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ABSTRACT: We show that a unified framework based on an SU(2)y horizontal symmetry
which generates a naturally large neutrino transition magnetic moment and explains the
XENONIT electron recoil excess also predicts a positive shift in the muon anomalous
magnetic moment. This shift is of the right magnitude to be consistent with the Brookhaven
measurement as well as the recent Fermilab measurement of the muon g — 2. A relatively
light neutral scalar from a Higgs doublet with mass near 100 GeV contributes to muon
g — 2, while its charged partner induces the neutrino magnetic moment. In contrast to
other multi-scalar theories, in the model presented here there is no freedom to control
the sign and strength of the muon g — 2 contribution. We analyze the collider tests of
this framework and find that the HL-LHC can probe the entire parameter space of these
models.
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Introduction. There has been considerable interest in understanding the long-standing
discrepancy between the measured and predicted values of the anomalous magnetic mo-
ment of the muon, a,. The Brookhaven Muon g-2 collaboration has measured it to be
a,(BNL) = 116592089(63) x 107! two decades ago [1], while theoretical predictions find
it to be a,(theory) = 116591810(43) x 107 [2]. Taken at face value the difference,
Aa, = ay(experiment) — a,(theory) ~ 279 x 107! is a 3.7 sigma discrepancy, which
may indicate new physics lurking around or below the TeV scale. Very recently the Fer-
milab Muon g-2 collaboration [3] has announced their findings, which measures it to be
ay(FNAL) = 116592040(54) x 107! which confirms the Brookhaven measurement and
increases the significance of the discrepancy to the level of 4.2 sigma. These results make
the motivations for new physics explanation more compelling.

The purpose of this paper is draw a connection between new physics contributions to
a, and a possible neutrino transition magnetic moment ,,,,. A sizable neutrino mag-
netic moment has been suggested as a possible explanation for the excess in electron recoil
events observed in the (1-7) keV recoil energy range by the XENONIT collaboration re-
cently [4]. The neutrino magnetic moment needed to explain this excess lies in the range
of (1.6—2.4) x 10~ g, where pup stands for the electron Bohr magneton [5]. Such a value
would require new physics to exist around the TeV scale. As we shall show in this pa-
per, models that induce neutrino magnetic moments, while maintaining their small masses
naturally, also predict observable shifts in the muon anomalous magnetic moment. We
focus on a specific class of models based on an SU(2)y horizontal symmetry (or family
symmetry) acting on the electron and muon families that naturally leads to a large neu-
trino magnetic moment [6, 7]. We find that within this class of models, an explanation of
the XENONIT excess will necessarily lead to a positive contribution to Aa,, which lies
neatly within the Brookhaven and the recent Fermilab measurements of a, [3]. This class
of models is thus in accordance with Occam’s razor, explaining both anomalies in terms of
the same new physics.

Model. We focus on models that can generate sizable transition magnetic moments for
the neutrinos while keeping their masses naturally small. Models which generate a neutrino
transition magnetic moment of order 10~ 13 would typically also induce an unacceptably
large neutrino mass of order 0.1 MeV. An SU(2)y family symmetry acting on the elec-
tron and muon families can resolve this conundrum as it decouples the neutrino magnetic
moment from the neutrino mass [7]. This follows from the different Lorentz structures
of the transition magnetic moment and mass operators. The magnetic moment operator
(vI'Coyuyv,) F*, being antisymmetric in flavor is a singlet of SU(2)y, while the mass op-
erator (v1'Cv,), being symmetric in flavor, belongs to SU(2)y triplet and vanishes in the
SU(2)y symmetric limit [6]. The class of models we study makes use of this symmetry
argument. New physics at the TeV scale is required to generate the magnetic moment of
the desired magnitude. This should violate lepton number, since the transition magnetic
moment operator is a AL = 2 operator. This requirement naturally leads to the model of



ref. [5]. It is based on an SU(2) g extension of the Zee model of neutrino mass [8] involving
a second Higgs doublet and a charged singlet n*. The extension incorporates the SU(2)x
Symmetry.

The class of models under study is based on the SM gauge group and an approximate
SU(2) g horizontal symmetry acting on the electron and muon families [5, 7, 9]. The lepton
fields transform under SU(2);, x U(1)y x SU(2) g as follows:
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All quark fields transform as singlets of SU(2); symmetry and will not be discussed further
here. The scalar sector of the model contains the following fields:
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Here the ¢g field is the SM Higgs doublet which acquires a vacuum expectation value

(VEV) (¢%) = v/V/2, with v = 246 GeV. The ® and 7 fields, which are doublets of SU(2),

are needed to generate transition magnetic moments for the neutrino. Both fields are

necessary in order to break lepton number. The neutral components of the ® field are

assumed to not acquire any VEV. With this particle content, in the SU(2)y symmetric

limit, the leptonic Yukawa couplings of the model are given by the Lagrangian [5]

