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We present a study of the sensitivity to models of new physics of proton collisions resulting in three
electroweak bosons. As a benchmark, we analyze models in which an exotic scalar field ¢ is produced in
association with a gauge boson (V = y or Z). The scalar then decays to a pair of bosons, giving the process
pp — ¢V — V'V"V. We interpret our results in a set of effective field theories where the exotic scalar fields
couple to the Standard Model through pairs of electroweak gauge bosons. We estimate the sensitivity of the
LHC and HL-LHC datasets and find sensitivity to cross sections in the 10 fb—0.5 fb range, corresponding to
scalar masses of 500 GeV to 2 TeV and effective operator coefficients up to 35 TeV.
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I. INTRODUCTION

Hadronic collisions at high energy are a powerful window
into potential new particles and forces, whose existence may
solve outstanding puzzles about the Standard Model or
provide clues to new directions. The current run of the Large
Hadron Collider (LHC), however, has not yet revealed new
physics beyond the Standard Model (BSM), despite exten-
sive searching in many promising production and decay
modes. But significant opportunities remain in unexamined
event topologies, including asymmetric two-body decay
modes [1,2] as well as two-step decays [3] which lead to
three or more objects in the final state.

As the LHC dataset grows large, opportunities are created
for the study of rare final states, such as those with three
weak vector bosons (V), allowing for new tests of the
Standard Model and searches for physics beyond it. The
ATLAS and CMS Collaborations have recently reported
observation of VVV production with V = W, Z in events
with two to six leptons [4,5]. This measurement may help to
extract the value of sensitive Standard Model parameters [6].
The triboson channel may also be a powerful window to
beyond the Standard Model scenarios; if two of the bosons in
a triboson event are due to the decay of a new heavy particle,
¢ — VV, a resonance peak in the diboson mass spectrum
may be a clear discovery signature. While there are several
dedicated searches for diboson resonances [7-11], they
typically consider only the leading two reconstructed vector
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bosons, and do not develop dedicated algorithms to search
for VV resonances among the full VV'V triplet.

In this paper, we study the sensitivity of proton collisions
which result in three electroweak bosons to a benchmark
model of new physics containing a new heavy scalar ¢,
produced in association with a boson V, and which decays
to a pair of bosons, ¢ — V'V” giving the process
pp = ¢V = V + V'V". The associated production and
subsequent decay are enabled by the new scalar’s diboson
coupling; in fact the diboson coupling serves as the portal
between an exotic sector and the Standard Model in several
interesting BSM scenarios, such as Higgs imposter fields
[12,13], and dark matter models [14—18]. In order to discuss
scalar models as generally as possible, we construct a set of
simple effective field theories (EFTs), in which new spin-
zero states in simple representations of Standard Model
gauge groups couple to pairs of Standard Model gauge
bosons.

We focus on fully reconstructable decays, which allow for
identification of a sharp resonance peak, and expand the
triboson searches to include photons, exploring the V =y
and V = Z scenarios. We leave V = W and final states with
neutrinos to future studies, some of which are already
explored in Ref. [3]. The many combinations of Z and y
production and their large number of decay modes make for
arich phenomenology; we present studies of 14 distinct final
states, which have the greatest sensitivity to our benchmark
model. We find that the LHC dataset is sensitive to these
processes at cross sections of 0.5-10 fb for new states with
masses 0.5-2 TeV, corresponding to bounds on effective
mass scales of EFT operators ranging from 0.5-35 TeV.

In Sec. II, we discuss effective field theory models, and in
Sec. III we describe experimental signatures for the triple
electroweak gauge boson signature. Section IV details the
calculation of experimental sensitivities to each signature,
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and Sec. V presents expected limits in terms of the EFT
scales.

II. MODELS

Diboson couplings present a potential portal into an
exotic scalar sector, which appears in many BSM theories.
For example, the sgaugino sector of R-symmetric SUSY
models [19] contains a large family of new scalar and
pseudoscalar fields charged under SM gauge groups, which
may have their main decay modes through loop-level
diboson couplings [20-22]. Various exotic scalars have
also been invoked to explain possible diboson resonance
signatures [23-27].

Due to the broad set of UV theories which in which new
scalars may arise, we construct EFTs which allow access to
the generalized weak-scale phenomenology without being
sensitive to the UV details. We construct a detailed catalogue
of effective operators up to dimension 7 which couple exotic
states to pairs of Standard Model gauge bosons. In total
generality, such a list is quite daunting, and even with
theoretical simplifications the collider phenomenology of
such a roster of operators is very complex. For the sake of
simplicity, we here only consider exotic spin-zero fields in
the singlet, fundamental, and adjoint representations of the
Standard Model gauge groups.

Below we list all such operators which are gauge and
Lorentz invariant. Each effective operator will be suppressed
by a new physics scale A. One general feature of the
operators is that additional Higgs fields may be included to
soak up extra SU(2) indices at the cost of raising the
dimension of the operators. Once Higgs vevs (v) are
inserted, the effective dimension of these operators will
decrease, paying a price of powers of a scale factor v/A. We
note in particular that the electroweak associated production
channel allows us to study the production of a single exotic
particle that does not couple (or couples very weakly) to
gluons and therefore does not allow a pp — ¢ production
mode. We will specialize to this case in our interpretations
in Sec. V.

We begin by considering a total SM singlet scalar X. We
give the SM charges in the table below, followed by the
lowest dimension set of effective operators which couple
this field to pairs of gauge bosons.

The first three operators are dimension 5 with the scalar
X coupling to pairs of SM field strength tensors. The last
operator above couples the singlet X to the SU(2) and U(1)
field strength tensors. In this operator, extra SU(2) indices
are contracted with Higgs fundamental and antifundamen-
tals; here and below, square brackets are used to denote full
contraction of SU(2) indices. The operator is dimension 7,
but the two inserted Higgs vevs effectively bring it to
dimension 5. The first two operators couple the singlet X
into four distinct pairs of electroweak bosons ZZ, WW, Zy,
and yy. The third operator couples X to pairs of gluons, and
the last couples the neutral X to ZZ, Zy, and yy pairs.

Next, we consider a scalar state with Higgs-like SM
gauge indices, an SU(2) doublet with hypercharge 1.

