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We investigate W’ interpretations for the ATLAS 2 TeV diboson anomalies. The roles of the unitarity
sum rules, which ensure the perturbativity of the longitudinal vector boson scattering amplitudes, are
emphasized. We find the unitarity sum rules and the custodial symmetry are powerful enough to predict
various nontrivial relations among WWZ', WZW', WWh, WW'h and ZZ'h coupling strengths in a model
independent manner. We also perform surveys in the general parameter space of W' models and find the
ATLAS 2 TeV diboson anomalies may be interpreted as a W’ particle of the three-site moose model, i.e., a
Kaluza-Klein like particle in a deconstructed extra dimension model. It is also shown that the nonstandard-
model-like Higgs boson is favored by the present data to interpret the ATLAS diboson anomalies as the

consequences of the W’ and Z’ bosons.
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I. INTRODUCTION

Recently, the ATLAS Collaboration of the LHC experi-
ment reported anomalies in their search for high-mass
diboson (WZ, WW or ZZ) resonances with boson-tagged
jets at the diboson invariant mass 2 TeV [1]. W and Z bosons
resulting from high-mass resonance are highly boosted, so
each boson’s hadronic decay products are reconstructed as a
single fat jet J in this search. The reported local significances
of anomalies are 3.40, 2.60, and 290 for WZ — JJ,
WW — JJ, and ZZ — JJ channels, respectively. If we
explain the ATLAS WZ — JJ anomaly in the W' model,
we need to introduce a narrow high-mass W’ boson with
My =2 TeV, I'y < 100 GeV, and

o(pp = W';\/s =8 TeV)By(WZ) = 14 fb.  (1.1)
Note here the above cross section is the best fit value. A W’
particle with a little bit smaller production cross section may
also be consistent with the ATLAS diboson anomaly.

The CMS Collaboration also reported their results of
search for high-mass diboson resonance in the same decay
channel [2]. Although the CMS Collaboration reported a
small excess around 1.8 TeV, at the resonance mass of 2 TeV,
CMS only gives the upper limit on oB, o(pp—W';
\/s=8TeV)By(WZ)<13fb. The ATLAS Collaboration
also reported their search for high-mass diboson resonance
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X in the WV — £vqq decay channel [3]. Here V stands for
W or Z. The ATLAS limit on ¢B in this decay channel is
about

> o(pp = X;\/s =8 TeV)By(WV) < 10 fb, (1.2)

for 2 TeV narrow resonance X. The limit (1.2) causes a
tension with the best fit value of the ATLAS diboson
anomaly o(pp — W')By(WZ) = 14 fb. We use the value
oB =10 fb as a reference for our interpretation of the
ATLAS diboson anomaly in this paper, though only 70%
of the ATLAS diboson excess can be explained with this
Cross section.

The CMS Collaboration recently reported their search
limit on the W’ production in the W' — Wh — JJ decay
channelin Ref. [4]. Although the CMS Collaboration found a
small excess of event numbers around My, = 1.8 TeV, they
found rather severe upper limit for My, = 2 TeV resonance,
i.e., about o(pp - W';\/s = 8 TeV)By,(Wh) < 7 fb. As
we will see later, this upper limit causes a severer tension with
the ATLAS diboson anomaly. In Ref. [5], the CMS
Collaboration reported their search result for high-mass
resonance W' in the decay channel W' — Wh — £ubb.
Again, they found an excess at My, = 1.8 TeV.

After the ATLAS Collaboration reported the 2 TeV
diboson anomalies [1], many studies of possible theoretical
interpretations have appeared in the market [6—17]. One of
the biggest questions raised in these interpretations is
whether the ATLAS diboson anomaly at M = 2 TeV is
related with the CMS excesses at M = 1.8 TeV or not.
Given the situation where the jet mass resolutions of
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ATLAS and CMS detectors are much better than 100 GeV,
it seems unlikely that the CMS 1.8 TeV excesses are
directly related with the ATLAS 2 TeV anomalies, however.
If this is not so, the next theoretical challenge is
to make viable models of W’ explaining the ATLAS
diboson anomalies without causing conflicts with the
CMS upper limit on the W — Wh decay channel, 6(pp —
W')By(Wh) <7 fb at My, =2 TeV. This is a tough
challenge, however, if we take the CMS 7 fb upper limit
seriously. The Higgs boson is the SU(2)y, partner of the
would-be Nambu-Goldstone boson (NGB) in the standard
model (SM). The equivalence theorem of the longitudinal
W boson and the eaten would-be NGB amplitudes then
suggests us a relation
Ty (WZ) =Ty (Wh) (1.3)
for sufficiently heavy W'. See, e.g., Ref. [18] for a typical
W’ model satisfying this relation (1.3). The relation (1.3)
implies that the W’ branching fraction to the Wi mode is
identical to the W’ branching fraction to WZ, i.e.,
By (WZ) = By (Wh). The CMS 7 fb upper limit on the
Wh  channel therefore gives an wupper limit on
o(pp - W)B(WZ) < 7 fb. Less than only a half of the
ATLAS diboson anomaly excess ~14 fb can be explained.
Although this tension may be explained by a statistical
fluctuation at the present stage, it is tempting to consider
scenarios free from the relation (1.3). In this paper, we point
out that the relation (1.3) is true only if the couplings of the
125 GeV Higgs boson with WW and ZZ are same as
the SM predictions. We investigate the relation (1.3) from
the viewpoint of the perturbative unitarity of the longi-
tudinal W and W’ boson scattering amplitudes. We derive a
set of unitarity sum rules among coupling strengths of W’
and W bosons, which should be satisfied in any perturba-
tive model of W’. We then obtain a relation among the
WZW' coupling, the WWh coupling, and the WhW’
coupling by using these unitarity sum rules. We find that,
if the 125 GeV Higgs is a non-SM Higgs boson, the relation
(1.3) should be modified as
K20y (WZ) = Ty (Wh). (1.4)
Here ky is defined as ky = gwwn/ s> With gww, and
g%%wl = gwMy being the WWh coupling strength and its
corresponding SM value, respectively. The ATLAS 2 TeV
diboson anomalies may be consistent with the CMS limits
on the Wh decay channel, if we consider a model
with ky < 1.!
Inspired by the unitarity sum rules and the custodial
SU(2) symmetry arguments, we then introduce a para-
metrization of W’ and Z’' couplings, and survey the

