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Isosinglet vectorlike leptons at e*e~ colliders
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We study weak isosinglet vectorlike leptons that decay through a small mixing with the tau lepton, for
which the discovery and exclusion reaches of the Large Hadron Collider and future proposed hadron
colliders are limited. We show how an e™e™ collider may act as a discovery machine for these 7’ particles,
demonstrate that the 7’ mass peak can be reconstructed in a variety of distinct signal regions, and explain

how the 7/ branching ratios may be measured.
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I. INTRODUCTION

It is sometimes argued that hadron colliders have the best
reach for particle discovery beyond the Standard Model
(SM), while electron-positron colliders are best suited for
precision studies and indirect searches. The larger cross
sections for strongly interacting particles and the ease of
attaining higher energies at hadron colliders make this
statement plausible, but for particles with only electroweak
interactions it need not be the case. The present paper is
concerned with an example where the exclusion reach of
the Large Hadron Collider (LHC) and future proposed
hadron colliders is limited: a weak isosinglet vectorlike
lepton, which we refer to as 7/, that decays through a small
mixing with the tau lepton. We will argue that an e*e™
collider [1-11] may act as a discovery machine for the 7/,
even for low beam energies.

Vectorlike fermions are hypothetical particles whose
couplings to the SM gauge bosons are the same for the
left- and right-handed components. There are many new
physics models—motivated by solutions to the hierarchy
problem and other puzzles—that incorporate vectorlike
fermions. Examples in the context of supersymmetry are
found in Refs. [12-22], and a more general survey can be
found in Ref. [23]. The nonchiral couplings permit mass
terms that do not require electroweak symmetry breaking.
This means vectorlike fermions decouple efficiently from
low-energy observables, and indirect constraints from
oblique electroweak corrections do not provide a strong
constraint [19,24]. Mixing with the known Standard Model
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fermions can produce constraints from flavor violation,
including lepton number violation, but the size of this
mixing is a priori undetermined, and such constraints are
easily evaded while still allowing for decays that are prompt
on the length scales relevant for collider detectors.

In the following section, we outline the basic phenom-
enology of the 7/, discussing its production at e'e”
colliders as well as its decay pattern. The 7’ decays contain
a v, or else a 7, which will itself have neutrino(s) in its
decay. These neutrinos necessitate a strategy to effectively
reconstruct the 7’ mass peak. In Sec. IIT we discuss such a
strategy for a variety of channels of interest. In Sec. IV we
present the results of this strategy for a /s = 500 GeV
eTe™ collider with an integrated luminosity of 4 ab™!, and
demonstrate that the reconstruction of an observable mass
peak will be possible up to nearly the kinematic limit. We
also discuss how one might effectively determine the
branching ratios of the 7/, allowing a robust test of its
identity. We choose this intermediate center of mass
energy to present our most detailed results, but also show
relevant results for other \/s. At lower energies we discuss
V/s =250 GeV with 2 ab~!, relevant for a Higgs factory,
as well as /s = 380 GeV with 1.5 ab™!, a top factory.
The latter has been discussed as an initial option for the
compact linear collider (CLIC) [1-3], and slightly lower
energies have been proposed for top factories at an
International Linear Collider (ILC) [4-7] or a Future
Circular Collider (FCC-ee) [8,9] or a Circular Electron
Positron Collider (CEPC) [10,11]. We also discuss
machines that would be further into the future, including
a linear collider at /s = 1 TeV with 5 ab™! as well as
CLIC options of /s = 1.5 TeV with 2.5 ab™! and /s =
3 TeV with 5 ab~!. Our benchmark choices for beam
energies and luminosities are inspired by Table 1-1
of the Snowmass 2021 Energy Frontier report found
in Ref. [25].
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Other e™ e~ collider studies of singlet vectorlike leptons
that decay through mixing with the 7 can be found in
Refs. [26-30]. Our results below concur that discovery
should be easily accomplished for masses up to very close
to the kinematic limit at e*e~ colliders. However, unlike
previous studies, our study is done in the context of mass
peak reconstruction and provides a detailed account of
different final-state contributions to a comprehensive set of
distinct signal regions, which should enable branching ratio
determinations. This approach not only identifies an excess
but also clarifies the nature of this excess. We also discuss
the nontrivial efficiencies and the mass reconstruction
widths for various 7 masses and /s. We clearly demon-
strate that the feasibility of reconstructing mass peaks
varies considerably with /s and the choice of collider,
even for masses well below the threshold. Given the wide
variety of colliders under consideration at present, under-
standing the differences in discovery potential between
them is of paramount interest.

While our study pertains to a specific model that presents
significant challenges for the LHC and future proposed
hadron colliders, other recent studies of pair-production of
vectorlike leptons at colliders, but with different assump-
tions for decay modes, can be found in [31-37]. In
particular, hadron collider search strategies for vectorlike
leptons that decay through mixing with the electron or
muon, instead of the tau as in the present paper, have been
given in [31], with experimental LHC limits in [38].

