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Resonances at the LHC beyond the Higgs boson: The scalar/tensor case

Wolfgang Kilian
Department of Physics, University of Siegen, D-57068 Siegen, Germany

Thorsten Ohl’
Faculty of Physics and Astronomy, Wiirzburg University, D-97074 Wiirzburg, Germany

Jiirgen Reuter’
DESY Theory Group, D-22603 Hamburg, Germany

Marco Sekulla®
Department of Physics, University of Siegen, D-57068 Siegen, Germany;
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan;

and Institute for Theoretical Physics, Karlsruhe Institute of Technology, D-76128 Karlsruhe, Germany
(Received 17 November 2015; published 17 February 2016)

We study in a bottom-up approach the theoretically consistent description of additional resonances in the
electroweak sector beyond the discovered Higgs boson as simplified models. We focus on scalar and tensor
resonances. Our formalism is suited for strongly coupled models, but can also be applied to weakly
interacting theories. The spurious degrees of freedom of tensor resonances that would lead to bad high-
energy behavior are treated using a generalization of the Stiickelberg formalism. We calculate scattering
amplitudes for vector-boson and Higgs boson pairs. The high-energy region is regulated by the T-matrix
unitarization procedure, leading to amplitudes that are well behaved on the whole phase space. We present
numerical results for complete partonic processes that involve resonant vector-boson scattering for the

current and upcoming runs of LHC.
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I. INTRODUCTION

Since the discovery of a 125 GeV Higgs boson,
phenomenological high-energy physics has entered a
new era. The new particle fits the expectation of the
minimal Standard Model (SM). This model is thus
established as an effective field theory (EFT) that
correctly describes all current particle data (except for
still missing possible particle signals for dark matter
and additional CP violation). We know about high-
energy scales where the effective theory eventually
breaks down—the scale of neutrino mass generation,
the Planck scale—but those are far outside the reach of
collider physics. The hierarchy between those scales and
the electroweak symmetry breaking scale, combined
with the fact that all known elementary particles are
weakly interacting, puzzles us due to the apparent fine-
tuning in perturbative renormalization. However, the
hierarchy puzzle, as such, has no phenomenological
consequences. In principle, the SM may provide a
complete description of all present and future collider
data, limited only by our ability to do calculations.
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Nevertheless, the apparent success of the SM does not
imply that we have full control over the spectrum at
presently accessible energies, say between 100 GeV as
the electroweak mass scale and a few TeV. First of all, there
is the possibility of extra light weakly interacting particles
which escape detection at the LHC. We will not consider
this in the present work but investigate new physics above
the mass scale of W, Z, and Higgs.

The SM is complete as a renormalizable theory and
weakly interacting. Hence, it provides a mechanism for
suppressing the impact of new physics on observables. This
fact is generally expressed by the decoupling theorem [1]:
All heavy particles (heavy compared to the masses of W, Z,
Higgs) can be integrated out, and their physical effects are
suppressed by powers of m/M or E/M, where E is the
effective energy of the measured elementary interaction,
and M is the mass scale associated with new physics. The
EFT approach, which has been widely adopted for pre-
cision LHC analyses, encodes this in a Lagrangian which
contains operators of dimension six and, in some cases,
eight or even higher [2]. Decoupling of scalar particles in
the case of two-Higgs doublet models (2HDM) has been
considered in [3], as well as in [4,5].

For a new particle with a mass of 1 TeV, the leading
corrections to SM particle properties are at the percent level
and below. This is a challenge for LHC analyses. On the
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other hand, in scattering processes at the LHC, the partonic
energy E can easily enter the TeV range, so direct detection
is favored. Various classes of new-physics models with
extended fermion and gauge sectors can be excluded up to
several TeV. However, the current experimental sensitivity
on details of the Higgs/Nambu-Goldstone sector is still
marginal. This is due to the fact that the effective energy
available for vector-boson scattering in LHC collisions, for
instance, is severely suppressed by steeply falling quark
and W/Z structure functions.

In this paper we study new physics that is coupled to the
Higgs/Nambu-Goldstone sector and manifests itself in
scattering processes of W, Z, and Higgs particles. The
Higgs particle does not occur in the initial state and has its
own experimental issues, so we restrict the discussion to
Nambu-Goldstone bosons [6-8], which the Nambu-
Goldstone boson equivalence theorem [9—17] relates to
longitudinally polarized W and Z bosons. That is, we
investigate processes of the class V*V* — VV (V = W+,
Z, H), where the initial vector bosons are radiated almost
on-shell and collinear off initial energetic quarks in the
colliding protons.

A. New effects in vector-boson scattering

Vector-boson scattering (VBS) as a physical process in
hadronic collisions has been observed recently by the
ATLAS and CMS Collaborations [18-20]. The SM pre-
diction has been confirmed, but the initial limits on extra
interactions are still rather weak, probing an energy scale
close to the pair-production threshold of ~200 GeV. With
higher energy and better precision becoming available at
the LHC, and at future lepton and hadron colliders, data
will become much more sensitive to new effects in this
sector. There is no reason to restrict the modeling to weak
interactions. In fact, the initially limited experimental
resolution and energy reach encourages us to consider
new strong interactions, as such deviations from the SM are
experimentally most accessible.

For decades, the theory of VBS processes has been the
subject of a vast literature, first in the disguise of the
low-energy theorem [21,22], for questions of unitarity
[10,23-25] and as a means of phenomenological studies
[26-45]. A review of recent work can be found in [46].
Most of those studies were tailored to the Higgs-less case,
which is by now excluded. In the presence of a light Higgs,
in the SM, all VBS processes are perturbative and respect
unitarity at all energies. This situation changes drastically
once non-SM interactions are present.

Regarding the possible scenarios of new physics
affecting VBS, there are no significant restrictions from
low-energy data or from the absence of LHC discoveries.
Asymptotically, the process is determined by the ampli-
tudes of Nambu-Goldstone boson scattering, where the
initial state contains an even number of Nambu-Goldstone
bosons and, thus, no half-integer representations of
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SU(2),. Any bosonic excitation coupling to this state also
has integer SU(2); quantum numbers and, thus, cannot
couple left-handed with right-handed SM fermions.
In the limit of exact electroweak symmetry, VBS processes
and ordinary SM (fermionic) processes thus probe distinct
areas of new physics. Electroweak symmetry breaking
mixes those sectors, but the mixing terms are again
suppressed by the electroweak scale (in operators, by
additional factors of the Higgs doublet) and are therefore
subleading.

The only important constraint is quantum-mechanical
unitarity, which is severely violated in a perturbative
calculation if we naively insert the dimension-eight oper-
ators of the EFT. We have discussed this fact in detail in
Ref. [47,48] and proposed a framework of unitarization
which allows us to augment the SM in an arbitrary way,
while maintaining high-energy unitarity and simultane-
ously matching the new effects to the low-energy EFT. We
will adopt this framework, the T-matrix scheme, for the
concrete models below.

B. Outline of the present paper

Extending the work of [48], in the present paper we
consider a wider class of scenarios beyond the SM and
beyond the electroweak mass scale. Instead of just extrapo-
lating the EFT, which generically leads to asymptotic
saturation of amplitudes, we add new states. The quantum
numbers of the new states are chosen such that they retain
unsuppressed interactions with the VBS system in the limit
of vanishing gauge couplings. As mentioned above, this
implies a certain set of quantum-number assignments and,
incidentally, suppresses their couplings to the SM fermion
sector. We may consider strongly coupled states, which we
would classify as resonances in analogy with mesons in
QCD, or weakly coupled states which we would call new
elementary particles. There is a continuous transition
between these extremes, such that we can cover all cases
on equal footing.

We defer the discussion of vector resonances to a future
publication, since those states mix, after EWSB, with W
and Z bosons and thus exhibit a possibly different phe-
nomenology. This limits the model to four distinct cases,
namely scalar and tensor resonances with two different
assignments of electroweak quantum numbers, respec-
tively. We embed these states in an extended EFT and
match this to the low-energy EFT where the resonances are
integrated out. For the high-energy limit, we apply the T-
matrix scheme which keeps the model within unitarity
bounds when it eventually becomes strongly interacting at
energies above the resonance.

The case of a tensor resonance requires special consid-
eration. While renormalizable weakly interacting theories
cannot include elementary tensor particles, it is never-
theless possible to set up an effective theory which contains
a tensor particle and remains weakly interacting over a
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considerable range of energies. This has been observed in
the context of gravity in extra dimensions [49-52], where
massive tensor particles arise in the low-energy effective
theory. Massive gravitons provide a very specific pattern of
couplings to the Higgs doublet, gauge bosons and fer-
mions. We will set up a more generic model where such
relations are absent, and construct a Lagrangian description
of the Stiickelberg type, where we can separate the genuine
tensor resonance with a controlled high-energy behavior
from unrelated higher-dimensional operators that become
relevant asymptotically. The massive-graviton model
emerges as a special case. (Massive) higher-spin fields
have been discussed e.g. in [53-56].

Given the observation that new resonances cannot
necessarily be distinguished from asymptotic saturation
if the resonance energy is high and event rates are low, we
may ask the question whether the two cases are distinguish-
able, i.e., whether a resonance model yields a different
prediction from a EFT extrapolation with specific coef-
ficients. We will discuss this issue in an exemplary way for
specific parameter sets. Furthermore, the new model allows
for weakly coupled resonances that do not leave a signifi-
cant trace in the low-energy EFT, but could nevertheless
lead to a visible signal in collider data.

To obtain numerical results, we take the unitarized
model, which is originally formulated in the gaugeless
limit, reinsert gauge couplings and continue the amplitudes
off-shell along the lines of [48]. This allows us to set up a
model definition for a Monte Carlo integrator and event
generator, which we use to generate partonic event samples
for the LHC, cross sections and physical distributions. A
more detailed elaboration of the calculations can be found
in [57].

II. EXTENDED EFFECTIVE FIELD
THEORY (EFT)

A. Low-energy EFT

We are going to develop models for the high-energy
behavior of scattering amplitudes of SM particles. This
cannot be done without precisely stating the assumptions
that go into those models, and to cast them into convenient
notation and parametrization.

First of all, we assume that the SM is a reasonable low-
energy effective theory. That is, a weakly interacting
(Lagrangian) gauge field theory with spontaneous
SU(2), x U(1)y = U(1)g, symmetry breaking mediated
by a complex Higgs doublet, supplemented by the standard
sets of quarks and leptons, describes all particle-physics
data at and below the electroweak scale to a good
approximation.

Regarding the interactions of fermions and vector
bosons, this conclusion can be drawn from the impressive
success in fitting electroweak and flavor data to the SM. We
cannot yet be so sure in the Higgs sector proper. While the
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Higgs boson was discovered in accordance with the mass
range that the precision analysis of electroweak observables
suggests, there is still room for sizable deviations from
the SM predictions for its couplings. In particular, the
Higgs self-couplings have not been measured at all.
Nevertheless, we will assume that those couplings are
close to their SM values, such that deviations can be
attributed to higher-dimensional terms in the EFT. Future
data from LHC and beyond will tell whether this is true. If
not, we may generalize our findings to a nonlinearly
realized Higgs sector. We have set up our parametrization
such that this would cause few modifications in the
calculations.

A second assumption regards the low-energy spectrum:
we assume that there are no additional light particles, such
as Higgs singlets or extra doublets, below the EW scale. If
this was not true, it would not invalidate the extended-EFT
approach, but require the low-energy EFT to be revised in
order to include extra particles as building blocks. Again,
the model extensions discussed here would remain
unchanged, but we could expect a richer phenomenology
of final states that emerge from couplings to the extra light
particles.

