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ABSTRACT: We investigate how extensions of the Standard Model (SM) involving heavy
neutral leptons (HNLs) can be probed at FCC-ee, the proposed high-energy circular ete™
collider. Using the effective field theory (EFT) approach, we determine the impact of new
interactions on the production and decay of HNLs at FCC-ee. In particular, we consider d < 7
VSMEFT operators which induce vector, scalar and tensor four-fermion and effective charged-
and neutral-current interactions of HNLs, that may also mix with the active neutrinos of the
SM. We consider sensitivities to the active-sterile mixing and EFT Wilson coefficients from
monophoton searches and displaced vertex decay signatures. In both analyses, we consider
the scenarios where HNLs are Majorana or Dirac fermions. We translate the upper bounds
on the Wilson coefficients to lower limits on the scale of new physics.
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1 Introduction

Since the direct observation of atmospheric and solar neutrino oscillations over a quarter
of a century ago [1, 2], it is well-known that neutrinos are massive fermions. However, the
Standard Model (SM) of particle physics in its current form does not include right-handed
(RH) neutrinos, N, forbidding renormalisable Yukawa terms that generate neutrino masses
after electroweak (EW) symmetry breaking. Physics beyond the SM is therefore necessary
to explain the non-zero neutrino masses.

Adding at least two RH neutrinos is the most straightforward extension of the SM to
explain the neutrino oscillation data. No gauge symmetry forbids a Majorana mass term for
the RH neutrinos if one allows the violation of total lepton number, L, which is conserved
accidentally in the SM. In the standard type-I seesaw mechanism [3-7], one obtains three
light Majorana active neutrinos and an arbitrary number of sterile neutrinos or heavy neutral
leptons (HNLs). While the minimal type-I seesaw mechanism has some other appealing
features, such as the viable generation of the baryon asymmetry of the universe via high-scale
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Figure 1. Single and pair production of HNLs at FCC-ee via the EFT operators considered in this
work: four-fermion operators (left) and effective W (centre) and Z (right) interactions. The active-
sterile mixing V. induces the W+ and Z diagrams, while V,,; and V. induce the Z diagram only.

thermal leptogenesis [8—11], it is difficult to probe the sterile states at collider and neutrinoless
double beta (Ovf33) decay experiments. For HNLs kinematically accessible at colliders, the
mixing between active and sterile states implied by the neutrino oscillation data would be
too small to produce an observable number of HNLs.

This has spurred interest in other low-scale seesaw mechanisms such as the inverse
seesaw [12-15]. There, the light neutrino masses are proportional to small approximately
lepton number violating Majorana masses among the RH neutrinos. Consequently, pairs of
heavy Majorana states form nearly degenerate pseudo-Dirac states. An attractive feature of
this scenario is that the mixing between the active neutrinos and the pseudo-Dirac states
is decoupled from the light neutrino masses and can in principle be large. These states
can be produced in collider and beam dump experiments [16-26], and also generate the
baryon asymmetry via the resonant leptogenesis mechanism [27-36]. In the lepton number
conserving limit, the contribution of this mechanism to the light neutrino masses vanishes
and the pseudo-Dirac pairs become exactly Dirac fermions. The standard type-I and inverse
seesaw mechanisms can be seen as different limits of the RH neutrino parameter space, with
intermediate scenarios also being possible [24, 37].

Given the large number of SM extensions involving RH neutrinos, a phenomenological
study of HNLs can benefit from a model-independent effective field theory (EFT) approach.
The EFT valid for the unbroken phase of the SM (SMEFT) has been studied in detail, with
a complete basis of non-redundant operators and their renormalisation group (RG) running
examined in [38-50]. Likewise, the EFT of the SM broken phase (LEFT) has been explored
in [51-56]. In the EFT framework, models giving rise to neutrino masses are those that
generate the d = 5 Weinberg operator and other AL = +2 operators [57-61]. If the Majorana
masses of RH neutrinos are at or below the energy scale of interest, N must also be included
as a light degree of freedom in the EFT. This has motivated studies of the so-called vSMEFT
and vLEFT in the unbroken and broken phases of the SM, respectively [62-68], which extend
the usual operator bases to include RH neutrinos. Operators in the vYSMEFT can result in
phenomenology distinct from the active-sterile mixing.

In this work, we consider the phenomenology of HNLs in the presence of ¥vSMEFT
operators at the Future Circular ete™ Collider (FCC-ee) [69]. Like the proposed Circular
Electron-Positron Collider (CEPC) [70], FCC-ee will significantly improve on measurements
made at the Large Electron Positron (LEP) collider. Operating at the Z pole and three
higher centre-of-mass energies, FCC-ee and/or CEPC will enable precision tests of physics
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Figure 2. A selection of decays of HNLs via the same EFT operators in figure 1. The active-sterile
mixing Vi, n also induces the W+ and Z diagrams.

at the EW scale, which may be sensitive to the effects of TeV-scale new physics. Global
constraints on SMEFT operators impacting EW precision observables (EWPOs) have been
placed using LEP and SLD data [71-83], and forecasted for the future eTe™ colliders [83-86].

In this study, we instead target two general final states to constrain the vSMEFT
at FCC-ee; monophoton plus missing energy (mono-y plus ) and displaced vertex (DV)
signatures. We first note that FCC-ee will be able to improve on LEP measurements of the
invisible Z decay width T'j,, and therefore the number of active neutrinos N, [87-92] via
direct measurements at the Z pole [93] and the radiative return process ete™ — Zv, leading
to a mono-vy plus J signature at higher centre-of-mass energies [94]. The measured value of
T'iny can also be interpreted as a constraint on the presence of heavy sterile neutrinos from
non-unitarity [95-100]. Furthermore, direct measurements of I'yy, and the mono-vy plus )
signature can be used to constrain new light degrees of freedom, including viable dark matter
candidates [101, 102]. The light new states must be effectively stable for such signatures
to be relevant. However, if they do decay and are long-lived, FCC-ee will also be highly
constraining via searches for displaced vertices [103-107].

Here, we aim to leverage the large luminosity and clean environment of FCC-ee to assess
the ability of mono-v plus £ and DV signatures to constrain the active-sterile mixing V,,y and
the more general vYSMEFT landscape. For the latter, we consider d < 7 operators which may
be generated at tree-level in ultra-violet (UV) complete extensions of the SM. At an ete™
collider, the active-sterile mixing V,,y can permit the single production of HNLs, ete™ — v N,
via t-channel W¥ exchange (figure 1, centre) and s-channel Z exchange (figure 1, right). The
considered vYSMEFT operators induce all of the diagrams in figure 1, with pair production
of HNLs, eTe™ — NN, also possible.

If the HNLs do not decay inside the FCC-ee detector, the processes ete™ — vN~y /NN~
with an initial state photon can give the sought-after mono-vy plus J signature. However, the
active-sterile mixing V,nx and/or vYSMEFT operators that trigger the production of HNLs
can also cause their decay, as shown in figure 2. Given these decay modes, the HNLs must
be sufficiently long-lived to appear as missing energy. Decreasing the coupling responsible
for the decay, however, comes at the cost of suppressing the production cross section. Two
viable scenarios are if the HNLs are sufficiently light (with masses below the GeV scale) or
are pair produced, so that decays are kinematically forbidden. Alternatively, a pair of HNLs
with a small mass splitting (such as in the pseudo-Dirac scenario) can be effectively stable
over the detector length. Clearly, there is also ample room in the parameter space for the



HNLs to decay over a macroscopic distance in the detector, and the DV signature will be
more constraining. It is therefore interesting to ask how the constraints depend not only
on the overall HNL mass scale, but on the HNL mass splittings.

A number of works in the literature have already examined the phenomenology of vYSMEFT
operators at colliders [62, 63, 108-131]. Signatures related to the direct production of HNLs
at LEP (ete™ — vN/NN) and LHC (pp — ¢N/vN/NN) include prompt and displaced
decays, same-sign leptons and missing energy accompanied by photons, leptons or jets. HNLs
can also be produced from rare decays of top quarks (t — ¢ + ¢N/vN/NN), tau leptons
(t = £+ vN/NN,MN), light and heavy mesons (M — (M'+)¢N/vN/NN) at colliders,
contributing to missing energy or decaying downstream at a proposed far detector experiment.
Other studies of the specific operators we consider in this work are refs. [113, 119, 125] and
ref. [120], which use the mono-y plus £ and DV signatures at LEP/FCC-ee, respectively. We
intend to add to these analyses by exploring the effects of d = 7 operators in the vSMEFT, the
Dirac or Majorana nature of the HNLs, and different mass splittings between a pair of HNLs.

This paper is organised as follows. In section 2, we outline the d < 7 ¥YSMEFT operators
considered in this work, examining their impact, in addition to the active-sterile mixing, on
the production and decay of HNLs at FCC-ee (more details are given in appendices B and C,
respectively). We briefly explore which simple UV models can produce these operators at
tree-level in appendix A. In section 3.1, we then explore the sensitivity of mono-vy plus £
searches at FCC-ee to the electron-flavour mixing strength, V.y, for a single Dirac HNL,
comparing to current constraints and previously estimated sensitivities from DV searches
at FCC-ee [103, 105-107]. In section 3.2, we estimate the sensitivity of the mono-v plus
signature to the EFT operators of interest, assuming vanishingly small active-sterile mixing
and a pair of Majorana or Dirac HNLs. The sensitivities for different mass splittings between
the HNL pair are examined. Next, in section 4, we perform a sensitivity analysis for the same
operators using DV searches at FCC-ee. Finally, in section 5, we translate the maximum reach
of FCC-ee via mono-y plus J and DV searches to the scale of new physics of the vYSMEFT
operators. We compare and contrast to other experimental probes of these operators. We
summarise our findings in section 6.

2 Heavy neutral leptons in the vySMEFT

The vSMEFT consists of a basis of SU(3). x SU(2)r, x U(1)y invariant operators built from
SM degrees of freedom and the RH neutrino field N. The effective Lagrangian for this
theory can be written as

L= Loy + NiN — | LY, NH + %NCMN + h.c} +3 0, (2.1)

where Ci(d) = 1/A%* are Wilson coefficients (WCs) and N = CNT, with C the charge
conjugation matrix. A complete basis of independent operators in the vSMEFT, taking into
account redundancies from Fierz identities, integration by parts and equations of motion,
can be found in refs. [63-66].



2.1 Active-sterile mixing

In eq. (2.1), the terms in the square brackets are the renormalisable Yukawa coupling and
RH neutrino Majorana mass term, respectively. After EW symmetry breaking, these terms
induce mixing between the left-handed (active) and RH (sterile) neutrino fields as

v — loof ) v v(Y))ai
_p 2 O = Vi, = el 2.9
(NC> L ( —ot  1- ;e*e) (N’) ; © N R, (2:2)

where we have assumed that © is small, permitting an expansion up to O(©2?) terms (leading

to non-unitarity effects in lepton mixing), and we have taken M to be diagonal without
loss of generality. We note that the mixing in eq. (2.2) receives further modifications from
the higher-dimensional operators in eq. (2.1). A further rotation v, = Uy,v., with U the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, is required to diagonalise the 3 x 3 light
neutrino mass matrix. The resulting massive states are Majorana fermions (N’ = N’¢) and
the active-sterile mixing V,n, couples the heavy neutral leptons (HNLs) N/ to the SM via
the charged and neutral currents. In the type-I seesaw scenario, the typical expectation
for the active-sterile mixing is |Von,| ~ 1/my/my;, for the light neutrino mass scale m,, and
HNL mass my, ~ M;. The phenomenology of Majorana HNLs with non-zero active-sterile
mixing has been reviewed in refs. [17, 24, 125].

It is also interesting to consider the lepton number conserving (AL = 0) limit of eq. (2.1).
To do this, it is convenient to introduce the SM gauge-singlet fermion field S and assign the
lepton numbers L(v) = L(N) = L(S) = +1. For simplicity, we assume an equal number of
N and S fields. In the AL = 0 limit, the effective Lagrangian becomes

L = Loy + NiN + Si@hS — |LY,NH + SM'N + h.c} +3 0, (2.3)

where the sum is over AL = 0 operators constructed from SM degrees of freedom plus N and
S. Active-sterile mixing is again induced in the broken phase, up to O(0?), as

v — 300610 O v (Yo
Nel=pP,| 0 1 o0 Ne| s O = Vi, = S0ai gy
s —ef 01-lete) \ N V2M]

The physical states are three massless Weyl fermions (v/) and massive Dirac fermions
(N'). Modifications to this picture are required to generate the observed neutrino masses.
For example, small AL = +2 terms can be added such as the d = 5 Weinberg operator
Qs = (LH)(HTL®) or the Majorana mass —11SS¢. The heavy states are then expected to be
pseudo-Dirac fermions, equivalent to a pair of Majorana fermions with a small mass splitting.
Alternatively, the light neutrinos may themselves be Dirac fermions if additional RH neutrino
fields N are present. Models where such a situation arises often involve additional discrete
symmetries to forbid AL = +2 terms [132-134]. The phenomenology of (pseudo-)Dirac HNLs
with active-sterile mixing is similar to the Majorana HNL case, apart from the (suppression)
absence of lepton number violating (AL = £2) signatures [135-137].
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Quvie| ei;(LIN)(TPe) | Quy | (Ny,N)(H'i DrH)
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QiNen (LN)(N¢e)H
Qanu H'(eL)(N°N)

Table 1. (v)SMEFT operators at d = 6 (above) and d = 7 (below) which contribute to the four-
fermion operators in eq. (2.5) and effective W+ and Z interactions in eq. (2.6). The tree-level matching
conditions are given in appendix A.

2.2 EFT operators

In this work, we consider the ¥YSMEFT operators of dimension d < 7 listed in table 1. At
FCC-ee, these operators modify the SM process ete™ — vv, contribute to the single and
pair production of HNLs, eTe™ — vN/N N, and induce HNL decays. These operators can be
generated at tree-level in simple SM extensions, as reviewed in appendix A.

At the energies relevant for FCC-ee, the SU(2);, x U(1)y gauge group is spontaneously
broken by the non-zero Higgs VEV, but the W, Z and Higgs fields remain as dynamical
degrees of freedom. Thus, we expand the Higgs doublet in the v*SMEFT operators around
v and rotate the EW gauge fields to the mass basis. The WCs of the resulting operators
are in principle determined by the size of the vYSMEFT WCs at A, run down to the EW
scale via the appropriate RG equations.

In table 1, the YSMEFT operators of type ¥»*H™ result in the following vector, scalar
and tensor four-fermion operators,

1 _ . 1 _
LD [QC,K;LX(I/%V) + Cl‘//]’\iX(l/ YulN) + QC]‘\/,’EX(NWN)} (ev* Pxe)
1 1 _
+ [QCEC;LX(VCV) + CONY (ON) + 20;3’5X(N0N)} (ePxe)

1 1 _
+ [203;“@0%@ + T (D0, N) + 2C£’fX(NCUWN)] (éc™ Pxe) +h.c., (2.5)

for X € {L, R}, where Px is the chirality projection operator and we omit the weak basis
indices p,r,s,t for simplicity. Furthermore, the operators of type ¥2H"D? generate the



effective W* and Z interactions,
£o —% (WE(ye) + WEpe) + WEN ye) + WE(Nye) [

- i BZVL(VW/) + ZB(°y,N) + ;ZE(N%N)} Z" + h.c., (2.6)
where g is the SU(2), gauge coupling, ¢,, = cos 6, with 6,, the weak mixing angle, and we
again omit the weak basis indices p,r. The tree-level matching conditions between the WCs
in egs. (2.5) and (2.6) and the (¥)SMEFT WCs are given in tables 6 and 5 of appendix A,
respectively. The interactions above are relevant in the Majorana HNL scenario, i.e. eq. (2.1),
because we allow AL = +2 operators, identified as the operators containing the charge
conjugate fields v“ and N¢. The AL = 0 and AL = £2 operators are generated by the

= 6 and d = 7 operators in table 1, respectively.

In table 1, we do not include all d < 7 operators relevant for the production and decay of
HNLs at FCC-ce. Firstly, there are operators of type 1>H", e.g. Qn = (N°N)(H'H), which
modify the extended neutrino mass matrix but also couple the Higgs boson to HNLs. However,
the process ete™ — h — vN/NN is suppressed by the small electron Yukawa coupling.
Other ways to constrain these operators include ete™ — Zh/v v h followed by h — vN/NN,
which has been studied in ref. [114]. There are also dipole operators of type > X H" | e.g.
QNNB = (N €0, N)B* | which vanishes for a single RH neutrino. Some studies have already
examined the impact of these operators at FCC-ee, for example refs. [114, 119, 120, 127]. For
QNNB, a sensitivity of A > 4 x 103 TeV is found from the mono-v plus F signal at the Z pole.
As Qnnp can only be generated at first-loop order (or higher), including a loop factor yields
the equivalent mass scale M ~ A/16m% ~ 25TeV, which is comparable to sensitivities of the
operators considered in this analysis. Thus, the operators considered by us can be relevant in
generic UV completions, and be of comparable importance. The dipole operators also display
interesting phenomenology in other contexts [138-141]. For d > 7, we note that there are
derivative operators of type ¥2D?H" and *DH™ which can also be relevant. Finally, there
are VYSMEFT operators which cannot contribute to the production of HNLs at FCC-ee, but
can enable their decay, such as Qingq = (LN)e(Qdg) and other operators involving quarks. A
full analysis of all operators is beyond the scope of this work. Nevertheless, such an analysis
could benefit from the distinction of different HNL scenarios, as done in this work.

The Lagrangians in egs. (2.5) and (2.6) are applicable to the Majorana HNL scenario.
For the Dirac HNL scenario, as described in the previous section, we add the field S and
forbid AL = +2 operators. As such, we need to consider the additional AL = 0 operators
in the ¥YSMEFT shown in table 2. At the energies probed at FCC-ee, these lead to the

additional four-fermion interactions,

1 _
£ [CHET 18 + 5CE (538)| (@ Pxe)

+ CoHX(SN)(ePxe) + ConeX (80,, N) (é0™ Pxe) + h.c. (2.7)
and effective W+ and Z interactions
_ 1 _
Lo —\%Wg(s%e)ww -L [255(57#5) +525EuS)| 2 the,  (28)
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Qesinr | €ij(@vue)(SY*LYHI | Qgiz Eij(S'YuLi)Hj(HH%)'uH)
QiSNen (LS°)(Ne)H
QelsNH HY(eL)(SN)

Table 2. Additional AL = 0 vSMEFT operators at d = 6 (above) and d = 7 (below) when the gauge
singlet field S is present.

in addition to the AL = 0 interactions in eqgs. (2.5) and (2.6). Again, the tree-level matching
conditions between the WCs in egs. (2.7) and (2.8) and the ¥YSMEFT WCs are provided
in tables 6 and 5 of appendix A, respectively.

