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Abstract

Even though electroweak part of the Standard Model passed decades of testing and pre-
cision measurements, there is still a space for the presence of new physics. In particular,
the neutrino sector in the last years has been reaching the level of precision oscillometry.
However, the current data are not able to exclude many possible extended scenarios, in
which new interactions comparable with the standard ones are still possible.

This work is dedicated to beyond-Standard-Model interactions of neutrino and elec-
tron called Non-Standard Interactions or shortly NSI. Analogously to standard elec-
troweak interactions, NSI could be charged current (CC) and neutral current (NC) type.
Usually, in analyses of experiments, NC and CC NSI are considered separately, and I
follow this strategy in the course of this work.

Global search for NSI involves almost all experimental approaches of neutrino physics
and goes far beyond the scope of this work. Here, instead, I look at the problem through
the prism of the large-scale liquid scintillator experiments and confine the investigation
to the search for NC NSI with solar neutrinos. In addition, I review CC NSI with reactor
neutrinos at medium baseline.

As a contribution into upcoming JUNO experiment, I investigate liquid scintillator
energy response and radiopurity, which are essential for the successful realization of so-
lar and reactor neutrino physics programs and, therefore, for NC and CC NSI search.
I analyze in detail non-linearity and energy resolution of liquid scintillator. I develop
an experimental Compton coincidence technique with High Pure Germanium gamma
spectrometer, provide a conservative measurement of the Birks’ ionization quenching
constant kB and discuss problems related to its measurement. Throughout the study,
I also formulate the optimal characteristics of the experimental apparatus for this im-
provement.

The ultimate goal of this investigation is separating intrinsic energy resolution, which
was never yet robustly measured for liquid organic scintillators. Intrinsic energy reso-
lution may have an impact on the energy response of the new generation large liquid
scintillator detectors such as JUNO and have to be carefully investigated.

Applying single photon counting technique, I perform a calibration of PMT charge
scale and set apart statistical term from the total liquid scintillator energy resolution. Re-
maining term significantly differs from zero, indicating the presence of additional con-
tribution associated with the intrinsic energy resolution. As an outlook, the precise esti-
mation of the light collection should be conducted in order to ensure that its contribution
is not significant to mimic the observed intrinsic resolution effect.

The analysis of the radiopurity of the liquid scintillator showed that it is close to the
one demanded for reactor neutrino program and CC-NSI search. Still, an improvement
of purification procedure is necessary to fulfill solar neutrino program requirements for
NC NSI search.

Finally, I place the limits to NC NSI ¢~ /? and £/7 parameters with the Phase II
data of Borexino experiment. The limits are quite stringent and compatible with other
experiments. The best up-to-date limit to 2 is obtained. The allowed regions could be
further significantly reduced by incorporating the current result in a global analysis for
L7 and X" Besides, the same analysis approach is used to measure sin® § with a
precision comparable with reactor neutrino experiments and place the most robust limit
on the probability of v, — 7, conversion in the Sun for solar neutrinos with energies
E, < 1.8 MeV. I conclude with deliberation on the applicability of solar neutrino NC
NSI approach for current JUNO detector configuration.






CHAPTER 1

Theoretical and experimental overview

Neutrino physics and its role in the Standard Model of particle physics

The history of neutrino has many bright moments. In 1914 when experiments of Chad-
wick demonstrated that the S-ray spectrum was continuous and not monochromatic as
it was expected from the kinematics of two-body decay. This event was quite remarkable
for the scientific community at that time. It happened in coincidence with the intensive
development of quantum mechanics fundamentals and many attempts were made to
build a consisted theory of the phenomenon by applying new-coming theory. To doubt
the law conservation of energy and momentum was a natural way to resolve the puz-
zling phenomenon (Ref. [26]). To address the problem in 1930 W. Pauli proposed (Ref.
[27]) the existence of a new particle emitted together with an electron which he called
“neutron”. It should be neutral and have spin 1/2 to conserve electric charge and an-
gular momentum, correspondingly. In principle, it could be a massive particle though
with a mass small enough not to be easily visible in the spectral shape of 5-decay. The
solution was proposed; however it was not clear how this hypothesis could be probed
experimentally because of a tiny cross section of hypothesized particle. The ideas of W.
Pauli got further development in the work of E. Fermi: the theory of 8-decay (Ref. [28]),
later extended by G. Gamow and E. Teller. E. Fermi renamed the "neutron” to neutrino
when the actual neutron was discovered by J. Chadwick in 1932. Based -decay theory
H.Bethe and R Peierls estimated the cross section of interaction of neutrino with matter
that was found extremely small o < 10744 cm? (Ref. [29]). "It is therefore absolutely
impossible to observe processes of this kind with the neutrinos created in nuclear trans-
formations” a fair conclusion was derived by authors. The development of the experi-
mental techniques, the invention of nuclear reactors and the progress in neutron physics
made neutrino detection much more feasible, and a suitable experiment was proposed
in 1953 by F.Reines and C.L. Cowan (Ref. [30]). Pioneering work of these physicists and
their successful detection of neutrino opened an era of experimental neutrino physics.

The pace of science is fast: the discovery of parity-non-conservation (Ref. [3I] and
[32]) revolutionized understanding of fundamental interactions (Ref. [33]) and further
experimental and theoretical studies lead to the creation of modern electroweak theory
(Ref. [34], [35] and [36]). This theory precisely describes all observed electromagnetic
and weak phenomena and, united with quantum chromodynamics, forms the frame-
work of the Standard Model.

The observation of the neutral weak current (Ref. [37]) and the discovery of the inter-
mediate vector bosons W and Z (Ref. [38] and [39]) were the triumph of the theory (Ref.
[33]). Finally, the recent discovery of the Higgs boson completed experimental prove of
the model (Ref. [40] and [41]).



4 1.1 Neutrino physics and its role in the Standard Model of particle physics

In parallel to the development of the standard model, unexpectedly, a new class of
phenomena appeared. After the discovery of oscillations of neutral kaons B. Pontecorvo
came with the idea of possible oscillations of leptons (Ref. [42], Ref. [43]). He considered
muonium-antimuonium transition and mentioned a possibility of the neutrino oscilla-
tions. These ideas get development in his further work (Ref. [44]). At that time only
one type of neutrino was known. B. Pontecorvo suggested the existence of another type of
weak interaction which does not conserve the lepton number. The important conclusion
of this paper was that the effect could not be visible in the laboratory due to a large value
of oscillation length, "but will certainly occur, at least, on an astronomic scale.” In 1967
B.Pontecorvo published the second paper on neutrino oscillations (Ref.[45]). In this pa-
per, he discussed flavor neutrino oscillations v,v. and also oscillations between flavor
and sterile neutrinos. In this paper, solar neutrino oscillations were considered. Even
before the first results of the Davis’ solar neutrino experiment appeared, B.Pontecorvo
pointed out that because of neutrino oscillations the flux of the solar electron neutrinos
could be smaller than the expected one. Thus, he anticipated the solar neutrino problem
that was not long in coming. In the late ‘60s, Davis performed ClAr experiment|'|Home-
stake to measure the solar neutrino flux. The detector was counting only one-third of the
predicted neutrino flux from the Sun. Further development of the theory of oscillations
by L.Wolfenstein (Ref. [46]), S.Mikheyev and A. Smirnov (Ref. [47]) led to the full ex-
planation of the solar neutrino problem by matter effect and resonance enhancement of
oscillations. Several scenarios were possible within the neutrino oscillation framework
though. Moreover, neutrino oscillations were not the only explanation of the observed
phenomena. Decades of experimental and theoretical investigation had passed before
the unambiguous discovery of neutrino oscillations in the atmospheric (Ref. [48]), solar
(Ref. [49]) and reactor neutrino experiments (Ref. [50]) was made.

Electroweak theory

It was well-established that local fermion interactions describe the weak interactions of
leptons and quarks. Let us consider muon decay in a framework of the theory of Fermi:

= e + e+, (1.1)

The decay Lagrangian density could be represented as a multiplication of two fermion

currents, where fermion current is a difference of vector and axial currents (V —A) x (V —
A):

Ly = —(\;/ng"(l — V5 ueva (1 = v5)ve (1.2)

where G ~ 1075/ mf, ~ (1/300GeV)? is a Fermi constant characterizing the strength

of interaction. The operator describes a large amount of observed processes of scat-
tering and decays of leptons and quarks.

This theory is not renormalizable, since the constant G is neither dimensionless or
have a dimension of positive power in energy. Being successful on tree level, the theory
does not provide any framework for radiative correction calculations (Ref. [51]])

In the way the electrodynamics does, one could postulate the interaction by exchang-
ing a boson:

lalso originally proposed by Pontecorvo
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Lw = _Q\S;@[D;/Ya(l+'Y5)U+é'ya(1+75)’/e]w<; (1.3)
To be consistent with Fermi theory we should suppose intermediate vector boson
W, to be heavy. At low energies the propagator of W boson became 1/(k? — M3,) —
1/(=M3,).
Therefore comparing two relations one can get

2
Gr_ ¢ (1.4)
V2 8Mj,

In this case, the problem with renormalization disappeared since the constant g is
dimensionless. However, it appears again if one consider the Lagrangian density of the
vector field with a massive term 5 M2 A2: in this case the longitudinal polarization of the
boson became singular. A straightforward approach to introduce mass to a vector boson
does not work.

The alternative way to give mass to vector boson is very similar to the Meissner
effect in superconductors that was developed by Ginsburg and Landau (Ref. [51], [52]).
They introduce a scalar ”“order parameter” in addition to a photon field whose nonzero
expectation value gives mass to a photon in superconductor. This mechanism was called
SU(2) spontaneous symmetry breaking.

Let us introduce scalar doublet ¢ = (¢1, ¢2) and consider the following Lagrangian
density:

1 1
L =Dyl = N6 6 — ) - ST, (15)

where D, = 0, + igA,, - covariant derivative, G, = 0, A, — 0, A, —ig[A,, A)]isa
kinetic term, tensor of the vector Yang-Mills field.
Expanding the Lagrangian density with:

0
¢ = | nte@)
V2
for massive terms one gets:
1 1
AL = Sg*n TI(A4L)7 + (43)7 + (4)7) (L6)
My = Maz = Mys = % 1.7)

There is no massless field anymore. Now there are three massive vector field with
the same mass and scalar Higgs boson £ with a mass defined by a constant A.

Electroweak theory of Glashow-Weinberg-Salam is based on the local symmetry SU(2) . ®
U(1).

Covariant derivative could be written as:

y Y
Dy =0, —igA,T" —ig' B, (1.8)

where g is a charge in SU(2) group, ¢’ in U(1) and Y - is hypercharge if the .
Scalar sector of the theory consists of isodoublet of Higgs fields:

H= (%) (1.9)



6 1.1 Neutrino physics and its role in the Standard Model of particle physics

with Lagrangian density

1 2
L= |D,HI? - SN[H"H - %}2 (1.10)

that looks similar to with covariant derivative (I.8). The mass of the only one
scalar particle in the theory, the Higgs boson, is My = An.

The Lagrangian density of the vector boson is a sum of the kinetic term such as G ..,
and massive terms that we get from (1.8). Massive terms naturally gives us the relations
for the W+, Z and ~ bosons:

Ay FiAs gn
Wt =22 My = 20 1.11
V2 VT (L11)
As —¢'B g
7=923"92 - % (1.12)
'As + gB
y=228 192 3;5' M, =0 (1.13)

g=\9+9g" (1.14)

One can see from these relations that Z and ~ are mixed with some angle 0y (called
Weinberg) with respect to the fields 4; and As.

sinfw =¢'/g (1.15)

cosOw = g/g (1.16)

Neutrino interactions are fully described in the Standard Model framework by (Ref.
[53]):

£6C = _9_iCOyra 4 p e 117
\/ﬁja (1.17)
ﬁNC - _ g -NCZa 1.1
S cosO 0 (1.18)
where
i§¢ =2 Z ViLYalL (1.19)
l=e,pu,T
iy = Z NLYaVIL (1.20)
l=e,u,T

Since the charge of neutrino is zero there are three possibilities for neutrino mass
term, depending on the presence of right-handed fields v and conservation of the total
lepton number: Dirac, Majorana and general term incorporating both types.

If Lagrangian density contains both left-handed and right-handed fields and total
lepton number is conserved, mass could be introduced with the following term:

LP(z) = - Z oy () MEvp(x) + h.c. (1.21)
1%
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where M P is 3 x 3 non-diagonal matrix.
Diagonalization of the matrix leads to the Lagrangian density:

3
= —Zmiﬂi(x)%(x) (1.22)

where v;(x) is a field of neutrino with mass m;.
Thus, flavor fields v, (z) are expressed though the massive fields v, (z) by relation:

v (o Z Uvir (z (1.23)

U is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix, which
is characterized by three mixing angles and one CP-phase:

1 0 0 C13 0 813€7i6 C12 s12 0
U= 0 Co3 S23 0 1 0 —S12 C12 0
0 —s23 cCo3 —s13¢® 0 ci3 0 10
C12C13 512513 s13e”%
= —S512€13 — 012813523€i5 C12C23 — 8128135236i6 $23C13 (1.24)
512813 — C12513C23€"0  —s93C12 — S12813C23€  Co3i3

where Sij = sin 92']' and Cjj = COS 9”
For the Majorana case we have:

== ZWL )Mk (1) () + h.c. (1.25)

where M’ is a complex symmetrical 3 x 3 matrix. By diagonalization one get:

LM (z) == Z mi; () ( (1.26)
where massive fields v;(z) with mass m; satisfy the conditions:

vi(z) = vi(x) = Col (2) (1.27)

that is truly natural (v; = 7).
Flavor fields v, () are expressed though the massive fields v;1,(z) in the same way:

v (z Z Upvir (z (1.28)

PMNS matrix U is parameterized by three mixing angles and three CP phases.

It is important to note that if neutrinos are Dirac particles, their mass can be gener-
ated by the standard Higgs mechanism. However, if the Lagrangian density contains
Majorana mass term, it could be generated only by a mechanism beyond Standard Model.

The presence of the mass of neutrino leads to a beautiful effect of neutrino oscillations
which will be discussed further in detail.
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ve-Neutrino and electron are forming an isodoublet. Change of the charge by unity
is a change of the third projection of isospin 73 by unity.
/
Y
%:ezm,QzTg—F; (1.29)
g
Numerical values of three parameters g, ¢’ and 7 of electroweak theory could be
found from the most accurate measured parameters:

o~ = 137,035985(61) (1.30)
G, =1,16639107° GeV (1.31)
My = 91,188(2) GeV (1.32)

Higgs sector contains 15 additional arbitrary parameters: masses of charged leptons
(3) and quarks (6), parameters of CKM matrix (4), the mass of Higgs boson and .

Using these values and expressions (1.15) and (I.16) we can derive the value of
sin? Oyy:

/
V4
sin Oy cos Oy = % = 77ra (1.33)
g g
where we need the expression for g.
From the equations (1.11)) and (1.12) it is easy to get:
Mw g
— == 1.34
Mz g (139
If we put this relation in (1.4) we get the relation for g:
G, g2
l E— 1.35
T (1.35)
If one put (1.35) into (1.33) one can obtain:
.2 2 Ta
sin® Oy cos” Oy = ——— 1.36
w W = RGI (1.36)
and
sin? Oy = 0.212. (1.37)

In the context of NSI interaction studies, Z-boson neutral current interaction has par-
ticular importance.
The amplitude of the decay on the pair of two fermions could be written as:

N |

Ay s = 5 F 00 a + ghra7s) f Za (1.38)

where gi, = Tg —2Q/ sin® Oy, and gf; = T:{ are determined by third projection of the
spin and electric charge. Calculated width is [51]:

L GeMy

Z—ff 6 \/57

[(9])? + (gh)?) = 332[(g])? + (g)))| M eV (1.39)
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Let us look at measured for Z — [l decay axial and vector constants:

g5 = —0.5012 =+ 0.0003 (1.40)
9o = —0.0378 =+ 0.0004 (1.41)

and compare them with the theoretical value obtained with sin® 6y (expression (1.37)):
gilee = —0.5 (1.42)

giteo = —1/2 + 2sin? Oy = —0.076 (1.43)

The reason why the theoretical and experimental values of the vector constant are in
disagreement is the use of sin® 0y calculated with a at low energy region. The difference
in electromagnetic and weak scales leads to the logarithmic corrections In(Mz/m.). Itis
convenient to split these corrections from electroweak corrections at the very beginning
and use a(Mz) = [128.95 + 0.05]7 . In this case, we will get gy; fully consistent with
the experimental value. The review of on electroweak model and current status of the
parameter determination could be found in (Ref. [1]]).

For the present work the most relevant question is a determination of sin” fy from
neutrino-electron scattering experiments. The most precise measurement of sin” fy as
well as g4 and gy was provided by CHARM II collaboration with a v, e scattering exper-
iment (Fig. . Much weaker results for LSND and TEXONO for v.e and v.e channels
are also presented on the plot. The best SM fit sin” fy, = 0.23129 is also provided. Note
that the solution for the point g4 = 0 gy = —0.5 is eliminated by et + e~ — [T + [~ data
under the weak assumption that the neutral current is dominated by exchange of a single Z-
boson. These results will be discussed in a context of neutrino non-standard interactions

as well (Sec. [1.2).

Neutrino oscillations

As we saw in the previous subsection neutrinos are introduced in the Standard Model
with mass and flavor eigenstates were represented as a superposition of mass eigenstates
via a unitary matrix:

Va) = Z 78! (0 =e,p,T). (1.44)

The main reason to treat neutrino as a massive particle is the discovery of neutrino
oscillations. This phenomenon leads to the transition of one flavor type a of neutrino
into another type 3 during propagation. Its observation was confirmed by a variety of

experiments (Table|[1.1).
Let us find an expression for the transition probability P, ... The massive neutri-

nos are eigenstates of the Hamiltonian
H |Vk> = Ek |l/k> (145)
with energies Ey, = \/p? + m3 therefore evolving as plane waves

k(1)) = e P i) . (1.46)
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1.0f

05 1.0

Figure 1.1: Allowed contours for gy and ga that were found in neutrino scattering experiments.
Results for vee and 7. are provided at 1o. The contour for v, (7, )e are at 90 % C.L. SM best fit
value sin” 6y = 0.23129 is indicated by the black dot. The global best fit region (shaded) almost
exactly coincides with the result for v, scattering (from Ref. [1]])

A flavor state |v,(t)) produced in a flavor eigenstate « at time ¢t = 0, |vo(t = 0)) = |vq)
evolves in time as

Vo) =Y Uk e B4 ) (1.47)
k
using the unitarity relation, the massive states can be expressed in the basis of flavor

states as
k) = > Usk lvg) (1.48)

which allows us to write

V)= Y (ZU* iEktUﬁk|yB>> (1.49)

B=e,u,T

one can see that neutrino produced in a flavor eigenstate at ¢ = 0 evolves in time as a
superposition of different flavor states at ¢ > 0.
Expressions for the amplitude and probability:

Ay (1) = (vs|va) Z * Ugp e Bt (1.50)

Py (1) = [ Ava s (OF = Y UsUpiUasUs; ek Fa)t (1.51)
k.j

Since in ultrarelativistic case neutrinos propagates with a speed of light L =t (¢ = 1)

and we can approximate the relation E? = p? + m? as
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Experiment Mode Am?[eV?] Neutrino source

(1) IMB, Kamiokande, SK, Vp =V 195 % 10-3 Atmospheric/
K2K, MINOS, T2K v, — Uy, ' Accelerator

(2) T2K, MINOS vy — Ve ~£25x1073 Accelerator
Double Chooz, Daya Bay, _ _ _3

3) RENO Ve > Ve ~125x10 Reactor
Homestake, GNO, GALLEX _5

@ SAGE, SK, SNO, Borexino Ve Ve~ +8x10 Solar

(5) KamLAND Ve = VUp ~E8x107° Reactor

(6) OPERA Uy — Uy ~+1073 Accelerator

Table 1.1: Summary of the | Am?|’s measurements for atmospheric, accelerator and solar neutrino
sources (taken from Ref. [23])

Ep~p+ 2k (1.52)
2p
(1.53)
We finally get:
Aam? L
Py = U UpUnjUp; e 778 (1.54)
k,j

One can notice that the mass of neutrino is included in expression as Amj, that is
neutrino oscillation experiments are sensitive to the squared mass difference and are not
sensitive to absolute masses.

This expression describes well all neutrino oscillation phenomena observed so falﬂ
Moreover, a bunch of experiments could use two-flavor approximation to fit their data
with one mixing angle 6 and one Am?. It is easy to calculate probabilities:

Am? Am?
2 1 2 .2
1 L P, ., =1—sin20"sin R L (1.55)

P, ., =sin20”sin

Looking at expressions (1.55), one may note that the probabilities do not depend on
the sign of Am?. Therefore, these experiments are not sensitive to relative ordering of
the masses.

Mass hierarchy problem

The values Am? for different modes are summarized in Table As one may see all that
values of Am? have = sign that indicates unknown ordering with the only exception for
solar neutrino experiments (4) that will be discussed later.

All |[Am?| values could be categorized into two distinct ones: (Am?),,; ~ 8x1075eV?
(solar) and (Am?)4em ~ 2.5 x 1073eV? (atmospheric).

In three flavor framework there are three combinations of squared mass differences:

2Here, we supposed three flavors of the neutrino. However, some experiments indicates the existence of the
physics beyond three-flavor oscillation description (see LSND, MiniBooNE and reactor neutrino anomalies)
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2 _ 2 2 2 _ 2 2 2 _ 2 2
Ams, =ms —my, Amgy =ms—m;, Amg; =ms —my (1.56)

which are not independent and connected by relation

Am3, + Am3, + Ami, = 0. (1.57)

The neutrino mass hierarchy is schematically represented in Fig. from Ref. [2].
The mass ordering of the states m; and my was fixed with MSW effect (see the formula
(1:59)). The remaining question is the sign of Am3, (Am3,).

[ — (m3)2 (m2)2— —
(Amz)sol
(ml)2 ]
H v,
(Arnz)atm
v
# (Amz)alm
v,
— m— ()’
(Arnz)sol
m— (m,)’ (m,)’s —
normal hierarchy inverted hierarchy

Figure 1.2: Mass scheme for normal and inverted mass hierarchies (from Ref. [2]).

The color scheme in Figure[1.2]represents the relative contribution of mass states my,
mso, m3 in flavor states m., m,, m,. As one may see, the normal hierarchy preserve
the mass ordering of charged leptons for neutrino, while for inverted it is not the case.
There is no particular reason, why the mass hierarchy of neutrino should be the same as
for leptons, so both variants of hierarchies are acceptable in neutrino analysis.

The determination of the MH has profound impacts on the understanding of the
neutrino physics, astronomy and cosmology. First of all, it helps to define the goal of
neutrinoless double beta decay (0v/3(), since the chance to observe Ov3/ is greatly en-
hanced for an inverted mass hierarchy and the Majorana nature of neutrinos. Second, it
is a crucial factor for measuring the lepton CP-violating phase §, increasing the signifi-
cance of its measurement by other experiments. Moreover, the mass hierarchy is a crucial
parameter of the neutrino astronomy and neutrino cosmology to explain spectral splits
in supernova neutrino fluxes (Ref. [54]). Finally, it is essential discriminators for model
building of the neutrino masses and flavor mixing. The problem of the mass hierarchy
can be resolved with different experimental configurations, involving MSW effect such
as solar neutrino experiments, long-baseline accelerator and atmospheric antineutrino
Ve — U, experiments or medium-baseline reactor which exploit oscillation interference
between Am2,and Am3,.
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a b
p+p—>?H+et +v, p+e +p—o>H+v,
99.76% t 0.24%
H+p—>He+y
84.6% i' 15.4% 2.5x1075%
3He + 3He — *He + 2p 3He +*He > 7Be +y He+p > *He+ et +v,
99.89% ' 0.11%
Be+e — Li+v, ‘Be+p—>8B+y
‘Li+p—>24%He 88 —>%Be+et+v,
ppl pp 1l pp III

CN cycle

Figure 1.3: pp and CNO I cycles. From Ref. [3].

Solar neutrino physics

The Sun produces energy by thermonuclear reactions in which four atoms of hydrogen
are forming one atom of helium-4 through the chain of intermediate reactions. Nature
gave us many possibilities to perform such transition, which is a quite remarkable fact.
The majority of the energy of the Sun is produced in the pp-chain (Fig. a.). This
chain starts from the collision of two protons (so-called pp-reaction). This reaction has
the smallest rate among others in the chain at solar conditions. It determines the speed
of the whole chain and therefore the thermal power of the Sun.

There are four branches of the chain: pp L, pp II, pp IIl and hep. Moreover, with a
probability 0.24%, the chain could start with a three-body reaction of two protons and
electron (so-called pep).

Apart from the pp I, all other branches produce neutrino with different energies mak-
ing the spectrum of the solar neutrino very rich. Fig. [1.4]is a classic representation of the
solar neutrino spectra.

The spectrum of pp-reaction has an end-point at 0.42 MeV and requires the lowest
energy threshold for observation. "Be and pep reactions have only two products in the
final state, so the neutrino is monoenergetic. The ®B spectrum achieves energies up to ~ 16
MeV. The neutrino from these reactions was directly observed by several solar neutrino
experiments. The resent results of BOREXINO collaboration includes simultaneous pre-
cision spectroscopy of pp, “Be, pep and ®B (Ref. [55])). The hep reaction is rare and so far
directly non-observable, but it produces the most energetic neutrino.

There is an alternative way for generating energy - CNO cycle. It gives about 1%
to the total energy production (Ref.[56]). The relative importance of this cycle increases
with the mass and temperature of a star. There are several variants of this cycle. The
biggest contribution gives CNO I, represented in Fig. [.3]) generating 1*N and O spec-
tra CNO II, being two orders of magnitude less, gives '“F (not shown). Neutrino
from CNO-cycle were not yet observed directly (Ref. [55], [57]).
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"Be [+ 7 %]

pep [£ 1.2 %]

- T T

hep = 30%) .

.
.L‘I.u-

giet "z
L h.\.‘l‘lll = 1 I 1 Lo |

1 10
Neutrino Energy [MeV]

Figure 1.4: Solar neutrino energy spectra (from Ref. [4])

SSM and metallicity problem

Standard Solar Model (SSM) model gives predictions for the neutrino fluxes. At the
very first measurements of solar neutrino, the problem of the deficit of the detected neu-
trino appeared. It forced further intensive verification of the SSM. However, the problem
was finally resolved by introducing the neutrino mixing and MSW effect: the measured
fluxes became consistent with SSM predictions. The problem of the deficit was closed,
but a new problem related to the Sun’s chemical composition appeared, the problem of
metallicity. There are two main complementary sources of information about the chemi-
cal composition of the Sun: the solar photospheric spectrum and primordial meteorites.
The first gives information about a variety of elements using absorption lines into the
solar spectrum. However, the dependence on the solar atmosphere and line formation
model restrict the accuracy of the method. The second, model-independent, method per-
mits accurate laboratory measurements, but only with a small sub-sample of meteorites
which was not affected by fractionation. Moreover, elements like H, He, C, N, O and Ne
are volatile and could not be accumulated in the meteorites (Ref. [58]).

The resent measurements of the heavy elements abundance showed that it was previ-
ously overestimated (Ref. [59]]). However, models that incorporate this results disagree
with helioseismological data. This new class of models was named as low metallicity
(LZ). On the contrary, the class of old models became high metallicity (HZ). This prob-
lem is relevant to our study since solar models with high and low metallicity predict
different neutrino fluxes. Here we will consider both classes of the models (HZ and LZ).

Despite this, the uncertainty in the SSM parameters leads to the uncertainty of neu-
trino fluxes that are comparable with the difference between high and low metallicity
models (so far it is about half of the difference for CNO, ®B and “Be fluxes). Hence, even
in case of a precise neutrino flux measurements the possibility to discriminate between
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Table 1.2: Predictions of some solar neutrino fluxes for high (HZ) and low (LZ) metallicity models
(from Ref. [5])). Units: 10° (pp), 10° ("Be), 10® (pep, CNO), 10° (°B) cm ~2s~*

Flux B16(GS98)-HZ B16(AGSS09)-LZ
pp  5.98(1+£0.006)  6.03(1 £ 0.005)
pep  1.44(1+0.009)  1.46(1 £ 0.009)
"Be  4.93(1+0.06) 4.50(1 4 0.06)

CNO  4.88(140.11) 3.51(1 £0.10)
8B 5.29(1 4 0.20) 3.26(14+0.11)

1.2 . : . .
B16 SSM (+ 10):
® HZ (GS98)
1.1F ® LZ (AGSS09met) N
1.0t /
o ‘ /
«0 )
0.9
Allowed regions:
08F (68.27%CL. ]
[195.45% C.L.
([0 99.73% C.L.
0.7 ' . \ X
0.6 0.8 1.0 1.2
T8

Figure 1.5: Allowed contours obtained with Borexino + KamLAND data for the normalization
of the "Be and ®B fluxes. The experimental uncertainties are less than theoretical one for SSM
predictions (from Ref. [5]).

the two models is limited. In fact, the recent Borexino measurement of “Be flux with
precision 2.7 % Ref. [55] clearly demonstrates this (Fig. .

Further improvements for the precision of neutrino fluxes could be achieved by in-
creasing the accuracy of the *He + *He cross section and reducing the systematic uncer-
tainties for the measurements of the surface composition of the Sun (Ref. [59]).

The main error for the "Be-flux originates from the solar radiative opacity. *B and
Be fluxes are both sensitive to the iron abundance. The reduction of its uncertainty may
significantly improve the predictions Ref. [59].