B. Including resonances

We want to describe massive tensor and scalar reso-
nances as extensions of the SM, coupled to the scattering
channels accessible in VBS. We start from the low-energy
EFT, the SM with higher-dimensional operators included,
and add a resonance with appropriate spin and gauge
quantum numbers to the Lagrangian. Requiring the
assumed symmetries to be manifest, uniquely determines
the form of the couplings, again in an EFT sense, i.e. as an
power series expansion of operators in some inverse mass
scale A.

It is tempting to identify A with the resonance mass M.
This would imply arbitrary strong interactions at the mass
scale of the resonance. The form of couplings would be
arbitrary since for E~ M = A, there is no viable power
expansion, and there are no reliable predictions. While this
is a conceivable scenario, we rather consider a more
economical setup where the resonance at mass M can be
separated from other effects which are attributed to an
even higher scale A. As we will show below, it is possible
and consistent to choose A > M, both for scalar and
tensor states. A is then the appropriate scale for all
higher-dimensional operators in the extended EFT. In the
low-energy EFT, integrating out the resonance yields
well-defined higher-dimensional couplings suppressed
by powers of M, which combine with the undetermined
A-suppressed coefficients inherited from the extended
EFT. Depending on their relative magnitude, we may—
or may not—be able to relate the operator coefficients
in the low-energy EFT to the resonance couplings of the
extended EFT.
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III. RESONANCES: SPIN CLASSIFICATION

A. Scalar resonances

A new massive spin-zero state might appear as another
Higgs boson. Indeed, a new Higgs singlet ¢» can couple to
the SM Higgs doublet H via the renormalizable operators
tr[H'H]¢ and tr[H'H]¢?, while a new Higgs doublet H’
can couple via tr[H'H')? and tr[H'H]tr[H'TH']." These
terms contribute to Higgs mixing and self-interactions, but
not directly to VBS. In the EFT formalism, the observed
Higgs boson is the only light scalar by definition, and in the
renormalizable part of the Lagrangian it saturates the
vector-boson couplings. Coupling an extra scalar to VBS
then requires two Higgs-field derivatives D,H and thus
introduces an effective dimension-five operator.

In a renormalizable extension of the SM Higgs sector,
after diagonalization new Higgses may eventually appear in
VBS processes. However, we have just noted that in the
EFT formalism, their couplings are higher-dimensional and
thus power-suppressed. This is an incarnation of the Higgs
decoupling theorem [58].

Renormalizability corresponds to the existence of special
trajectories in parameter space, where all irrelevant (i. e.
higher-dimensional) operators can be removed simultane-
ously from the Lagrangian by a nonlinear field redefinition.
Without a good reason a priori for allowing only points on
these trajectories, we consider the renormalizable (possibly
weakly interacting) case as a special case that is included in
the general framework. This applies, in particular, to Higgs
sector extensions by singlets and doublets, as long as the
extra scalars can be considered heavy in the sense of the
EFT formalism.

For our purposes, the phenomenology of generic scalar
resonances is then very similar to tensor resonances (see
below), namely breaking the renormalizability of the SM
and inducing higher-dimensional operators both in the
low-energy EFT where they are integrated out, and in
the high-energy model where they appear explicitly in the
phenomenological Lagrangian. We will have to apply a
unitarization framework in the energy range at and beyond
the resonance.

B. Tensor resonances: Fierz-Pauli formalism

We now turn to massive spin-two particles, postponing
spin-one for later investigations, as stated above.

The physical particle corresponds to an irreducible
representation of the rotation group in its own rest frame
and thus consists of five component fields, mixing under
rotation. Strictly speaking, there is no reason to develop a
relativistic field theory for a generic interacting spin-two
particle. If there is no UV completion of the interacting
model, it is not possible to construct a complete Hilbert
space and unitary scattering matrix. However, for

'For notational conventions, cf. Appendix A 1.
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convenience of calculation, it is clearly advantageous to
embed the tensor particle in the usual relativistic field-
theory context of the EFT for the SM. We therefore
introduce extra fields, coupled to currents built from SM
fields in a Lorentz- and gauge-invariant way, in a
Lagrangian formalism.

For the scalar case, this is straightforward since a spin-
zero particle is represented by a Lorentz scalar field that
also has a single component. In the tensor case, we have to
deal with the fact that the appropriate Lorentz representa-
tion has more than five components. In the rest frame, the
Lorentz symmetry (or its universal cover SL(2,C)) is
kinematically broken down to its SU(2) subgroup, the
universal cover of the rotation symmetry. The Lorentz
decuplet decomposes into the irreducible spin states

symmetric tensor — spin states (2)+(1)+(0)+(0). (1)

Looking at the symmetric rest-frame polarization tensor
", the irreducible parts correspond to the components &'/
(traceless), €%, ¢, and > & (trace), respectively. Under
the full Lorentz group, € is also reducible and decom-
poses into the traceless and trace parts. However, in the
presence of interactions it is not straightforward to maintain
this decomposition for off-shell amplitudes [56,59,60].

Our model setup requires that, on-shell, only the pure
spin-two state propagates. If we represent the resonance by
a single field, the tensor-field propagator must reduce to the
form [60]

X (ko m)elf (k. m)

kz—mzf—l—ie

G (k) + nonresonant  (2)

Here, 4 sums over a basis of five real-symmetric, mutually
orthogonal polarization tensors that satisfy the constraints
kﬂef(%(k, m) =0, e, (k,m) =0, (3)

as long as k is an on-shell momentum vector, k> = m?.

The solution to this problem is unique up to the
nonresonant part [56],

i PHi#2. V12 (k’ m)

G.ul.MZsl’lUZ —
f K> —m?* +ie

+ nonresonant,  (4)

where the projection operator of spin-two can be written in
terms of the spin-one projection operator,

N ZE?%Q (k, m)el&;’Z(k, m)
7

1
— 5 [Pﬂl”l (k’ m)Pllzl/2 (k’ m)
+ P2 (k, m)pmvz (k, m)]

1
— §Pﬂ1/¢2 (k’ m)Pl/ll’z (k’ m)7 (5)
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with

k* k¥
P (k,m) = Zé’('@ (k,m)e(; (k,m) = g ——=. (6)

7 m

This propagator, with vanishing nonresonant part, can be
obtained from the free Fierz-Pauli Lagrangian [54,61]
coupled to a tensor source J4:

1 1
L= Eaafﬂvaafﬂy - Emzfl‘”ﬂw - aafaﬂaﬂfﬁ”
1
- faaa”abfﬂy - E aafﬂﬂaafyp
1 v
+5 m2frufl s+ fudy (7)

In the classical theory, the Lagrangian (7) enforces the
conditions:

0, f** =0 and f*, =0. (8)

This is, in principle, a valid Lagrangian description of a
tensor resonance. However, since we have to deal with off-
shell amplitudes for an effective theory, it will be useful to
investigate the role of various terms in more detail.
Returning to the propagator (4), there are momentum
factors k* in different combinations that project out the
proper spin-two part on the pole. Going to lower energies,
these factors vanish more rapidly than the ¢** terms and
therefore reduce to operators of higher dimension. Beyond
the resonance, they will rise more rapidly and therefore
potentially provide the dominant part that enters the
unitarization prescription.

C. Tensor resonances: Stiickelberg formulation

As discussed above, the extra momentum factors in the
spin-two propagator represent the mismatch between the
SO(3) little group representation of massive on-shell
particles and the full Lorentz-group off-shell representa-
tions in a relativistic description. This is in analogy with a
massive spin-one boson, which in the relativistic case
acquires an extra zero component. In the following, we
identify the extra degrees of freedom for a propagating
spin-two object and separate them for the purpose of
power-counting in an actual calculation.

To this end, inspired by the spin-one case, we will use the
so-called Stiickelberg formulation for tensor resonances.
This has been studied in the context of effective field
theories for massive gravity [62—-66] and [67]. The work
along these lines has been nicely reviewed in [68].

Given an arbitrary symmetric polarization tensor &*
that is not restricted by auxiliary conditions, we can
subtract terms constructed from momenta, vector and scalar
polarizations,
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e

1 k*k
gHY — gt -~ (ktey, + kv éy)) — 2T gver. (9)

and demand that (i) the Fierz-Pauli polarization tensor &**
satisfies the on-shell constraints (3), and (ii) the vector
polarization is transversal kﬂe"‘, = 0. The resulting vector
and scalar polarizations ey, €5, €7 can be expressed as
contractions of the original ",

1 1

= (k,,e”” -— k”kykps”f’> : (10a)
1/ Kk,

£g = 3 (4 ”;lz - gﬂv> e, (10b)
! Kk

sT—§<gW— :12>e/‘ } (10c)

Formally, this subtraction removes the extra representations
in the decomposition (1). We note that this prescription
naturally extends to off-shell wave functions.

For the purpose of calculation, we can reproduce the
effect of the propagator (4) if we remove all k# factors from
the tensor-field propagator but add a vector and two scalar
fields with their respective propagators. To enforce the on-
shell relations (10) for their polarization (i.e., wave func-
tion) factors, their interactions must be prescribed by the
original tensor interactions. In field theory, such relations
can be enforced by demanding a gauge invariance. Since
the momenta have been banished from the numerators of
the propagators this way, the power-counting in the
resulting Feynman rules will be explicit, in analogy with
the 't Hooft-Feynman gauge of a gauge theory.

Stiickelberg [69-71] originally formulated the algorithm
that systematically introduces the compensating fields
together with the extra gauge invariance in the Lagrangian
formalism. Applying the algorithm to the massive
tensor case, we start with the Fierz-Pauli Lagrangian which
corresponds to the minimal single-field propagator of
the pure spin-two tensor. After removing any explicit
constraints from the tensor field, we introduce first the
Stiickelberg vector A* that cancels the f% components, by
the replacement

1 1
f’”’—>f’“’+%8”A”+%8”A", (11)

and then cancel the extra unwanted A° components that
this field introduces, together with %, by a Stiickelberg
scalar o,

1
At — AP+ —0OVo. (12)
m

Finally, we introduce another Stiickelberg scalar ¢ for
canceling the trace by
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S R g (13)

This scheme guarantees that the interactions of the new
fields in the Lagrangian are correctly related to the
original interactions of the tensor field. The resulting
Lagrangian exhibits the gauge invariances that reflect the
|

1 1
5 8af;w0afﬂb - 5 mzf/wfﬂy
—2mf,, O"AY + 2mfH,0,AY + 6m¢a A

+3m2fr .+ <f,,b +g,w¢+ 8 A, + a ) o)ﬂ”

The scheme simplifies slightly since both scalars are related
to the original tensor, so their interactions are not inde-
pendent. We can choose the gauge

¢=-o (15)

and arrive at a minimal Stiickelberg Lagrangian [72]
(adjusted by partial integration and simplified),

1

E aafﬂyaafﬂy Y
1 2

- (3"]”0,” - Eaﬂfpp - mA”>

1
+ m?f*, f*, — 0,A,0"AY + m?A A

m f "

1
- Z 8afﬂyaafyv

1 2
+ (@,A” —3mo + —mf",,) + 39,006 — 3m*co

+<f,w 9o+ aA+ 880>J"” (16)

For perturbative calculations we have to fix the gauge up to
residual gauge transformations A(x) that decouple on-shell,
i.e. satisfy the harmonic condition (9?> + m?)1 = 0. To this
end, we choose linear gauge conditions,

1
GﬂA”—3m6+§mf”M =0 (17a)

Of o — %Qlﬂ’p —-mA, =0, (17b)

and end with a diagonalized Lagrangian,

1 1 1
= Lt w3 ) )

ﬂ(_z(_82

+ ;A - mz))A” + %6(6(—82 -m?))o
+ <f;w

o + (a A, +0,A,) + nfzaﬂaya>‘]?”.

