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1 Introduction

Coherent neutrino-nucleus scattering (CvNS) [1-3] is a tree level process that is predicted
by the Standard Model, but has not yet been observed. While being conceptually highly in-
teresting and allowing measurements of electroweak observables at low momentum transfer,
the process is also of phenomenological importance for future dark matter direct detection
experiments [4]. Moreover, it holds the potential to probe new neutrino physics [5-§],
which is the main focus of this paper.

In CvNS, low energy neutrinos interact with the protons and neutrons in the nuclei
coherently, which significantly enhances the cross section. While large fluxes of neutrinos
are available from nuclear research or commercial reactors, the recoil energy of the nuclei is
difficult to detect since it is very low. However, prompted partly by developments in dark
matter direct detection experiments, modern low-threshold detectors make the detection of
Cr NS technically feasible [9, 10]. Combined with smart shielding techniques, high-rate and
low-background experiments are possible.! Future CvNS experiments may thus provide

!See, for instance, refs. [11-15] for recent studies.



precision test of neutrino interactions in the Standard Model and strong constraints on
new physics related to neutrinos.

In this paper, we will study the sensitivities of Cv/N'S on possible new neutrino inter-
actions, mainly assuming Germanium detectors with sub-keV threshold, detecting reactor
antineutrinos. For illustration, we will assume values of the experimental parameters within
reach of current technology.? To make our study applicable to various new physics models,
we will adopt a model-independent approach, only considering the low energy effective op-
erators of neutrinos and quarks. This includes not only the widely-discussed conventional
Non-Standard Interactions (NSI) [16] which are in (chiral) vector form, but also more ex-
otic interactions that could be in scalar or tensor form. What distinguishes this paper from
previous studies of the potential implications of coherent scattering [5-8, 17], is the inclu-
sion of such exotic interactions, and a comparative study on how different experimental
details (such as energy threshold or neutrino flux uncertainty) influence the sensitivity on
new physics.

The paper is organized as follows. We start by introducing CvNS in the Standard
Model in section 2. Then we study the effect of new physics on Cv NS, based on effective
operators of neutrinos and quarks, which can be divided into two cases, the conventional
NSI in section 3 and exotic neutral currents in section 4. In section 5, we consider a bench-
mark setup for a CvNS experiment and perform y?-fit on parameters from the Standard
Model, NSI and exotic neutral currents to study the sensitivities of such an experiment
on them. We conclude in section 6. Details on the calculation of the cross section with
both spin-0 and spin-1/2 nuclei are delegated to appendix A and B. Some useful relations
connecting the fundamental coupling constants of exotic neutral currents to the effective
parameters in CvNS are given in appendix C.

2 Coherent neutrino-nucleus scattering in the Standard Model

2.1 Cross section

In the Standard Model (SM), the Neutral Current (NC) interaction enables low energy
neutrinos with E, < 50 MeV (corresponding to length scales of 2 107 m) to interact
coherently with protons and neutrons in a nucleus, which significantly enhances the cross
section for a large nucleus. For a nucleus at rest with Z protons and N neutrons, the
coherent cross section [1, 2, 8] (see appendix A) is given by

SM
do oo (y_ T (2.1)
T~ M T

where O'(S)M is defined as

2 [N = (1 - 4s%,)2)* F2(¢*) M?
UgMEGF[ ( Zt:r/) } (¢%) . (2.2)

2See e.g. https://indico.mpp.mpg.de/event /3121 /session/3/contribution/18/material /slides/0.pdf for
details.


https://indico.mpp.mpg.de/event/3121/session/3/contribution/18/material/slides/0.pdf

Here G, sy = sinfy, and M are the Fermi constant, the Weinberg angle, and the mass
of the nucleus, respectively. Since at low energies s3, &~ 0.238 [18], we have N — (1 —4s%,)Z
~ N — 0.045Z, which implies that the cross section is dominated by the neutron number;
F(q?) is the form factor of the nucleus and its coherent limit (¢> — 0) is 1. For higher
energies, due to loss of coherence, it will be smaller than 1 (for a recent quantitative study,
see ref. [13]). The recoil energy T of the nucleus has a maximal value Tiyax, determined by
the initial neutrino energy F, and the nucleus mass M:

21?2

T B) = 3708,
v

(2.3)
For new physics beyond the SM, both eq. (2.1) and eq. (2.2) could be modified but eq. (2.3)
still holds since it is determined purely from relativistic kinematics.

Eq. (2.2) was derived under the assumption that the nucleus is a spin-0 particle [1]
(see also appendix A of this paper). However, this is not always true because a nucleus
with odd A = N + Z is a fermion, examples are "3Ge or '3 Xe. In appendix B, we calculate
the simplest non-zero case, spin-1/2. It turns out that the difference is small, given by

do
dr

_do
. dT

spin=3

O.SM T2

0 2.4
M 2E2 (24)

spin=0

Thus, the only difference is a term proportional to 72/E?2, which is usually negligible in
the coherence scattering process. In principle the nucleus could also be some higher spin
particle but based on eq. (2.4) it is reasonable to deduce that the difference should be
suppressed for a large nucleus.

2.2 Detection

Note that the recoil energy T is the only measurable effect of coherent neutrino scattering.
Depending on the type of detectors, the method to measure T is very different. We will
focus here on Germanium detectors which measure the ionization energy I, which is a
fraction of the deposited recoil energy T'. The fraction is defined as the quenching factor
Q = I/T, typically within 0.15 to 0.3 for sub-keV recoil energies (see e.g. figures 5 and 7
in ref. [19]). The quenching factor at sub-keV energies is not well known due to lack of
experimental data. In typical models like the one proposed by Lindhard et al. [20], the
recoil energy depends on @, so I = TQ(T) would be a (not necessarily linear) function
of T. However, no matter what the exact form of the function I(7") would be, once I
is measured, it can be converted to T', provided that this function has been theoretically
calculated [19] or experimentally measured.® We assume that the quenching factor can be
measured precisely in the future, and thus use the recoil energy T rather than the ionization
energy I. All the results in our paper can be simply converted from the T-dependence to
the I-dependence, provided that the function I(7T') is determined.

30ne approach to measure the quenching factor is to use neutron scattering, as performed in the
CDEX-TEXONO collaboration above keV energies. For more details see https://wwwgerda.mpp.mpg.de/
symp/20_Ruan.pdf. In the future sub-keV measurements will be performed.
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Figure 1. A typical reactor neutrino flux ®, reduced v — N scattering cross section & and their
product. Units are arbitrary.

