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1 Introduction

The LHC discovery of a scalar boson [1, 2] compatible with the Higgs particle as predicted
in the Standard Model (SM) represents a milestone in the elementary particle physics. In-
deed, it may be the first discovered elementary particle with zero spin, if no substructure is
found. Experimental collaborations are nowadays strongly involved in studying its proper-
ties to confirm the SM predictions or to point out discrepancies due to Beyond SM (BSM)
dynamics in the Electroweak (EW) sector. The necessity of New Physics has already been
established, i.e. by non-vanishing active neutrino masses or by the existence of the Dark
Matter. So, it should not be surprising if the Electroweak Symmetry Breaking (EWSB)
mechanism would finally be shown to differ from what is described by the SM.

Two main directions of thoughts on the EWSB mechanism have emerged in the
last decades: according to the first one, the EWSB mechanism is due to the linearly
realised dynamics of the Higgs sector such as in the SM; the alternative consists in a
non-linearly realised dynamics of the Higgs sector, typically occurring in Composite Higgs
(CH) models. As direct searches at the LHC have so far not observed any new resonance,
that are predicted in CH scenarios, indirect searches are important to disentangle these
two possibilities.

A fundamental aspect of indirect searches is the use of an effective description to
account for NP effects at low energies. Two different effective field theories for the SM
physical degrees of freedom have been constructed, to describe the linear and the non-
linear realisation of the Higgs sector dynamics:

— In the so-called SM Effective Field Theory (SMEFT) [3, 4] the SU(2); x SU(2)gr
symmetry in the Higgs sector is realised linearly, with the Higgs field being a SU(2) 1, x
SU(2) g bi-doublet. The perturbative expansion is characterised by inverse powers of
the cut-off scale A, representing the NP energy scale. Considering only Baryon and



Lepton number preserving operators, the SMEFT Lagrangian is written as the sum
of different terms,

ZSMEFT = Z5Mm + Z 056)01(6) + Z c§8)0§8) +..., (1.1)

where Zs\ stands for the SM Lagrangian, cl(-n) are dimensionless coefficients and O™
are operators of canonical dimension n > 4 that encode the suppression A*~". Dots

represent higher order operators in the expansion in inverse powers of the cut-off.

The SMEFT is renormalisable order by order in the expansion in A: independently
from the number of loops of a given diagram, the quantum corrections calculated
from the Lagrangian truncated at some order of A and calculated to the same order
in A can be renormalised by the couplings present in the effective Lagrangian.

Considering observables whose typical energy is much smaller than the cut-off, the
higher the canonical dimension of an operator the smaller is its contribution to those
observables. Once the typical energy involved is closer to the cut-off, the ordering of
the operators in canonical dimensions is not so meaningful anymore and operators of
higher dimensions may dominate. In this case, the effective description breaks down
and cannot be considered reliable anymore.

In the so-called Higgs Effective Field Theory (HEFT) [5-20] the SU(2);, x SU(2)gr
symmetry is realized non-linearly, on the three Goldstone bosons eaten up by the
gauge fields. The physical Higgs field may be either a singlet of the diagonal, the
so-called custodial, symmetry SU(2)¢ (if in an UV completion the SU(2)z x SU(2)g
symmetry is realised linearly at a certain level) or an additional field never forming the
Higgs doublet with the three Goldstone bosons (GBs). This Lagrangian is the most
general description of the EW and Higgs couplings, satisfying the gauge symmetry
of the SM: in specific limits, it may reduce to the SM Lagrangian, or may coincide
with the SMEFT one, or may match the description of CH models [21-31] or even
dilaton models [32-34].

The HEFT can be considered as the merging between the chiral perturbation theory
applied to the longitudinal components of the gauge bosons and the Higgs and the
SMEFT once dealing with the other SM particles. Following the traditional notation
of the EW Chiral Lagrangian (EWxL) [5, 35-37], the SM GBs n* are described by
means of a dimensionless unitary matrix transforming as a bi-doublet of the global
SU(2)r, x SU(2)r symmetry,

U(z) = e 7™ @/ U(z) — LU(z)RT, (1.2)

with v = 246 GeV being the EW scale defined through the W mass, and L (R)
denote the SU(2) (g transformation. It is customary to introduce two objects, the
vector and the scalar chiral fields, that transform in the adjoint of SU(2):

V,(z) = (D,U(z)) U(x)", T(z) = U(z)o3U(x)', (1.3)



where the covariant derivative reads

g’

D, U(z) = 0,U(x) 4 ig W,(x)U(x) 5

B (z)U(z)os . (1.4)
While V,(z) is SU(2)¢ conserving, T(x) is not and therefore plays the role of a
custodial symmetry breaking spurion.

Differently than in the SMEFT, the physical Higgs field does not have to belong to
a doublet representation of SU(2), and generic functions F(h) are used as building
blocks to construct the effective operators. These functions are made dimensionless
by implicitly weighting the insertions of the Higgs field with an appropriate power of
the EW scale v.! In concrete CH models, where the physical Higgs field arises as a
pseudo-GB, and in fact is one component of the Higgs doublet, the functions F(h)
take trigonometric expressions [26, 27].