(18)

- 8afay8ﬂfﬂ” - faaaﬂayfyu - Ea
- Zf;wa”@”a + Zf”ﬂ820 = 2f,, 00" + 2f"”62¢ - 30,00"¢ + 6m>pgd
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redundancy of the Stiickelberg fields and there is a gauge
(called unitary gauge) in which all Stiickelberg fields
vanish and the original Fierz-Pauli Lagrangian is recov-
ered. The new Fierz-Pauli Lagrangian with the additional
scalar and vector modes reads

1
of* W0 f, + Emzf”ﬂf”y - 9,A,0MA¥ + 9,AF0,AY

(14)

[
Next, we normalize the fields canonically

1 1 1
L= Ef;w(_az - mZ)f;w + Efﬂﬂ <_§ (_82 - m2)>fyy

1 1
—|—2Aﬂ(82 + m?)A* +20( -0* —m?)o

1 1
+<W—\@gﬂya+ﬁ (0,A, +0,A,)
\/_ 12
—i—\/§ 2830‘)] (19)

and find the canonical propagators,

i 1 1 1
/u/ PO (f) (2914/79116 +§g/mgup _Egﬂugpa> (20)
—i
A, (A) = 22 I (21)
i
A(o) = R (22)

for the resulting unconstrained tensor, vector and scalar
fields, respectively.” As desired, these propagators do not
contain any momentum factors. This fact turns out to be
essential for a Monte Carlo calculation for physical

*For a complete formulation at the quantum level, the gauge-
fixed Lagrangian has to be embedded in a BRST formalism.
Introducing appropriate Faddeev-Popov ghosts and auxiliary
Nakanishi-Lautrup fields, the classical action can be rendered
BRST invariant. The quantum effective action with resonance
exchange is then defined as the solution to a Slavnov-Taylor
equation, to all orders in the EW perturbative expansion. The
gauge-fixing terms become BRST variations which do not
contribute to physical amplitudes, and the Stiickelberg fields
combine with the ghosts and auxiliary fields to BRST represen-
tations that can be consistently eliminated from the Hilbert space.
For free fields, this procedure is detailed in [S5].
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processes, where all bosons are off-shell in a generic
momentum configuration.

D. Tensor resonances: Summary

Given this lengthy derivation, we may ask again
whether the Stiickelberg formulation has any advantage
over the original Fierz-Pauli Lagrangian. Algebraically,
both are equivalent and result in identical on-shell
amplitudes.

This should be viewed in analogy with massive vector
bosons, for which the Stiickelberg approach reproduces the
usual reformulation as a spontaneously broken gauge
theory. Again, this is mathematically equivalent to the
original model, as has been pointed out repeatedly [73].
However, once the accessible energy in a process exceeds
the resonance mass, there is a conceptual difference. In the
gauge-theory version, there is no higher-dimensional oper-
ator with a 1/M coefficient. Any additional effects would
come with a new cutoff 1/A. Scattering amplitudes are
bounded beyond the resonance as long as A is considered
large. By contrast, in the formulation with massive vector
bosons, there are k*/M terms in the propagator which
a priori require the inclusion of a whole series of operators
with 1/M factors. The model is strongly interacting from
the onset and has no predictivity. If actual data show that
interactions are indeed weak, this fact would be interpreted
as a fine-tuned cancellation among terms.

Turning this argument around, if a vector boson is
observed to interact weakly over a significant range of
scales above its mass, it is natural to describe it as a gauge
boson, which in turn determines the allowed interaction
pattern. Analogously, if we assume that a tensor resonance
interacts weakly over a significant range of scales above its
mass, it is natural to describe it by the Stiickelberg
approach. We will therefore adopt the Stiickelberg
Lagrangian as the basis of a tensor-EFT with a minimum
set of free parameters.

Clearly, we can always add extra interactions with
further free parameters. Those interactions take the form
of higher-dimensional operators which do not contribute
on the resonance. They describe unrelated new-physics
effects.

IV. LAGRANGIAN FOR THE EXTENDED EFT

We now combine the findings of the previous section in
order to set up a Lagrangian description of the resonances,
as an extension of the low-energy EFT which already
(implicitly) includes the complete set of higher-
dimensional operators. Apart from the Lorentz representa-
tions as scalar or tensor, we have to consider the
representation of the internal symmetry group. As we will
argue in detail below, we take this as the Higgs-sector
global symmetry SU(2), x SU(2), where only the
SU(2); x U(1)y subgroup is gauged. SU(2), breaking
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terms can be systematically included, but we do not
consider those in the present work.

A. Isospin

In the literature on VBS, resonances have traditionally
been categorized in terms of weak isospin, i.e., custodial
SU(2), multiplets. This is appropriate for a Higgsless
scenario, where the actual scale of EWSB is given by its
natural value 4zv = 3 TeV (cf. e.g. [74]). Without a light
Higgs boson, VBS scattering at the LHC would probe the
physics at energies below the true EWSB scale, so the
(approximate) low-energy symmetry applies.

However, since the discovery of the Higgs boson, we
know that VBS processes probe a scale above the masses of
the physical Higgs and the electroweak gauge bosons.
We have to impose the unbroken high-energy symmetry
on the theoretical description. Neglecting hypercharge,
this is SU(2), x SU(2)z. We therefore describe new
resonances coupled to the SM Higgs sector in terms of
SU(2), x SU(2); multiplets.

It is not obvious that new physics coupled to the Higgs
sector actually has this symmetry. SU(2), x SU(2)y is,
first of all, an accidental approximate symmetry of the SM
EWSB sector. There are no possible terms in the dimen-
sion-four Higgs potential that break SU(2)g, so EWSB
leaves the diagonal custodial SU(2) symmetry untouched.
However, hypercharge and top-quark couplings are not
consistent with SU(2)g. Nevertheless, in the gaugeless
limit the hypercharge coupling vanishes, and top quarks are
irrelevant for VBS anyway, so SU(2); remains a good
symmetry of VBS (at high p7) in the SM. Beyond the SM,
new effects in VBS are transmitted only via the Higgs
doublet. In the low-energy EFT, they require higher-
dimensional operators. These would cause power correc-
tions to the p parameter and are therefore constrained by the
observed agreement of the measured p parameter with the
pure SM prediction. For our purposes, we thus adopt
SU(2)y as a symmetry of new physics in the Higgs sector,
to keep things simple. We have to keep in mind that this
need not be the case, and leave the discussion of SU(2),
breaking in this context to future work.

Resonances of even spin with unsuppressed couplings to
a pair of Higgs/Nambu-Goldstone bosons, must reside in
the symmetric part of the decomposition of the product
representation of the SU(2), x SU(2); symmetry,
(3.3) ® (3.1). In the effective interaction operator, this
representation appears as a H @ H' factor. There are only
two possibilities:

(1) (0,0): a neutral singlet (isoscalar).

(2) (1,1): a 3 x 3 matrix, which contains nine compo-
nents. After EWSB, the multiplet decomposes into
an isotensor (five components), an isovector (three
components), and an isoscalar (one component). In
terms of the gauged SU(2), x U(1), subgroup, the
nonet decomposes into a complex SU(2), triplet
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with a doubly charged component and a real
SU(2), triplet, as described in [75]. The relative
mass splitting between these states is of order
(my/M)?, where M is the average resonance mass.
For our purposes where we assume M > my,, we
ignore that splitting and thus deal with a nonet of
degenerate resonance components.
We note that due to the existence of the light Higgs, the
close analogy between spin and isospin is broken at this
point: tensor states have just five physical degrees of
freedom, but an isotensor resonance in VBS, given the
symmetry assumptions of the present paper, does not
exist in isolation. The distinction comes into play once
physical Higgs bosons are involved in a process. In VBS
amplitudes, the symmetry relates, for any given resonance
multiplet, Nambu-Goldstone pairs with Higgs pairs, i.e.,
VV(V =W,Z) to HH production.

For simplicity of notation, we will continue to denote the
(0,0) case as isoscalar and the (1,1) as isotensor, respec-
tively, keeping in mind that the latter case actually is always
accompanied by isovector and isoscalar components.

For a scalar isoscalar resonance ¢, we may consider
couplings of the form

otrH'H] (23a)

or

otr[(D,H)"(D*H)]. (23b)
The former operator is of lower dimension and might
therefore be considered the dominant contribution. It is part
of the Higgs potential and influences Higgs mixing and
production processes. In the present work, we assume that
the scalar state has been broken down in terms of the SM
Higgs doublet and further states, which themselves arrange
as multiplets. Since the SM Higgs couplings in the lowest-
order EFT, the pure SM, saturate the Higgs couplings to
SM particles and are fixed by definition, residual mixing
and potential terms arrange into higher-dimensional oper-
ators. In particular, a resonance coupled to Nambu-
Goldstone bosons is represented by the term (23b), while
the lower-dimensional term (23a) does not enter. We
therefore do not consider (23a) and concentrate on the
dimension-five coupling (23b).

This leads to a current for the scalar isoscalar resonance
of the form

J, = F,tr[(D,H)D*H]. (24)

B. The isotensor representation

While the description of an isoscalar is simple, we have
to look at the interactions of the isotensor more carefully.
For simplicity, we will first restrict ourselves to a scalar
field multiplet.

PHYSICAL REVIEW D 93, 036004 (2016)

A resonance with chiral SU(2), x SU(2); quantum
numbers (1,1) has nine scalar degrees of freedoms. In
the chiral representation these nine degrees of freedom can
be represented as the tensor ®%’ with the indices
a,b € {1,2,3}. Therefore, the Lagrangian describing an
isotensor resonance in the Nambu-Goldstone/Higgs boson
sector can be written as

1
Lo =

2
@ = 50,2 — % QPP 4 TP, (25)

where the current has a SU(2), and a SU(2), index:
J4 = F,u[(D,H) r“D*H<"]. (26)

Analogously to the isoscalar case, the coupling Fy is

suppressed by a new-physics scale A. To expose the

coupling structure to the Nambu-Goldstone/Higgs boson
sector, the current can be expanded in the gaugeless limit:

tr{(D,H)'c“D, Hz"| :%(a

hd,h—0,w'9,w)5

1 . ) .
—E(aﬂw’ayh +0,w'0,h)e"

1
+§(8”waabwh +0,wPo,w?).  (27)

Here, the decomposition into isotensor, isovector and
isoscalar is already manifest. The resonance ®“ can be
represented in a basis constructed from tensor products of
SU(2) generators by the Clebsch-Gordon decomposition:

1®1=2+1+0. (28)

Using the basis in Appendix A 2, the resonance ®“ is
rewritten into its SU(2). components,

Pl - o, + &, + D, (29)
with
D, =T Pl A p g+, (30a)
D, = piz) + ) + ¢y, (30b)
D, = ¢z, (30¢)

The Lagrangian (25) can be written in terms of the SU(2)
basis:

Ly = % > (0,270 ®; — m3 2]

i=s,v,t

1 2
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Jy=F, ((D,,H)T ® D*H + %tr[(DﬂH)TDﬂHD (" ®1%).
(31b)

In absence of the Higgs boson, the coefficient of the second
term is chosen in such a way, that the trace of the current
vanishes. In this scenario, the isovector and isoscalar degree
of freedoms decouple from the model and only the
isotensor is needed to describe this resonance. However,
including a Higgs the Lagrangian (31) guarantees the
amplitude relation between the Higgs and Nambu-
Goldstone bosons that will be introduced in Sec. VA.
The crossing relations are manifest in the scattering
amplitudes for the Nambu-Goldstone/Higgs boson, which
can be determined most easily in the gaugeless limit.