Survival probability and MSW effect

The theory of matter effects and resonance enhancement of oscillations developed by
L.Wolfenstein (Ref. [46]), S.Mikheyev and A. Smirnov (Ref. [47]) provided an elegant
solution of the solar neutrino problem. Incorporating matter effects in the Sun, the sur-
vival probability could be written as:

1
P = 5(1 + c0s 262 cos 26), (1.58)

where
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Table 1.3: Average value of the potential Vi for different solar components

K ‘ pp 8B 13N 50 I7p "Be pep hep
Vk,1072eV | 468 681 622 669 674 616 513 396
AVEJVE 0.109 0.010 0.054 0.013 0.012 0.029 0.076 0.165

20 — 2EV
08 20, (V) = B A (1.59)

\/(COS 20 — 2EV:)2 4 sin® 26

This formula can describe all current observed data (Ref. [60]). Non-adiabatic correc-
tions could be also considered though they are quite small (and probably below experi-
mental sensitivity). In a presence of the corrections the formula modifies as:

1
2
In three flavor neutrino case the formula is

Pfe" =—-(1+(1-9)cos 299” cos 26) (1.60)

Petl = c1sPee + sty (1.61)

where ¢13 = cosfy3 and s13 = sinfy3. In Fig. it is represented as MSW-LMA
solution. The potential should be modified in this case as well:

V =3V (1.62)

We will use the formula (1.61)) in the analysis to obtain expected solar neutrino inter-
action rates in a detector.
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Non-Standard Interactions

Theoretical overview

This study is dedicated to new interactions of neutrino and electron. The Standard
Model cross section of this interaction is precisely calculated. In principle, some sub-
class of the new interactions may modify total and differential cross sections revealing
themselves. We denote such subclass of the new interactions as non-standard interac-
tions or shortly NSI.

Neutrino sector in the last years has been reaching the level of precision measure-
ments of oscillation parameters. Regardless this fact, the current experiments are not
able to exclude many possible scenarios, even for some particular cases (e.g., v + €)
leaving the possibility of the presence of interactions that are comparable with the stan-
dard ones as we see further. Analogously to standard electroweak interactions NSI could
be charged current (CC) and neutral current (NC).

The current status of theoretical description of NSI as well as the review on the cur-
rent limits could be found in Ref. [61]], [62], [19] and [63]. Here I illustratively provide
several scenarios:

e Gauge symmetries

Any extension of the symmetry SU(2) 1, x U(1)y leads to the appearance of the ad-
ditional bosons and the modification of the constants of interaction. For example,
the theory with Es-symmetry includes U(1), x U(1)y and correspondingly extra
additional boson Z’.

¢ Additional neutral leptons

Starting with standard gauge group SU(2); x U(1)y, introducing an additional
neutral leptons could lead to the modification of V' — A interaction.

e Additional scalar particles

Although NSI interactions save the V' — A structure of the theory, it is also possible
to include additional scalar interaction.

NC NSI could be probed with a variety of experiments. One of the most particular,
strong and natural sources of neutrino that could be used for NSI studies is the Sun.
The main advantage it has - neutrinos for “Be and pep-reactions are monochromatic. An
observed electron recoil spectrum from monochromatic neutrinos is an exact represen-
tation of a differential v — e cross section convoluted with a detector response function.
All experiments that can observe electron recoil spectrum from “Be reaction become sen-
sitive to NSI, since strong dependence of the differential cross section normalization and
shape from the NSI parameters. On the contrary, as we will see for the case of the pp elec-
tron recoil spectrum the convolution with a continues neutrino spectrum significantly
reduces the sensitivity.

The study of non-standard interactions of neutrino and electron in the form which is
very close to the one that we are considering appeared in (Ref. [64]). At that time the
problem of the deficit of neutrino was not yet resolved. Several scenarios were proposed
to resolve the discrepancy between the measured rate of solar neutrinos and Standard
Solar Model prediction. One of them included the presence of neutrino oscillations,
that could be naturally introduced in the Standard Model, together with the effect of
the resonant conversion of neutrinos in matter: Mikheyev -Smirnov-Wolfenstein (MSW)
effect.
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Another attractive scenario for neutrino oscillations was vacuum oscillations with
a baseline comparable with the Sun-Earth distance, so-called just-so oscillations (Ref.
[64]). This solution required a dm? ~ 107!° and large mixing angles. The Earth-Sun
orbit is elliptical and the distance between Sun and Earth could be described by L; =
L(1 — ncos(27t/T)), where L = 1.5 x 10!, T = 365.2425 days and n = 0.0167. Since the
distance changes with time, it should imply the time variation of the signal with time or
annual time modulation of the survival probability.

It was shown (Ref. [64]) that just-so scenario describes much better the experimental
data if we suppose the conversion of solar electron neutrino only in 7-neutrino and the
presence of additional interactions of v, with electron described by Lagrangian:

G ,
Lefr = *7;177’7”(1 — 5 )vr[eeyu (1 +5)e +'eyu(l — 75)e] (1.63)

The first term € could be obtained from an exchange of some additional electroweak
scalar ¢. The second term could be an exchange of charged Higgs singlet. However, it
should contribute into 7 decay, and from this, the limit was obtained ¢’ < 0.05 The pre-
diction for future neutrino experiments such as SNO, Super-Kamiokande, and Borexino
was also provided.

Let us generalize this case. From the phenomenological point of view NSI could be
described by four-fermion operator (Ref. [62], [24]):

Lnsr = —2V2G el (0" PLg) (fruPe '), (1.64)
where eﬁgc are parameters that describe the non-standard interaction of neutrino
with flavor o = e, u, 7 and lepton f. Note that the index § is indicating the flavor of
neutrino in the final state and could be not equal to the initial state. In this case an
interaction is classified as flavor-changing. Pr, = (1 — v5)/2 and Pr = (1 + 75)/2 are left
and right projection operators and C' = L, R is an index of summing.

The structure of the operator was chosen as (V - A)(V - A). Though other (V + A)(V
+ A), (S £ P)(S = P) and TT Lorentz-invariant structures are also possible, they are ex-
pected to be helicity-suppressed or to be very small due to their contributions by higher
order corrections (Ref [65], [66]], [67], [68]). NSI with right-handed neutrinos where also
neglected due to their suppression by helicity.

Some theories may give the order of magnitude for the parameters:

2
ff/ m
e (1.65)
p m3%

where m x is the mass of the scalar field. For myx ~ 1TeV: 5(%/ ~ 1072
In the present work we are discussing the flavor-conserving interactions of neutrino
and electron (f = f' = ¢, a = ), so the following nomenclature will be used:

elfC = ¢ (1.66)

[

giving six possible parameters (C'= L/R, a = e,1,T ).

Although the expression gives a general description of NSI's it is possible also
to use other approaches (Ref. [63]), depends on if we consider neutrino in the point of
production €g, propagation ¢,, or detection €p. In this study, we are concentrating on
the detection case, but quite relevant propagation case will also be discussed later. Inside
the Sun, the flavor diagonal NSI’s under consideration contribute to the production of
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same-flavor v7 pairs via photo-production (ye — ev?), v7-Bremsstrahlung (the photon
leg in ye — evw is anchored on an ion or another electron), etc. [69]. However, the
energies of the neutrinos and anti-neutrinos produced by these processes are expected to
be in the few keV range, well below the ~50 keV detection threshold of liquid scintillator
detectors like Borexino.

It was pointed out that Borexino has a potential for “Be and pep neutrino measure-
ments (a possibility to measure pp neutrinos was not yet supposed) (Ref. [64]). The
experiment has a unique possibility to see the electron recoil spectrum which in case
of "Be and pep neutrinos is step-like, thanks to the mono-energetic spectra of neutrino
and energy resolution. It was shown that in the presence of non-standard interactions of
T-neutrino with electron the electron recoil spectrum became much steeper (see Fig.8 in
Ref. [64]).

This feature of the spectrum then was exploited in (Ref. [24]) to predict a limit on the
parameters of non-standard interactions ¢, and ¢, (the limit on ¢, was already setin v, e
scattering by CHARM II collaboration (Ref. [70]). Later when Borexino Phase-I data was
released, based on the values of the signal and background rates from the experimental
spectrum the limits on the ¢, and ¢, were set (Ref. [25]).

—0.046 < €} < 0.063 —0.206 < % < 0.157 (1.67)

—0.23<ep <08 —0.968 < e <0.716 (1.68)

Borexino, with the newly released data set, has the potential to establish the record
limit on the parameters of NSI 65/ R, 6£ /B e do not consider here the parameters which
come from charged lepton flavor conversion, such as y — ey and i — e. They always
involve, at some level, a one loop dressing of the neutrino vertex and, therefore, they are

always model dependent (Ref. [63]).

Neutrino-electron elastic scattering cross section

The differential cross section of neutrino-electron scattering could be precisely calculated
in low energy approximation as (Ref. [71]):

doo(E,T) 2 4 9 9 T o meT
—ar ;GFme Jor + 9ar(l — E> ~ YaLYaR 5 | (1.69)
where T - kinetic energy of the electron, E - an incident neutrino energy, o = e, y1, 7 is
a flavor of neutrino.
The maximal energy of electron (Compton-like shoulder of the spectrum) is kinemat-
ically determined as:

E
Trnaz = o (1.70)
L+ 5%
The coupling constants are:
. 1
Jor = sin” Oy = - (1.77)

2

Jar = sin® Oy (1.72)
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Analyzing expression (4.50) one may see that the first term is a constant and contains
only gor. The second one contams gar only and has an energy dependence, being pro-
portional to (1 — %)2 The last term contains g1 g« r and proportional to "EZ,T It does not
play such a big role and becoming negligible at £ >> m..

Total cross section could be computed by integration of expression over Tina

range from 0 to Trqq:

Tmaw T’r%lam meTmam
oa(E) = GFme max [gaL + gaR(l TR + 3?) - gaLgaRw} (1.73)

For calculations it is quite useful to evaluate:

2
ZGim, = 44251072 MeV 3 = 1.723107* cm? MeV !
T

with G = 1.1663787(6) x 1075 GeV 2, m, = 0.5109 MeV and fic = 197.327 MeV fm.

Since the operator has the same structure as the low energy approximation
of electroweak operator that describe neutrino-electron elastic scattering, the presence
of the non-standard interactions could be introduced as modification of the coupling
constants:

JoR = Jar + ek (1.74)

JaL = garL + €4 (1.75)

NSI at propagation

In the Ref. [25], only pp and "Be were only considered. Both of them are in the vacuum-
like energy region, and the effects of NSI at propagation are quite small.

In this analysis, CNO and pep located in the transition zone (as well as ®B for radio-
chemical constraint), are also considered. For them the effect of the NSI at propagation
is relevant and may affect the analysis. NSI leads to the modification of the survival
probability P..(E) and contributes in the modification of predicated Borexino’s rates
together with cross section modifications at interaction point. The description of the
NSI-at-propagation framework could be found in Ref. [72] and [73]. From the practical
point of view the modification into Pee (E) is mtroduced asa redefinition of the potential
V(z) = (1 —€)V(x), where &’ = sin® fp3eY — Y and e} = ek + <

In the Fig. [1.6] the modification of the survival probablhty for three values of ¢’ is
shown. The positive ¢’-parameter corresponds to the higher survival probability and
negative - to the lower. As it was expected the largest effect is presented in the transition
energy zone, while it is ~ 5% for pp and "Be neutrinos. NSI-at-propagation effect was
included in the analysis, but it was found to be negligible.

In principle, this effect should be included in the predicted rates for radiochemical
experiments. However, since radiochemical constraint did not demonstrate particular
sensitivity, the effect of NSI at propagation was not investigated for this case.

Current limits on non-standard neutrino interactions with electron

Current limits on the constants of interaction with electron are given in the review Ref.
[63] Table (L.4). In addition, further limits from Ref. [19] with some comments are pro-
vided. Each limit was obtained keeping all other parameters at zero. It is necessary to be
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Figure 1.6: Electron neutrino survival probability P..(E) for LMA-MSW solution with uncertain-
ties of oscillation parameters taken into account (pink band), and LMA-MSW + NSI solutions for
¢’ = —0.5,0.5,1.0 and average values of oscillation parameters. Note that P..(E) is enhanced
for &’ > 0 and reduced for ¢’ < 0. When &' — 1 the Pee(E) tends to Vacuum-LMA solution
(grey band). To illustrate the capability of the detector to sense NSI's at propagation, experimental
points for Pe.(FE), obtained by Borexino with HZ-SSM assumption, are also provided (Ref. [6]).
®B and pp data points are set at the mean energy of neutrinos that produce scattered electrons
above the detection threshold. The error bars include experimental and theoretical uncertainties.
Note that for the range ¢’ = (—0.5, 0.5) mostly relevant for the analysis, P..(E) is within the error
bars of the experimental measurements, suggesting that the effects of NSI's at propagation are not
particularly strong.
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el (-0.021,0.052) (Ref. [72]])
et (-0.07,0.08) (Ref. [74]]) (-0.08,0.09) (Ref. [63])

ee

¢k (-0.03,0.08) (Ref. [19] and [22])

et (0.03,0.03) (Ref. [19] and [22])

e (-0.16,0.11) (Ref. [72]) (-0.46,0.24) (Ref. [22]))

TT

e (-0.25,0.43) (Ref. [22]))

TT

Table 1.4: Current limits on the parameters Eé{,}?—,— (Ref. [24])

aware of the direct comparison of the results since different groups may have different
approaches and assumptions.

L
€, parameter

The most accurate measurement of v.e — vee E] cross section was provided by LSND
(Ref. [19]):

G%meEy

o(vee = vee) = (1.17 £ 0.17)
T

(1.76)

SM prediction gives 1.0967 for the coefficient. Based on this measurements, one can
easily get constraints:

—0.07 < ek < 0.052
—l<elf <05

As it was expected the limit on €% is much stronger since it dramatically changes the
total cross section (see more information in Sec. )-

R
g, parameter

The strongest direct limit was performed by TEXONO collaboration. TEXONO is a
reactor neutrino experiment. It consists of three types of the detectors CsI(T) crystals
(187 kg, analysis range 3-8 MeV), HPGe detector (1.06 kg, low background 1 kg™ " :
keV ™' day "), ultra low energy germanium (ULEGe) detector array (total mass 20 g,
threshold 220 + 10 eV).

Since coupling constants of antineutrino are complementary to the couplings of neu-
trino TEXONO is the most sensitive to £/ (see more information in Sec. ):

—0.07 < ef < 0.08

3In (Ref. [19]) the flavor of outgoing neutrino was not specified since the authors considered flavor-
changing interactions as well
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55/ o parameter
CHARM II collaboration (Ref. [70]) determined the gf, and g4t (this measurement is
quoted in PDG Ref. [1]]) and derived (Ref. [70]):

—0.025 < eff < 0.03 —0.027 < &, < 0.03

This limit is already firm, therefore we do not consider v,,-case in further analysis
with Borexino.

571-% /E parameters
To observe NSI related with 7 neutrino is quite problematic. In Ref. [24] it was proposed
to use LEP data (the reaction e*e™). In Ref. [19] the data SNO, KamLAND and Super-
Kamiokande was used to put a constraint.

—0.6<e} <04

—0.4<eR <0.6

Weinberg angle

The problem of the establishing NSI-limits is equivalent to the measurement of sin” Oy
at low energies. The square of the sine of the Weinberg angle is included linearly in
and (1.72). The variation of £, = e with fixed sin’ Oy value is the same as variation of
sin? Oy without NSI parameters included.

As we will see further the NSI-exclusion-contour for Borexino is pulled out along the
diagonal limiting the overall sensitivity.

For detailed information on sin? 6y look Ref. [T] and small PDG booklet 2016. )
202-203. (Ref. [20] ).

Astrophysics and Cosmology

In Ref. [19] some considerations about impact of NSI interactions in cosmology were
also summarized. The presence of NSI of neutrino modifies cosmological scenarios and
observations. First, it could keep neutrino in thermal equilibrium with ordinary matter
for a longer time of nucleosynthesis.Stronger interactions with matter in the core of su-
pernova keep neutrinos trapped for a longer time disturbing the duration of the neutrino
pulse. They could also contribute to the energy losses of the star due to plasmon decay
~v — v that determines the evolution of red giants. To destabilize the SM results one
should modify some of these interactions by a factor more than one. Laboratory data
already placed better limits.

Coupling with quarks. Coherent v — N scattering. Matter effects

An additional possibility for NSI of neutrino could be realized with modifications of
coupling constants with quarks. The study of that kind of interactions is outside of the
scope of this work, and here we provide only the most relevant theory and examples.
Coherent v — N scattering experiments firstly proposed in (Ref. [75]) are very promising
for the search for NSI. For neutrino energies below a few tens of MeV, coherent scattering
occurs when the momentum transfer () is comparable to the inverse of the nuclear radius
R,ie, QR << 1.
Cross section of the coherent scattering is given by an expression:
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d G2 M T MT
0T P@Iv +9aP + (v a1 - P = Gh —R) ] A7)

where F, is the neutrino energy, T' - nuclear recoil energy, M - nuclear mass, F?(Q)
is a nuclear form factor and Q = /(2MT) - transfer of the momentum.

gv = gvZ + g N

and

ga=9h(Zy —Z_)+ gx(Ny + N_)

are vector and axial constants with ¢f, = 0.0298, g{> = —0.5117, g%, = 0.4955 and ¢’} =
—0.5121.

Vector constant Gy dominates while G 4 is small for most of the nuclei and zero for
spin-zero.

For T' << E, and neglecting axial terms:

do _ GEM QY MT

AT 27 4

(1.78)
with

Qw =N — (1 —4sin’0y)Z

Since since sin® Oy = 0.231, Qw ~ N and g—; oc N? that is number of protons is not
important.

The cross section for coherent detection is large 1073° — 10737cm?, but it is quite
2
difficult to detect an interaction due to tiny nuclear recoil energies 72¢% = 2E,

recoil M

example for 30 MeV neutrino scattering on Ge nuclei 7,757, = 25 keV.

dC{l;}rrent bounds for e, — ¢t and e, — ¢, are represented in Fig. [1.7/from Ref. [76]
and [7].

. For

Search for CC NSI with reactor neutrino

The possibility to study NSI-effects at medium-baseline reactor antineutrino experiments
was considered in [8] and [77]. It was shown that NSI effects may lead to the effects large
enough to exclude true value of sin? 615 at more than 3o level with NSI parameters .,
ee.r. However, the discovery reach of NSI effects has been found to be small depending
crucially on the CP-violating phase. The discrimination power of the JUNO experiment
to Mass Hierarchy may also be enhanced or reduced with NSI.

In this case NSI effects may occur simultaneously in production and detection point
and NSI effects could be incorporated as admixture of the another flavor neutrino states
represented as [78]:

172) = (17} + 3 e 7)) (1.79)
@ B

with normalization
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Figure 1.7: Current bounds for ed, — e and sﬁu — €,,,, based on the result of COHERENT collab-
oration. (From Ref. [7]])

N2 = Zwaﬁ +es402 (1.80)
B

N = |3 [0ap + 42 (1.81)

NSI parameters, in general, do not preserve unitary of the mixing matrix. As it was
pointed out in Ref. [79], heavy neutrino states responsible for neutrino mass generation
may decouple from oscillation process, so the unitarity of the leptonic mixing could be
slightly violated.

The effect of non-unitarity could be significant in low-scale seesaw models and could
be considered as NSI with £¥ = ¢41. Additionally, since the leading order NSI's are V + A
type as long as CPT is conserved we could suppose:

S

860{

= 5(5; = gpne'Pen
and skip superscripts s and d.

Straightforward calculations of the amplitude A..(L) and survival probability give:
2,
)

4F

P — ) =Y RiR;—4) R;R;sin’ (1.82)
i,

i>j

with

2 2 2 2

Ry = C12C13 — 2812012013€¢ — 2¢79513C13€5 + 0(8 )
R 2 2 ) -9 2 O 2
9 = 875C13 + 2512C12¢C1364 — 25T9513C1365 + +O(7)

R3 = 8%3 + 281301385 + 0(62)
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and with auxiliary parameters that are defined as:

€¢p = C23E¢y COS d)eu — 8523E¢r COS ¢e7’

€5 = S23€ep COS(¢’5/L - 5) + Ca3€er COS(¢)ET - 5)

One may notice that the in the limite — 0, we have R; — |U,;|*. For medium-baseline

neutrino experiments we have

9 Am%QL

9 Am?))QL
4F

P(ﬂe — ﬂe) ~ 1—48120126§3T]1 sin —4513C13M2 sin? —4513¢13M3 sin

31
4F
(1.83)
with

71 = S12€C12C13 + 2(COS 29125¢ — sin 291281355)
Ny = 8130136%2 —sin 260125 + 134 + 20?2 cos 2013¢5

2 . 2
13 = 513C1357 + 5in 201251364 + 2575 cos 20135

Results of simulation of the reactor antineutrino spectrum are presented in Fig.
One may see a clear difference in the observed amount of events: positive €., may
reduce, while positive €., increase them. Unfortunately, such difference can be fully
absorbed by deviation of the sin” #;,. The amplitude of high-frequency oscillations in-
creases for both cases that lead to larger values of 6;3. The results of the simulations
and the fit of the reactor antineutrino spectrum of a medium baseline experiment are
presented in Ref. and They clearly demonstrate above-mentioned deviations of
the sin? 015 and sin? 6,3 from its true values.

Reactor antineutrino spectrum is observed through the energy reconstruction of final
state particles in detection point. At practice, one deal with the spectrum of positrons
produced in Inverse Beta Decay reaction. More details on how IBD experimental spec-
trum could be obtained in Appendix.

In principle, the presence of NSI can moderate the experimental power in discrimi-
nating neutrino mass hierarchies. However, with the current bounds applied, such effect
becomes insignificant (Ref. [8]).

Asitis easy to see the expression for £5 the maximum of this parameter could achieved
for ¢.;, — 6 = 0 and ¢., — 6 = 0. As a consequence the sensitivity to ¢., and e., is max-
imal. The discovery reach for the ¢, and ¢., is represented in Fig. here ¢, and
¢er are supposed to be zero. As one may see for ¢, the limit stronger than experimental
sensitivity is set, for €. factor two improvement could be achieved.

As one may see the possibility for CC NSI search at large volume liquid scintillator
detector at medium baseline strongly depends on resolving power of oscillation patterns
with IBD spectrum. The resolving power is determined by the energy resolution and un-
certainty of the energy scale as well as the presence of backgrounds which could mimic
the coincidence tag of the IBD reaction. Radiopurity of the liquid scintillator is one of
the factors that govern background coincidence rate. These questions are elaborated in
the following chapters.
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Figure 1.8: Comparison of normal (solid) and inverse (dashed) hierarchy expected antineutrino
energy spectrum for the Standard Model (black) and NSI (red) cases (3 % energy resolution ap-
plied). From Ref. [8]
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Figure 1.9: Comparison of the sin? 012-Am?, result of the fit of the NSI modified spectrum with
fitting function w/o NSI. True value of sin” 615 is represented by the black dot. Greed, yellow and
red curves stand for the 1o, 20 and 30 C.L. From Ref. [§]
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Figure 1.10: Comparison of the sin? 013-Am?; result of the fit of the NSI modified spectrum with
fitting function w/o NSI. True value of sin” 613 is represented by the black dot. Greed, yellow and
red curves stand for the 1o, 20 and 30 C.L. From Ref. [8]
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Theoretical and experimental overview 29

Borexino experiment and Solar neutrino physics

The Borexino detector is a unique scientific tool that able to study solar neutrinos with
energy as low as 150 keV. Scientific goals of the detector together with the problem of
solar neutrinos are, in fact, on the intersection of particle physics and astrophysics, since
the predicted neutrino rates on the Earth depends both on the internal organization of
the Sun and on the mechanism of oscillations. The Borexino detector is installed in Hall
C of the Laboratori Nazionali del Gran Sasso (LNGS) in Italy. It is placed at 3800 m
water-equivalent depth underground to reduce cosmogenic background. The sketch of
the detector is shown in Fig. It has onion-like geometry with a neutrino target in
the very center. It consists of the 4.25-meter radius acrylic vessel (called inner vessel)
filled with 278 ton of liquid scintillator (pseudocumene with PPO at a concentration of
1.5 g/1). Liquid scintillator has an unprecedented radiopurity that permits to detect neu-
trino using neutrino-electron scattering, the reaction that does not have a coincident tag.
The vessel is surrounded by 2212 photomultipliers fixed on the stainless steel sphere.
The position of the event could be determined by the time-of-flight algorithm, so one
can choose the very internal volume, called fiducial volume, for the analysis. The exter-
nal background has the smallest effect in this part of the detector. The space between the
inner vessel and PMTs is separated by another vessel and filled with a buffer (pseudoc-
umene + dimethyl phthalate as a quencher of scintillation). This liquid forms a passive
shield from the external radioactivity.

All this construction is immersed in the water tank, that protects from surrounding
radioactivity and serves as a Cherenkov detector for muon vetoing. 208 PMTs install on
the outside surface of the steel sphere and walls of the tank to detect Cherenkov photons.

Borexino detector

External water tank
Ropes ﬂ
P! L2

Internal
PMTs

Stainless steel sphere
Nylon outer vessel
Nylon inner vessel
Fiducial volume

Steel plates
for extra
shielding

Figure 1.12: Sketch of the Borexino detector.

Borexino has a unique ability to observe neutrino-electron scattering of many solar
reactions at the same time. It requires a full understanding of possible backgrounds. The
correlations between backgrounds and electron recoil spectra may significantly reduce
sensitivity. For different electron recoil spectra, different backgrounds are relevant.

First of all let us look at the neutrinos from primary pp-reaction at low energies (£, <
0.42 MeV) . Beta-emitter *C with @ = 156 keV is the main background for observing
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Figure 1.13: Example of fit of the energy spectrum obtained using the analytical method. The fit
was performed using the N’! energy estimator (see text). The horizontal axis has been converted
from Nt into units of keV.

this reaction. Since the rate of '*C is quite high, the background from pile-up eventsﬁ
should be also taken into account.

Two mono-energetic lines E, = 384 MeV and E, = 862 MeV of "Be reaction are
accompanied with backgrounds from 85Kr (3=, Q = 687 keV), 21%Bi (6, Q = 1160 keV)
and from 2!%Po (o, E = 5.3 MeV).

The background from 8°Kr is quite serious since the shape of 3-spectrum and its
end-point are quite close to the step-like spectrum of “Be. It is possible to independently
constraint the rate of ®°Kr based on the 8 — y-coincidence technique with fast reaction:

85Kr —» 5"Rb+e” + 7. (Q =0.173MeV)
85mRb — ®Rb 4+  (Q = 0.514MeV, t;,, =10""s) (1.84)

The position on energy scale of the peak from ?'°Po is quenched in liquid scintillator
by factor of about 10. Since the decay time (T3,» = 138.376(2) days) of the *'Po is
comparable with the scale of the data acquisition the decay profile could be observed.
The events of 2'°Po could be tagged by o — -discrimination. Some part (i) of events
originate from the polonium dissolved in the liquid scintillator (i7), some part from the
reaction:

210pp, g 2104 g 210p,

where 2!°Pb is a quite long-lived (T}, = 22 years) isotope of the ***Rn chain dis-
solved in the liquid scintillator. So, potentially, if the ?'°Po achieves enough small level

#Pile up consists of two decays that may happen at close time and could not be distinguished by read out
electronics and reconstruction algorithm
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one may separate i and ii and make an estimation of 2!°Pb dissolved which is important
for the constraint on 219Bi rate. However, due to convective movements of the liquid
scintillator, some new fractions of the ?'°Po can enter into fiducial volume making the
analysis more complicated. In order to reduce the mass transfer inside of the inner de-
tector, the thermoregulation and control of the detector should be implemented.

The mono-energetic pep (£, = 1.44 MeV)and CNO (£, < 1.74 MeV) spectra are
comparable in size, but shape is different. It gives an ambition to find the rates of these
reactions separately. The shape of the CNO spectrum is very similar to the shape of the
219Bi background discussed above. The independent information about ?'°Po rate can
break the 2!°Bi- CNO correlation and may permit the measurement if secular equilib-
rium between the 21°Bi and 2'°Po is achieved (which is not the case so far).

The main background at the endpoints of these reactions is cosmogenic ''C. The
isotope ' C is produced by muon in reaction of spallation from '2C. This reaction asso-
ciated

The correlation between three events (muon, neutron capture by a hydrogen atom
and ' C decay) is a basis of Three-Fold-Coincidence technique. The TFC-algorithm eval-
uates the likelihood that an event is TFC candidate, considering the distance in space
and time from a parent muon, distance from neutron and its multiplicity, muon dE/dx
and the number of muon clusters in an event.

Based on this probability the data set is divided into two subsets: TFC-subtracted
and TFC-tagged. They are fitted simultaneously in the multivariate fit.

Also the external gammas from isotopes 2°Tl, 2Bi, and “°K could penetrate inside
of fiducial volume.

Electron recoil spectrum in the detector

The electron recoil spectrum in the detector is given as an integral of the solar neutrino
spectrum and the differential cross section. Without taking into account the detector
response, the spectrum is given by:

dR do, do do,
GO =ax Yo [ dEnE)| ToPE) + (G + H D0 - PE)] 89

where the constant A = (Nejectrons/[100 ton]) 86400 s day_1 includes the number of
target electrons in 100 tons of the liquid scintillator mass and converts the rate from s=*
to day~'. For the analysis of the Borexino spectral rates the unit counts per day per 100
ton is used ([cpd /100 ton]). So, S(T') has a dimension [cpd/(100 ton MeV)].

¢; - solar neutrino flux for the i = pp, “Be, pep, CNO in [cm~2 s~ !] and \;(FE) - solar
neutrino spectrum normalized by unity. %% - differential cross section for different types
of neutrino.