Due to the presence of the vector and scalar chiral fields V,, and T (the dependence
of the space-time coordinates will be omitted in what follows), a single-parameter
expansion is meaningless in the HEFT [38]: the perturbative expansion in the EW xL
is typically based on a derivative counting rule; while, as said above, the SMEFT is
ruled by an expansion in inverse powers of the cut-off scale.

Contrary to the SMEFT, the renormalisability is more involved: in the pure EWxL,
1-loop diagrams with one insertions of a two-derivative coupling, usually listed in the
Leading Order (LO) Lagrangian, produce divergences that require the introduction of
operators with four-derivatives, which generically constitute the Next-to-the-Leading
Order (NLO) Lagrangian. This is not compatible with the SMEFT renormalisability
order by order in A.

For both SMEFT and HEFT, the distinction in LO, NLO, etc. .., sometimes fails in
ordering the impact of the different operators. The latter depends on the structure
of the operators and on the energy involved in the observables under consideration.
Once the energy is smaller but close to the cut-off, a counting based on the so-called
primary dimension d,, [38] is useful: it counts the canonical dimension of the leading
terms in the expansion of a given object. Indeed, the matrix U and the functions
F(h) hide the dependence on the scale v:

fo % o

h
U=1+2 T Fhy=1+2a"+..., (1.5)

and as a consequence U and T has d, = 0, while V,, and 0,F(h) have d,, = 2.

Any operator may be ordered in terms of its dj, and it allows to link the particular
structure of an operator to the strength of a physical signal measured by cross sec-
tions. An interesting application is that operators with the same d,, are expected to

!The scale associated to the h is typically denoted as f # v, as in CH models. However, in the HEFT
there is the freedom to redefine this scale and, considering that the Higgs physics does not intervene in the
present analysis, the EW scale will be taken as the reference one in the functions F(h) without any loss of
generality.



have similar impact on a given observables: this information may be used to identify
the complete set of operators describing in a similar way the same process, although
they belong to different orders in the expansion. Another application of the primary
dimension is that if the d, of an HEFT operator is smaller than the canonical di-
mension of the SMEFT operator that contributes to a same observable (this SMEFT
operator will be refereed to as “linear sibling” of this HEF'T operator), then the pro-
cess described by these operators is expected to have a higher cross section in the
HEFT than in the SMEFT: this process may be used to test the linearity of the Higgs
sector dynamics [11-13, 16, 39, 40].

The precise determination of both the Higgs couplings and of triple and quartic gauge
couplings are fundamental for understanding the dynamics of the EWSB mechanism. Stud-
ies of the longitudinal EW vector boson scattering (VBS) may shed some light on the inti-
mate nature of the EW sector and the use of EFT's, in that specific case of the EWyL, dates
back to the late '80s [41-47]. After the discovery of a scalar resonance at the LHC, VBS
received a renewed attention both from the experimental collaborations [48-54] and from
theorists who analysed possible signals of NP in these processes by means of the SMEFT
Lagrangian [55-58], or of the HEFT one [59-65], or even in a generic CH scenario [66, 67].

In particular, in ref. [56] a strategy for same-sign WW scattering at the LHC data
analysis was developed in the context of SMEFT, assuming that there will be evidence for
New Physics (NP) in the future data (i.e. discrepancies at > 5 standard deviations 50 with
respect to the SM predictions). Particular emphasis was put on the proper use of EFT in
its region of validity. For a detailed discussion see ref. [56], while only few details will be
given here.

First of all, certain effective operators cause the WTW T — WTW T scattering ampli-
tude to grow with energy, leading to unitarity violation above a certain WW center of mass
(c.o.m.) energy scale, labelled My matching the notation in ref. [56]. The value at which
the unitarity is violated, denoted as MY, can be determined in terms of the ratios between
the operator coefficients and the cut-off scale, f; = ¢;/A™, associated to each operator con-
tributing to WW scattering. This value for MY is then identified with the bound arising
from the unitarity condition for the J = 0 in WW — WW on-shell scattering partial wave
criterium: |aj—o < 1/2|. In the region where the c.o.m. energy of the WW system is larger
than the unitarity violation scale, Myw > MY(f;), the amplitude of the full considered
reaction pp — jjll'vvp cannot be consistently described within an EFT approach. This
condition also leads to a bound on the cut-off of the EFT: A must be smaller than the scale
at which the unitarity gets violated, i.e. A < MY(f;), as for larger energies new degrees of
freedom (d.o.f.) are expected to be added into the spectrum. Moreover, another constraint
on A follows by requiring the validity of the Lagrangian expansion in terms of energy over
the cut-off: A must be larger than the energy involved in the process, that is A > My w.
All in all, the following inequality arises from the conditions for a consistent and valid EFT
description of the WW scattering:

MWW <A< MU(fz> . (1.6)

For fixed f;, different (continuous) choices of the A scale can be considered.