One prominent example for such scalar isotensor reso-
nances appears in the context of composite Higgs models of
the Little Higgs type, particularly in the so-called Littlest
Higgs model [76]. These resonances predominantly couple
to the (electro)weak gauge sector of the SM.

C. The tensor current

We now construct the effective current that is coupled to
a tensor resonance multiplet. By assumption, the resonance
should be produced in VBS processes. We have to consider
independent couplings to the gauge and Higgs/Nambu-
Goldstone sectors. The gauge-sector couplings should
vanish in the gaugeless limit, so we are led to consider
the Higgs-sector coupling.

For a tensor isoscalar resonance, the lowest-dimensional
current consists of two terms,
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7= F, <tr[(D#H)*DvH} - % g"”tr[(D/,H)TD/’H]> .
(32)

The second term actually couples to the trace of the tensor
field, which vanishes on-shell. It is therefore part of the
nonresonant continuum and can alternatively be replaced
by higher-dimensional operators in the EFT. Nevertheless,
it is required if, for instance, we want to construct a
traceless current. For now, we leave the coefficient c
undetermined.
The tensor-field coupling then reads

Fuds (33)

in the Fierz-Pauli formulation (Sec. III B), and
JE —o6J 1A8J’” 2 0,0,J"" 34
fﬂyf_gfﬂ_gﬂbf+ﬁo-ﬂyf ( )

in the Stiickelberg formulation (Sec. III C). In the second
version, the momentum factors in the propagator have been
turned into derivatives that act on the current. There is also
a coupling to the trace of the current.

The formally dominant high-energy (s — oo0) behavior
of the amplitude thus is given by the exchange of
Stiickelberg vector and scalar. The contribution would
vanish if the current was conserved. Evaluating the diver-
gence of first and second order, using (A3) and (A6a) in the
Appendix,

0,04 = Ftr(D*H)'D'H] + % (c; + 2)te[(D,H)[D¥, DV]H] — % (c; —2)tr|(D,H){D*, D*} H]

— —F tr[HH)t[HTDYH] — igF ptr[(D, H) "W H] — ig'F tr[HB (D, H)], (35)

0,0, = Fftr[(DﬂH)T (DUD”D”H + D“D’H — %Dmﬂﬂﬂ + Ftr[(D°H)"D?H] + F tr[(D,D,H) D*D*H]

Cr 4
~ L Fyu](D,D, H) D'D*H]

— —F tr[H H)te[D, HYD#H] — F 2t [HTH]er[HTD?H] — 2F ;e [HTD, H]er [HT DY)

GF;

+ 5L (r](D, H)"H(DH) "H] - tr{(D, H)" (D*H)H'H))

12

g°Fy i W T i t g2Ff i uv g/zFf Wt
+ 5 = (tr[(D,H)"H(D*H)"H] — tr[(D,H)"(D*H)H"H]) +Ttr[H W, WH] + tr[HB,, B*'H']
+ gg’Fftr[H'i'Wm,HB"”} - igFftr[(DﬂH)"'W””DDH] - igFftr[(D”H)B””(D”H)':'], (36)

we observe that the current is not conserved. However, none of the nonvanishing terms contributes to the VV — V'V process
at high energy. The Stiickelberg fields effectively decouple, and the high-energy behavior can be calculated from the

propagator (20).
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If we take EWSB into account, we do get a nonvanishing
divergence also at the two-particle level. New terms arise
that are proportional to powers of v, and thus to the W, Z,
and Higgs masses. The Stiickelberg vector transmits, via
EWSB mixing, a coupling to transversal vector bosons. In
amplitudes, these factors are accompanied by factors of
1/m. In the limit of a heavy resonance, the Stiickelberg
terms are thus parametrically suppressed and become
relevant only for energies significantly beyond the reso-
nance mass. Conversely, if the resonance mass is compa-
rable to the electroweak scale, the Stiickelberg terms are
significant.

The remainder of the amplitude that corresponds to the
genuine tensor propagator (20) does not contain momen-
tum factors. Nevertheless, the interaction is of dimension
five, so we expect contributions that rise with energy.
This occurs for external longitudinally polarized vector
bosons which carry a momentum factor. We obtain a
factor s> in the numerator that asymptotically cancels
with the denominator, so the effective rise is proportional
to s/m?. Qualitatively, this is the same result as for the
case of a scalar resonance, or for a Higgs-less theory.

We conclude that we can unitarize the amplitude
uniformly for all spin-isospin channels, starting from
the gaugeless Nambu-Goldstone boson limit, without
having to account for transversal gauge bosons or higher
powers of s beyond the resonance. The algorithm can be
taken unchanged from the pure-EFT case [48]. However,
we have to restrict the allowed values of resonance
masses and couplings such that the Stiickelberg terms
discussed above remain numerically small within some
finite energy range. Outside this range, we can no longer
separate the Higgs/Nambu-Goldstone sector of the theory
but are sensitive to unknown strong interactions that
involve all channels of longitudinal, transversal and
Higgs exchange simultaneously. While the unitarization
scheme of [48] is also applicable in that situation, it
becomes technically more involved; we defer this case to
future work.

D. Complete model definition

We now list the effective Lagrangians that we consider in
the subsequent calculations. In all cases, the basic theory is
the SM EFT, i.e., the SM with the observed light Higgs
boson in linear representation, extended by higher-dimen-
sional operators. We add four different resonance multip-
lets, corresponding to all combinations of spin and isospin
0 and 2, respectively. The Lagrangians can be combined.

The spin-two Lagrangian is presented in the Stiickelberg
gauge. Regarding the resonance fields, we should further
select electroweak quantum numbers, as discussed in
Sec. IVA, by defining the precise form of the covariant
derivative acting on the resonance field in the kinetic
operator. However, as long as we are not interested in
EW radiative corrections, we may work with a simple
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partial derivative and omit the gauge couplings to W, Z, and
photon.

The Lagrangian for the isoscalar-scalar o, the isotensor-
scalar ¢, the isoscalar-tensor f and the isotensor-tensor X
are given by

1 1
L, = Eﬁﬂoé‘”a - Emgaz +o0J, (37a)
1
Ly=5 Y u]0,®,0'P; — m3®?]
i=s,0,t
1 2
+tr|:(‘bt+§¢1;—§(bs>1¢:|, (37b)

I , 1 I )
Ly= Effﬂy<—32 - m})f? +§f?ﬂ (‘5 (0% - mj%))f v

1 1
+ EAf#(—az - mlzr)A/;' + Eﬁf(—az - m})of
1
+ (ff/w - \/—g;uza T \/—mf (aﬂAu + avA/,t)
V2 ’
—+ \/_S—In%a#aDG) JP;« s (37C)

1 . 1 ,
L:X:5 Ztr[xi,,y(—az—mﬁ)x’,f + X5, (—5(—82—m§))xw

i=s,v,t

+A;, (=07 —m%)A¥ +0,(—0* —m%)al}

9w aﬂAw + avA ti \/i > m
+tr| (X, ——=0,+ + 0,00, |J
[( "6 ! V2my Vamy )X
1 9w aﬂAT)IJ + aIJA v \/§ >
+=( X —=0, + 0,0,0,|J%
2< woVe V2my V3m3 K X
2 Y 0,A5,+0,A,, 2 5
—< suv — _ I o+~ £+ V2 3,,8,,@)]’;(],
5 V6 V2my V3m

(37d)

respectively, where the tensor resonances are formulated in
the Stiickelberg formalism with associated fields 67, A and
f I denoting the scalar, vector and tensor degrees of
freedom, respectively. The corresponding Stiickelberg
fields for the isotensor-tensor receive extra indices
{s,v,t} which represent the isoscalar, isovector and iso-
tensor fields of the SU(2). multiplet, respectively. The
couplings to the Nambu-Goldstone boson current in each
case is given by

J, = F,tr[(D,H) D*H], (38a)

J,=Fy <(DﬂH)* QD'H +%tr[(DﬂH)*D“H])T““, (38b)
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Ji¥ = Fy(u[(D*H) D'H] -/ gtc{(D, H) 'D/H]),
(38c¢)

J¥ = Fy B((Dﬂn)T ® D'H + (D'H)" @ D“H)
_ %ng(DpH)* ® D’H
g (vtom =Sy o )

(38d)

V. UNITARY AMPLITUDES
FOR VBS AT THE LHC

A. Gaugeless limit

For a first estimate of the impact of generic resonances to
vector-boson scattering processes at the LHC, we study the
on-shell Nambu-Goldstone boson scattering amplitudes.
When treating vector-boson scattering as 2 — 2 process of
massless scalars at high energies, it is convenient to
describe kinematic dependencies using Mandelstam vari-
ables s, t, u. Using custodial symmetry and crossing
symmetries, the different 2 — 2 Nambu-Goldstone boson
scattering amplitudes are determined by the master ampli-
tudes A(wtw™ — zz). In the gaugeless limit, the ampli-
tudes for the resonance multiplets o, ¢, f, and X are
calculated in the gaugeless limit via the Feynman rules
given in Appendix B.

1. Isoscalar-Scalar

1 I u?
t—mg; u-—mg
(39a)
t
A (hw* = hw*) 3 = —ZFﬁ s (39b)
Ay(hz — hz) ’
4o + o 1 2 52 2
Ay (wrw —>ww):—ZF6 P Sy
(39¢c)
A, (wEwF = z7) . 5
+ T —__fp2 s
Ay (hh — wwT) R a——g (39d)

Ay (hh = zz)
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1 52 2 u?
— - Fp .
4 U(s—mg—'—t—m%—i_u—mg)

A, (zz = z2) }

A (hh — hh)
(3%)
2. Isotensor-Scalar
Ay(wEw® - wiw)
F 2 2 1 2 1 [2
:_¢<2 s ] u it 2>’ (40a)
8 s —my, 2u—m¢ 2t—m¢

Ay(whz = wrz)
Ay (hw* — hwt)

FAN 2 28
8 2t—m$§ “_mé s—mé’

Ay(hz = hz)
(40b)
Apw=wT — winwT)
Fg? (1 s u? 1 7
=~ (772 3 o), (40c)
8 \2s ny, u—m 2t my,

Ay(wEwF - z2)

F 2 1 s2 I/l2 t2
7)1 (2 _ _
Ap(h = wrwT) 8 (2s—m$S u—my t—mé)’
Ay(hh — z2)
(40d)
Aplzz—z2) | 3F2 [ s° N u? 12
Ay(hh — hh) 16 s—my  u—mg  t—mg)
(40e)
3. Isoscalar-Tensor
Ap(wEw® - wEw®)
1 5 t2 2
:_ﬁFf mpz(t,s,u)+u_m}P2(u,S,t> s
(41a)
Ap(whz > wz) 2
' 1 t
Ap(hw = hw®) o = =22 F 25 Py(t,s,u), (41b)
Ap(hz — hz) !

Ar(wEwT - whw¥)

P;(t,s, u)> .

(41c)

B EY (s Py(s.t,u) + -
YR s—mﬁ- 2% LU t—my
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Ar(wEwT — z2)

1 2
Ap(hh — w*w¥) I——Ffzs—2P2(SJau)» (41d)
24 §—my
Ap(hh - z2)
Ap(zz = zz) 1 52
=——F.? P,(s.t,
Af(hh—>hh)} 24" f <s—m} 2(s,:u)
1 u?
+t— 2P2(t,s,u)—|— _msz(u,s,t)).
f f
(41e)

Here and in the following, P, (s,t,u)=[3(> +u*)—2s?]/s*
is the second order Legendre polynomial in terms of the
Mandelstam variables.

