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ABSTRACT: Heavy neutrinos (NN) remain one of most promising explanations for the ori-
gin of neutrinos’ tiny masses and large mixing angles. In light of broad advances in un-
derstanding and modeling of hadron collisions at large momentum transfers, we revisit
the long-standard search strategy for heavy N decaying to multiple charged leptons (¢),
pp — NLX — 3lvX. For electroweak and TeV-scale N, we propose a qualitatively new
collider analysis premised on a dynamic jet veto and discriminating, on an event-by-event
basis, according to the relative amount of hadronic and leptonic activity. We report that the
sensitivity to heavy neutrinos at the CERN Large Hadron Collider (LHC) can be improved
by roughly an order of magnitude at both £ = 300fb~! and 3ab~!. At /s = 14 TeV with
L =3 ab™!, we find active-sterile mixing as small as |Vyy|?> = 1072 (1073) [5 x 107*] can
be probed at 95% CL for heavy Dirac neutrinos masses my < 1200 (300) [200] GeV, well
beyond the present |Vyn|? < 1072 — 107! constraints for such heavy states set by indirect
searches and precision measurements. The improvement holds also for Majorana N, and is
largely independent of whether charged lepton flavor is conserved or violated. The analysis,
built almost entirely from inclusive, transverse observables, is designed to be robust across
increasing collider energies, and hence serves as a basis for searches at future colliders: with
L =15ab ! at \/s = 27 TeV, one can probe mixing below |Vyx|? = 1072 (1073) [2 x 107%]
for my < 3500 (700) [200] GeV. At a hypothetical 100 TeV pp collider with £ = 30 ab™!,
one can probe mixing down to 9 x 107> for my < 200 GeV, below 1073 for my < 4TeV,
and below 1072 for my < 15 TeV. We anticipate these results can be further improved with
detector-specific tuning and application of multi-variant / machines learning techniques.
To facilitate such investigations, we make publicly available Monte Carlo libraries needed
for the precision computations/simulations used in our study.

KEYWORDS: Neutrino Physics, Perturbative QCD, Beyond Standard Model, Resummation

ARX1v EPRINT: 1812.08750


https://arxiv.org/abs/1812.08750

Contents

1 Introduction

2 Neutrino mass models

21
2.2
2.3

Inverse seesaw
Phenomenological type I seesaw

Constraints on heavy sterile neutrinos

3 Computational setup

3.1
3.2
3.3
3.4
3.5

Monte Carlo event generation and public accessibility
Heavy neutrino signal event generation

Standard Model background event generation
Standard Model inputs

Benchmark heavy neutrino inputs

4 Heavy neutrinos at hadron colliders

4.1
4.2
4.3
4.4
4.5

Heavy neutrino production formalism

Heavy neutrino production at the LHC and beyond
Parton-level kinematics and observables at LO
Particle-level kinematics and observables at NLO+PS(LL)

Summary

5 Heavy neutrinos and dynamic jet vetoes

5.1
0.2
5.3
5.4

Signal processes and jet vetoes at NLO+NNLL
Backgrounds and jet vetoes at NLO+PS

Dynamic vetoes beyond pr ratios

Dynamical jet vetoes at leading logarithmic accuracy

6 Observability of heavy neutrinos at hadron colliders

6.1
6.2
6.3

Hadron collider detector modeling

Signal process and collider signature definitions

Results: sensitivity at the LHC and beyond

6.3.1 Heavy Dirac neutrinos at the /s = 14 TeV LHC
6.3.2 Heavy Majorana neutrinos at the /s = 14 TeV LHC
6.3.3 Heavy Dirac neutrinos at /s = 27 and 100 TeV

7 Summary and outlook

8 Conclusions

10

11
12
13
16
19
20

21
22
25
29
35
44

45
45
52
o7
61

66
66
69
74
75
80
80

82

85




1 Introduction

The origin of tiny neutrino masses and clarity on neutrinos’ Majorana nature remain some
of the most pressing mysteries in particle physics today. To this end, the hypothesized
existence of j > 2 right-handed (RH) neutrinos (%) [1-7], represents one of the best,
though far from only [7-17], solution to these questions. With RH neutrinos, electroweak
(EW)-scale Dirac masses can be generated spontaneously during EW symmetry breaking
(EWSB), so long as there exists Yukawa couplings to the left-handed (LH) leptons and the
Standard Model (SM) Higgs field, Ly = yf,jﬁi)SMug% + H.c. Barring a new fundamental
symmetry that ensures lepton number conservation (LNC) below the EW scale, RH neutri-
nos invariably possess RH Majorana masses uz%, but possibly also additional Dirac masses
(mp) depending on the precise field content, that can suppress neutrino masses in two dis-
tinct limits [18-20]: for ufé much larger than the EW scale vgw = v/2(®s\) ~ 246 GeV, the
canonical, high-scale Type I Seesaw mechanism [1-7] is triggered, leading to light neutrino
mass eigenvalues inversely proportional to /L{Q,

M ~ iy it mb,. (1.1)

Here, the tilde (~) denotes matrix-valued objects, with M'gh representing the diagonal,
light neutrino mass matrix and mp = ,(®Psym) the neutrino Dirac mass matrix. For
ply that are of the EW scale or much smaller, one realizes the low-scale Type I Seesaw
mechanisms, among which are the Inverse [21-24] or Linear [25, 26] Seesaws, and finds
light neutrino mass eigenstates with masses proportional to small lepton number violating
masses or couplings. For example, in the Inverse Seesaw one has

M~ p g fig gt . (1.2)
In all cases, one predicts the existence of heavy neutrino mass eigenstates (IV,,) that can
couple to SM particles through mass mixing, perhaps even appreciably. While ,u% is the
scale at which lepton number violation (LNV) occurs, without additional inputs, their
values in relation to the EW scale are a priori arbitrary. (Though in the vanishing ugr, mp
limits, accidental global symmetries are recovered.) Hence, N,, may be kinematically
accessible at any number of laboratory-based experiments, including collider facilities like
the CERN Large Hadron Collider (LHC) and its potential successors [27-33].

As such, the discovery potential at colliders of particles responsible for neutrino masses,
even if only partially accessible, is tremendous [34-40]. More specifically, in the absence
of new force carriers and additional sources of spontaneous symmetry breaking, hadron
colliders searches for heavy neutrinos cover an impressive range of particle masses, from
the MeV up to the TeV, and a multitude of active-sterile mixing angles. (With new gauge
bosons and scalars, this can be pushed further.) The limitations of this sensitivity, however,
are subtle but substantial:

(a) In hadron collisions, projections [34-37, 39, 41-74] and searches [75-78] closely follow
the seminal works of refs. [34, 35, 48, 79]. Of these, nearly all are based on the reso-
nant production of a single heavy neutrino N,, and a charged lepton (¢) through the
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Figure 1. Born diagrams for leading heavy neutrino production mechanisms in hadron collisions.

Diagrams throughout this text are drawn using JaxoDraw [80].

charged current (CC) Drell-Yan (DY) process, i.e., g — W® — N/, as proposed
by ref. [79]. At the Born level, the process is shown diagrammatically in figure 2(a).
However, the CC DY process is no longer seen as the only viable means for pro-
ducing heavy neutrinos at colliders. It is now known that the W~y — N/¢* vector
boson fusion (VBF) process [46, 57, 61, 64], shown in figure 2(c), is the dominant
production mechanism for N,, with TeV-scale masses at /s = 14 TeV [61, 64] and
sizably enhances the inclusive production rate for lighter N,,. At higher collider en-
ergies, neutral current (NC) processes [41, 43-46], including the gluon fusion (GF)
channel gg — Z*/h* — N, [43, 44, 60], as shown in figure 2(b), can surpass the CC
DY cross section for masses below 1TeV [60, 68]. For much lighter sterile neutrino
masses, the importance of NC and non-resonant processes has likewise been stressed
elsewhere [37, 39, 55, 69, 73].

The search strategies prescribed by refs. [34, 35, 48, 79] are highly effective in dis-
criminating against leading SM background processes, but only when reconstructed
particles are correctly identified. Misidentified and mis-reconstructed objects, often
neglected in theoretical studies, have a substantial impact on sensitivity at hadron
colliders [49, 61, 71, 75-78, 81]. A prime example of this is in multilepton searches
for leptonic decays of N,,. For production through the CC DY mode, the full process
chain is given by

q?%WiM%NM%%ﬁ@WMﬂ%ﬁ@@%, (1.3)
and shown diagrammatically in figure 2. Collider searches for eq. (1.3) typically re-
quire three “analysis-quality” leptons and veto events with additional central, ener-
getic charged leptons. After standard selection cuts, the remaining backgrounds con-
sist of [34, 76]: EW processes with many charged leptons, e.g., pp = nW — nl + X
wherein one or more charged leptons are too soft or too forward to be readily iden-
tified; top quark processes wherein one fails to successfully tag bottom jets; light
jets misidentified as electrons or hadronically decaying 7 leptons (73); and elec-
trons/positrons whose charges are mis-measured. Undoubtedly, reduction of these



Figure 2. Born diagram for charged current Drell-Yan production of heavy N with subsequent
decay to the three charged lepton (trilepton) final state.

so-called irreducible and “fake” backgrounds would have substantial positive impact
on the discovery potential of heavy neutrinos.

(¢) Standard multilepton search strategies for heavy neutrinos are premised almost solely
on the existence of high-py charged leptons originating from heavy N,, decays. (This
is similarly the case searches of other colorless Seesaw particles [34, 39, 79].) Aside
from vetoing central jets that have additionally been b-tagged, essentially no infor-
mation about jet activity in exploited in searches for high-mass V,,. This is despite
the CC DY and W+ fusion mechanisms having qualitatively different QCD radiation
patterns than their leading backgrounds. (It is softer, more forward than in leading
backgrounds [61, 63, 71, 82].) This is also despite the incredible improvement [83—
89] in efficiently modeling QCD in hadron collisions for both SM and beyond the SM
(BSM) processes since the publication of refs. [34, 35, 48, 79]. Notably, such improve-
ments include better control over perturbative corrections and uncertainties associ-
ated with selection cuts based on the presence of energetic hadronic activity, i.e., jet
vetoes [90-94], in both SM measurements [95-107] and new physics searches [71, 108—
111]. Moreover, while never intended for such circumstances, with the incredible
increase of top quark and multi-jet cross sections at higher /s, it is doubtful that
current search strategies will remain sufficient for future pp colliders [27, 29-31, 33].

In light of these observations, we have revisited the long-standard, hadron collider
search strategy for heavy neutrinos that decay to fully leptonic final states, as given in
eq. (1.3). We report the construction of a qualitatively new collider analysis that is built
almost entirely from inclusive, transverse observables whose shapes remain unchanged with
varying collider energies. Unlike past trilepton studies [34, 36, 37, 55, 56, 65, 67, 73, 76], we
premise the analysis on the near absence of central, energetic hadronic activity in the CC
DY and W+ fusion processes on an event-by-event basis. Using state-of-the-art Monte Carlo
(MC) tools, which enable fully differential event generation up to next-to-leading (NLO) in
QCD with parton shower (PS) matching, this discrimination criterion is implemented by

Veto
T

employing a dynamic jet veto, one where the jet veto pr threshold (py°'°) for each event

is set to the pr of the leading charged lepton in the event [71]. In doing so, we are able to



build an analysis that ultimately selects for the relative amounts of hadronic and leptonic
activities. Importantly, we find irreducible and “fake” background suppression is improved.

For simplicity, we have restricted ourselves to a single, heavy Dirac-like / pseudo-Dirac
neutrino as one would find in low-scale Type I Seesaws. For completeness we have also
considered a single, heavy Majorana neutrino one would find in baseline phenomenological
models. Using as benchmark an analysis inspired by the 2018 CMS collaboration’s trilep-
ton search for heavy neutrinos [76], we report that the sensitivity to active-sterile mixing
(|Ven|?) at the 14 TeV LHC can be improved by an order of magnitude at both £ = 300 fb~!
and 3ab~!. At /s = 14TeV with £ = 3 ab™!, we find active-sterile mixing as small as
[Ven|? = 1072 (1073) [5 x 1074] can be probed at 95% CL for heavy Dirac neutrinos masses
my < 1200 (300) [200] GeV, well beyond the present |Vn|? < 1072 — 107! constraints
for such heavy states set by indirect searches and precision measurements. By design, the
analysis exhibits an unusual robustness against increasing collider energies, and therefore
offers to serve as a baseline analysis for future collider searches. At /s = 27 (100) TeV,
we find that fixing down to |Vyn|? < 1075 for my
mpy ~ 3.5 (15) TeV for |Vyn|? < 1072 can be probed. We anticipate the results we report

< 200 GeV and masses as large as
can be further improved with detector-specific tuning and application of multi-variant /
machines learning techniques [112]. To facilitate such investigations, we make publicly
available the MC libraries' used in our computations.

The remainder of this report is organized the following order: in section 2 we sum-
marize the key components of the benchmark heavy neutrino models considered in this
investigation, commenting also on present constraints. In section 3 is a dedication discus-
sion of our MC modeling, benchmark numerical inputs, and public accessibility of our MC
libraries. Inclusive, parton- and particle-level properties of heavy neutrinos are described
in section 4. Jet properties and the theoretical impact of dynamic jet vetoes for both signal
and background processes are discussed extensively in section 5. We present the quantita-
tive impact of dynamic jet vetoes in searches for heavy neutrinos at the LHC in section 6.
In section 7, we summarize and discuss our findings; we conclude in section 8.

2 Neutrino mass models

If sterile neutrinos participate in the origin of neutrino masses, and if their mixing with
active neutrinos is not too small, then it may be possible to produce them at laboratory-
based experiments, like the LHC. To model such interactions with SM particles, we consider
two benchmark scenarios: the first is the Inverse Seesaw (ISS) model [21-23], which is
a realistic, low-scale Type I neutrino mass model that permits naturally large Yukawa
couplings and heavy neutrinos with masses accessible by colliders experiments. The second
is the Phenomenological Type I Seesaw, as investigated by refs. [34, 35]. The qualitative
distinction between the two is that the former features pseudo-Dirac / Dirac-like heavy
mass eigenstates whereas the latter features heavy Majorana mass eigenstates.

Thttps://feynrules.irmp.ucl.ac.be/wiki/HeavyN.
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Despite well-established decoupling of EW- and TeV-scale Majorana neutrinos from
collider experiments in scenarios where the SM is augmented by only singlet fermions [18—
20], the latter is considered for two reasons:

(i) The discovery of LNV mediated by heavy neutrinos would unambiguously imply a
particle field content that is richer than that hypothesized [20]. (This is notable
as the canonical collider signatures of the Phenomenological Type I Seesaw can be
mimicked by non-minimal scenarios [113-119]).

(ii) More practically, in the absence of new gauge bosons, experimental searches are
commonly interpreted in the context of the Phenomenological Type I Seesaw [75—
78].

The remainder of this section is outlined in the following manner: in section 2.1, we
discuss the ISS model. In section 2.2, we briefly highlight the relevant distinctions between
the Phenomenological Type I Seesaw and the ISS. Constraints on heavy sterile neutrinos
are summarized in section 2.3.

2.1 Inverse seesaw

The ISS mechanism [21-23] is built on the consequences of the SM being extended by many
more SM gauge singlet fermions than the two strictly [120] needed to reproduce oscillation
data. The result is a relationship between the scale of LNV and light neutrino masses that
is qualitatively different from the traditional, high-scale Type I Seesaw. Such a situation
can be realized naturally in ultraviolet completions of the SM, including scenarios with
warped extra dimensions [121-123] and extended gauge symmetries [124-128].

For our purposes, we consider a model wherein the SM field content is extended by
three pairs of fermionic singlets, one for each generation of active neutrinos, that possess
opposite lepton number, yf% (L =+1) and Xk (L = —1). A benefit of this field content is
that it explicitly displays a nearly conserved lepton number symmetry that is necessarily
present [20] in low-scale Seesaw models featuring only singlet fermions. The Lagrangian
for the ISS is given by

L1ss = Lsm + Lxin, + Lo, (2.1)

where Lgy is the usual SM Lagrangian, Lki,. are kinetic operators for the 1/5% and X Ik%
fields, and the so-called “neutrino portal” couplings and mass terms are given by

L, = -y L'®gyry, —mp vy Xp — FHX XKOXE — 5;&]}% viy v + He. (2.2)
In eq. (2.2), ®gy is the SM Higgs field, and ® = ioy®* is its SU(2), rotation. Both §, and
mp are complex matrices while fix is a complex symmetric matrix whose norm is small
compared to the EW scale, in agreement with the near conservation of lepton number. In
the ISS, the Majorana masses for V%, i.e., ir, contribute to light neutrino masses only at a
subleading level. They likewise have negligible impact on collider phenomenology. Hence,
for simplicity, we take iz to be identically zero for the remainder of this study.



After EWSB, the 9 x 9 neutrino mass matrix, in the (Vf, vr, Xpr) basis, is given by

0 mp 0
Miss= | m%5 0 mp |, (2.3)
0 mp fix

with mp = 7,(®) being the neutrino Dirac mass matrix. Since the mass matrix Miss is
complex and symmetric, it can be put in a diagonal form using Takagi factorization:

UL MisgU, = M328 = diag(m,,, . .. s Mg s TN - -« s TN ) - (2.4)

Here my,, ..., my,, are three light neutrino mass eigenvalues, my,, ..., my, are six heavy
neutrino mass eigenvalues, and U, is a 9 x 9 unitary matrix. Due to the near conservation
of lepton number symmetry, the diagonal neutrino mass matrix takes a specific form,
with three light neutrino mass eigenstates of Majorana character and six heavy Majorana
neutrino mass eigenstates that form three pseudo-Dirac pairs.

For a single generation, i.e., one (vr, Xpr) pair, this can be seen explicitly. In the ISS
limit, where px < mp, mp, the neutrino mass spectrum takes the form,

2
mp

2
my =~ ————, and m :\/mQ—i—m2 —_— 2.5
MXm%%—m% N1, N2 R DT (m% + m%) (25)

Importantly, one sees the presence of a light mass eigenvalue (m,) that is directly pro-
portional to the lepton number violating parameter px, which is the inverse of the usual
high-scale Type I Seesaw mechanism. One sees also that this LNV scale also controls the
mass splitting of the heavier pair of mass eigenstates. Thus, in the limit px — 0, i.e., in
the limit that lepton number is identically conserved, the light neutrino is massless while
the two heavy neutrinos become exactly degenerate, forming a Dirac fermion. Thus, in the
context of the ISS, the net contribution of heavy neutrinos N, to lepton number violating-
processes that occur at a momentum transfer scale ) will be suppressed by the smallness
of (ux/Q)?, as required to accommodate light neutrino masses. Moreover, this strongly
motivates complementary searches strategies at the LHC (and future colliders) for lepton
number conserving processes, such as the trilepton process in figure 2 that we consider.

With three generations, the neutrino mass matrix Migg can be diagonalised by
block [129], allowing one to write the 3 x 3 light neutrino mass matrix as,

1

rlight > =T—1 ~ =1 ~T
M)®" ~mp iy~ fix My mp. (2.6)

This can be further expressed in diagonal form using the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) rotation matrix, Upyns [130, 131]. Doing this gives

T “rlight — arlight di :
UPMNS Mylg UPMNS = Mylg 128 — dlag(myl s My ,m,,s). (27)

Importantly, we note that while the PMNS matrix, as historically defined [130, 131], is
strictly unitary. Here, the 3 x 3 block measured by neutrino oscillation experiments is
not guaranteed to be separately unitary within the full 9 x 9, unitary mixing matrix and



does not strictly correspond to the matrix Upyng defined above. (Though indeed neutrino
oscillation experiments measure the sub-block V' as defined in eq. (2.9) below.) With these
relations, reproduction of oscillation data can be ensured by judicious parametrization of
high energy inputs. Specifically, we use the px-parameterization [58], giving

~ o ~T ~—1 7% light dia, t ~T—1 ~
HX = Mg mD UPMNS M & & U PMNS mD meg. (28)

The above is valid only in the regime that individual elements of mp are much smaller
than individual elements of mR For (m e M) > 0.1, higher order terms in the Seesaw
expansion parameter (mpmy ) must be included, and can be found in ref. [132].

In realizing the ISS at collider experiments, we observe first that for the momentum
transfer scales () typically probed in collider experiments, one is insensitive to tiny neutrino
masses. In other words, to a very good approximation, (m,, /Q)? ~ 0. This means,
however, that on collider scales, the effective Lagrangian one wants should consistently
and parametrically follow from the (m,, /Q)? ~ (4%'/Q)? — 0 limit. For the ISS, this
means to the zeroth order in (,ugcl /Q)? for all k,k’. Hence, the relevant heavy neutrino
degrees of freedom at collider experiments are the three Dirac mass eigenstates that are
recovered precisely in the LNC limit, and henceforth denoted by N, for m =1,...,3.

Now, working in a basis where the charged lepton mass matrix is diagonal, the effective
3 + 3 neutrino mixing matrix U, in eq. (2.4) can be generically parameterized by [35]

. (Uuv
i=(47), 29)

Here, Uy,,, is the 3 x 3 matrix describing light neutrinos (v,,,) coupling to SM weak currents
(and measured by oscillation experiments), and Vin,, 1s the 3 x 3 matrix describing heavy
neutrinos (N,,/) coupling to SM weak currents. Subsequently, neutrino flavor states v, are
related to the mass eigenstates by the decomposition [35]

3 6
= Z UtmVm + Z Ve Nyt (2.10)

which should be understood as applying to the LH components of Dirac spinors. Eq. (2.10)
is the master relationship that allows us to build up SM couplings to heavy Dirac neutrinos
N, at high-Q? experiments. In particular, after EWSB and to leading order in Vin, ,, the
relevant interactions with EW bosons in the Feynman-'t Hooft gauge are

Lot — gWE 4 pZ 4 o' 4 £G4 09 (2.11)
where the charged current and charged Goldstone couplings to N, are

VL Z Z N Vi ( Tk Mm G+> PLt™ +He, (212

Eem4

the analogous neutral current and neutral Goldstone couplings are

VA GO _ MmN,
§ § N g Pryg+ He., (2.1
LY+ L 2cosHW Virr < WM+ i cos Oy —= M G) e+ Hee., (2.13)

=e m/=4



and the coupling to the SM Higgs boson is

£H_ ZMWhZ Z Ny Viwmy,, Prvg + Hee. (2.14)

l=e m'=4

Here, g &~ 0.65 is the SU(2) coupling constant, ¢y is the weak mixing angle, and Pp/r =
(1F~°)/2 are the usual LH/RH chiral projection operators for Dirac fermions.

With eq. (2.11), one can determine many properties of heavy Dirac neutrinos, including
their partial widths for decays to on-shell EW bosons, which we list here for completeness:

92

+pm\ — W 2.3 2
2
g
U (Npy = Zvg) =T%, | = Ty VenPmd; (1 =rz)* (1+2rz), (2.16)
h g 2.3 2 M3
I'(N,,, — h =T = — 1|V 1— = . (2.17
(N = hwg) =Ty, 128”Mv2v| on|my  (L—rH)”, rx - (2.17)

The total decay width of N, is then given by the sum over all N,,, — X partial widths:

Tot—Zr w — X)~TW  +T% , +Th . (2.18)

Likewise the N,,» — X branching rate (BR), or branching fraction, is defined as the ratio

' (N — X)
2y T'(Npw = Y)

For fixed |Vyn ,[, in the high-energy / infinite my , limit, the Goldstone Equivalence

BR (N, — X) = (2.19)

Theorem becomes manifest, and one obtains the branching relationship [35]
BR (N — W) 2 2 x BR (N — Zvg) ~ 2 x BR (Nyy — huy) . (2.20)

Contrary to common belief, the 2 : 1 : 1 ratio holds even for Dirac neutrinos due to the fact
that the N,y — W charged current coupling is a factor of /2 larger than the neutral current
and Higgs couplings at the Lagrangian level, as seen above. This itself is a manifestation
of the fact that the W, boson is a linear combination of the W;} and Wi vector fields.