A second relevant aspect that was considered in ref. [56] is the fact that Myw is
not an observable in the 4 lepton WW decay channel, and various kinematic distributions
need be used to describe data. In particular, the kinematic window spans values up to
My, that may be larger than the cut-off A. However, the only relevant data in an EFT
fit must belong to the region where My < A: only in this case, physical conclusions
can be drawn from the analysis; in particular the tail of the My distribution should
not have a significant impact on the fit. This condition, that has not been considered in
previous similar analyses, has been implemented quantitatively in the analysis in ref. [56]
introducing two signal estimates. The first, labelled D?FT, defines signals coming uniquely
from the EFT in its range of validity and assumes only the SM contribution in the region
where A < Myw < Myi5: it reads

DEFT_/A do
i oty AM

where the index i refers to a specific choice for f;. In the second estimate, a tail regularisa-

Myw do
—1 dM 1.7
+/A dMlsm (L7)

model

tion of the distribution in My is considered, and the choice in ref. [56] was of a constant
WHW+ — WTWT amplitude above A. In particular, this method guarantees that the
partial wave unitarity condition is not violated above A. This second estimate reads:

DBSM:/A di
! oMy, AM

where A = const denotes the regularisation. In order to guarantee that also with this

dM +

model

(1.8)

My do d
A dM | A=const

second signal estimate the physical effects in the fit do not come from the tail of the distri-
bution, statistical consistency between the two estimates within two standard deviations
(20) was required.

Summarising, in the analysis for the SMEFT Lagrangian presented in ref. [56], the
(fi, A) parameter space was studied requiring i) > 50 discrepancy between DZBSM and the
SM prediction, ii) the condition in eq. (1.6), and that iii) the distributions DFFT and DPSM
do not differ more than 20 from each other. The area selected by these three requirements
corresponds to the discovery region of a certain class of EFT that contributes to the WW
scattering process: the larger the region the larger the chance for sensible description of
the forthcoming data within the EFT approach. In ref. [56], a single operator analysis
has been performed, that is considering the SM Lagrangian with the addition of a single
d = 8 SMEFT operator at a time that modifies the WWWW interaction: the discovery
regions have been determined for each d = 8 SMEFT operator included in the Lagrangian.
Typically, the form of the discovery regions is similar to a triangle in the (f;, A) plane,
delimited by the unitarity limit from above, the 560 BSM observability from the left and
the 20 statistical consistency between the two signal estimates from the right.

The aim of the present paper is to apply the analysis performed in ref. [56] to the
HEFT description, determining the discovery potential of several operators that modify
the WWWW interaction considering HL-LHC (14 TeV pp collision energy and 3 ab~!
of integrated luminosity). As for the SMEFT, only a single operator analysis will be



performed, considering a specific set of d, = 8 HEFT operators that genuinely affect the
WW scattering, that is do not contribute to triple gauge boson interactions.

As already mentioned, the effects of HEFT operators to VBS have already been studied
in the literature [59-65], but without considering explicitly the conditions listed above,
that is 50 discoverability and the consistency of the EFT approach once enforcing that the
distribution tail does not have relevant (at 20) effects on the signal.

The results obtained adopting the HEFT Lagrangian can then be interpreted in terms
of specific Ultraviolet (UV) completions. In particular, the focus will be on the CH context,
providing a bound on the characteristic parameter £ = v/f, being f the scale of the
global symmetry breaking. This bound is complementary to those obtained from EW
precision observables or from the non-discovery of composite resonances (for a recent review
see ref. [68]).

The rest of the paper is organised as follows. In section 2, the operators of the HEFT
relevant to discuss the VBS will be introduced. The results of the analysis will be presented
and discussed in section 3. Final remarks can be found in section 4, while more technical
details are left for the appendix A.

2 The HEFT operators relevant for VBS
The HEFT Lagrangian can be written as the sum of two terms,
gHEFT = g() + Ag, (21)

where the first term contains the LO operators and the second one describes new interac-
tions and deviations from the LO contributions. There is no common agreement on which
operators belongs to %) and which to A.Z: even in the choice of %, there are different
opinions in the literature. Following ref. [16] and the recipe illustrated in the Introduction,
the LO Lagrangian contains the kinetic terms for all the particles in the spectrum, the
Yukawa couplings and the scalar potential: restricting to CP conserving couplings,

1 1 1
Lo == 199" = W W = 1 Bu B

; (2.2)
n %@h@”h - ”ZTr (V,,V") Fo(h) — V(h) + fermions,

where fermions refers to all the terms involving fermions and that will not be considered
here as they do not enter the present analysis. The first line describes the kinetic terms
for the gauge bosons, with the color (weak) index with Greek (Latin) letters. The second
line contains the Higgs and the GBs kinetic term, the scalar potential, and the mass terms
for W and Z gauge bosons.
The function F¢(h) in the second line of eq. (2.2) is conventionally written as
h h?
Fo(h) :1+2a05+bcﬁ+... , (2.3)

where the dots refer to higher powers in h/v. In the SM case, the first two coefficients of
Fc(h) are exactly equal to ac = 1 = be, while the ones corresponding to higher orders



are identically vanishing. On the experimental side, present fits indicate a central value
of these coefficients close to 0.9, compatible with the SM within the 1o uncertainty [16].
Although in a general analysis ac and bc are free parameters, the SM values will be
assumed in this analysis, being the focus on the effects of genuine quartic operators into
WWWW scatterings.