'Here we assume existence of mechanism to adjust the Higgs
measurement signal strengths with «y, < 1.
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parameter space to find phenomenologically viable models
consistent with the existing limits on the W’ and Z’
particles. We then show that the three-site moose model
[19], a linear sigma model generalization of the three-site
Higgsless model [20], can explain the parameter space
consistent both with the ATLAS anomalies and with the
existing limits on W’ and Z'. Note that the three-site
Higgsless model is a deconstruction [21,22] version of
the extra dimension Higgsless model [23]. The gauge
symmetry breaking structure of the three-site moose model
thus resembles the structure of extra dimension models
containing bulk weak gauge fields. The W’ and Z’ bosons
in the three-site moose model can therefore be regarded as
the Kaluza-Klein (KK) modes of the weak gauge bosons.
We also note that, as emphasized in Ref. [19], the three-site
moose model implements a mechanism to adjust the Higgs
signal strengths even with xy, < 1.

This paper is organized as follows: In Sec. II, we derive a
set of unitarity sum rules in a class of models with the
custodial symmetry including arbitrary number of custodial
SU(2) triplet vector bosons (W, W', W” ...) and neutral
Higgs bosons (41, h,, ...). We obtain a relationship between
the WW'h coupling and the WWh coupling by using the
unitarity sum rules. We propose a parametrization for the W’
and Z’ couplings in a manner consistent with the perturba-
tivity and the custodial symmetry in Sec. III. Surveys in the
parameter space of W’ and Z' models are presented in
Sec. IV. Section V is devoted to the three-site moose model.
Summary and outlooks are presented in Sec. VL

II. UNITARITY SUM RULES

In order to keep the perturbative unitarity in the
longitudinal vector boson scattering amplitudes, in any
perturbative model, self-interaction coupling strengths of
massive vector bosons need to satisfy a set of unitarity sum
rules [24-27]. Examples of such unitarity sum rules for a
model including a tower of massive vector bosons
(W, W', W" ...) are presented in Ref. [28] in the context
of the deconstructed Higgsless theory. Unitarity sum rules
in a model with W,W’ and neutral Higgs bosons
(hy, hy,...) are discussed in Ref. [19]. See also
Refs. [29-32]. In this section, we further generalize the
unitarity sum rules of Ref. [19] to obtain a relationship
between WWh and WW'h couplings.

A. General sum rules

For simplicity, in this section, we consider the custodial
SU(2) symmetry limit. Effects of the custodial symmetry
violation arising from the weak hypercharge gauge cou-
pling will be discussed later. The model we consider
contains Ny custodial SU(2) triplet vector bosons (W{,,
a=123,i=0,1,....Ny—1) and N, singlet Higgs
bosons (h;, i =1,2,...,N,). In order to cancel the E*-
behavior of the longitudinal W;W; — W W, scattering
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amplitudes, quartic vector boson coupling strengths

GW,W, W W, need to satisfy

gw,w,w,w, = E gw,w,Ww,, 9w, W, w,,s (2.1)

m

with gy, WWW, being symmetric under the exchange of the
indices i, j, k, £ (Bose symmetry). The triple vector boson

couplings also satisfy the Bose symmetry. Here we speci-
fied the quartic and triple vector couplings by using
notations similar to Ref. [19]. Using (2.1) and the Bose
symmetry of gy.w,w,w,. it is easy to see
Zgw,ij,,,gwkwfwm = Zgwiwkw,,,gijfwm
m m

= Zgwiwfwmgwkijm- (2-2)

m

Requiring the cancellation of the E>-behavior, we also
obtain a sum rule which relates the Higgs coupling gw,w »,

with the vector boson self-interaction couplings,

E IW, W ;h,, GW, W sh,,
m
_ 2 2 2 2
= (My, + My, + My, + My,)9w,w,w,w,
_ 2
ZM Wm ng- Wj Wm gwk Wf Wm
m
_ 2
ZMWI?I gW[ WiWo, gW/’ WeW,,
m

=Y M3y gwwow, 9w,ww, (2.3)
m

Again we used notations similar to Ref. [19]. We also
obtain

>

m
— 2
= E M wm(—gw[wkwmgijfwm
m

(M5, — M3y, ) (M5, — M)
M%Vm

9w, w,w, 9w W, W,

+ gw,w.w, 9w, w;w, ). (2.4)

Note here that the right-hand side of (2.3) is symmetric
under the exchange of the indices i, j, k, £. We therefore
obtain

= E 9w, Wh,, 9W;W b,

m

= E GW, W oh, IW W i, -
m

Zgw,-w_,h,,,gwkw,,hm
m
(2.5)

B. Properties of W’

We are now ready to discuss applications of the unitarity
sum rules (2.1), (2.2), (2.3), (2.4) and (2.5).
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We first consider the sum rule which ensures the
cancellation of the E*-behavior in the WW — WW ampli-
tude. Equation (2.1) reads

gwwww = Fwww + Tyww- (2.6)
We assume here that the sum rule is saturated only by W
(= Wy) and W' (= W)). Effects of possibly existing heavier
resonances W” (= W,), ..., are assumed to be negligible.

