
J
H
E
P
0
1
(
2
0
1
6
)
1
8
3

Published for SISSA by Springer

Received: December 11, 2015

Accepted: January 18, 2016

Published: January 29, 2016

Multiboson production in W ′ decays

J.A. Aguilar-Saavedraa and F.R. Joaquimb
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1 Introduction

A 3.4σ local excess in boson-tagged jet pair (JJ) production reported by the ATLAS

Collaboration [1], near an invariant mass mJJ = 2 TeV, stands out as the most prominent

anomaly that the first run of the Large Hadron Collider (LHC) has left. This excess

appears in a dedicated search for heavy resonances decaying into two gauge bosons WZ

that subsequently decay hadronically, each boson resulting in one fat jet (J). The CMS

analysis of the same JJ final state [2] also shows some excess at roughly the same invariant

mass. But, intriguingly, complementary searches in the `νJ channel, corresponding to the

leptonic decay W → `ν (` = e, µ) and Z hadronic decay, give null results [3, 4], even if — as

in the case of the ATLAS search — they are more sensitive to the presence of a resonance.

Consequently, the limits from the non-observation of a signal in this decay mode are in

tension with the cross section required to explain the excess in ref. [1]. The `+`−J channel

with Z → `+`− and W decaying hadronically is less sensitive. In the case of the CMS

Collaboration [3] there is some ∼ 2σ excess at a smaller invariant mass m``J ∼ 1.8 TeV

but the ATLAS analysis [5] gives a SM-like result. In addition, heavy resonances decaying

into two gauge bosons V V (V = W,Z) are also expected to decay into V h0, with h0

the Higgs boson. Searches for V h0 in the JJ channel by the CMS Collaboration [6] do

not show any excess, while a preliminary Wh0 resonance search in the `νJ final state [7],

less sensitive than the former, yields a 2.2σ excess at mWh0 = 1.8 TeV (see ref. [8] for

a detailed discussion).

In order to address the tension between the ATLAS diboson excess [1] in the JJ

channel and the limits on a possible signal from the other channels [2–5], the hypothesis

that this excess is due to diboson production plus an extra particle X was put forward by
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Figure 1. Sample diagrams for R→ V Y → V V X production, with X a neutral scalar.

one of us [8]. Two production and decay topologies were identified, with a heavy resonance

R decaying into V V X via an intermediate on-shell resonance Y , as depicted in figure 1. In

both cases, the V V X final state could give a diboson-like signal in the ATLAS analysis [1],

while not showing up so conspicuously in the rest of diboson resonance searches. In this

paper we present an explicit example of a model where such processes can occur, with R a

charged spin-1 boson (W ′), Y a charged (H±) or neutral (H0
1 ) scalar and X a pseudo-scalar

(A0) or the Higgs boson (h0). Key ingredients in the model are an additional SU(2)′ gauge

group, whose charged member is the W ′ boson, and an additional scalar doublet to provide

the scalars H±, H0 and A0.

We note that many interpretations of the ATLAS excess in terms of a spin-1 resonance

decaying into WZ, WW or ZZ have appeared in the literature [9–35], several with an

extended scalar sector that couples to SU(2)L as well as to a new SU(2)′ gauge group.

This is the case, for example, of left-right (LR) models. However, only direct decays

R→ V V have been considered, overlooking the tension between the JJ and `νJ analyses

or atributing it to statistical fluctuations.1 Direct R→ JJ decays have also been considered

in interpretations in terms of a new spin-0 resonance [42–50] and other related work [51–59].

As we will show in this paper, if the extra scalars present in models with an extra SU(2)′

symmetry group are lighter than the W ′ boson, their cascade decays can provide multiboson

signals. An alternative explanation of the absence of signals in the `νJ final state is that

the diboson excess is due to some new particle having a mass close to the W and Z masses,

with hadronic decays, as proposed for example in ref. [60]. Nevertheless, this hypothesis

does not explain why a significant excess has not been seen by the CMS Collaboration in

their JJ resonance search.

In the remainder of this paper, we will first present in section 2 the models to be used

as a framework. Multiboson W ′ decays will be discussed in section 3, focusing on the

dependence of the different (diboson, triboson) signals on the mixing in the scalar sector of

the model. The possible multiboson cross sections will be investigated in section 4. After

this general analysis, we give in section 5 a couple of benchmark examples where either

the triboson signals dominate, or have similar size as diboson signals. We summarise our

results in section 6.

1Recently, the tension between the JJ excess and the SM-like results in the rest of ATLAS diboson

searches has been numerically quantified [36], and amounts to 2.9 standard deviations. Preliminary results

from the second run at 13 TeV leave no significant excess either [37–41], with a mild 1 σ enhancement over

the SM prediction near 2 TeV in the ATLAS JJ search.
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2 Framework

When considering models that can give a V V X signal corresponding to any of the two

topologies in figure 1, we restrict ourselves to particles with spin 0, 1/2 or 1, as those already

found in Nature. Furthermore, we consider that V V = WZ, since the local significance of

the excess with this fat jet selection is larger (3.4σ) than for ZZ (2.9σ) and WW (2.6σ)

selections. In order to reproduce the diboson kinematics, the extra particle X should

have a mass mX = 100–200 GeV, and the secondary resonance Y should have a mass

below the TeV.

We will assume that the resonance R decaying into WZX is a charge ±1 particle

and X is a neutral one, because a relatively light charged particle X± would be copiously

produced in pairs through its gauge coupling to the photon, leading to a dijet pair signal,

so far unobserved [61–64]. If R is a heavy W ′ boson, it would also explain (see for example

refs. [65–67]) a 2.8σ excess in e+e−jj production found by the CMS Collaboration [68],

at an invariant mass meejj ' 2 TeV. On the other hand, for a charged scalar resonance

it is harder to justify the required production cross section (see however ref. [45]). These

arguments motivate us to extend the SM gauge symmetry with an additional SU(2)′.

For the secondary resonance Y , the simplest possibility is to have a new scalar. An

additional vector boson, perhaps appearing by enlarging the SU(2)′ group, could yield the

production and decay topologies in figure 1 too. However, a lighter gauge boson with a

mass of few hundreds of GeV, otherwise undetected, should be (almost) fermiophobic, in

contrast with the W ′ boson resonance produced in the s channel. It is unclear that such

possibility is viable. Then, we are led to enlarge the scalar sector of the SM. The mixing

of the SM scalar sector with additional SU(2)L singlets or triplets is very constrained by

Higgs couplings measurements [69] and precision electroweak data [70], therefore we extend

the scalar sector with an additional doublet.

