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Abstract

A promising avenue to perform precision tests of the SM at the LHC is to measure

differential cross-sections at high invariant mass, exploiting in this way the growth with

the energy of the corrections induced by heavy new physics. We classify the leading

growing-with-energy effects in longitudinal diboson and in associated Higgs production

processes, showing that they can be encapsulated in four real “high-energy primary” pa-

rameters. We assess the reach on these parameters at the LHC and at future hadronic

colliders, focusing in particular on the fully leptonic WZ channel that appears particu-

larly promising. The reach is found to be superior to existing constraints by one order

of magnitude, providing a test of the SM electroweak sector at the per-mille level, in

competition with LEP bounds. Unlike LHC run-1 bounds, which only apply to new

physics effects that are much larger than the SM in the high-energy tail of the distribu-

tions, the probe we study applies to a wider class of new physics scenarios where such

large departures are not expected.
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1 Introduction: Energy and Accuracy

Precision physics is playing an increasingly important role at the LHC. The large luminosity

that is being collected will allow for increasingly accurate measurements of SM processes,

to be turned into indirect probes of Beyond the SM (BSM) physics. This will require the

development of a comprehensive and systematic precision program, analog to the one of Elec-

troWeak Precision Tests (EWPT) performed at LEP. The key elements of the LHC precision

program are becoming more and more clear. First of all, the lack of direct new particles

discoveries suggests that we should focus on heavy new physics, at a scale M much above the

electroweak (EW) scale. Hence the new physics effects we are searching for are well captured

by higher-dimensional operators within an Effective Field Theory (EFT) formalism. Second,

we know that higher-dimensional operators can be probed both by low energy and by high-

energy measurements, and that there is an interplay between the two search strategies. Low

energy probes are for instance Higgs coupling measurements, successfully performed already

with run-1 LHC data [1]. The advantage of such measurements is that they target relatively

large (resonantly enhanced) cross-sections. The disadvantage is that they will soon be limited

by systematic uncertainties (see e.g. [2] for Higgs couplings), which are unavoidably large at

a hadron collider. On the other hand, high-energy probes are based on the observation that

leading-order higher-dimensional operators can produce, in specific scattering processes, cor-

rections to the high-energy differential cross-section that grow quadratically with the center

of mass energy (E) relative to the SM prediction. Provided such a growing behavior occurs

in a process which one can really measure at high enough energy, new physics effects can

become large enough to overcome systematic uncertainties.

The effectiveness of high-energy probes is well understood in the literature, and particu-

larly so in the context of diboson processes [3–12]. Less understood is the crucial role played

by accuracy , namely the fact that measurements of high energy cross-sections can be turned

into more valid and informative probes of new physics only if they are accurate enough [13].

Specifically, rough upper bounds on the high energy cross-section in excess to the SM, such

as those one could for instance extract from the recasting of resonance searches, would not

suffice for our purposes. A dedicated program of accurate measurements is needed. The

point is that inaccurate measurements are only sensitive to large (say, order one) relative

departures from the SM, hence they can only probe new physics scenarios that foresee such

large deviations. In diboson production processes large deviations are possible only in some

exotic strongly-coupled scenarios [14], but they are not generically expected.1 In fact, in

most “minimal” BSM scenarios, notably those aimed at addressing the naturalness problem,

it happens that new physics resonances kick in before the quadratic enhancement makes the

BSM contribution to the scattering amplitude larger than the SM one. In general new physics

models, BSM particle production occurs at the typical mass scale M of the new physics sector,

which acts as the cutoff of the EFT description. Depending on the underlying UV model, the

1There are other channels where O(1) departures are instead expected in very well motivated BSM sce-

narios. Vector bosons scattering is a prominent example.
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb−1 at 8 TeV and 3 fb−1 at

13 TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a
(3)
q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more effectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ineffective.

Accurate experimental measurements that are sensitive to relatively small BSM effects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a
(3)
q , introduced in section 2) that describe growing-with-

energy effects in the amplitude for diboson production. In particular, in the WZ channel

δA(q̄q′ → WZ) ∼ a(3)
q E2 . (1)

The reach on a
(3)
q is displayed as a function of the cutoff scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energy mwz below M , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The different lines correspond to different assumptions about the systematic

relative uncertainty in the experimental measurement of the differential cross-section and in

the theoretical prediction of the SM contribution. The “δsyst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a
(3)
q is compared with theoretical expectations on the

relation between a
(3)
q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in
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the scattering (i.e., the bosons and the light quarks) have maximal couplings, ∼ 4π, to the

new physics sector at the scale M . This line is then given by a
(3)
q = 16π2/M2, and the

dark region above it is excluded by perturbative unitarity. The line “Weak” corresponds to

a
(3)
q = g2/M2, where g is the SU(2)L SM coupling, and it is around this line where the most

interesting BSM scenarios live. These are scenarios where the SM gauge bosons and the light

quarks are “elementary”, i.e. they are coupled only through gauge interactions to the BSM

particles at the scale M .2 In these cases, the BSM amplitude is always smaller than the SM

one (which is of order g2) in the whole range of validity of the EFT E . M . Therefore

the BSM corrections to the cross-section never overcome the SM expectation, and we cannot

probe these scenarios through inaccurate measurements, as the δsyst = 100% curve shows.

The “Strong TGC” line (TGC standing for Triple Gauge Couplings) is a
(3)
q = 4πg/M2, and it

corresponds to a limiting case of the “Remedios” scenario of Ref. [14], where the quarks are

elementary while the transverse gauge fields are strongly interacting and partially composite.

Notice that there are also many interesting scenarios, such as supersymmetric theories, where

the contributions to a
(3)
q arise at the one-loop level, a

(3)
q ∼ g2/(16π2M2), predicting a line in

the plane, not shown in the figure, much below the “Weak” one. None of the indirect bounds

we are discussing applies to these BSM scenarios. We also report in figure 1 the LEP and LHC

run-1 bounds on a
(3)
q . The former is a horizontal line because it is obtained from low-energy

measurements, specifically, from the LEP2 measurement of the δgZ1 anomalous triple gauge

coupling at E ∼ 200 GeV [15]. The LHC run-1 line is derived in Ref. [16] from a recasting of

the LHC WW and WZ results, considering only signal events with invariant mass below M .

If all the events are used, i.e. for M → ∞, figure 1 confirms the well-known result that

LHC run-1 has a better reach than LEP. Nevertheless, when looking at the full a
(3)
q -M plane

of figure 1, we see that the LHC run-1 limit only applies to “Fully Strong” and to “Strong

TGC” scenarios, and hence it does not improve LEP in the exploration of “Weak” BSM

theories, which on the other hand are the most interesting ones. This is mainly due to the

relatively low energy of run-1 collisions, which entails a low rate for high-energy processes

and consequently an inaccurate determination (or even actually a mere upper bound) of the

cross-section. Run-2 and run-3 data will not suffer from this issue and they will be capable

to probe “Weak” theories if accurate enough measurements are performed. A qualitative

improvement in BSM physics exploration, as opposite to a mere quantitative increase of the

sensitivity, will thus be possible. Further progress could be made at the High Luminosity

(HL) LHC, as the figure shows.

The purpose of this paper is to provide high-energy probes for new physics that can apply

to a wide class of BSM theories, in special those of the ”Weak” type. For this reason we study

quadratically growing with energy effects in diboson production processes that can arise from

dimension-six (d = 6) EFT operators. Since contributions to the amplitudes from BSM of

the ”Weak” type are smaller than the SM ones, as previously explained, sizable E2-enhanced

contributions to the differential cross-section are only possible in the presence of interference

2Other SM particles, such as the Higgs, could very well be “composite”, i.e. strongly coupled, in these

scenarios. Composite Higgs models are indeed examples of theories that lie around the “Weak” line.
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between the SM and the BSM terms. For diboson differential cross-section measurements that

are inclusive over the bosons decay products, interference emerges only in the production of

longitudinally polarized vector bosons (see [17] and references therein). Fortunately, these

are also the most motivated channels from the BSM perspective mentioned above. The high-

energy dynamics of longitudinally-polarized vectors is inextricably linked to the one of the

Higgs particle, due to the Equivalence Theorem and the SU(2)L ×U(1)Y invariance restored

at high energies. We will thus have to enlarge the scope of our analysis to include among

“diboson” processes also Wh and Zh associated Higgs production.

The paper is organized as follows. We first classify and parametrize growing-with-energy

effects based on symmetries, with an approach that is independent of the EFT operator basis

and in some respect more general than (although in practice equivalent to) the EFT one.

We will see that these effect can be encapsulated in four real parameters that we call “high-

energy primaries”. They are the high-energy analog of the primaries defined in Ref. [18], which

were instead optimized for parametrizing low-energy effects. High-energy primaries are useful

because they offer a concise picture of which effect it is worth looking for in each final state and

they outline model-independent connections among different final states. In the perspective

of a global fit to the EFT parameters, which is the final aim of the LHC precision program,

synthetic and basis-independent parametrizations of this sort are of utmost importance. In

section 2 we define the high-energy primaries through the above-mentioned classification,

and we illustrate their connection with popular EFT operator bases and with the low-energy

primaries. We also describe their origin and expected magnitude in explicit BSM scenarios.

Section 3 is devoted to LHC phenomenology. We first present a broad overview of diboson

channels and a semi-quantitative estimate of the reach. We identify fully leptonic WZ as

a promising channel, which we investigate in detail in section 3.2. The implications of the

results are discussed in section 4. Conclusions and outlook are reported in section 5.

