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Tensor and scalar interactions of neutrinos may lead to observable neutrino
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Recently more generalized four-fermion interactions of neutrinos such as tensor and scalar
interactions (TSIs) have been extensively studied in response to forthcoming precision measurements
of neutrino interactions. We show that due to the chirality-flipping nature, at the one-loop level TSIs
typically generate much larger (107-10'") neutrino magnetic moments (zMMs) than the vector case.
For some cases, the large YMMs generated by TSIs may reach the known bounds, which implies
potentially important interplay between probing TSIs and searching for YMMs in current and future

neutrino experiments.
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I. INTRODUCTION

As neutrino experiments are entering the precision era,
searching for new neutrino interactions beyond the
Standard Model (BSM) is of increasing importance. In
the near future, experiments of coherent neutrino-nucleus
scattering' and other types of neutrino scattering” will reach
unprecedented sensitivity to various types of BSM neutrino
interactions.

Among various BSM interactions considered for neu-
trinos, the so-called nonstandard interactions (NSIs; see
reviews [17-20]), which couple neutrinos (v) to other
fermions (y) by the flavor-changing effective operators
UaY Vs y"y, have been extensively studied due to their rich
phenomenology in neutrino oscillation. In addition to NSIs
which are of the vector form (i.e., containing y, between v
and v), recently there has been rising interest in more
general interactions [10,21-32] of scalar or tensor forms
with the y, replaced by 1 or o,,, respectively.3 From the
theoretical point of view, the scalar or tensor interactions

'First observed by the recent COHERENT experiment [1].
The future experiments include CONUS [2], v-cleus [3],
CONNIE [4], MINER [5], etc.

For example, neutrino scattering at the near detectors [6—12]
of long baseline experiments, or at [soDAR [13,14], LZ [15,16],
etc.

*More generally, one can have additional y5’s attached, which
would form pseudoscalar, axial vector, and CP-violating tensor
interactions. Hereafter, as a simplified terminology, we will refer
to them as scalar, vector, and tensor interactions likewise.
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are as well motivated as the NSIs, since they can all
originate from integrating out some BSM bosons.*

In this paper, we would like to point out that the scalar or
tensor interactions of neutrinos may lead to much larger
neutrino magnetic moments (zMMs) than the vector inter-
actions. For the vector case, the loop-generated vMM is
proportional to the neutrino mass and thus highly suppressed
[33-38]. However, for scalar or tensor interactions, due to
their chirality-flipping feature, as will be explained later, it is
proportional to the mass of y,” which is about 107 to 10'°
times larger than the neutrino masses. If neutrinos have
sizable scalar/tensor interactions at the magnitude that
concerns the current neutrino scattering experiments, the
large YMMs may reach the known bounds. The connection
between scalar/tensor interactions and large vMMs has
important implications for future neutrino experiments—if
sizable scalar/tensor interactions could be found within the
sensitivity of future experiments, then it might imply large,
detectable vMMs which would motivate more elaborate
experimental searches, and vice versa.

II. YMM FROM EFFECTIVE INTERACTIONS

In what follows, through an explicit but short calculation
(depicted in Fig. 1), we will show that YtMMs generated by
scalar/tensor interactions are in general proportional to
charged fermion masses instead of neutrino masses. The
calculation per se will technically explain the reason. To get

4Integrating out a vector boson may give rise to NSIs, while
integrating out a charged scalar boson may lead to both scalar and
tensor interactions—exemplified later in Sec. III.

