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We consider the dipole portal to sterile neutrinos, also called heavy neutral leptons (HNLs). The dipole
interaction with the photon leads to HNL production in meson decays as well as triggers the HNL decay
into an active neutrino and a photon. HNLs with masses of the order of 0.01-1 GeV are naturally long lived
if the dipole coupling is sufficiently small. We perform Monte Carlo simulations and derive the sensitivities
of the proposed FASER?2 and FACET long-lived particle experiments to HNLs produced via the dipole
operator in meson decays at the high-luminosity LHC. Our findings show that these future detectors will be
complementary to each other, as well as to existing experiments, and will be able to probe new parts of the
parameter space, especially in the case of the dipole operator coupled to the tau neutrino.
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I. INTRODUCTION

The observation of neutrino oscillations has firmly
established the nonvanishing mass of active neutrinos
[1-3], thus confirming the need for physics beyond the
Standard Model (SM). While neutrino oscillations and
cosmological measurements have placed bounds on the
active neutrino masses (see, e.g., Refs. [4-7]), a large
multitude of theoretical attempts have also been made to
explain the experimental findings. Among these theoreti-
cal efforts, a class of so-called “seesaw’ models stand out,
perhaps, as the most popular and elegant solution. In
particular, the type-I seesaw model [8—12] proposes the
existence of three right-handed (RH) neutrinos Ny, which
are gauge singlets under the SM gauge group and, thus,
usually referred to as sterile neutrinos. They possess
Majorana masses and couple to the SM lepton doublets
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L via a Yukawa interaction term LHN r» With H being the
Higgs doublet (H = io,H*). Via the seesaw mechanism,
the active neutrino masses are naturally suppressed by
sterile neutrino masses of the order of 10'® GeV for O(1)
Yukawa couplings. The sterile neutrinos participate in
the SM charged-current (CC) and neutral-current (NC)
interactions, thanks to the mixing with the active neu-
trinos, allowing them to be directly tested in experiments.
Furthermore, they are highly motivated candidates for
being also able to provide explanations for other SM
shortcomings, such as the existence of baryon asymmetry
and dark matter [13-15].

Although in the simplest type-I seesaw model the mixing
parameters and the sterile neutrino masses are related,
in more general incarnations of the seesaw mechanism
[16-21] they can be independent parameters, thus allowing
for richer phenomenology at colliders and other experi-
ments. For instance, in recent years sterile neutrinos with
masses below the electroweak (EW) scale, more often
called heavy neutral leptons (HNLs) in the context of
collider searches, have received increasingly more atten-
tion; see, e.g., Refs. [22-30]. Such HNLs can be produced,
via active-sterile neutrino mixing, from rare decays of the
Higgs, W, and Z bosons, as well as QCD pseudoscalar and
vector mesons. These different production modes give rise
to different sensitivities on the HNL masses. So far, ATLAS
and CMS have performed searches for HNLs with mass
~3-30 GeV with leptonic final states, mainly produced in
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W-boson decays and in association with a prompt charged
lepton [31,32].

Beyond the standard active-sterile mixing, HNLs could
also interact with SM particles via effective nonrenorma-
lizable dipole operators [33] suppressed by powers of a
cutoff scale, which parametrizes the scale of breakdown of
the effective description. These operators couple the HNLs
to SM EW gauge bosons and can, in general, enhance the
production and decay rates of the HNLs. For instance, after
EW symmetry breaking the CC dipole operator coupling
the W boson, a charged lepton, and an HNL can induce
leptonic and semileptonic meson decays into an HNL, if the
process is kinematically allowed, even though this process
will turn out to be highly suppressed by the mass of the W
boson. On the other side, the NC dipole operator with a
photon can result in both a new HNL production mode via
meson decays and also a new decay mode for the HNL,
namely, N — vy. This can be the dominant HNL decay
channel, if one assumes a negligible contribution from the
active-sterile mixing, which is the case for HNL masses
my < 10 GeV and cutoff scales below ~100 TeV [34,35].
This dipole operator with a SM photon will be the main
subject of our study.

