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ABSTRACT: We explore long-lived particle (LLP) searches using non-pointing photons at
the LHC as a probe for sterile-to-sterile and active-to-sterile transition magnetic dipole
moments of sterile neutrinos. We consider heavy sterile neutrinos with masses ranging from
a few GeV to several hundreds of GeV. We discuss transition magnetic dipole moments using
the Standard Model effective field theory and low-energy effective field theory extended by
sterile neutrinos (NpSMEFT and NgLEFT) and also provide a simplified UV-complete model
example. LLP searches at the LHC using non-pointing photons will probe sterile-to-sterile
dipole moments two orders of magnitude below the current best constraints from LEP,
while an unprecedented sensitivity to sterile neutrino mass of about 700 GeV is expected
for active-to-sterile dipole moments. For the UV model example with one-loop transition
magnetic moments, the searches for charged lepton flavour violating processes in synergy
with LLP searches at the LHC can probe new physics at several TeV mass scales and provide
valuable insights into the lepton flavour structure of new physics couplings.
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1 Introduction

Neutrino oscillations currently provide the only concrete laboratory-based evidence of physics
beyond the Standard Model (SM). In the absence of direct signs of physics beyond the SM
from resonance searches at the Large Hadron Collider (LHC), it is therefore interesting
to consider the possibility that the existence of new physics (NP) could manifest itself as
non-trivial neutrino properties. One such intriguing attribute is the neutrino magnetic
dipole moment. Minimally extending the SM to include non-zero active neutrino masses, the
induced neutrino magnetic moments are tiny, g, ~ 3 x 1072° ug (m, /0.1 eV), where m,, is
the neutrino mass scale and up is the commonly employed unit of the Bohr magneton [1-3].
Thus, a positive experimental signal of neutrino magnetic moments could provide a smoking
gun for physics beyond the SM.

Sizeable active-to-active neutrino magnetic moments with naturally small neutrino
masses have been a lively avenue of research in recent times [4-8]. With the addition of
right-handed (RH) or sterile neutrinos to the SM field content, often invoked as a means to
dynamically generate the light neutrino masses, the prospect of active-to-sterile neutrino
transition magnetic moments has also been of much interest in the literature [9-13]. A
wide variety of flavour-dependent signatures of transition magnetic moments have been
examined, such as the Primakoff upscattering of an active neutrino to a heavy state (with



its subsequent decay to a light neutrino and a photon) in coherent elastic neutrino-nucleus
scattering (CEvNS) experiments [12, 14-16], NOMAD [9, 17], CHARM-II [18], DONUT [19],
LSND [9], Borexino [10, 20], XENONI1T [10, 21, 22], IceCube [18, 23], MiniBooNE [9, 24],
DUNE [11, 25, 26], Super-Kamiokande [20, 25], and FASERwv [27, 28]; the production of
heavy states via meson decays, leading to invisible final states [15] and displaced vertex
signatures [29]; monophoton plus missing energy at LEP, LHC, and future colliders [9, 30—
32]; modifications to Big Bang nucleosynthesis (BBN) affecting the abundance of *He [9];
and excess energy loss in SN1987A and low-energy supernovae [9, 33]. If active-to-sterile
neutrino transition magnetic moments are discovered in the future, further observations
may be used to discriminate the Dirac versus Majorana nature of the heavy states. For
example, the photon emitted in the decay of a heavy state produced via upscattering in
a CEvNS experiment exhibits different kinematic distributions in the two scenarios [12].
From the model-building perspective, large active-to-active and active-to-sterile neutrino
transition magnetic moments are intimately connected with the radiative corrections to
neutrino masses, requiring non-trivial symmetries or cancellations to realise a consistent
ultraviolet (UV) completion [34, 35].

On the other hand, sterile-to-sterile neutrino transition magnetic moments remain
relatively unconstrained for sterile neutrinos with masses above the heavy meson masses.
The transition magnetic moments between GeV scale sterile neutrinos have been extensively
studied in the context of long-lived particle (LLP) searches at AL3X, ANUBIS, CODEX-b,
DUNE, FACET, FASER/FASERr, MAPP, MATHUSLA, and SHiP [29, 36, 37]. For sterile
neutrinos heavier than the energies accessible in meson decays, LLP searches at the LHC can
provide an alternative window to sterile-to-sterile neutrino magnetic moments, as recently
explored in [38-40]. In the context of CP-violation, the sterile-to-sterile neutrino magnetic
moment has been discussed in [41]. The leading constraint in this mass regime (up to the Z
mass) comes from the monophoton plus missing energy signature at LEP [9].

In this work, we start with the model-independent effective field theory (EFT) approach,
examining the operators relevant for GeV to TeV scale neutrino magnetic moments within
the frameworks of NgSMEFT (SM effective field theory extended with RH neutrinos) and
its low-energy counterpart, NRLEFT (low-energy effective field theory extended with RH
neutrinos). To complement this, we consider a UV-complete model example that generates
these operators at the one-loop level. Our model is similar to the one proposed in [42], but we
generalise it further by removing the Z5 symmetry imposed in the original construction. The
broadening of the model parameter space leads to the interesting scenario where large active-
to-sterile magnetic moments are also generated at one-loop, without relying on the highly
suppressed active-sterile neutrino mixing. This opens up a wider range of phenomenology for
LLP searches at the LHC. We also consider constraints from other probes on the UV model,
such as electroweak precision observables and charged lepton flavour violation (cLFV).

We focus on the heavy sterile neutrino mass ranging from the GeV to several 100 GeV
to explore the constraints on the transition magnetic moments from LLP searches at the
LHC using non-pointing photons. Our results for the simplified model example can be
straightforwardly generalised to many extensions of the SM involving sterile neutrinos, an
extended scalar sector, and vector-like fermions [43-51]. We find that to probe the heavy



neutrino dipole moments with a non-pointing photon final state (without any prompt charged
particles) at the LHC, the transverse impact parameter can be used to select events with a
displaced vertex. Our numerical simulations show that, depending on the dominant production
and decay mechanisms for the sterile neutrinos, searches for LLPs with non-pointing photons
will be sensitive to unexplored parts of the parameter space in sterile-to-sterile and active-
to-sterile neutrino transition dipole moments for sterile neutrino mass ranging from tens
of GeV to well beyond the Z mass.

The plan for the rest of the paper is as follows. In section 2, we present an EFT
description of the operators relevant to the sterile neutrino magnetic moment in the context
of different EFTs. We then present a simple UV-complete model example for realising the
sterile-to-sterile and active-to-sterile transition magnetic dipole moments in section 3. In
this section, we also present the derivation of these magnetic moments and their correlation
with neutrino masses. In section 4, we review the various phenomenological constraints
on the model from direct collider searches and searches for cLFV processes. In section 5,
we present different interesting final state signatures for probing the sterile-to-sterile and
active-to-sterile transition magnetic dipole moments using LLP searches with non-pointing
photons. We further discuss the implementation and simulation details. In section 6, we
present the numerical results in terms of the EFT coefficients and the parameters of the
explicit UV model. Finally, we conclude in section 7.

2 Sterile neutrino transition magnetic moments

In the presence of RH or sterile neutrinos Np with masses below the electroweak (EW) scale,
transition magnetic moments are described by the effective Lagrangian

ACNRLEFT D) dé\%w Oji\J;'NA, + dfﬁéw 03};,7 + h.c., (2.1)
with the dimension-five (d = 5) operators!
Oilny = (Nfyou Ngj ) F" . 0% = (Dpa0uwNri) F*™ (2.2)

where 0, = %[y, Y], Fjuw is the photon field strength and N§ = CN}, with C the charge
conjugation matrix. Here, we use o € {1,2,3} and 4,j € {1,2,...} to denote the generation
of SM lepton and sterile neutrino, respectively. The operators (’)f\],}\,7 and (’)f‘;{W correspond
to sterile-to-sterile and active-to-sterile neutrino transition magnetic moments, respectively.
The former is antisymmetric in the indices 7, 7 and vanishes for a single sterile state. We note
that these effective interactions are only applicable well below the EW symmetry breaking
scale and are often referred to as NRLEFT operators. We stress that the prime superscript is
used to distinguish the NpLEFT Wilson coefficients from the basis of operators obtained
after rotating NrSMEFT operators at the EW symmetry breaking scale, but not integrating
out degrees of freedom such as W and Z, which will be defined shortly.

'While we omit it here, it is common to include a factor of 1/2 in the definition of Oxy, so that the
normalisation is analogous to the Majorana and Dirac mass terms, as seen in section 3.1.



The NRLEFT operators in eq. (2.2) arise from operators above the EW scale in the
NrSMEFT, in particular, the operators (up to d = 6)

LngsuErr O Cixh OR%5 + CR)™ O™ + O™ ORF + hue (23)

with
01(\7512113 = (NRzO-MVNRJ)BM (2-4>
0 = (Loo, Ngi) HB* | OO = (Lo Npi) ! HW | (2.5)

where L = (v, £1)T and H = (pT, %) are the SM lepton and Higgs doublets, B,,, and W,fu
are the field strengths of U(1)y and SU(2)z, respectively, and 7/ = o;/2 are the generators
of SU(2)r, with o7 being the Pauli matrices. In eq. (2.5), we additionally have H= iagH *.
The operator ON ~~ arises from the NpSMEFT operator at d = 5, while the operator 0% Ny
arises from those at d = 6 after expanding around the Higgs vacuum expectation value as
H = (p*, (v+h+ipz)/v2)T and transforming to the weak-rotated basis of gauge fields. At
the next lowest dimension in the (Ngr)SMEFT are the d = 7 operators [52]

O = (LoH)o,u (HTLG)B™ O = (LoH)o (H T L)W | (2.6)
O = (N&uow Ngj ) (HTH)B™ . OV, = (N0 Ney)(HIT HYW™™ - (2.7)

which generate active-to-active neutrino magnetic moments (’)S‘f7 and further modify O%M.

In the context of high-energy collider processes, it is convenient to define a basis of
rotated NrSMEFT operators at the EW symmetry breaking scale. In this basis, there are
two additional d = 5 operators that involve the Z boson field strength,

Odnz = (Njyou Nej) 2", 0%, = (V000 Nri) 2" . (2.8)

These operators are not present in the usual NRLEFT because Z is integrated out [15, 53, 54];
however, they are convenient to use near the Z pole, where they describe the production
and subsequent decay of the sterile neutrinos via a dipole-like coupling to the Z boson. We
will denote the weak-rotated interactions near the Z pole as

LT e D diny Oy +d%h, 0%+ dily, Olyy + dSh, 0%, + hec.. (2.9)

Now, considering the NpSMEFT operators up to d = 6, the dipole moments in eq. (2.9) are
related to the NgSMEFT Wilson coefficients in the unbroken phase as

d%N’y = Cy J(v512rié ) d’é\?NZ = —Sw 1(\751212 ] (2.10)

=5 (el +S00) ahs = ﬂ( suCOL + ) . 2y
where s, = sinf,, and ¢, = cosb,, with 6, the weak mixing angle, and v is the Higgs
vacuum expectation value. From eq. (2.10), we observe the ratio d%%, ,/d%%, , = —tw between
the sterile-to-sterile couplings, with t,, = s, /cy. In general, a UV-complete model will
also predict some relation between the Wilson coefficients Cﬁ%m and C’I(VGV)VM; if we take
) / cE = a(g/g’) = a/ty, where a is an arbitrary parameter and g and ¢’ are the



SU(2)z and U(1)y couplings, respectively, we obtain the following ratio between the active-
to-sterile couplings

dOé’L

2
wNz _ O 2tw

dg‘}w (2 + a)ty

(2.12)

There are therefore two flat directions in the parameter space of couplings; df‘}w = 0 for
a=—2and d%, = 0 for a = 2t2 ~ 0.6.

