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1 Introduction

Several results from ATLAS [1–5] and CMS [6–11] in Run 1 of the LHC hint at the existence

of a narrow resonance with decays to dijet and diboson final states and a mass near 2 TeV.

While none of the individual deviations from the Standard Model (SM) have more than 3σ

significance, the fact that several different searches find excesses which can be explained

with a single bosonic resonance is intriguing [12, 13]. There are many interesting aspects

of this data, but the feature that we will focus on is the apparent decay of the massive

resonance to electroweak (EW) gauge boson pairs.

A particularly attractive interpretation of the Run 1 data is a new massive charged

gauge boson, a W ′, with a mass close to 1.9 TeV [14–36]. A combination of the Run 1

ATLAS and CMS data obtains a good fit with a W ′ mass close to 1.9 TeV and a W ′ →WZ

cross section of 5.3+2.3
−2.0 fb [12]. Run 1 also showed evidence for a dijet decay mode W ′ → jj

with a cross section on the order of 50 fb, with significant uncertainty [13].

Toward the end of 2015 the first results from Run 2 of the LHC at 13 TeV were

announced. For most channels relating to the diboson excess the Run 2 sensitivity was

somewhat below that of Run 1, and these new results neither confirm nor exclude the

signal. A combination of the most sensitive channels in ATLAS [37–40] and CMS [41] from

Run 2 yields a 95% exclusion bound on the W ′ → WZ rate at 13 TeV for a 1.9 TeV W ′

of 25 fb. In addition a Run 2 ATLAS analysis places a 95% confidence upper limit on the

dijet rate of about 150 fb [42]. The parton luminosities appropriate for W ′ production are

approximately 6 times larger at 13 TeV compared to 8 TeV, and thus these Run 2 limits

correspond to 95% confidence Run 1 limits of σWZ < 4 fb and σjj < 25 fb.

A charged W ′ gauge boson of this sort must arise from a non-abelian group including

SU(2) and therefore comes with a neutral partner, a Z ′. We imagine an effective theory

below some scale f � 246 GeV in which the unbroken SM gauge group SU(2)SM ×U(1)Y
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is supplemented by the new massive gauge bosons, one or more Higgs doublets, and where

all operators of dimension greater than four are suppressed by the high scale. To pro-

duce the diboson signal the W ′ should decay to pairs of EW gauge bosons. This allows

two possibilities for the quantum numbers of V ′ = W ′, Z ′ under the SM gauge group

SU(2)SM ×U(1)Y :

• V ′ is a triplet under SU(2)SM and has zero hypercharge. We refer to the resulting

massive vector bosons as “left-handed” and this model as the “left-handed” model.

• V ′ is a singlet under SU(2)SM and the hypercharges are ±1, 0. We refer to the result-

ing massive vector bosons as “right-handed” and this model as the “right-handed”

model. This case is the focus of this work.

There are no renormalizable, gauge-invariant operators in this effective theory that

couple the V ′ to pairs of SM gauge bosons and produce the diboson signal. We can

obtain the desired decay of the massive resonances through higher dimension operators,

but these are generically too small. Alternatively the massive resonance may couple to the

longitudinal components of the W and Z after EW symmetry breaking. That is, the scalar

fields that acquire EW vevs (and contain the longitudinal components of the W and the

Z) can couple at dimension four to the massive resonances. In our effective theory the only

relevant operators take the form of the massive gauge bosons times currents constructed

from the Higgs fields. For the left-handed case these currents must be SU(2)SM triplets

and U(1)Y singlets, while for the right-handed case they must by SU(2)SM singlets with

hypercharge ±1, 0. We denote them generically as

gV ′V
′
µΦiDµΦ (1.1)

where gV ′ is a coupling constant, D is the covariant derivative including the electroweak

gauge fields, Φ is a Higgs field (or its conjugate) and we have suppressed explicit indices.

The form of these operators is one of the reasons that a heavy vector resonance with a

diboson decay mode is of such interest: this decay is a direct measurement of EW symmetry

breaking and probes the details of the Higgs vevs.

In addition to providing the diboson decay, the operator (1.1) includes mass mixing

of the heavy resonances with the W and the Z. This mixing may shift the mass of the

W relative to the Z. While this shift is small, the extraordinarily precise measured values

of these masses significantly constrain such an effect: electroweak precision measurements

preclude a large correction to the T parameter. There is a straightforward way to help

protect against such a correction: incorporate a custodial SU(2) symmetry. This is auto-

matic in the left-handed model where the heavy resonances are a triplet under SU(2)SM.

The right-handed model has no such protection: the W ′ and Z ′ are not members of an

SU(2)SM triplet and their mixing with the W and Z violates custodial SU(2). Therefore

the operators responsible for the heavy vector decay into dibosons may also generate a

non-zero value of the T parameter. This is the main topic of our paper: exploration of the

tension between the constraints on the T parameter and the diboson branching fraction for

– 2 –



J
H
E
P
0
5
(
2
0
1
6
)
1
1
1

models with a right-handed W ′. We will find that relaxing this tension prefers a Z ′ mass

right around 3 TeV.

Upon substituting EW symmetry breaking vevs and allowing for independent couplings

of the heavy W ′ and Z ′ resonances the operators of (1.1) correspond to the mixing terms

κWM
2
WW

′−W+ + h.c. + κZM
2
Z cos θWZ

′Z (1.2)

where we have parameterized the couplings relative to the electroweak gauge boson masses

and the electroweak mixing angle (cos θW ≡MW /MZ) for convenience.

The coupling κW determines the rate for W ′ decay to WZ

Γ(W ′ →WZ) = |κW |2
g2

192π
MW ′ (1.3)

where g is the SU(2)SM gauge coupling. The corresponding rate measured at the LHC is

the product of the W ′ production rate times the branching fraction of the W ′ into WZ.

