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ABSTRACT: We discuss the diboson excess seen by the ATLAS collaboration around 2 TeV
in the LHC run I at /s = 8 TeV. We explore the possibility that such an excess can arise
from a Z’ boson which acquires mass through a U(1)x Stueckelberg extension. The corre-
sponding Z' gauge boson is leptophobic with a mass of around 2 TeV and has interactions
with SU(2); Yang-Mills fields and gauge fields of the hypercharge. The analysis predicts
7' decays into WW and ZZ as well as into Z+. Further three-body as well as four-body
decays of the Z’ such as WWZ, WW~, WW ZZ etc are predicted. In the analysis we
use the helicity formalism which allows us to exhibit the helicity structure of the Z’ decay
processes in an transparent manner. In particular, we are able to show the set of vanishing
helicity amplitudes in the decay of the massive Z’ into two vector bosons due to angular
momentum conservation with a special choice of the reference momenta. The residual
set of non-vanishing helicity amplitudes are identified. The parameter space of the model
compatible with the diboson excess seen by the ATLAS experiment at /s = 8 TeV is ex-
hibited. Estimate of the diboson excess expected at /s = 13 TeV with 20 fb~! of integrated
luminosity at LHC run II is also given. It is shown that the WW  ZZ and Z~ modes are
predicted to be in the approximate ratio 1 : cos? Oy (1 + atan? Oy)2/2 : (1 — )? sin? Oy /2
where « is the strength of the coupling of Z’ with the hypercharge gauge field relative to
the coupling with the Yang-Mills gauge fields. Thus observation of the Z~+ mode as well as
three-body and four-body decay modes of the Z’ will provide a definite test of the model
and of a possible new source of interaction beyond the standard model.
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1 Introduction

The ATLAS collaboration at CERN [1] has seen a diboson excess around 2 TeV in the W Z,
WW, and ZZ channels with local significance of 3.40, 2.60, and 2.90 in that order. In
this work we discuss a model where the source of the diboson excess is a Z’ boson which
gains mass through the Stueckelberg mechanism [2-12] and has interactions with SU(2)y,
Yang-Mills gauge bosons. Our model differs in significant ways from a variety of other
models that have been proposed to explain the excess. These include models with strong
dynamics [13], W’ models [14], models based on strings [15], composite spin zero boson
models [16], and many others [17-63].

2 Z' to Diboson decays

We consider a U(1) x extension of the standard model with C),(z) as the gauge boson and
we propose the following effective interaction

1
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{(]\143“0 + C’M> Oy (FIF,Y\ + aB"BY) + (e v) |, (2.1)
where F' and B are the SU(2)z, and U(1)y field strengths, a is the SU(2)z, index, « is the
strength of the coupling of C), with the hypercharge gauge field relative to the coupling
with the Yang-Mills gauge fields and is a free parameter, and the new physics scale A will be
determined by experiment. In eq. (2.1) we are using the Stueckelberg mechanism to make
the Lagrangian gauge invariant. This occurs due to the following gauge transformations
of Cy, and 0: C, — C, — I\, 0 — MA. Thus the interactions is U(1)x and SU(2),
gauge invariant. For more details of Stueckelberg mechanism and the Stueckelberg U(1)
extension of standard model or minimal supersymmetric standard model, see [2—4].

In the unitary gauge we define Z L = (ﬁ@ua—i-CM). These interactions will describe the
possible decays of the Z’ into two-body, three-body and four-body states. After expansion,
the three-point interactions read

2 12 12 124 v
Lopt = 13 Z/ (0" AL 9* Agyy — D" AL O* Agy + 00V B O°B, — 00" B” 9°B,)) . (2.2)



Further after spontaneous breaking of the electroweak symmetry we will have a Lagrangian
describing the interactions of the Z’ with W, Z and ~. For the two-body decays the possible
modes are WTW ™=, ZZ, Z~. In addition, eq. (2.1) also provides three- and four-body
decays such as WTW=Z, WTW =~ and WTW~ZZ etc. For the two-body decay, eq. (2.2)
further reduces to