P(E) = P..(E) - survival probability for the electron neutrino with energy E. cz3 =
cos? O3, s93 = sin® B3 factors that take into account mixing between v, and v,.

"Be electron recoil spectrum

"Be flux is consist of two mono-energetic lines with Ef = 0.862MeV and E. = 0.384MeV
with relative contributions into total "Be-flux ny = 89.6% and 7, = 10.4%.

In this case A/ (E) = d(E — el ") and one may easily integrate exp. over
the neutrino energy E:
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Figure 1.14: The distortion of the electron recoil spectrum, Eq. {4.53), for the two monochromatic
"Be neutrino lines (E, = 0.384 MeV and 0.862 MeV) due to non-zero values of ¢ and ¢F. The
effect of limited energy resolution of the detector is not shown.

T = A% Do [T ) (6 P T e P
(1.86)
wherei = L/H.

If we can denote the combination in brackets as <Z(’T> and use the fact that ¢7 g, =
gz)g—IBe + QZ)%B@ = nH¢7B€ + nL¢7Be:

do do
S(T) = A x drpe X (nr{ ) + 104 570)) (1.87)
This expression is used as a theoretical one to fit the data of Borexino. It should
be converted from energy units into one of the observables by analytic detector energy
response model (non-linear transformation of the energy scale and convolution with
resolution). Then it should be normalized by unity to obtain the total number of events
in the detector in cpd /100 ton as a normalization factor.
The modification of the "Be electron recoil spectrum for non-zero NSI constants are
shown in Fig. @ As one can see the right parameters £ modifies mostly the shape of
the spectrum, while the left £ mostly the normalization (the total cross section).

pp-electron recoil spectrum

The next step is a modification of the pp neutrino electron recoil spectrum. It is important
due to several reasons. Although this modification does not have such a strong effect
as for "Be line, it could still improve the result; moreover, it has an influence on the
correlations with background events (mainly on Krypton). It should be noted that in the
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analysis performed in Ref. [25] the pp-spectrum was not considered at all. However,
experimental rates that were used in this analysis were observed including carbon and
pp spectra into the fit as essential components (Ref. [80]).

In Fig. two modified spectra are presented for left (a) and right (b) constants of
NSI. Similarly to "Be-line, the left constant corresponds to the normalization and only
slightly modifies the shape of the spectrum (a). At the same time, the right constant (b)
changes the spectrum shape, banding it.

For the case of pp-neutrino spectral shape difference is quite small for a broad range
of NSI parameters and, of course, is smeared by the energy resolution of the detector.
However, the modification changes the relative number of events below and under the
threshold of the detector (the choice of the lower range value of the fit). It leads to the
change of the total event rate even if the shape under the threshold remains the same.

To study the role of pp-spectrum for the limits and study its interaction with other
spectral components, the intermediate analysis of the x*-profile was conducted for e,/
in case, when only pp spectrum was modified, and spectrum “Be had a standard form.
As a limit on the flux, the High Z model value and uncertainty for the pp-flux was used.
The uncertainty is only 0.6% which is less then FV systematic uncertainty that should
also be included in the penalty term.
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o
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Figure 1.15: Modification of pp spectrum of recoil electrons for e, = £0.1 (left) and er = £0.1
(right).

023 mixing angle

The question of the octant of the 53 is not yet resolved. From the formula (4.53) it is ev-
ident that 653 regulate the relatives contribution of the ;2 and 7 neutrino into total signal.

Being not relevant for the solar analysis, since %‘: = 7F in SM, it became important
for the NSI analysis. Introducing this angle as a free parameter in the electron recoil
spectrum may reduce the sensitivity to L/,

If we chose the "negative spectra” approach then we can split the standard and non-

standard part for 7-lepton:

do

do do
2 WO 2 NSI
23 dT + Sa3 dT

d
02 U—i—s

28T (1.88)

do 2 dUNS]
ar "B T
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If we make a recalculations into the flux, then the uncertainty of the 23 goes into the

ration of the cross-sections:
R — @ — ¢
a(0)

We can, in principle, add uncertainty into systematic error or probably try to add the
uncertainty of cross section into the total uncertainty of the sum of the flux.

In Ref. [25] article, the authors fixed at maximum mixing which was a simplification.
We can choose the unfavorable mixing angle #23 < /2, when the contribution of the 7
neutrino in the total cross section is less than p.

Rate calculation

The total rate could be obtained by integrating the expression over kinetic en-
ergy of the electron. Note that even though the detector has a hardware threshold, the
bottom limit of integration is 0. It means that the total rate contains the events below
the threshold as well. This choice is quite convenient since performing the fit of the
experimental spectrum we would like to obtain the values that are independent of the
threshold choice.
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The Jiangmen Underground Neutrino Observatory

JUNO (Jiangmen Underground Neutrino Observatory) is a multipurpose reactor exper-
iment to study antineutrino oscillations with a baseline about 53 km (Ref. [9]). The main
goals of the experiment are to determine the neutrino mass hierarchy, accurate measure-
ment of the oscillation parameters and the study of reactor neutrino fluxes. Besides,
it is also possible to deal with a large number of other physical problems, such as the
study of solar, atmospheric and geoneutrino, detection of neutrinos from the supernova
and search for exotic particles and processes, such as sterile neutrinos and the study of
non-standard interactions. The experiment will be located at a depth of 700 meters un-
derground in southern China in the county Kaiping District Tszyanmyn and will observe
a flow of antineutrinos from a reactor complex Tai (Taishan) and Yangjiang (Yangjiang)
using 20 kt liquid scintillation detector with a designed energy resolution of 3 % (1 MeV).

L

5 EE— Outer Vessel

I~ L—— Water Pool
: L 20 kton pure water
(— 6 kton mineral oil

L 20” PMTs
1 Veto PMTs

Muon Tracker

Figure 1.16: A schematic view of the JUNO detector. Taken from Ref. [9] and modified to represent
the current changes in design.

One of the first experiment of such configuration for the neutrino mass hierarchy
measuring was proposed in Ref. [81] and [82]. As was shown in [82] reactor experiments
with intermediate A baseline can determine both Am? ; and 6, with high precision if
the solution of solar neutrino problem is high-LMA. It was shown that if the resolu-
tion and statistics of the experiment is good enough, the experiment became sensitive
to Am2,,, as well and that an “interference” between the Am? ; and 6,,; driven oscilla-
tions can be used determine the neutrino mass hierarchy: a choice of the mass hierarchy
appears as a difference in the phase of the oscillation. Spectra for the case of the normal
and inverse hierarchies are presented in Fig.

Linear alkylbenzene (LAB) is used as a detection target mixed with 3 g/L PPO and 15
mg/L bis-MSB as fluor and wavelength shifter, respectively. Liquid organic scintillators
could be purified to achieve high transparency and very low radioactivity.

Liquid scintillator is placed in the spherical acrylic vessel (r = 17.7 m) forming the
Central Detector. The light emitted by the liquid scintillator is registered by 17000 20-
inch photomultipliers installed on another spherical stainless steel structure (r = 19.5m)
the gap between the acrylic sphere and PMT’s support sphere is filled by the ultra-pure
liquid water as a buffer to protect them from the intrinsic radioactivity of the PMT, elec-
tronics and support components. The support structure is built on the bottom of a pool
with ultra-poor water that serves as a Water Cherenkov Detector and as a protection
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Figure 1.17: Visible spectrum of positrons produced in IBD reaction with antineutrino from a
reactor for the cases of normal (NH) and inverse (IH) hierarchies. The distance reactor-detector
L = 52474 m. Oscillation parameters: Am3; = 7.54 - 107°, Am2, = 2.43 - 1073, s, = 0.307 and
s33 = 0.0242 (Ref. [10]). Energy resolution was modeled by witha = 0.03and b =0,c¢ = 0.

from the external rock radioactivity. An additional array of PMT’s is arranged on the
walls of the pool to register Cherenkov light emitted by muons. On the top, plastic scin-
tillator strips detector is placed for muon’s direction determination. A Water Cherenkov
Detector, Top Tracker as well as Central Detector are forming the system for muon de-
tection and stud the background induced by muons. More information on the detector
could be found in Ref. [9],[83]],[84].

The main challenges for JUNO are technological. In order to achieve the declared en-
ergy resolution, the requirements on PMT photocathode coverage, photocathode quan-
tum efficiency and transparency are high. JUNO is very similar to KamLAND in design,
but twenty times larger in mass (20 kton). The JUNO experiment aims are to increase
photon statistics up to 1200 photoelectrons per MeV to achieve 3 % at 1 MeV resolu-
tion by increasing the scintillator light yield (x 1.5 bigger as compared to KamLAND),
increasing the total photo-cathode coverage (x 2.3), and by increasing the efficiency of
each photo-multiplier (x 2.0) relative to those of KamLAND. The number of 20-inch
PMTs in the inner detector is 18000. Their stable and homogeneous operation is quite
nontrivial engineering problem (Ref. [83],[9] and [84]).

As it was mentioned in Ref. [2] the constraints on detector uniformity and linearity
will likely require the development of new methods to calibrate the detector response to
positrons. As we will see further these effects leads to deformation of the energy scale of
positrons and therefore distort observed reactor neutrino spectrum, making impossible a
conclusion about experimental spectrum whether the neutrino mass hierarchy is normal
or inverted. The declared value of the energy resolution (3 %) is a threshold of sensitivity.
Deterioration of energy resolution or/and uncertainty of the energy scale will lead to the
impossibility of separating the neutrino mass hierarchy (Ref.[9] and [2]).

Currently, an experimental hall and the JUNO facility are under construction. Data
acquisition is scheduled in 2020.

The visible spectrum is smeared by an energy response of the detector which could
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Table 1.5: The meaning and the typical range of the parameters from expression (1.89).

Parameter Meaning Definition Typical value at 1 MeV
a Statistical term \/1% 0.029-0.036
Spatial/temporal - -
variations
c Dark noise S A ~ 0.0001

be parameterized as

oE a 5 19 (Chg
E_\/(\/E) +b +(E) (1.89)

and it is supposed to be less then 3%/+/1 MeV. Often in analysis only one "effective”
term a = 0.03 is used as a reference.

The meaning and typical range of the parameters is listed in Table[L.5] The a constant
is mainly determined by the average relative variance of PMT’s gain v,,, and the number
of collected photoelectrons per 1 MeV of released energy (so-called photoelectron yield)
N MeV as:

1+ v,
/ Npl IeV.IeV

For JUNO we expect v, ~ 0.1 — 0.3 (typical values for PMTs) and NY!¢ ~ 1100 —
1200 p.e./1 MeV Ref. [83]. Finally we have:

a >~

a ~ 0.029 — 0.036

The value of the non-stochastic constant b is not well defined. It includes a variety
of factors such as the detector uniformity and vertex resolution, detector stability and
others (Ref. [9]).

Constant c¢ is related to the dark counts of PMTs (Npyr = 17000) and could be
estimated as:

DCR x Atwindow X Np]\/[T
e ~ 0.01,
N1Mev

with typical DC'R ~ 2kHz and readout time window At,indow = 200 ns.

The studies of the sensitivity of the detector to the neutrino mass hierarchy determi-
nation showed the relative importance of the energy resolution terms a, b, c: the influence
of b term is 1.6 times larger than the a term, and c is less significant than a by factor of
1.6 (Ref. [9]).

JUNO detector has a potential for searching NSI with different strategies: solar neu-
trino, experiments with reactor antineutrino that we will discuss further as well as ex-
periments with internal compact neutrino sources which are outside of the scope of this
work. The first possibility is the solar neutrino approach discussed above for Borexino
and improvement of the result obtained in this work. This approach will crucially de-
pend on the realization of the solar neutrino program in JUNO and measurement of the
flux of "Be.
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Importance of energy scale and energy resolution for large-scale liquid
scintillator experiments

This chapter is dedicated to some specific questions related to the large-scale liquid scin-
tillator detectors: energy scale and energy resolution. They are highly relevant to the
detector performance being important parameters for many physical problems.

In the last 20 years, the technologies associated with the construction of the large-
scale liquid scintillator detectors made a big step forward opening a new frontier on
the field of particle physics, in particular in neutrino physics. New, challenging scientific
programs encourage researchers to study the detector energy scale and energy resolution
in detail and deeply examine phenomena which are at the base of particle detection. Ad-
vanced analysis techniques and accurate MC simulations are of high demand. Further,
we will discuss factors which determine energy scale and energy resolution. In partic-
ular, we will focus on the fundamental contribution of liquid scintillator into them. In
case of a liquid scintillator detector non-linearity of the energy scale for a given type of
particle depends on how the particle deposes its energy in the liquid scintillator and how
its energy is transferred to the light that could be detected. Basic processes of deposition
of the energy are ionization and radiative energy losses (Sec. [2.2). Transfer of energy into
visible light is guided by two processes: scintillation and Cherenkov radiation. Both of
them contain non-linearity and will be discussed further (Sec. 2.4 and [2.5).

Until the model of the energy scale of the detector is constructed the fit of the experi-
mental spectrum can not be performed. The energy resolution is another crucial charac-
teristic of the detector. With assumption that the number of detected photons (number
of photoelectrons) follows Poisson distribution with mean N, .. and standard deviation
v/Np.c., usually relative energy resolution is estimated by means of the number of pho-
toelectrons at 1 MeV of particle’s energy as:

dE 1
E Np.e.

@.1)

Hence the more photoelectrons is collected the better energy resolution is. We can
find theoretical limit for organic liquid scintillators|| The characteristic light yield for
such scintillators is about 10* phot/MeV. Supposing ideal unrealistic 100 % light detec-
tion efficiency we get the same amount of photoelectrons 10* p.e. Following the expres-
sion (2.1) we can find a theoretical limit on the energy resolution:

2 U
E  /Nye V104

that is 1 %. Considering practical estimation for the most advanced photon detection
devices (2018 year) with quantum (detection) efficiencies 43 % for PMT and 60 % for
Si-PM (Ref. [85] Table 1) and high light collection efficiency 70-80 % , one can achieve
3000-4800 p.e./MeV and 1.4-1.8 % energy resolution.

However, other non-Poissonian factors may introduce additional contributions to
resolution. Previously the effective formula for the energy resolution was illustrated by
expression in the context of JUNO detector description.

Theoretical aspects of the model of the energy resolution will be discussed further in
Sec. Section 2.8]is dedicated to experimental investigation.

=0.01

Isuch as pseudocumene for Borexino and linear alkylbenzene for JUNO
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Energy resolution smears registered energy spectrum making its distinct features less
visible. To have a good energy resolution is especially important in the presence of back-
ground spectra when distinct spectral features of the signal and background facilitate its
separation.

A very vivid illustration is the spectrum of Borexino (Fig. [[.13). Looking at the exper-
imental points one may notice the clear presence Compton-like shoulder of v("Be) — e~
scattering. The better energy resolution is the more distinct a sharp edge of this step-
like spectrum. It is especially important in the presence of background such as %Kr
(8~ -emitter) to distinguish two spectra. A little bit less evident, but still of high im-
portance, is a distinction between spectral shapes of *C (E¢pq—point ~ 156.5 keV) and
electron recoil spectra from pp neutrino (Eepd—point ~ 263 keV). Smeared by energy
resolution, the endpoints of the spectra are almost identical though spectral shapes are
different. Thanks to an excellent energy resolution of the detector this small difference
could be utilized for spectral separation in the fit. Finally, for pep and CNO spectra en-
ergy resolution issue is also highly relevant since the energy resolution smears step-like
pep spectrum and it becomes very similar to CNO spectrum.

Sometimes distinct spectral features determine physical parameters of interest. A
bright example is the JUNO experiment that has neutrino mass hierarchy determination
as a primary goal. The ability to discriminate between two hierarchies strongly depends
on the resolution of the detector. As a final benchmark, the value 3 % at 1 MeV is used.
The detector detection efficiency should be significantly increased as compared to all
previous liquid scintillator experiments to achieve this resolution. Any additional con-
tribution of non-Poisson nature may reduce sensitivity, even if nominal light detection
efficiency is achieved. Hence the energy resolution of the detector should be carefully
examined.

Special attention deserves a non-Poisson contribution into the total energy resolution
from the liquid scintillator by itself called intrinsic energy resolution. Being well known
and robustly measured in inorganic solid scintillators [86] it is still an open question
for liquid organic scintillators. As a working hypothesis, we assume that two main fac-
tors generate an intrinsic resolution are the production of secondary particles (delta-
electrons) E]with different energy and non-linear response to each secondary particle. In
this study, we consider an experimental approach to intrinsic energy resolution inves-
tigation. The size of the intrinsic energy resolution effect, along with Poisson statistics
of detected photons, determine a theoretical limit for the energy resolution for a given
liquid scintillator with expression (2.1).

As it was shown in Ref. [87] the presence of uncounted residual non-linearity could
degrade the possibility for determination and even, in the worse case may lead to the
wrong mass hierarchy determination. A proper understanding of the response of the
detector can fix the energy scale and significantly reduce uncertainties. Independent
laboratory measurement of liquid scintillator non-linearity may serve as complemen-
tary to detector calibrations. The same experimental technique as for intrinsic resolution
measurement could be used for non-linearity measurement as well.

In this chapter we describeE]the energy model of the detector and propose the method
for independent laboratory measurement of the parameters for non-linearity and energy
resolution.

2 For high-Z scintillators production of X-rays is also possible
3 Strictly speaking here I consider the system (liquid scintillator - PMT) in a most general way. For the
description specific for large liquid scintillator detectors see Ref. [88]
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10*

Figure 2.1: The distribution of the secondary delta-electrons for 1 MeV electron in benzene (100
electrons were generated)

Interaction of electrons, positrons and gamma with the media

Electrons and positrons

Ionization losses

Propagation of the particles of different types significantly differs from each other.
Let us first have a look at energy losses for electrons. Due to a small mass of electron the
change of its momentum is large and could significantly change its direction during the
propagation as well as emit radiative gamma quanta.

The Bethe-Bloch formula for ionization losses:

B _KZ1, m@e(y-1)
dap) 2 AT op

)+m2(2@-1+52)+1—ﬁ2+é(1— 1-32)?)
(2.2)

Energy loss (stopping power) for electrons in benzene is shown in Fig. Energy
loss for electrons and positrons are similar in a wide range of energies and only for
energies smaller then 1 keV they are significantly different [89]. Therefore the formula
basically could be applied to both of them. Another difference between energy losses of
electron and positron is that for positrons there is some probability to annihilate on-flight
before achieving thermalization (Ref. [90]).

Delta-electrons

Some secondary electrons may receive a significant part of the energy during the ion-
ization losses. Such electrons are called d-electrons. These electrons produce ionization
as well, and their tracks are visible in emulsion or a cloud chamber.

Fig.[2.1)shows the distribution of the delta-electrons produced by 1 MeV electron in
benzene. As one can see the delta-electrons with energy higher than 10 keV (first 4 bins)
are relatively rare.

The fluctuations of the number of the high energetic delta-electrons may give the
contribution in intrinsic resolution.
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Figure 2.2: Simulated spatial distribution of the events of ionization for 100 electrons with the
energy 1 MeV (GEANT 4 Penelope physics model)

In Fig. spatial distribution of secondary electrons (centers of ionization) for 1
MeV electrons in the liquid scintillator is presented. The propagation length is less than
5 mm.

Radiative losses (bremsstrahlung)

Athigher energies collisions of electrons with atomic nuclei and electrons of the shells
lead to the emission of the electromagnetic radiation. The bigger the energy of electron
the more significant the contribution from the electromagnetic radiation into the total
energy losses (Fig. [2.6). The specific kinetic energy of electron when ionization and
radiative energy losses are equal is called critical energy. It is approximately:

800 MeV
Z+12"

where Z is an atomic number of the media.

Liquid organic scintillators mainly consist of hydrogen (Z = 1) and carbon (Z = 6).
So the critical energy should lie in the interval 110-670 MeV.

The maximal part of the radiative losses could be estimated by well known empirical
approximation:

Tc’rit ~

2.3)

(—9E)r0a _ T[MeV]Z
(—dE 800

_E)ion

(24)
and it is 0.6-3.75 % for the energy 5 MeV in liquid scintillator.

Gamma

The way how gamma rays interact with the media is determined by four processes:
photoelectric effect, Compton scattering and pair production.
Photoelectric effect



44 2.2 Interaction of electrons, positrons and gamma with the media

is a process of interaction of the photon with one of the internal electrons of the atom
(bounded with energy I,) when all energy of the photon E,, is transmitted to the electron:

T.=E,— 1T 2.5)

The photoelectric effect is impossible on the free electron because it breaks the law
of the energy-momentum conservation: for the photoelectric effect, it is significantly im-
portant the connection of the electron with the atom. The cross section for given energy
has a maximum for the electrons of the K-shell and decreasing for L, M and so on.

Ophot ™~ Z5 (26)

The photoelectric effect is very relevant for the light gamma in the high-Z materials
such as lead. In the liquid organic scintillator, it is relevant for the energies below 100
keV.

Compton effect

While the energy of gamma increases, the Compton scattering process became more
relevant. It is the main process in the energy region 0.1-1 MeV. In sizeable liquid scin-
tillation detectors gamma quanta usually experience several Compton scattering until it
reaches the energy of the photoelectric dominance.

Z

Ophot ™~ E (27)
Pair production

The threshold of the electron-positron pair production is equal to 1.02 MeV and how

one can see from the relation the cross section logarithmically grow with the grows of

energy:

op ~ Z*log(E) (2.8)

Energy and spatial distribution of secondary particles

Energy distribution for Compton and photo-effect electrons are shown in Fig.

The length of the track of the gamma quanta with the energy 1 MeV in liquid scin-
tillator could be up to 1.5 m long, but the Compton scattering significantly reduces the
effective distance of propagation. Fig. illustrates the interaction of 1 MeV gamma
with the media, the majority of the events could be located in the sphere with a radius
0.5 m.
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Figure 2.3: Attenuation coefficients for gamma interaction in water (adopted from Ref. [11])
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Figure 2.4: The distribution of the secondary electrons for 1 MeV 100 gamma
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Figure 2.5: Spatial distribution of Compton events and photoelectron effect (6 % from the total
event number) for 100 photons with the energy 1 MeV in benzene (simulated in GEANT4)
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Neutrino energy estimation

The energy of incident neutrino could be reconstructed from the products of reactions of
neutrinos with matter, where in case of elastic neutrino scattering and IBD an electron
(positron) is a final-state particle. The incident electron loses its energy in the liquid
scintillator through collisions with other electrons, which causes ionization of the media.
The energy of the electron is not measured directly, but rather estimated through some
physical processes: the collection of the ionization charges (for projection chambers),
amount of scintillation light or Cherenkov emission, and other processes. We denote it
as Fys.

For liquid scintillator and Cherenkov detectors one can choose the total light yield
(number of registered photons) as an estimator F,;s (visible energy). The relation be-
tween the energy of an incident particle Ey,,. and the energy estimator E,;s is deter-
mined by the detector energy scale that, in principle, could be parameterized analyti-
cally [91]]. In case of an ideal detector energy scale, the estimator is strictly proportional
to the energy.

In the real case, several effects make energy estimation more complicated, and elec-
trons with different energies have different coefficients of proportionality with the esti-
mator: the model became nonlinear.

One may construct an analytical model E,;s(E¢ry.) of the energy scale of the lig-
uid scintillator or Cherenkov detector, incorporating the effects of the quenching and
Cherenkov emission.

Ionization quenching

Ionization quenching leads to a non-linear dependence of the number of photons per
unit of the track length from the differential energy losses:

dL 1

A

Yy———— :
dE ~ "1+ kBdE/dx 29)

Here the dL indicates the number of photons per unit of deposed energy, Y is a light
yield, dE is energy losses of the particle and kB in [cm/MeV] is a characterizing Birks’
quenching constant

The value of kB constant for heavy particles and low energy electrons depends on
many factors: type of scintillator, the presence of dopants, temperature, type of particle
and its energy as well as conditions of measurements [93].

In Fig. [2.6|the stopping power for benzene is presented. As one may see the stopping
power is much higher for low energy electrons. It leads to suppression of the light emis-
sion at lower energies. In the zone about 1.5 MeV the total losses achieve the minimum
and then steadily increase.

4 it is a multiplication of two constants k and B, but they are indistinguishable in this experimental case
(see Ref. [92]))
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Figure 2.6: Ionization (blue dotted line) and radiative (red dotted line) stopping powers in benzene
that determine energy losses of electrons. Atlow energies (< 1 MeV) ionization losses are maximal.
In the middle and high range they are almost constant. At higher energies radiative losses become
relevant. Adopted from Ref. [12]

The main problem of the verification of the expression (2.9) is that is has a differential
form, while the observable values is an integral of this expression:

L dE/dx T dE
LT kB) =Yy /0 i BaE A Y /0 1+ kBdE Jdz (2.10)

Note that the derivative of is exactly expression (2.9). ]

Theoretical curves of energy scale determined by liquid scintillator L(7, kB) for dif-
ferent values of kB in the range 0.0011 - 0.03 cm/MeV are shown in Fig. 2.7]and arbitrary
light yield. The kB = 0.011cm/MeV was reported by Borexino collaboration in Ref. [91]].
As one may see the effect is very small and practically for energies higher than 100 keV
the response became linear (try to compare it with plot Fig. 8 from Ref. [91]). The
smaller kB constant, the faster linear response is restored. Though curves in the range
with energy higher than 100 keV are linear, they do not cross the origin of coordinates
and should be parameterized with a function L(7T,kB) = aT + b. The presence of the
constant term could be erroneously treated as “non-linearity” of the response (for exam-
ple, error in baseline determination or dark pulses subtraction). It is easy to demonstrate
that the ratio a/b doesn’t depend on the light yield and it is a function of only kB.

An important conclusion could be derived: the energy range of quenching non-
linearity presence depended on the value kB, being relevant in the range 7" < 100 keV
for practically important kB < 0.03 cm/MeV.

5 It is more often to use the function Q(E, kB) for quenching non-linearity parameterization which could
be defined as [91] :

L(T,kB) = Y,Qs(T, kB)T — Qs(T,kB) = L(T,kB)/(Yy x T) (.11)

Though the function Qg (T, kB) may create a wrong impression about the linearity of the energy response
and overestimation of the energy range of its presence. Compare Fig. with L(T, kB) and Fig. 8 from Ref.
[91]] with Qg (T).
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This conclusion has a significant impact on the strategy of the measurement of £B in
laboratory suggesting the range up to 100 keV to be sufficient for examination.

Itis a critical observation since at energies higher than approximately 200 keV Cherenkov
radiation contribution also became relevant. Small kB value guarantee that two effects
could be completely decoupled and studied separately.

L(TkB)

<o
\Ill\\Ill\\‘III‘III‘\IIl\I\l\I

T
120

M |
140

i |
160

i |
180

200
Ee [keV]

ol Ll Ll L
0 20 40 60 8 100

Figure 2.7: Curves for the quenching model (expression (2.10)) for different values of kB (in
cm/MeV; 0.0011 - black, 0.003 - red, 0.011 - green (Borexino), 0.03 - blue)

Also, the experimental spectrum by itself could provide information about an energy
scale and energy resolution if the “true” energy spectrum for a given process is known.

For large liquid scintillator experiments the parameter £B of non-linearity could be
extracted from calibrations. In Ref. [91] kB in pseudocumene was determined with 6
% relative experimental error by means of analytical and Monte Carlo methods: kB =
0.0109 £ 0.0006 cm/MeV and kB = 0.0115 £ 0.0007 cm/MeV, correspondingly, in full
agreement between them.

An independent laboratory measurement could be of particular importance. One
may guaranty a good understanding of the liquid scintillator response if the results of
calibration and laboratory measurement are consistent. Several attempts of laboratory
measurement and such comparison (Ref. [94]) were performed, but no stable result was
reported yet.

Cherenkov effect

A charged particle starts to emit light when it propagates with speed higher than the
speed of light in a media. This phenomenon is called Cherenkov (Vavilov-Cherenkov)
effect (Ref. [95]). Cherenkov effect also contributes to the non-linearity and intrinsic
resolution of the scintillator. The question about the Cherenkov contribution into the
total light yield is both important for the analysis and Monte Carlo since it dramatically
influences the energy scale of positrons, electrons and gamma quanta. As it was told in
the previous section, we stand by the idea of an effective decoupling of the Cherenkov
light from the scintillation light in order to measure the quenching induced non-linearity
by itself.
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The condition for Cherenkov emission of the photon with a given wavelength A is
related to the value of the refractive index n(\) of the media and velocity of the charged
particle § = v/c (Ref. [96]).

n(\) > 1/4 (2.12)

Since n(A) depends on the wavelength of the emission A the threshold, in general,
will be different for different wavelengths.

The spectrum of the Cherenkov emission could be found by the formula for an av-
erage number of photons emitted in the photon energy interval ¢ while the particle is
moving the distance dx (Ref. [97], [96]):

dN  «az? 1 photons 1
S (1)
dxde he n232 eV .cm n232

To find the final emission spectrum and number of photons for a light charged par-
ticle such as an electron one needs to integrate this relation over the particle track and
energy of photons.

Fig. 2.8|helps to understand the evolution of the Cherenkov emission spectrum with
energy. Two subplots are illustrating how condition (2.12) works for the different ki-
netic energy of the particle 7" and different wavelengths A. On the right panel, the red
line represents the dependency of the factor 1/ from the kinetic energy 7". This plot
corresponds to the right part of the condition (2.12). The left subplot represents the de-
pendency of the refractive index from wavelength A of the photon and corresponds to
the left part of the condition (2.12). To obtain the spectrum of the Cherenkov emission for
a given kinetic energy 7" one needs to find the corresponding point 1/5(T") by the right
subplot and plot the horizontal line through this point. Some peace of plot of the left
subplot may be above the horizontal line. It means that the condition is satisfied
in this range.

