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Leptonic scalar portal: Origin of muon g — 2 anomaly and dark matter?
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We present a model explaining both the 4.2 ¢ muon g — 2 anomaly and the relic density of dark
matter (DM) in which DM interacts with the Standard Model (SM) via a scalar portal boson ¢
carrying both dark and SM leptonic numbers, and mediating a nondiagonal interaction between
the electron and muon that allows e <+ p transitions. The ¢ could be produced in high-energy
electron scattering off a target nuclei in the reaction eZ — puZy followed by the prompt invisible
decay ¢ — DM particles and searched for in events with large missing energy accompanied by a
single outgoing muon in the final state. Interestingly, several events with a similar signature have
been observed in a data sample of ~ 3 x 10'* electrons on target collected during 2016-2018 for the
search for light dark matter in the NA64 experiment at the CERN SPS [PRL 123, 121801 (2019)].
Attributing so far these events to background allows us to set first constraints on the ¢ mass and
couplings while leaving at the same time decisively probing the origin of these events and a large
fraction of the remaining parameter space to a near exiting future with the upgraded NA64 detector

or other planned experiments.

PACS numbers:

The recent precise determination of the anomalous
magnetic moment of the positive muon a, = (g — 2),/2
from the experiment E989 at FNAL [I] confirmed the
previous measurements of Ref.[2], and gives result which
is about 4.2¢ higher than the Standard Model (SM) pre-
diction, see, e.g., [3HI4]

cop _ g9M — (251 + 59) x 1071 (1)
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This result may signal the existence of new physics
(NP) below the electroweak scale (<« 100 GeV), see e.g.,
Ref.[T5]. For example, one of the most attractive expla-
nations of the anomaly suggests the existence of a sub-
GeV gauge boson, which can be probed in a near future
at a fixed-target experiment, see e.g. [I6H20].

Another motivation for searches of NP in the low-mass
range come from the dark matter (DM) sector. Despite
many intensive searches at the accelerator and in nonac-
celerator experiments, still little is known about the ori-
gin and dynamics of the dark sector itself. One difficulty
so far is that DM can be probed only through its grav-
itational interaction. Thus, sensitive searches for pos-
sible portals that could transmit new feeble interaction
between the ordinary and dark matter are crucial and,
indeed, they have received significant attention in recent
years [27H3T].

The goal of this work is to show that both the 4.2 o
muon g — 2 anomaly and the relic density of dark matter
(DM) could be explained by a model in which DM inter-
acts with the Standard Model (SM) via a scalar portal
boson ¢ carrying SM L. and L, leptonic numbers. The ¢
mediates a nondiagonal interaction between the electron
and muon that allows e <> p transitions, while the lep-
tonic numbers are conserved. Similar models were con-
sidered in the recent past, but unlike the present model
they considered diagonal interactions transmitted by a
mediator carrying different quantum numbers, see, e.g.

Ref. [32H36]. Tt is assumed that the ¢ decays predom-
inantly invisibly, T'(¢ — invisible)/Tior ~ 1, e.g., into
dark sector particles, thus escaping stringent constraints
placed today on the visible decay modes of the ¢ into
SM particles from collider, fixed-target, and atomic ex-
periments [37]. The most stringent limits on the invisible
© in the sub-GeV mass range are obtained, so far, for the
case of scalars ¢ coupled to electron and muon by the low-
energy experiments searching for the muon decay y — ep
[37], leaving a large area of the parameter space for the
leptonic ¢ still unexplored. Therefore in the following we
assume that my, 2 m,,.

FIG. 1: One-loop contribution of the leptonic scalar ¢ to Aay.

Consider the interaction of a complex scalar mediator
o(z) with electrons and muons, namely

Loje = —hycrpury + He., (2)
where e, = (:52)e, pr = (52)u, The interac-

tion is invariant under the L., L, flavor global
transformations p(x) — exp(ice + ia,)p(z), plz) —
exp(—ia,)p(z), and e(z) — exp(iae)e(r). Due to the
postulated global symmetry, the Lagrangian (2) contains
only nondiagonal terms like —h c€rur, and flavor diag-
onal terms —hec€ep and —h,,fipip are prohibited. As
a consequence, for massless neutrino the interaction



transmitted by the leptonic ¢ conserves both muon and
electron lepton numbers. The interaction leads to ad-
ditional contributions to the electron and muon (g — 2).
One-loop contribution to a, is shown in Fig. and it reads
[38]
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where € = = and X\ = . For electron magnetic mag-
w '3
netic moment we must replace my, to me and m, to my,

in formulas (3)), (4). For m, > m,, one can find [38] that
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If we assume that the additional