2 2
Lape = %ZL(&”W‘“WJ LW
2TnQZ ! 2 v : v v
A2 Z, [COS Ow 0" Z* Z,, + sin Oy cos Oy (0¥ AV Z, — OF A Z,,)]
2 2
+ TQZ o Zl, [sin? Oy " Z"Z,, — sin Oy cos Oy (¥ A Z, — " AYZ,)] ,  (2.3)

where sin Oy = g/v/g* + ¢’?,cos Oy = ¢’ /\/g? + ¢’*. First we notice Z’ to diphoton chan-
nel automatically vanishes consistent with the Landau-Yang theorem [67-71]. As seen

from eq. (2.3) the non-vanishing two-body decays consist of the final states WTW =, ZZ,
Z~. For the case a = 1 the Z/ — Z~ mode vanishes. In the analysis of these final states
we will use the helicity formalism. In this formalism the three-point amplitudes for these
processes read

A [Z'(€ k) = WHET k)W (&5, k)]

2m3

= T2 L€ &) k) + (€7 €N)(& k)] (2.4)

A [Z' (k) = Z(&1, k1) Z (&2, k2)]
m2
= QAQZ (cos? O + asin? Oy ) [(€7 - &) (61 - ko) + (€% - &) (&2 - k1)],  (25)
o [Z'(€K) = Z(& k)y(e, ko)

m2
= P21~ a) sin by cos O [(€7 - (ko) — (€ Ko)(E- )], (26)

where £, &4, €, € denote the polarization vector of Z', W+, Z, v. To see the helicity structure
of the above amplitudes more explicitly, we now apply the spinor helicity formalism. A

massless spin one gauge boson has two degrees of freedom, corresponding to up and down

+

helicities. They are expressed by the polarization vectors €,

as [64]

and € and can be written

* —aa * —~aa
T50, kg kaaﬂ Ta

— e, (k,r)= ,
\@r(’;k*“ “( ) V2ker,

where k is the momentum of the particle and r is the reference momentum which can be

Ez(kv T) =

(2.7)

chosen to be any light-like momentum except k. Here the momenta with spinor indices are
2-component commutative spinors, and they are defined as p,o’. = —p.pi. It’s easy to
show € (k,r)— €/ (k,7) ~ k* where 7 is some other free chosen reference momentum. Since
the whole amplitude is invariant under the gauge transformation e* — e* + Ak*, choosing
different reference momentum for a massless gauge boson does not change the result.

A massive spin one gauge boson which is expressed by its polarization vector §,, con-
tains three degrees of freedom associated to the eigenstates of J,, where the transversality



condition £, k# = 0 eliminates one degree of freedom of the four-vector. The choice of the
quantization axis Z’ can be handled in an elegant way by decomposing the momentum k*
into two arbitrary light-like reference momenta p and q:

kr=pt+gt, K=-m’=2pg, p*=¢*=0. (2.8)

Once the reference momenta p and ¢ are chosen, the spin quantization axis of the polar-
ization vector &, is set to be collinear to the direction of ¢ in the rest frame. The 3 spin
wave functions depend on p and ¢, while this dependence would drop out in the squared
amplitudes summing over all spin directions. The massive spin one wave functions &, are
given by the following polarization vectors (up to a phase factor) [65, 66]

1 .
Bk, J, = +1) = ——piahi%q,, 2.9
§H( ) o Pac" (2.9)
1 .
Bk L= — __ Fhaa ’f‘a_’.kaj 2.10
gk, J.= 0) 50 (PiPa — 43qa) (2.10)
1 .
ik, J,=—-1) = ———q;""p, . (2.11)
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With different choices of reference momenta (p, ¢), one will get different helicity amplitudes.
While the (p, q)-dependence would drop off when one adds up all the squared helicity
amplitudes. Since we have the freedom to choose reference momenta for the interacting
spin one gauge bosons, with a clever choice one can not only simplify the computation
dramatically but also exhibit the helicity structure in a transparent manner.

