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Abstract Effective field theories (EFT) are commonly used
to parameterize effects of BSM physics in vector boson scat-
tering (VBS). For Wilson coefficients which are large enough
to produce presently observable effects, the validity range of
the EFT represents only a fraction of the energy range cov-
ered by the LHC, however. In order to shed light on possible
extrapolations into the high energy region, a class of UV-
complete toy models, with extra SU(2) multiplets of scalars
or of fermions with vector-like weak couplings, is consid-
ered. By calculating the Wilson coefficients up to energy-
dimension eight, and full one-loop contributions to VBS due
to the heavy multiplets, the EFT approach, with and without
unitarization at high energy, is compared to the perturbative
prediction. For high multiplicities, e.g. nonets of fermions,
the toy models predict sizable effects in transversely polar-
ized VBS, but only outside the validity range of the EFT.
At lower energies, dimension-eight operators are needed for
an adequate description of the models, providing another
example that dimension-eight can be more important than
dimension-six operators. A simplified VBFNLO implemen-
tation is used to estimate sensitivity of VBS to such BSM
effects at the LHC. Unitarization captures qualitative features
of the toy models at high energy but significantly underesti-
mates signal cross sections in the threshold region of the new
particles.

1 Introduction

With over 300 fb~! of data collected at the LHC, vector boson
scattering processes (VBS) have become important testing
grounds for the non-abelian structure of electroweak interac-
tions, as described by the Standard Model (SM). While early
measurements of the CMS and ATLAS collaborations firmly
established the presence of these electroweak gg — qqV'V
signals [1,2], at a level as predicted by the SM, the focus
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is now shifting to precise comparisons between data and
theoretical predictions and the search for possible signals
beyond the SM. Possible deviations in the three- and four-
vector-boson-couplings as compared to SM predictions, so
called anomalous triple gauge couplings (aTGC) or anoma-
lous quartic gauge couplings (aQGC) have received particu-
lar attention [2,3].

Anomalous couplings are conveniently described within
an effective field theory (EFT) framework [4-7] with opera-
tors of energy dimension d = 6 and 8 such as
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Here @ represents the Higgs doublet field (& = (0,v +
h)/+/2 in the unitary gauge), W#V is the SU(2) field strength
tensor, and the scale of new physics is generically called A.
For a process with typical momentum transfer O, deviations
from SM amplitudes will generally scale like (Q/A)?~* or
(v/A)?~* within the validity range of the EFT, which is set
by 0% < AZ2, and, thus, dimension-6 operators are expected
to dominate at the LHC. The dynamics of the new physics
may, however, suppress the Wilson coefficients f;/A? of
dimension-6 operators such that the leading effects arise
from dimension-8 operators. A simple example is the Euler-
Heisenberg Lagrangian [8], where a term analogous to f7; in
Eq. (1) exists, due to the electron loop producing a 4-photon
interaction, while a fyww-like term is forbidden by Furry’s
theorem, i.e. the fact that the photon is C-odd. As we will
see later, such a suppression of aTGCs vs. aQGCs, due to
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Furry’s theorem, does indeed occur for simple extensions of
the SM.

A second consideration is whether the operators in the
EFT Lagrangian are loop induced or whether they may
occur due to tree level effects of the underlying UV-complete
model. While terms such as fs, in Eq. (1) can arise from tree
level scalar exchange in e.g. a two-Higgs-doublet model,
the appearance of field strength tensors in the effective
Lagrangian generally points to a loop origin of the effec-
tive interaction. The concomitant suppression by loop factors
g2 /(167?) tends to substantially reduce the phenomenolog-
ical importance of such operators [9], at least when they are
competing with SM tree level effects.! One might thus be
tempted to ignore any loop induced operators in the study of
VBS, arguing that loop induced effects are too small to be
observed above sizable SM contributions to VBS. We will
show that this assumption, while warranted for a large class
of models, can be false when high multiplicities of the addi-
tional fields occur in the UV physics.

New charged particles are expected to first appear in direct
pair production at colliders, or, indirectly, in the simplest -
point functions which can be probed. Already three decades
ago, de Rujula and collaborators asked “Does LEP-1 obviate
LEP-2?" [10], i.e. does the non-observation of new physics
in 2-point functions, via the S, T, U parameters of LEP-1,
exclude the observation of anomalies in W-pair production at
LEP-2. Translated to the present, the question arises whether
the measurement of quartic couplings in VBS can lead to a
first BSM signal, even though the gg — V'V vector boson
pair production processes are observed at the LHC with much
higher statistics and are also known better theoretically, with
the availability of e.g. NNLO QCD corrections [11-15]. An
additional scalar resonance would be an obvious example
for the power of VBS. However, we will show that for large
isospin multiplets also purely transverse aQGCs, like the fr
term in Eq. (1), may be more sensitive probes of new physics
than aTGCs, because aQGCs are enhanced by an additional
factor of isospin-squared. Of course, very large isospin rep-
resentations will push models out of the perturbative domain,
a tension which we will probe by unitarity considerations.

Typically, Wilson coefficients of dimension-8 operators,
which are large enough to be observable in present data, will
produce scattering amplitudes which exceed unitarity bounds
within the energy range of the LHC. Not taking into account
the resulting unitarity limits on cross sections results in overly
stringent constraints on Wilson coefficients. Accordingly,
recent LHC analyses take unitarity constraints into account
in their extraction of limits on aQGC (see e.g. Refs. [2,3]).

! The impact of tree-level competition is exemplified by the fwww
aTGC term in Eq. (1), which has not been observed to date, as compared
to the Higgs coupling to gluons, which, in spite of being loop induced,
is responsible for the bulk of Higgs production at the LHC.

@ Springer

Unfortunately, unitarization procedures for VBS amplitudes
such as the T-matrix approach of Refs. [16—18] or the T},-
model of Ref. [19] are arbitrary to a significant degree, intro-
ducing model dependence in the measurement of the Wilson
coefficients of an EFT. A comparison of unitarized cross sec-
tions with predictions of UV-complete toy models can help
to make the unitarization procedures more realistic.

In this paper we address the above questions by con-
fronting the EFT description of the transverse, dimension-6
fwww- and dimension-8 fr-type operators in Eq. (1) with
a fairly generic class of UV-complete models with addi-
tional matter fields in arbitrary weak isospin representations.
The model, given by the addition to the SM of (2Jg + 1)-
dimensional SU(2) multiplets of heavy scalars and/or heavy
non-chiral Dirac fermions, is further specified in Sect. 2.1.
At the one-loop level, which is summarized in Sect. 2.2, its
low energy manifestation is described by an EFT Lagrangian
involving (derivatives of) SU(2) field strengths, i.e. only
transverse operators contribute. The relevant operators are
introduced in Sect. 2.3. In Sect. 2.4 we present the Wil-
son coefficients of all EFT terms up to energy dimension
eight. Many of them have been measured in various experi-
ments and the existing bounds are translated into exclusions
of (Jr, Mp) combinations in Sect. 2.5, with M denoting the
mass of the heavy scalars or fermions. The resulting ampli-
tudes for VBS processes diverge at high energy, proportional
up to s?/ My where /s is the c.m. energy of the VV — VV
VBS process. In order to assess the validity range of the EFT
description, we also calculate, in Sect. 3, the full one-loop
corrections to the VV — V'V scattering amplitudes which
arise from the heavy new matter fields. Performing a par-
tial wave analysis, their trajectory around the Argand circle
is analyzed in Sect. 3.1 and we are thus able to specify for
which isospin Jg a perturbative description is still justified.
At the limit of this perturbative range, we compare the full
one-loop corrected cross sections for VV — V'V scatter-
ing with the EFT approximation in Sect. 3.2. We find good
agreement of the two approaches only for /s < 1.3Mg, as
is to be expected.

While the above results are obtained in a simplified set-
ting, neglecting the hypercharge coupling g’ and considering
on-shell scattering only, an approximate implementation for
the full g¢ — qq V'V processes within the VBFNLO Monte
Carlo program [20,21] is presented in Sect. 4. On the the-
oretical side, this allows for a more realistic comparison of
the full model with its EFT approximation, at dimension-8
level, and with the unitarized replacement of the EFT in the
T, model of Ref. [19]. Also here, good agreement between
the three approaches is found for /s < 1.3Mg, very large
deviations are seen in the threshold region for pair production
of the heavy particles (Mg < /s < 2MR), and qualitatively
acceptable agreement of the 7;,-model with the full one-loop
corrected results occurs well above pair production thresh-
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old. The VBFNLO implementation also allows to compare
the expected VBS signals of high isospin fermion or scalar
multiplets with LHC data. Finally, conclusions are presented
in Sect. 5.

2 The toy model and its EFT

As a set of minimal, ultraviolet-complete models, we con-
sider the addition of heavy fermionic or scalar SU(2); mul-
tiplets to the SM. These new degrees of freedom are assumed
to couple through the SU(2); gauge interaction only, i.e.
they are color singlets and have vanishing hypercharge. In
addition, they are assumed to have negligible Yukawa or &*
couplings to the SM Higgs doublet field and, thus, they do
not mix with the other particles of the SM.

2.1 Definition and description of the toy model

To be specific, and in order to fix the notation, we consider
Dirac fermions W with mass My or complex scalars ® with
mass Mg, which transform under a generic SU(2), repre-
sentation R described by the generators t%. The represen-
tation R is specified by its isospin, Jg, i.e. each multiplet
has (2Jg + 1) components and t3t% = Jr(Jg + 1). Since
the covariant derivatives of the new, hypercharge-zero fields
contain SU(2), gauge fields only,

Dy = 3 +igrgWwe, 2)

no relevant information will be lost in our loop calculations
and EFT considerations by simplifying the model to a pure
SU(2)1 gauge theory, i.e. we restrict most of the discussion to
the SU(2) limit of the electroweak sector of the SM, where
the hypercharge coupling g’ of U(1)y is set to zero.

