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Studying background processes of the exotic neutrino-nucleus reactions

D.K. Papoulias®, T.S. Kosmas®

¢ Division of Theoretical Physics, University of loannina, GR 45100 loannina, Greece

Abstract

The background processes of the flavour changing neutral current (FCNC) processes, predicted by various
new-physics models to occur in the presence of nuclei, are examined by computing the relevant nuclear
matrix elements within the context of the quasi-particle RPA using realistic strong two-body forces. Our
main goal is to explore the role of the non-standard interactions (NSI) in the leptonic sector and specifically:
(i) in lepton flavour violating (LFV) processes involving neutrinos vy and 7y, £ = e, i, 7 and (ii) in charged
lepton flavour violating (cLFV) processes involving the charged leptons £~ or ¢T. As concrete nuclear
system we have chosen the stopping target of =~ — e~ conversion experiment, i.e. the *8Ti nucleus of
the PRIME/PRISM experiment at J-PARC. This experiment has been designed to reduce the single event
sensitivity down to 10716-107'8 in searching for charged lepton mixing events. We also present, stringent
constraints on the flavour violating parameters entering the NSI Lagrangians that have been obtained by
taking advantage of our detailed nuclear structure calculations and exploiting the present limits or the
sensitivity of the proposed exotic u~ — e~ experiments.

Keywords: Non-Standard neutrino-nucleus reactions, Flavour-changing neutral-current, Nuclear structure
calculations, Supernova neutrinos

1. Introduction

Coherent neutrino-nucleus scattering, which is the dominant reaction channel, is widely recognised as an
excellent probe for exploring astrophysical phenomena [1-3], for deeper understanding the Supernova (SN)
explosion mechanisms, as well as for investigating the interior of distant stars. Moreover, the exotic neutrino-
nucleus reactions, offer interesting probes to search for new physics [4, 5] beyond the Standard Model (SM).
Such possible, lepton flavour violating (LFV) processes have the form v, (V) + (4, 2) — vp(vVs) + (4, Z),
where o« # [ [6-9]. The LFV parameters entering the latter flavour changing neutral current (FCNC)
reactions, can be constrained from recent and future very sensitive experiments searching for exotic p= — e~
conversion, like the COMET at J-PARC, JAPAN and the Project X at Fermilab, USA, using **Ti and 27Al
respectively, as nuclear targets [10, 11].

In the present work, as a first step we investigate in detail the response of the *8Ti nucleus, due to its
great experimental interest, according to the SM neutrino reactions [12, 13] represented by v, (Vo) + (4, Z) —
Vo (Ve )+ (A4, Z). We adopt the Donelly-Walecka method [14-16] and solve the BCS equations [17], to perform
realistic and accurate cross sections calculations [18-20] within Supernova scenarios [21-24]. We also employ
the method of fractional occupation probabilities (FOP) of the states [25, 26], based on analytic expressions,
for evaluating the proton charge density distribution and the nuclear form factors [27-30], entering the
coherent rate. To this contribution, we extend the previous studies, by introducing more parameters,
increasing this way the number of “active” nucleons in the particular nuclear system. The consistency
and reliability of the present work is checked by comparing our theoretical predictions with the available
experimental data [31]. In Fig.1 we show some nuclear-level Feynman diagrams representing the exchange of
a Z-boson between a lepton and a nucleon for the cases of v-nucleus scattering in the SM (Fig.1(a)) and in
the non-standard interactions of neutrinos with nuclei (Fig.1(b)). We also show the exchange of a Z-boson
or a y-photon in the 4~ — e~ conversion, Fig.1(c) [4, 18]. The leptonic vertex in the cases of Fig.1(b),(c)
is a complicated one.

11



(A,Z) AZ) (AZ) (A,Z) (A Z) (A,Z)

Figure 1: Nuclear level Feynman diagrams for: (a) SM Z-exchange neutral current v-nucleus reactions, (b) non-standard Z-
exchange v-nucleus reactions, and (¢) Z-exchange and photon-exchange = — e~ in the presence of a nucleus (muon-to-electron
conversion). The non-standard (cLFV or LFV) physics enters in the complicated vertex denoted by the bullet o. [5]

2. Brief description of the formalism

2.1. SM neutral current neutrino-nucleus cross sections

At low and intermediate neutrino energies, considered in the present study, the SM v-nucleus reactions
may be described by the effective (quark-level) interaction Lagrangian [7]