The second part of the HEFT Lagrangian, A% contains all the color and EW invariant
operators appearing beyond the LO, including corrections to .4, and new couplings. In
what follows, only a set of operators will be considered, that are useful to discuss the
dominant contributions to WW — WW process: adopting the notation of refs. [15, 16];
(in particular Ais the EFT cut-off scale),

AL Y GPFM+ Y &TFEM+ Y enOnFi(h),  (24)

i=6,11 i=42,43,44,61,62 i=0,1,2
where ¢; are free coefficients and the operators are defined as

1

- p v
Ps IGWQTT(V“V )Tr(V, V)

1 14
P11 :716W2Tr(VuV,,)Tr(V“V )

1 (6% 4
Tao :pTr(VaWNV)Tr(V WHY)
1 14 (6}
7?13 ZPTT(VQWMV)Tr(V W“ )

1 v e
Taa :FTr(V W) Tr(V o WHY)

1 a apyv [e] (25)
Tor =35 Wi, W Tr(Va V)
1 a apuc v
Tor =35 Wi W Tr(Va V)
167[‘2 a apv b baf
Oy == Wi, W W W
167 a a b bav
Ory == Wa, W W5 W
167T2 a a b broa
O, == Wa W™ Wi, W

being W, = W), 0" /2. These operators are particularly interesting because they do not
contribute to triple gauge vertices, which are strongly constrained: in this case, the analysis
that has the best chances to provide interesting constraints on these operators is on VBS.
These operators are labelled in the literature as genuine quartic operators. To facilitate
the matching between this notation and the one used in previous literature, the operators
Ps and Pq; are also known as L5 and L4, respectively, of the EWxL.

The numerical pre-factors in these operators are assigned according to the Naive Di-
mensional Analysis (NDA) master formula first introduced in ref. [69] and later modified



in refs. [38, 57]. Following the notation of ref. [38]:
A To1Me 47 o No Tgm A7N4 4 Ny g Ng Yy Ny
= I B o e T
where ¢ represents either the SM GBs or the physical Higgs h, 1 a generic fermion, A a
generic gauge field, g the generic gauge coupling, y the generic Yukawa coupling, while N;

refer to the number of times each field appears in a given operator. Therefore, the factors
associated to V, and to W, are

Ny, Nw,,
Vel [y, ) o
Also % is normalised according to this formula, with the exception of the term proportional
to Fo(h) and the Yukawa terms that present the well-known fine-tuning problem typical
of theories with a non-linearly realised EWSB mechanism. The NDA normalisation is very
useful because relates the values of the Wilson coefficients to the weak or strong interacting
phase of the considered theory: if a Wilson coeflicients turns out to be equal of larger than
1, then the corresponding interactions become strongly coupled; while if it is smaller than
1, the corrections induced by the corresponding interactions are subdominant, a sign of a
weakly coupled theory.

In papers where these operators are listed according to the number of derivatives, that
is the typical counting of the EW L, they belong to three different groups: Pg and Py1 are
listed among the O(p?) operators; Tia, T13, Taa, To1 and Tg2 are considered O(p°); finally,
Or,, O, and Or, are inserted in the O(p®) group. However, at the phenomenological level,
the primary dimension is what matters to establish the impact of an operator, as already
discussed in the Introduction. All these operators have d, = 8 and therefore the whole set
should be taken into consideration.

Ref. [15] presents a much longer list of operators which present a similar structure to
the ones listed in eq. (2.5). However, any operator containing the scalar chiral field T
do not contain interaction between four W and therefore should not be considered in this
analysis. The other operators that are not listed above and do not contain T have higher
primary dimension and therefore are expected to provide subdominant contributions.

After decomposing the operators listed in eq. (2.5) in terms of the Lorentz structures
that they describe, it is useful to check the independence of all these terms once focusing
only on the WW — WW scattering and to compare with the corresponding operators in
the SMEFT case. Reporting only the WIWWW terms [15],

gt
1672
4

g v ,V _
P = (WHWWHW, + WHW W EW,)

Ps — WHHW oW W,

2
g - - v —api—
Too = = g [2W WL WEEW 4 (W WL, W W, +hee,)]
2
g 174 — —x 174 —Q -
Tis = = 5 (W W WIWe  WHY LW W, + hee)



2
Tia — — 2 (WHYWo WHW, + WHYWEW™W, + hue.)

4A2
Ter — — F W+WW SWew s (2.8)
Teo — — 2;2 (WH W W W= 4 WH I W, 4 hue.)
Or, Oy ey
A4 v af
Or, — Gif W WS,
Or, 617; v

where Wuiy = OHVVVi - 8,,Wlf. Ten different Lorentz structure appear on the RH side of
these expressions and therefore the ten operators listed in eq. (2.5) are independent.

2.1 Comparison with the SMEFT

Following the analysis in ref. [56], there are eight independent operators® of canonical
dimension d = 8 that contribute genuinely to the VBS. The complete list reads

Og, = 1?;; [(D <I>)TDV<I>] {(Dﬂcb)TD“cp}

Os, _1/6\” [(D <I>)TD%] [(DV@TDV@}

Ou, = 1?: W, W [(Dacp)TDacp} (2.9)
O, :116;; W, weve [(D@)TD%}

O, :127;2 (D, ®)f W, Wer DY@

with the addition of Og,, Op, and Op,, already defined in eq. (2.5). In the previous
expression, ® stands for the SM Higgs doublet and its covariant derivative is defined as

)
D,® = (a,nu §g/BM + 5

p aaw;j> . (2.10)

In contrast with ref. [56], the normalisation chosen here is the NDA one according with
eq. (2.5).