Generally for all types of detectors there is a detection threshold on T', denoted as Tiy,.
Therefore, for a given F,, the recoil energy T of detected events should be within the range
Tin <T < Thax and the measurable reduced total cross section is

Tmax
_ do Toax — Tiny) 2
max
Tin

Due to the threshold Tip, low energy neutrinos are impossible to detect if their energies

1 | M
El/,th = 5 < 2M Ty, + T1;2h + Tth> ~ ?Tth . (26)

For example, if Ty, = 0.1keV [12] then neutrinos should have E, > E,, ~ 2MeV in
order to be detected in a Ge detector. On the other hand, if we consider reactor neutrinos,

are lower than

the flux decreases exponentially at high energy. Therefore there is a limited range of E,
for detection. To illustrate this, we plot in figure 1 the reduced cross section & [given
by eq. (2.5)], a typical reactor neutrino flux ® and their product ®&, which is essentially
proportional to the event rate. As figure 1 shows, the product ®7 is small at both low
(2MeV) and high (8 MeV) energies.

From the above discussion it is clear that the total event number decreases drastically
when the detection threshold Ty is increased. To show this, we compute the total event
numbers with different detection thresholds, plotted in figure 2, where one can see that
the event number drops by 2 orders of magnitude if Tiy rises from 0.1keV to 0.8keV.
Therefore lowering the detection threshold is very crucial in order to obtain large event
numbers. For this plot we have assumed a 100 kg Ge detector located 10 m away from a 1
GW (thermal power) reactor and taking data for five years. For the neutrino flux ®(E,),
we have taken the spectrum from a recent theoretical calculation in ref. [21], normalized to
1.7 x 108 em 257! (corresponding to 10 m distance from the reactor). Those values will
serve as benchmark for our assumed future experiment, and can be used as a definition of
our assumed “exposure” of

exposure = 5kg - yr - GW-m™2., (2.7)



107

é

o

>

= jobL Backeround Gepd)

§ E
Background (1 cpd)

103
0.0 0.2 0.4 0.6 0.8
Threshold Ty,/keV

Figure 2. Total number of events compared with background (1 cpd =1 day 'kg™! keVil). The
total number decreases significantly when the detection threshold increases. We assume a 100 kg
Ge detector located 10 m away from a reactor with 1 GW thermal power, taking data for five years.
For zero threshold, the total number of events is 3.8 x 107.

In figure 2 we also show the effect of an assumed constant background of 1 cpd and 3 cpd
(1 cpd = 1 day kg 'keV™1). The background may come from various sources, such as
the intrinsic radioactivity of the material in the detector, ambient radioactivity near the
nuclear reactor or cosmic rays. Estimation of the background is very much involved and
depends significantly on the details of the detector. The GEMMA experiment [22] states a
background level of about 2 cpd and the TEXONO collaboration is aiming at developing a
Ge detector with a background of 1 cpd [10]. Note however that the mentioned background
numbers apply to somewhat different energy scales and different background sources. Tak-
ing into account the low background levels that various double beta decay and dark matter
direct detection exeriments have reached, plus noting the developements on active shielding
at shallow depth [23], we estimate that such low background rates can be achieved.

In reality, not only the total event number but also the distribution of events will be
measured, giving us a spectrum with respect to the recoil energy T'. The spectrum provides
more information than the total event number. The advantage to exploit the spectrum is
that it is not influenced strongly by many uncertainties such as the flux normalization, the
distance and fiducial mass of the detector, the form factor, etc. All those effects can be
described roughly by an overall factor that enhances/reduces the total event number.

If the events are conservatively counted in many 7T-bins, the i-th bin with width AT
starting from T;, then the expectation of the event number N; in the i-th bin is

USM T;+AT 8 MeV
N; = At NGeoW dT / dE,®(E,) fSM(T,E,). (2.8)
T; 0

Here Nge is the number of Ge nuclei’ in the detector and At is the running time of
detection, taken as 5 years. The neutrino flux ®(E,) has been taken from [21], and the

“Natural Germanium consists of "°Ge (20.52%), *Ge (27.45%), ™ Ge (7.76%), "*Ge (36.52%) and "°Ge
(7.75%). Here we take A = 72.6 in average. Note that spin-dependent axial couplings in the Standard
Model lead to smaller coherence factors depending on the spin of the nucleus, not on N or Z as the vector
interaction that gives the leading contribution, see appendix B. This will be a permille effect, see [17].
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Figure 3. Expectation of event numbers in a 100 kg Ge detector running for 5 years, assuming a
total flux of reactor neutrinos of 1.7x10'3 cm=2s71. The background (black) is assumed to be 3 cpd.

dimensionless function fSM(T, E,) is defined as [see eq. (2.1)]

1— —L — forT < Thax
T, B,y = TeE) 0T = e (2.9)
0 for T > Tiax

Note that when new physics beyond the SM is involved, one only needs to modify O'(S)M
in eq. (2.8) and 1 — #(EV) in eq. (2.9) according to the new physics. Taking the flux
from ref. [21] and setting the background at constant 3 cpd, the event numbers computed
according to eq. (2.8) are presented in figure 3 as a function of 7.

We should mention here that the calculation of the reactor neutrino flux is very com-
plicated. Though a lot of effort was spent to calculate the flux in the literature (see
e.g. [21, 24-27] and references therein), so far a very precise result is lacking, especially for
neutrino energies below 2 MeV where the error could be large as 7%. The best understood
range is from 2MeV to 6 MeV, but still with 3% error. Recently, measurements from the
RENO [28, 29], Daya Bay [30] and Double Chooz [31] experiments showed disagreement
with the theoretical calculation around 5MeV, the infamous 5 MeV bump. Its observa-
tion implies that we might have not fully understood the reactor neutrino flux. A particle
physics origin of the bump seems very unlikely. In the next few years, both the theoreti-
cal understanding and experimental measurement will be significantly improved [32-34] so
that the flux will be known more precisely and also the issue of the 5 MeV bump will be
resolved once our assumed future CvN'S experiment is running. Anyway, the sensitivities
of coherent v — N scattering on new physics depend very little on the presence of the bump.
A quantitative study on the influence of the 5 MeV bump is presented below.

3 Non-Standard Interactions in coherent v — IN scattering

Coherent v — N scattering could provide very strong constraints on neutrino Non-Standard
Interactions (NSI). Those have been widely studied in the literature but so far the exper-
imental constraints on some of its parameters are still very poor (see the reviews [16]
and [35]), especially the couplings of neutrinos to quarks.