Field U(l)y SU(2) SU(3)
Y 1 2 1
. 1
L, = e [H'Y|B*B,, + - [HTY|WH W,
YBB Yww
1
+ 0 [H'Y|G*G,, +A2—BW[H*WWY]. (2)
YGG YBW

In the first three operators above, we build the bi-linear
H'Y. This bilinear is again a total SM singlet and may be
thus coupled to pairs of the SM field strength tensor at
dimension 6. Once the Higgs vevs are inserted these
operators become effective dimension 5. The final operator
is again of dimension 6, and in this term the SU(2) indices
are contracted between one Higgs doublet, the SU(2) field
strength tensor and the new field Y. Again once the Higgs
vev is inserted this becomes an effective dimension 5
operator. These operators are closely related to the ones
above and have the same pattern of couplings to gauge
boson mass eigenstates.

We now consider fields in the adjoint representation of
SM gauge groups. We define an SU(2) triplet field 7 and
an SU(3) octet field O. The lowest dimension operators
coupling these adjoint fields to SM gauge bosons are
dimension 5, and we write them here:

Field u(l), SU(2) SU(3)
Field U(l)y SU(2) Su3) r 0 3 1
X 0 1 1 0 0 1 8
dabc 1
L, =——XB"B, + XWHW,, + XG"G,, c,=4"0,6"6,,, + 0,68,
XBB XWW XGG Ay Ay
1 gt uy
5 XBY[H'W,, H] (1) n T.W'"“B,,. (3)

XBW

TWB
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The first two operators above involve the octet O. The
first operator couples the octet to pairs of gluons; color
indices are here contracted symmetrically between the octet
and the two SU(3) field strength tensors. The second
operator couples an octet to the SU(3) and U(1) field
strength tensors, with SU(3) indices contracted between
the octet and the field strength tensor. As studied in
Ref. [28], these two operators couple the octet to gluon-
gluon, gluon-photon and gluon-Z pairs of bosons. The last
operator involves the SU(2) triplet scalar which couples to
the SU(2) and U(1) field strength tensors. Here SU(2)
indices are contracted between the triplet scalar and the
SU(2) field strength tensor. This operator couples the
neutral component of the triplet to photon-photon, pho-
ton-Z, and ZZ pairs.

We may also consider higher dimensional operators
which couple these adjoints to pairs of SM gauge bosons.
There is a set of dimension 7 operators in which SU(2)
indices are soaked up with two Higgs contractions. We
write them below:

1 1
L,=-——|H'TH|B*B,, T [HI TH)W*W,,
TBB TWW

1 1 B
+— [HTTH]GWGWJFM—O”G’; [H'W,,H|. (4)
TGG oGW

The first three operators above involve the triplet 7. Here
we construct an SU(2) singlet by contracting the triplet
with two Higgs fields. Thus the operators coupling 7 to
pairs of gauge bosons are dimension 7, but they become
effective dimension 5 once Higgs vevs are inserted. The
first two operators will couple the charged and neutral
components of 7 to pairs of electroweak gauge bosons
while the third operator will couple the neutral component
of T to pairs of gluons. The last operator involves the SU(3)
octet O and couples the SU(3) and SU(2) field strength
tensors. Here SU(3) indices are contracted between the
octet and the SU(3) field strength tensor, while SU(2)
indices are contracted between the SU(2) field strength
tensor and two Higgs insertions. The octet can then decay
to gluon-Z and gluon-photon pairs.

Next we consider fields with both SU(2) and SU(3)
indices, beginning with a color octet field that is also a
fundamental under SU(2) as in the Manohar-Wise model
[29]. We add two such fields S, and S, in analogy with two
Higgs doublet models. In order to have integer charge, we
give these fields hypercharges of +1. These states may
couple to pairs of gauge bosons with operators of dimen-
sion 6 as listed below.

Field u(l), SU(2) SU(3)
S, 1 2 8
Sy -1 2 8

1 . 1
L5 = AP HTS, GG+ P [HS,, )G G
A!191 Agg2

+ A% [H'S4|GZ B + A% [HS4GY B™
gbl gb2
+ AzL [HTWHS9GY + ZL [HWHSIGH . (5)
gwl gw2

In the first four operators, SU(2) indices are contracted
between the states S, or S, and the Higgs field H in a
bilinear term. In the first two, the remaining color index is
then contracted symmetrically with two SU(3) gauge field
strength tensors, and in the second two, the bilinear term is
contracted with a single SU(3) field strength tensor and the
U(1) field strength tensor. In the final two operators, the
SU(2) structure is a bit different. Here an SU(2) singlet is
constructed by contracting a BSM doublet, the Higgs
doublet, and the SU(2) field strength tensor. SU(3) indices
are then contracted between this trilinear and the SU(3)
field strength tensor. These operators couple the neutral part
of §, and S, to gluon-gluon, gluon-Z, and gluon-pho-
ton pairs.

Finally we consider a field which is an adjoint both under
SU(2) and SU(3). This field may be coupled to pairs of
electroweak bosons through dimension 5 or 7 operators as
shown below.

Field U(l)y SU(2) SU(3)
N 0 3 8
Lo = L sigrw +L[H*S H|GY'B
aa 112 3 a a Hv
ASQW Asgb
1 v
+ ATdabC [H'S,H]G}'G.,, (6)

599

The first operator is a dimension 5 coupling between the
biadjoint and the SU(2) and SU(3) field strength tensors.
The electrically neutral scalar component will thus couple
to gluon-photon and gluon-Z pairs while the charged
component will couple to W-gluon pairs. The last two
operators are dimension 7 operators which become effec-
tive dimension five when Higgs vevs are inserted. In these
operators SU(2) indices are contracted in a trilinear term
between the biadjoint and two Higgs fields. In the second
term SU(3) indices are contracted with the SU(3) field
strength tensor. In the third term SU(3) indices of the
trilinear are contracted symmetrically with two SU(3) field
strength tensors. These last two operators couple the
biadjoint to gluon-gluon, gluon-photon, and gluon-Z pairs
of gauge bosons.

These operators lead to various production modes of
scalar states, gluon fusion, vector boson fusion, and vector
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TABLE L.