Aae . (me\2
and Aay, = (miu) .
interaction explains the muon anomaly (), then
My

hue = (1.1£0.1) x 1073(—£). (6)
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for my, > m,,. As it was mentioned previuosly in the rest
of the paper we assume that m, > m,. This assump-
tion allows us to prohibit the decay pu — ey for which
experimental data restrict rather strongly the coupling
constant hy.. For our estimates we shall use the conven-
tional point m, = 3m,, resulting in

hue = (3.3+£0.3) x 1073, (7)

for explaining the value .
The SUL(2) ® U(1) invariant generalization of the in-
teraction is

hih
]1\42 (Ve,€)LHopur + H.c., (8)

Lue,gen = -

where Mf2<H> — p - and < H >= 174 GeV is the
vacuum expectation value of the Higgs isodoublet H. In
the unitary gauge H = (0, %—i— < H >), where h is the

Higgs field. Note that the complex scalar mediator (z)
is a singlet under the SU.(3) ® SUL(2) @ U(1) SM gauge
group. Due to possible interaction L = —AggsHTHp*p
of the scalar ¢ with the Higgs isodoublet, Higgs boson
would decay invisibly into a a pazir, h — zgago*, with a
i (1= )2
ing that the invisible decay ¢ — DM particles is domi-
nant (see below). Here my, is the Higgs boson mass and
v = 246 GeV. From the existing bounds on the Higgs
boson invisible decay width [37] one can obtain an upper
bound on the coupling constant Ay, < 0.01. The inter-
action is nonrenormalizable and it conserves both L.

and L, flavor numbers in the approximation of massless

rate given by I'(h — p¢*) = assum-

neutrino. One can obtain the effective nonrenormalizable
interaction from the renormalizable interaction with
vectorlike fermion F, namely

LERME = —(hl(De, é)LHER + hQELMRLp + HC) - MEE

(9)

Suppose the p-boson interacts with dark mater parti-

cles. Several models can be considered. First, the ()

field could have interaction with two dark matter com-
plex scalars s1(x) and s2(x) given by

L‘Pé‘lsz = Jps1s2PS152 + H.c. (10)

Note that the coupling constant g,,,s, has the dimen-
sion of the mass. The interaction is invariant un-
der global transformations ¢ — exp(ia; + ias))p, and
s; — exp(—ia;)s;, with ¢ = 1,2. As a consequence in
the approximation of massless neutrino both L. and L,
lepton flavors are conserved.

Consider another model, when the scalar ¢ interacts
with two light dark matter fermions ; and 9 with the
Lagrangian

Ly = Goprn 12 + H.c. (11)

Again interaction conserves both L. and L, lepton
flavors. For the Lagrangians and the ¢ decay
rate into si1, s5 and ¥, ¥ DM particles is

2
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is the momentum of the particle 1 in the rest frame of the
@, and my and moy are the masses of particles 1 and 2.
Here, we assume that m, > m; + my. The decay width
of ¢ into pute™ is given by
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where p, is the electron momentum in the center of mass
frame. The annihilation cross sections of sy, so into ue

pair in the nonrelativistic approximation in s-wave is

Uan(3182 — e+ﬂ_)Urel = o-an(sls2 — e_ﬂ+)vrel

pecm
= |M|? 15
M3 167 (mq1 + ma)mims (15)
where
((my +mg)? —m2 —m2)
IMI3 = g2 e = (16)

(2 — (1 + ma)?)?
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FIG. 2: Schematic illustration of the setup to search for the ¢ — invisible decay of the leptonic scalar ¢ produced in the
reaction eZ — pZyp of 100 GeV e ’s incident on the active ECAL target of the NA64e experiment.

and Pecp, is the momentum of electron in the center of
mass frame[59] For the simplest case of dark matter parti-
cles with equal masses, m; = mg > m,,, the annihilation
cross section is
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The treatment of general case with nonequal masses is
straightforward and does not qualitatively changes our
main conclusions. For fermions 1, %9 in the non-
relativistic approximation the annihilation cross section

Oan(P12 — € T )vye is given by the formula
where
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The total annihilation cross section is given by

hieGippy a1 Vel
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where Oan,tot = Oan (11)1% — ei,qu) + Oan (¢1¢2 —
etp™). Thus, we see that in the nonrelativistic limit
model with scalar DM particles has s-wave behavior that
contradicts to the Planck data [39][60]