Significant production of the W ′ requires a coupling gud to the first family of quarks. In

a straightforward implementation of an SU(2)M gauge theory in which the quarks are

doublets under SU(2)M [17, 20, 25, 30, 43], gud is simply the gauge coupling gM . The W ′

then couples universally to all three families of quarks, with a decay rate

Γ(W ′ → qq̄) = 3
g2
M

16π
MW ′ . (1.4)

However the rate for W ′ → WZ is determined by the same gauge coupling times a factor

for the fraction of the longitudinal W and Z bosons contained in the scalar field Φ. This

fraction is necessarily less than one, and therefore the WZ decay rate is bounded by

Γ(W ′ →WZ) ≤MW ′g
2
M/(192π). This leads to a lower bound on the dijet rate relative to

the WZ event rate:

σjj ≥ 36σWZ (1.5)

A Run 1 WZ signal of a few femtobarns thus requires a Run 1 dijet rate in excess of a

hundred femtobarns. Such a large dijet rate is fully excluded by the Run 2 data. For this

reason the models we construct will incorporate fermion mixing, allowing the W ′ coupling to

first family quarks gud to differ from the gauge coupling gM . Mixing of fermions inevitably

involves issues of flavor, and without fine tuning or additional flavor symmetries we run the

risk of significant flavor changing neutral currents. We therefore include flavor symmetry

to afford some protection against these dangerous effects. We will consider two examples:

one in which the coupling to all three families is universal; and another with universal

couplings to first and second families but no coupling of the W ′ to the third.

It is convenient to write the WZ branching fraction in terms of the branching fraction

of the W ′ to quarks. Defining Bjj ≡ B(W ′ → qq̄) this is B(W ′ → WZ) = Bjj · Γ(W ′ →
WZ)/Γ(W ′ → qq̄).1 With Nf the number of families that the W ′ couples to (either 2 or 3)

1An additional diboson signal stems from the W ′ decay to Higgs particles, W ′ → Wh. In models with

a single Higgs doublet the rate for this mode is equal to that of W ′ →WZ. With multiple Higgs doublets

the rates may differ. However since the observed Higgs particle has couplings consistent with the full vev

of 246 GeV this suggests that the observed Higgs couples to W ′ like the full vev as well. In this case the

W ′ →Wh rate is again the same as the W ′ →WZ rate.
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the decay rate to quarks is

Γ(W ′ → qq̄) = Nf
g2
ud

16π
MW ′ . (1.6)

The rate for W ′ production may be computed by integrating the production cross

section over parton distribution functions

σ(pp→W ′) =
π

6

g2
ud

s

∫ 1

M2
W ′/s

dx

x

[
fu(x)fd̄

(
M2
W ′

xs

)
+ fd(x)fū

(
M2
W ′

xs

)]
' g2

ud 0.8 pb . (1.7)

Here
√
s = 8 TeV is the collider center of mass energy, the fi(x) are the parton distribution

functions, and we have summed over both first and second family quarks. For our numer-

ical results we use MSTW parton distribution functions [44] with NLO K-factors taken

from [45–47]. The diboson cross section from W ′ production σWZ is then the product

σWZ = σ(pp→W ′) B(W ′ →WZ) =

σ(pp→W ′)Bjj
Γ(W ′ →WZ)

Γ(W ′ → qq̄)
=

|κW |2
Bjj
Nf

g2

12
0.8 pb = |κW |2

Bjj
Nf

28 fb. (1.8)

Note that the dependence on the fermion coupling to the W ′ has been subsumed in the

branching fraction to quarks. We then have a prediction for σWZ with κW and Bjj/Nf as

the only free parameters. As a rough benchmark, a signal of 4 fb with Nf = 2 corresponds

to Bjj |κW |2 ' .29. Since Bjj < 1 this means that κW & .5 to obtain this cross section.

We may develop some intuition for the precision electroweak constraints that apply

to (1.2) by noting that the most precisely measured electroweak parameters are the Fermi

constant GF , the fine structure constant at the Z mass α(MZ), the mass of the Z, MZ ,

and the mass of the W , MW . In the SM any three of these observables may be used to

fix the parameters in the gauge sector of the theory (g, g′, v) and then one prediction for

the remaining parameter may be obtained.2 The same procedure may be applied including

the operators of (1.2) where now the prediction depends on the parameters κW,Z . It is

convenient to phrase this prediction as M2
W /M

2
W0−M2

Z/M
2
Z0 where the subscript 0 indicates

the SM value. The SM prediction for this parameter is clearly zero, whereas in the resonance

model we need only compute shifts in masses from SM values: δM2
W /M

2
W0 − δM2

Z/M
2
Z0.

In the absence of couplings of the heavy resonances other than those in (1.2) this is just

the conventionally defined T parameter [48] given by (to leading order in inverse powers of

the heavy masses)

α(MZ)T = −|κW |2
M2
W

M2
W ′

+ κ2
Z cos2 θW

M2
Z

M2
Z′

=
M2
W

M2
W ′

{
−|κW |2 + κ2

Z

M2
W ′

M2
Z′

}
(1.9)

There are no tree level contributions to the other prominent electroweak precision parame-

ter S. Precision measurements constrain α(MZ)T to be less than 10−3 which implies κW,Z

2This prediction is only weakly dependent on the other parameters of the model, such as αs, the Higgs

mass and quartic coupling, and the quark Yukawa couplings.
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Figure 1. Theory space diagram representing the bosonic field content for the models described

in the text.

no larger than of order one, or cancellations between the W ′ and Z ′ contributions. With

S = 0 the precision fit has a preference for positive values of T , αT = (4 ± 2.4) × 10−4,

suggesting that the Z ′ contribution should be larger than that of the W ′.

The inherent tension between the diboson signal and the T parameter is already evident

in these general expressions. A large diboson rate requires a large value for κW (Bjj can

only suppress the rate), but this pushes the T parameter in the wrong direction. This

can be compensated by a contribution from the Z ′ through κZ , but only if the Z ′ is not

too heavy.