2 Theoretical Framework

We are interested in processes which fulfill two conditions. First, their amplitudes must

receive BSM contributions that grow with E2 at the leading order (i.e., d = 6) in the EFT

operator expansion.3 Second, the SM amplitudes must be constant and sizable at high energy,

in such a way that, at the linear order in the EFT Wilson coefficient, the E2-growth of the

BSM amplitudes results into a E2-growth of the differential cross-sections thanks to the SM-

BSM interference. This condition is required by the fact that we are interested in probing

theories whose indirect effects remain smaller than the SM even at high-energy, as previously

explained. In table 1 we summarize the high-energy behavior of amplitudes with different

diboson helicity configurations, in the SM and in generic BSM (meaning the maximal effect

that can be achieved with an insertion of any d = 6 operator –see for example Ref. [19]). We

3We consider here large center of mass energy and large scattering angles, namely large Mandelstam

variables s ∼ t ∼ u ∼ E2 � m2
W .
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SM BSM

qL,Rq̄L,R → VLVL(h) ∼ 1 ∼ E2/M2

qL,Rq̄L,R → V±VL(h) ∼ mW/E ∼ mWE/M
2

qL,Rq̄L,R → V±V± ∼ m2
W/E

2 ∼ E2/M2

qL,Rq̄L,R → V±V∓ ∼ 1 ∼ 1

Table 1: High-energy scaling of diboson amplitudes for transverse (±) and longitudinal (L)

polarizations in the SM and in BSM (parametrized by d = 6 operators suppressed by 1/M2).

focus on same-chirality (i.e., opposite helicity) quark anti-quark initial states because opposite

chirality amplitudes are suppressed by the quark Yukawa couplings in the SM, making the

interference term negligible in these channels.

The results of the table can be understood as follows. Maximal helicity violating (MHV)

amplitudes qq̄ → V±V± are suppressed in the SM massless limit [20,21], and scale like m2
W/E

2

for finite mass; MHV selection rules don’t apply in BSM, where they grow therefore unsup-

pressed. On the other hand, qq̄ → V±V∓ are not suppressed in the SM at high-energy, but

don’t receive contributions from d = 6 operators [19, 22]. The suppression of SM amplitudes

with one longitudinal only can be understood as a consequence of the symmetry under which

all the SM doublets (Higgs and fermions) change sign, namely H → −H, QL → −QL and

LL → −LL. This operation corresponds to the “gL = −1” element of SU(2)L, which is part of

the SM gauge group and hence it is respected both by the SM and the BSM Lagrangian. Since

the symmetry is only broken by the Higgs VEV v, it produces a selection rule that controls

whether even or odd powers of v (actually, of mW ) are present in the amplitudes [23]. Trans-

versely polarized vector bosons are even under the symmetry, while longitudinal polarizations

are odd because they are related to the Goldstone components of the Higgs doublet through

the Equivalence Theorem.4 The amplitudes for producing one transverse and one longitudinal

state (or a Higgs) are odd, hence they scale like mW/E and mWE/M
2, respectively, in the

SM and in the d = 6 EFT, as the table shows.

In summary, we see that VLVL and VLh production are the only processes that display

quadratic energy growth at the interference level; we thus focus on these in the rest of the

paper. Notice however that promising strategies to circumvent the non-interference problem

have been recently proposed [17,24], which allow for instance to “resurrect” interference effects

in transverse vector bosons production. Since these strategies require measuring additional

observables other than the diboson differential cross-sections that we consider here, we leave

to future work studies in this direction.

4The fact that longitudinals are odd can be established also in the unitary gauge, by noticing that the

longitudinal polarization vectors are proportional to 1/mW,Z .
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Figure 2: Representative diagrams for q′q̄ → ΦΦ′ production.

2.1 High-Energy Primary Effects

The study of longitudinally-polarized dibosons production in the high-energy limit E � mW is

greatly simplified by using the Equivalence Theorem [25], and its more systematic formulation

in Ref. [26]. In this formalism, external longitudinally-polarized vector states are represented

in Feynman diagrams as the corresponding scalar Goldstone bosons, up to corrections of order

mW/E from diagrams with gauge external lines. Furthermore, the E � mW limit can be

safely taken in the internal line propagators and in the vertices, making that all the effects

(masses and vertices) induced by the Higgs VEV manifestly produce order mW/E corrections.

In order to assess the leading energy behavior, it is thus sufficient to study the amplitude in the

unbroken phase, where the EW bosons are massless and the GSM = SU(2)L×U(1)Y symmetry

is exact. Given that the Goldstone bosons live in the Higgs doublet H, together with the Higgs

particle, GSM implies that the high-energy behavior of the former ones are connected with

the latter. This is the technical reason why VLVL and VLh production processes, collectively

denoted as ΦΦ′ in what follows, should be considered together, like we do in the present

article.

We consider the production of ΦΦ′ out of a quark q′ with helicity λ′ and an anti-quark q

with helicity λ, with the aim of classifying possible growing-with-energy contributions induced

by higher-dimensional operators, in particular those that do interfere with the SM. The tree-

level Feynman diagrams responsible for the process, schematically depicted in fig. 2, can have

s-channel, t-(or u-)channel, or contact interaction topology. The s-channel gauge bosons

exchange (first diagram) is the only relevant topology in the SM because Φ vertices with

the light quarks are proportional to the tiny Yukawa couplings. In the SM, the process thus

exclusively occurs in the J = 1 angular momentum configuration. Furthermore, because of

the structure of the fermion-gauge-boson vertex, it is necessarily initiated by quarks and anti-

quarks with opposite helicity, i.e. λ 6= λ′. All the quark flavor combinations are possible in

the SM, aside from u+d− and d+u− that vanish in the SM due to the absence of W couplings

to right-handed quarks. BSM effects that interfere with the SM must thus also occur in

opposite-helicity quark anti-quark scattering, with the exception of u+d− and d+u−.

We are interested here in the leading order effects in an EFT expansion, which are of

order E2/M2 by dimensional analysis. These effects can emerge from the insertion of one

anomalous vertex in the s- or t-channel diagrams, or from contact interactions. Among the

former diagrams, s-channel gauge bosons exchange is once again the only relevant topology

because the others require one insertion of the SM Yukawa couplings. These contribute to
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the J = 1 angular momentum configuration like the SM terms. Contact interaction terms

can in principle contribute to all partial waves, however it is not hard to see that only J = 1

is possible for dimension-six operators. This follows from the fact that J ≥ 2 would require

more derivative/fields than those allowed by dimensionality and that J = 0 ΦΦ′ production

from opposite-helicity quark and anti-quark would require operators with one right-handed

fermion singlet, one left-handed fermion doublet and two Higgs doublets that are forbidden

by the SM group. In conclusion, the relevant BSM effects can be parametrized as corrections

to the J = 1 partial wave amplitudes, namely

δA
(
q′±q∓ → ΦΦ′

)
= fΦΦ′

q′±q∓
(s) sin θ =

1

4
AΦΦ′

q′±q∓
E2 sin θ∗ , (2)

where θ∗ is the scattering angle in the center of mass, and E =
√
s is the center of mass

energy. The azimuthal angle, upon which the amplitude depends as e±iφ, has been set to zero

for shortness. The dependence on θ∗ (and on φ) is fixed by angular momentum conservation,

as a simple application of the Jacob-Wick formula [27] to the case J = 1, λin,1 − λin,2 = ±1

and λfin,1 − λfin,2 = 0.

Notice that the contact interaction topology of fig. 2 can a priori produce BSM effects with

a non-trivial structure in the quark family space. However flavor physics tightly constraints

[28–30] non-universal contact interactions involving the light generations, which are the only

ones that are relevant for the LHC diboson production. We can thus assume flavor universality

without loss of generality.

Eq. (2) shows that at the leading order in the SM EFT expansion each diboson process is

sensitive at high energy to a single constant new-physics parameter AΦΦ′

q′±q∓
for every combina-

tion of initial or final states. This can be taken real since its imaginary part does not interfere

with the SM. In addition, the SM symmetry group, which is restored in the high-energy limit,

as previously explained, implies several relations among these parameters. Namely 5

AW
+W−

u+u− = AZhu+u− = −au , AW
+W−

d+d−
= AZh

d+d−
= −ad ,

AW
+W−

u−u+ = AZh
d−d+

= a
(1)
q + a

(3)
q , AW

+W−

d−d+
= AZhu−u+ = a

(1)
q − a(3)

q

AhW
+

u−d+
= AZW

+

u−d+
= AhW

−

d−u+
= −AZW−d−u+

=
√

2a
(3)
q (3)

where au, ad, a
(1)
q and a

(3)
q are the coefficients of the decomposition of the amplitude in

GSM-invariant tensors, which we work out in Appendix A. In au, ad and a
(1)
q the incoming

(and outgoing) states form an SU(2)L singlet, while in a
(3)
q they form a triplet. The four

quantities au, ad, a
(1)
q and a

(3)
q define our high-energy primaries (HEPs). They parametrize

all possible BSM effects that produce quadratic energy growth at the interference level in

diboson production at high-energy, as summarized in the first two columns of table 2. Notice

5Below and in what follows we work for simplicity with diagonal Cabibbo–Kobayashi–Maskawa (CKM)

matrix. Otherwise the relations that follow hold in the quark interaction basis and need to be rotated to the

mass basis, producing CKM factors in the charged amplitudes.
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Amplitude High-energy primaries Low-energy primaries

ūLdL → WLZL,WLh
√

2a
(3)
q

√
2
g2

m2
W

[
cθW (δgZuL − δgZdL)/g − c2

θW
δgZ1
]

ūLuL → WLWL
a

(1)
q + a

(3)
q − 2g2

m2
W

[
YLt

2
θW
δκγ + T uLZ δgZ1 + cθW δg

Z
dL/g

]
d̄LdL → ZLh

d̄LdL → WLWL
a

(1)
q − a(3)

q − 2g2

m2
W

[
YLt

2
θW
δκγ + T dLZ δgZ1 + cθW δg

Z
uL/g

]
ūLuL → ZLh

f̄RfR → WLWL, ZLh af − 2g2

m2
W

[
YfRt

2
θW
δκγ + T fRZ δgZ1 + cθW δg

Z
fR/g

]
Table 2: Parameter combinations (in the high- and in the low-energy primary bases) that

control E2-enhanced effects in each polarized longitudinal diboson production process. Here,

T fZ = T f3 − Qfs
2
θW

and YL,fR is the hypercharge of the left-handed and right-handed quark

(e.g., YL = 1/6).

that the HEP parameters have energy dimension −2; we will measure them in units of TeV−2

in what follows.