For the model with fermionic DM, we have p-wave be-
havior for the annihilation cross section that allows us to
escape Planck restrictions [39]. We assume that at the
early Universe light DM is in equilibrium with ordinary
matter. From the requirement that the relic density of
DM is explained by the model, we can estimate the cou-
pling constant g, 4, using standard formulae for cal-
culations of the DM density [40H44]. For this estimate
we assume that the p-wave annihilation cross section
< OanVrer >= O(1) pb, and the average relative velocity
of annihilating DM particles < v,.¢; >~ ¢/3 which corre-
sponds to the observed DM density of the Universe [45].
Consider the simplest example with m; = mg > m,. As
a consequence of the formula we find that

(19)
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For the case m, = 3m; we find

PueGoinva ~ 1073 (55) (21)
In the assumption that the model explains muon g—2 we
find that g,y,4, ~ 0.1 and it depends rather weakly on
the ¢ mass. As a consequence we obtain that guy, v, >
hye for my, <10 GeV and the mediator ¢ decays mainly
invisibly into DM particles. So we find that our model
can explain both the (g —2),, anomaly and the dark mat-
ter relic abundance.

Let us briefly discuss constraints on the model from the
existing data. Note, that as both L. and L, lepton num-
bers are conserved the muonium to antimuonium conver-
sion, e~ — p~eT, is prohibited. As we already men-
tioned, assuming the invisible ¢ boson decay is predomi-
nant, i.e. I'(¢ — all) ~T'(¢ — DM), the constraints on
coupling h,. from Higgs boson decays are quite modest.
The interaction would also result in LF'V-like semivis-
ible Z-boson decays Z — eTeT — et uT ;o — invisible
and Z — ptut — pteFp;p — invisible. For m, <
L(Z—pteTo)

my the branching ratio T Zoete) ™ 1o5. Assuming
+
my = 3m,, and hye = 3.3x 1073, one gets % ~

10~8. This can be compared with the best experimental

DZ2u D) < 7.5 % 1077 [37) which is much
weaker. Assuming that for the missing mass Ampiss <5
GeV, which is the experimental resolution of the Z-mass
peak [6], the decays Z — etuTy and Z — etpu¥
are indistinguishable, one could get hye S 3 x 10~2 for
the sub-GeV m,, region . Our model also predicts the

K — pv — evy decay chain with the branching ratio
R,

Br(K — evgp) ~ O(g4) ~ 2 x 107", By using the ex-
perimental constraints Br(K — evvv) < 6x107° for the
momentum range 220-230 MeV/c [47] and a phase-space
spectrum for the K — evy decay one can obtain modest
bounds h,. < 7 x 1072 for the mass range m, < 200
MeV. For mg —my, 2 250 MeV bound from K — evy
decay does not work due to kinematics constraints of
Ref. [47].

The stronger limits on coupling h,. comes from
anomalous magnetic moment of muon. By using Eq.
we obtain that at 3o level the contribution of new physics

constraint




to (9 —2), is Aay, = a™ —ai™ < 428 x 1071, Us-
ing Eqs. - one gets for my, > my, that h,. <
1.42 x IO*S(m—S) at 30 level. For m, = 3m, we find
that h,. < 4.26 x 10~3. Note that bound from Aa, gets
weaker proportionally to m,, and for large masses m,, 2
a few GeV the ATLAS bound from the Z-decays becomes
stronger.

Additional constraints can be obtained from the
NAG64e experiment. For the sensitivity estimate we will
use NA64e results on the search for light DM production
in invisible decays of dark-photon (A’) mediator obtained
with npor = 2.84 x 10 100 GeV electrons on target
(EOT) [48H50]. If the ¢ exists, it could be produced in

the reaction
eZ — uZp;p — invisible (22)

of high-energy electrons scattering off nuclei of an ac-
tive target of a hermetic NA64e detector, followed by the
prompt invisible ¢ decay into DM particles, which carry
away part of the beam energy. A more detailed descrip-
tion of the NA64e detector can be found in Refs.[49] [50].
Below, its main relevant features will be briefly men-
tioned. The detector schematically shown in Fig[2] em-
ployed a 100 GeV pure electron beam, using the H4
beam-line of the CERN’s North Area with intensity of
up to ~ 107 electrons per spill. The beam electrons
impinging the target are measured by a magnetic spec-
trometer consisting of two successive dipole magnets and
a low-material-budget tracker chambers T'1 — T4 [51].
The beam electrons are tagged by detecting the syn-
chrotron radiation (SR) emitted by them in the magnets
with the SRD counter [52]. The active target is an elec-
tromagnetic calorimeter (ECAL), followed by a hermetic
hadronic calorimeter (HCAL) consisting of three consec-
utive modules. The HCAL and the counters MU1-MU3,
located between the modules, are used as an efficient veto
against hadronic secondaries and also for identification of
muons produced in the primary e~ interactions in the fi-
nal state.

