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Abstract: We present the novel idea of using the atomic radiative emission of neutrino pairs to test
physics beyond the Standard Model, including light vector/scalar mediators and the anomalous neu-
trino electromagnetic moments. With O(eV) momentum transfer, atomic transitions are particularly
sensitive to light mediators and can improve their coupling strength sensitivity by 3~4 orders of
magnitude. In particular, the massless photon belongs to this category. The projected sensitivity with
respect to neutrino electromagnetic moments is competitive with dark matter experiments. Most
importantly, neutrino pair emission provides the possibility of separating the electric and magnetic
moments, even identifying their individual elements, which is not possible by existing observations.

Keywords: neutrino; beyond standard model; light mediators; neutrino magnetic moments

1. Introduction

The neutrino oscillation, and hence neutrinos being massive, have been experimentally
established as the first new physics beyond the Standard Model (BSM) of particle physics.
However, the reason behind massive neutrinos, and in particular non-standard interactions
(NSIs), retain various possibilities [1-4]. This is especially true for light mediators. A
mediator with mass m and coupling g produces a matrix element |[M |2 ~ ¢*/ (g% + m?).
For m? < ¢?, the contribution of a light mediator is typically suppressed by the momentum
transfer, [M|? ~ ¢*/g*. To improve the sensitivity, smaller momentum transfer > < m?
is better.

Laboratory-based experiments typically have momentum transfer at the keV~MeV
scale, which makes it difficult to constrain very light mediators. In this work, we present
a new possibility: we propose using the atomic radiative emission of neutrino pairs
(RENP) [5-8] to look for light mediators. With intrinsically O(eV) energy, RENP provides
a suitable environment to significantly improve the sensitivity of searching light particles.

Our study proceeds in two steps: (1) a general light vector/scalar mediator between
electron and neutrino [9] and (2) the neutrino electric and magnetic moment interactions
with a massless photon [10]. The latter is particularly interesting. Energy thresholds can
be used to separate the electric from the magnetic moments and probe their individual
elements. With a suitable design, future RENP experiments can greatly improve the
sensitivity on BSM mediators and NSI.
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w — W) [|aij|21i(jD) - 5MRe[ai2j]m,-mj}, with Wi = -

2. Atomic Radiative Emission of Neutrino Pairs

The RENP is an atomic E1 xM1 transition from an atomic excited state |e) to a ground
state |g) via an intermediate virtual state |v) with energies E, > E. > E; [5-8,11,12]. A
neutrino pair is emitted in the transition |e) — |v) and a photon is emitted in |[v) — |g).

The whole reaction chain is

le) = v+ o)(= Ig) +7). @

Because E, > E,, the transition |¢) — |g) is second order in perturbation and the two
steps cannot happen separately. In SM, RENP involves both electromagnetic and weak
interactions. The El-type photon emission |v) — |g) + 7 is contributed by the electric
dipole moment, while the M1-type neutrino pair emission |e) — |v) + v7 is mediated by

the W/Z bosons. The weak Hamiltonian Hy = v/2Gr (vi]-]f; — aijfﬁ)ﬁiL'yyij contains
both the vector v;; and the axial vector a;; coefficients

a;; = Ueill:j - %, and v;; = a; + 2sin? 0 0ij, )
where U,; is the PMNS matrix element. The M1 transition selects only the axial part of Hyy.

The atomic spontaneous decay rate I' ~ G&(E, — E4)°/157° &~ 107345 is extremely
small [5]. Enhancing the decay is possible via two quantum mechanical effects [12]: stimu-
lated photon emission and macroscopically coherent atoms [13]. The enhancing factors are
proportional to the photon number density 7, and the coherent atom number density 12,
respectively. The total decay width [14-16]

2
o . _ -1 Mgty v
I'= FOI(W)/ with T ~ 0.002s (1021 cm*3)3 <102 Cm3) ©)

scales linearly with the material volume V. The spectral function Z(w) is defined as

E.—E; 1 (mj+m;)?

1
ij 2 2 (E.—Ep)’

4)

g

where ¢?A;; = \/[q2 — (m; +m;)?][q? = (m; — m;)?] with momentum transfer q* = (EZ, —
2E.qw) and E,, = E; — Ejp. The Heaviside © function imposes kinematics requirements on
the frequency w. Energy—momentum conservation allows the process to occur only if the
trigger laser frequency w is smaller than the a frequency threshold w%}wx as a function of
the emitted neutrino masses m; and m;.