2.2 Phenomenological type I seesaw

The formalism of the Phenomenological Type I Seesaw is well-documented [35] and will not
be repeated here. For three heavy Majorana neutrinos, the relevant interaction Lagrangian
strongly resembles eq. (2.11). The crucial difference is the Majorana condition, which
states that in the mass basis the field N, and its conjugate are related by N, = N,
This of course means that, if sufficiently heavy, both the N, — WY¢~, Zv,, hv, and
Ny — WUt Zvg, hvy decay channels are open. (Note that to leading order in Vin, /s
the light Majorana mass eigenstates v, are approximated by the flavor eigenstates vy.)
By CP-invariance, the partial widths for N,,, — W—¢T and N,,;, — WT¢~ are equal, as



are the analogous Z and h partial widths. Hence, the total width for a heavy Majorana
neutrino and a heavy Dirac neutrino of the same mass are related by

Tot. — Majorana Tot. — Dirac
Ty =2x I\ . (2.21)

This preserves the well-known branching relationship,

BR (Npy = W™ + W 07) = 2% BR (N, — Zvp + Z1)
~ 2 x BR(N,y — hvy + hiz) . (2.22)

2.3 Constraints on heavy sterile neutrinos

Heavy neutrinos can manifest themselves in a variety of terrestrial- and space-base experi-
ments. Hence their existence is constrained from a number of sources. For reviews on sterile
neutrino constraints, see refs. [39, 50, 133-137]. We now summarize such constraints:

e Global constraints on non-unitarity of PMNS matrix. Deviation from uni-
tarity of the light neutrino mixing matrix U induced by active-sterile mixing can be
expressed generically by the Hermitian matrix 7y and the relationship

U>’< = (I — 77) UPMNS~ (2.23)

In a general Seesaw scenario, constraints from a global fit [136] to EW precision data,
tests of CKM unitarity, and tests of lepton universality limit ny to be:

2[nee| < 0.050, \/2[Mep| < 0.026,
2|npupu| <0.021, V2|1er| < 0.052,
2[n-r| < 0.075, \/20mur| < 0.035, (2.24)

at 95% CL. In a general Seesaw scenario, g is related to mixing matrices Vin, , by
the relationship \/2|ng| = an,: 4/ Ve Vy,,. Under the benchmark assumption
that £¢' mixing is dominated /saturated by the lightest heavy mass eigenstate N,,/—q4,
as we invoke, the relationship simplifies to 2|nee| ~ |ViaVi,|.

e Searches for charged lepton flavor violation. Heavy neutrinos with a mass close
the EW scale and large off-diagonal Yukawa couplings can induce cLFV in decays of
charged leptons. Searches for such processes have set the following 90% C.L. upper

~10 -



limit on decay branching rates:

BR(M
BR(r*

—ety) < 4.2 x 10713 [138§]
ety) < 3.3 x 1078 [139]
BR(7% — puty) < 4.4 x 1078 [139]
BR(u" — eTete™) < 1.0 x 10712 [140]
BR(r™ — p ptp™) < 2.1 x 1078 [141]
BR(7™ — e pTp7) < 2.7 x 1078 [141]
BR(t™ = peTe™) < 1.8 x 1078 [141]

7)< 2.7 x 1078 [141]

7)< 1.7 x 1078 [141]

) [141]

< 1.5x 1078 [141

BR(r~ — e eTe
BR(7™ —etu
BR(7~ — ute e

e Cosmological constraints on light neutrino masses. Measurements of large
scale structure in the universe by the Planck satellite, in conjunction with WMAP +
highLl + BAO data, yields the upper limit on the sum of all light neutrino masses [142]:

> my,, <0.12eV, at 95% CL. (2.25)

e Direct searches at collider experiments. Sterile neutrinos with masses above
My, decaying into the fully leptonic final state, as shown in figure 2, have been
constrained directly for the first time at colliders by the CMS experiment [76].

For my, = 200 (500) GeV, Vea|? <2x 1072 (1 x 1071 at 95% CL, (2.26)

with £ ~ 36fb~! at /s = 13TeV. For |V,4], limits are more constraining but
nonetheless comparable. Searches for LNV using the same-sign lepton + jets channel
by both ATLAS [78] and CMS [77] with the same amount of data yield limits on
active-sterile mixing that is still slightly more constraining, but again comparable.

e Perturbativity bounds on total width. Large Yukawa couplings, in the form of
large active-sterile mixing, can lead to too large heavy neutrino total decay widths.
In this analysis, we will constrain the total width of NV, to be:

IV < 5% x my,,. (2.27)

/

3 Computational setup

We now describe, in detail, our computational setup. In section 3.1, we describe the
general configuration of our Monte Carlo (MC) event generator tool chain as well as the
public accessibility of our MC libraries. In sections 3.2 and 3.3, we elaborate on our
modeling of individual signal and background processes. Our SM input choices are given
in section 3.4, and in section 3.5 we give our benchmark heavy neutrino inputs. Unless
noted, our computational setup remains constant for /s = 14, 27, and 100 TeV.
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3.1 Monte Carlo event generation and public accessibility

In order to compute hadronic scattering rates involving heavy Dirac neutrinos, we use
the simplified Lagrangian of eq. (2.11) to construct a Dirac neutrino-variant of the NLO-
accurate HeavyN [61, 64] FeynRules (FR) v2.3.32 [143, 144] model file. This is then im-
ported into the general-purpose event generator MadGraph5_aMC@NLO (mgbamc) v2.6.2 [88].
Similar to the original HeavyN libraries, which assumes heavy Majorana neutrinos, the
HeavyN_Dirac model contains three heavy Dirac mass eigenstates that can couple indepen-
dently to each lepton family in the SM proportional to a mixing factor of |V, |. While
such mixing is heavily constrained in realistic neutrino mass models, these extra degrees of
freedom provide necessary flexibility in computing rates and distributions in a flavor model-
independent manner. Most all the functionality and labeling of the HeavyN files are re-
tained.? Using NLOCT [146] and FeynArts [147], we include QCD renormalization and Ry ra-
tional counter terms up to one loop in aug. Feynman rules are collected into a Universal FR
Object (UFO) file [148] that is publicly available from the FeynRules Model Database, at
the URL: http://feynrules.irmp.ucl.ac.be/wiki/HeavyN. Subsequently, tree-level processes
can be computed up to NLO in QCD and QCD loop-induced processes can be computed at
LO accuracy using the state-of-the-art generators HERWIG++ [89], mgbamc, or SHERPA [84].

For scatterings involving heavy Majorana neutrinos, we use the aforemen-
tioned HeavyN libraries. For additional model details, see refs. [61, 64] and references
therein.3

Parton-level event generation at LO and NLO in QCD is handled by mgbamc. For de-
cays of heavy neutrinos and SM particles W, Z, ¢, we invoke the narrow width approximation
(NWA) and pass partonic events to MadSpin [149] and MadWidth [150]. Spin correlation
in decays of intermediate resonances is preserved through the implementation of the spin-
correlated NWA in MadSpin. Parton events are inputed to Pythia v8.230 (PY8) [151] for
parton showering and hadronization. Decays of B hadrons and 7 leptons to lighter hadrons
and leptons are channeled through PYS8. Following the CMS analysis of ref. [152], we
use the PY8 tune CUETP8M1 “Monash*®” (Tune:pp = 18) [153]. For a realistic shower
simulation, we switch on recoil/primordial momentum and QED shower flags, including
backwards evolution for photon-initiated processes. The impact of underlying event is ne-
glected and left to follow-up investigations. Hadron-level events are given to MadAnalysisb
v1.6.33 [154, 155] for particle-level clustering via FastJet v3.2.1 [156]. Following the jet
veto study of ref. [110], we employ the anti-k7 algorithm [157] with radius parameter
R = 1. During jet clustering, tagging efficiency for b-jets and hadronic decays of 7 leptons
(11,) is taken to be 100% with 0% misidentification rates of light jets. (Realistic tagging
efficiencies and misidentification rates are applied at the analysis-level; see section 6.1 for
details.) Reconstructed / clustered, particle-level events are ultimately written to file in
the Les Houches Event (LHE) format [158]. Only jets with pr > 1GeV are recorded to
file. Particle-level events are analyzed using an in-house, RO0T-based analysis framework.

2 A technical exception is a change in the heavy neutrino MC particle identification (PID) codes. These
differ to avoid conflict with standard HEP PID convention established in 2002 for Majorana neutrinos [145].

3For both Dirac and Majorana libraries, model variants that include six massive quarks, three massive
charged leptons, and/or non-diagonal quark mixing are also available.
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In several instances, we compute cross section normalizations that are beyond the
accuracy of NLO in QCD with PS matching to leading logarithmic (LL) precision. For
such cases, we heavily exploit the factorization properties within the formalism of Soft-
Collinear Effective Field Theory (SCET) [159-161], particularly when working in momen-
tum space [162]. Approximate next-to-next-to-next-leading logarithmic (N3LL) threshold
corrections to the gluon fusion process in figure 1(b), which captures the dominant con-
tributions up to next-to-next-to-leading order (N?LO) in «; [163], are obtained following
refs. [68, 162, 164, 165]. In addition, we obtained cross sections with a static jet veto
up to NLO in QCD with jet veto resummation matching at N2LL, using the automated
MadGraph5_aMC@NLO+SCET libraries developed by refs. [88, 103].

3.2 Heavy neutrino signal event generation

We now describe our signal process event generation using mgbamc. Here, we also provide
instructions for using the HeavyN_Dirac and HeavyN libraries.

In this study we consider heavy Dirac and Majorana neutrinos produced through the
DY and W+ fusion mechanisms, as shown in figure 1(a) and (c), and decayed to fully
leptonic final states. At the Born level, this corresponds to the production and decay
chains [64],

DY : qq’ — (1N, with N = W and W — L3, (3.1)
VBEF : qy — ¢ N, with N — LW and W — l3v. (3.2)

For Dirac neutrinos, the syntax of the HeavyN_Dirac model file is designed to closely
match the original HeavyN model file for Majorana neutrinos. Hence, much of the syntax
presented in ref. [64] to simulate egs. (3.1)—(3.2) for Majorana neutrinos is unchanged. For
the inclusive CC DY process, the appropriate mgbamc syntax is

import model SM_HeavyN_Dirac_NLO

set gauge Feynman

define p=211234-1-2 -3 -4

define ww = w+ w-

define ell = e+ mut+ ta+ e- mu- ta-

define nn = nl1 nl1”~

generate p p > nn ell QCD=0 [QCD]

output HeavyNDirac_DYX_N1_NLO ; launch -f

Here, p here denotes an active parton p € {¢,q,¢g}, with ¢ € {u,c,d,s}, and ell is any
one of the three charged leptons, ¢ € {e,u,7}. In this analysis, we aim to consistently
model decays of 7 leptons and B hadrons, and therefore assume all charged generation-II1
fermions to be massive. Hence, neither b or ¢ are considered active partons. The [QCD]
flag activates the MCQNLO [83] and MadLoop [166, 167] formalisms in mgbamc, allowing
one to compute processes up to one loop in ag and parton shower (PS) matching to LL
accuracy [88]. For the VBF channel, the corresponding commands are
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generate p a > nn ell p QED=3 QCD=0 [QCD]
add process a p > nn ell p QED=3 QCD=0 [QCD]

Explicitly, we consider collinear, initial-state photons from both hadronic and partonic
sources, as advised by refs. [61, 64, 168, 169] and as implemented in refs. [64]. This is
handled automatically by our use of the LUXqed formalism [170, 171] (see section 3.4), and
keeping the usual PDFs activated at all times. During event generation, this means keeping
the beam ID codes in the mgbamc input file Cards/run_card.dat to their default values:

lppl ! beam 1 type (0=No PDF, 1=proton, 2=photon from proton)

lpp2 ! beam 2 type (0=No PDF, 1=proton, 2=photon from proton)

Contrary to what has frequently been reported in the literature, setting 1ppX=2 will acti-
vate what is known* as the “Equivalent Photon Approximation” [174], or “elastic photon
PDF” in the language of ref. [61]. This is a phenomenological model for pX scattering
that describes the ultra low-Q?, i.e., |Q* < m2,yon, emission of collinear photons from
an on-shell proton that transitions into a (meta-stable) nucleon, i.e., p — yN*. The cor-
responding photon can then be used to model initial-state photons in y7X scattering. The

Equivalent Photon Approximation formalism has since been superseded by the LUXqed

2

formalism [170, 171]. Regardless of formalism, the initial-state photon flux at Q* ~ m2 .,

set the (non-perturbative) boundary condition for the “inelastic photon PDF” [61, 168],
which describes initial-state photons as constituent partons of the proton in high-Q?
scattering [175]. Using the mixed QCD-QED DGLAP evolution equations [175-178], the
(inelastic) photon PDF can be evolved to arbitrarily high Q* > m2 .- In conjunction
with QED parton showering, which we account for explicitly with PY8, initial-state photons
are backwards-evolved and matched to collinear ¢ — ¢ splittings (see ref. [151] for precise
details). A consequence is the sizable likelihood of resolving the associated forward jet.
For the production of heavy Majorana neutrinos, we use the original HeavyN libraries.

Two notable (though hopefully obvious) syntax modifications to those above are needed:
(i) One needs to import the HeavyN model file instead of the HeavyN_Dirac libraries.
(ii) One must omit the charge conjugate of N since they are the same particle.

Following ref. [64], the relevant mgbamc syntax for the CC DY channel is

import model SM_HeavyN_NLO

generate p p > nl ell QCD=0 [QCD]
Analogously, for the VBF channel, the commands are

generate p a > nl ell p QED=3 QCD=0 [QCD]
add process a p > nl ell p QED=3 QCD=0 [QCD]

4This should not be confused with the “Effective Photon Approximation,” which is also known as the
“Weizsacker-Williams Approximation” as well as the “color-striped Altarelli-Parisi Splitting Functions,” see
e.g., ref. [172], nor should it be confused with the “Improved Weizsicker-Williams Approximation” [173].
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For leptonic decays of a Dirac N as given in egs. (3.1)—(3.2), the MadSpin syntax is

define nn = nl nl1”~

define ell = e+ e- mu+ mu- ta+ ta-
define vv = ve ve” vm vm~ vt vt~
define ww = w+ w-

decay nn > ww ell, ww > ell vv

For Majorana NN, the relevant substitutions are:

decay nl > ww ell, ww > ell vv

The exception to this procedure is for the kinematic distributions presented in sec-
tions 4.3 and 4.4. There we drop the NWA applied to N in eq. (3.1) and consider the fuller
process

DY :q¢ — (1N — ¢y lo W, with W — l5v. (3.3)

As the signal process proceeds through an s-channel heavy neutrino, which may be off-shell,
we use the commands

generate p p > nl || n1™ > ell ell ww QCD=0 [QCD]

The operator syntax > X > selects only for diagrams/amplitudes with particle(s) X appear-
ing in the s-channel; || acts as the Boolean inclusive OR operator. The decay of the W
boson is treated with the NWA.

In both model files, the mass eigenstates IN,,, couple to all SM lepton flavors (¢) with
a mixing strength of |Vjy,,|. Hence, the above production-level commands will gener-
ate matrix elements (ignoring charge multiplicity) for all three (N¢;)-flavor permutations.
Likewise, the decay-level syntax will generate matrix elements for all (¢; — 5 — ¢3)-flavor
permutations. To help ensure consistent event generation across the various flavor per-
mutations considered, including to correctly account for leptonic decays of 7 leptons, we
choose to control the relative abundance of various charged lepton flavors by tuning the
parameters |Vo, N, |, [Viony|s |Visn, | at runtime.

For fully inclusive DY signal samples, no generator-level cuts are needed nor are ap-
plied. For VBF samples, t-channel QED poles involving both quarks and charged leptons
are present [61]. These divergences are regulated with the loose generator-level cuts

P >20GeV,  pp Tt >10GeV, [t B <5, b B <3 (3.4)

As we are considering pp collisions up to 100 TeV, a brief comment is due: for the heavy N
mass scales under consideration (my < 20 TeV), the p§™ selected are sufficient to regulate
QED Sudakov logarithms, i.e., the cuts are such that a(p5™")log?(m3;/p5™ ) < 1. For
mpy 2 20TeV, more stringent cuts are necessary [64]. For such scales, one may need to
consider factorizing collinear ¢ — ¢'W* splittings in W+ fusion into a W boson PDF as

was done for the photon in refs. [61, 64]. For related discussions see refs. [29, 30, 179-182].
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A final technical comment: mgbamc is less-than-optimized for phase space integration
of VBF topologies, particularly at NLO in QCD. This is partially due to integrating over
t-channel momentum transfers as well as a virtual pentagon diagram that, while nonzero in
its own right, does not contribute due to color conservation and the lack of color flow at the
Born level [183]. To aid computation efficiency, the quantity #IRPoleCheckThreshold in
the file mgbamc runtime card Cards/FKS_params.dat is set to -1.0d0 from its original value
of 1.0d-5 for all VBF signal computations. For the DY signal process at /s = 100 TeV,
a value of 1.0d-3 or 1.0d-2 is used for my = 150 — 300 GeV to ease numerical stability
requirements for so low Bjorken-zx.

3.3 Standard Model background event generation

We now elaborate on the details of our SM background event simulation.

To study the trilepton process pp — 3¢X in conjunction with a jet veto, we consider
three- and four-charged lepton processes from a variety of SM sources. In order to better
ensure a reliable description of the leading jet at all pr scales, all processes are considered
at NLO+PS, with one exception. We separate the SM processes into four categories:

(i) top quarks,
(ii

)

) EW diboson continuum,

(iii) resonant EW multi-boson production, and
)

(iv) fake charged leptons.

Throughout the text we refer to “continuum” processes as those that possess resonant
and non-resonant components. For such samples, full interference between resonant and
non-resonant regions of phase space is considered.

Top quarks. Due to their large rates and inherent mass scales, top quarks produced in
association with EW bosons, e.g., ttW, are leading backgrounds to traditional trilepton
searches that rely on vetoing only central, b-tagged jets [34, 76]. Invariably, the rates of
these many-lepton processes are able to compensate for the small (but not entirely rare)
likelihood that b-jets fail to be identified while simultaneously one or more charged leptons
fail to meet “analysis quality object” criteria. To account also for these potentially soft
(low-pr), forward (high-|n|) charged leptons, we consider the continuum processes

pp — ttlL, with t — Wb — fuygb, (3.5)
pp — ttly, with t — Wb — fub, and

(=) =)

bq— tqu, with t — Wb — lyb. (3.7)

As for the signal process above, p here denotes a parton p € {q,q, ¢}, with ¢ € {u,c,d, s},
and ¢ € {e, u, 7}. We consider only pure gauge interactions and neglect the contribution of
a SM-like Higgs, e.g., pp — tth, h — 777~ Inclusion of such processes would incredibly
complicate our matrix element computations at NLO while contribute only marginally to
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our background modeling. Owing to the fact that the tt4¢ — 2X and ttl¢ — 3¢X signals
are efficiently cut out by minimal selection cuts, for MC efficiency, only the fully leptonic
ttll — 40X decay mode is considered. For the first two top quark processes, which we
model at NLO+PS, the mgbamc syntax is:

generate p p > t t~ ell ell / h QCD=2 QED=2 [QCD]
generate p p > t t7 ell vv / h QCD=2 QED=2 [QCD]

For both processes, MadSpin syntax is:
decay tt > ww bb, ww > ell vv

The single top process bq — tq'¢¢ is a somewhat novel channel as it was only recently
observed at Run II of the LHC [184, 185]. Modeling this process is nuanced as we are
formally working a four-flavor scheme with a massive b quark (in order to preserve modeling
of B meson decays). Hence, for tqfl, we take m; = 1071 GeV at the matrix element level
in order to use the b quark PDF and circumvent internal mgbamc checks for massive,
initial-state partons. (These checks are necessary to ensure consistency of the Collinear
Factorization Theorem [97, 186-190] as implemented in mgbamc.) On the other hand,
implementation of the aMCQ@NLO formalism [83] in mgbamc requires that the initial-state
parton b be identically massless, not approximately massless. Subsequently, this is the
only event simulation that we model at LO+PS (all others are simulated at NLO+PS).
Subsequently, the Born-level tqgf¢ process is modeled with the following:

define q@ =u cd s u” ¢~ 47 s~
define bb = b b~
define tt = t t~

generate gqq bb > ell ell gqq tt / h QCD=0 QED=4
add process bb qq > ell ell qq tt / h QCD=0 QED=4

The leptonic decay of ¢ is handled in the same manner as the pp — tt/X processes.

With massive top quarks, the pp — ttfr matrix element possesses no IR poles at
the Born level. Hence, no regulating cuts are needed nor are any applied during event
generation. The pp — ttlf and bq — tq'f¢ matrix elements, on the other hand, do possess
IR poles as my; — 0. Hence, the following generator-level cuts are applied:

m(ly, gen.,ls, gen.) >10GeV and |n® 8| < 3. (3.8)

The invariant mass boundary is set to 10 GeV in order to enrich the contribution of soft-
leptons but high enough to remove contribution of low-mass DY resonances.

Electroweak (diboson) continuum. Electroweak production of three- and four-
charged lepton events in hadron collisions,

pp — Ly and pp — LOLL, (3.9)

which originate from double-resonant (VV’ for V € {W, Z}), single-resonant (VV'*/V~*),
and zero-resonant (V*V'* /V*4*) diboson production, are the largest, pure-EW background
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to trilepton searches for heavy neutrinos with my at or above the EW scale. In the presence
of a jet veto, the 3/v process indeed surpasses top quarks as the principle irreducible
background. We model the full continuum processes at NLO+PS using:

define nX = nl n2 n3
generate p p > ell ell ell ell / h nX QCD=0 QED=4 [QCD]
generate p p > ell ell ell vv / h nX QCD=0 QED=4 [QCD]

We apply the same generator-level cuts as given in eq. 3.8.

We note that as events are generated using the HeavyN model file, it is necessary to
also remove their diagrammatic contribution. In practice, this is done with the flag / nX,
with nX € {N1, N2, N3}. Alternatively, one can leave diagrams in place and either reduce
active-sterile mixing elements to an incredibly small number, e.g., 1071, or heavy neutrino
masses to an incredibly large value, e.g., 101° GeV, to decouple the fields.

Electroweak (multi-boson) production. Beyond the EW diboson continuum, sig-
nificant but subleading backgrounds are the multi-boson processes, i.e, the production of
three or more EW bosons. As representative backgrounds, we consider specifically the fully
resonant and mixed-resonant channels,

pp > WWW and pp— WWEL, (3.10)

at NLO+PS. The generator-level commands are:

generate p p > ww ww ww / h QCD=0 QED=3 [QCD]
generate p p > ell ell w+ w—- / h QCD=0 QED=4 [QCD]

We decay W bosons to leptons using the NWA in the same manner done for top quarks.
Higher vector boson multiplicities, e.g., WW ZZ, suffer from coupling and phase space
suppression, and are ignored. Similarly, alternative weak boson permutations, e.g., WZZ,
suffer from branching fraction and coupling suppression, and hence are subleading to the
processes above. For the WW (¢ process, we apply the generator-level cuts of eq. (3.8).

Fake leptons. As discussed in section 1, a substantial limitation to current multilep-
ton searches for heavy neutrinos are misidentified and mis-reconstructed/mis-measured
objects [34, 76], and are often neglected in theoretical studies. Though unlikely, about 1 in
10* QCD jets with relatively low pr are misidentified as electrons and positrons [191, 192].
Similarly, it is possible for QCD jets to be misidentified as hadronically decaying 7 leptons,

4

with rates spanning about 1 in 10> — 10* as a function of jet pr [193]. Hence, assuming

that a jet is mis-tagged as a charged lepton, SM processes with genuine hard lepton pairs,
such as
_ . (=) =)
pp — tt, with ¢ = Wb and W —/lv, (3.11)
pp — WWj, with W — /v, (3.12)

can mimic the pp — 3¢X signal. We emphasize that not only can jets from the Born process
contribute to the “fake” lepton background but also softer, wide-angle, initial-state (ISR)
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and final-state radiation (FSR) that are pulled into the matrix element (event file) through
O(ag) fixed order corrections and resummed corrections in the parton shower. Hence, we
believe modeling the progenitors of fake leptons, where possible, to at least NLO+PS is
critically necessary. To model the above processes, we use the syntax

generate p p > t t~ QCD=2 QED=0 [QCD]
generate p p > w+ w- j QED=2 QCD=1 [QCD]

To regulate the W W j process, we impose the generator-level cuts,

PhE™ >30GeV and i ™| < 3. (3.13)

Top quarks and W bosons are treated in the NWA and decayed to leptonic final states as
above. We defer details of how fake leptons are modeled at the analysis level to section 6.

3.4 Standard Model inputs

Assuming ny = 4 massless quarks and a diagonal Cabbibo-Kobayashi-Maskawa (CKM)
matrix with unit entries, we take SM inputs from the 2014 Particle Data Group [194]:

oMS(My) = 1/127.940, My =91.1876 GeV,  sinZ(6w) = 0.23126, (3.14)
mi(my) = 173.3GeV,  my(my) = 4.7GeV, m; = 1.777GeV. (3.15)

Despite my, # 0, we employ PDFs with variable n;. This technical inconsistency allows us
to have a more realistic PDF normalization for multi-TeV mpy across different colliders.

