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Heavy neutrinos, a key prediction of many standard model extensions, remain some of the most
searched-for objects at collider experiments. In this context, we revisit the premise that the gluon fusion
production mechanism, gg → Z�=h� → Nνl, is phenomenologically irrelevant at the CERN LHC and
report the impact of soft gluon corrections to the production cross section. We resum threshold logarithms
up to next-to-next-to-next-to-leading logarithmic accuracy (N3LL), thus capturing the dominant contri-
butions to the inclusive cross section up to next-to-next-to-leading order (N2LO). For mN > 150 GeV
and collider energies

ffiffiffi
s

p ¼ 7–100 TeV, corrections to the Born rates span from þ160% to þ260%. Atffiffiffi
s

p ¼ 14 TeV, the resummed channel is roughly equal in size to the widely-believed-to-be-dominant
charged-current Drell-Yan process and overtakes it outright at

ffiffiffi
s

p ≳ 20–25 TeV. Results are independent
of the precise nature/mixing of N and hold generically for other low-scale seesaws. Findings are also
expected to hold for other exotic leptons and broken axial-vector currents, particularly as the Z�

contribution identically reduces to that of a pseudoscalar.

DOI: 10.1103/PhysRevD.96.055042

I. INTRODUCTION

In stark contrast to the standard model (SM) of particle
physics, neutrinos have nonzero mass, and misaligned
flavor and mass eigenstates [1,2]. Hence, the origins of
their sub-eV masses and large mixing angles are two of the
most pressing open questions in particle physics today. In
light of recent evidence for the Higgs mechanism’s role in
generating charged lepton masses [3,4], we argue that the
existence of neutrino Dirac masses comparable to other
elementary fermions’Dirac masses is an increasingly likely
prospect. If this is the case, then observed neutrino
phenomenology can be accommodated by low-scale see-
saw mechanisms, such as the inverse [5–7] or linear [8,9]
seesaw models.
In such seesaw scenarios, TeV-scale heavy neutrinos’

mass eigenstates (N) can couple to electroweak (EW)
bosons with sizable [10,11] active-sterile mixing, but at
the same time do not decouple from Large Hadron Collider
(LHC) phenomenology [12,13] due to their pseudo-Dirac
nature. Subsequently, low-scale seesaw mechanisms can be
tested at the LHC with Oð100–1000Þ fb−1 [14–19], dem-
onstrating the sensitivity and complementarity of collider
and oscillation experiments.
Hadron collider investigations of heavy N typically rely

on the charged-current (CC) Drell-Yan (DY) process [20],
shown in Fig. 1(a) and given by

qq̄0 → W�ð�Þ → Nl�; q ∈ fu; c; d; s; bg; ð1Þ

or the sizable vector boson fusion (VBF) channel [21–24],

qγ →
Wγ→Nl

Nl�q0: ð2Þ
As seen in Fig. 1(c), VBF is driven by the Wγ → Nl
subprocess and receives longitudinal W enhancements for
mN ≫ MW [23]. Notable is the renewed interest [24,25] in
the gluon fusion (GF) process [24–27], shown in Fig. 1(b),

gg → Z�=h� → Nνl: ð3Þ
Variants of this process have been studied recently in
Refs. [28–34]. While GF proceeds anomalously through
off-shell Z�=h� bosons and is formally anOðα2sÞ correction
to the neutral-current (NC) DY process, qq̄ → Z� → Nνl,
the channel’s cross section is known to surpass the DY and
VBF rates for collider energies

ffiffiffi
s

p ≳ 30–40 TeV [24–26].
At 14 TeV, GF is factors smaller than the DY channels.
These conclusions are noteworthy, as they rely on the GF
rate at leading-order (LO) accuracy being a good estimate
of the total cross section. However, at LO, the GF rates for
the SM Higgs boson [35–41], heavy scalars [37], and
pseudoscalars [42–44] are greatly underestimated.
In light of this, we report, for the first time, the impact of

soft gluon corrections to heavy N production in GF. We
resum threshold logarithms up to next-to-next-to-next-to-
leading logarithmic accuracy (N3LL). For GF, this captures
the leading contributions to the inclusive cross section (σ)
up to next-to-next-to-leading order (N2LO) [46]. Our
findings have immediate impact on searches at hadron
colliders, and thereby challenge the paradigm that GF is
phenomenologically irrelevant for the discovery and study
of heavy N at the LHC.
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For mN ¼ 150–1000 GeV,
ffiffiffi
s

p ¼ 7–100 TeV, and scale
choices comparable to the hard process, we report

KN3LL ¼ σN
3LL=σLO∶ 2.6 − 3.6;

KN2LL ¼ σN
2LL=σLO∶ 2.3 − 3.0: ð4Þ

We find that GF dominates over the DY-like processes of
Eq. (1) formN ¼ 500–1000 GeV at

ffiffiffi
s

p ≳ 20–25 TeV. The
corrections exhibit perturbative convergence and are con-
sistent with those for Higgs and heavy (pseudo)scalar
production [35–44]. Our results are independent of the
precise nature/mixing of N and hold generically for other
low-scale seesaws. Results are also expected to hold for
other exotic leptons—e.g., triplet leptons in the type-III
seesaw and other colorless, axial-vector currents.
This report continues as follows: We first describe our

phenomenological heavy N model, then present the resum-
mation formalism employed, emphasizing a new treatment
of the Z� current. After summarizing our computational
setup, we present our results and conclude.