Various phenomenological studies have been performed
for sterile neutrinos and dipole operators at different
experimental setups [33,36—72].1 Here, we elaborate on a
few of them. For example, Ref. [48] considered NC dipole
operators for the neutrino physics program experiment
FASERv [76,77] at the LHC, and Ref. [78] focused on a
dipole operator with two HNLs with masses at the GeV
scale and worked out the sensitivities of a series of future
LHC facilities such as FASER?2 [79,80], MoEDAL-MAPP
[81,82], and SHiP [83,84]. Furthermore, Refs. [85,86]
showed that a sub-GeV sterile neutrino decaying to vy
could accommodate the neutrino excess at MiniBooNE,
and Refs. [87-89] argued for a sub-MeV sterile neutrino
with the magnetic dipole operator being able to explain the
high-energy gamma ray bursts observed at LHAASO [90].
The same signature was also studied in Refs. [91-93]
for FASER and FASER?2, however in the framework of
axionlike particles, light binos in R-parity-violating super-
symmetry, and inelastic-dipole dark matter, respectively.
Furthermore, Ref. [94] investigated the sensitivity of
FASER?2 to a long-lived light bino as the next-to-lightest
supersymmetric particle decaying into a single photon and
the lightest supersymmetric particle (ALPino or gravitino).
Finally, some of us recently estimated in Ref. [35] the
sensitivities of similar proposed far-detector programs at
the LHC to HNL dipole operators related to the EW gauge
bosons, assuming the HNLs are produced directly in pp
collisions.

'For early works on electromagnetic properties of neutrinos,
see Refs. [73-75].

In this work, we will consider HNLs® produced from the
decays of QCD mesons, which, in turn, are abundantly
produced at the various LHC interaction points (IPs). The
meson decays are triggered by the NC dipole operator with
a photon, and the same operator is also responsible for the
HNL decay into a neutrino and a photon. If the dipole
coupling responsible for the HNL decay is sufficiently
suppressed, this particle is long lived and, thus, travels
largely in the forward direction, flying toward far-detector
experiments such as FASER(2) and FACET [95].3 The
HNLs can then potentially decay into a neutrino and a
highly energetic photon inside these detectors, where this
displaced photon can be observed via electromagnetic
showers. It is the purpose of this paper to investigate the
exclusion limits on the sterile neutrino mass and dipole
operator scale that can be obtained at these experiments.

The paper is organized as follows. In the next section, we
discuss the sterile neutrino dipole operators and compute
the corresponding production and decay rates for the HNL.
Then, in Sec. III, we introduce and describe the experi-
ments of interest, discuss possible background sources, and
explain the Monte Carlo simulation and computation
procedures that we have used for estimating the sensitiv-
ities. We then present our numerical findings in Sec. IV,
before concluding the paper with a summary in Sec. V.

II. THEORETICAL FRAMEWORK

In this section, we describe the theoretical framework
that we employ throughout our analysis. We extend the SM
with a Dirac sterile neutrino N, which is a total singlet
under the SM gauge group. Below the EW scale, we
parametrize the low-energy dipole portal with the photon
and the left-handed active neutrino v; through a d =5
operator as’

L = d}v, 0" NgF,, +H.c., (2.1)
where a = e, u, 7is a flavorindex, 26, = i[y,.7,],and F,
is the electromagnetic field strength tensor. Above the EW
scale, this interaction must be described by d = 6 operators
that respect the full SU(2), ® U(1), SM gauge symmetry.
They can be parametrized as [33]

L =L,(d§,Wi,r* +d%B, )Ho"Ng + He., (22)

*We will work under the simplified assumption that only one
HNL is kinematically accessible.

A whole class of far detectors have been proposed to be
operated in the vicinity of the different IPs at the LHC, primarily
aimed to search for long-lived particles; see Refs. [96-99] for
recent reviews. In this study, we include only the concepts for
which technical details are already given regarding the detection
of a single photon.

We assume the presence of an additional symmetry that
prevents one from writing a similar operator with N§, where the
superscript ¢ indicates the charge-conjugate field.
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FIG. 1.
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where H = io,H*, 1% = ¢* /2 with ¢ being Pauli matrices,
W, and B, denote the SU(2), and U(1)y field strength
tensors with W4, = 9,Wd — 9, W4 + ge>*WiW¢S  and
B, =9J,B,—0d,B,, and L, are the SM lepton doublets.
Once the Higgs boson acquires its vacuum expectation
value (H) = v/ V/2, one obtains

LD d3yl o Wyyo" N+ Uar (dF

OF,+d3Z,,)0" Ng +H.c.,

(2.3)
with®
v
d* = —
=7

da
(TW cos 0,, — d sin 9W> ,

d{l
dcos 6, + TW sin ¢9W> ,

0
FV2

v
dfy = 5 dsy. (2.4)

where 6, is the weak mixing angle. In writing Eq. (2.3) we
have neglected interactions arising from the non-Abelian
structure of the SU(2), interactions. The operators in
Eq. (2.2), thus, induce dipole operators to SM photons
as well as to the weak gauge bosons Z and W with the
couplings dj, d7, and dy,. For a given lepton flavor, the
dipole couplings d7, d, and df, in the broken phase are
linearly dependent and determined by only two parameters
dy, and df in the unbroken phase via Eq. (2.4). Overall, for
a fixed lepton flavor a, the model is, thus, described by the
three parameters

{my. d5,. dg}. (2.5)
where my is the Dirac mass of the sterile neutrino.
Furthermore, if we assume the relation dy), = a x d,
we have

*Note that d; ; y have different mass dimensions with respect
to dy), 5.