Within this approximation, the covariant derivative of the
Higgs doublet field is ﬁM =dy + ig%Wﬁ, with the Pauli
matrices ¢, and the SU(2), field-strength tensor is defined
through

W,uv — I:b;z,’ bvj| — igg (a/,LWav — VW — geabL'Wbp.ch)

.[.(l
_ oo ywapv
=ig 2 WEEE, 3)
Suppressing the SM fermions and the Higgs potential, the
relevant toy-model Lagrangian can be written as

1 2 m%_l 2 1 A A
£ =3 (0uH)’ = FLH? = STr (W)

2 3 2
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The first line corresponds to the well-known SM Lagrangian
of the gauge and Higgs sector in the unitary gauge, albeit
with equal W and Z masses,> my = mz = gv/2. The
second line of Eq. (4) comprises the new particles and their
interactions with the gauge fields, which give rise to famil-
iar expressions for the Feynman rules. Our loop calculations
will involve internal lines of only the new fermions or scalars.
Thus, results in the unitary gauge, outlined above, are identi-
cal to those of a more general R gauge. The new fermions’
gauge couplings are assumed to be non-chiral and therefore
their mass, M, can be chosen arbitrarily (and large) prior to
spontaneous symmetry breaking of the SU(2) . In principle
our toy model can host various fermionic and scalar multi-
plets without mass mixing. However, this will be irrelevant
for our phenomenological discussion.

Our toy model is closely related to new-physics solutions
of problems that remain open in the SM, like an explana-
tion of neutrino masses or dark matter: Large fermionic and
scalar SU(2);, multiplets up to quintets that couple among
each other and to the lepton sector of the SM are known to
provide an explanation of neutrino masses [22-28]. However,
we are interested in the impact of such SU(2);, multiplets on
vector boson scattering only and thus allow the new parti-
cles to couple to the SM only through the gauge coupling of
SU(2) . Such large multiplets can also contain a dark matter
candidate, as the lightest particle in the multiplet spectrum
can be stable. Our model coincides with a class of mini-
mal dark matter models [29-31], which range from SU(2),
triplets up to septets (see Ref. [32] for a review).

Embedding the heavy matter fields into the full SM, i.e.
including the U(1)y gauge field, the mass degeneracy of
the additional SU(2); multiplets at lowest-order in pertur-
bation theory is lifted at the one-loop level, due to the mass
splitting between photon, W and Z. As an example, and in
agreement with the literature [29], for a Jr = 4 fermion
nonet of zero hypercharge, the differences in mass of the
charged states with respect to the neutral state are given
by Am** = myar —mgo = 2.7GeV, Am3* = 1.5GeV,
Am** = 0.66GeV and Am* = 0.166 GeV. Thus, cascade
decays from the heavier, charged states to the neutral, stable
state proceed through far off-shell gauge bosons that result
in very soft leptons and pions. If on the one hand the decay
length of the charged states is short enough that they decay
within the interaction region and do not result in a charged
track in the detector, but on the other hand the final state lep-
tons and pions are still soft enough, then such dark matter
models are very hard to be probed at the LHC.

A thorough discussion of the current exclusions of a mini-
mal dark matter quintet, based on LHC searches, can be found

2 The absence of a massless photon in our toy model and the common
W and Z masses significantly simplify the analytical results for VBS
amplitudes as well as the unitarity considerations in Sect. 3.1.
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in Ref. [33], including projections for the high-luminosity
runs. Expected exclusion bounds range to quintet masses
up to 750GeV for integrated luminosities of 3ab~!. Going
beyond quintets, i.e. beyond Jg = 2, results in the existence
of additional charged states, that are pair-produced with large
cross sections that rise proportional to Jg(Jg + 1) [29]. Itis
also known that the minimal dark matter model needs masses
of the dark matter candidate in the range of 10TeV [34] in
order to achieve the correct relic abundance, such that for
lighter masses, as discussed in this paper, only a fraction
of the observed abundance can be explained by the neutral,
stable particle of the minimal dark matter model. Alterna-
tively, extensions with additional singlet states [35] are dis-
cussed in the literature, which, however, change the collider
phenomenology substantially without impacting too much
the discussion carried out in this paper. Because the collider
constraints can always be avoided by somewhat increasing
the mass parameters My or Mg, we omit a more detailed
discussion of direct exclusion limits from existing collider
searches, as this is not the focus of the present paper.

2.2 One-loop corrections to gauge-boson vertices, isospin
factors and renormalization

The additional SU(2); multiplets contribute to various
observables at the one-loop level. Here we focus on contri-
butions to VBS, which enter through propagator, three- and
four-boson vertex corrections. In practice we use FeynCalc
[36,37] for the handling of Dirac structures, we regular-
ize ultraviolet divergences through dimensional regulariza-
tion and express our findings in terms of Passarino—Veltman
integrals [38,39] to obtain numerical results. We refrain
from showing the explicit, rather lengthy expressions for
the corrections to the three- and four-gauge-boson vertices.’
Instead, we here concentrate on the general structure of the
one-loop contributions, including their representation depen-
dence.

We start with the vacuum polarization. For the fermion
case only a single diagram contributes. For the scalar case a
second diagram involving the four-particle vertex needs to be
added. As the propagator corrections are purely transverse,
they generically take the form

e s
«N\N\/\\ /‘N\N\N + e — i8ab (ng/w _ PMPV>
- AAAARAAAAA

TsTs(p*, M3)
©)

for the scalar case and similarly, replacing TsTs(p?, M3)
by TrI1F(p?, M7) for the fermion loop. For the diagrams
involving two three-particle vertices the isospin factor is

3 The full amplitudes are implemented in a code named VeBoS that is
described in Ref. [40] and can be obtained upon request from JL.

@ Springer

Tr (t4t%) = Trd“® while the scalar diagram with the four-
particle vertex has Tr ({t%, t5}) = 2T5?. Therein Tg = T
or Ts is the index of the representation, given by Tp =
% [JR(Jr + D)(2Jg + 1)] for an isospin Jr representation.
The explicit form of the propagator corrections is given by

2
g 4

p(p?, M%) = — —

rp7. Mi) 1672 9p?

[GM% — p% — 6A0(M%) + 32M% + p*)Bo(p*. M2, M%)] ,

2
g 1

Ne(p?, M3 = >— —

s(p7. M3) 1672 9p?

[12M§ —2p% — 1240(M3) + 3(4M% — p¥) Bo(p*. M2, M§)] .

(6)

These expressions can be expanded in small momenta p>
motivated by p> ~ m%[, < Mz,Mg. As we employ
dimensional regularization, working in d = 4 — 2¢ dimen-
sions, we parameterize the divergences in terms of A, =

% — yE +log(4m). The propagator corrections then turn into

2 2
g 4 M
M0, M%) = 1633 |:A + log (M )} ,

2
F
2 2
g 1 u
Ms(0, M3) = ~1e73 |:A + log (Wﬂ : (7
S

where o denotes the renormalization scale. It is therefore
clear that choosing an MS scheme with u = Mp, Mg leads
practically to an on-shell scheme with almost vanishing prop-
agator corrections, such that electroweak precision data are
not significantly impacted by the extra degrees of freedom.

We now turn our attention to the three-boson vertex. The
result is generically of the form

+ permutations | = ie“b"Tprﬁlf(pl, p2.p3. M%)

®)

for heavy fermions, and analogously for scalars. Here “per-
mutations” of the external gauge bosons refers to the Feyn-
man graph with the opposite direction of the fermion arrow.
For the three-boson vertex correction in the scalar case, all
diagrams involving the WW ®® seagull vertex vanish indi-
vidually because, among other reasons, their isospin factor
Tr (t;é{tﬁ’e, tlcg}) is zero. The sum of the depicted diagrams,
on the other hand, carries an isospin factor Tr (t?e[th t,‘;]) =
i Tre®.



Eur. Phys. J. C (2021) 81:659

Page 5 0f 26 659

For the scalar case, the one-loop corrections to the four-
gauge boson vertex take the form

. Wiﬁ

4:—!—:*

o ﬁ“a

terms for the three and four gauge-boson vertices, respec-
tively. The counter-term of the propagator reads Sow = 83.

+ permutations

-
2 = puvap,abed

2:?* ﬁ:ii+t—amhka: =rﬁ?ﬁac(phpLP&Pmﬂ@,hd, ©))
-

while the corresponding heavy fermion contribution,
l:u.votﬂ,abcd

4F (p1, p2, P3, P4 M%, Jr)is given by abox-diagram

analogous to the one shown, and its permutations. Above, the
three permutations for the scalar one-loop graphs involving
two four-particle vertices are labeled s-, #- and u-type dia-
gram. For all diagrams we get traces over four generators,
which generically result in

Tr (tﬁtﬁt;t%) STROCoR = 1) (876 + 5°8P 4 5145)

- éTR (o004 — 28¢5t 4 s2d5P<) . (10)
Here, T = % [JrR(JR + 1)(2Jg + 1)] is the index, and
Ca.r = Jr(Jgr + 1) is the quadratic casimir of a represen-
tation. Eq. (10) separates the isospin symmetric part propor-
tional to T (3C2, g —1), which s the only contribution to pure
ZZ7Z — ZZ scattering, from terms coming from products of
tensors. Alternatively, all one-loop corrections can be sorted
into terms proportional to T only and terms proportional to
C>,rTRr, which provides the full isospin dependence. As a
consequence, numerical evaluations can be performed for a
fixed mass choice and can then easily be reweighted to any
representation R. We use this procedure in VeBoS and our
implementation in VBFNLO.

We now turn our attention to the renormalization of ultra-
violet divergences. Since we are only considering n-point
functions of the SU(2); gauge fields which are transverse,
as in Eq.(5), only the Tr (W‘“Ww)
produce the necessary counter terms, via the renormaliza-
tion of the gauge fields and the coupling constant. Denoting
the renormalization constants between the bare Lagrangian
parameters (with subscript 0) and the physical parameters as

Wyl = Zz W,

the renormalization constants of the three and four gauge-
boson vertices are given by Zzy = Zng/2 and Zyy =
Zf,Z%, respectively. Writing Z; = 1 + §;, we obtain 3y =
8g + %83 and d4w = 28, + 283, which defines the counter-

term in Eq.(4) can

80 =Zgz8,

It directly follows from the vacuum polarization in Eq.(7)
that in the MS scheme the field renormalization constant 83
is given by

T T

_ 2 F S

b =8 A (Z”Fuyﬂ +Z"348n2) ’
F S

assuming n g and ng copies of a fermionic and scalar multi-
plet with isospin Jr and Jg, respectively. From the ultraviolet
divergence of the three gauge-boson vertex we obtain

(1)

3 ) Tr Ts
) —83 ) = —g°A _
(30 39:) = ¢ e@n”zﬂﬁ;nsw) ;
(12)

and, therefore, the renormalization constant of the SU(2)
coupling is given by §, = —%63. It is easy to check that
indeed the now fully determined counter term to the four
gauge-boson vertex, namely d4w = 2(§; + 63) = 83, also
cancels the divergence of the corresponding one-loop correc-
tions to gauge-boson four-point functions.