II. HEAVY NEUTRINO MODEL

Throughout this study, we adopt the neutrino mixing
formalism of Ref. [47]: For iðmÞ ¼ 1;…; 3 left-
handed (light) states and jðm0Þ ¼ 1;…; n right-handed
(heavy) states, chiral neutrinos can be rotated into mass
eigenstates by�

νLi

Nc
Rj

�
¼

�
U3×3 V3×n

Xn×3 Yn×n

��
νm

Nc
m0

�
: ð5Þ

After further rotating the charged leptons into the mass
basis, the flavor state νl in the mass basis is explicitly

νl ¼
X3
m¼1

Ulmνm þ
Xn
m0¼1

Vlm0Nc
m0 : ð6Þ

Ulm is the observed light neutrino mixing matrix, and
Vlm0 parametrizes active-heavy mixing. For EW-scale Nm0 ,
the latter is constrained by precision EW data to be

jVlN j≲ 10−2 − 10−1 [10,11]. For simplicity, we consider
only the lightest heavy state, denoted N.
In the mass basis, the EW interaction Lagrangian is

LInt ¼ −
gffiffiffi
2

p Wþ
μ

Xτ

l¼e

X3
m¼1

ν̄m U�
lmγ

μPLl−

−
gffiffiffi
2

p Wþ
μ

Xτ

l¼e

N̄c V�
lNγ

μPLl−

−
g

2 cos θW
Zμ

Xτ

l¼e

X3
m¼1

ν̄m U�
lmγ

μPLνl

−
g

2 cos θW
Zμ

Xτ

l¼e

N̄c V�
lNγ

μPLνl

−
gmN

2MW
h
Xτ

l¼e

N̄c V�
lNPLνl þ H:c: ð7Þ

At the production level, jVlN j factorizes out of cross
sections, a result that holds at all orders in αs [24,48].
This allows one to define [49] a “bare” cross section σ0 in
which one sets jVlN j ¼ 1. Subsequently, flavor-model-
independent cross sections are given by

σðpp → N þ XÞ=jVlN j2 ¼ σ0ðpp → N þ XÞ: ð8Þ

Due to this factorization, the QCD corrections we present
are universal across low-scale seesaws that feature N.

III. THRESHOLD RESUMMATION FORMALISM

We now summarize our resummation formalism and the
special consideration of the Z� mediator in GF.
For a color-singlet final state V, the inclusive pp →

V þ X fixed-order (FO) cross section is given generically
by the collinear factorization theorem1 [50–52],

(a) (b)

(c)

FIG. 1. Born diagrams for heavy N production via the (a) DY, (b) GF, and (c) VBF processes. Drawn using JaxoDraw [45].

1The equivalent measure,
R
1
τ0
dξ1

R
1
τ0=ξ1

dx
R
1
x dz=z, with

ξ2 ¼ x=z, may lead to faster numerical convergence for some
processes.
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σFO ¼ f ⊗ f ⊗ Δ ⊗ σ̂ ð9Þ

¼ 1

1þ δij

X
i;j;β

Z
1

τ0

dτ
Z

1

τ

dξ1
ξ1

Z
1

τ=ξ1

dz
z

× ½fi=pðξ1Þfj=pðξ2Þ þ ð1 ↔ 2Þ�Δβ;FO
ij ðzÞσ̂βij: ð10Þ

That is, the hadronic scattering rate σ is the convolution
ð⊗Þ of parton distribution functions (PDFs) f, the soft
coefficient function Δ, and the partonic-level ij → V hard
scattering rate σ̂, which occurs at the hard scattering scale
Q ¼

ffiffiffiffiffiffi
p2
V

p
. Scale dependence of these quantities is implied

but made explicit below. fi=pðξ; μfÞ are the likelihoods of
observing parton i in p carrying longitudinal momentum
pi
z ¼ ξpp

z ≫ pi
T , when DGLAP-evolved [53–55] to a

factorization scale μf, generating the partonic scaleffiffiffî
s

p ¼ ffiffiffiffiffiffiffiffiffiffiffi
ξ1ξ2s

p
. Δβ;FO

ij ðzÞ ¼ δð1 − zÞ þOðαsÞ accounts for
soft gluons carrying a momentum fraction (1 − z), with
z ¼ Q2=ŝ, emitted in the ij → A transition ðσ̂βÞ via a color/
Lorentz structure labeled as β. Above, τ0 ¼ minfQ2g=s is
the kinematic threshold below which ij → A is kinemat-
ically forbidden, and τ ¼ Q2=s ¼ ξ1ξ2z is similarly the
hard threshold.
For the gg → Z�=h� → Nνl process, with β ∈ fZ; hg,