PDF and as(u,) evolution are extracted using the LHAPDF v6.1.6 libraries [195].
Throughout this study, we use several PDFs to best match the formal accuracy of our
various collider calculations: for LO and NLO in QCD calculations with and without PS-
matching, we use the NNPDF 3.1 NLO+LUXqed PDF set [196] (1haid=324900). The PDF
set features an inelastic photon PDF, i.e., photons as a parton in a hadron, matched to an
elastic photon PDF, i.e., photons from hadrons, at low momentum transfer (Q?) using the
LUXqed formalism [170, 171]. For resummed jet veto calculations at NLO+N2LL(veto),
we use the NNPDF 3.1 N?LO+LUXqed PDF set (1haid=325100) to avoid double count-
ing of O(a?) emissions. For resummed threshold calculations at N3LL(threshold), we use
the NNPDF N2LO+NZ?LL(threshold) PDF set [197]. For discussions of the various PDFs
and their impact on BSM collider phenomenology, including neutrino mass models, see
refs. [61, 198-201] and references therein. Similarly, while the PY8 tune we use was con-
structed using the NNPDF 2.3 LO PDF set, we expect the error from this mismatch to be
sub-leading with respect other sources of uncertainty.

For signal and background processes, we follow the recommendation of the heavy
neutrino study of ref. [64] and set the collinear factorization (uf) and QCD renormal-
ization (u,) scales to (half) the sum of all visible final-state particles’ transverse energy
(dynamic_scale_choice=3 in mgbamc),

1 1
s e = o = 5 > ET,kZQZ\/miwLp%k- (3.16)

k=Nl jets k
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The impact of this scale choice on TeV-scale leptons produced via Drell-Yan is that the
relative size of O(ay) corrections to the total rate and differential cross sections are largely
constant as a function of both the heavy lepton mass and the values of inclusive, leptonic
observables. For further discussions, see refs. [64, 82, 110] and classic references therein.
Where appropriate, we estimate the impact of missing perturbative corrections to our
various calculations, i.e., scale uncertainties, by varying p s, u, between 0.5 < pu, r/po < 2.
For PDF uncertainties, we report standard deviations across replica PDF's as prescribed
by ref. [195]. The exception to this procedure are for color-singlet processes initiated by
gluon fusion, where we instead follow ref. [68] and references therein due to the threshold
resummation applied. We do not account for the perturbative uncertainties associated with
the PS shower matching scale u;. While likely important, we note that they can be brought
well into control with the inclusion of additional matrix element matching [202, 203].

3.5 Benchmark heavy neutrino inputs

Thought this analysis, we restrict ourselves to searches for the lightest, heavy neutrino
mass eigenstate, N,,/—4, which we denote henceforth simply as N. For discovery purposes,
we also take active-sterile neutrino mixing V;n to be independent of neutrino masses. This
action requires care to ensure that N of arbitrarily high mass are consistently modeled in
MC event generators. In accordance with the Goldstone Equivalence Theorem, for fixed
active-sterile mixing in Type I-like Seesaws models, heavy neutrinos with masses much
larger than the EW scale possess total decay widths that scale as T3 ~ Gpm3, 2, |[Ven .
Ultimately, this is due to implicitly increasing the magnitude of the Dirac neutrino Yukawa
in Vyn to ensure light neutrino masses are small, and leads to IV being strongly coupled,
like the top quark, to the SM Higgs and the EW Goldstone bosons.

For a naive benchmark mixing of |Vyn| ~ 1, this cubic mass dependence is very steep:

for my < 1TeV, one obtains F%Ot' /mpy ~ 1, indicating a breakdown of the particle de-

scription of N. Even for more modest benchmark values of my or |Vyy|, care is still
needed. For [Vyy| ~ 0.1, one still finds that ['3°% ~ O(10) GeV for my ~ 1TeV. While the
NWA and Breit-Wigner approximations are justified for I'3°% /my < 1%, a total width of

F%Ot' ~ 10 GeV means that the virtuality of a propagating, nearly on-shell N can shift nat-

urally by § p?\, ~ 20 — 30 GeV on an event-by-event basis. This is known to broaden the
kinematics of a heavy neutrino’s decay products in MC simulations at /s = 14 TeV [61] to
a level that experimentally resolvable. As a result, one obtains an expected experimental
sensitivity to EW- and TeV-scale NV that deviates greatly from the true sensitivity.

On the other hand, in practice, one usually obeys the relation, F%Ot' /my < 1, for
realistic values of |Vyy| [136]. Hence, to avoid these “large width” artifacts in our MC
simulations, we develop our selection cuts and estimate our signal-significance assuming a
small generator-level mixing. Results are reinterpreted for smaller mixing accordingly. For
charged lepton flavor conserving scenarios, we use as our generator-level mixing,

1
Veun| = 7 1072~ 7.07x 1072 and |V, [Vesn| = 0, (3.17)
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for ¢ € {e, pu,7}. For charged lepton flavor-violating event samples, we use,

1 —2
|‘/€1N| = ‘W2N| = ﬁ x 10 and |‘/€3N’ =0. (318)
In total, all six benchmark permutations of ¢1,¢s,¢3 € {e,u,7} are considered. We an-
ticipate our main conclusions to hold for the democratic mixing scenario, where |Vj, y| =
|Ve,n| = |Vesn|, and therefore neglect this common benchmark scenario. For more details
on flavor-mixing hypotheses, see section 6.2.

4 Heavy neutrinos at hadron colliders

While production- and decay-level kinematics of heavy neutrinos are well-reported through-
out the literature for collider energies spanning /s = 2 — 100 TeV, rarely (if at all) has
it been done for the express purpose of building a tailored collider analysis that remains
robust against varying collider energies, let alone in the context of jet vetoes. This is a
highly nontrivial task and requires one to be simultaneously aware and ignorant (inclusive)
with respect to the growing transverse, hadronic activity at increasing +/s.

Therefore, in this section, we present total and differential cross sections for the pro-
duction of a single heavy neutrino N and its subsequent decay to the trilepton final state, as
given in eq. (1.3) and shown in figure 2, at the collider energies /s = 14, 27, and 100 TeV.
We begin in section 4.1, where we briefly summarize the collider production formalism
that enters into our state-of-the-art predictions. In a language suitable for broader audi-
ences, we make explicit the connections between the formal accuracy of our jet modeling
and the terms that appear in the Collinear Factorization Theorem [97, 186-190], i.e., the
master equation for collider physics. In section 4.2, we compare the leading heavy neutrino
production channels shown in figure 1 and reveal a qualitative picture for heavy neutrino
production that is different for the LHC and its potential successors. In section 4.3, we
present parton-level distributions of elementary leptonic observables that form the basis
for several arguments used to build our analysis. Remaining robust against increasing
hadron collider center-of-mass energies requires one to have a realistic description of QCD
activity, even for the signal process. This is why show in section 4.4 particle-level® distribu-
tions of both elementary and more complex kinematic observables for leptons at NLO+PS.
Properties related to hadronic activity (jets) are reported in section 5.

We note that due to the final-state light neutrino that appears in our pp — N¢ — 30v
process, events inherently possess some degree of transverse momentum imbalance. To
disentangle this from the presence of light neutrinos from 7 lepton decays, we temporarily
limit ourselves to the e — p mixing / no 7-mixing scenario, with Vyy set by eq. (3.18).
We also further restrict decays of the intermediate W boson to only e- and pu-flavored
leptons. These restrictions are not imposed in the final sensitivity estimates reported in
section 6. Finally, we briefly stress that for the mass range of N considered (my > my)
and the scales involved with the production mechanisms studied, helicity suppression of

5Throughout this analysis, “particle-level” events, also labeled as generator-level, reconstructed events,
refer to MC events that have been decayed, parton showered, hadronized, and passed through jet clustering.
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lepton number violating currents [204-206], a consequence of the so-called Dirac-Majorana
Confusion Theorem [204], is not present. Therefore, what follows here and in section 5 holds
for both heavy Dirac and Majorana neutrinos produced and decayed via SM currents.

4.1 Heavy neutrino production formalism

For the inclusive production and decay of a heavy neutrino N in association with X (e.g.,
X =/, v, or £j), we calculate total (o) and differential (do) scattering rates in accordance
with the Collinear Factorization Theorem [97, 186-189], given by

An
do(pp = NX + Anything) = f® f@ A®do + O (ngz) (4.1)
1 1 1

= 1 Z /d’r / d&/ @ (4.2)

1+ di ik=q.gy °70 r 8 g

B,5'=8,F.F,A
- 1o 2)] AP (2) d6® (ik - NX) + O 2Xe
X [ fisp(Exs i) froyp(Eas pg) + (1 2 2)] ALY (2) d6PP (ik - NX) + oniz )

The above states that in pp collisions, hadron-level observables (do) can be expressed as the
product of conditional probabilities, i.e., a convolution (®), of process-independent parton
distribution functions (PDFs) f, a quasi-universal Sudakov factor A, and a process-specific,
parton-level ¢k — NX hard scattering observable do that occurs at the hard scattering
scale () = myx ~ my, all up to suppressed corrections that scale as powers of the hadronic,
or non-perturbative (NP), scale Axp ~ 1 — 2 GeV.

More precisely, f; /p(ﬁ,uf) represents the likelihood of observing a massless parton
i € {q,q,9,7}, where ¢ € {u,c,d, s}, carrying a transverse momentum p’. below a collinear
factorization scale py and a longitudinal momentum p’ = &P, away from a proton p with
momentum P ~ (1/s/2,0,0,£4/s/2). Via the DGLAP renormalization group evolution
equations [176-178], f;/, accounts for (resums) all collinear j — i + j* QCD and QED
emissions leading to parton ¢ such that pff I < pg. That is, f;/, accounts for all initial-
state gluons, photons, and quarks with pr < py emitted in association with the (N.X)
system. Radiations with p]; > iy are included through appropriate O(a'a™) perturbative
corrections to the hard matrix element dé. Inclusion of QED DGLAP evolution [168,
170, 171, 175] that is matched at py — m, ~ 1GeV to a proton’s elastic photon PDF
implies [168] the photon PDF f., ,, is valid for all photon virtualities. This is needed to
correctly model inclusive N¢* production from W+ fusion [61, 64]. Together, partons i
and k from PDFs f;/, and f;/, generate the parton scattering scale Vs =E&s > Q.

Intuitively, the Sudakov factor A(z) = d(1—2)+O(as)+O(«), through exponentiation
and resummation [207-209], acts to “dress” (in a quantum field theoretic sense) bare par-
tons with collinear and/or soft, i.e., unresolved, QCD and QED radiation, rendering them
more inline with physical quantities. (In practice and reality, arbitrarily infrared emissions
are regulated by hadronization.) More technically, the Sudakov factor accounts for gluons
(and photons) carrying a momentum fraction (1 — z) emitted prior to the ik — NX hard
process (6°7"). Here, z = Q%/5 is a dynamic measure of how much of the total partonic
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energy is carried by the hard (ik) process. The remainder is carried away by gluons and pho-
tons with momenta that are small (soft) compared to Q. Afkﬁ "is quasi-process-independent
in the sense that it is sensitive to the color and Lorentz structure of the incoming partons,
e.g., 3,8 = FF for (qq')- or AA for (gg)-annihilation into a color-singlet final state, but is
insensitive to the hard process itself. The precise organization and exponentiation of O(ay)
(and higher order) terms in Aiﬁkﬁ l(z) leads to the all orders resummation of logarithms as-
sociated with collinear and/or soft ISR and FSR. This includes terms associated with jet
vetoes that are present in differential distributions but cancel for the inclusive cross sec-
tion [95-97, 99, 188, 210-213]. To recover fixed order (FO) predictions from eq. (4.2), one
simply neglects all terms in A(z) beyond the d(1 — z) kernel. Notably, collinear ISR and
FSR are well-modeled by Sudakov form factors as implemented in modern parton showers
(PS) since they formally resum corresponding terms to at least leading logarithmic (LL)
accuracy, when expanding the color algebra in powers of 1/N, [214].

For the n-body ¢k — NX hard process, the parton-level observables & and d&, for
unpolarized hadron collisions, are obtained from the expressions,

/dPS di%’ where (4.3)
1 .
IP5. = 307 3e T )@ T NING > IM(ik — NX)]?,  with (4.4)

¢ dof

AP S, (pi + Pri D=1, - - Df=n) = 2m)*6* | pi+p; =D _of | [ 5o (45)
f

ot (2m) 32Ef
Here, s; = 1/2 are the helicity degrees of freedom (dof) for massless parton j = i, k; N/ are
similarly the SU(3). color dof; M is the Lorentz-invariant matrix element calculable via
perturbative methods; and dPS,, is the separately Lorentz-invariant n-body phase space.
For NLO in QCD corrections, we employ the MC@QNLO [83] formalism as implemented in
mg5amc in order to insure real radiation common to the PDFs f, Sudakov factor A, and
dé beyond LO are appropriately subtracted, up to our claimed NLO precision.

Beyond perturbative corrections to matrix elements in dé, to all orders, the impact of
collinear, initial-state QCD and QED emissions on the normalization of the total, hadronic
cross section (o) are, by construction, already included in the DGLAP evolution of PDFs.%
This is the reason for subtraction of O(c) terms from the PDF when dé is known at NLO in
QCD. By unitarity, collinear FSR. does not readily impact the normalization. Qualitatively,
however, both ISR and FSR can significantly alter the shape of hadron-level differential
distributions (do) and should not be neglected. Independent of jet vetoes, neglecting the
parton shower entirely and considering searches only at the (unphysical) partonic level has
a substantial impact on selection cut efficiencies for Seesaw particles [34, 49, 51].

SFor clarity, the normalization increase of the trilepton process in figure 2 at NLO in QCD is almost
entirely driven by the virtual correction and results from a combination of QCD color factors, a loop phase
space suppression factor, and a 72 term due DY to being a space-like process [215-217]. The typical
correction of +20 to +40% at NLO does not originate from ISR; see, e.g., ref. [82] and references therein.
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The impact of soft/threshold logarithms [218-220] contained in A, which originate
from considering additional partonic phase space contributions [221], can sizably increase
the total cross section normalization with respect to Born-level predictions for certain kine-
matic regimes [222] and initial-state color configurations [223]. (Though these resummed
contributions are not entirely independent of FO contributions; see, for example, ref. [224].)
For new physics processes, this is still the case after removing potential double counting
of soft-collinear contributions in PDF's [68, 197-201]. For the GF production process in
figure 1(b), and exploiting the renormalization group (RG) evolution properties of the Fac-
torization Theorem in momentum space [162, 164, 165], the N3LL threshold corrections
can be obtained in a straightforward manner [68]. The procedure ostensibly requires re-
placing the FO expression for the Sudakov factor AFO a~ §(1 — 2) with the resummed
/ RG-improved expression at N3LL(threshold), ARes- while adding and subtracting the
necessary terms to coax numerical stability. For NLO+NZ2LL jet veto corrections, the
procedure is more involved but nonetheless straightforward [103]. As for pure fixed order
corrections, it requires subtraction of collinear splittings from the PDF f. However, instead
of simply augmenting «as-subtracted PDFs with ag-corrected matrix elements, one intro-
duces corrections that imbues incoming / initial-state partons with transverse momentum.
These corrections act as an intermediate term connecting (a) the PDFs evolved up to the
collinear factorization pif to (b) the pr of the leading QCD emission in the matrix element.
(In some sense, the result is akin working with transverse momentum dependent (TMD)
PDFs that are matched to the ag-corrected matrix element.)

Aside from hadronization, power-suppressed, non-perturbative terms of the order
@) (A’IQP/Q””), i.e., higher twister terms in the operator product expansion [186, 187,
189, 225], are neglected in this study. For jet vetoes, this is a potential source of sizable
theoretical uncertainty. More precisely, the momenta of reconstructed jets in hadron colli-
sions, and hence jet vetoes cross sections, receive corrections from Glauber exchanges, e.g.,
double parton scattering/multiple parton interactions/underlying event (UE). Such correc-
tions are beyond the theorem’s formal accuracy nor are presently known to fully factorize;
for further details, see refs. [97, 188-190, 213, 226, 227]. While we neglect their impact, we
do believe it is possible to reliably parametrize UE, particularly at larger /s, as demon-
strated in ref. [228]. A dedicated investigation into the impact of UE on jet vetoes applied
to new physics searches is deferred to future studies. For related details, see section 5.

Factorization of heavy neutrino mixing from collider observables. For the reso-
nant production of a single heavy neutrino in pp collisions, the active-sterile mixing element
Vin enters the scattering matrix elements as an overall multiplicative factor. Hence, the
(squared) norm of the active-sterile mixing, |Vyn|?, factors out at the squared matrix el-
ement, and therefore factors out of at the hadronic level. This gives rise to the so-called
“bare cross section” doy, defined, for example for pp — N/, as [48]

doo(pp — Nt) = do(pp — NO)/|Ven* = f @ f @ A® do/|Ven]*. (4.6)

Subsequently, semi-flavor-model independent prediction for both Dirac and Majorana neu-
trinos can be constructed at the N production level. |Vyy|? also enters into the partial
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decay widths of IV, and hence its total decay width. As this in turn appears in the Breit-
Wigner propagator for N, the factorization of neutrino mixing elements from decay-level
heavy neutrino observables is slight more subtle. The analogous “bare cross section” for
resonant production and decay of N, in for example pp — N¥l; — 145V, is [48]

_ |W1N’2|WQN‘2
doo(pp — Nl — L1sV) = do(pp — Ny — 1laV) /S0y, Strty = =7 15
Y= VN

Notably, both factorizations hold identically to all orders in QCD [64, 82], so long as
the individual decay products of N remain color neutral; for hadronic decays of IV, the

(4.7)

factorization holds at least to NLO. Trivially, dog can be obtained numerically by setting
|[Ven| = 1 in dé or by a rescaling for nonzero |Vyy|.

For multiple interfering heavy neutrino mass eigenstates, the above relations cannot
be generically applied. This is particularly the case for pseudo-Dirac neutrino pairs, where
relative CP phases in the Vyn lead to significant destructive interference for L-violating
processes. However, as discussed in section 2.1, the mass splitting for pseudo-Dirac neutrino
pairs in a realistic ISS should be vanishingly small on the collider scale. Hence, pseudo-
Dirac pairs can be justifiably modeled as a single Dirac neutrino in collider environments.

4.2 Heavy neutrino production at the LHC and beyond

To begin quantifying the discovery potential of trilepton searches for heavy neutrinos at pp
colliders, we compare the leading cross sections for a single resonant N produced through
SM currents. Using eq. (4.2) and the methodology outlined in section 3, we plot in figure 3
the bare production cross section oy (as defined in eq. (4.6)), for N produced though the
CC DY and NC DY channels at NLO in QCD, as shown in figure 1(a) and given by,

qf > W 5 Nt and ¢qg— Z* > N (u}), (4.8)

at the Born level. These processes, especially the CC DY, are to serve as baselines for
subsequent discussions. We also plot the N3LL GF mechanism as shown in figure 1(b),

g9 — h*/Z* - N e (4.9)
as well as the W~ VBF channel at NLO in QCD, shown in figure 1(c), and given by
gy — N 1+ ¢. (4.10)

We show the bare cross section as a function of heavy neutrino mass (my) and at (a) /s =
14, (b) 27, (c) 50, and (d) 100 TeV. The band of each curve corresponds to the residual
perturbative scale dependence. As a measure of the impact of perturbative corrections on
the cross section, in the lower panel of each plot is the QCD N/LO+NFLL K-factor,

j k j k
KNJLO+N LL _ O_NJLO—l—N LL/O_LO’ (411)

where ¢V'LO+N LL (09) is the NVLO+N*LL in QCD (LO/Born) cross section.

— 95—



10t = 10 =
_ 14 TeV LHC 1 CCDY (NLO) 27 TeV HE-LHC
:3103 E :3103 E =
S 1 = F 3
i ] i L S ]
~10? E ilozzm =
S ES = (N 3
= 1 = C ) 7
T 1 7.0 ]
10 10= E
% Cp \ES? : £
Y(NLO) L -
1 T 1= ‘
8 ;§ T E| 3 2? B R R o
S NCDY (NLO)  CCDY (NLO) o 10 _NCDY(NLO) CCDY(NLO) E
8 o _VBFINLO) . ) _ 3 B LVBEQNLO) . ‘ E
;Q 200 400 600 800 1000 Q 500 1000 1500 2000
Heavy Neutrino Mass, m,, [GeV] Heavy Neutrino Mass, m,, [GeV]
(a) (b)
104 [\CC DY (NLO) 4 104 L CC DY (NLO) ]
e E 50 TeV VLHC 1e E 100 TeV VLHC 3
N:gl 0’ E N:3103 = =
S10° ;\ 2 Sk .
= F I E
T F 11k f
gl0s = S10F =
5 18 ¢ &
1 EL L L ‘ 1= iTg
8 3:WAXXXXXA : 3 3: :
b 2ENEDY (NLG) CC DY (NLO) N'LL b 2 ENC DY (NLO) CC DY (NLO) N'LL
B éé VBE(NLO) ‘ ] ‘ 1% (I)EVBF (NLO) ] ‘ ‘ i
;Q 0.5 1 1.5 2 2.5 3 Q 0 2 4 6 8 10
Heavy Neutrino Mass, m,, [TeV] Heavy Neutrino Mass, m,, [TeV]
(c) (d)

Figure 3. Heavy neutrino production cross section, divided by active-sterile mixing |V |?, via
charged (CC) and neutral (NC) current Drell-Yan (DY), W+ fusion (VBF), and gluon fusion (GF)
at various accuracies in pp collisions at (a) /s = 14 TeV, (b) 27 TeV, (c¢) 50, and (d) 100 TeV.

For the 14 TeV LHC, the nontrivial interplay between matrix elements and PDF's for
the above processes has been reported in detail elsewhere [37, 39, 43, 60, 61, 64, 68] and will
not be discussed further. We note simply that for the mass range my = 150 — 1000 GeV,
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the bare cross sections and their relative uncertainties span roughly

CC DY (NLO) : 6pb— 3fb  =+2— 3%, (4.12)
NC DY (NLO) : 3pb —1.5fb +1— 3%, (4.13)
GF (N°LL) : 300fb —2fb  + 3 — 10%, (4.14)
VBF (NLO) : 80fb —4fb +4— 8%. (4.15)

More interesting is investigating this interplay at potential successors of the LHC, including
the HE-LHC at /s = 27TeV, a /s = 50 TeV variant of the VLHC, and the /s = 100 TeV
VLHC. At the HE-LHC and for my = 150 GeV — 2 TeV, the rates and uncertainties span

CC DY (NLO) : 10pb — 0.6fb  +1 — 5%, (4.16)
NC DY (NLO) : 8pb—0.3fb +1—5%, (4.17)
GF (N3LL) : 1pb—0.7fb 43— 15%, (4.18)
VBF (NLO) : 200fb —4fb  +4 — 10%. (4.19)

At a 50 TeV VLHC and for my = 150 GeV — 3 TeV, one sees

CC DY (NLO) : 25pb — 0.5fb  +1—6.5%, (4.20)
NC DY (NLO) : 15pb — 0.3fb  +1— 7%, (4.21)
GF (N®LL) : 3pb— 1fb 43— 15%, (4.22)
VBF (NLO) : 400fb — 6fb +4 —10%, (4.23)

and at 100 TeV with my = 150 GeV — 5 TeV the rates and uncertainties are

CC DY (NLO) : 50pb —0.2fb  +1 — 8%, (4.24)
NC DY (NLO) : 30pb — 0.1fb  +1— 9%, (4.25)
GF (N’LL) : 10pb—1fb  +4 —20%. (4.26)

Exceptionally, at 100 TeV with my = 150 GeV — 10 TeV, the VBF rate spans about
VBF (NLO) : 750fb — 1fb £+ 3 — 10%. (4.27)

A detailed summary of heavy N production rates, their residual scale dependencies, and
their QCD K-factors, for representative my and /s is given in table 1. In all cases, the
largest uncertainties are associated with the lowest mass points and quickly moderate to
smaller levels. This falloff is particularly notable for the DY channels. The sensitivity
at the lowest (mpy/y/s) is attributed to the opening of gg- and ~g-initiated processes,
and hence sensitivity to the gluon PDF, which slopes most significantly at low Bjorken-zx.
Moreover, at LO, the W+ fusion process only possesses s dependence (through the PDF);
i dependence arises through ay first at NLO. The GF channel, despite its high accuracy,
possesses a large factorization scale uncertainty due to missing real radiation terms that
would otherwise stabilize the prediction [68, 163].
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my 150 GeV 450 GeV 600 GeV
Process o/Vnl? ] | K | o/’ B | K | o/Vnl? B | K
Vs =14 TeV
CC DY (NLO) | 557x10% 5% | 1.20 | 1.00x 10% *2% | 1.15 | 3.25 x 10" *2% | 1.15
NC DY (NLO) | 3.40x10® T2 | 1.20 | 5.41x 10" T2 | 1.15 | 1.72x 10" *2% | 1.15
VBF (NLO) | 851 x 10t T5%¢ | 1.03 | 2.35x 101 70 | 1.04 | 1.44x 10" *S% | 1.06
GF (N®LL) | 3.36x 102 *7% | 3.15 | 6.01 x 10" T1¢. | 3.07 | 2.09 x 10* *3% | 3.07
/s = 27TeV
CCDY (NLO) | 1.23x10* F3% | 123 | 2.81x10% "1 | 1.16 | 1.00 x 10> T1% | 1.15
NC DY (NLO) | 7.64 x10® T3% | 1.22 | 1.56 x 10> T3¢ | 1.16 | 5.54 x 10" 1% | 1.15
VBF (NLO) | 1.95x10% ©}9% | 0.98 | 7.20x 10" *7%¢ | 1.00 | 4.91 x 10" 7% | 1.02
GF (N®LL) | 1.165 x 10% *19% | 3.01 | 2.892 x 102 T9% | 2.90 | 1.179 x 102 T3¢ | 2.88
/s = 50TeV
CC DY (NLO) | 2.46 x 10* T4 | 1.24 | 6.55 x 102 735 | 1.17 | 248 x 10 %% | 1.16
NC DY (NLO) | 1.55x10* 4% | 1.25 | 3.74x 10% T2 | 1.17 | 1.40 x 10> 2% | 1.16
VBF (NLO) | 3.90 x 102 7117 | 0.97 | 1.66 x 102 75 | 0.97 | 1.21 x 10% T8¢ | 0.98
GF (N®LL) | 3.26 x 10> *}%% | 2.93 | 1.01 x 10> *%% | 2.79 | 4.54x 102 7778 | 2.75
Vs = 100 TeV
CC DY (NLO) | 517x 10" ¥5% | 1.28 | 1.57x10% *2% | 1.19 | 6.24 x 10 T2 | 1.17
NC DY (NLO) | 3.28x10* 75 | 1.28 | 9.16 x 10> *2% | 1.19 | 3.61 x 102 *2¢ | 1.17
VBF (NLO) | 7.59 x 102 T13% | 0.95 | 3.60 x 10 *19% | 0.93 | 2.76 x 10 *9%¢ | 0.94

+15% +11% +10%
GF (N3LL) 9.22 x 10% T10% | 2.87 | 3.42x10° 12 | 2.70 | 1.68 x 10° T15% | 2.66

Table 1. Leading heavy N production cross sections [fb] at various accuracies, divided by mixing
|Ven|?, with residual scale dependence (%) and QCD K-factor, for representative my and +/s.