For the process Z'(k') — Z(k)v(ko), since the spin quantization axis of a massless
photon is collinear to its moving direction, we choose the following reference momenta

v €(ko) : T, (2.12)
Z E(k): k=r+ako, (2.13)
z' g K =r+(a+ 1)k, (2.14)

where 72 = 0 and a = m%/(M%, — m%). For this clever choice, the spin quantization axes
of both Z' and Z are aligned to the photon moving direction, i.e., the direction of Eo.

For Z' decay into two massive gauge bosons with a common mass m;, where m; = myy
for eq. (2.4) and m; = myz for eq. (2.5), we choose the following reference momenta

Zi/Wr o &k): ki=cptq, (2.15)
Zo/W—  &a(ke):  ke=p+teq, (2.16)
A EH): K =(0+p+1+0)4, (2.17)

with mf =k?=k3=2cp-q, M2, =k? =2(1 +¢)?p- q, and thus

_ 1 L /s
i = 5 (b = 2) = 507 — by, (2.18)

where b; = M2,/ m? Under this choice of reference momenta, the spin quantization axes
of all these three massive gauge bosons are aligned to the same direction, i.e., the direction
of ¢.



In sum, for the two cases discussed above the spin quantization axes of the decaying
massive gauge boson Z’ as well as the two gauge bosons in the final state, are aligned to
the same direction. Thus for the process Z’ — Z~, it is not difficult to show the vanishing
of the following helicity amplitudes

A2 2(+),y(+H)] = o [Z2';Z(=),4(-)] =0, (2.19)
A [Z2'(£); Z(+),7(-)] = & [Z2'(£); Z(=),7(+)] = 0, (2.20)

as a result of angular momentum conservation, cf., the left panel of figure 1. While the
non-vanishing helicity amplitudes are

h = [Z'(+); Z(0
_ sin Oy cos Oy
= v

ay = ot [Z'(0); Z(+),7(=)] = A [Z'(0); Z(=),~(+)]
_ sinfy cos Oy
- AZME,

), v(+)] = & [Z'(=); 2(0),4(-)]
Bmz(Mg —m%), (2.21)

B (M3, —m3), (2.22)

where 8 =1 — «. Thus the total squared-amplitude read
Z'— Zy: Y || =20 + 2|

2 sin? Oy cos? Oy 82 m2
= 2w o O Y v B0 - (229
Z/

The factor 2 in 2|.7%1|? and 2|.2%|? arise because for each there are two helicity configurations,
cf., egs. (2.21), (2.22), that are non-vanishing.
Next we discuss the Z’' decay into two massive gauge bosons. An analysis similar to

the above gives

A2 (+);+,4] = A2 (+);—, | = Z[Z'(+);0,0] = A [Z'(+);+,-] =0, (2.24)
A [Z(=);— -] = [Z'(- ,+,+} o [2(=);0,0) = /[Z'(=);+,—] =0,  (2.25)
o [Z'(0); + ,+] — o [2(0); —,—] = [Z'(0); +,0] = [ Z'(0); —,0] =0, (2.26)
o [Z'(0);+,—] = [Z'(0); —, +] = #[2'(0);0,0] =0 (2.27)

where the first three lines are due to angular momentum conservation, cf., the left panel
of figure 2 and the last line is due to the special choice of the reference momenta eqs. (2.15)
0 (2.17). The residual set of non-vanishing helicity amplitudes are

oy = [Z'(+);4,0] = A [Z'(+);0,4] = Z[Z'(-);—,0] = Z[Z'(-);0,—] . (2.28)
Explicitly they are given by

mW (ew +1)%(ew — 1)

by = (2 - WHW™) = A201, T , (2.29)
w
cos? Oy + asin? Oy )m% (cz + 1)%(cy — 1
oy = A (7 — 77) = . — Jm ( 23 /(2 ) (2.30)