As one may see the emission starts from the energy about 80 keV for wavelength 200-
300 nm. While energy increases the condition became valid for longer wavelengths
until the spectrum covers the range of the PMT’s sensitivity entirely at approximately
180 keV (1/3 ~ 1.5) and then the spectrum remains unchanged at higher energies.

As we see the spectrum of the Cherenkov light could be calculated if the measure-
ment for refractive index n(\) as a function of wavelength ) is provided. However, based
on these calculations it is not possible to calculate the contribution of the Cherenkov
light into the total registered light expressed in photoelectrons. Depending on the A
the propagation of photons became different. The liquid scintillator is entirely trans-
parent to the long-wavelength part of the Cherenkov spectrum, and the photons of this
wavelength have a chance to achieve the photo-cathode directly. The liquid scintillator
absorbs shorter-wavelength part of the Cherenkov light and then re-emits it with some
probability (Ref. [98]). The fact that the liquid scintillator is multi-component systems of
the solvent and wave-sifters makes a proper description complicated. Therefore, even if
the initial number of the photons is known as the estimation of the contribution into the
light- and photo-electron yields is quite problematic. The absolute light yield of the lig-
uid scintillator by itself is also hardly measurable value ﬂ On the small setup scale, the
directionality of the Cherenkov light may become relevant (though only for the part that
is not absorbed-re-emitted in the liquid scintillator, since re-emitted light is isotropic).

) ~ 37022

(2.13)

6 Usually Cherenkov photons are also included into the absolute light yield of the scintillator because in
most practical cases they are not distinguishable from scintillation photons. Here we underline that we use
this term as a property of the liquid scintillator by itself, so Cherenkov photons are excluded from it
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Figure 2.8: Refractive index of the liquid organic scintillator (left) and 1/ for electrons as a func-
tion of kinetic energy (right). Refractive index is reproduced from [13] and was obtained by joining
of measurements for pseudocumene (PC) and benzene (in the region 150-210 nm) as an approxi-
mation.

Thus, the relative contribution of Cherenkov and scintillation photons is quite hard to
determine. The situation became even more dramatic since the photon’s propagation,
and evolution of the spectrum in small experimental setup and a large scintillator detec-
tor is different. It makes Cherenkov emission non-invariant from one setup to another.
As a consequence, measurements of this contribution on a small scale could not be di-
rectly applied on a large scale. For Borexino experiment the contribution of Cherenkov
into the total light yield was found to be about 5 % at 1 MeV (in pseudocumene + PPO
1.5 g/1) (Table XVI in Ref. [91]) . Let us take this value as a reference to the order of
magnitude.

The dependence of the number of detected Cherenkov photons on energy Lepe, (T, 1)
(Cherenkov factor) could be found analytically. However, as it was told to scale this de-
pendence with respect to scintillation is not trivial: abovementioned re-emission prob-
ability depends on the wavelength [Z] and Cherenkov evolution depends on the kinetic
energy of the particle.

The Cherenkov factor Lepe,(E,n) could be found by integrating % over electron
track and radiated photon energy de. Two main factors determine the nonlinearity of the
Loper(E,n). Non-linearity of the Cherenkov factor could be expressed as a derivative
df /dE. From the point a) until the point b) the spectral range of Cherenkov spectrum
is growing, increasing the contribution of the Cherenkov (df /dE increases). However,
there is another even more important mechanism generating non-linearity: the depen-
dency of the df /dE on the ionization stopping power dE /dz (Fig. 2.6). Actually,

chher di

df /dE o< dNeper [dE = =2 —

(2.14)

"Fortunately, it was found to be quite constant in the range 300-400 nm where the refractive index of organic
liquids has the most complicated shape (Ref. [98])). It makes analytically calculated L.pe, (T, n) quite close to
the one obtained from more detailed simulations.
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therefore df /dE is not constant until dE/dx changes. Finally, Cherenkov response
df /dN becomes linear when the stopping power dE /dx reaches a plateau at about 1.5MeV .

Energy scale model

An analytical energy model could be constructed incorporating two non-linear effects:
scintillation quenching and Cherenkov radiation. The total amount of light (collected
charge) for an electron of a given energy can be obtained:

Eyis (T) = L(T7 kB) + Lcher(Tv TL) (215)

Note that relative contribution of these two terms are detector-dependent. To include
this dependency in the model we scale the function L.p..(T,n) with a factor fepe, to
increase the relative contribution of Cherenkov light into the total light yield (energy
estimator E,;,):

Evis (T) = L(Ta kB) + fcherLcher(Ta n) (216)

Varying fcher, we can study the whole range of liquid scintillator detectors, which
due to different scintillator compositions have different Cherenkov contributions. Here
the role of the quenching effect is not considered explicitly and L(T, kB) is kept fixed.

As a measure of the importance of the Cherenkov effect one can define a value of the
relative contribution of Cherenkov light at 1 MeV:

Neher = fener f(1MeV,n) /L(1 MeV, kB) (2.17)

In extreme case of a pure Cherenkov detector (fcper = 1, feher — 00 ) the model
simplifies to:

Evis = Lcher (T7 TL) (218)

A more detailed description of the energy model may be found in [91]].
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Table 2.1: Contributions in the relative variance of the energy resolution.

Notation Origin of the term Typical values for 1 MeV electron

~ 0.0064 (Daya Bay) [99]

Vst statistical ~ (0.0025 (BOREXINO) [100]
~ 0.001 (JUNO expected) [9]

Up light collection ~ 0.0023 (CTF) [88]

Vint intrinsic energy resolution ~ 0.01 [18]

va dark noise ~ 3 x 107 (BOREXINO) [O91]

Energy resolution

In this section, we derive the expression for the energy resolution from the first principles
where intrinsic energy resolution term naturally appears.

Energy resolution is represented by relative variance of collected charge (energy es-
timator):

2 2
(%) ~ (%"?) = Vgt + VUp + Vint + Va, (2.19)

where vy, is the statistical relative variance, v, is the light collection term, v;y; is
the intrinsic energy resolution term and v, is the dark noise term. As an example, the
typical values of terms for different experiments are presented in Table Further, the
definition of each term is provided and the expression is derived. The second part
of this chapter is dedicated to the experimental investigation of this relation.

The v, term is a square of the statistical resolution term that was discussed

above:
1ty

Ust =
N,
pe

As you may see there is an additional term v,,, in the numerator which represents fluc-
tuations of the gain. For modern PMTs:

Uy, = 0.1 -0.3

The term v, is mainly related to light collection probability. Indeed, light collection
probability in different points of the detector could be different. It generates an ad-
ditional variation of the signal. MC simulations and calibrations of the detector may
provide useful information about this term. In principle, if the position of an event in a
detector is precisely known this term could be corrected.

The term v;,,, called intrinsic energy resolution (IER), is associated with an intrinsic
variation of light emitted by the liquid scintillator. A consistent theory of this phenom-
ena for liquid scintillators was not developed yet. Measurement of v;,,; is one of the main
aims of the laboratory experiment that will be discussed in this work. Since, in general,

2
the experiment provides (%) , other contributions should be reduced, estimated or

also measured.

vg - dark noise term. It rapidly falls with the increase of energy and could be mea-
sured. This term is presented only in large-scale experiments due to a large amount of
PMTs. It is completely negligible when a small amount of PMTs is used.
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On the derivation of the expression (2.19)

In order to understand better the structure of the expression (2.19) as well as the mean-
ing of the intrinsic resolution term it is very useful to derive it from the first principles.

Resolution in case of the fixed number photons

Let us first consider a fully abstractive case: the source is emitting exact amount of
the photons N+ and define 7, the probability for a photon to produce the photoelec-
tron that reaches the first dynode. This value could be factorized in the probability for
the photon to reach the photocathode, probability to produce a photoelectron and the
effectiveness of electron collection on the first dynode. If the coefficient of the multipli-
cation of the photoelectrons M is constant, the mean charge collected by PMT could be
written as:

Q = Nphot X 1 X M (2.20)

The process of the registration of the photons is Poissonian. In this case, the relative
variance of the number of photoelectrons could be found as
2 _
Ope. = photn(l - 77)'
The relation for the relative resolution in this case:

oG _ Nppon(l—mM _1-n 1 1 1 1 221)
Q2 UQNghotM anhot anhot Nphot Np.e Nphot

Since it is a binomial process, 1 could also include the probabilities of the transmis-
sion of the light through the glass of the photomultiplier or some filters, reflections and
so on: the formula will be the same.

Now let us consider that emitted photons follows Poissonian statistics with a vari-
ance 1/Nppor. Summing up with the previous result we get:

2
99 _ 1
Q2 Np.e.

Therefore the charge resolution has a form »— in the case if the source has a Poisso-
poe.
nian nature.

(2.22)

Variation of the light collection: v,, term

Since light collation is not isotropic and homogeneous in a vessel that contains scin-
tillator, the probability for the photon to reach the photo-multiplier may depend on some
other conditions, for example from the coordinate of the event. Thus, an average amount
of the photons for the events with the same energy in the different points of the detec-
tor is different, and 7 is not a constant and depends on the coordinate: n = n(z,y, 2).
For example, in large liquid scintillation detectors, the amount of photons that reaches
the photo-multipliers depends on the position of the event inside of the detector: the
events in the center and events on the periphery give on average different amount of the
photoelectrons. On a small scale, an important role plays the reflective properties of the
surrounding materials. It also induces the variation of the signal for the events that hap-
pened in different places of the cell. This fact should be taken into account by additional
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term v, in the formula for the resolution. Note that variation of the light collection, in
general, could be not Gaussian.

Intrinsic resolution: v;,; term

In general case an amount of the emitted photons obeys the Gaussian distribution

2
with relative variance v(Nppot) = % In this case the term 1/Nppo: doesn’t vanish.

phot

Instead we have:

ot 1 1 1

Q
= + 0(Nphot) = 77— + Vin
Q2 Np.e Nphot ( P t) Np.e !

where
1

Nphot

is so-called intrinsic energy resolution. In other words the intrinsic resolution is a measure
of the deviation of the statistics of the photon emission from the Poissonian.

Vint = U(Nphot) -

Statistical term and dynode system

The coefficient of the amplification M is a multiplication of the secondary particles
produced at the ith-dynode at each stage d;.

M = 6,65..5,,

Of course, this value §; fluctuates at each dynode. It leads to fluctuations of the
amplification factor M. Let us estimate them.

For simplicity suppose that ; = ¢ for any i. Also, suppose that the statistics of the
electron emission is Poissonian.

Intuitively it is clear that the most important fluctuations are on the first dynode. The
process of the amplification is a cascade process. We consider it step by step:

1. Photoelectron collides with the first dynode and produce on average M; = ¢ sec-
ondary electrons with the spread 7,7, = +V/.

2. Each from the secondary electrons also produce § & v/3 electrons. It gives M, = §2
for the average. Applying the central limit theorem the spread could be deter-

mined as vV NJ, where N is the number of the incident electrons. Since on the
previous step ¢ electrons were produced on average, N = § and hence oy, = 62

3. Repeating the same calculations we can find on the next step Mz 4y, = 6% +V/63.
Further by induction, the average amount of electrons and their spread on the n-th

dynode is equal to M,, & 0, = 0" + /™.

Relative variance (%7+)? on each step will be equal to 1/6™.
So, the relative variance of the coefficient of the amplification is equal to

(%)2 = (UVM;)2 T (Tj“)? =1/6+1/82+1/6° + ...+ 1/6"

If the amount of the dynodes is big and ¢ >> 1 this series could be approximated as
a sum of the geometric progression (Ref. [101]):
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OM \2 n n—1 _ 1 1 1 1)
vm—(M) =1/0+..+1/0"=1/6(1/0+..+1/6"" =~ 5(171/5) = 6(571)
In general case, §; on each stage could be different. Usually, only the §; of the

first dynode is different. It is to show that in this case the relative variance equal to
U = 3o (527). Analyzing this expression one may see the fundamental role of the first
dynode amplification factor ¢;: an increase of this factor leads to the reduction of the
v, therefore improvement of the resolution of PMT. For modern PMT the value of v,,
is about 0.1-0.3.

In principle, the value v,, could be measured. The laser system discussed above
could be adapted to do this. For pulses of the different amplitudes, the mean value
of the charge ) as well as AQ could be determined. Using the calibration of the PMT
charge @) in the number of photoelectrons we then could extract the factor (1 + v,,) from

the measurements using the formula:
AQ _ 14uy,
Q  Npe

In above calculations of (%;’)2 we supposed M = const . In this case the relative
variation of the collected charge is equal to the relative variation of the number of pho-
toelectrons (Lﬁz: )= (%)%

In reality M for each photoelectron is different and each has its own cascade process.
Let us assume N, .. were produced on the photo-cathode. Then each photoelectron will
be multiplied and give on average give M electrons with some variation. Applying
the central limit theorem the general amount of the amplified photoelectrons will be
equal to Npyyuiti = Np.e. M and their standard deviation o,,uti = /Np.c.oar. That is

Np.e.M:t Np.e.aM-

(UNmulti )2 _ ( \V4 Np.e.al\/f )2 _ Um,
Nmulti Np_e,M N

p.e.
Finally, the relation for the relative variance of the collected charge:
2
79

QQ

Um 1+ Um

Np‘e. B Np.e.

o o . 1
)2 — ( Nple« )2 _|_ ( Nmuiti )2 + Up — + Up + Vint +

( Ng.e‘ Nmulti Np.e‘

+ Vp + Vint

Dark noise term vy

To add the term vy associated with dark noise we note that the total number of col-
lected electrons from the photocathode N2 . . in the time interval At consists of two
parts: photoelectrons (N/Y!) and dark count electrons (Nz!, 4 \/N#! ) due to thermal
emission from the surface.

At At At
Ncollected = Np.e‘ + Ndark

with the standard deviation:

2 2 2 _ At At
Ocollected = Up.e. + Odark = Np.e. + Ndark

Since the mean value of dark current is known < N4, >, number of photoelectrons
could be found as:
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At At At
Np.e‘ - Ncollected_ < Ndark: >

The standard deviation of the collected signal is consist of two parts as well:

2 2 _ nTAt At
Up.e. = Ocollected = Np.e‘ + Ndark

So to take into account one need to add the term vaq,, = N5k, /(N )?
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Experimental determination of non-linearity and intrinsic energy reso-
lution

The linearity of the energy scale and energy resolution are highly relevant to the per-
formance of large-scale liquid scintillator detectors. In the last 20 years, the technologies
associated with the construction of the large-scale liquid scintillator detectors made a big
step forward opening a new frontier on the field of particle physics, in particular in neu-
trino physics. New, challenging scientific programs encourage researchers to study the
detector energy scale and energy resolution in detail and deeply examine phenomena
which are at the base of particle detection.

The main characteristics of any scintillator are energy resolution and linearity of the
energy scale. Accurate spectroscopy and data analysis should take these characteristics
into account. The knowledge of them gives a possibility for accurate Monte Carlo sim-
ulations. The detector response depends on these characteristics as well. For the JUNO
detector response has stringent requirements: uncertainty on non-linearity < 1% and
energy resolution 3% for 1 MeV.

The primary goal of the experiment described in this chapter is the non-linear re-
sponse and intrinsic energy resolution measurements. These parameters are determined
by analytical procedure, detector calibrations and Monte Carlo simulations (Ref.[91]).
However, a more detailed separate investigation is needed for better understanding of
the detector response.

The first measurements of non-linearity of liquid scintillator were performed many
years before the large liquid scintillator detectors started operation. In '60s the non-
linear response of electrons were already under discussion (Ref. [102]). Experimental
data on non-linearity and intrinsic energy resolution for liquid organic scintillators are
poor. One can easily find several attempts for measuring non-linear response of liquid
scintillator (Ref. [103], [94], [104], [105]).

Recently the measurements of Linear AlkylBenzene (LAB) scintillator non-linear re-
sponse for Daya Bay collaboration by classic Compton coincidence technique was per-
formed in Ref. [103]. This method has several limitations. First of all, it requires a
powerful radioactive source (0.1 mCi). To increase event rate, seven crystals were used
simultaneously. The measurement was performed for energies up to 1 MeV, but as it
was discussed in Sec. all valuable information about quenching non-linearity is in
the range below 100 keV.

In Ref. [18] a new technique with HPGe detector was presented, and both non-
linearity and intrinsic energy resolution were measured. It was the only attempt to
measure intrinsic energy resolution of liquid scintillator. However, the result of this
measurement could be criticized. The detailed study of light collection term v, was not
provided. At higher energies, the contribution into non-linearity and energy resolution
due to Cherenkov effect was also not studied. The results could be treated in the way that
they are valid only for the particular setup that was used and they could not be applied
to another laboratory setup or a large scale liquid scintillation detector. Another group of
authors also introduced the same technique for LAB non-linear response measurements
(Ref. [105]). Two fundamental problems were indicated: multiple Compton scattering
(mostly double scattering) in the LS-detector and the non-uniformity of light collection
within the liquid scintillator volume were discussed. However, the quantitative analysis
of these effects was not performed.

Despite the lack of direct measurements, there are some indications on the presence
of intrinsic resolution. The analytical model function that describes the response of the
Borexino detector consists of 13 parameters; among them, there is a term that is respon-
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Figure 2.9: Sketch of experimental setup for liquid scintillator (LS) response study.

sible for the presence of intrinsic energy resolution at low energies. After the fitting
procedure, the term was found to be different from zero (Ref. [100]).

For both energy non-linearity and energy resolution measurements, Compton coinci-
dence technique with High Purity Germanium (HPGe) detector gives promising results.
However, to overcome limitations related to double Compton scattering and variation of
the light collection, standard methods of nuclear spectroscopy should be complemented
by detailed spectral analysis and intensive Monte Carlo studies.

The concept design of the setup is shown in Fig. It consists of a quartz cell cov-
ered with reflective material coupled with a photomultiplier, radioactive monochromatic
gamma source and HPGe detector. To protect PMT from the light the system was placed
in a dark box.

Superb energy resolution of the HPGe detector provides a possibility to reconstruct
the energy of Compton electron directly from the difference between initial energy E.
and energy deposed in HPGe detector Eg pge:

E.=E,-E, (2.23)

With this method, the energy of scattered electron could be reconstructed regardless
of the scattering angle. Acquiring the coincidence events in HPGe detector and PMT one
can measure energy response of the liquid scintillator to low energy electrons.

It is a significant advantage compared with Compton coincidence experiment where
the energy of the electron is reconstructed using scattering angle. The formula that links
the energy of the incident gamma with scattered one is:

E
E = — (2.24)
1+ (1 —cosf)

e

The energy of the Compton electron could be represented as:
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Figure 2.10: Electron energy E. as a function of the angle of the scattered gamma. '3"Cs (661.657
keV), ®°Co (1173.228 keV, 1332.492 keV), 22Na (1274.537 keV).

E2
E_p —2X(1 —cost)
o 7_1—5—%(1—0089)

e

(2.25)

The maximum energy that could be transferred to the electron is called E.44.. It
corresponds to the energy of the electron E, for the value cosf = —1, when gamma
quanta are scattered in the opposite direction to the incident gamma.

Fetge = 25 (2.26)
For the energy of the gamma of 661.66 keV (**"Cs) one has:

2E§ 2 x 0.6622

= — ATT A keV 2.27
Mo +2E, 0511+ 2 x 0.662 ¢ (2.27)

Eedge =

Formula (2.25)s could be used for electron energy reconstruction only if the scattering
angle is well determined. In Fig. the dependence of the electron energy E. from the
angle 6 of the scattered gamma is shown. Usually, this could be achieved by collimating
incident and scattered gammas. Once the angles are fixed, the energy of the electron is
within a small energy range that could be found from kinematics. However, collimation
reduces dramatically in and out gamma fluxes. To collect enough statistics, one needs a
longer time of exposition and more powerful gamma source. The longer time of explo-
sion makes measurement less reliable due to setup instability. On the other hand, the
absence of collimators provides a possibility to observe many incidental particles with
different angles at the same time and perform measurements at shorter times and using
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Figure 2.11: Coincidence 2d histogram. x-axis is a reconstructed energy of electron E.. y-axis is
charge collected by PMT. An example of the fitted slice is also shown.
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Figure 2.12: Coincidence 2d histogram. x-axis is the energy of scattered gamma deposed in HPGe.
y-axis is charge collected by PMT.

weaker sources. In this case, set up is more compact and could be operated with sources
of activity less than 10 x Ci (370 kBq).

The coincidence 2d-histogram is shown in Fig. The diagonal structure includes
all information about non-linear response and energy resolution of the scintillator.

Applying relation one can invert histogram [2.12]and get the histogram in
terms of E. and Q. The coincidence matrix can be cut on small slices with a certain en-
ergy of electron E. detected by HPGe. Each slice-histogram can be analyzed and fitted.
The mean value Q(E.) of the peak gives us information about non-linearity. In order to
extract the information about non-linearity and determine Birks’ ionization quenching
constant kB, one needs to fit with previously discussed function L(T, kB).

2

. . . . (e . .
The standard deviation o or more accurately relative variance vg = % gives anin-

formation about total energy resolution. In order to measure intrinsic energy resolution
contribution other terms should be separated:

Vint = VQ — VUp — Ud
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HPGe detector

The big success of purification was achieved for germanium detectors. The appear-
ance of the ultra-pure germanium crystals revolutionized the gamma spectroscopy. To
achieve the higher active volume at the fixed depletion depth the close-ended coaxial ge-
ometry is used. Also it has an advantage in sensitivity due to smaller capacitance which
is given by relation C' = ln(i% To achieve better efficiency and energy resolution one
should increase the depletion depth by moderating the voltage applied to the crystal.

For the experimental setup High Purity Germanium (HPGe) detector Gem30P by OR-
TEC was used. The optimal voltage recommended by producer was 4000 V. The front
corners as well as the hole of the germanium crystal are rounded to eliminate possible
low-field regions. The volume of the crystal is 146.0 cm?® (R = 32.35 mm and [ = 45 mm;
axial hole Rj, = 4.45 mm and [, = 31.1 mm). Close-cycle refrigerator is used for cooling.
It is equipped with a thermistor for interlocking. The preamplifier is a part of the cryostat
package and it is placed as close to HPGe as possible to reduce induced capacitance.

The charge collection in HPGe is inherently slow: it takes about 100 ns for charge
carriers to travel 1 cm. It implies the principal limit on a front edge of a signal. As
compared to a rising time of PMT signal ~ 5 ns it is a larger value, so HPGe pulse
shape dictates the coincidence time spread. The detailed shape of the pulse depends on
the place in the detector where an event occurs. Applying higher voltage may increase
the speed of charge carriers until it saturates (at 77K it is 10° m/s for both electrons and
holes, that could be achieved at 10°V/cm and 3 x 105V /m, respectively). Unlike the case
of electrons and ions in ion-chambers, the speeds for electrons and holes are of the same
order, but the difference in speed implies the difference in the pulse shape and collecting
process: for event that happens near the negative electrode the full collection time will
be shorter, since holes will be collected first. The presence of trapping and release of
carriers may further complicate the pulse shape introducing the slow component (due
to release) and the additional contribution into energy resolution (due to not complete
charge collection).

Germanium has a small atomic number compared to the Nal, so its photo-effect cross
section is one order of magnitude smaller, making the detector more transparent for
gamma rays. Consequently, the effects of escaping gammas and X-rays become more
relevant. The spectrum of the acquired background is shown in Fig. The shape of
the full absorption peak significantly deviates from the Gaussian. It has a tail at lower
energies as illustrated in Fig[2.13] To characterize this effect the Full Width at 10 % of the
Maximum FW0.1M is usually specified (for Gaussian distribution FW0.1M = 1.823 x
FW HM).

As it was told the energy of the Compton electron is reconstructed from < E, >=
E,— < E! >. To link the energy pulses and deposed gamma energy in HPGe the de-
tector should be properly calibrated. The information about calibration (linearity of the
scale and energy resolution) then is used in the analysis and Monte Carlo simulations to
model the detector response.

HPGe preamplifier has two outputs. One was connected via an amplifier to the data
acquisition module (DAQ). Another passed by a discriminator to form a trigger pulse
for coincidence.

It was found that HPGe detector had excellent linearity, superb resolution and showed
good stability on a long timescale. All these three properties make HPGe detector unique
for liquid scintillator investigation.

Indeed, energy resolution plays an important role for the coincidence measurements.
The energy of the Compton electron could be reconstructed from the initial energy of the
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Figure 2.13: The detailed structure of the full absorption peak (from Ref. [14])

gamma F, and energy deposed in HPGe Epxpge:

E.= E’y — FEupge (228)

The error of determination of electron energy E, in this case is directly connected
with an absolute error of Expge:

OFEe = OEhpge (229)

It means that the better energy range is located in the region, where the absolute en-
ergy resolution o gppg. is better. Absolute energy resolution ogppg. of HPGe degrades
with energy (as ~ V/E), even though the relative energy resolution became higher (as
~ 1/V/E). From this we derive an important, but somehow counterintuitive conclusion:
the energy region that has a better absolute energy resolution o g pge is preferable.

This is a good argument in favor of *"Cs (E, = 661.7 keV; T} /o = 30.07 years).

Despite this fact 2?Na (E, = 1274.6 keV and 511 keV annihilation, T}/, = 2.6 years)
source was used in Ref. [18] and ®°Co (E!* = 1173.237,1332.501 keV, T} /5 = 5.27 years)
and 2""Bi (E]?™" = 569.70,1063.66 keV; T}, = 31.55 years) in Ref. [105]. We pre-
ferred not to use these sources. '37Cs also has an advantage of being a source with a
single gamma. Sources with two and more gamma emission (?*’Bi , ®*Co and ??Na) give
more complicated 2-d coincidence histogram.

Since the energy range, 0-662 keV was chosen an amplification of the signal was
adjusted to match DAQ acquisition range (signal from 700 keV gamma corresponds to
the maximum of the acquisition range). The list of calibration sources for this range
is provided in Table Usage of 511 keV annihilation gamma for calibrations is not
recommended since it is asymmetric, broader and shifted (due to positronium bounding
energy) (Ref. [14]).

In precise gamma spectroscopy, the method of least squares is common for fitting
calibration data with a polynomial function of order 4-5 (Ref. [14]). Since in our case the
energy range of HPGe is smaller (500 - 662 keV) we can approximate a small part of the
calibration curve by a linear function (Fig[2.15).
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Figure 2.14: Longtime background measurement of HPGe. *°K, '*Bi, >'*Pb peaks are clearly
observed.

Table 2.2: List of calibration gamma lines and sources in the energy range of interest 0-662 keV.

Energy, keV  Source Source’s code

121.78 152y 35B
244.69 152Ey 35B
276.40 133Ba 42 B
302.85 133Bg 42 B
344.28 152Ey 35B
356.01 133Ba 42 B
383.85 133Ba 42 B
411.12 152Ey 35B
443.97 152y 35B
569.70 207Bj§ 59 B

661.66 137Cs 37 B
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Finally, one obtains the calibration relation for the conversion of the collected charge
into the energy in the energy range 300-662 keV. This relation will be used in the analysis
and Monte Carlo simulations.

Now let us have a look at the energy resolution of the HPGe detector. Three dominant
factors contribute into energy resolution (Ref. [14],[106]):

e Inherent statistical spread in the number of charge carriers Wp
e Variation in the charge collection efficiency Wx

e Electronic noise Wg

So the total energy resolution:

Wi=Wpi+Wx+Wg (2.30)
The first term is:
Wp =V FeFE (2.31)

where F' is Fano factor, € - energy needed to create one electron-hole pair, and E is
the gamma-ray energy. Assuming Fano factor /' = 0.1 (Ref. [107]) and € = 2.96 eV gives
o = 0.44 keV resolution for 661.7 keV.

The second term W appears to incomplete charge collection. This effect is signifi-
cant for large detectors and low average electric fields. Its magnitude could be exper-
imentally measured by applying different high voltage. Shaping time of the amplifier
also should be adjusted. Recommended shaping time for the Gem30P detector is 6.

The third factor, Wg represents the broadening effects of the electronics components
used. It could be tested with a pulse generator connected to the preamplifier. The typical
relative importance of the contributions is illustrated in Fig. In our case, since we
use 10-bit module digitizer, the biggest contribution into the Wg is expected from the
digitalization of the signal. To optimize this term, we set the maximum vertical range of
the HPGe channel to energy 700 keV. For !37Cs the resolution about o = 0.7 keV could
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Figure 2.17: Full absorption peak deviation with time was ensured to be less than 0.1% from the
mean value in the long time scale (measurement with 22Na source).

be expected according to the specification. Energy resolution for *Cs peak was found
to be 0 = 1.5 keV. Further improvement could be achieved with a DAQ module with
higher resolution (> 10 bits).

HPGe stability was checked by observation of the deviation of the full absorption
peak from its mean value over the full period (Fig. 2.17). It was found to be less than
0.1% (< 0.6 keV). Short term instability of HPGe can also spoil energy resolution, while
long-term drift can modify energy scale. It was decided to perform short calibration
runs during the coincidence data acquisition to control the stability of HPGe detector
with 137Cs and 2°7Bi calibration sources.
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from Ref. [15]

Photomultiplier and liquid scintillator

The schematic and quantum efficiency curve are presented in Fig. Quantum effi-

ciency QE(X) has a maximum at about 400 nm. Spherical PMT shape was not an optimal

solution to couple with cylindrical quartz cuvette (35 type; r x [ = 25 x 100 mm), but it

was a price to be paid for other characteristics since flat window PMT with similar char-

acteristics was not available. Flat window tube should be purchased for further studies.
The number of photo-electrons collected by PMT is proportional to

e Scintillator light-yield LY [photons/MeV] and its emission spectra E()), [, (A)dA =
1.

