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ABSTRACT: The Dimension-5 Seesaw Portal is a Type-I Seesaw model extended by d = 5
operators involving the sterile neutrino states, leading to new interactions between all
neutrinos and the Standard Model neutral bosons. In this work we focus primarily on the
implications of these new operators at the GeV-scale. In particular, we recalculate the heavy
neutrino full decay width, up to three-body decays. We also review bounds on the dipole
operator, and revisit LEP constraints on its coefficient. Finally, we turn to heavy neutrino
pair production from Higgs decays, where the former are long-lived and disintegrate into a
photon and a light neutrino. We probe this process by recasting two ATLAS searches for
non-pointing photons, showing the expected event distribution in terms of arrival time ¢,

and pointing variable |Az,|.
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1 Introduction

The simplest Standard Model (SM) extensions that can account for neutrino masses, and
hence the neutrino oscillations phenomena, require the introduction of sterile right-handed
neutrinos vg. These SM singlets allow Dirac masses for the light neutrinos we know.
However, more appealing mechanisms for light neutrino mass generation are available if the
vr have Majorana masses. Typical examples are the Type I Seesaw [1-5] as well as the
linear and inverse Seesaw mechanisms [6, 7].

Even though the vy fields are gauge singlets, they can have interactions with other SM
particles. The first possibility comes after diagonalizing the Seesaw vy, — v mass matrix,
such that the heavy states Ny, which are mostly vg, can mix with the active v;. The Ny,
are then no longer sterile, behaving as very weakly coupled particles, with consequences in
collider searches and low energy processes like neutrinoless double beta decay [8-10]. A
second possibility that does not necessarily involve the Seesaw arises when including the
vg fields in an effective field theory (EFT) as low energy degrees of freedom. This is the
Standard Model Effective Field Theory framework extended with right-handed neutrinos,
vrSMEFT,! with operators known up to dimension d = 9 [11-15]. Here, one can proceed
as in [16, 17] and use the so-called neutrino non-standard interactions (NSI) and general

L Also called SMNEFT and NgSMEFT in the literature.



neutrino interactions (GNI) to constrain the vgSMEFT [18, 19]. Bounds can also be placed
from beta decays [20].

In this sense, combinations of the Type-I Seesaw and higher dimension effective in-
teractions for the vr have reached far attention, since the N, production rates and decay
widths can be drastically changed by the effective interactions. This can lead to a variety
of signals that can be studied at different experiments. For example, for dimension-6
operators, the vgSMEFT lagrangian includes novel four-fermion operators as well as Ny,
interactions with the Higgs and the standard vector bosons. The phenomenology of these
d = 6 heavy N interactions, when dominant with respect to those involving the mixing
with the active neutrino states, has been studied extensively in processes at the LHC and
future far detectors in [11, 21-25]. Constraints and prospects on the sensitivity to the
effective Wilson couplings from rare meson and tau decays into heavy neutrinos have also
been studied in [26-30], as well as their contributions to leptonic anomalous magnetic
moments [31]. Prospects for the production and sensitivity to d = 6 interactions in future
ete™ and e p colliders have been considered in [32-35].

In front of this, we want to focus on the phenomenology of the Type-I Seesaw, extended
by dimension-5 operators, which has somewhat received less attention. Our final objective
is to analyze scenarios where the heavy neutrinos can be long-lived, decaying into a photon
and light neutrino, and on the possibility of detecting them at the LHC. This means that
the N, will have masses around and above the GeV scale.

In our setup, we extend the SM by adding three sterile neutrinos vg. The renormalizable
part of the lagrangian is:

N ) .
L= Lons+ i dvpe — (La(Yl,)as Bvs + 7R (M) Vi + h.c.) (1.1)

where a = e, u, T and s, = s1, 89, 53, and the matrix My is symmetric. When allowing
for d = 5 operators involving the new neutrino states, one finds the following terms:

i)
Ls = (amA/ ab (I:aqi;> (ngI:g) n (&NX&)SS/ (¢T¢> s Vs + (aNf)ss’ D 0" Vs By + hoc,
(1.2)
where L¢ = e L¢ and 0" = %[’y”, ~¥]. The first term corresponds to the well-known Weinberg
operator [36], the second operator was introduced by Anisimov [37] and Graesser [38, 39],
while the third one, which is a dipole operator, was studied by Aparici, Kim, Santamaria
and Wudka [12]. Again, aw and ayg must be symmetric matrices, while ayp must be
antisymmetric. The Anisimov-Graesser and dipole operators allow for interactions of the
heavy neutrinos with the Higgs, photon and Z which are not suppressed by the active-heavy
mixing.

Since we are ultimately interested in NV}, decays involving photons, the dipole operator
will play a central role in our research. It is worth noting that in order to have a non-
vanishing dipole coefficient, one requires at least two vg states. Thus, simplified approaches
considering only one sterile state forbid the presence of this antisymmetric operator, pushing
the dipole interaction to d = 6 terms. Such studies have been done in [40, 41], which
consider a heavy Dirac neutrino with dipole interactions to a SM neutrino and the photon.



The papers obtain constraints on this dipole operator from the intensity, energy and cosmic
frontiers, as well as presenting future prospects. Although presented in a d = 6 electroweak
invariant realization, these bounds can also be interpreted in a d = 5 framework.

Other works considering at least two GeV-scale sterile states and Seesaw mixings mostly
focus on the study of the Anisimov-Graesser operator and its Higgs phenomenology at the
LHC [12, 38, 39, 42, 43]. In addition, apart from the original work of [12], collider effects of
the dipole operator have been considered at Higgs factories in [44]. Thus, to the best of
our knowledge, the d = 5 dipole operator has not received enough attention. In this sense,
this work aims to help fill this gap, covering search strategies involving photons coming
from heavy neutrino decay, concentrating on the novel signal of non-pointing photons from
exotic Higgs decays at the LHC.

This paper is organized as follows. In section 2 we define our notation and conventions
for all neutrino masses and mixing. Section 3 translates the operators in eq. (1.2) into
couplings between the mass eigenstates. We also carry out a detailed study of how the
partial widths, branching ratios and lifetimes of the heavy neutrinos are affected by the
dipole operator. On section 4 we review constraints on the latter, concentrating on those
around the GeV scale. To this end, we revisit the LEP constraints on light-heavy neutrino
production. Finally, in section 5 we turn towards the prospects of identifying long-lived
GeV-scale heavy neutrinos decaying into photons, recasting two ATLAS non-pointing
photon searches.

2 Masses and parametrization

As is well known, in the absence of effective operators, one can organize the active and
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sterile neutrino fields in a left-handed multiplet ¥, = (v, v})", such that the neutrino

m:( 0 mD), (21)

mb My

mass matrix is written:

where mp = %YV* The mass matrix is diagonalized by a unitary transformation:
UM, U = Mdias, (2.2)

The mixing matrix U relates the interaction eigenstates ¥, (o = e, u, 7, $1, S2, S3), to
the mass eigenstates n; (i =1,...,6), that is, U1, = Uy ;. In the following, our notation
might distinguish between the lightest and heaviest neutrino mass eigenstates:

Vg =ny i=£=1,...,3 (2.3)
Nh:ni ’i:h:4,...,6

We refer to this scenario as the standard Seesaw.
When including effective operators, we find further contributions to the neutrino mass
terms after electroweak symmetry breaking. If we define:

U2 « 1)2 (6]
mrr = AW MRR = AN(b + My (2.5)




the neutrino mass matrix is now:

M, (m“ mD) (26)

T

In order to understand the structure of the diagonalization matrix U, we will first proceed
as in [45]. The idea is to do an initial rotation that block-diagonalizes the mass matrix:

I-e*ef/2 -or mrr, mp \ (I—-007/2 O (Mg 0
oT I-0Te*/2) \ m5 mgg —0f  1-010/2)] | 0 Mieay
2.7

The © matrix is assumed to have small entries, such that at leading order in O, block-
diagonalization requires:

mp %G*mRR—mLLQ (2.8)

As mp, contributes directly to the light neutrino masses, one would expect it to be very
small in front of mprg. This means we can approximate mp ~ ©*mpgpg, and thus:

Miight = —mp mpp mh +mrr (2.9)
o 1 —1x 7 T . x —1x
Mheavy = MmRRr + 9 Mpr MpMp + mpmpmMpr (210)

The next step is to diagonalize the block-diagonal matrix:

Uluns O Mgy 0 Upmns 0) _ (e 9 (2.11)
o VT 0 Mhcavy 0o Vv 0 M)’

where 1, = diag(mi, ma, mg) and M, = diag(My, M5, Mg). If we decompose U into

Uaﬁ Uah
U= 2.12
< USZ Ush > ’ ( )

four blocks:

we can identify:

Uy = (I _ o6t /2) Uppins, Uy, =0V
Us = —OUpuns Ush = (I - @T@/2> V. (2.13)

Thus, the matrices '@ and ©OT are connected to the non-unitarity of the active-light
and sterile-heavy mixing. Morover, the V matrix is related to re-definitions of the sterile
neutrinos, and in the absence of a preferred basis can be taken equal to the identity.

We will now focus on eliminating the ® matrix in favour of a more useful parametrization,
such as [46, 47], which guarantees that the measured v, masses are always reproduced. To
do so, we rewrite Mjgh; and keep terms of leading order in © (or equivalently, in mp):

. - 1T
Upnins 7w Upyns = —Mp Mppmp +mLr

= —(OV)* N (OV)! +myy, (2.14)



If we now define Ay, = (I — m;m UgMNS mrr, UpMNS m;1/2), we can write the equation
above as:
N L 1/2 L 1/2 I
Upmns m/ Ay m/ UE’MNS = —(OV)* My(OV)! (2.15)

which in turn allows us to define the complex matrix R:
= —i M, 2 (OV) " Upyns 2 A2 (2.16)

This matrix is orthogonal, R RT = I. From here, it is straightforward to see that:

1/2 N
Uan = i Upnaxs g/ (1) I 202 (2.17)
Uy =iV N, P R (A)Y? )/ (2.18)

Then, given the six physical m, and M}, as well as the measured parameters on Upyins,
one can build the whole mixing matrix by specifying the R, V and my, matrices. It is well
known that the R matrix can be used to enhance the active-heavy mixing and sterile-light
mixing, leading to the possibility of having not-so-heavy N with relatively large couplings
to the SM. However, this enhancement cannot be arbitrarily large, as the requirement of
small © means that m;ﬂ(A})l/Q RU\ALZI/2 must also be small.

The Ay matrix measures the role of the Weinberg operator in the determination of the
vy masses, being independent of the heavy /sterile sector. For A, = I, the Weinberg operator
gives a negligible contribution, while for Ay = 0 it is dominant. If the absolute value of the
entries in Ay are large, this means that the Seesaw contribution and the Weinberg operator
are cancelling each other, indicating the presence of fine-tuning.

Another possible fine-tuning can be found in mggr. One would expect the N masses
to be of the order of the largest of the two contributions to this parameter, see eq. (2.5). If
this is not the case, it would suggest the presence of a cancellation between them.

In order to avoid this fine-tuning, we require:

’U2 AN¢
A

vt aw
A

< my < My (2.19)
This means that ayp /A must be smaller than O (10_14) GeV~L. Moreover, for a 10 GeV
heavy neutrino, we have ang/A S O (10*4) GeV~!, with the bound weakening for larger
masses. Given the fine-tuning constraint on ayy /A, it is undesirable for all effective operators
to share a common origin, as in that case they would be expected to be of a similar order
of magnitude, and thus too small to be probed. Now, as discussed in [42], the presence
of a lepton-number symmetry forbids the Weinberg operator, and forces the diagonal
terms of the Anisimov-Graesser operator to vanish,? but puts no constraints on the rest
of the coefficients. The breaking of the symmetry would suggest the following hierarchy
between them:

aw ~ ayE < o, 1~ anp (2.20)

2This is valid for two heavy neutrinos. For three heavy neutrinos, two opposite off-diagonals in axe and
anp would have to vanish as well.



These considerations motivate neglecting the contribution of the Weinberg operator to
neutrino masses. In other words, in what follows we will diagonalize the mass matrix in
eq. (2.1), using the parametrization of [43, 47, 48].3

It should be noticed that the Anisimov-Graesser and dipole operators generally mix
under renormalization group equations with the Weinberg operator, bounded by light
neutrino masses. In [42], an example of one-loop diagram contribution from the Anisimov-
Graesser to the Weinberg operator is calculated, giving a rather mild constraint which
leaves freedom to assume the above hierarchy.

3 Couplings and decay rates

When including the effective operators, the coupling terms of the Lagrangian become:

9w

Ly = \/iWu_an“ Uy Pr.n; + h.c. (3.1)
EZ = 4CW Zuﬁi"}/‘u (Cm PL - C:} PR) nj
Sw - v *
— 1 OuZy = 0,2,) i o™ [(elyp)ii Pr — (alp)is Pr] nj (3.2)
cw - v *
Ly = 0uAy — 8, Au) i 0™ [(alyp)ii Pr — (@ p)ij PR (3.3)
1. _ |1 " v? /%
Lp=—"hni|5 (Cz‘j Mn; + Cjj mn) — y(ang)ij| PRy
1|1 . v?
— ;h M, [2 (Cz] Mn,; + Cij mn].) — A(a/]\f(ﬁ)ij] PL nj (3.4)
1 2 = / /%
Lnn = ﬁh n; [(a]\[(b)ijPL + (aNqb)ijPR} n; (3.5)

where we have neglected the Weinberg operator, and defined the coefficents:

Cij = Ugi Uaj (3.6)
(ang)ij = Usi (ang)ss Usj (3.7)
(O‘3VB)Z']' = Usi (aNB)ss/ Us’j (38)

In the standard Seesaw, the mixing allows the N}, to interact via the couplings of the
active states. In our case, in addition, the mixing allows the v, to interact via the effective
couplings of the sterile states. This gives rise to new processes, originally forbidden or
suppressed in either the Standard Model or Seesaw. We will review how these constrain the
effective operators in section 4.

Calculating the lifetime of the heavy neutrinos is essential to determine their observ-
ability. For example, a very long-lived NN;, could be detector-stable, escaping laboratory

3For practical purposes, this is equivalent to using egs. (2.17) and (2.18) with A, = I. The advantage
of [47] is that the parametrization also includes H and H matrices, that keep the mixing unitary when the
enhancement factors are too large.



experiments as missing energy. On the standard Seesaw, the lifetime of heavy neutrinos
with masses in the GeV range can be calculated through three-body decays. These involve
a virtual W boson leading to final states with either I, [, vy or I, q ¢’ states, or a virtual Z
boson implying final v, . ./, 3v, or v qq states. These calculations are usually performed
via a four-fermion operator, with the gauge bosons integrated out [8, 49-51], which is
appropriate for masses up to around 20 GeV [52].