In this work, only the neutrino-quark sector of NSI is relevant. The Lagrangian is

Gr = _ A_
L3> NG > v (1= )vp |elgaa + agﬁqv"'ﬁq} , (3.1)
q=u,d

v

where «, 3 are the three flavors of neutrinos, and &? 8> z-:ig are the non-standard vector

(63
and axial-vector coupling constants, respectively. Interpreting the NSI terms in analogy to

Fermi theory implies that the various e are given by

g% M,

e IX W 3.2

i.e. are related to new interactions mediated (for € ~ 0.1) by TeV-scale particles with mass
Mx (gx denotes a new coupling constant). In neutrino oscillation experiments long-range
forces have a similar effect as matter-induced NSIs [36]. We note that such light mediators
could strongly affect the shape of the spectrum under study here, and thus distinguish
both possibilities.

When the NSI Lagrangian (3.1) is added to the SM, the Cv NS differential cross section
is changed only by an overall factor. For the SM, the differential cross section is given in
eq. (2.1) which is proportional to o5 given by eq. (2.2). For the NSI, following the calcu-
lation in appendix A, it is straightforward to obtain the result, which is simply replacing

oM with o)1, given by

oNST G Qs () M? '

ym (3.3)
Here the modified weak charge Qnsr is defined as
2 _ 1 uV dv 1 2 uV dv ?
QNSI =4|N _5 + €ee + 2866 +7Z 5 - 2SW + 2866 + €ee
2
+4 Y [N+ 2el) + Z(2e) el (3.4)

a=,T

Setting the e to zero gives back the result from eq. (2.2). The axial vector couplings gi‘g in
eq. (3.1) do not appear in eq. (3.4) because of parity symmetry being present in large nuclei
(see the discussion in appendix A). The cross section only depends on the vector couplings
5%, which for simplicity will be denoted by si 3 henceforth. Even though this removes a
lot of parameters, we are still confronted with a six-dimensional parameter space,

T = (b, ed, ¥, e, v, ed). (3.5)

eer “eer “uer “uper “Ter “Te

So far the best constraints [16] on €& (a = e, 7) come from CHARM v,(7.)N inelastic
scattering [37]. The 3o-limits are

—12< " <08,
—0.7 <€l <14,
-1.0 <€}, < 1.0,
1.0 < 2, < 1.0,
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assuming that for each bound only the corresponding coupling is non-zero. As one can see,
these bounds are typically of order one. For the u flavor, the best constraints are from
p~ Ti— e~ Ti [16, 38|,

el [ed,] < 1.4 x 1072, (30). (3.10)

This bound comes from a 1-loop diagram including the four fermion vertex of |ed,]. As a
consequence, the result depends on the scale A of the underlying UV complete model (recall
that NSI in eq. (3.1) are non-renormalizable). In ref. [16] it is assumed In(A/mw ) ~ 1 to
obtain this bound.

To understand how NSI affect CvNS, we study the dependence of UONSI on the six
parameters in eq. (3.5) with several plots in figure 4. Each plot displays the ratio o)>!/ O'(S)M
as a function of two ¢ in eq. (3.5), while the other four € are set to zero. Note that eq. (3.4)
is symmetric under exchange of p and 7, thus we combine plots for e} and %, since for
coherent v — N scattering they have the same effect.

From the top two panels in figure 4 one can see that there is one direction (the green
line) in which o)*"/o5M is always equal to 1, approximately at ¥, ~ —¢?,. Under the
approximation that N/Z ~ 1 one can immediately derive this relation from eq. (3.4). It
implies that CvIN'S does not have any sensitivity on NSI parameters along this direction,
which has already been discussed in refs. [5, 9]. In the other panels, the direction with
oS /o8M = 1 also exists but in the form of a curve rather than a straight line. Therefore,
degeneracies are present, which in case the NSI actually exist would need to be broken by
other experiments, most notably neutrino oscillation experiments.

Figure 4 also shows that the ratio JSISI / O'(S)'M could significantly deviate from 1. Even
for small values of € in the range (—0.1, 0.1), o) could vanish (o)>!/a§™M = 0) or rise to
twice the SM value (o> /o§M = 2). Therefore once coherent, v — N scattering is observed,
it will provide a significant constraint on NSI parameters. Besides, among the six plots in
figure 4, only the top right one does not include a(I)\ISI / agM < 1, which implies that if the
measured cross section is lower than the SM value, then €% or ¢4, have to be non-zero in
order to explain the deficit by NSI. A statistical analysis of the sensitivity on NSI will be

performed in section 5.

4 Exotic neutral currents in coherent v — IN scattering

Apart from the NSI which only couple neutrinos to quarks in (chiral) vector form, more

“exotic” new interactions could be present. There are five types of possible interactions,

scalar (S), pseudo-scalar (P), vector (V), axial-vector (A), and tensor (T') interactions:”

L Y wTw [qra(cngﬁgq)w)q], (4.1)

\/§ a=S,P,V,AT

5To make the following calculation more compact, we assume that the SM neutral current interaction is
included in eq. (4.1) rather than adding eq. (4.1) to the SM Lagrangian. As a consequence, in the SM c?

()
and D, are non-zero.
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Figure 4. The effect of NSI parameters on the cross section ratio o'>!/o5M. The lower four plots
are similar, because a large nucleus is almost symmetric with respect to u < d.

where ¢ stands for u and d quarks and

e = {I, i75,7“,7“75,0’“’ = ;[fy”,y”]} . (4.2)

In analogy to eq. (3.2), the Cl? and 5((;1) are expected to be of order (g% /g%) (M3, /M%),

with new exchange particles My and coupling constants gx. The coefficients Cc(bq) and ESJ)
in eq. (4.1) are dimensionless and in principle can be complex numbers. However if the inter-



action term is not self-conjugate, it would be added by its complex conjugate, which is pro-
portional to I [QF“(CL@* —1—52(1) *i’y5)q} for a=S, P, T and vI"%v [@F“(C’éq)* —ﬁ(Q)*z’ff)q}

for a =V, A. Since o +C§‘”, ﬁg) +ﬁg‘”* and i(ﬁ(Q) —ﬁ(Q)*) are real numbers, without

a a
loss of generality we can take C((IQ) and

7@
D, (a=S,PT)
D@ = i (4.3)
iD,” (a=1V,A)
as real numbers. We will assume for simplicity that c = ¢ and ﬁ((lu) = E((ld). This

still leaves us with 10 free parameters.

