B-decay experiment.

Another important quantity in the electroweak process is the helicity of a particle. He-
licity is defined as the projection of particle spin to its momentum, i.e. direction of particle
motion. As for massless particle, or at least moves at the speed of light, helicity is equiva-

lence with chirality. We can show this by firstly notice that the Dirac Lagrangian
Z =y(id —m)y, (1.16)
gives the following equation of motions as a right or left-handed spinor

idwrL =myg . (1.17)

Since the four-momentum operator obeys idy = py, then pP= Ypu = YE — ¥'p'. So for

massless case, || = E and by multiplying 7>y from the left we have

P15 - YY) wreL =0. (1.18)

Using the representation of the spin matrix

51— Py ("i 0)) (1.19)

0 o

we find that

Lp

YWrL = o VeL= hWk L, (1.20)

which shows that the chirality is the same with helicity for massless particle.
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Recognizing the difference between chirality and helicity can be seen from the pion
decay process to tv, or to etv,. Spinless pion at initial set the decay products to have
opposite spins. Since (Vy, V,) is left-handed in helicity, with the same chirality, the (u™,e™)
also need to have the left-handed helicity to preserve angular momentum conservation. But
this requirement is forbidden as anti-particle must be in right-handed helicity. The process
then contains a mixture of left-handed helicity for a right-handed chirality state (Naumoyv,

2011). This behavior can be depicted as in Figure 7.

neutrino anti-neutrino

Figure 7. Helicity interpretation of neutrino and antineutrino.

In short, the V — A structure of the weak process in the SM only couples left-handed
neutrino and right-handed antineutrino as a consequence of (1 — 7°) correction in Eq.(1.4)

from the initial proposed model that violates parity. Therefore, only

1 1
ve=51-7).  Ww=50+7), (1.21)

states are allowed in the SM framework.

1.4.3. Dirac and Majorana Neutrinos

Neutrinos appear to have a tiny mass as indicated from neutrino oscillation experiment.
It makes neutrinos unique from other particles in the SM which are considered as Dirac type.
The latest conducted experiments give the upper bound limits with 90% Confidence Level

(CL) of their masses (Zyla et al., 2020) :

my’ <1.1eV, m§ <190keV, mil/ <18.2MeV. (1.22)

In its early stage, neutrinos were considered as Dirac particles in the same spirit as the



14

other fermions. The process of weighting a Dirac particle can be made by introducing the

following mass term

L = —myy = —m(Yr+ Yr) (YL + Wr) = —m(YLYr + YRYL). (1.23)

It shows that massive particle must have both left and right-handed components. But this
adding by hand process is simply not allowed since it breaks gauge symmetry. The field yg
is a doublet in SU(2);, while yg is a singlet U(1). For this reason, fermion mass needs to be
generated spontaneously with the Higgs mechanism (Higgs, 1964; Englert and Brout, 1964;
Guralnik et. al., 1964).

If neutrinos are considered to be the same as the other SM particles, we need three
right-handed neutrinos. So that its mass term can be introduced by introducing Yukawa

interaction

PP — _Ley@-Vr — Vrgyvo, L (1.24)

V,
with L is a doublet ( L) , Vg is a singlet, and ¢, = i0»¢* is a Higgs doublet conjugate, which

€L

v+h
after spontaneous symmetry breaking becomes ¢, = \% ( ) with £ is the Higgs field.
0

With this procedure, we obtain the Yukawa Lagrangian as

i V8v , = 8v ,_ _
gDzrac - __°r VLVR + VRVL = VLVR + VRVL h (1 25)
The mass term of neutrino is then
mbirac Y (1.26)

:gvﬁ

Assuming my, < 1 eV and since v = 242 GeV, we would then have gy, < 107!, This is
bothering since for the other fermion, for example, m, ~ 0.5 MeV g, ~ 107°. This is in fact
a hierarchy problem, why the same mechanism of obtaining mass lead to different coupling

scale?

Experiments have been showing that they only appear as left-handed (right-handed)
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particles (anti-particles). However, the v, products of beta decay are not observed in the re-
action with incoming Vv, and imply that both particles may be the same entities. If neutrinos
are equal with their antiparticles, they are categorized as Majorana particles. The massive-
ness of neutrino is also accounted for with this Majorana proposal. This model could be

sensitively observed from the neutrinoless double beta decay (Ov3 ) process.

If neutrinos are Majorana particles, the right-handed neutrinos should be the conjugate
of the left-handed ones so that neutrinos are nothing but their own anti-neutrinos. For this

purpose, we need a conjugate field

v =CYPPyx =Cyl, (1.27)

where C denotes the charge conjugation operator with properties C = —C~! = —C" = —CT
so that yg = y;. With this, a field then can be composed as ¥ = yz + y; and hence y = y*.

With this prescription, we may try to construct Yukawa interaction for this case by writing

YIS _ g 0o (C(LE)T) +hic. (1.28)
= —Z(pcgacqscTLT +h.c.

where we have used L — L¢° to get singlet transformation (Hernandez, 2015), where g

refers to Weinberg coupling. After breaking the symmetry we find

; 1 _ . .
g}{"’“fom”“ == gav’ V1, Vi + interaction term + h.c.. (1.29)

The conventional form of Majorana mass term is
: 1 _
e = S (my + myey), (1.30)

so that the mass of Majorana neutrino is predicted to be

miyedorana — g 12, (1.31)

Since the field in Eq.(1.28) has [M]°, the coupling g should have [M]~!. We can relate this

coupling with the neutrino as go = gy /A, where A is the place new physics enters. If there is
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a A with a scale much greater than the v, the hierarchy problem can emerge naturally through

this Majorana mechanism.

1.4.4. Neutrino Oscillation

In its early stage, neutrinos are concerned massless with three distinct flavors. How-
ever, possible anomalies from solar and atmospheric neutrino observations (Fukuda et. al.,
1998; Ahmad et al., 2002) indicate that neutrinos possess to be massive. The two exper-
iments showed that over a large distance, neutrinos undergo flavor transformation. It had
been anticipated theoretically by B. Pontecorvo (Pontecorvo, 1957) and then later on elab-
orated by Maki, Nakagawa, and Sakata (Maki ef al., 1962). This phenomenon is known as

neutrino oscillation.

In the formulation of neutrino oscillation, the mass and the flavor eigenstates are not
identical. Three eigenstates, correspond to lepton family V., vy, vz, can be connected with

mass eigenstate Vi, v, V3 (or matter waves) by

VQ V1
Vu | =Upuns | v2 | - (1.32)
VT V3

Uppns denotes the commonly used mixing matrix in the lepton flavor sector (PMNS comes
from the initial name of the above-mentioned scientists that built its foundation). Explicitly,

each element of this matrix can be expressed generally as (Thomson, 2013)

1 0 0 Cc13 0 S13€7i6 cr2 s;2 O
Upuns = | 0 23 8§23 0 1 0 —s12 c12 0O, (1-33)
0 —s23 23 —s13ei5 0 C13 0 0 1

where, c,, = cos 0, Sup = sin6,,, with 07, 0;3,0,3 are the mixing angles between fla-

vors, and & represents phase of charge and parity (CP)-violation. Using this unitary matrix,
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generic formula to account probability oscillation of v, to v, is given by

2
Amj kL

P(Va— V) Z UpiUaUpe” 200 (1.34)

2

where A]k = mj;

—m7 is the squared mass difference of the state v; and vy, U,; is the a, j
element of the Upyys matrix, L is the distance traveled by neutrino from its source to a

detector (or simply baseline), and |p| is the momentum of the neutrino.

In its observation, neutrinos from a source (sun, p-decay, nuclear reaction, etc.) are
produced and then are detected after traveling a distance L. During propagation, neutrinos
experience a weak process in combination with flavor states and randomly distributed in
space-time. It implies a slightly different velocity phase, hence there is a non-zero probability

of obtaining a different state between the detected and produced neutrinos.

1.5. Outline of Thesis

Having briefly described the development of neutrino physics in the previous pages,
what follows will be focused on discussing the coherent interaction of a neutrino with a nu-
cleus, the main objective of this thesis. Neutrino interaction with the nucleus is important as
neutrinos available in the universe in a gigantic amount while the nucleus constructs every
macroscopic matter. In this work, we are focusing on a coherent process, meaning that neu-
trinos scatter with the nucleus as a whole via neutral boson exchange in low energy without
changing their internal structure. It is commonly known as coherent elastic neutrino-nucleus
scattering. The process plays role in many physical phenomena, such as dark matter probes,

supernova physics, neutrino electromagnetic, nuclear physics, and new neutrino interactions.

The discussion will be conducted in the framework of SM as well as beyond. For
the latter, generalized new interactions from two models are considered: non-standard in-
teraction and simplified model. Both of them are important to study possible new neutrino
interaction which is indicated from various observations. The phenomenology of both mod-

els will be studied by including their possible effect on the SM predictions.

We describe the formulation of the neutrino coherent interaction with the nucleus

within the SM in Chapter 2. Both spin-0 and spin-1/2 cases will be discussed. We also
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give the formulation of its event rate as well as the number of events in this chapter. In addi-
tion, we will briefly describe how this process is observed, particularly in the COHERENT
experiment whom the results we concern. Chapter 3 will discuss the theoretical formula-
tion of the generalized neutrino interaction from non-standard interactions and a simplified
model. Numerical results of the SM process, as well as from these models, will be elabo-
rated in Chapter 4. We firstly present the kinematics of the process and its standard model
differential cross-section in the SM, non-standard interaction, and simplified model for five
nucleus target. For the SM, we also provide the total cross-section and also the differen-
tial rate from COHERENT experiment. Afterwards, by performing single-bin y2-analysis,
we present the constraint of each parameter from both considered models. Finally, we will

conclude this Master thesis and give further suggestions in Chapter 5.



2. COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING

Since neutrinos in the universe available in gigantic amounts, their interaction with the
nucleus has been considered an advancement for investigating new physics. One proposed
a tree-level process of this kind called coherent elastic neutrino-nucleus scattering (CEVNS)
in which Neutral-Current (NC) interaction happens between neutrinos with quarks inside the
nucleus of an atom. The proposal (Freedman, 1974) had been hanging up for a few decades
after first its confirmation in recent years by COHERENT experiment (Akimov et al., 2017).
In what follows, we first examine the theoretical formulation of the process and then present

some appropriate attempts to detect this neutral interaction.