To refine this constraint on the Z ′ mass we need to make some choices. We may

construct a right-handed W ′ model starting with the gauge group SU(2)L×SU(2)M×U(1)X
and breaking SU(2)M×U(1)X → U(1)Y at the scale f . The resulting massive gauge bosons

are the right-handed W ′ and Z ′ and below this scale we have the desired effective theory.

Including a (1, R)(R−1)/2 field HXM (for some non-trivial representation of dimension R)

that acquires a large vev f/
√

2 accomplishes the desired breaking. The hypercharge gauge

coupling is g′ = gMgX/
√
g2
M + g2

X ≡ gM sin θM . The smallest such representation is R =

2, the doublet. However as we will see this leads to either a poor precision fit or fine

tuning. Therefore we prefer an SU(2)M triplet, R = 3. In this case the Z ′ mass is

MZ′ =
√

2MW ′/ cos θM .

We must also include scalar field representations that contain Higgs doublets following

this breaking. These are representations of the form (2, R)X . The smallest such repre-

sentations, each containing four real fields, are a complex doublet (2, 1)1/2 field HX and

a real “bi-doublet” (2, 2)0 field HM .3 The model including these representations is nicely

summarized by the theory space diagram of figure 1.

3Since SU(2)×SU(2) ∼ SO(4) the real bidoublet may be equivalently thought of as the vector of SO(4).

We may represent this field in a variety of ways: as a complex two component vector
(
φ+

φ0

)
(as we choose

here); as a 2×2 matrix
(
φ0∗ φ+

−φ+∗ φ0

)
; or as a 4-component column vector formed from the real and imaginary

parts of φ0 and φ+.
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The mixing operators in (1.1) then take the form

gM
2

√
2W ′

−
µ H

T
M iσ

2iDµHM + h.c.

+
gM
2

cos θMZ
′
µH
†
M iD

µHM −
gX
2

sin θMZ
′
µH
†
X iD

µHX (1.10)

Our models will include two of the bidoublets HM and, for the moment, we will ignore any

vevs for the HX fields. Each of these bidoublets is an SM Higgs field and we therefore have

a multi-Higgs doublet model.

The sum
∑
|vM |2+|vX |2 ≡ v2 is constrained to the electroweak value v2 = (246 GeV)2.

Note that the phases in the vevs of these bidoublets are not necessarily aligned and t2 ≡
|
∑
v2
M |/v2 ≤ 1. The W ′ mixing in (1.10) is sensitive to these phases and thus t appears in

κW . Both κW and κZ are readily computed (ignoring vX)

κW =
gM
g
t2 =

tan θW
sin θM

t2

κZ =
gM
g

cos θM =
tan θW
sin θM

cos θM

(1.11)

so that (1.9) gives

α(MZ)T =
tan2 θW

sin2 θM

M2
W

M2
W ′

[
cos4 θM

2
− t4

]
(1.12)

When the phases of the Higgs fields are all aligned (or in the case of a single bidoublet

field in which case the phase is necessarily aligned) t = 1 and (1.12) gives

α(MZ)T = − tan2 θW
M2
W

M2
W ′

(
2− cos4 θM

2 sin2 θM

)
. −5.3× 10−4 (1.13)

where we have set MW ′ = 1.9 TeV. Although the T parameter in (1.13) is not much larger

than the experimental uncertainty, it is unfortunately negative, and more than 3 sigma away

from the experimental value. The negative definiteness of the result reflects the dominance

of the W ′ contribution over that of the Z ′ for all values of the Z ′ mass. Evading the

constraint in (1.13) is necessary for a good precision fit, and (1.12) demonstrates that this

requires non-aligned vevs so that t2 < 1.

With these ingredients in place, (1.8) and (1.12) relate αT , σWZ , Bjj/Nf and the

Z ′ mass:

2
M4
W ′

M4
Z′

1

1− 2M2
W ′/M

2
Z′

= α(MZ)T
1

tan2 θW

M2
W ′

M2
W

+
Nf

Bjj

σWZ

28 fb
(1.14)

We may trade Bjj for the dijet resonance cross section at 1.9 TeV. Assuming all decays

aside from dijets and dibosons are small

Bjj =
σjj

σjj + 2σWZ
(1.15)

where we have used σWZ + σWh ' 2σWZ .

In fact MZ′ as determined by (1.14) and (1.15) is rather insensitive to the values of

the dijet cross section preferred by the data. For σjj much larger than σWZ ∼ 4 fb the
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dijet branching fraction Bjj ' 1 and any dependence on σjj disappears. Smaller values of

σjj suppress Bjj and require larger values of κW , in turn requiring a smaller Z ′ mass to

fit the T parameter. Note that for very small values of the dijet cross section, σjj � 1 fb,

the last term in (1.14) grows large, and avoiding unacceptably large corrections to the T

parameter requires fine tuning of the Z ′ mass such that the left hand side of this equation

compensates. To avoid this tuning we will prefer parameters which yield a dijet cross

section greater than a few femtobarns.

Fixing MW ′ = 1.9 TeV, σWZ = 4 fb, σjj > 1 fb, and allowing αT to vary over its 1 σ

range we find a range for the Z ′ mass of

2.8 TeV < MZ′ < 3.2 TeV (1.16)

We will refine this analysis by performing a full precision fit in the next section, but it is

clear that the dominant driver of a light Z ′ is the T parameter, and a Z ′ mass close to

3 TeV is necessary for a good fit.

How does this result depend on the model choices made? As already remarked the dijet

cross section does not make much difference, and therefore choosing non-universal couplings

of the W ′ to the first two families (which only enter through the dijet cross section) or

including a significant coupling to the third generation makes only a small difference. We

might also contemplate other decay modes of the W ′, such as to leptons (with a light right-

handed neutrino), Higgs scalars, or new fermions. Such decays would lower Bjj which in

turn requires a lighter Z ′. The Z ′ mass is bounded from below, MZ′ ≥
√

2MW ′ ' 2.69 TeV,

and as Bjj gets very small the Z ′ mass approaches this value.