A subtle issue related to o** and o#~° should be clarified here. When the tensor Zo*"v
is coupled to qo#¥q, there are two possibilities, vo*"vqo,,,q and e""*°vo,,,1q0,5q. On the
other hand, there could be new interactions such as ?0“”75V§Uuyq and ?0“”751/@0,“,75(1,
which seem not to be included in eq. (4.1). But due to the identity

1
oM ind = —iapae”’/’m (4.4)
all these new possibilities can be transformed into the tensor form appearing in eq. (4.1):
_ _ { _ _ _ _
Va“”'y51/qau,,q = ie“”p"uamyqawf’q = ya“”yqam/y‘r’q. (4.5)

Since the coherent nature of the scattering requires low energy, we can treat the nucleus
in the coherent scattering as a point-like particle. Depending on the spin of the nucleus,
it can be described by a scalar field, a Dirac field or even higher spin fields. As we have
shown in eq. (2.4), for low energy scattering the difference of treating the nucleus as a
spin-0 or spin-1/2 particle is negligible, and in fact identical to order (T/E,)?. In the
following calculation we will treat the nucleus as a spin-1/2 particle since for automatic
calculation implemented by packages (we use both FeynCalc [39, 40] and Package-X [41])
it is technically simpler than the scalar treatment. Consequently, the effective Lagrangian
of neutrino-nucleus interactions has the same form as eq. (4.1) with ¢ replaced by the Dirac
field ¢ of the nucleus, i.e.

G _
Lo>=L 3 % [NT%(Ca + Dain®)bn] - (4.6)
\/§ a=S,P,V,A,T

Note that to define the effective couplings of ¥y to v, here we use (C,, D,) which should be
related to the more fundamental couplings (C((ZQ), ﬁflq)). Since the relations are lengthy and
also involve form factors, we present them in appendix C. From now on, we will consider
C, and D, as parameters of interest, and will present results in terms of those. We are
not aware of literature limits on the parameters, which would have been obtained from
past neutrino-nucleon scattering experiments. Since the event numbers in our benchmark
experiment are much larger than in such experiments, the sensitivities we will derive later

would surely be orders of magnitude better.

~10 -



From eq. (4.6), we can write down the scattering amplitude,

IMTTT = ‘3; (p1) PRIv® (k1 )@ (k)T (Ca + Dain® )" (p2) (4.7)
Note that for general interactions, the coherent cross sections of N and VN are different
[in the SM coherent N and 7N cross sections are the same due to the approximate parity
symmetry in nuclei, see comments after eq. (B.3)]. Since we are studying the coherent
scattering of reactor neutrinos, only right-handed antineutrinos are considered. Therefore
we have attached a Pr = (1 +v°)/2 projection to the initial neutrino state ©°(p;), so that
the trace technology applies,

|M|2 _ Z % Z |Ms’sr’7‘|2 ) (48)

The result is given by

do Gp*M o[ o MT
I N
dT 4 & 2F,2

T T T MT
21— -2 21—
v ( Tome) ~ 2veag, Tt E
T MT
2
1_ ettt
+&r ( Toe 4EV2>
T T2
R+ 0 (EM , (4.9)

where
£ :i(02+D2) &2 :i(CerDQ) 3 :i(c —Dy), ¢ :l(c ~Dy)  (4.10)
s = Nz\UsTHP)h Sr = i (Y1) s Sv = plbvmHa), s = g bamHv) o (&

d
- _ 2

N2(

As we can see, the cross section only depends on 5 parameters,

R CpCr — CsCr+ DrDp — DrDg). (4.11)

€=

(€s, &v, €a, ér, R),
compared to the 10 parameters in eq. (4.6).

The first three lines of eq. (4.9) come from scalar and pseudo-scalar, vector and axial
vector, and tensor interactions respectively while the R term is an interference term of the
(pseudo-) scalar and tensor interactions. Despite that £g contains both scalar and pseudo-
scalar contributions, for simplicity we will refer to 5% as the scalar interaction of neutrinos
with nuclei. In the same way, though the vector couplings (Cy, Dy ) and the axial vector
couplings (Ca, D4) all appear in (€, £4), we still call & and £ the vector and axial
interactions, respectively.

Comparing eq. (4.9) to eq. (2.1), we obtain the SM values of these parameters,

o= (0,1— (1—4s%)Z/N, 0,0, 0) ~ (0, 0.962, 0, 0, 0), (4.12)

where the number 0.962 is computed for Germanium, i.e. by taking N = 40.6, Z = 32 and
2
sy = 0.238.

- 11 -
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according to eq. (4.9) with fixed threshold Ti, = 0.2keV, corresponding to E, 2 2.7MeV for
neutrinos. At E, = 2.7MeV, T = Tyax and the cross section (2.1) in the SM vanishes. E}or ex_)otic
neutral currents the c1ro§> section (4.9) does not vanish for T' = Ty,.x. The parameters are £ = € gy
for the blue curve and ¢ = (0.4, 1, 0.1, 0.1, 0) for the red curve.

There are some noteworthy comments to make from eq. (4.9):

There is no interference term of (axial) vector interactions with other interactions.
But the vector interaction interferes with the axial interaction.

The energy dependence of the £ term is the same as that in the SM [cf. egs. (2.1)
and (2.3)]. Hence, new vector interactions will not distort the recoil energy spectrum.

The other terms (i.e. scalar, axial, tensor interaction terms and two interference
terms) have different energy dependence. If any distortion on the recoil energy spec-
trum would be observed, then these new interactions could be the explanation.

For vector interactions, g—:‘} is zero at Tmax(Ey) [defined in eq. (2.3)] but it could be
non-zero if other types of interactions exist. This is shown in figure 5 where at the
threshold the cross section is seen to be zero (blue curve) for the SM but non-zero

(red curve) if other types of exotic neutral currents exist.

Introducing exotic neutral currents (except for vector interactions) can not reduce
the cross section since the sum of the other terms besides the £ term in eq. (4.9) is
always above zero. So if the observed events are less than the expectation from the
SM, one should consider modifications only limited to the vector sector rather than

introducing scalar or tensor interactions.