The signature of the reaction would be an event
with a fraction of the beam energy deposited in the ECAL
accompanied by a single muon outgoing from the target
and passing the three HCAL modules, as shown in Fig[2}
In these searches a sample of ~ 10* rare dimuon events
from the QED production in the target, dominated by the
hard bremsstrahlung photon conversion into the p™p~
pair on a target nucleus, e~ Z — e~ Zv;y — putu~ was
accumulated. Differently from the reaction shown
in Fig[2] these events are accompanied by two muons in
the final state passing though the HCAL modules. They
exhibit themselves as a narrow strip in the measured dis-
tribution of events in the (Egcar;Emcar) plane corre-
sponding to the double MIP (minimum ionizing particle)
HCAL energy EFgcar ~ 12 GeV [49, [50], see, e.g. Fig.
2 (left panel) in Ref.[50] (region I). Using these samples
we define the signal region for events from to be
(Epcar < 50 GeV; Egcar ~ 6 GeV) where the first
cut is on the missing energy in the ECAL carried away

4

by the ¢ and the muon, also used in Ref. [50] for the
search for invisible decays of A’s [49] [50]); while the sec-
ond requirement is for the total energy in three HCAL
modules to be equal the MIP energy deposited by a single
muon.

Interestingly, several events are observed in the sig-
nal region, the origin of which is the subject of further
detailed analysis beyond the scope of this work. Con-
servatively attributing these events to background, we
estimated the NA64 sensitivity with a generic DM sim-
ulation package DMG4 [53] used for the signal yield, the
efficiency of the signal muon detection and detector ac-
ceptance calculations, e.g., as in Ref.[54].

-1

coupling h

2 3
10 10

m,, MeV

FIG. 3: The current constraints on the coupling hye in the
(my, hue) plane (dark dashed area) from the p — e [37],
K — evvv decays [47], the ATLAS experiment [46], and (g —
2), anomaly (30 level). The 90% C.L. exclusion regions from
NA64e with ~ 2.8 x 10'" EOT and projection from NA64e
with ~ 2 x 10'* EOT and NA64y with ~ 5 x 102 MOT
[I7, 19] are also shown (areas above dashed curves). The
(g — 2), favored parameter region (dashed blue area) and the
curve explaining the DM relic abundance for fermionic case

calculated with guy,p, = 0.08 assuming £ = % are also
@

m

shown.

The combined 90% C.L. exclusion limits on the cou-
pling parameter h,. as a function of the ¢ mass. are
shown in Fig. For the region m, < 0.5 GeV, NA64
bounds are more stringent than those derived from the
(9 —2), and ATLAS experiment, excluding part of the
parameter space favored by the muon anomaly.

For further searches, NA64e is planned to be upgraded
with a magnetic spectrometer downstream the HCAL for
the measuring of both, the outgoing muon momentum
and, in combination with the ECAL, the missing energy
carried away by the ¢, thus allowing significantly improve
the search sensitivity.

Another complementary search could be performed
with the NA64y experiment at M2 muon beam of the



CERN SPS [I7, 19] by using the ¢ production in the

inverse reaction
uZ — eZp; p — invisible (23)

of 100-160 GeV muon scattering on heavy nuclei. The
projection sensitivity for the ¢ searches with reactions
(22) and is shown in Fig for the background-free
case. One can see that with the statistics increased by
an order of magnitude one can decisively probe the pa-
rameter space explaining the (¢ — 2), and the current
density of dark matter. The (my, hye) region of interest
could also be effectively tested with the planned M?[23]
and LDMX [B5H57] experiments by using the missing mo-

mentum technique.

Finally, note that the model additionally predicts con-
tribution to the anomalous electron magnetic model at
the level Aa, = 0.6 x 10713, This value is a factor five
less then the current error on Aa, = (4.8 +3.0) x 10713
determined from the recent precise measurements of the
fine-structure constant [58], and hopefully can be probed
in the near future.
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