The interactions above are written in the weak basis. For phenomenology in the broken
phase, we must rotate to the mass basis according to egs. (2.2) and (2.4) in the Majorana
and Dirac cases, respectively. However, to simplify the analyses of sections 3.2 and 4.1, we
will take one EFT coefficient to be non-zero at a time with vanishing active-sterile mixing,
© = 0. Thus, the rotations in egs. (2.2) and (2.4) are trivial. Nevertheless, we can write
the four-fermion operators in the mass basis as

1 3 .
LD (2> [CbeXY(D I';Pxv)(eT;Pye) + C;’])Vf:(ﬁ I';PxN)(eT;Pye)
O (N T Pa)eTiPye) + Y (NP N)eTRve)|, (29)

where I'; € {y,, 1,0} for i € {V,S,T} and for simplicity we rewrite the mass eigenstate
fields as v/ — v and N’ — N. The effective W* and Z interactions are given by

LD —% [WVX(DVMPXe) + WJ%((N%LPX«?)} WtH + hee.

1
- (5) L[z GmPsn) + 25y rPxN)
w

+ 2%, (N7 Pxv) + Z3 (N7, Px N)| 2+ (2.10)
The Lagrangians above are applicable in both the Majorana and Dirac scenarios, i.e. /N can

represent a Majorana or Dirac HNL. However, in the Majorana case, the factor of 1/2 in
parentheses is present. In the Dirac case, the following WCs vanish,

V,RX _ ~V.RX _ ~S XY _ ~SLX _ ~T.XX _ ~T,LL __ R_ R _ R __
Cl/e - CZ/Ne - Cue - CVNe - Cl/e - CVNe - WI/ - ZI/ - ZVN - 07 (211>

because we take the limit where the three light neutrinos are massless Weyl fermions with LH
components only. In the Dirac and Majorana scenarios, there are further relations between
the WCs in egs. (2.9) and (2.10), given in appendix A.



Before moving the main analysis, we note that W, and ZZ contain the SM charged-
and neutral-current interactions involving neutrinos. They can be split up into contributions
from the SM and heavy new physics as

WE =Wk, +oWr, zl=2zg, +0zk, (2.12)

where W,ﬂSM =T and ZlﬂSM = g71, with g% = 1/2. With only the SM interactions, rotating
the active and sterile neutrino fields to the mass basis according to eq. (2.2) or (2.4) yields,
up to 0(62?),

oL Kl — ;@@T> (77, Pre) + O (N7, Pre) |[WH + h.c.

V2

- Cigi {(1 - @@T)(D’YuPLV) + G(D'YuPLN)

w

+ 6 (N7, Pv) + ©10 (N7, PLN)| 2, (2.13)

in both the Majorana and Dirac HNL scenarios, where the light neutrino fields v are those
before diagonalisation via the PMNS matrix. Eq. (2.13) shows that if the HNLs are heavy,
i.e. not kinematically accessible at FCC-ee, their impact is still felt in the non-unitarity of the
light neutrino mixing. This is equivalent to generating the operators Q%g and Qg;, with WCs

vy eef

1 3
Chl = ~Ciil = 3575 RESTER

(2.14)

after integrating the HNLs out of the theory [142, 143].

3 Monophoton constraints at FCC-ee

Here, we establish the sensitivity of the mono- plus £ search at FCC-ee. To keep the analysis
straightforward, we consider the presence of one HNL interaction at a time. In section 3.1,
we first examine the scenario where all EFT WCs are zero, C; = 0, and the active-sterile
mixing is significant for Dirac HNLs, Vyn # 0. In section 3.2, we then explore the opposite
limit, where the active-sterile mixing is negligible and the EFT WCs are important for
either Majorana or Dirac HNLs.

We consider two of the proposed centre-of-mass energies at FCC-ee, /s = 91.2 GeV
(Tera-Z) and /s = 240 GeV (Zh) with the forecasted integrated luminosities £ = 100 ab™*
and £ =5 ab~!, respectively. The two other possible centre-of-mass energies, 1/s = 161 GeV
(WHTW™) and /s = 350/365 GeV (tt) can also be considered, but are likely to provide
intermediate or weaker sensitivities with respect to /s = 91.2 GeV and 240 GeV due to the
smaller luminosity in the ¢ scenario [144] and a reduced HNL mass reach for the intermediate
WHW ™ centre-of-mass energy.

3.1 Active-sterile mixing

At FCC-ee, the active-sterile mixing V,y can lead to ete™ — vN(v) via the centre and
right diagrams of figure 1, with each circle denoting an insertion of V. The t-channel W+
exchange is only present for o = e, while the s-channel Z exchange is present for a = e, i, 7.



The general 2 — 2 cross section for égzg — v;N; (Majorana) and 8265 — l/Z'Nj + v;N;
(Dirac) is given in eq. (B.16), which can be calculated from the Lagrangian in eq. (2.13).
The corresponding 2 — 3 cross sections with a final-state photon may be approximated by
applying eq. (B.19) to eq. (B.16). To observe an exclusive monophoton plus £ signal, we
require that the HNL does not decay inside the detector. For V,n # 0, ete™ — NN(7)
can also proceed via the Z exchange diagram, but the cross section is suppressed by two
additional powers of V,n and is thus neglected.

We also note that in general V,y modifies (leads to a decrease in the cross section for)
the SM process ete™ — v () via the non-unitary modifications in eq. (2.13). In the limit of
large HNL masses, this becomes the only impact of the active-sterile mixing. Being equivalent
to the WCs Cgl) =— Sl) , we indirectly constrain the active-sterile in the vSMEFT analysis,
discussed in more detail in section 5. The non-unitarity also affects the massless HNL limit;
when the HNL masses are negligible with respect to the centre-of-mass energy, the decrease in
the cross section for ete™ — vv(7) exactly cancels the increase from ee™ — vN(y)/NN (7).
This is simply due to the unitarity of the extended mixing matrix. The active-sterile mixing
thus leads to no deviation from the SM prediction for ete™ — vuv(v), and any constraints on
Van must vanish. However, non-unitarity also induces shifts in input parameters to the cross
section, also discussed in section 5. For the purposes of this section, we neglect the effect
of non-unitarity in the light neutrino mixing and input scheme, treating the SM prediction
for ete™ — vy as a background to ete™ — vN7.

To simulate the eTe™ — v N~ process in MadGraph5_aMCONLO, we use the UFO output
of the Feynrules model file SM HeavyN Dirac CKM Masses LO [145]. The model file adds
three generations of Dirac HNLs, N o3, with N = N; taken to be the lightest. For now we
only consider a Dirac HNL; the difference in the sensitivities for Dirac and Majorana HNLs is
similar to that the EFT operators, so we defer that comparison to section 3.2. For simplicity,
we consider only the electron-flavour mixing, with the mono-v plus £ signature constraining
the (my, |Von|?) parameter space. Similar constraints can be placed on the other flavour
mixing strengths, |V,n|? and |V;n|?, with small differences arising from the smaller cross
sections in those scenarios (only Z exchange contributing).

3.1.1 Sensitivity estimate

Using MadGraph5_aMC@NLO, we simulate the signal process ee™ — v, N~ + . Nv alongside
the irreducible SM background process ete™ — > viry, each with Ny = 5 x 10* events,
requiring pJ. > 1 GeV at generator level. In the case of the signal process, the simulation is
carried out for HNL masses up to the kinematic threshold my < /s.

For the simulated signal and backgrounds at /s = 91.2GeV and 240 GeV, we apply
the kinematic acceptance cuts shown in table 3 to the outgoing photon angle 6., and energy
E.,. These cuts are designed to maximise the signal-to-background ratio given the different
signal and background distributions in cos 6, and E (or equivalently, =, = 2E, /\/s), shown
in figure 3. In the third column of this table, we show the ratios of signal-to-background
ratios before and after implementing the kinematic cuts for a benchmark scenario with
my = 10GeV and |Ven| = 1073, Due to the similarity between the signal and background
on the Z resonance, no significant improvement is achieved. The distribution in z, in units
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S S
Vs [6eY) Cuts (#) e (B)
91.2 |cosb,]| < 0.9, E, <4GeV 1.03
240  ||cosB,| < 0.95, E, < 90GeV 1.50

Table 3. Kinematic cuts used to maximise the signal-to-background ratio for each /s in the active-
sterile mixing sensitivity analysis. The improvement in the signal-to-background ratios after cuts is
shown in the last column for the benchmark scenario my = 10GeV and |Voy| = 103,

of the maximum possible photon energy,

w2y mi (3.1)
NG s

For my = 10 GeV (solid, blue), the distributions are compared to the SM background (grey

dashed, shaded). The distributions for my close to the kinematic threshold are also shown.

Along with these cuts, we note that the HNL can decay to SM particles via the active-
sterile mixing with diagrams such as those in figure 2, which show the contribution of V,n
to the leptonic decays N — v£~¢*. Other leptonic and semi-leptonic decays channels are
open, such as N — vvv, N — vqq and N — ¢~ ud, with the quarks hadronising to form
single pseudoscalar and vector mesons for HNL masses below the QCD scale, and forming
multi-hadron final states/jets above. The total Dirac HNL width can be found from the
general decay rates in appendix C by rotating the SM charged and neutral-current interactions
to the mass basis. After this, we find the same total width 'y for the Dirac HNL as explored
in [17, 22, 25, 146]. The total decay width in the Majorana HNL scenario is twice as large.

We first consider mono-vy plus J signal, and do not consider HNL decays, effectively
treating it as a stable particle. However, for the parameter space considered in this analysis,
HNLs can indeed decay inside the detector, which results in a displaced vertex (DV) signature.
Therefore, the mono-v analysis can be considered as an inclusive analysis if the HNL decays
are not considered, while it can be considered as an exclusive analysis if mono-+y has no DV
signature associated with it, i.e, when HNLs decay outside the detector volume. The HNL
decay probability therefore needs to be appropriately accounted for.

The HNL decay probability is a function of detector geometry and boost. Based on
the preliminary FCC-ee proposal [94], we approximate the detector geometry and consider
it as a spherical detector of radius L = 5 m. The probability of the HNL decaying within
the interval {Li, Lo} can be written as,

7)in(-[/h L27 \/57 my, VaN) = /dbf(\/g7 my, b) |:67L1/bTN - 67L2/bTN:| y (32)

where b = 3 is the boost factor of the HNL with the probability distribution f(1/s,mp,b)
and 7y = 1/T'y is the proper lifetime of the HNL. As we consider a 2 — 3 scattering process,
the boost distribution does not have a simple analytical form like the equivalent 2 — 2
process without the photon, where f(y/s,my,b) = §(b—b'), with b = (s — m%,)/(2mn+/3).
We follow a simple approach to overcome this difficulty; on an event-by-event basis for
mono-y events that pass the kinematic cuts in table 3, we take the boost factor of the
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Figure 3. Normalised binned distributions in the outgoing photon angle cos @, (above) and energy
zy = 2E,/y/s (below) for mono-vy processes induced by the electron-flavour mixing Ven and SM
background in the Dirac HNL scenario. Distributions are shown for /s = 91.2GeV (left) and
Vs = 240 GeV (right). Solid lines indicate the scenario with my = 10GeV. We also show the
distributions for my close to the kinematic threshold using dashed and dot-dashed lines.

HNL directly from the MadGraph simulation. For each event i, the probability of the
HNL decaying outside the FCC-ee fiducial volume is obtained as P!, = 1 — P}, where
P!, is found by setting f(/s,my,b) = 6(b —b;) in eq. (3.2). Then, the overall geometric
acceptance can be approximated as Pous ~ (bmax — bmin) > Piut/ (€xNiot), Where €x Niot is
the number of events surviving the kinematic cuts. Through the boost distribution f and
the proper lifetime 75, the estimated probability Pyt depends the HNL mass my and the
active-sterile mixing strength V.

The method above defines sensitivity for the exclusive mono-v plus J signature at FCC-ee.
Complementary to this, the inclusive mono-+ search relaxes the condition of HNL stability in
the fiducial volume. Clearly, for the inclusive search one cannot identify the photon energy
with the missing energy due to the presence of additional potentially prompt visible final
states. This also implies that the inclusive analysis may have additional backgrounds, which
we do not account for. Our sensitivity estimate is still applicable if the HNLs can decay to
additional exotic invisible final states, thereby suppressing the branching ratios for visible
decays in the detector. For the inclusive search, we set P,y = 1. We generally assume
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that the HNLs decay outside the detector or have lifetimes long enough to be considered
stable. An example scenario with a potentially dominant invisible decay mode is discussed in
ref. [147] where the HNL couples to a light axion-like pseudoscalar particle a, leading to the
two-body decay N — av. Satisfying experimental and cosmological constraints, this decay
mode can be dominant for HNL masses 1 GeV < my < 100 GeV in our region of interest
with branching ratios to invisible states suppressed by factors of 1076 (my ~ 1 GeV) to 1072
(my ~ 100 GeV). While the presence of an extra light exotic state a would result in additional
operators within an EFT framework, the operators discussed here will still be present.

After applying the kinematic cuts and estimating the geometric acceptance, the total
number of surviving mono-v plus £ signal events is given by,

S =L X0 X Pout X €, (3.3)

which depends on the HNL mass and active-sterile mixing through the cross section for the
signal process, o, and Pyy;. The number of background events, B, is similarly found by
multiplying the SM cross section by the integrated luminosity and the associated kinematic
efficiency. To determine the sensitivity to the active-sterile mixing, V., we compute the
median significance for a counting experiment of known background [148],

S:\/Q((S—}-B)ln(l—Fg)—S)%\}gE, (3.4)

where in the second equality, we assume that for relevant parameter space the cross section
for eTe™ — Y vy is much larger than that for ete™ — 3, viN~ + ; N+, such that S < B.
For each HNL mass point up to my < /s, the expected significance is computed for different

values of the active-sterile mixing strength; bounds at 90% CL are then placed by determining
the value(s) of |V.n|? corresponding to S = 1.28, which delimit an excluded region of the
parameter space with & > 1.28.

3.1.2 Results

Using the procedure outlined above, we present in figure 4 the estimated sensitivity of the
mono-v plus J search at FCC-ee to the electron-flavour mixing strength, |V, y|?, for HNL
masses my between 500 MeV and 240 GeV. The sensitivities are shown for the exclusive
(solid) and inclusive searches (dashed) for /s = 91.2GeV (red) and /s = 240 GeV (black),
for a detector length of L = 5 m. The shaded regions indicate the excluded regions of the
parameter space from complementary beam dump, prompt and displaced vertex collider
searches; BEBC [149], CHARM (150, 151], DELPHI [152], ATLAS [153], CMS [154], Higgs
decays [155] and electroweak precision data (EWPD) [156].

We immediately observe that the /s = 91.2 GeV run is more sensitive by an order of
magnitude with respect to /s = 240 GeV. This is expected from the enhancement of the
cross section at the Z pole and the ~ 20 times larger integrated luminosity. For the exclusive
mono-y plus £ search, we see that the reach of FCC-ee is severely impacted for HNL masses
above my = 1 GeV, where the HNLs are very unlikely to decay outside the detector and
appear as missing energy. For each HNL mass, competing effects yield two |V, y|? solutions
for the condition & = 1.28; for large values of the active-sterile mixing strength, both the
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Figure 4. Sensitivity of mono-v plus J searches at FCC-ee to the electron-flavour mixing strength
as a function of the HNL mass at 90% CL, for /s = 91.2GeV (red) and /s = 240 GeV (black).
Shown are the results of the exclusive signal analysis (solid), taking into account the probability of the
HNL decaying outside the detector of length L = 5 m, and inclusive signal analysis (dashed), where
this requirement is relaxed. The shaded regions correspond to the currently excluded regions of the
parameter space.

cross section and the decay rate are large, leading to a small probability to decay outside the
detector and a reduced value of S. Conversely, for small values of the active-sterile mixing
strength, the probability of decaying outside the fiducial volume is enhanced, but the cross
section and therefore S is suppressed. For the inclusive signal, no such suppression from
the geometric acceptance applies, removing the lower limits on |V.y|? and extending the
bounds up to the kinematic thresholds.

Overall, the reaches of the exclusive and inclusive searches are around |V |? ~ 10~* and
|Ven|? ~ 1073 for /s = 91.2 GeV and /s = 240 GeV, respectively. In the parameter space
depicted in figure 4, the sensitivities therefore lie almost entirely within the region excluded
by existing searches, unlike the proposed displaced vertex searches for HNLs, which can probe
[Ven |2 ~ 107 for my ~ 30 — 60 GeV [103, 105-107]. Only the unconstrained region around
my ~ 80 — 130 GeV, below the reach of EWPD constraints, can be excluded by the inclusive
mono-y search at /s = 240 GeV. However, we note that the exclusive and inclusive search
sensitivities both extend to lower values of the HNL mass. For my ~ 10 eV — 2.5 MeV,
bounds from kink searches in 3 decay spectra, excluding |Von|? > 107% — 1073, are generally
less stringent than the sensitivities presented here for the FCC-ee mono-v plus £ search
at /s = 91.2GeV.

3.2 EFT operators

Given the wide range of existing constraints on the active-sterile mixing strength, it is now
interesting to explore the mono-vy plus £ constraints on the WCs considered in section 2,
which are generally less constrained.
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At FCC-ee, the four-fermion operators and effective W*/Z interactions can lead to the
single and pair production of HNLs, ete™ — vN(v) and ete™ — NN(7), respectively, via
the diagrams in figure 1. Heavy new physics may also contribute to operators involving
two active neutrino fields, modifying the SM process ete™ — vv(y). For Majorana and
Dirac HNLs, the general 2 — 2 scattering cross sections via the EFT operators are in
egs. (B.9) and (B.8), respectively. The cross sections with an additional final-state photon
can be approximated through the use of eq. (B.19). For the analysis, we simulate the
2 — 3 process in MadGraph5_aMC@NLQO, implementing the relevant operators in Feynrules
and obtaining the necessary UFO input. The technical difficulty in MadGraph5_aMC@NLO
related to four-fermion operators containing two Majorana fermions is solved using the
method described in appendix B.