Qualitatively, one sees a number of important changes in the relative importance of
heavy neutrino production mechanisms when going from /s = 14 TeV to 27, 50, or 100 TeV.
While in all cases the VBF process overtakes the CC DY process at a largely static my ~
900 GeV, the dominance of GF varies due to the surge in the gg luminosity for diminishing
(mn/+/s). The constant crossover for the CC DY and VBF channel is likely tied to the
fact that both are driven by valence quark-sea parton scattering, and therefore receive the
same growth in parton luminosity as collider energy increases. At 14 TeV, GF is sub-leading
for all my under consideration but comparable to the NC DY process. Technically, the
NC DY and GF should be summed coherently as the GF channel is formally a separately
gauge invariant O(a?2) correction to the NC DY mode [43]. (Similarly, the W+ channel is
a separately gauge invariant EW correction to the inclusive CC DY process [61].) Doing
so renders it much closer to the (CC DY+VBF) process at 14 TeV [68]. At 27 (50) TeV,
GF emerges as the leading channel for my & 450 — 900 (300 — 1200) GeV, beyond which
VBF is dominant. For 100 TeV, the situation is more exaggerated with GF dominating
for my ~ 250 — 1750 GeV, which alone encompasses the entire high-mass range under
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consideration for y/s = 14 —27 TeV. Despite the prominence of the inclusive (NC DY+GF)
pp — NvX process, few (if any) dedicated collider studies exits for my > my,. However,
this regretful absence is partly due to the process’ large SM backgrounds.

The importance of the VBF channel cannot be overemphasized: across the four collid-
ers, for my =1 (2) [3] {10} TeV, the bare cross sections reach about o9 ~ 1 —61fb. In light
of the proposed O(3 — 30) ab~! datasets being earnestly discussed by the community [29-
31, 33], one expects that active-sterile neutrino mixing on the order of |Vyy|? ~ 1074 —1072
for this mass range can be probed by the VBF channel alone. In the context of Type I-like
Seesaw models, these rates also suggest the first direct sensitivity to O(10) TeV heavy neu-
trino masses as colliders, and compels us to focus on the discovery prospect of the inclusive
(CC DY+VBF) pp — N/{X signature for the remainder of this study.

4.3 Parton-level kinematics and observables at LO

In this section, we present at /s = 14, 27, and 100 TeV, the parton-level kinematics of the
trilepton process for a single heavy N via the CC DY mechanism, at LO in QCD,

pp = INNO = Inty W — Iy by, v (4.28)

The purpose of this section is to establish baseline kinematical features inherent to the
q¢’ — N{ — 30v hard process and explore the dependence, or lack thereof, on increasing
collider energies. Observations here ultimately form the basis for several conclusions we
make at the particle-level in section 4.4, as well as for justifications of analysis selection
criteria.

As we are working momentarily at the partonic level, we have access to the standard
HEP MC particle identification codes (PID) of final-state particles and their resonant
parent particle in the outputted mgbamc LHE files. Therefore, for each charged lepton in
the following figures, the subscript label X € {N, W, v} denotes the particle with which
the charged lepton was produced: ¢y (solid) denotes the primary charged lepton produced
in association with N; fy (dash) represents the charged lepton from the N decay and
produced with an on-shell W boson; and ¢, (dot) is the charged lepton from the leptonic W
decay. Notably, the recording of the PID and 4-momentum is true even for the intermediate
N, which is not modeled in this section with the NWA (see section 3.2). In MC event
generation with mgbamc, intermediate particles that go on-shell are recorded in the event
file independent of the NWA being applied. As the widths of heavy neutrinos used in
MC generation are engineered to be very small due to small active-sterile mixing (see
section 3.5), in accordance with realistic neutrino mass models, we find nearly all (2 98%)
events generated contain an approximately on-shell N with its momentum recorded to file.

Briefly, we note that we omit kinematics associated with the W+~ fusion channel as
they have been reported systematically for various /s elsewhere [61]. In addition, the
benchmark (pseudo)rapidities” for nominal tracker coverage of charged leptons in future

"For massive 4-momentum p*, rapidity is defined as y = 0.5log[(p° + p*)/(p° — p*)]. In the massless

2
limit, y simplifies to pseudorapidity, y * =0 n = —log[tan(0/2)], where 0 is the polar angle with respect to
the beam/2-axis.
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Figure 4. Normalized parton-level distribution for the invariant mass of the (N/{y) system in
the LO DY process pp — Niy — Wiwly — vl lwly, at /s = 14, 27, and 100 TeV, assuming
representative neutrino masses (a) my = 150 GeV and (b) 450 GeV.

collider studies are set to y, n = £2.5, following the Snowmass 2013 recommendations [27].
Hence, throughout this section, guide lines at these values are inserted in all rapidity plots.
We begin with a look at the kinematics associated with the hard (N{)-system itself.
In figure 4 we plot the normalized invariant mass distribution of the (/N¢)-system for (a)
my = 150 and (b) 450 GeV, at /s = 14 (solid), 27 (dash), and 100 (dot) TeV. Immediately,
one observes that for a fixed my the shape of the invariant curves are largely the same
despite the large differences in collider energies; only minor broadening is observed for
increasing 1/s. The reason is that up to kinematic factors related to phase space and
angular momentum (e.g., s- vs p-wave), the dominant contribution of any matrix element
is in the neighborhood of its poles, i.e., when particles are resonant and go onto their mass
shell, and is (mostly) independent of collider configuration. This is seen explicitly in the
parton-level cross section for the g¢’ — N/ process, where up to constant factors is

(Q? — m})*(2Q? + m},)
Q1 [(Q* — Myp,)? + (MwTw)?]
myzany (Q° = m})*(2Q +m})

2 ~

Here, Q 2 my denotes the scale of the hard process, which in this case is equal to the

6(q¢ — W* = Nly) (4.29)

. (4.30)

invariant mass of the (N/¢)-system. In the @, my > My limit, one sees clearly the
kinematic threshold at @ = my, below which the process is kinematically forbidden (by
momentum conservation). The kinematical factor of (2Q? + m3;) acts as a brief “turn-
on” function before the ~ 1/Q® suppression sinks the rate for larger invariant masses.
Numerically, the maximum occurs as Q ~ (4/3) x my, and indicates that the hard process
scale @) is of the same order as the threshold scale my, independent of collider energy.
Now, as the 2 — 2 process pp — N{y occurs at a characteristic invariant mass of Q) ~ my,
the 4-momenta of N and £y should also carry characteristic values of this order.

To demonstrate this, we show in figure 5, the normalized (a,b) transverse momentum
(pY) and (c,d) rapidity (y”) distributions of N for (a,c) my = 150 and (b,d) 450 GeV, at
Vs =14, 27, and 100 TeV. Like for the invariant mass of the (N/)-system, for a fixed my,
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Figure 5. Normalized parton-level (a,b) transverse momentum (py) and (c,d) rapidity (y)
distributions for N produced in the LO DY process pp — Ny — Wiwln — vl dwly, at /s = 14,
27, and 100 TeV, assuming representative neutrino mass (a,c) my = 150 and (b,d) 450 GeV.

one observes that the shape of the heavy neutrino pr distribution, which scales as

P ~ % (4.31)
is largely constant despite the large differences in collider energies, confirming the conjec-
ture at LO. On the other hand, the y” distribution broadens significantly with increasing
collider energy. This latter feature can be attributed to the fact that, at LO, increasing /s
translates directly to increasing the range of longitudinal momentum that initial-state par-
tons may hold, and hence the range of longitudinal boosts imparted on the (N{y)-system
and its descendants. This suggests that observables that depend on the longitudinal mo-
mentum of N or the (N/y)-system will tend to broaden with increasing /s. As a function
of increasing heavy neutrino mass and for a fixed /s, the narrowing y” distribution reflects
the increase in pY¥ observed in (a) and (b).

Turning to the final-state charged leptons, figures 6 and 7 depict, respectively, the
normalized pp and 7 distribution for (a,c,e) my = 150 and (b,d,e) 450 GeV, at (a,b)
Vs = 14, (c,d) 27, and (e,f) 100 TeV. For all cases, by momentum conservation, the pr
distributions of the charged lepton produced in association with the heavy neutrino (¢x)
mirror those of N and need not be discussed further. The 7 distributions for £y are slightly
narrower than the y curve due to £y’s (approximately) massless nature.

Keeping to figure 6, for both low and high mass IV, one sees that the distribution
shapes are largely independent of collider energy. This follows from the fact that the pr
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of £y and ¢ have characteristic values due to the intermediate resonant structure of the
N — bywW — bywl,v decay. Consequently, up to relative transverse boosts of N, the
transverse momenta of {1y and £ scale as,

M

¢ Y] myn w my

P < EW ~ 5 (1_m%V)N 5 and (4.32)
M?2

o< gl LN (L W) N 4.33

where in the last approximation we take the (My/my)? < 1 limit. As we have argued,
however, for the inclusive production of IV, p¥ is largely stable against varying beam energy
and therefore we expect and observe this independence to be inherited.

For the 7 distributions in figure 7, a number of notable features are observed: the first
is that for a fixed /s and my, the three pseudorapidity curves overlap considerably. This
follows from the combined circumstance that each charged lepton possesses a comparable
transverse momentum that scales like my, and that all three charged leptons obtain their
relative longitudinal momentum from the same source, namely the hard (N/y)-system. As
such, the distributions are indistinguishable and cannot be readily used to help identify a
particular lepton’s origin. For the narrowing of the 7 distribution with increasing my, we
reiterate that this simply reflects the relative increase of pr observed in figure 6.

Regarding the /s dependence, again one observes a broadening with increasing collider
energy, which is inherited from the parent (N/¢y)-system. That said, what is important to
stress here is the degree of the migration of events to outside the |n| = 2.5 boundary. For
mpy = 150 GeV, we see that the fraction (f) for each lepton to fall outside this detector
boundary grows from about f 2 20%, to = 30%, to 2 40% as one goes from /s = 14 TeV
to 27 TeV, to 100 TeV. Neglecting correlation, this means that only about ¢ = (1 — f)? <
50% (35%) [25%)] of trilepton heavy neutrino events fall within the benchmark fiducial
coverage at /s = 14 (27) [100] TeV. For my = 450 GeV, the situation is marginally better
with ¢ < 85% (60%) [35%], but still discouraging. For even larger my, one can be more
hopeful, but at the cost of a smaller cross section (for a fixed active-sterile mixing). All-
in-all, as evident in figure 7, extending tracker coverage to at least |n| = 3 — 4 for future
collider detector experiments is vital, if not necessary, to ensure a healthy and competitive
search program for anomalous production of charged leptons.

When these distributions are taken together, a fuller picture starts to emerge at LO: for
symmetric, anti-collinear beams as we consider, as one increases /s, the incoming initial-
state partons entering the g¢ — N/ hard process are allowed to carry larger longitudinal
momenta along the beam axis. As a result, the (N/y)-system itself is allowed to carry a
larger longitudinal boost, and hence the observed broadening of the ™ spectra. On the
other hand, to an excellent approximation, the net pr if the initial proton-proton system
is zero. This does not change as a function of collider energy, and suggest that the pr of
the (N/y)-system does not depend on /s, which is essentially true at LO, as reflected in
the pr distributions of N, its descendants, and ¢y. At the leading log / parton shower
level, however, this argument of course begins to break down: there is soft/collinear ISR
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Figure 7. Same as figure 6 but for pseudorapidity (n) of the charged leptons.

that imbues the (N/y)-system with nonzero py that does indeed depend, to some extent,
on the phase space made available by the collider center of mass energy. This radiation,
however, dominantly contributes to the region of phase space where pgpNé)/ @ < 1. That
is to say, the pr of the (N/{y)-system is typically small compared to the invariant mass of
the (N{y)-system [186, 187]. And as demonstrated in figure 4, the invariant mass of the
(N £y )-system is driven by the matrix element, not by +/s. So while we do expect the pr of
N, its descendant leptons, and £ to change with increasing +/s, this change will be small

compared to the hard scale Q) ~ my, which sets the initial py scale of N and /.
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Interestingly, the above argument then suggests that kinematic observables derived
strictly from the pp of £y, fy, and ¢, will inherit this robustness against changing +/s.
We now turn to particle-level kinematics at NLO+PS(LL) to see how far this holds.

4.4 Particle-level kinematics and observables at NLO+PS(LL)

In this section, we investigate particle-level observables for the same trilepton process
in eq. (4.28), assuming the same representative my and /s, but instead at NLO+PS.
We do this by first highlighting the key distinctions between parton- and particle-level®
objects. We then point to a feature in MC generation at NLO+PS that enables us to
establish a definitive link between parton- and particle-level kinematics. Building on this
correspondence, we are able to see at this significantly more realistic level of modeling how
robust the kinematics of N and its descendants are against variable collider energy. We
then demonstrate the existence of an entire class of particle-level observables that exhibits
only a weak dependence on /s. This is a main result of this study.

For several reasons operating at the parton shower-level with hadronization modeling is
crucial, particularly for this study: while parton-level kinematics provide important insight
and intuition to underlying processes, not all kinematic observables built at the parton level
are physical in hadronic environments [186, 187]. Moreover, detector experiments do not
observe partons or bare charged leptons: at macroscopic distances, high-pr partons and
charged leptons are dressed with collinear and soft QCD and/or QED radiations. This has
a fundamental impact on both exclusive observables, such as jet and lepton multiplicity,
as well as inclusive ones, such as the transverse momentum of the (N/y)-system. In
addition, when the hard scattering process and beam remnant separate beyond a distance
of dxp ~ 1/Axp ~ 1fm, color-connection and hadronization must be taken into account.
This gives rise to a cornucopia of (relatively) low-pr hadrons and such contributions play an
important role in this work: depending on the largeness of the jet radius parameter R, “out-
of-cone” and “into-cone” emission of hadrons can shift jet pr by up to O(10) GeV [226].
Weak decays of heavy hadrons are a source of background charged leptons. And likewise,
light neutrinos originating from weak decays of hadrons can cumulatively shift the direction
and magnitude of the missing transverse momentum vector by O(Axp/decay). Not to
mention, hadronic decays of 7 leptons (73) require modeling and experimental tuning as
their branching rates cannot be derived from first principles.

Despite the activity of a hadron collider environment, it is possible to make a more or
less concrete mapping to parton-level objects, though not necessarily their precise identities.
As done in detector experiments, one must cluster (sum) the momenta of all like-objects into
composite objects (jets) according to some procedure (a sequential jet clustering algorithm)
that is valid at all orders of perturbation theory (is infrared and collinear-safe). With this
additional layer of abstraction, a many-body environment is simplified to a few-body system
with correspondence to the partonic event. This procedure, though, is not entirely free of
ambiguities. A consequence of working at this reconstructed level is the obfuscation of
amplitude-/generator-level information about a particle’s particular origin. For example:

8Particle-level events are passed through parton showers, hadronization, and jet clustering algorithms.
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Figure 8. Same as figure 5 but at NLO+PS accuracy with particle-level reconstruction.

in figures 6 and 7, the degree of overlap and similarity of the pr and 7 curves for £y, fy,
and ¢, is worsened due to recoils against electromagnetic FSR and QCD ISR. In effect, the
exact lineage of the charged leptons are anonymized at the reconstruction level.

A quirk exist in the present case, however, that allows us to establish a stronger link
between parton-level and particle-level heavy neutrino events. As described in section 4.3,
for event generation with mgbamc, intermediate particles that go on-shell are recorded in the
event file independent of the NWA. This is true even at NLO. Moreover, the 4-momentum
and PID of intermediate, on-shell particles from the original q¢’ — N¢ — /W hard process
are preserved throughout the MG5aMC@NLO+PY8+MA5 chain, thereby allowing us to build
kinematic distributions of NV at this accuracy.

Subsequently, we show in figure 8 the normalized, NLO+PS accurate (a,c) pr and
(b,d) y distributions for the intermediate heavy N in eq. (4.28), for (a,b) my = 150
and (c,d) 450 GeV, at /s = 14 (solid), 27 (dash), and 100 (dot) TeV. In comparison to
figure 5, one sees very little changes in any of the curves and, crucially, that the insensitivity
to /s is retained. This is due to the fact that QCD corrections for DY-like processes are
dominated by positive virtual corrections [215-217]. This further indicates that the p5 and
y" distributions (and the analogous ones for £y) exhibit Born-like features at NLO+PS
but with a possible enhancement at large qu\f owing to the opening of partonic channels,
e.g., Compton scattering gq — N/q' with qu/ > 1r. However, following ref. [64], our choice
of factorization and renormalization scales, as given in eq. (3.16), are intentionally selected
to minimize the impact of such channels on distribution shapes. Thus, such enhancements
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Figure 9. Same as figure 6 but at NLO+PS accuracy with particle-level reconstruction.

will be minor, and one may infer that observables directly related to the kinematics of IV,
e.g., pr of its decay products, remain mostly unchanged relative to LO predictions.
Focusing on the decay products of N, we plot in figures 9 and 10, respectively, the pr
and 7 distributions of the three hardest, i.e., highest pr, charged leptons, in each event,
at (a,b) /s = 14, (c,d) 27, and (e,f) 100 TeV, for (a,c,e) my = 150 and (b,d,f) 450 GeV.
Due to QED parton shower effects and leptonic decays of hadrons, more than three charged
leptons may be present in each event. Hence, here and for the remainder of the text, leptons

lr, with k = 1,..., are ordered such that péﬂ“ > p?““. (Jets are similarly ranked and labeled
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Figure 10. Same as figure 7 but at NLO+PS accuracy with particle-level reconstruction.

according to their pp.) Despite the potential increase in charged lepton multiplicity, one
sees in figure 9 characteristic structures emerge in the pr curves. This indicates that the
three leading charged leptons largely originate from heavy, intermediate resonances, and
are not low-energy, continuum contributions. At my = 150 GeV, ¢, 3 cannot be reliably
or uniquely associated with £y, fy, or £, which is expected as the LO curves in figure 6
indicate that the pr are all highly comparable for fixed mpy. For heavier N, the association
is slightly better, with one observing that pgl ~ mpy/2 and pgg ~ mp /4. This suggests that
the leading charged leptons may be more readily identified with £y and £,, respectively,
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Figure 11. Normalized particle-level missing transverse momentum (MET) distributions for the
pp — NI — 3{v process via the DY mechanism at NLO+PS, assuming representative neutrino
mass (a) my = 150 and (b) 450 GeV, at /s = 14 (solid), 27 (dash), and 100 (dot) TeV.

but still with large uncertainty. In the pseudorapidity curves of figure 10, no discerning
feature is present to discriminate or associate ¢; . 3 with ¢x, ¢y, or £,. Even the slightly
narrower /taller distribution for n'~ seen at LO is washed out at NLO+PS. In short, upon
discovery of an anomalous trilepton signature consistent with heavy neutrino production
and decay, it will be difficult to readily identify the event’s three leading charged leptons
with £y, fy, or £,. To do so, one must resort to more sophisticated techniques, such as
the Matrix Element Method, more complex observables, or additional hypotheses, such as
lepton number/flavor conservation or violation.

Regardless of the ability to readily associate ¢1 . 3 to £x w,, with respect to the depen-
dence on collider energy, both classes of the pr and y/n distributions reflect the behavior
observed in the LO distributions. Subsequently, for a fixed heavy neutrino mass, one can
conclude that since the shapes of the ppr distribution for N remain effectively insensitive
to changes of /s, so too do the distributions for ¢1, 5, and ¢35 at NLO+PS. We now in-
vestigate how far this robustness against varying collider energy holds and consider more
complex observables that are derived from the pr of the leading charged leptons.

In addition to the three charged leptons, the collider process of eq. (4.28) also contains
final-state light neutrinos originating from the N — ¢W — 2{v decay. As mentioned above,
at our present accuracy, light neutrinos can originate from weak decays of hadrons. (At the
detector-level, there are also sizable contributions from finite detector resolution and, to
a lesser extent, finite coverage; see section 6.1.) The collective presence of these particles
is inferred from the transverse momentum imbalance of all visible, final-state particles.
Accordingly, the 2-vector gr and its magnitude MET are defined as

fr=—Y_ pF, with MET =| |, (4.34)
ke{visible}

where the summation runs over all visible final states regardless of their hardness (pr). Dis-
regarding objects below a particular py threshold can introduce distortions in the MET dis-
tribution of that same order and worsen the perturbative stability [110].
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In figure 11, we plot the particle-level MET for (a) my = 150 and (b) 450 GeV, at
Vs = 14, 27, and 100 TeV. Immediately, one sees that MET, a quantity built from both
leptonic and hadronic transverse momenta, more or less aligns with naive 1 — 2 — 3
kinematics for N decays, which stipulate that the light neutrino py and E scale as

2
MET = [5/| < EY = % (1 + Aﬂng) ~ 50 (115)GeV for 150 (450) GeV.  (4.35)
N

Like the peTX distributions in figure 9, the structured behavior indicates that the distribu-
tions are driven by heavy, intermediate, resonant states. In contrast to the pr of the leading
charged leptons, we see a stronger collider energy dependence. The MET peak drops 10-
t0-20% from its maximum as one goes from 14 TeV to 100 TeV, for both my = 150 and
450 GeV. The location of the maximum, however, does not noticeably change. This broad-
ening can be attributed to two effects:

(i) At higher collider energies, more low-py hadrons are generated due to the larger
available phase space. In turn, more hadrons can undergo leptonic weak decays,
which in turns generates more light neutrinos.

(ii) Deviations from eq. (4.35) also originate from neutrinos carrying momentum in the
longitudinal direction, which worsens with increasing /s due to increasingly forward
valence quark-sea antiquark annihilations.

This can be seen in the rightward shifts of the MET tail. So while the pr of the light
neutrino appearing in the N — (W — 2/v decay may remain robust against /s, its proxy
(MET) is slightly less robust due to hadronic contamination.

One should caution on the strength of the conclusion drawn from figure 11. Here we
only show particle-level MET and do not (yet) account for detector effects. Higher collider
energies give rise to a higher multiplicity of jets, which can cause additional MET through
momentum mis-measurement and finite fiducial coverage.