The fact that only the 4 HEP parameters produce sizable effects at high energy is non-

trivial from the point of view of the generic d = 6 EFT, where a total of 6 anomalous couplings

contribute to longitudinal diboson processes. These couplings can be identified as δgZuL, δgZuR,

δgZdL, δgZdR, δgZ1 and δκγ in the notation of Ref. [18], defined through their contributions to

trilinear vertices as

∆LBSM = δgZuL

[
ZµūLγµuL +

cθW√
2

(W+µūLγµdL + h.c.) + · · ·
]

+ δgZuR [ZµūRγµuR + · · · ]

+ δgZdL

[
Zµd̄LγµdL −

cθW√
2

(W+µūLγµdL + h.c.) + · · ·
]

+ δgZdR
[
Zµd̄RγµdR + · · ·

]
+ igcθW δg

Z
1

[
(Zµ(W+νW−

µν − h.c.) + ZµνW+
µ W

−
ν + · · ·

]
+ ie δκγ

[
(Aµν − tθWZµν)W+µW−ν + · · ·

]
, (4)

where Zµν ≡ Ẑµν− iW+
[µW

−
ν] , Aµν ≡ Âµν , W

±
µν ≡ Ŵ±

µν± iW±
[µ(A+Z)ν] with V̂µν ≡ ∂µVν−∂νVµ,

and cθW ≡ cos θw where θw is the weak mixing angle. Modifications of the left-handed quark

couplings to the W are related to modifications to the Z couplings, due to an accidental

custodial symmetry present in the dimension-six operators. Similarly, the above 6 low-energy

primary parameters are related to certainx modifications of the physical Higgs couplings,

denoted with dots in eq. (4) (see Ref. [18] for details). The relations between the HEP

parameters and the 4 combinations of the low-energy primaries that produce growing-with-

energy effects are reported in the third column of table 2.
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g gg⇤ g g

a) b) c) d)

g⇤g⇤
g

Figure 3: Contributions to longitudinal diboson processes from different BSM scenarios:

Strongly-coupled quarks and Higgs (a), strongly-coupled Higgs and transverse vectors (b),

and ”Weak” type models (c,d).

2.2 BSM Perspective and Connection with EFT

The HEP parameters, denoted collectively by a in what follows, can be thought as a new class

of BSM “Fermi constants”. Explicit BSM models generate HEPs, whose magnitude scales as

a ∼ (coupling)2/M2. As we have seen in the introduction, the actual product of couplings

entering this relation depends on the particular BSM scenario we have in mind. We now

discuss this aspect in more detail.

In BSM scenarios where some or all the SM particles are strongly coupled to the new

dynamics (for instance because they are composite objects), the relevant couplings can be

large. This implies that the relative departures from the SM, which are roughly controlled

by ABSM/ASM ∼ aE2/g2 ∼ (coupling/g)2 (E/M)2, can be larger than one, even for E �M .

The coexistence of the weakly coupled SM with a strongly-coupled BSM at the scale M ,

can be natural if we postulate the presence of approximate global symmetries in the BSM

sector, weakly broken by the SM couplings. Explicit examples include models of fermions

compositeness (standard [32] or pseudo-Goldstini [14,34]), or models where the gauge bosons

have strong multipolar interactions (called Remedios) [14].

Among these classes, models where both fermions and the Higgs are strongly coupled

generate large HEP, a ∼ g2
∗/M

2 (illustrated in figure 3a), where g∗ > g is the coupling

associated with the new dynamics. If g∗ is maximal, g∗ ∼ 4π, we obtain the scenario denoted

“Fully Strong” in the introduction. Such a scenario, where light quarks are strongly coupled,

is however of limited interest in light of strong constraints on light-quark compositeness from

di-jet measurements [33–35].

In Remedios models [14], the transverse polarizations of the SM gauge bosons can have

strong interactions, generating large Wilson coefficients in operators involving the field-

strengths Wµν . If the Higgs is also part of the strongly-interacting sector, one finds a ∼
gg∗/M

2 (see diagram 3b). For g∗ = 4π this produces the “Strong TGCs” case discussed in

the introduction. While structurally interesting, it must be appreciated that these scenar-

ios have been designed explicitly to obtain large anomalous TGCs (aTGCs) with no other

purpose.

On the other hand, in a larger class of BSM scenarios, denoted “Weak” in the introduction,

SM fermions and gauge bosons are weakly coupled above M (for instance because they are

10



elementary states). Those include many models that solve the hierarchy problem (eg. com-

posite Higgs models, extra dimensional models, little Higgs, twin Higgs) and are therefore

generally better motivated. In these models the contributions to HEPs are always mediated

by SM gauge bosons whose coupling is g (see diagrams 3c and 3d), and therefore we expect

a ∼ g2/M2.

In several new physics scenarios of the ”Weak” class, the light SM fermions have negligible

direct couplings with the new dynamics, which only interacts with the SM vector and Higgs

bosons. These BSM scenarios, that we call ”universal”, are conveniently parametrized at

low-energy in the SILH basis [31],6 where d = 6 operators are written as a function of SM

bosons only (see table 3). The relations between the HEP and the Wilson coefficients in the

SILH basis are given by

a(3)
q =

g2

M2
(cW + cHW − c2W ) , a(1)

q =
g′2

3M2
(cB + cHB − c2B) , (5)

and

au = −2ad = 4a(1)
q . (6)

These relations can also be written using the Ŝ, T̂ , W and Y parameters (we follow the

notation of Ref. [36]) in addition to the two anomalous triple gauge couplings (aTGC), δgZ1
and δκγ defined in eq. (4). We have

a(3)
q = − g2

m2
W

(
c2
θW
δgZ1 +W

)
, a(1)

q =
g′2

3m2
W

(
Ŝ − δκγ + c2

θW
δgZ1 − Y

)
, (7)

which can be useful in order to compare HEP analyses from LHC with other experiments,

such as LEP.

It can be instructive to provide a concrete example of this type of models, and the explicit

values of the HEP parameters that are generated. For this purpose, let us consider holographic

models of composite Higgs [37]. One finds [31], after integrating out the heavy resonances of

the model at tree-level:

cW = cB =
27π2

256
' 1.0 , cHW,HB = 0 , c2B,2W '

g2

g2
∗
� 1 , (8)

where g∗ is here the coupling of the composite heavy vectors, and the new-physics scale M

is identified with the lightest vector-resonance mass. The relation cW = cB in eq. (8) is due

to a global O(4) symmetry of the model, and cHW,HB � cW,B is a generic consequence of

the “minimal coupling” hypothesis [14,31], which is realized not only in holographic models,

but also in little Higgs or other weakly-coupled scenarios. Eq. (8) leads to the following

predictions:

a(3)
q =

3g2

g′2
a(1)
q '

g2

M2
, a(3)

q m2
W = −g2c2

θW
δgZ1 =

g2

2
Ŝ , δκγ = 0 , W, Y � 1 . (9)

6Our convention is: DνH =
(
∂ν − 1

2 ig
′Bν − 1

2 igσ
aW a

ν

)
H, and W a

µν = ∂µW
a
ν −∂νW a

µ +gεabcW
b
µW

c
ν , where

σ
(2)
12 = −i, and ε123 = 1.
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SILH Basis Warsaw Basis

OW =
ig

2

(
H†σa

↔
DµH

)
DνW a

µν O(3)
L = (Q̄Lσ

aγµQL)(iH†σa
↔
DµH)

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν OL = (Q̄Lγ

µQL)(iH†
↔
DµH)

OHW = ig(DµH)†σa(DνH)W a
µν OuR = (ūRγ

µuR)(iH†
↔
DµH)

OHB = ig′(DµH)†(DνH)Bµν OdR = (d̄Rγ
µdR)(iH†

↔
DµH)

O2W = −1

2
(DµW a

µν)
2

O2B = −1

2
(∂µBµν)

2

Table 3: Dimension-six operators relevant for the high-energy longitudinal diboson production

qq̄ → WLVL, VLh that interfere with the SM, in the SILH basis [31] (left) and in the Warsaw

basis [38] (right). We will use the Wilson coefficient normalization L6 =
∑
i

ciOi/M2.

The second relation allows to relate the future LHC bounds on the HEP a
(3)
q with the LEP

bound on the Ŝ-parameter, providing an educated context to compare the impact of these

two different machines.

There are also ”Weak” theories that do not belong to the ”universal” class, hence they

must be described by a complete set of operators such as the Warsaw basis [38], see table 3.