2.1. Theoretical Formulation of CEVNS

CEVNS reaction can be depicted as neutrinos interact with a nucleus coherently via
neutral boson exchange in low energy. Coherent here means that neutrinos are capable to
reach the nucleus structure without breaking it. The implication of this is that the complex-
ity of strong interaction can be attached to a nuclear form factor. Through this procedure,
properties of neutrinos when they mingle with matters in low momentum transfer can be

investigated. Feynman diagram showing CEVNS process is shown in Figure 8. It shows

Figure 8. CEVNS process in the SM.

a neutrino interacting with the nucleus as a whole by exchanging neutral boson. So far,

CEVNS is a process with the largest cross-section involving neutrinos as shown in Figure 9.
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In this work, the CEVNS is generally studied to show the differential cross-section
predictions for the cases of SM and beyond, considering the effect of general new interac-

tions. For this purpose, we consider NSI and a simplified model. In doing so, we approach

the nucleus as a spinless or a Dirac particle.
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Figure 9. Various processes involving neutrino, adapted from (Sinev, 2020).

2.1.1. Spinless Nucleus
The scattering amplitude for the process of

v(p1) +N(p2) = v(p3) +N(pa),

2.1
while assuming the nucleus as a spinless particle can be calculated as
. g (guv — pupv/m%)
il = =iz E 9l (1 =PIV | - SR
=z (2.2)

% |~ i3carge VPN G2))|.
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and for q2 < m%, we have

g2

4m% cos? Oy

:%gzv(m)yﬂ(l — y5)v(p1)<N(p4)|JNC,l|N(P2)>

V(p3)gl M (1 =7 )v(p1)(N(p4) Unc,IN(p2))
2.3)

where we have used Gr/v/2 = g?/8m?, and my = mzcos6y. The |N) represents that the
nucleus is composed of quarks. Since the nucleus consists of the proton (uud) and neu-

tron (udd), which then also composed of quarks, the nucleus NC term can be written using

Eq.(1.7) as

(N(pa)lInc, IN(p2)) =2(N(pa)|gfary" ur + griary" ur
+gld v dy + ghdry* dr|N(p2)) 2.4)

=2(N|(g} +gp)ary ur + (g7 + g2)dLy*dL|N),

where the u and d quarks considered to conserve parity. For a nucleus with a large mass
number, the ratio of the up and down quarks related to the proton number, Z, and neutron

number, ./, which is related by the atomic mass number & = Z + ./, is given by

(Nlay"ulN) _ (play*u|p) + (nlay"uln) 2Z+.4
(Nldy*d|N)  (pldy*d|p) + (nldy*d|n) ~ Z +24"

(2.5)

From this relation, the EM property can be attached by defining f* to each quark as (Lindner
etal.,2017)

(N|ity*u|N) = 2Z + ) fH, (N|dy*d|N) = (Z +2./) f*. (2.6)

We know that the EM charge of u and d are Q, = 2/3 and Q; = —1/3, respectively. From

the EW Lagrangian, the EM current for quarks in a nucleus is
u 2_ 1 -
Then for the whole nucleus, we have

NP BN (p2)) = 2 OF +.0) 1~ (T +20) f* = Z fH. @8



22

Comparing this with the case of scalar QED (Appendix 7.2.),

(N(pa)| T IN(p2)) = — Ot (P + P5)F (g7, (2.9)

where we have defined form factor F(g?) to take into account nucleus structure, we can see

that
Omct =Z, =~k +Py)F(). (2.10)

Since we have

(NI IN) = SNEPUlN) — 3 (N|a P ulN), @.11)

NI de|N) = 3 (NIZPdIN) — 5 (NI YdIN). 2.12)

and the fact that the QED nature is independent of y*7° terms, we can split the nucleus

current as

u u — ul — 1 u
(87 +&r) (N (pa)laLy"uL|N(p2)) = gv§<N!uV“u!N> =58v(2Z +)fH, (2.13)
and

NP dIN) = 2 60(Z +24) 7, @.14)

| =

(g4 + g&)(N(pa)|dLy* dLIN(p2)) = g

hence the nucleus current becomes

(N(pa)lnc, IN(2)) = = [ Z (28 +88) + (gt +268) | (0 + PH)F (47)

= —|Zel+ | (b +P5IF(). 2.15)
Substituting the following relations for the couplings

1
gL=5— 3w, Sr=—3W gl=—g Wl gh=gswl (2.16)



23

where sw? = sin? 6w, we find

(N(pa)Unc, IN(p2)) = —| Z (1/2 = 2sw?) +/V(—1/2)] (Py +P5)F(4)

1

= 5 0sm(ph +PY)F(4). (2.17)

with the weak charge defined by (Scholberg, 2005)
Osu = N — Z (1 —4sw?). (2.18)

Here the subscript indicates that the charge corresponds to the SM current.

The scattering amplitude for the CEVNS in Eq.(2.3) then becomes

M= %gZQSMV(ps)V“(l — P )W(P1)(Pay + P2 F (0). (2.19)

The average square of this amplitude can be written as
1
(L) = Y| 0P = 5 G Q3w F(a°)(8)*LY Wiy (2.20)
ss’

where we note that neutrino appears only in the left-handed state so that no need for spin
averaging factor. We have defined the neutrino tensor LY, and nucleus tensor W[LVV. We can

express both of them as

LY =Y [V () (1= )V (p)][V (p3)y” (1 =PV ()]

=Telpsy* (1 = 7)) 7" (1= 7) 22D

=8(p' Py + Y Py — p1p3gh’ —ie™ P p3pig).

and

Wiy = (P2 + Pay) (P2y + Pay). (2.22)

Note that the following completeness relations for particle u# and antiparticle v have been



24

implemented
Y =w(p)@(p)=p+m, Y =vV(p)Fp)=p-—m (2.23)

Contracting both terms we have

Ly"'Wy, =8 [2(1?1 (p2+p4))(p3- (P2+p4)) — (p1-p3) (P2 + pa) (P2 + pa)
(2.24)

—ie™PY p3opig(Pay + Pay) P2y +p4v>] :

The last term is zero due to symmetric-antisymmetric multiplication. Hence we have

(|4 *) =4GE Q5| F (47)|*(g1)? [2(1?1 -p2+p1-pa)(p2-p3+p3-pa) (225,

—(p1-p3)(P3+2p2 - pa +P421)} :

Implementing the four-vector momentum contractions to the |.#|?, we find

(02) = 4G} O3y |F () P81 P2 [P0 (B — T) + m 2

3 (Ey —T): —m3 T —m3 T (my + T)] (2.26)

T mNT
= 326304y |F ()P (el P B3 (1 - - — 22 ).
EV 2Ev

Applying this result to the differential cross-section as in Eq.(A.34), we obtain

[da :G%QéMmN\F(q2)|2<1 myT T)_ (2.27)

d_T] sM A " 2EZ Ey
The nuclear form factor F(¢?) approaches to 1 in the coherent limit g> — 0.

2.1.2. Dirac Nucleus

The nucleus can also be considered as a Dirac particle. We can use the usual vector

current to replace the scalar of Eq.(2.15), so that

(N(pa) gy IN(p2)) = [Z 8 + VgVl pa) Y u(p2) F (47). (2.28)



25

The scattering amplitude then becomes

A = SEQuF ()Y (pa) (1 =P V()i ) (2.29)

Note that we could also have antineutrino, but the final result will not be changed with this
structure. The contribution of the new nucleus term is the only difference here as we compute

the averaged square amplitude, which has the following tensor

Wy = Y1 (pa)var” (p2)][@ (pa) e (p2)]'

ss’

2.
= Tel (- ) (g + ) % (2.30)
= 4(paypay + Paypay — (P4~ P2 —my)8uv)-
Contracting the neutrino and the nucleus tensor, we obtain
LYYW, =32(p' pY + pY Py — p1pagh’ — ie™PV p3pip)
X (PayP2y + PayD2y — (P4~ P2 — mM3)guv)
=32(2(p1p4)(p2p3) +2(p1p2) (p3pa) — 2(p1p3) (p2pa) (2.31)
+2(p1p3)(papa —my)]
=64((p1pa)(p2p3) + (p1p2)(p3ps) — (p1p3)my ).
Using the lab frame, the four-vector momentum contraction gives
LYYWy, = 64[my (Ey — T)* + Eymy, — m}T|
— 128 E 1 - = T ]
Ey, 2E; 2Ej
The cross section then becomes
[d_"] _ GrQsumn|F(q)) (1- T T T ) (2.33)
dT 1sm 4 2E2 E, 2E%)° '

We notice that only the last term distinguishes this result from the spinless case. In addition,
for lower recoil nuclear energy limit, the last two terms can be neglected and we have the

same form from both considerations.

The form factor in the differential cross-section (2.27) determines inner structure of
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nucleus target. There are many possibilities for choosing it. In this study, we use the Helm

parameterization (Helm, 1956) for the form factor:

I
w

Fgeim(¢%) (2.34)

Here, ji(x) = sinx/x> — cosx/x is the first order Spherical Bessel function. Nuclear radius
is given by R = 1/c? 4 372 — 552, with the nuclear parameters ¢ = (1.234 1/3_6) fm and
s = 0.9 fm (Duda et al., 2007). Notice that & is the nucleus mass number. The form factor

for proton and neutron are considered equal. Note that relation of the momentum transfer

obeys Q% = —¢*> = 2MT.

2.2. Criteria of Coherency

Coherency interaction occurs in low energy-momentum transfer. Perfect coherency
takes place as g> — 0, so that nucleons can be considered as point-like particles (Kerman et.

al., 2016). The dynamics of the strong interactions can simply be ignored.

Formulation of the criteria of coherency can be obtained from the weak charge in

(2.18) by including the proton and neutron form factor as
() = (eZFz — NFy)?,  e£=1—4sw>~0.045. (2.35)

Quantification of the coherency can be utilized by considering alignment of the phase angle,
¢(g?) that can be from 0° to 90°, from amplitudes of two nonidentical nucleons. Scattering
from the center of the involved nucleons leads to quantum mechanics (QM) superpositions.

The above formulation then becomes (Sharma et. al., 2021)

[(¢*) =Tom(¢*) = Ze* 1+ a(Z - D]+ N[+ a(N —1)] —20eF N 236
= (eZ — Vo) +(EZ +.0)1 - ()], |

The parameter o = cos ¢ (¢>) quantifies the degree of coherency. With this relation, full
coherency occurs as @ = 1, while the case of total decoherency is & = 0. Furthermore,

another parameter has been introduced to directly connect QM coherency and form factor
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with the observed cross-section. The former is given by

. L EZ4
§(q7) =oa+(1 O‘)—(ez—/V)Z’ (2.37)

while the latter is

(EZFg — NEy)?

£(q%) = it (2.38)

This parameter is the cross-section reduction fraction.

Behavior of o and &, which is equivalent to the Helm form factor denoted FA2 in
(Sharma et. al., 2021), using several different nucleus target is shown in Figure 10. Fluxes
from several neutrino sources were implemented. It can be seen that the full coherency

criteria, @ ~ 1, could be studied better using reactor experiments.
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Figure 10. Behavior of & and & for several targets with
neutrino flux from w-DAR, reactor and solar
neutrino (Sharma et. al., 2021).