2.3 Effective-field theory description

Considering the low-energy expansion of the now finite two-,
three- and four-point functions of the gauge bosons, we can
derive the contributions of additional heavy SU(2); multi-
plets to the EFT Lagrangian

cerr =3 Y S0,

d=6 i

(13)

i.e. we can now determine the Wilson coefficients f; /A% and
fi/A* of the dimension-6 and dimension-8 operators which
are relevant for VBS in our concrete model.

By construction, the SU(2); gauge bosons are the only
SM particles which couple via the heavy fermions or scalars
and which can, at the one-loop level, appear as fields in the

@ Springer
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effective Lagrangian. Gauge invariance then implies that we
can restrict the EFT Lagrangian to operators which con-
tain the SU(2),, field strength tensor WHY of Eq.(3) or its
commutator with covariant derivatives. For a description of
vector boson scattering we need vacuum polarization effects
(dimension-4 operators and higher), anomalous triple-gauge
couplings (dimension-6 and -8 operators) and anomalous
quartic-gauge couplings (dimension-8 operators).
The dimension-4 operator is unique and given by

Oww = Tr(W“"WW) . (14)

Itis already part of the SM kinetic term. Since it receives con-
tributions from the additional SU(2);, multiplets it is explic-
itly listed here. However, as discussed in the last section, it
disappears as a result of renormalization. As a basis for the
dimension-6 operators, following Ref. [5], we choose

Owww = Tr (W’LV va Wpﬂ> )

Opw = Tr ([De WHILD". Win1) - (1)

Our focus is on the dimension-8 operators which first
appear as aQGC in vector boson scattering, and which
involve four field-strength tensors, namely

Ory = Te (W0 ) Tr (W W)
Or, =T (W iy ) Te (W W ) |
Or, =Tr (vi/“”vi/m) Tr (W“ﬂ Wﬁﬂ) ,

Or, =Tt (W“”W“ﬂ) Tr (WW W, (16)
Here we follow the notation of Refs. [7,19,41,42]. However,
since our definition of W includes the coupling factor ig,
the operators in Eq. (16) contain an overall factor g* as com-
pared to the Eboli convention of Refs. [7,41]. Please note
that O7, is a non-vanishing, linearly independent operator
which was missing in previous discussions and, therefore,
is also not experimentally constrained explicitly. We refer to
the four operators in Eq. (16) as T-operators.*

For three field-strength tensors in combination with
covariant derivatives, seven operators can be written down
which are, however, related through integration-by-parts for
the covariant derivative, the Jacobi identity for covariant

derivatives, and W = [b“, ﬁ”]. Our set of independent

4 Similarly, the operators named Ory, Or, and O, in Ref. [7] should
be supplemented by O7, = Tr (W"” wep ) By Bﬂu when discussing
mixed SU(2); and U(1)y gauge boson scattering.

@ Springer

operators is then given by

Opwww, =Tr ([5a, WH, DY, Vf/”p]ﬁ/"u) ,

Opwww, = Tr ([Das W IDs, W, W) . (17)

For the case of two field-strength tensors in combination with
covariant derivatives we pick

Opaw =Tt ([[)a, (D%, W[ Dg, [DP, Vvﬂvn) . 38)

as, again, other combinations are not linearly independent.

The above choice of basis is by no means unique but sim-
ply driven by the physics of the underlying theory. Looking
at the dimension-6 operators one could make an argument
for using the Warsaw Basis [6] as this could make compar-
isons easier and gives more direct access to exclusion lim-
its for the Wilson coefficients. Rewriting the Opw operator
using integration-by-parts, the commutator for the covariant
derivatives as well as the Jacobi identity for covariant deriva-
tives, one arrives at >

Opw =2Tr ([Da, WH#ID, W) =4 Owww . (19)

At this point we can use the equations of motion for the W-
field twice:

I |
Ny ig7t! /o .
D%, Wegu = 5= (i9"' D — i (D) '
) ) 1
iyt 1+ Gyutq) + O(55). 20)

Here the last term accounts for corrections to the equations of
motion due to the presence of Opw and Owww which are of
order ﬁ This leaves us with four types of terms: operators
containing four Higgs fields, the ones containing fermionic
currents, and also terms of order ﬁ and ﬁ of which only
the latter may be neglected as they are of order Lﬁ when
including the Wilson coefficient of Opw. The terms with
four Higgs fields can again be rewritten by using relations
for the SU(2), generators as well as the equations of motion
for the Higgs field and one finds

3 4 g4m2 2
Opw = —g> Oy — %Odﬂ + TH (¢T¢) — 2204
1
+O0y242p +Oys + O a2 (21)

where the operators on the r.h.s., with ¢ representing the SM
Higgs doublet field, are written in the Warsaw basis. Here
Y stands for either leptons or quarks. The last two operators

5 The operator Owww is equivalent to the corresponding operator in the
Warsaw Basis up to a factor, namely, Oy = el K W}ﬁ*” ij'p W,f(’“ =

4
gTOWWW~
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are just symbolizing the class of additional operators that
can appear following the conventions in Ref. [6]. Individual
terms in this new set now give local corrections to Higgs
and fermionic observables that, at the one-loop level, are
not present for the BSM heavy matter fields which we con-
sider. Therefore, these corrections have to cancel each other
when calculating amplitudes for physical processes in our
new physics model. This also implies that any exclusion lim-
its for Wilson coefficients are only useful when provided with
full error correlations. With this in mind it becomes apparent
that there is no advantage in using the Warsaw basis over the
basis defined by Eqgs. (15)—(18).

2.4 Wilson coefficients due to additional SU(2); multiplets

After presenting the full EFT Lagrangian we can map our
concrete model onto the Wilson coefficients at low energies
by integrating out the heavy new degrees of freedom. Again
we assume to have n g and ng copies of fermionic and scalar
multiplets with isospin Jr and Jg, respectively. We expand
the one-loop corrections in small momenta with respect to
the mass scale of the new heavy degrees of freedom, i.e.
% <« 1, which for the Wilson coefficients originating
from propagator corrections results in

2
fww—ZnF (A +log< >>
MF
2
+ Act+log =], 22
Zns e (22)
fDW/ Tr Ty
SR S S 23
Z " 20m2 M2 Z "5 96072 M2 23
foow Tr
- XF:"FnzoyﬂM;

A4
We continue to expand the three gauge boson-vertex correc-
tions in a similar manner in small momenta, which leads to

Ts
+3 g (4
ZS: Saasoeomt Y

fWWW 13TF

Ts
ns—— (25
Z " 360m2M2 25: S3e0mmz’ >
fowww, 2TF T
—_— = n + n 9 26
A ; " l0s72m? ; STowas
fowww, Tr Ts
A XF: " 630m2m* XS: Ssoszmas

Finally, the Wilson coefficients of the T-operators are given
by

(7C2,S — 2) Ts
> 40320m2 M2

S (—14Cor +1) TF
AT XF:”F 100807205 XS:"
(28)

fr (—28Cy,p 4+ 13) T (14Cy5 —5) T
X ZF:"F 10080720 T XS:"S 403202 M?

(29)
fr, (196C p —397) Tr (14Cy,5 — 23) T
A= 2520002 ZS:”S 5040022 M3

(30)
J1s (98Ca,F +299) T (7Ca.s + 16) Ts
X XF:"F 2520072 M XS:" 5040072 M}

(€29)

As discussed previously, all UV divergences of propagator-,
triangle-, and box-diagrams are contained in the coefficient
of the field-strength-square operator Oww and, hence, dis-
appear upon renormalization of the SU(2); gauge coupling
g and the gauge boson fields.

Some additional remarks are in order:

e The isospin factors of propagator and three-boson-vertex
corrections are given by Tg and thus rise with J 133. The
Wilson coefficients of the T -operators, on the other hand,
are enhanced by an additional casimir factor, i.e. they rise
as J Ig, enhancing their importance over the dimension-6
operators for high isospin.

e Individual operators in the scalar case are more sup-
pressed than for heavy fermions of the same mass and
isospin.

e The Wilson coefficients of the T-operators fr, and fr
receive opposite sign contributions from heavy scalars vs.
heavy fermions, which can induce cancellations between
T -operator contributions to e.g. VBS cross sections. f7,
changes its sign at Jg ~ 1 for both the fermionic and
scalar multiplets.

2.5 Confronting Wilson coefficients with experiment

Having obtained the low-energy EFT of the general model,
we next investigate whether specific model realizations are
compatible with experimental limits on four-fermion contact
terms, anomalous triple- and anomalous quartic-gauge cou-
plings. Since we are only interested in rough estimates for our
toy model, we restrict the discussion to the single multiplet
realization and determine bounds in the (Jg, Mg) parameter
space.