In this case, the HEP are transparently identified with contact interactions between quarks

and scalars 7

au = 4
cuR
M2

, ad = 4
cdR
M2

, a(1)
q = 4

c
(1)
L

M2
, a(3)

q = 4
c

(3)
L

M2
. (10)

Representatives of such “non-universal” theories are models with a heavy SU(2)L triplet vector

boson W ′a (a = 1, 2, 3), coupled to the left-handed fermions and to the Higgs

Lint =
1

2
W ′a
µ

[
gf f̄Lγ

µσafL + igHH
†σa

↔
DµH

]
, (11)

where gf is in general different for the different SM fermions. In this type of models, after

integrating out the heavy W ′a at tree level, one obtains

a(3)
q = −gqgH

M2
, a(1)

q = au = ad = 0 , (12)

where M is the mass of W ′a and gq denotes the coupling to the light generation quark

doublets. In addition, there are also induced 4-fermion interactions g2
f (fLγ

µσafL)2 that are

7These relations, as well as those in eq. (5), are obtained by computing the diboson helicity amplitudes

in the presence of the EFT operators, and matching with the parametrization in eq. (3). The matching

depends on the conventions for the spinor wave functions and the polarization vectors. We fix the ambiguity

by reporting in Appendix A the SM amplitudes computed with the same conventions.
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constrained, for the case of quarks, by LHC high-energy di-jet experiments [34,35]. Moreover,

a shift in the fermion coupling to the Z boson is also generated, that for the quarks reads

δgZuL/g = −δgZdL/g = −gqgHv2/(8cθWM
2) and is constrained mostly by LEP1 [39]. This

model can also be studied as an example of universal theory, in which case quarks and

leptons couplings are equal because they emerge from the kinetic mixing of the heavy vector

triplet with the SU(2)L SM gauge field strength. With the parameter scaling gf = cFg
2/g∗

and gH = cHg∗, they provide a simplified phenomenological description of composite Higgs

vector resonances [67]. We will use this setup in section 4 in order to compare the indirect

reach from the HEPs with the one from direct resonance searches.

3 LHC Primaries Sensitivity

LHC run-2 and 3, the HL-LHC and future colliders can probe the HEP parameters. In this

section we first work out a rough estimate of the reach in the channels Wh, Zh, WW and

WZ; the result of this estimate will lead us to focus on fully leptonic WZ that emerges as a

particularly promising and simple option.

3.1 Diboson Channels Overview

From table 2 we see that several diboson processes will have to be measured in order to get

access to all the 4 HEP parameters, therefore we should not restrict only to the channel

with better reach. Nevertheless, it is convenient, as a starting point of a more complete

analysis (that however goes beyond the scope of the present paper), to imagine probing a

BSM scenario that produces comparable effects in all the channels, such that a comparison

of the reach becomes relevant. A benchmark scenario of this sort is obtained by turning on

the HEP parameter a
(3)
q , which enters in all the diboson processes, as table 2 shows. In what

follows we will thus focus on a
(3)
q and compute the 95% CL reach that is obtained in the various

channels by a χ2 test on the distribution of the vector boson transverse momentum pT,V .8

Only statistical uncertainties are included, assuming the full luminosity (3 ab−1) of the HL-

LHC. Signal cross-sections are computed at tree-level using MadGraph5 v2.5.5 [41] (and

NNPDF 2.3LO1 [42] parton distributions) in the pT,V bins reported in table 4. Only the

interference contribution to the signal, i.e. the term linear in a
(3)
q , is reported in the table for

shortness. Obviously the complete cross-section is used to derive the limit. The estimate of

the background in each of the four channels will be described later.

The signal model was implemented in MadGraph5 by turning on the operator OHW
(defined in table 3) in the model EWdim6 of Ref. [43], with a coefficient cHW = a

(3)
q M2/g2

as dictated by eq. (5). We could have also implemented it through another operator, for

instance O(3)
L , obtaining essentially identical results, since we have shown in the previous

8pT,V is defined here as the transverse momentum of any of the two bosons, which are equal in the tree-level

simulations we employ in this section. The definition we will adopt in the more realistic analysis of section 3.2

is given in eq. (16).
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pT,V range (GeV)

Channel [200, 400] [400, 600] [600, 1000] [1000, 2000]

W±L h 23300 + 42500 a
(3)
q 1950 + 9750 a

(3)
q 420 + 4680 a

(3)
q

W±h WLh substr. [44] 2230 + 4070 a
(3)
q 368 + 1840 a

(3)
q 108 + 1200 a

(3)
q

background [44] 11400 1720 700

Zh
ZLh 3760 + 5330 a

(3)
q 294 + 1350 a

(3)
q 58 + 600 a

(3)
q

ZLh substr. [44] 600 + 850 a
(3)
q 84 + 390 a

(3)
q 17 + 178 a

(3)
q

W+W−
WLWL 5080 + 7450 a

(3)
q 380 + 1730 a

(3)
q 74 + 780 a

(3)
q 5.8 + 160 a

(3)
q

other helicities 89500 5500 990 69

W±Z
WLZL 2970 + 5050 a

(3)
q 226 + 1200 a

(3)
q 46 + 540 a

(3)
q 3.7 + 123 a

(3)
q

other helicities 10800 600 100 6.0

Table 4: Expected events at the 14 TeV LHC with integrated luminosity 3 ab−1 for the various

diboson channels. The rates take into account the branching fractions h→ bb̄, W → `ν and

Z → `¯̀ with l = µ, e. The number of events in W±h and Zh is negligible in the last bin. The

value of a
(3)
q is expressed in TeV−2.

section that the high-energy cross-section is only sensitive to the HEP parameters. Indeed,

we have checked that the discrepancy in the signal cross-sections, if O(3)
L is employed (with

c
(3)
L = a

(3)
q M2/4, see again eq. (5)), is below 10% for pT,V > 200 GeV and around 1% if

pT,V > 400 GeV. The discrepancy is due to the fact that the operators are of course not

equivalent at finite energy, consequently it scales like m2
W/E

2.

In the WW and WZ channels we considered leptonically decaying vector bosons, based

on the fact that it is more difficult to perform accurate measurements in hadronic final states.

The bb̄ decay mode is instead considered for the Higgs in the Wh and Zh channels (with the

vector bosons still leptonic), because fully leptonic Higgs decays are too rare to be relevant.

Decay branching ratios are included in the cross-sections reported in table 4. For WW and

ZW it is not far from realistic to assume that all the reducible backgrounds can be neglected,

and the only background for WLWL and ZLWL production arises from the production of

the other polarization states (in particular the transverse TT ). We see in table 4 that this

background is sizable, and particularly so for WW . Hence the reach on a
(3)
q (see table 5) is

significantly better in WZ than WW after the background is included. For WLh and ZLh

instead the background from the other polarizations is negligible since transverse vector boson

plus Higgs production is suppressed at high energy. Reducible backgrounds (e.g., from V+jet

or tt̄ processes) are on the contrary sizable. For these processes we assume that boosted Higgs

reconstruction will be performed with jet substructure techniques and we apply to the signal

the Higgs reconstruction efficiency obtained in Ref. [44], where a careful analysis of the Wh

channel was performed. This efficiency varies from ∼ 15% in the low-pT,V bin to ∼ 25% in
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Channel Bound without bkg. Bound with bkg.

Wh [−0.0096, 0.0096] [−0.036, 0.031]

Zh [−0.030, 0.028] –

WW [−0.012, 0.011] [−0.044, 0.037]

WZ [−0.013, 0.012] [−0.023, 0.021]

Table 5: Bounds on a
(3)
q (in TeV−2) from the estimates of table 4.

the last bin, hence it entails a considerable loss of rate and in turn of sensitivity.9 The Wh

background estimate is also taken from Ref. [44]. Its impact on the reach is considerable, as

shown in table 5, meaning that a significant improvement of boosted Higgs reconstruction

techniques would be needed in order to make this channel competitive. We are not aware

of detailed analyses focused on the high-pT,V regime of the Zh process, therefore we studied

this channel in the unrealistic hypothesis of no background. The reach in Zh is slightly worse

than the one in WZ even in the absence of background because of the small leptonic Z

branching ratio. The background will further worsen the situation similarly to what happens

in Wh. The two channels Wh and Zh are expected to face similar challenges for background

reduction.

We see that the fully leptonic WZ process is expected to have the best reach among

the channels we considered. Compared with associated Higgs production processes, it does

not suffer from the large background due to boosted Higgs mistag and from the potentially

sizable systematic uncertainties that could emerge when dealing with hadronic final states.

Compared with WW , WZ has a smaller background from transverse polarizations. This

properties follows from a reduction of the transverse amplitude in the central region, as we

will now discuss. While in what follows we will focus on this channel, it should be kept in mind

that WZ is only sensitive (see table 2) to a
(3)
q , so that other channels will have necessarily

to be studied in order to probe all the 4 HEP parameters. We will further comment on this

aspect in the Conclusions.

3.2 Leptonic WZ

The fully leptonic WZ process

pp→ W±Z + jets→ `ν`′ ¯̀′ + jets , with l, l′ = e, µ ,

is likely to be measured with good accuracy. The leptons can be accurately reconstructed

and the reducible background from other processes (which might hamper the whole procedure

if not modeled well enough) is very low [6]. At the experimental level the situation might

not be too much different from the neutral Drell-Yan process, in which a measurement with

9Actually, in the case of Wh the “substr.” line in table 5 also includes the efficiency of the jet veto cut of

Ref. [44]. The latter efficiency is however marginally relevant as it ranges from 60 to 80%.

15



2% relative systematic uncertainty of the differential cross-section was performed, with run-1

data, up to TeV energies [45]. A systematic uncertainty of 5% might be considered as a

realistic goal for the differential cross-section measurement in the leptonic WZ channel.

Since reducible backgrounds are under control, the main obstacle to obtain sensitivity

to new physics is the potentially large contribution of the other polarizations, which for our

purposes constitute a background, since they are insensitive to the new physics parameter

a
(3)
q . In the WZ channel these effects are automatically under control in the high-pT region

and they can be further reduced by suitable selection criteria, as we will discuss later.

3.2.1 Amplitude Zero

In the SM, the longitudinally polarized final state WLZL is a subdominant fraction of the

total cross-section. Indeed it accounts for just 6% of the total rate for pp → WZ at the

14 TeV LHC, which is dominated by transverse polarizations production. This is mainly

due to the presence of a t-channel pole for the transverse polarizations (in particular the +−
and −+ helicity amplitudes) that significantly enhances the forward-scattering amplitude.