2.3. Event Rates and Number of Events

The general form of event rate according to nuclear recoil energy is

— = dE . 2.39
dT /E "V dE, dT 2.39)

min
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It is the convolution of neutrino spectrum, d®/dE,, and differential cross-section of the pro-
cess.In the case of a new physics appearance, only the differential cross-section will change.

Accordingly, the number of events detected in observation can be written as

Tnar _ dR(T,E
Nevent = Niar / dTM (2.40)

Tin dr

where Nyqr = 2my,-Ny /my is the total number of target nucleons with mass target m,,, molar
mass of the involved x-atom m,, and the Avogadro’s number Ny = 6.022 x 1023, Uncer-
tainty from observation can not be neglected so that the event numbers must also include the

efficiency of an experiment.

2.4. CEvNS Observations

CEVNS gives relatively a large cross-section comparing to other processes involving
neutrino so far. An abundance of neutrino sources that meet the detection criteria from
terrestrial sources, solar, atmospheric as well as artificial ways like accelerators and detectors
would attract scientific activity in near future. The difficulty of detecting the process comes
from the nuclear recoil energy that lies in a few keV scales. This challenging objective has
finally been witnessed by the advancement of accelerator neutrino technology in recent years

by COHERENT collaboration (Akimov et al., 2017).

COHERENT collaboration detected the CEVNS with neutrino energies less than 10
MeV. This collaboration is located at the Spallation Neutron Source (SNS) which runs the
most intense neutron pulse have been known. In this experiment, heavy target such as mer-
cury is bombarded by high-energy proton. It then produces a pion-stopped source for fab-
ricating neutrinos (TDAR process) with three types: electron neutrino, muon neutrino, and

muon antineutrino. These neutrinos neutrino-energy fluxes satisfy the Michel spectrum (AKki-
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mov et al., 2017)

e, =)
[ n B L)
42, - -2

Here 1 = rNpor/47L? is the normalization factor, where according to the COHERENT
first detection, the number of neutrinos per flavor produced each proton on target (POT) is
r = 0.08 with Npgr = 1.76 x 1023, and detector distance from source is L = 1930 cm. The
data was taken during 308.1 days running. Figure 11 shows the neutrino spectral according

to those forms with the 1) sets to unity. It can be seen that there is an energetic vy, flux around

0.04
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Figure 11. Neutrino flux from 7-DAR source with n = 1.

30 MeV which comes from the direct product of decaying pion at rest. For example, neutrino

for two different lifetimes:

= vy+ut (26ns), ut = vy +ve+et (2200 ns). (2.44)

Being a scintillation-based, the COHERENT experiment measures the number of pho-
toelectrons (PE), npg of CEVNS events. The differential rate that depends on the nuclear re-

coil energy is related to the electron recoil energy with quenching factor Q(7'). This quantity
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can then be converted to PE using (Papoulias, 2020)
npg — Q(T)LyT, (245)

with Q(T) = T,./T is quenching factor, the ratio between emitted scintillation light in nu-
clear and electron recoils, and Ly = 13.348PE /keV,, is light yield, where keV,, refers to

electron recoil energy. For this work, we use the first COHERENT data which gives

npg = 1.17 (%) (2.46)

The factor 1.17 comes from energy independent Q with 8.78 +=1.66% (Akimov et al., 2017).
Also from COHERENT, the efficiency function of the observation is

T 14 e falx—xo)

£(x) O(x), (2.47)

with k1 = 0.6655 and kp, = 0.4942, and xp = 10.8507, where the Heaviside function satisfies

4
0, x<35
O(x)=105 5<x<6 (2.48)
I, x> 6.
\

However, the full coherency was predicted will be achieved from reactors or solar neu-
trino experiments (Kerman et. al., 2016). During the preparation of this thesis, CONUS Col-
laboration has announced their result of CEVNS observation from neutrino detector (Bonet
et al., 2020). The nowadays active collaborations that suitable for detecting CEVNS are

summarized in Table 2, along with their detector target.

Detection of CEVNS will surely offer a new perspective of understanding other phe-
nomena in nature. Any deviation from SM prediction may indicate occurrences of new
physics so that it can be used to explain any BSM proposal. The process is also predicted to
be dominant in the core-collapse of a supernova (SN), as well as other astrophysical and ter-
restrial events. The subject of direct detection of weakly interacting massive particle (WIMP)

as one of the most probable dark matter candidate has also been affected since their similar



31

Table 2. Some suitable experiments around the globe for detecting CEVNS.

Experiment Detector Source | Location Reference
COHERENT Csl, HPGe, etc. nwDAR USA (Akimov et al., 2017)
CONNIE Si CCDs Reactor Brazil (Aguilar-Arevalo et al., 2019)
CONUS HPGe Reactor | Germany (Bonet et al., 2020)
Darkside-LM LAr Sun, SN Italy (Agnes et al., 2018)
LUX-ZEPLIN | Dual-phase LXe | Sun, SN USA (Akerib et al., 2020)
MINER Cryogenic Ge/Si | Reactor | Brazil (Agnolet et al., 2016)
NEWS-G Spherical Counters | Reactor | Canada (Arnaud et al., 2018)
NuCLEUS Cryogenic CaWO, | Reactor | Germany (Rothe et al., 2020)
RED-100 Dual-phase LXe Reactor | Russia (Akimov et al., 2016)
RICOCHET | Ge, Zn bolometers | Reactor France (Billard et al., 2017)
SuperCDMS Cryogenic Ge/Si | Sun, SN | Canada (Asamar et al., 2019)
TEXONO p-PCGe Reactor | Taiwan (Wong, 2015)
Xenon NT Dual-phase LXe | Sun, SN Italy (Aprile et al., 2017)

nuclear recoil energy behavior and also from the irreducible neutrino background.




3. GENERAL NEUTRINO INTERACTIONS

Below the electroweak symmetry breaking energy scale, other types of neutrino in-
teractions with other fundamental particles may come into consideration for new physics
phenomena. Along with vector and axial-vector types, other Lorentz invariant bilinear com-
binations may also be introduced at this low scale. From this spirit, we consider a model-
independent extension to the SM Lagrangian to accommodate the new mediators for each
interactions. Only the interaction of a neutrino with nucleon (proton and neutron), will be
focused on in this thesis. Criteria of coherency is considered during the process, so that

instead of to each quarks, neutrino is considered to elastically scattered off nucleus.

3.1. Non-standard Interactions of Neutrino

One of the widely studied models in search of new physics BSM is the non-standard
interaction (NSI) of neutrinos (Davidson et al., 2003). The model introduces a new type
of contact interactions of neutrinos with matter which differs from the SM theory (Miranda
and Nunokawa, 2015). In general, it can induce a neutral current (NC) as well as charge
current (CC) processes. Both cases suggest the presence of a new mediator with heavier
mass (Berezhiani and Rossi, 2002) or in the same order with the EW theory (Farzan and
Shoemaker, 2016). Particular to CEVNS, only the NC case is concerned. Neutrino with the
NSI influences quarks inside a nucleus, which could interact either as a non-universal flavor

conserving (FC) or flavor violating (FV) process. In general, the model is formulated as

LY = —2V2Gr bZ & (G  Pv) (FruPuy £, 3.1)
ab=e,l,t

where f denotes involved fermion, a and b denote neutrino flavors and 8({ [f is the NSI param-

eterization. This form assumes low-energy interaction below the EW scale, hence neutrino
interaction with other particles considered as four fermion point. Considering only the first

quark family, we can change f with ¢ that corresponds to u or d quarks, the relevant La-
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grangian for CEVNS process can be written as

gN SI Gr _

] = V¥ (1= P ) ey (€7 —eliyd)q. 3.2)

This formula describes the NC interaction of neutrino with quarks. We only consider the
first generation of quarks which is the constituent of the nucleon in our hitherto knowl-
edge. The parameter &7 b and 832 represent the NSI vector and axial-vector interaction,
respectively. These new interactions, if we compare to the Fermi theory, are proportional to

Ex g%m%v /(g* mX) where gx 1s a coupling constant and my the mass of a new mediator.

Consider spinless nucleus, neutral current from the quark case is

(N(pa) st IN(p2)) = (eg (Nlay*ulN) + &gy (N|dy*d|N))F (¢°)

= (e QT+ W)+l QN +Z))(py +PY)F ().

(3.3)

The total neutral current then becomes

(N(P4)INCIN(p2)) = (N(pa)lsy; + st N (p2))
= (N|ay"[(gh + €% ) — (1+€i)u (3.4)

+dy[(gh +€%) ) — (1+€4)]dIN) (P + PY)F (g%,

and hence neglecting the axial-vector case

(NIINCIN) =[(8V + e ) 2Z + ) + (8§ + e ) (Z +24)](ph + P5)F ()

5 2[Z(1/2— 2 sin? 9W+2£b +€ ) (3.5)

+ N (—1/2+ €8 +2e8)1(PY + P5)F (4°).

Comparing with (2.17), we see the same form. Hence, the different term from the SM

differential cross-section is

2
Ghsi=4 X [ ( + e + 268 ) +z<;—2s%v+2sgg+sjf)]
a=e,uT
, (3.6)
+4 ) [/V(ggl‘;/JFzggb )+ Z (26l + €5 )}
a#b=e,UT

(u,d)V

As the parameter €, " vanishes, we obtain the SM form.
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3.2. Simplified Model

A simplified model in general is an alternative type of model in high-energy physics
to relate theoretical prediction with experimental data from measurements. It extends the
SM with a proposed BSM scenario of new particles. Experimental parameters from this
kind of model are considering only new masses and cross-sections as well as branching
ratios, while the common full extensions of BSM involve plenty of particles with decay chain
accordingly. Hence, it is important to note that simplified models do not represent the actual
physics beyond the SM (McCoy and Massimi, 2018). Nevertheless, explaining simplified
models still worth consideration such as embedding the model which can be dependent or
independent to possible SM extension. Alwall and Toro 2009 for example proposed four
simplified models which contain 2-3 masses and 4-5 branching ratios in order to explain

data from a collider experiment quantitatively.