(b)

Two-body (a) and three-body (b),(c) meson decays triggered by the neutrino dipole operator d¢, which is represented by

¥ by

Vo P i

=
=

(c)

dj(acos@,, —2sin6,)
ds =

2cos@,, +asinb,
g - \/zad}”,‘
Y 2cos6, +asinb,’

(2.6)

and the independent parameters of Eq. (2.5) can be replaced
by the parameters

{my.dy,a}. (2.7)
As we will show, because of the large mass difference that
exists between the W and Z bosons and the QCD bound
states, the contributions to their decay widths arising from
the df, , dipole operators are extremely suppressed for
ranges of parameters still allowed by current experimental
constraints. For this reason, in Sec. IV we will present our
results focusing only on the dy dipole operator with the
photon at d =5 given by Eq. (2.1), bearing in mind,
however, that its origin resides in d =6 operators,6 as
described in Eq. (2.2).

A. HNL production in meson decays

We now discuss the decays of QCD bound states induced
by the dipole operators previously introduced. The photon
dipole triggers the two-body decays M — v,N, with M
denoting a meson; see Fig. 1(a). In the case of a pseudo-
scalar meson, M = P, the corresponding amplitude van-
ishes because

(O[gir"q;|P(p)) = 0. (2.8)
For a vector meson, M = V, one has
(Olgir*q;|V(p.€)) = ifymye”, (2.9)

®0One could also write a dipole interaction among sterile states
N, c"'N & B, that gives rise to an active-sterile dipole portal as the
one of Eq. (2.1) after a mixing insertion. Even though this could
be an interesting scenario to analyze, the arising effects are
expected to be extremely suppressed by the mixing angle. We,
thus, decide not to inspect this scenario further.
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where my and f are the mass and the decay constant of V/,
respectively, and e is its polarization vector. We collect the
numerical values of the meson masses and decay constants
in the Appendix. The decay width of interest reads

_ f2m (l m2
(v’ - y,N) = IVT”VeZngyP 1 ——X

my
2 4
x <1+m—§—2m—{f>, (2.10)
my  ny

where e is the electron charge and Q, is the charge
(in units of e) of quark ¢ composing VO~ gg. We
focus on flavorless mesons VO = p°, w, ¢, J/y, Y(15),
which decay at tree level. For V°=p° the charge
0, - (0, —04)/V2=1/V2, and for V' =w, Q, -
(Qu+00)/V2=1/(3V2).

The dipole operator d, induces the two-body decays of
charged mesons M* — £: N, mediated by an off-shell W*
boson. For a pseudoscalar meson, M* = P*, the amplitude
for such process scales as p,p,6" (p being the meson
four-momentum) and, hence, vanishes; cf. Ref. [100].
For a vector meson, M* = V*, the corresponding rate
reads [(VE = £EN) o |dg, > f2my (my /my)* and is, thus,
strongly suppressed by a large power of the ratio of the
vector meson mass over the W mass. Similar considerations
apply to the operator d¥.

In addition to the two-body decays of flavorless vector
mesons, we have computed three-body decays of pseudo-
scalar mesons; see also Ref. [65]. The first class of three-
body decays is depicted in Fig. 1(b), where a neutral
pseudoscalar meson P’ = 7%, 5, or # decays to two
photons via the chiral anomaly, with one of the photons
subsequently converting to v, and N via dj. To compute the
corresponding decay rates, we parametrize the P* — 2y
decay amplitude as [101]

i (2.11)

e 1
ey
where fp is the neutral meson decay constant, p and g are
photon momenta, and ¢, and ¢, are their polarization vectors.
Then the amplitude for the process of interest is given by

iM(P° = 2y) =i

iM(P? = yu,N)
2
€ ﬁ e*e;waﬂ %

=— 2.12
2n2 fp ¥ 7 (212)

P2a9p9,[W,06"° Proy],
where p, is the momentum of the outgoing photon and ¢ =
p1 — P2 is the momentum of the virtual photon. Following
the conventions of the package FORESEE [102], which we
will use for our analysis, we express all the scalar products in
terms of the angle , which is the angle between the direction
of the long-lived particle (LLP), N in our case, and the
outgoing photon, in the center-of-mass frame of the virtual
photon. Then one has

_ et [P (¢* = mp)*(g® — m})
27t f3 q'
x [q* +3m3%, — (¢* — m%,) cos 26).
(2.13)

IM(P? = yvN)?

Finally, the differential decay rate of interest reads

dr'(P° - yy,N)
dg?*dcos @

1 7 my _
~52m, <1 ) m;,) ( B qév> [M(P? = N[

(2.14)

To get the total decay rate, one needs to integrate over
q* € [m3, m3] and cos@€[-1,1].