Such contribution is absent for longitudinally polarized bosons. This forward enhancement is

however tamed at high vector boson transverse momenta, where the amount of longitudinally

polarized bosons becomes significantly larger, reaching a fraction ∼ 40% of the total rate for

pT,V > 1 TeV (see table 4).

A similar qualitative behavior is found in the WW production process, however the high-

pT cut is much less effective. We see in table 4 that in this case the longitudinal bosons are

less than 10% of the total for pT,V > 1 TeV. This is due to the fact that the high-energy

WZ amplitudes for the transverse +− and −+ polarizations nearly vanish at tree-level if

the bosons are produced centrally [46].10 The high-pT cut enhances the central region and

consequently it reduces the transverse contribution more effectively in the WZ channel than

in the WW one, where the central suppression of the transverse amplitudes is not present.

Specifically, the WZ tree-level amplitudes at high energy E � mW takes the form

A(ūLdL → W−
(±)Z(∓)) ∝ cos θ∗ +

1

3
tan2 θw ,

A(d̄LuL → W+
(±)Z(∓)) ∝ cos θ∗ − 1

3
tan2 θw . (13)

where θ∗ denotes the polar scattering angle in the collision rest-frame, oriented in the direction

that goes from the incoming anti-quark to the outgoing W . Such behavior can be understood

by symmetry arguments [47]. Since θw is small, the amplitude is suppressed at cos θ∗ ' 0

(i.e. for central diboson production θ∗ ∼ π/2) and so is the cross-section. Notice that this

would not have been the case if the amplitude zero were not located at cos θ∗ ' 0 because

the pp → WZ differential cross-section dσ/dpT,V is insensitive to the sign of cos θ∗, the two

10The production of same-sign diboson helicities, and of one transverse and one longitudinal boson, are

anyhow suppressed at high energy, as we discussed in section 2. Hence the suppression of the +− and −+

amplitudes entails a suppression of the entire background cross-section.
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configurations with opposite cos θ∗ corresponding to the anti-quark coming from the first

proton or from the second one. If the amplitude vanishes at cos θ∗ 6= 0, summing over the

two configurations produces a differential cross-section that never vanishes.

On the other hand, as expected from eq. (2), the amplitude of the longitudinally polarized

vector bosons is maximal at cos θ∗ ' 0 because at high energy

A(ud̄→ W+
L ZL) ∝ sin θ∗ , (14)

both in the SM and when BSM effects are present. From eqs. (13) and (14) we conclude

that it could be advantageous to search for the effects of a
(3)
q in the central region | cos θ∗| <

| cos θ∗|max. Due to the fast decrease of the parton distribution functions at high energy, the

region of phase-space where pT,V is large tends to coincide with the region where cos θ∗ is

small. Hence a centrality cut on cos θ∗ is already indirectly present in the large pT,V bins as

previously mentioned. Imposing it directly as | cos θ∗| < | cos θ∗|max, with | cos θ∗|max to be

determined, might still bring some improvement in the reach, as we will see.

Before describing in more details our selection criteria and their optimization (see sec-

tion 3.2.3), we should however assess the robustness of our strategy with respect to NLO

QCD correction. All the previous considerations indeed rely on the amplitude zero, which

is a tree-level effect that is lifted by QCD corrections. In section 3.2.2 we will investigate

how the NLO real corrections affect the suppression of the production of transverse vector

bosons in the central region. This will allow us to develop further insights for the design of

our analysis strategy, which we apply in section 3.2.4 to the full NLO signal simulation.

3.2.2 Real radiation corrections

In order to understand the structure of the NLO QCD corrections to WZ production we first

study real emissions. Namely, we consider the processes

pp→ WZ , pp→ WZ + 1 jet , (15)

simulated at tree-level and combined with QCD parton shower using the MLM scheme [48].11

Real radiation is expected to be the most important correction to the amplitude zero de-

scribed above, because extra parton emissions invalidate the symmetry arguments that one

can make [47] to explain the result in eq. (13).

The effect of real radiation corrections on the cos θ∗ distribution can be gauged by looking

at fig. 4. In the left panel of the figure we show the leading order distribution, with no extra jet,

for WLZL production (solid line) separately from the sum of all the other polarization states

(dashed line) at fixed center of mass energy mwz = 1 TeV. The suppression of the transverse

channels for cos θ∗ ' 0 is clearly visible. For cos θ∗ = 0 the longitudinal channel cross-section

is nearly one order of magnitude larger than the other channels. Real radiation is included in

11Matrix elements for the calculation are computed with MadGraph5 and proton parton density functions

NNPDF 2.3LO1. The parton shower we used is Pythia6 [49] and jets are obtained from the shower results

according to the kT clustering algorithm [50].
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Figure 4: Differential cos θ∗ cross-section for pp → W+Z, where the solid (dashed) lines

correspond to the final state with two longitudinally polarized gauge bosons (all the other

polarizations). Left: LO results at invariant mass mwz = 1 TeV. Right: tree-level results

matched with an extra jet with invariant mass mwz ≥ 1 TeV.

the right panel. We see that once real radiation is taken into account, the WLZL final state

is much less prominent in the region at small cos θ∗. Indeed, it is subdominant with respect

to the total cross-section even at small cos θ∗ if no extra cut is performed (corresponding to

the black lines in the figure).

In order to reduce the effects of hard real radiation, we employ a selection on the transverse

momentum of the WZ system, denoted by

pT,V V = |~pT,W + ~pT,Z |.

Alternatively, we might have considered a jet veto, which however would have been problem-

atic for accuracy because of the experimental and theoretical uncertainties associated with

jets reconstruction. The pT,V V variable is instead inclusive over the hadronic final state and it

does not require jet reconstruction.12 The impact of the pT,V V cut on the cos θ∗ distributions

is displayed in the right panel of fig. 4 for pT,V V < 100 GeV (green) and pT,V V < 70 GeV (red).

We see that a requirement on pT,V V significantly enhances pp → ZLWL with respect to the

background at low cos θ∗, but it does not make the background negligible. Notice that pT,V V
being an inclusive quantity does not necessarily mean that its distribution will be accurately

described by a fixed-order QCD calculation. In particular if pT,V V is much smaller than the

bosons momenta, corresponding to a configuration where real soft radiation is nearly absent,

one would need to perform resummation, which might bring additional uncertainties. We

will take this potential issue into account when discussing the pT,V V cut optimization in the

following section.

12See Ref. [51] for a different approach.
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3.2.3 Optimization of the Selection Criteria

Our strategy is to probe a
(3)
q by performing a fit of the pT,V differential cross-section, where

pT,V is defined as

pT,V = min(pT,W , pT,Z) . (16)

Using the minimum momentum suppresses, in the large pT,V bins, configurations where one

of the bosons is much harder than the other one and recoils against a jet. Since hard real

radiation suppresses the signal relative to the background, those configurations are not rel-

evant for our analysis. We will assume that the measurement of the pT,V cross-section will

be performed in a fiducial region defined by selections cuts on | cos θ∗| and on pT,V V . Selec-

tion criteria on these variables are indeed expected to improve the sensitivity as previously

explained.13 We now want to study more quantitatively the impact of these cuts, optimizing

them in order to maximize the reach on a
(3)
q . For this purpose we consider three pT,V bins

pT,V ∈ {200, 400, 600, 1000} GeV ,

and we estimate the sensitivity to a
(3)
q in each bin. We assume a 5% systematic error in

each bin, which we regard as a plausible goal for these measurements, whereas we neglect

reconstruction efficiencies. We employ the LO matched simulation described in the previous

section to compute the number of longitudinally-polarized events in each bin (NLL) and the

total (NTOT ) expected in the SM. The full HL-LHC luminosity is assumed. We estimate as

NLL/
√
NTOT + (5%NTOT )2 the relative accuracy on the measurement of the longitudinally-

polarized component of the cross-section in each bin. Since the effect of a
(3)
q on the longitudinal

cross-section grows quadratically with the energy, the relevant quantity to be computed in

order to compare the sensitivity to a
(3)
q of the different bins is not the accuracy of the mea-

surement, but the accuracy rescaled by (1/p
(min)
T,V )2, where p

(min)
T,V is the lower endpoint of the

bin.

The left panel of fig. 5 displays the rescaled accuracy as a function of the upper cut on

| cos θ∗|, denoted as | cos θ∗|max. The curve has a mild dependence on the cut, aside from the

low | cos θ∗|max region where the lack of statistics reduces the sensitivity. The dependence

of the rescaled accuracy on | cos θ∗|max is also very mildly sensitive to the pT,V V cut; for

definiteness we use pT,V V ≤ pT,V /2 in the figure (black lines) and we include for comparison

the results without pT,V V cut (orange lines). For simplicity in what follows we use the cut

| cos θ∗| ≤ | cos θ∗|max = 0.5 , (17)

independently of pT,V . We see that indeed this choice nearly minimizes the rescaled accuracy

(hence it maximizes the reach) in the highest pT,V bin where the sensitivity is better, and is

not far from the optimal choice for the pT,V ≥ 400 GeV bin. A harder cut would be required

to maximize the sensitivity in the lowest bin, however the accuracy in this bin is quite poor,

so our simple choice of a pT,V -independent cut does not significantly affect the reach.

13Measuring | cos θ∗| requires neutrino reconstruction and introduces an ambiguity. We momentarily assume

perfect neutrino reconstruction, postponing to section 3.2.4 the discussion of this point.
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Figure 5: Rescaled accuracy as a function of the cut on the scattering angle | cos θ∗| (left

panel) and of the transverse momentum of the WZ system pT,V V (right panel). The solid,

dashed, dot-dashed and dotted lines correspond to the three pT,V bins described in the main

text. The black lines are obtained by imposing the additional cuts pT,V V ≤ pT,V /2 in the left

plot and | cos θ∗| < 0.5 in the right plot. The orange lines are obtained with no additional

cut.