The last term in the square bracket of Equation (4) is non-zero if neutrinos are Majorana
particles (0p1 = 1) and zero otherwise (dp; = 0). The first term appears in both cases, and is
additionally a function of the neutrino masses

2 1

p)_1 1 w
1,?], ) = E{Eeg(Eeg —2w) — E(ml-2 +m?) + > {1 - gAij(w)z} -

W2 (Am2)2
(Eeg — )2 (8m2) } -

2E2,(Eeg — 2w)?

3. Non-Standard Interactions with Light Mediators

The W/ Z gauge boson masses are much larger than the momentum transfer, and their
propagators shrink to a contact term 1/ (g% — m?%, w) =1/ m> /- The relative size between

the m? /w scale and the atomic momentum transfer is ~102!. For NSI with mediator mass
of 1 ~100keV, the decay width can be significantly enhanced over the SM one. In other
words, RENP is very sensitive to light mediators.

3.1. Vector Mediators

The relevant new interactions with a vector-like mediator Z’ are

Ly = gey"yseZy, + iy (81 ;;PL + 8k ;i PRV Z1- ©
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Because the neutrino pair emission transition (|e) — |v)) is of the M1 type, it has even
parity and selects the 7;,y5s component of the electron coupling. The neutrino interaction
may contain both left and right axial currents, which generalizes Equation (2):

8°8Lij 8°8Rjij
aiLj =a;j+ 2L,1] 5 51’], and aR = Rij
\/EGF (q —m Z/)

@)

The spectral function Z(w) in Equation (4) becomes

84 (@)@ (w — ) > *
I, = Z (Eoe ™ w)zu [(\aiLj 24 |11,1§ 2_ 2(5MRe[aiLja§])Ii(j )+ ((5MRe[(aiLj)2 + (af})z} —2Re {aiLj aﬁ])mim]}. (8)
if

In Figure 1, we present the 7,/ spectral function versus the trigger laser frequency w.
The lines have sudden dips around the kinematic thresholds. As expected, even for a tiny
coupling |g* gL,l-]-|~10’16 (dashed red), the presence of a Z’' mediator results in a sizable
contribution when compared with the SM one (the black curve).
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Figure 1. (Left) The spectral function Z(w) of Yb as a function of the trigger laser frequency w for
the normal ordering and lightest neutrino mass m; = 0.01 eV for light vector/scalar mediators; also
shown are the projected sensitivities for vector (Middle) and scalar (Right) mediators.

We estimate the sensitivity to the combination |g¢ g;§| using the experimental setup pro-
posed in [15]. The target is exposed to the trigger laser beam at three different frequencies
w; = (1.0688,1.0699,1.0711) eV. The total number of events for each trigger laser frequency
is obtained using the total decay width times exposure time T

_ T n2n., 14
N(w) = 0.002 x (s> (107 cm =373 (100 Cm3>l'(w). )

3

For T = 2.3 days, a target volume V = 100 cm?, and n, = My = 102 em 3, we
expect O(20) events at each w;. We use Poisson x? [17] to compare the expected event
numbers with and without new physics. The sensitivity curves are shown in the middle
panel of Figure 1. Across almost the whole range from meV to keV, RENP can improve the
sensitivity by 2~3 orders.

3.2. Scalar Mediator

A general spin-0 particle can couple with an electron via both scalar (y5ee¢) and
pseudo-scalar (y5eyse¢) interactions. The M1 transition selects only the pseudo-scalar
coupling to contribute. However, the neutrino side can have both types:

Ly = iypeysed + i(ys i + ivsyp,j)vi + h.c. (10)
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Correspondingly, the spectral function becomes

Ajj(w)

D=Ly wp

] O(w — w™) [IS.M((U) + 51i]-(w)], (11)
if

ij ij

where the correction term §1;;(w) is

1y [P [\yg,ﬁ\z+(17(5M)|y;;,ij\2] Eog(Feg =200) |y 2eo? [y 2(mi + my)® + (1= 03a) 2 ms — my)

S =
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In addition, the left panel of Figure 1 shows the new contribution of the spectral
function Z. Notice that the scalar coupling constant has to be larger than |y€y’l/j| ~ 1077

when compared with the vector one (|g°g7 ; j| ~ 10~1%) to produce a similar change to the
SM curve. This happens because nonrelativistic atomic transitions with pseudo-scalar
couplings are suppressed by g2/m2, as (e|ys|v) ~ q- (e|S|v)/m., where S is the spin
operator. Consequently, the sensitivity to | yey}/j| in the right panel of Figure 1 is five orders
less stringent than the vector case, although it remains much better than the existing ones.