In addition to the operators in eq. (2.8), there is also the d = 5 charged-current dipole
operator,

E%;)EE}FT 2 d?}\ifw (ZLOLUMVNR’Z) W + h.c. s (2.13)

where WH is the field strength of the W boson. The associated dipole moment is related
to the NgSMEFT Wilson coefficient CI(\?V)V in the unbroken phase as

i v (6)011' d?]f,w ﬂa
d == = . 2.14
LNW 2 C'NW dg]@’y (2 + Q)Sw ( )

Clearly, we have d%%,,, = 0 for a = 0. This operator is important for the single production of a
heavy N with a charged lepton or in the decay of N to a charged lepton plus di-jet final state.
We note that, from a phenomenologlcal point of view, the free parameters of the model

can be taken to be {my, C’](f%é, CJ(W;M, C

} or {mN,dA],NW, o _,a}, with general flavour
structure. In any UV-complete realisation of these couplings, however, the flavour structure
will be fixed. We take both approaches in this paper. First, we consider model- 1ndependent
constraints on the couplings from LLP searches at the HL-LHC. We then express dN ~~ and
des,
flavour structure and the parameter a. We will review this UV scenario in the next section.

in terms of the parameters of a specific UV-complete scenario, which fixes both the

3 A UV model for sterile neutrino magnetic moments

In this work, we consider a simple UV extension of the SM with RH gauge-singlet fermions
Np. To generate magnetic moments for these states, we add the same minimal ingredients
as [42, 55]; a single vector-like lepton E and a scalar ¢.? Both are singlets under SU(3). and
SU(2)1, and have the hypercharges® Y(E) = Y(¢) = —1. However, we do not impose an
additional Z5 symmetry under which the new fields transform as £ — —E and ¢ — —¢ [42].
Without this extra discrete symmetry, the following renormalisable terms can be written,
which are not present in the SM,

LD E (i) — mp) E + (Dug)*(D*¢) — mg|é|* — Apolo|* — Aomlof*(H'H)
— [NrhELY" + NRh Bpe*

+ LYgHER + Epmeply + LfLé + NG f/lpd™ + h.c.} : (3.1)

2Comparing to other notation used in the literature, E < X§ [55] and ¢ < ¢ [55], h [56] and S; [57, 58].
3We employ the convention D, = 8, + igr'W'* +ig’Y B,, for the covariant derivative, such that SM fields

have the hypercharges Y (L) = —%, Y(r)=-1,Y(H) = %



Field(s) Irrep | Couplings | Zy | Tree-level, d > 4 | One-loop, d > 4
Ngr (1,1) Y, v — —
E | (1,1), Y X o), 0% Oc, Ocw, - .-
o (L)1 | f, Aem X Oy OB, Ocw, - ..
Nr, ¢ — f X OiNtes Oen o), 0%, ...
Ng,E — — — — o), o, ...
Np,E,6 | — h, W v — o). ...

Table 1. Fields in the UV model that generate sterile-to-sterile and active-to-sterile neutrino magnetic
moments. Shown are the representations of the fields under the SM gauge group and the renormalisable
couplings when one, two or all of the fields are present; check marks indicate the allowed couplings when
E and ¢ are odd under Z,. Also shown are a selection of (Ng)SMEFT operators generated at tree-level
and one-loop after integrating out E and ¢, giving interesting observable effects at low energies.

where L = iopL°. The RH neutrinos Ny can also have the Yukawa-type and Majorana
mass terms —EYVfINR — %N]%MRNR + h.c., which will be discussed in section 3.1. Note
that, because of the removal of the Z symmetry, we obtain four additional terms in the last
line of eq. (3.1) with respect to [42]. The field content of the model is also summarised in
table 1, where we show the representations of the fields under the SM gauge group and the
renormalisable couplings which are present when one, two or all of the fields are considered.
With check marks (crosses), we indicate which couplings are allowed (forbidden) when the Z
symmetry, under which E and ¢ are odd, is enforced. We also show the (Nr)SMEFT operators
which are generated after integrating out F and ¢. Among these are the operators (’)1(\,5])\, B
(9](\?])B and (’)5\,63‘, which induce sterile-to-sterile and active-to-sterile neutrino magnetic moments,
but also operators which are relevant for other low-energy probes, such as cLFV processes.

After EW symmetry breaking, mixing is induced between the SM charged leptons ¢
and the vector-like lepton E. In the broken phase, the Lagrangian contains the following
extended 4 X 4 mass matrix

o ER vY, vYg
[,D—(KL EL> Mg E +h.c.; Mg= V2 V2 , (3.2)
R Mep ME

where the upper-left entry arises from the SM lepton Yukawa term —LY,H¢g + h.c.. Without

loss of generality, the weak eigenbasis RH fields ¢ and Epr, which have identical gauge

interactions, can be chosen such that all of the entries of m.g, which is a 3 x 1 matrix, are

zero [59]. This is equivalent to rotating away non-zero m.p via redefinitions of Y., Y and

mpg. Now, the mass matrix Mg can be diagonalised with the following rotation of fields,
lLa Vi v s (Ra vVE VE g

vz ve |72\ o) “\vr ve |72 ] (3.3)

such that VIIMpVE = ./\/l%iag = diag(me, my, m;,mps). Here, £ and E' represent the
physical mass eigenstate fields, with the former corresponding to the known charged leptons



% € {e, u, 7} and the latter a single heavy charged lepton. With abuse of notation, we relabel
¢! — L, and E' — E in the following. In the limit Y, ~ Yz < v2mg/v, it becomes possible
to block-diagonalise Mg with the approximate seesaw-like mixing

UY]_% ~ 7)2 [Yve]Z’ng

L __ Lx _
VaE - _VEa ~ ) oF — VEa ™ 2 )
V2mg 2my

(3.4)

where we see that the mixing between the RH fields is further suppressed by v/mpg with
respect to the mixing between LH fields. Given that the LH mixing is less suppressed, we
can also consider the following non-unitarity in the VaLi entry,

VYRY S

VL ~ 5aB — 3
A 4m3,

fy (3.5)

Similarly, non-unitarity is seen in the VELE entry, but is irrelevant phenomenologically.
Expanding the covariant derivatives in the SM Lagrangian and eq. (3.1), and transforming

to the weak-rotated gauge fields, the gauge interactions of vy, {1, /g, Fr /g and ¢ in the broken

phase are found to be

_ _ < _
LD —eQ [mf + Ey,E + i¢*au¢} AR — L%ELWVLW# + h.c.] (3.6)

g v - i l 7 N = ER . *H o
- = {QLVL’YMVL + 9l ln + gr (EL’YMEL + (53 ER) Yu 5 +i¢ 3;&5)} zZt,
w R

where, as usual, the electric charge is Q = 72 + Y and the LH and RH Z couplings are
g]{ =73 —-Qs2 and gf; = —Qs2, respectively. Additionally, the charged lepton and vector-like
lepton fields must be rotated to the mass basis according to eq. (3.3); the structure of eq. (3.6)
results in the photon couplings and Z couplings to £g and Er being diagonal in the mass
basis, as insertions of the LH and RH mixing cancel due to unitarity. However, the LH
mixing V¥ remains in the charged-current term and the neutral-current terms involving 7,

and Fr. In the seesaw limit, the Lagrangian then becomes

2v ayB*
g - vYgYg
ED—[E (5 8— ———5— |7 PLVBW“+h.c.
\/5 [e% Q 4m2E j2
2y ayB*
95 ( ¢ vYgYp >
4 0, —= Prlgzt . 3.7
- a(gL aB + T YuPrls (3.7)

The former induces lepton flavour universality (LFU) violating charged-current processes.
The latter describes off-diagonal Z couplings or flavour-changing neutral-currents (FCNCs),
which are subject to a plethora of stringent bounds from EW precision observables and
cLFV. We note that eq. (3.7) is equivalent to integrating out E at low energies, which gives
non-zero tree-level matching conditions for the coefficients of the d = 6 SMEFT operators

<> _ <> _
OY) = (H'iD,H)(IA*L) and OF) = (H'iDLH)(Lr' L), i.e.,

o o YozY/B*
CYf =c@)f = T2 E (3.8)

2
4ms,



which has been used previously in the literature [60-62]. Constraints on the Yukawa coupling
YEr from these probes are detailed in section 4.
Next, the Lagrangian in eq. (3.1) results in the Higgs interactions

1 - ¢
£o-—l (Y. v&) (EZ) h+he.. (3.9)

This term can also be rotated to the mass basis, where the RH mixing V is no longer
cancelled due to unitarity. The resulting couplings of the Higgs to charged leptons are

LD ———4,
V2

which is nothing other than the tree-level matching of the UV theory onto the d = 6 SMEFT
operator Oy = (HTH)LH/(R, with the coefficient

1~ Y YL
(% — 477’1;2E> [Yel,sPrlgh + h.c., (3.10)
E

o YEYZ Vil

co = (3.11)

Qm%
Eq. (3.10) modifies SM Higgs decays and induces cLFV Higgs decays via the off-diagonal
couplings.

Moving now to the scalar sector of the UV theory, the term —LfL¢ in eq. (3.1) can
be written explicitly as

C

LD - (DL ZL) f ( KLC) ¢ +h.c. = =20 fl5¢ + h.c., (3.12)

—vf

where, in the second equality, we have used that f is antisymmetric in flavour space, fo3 =
— fBa- This interaction also induces LF'U violating and cLEF'V processes at tree-level and one-
loop. If the scalar ¢ is heavy and integrated out at low energies, eq. (3.12) results in the tree-
level matching to the SMEFT operator Oy = (L, L)(Ly*L), with the coefficient [56, 63, 64],

caie — f“”i{}ﬁ. (3.13)
Mg

Including also the term N]% f'lrd*, integrating out ¢ also gives tree-level matching to the
NrSMEFT operators O;nie = (LNRg)e(LeR) and Oy = (ERWER)(NRVHNR) [58], with
) 2 / - ol 4
i A 3.11)

This exhausts the tree-level phenomenology of the UV model at low energies, which would
have been absent if the Zs symmetry had been imposed. At the one-loop level, many more
operators are induced in the (Ng)SMEFT, with partial matching results, predominantly
in the SMEFT, available in the literature [55, 65-67]. The focus of the remainder of this
section is the one-loop matching of the operators (’)J(Viz, B (’)1(% and (’)](\%,, which induce LLP
signatures at the LHC. First, in section 3.1, we review the generation of neutrino masses.