The second class of three-body decays is shown in
Fig. 1(c). Here, a charged pseudoscalar meson P~ = 7",
K-, D™, Dy, B’ decays via weak interaction to £, and a
virtual neutrino, which further converts to a photon and an
HNL via dj. The corresponding amplitude is given by

iM(P~ = yt,N)

. 1 * [ a
= lZﬂGFViijd??km%[wﬁlﬁd PProy],  (2.15)

where Gy = 1.16638 x 107> GeV~ is the Fermi constant,
V;; is the element of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix relevant for a given meson P~ ~u;d;, and
fp is the decay constant defined through

(Olwy*ysd;|P~(p1)) = if pPh (2.16)
where p; is the momentum of the meson, ¢ = p; — p, is
the momentum of the virtual neutrino, and k; is the
momentum of the outgoing photon. By expressing the
scalar products in terms of the angle 8 between the direction
of the LLP and the charged lepton, in the center-of-mass
frame of the virtual neutrino, we obtain

M~ = W)
2 2\2
a2 \4” M
— 8GHIV, 3l T
x [q*(m}p — ¢*) + (24* + mp)m?,

—my +(q* = my )\/A(q*, mp,my )cosb), (2.17)

"We do not consider B, because their production rate at the
LHC is negligible with respect to those of the other pseudoscalar
mesons [103]. Also, the inclusion of the charge-conjugated states,
#7, K™, ... in the numerical computation is implied.
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FIG. 2. Branching ratios of meson decays mediated by the
neutrino dipole operator dy of electron flavor (top) and of tau
flavor (bottom).

where A(x,y,z) = (x—y—z)?—4yz is the Kéllén function.
Finally, the corresponding differential decay rate yields

dr(P = ytaN) _ A&z (1 mﬂ)
dg*dcos@ 5127%m3, q*
< IM(P~ = y=N)2. (2.18)

TABLE L.

The total decay rate can be obtained by integrating over
q* € [m3,. (mp —my )?] and cos6 € [-1,1].

In Fig. 2, we plot the branching ratios of the two- and
three-body decays discussed above. In the upper plot,
we assume an exclusive dipole coupling to the electron
neutrino, with the value d; = 10"* GeV~!, whereas in the
lower plot, we take the same value for an exclusive coupling
to the 7 neutrino. The results for the muon flavor are very
similar to those shown for the electron flavor in the upper
plot, with the only difference being due to phase space
effects. They are relevant only for the branching ratio of
7~ — yu~N, which is smaller than that of 7= — ye N
because of the similar masses of #~ and y~. As can be
inferred from Eq. (2.10), the two-body decay width is
proportional to the mass of the parent vector meson.
Together with the larger values of the decay constant fy,
(see Table 1), this explains why BR(Y(LS) - v,N)
and BR(J/y — v,N) are more than 3 orders of magnitude
larger than the branching ratios of lighter meson decays.
Some of the three-body decays, in particular, those
of K=, D7, and Dy in the case of d; # 0, have larger
branching ratios than the two-body decays of light vector
mesons p° and w.

Finally, we provide in Table I a comprehensive list
of the production cross sections of the considered mesons
for the forward hemisphere at the LHC, extracted from
FORESEE. For the charged mesons, we list the production
cross sections only for one of the two charge-conjugated
states.

B. HNL decay

The dipole interaction of Eq. (2.1) would additionally
result in the HNL decay into a neutrino and a photon.
For a Dirac HNL, the corresponding decay width is
given by [33]

|y Py

F(N - U{ly) = 471_

(2.19)

For HNL energies Ey > my, the product fy ~ Ey/my,
and the HNL decay length in the laboratory frame
reads

Production cross sections of mesons at the 14-TeV LHC in the forward hemisphere [102]. For the charged mesons, the given
cross sections are only for one of the two charge-conjugated states.

Meson Cross section [fb] Meson Cross section [fb] Meson Cross section [fb]
P 1.86 x 104 a0 1.54 x 10" z* 1.35 x 101
® 1.74 x 104 1.69 x 104 K* 1.57 x 10
¢ 2.09 x 1013 7 1.81 x 1013 D* 8.48 x 10!!
J/w 3.93 x 100 D¥ 2.70 x 10!
T(1S) 5.30 x 108 B* 8.23 x 1010
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4JTCEN
|y [Pmy,

Ciec = PreT = (2.20)

In particular, assuming Ey =~ 100 GeV, which is a typical
energy of an HNL produced in meson decays at the 14-TeV
LHC, we find

10 GeV="\2 /0.15 GeV\ ¢
£ 40 % 490 m( 0" Ge > (O > Ge > . (221)

o
dy mpy

which is around the length scale aimed to be probed by the
LLP detectors such as FASER and FACET.