>The idea of obtaining large ¥MMs by avoiding it from being
proportional to a neutrino mass is not new and has been discussed
widely in the literature; see the review [39] and references therein.
For further discussions, see Sec. IV.
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a deeper insight into it, after the calculation we will provide

an alternative explanation based on fermion chiralities.
We start by considering the following general effective

interactions of neutrinos’ (v) and other fermions (y):

LD Gy (o) (pT"w), (1)

where I and T” can be any Dirac matrices that keep Eq. (1)
Lorentz invariant, including

i
1, 75, }//u 7/”75’ 6;41/ = 5 [7/4’ }/l/]’ (2)

and their linear combinations (e.g., y, — 7,¥s)-

In terms of Feynman diagrams, Eq. (1) is an effective
vertex of four fermion lines shown in Fig. 1(a), relevant to
elastic neutrino scattering processes that are currently
undergoing precision measurement. Given such a diagram,
one can close the yw and ¥ lines and attach an external
photon line to it, which forms a one-loop diagram respon-
sible for YMM generation. The one-loop diagram can be
evaluated as follows:

4
Fig.1(b) = / %ecxu—xpz)rul<p1>eﬂ<q>trloop, 3)

where most notations take the standard convention (e.g.,
e is the coupling constant of y to the photon, ¢ is the
photon polarization vector, etc.), all of the momenta have
been defined in Fig. 1 with k= p, —k; = p, — k,, and
trop Stands for the trace of the loop:

1 1

14
kZ_my/ ”kl_mljl

trioop = T I’ (4)

_ ul(f +my )y, (K + my )]

(k5 = mj,) (ki = my)

(5)

Throughout the calculation, we assume that neutrinos are
Dirac particles and leave the case of Majorana neutrinos for
later discussion.

The trace in Eq. () is crucial to understanding when the
generated vMM is proportional to m,,. For simplicity, let us
first focus on the scalar interaction (I' = I = 1), for which
the trace can be easily worked out:

4(ky + ky),

CEICE ) ©)

trloop = my,

®Here we consider neutrinos in the mass basis and, for
simplicity, we focus on one of the three generations. We will
discuss the full three-generation framework in the flavor basis in
Sec. IV.

(b)

FIG. 1. Feynman diagrams showing the connection between the
effective interactions in Eq. (1) and vMMs.

This result can be obtained by noticing that in the
numerator of Eq. (5) only the cross terms tr[m,y, K +
K>y,m,] are nonzero. This is because the trace of any
product containing an odd number of y matrices, such as
tr[foy, 4] and tr[m,,y,m,,], must be zero [40].

Plugging Eq. (6) back into Eq. (3) and integrating out &,
we should have

Eq. (3) = m,,eGxiz(py)[ci pf + capbhluy(p1)eu(q).  (7)

simply by using the Lorentz invariance. Since the quantity
between u, and u; should be both a Dirac scalar and a
Lorentz vector, we must be able to write it as a linear
combination of pf and pb—here as cp| + coph.
Furthermore, since Eq. (6) is symmetric under p; < p,,
the integral [ trloopd“k should lead to a symmetric result,
which implies that ¢; = ¢,. Indeed, this can be verified by
computing the integral manually or using PACKAGE-X [41].
Assuming that the effective vertex has similar UV behavior
to the Fermi effective interaction’ and G;(l/ *> my, > m,,
the integral gives
L
=R s

¢ (8)

where “~” means that higher-order terms suppressed by m,,
and m,, are not included.

Using the Gordon identity8 and Eq. (8), we can convert
Eq. (7) to the magnetic moment form

Flg l(b) R meeGXM_Z(pZ)iaﬂyul (pl )%/QA(Q)? (9)

If Gy is a constant at arbitrarily high energies, the integral is
divergent. We assume that at low energies Gy approximately
remains constant while for k — oo, Gy decreases as k~2. More
specifically, we adopt Gy o 1—, with m* ~ Gx' standing for
the energy scale of this transition.

¥See, e.g., Appendix A of Ref. [42].
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which implies the following vMM:

eGymy,
n, =
v 872

(for scalar). (10)

As one can see, to get g, o m,, the crucial step in the
above calculation is that the trace in Eq. (5) has non-
vanishing cross terms (proportional to m,), while all of
the other terms are zero. This is true for ' =T" = 1. If
(I, T") = (y,,7"), we would be in the opposite situation—
the cross terms become zero, while the other terms are
nonzero. A straightforward calculation can confirm that
the Y MM in this case is approximately proportional to m,,
instead of m,,.