3.1 Neutrino masses

For sterile-to-sterile neutrino magnetic moments to be present, at least two RH neutrinos
Np are required in the model. As mentioned below eq. (3.1), it is possible to write the
renormalisable terms — LY, HNp — %NIQM rINg+h.c. in the Lagrangian. Below the EW scale,
these terms lead to mixing between the active neutrinos vy, and Ngr. The Lagrangian contains

1 B c 0 vYy
£~ (g Ng) M, L) dhe; M= e V2, (3.15)

where the extended neutrino mass matrix M, is symmetric. Without loss of generality,
Mp can be made to be diagonal via a rotation among the RH neutrinos, such that Mp =
diag(mn,, mn,, - ..) and the resulting massive states are Majorana fermions, with N; = N¥.
However, we will keep Mg general in the following. The mass matrix can be diagonalised
with the following unitary rotation [68]

C * i * /
Via _ ~az ~aN¢ PR v; ’ (316)
Ngj Vii Ujn; Nj

such that VI M,V = Mdiae — diag(m1, ma, m3, myy, ...). Here, vl = v and N/ = NJ¢
are the physical Majorana mass eigenstate fields in the broken phase, with the former
corresponding to the observed light neutrinos and the latter to heavy sterile neutrinos. Similar
to the charged leptons, we will relabel v/ — v; and N} — N;. In the limit Y, < v/2Mg/v,
M, can be diagonalised with

V2

to obtain the sub-blocks

(Y, Mg") (Mg'Y)),,Ua

jo o i

VaNi ~ (3 17)

~ - v
* L~ _
oUsvir Vit ® =5

2
v — FTk TR
(My]ap = UaiUgim; =~ —?(YVMRlny)aﬁy [Mn)ij = Uin,Uin,mn, = [MRg]ij,  (3.18)

where U and U diagonalise M, and My, respectively. Note that Uj N; = 05 if we had taken
MF, to be diagonal. Combining eqgs. (3.17) and (3.18), it is possible to find the well-known
relation for the active-sterile neutrino mixing [69]
Van, = iUajRii, | —L (3.19)
m i
where R is an arbitrary orthogonal matrix, i.e. RjiRy; = 0ji.

In this work, we consider heavy sterile states IN; within the kinematic reach of the
HL-LHC, i.e., my, from 1 GeV up to 1TeV. For this range of masses, there are two possible
ways to produce the observed light neutrino masses via the tree-level relations eq. (3.18).
The first scenario is that the heavy states N; are dominantly Majorana (or, in other words,

the masses my, are well separated). Then, the light neutrino masses are given by [M,]as =

v2

T2
100 GeV, neutrino masses m,, ~ 0.1eV then require Yukawa couplings of size [V} ]a; ~ 1075.

(Y, ]ai[Yy)gi/mn,, which is the standard Type-I seesaw relation [68, 70-73]. For my ~



The active-sterile mixing is governed by eq. (3.19) with |Rj| < 1, or Viy ~ /my,/my.
However, for heavy sterile states in the mass range relevant for the HL-LHC, this active-sterile
mixing Vyn is too suppressed to give observable effects unless some additional NP is present.

The second scenario, which can be more relevant for LLP searches, is when pairs of
heavy sterile states INV; form pseudo-Dirac states with small mass splittings. In this limit,
cancellations in the matrix product Y, M LyT ensure small light neutrino masses instead of
suppressed Yukawa couplings. Now that Y, can in principle be large, so can the active-sterile
mixing in eq. (3.17); equivalently, this corresponds to the limit |Rj;| > 1 in eq. (3.19). This
interesting scenario is minimally obtained in the inverse seesaw mechanism [74-82], which does
not require any additional Higgs doublets or symmetries. To demonstrate this mechanism, we
can consider the simplified scenario where two heavy sterile states, Nr1 = Ng and Npy = 5S¢,
only interact with one generation of active neutrino. The relevant mass terms can be written as

1 _ _ _
LD -—mynvLNg — mysﬁLSE — B (MNNIC%NR -+ MS&SE) — mNDSLNR + h.c., (3.20)

where (m,n,m,s) = vY,/v/2. As such, the extended neutrino mass matrix (assuming one
generation of active neutrino) in the basis (v§, Ng, S7) takes the form

0 myny myg
My = [m,n pun mn, | (3.21)

mys MNp [S

where m,g can be rotated away without any loss of generality [79, 83] and the lepton number
violating masses pn s < my,, are naturally small in the sense of 't Hooft [84], i.e. total lepton
number symmetry is restored in the limit py g — 0. The symmetric mass matrix M, can be
diagonalised as before; the inclusion of Ng and S§ leads to two Majorana eigenstates Ny and
Ns with a small mass splitting compared to the Dirac mass my,,. The unitary rotation matrix
V can be solved perturbatively by using the Hermitian combination M{M,, (or M, M),

VMMV = (VM) (VIMY) = diag(m?mi, mid,). (3.22)

where the V' diagonalising M, M, is the same as that in eq. (3.22). The most straightforward
case is obtained in the limit where py, ps < myn < my, and, without loss of generality,
m,s is set to zero via a rotation among the sterile states. In this limit, the mass eigenvalues
can be solved perturbatively to obtain

‘mVN|2‘:uS’

my, = , 3.23
= TP+ o, P 2

*, 2 2 2

psmi, + pn ([mun]® + Imap %)
m?\h = |mVN’2 + ’mND|2 - 2 5 5 ‘ (324)

VImen 2+ ma |

2 2 2

psmi, +pn (Imun|? + [mag [?)
m%\fz = |mVN|2 + ’mND|2 + = ‘ (325)

VImow[2 + [ma, 2
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Figure 1. Diagrams at one-loop in the UV model which renormalise the RH neutrino mass matrix
Mg (left) and Yukawa coupling Y, (right). For the Yukawa coupling, there are two other one-loop
diagrams; one similar to that above with the replacements Ef — (5 , h; — fi, and Y]g* — [Ye]zp

and another with an internal Higgs line and an insertion of [V, ]q;.

Another interesting case occurs when uy ~ ug and m,y ~ m,g, requiring some additional
symmetry preventing the freedom to rotate away m,g. The mass matrix can be exactly
solved in this scenario, and assuming the parameters to be real, it leads to the masses

1 8m?
D
1 8m?
m%, = 2m2y + 3 (map + us)? |1+ \/1 T e 4 o) JVFJLSF , (3.27)
D
m?\,2 = (mnp, — MS)Q. (3.28)

This case corresponds to the scenario where Ny is decoupled, which can be protected in the
presence of an explicit symmetry, and only N; mixes with the active state. We note that
any new interactions involving N; and Ns, e.g., a transition magnetic dipole moment, is
in general not diagonal in this basis and may lead to corrections to the mass matrix M,,.
However, to restrict ourselves to these two limiting cases of the inverse seesaw mechanism,
we will assume any such correction to be small.

In the presence of the fields E and ¢ and their interactions in eq. (3.1), it is possible to
draw the one-loop diagrams in figure 1 which renormalise the Yukawa coupling Y, and the
RH neutrino mass Mp. The threshold corrections from these diagrams are

1 rlogr u? 112
Yl/ ai — Y(O) ai T |: « Yﬁ*h/ <1 1 ) « Y'e bt (1 1 )
[ ] [ v ] Q72 f BYE "4 + 1 — + OngE +f ﬁ[ ]Bpfzp + Ogmi
L ayBy(0) uy” W
— ZYRYL'Y, ill— ) [1+log— ||, 3.29
SYEYE )1 2 ) (110w 2y ) (3.29)
/7, % * 1,/ 2
g (ki A+ hihG)me rlogr e
[MR]Z] = [MR ]zy 1672 1+ 11—, + log m% , (3.30)

where r = mi / m% and pyr is the usual parameter in the Higgs potential. While it is always
possible to absorb the finite corrections to Y, and Mp in their renormalised values, these
expressions are nevertheless useful to verify if fine-tuning between the tree-level and one-loop
contributions is required to obtain the desired heavy masses my, and transition magnetic
moments, calculated in the following sections.
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3.2 Sterile-to-sterile neutrino magnetic moments

In our model, the d = 5 NgSMEFT dipole operator (’)](\}E)])\, 5 is generated at one-loop, as
shown by the diagrams in figure 2, which then induces sterile-to-sterile transition magnetic
moments Oy, and Oyy in the broken phase. We perform the matching of the UV model
to the effective operator coefficient C’I(VE’])v 5 using the diagrammatic approach, which involves
computing the one-light-particle-irreducible (1LPI) amplitudes in the effective and UV theories
and requiring that they coincide at the matching scale. All one-loop amplitudes are performed
using dimensional regularisation with d = 4 — 2¢ space-time dimensions and introducing the
renormalisation scale . We then subtract divergent pieces in the MS scheme.
The amplitude (N;N;B) in the NgSMEFT via the operator OC)3 is

iMETT = da(pn, )0 p's [ COUE PR — CRUL PL]u(pn, )™ (pp) (3.31)

where pp = pn; — pn;. Here, the indices 4, j are fixed so there is an additional factor of

2 in the amplitude to account for the contribution from the antisymmetric term —CJ(\?Z)\%,

which arises because of the Majorana nature of the sterile neutrinos. The amplitude (N;N;B)
in the UV model is instead given by

iMYY = ¢'Ya(py,) [(h;PR + hi PL)T (R PR + W Pr)
— (b} Pr + W P Pr + hyPr) | u(pw, e (pp) (3.32)

where Y(F) = Y(¢) = —1 and I, denotes the loop integral

2 ddk (]I)Nl - % + mE)’YM(?Nj - k + mE)
" ey [W = m3] (o, — k)2 = mg][(ow, — F)? = m3]
(K +mg)(pN, +pN; — 2k),

_ (k2 — m3,] [(p, — k)2 — m?b] [(pn, — k)2 — mi]] , (3.33)

where k is the loop momentum. The first and second terms inside the square brackets of
eq. (3.33) originate from the coupling of B, to E and ¢, respectively. We now expand the
loop integral in powers of the external momenta and, assuming my, < mg,mg, obtain
the amplitude

/

. g — v * * * * *
MY = L PN oyl [(Hh = HERG)Ph = (hi*hy = hali) P ]u(px, e (p).
(3.34)
where we define the loop function
1 rlogr
f(’f’) - 1—7r (1 o T)Q ) (335)
again with r = mi/mQE For mp = myg, the limit of this function is f(r)| ,, = 1.
The amplitudes in egs. (3.31) and (3.34) can now be equated to find
. "R — hER.
ey = T I (3.36)

647r2mE
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Figure 2. Diagrams at one-loop in the UV model which generate the d = 5 dipole operator (91(5)2, B-
The black square indicates an insertion of the vector-like lepton mass mpg. At low energies, these
induce electromagnetic sterile-to-sterile dipole moments Oy y,. Near the Z pole, sterile-to-sterile
dipole couplings to Z, Oy, are also induced.

Figure 3. Diagrams at one-loop in the UV model which generate the d = 6 dipole operators O](\?[);
and OI(\?&,. At low energies, these induce the electromagnetic active-to-sterile dipole moment O, .
Additionally, at energies near the EW scale, the dipole moments O,y and O,y are generated. Note
that there are additional diagrams with Ef — (. h; — f;, and i = [Ye]j, and others with an

internal Higgs line and an insertion of [Y, ], which also contribute to eq. (3.39).

which is in agreement with the result of [42]. We see that the flavour structure is determined

entirely by the combination hgh;‘f —h} h;, with the diagonal elements vanishing, as expected.