More significantly, we might have chosen the breaking of SU(2)M ×U(1)X through an

R dimensional representation other than a triplet. Choosing a doublet would give a lighter

Z ′, but a somewhat worse precision fit. In addition such a light Z ′ comes with restrictive

direct experimental bounds, predominantly from the Z ′ decay to leptons. Evading these

bounds requires some fine tuning. For these reasons we prefer the triplet. Higher dimen-

sional representations are also possible, and yield good precision fits with larger Z ′ masses,

although with larger coupling gM .

Finally we may consider including a significant vev for the alternate Higgs representa-

tion, HX . The total vev squared of all Higgs doublets is fixed at 246 GeV, and including

a larger vev for HX necessitates decreasing the vev for the bidoublets. Since the diboson

decay of the W ′ comes only from the bidoublet vevs, a large diboson rate precludes a large

value for the HX vev. Consequently the presence of this vev has only a small effect on the

Z ′ mass. As we will see in our full model fits the trend is to push the Z ′ mass to the low

end of the range (1.16).

2 Symmetry breaking

In this section we summarize the properties of the scalar fields with vacuum expectation

values that result in spontaneous breaking of the gauge invariances. For the right-handed

W ′ physics that we are considering there are two categories of scalars: those that break

SU(2)M × U(1)X → U(1)Y at the high scale f , allowing the W ′ and Z ′ to acquire large

masses, and those that implement the SM breaking SU(2)SM×U(1)Y →U(1)Q at the scale v.
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The breaking at the scale f is accomplished by a (set of) complex scalar(s) HXM

transforming as (1, R)(R−1)/2 under (SU(2)L, SU(2)M )U(1)X . Here R is the dimension of

the isospin representation of SU(2)M and the U(1)X charge is adjusted to preserve the con-

ventionally chosen hypercharge generator Y = T 3
M +X. For any R > 1 the unbroken gauge

group is the Standard Model. A conventional normalization for the vacuum expectation

values leads to masses for the W ′ and Z ′

M2
W ′ =

g2
M

4

∑
R>1

f2
R =

g′2

4 sin2 θM

∑
R>1

f2
R

M2
Z′ =

g2
M + g2

X

4

∑
R>1

(R− 1)f2
R =

g′2

4 sin2 θM cos2 θM

∑
R>1

(R− 1)f2
R .

(2.1)

We limit ourselves to SU(2)M doublet and triplet representations. One of our results is that

the precision fit prefers triplet breaking so that MZ′ =
√

2MW ′/ cos θM . However a doublet

is needed to adequately account for quark masses and Yukawa couplings. Consequently

we will include both representations in our models, with a small doublet vev that modifies

this mass relation by a few percent.

The subsequent breaking of EW symmetry at the scale v must come (predominantly)

from fields that transform as doublets under SU(2)SM with hypercharge ±1/2. As discussed

earlier there are two small representations of the full gauge theory that contain Higgs

doublets following the breaking at the scale f , and we include them both: fields HX

transforming as (2, 1) 1
2

and fields HM transforming as (2, 2)0. Both fields transform as

ordinary Higgs doublets under the SM gauge group and preserve the usual leading order

mass relation MZ = MW / cos θW . However the two types of representations have different

couplings to the W ′ and Z ′. We have already discussed the consequences of this for WW ′

and ZZ ′ mixing and the associated effects on the T parameter. Integrating out the heavy

gauge bosons yields additional dimension six operators that are sensitive to the choice of

representation and contribute to the precision electroweak fit. The relevant couplings of

both types of Higgs doublets to the W ′ and Z ′ are given in (1.10).

3 Fermion masses and mixings

Obtaining satisfactory predictions for the SM fermion masses and CKM matrix without

also generating excessive flavor changing neutral current (FCNC) couplings and meson anti-

meson mixings is notoriously difficult in models with right-handed SU(2) gauge bosons. CP

violation in Kaon mixing leads to especially strong constraints on the couplings of the new

states to first and second family quarks. Most dangerous are FCNC couplings of the Z ′,

the Higgs, and box diagrams with exchange of one W and one W ′ boson involving first

and second family quarks.

These dangerous flavor changing effects can be avoided altogether if the right-handed

SM quarks are singlets under SU(2)M , in which case fermion masses and mixings may

be introduced through Yukawa couplings exactly as in the SM. The gauge couplings of

the fermions preserve a full U(3)5 flavor symmetry and flavor violation enters only through

– 8 –
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these Yukawa couplings, also exactly as in the SM. However explaining the diboson anomaly

requires a significant W ′ coupling to first family quarks in order to adequately produce

the W ′. Thus the up and down quark must be at least partially contained in a doublet of

SU(2)M . First family quark couplings to W ′ and Z ′ bosons are then proportional to mixing

angles of quark singlets with these doublets. In order to minimize FCNCs relevant to Kaon

physics we assume that these mixing angles respect (at least) SU(2)-flavor symmetries

acting on the first and second family quarks.

For our precision fits the details of the fermion mass and Yukawa terms in the La-

grangian are largely irrelevant: we only need the couplings of fermions to the W ′ and the

Z ′. These are determined by the fermion charges and the fraction of each SM quark that

is SU(2)M doublet. Introducing mixing angles for each SM fermion sf ≡ sin θf , (where

sf = 0 corresponds to pure SU(2)M singlet fermions), these couplings take a simple generic

form. The coupling of the W ′ to the SU(2)SM singlet up and down quarks is

susd gM = susd
g′

sin θM
, (3.1)

and equivalently for (c, s) and (t, b). We assume that SU(2)SM singlet neutrinos are heavy

and there are no relevant couplings of the W ′ to the SM leptons. For the Z ′ coupling to a

SM fermion field f we have

gf =
g′

sin θM cos θM
(s2
fT

3
M − sin2 θMY ) (3.2)

where sf is the fermion mixing angle, T 3
M is the SU(2)M isospin of the fermion field f and

Y is the usual SM hypercharge.

In the following we describe two example models with different flavor symmetries.