We should note that the sum rule (2.6) is incomplete
below the energy scale E < My, where the W’ exchange
term gevww’ does not affect the WW — WW amplitude. The

longitudinal polarization of W gives a factor E/Myy in the
amplitude for E > My. For the energy scale My, >

E > My, the WW — WW amplitude therefore behaves as

E4

e (2.7)

(gWWWW - 9%vww>

Requiring the amplitude is still in a perturbative regime [33]
at E = My, we obtain a condition

4

(gwwww — g%VWW) MZV/ < 32z
w

(2.8)

Itis now easy to see that the gy coupling needs to satisfy

My,
2 W <30, (2.9)
g 9 ~ T
WWW pd
Parametrizing the gywys coupling
M2
gwww' = ‘ngWWWM—QW’ (2-10)
WI

the perturbativity condition (2.9) can be expressed as

Ev] < 15. (2.11)

Here we used gyww = 0.65. In typical analyses of collider
phenomenologies of W', the parameter £y is chosen to be
&y = 1. Although this choice clearly satisfies the perturba-
tivity condition (2.11), itis also possible to construct models
with larger value of &y, e.g., &, ~ 5, still keeping the
perturbativity condition (2.9).

We next consider the sum rule which ensures the
cancellation of the E*behavior in the WW — W'W'
amplitude, Eq. (2.2),

Gorww + Gorww = Iwww9www + Gwww Iwww-
(2.12)

Equation (2.12) can be regarded as a quadratic equation of
Gww'w's
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0= Q%VW/W/ — gwwwadww'w’
+ Topww — Iwww Gwww- (2.13)
Plugging (2.10) into (2.13), we obtain
0= g%vw’w' — gwwwadww'w’
4
+ & Gvww MIV
— Svgwww Gwww AA;I—Q%V’ (2.14)

Solving the quadratic equation (2.14) in the M%V, > M3,
limit, we obtain two solutions

gww'w' = Gwww (2.15)
or
W
gwww = —fvgw'W’W/M—g- (2.16)
We next turn to the properties of Higgs couplings gywp,,
and gy, - Let us start with the E? sum rule for the WW —

ww amphtude Using (2.3) we obtain

ZQ%VWhm =AMy (Fipww + Tyww)
m

= 3MY Gorww — 3My Gy (217)
where (2.1) is also used to rewrite the quartic vector boson
coupling strength gywww in terms of gyww and gwww:-
Plugging (2.10) into (2.17), we find

Zg%VWhm =M

The Higgs boson coupling with the WW state is therefore
affected by the parameter &, and the W’ boson mass. The
roles of the unitarity sum rule (2.18) have been widely
studied in Refs. [29-32].

The E? sum rules for the WW — WW’ amplitude can
also be derived from (2.3),

%VQ%VWW[ 3fv M2 } : (2-18)

E IWWh,, YWW'h,,
m

= (3M3, + M3, lgwwwawww + gwww Gwww']
-3M %VgWWWgWW’W —3M %V'gWWW’gWW’W’
=M %V, gwwwIdwww’

+ (3M3, — 2M3,) gwww Gwww - (2.19)

Putting the parametrization of gywy (2.10) and one
solution of gyyy (2.15) into (2.19), we obtain
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M2
ZQWWh,,,gWW’ ‘-vawgwww [1 +0 <M2 )] :
(2.20)

If we put (2.10) and the other solution of gyyy (2.16), we

find
M2 )}
ik

(2.21)

ZQWWh gwwn, = SvMiy Giww {1 + O(

For the WW — W'W’ scattering, not only (2.3) but also
(2.4) gives nontrivial sum rules. From (2.3), we obtain

2
E :QWW/h,,,
m

= (2M3, +2M3) (G + T

= 2[M3, G + My Gy

— M3, gwwwawww + My, gwww gwww]
= 2M3y Giwwr + 2My Gy

— (M3 9wwwgwww + M%v’.gWWW’gW’W’W’]' (2.22)

We also obtain from (2.4)

(M3, — M5,)° (M3 — M5,)?

g ! + 92 v
M%)V ww'w M%V’ WwW'wW'

= M%V(Q%VW/W — gwwwIw'w'w)

+ M3, (g5

i (2.23)

- gWWW’QW’W’W’)?
which reads

2 2
My gwww gwww + MW/gWWW’gW’W’W’

2 2 \2
= [M%V_(MW_MW’) ]gz ,
M, WWw

(M5, — M%V/)z] )

+ |:M%V/ - M%V, gWW/W/' (224)

Note that the last line of (2.22) can be erased by using
(2.24). We now have

4

My,
ZQWW’ hy = MZ gwww’ +M2 WwW'W (2.25)

It is now easy to show
2
> Giwn, =
m

Combining (2.18), (2.20) and (2.26), we obtain an
impressive sum rule

2 M2
PMgion | 1+0(3p0) |- (2:29)
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1 M3
M—QZ(QWW%M +&vgwwn,)® = & GirwwO <M—2W>
W m w
(2.27)
Similarly, using (2.21) instead of (2.20), we find

1 M?
", Z(gww'hm — Evgwwn,)* = E GwwO <M—%‘:,/,>
m

(2.28)

For both cases, we obtain

M
9ww'n,, = £y |:gWWh,,, =+ ngl\/vlvho (M—uva'ﬂ . (2-29)

We used here g3, = gwwwMyw. The Higgs (h) coupling
with WW’ is therefore related with gyww and gwws,
through the relation (2.29) in the large My, limit. If the
coupling of the 125 GeV Higgs boson (1) gwws, = g%vl‘{[w,
we find the uncertainty in (2.29) is about 4% (= My, /M)
for My, =2 TeV and therefore is negligibly small.

We note (2.29) is a novel relation, which has not been
pointed out in earlier references. The relation provides us
further information for the W’ boson properties beyond the
widely studied WW — WW sum rule (2.18). We emphasize
that we provided the proof of (2.29) in models with
arbitrary number of the neutral Higgs bosons. Another
remark is that the conclusion (2.29) is unchanged even if
we consider models containing W” or higher KK reso-
nances. The result (2.29) can therefore be applied to a large
class of perturbative models which include the W’ particle
and neutral Higgs bosons.