Considering explicitly the WW W W Lorentz structures allows to identify a correlation
between the HEFT and SMEFT operators:

(8)

c6Ps — Cs, Og,
c11’Pni — Bog, +Po
So 50 T TS5 S (2.11)
ce1 761 — CEEZOMO
0627%2 <~ Cg\g/;[)lOMl.

2The operator Oy, appearing in eq. (2.5) of ref. [56] is not independent once focussing on the WWW W
observables.



The operators Or,, O7, and Or, belong to both the bases and therefore the correlation
is trivial. The SMEFT operator Oy, contains only part of the interactions described by
Ta3: the other interactions are described by SMEFT with higher dimensions. Finally, the
HEFT operators 742 and T4 do not have any correspondence with any of the SMEFT of
dimension 8.

3 Analysis and results

This section is devoted to the description of the analysis and to the presentation of the re-
sults. The main goal is to determine the discovery regions associated to the genuine quartic
coupling HEFT operators listed in eq. (2.5). As described in the Introduction, three con-
ditions determine the discovery regions: i) > 5o discrepancy between the signal estimate
DESM defined in eq. (1.8) and the SM prediction, ii) validity of the EFT description em-
bedded in the condition of eq. (1.6), and iii) consistency of the EFT approach implemented
by requiring the 20 statistical consistency between the two distributions D?FT and D?SM.

Samples of 6 x 10° events consistent with the VBS topology for the process pp —
Jintptvr are generated in MadGraph5_aMC@NLO [70] v2.6.2 at LO at 14 TeV pp collision
energy. The HEFT Lagrangian implementation is obtained with a UFO file [71], created
using the FeynRules [72] package v2.3.32. Cross sections at the output of MadGraph are
multiplied by a factor 4 to account for all the lepton (electron and/or muon) combinations in
the final state. Hadronization is performed with Pythia v8.2, run within MadGraph. Event
files at the reconstructed level are generated with the help of the MadAnalysiss v1.6.33
package (available within MadGraph). Within the latter the FastJet v3.3.0 package is used
with the jet clustering antikt algorithm with radius=0.35 and ptmin=20; the detector
efficiencies is set to 100%.

The EFT Lagrangian considered in the analysis is defined as the sum of the SM La-
grangian, by fixing ac = 1 = b in eq. (2.3) and neglecting any higher order contribution
in powers of h/v, plus A.Z introduced in eq. (2.4). The SM predictions are then recovered
selecting ¢; = 0 for all 7. The analysis including BSM effects is performed considering only
one operator of A.Z at a time, i.e. switching off all the other operator coefficients.

The SM process pp — jj¢T €T vy is treated as the irreducible background, while “signal”
is defined as the enhancement of the event yield relative to the SM prediction in the presence
of a given d, = 8 HEF'T operator . No reducible backgrounds are simulated.

Following ref. [56], the event selection criteria consist in requiring at least two recon-
structed jets and exactly two leptons (muons or electrons) satisfying the following condi-
tions: M;; > 500GeV, Anj; > 2.5, p/ > 30GeV, |n;] < 5, pb >25GeV and || < 2.5,
being 7); ¢ the pseudorapidity of jets j or leptons ¢, respectively. The total BSM signal
(eq. (1.8)) is estimated by suppressing the high-mass tail above the assumed value of A
by applying an additional weight of the form (A/Myw)* to each generated event in this
region, whereas the EFT-controlled signal (eq. (1.7)) is calculated by replacing the gener-
ated high-mass tail with the one expected in the SM. Signal significances are computed
as the square root of a x? resulting from a bin-by-bin comparison of the event yields in
the binned distributions of different kinematic observables. Figure 1 shows an example of

~10 -
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Figure 1. Examples of kinematic distributions used for the assessment of BSM signal significances.
Shown are the distributions Rpr and M, (in log scale): Standard Model is green; the region
in yellow corresponds to the operators Ta2, taking fio = 0.0075 TeV ™2 and the high-Myy tail
treatment according to eq. (1.8); the region in gray corresponds to the operator Orq, taking fr1 =
0.1 TeV™* and the high- My w tail treatment according to eq. (1.7). The value of /s = 14 TeV
and an integrated luminosity of 3 ab™" are assumed.

binning, where the most sensitive kinematic variables are considered:
12
Ry, = p7p7 /(0 Pr) s (3.1)

especially for Pg and Pq1, and

Moy =\ U5+ 120+ FEss))2 — (B + 52 + 52 (3.2)

especially for the remaining operators.

The unitarity limit is determined by applying the T-matrix diagonalised J = 0 partial
wave elastic on-shell WW scattering unitarity criterium, curing the coulomb singularity by
a cut of 1 deg in the forward and backward scattering regions. The results are cross-checked
with VBFLO 1.4.0, founding an agreement within < 5% in the unitarity limits, taken as
the lower value between WTW™ and W W~ (deviations in both scatterings are governed
by the same Wilson coefficient).

All in all, figures 2 and 3 show the results on the discovery regions for the individual
operators Pg, P11, Tao, Ta3, Taa, Te1, Te2, Oo, O1, O for positive f;. The case of f; < 0 is
shown in figures 4 and 5. The obtained regions resemble triangles in which the left side
(yellow line) is bounded by the 50 discoverability, the upper side (blue line) by the unitarity
violation limit, while the right side (green line) by the 20-EFT consistency.