Q2 ¼ ðpN þ pνÞ2 > m2
h;M

2
Z and τ0 ≈m2

N=s, the hard
partonic-level Born cross sections are2 [25,26]

σ̂Z ¼ G2
F
α2sðμrÞjVlN j2

24ð4πÞ3 m2
Nð1 − rNÞ2jFZðQ2Þj2; ð11Þ

σ̂h ¼ G2
F
α2sðμrÞjVlN j2

24ð4πÞ3
m2

NQ
4ð1 − rNÞ2

ðQ2 −m2
hÞ2

jFhðQ2Þj2; ð12Þ

where rX ¼ m2
X=Q

2. For quarks with weak isospin charge
ðT3

LÞq ¼ �1=2, the Z=h one-loop form factors are

FZðQ2Þ ¼
X

q¼t;b…

2ðT3
LÞq½1 − 2rqfðrqÞ�; ð13Þ

FhðQ2Þ ¼
X

q¼t;b…

2rq½2þ ð1 − 4rqÞfðrqÞ�; with ð14Þ

fðrÞ ¼
8<
:

2
�
sin−1 1

2
ffiffi
r

p
�
2
; r > 1

4
;

− 1
2

h
log

�
1þ ffiffiffiffiffiffiffiffi

1−4r
p

1−
ffiffiffiffiffiffiffiffi
1−4r

p
�
− iπ

i
2
; r ≤ 1

4
:

ð15Þ

A few remarks: (i) While we use the fully integrated σ̂β,
the resummation formalism we employ [56,57] operates in
momentum space. Hence, phase-space cuts on an n-body
final state can be implemented if one starts from the
differential dσ̂β. (ii) The Z�=h� contributions add

incoherently due to the (anti)symmetric nature of the
ðZ�Þh� coupling [26]. (iii) The similarity of σ̂Z and σ̂h

follows from the fact that, after summing over SUð2ÞL
doublet constituents, the net Z� contribution is a pseudo-
scalar-like coupling proportional to quark Yukawa cou-
plings. This is in accordance with the Goldstone
equivalence theorem, pointed out first for the gg → Nν
process in Ref. [24]. Subsequently, this asymptotic behav-
ior means one can further simplify the original expressions
of Refs. [25,26] to those above.
The axial-vector-pseudoscalar correspondence, however,

is more general: For a massive, colorless vector VðqμÞ
participating in the loop process gg → V�, the most general
current-propagator contraction (in the unitary gauge) is
of the form ΓμΠμν ∼ ðgVγμ þ gAγμγ5Þðgμν − qμqν=M2

VÞ. By
C-symmetry (Furry’s theorem), the vector current gVγμ

vanishes; by angular momentum conservation (Landau-
Yang theorem), the transverse polarization gμν does not
contribute. Hence, ΓμΠμν ∼ gAγμγ5qμqν=M2

V . After decom-
posing quark propagators in the triangle loop via spinor
completeness relations and exploiting the Dirac equation,
one finds ΓμΠμν ∼ γ5ð2mfqν=M2

VÞ—that is, a pseudoscalar
coupling proportional to the quark mass mf.
Moreover, emissions of soft gluons off fermions do not

change the loop’s structure due to soft factorization.
Therefore, one may approximate soft QCD corrections
to the gg → V� subprocess for V� possessing axial-vector
couplings to fermions with those corrections for a pseu-
doscalar. This is a main finding of this work and was not
observed in previous resummations of gg → Z�.
As Q approaches the partonic threshold

ffiffiffî
s

p
, accompa-

nying gluon radiation is forced to be soft, with Eg ∼ffiffiffî
s

p ð1 − zÞ. This generates numerically large phase-space
logarithms of the form logð1 − zÞ that spoil the perturbative
convergence of Eq. (10). Threshold logarithms, however,
factorize and can be resummed to all orders in αs logð1 − zÞ
via exponentiation [58–62].
We perform this resummation by working in the soft-

collinear effective theory (SCET) framework [63–65]. This
permits Eq. (10) to be factorized directly in momentum
space [56,57] by segmenting and regulating divergent
regions of phase space with hard and soft scales, μh and
μs. (This is unlike perturbative QCD, where one works
in Mellin space [58–60].) Scale invariance of physical
observables then implies that factored components can
also be independently renormalization-group (RG)-evolved
and matched via exponentiation [58–62]. Thus, numeri-
cally large quantities are replaced with perturbative ones
regulated by μh and μs and with RG-evolution coefficients
that run μh and μs to μf and Q.
In practice, the resummation procedure reduces to

replacing the soft coefficient function Δβ;FO
ij ðzÞ in Eq. (10):