III. UNITARITY INSPIRED PARAMETRIZATION
FOR W' AND 7’

In the previous section, we have shown that the coupling
strengths of the W’ boson can be controlled by the
perturbative unitarity requirements in the custodial
SU(2) symmetric model. Especially, we found

M2
Jwww = fvgwwwMizw» &y <15, (3.1)
W/
and
9ww'n,, = jvangvhm- (3-2)

In this section, we consider effects of custodial SU(2)
symmetry violation M, # My, M, # Myy, requiring the
high energy E*-behavior of the longitudinal W and Z boson
scattering amplitudes are custodial SU(2) symmetric. This
requirement is justified because the weak hypercharge
coupling (the origin of the custodial symmetry violation)
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does not affect the E2-behavior in the amplitudes at the tree
level. We find (3.1) needs to be modified as’

MyM
gwzw = Evgw A‘;Vz z. (3-3)
W!
W
gwwz = Evgw —> R, (3-4)

M2,

with R(My /M) being a function of My, /M, satisfying
R(1) = 1. Here gy stands for the gauge coupling strength
of the W boson.

The Higgs couplings with the WW’ and ZZ’ states can
also be parametrized by using the custodial SU(2) sym-
metry. We obtain

gwwn = EngwMy, (3-5)

9zzn = SngwMzR, (3.6)
with £ being the 125 GeV Higgs boson. The requirement of
the perturbative unitarity then leads to

— Ywwn

= 3.7
gwMw ( )

& = Exyiy, Ky

as we have shown in the previous section. It is now
straightforward to show the relation (1.4). The relation
(3.7) and therefore (1.4) should be regarded as one of the
most important unitarity relations obtained in this paper.
We are now able to describe the physics of W, W’ and
Higgs by using the two parameters (kxy and &), instead of
the three (xy, &y and &)).

In order to study collider phenomenologies of W’ and Z’
particles, we need to specify the couplings of W’ and Z’
with quarks and leptons. In this paper we adopt an ansatz in
which W’ and Z' couple with weak current of quarks
(Ieptons) with universal coupling strength £, gy (§,gw). An
example of a model satisfying this ansatz will be introduced
in Sec. V.

IV. FIT TO THE ATLAS DIBOSON ANOMALY

We are now ready to search the parameter region of &y,
&y and &£, s0 as to explain the ATLAS 2 TeV diboson
anomaly in W’ models. As we discussed in Sec. I, we use

> “o(pp = X)Bx(VV) =10 fb, (4.1)

as a reference value to explain the ATLAS 2 TeV diboson
anomaly. Here X is a narrow width new particle having
2 TeV mass decaying to the V'V states, with V being a weak

*The default value of the PYTHIA [34] implementation of the
extended gauge model [35] corresponds to &, = M3,/ M>.
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gauge boson W or Z. The ATLAS Collaboration reported
excesses not only in the WZ category, but also in the WW
and ZZ categories. It has being claimed that there exist
significant size of event contamination among WZ, WW
and ZZ categories in the JJ events [6,14], however. We
therefore evaluate

>~ olpp > X)Bx(VV) (4.2)

X=w"Zz

for a degenerated W’ and Z' model (M = M, = 2 TeV),
and

o(pp — W)By (WZ) (4.3)
for a nondegenerated model (M, > My, =2 TeV), and
simply compare the number with the reference value (4.1).

In addition to ¢B, we also need to explain the narrow
width of the new particle X, typically smaller than the bin
size of the experiment [1], 100 GeV.

The model explaining the diboson anomaly needs to be
consistent with the existing limits on the W’ and Z’ bosons.
Both ATLAS and CMS experiments report upper limits on
the production cross section of W’ in its leptonic decay
channels [36,37]. For 2 TeV W’ boson search in pp
collisions at /s = 8 TeV, the limit is

o(pp = W)By/(£v) <04 fb. (4.4)
Limits on the Z' — ete ,utu~ are reported in
Refs. [38,39]. For M, = 2 TeV, these references give a
limit

o(pp = Z"By(¢T¢7) <0.2 fb. (4.5)
The LHC limits on the resonant dijet production can also be

used to constrain W’ models. Using the limits presented in
Refs. [40,41], we see

> olpp = X)Bx(2j) < 100 fb, (4.6)
X=W'.7
for a degenerated My, = M, = 2 TeV model, and
o(pp = W)By(2j) < 100 fb, (4.7)

for a nondegenerated model with My, = 2 TeV.

Finally, the model needs to satisfy the limit on the W' —
Wh and Z' — Zh decay modes. Here h stands for the
125 GeV Higgs particle. The limit quoted in Ref. [4] is

Z o(pp = X)Bx(Vh) <7 fb,
X=W'Z'

(4.8)

for My, = M, =2 TeV, and

PHYSICAL REVIEW D 92, 055016 (2015)
o(pp = W)By(Wh) <7 b, (4.9)

for a nondegenerated model with My, = 2 TeV.

Figure 1 shows these limits in the &, — &y plane for
Mz = My, =2 TeV. We assume quark-lepton universal
coupling &, = |£,| = || in this plot. We also assume the
125 GeV Higgs coupling with WW’ and ZZ’ are given by

&n = Eév,

which corresponds to ky; = 1 in the unitarity relation (3.7).
The dijet limit (4.6) is applied for the resonant production
cross section of five flavor gg pairs. The W’ and Z’ particles
are produced through their couplings with quarks in pp
collisions at 8 TeV. The production cross sections are
evaluated by using the CTEQO6LI1 set of the parton
distribution functions [42].

We see in this plot that the Higgs mode limit (4.8) and the
leptonic decay mode limit (4.4) rule out huge parameter
space. It is impossible to obtain the reference value of the
cross section (4.1) without causing conflicts with the Higgs
mode limit (4.8) under the Higgs coupling assumption
(4.10). We are only able to achieve ) ©y_y ,0(X)Bx(VV)=
7 fb at most.