From the above explanation, we consider general new neutrino interactions, namely
scalar, pseudoscalar, vectorial, axial-vector, (Cerdéno et al., 2016) and tensor (Barranco et
al., 2012). Each of these is considered to carry light masses and hence couple to neutrinos
and quark constituents of the nucleus. We note that effective neutrino-quark approxima-
tion that also consider these types had been conducted recently (Sierra ef. al., 2018). The

following equations are the corresponding Lagrangians for each considered scenario:

Zs D [(gvsVRVL + h.c.) +84544]S (3.7)
Zp O [(gvpVrVL +h.c.) —igpY’ 3q) P, (3.8)
Ly O [gw VLY v+ 8var 4|7y, (3.9
La O [gvaVLY* VL — 804GV VY q) A, (3.10)

Zr O [gvrVro*Y v — ggrgotY q| Ty, (3.11)



35

where oy = %[yu, W] = %(yu Yv — YvYu)- In what follows, we match the quark level current
to the nucleus scale. It is performed by first connecting the quark Lagrangian to the nucleon
level following (Cirelli et al., 2013), and then the obtained nucleon case to the nucleus level
(Kahlhoefer, 2010). After that, we calculate the amplitudes for each possibility to obtain the
predicted differential cross-section. Results from this section will be analyzed using the data

experiment in the next chapter.

3.2.1. Matching the nucleus current

3.2.1.1. Scalar Interaction

From quark ¢ to nucleon level 7 (p or n), we have

Lsn = (n|Zsln) =Y 85,8 (n|qq|7), (3.12)
72,9
where
r n My _
(nlqqln) = fry—7r. (3.13)
my

The proton, neutron, and quark masses are represented by m,, m,, and mg, respectively.

Parameter f}zq represents the scalar charge of the quark for 7z = p,n.

From this nucleon level, we may proceed further to the nucleus by 7z7 — (N|7z7n|N).
This case needs to consider the momentum transfer g"* = pf — pg as well as the initial
and final momentum, pg and pﬁf , of the nucleus. Defining the total nucleus momentum as

PH = p’zl + pff = 2pff —gM = 2p’; + g*, the general form of the current can be written as

_ _ Fo(q*) | - Fg3(q?
(N|7272|N) =NNFs1(¢*) + NY* quN an(g )-I—N}/”P“N—Sjn(]z )
. Fsa(q®) 49
+NGH PugyN=20 2
My

Our ignorance of the inner structure of nucleus is carried in the form factors F;’s.
They are a function of only scalar ¢” in the vertex. We have included the nucleus mass

so that all the form factors have the same dimension. Application of the Dirac equation,
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P,N(p2) = N(pa)p, = myN, gives zero to the second term and 2NN to the third nucleus

currents. To the last term we have

N(pa)o*"PugvN(p2) = NE(V“( Pug—4qp)Y =V V" (2puy +au))avN

(2174yv 2" — (YY" + ¥ Y )aqu)avN

=iN(guy’ =7 o —q")avN (3.15)
= iN(mny' qv —mnY’qv — ¢*)N
= —ig’N(p4)N(p2),
so that we find NN (Fs + 2Fs3 — iq*Fss/m%), or simply
(N|7z7n|N) = NNFs(q?). (3.16)

For the coefficient of the nucleus level, we can define the following expression according to

the number of proton Z and neutron ./ of the nucleus as (Cirelli ef al., 2013)

gSN= Y, gSquq =Z ZgSquq ot V4 ZgSquq ny (3.17)

72,4

We only consider the light quarks content of the nucleus in writing this equation. Therefore,

the Lagrangian of scalar interaction for nucleus then becomes

Fsn = gsnSNNFs(q?). (3.18)
This form will enter the calculation of the amplitude.

3.2.1.2. Pseudoscalar Interaction

From quark to nucleon level, the relation is

Lpn = (n|ZLp|n) = ngq (|q(—ivs)ql7), (3.19)
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where the pseudoscalar interaction of quarks satisfy (Ema et. al., 2021)
_. My . _.
(r2|qivsql7e) = m—hqﬂ/lysﬂ. (3.20)
q

We emphasize that pseudoscalar form factor was considered zero. This result is a recent
result taken from lattice approximation. Matching this to the nucleus level, we have 7277 —

(N|72y°72|N). As before, we can write the most general form as

2
(N27'7IN) =N NFpi(4°) +fvy”ysqﬂN—FP§qu )
N FP3(q2) Y FP4(q2) (3.21)
NP RN A NG P PuguN = .
N my

The second term gives 2NN and the third is zero. 7> gives a little difference to the last term

N(p4)o" ¥ PugyN(p2) =iN(pa)Y’ (0ay” — 27" — 4" )avN(p2)
=iN(ps)(=pa?’ Y av =YV avo — V4> )N(p2)
=i2myN(p4)Y' Y avN(p2) — i N(p4) Y’ N(p2)

=(4myi — g*)N(p4) Y’ N(p2),

(3.22)

where before the last line we implement the same process from the second term. We then

obtain NY’N(Fpy + 2Fpy +4imyFpy — iq*Fps/ mlzv), which can be simplified as
(N|7ziys7|N) = NiysNFp(g?). (3.23)

Considering the number of protons and neutrons of the nucleus as for the scalar case, we
use the following expression for the coefficient which relates new interaction coupling with

quarks

m m
gpN=Z Y gpq—Lhl+ W) gpg— . (3.24)
q My q My

Then, the Lagrangian for the pseudoscalar interaction becomes

gp]v = —l'gpN@N’)/SNFP(qZ). (325)
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3.2.1.3. Vectorial Interaction

From quark to nucleon level, we have

Lvn = (n|Ly|n) =Y gveZulr|qytqlr). (3.26)

72,4

Since we are dealing with proton and neutron and assuming equal coupling to all quarks, we

can match the quark current as

(72lgvqq¥" alne) = (re|gvuity" u|re) + (|gvady*d|r)

= vy | (2 lay"ul ) + (nldyd| )]

(3.27)
= gv, [(22" F W)Y+ (2N + z)ﬁyuﬂ]
= gvn7Y'n,
where we have (Cerdéno et al., 2016)
gvN = 38vqd . (3.28)

Matching this to the nucleus level, we write 7zy*7 — (N|7zy"7n|N). The general form of

this term can be written as

_ _ F 2 _ F 2
(N2 2IN) NP NFy1 () + g 2Dy i)
At (3.29)
+ N g NVL) | v p, yFV5@)
my my
We can implement the following Gordon identity
_ 1 -
RPN = > N ((ph + ph) +ic"Vqy )N . (3.30)
2mN

It can be directly seen that the third term of the general form consists of the sum of Ny*N and

No*VgyN. Moreover, from the process of obtaining Eq.(3.15), the last term proportional to
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NgH"N. Consequently, we only left with the following

Fra(q?)
my

B iFVS(qz)) +NG“quN<FV4(q2> n iFV3 (q2)> ‘

(N|72y"7|N) :NV“N(FW(CIZ) +2Fv3((]2)> +N¢]“N<
(3.31)

my my my

At this point, we should notice that for any covariant current J* the Ward identity g,J* =0
applies. With this necessity, the second term must be zero, and hence the general form

becomes

) mg
(|77 2 IN) =N (¥ Fy (4%) + szfi Gy ()N, (3.32)

where 1/2 at the second term is conventional and form factor corresponds to magnetic dipole
moment. Coherent interaction required that the momentum transfer ¢ is small, compared to

the nucleus mass. Neglecting the second term then, for coherent criteria, we obtain
(N|72y*7|N) =NY*NFy (¢°). (3.33)
The Lagrangian for vectorial interaction then becomes

P = gyn TNV NFy (4. (3.34)

3.2.1.4. Axial-vector Interaction

From quark to nucleon level, we have
Lan = (7| Zaln) = Y gnqu(2|3V" V' gl7). (3.35)
7.4
The nucleon current satisfies the following relation

(7|qV* Y aln) =2 N 2y P = S, A 2y P e, (3.36)
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where we have defined S,, = 2s*, with s* represents the nucleon spin four-vector. The A7
denotes the axial-vector charge of the quark for 7z = p,n. Matching this to the nucleus level,

we need 7zy*y°7 — (N|7zy*y’7|N). The general form of this term can be written as

(N|Zy" P n|N) =Ny" P NFA1 (4 +Ny5 HN m(q +Ny5P”NF s(47)
N

Fuld) Fild) " (3.37)
my my
The suitable Gordon identity for this case is
_ 1 ,
NPPN = 5N (05 =p5)7 +io" (o +p4)7° V. (3.38)

It makes the last term proportional to Ny*y N and Ng"y’N. Moreover, the Dirac equation

gives zero to the third term. So that the remaining term is

Far  Fas

(N|7Zy* Y’ |N) :NY”?’SN(FM +2iFA5) -I-N}/Sq“N(m—N —i—)

my

(3.39)
= F,
"‘NGHV'}’SC]vNﬁ
my

We found no conserved current, so that all terms stay still. The general nucleus current for

the axial-vector case can then be written as

2mN

(N|Z2y* Y n|N) —N(WfFA ’ﬁq )+mHA(q2)>N. (3.40)

Appearance of the second term is needed to consider the partially conserved axial current
(Kurylov and Kamionkowski, 2004). Moreover, the third term accounts for the electric
dipole moment. Applying the coherent criteria, the second and the third term can be ne-

glected and we arrive at

(N|7Zy* Y’ 7 |N) =Ny* Y NF,(4%). (3.41)
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For the coefficient part, to include all protons and neutrons of the nucleus, we have (Cirelli

etal., 2013)
BAN=ZY 8agSpAl+ V'Y gagSulhy. (3.42)
q q
Hence, the nuclear Lagrangian for axial-vector interaction becomes

Zan = ganAu N Y NFA (7). (3.43)

3.2.1.5. Tensorial Interaction

From the neutrino term, we have

Lrn = (n|%r|n) = ZgTq%v<n|c]G“Vq|ﬂ). (3.44)

72,9

To the nucleon current, we have

(n|go"¥q|n) = oy 72c" . (3.45)

From nucleon to nucleus current, Z6""V7 — (N|7zc"V7|N), the general form for tensorial

interaction can be expressed as

_ _ Fr,(¢?
(N|7z6"¥7|N) = No"YNFr, (¢*) + N(y*P¥ — }/"P“)N—T2 (4°)
my
N vV VU FTs(qz) N (PH Y v i FT4(Q2) (3.40)
+N(Yq" —v"¢")N—"—"—=+N(P"q" — P"¢")N—"7—.
niy my
Appropriate Gordon identity for this form is
_ 1 -
Ny*y'N = mN(yv(pf +75) +q“7v>N. (3.47)

We can see that the second term will be proportional to

i8myNo"VN +N(y"q" —y'q" )N,



42

which reduces the general form to

_ _ F F.
(N|726"V 7 |N) = No*'N (FT1 n 8iFT2) FN(HgY — yvq“)N(i + ﬁ)
nmy ny
) Fr (3.48)
+N(Ptq" —P'¢")N—.
my
Redefining the form factors, we can write the general form as
_ vV _ VU P[.l vV __ PV H
(N|726HY 7 |N) :N<G“"FT+MGT+ (Pq 1 )HT)N. (3.49)
my mN
Requirement of coherency lead us to neglecting the second and the third term, so that
(N|726*Y 7|N) =N*YNFr(¢%). (3.50)
For the coefficient, we have (Cirelli et al., 2013)
grN=Z ) 8140) + V'Y 8145 3.51)
q q
The Lagrangian for axial-vector interaction at the nuclear level then becomes
Zrn = grnTuvINo*  NFr (7). (3.52)

3.2.2. Differential cross-section

We calculate the differential cross-section for each of proposed interaction in this sec-
tion according to the interaction Lagrangians at the nuclear level we have obtained. In doing

so, we notice that the neutrino currents for the scalar (pseudoscalar) can be rewritten as

VoV —(1<1+ )v)TyOl(l— W= (1 9571 = ps)v
RVL= | 5 Y5 2 Y5 =12 ¥ Y5 (3.53)

=VFPv,
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while for the vectorial (axial-vector) as

_ 1 1
mtve= (S0 wv) PRIV = v (- (1= 1)y
(3.54)
=vyiPLy,
which is the SM weak current, and for the tensorial as

_ v 1
vgoH vL:< (1—17s) ) yOG“ 1—}5—

2 (3.55)

1
= ZVT(I — %)Y 0* (1 —y5)v = VoV Ppv.