4. Isotensor-Tensor

F 2 4 2
Ax(wiwi - wiwi) = —% (ﬁf'z(s, t, I/l)
T
+——P,(t,5,u
t—m%
)
+42P2(u,s, t)), (42a)
u—my
Ax(wrz - w¥z
xl ) Fy? 252
Ax(l’lwi —)hWi) = ——2P2(S,t, u)
96 s —my
Ax(hz - hZ)
2
+ Po(t,s,u)
t— m%
2u?
- Ps(u, s, t)), (42b)
X
F 2 2
Ax(wiw:F - wiW:F) = —9—2 (s _sm%PZ(S, t, Lt)
2
Py(t,s,
+t—m§( 2( s u)
4 2
+ _u 5 Py(u,s, t)), (42¢)
X
Ax(wFwT = zz2) P2 2
Ag(hh — ww¥) § =2 > Py(s,t,u)
96 \s —my
Ax(hh — zz)
21
- Py(t,s,u)
r— m%
2 2
- Py, z)), (42d)
u— mX
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A ! i
x(2z = 22) } __Llppe (s—sz(s,t, u)
Ay(hh = hh) 327 \s—my
tZ
+—Py(t.s.u)
t—m?

2

u
+ 5 Pz(u,s,t)).
u—my

(42e)

B. Decomposition of eigenamplitudes

Since the leading-order amplitudes as listed above are
unbounded both at the pole and at high energy, we use the
T-matrix scheme [48] to restore unitarity. In order to
implement the scheme in [48], we decompose the ampli-
tudes into isospin-spin eigenamplitudes (the S-wave,
P-wave and D-wave kinematic functions S;, P; and D,
can be found in Appendix B 3):

1. Isoscalar-Scalar

2 1
Ap=r2 (-2 1))
45 —mj
1
Ap = —EFgS% (43b)
15
A= _EFGSI’ (43c)
1,
Az = —EFGSa (43d)
1
./420 = _5F127507 (436)
1
./422 - —EF%SZ (43f)
2. Isotensor-Scalar
1 s? 7
=F2 (- 44
Ao ¢< 16s—m$§ 880>’ (44a)
T2
Ap = —§F¢Sz, (44b)
30
./411 :§F¢Sl, (44C)
3.
A13 - §F¢S3, (44d)
1 s? 1
R 2 [ — 44
Az ¢< 4S_m35 8SO>’ (44e)
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1

A22 = _gFéSZ

3. Isoscalar-Tensor

1

Aoo:—ﬁ %DO’
1 52
=——F2 -
Ao 40 fs—mj%
1 2
—UF;<1+6S2+6S4>82,
my mp
1,
AIIZ_EFJ"DI’
1 s 52
A13:—EF%<1+6—2+6—4>S3,
my My
1
Azoz—EFj%Do,
1 s 52
my my
4. Isotensor-Tensor
7
AOOZ_&F%(DO’
1 52
R~
A =m0 g
7 K 52
——F14+654+6—)S,,
a8 ( o m> :
[
'A11:1_6FXD15

1, s 52
ABIEFX 1+6W+6W 83,

X

1

AZO = _&F?DO,
1 2
SR . —
A2 = =155 Xs—mk
1
—@1@((1 +6

X

S S2
W+6—4>82.

X my

(44f)

(45a)

(45b)

(45¢)

(45d)

(45e)

(45f)

(46a)

(46b)

(46¢)

(46d)

(46e)

(46f)
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C. Width

As argued below in Sec. V E, for the numerical off-shell
calculation of scattering processes we will need approxi-
mate values for the resonance decay widths. If suffices to
compute those in the gaugeless limit. Contributions propor-
tional to the masses of the vector bosons and the Higgs
boson are assumed to be small at high resonance masses
and are therefore neglected.

m
I, = 32‘; 2, (47a)
3
5= ﬁ 2. (47b)
3
r, = 9’% 2, (47¢)
m§( 2
Ix = 3530 Fx- (47d)

D. Matching to the low-energy EFT

For later convenience, we compute the coefficients of the
effective dimension-eight operators Lg, and Lg; [48],

ES,O = FS,OtI'[(DﬂH)TDDH]tI'[(DﬂH)+DyH], (483)

Ls) = FS,1tr[(DﬂH)*D”H]tr[(DUH)TD’“H]. (48Db)

which result from integrating out the resonances o, ¢, f, X,
one at a time.

F2
S1 =570 (49)
F? F2?
&,022;’52, FS,1:_8;¢27 (50)
my my
2 szc
S0 = 3 S1 = "7 75> (51)
2 r 6mf
F2 7F2
| R—— Fg)=——2X. 52
$.0 24m§( $.1 24m§ ( )

E. Tensor exchange in unitary gauge

Beyond the resonance, the Nambu-Goldstone bosons
scattering amplitudes rise proportional to powers of the
invariant mass of the scattering system. They eventually
violate unitarity at a certain energy, depending on the
resonance coupling.

Computing the w™w™ — zz amplitude in the presence of
an isoscalar tensor resonance, for instance,
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F2 3 F2 2
- _ S s f s
Af(W+W _)ZZ)__9_6(Cf_2)2m_;_§(cf_2)cfm_]%
F? 1
f 2 2 2
——(3(¢ -2 , 53
24( ( +I/l ) s )S—m} ( )

we observe that choosing ¢, # 2 results in a high degree of
divergence. This is due to contributions of the vector
and scalar degree of freedoms in the Stiickelberg para-
metrization for the tensor coupled to the derivatives
of the current (35) and (36). As discussed above, such terms
can be written in a nonresonant form and should be
interpreted as coefficients of undetermined higher-
dimensional local operators. Setting thus ¢, = 2, we obtain
an amplitude A/ (s) which rises proportional to s beyond
the resonance.

However, the scalar and vector degree of freedoms
provide additional contributions which are not manifest
in the gaugeless limit. A calculation of the tensor scattering
amplitude in the unitary gauge is necessary. The
longitudinal on-shell WW — ZZ amplitude for ¢, =2 is
given by

AW W, —>Z,7,)

1 F?
= —ﬁﬁ (P,[cos(0)] — 1)s2 + 12m3,m2
f
m3,m? 5 5
= 12—5= 4 (s = 2my, ) (s — 2m3)
my
4 2
my ny

The first line represents the tensor contribution in the
Stiickelberg parametrization. Due to its suppression by a
power of s, the vector part in the second line can be
neglected for the longitudinal scattering amplitude. Besides
the scalar contribution originating from the trace of the
current, additional contributions related to the double
derivative of the current and its mixing with the trace part
written in the fourth line will rise with energy. However,
they are suppressed by miy,/mj or mj,/m} and can be
neglected if the mass of the tensor resonance is large in
comparison to the vector boson masses. In this case, the
longitudinal amplitude of the vector bosons calculated in
the unitary gauge coincides with the amplitude in gauge-
less limit.

Furthermore, due to the coupling to the derivatives of
the scalar and vector degrees of freedom, also ampli-
tudes in channels with transverse polarization rise with
the energy of the vector-boson scattering system. A full
list of these channels in the high-energy limit is
displayed in Table I. We observe that all channels
which include at least one transversally polarized vector
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TABLEI High energy limit of the W W~ — ZZ amplitude for
each polarization channel that rises with energy due to a isoscalar-
tensor resonance (c; = 2).
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boson are suppressed by mj,/m7. Therefore, a calcu-
lation within the gaugeless limit is sufficient to estimate
the high-energy behavior for high masses of the tensor
resonance.

For the tensor-isotensor amplitude, the analogous result
with ¢y =2 is

AxWiWE - 2,7,

P2 s 2
:¥<—2P2(s,t,u)—t sz(t,s,u)

s —my —my
2 2
—MZPZ(M,S,I))
u—my
_'_F_szfvhz s 2wl
24 m \s—-m} t-m%k u-—m%
Ry - R 0
T 7 7 T 7 | +O°).
48 my I—my u—my

(55)

containing #-channel and wu-channel contributions, as
expected.
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F. Unitarized amplitudes

The tree-level exchange amplitudes that directly result
from evaluating Feynman rules, exhibit two distinct sources
of unitarity violation. Firstly, the amplitude develops a pole
at the resonance mass, on the real axis. Secondly, terms
that rise with energy asymptotically violate unitarity
bounds.

In principle, the T-matrix unitarization scheme would be
sufficient to regulate both issues simultaneously. At the
pole, this boils down to standard Dyson resummation,
introducing the particle width as an imaginary part in the
denominator. It can easily be verified that this actually
happens for the on-shell scattering amplitudes of external
Nambu-Goldstone bosons. We obtain the correct value for
the resonance width in the gaugeless limit.

However, we want to evaluate the amplitudes off-shell
for physical W and Z bosons. The simplified unitarization
scheme that we describe above is not exactly accurate as
soon as we include finite corrections due to transversal
gauge bosons and finite W/Z mass. As a result, there are
contributions which are not canceled on the resonance pole,
and a narrow but unbounded peak remains.

To avoid this problem, we simply insert an a priori width
in the resonant propagator. We thus start from a complex
model amplitude. Therefore, we take the T-matrix scheme
of [48] at face value, and drop the reference to the usual K-
matrix scheme which implies an intermediate projection
onto the real axis. By construction, in the gaugeless limit,
the correct result is invariant with respect to the introduc-
tion of this width, if it has the correct on-shell value. For
finite gauge couplings and masses, the result acquires a
subleading dependence on this initial value since the model
amplitude is neither on the real axis nor exactly on the
Argand circle. However, the amplitude after unitarization is
now bounded near the resonance pole, as required.

In the asymptotic regime, the simplified T-matrix scheme
renders the amplitude unitary at all energies, if the
exchanged resonance is scalar. This enables us to compute
cross sections and generate event samples in this model for
complete processes at the LHC (cf. Sec. VI).

For a tensor resonance, in the Stiickelberg approach, the
genuine tensor exchange terms are also regulated com-
pletely by this (simplified) scheme. The extra Stiickelberg
vector and scalar terms, however, generate higher powers of
s which enter when trading Nambu-Goldstone bosons for
physical vector bosons in unitary gauge, suppressed by
powers of my,, my, m;. Applying the unitarization frame-
work for those extra terms would require a complete
diagonalization of all vector-boson helicity amplitudes in
unitary gauge. In any case, parameter ranges where these
terms play a role correspond to a regime where all degrees
of freedom of the SM interact strongly via these couplings.
We therefore stay away from this range and choose
parameters where those terms are subleading within the
accessible energy range.
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Computing the scale where the Stiickelberg vector-scalar
terms violate the relevant unitarity bounds, we obtain the

energy limit
N " 56
ST G6)

for the model which contains an isoscalar tensor, and

1 m, m3
Vs S22 57
30 Fx mwhz ( )

for the isotensor tensor multiplet. Here, m,,;,, indicates the
common mass scale of electroweak bosons W, H, Z.
Inserting the accessible energy for the LHC collider, we
can invert those relations to extract parameter regions
where the simplified models with a tensor resonance are
valid. The numerical results in the following sections have
been obtained for parameter values that satisfy the bounds.

VI. SCENARIOS FOR VBS AT THE LHC

A. Implementation

In the previous section, we have derived the analytic
expressions that determine the on-shell VBS amplitudes in
the presence of a resonance. The amplitudes include
correction terms that enforce quantum-mechanical unitarity
without altering the physical content of the model.