To summarize, whether tr[(m,y, ¥ + Ky,m,)T"] van-
ishes or not depends on whether I consists of an odd or an
even number of y matrices. Therefore, for the tensor
interaction, we can infer that the result should be propor-
tional to m,,. Indeed, repeating the previous calculation for
(T,T") = (6,;,06"*) with the same assumptions gives

eGymy,
M~
. 2r?

[1 + log (m;,Gy)] (11)

(for tensor).

So far we have technically explained why tensor and
scalar interactions could lead to large YMMs proportional
to m,,. The above argument based on even/odd numbers of
y matrices can be more physically interpreted using the
concept of chirality flipping.

First, let us examine the chirality of vMM,

EuMM = ”L/D[iGMDQD]VA (12)

Al

= ”bﬂ[iaﬂyQU](PL + PR>UA;U

(13)

=H [WGIWI/L + EGW/UR] iA;tqw (14)
where Py g =1 (1 F y5) and vy g = P gv. Equation (14)
implies that a YMM itself has to be chirality flipping, i.e.,
a left-handed neutrino, after participating in the interaction,
will turn into a right-handed neutrino, and vice versa.
On the other hand, all vector interactions preserve
chirality because
Dy'v = Ury'vy, + DRyt ug. (15)
So to obtain a nonzero vMM, we need chirality-flipping
sources. One such source is a Dirac neutrino mass term,
m,ov = m,(Ugvg + UgvL), (16)
which explicitly shows chirality flipping. In addition, as

can be checked, tensor or scalar interactions all have the
chirality-flipping property.

YL YL YL &
Moy
vy, m, wR
VL VR VL VR
(a): p, ox My (b): p, xmy

FIG. 2. Feynman diagrams explaining when p, are suppressed
(a) by the neutrino mass and (b) by the charged lepton mass.

Now let us scrutinize the chirality in the loop diagram. If
the four-fermion vertex does not flip chirality (e.g., " =y,
and I'" = y¥), then chirality flipping can only be achieved
by m,iv, as presented in Fig. 2(a). It is interpreted as
follows. First, if the left leg is v, then the right leg initially
has to be v; since the four-fermion vertex cannot flip
chirality. However, as required by the chirality-flipping
property of YMM, the right leg eventually should be vg. So
a mass insertion necessarily appears on the right leg to
achieve the flipping. In this case, the diagram must be
proportional to m,,.

If the four-fermion vertex is of tensor or scalar form [see
Fig. 2(b)], then the right leg has the opposite chirality of the
left, simply due to the chirality-flipping property of the
vertex. So we do not need the mass insertion of m,. But we
should notice that the charged fermion also flips its chirality
when passing this vertex, while the photon vertex is not
chirality flipping. To accommodate both vertices in one
loop, a mass insertion of m,, is necessary, as marked in
Fig. 2(b). In this case, the diagram must be proportional
to m,,.

Therefore, we can conclude that if the four-fermion
vertex is chirality flipping per se, then it generates
M, &« m,; otherwise it leads to p, o< m,. This explains
why in our previous calculation g, o< m,, is obtained for
tensor and scalar interactions.

III. A UV COMPLETE EXAMPLE

The chirality analysis explicates when p,, is proportional
to m,, and when to m,. The specific values of u,, however,
depend on the UV completion of the effective vertex.
Below we would like to study a UV complete example
which introduces a charged scalar ¢* interacting with both
left-/right-handed neutrinos (v /vg) and charged leptons
(ZL/R):

L 3ycﬁ¢+fR +ysf_L¢_yR +H.c. (17)
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The above terms could originate from left-right symmetric
models (LRSMs) [43—45]9 containing the Yukawa inter-
action (7,7, )®(vg, ¢g)", where @ is a bidoublet, pro-
vided that the charged components in ® have generic mass
mixing.