To investigate the collider energy dependence on global leptonic activity, we consider
two representative measures: the (exclusive) scalar sum of leptonic pr, St, defined as

Sr= Y I, (4.36)
Lpe{l1,2,03}

with the sum running only over the three leading charged leptons in the event, as well as
the invariant mass of the same three charged leptons:

A
m3e = (pT + Py +pT) . (4.37)

In figure 12, we show St for (a) my = 150 GeV and (b) 450 GeV, and likewise mgy, re-
spectively, in (c) and (d). As anticipated, only a slight broadening of Sy and mg,; occurs
with increasing collider energies. We observe that all four peaks only reduce 5 to 10% from
their maximum as one goes to 27 or 100 TeV. Like MET, we see that the location of the
peak remains unchanged. The weaker dependence on /s is attributed to the neglect of
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Figure 12. Same as figure 11 but for (a,b) Sr and (c,d) mase of the three leading charged lepton.

charged leptons with pr < p?. As the hard pp = N{ — 3¢X process only contains three
charged leptons in the final state, additional charged leptons in the event must necessarily
originate from the decays of the low-pr hadrons in the beam remnant and possibly electro-
magnetic ISR/FSR. As we saw in figure 11, these additional contributions have a collider
energy dependence, and therefore neglecting their contribution to St and mgy helps fortify
these observables’ insensitivity to y/s. It is noteworthy that both observable peaks near
St, mgp ~ my. This is a somewhat a fortuitous accident and results from the fact that
the momenta of the three charged leptons, as observed in figure 6, scale as

2 2
Vi my Y/ my MW 0, my MW
p ~ = pp ~ - (1 - — > N e <1 + TL?V . (4.38)

For a heavy neutrino with masses that we consider, this means for St we have

M3 M
SN~ BN TN (g 2w ) TN (g ST (4.39)
19 mn [ My \?
(20) mpy e <mN> ~ Mmy. (4.40)

Whereas St slightly undershoots my, we see that mgy lurches above it due to the additional
longitudinal momentum that goes into mg,. This also explains why the mg, distributions
are broader than the Sp curves. Otherwise, there is little difference between the observ-
ables. However, due to this broadening, we prefer to build and limit our signal analysis to
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quantities constructed only from transverse momenta. We stress though that while S7 and
mge are numerically comparable to mpy for the CC DY process, this does not hold for all
production mechanisms. The W~ fusion channel, for example, kinematically favors lower
pZTN due to an initial v — £¢* splitting [61]. Nonetheless, taking for example the extreme
limit of (pZTN /mn) — 0, one still observes that SYBY > 3my /4. Hence, the more broadly
applicable statement is that Sp scales proportionally with my in a somewhat universal
fashion, a fact that we will exploit in our signal analysis.

From both a search-strategy and a properties-measurement perspective, being able to
reconstruct the mass of N is highly desirable. The capability, however, is complicated
by the light neutrino in the N — 2¢v decay chain, which makes it impossible a priori
to reconstruct N’s 4-momentum, and hence its invariant mass, from the charged leptons
and MET momentum vectors alone in pp collisions. And as seen in figure 12, leptonic
observables such as St and mg; do not appear to be sufficiently robust estimates of heavy
neutrino masses due to their broadness. Though interestingly, like the top quark and
Higgs boson, it is possible to build a more reliable measure of the invariant mass of N.
We do this by exploiting simultaneously the 1 — 2 — 3 decay structure of N and that the
intermediate W boson is largely on its mass shell for the range of my we consideration.
For 1 — 3 and 1 — 4-body decays, a class of transverse mass observes exist [229-231] that
are essentially multi-body extensions of the canonical, two-body transverse mass variable
used in W boson mass measurements [229]. Differences in the observables are based on the
multiplicity of final-state neutrinos and whether decays are sequential or in parallel.

For our N — W — fyl,v configuration, two” possible mass-estimates can serve
our purpose: the multi-body transverse mass myr (labeled as M.y, in vef. [231]),

2
iy = Wp%ww) + m(lw)? + 9L, Fr)? + Mav) — (Frltw )+ Fr) . (441)

and the multi-body cluster mass m¢; (labeled as Mc ww in ref. [231]),

2
ity = (b)) i) Grlbw b)) (12)

Considering the assumptions that go into constructing these quantities, it not at all ob-
vious whether one observable is (or should be) a better estimate of my. Therefore, we
compute both: at the particle-level, charged leptons ranked according to pr cannot readily
be associated with ¢y, fy, or £, (see figure 9). By electric charge conservation, however,
we know that the sum of the three’s electric charges must add to Q3 = Z? Qr = *1
and that the charges of £y and ¢, must cancel. Hence, without guidance, there are in
principle two (four) permutations of ¢ 3 that one could use to build either mass variable
for Dirac (Majorana) N. One choice should concentrate near the true invariant mass of
N whereas the others should follow a continuum distribution. Due to the low multiplicity
of choices, we (in an unsophisticated manner) brute force a guess-and-test determination.

9Using comparable assumptions, techniques pioneered for leptonic and dileptonic decays of top quark
pairs [232-235] may also be applicable to heavy neutrinos. Such investigations are encouraged.
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YPO-)

More specifically, for a particular mass hypothesis (m% , we build all permutations of

myrr and meg allowed by electric charge conservation and choose the one closest to m%ypo'
for each variable, labeled m ;7 and M.

To help gauge whether one transverse mass better approximates my, we take advan-
tage of our access to generator-level information on N and set m%ypo' to the generator-level
value of my (m§e™), on an event-by-event basis. This accounts for shifts and variations
in the virtuality of N due to its finite width and is done only for exploratory means. (We
do not access such information in the detector-level analysis of section 6.)

We quantify the ability of particle-level 7y (solid) and 7icy (dot) to estimate m§e™
by calculating the relative difference (dm/m) between the value of the reconstructed mass

m%eco- € {murr,mcr} and the value of m%en' found in the event file:

5m%eco. B (m%eco. . m%en.)

m%eco. - m%en. (443)
In figure 13, we plot this mass resolution for both observables, for (a,c,e) my = 150 GeV
and (b,d,f) 450 GeV, and at (a,b) /s = 14, (¢,d) 27, and (e,f) 100 TeV. Guide lines are
inserted at dm/m = £20%. Remarkably, though perhaps no longer surprisingly, both a1
and My retain their shape and sharpness with increasing +/s. As repeatedly argued, this
stems from the two objects only being a function of transverse momenta and elementary
(constant) mass scales. While both transverse masses give a reasonable estimation for
m%on', a qualitative difference is noticeable. Whereas m s appears to better describe
higher mass IV, i.e., give a sharper, narrower distribution, m; is found to do better for lower
N masses. We do not investigate this difference further, but note that such behavior may
be useful input in constructing multivariate analyses. In light of the better performance
for higher mass N as well as our goal of quantifying the discovery potential of EW- and
TeV-scale N at higher energy pp colliders, we focus on employing the multibody transverse
mass m s for the remainder of this study.

4.5 Summary

In this section we have reported in exhaustive detail production- and decay-level proper-
ties of high-mass (my > mj) heavy neutrinos produced in hadron colliders, at various
perturbative accuracies and collider energy of mass energies. Due to the amount of detail,
it is appropriate to briefly summarize the immediate findings: we report that the lead-
ing production mechanisms of heavy neutrinos across a range of masses varies enormously
as a function of /s. While the W+ fusion process inevitably dominates for the heaviest
mass scales, the largely studied CC DY process becomes subleading to neutral current
processes at collider energies immediately beyond those reached at the LHC. For a fixed
heavy neutrino mass mpy, we also report the existence of an entire class of observables,
namely inclusive (with respect to hadronic activity) quantities built (dominantly) from the
transverse momenta of the leading charged leptons, whose distribution shapes display only
a weak sensitivity to changes in collider energy.
We now turn to the jet activity in heavy neutrino production at pp colliders.
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5 Heavy neutrinos and dynamic jet vetoes

We now investigate the hadronic activity in heavy neutrino events when they are produced
through the CC DY and W+ mechanisms. We consider this for a range of neutrino masses
and hadron collider energies, as well as for representative SM backgrounds to the inclusive

pp— N+ X — 30+ X', (5.1)

collider signature. It is important to reiterate that here and throughout the text we mean
“inclusive” with respect to hadronic activity and, potentially, additional charged leptons
that may appear in an event. The goal of this section is to quantify the amount of hadronic
activity in these various processes and to establish to what extent the relative amount of
hadronic and leptonic activities in these processes changes with y/s. As noted in section 4.4,
for a fixed heavy neutrino masses, the amount of leptonic activity, as measured by leading
charged lepton pr or exclusive S, does not change appreciably with y/s. The main result of
the present section is to show that discriminating events according to the relative amounts
of leptonic and hadronic activities, on an event-by-event basis, is a powerful means to
improve the signal-to-background ratio (S§/B) in multilepton searches for heavy N.

We reach this conclusion in the following manner: in section 5.1, we discuss the char-
acteristic behavior of QCD activity in the CC DY and Wy signal processes as a function of
mpy and /s. We present how jet vetoes, which exploit this information, can be extended
to account for the relative amount of leptonic activity on an event-by-event basis, i.e., a
dynamic jet veto. In section 5.2, we look into how a dynamic jet veto impacts leading back-
grounds. We briefly discuss alternative, complementary measures of hadronic and leptonic
activities that may be fruitful for future studies in section 5.3. Lastly, in section 5.4, we
examine the uncertainties associated with static and dynamic jet vetoes at NLO+PS and
LO+PS.

5.1 Signal processes and jet vetoes at NLO+NNLL

As shown in figure 3, the inclusive trilepton process of eq. (5.1) is driven by the CC DY
mechanism, i.e., quark-antiquark annihilation,

q? —-W* - Nty — £1€2€3I/g, (5.2)
at lower neutrino masses and by W+ fusion for larger masses,
W’}/ — N£1 — 616263% (53)

These are both color-singlet processes where initial-state partons scatter into a colorless
final state. This often leads to the naive (and incorrect) suggestion that there is no QCD
radiation in hadronic production of heavy neutrinos, especially at leading/lowest order.
Protons, of course, are color-singlet states. Hence, for DY-like process, whatever remains
after removing the initial-state quark or antiquark (a 3 or 3 under QCD) must also be
collectively charged under QCD due to color conservation (as a 3 or 3, respectively).
As a result, initial partons and the beam remnant are connected via color fields that
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spontaneously give rise to jets that are characteristically collinear with the beam axes.
For the W~ process, the argument is less subtle: initial-state W bosons are generated
perturbatively in pp collisions from ¢ — W ¢’ splitting. As a result, the W~ — N/ process
is typically associated with a forward jet possessing pgp ~ My /2 that remains spatially
close and color-connected to the rest of its parent proton’s constituents. (A subleading,
high-|n| jet with pr < My /2 in backward direction is also usually present.) Beyond LO,
this behavior remains much the same for both SM processes [183, 215-217, 236-239] and
heavy neutrino production [63, 64, 82].

Regardless of production mode, color conservation and mass scales lead to the fact
that heavy neutrinos are accompanied by jets that are predominantly forward (large |7|)
and/or soft (low pr). This is in contrast to QCD processes, such as top quark production,
where jets are typically central (small |7|) and hard (high pr). This qualitative difference
provides the rationale for central jet vetoes [90-94], wherein events that contain central
(|| < 2.5 — 3) jets with a transverse momentum above py°® are classified as background
and rejected in measurements and searches.

While qualitatively sound, in reality, application of traditional jet vetoes with static
values of p¥et° = 20 — 50 GeV do much to hurt signal efficiency in searches for heavy, new
colorless particles [71, 108-111]. To quantify this statement, we plot in figure 14(a) the jet

veto efficiency 6(p¥et°) and uncertainty for the CC DY process, defined as the ratio:

NLO+NNLL .o Vo
£NLOFNNLL (veto) (, Veto) _ A (veto) (pp — N+ X ; ph < pyet©)

, 5.4
J%i(.)(pp%waLX) (5:4)

as a function of heavy neutrino mass, for jet radii R = 0.1, 0.4, and 1.0, and a (static)
jet veto threshold of p¥e*® = 30 GeV. Here, o NLO+NNLL(veto) (1), _» NY 4+ X ; pzf < pyeto)
is the NLO4+NNLL(veto)-accurate signal process cross section with a phase space cut to
remove jets with pgp > p¥et0. 0%{') (pp — N+ X) is the totally inclusive NLO cross section
without the jet veto. We use the computation formalism of refs. [88, 103], which implicitly

Veto Veto s ~o is assumed.

applies a jet veto within the rapidity range |n/!| < nVe%, where n
This approximation nevertheless provides an excellent estimate of the total normalization
and uncertainty for when Vet = 4.5 —5 [107], which is the rapidity gap we consider at the
analysis level in section 6. Conversely, for more restrictive jet veto rapidity windows, such

Veto — 9.5, there is a considerable increase in sensitivity to higher

as the commonly used 7
order radiative corrections [107], and hence a much larger (2 1.5 — 2x) scale uncertainty
than what we report below. For additional details, see ref. [107] and references therein.

We immediately see several features:

(i) For increasing neutrino mass and R = 1.0 (0.4) [0.1], the veto efficiency drops precip-
itously from about 90% (85%) [80%)] to about 65% (55%) [45%] over the mass range
considered. The poor acceptance can be attributed to the structure of initial-state
radiation of gluons: after phase space integration, one finds that such contributions
are of the form 00 /o ~ as(u, = pye*) log?(Q/pye*®)?, for a hard scale Q ~ my. This
indicates a propensity for heavier N to be accompanied by higher pr gluons. For
example: the likelihood for a (relatively) soft gluon with momentum pr to accom-
pany a neutrino of mass My is essentially the same for a gluon of momentum 2p7 to
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Figure 14. Jet veto efficiency at NLO+NNLL(veto) and residual scale dependence for the CC
DY process pp — N/, as a function of heavy neutrino mass for representative jet radii R, at (a,b)
Vs = 14, (c,d) 27, and (e,f) 100 TeV, assuming a static jet veto of (a) pye® = 30, (c) 50, and (e)
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accompany a neutrino with mass 2my. Hence, heavier N are accompanied by jets
with pr that are more and more likely to exceed (and thus fail) the pyt® threshold.

(ii) In addition to this, one also sees that larger R jets uniformly fail the veto more readily
than smaller R jets. This is due to larger R jets containing more constituents that
are roughly traveling in parallel motion, and therefore contribute constructively to
the jet’s net pr.

(iii) For this same reason, i.e., that larger R jets are more inclusive than smaller R jets,
we observe a smaller scale dependence for large-R jets than small-R jets.

However, this is also impacted by formally O(a?) terms in the NNLL resummation that
scale as log(R), and therefore numerically vanish in the R — 1 limit, minimizing the jet
radius dependence. Some unmatched scale dependence is also inserted by the matching of
the NLO calculation to an NNLL resummation, and not a NLL resummation. This scale
dependence behavior is quasi-universal in that it is largely dependent on color structure
and relevant mass scales [110], and hence can be found when jet vetoes are applied to
slepton/electroweakino pair production [108, 111] or Sequential Standard Model W'/Z’
boson production [110].

For higher collider energies, which is shown in figure 14(c) for /s = 27 and (d) 100 TeV,
we see a similar, if not slightly worsening, picture. To avoid vanishing efficiencies for heavier
mpy, we relax the veto threshold to p\T/etO = 50 and 100 GeV respectively. For a fixed
(my /pyet©) ratio, we see, with for example (my,pyet) = (600GeV,30GeV) at 14 TeV
and R = 0.1, that the efficiency roughly is constant at e(py°°) ~ 70% between /s = 14
and 27 TeV, but drops below 65% for 100 TeV. A similar behavior is observed for other

(ma /py¥et©) ratios and R choices. In the end, this shows that independent of collider, if one

wishes to apply a jet veto with a fixed p\T/etO threshold and retain sensible efficiencies, i.e.,
€(p¥6t°) 2> 80 — 95%, then one must restrict their searches to heavy neutrino mass scales
to at most a few hundred GeV, or relax p\T/eto to effectively act as if no veto is applied.
While mp is an unknown quantity (assuming N exists), the premise of relaxing p\T/etO
with increasing my to act as if no veto is applied is not exceptional nor impossible. As
discussed extensively in sections 4.3 and 4.4, the three leading charged leptons in the CC
DY pp — N{¢ — 3(X process all possess momenta that scale with my (see eq. (4.38)).
At the reconstructed level, they do not appreciably change with variable collider energy
and are distinguishable from continuum contributions (see figure 9). A similar argument
for the leading charged leptons in the W~y — N/ fusion process also holds. Hence, in a
genuine heavy neutrino event, the pr of the leading charged leptons scale proportionally
with the neutrino mass and can act as a proxy for mpy. Therefore, by setting p\T/eto on an
event-by-event basis, for example, to the leading charged lepton in an event, one would
expect an increase in the jet veto efficiency for genuine heavy neutrino trilepton events.
Variable jet vetoes are not new, per se. In precision SM calculations [240-242], com-

parable choices for p¥°t° have been made as a computational convenience to alleviate large

veto logarithms of the form log2(Q / p\T/’EtO)Q7 rendering resummation unnecessary. Indepen-

dently, the lepton-over-jet pr ratio (p4/ pJT) has also been used experimentally [243] at the
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LHC for particle identification to help distinguish leptons associated with hadronic / jet
activity. However, as first reported in the companion letter of this report [71], we find
that dynamic jet vetoes can be successfully used in a much broader class of experimental
measurements and searches, notably searches for new, high-mass colorless particles.

We investigate the impact of a dynamic jet veto on the CC DY production of heavy
neutrinos by first noting that the leading charged lepton in such events possesses a trans-
verse momentum that scales as pﬁﬁ ~ my /2. Hence, we set'? the veto threshold here to

my
P =pp o~ (5:5)

and plot in figure 14(b,d,f) the veto efficiency respectively for collider energies (b) /s = 14,
(d) 27, and (f) 100 TeV. Dramatically, one sees that veto efficiencies jump to e(py©) >
80 — 99% for my = 100 GeV, for all collider configurations. Depending on the precise col-
lider beam energy, £(py°®) remains above the 90% threshold for all my > 100 — 430 GeV.
The lower efficiency at my < 100—200 GeV, can be tied precisely to the scaling of peTl, which
in absolute terms corresponds to p¥et° =mp/2 < 50— 100 GeV, and hence reproduces the
behavior of the static jet veto case. We observe that the veto efficiency e(py*°) remains

essentially independent of my for larger my, indicating that the structure of jet veto
Sudakov logarithms a(p, = pyet©) log?(Q/pye*®)? is captured and matched by associating
with the characteristic pp of the signal event’s leading charged lepton. Qualitatively,

p
this differs from static/fixed pye*® choices, where e(pye*®) — 0 as my increases.

Veto
T

Two additional features are observed: the first is a significant decrease in the residual
scale dependence, which spans from de ~ £1% to %5 for p¥et° = my/2. Remarkably, the
uncertainty exhibits little-to-no sensitivity to the heavy neutrino mass scale, jet radius, or
collider energy under this veto scheme. This is attributed simply to the fact that tying
p¥et° to pfip x my ~ @ outright avoids the generation of large jet veto Sudakov logarithms.
For mpy much larger than the static veto thresholds of p¥et° = 30 — 100 GeV, one obtains a
more inclusive cross section and therefore recovers an uncertainty comparable to the totally
inclusive one. As a consequence of this reduction, we are able to observe the appearance
of an excess in all three R = 0.1 curves, where for some starting my, £(p¥et0) surpasses
unity. Upon further investigation [71], we find that this originates from O(a?) terms in the
NNLL(veto) resummation that scale as a2 log R. We confirm this by setting R = 0.01 and
finding that £(py°*®) ~ 100 — 115% for my > 150 GeV, clearly illustrating a breakdown of
the perturbative calculation and the need for a dedication resummation of log R terms as
done in refs. [99, 214]. We stress that this does not imply a breakdown of the dynamic jet
veto scheme, only a breakdown of the NLO+NNLL(veto) computation in the R — 0 limit.
The picture that emerges from figure 14(b,d,f) may indeed hold for R < 0.4, but further
investigation is required and encouraged. For additional details, see ref. [71].

VBF and jet vetoes. It is worth discussing how the W~-fusion process, which possesses
at least one energetic forward jet with pJY®" > My /2 ~ 40 GeV, is affected by a dynamic

107t is not presently possible to set pve*® on an event-by-event basis in the public NLO+NNLL(veto) code
of refs. [88, 103]. Therefore, we set the veto threshold here explicitly to pye™® = my/2. In all following

parton shower-level discussions, pye'® is set on an event-by-event basis to the appropriate quantity.
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jet veto. An important conceptual point to stress is that jet vetoes do not require events
to have zero hadronic activity. They select out only events with (potentially central) jets
possessing a transverse momentum above p\TfetO but are inclusive with respect to jet activity
outside this threshold. As a consequence, the VBF process will survive the veto as long as

pyeto > pJfVBF. While this might not always be true for static vetoes of p¥et® = 20 —40 GeV,
for the neutrino mass scales where VBF is relevant, a dynamic jet veto with p¥’3t° = pZT1 ~

my /2 will readily satisfy this condition. More specifically, as seen in figure 3, W~ fusion
becomes a numerically important channel for my 2 500 GeV. Setting p}feto = pfiﬁ, pf[?,
or even pl}?’, translates to (see eq. (4.38)) pyet ~ 100 — 250 GeV, and is well above the
pjfl 2 Myy /2 threshold. Hence, with very high efficiency, one expects W+ fusion events to
characteristically survive a jet veto based on the leading charged leptons in an event, down
to my ~ 250 GeV. For explicit demonstration of this, see section 5.4.

7h, and jets vetoes. Another point worth examining is the treatment of hadronically
decaying 7 leptons (73) in the presence of a jet veto. Experimentally, 7, are reconstructed
first as jets before T-tagging is applied [244, 245]. Hence, one must justify whether a 7,
can be excluded from the veto procedure, which requires demonstrating that 75, are objects
totally independent QCD jets. As argued in ref. [71], under the NWA, a final-state, on-shell
T is color-disconnected at a perturbative level from the rest of the hard pp collision, to all
orders in «as. At a non-perturbative level, the 7 — 7,1 decay occurs on a macroscopic
distance of

1 E, my my

dr =c ~ | = — | ~ %5.6mm><<7), 5.6
T <FT> (mT> T-m. 100 GeV (56)

away from the pp interaction point. Here ~, is the 7 lepton’s Lorentz factor, and I'; ~

2 x 10712 GeV is its total width. This is a much later transition than hadronization, which

for a non-perturbative scale of Axp ~ 1—2 GeV, occurs at a distance of dyp = 1—2 fm away

from the pp collision. Consequently, 7 leptons outlive primary hadronization of high-pr
pp collisions, and the remaining coupling to the (pp)-system is through long-range, color-
singlet exchanges [189, 246-248], i.e., beyond twist-2 in the operator product expansion.
Contributions of this kind are beyond the formal accuracy of the Collinear Factorization
Theorem in eq. (4.2), and hence can be consistently neglected, thereby demonstrating a
decoupling of 7, from QCD jets in an event.

Dynamic jet vetoes and PDF uncertainties. Owing to the complexity of jet vetoes,
there are numerous sources of theoretical uncertainty. One such uncertainty stems from

NLO+NNLL(veto)

fitting PDF normalizations to data and the subsequent impact on o Cross

section predictions. For the CC DY pp — N/¢ + X signal process, we attempt to quantify
this by considering the ratio of cross sections,

PNLO oNLO(pp — N+ X ; PDFy)
~ oNLO(pp — Nl + X ; PDFRer)’
o NLO+NNLL(veto) (pp — N+ X ;p¥et0, PDF,)
oNLO+NNLL(veto) (py — N¢ + X ; pye'®, PDFRet.)’

RNLO+NNLL(veto) _
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Figure 15. PDF uncertainty of the charged current Drell-Yan heavy neutrino production cross
section at /s = 14 TeV (left) without a jet veto and (right) with a jet veto threshold py*® = my /2.

in which the scattering rates in the numerators and denominators are evaluated with a
different PDF for fixed values of my, pye*© (if applied), etc. As reference (Ref.) PDF, we
use the NNLO MSTW 2008 PDF set [249]; we also consider the NNLO NNPDF 3.0 set [250]
as a representative “PDF4LHC Run II” recommendation [251]. Uncertainties are derived
from PDF replicas in the appropriate statistical manner [195].

In figure 15 and as a function of heavy neutrino mass, we show the ratios (a) RNVO
and (b) RNVOFNNLL(veto) (p¥eto — - /9) with PDF uncertainties, at /s = 14TeV. In
the upper (lower) plots, the MSTW 2008 reference curve is overlaid with the NNPDF 3.0
(NNPDF 3.1+LUXqged) curve. Notably, for all three PDF sets, we observe few differences,
qualitatively and quantitatively, between the (a) no-veto and (b) jet-veto uncertainties.
For the mass range my = 100 — 1000 GeV, we see that the uncertainty for all three PDF's
span £1% — £3%. Qualitatively, we see that central value of the NNPDF 3.0 (NNPDF
3.1+LUXqed) PDF uniformly undershoots (overshoots) the reference PDF’s central value
but essentially always stays within its 1o band. The slight exception is for the NNPDF 3.0
case at my < 200 GeV, where the central value exceeds the 1o lower band by ~ 1%.