(4.10)

Mz= My=2TeV, |&|=1& | én=+¢&y

6| 'I' T

&

FIG. 1 (color online). Limits on the W’ and Z’ couplings in the
& — &y plane for the degenerated My = My, = 2 TeV model.
&r =16, = |&/| and &, = £&, are assumed. The dark green
region, the light blue region, and the gray region are excluded by
the dijet mode limit (4.6), the v mode (4.4), and Higgs mode
(4.8), respectively. Although we do not show the limit from (4.5)
in the plot, it is numerically almost identical to the W' — v limit.
The black solid curve, the black dashed curve, and the black
dotted curve are for o(pp - W)By (WZ)+o(pp —
Z\By(WW) =15 fb, 10 fb, and 5 fb, respectively. The red
solid curve, the red dashed curve, and the red dotted curve are for
'y, = 80 GeV, 50 GeV, and 20 GeV, respectively. The width of
Z' is almost equal to 'y thanks to the custodial symmetry.
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A similar plot for a leptophobic £, = 0 model is shown
in Fig. 2 assuming the degenerated W’ and Z,
Mz = My, =2 TeV. Again, the 125 GeV Higgs coupling
is assumed to satisfy (4.10). Although the constraints from
the leptonic decay channels of W' and Z’ disappear in the
leptophobic model, the limit on the V& channel gives severe
constraint on (4.2). It is impossible to obtain the reference
value 10 b in this setup.

In order to explain the diboson excess without causing
conflicts with the Higgs mode limit (4.8), we need to take
smaller value of &,. The unitarity relation (3.7) suggests
such a value of &, can be achieved only if we consider
models with a non-SM-like Higgs (ky < 1). Figure 3 shows
the plot with &,/&, = £0.7, i.e., ky = 0.7. The quark-
lepton universal couplings &, = |&,| = |£,| are assumed in
the plot. The reference cross section value for the excess
can be explained at, e.g., &, =4 and (Ef = ().23. Note that
the choice of this parameter &, satisfies the perturbativity
condition (2.11).

We next consider the nondegenerated case,
My > My, =2 TeV. The Z' boson is assumed to be
heavy enough to be separated from the 2 TeV resonance.
The plot corresponding to this model is shown in Fig. 4.

Mz= My =2TeV, & =0,¢p==éy
6 T LT T T T

&t

FIG. 2 (color online). Plot similar to Fig. 1 for leptophobic case
&, =0,¢& = |£,]. £ = £&y is assumed. The dark green region,
and the gray region are excluded by the dijet mode limit (4.6), and
Higgs mode (4.8), respectively. The black solid curve, the black
dashed curve, and the black dotted curve are for
o(pp > W)Bw(WZ)+o(pp = Z')Bz(WW) = 15 fb, 10 fb,
and 5 fb, respectively. The red solid curve, the red dashed curve,
and the red dotted curve are for I'y» = 80 GeV, 50 GeV, and
20 GeV, respectively. The width of Z’ is almost equal to 'y,
thanks to the custodial symmetry.
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67\

L -

P

1

éy

&

FIG. 3 (color online). Plot similar to Fig. 1 for &,/&, = +0.7.
& = 1&,| = |&/| is assumed. The dark green region, the light blue
region, and the gray region are excluded by the dijet mode limit
(4.6), the Zv mode (4.4), and Higgs mode (4.8), respectively.
Although we do not show the limit from (4.5) in the plot, it is
numerically almost identical to the W' — #v limit. The black
solid curve, the black dashed curve, and the black dotted curve
are for o(pp - W')By/(WZ) + o(pp — Z')Bz(WW) = 15 fb,
10 fb, and 5 fb, respectively. The red solid curve, the red dashed
curve, and the red dotted curve are for ['yy = 80 GeV, 50 GeV,
and 20 GeV, respectively. The width of Z’ is almost equal to 'y,
thanks to the custodial symmetry.

Here &; = [§/| = |¢,] and &, /&y = £0.7 are assumed. We
find that the reference cross section value for the ATLAS
diboson anomaly can be explained at, e.g., &, =4
and & =0.28.

A plot similar to Figs. 1, 2, and 3 is also presented in
Ref. [6] in the context of the techni-p interpretation for the
ATLAS diboson anomalies. The plot presented in the latest
version of Ref. [6] seems to be consistent with our results.

V. THREE-SITE MOOSE MODEL

So far, we have analyzed the unitarity sum rules and the
interpretations of the LHC anomaly of the diboson reso-
nance in terms of W’ and Z’ without writing an explicit
gauge invariant Lagrangian.

In this section, we introduce the three-site moose model
[20] as an example to explain the ATLAS diboson excess in
a perturbative manner. We are able to check explicitly that
the unitarity sum rules are satisfied in the three-site moose
model. We also find that the parameter region explaining
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Mz > My=2TeV, |&|=1&l &n==0.78y

&r

FIG. 4 (color online). Plot similar to Fig. 1 for nondegenerated
model My > My, =2 TeV with &,/&, = £0.7. &, = |§,| =
|€/| is assumed. The dark green region, the light blue region,
and the gray region are excluded by the dijet mode limit (4.6), the
Zv mode (4.4), and Higgs mode (4.9), respectively. The black
solid curve, the black dashed curve, and the black dotted curve
are for o(pp — W')By,(WZ) = 15 b, 10 fb, and 5 fb, respec-
tively. The red solid curve, the red dashed curve, and the red
dotted curve are for 'y, = 80 GeV, 50 GeV, and 20 GeV,
respectively.

the ATLAS diboson anomaly is naturally realized in
this model.