III. EXPERIMENTS AND SIMULATION

HNLs with masses in the MeV to GeV range are
generically expected to be long lived, when interacting
with the SM fields only through the active-sterile mixing.
This is also true in the presence of higher-dimensional
operators, as the one considered in this work, if the cutoff
scale is around the TeV or above as shown in Eq. (2.20); see
also, e.g., Ref. [34]. This behavior leads to exotic signatures
such as displaced vertices that might be detected at a
macroscopic distance away from the IP. Multiple dedicated
concepts of “far detectors” within the LHC facility have
been proposed to detect HNLs among other LLP candi-
dates, such as AL3X [104], ANUBIS [105], CODEX-b
[106], FACET [95], FASER [80], MATHUSLA [98], and
MoEDAL-MAPP [81,107]. For a recent review on the
status of HNL searches, see, e.g., Ref. [24]. Among these
proposals, FASER and FACET are the most promising
candidates for discovering light LLPs produced from
meson decays, in virtue of their very forward location
with respect to the ATLAS and CMS IPs, respectively. We
hence choose to concentrate on these two experiments in
this work.

FASER is located 480 m away from the IP of the
ATLAS detector, in the very forward direction, with a
polar angle with respect to the beam direction # < 1073, It
has been installed and is under operation during run 3 of
the LHC, having already delivered its first physics results
[108,109]. Given the relatively small solid-angle coverage
of FASER and the relatively limited dataset (=150 fb~!
integrated luminosity by the end of run 3) at disposal, we
find that FASER is expected to observe too few signal
events for the scenario under consideration to be sta-
tistically meaningful.

However, FASER is planned to have a follow-up
upgraded program known as FASER?2 to be running during
the high-luminosity LHC (HL-LHC) era. The geometrical
information of FASER?2 is summarized below:

L,, <1m, 475 m< L, <480 m, (3.1)
where L,, and L, represent the distance to the IP in the
transverse and longitudinal direction,® respectively, and
the integrated luminosity of FASER2 will be 3000 fb~!.
With a larger volume and more data collected, FASER?2
should have stronger sensitivities than FASER. In
this work, we will consider FASER2 for the sensitiv-
ity study.

FACET is another recently proposed far-detector pro-
gram at the LHC. Being a subsystem of the CMS experi-
ment, it is supposed to be enclosing the beam pipe,
covering the polar-angle range between 1 and 4 mrad.
Compared to FASER, it is relatively close to the corre-
sponding IP, with a distance slightly over 100 m. It will
have a length of 18 m and an integrated luminosity of
3000 fb~!. The geometrical information is

018m<L,,<05m, 10lm<L <119m. (3.2)

In order to estimate the signal-event rates at FASER2
and FACET, for decays of HNLs produced from rare
meson decays, we utilize the publicly available Python-
based package FORESEE [102]. The package has already
implemented the kinematic distributions in one forward
hemisphere for the various types of mesons at the
LHC with the center-of-mass energy 14 TeV that we
consider in this work. Furthermore, once we provide the
formulas for the decay branching ratios of the mesons into
the HNL N, FORESEE automatically computes the spectra
do¥ /(dpyd cos @y ) of the HNLs produced from meson M
in the kinematic space spanned by the 3-momentum
magnitude py and polar angle 8y. We, thus, obtain the
signal-event rates Ng as

N¢ =L, Z/d d cosé@ i
s = th PN NdedcoseN

X P(py,cosOy, cty) - €in - BR(N = vy), (3.3)
where L;,, = 3000 fb~! is the integrated luminosity of
either FASER2 or FACET, the summation goes over all
the contributing mesons’ types, BR(N — vy) is the decay
branching ratio of the HNL into the signal final state,
and ¢, reflects the kinematical efficiency from the
cut on the HNL momentum, py > 100 GeV, which is
implemented in FORESEE by default (for FASER and

¥t is also likely that FASER2 would be constructed in the
proposed Forward Physics Facility [61], which is located 620 m
away from the ATLAS IP in the very forward direction. However,
we expect the difference in the longitudinal distance between 480
and 620 m would lead to only negligible discrepancies in the final
sensitivity of our results.
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FASER?2) and is assumed to be able to cut away back-
ground events [102]. We further assume it is the case also
for FACET. P(py, cos @y, cty) is the decay probability of

|

Lymy

the HNL inside the fiducial volume of the considered
experiments, estimated with the following exponential
distribution law:

Lymy

P(py,cosBy,cty) = {
Os

where L, and L, are the longitudinal distances from the IP
to the near and far ends of the forward detectors, respec-
tively, and czy is the proper decay length of the HNL; see
Sec. II B.