Reflection coefficient of cell’s walls R4

Optical coverage G oy

Quantum efficiency of a PMT QE(X)

Collection efficiency of the first dynode Cy

Ny.e. < LY + Ryaii - Geon - Ca / dXx-QE(NE(N) (2.32)

Maximum of the number of photoelectrons could be achieved if the maximum of
emission spectrum E(A,qz) is close to the quantum efficiency maximum QFE (A paz). A
liquid scintillator for JUNO consists of three components: linear alkylbenzene (LAB)
with emission spectra in the range between 300 and 400 nm, 2,5-diphenyloxazole (PPO)
300-480 nm and 1,4-Bis(2-methylstyryl)benzene (bis-MSB) 372-540 nm. The emission
spectrum of PPO is shown in Fig. from Ref. [16]. The maximum of the spectrum is
in the range 350-400 nm which is close to the maximum of quantum efficiency of R6594
PMT. In this study, it was decided to use no bis-MSB. transparency of liquid scintillator
at a large scale.
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Figure 2.19: Emission spectrum from PPO dissolved with a concentration of 2 g/1 in PXE (from

[16]).

One needs to collect as many photoelectrons as possible to obtain the lowest possible
threshold. To do this one needs to cover a cell by materials with high reflectivity and
glass with good transparency for the entire emission spectrum of LS. Currently, we use
aluminized Mylar for quartz cell coverage.

Now let us discuss closely the characteristics, which are essential for the measure-
ment and formulate the optimal parameter range.

Response of the PMT

In order to understand the response of the PMT the techniques for singe photoelec-
tron counting should be applied. Another motivation for the study of the s.p.e. response
is the determination of the average charge produced by single photo-electron m; and its
variance v, as important parameter for PMT scale calibration and intrinsic resolution
studies. In this chapter, we are closely following the methods of the precise photon-
electron counting developed in Ref. [108].

The main parameters of single electron response (SER) is the mean value m, and
relative variance v,, = (0,/m;)>.

An ideal SER consists of an exponential and Gaussian part:

Pf _r—Tp 1 1—P _1/2(:571‘377%[))2 .
SERy(z) =4 A€ & T Varoy an o, ifz>0 (2.33)
0, ifx <0

where A is a slope of the exponential part, pg is the number of events under the ex-
ponential function, z, position of the pedestal and =y and o - mean value and standard

deviation of the Gaussian part. gy = % (1 + Erf( \/g‘;o )) is a factor to account for the

cut of the PMT response Gaussian part. In principle, to improve correspondence of the
ideal SER to the experimentally observed response it should be convoluted with a noise
function that affect only exponential part as described in Ref. [108].

For n > 1 p.e. the response could be fitted with the function
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P(n,p) —(1/2n)(2=nz1izp )2
M) =S 101, A 234
-3 o) -

n=2

that takes into account Poisson distribution of the detected light and Gaussian ap-
proximation for the responses to n photoelectrons.

For high voltage of 1600 V applied the integrated charge of single photoelectron is
about Qs = 0.2V x ns (Fig. and the amplitude is about A, = 33.8 mV.

Dark noise measurement

For dark rate measurement the high voltage for R6594 PMT was set to 2000 V. At this
value, the average amplitude of the dark noise pulse was about 150 mV. The threshold
of the discriminator was about 30 mV (~ 0.2p.e.). The voltage was set up at such a
high value to be sure that the significant part of the Gaussian part of the dark pulse
amplitude’s distribution is above the threshold of the discriminator. Just after the light
exposure, the measured dark rate was about 18 kilo counts per second (kcps). After 30
minutes of warming up, it reduced to 2.8 keps.

Charge-amplitude correlation of the signal

The correlation for integrated charge Qp:,V x ns (integral over the scintillation
pulse) and amplitude A,,,;, V (maximum of the pulse) looks different for the signal
from liquid scintillator and picosecond laser. The data acquired with liquid scintillator
and laser (Fig. showed V/Q ~ 0.06 ns~! for liquid scintillator and V/Q =~ 0.11ns~*
for the laser. The reduction of the amplitude is 54 % which is consistent with the inter-
nal measurement. In the case of the laser triggering, the amplitude-charge correlation
is close to the one obtained for single photoelectron signal, since all photons arrive at
the photocathode at the same time. For liquid scintillator, we deal with exponentially
decreasing photon emission that is usually described by a superposition of several ex-
ponential probability distributions. In this case, photons arrive at the photocathode not
at the same time, and the ratio between the amplitude and charge became much smaller.
For LAB two main components of the probability distribution are 5 ns (fast) and 18 ns
(slow) with 78 % and 17 % contribution, correspondingly EkRef. [16]). Therefore the
amplitude should be reduced by 80 %.

One internal measurement conducted in Milan showed the values 4.5 and 18.95 ns
with 56 % and 23 %.

PMT linearity

PMT should have an excellent dynamic range, that is to exhibit good linearity of
anode output in a wide range of incident light intensities. The main factor that leads
to saturation is the space charge effect at the last stages of amplification due to large
flowing current [109]]. In principle, the dynamic range of PMT could be increased with a
specially designed voltage-divider circuit.

The value for linearity provided by Hamamatsu is linearity(2%) = 30mA or 1500mV
with 50 Q termination.

The nominal photo-electron light yield to achieve is 1300 p.e./MeV that could be
achieved with quite realistic Q£ = 30% and light collection LC = 50%. The energy range
of the interest is up to 100 keV, thus the maximal number of photoelectrons in the mea-
surement is N;"** = 130 p.e.. To find the amplitude of the scintillation signal one needs
to multiply this value by single photo-electron amplitude A, and factor that takes into

8 It should be noted that a 54Mn (834 keV) gamma source was used for the measurements with 639 keV
Compton edge. At such energy Cherenkov photons also contribute into the fast component of the signal
affecting the result of the measurement
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Figure 2.20: Charge - amplitude diagram for the signal from liquid scintillator. Two distinct corre-
lation lines are clearly visible. The smallest line is generated by laser and has the charge-amplitude
dependency of the s.p.e., the biggest one is the signal from the liquid scintillator.
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Figure 2.21: The comparison of the stability for two different HV power supply modules (PMT
R6231-100 was used)

account charge-to-amplitude conversion Fg_,iy which is approximately 0.5 for liquid
scintillator. For 1600 V we get: Nyet As x Fo,v = 130p.e. x33.8mV x 0.5 ~ 2180mV.
Thus, at 100 keV PMT is already in non-linear regime. For the present experimental
setup the value 450 p.e./MeV was achieved. It corresponds to 756 mV at 100 keV. There-
fore in the energy range of interest the PMT is always in linear regime.

PMT gain stability

A huge non-stability of the signal from PMT was found (about 5 % on the 10 hours
timescale) from the first coincidence measurements. It is believed that LS is stable un-
der laboratory conditions. The main sources of non-stability could be PMT by itself,
electronics and HV-power supply. The study of the stability was conducted by using
PMT in a dark box with a laser system with two different HV power suppliers: ORTEC
and BERTRAN. The BERTRAN power supply demonstrated much better stability than
ORTEC (Fig. 2.21).

Another approach is to use the gain correction technique if the independent mea-
surement of the gain is available. It could be a measurement with low energy gamma
source or the information from full energy absorption peak (in case of the source with
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two gammas) or with use of LED or laser for gain real-time calibration.

It was decided to use the laser. However, the question about laser stability and re-
peatability remained open. To reduce the uncertainty related to the laser stability is was
proposed to use single photo-electron measurements instead to control gain evolution.
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Monte Carlo simulation

The energy deposition scenario of gamma quanta is very different in large LS detectors
and small experimental setup. In fact, in large detector gamma usually is fully absorbed
in the scintillator. On the contrary, in small setup gamma always releases only some part
of the energy, having one or several Compton scatterings and then escaping from the
scintillator.

In the experimental setup that was discussed in the previous section scattered gamma
then could be absorbed by HPGe detector. In this case, PMT and HPGe give a coinci-
dence. The events in liquid scintillator with the only one Compton scattering occurred
during gamma propagation are of our interest: they contain information about the re-
sponse of liquid scintillator to a single Compton electron. On the contrary, the events
with multiple Compton events may spoil the result. They produce less light for a given
energy than single Compton events since quenching should be applied for each Comp-
ton electron. It leads to a systematic shift of the central value for the PMT response.

One may avoid the problem with multiple Compton events and, probably, even use
them as an additional source of information for simulations tuning, if Monte Carlo can
precisely reproduce the distortions observed in the coincidence diagram.

Another possible source of the systematic error is an interaction of the scattered elec-
trons with the walls of the cell. It was found negligible (the typical range for 100 keV
electrons is less than 0.2 mm). Also, an interaction of the photons with an environment
and parts of the setup can induce some systematic effects. Monte Carlo simulations with
detector geometry in GEANT4 can fully predict this kind of features of the data. Several
other key questions could also be analyzed with Monte Carlo:

e What is the nature of the structures on the coincidence diagram? How they affect
the measurements?

e What is the contribution of the systematic error due to multiple Compton events
for different configurations of setup?

e Which experimental strategy is better for measurements?

First, let us analyze the Compton spectrum in the liquid scintillator without taking
into account coincidence with HPGe detector. Modeled spectrum in the liquid scintil-
lator is shown in Fig The contribution from the multiple Compton events is quite

Figure 2.22: Experimental setup geometry simulation. On the picture: light tight cylinder with
liquid scintillator cell and source inside, table and HPGe detector with support.
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Figure 2.23: GEANT4 simulated Compton spectrum for '*’Cs gamma in the cell with liquid scin-
tillator. Single and multiple Compton components are shown. No energy resolution applied).

significant: the ratio N/u/tirte y1Compton _ ( 4 Tt js difficult to say so far how it affects

our measurement since when the coincidence applied, some events became forbidden
by kinematics.

Compton spectrum for HPGe could also be simulated. The comparison between the
simulated spectrum and real data is presented in Fig. The simulation satisfac-
tory reproduce all spectral features. Significant deviations could be explained by quite
complicate detector response function discussed previously (Fig. 2.13). Also, all effects
related to X-ray emission are not reproduced by simulations. For our current purposes,
the Gaussian shape of the full absorption peak could be assumed.

The full absorption peak is of high importance since in coincidence measurements
the energy of electron E, could be reconstructed correctly if and only if the energy of
scattered gamma is fully deposed in HPGe detector.

Scatter coincidence plot

2d scatter plot of the coincidence events (energy deposed in HPGe vs energy deposed
in LAB) is shown in Fig. 225 The origin of the peak in the field Ejp,. = 488 keV
and E;s = 50 keV was determined when the code was modified in order to see in
which detector the event occurs first (Fig. [2.26). It is clear that the peak corresponds
to the situation when gamma has a backscattering in the HPGe detector first and then
scattering in the liquid scintillator.

One should remember that on the diagonal where events of interest are located there
are both single and multiple Compton scattering events (Figl2.27). So far they are all on
the diagonal because the quenching effect is not yet applied (Fig2.27).

Since in Monte Carlo simulation the energy of all particles is known, we can build a
condition for non-distorted events: Frs+ Expge = E, that is the energy deposed in the
liquid scintillator plus the energy deposed in the HPGe detector should be equal to the
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Figure 2.24: Comparison of the data (red) and Monte Carlo (blue) for HPGe detector. 137C's source.
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Figure 2.25: Scatter plot for the coincidence events. No quenching was yet applied.
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energy of the incident gamma.
Another, alternative way to check if an event is biased by multiple Compton events
is a condition which distinguish biased events at some level of acceptance e (Ref. [17]):

|ENie — L(Ey — Enpge, kB)| < € (2.35)

where Efje = 32, B8 otion = 2i L(ECompton, kB) is visible energy in the liquid scintil-
lator and L(E, — Erpge, kB) is an expected visible energy if only one Compton scatter-
ing event occurred. The function L(T, kB) was previously defined by expression (2.11).
ep is a parameter of acceptance that was set at e = 0.15keV (0.5 % systematic deviation
at 30 keV). This condition should be applied before smearing with energy resolution. The
result of application of such condition is presented in Fig. where events that were
not accepted were indicated by red. As one may see the contribution of multiple Comp-
ton events, which produce significant deviation, is not that large in the energy range up
to 80 keV. Thus, we can treat the effect of bias by multiple Compton events as not sig-
nificant for non-linearity and intrinsic resolution measurement for a given experimental
configuration.

Current data consists of the long run for 37Cs source. The source was placed 20
deg off-axis of the HPGe detector. This angle corresponds to energy of electron E, =
47.97 keV. Such energy will have an electron produced by gamma scattered in the very
center of the cell. There is no collimation, so larger and smaller than 20 deg scattering
angles are also possible. The data acquisition run consisted of six sub-runs (Table [2.3).
Each sub-run included the HPGe calibration period (5-10 min), laser calibration (5-10
min) and coincidence acquisition periods (from 2 to 14 hours).

The time evolution of the energy scale of the detector could be compensated if the
variation of the gain and baseline are corrected for both PMT and HPGe. HPGe cali-
bration period provides information about the evolution of the energy scale, acquiring
the data from two gamma sources. Laser calibration period acquires the low light level
signals with a trigger from the laser. Finally, the coincidence acquisition period is used
to measure non-linearity and resolution of the liquid scintillator.

Based on these considerations as well as additional analysis of x?, that is not pro-
vided here, the range Q,,:(2.3;4.37) V - ns that corresponds to Np.(11.5,21.8) was cho-
sen. This range corresponds to HPGe energy 36.5-63.5 keV. One may increase the vertical
range of DAQ to make this range larger; however, it introduces the problem of the base-
line shift due to limited DAQ resolution.
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Figure 2.28: Investigation of multiple Compton events systematic effect: examples of the slices
for different energies. Events which were accepted by condition (2.35) are, represented by green,
otherwise by red. (Ref. [17]). Configuration of the setup: Lsource—ceti = Lceli—detector = 30 cm,
6 = 0deg.
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Data analysis

Current data consists of the long run for '37Cs source. The source was placed 20 deg off-
axis of the HPGe detector. This angle corresponds to energy of electron E, = 47.97 keV.
Such energy will have an electron produced by gamma scattered in the very center of
the cell. There is no collimation, so larger and smaller than 20 deg scattering angles are
also possible. The data acquisition run consisted of six sub-runs (Table 2.3). Each sub-
run included the HPGe calibration period (5-10 min), laser calibration (5-10 min) and
coincidence acquisition periods (from 2 to 14 hours).

The time evolution of the energy scale of the detector could be compensated if the
variation of the gain and baseline are corrected for both PMT and HPGe. HPGe cali-
bration period provides information about the evolution of the energy scale, acquiring
the data from two gamma sources. Laser calibration period acquires the low light level
signals with a trigger from the laser. Finally, the coincidence acquisition period is used
to measure non-linearity and resolution of the liquid scintillator.

Table 2.3: Run description. Subruns with HPGe, laser and coincidence periods duration in min-
utes.

subrun HPGe laser Coincidence
1 10 14 90
2 10 10 94
3 11 10 105
4 11 10 120
5 10 14 14 hours 15 min
6 10 10 3 hours 46 min

PMT scale calibration, baseline calculation, and measurement of v,,

Laser period of subrun has several purposes: gain variation control, measurement of
mean m, and standard deviation o, of the charge of single photoelectron for charge
Qpmt PMT scale calibration in number of photoelectrons:

Np.e. = Q/ms (236)
and v, calculation as
_ (Ts 2
U, = (ms) (2.37)

To achieve the single photoelectron regime (with mean number of photoelectrons
i ~ 1) the intensity of the laser was adjusted by the variable optical attenuator. In Fig.
the fit with functions and of the acquired histogram is presented. The
mean m, and standard deviation o, of single photoelectron response are determined by
both the first peak and exponential part.

The typical value of the single photoelectron charge was found to be

ms ~0.2—0.21V-ns (2.38)

Gain variation peak to peak is about 5 % in approximately one day of acquisition.
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Figure 2.29: The fit of the PMT response with the function (2.33) to low light intensity signal with
average number of photoelectrons i ~ 1 per laser trigger. Parameters mis,0m, s and mas,0m, s are
denoted as p1, p2 and pa, ps, correspondingly.

Based on the acquired information the relative variance of single photoelectron re-
sponse could be calculated:

U, = 0.0496 £ 0.0010 (stat) £ 0.0014 (syst) (2.39)
where statistical error d,,, was propagated from the relative errors of m; and o, as:
J )
dv,, = 2Um, T )2 4 ()2 2.40
o = 2 (2274 () (2.40)

Systematic error is a standard deviation of the mean values for six independent mea-
surements for each sub-run. Since v,,, evolves with time as well it was decided to calcu-
late it for each sub-run separately.

HPGe real-time calibration

Evolution of gain and baseline with time could easily spoil energy calibration of HPGe.
It was decided to track the evolution of HPGe energy scale with calibration runs during
the acquisition to avoid this problem. The energy scale of HPGe in the energy range of
interest was found to be very linear, so practically two points are enough to fix it. During
each HPGe acquisition period, 2!°Bi source was adjusted.

For the fit of the full absorption peak a combination of two functions are chosen:
”crystal ball function” that can well reproduce the asymmetrical distributions with a tail
at lower energies (see long and short-term tail in Fig. (Ref. [110]):

_(z—1)? T=F o _
fcrystal(x;cvjvo—vn»a) = C : N(TL,O[) : e‘rp( 20° )’for 7 _? @ _ =
A(n,a) - (B(n,a) — £=%)7" for =% < —a

(2.41)
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Figure 2.30: The fit of the '*"C's gamma absorption peak. x*/Ndf ~ 1.27. The meaning of param-
eters: po =C,p1 =%, p2=0,p3=n,ps =0q,ps =a,ps = b, pr =c.

and Fermi step-like function to reproduce background continuum (background con-

tinuum, Fig2.13):

_ a
ffermi(x; a,b,c, f) = 1+ e:cp[(x — f)/c] +b (242)

The fits have x?/Ndf ~ 1.5 — 2 (Fig. 2.30). The study of residuals of the fit reveals
oscillating behavior of neighboring bins (Fig. [2.31). Thus, most probably the problem of

the high x? is related to binning. The DAQ resolution determines actual bin size, and it

is 3 times bigger than optimal bin size ¢ /5 (Ref. [111]). Thus, it is necessary to have a

DAQ module that has at least 12-bit resolution. It is better to have several points (let us

say four) per 1 bin to avoid the problem of oscillation; thus 14-bits is a requirement.
Despite the fact of bad x?/Ndf the determination of the Z is quite precise thanks to

relatively small o = 3-107* V - ns and large number of counts in the peak N = 2.5 x 10%.
the standard error of the mean (SEM) is given as

65EM — 5 /v/N ~1.9-107°V -ns (2.43)

it is similar to the fit result 6" = 2- 1076 that is 1073% or 6 eV in energy units.
Even if we exceed this value by a factor of 10 the time evolution of the full energy peak
position still could be distinguished (Fig[2.32} note the error bars are increased by factor
10). The variation of just 0.25 % peak-to-peak leads to the shift of the energy scale by
1.3 keV which, as we will see further, is quite large for non-linearity analysis. Therefore,
the compensation of non-linearity measurements of HPGe energy scale is necessary. The
impact of HPGe energy scale shift on k3 measurement will be presented further in the
context of the study of systematic effects. In any case, the systematic error of the F, due
to the slicing of the two-dimensional histogram is quite large, being half of the slice or
0.5 keV. Therefore the compensation of the energy scale should eliminate the systematic
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Figure 2.31: Residuals for the histogram fit Fig. Oscillating behavior suggest the problem
with binning: the bin size which is dictated by DAQ resolution is too large, violating the recom-
mendation “binsize = o /5”.

effect related to it. On the contrary, the shift of the HPGe energy scale is not relevant for
the energy resolution measurement.

Correction of the energy scales

The scales of PMT and HPGe should be corrected with calibrations periods provided at
the beginning and the end of the coincidence period of a sub-run.

The charge collected by PMT was corrected and normalized to provide ms = 0.2V -ns
for all sets of the data:

Q= 0-2(@ —b(t)) (2.44)

where m,(t) and b are single photoelectron amplitude and baseline in a given time ¢
of acquisition.
For HPGe detector we have an evolution of the coefficients s(t) and m(t) and relation

E=K(t)x Q+ B(t) (2.45)

which determines the conversion of the energy scale. The evolution in time of PMT
and HPGe is supposed to be linear for each sub-run. This is a reasonable assumption

(see Fig. as well as Fig. and Fig. 2.17).

In linear approximation we have the expression for evolution of the parameter 7 that
could be mg, b, K or B:

U(t) = (nstart - nend)(t - tstart)/(tend - tstart) + Nstart (246)

where t544r+ and t.,q are moments when coincidence period starts and stops, nstert =
n(tstart) and Nend = n(tend)-
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Figure 2.32: Stability plot for 6 subruns. Evolution of the shift of full absorption peaks for **"Cs
(empty circles) and *°“Bi (filled circles) expressed in %. Note that experimental error are 10 times
enlarged.

Coincidence histogram. Slicing.

The most extended sub-run 5 was used for the analysis. Applying calibrations and cor-
rection of the energy scale and expressing the energy of Compton electron via energy
deposed in the HPGe, we can obtain coincidence histogram with E. versus Qp,,: shown

in Fig 233

Cutting in 1 keV slices along the x-axis and projecting the result on y-axis provides
one-dimensional histograms for the fit to determine the response of the liquid scintillator
to the electron with energy E..

For each slice a sum of Gaussian (C,Q,0¢) and 1-order polynomial (ag,a1) functions
was chosen for fitting. It reproduces well the profile of the peak for a given energy of the

electron (Fig. [2.36).

The x?/Ndf versus slice number is presented in Fig. < x?/Ndf >= 1.1 in the
range of the analysis (slices with number between 36 and 63 or E. = 36.5 — 63.5 keV).
The fit results for mean value of charge Q,,,: and standard deviation o¢,,,, of each slice

are presented in Fig and Fig

The range of the analysis is determined by discriminator threshold at low energies
and dynamic range of the DAQ (vertical range and offset). The effect of PMT non-
linearity is not significant since the upper range V;,,q, is quite far from saturation (the
value provided by the manufacturer is 2 % non-linearity at 1.5 V). The signals which are
close to the threshold (Q ~ 1.5V x ns) and maximum of the acquisition vertical range
(Q ~ 4.5V x ns) could be distorted (see Fig. [2.38). Also at low energies the response may
became Poissonian (for N, < 10 p.e. or @ < 2) and Gaussian fitting became not valid
anymore.



Energy response of the large liquid scintillator detectors 83

mel. Vxns

50
E,, keV

Figure 2.33: Coincidence histogram for electrons produced by scattered gamma. Diagonal struc-
ture contains information about the non-linearity and energy resolution of the liquid scintillator.
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Figure 2.34: The result for the mean value of the peak () £ d¢ versus slice number.
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Figure 2.36: Example of the fit of the 1 keV slice (a cut of 2d coincidence diagram along x-axis).
The meaning of parameters: Gauss po = C, p1 = @, p2 = 0g and polynomial p3 = ao, ps = a1
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Figure 2.38: The diagram of the amplitude in Volts versus integral charge @ in V x ns. The signals
which are close to the threshold (Q ~ 1.5V x ns) and maximum of the acquisition vertical range
(Q ~ 4.5V x ns) could be distorted.

Based on these considerations as well as additional analysis of x?, that is not pro-
vided here, the range Q,m:(2.3;4.37) V - ns that corresponds to N,.(11.5,21.8) was cho-
sen. This range corresponds to HPGe energy 36.5-63.5 keV. One may increase the vertical
range of DAQ to make this range larger; however, it introduces the problem of the base-
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line shift due to limited DAQ resolution.

Results

Non-linearity determination

One can extract information about non-linearity of the liquid scintillator performing the
fit of the curve in Fig. 2.34in the energy range of the analysis with expression with
two free parameters: light yield Y, and quenching factor kB. Even though the range of
the analysis is small, experimental points fix the parameter kB quite well. Though Monte
Carlo preliminary studies showed that the contribution of multiple Compton events in
the analysis range is small, the more detailed investigation should be performed to es-
timate this effect. Another critical factor which is still beyond of discussion is the light
collection inhomogeneity that may introduce bias as well. Since small ,we assumed that
light collection effect is negligible. This assumption could be verified in the future Monte
Carlo simulation studies.
The fit gives

kB = 0.0195 % 0.022 (stat) cm/MeV, (2.47)

which corresponds to about 8 % relative error. It is quite good statistical error com-
pared to the determination of kB by calibrations with sources in large liquid scintillator
detector, e.g. 6 % for Borexino (Ref. [91]]). The statistical error of experimental points is
6q = 0g/V'N. This error could be reduced by acquiring more data to increase the pre-
cision of the ) determination. Increase of the light collection of the setup also improve
the result: in this case o is reduced.

To take into account systematic effect of the HPGe energy scale shift we performed
two other fits with Eypge + 0.5 keV and Exypge — 0.5 keV. In principle, this systematic
effect of the slicing could be determined by means of the analysis of Monte Carlo sim-
ulated data what is planned in further studies. With 0.5 keV shifted energy scale, we
have:
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kBio.5 = 0.022 4+ 0.00185 (stat) cm/MeV (2.48)
for Egpge + 0.5 keV and

kB_o5 = 0.0172 £ 0.0015 (stat) cm/MeV (2.49)

for EHPGe — 0.5 keV.
Incorporating all three results, we finally obtain

kB = 0.0196 & 0.0019(stat) & 0.0024 (syst) cm/MeV (2.50)

with a very conservative systematic error estimation that could be reduced in the
future analysis. So far, the result has a total precision 16 %. As it was told before the bias
due to double Compton events and light collection inhomogeneity should be taken into
account to obtain an actual kB of liquid scintillator.

To make threshold lower significantly and to catch up the most essential and truly
non-linear part of the measurement, one needs to achieve higher photoelectron light
yield to avoid close-to-threshold deformations and Poissonian statistics at lower ener-
gies. So far the threshold ~35 keV (~10 p.e.) was achieved. Still, there is room for
increasing photoelectron yield by the factor of 3 to achieve 10 keV threshold.

Intrinsic energy resolution

From the fit of the slices it is possible to obtain vg (E.), the variance of the charge @ as a
function of electron energy (2.19):

0.2
vo(Ee) = Q% 2.51)

As we discussed in Section 2.7]it consists of four contributions: statistical term vy, =
%, light collection term v,, intrinsic resolution term v;,; and dark noise term v4. The
pee.

dark noise vg term is completely negligible for our setup since the probability to obtain
a dark pulse in the 200 ns acquisition window with typical dark rate about 2 kcps is 0.04
%. The term v;,,; is of interest for us and it could be found as

Vint = VQ — Vst — Up (2.52)

The first term v, could be precisely determined since both values N, .. and v,, are
available from the PMT scale calibration. It is believed that this term can be reduced by a
factor 3 by increasing the light collection and therefore photoelectron yield. The current
value is about 450 p.e. at 1 MeV that corresponds to the photoelectron yield found in
Borexino (Ref. [91]]). The factor three improvement will make it closer to the yield of
JUNO detector. For this purpose, the plane window PMT ﬂ have to be used, and the
system have to be optically optimized.

There is no way to determine v, from this measurement. In principle, v, could be esti-
mated by optical Monte Carlo simulations. However, the reliability of such simulations
should be verified to ensure correctness of estimatiorm Though before simulations it

% One can also consider a configuration when two PMTs are coupled from two sides of the cell (as in Ref.
[105]). It increases overall photocathode coverage and reduces the role of the reflectively index of the walls of
the cell

10 Light collection inhomogeneity may produce visible energy-dependent effects on 2d coincidence diagram
such as shifts of the energy response for certain energies. One may think about usage of this fact for Monte
Carlo verification: it probably could reproduce these effects
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Figure 2.40: The va = v, + vin: term (large black squares) and statistical term v, (small black
dots) in the energy range 36-63 keV. The result for v;,: from Ref. [18] (triangles) is provided for
comparison.

would be better to optimize the setup by increasing the light collection and reducing the
uncertainties related with the optical properties of the system|['| As the rule of thumb,
the bigger the light collection is, the smaller is its variation. Recommendations that are
valid for the reduction of the v,; are also valid for v,.

Since the v, component is not yet determined, it is possible to measure only the sum
of intrinsic energy and light collection terms va = vint + vp:

1+,
N,

p.e.

VA = Vint + Vp = VQ — Vst = VQ — (2.53)

va extracted from the analysis of the data permits to make a valuable conclusion
about the size of the intrinsic resolution effect: the maximum contribution of intrinsic
energy resolution into the total variance will be:

Vit = v (2.54)

1 2
Both terms vg = (75)” and vy, = llf,:;" = % depend on the @ and correlate.

Thus, for error propagation of v, it is necessary to consider both terms together:

gs \2
(IQ)2_ 1+(E)

Q Q/m, (259

VA = UA(Q70Q7m87US) = (

with error calculated:

11 Reduction of the overall optical complexity of the setup increases the reliability of the simulations. If the
geometry of the setup is simple and light collection very high, only one parameter, the reflection of the walls,
could be chosen to describe the effect of the light collection
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Table 2.4: Error propagation terms for va(Q, 0q, ms, 0s) and their characteristic values for E. =
50.5 keV.

ova dva dva dva 8%va 8%va
2Q dog Oms 0o s 0Q0og OmsOo

—(a+10)/Q  216/Q  (tn—1)/Q —2om/Q —40g/Q®  20,/(m2Q)

v ov Ov Ov 9%y 9%v
( 3(5 3q)? (aag 5%)2 (8mAS Om, )? (aaf 0s.)° aQaﬁQ 0Qoq om0, Om.o.
7% 1077 1x107° 33x1077 45x1077 29x107% —29x10°8
dva 821}A 82UA
2 22
02, = > (57) 62 + 600 + =10 (2.56)

3 Qo Q MsOTs
=0 ooy 0Q0o¢ Oms0o

The analysis of the typical values of terms (Table. suggests that the dominating
term is

9va
80’Q

(

It suggests that the result could be improved using higher statistics acquired to in-
crease the precision of 0. For four times reduction, we should have 16 times more
statistics (instead of 14 hours x 14 ;Ci of sub-run 5, one needs to acquire 9 days x 14
p Ci), which is quite time-consuming. Since the term is proportional to the vg as well,
the improvement of the precision is also possible if the total energy resolution will be
increased, that could be achieved through the improved light collection. General ex-
pression for the scaling of the data-taking time is

§9g)? = 40q(054)°/Q° (2.57)

~ L (2.58)

(Np.e./450 p.e.)y/t/to

where tg = 14hours x 14uCi

Improvement of the light collection also reduces the contribution of the v, into the
vs, making the presence of the v;,; more evident.