M = _2\/§GF Z 91]03 [lja’VpLVa] [prPf} ’ (1)
f=u,d
a=e,pu,T
where g} = % — % sin? 0y and gk =—% sm 2y are the left- and right-handed couplings of the u-quark to the
Z-boson and g = —% + %sin2 Ow and g% = %bm Ow are the corresponding couplings of the d-quark (O

is the Weinberg mixing angle) [15]. The polar-vector couplings of protons and neutrons to the Z boson (see
Fig.1), are written in terms of the Weinberg mixing angle 0y as: g}, = 2(g% +g%)+ (g% +g%) = % —2sin? Oy
and g% = (g% + g%) +2(g¢ + g%) = —%, respectively.

In the Donnelly-Walecka multipole decomposition method, the neutral-current, double differential SM
cross section from an initial |J;) to a final |Jy) nuclear state reads [1, 15]

d201_>f G2 €€f
iQdw 7 (2J+1) Z"CL+Z”T ! 2)

where ¢; (ef) is the initial (final) neutrino energy. The cross sections of; (for the Coulomb-longitudinal
operators) and o (for the tensor operators) are defined in [15] and are written in terms of the matrix
elements (ME) of seven basic irreducible tensor operators, which in our convention are [14, 16]

MNmazx

GlIT Nlg2) = ¥y Y Pty i=1,-- T (3)
pn=0

Therefore, their evaluation is necessary for performing nuclear cross sections calculations. These coefficients,
Pf; 7 have been computed recently in Refs.[14, 16]. In this paper we focus in the special case of the dominant
coherent channel where only g.s — g.s transitions occur, thus ¢; = ¢y = £, and only the Coulomb operator,
T = Moo (see, Eq.(8)), should be taken into account. Then, the differential cross section with respect to
the scattering neutrino angle becomes [12, 13]

do G2
T s 8—7I;E§ (14 cosb) Q%,VFQ(q2)7 (4)
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where the weak charge is defined as Quw = [(1 — 4sin? GW) Z—N ] . The kinematics of the reaction, imply
that the magnitude of the three momentum transfer, written in terms of the incoming neutrino energy F,
and the scattering angle 6 (laboratory frame), is [26]

0
¢ = 4E? sin? 3 (5)

However, from an experimental physics point of view, experiments are more sensitive to the kinetic energy
of the recoiling nucleus given by T = ¢?/2M, rather than the orientation of the scattering neutrino. Thus,
expressing the differential cross section with respect to the nuclear recoil energy T, in the low energy
approximation T' < E,,, one finds [23, 30]
2
= (1 g ) e (©
dr 4 2F?2

where M stands for the mass of the target nucleus. It can be seen from Egs.(4,6) that the nuclear form
factor has been taken into account, which from a nuclear physics point of view cannot be neglected, due to
the finite nuclear size. In the rest of this work, we describe an effective method towards obtaining the form
factor which is compared with the simple shell-model predictions through nuclear cross sections calculations.
More precise cross sections calculations become possible by explicitly solving the BCS equations [17] and
the differential cross section can be cast in the form [26]
do G

2 ~ 2
= SL B (1+ cos0) |{g.. | Moo (@)llg-.) (™)

where |g.s.) is the nuclear ground state (for spin-zero nuclei |g.s.) = [J™) = |0T)). For this particular case
the g.s. — g.s. transition ME is given by

(g.5.[| Moo(q)||g-5.) = % [(1—4sin®0w) ZF; — N Fy]. (8)

2.2. Non-standard neutral current neutrino-nucleus cross sections
The v-nucleus NSI (see Fig.1b), are described by an effective quark-level NSI Lagrangian of the form
(energies < Mz) [2, 3,5, 7, 9]

P _
Lysi = —2V2Gp Z eﬁg (Do Lvg] [fA7Pf], 9)
f=u,d
a,B=e,u,T
where three light neutrinos v, g with Majorana masses are assumed, f is a first generation quark and
P = {L,R} are the chiral projectors. Note that the latter Lagrangian contains two types of couplings
relative to the strength of the Fermi constant G . These include the non-universal (NU) terms proportional

to e/ as well as flavour-changing (FC) contributions originating from the eig, a # [ and holds that

e(’:}g = Eig + eig for the polar-vector couplings and eig = Eig — eig for the axial-vector couplings. The

nuclear physics aspects of the FCNC reactions are studied by transforming the Lagrangian of Eq.(9) to
the nuclear level where the hadronic current contains the neutral-current nucleon form factors which are
functions of the four-momentum transfer [19)].