For the uncertainty at higher collider energies, we first note that the range of Bjorken-z
considered here spans roughly = ~ my/+/s ~ 0.01 — 0.07. This corresponds roughly to
mpy ~ 300 — 1900 GeV at /s = 27TeV and my =1 — 7TeV at /s = 100 TeV, and hence
covers the bulk of the investigated parameter space. Over these mass ranges, one expects a
similar PDF uncertainties as those reported in figure 15 due to PDF scale invariance. For
smaller 2 down to x ~ (150 GeV/100 TeV) = 1.5x 1073, the NNPDF 3.1+LUXqed uncertainly
is approximately unchanged [196]. For larger = up to z ~ (20TeV/100TeV) = 0.2, the
uncertainty grows larger but remains under +5% [196].
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5.2 Backgrounds and jet vetoes at NLO+PS

In light of the improved veto efficiency of the dynamic jet veto for the CC DY and VBF
signal processes relative to the static veto, it is necessary to explore how background
processes fare. For the inclusive pp — N{ + X — 3¢ + X signal process, the leading SM
processes fall into three categories:

(i) top quarks,
(i) EW diboson and multi-boson production, and
(iii) fake charged leptons, which we now discuss.

We note that to emulate minimal, analysis-level selection cuts, throughout section 5.2, all
signal and background processes are evaluated at NLO+PS according to section 3 and the
following cuts are applied to jets and the three leading charged leptons after reconstruction:

| <45, pf>15CGeV, and [|nf| <25, for k=1,...3. (5.9)

Top quark background. Associated top quark production processes at multi-TeV
hadron colliders, e.g.,

pp — ttll, with t — Wb — lub, (5.10)
pp — ttly, with t — Wb— lyb, and (5.11)
(=) (=)
bg— tqu, with t — Wb — fupb, (5.12)

are major background for any multilepton measurement and search due to their large cross
sections, intrinsic mass scales, and diversity of final states. Since BR(t — Wb) ~ 100%,
multilepton search strategies for heavy neutrinos make use of b-tagging, and hence b-jet
vetoing, to help suppress these backgrounds [34, 76]. However, even for high-efficiency
taggers, such as the CMS CSVv2 algorithm [252, 253] used by ref. [76], which possesses a
tagging efficiency of eP~t& ~ 70—80%, at least 4—9% of top quark pairs survive single- and
double-b-tagging. Of the total number of top quarks, the fraction is actually larger when
one takes into account that only jets within |n| < 2.5, i.e., within tracker coverage, can
be tagged. It has been reported [110] that relaxing the b-tagging requirement and simply
vetoing central jets with p¥et° = 20 — 50GeV, independent of flavor composition, can
improve top quark rejection in searches for DY-like processes, even with an ideal efficiency
of eP~%28 = 100%. We improve upon this by allowing p¥et° to be set on an event-by-event
basis to the ppr of the leading charged lepton in our multilepton final state.

The manner in which a dynamic jet veto such as p¥et° = QDET1 functions largely follows
from the resonant structure of the ¢tV — 2WV production and decay chain for V- € {W, Z}.

For such processes, the leading charged leptons possess the characteristic momenta,

my

M2
p§1~4(1+VQV

M
2R 1%
2 > ~ 50 —55GeV, and pp, pi ~ - 40 — 45GeV.  (5.13)
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Figure 16. Normalized NLO+PS distributions with respect to (a, c ) the pT of leading jet (p]Tl)
and (b,d,f) the ratio of leading lepton pr (p%) to p}t, ie., O = pit/plt, at (a,b) /5 = 14 TeV,
(c,d) 27 TeV, and (e,f) 100 TeV, for the charged current Drell—Yan (CCDY) pp — N — 3lv signal
process with my = 150 GeV (solid) and 450 GeV (dash), as well as the pp — 3¢v (dash-1 dot),
pp — WWW — 30v (dash-2 dots), and pp — ttlv — 3¢X (dash-3 dots) background processes.

On the other hand, the b-jet momenta, independent of being tagged, scale as

b b
Dy, DE

M2
5 <1 - > ~ 60 — 70 GeV. (5.14)

mt

Therefore, we see that the top quark backgrounds in multilepton searches for heavy N
inherently fail a dynamic veto that requires pgl > p]fl. In principle, top quark processes
fail regardless of choosing the leading charged lepton ¢;, the subleading charged lepton /o,
or even the trailing charged lepton /5.
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To show this, we plot in figure 16 the (a,c,e) pr of the leading jet (p7T1) and (b,d,f)
leading lepton-to-leading jet pr ratio

rfi :pgl /pJT1 (5.15)

at (a,b) /s = 14, (c,d) 27, and (e,f) 100 TeV for representative CC DY signal processes
with my = 150 (solid) and 450 GeV (dash), the ¢tfv (3-dot-dash) background, as well as
the WWW and 3¢v backgrounds to the inclusive pp — 3¢ 4+ X collider process.

At /s = 14TeV, we see in that the CC DY signal and tt/v background processes
both exhibit their characteristic pjfl behavior at low- and high-pr respectively. Due to
binning effects, the Sudakov shoulder in the signal process is unobservable. For ttfv, the
wide bump near p%? ~ 70 — 90 GeV corresponds to the anticipated pr for b-jets as given
in eq. (5.14). The higher value for the maximum is attributed to hard ISR and FSR that
appears at O(ay). Focusing now on the ratio plot, we see crucially a qualitative difference in
the top quark and signal process: the signal process has an incredibly broad, continuum-
like spectrum that appreciably starts at rfi ~ .25, possesses a very shallow peak at
7“511 ~ 1 (1.5) for my = 150 (450) GeV, and readily spans rightwards by several units. The
ttlv background, on the other hand, peaks at a ratio of rfi ~ 0.5, with over 75% of events

sitting below 7' < 1. While not shown, we report that ratio for the subleading lepton

J1
rff = (pfiﬁ / p]Tl) features a slightly stronger separation between signal and background.

For higher collider energies, we observe encouraging behavior: while the p{ﬁ distribution
CC DY signal process broadens, with the lowest bin occupancy for my = 150 (450 GeV)
dropping from about 30% (22%) at /s = 14TeV, to 25% (17%) at 27 TeV, down to
20% (10%) at 100 TeV, the ttlv rightward shift toward higher values of pﬁ} is more signifi-
cant. This seen clearest in the 7“511 ratios at 27 and 100 TeV, where about 35% and 40% of
events, respectively, have a leading lepton-to-leading jet pr ratio less than rfi < 0.5. This
is in comparison to the roughly 25% of tt/v events at 14 TeV. For the CC DY process, the
migration of rﬁ to values below unity is found to be only slight for my = 150 GeV and
mostly negligible for heavier neutrino masses.

At first, the dynamic jet veto choice of p\T/eto = p? does not appear to improve top quark
discrimination over b-tagging central jets. We will see next, though, that in conjunction

with additional information on charged lepton activity, it is sufficient.

EW diboson continuum and resonant multiboson production. In multilepton
searches for heavy neutrinos with masses at or above the EW scale, the production of two
or more EW bosons, either non-resonantly or resonantly,

pp — 3Ly, pp — 4L, (5.16)
pp — WWW — 343v, pp — WWHL — 3vX + 402v, (5.17)

represent the leading EW backgrounds at pp colliders [34, 76]. However, despite their color-
singlet nature, they are significantly less immune to jet vetoes than the CC DY and W~
fusion signal processes. Due to the presence of radiation zeros in Born-level amplitudes, a
large fraction of the inclusive diboson and triboson processes contain at least one high-pr
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Figure 17. Same as figure 16 but for (a,c,e) the number of jets with p]f > 25 GeV and (b,d,f) Sp.

jet [254-259]. For example: NLO studies of the inclusive pp — 3W + X process reveal
that O(30%) of the cross section is comprised of the subprocess pp — 3W + 1j with
p]f > 50GeV [260, 261]. As a result, NLO and NNLO corrections to EW diboson [262-
273] and triboson [261, 274, 275] contribute to large increases to the total normalization of
inclusive cross sections (> 4+100%) and multiplicity of high-pr jets.

This can be effectively observed in figure 17, where we plot the (normalized) number
of jets with pr > 25GeV at (a) /s = 14, (c) 27, and (e) 100 TeV, for the CCDY signal
process assuming my = 150 (solid) and 450 GeV (dash) as well as the 3¢v (dash-1 dot),
WWW (dash-2 dots), and ttlv (dash-3 dots) background processes. At /s = 14 TeV, one
sees that fewer than 40 — 45% of pp — 3¢v and 3W events fall into the zero-jet bin, i.e.,
events with only jets possessing p% < 25GeV. This is comparable to the CC DY signal
process at my = 450 GeV but unlike the my = 150 GeV process, which is closer to the
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55-60% threshold. Conversely, the pp — 3¢v and 3W processes more readily populate
higher jet multiplicities, with = 10% of events possessing at least three jets, whereas only
5% of CC DY events at my = 150 GeV do. At higher /s, one clearly sees that the lowest
(highest) multiplicity bins deplete (grow) faster for the EW backgrounds than the CC DY
samples. Concretely, for the signal process at my = 150 (450) GeV, one observes that the
fraction of events with zero jets above 25 GeV drop from about 60% (456%) at /s = 14 TeV
to roughly 50% (35%) at 27 TeV, to approximately 40% (25%) at 100 TeV. Similarly, for
the ttlv process, at least 10% of events have four or more jets at 14 TeV; at 27 TeV, at
least 10% of events have five or more jets; and at 100 TeV, over 10% of events have at least
six jets. Roughly speaking, at our level of modeling, about 5% of tt/v events have eight or
nine jets with pp > 25 GeV. One should caution in interpreting these results: for smaller
jet radii, one expects the level of migration (and multiplicity) to increase dramatically. In
addition, the accuracy here is only NLO+PS, indicating that the highest jet multiplicity
bins are populated by the parton shower.

To see how the EW background for the pp — N/ + X — 3¢ + X process copes with a
dynamic jet veto in light of this jet activity, we revisit figure 16, which additionally shows
the representative pp — 3¢v (dash-1-dot) and pp — 3W — 3¢3v (dash-2-dots). As the EW
processes above are driven by (¢g)-annihilation, we see much the same qualitative behavior
in the p%l distribution as we do for the signal processes. Quantitatively, however, the larger
jet activity of the multiboson channels causes both the 3¢v and 3W processes, which have
mass scales of the order My ~ 2My ~ 160 — 180 GeV and My vy ~ 240 — 270 GeV, to
behave significantly more like the my = 450 GeV channel than the my ~ 150 GeV. As
a result, in the leading charged lepton-to-leading jet pr ratio rfi = (pET1 / p]fl), we see that
most of the EW events possess rﬁ < 1. This is very unlike the CC DY process and in
fact much more the like ttfv process. As a function of collider energy, we observe a similar
(though perhaps slightly milder) /s dependence for rﬁ as we do the ttlv case, i.e., an
increase separation of signal and background, and need not be discussed further.

An interesting consequence of the high jet activity in the EW pp — 3/v and 3W
processes is the impact on the pr of the leading leptons. Unlike the CC DY and VBF
signal processes, which feature low-pr ISR, the EW backgrounds feature high-pr ISR that
recoil against the leading charged leptons. The impact of this can be seen in figure 17, where
we show for (b) /s = 14, (d) 27, and (f) 100 TeV, exclusive St as defined in eq. (4.36),
for the several processes presently under discussion. For the EW processes, the pp of the
charged leptons scale as pgp ~ My /2, leading to a characteristic St of

M
SF, S =3It ~ 37V ~ 120 — 135GeV. (5.18)
l

This distribution is observed at /s = 14 TeV, but with a particular broadness. We at-
tribute the dispersion in S%V and S%V, which would otherwise be much narrower distribu-
tions since they result from discrete transitions / decays, to the hard ISR. For reference,
the broadness of the CC DY signal processes originate from the prompt charged lepton
in the initial pp — N/ scattering process, which leads to a continuum distribution for
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pgN (see figure 6). At higher collider energies, this broadening is worsened, which can be
attributed to the associated increase in jet multiplicity.

Now, with figure 17 in mind, imposing a dynamic jet veto of rﬁ = (pgl pjTl) > 1 on the
EW backgrounds would result in two outcomes: first is the removal of a sizable fraction
of background events, as evident in figure 16. Second, is the reduction of hard ISR that
presently kicks the multilepton systems and is responsible for broadening the S%ﬁ” and
S%W distributions. This implies that the EW boson systems would largely be at rest and,
crucially, that their decay products would possess Born-like kinematics more in line with
eq. (5.18). This should be contrasted with SY > my, for the heavy neutrinos in the mass
range we are considering (my > 150 GeV); see eq. (4.40). (For the top quark background,

similar arguments also hold for Sgé” ~ 140 — 155 GeV.) Hence, imposing a selection of

St > 125 — 175 GeV, (5.19)

in conjunction with a dynamic jet veto would eradicate the EW (and top quark) back-
grounds, while remaining resilient as a function of collider energy.

Fake leptons. Non-prompt leptons from hadron decays and light-flavored QCD jets mis-
identified as electrons or hadronically decaying 7 leptons (7,), objects collectively known

)

as “fake leptons,” represent a non-negligible source of backgrounds in multilepton searches
for heavy neutrinos at hadron colliders [49, 61, 71, 75-78, 81]. Fake leptons satisfying
selection criteria, however, must necessarily originate from high-py hadronic activity. By
color conservation, this implies [71] a high likelihood of additional hadronic activity, i.e., a
second jet, with comparable ppr elsewhere in the detector, and suggests that a jet veto can
improve the rejection rate of fake lepton backgrounds.

The reason for this is that high-pr jets and hadrons that give rise to fake leptons are
seeded by high-pr partons that are charged under QCD. As the initial protons colliding
form precisely a color-singlet state with zero, net transverse momentum, the color charge
and transverse momentum of this parton must be balanced by one or more recoiling partons,
which separately form hadrons / jets. For the specific case of hadron decays, e.g., B —
Dfly, this may simply be the spectator hadron, which is known to have similar momenta
as the outgoing charged lepton [276, 277]. Independent of this, rates for mis-identifying
light jets as electrons and 73, are highest for the lowest pr jets in an event due to poorer
resolution [192, 193, 278]. Hence, when taken together, the presence of a fake lepton implies
not only the existence of one or more additional clusters of hadronic activity, but that these
additional clusters have a slightly higher likelihood to possess a pr greater than the fake
lepton itself. As a consequence, the use of a dynamic jet veto of rﬁ = (pg’f / p{;) > 1 for
k=1,...,3, can improve the rejection rate of this class of background.

5.3 Dynamic vetoes beyond pr ratios

At its heart, the dynamic jet veto we employ in eq. (5.15), in conjunction with R = 1
jets, functions as a discriminant between leptonic and hadronic activities. The pr of an
event’s leading lepton and jet, however, are not the sole measures of such behavior. Other
observables can also quantify this in complementary aspects due to their varying levels of
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inclusiveness. For leptons, this includes exclusive S, as defined in eq. (4.36). For hadronic
activity, there is inclusive Hp, which is defined as the scalar sum of all hadronic pr,

Hr = > P, with 7™ = 4.5. (5.20)
k s.t. ‘njk|<77max

In practice, such generalizations of jet vetoes can be employed by requiring, for example,

that the Hr of an event is below some threshold H)*'°, or by setting pyet

proportionally
to ST, on an event-by-event basis. In light this perspectlve7 we briefly explore if alternative
dynamic jet veto criteria can fulfill our main intent of improving sensitivity of multi-lepton
searches for heavy neutrinos. As in section 5.2, signal and background processes are eval-
uated at NLO+PS according to section 3 and the nominal fiducial and kinematic cuts of
eq. (5.9) are applied to jets and the three leading charged leptons after reconstruction.

The motivation for considering alternative measures of leptonic or hadronic activity
stems from the observation in section 4.4 that there exists an entire class of leptonic ob-
servables, not just pT for k =1,...,3, whose distributions are largely insensitive to varying
collider energies. Such a property does not hold in general, as seen throughout sections 4.4
and 5.2. In figure 17, for example, we observed an uptick in the jet multiplicity with
increasing +/s for all processes due, in part, to the opening of phase space.

Now, a consequence of increasing jet multiplicity is the increase in hadronic energy
carried away from the hard scattering process to the detector experiments. To quantify
this, we show in figure 18 the normalized inclusive Hp distribution, as defined in eq. (5.20),
at (a) /s = 14, (c) 27, and (e) 100 TeV, for the C CDY signal process assuming my = 150
(solid) and 450 GeV (dash) as well as the 3¢v (dash-1 dot), WWW (dash-2 dots), and ttfv
(dash-3 dots) background processes. Interestingly, while one sees a considerable broaden-
ing of the Hp for both signal and background processes, the background processes broaden
at a slightly faster rate and is most pronounced for the 3/v and ttfv channels. Moreover,
for increasing +/s, a rightward lurch to larger Hp can be observed in the tffy. The acute
sen81t1v1ty of Hp to collider energy suggests that, like the ratio 7" = pT /pJTI7 the ratio

Dy p /Hr may serve as discriminant to base a veto on hadronic act1v1ty. On the other hand,
the robustness of St over varying collider energy for the signal process suggests that the
ratio Sp/Hp may too serve as a comparable, if not better, discriminant of leptonic and
hadronic activity. To investigate this, in figure 18(b,d,f), we show the ratio 7’15;{7; = Sr/Hr
for \/s =14, 27, and 100 TeV, respectively. Remarkably, as /s increases, the background
processes grow significantly more narrow than the CC DY signal processes and shifts left-
ward to smaller S7/Hyp, suggesting a potentially powerful means to reject backgrounds at
future colliders that inherits the single-scale properties of the p Ly pgp discriminant.

As the W~ — N/ fusion process, as shown in figure 1(c), becomes an increasingly
important production vehicle for heavy neutrinos with masses my = 500 GeV (see figure 3),
it is worth exploring briefly to what extent generalizations of dynamic jet vetoes would
impact sensitivity in the VBF channel. To this extent, we plot in ﬁgure 19 the normalized
NLO+PS distributions with respect to the ratios (a,c,e) T = pT Y/py and (b,d,f) P —
St/Hr, at (a,b) /s = 14TeV, (c,d) 27 TeV, and (e,f) 100 TeV, for the VBF signal process,
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Figure 18. Same as figure 16 but for (a,c,e) Hr as well as (b,d,f) the ratio St /Hrp.

with my = 450GeV (dash), 600 GeV (dash-dot), and 900 GeV (dash-3 dots). Like in
the CC DY signal case, we see broad distributions with most of the phase space favoring
lepton-to-hadron ratios greater than unity. However, for my = 450 GeV, we observe a
larger concentration of VBF events near rfi, rff; ~ 1—1.5, than for the CC DY channel at
the same mass. This is due to the VBF process inherently containing at least one jet with
pjf 2 My /2. Though as noted in section 5.1, the characteristic pgp scale is a property of
the VBF mechanism and is largely independent of heavy neutrino mass. This is unlike pg,l,
which scales with my. Hence, as m increases, both rfll and r}gf; quickly dampen and shift
rightward. The ratio 7‘}31; tends to be lower than rﬁi due to the sizable likelihood of resolving
the forward VBF jet associated with the initial ¢ — ¢y* splitting, which thereby increases
Hp. As a function of collider energy, we see much the same leftward shifts to smaller ratios

as observed in the CC DY and background processes and need not be discussed further.
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Figure 19. Normalized NLO+PS distributions with respect to the ratios (a,c,e) pT/ 1 and (b,d,f)
St/Hr, at (a,b) /s = 14 TeV, (¢,d) 27TeV, and (e,f) 100 TeV, for the W~ fusion (VBF) signal

process, with my = 450 GeV (dash), 600 GeV (dash-dot), and 900 GeV (dash-3 dots).

Further optimization of jet veto selection criteria, such the relative gain (or lack
thereof) of choosing Sr/Hr > 1 as a veto criterion rather than p /p7T > 1, are beyond
the scope of this work and is deferred to future stud1es e g., ref [111]. Similarly, investi-
gations into whether the precise requirement that 7“]1 = pT Lol

choosing, for example, rfl > 0.5 or rfl

context of a multivariate analysis. Regardless, for the remainder of this study, we set as

our dynamic jet veto threshold T‘ﬁi > 1.
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Figure 20. As a function of my, the NLO+PS jet veto efficiency (relative to the fiducial cross

section) for the DY and VBF signal processes as well as representative background processes at

14 TeV, assuming (a) a static jet veto of pye* = 30 GeV and (b) a dynamic jet veto of pyet® = pfi.

5.4 Dynamical jet vetoes at leading logarithmic accuracy

As discussed in section 5.1, a principle consequence of choosing a dynamic p}/,eto in lieu of

a static veto is a reduced dependence of jet veto cross sections on IR and UV cutoff scales,
e.8., [bf, ftr, phs. This is clear at NLO+NNLL(veto) in figure 14, where scale dependencies
reduce from the 1-to-15% level to the sub-percent level for DY production of N. This
subsequently raises two questions:

(i) Does such a reduction also hold for other color structures and scattering topologies
(and hence different radiation patterns)?

(ii) How large is the scale dependence at lower logarithmic accuracies, particularly at LL,
which is universally calculable with parton showers?

Finding a universal reduction in scale uncertainties for jet veto cross sections of processes
with alternative structures and at formally lower precision would facilitate a broad applica-
tion of dynamic jet vetoes in experimental searches. Such a broad, systematic investigation,
however, is beyond the present study but encouraged. Instead, we take a more limited but
highly illustrative first step.

For the DY and VBF signal processes at representative heavy N masses and for rep-
resentative background processes (pp — 4¢, 3lv, ttél, and ttlv), we report the scale
dependence of jet veto cross sections and efficiencies at /s = 14 TeV, up to NLO+PS(LL),
respectively, in tables 2, 3, and 4, and graphically in figure 20. Specifically, we compute the
factorization (us) and renormalization (u,) scale dependence in cross sections when jointly
scanned over a three-point scale variation,'' at LO+PS and NLO+PS. As a normaliza-
tion, we define a generic particle-level, fiducial cross section (4th column) obtained from

"That is, we evaluate (uy, pr) at (2x,2x), (1x,1x), and (0.5x,0.5x) their default/nominal values.
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Charged Current Drell-Yan: pp - N0+ X — 3lv + X
Inclusive Fiducial Fid. Cuts+ Fid. Cuts+
Mass (my) | Observable ) )
(Generator) Cuts Dynamic Veto | Static Veto
NLO+PS +0.6% +0.8% +0.9% +2%
o [ab] | 1257 0%, | 58.17 % 51572 5 36.6 56
gLOTPS [ab] | 104T8% | 48.2%5% 46.27%, 34.972%
5 NLO+PS
s
uts
Fid. Cut
NLO—HLS o +2% +2% +1% —<0.5%
o [ab] | 1.7472% | 1.25%2% 1.2001% ] 0.62875%2
oLOFPS [ab] | 1.5073% | 1.0875% 1.0615:¢ 0.578 2%
O,NLO+PS
O_EL%+PS
11 Cuts
Fid. Cuts
oNEO+PS [zb] | 98472 | 83.173% 81.67 5% 36.47 0%,
oLOPS [zb] | 85.077% | 71.97CE 71.375% 32.57T%
O.NLO—I—PS
s
uts
Fid. Cuts

Table 2. For the CC DY pp — N{+ X — 30v+ X signal process, with e — y/no-7 mixing as given
in eq. (3.18) and representative my, the total inclusive cross section and QCD scale uncertainty

[%] at /s = 14 TeV, the cross section after the nominal kinematical and fiducial cuts of eq. (5.9),

the same with a dynamic jet veto of pyet® = ple, and the same but with an alternative, flavor-

agnostic static jet veto of py°*® = 30 GeV, at NLO+PS(LL), LO+PS(LL). Also shown are the QCD
NLO+PS K-factor and the veto efficiency () relative to the fiducial cross section.

applying the same requirements as given in eq. (5.9) on jets and the three leading charged
leptons in an event. The total inclusive rate, i.e., without kinematic selection criteria be-
yond necessary generator-level cuts, is also reported (third column) for completeness. In
addition to eq. (5.9), we consider the case of a dynamic veto with pyet® = pgﬁ (fifth column)
as well as the case of a static veto with py°® = 30 GeV (sixth column). For alternative
Vs, we conjecture that one should observe comparable changes in scale dependence as
observed in figure 14 and ref. [110]. To quantify the impact of QCD corrections, we report
the NLO+PS K-factor at each cut iteration. The statistical confidence correspond to 500k
generated events, except for the tt¢¢ samples, which correspond to 1M events.
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W~ Fusion: pp - N&j + X — 3lvj+ X
Inclusive Fiducial Fid. Cuts+ | Fid. Cuts+
Mass (my) | Observable
(Generator) Cuts Dynamic Veto | Static Veto
oNEO+PS [zb] | 40875 27115k 248 4% 2241107
gLO+PS [4p] 39175% 2597 2% 23557 23.272%
o NLO+PS
450GeV | K = STOTPS 1.04 1.05 1.05 0.97
oS
uts
IFid. Cuts
oNLOFPS 7] | 10475 75975 74.275% 6.9473%
oLOPS [zb] | 944705 | 68.97 008 | 67.27S0%% | 6.49707%
oNLO+PS
oL
uts
IFid. Cuts

Table 3. Same as table 2 but for the VBF pp — N/j + X — 3fvj + X signal process.