In this analysis, we turn on a single EFT operator coefficient C; in section 2.2 at a
time. The operators are taken to be in the mass basis, with the diagonalisation of the
extended neutrino mass matrix resulting in two Majorana or Dirac HNLs, N; and No, with
mpy, < mp,. We consider:

e Diagonal WCs of the four-fermion and effective Z interactions with two HNLs:

2
V,RR ~S,RR ~T,RR
CZ’ € {CNe ’ ONe ’ CNe ) E[Zﬁ]”}7 (35)
with i = 2, which induce the pair production of HNLs via eTe™ — NoNoy (Majorana)
or ete™ — NyNoy (Dirac). As the HNLs cannot decay via these WCs, only the mono-v
plus J signal can constrain these operators at FCC-ee.

o Off-diagonal WCs of four-fermion and effective Z interactions with two HNLs:

Coe {Of™. 38R, CRER. 51285} (3.6)
ijee ijee ijee
with i = 1 and j = 2, leading to HNL pair production via ete™ — NNy (Majorana)
orete” — Nljvgfy + ]\_legfy (Dirac). We consider three different mass splitting ratios,
0 = (mn, —mn,)/mn,, between the HNLs: 6 = 0.01, 0.1, and 1. Because N3 can decay
to Ny via these WCs, the DV signature can also provide complementary constraints, as
explored in section 4.

¢ WCs of the four-fermion and effective Z interactions involving a light neutrino and
HNL, and effective W# interactions involving an HNL;

Cie {CIR, O, CIE, SWillie, SV, S(28es}, ()
ajee ajee ajec

with o = e, u, 7 and j = 2, which lead to the single production of HNLs via the processes

ete™ — 3, v;Noyy (Majorana) and ete™ — 3, v;Noy + 7; Noy (Dirac). While the WCs

C’X ]’V}iR and ZZ are not present in the Dirac case, we take them in the following as

shorthand for CIY]’VLeR and ZfN, which are non-vanishing. For the four-fermion and

effective Z interaction WCs in eq. (3.7), the mono-y plus J constraints can be obtained

from those for the off-diagonal WCs in eq. (3.6), with § = 1.
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Vs [GeV] Cuts <%)Cuts/ <%)

Cret | O | O™ (Wi | 2§
91.2 | |cosf,| < 0.4, |cosfy|>08| 1.21 | 1.20 | 1.20 |1.22|1.01
240 |cosf,| <0.95, £, <40GeV| 2.30 | 2.30 | 2.23 [2.00{0.05

Table 4. Universal kinematic cuts for maximising the signal-to-background ratio for each /s in the
EFT operator sensitivity analysis, in both the Majorana and Dirac HNL scenarios. The improvement
in the signal-to-background ratios after cuts is shown in the last column, for benchmark scenarios
involving a Dirac HNL with my, = 10 GeV.

e WCs of the four-fermion and effective Z interactions with two light neutrinos and the
effective W¥ interactions involving a light neutrino;

Cre {CYLE, CYLR CSEE, OTEE . W 0, S [0Whae, 5102Mas}.  (38)
aBee aBee aBee afBee v (% v
with «, 8 = e, u, 7, modifying the SM process eTe™ — > viy. We note that the WCs
CSLL CTLL and WE are not present in the Dirac case. In the Majorana case, these
operators do not interfere with the SM; thus, constraints on them can be obtained from
the limits on the diagonal and off-diagonal WCs in egs. (3.5) and (3.6), respectively,
in the limit my, — 0. New physics contributions to CY;L* CV:LE sWl and §ZL,
meanwhile, interfere with the SM, depending on the flavour of the fields involved.
Interference with the SM can be the leading effect of these operators, and must be
taken into account when deriving limits on the associated ¥YSMEFT WCs in section 5.

3.2.1 Sensitivity estimate

The sensitivity analysis for the EF'T operators now proceeds similarly to the active-sterile
mixing analysis in section 3.1.1, with the simulation performed in MadGraph5_aMC@NLO.
Firstly, for the four-fermion operators, we simulate the signal processes ee~ — NyNyy and
ete™ — NiNyy + N;Nyy for the diagonal and off-diagonal WCs, respectively. As described
in appendix B, Majorana HNLs are treated as Dirac HNLs in the simulation, with the
definition of WCs in the FeynRules model file ensuring the correct behaviour of the Majorana
four-fermion operators. For the effective W= and Z interactions, the HNLs can instead be
treated as Majorana fermions in MadGraph5_aMC@NLO. For the former, the processes ete™ —
VeNoy + Ve Noy and eTe™ — I/GNQ’Y + v N7y are simulated in the Majorana and Dirac cases,
respectively. For the latter, we simulate ete™ — NoNyy (Majorana) and ete™ — NaNoy
(Dirac) for the diagonal WCs and e*e™ — Ny Nyy (Majorana) and ete™ — Ny Noy + Ny Noy
(Dirac) for the off-diagonal WCs. For all signal scenarios, Nyt = 5 X 10%* events are generated.
For the irreducible SM background, we use the same simulated events as in section 3.1.1.
We generate signal and background samples with a generator level cut of pJ. > 1 GeV. For
the signal processes, we repeat the simulation for HNL masses up to the kinematic threshold
my, < v/$/(2—10), with 6 = 0 for the diagonal WCs. In table 4, we show the universal
kinematic cuts applied to the signals and backgrounds for /s = 91.2 GeV and /s = 240 GeV.
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These cuts are informed by the distributions in the outgoing photon energy E, and angle
6. In the third column of this table, we show the improvement in the signal-to-background
ratios after implementing the kinematic cuts for the diagonal four-fermion, effective W,
and diagonal effective Z interactions involving a Dirac HNL with mpy, = 10 GeV. Similar to
the active-sterile mixing scenario, the implemented cuts eliminate a significant fraction of
background events, except for Zﬁ, at /s = 240 GeV. In figure 5, we illustrate the normalised
cos 0, (top panel) and z, = 2E,/+/s (bottom panel) distributions in the Dirac HNL scenario
for /s = 91.2GeV (left) and /s = 240 GeV (right). As in figure 3, the distributions in z,
are shown in units of the maximum possible photon energy,

2 pmax m3;. (2 —9)?
T = T =1- 71\]2( ) . (3.9)
NG s

In figure 5, the solid lines show the normalised distributions for mpy, = 10 GeV and non-zero

values of the diagonal WCs in eq. (3.5), which induce e*e™ — NoNyy, and a non-zero value
of the coefficient [W ], leading to ete™ — 32, v;Noy + ; Na7y. These are compared to the
distributions for the SM background (grey dashed and shaded).

The distributions in cos 6, show the expected behaviour for initial state radiation, with
peaks in the forwards and backwards directions. As discussed in appendix B, the distributions
can be approximated by multiplying the 2 — 2 cross sections by a radiator function, as in
eq. (B.19). This predicts identical cos 6., distributions for all of the processes in question, and
we see that this is the case for the four-fermion and effective W# interactions. However, we
observe that for the SM background and the effective Z interaction, the cos 6, distribution is
less prominent for |cosf,| 2 0.8 and |cosf,| < 0.95 for /s = 91.2GeV and /s = 240 GeV,
respectively; as a consequence of the p. > 1GeV cut on these s-channel processes. Thus,
for the four-fermion and effective W interactions, |cosf,| > 0.8 and |cosf,| < 0.95 are
sensible universal cuts to minimise the SM background.

However, we note that for HNL masses near the kinematic threshold, the distributions
in cos 6, change considerably. In figure 5, we plot the normalised distributions for non-zero
values of the vector four-fermion coefficient C’X,’eRR with mpy, = 44.5 GeV (dashed) and 45 GeV
(dot-dashed) for /s = 91.2GeV and my, = 119 GeV (dashed) and 119.4 GeV (dot-dashed)
for \/s = 240 GeV. The distributions now peak at cos#, = 0 and lose support at cos 6, ~ %1.
For /s = 91.2GeV, the cut |cosf,| > 0.8 therefore removes too much of the signal. To
avoid this, we also allow events with |cosf,| < 0.4.

The distributions in z., also agree with the approximate expression in eq. (B.19), with
the distributions for the four-fermion and effective W+ interactions all decreasing up to the
threshold z, = z7**. For the SM background and effective Z interactions, the replacement
s — s(1—m,) in the 2 — 2 cross section results in a peak at s(1—xz,) = M2, or &, = 1—M2%/s.
As there is no peak for /s = 91.2 GeV, we find that a further cut on E, does not noticeably
improve the signal-to-background ratio. For /s = 240 GeV case, the peak occurs at z, ~ 0.85;
we therefore apply the universal cut E, < 40 GeV. As mentioned previously, this improves
the signal-to-background ratio for all scenarios except the effective Z interaction. In figure 5,
the £, distribution for £, < 40GeV (or x,/z3** < 0.33) can be seen to be suppressed with
respect to the SM background. While different cuts could be placed on cosf, and E, to
obtain increased kinematic efficiencies in this case, we do not expect a large improvement in
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Figure 5. Normalised binned distributions in the cosine of the outgoing photon angle cos . (above)

and energy x, = 2E. /\/s (below) for mono-vy processes induced by the four-fermion, effective W
and Z interactions and SM background in the Dirac HNL scenario. Distributions are shown for
Vs =91.2GeV (left) and /s = 240 GeV (right). Solid lines indicate the scenario with mpy, = 10 GeV.
For the vector four-fermion operator, we also show the distributions for my, close to the kinematic
threshold, see text for details.

the sensitivity. The universal cuts in table 4 are applied in both the Majorana and Dirac
HNL scenarios, as there are only minor differences in the cos 6, and E, distributions. They
are also applied for all considered HNL masses; for each HNL mass, tailored cuts can be
used to further improve the signal-to-background ratios. However, we find that these do not
significantly increase the sensitivities with respect to the universal cuts.

The method used to obtain the geometric acceptance in this analysis is identical to that
used in section 3.1.1. For the diagonal WCs in eq. (3.5), Ny cannot decay and is therefore
stable, giving Poys = 1. For the off-diagonal WCs in egs. (3.6) and (3.7), however the heavier
HNL N; can decay. For example, the decays No — ve~e™ /Nie~ et are possible, as shown in
figure 2. Additional decay modes are present for the effective W+ and Z interactions, such as
Ny — vvi/Nivir, Ny — vqG/N1qq and Ny — (~ud. In appendix C, we give expressions for
the total decay width of Ny in the Majorana and Dirac HNL scenarios. These can be used in
eq. (3.2) to calculate the probability of the HNL decaying outside the detector on an event-
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by-event basis, and finally the overall geometric acceptance Pyt for the exclusive mono-+
plus J signal. As in section 3.1, we also consider an inclusive mono-v search, with Py = 1.

To estimate the sensitivity of mono-y plus J searches at FCC-ee to the EFT operator
WCs in egs. (3.5)—(3.7), the total number of signal events, S, after kinematic and geometric
cuts, can be found as in eq. (3.3) for each simulated HNL mass. Combining with the surviving
SM background after kinematic cuts, B, the median sensitivity S is calculated as in eq. (3.4).
In the next section, we show the bounds at 90% CL by excluding the (my,, C;) parameter
space with & > 1.28.

In this analysis, we take the active-sterile mixing of N; and Ns to be negligible. There
are three main advantages of this limit:

« Firstly, to simplify the matching in section 5 of the coefficients C; in egs. (3.5)—(3.8) to
the coefficients of the ¥YSMEFT operators in tables 1 and 2. In the limit of vanishingly
small active-sterile mixing, |V,n,;| < 1, the weak and mass eigenstate fields are related
by v = P/ and N = Pgr N’ in the Majorana scenario and v = Ppv/, N = PpN’ and
S = P;, N’ in the Dirac scenario. Accordingly, there is a one-to-one mapping of the
WCs C; and the vYSMEFT WCs of interest, as described in more detail in section 5.

e Secondly, to ensure that the EFT operators dominate the production of HNLs. This
is practically assured for the pair production process, ete™ — NN (v), because the
contributions from the active-sterile mixing via the SM charged- and neutral-current
interactions are suppressed by two powers of |V, n,| < 1 in the amplitude. However,
for the single production process, ete™ — vN(v), the active-sterile mixing can play a
more important role; now, the contributions from the SM interactions are proportional
to a single power of |V, n;| and can compete in size with the EFT WCs in eq. (3.7). For
example, taking C; = IY ]’\iR # 0 and Ve, # 0, we can make use of the expressions for
the 2 — 2 cross sections® in eqs. (B.8) and (B.9) of appendix B to compare the sizes of
the contributions. At the Z pole, the active-sterile mixing does not dominate the cross
section for

Ve S " i =2 10‘3(‘0"'2) ’ (3.10)
2V2Gr/(95)? + (95)2 M2 1076 Gev

where we have neglected interference terms, which is just below the current upper limits
on |Ven,|? shown in figure 4. Similar conditions can be found for the other EFT WCs
in eq. (3.7). For /s = 240 GeV and away from the Z pole in general, the condition in
eq. (3.10) is further relaxed.

o Finally, for non-negligible values of the active-sterile mixing strength, the decay width
of Ny is increased. This is inconsistent with our assumption that N, is stable for
the diagonal WCs in eq. (3.5). Likewise, the results of the exclusive mono-vy plus £
analysis for the off-diagonal WCs in egs. (3.6) and (3.7) should be modified. To obtain

n principle, the 2 — 3 cross section with a final-state photon should be used, by applying eq. (B.19) to
egs. (B.8) and (B.9) and integrating over cosf., and E, according to the cuts in table 4. However, this gives
qualitatively the same result as in eq. (3.10).
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Figure 6. Sensitivities of mono-y plus J searches at FCC-ee to the diagonal four-fermion and
effective Z interaction WCs as a function of the HNL mass at 90% CL, for /s = 91.2 GeV (left) and
Vs =240 GeV (right). Limits are shown for Ny being a Majorana (dashed) or Dirac (solid) HNL. The
parameter space where the EFT is not valid is indicated by the grey shaded region.

a qualitative understanding of the size of this effect, in the following section we examine
how the electron-flavour mixing strength V,x, modifies the HNL decay length in the
(mn,, Ci) parameter space.

3.2.2 Results

In figure 6, we present the estimated sensitivities of mono-v plus J searches at FCC-ee to the
diagonal four-fermion and effective Z interaction WCs in eq. (3.5), for masses of Na between
200 MeV and 500 GeV. The 90% CL sensitivities for the vector (blue), scalar (orange) and
tensor (green) four-fermion and effective Z (red) interactions are shown for /s = 91.2 GeV
(left) and /s = 240 GeV (right) in the Majorana (dashed) and Dirac (solid) HNL scenarios.
For the effective Z interaction, the sensitivity is shown for C; = U%[Zﬁ]n to maintain units of
GeV 2. The grey shaded region indicates where the EFT description is no longer valid. As
explained in appendix B, we assume this to be the case for A < 3y/s, or C; = 1/A? > 1/(9s).
Firstly, we see that /s = 240 GeV is more sensitive to the four-fermion operators
by a factor of ~ 3 with respect to /s = 91.2GeV, as the reduced SM background and
increased cross section compensate for the lower luminosity. The opposite is true for the
effective Z interaction, which benefits from the resonant behaviour of the cross section at
Vs = 91.2GeV. For the vector four-fermion and effective Z interactions, the sensitivities
in the Majorana case fall off faster as a function of my, compared to the Dirac case. This
is a result of interference terms further suppressing the Majorana cross sections near the
kinematic threshold, my, < 1/s/2, seen also in figure 17. Finally, no constraint is shown for
the tensor four-fermion coefficient in the Majorana scenario, which vanishes identically.
The future sensitivities in figure 6 assume V,n, = 0 and therefore that N» is stable. To
determine how large the active-sterile mixing can be for these results to remain valid, we
consider two values of the electron-flavour mixing strength:? |V.n,| = 1072 and 10~". For

2As seen in figure 4, |Ven,| = 1072 is roughly the maximum active-sterile mixing strength still allowed by
current experiments in the HNL mass range of interest.
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these two values, we calculate the HNL lifetime 7, = 1/T'y, and decay length in the lab
frame L = p~y7n,, taking the boost factor Sy ~ \/s/(2my,). In figure 6, the grey dashed
(solid) lines indicate where the Majorana (Dirac) HNL decay length satisfies L = 5 m, with
L < 5 m to the right. For |V.n,| = 1072 and 1077, respectively, the mono-y plus % bounds
are therefore no longer applicable for my, > 5GeV and 80 GeV. Ultimately, for |Ven,| < 1076
(1078), we find that the sensitivities for /s = 91.2GeV (240 GeV) are unaffected by the
mixing-induced decays of Nsy. For the active-sterile mixing strength expected in the type-I
seesaw, |Von, | ~ v/m,/my,, which is a well motivated scenario for Majorana HNLs, L > 5 m

is satisfied for my, < 50 GeV.

~

For the off-diagonal WCs in egs. (3.6) and (3.7), we show the 90% CL sensitivities of
the exclusive and inclusive FCC-ee mono-v plus J searches in figures 7 and 8. We give the
results of the /s = 91.2GeV (left) and /s = 240 GeV (right) analyses for the vector (blue),
scalar (orange) and tensor (green) four-fermion operators in figure 7 and the effective W+
(purple and pink) and Z (red) interactions in figure 8. For comparison with figure 6, the
normalisations C; = S[WH;e, Z[Wk]je and 5[ZF]; are also used in figure 8. For the
exclusive (inclusive) search, the Majorana and Dirac HNL scenarios are shown as dashed
(dotted) and solid (dot-dashed) lines, respectively. The sensitivities for the three values
0 = 0.01, 0.1 and 1 are depicted as light, medium, and dark shaded lines, respectively.

The results of the inclusive mono-vy plus JF search appear similar to the sensitivities
for the diagonal WCs in figure 6, with the upper bounds on |C;| now extending up to the
kinematic threshold, my, < v/s/(2 —0). The /s dependencies of the cross sections again
ensure that /s = 91.2 GeV and 240 GeV are more constraining for the effective Z and four-
fermion interactions, respectively. For the vector four-fermion and effective Z interactions,
the sensitivities in the Majorana case again fall off faster as a function of my, compared to
the Dirac case. Finally, for the effective W* interactions, the sensitivities are marginally
stronger for /s = 240 GeV, reflecting the logarithmic scaling of the cross sections with /s.
The bounds on the WC [W§] e are slightly more stringent than for [Wk],., as the cross
section for the former is larger if the WCs are of equal size.

For the exclusive mono-vy plus J search, we see that the constraints on the off-diagonal
WCs are impacted substantially by the decays of Na, similar to the active-sterile mixing
sensitivity in figure 4. This is most pronounced in the § = 1 case, which corresponds to the
WCs in eq. (3.6) for my, = 0 and the WCs in eq. (3.7). For HNL masses up to certain size,
a range of |C;| values are excluded, because the HNL is very unlikely to decay outside the
detector if |C}| is too large. However, for 6 < 1, the sensitivities can extend to much larger
values of my;,, because the HNL decay rate via Ny — Nije~e™ (and additional decays such as
Ny — Nivi, No — Nip~pu™, Ny — Ni7~ 7+ and No — Niqq for the effective Z interaction)
is suppressed, increasing the HNL lifetime sufficiently for heavier HNLs to be long-lived.