Z



Figure 1. The black dots in the center denote the decaying Z’. In the center of mass frame, after
decay the photon and Z in the final state are moving to the opposite directions. The single wavy
lines present the photon and the double wavy lines present the Z. The spin of the photon is along
(or opposite to) its moving direction. We choose the reference momenta of the massive Z as well
as the Z’ in such a way that their spin quantization axes (J_;) are aligned to the photon moving
direction. The emerald arrows present the spin of the Z’, and the green arrows show the spin of the
photon and Z. The left panel presents the vanishing helicity amplitude .« [Z'(+); Z(+),7(+)] = 0
and this process is not allowed as indicated by the red forbidden sign. The right panel shows the
non-vanishing helicity amplitude . [Z'(+); Z(0),y(+)] and this process is allowed as indicated by
the green check sign.

where the coefficients ¢; are given in eq. (2.18), and m; = myy for eq. (2.29) and m; = myz
for eq. (2.30). The total squared-amplitudes read

_ 4
Z' s WYW= s | = Al = ng,m%V(Mg, — 4m¥,), (2.31)

(cos? Oy + asin? Oy )?

(2.32)

2
7' = 22: Y | =2yl =

Here the factor 4 for WTW = channel is due to the fact that there are in total 4 non-
vanishing helicity amplitudes in this channel, cf., eq. (2.28). The factor 2 for ZZ channel
is due to the fact that there are only 2 non-vanishing helicity amplitudes since the two
final state particles are identical, e.g., ﬂ[Z’(—i—); —i—,O] and 427[2’(—}—);0, —i—] give the same
amplitude for Z’ — ZZ channel.

In summary, by using the helicity formalism, we can see clearly which helicity modes
are forbidden as a result of angular momentum conservation, cf., egs. (2.19), (2.20) and
(2.24) to (2.26) and also figures 1 and 2. In addition, there are multiple helicity amplitudes
which vanish due to the clever choice of the reference momenta, cf., eq. (2.27).



Figure 2. In the center of mass frame, after the decay the two massive gauge bosons in the final
state are moving to the opposite directions. The black dots in the center again denote the decaying
Z'. We have chosen the reference momenta in such a way that the spin quantization axes of these
three gauge bosons are aligned to the same direction, i.e., J.. In general, for a massive gauge boson,
the direction of J, is different with its moving direction because one can always boost it to other
reference frames. The emerald arrows present the spin of the Z’, and the green arrows show the
spin of the two final state gauge bosons. The left panel presents the vanishing helicity amplitude
< [Z'(+); +, 4], and the right panel shows the non-vanishing helicity amplitude </ [Z’(+);0,+].

Using the above the partial decay widths for the processes WW , ZZ, Z~ are given by

im%V(MQ, - 4771%,‘,)3/2

' ) —
Nz -W™w™) = i AT , (2.33)
29 in2 00 )2 m2 (M2, — 4m2)3/2
F(ZI N ZZ) — (COS w _;: S W) mZ( A4 mZ) , (234)
(1 — a)?sin? Oy cos? Oy m% (M2, +m%) (M2, — m?%)3
I(Z — Zv) = ) - A Aﬁ\@ Z 27 (2.35)

In the limit M2, > m%/v, m2Z which holds to better than 1% accuracy one has the following
ratio among the three decay modes

TWYW ™) :T(ZZ) : T(Z7y) ~2: cos® O (1 + atan® Oy)? : (1 — a)?sin Oy . (2.36)
For the case @ = 0, the above ratio reduces to
T(WTW™) :T(ZZ) : T(Zv) ~ 2 : cos® Oy : sin? Oy, (2.37)
and for the case @ = 1, the above ratio gives
DWW :T(ZZ) : T(Zy) ~2:cos 26y : 0. (2.38)

Thus we see that both the ZZ and the Zv modes are highly model dependent and they
could be vanishing or non-vanishing depending on the value of « (which can be either
positive or negative); more LHC data are needed to fully discriminate the three diboson
channels and to fix the a parameter.