Moreover, every form factors for every interaction are adapted as the Helm form factor (2.34)

from now on.

3.2.2.1. Scalar Contribution

Following the Feynman rules, the amplitude of the process in the Figure 12 can be

constructed as

—iMls = | — igSv‘_’3PLV1] [qz :imz] [— igSNN4N2F(CI2)]- (3.56)
5

In the propagator we have used mg to account the mass of the scalar propagator. We can

141 (p1) v (p3)

N(p2) N (p4)

Figure 12. CEVNS with scalar mediator.

then rewrite this form as

1 G _
s = =5 8 51— )V NNF (), (.57)
q —m
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where we have defined the scalar coupling as Qg = gsvgsy/Gr. The averaged amplitude

square then becomes

1
(|3]) = 5 3 |07
1GFQS\F

=270, 2 Z —15)V1][Vi (1 + 75) v3] [NaN2] [N2N]
3.58)
G O3IF (g >|2 <
= % [ps(l —15)p, (1 +}/5)}Tr[(p4+mN)(]/ﬁ2+mN)}
8(‘1 _ms)
GrO3IF (%) 2
= 4p; - 4py - pa+4my),
and implementing the kinematics we have
GZ Q2 F q2 2
() = ZEBIIE ) om (my +7) 4 )
4(mg+2myT)
2 )23 2Y12 2 (3-59)
_ 4GEQsmy|F(q7)| <2T+T_>'
(m}+2myT)? my
Assuming 7 < my and using do /dT, we find the differential cross section as
d G2 2.2 TIF 2\12
[_G] _ Fstmzzv F(q°)] _ (3.60)
dTls AmEy(mg+2myT)?
3.2.2.2. Pseudoscalar Contribution
The Feynman rules for the process in Figure 13 gives the following amplitude
: oo 01 - S0
—illp = |V3(=igry)5 (1 =151 | | 7= | [srn N (=im)NF (). (3.61)
—p
This amplitdue can be rewritten as
1 GrQ _ <
Mp=—3 EELF(q?)V3(1 — 15)ViNaisNa, (3.62)
q* —mp

where the pseudoscalar coupling is Qp = gpvgpn/Gr. The averaged amplitude square is
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141 (pl) v (Pa)

N(p2) N(p4)

Figure 13. CEVNS with pseudoscalar mediator.

then becomes

(|4p]) = ZV%Z
1G2 F(q
) 4F§P|_m 7= 2 [V3(1 = y5)Vil[V1 (1 + ¥5) V3] [NaiysNa] [N2i y5Na]
_ GrORIF ()] B 263
 8(q?—m})> Trlps(1=%)p, (1+5)] (3.63)

X Te[(p, -+ mn)ivs (p, +m)irs)

GrO3IF (4°) 2
4(m123+2mNT)2( p1-p3)(4p2 - ps —4my),

and after implementing the kinematics we have

GO} F (4%)?

M3 = 16(myT +T)—m3
(|-p]) 4+ 2myT)? (mnT) (my(my +T) —my) e
_ 4GEOpmyT?|F (¢*) '
N (m%+2mNT)2
The differential cross section is then becomes
[a’c] B G%Q%mNTZIF(qz)\z (3.65)
dT1p  8mEZ(m3+2myT)? '

3.2.2.3. Vector Contribution

The neutrino current for this case has the same form as the SM. To proceed further, we
note that there is an interference of this new proposed Lagrangian with the SM counterpart.

We start with the new vector interaction. Amplitude for the process in Figure 14 can be
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constructed from the Feynman rules as

_ —I } -
—idly = [—iviMPLvl} [qz g‘;:z} [—ngNN}/“NF(qZ) . (3.66)
— My

We have used my to denote the mass of the vectorial mediator. We can rewrite this as

Figure 14. CEVNS with vectorial mediator.

1 GFQV

My = — T v3y”( — 15)ViNaYu N2 F (¢2), (3.67)

with Qy = gvyvgvn/Gr. The averaged amplitude square then becomes

(7)) = ZWVI

212
:%%ZMWU —¥)vi][Viy' (1 +75)v3]

X [N4}’HN2] [N2%y N4

GO} |F (4

GO -1, 1419
XTr[(p4+m/V)'}’u(p2+mm>7V}
_GialreP
8(q* —my)?

—4ie"*"P p3yp1g]

(3.68)
2[4(py Py + Py Py — p1-p3g™)

X [4(p2, P4, + P2, P4, — P2 Paguv) +4guvm12v]
_GLQ}IF(A)P
8(q* _mv)

—2(p1 -Ps)mzzv]

32(2(p1- p2)(p3-ps) +2(p1 - p3) (P2 p3)
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and by implementing the kinematics we have

1 GZQ%|F(4%)|? myT T = T?
ML = - —E=V 128m3E2 |1 — S ——

(3.69)
8 (m? +2myT)?

We can directly use this form to obtain the differential cross-section. But since there is an
interference to the SM, we need to consider the sum of both amplitudes #;,; = M sy — My,

which is nothing but

GrQOsm n GrQv

Mo —
Loy 2P —md)

|9 (1 = 15 viNa V2 F (02). (3.70)
The averaged amplitude square then becomes

1
<’ﬂtot|2> :§|ﬂt0t|2
_ It (g )|2[G12'~"Q§M G0} 2G%0suQv }
“S 2 (@-my)? V2 - m})
T T T2
12 2152[1—’"N el _]
X 8mN v 2E‘2/ Ev —|—2E‘%
GE0%y G0} 2G%0smQv ]
> T omy  Vae-nd)

(3.71)

=8k |F (4|
x (2E2 —mnT).

The total differential cross section of this process then becomes

[f’i_;] MV

GrQu GrQy  2G}QvOsm

2 (my +2myT)?>  \/2(m3 +2myT)
N (2Ey —myT)|F(g°)?
AmE?: '

(3.72)

Noticing that the first term is nothing but the SM case, the second and the third term respec-

tively gives the new vector and the interference term.
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3.2.2.4. Axial-vector Contribution

Feynman rules for the process in Figure 15 gives the following amplitude

iy = [— igAv\'/3'y“PLv1] [qu‘;vz] [— igANNW}ﬁNF(qz)}, (3.73)

A

or nothing but

Figure 15. CEVNS with axial-vector mediator.

1 G ; :
My = —EZF—QAZF(qZ)vw‘u(l — B)VINg Y Vs N2, (3.74)
q-—my

with the axial-vector coupling is Q4 = gavgan/Gr. The averaged amplitude square then

becomes

(31 =5 X423

2 2 212
:%%ZMW(I—YS)W]

(V17" (1 +95) V3] [NaYu Vs N2 ) [N2 1 Vs Na]

2 N2 2\12

:—G&%fgg Tr[pﬂ“(l —Ys)pﬂv(wafs)}
><Tr[(P4‘f’mN)?’M’S(PZ‘f’mN)YvYS}

_GrOIIF()P
8(q> —m3)?

(3.75)

2[4(py Py +pYPs — p1-p3gh’)

—4ie"*P p3ypp]

X [4(p2, P4y + P2, P4y — P2+ Paguv) — 4guvimy).-
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Implementing the kinematics we have

GrOAIF (42)°

(|a3)) =—EA— 32[2(171 -p2)(p3-p4) +2(p1-pa)(p2- p3)
8(q> —my)?
+2(p1 -pz)mﬂ (3.76)
_ GRAIF ()P s of. myT T T?
= 128m3 E2 o
8(m3 +2myT)? 2E} Ey 2E2

Similar to the vector case, here we encounter interference with the SM case. The
total amplitude then becomes M;,; = M sy — M 4, where now we consider the SM case also

contain axial-vector term

Gr
F
\/EgL

We consider the form of Q, from (Cerdéno ez al., 2016)

Msm = (@) V37" (1= 15) V1] [Na v (Osms — 15Qa) o). (3.77)
Q0 = Sy(AP) — AP _AP)y (3.78)

The averaged amplitude square, using the kinematic from previous section, then becomes

(|l wa

GZ 2 T T TZ
:E‘F(qzﬂz{%lZSm%\,Eg[l—mN ]

2E2 E, 2E2

N [G%Qz N GFOi  GpQaOa ]
8 4((]2 _m%)Z 2\/5(42 _mfx) (3_79)
myT T T? GrOsmu [ GrQa GrQu
1 R —
[ o 2E3 + Ey + 2E\2,] * 2V2 [Z(qz—mf‘) 202 ]

X [P (1= p5)vi][Viv" (1 — ¥5) v3]

X <[N4YuN2] [N Yy ¥sN2 | + [Na Y Y5 N2 [NMsz]) } :
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and after calculating the last term, we have

1 G2.0? myl T T
o2y = Z|F ()2 ZEXSM o 2}52[1— e }
<| tot| > 2’ (q )‘ { 3 my L.y, 2E\2, E, +2E\2/

+[G%Q5+ GrQi  G3Qa04 }
8 AP -mi)? 2v2qF—md) (3.80)
T T T? '
x 128 2EZ[HmN —— }
"NV OET TR, 2B
G G G T
FQSM[ FQA2 _ FQ“]128m%,E3[1—(1——)2} :
22 L2(-m3)  2v2 Ev
Simplifying this we find (and using > = —2myT)
myT myT
(| Mo |?) = SG%m%vE%\szﬂz{Q%M[l ~Se) e+ ]
v \
2EVT] 40,04 [ myT
h e ] 3.81
Osw Q| 57 ) Vot o) 202 (3.81)
__owe. _pEr) g m
V2(m3 4+-2myT) L E} (m} +2mNT)? 2E31 |

where the first three terms are for the SM with axial-vector only and we have neglected terms

with order of (T?/EZ). Explicitly, the differential cross section of the SM is

myT

[do _ Gimy|F(g*)?
2E2

d_T] SM+a 41

- 2QSMQaELv} :

(G +02) — (Qh — O2)
(3.82)

Notice that as Q4 — 0, we obtain again the SM case. We then find the differential cross

section for the new axial-vector as

[d_o] _ GrQimn|F(¢*)P(2E] +mnT) (3.83)
dT 1a 4mE(m% +2myT)? ’
and the interference term as

doyint _ GrQuQam|F(q*)|*(2E5 +myT)

[d_T] SMtatA 2V2RES(m} +2myT) (3.84)

 GEQsuQamn|F (¢*)*T
2V27E, (m% +2myT) .
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It is however found that the axial-vector term of SM is negligible for heavy nucleus (Papou-
lias and Kosmas, 2018). Therefore we neglect the Q, term and hence the new axial-vector

directly added with the SM signal in this work.