For the Ps and Pi1 plots, the vertical axis represents the cut-off scale A (eq. (1.6))
bounded by the energy MY at which unitarity is violated.

The discovery region for Pg, in the specific case of a negative Wilson coefficient (figure 4
up-left) is tiny, pointing our a very narrow range of values for cg, centred in ¢g ~ —0.3,
for which a signal could be seen. For a positive Wilson coefficient (figure 2 up-left), there
is not any available region, as the discoverability-line is on the right of the 2o-consistency
line: in the region where data may point out a signal, the EFT description breaks down.
For this second case, with positive cg, no effects are expected considering the operator Pg.
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Figure 2. Regions in the A vs. ¢; or f; (with ¢;, fi > 0) space for d, = 8 HEFT operators in which
a o BSM signal can be observed and the EFT is applicable. The unitarity limit is shown in blue,
the lower limits for a 5o signal significance from eq. (1.8) is in yellow, the upper limit on 2¢ EFT
consistency in green. /s = 14 TeV and an integrated luminosity of 3 ab~! are assumed. From top
to bottom and from left to right, the operators considered are Pg, P11, Ta2, Taz, Taa and Tg;.

The situation for Py; (figures 2 and 4 up-right) is different. While for positive Wil-
son coefficient, the discoverability region is tiny, with ¢1; ~ 0.11, for a negative Wilson
coefficient this region is much larger, with ¢1; € —[0.076, 0.14].

These results for Pg and P;; are interesting because they show the impact of the 2o
EFT consistency requirement considered here for the first time in the HEFT context: in
the literature, the coefficients c¢g and c;; (typically labelled a5 and a4, respectively) may
vary within a large range of values providing hypothetically visible signals at colliders; here,
instead, chances to find a signal of NP in the Wy W — W W7, scattering, described in a
consistent HEFT framework by the operators Pg and Pi, are present essentially only for
negative c11, or extremely tuned values of cg and positive cq1.
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Figure 3. Same description as in figure 2. From top to bottom and from left to right, the operators
considered are Tg2, Or,, Op, and Or,.

P P Taz Tas Taa
¢ >0 — 0.11 [0.033, 0.007] [0.11, 0.27] [0.13, 0.27]
¢ <0 0.3 _[0.076, 0.14] | —[0.034, 0.070] | —[0.11,0.27] | —[0.11, 0.28]
Te1 To2 Or, Or, Or2

¢; >0 | [0.045,0.047] | [0.083,0.120] | [0.0051, 0.0072] | [0.0026, 0.0110] —
¢; <0 | —[0.044, 0.048] | —[0.072, 0.12] | —[0.003, 0.012] | —[0.0018, 0.0110] | —[0.0052, 0.032]

Table 1. Ranges of values for the dimensionless ¢; operator coefficients corresponding to the
discovery regions in figures 2-5. The normalisation is defined in eq. (2.4). “—” denotes no available
discovery region.

Other cases where the discoverability region is tiny are for 7g; for both signs of the
corresponding Wilson coefficients and for Op, for ¢, > 0, as can be seen in figures 2
and 4 lower-right and figure 3 upper-right, respectively. These regions are centred in
[f61 ~ £0.01 TeV~2 A ~ 2.2 TeV] for Tg1 and [fr, ~ 2 x 1074 TeV™ A ~ 2.4 TeV] for
Or,, corresponding to cg1 ~ +0.046 and cg, ~ 0.006. On the other side, another case
where no discoverability region is found is for Op, and for positive Wilson coefficient.

For all the other cases, there are relatively large discovery regions where the corre-
sponding operators enhance the signal with respect to the SM prediction, with a possibility
for this enhancement to be measured at colliders and with a consistent EFT description.
The table 1 shows the ranges of values for the dimensionless coefficients ¢;, with the nor-
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Figure 4. Same description and operators as in figure 2. Negative values for ¢; and f; are
considered.

malisation as in eq. (2.4), for all the discovery regions in figures 2-5. As can be seen, all
the coefficients are smaller than 1 and, considering that the NDA normalisation has been
adopted in eq. (2.4), this leads to the conclusion that the contributions considered here are
the dominant ones: in other words, higher order quantum corrections to the operator list
in eq. (2.5) are subdominant.

As pointed out in section 2.1, a few HEFT operators considered in the previous analysis
can find a sibling in the SMEFT at d = 8, that have been the focus of the study in ref. [56].
The discoverability regions show in figures 2-5 for these operators indeed match with the
results presented in ref. [56], after the rescaling in order to account for the normalisations.
This can be easily checked for the operators O, that are the same in both the bases and
the operator Pg that is equivalent to Og,; it is slightly more difficult for the operator Pi;
that is equivalent to a combination between Og, and Og,, as explicitly shown in eq. (2.11).
The small differences occur for small values of A, where there is less available discover-
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Figure 5. Same description and operators as in figure 3. Negative values for ¢; and f; are
considered.

ability region, see e.g. for Op,, below A ~ 2.5 TeV. They are due to different (updated)
software tools and different analysis algorithms within these tools. On the other side, these
differences may represent the uncertainties on the discovery region determination.