For heavy neutrinos with masses below the Higgs mass, the Anisimov-Graesser operator
plays no role in the determination of the lifetime. In contrast, it is well known that when
including the dipole operator a new decay channel into on-shell v~y is opened. This was
first calculated in [12], and we confirm their result:

(vp)en|’

2
F(Nh*}VrY):;c%/I/MfL)Z A

14

(3.9)

The partial width of this new process is many orders of magnitude larger than those for the
standard Seesaw three-body decays. However, an important point that has been ignored
in the literature, until recently [34], is that the effective dipole coupling also modifies the
three-body decay channels involving a virtual Z, as well as adding new contributions with
virtual photons. In order to understand the importance of these effects, we have performed
the calculation of all these processes, and indeed find a significant enhancement to them.
This means that, although dominant, the two-body decay in eq. (3.9) might not always
determine the heavy neutrino lifetime on its own. In addition, it might not be always
accurate to take the branching ratio into v equal to unity.

The exact, analytical formulae for N, — vqq, Ny — vi}l; and N, — 3v can be
found in appendix B. The aforementioned enhancement occurs due to new contributions
mediated by photon exchange, meaning that, to leading order in o’y 5/A, only N, — vqq
and Nj — v}l are significantly increased. For these decays, in the regime where o/y 5/A
is much larger than the standard Seesaw couplings, the partial widths can be written:

Qem Q?‘ 2

2472

(N p)en
A

r (Nh — uff) ~ N:(1+ Aqcp) O(zf) ciy Mj; Z

L

(3.10)

where N, is the number of colours (3 for quarks, 1 for charged leptons), aep, is the fine-
structure constant, Q¢ is the fermion charge, and ®(xf) is a function obtained after
integrating over phase space, depending only on the ratio between the charged fermion and
heavy neutrino masses, xy. The function Agcp takes into account QCD corrections to
decays into quark final states [50], and vanishes for the purely leptonic decays.

In order to present our findings, we take N5 as the lightest heavy neutrino, and show in
figure 1 its partial widths for several values of (ayp)s6/A, taking minimal mixing, i.e. R = I.
We find that the three-body widths for (ayp/A) < 1076 GeV~! are indistinguishable from
the standard Seesaw, so they can be used as benchmarks for comparison.

In the figure, we show that the partial widths into charged leptons and quarks can be
significantly enhanced. As commented earlier, this is attributed to the dominance of the
virtual photon contribution, which is not suppressed by the Z mass. As seen in eq. (3.10),
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Figure 1. Heavy neutrino partial width into several types of final state when including effective
operators, normalized with respect to Mp. From left to right, top to bottom, we show the partial
widths for N, = vy, Ny = vignle, Nn = X q¢’ and N, — 3v. On each panel we plot the widths
for (anp)se/A =102, 1074, 1075, 107 GeV~! in blue (thick), orange (thin), green (dashed), and
red (dot-dashed), respectively. We take minimal mixing.

the size of these effects are proportional to M g’ This should be compared with the standard
Seesaw processes, which are proportional to M ,i’ , meaning that at high mass the latter
contributions become more relevant. In contrast, the partial width into three light neutrinos
is not enhanced, except for very large ayp/A and masses.*

In addition to the three-body decays, we also show the partial width of the aforemen-
tioned two-body decay into v . Comparison with the other partial widths suggests that
v~y decay can easily dominate the total width, depending on the heavy neutrino mass and
the exact value of the dipole coupling anp/A.

In order to better understand the interplay between the widths, we show in figure 2 the
branching ratios into the different channels. We would like to emphasize that the branching
ratios are for all practical purposes independent of the choice of the R matrix, defined in
eq. (2.16). We find that, for all of the evaluated values of M}, taking BR(N, — vvy) =11is
a very good approximation when taking aypg/A > 1074 GeV~!. Nevertheless, the branching
ratio can be much lower. For example, for aypg/A = 107° GeV !, the branching ratio is
under 50% for My, 2 20GeV. If ayp/A = 107% GeV~!, the same happens if M, > 2.5 GeV.

Let us turn now to three-body branching ratios. For low masses, the increase in the

41t is important to notice that the photon-dominated three-body decays are not calculated via a four-
fermion operator, so they remain accurate for large M}. This is not the case for N — 3v,, but should not
be a cause for concern, given its small impact on the heavy neutrino lifetime.
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Figure 2. Heavy neutrino branching ratios. Choice of parameters as in figure 1.

Np, — v~y partial width drives the three-body branching ratios to very low values. Thus,
even though the modifications to the three-body widths are larger in this regime, as long as
(anp/A) = 1072 GeV~!, the huge contribution from the two-body decays make them less
relevant. For large masses the three-body branching ratios increase, being larger for smaller
anp/A. This can be understood by considering that, even though for smaller ayp/A all
contributions from the effective operator decrease, the standard Seesaw processes remain
the same, giving a fixed minimum contribution to three-body decays only.

We now analyze the heavy neutrino lifetime. First, on the upper panels of figure 3 we
report the expected decay length cr of the heavy neutrino in presence of the new couplings.
On the left panel we show results for minimal mixing, and on the right for a choice of R
leading to a 10% enhancement in the sterile-light mixing squared. Within the evaluated mass
range, the N}, with minimal mixing always have decay lengths longer than one meter® as
long as (anp/A) <1075 GeV~L. As seen on the right panel, enhancing the neutrino mixing
by taking non-trivial R would decrease the decay length, meaning that heavy neutrinos on
this mass range can always be made unstable within collider scales.

On the upper panels, we also show in gray lines the expected decay length if one considers
that the width is exclusively determined by eq. (3.9). Thus, for axp/A > 1074 GeV ™!, one
can take the lifetime directly from Ny, — v+, without having to include three-body decays.
This is not the case for smaller ayp/A, if one does not include the latter, the decay length
could be off by many orders of magnitude.

5A decay length of one meter implies a lifetime around three nanoseconds.
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Figure 3. Top panels: heavy neutrino decay length. Gray lines indicate the expected decay length
when considering only two-body decays. Bottom panels: difference in decay length when performing
the full calculation, versus including only N — v+ and the standard Seesaw three-body decays. Left:
choice of parameters as in figure 1. Right: the same, but with enhanced sterile-light mixing.

Finally, on the lower panels of figure 3, we assess the impact of the new contributions
in eq. (3.10) on the decay length by comparing the full calculation with what is obtained
by including only N, — v+ and the standard Seesaw three-body decays. We see that,
naturally, for a fixed mass the deviation increases with (ayp)/A. Their relevance with
respect to M} depends on their interplay with the standard Seesaw contributions, which
in turn depends on R. However, in all cases the inclusion of these new effects leads to a
reduction in the decay length of a few percent, suggesting that the need of including them
in calculations can be delayed to a precision era, after a putative discovery.

4 Constraints on effective dipole operator

The partial widths and lifetimes shown in the previous section are very sensitive to the
value of anp/A. Tt is thus necessary to review current constraints on this coupling. Since
we are interested in long-lived heavy neutrinos detectable at the LHC, we will pay particular
attention to bounds relevant for GeV-scale masses.

When considering vertices involving two light neutrinos and a photon, one finds that the
effective coupling induces transition magnetic and electric dipole moments, u, and €, [53]:

) SIm(a / ) Re(a, /
(1) ewr = i e (KVB)“ (e2)eer = dicwy (jXVBW , (4.1)

~10 -



where o/yp is defined in eq. (3.8). These are forbidden at tree level in both the SM
and standard Seesaw, and are subject to constraints. For instance, both magnetic and
electric dipole moments of light neutrinos can affect the electron energy spectrum in v — e
scattering, which can be probed in solar, reactor and accelerator experiments [53, 54]. In
particular, the Borexino experiment has placed a bound on pff < 2.8 x 107 g [55]. An
even stronger bound comes from the brightness of red giant stars, where the transition
dipole moments enable plasmon decay, v* — vv, and thus allows energy to be released
from the star. Observations from the galactic globular cluster w Centauri constrain

V2o (1(1)ee P +1(e)er?) < 1.2 x 1072 pp [56].
In terms of the effective operator, light neutrino dipole moments give us the bound:

(aNB)ss’ U

A o] <3x 10710 GeV L (4.2)

dew |Ugyp
From equation (2.18), if we take R = I we have Uy ~ /my/Mj, such that if light neutrinos
have masses below 1072 eV, these bounds on aypg/A essentially vanish for heavy neutrino
masses in the 100 MeV scale, or larger. In principle, it could be expected that by taking
non-trivial R one could enhance the dipole moments. However, when considering the
structure of Uz shown in eq. (2.18), along with the antisymmetry of ayp, one finds that
the leading contributions always cancel. Thus, in the following we shall not take these
bounds into account.