Ultimately, we are interested in measurable effects in
LHC data. For a complete calculation, the unitarized
amplitudes that are originally defined for on-shell VBS
processes, have to be extrapolated off-shell in a practically
meaningful way. As long as the kinematical conditions are
approximately met, we can evaluate the interactions in
unitary gauge, eliminating all explicit references to Nambu-
Goldstone bosons in favor of physical vector fields, and
derive the Feynman rules in that gauge. The effective
Feynman rules for the unitarity corrections become
momentum dependent and involve theta functions that
restrict the insertions to the s channel of VBS where
partial-wave projection and unitarization is defined.

In the physical processes at the LHC,

pp = qq9 = qqVV (58)

where g generically denotes a quark and V is either W or Z,
the final-state quarks are detected as jets in the forward
direction. With suitable cuts, we can arrange that there is
significant contribution from the subprocess VV — VV
where the initial-state vector bosons are spacelike but
approximately on-shell, in the limit of high invariant VV
mass. This subprocess, i.e., the associated off-shell ampli-
tude, obtains contributions from resonance exchange and is
affected by unitarization.
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TABLE II. Relation of resonance width I" and mass M to the
corresponding D = 8 operator coefficients in the low-energy
EFT, for all resonance types considered in this paper. The factors
listed in the table have to be multiplied by 32zI"/M>.

o ¢ f X
Fgo : 21 15 5
Fg, - -1 -5 -35

We have implemented this prescription as a model in
the Monte Carlo integration and event generation pack-
age WHIZARD [77-80]. This is a universal event
generator for simulations at hadron and lepton colliders
at leading order and next-to-leading (QCD) [81] order.
Though interfaces to automated tools for beyond the SM
models exist [82], they cannot be used for the imple-
mentation of unitarization projections for operators and
resonances. The reason is the global structure of the
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unitarization projection. Therefore the models described
in the current paper have been manually added to the
framework.

For each resonance type (o, ¢, f, X), we can compute the
relation of the resonance width (Sec. V C) to the operator
coefficients in the low-energy EFT (Sec. V D) which result
when the resonance is integrated out. These relations are
listed in Table II.

The analysis of LHC run-I data by the ATLAS experi-
ment [18] has been cast into bounds on the EFT parameters
Fg( and Fg;, namely

|FS,O| < 480 TeV_4 |FS.I| < 480 TeV_4, (59)
where only one parameter was varied at a time. This
analysis covered the same-sign leptonic decay channel of
WHWT and W-W~. It was based on the T-matrix unitarized

version of the extrapolated EFT as its reference model, with

1 pp = WWHjj 1 pp = Z2Zjj
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FIG. 1. Differential cross sections for isoscalar scalar resonances. Upper plots show a weakly coupled isoscalar scalar with m, =

800 GeV and I', = 80 GeV, for the processes pp — WTWjj (left) and pp — ZZjj (right), respectively. In the lower plot, there is a
low-lying isoscalar scalar with m, = 650 GeV and I', = 260 GeV for the process pp — ZZjj. Solid line: unitarized results, dashed
lines: naive result, black dashed line: limit of saturation of A,y (W W) or Ay (Z2), respectively. Cuts: M;; > 500 GeV; An;; > 2.4;

Py > 20 GeV; ;| > 4.5.
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FIG. 2. Differential cross sections of an isoscalar tensor resonance. Upper plots show a resonance with m; = 1000 GeV and I'y =
100 GeV for the processes pp — WTWTjj (left), and pp — ZZjj (right), respectively. The lower plot is for a strongly interacting
isoscalar tensor with m = 1200 GeV and Iy= 480 GeV. Solid line: unitarized results, dashed lines: naive result, black dashed line:
Limit of saturation of A,y (WTWT) or Ay, (ZZ), respectively. Cuts are the same as in Fig. 1.

the pure SM as the limit for vanishing parameters. A CMS
analysis can be found in [20].

B. On-shell Invariant Mass Distributions

In the following, we will present results both for on-shell
W/Z final states and for complete partonic final states.
On-shell vector bosons cannot be detected directly but their
distributions directly reflect the actual features of the
physical model. Observable distributions of fermions in
the final state, which may be quarks (jets), charged leptons,
or neutrinos, are less directly linked to the physical process
and require detailed analysis along the lines of [18]. This
concerns, in particular, the separation of signal and back-
ground based on detector data, which is beyond the scope
of the present paper.

We show results for particular parameter sets where
we add one resonance at a time on top of the SM, namely
a scalar-isoscalar, tensor-isoscalar, or scalar-isotensor

resonance, respectively. All extra higher-dimensional oper-
ator coefficients are set to zero. By varying the resonance
parameters within reasonable limits, this gives an overview
of the expected phenomenology.

For definiteness, we choose to plot the invariant mass of
the vector-boson pair system in the final state, which is the
energy scale of the actual VBS process. The initial state is
convoluted with the parton structure functions, so the
results hold for the LHC (/s = 14 TeV), and we apply
standard VBS cuts to enhance the signal. The final-state
vector bosons are taken on-shell. We show the distribution
for the WtW™ and ZZ final states, where the latter case as
the golden channel of VBS is distinguished by the fact that
the ZZ invariant mass can be reconstructed from the
leptonic Z decays. This is not possible for WTW, but
the corresponding same-sign lepton channel is distin-
guished by a favorable signal-to-background ratio. Note
that in the on-shell plots, the vector-boson decay branching
ratios have not been included.
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FIG. 3. Differential cross sections of an isotensor scalar resonance. Upper plots show a resonance with m, = 800 GeV and I'y =

80 GeV for the processes pp — WTWT jj (left), and pp — ZZjj (right), respectively. The lower plot shows a low-lying isotensor scalar
with m; = 650 GeV and Iy, = 260 GeV for the process pp — W W jj. Solid line: unitarized results, dashed lines: naive result, black
dashed line: Limit of saturation of A,, (WTW™) or Ay, (ZZ), respectively. Cuts are the same as in Fig. 1.

In all invariant-mass plots, we display the distribution for
the unitarized resonance model (blue curves) together with
the pure SM prediction (black). We also plot the unitarity
bound for the appropriate partial wave, extrapolated off-
shell by the same algorithm, as a dashed curve (black). For
illustrative purposes, we also display, in each case, the
unitarized extrapolation of the low-energy EFT (red, solid),
where we choose the operator coefficients equal to the
formal result of integrating out the resonance. Finally, we
also display numerical results for the EFT without unitar-
ization (red, dashed) and the resonance with correct width
but no further unitarization (blue, dashed).

1. Isoscalar-Scalar

The simplest case is a scalar-isoscalar resonance. This is
a single isolated resonance, as it could arise, e.g., as the
extra scalar particle in a singlet-doublet Higgs model or as a
low-energy signal of a strongly interacting Higgs sector
that is neutral under the SM gauge group.

In Fig. 1, upper row, we have selected a moderate mass
of 800 GeV and a rather narrow width of 80 GeV, which
corresponds to a weak coupling. The isolated resonance is
clearly visible in the ZZ channel, while the W™ W™ channel
is barely affected. For such weak coupling, the operator
coefficient in the EFT is small and more than one order of
magnitude below the current LHC run-I limit. We can draw
the conclusion that in this case the resonance should be
detectable for sufficient luminosity, but the EFT approxi-
mation is not useful.

Turning to a stronger coupling, we show the correspond-
ing distribution in the ZZ channel for m, = 650 GeV and
I'; =260 GeV in Fig. 1, lower row.

Here, the EFT parameters are within the range that
should become accessible at LHC run II and beyond. The
EFT curve (red, solid) appears correctly as the Taylor
expansion of the resonance curve (blue) for low energy.
However, the energy region where the deviation from the
SM becomes sizable, already coincides with the resonance
peak region, so the EFT considerably underestimates the
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FIG. 4. Differential cross sections of an isotensor tensor resonance. Upper plots show a resonance with my = 1400 GeV and
'y = 140 GeV for the processes pp —» WTWTjj (left), and pp — ZZjj (right), respectively. The lower plot shows a strongly
interacting isotensor tensor with my = 1800 GeV and I'y = 720 GeV for the process pp — W W jj. Solid line: unitarized results,
dashed lines: naive result, black dashed line: Limit of saturation of Ay, (WTW™) or Ay, (ZZ), respectively. Cuts are the same as

in Fig. 1.

event yield. Beyond the resonance, the EFT misses the fact
that the distribution falls down again, approaching the SM
prediction (black) from above.

The result also demonstrates that the additional unitar-
ization of the scalar resonance beyond the Breit-Wigner
approximation with constant width is essential, as is seen
by comparing the blue and blue-dashed curves. The naive
EFT result without unitarization (red, dashed) grossly
overshoots all conceivable models, which should not cross
the unitarity limit (black-dashed).

2. Isoscalar-tensor

As can be observed from Table II, a tensor resonance has
a stronger impact on the low-energy EFT than a scalar
resonance of equal width. In Fig. 2, upper row, we display
the distributions for a tensor isoscalar resonance with mass
my = 1000 GeV and width I'y = 100 GeV.

The resonance visibly modifies the distribution already
at low energy, such that the EFT analysis, given sufficient
sensitivity, should catch the deviation from the SM.
Nevertheless, the excess at the peak in the ZZ channel
is sizable. Beyond the resonance, unitarization is essential
in the tensor case. In the W W final state the tensor enters
only as f-channel exchange, so there is no resonance but a
broad enhancement. This enhancement is rather well
described by the corresponding unitarized EFT.”

As in the scalar case, the curves without unitarization do
not provide a useful phenomenological description.

In Fig. 2, lower row, we consider a heavy tensor-isoscalar
with strong coupling, m,; = 1200 GeV and I';, = 480 GeV.
The resonance peak appears as a broad enhancement,

Tensor resonances resulting in peaks in diboson spectra to
explain a recent excess in ATLAS data around 2 TeV can be
found e.g. in [83].
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M;; > 500 GeV;

which extends to both low and high energies. The EFT
approximation, with sizable coefficients, is rather accurate
in this case. The actual resonance curve shows a nontrivial
threshold structure which corresponds to the interplay of all
partial waves which are excited by s-channel and #-channel
exchange contributions. However, we should keep in mind
that the prediction for such a strong coupling is uncertain in
any case and should not be taken too seriously.

3. Isotensor-scalar

Turning to the isotensor case, we now get a resonance in
all final states including W+W. This is illustrated by the
plots in Fig. 3 for my = 800 GeV and I';, = 80 GeV.

Due to the large number of degrees of freedom (nine
states which are degenerate in mass), the peak is rather
prominent while the low-energy EFT parameters are again
small. We observe that the peak value is slightly below
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(WTW) and above (ZZ) the appropriate unitarity limit,
respectively. This is the effect of -channel exchange which
also contributes and can have either sign.

Contrary to the weakly interacting scenario, a nonuni-
tarized low-lying and strongly interacting isotensor-scalar
with mass of m, = 650 GeV and width 'y = 260 GeV
violates the 4, slightly above the resonance as illustrated
in Fig. 3. Therefore, a unitarization is needed for this
strongly interacting resonance. The low-energy effective
field theory approach does only coincide in the unitarized
case at high energies, because the eigenamplitudes of the
isotensor-scalar as well as the dimension-eight operators
are already saturated through the T-matrix formalism.

4. Isotensor-tensor

Similarly to the isotensor-scalar, every vector-boson
scattering channel receives a resonant contribution from
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the isotensor-tensor multiplet. The Wt W™ and ZZ channel
distributions of the isotensor-tensor resonance with mass
my = 1400 GeV width T'y = 140 GeV are plotted in
Fig. 4, upper row. Due to the bound of equation (57),
the mass of the isotensor-tensor has to be chosen slightly
higher than the mass of the isoscalar-tensor in Fig. 2 when
leaving the ratio of width and mass invariant.