The corresponding NSI coherent differential cross section with respect to the outgoing neutrino scattering
angle 6 that arises from the NSI Lagrangian of Eq.(9) is [5]

do(nsr) %EQ
dcosf — 2m Y

The g.s. — g.s. NSI transition nuclear matrix element now takes the form [5]

|{g-5.11GV> (q)]g-5.)

(1 + cosO) [ (g.5.IGY (q)llg-5)| ", (10)

? = [(2¢Y + €V) ZF2(q?) + (€Y, + 2¢2Y) NFn (%))

+ 37 [(2e8Y + ) ZF2 (%) + (€8 +268%) NFx ()]’
a#fB
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(o, 8 =e,u, 7). In an exact analogous way with the SM cross sections, the corresponding differential cross
sections with respect to the nuclear recoil energy Ty are written as [5, 7, 8]

dO'(NS’I) - G%M (1 _ MTN

2

The upper limits on the NSI parameters eig that have constrained by the corresponding experiments

can be found in [6]. Table 1 lists the upper limits on the NSI parameters €/ that have been derived by
exploiting the extremely high sensitivity of the proposed = — e~ conversion experiments in Ref.[5].

COMET Mu2e Project-X PRIME

P x10°6 | 370 287  0.52 0.37

Table 1: Upper limits on the NSI parameters eﬁf and the corresponding ratios Ry“(—)ue for the FC v, > ve reaction channel

resulting from the sensitivity of the u~ — e~ conversion experiments.

2.8. Evaluation of the form factors

The electromagnetic form factors F(y) for protons (neutrons) enter the aforementioned SM and NSI
scattering cross sections of the previous subsections due to the CVC theory. These form factors are functions
of the three momentum transfer i.e. Fiz(n) = FZ(N)(qQ) may be predicted within various models.

From a nuclear structure perspective the form factors can be obtained by solving iteratively the BCS
equations to determine the BCS probability amplitudes, V}p ™) of the j — th single nucleon level that enters
the nuclear nuclear factor [17]

P () = 5 ) s ln(allgs) (V) (13)

J

where [j] = /27 + 1, N, = Z (or N) and j = (n,{)j are the quantum numbers of the h.o. orbits included in
the assumed model space. The chosen active model space consists of the lowest 15 single-particle j-orbits,
j = (n,£,1/2)j without core [5]. The required monopole (pairing) residual interaction, obtained from a Bonn
C-D two-body potential (strong two-nucleon forces), was slightly renormalized with the two parameters ggﬁr
for proton (neutron) pairs and the other required nuclear parameters are listed in Table 2.

Nucleus model-space b Al (MeV) Al (MeV) Ipai Ipair
48Ty 15-levels (no core) 1.952 1.9111 1.5573 1.0564  0.9989

Table 2: The adopted nuclear structure parameters for the construction of the nuclear g.s. for the 4®Ti isotope.

We note that, in the approximation of Fz ~ Fy and |JT) = |g.s.) = |[0T) for the ground state, Eq.(7)
coincides with Eq.(4).

The proton density distribution is well measured by electron scattering experiments [31], and models
exist to calculate the overall form factor. The most complete treatment is [27] and the form factor used is

P = 0D oy [ 2] (1)
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where Ry stands for the nuclear radius written in terms of the nuclear skin thickness, s = 0.5, as RS = R?—s?
with R = 1.2 A3 fm. In the next section we use the latter form factor to compare the consistency and
accuracy of our nuclear structure BCS method.

For other interesting approximations including the Nuclear Shell-Model and the fractional occupation
probalilities (FOP) methods the reader is referred to [26].