The insertion of Opw into the gauge boson propagator of
agg — [T~ amplitude scales like

1 4 fow 1 fow
7 X 2 X > 2
p?—my, A p?—my, A

at high energy and, thus, reduces to a flavor univer-
sal, dimension-6 four-fermion interaction which affects
left-chiral amplitudes only. Writing the coefficient of the
Ory"*Qr Ly, L EFT operator as 27 /A3, one finds
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Table1 Experimental 95% CL bounds on four-fermion couplings [43],
aTGCs [45] and aQGCs [46,47]. The values for aQGCs from the CMS
analyses are derived from leptonic decay channels in VBS processes
only. aQGC bounds are presented with and without a unitarization in

form of a cut at the perturbative unitarity limit of the EFT calculation.
In addition, we name the channels from which the presented bounds are
derived

Coefficient Limit without unitar. Channel Limit with unitarity cut Channel
e =—1: A 26.0 TeV pp = ITI7X - -
A [-6.5,6.6] - 1073 WV — v - -
g4Z§ [—0.24,0.22] TeV~ z7 [—1.1,1.6] TeV—* ssWW, WZ
fﬁ; [—0.12,0.14] TeV—* ssSWW, Wz [—0.69,0.97] TeV—* sSWW, WZ
g4£% [—0.35,0.48] TeV ™ sSWW, WZ [—1.6,3.1] TeV—* sSWW, WZ
'l
Bounds on (JF, MF) Wlth cut at . Bounds on (Js, MS) w1th cut at
2000 |- unitarity limit for aQGCs ’ 1 2000 |- unitarity limit for aQGCs 1

%‘ [eenee g* — _1.1Tev— % [=---- 9" = 1.6Tev!

<] g* 7 — —0.69 Tev—4 <] g — 0.97 Tev—4

[ 100 .~ g7 — 31 Tev— 8 w 50— gt 31 Tev 1
; E [ == == ALL = 26.0 TeV

1000

500

Fig. 1 Translation of the experimental bounds on Wilson coefficients
as in Table 1 to the (Jg, M) parameter space: masses above the curves
are allowed by the individual measurements. Shown are the cases of a
fermion multiplet (left panel) and a scalar multiplet (right panel). For

nrr = —1 and
24072 M2 5 192072 M3
ALL_27T4— or ALL=27T4—
g'Tr §*'Ts

(32)

for a single fermion or scalar multiplet in the loop, respec-
tively. In the EFT approximation, experimental bounds on
four-fermion contact terms, such as recent ATLAS mea-
surements [43], can thus be turned into the lower limits on
M,ze/ Tr which are shown in Fig. 1.

aTGCs are typically measured in the LEP parameteriza-
tion, where the effective W WV -coupling parameters Agy,
Ak and A are used [44]. A parameterizes transverse weak
boson interactions and thus is the one of primary interest
here. The loop-corrections of our model contribute both to

@ Springer

A=-65-10"

1000 - h

500

aQGCs, experimental results are derived with a step-function form-
factor, cutting off the EFT prediction at the unitarity limit (see Ref. [3]
for details)

propagators, via the dimension-6 operator O pw, and to triple
gauge-boson vertices, via both Opw and Owww. In the
qq — WW amplitude, in the SU(2) limit, the former is
equivalent to an energy dependent Ag; = Ax contribution,
while the latter are best captured after the operator redefini-
tion in Eq. (19). One finds

S 3m3, g* <fWWW _4fDW) )
2

A2 Az ) =8 M
Ts
— 1, 33
ZF: 240712M2 Z "5 480m2 M2 59
fDW S 2m
Ak = Ag) = 2g2m%v 2 s——n12W ~ g2 m%v
w
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Tr Ts
) ([ Snp—t Y g ). 34
(ZF: " 60m2m2 ZS: S480n2M§> B9

Going beyond the SU(2) limit, the A-aTGC can easily be
compared to existing data, via A, = Az = A. The Ag; and
Ak contributions would appear as process dependent form-
factors, however, which are constrained at a similar level as
the induced A-aTGC.

Table 1 summarizes relevant bounds on four-fermion cou-
plings, aTGCs, and aQGCs. For the bounds on T -operators,
we use the recent CMS results of Refs. [46,47] on leptonic
decay modes in VBS processes, which also take into account
limitations from unitarity. Since these aQGC bounds are only
specified for insertions of single EFT operators, Fig. 1 depicts
the limits on the (Jr, M) parameter space for each Wil-
son coefficient separately. Although the strong correlations
between the Wilson coefficients in our model are not taken
into account by this procedure, it suffices here, since we are
only aiming at a rough estimate of allowed regions in the
(Jr, MR) plane.6

The figures indicate that a measurement of aQGCs has
higher potential to find effects of the BSM physics consid-
ered here than aTGC measurements. To be more concrete,
we consider the cases of a fermion with Jr = 4 and of a
scalar with Jg = 6 in the following, values which repre-
sent maximal multiplet sizes compatible with unitarity and
perturbativity limits to be discussed in Sect. 3.1.

For the fermion multiplet, the strongest bound is associ-
ated with searches for gg/! contact terms, disfavoring masses
below 700 GeV. Somewhat weaker, at Mr > 540 GeV, are
bounds derived from limits on the dimension-8 77-operator,
which do take into account unitarity constraints. Restrictions
via the other T -operators are qualitatively similar. The aQGC
bounds in turn are much more stringent than the bound from
the A-aTGC, which only excludes masses below 100 GeV in
the EFT dimension-6 approximation.

The discussion is comparable in the scalar case. The
bounds in the (Jg, M) parameter plane are less stringent,
however, as anticipated from the higher numerical suppres-
sion in the Wilson coefficients. Again all T-operator bounds
appear to be stronger than the aTGC bounds, even when
including unitarity considerations only for the former (see
Fig. 1, right), making VBS more promising for the inves-
tigation of this model than vector boson pair production.
For Jg = 6, the bound on the coefficient of the T} opera-
tor disfavors masses below 470 GeV, while searches for ggll
contact terms appear to imply a slightly weaker bound of
Mg > 430 GeV.

 The problem is best exemplified by the deviation of the T} opera-
tor prediction from the full EFT result in the case of same-sign WW
scattering and a heavy fermion multiplet, depicted in Fig. 5 (lower left).

Guided by these constraints, we will use Jp = 4, Mp =
600 GeV and Jg = 6, Mg = 600 GeV as benchmark points
in the remainder of the paper to illustrate consequences for
VBS at the LHC. For fermion multiplets, Mr = 600 GeV
appears to be in slight tension with gq/! contact term limits.
However, additional BSM effects which we do not consider,
like an extra Z’, might ameliorate the tension. Since we are
not explicitly proposing a viable BSM model, but are rather
interested in generic features for VBS, we prefer a common
mass for fermions and scalars in our subsequent discussions.

Another reason for taking the (Jg, M) bounds derived
from EFT considerations only as indicative is the concern
that the experimental EFT analyses, especially for the gqll
contact terms and the aQGC, are largely based on data with
dilepton or V'V invariant masses above 1 TeV. For our large
multiplet model the EFT approximation cannot be expected
to hold for invariant masses of the order of the threshold
energy of 2 Mg or larger.

As a case in point, let us have a brief look at gg — [T1~
production at the LHC, from which g¢q!/ contact term bounds
are derived. In this process and at 1-loop level, our model
only influences the vector boson propagator. The Dyson-
resummation of the on-shell renormalized propagator cor-
rections, which follow from Egs. (5) and (6), leads to

—i
D(p*) = (35)
p2 - m%/V,pole - pan,pole

for W* exchange between purely left-chiral fermions. For
comparison with [T/~ data, y-Z propagator mixing needs
to be considered and the BSM contributions are somewhat
diluted by U(1)y hypercharge contributions which, in our toy
model, are left unchanged with respect to the SM. The results
are shown in Fig. 2 where the ratio of the dilepton invariant
mass distribution in our toy model as compared to the SM
is displayed for Mr = 600 GeV and a selection of isospins.
Also shown, for the Jr = 4 and Jg = 6 benchmark points, is
the BSM to SM ratio in the EFT approximation, considering
the equivalent dimension-6 gql!/ contact term only.

While BSM effects are negligible in the m;; < mpg/2
region (below 1.5% for Jr = 4 and well below 1% for
Js = 6), sizable deviations from the SM are expected at
higher energies, for large isospin representations. The EFT
dimension-6 approximation reproduces the full one-loop
result considerably below production threshold, but it fails
spectacularly above threshold. Since the bounds on g¢!! con-
tact terms in Table 1 heavily depend ondataatm;; > 2.5 TeV,
one concludes that the contact term bounds on the (Jr, Mg)
parameter plane cannot be taken at face value. However,
around the production threshold, the deviations from the SM
are even bigger than suggested by the EFT approximation,
and a full analysis of the model should be performed in this
region to extract bounds on Mg.
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Fig. 2 Ratio of the modified Drell-Yan invariant mass distribution to
the SM expectation at the LHC. For a multiplet mass of Mg = 600 GeV,
the left (right) panel considers the effect of four different isospin choices

As a first rough approximation, we have translated the
results of a recent CMS analysis of dilepton production [48]
to 1- and 2-0 error bands in Fig.2, assuming fully corre-
lated systematic errors between electron and muon chan-
nels and adding systematic and statistical errors in quadra-
ture, otherwise. Inspection of Fig.2 then suggests that for
Mp = 600 GeV and at 95% CL the scalar benchmark point
with Jg = 6 is still allowed, while strong evidence for the
fermionic case with Jr = 4 should have been seen already.
Since we consider our setup as a toy model, and since we are
primarily interested in its qualitative predictions for VBS, we
postpone a more detailed analysis to future work and use the
benchmark point merely for illustration in the following.

3 On-shell vector boson scattering at one-loop

The large deviations between EFT results and the full model
prediction for lepton pair-production provide a strong moti-
vation to also consider the full model for VBS predictions.
For a study of its main phenomenological features, we start
with a discussion of on-shell VBS. In the following we
neglect the normal SM electroweak corrections, which are
parametrically small compared to the contributions from
extra SU(2)z multiplets, due to the J 13{, to J Isi, enhancement
of the latter. Corrections from the new heavy degrees of free-
dom originate from the previously discussed one-loop con-
tributions to the gauge-boson propagators and the three- and
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of a fermion (scalar) multiplet. The colored bands, based on the results
of Ref. [48], provide an estimate of present experimental sensitivity at
the 1o and 20 level

four-gauge-boson vertex functions. In terms of Feynman dia-
grams, for external gauge bosons in the adjoint basis (Wy;
with a; = 1, 2, 3) the scattering amplitudes can be depicted
as

EKC
Do

—l Mlsabscd +M28a65bd+M38ad8bC

(}w{—}—t and u-type

(36)

The last equality follows from isospin symmetry, because all
isospin combinations for the four indices a; associated with
the external gauge bosons W(ﬁf can be expressed by Kro-
necker deltas in the adjoint space. Obviously, the reduced
amplitudes M, M>, and M3 can be obtained from each
other by crossing.