σFO → σRes∶ Δβ;FO
ij ðzÞ → Δβ;Res

ij ðzÞ: ð16Þ
2We note that the expression for σ̂h in Ref. [25] contains

typographic errors.
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For GF production of heavy leptons via s-channel pseu-
doscalar (β ¼ Z) and scalar (β ¼ h) mediators, as given in
Fig. 1(b), the SCET-based soft coefficient Δβ;Res

gg in the
notation of Refs. [66,67] is

Δβ;Res
gg ðzÞ ¼ jCβðQ2; μ2hÞj2UðQ2; μ2α; μ2h; μ

2
s ; μ2fÞ

ffiffiffi
z

p
z−η

ð1 − zÞ1−2η

× ~sHiggs

�
log

Q2ð1 − zÞ2
μ2sz

þ ∂η; μs

�
e−2γEη

Γð2ηÞ :

ð17Þ
Cβ is the process-dependent, so-called hard function and
accounts for (hard) virtual corrections to the hard process.
For β ¼ h, the function is given by the two-step SCET
matching coefficients Ct and CS of Ref. [67], with

ChðQ2; μ2hÞ≡ Ctðm2
t ; μ2t ÞCSð−Q2; μ2hÞ; and ð18Þ

CXðQ2; μ2Þ ¼
X∞
n¼0

CðnÞ
X ðQ2; μ2Þ

�
αsðμÞ
4π

�
n
; ð19Þ

where X ∈ ft; Sg. The product of Ct and CS, which can
be expanded individually as power series in ðαs=4πÞ, is
equivalent to a one-step SCET matching procedure when
setting μt ¼ μh [68]. For β ¼ Z, the one-step matching hard
function can also be expanded as a power series. In the
notation of Refs. [44,69], this is

CZðQ2; μ2hÞ≡ CA;eff
g ðQ2; μ2hÞ

¼
X∞
n¼0

CA;eff
g;n ðQ2; μ2hÞ

�
αsðμhÞ
4π

�
n
: ð20Þ

We briefly note that the logðμ2h=m2
t Þ term that appears in

CA;eff
g;2 of Ref. [69] should be replaced with logðQ2=m2

t Þ in
order to preserve the scale independence of the total cross
section, a physical observable [44]. With this modification,
both Ch and CZ satisfy the evolution equation,

d
d log μ

CβðQ2; μ2Þ

¼
�
ΓA
cusp log

�
Q2

μ2

�
þ γS þ γt

�
CβðQ2; μ2Þ; ð21Þ

for anomalous dimensions ΓA
cusp; γS;t, as given in

Refs. [66,67].
The soft scalar function ~sHiggs describes (soft) radiation

off incoming gluons and hence is universal for scalars and
pseudoscalars. The derivatives in ~sHiggs are regular partial
derivatives that act to the right, before η≡ 2aΓðμ2s ; μ2fÞ is
evaluated numerically.
We include an additional factor of

ffiffiffi
z

p
in Eq. (18) with

respect to Refs. [66,67]. As noted in Refs. [66,67,70,71],
the inclusion of the factor accounts precisely for power

corrections that are manifest in the traditional QCD/Mellin-
space resummation formalism. Numerically, we find this
increases our total normalization by Oð5%–10%Þ at N3LL
and our residual scale dependence by Oð5%Þ.
RG running is described by the evolution function,

UðQ2; μ2α; μ2h; μ
2
s ; μ2fÞ

¼ α2sðμ2sÞ
α2sðμ2fÞ

�
βðαsðμ2sÞÞ=α2sðμ2sÞ
βðαsðμ2αÞÞ=α2sðμ2αÞ

�
2
�
Q2

μ2h

�−2aΓðμ2h;μ2sÞ

× je4Sðμ2h;μ2sÞ−2aγS ðμ2h;μ2sÞþ4aγB ðμ2s ;μ2fÞj; ð22Þ
where μα ¼ μtðμhÞ for β ¼ hðZÞ.
For definitions and explicit expressions of the quantities

in Eqs. (18)–(22) up toOðα2sÞ, see Refs. [66,67]. Mappings
between NkLL accuracy and required ingredients can
be found in Refs. [66,72]. At N3LL, one needs at two
loops Cβ for both pseudoscalar [69] and scalar [67,73], as
well as ~sHiggs [66,67,74]. Note that while the results
of Refs. [67,69,73] are derived in the heavy top limit,
OðQ2=m2

t Þ corrections to inclusive (pseudo)scalar cross
sections are known to be Oð1%–10%Þ [37,75], even for
Q2 ≫ m2

t , justifying their use in our calculation.