As for the diagonal WCs, we have assumed V,n, = 0 to determine the exclusive mono-
v plus £ sensitivities in figures 7 and 8. To explore the possible impact of the active-
sterile mixing, we again compute the HNL lifetime 7y, and decay length L = Sy7y,, with
By ~ +/s/(2my,), as a function of my, and Cj, for VN, # 0. The exclusive mono-vy plus
P sensitivities for the § = 0.1 and 1 scenarios, which do not reach up to my, ~ 20GeV,
remain unaffected for |V.n,| < 107 and 1072, respectively. The effective W+ interactions
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Figure 7. Sensitivities of the exclusive and inclusive mono-vy plus £ searches at FCC-ee to the
off-diagonal four-fermion interaction WCs as a function of the HNL mass at 90% CL, for /s = 91.2 GeV
(left) and /s = 240 GeV (right). Limits are shown for Majorana (dashed) and Dirac (solid) HNLs for
three different mass splitting ratios § = (my, — mny, )/mn,. The sensitivity of the inclusive search is
also shown for the Majorana (dotted) and Dirac (dot-dashed) cases. The parameter space where the
EFT is not valid is indicated by the grey shaded region.
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Figure 8. Sensitivities of the exclusive and inclusive mono-y plus J searches at FCC-ee to the effective
W+ and (off-diagonal) Z interactions as a function of the HNL mass, at 90% CL, for /s = 91.2 GeV
(left) and /s = 240 GeV (right). The benchmark scenarios for the mass splitting ratio § are the same
as in figure 7.

are likewise unaffected for |Vepn,| < 1072. The 6 = 0.01 sensitivities meanwhile remain valid
for |Von,| < 1076 (1077) for /s = 91.2GeV (240GeV). All exclusive sensitivities remain
unaffected by the seesaw prediction for the active-sterile mixing, |Ven,| ~ vmu/mn,.

4 Displaced vertex constraints at FCC-ee

In this section, we examine the sensitivity of DV searches at FCC-ee to the EFT operators in
section 2. Again, we consider the presence of one HNL interaction at a time. The scenario
where all EFT WCs are zero, C; = 0, and the active-sterile mixing is non-negligible, V,n, # 0,
has already been considered in [103, 105-107]. Here, we consider V,n, = 0 and C; # 0 for
Majorana and Dirac HNLs. As for the mono-v plus £ analysis in section 3, we consider the
Vs = 91.2GeV and 240 GeV runs at FCC-ee with the integrated luminosities £ = 100 ab™?
and 5 ab~!, respectively.
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4.1 EFT operators

The following benchmark scenarios are taken in this analysis. As discussed in section 3.2,
the diagonal four-fermion and effective Z interaction WCs in eq. (3.5) cannot induce decays
of Ny in the V,n, = 0 limit, and therefore are not considered further here. Likewise, the
WCs of the operators in eq. (3.8) containing two active neutrino fields cannot be probed
by DV searches. Therefore, we only consider the off-diagonal four-fermion and effective Z
interaction WCs in egs. (3.6) and (3.7) and the effective W interaction WCs in eq. (3.7).
For the off-diagonal WCs involving N7 and Ns in eq. (3.6), we consider three mass splitting
ratios; 6 = 0.1, 0.5, and 1. The results for § = 1 are equally applicable for the WCs of the
off-diagonal operators containing an active neutrino and N3 in eq. (3.7).

4.1.1 Sensitivity estimate

This sensitivity analysis proceeds as follows. Using MadGraphb5_aMCONLO, we simulate for
the four-fermion operators the 2 — 2 signal process eTe™ — NNy + NlNg, in both the
Majorana and Dirac HNL scenarios. As in section 3.2.1, the definition of the WCs in the
Majorana FeynRules model file reproduces in the expected behaviour of the cross section
in MadGraph5_aMC@ONLO for the Majorana four-fermion operators. The HNLs can instead
be treated as Majorana fermions for the effective W and Z interactions, for which we
simulate eTe™ — v, Na + 7, No and eTe™ — N1 N5 in the Majorana scenario, respectively, and
ete™ = veNy + 7. Ny and ete™ — NiNy + N1 Ns in the Dirac scenario. All signal processes
are simulated with Nyt = 5 x 10* events.

In the simulation, we further require Ny (and N in the Dirac HNL scenario) to decay
via the operators of interest to a di-electron final state; specifically, No — Nie e™ for the
four-fermion and effective Z interactions and Ny — ve et for the effective W= interactions.
The total width of Ns and the branching ratios of these channels are calculated using the
expressions of appendix C and inputted by hand. The detector response is once again
simulated with Delphes3, using the Innovative Detector for Electron-positron Accelerators
(IDEA) FCC-ee detector card [157].

We estimate the DV final state reach in a background-free approach. The SM backgrounds
are predominantly prompt and, if necessary, can be reduced by using a cut on the electron-
track transverse impact parameter, e.g. |dyg| > 0.6 mm [106, 107]. In addition, we require
p7 > 0.7GeV as the minimum momentum necessary to identify an electron at the FCC-ee.
The kinematic efficiency ¢ is found by dividing the number of events surviving the cut by
Niot. For the geometric acceptance, we use eq. (3.2) with f(y/s, mn,, mn,,b) = §(b— ') and
the boost factor of Ny fixed to b’ = (s, m%,,m%,)/(2mn,+/s), which gives the probability
of Ny decaying inside the detector, Py,. The FCC-ee detector is taken as spherical, with the
minimum and maximum radii L; = 0.1 mm and Lo = 5 m, respectively.

With the kinematic cuts and geometric acceptance described above, we estimate the
total number of DV signal events as,

S=Lx0oxBR(Ny = ve et /NieTet) x Py X ¢, . (4.1)

Given zero background, we determine the excluded regions at 90% CL in the (mpy,, C;)
parameter space by identifying where the condition S > 2.3 is met for the signal events.
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Figure 9. Sensitivities of the of DV search at FCC-ee to the off-diagonal four-fermion interaction
WCs as a function of the HNL mass at 90% CL, for /s = 91.2GeV (left) and /s = 240 GeV (right).
Limits are shown for Majorana (dashed) and Dirac (solid) HNLs for three different mass splitting
ratios 6 = (mpy, — mpy, )/mn,. The parameter space where the EFT is not valid is indicated by the

grey shaded region.
4.1.2 Results

In figures 9 and 10, we show the resulting 90% CL sensitivities of the DV search at FCC-ee to
the WCs in egs. (3.6) and (3.7), for masses of Ny between 200 MeV and +/s. For /s = 91.2 GeV
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Figure 10. Sensitivities of the DV search at FCC-ee to the effective W and (off-diagonal) Z
interactions as a function of the HNL mass at 90% CL, for /s = 91.2GeV (left) and /s = 240 GeV
(right). The benchmark scenarios for the mass splitting ratio ¢ are the same as in figure 9.

(left) and /s = 240 GeV (right), we show the sensitivities for the vector (blue), scalar (orange)
and tensor (green) four-fermion operators in figure 9 and the effective W+ (purple and pink)
and Z (red) interactions (with the same normalisations as in section 3.2.2, C; = U%[W]{}z] jes
U%[W]’\:,]je and U%[Zﬁ,]ij) in figure 10. The sensitivities for the three values § = 0.1, 0.5 and 1
are depicted as light, medium, and dark shaded lines, respectively. The same EFT validity
regions are indicated as in figures 7 and 8.

We first note that, like the active-sterile mixing, the DV search can probe much smaller
values of the WCs |C;| with respect to the mono-v plus J search. Firstly, for the four-fermion
operators with § = 1, both the /s = 91.2 GéV and 240 GeV runs can reach |C;| ~ 1079 GeV 2
for my, ~ 20-70 GeV and my, ~ 20-90 GeV, respectively. Instead, for § = 0.1 and 0.5, the
sensitivities become bounded for /s = 91.2 GeV by the kinematic threshold, my, < \/s/(2—9),
which can be seen as vertical slices on the right-hand side of the excluded regions. For
/s = 240 GeV, the opposite behaviour can be seen, with the sensitivities reaching larger
values of my, for successively smaller values of J, until the bounds again hit the kinematic
threshold. Unlike the mono-y plus J sensitivities, the bounds weaken as my, — 0, because in
this limit Ny becomes too long-lived, with the decay length in the lab frame L = Sy7y, > 5 m.
On the upper side of the excluded regions, N, instead decays too promptly, with L < 0.1 mm.
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The sensitivities for the effective W¥ interactions, like the four-fermion operators, are
slightly more stringent for /s = 91.2 GeV compared to 240 GeV. Even though the cross
sections are larger for these operators at higher /s, the reduced luminosity at /s = 240 GeV
does not compensate enough. Furthermore, the sensitivities for /s = 240 GeV do not benefit
from the reduced SM background with respect to /s = 91.2 GeV, like the mono-v plus £
search. Smaller values of the WC [W£];. are probed compared to [W];c, as the former
induces a larger cross section for equal values of the WCs. The sensitivities overlap at larger
values of |C;| because the rates for Ny — ve~e™ are equal. For the effective Z interaction,
the resonant cross section at /s = 91.2 GeV clearly provides a more stringent limit compared
to /s = 240 GeV, reaching almost to |C;| ~ 10710 GeV~2 for my, ~ 30GeV. The cross
section is insufficient for the § = 0.1 scenario to reach the kinematic threshold, as was the
case for the four-fermion operators.

Finally, as in section 3, we have considered the impact of non-zero active-sterile mixing
on the results of this analysis. For the § = 1 sensitivities, |Ven,| < 1075 is typically required
for the active-sterile mixing to not significantly alter the results. Generally, we find that
|Von,| < 1077 and 1075 must be satisfied for the 6 = 0.1 and 0.5 sensitivities in figures 9
and 10 to remain fully applicable.

5 Discussion

Having presented the sensitivities of FCC-ee to the EFT WCs C; from mono-v plus J searches
in section 3.2 and DV searches in section 4.1, we now assess the corresponding constraints
on the WCs of the ¥YSMEFT operators in tables 1 and 2, which can further be translated to
lower bounds on the scale of new physics A, shown in figures 12, 13 and 14. We also compare
the sensitivities of FCC-ee to existing constraints on the vYSMEFT operators in figure 11.

As discussed previously, the analyses of sections 3.2 and 4.1 assume the active-sterile
mixing to be negligible, such that the EFT operators dominate the production and decay
of the Majorana or Dirac HNLs N; and 3. This assumption furthermore streamlines the
matching of the WCs C; in the HNL mass basis and the YSMEFT WCs in the weak basis.
For non-negligible V,, y,, multiple “SSMEFT operators can contribute to an operator C; after
EW symmetry breaking, albeit with the contributions arising from V,,n, # 0 being suppressed
both by |Van,| < 1 and the scale of new physics A > v. Therefore, in the following, we
simply take the leading contributions to C; with |V,n,| = 0.

5.1 d =6 vSMEFT operators

Using the matching relations in appendix A, the d = 6 YSMEFT operators in table 1 contribute
to the WCs C; in egs. (3.5)—(3.8). In the |V,on,| = 0 limit, we have the trivial relations
between the weak and mass eigenstates N = PrN’ in the Majorana scenario and N = PrN’
and S = PN’ in the Dirac scenario. The WCs C; in egs. (3.7)—(3.8) are also defined for the
flavour eigenstate active neutrinos, which by definition are the weak eigenstates. Thus, the
indices of the YSMEFT operators can be interchanged with the flavour indices p,0 = e, u, T
for the active neutrinos and the mass indices ¢,j = 1,2 for the HNLs.
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For the WCs C; in egs. (3.5) and (3.6), the matching with the d = 6 ¥YSMEFT operators
is therefore given by,

2
V.RR
CNe =Cen , ?[Z]]\DLT]ZJ = C}ZN, (5'1>

ijee eeij

and for the WCs C; in eq. (3.7) by,

ijéR = CiNte + %ClNlea CgNiR = %OlNlev %[Wﬁ]je = CphNe - (5.2)
ajee ajee ejpe ajee ejpe je

The constraints on the WCs C; in figures 6-10 can now be translated to bounds on the

d = 6 vSMEFT operators.

In figure 11, we show in the upper two panels the bounds on the coefficient C,n of the
d = 6 YSMEFT operator Q.ny = (évy,e)(Nriv*Ng;) as a function of my,, for i = j = 2
(left) and ¢ = 1, j = 2 (right), in the Dirac HNL scenario, with N; assumed to be massless
(i.e., d = 1). In all panels of figure 11, the same colour scheme is used as in figure 4, with
the /s = 91.2GeV (red) and /s = 240 GeV (black) FCC-ee runs shown for the exclusive
(solid) and inclusive (dashed) mono-vy plus [ searches and the DV search (dotted), which
are taken directly from the constraints in figures 6, 7 and 9, according to the matching
relation in C’X,’ERR = Cen.

An existing bound on C,y originates from mono-vy plus F searches at LEP. As in [125],
we obtain these bounds by recasting the constraint in [101] on a purely vector four-fermion
operator coupling a Dirac fermion dark matter candidate to electrons, (N+,N)(ey"e), using
DELPHI data for /s values between 180 GeV and 209 GeV [158, 159]. We follow the same
procedure as [125], rescaling the bound on the purely vector operator by equating the cross
sections for ete™ — NN~, ie.

|Ci%6; = |0y %65, (5.3)

where the hat denotes that the dependence on the coefficient C; is removed from the cross
section ;. The cross section for the purely vector operator can be found by setting the
WCs to C']‘\/,’eR R _ C]‘\/,’f L= C]‘\/,’GLR = C’]‘\/,’eLL = Cy in eq. (B.8) and inserting the result into
eq. (B.19), integrating over the photon signal region 0.06 < z, < 1 — m%VQ (2 —9)?/s and
ley| < 1/v/2, for /s = 200 GeV. The cross section for Cey # 0 can be found by repeating
the same procedure, with C’X’ER = C¢n. In figure 11, the resulting constraints on |Cey|
are shown as grey shaded regions. We note that for ¢ # j, we do not take into account the
decay Ny — Nie~ e’ via C,y, which would modify the LEP bound similarly to the exclusive
mono-y plus J bounds at FCC-ee. For both i = j and i # j, the FCC-ee mono-v plus £
search at /s = 240 GeV improves on the LEP bound by over an order of magnitude, and
also extends the sensitivity to larger values of my,. For i # j, the DV searches at FCC-ee
increase the sensitivity much further for 400 MeV < mpy, < 110 GeV.

In the centre-left panel of figure 11, we instead show the bounds on the coefficient Cjnie
for the d = 6 vYSMEFT operator Q;nje = (I_/pNRj)e(I_/oe), with p =0 = e and j = 2. From
eq. (5.2), Cinie contributes to both the scalar and tensor four-fermion interaction WCs as
Cf J’\iR = 1205 j\iR = 3C)nie/2. However, in the analyses of sections 3.2 and 4.1, we considered
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only one non-zero coefficient C; € {C’f j\iR, C’E]’\ZR} at a time. In general, it is not possible

to obtain the exact limits on Cjyj. from the individual constraints on ij\ZR and CVT j\iR in
figures 7 and 9, because this cannot account for one coefficient dominating the production
and another the decay, or both being equally important. Fortunately, with the particular
relation Cf J’feR = 1203 ]’V]iR, the scalar coefficient dominates both the production and decay
of Ny. In figure 11, we thus show the limits found by rescaling the mono-v plus £ and DV
bounds on the scalar coefficient only, according to Cf ]’\I,iR = 3Cinie/2. For the LEP bound,
we again rescale the purely vector operator, with the cross section for Cjpje # 0 found by
setting ij\ZR = 1203}’@}2 = 3/(2A?) in eq. (B.8). The improvement of the FCC-ee bounds
over LEP can be seen to be similar to that for the coefficient Cen for i # j.

Before moving on, we note that ref. [113] also derives limits on Cjy, Ceny and Cjyye of
A > 1TeV from the signal ete™ — () + Fmiss at L3 [160], but assumes that the HNL decay
is prompt and proceeds dominantly via N — v+, induced by the d = 6 dipole operators. The
same assumption is used in ref. [120] to assess the sensitivity of FCC-ee, finding A = 10 TeV
(7TeV) for Oin and Ocn (Oinie) at /s =91.2GeV and A 2 5TeV (4TeV) at /s = 240 GeV.
These constraints are not directly comparable to our analysis, which assumes one operator at
a time and therefore that the photon originates from an incoming e™ /e™. In ref. [120], the
authors also consider DV signatures caused by HNL decay via N — 3f, which is analogous
to our DV sensitivities with 6 = 1. Ref. [120] finds a maximum FCC-ee reach of A ~ 30TeV,
which is qualitatively similar to the DV sensitivities for C.ny (i # j) and Cjye in figure 11.

Next, in the centre-right panel of figure 11, we show the bounds on the coefficient Cgr e
of the d = 6 ¥YSMEFT operator Qgne = (NRj’yue)(ﬁTiD“H), for j = 2. From the matching
condition in eq. (5.2), the sensitivities of the mono-y plus £ and DV searches at FCC-ee can be
taken directly from figures 8 and 10. We note that any charged-current process that leads to
the production and decay of HNLs via the active-sterile mixing can also do so via the effective
W* interaction, with the rates for these processes found by replacing V.n by Wf\? = "Q—ZC’HNG.
The constraints from signal processes involving only charged-current interactions can therefore
be rescaled trivially. Many constraints on the active-sterile mixing also arise from signal
processes involving neutral-current HNL decays. These bounds must be rescaled by the
ratio of decay rates for the active-sterile mixing and effective W¥ interaction scenarios, as
performed in [125]. From the rescaling of bounds on the electron-flavour mixing Vey,, we
show in figure 11 the bounds from NA62 [161], T2K [162], BEBC [149], CHARM [150, 151],
Belle [163], ATLAS [153], CMS [154] and PMNS unitarity [164]. As we consider Dirac HNLs
in figure 11, we do not show constraints taken from searches for lepton number violating
signals, such as Ovf33 decay and same-sign lepton signatures at colliders. The constraints on
Chne from Ovff decay experiments have been explored in detail in [165, 166].

Finally, the lower two panels of figure 11 depict the bounds on the coefficient Ciy of
the d = 6 YSMEFT operator Qun = (NRWMNRJ-)(HTZ'?“H), for i =7 =2 (left) and i = 1,
j =2 (right). Again, from the matching condition in eq. (5.1), the FCC-ee sensitivities can
be directly transferred from figures 8 and 10. We compare these to the current limit from
LEP, found by rescaling the upper bound on the purely vector four-fermion coefficient by
the ratio of cross sections for ete™ — N N~; our result for i = j is in good agreement with
the calculation of [125]. Also shown is the constraint from decays Y(1S) — NN at BaBar,
which enforced the upper limit BR(T(1S5) — inv) < 3 x 10~ at 90% CL [167]. Bounds from
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the invisible decays of other neutral mesons (7%, 1, 1/, w, ¢, J/v) are less stringent, and
therefore do not appear in the parameter space of figure 11. Indirect bounds from supernova
cooling [125, 168] are also present at smaller HNL masses than those shown in figure 11.