Obtaining a large top quark mass in extensions of the SM is often a challenge, and our first

model will treat the third family differently from the first two. For the first two families

we implement an approximate SU(2) flavor symmetry and obtain the SM quark masses

through couplings to the HX field which has a small vev, while for the top quark we couple

to the bidoublet fields with their larger vevs.

Our second model realizes the top mass through coupling only to the field HX and we

impose an approximate SU(3) flavor symmetry on all three families of quarks. As we will

see, this model also provides an excellent fit to the data, albeit at the expense of larger

coupling constants and some modest tuning of parameters.

While we do not give a specific implementation for the lepton sectors, it is straightfor-

ward to extend the kind of structures we present for the quarks to leptons. In both models

we will assume a separate approximate SU(3) flavor symmetry on the leptons and then,

for the purposes of this paper, the only parameter that enters the lepton phenomenology

is a universal lepton mixing angle.

3.1 SU(2) flavor model

In our first model we take both up- and down-type anti-quarks to be admixtures of SU(2)M
singlets and doublets, and assume that this mixing respects SU(2) flavor symmetries acting
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SU(3)c SU(2)L SU(2)M U(1)X

q 3 2 1 1
6

U c 3̄ 1 1 −2
3

Dc 3̄ 1 1 1
3

Q 3 1 2 1
6

Qc 3̄ 1 2 −1
6

SU(2)L U(1)X
U c

Dc

SU(2)M

H
M

H
X
M

Q
,Q
c

HX

q

Table 1. Fields and charges for the SU(2) flavor model. All fields are left-handed.

on the first and second family anti-quark fields. We treat the third family separately,

making the top quark pure SU(2)M doublet and the bottom quark pure singlet, easily

accommodating a large top quark mass.

The quarks of the first two families along with their vector-like partners are described

by the fields given in table 1. Yukawa couplings and masses for the heavy fermions stem

from the Lagrangian

L ⊃ yuqHXU
c + ydqH̃XD

c + Y uQHXMU
c + Y dQH̃XMD

c +mQQc . (3.3)

Here HXM is an SU(2)M doublet whose vev is at the TeV scale. The mass scale m is also

assumed to be at the TeV scale. At this scale a linear combination of the fields (U c, Dc)

and Qc obtain a large Dirac mass with the field Q from the last three terms in (3.3).

Assuming that these terms respect the SU(2) flavor symmetry the mixing angle which

parameterizes this linear combination is universal for the first two families. The orthogonal

linear combinations of (U c, Dc) and Qc correspond to the SM anti-quarks. They obtain

their Yukawa couplings to q and the EW breaking Higgs doublet HX from the first two

terms. Since the masses of the first two families are very small, the vev of HX can be a

subdominant source of EW breaking vX � v. This allows the majority of the breaking

to come from the vevs of the bidoublets HM which determine the vector boson mixing

parameters κW and κZ . We may then use these large bidoublet vevs to obtain the top

quark mass.

The third family quarks and their masses arise from the additional Lagrangian

L ⊃ ytq3HMQ
c
3 + ybq3H̃XD

c
3 + yQD3H̃XMQ

c
3 . (3.4)

Here q3, Q
c
3, and Dc

3 are third family copies of the fields we have included for the first two

families, D3 is a new field for the third family, and we do not include a U c3 or Q3 field.4

The top quark acquires a mass from the first term, while the last term gives a large Dirac

mass for the pair D3 with the lower component of Qc3. Consequently the bottom anti-quark

is mostly the SU(2)M singlet field Dc
3, and the mixing angle for the b quark is negligible.

Thus we have

su = sc , sd = ss, st = 1 , sb = 0, and se = sµ = sτ . (3.5)
4This third family field content is anomalous. The anomalies can be canceled with additional fields with

masses at the TeV scale. For example, adding the set {Uc3 , D′c3 , Q3} would do the trick.
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3.2 SU(3) flavor model

It would be especially attractive to accommodate the large top mass in a fully SU(3) flavor

symmetric Lagrangian of the form of (3.3) including 3 copies of all the fields in table 1. Our

previous model treated the third family differently in expectation of difficulty in obtaining

a large top quark mass from the small Higgs vev vX , but it is worth exploring if a more

flavor symmetric Lagrangian is viable.

Generally speaking our precision fits prefer small values of the vev vX , as we assumed in

our introductory section. However this would necessitate a large Yukawa coupling in order

to realize the large top mass. To avoid potential problems with strong coupling (and to

remain within the validity of our perturbative analysis) we will limit the size of the Yukawa

coupling, which in turn requires a not-so-small vev vX . But a larger value of vX implies

smaller bidoublet vevs, which reduces the coupling of the W ′ to WZ. To compensate for

this effect we are forced to larger values of the SU(2)M coupling, gM . Consequently we need

a compromise between large top Yukawa and large gM . The details of this compromise will

be explored in our precision fits.

There are then three relevant mixing angles for this SU(3) flavor symmetric model:

su = sc = st, sd = ss = sb, and se = sµ = sτ . (3.6)

4 Fit to precision electroweak and LHC data

Here we consider a simultaneous fit of our models to precision electroweak data and the

diboson signal. We also include bounds from W ′ decay to dijet resonance searches and

from Z ′ decay to dilepton resonance searches. The fit confirms and validates our simplified

analysis in the Introduction.

The focus of our paper is the diboson signal and we therefore constrain the parameters

of our model to produce a fixed diboson cross section at 8 TeV, σWZ . The remaining data

is incorporated by minimizing a global χ2 function

χ2
total = χ2

ll + χ2
jj + χ2

PEW . (4.1)

The values and choices we have made for each of these is detailed below.

σWZ diboson cross section : In order to reproduce the observed diboson signal from Run 1

we fix the W ′ mass to 1.9 TeV and the cross section times branching fraction to WZ

to σWZ(8 TeV) = 4 fb. Values of MW ′ within the range 1.8–2.0 TeV give similarly

good fits to both the diboson data [12] and the overall χ2
total. The best fit value for

σWZ from Run 1 is in tension with the 95% confidence level upper bound obtained in

Run 2 σWZ < 25 fb (see [12, 49] for a summary of the Run 2 searches for W ′ →WZ

and W ′ → Wh [37–41, 50]). To translate this bound into an equivalent 8 TeV cross

section bound we use a six-fold parton luminosity scaling from 8 TeV to 13 TeV,

yielding our target value for the cross section of 4 fb.