3.2.2.5. Tensor Contribution

The amplitude of the process in Figure 16 can be obtained from Feynman rules as

—l / / — Iy,
—iMr = [—igTv\_’z.G”vPLVl} [%} [_igTNNG“ VNF(QZ))]a (3.85)
—my

where mr represents mass of the tensorial mediator. Note that here we naively use the

Figure 16. CEVNS with tensorial mediator.

propagator for the tensor field mediator. We can then rewrite the amplitude as

1 G _ -
Mr =5 2FQT2 F(q*) 36" (1= 15)viNaOuy N, (3.86)
q- —my

where Or = grvgrn/Gr. The averaged amplitude square then becomes

(3]) =5 |
2 2 2y|2
x M1+ 1) (17 =¥ ¥*)vi

X [Na(Yu v — Y )N2) [N2 (Yo Vg — ¥ Yo )N4)

2 02 2y12
:1;8 Gfﬁﬂ%i‘ Te[ps (Y =7 ¥ ) (1= 7)) (1 +7)

(3.87)

< (V7P — PPy Telps (e — 1) 92 (Ya ¥ — Y5 %))
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and using Mathematica to compute the traces, we find

256G%Q%|F (¢%)|? T T? T
<’ﬂ%’>: 2FQT| (¢7)] [1__+_2_mN2], (3.88)
(m7 +2myT)? Ey, 4E; AE}
and for T < E,, then we have
256G%Q%|F(q%)|? T
(| M3y = 2FQT| (¢ zl ( _mNz). (3.89)
(mT + 2mNT) 4Ev
Therefore, the differential cross section becomes
[da]  2G307my|F(¢*)|*(4E2 — mpT) (3.90)
drlr TEG(m3 4+ 2myT)? ' '

3.3. Summary of Generalized Interactions

The NSI gives a factor correction to the SM which come from the NSI charge Qys;.
The charge provides deviation from the SM according to how neutrinos interact with quarks
inside the nucleus. There are two terms in general which consist of the FC plus the FV case
of neutrino. The FC case would change value of the SM factor if the same neutrino flavor
observed from initial and final state (i.e. €ee,€up, €z rau), While the FV case would add an

additional term if neutrino flavor changes (i.€. €y, €et, Ee, Euty Ee taus Eu tau)-

The simplified model provides five possible new interactions that come from the most
general bilinear combination. Each of which proposes a light new mediator with the cor-
responding coupling to the neutrino and quark constituent of the nucleus. In general, the

differential cross-section of each interaction can be summarized as in Table 3.

Table 3. Summary of quantities from simplified model.

New Lagrangian | Nucleus-coupling | Differential Cross-section
(3.7) (3.17) (3.60)
(3.8) (3.24) (3.65)
(3.9) (3.28) (3.72)
(3.10) (3.42) (3.83)
(3.11) (3.51) (3.90)




4. NUMERICAL RESULTS AND DISCUSSIONS

In this chapter, we present phenomenological predictions of the CEVNS in the frame-
work of general neutrino interactions. We assign benchmarks in accordance with the CO-
HERENT (Akimov et al., 2017), and also from detector such as the TEXONO (Kerman et.
al.,2016), CONUS (Bonet et al., 2020), and CONNIE (Aguilar-Arevalo et al., 2019). Some

properties of these experiments that we utilize in this work are given in Table.4.

Table 4. Key properties from several experiments.

Experiment | v Type | Nuclear threshold | Energy Range | Detector
COHERENT | v,, vy, Vy 20 keV 50,100 MeV | Csl, Ar, Xe
TEXONO Ve 0.1 keV 2—8 MeV Ge
CONUS Ve 0.1 keV < 10 MeV Ge
CONNIE Va 1 keV < 60 MeV Si

In what follows, we present the kinematics of the CEVNS, its SM prediction, and
possible new physics from the NSI and the simplified model. We also provide an effect of
the mass on cross section from the new interactions. Finally, the bound as mass-coupling

planes for each case is presented from y2-analysis focusing on COHERENT 2017 data.

4.1. Kinematics and Form Factor Effect

The maximum nuclear recoil energy

2E;  2E}

~ 4.1
my +2E, my “.1

Tmax =

as of initial neutrino energy in the CEVNS process for nuclei mentioned in the Tab.4 is given
in Figure 17 (left-panel). We can see that a lighter nucleus has larger recoil energy. Here, we
have taken the averaged mass number of the composite CsI target. If the maximum threshold
energy is large, such as approaching the initial neutrino energy, we obtain a linear behavior.

This case for Ge target is shown in Figure 17 (right-panel), where the linearity meets at
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Figure 17. Behavior of 7, for some different nucleus (left). Effect of 7,,,, for high E\,
(right).

around 10° GeV neutrino energy. In this limit, coherent interaction is not relevant.

The behavior of form factors, using the Helm parameterization, from the considered
nuclei are shown in Figure 18 (left) as a function of nuclear recoil energy. It indicates that

criteria of full coherency occur in the low nuclear recoil energy. We may also obtain the

10°
1072
NU‘ _ :
T 107
_______ Ar “',
1076}~ Ge
—— Xe ;
— Csl i
1 1 1 1 10—8 1 1 1 1 l
0 20 40 60 80 100 0 50 100 150 200 250
T (keV) Q (MeV)

Figure 18. T-dependent (left) and Q-dependent of the Helm form factor (right).

behavior for momentum transfer dependent Q in Figure 18 (right). For this purpose we
use Q = +/2myT. From this result, it can be considered that we may take the form fac-
tor as 1 below 50 MeV momentum transfer. The Helm form factor is commonly used for
spin-independent nucleon (Engel, 1991). It is then obvious that CEVNS is a low energy

phenomenon.
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4.2. Standard Model

We present the SM CEVNS T-dependent differential cross-section in Figure 19 for
the considered nuclei in Table 4. Two initial neutrino energies are chosen, 5 MeV and 50
MeV. The mass of the nuclei is in an atomic mass unit (amu). In this calculation, we have
implemented the form factor effect. It shows that a heavier nucleus gives a larger spectrum
and fall earlier than the lighter nucleus for both considered neutrino energy. The Csl target
is calculated by separating its constituent, Cs and I, and then adding them up. With this
treatment, even though has a larger spectrum, the CslI falls nearly at the same recoil energy

as the Xe target.

103 E 4
o E —— 50.0 MeV - 5.0 MeV 10
i r
S [
v 102 £ Csl
NE i Xe T
S 10t ¢
¥ F i
o I Ge
= 100 L Ar :
s :
2 [
5 1071 E
D) z
S ! P

10—2 YT R R UV LSO R T W1 L S

1073 1072 107! 10° 10! 10% 10°

T (keV)

Figure 19. SM CEvVNS differential (left) and its total cross-section spectrum (right) for five
nucleus targets.

The total cross-section of CEVNS can be found by integrating the differential cross

section. In general we have

Tnax  do
c= dT —. 4.2
Tin ar “2

By integrating from 0 < E, < 100 MeV, we show the total cross-section spectrum of the
process in Figure 19 (right). The Csl, being the heaviest target, provides the higher value
among concerning targets, followed by Xe, Ge, Ar, and then Si. Using the properties of
the first COHERENT experiment for 308 days running time, we also show the differential
rate of CEVNS in Figure 20 for the five considered target. It is obtained by convoluting the

differential cross section with the neutrino flux. It indicates that lightest target gives smaller
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spectrum with long 7" dependency. Note that for the Csl, we have added the contribution of

Cs and I nucleus separately.

107
— Csl
-—— Xe
--- Ge

1
e Ar

Si

100 k.

dR/dT (events kg~* keV~! year™1)
o
|

=
o
I\

80 100 120 140
T (keV)

Figure 20. Differential rate of SM CEVNS for five nucleus targets.

4.3. Non-Standard Interactions

We present differential cross-section from different targets correspond to an accelerator
(Csl, Xe, Ar) and detector (Ge, Si) neutrino properties in Figure 21. From the former, we
choose 100 and 50 MeV neutrino energy which is criteria from the COHERENT, and for
the latter 8 and 5 MeV, appropriate to TEXONO, CONUS and CONNIE. Recent parameter
values of NSI interaction strength from Ref.(Giunti, 2020), given in Table 5, are used to

see the NSI behavior. With these values, the NSI spectrum (blue line) is expected to be

Table 5. Considered NSI parameters for plotting.

FC: | gl =0.02 =0.17 | g}, =0.18 =0.17 | gy =0.04

FV: edV 0.04 eW 0.16 st 0.16 eW 0.04 edV 0.04

approximately ~ 10 orders larger than the SM (green line). The grey region represents the
minimum nuclear threshold energy, taken from relevant observation of the chosen nucleus
target. For Si, the threshold is 1 keV, for Ge is 0.1 keV, and for Ar, Xe, and Csl is 20 keV.

The spectrum of each cases fall-off after reaching this value even for the CsI with 50 MeV
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Figure 21. CEVNS differential cross section for Si, Ar, Ge, Xe, and CsI with threshold
criteria from experiment using recent NSI parameters.

neutrino energy before the spectrum reaches 25 keV. Notice that for the Si, its spectra reaches

over 250 keV T so that the threshold region is hardly seen.

Bound prediction of NSI parameters on the CEVNS process is shown in Figure 22,
which is extracted from ) /o5 (Mustamin and Demirci, 2021). This ratio shows that
the NSI effect to the SM is independent with the considered target nuclei. here, we assume

EZX R —sgly and N/Z ~ 1. In obtaining these results, two preferred parameters are taken and
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Figure 22. Bound prediction of the NSI parameters in CEVNS process.

the others are set to be zero. We show the case of the SM, in other words no new physics
appears, as the green line where the ratio is equal to one. The other lines are taken to indicate
deviation if a new interaction takes place. The range has been set within (—0.1,0.1) interval

so that the deviation can be clearly seen even for a small range of €.