As far as pT,V V is concerned, we instead employ a pT,V -dependent cut, namely

pT,V V /pT,V < [pT,V V /pT,V ]max = 0.5 . (18)

The dependence of the rescaled accuracy on [pT,V V /pT,V ]max is very mild, as the right panel of

fig. 5 shows. The chosen value of 0.5 is slightly above the absolute minimum for the relevant

pT,V bins, however this does not entail a significant loss of sensitivity. We took it somewhat

larger than the minimum because it could be difficult to obtain accurate predictions for a too

low pT,V V cut, as previously explained. Choosing [pT,V V /pT,V ]max = 0.5 should leave enough

phase space to real emission and allow for trustable fixed-order QCD calculations. Indeed we

will verify in section 3.2.4 that scale uncertainties are not enhanced by this cut, while they

would increase significantly if a tighter selection was adopted.

There are a few additional insights that can be extracted from the plots in fig. 5. First of

all it can be seen that the bins with pT,V > 400 GeV and pT,V > 600 GeV have the best, and

comparable, sensitivity. They are followed by the bin pT,V > 200 GeV, whose sensitivity is

roughly a factor 4 lower. This means that a possible new physics effect in this channel would

not show up as a departure from the SM prediction which is localized in a single bin, but

rather as a (arguably more convincing) tension with the SM distributed over a wide energy

range. Second, from the figure we see that the cuts we devised increase the accuracy of around

30% in the highest bin, 50% in the intermediate and 70% in the lowest. We checked that this

is mainly due to the reduction of the signal over background ratio that mitigates the impact

of systematic uncertainties.

20



pT,V range Expected Events

[100-150] GeV 3100 + 1040 a
(3)
q + 260 a

(3) 2
q

[150-220] GeV 2620 + 1030 a
(3)
q + 140 a

(3) 2
q

[220-300] GeV 937 + 600 a
(3)
q + 230 a

(3) 2
q

[300-500] GeV 544 + 700 a
(3)
q + 560 a

(3) 2
q

[500-750] GeV 86.5 + 260 a
(3)
q + 490 a

(3) 2
q

[750-1200] GeV 16.1 + 120 a
(3)
q + 640 a

(3) 2
q

Table 6: Expected number of events as a function of the HEP a
(3)
q (expressed in TeV−2) in

each bin of the pT,V spectrum at LHC 14 TeV for 3/ab integrated luminosity.

3.2.4 NLO Analysis

We now estimate the reach on a
(3)
q based on a full NLO simulation of the pp→ 3`ν process.

We perform a matched calculation that uses matrix elements computed at NLO in QCD

with MadGraph5 with FxFx-matched [52] parton shower supplied by Pythia8 [53], with

NNPDF 2.3 NLO parton distributions. The signal is computed (as explained in section 3.1)

through the operator OHW implemented in the NLO version of the UFO model EWdim6, kindly

provided to us by C. Degrande. We consider generation-level leptons momenta, but we include

an overall detector efficiency for reconstructing the three leptons that, based on performances

studies in Refs. [54,55], we estimate around 50%. We furthermore apply standard acceptance

cuts

pT,` > 30 GeV , |η`| < 2.4 . (19)

The same-flavor and opposite-charge lepton pair with invariant mass closer to the Z boson

mass is taken as the Z candidate and the remaining lepton is taken to be the decay product

of the W boson. The missing transverse energy vector of the event (��~ET ) is estimated from

the generation-level x and y neutrino momentum components, to which we apply a Gaussian

smearing with standard deviation

σ2
�ET i

= (0.5)2 ·
∑
f

|pi| ·GeV .

This approach is similar to well-tested detector performance parameterizations used e.g. in

Delphes [57, 58].

The kinematical variables described so far allow us to determine pT,Z and pT,W , and in turn

pT,V and pT,V V , used to construct the binned distribution and for the selection cut in eq. (18),

respectively. In order to extract | cos θ∗|, which we will employ for the selection in eq. (17), the

reconstruction of the neutrino rapidity is needed. This is obtained by the standard technique

of imposing the invariant mass of the neutrino plus lepton system to be as close as possible

to the physical W boson mass. If the lepton transverse mass mT`ν is smaller than mW , the
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lepton-neutrino invariant mass can be asked to be equal to mW , producing two solutions

η±ν = η` ± log
(

1 + ∆ +
√

∆(∆ + 2)
)
, where ∆ ≡ m2

W −m2
T`ν

2p`T��ET

. (20)

If instead mT`ν > mW , which might happen because of experimental uncertainties in the

measurement of the ��~ET , or because the virtual W had truly an invariant mass slightly above

mW , the lepton-neutrino invariant mass cannot be equal to mW . The configuration that

makes it as close as possible to mW is

ην = η` . (21)

If the W is boosted in the transverse plane, which is the case in the kinematical region that

is mostly relevant for our analysis, the reconstructed neutrino momentum becomes close to

the true one both in the one-solution and in the two-solutions cases (see for instance [17] for

a recent discussion). However in the latter case we still formally have a twofold ambiguity

in the determination of ην , which in turn produces an ambiguity in | cos θ∗|. We resolve this

ambiguity by imposing the cut in eq. (17) on both solutions, i.e. by retaining for the analysis

only events such that both the possible neutrino configurations satisfy the selection criteria.

We study the 3 collider energy options that correspond to the LHC (14 TeV), to the High-

Energy LHC (HE-LHC, 27 TeV) and to the FCC-hh (100 TeV). In each case we consider

suitably designed pT,V bins, namely

LHC: pT,V ∈ {100, 150, 220, 300, 500, 750, 1200} , (22)

HE-LHC: pT,V ∈ {150, 220, 300, 500, 750, 1200, 1800} ,
FCC: pT,V ∈ {220, 300, 500, 750, 1200, 1800, 2400} .

The binning is chosen such as to cover the kinematical regime that is accessible at each collider

and it is taken as fine as possible in order to maximize the BSM sensitivity. On the other hand,

a minimum bins size ∆pT,V /pT,V & 30% is required in order to avoid a degradation of the

accuracy due to the pT,V resolution. After applying the selection cuts previously described,

we compute the cross-section in each of the above bins and we fit it to a quadratic function

of a
(3)
q . The results, expressed in terms of expected bin counts for L = 3 ab−1, are reported

in table 6 for the illustrative case of the 14 TeV LHC.

The predicted cross-sections are used to construct the χ2, under the assumption that

observations agree with the SM, and are eventually used to derive 95% CL bounds on a
(3)
q .

The uncertainties in each bin are the sum in quadrature of the statistical error, obtained from

the SM expected events yield, and of a systematical component (uncorrelated across bins)

which we take as a fixed fraction (δsyst) of the SM expectations. With this procedure we

obtain, for different collider energies and luminosities and for δsyst = 5%

LHC, 300 fb−1: a(3)
q ∈ [−1.4, 0.9] 10−1 TeV−2

HL-LHC, 3 ab−1: a(3)
q ∈ [−4.9, 3.9] 10−2 TeV−2

HE-LHC, 10 ab−1: a(3)
q ∈ [−1.6, 1.3] 10−2 TeV−2

FCC-hh, 20 ab−1: a(3)
q ∈ [−7.3, 5.7] 10−3 TeV−2 (23)
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We see that the HL-LHC will improve the LHC reach by more than a factor of 2, while with

the HE-LHC one would gain nearly one order of magnitude. A gain of around 20 would be

possible with the FCC-hh collider. The FCC-hh reach is comparable with the one of CLIC,

as extracted from the analysis in Ref. [56].

Notice that the choice δsyst = 5% is not based on a careful assessment of the experimental

systematical uncertainties and of the theory errors on the SM predictions. At the experimental

level, we merely argued at the beginning of section 3.2 that δsyst = 5% could be a reasonable

target, based on analogies with other purely leptonic final states. For what concerns theory,

we verified that parton luminosity uncertainties are well below 5% in the energy range of

interest and that the scale variations in the NLO calculation are of order 5%. Scale variations

were estimated using MCFM 8.0 [59, 60] by varying renormalization and factorization scale

as µR = µF = 2±1(mW + mZ). A kinematic-dependent choice of the scales, e.g. µR =

µF = 2±1mwz gives similar results.14 Taking also into account that QCD NNLO [61, 62] and

EW NLO [63] computations are already available, we conclude that δsyst = 5% or less is a

reasonable target for theory uncertainties as well. We will discuss later in this section how a

larger or a smaller value of δsyst would affect the reach.

The results of eq. (23) rely on BSM cross-section predictions obtained by integrating up to

very high center of mass energies, formally up to the collider threshold. Therefore these limits

assume that the description of the underlying BSM model offered by the EFT is trustable in

the whole relevant kinematical regime, i.e. that the cutoff M of the BSM EFT is high enough.

In other words, we assume that other effects such as resonance production, not included in

the EFT description, take place to such a large M that are irrelevant. We quantify how

large M concretely needs to be for our results to hold by studying [10, 64, 65] how the limit

deteriorates if only events with low WZ invariant mass, mwz < mmax
wz are employed. This

obviously ensures that the limit is consistently set within the range of validity of the EFT

provided the EFT cutoff M is below mmax
wz .15 The results are reported in figure 1 for the

LHC and the HL-LHC and in figure 6 for the higher energy future collider options. Since the

95% CL interval is nearly symmetric around the origin (with the exception of the LHC one),

only the upper limit is reported in the figure for shortness.