The dipole moments of heavy neutrinos themselves can be constrained using atomic
spectroscopy. In [57], the long-range potentials from NN}, exchange are calculated, establishing
a limit of 4 ey anp/A < 1072 up, for a specific benchmark.

On can find further constraints when considering transition moments involving one
light and one heavy neutrino. In addition to v — e scattering and plasmon decay in red
giants, the authors in [41] have considered the impact on Supernova neutrino emission,
4He abundance from Big Bang nucleosynthesis, and the N.g measurement from the cosmic
microwave background. Although strong, all of these bounds vanish for N, masses larger
than about 300 MeV.

High energy experiments can also probe the latter transition dipole moments. The
most important constraints for heavy neutrinos in the GeV scale come from LEP searches
for photons and missing energy [58-60], and single v production at NOMAD [61, 62].
For example, the authors in [12] surveyed the possible LEP constraints on its effective
coupling ayp/A from the Z invisible width and Z decays into photons and missing
energy. They considered ee™ — N5 Ng, with Ng — N5~ and both Nj escaping the
detector. They found that, if N5 is massless and Ng is lighter than the Z, they ruled out
(anB)se/A > 2.5 x 1075 GeV 1.

Another example can be found in [40], where the authors put several constraints on the
dimension-6 N}, dipole coupling to a vy and a photon. For the GeV scale, their most important
constraint comes from e*e™ — N, vy at LEP, where they exclude oy 5/A 2 2 % 1075 GeV—1L.
Since this analysis considers that the light and heavy neutrinos couple exclusively via a
Dirac-type dipole interaction, we have considered pertinent to reformulate their bounds in
our context. To this end, we have calculated the eTe™ — N}, 1y cross section analytically,
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Figure 4. LEP bounds on (ayp)s6/A. On all plots, we show the bound for |Ug|? enhancements of
103, 10°, 105, 107 and 10° in brown (thick), orange (thin), purple (dashed), green (dot-dashed) and
red (dotted) lines, respectively. On the left panel we show the bound on the parameter itself, while
on the right panel we display the bound on Y (a/y5)/A.

including both Z and photon exchange, at s = m2Z In contrast to [40], we have included
both (¢/yp5)en/A and Cyp, couplings to the Z in eq. (3.2), and consider N;, — v branching
ratios different from unity. If one neglects the electron mass, and does not impose any cuts,
the total production cross section is:

2
Ny = (Mj; — m%) (62 +02> (ONplen| € (2Mj +m3) 1 ey T
v 2rm% 1%, v A 3cqym?% (& + %) m?
1
+6’Cgh’2G% (M,3+2m2z) Gy — V2 Re l( Nf)fhch] eGFMh} (4.3)

By neglecting Cyp,, one can reproduce the cross-section reported in [40].

For comparison purposes, we apply energy and angular cuts on the final photon, and
require the cross-section not to exceed 0.1pb [63]. The photon energy E, must be above
0.7 GeV, and the photon angle 8 with respect to the beamline must satisfy | cos €| < 0.7. We
require the heavy neutrino to decay within two meters of the interaction point. Technical
details of the calculation can be found in appendix C.

Our bounds are shown for Nj in figure 4, for several enhancements of |Ugy|? from R.
We show the exclusion regions in terms of both (anp)se and (a/yp)es. Strictly speaking,
since the heavy neutrino hadronic partial widths are calculated via three-body decays, our
results are accurate only for masses above 1 GeV. However, we extend our plot to lower
masses for a better comparison with [40].

®Notice that the d,,z coupling in [40] corresponds to 2 cw o'y /A.
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Let us focus first on the left panel, which shows the constraints in terms of (anp)ss/A.
As expected, the larger the enhancement in |Us|?, the stronger the bound on this parameter.
If there is no enhancement, we find that LEP cannot place any constraints. For small
enhancement (10%), the exclusion region has a triangular shape, with the right slope being
due to the \/m,/M), suppression of Uy in oy, and the left slope being due to the heavy
neutrino escaping the detector. As the enhancement grows (10°), the bound acquires a
bump in the middle, which is attributed to an increased contribution to oy, from the Cyp
terms. The size of the bump increases with the enhancement (10°), until it eventually
receives a second cut on the right, from a decreased N — vy branching ratio (107), as can
be seen in figure 2. The exclusion region can be expanded up to an enhancement around
10?, after which the © matrix in eq. (2.7) cannot be considered small anymore. A careful
analysis using the parametrization of [47] shows that the unitarity of the mixing matrix
does not allow further enhancement. Thus, the strongest constraint on (anpg)s¢/A is of
1.4 x 1078 GeV !, for masses around 800 MeV.

In order to properly contrast our model with that of [40], we show on the right panel the

same information in terms of - oy 5 = \/ S 1 [(a/yg)es|?. When taking small enhancement
(103), the exclusion region is flat down to masses of around 100 MeV, below which the
probability the heavy neutrino escapes the detector becomes non-negligible, and the bound
weakens. For large masses, the bound is flat since the \/my/Mj} suppression of Ug is
absorbed within o/y 5. As the enhancement from R grows, we find a behaviour similar to
that for the ayp/A constraints. In all cases, the bound is weakened at small masses, due
to the cut on the heavy neutrino decay length.

An important point to take into account is that, in figure 9 of [40], the aforementioned
flat exclusion region is extended down to 1 MeV masses, instead of 100 MeV. We have not
been able to reproduce this result, in fact, our analysis was expected to produce stronger
bounds, given that the heavy neutrinos in this model have shorter lifetimes, and we are
accepting longer decay lengths.

5 Searches for non-pointing photons at the LHC

We now turn to possible LHC probes of the model, which can be sensitive to GeV-scale
heavy neutrinos. Here, current bounds on heavy neutrinos [64-68] are based on standard
Seesaw interactions, and can be avoided if the latter decays exclusively into final states
with photons. It is then of interest to find out if LHC searches can probe our model at all,
and test the existence of the dipole coupling.

With this in mind, we identify two regimes: one where the N decays promptly, and
one where it is a long-lived particle. For this work, we are interested in the case where the
heavy neutrinos are long-lived, meaning that we focus on searches for particles with large
lifetimes decaying into displaced photons, such as [69-74].

As seen in figure 3, the Nj decay length depends on the Seesaw mixing, such that
its enhancement by R leads to shorter lifetimes. This means that if one wants to have a
specific decay length, having an enhancement requires smaller ayg. On the other hand, the
Njp — v~y branching ratio depends only on the mass and value of a g, so, for a given mass,
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in order to maximize the branching ratio into photons, we need the largest possible aypg.
From this, we conclude that searches for displaced photons will be most sensitive to the
case where there is no R enhancement on the Seesaw mixing, which is precisely the regime
where LEP has no sensitivity. In other words, these kind of searches are complementary to
those at LEP.