The four complex scalar fields in the two SU(2)L doublets must transform non-trivially

under SU(2)′, in order to couple to the W ′ boson. It seems more natural to arrange them

into two doublets. One possibility is to have a bidoublet, as in LR models; another possibil-

ity is that the two SU(2)L doublets are SU(2)′ doublets too. We will restrict ourselves to the

first option. Also, some of the quark fields must transform non-trivially under SU(2)′, so

as to have a W ′ coupling to quarks. The requirement of gauge invariance of Yukawa terms

implies that the SU(2)′ doublets must include right-handed quark fields. In the lepton sec-

tor, new neutral leptons NR can be introduced, embedding the right-handed lepton fields

into SU(2)′ doublets. (Alternatively, the W ′ boson can be leptophobic if the right-handed

as well as the left-handed lepton fields are SU(2)′ singlets.) With these assignments, we

can identify SU(2)′ with a SU(2)R gauge group.

In this work we will discuss two models, which differ in the way the extended

gauge group SU(2)L×SU(2)R×U(1)B−L is broken to the standard model (SM) one

SU(2)L×U(1)Y . We consider two distinct scenarios: the triplet [71–73] and the doublet [74]

left-right models (TLRM and DLRM, respectively). In the TLRM, the SU(2)R×U(1)B−L
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breaking occurs through the vacuum expectation value (VEV) of a SU(2)R triplet

∆R =

(
∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
∼ (1, 3, 2) , 〈∆R〉 =

1√
2

(
0 0

vR 0

)
, (2.1)

while in the DLRM, a SU(2)R doublet χR is added instead,

χR =

(
χ+
R

χ0
R

)
∼ (1, 2, 1) , 〈χR〉 =

1√
2

(
0

vR

)
. (2.2)

Gauge interactions of ∆R and χR are given by the covariant derivatives

Dµ∆R = ∂µ∆R − igR
[
~τ

2
· ~Wµ

R,∆R

]
− ig′Bµ∆R ,

DµχR = ∂µχR − igR
~τ

2
· ~Wµ

R χR − i
g′

2
BµχR , (2.3)

where gL,R and g′ are gauge coupling constants. The SU(2)L,R and U(1)B−L gauge fields

are denoted by ~Wµ
L,R, and Bµ, respectively, and ~τ are the Pauli matrices. Notice that we

will not impose any discrete symmetry forcing gR = gL, as in fully LR symmetric models.

The SM gauge group is broken down to U(1)em by the VEV of a Higgs bidoublet

Φ =

(
φ0

1 φ+
2

φ−1 φ0
2

)
∼ (2, 2, 0) , Φ̃ = τ2Φ∗τ2 , (2.4)

to which corresponds the covariant derivative

DµΦ = ∂µΦ− igL ~Wµ
L ·

~τ

2
Φ + igR Φ

~τ

2
· ~Wµ

R . (2.5)

The vacuum configuration of Φ is

〈Φ〉 =
1√
2

(
v1 0

0 eiδv2

)
, (2.6)

where v1 = v cosβ and v2 = v sinβ, with tan β = v2/v1 and v = 246 GeV. In principle, the

phase δ could trigger spontaneous CP violation in the scalar sector [75]. Although this is

an interesting possibility, for the sake of simplicity of our analysis we set δ = 0.

Gauge boson masses and gauge scalar interactions arise from the gauge-invariant scalar

kinetic terms:

TLRM: LΦ = Tr[(DµΦ)†(DµΦ)] + Tr[(Dµ∆R)†(Dµ∆R)] ,

DLRM: LΦ = Tr[(DµΦ)†(DµΦ)] + (DµχR)†DµχR . (2.7)

The charged gauge boson mass eigenstates are the SM W boson, and a new W ′ boson,

which we identify as being the 2 TeV resonance R in figure 1. From eqs. (2.7) one has, in

the limit v � vR,

MW '
1

2
gLv

[
1− ε2

2k2
sin2 2β

]
, MW ′ '

k

2
gRvR

[
1 +

ε2

2k2

]
, (2.8)
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where

ε ≡ v

vR
' k gR

gL

MW

MW ′
� 1 , (2.9)

and k =
√

2 (1) for the TLRM (DLRM). In the above equation, the last inequality stems

from MW ′ �MW and gR ∼ O(gL). The mixing between the W and W ′ mass eigenstates,(
Wµ
L

Wµ
R

)
=

(
cos ζ − sin ζ

sin ζ cos ζ

)(
Wµ

W ′µ

)
, (2.10)

is parameterised by an angle ζ for which

tan 2ζ =
gL gR ε

2

k2g2
R + (g2

R − g2
L)ε2

sin 2β ' gR
gL

M2
W

M2
W ′

sin 2β � 1 . (2.11)

Except for W ′ → WZ decays, which are enhanced by M2
W ′/M

2
W due to the longitudinal

helicity components, we will neglect W −W ′ mixing, which is equivalent to considering

W± ∼ W±L and W ′± ∼ W±R . The physical neutral gauge bosons Z, Z ′ and the photon A

are related to the weak SU(2)L,R and U(1)B−L states W 3µ
L , W 3µ

R and Bµ byW
3µ
L

W 3µ
R

Bµ

 '
 cW

ε2

k4
cot θW cosϕ sin3 ϕ sW

−sW cosϕ − sinϕ cW cosϕ

−sW sinϕ cosϕ cW sinϕ


ZµZ ′µ
Aµ

 , (2.12)

where cW ≡ cos θW and sW ≡ sin θW , θW being the weak mixing angle, and with a new

mixing angle ϕ given by

cosϕ =
gL
gR

tan θW , sinϕ =
gL
g′

tan θW . (2.13)

The tangent of the Z − Z ′ mixing angle ξ is given by the ratio of the (1, 2) and (1, 1)

elements of the mixing matrix,

tan ξ =
cosϕ sin3 ϕ

sW

ε2

k4
� 1 . (2.14)

At zeroth order in the small parameter ε, the mixing between the neutral gauge bosons

is completely determined by the requirements that (i) the photon couples to the electric

charge; and (ii) the Z boson couplings to fermions deviate little from the SM prediction.

This also sets a relation among the gauge couplings,

g′ =
gLgR tan θW√
g2
R − g2

L tan2 θW

, (2.15)

implying gR > gL tan θW ' 0.55 gL. At zeroth order in ε, the masses of the neutral gauge

bosons Z and Z ′ are given by

MZ '
gLv

2cW
' MW

cW
, MZ′ '

k2

2
vR

√
g2
R + g′2 ' k

sinϕ
MW ′ . (2.16)
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In both the TLRM and DLRM, the neutral scalar spectrum contains three CP-even

scalars h0 and H0
1,2, and one pseudoscalar A0. In the limit v � vR (or equivalently ε� 1),

and barring unnatural cancellations, the neutral complex scalar fields φ0
1,2 and ∆0

R, χ
0
R can

be written in terms of the physical fields as

φ0
1 '

1√
2

[
−h0 sinα+H0

1 cosα+ i(A0 sinβ +G0
1 cosβ)

]
,

φ0
2 '

1√
2

[
h0 cosα+H0

1 sinα+ i(A0 cosβ −G0
1 sinβ)

]
,

∆0
R, χ

0
R '

1√
2

(H0
2 +G0

2) , (2.17)

where G0
1,2 are the Goldstone bosons and the angle α is the h0 −H0

1 mixing angle, in the

notation of the two Higgs doublet model [76]. Notice that, in general, α depends on the

parameters of the scalar potential (see section 5). Moreover, mixing among h0, H
0
1 and

H0
2 could also occur. However, and since present experimental results seem to indicate

that the properties of h0 are those of the SM Higgs, we will only focus on scenarios which

lead to a Higgs mixing pattern like the one given above, with α constrained to lay in the

experimentally allowed ranges in the context of a two Higgs doublet model [69].