Several conclusions can be drawn from figures 1 and 6. First of all we see that the reach

saturates for mmax
wz below around 1.5 TeV at the LHC and at the HL-LHC if the systematic

uncertainties are low, meaning that the limits obtained without mwz cut apply to theories with

cutoff M above that threshold. The threshold grows to around 3 and 4 TeV at the HE-LHC

and at the FCC-hh, respectively. The curve with δsyst = 100% in figure 1 outlines the crucial

role played by accuracy in this analysis. An inaccurate determination of the cross-section

14We also checked that a tighter pT,V V /pT,V cut, such as [pT,V V /pT,V ]max = 0.1, would inflate scale

uncertainties to the 20% level. This had to be expected, as discussed in sections 3.2.2 and 3.2.3.
15The choice of the kinematical variable that best characterizes the hardness of the event, to be compared

with M in order to ensure the EFT validity, is ambiguous to some extent. One choice could be the total

invariant mass of all the final state hard objects [65], which in our case would include extra hard jets. The

diboson mass mwz that we employ here is also a reasonable choice, in light of the cut on pT,V V that effectively

vetoes hard QCD radiation.
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Figure 6: Expected 95% CL bounds from fully leptonic WZ on the high-energy primary

parameter a
(3)
q as a function of the new physics scale M . The plots reports the results for the

HL-LHC (orange lines), HE-LHC (green lines) and FCC-hh (brown lines) for different values

of the systematic uncertainties.

would not only weaken by a factor ∼ 4 the asymptotic reach at mmax
wz →∞, but it would also

raise above 2 TeV the energy scale that is relevant for the limit. This makes that on one hand

we would be only sensitive to theories with a lower M , since a
(3)
q ∼ 1/M2, while on the other

hand we would need theories with larger M for our limit to hold. The combination of these

two effects would drastically reduce the set of BSM theories that we would be able to probe.

This is illustrated in the figures by overlying to the reach the theoretical estimates of a
(3)
q , as a

function of M ' mmax
wz , in the “Fully Strong”, “Strong TGC and “Weak” scenarios described

in the introduction and in section 2.2. The fact that the δsyst = 100% limit lies above or on

top of the “Weak” line means that with this large systematic we can probe a given value of

a
(3)
q only if we trust the EFT prediction at or above the cutoff of the “Weak” BSM theory that

is producing that value, which is clearly inconsistent. If instead δsyst is low the reach stays

well below the “Weak” line, meaning that we can probe BSM theories of the “Weak” type by

only using events with a center of mass energy that is below the cutoff, for which the EFT

description applies. The figures show that δsyst = 5% is sufficient to probe “Weak” theories

in all cases, but it also shows that the impact of a larger or smaller uncertainties on the reach

is different at different colliders. In particular we see that the reach is very stable with δsyst

at the LHC, given that the δsyst = 10% curve is very close to the one at δsyst = 1%, while it is

much less so at the HL-LHC, where δsyst = 5% already makes an appreciable difference with

respect to δsyst = 1%. This is due to the fact that the low-pT,V bins are more populated at

the HL-LHC, hence the statistical error is lower and the reach in those bins benefits from a

lower systematics. The effect is even more pronounced at the HE-LHC and at the FCC-hh,

where even with δsyst = 2% the reach deteriorates significantly with respect the ideal case
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δsyst = 1%. The fact that more accurate measurements would improve the reach of future

colliders is an element that should be taken into account in the design of the corresponding

detectors.

4 BSM Implications

The impact of our results can be appreciated by direct comparison of our bounds with bounds

from other experiments. While HEP effects are uniquely probed at the LHC, we have seen in

section 2.2 that, at the level of the dimension-six Lagrangian, HEP parameters are related to

other parameters that can be measured in low-energy experiments. For a more specific BSM

assumptions, we can have more relations among observables. We can for instance consider

a BSM that affects mainly the Z couplings to quarks δgZq (for example, a theory with extra

vector-like quarks that mix with the SM ones); in this case, we can read from table 2 that our

constraint on a
(3)
q corresponds to an impressive per-mille constraint on δgZq . Such precision

is competitive with LEP, that tested δgZq by measuring precisely the e+e− → q̄q differential

cross-section on the Z resonance.

Universal theories provide an interesting framework to perform our comparison. There,

eq. (7) shows that indeed HEP parameters can be related to Ŝ, W , Y [36] and the aTGCs

δgZ1 , δκγ. Now, W and Y characterize O(p4) corrections to the W± and Z propagators, and

can be splendidly tested (well below the per-mille) at the HL-LHC , by measurements of the

dilepton invariant mass spectrum in charged and neutral Drell-Yan processes [13]. In light

of this, we can neglect the effect of W and Y in our analysis. Then, from eq. (7), we see

that HEPs overlap only with the δgZ1 and δκγ − Ŝ combinations. In this two-dimensional

parameter space, the WZ channel, that we have studied in detail in section 3.2, gives access

only to δgZ1 . Using eq. (7), the expected bounds on the HEP parameter translate onto a

per-mille level constraint on δgZ1
|δgZ1 | . 0.001 , (24)

for the HL-LHC (5% systematics) and assuming a new physics scale above 3 TeV. Processes

with other diboson final states, test complementary directions in the δgZ1 and δκγ−Ŝ plane, as

we illustrate in the left panel of figure 7. The colored lines indicate the directions along which

the linear order new physics effects cancel, namely they are the approximate flat direction

associated to the corresponding process. In particular, dashed lines correspond to parton-level

processes q̄q → WLWL/ZLh, as derived from table 2, with polarized initial quarks. The solid

red line corresponds to the approximate flat direction for the full pp→ WLWL/ZLh process,

obtained by weighting the interference terms between the polarized SM and BSM amplitudes

by the corresponding parton luminosities. Since the up and down luminosities ratio varies

from 1.4 to 1.6 in the relevant energy range, this estimate is nearly independent of the center

of mass energy.16

16We thank S. Gupta for pointing out a mistake in the first version of the figure.
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Figure 7: Comparison of the bounds obtained from LEP with those from our analysis based

on the WZ channel at the LHC. Left: universal theories with W,Y � 1. Right: Theories

characterized by W,Y, δκγ, λγ � 1. See main text for details.

The gray shaded area in figure 7 shows bounds from LEP2 [15]. These bounds depend

also on the parameter λγ, which for simplicity we have taken to zero, a conservative choice

in our comparison. Our analysis is instead insensitive to (small values of) λγ, because of

the non-interference rules discussed before. This comparison allows us to conclude that, in

the context of universal theories, LEP2 bounds will be order-of-magnitude improved by the

HL-LHC, at least in the δgZ1 direction.

In section 2.2, we have further discussed explicit realizations of universal theories, which

we can refer to as “general SILH theories” and include e.g. theories with extra gauge bosons

or extra-dimensions, holographic versions of composite Higgs or little Higgs models. In these

theories δκγ (and λγ) arise only at the one-loop level, and are therefore expected to be small.

Similarly, for large g∗, W and Y are small, see for instance eq. (9). As a result, the only

relevant parameters are Ŝ and δgZ1 , that can be induced at tree-level. These parameters enter

in the HEPs, eq. (7), and provide then a strong motivation for our analysis. The results

are shown in the right panel of figure 7. Present limits on Ŝ come from LEP measurements

on the Z-pole, and we do not expect that the LHC will improve them any further (such an

improvement would require very accurate measurements of the WLWL/ZLh channels).

This result can be better appreciated in the specific context of composite Higgs models with

O(4) symmetry, where the two parameters are related according to eq. (9), δgZ1 ' −Ŝ/2c2
θW

(corresponding to cB = cW ), as shown by a blue solid line in the plot. In this context it

becomes remarkable that the size of the constraint on Ŝ from LEP (which is considered one

of the most precise measurements of the EW sector) is comparable with that on δgZ1 , obtained
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from our analysis at the HL-LHC. Our bound will not only be competitive, but also comple-

mentary to LEP. Indeed, the LEP measurement is affected by a number of other low-energy

effects. First of all, measurements of Ŝ are correlated experimentally with T̂ , as can be seen

by the grey bands in the right panel of figure 7, corresponding to T̂ = 0 and marginalization

over T̂ , respectively. In addition, LEP has access to the low-energy value of Ŝ, which differs

from the high-energy value (to which our analysis is sensitive) by renormalization effects in-

duced by other operators [66].

Our discussion so far has been based on the assumption that the new dynamics is much

heavier than the LHC kinematic reach, so that an EFT approach is appropriate. It is however

instructive to confront these indirect searches in the EFT framework, with direct resonance

searches in explicit models. We do this in figure 8 in the context of models with heavy

vector triplet resonances W ′, as introduced in eq. (11). For concreteness, we have performed

this comparison with vector resonances arising from composite Higgs models, fixing the W ′

couplings according to the scaling described in model B of Ref. [67]. More specifically, in

eq. (11) we chose gH = g∗ (left panel of figure 8) and gH = 3g∗ (right panel), while the

coupling to fermions is controlled by gf = g2/g∗, reflecting the fact that fermions are external

to the strong dynamics.17 The region excluded by our results in WZ production is shown in

orange (using eq. (12)), while in purple is shown the exclusion from direct searches at the LHC

and HL-LHC [68]. The dashed red lines show different values of Γ/MW ′ : in regions where

Γ/MW ′ & 0.2 the resonance becomes broad and bounds from direct searches are inaccurate.

Dashed lines provide bounds from Higgs physics. In particular, regions above these lines lead

to deviations from the Higgs coupling to V V larger than 10% (bound expected at the LHC)

and 5% (bound expected at the HL-LHC). Figure 8 shows that indirect bounds from our

analysis can be stronger than those from direct searches. This is especially relevant for large

couplings between W ′ and the Higgs (gH � gf ).

5 Conclusions and Outlook

We identified a set of new physics indirect effects (dubbed “High Energy Primary”, or HEP)

that can be probed in high-energy diboson production at the LHC and at future colliders.