3 Phenomenology

Regarding the coupling of the Z’ to the standard model fermions, we will assume a lepto-
phobic Z" with the following direct interaction to quarks

Line = 9xZ,q7"q - (3.1)

The decay width to quarks due to the direct couplings is given by

o My
X127

Ldivect = NeNrg (3:2)
where N, = 3 is the QCD color factor, and Ny is the number of quark flavors that the Z’
can decay into which is the number of kinematically allowed flavors. Without going into
details we assume that our U(1)x with a gauged baryon number is anomaly free. Such
a U(1l)x can arise in a variety of settings such as from gut models [72], or anomaly-free
family-dependent U(1)’s [73], with extra heavy chiral particles to cancel the anomaly [74-
77]. We further assume that the heavy chiral states are not accessible at the current LHC
energy and thus do not enter in Z’" decay.

We discuss now the production cross section of the Z’ at LHC at /s = 8 TeV and
estimate the size of the diboson excess. The parton level cross section for the process
qq — Z' — WTW ™ using Breit-Wigner form for the Z’ intermediate state is given by

1 SM2Z,(8 — AM2Z, 2%, )x?
5(qq — Z' — WTW— /1 — 4m? Z 2 W W 3.3
U(QQ — ) 127 A4 mw/S( ~ M%,) A2P2Z,MZ_,2 ) ( )

where Agﬂ = A2/gX7 xw = my /my. The q@ — Z' — ZZ cross section can be obtained

easily if one replaces myy by myz and inserts the overall factor (COS2 Oy + asin® HW)2 /2 to
the above WTW ™ cross section. The hadron cross section at the LHC (/s = 8 TeV) is
computed via the convolution

olpp—= 2" - WTW™) K/dTO‘ flf( ) (3.4)
where we use K ~ 1.3 [78, 79] to approximate the next to leading correction and dL/dt is
the parton luminosity given by dL/dr (1) =2 f (dz/x) [u(z)u (r/x) + d(z)d (7/z)].

The most stringent LHC constraints for the leptophobic Z’ come from the tf resonance
search [80, 81], and the dijet channel [82, 83]. The 95% CL upper limit on dijet cross
section for a 2TeV Z' is 0(Z') x BR(Z' — ¢q) < 100fb [82]. For tt resonance search, the
95% CL upper limit for a 2TeV Z' is 0(Z') x BR(Z' — tt) < 11 (18)fb when I'y» = 20
(200) GeV [80]. We use 11 fb as the limit in the ¢¢ channel for Iz, < 20 GeV, 18fb for I'y >
200 GeV, and linearly interpolate these two values for decay widths in between. Because
the Z’ boson couples universally to all quarks in our model, the current ¢ constraint turns
to be almost always stronger than the current dijet constraint at the LHC. Thus, we only
consider the tt constraint in our analysis.

An analysis of the diboson excess in the Agff — gx plane is exhibited in figure 3. Thus
the left panel of figure 3 gives the prediction of the model at /s = 8 TeV. The red solid
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Figure 3. Left panel: analysis at /s = 8 TeV using events over the energy range 1.8 TeV < Vs <
2.2 TeV computed for both & = 0 and « = 1 cases: the red solid (blue dashed) curve predicts
oww4+zz = 6fb for the @« = 0 (o = 1) case, where the Breit-Wigner effects of the Z’ resonance have
been taken into account. The parameter region on the right hand side of the gray dot-dashed curve
is excluded by the tf resonance search at the LHC. Right panel: expected number of events in the
energy range 1.8 TeV < myy < 2.2TeV with an integrated Iuminosity 20fb~! at LHC run II at
\/s = 13TeV. Here V'V includes both WW and ZZ events. We take @ = 0 here, and assume the
same event selection efficiency with event topology requirements as given in the ATLAS analysis [1],
which is ~80%.

curve gives rise to a diboson cross section owwizz = 6fb at LHC for /s = 8 TeV, where
a = 0 is taken.