For the DY signal process (table 2), a number of qualitative features can be dis-
cerned: foremost is that the total inclusive, fiducial, and both jet veto scale uncertainties
at NLO+PS are all comparable in size, and span at most £2%; at LO+PS, the uncertain-
ties are 2-to-10x larger, but do not exceed £7%. At NLO+PS, efficiencies span approxi-
mately 90-98% for the dynamic veto and 45-65% for the static veto. For increasing my,
veto efficiencies increase (decrease) under the dynamic (static) veto. Importantly, this is
qualitatively and quantitatively comparable to both the central values and uncertainties
observed at NLO+NNLL(veto), in figure 14. This suggests that NLO+PS provides a good
description of dynamic and static jet vetoes, and sufficient for discovery purposes. For static
vetoes, this is consistent with the findings of refs. [104, 110]. For dynamic vetoes, this is the
first such quantitative comparison between parton showers and higher logarithmic jet veto
resummations. In addition, the spectrum of K-factors indicate the relative contribution
of real and virtual radiation in heavy lepton production via the DY mechanism: at larger
(my/+/s), the inclusive, fiducial, and both veto K-factors are comparable, consistent with
QCD corrections being dominantly virtual. At smaller (my/+/s), more exclusive / less
inclusive final states possess smaller K-factors, indicating the increasing presence of real
radiation. Owing to the uniformity of the NLO+PS K-factors for the dynamic veto, it ap-
pears that modeling the DY signal processes at LO+PS using the scale scheme of eq. (3.16)
and normalizing by a multiplicative K-factor of K = 1.1 is a reasonable procedure. Such
a prescription does not hold for the static veto.
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P Ob bl Inclusive Fiducial Fid. Cuts+ Fid. Cuts+
rocess servable
(Generator) Cuts Dynamic Veto Static Veto
oNLOHPS [h] | 160072 | 63175% | 478T505% 31173
—2% —3% —1% —2%
%o % o o
pp— 3l ULO+1I\)IiO[fbllS 94175% 351707 335120 26315
+
o
oAt
uts
9Fid. Cuts
oNLOHPS [fp] | 2197 505% | 111H05% | 97.87595% 71510
LO+PS +10% +7% +7% +7%
pp — 4L o +NLO[fng 159711% 81'1—8% 78.878% 63'5—8%
+
o
o
oKL
. uts
Fid. Cuts
oNFOHPS [fh] | 24.0770% | 11.9710% | 40478 | 92.1712% <1073
pp—ttly | oLOTPS [fp] 15.228% | 7.69723% 2.817258% 62.7719% 1073
NLO+PS
o
o
oAt
uts
9Fid. Cuts
oNLOFPS () | 10877 | 354797, | 9.68T9% | 458138 <1073
pp— 800 | gMOTPS [fb] | 72.7T0% g 0T 1 4 85TA | 04 1T 1073
NLO+PS
o
oL
. uts
Fid. Cuts

Table 4. Same as table 2 but for representative SM background processes.

For the W+ signal process (table 3), the overall behavior is comparable to the DY
channel. First we observe that the inclusive, fiducial, and dynamic veto rates exhibit a
common O(5)% scale uncertainty at NLO+PS, for both intermediate (450 GeV) and large
(900 GeV) mp. As discussed in section 4.2, this is larger than the scale dependence at
LO+PS and is driven by subprocesses sensitivity to the gluon PDF. For the static veto at
large my, a similar scale dependence is observed at NLO+PS and LO+PS; for intermediate
mpy, the scale dependence increases by about 2x, reaching values as large as O(10)% with a

— 64 —



K-factor of K < 1. Like the DY channel, the dynamic jet veto efficiency is about 90 — 98%.
For the static veto, the situation is more dismal, with efficiencies of @(10)% due to the pr
of the leading jet scaling as p]T1 ~ My /2, which is above the threshold. While the precise
choice of p¥e*® = 30 GeV and the |n|-window are somewhat arbitrary, the principle at hand
remains: for the mass scales under consideration, VBF topologies are not robust against
arbitrary static jet vetoes due to the presence of forward, high-pr jets. We conclude that
modeling the signal process at LO+PS with a QCD K-factor of 1 — 1.05 for a static veto
and 1.05—1.1 for dynamic veto is a sufficient description of the VBF processes at NLO+PS.

Turning to our representative backgrounds (table 4), the situation is more complex.
Beginning with the pp — 3¢v process (first row), one notices first the large difference be-
tween the NLO-+PS and LO+PS cross sections for the inclusive, fiducial, and dynamic
veto rates. The K-factors span K ~ 1.4 — 1.8 and are much larger than what the
LO+PS scale dependencies, which span O(5 — 10)%, would suggest. The uncertainties
at NLO+PS span O(1 — 3)% for all four rates, and are in-line with fiducial predictions up
to NNLO [262-265, 272, 273]. The huge increase is due to a radiation zero [254-259] in the
qq — W~ process, which suppresses the Born rate, and is broken in the g¢’ — W~®g
and g¢’ — W~®™ gg sub-processes. For the static veto, the K-factor is K ~ 1.2, indicating
the modest size of virtual and unresolved real radiation. For the dynamic and static vetoes,
the efficiencies are about 75% and 50%, respectively, showing the utility of jet vetoes even
on EW background processes. Due to a much weaker radiation zero, the pp — 4¢ process
(second row) exhibits a smaller K-factor but much the same scale uncertainties at NLO+PS
and LO+PS. Therefore, aside from a slightly larger veto efficiency of € ~ 90% and 65% for
the dynamic and static veto, respectively, the channel needs not to be discussed further.

Qualitatively, the top quark channels pp — ttfv (third row) and tt¢¢ (fourth row) ex-
hibit a very different scale dependencies and veto efficiencies than the 3¢v and 4¢ processes.
The pp — ttlv (ttll) process reveals K-factors of K = 1.45 — 1.6 (1.45 — 1.75) across all
rates, with O(20 — 30)% uncertainties at LO+PS that reduce to O(10)% at NLO+PS. At
NLO+PS, the dynamic (static) veto cross section possesses a scale dependence a bit lower
(larger) than this average; the difference between the two is about 1.7—2x. Notably, in the
absence of other selection criteria, the dynamic and static veto efficiencies differ radically,
with about 30% and < 1%, respectively. The very low static veto efficiency is due almost
entirely to the existence of two high-pr b quarks in the decays of the ¢t pair. The much
higher efficiency (but still low in absolute terms) observed for the dynamic veto is due to
the prompt (¢v) system is recoiling against a larger multi-body system. Roughly, boosting
this prompt charged lepton by an additional 10 GeV translates to only a 5 GeV recoil to
each b quark, and therefore permits the low-plr} tail of events to pass the veto. This sug-
gests, however, that alternative dynamic choices for p¥6t°, such at p¥et° = peT2 or pfi,?, could
further lower the dynamic veto efficiency. (We have verified this but find the improvement
unnecessary due to other cuts applied.) Numerically, the ¢t£¢ process contains larger K-
factors after cuts than the ¢t/v. This is attributed to the presences of contributions like
gg — ttll, which are present at the Born-level, and receive larger virtual corrections than
the ttlv process, which is strictly initiated by (¢q’)-annihilation at LO.
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Collectively, the results of this section are summarized and illustrated in figure 20 for
both the (a) static and (b) dynamic jet vetoes.

6 Observability of heavy neutrinos at hadron colliders

In sections 4.4 and 5, we established the existence of measures for lepton and hadronic
activities that remained robust to changes in collider energies. We also argued that when
such measures are used together, namely a dynamic jet veto in conjunction with exclusive
S, the combination can appreciably improve signal acceptance and background rejection.
We now turn to quantifying the impact of a dynamic jet veto on the discovery potential
of trilepton searches for heavy neutrinos. The remainder of this section continues as fol-
lows: in section 6.1, we describe our collider detector modeling, including object definition
requirements and tagging/misidentification rates. We continue in section 6.2 with defining
our proposed dynamic jet veto analysis and benchmark trilepton analysis, which is based
closely on the y/s = 13 TeV CMS analysis reported in ref. [76]. Finally, in section 6.3, we re-
port our results for search prospects for Dirac and Majorana neutrinos at the /s = 14 TeV,
as well as projections for a 27 TeV HE-LHC and a hypothetical 100 TeV VLHC.

6.1 Hadron collider detector modeling

In this section, we describe our modeling of a generic LHC detector experiment. The
fiducial volume and segmentation are based on the ATLAS [279-281] and CMS [282-284]
detector experiments. Detector response modeling, particle identification (PID) tagging
and mistagging rates, as well as kinematic and isolation acceptances/thresholds, are based
on published physics analyses, dedicated calibration and detector performance studies,
where publicly available, and published trigger menus, all of which we now summarize.

Global fiducial volume. Our analysis starts from the particle-level event samples de-
scribed in section 3. Particle-level objects are stable on a detector’s length scale and
assumed, momentarily, to be reconstructed with 100% efficiency if they fall within a sub-
detector’s fiducial volume. All objects with ultra forward rapidities, i.e., |y| > 5, are ig-
nored outright. Electrons, muons, hadronically decayed tau leptons (7), and photons that
fall outside the electromagnetic calorimeter (ECAL) coverage, i.e., |y| > 3, are relabeled
categorically as light jets.

Detector response. We next smear the momenta of these objects according to their
(potentially new) PID. For all objects we employ a Gaussian smearing profile. Explicitly,
this means that for some kinematic observable @, e.g., 0= pr or E| its value is perturbed
randomly according to a normal distribution centered on the original value of O with a
spread of o4, i.e.,

O — O = O + Caus[u = 0, 05 (6.1)

In this language, the resolution (8) of O is the (dimensionless) quantity, § = op/ O. The
4-momentum is then recalculated assuming that the direction of a relativistic particle
always remains unchanged. This is done because the direction of an infinitely energetic
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stable object can be measured in hermetic detectors with high certainty, unlike its energy.

Momentum reconstruction for electrons, photons, jets, and hadronic taus is determined

largely through calorimetry. Hence, we smear their momenta via shifts in their energies.
For electrons and photons, the energy smearing is parameterized by [152, 285, 286]

Ope = beE x B¢ and Opy = bré x E7. (62)

Here by, = 2% for Ep < 500 GeV, at all n. For larger Er, b% = 4 (6)% for objects inside
(outside) the central barrel, which extends to |n| < 1.444. For simplicity, electrons and
photons are treated identically and so we set bVE = b%.

For jets, we combine the energy smearing adopted in the 13 TeV pp — tt +nj analysis
of ref. [287], which exploits energy resolution measurements for R = 0.5—0.7 jets [287, 28§],
with pp smearing based on a dedicated calibration of R = 1.0 jets [289]. Jet energies and
pr are varied independently so that changes in a jet’s momentum are translated into a shift
in the jet’s mass, again leaving the 3-momentum direction unmodified. Like electrons and

photons, the jet energy smearing is given by
o = by x E, (6.3)

where the coefficient is b{E = 3% (5%) for central (forward) jets with rapidities satisfying
lyl <3 (Jy| > 3) [288]. From ref. [289], one can extract the jet pr-smearing function

pr

B
0, =ax (GeV) « 1GeV, where o= 110% and 8 ~ 0.52. (6.4)

For jets with pgp € [250 GeV, 1.5 TeV], ref. [289] reports that the power-law expression and
the values of the coefficients are nearly uniform over the most central region of the ATLAS
detector’s barrel. We therefore extrapolate this to all jets with |y| < 3. Outside this pr
window, we assume a linear function with coefficients set by the boundaries of eq. (6.4),

0, = b X pl, (6.5)

where ), ~ 7.6% (3.2%) for pl, < 250 GeV (p}, > 1.5 TeV). For forward jets with |y| > 3,
we use a blanket, y-independent coefficient of bg,T ~ 7.6%. As 713,’s are experimentally a
special class of jets, we apply the same smearing protocol to them as we do to QCD jets.
The momenta of muons are determined via track curvature. Hence, their smearing is
modeled correspondingly through shifts in pr, with deviations (O'p; ) parameterized by.

Opp = st P (6.6)

Here, a,p = 10% TeV~! and 20% TeV~! for central (|n*| < 0.9) and forward (|n*| > 0.9)
muons, respectively [152, 285].

PID tagging and mistagging. Summarily, PID tagging (e'®) and mistagging
(Mis=Tag.) probabilities are estimated from published ATLAS and CMS physics analyses
and detector performance studies. For a given object, PID tagging/mistagging is imple-
mented simply by comparing a randomly generated number (with TRandom3: :Uniform())

to the probability, which may depend on pp.
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We first check if b-jets survive the tagging cull using the DeepCSV (loose) efficiencies
as a function of jet pp, as reported in ref. [253]; those that do not survive are hence-
forth identified as light jets. Next, 73, are checked using the pp-dependent er,-Era-2017-F
tagging efficiencies of ref. [278]; those 73, that are not tagged are identified as light jets.
Tp-tagging rates span (roughly) €™ 7™ ~ 35 — 95% for pr 2 30 GeV [278]. After, genuine
light-flavor QCD jets (and charged leptons and photons that are outside the ECAL cov-
erage) are checked if they are misidentified first as (a) b-jets according to ref. [253], the
rates of which span €7 ~ 1 — 3% for pZ;F > 20GeV; then as (b) 7, assuming the pp-
dependent Tight MVA Discriminant rates of ref. [193], which span €/ ~ 0.01 — 1% for
pjf > 20GeV. As a consistency check, any b-tagged jets with |y/| > 2.4 and pjT < 25GeV
is reclassified as a light-flavored jet. The electric charge of jets misidentified as 73, is as-
signed with equal probability. Genuine b-jets and 75, that are misidentified as light jets are
grouped with light-flavored jets that survived mistagging.

We also take into account the possibility of a light QCD jet being misidentified as an
electron/positron, which is a main component of the “fake lepton” background in heavy
neutrino trilepton searches [34, 76]. For those background processes where such an occur-
rence is potentially important (see section 3.3), on an event-by-event basis we randomly
choose a jet from the event (using TRandom->Integer ()) and relabel it either an electron
or positron (with equal probability). The likelihood (weight) for the event itself is then
re-weighted uniformly by a factor of €/7¢ = 7.2 x 1075 [192], independent of jet kinemat-
ics. Throughout the analysis, electron/positron charge mis-measurement is neglected; for
dedicated searches for LNV, this is a poor

Isolation and analysis-object definitions. Stable electrons and muons (¢*) are con-
sidered hadronically isolated when the sum of the total hadronic Er within a distance of
Rax centered on the lepton candidate is less than a fraction Efilad. Iso, Of its Ep. Symboli-
cally, this is given by

IIliIad. Iso. = Z E%/Eg“ ~ Z E%//Eg“ < Efilad. so. f0or ARgs < Rpax. (67)
ke{had.} k' e{jets}

Following ref. [76], we use a loose isolation criterion and set z—:ﬁad o, = 30%, Rmax = 0.3.
Reconstructed jets, and hence 75, [290], are inherently isolated from other pockets of
hadronic activity since they are built up from sequential jet clustering algorithms. Further-
more, two leptons ({1, 2) are considered leptonically isolated if they satisfy the separation,

ARgl,b > 0.3. (6.8)

At /s = 14 TeV, analysis-quality charged leptons and jets are subsequently defined as
isolated objects satisfying the following fiducial and kinematic criteria:

ps W Ik Y S 15 (15) [30] {25} GeV,  with (6.9)
| < 2.4, || <4.5, and |5 < 1.4 or 1.6 < |n°| < 2.4. (6.10)

We stress that in hadron collisions, not all isolated objects satisfy the above requirements.
In particular, stray QED emission off electrically charged leptons and partons can give rise
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Signal Category | cLFC/V | |Von| VN | |VN| Signal Process
EE cLFC #0 = = pp — ete Ly
EMU-I cLFV pp — eelx +eTpuFm,
#0 | =|Venl| =0
EMU-II cLFV pp — pplx
ETAU-I cLFV pp — eFrily +etel;
A0 | =0 | =V o
ETAU-II cLFC PP — Ty Ty, Th+ Ty Ty, M
MUTAU-I cLFV pp — pETTlx + pt Tl
=0 40 = V.| o o
MUTAU-II cLFC PP = Tp T, Th + T T €
MUMU cLFC =0 #0 =0 pp — ptplx
TAUTAU-1I cLFC — Tl 1T
—0 | =0 £0 TG
TAUTAU-II cLFC pp — T, T Ux + 7T L

Table 5.
(N), underlying mixing hypotheses, whether the signal process is charged lepton flavor-conserving
(cLFC) or -violating (cLFV). Here {x € {e,u,mn}, li,l; € {e, 1}, and no % indicates that both
lepton charges are permitted.

Signal categories for trilepton signal processes mediated by a heavy Dirac neutrino

to central, soft electron and muon pairs; relatively soft muon pairs and 75, can also originate
from decays of hadronic resonances; and hard, non-diffractive hadron collisions inherently
give rise to forward, low-pr jets due to color conservation and confinement.

Independent of the multiplicity of analysis-quality objects and as a proxy for the net im-
pact of energetic, final-state, light neutrinos, we define the transverse momentum-imbalance
vector (#r) and its magnitude (MET) by the following:

MET =|jr|, where fr=- > pf.
ke{Vis.}

(6.11)

The summation here is after smearing and over all visible objects within the fiducial volume
of the detector. The exception to this are reconstructed jets with pr < 1 GeV.

6.2 Signal process and collider signature definitions

We now describe our proposed dynamic jet veto and benchmark analyses at /s = 14 TeV.

Dynamic jet veto trilepton analysis at the /s = 14 TeV LHC. As our underlying
signal process, we consider the inclusive production of a single heavy neutrino N and a
charged lepton £y through the CCDY and W~ VBF processes, with N decaying through
a SM charged current to a fully leptonic final state, given by

pp— NAny + X, with N — by W = by l, v (6.12)

In accordance to the benchmark active-sterile flavor mixing scenarios, given in eqgs. (3.17)
and (3.18), we define several flavor permutations for our signal process, which we categorize

- 69 —



by flavor-hypothesis and summarize in table 5. For a particular signal category, we define
our collider signature as precisely three analysis-quality charged leptons and MET,

pp — U1 0o ls + MET + X, for ¢ €{e,p,1}. (6.13)

Here the charged leptons ¢}, (as well as all other objects) are ordered according to their pr,

with p? > pgﬂ

jets. To minimize contamination from multi-EW boson processes, we reject events with

, and, as above, X denotes an arbitrary number (including zero) of high-pp

four or more analysis-quality charged leptons, but remain inclusive with respect to charged
leptons that do not meet the analysis object definitions in section 6.1.

We remove Z pole events and the low-mass SM Drell-Yan spectrum by requiring the
following invariant mass cuts on sets of analysis-quality charged leptons:

mMy; > 10 GeV, |mgig]. - M2’ > 15GeV, |m3g — Mz| > 15 GeV. (6.14)

Dilepton invariant masses are built from all possible (£;¢;) permutations, independent of
flavor or electric charge, to suppress electric charge mis-measurement and fake leptons. The
trilepton invariant mass suppresses contributions from rare, but nonzero Z — 4¢ decays.

To curb EW, top quark, and fake backgrounds, we impose a dynamic central jet veto,
namely the so-called “safe jet veto” [71], and set on an event-by-event basis

Pyt = pht. (6.15)

More precisely, we require that all analysis-qualitatively jets possess pp less than the pp
of the event’s leading charged lepton. Events with any number of analysis-quality jets
possessing a pr greater than the event’s leading charged lepton are cut. We reiterate that
the jet veto does not eliminate all jet activity in the event. We remain inclusive with respect
to soft and forward hadronic activity: events may contain an arbitrary number of jets with
pr < max(25 GeV,pgl) and/or |y| > 4.5. (We briefly report that a slight improvement in
the S/B ratio was observed when setting p},/eto = pé?; the effect was less pronounced for
the trailing charged lepton. We encourage further investigation into the matter.)

To further repress EW and top quark production, we demand for ¢y, ..., ¢s, that
St > 125 GeV. (6.16)

This requirement severely impacts the survival of continuum 3¢r and 4¢ processes since
such cross sections scale inversely with Sy, with o(pp — nl + X) ~ 1/M2, ~ 1/52..

As a proxy to the mass of N, we build the multi-body transverse mass variable (Mpys7),
2

Mir; = [\/p%(éos) +mijos + \/pw?s, 7r) + Mg,
— [r(eO8, 685)+ 7r]”, i=1,2 (6.17)

for both opposite-sign (OS) and same-sign (SS) charge lepton permutations allowed for a
Dirac neutrino. Of the two M MT,i, we choose the one (MT) closest to our mass hypothesis

(m}]l\?’pmhem) and select for events satisfying

—0.15 % ml]l\?/pothesis < (MMT B ml]l\?/pothesiS) <0.1x ml]l\?/pothesis‘ (618)

The dependence of the mass-window on m};\}'pomem reflects two realities:
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Shared Analysis Object Requirements at /s = 14 TeV
anti-kr (R =1) jets, Ifjq 1e0. <0.1, ARy, >0.3,
po W I 0Y S 45 (15) [30] {25} GeV,
Intr| < 2.4, |pf| <45, [n°l<ldor 1.6 < |n°| < 2.4
Safe Jet Veto Analysis at /s = 14 TeV
M, > 10GeV,  |mee, — M| >15GeV,  |mg — My| > 15 GeV,
pyeto =pht Sp>125GeV,  —0.15 x mPOPES < (N — miyPOIS) < 0.1 x plyPothesis
Benchmark “Standard” Analysis at /s = 14 TeV
mee; > 10GeV,  |my, — Mz| > 15GeV,  |mg, — Mz| > 15GeV,
phrTEEed <95 GeV, plt > 55GeV, p2 >15GeV, mg > 80 GeV

Table 6. Summary of /s = 14 TeV (top) analysis object requirements; (middle) selection cuts for
safe jet veto analysis (this study); and (bottom) selection cuts for benchmark analysis.

(i) The total width of TeV-scale N can be numerically large (though still perturbative),
since Iy ~ Gpm3; 3" |V[?, and intrinsically broadens the true value of Myp. As we
consider mpy > 150 GeV, the mass window is never smaller than fég 8%

(ii) Experimental resolution and the presence of MET also feed into the broadening of
reconstructed MT.

The asymmetrical requirements reflects the asymmetric nature of multi-body cluster mass
variables; see figure 13. The precisely boundaries of —15% and +10%, however, are some-
what arbitrary and can be tuned for optimization. In practice, application of the above
selection cut is no different from mass hypothesis-dependent diphoton or 4-charged lepton
invariant mass requirements used in searches for the SM-like Higgs boson [291, 292].

We summarize the above selection cuts in the top two rows of table 6. The corre-
sponding selection cut acceptance rates [ab] and acceptance efficiencies [%] in parentheses,
at NLO+PS, and with scale dependencies [%)], are tabulated in table 7 for representative
CC DY and W+ fusion signal processes. For concreteness, table 7 reflects the production
of a heavy Majorana neutrino assuming the EMU-II flavor configuration of table 5 with
mixing normalization given by eq. (3.18). Other flavor categories reveal comparable rates.
Decays of W bosons to 7 leptons that can decay leptonically or hadronically are included;
for additional simulation inputs and modeling details, see section 3. In the third row are
the generator-level cross sections and scale uncertainties for inclusive pp — N/X produc-
tion. In the fourth row, cross sections, uncertainties, and efficiencies are listed after the
application of the EMU-IT signal category criterial, momentum smearing, kinematic and
fiducial cuts for analysis objects identification requirements (see top row of table 6), and
PID misidentification (mis-PID). A severe reduction of rate spanning 17 —34% is attributed
to two major factors: branching fractions that contribute to the EMU-IT signal category and
selection efficiencies for light charged leptons. For the CC DY process with my = 150 GeV,
the reduction is about € ~ 50 — 52% and ¢ ~ 34 — 40%, respectively. The poor lepton
efficiency is the compounded consequence of requiring three charged leptons, with an av-
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erage acceptance rate of 70 — 75%/lepton, and is driven by charged leptons with |n‘| > 2.5
and pr < 15 —30GeV. For my > 150 GeV, this is a slightly weaker effect; for additional
details, see text associated with figure 7. The following three rows display the impact of
lepton cuts, the dynamic jet veto, and mass-hypothesis cut. For my = 450 — 900 GeV, we
observe moderate-to-high acceptance rates for the lepton cuts, universally high acceptance
rate for the jet veto, and moderate rates for the mass hypothesis cut. As discussed below
eq. (4.41), no attempt was made to optimize the efficiency of the multi-body transverse
mass cut but believe further investigation can yield fruitful results. In summary, the overall
acceptance rates, relative to signal categorization and object identification,
O.All Cuts

A= (6.19)

O-Cat. Sm.+Kin.+Fid.’

span about A ~ 20% for my = 150 and A =~ 45 — 55% for my = 450 — 900 GeV.
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“Standard” trilepton analysis at the LHC. Searches for heavy neutrinos in multi-
charged lepton final states have long been well-motivated since they compliment dilep-
ton, one-lepton, and zero-lepton search channels. Subsequently, strategies premised and
centered on the existence of high-pr charged leptons, such as those as proposed in
refs. [34, 35, 48, 79], are now standardized; see, for example, the LHC searches of ref. [76].
The analysis we propose qualitatively differs from these studies in several respects:

(i) The primary difference is our use of a flavor-independent, dynamic jet veto; afore-
mentioned studies consider at most a veto on b-tagged jets.