In the broken phase of the SM, but at energies where the Z boson is not yet integrated

out, C’I(V51)VB results in the v and Z couplings (dyy., and dyyz) according to eq. (2.10). For

mg = mg, egs. (3.36) and (2.10) give dipole couplings of size,

(3.37)

g _ Wi — BERGN /1T
Ay, = coC ~ 2.4 x 1076 GeVl( J J) ( eV) .

10 mpg

Thus, even with values of the couplings at the perturbative limit, h, h’ < /4w, values of
the dipole coupling can only be obtained up to df\,j]\,7 ~107* GeV~! with mg and mg just
above the current lower limits from collider searches, mg, my 2 200 GeV (see section 4
for further details).

Examining eq. (3.30), we observe that the one-loop correction to [Mpg];; depends on
the same couplings entering C](\,E)])fé in eq. (3.36). Therefore, to obtain large sterile-to-sterile
neutrino magnetic moments for sterile states in the 10 GeV to 1 TeV range, some fine-tuning

between the tree-level and one-loop contributions to [Mp];; may be required.

3.3 Active-to-sterile neutrino magnetic moments

The d = 6 operators 05\?})3 and (’)gﬁ&,, which induce active-to-sterile neutrino transition
magnetic moments O, ., and O,yz, as well as the charged-current dipole O,y , are also
generated in the UV model at one-loop, as depicted in figure 3. These diagrams do not
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require mixing between the active and sterile neutrinos and thus avoid mixing suppression.

However, they do rely on the Yuwawa coupling Yz of the lepton doublet L with vector-like

lepton E'r and Higgs doublet H. In the following, we use the same procedure as the previous

section to find the matching between C](\,GB and C,(\,GV)V and the parameters of the UV model.
In the NgSMEFT, the amplitude (v,N;Bh) is given by

iMETT = 20N u(py, )0 0% Pru(p, ) e () (3.38)

where pp = pN, — Pu,- In the UV model, the amplitude (v, N;Bh) is determined in part by
the three one-loop diagrams shown in figure 3. It is also possible to draw one-loop diagrams
analogous to those in figure 3, but with Ef — £, , hi — i’p and YEﬁ* — [Ye];’;p, and another
with an internal Higgs line proportional to YEYL,@* [Y,]i. Including all of these contributions,
the UV amplitude (v, N;Bh) can be calculated and compared with the EFT amplitude, as

enacted in the previous section. This gives the matching condition,

: / faplYelpfip (5 2
* B *
ONS™ = oy |Blag Y LS () — 202 (2 +3log T’;fﬂ) FYRYE Y )ai| , (3.39)
E o

where the flavour indices § and p are summed over and the loop function f(r) is the same
as in eq. (3.35), with r = mé/m%

As seen in the diagram to the right of figure 3, the intermediate charged lepton can
also couple to Wg’, which generates the operator OI(VG‘}V. The amplitude for (v, N;W3h) from

this operator is
C(G)ai
iMei ' = =, )0y Pru(p, e (pw) (3.40)

V2

for py = pn, — pu,. The UV amplitude (v, N;W3h) can be calculated from the diagrams en-

tering (v, IN; Bh) where it is possible to replace B — W?3. The resulting matching condition is

. faﬁ[)e]* o (3 M2
cOai 9 | oy By _ JePlelBplip ( +1 ) +YRYP Y la| . (341
NWT 550 ]QE [ BLE Zf(T‘) 9 08 mé ETE [ ]6 ( )

From egs. (3.39) and (3.41) we see that, in principle, there are multiple contributions to
these operators. To simplify this dependence on the UV model parameters, we note that we
are only interested in the scenario where the coefficient C](\,sz,g is sizeable, requiring large h'.
Then, if we assume that the first terms in egs. (3.39) and (3.41) dominate over the others,
we obtain the particularly simple relation between the coefficients

2

- 8~ 1.2200) (3.42)

oo =
Thus, as discussed in section 2, the UV model sets the parameter a = 2/3. Now, using
egs. (2.10) and eq. (3.41), we find the corresponding active-to-sterile dipole couplings in
the broken phase to be

ai _ WCw (©6)ai g oyt (fasY B (1 TeV?
Ak = s O™ = 175107 Gev L ) (3.43)
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Figure 4. Diagrams at two loops in the UV model which contribute negligibly to the d = 7 dipole
operators (9§7,3 5 and O&QW. The crossed circle in the left diagram refers to the sterile-to-sterile one-loop
diagrams in figure 2, while the circle in the other two diagrams correspond to the active-to-sterile

diagrams in figure 3.

Using eqgs. (2.12) and a = 2/3, we also find the ratio d%,,/d%, = (1—3t2)/(4ty) ~ 4.5x 1072,
The active-to-sterile dipole coupling with Z is therefore relatively suppressed with respect to
d‘j}h
dSy ., exhibits an interesting dependence on the parameters of the UV model. In the case of

in this scenario. Finally, we note that the flavour structure of the couplings dﬁ‘};,7 and

flavour universal couplings, at least one of the entries of d*_ and d, for o € {e, yt, 7} must
vanish, with the other two being equal and opposite in sign; for the choice g =Y} = Y[
and fey = fer = fur, we obtain dff};w = d",, = 0, for example. In the scenario where
only the u-7 couplings are non-zero, for example Y4 = Y7 and f,;, we would instead have
e, = d%, = 0, d%, = —d7i_ and d'y, = —d7,. Finally, if only couplings involving
T are present (e.g., YZ, fer = fur), we would obtain dJ} = dTi, = 0, d% = d'y, and
d®,, = d'y,. These particular limits can be readily translated to other flavour combinations.

3.4 Active-to-active neutrino magnetic moments

Here, we finally comment that active-to-active neutrino magnetic moments are naturally
suppressed in the UV model. With the fields and couplings available in eq. (3.1) and assuming
the RH neutrinos satisfy my, < mg, mg, the lowest-order 1LPI amplitudes that contribute
to the d = 7 SMEFT operators C§Q§5 and C§Q€‘f are at two loops, as shown in figure 4.

However, in the broken phase, and at energies where the RH neutrinos may also be
integrated out, active-to-active neutrino magnetic moments are induced via the active-sterile
mixing Vpy, i.e.,

4o, = Vi, Vi, A, + [Virn, e, — Vi dSi, ]

=107 6o (55050 ) (35 ) + (56 ) (o) 44
¢ 1010 1076 GeV ! + 1075/ \ 1011 Gev~! (3.44)

where in the second line we have assumed that o # 8 and d%w = 0. For active-sterile
mixing of the size predicted by the Type-I seesaw mechanism, Vyn ~ /m, /my ~ 1075, this
contribution is highly suppressed both by the mixing and the one-loop suppressed dy{ . and

df‘}'h. Thus, even with the larger mixing Vpy in the inverse seesaw scenario, we can still
expect the active-to-active neutrino magnetic moments to safely satisfy the bounds from
TEXONO [85], GEMMA [86], LSND [87] and Borexino [88], d%/ <2 x 1078 GeV ™.
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4 Phenomenological constraints on the UV model

In this section, we review the constraints on the UV-complete extension of the SM outlined
in section 3. We begin by examining the direct production of E' and ¢ in collider experiments.
We then consider rare low-energy processes which are not present or highly-suppressed in the
SM, but could be enhanced by non-diagonal flavour couplings after integrating out E and ¢.

4.1 Constraints from direct collider searches

A recasting of direct searches for selectrons and smuons at the LHC provides useful constraints
on the singly-charged scalar ¢ in our UV scenario. The dominant limit comes from the
Drell-Yan pair production process pp — v/Z — ¢t¢~ followed by the decay ¢= — (Fv.
In [64, 89-91], the most recent ATLAS search [92] for oppositely-charged electron and muon
pairs with 139 fb~! of collected data was recast for the singly-charged scalar scenario. The
ATLAS search places a lower bound on the slepton masses of approximately 450 GeV for a
100% branching ratio of the slepton in the specific channel. The major difference between this
analysis and the pair production of ¢*¢~ is the cross-section in the two scenarios. In [64],
a simple scaling factor was used to map the leading-order Madgraph-simulated production
cross-section for pp — ¢ ¢~ onto the production cross-section given by ATLAS for the RH
slepton pair. Allowing for further uncertainties, a conservative lower limit of mg 2 200 GeV
was found. In addition, monophoton searches for dark matter at LEP [93, 94] can also be
recast to obtain the limit my/|feu| 2 350 GeV [64].

In general, SU(2), singlet vector-like leptons E are subject to much weaker bounds
compared to their SU(2), doublet counterparts, due to their relatively smaller production
cross-sections. Initially, searches at LEP [95] were able to exclude the masses mp < 101.2 GeV.
More recently, the ATLAS collaboration has performed a search for heavy charged leptons
decaying to a Z boson and an electron or muon, excluding the mass range 129-176 GeV
(114-168 GeV) for mixing with only electrons (muons), except for the interval 144-163 GeV
(153-160 GeV) [96]. In [97], the prospects of probing singlet vector-like leptons with multi-
lepton searches at the LHC were explored, with some reach for exclusion at the HL-LHC. In
our specific model, the pair-produced vector-like leptons can also decay to a RH neutrino and
the singly-charged scalar, E* — N;¢T. The subsequent decay ¢ — ¢*v therefore leads to the
signature of two oppositely charged leptons plus missing energy. This is a signature similar to
that from ¢ ¢~ pair production and is expected to yield a similar constraint, mg > 200 GeV.

Finally, EW precision data from LEP, complemented by the measurement of the Higgs
mass, have been used to perform a global fit for the SM plus heavy NP effects, parametrised
by d = 6 SMEFT operators [57, 60, 63]. From this fit, flavour-dependent upper bounds can be
placed on the mixing between the charged leptons and F, which alternatively can be written as
the lower limits mp/|YgE| > 8.3 TeV, mp/|Y};| > 5.8 TeV and mpg/|YE| > 5.3 TeV (95% C.L.).
The singly-charged scalar is similarly constrained as mg/|feu| > 12.5 TeV (95% C.L.).

4.2 Constraints from charged lepton flavour violation

As mentioned in section 3, charged lepton flavour violating (cLFV), lepton flavour universality
(LFU) violating observables and precision tests of observables such as (g —2),, can be used to
constrain the parameter space of the UV model [56, 62, 64, 98-103]. In the presence of the
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Figure 5. Diagrams at tree-level in the UV extension which result in violations of LFU and non-
vanishing rates for the cLF'V processes {, — 3¢l and 7 — £gX, where X is a light meson.

Yukawa couplings Yg, mixing is induced between the SM charged leptons and the vector-like
lepton E, modifying the SM charged-current, neutral-current and Higgs interactions at low
energies, as seen in eqs. (3.7) and (3.10).*

Equivalently, from the EFT perspective, the operators Ogl), Og’l) and O.p are induced
at tree-level after integrating out E. Likewise, the operator Oy is generated after integrating
out ¢. SM processes such as £, — lgvv, 1 — Lov, T — v and B — D® ¢, v are modified
in the presence of these operators, while cLFV processes such as £, — {gvy, o — ﬁgﬁlz
i — e conversion in nuclei, Z — ﬁ;rég and h — E;Eg are induced. The ¢, — {7y process
additionally receives contributions directly from the dipole operators O.p and Oy, both of
which are generated after integrating out F and ¢ at one-loop. In the following, we assume
that E and ¢ are integrated out at a scale well above the low energies of the considered
processes. Thus, one should consider the running of the operators from the high scale down
to the EW scale, match to SU(3). x U(1)y invariant operators, and then run down to the
low scale. However, we neglect the sub-leading effects of running as we only aim to obtain
bounds on the model for comparison with those from LLP searches in section 5.