4. Neutrino Electromagnetic Moments

The neutrino magnetic (y,) and electric (e,) dipole moments are parameterized as [18]
Hy = 7~ () ijiouq” + (ev)ijonq”vs | vA* (q). (13)

A non-zero yy (ey) can be tested in various ways. The electron recoil measurements
in neutrino and dark matter experiments provide a constraint u& < 3 x 10~ ug [19,20],
where up = e/2m, is the Bohr magneton. In addition, the red giant cooling due to plasmon
decay (y* — vv) provides u < 2.2 X 1072y [21] and white dwarf pulsation/cooling puts
Uy < 2.9~7 x 10_12]43 [22-24] at 90% C.L. All these constraints have serious limitations.
The astrophysical bounds are prone to various systematic uncertainties [25], while the
electron recoil measurements only probe a combination of magnetic and electric moments
with severe degeneracy and blind spots in the allowed parameter space [26].

In comparison, RENP does not suffer from any of these limitations. The decay rate for

the magnetic (electric) moment, T'yy = To Y;; |( yv)ij|2I;£I (Te =To Xy |(el,)i]-\21'g), with

2
i (VB>2w2Ai]-®(w — W) - (m; &+ mj)? & 4m;m; . A, (14)
E Gr 9(Eng — w)? 7 7 '

is a function of individual (y);j or (ey);;. These spectral functions are shown in the left and
middle panels of Figure 2. The kinematic thresholds allow each non-zero contribution of
(#v)ij and (ey);j to be pinpointed, as well as for i, to be separated from €. To accomplish
this, instead of scanning three different frequencies, as in Section 3.1, we need to scan six:
w; =(1.069, 1.07, 1.0708, 1.0712, 1.0716, 1.07164) eV. In this way, along with the individual
matrix element, we can identify another one, w = 1.068 eV, to disentangle p,, from €,. The
sensitivity in the right panel of Figure 2 as a function of the exposure time is competitive
with current experiments, and can be further improved with longer exposure time.
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Figure 2. The first two panels show the spectral functions for the electric (Left) and magnetic
(Middle) moments; also shown are the projected sensitivities for various elements of the neutrino
electromagnetic moments (Right). In all cases, we use normal ordering and take the lightest neutrino
mass to be my = 0.01eV.

5. Conclusions

We have presented the novel idea of using the atomic radiative emission of neutrino
pairs to probe the neutrino NSI with light mediators. The typical O(eV) atomic transition
energy improves current constants by several orders of magnitude for vector and scalar
mediators with masses below keV. With the photon being a massless mediator, the searching
neutrino magnetic moments additionally benefits from the eV momentum transfer of RENP.
Most importantly, the kinematics thresholds allow different coupling constants to be
separated and their individual matrix elements to be identified, which is not possible for
current probes.

6. Notes Added

Constraints on light mediators and neutrino electromagnetic properties exist from various
sources. A detailed survey of the current bounds can be found in our third paper on RENP [27],
which appears after the submission of this proceeding. The two most recent constraints are due
to the DM detection, |u®| = |Clej|2| (mv)ij — i(en)1* < 6 x 10712 yp [28], and coherent nuclei

scatterings experiments, |uSf|? = 2ij{uai(y5 + e%)i]-ll;“]- + 2Im Uy (e ) iUy }, with the
current bounds being |2 < 4 x 107 yp and |]4§,ff|2 < 4 x1071%up [29]. While the
RENP experiment can achieve similar bounds to coherent scattering within a few days,
it should take more than a hundred days to obtain bounds comparable to the DM direct
detection measurements. However, the neutrino mass eigenstates cannot be disentangled
in either DM or coherent scattering experiments. Consequently, the bounds always involve
a combination of the neutrino mixing matrix elements. In contrast, the RENP process does
not suffer from such degeneracies. The detection of the kinematics thresholds together
with scanning of the photon frequency spectrum allows for the separation of the individual
matrix elements of each interaction type. In this sense, the RENP experiment is a unique
probe of neutrino interactions and light mediators.
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