The coefficient C'yx can contribute to the invisible decays of the Z boson at LEP
and FCC-ee. At LEP, the invisible Z width was inferred from the peak hadronic cross
section, aﬁzgk’o, and ratio of hadronic and leptonic partial widths, R = I'haq/Te, assuming
lepton universality, to be Dipy|exp = 499.0 £ 1.5 MeV [92]. Compared to the SM prediction,
Dinv|sm = 501.48 + 0.04 MeV [169], this constrains the contribution of additional invisible
final states. Using the decay rate for Z — NN in appendix C, we perform a simple x? fit to
the LEP invisible width, excluding the blue shaded region at 90% CL in figure 11. A similar
measurement can be performed at FCC-ee, with a relative precision of 10™* expected for
the invisible Z width, being limited by the uncertainty in the luminosity [93]. Assuming
the measured invisible width to be agreement with the SM, we find the dashed blue lines
in figure 11 to be the sensitivity of FCC-ee. Taking instead the same experimental value as
LEP, we obtain the dotted blue lines. Note that for ¢ # j, we again do not take into account
the impact of N decays on the LEP and BaBar constraints, which would render the bounds
invalid for large my, values. Comparing all of the constraints and sensitivities in figure 11,
we can see that the FCC-ee mono-vy plus £ searches at /s = 91.2GeV and /s = 240 GeV
provide the most stringent limits below and above mpy, < 91.2/(2 — 0), respectively. For

i # j, the DV search at /s = 91.2GeV can extend the limits to much smaller values of
Cyn for 100 MeV < mpy, S 80 GeV.

This concludes the review of the constraints on the d = 6 operators in table 1. However,
for completion, we summarise in figures 12-14 the sensitivities of FCC-ee to all d < 7 operators
considered in this work. In the Majorana HNL scenario, these are the AL =0 and AL = +2
operators in table 1. Meanwhile, in the Dirac HNL scenario, the AL = 0 operators in
tables 1 and 2 are relevant. For the FCC-ee sensitivities in figures 6-10, we take the smallest
value of |C;| that can be probed, which occurs in the mpy, — 0 limit for the mono-v plus
F sensitivities and at the tip of the DV sensitivities. These values are then related to the
d =6 and d = 7 vYSMEFT operator WCs using the relations in appendix A, assuming that
the active-sterile mixing is negligible. Then, the yYSMEFT WCs are related to the scale of
new physics as C’i(6) =1/A? and C’im = 1/A3 for the d = 6 and d = 7 operators, respectively.
In figures 12-14, we therefore show the maximum reach of FCC-ee for each operator, which
may occur at different values of my,. For comparison, we also show in figures 12, 13 and 14
the current constraints from mono-vy plus [ searches at LEP.

5.2 Two HNL vSMEFT operators at d < 7

Firstly, in figure 12, we show the maximum reach of FCC-ee to the d = 6 and d = 7 vSMEFT
operators inducing effective interactions at the EW scale involving two HNLs N7 and Ny
in the Majorana (left) and Dirac (right) scenarios, assuming the benchmark mass splitting
ratio 0 = (my, — mp,)/mny, = 0.1. For each operator, the left bar shows the maximum
reach of FCC-ee to the i = j coefficient from the mono-vy plus J search. The centre and
right bars instead indicate the reach to the i # j coefficient from the mono-v plus £ and DV
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Figure 12. Maximum reach to the scale of new physics A for the d = 6 and d = 7 ¥*SMEFT operators
involving two HNLs, inducing ete™ — NN(v), in the Majorana (left) and Dirac (right) scenarios. For
each operator, the FCC-ee sensitivities from the mono-vy plus F search are shown for i = j (left) and
i # j (centre) and the DV search for i # j (right). The LEP mono-y plus £ constraints are shown as
black striped bars.

searches, respectively. The light and dark shaded bars, respectively, illustrate the reaches
for /s = 91.2GeV and 240 GeV.

Most ¥YSMEFT operators are matched to a single effective interaction at the EW scale.
However, the d = 6 operator @y generates both of the operators (N YuPrN)(ey" Pre) and
(N7, PrN)(vey*Prve) at the EW scale, giving the decay mode Ny — Njviy which was not
considered for the bound on |Cj| in figure 9. For the DV bound in figure 12, we take this into
account, resulting in A being at a slightly lower value with respect to Cen. Additionally, the
d = 7 operator Q;sner contributes to both the scalar and tensor four-fermion operators in
the Dirac HNL scenario, with C’f]’fR = 40%’5 B — _0Cignerr/(2V2). If we assume that the
FCC-ee sensitivities are limited by the production cross section,® we can convert the scalar
and tensor coefficient limits separately as |Cf,’§R | = v/(2v/2A%) and |C£’5R | = v/(8v/2A3)
and determine the scale of new physics for the ¥YSMEFT coefficient as Cjgyerr = 1/A3, with
AS = Ag + A%. This simple relation arises because the scalar and tensor operators do not
interfere at the level of the total cross section o. As can be seen in eq. (B.2), there is a
scalar-tensor interference term in do/dcos@, but it is proportional to cosf and therefore
vanishes in o. The mono-y plus £ (DV) sensitivities can be seen to reach A ~ 1-2TeV
(A ~ 20-30TeV) for the d = 6 operators and A ~ 600-900 GeV (A ~ 3-5TeV) for the d =7
operators. The FCC-ee sensitivities are seen to be a large improvement over the mono-+y
plus F' constraints at LEP (black striped bars), which exclude up to A ~ 300-500 GeV.

3This is always true for the maximum mono-vy plus ¥ sensitivity in the limit mpy, — 0, where the HNL
decay length satisfies L > 5 m and the probability to decay outside the detector is Pout = 1, but not for the
maximum DV sensitivity for § = 0.1. In figure 9, the é = 0.1 sensitivities are cut off at the kinematic threshold
mn, =+/5/(2 — ), unlike the 6 = 0.5 and 1 sensitivities which reach the cross section-limited regime at the
tips of the excluded regions, where the probability to decay inside the detector satisfies Py, =~ 1. Nevertheless,
we have verified that A® ~ A% + A% still approximately holds for § = 0.1.

“We emphasise that the DV reaches are taken at the mass of N which maximises the sensitivity. Not all
values of A smaller than the reach shown in figure 12 would be excluded for this particular value of mp,, but
would instead be ruled out for other values.
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Figure 13. Maximum reach to the scale of new physics A for the d = 6 and d = 7 vYSMEFT operators
involving a single HNL, inducing ete™ — vN(7), in the Majorana (left) and Dirac (right) scenarios.
For each operator, the FCC-ee sensitivities from the mono-vy plus £ (left) and the DV (right) searches
are shown. The LEP mono-v plus J constraints are shown as black striped bars.

5.3 Single HNL vSMEFT operators at d < 7

Next, in figure 13, we show the maximum reach of FCC-ee to the d = 6 and d = 7 vYSMEFT
operators leading to effective interactions with a single HNL at the EW scale, shown for the
Majorana (left) and Dirac (right) scenarios. For each operator, the left and right bars show
the maximum sensitivity of the mono-vy plus /' and DV searches at FCC-ee, respectively. For
example, QNje = (EpN Rj)e(f/ae) can contribute to both the scalar and tensor four-fermion
interaction WCs, as already discussed in the context of figure 11. For p = pu, 7 and 0 = e,
only the scalar coefficient is generated, with Cf ]’\iR = C)nie- However, for p=e and 0 = pu, T,
the matching condition is now given by C’fj\iR = 405’5? = CinNie/2. Assuming that the
maximum FCC-ee sensitivities are cross section-limited, the scalar and tensor four-fermion
interaction WCs are again converted separately as ]Cf ]’\],zeR] =1/(2A%) and |C; ]’VReR] =1/(8A%),
and the scale for the d = 6 YSMEFT coefficient found as Cynj. = 1/A%, with A* = Ag + A4T.
We note that, again, there is no interference between the scalar and tensor operators. For
p = 0 = e, we instead convert the scalar coefficient as ij\iR = 3/(2A%).

The d = 7 vYSMEFT operator Qu;1 also contributes to both the effective W+ and Z
interactions in the Majorana HNL scenario, with the matching condition W]]\;, = —2Z5N =
—v3CnN11/(2v/2). In this case, we must also take into account that the contributions of Wk
and ZfN to the process eTe™ — vN(7) interfere. Taking the sensitivities to again be cross
section limited, the effective W™ and Z interaction WCs can be converted to separate scales
of new physics as [Wk| = v3/(2v2A3,) and |ZE;| = v3/(4/2A3), respectively, and then to
a scale for the d = 7 operator as Cyj; = 1/A3, with

AﬁzAgv(1—"WZ)) +A%<1+W). (5.4)

2(514/—5'2 ow — 0z

Here, 6y and Gz are the cross sections for efe™ — vN(y) via W* and Z exchange,
respectively, while Gy 7 is the contribution from the interference. The hats again denote that
the dependence on the WCs W]%, and ZfN is removed from the cross sections. For the DV
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sensitivities, we simply compute these from the 2 — 2 cross section in eq. (B.9), while for the
mono-y plus £ sensitivities, we insert eq. (B.9) into eq. (B.19) and integrate over the relevant
photon signal region. For LEP, this is given below eq. (5.3), while for FCC-ee we account
for the cuts in table 4. Ultimately, we find that the sensitivities on the effective W+ and Z
interactions dominate at /s = 240 GeV and /s = 91.2 GeV, respectively. The procedure is
equivalent for the d = 7 operator QJg;; which contributes to the WCs W]% and Zl’,:N at the
EW scale. We note that the coefficient Cy;; is heavily constrained in the Majorana case
by the non-observation of Ov3f3 decay [165].

To summarise, the mono-vy plus /' (DV) sensitivities can be seen to reach A ~ 1-2TeV
(A ~ 20-40TeV) for the d = 6 operators and A ~ 600-900 GeV (A ~ 5-10TeV) for the
d = 7 operators. The reach of the DV search is greater compared to figure 12 because the
0 = 1 sensitivities in figures 9 and 10 are used.

5.4 SMEFT operators at d < 7

Finally, in figure 14, we show the maximum reach of FCC-ee to the d = 6 and d =7 SMEFT
operators generating effective interactions at the EW scale involving no HNLs. The only
distinction between the Majorana and Dirac HNL scenarios is that the AL = +2 operators
Quier and Qe p are assumed to vanish in the latter scenario. The results shown for these
operators only apply in the Majorana case. The translation of the FCC-ee mono-v plus £
bounds in figures 6, 7 and 8 to the SMEFT WCs is now slightly more involved, because the
WCs can interfere with the SM contribution to ete™ — vv(y).

For the WCs that do not interfere with the SM, the appropriate matching condition
can be used to rescale the constraint on |C;| in the mpy, — 0 limit, as for the operators in
figures 12 and 13. This is the case for the d = 7 SMEFT operators,

1 v
CSLL — /20 (Cuz a+-Cu H> , OhM = CltteH ;
01;28 ee{iO} 2 E{Peea} PZSE 4\/5 ¢ [peea]
2 v
“wh o —_ (¢ , 5.5
1)2[ e /5 leHD (5.5)

where the curly (square) brackets denote the (anti-)symmetrisation of the flavour indices.
As can be seen in figure 14, the constraints on Cjj.pg depend on p,o0 = e, u,7; in each
case, the left and right bars show p = ¢ and p # o, respectively. The tensor operators
relevant to ete” — vv(y) are only generated when the first and third flavour indices are of
electron flavour and the second and fourth indices are different. When the coefficient for the
tensor operator is non-zero, the maximum reach for the SMEFT operator is determined as
Cuter = 1/A3, with AS = A% + AS., where Ag and Ar are found separately from eq. (5.5).
For the SMEFT coefficient Cj.pyp, we show the maximum reach for p = e (left) and p # e
(right) as purple bars. This coefficient is also constrained considerably by the non-detection
of OvpBp decay [170].

We next examine the maximum reach for the remaining d = 6 SMEFT operators, which
can interfere with the SM depending on the flavour indices of the coefficient. Firstly, the
operators @y and @, contribute to the vector four-fermion operators as

Cytt=Cy +Cy, O =C . (5.6)

poee poee eepo poee poee
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Figure 14. Maximum reach to the scale of new physics A for the d = 6 and d = 7 vSMEFT operators
involving the active neutrinos, inducing ete™ — v (7). For each operator, the FCC-ee sensitivities
from the mono-v plus F search are shown for p = o (left) and p # o (right). The mono-y plus
constraints from LEP are shown as black striped bars.

Using either eq. (B.8) or eq. (B.9) in the m;, m; — 0 limit, the contribution of these WCs
to the total cross section for ete™ — Y v is

S 2 2 GpM?2
_ n S (|eVEE? 4| oVLR 1) 4 Zg Re|q¢ OV:EL 4 e OVLR
7= %lsu ;[m(' Ul ICU ) 4 G g deonoRe gL O + 9RO
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2
W6 e Re | CYEE | (3 + 2w —2(1 +w)?log (12:“’)” . (5.7)
T
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with w = M3, /s and 2 is given in eq. (B.15). The second and third terms in the summation
are the interference of the WCs with the SM Z and W exchange diagrams, respectively.
The WCs Cy and Cj. with p = o interfere with the SM Z diagram away from the Z pole,
where the interference vanishes, while Cj; with p = ¢ = e interferes with the SM W diagram.
For p # o, there is no interference with the SM.

The maximum reach of mono-y plus F searches FCC-ee can be found as in eq. (5.3),
but now including the interference terms if present,

’Ci|26'i = Re[Cj]/%j + |Cj‘25'j + ... (5.8)

On the LH side we write the cross section for ete™ — NN+ in the my, — 0 limit, with the
coefficient C’J‘\/[’eR R extracted. The RH side is the cross section for eTe™ — > vy, split into
interference and non-interference terms, with the coefficient CY;X* or CV:E® removed. The
hatted cross sections are computed at leading order (LO) by inserting the relevant 2 — 2
cross sections into eq. (B.19) and integrating over the photon energy and angle accordingly.
For the LEP bounds, we integrate over 0.06 < z, < 1 —m3, (2 — 0)?/s and |c,| < 1/v/2 for
/s =200 GeV. For FCC-ee, we instead integrate over the phase space that is not removed by
the cuts in table 4 and pJ. > 1 GeV, for /s = 91.2 GeV and 240 GeV. Incorporating the pJ. cut
is easiest with the change of variables (z.,cy) — (p),¢y) in the differential cross section, as
explained below eq. (B.19). The pJ. cut has the advantage of shifting where the interference
between Cj; and Cj. and the SM Z diagram vanishes to a value of /s sufficiently above the Z
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pole. The cross section &; is therefore not as sensitive of the value of /s in the vicinity of the
Z pole as for ete™ — Y vw. This also reduces the importance of next-to-leading order (NLO)
corrections to ete™ — 3" vy for the evaluation of 4. In the following, we do not take into
account the NLO corrections to remain consistent with the analysis of section 3, where we
simulate the signals and background at LLO. The corrections decrease and increase the SM
contribution to ete™ — S vy at /s = 91.2 GeV and 240 GeV, respectively, and decrease
the interference contributions at both /s values. We expect this to have a non-negligible
but small impact on the obtained limits. With the hatted cross sections now evaluated,
we set C; in eq. (5.8) to the maximum reach of LEP or FCC-ee and rearrange to find the
maximum reach for C;. The resulting reaches for Cj; and Cj, are shown as blue bars in
figure 14. We comment here that the Cy and Cj. sensitivities can be improved if a shape
analysis is considered instead of the counting analysis performed here. This is particularly
applicable to these operators due to the existence and dominance of the interference terms,
which modifies the shape of the pJ. distribution.

Next, we consider the d = 6 SMEFT operators Q o and Q 111> Which contribute to the
effective W+ and Z interactions 1nvolv1ng light neutrinos. However, the situation is further
complicated by contribution of Q to the process =~ — e~ Vv, which is used to determine
the value of the input parameter G . As such, we make use of the {MW, My, G F} input
scheme [171], where the canonically normalised values of these quantities are shifted linearly
by the d = 6 coefficients. While the masses My and My are shifted by operators not
considered further here, the operator Qg? shifts the Fermi constant as,

0GF =

(0(3) +C4)), (5.9)

F ee o

where G = 1.1663787 x 1075 GeV 2 is the measured value. This shift enters the deviations
to the SM W# and Z interactions in eq. (2.12), along with the direct contributions from

QHZ and Q(H327

0Gp 9 (3) L _ 0Gp e )
(WK pe = ——=0pe +02Cyp) , (625,00 = 98, — —(Chl —C),  (5.10)
g V2’ 4 g 2 T T ( Hl )

respectively, where 02 = 1/(\/5@;:) To determine the cross section for eTe™ — " viry, the
shifts in eq. (5.10) are added to the SM contributions [WVL]EQ/[ = d,e and [Zf]g}j\,/[ = 9700
and inserted into eq. (B.8). Here, one must also take into account the deviation of the Z
coupling to electrons, i.e.
-2

0280 = =2 oy, 6Z0ap = == Kaidos =5 (CH +Cf) . 51)
with @ = 8 = e. Finally, eq. (B.8) is inserted into eq. (B.19), where we account for the
QED coupling constant e also being shifted by de/é = —GFr/+v/2. For particular values
of C( ) and Cg’l), we can integrate over the photon energy and angle to obtain the total
cross section. We cross-check the accuracy of the analytical results by using the UFO file
SMEFTsim_general_MwScheme provided by the SMEFTsim package [172, 173] to simulate the
process ete” — Y vy in MadGraph5_aMC@NLO for CSZ) , CS’I) # 0.
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The maximum reach of mono-vy plus J searches FCC-ee to Cgl) and C’S’l can now be
found as in eq. (5.8). Integrating over the photon phase space with the relevant cuts for
LEP and FCC-ee included, we obtain a function of the coefficient C’l(qll) or Cg’l) on the RH
side of eq. (5.8). As before, there is a term linear in the WCs if they interfere with the SM,
while a quadratic term is always present. However, there are now additional higher-order
terms, denoted as ellipsis in eq. (5.8). These terms, being further suppressed by A, have a
negligible impact on the maximum reach, which we have verified numerically. The resulting
reaches for C’gl) and C’gl) are shown in figure 14, with the colors indicating whether W=
(purple) and Z (red) exchange contributes.