The production modes of scalar states and their correspondence to the operators of the models described

above. In this table, the operator m.n should be understood as the nth term of £,,.

Process

Operator

Gluon fusion

Vector boson fusion

Associated production, electroweak
Associated production, gluon

1.3,2.3,33,43,51,52,63

1.2,1.2,14,2.1,22,24,32,33,4.1,4.2, 44, 53-5.6, 6.1, 6.2
1.1, 1.2, 1.4,2.1,2.2,24,32,33,4,1,42, 44, 53-5.6, 6.1, 6.2

1.3,23,3.1,3.2,43, 44, 5.1-5.6, 6.1-6.3

boson associated production. The correspondence between
production modes and operators is given in Table L.

In each production mode, we consider that the new
exotic states are produced and will decay to two vector
bosons. There are a large variety of interesting final states
which result; among the most striking, however, are those
involving the production of three gauge bosons. Moreover,
many operators listed above contribute to final state collider
topologies in which there are three electroweak gauge
bosons. We will next discuss triple electroweak boson
signatures as a striking search strategy for new physics.

III. TRIPLE ELECTROWEAK GAUGE BOSON
SIGNATURE

The models described above include interactions which
can generate a final state with three electoweak bosons (V),
via the production of an exotic particle ¢ in association with
one electroweak gauge boson gg — ¢V, with subsequent
decay ¢p — VV; see Fig. 1.

To leverage the power of LHC experiments to reconstruct
narrow resonances, we focus on signatures which include no
missing momentum via the production of neutrinos. To
reduce the number of combinations, we further restrict
ourselves to V =y and Z; see Ref. [3] for discussion of
some modes with missing momentum and involving W
bosons.

The couplings of the novel scalar states to weak bosons
also allows them to be produced via vector boson fusion

VI

V//

9 v

FIG. 1. Production of the scalar state ¢ in association with an
electroweak boson V, with subsequent decay ¢p — V'V giving a
three-boson final state.

(VBF). However, the production cross section for this
mode turns out to be smaller than that of associated
production, with larger expected backgrounds due to the
two forward jets which accompany VBF. These factors
make VBF less powerful for constraining our models.
Therefore, we specifically focus only on associated
production in our analyses below.

We consider hadronic and charged-leptonic decay modes
of the Z, excluding z-leptons. The multistage decay process
results in one, two, or three reconstructable resonances. To
indicate which objects are due to a resonance at a previous
stage, we use parentheses, as in gV — (V'V”)V, to indicate
that V’ and V" are due to the ¢ decay, whereas V is produced
in association. We consider all possible decays of the Z, and
below present the 14 production and decay modes which
provide the most powerful constraints on the model; see
Table 1II.

IV. EXPERIMENTAL SENSITIVITY

We estimate the sensitivity of the LHC dataset to these
hypothetical signals using samples of simulated collisions
representing 100 fb~! of proton collisions.

TABLE 1II. Production and decay modes considered in this
study, where parenthesis indicate reconstructable resonances.
Also indicated are the elements of the experimental final state,
where J refers to a large-radius jet from a Z — gq decay, and 7 is
an electron or muon.

Production and decay Final state

¢y — (rr)y 3y
by = (ZZ)y — (J(ee))y J.2¢.y
dy = (ZZ)y = (J(up))y

dy = (ZZ)y — ((ee)(ee))y 42,y
by = (ZZ)y = ((ee)(up))y

by = (ZZ)y = ((up)(up))y

¢Z — (Zy)Z — ((ee)y)(ee)

$Z = (Zy)Z — ((ee)y)(up)

$Z — (Zy)Z — ((up)y)(ee)

$Z = (Zy)Z — ((up)y) (up)

by = (rZ)y = (y(up))y 27,2y
by = (rZ)y = (r(ee))y

#Z - (ry)(ee)

¢Z — (yy)(up)
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FIG. 2. Left: efficiency of three-photon selection as a function of the hypothetical ¢» mass for the yyy final state. Right: distributions of
reconstructed m,, in simulated signal and background samples, normalized to integrated luminosity of 100 fb~'. The signal cross section
is calculated at leading order assuming the default values of the coupling constants; see text for details.

A. Simulated samples

Simulated signal and background samples were used to
reconstruct hypothetical resonances, estimate efficiencies
and expected yields. Collisions and decays are simulated
with MadGraph v2.9.2 [30], showered and hadronized with
PYTHIA v8.235 [31], and the detector response is simulated
with DELPHES v3.4.1 [32] using the standard ATLAS card and
ROOT version 6.0800 [33]. The theoretical coupling con-
stants were set to default values of 10~* GeV~!, and the
cross sections for a particular production and decay mode are
calculated by multiplying the leading-order cross section by
the branching ratios relevant to the decay chain. As is
typically done, we assume that the reconstructed invariant
mass distribution of the new states are dominated by
experimental resolution and so independent of the values
of the coupling.

Selected photons and leptons are required to have trans-
verse momentum pr > 10 GeV and absolute pseudo-
rapidity 0 < |57| < 2.5. Selected jets are clustered using the
anti-k7 algorithm [34] with radius parameter R = 0.8 using
Fastlet 3.1.2 [35] and are required to have pt > 20 GeV
and 0 < || < 5.

B. yyy final state

In this section, we consider the ¢py — (yy)y mode, which
produces a 3y final state. The selection requires at least three
photons. The major background process is Standard Model
(SM) yyy production without the ¢ resonance; secondary
backgrounds, such as those in which a jet is misidentified as
a lepton, are not considered here. From the selected photons,
the ¢ candidate is reconstructed from the pair of photons
with the largest Apy, which gives the narrowest recon-
structed resonance in our studies.

The efficiency of the selection versus ¢ mass, and the
distributions of reconstructed m,, for signal and background
samples are shown in Fig. 2. The SM background falls
smoothly and rapidly. The signal is very narrowly peaked
due to the excellent photon energy resolution, with broader

tails in cases where the correct pair of photons are not
selected to form the ¢ candidate.

C. yy¢* ¢~ final state

In this section, we consider the yyZ™¢~ final states,
which is generated by several production and decay modes

$Z = (rr)(ee), (7)

¢Z — (yy)(up). (8)

by = (rZ)y — (r(up))y,

by = (rZ)y — (y(ee))y,

Note the difference between the (y(ee))y mode, where the
¢ is reconstructed from a photon and an electron-positron
pair consistent with a Z boson, and the (yy)(ee) mode,
where the ¢ is reconstructed from the two photons.