For the bounds from LFU violation, we consider here as an example only the purely
leptonic LF'U ratios, which measure deviations from the SM predictions for £, — {gvv. In
the UV model, we obtain the ratio [62, 105]

F(fa — fﬁl/ﬂ)

—1
T(lo — lgv0 T

2 [VEP + Vil | 2lfapl
2

4.1
St el (1)

Nsm
where we only take into account the interference between the SM and the NP contributions.
The first and second terms in the square brackets of eq. (4.1) arise from the exchange of W
and ¢, respectively, as seen in the left- and right-most diagrams of figure 5. The Z and h
exchange diagrams do not contribute at this level, because there are no FCNCs at tree-level
in the SM. This ratio can be used to determine the ratio of couplings |g/gs|, obtained as

9o
9p

Y~ [YEP |, |fapl® = £l

~ 1+ 02 5 5
dms, mg

(4.2)

From eq. (4.2), it is clear that LFU violation vanishes for flavour universal couplings, e.g., the
choice Y =YE = Y[ and fey = fer = fur. Current experimental values of these coupling
ratios are |g-/g,| = 1.0009(14), |g-/ge| = 1.0027(14), |g,/ge| = 1.0019(14) [106, 107]. From
the first of these results, taking only Y7 to be non-zero gives mpg/|Y75| > 4.1 TeV.

4The Yukawa coupling Y;, which induces the active-sterile mixing Vn, also modifies the charged- and
neutral-current interactions and therefore contributes to cLE'V processes [104]. For simplicity, we assume that
Y, < 1 for the purposes of deriving bounds on the UV model.
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The tree-level Z and Higgs exchange diagrams in figure 5 induce the cLF'V processes
o — L0l which are subject to stringent constraints from SINDRUM [108] and Belle [109].
The branching ratio for this general process, neglecting final-state lepton masses, is [110, 111]

B(la — Loty ls) ~ ma Vgl (14 05,)(91) + (95)?] (4.3)
o BEyLS 7687T3Fa(1 +65’Y> m4E By/\IL R : )

We assume that the dominant contribution to eq. (4.3) comes from the Z exchange diagrams,
or correspondingly the operators Ogl) and Ogl) The contribution of the Higgs exchange
diagram, or the operator O.p, can be safely neglected as it is further suppressed by the lepton
masses, as seen in egs. (3.9) and (3.10). In eq. (4.3), we also neglect the contributions from F
and ¢ at one-loop via penguin and box diagrams, or equivalently via the operators O.p, Ocw
and Oy [64]. The one-loop contribution of ¢ will only be relevant if the Yukawa couplings
inducing ¢, — ﬁgﬁg at tree-level satisfy YE,YE@ < fap- If we assume that the tree-level
contribution dominates, the branching ratio in eq. (4.3) and the corresponding experimental
upper limits can be used to place lower bounds on the combination mpg/ \Yg*YEB |1/ 2 for ae # B.
The SINDRUM experiment provides the upper limit B(u™ — etete™) < 1x10712 (90% C.L.),
giving mp/|YEYE|/? > 120 TeV. Likewise, the upper limits B(1~ — e"e"e™) < 2.7 x 1078
and B(7~ — p~p~pt) < 2.1 x 1078 from Belle translate to mpg/|YZ*YE|/? > 5.9 TeV and
mp/|YEYEY? > 6.3 TeV, respectively. The equivalent constraints from B(t~ — e~ u~u™)
and B(t~ — p~e"e') are comparable. We note that the cLE'V processes {o — £3qq, i.e.,
hadronic 7 decays 7 — ¢3X, where X is a light pseudoscalar, scalar or vector meson, are
also generated. Constraints on such decay modes from Belle and BaBar are comparible
to those on 7 — £l [112].

In the presence of the flavour-changing Z couplings at tree-level, the exotic process of
muon conversion to electrons in nuclei can also occur. The rate for this process, divided
by the total capture rate I'capt, is [113, 114]

m, VA Y[ ?

(gt + g8 VP VY 4 (g + g (VP 42V M) (4.4)

CR(p —e) = T—
cap E

where V® and V() are nucleus-dependent overlap integrals over the proton and neutron
densities and the muon and electron wavefunctions [113]. In eq. (4.4), we again assume that
the dominant contribution arises at tree-level via the operators (’)gl) and OS’I), neglecting
the contributions of ¥ and ¢ at one-loop via penguin diagrams. The SINDRUM experiment
has placed an upper bound on the p — e conversion rate on 25 Au of CR(u — €) < 7 x
10713 (90% C.L.) [115], which results in the constraint mp/|Y5*YE|/2 > 290 TeV.

Next, the radiative cLF'V process {, — {g7v is generated at one-loop, as depicted in
figure 6. The corresponding branching ratio is given by [111, 116, 117]

md o [|YeYE /8 N Fafes? |l
Blla = b5~ 59T 2 || am2, <1+39L>+ 3m3 12mz ] |’ (4.5)

where the indices p and i are summed over. The term in eq. (4.5) proportional to YE*YE’B

originates from the operators (’)gl), Ogl), O.p and O., generated after integrating out
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Figure 6. Diagrams at one-loop in the UV model which induce the cLF'V process {, — {3y and
contribute to the anomalous magnetic moment of charged leptons, ay. From left to right, the first
three diagrams are the result of the modified W, Z and Higgs interactions in egs. (3.6) and (3.9),
respectively, while the fourth diagram is induced by the —LfL¢ and —J\_ff2 f'¢ro* interactions. The
first and last diagrams are further modified in the presence of the active-sterile mixing Vyy.

E, while the terms proportional to f7,f,s and i %/Z? arise from the contributions of ¢ to

O.p and Ogy. Contributions of the operator O,y via two-loop Barr-Zee type diagrams are
neglected, as Ccpy is suppressed by the lepton masses. If we assume only non-zero Yz values,
the current upper limit from the MEG experiment [118], B(u — e7y) < 4.2 x 10713 (90% C.L.),
corresponds to the constraint mp/|YA YE|'/2 > 75 TeV. For 7 decays, the BaBar experiment
gives the upper limits B(7 — ey) < 3.3 x 107 and B(r — wy) < 4.4 x 1078 (90% C.L.) [119],
enforcing mp/|YE*YE|Y/2 > 2.9 TeV and mp/|YE*YE|/? > 2.7 TeV, respectively.

Finally, limits can be placed from the cLFV decays Z — £3{5 and h — £3¢;. With
non-zero values of Y, the branching ratios of these are [98, 103, 120, 121]

2 2 Ya‘z v4’ya*yﬁ|2
B(7 o=y = M2 Mg |2y ey2, oV IVEY s | vIYE YR 46
(Z = L345) 67T, 0° (92)" + (9r)" + 91 2mZ, ap t 16, ;o (4.6)
2 21y |2 41y axy B2
_ my m 3ve|YE| 9| Y Y|
B(h — (T07) = 21— ——=—19 —= = | 4.7
(h = 4als) = gary o2 l( oz, ) O T 16md, (4.7)

We note that B(Z — (5£}) and B(h — (x(}) are found by adding the branching ratios with
a <> [ to those above. Upper bounds on these decays have been placed by OPAL [122],
ATLAS [123, 124] and CMS [125]. Taking the most stringent, B(Z — eTuT) < 4.2 x 1077
at 90% C.L. [123], gives mp/|YE YE|Y/2 > 4.1 TeV.

To conclude this section, we observe that ¢, — zﬁﬁé and pu — e conversion in nuclei
provide the most stringent constraints on the UV model, with the latter probing values of mg
up to 290 TeV for O(1) Yukawa couplings Yg. The coupling Y enters the active-to-sterile
dipole couplings, as seen in eq. (3.39) and (3.41), and therefore these constraints must be
taken into account when considering non-zero dg‘fw. However, we note that these constraints
can be easily evaded if the couplings of E and ¢ are not flavour universal. For example,
one can consider only non-zero couplings in the p-7 (e-7) sector; for Y5 = 0 (Y} = 0),
the strong bounds from p — 3e and g — e conversion are no longer applicable. The only
bounds that then apply are the much weaker limits from LFU violation, 7 — uy (7 — ev),
and 7 — 3u (7 — 3e). One can also consider the case where only one Yukawa coupling is
non-zero, e.g. YZ. Then the bounds strongest bounds come from the one-loop contributions
of ¢ to p — ey, 4 — 3e and pu — e conversion.
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Figure 7. Example cross-sections at the LHC (y/s = 14 TeV). The left plot shows the contribution of
cfly to o(pp — N1N3) as a function of my, +my,. Dashed lines represent the partial contributions
from the Z and 7 channels. The right plot displays the production cross-section of the processes
mediated by Cff; and C’J(\,GV)V. The cross-section for the charged-current process given by the chosen
values of these couplings is the same as the cross-section for the production of Ny via the mixing
|Ven,|? =~ 3 x 107C.

5 Long-lived particle searches at the LHC using non-pointing photons

In this section, we discuss the potential of searches for non-pointing photons at the LHC to
constrain sterile neutrino magnetic moments. To keep our analysis as general as possible,
here we will follow the same conventions as the EFT notation introduced in section 2.

5.1 Sterile neutrino production and decay mechanisms

In what follows, we first discuss the sterile neutrino production and decay processes triggered
by the EFT Wilson coefficients Cff’,)vg and C’J(V6))(m, where X = B, W.5> We also comment on
the contributions from the active-sterile neutrino mixing.

(5)12 _ ~(5)

Hereafter we simplify notation by omitting flavour indices. First, we take C'yxp = Cyas
and since O](fj)v p is an antisymmetric operator, we are implicitly assuming C’ffg}; = —CJ(\?I)VIB?.
Second, we also omit the lepton flavour v in C' ](\,6 ))(m, (C ](\,6 ))(M = 1(\2))(), as processes which involve

active neutrinos do not reveal which neutrino flavour is participating. These simplifications

will also apply to the coefficients in the broken phase.

The coupling C’J(VE),%,B contributes to pair-production of the sterile neutrinos via pp —

~v/Z — N1 Ny, while CI(V?X leads to the production of a single N; through pp — v/Z — Nv

and pp — W+ — N;¢*. Figure 7 shows some example cross-sections for fixed values of C'](V‘K)I)v B

(left) and C’](\g)x (right). For my, + mn, < mz, pair production through CI(VE)]?] 5 is dominated
by the Z exchange diagram, whereas for larger masses photon exchange dominates. Single
sterile neutrino production through CJ(VGZ,)X, on the other hand, is dominated by the charged
current. The neutral channel is subdominant compared to the charged one in this case
because of the suppression between d,y,, and d,y,, discussed below eq. (3.43). Note that

sterile neutrino production at the LHC through mixing (non-zero Vyy,) proceeds through

5Here, we assume C,(\,G&f‘i = 2/(3151,))C’Z(f[)f‘i7 as discussed at the end of section 2.
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charged current events with the same dependence on the mass my, as for CJ(\S)X. We therefore
do not show production via mixing separately in figure 7 (right).