The ratio can be 0, indicated by the vanishing contours, or increase two times larger
than the SM as indicated by the color bar. The left-top figure shows the case of "non-
universal" FC, as a = b = e, u, 7. A small deviation from the SM, either the NSI is larger
or lower, has been presented by the other four possibilities. The significance region of the
NSI lies in the lower part of this case. The right-top indicates the FV case when a # b. Only
the O'év Sty GgM > 1 case appears here, which indicates that if we observe a lower value of
deviation, the other parameters would be responsible for explanation. In other words, the FV
case could not be explained if we have a lower cross-section value. Also note the deviation

distance from the SM is relatively larger than the FC case. The two bottom panels show a



59

combination of FC and FV. The bottom-left is the combination of FC on the d (") and
the bottom-right for the u (8(’;;/ ) with the FV cases (egédv, where a # b). These two indicate
the same behaviors would appear from these considerations. The significant effect of NSI
is indicated to occur in the negative region of €%/ and €4V, at least for the > 1.5 line. Our

obtained predictions can be used for further analysis of the NSI status using experimental

data from observation.

4.4. Simplified Model

The general neutrino interaction here corresponds to the model on explaining solar
neutrino with possible dark matter interaction (Cerdéno et al., 2016). With the analytical
results in the previous chapter, their differential cross-sections are shown in Figure 23 for
scalar, pseudoscalar, vectorial, axial-vector, and tensorial interactions. In obtaining these re-
sults, we have considered universal coupling from every new interaction with either neutrino
or quark, with gys = g4 = 1075, This value is taken for representative, from typical new
mediator consideration which predicted to be even smaller (Farzan et.al., 2018). Values of

the coupling parameters for each case are given in Table 6. We set all the possible new medi-

Table 6. Values of the simplified parameters.

Parameter | Value | Reference

f£ 0.0208
n

]f( L 88}1?? (Hoferichter et al., 2015)
Ty '

/7, | 0.0451

A =A"0.842

AP = A | 0427 (Ellis et. al., 2008)

hi =h' | 1.65
n (Ema et. al., 2021)
hg =h i 0.375
g‘; _ gﬁi 0(')8;3 (Belanger ef al., 2009)
d — “u | Y-

ators to carry 100 MeV mass. We also consider two neutrino energies, S MeV and 50 MeV,

corresponding to the energy criteria from a neutrino accelerator and detector respectively.

As in the previous section, we also provide five different nuclei as the target. Regarding
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Figure 23. The differential cross-section for CEVNS process with the simplified model.

these choices, we can see that a heavier target gives a larger differential cross-section. The

scale of neutrino energy indicates that the spectrum goes off earlier for a smaller value. For

the Csl target, we separate the differential cross-section for each constituent target. All of the

possible new interactions provide a well-behaved spectrum for the two considered energies.

Considering the nuclear threshold, differential cross sections fall after reaching 0.1 keV. This

behavior indicates the importance of having equipment with low-energy sensitivity.
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4.5. Analysis of COHERENT Data

We constraint the parameter of the NSI and the simplified model using minimum -
method (Fieldman and Cousins, 1998). Published data from experiments consist of uncer-
tainty in the best value observed. With this technique, we may put a confident level (CL)

bound on the parameter. In this work, we consider 68% and 90% CL limits from the con-

Table 7. Significance value and its corresponding degree of freedom.

degree of freedom

CL (%) 1 2 3 4 5
68.30 | 1.00 2.30 3.53 4.72 5.89
90.00 |2.71 4.61 625 7.78 9.24
95.40 |4.00 6.17 8.02 970 11.3
99.00 | 6.63 921 113 133 15.1
99.73 | 9.00 11.8 142 163 182
99.99 |15.1 184 21.1 235 25.7

sidered model. Prescription values for the number of degree of freedom (dof) to the CL are
given in Table 7. As we have two free parameters from the NSI and the simplified model,

the corresponding value for 68% is 2. +2.30 and for 90% is x2. +4.61.

We analyze the COHERENT data in the first publication (Akimov et al., 2017) using

the 1-bin analysis. The y? function for this aim is

o= (N(,bs—Np,e(l + o) — Nppe (1 +B)>2+ <£>2+ (ﬁ)z, 4.3)

o

with statistical uncertainty

0= \/Nobs +kag+2Nss- 4.4)

In the above equation, Nyps = 142, Npre, Nppe = 6, and Nz = 405 are the number of
events for observed, predicted, prompt neutron background, and steady state background,
respectively. There are two systematic parameters, & and 3. The first corresponds to the
signal rate uncertainty and the latter to the background. These two have fractional uncertainty

0q = 0.28 and og = 0.25. We extract the constraint by minimizing this function.
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Figure 24. Predicted CEVNS event per 2 PE at COHERENT.
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Figure 25. Ay? corresponds to 1-bin analysis of COHERENT data.

The considered spectrum we study is given in Figure 24. Here we show the predicted
event per 2 PE, relevant with COHERENT collaboration. Event from this work is presented
as dashed red line while the predicted spectrum from COHERENT is in the solid red line.
Observed data, the square blue points, can be seen fitted proportionally with the predictions.
The Ax? behavior of the analyzed data is given in Figure 25. The dashed black line indicates

166 the CEVNS expected events while the dotted red lines the confidence levels.
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4.5.1. Non-Standard Neutrino Interactions

We provide the 68% CL (red) and 90% CL (blue) allowed region for the NSI parameter
in Figure 26 from COHERENT data both for FC and FV case. According to the neutrino

1.0 1.0

+ Standard Model
Best fit

+ Standard Model
Best fit

0.5 0.5¢

=3 0.0 3 0.0
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Figure 26. Allowed regions of the NSI FC (upper) and FV (lower) parameter space with
68% (red) and 90% (blue) CL from COHERENT data.

type from the SNS facility, the COHERENT experiment consider a prompt v, and delayed
v, and V,. Therefore only e and p flavor of neutrino can be analyzed. The best-fit values are
(0.54,—0.42) for the £2/ &4, (—0.08,0.40) for the &g}, £}:};. and (0.0,0.0) for the &2, €4},
indicated by a yellow dot in each case.
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4.5.2. Simplified Model

We present the lower bound of the coupling and mass from each considered new in-
teraction with 68% CL (red) and 90% CL (blue) exclusion region from the simplified model
in this section. We take the non-universal case of the coupling, in which the new interaction
to the neutrino and to the quarks are the same. We emphasize that our results for the scalar
and vectorial case are in agreement with recent works (Billard et al., 2018; Papoulias and

Kosmas, 2018).

106 102
1077 10-3
Y 108 51074
10-° 10-°
Scalar Scalar
10710 10-°
1071 109 10! 102 103 10% 101 109 10! 102 103 104

ms (MeV) ms (MeV)

Figure 27. Lower exclusion bound on parameter space of g% — mg (left) and gg — mg (right)
with 68% (red) and 90% (blue) CL.

Figure 27 shows the exclusion region from the new scalar mediator. The lower bound
of g2 reaches 5.09 x 1071° (68% CL) 7.40 x 10-1° (90% CL), while the gg reaches 2.26 x
107 (68% CL) and 2.69 x 107> (90% CL). The mass is steady for ms < 10 MeV. After that,

the coupling dependency occurs for both cases.

Figure 28 is the exclusion region of the new pseudoscalar interactions. We have used
the non-zero form factor and keep the 72 term. The lower bound of g2 reaches 3.15 x 10!
(68% CL) and 4.51 x 10~ (90% CL), while the gp reaches 5.61 x 107° (68% CL) and
6.77 x 107% (90% CL). Again, the behavior of the mediator mass is the same as the previous

case.

Figure 29 shows exclusion region from the vector mediator. We emphasize that this
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Figure 29. Same as Figure 27 for vector mediator.
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case has interference term with the SM. The degeneracy region is obtained, which happens as

the interference term has the same with the SM. The lower bound of g‘z, reaches 2.72 x 107°

(68% CL) and 3.52 x 1072 (90% CL), while for the gy reaches 5.22 x 1072 (68% CL) and

5.93 x 107 (90% CL).

Figure 30 shows bound of the axial-vector mediator. Here we simply neglect the inter-

ference term of the new mediator with the SM. The lower bound of gf‘ reaches 1.44 x 1078

(68% CL) and 2.03 x 103 (90% CL), while the g4 reaches 1.20 x 10~ (68% CL) and
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Figure 30. Same as Figure 27 for axial-vector mediator.

1.42 x 10~* (90% CL). We can see that the mass of the axial-vector mediator is relatively

constant up to 10 MeV, same as the previous case.
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Figure 31. Same as Figure 27 for tensor mediator.

Lastly, Figure 31 gives the exclusion bound for the appearance of tensor interaction.
The lower bound of g% reaches 3.17 x 10~ (68% CL) and 4.47 x 10~ (90% CL), while
the g7 reaches 5.61 x 1072 (68% CL) and 6.64 x 10~> (90% CL). The mass of the tensor

mediator, again, behaves the same as the previous cases.



S. CONCLUSIONS

In this work, we have shown the formulation of the CEVNS process within the SM
and the effect of general neutrino interactions. We have considered the NSI and the simpli-
fied model for this purpose. Before discussing our objectives, we have briefly introduced
neutrino physics and then examined CEVNS theoretically as well as how to detect this phe-
nomenon. For the latter, the first successful observation of the COHERENT experiment has
been reviewed. In addition, effect of coherency has also been discussed where it is found

that the best way to study this process is by using reactor neutrino.

The NSI effect simply changes the form of the weak charge, which is different from
the possible FC and FV of neutrino flavor. For the simplified model case, we have used
model-independent parameterization with new interactions that correspond to the possible
bilinear combinations: scalar, pseudoscalar, vector, axial-vector, and tensor. Differential
cross-section of each case has been computed in which the effect of new interactions are
induced from the strength of the considered model with its coupling to quark content of

nucleus.

We have used five target nucleus to show behavior of some physical quantities: 7y,
form factor, differential cross-section and total cross-section. It is found that the maximum
recoil energy for heavier nuclei is slightly small than the lighter ones. As the initial energy
of neutrino increases, the maximum recoil energy follows the same trend. For Ge target, we
have shown that the case of large neutrino energy would give approximately the same 7;;,,y.
This is important for choosing sources and building the CEVNS detector. From the form
factor plots, we have shown that large 7', which also implies large Q would penetrate the nu-
cleus structure. So to observe coherent criteria, equipment sensitive to small 7' is necessary.

For the differential and the total cross-section, heavier targets provide larger spectrum.