χ2
ll dileptons from Z ′ decay : In Run 1 both ATLAS [51] and CMS [52] searched for the

decay of a narrow resonance to dileptons. In CMS no events were seen above 1.9 TeV.
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Combining the searches for dimuons and dielectrons with assumed lepton-flavor uni-

versality, CMS obtained a 95% confidence upper limit of 0.09 fb on the cross section

times branching fraction to one species of dileptons. ATLAS saw no events above

2 TeV and obtained a bound of 0.2 fb for the same observable. Assuming Poisson

statistics with zero observed events and combining the two bounds into a single Run 1

likelihood L = e−NCMSe−NATLAS allows us to define an equivalent χ2 = −2 logL

χ2
ll = 2 (NCMS +NATLAS) = 6

( σll
0.09 fb

+
σll

0.2 fb

)
= 100 fb−1 σll . (4.2)

Here we used the fact that with Poisson statistics zero observed events gives a 95%

confidence bound on the number of expected events N95% = − log(0.05) ' 3, irre-

spective of the number of expected background events.

χ2
jj dijet events : Run 1 data from both CMS and ATLAS showed an intriguing ∼ 2σ excess

of dijet events with dijet invariant mass near 1.9 TeV. This data could arise from the

W ′ decaying to dijets with a cross section of σjj(8 TeV) ∼ 50−100 fb [17, 20, 25, 30].

Unfortunately, neither CMS [53] nor ATLAS [42] confirmed this excess in Run 2 and

instead set bounds, with the stronger bound coming from ATLAS. In our model the

W ′ width is less than the energy resolution in ATLAS, and using an acceptance times

efficiency of ∼ 50% the limit is σjj(13 TeV) . 150 fb. Translating this bound into

an equivalent 8 TeV bound by multiplying by first generation q̄q parton luminosity

ratios we obtain σjj(8 TeV) . 24 fb at 95% confidence. The fermion mixing angles

that govern the coupling of the W ′ to quarks gud = susdgM allow accommodation

of this bound. However, reducing the dijet branching fraction of the W ′ below that

of the diboson branching fraction would require fine-tuning of parameters (see the

discussion after eq. (1.15)). In order to disfavor this fine-tuned region of parameter

space and motivated by the preference for dijets from Run 1 we include a non-zero

central value for the dijet rate in our fit σjj(8 TeV) = 12 ± 6 fb. The uncertainty is

chosen so that the 2σ upper bound coincides with the ATLAS 95% confidence limit.

Thus we take

χ2
jj =

(
σjj(8 TeV)− 12 fb

6 fb

)2

(4.3)

χ2
PEW precision electroweak observables : We include all precision electroweak observables

listed in the most current review of the Particle Data Group [48]. Most important in

this list are the masses, widths, and line shapes of the W and Z, precision measure-

ments of the fermion couplings in Z decay branching fractions and forward-backward

asymmetries. This fit is conveniently implemented by using the work of Han and

Skiba [54] who combined all constraints from precision electroweak measurements

into a single χ2
PEW . We will describe this formalism and our modifications in the

following.

We updated the precision electroweak function χ2
PEW of [54] to include the best fit

Higgs mass and the latest values for precision observables from the Particle Data Group [48].

The Han and Skiba χ2
PEW function depends on the coefficients of universal dimensions 6
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operators obtained by integrating out new physics heavier than the electroweak scale.

Thus to apply the formalism to our model we integrate out the W ′ and Z ′ and extract the

coefficients of the dimension 6 operators so generated. Since the three families of fermions

have different W ′ and Z ′ couplings in our models we generalize the operator basis in [54] to

allow for non-universal operator coefficients (for similar such generalizations see [55, 56]).

In the notation of [54] the operator coefficients are

ah = −(2gh)2

2M2
Z′

+
(g′/ sin θM )2

2M2
W ′

t4 , ahf = −
ghgf
M2
Z′
, aff ′ = −

gfgf ′

M2
Z′

, (4.4)

where

gh ≡
g′

2 sin θM cos θM

(
cos2 θM − sin2 θX

)
, (4.5)

the fermion couplings gf were defined in (3.2) in terms of the charges T 3
M and Y , and

sin θX ≡ vX/v is the fraction of the EW breaking vev coming from the HX vev. Note

that the operators in [54] are written in terms of right-handed fields for SU(2)SM singlets,

uR, dR, eR, and with this convention the charges for the SM fields are

fermion field f q uR dR l eR
T 3
M 0 1

2 −1
2 0 −1

2

Y 1
6

2
3 −1

3 −1
2 −1

No other operators are generated at tree level. We will find that the fit prefers couplings of

order 1 or smaller and loop-generated operators can be neglected. The operators generated

from integrating out the Z ′ are easily recognized as they are proportional to 1/M2
Z′ . These

operators all involve contractions of SU(2)SM-singlet currents, and the triplet operators

in the Han-Skiba basis have vanishing coefficients in our model. Integrating out the W ′

generates a contribution to ah (i.e. the T -operator) as already discussed in the Introduction.

All other dimension six operators mediated by the W ′ are unimportant for several reasons:

i. leptonic operators involve the right-handed neutrinos which we assume to be too heavy

to be relevant to precision physics, ii. operators with only quarks are not sufficiently

well constrained by data, and iii. operators which lead to effective couplings of right-

handed fermions to the W do not have an SM counterpart to interfere with. Therefore

their contributions to observables are as small as contributions from dimension 8 operators

which we have consistently ignored.