The three-site moose model [20] was originally intro-
duced as a deconstruction version of the Higgsless theory
[23]. This model contains W’ and Z’ bosons as KK particles
of electroweak gauge bosons. These KK particles are, at
least partly, responsible for the unitarization of the longi-
tudinal weak gauge boson scattering amplitudes [23,43,44].
After the LHC discovery of the 125 GeV Higgs boson, the
three-site moose model was extended to include the
125 GeV Higgs particle in Ref. [19]. This model can be
regarded as a benchmark model to study the phenomenol-
ogies of W’ and Z’ particles.

The structure of gauge symmetry breaking in the three-
site moose model is illustrated in the “moose notation” [45]
in Fig. 5. In the three-site moose model, we introduce

gwo w1 gy2

f1 fo

FIG. 5. The moose diagram for the three-site model. The blank
circles represent SU(2) gauge groups, with coupling strengths
gwo and gy, and the shaded circle is a U(1) gauge group with

coupling gy».
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SU2)ywo x SU(2)y, x U(1)y, gauge groups. The line
connecting the SU(2)y,, group with the SU(2)y,, group
in the moose diagram represents bifundamental (2 x 2
matrix) Higgs field ¢,

¢, =811+ i, (5.1)
with 7 being the Pauli spin matrix. Similarly, the line
between the SU(2)y, and U(1),, gauge groups corre-
sponds to the Higgs field ®,

@2 = S21 + l'Taﬂ'g. (52)

The covariant derivatives of ®; and ®, are given by

D,®, = 0,® +igwoWo, Py — igy 1P Wy, (5.3)

3

. . T
D”®2 = Qﬁbz + w1 Wl;t(I>2 — lgyzq)ziBﬂ. (54)

Here W,, = W5, 5, Wy, = W{, 5, and B, are the gauge
fields of SU(2)yq, SU(2)y;, and U(1)y,.
The Higgs field ¢, is assumed to acquire its vacuum

expectation value (VEV),

<q)l> :fll’

which breaks the SU(2)y, x SU(2)y, into the diagonal
subgroup SU(2). Similarly, the SU(2)y, x U(1)y, is
broken to U(1) thanks to the VEV of ®,,

(@) = fo1.

Simultaneous existence of two VEVs f; #0 and f, #0
therefore leads to the spontaneous symmetry breaking
pattern

(5.5)

(5.6)

SUR)wo X SUQR)yy x U(D)y, = UM (5.7)
Diagonalizing the mass matrices of Wou» Wigs and B,
which arise from the Higgs kinetic term Lagrangian

£5 4 6](D, ) (D4,)] + 4 l(D, @) (D43, (5.)

we obtain mass eigenstates, W/, Z' (heavier massive
charged and neutral vector bosons), W, Z (lighter massive
vector bosons), and a massless photon.

The weak hypercharge gauge couplings of quarks and
leptons are given by

" "
L>— JY.quaIkB/l - JY.leptonBM'

(5.9)

As shown in Ref. [20], after the gauge symmetry breaking,
the weak currents of quarks and leptons can be
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“delocalized” with delocalization parameters x, and
x(0<x,<1,0<x, < 1),
L>— J%l.quark(gWOWSu(l —xg) + gwi Wi, x,)

— I W 1epton (Gwo Wi, (1 = x¢) + g1 Wi ,x7). (5.10)

We should emphasize here that the weak current of quarks
and leptons couples with both SU(2),, and SU(2)y, in
Eq. (5.10). This phenomenon called ‘“delocalization” is
characteristic in extra dimension scenarios [46], in which
KK quarks and KK leptons exist. A similar phenomenon
also realizes in the partial compositeness scenarios [47] in
which the role of the KK fermions is played by the
composite fermions. This is in contrast to the conventional
G221 models including the right-handed SU(2) model, in
which the weak current cannot be delocalized.

The delocalization parameters x, and x, need to be
flavor universal in order to avoid the flavor-changing-
neutral-current constraints in the three-site model [48]. The
quark delocalization parameter x, can differ from the
lepton parameter x,, however. The electroweak precision
constraints can be satisfied for heavy enough W’ and Z'.
Even with lighter My, < 1 TeV, we are able to suppress the
Peskin-Takeuchi S — T parameters [49,50] if we choose the
lepton delocalization parameter x, to the value determined
by the “ideal delocalization” [51]. As we will see later, the
delocalization parameters x, and x, are related with the W’
couplings with quarks and leptons &, and £,. Assuming the
quark lepton universality of the W’ coupling £, = &, we
are thus able to express the electroweak precision observ-
able parameters in terms of &, = |£,| = |&,|. In this section,
we will also check whether or not the region in the &, — &y
plane favored by the ATLAS diboson anomalies is con-
sistent with the electroweak precision measurements.

We have two neutral Higgs bosons in this model. One
degree of freedom (/) of neural Higgs arises from @, the
other (h,) from ®,. The charged and pseudoscalar compo-
nents of ®; and ®,, i.e., z{ and 7§ in (5.1) and (5.2) are all
eaten by massive gauge bosons W, W', Z, and Z'. The
125 GeV Higgs boson 4 is considered to be a mixture of /;
and h,,

h=hycosa+ hysina, (5.11)

where

Sy =f1+hy, Sy = fa+ hy. (5.12)

We are now ready to discuss the ATLAS 2 TeV diboson
anomaly in the three-site moose model. There are three
possible ways to obtain the hierarchy My, My, =
2 TeV > M,, My in this setup. One option is to take
gw1 > gwo, gy With keeping the VEVs f| = f, at the

weak scale. Collider phenomenologies in this option were
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studied’ in detail in Refs. [58-60]. This limit is theoreti-
cally interesting, because it can be regarded as an effective
theory of strongly interacting Higgs sector [61-63] moti-
vated by models of hidden local symmetry [64—68].