The results for v measurement are shown in Fig. [2.40] by large black squares. By
small black dots the statistical term v,; is presented. The effect of the presence of va
term is quite robust. The v;,; term in a EJ301 liquid scintillator from Ref. [18] (triangles)
is provided for comparison. Even though the liquid scintillators are different, it is the
only data available in literature. It is not possible to derive a definite conclusion about
the presence of v;,+ since v, contribution remains unknown. It is probable that large va is
generated by variance of light collection term v, and v, > v;y,;. Further investigation that
includes optical Monte Carlo simulations and determination of v, are necessary. With
the further upgrade of experimental setup by increasing the light collection, in principle,
the regime v, < v;n; could be achieved. In this case, the experimental technique will
permit v;,; discovery.
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Conclusions

The 3 % energy resolution at MeV and 1 % energy scale uncertainty are the crucial re-
quirements for reactor neutrino program realization of JUNO that includes Mass Hierar-
chy determination, CC NSI measurement, the study of the fine structure of the antineu-
trino spectrum and other topics. Moreover, these parameters determine an overall ability
of the detector to distinguish signals from backgrounds by energy spectrum fitting pro-
cedure. This chapter was dedicated to the description and investigation of non-linear
energy response and energy resolution of the liquid organic scintillator, since their great
importance for large-scale detectors.

Starting from the first principles of propagation of electrons (positrons) and gamma
quanta in media and introducing ionization quenching and Cherenkov radiation phe-
nomena, the full description of the energy scale in the energy range up to 100 MeV were
provided. It was shown that the quenching and Cherenkov contributions into the total
energy scale non-linearity could be decoupled, thus suggesting the range up to 100 keV
to be sufficient for the measurement of the Birks’ ionization quenching constant k.

This range is supposed to be optimal for intrinsic energy resolution measurement
as well since, if the hypothesis about the origin of intrinsic energy resolution due to
delta-electrons fluctuations and non-linear response of the liquid scintillator is correct,
the effect is expected to be the strongest.

It was shown that non-linear effects are relevant not only in the energy range below 1
MeV but also manifest themselves at higher energies due to radiative energy losses with
the strength that depends on the fraction of Cherenkov light in the total energy losses.

We mainly focused on the liquid scintillator contribution to the energy scale non-
linearity and energy resolution. Other effects (such as the main statistical term or light
collection contribution into non-linearity and energy resolution) were investigated only
for the determination of B and v;;.

Theoretical consideration of the system (PMT+liquid scintillator) provided us with
an expression that described energy resolution of the detector in the most general way
and gave a mathematically strict definition of the intrinsic energy resolution term. This
description gave a clue for intrinsic energy resolution measurement.

In this work, I treated kB and v;,; as a properties of the liquid scintillator by itself
and invariant under the change of experimental apparatus for a given liquid scintillation
recipe and temperature conditions. Thus, if all systematic effects are appropriately taken
into account, these values should be found the same in small and large experimental
apparatus.

In the second part of the chapter, I present the development of the experimental tech-
nique for characterization of liquid scintillation response to electrons. It is based on the
Compton coincidence techniques with High Purity Germanium (HPGe) for scattered
gamma detection. The energy of an electron is reconstructed from the difference between
initial energy of a gamma and energy of scattered gamma deposed in the spectrometer.

Experimental apparatus was constructed using the equipment available in the labo-
ratory. HPGe detector was calibrated in units of energy. The stability of the system was
carefully examined and experimental data corrected to reduce the systematic effects of
instabilities on measured quantities.

The photomultiplier tube was calibrated in units of photoelectrons and v,,, was mea-
sured, providing a precise determination of the statistical term.

For overall optimization of the setup and the study of systematic effects, induced by
multiple Compton scattering, the Monte Carlo simulation program was developed.

The analysis was limited by the window 36-64 keV due to the presence of the thresh-
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old at low energies and upper vertical range border of DAQ. The data in this window
was fitted with Birks’ model to determine kB including a conservative systematic error
due to the slicing procedure.

Data analysis of the coincidence histogram and the fit with L(T};,, kB) function pro-
vided the ionization quenching constant value:

kB = 0.0196 £ 0.0019 (stat) & 0.0024 (syst) cm/MeV

By the calibration of the PMT, the statistical term v,; was precisely determined and
the contribution of the intrinsic energy resolution v;,; was extracted from the total rela-
tive variance vg as Vint = vQ — Vst-

The magnitude of IER was smaller compared with the value found in Ref. [18] for
EJ301 liquid scintillator. However, since both effects should depend on the type and
composition of the liquid scintillator the comparison with the present data is only in-
dicative.

The result was obtained assuming that the effects of the light collection could be
neglected (v,/vg << 1). As an outlook, the precise estimation of the light collection for
this setup configuration should be conducted in order to ensure that the contribution of
vp is not significant to mimic the observed intrinsic resolution effect.
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Introduction

A crucial requirement for low energy neutrino detection is radiopurity of the detector
target: in the range of solar (0.1 - 15 MeV) and reactor neutrino physics (1 - 10 MeV)
several radiative isotopes can mimic signal from neutrinos. The relatively high natural
presence of 2**U and 232Th in liquid scintillator in the form of dust and organometal-
lic compounds became a challenge for large-scale liquid scintillator experiments. This
challenge could be overcome with several purification techniques.

Use of IBD reaction makes radiopurity requirements softer since neutrino signal has a
coincidence tag and could be discriminated from backgrounds. Still, there is a possibility
for a random coincidence of signal and background that dictates minimal permissible
concentrations of contaminants. Current concentration C' requirements (in grams of the
element per gram of LS) for Mass Hierarchy determination are

C <10 %g/g (3.1)

for both 238U and 232Th (Ref. [9], [112]).

Solar neutrino program is more challenging than the mass hierarchy determination.
It uses elastic neutrino scattering reaction that doesn’t have a coincidence tag and re-
quires one order of magnitude smaller concentrations of contaminants to achieve good
signal /background ratio.

The purification results for Borexino detector (Ref. [113]) are 238U and 23?Th < 10~ ¥g/g,
three order of magnitude better than requirement for reactor neutrino detection and
one hundred times better than solar neutrino requirement. Therefore, technologies and
experience gained during Borexino design and operation guarantee that the requirement

can be achieved.

Such tiny concentrations could not be detected by any method in an above-ground
laboratory. Therefore, the only way to check the radiopurity of the LS at such a low level
is to fill large and sensitive enough detector located underground.

Apart from 2**U and ?32Th there are other radioactive isotopes that may significantly
contribute to background (Table . For example, ‘K that could be found in PPO. PPO
crystals may have higher “°K concentrations with respect to linear alkylbenzene being
produced synthetically. Once linear alkylbenzene is mixed with PPO, ions of “°K should
be removed from the solution. Another relevant sources of background are gaseous
222Rn, ®Kr and 3°Ar. All three are presented in air: ?**Rn ~ 10 — 100 Bq/m?, 85Kr ~
1 Bg/m® and *°Ar ~ 16 mBq/m®. Moreover, ?*?Rn, being part of the **U-chain, can
be emanated from materials. To avoid gaseous contamination the entire detector and
filling system should be leak tight and gas stripping should be performed to extract
contamination dissolved in liquid scintillator (Sec. 3.2). The presence of #?Rn in detector
could an indication of an air leak in the storage, purification plants or in the detector.

Particular attention should be given to all interior cleaning of detector and filling
system to reduce the amount of parent 2!°Pb isotope attached to the surface, another
important source of background.

Some other sources of background, !'C, 1*C and "Be produced by cosmic ray activa-
tion, are not covered in this study. The first one is intrinsically presented in LS since its
organic nature.
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Table 3.1: The list of main contaminants of liquid scintillator and removal strategy

Radioisotope Contamination source Typical value Removal strategy JUNO requirement
222Rn Air, emanation from materials < 100Bq/m®  Stripping -

28y Dust suspended in liquid 10-%g/g Distillation and Water Extraction < 10~'%g/g

Z2Th Dust suspended in liquid 10~°g/g Distillation and Water Extraction < 107°g/g

40K PPO used as doping material ~ 10~%g/g Water Extraction <107 %g/g

39Ar, 2 Ar Air 1Bq/m?® Stripping -

85Kr Air 1Bq/m? Stripping 1pBq/m?

The level of contamination of the liquid scintillator by some element *<lement could
be well estimated with the rate of their radioactive decays rategecqy:

melemem[ /o] = ratedecay[Bq/m?i]Tl/QM
mrs &/8l = In2N 4plg/m?]106  °

where T /5, M and p are half-life, molar mass and density of the element. Usually,
only some part € of decay events is detected, and measured rate should be corrected to
obtain the rate of radiative decays:

(3.2)

ratedecay = Tatemeasured/e (33)

Therefore, the problem of the estimation of the concentrations consists of the deter-
mination of the experimental rate ratemeqsured and efficiency e of detection.

Let us suppose that secular equilibrium in the radioactive chains of 2**U and **Th
is established. The rates could be determined by coincidences between ?'*Bi (3 Q-Value:
3.27 MeV) and 2'Po (« 7.8 MeV) for 232U (?22Rn) and between 2'2Bi (3 Q-Value: 2.25
MeV (64 %); « 6.2 MeV (36 %)) and 2'?Po (a 8.9 MeV) for 32Th. Thanks to relatively
short life-time of 2!*Po (T, = 164.3us) and 2'*Po (T}, = 0.29us) the coincidences
could be clearly distinguished in a whole set of triggered data.

Other important issues are optical transparency and the absolute liquid yield of the
liquid scintillator. They determine the total number of detected photoelectrons and,
therefore, the statistical term of the energy resolution (chapter [2). In Sec. B.3| the results
on transparency characterization of liquid scintillator are discussed. Search for an opti-
mal LAB+PPO+bis-MSB composition of the liquid scintillator goes beyond the current
scope of this study.

To test purification technologies, estimating radioactive contamination as well as in-
vestigate optical properties, it was decided to build a prototype of a purification sys-
tem which consists of four pilot plants. Each one corresponds to a distinct process of
purification: alumina oxide filtration, distillation, water extraction and gas stripping.
JUNO Milan group was responsible for distillation and stripping plants. Their descrip-
tion is given in Sec. Alumina oxide and water extraction plants were designed and
operated by Chinese colleagues. The summary of contaminants mentioned above and
corresponding purification strategy are provided in Table

The system was placed in underground experimental hall 5 of Daya Bay experiment
to perform a test in conditions that are very close to the future filling and operation of
JUNO. One of Daya Bay detectors was connected to the system to be used as a prototype
detector. In advance, Daya Bay liquid scintillator was replaced with ultra-pure water to
be refilled with liquid scintillator of JUNO. In the next subsections the general informa-
tion on detector geometry, acquired data set and fiducial volume are provided. I took
part in pilot plants test conducted in February-March 2017. Based on data acquired from
Daya Bay detector I established an estimation of the radiation contamination of 23*U and

#32Th presented in Sec. [3.4/and
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Figure 3.1: Distillation pilot plant sketch (see the text for a description)

Distillation and stripping pilot plants

Distillation

The process of distillation is well suited for removal of 233U and ?*?Th as well as
extracting heavy fractions of liquid scintillator which may degrade optical transparency
in the range 350-550 nm. The sketch of distillation pilot plant is shown in Fig[3.1} The
principal part of the plant is 7 m high and 20 cm large column with 15 kW electric re-
boiler (heater) and condenser-preheater on the bottom and top, correspondingly. 6 sieve
trays separate space between reboiler and condenser-preheated with holes. The LAB
from the input tank is fed to the column in the middle tray section at a flow rate of 102
1/hour. It is preheated in upper section of the column up to 160°C. Counter-current flow
of liquid (that falls) and gas (goes up) is organized in the column. The trays are placed
to establish a close contact of two phases to perform heat and mass transfer from vapor
to liquid. This process enriches the liquid flow with heavy impurities, reducing contam-
ination in up-going flow and the temperature of the vapor. Finally, vapor reaches the
condenser where some part of the liquefied scintillator is directed into the product tank,
and another part flows down forming a downstream of the LAB. When liquid exits from
the column in the product and the bottom tanks it is cooled in heat exchangers down
to ambient temperate. Two diaphragm pumps guide the flow of LAB from the product
(100 1/hour) and the bottom (2 1/hour) tanks. Before being sent to the next stage of pu-
rification, output flow passes through 50 nm pore filter to block any particles and metal
dust that could be introduced in the plant.

The pressure inside of the column is kept below 5 mbar to reduce the boiling point
(< 200°C) and preserve LAB from thermal degradation. The system is equipped with
a vacuum pump (VC) to achieve this pressure. The entire system is kept under N at-
mosphere to avoid any oxidation and to reduce fire risk. About 2 % of the input flow is
discharged from the bottom of the column into the drain tank.

Stripping
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Figure 3.2: Stripping pilot plant sketch (see the text for a description)

The gas stripping is a separation process in which, one or more dissolved gases are
removed from the liquid phase and transferred to the gas phase by the desorption mech-
anism. To remove radioactive gases such as ???Rn, 8°Kr and 3°Ar as well as oxygen (that
could decrease the light yield |') At the very last stage, liquid scintillator passes by the
stripping column. The principle of operation is desorption of gaseous contaminant dis-
solved in liquid scintillator into the vapor steam or nitrogen flow.

The sketch of the plant is shown in Fig. After filtratgion and preheating, scintil-
lator stream enters in the stripping column from the top, while ultrapure vapor steam
and nitrogen enter from the bottom. The column is filled with unstructured packing that
forms a large contact surface between two phases. Nitrogen is purified with active car-
bon since its quality determines the radiopurity that can be achieved by stripping. Use
of vapor steam is preferable since it has two advantages: it is much easier to produce ul-
trapure water than nitrogen, plus, at higher fluxes of nitrogen special ventilation system
should be designed to prevent an increase of nitrogen in an experimental hall.

Absorption length

It was possible to estimate the efficiency of distillation and stripping column only after
the detector is filled with liquid scintillator. However, some indications on the purity
of the LAB and column efficiency could be given by spectrophotometry. In Fig. the
comparison of absorbance for raw and distilled LAB is provided. As one may see, the ab-
sorbance is reduced by a factor 4 in the range 350-450 nm. It tells about the improvement
of the quality of LAB in terms of optical properties and, indirectly, radiopurity.
Moreover, spectrophotometry of a sample of liquid scintillator after stripping plant

IThough this effect was found to be not so relevant for LAB compared to pseudocumene, for example Ref.
114].
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Figure 3.3: Absorption spectra of raw and distilled LAB

(not represented on the plot) showed that stripping does not degrade its optical proper-
ties.

Daya Bay detector geometry

One of the Daya Bay’s detectors (called AD1) was chosen for the liquid scintillator pu-
rification test. The scheme of the detector is represented in Fig. The target mass
called Inner Acrylic Vessel (IAV) is a = 1.5 m-radius and » = 3 m-height cylinder. It
is placed inside outer acrylic vessel (OAV) with r = 2m and h = 4 m. There are three
calibration sources inside: two for IAV (ACU-A and ACU-B) and ACU-C for OAV. The
calibration ACU-A source is on the central axis. ACU-A is a combined source: LED +
BGe + 22! Am!3C + 5°Co. ACU-A was used for detector calibrations during the oper-
ation. ACU-B source was removed in order to install an acrylic tube for refilling. At
the beginning of the operation, Daya Bay LS from IAV was replaced with water (16-20
February 2017). Then (20 February - 16 March 2017) this water was replaced with 20 t
of a newly purified liquid scintillator (see Fig. 6 in Ref. [112]). It passed through dif-
ferent stages of purification: aluminum column filtration, distillation, water extraction
and, finally, stripping with nitrogen (or water vapor). After distillation and before wa-
ter extraction LAB was mixed with PPO (bis-MSB) to prepare a master solution. This
is the point of no return: once LAB is mixed with PPO and bis-MSB, it could not pass
through the aluminum column filtration and distillation again. More information on the
procedure could be found in Ref. [112] . The very first batch of the liquid scintillator
consisted of pure LAB. Then PPO and bis-MSB were introduced, and the concentration
of flavors was increased through several intermediate steps up to 4 g/1 of PPO and 13
mg/1 of bis-MSB to determine the dependence of the light yield from PPO and bis-MSB
concentrations.

Since the LS solutions in IAV (JUNO LS) and OAV (Daya Bay LS) have different
PPO and bis-MSB concentrations, the light yield was expected to be also different. The
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Figure 3.4: The scheme of one of the Daya Bay’s detectors, AD1, used for the purification test.

starting JUNO LS with composition LAB + 0.5 g/L PPO has a light yield about 40%
lower than LAB + 3 g/L PPO + 15 mg/L bis-MSB of Daya Bay LS.

Data set

The acquisition system of AD1 detector collected the data. Then it was also acquired
in parralel by newly installed FADC which reduces the dead time (299 ns) of acquisi-
tion significantly. It was necessary for an efficient **Th detection since ?!?Bi-*'?Po has
a very small time of coincidence. All essential reconstructed data was stored in a root
file. The root file contained AdEnergy tree with variables such as reconstructed energy,
vertex and trigger time (in seconds and nanoseconds). Zero of time (sec, nano sec) corre-
sponded to 1970-01-01 00:00:00 UTC. The data was filtered from the PMT flasher events
and events with energy larger than 2 MeV which were anti-neutrino candidates. The
file also contained muon events. They were signed as events with energy larger than 20
MeV.

Fiducial volume

z-coordinate reconstruction had a bias: a reconstructed event with Z = 1.0 m corre-
sponded to the true vertex at Z = 1.5 m. The bias was visible for runs with a calibration
source. It was symmetrical with respect of the coordinate origin. The bias was due to
lack of PMTs on the top and bottom of the detector. Instead, it was covered with a re-
flective coating. The bias in radial coordinate R was assumed to be small. Since the
off-center calibration source ACU-B was removed, the direct observation of R-axis bias
was not available. The presence of bias leads to the correction for fiducial volume.

?2Rn and ***U analysis

Several cuts were applied on raw data to remove backgrounds and select 2'4Bi-*'“Po
coincidence (77 /o = 164.3 us):

e Muon veto. Veto all events after a muon in 1 ms (Fig.
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Figure 3.6: Energy spectrum with and without fiducial volume cut applied.

e Fiducial volume cut: » < 1m, |z| < 1 m (Fig. to reject surface and external «y
background.

e Find a pair of events whose time interval is less than 500 us (about 3 half-lives)
(and more than 10 us) and they would be candidates of 3 and « decays of 2'“Bi and
214Po called prompt and delayed signal (Fig[3.7)

e Energy and spatial distance cut: prompt signal E2* = 0.7 — 1.1 MeV (contraction
of the energy scale from E["¢ ~ 5.5 MeV due to quenching effect); delayed signal
EY® = 1.5 — 3 MeV. Both events happen in immediate proximity to each other,
therefore spatial distance cut less than 1 m should be applied (Fig. [3.8]and [3.9).

The radon decay rate could be determined as:

ratedecay [Bq/mB] - Ncoin/(Fmrue X €eX (ttotal - tveto)) (34)

where Ny, is the number of time coincidence events with all cuts implemented.
FVirue is the true fiducial volume. It slightly differs from the one that we use for the
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Figure 3.7: Prompt and delay events after muon and fiducial volume cuts.
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cut FVey = 12, (2204:) due to z-axis bias; € ~ 0.5 is a total efficiency for all cuts (Ref.
[115]) ; tiotar is the total time of the data taking, t,e:, is the vetoed time due to muons.
Backgrounds (for example, accidental) were not considered.

Results

The fit of the plot for coincidence rate (Fig. 3.11) gives the T}/3***" = 3.747 £0.075 days.

It is consistent with

Rn222
T1/2

= 3.8235 £ 0.0003 days for 2??Rn.

If 222Rn is in equilibrium with 238U its rate is expected to be constant. Therefore to
measure 2**U concentration one needs to wait until the radon rate achieves a plateau.

On 25 April 2017 the radon rate became constant: 2.6 & 0.015 coincidence per hour in
fiducial volume or (1 +0.006) x 10~* Bq/m?3. It is possible that the constant rate is due to
non-identified radon leakage or unknown background. Nitrogen flow could be a source
of radon as well, but the change of nitrogen flow seems do not affect the rate. Since the
ambiguity of these factors we can only set the upper limit on the ?3¥U concentration:

BU <1 %107 g/g90% C.L.

(3.5)
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Figure 3.11: Event coincidence rate versus time in days (bin size is 1 hour)

232Th analysis

The efficiency of Daya Bay DAQ system for looking 2'?Bi — 212Po was very low due to
very small 299 ns half-life of 2!2Po. The installation of new FADC was necessary. The old
and the new electronics (FADC, 1us time window) shared the same trigger. They record
the same event, but the old system stores integrated charge while the FADC records a
whole waveform. Some cuts were made in the DAQ software to reduce the data size of
the FADC dataset. Thus the FADC data is only some sample of the total data sample
acquired by old DAQ. Therefore, to estimate a single trigger rate in the fiducial volume,
we should use the old DAQ data. 107'% g/g is the sensitivity estimated for 15 days of
the data taking with the new system (Ref. [116]).

Neoin = 93 coincidence events were observed (period from Mar. 30 to Apr. 20). To
estimate the rate of the ?32Th it was necessary to study backgrounds from accidental
events, ???Rn and related with vertex reconstruction. The efficiency includes the follow-
ing factors: branching ratio (0.64), FADC data reduction (0.77 for k = 0.5), trigger time
efficiency (0.46), fiducial volume cut (0.77) and prompt energy cut (0.89), giving the total
efficiency:

€ETh = 0.14 (36)

Since access to official Daya Bay Monte Carlo software was not available, I devel-
oped simplified Monte Carlo to estimate these efficiencies. Chinese colleagues provided
several experimental parameters from Daya Bay collaboration.

Trigger and FADC
DAQ Energy Cut efficiency

To detect a coincidence for 232Th, we search for two triggers in readout window of
FADC. Therefore the events with only one trigger could be excluded from the acquisi-
tion; otherwise, DAQ would record a massive amount of data. Prompt events usually
have higher visible energy than delay, so we can apply low-level selection criteria to re-
duce DAQ trigger rate: Egeiay > kEprompt. Monte Carlo method is used to estimate this
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Figure 3.12: Events simulated in the inner vessel IAV: true (left) and reconstructed (right)

efficiency. It was found (k = 0.5) to be equal to 0.774.
Trigger time efficiency

Trigger time efficiency is related to the fact that only part of coincidence decays are
inside of acquisition time window. To determine this efficiency we need to calculate the
probability for delay event to be inside the time window. The optimal time window is
from t; = 300 ns until ¢, = 800 ns. Therefore the efficiency:

€trigger = €xp(—300ns In2/299 ns) — exp(—800 ns [n2/299 ns) = 0.342 3.7)

and e¢igger = 0.472 if we use t; = 200 ns as starting time.
Fiducial Volume efficiency

To calculate FV efficiency, we need to take into account vertex reconstruction error
and events with two different topologies:

1. Event inside of FV; prompt signal inside FV, delay signal outside and vice versa.
2. Event outside of FV, but inside 3 m acrylic; Prompt and delay signals inside FV.

The reconstruction error is distributed normally with o, = 0y = 0, = 0.2 m.

Fig. demonstrates simulated distribution of events in the vessel and FV for true
(left) and reconstructed events (right).

Calculations give € = 0.736 for o = 0.2 m (Ref. [117]).

Backgrounds

Mainly three sources of background could be identified:

e Accidental that consists of random coincidence of the events inside the FV and
could be found with the formula
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Nglsg = f]%"'vAtwindowﬂive/(eenergycut 6DAQ) (38)

where fry is the total event rate inside of the fiducial volume.

Estimated number of accidental background events in FV is N(i’fm. demtal = 34

e Radon decay in FV could also give coincidence and mimic the signal Nlb%gn = 20.

e Events from OAV (4 m acrylic) which are reconstructed inside the FV due to limited
spatial resolution. Daya Bay LS has a higher concentration of 2*Th with respect
to JUNO requirements: 2**Thpay ~ 10 '4g/g (Fig. [.13). Due to poor vertex
resolution some prompt and some delay signals in Daya Bay LS are reconstructed
inside of fiducial volume (Fig. B.14). The event is treated as a background if and
only if both the prompt and delay signals are reconstructed inside the FV (Fig.
3.15). Fiducial volume: R = 1.2m, z = 3 m. For concentration 23?Thpay, ~
10~1* g/g and vertex resolution o, . = 0.2 m 8 events were found.

Xy reco
Xy true Y 25.

L
-5 -1 05 0 05 1 15 2 25
X m

Figure 3.15: Events when both
prompt and delay are recon-
structed inside IAV

Figure 3.13: Events generated Figuyre 3.14: Reconstructed
in Daya Bay scintillator in OAV  ayents

Results

Efficiencies and backgrounds for ?3>Th rate were explicitly studied.

Neoin = 93 events were observed in coincidence in the analysis period. Among
them 90 events of background: 34 accidental events, 20 radon events, and 8 events
from 2Thpay (044,. = 0.2, OAV Daya Bay LS, 2*?Thpay = 107g/g). Since
backgrounds limit the sensitivity of our method: signal+background ~ background,
we can only put the upper limit:

#32Th < 2.8107*°g/g 90% C.L. (3.9)
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Conclusions

To fulfill JUNO crucial requirements for liquid scintillator radiopurity and transparency,
the development and testing of the purification system are of great importance. Before
full-scale implementation, it was decided to build a prototype of purification system
which consists of four pilot plants for alumina oxide filtration, distillation, water extrac-
tion and gas stripping. Close investigation of the efficiency of two techniques, distillation
and stripping, was provided in this chapter.

The very first indications on the purity of the LAB and column efficiency was given
on-site by spectrophotometry. Comparison of absorbance for raw and distilled LAB had
shown factor 4 reduction in the range 350-450 nm. It is direct evidence of the capability
of distillation to improve optical properties and indirect indication of radiopurity im-
provement. Spectrophotometry of a liquid scintillator sample after stripping plant, the
very last stage of purification, showed that it does not degrade its optical properties.

The main challenge of the radiopurity analysis presented in this chapter was a lack
of the official Monte Carlo simulation program of the detector which is available only
to members of Daya Bay collaboration. Nevertheless, it was possible to obtain a mea-
surement for ???Rn and limits for 238U and 23>Th which were strategically valuable for
purification campaign.

The radon rate at the plateau, associated with ?*U chain secular equilibrium was
found to be quite high. However, it could be induced by uncounted background, there-
fore only the upper limit could be set:

28U < 1.010"g/g 90% C.L.

The result for 232Th suggests that radiopurity of the scintillator with respect to this
element is close to the nominal requirements for reactor neutrino program (3.1):

#2Th < 2.810™*°g/g 90% C.L.

The presence of *??Rn in the liquid scintillator at the first stage of filling indicated
on some leakages presented in the system and suggested technological improvement
of distributing line. After this improvement the amount of radon was further reduced
and fine measurements **U = 7.52 + 1.41 (stat) + 0.37 (sys) 10~ '%g/g and ?**Th =
3.2+ 1.0(stat) =0.66 (sys) 10~ 5g /g were obtained by Zeyuan Yu and others ( Ref. [118]).
The limits presented in this chapter are in agreement with this result.

The main conclusion that could be derived is that so far the purification results do
not fulfill JUNO requirements and further effort should be made for improvement.






CHAPTER 4

Study of the Non-Standard Interactions with large liquid
scintillator detectors

107



108 4.1 Constraining NSI's with Borexino Phase I

Constraining NSI's with Borexino Phase II

Within the last few decades, the study of solar neutrinos has become relevant not only
for probing our understanding of the Sun but also for investigating and determining in-
trinsic neutrino properties. Solar neutrino experiments, primarily SNO [49] and Super-
Kamiokande [119], together with KamLAND [50} 120, [121], have resolved the solar neu-
trino problem with the large mixing angle (LMA) MSW effect [46, 122} (123} [124]. Further
improvements of experimental precision may reveal the effects of physics beyond the
Standard Model such as sterile neutrinos, Dark Matter, and other non-standard interac-
tions of the neutrino [125, 126} 1127, [128]. In this article, we will see how far the latest
achievements of Borexino in solar neutrino detection and the advances in the modeling
of the Sun will take us in our search for such small sub-leading effects.