In addition to the usual SM couplings and the W ′ mass (fixed to MW ′ = 1.9 TeV) both

our models have the following continuous free parameters

cos θM , t
2, su, sd, se, sin θX (4.6)

Fits for the SU(2) flavor model will prefer very small values of sin θX and consequently

this angle plays little role in our analysis of this model. In the SU(3) model the fits

also prefer small values of sin θX . However, in this case the top quark mass is given by

mt = ytcuv sin θX/
√

2 so that small sin θX requires large yt to compensate. In order to

remain safely in the perturbative part of parameter space we impose the constraint yt ≤ 2.

This limits the size of sin θX ≥ mt/(cuv
√

2). Since the fit prefers small values of vX , the best
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SU(2)Model SU(3)Model SU(2)Model SU(3)Model

k =
√

2 k =
√

2 k = 1 k = 1

cos θM 0.92 0.97 0.87 0.94

t2 0.50 0.40 0.62 0.55

〈HX〉 [GeV] 0 137 0 127

sd 0.32 0.20 0.37 0.34

se 0.30 0.29 0.56 0.39

su 0.54 0.54 0.57 0.42

MZ′ [TeV] 2.92 2.78 2.18 2.02

σjj(13 TeV) [fb] 74 66 71 62

σll(13 TeV) [fb] 0.03 0.08 0.17 0.11

4χ2
PEW −1.1 −1.7 1.1 0.5

4χ2
total −4.9 −5.1 −0.8 −2.0

Table 2. Best fit points and predictions in the 4 Models for fixed σWZ(8 TeV) = 4 fb corresponding

to σWZ(13 TeV) ' 24 fb. Note that sin θX = 〈HX〉/v.

fit point is always near the smallest possible value for sin θX . We can therefore simplify

our analysis by fixing sin θX in our fits for the SU(3) model to saturate this inequality:

sin θX = mt/(cuv
√

2).

The choice of SU(2)M representation for the scalar field HM introduces an additional

discrete parameter k = 1,
√

2,
√

3, . . . that enters the relationship between the Z ′ and W ′

masses MZ′ = kMW ′/ cos θM . We focus on the two simplest cases: doublet breaking with

k = 1 and triplet breaking with k =
√

2. Larger representations for HXM would lead to

heavier Z ′ masses for which good fits to the precision electroweak data can also be obtained.

Table 2 shows the best fit parameters for the two Models and the two choices k = 1

and k =
√

2. For each case we show the mass of the Z ′, the expected W ′ to dijet and

Z ′ to dilepton rates at 13 TeV, and two different measures of the goodness of fit. The

first measure is the difference between χ2
PEW of the best fit point relative to the SM,

4χ2
PEW ≡ χ2

PEW

∣∣
best fit

− χ2
PEW

∣∣
SM

, while the second is the difference of the overall

χ2
total relative to the SM, 4χ2

total ≡ χ2
total

∣∣
best fit

− χ2
total

∣∣
SM

. Note that differences in χ2
total

on the order of a few should be taken with a grain of salt because of the somewhat arbitrary

choice of central value for the dijet cross section in χ2
jj .

As expected the best fit points for models with k =
√

2 have Z ′ masses larger than

those for models with k = 1, and therefore more easily avoid constraints from both direct

searches for Z ′ → ll̄ in Run 1 and Run 2 and precision electroweak measurements. We

further explore models with k =
√

2 in the next subsection. While the models with k = 1

have a significantly worse4χ2 compared to the k =
√

2 models, a small region of parameter

space which satisfies all constraints exists. We discuss this case following the k =
√

2

analysis.
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Figure 2. Preferred and excluded regions in the MZ′ versus t2 parameter space in SU(2) and SU(3)

flavor models with k =
√

2. The fermion mixing parameters se, sd, su are fixed at the best fit values

in table 2. Solid lines are contours of constant 4χ2
PEW , enclosing 68%, 95%, and 99.7% confidence

regions in the Gaussian approximation. Dashed lines are contours of constant 8 TeV WZ diboson

cross section. Colored regions are excluded by diboson searches from ATLAS and CMS at 13 TeV

and dijet resonance searches from ATLAS and CMS at 13 TeV. The best fit points of table 2 are

indicated by asterisks. A satisfactory PEW fit with a sizable diboson cross section (for example

σWZ & 3 fb) fixes the Z ′ mass to lie near 3.0 TeV in the SU(2) model and near 2.8 TeV in the SU(3)

model.

4.1 Models with triplet breaking k =
√

2

Both models with k =
√

2 allow excellent fits, obtaining the diboson and dijet signals

while avoiding constraints from Z ′ → ll̄ searches. Both also have precision electroweak

fits that improve upon the SM. In all cases the Z ′ mass is predicted to be near the range

2.8–3.0 TeV and out of reach of the Run 1 dilepton search for generic values of the fermion

mixing angles.

To understand the robustness of the fits and explore the parameter spaces of the two

k =
√

2 models we plot the main LHC observables and χ2
PEW as a function of the model

parameters MZ′ =
√

2/ cos θM × 1.9 TeV and t2 in figure 2. In these plots we hold the

remaining parameters fixed to their best fit values shown in table 2. The colored regions

in the plots correspond to the direct 95% confidence search limits from Run 1 and Run 2

at the LHC. The Z ′ → ll̄ searches place no restrictions on the parameter space shown.

However, both dijet and diboson searches exclude significant portions of this parameter

space. We also plot contours of constant 4χ2
PEW relative to the point which minimizes

χ2
PEW . In the Gaussian approximation the contours labeled 2.3, 6.2, 11.8 then correspond

to 68%, 95%, 99.7% confidence regions in this two-dimensional parameter space.