However, in order to realize 2 TeV My, with this option,
we need nonperturbatively strong gy. Reference [6] stud-
ies an interpretation of the ATLAS diboson anomaly with
gw1 > gwos gy2, introducing higher order operators to
suppress the effective coupling of the heavy vector reso-
nance. We do not pursue this direction in this paper.

Other options are to take f > f, or f; < f,, keeping
perturbative coupling constants gy, gwi, and gy,. In the
subsections below, we will give our results of My, M,
Gwwz'> 9wzw's Gwwn, and gy, in these limits and check
the unitarity sum rules explicitly in this model. We will also
point out that the reciprocality between &y and &y,
suggested by the favored parameter regions of the
ATLAS diboson anomaly fit, §y =3 ~35, £, =0.2~0.3
can be naturally realized in this setup.

A. f1>f>

We start with the case f;> f,. In this case the
SU(2)ywo x SU(2)y, gauge symmetry is broken into
the diagonal subgroup at the high energy scale f,, while
the weak scale is given by f,. We thus obtain the masses of
W' and Z’ in proportional to f,

2 2
M2, = M2, :Wﬁ. (5.13)
The weak SU(2) gauge group at the weak scale should be
the diagonal subgroup of SU(2)y,, x SU(2)y,, while the
weak scale U(1), is given by U(1)y,. The gauge coupling
strengths at the weak scale are therefore

2 2
IwoIwi

2 2
gy = , 9y = G2 (5.14)
Y o+ G v
The masses of the W and Z bosons are given by
2 2 2
g 9w+ 9
M%vzjwf%, M%z%f%. (5.15)

It is easy to check these formulas by an explicit diagonal-
ization of the mass matrices of the gauge fields W,, W, and
B, which are given by the Higgs kinetic term Lagrangian
(5.8). We also obtain

*Hadron collider phenomenologies of narrow spin-1 resonan-
ces in the technicolor models are studied in Refs. [52,53]. The
f1 = f> model is believed to be a low energy effective descrip-
tion of the technicolor models. See also Refs. [54—57] for collider
phenomenologies of technivector mesons in the low scale
technicolor model.
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2
M2~ M2, = (M5 — M@)@(ﬂ) (5.16)

2
Mwl

The W' and Z’ bosons are therefore highly degenerated in
this setup. We next consider the WZW’' and WWZ'
couplings. Explicit calculation of the mass diagonalization
matrices of neutral and charged gauge bosons leads to

w1 MyM,
Jwzw' = — 9w > (5-17)
9gwo M3,
and
g My,
Iwwz = #l gWM2 . (5-18)

These results are perfectly consistent with our parametri-
zation formulas (3.3) and (3.4). Therefore these couplings
satisfy the unitarity and the custodial symmetry. Comparing
(5.17), (5.18) with (3.3) and (3.4), we find &, in this model
is given by

Sv — i, (5.19)

gwo

We also obtain R =1,
symmetry My = M.

It is straightforward to calculate the Higgs couplings. We
obtain

consistent with the custodial

gwwn = gwMyy sina, (5.20)
~ _9m .
Gwwn === gyMy sina, (5.21)
gwo
Wi .
9zzn = ———gwMzsina. (5.22)

wo

Again, these results are consistent with our custodial
symmetry formulas (3.5) and (3.6) and the result of the
unitarity sum rules (3.7). The parameter &, and xy in this
model are given by

& = —%sma (5.23)
gwo
Ky = sina. (5.24)

We next calculate the W’ and Z' couplings with the
quarks and the leptons. We find that both the quark
hypercharge current and the lepton hypercharge current
couple with the Z’ boson only with coefficients suppressed
by (M% — M3,)/M?,. The couplings of W’ and Z' with
the quarks and the leptons are therefore consistent with the
ansatz given in Sec. IIl. The parameters £, and &, are
given by

PHYSICAL REVIEW D 92, 055016 (2015)

gwo g
£, =22 (1 —x,— X, ;“), (5.25)
awi Iwo
2
& :%(1 _xf_xf%>v (5.26)
w1 9wo

with x,, x, being the delocalization parameters for the
quarks and the leptons. We note that, if the delocalization

parameters are small enough x, < g0/ g%, &v and &,(&,)
satisfy the relation

évé, <1 (5.27)

Note that this relation is consistent with our result presented
in Sec. IV. The three-site model with gy/gw; = 0.25 gives
the reference value cross section for the ATLAS diboson
anomalies without causing conflicts with other limits on W’
and Z'. The ky is smaller than unity in this model, however.
We need to take care of the consistency with the signal
strengths in the Higgs production measurements as done
in Ref. [19].

The electroweak precision observable parameters are
evaluated at the tree level as

% M2 M,
W fvff, W = W

gf (5.28)

Here we used the notation of Ref. [69]. We assumed &y =
&, = |£| and neglected terms suppressed by 1/&y or &, in
(5.28), given the situation that £y =3 ~4 and £, = 0.2 ~
0.3 are favored in the fit for the ATLAS diboson anomalies.
The analysis of Ref. [69] shows that S and W need to be
smaller than a few permil in order to satisfy the electroweak
precision constraints. Note that both S and W are sup-
pressed by M%,/M?2, = 1.6 x 10~% in (5.28) and vanish in
the ideal delocalization limit £, = 0. Thanks to the sup-
pression factor M3,/ M? - the explanation of the ATLAS
diboson anomaly is marginally consistent with the electro-
weak precision measurements at the tree level.