In this section we consider on-shell vector boson scatter-
ing in the SU(2), limit, i.e. we set g’ = 0, which elimi-
nates any photon contributions’ and leads to Z = W3 and
mz =my = %, thus simplifying the scattering kinematics.

7 As aresult one does not need to contend with any infrared or collinear
singularities due to the massless photon. Also the unphysical Rutherford
singularity (due to #-channel photon exchange) in charged W-scattering
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Projecting the amplitude of Eq.(36) onto Z bosons (with a
factor 834 ) or W bosons (with a factor = f (89 £+ i5241) for

each incoming W+ or outgoing W), one finds

M (WEWE - WEWE) = My + M3, (37a)
M(WEZ - WEZ) = M, (37b)

M (WEWF - WEWT) = M, +M2, (37¢)
M(WEWF = Z2Z) = My, (37d)
M(ZZ — ZZ) = My + Mo+ M;s. (37e)

As indicated by the absence of double vertex insertions in
Eq. (36), our full amplitudes correspond to a coupling expan-
sion to order g*, with MS renormalization. Before proceed-
ing, we need to address whether such a perturbative expan-
sion is justified for large multiplicities, 2Jr + 1, which we
do by a unitarity analysis of partial wave amplitudes.

3.1 Partial wave analysis of VBS amplitudes

The notation for VBS partial wave amplitudes follows Ref.
[19], the results of which are implemented in VBFNLO. How-
ever, the present case is simplified by taking the SU(2),
limits and by considering on-shell scattering only. Exploit-
ing angular momentum conservation, the helicity amplitudes
M a2, of the various VV — V'V processes are decom-
posed into coefficients of Wigner d-functions

M aonsng (5, 6)

o0
= 87Ny > Qj+ DA 0, @), 6
Jj=max(|xi2],1134])
(38)

where 2;; := A; — A}, and the normalization factor is given

by Ny = ﬁ—IS/S, with 8 = m and statistics

factors Sy or S; = 1/2 in case of two identical weak bosons.
Ny is chosen such as to simplify the constraints on the partial
wave amplitudes Af\l Aadahg (s) which follow from S-matrix
unitarity, namely

is eliminated, which in real life is regularized by the space-like virtuality
of the incoming weak bosons.

J
2Im (Aklkzkakzt) = Z Z Axgxw 2 ;\lxzx/x’ : (39)
n )\/ )L/
Here Im (.AA1 ks M) corresponds to the anti-hermitian part

of the VBS scattering amplitude, understood as a matrix in
isospin and helicity space. The sum over n on the right hand
side includes all relevant di-boson intermediate states. Equal-
ity in Eq. (39) would only be reached when summing over a
complete set of intermediate states, including multi-particle
states. For any normalized linear combination of diboson
states, |n), the expectation value of AJ will lie within the
Argand circle. In particular, this will be true for the eigen-
vector [nmax) of the largest eigenvalue of Re (A/) orIm (A7).
Setting

a’ = a’(s) = (nmax| A’ (8) [max) » (40)
which corresponds to the largest eigenvalue for a normal
scattering matrix, we thus get the Argand circle condition

Re (aj)z + (Im (af) - 1)2 <1. (41)

Since a finite perturbative expansion is only expected to ful-
fill this requirement approximately, e.g. an on-shell tree-level
calculation remains always on the real axis and is thus never
compatible with the strict requirement, the perturbative uni-
tarity bounds are given by

a2 <2, |Re(af)|§1, Oflm(aj>§2, (42)

which should be understood as demanding that the eigenval-
ues of A/ remain close to the Argand circle in a reasonable
perturbative calculation.

When investigating the behavior of the partial wave ampli-
tude contributions from single (Jg, M) multiplets, one finds
sizable effects only for the transverse helicity amplitudes
M, M1, Mi1-1, Mi.1-11 (and with corresponding
parity flipped helicities). Thus it is sufficient to diagonalize
the partial wave amplitudes in this restricted helicity space®.
This is made easier by the fact that the VBS amplitudes are
also block-diagonal in the basis of total isospin of the two
particle states, |J2, J2.;), as we work in the g’ = 0 limit of
the SM and our BSM contributions do not break the SU(2),
symmetry. The dominant eigenvalue is found in the j = 0
partial wave and corresponds to vanishing total isospin of the
weak boson pair, Jo = 0. Its BSM contribution is called a®
in the following.

Results are presented in Fig. 3 for both the fermionic mul-
tiplet (left panel) and the scalar case (right panel), for a

8 A detailed construction of the eigenvalues may be found in Ref. [40].
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Fig. 3 Argand diagrams for the dominating iso-singlet, j = 0 VBS partial wave amplitudes, a?R. The left (right) panel is for a single fermion
(scalar) multiplet of isospin Jr (Js) of mass Mg = 600 GeV. Only the BSM contribution to the amplitude is shown

range of isospin choices, Jg, for a multiplet mass of M =
600 GeV = My, and for 200GeV < 4/s < 6000 GeV. For
Jr <4 and Jg <5, the path of a?R (s) in the complex plane
is compatible with the unitarity bounds of Eq. (42), while the
scalar case with Jg = 6 can be considered marginally per-
turbative. The strong dependence on multiplet size was to be
expected because the four-boson vertex function at 1-loop
order grows like J 15e' In the following we would like to esti-
mate maximal deviations from the SM which can be expected
in VBS. For this purpose, the multiplet realizations of (Jr =
4, M = 600GeV) and (Jg = 6, Mg = 600 GeV), chosen
earlier, appear well suited for a qualitative discussion.
Figure 4 shows the dependence of both the real and imagi-
nary parts of the dominant partial wave eigenvalue, agR (s) on
the center of mass energy of the VV — V'V process. Here we
fix Jr = 4 for the fermion model (left panel) and Jg = 6 for
the extra scalar multiplet (right panel). Also the EFT predic-
tion for a(J)R (s) is shown, which is purely real and which, suf-
ficiently below production threshold at /s = 2 Mg, agrees
well with the full calculation. The LO SM contribution to the
dominant partial wave amplitude is also depicted (gray solid
line), for comparison, and because it should be added to the
anomalous contribution, a(}R (s). Adding these two contribu-
tions, the resulting full partial wave amplitude stays fully
within the perturbative unitarity bounds of Eq.(42) for the
Jr = 4 fermion multiplet and agreement for the Jg = 6
scalar case is also improved at high energy. Violation of the
IRe (a’) | < 1 bound for the scalar case is actually limited
to a small region around threshold, while the imaginary part
of the amplitude, which dominates somewhat above thresh-
old, is consistent with the unitarity limit. The problem with
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the real part of the amplitude around /s = 2 My could be
ameliorated by SU(2) -breaking effects, i.e. by mass split-
ting the multiplet and thus distributing its threshold effects
over a larger energy range, by binding effects due to addi-
tional (strong) interactions of the scalar multiplet(s) or by
other modifications of our toy model. This provides another
argument to not discard the Jg = 6 case.

In order to demonstrate the effect of different mass val-
ues, Fig.4 shows results for Mg = 600 GeV and Mg =
1000 GeV. One finds excellent scaling: the amplitude effec-
tively only depends on s/ M% because the electroweak scale
merely enters via the mass, my, of the external gauge bosons,
and this gives tiny (mw/Mg)? corrections. This scaling
behavior implies that the effects which we will demonstrate
with Mr = 600 GeV in the following can simply be shifted
to higher energy for larger multiplet masses, with an approx-
imately invariant ratio of BSM to SM VBS cross sections.

3.2 Cross sections for on-shell vector boson scattering

With limited statistics and sizable backgrounds for VBS
events at the LHC, integrated, unpolarized VBS cross sec-
tions are sufficient for a first survey of LHC capabilities.
According to Eq.(37), the information is contained in three
crossing related helicity amplitudes which can be disentan-
gled by measuring cross sections for different combinations
of weak bosons: same-sign WW scattering, i.e. WEW* —
WEW? gives access to My + M3z, WZ — WZ depends
on M, only, and the ZZ production processes WW — ZZ
and ZZ — ZZ provide separate information on M.
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Fig. 4 Dominating iso-singlet, j = 0 partial wave amplitudes, a(j)k,
as a function of the diboson center of mass energy, /s. Results are
shown for the pure contribution of a single Jr = 4 fermion multiplet
(left panel) and of a single Jg = 6 scalar multiplet (right panel), for

Separating SM and new physics (NP) contributions, the
squared amplitude, which determines the cross section, is
given by

| Mior|2=| Msm 2+2Re(MsmMnp™) +Mnp 2 . (43)

(int)

Our new physics amplitude is the 1-loop contribution due to
the additional heavy fermion or scalar multiplet. In a typical
NLO calculation, only the interference term of the NP would
be considered, together with the SM Born contribution. On
the other hand, when considering anomalous couplings, fre-
quently also the | Myp|? term is included in the cross section
prediction, and this is indeed the default VBFNLO implemen-
tation of VBS. Since there are no infrared divergences in the
present case, and because the purely anomalous part is neces-
sary for a prediction of the ZZ — ZZ cross section, which
due to the small Higgs boson mass has a tiny SM amplitude,
we do include the |./\/lN1>|2 term in our calculation, but we
also show the NLO-type result in the following, dubbed “full
model (int)” in the figures. An analysis of the parametrically
leading terms in a perturbative expansion support the inclu-
sion of the quadratic NP term. At large Jg, the dominant
two-loop contribution is given by diagrams with an addi-
tional virtual vector boson propagator within the the multiplet

V3 [GeV]

two different masses of the extra particles, 600 GeV (blue curves) and
1000 GeV (red curves). Solid lines represent the real part of a°, long
dashed lines the imaginary part, and the short dashed lines give the
purely real partial wave amplitudes in the EFT approximation. The SM
contribution, at tree level, is shown for comparison

loop of the four-particle vertex functions,e.g. 4

R
S

factors of TrC % R 17€. On the other hand, the square of the
one-loop four-particle vertex function, i.e. the | Mxyp|> term
above, is enhanced by a factor TI%C%‘ R I%O (see Eq. (10)),
which would not arise until the three-loop level in the inter-
ference term.