Since we focus on scenarios with no enhancement from R, all of the N, production
modes at colliders from the standard Seesaw [9, 10, 75] are strongly suppressed. In light
of this, the best bet for heavy neutrino production comes from the Anisimov-Graesser
operator, as can be seen in eq. (3.4). This leads to the following partial width for exotic
Higgs decay into two heavy neutrinos [12, 38]:

I'(H — N, Ny) =
2 A, ME MR [y [P 5y
Shh’% mSH A (mH—Mh _Mh’ —2Mth/ COSQ(;hh/)

(5.1)

where my is the Higgs mass, 05y = arg[(o/y ¢)hh'] and the A function is defined in appendix B.
The factor Sy = 1/2 if h = k', and is equal to unity otherwise.

It is important to emphasize that this production mode is driven by a4 entirely, while
the heavy neutrino vy decay is dominated by the ayp dipole coupling. Assuming that the
value of ayp is such that the N, decays within the detector, any experimental constraints
coming from displaced photon searches would lead to bounds on the H — Nj Ny branching
ratio, effectively constraining aye. Notice that any excess in such a search would also
imply a lower bound on ayp, as a too small dipole coupling would lead to a detector stable
heavy neutrino.

Given the arguments at the end of section 2, we expect a4 to have vanishing diagonal
entries. Thus, in the following, we consider the decay H — N3 Ng, taking both heavy
neutrinos as mass degenerate. Such a degeneracy is to be expected by the lepton-number
symmetry justifying the hierarchy in eq. (2.20) [76-80]. One can show that, in addition,
when the masses are degenerate, then the Uy mixing for both neutrinos becomes of the
same order of magnitude. This should increase the oy, cross-section at LEP in eq. (4.3) by
a factor two, but will not exclude any of the benchmark points we will use.

Non-standard decays of the Higgs have been already constrained by both ATLAS
and CMS collaborations [81, 82], determining that the Higgs branching ratio to exotic
states must not exceed 0.21 at 95% C.L.” In order to maximize the sensitivity of this
search to our model, we fix (ang)s6/A such that this bound is saturated. The masses and
effective couplings we will use can be seen in table 1. We have checked that the additional
contribution to the Nj mass is at most 20% of the tree level value, so we have no fine-tuning.

In order to calculate the expected number of N5 Ng pairs at the LHC, we consider
Higgs production via gluon fusion (GF) and vector boson fusion (VBF) processes. These

"Notice that if the heavy neutrinos were detector-stable, and thus invisible, the limits on the branching
ratio are between 11% [83] and 18% [84].
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My, [GeV] 10 30 50
(ang)s6/A [GeVT 30x107° | 3.6 x107° | 6.4x107°
(anB)se/A [GeVT1] (2014) 6.5x107% | 1.4x107* | 48x107°
(anB)se/A [GeV~L] (2021) 79x107* | 1.5x107* | 6.3x107°

Table 1. Benchmarks used in our analysis. In the second row we show the effective heavy neutrino
coupling to the Higgs ang/A giving a H — N5Ng branching ratio of 21%. The third and fourth
rows give the value of the dipole couplings ayp/A optimal for the searches outlined in sections 5.1
and 5.2, respectively.

are the two most important interactions for Higgs production at the LHC [85, 86]. The
signal events were generated as described in appendix A.

5.1 8 TeV ATLAS search (2014)

Here we first follow the analysis performed in [69], a search for delayed non-pointing photons
in the diphoton plus missing transverse momentum (MET) final state, in 8 TeV collisions
from ATLAS. As far as we are concerned, this work is the latest published paper by an
LHC experiment featuring non-pointing photons.

The search uses the full 20.3 fb~! data sample from 2012, exploiting the capabilities of
the ATLAS electromagnetic calorimeter (ECAL) to measure the flight direction as well as
the time of flight of photons. An electromagnetic shower produced by a photon is precisely
measured in three layers of different depth, with varying lateral segmentation, allowing
the reconstruction of the flight direction of the photon. From this one can determine the
pointing variable |Az,|, defined as the separation between the extrapolated origin of the
photon and the position of the primary vertex of the event, measured along the beamline.
In addition, ATLAS can also measure the relative arrival time ¢, of the photon to the
calorimeter, compared to that expected for a prompt photon from the hard collision. Then,
for prompt decays, both |Az,| and ¢, are naively expected to be zero, meaning these are
useful handles for identifying neutral long-lived particles decaying into photons.

The original search targeted a gauge mediated supersymmetry breaking (GMSB) signal
where the next to lightest SUSY particle (NLSP) is a neutralino, which can decay to a
photon and a stable gravitino. Neutralino pair production would lead to a vy + MET + X
final state, featuring delayed, non-pointing photons. The selected events were collected by an
online trigger requiring at least two “loose” photons with |n| < 2.5, one with Ep > 35 GeV
and another with E7 > 25 GeV. The offline selection then requires two loose photons with
Er > 50GeV and |n| < 2.37 (excluding the transition region between the barrel and endcap
at 1.37 < |n| < 1.52), with at least one of them in the barrel region (|n| < 1.37). The
isolation criteria demanded the transverse energy deposit in a cone with AR = 0.4 around
each photon to be less than 4 GeV.

The selected diphoton sample is divided into exclusive subsamples according to the
value of MET: background Region (BKG), two Control Regions (CR1 and CR2), and Signal
Region (SR) (see table 2). The control regions are used to validate the analysis technique
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Region definition, based on MET [GeV]
Analysis BKG CR1 CR2 SR
8 TeV (2014) [69] <20 20, 50] (50, 75] > 75
13 TeV (2021) [73] <30 (30, 50] > 50

Table 2. Background (BKG), control (CR) and signal regions (SR) for non-pointing photon searches.

and background modelling. Within the signal region, the calculation of |Az,| and ¢, is
carried out only with the photon with the maximum ¢, in the barrel region. The analysis
finally divides the sample into six exclusive categories according to the value of |Az,|,
and then shows the ¢, distributions of each of the categories to determine possible signal
contributions. The binning in |Az,| and t, is chosen to optimize the expected sensitivity
to the GMSB signal. With this, the analysis in [69] excludes a certain range of neutralino
lifetimes for masses lighter than 440 GeV (see figure 7 in the reference).

In order to implement this search, we generated N5, Ng pairs and allowed them to
decay into photons. The HepMC data was extracted, upon which the aforementioned cuts
were applied. We calculated |Az,| using:

T, — PP F‘)/’ﬁp _
1L—p2/|p|?

|Azy| = 2pv (5.2)

Here, 7 denotes the position where the heavy neutrino decays, and p'is the momentum of
the daughter photon. The variables r, and p, denote the components of the former on the
z-axis. In addition, zpy is the position of the primary vertex along the beamline. The
other important variable in the analysis is the relative arrival time ¢,. In order to obtain it,
we first calculated the time #y a prompt photon would take to reach the ATLAS ECAL, as
a function of the pseudorapidity. Then, for each event, we determined the region where
the delayed photon would enter the ECAL. With this we calculated the absolute time ¢’
using the heavy neutrino and photon momenta, and the heavy neutrino decay position 7.
Finally, one has t, = t' — to. We determined that the ap/A values shown on the third
row of table 1 maximized the number of contained events featuring a large |Az,| and ¢,.

