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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 lead-
ing 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 W Z channel that appears particularly
promising. The reach is found to be superior to existing constraints by one order of mag-
nitude, 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 distributions, 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
ElectroWeak 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, corrections 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 par-
ticularly 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 measure-
ments 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 devi-
ations are possible only in some exotic strongly-coupled scenarios [14], but they are not
generically expected.! 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 de-
scription. Depending on the underlying UV model, the 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 mea-
surements 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, re-
ported in figure 1. The figure shows the 95% CL reach, in the W Z production process, on
one of our “high-energy primary” parameters (agg), introduced in section 2) that describe
growing-with-energy effects in the amplitude for diboson production. In particular, in the
W Z channel

5A(qd = WZ) ~aPE?. (1.1)

The reach on a6(13)

is displayed as a function of the cutoff scale M, and it is obtained by
including in the analysis only events that occur at a center of mass energy my, 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

There are other channels where O(1) departures are instead expected in very well motivated BSM
scenarios. Vector bosons scattering is a prominent example.
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Figure 1. Bounds from LEP [15], run-1 LHC (which includes 20fb~! at 8 TeV and 3fb~! at
13 TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy primary
parameter aq3 as a function of the new physics scale M. See section 3.2.4 for a detailed description
of the figure.

cross-section and in the theoretical prediction of the SM contribution. The “dgyst = 100%”
curve corresponds to an inaccurate determination of the cross-section, which is only sensi-
tive to order one departures from the SM. In the figure, the reach on ag3) is compared with
theoretical expectations on the relation between a((lg) and M. The line “Fully Strong” cor-
responds to the rather implausible (although, strictly speaking, allowed) physical situation
where all the particles involved in the scattering (i.e., the bosons and the light quarks) have
maximal couplings, ~ 4, to the new physics sector at the scale M. This line is then given
by a((lg) = 16m2/M?, and the dark region above it is excluded by perturbative unitarity.
The line “Weak” corresponds to aég) = ¢g?/M?, where g is the SU(2);, 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.? In these cases, the
BSM amplitude is always smaller than the SM one (which is of order g?) 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 dgyst = 100% curve shows. The “Strong TGC” line (TGC standing
for Triple Gauge Couplings) is a,(13) = 4mg/M?, 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((lg) arise at the one-loop level, a((;)) ~ ¢%/(1672M?), predicting a line in the plane, not
shown in the figure, much below the “Weak” one. None of the indirect bounds we are

20ther 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.



discussing applies to these BSM scenarios. We also report in figure 1 the LEP and LHC
run-1 bounds on a§3). The former is a horizontal line because it is obtained from low-energy
measurements, specifically, from the LEP2 measurement of the ¢ glz anomalous triple gauge
coupling at E ~ 200 GeV [15]. The LHC run-1 line is derived in ref. [16] from a recast-
ing of the LHC WW and W Z results, considering only signal events with invariant mass
below M.

If all the events are used, i.e. for M — oo, 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)—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 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)r, x 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



SM BSM

qr,rqrL,r — ViVL(h) ~1 ~ E%/M?

ar,rqL.r = VaVi(h) | ~mw/E | ~ mwE/M?
ar,rRGL.r — ViV | ~mi,/E? | ~ E?/M?

qr,rqL,R — Vi Vx ~1 ~1

Table 1. High-energy scaling of diboson amplitudes for transverse (4) and longitudinal (L) polar-
izations in the SM and in BSM (parametrized by d = 6 operators suppressed by 1/M?).

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 W Z 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 E? at the leading order (i.e., d = 6) in the EFT
operator expansion.? 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 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 qq§ — VL Vi are suppressed in the SM massless limit [20, 21], and scale
like m%/v /E? for finite mass; MHV selection rules don’t apply in BSM, where they grow
therefore unsuppressed. On the other hand, ¢ — V4 V4 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

3We consider here large center of mass energy and large scattering angles, namely large Mandelstam
variables s ~ t ~ u ~ E% > m3,.



H — —H, Qr — —Qr and L; — —Ljy. This operation corresponds to the “g; = —1”
element of SU(2) 1, 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 myy) are present in the amplitudes [23]. Transversely 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.* The
amplitudes for producing one transverse and one longitudinal state (or a Higgs) are odd,
hence they scale like my /E and my E/M?, respectively, in the SM and in the d = 6 EFT,
as the table shows.