The selection requires at least two photons and at least two
oppositely charged, same-flavor leptons. The major back-
ground process for this final state is SM yyZ — yy£* ¢~
production. In the ¢p — yZ decay chain, the ¢ candidate is
reconstructed as the yZ pair with the largest A p, where the
Z boson is reconstructed as the pair of oppositely charged
same-flavor leptons that have invariant mass closest to
my = 91 GeV.' In ¢ — yy decay chain, the ¢ candidate
is reconstructed as the yy pair with the largest Apr. The
efficiency of the selection versus ¢ mass is shown in Fig. 3.

The distributions of reconstructed mg for signal and
background samples are shown in Fig. 4. The SM back-
ground falls smoothly and rapidly, similarly to the yyy
spectrum. The signal in the ¢pZ modes where the ¢ decays
via yy is very narrowly peaked due to the excellent photon
energy resolutions, with broader tails in cases where a low-
energy photon from initial- or final-state radiation is selected.
The signal in the ¢y modes where the ¢ decays via yZ is
somewhat broader in the case where Z — uu, due to the

No invariant mass window selection is applied, as this
requirement produces reconstructed Z candidates with mass
close to my
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FIG. 3. Efficiency of yyZ¢ selection as a function of the

hypothetical ¢ mass for the four production and decay modes
which produce a yyZ*¢~ final state; see Table II.

degraded muon resolution at high momentum, and has a
broader shoulder due to cases where the incorrect y is paired
with the Z boson.

D. y?+*¢~-¢* ¢~ final state

In this section, we consider the yZ+#~¢" ¢~ final state,
which is generated by several production and decay modes

—— m,=500 GeV

—— m,=1000 GeV
—— m,=1500 GeV
—— m,=2000 GeV

SM yyZ—yy (uu)

—
WL L L R

Events / bin

1072

107°

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
mYY[GeV]

(@)

— m,=500 GeV

— m,=1000 GeV

— m,=1500 GeV

— m,=2000 GeV
SM yyZ—yy (Uu)

Events / bin

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

m, [GeV]
(©)

dy— (ZZ)y — ((ee)(ee))y. PZ—(Zy)Z— ((ee)y)(ee)
)

by = (ZZ)y = ((ee)(uu))y. dZ—(Zy)Z— ((ee)y)(up)
(10)

by = (ZZ)y = ((up) (u))y.  dZ— (Zy)Z— ((up)y)(ee)
(11)
¢Z = (Zy)Z = ((up)y)(up) (12)

in which the ¢ resonance is reconstructed either from a pair
of Z bosons or a photon and a Z.

The selection requires at least one photon and at least
two pairs of oppositely charged same-flavor leptons. The
major background process for this final state is SM yZZ —
yC ¢~ ¢t¢~ production. In the decay chain where
¢ — ZZ — ¢1¢, the ¢ candidate is reconstructed with
the pair of Z bosons with the largest Apy, where each Z
boson is reconstructed with the two pairs of oppositely
charged same-flavor leptons that have the closest invariant
mass to my; = 91 GeV. In the decay chain where ¢ — yZ,
the ¢ candidate is reconstructed with the yZ pair with the

— m,;=500 GeV
10— —— m;=1000 GeV
E —— m,=1500 GeV
10 —— m,=2000 GeV
SMyyZ —yy(ee)

Events / bin

107'E

102§

-3
107 500 400 600 800 1000 1200 1400 1600 1800 2000 2200

m,,[GeV]
(b)

—— m,=500 Gev
—— m,=1000 GeV
—— m,=1500 GeV
—— m,=2000 GeV
SMyyZ—yv(ee)

Events / bin

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

m, [GeV]
d

FIG. 4. Distributions of reconstructed m,, in simulated signal and background samples in yyZ* £~ final states, normalized to integrated
luminosity of 100 fb~!. The signal cross section is calculated at leading order assuming the default values of the coupling constants; see

text for details. (a) ¢Z — (yy)(up) (b) ¢Z — (yy)(ee) (©) ¢y — (yZ)y = (v(up))y (d) ¢y — (yZ)y — (v(ee))y.
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FIG. 5. Efficiency of y4¢ selection as a function of the

hypothetical ¢ mass for the four production and decay modes
which produce a yZ"£~¢" ¢~ final state; see Table II.

largest A p, where the Z boson is reconstructed with the pair
of oppositely charged same-flavor leptons that have the
closest invariant mass to m, = 91 GeV.

The efficiency of the selection versus ¢ mass is shown in
Fig. 5. The distributions of reconstructed m,, for signal and
background samples are shown in Figs. 6 and 7. The SM
background fall smoothly as expected in each case. The
varying widths of the reconstructed peaks reflect the greater
(weaker) resolution for electrons (muons) at high momen-
tum. As expected, shoulders due to mistaken assignments
occur more often in cases with greater possible degeneracy,
such as states with four electrons and muons, and less often
in cases where lepton-flavor can distinguish, such as those
with two electrons and two muons.

E. y¢* ¢~ J final state

In this section, we consider the ¢y — (ZZ)y — (J(ee))y
and ¢y — (ZZ)y — (J(pu))y modes, which lead to the
y¢*t¢~J final state.

— m,=500 GeV
10— —— m,=1000 GeV 3
E 10%k
102 —— m,=1500 GeV E
4 o
10f —— m,=2000 GeV 10

SM yZZ— () (up)

Events / bin
=)
Events / bin

107k
10-5 E 1 I
500 1000 1500 2000 2500
m,, [GeV]
@

The selection requires at least one photon, at least two
oppositely charged same-flavor leptons, and one large-
radius jet. The major background process for this final
state is SM yZjj — y£* ¢~ jj production, where the pair of
jets due to QCD radiation happen to be reconstructed as a
single massive large-radius jet J; the corresponding
process with SM yZZ — y£" ¢~ jj gives a much smaller
predicted contribution due to the additional weak boson,
despite the large-radius jet corresponding to a true massive
boson decay.