There also exist orders of a few permil loop corrections
to the electroweak precision parameters. However, these
loop corrections depend on the assumptions of the UV
completion behind the fermion delocalization. For an
example, the fermion delocalization can be UV-completed
by introducing additional heavy fermions. The loop level
corrections to the electroweak precision parameters depend
on the mass spectrum of the heavy additional fermions.
See, e.g., Ref. [70]. Since we do not specify such a UV-
completion in this paper, we do not consider loop level
constraints any further.
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B. fi1 < f,

The case f| < f, can be studied in a similar manner. In
this case the SU(2),,; x U(1)y, group is broken to U(1),
at the high energy scale f,, while the SU(2)y,, x U(1)y is
broken by f at the weak scale. The masses of W’ and Z' are
therefore given by

1
My = 293 f3: (5:29)

1
M3 =~ (gi + g32)f3- (5.30)

4
The Z' boson is heavier and can be separated from W’ at the
LHC experiments. The model in this limit therefore
corresponds to the nondegenerated case in Sec. IV of this
paper. Since the weak hypercharge gauge boson at the weak
scale is a mixture of the SU(2)y, and U(1),, gauge
bosons, the gauge coupling strengths at the weak scale are
given by

2 2 2 I 9>
I =wo TS o (5.31)
v "Gt
and we obtain the weak gauge boson mass,
2 2 2
9 gwt9
M%V:TW 2, M§:7W4 Lr. (5.32)

The WZW', WWZ', WWh, WW'h, ZZ'h couplings are
given by

gw1 = MyMy

Gwzw =—4 ; (5.33)
W = e I T,

gwi M%V MW/

gwwz =" 9w . (5.34)
wo M%/ MZ/

wwn = gwMyy cos a, (5.35)

Gww'n = %QWMW cos a, (5.36)

My
9zz'n = %QWMZ—WCOS a, (5.37)

MZ/

which are consistent with our unitarity and custodial
symmetry formulas (3.3), (3.4), (3.5), (3.6), and (3.7).
The parameters &y, &,,ky, and R are given by

g = (5.38)
gwo
9w
&, ==—cosa (5.39)
gwo
Ky = cosa, (5.40)

PHYSICAL REVIEW D 92, 055016 (2015)
and

_Mw

R = .
MZ/

(5.41)

The Z’' boson does couple with the fermion hypercharge
currents in this setup. Therefore the couplings of Z' with
quarks and leptons cannot be parametrized by the param-
eters £, and &,. The Z' boson becomes heavier enough than
My =2 TeV, however, and therefore irrelevant in the
explanation of the ATLAS diboson anomalies. In the
phenomenological analysis, we therefore use the parameters
which describe the W’ coupling with quarks and leptons,

g=—My (5.42)
9gwo

$r = — ¢ (5.43)
9dwo

We find that the relatively small value of |£, | = 0.3, which s
favored by the W’ constraints, is possible if we take
X4 < Givo/ -

We find a nondecoupling tree level correction

g &

§=_°f 5.44
Z) (5.44)

which is not suppressed by M3, /M3, in the f1 < f, model
in contrast to the f; > f, case. The constraint from the
electroweak precision parameters is therefore much more
severe than the f; > f, case in this setup. Again we
assumed &, = |£,| = |&,| and neglected terms suppressed
by 1/&y or &;. For &, =3 ~ 5 and &, = 0.2 ~ 0.3, we find
S=0.1, clearly contradicting with the present experimental
limit on S, namely |S’ | <1073 [69]. The three-site moose
model with f; < f, is therefore ruled out as an interpre-
tation of the ATLAS diboson anomaly at least for the
quark-lepton universal coupling case &, = &,.

VI. SUMMARY

In this paper, we have studied general structures of
perturbative W’ models from the viewpoint of unitarity sum
rules and the custodial SU(2) symmetry. We found that the
unitarity sum rules and the custodial symmetry are power-
ful enough, to predict many relations among WWZ',
WZW', WWh, WW'h, and ZZ'h coupling strengths.
Especially, we derived a novel relation (2.29) from these
sum rules, which can be applied to a large class of
perturbative models including arbitrary numbers of the
heavy vector triplet bosons and neutral Higgs bosons.
Using these relations, we surveyed parameter space of
W’ models to search for the region possible to explain the
ATLAS 2 TeV diboson anomalies. If the CMS excesses at
1.8 TeV are not related with the ATLAS 2 TeV anomalies,
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and if the 125 GeV Higgs boson is the SM-like Higgs
boson, we found that the CMS upper limit on the W' — Wh
channel at 2 TeV is hardly compatible with the ATLAS
2 TeV diboson anomalies, suggesting non-SM-like proper-
ties of the 125 GeV Higgs boson. Based on the three-site
moose model Lagrangian, we then provided a couple of
example models of non-SM-like Higgs bosons, which may
be able to explain the ATLAS diboson anomalies.

We emphasize that the three-site moose model we used
in this paper should be regarded merely as an example to
illustrate the properties of models which may explain the
ATLAS 2 TeV diboson anomalies. Models having similar
properties (the non-SM-like Higgs and the delocalization of
the fermion weak current) such as the extra dimension
models, the partial compositeness models [47], the top
triangle moose models [71,72], and the composite Higgs
models [73-76] should be studied further. Note that the
proof of the relation (2.29) we provided in this paper is
directly applicable only in a category of perturbative
models with the custodial symmetry containing arbitrary
numbers of heavy vector triplet and neutral Higgs bosons.
Although this category of models already covers wide
varieties of interesting models, there also exist phenom-
enologically viable models which do not belong to this
category. It is particularly interesting to study the W’
phenomenology in these nonperturbative models.

Each of ATLAS and CMS experiments will accumu-
late ~10 fb~! luminosity within year 2015 run at

PHYSICAL REVIEW D 92, 055016 (2015)

/s = 13 TeV. If the ATLAS diboson anomalies are settled
to exist in these LHC Run2 experiments, the next target is
to clarify the properties of the 2 TeV diboson resonance.
Especially, as we stressed in this paper, its Vi decay
channel (V = W or Z) becomes important, since it can
determine whether the 125 GeV Higgs particle is SM-like
or not.
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Note added.—After we sent our first version of manuscript
to the arXiv, a study on the unitarity implications for the
ATLAS diboson anomalies had appeared [17], in which
the WW — WW sum rule (2.18) was used to constrain the
WWh coupling.
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