3. Results and discussion

One of the most interesting connections of our present calculations with ongoing and future neutrino
experiments is related to supernova neutrino detection. As it is known, in supernova explosions most of
the energy is released by neutrino emission. Then, the total neutrino flux arriving at a terrestrial detector,
®(E,), as a function of the SN neutrino energy E,, reads [23, 24]

N,
=2 BB = D g i () (15)

(o = e, pu, 7) where N, is the number of (anti)neutrinos emitted from a supernova source at a typical
distance (here we used d=285 kpc) and nSN denotes the energy distribution of the (anti)neutrino flavour a.
We assume that the emitted SN-neutrino energy spectra 77 N(E,) resemble Maxwell-Boltzmann distributions

0.20 [T | RAAARALEL ARALAALL | RAAARLLLL | RAALRALLL ARALAARAL | RAAARALEL ARARLLALLL ]
015 F = .
S ve
SN ol \ | Rr— 4
n, 0.10 C I .'\" Ve mmee 7
i \
L : . tot - —.—.—.
0.05 — N 7
' ‘ <O
000 ~‘~~___::j=“:::7m.m‘ | | .U-
0 10 20 30 40 50 60 70 80
E, (MeV)

Figure 2: Maxwell-Boltzmann spectra for the three neutrino flavours used in the present calculations.

that depend on the temperature T, of the (anti)neutrino flavour v, (74) as

SN E g /T,
nua (EV) = 2T3,a € viTve ’ (16)

(T,, = 3.5MeV, T, = 5.0MeV, T, 5, = 8.0MeV, x = p, 7). The number of emitted neutrinos N, can be
readily found from the mean neutrino energy (E,_) = 3T, and the total energy released from a supernova
explosion, U = 3 x 10%3erg [21, 22].

From experimental physics perspectives, it is also interesting to make predictions for the differential
event rate of a v-detector [20, 23, 24]. The usual expression for computing the yield in events is based on the
neutrino flux, ®, . To include the NSI of neutrinos with nuclei, the yield in events Y} ., (Tn), is defined
as [5, 23, 24]

2
Yo (Ty) = Nt/cb dE, /daA Ve 5 (TN - 2M) dcosf, (17)
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Figure 3: The expected differential event rate for a terrestrial nuclear detector that consists of 1 tone *8Ti.
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Figure 4: The response function for a terrestrial nuclear detector that consists of 1 tone *8Ti.

where V; is the total number of nuclei (atoms) in the detector material. Assuming a detector filled with one
tone 48Ti, we evaluated differential event rates Yy ,, (Tx) and the response function (see Fig.3 and Fig.4
respectively) for several supernova scenarios.

We find that all nuclear methods used in the present work (i.e. Shell-Model, FOP, BCS and that of
Eq.(14)), yield similar results. However, for the approximation of unity form factor in which the nuclear
physics details of the reaction are considered negligible, we found an excess on the results for both differential
event rate of Eq.(17) and response function (i.e. Eq.(17) times the nuclear recoil energy T ).

One of the most important quantities from an experimental point of view is to measure the total number
of events for the particular reaction. To this purpose, we apply the present formalism to make predictions
for the total number of v-nucleus events to be detected over a threshold by a terrestrial experiment. By
integrating Eq.(17) over a nuclear threshold Ty, .. we obtain the results presented in Fig.5.

We find that for a nuclear threshold set at Th,, .. = 1keV and taking into account our realistic nuclear
structure calculations we end up with about 14 events per tone of a 48Ti terrestrial detector. As expected,
the number of events decreases smoothly for higher thresholds. Again, we stress that neglecting the nuclear
physics aspects of the reaction an important excess for the expected events of the order of 30% is found.
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Figure 5: Number of total counts over threshold for a nuclear detector filled with 1 tone *8Ti.

4. Summary and Conclusions

In this work, we reported a general method for making realistic coherent neutrino-nucleus cross sections
calculations. It is worth mentioning that, especially when we deal with Supernova neutrinos (or neutrinos
with higher energies originating from other sources) taking into account the momentum variation of the form
factor is of significant importance. Comparing with other nuclear methods (like the simple shell-model and
fractional occupation probabilities) and other mean field approximations (or other where the form factor
is set equal to unity), we ended up with more reliable results. We conclude that since for the dominant
coherent channel of the v-nucleus reactions the contribution to the cross section is mainly due to v-neutron
scattering, the BCS method yields the most precise results. The present calculations strongly indicate that
for the case of Supernova neutrino-nucleus reactions offer measurable rates. We stress however, that a
deviation from the SM prediction could indicate new physics beyond the SM. We finally mention that our
study can be also applied to make predictions for other type of experiments including stopped-pion muon
neutrino sources for which due to the high neutrino intensity, event rates may be in the tens per year even
for kilogram-scale detectors. Such results will be published soon elsewhere.
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