The ¢ candidate is reconstructed from the leptonic and
hadronic Z boson candidates which have the largest Apr.
The leptonic Z boson is reconstructed from the pair of
oppositely charged same-flavor leptons that have the closest
invariant mass to m,, and the hadronic Z boson candidate is
the large-radius jet with invariant mass closest to m . The
efficiency of the selection versus ¢ mass is shown in Fig. 8.

The distributions of reconstructed m, for signal and
background samples are shown in Fig. 9. The spike at small
values of m ., are due to cases where the large-radius jet fails
to capture the hadronic decay of the Z boson, leading to a
mass close to m, from the leptonically decaying Z boson.

F. Statistical analysis

Limits are calculated at 95% C.L. using a profile like-
lihood ratio [36] with the C.Ls technique [37,38] with
RooStats [39] for a binned distribution in the reconstructed
mass of the hypothetical ¢ boson, where bins without
simulated background events have been merged into
adjacent bins. A graph of these limits as functions of the
¢ mass are shown in Fig. 10, and selected data points are
shown in Table III. The background is assumed to have a
50% relative systematic uncertainty.

V. INTERPRETATION

We will consider separately how the models from Sec. 11
are constrained by our search. In Table IV, we identify the

—— m;=500 GeV — m,=500 GeV
—_— m¢=1000 GeV E —— m,=1000 GeV
—— m,=1500 GeV 10°F —— m,=1500 GeV
—— m,=2000 GeV c  10fF —— m,=2000 GeV
SM yZZ—>y(ee)(ee) E 1 f SM yZZ—y(uu)(ee)
%) 3
T 107
g
w102
107°
107
500 1000 1500 2000 2500
m,, [GeV]
()

FIG. 6. Distributions of reconstructed m,, in simulated signal and background samples in yZ*£~¢" ¢~ final states in which the ¢
is reconstructed from a pair of Z bosons, normalized to integrated luminosity of 100 tb~!. The signal cross section is calculated at
leading order assuming the default values of the coupling constants; see text for details. (a) ¢y — (ZZ)y — ((uu)(up))y

(b) ¢y — (ZZ)y — ((ee)(ee))y (¢) ¢y > (ZZ)y — ((ee)(up))r-
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Distributions of reconstructed m,, in simulated signal and background samples in yZ*£~¢" ¢~ final states in which the ¢

is reconstructed from a y and Z bosons, normalized to integrated luminosity of 100 fb~!. The signal cross section is calculated at
leading order assuming the default values of the coupling constants; see text for details. (a) ¢pZ — (Zy)Z — ((uu)y)(pp)
(b) ¢Z — (Zy)Z — ((ee)y)(ee) () dpZ — (Zy)Z — ((up)y)(ee) (&) ¢Z — (Zy)Z — ((ee)r)(up).
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FIG. 8. Efficiencies of ¢ selection as functions of the ¢ mass

for the two production and decay modes with produce yZ¢~J
final states.

six separate models that have triple electroweak boson
signatures. These models are listed in order of increasing
dimension of scalar SU(2) representation and have effec-
tive operators and coefficients as listed.

Here we identify the generic field ¢ with the neutral
component of the specific exotic scalar multiplet in each
model, the singlet X, the neutral doublet component Y, and
the neutral triplet component 7, that is. ¢ D X, Y, 7. In
the following section, we will translate the cross section
limits described above into bounds on parameter space for
each model. For each model, we will provide the vertex
coefficient rules for scalar-boson couplings, as verified by a
FeynRules [40] implementation of the model.

Once electroweak symmetry is broken, the Higgs fields
is replaced in our operators with its vacuum expectation
value and we write the gauge fields in their mass eigen-
basis. After electroweak symmetry breaking, the effective
cutoff parameters control the coupling of the neutral exotic
scalar ¢ to 4 pairs of mass eigenstate electroweak gauge
bosons: yy,yZ,ZZ, and WW. Upon inspection we find that
for the models listed, there are two distinct patters of
couplings between the exotic scalar ¢ and pairs of
electroweak gauge bosons.

In models A, C, and F, scalars couple separately to

B, B", W,WH with two distinct effective cut off

uv
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FIG.9. Distributions of reconstructed n1,, in simulated signal and background samples in yZ+#~J final states, normalized to integrated
luminosity of 100 fb~!. The signal cross section is calculated at leading order assuming the default values of the coupling constants; see

text for details. (a) ¢y — (ZZ)y — (J(up))y () ¢y — (ZZ)y — (J(ee))y.
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FIG. 10. Summary of expected upper limits at 95% CL on the
production cross sections as functions of the ¢ mass in integrated
luminosity of 100 fb~! for the fourteen production and decay
modes which produce five unique final states; see Table II.

parameters; these two parameters specify the couplings of
the scalar ¢ to all four pairs of electroweak bosons. We
express the pattern of diboson coupling coefficients in
Table V below.

Here the scales A; and A, correspond to the effective
cutoffs relevant to the model. The cutoff appears with the
appropriate power n to ensure a dimension 4 operator for
each model, while the overall coefficient x varies from
model to model and includes numerical factors and Higgs
insertions. We see that the scalar coupling to pairs of W
bosons is controlled by the single parameter A,, this
coupling can only be set to zero by taking A, to infinity.
Of the remaining three couplings to boson pairs, only one
may be set to zero at a time. In our analysis we choose to
focus on the symmetric benchmark point A; = A,. The

values of the scalar-boson couplings for this benchmark
point are shown in Table VII. For this special point, the ¢yZ
couplings are exactly zero and the couplings ¢yy and ¢pZZ
are equal. For this special symmetric benchmark point the
branching fractions of the exotic scalar ¢ to vector boson
pairs are the same in the dimension 5 scalar, SU(2) doublet
and, dimension 7 adjoint models. These branching fractions
are given in Fig. 11 and verified with MadGraph 5. While all
available diboson states have branching fraction O(1), we
see that W’s are dominant. Though the couplings of the

TABLE IIIl. Summary of expected upper limits at 95% C.L.
on production cross sections at mg = 500 GeV and m, =
2000 GeV in integrated luminosity of 100 fb~! for the fourteen
production and decay modes which produce five unique final
states; see Fig. 10.