II. PRODUCTION AND DECAY OF ISOSINGLET
VECTORLIKE LEPTONS

The isosinglet 77 can be written as two left-handed
fermions that transform under the gauge group SU(3), x
SU(2); x U(1)y in the representations

7, T~ (1,1, =1) + (1,1, +1), (2.1)

which should be contrasted to the tau lepton of the Standard
Model,

Ty~ (1,2,-1/2) + (1,1, +1). (2.2)
We assume the mass of the 7 is determined (as usual in the
Standard Model) by a Yukawa coupling y, to the Higgs
field, and the mass of the 7’ is predominantly due to the
large mass parameter M. Mixing between the 7 and 7’ is
determined by a small Yukawa coupling ¢ which can be
treated as a perturbation. Thus, the mass matrix for 7,7’ is

given by [39]
v 0
<y ’ ) (2.3)
ev M

where v = 174 GeV is the SM Higgs vacuum expectation
value, with mass eigenvalues

621]2
= l———+... |, 2.4
=y (1- 5+ ) (2.4)
621)2
My=M|1+—5+...|. 2.5
=m(1+50+ ) 25)

To a good approximation these are simply y,» and M,
respectively.

The unitary matrices that diagonalize the 7 — 7/ mass
matrix in Eq. (2.3) can be parametrized by a mixing angle
0; related to the Yukawa coupling € by

. €V
SIHHL = M—,
T/

(2.6)

while dropping terms of order m%/Mf,. For the singlet
vectorlike lepton model, to the lowest order in the mixing
Yukawa coupling €, the decay rates are

2

I(7 - Wu,) = 362—711\@(1 o) (1=rg)? (27)
2
(7 - Z7) = mMT/(l +2r,)(1=ry)%  (2.8)
2
(7 - ht) = mM,/(l — )2 (2.9)

where ry = M3/M? for X =W, Z, h. The factors of
1 4+ 2ry and 1 4 2r; in the vector boson decay modes are
due to the transverse (2ry) and the longitudinal (1) parts,
with the latter associated with the would be Nambu-
Goldstone modes that give the vector bosons their masses.
It follows that in the limit of large M, (or, equivalently,
small ry), the branching fractions approach the Goldstone
equivalence limit,

BR(7' = Wu,):BR(7 — Z7):BR(7' — h1)

=0.5:0.25:0.25, (2.10)
as illustrated in Fig. 1. In this paper, we assume that the 7/
decays promptly on collider scales. The mixing Yukawa
coupling e required for 7’ to have a decay length of (1 pm,
1 mm, 1 m) as a function of M, is shown as the (orange,
green, blue) dotted line, respectively, in Fig. 2. For longer
decay lengths, search strategies treating the 7’ as a long-
lived charged particle would be possible.1

Tf 7/ is stable over detector lengths, then it can be inferred that
M, Z 750 GeV based on the —dE/dx and time of flight
measurements in searches for long-lived charginos at the LHC
[40,41].
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FIG. 1. Branching ratios for weak isosinglet vectorlike leptons
7" as a function of M. Lepton number violation is assumed
negligible.

The mass mixing of 7 with the SM 7 modifies the
couplings of the SM 7; to the Z and W bosons. They
become — % (53 —3cos?6,) and — %cos 0., respectively,
where sy (cy) is the (co)sine of the weak mixing angle and
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FIG. 2. Upper bounds at 95% CL on the Yukawa coupling ¢
[see Eq. (2.3)] as a function of M, are shown as gray shaded
regions with solid, dashed, and dash-dotted borders, as labeled.
Regions where 7’ has a decay length ¢z > (1 pm, 1 mm, 1 m) are
shown as (orange, green, blue) shaded regions, respectively, with
dotted borders.

g is the SU(2), gauge coupling. These modifications can
lead to deviations in the partial widths of = — Zv,v,,
Z -ttt and W - 1v,, etc., which can be used to infer
constraints on the mixing angle ;. In the following, we
obtain upper bounds on sin#; from the following observ-
ables: I'(t = fvp,), T(Z - t777)/T(Z - ¢£7¢7), and
(W - w,)/T(W - ¢v,), where £ = e, u. Using the
experimental values from Ref. [42] for each of the
observables, we find the 7 — 7 mixing angle is constrained
to be

2.9 x 1072 from I'(Z — 7+¢7) /T(Z = ptu"),
5.5 x 107 from I'(7 — pv,v,),
1.5 x 107! from T(W — 7v,)/T(W = ev,),

(2.11)

sinf; <

at 95% CL. The strongest constraints on sinf; are from
Z -ttt and t - fv.u, decays. As expected, the con-
straint from W — zv decays is weaker. We have also
verified that the constraints from & — 77~ decays and
oblique electroweak precision observables are also less
stringent. The bounds on sinf; can be translated into
bounds on € as a function of M, using Eq. (2.6). These are
shown in Fig. 2.