For sterile neutrino decays, the interaction CN5N 5 induces the two-body decay No — Nivy
and, if Ny is heavy enough, No — N;Z. Note that the lightest N7 can not decay through
CJ(VE’Iz, - The relevant partial decay widths of No, in terms of the broken phase parameters
defined in (2.10), are given by

2 3 2
2|d
mé\h ) = | NNW| m‘})’v (2 — (5)3 63 s (51)

2|dNN7|2 3
F(NQ — Nl’y) = 771_ mN2 1-— m 5
No

with § =1 — Z—Zl denoting the mass splitting between the two sterile states, and
2

2 2 2
D(Ny = Ny 2) = [vszl™ s ) (mN mz) AW(L =N mf) , (5.2)
T mN2 ’I?’LN2 mN2 mN2
with
fr(@y) = (1—2)? —*) 20 +2)* +4?) , (53)
Na,y,2) = (x—y—2)? —dyz. (5.4)

We recall that we use the notation d]l\?NW = dyy, in this section, and because of the anti-
symmetric nature of the coupling, there is an additional factor of 4 in the decay width of
Ny — Ny compared to that of N; — vy (see egs. (5.1) and (5.5)).

The couplings C](\g)B and C](\,f)w generate the decays N; — vy, N; = vZ and N; — (*WT.
While the v final state is kinematically allowed for practically all values of my,, Z and
W final states contribute only for my;, larger than the gauge boson masses.® The relevant
partial decay widths, written in terms of the broken phase parameters defined in egs. (2.11)
and (2.14), are given by

dyn.|?
DV, = ) = 22l 55
s
|duw, 2| 2 2 my
N;
r . |donw|? 2 2 miy
N;

where, for simplicity, we have neglected the charged lepton masses. In the computation of
the total width of a Majorana NN;, the latter two partial decay widths are multiplied by 2 to
account for the Majorana nature of N and the charged conjugated channel £TW~. Sterile
neutrinos will also decay via mixing. These decays have been thoroughly studied in the
literature. For our numerical analysis, we use the decay width formulas of [126, 127].

In figure 8 we show the previous partial decay widths as a function of the sterile neutrino
masses for various coefficient values. Here, C’J(Vi)B and C](\S)W are fixed as C](Vi)B =5x10"12GeV 2

SFor my, below the weak gauge boson masses, three-body decays through off-shell Z/W occur, but we
have checked that these are always subdominant in comparison to the v channel. Hence these partial widths
are neglected in our numerical study.
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Figure 8. Partial decay widths of the decay modes induced by neutrino mixing, CI(V% 5 and C’I(fi)B

(C’I(\,G)W =2/ (3tw)01(\2)3)- We have chosen different benchmark values of the coefficients in each plot,
see the corresponding legend.

and C](\g)w = 2/(3tw)01(\233 ~ 6.22 x 10712 GeV~2. These control the decay channels to v,
vZ, e"W. For comparison, we also show the neutrino mixing partial decay width for two
different values of |V, |2, In the left (right) plot, we fix [Vyn,|? = 1072 (1071), motivated
by an inverse seesaw (or naive Type-I seesaw) estimation. Additionally, we show the partial
decay width of No — Njy and N — NjZ controlled by C’](V‘r’z)V 5 and d. In the left plot, these
parameters have been fixed to C’](\?J)VB =10"9GeV~! and 6 = 0.01, and in the right plot, to
CJ(V512, 5 =10"8GeV~! and 6 = 0.5. These values are chosen to illustrate the regimes in which
sterile neutrinos ranging from a few GeV to a few hundred GeV could have decay lengths
O(1072 — 1) m, which are interesting for LLP searches. Notice that only the right plot shows
a curve for No — N1 Z, as a large mass splitting is needed for this channel.

From figures 7 and 8 we can compare the relative sizes of CJ(V513, B C'J(Vi)x and Vyy;,, determin-
ing the dominant sterile neutrino production and decay mechanisms. There are nine distinct
possibilities, which we define as shown in figure 9. The scenarios in the same row have the
same dominant production mechanism, whereas the scenarios in the same column share the
same dominant decay mode for the sterile neutrino. In practice, not all combinations will

lead to non-pointing photons and we present the features of all these scenarios below.
Scenarios B1-B3 assume that production is controlled by CJ(V5]2,B, thus N, and N are
pair produced. Then:

e B1: N, will decay to N1y, whereas N7 escapes undetected. The decay length of No
is controlled by C](V512, 5 and the mass difference § = 1 — my, /mp,. Na is long-lived if
0 < 1. Too small §, however, leads to photons too soft to be tagged. The signal consists

of one non-pointing photon plus missing energy.
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Figure 9. Nine different process classes: this classification distinguishes scenarios, depending on which
couplings dominate N production and decay. The sterile-to-sterile (active-to-sterile) magnetic moment
is controlled by C’]@, B (CJ(\,6)5),, C](\,GV)V). The active-sterile neutrino mixing is parameterised by Vyn.

e« B2: N; will decay to vy and for small enough CJ(\,GI)X this decay is long-lived. N» will

decay to N1 either promptly or, if § < 1, with a finite decay length. The signature of
this scenario contains up to three photons, either two or three of which are non-pointing.
There is also missing energy in the event, from v and the potential undetected photons.

o B3: the mixing parameter Vy, controls the decay of N;. Again, Ny will decay to
N1~ promptly (or delayed if § < 1). The potential final state signal is a prompt (or
non-pointing) photon plus one or two displaced vertices (DV) with charged tracks from
the Ny decays. Unless two displaced vertices and the photon are all found, the event

again contains missing energy.

In scenarios B4-B6, production is controlled by C’I(Vi)xz

o B4: comparing the production cross-sections in figure 7 to the decay widths in egs. (5.1)

and (5.5) it becomes quickly clear that this scenario can not be realised, since CJ(VSJR, g large

enough to dominate the decay width over C'](V(?X would also dominate the cross-section.

e B5: in this scenario C’](\S)X is assumed to be also dominant in the decay of N;. Comparing
the width (5.5) to the production cross-section in figure 7 (right), it is clear that the
decays N; — v+ are too fast to lead to non-pointing photons since there is no kinematic
suppression (§ ~ 1) if CS?X is large enough to give a sizeable cross-section. The signal
in this case is a prompt lepton accompanied by a prompt photon.

o B6: Vyy, is assumed to dominate the decay. Given the discussion above for (B5), it is
clear that decays will be prompt in this case. There are no photons in the final state,

thus no difference in signal to the minimal mixing case.

Finally, for B7-B9 we assume production is dominated by mixing, V.
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o« BT7: the conditions defining this scenario can be fulfilled only in a narrow range of
parameters. The cross-section from the dipole and the one from mixing are roughly
of the same order for some particular ratio of C](\,E’,z, 5 to Vyn,. For this ratio, the width
from C'](\,E})V 5 will be smaller than the one from mixing for my, > 15 GeV, for 6 = 0.01.
For a smaller ratio (and thus a more dominant production via mixing), the partial
width through the dipole can dominate only for smaller values of my,. In this narrow
parameter range some events with a non-pointing photon would be generated, however,

always together with a certain number of displaced vertex events.

e B8: the decay caused by C’](v(:)x can easily dominate over the decay via mixing for
my, < mgz, without C](\g)x dominating the cross-section. Since a minimum size of Vyp;,
is needed to give a sizeable cross-section, however, decay lengths will be shorter than
in the pure mixing scenario. The signal is a prompt lepton plus a photon (prompt or
non-pointing, depending on C'](\g)x)

e B9: this scenario is phenomenologically the same as the minimal mixing scenario. It
has been discussed extensively in the literature.

Given the above discussion, the most interesting scenarios are B1-B3. We will therefore
study these three scenarios in detail below.

5.2 Simulation details

In order to determine the sensitivity reach of ATLAS for probing sterile neutrino magnetic
moments, we performed a numerical study of the representative chosen benchmarks, using
Monte-Carlo (MC) techniques. We first implemented our model described by eq. (2.3) (only
up to d = 6) plus the interactions induced by active-sterile neutrino mixing in FeynRules [128,
129]. The generated UFO files [130] were embedded in MadGraph5 [131], where we generated
the collision process pp — N1 N3 at /s = 14 TeV, induced by CJ(\,512, 5 in the selected benchmarks.
We generated 10° events at each point of the grid covering the parameter plane (MLLP, Cdecay )
where the LLP is the sterile neutrino providing the displaced signature at the detector and
Cdecay denotes the interaction dominating the LLP decay width. These two parameters define
the two-dimensional space we scan over in our simulation for each benchmark scenario, as
shown in the second column of table 2. In the third column, we display the remaining
parameters of the model, which are fixed to some numerical value. In B1, we keep the mass
splitting ¢ fixed such that my, varies in the scan along with my,. Whereas in B2 and B3 we
fix mpy, and C’I(VS])V 5, since they do not affect the long-lived nature of Nj.

The sterile neutrino decays are treated separately in MadSpin [132]. To ensure numerical
stability for small decay widths, the N; was forced to decay into the final state of interest
(shown in the last column of table 2) in all simulated events. The decay LHE event files, given as
an output by MadSpin, were then processed by Pythia8 [133] to estimate the ATLAS efficiency
in detecting the characteristic LLP signature of each benchmark: non-pointing photons in B1
and B2, and displaced vertices in B3. Specific details of each search strategy are outlined below.

Non-pointing photons are emitted in the decay of the long-lived sterile neutrinos. These
decays occur at a secondary vertex, displaced from the collision point or primary vertex
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Model parameters
Scenario Simulated decay
Scan Fixed
Bl may, C\ohs 5 Ny = N1y
N2 — Nl’}/
B2 lea CJ(\761)X mN27 CJ(\751273
Ny — vy
N2 — Nl"y
B3 mnyy, |‘/;N1 |2 MmNy, CJ(\751273
N1 —ejj

Table 2. Parameters entering the numerical simulation in each benchmark. The scan parameters
define the two-dimensional space to be surveyed, while the other model parameters remain fixed. The
last column indicates the decay channel studied in the simulation.

(PV), causing the photon direction to point away from the PV. The ATLAS (and CMS)
Electromagnetic Calorimeter (ECal) can detect energetic photons and reconstruct their
trajectories precisely. The photon displacement is quantified using the impact parameter
(IP), defined as the minimum distance of the photon trajectory to the PV. The IP can
be decomposed into its transverse and longitudinal components, dxy and d;, which can
be obtained with

dxy = JULLP& - yLLP&7 (5'8)
T T
_ (7. 2
dy = 2" (rﬁpé/m , (5.9)
1 —p%/1p]

where 7= {Z..p,YrLp, 2rLp} is the LLP decay position and p'is the photon momentum.

In our simulation, we have access to the true decay positions of the sterile neutrinos as well
as to the kinematic properties of the outgoing particles. Therefore, we can use the previous
equations to compute dxy or d, for each photon emitted in the decay of N;. In practice,
measuring d, requires knowing the exact location of the PV along the beamline (z-axis).
However, this can be challenging in the high-luminosity conditions at the LHC, where multiple
collisions occur per bunch crossing, leading to the production of several PVs. Moreover, in our
specific case (scenarios B1-B3), sterile neutrinos are produced at the collision point without
any accompanying charged particle. This limitation extends, in general, to scenarios where
only neutral particles are produced at the origin and they decay far from the PV. Therefore,
we can only use the variable dxy, which can be measured with respect to the beamline.