Mode 95% CL expected upper limit [fb]
my =500 GeV m,, = 2000 GeV
dy = (ZZ)y — (J(ee))y 4.6 2.5 x 107!
dy = (ZZ)y - (J(up ))7/ 4.6 2.5 % 107!
$Z — (Zy)Z — ((ee)y)(ee) 1.4 x 107! 9.5 x 102
¢y = (ZZ)y - ((e )(e )y  1.3x107! 9.4 x 1072
OZ = (Zy)Z = ((upu)y)(ee) 9.5 x 1072 6.9 x 1072
$Z — (Zy)Z — ((ee)y)(up) 9.4 x 1072 6.6 x 1072
dr = (ZZ)y — ((ee)(uu))y  9.0x 1072 6.3 x 107
by = (GZ)y = (y(ee))y 9.5x 1072 5.6 x 1072
dZ — (yy)(ee) 8.0 x 1072 5.7 x 1072
by = (yy)y 1.1 x 107! 3.4 x 1072
OZ = (Zy)Z — ((up)y)(upu) 6.5 x 1072 4.8 x 1072
br = (rZ)y = (r(up))r 7.0 x 107 4.1x 1072
by = (ZZ)y = () (up))y 62 %1072 4.4x107
$Z = (1) (up) 56% 1072 40x 1072
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TABLE IV. The six effective models considered for this
investigation, organized by the scalar’s SU(2) representation
and the dimension of the effective operators.

TABLE VI. The effective couplings of the models B, D, and E,
in terms of cutoff A5 (left) and values of coefficients k and powers
n for benchmark models(right).

Label Description L Pattern 2
A Singlet dim 5 A, XB" ”B,,,, o w— A —XWHW,, Vi = —k[c‘;'\‘f,‘“]
B Singlet dim 7 [H W H| Vipz = k%7 SAT ]
C  Doublet I L [H Y]BWB + - [HYIWEW,, Vozz = k%5p]
- i
b Doublet 1T A Bu [H W Y] Dimension 5 adjoint
E Adjoint dim 5 Al TiW’i‘”BW n=1k=-1/v2
+ /wl v N » Weak doublet II
F [H'TH|B" B, +5—[H THIW" W, n—2 k= /2
Dimension 7 singlet
n=3k= v% /4

scalar state to yy and ZZ pairs are equal, the phase space
factor in the decay width differs between the massive and
massless final states. This creates a small difference in
branching fraction for lower mass ¢, but as ¢ becomes
more massive, my > my and the Z’s become effectively
massless compared to the heavy scalar and thus the photon
and Z branching fractions converge.

Models B,D, and E contain scalars coupling to B,, W*
and display separate coupling patterns given in Table VI.

Here A5 is the model relevant cutoff scale, the power n
ensures a dimension 4 term in the Lagrangian, and the
overall factor k is a coefficient containing numerical factors
and power of Higgs insertions for the given model. In these
models, the absence of a W, W* term in the Lagrangian
ensures that there is no coupling between the exotic scalar
¢ and pairs of W bosons. The remaining three diboson
couplings are controlled by a single effective cutoff
parameter As, thus the relative couplings to yy, ZZ, and
yZ pairs are fixed with ¢pyy and ¢pZZ couplings being equal.
Using these couplings we can compute the branching
fractions of the scalar states with this coupling pattern,

TABLE V. The effective couplings of the models A, C, and F, in
terms of effective cutoffs A; and A, (left) and values for
coefficients x and powers n for benchmark models (right).

Pattern 1

2
Vi =« [A” + /Y\_g}
Voww = K[Al]
Vi = k[ l“ +%7

2
S

V¢ZZ - K[A; + /{%]

dimension 5 scalar
n=1k=1
Weak doublet 1
n=2k=u,
Dimension 7 adjoint

n:3K:—U%/\/§

shown in Fig. 11 and verified with MadGraph 5. We see again
that with equal coupling but differing phase space factors
for massless and massive particles, the diphoton branching
fraction starts out the highest for low mass exotic states, but
converges with the ZZ branching fraction for high mass
scalars. The yZ branching fraction is generically lower but
still quite substantial.

Explicitly, the limits on the effective mass scale are
constructed as follows. First, production cross sections
and scalar decay widths for each model described above
are computed via MadGraph 5. For each computation, we use a
value of 10 TeV for each finite A;, and we decouple all other
operators by taking their cutoffs to a value of 10° GeV. Full
cross sections for each considered final state are then
calculated using the narrow width approximation, along
with the known branching fractions of the Standard Model
weak bosons [41]. For these couplings and for all masses up
to 2 TeV, we find total widths less than a few percent of the
mass. Therefore, we take the narrow width approximation as
justified. Because the total cross section is proportional to the
square of the coupling (i.e., A™2"), cross sections for
arbitrary values of A can be obtained by rescaling the test
result appropriately. We then mark a point as excluded if the
resulting cross section exceeds the existing limit shown in
Fig. 10. Computation of the vector boson fusion cross
section using the same parameters confirms that it is orders
of magnitude smaller than that of associated production.

We note, however, that there is a lower limit of
theoretical viability to the value of the effective operators
obtained with these limits. As a minimal bound we expect
that the effective operator analysis is sensible when the
effective cutoff is equal to or grater than the center of mass
energy for an event. We are considering heavy scalars,
above 600 GeV in mass, with associated gauge bosons
much lighter; therefore the minimum center of mass energy
in the event is approximately equal to the exotic scalar mass
itself. Thus an approximate lower theoretical limit to our
effective cutoffs are reached when A ~ m.
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TABLE VII. The effective couplings of the models A, C, and F
for the symmetric case.
A 1 == A2 == A
Vow = an
Voww =25
V¢)/Z == 0
Vyzz = 77

We will now discuss expected limits in our model
parameter space beginning with the Pattern 1 models;
the dimension 5 singlet, doublet model I, and dimension
7 adjoint; see Fig. 12.