In the following, we will argue that this search is not particularly sensitive to our model.
The first problem we find are the very large 50 GeV cuts on photon energy. In particular, in
figure 5 we define energy bins for the two photons, such that one can build “heat maps”
indicating what is the most likely distribution of the di-photon energy of our signal events.
In the figure, the red bins are excluded by cuts on both photons, the green bins are excluded
by cuts on the sub-leading photon, while the blue bins are allowed. For GF (VBF), between
67% and 85% (54% and 65%) of our signal events do not pass any of the cuts on the two
photons, and only between 0.6% and 2.1% (2.7% and 4.6%) of them pass both. Considering
the number of contained events, as reported on each panel, we expect a total of 210, 177,
and 42 (60, 81 and 25) events passing both cuts, for M, = 10, 30, 50 GeV respectively,
assuming GF (VBF) Higgs production.
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Figure 5. Percentage of two-photon events coming from heavy neutrino decay, for different
energy bins. Higgs production via GF (VBF) is shown on the left (right) column. Results for
My, = 10, 30, 50 GeV are shown on the top, center, bottom rows, respectively. Number of events
refers to those where both photons are contained within the detector. See text for details.
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Figure 6. Missing energy distribution of heavy neutrino decays, for several M. Higgs production
via gluon fusion (vector boson fusion) is shown on the left (right).

Even though the number of events passing the photon energy cuts is not negligible,
we find further problems with the definition of background, control and signal regions. To
illustrate this, figure 6 shows the MET distribution of the different generated signal events
samples, after applying all cuts indicated above. The vertical lines indicate the MET regions
defined in the ATLAS analysis, as shown in table 2. It can be clearly seen that the GF
production channel (left panel) is not useful at all, with practically no events categorized
in the SR region. According to our results, for 10 and 30 GeV masses we would have no
signal, and the M} = 50 GeV scenario would have only one event. Considering that we are
not including detector effects at this point, it is clear that this search would not be able to
probe this model if only GF was considered.

The right panel of figure 6 shows that the VBF channel is somewhat more promising.
Even though we have less events being generated, due to the lower cross-section, we find a
much larger efficiency. According to our results, we would have 8, 13, and 4 events in the
SR region, for My = 10, 30, 50 GeV respectively. However, this must be compared with the
386 events in the SR region reported by [69]. Morover, we find that, within the six |Az,|
categories defined in the analysis, all of our events lie on bins dominated by the background.
In particular, no signal region events lie in bins of ¢, larger than ~ 1 ns. Taking all of these
issues into consideration, we find it unlikely that our few surviving events will be of any use
to place bounds on the model. It must be emphasized that the MET distribution is not
improved even if the cuts on the photon energy are relaxed.

Finally, we show in figure 7 the ¢, and Az, distributions for our VBF generated signal
events, for M = 50 GeV, after passing all cuts. As above, depending on the MET, these
are classified into BKG, CR or SR regions. On the left panel, we see that most events have
t, < 0.5 ns. This makes sense, since in order to pass the 50 GeV cuts, the NV}, need to be
very boosted, leading to non-delayed photons. In addition, the vast majority of our signal
events with ¢, > 1 ns are classified into BKG or CR regions. This gives further evidence
that the region definition is not optimal for our model. On the right panel, even though
most events lie around zero, one finds |Az,| values up to 500 mm. Such large values can be
found in all regions, with most of them falling in CR1. Scenarios with lighter M}, or using
GF production, have lesser values of both ¢, and |Az,|.
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Figure 7. Distributions of ¢, (left) and Az, for the M}, = 50 GeV case, considering VBF production.
We show in red, green, orange and blue the generated signal events classified in the BKG, CR1, CR2
and SR regions, respectively.

We conclude that even if a photon pair from long-lived N, passed the stringent energy
cuts, and even if they also had large ¢, and/or |Az,|, it is more likely that such an event
would be assigned to the background or control region, than to the signal region. Thus,
this is strongly suggesting this search is not optimal for studying our model.

5.2 13 TeV ATLAS search (2021)

Even though there are no published papers featuring non-pointing photons at energies
above 8 TeV, there does exist a somewhat recent thesis addressing this kind of search, for
13 TeV [73].8 This work presents a search for exotic decays of the Higgs boson, targeting
the open phase space of its decays to some intermediate invisible long-lived particle with
displaced photons in the final state. The search uses 139 fb~! of data in 13 TeV collisions
from ATLAS, collected between 2015 and 2018, probably representing the first displaced
photon analysis performed using the full LHC Run 2 dataset, with seven times more
integrated luminosity compared to the previous ATLAS result [69]. The search is designed
to have sensitivity to softer non-pointing photons signatures than in the previous study, for
the same GMSB signal, but with neutralinos from Higgs decays. To this end, they trigger
the measurement with an associated lepton from Higgs production, allowing for a relaxation
of the photon energy cuts used before. Thus, the final state contains at least one electron
or muon, at least one photon, and MET.

Again, photons are identified with the loose photon ID algorithm, this time selected
if they have pr > 10GeV and |n| < 2.37 (excluding the transition region). These are
considered isolated if all ECAL topo-clusters within a fixed AR = 0.2 cone (excluding the
core) are less than 6.5% of the total cluster py. In addition, track isolation requires that
the fixed-radius R = 0.2 cone, excluding the photon candidate itself, must contain less than

8Shortly before this work was completed, the ATLAS collaboration released a conference note related to
this analysis [87].
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5% of the total object pr. For the photon timing, only the cell in the ECAL middle layer
with the maximum energy deposit is used (FEce) and a cut is placed at either 7 or 10 GeV,
depending on the GMSB signal point being analyzed, as the low-energy photons degrade
the analysis sensitivity. With this, photons likely originating from out-of-time pileup are
avoided by discarding events with ¢, > 12 ns.

Another important difference in this new analysis is that events are categorized into
either one-photon or multi-photon channels. In both, all photons must satisfy the afore-
mentioned selection requirements. Moreover, it is the leading barrel photon which is used
for the fit, instead of that with largest relative arrival time ¢,.

This search also requires identifying the leptons coming from Higgs production. Their
selection criteria, including isolation and geometric cuts can be found in [73].

Depending on the MET, the selected sample is divided into a Control, Validation, and
Signal regions, which we denote BKG, CR and SR respectively, similar to [69] (see table 2).
Here, one can see that the SR region allows much smaller values of MET. Finally, the
sample passing the selection cuts is again divided into |Az,| categories, with each divided
into ¢, bins. These are chosen to optimize the sensitivity to the same GMSB signal.

As one can see, this thesis satisfies our wishlist from the 8 TeV search, namely, lesser
cuts on the photon energy and a signal region allowing for smaller MET. In the following,
we will recast the cuts described above, and apply them on our model events. However, in
order to compare both 8 and 13 TeV searches, we generate Higgs events in the VBF channel,
instead of producing Higgs and leptons. The measurement is triggered by the VBF jets,
imposing the same cuts as in [43].

Our procedure has two stages. First, we take the HepMC data, and apply the VBF,
photon pr, and photon 7 cuts described above. We only consider photon pairs produced
both within the inner detector. To be conservative, for a given photon the isolation cuts
require no leptons or other photons with pr > 10 GeV, and no jets with pr > 20 GeV,
within a AR = 0.2 cone.

With this sample, both |Az,| and t, are calculated for the most energetic photon in
the barrel. The calculation is performed in the same way as for the 8 TeV search, this time
including experimental uncertainties. The uncertainty in |Az,| is replicated by applying a
gaussian smear, using the resolution shown in figure 1 of [69]. For the ¢, uncertainty, which
depends on E, we define the latter as 30% of the true photon energy.® With this, the
uncertainty is implemented again via a gaussian smear, with the resolution taken from both
eq. (5.5) and table A.2 in [73].