Direct searches at colliders constrain M. The exclu-
sion M < 101.2 GeV at 95% CL can be inferred from the
nonobservation of new charged heavy leptons at the Large
Electron Positron (LEP) collider [43]. LHC searches for
weak isosinglet 7 by the CMS Collaboration have
excluded [44]

125 GeV < M, < 150 GeV (95% CL exclusion).

(2.12)

Substantial improvement of these limits at the LHC, even
with high luminosity, appears challenging2 owing to small
production cross sections and large branching fractions to
Wu, [39]. Exclusion and discovery prospects for isosing-
let vectorlike leptons also seem limited at future pp
colliders [41]. This opens a window for e*e™ colliders
to act as discovery machines.

At an ete™ collider, the production of 777/~ pairs
proceeds through an s-channel photon and Z boson. If
the positron and electron beams have polarizations P+ and
P - respectively, with P = 1 and —1 corresponding to pure
right-handed and left-handed polarizations, respectively,
then the total partonic cross section is

*Note that the situation is very different for weak isodoublet
vectorlike leptons, for which LHC experimental limits [45,46] are
much stronger. See [39,41] for theoretical discussions.
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FIG. 3.

Pair production cross section of weak isosinglet vectorlike leptons 7’ as a function of M, at e™e™ colliders, accounting for

initial state radiation and beamstrahlung. Colors denote various choices of y/s. Dash-dotted, dashed, and solid lines correspond to beam
polarization choices of (P,+, P,-) = (=0.3,0.8), (0,0.8), and (0,0), respectively. The vertical gray shaded region is the 95% CL
exclusion obtained by the CMS Collaboration [44] on the 7’ considered here.

2ra?

6(efe” > T) = T(ﬁ + 2Mf/)\/1 - 4Mf,/§[|aL|2(1 — P )1+ P+ |agl*(1 4+ P,-)(1 = P,+)],

where the left-handed and right-handed amplitude coef-
ficients are

1 1 1
=—4+—(s3 —-1/2)———, 2.14
a, §+C%V(SW /)S‘—M% ( )
1 s%V 1
=+ ) 2.15
REITRTIME (2.15)

Here § represents the center of mass energy after accounting
for the spread of beam energies; § < s. Since |a; | < |ag| for
V3 > 93 GeV, we see that the production cross section is
maximized when P,- is positive (and, if available, when P+
is negative). The production cross section for et e~ — 7/T7/~
including the effects of initial state radiation (ISR) and
beamstrahlung is shown as a function of M, in Fig. 3, for
various /s and beam polarization choices (P,+,P,-) =
(—=0.3,0.8), (0,0.8), and (0,0). The first two of these choices
would maximize the cross sections for ILC and CLIC
designs, respectively. In what follows, we assume unpolar-
ized beams, (P,+, P,-) = (0,0), and note that results can
generally be rescaled by accounting for the modified cross
sections.

(2.13)

III. EVENT SIMULATION AND PEAK
RECONSTRUCTION

A. Event simulation

To simulate the production and the decay of 7/, we
produced a Universal FeynRules Output (UFO) [47] file
containing the Feynman rules for vertices involving 7’ from
an input Lagrangian, using FeynRules v2.3 [48].° The UFO file
can be readily imported into Monte Carlo event generators.
We used WHIZARD v3.1.2 [50,51] to generate parton-level
events for various signal and background processes at
leading order while accounting for ISR (using WHIZARD’S
built-in implementation of the lepton ISR structure func-
tion) and beamstrahlung (using the CIRCE2 subpackage
[52,53]). We used beam spectra for future e*e™ colliders
from Ref. [54]. We then used PYTHIA v8.306 [55,56] for
showering and hadronization, and DELPHES v3.5.0 [57] for
detector simulation. For modeling detector response
at eTe” colliders with /s =0.25, 0.5, and 1 TeV
(0.38, 1.5, and 3 TeV), we used a generic ILC [58,59]

The UFO and FeynRules files for isosinglet vectorlike leptons
are available in a github repository [49].

035009-4



ISOSINGLET VECTORLIKE LEPTONS AT ete™ ...

PHYS. REV. D 109, 035009 (2024)

Zhh

1 e
3 %3
- 1025-
.Eg. F
< 10'F
IQ.) 10°F
- :
L
b 10—1_
10—2--.‘[.|. M
0 500 1000

1500 2000 2500 3000

V's [GeV]

FIG. 4. Cross sections for various SM background processes at leading order as a function of /s at an e*e™ collider with unpolarized
beams while accounting for initial state radiation (but not beamstrahlung due to the availability of the beam spectra only at a few /s).

(CLIC4 [60-62]) detector model for DELPHES, operating
at the “medium” b-tagging point and utilizing exclusive
jet clustering employing the Durham [63] (Valencia
[64,65] with f =y = 1) algorithm as implemented using
Fastlet v3.4.0 [66].
Pair-produced 7’ lead to final states with two tau leptons:
ZZr T, hhttr, Zhttt, (3.1)
as well as one tau lepton and E final states (with the E
arising from a v,):
hWWEcF + E,

ZW*tT + E, (3.2)

and with 07 + E:

W+W~ + E. (3.3)

For simulating the corresponding signal events, we forced
Z-boson decays to (et e~ /utu~, vte~, bb, jj, vD), h boson
decays to (t77~, bb, g3, WW*/ZZ*), and W boson decays
to (ev,/uv,, tv,, jj) in the above final states, and simulated

at least 10° events for each of the forced signal components.