The last three operators, 742, 713 and Ty, do no have a sibling in the SMEFT La-
grangian at d < 8. The interactions described by 712, 743 and T4 will be described in terms
of d > 8 SMEFT operators, and therefore the strength of their signal is expected to be
much more suppressed. Moreover, the helicity amplitudes that are considerably enhanced
or even dominating the cross section at My < A are different than those found for the
SMEFT operators (for the total unpolarised cross sections and its polarised fractions in on-
shell W scattering with T4o, 743 and Ty4 insertions see the appendix; see also appendix in
ref. [73] for the SMEFT case). This suggests that the same-sign WW scattering could be a
sensitive channel to disentangle between the SMEFT and HEFT descriptions of the EWSB
sector, but a more dedicated analysis would be necessary to investigate this possibility.

The results presented so far for the HEFT Lagrangian can be translated in terms of
more fundamental theories whose dynamics takes place at a much higher energy scale. The
first UV example is the one of generic CH models as described in refs. [26, 27]: instead
of considering the three SM GBs and the physical Higgs as independent objects as in
the HEFT, refs. [26, 27] treated the four fields as a doublet of the EW symmetry and
presented the effective chiral Lagrangian for a generic symmetric coset. For the specific
case of SO(5)/SO(4), the initial Lagrangian is written invariant under the global SO(5)
symmetry; after the spontaneous breaking down to SO(4), the SM GBs and the physical
Higgs arise as GBs of the symmetric coset, as a bi-doublet of SU(2);, x SU(2)g = SO(4)
GBs, described altogether by a single unitary matrix. Effective chiral operators can be
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constructed on the same line as in the EWyL. After the explicit SO(5) symmetry breaking,
the physical Higgs becomes massive and can be distinguished from the other GBs. After
this breaking, the Lagrangian describing the low-energy model matches the HEFT one,
where the Wilson coefficients ¢; are written in terms of the high-energy coefficients, ¢; in
the notation of refs. [26, 27].

The analysis in refs. [26, 27] considered up to four-derivative operators and therefore,
once focusing only on the genuine quartic operators, the results of table 1 in this paper
can be used to constrain the operator coefficients ¢4, ¢5 and ¢g that appear in table 1 in
ref. [26]. Adopting the NDA normalisation, the ¢ and ¢1; coefficients can be written as

6= —8m2Ees+ 1672 €2 ¢y, c11 = 1672 €% ¢5. (3.3)

An explicit value for £ can be extracted once taking the values in table 1: assuming, for
example, the specific values for ¢; coefficients indicated inside the brackets,

c6(é4 = —1, ¢ = 0) = —0.3 — £=0.04
c6(é4 =0, =1)=—0.3 —  £=0.004 (3.4
c11(é5 =1) =0.11 = ¢=0.026
c11(és = —1) = —[0.076, 0.14] = ¢ =10.026, 0.03].

As a second example, one can consider the so-called Minimal Linear o Model [28],
that is a renormalisable model which may represent the UV completion of the Minimal
CH model. Also in this case, only up to four-derivative operators have been considered in
the low-energy limit; while the Wilson coefficient c1; does not receive any contribution, cg
turns out to be dependent only from ¢4 = 1/64. The parameter ¢ is fixed to be

£€=0.35. (3.5)

This result should be interpreted as follows: in case of a NP discovery in the WTW T
scattering with a significance of more than 50, in the Lorentz configurations described by
the Pg operator, and assuming that this NP corresponds to the Minimal Linear ¢ Model,
the parameter £ would take the value in eq. (3.5). However, such a large value would be
already excluded considering EW precision observable constraints [28] (for a review see
ref. [68]). It follows that the Minimal Linear ¢ Model cannot explain such a NP signal on
WHWT scattering.

An alternative possibility to extract bounds on £ is to consider the traditional relation
between the scale f and the cut-off A present in the CH scenario [21],

f<A<Aanf. (3.6)

After a simple manipulation, this expression can be written in terms of the parameter £ as
v? 5 V2

P<§<167r e (3.7)

This relation provides model independent bounds on ¢ that can be derived looking at the
discoverability plots in figures 2-5. Considering again, as an example, the P11 operator,

{011>0 —~ A~2TeV —  0.015<&<24 38)

1 <0 — 15TeVSA<23TeV = 0.011<¢<4.2
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compatible with the results in egs. (3.4) and (3.5). Similar ranges of values can be found
for the other operators.

4 Conclusions

This paper presents the analysis of the prospects for discovering new physics at the HL-
LHC considering the process pp — WTW ™ jj within the HEFT framework. The focus is on
the same-sign WW scattering with purely leptonic W decays, described by a set of effective
operators that encode the new physics contributions. Only genuine quartic operators up to
d, = 8 defined in eq. (2.5) have been considered, that is operators contributing to quartic
gauge couplings but not to triple gauge couplings.