As for the charged scalar sector, both models include a pair of charged scalars H±,

which are related to the components of Φ and ∆R (or χR) by the relations

φ±1 =
kH± sinβ√
k2 + ε2 cos2 2β

+G±1 cosβ − εG±2 sinβ cos 2β√
k2 + ε2 cos2 2β

,

φ±2 =
kH± cosβ√
k2 + ε2 cos2 2β

−G±1 sinβ − εG±2 cosβ cos 2β√
k2 + ε2 cos2 2β

,

∆±R, χ
±
R =

εH±√
k2 + ε2 cos2 2β

+
kG±2√

k2 + ε2 cos2 2β
, (2.18)

where and G±1,2 are the charged Goldstone bosons. In the case of the TLRM, there are two

doubly-charged scalars ∆±±R that already are physical. Since we are not interested in the

phenomenology related with ∆±±R , we consider these states to be heavy enough to not play

any significant role in our analysis.

In the approximation of eqs. (2.17), and taking
√
k2 + ε2 cos2 2β ' k in eqs. (2.18),

the relevant couplings between two vector bosons and one scalar are:

W+W−h0[H0
1 ] : gLMW sin(β − α) [cos(β − α)] ,

W ′±W∓h0[H0
1 ] : −gRMW cos(β + α) [sin(β + α)] ,

W ′±W∓A0 : ±igRMW cos 2β ,

ZZh0[H0
1 ] :

gLMW

2c2
W

sin(β − α) [cos(β − α)] ,

ZZ ′h0[H0
1 ] :

gRMW

cW
sinϕ sin(β − α) [cos(β − α)] ,

W ′±ZH∓ : −gRMW

cW
cos 2β . (2.19)
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Notice that theW ′±ZH∓ interaction receives a contribution from the ∆R (χR) kinetic term.

These contributions differ by a
√

2 factor for the triplet and doublet, but the difference is

compensated when going to the physical basis, namely eqs. (2.18). The relevant couplings

of one gauge boson to two scalars are

W±H∓h0[H0
1 ] : ∓gL

2
(ph0[H0

1 ] − pH±)µ cos(β − α) [− sin(β − α)] ,

W±H∓A0 : −igL
2

(pA0 − pH±)µ ,

W ′±H∓h0[H0
1 ] : ∓gR

2
(ph0[H0

1 ] − pH±)µ sin(β + α) [− cos(β + α)] ,

W ′±H∓A0 : i
gR
2

(pA0 − pH±)µ sin 2β ,

ZA0h0[H0
1 ] : − gL

2cW
(ph0[H0

1 ] − pA0)µ cos(β − α) [− sin(β − α)] ,

Z ′A0h0[H0
1 ] : −gR

2
sinϕ (ph0[H0

1 ] − pA0)µ cos(β − α) [− sin(β − α)] ,

Z ′H+H− :
gR
2

sinϕ (pH+ − pH−)µ , (2.20)

with pµX the flowing-in four-momentum of particle X.

In both the TLRM and DLRM, the three lepton and quark families are placed in left-

and right-handed doublets

QLi =

(
ui
di

)
L

∼ (2, 0, 1/3) , `Li =

(
νi
ei

)
L

∼ (2, 0,−1) ,

QRi =

(
ui
di

)
R

∼ (0, 2, 1/3) , `Ri =

(
νi
ei

)
R

∼ (0, 2,−1) , (2.21)

where i = 1, 2, 3 is a family index. Gauge interactions among fermions and gauge fields are

given by:

Lg =
∑
ψ=Q,`

ψ̄Lγ
µDL

µψL + (L→ R) , DL,R
µ = i∂µ + gL,R

~τ

2
· ~WµL,µR +

g′

2
Bµ , (2.22)

while the most general Yukawa Lagrangian is:

LYuk = − ¯̀
L(Y`Φ + Ỹ`Φ̃)`R − Q̄L(YqΦ + ỸqΦ̃)QR + h.c. , (2.23)

where Y`,q and Ỹ`,q are general complex Yukawa matrices. In the case of the TLRM, the ad-

ditional term − ¯̀c
R(iτ2∆R)`R can be involved in the neutrino mass generation. In general,

LRSM models suffer from large flavour-changing neutral current (FCNC) effects due to

non-diagonal couplings of the neutral scalars with leptons and quarks. Constraints coming

from the analysis of KL − KS mass difference require neutral scalar masses larger than

5–10 TeV [77–80]. This lower bound increases by approximately one order of magnitude if

one considers contributions to the CP-violating parameter εCP coming from ∆S = 2 Higgs

exchange [81]. Since in our framework we require that H0
1 , H± and A0 are relatively light,

the Yukawa interactions given above will, in general, lead to unacceptably large FCNC ef-

fects. We will therefore consider that the above couplings are somehow suppressed (perhaps

due to some extra symmetry) and fermion masses arise from Yukawa interactions gener-

ated, for instance, by higher-order operators. Such possibility has been recently explored in

– 7 –
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ref. [82], where a Yukawa pattern of the Type II two Higgs doublet model has been repro-

duced by considering dimension-6 operators of the type ψ̄LΦ̃∆†R∆RψR and ψ̄LΦ̃∆̃†R∆̃RψR,

with ∆̃R = τ2∆Rτ2. In the DLRM the same reasoning can be applied replacing ∆R by the

doublet combination χRχ
†
R, which transforms as a triplet under SU(2)R.