“When using the CLIC detector model for DELPHES, we chose
the cone size parameter R for the jet algorithm to be 1.5, 1.2, and
1.0 for et e~ collisions at 0.38, 1.5, and 3 TeV, respectively, and
we checked that using slightly different R gives similar results.
Furthermore, we also accounted for the effects of beam induced
yy — hadrons background for /s = 1.5 and 3 TeV colliders
where its impact is more prominent.

We then weighted each final state by the appropriate
branching ratio. Here, ““;” refers to a non-b jet.

For backgrounds, we considered each of the following SM
processes (as kinematically allowed at a chosen +/s): 17, {1Z,
tth, Zh, Zhh, ZZh, ZZZ, WtW~h, WTW~Z,and Wt W~ p
with vo & Z (to avoid double counting with WTW~Z,
Z — vb). We simulated at least 10° events for each back-
ground process. Leading order cross sections with ISR for
these SM processes are shown in Fig. 4 as a function of /s for
eTe™ collisions with unpolarized beams. Owing to the
availability of the beam spectra only at a few /s, Fig. 4
does not include the effects of the beamstrahlung, but we note
that the beam effects make a noticeable difference only at
higher /s. We do, however, account for beamstrahlung in
our simulations at various collider options below.

B. Reconstruction of the mass peak

In this section, we outline our strategy for reconstruction
of the 7’ mass peak. We first give definitions of the particle
objects used and define the signal regions where we attempt
to reconstruct mass peaks. We then discuss how we
reconstruct candidate bosons (Z, 4, W) that will ultimately
be combined with a 7 or v, to give the 7’ leptons. Finally, we
discuss our peak reconstruction algorithm: its task is to
determine which boson gets paired with which 7 and to
effectively restore missing momenta from neutrinos.

1. Physics object definition

In classifying the particles to determine our signal
regions, we require all leptons and jets to satisfy a cut
on pr and pseudorapidity #:
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pr>5 GeV, (3.4)

ln] < 3. (3.5)
We additionally require leptons to satisfy the following
isolation cuts:

AR, ;> 0.1 (foreach L,L' = e,pu,7),  (3.6)

AR; ;>03 (foreachJ=jbandL=e,pu,7), (3.7)

where AR = \/(An)? + (A¢g)?. Here and from now on,

(7, j, b) refers to a tagged hadronically decaying tau, non
b-tagged jet, b-tagged jet), respectively.

2. Signal regions

We consider various signal regions (SRs) that have

N,=1or2. (3.9)
The fraction of events with one or more photons ranges
from a few percentage (for lower energies) to ~45% (for
/s =3 TeV). We have also included these events in our
mass peak reconstructions. Denoting £ = e, u, we consider
the following SRs with exactly 27 leptons of opposite sign,
targeting the final states in Eq. (3.1):

4¢ + 2z, (3.10)

20 +2j + 21, (3.11)
20+ 1j+ 1b + 21, (3.12)
2¢ +2b + 21, (3.13)
4j + 21, (3.14)
3j+ 1b + 21, (3.15)
2j +2b+ 2z, (3.16)
1j +3b + 2z, (3.17)
4b 4 2z. (3.18)

Targeting the final states in Eq. (3.2) we consider the
following SRs with exactly 17 lepton:

20 +2j+ 1r, (3.19)

20 +1j+1b + 1z, (3.20)
4j + 1z, (3.21)
3j 4 1b + 1z, (3.22)
2j+2b + 1r, (3.23)
1j+3b+ 1z, (3.24)

Note that the signal regions in Egs. (3.20), (3.22), and
(3.24) capture the possibility where one of the jets from the
W-boson decay fakes a b jet. Recall, in our reconstruction,
we do not allow the possibility that both jets from a W-
boson decay fake b jets, and in any case the probability of
this would be small. We do not discuss the WFW~ + E
final state of Eq. (3.3) where multiple neutrinos complicate
the reconstruction of a mass peak. In each of the signal
regions in Egs. (3.10)—(3.24), the jet multiplicity for
exclusive jet clustering with the Durham/Valencia algo-
rithm is required to be N; + N, + N..