Before moving to the presentation of the numerical
results of the experimental sensitivities, a comment regard-
ing possible sources of backgrounds for the signal process
of our interest, which is a highly energetic single photon, is
in order. We first discuss the background events at the
FASER?2 experiment. They can arise from, e.g., neutrino
interaction via SM CC interactions deep inside the calo-
rimeter, which can be identified by the preshower station
[110,111] installed just before the calorimeter itself. Other
background events may stem from neutral pion decays into
a pair of photons where only one photon is identified and
from high-energy neutrinos and muons produced at the IP
and reaching the detectors leading to interactions with the
detector. These events can, in principle, all be eliminated
with different approaches. For more detail, we refer the
reader to Refs. [48,92,93,112]. We, therefore, argue that the
working assumption of vanishing background for FASER2
is legitimate, as usually assumed in phenomenological
studies. However, for FACET, the same arguments may
not apply, since the experiment is located at the beam-pipe
area. In this case, one should be more careful with the
estimation of possible background sources. Nevertheless,
for simplicity, we choose to be optimistic and assume that
new experimental approaches will be proposed to essen-
tially achieve a zero background rate, without reducing
the signal-event rates. Admittedly, a full simulation would
be required in order to know the exact number of such
background events at either FASER2 or FACET. However,
such a simulation is beyond the scope of this work, which
therefore presents the optimal reach of these facilities. In
summary, we assume negligible background rates for both
FASER?2 and FACET and, hence, show the sensitivity reach
of both experiments at 95% confidence level (C.L.) by
requiring a number of signal events Ng = 3.

IV. NUMERICAL RESULTS

In this section, we present the numerical results for the
sensitivity of the far-detector experiments to the dipole-
portal couplings to sterile neutrino, produced from meson
decays at the HL-LHC. We show our main findings in
Figs. 3-5 for the cases of dipole-portal coupling to electron,

e PN cosOycty —

p cos O ct,
e PNeosOyery

if hitting detector, (3.4)

if missing detector,

|

muon, and tau neutrinos, respectively. In particular, the
parts of the parameter space to which the future FASER2
and FACET experiments are sensitive at 95% C.L. are
shaded in green and red, respectively.

In the figures, we also show in gray the current
constraints arising from terrestrial and astrophysical
searches. These include limits from Borexino [45],
XENONIT [45], CHARM-II [39], MiniBooNE [33],
LSND [33], NOMAD [33,113], DONUT [114], and
LEP [67], which are all terrestrial experiments. The gray
shaded region also includes cosmological and astrophysical
constraints from the big bang nucleosynthesis data and
observations of supernova SN 1987A [33], which become
important for light (my <100 MeV) and very weakly
coupled sterile neutrinos. Note that, for the constraints
from XENONIT, Borexino, and SN 1987A, lepton-flavor-
universal couplings were assumed. These existing con-
straints as well as the results obtained in this work do not
depend on the ratio a = d5,,/d} [see Eq. (2.6)], since the
typical scattering energies are far below the EW scale,
while for LEP, the limits are very sensitive to the para-
meter a. The detailed discussion for LEP can be found in
Ref. [67], while here we fix a = 2tanf,, as a benchmark
for LEP for illustrative purpose. For this value of a, the
dipole coupling to the Z boson, d%, vanishes; see Eq. (2.6).

Considering the high-energy neutrinos produced at the
LHC and the HL-LHC, Ref. [48] investigated the sensi-
tivity reach on the dipole-portal coupling to the sterile
neutrinos at FASER and its possible successor FASER2,
along with their neutrino subdetectors FASERv and
FASERz2. In Ref. [48], the authors primarily focus on
the secondary production of HNLs from neutrino scatter-
ings in the close vicinity of, or inside, the FASERz2
detector, as well as on subsequent detectable signals of a
single photon arising from the decay N — vy in the decay
vessel of FASER2. We reproduce their results with blue
lines (which are labeled as “FASERv2+FASER2” in the
figures) for comparison purpose,” since they investigate the
same signature in the same detector as us. Besides, we also
show the expected reach of the proposed SHiP (cyan lines)
and DUNE (purple lines) experiments following Refs. [33]

*We note, however, that Ref. [48] assumes a universal dipole
coupling to all neutrino flavors, while we work under the assumption
of one flavor dominance, e.g., d; # 0 and d’; =d, = 0.
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FIG. 3.