Ly = hy Tr (TEL¢S¢R) + hot3,¢sTR + hatbsr PiTah,
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Eq. (3) would lead to the relation m. = m,, which of course is unacceptable. This is
evaded by allowing for explicit but small SU(2)gy breaking terms in the Lagrangian. In
particular, the following Yukawa couplings are necessary:

vuk = 0h1[(Lepser) — (Lupspr)] + Hec. (4)

Here Lg = (e ve)r, etc. With this term included, m. # m,, is realized, since now we
have me = (hy + 6h1)v/v/2 and my, = (h1 — Shi1)v/v/2. While the violation of SU(2) is
small, 6hy = (me — my)/(V2v) ~ 3 x 1074, it is nevertheless significant in constraining
the parameter space of the model, as we shall see. There are also other SU(2)y breaking
terms in the Lagrangian of similar order, but these terms will not play any significant role
in our discussions.

The scalar potential of the model contains SU(2)y symmetric terms of the form [5]:
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The cubic term in the eq. (5) would lead to mixing between the charged scalars 771‘+ and gbj
(with i = 1,2). The corresponding mass eigenstates are denoted as h; (with mass m)
and H;' (with mass m%H) and are given by

+ + g +
h;” = cosa n;” +sina ¢,

H = —sinan +cosa ¢, (6)

)

where the mixing angle « is defined as

V2pw

tan 200 = ————. (7)
mz — m?w
This mixing is essential for lepton number violation and the generation of magnetic moment
of the neutrino. Note that the two copies of hj are degenerate, as are the two H f owing
to SU(2) g symmetry.

Muon anomalous magnetic moment and neutrino transition magnetic moment.
Figure 1 shows the connection between Aa, and p,,,, in a generic model. Figure 2 has
the explicit diagrams in the SU(2)y symmetric models. We first focus on the new contri-
butions to the muon anomalous magnetic moment within our framework. Both the neutral
scalars and charged scalars present in the model contribute to Aa, via one-loop diagrams
shown in figure 2. Since chirality flip occurs on the external legs in these diagrams, the
loop corrections mediated by the neutral scalars ¢? and ¢9 contribute positively to Qs
whereas the corrections from the charged scalars result in negative a,. The full one-loop
contributions to Aa, are given by [10]
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where the loop functions are given by
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Here m o is the common mass Mo = My In eq. (8), the two terms proportional to |f’|?
and |h3|? arise from diagrams with ¢9 and ¢{ exchange respectively. The two contributions
in eq. (9) arise from the exchange of b and H™.

We now turn to the transition magnetic moment of the neutrino in our framework
and show its correlation with Aa,. The diagrams generating sizeable p,,,, are shown in

figure 2, bottom panel. Owing to the SU(2) i symmetry of the model, the two diagrams add
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Figure 1. New physics affecting muon anomalous magnetic moment as well as v,-magnetic mo-
ment.
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Figure 2. The dominant contributions to Aa,, (top) and neutrino magnetic moment (bottom) are
shown. For the neutrino magnetic moment, the outgoing photon can be emitted also from the 7
lepton line. There are other diagrams, which are subleading.

in their contributions to the magnetic moment, while they subtract in their contributions
to neutrino mass when the photon line is removed from these diagrams (for details, see
refs. [5, 9]). The resulting neutrino magnetic moment is given by [5, 9]

/

1 2 1 2
Lo = ﬁmT sin2a | ——qIn Dt _q 4 5 e g b (12)
" 82 mi m2 may. m?2

T T

Comparing eq. (12) with egs. (8) and (9) we see that Aa, and j,,,, are dependent on
the same set of parameters. To see their correlation quantitatively, we have to take into
account the various constraints that exist on these parameters, which we now address.

First of all, for 4,,,,, to be in the range of (1.6—3.4) x 10~ 1 so that the XENONIT
excess is explained, one needs |ff’sin2a| > (1 — 8) x 1073, corresponding to mj,+ =
(100—300) GeV. The coupling |f| can be constrained from the induced neutrino masses
from the SU(2) gy breaking effects. The cancellation that occurs among the two diagrams in
the bottom panel of figure 2 in neutrino mass is valid only in the strict SU(2) g limit. Since
me 7# My, is necessary, one should examine neutrino masses including SU(2)g breaking



effects. The resulting neutrino mass is given by [5]
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Here (5m,27 is the squared mass splitting between the two charged scalars nf and 77; arising
from SU(2)y breaking effects. Similarly, d« is the shift in the common mixing angle «
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that parametrizes 7;" mixing and 1, — ¢3 mixing. The mass splitting among charged

scalars arising from m. # m,, is found to be

|2 (mjh — m?)