Before concluding this section, we note that the d = 6 SMEFT operators considered here
are constrained by other present and future observables, at low and high energies. However,
given the vast number of additional d = 6 SMEFT WCs which can also contribute to these
and other probes, previous works [71-86] have opted to perform global fits to ensure sufficient
model independence, usually limiting the number of operators by enforcing a flavour symmetry
such as the minimal flavour violation hypothesis. A complete analysis of the bounds from
mono-v plus £ searches at FCC-ee in the context of global constraints is beyond the scope
of this work, but we nevertheless list the relevant observables below and conduct a naive
comparison of our results with the upper bounds extracted from the global fits.

The WCs Cj; and Cj, are constrained by lepton pair production ete™ — T/~ with
data available for the differential Bhabha scattering cross section do./d cos 8, the total cross
sections oy and forward-backward asymmetries A%B for £ = pu, 7, and the 7 polarisation
P-, measured at different /s values by LEP, SLD and VENUS [92, 174, 175]. At low
energies, the coefficient Cj; is constrained by the parity violating asymmetry Apy in Mgller
scattering, e"e~ — e~ e~ , measured by the SLAC E158 experiment [176]. Both Cy; and Cj,
can also be probed by neutrino-electron scattering, such as v.e™ — ve™ and v,e” — ve™ at
CHARM [177] and CHARM II [178]. Using these measurements, the global fit of [75] sets
the lower limit at 90% CL of A = 2-4TeV for the diagonal WCs of Cj; and Cj., depending
on the flavour. The off-diagonal WCs of C}; and Cj, are subject to stringent bounds from
charged lepton flavour violating (cLFV) processes, u — eee at SINDRUM [179] and 7 — eee,
T — pee at Belle [180]. The former sets A > 207 TeV and A > 164 TeV for the p = e and
o = WCs of Cy and Cje, respectively, while the latter imposes A 2 8-11TeV for the other
off-diagonal WCs [181-183]. Evidently, the bounds on Cj; and Cj. from mono-y plus F
searches at FCC-ee are more stringent than current bounds on the diagonal WCs, but are
not competitive with those on the off-diagonal WCs. Future measurements at FCC-ee and
CEPC of ete™ — ¢T/~ in the vicinity and above the Z pole are also expected to improve
the bounds on the diagonal WCs [84-86].

The WCs Cgl) and Cg’l) are constrained by all of the observables discussed above, in
addition to the following probes. Firstly, at low energies, the WCs contribute to the neutrino
scattering processes v.N — vX at CHARM [184], v, N — v X at CCFR [185], and CEvNS
at COHERENT [186, 187]. Experiments measuring atomic parity violation [188] and parity-
violating electron-proton [189] and nucleus [190, 191] scattering constrain the effective weak
charge Qyw, which can be expressed in terms of the WCs Cgl) and C};’l) . However, it is well

known that EWPOs at the Z pole, i.e., the total Z width Iz, peak hadronic cross section
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ngzk’o and ratios of hadronic and leptonic partial widths, provide the dominant constraints.

The global fit of [84] requires A 2 6-10TeV at 90% CL for C’gl) and C’Sl) . The same work
considers the future sensitivity FCC-ee and CEPC to EWPOs and additional processes such
asete” —qq, eTe” — Zh, ete” — vih and ete” — WTW ™ away from the Z pole. The
sensitivities for the diagonal WCs are extended up to the tens of TeV. Intriguingly, with
the exception of CSI) for p = 0 = e, we find that mono-v plus J searches at FCC-ee can
reach beyond these limits. The greatest potential improvement is seen in the third generation
couplings C’gl) and Cgl) for p = o0 = 7. For the off-diagonal WCs of C}(L}l) and C’Sl) , we find
that cLFV bounds already constrain the scale of new physics to be A > 164 TeV for p=e
and ¢ = p and A 2 8 TeV for the other off-diagonal combinations, already more stringent

than the forecasted mono-y plus ' FCC-ee bounds.

6 Conclusions

HNLs are a well-motivated extension of the SM particle content, which, depending on their
masses, can provide a mechanism that naturally leads to the light neutrino masses, serve as
potential dark matter candidates, and offer insights into the matter-antimatter asymmetry
of the universe via leptogenesis. In general, Majorana or Dirac HNLs can couple to the
SM via active-sterile mixing (V,n) and/or EFT operator WCs (C;) generated by heavy
dynamics at the high scale A. In this context, we analyse the production and decay of HNLs
for two proposed centre-of-mass energies at FCC-ee, /s = 91.2GeV (£ = 100 ab~!) and
Vs =240GeV (L = 5 ab™!), and subsequent final states leading to distinct mono-v plus
¥ and DV signatures. Simple cut-based analyses are proposed to take advantage of these
signatures. Firstly, in section 3.1, the sensitivity of mono-vy plus £ searches to V,x for a
single Dirac HNL (V) is investigated. In section 3.2, the sensitivity of mono-y plus [ searches
to vector, scalar and tensor four-fermion operators and effective W* and Z interactions is
examined for a pair of Majorana or Dirac HNLs (IV;, i = 1,2) in the limit of vanishing V,x.
Sensitivities to diagonal (i = j) and off-diagonal (i # j) WCs are studied alongside the effects
of different mass splittings between the HNL pair. Finally, in section 4, the sensitivity of DV
searches is analysed for the same EFT operators and particle content.

The reach of mono-vy plus J searches at FCC-ee to the electron-flavour active-sterile
mixing Vn (figure 4) lies almost entirely within the region already excluded by existing
searches. However, the EFT operators are generally less constrained by current data, with
mono-v plus ' and DV searches probing unconstrained regions of the parameter space for
Van = 0. The impact of non-vanishing mixing (V,n # 0) on the projected sensitivities is
discussed in section 3.2.2 (mono-y plus £ search) and section 4.1.2 (DV search). In section 5,
we map the maximum reach of our proposed searches at FCC-ee to the basis of vSMEFT
operators in tables 1 and 2, using the matching conditions in appendix A. The maximal
sensitivities to the scale of new physics A, assuming one operator at a time, are summarised
in figures 12, 13 and 14 for the processes ete™ — NN(v), vN(v) and vv(7y), respectively.

Of the YSMEFT operators contributing to eTe™ — NN (), it can be seen from figure 12
that FCC-ee is more sensitive to the less-suppressed d = 6 vector four-fermion operators Qen
and Q;y and the d = 6 bosonic current operator Qg (in addition to Q.s, Qs and Qg in
the Dirac scenario), with A ~ 1-2TeV probed by mono-y plus J searches (an improvement
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by a factor of ~ 5 with respect to existing LEP bounds) and A ~ 20-35 TeV by DV searches.
The DV search sets completely new sensitivities with no equivalent existing bounds. For the
coefficient Cyn of the d = 6 operator Qun = (NVMN)(HTZ'?“H), FCC-ee also improves
considerably on bounds from invisible decays of Y(1S5) (BaBar) and Z (LEP), shown in
figure 11. The bounds on the d = 7 operators Qung and Qiner (Qesng and Qisyey in
the Dirac scenario) are less stringent due to the additional suppression by A, but are still
appreciable, especially from the DV search.

The situation is analogous for the vYSMEFT operators contributing to ete™ — vN(7),
with the reaches for the d = 6 scalar four-fermion operator Q;y;. and d = 6 bosonic operator
QunNe being the most optimistic in figure 13, probing A ~ 1.5-2.5 TeV (mono-v plus F search)
and A ~ 30-40TeV (DV search). The mono-vy plus J reaches are again ~ 4-5 times stronger
than existing LEP constraints. While the operator Qyye = (Ny,e)(HTiD*H) in the Dirac
HNL scenario is heavily constrained by existing bounds from NA62, T2K, BEBC, CHARM,
Belle, ATLAS, CMS and PMNS unitarity constraints (figure 11), the DV search at FCC-ee
can still reach to currently untested parts of the parameter space. In the Majorana HNL
scenario, the DV search at FCC-ee is expected to not be competitive with bounds from
OvpBp decay on Qune. The reaches for the d =7 operators Qinin, Qenigr and Qnyi(2) in the
Majorana scenario (Qisir, Qesirr and Qgyy(2) in the Dirac scenario) are also considerable.

Finally, there are d < 7 operators in the SMEFT which contribute to e*e™ — vv(y). For
these, we take into account the interference with the SM when present, which increases the
mono-vy plus £ reach for the d = 6 operators Qy, Qe, Q(I_}Z and QS; considerably, as seen
in figure 14. For example, the scale of new physics that can be probed for Cl(qll) and Cgl)
is A ~ 40-60 TeV, depending on the flavours involved. This can be an order of magnitude
improvement over previous LEP bounds. Furthermore, these sensitivities are comparable
with those from future FCC-ee and CEPC bounds from EWPOs, with bounds on the third
generation couplings from this analysis potentially being an improvement. While they do
not benefit from interference, the scale of new physics A ~ 0.6—1TeV can still be probed
for the d = 7 operators Qeng and Qegp. In conclusion, this work highlights the potential
of FCC-ee to probe a wide range of extensions leading to operators in the (v)SMEFT at
low energies. We have performed a comprehensive study of d < 7 operators that can be
probed by mono-y plus £ and DV signatures.
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A Operators matching and UV completions

Here, we give the tree-level matching conditions between the WCs of the EFT operators at
the EW scale O; and the WCs of the d < 7 vSMEFT operators @); in tables 1 and 2. Firstly,
in table 5, we give the matching conditions for the vector, scalar and tensor four-fermion
interactions in egs. (2.5) and (2.7). In table 6, we instead give the matching conditions for
the effective W* and Z interactions in eqgs. (2.6) and (2.8). For each operator, we give the
total number of parameters (in addition to those which are CP-even) for n, active neutrinos
v and ng gauge-singlet fields N and S.

The WCs in the Majorana and Dirac HNL scenarios can be rotated to the mass basis
according to egs. (2.2) and (2.4), respectively, to obtain egs. (2.9) and (2.10). As the light
neutrinos are further diagonalised as v/, = U,v/, with a = e, u, 7 and i = 1,2,3, we can
consider WCs for operators containing v/, or v,. We use the former in this work.

In egs. (2.9) and (2.10), the WCs satisfy

V.XY V,.XY VXY VXY
CTY = OV, GV 2 Y Y g

) vNe Nve > Ne )
aBpo Baop ajpo joaop z]pa Jiop
S, XY _ ~SYXx S, XY _ ~SYXx SXY SY X x
C ve T C ve ’ CVNE - CNVe ’ C CN@ ’
afpo Baop ajpo jaop ZJW jiop
T.XX _ AT YYx T.XY _ ~T)Y X% TXX T.YY %
C ve =C ve ) CVNe - CNVe ’ C CNe )
afpo Baop ajpo Jjaop z]pn' Jiop
X _ X 1%
[Zl/ ]Oéﬁ - [ZV ]Ba? [ZVN]CY] [ZNV]jOc7 [ZN]U - [ZN]jzv (A1>

in both the Majorana and Dirac cases. In the Majorana scenario, the following relations

also apply,
V. XYy __ VYY V.XY VYY VXY VYY
C ve -C v ’ CVN@ CNV@ ) C C
afpo Bapo ajpo japo 'L]pa ]wa
SXY SXY S, XY _ ~SXY SXY SXY
Coe’ =07, Cn. =Ch s Cyo =Cx
aﬁpo’ Bapcr ajpo japo zgpo jzpa
TXX _ T,XX XY T.XY TXX T.XX
C ve =-C ve CVNe - _CNVe ) CNe - _CNe )
afBpo Bapo ajpo Jjapo ijpo Jjipo
X _ Y X . Y 1.
[sz ]aﬂ = _[Zu ]Bav [ZVN]OcJ = _[ZNV]JOH [ZN] [ZN] (A-Q)

In this analysis we do not include the effects of RG running. The anomalous dimension
matrix from gauge and Yukawa couplings for the d = 6 yYSMEFT operators in table 1 has been
calculated in [67, 192, 193] and implemented numerically in [194]. For us, the running due to
the Yukawa couplings vanishes as we consider the Y, = 0 limit in this work. Meanwhile, the
running and mixing proportional to the U(1)y gauge coupling ¢ is negligible for A ~ 1TeV.
The same argument can be made for the d = 7 operators. The bounds on the WCs in this
work are nevertheless valid at the EW scale.

The vSMEFT operators of dimension d < 7 in tables 1 and 2 can be generated by heavy
new degrees of freedom at the scale A > v. Given the large number of possible representations
of heavy new fields under the SM gauge group, which may contribute to the operators at
tree-level, one-loop or a higher number of loops, it is practical to consider only a subset of
UV complete models. We therefore examine only the general extensions of [195]: the lowest
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Vector Four-Fermion Operators

) Parameters i
Operator |Coefficient Matching (X = R, L)
Total CP-even
1
OyX CVEX | n2n? |gnune(nune+1)] Cp ,Cy +Cy
prst prst prst stpr
V,RX V,RX 9 9
OuNe + h.c. CyNe QTLVTLSTLE NyNsNy _%CeNlH , _\[CINZH
prst strp strp
VRX VRX 1
Oy Cy n2n? 5NsNe(nsne + 1) Cen , Cin
prst stpr stpr
V,.LX V,LX 2 2 v vk
OVS@ +h.c. CZISC 2nVn5ne NyNsh V2 TeSIH > fClSlH
prst tsrp tsrp
VLX VLX 1
Og, Cy n2n? 3MsNe(nsne + 1) Ces ,Cis
prst stpr stpr
Scalar Four-Fermion Operators (+ h.c.)
. Parameters i
Operator|Coefficient Matching (X = R, L)
Total CP-even
LX 1S LX 2|1 2
Ofé 705’ nV(nV + 1)”6 Qnu(nu + 1)”6 O \f(cllleH + CllleH)
prst st{pr} s{ptr}
S,RX S,RX 2 2
OZ/Ne CZ/Ne 2nl’n5ne NyNsTe CiNie + QClNle )
prst prst srpt
S,RX SRX 201 9 "
Oy FC% ns(ns + 1)nZ|sns(ns + 1)n C C
N s\Is e s\Ils INeH » elNH
© prst 2 2\/> s{pr}t \/5 stpr
S,RX S,RX 2 2
OSve Cone 2nynsng Ny Mg Cisner s ~5Casnu
prst 2\[ sprt \/5 stpr
Tensor Four-Fermion Operators (4 h.c.)
i Parameters )
Operator|Coeflicient Matching
Total CP-even
T,LL 1T, LL 2|1 2
Oyé =C* nl,(n,, — 1)77,6 §n,,(nl, - 1)716 8\/»011161{
prst s[ptr]
T,RR T,RR
OVN@ CVN@ Q”V”s”z nl/nsng gClNle
prst srpt
T.RR TRR 2|1 2
Oy. C ns(ns — 1)nz|sns(ns — 1)ng T%CZNeH
pr .st s[pr]t
T,RR T,RR 2 2
Ogne Coie 2n,ngn? nyNsN: 8\TCZSN6H
prst sprt

Table 5. Matching between the vector (top), scalar (centre) and tensor (bottom) four-fermion

interactions and the d < 7 vYSMEFT operators.
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Effective W* Interactions (+ h.c.)

) Parameters )
Operator Coefficient Matching
Total |CP-even

3 3
OfgW: Oféw [W;/L]pry [Wf]pr 2nyNe| MyMe 5pr + 0201(5”) s _2L\/§CZEHD
pr

pr

L L 2 3
OﬁfgW: ONeW [LL]I\?]p'I’v [”N]pr 2ngNe| MNgne %CHNe ) —T%CNH
pr pr
L L 3
OG.w (W& pr 2NgNe| NgNe —QUWCSH
pr

Effective Z Interactions

i Parameters i
Operator |Coefficient Matching
Total| CP-even
y 2, 3
Oz%Z [Zzﬂpr n;, %n,,(nl, + 1)|97,0pr — %(CJ(LH) - ng{l))
pr pr
3
OFy, +he| [Z8 ] |2nuns Ny N 4”%(01\111 +2CnNi2)
Tp Tp
2
OJI\%/’Z [Z]@]W n? %ns(ns +1) _%CH;V
3 * *
Oysz [Z0slpr [2nums|  muns 173 (C8n +2C5))
p rp
2
0§y [Z&]pr n; %ns (ns +1) _%Cfgf

Table 6. Matching between the effective W (top) and Z (bottom) interactions and the d < 7
vSMEFT operators.

Scalar| S S1 % = =
Irrep. (1,1)0 (1,1)1 (1,2) (1,3)0 (1,3)1

1
2

Fermion ./\/ E Al Ag by 21
Irrep. | (1,1)o (1,1)-1 (1,2)_1 (1,2)_s (1,3)0 (1,3)-1

1
2

Vector B B w Wi L4 L3
Irrep. (151)0 (]-a]-)l (173)0 (173)1 (172) (1’2)7%

1
2

Table 7. New scalar (top), fermion (middle) and vector (bottom) fields with tree-level matching to
the vYSMEFT operators in tables 1 and 2, following the naming convention of [195]. The irreducible
representations under the SM gauge group are indicated.
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w?HS ¢4
Qv o, B, AN 3, Qu | S, B, B, W
2 H? (S, N) Qie | @, B, L1, L3
Qs |E1, N, X Y?*H?D QiNie S, ¢
Qv | S, A QW N E LS | Qn | @B L
- Qi Ay, B Qv | 81, B, B
QHNe Ay, By
¢2H4 ¢4H
Qi =L, N, 2 N, 3,
s, Q| (S1,0), (51,89, (9,51, (51, M)
Qnu (¢, A1), (B, A1), (E,%), (B1, A1), (S1,9), (81, E), (S1,A1), (¢, E1),
(E1,%1), W, A1), (A1, X), (A1, %) Qumisr (e, N), (¢, %), (Ex, A1), (1, %),
?H®D (N, B), (N, L£1), (E, L1), (A1, B),
(S;N), (S, A1), (S, L), (E,Av), (A1, W), (2, W), (¥, L1), (1, L1)
(E,%), (E,£L1), (E1, A1), (B1,51), (S1,9), (S1,N), (S1,43), (p, A1),
Qnue) | (B1,L1), NV, A1), (N, B), (ALY), | Qenin | (N,B), (N, B1), (AL, B), (A1, B1),
(A1,X1), (A4, B), (Al,Bl), (A1, W), (Al,[ll), (A1, L3), (As, L1), (As, L3)
(A1, Wh), (B, W), (£1, W) Qinen (S, 9), (S, E), (S,A1), (S1, ),
Querin N, %, (81, E), (S1,A1), (v, A1)
(E1, A1), (A1, By), (B1, Ls) Qunit (S,9), (S, A1), (v, A1), (S1, E),
(E,B1), (A1,B1), (A1, L)

Table 8. One- and two-particle tree-level UV completions of the Y'SMEFT operators which can be
probed by FCC-ee. Two-particle UV completions are gathered in parentheses and are only shown if
the fields cannot induce the operator individually.

irreducible representations of scalar boson, vector-like fermion and vector boson fields under
the SM, shown in table 7, which generate the operators at tree-level.