These probes will be part of an extensive precision program to be performed at current and

future hadronic machines. The four HEP parameters describe the most general BSM effects

that grow quadratically with the energy and that interfere with the SM in measurements that

are inclusive over the bosons decay products. For such measurements, and for BSM theories of

the “Weak” type,18 in which the BSM contributions to the amplitudes do not exceed the SM

one, the HEPs are the only effects that are visible in the high-energy diboson processes. Hence

17In the notation of [67], we have gρ = g∗, cH = gH/g∗, and cF = 1.
18We stress once again that “Weak” refers here to the interaction of light quarks and transverse vector

bosons. The longitudinals and the Higgs bosons might well be strongly-interacting. Composite Higgs models

are indeed “Weak” theories in this context, and our strategy is perfectly suited to deal with them.
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Figure 8: Bounds on the mass and coupling of a heavy triplet resonance (see text).

they form a complete basis that can be used for a global interpretation of these measurements.

The HEP parameters map very simply to d = 6 EFT Wilson coefficients.

We also estimated the reach of the leptonic WZ process on the HEP a
(3)
q , showing that

even the LHC run-2 dataset will be sufficient to start probing unexplored territories. The

full LHC luminosity will improve the LEP reach for aTGC by one order of magnitude. By

probing the HEP parameters at the HL-LHC, one will have comparable and complementary

reach as LEP in new physics scenarios in which the LEP bounds on the HEPs come from the

S parameter, which was much better constrained than the aTGC. We also showed that the

indirect reach on the HEPs can be superior to the one of direct searches, even in BSM models

where s-channel resonance production occurs in the same channel that is used to probe the

HEPs. We stressed throughout the paper that our strategy crucially relies on accuracy on

both the experimental measurements and on the SM predictions. More careful studies would

be needed in order to assess if and how the accuracy we assumed can be achieved. From

the theoretical side we checked that the parton distribution function uncertainties are small

and that scale variations are under control already at NLO in QCD. An assessment of the

uncertainties at NNLO, including NLO EW, would be needed.

We can then conclude that the measurement of the HEP parameter a
(3)
q , together with

the determination of the W and Y parameters in Drell-Yan processes studied in Ref. [13],

provide at present the most promising precision tests of the EW sector to be performed at

the LHC. Although the projected limits on W and Y are very strong [13], their expected size

is very small in certain BSM such as the SILH (see eq. (9)). The HEP parameters are instead

unsuppressed because they correspond to operators that involve the Higgs field. Hence they

probe directly the EW symmetry breaking sector, as shown in section 2.2. These EWPT at

the LHC can improve and complement those from LEP.
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Our study should be extended in several directions. In the first place, other diboson

processes should be studied in order to explore, following table 2, all the HEP directions.

The WZ process we considered is indeed only sensitive to one of the four HEP parameters:

a
(3)
q . Since Wh production is also only sensitive to a

(3)
q , the most urgent channels to be

explored are WW and Zh, that however suffer from large backgrounds. Backgrounds come

from transverse polarizations in the case of WW and from jets faking a boosted Higgs in the

case of Zh. Suitable strategies should be identified in order to deal with these backgrounds,

including the study of differential distributions of the boson decay products and progresses

in boosted Higgs reconstruction techniques.

A careful study of differential distributions, with refined multivariate analysis techniques,

might also improve the reach in the leptonic WZ channel we considered in this paper. In this

respect it is important to remark that we didn’t explore this possibility because we designed

our analysis having in mind a measurement of the pT,V differential cross-section, in a fiducial

region, to be eventually reinterpreted by a χ2 fit of the HEP parameters. This allowed us

to parametrize systematical and theoretical errors simply in terms of the relative uncertainty

parameter δsyst, but prevented us from exploiting fully differential informations. Doing so

would require an experimental analysis that is more similar to a BSM search than to a SM

measurement. The impact of systematical and theoretical uncertainties is much harder to

quantify with this second approach.

Our analysis needs improvement from the theoretical side as well. Our HEPs offer a com-

plete parameterization of BSM effects only in measurements that are inclusive over the boson

decay products angular distributions. Otherwise, and in particular if the azimuthal decay an-

gle is measured, the interference among different helicity diboson amplitudes “resurrects” [17]

and there is no reason to restrict to BSM effects in the longitudinal diboson channels as we

did in section 2. It is straightforward to extend the HEP parameterization to transverse

amplitudes, and furthermore we expect that it should be relatively easy to disentangle the

new transverse HEP parameters from the longitudinal ones through the study of azimuthal

distributions. This is left to future work.

Departing from the ‘Weak” hypothesis one might also want to test scenarios where BSM

effects can overcome the SM amplitude. In this case, for a global analysis, effects that do

not interfere with the SM should be included. For instance, u±d∓–initiated production or

same-helicity quark anti-quark collisions mediated by dipole operators. We don’t feel the

need of such an extension at the current stage, both because of the limited BSM motivation

of non–“Weak” new physics and because these scenarios are most likely better probed in other

channels (for instance, “Remedios” is probed in Drell–Yan) than dibosons.
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A Amplitude decomposition

The particles involved in high-energy diboson production are the quarks and anti-quarks

doublets and singlets and the Higgs doublet, which groups together the Higgs particles and the

Goldstone boson states |w±〉 and |z〉 associated with longitudinally-polarised vector bosons.

In terms of physical particles, the Higgs doublet particle multiplet |Φ〉i and the anti-particle

one |Φ〉i reads

|Φ〉i =

 |w+〉
1√
2

(|h〉 − |z〉)


i

∈ 21/2 , |Φ〉i =

 −|w−〉
1√
2

(|h〉+ |z〉)


i

∈ 2−1/2 , (25)

while for the quark anti-quark multiplets we have

|q−〉i =

[
|u−〉
|d−〉

]
i

∈ 21/6 , |u+〉 ∈ 12/3 , |d+〉 ∈ 1−1/3 ,

|q+〉i =

[
|u+〉
|d+〉

]
i

∈ 2−1/6 , |u−〉 ∈ 1−2/3 , |d−〉 ∈ 11/3 .

(26)

Eq. 25 requires some clarification. It is obtained from the standard expression for the Higgs

doublet field Φ = (−iϕ+, (h + iϕ0)/
√

2) by quantising the Goldstone fields using a cre-

ation/annihilation operators decomposition that contains unconventional i factors. Equiv-

alently, it can be obtained from the standard decomposition by reabsorbing a −i factor in the

Goldstone particles states. This automatically keeps track of the −i factor that appears in

the Equivalence Theorem relation [25, 26] among longitudinal vectors and Goldstone boson

external states.

Scattering amplitudes involving these particles as external states transform as tensors

under the GSM group, and the GSM invariance of theory ensures that they must be invariant

tensors. The tensor structure is particularly simple for u+u− and d+d− initial states since

only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)
j
i = 〈Φi Φ

j|T |u+u−〉 , (Ad)
j
i = 〈Φi Φ

j|T |d+d−〉 , (27)
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where T denotes the T -matrix. There is of course only one invariant tensor with one 2 and

one 2 index, namely δij, therefore

(Au)
j
i = −auδji , (Ad)

j
i = −adδji . (28)

The case of q−q+ initial state is a bit more complicated because the amplitude has 4 indices

(Aq)
jl
ik = 〈Φi Φ

j|T |(q−)k(q+)l〉 . (29)

A total of two invariants are present in the tensor product of two doublets and two anti-

doublets. They correspond to combining the Higgs doublets indices to form either a singlet

or a triplet, and next contracting them with the appropriate combination of the fermion

doublets. The amplitude decomposition thus reads

(Aq)
jl
ik = a(1)

q δji δ
l
k + a(3)

q (σα) j
i (σα) l

k , (30)

where σ are the Pauli matrices and the sum over α is understood.

Up to now we only considered ΦΦ final state amplitudes. Those involving ΦΦ or ΦΦ

final states trivially vanish, being forbidden by Hypercharge conservation (i.e., by the need of

forming an invariant tensor under U(1)Y ) for same-quark-flavour initial states. This results

in a number of constraints

〈Φi Φj|T |u+u−〉 = 0 , 〈Φi Φj|T |u+u−〉 = 0 ,

〈Φi Φj|T |d+d−〉 = 0 , 〈Φi Φj|T |d+d−〉 = 0 ,

〈Φi Φj|T |(q−)k(q+)l〉 = 0 , 〈Φi Φj|T |(q−)k(q+)l〉 = 0 , (31)

that are essential in order to obtain the final result.

By substituting eqs. (25), (26) in eqs. (28), (29) and (31), the physical scattering ampli-

tudes are easily expressed in terms of the 4 amplitude coefficients au, ad, a
(1)
q and a

(3)
q , obtain-

ing the results in eq. (3). One important point must be taken into account when performing

the substitution, related with the fact that in the main text we are only interested in scattering

processes that occur in the J = 1 angular momentum configuration. The momentum-space

wave-function of the states is odd under the exchange of the boson momenta,19 therefore |hh〉
and |zz〉 final states vanish by Bose symmetry and |zh〉 = −|hz〉.

Notice that the exact same decomposition holds for the SM amplitudes, which are also

in the J = 1 eigenstate if the Yukawa couplings are negligible. The only difference is that

of course the SM does not grow with the energy, hence there is no E2/4 factor in eq. (2).

Explicitly, the SM amplitude coefficients are

αu =
g2

1

3
, αd = −g

2
1

6
, α(1)

q =
g2

1

12
, α(3)

q =
g2

2

4
. (32)

19The reader might find this confusing if looking at eq. (2), which is even and not odd under cos θ → − cos θ.

However momenta exchange also entails the operation φ→ φ+ π on the azimuthal angle, which has been set

to zero in eq. (2). The Jacob-Wick formula [27] foresees the dependence on φ to be e±iφ, making indeed the

amplitude odd under momenta exchange.
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