2 e
dm;, =~ 162 (14)

which does not induce large neutrino mass, even for |f| ~ 1. (Eq. (14) should replace
eq. (4.35) of ref. [5], which is incorrect.) However, the coupling |f| is constrained from the
universality limits from 7 decay. In ref. [5] it was shown that the leptonic decay rate of the
7 will receive additional contributions from the charged scalars leading to the modification
(1 —e) =Tsm % (1+ €)%, where

2 2 2
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A limit of €, < 0.004 can be derived at 2 ¢ from the constraint g,/g, = 1.0011£0.0015 [14]
obtained by comparing 7 decay rate into muon with muon decay rate. This leads to the
constraint | f| < (0.05—0.25) for AT mass in the range of (100—500) GeV. As a result, the
charged scalar contributions to the muon anomalous magnetic moment turn out to be not
significant.

The coupling hj is constrained from the induced tau neutrino mass within the model,

hsf sin 2« m,2I+
= m,]l . 16
Mvr = 3oz Mt (miﬁ (16)

which is given by

Demanding m,, < 0.05eV, while also requiring i, ~ 1.6 x 10~ up one obtains a limit
|h3| < 1072, Consequently, the neutral ¢! exchange of figure 2 to the muon anomalous
magnetic moment is negligible. Thus we arrive at the model prediction that Aa, receives
significant contributions only from ¢J exchange diagram.

In figure 3 we show the parameter space in the Yukawa coupling |f’| versus the mass
of the neutral scalar (mg4o) plane consistent with the observed muon anomalous magnetic
moment measurement Aa, = (251 £ 59) x 107! at Fermilab [3] as indicated by green
band. Here we have fixed the charged scalar masses at my+ = mgo + 50 GeV and mp+ =
mp+ + 350 GeV, a choice consistent with electroweak T parameter constraint. A lower
bound on the neutral scalar mass is obtained from the decay width measurements of the
Z boson: mgo 2 45GeV [12, 13], which is indicated by the yellow shaded region. The
Yukawa coupling f’ leads to additional contributions to the ete™ — 777~ process at the
LEP experiment [12] via t—channel neutral scalar exchange. This leads to an upper limit
on f’ which is depicted by the pink shaded region. Moreover, our model leads to the most
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Figure 3. The 20 allowed range (in green) for the muon anomalous magnetic moment measure-
ment [3] at the Fermilab in the |f’|-mgo plane. The region labelled XENONIT explains the electron
recoil excess at 90% C.L [4]. The dashed line indicate the limit on neutrino magnetic moment from
the BOREXINO experiment [11]. The shaded regions denote the excluded parameter space from
various experiments: the light pink shaded region from the LEP experiment [12] and the yellow
shaded region from the Z-decay width measurements [12, 13]. Here we have fixed f = 1072,
sina = 0.35, mp+ = mgo + 50 GeV and my+ = my+ + 350 GeV.

promising signal pp — ¢Y¢:° — p~ut7 71 at the LHC where different flavored leptons
can be easily reconstructed as a resonance. The collider phenomenology of this model has
been studied in detail in ref. [5]. The blue dashed line represents the 5o sensitivity of the
neutral scalar of mass 398 GeV [5] at the HL-LHC with an integrated luminosity of £ =1
ab~!. This can be a promising test of the model for neutrino magnetic moment and muon
g—2. We also note that the model predicts a deviation in the anomalous magnetic moment
of the electron, a., which is calculable owing to the SU(2)y symmetry. We find it to be
Aa. = Aay(me/my)? ~ 6 x 10714, This predicted deviation is consistent with the current
measurements [15, 16], but may serve as a future test of the model.