The tree-level matching of these fields to d = 6 and d = 7 SMEFT operators has been
systematically performed in [195, 196], while the matching to d = 7 in the YSMEFT has been
studied in [197]. In table 8, we show the single- and two-particle UV completions of each
vSMEFT operator in table 1. These tree-level UV completions also apply to the operators in
table 2; as N and S are SM gauge singlets, any diagram inducing an operator containing
N will also generate an operator with N — S¢.

We now consider two particularly simple UV scenarios. If one adds the singly-charged
scalar S; to the SM field content, it is possible to write the renormalisable terms,

LD —[y‘lsll]preijf/;CLf;Sl - [y‘]SVle]p’r‘N}C%peRT’SI +h.c., (A.3)
with [ygl]pr = —[ygl]m. Integrating out S yields the matching relations
SO U 7 PO N S - 3 (A4)
pf‘lst Mgl ’ lgff Mg‘l ’ :’r‘st 2M§1 '

Thus, the heavy singly-charged scalar S; can modify the SM process ete™ — vv(y) via
Cy; and result in the ete™ — vN(y) and eTe™ — NN(v) processes via Cjyje and Cey,
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et v;/N; et N;
—_
l B
+ St
e” — T vj/N;j e~ N;

Figure 15. Two UV complete scenarios generating at tree-level the processes eTe™ — vv, ete™ — vN
and ete™ — NN; a singly-charged scalar S; (left) and gauge-singlet vector boson B (right).

respectively, shown in figure 15 (left). We note that, at one-loop, integrating out S; also
generates the d = 5 dipole operator Qnynyp. Thus, stringent Z pole bounds on the dipole
operator [127] can also constrain this model.

Alternatively, a TeV-scale gauge-singlet vector boson B may be present. Such a field
naturally arises as the gauge boson of an additional U(1)x gauge group, such as the Z’ of
a gauged U(1)p_r. The generic scenario allows to write the terms

£ ~[gflor(Fyyufr)B" — gl (D, H)B, (A.5)

with f = Q,u,d, L,e, N and [g};]pr = [gl];]jp. If B is associated with an extra gauge symmetry,
the couplings [g{g] and [gF] correspond to the charges of the fields under U(1)x. For

U(1)p—_r, the couplings are [gl’;] = gB,LYg_L, with gp_j the new gauge coupling and
Yé:L = —1 (1/3) for leptons (quarks). Ome can consider U(1)p_1 to be an unbroken

symmetry, requiring the neutrinos to be Dirac fermions and for Z’ to obtain its mass via
the Stiickelberg mechanism [198, 199]. Alternatively, U(1)p_1 can be broken, with the RH
neutrino mass Mp proportional to the symmetry breaking scale [200-202] and the neutrinos
being Majorana fermions. Regardless of this distinction, integrating out Z’ induces a large
number of effective operators, leading to stringent constraints from collider experiments [203].
A scenario where mono-vy or DV searches at FCC-ee could provide competitive constraints
would be if B couples only to IV and e. It is straightforward to find the following matching

conditions after integrating out B,
O, = VBlloBle o o loBeloE)s o loElelesle ) o
ot oMz N ME o N 2MZ '

with Qee = (ey4e)(ev"e) and Qnn = (N7, N)(N+*N). The operator Q.n induces the
ete” — NN(v) process, shown in figure 15 (right).

B HNL production cross sections

In this appendix we provide analytical expressions for the cross sections of ete™ — vv(y),
ete”™ — vN(y) and e"e™ — NN(v), which can be induced by the YSMEFT operators in
tables 1 and 2. For complete generality, we derive the leading order (LO) cross sections
for the scattering processes,

zj;zg — ZM/\/} (v) (Majorana), E;tfg — ZM'A_/J (v) (Dirac), (B.1)

i<j (2]

with the four-momenta p, + pg = p; + p;. In the Majorana case, N; = v; for ¢ = 1,2,3 and
Nii3 =N for i =1,...ng, where both v; and N; are Majorana fermions. In the Dirac case,
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N; =v; for i =1,2,3 and N;.3 = N, for i = 1,...n,, where v; are massless Weyl fermions
and V; are Dirac fermions. To derive the following expressions, we work in the Feynman
gauge and use the Feynman rule prescription for Majorana fermions in ref. [204].

The differential cross section for the processes in eq. (B.1), without a final-state photon
and neglecting the masses of the initial-state charged leptons, can be written at LO as

do_ 1 3+TLS
d09_< )1287712A s,mi', m;)

(m? —m?2)2  A(s,m? m2) V,RR|2 V,RL 2
(1= T o SRR (LR + L)
wa,B ijaf

mi +m3 S 2 S 2
+ (1= T (LS + L)

ijaB ijaB

m? 4+ m? m? —m?2)%  A(s,m?, m2
—|—16( l"; i (m; S j) n (s, . >’LZ:ZR}2
n dm;m; Re [2 VLR LVRR* LS LR 15, RR*}

S 'LjaB LJO&B uaﬁ ijaB

M (|LVRR’2 ’LVRL’2 — 4Re [LSRRLTRR*D
S ijap ijap ijaB  ijapB

+(L+ R), (B.2)

where s = (po + pg)* = (pi + pj)? is the centre-of-mass energy, \(z,y,z) = (z —y — 2)? — 4yz
is the Kéllén function and cy = cos @, with 8 the angle between the incoming charged lepton
EE and the outgoing A;. In the Dirac case, the coefficients in eq. (B.2) are given by

VXX _ VXX X X
LNe . :C + Z[ZN]ZJ[ZQ ]aﬂ—{—x%[WN ]ijozﬂ,
ijaf Dirac ijozﬂ
L . = C +XZ[ZN]2][Z6 ]aﬁ +XW 5 [W ]zjaﬁ,
ijap 'Dirac ijaﬁ 2M
S, XX _ SXX MM
Ly =0y x WX s
z%% Dirac ija[i X Xw 2M2 [ N ]zgaﬁ
S,XY _ S,XY
Lz, - =0, — QX%V[WX/X]UQB ’
ijap 'Dirac B
L. =00 X Wi ijas » (B.3)
ijap 'Dirac Jiap 8MW

for X #Y = R, L. The final line in eq. (B.2) indicates that, for each term, a term with
L < R should be added. We define for convenience,

(W ijas = WRis WAl (B.4)
and use the charged lepton neutral-current couplings,
(2805 = gidap,  [2Hap = 93005 - (ij +Cin) (B.5)
where g = s2 and ¢g¢ = —1/2 + s2,, with s, = sinf,,. The propagator factors
o O : _ 9 : (B.6)

W= 92 M+ iy My T s — MR +ilMy
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account for the t-channel exchange of W* and s-channel exchange of Z, respectively. The
t-channel combination of four-momenta appearing in x$, is to, = (p; — pa)?.
In the Majorana case, the coefficients in eq. (B.2) are instead given by

VXX _ VXX g mims;
L =L WX
{/j\giﬁ Mayj {/J\Qeg Dirac T Xwon2s 2M2 [ ]]w"g’
V.XY _ VXY
L/\fe M .:LNe . W[W ]jiaﬁa
ijaB aj ijaB Dlrac
5,XX _ r1S5XX g Mmim;
Ly =L} + WY
Ne g~ N Ipiac T AW MW[ Hsias
SXY S, XY
LNe |y = ENe | pine 25y WA Njias
zgaﬁ aJ ijafB Dirac
T.XX _ T.XX 3 MMy yy
Ly =Ly - Wi B.7
N Iag Ne  Ipirac Xw'g MI%V[ N Ljiag (B.7)

for X #Y = R, L. The additional terms with respect to eq. (B.3) involving the effective
W# couplings arise from diagrams where N; and N are interchanged in the final state. The
Majorana cross section should also be multiplied by the factor of 1/2 in parenthesis, which
takes into account that the sum over i, j in eq. (B.2) double counts the process KZEE — NiN;
for i # j. Furthermore, the factor of 1/2 provides the necessary symmetry factor for identical
final state particles, i.e. E;CEE — NiNj for i = j.

To compute the total cross sections as a function of the centre-of-mass energy, the
differential cross section do/dcy in eq. (B.2) is integrated over the cy range [—1,1].° In the
Dirac case, the LO cross section for EIKE =i NiNj, including all interference terms, is

1 1
U(S)|Dirac = 1927 Z Az (57 m?: m]2)
17

192G2 M2, (o N ,
X {SZW (FVI]/ Wi ijas]” + G WA ijas] >
2

2 4 2 —m2)
+4(1 . my +m] . (m m; )(’LVRR‘2 |LVRL‘2)

28 232 ijaf ijaf
+3< ) SRR2+|LSRL’2)
ijaf ijap
+ 2 2 m2 _ m2
+ 16(1 i 3 )lLTRR|2
S ijaf
12 x X
+ mim; 2T Re [ LVLR LVRR _ LS LR LS RR i|
S 2]04[3 zjaﬁ‘ ljﬂtﬁ 1.70‘5
48G M2 V,RR VLR
7% ——_WRe [(F’VJWL +GY LY )[W Mtiap
S zjaﬁ ’L]&ﬁ

a3 ijaf ijaf

(F LSRR+ng SLRJFF%gWLTRR) W ]waﬁﬂ

+(L+ R), (B.8)

SWe take the limit I'yy < My so that the terms originating from the t-channel W* exchange can be
performed analytically.
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where G = 1/(v/2v?) is the Fermi constant and the final line again indicates that additional
terms with L <» R are required. In the Majorana case the cross section given by,

1 dij \ \ 1
(S)‘Ma‘j = ]_9271’ Z (1 - ;)A2(Svm?7m?)
192G i 2
X [ Eaa (F LIV gasl” + WA ijas|)

i 2 2
+ G (I sjasl” + (WA s )
+ Fibyy Re [ WA 5as WA i 00 + WA ijas WAH 0]
+ Gt Re WA 15as WA Tigsa >

2 2 2 _m?2)2
+4(1_ m; +m; o (mj mg) )(’LK/§R| + ’LVRLIQ)

2s 252

ijaf3 ijaf

+3<1 m+m> SRR +|LSRL|2)

waﬁ ijap

ms 2 +m? 2(7712—7712)2 T RR)2
+16<1+ L o >LLAQ% |
ijo

Ne +LNe LNe +L/\/e LNe

12m;m; V,RR ;V,RR V,RL ;V,RL S,RL ;S,RR
— T Re[LVER
ijaf 7B ijaf3 7B ijaf3 ijBa

48GF M3,
Re
V2s

V,RR ij *
LNeB ( [W ]zgoz,B - Gy’W[W/\R?R]jiaB>
ijo

V,RL i.j * 0J *
LN% (GZ\;W[W/\LfL]ijaB - FXZ}W[W/\L/L]jiaﬂ>
ija

ij SRR i 7 S.RL
+ Fy L W e + G LN WA s

2]04 ja

+ FYZJWL%]%R[W ][z]}aB:H
ijo
+(ae B, x < X)), (B.9)
where (Wi ](ij3a8 = Wi Tijas + (W Jjias and (Wit lgjias = WA Tijas — W Jjias-
In both egs. (B.8) and (B.9), the coefficients are given by

V,XY VXY
Ly, =Cy.~ + xz[Z31312 ag »
ijaf Waﬁ
S, XY SXY
Ly, =Cy.
zjy\i% waﬁ
L%’)@(X _ CTXX (B.10)
ijaf 1JC¥5

The final line in eq. (B.9) indicates that for each term, an additional term must be included
with @ <+ 8 and x <> x* in the coefficients in eq. (B.10). The factors F and G are given by,

1 2w
iy _ T 2 R
By =1 + — (L wig)Lij + A (1 B (1 + 2w;j)? — Aij w”L”) ’
¥ 1 2w 2w
G =~ ﬁ@- —~L»
w 2w (1 + 20)1]')2 — )\ij + K (1 + 2wij)2 — )\ij Wijtij
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2w w (14 2w;)? — N\
G =2(1- ——— L A?.(l (8 i J) )
ww < 1+2wij> oAy +1+2wij 2w

Fily =3+ 2w — 2((1 4 w)(1 4 2wij — w) + 20(1 + 20) A% ) Ly,

y 1 2 ..2_)\..
G@W:—Aij<1—2wij+2w(1—|—( ks QZZU) Z])Lij)’

ngW = *Ai]’(l + BWLZ‘J') R
Gy = (14 2wy — 20(1 - A3) ) Lyj,

14+ 2w0::)2 = \is
FTW_8AU(WU+(;<1_( i w;i}) Zj>Lij>a (B~11)

where we define,

2
m; +m M
) 5 wij =W — -7 Aij = mzmj (B12)

and,

1 1+ 2w + /X
Lij= 1og< 2y ¥ ”) (B.13)
1+ 2wij — /Aij

for convenience.

Using eq. (B.8), we can calculate the cross section for the SM process 6;565 = > vp,
where the neutrinos are massless Weyl fermions with vy, = Prd,;v;. The SM charged- and
neutral-current couplings in eq. (2.12) are inserted into eq. (B.8) and the limit m;,m; — 0
taken. This yields

G2.M} . ' .
’SM o SZ |:X1N1/<(gR)2 + (gL)Q)(Sa,B + 6c (1 + % (1+w)log (w)>
¢c? 2 14w
+ 3Xx297 00| 3 + 2w — 2(1 + w)“ log — , (B.14)
with w = M3, /s and
- s(s = M3)

X1 X2 (B.15)

(s = M2)? + (TzMz)? (s = M2)? + (TzMz)?

The first term in eq. (B.14) corresponds to s-channel Z exchange, the second to t-channel
W* exchange, and the last to the interference between the two contributions. The cross
section in eq. (B.14) is also applicable for light Majorana or Dirac neutrinos with non-zero
active-sterile mixing, as long as the PMNS mixing matrix is approximately unitary. For
non-zero EFT interactions, egs. (B.8) and (B.9) provide the leading interference effects
between the SM and heavy new physics contributions to the process 8265 — > v, which
we make use of in section 5.
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The expressions in egs. (B.8) and (B.9) can also be used to compute the cross section for
the processes (3 (5 — >2;; viN; (Majorana) and £5€5 — 3=, viN; + ;N; (Dirac) induced by
the active-sterile mixing Von;. In both cases, the total cross section is

G2 ME
o(8)] i = =2 > Von, IP(1 = w5)
PsJ

67s
< |- w) @+ g (95 + (920
+ 6% (80p + 0 )(1+1 — (l—l—w— yJ)L)
w P 4 20 2 J
+ GXQgEC%Uéag&ap (3 +2w—y; 21 +w)(l+w-— yj)Lij)} , (B.16)

where L;; = log[(1 +w —y;)/w]|/(1 —y;), and x1, x2 are given in eq. (B.15). Asin eq. (B.14),
the first and second terms in parenthesis in eq. (B.16) correspond to Z and W¥ exchange,
respectively, and the last term to Z — W interference.

Using egs. (B.8) and (B.9), we now explore the contributions of EFT operators to the
single and pair production of HNLs. In figure 16 (left) we plot the LO cross section for the
process ete™ — N1 Ny as a function of /s, turning on one off-diagonal four-fermion and
effective Z interaction at a time. In the same plot, we show the cross section for eTe™ — v, No
induced by the effective W* coupling. The benchmark values of the WCs are

CVER . OSR  ONER — 1 ev=2, (WHae, (2812 = 1072, (B.17)
12ee 12ee 12ee
and two mass splitting ratios ¢ are chosen for Majorana or Dirac HNLs; 6 = 1 (or equivalently,
my, = 0) and 6 = 0.1. For comparison, we also plot the SM prediction for ete™ — Y v
in eq. (B.14) and the total hadronic cross section ete™ — ¢g, neglecting quark masses
and QCD corrections.

As expected, the impact of the effective Z interaction is maximised near the Z pole,
while the cross sections for the four-fermion and effective W* interactions grow linearly and
logarithmically with s, respectively. In figure 16 (right), we plot the same cross sections as a
function of my, for a fixed value of the centre-of-mass energy, v/s = 91.2 GeV. In both plots,
the impact of the mass splitting ¢ is apparent. In the left plot, the minimum value of /s
required to produce Ny and Na, /s > my, +mpn, = mn,(2 — §), can be seen. In the right
plot, this is equivalent to the upper limit my, < /s/(2 — §) for fixed /s and J.

In figure 16, the cross sections for the production of Dirac (solid and dashed lines) and
Majorana HNLs (dot-dashed and dotted lines) are compared. With the normalisation of the
Lagrangians in egs. (2.9) and (2.10) (in particular, the prefactor of 1/2 for the Majorana
four-fermion and effective Z operators), the cross sections for Z;[EE — N;N; (Majorana)
and ¢Sl — NiNj + NjN; (Dirac) with i # j, coincide® in the limit m;,m; — 0 for the

5There is an interesting exception for the cross sections ZiZE — v;v; (Majorana) and Zié; — vy + v
(Dirac). If the coefficients [W;5];o are non-zero for general i and «, t-channel diagrams with the SM charged-
current at one vertex and W,F at the other give different overall cross sections in the Majorana and Dirac
cases, even neglecting the neutrino masses. This is the result of the additional term in eq. (B.9) with respect
to eq. (B.8) that is proportional to G%W, which does not vanish in the m;, m; — 0 limit.
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Figure 16. (Left) LO total cross sections o(s) as a function of /s for ete™ — NNy, induced by
the off-diagonal four-fermion and effective Z interactions, and ete™ — v, N, induced by the effective
W interaction. (Right) The same cross sections, but as a function of my, for \/s = 91.2GeV. The
cross sections are plotted for Dirac and Majorana N and two values of the mass splitting ratio ¢.
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Figure 17. LO cross sections for ete™ — Ny N,, induced by the diagonal four-fermion and effective
7 interactions, shown as a function of my, for /s = 91.2 GeV and the Dirac and Majorana scenarios.

V.RR S,RR T,RR
) ’C’?e,C’ve

same values of C)\z, , W/{t} and Z f\%/. The differences in the cross sections now

arise solely from the Dirac versus Majorana nature of the HNLs. For § = 1, the Dirac and
Majorana cross sections are identical, while for § = 0.1, the vector four-fermion and effective
Z interaction induced cross sections fall off faster in the Majorana case compared to the
Dirac case. This is because, in the Majorana case, there are additional interference terms
proportional to ~ m;m;Re[(Cy 2] and ~ m;m;Re[(Z8)?], which vanish when one of the
outgoing states is massless (6 = 1), but result in a reduced cross section for m; ~ m;. Such
terms are not present for single scalar or tensor coefficients.