The effective field theory with the dimension-eight
operators coincides with the onset of the isotensor-tensor
peak. Starting slightly below the resonance, the resonant
cross section deviates from the effective field theory
description. Analogously to the isotensor-scalar, the very
distinctive peak of the isotensor-tensor is not captured by
the dimension-eight operators. In the W W channel, even
the nonunitarized resonance contribution stays within the
unitarity bound of 4,,. Contrary to the isotensor-scalar, the
isotensor-tensor needs unitarization for the ZZ final state
due to the large tensor contributions in the ¢ and u channel.
The nonunitarized amplitudes violate the Ay, unitarity
already below the mass of the resonance. Even the
resonance peak is hardly visible. The unitarized resonance
curve shows a peak, although it is slightly above the
unitarity bound.

In a strongly interacting scenario (I'y = 720 GeV), the
unitarized isotensor-tensor resonance peaks below its actual
mass at my = 1800 GeV. This peak originates from the
already saturated eigenamplitudes, which then fall due to
the parton distribution functions at high energies. Besides
the resonance peak, the low-energy effective field theory
coincides with the isotensor-tensor for both unitarized and
nonunitarized results. This is shown in the lower plot
of Fig. 4.

C. Results for Complete Processes

The actual analysis of LHC data will have to exploit
cross sections and distributions for the complete final state
which consists of the two tagging jets and the decay
products of the vector bosons. In this paper, we only
investigate the ZZ channel with its decay into four leptons,
selecting the e e~ u~ final state. This process is straight-
forward to analyze, but suffers from the low leptonic
branching ratio, so for our simulation we assume the
high-luminosity mode of the LHC with integrated lumi-
nosity of 3 ab~!. We anticipate that by including also the
leptonic WW final state and hadronic final states, the results
can be considerably improved.

The simulation generates event samples for the complete
process with all Feynman graphs, so there is no restriction
on resonant vector bosons as the origin of the final-state
leptons. We apply standard VBS cuts and compare, in
Fig. 5, various distributions for the SM (blue), resonance
model with a single isoscalar-scalar (red), and the unita-
rized low-energy EFT (purple).

The resonance with mass m = 1000 GeV and widthI" =
100 GeV appears, as expected, in the invariant mass
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distribution and, more indirectly, in other plots. Clearly,
this parameter set is at the margin of observability in this
single channel. The situation obviously improves if we
consider resonances with lower mass, larger coupling, in
higher representations, and add other analysis channels.

VII. CONCLUSIONS

The Higgs sector of the SM, after the discovery of a light
Higgs, is a new field of study for the experiments at the
LHC, and beyond. While the SM yields precise predictions
in accordance with the notion of a weakly coupled theory, a
thorough analysis of electroweak data should be guided by
reference simplified models which differ from the SM.
Extending the EFT by higher-dimensional operators is
useful for analyzing observables with bounded energy,
but open scattering data require enforcing unitarity and
extrapolating into a region where perturbation theory in the
EFT is insufficient.

Without reference to any particular high-energy model,
we have augmented the EFT by resonances with even spin,
namely scalar or tensor. Assuming exact SU(2), x U(1),
gauge invariance and, for simplicity, approximate custodial
symmetry both in the EFT and beyond, we can distinguish
four distinct resonance multiplets with a single free mass
and coupling parameter each. This class of models includes
the decoupling limit of multi-Higgs models and certain
aspects of massive-graviton models.

The models are set up such that we need only take the
interaction with the Higgs sector into account, while cou-
plings to the gauge and fermion sectors occur only via
mixing. This is consistent with the symmetry assumptions
and with our knowledge about electroweak precision data,
although it is clearly not guaranteed. The models allow for
arbitrary higher-dimensional operators in the EFT, unrelated
to resonance exchange, so we do not lose generality.

All amplitude calculations are meaningless unless we
enforce quantum-mechanical unitarity, since naive extrap-
olations yield event rates in the high-energy region that can
exceed the unitarity bounds by orders of magnitude. We
have consistently implemented the T-matrix unitarization
scheme which works on the complex scattering matrix of
the model directly, simplified for the asymptotic range
where longitudinal and transveral degrees of freedom
decouple.

We have studied the case of a tensor resonance in detail.
Since we do not necessarily restrict ourselves to states that
are related to gravity, the model differs from the various
massive-graviton models and studies that can be found in
the literature. To our knowledge, the coupling of a generic
tensor resonance to the Higgs sector and the resulting
predictions for the LHC have not been considered in detail
before. We find that by employing a Stiickelberg procedure
for the implementation in the Lagrangian, instead of the
classic Fierz-Pauli approach, we are able to set up the
extended EFT for an isolated tensor resonance manifestly
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separated from nonresonant effects. Scalar and tensor
resonances can be handled in close analogy. It turns out
that it is possible to extend an effective theory with an
isolated tensor resonance up to a cutoff of order
A < M?/my, where M is the resonance mass, and my is
the physical Higgs mass.

We have implemented the models in the Monte Carlo
package WHIZARD and computed exemplary distribu-
tions and simulated event samples for the LHC. The
numerical results illustrate that resonances in VBS may
be detected at the LHC within a certain range of mass and
coupling values. For a final verdict, it will be necessary to
perform a complete experimental study and analysis, based
on exclusive event samples in combination with back-
ground and detector description. We also find that the
comparison with pure-EFT results can be misleading if
resonance and background cannot be clearly separated, as it
is typical for the situation at the LHC. We conclude that
data should be analyzed on base of resonance models as
well as pure-EFT simulations. This holds, in particular, if
limits or values are to be combined between distinct final
states or with data obtained at a future lepton collider like
the ILC [84,85]. There has been a first study similar to the
one presented here, investigating resonances of spins and
isospins zero, one and two in 1 TeV lepton collisions [86],
where issues of unitarization did not play a role.
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APPENDIX A: NOTATION AND CONVENTIONS

1. Fields
1 h—iw? —iv2wt
H:—<U+ iw iv2w > (A1)
2\ —ivaw™ v+ h+iw?

To avoid adding terms proportional to the vacuum expect-
ation value, when adding a Higgs pair, we introduce

— 2
w[H'H] - t[HTH] = tr [HH - %] . (A2)
v Ti i v
W = W 5= +§[D’§V,DW]
T
= (WY — W + ge,u Wi W) 3"
— WY — PWH — ig[WH, WY, (A3)
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BY =2 B = +§[D§,D73]

(0“BY — 0”B*) = O"B¥ — 0" BH.

o]~ |~

The covariant derivative is defined via
D,H = 8MH —igW,H (A4)
and
DW, = 8MW,, —igW,W,. (AS)

The equations of motion for the Standard Model yield

(D’H) = y*H - Ju[H'HJH, (Aba)
(DZH)T — ,LtzHT - jtr[HTH}HT, (A6b)
/
o~ - . (hs)
DuW’w - _ig (DDHHT - H(DDH)T)' (A6d)

2. SU(2) tensor products

The tensor products of Pauli matrices for the isospin
quintet 7,, the isospin vector z,, and the isospin scalar 7, are
defined, respectively, as

T =1r" @1, (ATa)
1
‘L';r _ E(T+ ® ‘L'3 + ‘L'3 ® T+), (A7b)
792;6(73®T3—T+®T_—7_®7+)’ (A7c)
N -
Ty :E(T ®T3+T3®T)7 (A7d)
=17 @17, (ATe)
Tv+:%(Jr®,z.3_1.3®1.+)7 (A7f)
d= 50 @r - @), (A7¢)
T;:_%(T_®T3_T3®T_)? (A7h)
Ts = %(73 T +2r" @7 +2r @1"), (ATi)
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where the Pauli matrix for the isospin singlet is related to
79 = 7% @ 7% = 2/31,. (A8)

All nonzero traces of a product of two tensor products
are normalized:

tr[e o7 7) = tr[e)f 77 = w1070 = wlrf 7]
= tr[7)] = trfzyr,] = 1. (A9)
From the properties of the tensor product,
(A® B)(C® D) =AC ® BD, (A10)
and the trace,
tr[A ® B| = tr[A]tr[B], (A11)
we find
tr[(A ® B)(C ® D)| = tr[AC]tr[BD]. (A12)
This reduces the trace of an isospin singlet:
tr[(A ® B)r%| = 2tr[AB] — tr[AJtr[B].  (A13)

Multiplying the two Pauli matrices related to the isospin
singlet leads to

79 = 3.1 @ 1 - 27, (A14)

APPENDIX B: FEYNMAN RULES

The Feynman rules which are used to calculate the
vector-boson scattering amplitudes are summarized in
this appendix. Focusing only on weak vector-boson
scattering, the Feynman rules are determined from the
Lagrangian, where gluons, photons and fermions are
omitted.

1. Lagrangian

All Lagrangians are defined within the Higgs matrix
realization whose definition can be found in appendix A 1.
The Standard Model Lagrangian is given by

1 1 .
Lom = =5 uWu W] -5 (B, B*] + tr|(D,H)"D"H]
, A
+ WPr[HH] - 3 (e[H'H])?. (B1)

Dimension-six and -eight operators affecting only the
Higgs/Nambu-Goldstone boson sector are discussed in
Secs. VD and are given by
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2
Lyp = Fyptr [H"’H - ”ﬂ -w[(D,H)'D*H],  (B2a)

Lsg = Fsotr[(D,H)'D,H] - u[(D'H)'D'H],  (B2b)

Lg, = Fg,t[(D,H)'D*H] - r[(D,H)'D'H].  (B2c)
As an extension to model generic new physics, additional
resonances are introduced. The scalar resonance ¢ and the
tensor resonance f*¥ represent singlets of the chiral
symmetry group, whereas ® has the quantum numbers
1 ® 1 under SU(2), x SU(2)g. @ is referred to as iso-
tensor for historical reasons, but it actually includes an
isovector ®, and isoscalar @, besides the isotensor @,. Also
the Fierz-Pauli tensor f can be reformulated into a tensor
f f» a vector Af and a scalar oy such that canonical
propagators can be used for each degree of freedom
separately instead of the complicated tensor propagator,
i
A po(f) = mp w.po

(k,m), (B3a)

i 1 1 1
A/w./m'(f/) = m (59/4/)91/0 + Eg;m'gy/) - Egpwgpﬂ> s
(B3b)
—i
AL(A) = 2 it (B3c)
Alo) = (B3d)

K> —m? +ie’

where the projection operator of spin-two states can be
written in terms of the spin-one projection operator,

1
PHiH2.U1V2 (k’ m) — E {P/‘]U] (k’ n/l)Pﬂzl/z(k7 m)

+ PR (K, m) PR (k, m)]

1
=3 P (kom)Prv(kom). (B4)
with
_ kHkY
P (k,m) = &, (k. m)ety (k. m) = g — - (BY)

A

2. Unitary gauge

The Feynman rules in unitary gauge of the Lagrangians
defined in this paper are listed in this section. Only the
relevant vertices for the vector-boson scattering process are
shown. In other words, vertices above four fields for
effective operators and above three fields for resonances
are neglected.