3 W ′ multiboson decays

When kinematically allowed, the W ′ decay widths into two bosons are

Γ(W ′ →WZ) =
g2
R

192π
sin2 2β

λ(M2
W ′ ,M

2
W ,M

2
Z)3/2

M5
W ′

×
(

1 + 10
M2
W

M2
W ′

+ 10
M2
Z

M2
W ′

+
M4
W

M4
W ′

+
M4
Z

M4
W ′

+ 10
M2
WM

2
Z

M4
W ′

)
,

Γ(W ′ → H±Z) =
g2
R

192πc2
W

cos2 2β
λ(M2

W ′ ,M
2
Z ,M

2
H±)1/2

MW ′

×
(

1 + 10
M2
Z

M2
W ′
− 2

M2
H±

M2
W ′

+
M4
Z

M4
W ′

+
M4
H±

M4
W ′
− 2

M2
ZM

2
H±

M4
W ′

)
,

Γ(W ′ →WS) =
g2
R

192π
x2
S

λ(M2
W ′ ,M

2
W ,M

2
S)1/2

MW ′

×
(

1 + 10
M2
W

M2
W ′
− 2

M2
S

M2
W ′

+
M4
W

M4
W ′

+
M4
S

M4
W ′
− 2

M2
WM

2
S

M4
W ′

)
,

Γ(W ′ → H±S) =
g2
R

192π
(1− x2

S)
λ(M2

W ′ ,M
2
H± ,M

2
S)3/2

M5
W ′

, (3.1)

with x2
S = cos2(β + α), sin2(β + α), cos2 2β for S = h0, H0

1 , A
0, respectively, and

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz . (3.2)

The partial widths into two fermions are

Γ(W ′ → ff̄ ′) =
Nc g

2
R

48π

λ(M2
W ′ ,m

2
f ,m

2
f ′)

MW ′

×

(
1−

m2
f

2M2
W ′
−

m2
f ′

2M2
W ′
−

m4
f

2M4
W ′
−

m4
f ′

2M4
W ′

+
m2
fm

2
f ′

M4
W ′

)
, (3.3)

with Nc a colour factor. In the limit that MW ′ is much larger than the other masses, the

branching ratio into two bosons is around 8%.

The scalars S produced in W ′ decays can further decay into two gauge bosons, a gauge

boson plus a lighter scalar, or two fermions. We list here the partial widths, provided the

channels are open. For the decay of the heavy neutral scalar they are

Γ(H0
1 →WW ) =

g2
L

64π
cos2(β − α)

M3
H0

1

M2
W

(
1− 4

M2
W

M2
H0

1

)1/2(
1− 4

M2
W

M2
H0

1

+ 12
M4
W

M4
H0

1

)
,

Γ(H0
1 → ZZ) =

g2
L

128πc2
W

cos2(β − α)
M3
H0

1

M2
Z

(
1− 4

M2
Z

M2
H0

1

)1/2(
1− 4

M2
Z

M2
H0

1

+ 12
M4
Z

M4
H0

1

)
,
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Γ(H0
1 → ZA0) =

g2
L

64πc2
W

sin2(β − α)
λ(M2

H0
1
,M2

Z ,M
2
A0)3/2

M3
H0

1
M2
Z

,

Γ(H0
1 → H+W−) = Γ(H0

1 → H−W+) =
g2
L

64π
sin2(β − α)

λ(M2
H0

1
,M2

W ,M
2
H±)3/2

M3
H0

1
M2
W

,

Γ(H0
1 → ff̄) =

Nch
2
ff

16π
MH0

1

(
1− 4

m2
f

M2
H0

1

)3/2

, (3.4)

f being a fermion with Yukawa coupling hff to H0
1 . The H0

1h
0Z coupling vanishes and

therefore the decay H0
1 → h0Z does not take place. The heavy scalar can also decay into

SS = h0h0, A0A0, with widths

Γ(H0
1 → SS) =

v2λ2
H0

1SS

32πMH0
1

(
1− 4

m2
S

M2
H0

1

)1/2

, (3.5)

with λH0
1SS

dimensionless trilinear couplings of order unity, which depend on the coef-

ficients in the scalar potential (see section 5) and the mixing in the scalar sector. We will

not consider these decays, which are less important for heavier H0
1 . For the pseudoscalar

the widths are

Γ(A0 → Zh0) =
g2
L

64πc2
W

cos2(β − α)
λ(M2

A0 ,M
2
Z ,M

2
h0)3/2

M3
A0M

2
Z

,

Γ(A0 → ZH0
1 ) =

g2
L

64πc2
W

sin2(β − α)
λ(M2

A0 ,M
2
Z ,M

2
H0

1
)3/2

M3
A0M

2
Z

,

Γ(A0 → H+W−) = Γ(A0 → H−W+) =
g2
L

64π

λ(M2
H± ,M

2
W ,M

2
A0)3/2

M3
A0M

2
W

,

Γ(A0 → ff̄) =
Nc(h

′
ff )2

16π
MA0

(
1− 4

m2
f

M2
A0

)1/2

, (3.6)

with h′ff the Yukawa coupling to A0 of the fermion f . For the charged scalar,

Γ(H± →Wh0) =
g2
L

64π
cos2(β − α)

λ(M2
H± ,M

2
W ,M

2
h0)3/2

M3
H±M

2
W

,

Γ(H± →WH0
1 ) =

g2
L

64π
sin2(β − α)

λ(M2
H± ,M

2
W ,M

2
H0

1
)3/2

M3
H±M

2
W

,

Γ(H± →WA0) =
g2
L

64π

λ(M2
H± ,M

2
W ,M

2
A0)3/2

M3
H±M

2
W

,

Γ(H± → ff̄ ′) =
3h2

ff ′

16π

λ(M2
H± ,m

2
f ,m

2
f ′)

MH±

(
1−

m2
f

M2
H±
−

m2
f ′

M2
H±

)
, (3.7)

with f , f ′ two fermions and hff ′ their Yukawa coupling to H±. The H±W∓Z coupling

is absent. We remark that the partial widths into two bosons grow with the third power
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Figure 2. W ′ partial widths into two bosons for the SM-like Higgs scenario. The blue, red and

green lines indicate the modes that, upon decays of H± and H0
1 , yield dibosons, tribosons and

cuadribosons, respectively.

of the mass of the decaying scalar, therefore these decays dominate over the rest of decays

as soon as there is phase space available. Depending on the scalar mass hierarchy, there is

a plethora of possible W ′ cascade decay chains yielding multiboson signals. We will focus

on two simple cases: (i) an alignment scenario where A0 is lighter than H0
1 and H±; (ii) a

small misalignment, and the masses of the three new scalars close so that they decay into

SM gauge or Higgs bosons. Notice that the constraints on a pseudoscalar [64, 83–85] are

very loose, and greatly depend on the couplings assumed to the different fermions. For

the charged scalar, we take a mass safely above current limits [86], which anyway depend

strongly on the parameters of the model. The same applies to the heavy scalar H0
1 , which

also has suppressed coupling to the W and Z bosons.

3.1 SM-like Higgs scenario

We first consider a scenario where β − α = π/2, in which case h0 has the properties of the

SM Higgs boson, and with A0 lighter than H0
1 and H±, assumed to have equal masses for

simplicity. We plot in figure 2 the partial widths for the W ′ decays in eqs. (3.1), normalised

to gR = 1, as a function of β. We take fixed masses MA0 = 100 GeV, MH0
1

= MH± =

500 GeV. For fixed parameters in the scalar potential, the scalar masses do change with β,

therefore figure 2 is intended to illustrate the functional dependence on β of the different

decay widths. (The dependence on the H±, H0
1 and A0 masses is due to kinematics, and

very mild when they are much lighter than MW ′ .)