The analysis follows the strategy illustrated in ref. [56] for the SMEFT and consists
in identifying the region of the parameter space that satisfies three conditions: for each
of the operators, i) the signal estimate DPSM should deviate from the SM prediction for
at least 5o ii) the c.o.m. energy scale My of the process should be below the cut-off
scale A, that should be below the scale MY at which unitarity gets violated; this means
that the only relevant data in an EFT fit must belong to the region where Myw < A; in
particular the tail of the My distribution with Myyw > A should not have any impact
on the fit. This requirement is implemented quantitatively by the third condition: iii) one
introduces two signal estimates, one coming uniquely from the EFT in its range of validity
and assuming only the SM contribution in the region where A < My < Myiy and
the second estimate, with a tail regularisation of the distribution in My y. In order to
guarantee that also with this second signal estimate the physical effects in the fit do not
come from the tail of the distribution, statistical consistency between the two estimates
within two standard deviations (20) is required. The first condition implies that evidence
of NP occurs in the same-sine WW process, while the second guarantees that the EFT
description is consistently adopted in the analysis, and finally the last condition assures
that the physical effects in the fit do not come from the tail of the distribution, where
the effective theory description is not valid anymore. The discoverability regions, when
non-vanishing, are similar to triangles from which it is possible to extract bounds on the
operator coefficients and, in case, on the cut-off of the theory.

These results can be translated into bounds on the parameters of UV theories that
project at low-energy on the HEFT operators. The case of the CH model has been dis-
cussed, considering first a generic SO(5)/SO(4) CH description and then the so-called
Minimal Linear ¢ Model. In both cases, interesting bounds have been found on the pa-
rameter £, that measures the level of non-linearity of the Higgs sector and its fine-tuning.
These bounds are independent from those extracted considering EW precision observables
or the absence of any composite resonance.

When comparing the results presented here with the past literature, it is worth men-
tioning that in ref. [62] values for the coefficients a4 and as equal to 0.005 have been
considered. These coefficients correspond to c¢11 and cg, respectively, in the notation used
here. Translating that value in the NDA normalisation adopted in this paper, it turns
out to be equal to 0.8, and therefore it is outside the discoverability regions identified for
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the operators Pg and Py1. The reason of this discrepancy is the additional constraint,
considered here for the first time, of the EFT validity, that is conditions ii) and iii) listed
above. This exemplifies the relevance of the procedure illustrated here to interpret data on
same-sign WW scattering in terms of the HEFT Lagrangian.
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A Details on the same-sign WW scattering

The on-shell same-sign WW scattering total unpolarised cross section and its polarised
fractions as functions of Myyyw are illustrated in this appendix, for chosen values of f; =
c;/A"%. The total unpolarised cross-section reads

o~ Z |Asm (i — kD) + (Asm(ij — k) Apsm(ij — kI)* 4 hc.) + |Apsm (] — ki)[?,

,7,k,l
(A.1)
where Agn, Apsm are the SM and BSM parts of the scattering amplitude, A = Agnv+Asu,
for ijkl W’s polarisations. Apgn is the part proportional to the operator coefficients c¢;.

In the helicity basis, that will be adopted in the rest of the section, by polarised
fractions is meant the single ijkl contribution to eq. (A.1). There are 3* = 81 such
contributions that can be divided into classes that yield the same (polarised) cross sections
due to P and T discrete symmetries and Bose statistics. Hence, a reduced number of 13
independent polarisation classes can be considered, taking into account multiplicity factors
while computing the cross section (see the appendix in ref. [56] for details).

Figure 6 shows the total unpolarised WW cross sections as functions of Myw for Tas,
Ta3, and T4 operators, for both signs of the Wilson coefficients. The vertical lines denote
unitarity limits MY. All cross sections are computed with a 10° cut in the forward and
backward scattering regions.
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Figure 6. Energy dependence of the total unpolarized W+W ™ cross sections (Ecm = Mww, in
TeV) for a chosen set of f; values. Vertical lines denote the unitarity bound MY (color correspon-
dence). There is no color distinction between the signs: for both 733 and T4, the upper cross
section curves correspond to f; < 0, while the lower ones to f; > 0.
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Figure 7. Contributions of different polarisations (multiplicity taken into account) to the total
unpolarised cross section as functions of the c.om. WW energy (Ecm = Mww, in TeV) in the
SM. The total unpolarised cross section is also shown in blue.

Figure 7 shows the polarized cross section fractions for the SM. Figure 8 shows the
polarised cross section fractions for 749, 743, and T34 and for chosen values of f;, separating
the two signs of f; on different plots. Notice however that no sign dependence is present
in 742, due to the fact that the enhanced polarised cross sections — — 00 and — + 0+ are
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Figure 8. The polarised contributions to the total unpolarised cross sections (multiplicity taken
into account) as functions of the c.o.m. collision energy (Ecy = Mww, in TeV) for chosen values
of f;. The left column corresponds to f; > 0, while the right one to f; < 0. The remaining (not
shown) polarised cross sections are negligibly small. The total cross sections and the SM total cross
sections are also shown.

not among the polarised cross sections that saturate in the SM (see appendix in ref. [73]
for details on non-interference in WW scattering in the context of the SMEFT operators).

The enhancement of — — 00 and/or — 4 00 fractions in the region My w < A, visible
in figure 8, occurs only for the operators Tjo, 713, and 744 among all the HEFT operators
studied in this work. This can be inferred from the appendix in ref. [73] where the genuine
quartic d = 8 SMEFT operators are studied.The remaining HEFT operators obey simple
relations with corresponding SMEFT operators (see section 2.1).
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