(ii) Our requirements on individual charged leptons are relatively lax and uniform; pre-
vious studies tend to employ different, but nonetheless stringent, kinematic criteria
for leading and non-leading charged leptons.

(iii) We set stringent kinematic requirements on global leptonic activity.

In a sense, our analysis takes advantage of and discriminates against the differences in
local hadronic and global leptonic activities of signal and background processes in hard pp
collisions. This analogy is made firmer by our use of R =1 jets.

It is therefore useful to quantify how our proposed analysis can improve (if at all)
the anticipated LHC sensitivity. To this extent, we also consider an alternative “standard
analysis” based closely on the CMS collaboration’s trilepton heavy neutrino search at Run
IT of the LHC [76]. We define this benchmark analysis assuming the same lepton flavor
collider signature of eq. (6.13). After imposing the same leptonic invariant mass cuts of
eq. (6.14), we impose the kinematic criteria on an event’s three charged leptons:

Pt >55GeV, p2>15GeV, ma > 80GeV. (6.20)

We refer readers to ref. [76] for the justification of these cuts. Events with at least one
analysis-quality, b-tagged jet are vetoed. The “standard analysis” selection cuts are summa-
rized in bottom row table 6. Remarkably, under the same active-sterile mixing hypothesis
as ref. [76] and the same integrated luminosity at /s = 14TeV as reportedly used for
13TeV (£ ~ 36fb~!), we find good agreement with their expected sensitivity. Our imple-
mentation is slightly less sensitive than ref. [76]. This serves as a highly nontrivial check of
our signal and background modeling, including “fake” leptons, and our detector modeling.

6.3 Results: sensitivity at the LHC and beyond

In this section, we report the main results of our study, namely, the anticipated sensitivity
to heavy neutrinos via the trilepton signature at current and future hadron colliders. Our
findings are organized according to the following: in section 6.3.1, we present the sensi-
tivity to heavy Dirac neutrinos at the 14 TeV LHC, under various active-sterile mixing
hypotheses, using our proposed dynamic jet veto analysis as well as the benchmark anal-
ysis. In section 6.3.2, we repeat the exercise but for heavy Majorana neutrinos. Finally,
in section 6.3.3, we show the sensitivity to heavy Dirac neutrinos at the LHC’s proposed
27 TeV upgrade and a hypothetical 100 TeV successor collider.
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In all cases, we report the sensitivity assuming Gaussian statistics. That is, for N )

signal (background) events expected with an integrated luminosity of £ and a cross section

All Cuts

of T ()

after all selection cuts are applied, the signal significance (S) is quantified by

NS uts
= . Ny @) = Lx oty ™. (6.21)
V/Ns + Ny(1+ 8)

A background systematic factor of §, = 0.1 is applied to account for mismodeling of SM
background processes, e.g., missing higher order QCD corrections and subleading processes,

and detector effects, e.g., non-perfect electron and muon identification. For a given £ and

o Cuts o particular mass and mixing hypothesis (my, |Vynv|?) can be falsified at the

All Cuts

. results

(approximately) 95% confidence level (CL) if the corresponding signal rate o

in a significance of § > 2. Fixing instead Sgs = 2, we can invert this inequality into an

All Cuts

4 at a given £, which we label oy,

1+\/1+4[,><0b2(1+5b)
895

95% CL upper bound on o

2
395

2L

g5 = (6.22)

Using the relation between the bare cross section and mixing Sy given in eq. (4.7), the
upper bound og5 can then be translated into an upper bound on Sy at the 95% CL:

H/ZN‘Q’V@N‘Q 095 O_All Cuts
S = TwE S ST gy 0 gt (6:23)
ox IVExN 0 N
All Cuts

where oy is the bare cross section as derived from o and any of the mixing hypothe-

S
ses Sg,ypo' in table 5. We report our results in terms of the 95% sensitivity to Sy, or

equivalently |Vyn|? given our mixing hypotheses, as a function of heavy neutrino mass my.

6.3.1 Heavy Dirac neutrinos at the /s = 14 TeV LHC

Throughout this section, we report the 95% CL sensitivity to active-sterile mixing |V4| as
a function of heavy neutrino mass N using the proposed dynamic jet veto trilepton analysis
(solid) and the benchmark trilepton analysis (dash) for the signal categories as defined in
table 5. We use the mixing hypotheses as given in eq. (3.18), which assumes N couples
to only two charged leptons with equal strength, and eq. (3.17), which assumes N couples
to only one charged lepton. We refer to the two mixing scenarios, respectively, as the
charged lepton flavor violation (cLFV) scenario and the charged lepton flavor conservation
(cLFC) scenario. We assume the nominal LHC and HL-LHC luminosity benchmarks of
L = 300fb~! (darker, upper curves) and 3ab~! (lighter, lower curves) at /s = 14 TeV.
Also shown for references are limits on |Ve4| and |V,4| from direct searches for the trilepton
process by the CMS experiment at /s = 13 TeV using £ ~ 36fb~! of data [76].

In figure 21, we plot the anticipated sensitivity to the trilepton process for the cLFV
scenarios: (a) EMU-I, (b) EMU-TI, (c) ETAU-T, (d) ETAU-II, (e) MUTAU-T, (f) MUTAU-II. We
observe several common features:

(i) For the lowest masses considered (my = 150—300 GeV), we find that the dynamic jet
veto analysis improves the sensitivity only marginally compared to present strategies.
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Figure 21. 95% CL sensitivity to active-sterile mixing |V;4| as a function of heavy neutrino mass N
using the proposed dynamic jet veto trilepton analysis (solid) and the benchmark trilepton analysis
(dash), assuming £ = 300fb~! (lower) and 3ab~! (upper) at /s = 14 TeV, for the charged lepton
flavor violating signal categories (a) EMU-I, (b) EMU-II, (c) ETAU-I, (d) ETAU-II, (e) MUTAU-I, (d)
MUTAU-II, as defined in table 5. Also shown are limits from direct LHC searches [76].
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Figure 22. Same as figure 21 but for the charged lepton flavor conserving signal categories (a) EE,
(b) MUMU, (c) TAUTAU-I, and (d) TAUTAU-II as defined in table 5.

This is attributed, in part, to the stringent St cut in eq. 6.16, which greatly overlaps
with the signal region for the lightest /N, and to our preferred choice of transverse
mass variable mass (see discussion near eq. (4.41)).

For the highest masses (my = 1 — 2TeV), we find that the new analysis improves
sensitivity by roughly 7 — 15x at £ = 300fb~! and well over 10x at £ = 3ab~!.

This increase in improvement is so large that for much of the mass range considered,
the dynamic veto analysis with £ = 300fb~! performs better than the standard
analysis at 3ab~!l.

For most cases, we see that mixing as low as |Viy|?> ~ 3 — 6 x 10~ can be probed for
my < 300GeV and as low as ~ 5 x 1073 for mpy ~ 1 TeV.

The exceptions are (d) ETAU-II and (f) MUTAU-II, which include fewer sub-channels than
other signatures and also suffers from double and triple 7,-tagging. For these channels,

the sensitivity is uniformly reduced by about one order of magnitude. The similarity
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Figure 23. Same as figure 21 but for a single Majorana N in a phenomenological Type I Seesaw.
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Figure 24. Same as figure 22 but for a single Majorana N in a phenomenological Type I Seesaw.

in reach across the various flavor scenarios follows from the near identical nature of the
collider signatures themselves (see table 5), meaning that differences are due to particle
identification. Furthermore, for my = 300 GeV, the improvement of the trilepton analysis
now makes it competitive in sensitivity to hadron collider searches for LNV mediated by
heavy Majorana neutrinos [34-37, 39], which possess considerably fewer backgrounds than
the trilepton signature.

In figure 22, we plot the anticipated sensitivity to the trilepton process for the cLFC
scenarios: (a) EE, (b) MUMU, (c) TAUTAU-I, and (d) TAUTAU-II. Qualitatively, the relative
improvement of the dynamic jet veto analysis over the standard analysis is largely the same.
An interesting exception to this is (d) the TAUTAU-II signature, where the performance
of the standard analysis is noticeably better for my < 300 GeV. Here, we believe that a

Veto — pfiﬁ actually does more harm than good since all three charged

dynamic veto of pp
leptons carry significant less momentum than the scaling behavior summarized in eq. (4.38).
For 7 — 7, + v decays, one expects 7, to carry only about half the momentum of the
parent 7 lepton; likewise, for 7 — e/u + 2v, the e/u carries only about a third of the

original momentum. This implies that the p¥et° threshold is much lower in reality, and
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Analysis Object Requirements Changes at /s = 27 TeV
Py > 30GeV
Analysis Object Requirements Changes at /s = 100 TeV
po W - A3Y 5 90 (20) [35] {35} GeV
Safe Jet Veto Analysis Changes at /s = 27 (100) TeV
St > 150 (175) GeV

Table 8. Relative to table 6, the changes to the analysis object requirements at (top) /s = 27 TeV
and (middle) /s = 100 TeV; (bottom) changes to the safe jet veto analysis at /s = 27 (100) TeV.

reduces signal acceptance, as see in figure 14. Quantitatively, we see a uniform reduction
in sensitivity by nearly a factor of 2x with respect to the cLFV cases. This is due to a
smaller pp — N/X production cross section for N coupling to only one charged lepton, the
difference being oo, = o(IN¢1X) as oppose to oo, = (Nl X) 4+ (Nl X).

6.3.2 Heavy Majorana neutrinos at the /s = 14 TeV LHC

For completeness, we now report the impact of our proposed dynamic jet veto analysis at
Vs = 14TeV for a single Majorana N in the context a phenomenological Type I Seesaw.
The analysis and signal categories are unchanged from the Dirac case, in section 6.3.1. The
sole exception to this is the construction of the multi-body transverse mass variable (M),
in eq. (6.17). As described in section 4.4, for Dirac neutrinos, only two permutations of the
three-lepton system can possibly reconstruct to the true M, of N by charge conservation;
for Majorana neutrinos, there are four. Hence, we consider all four combinations in our
brute force guess-and-test determination of the My closest to our hypothesis my.

In figure 23, we plot the anticipated sensitivity to the trilepton process mediated by a
single Majorana neutrino for the cLFV scenarios: (a) EMU-I, (b) EMU-II, (c) ETAU-I, (d)
ETAU-II, (e) MUTAU-I, (f) MUTAU-II. In all cases, we observe very comparable sensitivity for
the Majorana neutrino scenario as we do for the Dirac neutrino scenario. For the benchmark
trilepton analysis, the two sets of results are nearly indistinguishable, which follows from
the analysis being largely independent of the heavy neutrino’s Majorana character. For
the dynamic veto analysis, the Majorana case features a slightly worse sensitivity, which
we attribute to the increased likelihood of building the incorrect M.

In figure 24 we plot the anticipated sensitivity to the trilepton process for the cLFC
scenarios: (a) EE, (b) MUMU, (c) TAUTAU-I, and (d) TAUTAU-II. Again, little difference
between the Dirac and Majorana cases are observed and need not be discussed further.

6.3.3 Heavy Dirac neutrinos at /s = 27 and 100 TeV

Encouraged by the improved sensitivity of trilepton searches to Dirac neutrinos at /s =
14 TeV, we consider the sensitivity one may have at a successor of the LHC [27, 29-31, 33].
In particular, we consider the proposed HE-LHC at /s = 27 TeV with £ = 3 and 15ab~!
of data, and a hypothetical /s = 100 TeV VLHC at £ = 15 and 30ab~!. We follow the
Snowmass 2013 recommendations [27] and assume the LHC fiducial detector coverage and
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Figure 25. 95% CL sensitivity to active-sterile mixing |V4| as a function of heavy neutrino mass
using the proposed dynamic jet veto trilepton analysis assuming benchmark integrated luminosities
at /s = 14, 27, and 100 TeV, for the charged lepton flavor violating signal categories (a) EMU-I,
(b) EMU-II, (c) ETAU-I, (d) ETAU-II, (e) MUTAU-I, (d) MUTAU-II, as defined in table 5. Also shown
are limits from direct LHC searches [76], indirect global constraints [136], and perturbativity.
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(mis)tagging efficiencies for all three collider scenarios. As stressed in figures 7 and 10,
restricting the 7 coverage for charged leptons to only |n| < 2.5 has a detrimental impact on
signal acceptance and background rejection efficiencies at higher collider energies. Hence,
the results reported here are conservative. All signatures remain unchanged from the
definitions in table 5. Only minor changes to the definitions of analysis-quality objects
given in eq. 6.10 for /s = 14TeV. The only notable change in our analysis is a slight
increase in the S7. These changes to our collider analysis are summarized in table 8.

In figure 25, we plot the 95% CL sensitivity to active-sterile mixing |Vy4] as a function
of heavy neutrino mass using the proposed dynamic jet veto trilepton analysis assuming
benchmark integrated luminosities at /s = 14, 27, and 100 TeV, for the charged lep-
ton flavor violating signal categories (a) EMU-I, (b) EMU-II, (c) ETAU-I, (d) ETAU-II, (e)
MUTAU-I, (d) MUTAU-II, as defined in table 5. We also show limits from direct LHC searches
for the trilepton process [76], the indirect global constraints [136] listed in eq. (2.24), and
perturbativity requirements on the heavy neutrino’s total width, as given in eq. (2.27).

Globally, we see a promising picture: in absolute numbers, with £ = 15 ab™! at
V/s = 27TeV, one can probe mixing below |Vyy|? = 1072 (1073) [2 x 107%] for my <
3500 (700) [200] GeV. At 100 TeV with £ = 30 ab™!, one can probe mixing as low as 9x 107°
for my < 200GeV, below 1073 for my < 4TeV, and below 1072 for my < 15TeV. In
relative terms, for the EMU cases, we see that the HL-LHC can surpass EWPD constraints
for my < 200 GeV over the program’s lifetime. This extends up to my < 450 (4000) GeV
at that HE-LHC (VLHC) for its benchmark data cache. For the ETAU scenario, remarkably,
one can surpass sensitivity set by EWPD with as little as £ = 300fb~! at /s = 14 TeV for
my < 200 GeV. For the HL-LHC, this extends to my < 500 GeV. At /s = 27 (100) TeV,
this is extended further to my < 2 (12) TeV. For the MUTAU, the case is similar in absolute
reach but marginally weaker in relative reach due to stronger limits on y — 7 mixing.

In figure 26, we show the results for the charged lepton flavor conserving signal cate-
gories (a) EE, (b) MUMU, (c) TAUTAU-I, and (d) TAUTAU-II. As seen for the /s = 14 TeV
in section 6.3.1, the reach is weaker for the cLFC channels due to the smaller production
cross sections but still of the same order of magnitude.

7 Summary and outlook

Heavy neutrinos (V) are one of the best-motivated (though far from only) solutions to how
active neutrinos are so much lighter than fermions whose masses have been confirmed [293—
295] to originate via the SM Higgs mechanism. If they exist, however, their Majorana
nature, the values of their masses, and the degree to which they couple to SM particles are
far from clear. Hence, one must take a broad approach in searching for heavy neutrinos,
particularly at colliders, which can directly probe N with EW- and TeV-scale masses.

To this extent, we have systematically reassessed the discovery potential of heavy
neutrinos with masses my > 150 GeV, decaying to purely leptonic final states at the

/s = 14TeV LHC, as given, for example, in figure 2. The impetus for this examination is
three-fold:
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Figure 26. Same as figure 25 but for the charged lepton flavor conserving signal categories (a) EE,
(b) MUMU, (c) TAUTAU-I, and (d) TAUTAU-II as defined in table 5.

(i) Present LHC searches for heavy neutrinos [75-78] follow the seminal hadron collider
analyses of refs. [34, 35, 48, 79], which justifiably argue that search strategies should
rely on the existence of high-pp charged leptons when N are produced solely through
the charged current Drell-Yan (CC DY) mechanism. It is now known, though, that
alternative production mechanisms can compete or outright dominate over the CC
DY mechanism.

(ii) New tools have been created that can more reliably model heavy neutrinos in hadron
collisions. Similarly, the understanding of jets has so significantly improved that jet
observables can be used reliably as discriminates in measurements and searches.

(iii) Third, the community is presently assessing possible successors to the LHC pro-
gram [27, 29-31, 33].

Understandably, the analyses prescribed in refs. [34, 35, 79] were not designed to be robust
against increasing collider energy. It is unclear, therefore, if future projections based on
current search strategies can reliably estimate the true discovery potential of a /s = 27
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HE-LHC or a /s = 100 TeV VLHC. We report investigating the matter and propose a
new search strategy that both improves current sensitivity and remains robust at future
colliders. To reach this result, we have considered the following;:

in section 4 we have explored and compared the resonant production of heavy neutrinos
N through a variety of mechanisms for /s = 14—100 TeV and my > 150 GeV. At 14 TeV,
the CC DY and W+ fusion (VBF) channels are dominant; at 27-50 TeV, gluon fusion (GF)
emerges as an important and complementary channel for my = 300 — 1000 GeV; and out-
right dominates for my < 2TeV at 100 TeV, beyond which VBF is the leading production
vehicle. We stress that few, if any, studies exist demonstrating the discovery potential of
such heavy N through the GF channel at hadron colliders. Normalized distributions were
then presented for a number of leptonic observables across /s = 14 — 100 TeV at LO and
NLO+PS precision. This revealed the existence of a class of observables, namely inclusive
quantities built from the transverse momenta of an event’s leading charged leptons, whose
distribution shapes display only a weak sensitivity to changes in /s. This suggests the
ability to build a search analysis resilient across varying collider energies.

In section 5, we turned to studying the behavior of hadronic observables over /s =
14— 100 TeV, for both the signal and background processes, and at various fixed-order and
resummed precision. We focused exceptionally on hadronic activity in the context of a jet
veto. When the veto’s transverse momentum threshold (p¥et°) is set to a static value of
p¥et° = 30—100 GeV for jet radii R = 0.1—1.0 at /s = 14—100TeV, we find discouraging
survival efficiencies for signal benchmarks. Intriguingly, when using a dynamic jet veto, and
in particular setting p¥et0 on an event-by-event basis to the leading charged lepton pr in an
event, we find qualitatively opposite behavior. Survival efficiencies for signal benchmarks
reach £(p¥e®) > 90 — 95% and remain largely independent of my (for my > 200 GeV),
R, and /s; QCD scale uncertainties reduce at NLO+PS(LL) and NLO+NNLL for signal
and background processes; and QCD background rejection capabilities in fact improve
for increasing /s. The impact of such a veto scheme on VBF-like topologies, events
with final-state 7 leptons that decay hadronically, top quark and EW backgrounds, and,
significantly, “fake lepton” backgrounds were also addressed. A summary of our work for
a broad audience was first reported in ref. [71].

Based on the findings reported in sections 4 and section 5, a new methodology is
proposed in section 6 to search for heavy neutrinos N in the trilepton final state, i.e.,
pp — Nl+ X — 3¢+ MET + X. The search analysis is based on employing a dynamic jet
veto in conjunction with exclusive Sr. The combination effectively discriminates according
to the relative amount of leptonic and hadronic activities in an event. For various active-
sterile mixing/flavor hypotheses, the proposed analysis is compared with a state-of-the-art,
benchmark analysis inspired by the analogous LHC Run II search [76]. At 14 TeV, we find
that the proposed analysis can improve sensitivity to heavy Dirac neutrinos by an order
of magnitude (in (my, |V|?)-space) for my 2> 150 GeV. This improvement is achievable at
both £ = 300fb~! and 3ab™!, with the largest improvement occurring for the largest my,
and is independent of flavor hypothesis. In absolute terms, the /s = 14TeV LHC with
L =3 ab™!, can probe active-sterile mixing as small as |Vyy|? = 1072 (1073) [5 x 107%] at
95% CL for heavy Dirac neutrinos masses my < 1200 (300) [200] GeV. This is well beyond
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the present |Vynv|? < 1073 — 107! constraints for such heavy states set by indirect searches
and precision measurements, particularly for the 7 channel where constraints are at the
Ven|? £ 1072 — 1071 level [136, 296]. For details, see section 6.3.1. For heavy Majorana
neutrinos, comparable improvements and reach are found; see section 6.3.2. For /s = 27
and 100 TeV, and with only minor tunes to the analysis, the anticipated reach for Dirac
neutrinos is extraordinary. With £ = 15 ab™! at /s = 27TeV one can probe mixing
below |Vyn|? = 1072 (1073) [2 x 1074 for my < 3500 (700) [200] GeV. At 100 TeV with

< 200 GeV, below 1073

15 TeV; see Figs 25 and 26. In none of the
above cases was the proposed analysis optimized using multi-variant or machine learning

L = 30 ab™!, one can probe mixing as low as 9 x 107° for mxy
for my < 4TeV, and below 1072 for my <
techniques; we expect further improvement with such action.

Our overarching computational framework, which largely takes advantage of out-of-
the-box, public Monte Carlo tools is described in great detail in section 3. This includes the
publication of a Dirac neutrino-variant of the FeynRules-based HeavyN libraries [64], and
is available from the FeynRules database at http://feynrules.irmp.ucl.ac.be/wiki/HeavyN.

The anomalous production of charged leptons without hard, central hadronic activity
in pp collisions is a key prediction of low-scale Type I Seesaw models. The prediction,
however, is not unique: the success of the dynamic jet veto relies on the color structure of
the hard, signal process and the ability to measure (even by proxy) the mass scale on an
event-by-event basis. Hence, we believe much of our findings are immediately applicable to
other searches for colorless particles that can be produced and decayed through colorless
force carriers. For example: the production of exotically charged scalars and fermions,
respectively from the Types II and III Seesaws; the production of heavy charged scalars
that decay to long-lived stable, neutral particles, as commonly found in loop-level Seesaw
and dark matter models; pair production of slepton and electroweakino pairs in Supersym-
metry [111]; and pair production of N through Z’ gauge bosons in U(1)p_y, theories.

Moreover, we do not believe that setting the dynamic veto threshold p¥et° to the
leading charged lepton in an event is always most optimal. (Indeed, we found in some
cases that the subleading charged lepton gave better performance.) The exploration of
other leptonic observables that are sensitive to the hard scale, e.g., S7 and MET, is left
to future studies. Similarly, vetoing on alternative hadronic observables, just at Hr or jet
mass, are also possibilities where further investigations are encouraged; see, e.g., ref. [111].

8 Conclusions

Colliders offer a complementary probe of the origin of active neutrino masses, their mixing,
as well as their potential Majorana nature. If EW- or TeV-scale heavy neutrinos play a
role in the generation of neutrino masses, and if such particles couple appreciably to the
SM sector, then the LHC and its successors provide fertile ground for their discovery and
properties determination. In this study, we have systematically assessed the discovery
potential of heavy neutrinos at pp colliders with /s = 14 — 100 TeV. This has been
motivated by the unequivocally improved understanding of neutrino and jet physics, the
sophistication of state-of-the-art Monte Carlo tools, and the mandates of the several HEP
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strategy updates ongoing at the time of this work. Relative to ongoing search-strategies [34,
76], we find that the LHC’s sensitivity can be improved by an order of magnitude in both the
immediate term and over its lifetime. We report that the LHC’s anticipated sensitivity can
exceed by several factors present constraints for such heavy states set by indirect searches
and precision data. The increase in sensitivity can be attributed to a newly proposed search
strategy (see section 6) for heavy neutrinos decaying into a purely leptonic final state that,
intuitively, relies on the ability to discriminate an event’s global leptonic activity from its
hadronic activity. Crucially, this employs an unusual jet veto scheme, one where the pr
veto threshold is set on an event-by-event basis to the pr of the leading charged lepton
in the event. The functionality of this dynamic jet veto is described in technical detail
in section 5; a more broadly accessible summary is presented ref. [71]. In addition, the
proposed methodology exhibits by design an unusual resilience against variable collider
energy, and therefore can serve as a baseline for future collider searches for multi-lepton
searches of heavy neutrinos (see section 6.3.3) as well as other colorless exotica.

The results of this study are encouraging and we look forward to the prospect of at
last unveiling the mystery underlying tiny neutrino masses.
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