In this scenario, the channels H0
1 → ZA0 and H± → WA0 are open and, as afore-

mentioned, these decays are expected to dominate. For example, with the assumed values

for the masses, the Yukawa couplings required to have Γ(H0
1 → bb̄/tt̄) = Γ(H0

1 → ZA0)

are hbb = 1.04, htt = 1.66, respectively, and the coupling required to have Γ(H± → tb̄) =

Γ(H± → WA0) is htb = 1.2. We therefore neglect the decays of H0
1 and H± into quarks,

while A0 is expected to decay into bb̄. We collect in table 1 the multiboson signals produced

in W ′ cascade decays, for the scenario here considered. We present in figure 3 (left) the

total size of the WZ diboson (blue) and WZX triboson (red) signals as a function of β. On
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dibosons tribosons quadribosons

W ′ →WZ W ′ → H±Z →WA0Z W ′ → H±H0
1 →WA0ZA0

W ′ →Wh0 W ′ →WH0
1 →WZA0

W ′ →WA0 W ′ → H±h0 →WA0h0

W ′ → H±A0 →WA0A0

Table 1. Multiboson signals from W ′ decays in an alignment scenario with A0 lighter than H0
1

and H±.
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Figure 3. Left: W ′ partial widths into WZ (dibosons) and WZX (tribosons), with X = A0.

Right: W ′ partial widths into Wh0, WA0 (dibosons) and Wh0X, WA0X (tribosons).

the right panel we do the same for the Wh0 and Wh0X signals. Additionally, we include

the partial widths to WA0 and WA0X. These final states could mimick the ones with a

Higgs boson if MA0 ∼ Mh0 , as the mass window typically used for tagging fat jets as h0

candidates is wide, for example 110 ≤ mJ ≤ 135 GeV in ref. [7].

3.2 Higgs mixing scenario

Current limits on Higgs couplings [69] allow for small deviations from the SM prediction,

in particular a small non-zero cos(β − α). We parameterise these deviations introducing a

small angle γ so that β−α = π/2− γ. We consider a scenario where H0
1 , H± and A0 have

similar masses so that decays among them are kinematically forbidden (for sufficiently large

mass splittings, decays with off-shell W/Z bosons may be important). For simplicity, we

take all their masses equal, MH0
1

= MA0 = MH± = 500 GeV. The dependence on the angle

β of the W ′ decay widths into two bosons, normalised to gR = 1, is plotted in figure 4,

taking a small misalignment sin γ = 0.1. Notice that there is a small phase shift γ/2

with respect to figure 2 in the partial widths for W ′ → Wh0, W ′ → WH0
1 , W ′ → H±h0,

and W ′ → H±H0
1 .

The small mixing cos(β − α) = sin γ allows decays into SM gauge or Higgs bosons,

i.e. H0
1 → W+W−, H0

1 → ZZ, A0 → Zh0, H± → Wh0, although they compete with

the decays into fermions. We classify in table 2 the possible multiboson signals from W ′

cascade decays. In figure 5 (left) the total size of the WZ diboson (blue), WZX (red) and

WWX (orange) triboson signals is plotted as a function of β. For triboson signals, the
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Figure 4. W ′ partial widths into two bosons for the Higgs mixing scenario. The blue, red and

green lines indicate the modes that, upon decays of H±, A0 and H0
1 , yield dibosons, tribosons and

cuadribosons, respectively.

dibosons tribosons quadribosons

W ′ →WZ W ′ →WH0
1 →WWW W ′ → H±H0

1 →Wh0WW

W ′ →Wh0 W ′ →WH0
1 →WZZ W ′ → H±H0

1 →Wh0ZZ

W ′ →WA0 →WZh0 W ′ → H±A0 →Wh0Zh0

W ′ → H±Z →Wh0Z

W ′ → H±h0 →Wh0h0

Table 2. Multiboson signals from W ′ decays in the Higgs mixing scenario with H0
1 , A0 and H± of

similar mass, and non-zero cos(β − α).
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Figure 5. Left: W ′ partial widths into WZ (dibosons) and WZX, WWX (tribosons). Right:

W ′ partial widths into Wh0 (dibosons) and Wh0X (tribosons). For triboson signals, the solid line

corresponds to negligible Yukawa couplings and the dashed lines to the assumption given in the text.

solid lines correspond to negligible Yukawa couplings. For the dashed lines, we have chosen

hbb = h′bb, equal to the SM bottom quark Yukawa coupling; htt = h′tt, equal to the SM top

quark Yukawa coupling; and htb =
√
hbbhtt. On the right panel we present the Wh0 and

Wh0X signals.
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Br(W ′ →WZ) Br(W ′ →WZX) Br(W ′ →WWX)

alignment 0.02 sin2 2β 0.039 cos2 2β 0

mixing 0.02 sin2 2β 0.044 cos2 2β 0.011 cos2 2β

Table 3. Diboson and triboson branching ratios for the Higgs alignment and Higgs mixing scenarios.

4 Multiboson cross sections

So far we have considered the relative size of diboson and triboson signals in two simplified

scenarios, and their dependence on the angle β. We now address the possible size of

these signals for a W ′ boson with a mass near 2 TeV. The next-to-leading order W ′ cross

section [87] at a centre-of-mass (CM) energy of 8 TeV can be parameterised as

σW ′(pb) = 638 g2
R × exp

[
−4.02M − 0.088M2 − 0.073M3

]
, (4.1)

with M the W ′ mass in TeV. The total W ′ width is nearly independent of β, Γ =

167 g2
R GeV in the alignment scenario and Γ = 166.5 g2

R GeV in the Higgs mixing scenario,

with a negligible variation of ±0.5 GeV depending on β. The approximate WZ diboson

and WZX/WWX triboson branching ratios are collected in table 3. In both cases we

include the decays of the W ′ boson into the three generations of light leptons plus a heavy

neutrino N , with a mass taken as 500 GeV. Notice that in the Higgs mixing scenario the

triboson signals may be depleted by the H0
1 , A0, H± decays into fermions. The maximum

size of diboson plus triboson signals depends on the relative efficiencies of each one, which

can only be obtained with a detailed simulation, out of the scope of this work.

The possible size of the coupling gR is constrained by other processes. Searches for

W ′ → tb̄ production by the CMS Collaboration yield a limit σ(W ′ → tb̄) ≤ 40 fb with a 95%

confidence level (CL) [88] for W ′ masses between 1.9 and 2.2 TeV, where a sum of tb̄ and t̄b

final states is understood. Limits from the ATLAS Collaboration [89, 90] are looser. In a

flavour-diagonal scenario (with no W ′ charged mixing), and independently of the presence

of other decay channels, Γ(W ′ → WZ)/Γ(W ′ → tb̄) ∼ sin2 2β/12, therefore one has a

maximum σ(W ′ → WZ) = 3.3 fb, only one half of the cross section needed to explain the

number of excess events at the 2 TeV peak [8]. Analogously, σ(W ′ →WZX +WWX) has

a maximum of 6–9 fb, also below the required cross section especially since the efficiency

is smaller than for WZ. However, the constraint from W ′ → tb̄ can be softened or even

evaded if a nearly diagonal W ′ quark mixing matrix is not assumed.