In figure 4 we have shown a direct correlation between the muon anomalous magnetic
moment and neutrino magnetic moment within our framework. As noted before, the
dominant contribution to Aa, solely depends on the Yukawa coupling f’ and the neutral
scalar mass mgo. The transition magnetic moment of the neutrino f,,,, depends on the
same Yukawa coupling f’ as well as the charged scalar masses. The measurement of the
ete”™ — 7777 process at the LEP experiment [12] imposes a strong limit on the Yukawa
coupling f” as a function of the neutral scalar mass mg,. Therefore, in figure 4, we vary the
Yukawa coupling f’ in such a way that the parameters are consistent with these constraints.
An optimal scenario is realized when the neutral scalar is light, with its mass not lower than
45GeV so as to be consistent with Z decay constraint [13]. The mass splitting between
the lightest charged scalar and neutral scalar is set to be 50 GeV in order to satisfy the
charged Higgs mass limit of ~95 GeV (for detail see ref. [17]) from collider searches. As for
the charged scalar masses which have a strong impact on the neutrino magnetic moment,
but little effect on the muon g — 2, we note that these masses cannot be arbitrary, as
the mass splittings between the charged and neutral scalars are tightly bounded from the
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Figure 4. Theoretical predictions and experimental measurements of the muon anomalous mag-
netic moment and the neutrino transition magnetic moment. Purple, cyan, light blue, blue, green,
yellow, orange and red scattered points depict the correlated predictions for the muon magnetic
moment (a,) and neutrino magnetic moment (,ul,u v.) in our framework for different ranges of mass
splittings between the charged scalars: my+ — mp+ = 20, 50,100, 200, 300, 500, 800 and 1000 GeV.
Here we choose different ranges of parameters as {f’ € (0.001—1), mg € (45—500) GeV, and
mpg+ — mp+ € (20GeV-1TeV)} consistent with the theoretical and experimental limits discussed
in text. The lower black dotted point with error bar indicates the updated SM prediction [2] for a,,
(see other previous analyses (in chronological order) as: HMNTO06 [29], DHMZ10 [30], JS11 [31],
HLMNT11 [32], DHMZ17 [33], KNT18 [34]) , and others [35-51]). The upper dotted data points
with error bars represent different experimental measurements: BNLE821 [1], Fermilab [3], and the
combined experimental average of the BNL [1] and Fermilab [3] results. These evaluations and mea-
surements of a, are independent of neutrino magnetic moment values. The current uncertainty on
the measurement of a, at the Fermilab [3] is given by the light brown band at 1o level. The purple
band represents the SM prediction from ref. [2] with 1o value and the light green band indicates
the combined experimental average of the BNL [1] and Fermilab [3] results at 1o level. Here we
choose the reference value a,.y = 11659000. The orange band labelled with XENONIT denotes the
preferred range fi,,,, € (1.65—3.42) x 10~ i to explain the electron recoil excess at 90% C.L [4].
The vertical lines indicate the limits on neutrino magnetic moment from various measurements:
blue solid line from TEXONO [52], dark green solid line from BBN [53], light green solid line from
BOREXINO [11], and cyan dashed line from globular clusters [20]. The astrophysical limits on
neutrino magnetic moment shown by the dashed cyan line can be evaded by utilizing a neutrino
trapping mechanism [5] (see discussions in text).

electroweak precision data [13, 17]. Therefore, it follows that there is no extra room to
control the strength and the sign of the muon g — 2 in our setup. The parameter space
which predicts large neutrino magnetic moment leads to a positive contribution to muon
g—2. Thus, the measurement of muon g — 2 by the Fermilab experiment can be an indirect



and novel test of the neutrino magnetic moment hypothesis, which can be as sensitive as
other ongoing neutrino/dark matter experiments.

There are strong astrophysical constraints on neutrino magnetic moments from red
giants and horizontal branch stars, since photons in the plasma of these environments
can decay into neutrino pairs [18, 19]. A limit |y, | < 1.5 x 107 *2up (95% CL) has been
derived from the evolutionary studies of horizontal branch stars [20-22]. This would be
in contradiction with the p,,,, needed to explain the XENONIT anomaly. However, this
constraint can be evaded if v, has a matter-dependent mass, which can arise from its weak
coupling to a new light scalar, as shown in ref. [23] and adopted in ref. [5]. Note that
the transition magnetic moment p,,,, would lead to plasmon decay into v, + v, which
would be kinematically suppressed inside red giants and horizontal branch stars if the
matter-dependent mass of v, is of order few keV. This would not suppress the standard
Ve emission, which could have modified the evolution of these stars significantly [24, 25].
The modifications to neutrino emissivity will only affect v, 7, emissions mediated through
neutral currents. Following ref. [26], we estimate that the neutrino emissivity changes by
only ~ 0.3% in our scenario compared to the standard case. This shift is small owing to
the dominance of the vector-couplings of the electrons to the Z boson, which is however
suppressed by a factor (1—4sin? fy). The contribution of the axial-vector current is always
negligible for all conditions of astrophysical interest [27, 28].

Conclusions. In this paper we have analyzed new contributions to the muon anomalous
magnetic moment in a class of models that generates naturally large transition magnetic
moment for the neutrino needed to explain the XENONI1T electron recoil excess. These
models are based on an approximate SU(2)y symmetry that suppresses the neutrino mass
while allowing for a large neutrino transition magnetic moment. We have shown that the
new scalars present in the theory with masses around 100 GeV can yield the right sign
and magnitude for the muon g — 2 which has been confirmed recently by the Fermilab
collaboration. Such a correlation between muon g — 2 and the neutrino magnetic moment
is generic in models employing leptonic family symmetry to explain a naturally large fi,y, -
We have also outlined various other experimental tests of these models at colliders. The
entire parameter space of the model can be explored at the HL-LHC through the pair
production of neutral scalars and their subsequent decays into er and p7 final states.
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