Subsequently we present the integrated, unpolarized cross
sections for scattering angles 5° < 6 < 175° in the center
of mass frame for the still academic WEW* — WEw=,
WZ - WZ, WW — ZZ,and ZZ — ZZ scattering
processes. A more complete LHC simulation of the full
qq — qqVV processes will be postponed until Sect. 4.
The limited angular range reduces the forward and backward
enhancement in the SM contribution, which is due to ¢- or u-
channel Higgs or W, Z exchange. For the new-physics contri-
bution, we use the single multiplet realization with parameter
choices discussed in Sect. 2.4.

Cross section results, as a function of the center-of-mass
energy /s = myy, are shown in Fig.5 for the case of a

in the fermion case, which have representation
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Fig. 5 Unpolarized VV — V'V cross sections as a function of the
COM energy +/s = myy for same-sign WW scattering (upper left),
W Z-scattering (upper right), the WW — ZZ process (lower left) and
Z Z-scattering (lower right). BSM curves are for the case of a single
fermion multiplet with Jr = 4, Mr = 600 GeV. The diverging curves

fermion nonet and in Fig. 6 for a single scalar multiplet with
Js =6.

A striking and well-known feature of the SM prediction is
the strong suppression of the ZZ — ZZ cross section, due
to the small value of mpy = 125 GeV. According to Eq. (37)
this implies

Mo.sm + Mz.sm ~ —Mi.sm, (44)
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represent several EFT approximations, up to dimension-8 operators (see
text for details). The “full model” with full fermion 1-loop contributions
is represented by the solid blue line while “full model (int)” (dashed
blue) includes the interference term in Eq. (43) only. The solid black
line represents the SM expectation, in the g’ = 0 limit

arelation which does not carry over to the NP contributions.
Since M describes W W~ — ZZ while M + M3 is the
amplitude for same-sign W W scattering, one finds opposite
signs for the interference terms, Mgy Mnp*, when com-
paring these two processes. M is the amplitude for WZ
scattering, which is related to M3 by § — 7 — 0 crossing.
As a result one finds the same interference characteristics
for W Z scattering as for same-sign WW scattering. Effects
are larger for the latter, however, by roughly a factor of two,
because the important NP amplitudes are fairly independent
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Fig. 6 Same as Fig.5, but for a single scalar multiplet with Jg = 6, Mg = 600 GeV

of scattering angle and thus add up, while the SM 7- and
u-channel amplitudes Mj.sm and M3.sp peak in opposite
hemispheres.

Comparing the Jr = 4 fermion case in Fig.5 with the
Js = 6 scalar multiplet in Fig.6, the effect of the scalar
multiplet on cross-sections is more pronounced due to the
higher representation. The constructive interference between
the SM and the anomalous contribution in the WW — ZZ
process (lower left) is particularly striking around the thresh-
old for fermion or scalar pair production, which results in a
peak structure centered around /s = 2Mg. For same-sign
WW and for W Z scattering (upper row) we see destructive
interference between the SM and the anomalous contribu-
tion in the low-energy regime. This leads to a dip in the

cross section at pair production threshold which, however, is
soon eclipsed by the strong cross section enhancement above
threshold, in particular for the scalar case. This peak above
threshold is driven to a substantial degree by a large contri-
bution from the imaginary part of the scattering amplitude,
which was already evident in Fig. 4.

Comparing the behavior of the total amplitude squared
with the NLO approximation, we observe discrepancies in
the high energy regime, starting at threshold, especially for
the cases of W Z and same-sign W W scattering. This demon-
strates that our model realizations, with large isospin repre-
sentations, are only marginally perturbative and might exhibit
sizable higher order corrections. This is also evident for ZZ
scattering (lower right panels) which is clearly dominated
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Fig. 7 Ratio of the unpolarized cross sections for same-sign W W scat-
tering (left panel) and the WW — ZZ process (right panel) in the single
fermion multiplet model with (Jr = 4, Mr = 600 GeV) to the corre-

by the anomalous contribution, i.e. the one-loop amplitudes
effectively provide LO estimates, similarto gg — ZZ in the
SM.

In all cases one finds good accordance between the full
model and its complete EFT realization in the low-energy
regime. For the EFT, four different results are shown. The
complete “EFT” curves (orange dotted) contain the con-
tributions from all dimension-6 and dimension-8 opera-
tors in Sect. 2.4. They are virtually indistinguishable from
the orange dashed lines, dubbed Ty, , T1, , T2, , T3, which
only incorporate the contributions from the dimension-8 7'-
operators. This agreement implies that the contributions from
the dimension-6 operators are tiny. In addition, the violet
dashed and green solid lines show predictions for an EFT,
where only the 7 or only the 7> operator, with Wilson coef-
ficients as given by Egs.(31) are included. The single T}
contribution in the fermion case exhibits the opposite inter-
ference behavior with the SM as compared to the full model
and one observes strong destructive interference between the
individual T -operators. For the scalar model, all T'-operators
interfere constructively, which can be understood by the signs
of individual Wilson coefficients in Eq. (31).

For a better evaluation of the validity of the EFT and its
subsets in the low-energy region, we present in Figs.7 and
8 the cross sections, normalized to the SM prediction, for
same-sign WW scattering and the WW — ZZ process. As
discussed above, results for W Z scattering are qualitatively
the same as for same-sign W W scattering.
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sponding SM cross section in the low energy region. In addition to the
curves as in Fig. 5, the almost horizontal line at &~ 1.008 represents the
result for the EFT at dimension-6 level. See text for details

The EFT agrees well with the full model for energies
below ~ 800 GeV, which is consistent with its naive valid-
ity range, given by the mass scale of the loop particle. In
the fermion case, the discrepancy stays below ~ 1 % up to
1000 GeV, but would grow with J f, We also note that the
EFT dimension-6 contribution only accounts for a slowly
varying offset of less than 1 % to the pure SM cross section
(gray dash-dotted line).

4 Implication for VVj;j events at the LHC

The analysis of the last section provided cross sections for
on-shell 2 — 2 VBS processes, in the g’ = 0 limit, and
thus was largely academic. A more realistic simulation for
the LHC needs to consider the fullg O — g Q V'V processes,
including decay of the produced electroweak gauge bosons,
it needs to consider the off-shell nature of both the space-
like initial and the time-like final gauge bosons, and it needs
to go beyond the SU(2), limit and incorporate that the W3
is actually a linear combination of photon and Z as mass
eigenstates. While a full implementation of the model into
VBFNLO is foreseen for the future, here we only make a first,
approximate assessment of consequences for the LHC.

A prominent feature of typical VBS kinematics consists
of small virtualities for all four electroweak bosons in the
V1 Vo — V3V4 subgraphs, |P52| Ls = m%,v. At such small
pl.z, modifications of the weak boson propagators are tiny, as
evidenced by Fig.2. Also corrections to WW Z or W Wy ver-
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Fig. 8 Same as Fig.7, but for a single scalar multiplet with (Js = 6, Ms = 600 GeV)

tices, which appear for a high virtuality gauge boson which
is radiated off a quark line in WZjj and WT W~ jj pro-
duction, are sub-dominant as was seen in the discussion
of aTGCs in Sect. 2.5. The remaining BSM effects in our
model then contain V1V, — V3Vy subgraphs with off-shell
helicity amplitudes M} %5, . ({p7}; s, ¢, u). Following Ref.
[19], the BSM part, which needs to be added to the SM

q9q — qq f1 f>f3 f4+ amplitude is then given by

4

1
MBSM
aq9—4fqaq = ,1_{171 _mv +imy. Ty

ZGJ(Pl,M)

Vi (i)
“Jg—qvi €7(P2,22) - Jgqvs

MBS (PP t ) €5(p3, A3)

v g, €7(PasAa) -y, L pg (45)

Here the €;(p;, A;) are off-shell polarization vectors (as
defined in Ref. [19]) and the J,.4v; and Jy, _, 7 , are quark-
and lepton currents. A final approximation now consists in
replacing the off-shell helicity amplitudes M} 23, . ({p7};
s, t,u) = MMAZMM({P?}'S 0), determined in the VBS
center-of-mass frame, by their on-shell values /\/I)L1 AoAzhs
({mW}, $,0) = M; 532405, 6) of Eq.(38). We have ver-
ified that the above approximations are good at the 10%
level by comparing on- and off-shell VBFNLO results for
the dimension-8 T -operators [40].

In the next step we use our new VBFNLO implementa-
tion of full on-shell model amplitudes to study fiducial cross
sections for the various VBS processes. We want to find out
to which degree ATLAS and CMS strategies for measur-

ing anomalous quartic gauge couplings’ would also reveal
high multiplicity extra matter multiplets, via their impact
on weak boson 4-point functions. All results are produced
for a proton—proton collider with a center-of-mass energy of
13 TeV using the MMHT2014 [50] parton distribution func-
tions at leading order, which are linked through LHAPDF
[51]. The Higgs-boson mass is set to 125.09 GeV. For the
W and Z boson mass VBFNLO uses My = 80.398 GeV
and Mz = 91.1876GeV, respectively. The weak mixing
angle is set to sin? @y = 0.222646. However we remind
the reader that the inserted on-shell amplitudes are derived
in the SU(2), limit, in which My = Mz = 81.18GeV.
When we depict the number of events we assume an inte-
grated luminosity of 137fb~.

4.1 Destructive interference in same-sign WW and WZ
scattering

We use VBFNLO to calculate the cross sections for the
electroweak processes

pp — WEZjj — IFoltiFjj
pp — WEWEjj — 1Fy 1y, (46)
with [,1" € {e, u}, which were exploited in Refs. [3,52] to

set bounds on anomalous quartic gauge couplings. In order
to make a qualitative comparison with the results of Ref. [3],

9 A nice summary on bounds on anomalous triple and quartic gauge
couplings, from the analysis of diboson and triboson final states and
from different experiments is provided in Ref. [49].
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Fig. 9 W Z invariant mass (upper row) and transverse mass (lower row)
distributions for VBS production of WZj; events at the LHC. Three
panels show expected event numbers per bin for a run 2 integrated lumi-
nosity of 137 fb~! while the upper right panel is normalized to the SM.

in particular their Fig. 6, we have implemented a very similar
cut-flow. For the W Z final state this cut-flow includes:

In°l < 2.5, In"| < 2.4
my > 100GeV, PSS > 30 GeV

In| <47, ph>50GeV, |AR(j,1)| > 0.4
mjj > SOOGeV, |A1’}jj| > 2.5,

ph > 20GeV,

lmyy —mz| < 15GeV,

max(z)) < 1.0.