Another constraint results from dijet production. The ATLAS Collaboration sets a

limit [91] σ(W ′ → jj)×A ≤ 60 fb for MW ′ = 2 TeV, with a 95% CL. With an acceptance

A ' 0.45 [91], this constraint is translated into σ(W ′) ≤ 280 fb, i.e. gR ≤ 1.05, if all decay

channels are open. The CMS Collaboration sets a similar limit [92], σ(W ′ → jj) × A ≤
100 fb for MW ′ = 2 TeV. Taking an approximate acceptance of 0.64 [92] (for isotropic

decays) yields a looser limit, σ(W ′) ≤ 330 fb. Interestingly, the CMS Collaboration observes

a 2σ excess but at slightly smaller invariant masses, mjj ' 1.8 TeV.

A third constraint results from the non-observation of the heavy Z ′ boson. The relation

between the W ′ and Z ′ masses depends on the representation of the scalars that break
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Figure 6. Left: MZ′/MW ′ ratio as a function of gR/gL. Right: Z ′ branching ratio to e+e− and

bosonic modes, as a function of gR/gL.
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Figure 7. Total Z ′ production cross section and Z ′ → e+e− cross section as a function of gR/gL,

assuming a fixed W ′ mass of 2 TeV, for CM energies of 8 TeV (left) and 13 TeV (right).

SU(2)R, and also on the coupling gR. We plot in figure 6 (left) the ratio MZ′/MW ′ as a

function of gR/gL in the two cases that SU(2)R is broken by a scalar doublet and a scalar

triplet. On the right panel we plot the Z ′ → e+e− branching ratio, as well as the branching

ratio for the Z ′ bosonic decay modes, as a function of gR/gL. The Z ′ boson is taken much

heavier than its decay products.

Combining the cross section dependence on the mass and couplings, and the coupling

dependence of the Z ′ boson mass, we plot in figure 7 the total Z ′ boson production cross

section at leading order, as a function of gR/gL, as well as the Z ′ → e+e− cross section,

for a reference W ′ mass of 2 TeV and CM energies of 8 TeV and 13 TeV. A K factor of

1.16 [93] is included to approximately reproduce the NLO cross section [94]. For Z ′ masses

of 2–3 TeV, the unobservation of a signal in the 8 TeV run by the ATLAS Collaboration [93]

implies σ(Z ′ → e+e−) . 0.2 fb, assuming lepton universality. Therefore, for a fixed W ′

mass of 2 TeV, Z ′ boson searches imply gR/gL ≤ 1 for the doublet, while they do not

constrain the range of gR shown in the case of the triplet. For heavier W ′ bosons, the

limits are looser.
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We conclude this section by discussing possible low-energy and precision electroweak

data constraints on the W ′ and Z ′ masses and mixings [95–97]. In the specific context of

LR symmetric models, limits on MW ′ , MZ′ and their corresponding mixing angles have

been obtained, for instance, in refs. [98–101]. For a small W −W ′ mixing angle ζ we have,

from eq. (2.11) and taking MW ′ = 2 TeV,

ζg ≡
gR
gL
ζ ' 1

2

g2
R

g2
L

M2
W

M2
W ′

sin 2β ' 0.0008
g2
R

g2
L

sin 2β . (4.2)

For gR of order unity, ζg is below the upper limits in ref. [98], which are of the order

|ζg| . (1− 2)× 10−3, depending on the assumptions about the mixing in the right-handed

sector. For the same W ′ mass, the Z − Z ′ mixing angle is

ξ ' 0.0016

k2

(g2
R − g2

L tan2 θW )3/2

gLg2
RcW

, (4.3)

with k2 = 2 (1) for the TLRM (DLRM). The second factor in the above equation is of order

unity, e.g. it is approximately 1.5 for gR = 1, therefore the neutral mixing is compatible

with the constraints from low-energy and LEP data, −0.00040 < ξ < 0.0026 [100]. A

similar analysis presented in ref. [101] shows that, for MW ′ = 2 TeV, MZ′/MW ′ & 1.6 (1.2)

for the TLRM (DLRM). According to figure 6, this implies gR/gL . 1.2 (1.0). Although

these bounds are slightly in tension with the cases we are interested in, they can be relaxed

with the addition of extra matter content, which naturally appears in embeddings of the

SU(2)L × SU(2)R in a larger group.2

5 Benchmark examples

In this section we analyse benchmark scenarios that can account for multiboson produc-

tion in the context of the TLRM and DLRM, providing some examples of the general

behaviour discussed in section 3. This requires specifying the scalar potential V , which

can be written as

V = VΦ + VΦR
+ VΦR,Φ , (5.1)

where VΦ and VΦR
contain only terms with Φ and ΦR ≡ ∆R (χR) in the DLRM (TLRM),

respectively, and mixed terms involving both Φ and ΦR are included in VΦR,Φ. The most

general gauge invariant scalar potential VΦ is [103]

VΦ = −µ2
1 Tr(Φ†Φ)− µ2

2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
+ λ1 Tr(Φ†Φ)2 + λ2

[
Tr(Φ̃Φ†)2

+ Tr(Φ̃†Φ)2
]

+ λ3 Tr(Φ̃Φ†) Tr(Φ̃†Φ) + λ4 Tr(Φ†Φ)
[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
, (5.2)

where µi are mass parameters, and λi are dimensionless. (For simplicity we restrict our-

selves to the case of real coefficients in the potential.) The pure ΦR terms for the TLRM

2According to ref. [101], the measurements that mainly drive the limits for this model are the b-quark

forward-backward asymmetry at LEP and the Z boson hadronic width. These two quantities are also

modified when vector-like fermions mix with the third generation [102].
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(DLRM) are

V∆R
= −µ2

3 Tr(∆†R∆R) + α1 Tr(∆†R∆R)2 + α2 Tr(∆R∆R) Tr(∆†R∆†R) ,

VχR = −µ2
3 χ
†
RχR + α1(χ†RχR)2 , (5.3)

while for the mixed terms VΦR,Φ one has

V∆R,Φ = ρ1 Tr(Φ†Φ) Tr(∆†R∆R) + ρ2 Tr(Φ†Φ∆R∆†R)

+ ρ3

[
Tr(ΦΦ̃†) + Tr(Φ†Φ̃)

]
Tr(∆†R∆R) ,

VχR,Φ = ρ1 Tr(Φ†Φ)χ†RχR + ρ2 χ
†
RΦ†ΦχR + ρ3χ

†
R(Φ̃†Φ + Φ†Φ̃)χR . (5.4)

Notice that, in general, other invariant dimension-4 combinations of the fields can be

included in V . However, it can be shown that those can always be written as linear

combinations of the terms given above. Detailed analyses of the above potential have been

presented in refs. [74, 103, 104]. Here, in order to provide representative examples of the

benchmark scenarios discussed in section 3, it is sufficient to consider simpler cases where

some of the parameters in the potential vanish. In the first one, labeled as benchmark A,

we impose a discrete symmetry Φ → iΦ to the scalar potential, and set v2 = 0 [74, 104].