IV. COMPUTATIONAL SETUP

For the DY and VBF channels, we use the methodology
of Ref. [24] to compute inclusive cross sections and
uncertainties at NLO in QCD, but with the following
exceptions: we use the NNPDF 3.0 QED NLO PDF set
[76,77] and do not apply phase-space cuts to the CC DY
process. Scale choices and regulating VBF cuts are
unchanged. For GF, we adopt the additional SM inputs [78]

mb ¼ 0 GeV; mt ¼ 173.2 GeV; mh ¼ 125.7 GeV:

Tobestmatch the accuracyof the resummation calculation,we
use the NNPDF 3.0 NNLOþ NNLL PDF set [79]; while the
set’s uncertainties are sizable, the use of a FO PDF set would
formally double-count initial-state gluons. Cross sections
are calculated using in-house code with Monte Carlo inte-
gration performed via the CUBA libraries [80], and checked
at LO against Refs. [24,25]. The soft coefficient function
Δβ;Res

gg is checked against Refs. [44,72,81].
To minimize the numerical impact of missing QCD

corrections, we follow Refs. [66,67] and choose the scale
scheme

μr; μf; μt; μh ¼ Q and μs ¼ Qð1 − τÞ=ð1þ 7τÞ ð23Þ
for both the Born and resummed GF calculations.
For GF, we report the scale dependence associated with
simultaneously varying μf, μr, and μs over 0.5 ≤
μX=μDefault ≤ 2. While the μs dependence itself is numeri-
cally small, we vary it jointly with μf to ensure that the
subtraction terms required for numerical evaluation lead
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sufficiently to numerical convergence; see Refs. [66,67]
for more details. Missing FO terms that would otherwise
stabilize μf represents the largest source of uncertainty.
Indeed, we find other scale uncertainties to be relatively
small, owing to our high logarithmic accuracy.
In the following, we report only residual scale depend-

ence. For studies on PDF uncertainties in heavy N
production, see Refs. [23,24], and for threshold-improved
PDF uncertainties, see Refs. [82,83]. PDFs and αsðμÞ are
evaluated using the LHAPDF 6 libraries [84].

V. RESULTS

At
ffiffiffi
s

p ¼ 14 TeV and as a function of heavy N mass, we
show in the left plot of Fig. 2 the inclusive N production
cross section (divided by active-heavy mixing jVlN j2) for
the CC DY and VBF processes at NLO, for GF at LO, and
for GF at N3LL. The thickness of each curve corresponds
to the residual scale dependence; no scale dependence is
shown for GF at LO. In the lower panel is the ratio of the
resummed and Born GF rates. We quantify the impact of
QCD corrections with a K-factor, defined generically as

KNjLOþNkLL ≡ σN
jLOþNkLL=σLO: ð24Þ

For mN ¼ 150–1000 GeV, cross sections span roughly

CC DY NLO∶ 3.5–5400 fb; ð25Þ

GFN3LL∶ 1.9–280 fb; ð26Þ

GF LO∶ 0.73–110 fb; ð27Þ

VBF NLO∶ 4.4 − 37 fb: ð28Þ

For GF, K-factors and uncertainties span approximately

GF N3LL∶ K ¼ 3.07–3.14 with δσ=σ ¼ �8%–13%;

ð29Þ

GF N2LL∶ K ¼ 2.59 − 2.66 with δσ=σ ¼ �6%–9%;

ð30Þ

GF NLL∶ K ¼ 1.00–1.06 with δσ=σ ¼ �25%–27%:

ð31Þ

These rates should be compared with DY (VBF) K-factors
of KNLO

DYðVBFÞ ¼ 1.15–1.25 (0.98–1.06) and uncertainties of

ðδσ=σÞDYðVBFÞ ¼ �1%–5%ð5%–11%Þ [24].
For the mass range under consideration, one observes

unambiguously that the resummed GF rates at N2LL and
N3LL are markedly larger than the LO rate, withK ≳ 2–2.5
and notably independent of mN . This is unlike NLL,
where K ∼ 1, since one essentially runs only αsðμÞ and
Cβ, ~sHiggs ∼ 1; here, the uncertainty simply corresponds to

varying αs. We find σN
3LL=σN

2LL ∼ 1.1–1.2, indicating
convergence of the perturbative series.
As previously stated, the residual uncertainty at N3LL

stems from missing FO contributions. Such terms, likely
positive definite [46], consist of hard, initial-state radiation
(ISR) with pj