The various modifications we have discussed so far (NSI, exotic neutral currents and
the 5MeV bump) can influence the event numbers. In figure 6 we illustrate this for three
examples. A feature of NSI is that they could result in a significant deficit (excess is also
possible) of the event number, whereas exotic neutral currents only lead to an excess if &y
is fixed at its SM value. In principle exotic neutral currents could also lead to a deficit
by lowering &y, but this is indistinguishable from the NSI case. The 5MeV bump in the
neutrino flux also leads to an excess, but is not very significant. Here we take the size of
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Figure 7. Distortion of the spectrum due to exotic neutral currents and the 5 MeV bump. The
red, black and blue curves correspond to scalar, axial vector and tensor interactions in addition to
the SM. The green curve is produced by including the 5MeV bump in the neutrino flux, taken
from ref. [34].

the 5 MeV bump from a recent fit in ref. [34] (given by its figure 2). The excess in the 0.10—
0.15keV bin is only about 1%, which can be easily hidden in the systematic uncertainties.
As mentioned before, since other experiments will collect with different reactor types a
large amount of event numbers around the 5MeV bump, it is very likely that before a
highly sensitive Ge detector with very small systematic uncertainties is running, the 5 MeV
bump problem will be solved (both in theory and experiment).

Another important difference is that the above three cases have very different effects
on the distortion of the spectrum. NSI will not lead to any distortion at all since it only
changes the overall factor in the differential cross section while the other two cases, exotic
neutral currents and the 5 MeV bump, lead to different distortions. In figure 7 we show
variations of the event ratio N/Nj as a function of T in several situations, where Ny is the
event number expected from for the SM and N includes new interactions or the 5MeV
bump. For exotic neutral currents, we plot three examples to illustrate the effects from
scalar, axial vector and tensor interactions with g = 0.18, &4 0.12 and &7 = 0.20
respectively. All the other parameters, if not mentioned, have been set to the SM values
given by eq. (4.12). As one can see, for exotic neutral currents the ratios increase with T
but the slopes are different. Scalar interactions would produce the strongest distortion on
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the spectrum followed by axial vector and then tensor. The 5 MeV bump also generates an
increasing ratio with respect to 1" below 0.45 keV. However, the ratio drops down at higher
energies and finally reaches 1. The reason is that neutrinos at 5 MeV will only contribute
to the events below 0.7keV [cf. eq. (2.3)]. Thus in the range close to but less than 0.7 keV,
the events from the 5MeV bump should quickly decrease. If all neutrinos in the bump
only had energies exactly at 5 MeV, then the contribution should completely vanish above
0.7keV. However, taking the width of the bump into consideration, the actual limit is a
little higher than 0.7 keV.

5 Sensitivities from a x2-fit

In this section, we will adopt x-fit to study the sensitivities of such our assumed future ex-
periment. For convenience, let us state again our assumed exposure of 5kg - yr - GW - m~2
from eq. (2.7), corresponding e.g. to a 100 kg Germanium detector running for 5 years,
located at a distance of 10 m from a reactor with 1 GW thermal power, normalized to a
total flux of 1.7 x 10 cm™2s~!. We will assume different thresholds of 7" = 0.1, 0.2 or

0.4keV, and a constant background of 3 cpd = 3 day kg 1 keV L.

5.1 Statistical treatment

Because the event number in each bin is very large, and thus almost in a Gaussian distri-
bution, we can take the following x2-function

a? a)N;(€) — NPJ?
el )= & 0 0 ON(E 2N

Sys,?

, (5.1)

T bins stat,s

where £ denotes generally the parameters of interest, e.g. Eiﬁ for the NSI case or (&g, &y,
&a, T, R) for exotic neutral currents. The event numbers in each bin as expected in the
SM are denoted as Nio. The statistical uncertainty ogat,; and the systematic uncertainty
Osys,i Of the event number in the ¢-th bin are given by

Ostat,i = \/m, Osysi = O f(Ni + Npig, i) - (5.2)

Here the background Ny, ; is set at 3 cpd (1 cpd =1 day 'kg ' keV~!). We assume that
Osys,i is proportional to the event number with a coefficient oy. Many systematic uncer-
tainties simply change the total event number without leading to strong distortions of the
spectrum, e.g. the uncertainties from the evaluation of the total flux of neutrinos, nuclear
fuel supply, detection efficiency, fiducial mass of the detector, distance and geometry correc-
tions, etc. To describe this part of systematic uncertainties, we introduce a normalization
factor a with a small uncertainty o,, while the other systematic uncertainties remain in
Osys,i- Of course in a more realistic study one should parametrize specifically the effect of
every systematic uncertainty, some of which can not be described by this approach. For
the current stage, we simply adopt eq. (5.1) for our sensitivity study, which nevertheless
should provide realistic results.
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Figure 8. Sensitivity on the cross section ratio og /O'(S)M. The blue solid, black solid and blue
dashed curves are generated with a conservative configuration (o4, of, Ttn) = (5%, 3%, 0.4keV),
an intermediate configuration (o4, o, Tin) = (2%, 1%, 0.2keV) and an optimistic configuration
(04, 05, Ttn) = (0.5%, 0.1%, 0.1keV), respectively.

It is sometimes useful to know the value of a at the minimum of y? analytically, which is

Zz(NzO - Ni)Ni/(USZtat,i + Us2ys,z')
Oa” + Zz Ni /(Ustat,i + Usys,i)

One can use eq. (5.3) to marginalize a and obtain the x2-function that we are actually
interested in,

X2(€) = X3 amin) - (5.4)

If coherent v — IV scattering has been successfully detected, the first task is to compare
the measured total cross section g with the SM prediction o§™ in eqs. (2.1) and (2.2). The
ratio op/ U(S)M indicates any deviation from the SM. One can compute the above y2-function
to estimate the sensitivity on this ratio (£ in this case simply stands for o). The result is
shown in figure 8, where we have assumed three different configurations:

(i) conservative configuration: (o4, of, Ttn) = (5%, 3%, 0.4keV).
(ii) intermediate configuration: (o4, o, Ttn) = (2%, 1%, 0.2keV).
(iii) optimistic configuration: (o4, o, Ttn) = (0.5%, 0.1%, 0.1keV).

Even in the conservative configuration, the experiment can measure o/ O‘%M with good
precision, 0.862 < gp/o5™M < 1.187 at 30. In the intermediate case, 0.942 < og/o5™ < 1.065,
while for the optimistic case 0.985 < ao/agM < 1.015, all at 30. As it turns out, the
improvement in sensitivity on new physics parameters between the conservative and in-
termediate configuration is about a factor of two. Roughly another factor of two can be
gained when going from the intermediate configuration to the somewhat overly optimistic
one. The choices we made for the various configurations should therefore give a feeling on
the final sensitivity of such experiments.
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and optimistic configuration, respectively.