3. Boson reconstruction
Candidate Z bosons are reconstructed from et e~ /utu~,
from jj, or jb (in SRs with an odd number of tagged b jets)
in mass windows. The invariant masses are constrained to
lie in the range

_ +5 GeV _ +7.5 GeV
Mep = Mz|’5 Gev s M'j/jb = M;

J —15 GeV * (325)

Candidate & bosons are reconstructed from a pair of b jets
(or in SRs with an odd number of tagged b jets, from jb)
with an invariant mass

_ +10 GeV
My = My,

—25 GeV* (326)

This approach to Higgs reconstruction will also catch some
h — gg events where the gluon fakes a b jet, as well as
some h — VV* decays where the vector bosons cluster into
fat jets.” Additionally, when reconstructing mass peaks for
100 GeV < M, < 125 GeV where 7' only decays to Zz
and Wy,, we reconstruct candidate Z bosons (instead of
candidate & bosons) from a b-jet pair with an invariant mass

My, = M, [196N . (3.27)

>The invariant mass regions chosen for the hadronic decays of
the Z and & do not overlap. Different choices of the invariant mass
window might admit more events (and improve the statistics of
the mass peaks), but at some cost in the purity of the different
signal regions with respect to the final state that contributes to a
given region (See related discussion in Sec. IV A, particularly
Table I.).
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In the SRs with exactly 1z, W bosons are also a target.
There, we reconstruct candidate W bosons from jet pairs in
the window®

_ +5 GeV
Mj//jb - MW|_25 GeV*

(3.28)

While we nominally do not expect a b jet from the decays
of W boson, in SRs with an odd number of tagged b jets, we
will see below that there is a nontrivial contribution from
reconstructing a W boson in the cases where a ¢ jet (or
u/d/s-quark initiated jet in rare cases) fakes a b jet.

Note that when reconstructing candidate Z, h, and W
bosons from jet pairs, we allow a broader invariant mass
range below their respective masses, as can be seen in
Egs. (3.25)—(3.28). This is because the invariant mass
reconstructions of these bosons have more support in the
low tail.

4. Peak reconstruction algorithm

When reconstructing the mass peaks in events with 7
leptons in the final state, one must deal with the fact that
some fraction of each 7 is carried away by neutrinos. To
help restore these momenta, we make use of the collinear
approximation, which says that in the detector frame, the
three-momentum of each neutrino is in nearly the same
direction as the parent z. This approximation should be
excellent for 7/ masses much larger than the bosons of the
SM. Let us denote the hadronic 7 3-momentum visible in
the detector as pYs. We would like to estimate the
3-momentum of the 7 lepton before it decayed, which
we denote p®. In the collinear approximation, they are
related by

Zest __ ,.7Vis

Pt = rpy®, (3.29)

which defines r such that the momentum fraction carried by
the visible decay products, 1/r, is between 0 and 1.

We then employ the following algorithm to reconstruct

the mass of 7 in each event:

(i) Compute the total visible four-momentum in an
event p’v‘iS only from 7, j, b, and 7 as specified in
Eqgs. (3.8) and (3.9), ignoring the visible momenta of
photons and/or objects that did not pass the relevant
object cuts in Egs. (3.4)—(3.7).

(i) Then, compute the total missing four-momentum
using p# = ply, — ph.., where pl is the total four-
momentum in the event. Here, we simply take
Phot = (V/s, 6) ignoring the impact of the ISR due
to the lack of a reliable way of estimating the

®In the SRs with exactly 1z, the invariant mass regions chosen
for the hadronic decays of the Z and W overlap in the region
My —15GeV < M;j;;y <My +5 GeV. In this region, we
consider the reconstructed boson both as a candidate Z and a
candidate W, and proceed with our algorithm below.

(iii)

@iv)

)

(vi)

(vii)

035009-7

effective center-of-mass energy on an event-by-
event basis. (This approximation, as can be seen
for example in Fig. 5, will lead to reconstructed mass
distributions with tails above the mass peak ~M .)
Reconstruct—as described above—all candidate
Z/h bosons, B,, in any of the SRs, in addition to
reconstructing candidate W bosons, Wy, in SRs with
1z. The criteria in Egs. (3.25)—(3.28) to reconstruct
the candidate bosons can lead to the exclusion of a
notable fraction of events.

Find all the possible (tau, boson) pairings that
reconstruct a 7’ pair:

7} O (7y,v1,B,) and

/ { (72,12, By) in SRs with exactly 27

% (. (3:30)
(v2,Wy) in SRs with exactly 17

such that the bosons in 7} and 7} are distinct. In SRs
with 2z, 7; is usually taken to be the 7 with highest
energy. However, in the case that there is exactly one
Z reconstructed from leptons, we instead relabel as
7; the 7 in each pairing that is being paired with the
leptonically decaying Z. We label the neutrino from
7, decay as v;. In SR with two 7 leptons, v, is the
neutrino from 7, decay, while in the 17 SR, v, is the
neutrino that is produced in association with the W
in the decay of the 7'.

If any of the candidate Z, i, or W bosons in a pairing
are reconstructed from (possibly b-tagged) jets,
rescale the four-momentum of the two jets that
formed the candidate boson by a common factor
such that their invariant mass is exactly M,, M}, or
My, respectively. This modifies p; ; therefore p* is
adjusted such that pf. + p¥ = pi.

Use the collinear approximation for the neutrino v;
in the decay of 7y,

El/] = |ﬁv1 ’ ]_51/1 = (r_l)ﬁrla (331)
and obtain the four-momentum of the other neutrino

using

E —E-E

%]

El/ -
(= f) (332)

v ﬁyzzr

ul
such that both v and v, are on shell.