It is worth mentioning that recent works have been performed in this direction. ATLAS,
for instance, presented results from a search using non-pointing and delayed photons in [134],
and in [40, 135], the authors have recast it for constraining Higgs decays into sterile neutrinos
in the context of dimension-5 operators. However, the search relies on dz and the time
delay ., which also requires knowing the PV location. We cannot apply this search to our
selected benchmarks and accordingly propose an alternative search strategy. Our approach
draws inspiration from the CMS search in [136], which looked for non-pointing photons
using instead a trigger on dxy.
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In table 3, we summarise the cuts for the non-pointing photon search that we apply in
scenarios B1 and B2. The event selection starts by triggering photons satisfying [p}.| > 10 GeV
and |n?| < 2.47. Subsequently, we demand the LLP to decay before it reaches the outer
layer of the ECal. This requirement imposes the following cuts on the transverse plane and
longitudinal axis: rpy < 1450 mm and |zpy| < 3450 mm, respectively. Finally, the energetic
photons passing the initial selection criteria and originating from one of the DVs are required
to have |d%y| > 6 mm. This last cut is expected to reduce SM background significantly [136].
In figure 3 of this paper, the CMS data indicates that backgrounds decrease exponentially with
the transverse impact parameter, with less than one background event remaining after a cut of
6 — 7 mm. However, since the CMS search used only 2.2fb~! of statistics, a larger cut will be
necessary for the high-luminosity LHC. This adjustment will primarily affect the upper parts
of the sensitivity curves (in the plane coupling vs. mass), as the upper limit is determined
by the LLP being too short-lived to leave a measurably displaced photon. Strengthening
the cut on |d%y | to larger minimum values would reduce the sensitivity curves from the top.
Predicting the exact value of this cut is challenging due to the predominantly instrumental
nature of the background, thus we will restrict ourselves to the original 6 mm cut.

On the other hand, in scenario B3, the LLP candidate decays via the active-sterile
neutrino mixing. The dominant decay modes contain charged particles that leave tracks
that originate from a displaced vertex (DV). ATLAS and CMS have looked for long-lived
sterile neutrinos using a DV search strategy and have placed bounds on the neutrino mixing
parameter [137, 138]. Here, we follow [139] and use their DV search, which targets a heavy N
decaying into ejj. We summarise the main selection cuts of this search in the lower part of
table 3. The event selection starts by identifying electrons with |p%| > 120 GeV, |n°| < 2.47.
Then we select events with a DV lying inside the ATLAS inner tracker detector, which imposes
a cut in the transverse and longitudinal positions: 4 mm < rpy < 300 mm, |zpy| < 300 mm.
To reconstruct the DV, at least four displaced charged particle tracks are needed. We require
them to have a transverse impact parameter of |dg| > 2 mm.” Additionally, one of the
displaced tracks must correspond to the energetic electrons passing the initial trigger. A final
cut on the invariant mass of the DV (mpy > 5 GeV) is applied to remove SM background
from B-mesons. Further details can be found in section III of [139].

The total number of signal events for the three selected benchmarks is obtained with
the following expressions:

Ng?gl. =0-L-B(Ny — Niy)-edl, (5.10)
N;?g? =0-L-B(Ny = Nivy)-2-B(Ny — vy) -2, (5.11)
NS =0-L-B(Na— N1v)-2-B(N1 — ejj) - elif, (5.12)

where o is the cross-section of the process pp — N1y that depends on the sterile neutrino
masses and the interaction CI(V5]2, 5. L corresponds to the total integrated luminosity during
the high-luminosity phase, 3 ab~!. The branching ratio into the appropriate final state is

also a function of the masses and the coupling responsible for the decay in each scenario

"The approximate transverse impact parameter in this case is defined as do = r - A¢, where r is the
transverse distance of the track from the interaction point, and A¢ is the azimuthal angle between the track
and the direciton of Nj.
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Scenario Signature Selection cuts

B1 Non-pointing lpr| > 10GeV , 7| < 2.47
- Non-pointing v (x2) rpy < 1450 mm , |zpy| < 3450 mm
(+ prompt ) |d%y| > 6 mm

Ip5| > 120 GeV, |n°¢| < 2.47
B3 Displaced Vertex (x2) | 4 mm < rpy < 300 mm, |zpy| < 300 mm
(4 prompt 7) 4 tracks with |dp| > 2 mm

mpy > 5 GeV

Table 3. Summary of selection cuts for a non-pointing photon search (Bl and B2) and a displaced
vertex search (B3) at the ATLAS detector.

(see second column in table 2). The factor eg denotes the efficiency of event selection in
ATLAS after applying the cuts in table 3. Notice that there is an additional factor of two
in the formula for B2 and B3 since we only require one displaced photon/vertex and there
are two N7 in each event.

Under the assumption of zero background, we derive the 95% C.L. sensitivity prospects
of ATLAS by requiring 3 signal events.® Exclusion limits can be placed in the corresponding
parameter space if no signal events are found at the end of the experiment. However, in case
of a discovery, a larger number of events would be necessary to identify the scenario. For
instance, looking for a second photon in the non-pointing photon search could distinguish a
potential signal event from B1 and B2. In scenario B3, on top of the displaced vertex search,
an additional trigger on a prompt photon associated with the event containing the DV would
distinguish this scenario from other models, such as the minimal scenario.

6 Results and discussion

Following the methodology described above, we obtain the experimental sensitivity of ATLAS
for probing sterile neutrinos interacting via dipole interactions. We work at the level of
NRSMEFT operators in the unbroken phase and then make the conversion to the broken
phase parameters using egs. (2.10) and (2.11). Besides, we consider the active-sterile neutrino
mixing as an independent parameter and, for simplicity, focus on the mixing of the light
sterile neutrino with the electron sector only, i.e. Vyn, = Ven,. The scenarios under study are
B1-B3 in figure 9. In these scenarios, sterile neutrinos are pair-produced in proton-proton
collisions through the operator (91(\,51)v 5. The difference stems from the interaction dominating
the long-lived sterile neutrino decays: C’](VSI)VB, CJ(VGl)X (X = B,W) or Ven,.

Figure 10 shows the sensitivity reach of the non-pointing photon search applied to scenario
B1, in which Nj is the LLP decaying within the detector. Contours corresponding to 3 (30)

8As discussed previously, the zero background assumption might be too optimistic for the cut of |d%, | >
6 mm at the high-luminosity LHC. For this reason, we will also show lines for 10 or 30 events in the sensitivity
plots, corresponding to roughly 25 and 225 background events for 95% C.L. sensitivities.

— 27 —



—_
o
o
|
'
T
1

LEP

Wo=0.1
W =0.05
Wo=0.01
06=0005
L L L PR |
10° 10t
my, [GeV]

Figure 10. Sensitivity prospects of the non-pointing photon search at ATLAS (/s = 14 TeV, 3 ab™1)
for scenario B1 (pp — N1 N2 — N1 (N1v)""). The 3 (30) event contours are shown as solid (dashed)
lines in the plane my, vs. dyy., for four values of the mass splitting 6 = 1 — mp, /mpy,. The grey area
shows the current constraint from LEP [9].

events are shown as solid (dashed) lines in the my, vs dyy, plane, for four mass splittings:
0=0.1,6 =0.05, 0 = 0.01 and 6 = 0.005. The sensitivity in mass goes beyond my, ~ 3 GeV,
mpy, ~ 5GeV, my, >~ 14 GeV and mpy, ~ 16 GeV, respectively. Dipole couplings as small as
dyny =23 x 1077 (8 x 1077) GeV~! can be probed if § = 0.1 (0.01), improving the current
limits from LEP [9] (shown as the grey area) by more than one order of magnitude in the
corresponding mass ranges. For § = 0.005, the sensitivity reaches dyy, =~ 2 x 1075 GeV 1.
The shape of the curve can be understood in the following way. The lower part of the curve
is the long-lived limit, for a given mass and ¢, a smaller coupling results in Ny being too
long-lived, escaping the detector without decaying. The upper part represents the opposite
situation. A larger coupling value would make the Ny decay too promptly and the emitted
photon would point back to the primary vertex, losing the LLP signature. Moreover, since
the production cross-section is proportional to |dyy.|?, we quickly lose events as the dipole
coefficient becomes smaller. However, we determined that the results are highly sensitive
to the pJ. cut in this scenario. The smaller the mass splitting, the less energetic the final
photons are and for § < 0.005 they become too soft to be detected in the ECal. This effect
can already be observed in the top left corner of the contour for § = 0.005, where the search
is no longer sensitive to low sterile neutrino masses.

Figure 11 shows the results for scenario B2 in the my, vs. d,x,, plane. In this case,
production and decay of the LLP candidate, Ny, are decoupled since they depend on different
interactions. We fix C,@,B = 107° GeV 1, corresponding to dyy, =~ 8.8 x 107GeV~!, to
ensure it dominates sterile neutrino production. Two mass values of Ny are considered:
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Figure 11. Sensitivity prospects of the non-pointing photon search at ATLAS (/s = 14 TeV, 3 ab™1)
for scenario B2: pp — NiNo(— N1vy) — (vy + vy)*Pr. Solid (dashed) lines corresponding to 3 (30)
events are shown in the my, vs. d,y, plane for fixed values of my, and C’J(V‘r),% 5. The vertical lines in
the upper mass reach come from the kinematic threshold (my, < my,). Current exclusion bounds
are weaker and are not shown.

mpy, = 700 GeV and my, = 80 GeV. We recall that the scan parameters are my, and C’S?B,

which then we convert onto d, , - using eq. (2.11).% The solid (dashed) lines correspond to 3
(30) events. Equivalently, these dashed lines correspond to 3 events for CI(V“?, 5~ 3x1076GeV1.
The shape of the curves is similar to that of figure 10, but the probed parameter space is
much larger, precisely because the production and decay mechanisms of N are decoupled.
The sensitivity reach in mass is limited by the kinematic threshold my, < mpy,, resulting
in these vertical lines at my, = 700 GeV and my, = 80 GeV. As concerns active-to-sterile
magnetic moments, values as small as d,n,, =5 x 10713 (2 x 107!?) GeV~! can be probed
for my, = 700 (80) GeV. In contrast to the previous scenario, the non-pointing photons are
considerably more energetic since they arise in the decay N1 — vy. Consequently, almost
all simulated photons pass the corresponding cuts of the non-pointing photon search, giving
a large event selection efficiency. Even with a stronger p;. cut, the area enclosed by the
sensitivity curves comprises unexplored parameter space. Indeed, current exclusion bounds
are much weaker and do not appear in the figure.

For scenario B3, the results of the displaced vertex search are shown in figure 12. We
display the 3 (solid) and 10 (dashed) event contours in the my; vs. |Ven, |? plane. Analogously
to B2, production and decay of Ny are decoupled. We fix the production coupling (C](VSJQ, 5=
1075 GeV~!) and choose two values for my,. For my, = 600 GeV, the sensitivity extends

9The contribution of d, n, z and den,w to the total decay width of Ny are also taken into account, since we
are considering the EFT operators in the unbroken phase.