In general these models have three parameters, the mass
of the singlet scalar, and the two effective cutoffs Ayyy and
Axpp. We have analyzed results in the symmetric bench-
mark point Aywyw = Axpp. In this benchmark, the ¢,

Pattern 1, Ay =A;

0.6
0.5 -
5041
©
©
s
2 0.3 1
£
o
c
o
@ 0.2
0.11 — Ooyy
— 0-2ZZ
—_— 0w W-
0.0 . , . . . . . :
600 800 1000 1200 1400 1600 1800 2000
me [GeV]
Pattern 2
0.6
0.5 A
5041
9]
o
w
2 0.3 1
£
o
C
o
m 0.2 4
0.1 — O-yy
— 0-2ZZ
—_ 02y
0.0 : , . . . : . .
600 800 1000 1200 1400 1600 1800 2000
me [GeV]
FIG. 11. Branching fractions of the scalar, assuming (top)

pattern 1 (models A, C, and F) and (bottom) pattern 2 (models
B, D, and E).

coupling vanishes, and this fact has two phenomenological
consequences. First, scalar states are produced with asso-
ciated y or Z bosons in the s channel without destructive
interference between photons and Z’s, allowing larger
production cross sections. Second, the yZ decay channel
is closed to the scalar, restricting the available final states.
Of the remaining final state topologies, we have chosen to
mostly reproduce here limits from channels with muons
rather the electrons since the cross section limits are
generally tighter, as seen in Fig. 10.

In Fig. 12 we show parameter space limits for the
dimension 5 singlet scalar model (top), dimension 6 weak
doublet I model (middle), and dimension 7 adjoint model
(bottom). The left column shows expected limits provided no
excess is seen in the current 100 fb~! dataset, while the right
column shows expected limits for the full 3 ab~! HL-LHC
dataset. As expected, the limits on effective cutoffs weaken
as we go up in effective operator dimension, as the scalar
production cross section becomes suppressed by multiple
powers of the effective cutoff. The shape of the operator limit
changes from low to high luminosity due to Poisson
statistics. For higher mass scalars, only a small number of
signal events is expected during the low luminosity run, and
this allows the cross section limits to show greater improve-
ment when the luminosity increases. This translates to a
higher limit on the effective mass scale. Also shown on each
plot is a dashed line where the effective operator cutoff is
equal to the scalar mass. As discussed above, this is an
approximate limit of applicability for the EFT approach.
Then, these plots demonstrate that the constraints on the
dimension 7 operators are far less meaningful than those on
the operators of lower dimension.

For all three models, the more sensitive channels involve
the reconstruction of the scalar state as a diphoton resonance.
The most sensitive for each model is the triphoton final state;
here the scalar ¢ is produced in association with a photon,
and it subsequently decays to two photons pp — yX — yyy.
The ¢ + V production cross section drops quite quickly with
increasing scalar mass. We might then expect the triphoton
search to become much weaker at higher scalar masses.
However, the triphoton search efficiency slightly increases
with scalar mass, while the expected SM backgrounds fall
substantially. We see from Fig. 10 that expected cross section
limits in the triphoton search improve as the scalar mass
grows from 500 GeV to 1 TeV. The net outcome of these
competing effects is that the effective cutoff exclusion falls
with increasing scalar mass, but it falls by less than an order
of magnitude over the 0.5-2 TeV scalar mass range. We see
that the triphoton channel is extremely powerful in the
dimension 5 singlet model, allowing exclusions of effect
ive cutoffs between approximately 5 and 17 TeV for scalars
up to 2 TeV of mass in the 100 fb~! dataset. Projections
for 3000 fb~! take the limit up to 37 TeV. Limits are in the
2-3 TeV range for effective cutoffs in the dimension 6 weak
doublet model. In the case of the dimension 7 adjoint model,
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the production cross section is suppressed by six powers of
the effective cutoff. Therefore the triphoton search is only
marginally able to probe effective cutoffs of 500-750 GeV
near the threshold of the light exotic scalar mass.

Following the triphoton channel, the next most sensitive
channels are those where the scalar is produced in asso-
ciation with a leptonically decaying Z boson, while the
scalar itself decays to a diphoton mass resonance. The red
and green lines on the plots correspond to the ¢Z —
(r1)Z = (yr)un and  ¢Z — (yr)Z — (ry)ee channels
respectively. These channels offer a complementary win-
dow into the multi-TeV scale as they have a similar order of
magnitude reach as the triphoton search. These channels
also have a falling profile of cutoff sensitivity as the scalar
mass increases. In the dimension 5 singlet model these
channels are expected to exclude up to 5 TeV in effective
cutoffs for light scalars in the 100 fb~! dataset and up to
1520 TeV in the 3 ab™! dataset. In the full HL-LHC
dataset, the channels maintain theoretical viability in the
entire range of scalar masses studied, with limits of about
5 TeV in effective cutoff for 2 TeV scalar masses. In the
dimension 6 doublet model, these channels maintain
theoretical viability only for lighter scalar masses. For
example, these channel exclude 2 TeV cutoffs for light
scalars in the full HL-LHC dataset, but reach the A ~ m,,
viability threshold for scalars roughly 1.2 TeV in mass. For
dimension 7 operators, the channel gives marginal exclu-
sions of 600 GeV effective cutoffs for light scalars, but use
of the EFT is not theoretically viable for higher scalar
masses.

We consider two more eclectic channels in which the
exotic scalar is produced in association with a photon and
decays to two Z bosons. The most striking final states are the
4 muon and 2 muon plus large-radius jet channels, that is
¢y = (ZZ)y = ((up) (up))y and ¢y —(ZZ)y— ((uu)(J))r-
We can see from the exclusion plot in Fig. 10 that the four
muon channel makes a slight improvement in sensitivity as
the scalar mass increases. However, the 2u+ large-radius-jet
channel makes a stunning increase in sensitivity, over an
order of magnitude, as the scalar mass increases. Though the
overall cross section limit in the 2+ large-radius-jet channel
seems worse than other channels, the large Z branching
fraction to jets makes it competitive with leptonic channels in
the overall search. For example, in the 4y search, each Z
boson must pay the price of a few percent branching fraction
which cuts down on the total signal. This makes 4y and 2u+
large-radius-jet similar in reach.