This corresponds to having µ2
2 = 0 in eq. (5.2) and ρ3 = 0 in eqs. (5.4). In the second

one, labeled as benchmark B, we set λ4 = ρ1 = ρ3 = 0 which, although not motivated by

any special symmetry, will allow us to reproduce analytically the Higgs-mixing scenario

considered in section 3.

In benchmark A the minimisation conditions ∂V/∂v1,R = 0 allow to write the mass

parameters µ2
1,3 as

µ2
1 = λ1v

2 +
ρ1

2
v2
R , µ2

3 = α1v
2
R +

ρ1

2
v2 . (5.5)

Notice that in this case v1 = v since v2 = 0. Inserting the above equalities in V , one can

obtain the neutral scalar masses,

m2
h0 '

4α1λ1 − ρ2
1

2α1
v2 , m2

H0
1
' 2 v2(2λ2 + λ3) +

ρ2

2
v2
R ,

m2
H0

2
' 2α1v

2
R +

ρ2
1

2α1
v2 , m2

A0 =
ρ2

2
v2
R + 2v2(λ3 − 2λ2) , (5.6)

as well as the charged scalar mass,

m2
H± =

ρ2

2k2

(
k2v2

R + v2
)
, (5.7)

where, as before, k =
√

2 (1) for the TLRM (DLRM). From these expressions we conclude

that ρ2 has to be positive and small in order to yield mH± � vR. Also, since we are

taking m2
H0

2
∼ vR, we must have α1 > 0. This implies 4α1λ1 > ρ2

1 to have a positive

m2
h0 . Inverting these equations, we can obtain approximate expressions for the potential
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parameters in terms of the scalar masses,

λ1 '
1

4v2

(
m2
H0

1
+ 2m2

h0 −
√
m4
H0

1
− 4v2

Rv
2ρ2

1

)
, λ2 '

m2
H0

1
−m2

A0

8v2
,

λ3 '
1

4v2

(
m2
A0 +m2

H0
1
− 2m2

H±

)
, α1 '

1

4v2

(
m2
H0

1
+
√
m4
H0

1
− 4v2

Rv
2ρ2

1

)
,

ρ2 '
2m2

H±

v2
R

. (5.8)

Choosing a scalar spectrum similar to that considered in the previous section,

mh0 = 125 GeV , mH0
1

= mH± = 500 GeV , mA0 = 100 GeV , mH0
2

= 4 TeV , (5.9)

and taking MW ′ = 2 TeV and gR = 1, we get for the TLRM and DLRM the parameters

TLRM : λ1 ' 0.38 , λ2 ' 0.50 , λ3 ' −0.98 , α1 ' 1.0 , ρ2 ' 0.06 ,

DLRM : λ1 ' 0.63 , λ2 ' 0.50 , λ3 ' −0.98 , α1 ' 0.50 , ρ2 ' 0.03 , (5.10)

for ρ1 = 1. At first order in ε the neutral complex scalar fields φ0
1,2 and χ0

R, ∆0
R can be

written as

φ0
1 '
−h0 + s13H

0
2 + iG0

1√
2

, φ0
2 '

H0
1 + iA0

√
2

,

∆0
R, χ

0
R '

s13h0 +H0
2 + iG0

2√
2

, (5.11)

with

s13 '
ε

2

ρ1

α1
'

2ερ1v
2
R

m2
H0

1
+
√
m4
H0

1
− 4 v2

Rv
2ρ2

1

. (5.12)

When compared with eqs. (2.17), this leads to cos(β−α) = cosα = 0, i.e. no Higgs mixing.

Notice that the mixing with H0
2 (parameterised by s13) is always small, even if ρ1 ∼ 1.

Besides, in this benchmark the trilinear couplings λH0
1h

0h0 and λH0
1A

0A0 identically vanish.

In benchmark B, for which λ4 = ρ1 = ρ3 = 0, the minimisation conditions with respect

to v1,2 and vR lead to

µ2
1 = λ1v

2 −
ρ2v

2
R sin2 β

2 cos 2β
,

µ2
2 =

(
λ2 +

λ3

2

)
v2 sin 2β +

ρ2

8
v2
R tan 2β ,

µ2
3 =

ρ2

2
v2 sin 2β + α1v

2
R . (5.13)

The masses of the CP-even and CP-odd scalars are in this case

m2
h0 ' 2

[
λ1 + (2λ2 + λ3) sin2 2β

]
v2 ,

m2
H0

1
'

ρ2v
2
R

2 cos 2β
+ 2v2(2λ2 + λ3) cos2 2β ,

m2
H0

2
'

v2
R

2α1

(
4α2

1 + ε2 ρ2
2 sin4 β

)
,

m2
A0 =

ρ2v
2
R

2 cos 2β
+ 2v2(λ3 − 2λ2) , (5.14)
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where the dependence on the angle β is apparent. The charged scalar mass is

m2
H± =

ρ2

2k2 cos 2β
[k2v2

R + v2 cos2 2β] . (5.15)

Again, inverting these equations we can find the potential parameters in terms of the scalar

masses,

λ1 '
1

2v2

[
m2
h0 + (m2

H± −m
2
H0

1
) tan2 2β

]
,

λ2 '
1

8v2 cos2 2β

[
m2
H0

1
−m2

H± + (m2
H± −m

2
A0) cos2 2β

]
,

λ3 '
1

4v2 cos2 2β

[
m2
H0

1
−m2

H± − (m2
H± −m

2
A0) cos2 2β

]
,

α1 '
m2
H0

2

2v2
R

, ρ2 '
2m2

H± cos 2β

v2
R

. (5.16)

In contrast with benchmark A, here the Higgs mixing pattern is non-trivial. In particular,

the alignment condition cos(β − α) = 0 is not automatically fulfilled since

cos(β − α) ' 4ε2

ρ2
(2λ2 + λ3) cos2 2β '

∆m2
H + ε2m2

H0
1

cos2 2β

m2
H±

tan 2β , (5.17)

which is still very small if ∆m2
H ≡ m2

H0
1
− m2

H± = 0. However, by slightly lifting the

degeneracy assumption between the H0
1 and H± masses, one can in principle obtain a

sizable h0 − H0
1 mixing. Besides, mixing in the 1 − 3 and 2 − 3 CP-even neutral scalar

sectors will be also generated,3

θ13 '
m4
H±ε sinβ sin(4β)

2m2
H0

2
(m2

H± −m
2
H0

2
)
, θ23 '

εm2
H±(m2

H0
2
−m2

H± sin2 β) cos(2β) sinβ

m2
H0

2
(m2

H0
2
−m2

H±)
, (5.18)

but it is always very small because ε� 1 and mH±/mH2 � 1.