The Borexino experiment at the Laboratori Nazionali del Gran Sasso (LNGS) [129]
detects solar neutrinos through the neutrino-electron elastic scattering interaction on a
~280 ton liquid scintillator target. During the Phase-I data taking period (May 16, 2007—
May 8, 2010) Borexino had 740.7 live days of data taking, corresponding to 153.6 ton-years
of fiducial exposure [130} [100]. Following Phase-I, an extensive scintillator purification
campaign was conducted resulting in significant reductions of radioactive contaminants.
Uranium-238 and Thorium-232 levels were reduced to 233U < 9.4x 10720 g/g (95 % C.L.)
and #*?Th < 5.7 x 107 g/g (95 % C.L.). ¥Kr and 2!°Bi concentrations were reduced by
factors ~ 4.6 and ~ 2.3, respectively [55]. The Phase-II data, analyzed in this paper, were
collected from December 14, 2011 until May 21, 2016, corresponding to 1291.51 days x
71.3 t (252.1 ton-years) of fiducial exposure. Reduction of the background, longer expo-
sure, and better understanding of the detector response allowed for fits to be performed
in a wider energy range (0.19 MeV < T < 2.93 MeV, where T’ is the recoil-electron kinetic
energy) to include pp, "Be, pep and CNO electron-recoil spectra [6]]. Taking advantage of
this improvement, this paper uses the Phase-II data to place constraints on the parame-
ters of non-standard interactions (NSI's) of the neutrino.

Solar neutrinos can be used as a probe for new physics beyond the SM that affect
neutrino interactions with the charged leptons and quarks. In this paper, we restrict our
analysis to the neutrino-flavor-diagonal NSI's that affect v.e and v, e interactions since
Borexino is particularly sensitive to this set. We do not consider NSI's that affect the
v,e interaction since those had already been strongly constrained by the v, e scattering
experiment CHARM II [70].

Using Borexino for constraining NSI’s was originally discussed by Berezhiani, Ragha-
van, and Rossi in Refs. [64], 24]. There, it was argued that the monochromatic nature of
the "Be solar neutrinos results in an electron recoil spectrum whose shape is more sensi-
tive to the ve couplings than that from a continuous neutrino energy spectrum. Follow-
ing Refs. [64] 24], a purely phenomenological analysis based on Borexino Phase-I data
[131] was carried out in Ref. [25], in which the roles of the main backgrounds were ana-
lyzed and bounds on v.e and v, e NSI's were reported. However, the analysis considered
the effects of the NSI’s at detection only. High solar metallicity (HZ) was also assumed
as input to the Standard Solar Model (SSM) [71},[132] 133, 5] to predict “Be-solar neutrino
flux.

This paper updates and improves upon the analysis of Ref. [25] by the direct use of
Phase-II data with the full arsenal of tools of the Borexino collaboration developed so
far. NSI effects are included in both propagation and detection. At production the NSI's
affect the solar-neutrino spectrum only below the Borexino threshold of ~ 50 keV [6}169].
To account for the effect of solar metallicity, analyses are performed for both high- (HZ)
and low-metallicity (LZ) assumptions.
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Phenomenological analysis

Analysis description

In this section, I reproduce the results of this article and perform a similar analysis for
Phase II of the Borexino’s data. For this purpose, I wrote a C++ program to generate
experimental data and perform fitting. Being a very simplified representation of the
experiment, it defines the leading strategy and may serve as a guideline for the real data
inquiry.

In the Phase I The principal backgrounds for the analysis were (in cpd /100 ton):

85Kr = 31.2 + 1.7 (stat) & 4.7 (syst) (4.1

210Bj = 41.5 4 1.5 (stat) + 2.3 (syst) 4.2)
For the Phase II the backgrounds are significantly lower (in cpd /100 ton):

85Kr = 6.8 + 1.8 (stat) 4.3)

210Bj = 17.5 + 1.9(stat) (4.4)

Lower backgrounds suggest a better sensitivity to NSI for the Phase II compared to
the Phase I.

All following section is related to Phase II, and at the end of the section, a comparison
between the two phases is provided.

The idea of the analysis is to generate the simplified dataset that include only one ” Be
spectrum and two background spectra: 3Kr and 2!°Bi. They should be the most relevant
in the energy window 0.3 — 0.8 MeV. "Be spectral shape deformation and normalization
may correlate with the backgrounds, diminishing the limits on NSI. The peak of *'°Po
was assumed to be removed from the spectrum with o — § discrimination.

The Phase II generated dataset consists of about 250 years x ton (December 2011 -
May 2016). No NSI interactions assumed for data generation. The generated data was
represented in the histogram with a bin size 10 keV. The energy response of the detector
was modeled with a very simple Gaussian smearing: or/T = 5%/+/T[MeV]. The de-
tector efficiency is supposed to be 100 % in the energy range of the analysis. Maximal
mixing scenario was chosen with 6,3 = /4.

Generated data was fitted with a theoretical model that includes NSI using a x* min-
imization. The resulting dependence of the x? from the NSI parameters puts the bounds
on them: the bounds could be obtained with x2-profile. With a simplified statistical
approach 90 % C.L. level corresponds to Ax? = 2.71. Though, strictly speaking, this
approach is valid only if the profile is parabolic. The full scan of the e-space is quite
problematic, so usually one- or two-dimensional projections on the subspace are consid-
ered (for example, x? versus e, Or x? Versus e, i - £,1, plane), which are also convenient
for the comparison with results of other experiments.

With our knowledge of the solar neutrino fluxes we can fix the jr p.-flux with SSM
prediction. To do this the penalty term with mean value and uncertainty of the predic-
tion should be added in the x?. One can realize the profit which jrp.-flux penalty can
gain, keeping in mind the relation Né’é’: X 0(gaL) X j7Be- €ar changes mostly the total
cross section and not the spectral shape. Therefore, the y? expression for minimization
consists of two parts:
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Table 4.1: 90 % C.L. limits on the NSI parameters. Comparison of the Phase I and Phase II data
with constraints. Bold font is to underline the power of the Kr-constraint.

Phase I I I II
Kr — penalty yes no yes no
Bi — penalty no no no yes
el [-0.196,0.139] [-0.170,0.135] [-0.105, 0.084] | [-0.170, 0.135]
el [-0.043,0.051] [-0.038,0.043] [-0.038, 0.043] | [-0.038, 0.043]
el [-0.844,0.598] [-0.850,0.601] [-0.656,0.404] | [-0.850, 0.599]
el [-0.224,0.856] [-0.197,0.829] [-0.195,0.819] | [-0.196, 0.828]

2 2 2 (Nea:p - Nmodel (5))2 (j%sgéu B jg?;)z
X" = XFfit T X55M penalty = Z N + SSM)2
P exp (J7Be )

The normalization is performed for the full spectral range to make the rates indepen-
dent from the threshold of the detector, even if the analysis range includes only some
part of the spectrum. It means that the rate obtained from the fit differs from the rate
of the triggered events if the analysis range does not contain an entire spectrum. The fit
provides us the normalization factors that could be directly converted in the experimen-
tal rates in cpd/100ton.

The amount of Kr could be independently measured by coincidence technique with
reactions discussed later. Based on this information a Kr-penalty term

) (NIe<$p,fit _ N;xp,coin)2
o =T o

could be introduced into x? to increase sensitivity. To study the importance of the Kr-
penalty the uncertainty 18 % was used (the same as for Phase I data).

Strictly speaking it is not correct uncertainty, since Phase II has another limit for Kr
from coincidence measurement: upper limit < 7.5 cpd/100 ton. Hence the result with 18
% - penalty should be treated as illustrative intermediate step. The further analysis with
the data reveals the role of the Kr in detail.

10 % Bi-penalty was also tested, though as we will see from correlation analysis in
Appendix, it is weakly correlated with “Be and has no influence.

One dimensional y? profiles

The results are represented as y?-profiles for the NSI parameters in Fig. While
one parameter changes all others are fixed to zero. It reproduces the result for Phase I
phenomenological analysis (Kr-penalty applied) as well as predict the result for Phase I
with and without Kr-constraint.

The statistical analysis was conducted in a simplified way. Ax? corresponds to 90
% C.L. even if the shape of the profile was not parabolic. The corresponding limits are
represented in Table The results for 10 % Bi-constraint are also presented, but not
shown on the plots.

The analysis showed that even without applying Kr-constraint the bounds with Phase
II data are better than Phase I bounds even with Kr-constraint applied. The bounds for
el* and e£ are improved due to reduced background; €% and e bounds are better due to
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Figure 4.1: x*-profiles for gL/ (left) and ek/R (right). Thin solid line - Phase I w/ Kr-constraint,

thick solid line - Phase II w/o Kr constraint, dashed line - Phase II with 18 % Kr-constraint.

smaller uncertainty of SSM “Be flux. Kr-constraint significantly improves the result for
the right constants but does not influence the left ones.

In Fig. (right) one may notice the presence of two local minima for ¢£ at 0.0 and
0.64. It means that there is a combination of the backgrounds together with NSI-modified
electron recoil spectrum that also describes very well the data even if NSI parameter £
is quite large. It is worth to notice that in the presence of the Kr-constraint to make the
minimum at 0.0 slightly more preferable than 0.64.

The same analysis model could be applied for sin® fr measurement in low energy
region with Borexino data, if one supposes the modification of all NSI parameters at the
same time. The precision of this measurement is quite modest to test MS renormalization
scheme being ~ 10%: the error should be at least 10 times improved (see Fig. 1 from Ref.
[134]).

Two dimensional x? profiles

The contours in two-dimensional left-right space are much more informative. In Fig.
and [4.3| the comparison of Phase I with Kr-penalty (red line) and Phase II without Kr-

penalty (green line) for /% and e2/% is shown. Also, the contour for Phase IT with 18 %
Kr-constraint is provided, which is, strictly speaking, not correct since the independent
measurement for Kr in Phase I is different. Though it is a convenient choice for a com-
parison of two Phases since it was used for Phase I analysis. The contour 95 % C.L. (2
d.o.f.) corresponds to Ax? = 5.99.

Running ahead, let us note that insensitivity in a diagonal direction and, in particular,
in the fourth quadrant of ¢! — ! plot in Fig. [4.2|is due to correlation between "Be and
85Kr spectra. This question will be investigated further, in real data analysis. Note that
fixing Kr rate with a constraint reduces significantly the allowed region with a tendency
to split it into two contours (blue dashed contour).
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4.2 Phenomenological analysis
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Figure 4.3: The bounds in €7/ plane.
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Analysis of Phase II Borexino data

Overview

The objective of this analysis is to set bounds on the NSI parameters el and E/F . In
contrast to the analysis of Ref. [6], in which the ve couplings were fixed to those of the
SM and the count rates of pp, “Be, and pep neutrinos were fit to the data, we allow the
couplings to float, assuming SSM neutrino fluxes at the source based on either the HZ-
or LZ-SSM assumptions.

We have argued in the previous section that eL/R and /" affect neutrino propa-
gation and detection: propagation through a shift in the matter-effect potential V(x),
leading to a modification in the expected v, survival probability P..(E), and detection
through shifts in the effective chiral coupling constants, leading to modifications in the
electron recoil spectra do, /dT (o = e, 7), Eq. (.50).

Four solar neutrino components are considered in this analysis: pp, "Be, pep, and
CNOE] The SSM [71 132} [133] 5] predicts the respective energy spectra of these neutrinos,
which we denote as d)\, /dE, where the subscript v labels the neutrino component.

The "Be-component plays a fundamental role in the analysis. Both the shape and
the normalization of the electron-recoil spectrum is well-constrained in the fit. Together
with the 6%-uncertainty in the “Be neutrino flux, it provides the highest sensitivity to
NSI's among all the neutrino components.

We do not consider ®B neutrinos for placing the bounds on NSI's. The rate of ®B neu-
trino events cannot be determined with the spectral fit: it is quite small and completely
hidden by backgrounds in the energy region of the present analysis. Moreover, the rela-
tively large 12%-uncertainty on the ®B neutrino flux predicted by SSM limits the utility
of ®B in our approach.

Taking into account the oscillation of v, into v, and v,, the recoil spectrum for each
solar neutrino component is given by

dR,
ar

_ Neq)V/dE d\, {dae o doy, 5 do,

| TP (B) + (023dT+523dT> (1Pee(E))] . @5)

Here, N, is the number of electrons in the fiducial volume of the detector, and s3; =
sin? O3, 033 = cos? fy3. O, is the expected total flux of solar neutrino component v at the
Earth when neither oscillations nor NSI’s are assumed, and d\, /dFE is a corresponding
neutrino energy spectrum. P..(E) is the solar-v. survival probability, into which NSI
effects at propagation have been added. The effect of the NSI's at detection is included in
the differential cross sections do. /dT and do . /dT; 55 /R and 55/ R parameters are always
combined in the recoil spectrum (4.53).

The dependence of the "Be electron recoil spectrum dRp.7/dT on the NSI’s for sev-
eral values of ¢ and ! is illustrated in Figure Note that & mostly modifies the
normalization of the spectrum while ££ modifies its slope. L and £ require much
larger magnitudes to achieve the same effects due to the smaller contribution of v, to
dRper/dT.

Integrating Eq. (4.53), one obtains a relation between the total experimental event

I The direct detection of CNO neutrinos is yet to be achieved and is one of the remaining goals of Borexino.
In the present analysis we look for deviations from the SSM + LMA-MSW predictions, so the CNO neutrino
flux, together with the other three component fluxes, are simply fixed to those predicted by either the HZ- or
LZ-SSM.
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Figure 4.4: The distortion of the electron recoil spectrum, Eq. (4.53), for the two monochromatic
"Be neutrino lines (E, = 0.384MeV and 0.862 MeV) due to non-zero values of ¢ and eZ. The
effect of limited energy resolution of the detector is not shown.
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rate R, solar neutrino flux ®,, and the total cross section (o, ):

R, = / dd];f dT'" = N.®,(0,) . (4.6)
NSI effects at propagation and detection are both included in the total cross section (0,,).
Denoting the total cross section in the absence of NSI's as (o, )sm, we plot the change in
the ratio (¢,,)/ (0, )su for the "Be neutrinos due to the presence of £~ and % in Figure[4.5]
Again, we see that ¢Z affects the normalization of the cross section while £ does not.
Thus 55 is mostly constrained by the normalization of the cross section, while 55 is
mostly constrained by the shape of the recoil spectrum.

Detector Model and Parameter Choices

We performed the selection of the events according to Ref. [6], using a spherical fiducial
volume with top and bottom parts truncated: R < 2.8m, and the vertical coordinates
—1.8m < z < 2.2m. To model the detector response, we use the analytical model of
the Borexino detector discussed in detail in Ref. [55]. The model uses the number of
triggered PMT’s, ditl, within the fixed time interval of dt; = 230ns as the estimator
of the electron recoil energy T. Various model parameters have been fixed utilizing
independent measurements, or tuned using the Borexino Monte Carlo, while some have
been left free to float in the fit. The floating parameters include (i) the light yield which
determines the energy scale, (ii) two parameters for resolution, (iii) two for the position
and width of the 2'°Po-a peak, and (iv) one for the starting point of the 'C T -spectrum.
The detector response function convoluted with the cross sections dR,, /dT provides the
functional form to be fit to the data.

The neutrino oscillation parameters are fixed to the central values of the global fit to

all oscillation data given in Ref. [135] For the £/ ® analysis, we only need

om3, = mi—m? = 7.507512 x 107%eV? | 4.7)
sin® 019 = 0.30670 012 (4.8)

and
sin 613 = 0.0216670 30077 (4.9)

which are valid for any neutrino mass-hierarchy ordering. The survival probability
P..(E) is calculated with these inputs using the formalism of Ref. [60]. Note that for
the e&/" analysis do,,/dT’ = do./dT when £/ — 0, and Borexino is insensitive to the
value of 053.

For the £/ analysis we also need to specify 3. The 1o ranges given in Ref. [135]
for Normal and Inverted Hierarchies are

044119927 NH
2 —0.021
Oy = 410
S e {0.587+8j8§2 TH (4.10)

It is easy to see that sin® 6,3 is included linearly in expression (£.53), and the sensitivity to

el s proportional to its value. To obtain a conservative limit, we fix sin® 63 to the NH

2Strictly speaking, to use the Borexino data to constrain possible new physics effects we should not be
comparing the data to the global average of Ref. [135], which includes both Borexino Phase-I and Phase-II
data in its fit. However, the numerical difference from the global average of Ref. [136], which includes neither
Borexino Phase I nor Phase II, is quite small and does not affect the present analysis.
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value and propagate its uncertainty into systematic error together with other oscillation
parameters.

Backgrounds

Radioactive contaminants lead to backgrounds that must be clearly understood to ex-

tract unambiguous conclusions from the Borexino data. The most recent fit of signal+background
to the observed electron recoil spectrum can be found in Ref. [6], where the SM couplings

were assumed and the event rates of the three neutrino components (pp, "Be and pep)

were allowed to float. An example fit to the experimental spectrum is shown in Fig-

ure Full description of the Borexino spectral components and backgrounds can be

found in Ref. [91]. Here, we focus on components which are the most relevant for the

current analysis:

e At low-energies the S-emitter 1*C with @ = 156 keV is the main background for
observing the pp neutrinos (Tiax = 261 keV).

The !“C contribution is constrained in the fit with an independent measurement
by selection of events with low energy threshold. Since the rate of *C is high
compared to the other components, pile-up events should be taken into account.
The detailed procedures can be found in Ref. [100].

e The decays from 85Kr (37, Q = 687 keV), 21°Bi (37, Q = 1160 keV) and *'°Po (o,
E = 5.3 MeV) are the main backgrounds for the electron recoil spectra from the
two mono-energetic neutrino lines £, = 384 keV and E, = 862 keV due to "Be
electron capture.

The 2'°Po a-decay peak is located at low energies due to the ionization quenching
effect in the liquid scintillator. Even though the polonium peak is very intense with
respect to the other spectral components, its shape is very distinct and easily sepa-
rable in the fit and therefore does not play a dominant role. No ov— -discrimination
[91] was applied to the experimental spectrum for polonium removal.

The 3 spectra of 21°Bi and 8°Kr overlap with the "Be electron-recoil spectrum lead-
ing to a modification of its shape. This reduces the sensitivity to the right-handed
NSI parameter ¢. The background from #°Kr is quite serious since the shape of
its B-spectrum and its end-point are quite close to the step-like spectrum of "Be.
Therefore, one may conclude that this is one of the main factors that determine the
sensitivity of the detector to "Be neutrinos. 2!°Bi and ¥Kr are also ones of the most
critical backgrounds for pep and CNO neutrinos.

In principle, this background could be constrained using an independent measure-
ment though the coincidence reaction:

BKr — 5"Rb + e + 7. (Q = 0.173 MeV),

85mRb —» S°Rb + ~ (Q =0.514MeV, t1/2 =107 %5s). @
However, these decays only occur with a tiny branching fraction: 0.43%. Moreover,
the prompt signal, being very close to the detector threshold, has a small detection
efficiency and could be easily mimicked by '*C with similar Q-value. These factors
made the detection of the coincidence quite problematic. It remains difficult to
obtain a reliable estimate of the 8Kr-concentration, and so far the only upper limit
was set.



Study of the Non-Standard Interactions with large liquid scintillator detectors 117

e Other backgrounds, necessary to the fit of the experimental spectrum, are cosmo-
genic 1'C, and external s from 2°8T1, 21Bij and 4°K.

Fit Procedure

The fitting procedure consists of the multivariate maximization of the composite likeli-

hood function £(e, 0 ), specifically developed to be able to detect pep and CNO neutrinos
hidden by the cosmogenic ' C background:

L(e,0) = LI (e.0) Ll (e,0) - Ls—rp,(0) - Lraa(0). (4.12)
Here, ¢ is the NSI parameter we would like to constrain, and the vector § collectively
represents all the other model parameters of the fit, including the fluxes of the four solar
neutrino components, the intensities of the backgrounds, detector response parameters,
etc.

In order to deal with 'C background, the dataset was divided into two parts by
Three-Fold Coincidence technique (Refs. [130} 55]). The division is based on the proba-
bility for an event to be ' C. It results in ' C-depleted (TFC-subtracted) and '!C-enriched
(TFC-tagged) data samples. The first and the second factors of Eq. represent two
separate likelihoods for TFC-subtracted and TFC-tagged experimental spectra. They are
a standard Poisson likelihood:

Ne ki ,—Ai(e,0
- Ni(e, 0)kie=2i(=:0)
TFC . 2 )
L (€,0) = ol

(4.13)

sub, tag

—

=

i=
where N is the number of energy bins, \; (e, 0) is the expected number of events in the
i-th bin for a given set of parameters ¢ and 6, and k; is the measured number of events
in the 4-th bin.

The residual 3 events from ''C can be discriminated by the algorithm incorporated

—

into Lpg_r,,(0). To account for external backgrounds which penetrate into the fiducial
volume, the fit of the spatial radial distribution of events is incorporated by £ Rad(g).
The more detailed description of the likelihood function and the fitting procedure can be
found in Section XXI of Ref. [91], and in Ref. [53].

We add penalty factors to L(e, ) ) to constrain the four neutrino fluxes to the SSM
(71, 132, [133, 5]:

L(e,0) — L(=,0) [[exp [%_RV%W] (4.14)

where 6, represents the floating value of R,, RS5M the prediction of the SSM based on
either the HZ or LZ assumption, and dgsswu is its uncertainty stemming from theoretical
uncertainties in the SSM, systematic error in the estimated number of target electrons V.
in the fiducial volume and oscillation parameters.

Performing a series of fits for different values of ¢, one can obtain a likelihood prob-
ability distribution

L(5, Omax(2))
[ de L(E, Bax (2))

p(e) , (4.15)
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Figure 4.6: Bounds with Kr-constraint applied. Non-consistency of the rate measured with coinci-
dence with the fitter-result rate leads to the systematic shift and statistically significant exclusion
of the origin of coordinates that corresponds to the Standard Model physics. 95 % C.L. (2 d.o.f.)

where gmax(s) is the set of values of § that maximizes the likelihood for that particular
value of €. The upper €,;, and lower ¢j,,, bounds for a given confidence level (C.L.) can
be numerically obtained by integrating the tails of this distribution:

/low de p(e) = / de p(e) = ﬂ (4.16)

. - 2

For the two dimensional case when two parameters (1, €2) are under investigation, the
confidence region is formed by isocontour py = const, defined though the integral over
the excluded region:

H deydes pler,e2) = 1— C.L., (4.17)

p(e1,82)<po

where p(e1,e2) < po stands for the region outside of the isocontour py.

85Kr-constraint

Fig. shows that with current Kr-coincidence measurement we can archive extrinsi-
cally strong bound that is highly preferable.

The amount of the Kr-coincidence events generally depends on the type of cuts ap-
plied and mass-time of the exposition. For the period that was used in the study (Peri-
odAll, m = 156 tons, T' = 1299 days) three coincidence events (k = 3) was found with
expected background b = 0.47. Detector efficiency was estimated to be ¢ge;, = 13.6%
with systematic error o = 15% (Ref. [137] and [138]).

The expected number of events could be expressed through the Kr-rate as (Ref. [138])):
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Figure 4.7: Correlation of Kr with & parameter for modification of “Be-spectrum only (a), pp-
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Figure 4.8: Correlation of Kr with £Z parameter for modification of "Be-spectrum only (a), pp-
spectrum only (b) and combined "Be + pp (¢).

A= RmTepreget (4.18)

where egr = 0.43% is a reaction branching ratio.
To incorporate the Kr-penalty in the code the following log-likelihood function was
implemented (Ref. [138]], [139]):

k A+b k A+b
log(L) = log(1+ o) log( )+ log (1+J +1)+ T+ o

4.19
l1+o 1+o ( )

Fig.4.7|and 4.8/ demonstrate the correlation of the krypton rate and €y, for all three
considered situations: “Be-spectrum only (a), pp-spectrum only (b) and combined "Be +
pp (c). Adding a pp-spectrum into analysis somehow changes the situation.

In Fig. we can see that krypton behaves in the opposite way for “Be (a) and
pp (b) cases. When we apply modifications to both lines, we expect that correlations
somehow compensate each other. As one can see it happened for e# < 0: Krypton is at
the constant level here. It makes Kr-constraint to be not relevant to the improvement of
bound for negative size. For £l! > 0 the rate goes to zero, but not so fast as compared to
(a).

Fig. [4.8/shows that Kr-constraint could be highly relevant for cL: it changes dramati-
cally in (b) and (c) cases. Kr is relevant for pp-case (b) more, then for "Be case. In case of
combined analysis krypton (c) inheritances completely the behavior of the pp-case.

Such strong correlations suggest the use of the Kr-constraint. However, as it was
mentioned before there is inconsistency in the event rates obtained by fast coincidence
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measurement (about 2 cpd per 100 t) and fitting procedure (about 8 cpd per 100 t). As a
possible explanation of this could be an unidentified source of background at low ener-
gies that mimic Kr-presence in the fitted spectrum, but not contribute in the coincidence.
Another reason could be in the systematic shift in detector efficiency calculation since
the energy of the coincidence gamma quite small and close to the detector threshold.

This inconsistency, as well as a strong correlation of the pp and "Be rates with Kr,
leads to the shift of the best-fit region far from zero which is quite suspicious.

Interestingly, constraint reduces the part of the contour at negative parameters while
the part for the positive ones (first quadrant) remains unchanged. It could be explained
by the fact that a zero value of Kr drives the sensitivity in the first quadrant since correla-
tions with ¢, parameter. The Poissonian penalty has nothing to add in the likelihood at
zero value, but it can contribute at large Kr rate values in the third quadrant. It suggests
postponing the use of Kr-constraint until its status becomes clear.
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Radiochemical constraint

Gallium experiments and results

The solar neutrino flux measured by radiochemical experiments is not sensitive to pure
leptonic NSI at the production and detection points. A possible impact of pure leptonic
NSI in propagation discussed in Sec.

I used these measurements for the independent constraint on the total number of
neutrino events observed in the detector. It became possible because the resent results
of Borexino analysis included pp, "Be and pep neutrino simultaneously.

The analysis also included CNO spectrum though due to strong correlation in the
spectrum with ?19Bj, its rate was not yet determined (Ref. [55]). With radiochemical
constraint, it became possible to obtain the bounds which are independent on the SSM
type (HZ or LZ).

The radiochemical detector’s technique (Ref. [140]], [141],[142], [4], [143]) exploits the
reaction:

"Ga+ve = "Ge+e~

for solar neutrino registration which was proposed by Kuzmin in Ref. [144]. The very
delicate experimental technique consists of the chemical extraction of the ™ Ge atoms
from the tens of tons Ga — Ge-alloy (50 tons of Ga and 350 ug Ge for SAGE experiment)
and syntheses of germane (GeH,) which is then used to fill a proportional gas counter
to reveal the "' Ge-decays (1} ;> = 11.43 days). The reaction has a threshold 233 keV and
sensitive to all neutrino fluxes including pp-neutrino flux. Since then several experiments
(SAGE, Gallex, GNO) were conducted. They played an important role in understanding
the neutrino deficit from the Sun. Combining the statistical and systematic uncertainties
in quadrature and weighting the results of all Ga-based experiments one may obtain the
count rate E] (Ref. [140]).

Rga = 66.1(1 £0.047) SNU = 66.1 £ 3.1 SNU

To interpret this result in terms of fluxes and cross sections we will use the formalism
described in Ref. [140].
The total rate is a sum of the rates produced by each neutrino flux:

RS =" R (4.20)
i
where i = {pp, "Be, pep, CNO, ®B}. Here the 3N, °O and '"F are united in CNO
component and hep is not included as negligible.
Each contribution is proportional to the flux of i-component on the Earth ¢i6 and the

5

convolution of the cross section with the neutrino energy spectrum < o7 >:
R; = ¢® / o(E)SS(E)E = ¢® < 09 > (4.21)
Einreshotd

where S?(E) - is a expected solar neutrino spectrum at the Earth level normalized
by unity: [, e (E)dE = 1. In fact the shape of S? (E) may differ from the shape of the

K2

3 SNU unit corresponds to one neutrino capture per second in a target that contains 1036 atoms of a
neutrino-absorbing isotope.
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energy spectrum of neutrino at the Sun S”(E), since neutrinos with different energies
have different “survival” probabilities P¢(E).
Differential fluxes at the Sun and Earth are connected in the following way:

®5(E)dE = ®°(E)dE (4.22)
It could be rewritten as:
$0SS(E)dE = 62 SO (E) P (E)dE (4.23)

Integrating over the energy and using the normalization of Si6 (E) we obtain:

S )
< Pf¢ >= Z:g = / SP(E)Pf(E)dE (4.24)

7 0

The ratio between amplitudes ¢§5 and ¢ is denoted as:
e

< PP >= (ﬁ (4.25)

and equation (4.23) could be rewritten in order to give us immediately a recipe for
S? (E) calculation:

SP(E)Pfe(E)
§S(p) = 2200 A8 4.26
S8y = s (4.26)
If one put the expression (4.23) into (4.21)) one can obtain the expression:
R; = ¢Y / o(E)SY(E)P°(E)E = ¢ < o > (4.27)
Ethreshotd

where ¢} and S’ (E) are flux and spectral shape predicted by SSM as well as P£¢ (for
MSW it is necessary to know in which part of the Sun neutrinos are produced).