T ≳ μf ¼ Q, which are not, by construction,
included in the DGLAP evolution of the PDFs. The sizes
of the N2LL and N3LL corrections are, in part, due to our
scale choices and the desire to minimize the importance of
missing QCD corrections. Choosing alternative, less intui-
tive scales for the Born process can, of course, lead to
smaller K-factors, but also to larger ones. At both N2LL

 [
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]
2 ⎜
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V⎜
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O
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FIG. 2. Heavy N cross sections [fb], divided by the mixing coefficient jVlN j2, for various production mechanisms as a function of
(left) neutrino mass mN [GeV] and (right) collider energy [TeV]. Lower: Ratio of the resummed and Born GF predictions.
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and N3LL, the size of the uncertainty band is due to a
residual μf dependence, and requires matching to hard ISR
from FO contributions to be reduced. Moreover, these
corrections are in line with those for Higgs and heavy
(pseudo)scalar production [35–38,41–44].
In comparison with other heavy N production modes, we

find formN ≳ 300 GeV that the GF rate is now comparable
to the CC and NC DY (not shown for clarity) rates. When
basic fiducial cuts are applied on the charged lepton in the
CC processes, the combined GFþ NC DY rate is slightly
larger than the combined VBFþ CC DY channel. For
mN ≲ 600 GeV—i.e., masses that are most relevant for
LHC phenomenology due to mixing suppression [23,47]—
the GF channel is factors larger than the VBF mechanism,
indicating its potential importance at the LHC and its
upgrades/successors.
We briefly note that the relative importance of the VBF

mechanism found in Fig. 2 is considerably less thanwhat has
been found in previous investigations—e.g., Ref. [22] and
follow-up works by the same authors. It was shown in
Ref. [23] that the findings of Ref. [22] were qualitatively and
quantitatively incorrect: Their claimed “t-channel enhance-
ment” is in reality several poorly/unregulatedQCD andQED
collinear divergences. Numerically, their cross sections were
overestimated by100× in some instances.We refer readers to
Refs. [23,24,48] for correct, all-orders/resummed treatments
of these contributions; to Refs. [15,23] for a quantitative
assessment of Wγ scattering in heavy N searches; and to
Ref. [24] for non-expert-friendly infrared- and collinear-safe
collider definitions for such processes.
In the right plot of Fig. 2, we plot as a function of

ffiffiffi
s

p
for

representative mN the summed GFþ NC DY channels as
well as the summed CC DYþ VBF channels. We add the
channels incoherently, as GF is formally a noninterfering
Oðα2sÞ correction to NC DY, and similarly VBF is a
noninterfering OðαÞ correction to CC DY. Relative uncer-
tainties are added in quadrature.
We observe for mN ¼ 500–1000 GeV that the inclusive

production rate of Nν overtakes the inclusive Nl� pro-
duction at

ffiffiffi
s

p ≳ 15–30 TeV. For
ffiffiffi
s

p ¼ 33ð100Þ TeV, this
difference is a factor of 1 − 1.6ð2.5–2.7Þ and is driven by
the GF rate, for which the luminosity grows much faster
than the qq̄0 (DY) and qq (VBF) luminosities with

increasing collider energies. While not shown, we find
for mN ¼ 500–1000 GeV that the GF rate individually
exceeds the CC DY rate for

ffiffiffi
s

p ≳20–25 TeV. For increas-
ing

ffiffiffi
s

p
, we find that the resummation has a smaller impact

on the total GF rate, with

GF N3LL∶ K ¼ 2.6 − 3.6 with δσ=σ ¼ �8% − 14%;

ð32Þ
GF N2LL∶ K ¼ 2.3 − 3.0 with δσ=σ ¼ �6% − 11%;

ð33Þ
GF NLL∶ K ¼ 1.0 − 1.2 with δσ=σ ¼ �19% − 29%:

ð34Þ
This drop in K is again due to an increasing importance of
hard ISR, and similarly leads to a sizable residual μf
dependence. In checks against heavy (pseudo)scalar
production [44,72,81], we find similar results, and that the
importance of FO corrections isOðþ10%Þ. Such corrections
would likely push net K-factors for the gg → Nν process to
K ∼ 3. We summarize our results in Table I.
Due to the severe model-dependence of VlN as well as

the associated phenomenology, an investigation into which
is well beyond the scope of this study, we defer further
interpretation of our results to future studies.
Usage: For the use of these results in studies, we

advocate LOþ parton-shower event generation following
Ref. [24]. Total inclusive rates should then be normalized to
those tabulated in Tables II and III in the Appendix. The
flatness of the resummed K-factors means interpolation to
unlisted mN is reliable.

