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ELASTIC ν-A SCATTERING

ν + A(N,Z)→ ν + A(N,Z)

Advances in High Energy Physics 3

(A, Z) (A, Z)

Z

!" !"

(a)

Z

(A, Z) (A, Z)

!" !#

(b)

(A, Z) (A, Z)

$− e−

Z, &

(c)

Figure 1: Nuclear level Feynmandiagrams for (a) SM!-exchange neutral-current ]-nucleus reactions, (b) nonstandard!-exchange ]-nucleus
reactions, and (c)!-exchange and photon-exchange "− → $− in the presence of a nucleus (muon-to-electron conversion).(e nonstandard
(cLFV or LFV) physics enters in the complicated vertex denoted by the bullet ∙ [53].
nonstandard terms are considered (i) *avour preserving non-
SM terms that are proportional to &"#$$ (known as nonuniver-
sal, NU interactions) and (ii) *avour changing (FC) terms
proportional to &"#$% , ' ̸= ).(ese couplings are de+ned with
respect to the strength of the Fermi coupling constant *&
[52, 73]. In the present work, we examine spin-zero nuclei;
thus, the polar-vector couplings de+ned as &"'$% = &"($% + &")$%
are mainly of interest. For the axial-vector couplings it holds&"*$% = &"($% − &")$% .

Following [79, 80], the nuclear physics aspects of the
neutrino-matter NSI can be explored by transforming the
quark-level Lagrangian (3) eventually to the nuclear level
where the hadronic current is written in terms of NC nucleon
form factors that are functions of the four-momentum
transfer. Generally, for inelastic ]-nucleus scattering, the
magnitude of the three-momentum transfer, , = | ⃗,|, is a
function of the scattering angle of the outgoing neutrino .
(in laboratory frame) and the initial, /+, and +nal, /", nuclear
energies, as well as the excitation energy of the target nucleus,0, and takes the form ,2 = 02 +2/+/"(1− cos .) [81, 85]. Our
analysis in the present paper concentrates on the dominant
coherent (elastic) channel where only 12 → 12 transitions
occur (0 = 0, /+ = /") and the momentum transfer in
terms of the incoming neutrino energy, /], becomes ,2 =2/2](1 − cos .) or equivalently , = 2/] sin(./2).

(e NSI coherent di1erential cross section of neutrinos
scattering o1 a spin-zero nucleus, with respect to the scatter-
ing angle ., reads [53]34NSI,]!3 cos . = *2&25/2] (1 + cos .) 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662 , (4)

where ' = $, ", ; denotes the *avour of incident neutrinos
and |12⟩ represents the nuclear ground state (for even-even
nuclei assumed here, |12⟩ = |=,⟩ ≡ |0+⟩).(e nuclear matrix
element, which enters the cross section of (4), is written as
[53]66666MNSI',]! 666662≡ 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662

= [(2&-'$$ + &.'$$ )!B/ (,2) + (&-'$$ + 2&.'$$ )CB0 (,2)]2+∑% ̸=$ [(2&-'$% + &.'$% )!B/ (,2) + (&-'$% + 2&.'$% )CB0 (,2)]2
(5)() = $, ", ;) where B/(0) denote the nuclear (electromag-

netic) form factors for protons (neutrons). We stress the fact
that, in the adopted NSI model, the coherent NC ]-nucleus
cross section is not *avour blind as in the SM case. Obviously,
by incorporating the nuclear structure details, in (4) and (5),
the cross sections becomemore realistic and accurate [9].(e
structure of the Lagrangian (2) implies that in the right-hand
side of (5) the +rst term is the NUmatrix element,MNU',]! , and
the summation is the FC matrix element, MNU',]! ; hence we
write 66666MNSI',]! 666662 = 66666MNU',]! 666662 + 66666MFC',]! 666662 . (6)

From experimental physics perspectives, it is rather
crucial to express the di1erential cross section with respect
to the recoil energy of the nuclear target, F0. In recent
years, it became feasible for terrestrial neutrino detectors to
detect neutrino events by measuring nuclear recoil [16, 17].
(erefore, it is important to compute also the di1erential
cross sections 34/3F0. In the coherent process, the nucleus
recoils (intrinsically it remains unchanged) with energy
which, in the approximation F0 ≪ /], takes the maximum
value Fmax0 = 2/2]/(H + 2/]), withH denoting the nuclear
mass [36, 37]. (en, to a good approximation, the square of
the three-momentum transfer is equal to ,2 = 2HF0, and
the coherent NSI di1erential cross section with respect to F0
can be cast in the form34NSI,]!3F0 = *2&H5 (1 − HF02/2] ) 66666⟨126666 66666*NSI',]! (,)66666 666612⟩ 666662 .