The 95% C.L. sensitivity to d; as a function of my with the search for single photons in the decay vessel of the FASER2

(shaded green) and FACET (shaded red) detectors. The photons are assumed to originate from HNLs produced in meson decays at the
HL-LHC. The current best limits from XENONIT [45], Borexino [45], SN 1987A [33], and LSND [33] are shown in the gray shaded
region. Note that the limits from LEP are very sensitive to the model parameter a [67]. Here, we take @ = 2 tan ,, for LEP as a sample
benchmark. For comparison purpose, the expected reach from the secondary production of HNLs in neutrino scatterings in the
FASER®w2 detector as well as the subsequent search for single photons in the decay vessel of FASER?2 is also shown (blue line, labeled as
“FASERw2 4 FASER2”), reproduced from Ref. [48]. The expected sensitivities of the proposed SHiP [33] and DUNE [65] experiments
are represented by the cyan and purple lines, respectively. The DUNE sensitivity is a combined result of the monophoton, double-bang,

and dilepton signatures. See the text for further details.

and [65], respectively. In the case of DUNE, the resulting
sensitivity comes from several experimental signatures at
either near detector (for dy and dy) or both near and far
detectors (for d). These signatures include monophoton
events, double-bang events, and dilepton events. The latter
are induced by the three-body HNL decays N — v, ¢~
¢ = e, u, mediated by a virtual photon; see Ref. [65] for
more details.

For the numerical results of the v,-specific dipole-
portal coupling to HNLs, d¢, given in Fig. 3, one finds
that the flavor-universal constraints from XENONIT [45],
Borexino [45], and SN 1987A [33], along with the
constraints from LSND [33], exhibit the current best
limits for my < 0.1 GeV. FASER2 can probe unexplored
parameter space for the HNL mass approximately between
0.1 and 0.15 GeV. In detail, the upper limits on d; can be
down to about 3.5 x 107® GeV~! for my ~0.14 GeV.
Thanks to the larger solid-angle coverage and a bigger
length, FACET can be sensitive to an even larger parameter
region than FASER2. Relative to the existing bounds,
FACET can provide competitive sensitivities to dy for
0.1 GeV < my < 0.4 GeV, where the upper limits on dy
can be as low as about 9.4 x 1077 GeV~! for m, around
0.3 GeV. Finally, we note that Ref. [48] shows that
combining FASERv2 and FASER?2 allows one to even
further improve the expected sensitivities.

Regarding the v,-specific dipole coupling to HNLs, d,
considered in Fig. 4, the existing constraints can be
obtained from various experiments [33]. The best current
limits come from the combination of CHARM-II [39],
MiniBooNE [33], and NOMAD [33] in the mass range of
3 MeV-6 GeV. Unfortunately, one observes that neither
FASER2 nor FACET can compete with the neutrino
experiment MiniBooNE [33].

Finally, Fig. 5 shows the numerical results where the
HNLs are coupled via the dipole-portal coupling to the tau
neutrino, d;. Here, for the strongest existing bounds, besides
the flavor-universal constraints from XENONIT [45],
Borexino [45], and SN 1987A [33], we find as relevant
only the upper limits from DONUT [114] at 90% C.L. of
5.8 x 107> GeV~! for 0.01 < my <0.3 GeV. Via meson
decays at the HL-LHC, FASER2 can improve the
constraints on dj down to about 3.5 x 107° GeV~! for
my <0.12 GeV, which is more than one order of
magnitude stronger than the bound from DONUT.
Furthermore, for my ~ 0.1 GeV, displaced decays of the
HNLs produced from meson decays can probe smaller
values of d than the secondary production in neutrino
scattering at FASER22 [48]. Finally, FACET shows even
stronger expected sensitivity reach. It outperforms the
combination of FASERz2 and FASER?2 [48] for the my
range of 0.04-0.4 GeV.
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FIG. 4. The same as in Fig. 3 but for d,. Current best limits are extracted from Borexino [45], SN 1987A [33], CHARM-II [39],

MiniBooNE [33], and NOMAD [33].

Before we close the section, we comment on the relative
importance of the contributions from two-body and three-
body decays of the mesons to the signal-event rates in the
three lepton-flavor cases. The production rates of the HNLs
from either the two-body or three-body decays of the
neutral mesons are flavor independent, since the final-state
active neutrinos are all (almost) massless. However, in the
case of three-body decays of the charged mesons, the HNL

production rates are flavor dependent as a result of the
different masses of the final-state charged leptons; cf. Fig. 2.
Nevertheless, although the production rates of the HNLs
from the neutral and charged mesons are comparable, the
contributions from the three-body decays will be very
strongly suppressed once we impose the requirement on
the HNL three-momentum magnitude, py > 100 GeV.
This is because, compared to the two-body decays, the

107 T T T TTTTT T

1074

FASERy2 +FASER?2

1075

T -1
d7 [GeV™]

SN 1987A

IIIIIII| 1 lllHH‘ 1 [

DUNE —

1073 1072

FIG. 5.
DONUT [114].

107! 10° 10!

my [GeV]

The same as in Fig. 3 but for ;. Current best limits are extracted from XENONIT [45], Borexino [45], SN 1987A [33], and
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three-body decays of the mesons lead to HNLs with smaller
py and larger polar angles. As a result, across Figs. 3—5 for
the HNLs coupled to neutrinos of different lepton flavors,
the obtained sensitivity results are similar.