— 29 —



COlp =107 GV
W my, = 600 GeV 1
M my, = 80 GeV N

B3 T

10" 102 103
mpy, [GGV]

Figure 12. Sensitivity prospects of the displaced vertex search at ATLAS (/s = 14 TeV, 3 ab™1)
for scenario B3: pp — N1No(— Nivy) — (ejj + €jj)“Fv. Solid (dashed) lines corresponding to 3
(10) events are shown in the my, vs. [V.n|? plane for fixed values of my, and C),. The kinematic
threshold (my, < mp,) cuts the upper reach in mass with the vertical lines. The black and grey solid
lines represent the CMS and ATLAS sensitivity prospects of a DV + prompt lepton search [140-142].

across 10 orders of magnitude in |V,n, |?, reaching down to 10717, and saturates the kinematic
threshold of my, ~ 600 GeV. The slope of the curve changes around my, ~ my because the
Nj can decay to on-shell weak bosons via the two-body decays Ny — W*eT and Ny — Zv.
This increase in the decay width is compensated by smaller values of the mixing parameter. For
the chosen parameter values, 30 events are not reached and in the 10 event contour, we already
observe two isolated regions in the parameter space. Conversely, for my, = 80 GeV, 30 signal
events can be obtained although we do not show the corresponding curve in the plot. The
probed region, in this case, is one order of magnitude larger in |V, |? than for my, = 600 GeV,
reaching values as small as |Ven, | = 10713 at my, ~ 80 GeV. Present exclusion bounds on
the mixing parameter |V, y|? are weaker in this sterile neutrino mass range and hence are not
shown. However, we display the sensitivity prospects of displaced vertex searches by ATLAS
and CMS [140-142], represented with the grey and black lines. Their results are derived in
the context of the minimal scenario (only neutrino mixing) and, to be precise, these searches
cannot be directly recast into our parameter space as they require prompt leptons at the
origin. Nevertheless, we show them for illustrative purposes, revealing that much smaller
squared mixing values can be explored in the presence of sizeable sterile neutrino dipole
moments, even accessing the Type-I seesaw band. This light grey region in the plot is obtained
assuming the naive Type-I seesaw relation for active neutrino masses of 0.05 and 0.001eV.

Finally, we can map the values of the dipole couplings to which experiments are sensitive
onto the parameters of the UV-complete model, namely the masses of the singly-charged scalar
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Figure 13. Top left panel: sterile-to-sterile neutrino magnetic moment as a function of the relevant
parameters of the UV model. The coloured areas correspond to the probed regions in figure 10:
6 = 0.005 in yellow, § = 0.01 in orange, 6 = 0.05 in red, § = 0.1 in purple. The grey shaded area
is excluded by direct collider searches. Bottom panels: active-to-sterile neutrino magnetic moment
as a function of the relevant parameters of the UV model. The pink (my, = 80GeV) and blue
(my, = 700 GeV) areas cover the probed dipole values in figure 11 for 0P, =3x1075GeV-". The
parameter space excluded by collider searches and cLFV processes is shown in grey for two flavour
scenarios. The legend with the different constraints is displayed in the top right panel.
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and vector-like lepton (mg, mg) and the Yukawa-type couplings in eq. (3.1) (f, f/,Yg, h, ).
The sterile-to-sterile and active-to-sterile dipoles are related to these parameters via

_ / * *7/ ai 5*
where we have assumed that mp = mg, hence replacing f (7“)|T_>1 = % Since there are

products of two or even three couplings entering these equations, we find it convenient to plot
the generated magnetic moments as functions of the specific coupling combinations and the
vector-like lepton mass. In the top panel of figure 13, we show fixed values of dyy. (dyy.,)
ranging from 107° to 107? GeV~! in the corresponding plane. Additionally, the coloured
areas correspond to the probed regions in figure 10, marginalising the dependence on my,.
Direct collider searches exclude the low mass region of mpg (see discussion in section 4). The
bottom panels in figure 13 show active-to-sterile magnetic moments ranging from 10~7 to
1013 GeV~!. Here, the pink and blue areas cover the probed regions illustrated in figure 11 for
the 30 event contours assuming C’](\i)v » = 1072 GeV~! (which correspond to 3 event contours
assuming CJ(V513, 5 =3 x 1075 GeV~!), again marginalising the dependence on m ;. In addition
to the collider constraints, we show bounds from cLFV processes (see discussion in section 4)
for two different flavour scenarios. The left plot assumes u-7 couplings for the vector-like
lepton (Y4 =Yz > Y ~ 0 and f,; # 0), while the right plot assumes couplings only to 7
(YZ > Yi" ~0and fer = fur #0). As we have fixed C](V512,B, there is an upper limit on mg
above which the couplings of the sterile-to-sterile magnetic moment enter the non-perturbative
regime. Masses above the grey dashed line lead to h,h’ > /4.

In figure 14, we display in three different panels the sensitivity projections from figures 10
and 11. These are shown in the planes mg vs. my, for Bl (top panel) and mg vs. my,
for B2 (bottom panels). We overlay current constraints from direct collider searches and
cLFV processes as before. In the bottom panels, we also show the non-perturbative regime
h,h > \/4w. Additionally, the region corresponding to mpg < my, = 700 GeV compromises
the EFT validity. As can be seen from the top plot of figure 14, for scenario B1 (where the
decay of sterile neutrinos is dominated by the sterile-to-sterile transition magnetic moment)
LLP searches can be sensitive to vector-like lepton masses as high as several TeV (depending
on the assumed value for the couplings) for sterile neutrino masses less than 10 GeV. However,
the cLFV processes do not place additional constraints on this scenario because the couplings
entering the cLFV rates are independent of the sterile-to-sterile transition magnetic moment.

In contrast, for scenario B2 (where the decay of sterile neutrinos is dominated by the
active-to-sterile transition magnetic moment), the complementarity between LLP searches at
the LHC and the constraints from cLFV becomes evident, as can be seen from the bottom
two plots of figures 13 and 14. In this scenario, for a lepton flavour universal coupling of the
vector-like lepton (Y5 = Y}, = Y[), the stringent constraints from the current measurements
of cLFV processes involving the first two generations of the charged leptons (combined with
the perturbativity of Yukawa couplings) exclude the whole model parameter space. On the
other hand, for the lepton flavour non-universal case, we have viable parameter space to
be explored by LLP searches with non-pointing photons. If the vector-like lepton couples
mainly to g and 7 with similar strength (with negligible coupling to the first-generation
charged lepton, Y5 = Y/ = f,r > Y£ =~ 0) then the viable parameter space of the model in
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Figure 14. Top panel: sensitivity projections from figure 10 in the plane mg vs. my, for fixed
coupling values. Direct collider searches exclude the lower grey band. Bottom panels: sensitivity
projections from figure 11 for C®) . =3x10°5GeV-" in the plane mg vs. my,. The left (right)
plot assumes p—7 (only 7) couplings of the vector-like lepton. Above the grey dashed line we enter
the non-perturbative regime of h,h’ > /4w, given the value of C'J(\,‘L’JI)v 5. The lower grey regions are
excluded by different cLFV processes and EWPD, which depend on the flavour scenario.

vector-like lepton mass spans between (0.30 — 2.3) TeV, with the lower limit coming from
the current constraint from the 7 — pvy and the current measurement of LFY from tau
decays. The upper limit corresponds to the perturbativity of the Yukawa couplings. If the
vector-like lepton couples only to 7 (with negligible coupling to the first two generations
of charged lepton, Y7 =~ fer = fur > Yg’” ~ 0) then the viable parameter space of the
model in vector-like lepton mass spans between (0.8 — 2.3) TeV, with the lower limit coming
from the current constraints from the cLFV process p — ey and the upper limit from the
perturbativity of the Yukawa couplings.
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7 Conclusions

In this work, we have examined long-lived particle (LLP) searches at the LHC using non-
pointing photons to investigate sterile-to-sterile and active-to-sterile transition magnetic dipole
moments. We considered two Majorana sterile neutrinos with masses ranging from a few GeV
to several hundred GeV with sizeable sterile-to-sterile and active-to-sterile transition magnetic
moments, in addition to the usual active-sterile neutrino mixing. We first discussed the opera-
tors relevant to neutrino magnetic moments within an EFT framework; specifically, NpSMEFT
and its low-energy counterpart, NrpLEFT. Subsequently, we considered as an example a sim-
plified UV-complete model, illustrating the emergence of substantial transition magnetic mo-
ments between the heavy sterile neutrinos at the loop level. We discussed relevant constraints
on this model from direct collider searches and charged lepton flavour violating processes.
For the phenomenological analysis of sterile neutrino magnetic moments, we began
by taking the EFT approach. We considered the impact of two independent NgSMEFT
operators, (’)](\}r’g, 5 and (’)1(\?1)3, together with the active-sterile neutrino mixing. We identified
nine possible scenarios based on the dominant production and decay modes at the LHC.
Of these nine possibilities, we explored the three physically realisable cases in detail. In
these, the sterile-to-sterile magnetic moment dominates the production cross-section of sterile
neutrinos at the LHC. Since there are no charged tracks from the primary vertex for the
scenarios of interest, we have put forward a search strategy employing the transverse impact
parameter of non-pointing photons, which does not rely on the location of the primary vertex.
We presented detailed sensitivities for the three physically realisable scenarios at the
high-luminosity LHC. Our numerical simulations indicate that for sterile neutrinos decaying
primarily to photons, either via sterile-to-sterile (scenario B1) or active-to-sterile magnetic
dipole moments (scenario B2), searches for LLPs with non-pointing photons can probe
unexplored regions of the parameter space for sterile neutrino masses ranging from a few GeV
to several hundred GeV. We find that the high-luminosity LHC will improve constraints on
the sterile-to-sterile neutrino transition magnetic moment with respect to LEP searches by
more than an order of magnitude for the sub-ten-GeV sterile neutrino mass regime. On the
other hand, for scenario B2, where considerably more energetic photons are produced, the
active-to-sterile neutrino magnetic moment can be probed to much lower values compared
to existing constraints. In this case, an unprecedented reach for sterile neutrino masses up
to hundreds of GeV is expected. For the scenario where the lighter sterile neutrino decays
dominantly through mixing, our results reveal that LLP searches using displaced vertices could
probe active-sterile neutrino mixing values much lower than those in the minimal scenario
(where mixing controls both the production cross-sections and sterile neutrino lifetimes).
Applying the results from the model-independent EFT approach to our realistic simplified
model example, we found that the synergy between LLP searches using non-pointing photons
at the LHC and the constraints from cLFV processes can potentially probe and distinguish
different flavour structures of new physics couplings. For the scenario where the decay of sterile
neutrinos is dominated by the sterile-to-sterile transition magnetic moment, LLP searches
will be sensitive to vector-like lepton masses as high as several TeV. However, such a scenario
remains largely unconstrained from the cLFV processes owing to the freedom of choice for
some of the couplings entering the cLFV rates, which are independent of the sterile-to-sterile
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transition magnetic moment. In contrast, for the scenario where the decay of sterile neutrinos
is dominated by the active-to-sterile transition magnetic moment, the complementarity of LLP
searches at the LHC and the constraints from cLFV can play a pivotal role in understanding
the flavour structure of the model parameter space. For flavour universal couplings of the
vector-like lepton, the stringent constraints from the current measurements of cLF'V processes
involving the first two generations of charged leptons already exclude the whole viable model
parameter space. On the other hand, if the vector-like lepton couples mainly to p and (or) 7,
future cLFV measurements will also provide excellent complementarity with LLP searches
at the LHC using non-pointing photons.
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