036004-23



KILIAN, OHL, REUTER, and SEKULLA
a. Standard model

A.“l le_z Wﬁ_l3 - ie[<p1ll3 - pzﬂs)gﬂlﬂz + <p3ﬂz - plllz)gﬂlﬂz
+ (p2/41 - p3u1)g/42/43]’ (B6a)
lel W/:rz Wl:s - iCWg[(plﬂz - pzﬂs)gﬂlllz + (p3ﬂ2 - plllz)gﬂlﬂz
+ (P2, = Py ) G- (B6b)
AW, W imy g9, . (Béc)
hZﬂzzﬂz lnggﬂzﬂz’ (B6d)

W+ W+ W W (gllllmgﬂzm + gﬂlﬂ39ﬂ2ﬂ4 2gﬂ1ﬂzgﬂ3ll4)’
(B6e)

2, Z, Wi W, lcvzvgz(gﬂ]wgﬂzm + Gusps Juapes = 290Gz )
(B6f)

AﬂlAllz W+ W e2 (gﬂlﬂ4-gﬂzﬂ3 + gﬂllls gﬂ2ﬂ4 - 2gﬂ1ﬂzgﬂ3ﬂ4)’

(B6g)

Aﬂlzﬂzw Wﬂ4 lecwg(gﬂlﬂ49ﬂzﬂ3 + gﬂ]ﬂz gﬂ2ﬂ4 - 2-9/41!429/43/44)’

(B6h)
1 .
hhW, W, Egzgﬂm, (B6i)
i g .
thllz Zﬂ4 2%%‘3#4‘ (B6-])
bl LHD
‘9203
hW+W_ FHDg,uw (B7a)
2.3
Rl
hZﬂZD . FFHDQ/“,, (B7b)
w

h(p1)h(p2)h(ps) = ivFup(py - p2+ pi - P3+ P2 P3),

(B7¢)
5i 2,72
hhW W : lg4—UFHng,, (B7d)
5192 2
thﬂZ 4s 2 FHDg/w’ (B7e)
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h(p1)h(p2)h(p3)h(ps): —iFup(p1-p2+pi-p3+Pi-Pa
+ P2 P3+ P2 Pat P3cpa).
(B7f)
C. ES
+ W W- W 1g vt
W W, Wi, Wy, KF 5.0+ 2F 1) (Gpuspis G+ I s o)
+2FS,Ogﬂ1ﬂzg}l3ﬂ4]’ (Bga)
. 3 ig4v4
2 Ziy, W Wi, - 162 [F5.0(Gy01 Gpopes T Gprpua Gpis)
+ 2FS,1.9/41;429;43;¢4]’ (ng)
igtv*
Z lezzﬂzziu 8¢ 4 (FSO + Fs, 1)[gﬂ1ﬂzgﬂ3ﬂ4 + iy Yoy
+ gﬂ1ﬂ4gﬂzﬂ3]’ (BSC)
S i9202
h(p)h(p2)Wi Wy, @ — T (Fs0(P1js Pous + Py, Poys)
+ 2F 519y, P1 * P25 (B8d)
ig?v?
(p1)h(P2) y3Z;44 4 2 [FSO(P1,43P2,44 +P1,44P2;43>

+2F5 19y, P1 * P2l (B8e)

h(p1)h(p2)h(p3)h(ps):2i(Fso + Fs1)[(p1 - p2)(P3 - pa)
+ (p1 - P3)(P2 - pa)
+ (1 pa)(P2 - P3)]- (B8f)
d C,
9 o
_.1gv
W, Wy F g, (B9a)
2 2.2
Lig*v
UZ”ZD. ?%/Fo-gm/, (ng)
ch(pi)h(p2): —iF,py - pa. (B9c)
€. £¢
GEEWTFWE 192 g (B10a)
GEWFZ,: LU g (B10b)
g 4\/§cw P
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ig?v?
POWIWE: — NG F 4G (B10c)
222002
077, 9" p g B10d
¢t " 2\/_6‘6‘31/ »9u ( )
f 202
ig*v
WIEWE: F 40, B10e
¢ H 8\/§ ¢g/4 ( )
21202
igv
Z.7,: I g B10f
¢ u 8\/§C3V (/)g,u ( )
h(pWF: = 9% F o B10
¢ h(p)Wi 23 P (B10g)
¢1:£:h<p)zﬂ ﬂF(ﬁpw (Bl()h)
2\/§cw
V3. :
$sh(p1)h(pa): — 1Fypi-pa (B10i)
f. L
£ 20,2
_. 1970 Cf
f/wW/T W{f . 8 Ff |:g,ur;gu/) + gﬂ/)gbff - Tgﬂyg/)(r] ’
(Blla)
22,2
ig*v cr
f/wZ Z 8C F |:g;mgy/) + gﬂ/)gl/()' - Efg/wg/m:| ’ (Bl 1b)
i c
f/wh<p1)h(P2>: - zFf |:p1/4p21/ + PuwPoy — ng/wpl ' p2:| .
(Bllc)
g. L; in Stiickelberg formalism
2 202
_. lg v Cf
ff;wW/J)rWO' . TFf |:g/wgy/) + gy/)gzm' - Eg,uyg/)(r] ’
(B12a)
FruZpZo g5 Fr | 9uodop oo = Y u9p0|.  (BI12D)

L cr
frwh(pi)h(ps): — zFf DPiuPw + PPy — > 9wP1 P2
(B12¢)

Because of d,J%" # 0:
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2 2 Cf
Af;l (p)W;_ W_ 4\/— my (ppg;w + Po9up — ? pﬂgop> s
(B13)
g s
AP )22e 3 Ty FI\Potha ¥ Pollp = Pl |

(B14)

1
A h(p)h(py): —=——F; {p%pzﬂ +p3py, (BI15)
\/imf

1
+§(2—Cf)P1 - pa(p1 +P2)ﬂ} (B16)
Because of @@Jﬁﬁ” #0and Jpu #0:
or(p)W, W
ig>v? [< 1
cr=1)g,, = (Zk k, k gpg)}
4\/_ mf 2
(B17a)
or(p)Z,Z,:
ig?v? 1 Cro,
-1 —— 2k, k, ——+k
4\/*CW |:( )gpa mzf( ) gpa):|7
(B17b)

o h(ps): =y [<cf “ 1)1+ p2)

1
—— | 2p1 - (p1 + P2)p2- (P1 + P2)
my

C
_Tfpl - 2P +P2)2)]- (B17¢)
h. Ly
Ly F o F - ig*v’ Cx
Xtm/ W WO' . 8 FX gﬂﬂgl//) + gﬂ/)gl/(i - 79/41/9/}0 ’
(B18a)
n ig>v? Cx
Xtﬂl/ W;Z 8\/§CW FX |:gﬂagup + gypgwr - Tgpwg/m:| ’

(B18b)
0 WFWE- igzvz Cx
Xt;wW W 8\/6 FX g;mgp/) + gu/)guﬂ - Tg;wg/)(r ’

(B18c)
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22,2

ig Cx
X?m/Z Z \/EC%V FX g/wgz/p + gﬂpgl/o' - 79}41/9/)0‘ s
(B18d)
1 020,2 r h
C1g7v Cy
Xspr/:)F szrt . 16\/§ X _g/mgvp + gﬂpgl/(f - 79#1/9/70’_ ’
(B18e)
_igh? [ cx |
XspuZpZa . mFX -gyagvp + 9up9ve — Tgyugpa_ ’
(B18f)

. gu Cx
Xli/w (p)W;F . _mFX |:pﬂgl//) + Pvup _jppg;w:| ’

(B18g)

. qgu Cx
X'Lywh(p)zp . WFX Puup + Pvup — Tppgyy ’
w

(B18h)

3.
Xs/wh(pl)h(pZ) : _IFX |:p1;4p2zz + PPy

4 2

(B18i)

3. Partial wave functions

In this appendix we collect expressions appearing in the
partial-wave expansion of amplitudes.

4 2
So(s, m) :m2+m—log< m
s

)
-—, B19
Hmz) L B

m*  m* m? s
S (s, =2— +— (2m? 1 -,
(s, m) s+s2(m+s) Og<s+m2>+6
(B19b)
|
g vt
Wi Wi = Wi W S

WiWE = 2,2, 5 [ (58 Au(s) - 3An(6)— (8An(s) — k(s ) Lo

Cx
5 9wP1°P2|-
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S, (s,m)= m—;(6m2—|—3s)

mt m?
—(6m* +6m*s +s )log< 2), (B19c)
s+m

S

m* + 2s m?
Po(s,m) =1 1 , B19d
o(som) =1+ B g (L) (B1sa

2 2 2
i S<2s—|—(2m —l—s)log( m 2)),
s +m

7)1 (S, m)

24 -
m+2s

1
+—(m4+6m2s+6s2)10g( “ 2), (B19f)
s s+m

Dy(s.m) =

4 73
Dy (s.m) =27 4 12m? +s
R

1 2
+—(2m* 4 5)(m* +6m2s+6s2)log< m 2> :
s s+m

(B19g)

APPENDIX C: T-MATRIX COUNTERTERMS

In the T-matrix unitarization scheme, the unitarization
corrections are expressed as momentum-dependent coun-
terterms for the use as effective Feynman rules in the
complete amplitude evaluation. Starting from the spin-
isospin eigenamplitudes in the gaugeless limit, Sec. V B,
the straightforward application of the algorithm in [48]
yields s-dependent amplitude corrections AA;;(s). The
insertion as effective Feynman rules proceeds in the form of
the following expressions:

s2

+
(AAZO( )_ IOAAZZ(S))M*F ISAAQZ(S) gﬂ]ﬂsgﬂzm gﬂ1ﬂ4gﬂzﬂ3 , (Cla)
s2

N

+
S(AAgy(5) = Adyy(s)) P 7 g""”g"””} : (Clb)
4,4
gv 1 g Yy, 3 15 Y13 Gy
WleM g VV/:EZﬂ4 de 2 [(EAAZO(S) - 5AA22(S))%+ (_EAA”(S) +7AA22(S) %
15
#5000+ 8l | (cie)
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4.4 1 5
Wi W = Wi W7 C (320 An(0) + 8An(5) =3 28An(s) + B ) s

3
+ <5AA02(s) —5 8L () + 2AA2 (s ))9/41/43_?42/44
N
3 5
+ <5AA02(5)+5AA11( )42 AAgs >> &}
! 10
242y = 2,2, gt 7 (AAg(s) +2AA50(s)) — = (AAg(s) + 2445 (s)) gﬂngmm
4C 3 3 p

+
+5(AAR(s) +2AA5(s)) G113 Ipapa - 9#1/449/42/43} '

(C1d)

(Cle)

These relations are the generalizations of the corresponding formulae in reference [48] for the case of resonances. Scattering
processes involving a Higgs boson have a different off-shell extrapolation. Therefore, the Higgs momentum is included in

the Feynman rules for the analogous effective vertices given by

WERWF2 5 hh: — g 0? [(%(AAOO(S> — AAy(s)) — 13—0(A-/402(S) - AA22<S))> w

N
1 M2 1 K2
58 An(s) - 8n(9) LI

s

’

2,2

ZMZH 5 b _gC_U [( (AAg(s) — Ady(s))— g (ks - ky)

(AAoz(S) - AAzz(S>)> 2

10
3 K

w

T 5(8Aa(s) - An(s)) M} ,

SZ

Hi M3 1H3 .
Wiﬂll’l g Wiml’l: - 921)2 |:(%AA20(S) - 5AA22(S)> k2 54 + (—éAAH(S) +§AA22(S)) w

s 2 s
3 15 Kk
+ <§A«411(S) +?A«422(S)> 4s22 .
1 M3 113 .
zh = 7o L [(; Ad(s) - 5AA22(S)> LA (—;AA”(S) +125AA22(S)) 7l k)

+ (%A-AU( )+ ISAAzz( )) kﬁslzcg‘]’

hh — hh:4 |:<% (A.A()()(S) + 2A.A20(S)) - ? (A.A()z(S) + 2A.A22(S))>

(ky - k) (ky - k3) + (ky - ky) (ks - ka)}

52

(k1 - k) (k3 - ks)
S2

+ 5(AAg(s) +2AA5(s))
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