For each pairing, as in Eq. (3.30), solve for r by
imposing that the reconstructed 7 masses are equal:

2= 339

[N

which, after using four-momentum conservation
Pt = pioe — P, simplifies to
2 1
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FIG. 5. Reconstructed 7 mass peaks in five different signal region combinations, for four different M, = 175, 200, 225, and 245 GeV

as labeled, for e™e™ collisions at /s = 500 GeV. Backgrounds are shown as gray-shaded histograms stacked together with the signal
histograms.
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ptzol = Zptot : Pr’] . (334)

With pf, = plg -+ pr, + pl, and plo = (v/5.0), we

obtain
1 [s
r=1+-—= <—E —E,>. (3.35)
5, \2 TP

We impose E, >0 and E,, > 0 by requiring

1§r§1+£. (3.36)
|Pe,|
A pairing is rejected if the corresponding r does not
satisfy this requirement. This therefore excludes
some events if no pairing survives. We find this
especially occurs for smaller M, where the collinear
approximation may not be as good.
(viii) Assuming that multiple candidate pairings for the
event remain, the ambiguity is resolved by choos-
ing the pairing (with its attendant calculated r)
that minimizes the magnitude of the total three-
momentum in the event:

ﬁtotal = ﬁvis + l_iul + 1_51/2' (337)

This pairing is then used to compute the recon-

structed 7/ mass
reco __ 2
M5 =,/ pz-

Note that if there is exactly one leptonic Z boson in the
event, it is always used for the M7 returned by the
algorithm. This takes advantage of the improved mass
resolution in the leptonic channel. Otherwise, the recon-
structed 7" mass used is the one for which the 7 has the
higher energy in 27 events, or the one associated with the 7
in 17 events.

(3.38)

IV. RESULTS AT e*e~ COLLIDERS

In this section, we present results for planned future
e*te™ colliders. We begin with results for a /s = 500 GeV
collider, and discuss in detail the mass reconstruction
prospects for a wide range of 7/ masses in various signal
regions. We then present results for two potential colliders
with /s =250 and 380 GeV, and we show that despite
their relatively low center-of-mass energies, such machines
can improve on the present LHC exclusion. We then move
to higher energies, presenting results for /s = 1, 1.5, and
3 TeV. In all cases, our results show that the discovery of
the 7 up to very near the kinematic limit should usually be

straightforward, although for a 3 TeV machine statistics can
be a limiting factor for masses near threshold.

A. \/5=500 GeV

In Fig. 5 we show the 7/ mass peaks, reconstructed using
the algorithm described in the previous section, at a /s =
500 GeV e'e™ collider. The different colored peaks,
stacked together with the backgrounds (gray-shaded histo-
grams), correspond to four different choices M, = 175,
200, 225, and 245 GeV, as labeled. On each right vertical
axis is shown the events per (2.5 GeV) bin, under the
assumption of an integrated luminosity of 4 ab™'. Clear
mass peaks are visible, even for M, = 245 GeV at a
500 GeV collider. The first panel shows results in which
two leptonically decaying Z bosons were reconstructed,
resulting in narrow 7' mass peaks and negligible back-
grounds but poor signal statistics with the assumed inte-
grated luminosity. The two panels in the middle row show
signal regions that feature exactly one leptonically
decaying Z boson, which is used to reconstruct the 7’ mass
peak. Again the backgrounds are essentially negligible, and
the signal mass peaks are narrow, with good statistics. The
last two panels of Fig. 5 show signal regions without
leptonically decaying Z bosons occurring in the recon-
struction. This gives the best signal statistics, but signifi-
cantly wider mass peak resolutions, and backgrounds that are
non-negligible but still clearly under control.

Note that while we pay attention to the b tagging during
our reconstruction algorithm—to decide, for example,
whether to try to reconstruct a Higgs boson—in the last
four panels of Fig. 5 we have combined nonoverlapping
signal regions with both b-tagged and non-b-tagged jets, as
indicated by the notation J, which stands for j or b. For
example, in the bottom-right panel the signal regions of
Eqgs. (3.21)-(3.24) are summed. We find that the largest
contribution to the background for SRs with b jets is from
tt, while backgrounds in SRs without b jets are dominated
by WtW~Z production. These backgrounds are smoothly
varying as a function of the reconstructed mass, so an
effective subtraction should be possible.

Next we study the contributions of different final states
to the mass peaks in different signal regions. This infor-
mation could be utilized by an experiment to fit for the
branching ratios of the 7’ and verify the relations of
Egs. (2.7)—(2.9). As an illustrative case, we specialize to
M, =225 GeV. In Fig. 6 we examine signal regions
where at least one of the two 7’ leptons is reconstructed
from a leptonically decaying Z boson. In the upper two
panels, we observe that the 42 4+ 27 and 27+ 2j + 27
signal regions provide pure samples of the ZZzz final state.
Similarly, the 2 + 2b + 27 final state (lower right panel)
effectively provides a pure sample of the Zhzz final state.
Not surprisingly, the peak from 2¢ + 1j 4+ 1b + 27 (lower
left panel) contains a mixture of ZZzr and Zhrz.
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FIG. 6. Signal final states contributing to the mass peak for M, = 225 GeV in four different signal regions with 2z where at least one
of the two 7’ particles is reconstructed from a leptonically decaying Z. Backgrounds are too small to be visible.