The NSI model only changes the overall strength from predicted SM. Hence the shape
of the cross-section is not affected as indicated in the given result. Using the updated values
of the free parameters, we have shown that NSI provides a larger spectrum than the SM

case. Analyzing COHERENT data, we have shown the 68% and the 90% CL parameter
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constraint for the FC as well as the FV case, correspond to the produced neutrinos of the
n—DAR experiment at the SNS. Updating these values from future experimental data will

surely improve our understanding of the model.

The phenomenology of the simplified model has been discussed. Five different types
of new interactions are considered: scalar, pseudoscalar, vector, axial-vector, tensor. The
pseudoscalar case in literature is considered zero from the form factor effect but taken oth-
erwise here. Our result of differential cross-section considers at least T order, except for the
pseudoscalar case where the lowest is 72. In general, the vector-type interaction estimated
the largest spectrum than other types. The source is expected from the extra term from the
interference with the SM. Lower-exclusion bound are obtained from the COHERENT data
within 68% and 90% CL.

Predictions of both the NSI and the simplified model can be further improved from the
future advancement of CEVNS experiments. These beyond SM cases open a new perspec-
tive for investigating new physics, especially in low energy neutrino scale. Including in this
area are astrophysical, solar, atmospheric, or geoneutrino. Connection with DM-matter in-
teraction is also an interesting subject to be explored since CEVNS has a similar formulation,

either theoretical calculation or experimental equipment, with the direct detection of DM.
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7. APPENDICES

7.1. CONVENTION AND NOTATION

The y* sandwiched between particle fields is the Dirac gamma-matrices. They obey
the Clifford algebra

{r* .y} =2¢"", (A.1)

with metric tensor g"V is defined as

1 0 0 0
0 -1 0 0
uv _
£ 1o 0o -1 o (A.2)
0 0 0 -1

Explicitly, the gamma-matrices are

w:@ j), Vz(iif) (A3)

where 1 is a 2 x 2 identity matrix while o/, with i = 1,2, 3, are the Pauli matrices

1 01 2 0 —i 3 0 1
o _(1 0), o _(i 0), o —(_1 O)' (A4

These matrices are Hermitian and satisfy the following relations
6!, 67/] =2ie*c*,  {o',0/} =28V, (A.5)

where £/% and §%/ are the Levi-Civita symbol and Kronecker delta, respectively.

The matrix appears in the Lagrangian density of the Dirac fields
=?Dimc — lﬁ(la + m) vy, (A6)

with Feynman slashed ¢ = y* du have been used. The equation of motion of this Lagrangian
is

(i 9 —m)y =0, (A7)

which is the Dirac equation.
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7.2. RELATED FEYNMAN RULES

The following give summary of Feynman rules related to process involved in this work.

e Propagators

p

p p
p
AVAVAVAV: HAVAVAVAV: e N\ v8
Photon (y) Scalar (S, P) Vectorial (W,Z,V,A) Tensorial (T)
—iguv i —iguv *l‘guagvﬁ
prtie pr—m2+ie pr—m?4ig pr—m2+ie
e Vertex

fy: —iQey* UWS: —i 2oyt (1=7)  qqW*: =25 (1= 1)V
/
iz pf/
AVAVS
AN
Pi \

fZ: —i% v (gv —gay’) 007 —ie(p + plL)

Where gw = 5, 82 = st 8v = 8L+ 8r = I3 — 20sin” By, and g4 = g1 — gr = I3.
The V;; denotes the CKM matrix. The Feynman gauge have been used for the W+ and Z
mediator.

7.3. KINEMATICS

The kinematic of the v(p;) +N(p2) — v(p3) +N(p3) in the rest frame of initial nu-
cleus is shown in Figure 32. In this process the initial and final mass for the target nucleus and
incoming neutirno is the same. Particularly, m; = m3 = m, for neutrino and m, = myq = my
for nucleus. Relations between four-vector momentum p; = (E;, p;) with i = 1,2,3,4 can be
proceed further. Since p, = 0, we can clearly see that

P2 pa=ErEy— prps = myEy. (A.8)
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Figure 32. Framework of kinematics for CEVNS process.

2 _ 2 . r . . .
F.rom p; = m; and conservation of momentum p| + p» = p3 + p4, squaring this equation
gives

P+ p3+2p1-p2=pi+pi+2ps-ps
m% +my +2py - py = ml +m +2p3 - ps (A.9)
P1 P2 = P3 - P4.

Contracting the left hand side we find
pi1-p2=E\E, — p1p> = Eymy. (A.10)

We can also have p; — ps = p3 — p» from the momentum conservation. Squaring this we
obtain

P+ pE—2p1-pa=pi+pi—2py-p3
my, -+ my —2p1 - ps = my +my —2py - p3 (A.11)
PL-Pa=p2-pa.

Hence applying energy conservation E3 = E| 4+ E, — E4 and recoil energy transfer
T=E3—E| =E;s—E>, (A.12)
hence
p2-p3=E2E3 — pap3 = MN(E\ +My — Es) = My(E1 —T). (A.13)
We can also work out the square of p; — p3 = ps — p> to get

Pr+p3—2p1-p3s=pi+pi—2p2-ps
2m% —2py - p3 =2m}y —2ps- pa

2

2 ) (A.14)
pi1-p3 =my, —my+my - Es =my, +my(Es —my)

P1°P3 :m%,—kmNT ~myT
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since neutrino is considered massless in the SM.

We can also extract the maximum nuclear recoil energy of the process. This is achieved
as the angle between the two final particles 0 is 180°. Starting with p; - p» = p3 - p4 we get

E\Ey — p1p2 = E3E4 — P3P
ElmN=E3E4— |ﬁ3||ﬁ4|0081800 (A.15)
Eymy = E3E4+ | p3|| Pal.
Since T = E4 — E, = E4 —my then E4 = T +my. From conservation of energy we also have

E3 = E\+E, —E4 = Ey+my — (T +my) or E3 = E; —T. Neglecting neutrino mass, then
p3 =E3}—|p3/* =0, and hence

P3| =E3s=E; —T. (A.16)

From the p4, squaring it we get

E; —|Pal* =my

|Pal® =Ef —mj; = (Es —my) (E4 + my)
’ﬁ4’2 :(T+mN—mN)(T+mN—|—mN) (A.17)
|Bal> =T (T +2my)

‘ﬁ4| =/ T(T+2mN).

With E3, E4, |p3| and |ps| while setting E; — Ey, then

Eymy = (Ey —T)(T+my)+ (Ey —T)(\/T(T +2my))
Eymy = EyT +Eymy —T? — Tmy + (Ey — T)\/T (T +2my)

TmN—T(Ev —T) = (EV—T) T(T+2mN) (A18)
my
_ 1)T — J/T(T +2my),
and squaring this equation
[ i 2y +1] 72 =7(T +2my)
R f— m
(Ey—T)Y? E,—T N
myT —2myT (Ey —T) = 2my(Ey —T)? (A.19)
myT —2T(Ey —T) = 2(E2 —2E,T +T?)
myT +2E,T = 2E>
so that, denoting 7" — T, We obtain
2E,
Thax = —————— A.20
max mN + 2EV 9 ( )

the maximum nuclear recoil energy of the process.

From this relation, it is also possible to obtain the minimum neutrino energy that can
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trigger threshold recoil energy, denoted as T'y,. This threshold depends on the detector prop-
erties. From the above relation, we can write

2myT +T? = (2E, —T)? (A.21)
V2myT + T2 =2E, — T,

where we have multiplied by 2 and added 72 for completing square. Using T — Ty, the
minimum neutrino energy can then be written as

Ir 7/ —
Evmin = 5 |: 2mNTth + thh + Tth:| . (A.22)

We may also develop the relevant differential cross-section for the v+N — v+ N
elastic process. The general form obeys (Thomson, 2013)

(|42)) d’ps  d’Pa

do =
2E12E2‘\71 — \72‘ (277:3)2E4 (27173)2E4

2m)*8*(p1+ p2— p3 — pa).- (A.23)

Using the velocity relation ¥ = p/E, the incident flux can be written as

2E12E,[V1 — V| = 4(E2| 1| — Er| P2l) (A.24)
where in the center of mass frame, p; = —p> and p3 = —pjy, so we can integrate
// e (27)*8(E1 +Ey — E3 — E4) 8 (1 + P2 — D3 — Pa)
2% 32E4 27 32E4
5 (A.25)
_|Ps]7dQ

_P3TAR [ i \§(Eey — B3 — E
167r2E3E4/ 310 (Ecu — Es = Ea),

where now E3 = /| 3|2 + m3 and E4 = /| 3| + m3, while we have defined Ecyy = E| +E».
Note also that the solid angle is dQ = sin0d0d¢. The Jacobian of the last line for x =
Ecy — E3(P3) — E4(p3)

dx L E3+Ey
J=|-—= A.26
d |p3| E3E4 ) ( )
changing variable dp; = dx|J|~! leads us to
3P / E3E,4 |P3]dQ
dxo(x =———O0(Ecy —m3 — A.27
1672E5Ey Gal(Es 1 Ea) | ~ T6m2Ecy (oM —m3 —ma) (A.27)

where the delta function gives Ecy = E3 + E4 and note that 6(x) is a Heaviside function.
The differential cross-section then becomes

do _ (l.2%)) |ps| (A.28)

dQ  64m2E2,, |P1|
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Instead of solid angle d€2, we aim to convert this into nuclear recoil energy d7. We
note that ¢ = p3 — p1, hence ¢> = p? + p3 — 2|p1||P3|cos O or for massless case dg’> =
—2|p1]|P3|d(cos 0). So that

do___do o) 1 (4% (A29)

dg®>  2|pi||Ps| 64m2ERy,  |P1l|P3] 64mER,
Since q2 = 2mnT — qu = —2mpdT, then

do dT 1 do

= T A.30

AT d?2 ~  2mydT’ (A-30)
then, since in the center of mass frame |j;| = |3/, we obtain

d M?

o_ _mil47 (A31)

dT — 327E%,|h1[*

Next, we may square the incident flux of Eq.(A.24) to obtain (Ez|p| — E1|pa|)? = E2|p1 > +
E}|P2|* — 2E>|P1|E1|P2|, where the last term can be replaced from relation (p; - p2)? =
E12E22 + ‘ﬁl ’2‘52‘2 = 2E1E2’ﬁ1 | ’ﬁ2| , hence
(B2l 1| — Er|P2|)* = E3 |1 P + EF|Bal* + (p1 - p2)* — ETES — |1 [P P2
= (p1-p2)’ = (ET = |B1[*)(E3 — |2) (A32)

5 (pl 'p2)2 —mym;.

Since from the kinematic p; - p» = myEy and set m; = my ~ 0, mp = my, in the center of
mass frame p; = — p we obtain the following relation

Eéy|P1[* = myEy,. (A33)
Hence, the general form of the differential cross-section becomes

do _ ({l?))

— = A34
dT  32amnE3 (A.34)
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