VI. SUMMARY AND CONCLUSION

The existence of tiny neutrino masses and large mixing is
unambiguous evidence for physics beyond the SM. In light
of Higgs boson data, the prospect of neutrino Dirac masses
existing is increasingly likely. Low-scale seesaw models
with TeV-scale heavy neutrinos that couple appreciably to
EW bosons are scenarios that can accommodate these
seemingly contradictory observations, and still give rise to
LHC phenomenology.

TABLE I. Heavy N production cross sections via the GF mode at various accuracies, divided by active-heavy mixing jVlN j2, scale
dependence (%), and K-factor, for representative mN and

ffiffiffi
s

p
.

ffiffiffi
s

p
14 TeV 33 TeV 100 TeV

mN 300 GeV 500 GeV 300 GeV 500 GeV 300 GeV 1 TeV
σ=jVlN j2 [fb] σ [fb] K σ [fb] K σ [fb] K σ [fb] K σ [fb] K σ [fb] K

GF LO 65.4 � � � 13.5 � � � 415 � � � 115 � � � 2.84 × 103 � � � 154 � � �
GF NLL 65.9þ14%

−26% 1.01 13.7þ17%
−27% 1.01 414þ8%

−23% 1.00 115þ11%
−24% 1.00 2.83þ2%

−18% × 103 1.00 154þ8%
−21% 1.00

GF N2LL 170<1%
−7% 2.61 34.9<1%

−8% 2.59 1.03<1%
−9% × 103 2.49 281<1%

−7% 2.45 6.83þ2%
−13% × 103 2.40 351<1%

−8% 2.28

GF N3LL 202þ5%
−11% 3.09 41.3þ3%

−9% 3.06 1.21þ8%
−13% × 103 2.92 327þ6%

−11% 2.85 7.88þ13%
−16% × 103 2.77 401þ8%

−11% 2.60
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In this context, we have evaluated, for the first time, soft
corrections to the GF production mode gg → Z�=h� → Nν.
This was made possible by a new treatment of the
gg → Z� subprocess. For mN ¼ 150–1000 GeV and

ffiffiffi
s

p ¼
7–100 TeV, we report

KN3LL ¼ σN
3LL=σLO∶ 2.6 − 3.6; ð35Þ

KN2LL ¼ σN
2LL=σLO∶ 2.3 − 3.0: ð36Þ

We find that GF dominates over DY-like processes of
Eq. (1) for mN ¼ 500–1000 GeV at

ffiffiffi
s

p ≳ 20–25 TeV.
Corrections exhibit perturbative convergence and are
consistent with Higgs and heavy (pseudo)scalar produc-
tion. Moreover, our results are independent of the precise

nature/mixing of N, and are expected to hold for other
exotic leptons as well as other colorless, broken axial-
vector currents one finds in other seesaw scenarios.
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APPENDIX

TABLE II. Total hadronic cross sections for gg → Z�=h� → Nνl at various accuracies, divided by active-heavy mixing jVlN j2, for
representative collider energies

ffiffiffi
s

p
.