We now turn to 27 final states where both 7’ leptons are
reconstructed with hadronically decaying Z or Higgs
bosons. The results are shown in Fig. 7. In the top panel,
we see that the 2j + 2b + 27 signal region effectively
selects for the Zhzz final state. The dominant background
(shown in gray) arises from ¢ production, but is small. The
4j 4 27z topology (middle row, left panel) provides a
relatively pure sample from the ZZzr final state, while
the 4b + 27 topology (middle row, right) provides a fairly
pure sample of hhrz events. Topologies with an odd
number of b jets (lower two panels) show clear mass
peaks, but with nontrivial contributions from multiple final
states. We also note that choosing b tagging at different
operating points will cause events to migrate between the
signal regions shown in these panels. In practice, using
these signal regions to help fit for the branching ratios of the

7/ would be possible with a thorough understanding of
b-tagging efficiency.

In Fig. 8 we turn to the breakdown of final state sources
for the 17 signal regions. In the first two panels, we see that
the 17 topologies where the candidate Z decays leptonically
provide a pure sample of the ZWry, final state with
essentially no background and good statistics. This is
similarly true for the 4; + 17 signal region (middle row,
left panel), where the Z boson is reconstructed hadronically
from non-b tagged jets, albeit with a broader mass peak.
The signal region with four jets including a single b tag
(middle row, right panel) also predominantly contains
events from ZWrr, but with some contribution from
hWry, and a nontrivial (but smooth) background from 7
(light gray). Signal regions with 17 and at least two b jets
(lower two panels) give nearly pure samples of hWzv,,
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TABLE I. The percentages of events in each signal region that
come from a given "7/~ final state, for M, = 225 GeV at /s =
500 GeV with medium b tagging. In each row, the results for the
most important final state, defined as the one that contributes
most to the given signal region, are highlighted in bold. These
numbers can therefore be interpreted as the “purity” of each
signal region with respect to its most important contributing final
state. Generally, the amount of SM background under the mass
peak will be small and/or easily subtracted.

Signal region ZZrt  Zhtt  hhtt ZWwv, hWr,
47 4+ 21 98.7 1.3 0.0 0.0 0.0
204+2j+ 21 95.4 39 0.0 0.5 0.1
204+ 2b+ 21 2.2 972 0.6 0.0 0.0
2j+2b+27 3.8 885 49 0.3 2.6
20+2j+ 1z 1.3 0.6 0.0 97.5 0.7
204+ 1j+1b+ 17 1.6 0.8 0.0 96.7 0.9
2j+2b+ 17 0.8 3.1 0.7 52 89.9
4j+ 27 77.6 9.9 1.0 7.0 4.5
4b + 27 3.7 20.1 759 0.1 0.3
4j+ 1z 4.1 1.9 0.2 76.6 8.5
1j+3b+ 17 1.4 6.1 1.9 9.7 80.7
20+ 1j+1b+27 654 33.6 0.3 0.4 0.1
3j+1b+21 522 309 33 6.7 6.7
1j+3b+2r 8.8 61.0 254 0.9 4.0
3j+1b+ 1z 35 2.8 04 65.0 20.6

again with background from f7 that is nontrivial but likely
easily subtracted.

We summarize the results of these figures in Table I.
There we show for each signal region the percentage of
signal events that derive from a given 7’7’ decay topology
(e.g., ZZrz, Zhtt, etc.). As noted above, for many signal
regions, the number of background events is very small,
and even in cases where it is larger, it is smoothly varying
and should be able to be subtracted effectively. The first
section of the table shows the purest signal regions, where
roughly 90% of the events (or more) result from one
particular final state. The existence of such signal regions
with large contributions from a single final state should
make it particularly straightforward to extract the branching
ratios of the 7’ to different final states. As noted above,
different choices of b-tagging operation points can cause
events to migrate between signal regions. However, inde-
pendent of operating point, the signal regions with high
purity (Z90%) retain this characteristic.

B. /s =250 and 380 GeV

We now turn to results for lower energy colliders which
might be available on a shorter timescale. We consider
/s =250 GeV, potentially relevant for a Higgs factory,
and /s = 380 GeV, a top factory.