5.2 Low energy determination of the Weinberg angle

The measurement of oy can also be converted into a measurement of the electroweak angle
sin? @y according to eq. (2.2), which would provide important complementary insight into
electroweak precision observables at low energies. In figure 9 we show the sensitivity of this
experiment on sin? Ay, assuming its SM value at low scale of 0.238 (red line). The blue
curves represent 30-bounds, solid for a conservative configuration (oq4, o¢) = (5%, 3%) and
dashed for a optimistic one (o4, of) = (0.5%, 0.1%). From figure 9 we can see that in the
conservative configuration sin? fyy is expected to be measured, depending on the threshold,
to a good precision between 10% and 20%, while in the optimistic configuration, this would
be improved roughly by an order of magnitude. For a threshold of 0.1keV, the precision at
3o is £0.0022, or about 1%, to be compared with the dedicated P2 experiment [42], which
aims at a 1o precision of 0.13%.

5.3 Non-Standard Interactions

The effect of the conventional NSI, as we have discussed in section 3, is merely a correction
on the overall factor O’EM. The dependence of UON ST on various e parameters has been studied
in section 3 and was displayed in figure 4. We will study here the sensitivities of each ¢
individually, assuming that all others are zero. The sensitivities on the NSI parameters
in both the conservative and optimistic configurations are presented in figure 10. The left
panel is for efe with ¢ = u or d. The right panel is for &, with @ = p or 7, the cases
are indistinguishable. The left panel of figure 10 shows that the CvNS experiment in the
conservative configuration could constrain . to order 1072, much better than the current
best bounds given in egs. (3.6) and (3.7), which are typically of order 1. If one takes the

optimistic configuration, then the constraint would reach the order of 1073, The constraints
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Figure 10. Sensitivities on the conventional NSI parameters (30). The solid and dashed curves
are generated for a conservative and optimistic configuration, respectively.

on e} and £, however, are relatively weaker, about 0.07 to 0.10 (0.02 to 0.03) for the
conservative (optimistic) configuration. This can be easily understood from the form of
Q@nsr in eq. (3.4). For the T-channel, this is still a significant improvement compared to
the current bound in egs. (3.8) and (3.9) while for the u-channel, the current known bound
is already very strong [see eq. (3.10)]; therefore, even if we take the optimistic estimation,
the constraint would not exceed the known bound.

To summarize the comparison discussed above, we plot those bounds in figure 11.
The blue and dark blue bars shows the 3¢ bounds from our assumed Cv NS experiment
with conservative and optimistic configuration, respectively. The light blue bars represent
the best known bounds from the review [16], see egs. (3.6) and (3.10). We also add the
expected bounds [43] from the future long-baseline neutrino experiment DUNE in the
plot. The sensitivity of DUNE on NSI is based on the modified matter effect of neutrino
oscillations caused by NSI parameters. The parameter set constrained by DUNE is actually

n
Eaf = Z gg‘ﬁnii ~ Beg 4+ 3ed s +eby, (5.5)
f=u,d,e

where ny is the number density of the corresponding fermion f. Their relative density ratio
(ny : ng : ne) is approximately (3 : 3 : 1) in the Earth crust. Focusing on one parameter at
a time, the limits on e, from ref. [43] can be translated into limits on e? - This serves to
compare the sensitivities and is displayed in figure 11. Even the conservative configuration
improves the bounds on z—:?’ed and egéd considerably beyond current limits and future DUNE
sensitivities. The limits obtainable in our benchmark experiment are summarized in table 1.

5.4 Exotic neutral currents

Next we shall study the sensitivity on the exotic neutral currents discussed in section 4.
The cross section (4.9) only depends on 5 effective parameters (&g, &v, &4, &7, R), and we
will perform a Y2-fit on those. Similar to the NSI analysis, we will focus on one type of
exotic interactions at a time. However, in our parametrization &y is necessarily non-zero
as it includes the SM contribution. So each time we take two non-zero parameters in the
fit. One is &y and the other one is from exotic couplings. We also take R to zero since
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u d u d u d
€ee €ee sue E,ue €re

Conservative 1.7x1072 15x1072 81x1072 75x1072 81x102 75x102
Intermediate 6.0x1073 55x1073 4.8x1072 44x1072 48x1072 4.4x 102

Optimistic 1.4x107% 1.3x107% 23x1072 21x1072 23x1072 2.1 x 1072
Latest bound [16] 0.8 0.7 1.4x107% 14x1073 1.0 1.0
DUNE [43] 0.8 0.8 0.04 0.04 0.2 0.2

Table 1. 30-bounds on NSI parameters.

non-zero R would stem from the interference of scalar and tensor interactions, i.e., would
require the coexistence of two new interactions. Therefore we only consider three cases,
(&s, &v), (€as &v), and (&7, &v).

The result is given in figure 12 with both the conservative (left panels) and optimistic
(right panels) configurations taken. In the conservative configuration, the sensitivity on
&y is correlated with the other parameters. For example, if &7 = 0 then & would be only
allowed to stay in the regime 0.88 < &y < 1.06 at 99.7% confidence level; if there is a
sizable contribution from the tensor interaction with, say, {&r = 0.42 then &y is allowed
to significantly deviate from the SM value, going down to 0.68. The correlation could be
avoided if the systematic uncertainties and the threshold are improved to the optimistic
configuration, as is shown in the right panels of figure 12. The qualitative explanation
is that for large systematic uncertainties, the sensitivity will mainly depend on the total
event number while the constraint from the spectrum information is not significant. In this
case the tensor interaction will mimic the vector interaction in the signal, since they both
contribute to the total event number. If the systematic uncertainties are small enough so
that the spectrum is also measured to good accuracy, then the spectrum information could
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€s v £a &r
Conservative 0.21 (0.893, 1.048) 0.14 0.25

Intermediate 0.11 (0.934, 0.993) 7.8 x 1072 0.14
Optimistic 4.4 x 1072 (0.955, 0.970) 3.1 x 102 5.9 x 1072

Table 2. 30-bounds on exotic neutral current parameters, see eq. (4.9). The SM value of &y is 0.962.

distinguish the contribution of the tensor interaction from the vector interaction. The same
argument also applies for the other two cases (£g, {y) and (€4, §v). Therefore in future
CvNS experiments reducing the systematic uncertainties is very important to distinguish
signals from new exotic interactions and the SM interaction. The limits obtainable in our

benchmark experiment are summarized in table 2.