Equation (17) can give rise to the four-fermion effective
interactions of both scalar and tensor forms if ¢* is
integrated out:

Legr = % (Utr)(ZLvg) +He., (18)

¢

which after the Fierz transformation'® becomes

Legs = —% (42, ¢ RULvR + 10" CRio,vg) + Hee.

b
(19)

Given the Yukawa interactions in Eq. (17), we know the
specific UV behavior of the effective interactions at high
energies. So u, can be computed without uncertainties
caused by UV divergences. There are two diagrams
responsible for p,:

(1) Figure 1(b) with the four-fermion vertex replaced by

a ¢* mediator.
(i1) A similar diagram as (i) but with the photon coupled
to the ¢ mediator.
After straightforward loop calculations, the results are

2
i) _ emeyeys m
ul) = e <3 +2log m—§> (20)
¢ ¢
(i) _ emgy.y
* = i 1)

corresponding to the contributions of (i) and (ii), respec-
tively. So in this model the total contribution to the vMM is

i i emey .y m;
m_ﬂgwgu#(lmg_;). 22)
JT m¢ m¢

This is consistent with our previous discussions based
on the effective operators [cf. Eqs. (10) and (11)]. Taking
Gx ~y.ys/ (Smé) we can see that the effective and the UV

complete results agree at the same order of magnitude,
while the difference is understandable due to different UV
details.

%Since vk appears as an external fermion line in Fig. 2, the
canonical LRSM in which right-handed neutrinos are heavy
states cannot be applied here.

'9To use the chiral form, see Egs. (2.6) and (2.7) of Ref. [46].

IV. DISCUSSION AND CONCLUSION

Throughout the paper, we have considered only the case
of Dirac neutrinos. For Majorana neutrinos, our conclu-
sions would be similar but would need slight modification.
As is well known, Majorana neutrinos can have only
transition magnetic moments, meaning that the correspond-
ing term v;,6""v;q,A, may existonly if i # j (i, j =1, 2,3
denote the mass eigenstates of neutrinos; v = v; + 1§ is a
Majorana spinor such that v = v°). Viewed from fermionic
degrees of freedom, the transition from v; — v; is essen-
tially equivalent to the aforementioned chirality flipping,
as the initial and final neutrinos are two different Weyl
spinors. Therefore, for Majorana neutrinos, we simply
need the replacement (vg,v;) — (vf;,v7;) in the above
analyses.

The analyses in this paper can be readily extended to
include three flavors. First, Eq. (1) can be modified to the
flavor-dependent form

L2 G (Tvg) (pTw), (23)

where a, f = e, p, 7 are flavor indices. Then since we know
that, for tensor and scalar interactions, neutrino masses
make negligible contributions to YMMs, neutrinos can be
treated as massless particles in the calculation, which would
lead to flavor-dependent uzﬂ in Egs. (10) and (11) with only
Gy replaced by Giﬁ . Note that many experimental mea-
surements actually produce constraints on combinations of
some p’. For example, v, — e scattering experiments with
negligible baselines are sensitive to the effective magnetic
moment of v, below [47]:

p=Y . (24)
7

For solar neutrino experiments, the effective magnetic
moment being constrained is [39]

g (25)

3

ik

pi =D NPl
jk=1

where UM is the effective neutrino mixing with the matter

effect included, and ﬂ‘,fk is the mass-basis form of ﬂ,(jﬁ . In
addition, for plasmon decay (y* — tv) [48], one can define
the following effective magnetic moment,

3
p= 3l =Y
Jk=1 afp

which is useful in interpreting the astrophysical bounds.
The values of u, given by Eqgs. (10) and (11) depend on

the UV completion of the effective vertices. Being model

dependent implies that g, could be much smaller or larger

g (26)
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than Egs. (10) and (11) in particular models. For example,
if it is UV completed by a neutral scalar ¢p with Yukawa
interactions v¢g and yy ¢, then the loop diagram naively
gives zero p,,. However, since it breaks SU(2), , usually this
model is a fragment of some more complete gauge invariant
models, in which ¢ would be the neutral component of a
Higgs multiplet and would be accompanied with charged
scalar bosons. The full calculation, including contributions
from charged bosons, may again lead to large nonzero u,,.