(7)

We note that, compared to previous studies [60, 72], we have
also taken into consideration the interaction ]-K quark (see
(5)), in addition to themomentumdependence of the nuclear

Why should we care about this process?

? As a signal
I Neutron density distributions
I Detection of supernova neutrinos
I Astrophysical processes
I Nuclear reactor monitoring

? As a background
I Dark matter searches
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SM CROSS SECTION FOR SPIN-ZERO TARGETS
I Differential cross section (T ≈ q2/2MA, with q = |q|, is the

nuclear recoil kinetic energy)

dσ

dT
= MA

G2
F

4π

(
1− q2

4E2
ν

)[
(1− 4 sin2 θW )ZFZ(q2)−NFN (q2)

]2
I The charge and neutron form factors are the Fourier transform of

the corresponding densities

FZ(N)(q
2) =

1

Z(N)

∫
d3r eiq·r ρZ(N)(r)⇒ FZ(N)(0) = 1

I Total cross section

σ =

∫ Tmax

Tmin

(
dσ

dT

)
dT

I Tmin is the detection threshold, Tmax ≈ 2E2
ν/MA
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ENERGY RANGE OF ELASTIC SCATTERING

I Elastic scattering requires momentum transfer such that

1

q
� RA ≈ r0A1/3 , r0 = 1.25 fm

I Combining the above relation with the kinematical limit
q < qmax = 2Eν yields

Eν �
1

2RA

I For nuclear targets with mass number in the range 12 <∼ A <∼ 132,
including C, Ar, Ge, and Xe

10 <∼ Eν <∼ 30 MeV
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RELEVANT NEUTRINO SOURCES
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FIG. 2: (a) The ↵-contours on the (N ,E⌫) plane at Tmin=0,
with bands of realistic neutrino sources and target nuclei su-
perimposed. Variations of ↵ and ⇠ for Ar,Ge,Xe as functions
of (b) E⌫ at Tmin=0, and (c) Tmin at E⌫=50 MeV, where the
end-points correspond to maximum recoil energies.

It readily follows that ⇠ varies linearly with ↵, and both
are unity at full coherency.

The parameters (↵,⇠) are evaluated with Eqs. 8&9,
respectively. The ↵-contours on the (N ,E⌫) plane at
Tmin=0 are displayed in Figures 2a, with the bands of re-
alistic neutrino sources and detector target nuclei super-
imposed. The variations with E⌫ at Tmin=0 are depicted
in Figure 2b. There is already significant decoherency at
E⌫=50 MeV, with values listed in Table I. The coherency
would further decrease with increasing detector thresh-
old, as illustrated in Figure 2c.

Experimental studies of coherency would be performed
with realistic neutrino sources. The current projects are
based on reactor ⌫̄e [11], DAR-⇡ (⌫µ,⌫e,⌫̄µ) [12], as well
as the high energy solar-8B ⌫e in dark matter exper-
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FIG. 3: (a) Neutrino spectra (�⌫) from reactor ⌫̄e, DAR-⇡
(⌫µ,⌫e,⌫̄µ), and solar-8B ⌫e, normalized by their maxima. (b)
Distributions of [�⌫ ·�⌫Ael ] at Tmin=0, which are the weights
in the averaging of (↵,⇠) to provide measurements of (h↵i,h⇠i).

TABLE II: The half-maxima in the distributions of [�⌫ ·�⌫Ael ]
at Tmin=0 for the di↵erent neutrino sources, and the values of
h↵i probed by the selected target nuclei. The ⌫µ from DAR-⇡
is mono-energetic.

⌫ Half-Maxima of [�⌫ ·�⌫Ael ] h↵i with
Source in E⌫(MeV) Ar Ge Xe

Reactor ⌫̄e 0.96�4.82 1.00 1.00 1.00
Solar-8B ⌫e 5.6�11.9 0.99 0.99 0.98
DAR-⇡ ⌫µ 29.8 0.91 0.86 0.80
DAR-⇡ ⌫e 27.3�49.8 0.89 0.83 0.76
DAR-⇡ ⌫̄µ 37.5�52.6 0.85 0.79 0.71

iments [10]. These neutrino spectra (�⌫) [12, 15] are
depicted in Figure 3a. Experiments on ⌫Ael scattering
provide measurements of (h↵i,h⇠i), which are averages
of (↵,⇠) weighted with the distributions of [�⌫ ·�⌫Ael

].
Those at Tmin=0 are displayed in Figure 3b.