In figure 17, we plot the cross sections for the processes ete™ — NoNy (Majorana) and
ete™ — NoN, (Dirac) induced by the diagonal four-fermion and effective Z interactions,
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taking the benchmark WC values

V,RR  ~S,RR ~T,RR _ -2 Rl _ 10-2
Che s CRe s Cne " =1TeV™2,  [Zy]oa =10"". (B.18)
22ee 22ee 22ee
With the choice of normalisation of the Majorana and Dirac Lagrangians, it can be seen that
the vector four-fermion and effective Z cross sections again coincide in the massless limit.
However, this is no longer true for the scalar and tensor operators. In the Majorana scenario,

the diagonal tensor coupling C]:\F,’f R and associated cross section vanishes, while the cross

section via C}?,’f R is a factor of two smaller in the Majorana case compared to the Dirac
case. The Majorana cross sections via C’XffR and Zﬁ can again be seen to fall off faster as
a function of my, compared to the Dirac cross sections.

In this work, the 2 — 2 cross sections above are used to estimate the sensitivity of DV
signatures at FCC-ee to the vYSMEFT operators in table 1. However, for the complementary
mono-vy signature, the cross sections in eq. (B.1) with a photon in the final state are required.
For these 2 — 3 processes, diagrams such as those in figure 1 contribute. Additional diagrams
with the photon attached to the other incoming charged lepton should be included. Finally,
for the t-channel diagram induced by the effective W+ interactions, a diagram must be added
with the photon attached to the intermediate W*. In previous analyses, the contribution
from this diagram has been neglected due to the suppression from two W# propagators.
Following this approximation and taking only the leading contributions from initial state
radiation, the mono-vy cross sections can be obtained from o(s) in egs. (B.8) and (B.9) with

d’o al+(l—-z,)* 1

= 1-— — B.1
d.I,ydC»Y U(S( x’Y))ﬂ_ x'y 1— BgC% ’ ( 9)

where a = €2/(4) is the QED fine-structure constant, z, = 2E,/+/s is the fraction of the
beam energy carried away by the photon and ¢, = cos ., with 6, the angle of the photon
with respect to the beam axis. The differential cross section in eq. (B.19) follows the usual
dependence on z, and cy. In all cases, the cross section peaks at z, ~ 0 and ¢, ~ *£1.
For the four-fermion operators, the cross section decreases monotonically with ., while
for the s-channel diagram induced by the effective Z interaction, there is an additional
peak at z, ~ 1 — M % /s. In section 5, it is convenient to perform the change of variables
(z4,¢y) = (pJ,cy) to implement the pJ. > 1 GeV cut. This can be done with the replacement
E,=pl/\/1— 2 and multiplying eq. (B.19) by the appropriate Jacobian factor.

For the full analysis of the mono-vy plus [ signature, it is necessary to apply cuts on
the outgoing photon energy E., transverse momentum pJ., and angle ,. In order to do
this, we simulate the eTe™ — AjNj~v process in MadGraph5_aMCONLO [205]. We implemented
the Lagrangians in egs. (2.9) and (2.10) in Feynrules [206] model files, which were then
converted to UFO files for input to MadGraph. In the Dirac scenario, all of the effective
operators in eq. (2.9) and (2.10) can be simulated. However, MadGraph does not support
multi-fermion interactions with the violation of fermion-flow [205]. One way to circumvent
this limitation is to add heavy fields to the model file which, when integrated out, produce
the four-fermion operators in the Majorana case [207].

However, we use a simpler method to reproduce the Majorana cross sections for the
four-fermion operators. In the Feynrules model file, the Majorana Lagrangian is written
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identically to the Dirac Lagrangian, and SelfConjugate -> False is taken for the states
N; and Nj. However, one can make the replacements
i s
ijaB ijBa ijaB ijBa ijaB ijBa
12kl — ~1280; (B.20)
for the four-fermion operators containing P, in the neutrino bilinear (NV;T'N;). Then, the
Majorana cross section for E;“EE — N3N (7) can be correctly reproduced for i = j and i # j
by simulating £ ¢; — NiN;(v) and €55 — NiNj(y) + NiNj(7), respectively. To finalise
the procedure, all four-fermion couplings should be multiplied by 1/+/2; at the cross section
level, the resulting factor of 1/2 provides the necessary symmetry factor for i = j and takes
into account the double counting inherent in the simulated process above for i # j. For the
effective Z and W interactions, we can simply set SelfConjugate —> True.
Before concluding this appendix, we briefly discuss the applicability of the EFT formalism.
As discussed in appendix A, the vSMEFT operators can be the result of UV physics at
tree-level, one-loop or multiple loops. The simplest scenarios are UV completions with s-
and t-channel contributions to E;%E — NiNj(7), such as those shown in figure 15. In the
case of the heavy vector boson mediator B, the propagator of the full scattering cross section

can be expanded for /s < Mg as

1 1 S
=———+0(=—5 B.21
s — Mg+ iT'pMp M,23+ (Mé)’ (B.21)

which gives the same result as integrating B out of the full theory, matching to the v*SMEFT
coefficient C.n and then to the rotated vYSMEFT coefficient C’]‘\/[’ER, which is inserted into
eq. (B.8) or (B.9). The same expansion can be performed for ¢-channel and one-loop cross
sections in the UV theory. The EFT is then only valid for /s sufficiently smaller than M,
where M is the generic heavy mediator mass; /s < M/3 is sufficient not to observe, for
example, the resonant and logarithmic scaling of s- and ¢-channel cross sections, respectively.
The naive scale of new physics A is related to M via UV couplings and 1/(1672) loop
factors. However, decreasing the couplings and increasing the number of loop factors only
increases the size of A with respect to M. Therefore, the condition A = 3/s also applies
for the EFT to be valid.

C HNL decay rates

The vSMEFT operators in tables 1 and 2 and resulting effective Lagrangians in eqs. (2.9)
and (2.10), which are relevant for the production of HNLs via the processes in eq. (B.1), can
also lead to their decay, as depicted in figure 2. Here, we review the possible decay modes,
which are summarised in table 9, and give approximate formulae for the decay rates.

All of the operators in eq. (2.9) induce the decay N; — N;e~e™. For the four-fermion
operators, we take all WCs except a = 8 = e to vanish, so this is the only available decay
channel. However, the effective Z interaction can also mediate N; — N (3 for a = p, T,
while the effective W interactions can lead to N; — M@;Eg with a =eand 8 =pu,7. In
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N Decays

Operator (¢)max <1 GeV? | (¢2)max > 1 GeV? | (¢?)max > ME,, M2, M}?
Cane NiNpNi NiNpNy NiNpNi
CxY, oY ok Ntz 0} Nty th Ntz 0k
-t I~
(Witlja Mikals Milals EwE
! (TP vE C=ud (¢+ad) “
NiNN; NiNNy
(Z3)is Nl tf Nl NiZ
NiP° VO Niqq

Table 9. Majorana HNL decays induced by the vYSMEFT operators in tables 1, for three different

(g%)™a* regimes.

the Majorana case, Nj — ME;EZ{ with a = p,7 and 8 = e is also possible. Assuming that

the HNL mass is well below the EW scale, the decay rates for these processes are given by’

o [ (i«

LN = Nifafs)

153673

ijaB ijaB

1
+ g (ZRP + 1) + 1212357

: 1
— I$% Re lL/VﬁR Ly — 5L

+ (L < R),

ijaB ijof

ijaB ijaB

ijaf
S,RRx
ijaf

(C.1)

for f = e = £ and the number of colors N, = 1. The coeflicients are given in the Dirac

and Majorana cases by egs. (B.3) and (B.7), respectively, with the following limit taken

for the propagator factors in eq. (B.6),

2
a

XWw = —5
2M2,

2

XZ = =52
cwMZ

(C.2)

This is equivalent to matching the YSMEFT to vLEFT operators (for which W* and Z are
integrated out) at the EW scale and neglecting QED corrections [52]. In eq. (C.1), we use
the shorthands Ifaﬁ = 11 (¥i, Yo, yp) and I?Bi = I3(Ya,Yp, ¥i), where yx = mx/m; and the
functions I(x,y,2) and I3(x,y,z) are given by,

(1-2)2

[NIE
[NIE

d
= (1422 —s)(s — 2% —y*)A
(z+y)* S

(1-2)* ¢
IS(xa Y, Z) = 24’2/ ;

SIS

Zs—a? =N (1,s5, 2N (5,27, ¢7) .

(z+y)* S

(C.3)

"In eq. (C.1), we also neglect interference terms which become important near the kinematic threshold
mj ~ M; + Mq +Mmg.
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While eq. (C.1) is a good approximation for HNLs in the GeV range, for masses closer to the
W# and Z masses, we implement a more accurate estimate of T'(N; — Mﬁ;ﬁg) retaining
full dependence on the propagators, discussed further below eq. (C.13).

The effective W+ and Z interactions also lead to the decays of HNLs to quarks. For
maximum momentum transfers to the ¢gq system above the QCD scale ~ 1 GeV, the quarks
do not hadronise and appear as jets in the final state. Firstly, the effective W¥ interactions
induce the process Nj — {u,d, with

TN — G updy) = Nem; {pr"(]ijfL L |LGEGLT) - 17 Re | LA LVNLL*H , (C.4)
153673 Nos i PR

for N, = 3 and,

g2

le\,]_)/;:;l = _2M2 [WN] Voo s (C.5)
where V' is the CKM matrix, defined to rotate the LH down-type quark fields to the mass
basis as dy, = PrV,,d,. For Majorana HNLs, the decay ./\/] — K;rﬂpda is also possible, with
a decay rate equal to eq. (C.4). Likewise, the effective Z interaction induces the process
N — Niqaqp with the decay rate given by eq. (C.1) with f = g and N, = 3, where o, f = u, ¢
for g =w and o, 8 = d, s,b for ¢ = d. In the Dirac scenario, the coefficients are

g2

LYY =- > M2 1Z%i3(Z) as, L =0, LiiF=o, (C.6)
”"‘B ijaf ijoB
where [Z[]o5 = gR(S g and [ZF]ap = 9] 6ap with g}y = =252 /3, g} =1/2—252 /3, g} = 52,/3

and g% = —1/2+s2/3. In the Majorana scenario, the coefficients are equal to eq. (C.6) with
the replacement [Z ﬁ/]” — —[Z ﬁ];} Following the approach of [22], large QCD corrections
to decays with outgoing quarks are taken into account by multiplying eqs. (C.1) and (C.4)
by the factor [208]

r + + hadr. a? 3
(r = vr thad) s +52 S 4 26.4% (C.7)

1+A Cch = — =
Q ZqF(T — Uy -i-uq)]tree 3

where the strong coupling constant «; is evaluated at the maximum momentum transfer
to the outgoing quarks; (¢2)™* = (mj — mq)? for Nj — €5 u,dy and (¢%)™* = (m; — m;)?
for Nj — Nigags.

Finally, we comment that some of the vSMEFT operators in tables 1 and 2 generate
four-neutrino operators in the broken phase. These operators do not contribute to HNL
production, but can induce their decay. For example, in the Majorana scenario, Q;n and
Qinim induce the operators (’)VRL (Nv,N)(vpy*v) and OX]\I,%VL (V5 vuN)(vpy*vr). The
operators Qs and @Q;s;g do the same in the Dirac case. When the active-sterile mixing is
negligible, it is sufficient to estimate these decay rates as N; — Njvovg, using eq. (C.1) with
f=v, No=1and y, = yg = 0. Only the coefficients

VXL VXL
L C 2 M2 [ZN]U [ZL]Oé,B’ (C.8)
zgocﬁ z]aﬂ
are non-zero, with [ZL] = 9706a3- The HNL decay width from Cjy, for example, is twice

as large as that from Ccy for m; > m; + 2me, because the decay N; — N;v.v, is open
with an equal rate to N; — Ne~e™.
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We now summarise the two-body HNL decays induced by the effective W+ and Z
interactions. If the maximum momentum transfer (¢2)™3 of the process is instead below the
QCD scale, the final-state quarks hadronise. Thus, the effective W¥ interactions lead to the
decay of HNLs to charged pseudoscalar and vector mesons, N — (5 PT and N; — (VT
respectively, with the lightest states being P* = {z*, K* D* D¥} and V* = {p*, K**+}.
The decay rates for these processes are
G%fz%mg\quﬁ)\

DN — £ P) =

21,52, 53 [F e wp) (IW el + Wi al*)

+4yaypRe| WL WHL]],  (C9)
GF fim|Vaql?

DN, = 4 VT) = o

A2 (1,92, 58) [ G o ) (W jal* + Wijal*)
~ 12y Re[[Wi5a W] ] (C20)

where F(z,y) = 1 —y* — 2*(2 — 2 + y°), G(z,y) = (1 = y*)(1 + 2y%) + 2*(2® + y* - 2),
and the pseudoscalar and vector form factors are defined via (0| gvy,v5q |P) = ifpp, and
(0] gyuq |V) = ifymye,, respectively. The values taken for these form factors are given in
table IV of [146]. The appropriate CKM matrix element V5 should be used depending on
the quark content of the meson. For Majorana HNLs, the effective W¥ interactions also
induce the decays N; — £ P~ and N; — £V~ with the same rates as eq. (C.9).

The effective Z interactions also lead to the decay of HNLs to neutral pseudoscalar
and vector mesons, Nj — N;PY and Nj — N;VY, respectively, with P° = {x% 7,7’} and
VY = {p,w,¢}. These have the decay rates

PN = NiP°) = G%ﬁnﬁﬁ(l, v2 up) [P i ye) (128617 + 112501
+ dyaypRe| (285125135 (C.11)
T(N; = NiV0) = Wm,yf,m Gy ) (112801 + 12K5%)
— 12yt Re|[Z8512505]] . (Ca2)

where the ky factors arise from the light quark composition of the vector mesons and take
the values r, = 1 — 252, K, = —2s2,/3 and ry = —v/2(1/2 — 252 /3) [25].

Finally, for O(100) GeV HNL masses, the effective W* and Z interactions enable the
two-body decays N; — (oW, N; — N;Z and Nj — N;h, when the momentum transfer ¢
exceeds the on-shell production thresholds of W+ and Z. The decay rates are

G m3 1
TN = W) = 8557; N2 (1,92, 53) | G ey ) (WAl + (WA
— 12yayi Re | [WiHlja Wi |
GFm;) 1 2 9 R 2 L 2
TN = NiZ) = 50 (o) [Glues 2) (1120l + (2K )

— 12y Re| (28051215 - (C.13)

The three-body decays N; — N’ifafﬁ (for f = l,u,d), N; — Qupcza and N, — NiNN;
are implemented with the full propagator structure of the intermediate states W+ and Z.
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Figure 18. (Above) Branching ratios of the decays No — eT X for non-zero values of the coefficient
[W#]2. and for Majorana (dashed) and Dirac (solid) HNLs. (Below) Branching ratios of the decays
Ny — N1X for non-zero values of [Z&]12, for the mass splitting ratios § = 1 (left) and § = 1072 (right).

For momentum transfers larger than My, and My, these expressions already account for
the two-body decay rates above; for (¢?)™* > Ma,, M%, the integration over phase space is
dominated by the propagator poles. In this regime, the narrow width approximation (NWA)
can be used. For (g?)™8% < M%V, M?Z, the total HNL width is given in the Majorana case by

TG viag = 22 TwWadidi + D2 Tz
i<k<l i,0,8

+> {@ij > Tapo + 035 ) Tagvo + (1= 6055) Y FNiqan}
i PO Vo a,B

+2)° [@aj Y T pi +60aj > Tpps + (1 —6O0j) ZanupJa} . (C.14)
e} P+ V+ pP,o

and in the Dirac case by,

F/\/j ’Dirac = Z F/\/i/\/k/\_/l + Z FME&Z;;
i<k, ia.8

+ Z [Gij Z Ly po + Oy ZFNiVO + (1 - 6y) ZFMMB]
i PO Vo @B

+ Z [Gaﬂ' Z Fe;P+ + Oaj Z Fe;v+ + (1= 6qj) Zrzgu,,da] ) (C.15)
[e% P+ v+ p,o
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where we introduce the shorthand I'y = T'(V; — X) and

(mb—ma)Q)
O, =0(1- " Ma)" ) C.16
b ( 1 GeV?2 (C.16)

When (g?)™#* exceeds M2, and M2, the contributions of W* and Z can be replaced by the
NWA expression, respectively. For (¢)™® > M2, M2, this can be written as

4
Iy = Fj\bfj +(@2)T-w+ ) BRy+x +Tniz Y BRzox, (C.17)
X X

where ng is the contribution of only the four-fermion operators to eq. (C.14) or (C.15). The
factor of two in parentheses is necessary for the Majorana HNL decay rate. In eq. (C.17),
the decays of W¥ and Z also include the channels W+ — J\/}@E and Z — N;Nj, respectively,
with rates given by

GrM}y, {(2_ m?+m% B (m?—’m%

)2
vt - aieh) = e ) (sl + vLal?)

N 12mim5R {[WL] [WR]* H)‘é (1 m? m% >
— 5 e N ,3 Nli Y AT ) A0 9
M2, ' W M2, M2,

2

(]

85\ GrM3 mi+m3  (mi—mj)? 2 2

0z 5 NN = (1= ) T2 (2= T - ) (128l + 12kl
12mszR {[ZL] [ZR]*H)‘% (1 m; ?)
M% N1iglEN i 7M%7 M% 9

where the prefactors in parenthesis are present in the Majorana case. Including all possible
final states, the branching ratios in eq. (C.17) sum to unity and the total HNL decay width is
just the sum of three-body decays, induced by the four-fermion operators, and the two-body
decays in eq. (C.13).

We now briefly explore the branching ratios of HNL decays via the operators of interest
in this work. In particular, the decay mode with e~e™ in the final state, which is considered
as the displaced vertex signature in section 4. For the majority of the four-fermion operators,
this is the only decay mode present, giving BR(Ny — Nie~et) = 1. However, as discussed
below eq. (C.8), some of the YSMEFT operators induce the decay Ny — Njv,,, resulting in
BR(Ns — Nie~et) = 1/2. Finally, we show in figure 18 the branching ratios resulting from
the effective W* (above) and Z (below) interactions. Clearly, the presence of more decay
modes lead the branching ratios to depend on the mass of Na, with BR(Ny — ve~et) and
BR(Ny — Nie~e™) decreasing for HNL masses above the production thresholds for hadronic
final states. For large my,, the branching ratios plateau at the values BR(Ny — ve~et) ~ 1/9
and BR(Ny — Nie~e') ~ 3.4 x 1072. In the case of the effective Z interaction, the branching
fractions also depend on the mass splitting ratio. For small ¢ (right), the kinematic thresholds
are pushed to larger values of my,, while a difference in the branching ratios of Dirac (solid)
and Majorana (dashed) Ny becomes evident.
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