V. CONCLUSIONS

In this work, we have studied Dirac-type sterile neu-
trinos, also known as heavy neutral leptons, coupled to
active neutrinos via a dipole operator with the standard-
model photon. We have focused on light, (sub-)GeV-scale
HNLs produced from the rare decays of QCD mesons,
which are copiously produced at the HL-LHC. We have
worked out in detail the decay branching ratios of various
pseudoscalar and vector mesons into the HNL, for both
two-body or three-body decays. Such HNLs are generally
expected to be long lived, leading to exotic signatures
of displaced objects, as a single photon from the HNL
decay into an active neutrino and a photon considered in
this work.

Proceeding to the numerical investigation, we have
considered the proposed forward far-detector programs,
FASER2 and FACET at the HL-LHC, and, utilizing the
Python-based tool FORESEE, evaluated their sensitivities to
light, long-lived HNLSs in the parameter space spanned by
the HNL mass my and the strength of the dominant dipole
interaction dy with a = e, u, 7, separately. Generally, we
observe the dominant contributions to the signal-event rates
to stem from the two-body decays of flavorless vector
mesons, mainly as a result of the requirement that the three-
momentum magnitude of the HNL should be larger than
100 GeV, which is usually assumed to be able to reduce the
background to a negligible level. We thus assumed vanish-
ing background for both FASER2 and FACET'’ and have
obtained the exclusion bounds at 95% confidence level by
requiring three signal events. Taking into account the best
current limits, we find that in the cases of the HNLs coupled
to the electron and tau neutrinos, FASER2 and FACET can
probe relatively large unexplored parts of the parameter
space, while for the muon case all the sensitive parameter
regions have been already ruled out. Finally, we note that
FACET, in general, outperforms FASER2, thanks to its
closer location to the IP and a larger solid-angle coverage,
as well as its larger length, although this holds only in the
limit of zero background.

A discussed in the main text, this should be a good
assumption for FASER2, while for FACET more sophisticated
studies are required.

TABLE II. Masses and total decay widths [116] along with
decay constants of vector and pseudoscalar mesons employed in
this work. For VO = p° w, ¢, J/w, T(1S), we use the values
extracted from the experimentally measured I'(V? — ete™) as
explained in Refs. [117-119].

Mass my/p Total decay Decay constant
Meson [MeV] width [MeV] fv/p [MeV]
P° 775.26 (0.23) 147.4 (0.8) 216 (3) [117]
@ 782.66 (0.13) 8.68 (0.13) 197 (8) [117]
¢ 1019.461 (0.016)  4.249 (0.013) 233 (4) [117]

J/w 3096.900 (0.006)
T(1S)  9460.30 (0.26)

0 134.9768 (0.0005)
" 547.862 (0.017)
" 957.78 (0.06)

0.0926 (0.0017)
0.05402 (0.00125) 689 (5) [119]

7.80 x 1076 92.1 (0.6) [120]
1.31(0.05) x 1073 115.0 (2.8) [121]
0.188 (0.006) 100.1 (3.0) [121]

407 (5) [118]

N

t 139.57039 (0.00018)  2.53 x 10~'*  130.2 (0.8) [120]
K* 493.677 (0.016) 531 x 107'%  155.7 (0.3) [120]
D* 1869.66 (0.05) 6.33 x 10710 212.0 (0.7) [120]
D¥ 1968.35 (0.07) 1.31 x 1072 249.9 (0.5) [120]
B* 5279.34 (0.12) 4.02 x 10719 190.0 (1.3) [120]

In conclusion, we find that the proposed experiments
FASER?2 and FACET can improve the current limits on the
dipole portal couplings d and d; by up to about 2 orders of
magnitude for my < 0.4 GeV. The considered physics case
further motivates the construction and operation of these
future experiments in the HL-LHC era.

ACKNOWLEDGMENTS

W.L. is supported by National Natural Science
Foundation of China (Grant No. 12205153) and the
2021 Jiangsu Shuangchuang (Mass Innovation and
Entrepreneurship) Talent Program (JSSCBS20210213).
Y.Z. is supported by the National Natural Science
Foundation of China (Grant No. 11805001) and the
Fundamental Research Funds for the Central Universities
(Grant No. JZ2023HGTB0222).

APPENDIX: MESON MASSES, DECAY WIDTHS,
AND DECAY CONSTANTS

In Table II, we provide the masses, the decay widths, and
the decay constants of vector and pseudoscalar mesons
employed in this work. In addition, to compute the three-
body decays in Eq. (2.15), we have used the values of the
CKM matrix elements |V;;| given in Ref. [115].
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