The variations of (h↵i,h⇠i) with detector threshold
Tmin for the di↵erent neutrino sources and targets
(Ar,Ge,Xe) are depicted in Figures 4a,b&c, respectively.
The values of h↵i at Tmin=0 are summarized in Table II.
There is strong complementarity between the configura-
tions. The combined measurements of di↵erential cross-
sections allow studies of the transitions from coherency
to decoherency in ⌫Ael. In particular the low energy re-
actor ⌫̄e and solar-8B ⌫e probe the full coherency region
(↵>0.9), while the intermediate energy DAR-⇡ ⌫’s allow
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cm−2 s−1 for neutrino energies >∼ 20 MeV. This flux limit was set based on the neutral

current interaction with 12C. It has additionally been proposed that Super-Kamiokande

can set an improved limit on the νx flux [24]. Below the prospects for improving on

these νx flux limits are discussed.

In addition to the DSNB, detectors sensitive to low energy nuclear recoils may be

used to detect a supernova burst in the Galaxy [25]. For exposures on the scale of

∼ ton-yr, there are expected to be of order 10 events, summed over all flavors for a

supernova at 10 kpc [26]. The detection of a supernova burst via a recoiling nucleus

would provide a unique window into supernova physics, complementing the detection of

proton recoils [27] as the best means to study the νx component of the neutrino flux.

Figure 1 shows the neutrino flux spectra for solar, atmospheric, and DSNB sources.

In terms of integrated flux, the 8B flux is by far dominant, nearly three orders of

magnitude larger than the next closest hep rate. However, as the 8B flux is confined to

energies <∼ 16 MeV, these will produce lower energy recoils in comparison to the higher

energy DSNB and atmospheric components. A convolution between the flux and cross

section is required to obtain the recoil rate as a function of energy; the goal of the

following section is to determine these respective rates.

Figure 1. Neutrino fluxes for astrophysical sources that constitute the dominant

backgrounds to WIMP recoil signals. From top to bottom on the left, the fluxes

are solar 8B (solid, red) and hep (dotted, blue), DSNB (long-dash, black) with

temperatures of 3 5, and 8 MeV (corresponding to νe, ν̄e, and νx, respectively, where

νx symbolizes muon and tau neutrinos and the respective antiparticles). The short-

dashed (green) curves at the highest energies are the atmospheric neutrino fluxes,

plotted down to the lowest energy in the calculation of Ref. [15]. From bottom to top

on the right, the fluxes are for νe, ν̄e, then νµ, ν̄µ.

? Left: fluxes of reactor, solar (8Be), and spallation neutron source
(SNS) neutrinos, normalized to their maxima.

? Right: fluxes of solar (8Be and hep), diffuse supernova
background (DSNB) at three different temperatures, and
atmospheric neutrinos.
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THE NUCLEAR FORM FACTORS
? The charge form factor of nuclei with A ≤ 12, can be carried out

studied measurung elastic electron-nucleus scattering cross
sections (

dσ

dΩ

)
A

= |FZ(q2)|2
(
dσ

dΩ

)
point

? Owing to the factor (1− 4 sin2 θW ), the contribution of the charge
form factor is strongly suppressed, and the elastic ν-A cross
section is dominated by the neutron contribution FN (q2)

? Need theoretical models capable to explain measure FZ(q2) data
and predict FN (q2)

? Most calculations of the elastic ν-A cross section are carried out
assuming FN (q2) = FZ(q2), and using the nuclear shell model to
obtain the charge form factors

ρZ(r) =
∑
α

|φα(r)|2
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? The charge form factor FZ(q2) can be computed exactly using
realistic uclear hamiltonian and Quantum Monte Carlo
techniques

form factors to low-energy radiative capture cross sections
to the quasielastic response in inclusive (e, e0) scattering at
intermediate energies.

The spin-orbit and convection terms inOLðqÞ andOTðqÞ
require gradients of both the bra and ket in Eq. (3); how-
ever, we cannot compute gradients of the evolved GFMC
wave function. Therefore we compute these terms for only
the VMC wave function and add them perturbatively to the
GFMC results. They are generally quite small, although the
convection term is significant for small q; see Fig. 3 below.