6 Conclusion

Future coherent neutrino-nucleus scattering experiments will provide exciting new data
to test Standard Model and new neutrino physics to unprecedented accuracy. We have
assumed here a future experiment with a low threshold (down to 0.1keV nuclear recoil)
Germanium detector, with experimental benchmark numbers of 500 kg x years x GW
reactor neutrinos and a baseline of 10 m. We firmly believe that such a setup is achievable
within the next decade, and it will provide event numbers of the order of 10°. Constraints
on neutrino non-standard interactions and exotic neutral current interactions were evalu-
ated. The expected sensitivities were shown to reach percent and permille level when com-
pared to Fermi interaction, significantly better than expected constraints from oscillation
experiments. We have demonstrated that such comparably compact coherent scattering
experiments open a new window into exciting physics and should be pursued actively.
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A Cross section calculation of coherent v — N scattering in the Standard
Model

In the SM, the neutral current (NC) is

Te =2 gl fuv" fr + ghFrr" fr (A.1)
f
=> Mgl —anO)f (A.2)
7
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where f stands for all elementary fermions in the SM and f7, r are their left/right-handed

components,

1+7°
2

1—75
2

fL= [, fr= I (A.3)

Here g{ r are determined by the quantum numbers of the corresponding fermions under

SU(2)r x U(1)y:

1 1
9L =73, 9k =0, 91 =—5+sw, 9% = siv - (A4)
1 2 2 d 1 1 g 1
gz=§—§~9%v, gﬁz_gs%v, gL:—§+§5%V7 93255%4/- (A.5)
The vector/axial couplings g"; 4 are defined as
9 =9l + gk, gh =9l — gk (A.6)
At low energies the effective NC interaction is
Gr
Lnc = —=JLeJINCu s A7
NC \/§ NCYNCpu ( )
therefore the amplitude of the coherent v — N scattering is
iM(V+N = v+ N) = —ivV2Gp(N (k)| Jie N (p2)) (v (k1) | Inculv(p1)) - (A.8)

where p1, k1, p2, ko are the momenta of the initial neutrino, final neutrino, initial nucleus
and final nucleus, respectively.

The matrix element (N (k2)|J{c|N(p2)) only depends on the quark sector in J§ since
the nucleus is a bound state of many v and d quarks. So we have

(N|JEGIN) = gt (N[ary uL|N) + g (N|apy*ur|N)
+ gf(N[dLr"dr | N) + g (N[dr~"dg|N) . (A.9)

Assuming that the nucleus does not violate parity, we have
(N[@ry*ur|N) = (N[apy"ur|N), (N|dy"dL|N) = (N|dry"dr|N). (A.10)

Note that generally |N) does not have to respect parity symmetry. For example, if the
whole nucleus is a spin-1/2 fermion then it is impossible for |N) to be invariant under the
parity transformation which would flip the orientation of the spin. Even if the nucleus is a
spin-0 particle, for the u quarks the number of spin-up could be different from the number
of spin-down.® However, for a nucleus with a large mass number A, it contains many u
and d quarks so that statistically we expect that they form a large object (the nucleus)
that approximately respects parity.

5Besides, the distribution of protons and neutrons in a nucleus is not spherical, though it tends to be
more spherical with increasing atomic number.
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Another relation we will use is
(N[aytu|N)  2Z+ N
(N|dy*d|N)y 2N+ 2’

(A.11)

where N is the number of neutrons and Z the number of protons in the nucleus. Note
that in a nucleus with N neutrons and Z protons, the numbers of v and d quarks are
27 + N and 2N + Z respectively. Their ratio must be identical to the ratio of the above
matrix elements if all the quarks are free particles. Since the strong interaction can not
distinguish u quarks and d quarks, we assume that this relation holds for the bound quarks
in the nucleus as well.

From eq. (A.11) we can write down

(N[ay"u|N) = (2Z + N)f*, (N[dy"d|N) = (2N + Z) f*, (A.12)

where f* can be determined by the electromagnetic property of the nucleus. Let us first
consider the electromagnetic current

2 —1-
Jhy = gﬂ’y”u + ?d'y“d. (A.13)

From the Feynman rules of a complex scalar field with a gauged U(1) symmetry we know
that the interaction vertex of the gauge boson with the scalar field should be proportional
to (p2 + ko)*. Therefore we have

(N (k)| TN (2)) = (P2 + k2)" Quua F(¢%) (A.14)

where Qnuea = Z is the electric charge of the nucleus and ¢* is the momentum transfer,
defined as ¢* = kb — ph. From eqs. (A.12), (A.13) and (A.14), we obtain the form of f/:

= (p2 + ka)"F(g%) . (A.15)

For very soft photons (¢? — 0) in the electromagnetic interaction, the nucleus radius 7, is
much smaller than the electromagnetic wavelength so that it can be treated as a point-like
particle, with electric charge Quuc. Therefore for a very soft momentum transfer we have

Fl@? <1/ ) ~1. (A.16)
With egs. (A.10), (A.12) and (A.15), eq. (A.9) can now be written as

(N (k) T N (p2)) = F(¢)(p2 + o) [ (27 + N)git + (2N + Z)git |

= F(¢*)(p2 + k2)* [Zg}, + Ngit] (A.17)
where 1 1
gy = 3 258, gt = —5- (A.18)

Some references [9, 15] define the weak charge Qw which is

Qw = —2(Zg}, + Ngit) = N — (1 — 4s3,) Z . (A.19)
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Now we can continue the evaluation of eq. (A.8)

! 2 !
iM* (v+N — v+N) = i\gGFQWF(q2)QZ(P2 + k)"0 (p)v*(1 — )0 (k1),  (A.20)

where s and s’ are the helicities of the initial neutrino and final neutrino, both left-handed.
When computing |iM|? we can also use the trace technology since the right-handed case
should vanish due to the V' — A coupling of neutrinos in eq. (A.20),

liM|? = Z liM |2 (A.21)

One can evaluate it immediately:”

r_M T) (A.22)

2 2 2 12
= 32G F M°EN(1— — — —
M = 3263 QR P MR (1= 5 3
where M is the nucleus mass and F, the neutrino energy; T is the recoil energy of the
nucleus, which can be related to ¢y = cos6, where 6 is defined as the scattering angle

between the momenta of the initial neutrino and final nucleus,
r—_ MEqG (A.23)
(M + E,)? — Egcg
For a given value of F,, the maximal recoil energy Ti,.x is reached at 6 = 0:
212
M +2E,"

In the form factor F'(¢?), ¢? is needed, which can be expressed in terms of T as ¢*> = —2MT.