(47)
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Bin width in the two left panels is 100 GeV, while on the lower right
bin size is chosen as in Ref. [3]. The considered scenario is a scalar
multiplet with Jg = 6 and Mg = 600 GeV

Therein the abbreviation “3/” denotes the three-lepton sys-
tem, i.e. the sum of the three lepton 4-momenta, and its invari-
ant mass m3;. In contrast to the CMS analysis we only simu-
late the flavor combination I’ = e, ] = u and as an estimate
for all flavor combinations multiply our results by a factor of
4. As a consequence we have just one cut on the transverse
momentum plT, which is chosen equal for all leptons. The
cuts depicted in the last two lines of Eq. (47) are typical vec-
tor boson scattering cuts, which enhance the contribution of
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Fig. 10 Same as Fig.9, but for a fermionic multiplet with Jr = 4 and Mr = 600 GeV

electroweak VBS over QCD-induced V'V jj events and other
SM backgrounds.

ZF =In" = 7 + )l /1an;] (48)

denotes the variable introduced in Ref. [53].

The cut-flow for the same-sign WW final state is very
similar: for charged leptons we merely replace the m3; cut
by m;; > 20GeV. Furthermore we set max(z;) < 0.75. In
contrast to Ref. [3] we do not have a cut on |m,, —mz|, as we

generate our result for the flavor combination I’ = e, = u
and multiply by 2.

We present our results primarily for the scalar case with the
combination Jg = 6 and Mg = 600 GeV which, according to
the discussion in the previous sections, may be considered a
maximal plausible signal within our framework. The results
for the fermionic case with Jr = 4 and Mr = 600GeV,
which is disfavored by Drell-Yan data, do not provide much
additional insight and differ visibly only in the vicinity of the
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threshold peak, which is more pronounced in the scalar case.
We present the number of events for an integrated luminosity
of 137fb~! as a function of the invariant mass of the final
state WW and W Z system which, however, is not accessible
experimentally. Therefore, also for a direct comparison with
Fig. 6 of Ref. [3], we add figures showing the transverse mass
as defined there.

For the W*Z final state the results for the scalar case
are depicted in Fig.9 and for the fermionic case in Fig. 10.
The m(W*Z) invariant mass distribution in Fig.9 (upper
left) and its ratio to the SM contribution (upper right) show
destructive interference between the multiplet contribution
and the SM well below the threshold at m(W*Z) ~ 2Mp =
1200 GeV. The EFT description follows this behavior until
around m(W*Z) ~ 1000 GeV, after which it clearly deviates
from the full-model prediction. In this region of reliable EFT
description the BSM effects are tiny, however, deviating from
the SM by at most 1%, which renders their observation hope-
less. The figures also depict the contribution from the com-
bined dimension-8 7; operators only, which well coincides
with the full EFT description. This exacerbates the obser-
vation in Sect. 3.2 that the contribution of the dimension 6
operators is sub-dominant and irrelevant for VBS in prac-
tice. The lower panels of Fig. 9 show the transverse momen-
tum distribution, in which the destructive interference is not
visible anymore, due to the migration of excess events at
higher invariant mass into the low transverse mass region.
The lower right panel reproduces the binning of the events in
Fig. 6 of Ref. [3]. Comparison of the last two bins with the
data (which are compatible with the SM) reveals that the full
fermion model in Fig. 10 cannot be excluded, whereas scalar
model at Js = 6 in Fig.9 should have been seen with con-
siderable significance. Similarly, the sizable signals of the
non-unitarized EFT’s in the last (overflow) bin are excluded.
Also shown are unitarized versions of the EFT description,
following the unitarization procedure of Ref. [19], which
stays closer to the full model description in both the invari-
ant and the transverse mass distributions.

We continue with a description of the W W final state,
for which we depict the fermionic case in Fig. 11, the scalar
case exhibiting the same qualitative features (see Fig.12).
The destructive interference in the invariant mass distribu-
tion is more pronounced than in the W*Z case. Unfortu-
nately, the actually observable transverse mass distribution
suffers from two final-state neutrinos which leave the detector
unobserved. This again leads to the migration of a substantial
fraction of high-energy events in the invariant-mass distribu-
tion to lower values of the transverse mass, which wipes out
the destructive interference signal. This migration also leads
to significant deviations between the full-model description
and the EFT setup for all values of the transverse mass, even
far below threshold, mT(WiWi) & 2Mp. Lastly, in the
transverse-mass distribution also the unitarized EFT case is
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far from both the full-model description and the EFT curve,
as the different behavior at high invariant-mass has a clear
impact at lower values of the transverse mass. The choice
of the unitarization procedure, which is arbitrary to a con-
siderable extent, unfortunately impacts the transverse-mass
distribution substantially. We note that the di-lepton invariant
mass distribution would show a behavior very similar to the
transverse mass, i.e. throughout the whole range of masses
the full model, the EFT description and its unitarized ver-
sion differ. Again the lower right panel shows the binning
as performed in the left panel of Fig. 6 in Ref. [3]. In the
next-to-last bin, from 850 to 1050 GeV in mp (WEW), all
curves for the Jr = 4 fermionic case are compatible with
the data, whereas the measurement, with a single event in the
mp(WEWE) > 1050 GeV bin, is visibly under tension with
all non-SM curves depicted in the lower right panel of Fig. 11.
It is again apparent that it is much easier to exclude the EFT
description compared to the full model or the unitarized EFT
description.

In Sect. 3.1 we argued that a variation of multiplet masses
leads to a simple scaling of the position of the threshold,
i.e. it corresponds to sliding the additional BSM contribu-
tion up or down the SM invariant mass distribution. This
effect is demonstrated in Fig. 12 for a Jg = 6 multiplet with
masses between 600 and 1500 GeV, and it is present for both
the (somewhat academic) invariant mass and the transverse
mass distribution. Other final states, suchas WZjj or ZZjj,
behave similarly.

4.2 Constructive interference in ZZjj production

Within the VBFNLO framework we next consider the elec-
troweak process

pp — ZZjj — T 1T17 jj

with [, 1’ € {e, u}, which was used in Refs. [46,47] to bound
aQGCs. For a qualitative comparison we again use a cut-flow
similar to the experimental analysis, namely

ph>20GeV, |n°] <25, |nt| <24

40GeV < my; < 120GeV, Ir]j| <47, p% > 30GeV

[AR(j, )] > 0.3, mj; >400GeV, [An;j|>24.
(49)

We generate the flavor combination I’ # [ € {e, 1} and mul-
tiply our results with a factor of 2, thus ignoring the prob-
lem of correctly assigning the leptons to the two Z boson
candidates in 4e or 4, events. Note that the actual experi-
mental analysis in Ref. [46] is using a boosted decision tree,
which also takes into account the z; variable of Eq.(48) to
enhance the fraction of vector boson scattering events over
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Fig. 11 WW invariant mass (upper row) and llp?iss transverse mass
(lower row) distributions for VBS production of same-sign WWj;j
events at the LHC. Three panels show expected event numbers per bin
for a run 2 integrated luminosity of 137 fb~! while the upper right panel

QCD background events. The more recent analysis in Ref.
[47] is moreover extracting the bounds not from a VBS-
enhanced region, but from a larger phase space region with
only m;; > 100GeV. We stick to the VBS-enhanced region
defined above for our qualitative discussion, because other-
wise triple gauge boson production processes would have to
be considered as well. As a consequence we cannot directly

6000

I —
Fpp — WEWE55 — Wwl'vjj
13 -_l,l’E{e,u} 1
.JF = 4, MF = 600 GeV
= 12f SM ]
2 [ —Full Model 1]
e o EFT L]
-8 (Al To, T1, T2, T3 -
S I b
g 10f
. [
(e} L
< [
w 09F ]
@ I
] [
) L
> [ )
= o8} . ]
7500 1000 1500
m(WEWE) [GeV]
104 F LA B L R R B R B R B B B R R | L
Fpp — WEWE55 — Wwil'vjj, I, I'e{e, u}3
=] B JF:4,MF:600G6V:
2 L |
~~
£ 10°F E
Q o ]
Y L ]
102 E .
[—SM - A ]
1 —Full Model i
10°E-----EFT
F-- EFT unit.  B==== ]
- Ty, Th, T, T3
0 L L L 1 L 1 1 1 1 1 1 1 1 1 1 L 1 L L L 1 L
0 200 400 600 800 1000 1200

mp(WEWTE) [GeV]

is normalized to the SM. Bin width in the two left panels is 100 GeV,
while on the lower right bin size is chosen as in Ref. [3]. The considered
scenario is a fermionic multiplet with Jr = 4 and My = 600 GeV

compare against Ref. [47], which would anyhow need a
detailed Monte Carlo simulation of all underlying, dominant
background processes.

In Fig. 13 we show the Z Z invariant-mass distribution for
the scalar case with Jg = 6 and Mg = 600GeV which, in
contrastto WW or W Z production, is fully accessible exper-
imentally for ZZ — 4l. While the left panel is for a con-
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Fig. 12 Invariant mass distribution of the W pair and transverse mass distribution of the lepton-neutrino system in same-sign W W events for the

contribution of a single Js = 6 multiplet, but for a range of scalar masses, Mg

stant 100 GeV bin width, the central panel uses the binning
employed in Refs. [46,47], and the ratio to the SM is shown
in the right panel. In contrast to the same-sign W W and W*Z
final states the interference with the SM is constructive (see
right panel) and the peak itself is more pronounced (see left
panel). We emphasize again that a direct comparison to the
experiments is non-trivial due to different regions in the phase
space of the two jets. Still both the full model as well as the
unitarized EFT description yield about three extra events in
the last bin (m(ZZ) > 1200 GeV), which seems well com-
patible with the experimental data. The qualitative behavior
ofthe Jr =4, Mr = 600 GeV model is similar to the scalar
model shown. However, deviations from the SM are some-
what smaller, with a single excess event expected in the last
bin.