The calculations were made on Argonne’s IBM
Blue Gene/Q (Mira). Our GFMC program uses the
Asynchronous Dynamic Load Balancing (ADLB) library
[27] to achieve parallelization to more than 250 000
Message Passing Interface (MPI) processes with 80% ef-
ficiency to calculate the energy. The calculations of opera-
tors presented here require much more memory than just
the energy evaluation, and we typically used four MPI
processes on each 16 Gbyte node. We achieve good
OpenMP scaling in each process: using 16 threads (the
most possible) instead of only 4 reduces the time per
configuration per q value from about 12 to 6 min. For
each Monte Carlo configuration, we averaged over 12
directions of q̂ in Eq. (3); these were in four groups of
three orthogonal directions obtained by implementing the
method of uniformly distributed random rotations on a unit
sphere [28]. The 12 calculations for each of 21 magnitudes
of q (252 independent calculations) were distributed to
different MPI processes by ADLB, with an efficiency
above 95% on more than 32 000 MPI processes.

The calculated longitudinal elastic form factor (FL) of
12C is compared to experimental data in Fig. 1. These data
are from an unpublished compilation by Sick [23,29] and
are well reproduced by theory over the whole range of
momentum transfers. The results labeled one body (1b)
include, in addition to the proton, the neutron contribution
as well as the Darwin-Foldy and spin-orbit relativistic
corrections to the single-nucleon charge operator, while
those labeled two body (2b) also contain the contributions
due to the !-like, "-like, and "!# (two-body) charge
operators. These two-body contributions are negligible at
low q and become appreciable only for q > 3 fm#1, where
they interfere destructively with the one-body contribu-
tions, bringing theory into closer agreement with experi-
ment. The Simon [30], Galster [31], and Höhler [32]
parametrizations are used for the proton electric, neutron
electric, and proton and neutron magnetic form factors,
respectively.
In Figs. 2 and 3, we show by the open squares the

experimental sum rules SLðqÞ and STðqÞ obtained by inte-
grating up to!max the longitudinal and transverse response
functions (divided by the square of Gp

E) extracted from
world data on inclusive (e, e0) scattering off 12C [17]. For
q ¼ 1:53, 1.94, and 2:90 fm#1, !max in the longitudinal
(transverse) case corresponds to, respectively, 140, 210,
and 345 (140, 180, 285) MeV. We also show by the solid
squares the experimental sum rules obtained by estimating
the contribution of strength in the region !>!max. This
estimate !S$ðqÞ is made by assuming that for !>!max,
i.e., well beyond the quasielastic peak, the (longitudinal or
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FIG. 1 (color online). The longitudinal elastic form factor of
12C obtained from the AV18þ IL7 Hamiltonian with one-body
only (empty circles) and one- plus two-body (solid circles) terms
in the charge operator is compared to experimental data (solid
squares). Also displayed are the statistical errors of the QMC
calculation. The inset shows the calculated charge density in
coordinate space with one-body (empty circles) and
(oneþ two)-body (red band) terms compared with an analysis
of the experimental data (solid line) [36].
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FIG. 2 (color online). The longitudinal sum rule of 12C ob-
tained from the AV18þ IL7 Hamiltonian with one-body only
(empty circles, dashed line) and one- plus two-body (solid
circles, solid line) terms in the charge operator is compared to
experimental data without (empty squares), labeled exp, and
with (solid squares), labeled expþtail, the tail contribution;
see the text. Also displayed are the statistical errors of the
QMC calculation.
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? The extension to heavier and non isospin-symmetric nuclei,
while not implying severe conceptual difficulties, involve non
trivial computaional problems
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THE COHERENT EXPERIMENT
? Measuring the elastic ν-A cross section using SNS neutrinos

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV νµ	
                     PROMPT 

Stopped-Pion (πDAR) Neutrinos 

⇥+ � µ+ + �µ

µ+ � e+ + �̄µ + �e
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THE COHERENT EXPERIMENT
? Measuring the elastic ν-A cross section using SNS neutrinos

 Neutrino Energy (MeV) 
0 10 20 30 40 50

)2
 F

lu
en

ce
 (n

eu
tr

in
os

 p
er

 0
.2

 M
eV

 p
er

 c
m

0

500

1000

1500

2000

2500

3000

3500

4000

4500

610×

eν

eν
)τν+τν+µν+µν (xν

eνSNS 
µνSNS 
µνSNS 

 
Solid: SN    Broken: stopped π  

Good overlap w/ SN spectrum 

8 / 9



SUMMARY & OUTLOOK

? Knowledge of the elastic ν-A scattering is relevant to the
understanding of a variety of open issues

? Theoretical calculations within ab initio approaches feasible for
isospin-symmetric targets with A ≤ 12

? The extension to heavier nuclei with A 6= Z is needed to take into
acount the effects of short-range nuclear dynamics, not included
in the nuclear shell model

? Measurements carried out with monoenergetic SNS neutrinos
will be most vaulable
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