Tmax(El/) == (A24)

The differential cross section in the laboratory frame is
do  |M|? co(E, + M)?

— = , (A.25)
deg 87 [(M+E,)? — E22)°
or i M
o
dT ~ 32nME?’ (4.26)
With the result in eq. (A.22) we have
do  G%(2¢5Qw)*F*(¢?) T MT
e _ M(l1—-=—_- " A.27
ar 47 E, 2E? ( )

We have finally arrived at the expression of the SM cross section in egs. (2.1)—(2.3).
Finally, considering that F, < M, many expressions can be simplified under this
approximation. From eqs. (A.23) and (A.24) we have

T ~ TaxCa (A.28)
and )
T MT E
which gives
d SM
% A Uoﬁ sin? 6 . (A.30)
"Some kinetic relations are needed in the calculation, including ¢> = 2MT and p1 - ¢ = —p2 - ¢ = ¢*/2.

The former is from ps - k2 = M (M + T') and the latter is from the on-shell conditions of k1 and ks.
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B What if N is a spin-1/2 or spin-1 particle?

We may ask whether non-zero spins have a significant effect on the calculation presented
above or not. An intuitive estimation is that it should be only a weak effect. The reason
is that a large nucleus contains many spin-1/2 fermions, i.e. protons and neutrons. They
form the nucleus in which the proton and neutron spins almost cancel. If one proton flips
its spin, the nucleus spin would be changed e.g. from 0 to 1. Since we expect that the
coherent v — N scattering is insensitive to the status of a single proton inside the nucleus,
we suspect that there should be no significant difference between zero and non-zero spins,
as long as the non-zero spin is not very high.
For a spin-1/2 nucleus, eq. (A.17) is modified to

(N (kz, )| o N (p2, 7)) = F(@)a" (ka)y*u” (p2) [ 238, + Ngit] (B.1)

where " (kq) and @ (ps) denote the finial and initial states of the Dirac particle, i.e., the
spin-1/2 nucleus. Then eq. (A.20) is changed to

<A gr'rss’ \/i vo|=r! r —s’ s

iIMT (N < v N) = i GrQuF(a)g [ (k) (b)) [ () (1= (1)
(B.2)

The above amplitude is for neutrinos while for antineutrinos it should be

MG N =5 54N) = 152G Qu (gt [ ey (o) [0 1) (1 =20 ()]
(B.3)

Eq. (B.2) and eq. (B.3) essentially give the same |M|? and thus the same cross section,

as one can check by direct computation. The reason is due to the assumption that the

interaction of the nucleus with the Z boson is parity-conserved. If there is axial current

in eq. (B.1), i.e., a v*7® between " (k) and u’(py) then the N and TN cross sections

would be different.

After evaluating the traces of the Dirac matrices in the amplitude, we get

ME = 30 S S e = sact Qg earE2 (1o - ST TN g
7 2 ’ Y EV QEE ZEE 7
S8 rr
and then
d G2.(2¢% Qw )2 F? (g2 T MT T?
do _ GpR2eiQw) F(q"), (T MT T\ (B.5)

This is the result for a spin-0 nucleus plus small negligible corrections, see eq. (2.4).

C Relations of (C,, D,) with (C@, D7)

In section 4 when discussing exotic neutral currents we defined the nucleus couplings
(Cq, D) and the quark couplings (C((Iq), b(q)). In this appendix we will derive the re-

a

lations of (Cy, Dy) to (C,@, 55;1)) by comparing the scattering amplitudes.
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Starting from the fundamental Lagrangian (4.1), we can write down the amplitude

. ! qna! G / /
M = _172@8 (p1) PRI ™® (k1) (DA (C.1)
where
(TN = (N(ka,r')| S a0(CD + DPin®)q|N (pa, 1)) - (C.2)
q=u,d

To compute the amplitude we need to know (N|gl'%q|N). Similar to eq. (A.11), here we

also assume that
(N[al*u|N) — ny (C.3)
(N[dTad|N) ~ ng’ '

which enables us to define

(N[ar®u|N) _ (N[d[d|N) (C.4)

m Nng

Fa

For instance, generalizing eq. (B.1), a scalar interaction of down quarks (N|dd|N), can
result in a term wu or uysu, where u is a Dirac spinor. Both terms come with a form
factor, and we have neglected terms involving momenta. This implies that

FS = foqu” (ko)D" (p2) + fspu” (ko)DFu" (ps) . (C.5)

In analogy, we can write the other terms as

FP = fpst” (k)TPW (p2) + frpu” (ko)D" (ps) (C.6)
FYV = fyya” (k)Y u" (p2) + fvat” (ko)D" (pa) (C.7)
FA = fayt” (ko)D" (p2) + faat” (ko)DV " (ps), (C.8)
FT = fra” (ke)T"u" (p2) + fra” (k)T (i9°)u" (pa) , (C.9)

where all the f are form factors. We will not address the calculation of form factors in this
paper, see refs. [44, 45] and references therein.
From the definition (C.4), we can express (I'*)y in terms of F*:

5 = Y n(CPFS + DYFT), (C.10)
q=u,d

(TP =Y n(CP T — DY FS), (C.11)
q=u,d

TViv =Y n(CPFY +iDW P4, (C.12)
q=u,d

Ty =S n(CYFA+ DY FY), (C.13)
q=u,d

v v 1 VPO T

(T = 3 g | OO TP~ D (P | (C.14)

q=u,d
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We have suppressed the spin indices (r, 7/, ...) and Lorentz indices (u, v,...) in the above
relations except for eq. (C.14) where we need the Lorentz indices to explicitly express
the relation.

By writing the amplitude (C.1) in terms of (C(SQ), ﬁ((lq)) and the form factors, and
comparing it with eq. (4.7), we obtain

(Cs, Dg) = Z Ng ( ) fss + D ' fpp, C éq)fSP +Eg1)fps) , (C.15)
q=u,d

(Cp, Dp) = Y ny (CFF fos = D fsp. =C1 fop + D fss) . (C.16)
q=u,d

(Cv. iDv) = 3 1y (CF fuv + DY fan, CF fra+ D fav ). (C.17)
q=u,d

(Ca,iDy) = Z Ng (C(Q)fAV + ’LD 'fya, C ,(qu)fAA + iﬁ%)fvv) : (C.18)
q=u,d

(Cr. Dr) =3 n, (C;q 7 — D frr, O fr, + DY fT). (C.19)

These are the relations that connect the nucleus couplings (C,, D,) and the quark couplings
( Cc(lq) 5((1))
9 a .
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