For each model a large region of parameter space satisfies both precision electroweak

constraints and direct searches. Requiring a sizeable 8 TeV diboson signal narrows the

allowed region to a small domain near the best fit point. Within this domain the Z ′ mass

is predicted to lie near 2.8–3.0 TeV.
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Not visible in these plots is a somewhat flat direction for χ2
total along the axis of the

wedge-shaped region bounded by the precision electroweak contours. In moving along

this trough in parameter space the hidden parameters sd, su can be adjusted to avoid the

constraints from diboson and dijet searches. For smaller values of MZ′ the trough gets

increasingly narrow. This is a sign that t2 must be finely tuned to maintain a good PEW

fit. For larger values of MZ′ & 3.1 TeV the combined requirement of a sizeable diboson

signal with a good PEW fit can no longer be satisfied. Thus the Z ′ mass prediction is quite

robust, with both models requiring a Z ′ mass between 2.7 and 3.1 TeV.

This prediction is intriguing in light of a di-electron event with invariant mass of

' 2.9 TeV observed by CMS in Run 2 [57]. The likelihood that this event is due to

SM backgrounds is quite small: these backgrounds contribute only 0.036 ± 0.009 events

integrated over all invariant mass greater than 2.8 TeV [57]. It is therefore worthwhile

asking whether our predicted 13 TeV cross section for Z ′ production with subsequent Z ′ →
ee decay makes this process a likely explanation of the CMS event.

The predicted number of dilepton events in our model is most sensitive to the parame-

ters su and cos θM which determine the Z ′ coupling to up-quarks. We therefore show the Z ′

relative width Γ/M (dashed) and predicted dilepton event rates (red, solid) from Z ′ → ll̄

decay at Run 2 of ATLAS and CMS combined as a function of these parameters in the right

panels of figures 3 and 4. One sees that as MZ′ decreases the gauge coupling gM grows

and the Z ′ width increases. Similarly, large su implies a larger decay rate to up quarks

and an increased width. The solid red lines in the panel on the right indicate contours of

constant total number of Z ′ → ll̄ events predicted for CMS and ATLAS and muons and

electrons combined. For the SU(2) model in the preferred region of parameter space near

MZ′ ' 2.9 TeV, the Z ′ has a width of about 1% and the number of events expected at

13 TeV varies between 0.05 and about 5. For the SU(3) model, the preferred Z ′ mass is

MZ′ ∼ 2.8 TeV, and the width is also about 1% with between 0.1 and 2 events expected.

Both models are perfectly consistent with the 1 observed Z ′ → e+e− event observed by

CMS in Run 2 and promise many more events in the upcoming 13 TeV runs.

4.2 Models with doublet breaking k = 1

The SU(2) and SU(3) models with k = 1 predict a relatively light Z ′. In both models

it is possible to tune su and sd such that the Z ′ coupling to quarks is very small (see

eq. (3.2)). In this somewhat tuned region of parameter space the Z ′ production cross

section sufficiently small to evade any Z ′ search bounds. In the SU(2) model the viable

region corresponds to a Z ′ mass near 2.2 TeV with a width well below 1%. In the SU(3)

model there is a slightly larger allowed region with Z ′ mass near 2.0 TeV and also a very

narrow width.

Since neither Run 1 nor Run 2 have observed dilepton events at 2.0 or 2.2 TeV we can

combine the dilepton bounds from ATLAS and CMS at 8 and 13 TeV for both muons and

electrons.5

5While there are some events — consistent with the tail of the Drell-Yan distribution — at 1.8 and

1.9 TeV, our Z′ is always heavier than MW ′ = 1.9 TeV and very narrow in the allowed parameter space.

Therefore we discount the possibility that these events arise from Z′ production.

– 16 –



J
H
E
P
0
5
(
2
0
1
6
)
1
1
1

1 fb1 fb

3 fb3 fb5 fb5 fb

2.32.3
2.32.3

6.26.2

11.811.8

**

��→��

��→��

2.7 2.8 2.9 3.0 3.1 3.2
0.0

0.2

0.4

0.6

0.8

1.0

��� [���]

� �
��(�) ������� �= �

0.010.02

0.01 0.1

1

1

5

**

2.7 2.8 2.9 3.0 3.1 3.2
0.0

0.2

0.4

0.6

0.8

1.0

��� [���]

� �

��(�) ������� �= �

Figure 3. Preferred and excluded regions in the MZ′ versus su plane in the SU(2) model with

k =
√

2. The parameters se, sd, t
2 are held fixed at the best fit values given in table 2. The contours

in the left plot are are as in figure 2. The plot on the right shows contours of the predicted number of

dilepton Z ′ → ll̄ events in Run 2 at CMS and ATLAS and electron plus muon final states combined

(red, solid). Also shown are contours of constant Z ′ width over mass (dashed). Note that in the

parameter region with a satisfactory PEW fit and sizeable W ′ →WZ cross section the Z ′ width is

about 1% and the predicted Run 2 dilepton event rate ranges from less than 0.1 events to 5 events.
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Figure 4. Preferred regions of MZ′ versus su parameter space in the SU(3) model with predictions

for the width of the Z ′ and dilepton event rate at Run 2. See caption for figure 3 for details.

In figure 5 we show two slices of parameter space. The plot in the right panel shows

that the viable region requires significant fine tuning of both su and sd to simultaneously

avoid the dilepton bounds and obtain an interesting WZ diboson signal. Figure 6 shows

the Z ′ width and the expected Run 2 dilepton event rate along side the allowed parameter
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Figure 5. Preferred and excluded regions in the MZ′ versus t2 and sd versus su parameter space

in the SU(2) and SU(3) models with k = 1. Note that most of parameter space is ruled out by

the dilepton searches at ATLAS and CMS at 8 TeV and 13 TeV combined (green). The remaining

allowed region has finely tuned values for su and sd which minimize the Z ′ production cross section.

spaces in the MZ′ − su plane for the two models. Since the Z ′ is very narrow in both cases

and the dilepton event rate is already very close to the 95% confidence bound, both k = 1

models will be discovered or ruled out with only a little additional 13 TeV running.
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Figure 6. The plots on the left show PEW and direct search constraints in the MZ′ vs. su
parameter spaces of the SU(2) and SU(3) models for k=1. The contour plots on the right show the

predicted number of dilepton events at ATLAS and CMS combined for Run 2 (red, solid) and the

predicted Z’ width (black, dashed) in the same parameter space.
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