For comparison we give the analysis by taking o« = 1 which is shown by the blue
dashed curve which are shifted upward relative to the red solid curve, in the left panel
of figure 3. A prediction of what we will see at /s = 13 TeV at the LHC run II is given
in the right panel of figure 3 in terms of the expected number of events at an integrated
luminosity of 20fb~!. The LHC production cross section at 13 TeV of the 2 TeV Z’ boson
in our model is about 7 times larger than at 8 TeV: o131ev/0gTev >~ 7. In the LHC run II
results recently released, the diboson excess events near 2 TeV observed at the 8 TeV data
are not seen in the new 13 TeV data [84, 85]. However, because the new ATLAS (CMS)
data consist of an integrated luminosity of ~ 3.2 (2.6) fb~! only, its discovery potential is
not improved compared to the 8 TeV data with 20fb~! integrated luminosity. Thus we
take an agnostic attitude towards the diboson excess events and await future LHC data
with larger luminosity to sort this anomaly out. If less excess events are seen in the future
data, the parameter A.g should be increased to larger values for a given gx value.

4 Conclusion

In this work we have investigated the diboson excess seen at ATLAS via the decay of a lep-
tophobic Stueckelberg Z’ boson with a mass around 2 TeV. It is possible to accommodate



the diboson excess seen by the ATLAS collaboration within the model of eq. (2.1). Further,
the model makes the prediction of a Zv mode which should also be seen. Additionally the
model predicts three-body decays such as WW Z, WW~ and four-body decay modes such
as WWWW, WWZZ, WW Z~ etc. Observation of such modes would provide a confir-
mation of the proposed model. We also make estimates of the diboson cross sections at
LHC run II.

The proposed model contains new interactions involving vertices Z'ZZ, Z/"WW, Z' Z~
which can contribute to the oblique parameters. Specifically, corrections to the parameter
S can arise from the Z — Z, 4y and Z — ~ self-energy diagrams [86]. From eq. (2.3) we
see that the effective coupling is of the size geg ~ O(M2/A2). Taking A% ~ 10 TeV?, we
have that geg ~ 1073 and the loop is proportional to aeg = g% /(47) ~ 1077, This is to
be compared to the electroweak fine-structure constant ag ~ 0.033. Thus the contribution
from the new physics loops to the S parameter would be much smaller that the current error
corridor on S as can be seen from the global gfitter [87] results which give S = 0.05+0.11.

The proposed interaction eq. (2.1) is phenomenological and it should be interesting
to look for an ultraviolet complete model that can give rise to such an interaction if the
results of LHC run I are confirmed in LHC run II. Our purpose in investigating the model
of eq. (2.1) is to show that there exists an interaction which could produce the desired
diboson resonance. The largeness of the effect seen demands that the effective scale A be
not too high. A more fundamental model which replaces eq. (2.1) would only readjust the
parameters but our main hypothesis that any fundamental interaction that can produce
eq. (2.1) can explain the experimental observation would still hold. An interesting attribute
of eq. (2.1) is that it is a CP-violating interaction and thus a check of this model and
specifically of eqgs. (2.36) to (2.38) implies that one is testing a new source of CP violation
which is accessible at LHC energies. We note that A is not necessarily the mass of a field
but a composite scale, and the mass of the heavy field that gives rise to eq. (2.1) could be
much higher. Consider, for example, a two-index field o, with a Lagrangian interaction
L~ m2o,0" +myto,, JW with JW = FFFY +m2(9"CY + 0YC*). Integration on the
o field leads to the interaction of eq. (2.1) with A ~ mymgy/ms. It is clear that the choice
ms/mg ~ 6 will lead to m; ~ 10 TeV, i.e., the mass of the heavy field would be significantly
higher than the resonance mass.
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