Finally, comparing (4.21) and we see that:

<0 >="201 7 (4.28)

Calculation of the single rates and its uncertainties

Let us analyze Table IV from Ref. [140]. This table contains the calculation of the single
rates in SNU as well as its uncertainties.
Following the formula (4.27) the single rate could be calculated as:

R =¢P <o >=¢P < 00 >< pre > (4.29)

7

Three factors contribute into the uncertainty of the single component determination:
the uncertainty of the SSM flux ¢©, cross-section ¢ uncertainty and the survival proba-
bility uncertainty related to oscillation parameters Am?,, 612 and ;3. So far I provided
the calculations that were analogous to the one from Ref. [140]. Further, I am going to
discuss how they can be modified to build radiochemical constraint for Borexino analy-
sis (Sec. [.5.4). The uncertainties are not symmetrical and positive and negative values
are calculated separately.
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Let us calculate the uncertainty of the single component determination. It could be
found as a quadratic sum of the all three relative uncertainties for the flux d4, cross
section J, and oscillation probability pe.:

AR;
7, = (5

The total absolute uncertainty of the sum of components (expression (4.20)) could be
calculated as the quadratic sum of the absolute uncertainties of a single components:

)% =03 + 02 + 0pee (4.30)

ARY" = |3 (ARE?)? (4.31)

%

The biggest absolute uncertainties are expected to be from the biggest contributors
into the sum (in Table IV Ref. [140] they are given in percents). Here we consider G598
model:

R,, = 39.35SNU AR,, = "15 SNU
Rrpe = 18.73SNU AR, = ;|'s SNU

Rsg = 4.64 SNU ARsp = {3, SNU

Other components are negligible. Applying ex.(4.31) to these values one can find the
total absolute uncertainty:

ARG = t299NU (4.32)

Further we will denote this total relative uncertainty as dr for Borexino analysis. It
could be found as (for RS = 66.3SNU):

a
 ARga 143

Sp=—n2 =
GS98 —3.8
RGa

%o (4.33)

Radiochemical constraint for Borexino

Let us sum up details of the radiochemical approach that was used in the Borexino’s
analysis of the neutrino magnetic moment (Ref. [145]). The radiochemical constraint
was applied in the form:

Brx
> If;SM RE® = (66.1 £ 3.1+ 65 + py)SNU (4.34)

3

. . REBre . .
where R$? are expected gallium rates; the ratio &¥swr of Borexino measured rate to its

SSM prediction within the MSW-LMA oscillation scenario. The same SSM predictions
(High Z) where used for Borexino and gallium expected rates to exclude the dependency
from SSM predictions. The error dr includes the uncertainty from the estimation of
single rates that are contributing into the gallium experiments and the error dry is due
to the uncertainty of fiducial volume selection for R?5M (Ref. [145]).

Spectra pep, CNO give a negligible contribution into the magnetic moment analysis
and may change the result only by a presence of their rate inside of the radiochemical
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constraint (4.34). They are fixed with SSM value (HZ and LZ). ®B and hep (negligible)
are not participating in the fit at all and also fixed with SSM value (HZ and LZ) giving
different contributions again into the sum (4.34).

The error in expression should also include errors of the Borexino rate esti-
mation for RY9M regarding the uncertainty on the oscillation probability because it also
contains it. We will find the solution further to avoid double counting. As we will see the
error for radiochemical will include only the uncertainty for the cross section, while the
oscillation uncertainty will be related with expected Borexino rate (from the Ref. [55]) it
is estimated to be 1 — 2%).

Proper calculation of the error related with survival probability

Since both radiochemical and Borexino experiment are performing the measurement on

the Earth and therefore measure the same neutrino fluxes qb? one may think to try to
avoid the uncertainties related to neutrino propagation from the production to detection
point, that is probability Pf°(F) that depends on the oscillation parameters and uncer-
tainty of the flux ¢ .

There are three sources of the error for the rates determination: SSM flux ¢, o cross
section and oscillation parameters related with P?°. In the expression both ex-
pected values R75M and R$? in RYSM /RS2 contain information about the oscillation
probabilities P¢¢(E). This fact should be taken into account.

Total uncertainty of the sum of the rates is +4.3% —3.8 %. Hopefully, since we are
using the ratio of the fluxes, we can exclude the contribution from the solar neutrino
fluxes. The analysis shows that in case of no SSM uncertainty the total uncertainty of
the sum of the rates is +3.9% —3.3 %. If we also exclude oscillation parameters, the
uncertainty became only +3.3% —1.8 % (you can find this value in Table IV in the column
o as well). In this case, the uncertainty is determined only by the uncertainty of the cross
section.

Such a reduction of uncertainty is quite desirable. We are not able to exclude the
oscillation probability completely. However, we can try to reduce it, that may positively
affect the result.

The first principal problem is related to the fact that Borexino experiment is sensitive
to the all types of neutrino (so far we consider “Be spectrum only):

oPTX(E) = o7 (B)P(E) + 0 7Y (B)(1 — P(E))

and the probability could not be removed from this expression. Radiochemical ex-
periments, on the contrary, are sensitive only to electron neutrinos.
The calculated ratio of cross sections f could be found as ("Be-case):

_ U%RX(EO) 1 — P(Eq) U%‘;%X(EO)
S = caBe) T T P(B))  oceBo) (4.35)

where £y = 862 keV.
Denoting n = 0% 5y (Eo) /ol Rz it is easy to get:

_ 0%px(Bo) f((n—1)P+1
B fgszo) ( nP ) (4:36)

The contribution to the error related to survival probability in this case

B
Af = |BTJ;|AP (4.37)
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Figure 4.9: Comparison of the radiochemical and SSM constraints. 95 % C.L. 2 d.o.f.

with a partial derivative:

of _ 1 % o5rx (Eo)

0P ~ nP?" og.(Eo) (439

Relative error % = —0.686 for n = 4 and p = 0.55.

Now let us obtain the error to be used in the radiochemical penalty term. Borexino
observed rate for a given neutrino spectrum is

RP™ — g2 / B (B)SP (B)Poc(E) = 60 < 05,0, > (4.39)
0

One can recalculate Borexino rates into the expected number of counts to be com-
pared with the result of the radiochemical experiments as

RBrz e
s B (4.40)

Rpry = krv, X Z
i
FV contributes into all species and in the same manner with 1% estimated error:

kpvi=1+06pV (4.41)

Ga
The error §; of }fgﬁ could be calculated using (4.37). The error of the sum is a linear
combination:

(6r)* = (RP™)%s7

K2

Note that the error depends on the rates RP"® that are determined from the fit.

The radiochemical constraint was applied to gain the sensitivity to NSI and com-
pared with HZ-SSM one (Fig. [.9). It was found to be not so strong as SSM one and,
therefore, SSM-constraint was only be considered for all the analysis.
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Bounds on NSI and the measurement of sin? 6y

NSI Bounds

In this section, we present our results. Left panels of Figure[.10]shows the one-dimensional
log-likelihood profiles for ¢ (red curve) and e (blue curve) assuming HZ- (top panel)
and LZ-SSM (bottom panel). Right panels of Figure portrays the same for £* (red
curve) and & (blue curve).

Let us first discuss the HZ-SSM case (top panels). One can see that the sensitivity of
Borexino to the NSI parameter £ is more pronounced as compared to its sensitivity to
el (see top left panel of Figure[4.10). The main reason behind this is that the normaliza-
tion of neutrino events is well determined by the fit, which in turn provides competitive
constraints for . In contrast, the fit still permits quite a wide range for %, since the
possible modification in the shape of the event spectra due to non-zero €% can be eas-
ily mimicked by the principle background components (mainly 8°Kr) discussed above.
Note that the minima of the one-dimensional log-likelihood profiles for £ (red line in
left panel) and £ (red line in right panel) are slightly deviated from zero, but, needless
to mention that these deviations are statistically insignificant.

The one-dimensional log-likelihood profiles for both e and £ look non-parabolic
in the top right panel of Figure In particular, e& demonstrates one extra minimum
around & ~ 0.6, which is slightly disfavored at Ax? ~ 1.5 as compared to the global
minimum at e£ = 0. This minimum originates due to the approximate goz, <+ —Gar
symmetry that Eq. possesses, since the first term in Eq. dominates over the
third term [146]. Because of this symmetry, the value of §2; = (g, + ¢£)? is the same
for e£ = 0 and e£ = —2¢g,; =~ 0.54, and therefore, one may expect a local minimum
in vicinity of the second point. The presence of the third term in Eq. shifts the
position of this local minimum slightly upward to L ~ 0.64.

The profiles for the LZ-SSM case (Figure[4.10] bottom panels) are clearly shifted from
zero and with respect to the HZ-SSM ones. The main reason for this is that LZ-SSM
predicts smaller ®75, compared to HZ-SSM. The smaller flux requires a bigger cross
section (o7pe) for a given observed experimental rate Rrg. (see Eq. 4.6). As Figure
illustrates, the total cross section linearly depends on €. Therefore, the minimum for
LZ-SSM should be shifted in positive direction of £Z'. For £ the minima go in opposite
directions due to the same reason. The only difference is that the cross section increases
when e goes in negative direction for the first minimum and when L goes up for the
second one (see Figure right panel). Aforementioned shifts for eZ and £ profiles
induce the shifts for ¢ and €% as well. This will be easy to see later on considering two
dimensional profiles (Figures and[4.12).

The 90% C.L. (1 d.o.f.) bounds on the flavor-diagonal NSI parameters obtained using
the Borexino Phase-II data are listed in Table The first column shows the constraints
assuming HZ-SSM for the neutrino fluxes. The second column presents the same consid-
ering LZ-SSM. These constraints are obtained varying only one NSI parameter at-a-time,
while the remaining three NSI parameters are fixed to zero.

The third column exhibits the bounds obtained by phenomenological analysis with
Borexino Phase-I data in Ref. [25]. All experimental limits from Borexino Phase-II are bet-
ter than those previously obtained from the Borexino Phase-I data in Ref. [25]. For the
sake of comparison, in the forth column, we present the global bounds from Ref. [22],
where the authors analyzed the data from the Large Electron-Positron Collider (LEP) ex-
periment, LSND and CHARM II accelerator experiments, and Irvine, MUNU and Rovno
reactor experiments. The bounds found in the present analysis are quite stringent com-
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I HZ-SSM | LZ-SSM I Ref. [25] | Ref. [22]
el |l [-0.15,+0.11] [-0.20, +0.03 ] [-0.21, +0.16 ] || [0.004, +0.151 ]
el || [-0.035, +0.032] | [-0.013, +-0.052] || [—0.046, +0.053 ] || [—0.03, +-0.08 ]
el || [-0.83,+0.36 ] [-0.42, 4+0.43 ] [-0.98, +0.73 ] [-0.3, +0.4]
el || [-0.11, +0.67] [-0.19, +0.79 ] [-0.23, +0.87 ] [-0.5, +0.2]

Table 4.2: The first column shows the limits on the flavor-diagonal NSI parameters el el eFand

% as obtained in the present work using the Borexino Phase-II data and considering HZ-SSM for
the neutrino fluxes. The second column displays the same considering LZ-SSM. These constraints
are obtained varying only one NSI parameter at-a-time, while the remaining three NSI parameters
are fixed to zero. The third column contains the bounds using 153.6 ton-years of Borexino Phase-I
data as obtained in Ref. [25] (for HZ-SSM case only). For the sake of comparison, we present the
global bounds from Ref. [22] in the forth column. All limits are 90% C.L. (1 d.o.f.).

pared to the global ones. One may note that the best up-to-date bound for ¢ was ob-
tained in this work.

We have considered above the sensitivity of the detector to NSI's applying the SSM-
constraint on the neutrino fluxes. Remarkably, Borexino detector is sensitive to the mod-
ification of the shape of "Be electron recoil spectra even if the neutrino fluxes are not
constrained by SSM model. Such analysis provides a limit:

—1.14 < e® <010 (90%C.L.) (4.42)

As one may see the limit is highly asymmetric, with a large extension for the negative
values of £f. Such a small sensitivity is induced by backgrounds (mostly 8°Kr) which
can easily compensate the modification of electron-recoil spectra.

Now let us consider the two-dimensional case when the allowed region for NSI pa-

rameters 2/ is plotted while L and £ are fixed to zero (Figure @ . Two contours
for HZ- (filled) and LZ-SSM (dashed) were obtained. Compared with other experiments
sensitive to the same NSI’s, the allowed contours for Borexino in the eZ-¢f plane have
a distinct orientation, cf. Figure The TEXONO experiment [21] is mostly sensi-
tive to %, while LSND [[19} 20] is mostly sensitive to ¢ . Borexino’s contour intersects
the allowed regions for both experiments at a certain angle, and the three experiments
complement each other. In principle, the overlap of Borexino with TEXONO results in
two allowed regions. To exclude the second intersection, the incorporation of the LSND
result is necessary.

As it was already explained in the analysis of one-dimensional profiles the contours
for HZ- and LZ-SSM’s are shifted along 5£—axis. However, in one-dimensional case the
shift for & was obscure. Now, considering two-dimensional case it is evident that for a
given shape of the contours such a shift in €2 have to produce also the displacement for
ek,

The contours for Borexino are extended along the direction

el = kel (4.43)
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with k =~ 3.75, due to the presence of backgrounds, especially ®°Kr. As it was previ-
ously found in [25] and confirmed in the current study, this background easily absorbs
the modification of shape and normalization of the "Be spectrum for a set of parameters
that satisfy this expression. Note that the choice of the SSM modifies not only the mea-
sured neutrino rates but also the configuration of backgrounds that, in turn, produces
an additional shift along (4.43).

For both HZ- and LZ-SSM cases, the bounds on the left parameter are stronger than
the result from LSND. TEXONO [21] is a reactor antineutrino experiment and its bounds
are obtained from 7ze scattering. For anti-neutrinos the roles of §.r, and g.r are reversed,
leading to a stronger bound on ¢%. Due to the approximate symmetry j* <+ —jf in the
anti-neutrino scattering cross section, two separate contours form the allowed region of
TEXONO around e? = 0 and e = —2¢g.p = —2sin?fy ~ —0.5.

The result of Borexino in the eL-¢£ plane is shown in Figure It is similar to that
of LEP [22] in excluded area, but it occupies a slightly different region, favoring positive
el and negative . NSI's comparable with the SM neutral current interactions are still
allowed.

The result for LZ-SSM is of particular interest. The shift of the minima discussed
above and observed in Figure (bottom right) transforms the allowed contour (Fig-
ure dashed dark blue) into two separate regions, one of which is already almost
completely excluded by LEP data. So, the remaining allowed region, in this case, is
relatively small.

The dotted gray lines in Figures and indicate the range for the parameter
¢’ relevant for NSI's at propagation. The contours are almost entirely located between
¢’ = —0.5and ¢’ = 0.5. As it was previously shown (see Figure[L.6), NSI's at propagation
are not very pronounced for these magnitudes of ¢’ compare to the precision of the the
measurements. Thus, the sensitivity of the detector is mostly determined by NSI's at
detection.

sin” Ay measurement

Finally, in addition to the analysis of NSIs, using the same data and analysis strategy,
we constrain the value of sin?fy in the SM. Instead of introducing NSI's, we simply
allow sin Oy in the SM-NC couplings to vary. The sensitivity of the analysis to sin® Oy
is mostly dominated by g~ while contributions of the other five coupling constants are
almost negligible. For the HZ-SSM case, the analysis of a likelihood profile results in

sin? @y = 0.229 + 0.026 (stat+syst) (4.44)

which is consistent with theoretical expectations [1] and comparable in precision with
the value found by the reactor 7ze scattering experiment TEXONO [21]:

sin? fyy = 0.251 4 0.031 (stat) 4+ 0.024 (syst) . (4.45)

The most accurate determination of sin® fy by neutrino-electron scattering is from the
v,e scattering experiment CHARM II [Z0]:

sin? y, = 0.2324 + 0.0058 (stat) = 0.0059 (syst) . (4.46)

* Tt has been brought to our attention that several naive analyses of published Borexino data have been
performed in the literature claiming smaller error bars on sin? 0y and the neutrino magnetic moment (e.g. in
Khan, A.N. Journal of Physics G: Nuclear and Particle Physics. 46(3), 2019), than respectively claimed here and
in Ref. [145]. Unfortunately, these analyses ignore the effect of sin? 6y}, and neutrino magnetic moment on the
recoil-electron spectral shape (see also comment on page 24 in Ref. [147]).
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Figure 4.10: Left panels show the log-likelihood profiles for the NSI parameter £ (red line) and e
(blue line) assuming HZ (top panel) and LZ (bottom panel) SSM’s. Right panels depict the same
for €2 (red line) and L (blue line). The profiles were obtained considering one NSI parameter
at-a-time, while remaining NSI parameters were fixed to zero.
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Figure 4.11: Allowed region for NSI parameters in R plane obtained in the present work. The
parameters £~ and eZ are fixed to zero. Both HZ- (filled red) and LZ- (dashed red) SSM’s were
assumed. The bounds from LSND [19] and TEXONO [21]] are provided for comparison. All
contours correspond to 90% C.L. (2 d.o.f.). The dotted gray lines represent the corresponding
range of ¢’ parameter, relevant for NSI's at propagation.
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Limits on v, — 7, conversion probability in the Sun due to SFP

Spin-flavor precession mechanism

The same analysis approach could be used to study 7-appearance in the Sun. The pres-
ence of anti-neutrinos in originally neutrino fluxes can be a consequence of neutrino
electromagnetic interactions induced by the non-zero neutrino magnetic moment y,, (see
[148] for a recent review of neutrino electromagnetic properties). Being roughly propor-
tional to the neutrino mass [149], 1, is expected to be non-zero in the light of oscillation
paradigm with massive neutrinos. Therefore, antineutrino detection can be applied to
studies of neutrino electromagnetic properties.

Neutrinos with non-zero y, interacting with strong magnetic fields in the Sun may
undergo spin-flavor precession (SFP) which changes their helicity and, possibly, flavor
[150]. Dirac neutrinos under SFP transit into a sterile right-handed state, while for Majo-
rana neutrinos spin-flip is equivalent to v, — 73 conversion. Under the CPT conservation
this process for Majorana neutrinos is necessarily accompanied by the flavor change, and
thus, the appearance of 7, in the Sun can be described as a combined effect of SFP and
neutrino oscillations:

SFP _ oscillations  _
Ve vy, De (4.47)

scillations SFP _
. oscillations, » 7, (448)

Method

The shape distortion of the electron recoil spectra observed by Borexino can be used
as a probe of for v, /v.-composition of incoming solar neutrino fluxes. Moreover, the
conversion of neutrino into antineutrino should reduce the detected neutrino rate since
the electron antineutrino cross section is substantially smaller than the one for electron
neutrino. Therefore, by constraining solar neutrino fluxes with the prediction of the
Standard Solar Model (SSM) [5], one can gain additional sensitivity to the conversion.
It is worth mentioning that the reaction of elastic neutrino scattering is also sensitive to
neutrino magnetic moment and was previously used in Ref. [145] to put a strong bound
on its value.

The previous limit on neutrino-antineutrino conversion p,_,; obtained by Borexino
using the method described in this section is [151]:

Pu—p < 0.35 (90%C.L.) (4.49)

In the present work, we improve this limit following the recent progress of Borexino
in solar neutrino detection [6].

We assume that the MSW mechanism takes place while the v — ¥ conversion is
a second-order process. As it was previously shown, the differential cross section of
neutrino elastic scattering off electron for all neutrino flavors is given by the expression:

doo(E,T) 2 T\? meT
5T) _ Gme |9ar + 9ar (1 - E) ~ YaLYaR g

= == , (4.50)

where G is the Fermi constant, m,. - electron mass, and F and T are neutrino and
recoil electron kinetic energies, correspondingly. The coupling constants at tree level are
given by expressions:
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sin? Oy + % fora=e,
JarL = .92 1
sin“Ow — 5 fora=pu,T,
Jar = sin®fy fora=-e, u,. (4.51)

Note that v, and v; have the same cross section at tree level due to equal coupling
constants.

The differential cross section for antineutrinos has the same form as but the
positions of g;, and gr coupling constants are swapped, and their values for all three
flavors are:

gr = sin? @y — % gr = sin’ Oy, (4.52)
Electron neutrinos interact with electrons by both CC and NC while 7, by NC only
and v, has approximately three times larger cross section than 7. Moreover, the swap of
the coupling constants affects the second and the third energy-dependent terms in (4.50)
and, therefore, distorts the shape of the spectrum.
Both v/, and 7/, interact with electrons by NC. Since g7, ~ g2, ; the shape
and normalization of the spectra are almost the same for neutrinos and anti-neutrinos
and effect of the shape distortion is less pronounced compared to v, - case. Thus, the
Borexino is sensitive to only v. — 7, conversion.
Taking into account antineutrino component due to v —  conversion, the observed

spectra in the detector is given by the expressiorﬂ

dR, d\,
dT dE
where N, is a number of electrons in the fiducial volume, ®, and are total neu-

trino flux and energy spectrum for a given neutrino type v = pp, "Be, pep, CNO; P..(E)
is a electron neutrino survival probability predicted by MSW-LMA and

_ N, / dE 2% (4,01 = poss) + Aspuss] (4.53)

[2N%

4, =9 p () e b)) (@5
v — dT ee dT ee ®
dO'f,
A,j == 4
1T (4.55)

The monochromatic “Be-line plays a dominant role in the analysis as the most sensi-
tive to the spectral shape distortion and change of the normalization.

Solar neutrino fluxes ®, were constrained with SSM with High-(HZ) and Low-(LZ)
metallicity SSM’s[5]. The uncertainties related with the fiducial volume determination
and oscillation parameters, as the primary sources of the systematics, were found to
be small compared to the uncertainties associated with SSM-flux prediction and were
incorporated together with SSM-penalty terms.

The fitting procedure consists of the multivariate maximization of the composite like-

lihood function L(p,_,5, g ) described in [130} [145] for set of p,_,; values. Then, the like-
lihood profile was analysed to determine the upper bound for p,_,5 .

SFor clarity, we present this formula in energy units, omitting the convolution with the energy response
function of the detector
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Figure 4.13: Likelihood profiles for v — o conversion probability obtained with HZ- and LZ-SSM
constraints.

Results

The corresponding likelihood profiles for HZ- and LZ-SSM are shown in Fig. By
numerical integration of the profiles in Fig. one can obtain bounds for p,_,; for
HZ-SSM case:

pHZ < 0.14 (90%C.L.) (4.56)
and for LZ-SSM:

pEZ < 0.09 (90%C.L.) (4.57)

We can take (4.56) as a conservative final result that does not depend on the choice
of SSM, providing an improvement by a factor of two with respect to the limit (4:49),
previously obtained in [151]].
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Figure 4.14: Expected solar neutrino spectra with backgrounds. The most optimistic purification
result were supposed. Anticipated detector threshold ~ 500 keV is indicated by black arrow. See
the text for more details. (from Ref. [9]])

JUNO solar neutrino program and sensitivity to NSI

In this subsection, the possibility to search for NSI's with JUNO is analyzed. In the intro-
duction NSI with reactor anti-neutrino were briefly reviewed. Here, we consider
the analysis strategy with solar neutrinos that were used for Borexino to obtain the limits
on ef/% and eF/*. It is clear that the applicability of this analysis to JUNO depends on
the successful realization of the solar neutrino program.

The simulated solar neutrino spectra with backgrounds for JUNO is presented in Fig.
[.14] In principle, the better energy resolution will make an advantage for solar neutrino
studies since both signal and background spectra could be well-separated. However,
there are several other critical factors: cosmogenic background, PMT dark count rate
and radiopurity (Ref. [9], [152] and [153]). The detector will be located quite near to the
surface with 3 events of muons per second in the whole detector. The cosmogenic back-
ground will have a serious impact unless special techniques are applied for its tagging
and removal from the spectrum similar to the one used for Borexino. Effective discrimi-
nation of ST and 3~ emitters will also become possible thanks to new topological track
reconstruction algorithm (Ref. [154]). Especially it is important for ®B detection since
its spectrum is located in the energy range of the cosmogenic '°C, 'C and 'Be. Dark
count rate may significantly contribute into the resolution at low energies, degrading
nominal energy resolution and reducing sensitivity to pp and "Be neutrino. Finally, strict
radiopurity requirements should be fulfilled to reduce the contribution of background
events from 23U, 232Th, 1°K and gaseous %°Kr. In Fig. one may see the interweav-
ing of these backgrounds with electron recoil spectra. Here in Fig. we consider
the most optimistic case with 22U = 10717 g/g, 23?Th = 10717 g/g, 'K = 107 ¥ g /g
and 8°Kr about 100 counts/day/kton. As it was found in previous chapter, the current
purification procedure should be significantly improved to archive these levels.

One more important requirement is a detector threshold that is currently supposed
to be about 500 keV. It makes impossible the detection of pp neutrino and reduces the
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low energy part of “Be spectrum significantly, leaving only the part near the shoulder.

Supposing this configuration of JUNO detector as final and applying finding of the
analysis for Borexino it already possible to give some definitive conclusion about the
ability to search for NSI with JUNO.

As in the case of Borexino "Be spectrum plays a primary role for the sensitivity. The
left ¢& NSI parameter was associated with normalization of the spectrum and e with
its shape. Since their quite distinct behavior, we can analyze them separately.

The sensitivity to the normalization of the total spectra (in other words to the total
cross section) mainly depends on two factors: the precision of the measurement of the
"Be rate by a detector and uncertainty of the "Be flux from the Standard Solar Model.
In the analysis x* (likelihood function) was build incorporating x7,, value of the com-
parison experimental spectra and detector model and x%,, penalty term for the neutrino
flux:

X2 = X?‘zt + X%SM penalty (458)

The “strength” of x%,, term, that is its possibility to limit ¢/ inversely proportional
to the relative precision of the "Be measurement. The more precise measurement is the
stronger "Be ”” into experimental spectrum.

The “strength” of X&gas penairy 15 iNVersely proportional to the SSM model flux un-
certainty.

Currently, SSM uncertainty (5 %) is larger than the precision of the (2.8 %) "Be-flux
measurement. Therefore the sensitivity to NSI is dominated by the SSM constraint and
improvement of the “Be precision does not refine the constraints. More precise measure-
ment become relevant when the uncertainty of the SSM flux is reduced which in turn
lead to the automatic improvement of the limits.

JUNO is not supposed to improve 2 parameter even if more precise measurements
of the "Be-flux will be performed unless the SSM uncertainty of the flux will be signifi-
cantly reduced.

8B neutrino could be also considered for NSI studies. Apart from the sensitivity at
the detection point, since it is located in matter energy region and should be sensitive
to NSI at propagation as well (see Sec. [[.2.3). However, it is untimely to derive any
conclusion about expected sensitivity since the feasibility for B measurement is still on
the early stage of discussion (Ref. [9],[152], [153]).
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Conclusions

In this chapter, we search for Non-Standard Interactions (NSI’s) of the neutrino using
Borexino Phase-II data. The NSI’s considered were those of the Neutral-Current (NC)
type that modify the v.e and v e couplings while preserving their chiral and flavor struc-
tures.

Such NSI’s can affect solar neutrinos at production, propagation, and detection. Neu-
trino production in the Sun can be affected via processes such as ye — vwve, but the
expected modification in the neutrino spectrum is at energies well below the detection
threshold of Borexino (~50 keV) so this effect need not be considered. The NSI’s con-
sidered also modify the solar neutrino survival probability P..(E) via the LMA-MSW
effect as the neutrinos propagate out through the matter of the Sun. However, this effect
is dominant at ®B neutrino energies but not particularly large at “Be neutrino energies,
limiting the sensitivity of Borexino to such modifications. The dominant effect of the
NSI’s is at detection where the shape of the electron-recoil spectrum is sensitive to any
change in the v.e and ve couplings.

The solar neutrino fluxes were constrained to the prediction of the Standard Solar
Model (SSM) with the LMA-MSW oscillation mechanism. SSM’s with both high- (HZ)
and low-metallicity (LZ) were considered. Systematic effects related to the characteri-
zation of the target mass of the detector and the choice of oscillation parameters were
taken into account.

The modifications to the v.e and v;e couplings are quantified by parameters eL/R
and /7. The bounds to all four parameters were obtained in this analysis, and they all
show marked improvement compared to the Borexino Phase-I analysis [25], regardless
of the choice of metallicity in the SSM, c¢f. Table The bounds are quite stringent
compared to the global ones: the best to-date limit for ¢Z was obtained.

The log-likelihood profiles and corresponding bounds for HZ- and LZ-SSM’s are
shifted with respect to each other due to different expected neutrino detection rates. The
minima of HZ-profiles are less shifted from zero as a result of better agreement between
the measured neutrino rates and HZ-SSM. For LZ-SSM, the deviations of the minima of
the profiles from zero are more sizable but still statistically insignificant. The allowed

contour of Borexino in the &/ R—plane is quite distinct with respect to other ve or Te
scattering experiments, also sensitive to the same NSI’s, such as TEXONO and LSND.
Borexino is sensitive to both £ and L' parameters while TEXONO and LSND mostly

constrain only £ or €Z, respectively. Notably, in the case of 22 two local minima
are observed. The distance between the minima is larger for LZ-SSM, resulting in the
splitting of the 90 % C.L. allowed contour into two contours in the &/ R—plane.

This investigation reveals the principle role of #Kr-background in the analysis due to
its correlation with "Be. Applying an independent measurement of Kr and constraining
its expected rate reduces allowed region for ef/L and el parameters. The role of Bi-
background and its constraining was found to be insignificant.

The smaller, conservative, NH-value for 6,3 was chosen for the sf / R-analysis. If
instead, the neutrino mass hierarchy is identified as inverted in the future experiments,
the contribution of the 7-neutrino into the cross section will be bigger and the bounds
for ££/% will be slightly improved. Finally, the most crucial factor which determines the
sensitivity is the uncertainty of v-fluxes predicted by SSM (primarily 6% for ®7g.): their
further reduction directly refines the bounds.

The detector is sensitive to €%, even without constraining the neutrino fluxes to the
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SSM, purely via the modification to the electron-recoil spectral shape. However, it was
found that backgrounds reduces this sensitivity dramatically by compensating for the
modification to the spectra, especially for negative £X7.

The same dataset and analysis approach could be used to constrain sin” 6y and to
place a limit on the probability of v, — 7, conversion in the Sun. The resulting value of
sin” @y is comparable in precision to that measured in reactor antineutrino experiments.
Besides, the most robust limit was set for v, — 7, conversion probability of solar neutrinos
with energies lower than the threshold of inverse beta decay reaction F,, < 1.8 MeV.

The analysis of further possible improvements of NC NSI bounds in the context of
JUNO potential showed a modest perspective. At the current situation, the sensitivity
is mostly driven by the uncertainty of the SSM fluxes prediction. Therefore, the limits
could be refined in the future together with SSM development.
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