For the second stage of the procedure, the events are separated into single photon
and multi-photon sets, and each set is further categorized into the |Az,| and ¢, bins. To
appropriately simulate detector effects, the events in each bin are separately processed by
Delphes. For consistency, the VBF and photon cuts are re-applied. However, the photon
isolation was implemented by modifying the appropriate module of the Delphes ATLAS
card, setting AR = 0.2 and the track isolation PTRatioMax to 0.05. In addition, the cut

9Generally around 15-40 % of the energy in the entire EM cluster is deposited in the middle layer cell
with the maximum energy [73].
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Figure 8. Missing energy distribution of heavy neutrino decays in 13 TeV analysis, for several Mj,.
Single (multi-) photon set is shown on the left (right).

on E. > 10GeV was applied, this time using 30% of the reconstructed photon energy.
Finally, the number of events on each bin was re-adjusted, in case the number of photons
reported by Delphes was diferent than that obtained in the first stage.

We show in figure 8 the MET distribution for both single and multi-photon sets. By
comparing with figure 6, we immediately confirm that the cuts proposed in this search are
much more appropriate for our signal. In particular, the peak of the MET distribution
in the single photon set is very far from the BKG and CR regions. We find 207, 241,
and 215 events in the SR region, for Mj; = 10, 30, 50 GeV, respectively. In contrast, the
multi-photon set has much more events contaminating the BKG and CR regions. For this
set, the SR has 104, 112 and 92 events, for M} = 10, 30, 50 GeV, respectively. In any case,
both channels imply a significant improvement with respect to the 8 TeV search. Moreover,
these numbers are comparable to those shown in table 7.5 of [73], suggesting that this
analysis could effectively be used to probe our model.

Finally, we show in figure 9 the event distribution for the multi-photon set. The plot
follows the binning in |Az,| and ¢, described above. In all plots we show the events in
the BKG, CR and SR regions. From here, we can see that even though the peak of the
multi-photon distribution is shared by all regions, as shown in figure 8, we still have a
significant number of events in the SR region, which can also have large ¢, and |Az,| values.

Let us turn to the large non-pointing |Az,| categories. Here, the photon momentum
must have a relatively large angle with respect to the N; momentum. Thus, if the heavy
neutrino is highly boosted, it is expected that |Az,| will be small, as the photons will be
emitted following the IV}, boost direction. In this sense, lighter IV;, samples are predicted to
have less events at large |Az,| bins. Figure 9 confirms our expectations, for example, when
Mj, =10 GeV the large |Az,| categories have virtually no events. Heavier N}, are produced
with a much smaller boost, such that it is more likely to find events with large |Az,|.

In order to obtain a large photon ¢., one needs a slow-moving heavy neutrino with the
daughter photon momentum again having a large angle with respect to that of the Nj. As
before, this is easier to achieve for the heaviest N}, in our analysis. Figure 9 shows that, for
M), = 50 GeV, one can find events with large ¢, in all |Az,| categories.

If one naively compares figure 9 with figure 10.1 of [73], it would still seem very difficult
to probe our model. In fact, the background is very large, specially in the small ¢, and
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Figure 9. Event distribution for the multi-photon category, for My = 10, 30, 50 GeV on the left,
center and right columns, respectively. Each row indicates a different |Az,| range. The six bins
indicate t, values between 0, 0.2, 0.4, 0.6, 0.8, 1 and 12 ns. Events in different regions are not stacked.
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|Az,| bins. However, it is necessary to be reminded that our analysis uses a VBF trigger,
instead of the associated lepton trigger in [73]. As shown in many works [88-97], the VBF
topology is very convenient for background reduction.

To quantify the sensitivity to our model, we now refer to a recent conference note
following this analysis [87], released by ATLAS shortly before this work was completed.
Apart from the aforementioned analysis, the note includes a model-independent prediction
of the background for the bins with largest |Az,| and ¢, values (see table II of [87]), which
can be used to estimate the sensitivity. For the corresponding bin of the multi-photon
channel, the M; = 50GeV scenario predicts 2.5 signal events. Thus, if we take this
number and compare directly with the estimated background [98], we would achieve a local
significance Zy = 2.8 standard deviations. This result is already encouraging. Actually, if
the background reduction from the VBF trigger was, for instance, of one order of magnitude,
the local significance would rise to Zy = 4.2.

We finally note that the single photon set has a similar distribution, but about twice as
many events. However, backgrounds are also expected to be larger by at least one order of
magnitude, so we expect the multi-photon set to be more useful when probing our model.

To summarize, we consider our findings to be very promising, and recommend the
experimental community to take into account the H — Np N, production mode via VBF
in the future. We leave the analysis of IV, production with the original associated lepton
trigger used in [87], and with this a rigorous exclusion of ay, values, for our next project.

6 Conclusions

In this work we have revisited the Type-I Seesaw enlarged with dimension-5 effective
operators. The model is characterized by new couplings between the sterile neutrino states
and SM neutral bosons, via the Anisimov-Graesser and dipole operators. These lead to
new interactions involving light neutrinos via mixing.

After presenting our setup, we have calculated the decay width of the heavy neutrinos.
We find that, although usually dominated by Ny, — v+, the standard Seesaw three-body
decays have a very important role when the heavy neutrino masses are above the GeV, and
the dipole coupling ayp/A is not too large. We have also calculated the modification to
the three-body partial widths from the dipole coupling, and find that the impact on the
decay length does not exceed 10%.

We then review existing constraints on the dipole coupling, and re-evaluate the LEP
bounds from ete™ — Nj 1, production. We find that if the sterile-light mixing is not
enhanced from its naive Seesaw value, there are no bounds on the coupling. However, if the
mixing is large the bound could rule out at most aypg/A = 1078 GeV~L, for M), ~ 1 GeV.

Finally, we turn to non-pointing photon searches at the LHC. These searches could
probe regimes where an exotic Higgs decay pair produces long-lived heavy neutrinos,
disintegrating later into a photon and a light neutrino. The latest published paper on this
topic corresponds to an 8 TeV ATLAS search (2014). We also found a 13 TeV ATLAS search
in the form of a PhD thesis (2021), with an associated conference note (2022). We recasted
both, concluding that the 8 TeV search is not sensitive to our model. Our implementation
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of the 13 TeV analysis differed from the original search in the sense that we chose a VBF
trigger, instead of single lepton for Higgs production. We found a competitive number of
events passing all cuts, suggesting that this kind of analysis could place future bounds on
the Higgs branching ratio to these long-lived neutrino states.
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A  Numerical tools

The partial widths in appendix B, as well as the N}, vy production cross-section at LEP, were
calculated with the assistance of FeynCalc 9.3.1 [99-101]. For the widths, our numerical
results were checked with MadWidth [102]. The Agcp function was evaluated with RunDec
3.1 [103, 104]. The cross-section was integrated using the Vegas subroutine within the
Cuba 4.2 library [105].

For our LHC calculations, we modified the HeavyN model [106, 107] in FeynRules
2.3.43 [108, 109], adding the effective operators. Events were generated using
MadGraph5_aMCONLO 2.9.7 [110], which uses LHAPDF6 [111], followed by PYTHIA 8.244 [112],
which carries out the showering and hadronization. For the detector simulation, we used
Delphes 3.5.0 [113], which depends on FastJet 3.4.0 [114].

B Heavy neutrino three-body partial widths

This appendix collects the full fomulae for heavy neutrino three-body decays in the GeV
range. We remind the reader that v, refers to active interaction eigenstates, while vy
refers to light mass eigenstates. In what follows we report only the partial widths modified
by the effective operator, that is, those where either the Z or photon participate. For
purely W-mediated decays like Ny, — I, ¢¢' and Ny, — [yl V., we refer the reader to the
appropriate literature [8, 50-52].