4.3 Implications for experimental analysis

The various cases discussed in the previous sections differ
in details like constructive vs. destructive interference below
threshold, or how large a threshold peak may be expected.
However, there are a number of generic observations which
can be made and which are important for BSM searches in
VBS at the LHC.

1. One finds a very limited energy range, myy < 1.3Mpg
for the diboson invariant masses, where the EFT descrip-
tion (even at dimension-8 level) adequately approximates
the underlying UV-complete model. Within this validity
range of the EFT description, cross section deviations
from the SM stay below 10% even for isospins as large as

Jr =4 or Jg = 6, which are at the edge of perturbative

@ Springer

behavior of the electroweak interactions. For less extreme
isospin choices, deviations are even smaller, scaling like
J3.

In spite of small BSM effects in the EFT validity range,
the overall BSM signal can be sizable. Enhancements by
a factor of 10 in invariant mass or transverse mass dis-
tributions are possible, starting in the threshold region of
the new physics. However, they require large isospin, Jg,
close to the perturbativity limit. For more “reasonable”
multiplet assignments, the cross section increase at high
myy is substantially smaller. For example, three replicas
of Jr = 2, Mr = 600 GeV Dirac fermions lead to an
increase by about a factor 1.3 around my+y+ ~ 3 TeV
in the WEW* jj cross section, as compared to the factor
7 visible in Fig. 11.

The non-unitarized EFT description gives a completely
wrong account of the BSM physics at high V'V invari-
ant mass. Due to the migration of the (fake) huge excess
of high energy events to lower values of e.g. measur-
able transverse mass, this wrong description completely
spoils most distributions. Non-unitarized EFT descrip-
tions clearly should not be used.

Unitarized EFT approximations of the BSM physics fare
somewhat better and may provide a qualitative descrip-
tion. However, agreement with the full model (as e.g. in
the Z Z invariant mass distribution of Fig. 13 above 2 TeV)
is only accidental, and would not occur for smaller isospin
representations.

The BSM signal in the complete model is most pro-
nounced around pair production threshold. Thus searches
(in particular for less extreme isospin choices) should be
optimized for modest increases in rate at intermediate
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Fig. 13 Diboson invariant mass distributions for ZZjj VBS events
at the LHC. Shown are events per 100GeV bin (left), events per bin,
sized as in Refs. [46,47] (middle), each for an integrated luminosity of

diboson invariant masses, around myy ~ 2Mp, instead
of looking for huge rate increases in the highest energy
bins.

. In the threshold region, 1.5Mgr < myy < 3Mpg, the EFT
description strongly underestimates the BSM signal of our
toy model. This intermediate energy range thus provides
an attractive opportunity to search for extra isospin mul-
tiplets in VBS. Because of the growth of amplitudes with
J Ig in VBS vs. J 1% in dilepton production (as discussed
in Sect. 2.5), VBS can actually be competitive with and
complementary to analyses of Drell-Yan dilepton events
in finding BSM hints in the (Jg, Mg) parameter plane.

The above observations were made for a toy model with
a large SU(2); multiplet of otherwise inert heavy scalars
or fermions. Many modifications of the model can be con-
templated. For example, the new heavy matter fields might
come in multiplets of an additional (confining) gauge inter-
action, which would add non-perturbative effects and reso-
nances, similar to the formation of heavy quarkonium states,
like the J /¢ or Y, in QCD. Borrowing from quark-hadron
duality in QCD, however, we would still expect the above
features to approximately hold when smearing V'V invariant
mass distributions over energy intervals which are larger than
the spacing of the resonances which are induced by the new
confining interaction. In contrast, going to higher SU(2),,
multiplets than contemplated in e.g. Fig.3, i.e. entering the
non-perturbative realm for electroweak interactions, might
lead to new features, not discussed in this paper. Even then,
the bounds established by the 7,,-model unitarization of the
dimension-8 EFT would still present upper limits for observ-
able cross sections in VBS.

L
600

L L L
1000 1200 1400

m(ZZ) [GeV]

L L L L L L
800 1000 1200 1400 400 600 800

m(ZZ) [GeV]

200

137fb!, and cross section normalized to the SM (right). The consid-
ered scenario is a fermionic multiplet with Jg = 6 and Mg = 600 GeV.
VBS cuts of Eq. (49) are applied

5 Discussion and conclusions

In this paper we have investigated possible sources of anoma-
lous quartic gauge boson couplings and their impact on vector
boson scattering processes at the LHC. The T-operators of
Eq. (16) arise naturally, at the one-loop level, in any BSM
extension with extra fields which carry weak isospin, and
they modify the scattering of transversely polarized weak
bosons. Conversely, the appearance of field strength tensors
in the T -operators signifies that they must be loop-induced
[9]. Within the setting of renormalizable field theories, and
ignoring the possibility of an extended electroweak gauge
group,'? the extra scalar and spin 1/2 matter fields, which
we have considered, constitute the most general source of
these operators. We have avoided operators involving the SM
Higgs-doublet field, like the My- or Sp-operators of Eq. (1),
by only considering isospin and hypercharge representations
which cannot form gauge invariant Yukawa type interactions
with the Higgs doublet field (and possibly SM fermions) and
by assuming small H™ H®"® couplings in the UV-complete
model.

Relaxing these model constraints will not significantly
alter our results for the T-operators, and transverse VBS
in general, as long as extra interactions do not induce very
large mass splitting within the new matter multiplets. Our
toy model represents a variant of natural dark matter models
in the spirit of Ref. [29]. However, we have only consid-
ered relatively modest masses, of order 1 TeV, which would
provide only a fraction of the observed dark matter in the uni-
verse. In a less constrained UV-complete model, in particular

10 Embedding the SM SU(2), in a larger non-abelian gauge group
merely leads to additional heavy isospin 1/2 vector bosons, which do
not share the high multiplicity enhancement factors, ~ J ,5‘,, discussed
in this paper for large Jg matter multiplets.
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when allowing mixing with SM matter fields, direct collider
searches for the extra multiplets as well as their dark matter
impact would be strongly affected by additional interactions,
leading to a vast and rich phenomenology. We were not inter-
ested in such issues here but rather have concentrated on the
generic loop-induced effects of extra matter multiplets for
weak boson interactions.

The one-loop effects of generic, degenerate scalar or Dirac
multiplets have been calculated up to weak boson four-point
functions, in the zero-hypercharge limit. In addition, the EFT
representation of these results was derived, including all nec-
essary operators up to energy dimension 8. Both the full cal-
culation as well as the EFT low-energy approximation were
implemented for on-shell VBS in the SU(2); limit of the
SM. In addition, an approximated version was added into
VBFNLO [20,21] for the estimation of its impact in current
experiments at the LHC. Assuming a single multiplet for
simplicity, we have tuned the parameters of the multiplet,
i.e. its isospin Jg and its mass Mg, to produce sizable, but
not yet excluded deviations from the SM in VBS. Surpris-
ingly, present VBS constraints are of comparable strength
as bounds from dilepton production at the LHC, and con-
siderably stronger than existing constraints from aTGCs as
measured via vector boson pair production.

This somewhat surprising result (given the much higher
event rate for Drell-Yan or g¢ — V'V production at the
LHC as compared to VBS) is due to the fact that large isospin
multiplets induce one-loop effects in weak boson two- and
three-point functions which rise as J 13e only, while a J 15e rise
is found for four-point functions and, thus, also aQGCs. In
addition, an accidental cancellation between the two rele-
vant dimension-6 operators leads to a particularly small value
for the A-aTGC (see Eq. (34)). Degenerate, non-mixing mat-
ter multiplets at one-loop level thus provide another exam-
ple that dimension-8 operators can be more important than
dimension-6 operators in LHC phenomenology. One should
keep in mind, however, that for small isospin multiplets (like
Jr = 1/2 or 1) the one-loop BSM effects on weak boson
vertex-functions are tiny, and models with large isospin mat-
ter fields are required to produce noticeable effects in VBS.

An upper bound on reasonable values of Jg is provided by
unitarity considerations, combined with perturbativity of the
model. As shown in Sect. 3.1, the J 1% growth of the one-loop
VBS amplitude leaves the allowed range of the Argand circle
for fermion multiplets with Jz = 5 and scalars with Jg >
6. We have therefore considered a fermion or scalar with
the largest isospin Jg which is compatible with the unitarity
bounds (i.e. Jr = 4 and Jg = 6) and a mass value such that
at least one of the model’s Wilson coefficients has a value in
the ball-park of current EFT operator bounds obtained from
aQGC measurements at the LHC [2,3,46,49]. Both particle
species show comparable impact in VBS processes.
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Turning to individual VBS processes, we observe con-
structive interference with the SM for the case of ZZ pro-
duction and destructive interference for WZ and same-sign
W W scattering. However, the characteristic destructive inter-
ference in W Z and same-sign W W scattering is only visible
as a function of the invariant mass of the diboson pair, which,
unfortunately, is not a kinematic variable that is directly
accessible in purely leptonic decays involving neutrinos.
These interference effects, which remain at the 10% level
even for isospins at the perturbativity limit, are thus hard to
detect. Large BSM signals are possible in VBS at and above
pair production threshold of the new particles, however, and
such effects should be searched for at the LHC in the 1 to
2 TeV region.

As discussed in the last section, an EFT approximation to
the loop effects is only justified in the interference region,
well below threshold. Dissecting the effects of the individ-
ual dimension-8 operators further, one finds large destruc-
tive interference between the different 7; operators in WZ
and same-sign WW scattering for the fermionic case. This
implies that the experimental bounds on individual Wilson
coefficients for these operators are only of limited use and
tend to overly restrain the allowed parameter space of our
fermionic model.

Because the validity region of the EFT approximation is
confined to myy < 1.3Mp, where the BSM effects are still
small, the EFT is not the appropriate tool to search for extra
large multiplets of Dirac fermions or scalars. Rather a full
one-loop simulation of the extra matter fields should be used.
An approximate implementation in VBFNLO, as discussed in
Sect. 4 is available upon request and a full implementation
is envisaged for the future.
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