As numerical example we take cos(β−α) ' 0.1 with β = 0.1π, in which case W ′ decays

yield diboson plus triboson production. The spectrum is the same as in (5.9), except for

the charged-Higgs mass that we now take as mH± = 530 GeV, in order to obtain a non-zero

Higgs mixing. This spectrum results from the scalar parameters

TLRM : λ1 ' 0.24 , λ2 ' 0.47 , λ3 ' −1.3 , α1 ' 1.0 , ρ2 ' 0.06 ,

DLRM : λ1 ' 0.24 , λ2 ' 0.47 , λ3 ' −1.3 , α1 ' 0.50 , ρ2 ' 0.03 . (5.19)

We note that in this benchmark we cannot obtain mixing cos(β − α) 6= 0 for β = 0, as it

can be observed from eq. (5.17).

3Here, θ13 and θ23 are defined according to the standard parameterisation of a unitary 3×3 matrix [86].
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6 Discussion

The ATLAS excess [1] in JJ production near mJJ = 2 TeV is kinematically compatible

with the production of a heavy resonance decaying into two bosons W/Z plus an extra

particle X, with an intermediate resonance as in figure 1. As a possible realisation of this

mechanism, in this paper we have considered a SM extension with an additional SU(2)R,

in which the new gauge boson W ′ is the natural candidate to explain the JJ excess. We

have shown in two simple scenarios that, provided the additional scalars present in the

model are lighter than the W ′ boson, the decays W ′ → WZX can dominate over decays

W ′ → WZ, as their respective partial widths are proportional to cos2 2β and sin2 2β. In

case there is a strong hierarchy among the VEVs of the two neutral scalars that break the

SU(2)L gauge symmetry, W ′ → WZ decays will be largely suppressed (sin 2β ∼ 0) with

the rate for W ′ →WZX reaching its apex (cos 2β ∼ 1). If such a hierarchy does not exist,

we will have a mixture of WZ and WZX production in general, unless the two VEVs are

equal, in which case WZX production is suppressed. The latter is the situation considered

in previous literature [9–35] explaining the excess as W ′ →WZ production.

Besides the kinematics, one has to consider the size itself of the observed excess. For a

SU(2)R coupling gR = 1 and cos 2β = 1, the triboson cross section is σWZX & 10 fb. (For

comparison, the maximum diboson signal is one half of this value for the same gR.) While

in principle this cross section is of the magnitude needed to explain the excess in ref. [1],

the efficiency for triboson signals is expected to be smaller [8]. A careful evaluation of this

efficiency — which depends not only on the precise details of the boson tagging but also on

the identity of the particle X and its mass — is out of the scope of this work. In the absence

of such a detailed simulation, several qualitative arguments suggest that the efficiency for

triboson signals may be not too low so as to explain the ATLAS diboson excess.

1. The decrease in selection efficiency would be around a factor of six [8] if only the

kinematical configurations where the extra particle X is well separated from the W

and Z bosons were to contribute to a “diboson” signal after the kinematical selection

requirements of the ATLAS analysis [1]. However, it is expected that configurations

where X (or some of its decay products) merge with the bosons will also contribute

to this signal.

2. In this respect, one of the boson tagging variables used by the ATLAS Collaboration

is the jet mass mJ , which is required to lie in a suitable interval around the W or Z

pole mass. Clearly, if X merges with a boosted W/Z boson, then mJ will increase,

thus reducing the boson tagging efficiency compared to the direct W ′ →WZ decay.

Another tagging variable is the number of tracks Ntrk in the jet, required to be Ntrk ≤
30 [1, 37]. Likewise, if X merges with a boosted W/Z boson, the number of tracks in

the jet will be larger and the boson tagging efficiency will be correspondingly lower.

As a consequence of these tagging requirements, for the kinematical configurations

where X merges with the W/Z bosons one expects a reduced, but not zero, boson

tagging efficiency.
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3. In the run 2 JJ search [37], the ATLAS Collaboration has provided results for the

JJ invariant mass distribution when requirements on one of these boson tagging

variables are dropped. Interestingly, when the mJ or Ntrk cuts are not applied, slight

bumps in the mJJ distributions are seen around mJJ = 2 TeV, which are not visible

when the full boson tagging is performed. Although the dataset is still limited by

statistics and definite conclusions cannot be drawn, this feature certainly deserves a

more detailed investigation.

4. Additional processes may mimick WZ or WZX production, for example WA0,

WA0A0 and WA0h0 production, if the new pseudoscalar A0 has a mass similar to

the W/Z masses, thus also increasing the potential signal.

On the other hand, the possibility that gR is larger than unity is in principle allowed,

leading to larger triboson cross sections. In this respect, the W ′ gauge couplings to the

quarks can be reduced due to mixing with additional vector-like quarks, as suggested in

ref. [105], thereby increasing the W ′ branching ratios into multiboson final states. (The

decrease in W ′ cross section is compensated by a larger gR.) We also note that direct

W ′ → qq̄ decays, with the two quarks tagged as boson jets, have also been proposed

as additional contributions to the ATLAS JJ excess [106]. By considering the efficiency

plots in ref. [1] and assuming for simplicity that the tagging variables
√
y, Ntrk and mJ

are uncorrelated, we estimate that the tagging efficiency for light jets (εj) is 1/40 of the

efficiency for true boson jets (εV ). Therefore, the W ′ → qq̄ signal will be suppressed by

a factor (εj/εV )2 = 1/1600 and, likely, contributes negligibly to a possible signal. (The

W ′ → jj signal would be comparable to W ′ → WZ if εj = εV /5.) The contribution

of W ′ → tb̄ with the top and bottom quark jets mistagged as boson jets is expected to

be subdominant, because σ(W ′ → tb̄) ≤ 40 fb [88], therefore if we assume a mistagging

efficiency εb = εV /40 for b-quark jets the possible contribution is marginal.

The ATLAS diboson excess remains an interesting hint for new physics at the LHC,

and for sure new run 2 data will bring light on it, settling the issue of whether this peak, if a

real effect, is a diboson resonance or something more complex. For a W ′ mass of 2 TeV, the

cross section at 13 TeV is approximately 7 times higher than at 8 TeV, making up for the

smaller luminosity alrady collected in 2015. The new measurements at 13 TeV [37–41] are

yet inconclusive (although they seem to disfavour the possibility of a R→ JJ resonance),

and more data and refined analyses are needed to draw a definite conclusion. Whatever

the final outcome of the new measurements is, we have shown in this paper that the scalar

sector of models with an extra SU(2)R provides a rich variety of multiboson signals that

are worth exploring in collider experiments.
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