For three-body decays, we define:

9i =% — 3siy gr =~ 55w B.1)
gf =— 3+ iy gk =35ty (B.2)
g =— 3+ siy IR =Sty (B.3)
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We also use the following functions:

Ma, b, ¢) = a*+b*+c* —2ab—2ac—2bc (B.4)
i (ab (1-a)* 2 .\ b2 2) )\1/2 2 ) AV2 (6 b2 2 ds B
1 (a, ,c)—12/(b+c)2 (1—|—a —s) (s— —c ) (1,(1 ,s) (s, ,C ) Ry (B.5)
" (a,b,c) :24170/(1_a)2 <1+a2—s)j AL/ (1 a? 5) AL/2 (s b? 02) _ds (B.6)
5 » Yy (b+c)2 ) ) 9 ) 31+i/2 .
I (a,b,c) =4 e <1+a2—s)j AL/ (1 a? s) AL/2 (s b? 02)
2 " (b+c)2 ) ) ’ ’
2 2
1 5 o\ (1—a?+s) b+ (=) ds
(S/\(s,b )+ It —— -2 pErs (B.7)
7 (a,b,c) =4 e <1+a2—3)j N2 (1,02,5) A2 (5,07, %)
3 » Yy (b+c)2 ) ) 9 )
2 2 2 2, .2 2 2\2
a’ 5 9\ (1—a*—s) b*+c (b*—c?) ds
( ; )\(s,b c )+72 <1+ R~ RE (B.8)
I (a,b,c) =4 e <1+a2—s)j AL/ (1 a? 5) AL/ (s b? 02)
4 » Yy (b+c)2 9 1) 9 9
(14+a*—s) 9 o N2 o v+t (0P —c?)? ds
(B ea) o (1)) (142 000 )
(B.9)
The full partial width for N, — v, I [ is:
(0 ) = TN 4 TS 4 TSN TS0 | e
W Z,SM+-eff W+, SM+eft Z,SM+-eff Z~, SM+-eff
+Ful+l— e +Ful‘;'yl— e —i_I‘Ijl"'l——~_e +Ful1l— e (BlO)
with:
2 5
W,SM G4 M
vitil— = 9F67T3h |UaZUah|2 F%O(xawxavo) (Bll)

2 5
Z,SM GF Mh

|C€h|2 (glL gézril';o(oa La, xa) + ((9111)2"’_ (9%)2> F%O(xaa La, 0)) (B‘12)

VIt T 963
G% My
FZJFZI,SM = 9%7T3h Re [UaeU7,Con) (2glLF%O(xa,wa,O)—i—g%f‘éo(o,xa,xa)) (B.13)

(O/NB)IZh
A

2
vitl— = 30,2
2427 mi

—((g2)?+(9)?) (20,1, 1) +AT (0, 2, 70)

2
(29295% (308°(0,20, ) ~T2(0, 24, 7,))

—r}O(o,xa,%)—F;O(o,xa,xa)—rgo(o,xa,xa)—r}lo(o,xa,xa))> (B.14)
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LD YV S A
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Qe M? | ()
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GpeM$
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viti— __96\/§7T36Wm2z € A UanUgg (?’gRF5 (O,JZG,xa)
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G M4 /
W, SMteff Fecw h e [mNB)eh U, ;Z] (3F})2(0,ﬂj‘a,.%a)—l—F%Q(O,l‘a,J}a)

v 96+/273 A
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GreMj (ayp)en
% SMAeff _ h_Re NBIEh } 64h gl L0 0,24,
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GFGCW M4 O/ ¢h
Ffll,lS_M—&-cff — 96\/57-(3 hpe |:( NAB> Cﬁh] (glL-l-g%) (F%Q(O,xa,xa)

—3T12(0,20,20) TP (0,70, 70) — 27§ (0,20, 74) (B.20)

We are defining =, = my, /Mj,.
The full partial width for N, — vy ¢ ¢, after summing three quark colours, is:

_ Z,SM Z, eff Joff Zy, off Z,SM-teff Z~, SM+eff
TNy = vqq) =Ty00 + Tt T et + Ty 4 Ty 2V oy Se (B.21)
with:
S S ff Z,off
I =3(1+Aqep) 50 I58 =3(1+Aqep) 75T (B.22)
Z,eff
Tt =3(1+Aqep) QAT D7 = —3(14+ Aqep) QL7 (B.23)

S ff S ff
D2SMTT =3 (14 Aqep) DZ PN 725Nl — 314 Aqep) QTN (B.24)

where in all equations above one should change glL7 R gg rand x, — x4 = mg/M,.
Finally, the full partial width for N, — 3vy is:

D(Ny, — 3v) = DL5M 15l 4 p SVl (B.25)

3vy 3vy 1%
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where we sum over all final light neutrinos. We have:

S G2 M5 * *
=g > (ICin o[ + Re [CinCrumCr, Ciral) (B.26)
2 / * 2
zet  Gp sty M < ’ (anp)in ‘ ‘ (N B)nm
, = T = a2 9 16 |——— nm 7
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+ 4 Re [ mh CmCE | — Re R Cihc*h]
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A A
pZsM+et _ _ Gre Mp coP2R (ayp)in C
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/
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C Implementation of cuts in LEP analysis

After analytically calculating the differential ete™ — Nj, vy cross section, doy, /dS2, the

total cross section is obtained by integrating over the solid angle. It is at this point that

the heavy neutrino lifetime constraint, as well as photon energy and angle cuts are applied.
Our final formula is:

he)? M? 1
oSS = (he) (1 h) <bb> BR(N, — vy)

- 2 )
321 m7, mi, 4m T

t dopn,
/d(cos 0) dp~ d(cos Oy ) dt y exp [— N ] UiN@H (\/I?Y + y?y — Zget tan 9V€t0>

T}VW dcos Oy
(C.1)

where 0, and ¢, are the p, angles in the heavy neutrino rest frame, with respect to
the direction of the heavy neutrino momentum, and 8y is the py angle with respect to
the beamline. Since the heavy neutrinos are Majorana particles, we assume the photon
distribution to be isotropic in the N}, rest frame. The photon energy cut Eg“t = 0.7GeV is

satisfied if:
1 2E5™
cos 6, > 1 (C.2)

Brel ’yreth

where o] and 7ye are the relativistic boost parameters. The heavy neutrino time of flight
ty is integrated up to tN** = dN*En/(|pn]c), with d§** = 2m. The heavy neutrino
lifetime in the lab frame is defined as 72" = (Ex/Mj) x (h/T'x). Finally, the photon is
required to enter the electromagnetic calorimeter of the experiment, which is assumed to
be the HPC of DELPHI [115]. This was taken in [40, 63] as a cut on the photon angle with
respect to the beamline, cos fyeto > 0.7. In order to apply this bound, for a given ¢ and
fn we determine the position where the heavy neutrino decayed, dy, and trace the photon
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trajectory by boosting its momentum in the heavy neutrino direction. The photon thus
moves along the line:

dN 565 SonCor, 4—691\,59964)7
Ty = 0 + R 561 56, (03)
dNC@N CQNCQ’/Y —SQNSQLYC(%

with 9; equal to the p, angle with respect to the heavy neutrino momentum in the lab frame:

Vrel(cos 97 + /Brel)

(C.4)
\/(Vrel Ccos 97 + ﬁr617r61)2 + Sin2 07

o
cos 97 =

Unless it is absorbed by the calorimeter, the photon would reach the edge of the HPC

at zget = 248 cm for

+24et — dnC
det NCON >0 (0'5)
Cchefy - 89N39fyc¢w

Redge =

Thus, if we now define z, = dnsg, + Redge(saNC(;; + caNs%c%) and yy = Redge So: 54, ,
requiring the photon to leave the detector through the calorimeter amounts to demanding
\/ %2 + Y2 > Zdet tan Oyeo, which is implemented in the integral above via a Heaviside
© g function.
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