At a /s =250 GeV machine, 7/ pair production is
only possible for M, < 125 GeV. However, there is a
gap between the LEP limits and the CMS bound (see
Sec. II). It is of interest to see whether a /s = 250 GeV

machine could access a 7 in this window, and whether it
could make measurements of its branching fraction. To
answer these questions, we fix M, = 115 GeV and repeat
the analysis of the previous section. For this mass, the
7' — hr final state is not accessible, and there is also no #7
background. Note that here we also reconstruct candidate Z
bosons from b jets. Moreover, the branching ratio is
dominantly (77%) to Wv,. (Recall that this is, in part,
what makes discovery of such a 7’ so challenging at the
LHC.) It follows that the signal regions with a single z have
much better statistics than those with two 7 leptons.

The results are shown in Fig. 9, in which we have
separated the contributions in each panel by final-state
source. The signal region with 4£ + 27 in the first panel
provides a sharp mass peak but is not viable with 2 ab™!
due to very limited statistics. Signal regions where at least
one of the two Z bosons decays hadronically (middle row)
are a more promising way to try to access the ZZzz final
state, and thus make a determination of the branching
ratios. A particularly sharp and significant mass peak is
seen in the 2¢ + 2J + 17 signal region, providing access to
a pure sample of the ZWzv, final state (middle row, right
panel). The last panel shows the 4J + 17 signal region,
which gives a much broader mass peak than the case with a
leptonically decaying Z, but has the best statistics. Note
that, perhaps surprisingly, this signal region also receives a
nontrivial contribution from the WWuv v, final state. This is
because our jet clustering algorithm exclusively clusters
candidate events into five jets, and sometimes one of these
jets is misidentified as a 7. Because of the relatively large
branching ratio to the WWu, v, final state, even a relatively
small tau-misidentification rate allows this final state to
have an impact. Taken together, these five signal regions
should again allow a determination of M, as well as the 7’
branching ratios.

We next turn to a discussion of the 7’ at a top factory
machine with a /s =380 GeV. Here, our focus is on
demonstration of the reconstruction of the mass peaks in
the various signal regions. The results are shown in Fig. 10.
We have shown mass peaks for three choices of the 7’ mass,
M, =115 GeV, 165 GeV, and 185 GeV. Reconstruction
of the mass peak is clearly possible in multiple signal
regions with good statistics, except in the 4/ + 27 signal
region shown in the first panel, where only a few events are
expected with 1.5 ab™!. As can be seen from Fig. 1, the
branching ratios quickly reach their asymptotic values as
M increases, so that the final state breakdown results for
the M, = 185 GeV case should be similar to the examples
discussed above in the /s = 500 GeV section.

C. s=1, 1.5, and 3 TeV

We now turn to higher energy machines. Again, our
emphasis is on the demonstration of the reconstruction of
the mass peaks. The 7/ with masses shown in these plots
should again have branching ratios close to their asymptotic
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FIG. 9. Signal final states contributing to the mass peak for M, = 115 GeV for et e~ collisions at /s = 250 GeV.

barely visible as gray-shaded histograms stacked together with the signal contributions.
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values. As such, the breakdown by final state will be similar
to that discussed in Sec. IVA.

The results for the 7 mass peaks are shown in Figs. 11-13
for /s =1, 1.5, and 3 TeV, respectively. Again, we have
shown numbers of events corresponding to benchmark
luminosities taken from Ref. [25] on the right-hand side
of the plots. Because the production cross section falls with
/s, a lack of adequate statistics can be an issue. This is
especially true in the 4¢ + 27 signal region, which is clearly
not viable at /s = 1.5 TeV with 2.5 ab~! and at 3 TeV with
5 ab™!, and is expected to give a few events at most even for
/s =1 TeV. In the case of /s = 1 TeV, the other four
signal regions are expected to give an observable peak.
However, for the \/s = 1.5 TeV and 3 TeV cases, the small
numbers of events expected with the assumed integrated
luminosities become problematic in some of the signal
regions, especially if the 7/ mass is close to the kinematic
limit. Also, for the 3 TeV case, backgrounds become
relatively more significant (see the last three panels of
Fig. 13), but with a smooth mass distribution that should
be under good theoretical control. The most significant mass
peak in those cases will be from the 4J + 17 signal region,
and estimations of branching ratios may be statistics limited.
As can be seen from Fig. 3 and the discussion surrounding
Egs. (2.13)—(2.15), running CLIC in the mode with P,_ =
+0.8 and P,, = 0 would enhance the signal cross section,
but only by about 50%.

V. OUTLOOK

We have investigated the prospects for the discovery and
study of an isosinglet 7" at future lepton colliders. We have
shown that discovery of such a particle should be possible

up to close to the kinematic limit by an effective
reconstruction of the 7 mass peak. We have not attempted
a precise numerical characterization of the discovery reach
very near threshold, as this is likely to depend on detailed
collider and detector characteristics that are not reliably
estimated so far in advance.

We have also shown that examination of different signal
regions gives access to different decays of the 7/, with
nearly pure samples of five of the six final states for /7',
which were listed in Egs. (3.1)—(3.3). Should the discovery
of a 7/ be made, our results show that the examination of
these different signal regions will therefore allow a deter-
mination of the 7’ branching ratios. Comparison with the
predictions should allow for a definitive verification of the
identity of the new particle as an isosinglet 7’.
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