These two channels only have reach into the effective
parameter space for the lightest scalars; however, the signals
are so striking that they are worth mention. For example, we
can see from the plots in Fig. 12 that the sensitivity of the
2u+ large-radius jet channel has the interesting feature of
roughly maintaining the same exclusion power over the
entire scalar mass range. This is due to the falling production
cross section competing with the greatly improved efficiency

and background control. The 4y channel has a hard photon
and 4 leptons which reconstruct the two Z bosons in the
event and the heavy scalar mass resonance. We see from the
figure that the HL-LHC exclusions have some sensitivity to
cutoffs in the 500-700 GeV mass range in these channels
while still maintaining theoretical viability of the EFT for the
dimension 5 singlet and dimension 6 doublet models.

We will now discuss the models with coupling pattern 2:
the dimension 5 adjoint, weak doublet II, and dimension 7
singlet models. We can see from Table VI that these models
couple the exotic scalar ¢ to three sets of gauge bosons, yy,
Zy, and ZZ with a single effective cutoff parameter. The
ratio of these couplings is completely fixed with respect to
each other and thus no coupling may be set to zero by itself.
In these models, the Zy coupling is always nonzero, which
has two consequences; one is that there is destructive
interference between virtual gauge bosons in the ¢ + V
production channel, and the other is that the Zy decay mode
of the exotic scalar is always open.

In Fig. 13 we have shown parameter space limits for the
dimension 5 adjoint scalar model (top), dimension 6 weak
doublet IT model (middle), and dimension 7 scalar model
(bottom). Again, the left column shows expected limits
provided no excess is seen in the current 100 fb~! dataset,
while the right column shows expected limits for the full
3 ab~! HL-LHC dataset.

Exclusions for our final states follow much the same
features as those for the Pattern I models discussed above.
Once again the triphoton channel-—shown in blue—is the
most constraining channel for all models. We see that for
the dimension 5 adjoint model effective cutoffs have an
expected exclusion between 8 TeV and 2 TeV over the 500
to 2 TeV scalar mass range in the 100 fb~! dataset.
Exclusions range between 20 TeV and 6 TeV over the
scalar mass range for the full 3 ab~! HL-LHC dataset. For
the dimension 6 doublet model, the production cross
sections are suppressed by v?/A? and limits are therefore
weaker. Expected exclusions are in the 1-2 TeV range for
light scalars under about a TeV. Moreover, the expected
exclusions traverse the theoretical limit of A ~m, for
scalar masses around 900 GeV for 100 fb~! of data, and
for masses about 1.5 TeV in the 3 ab~! dataset. The
dimension 7 singlet model has extremely suppressed
production cross sections. In this scenario only the tripho-
ton search can marginally probe the theoretically viable
effective parameter space, excluding A ~ 500 GeV for
scalars of the same mass scale.

In this set of models the Zy decay channel of exotic scalars
must be nonzero. Therefore we have included on these plots
a final state in which the scalar is produced in association
with a photon and decays to Zy; specifically the decay
channel is ¢y — (Zy)y — ((up)y)y- This channel has sim-
ilar sensitivity to the above mentioned 2 lepton- 2 photon
channels and exclusions are shown in Fig. 13 in yellow. This
channel and the ¢Z — (yy)Z — (yy)uu (shown in red) and
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@Z — (yy)Z — (yy)(ee) (in green) channels give a compli-
mentary probe to the triphoton channel into the multi-TeV
effective cutoff range. In the dimension 5 adjoint model these
channels are expected to exclude cutoffs up to 2 TeV in
100 tb~! of data and up to 7 TeV in 3 ab™! of data for light
scalar masses. The limit of theoretical viability is traversed in
the 100 fb~! dataset for scalar masses above about 1 TeV,
however the search remains viable over almost the entire
range of adjoints masses in the full HL-LHC dataset. The
dimension 6 doublet model fairs a bit less well, though these
channels are expected to exclude up to 1 TeV of effective
cutoff for light scalars in the full 3 ab~! dataset—the limit of
theoretical viability is traversed even in the full dataset for
scalar masses of about 800 GeV. This channel can margin-
ally exclude cutoffs of 500-600 GeV for 500 GeV scalars
with 100 fb~! of data. These channels do not have reach into
the theoretically viable region of parameter space for the
dimension 7 singlet model.

The ¢y — (ZZ)y — ((up)(up))y (shown in purple) is
expected to have some reach for light scalars in the 3 ab™!
dataset. In the dimension 5 adjoint model it can probe about
1 TeV in effective cutoff for 500 GeV masses, and is
theoretically viable up to about 800 GeV in scalar mass. It
can also marginally probe 500 GeV cutoffs for scalar of
similar mass in the weak doublet model. In these scenarios
the ¢y — (ZZ)y — ((uu)(J))y channels unfortunately fail
to reach the threshold of theoretical viability.

VI. CONCLUSIONS

We have introduced the LHC search topology of triple
electroweak gauge bosons to study the production of exotic
states that couple to pairs of electroweak gauge bosons. The
exotic particles are produced in association with a photon
or Z boson and decay to electroweak gauge bosons pairs.
We have studied 14 possible final states with this topology.
We have shown how the presence of multiphotons, multiple
leptons, and mass reconstruction of both Z bosons and
heavy exotic scalars in the event can give extremely tight
constraints on new models, possible placing cross section
limits in the sub-fb region.

We have proposed a set of new effective field theory
models where exotic scalar states in various representations
of SM gauge groups couple to pairs of SM gauge bosons.
We have analyzed our results in the parameter space of the
effective cutoff scales of the EFTs. We find several
channels capable of probing the multi-TeV effective cutoff
regime, with the powerful triphoton searches reaching as
far as 35 TeV in effective cutoff for the full 3 ab=! run of
HL-LHC.

There are several directions for future work. First, we
could imagine that more sensitivity may be gained by
combining channels studied in this work. One simple one
might include the analysis of the triple electroweak boson
channels with associated W bosons. This would extend the

study to the production of exotic charged scalar states
produced in association with a W. Another direction may
be to extend these results to more models, perhaps by
extending the EFT catalogue or mapping the results to
fleshed out models, for example the sgaugino sector of R
symmetric supersymmetry. Yet another direction may be to
explore unusual final state topologies resultant from the
diboson couplings of the EFT models catalogued in
this work.
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APPENDIX: CATALOG OF SCALAR COUPLINGS

For the sake of completeness we explicitly write the
exotic scalar couplings to sets of electroweak gauge boson
in our 6 benchmark models.
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