mN [GeV] σLO=jVlN j2 [fb] σNLL=jVlN j2 [fb] σN
2LL=jVlN j2 [fb] σN

3LL=jVlN j2 [fb]ffiffiffi
s

p ¼ 13 TeV

150 0.9097Eþ 02 0.9131Eþ 02þ11.8%
−25.4% 0.2419Eþ 03þ<0.1%

−7.2% 0.2867Eþ 03þ6.5%
−12.3%

175 0.8811Eþ 02 0.8868Eþ 02þ12.4%
−25.8% 0.2334Eþ 03þ<0.1%

−6.8% 0.2770Eþ 03þ5.6%
−12.0%

200 0.8510Eþ 02 0.8560Eþ 02þ12.9%
−25.9% 0.2243Eþ 03þ<0.1%

−6.4% 0.2665Eþ 03þ5.5%
−11.6%

225 0.8020Eþ 02 0.8075Eþ 02þ13.3%
−26.0% 0.2110Eþ 03þ<0.1%

−6.7% 0.2504Eþ 03þ5.2%
−11.3%

250 0.7330Eþ 02 0.7379Eþ 02þ13.7%
−26.2% 0.1924Eþ 03þ<0.1%

−6.9% 0.2282Eþ 03þ5.0%
−11.1%

275 0.6451Eþ 02 0.6496Eþ 02þ14.1%
−26.2% 0.1690Eþ 03þ<0.1%

−7.0% 0.2008Eþ 03þ4.9%
−10.8%

300 0.5467Eþ 02 0.5507Eþ 02þ14.6%
−26.4% 0.1430Eþ 03þ<0.1%

−7.2% 0.1697Eþ 03þ4.6%
−10.4%

325 0.4500Eþ 02 0.4515Eþ 02þ15.0%
−26.3% 0.1171Eþ 03þ<0.1%

−7.2% 0.1388Eþ 03þ4.7%
−10.2%

350 0.3629Eþ 02 0.3640Eþ 02þ15.6%
−26.5% 0.9423Eþ 02þ<0.1%

−7.5% 0.1117Eþ 03þ4.4%
−9.9%

375 0.2922Eþ 02 0.2947Eþ 02þ15.6%
−26.7% 0.7613Eþ 02þ<0.1%

−7.7% 0.9010Eþ 02þ4.2%
−9.7%

400 0.2370Eþ 02 0.2396Eþ 02þ16.1%
−26.7% 0.6185Eþ 02þ<0.1%

−7.8% 0.7328Eþ 02þ3.9%
−9.6%

450 0.1593Eþ 02 0.1612Eþ 02þ16.8%
−27.0% 0.4147Eþ 02þ<0.1%

−8.2% 0.4910Eþ 02þ3.4%
−9.3%

500 0.1089Eþ 02 0.1106Eþ 02þ17.2%
−27.1% 0.2838Eþ 02þ<0.1%

−8.4% 0.3355Eþ 02þ3.4%
−8.9%

550 0.7617Eþ 01 0.7747Eþ 01þ17.5%
−27.3% 0.1984Eþ 02þ<0.1%

−8.6% 0.2351Eþ 02þ3.2%
−8.8%

600 0.5413Eþ 01 0.5518Eþ 01þ18.0%
−27.3% 0.1410Eþ 02þ<0.1%

−8.7% 0.1670Eþ 02þ3.0%
−8.5%ffiffiffi

s
p ¼ 14 TeV

150 0.1065Eþ 03 0.1069Eþ 03þ11.2%
−25.0% 0.2824Eþ 03þ<0.1%

−7.5% 0.3348Eþ 03þ6.7%
−12.7%

175 0.1039Eþ 03 0.1043Eþ 03þ11.8%
−25.3% 0.2733Eþ 03þ<0.1%

−7.2% 0.3239Eþ 03þ6.1%
−12.2%

200 0.1006Eþ 03 0.1012Eþ 03þ12.4%
−25.5% 0.2641Eþ 03þ<0.1%

−6.7% 0.3132Eþ 03þ5.7%
−11.9%

225 0.9522Eþ 02 0.9567Eþ 02þ13.0%
−25.7% 0.2490Eþ 03þ<0.1%

−6.3% 0.2952Eþ 03þ5.4%
−11.5%

250 0.8711Eþ 02 0.8776Eþ 02þ13.2%
−25.9% 0.2279Eþ 03þ<0.1%

−6.7% 0.2702Eþ 03þ5.1%
−11.3%

275 0.7693Eþ 02 0.7746Eþ 02þ13.6%
−25.9% 0.2008Eþ 03þ<0.1%

−6.7% 0.2380Eþ 03þ5.1%
−11.0%

300 0.6538Eþ 02 0.6585Eþ 02þ13.9%
−26.0% 0.1704Eþ 03þ<0.1%

−6.8% 0.2018Eþ 03þ5.0%
−10.7%

325 0.5386Eþ 02 0.5425Eþ 02þ14.4%
−26.1% 0.1401Eþ 03þ<0.1%

−7.0% 0.1659Eþ 03þ4.7%
−10.5%

350 0.4377Eþ 02 0.4395Eþ 02þ14.9%
−26.2% 0.1133Eþ 03þ<0.1%

−7.1% 0.1341Eþ 03þ4.6%
−10.2%

375 0.3557Eþ 02 0.3565Eþ 02þ15.5%
−26.2% 0.9174Eþ 02þ<0.1%

−7.2% 0.1085Eþ 03þ4.5%
−9.8%

400 0.2900Eþ 02 0.2913Eþ 02þ15.6%
−26.5% 0.7480Eþ 02þ<0.1%

−7.5% 0.8841Eþ 02þ4.2%
−9.7%

450 0.1951Eþ 02 0.1975Eþ 02þ16.2%
−26.7% 0.5061Eþ 02þ<0.1%

−7.9% 0.5985Eþ 02þ3.8%
−9.5%

500 0.1351Eþ 02 0.1367Eþ 02þ16.8%
−26.9% 0.3493Eþ 02þ<0.1%

−8.1% 0.4128Eþ 02þ3.4%
−9.2%

550 0.9494Eþ 01 0.9636Eþ 01þ17.2%
−27.0% 0.2456Eþ 02þ<0.1%

−8.3% 0.2899Eþ 02þ3.5%
−8.8%

600 0.6807Eþ 01 0.6922Eþ 01þ17.4%
−27.1% 0.1762Eþ 02þ<0.1%

−8.5% 0.2083Eþ 02þ3.2%
−8.7%
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p ¼ 100 TeV
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−12.9% 0.7876Eþ 04þ13.0%
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