Taking Egs. (10) and (11) as the typical values of g,
generated by the effective tensor and scalar interactions, we
plot them in Fig. 3 together with terrestrial (TEXONO [49],
Borexino [50], GEMMA [51], and LZ equipped with an
intensive >'Cr radiative source [15]) and astrophysical [48]
bounds. Currently the effective coupling Gy can be con-
strained by various elastic neutrino scattering data from
CHARM II, LSND, TEXONO, Borexino, COHERENT,
etc. In general, these experiments have Gy sensitivity
ranging from 0.1Gy to 1Gx [22,25,30,52], depending on
the neutrino flavors, the charged fermion y, the specific
forms of new interactions, etc. With these details involved
and the uncertainties of theoretical predictions due to the
UV incompleteness, here we refrain from more specific
discussions and show merely two bands (red) of Gy =
0.1Gp-1Gp in Fig. 3. In the future, the DUNE near detector
and some reactor-based coherent neutrino scattering experi-
ments may significantly improve the sensitivity by 1 or 2
orders of magnitude [10,23].

The significance of Fig. 3 showing the red bands and
the blue limits in the same windows is manifold. If, e.g.,
Gy = 0.1Gp for tensor interactions had been probed in
neutrino-electron scattering experiments, it would imply a
large YMM (1, ~ 107"2p) that could be observed by
improving vMM experiments by 1 order of magnitude.

1079

Borexino;
GEMMA;

1Cr ()

AStro (jiy

10! 100 10! 102 10° 104
my [MeV]

FIG. 3. p, predicted by tensor and scalar interactions (red lines)
compared with experimental bounds (blue). Here the GEMMA,
TEXONO, and LZ-'Cr bounds are only for the effective
magnetic moment g, defined in Eq. (24); the Borexino bound
is based on solar neutrinos which should be applied to gy given in
Eq. (25); and the astrophysical (Astro) bound should be applied
to u, in Eq. (26).

In addition, since the same coupling strength for y = u and
7 would lead to too large p,, it would imply that in model
building, Gy for these two flavors must be suppressed,
which is of theoretical importance. On the other hand, if
in the future we reach much more solid and stringent
bounds on y,, (currently LZ-3'Cr is only a proposal and the
astrophysical bound could be altered in nonstandard
scenarios), it will disprove the presence of sizable tensor
and scalar interactions, which is still of importance for both
experimental searches and theoretical model building.
The last comment concerns neutrino masses. It has been
commonly discussed in the literature (reviewed in
Ref. [39]) that the new physics leading to large vMMs
usually generates too large neutrino masses. This can be
understood by simply noticing that in the absence of
chirality-flipping interactions the generated vMM is pro-
portional to m,. There have been various approaches,
however, to get a large vMM while keeping m, small.
One possibility is to avoid it from being proportional to m,,
which has been discussed in Refs. [34,38,53-61]. For
example, in the left-right symmetric model with Dirac
neutrinos, #, < m, can be obtained [see, e.g., Eq. (2.29) in
[38] ] via the charged current (CC) interaction vty Wzﬂ

and its right-handed partner ZRy”I/RW,;”, where W7 and

W3 are the charged gauge bosons of SU(2), and SU(2),
with small mass mixing. From the point of view of effective
interactions adopted in this paper, it is straightforward to
understand the result. The left- and right-handed CC
interactions with mixing can give rise to the effective
interaction (£, y*v, )(Dgy*€r), which after the Fierz trans-
formation becomes a chirality-flipping scalar interaction
2(vguy )(£,€R). This should lead to g,  m, according to
our conclusion on such scalar interactions. Therefore, the
calculation in the previous studies confirms our conclusion
on the effective interactions. In addition to this model,
there are various other models proposed for large vMMs
[62—71]. Although building models for large vYMMs is not
the focus of this paper, our conclusion indicates that one
may preferably introduce chirality-flipping interactions to
obtain large YMMs because in this situation, g, is propor-
tional to m,, instead of m,, and the generation of YMMs can
be detached from the generation of neutrino masses.

In conclusion, our analysis reveals that large YMMs may be
potentially related to sizable tensor and scalar interactions,
and vice versa. The experimental and theoretical significance
of the interplay will be explored in further studies.
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