In summary, we see that V,V, and Vph 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.

2.1 High-energy primary effects

The study of longitudinally-polarized dibosons production in the high-energy limit £ >
myy 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 myy /E from diagrams with gauge external lines. Furthermore, the
E > my 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 myy /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 Ggv = SU(2)r, x U(1)y symmetry is exact. Given that the Goldstone bosons live
in the Higgs doublet H, together with the Higgs particle, Gsy implies that the high-energy
behavior of the former ones are connected with the latter. This is the technical reason why
V1, Vi, and Vih production processes, collectively denoted as ®®’ in what follows, should
be considered together, like we do in the present article.

We consider the production of ®®’ out of a quark ¢’ with helicity X\ and an anti-quark
q with helicity A, 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 figure 2, can have s-channel, ¢-(or u-)channel, or contact interaction topology. The
s-channel gauge bosons exchange (first diagram) is the only relevant topology in the SM
because ® vertices with the light quarks are proportional to the tiny Yukawa couplings. In

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 — ®®’ production.

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. A = \. All the quark flavor
combinations are possible in the SM, aside from uyd_ 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 7_.

We are interested here in the leading order effects in an EFT expansion, which are of
order E?/M? 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
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 &’
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

5A (¢ gy — 9') = f;z‘%; (s)sinf = Ajzg’jF E?sin6*, (2.1)
where 0* is the scattering angle in the center of mass, and F = /s is the center of mass
energy. The azimuthal angle, upon which the amplitude depends as e**?, has been set
to zero for shortness. The dependence on #* (and on ¢) is fixed by angular momentum
conservation, as a simple application of the Jacob-Wick formula [27] to the case J = 1,
)\in,l — )\m72 = %1 and )\fin,l — )\fm’g =0.

Notice that the contact interaction topology of figure 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. (2.1) 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 Ag’ff for

9
every combination 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®

AW+W_ _ AZh AW‘EW‘ _ AZh

Uit upu- = Gu; dyd_ ded. — %d>
WYW= _ 42zh _ (1) (3) WYW= _ 4Zh (1) _ (3)
Av g, = Ad_8+ =ag  tag’, Ad_8+ =Ala, =ag’ —ag
MWT _ pZW+ _ ARW— _ _ AZW— _ (3)
AT = Auﬂ, = AR = -AIN = V2ag (2.2)

where a,, ag, a(gl) and ag?’) are the coefficients of the decomposition of the amplitude in

Gsm-invariant tensors, which we work out in appendix A. In a,, aq and a(gl) the incoming

(and outgoing) states form an SU(2)y, singlet, while in aég) they form a triplet. The four

quantities ay, ag, aql and a((f’) 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 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 595]:, 595}%7 5gdZL, 595}%7 5g? and dk~ in the notation of ref. [18], defined through their
contributions to trilinear vertices as

C,
ALpsm = (ngL [Z”uLvuuL + LV;(W—FHUL’YHCZL-{- h.C.) + - :| —|-5ng [Z‘LL@R’YM’LLR + - ]

\f
+6g9%, [Z“dedeL— C"Tg(wﬂamudL +h.c) +-- } +0g%r [Z"dpyudr + -]

+igeg,, 697 [(Z“(W-&-VWM_V —h.e) + ZWEW, + - }
+iedky [(Ap — toy Zuw)WHW ™V 4] (2.3)

where Zu, = Zu — iWiW,, A = Aw, Wi = Wi £ W (A + Z),) with V,, =
0V, — 0,V,, and cg,, = cosby where 6y 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. (2.3) (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.

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

"Below 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.



Amplitude High-energy primaries Low-energy primaries
urdy, — WrZp, Wrh \/ﬁat(zg) \/577“;}‘224/ [cow (3927, — 6907) /9 — Chy 597 ]
v W A rald | 2 Vil 0 TEE )
d;iﬁ:_)VVZLLVZL agl) — ac(lg) —fri;/ {YLtgw dky+ T g’“ 59 + Cop 8971/ 9}
frfr = WiWyr, Zrh ay _:19%; [Yth§W5n7+T§R5g1Z +(:9W5ng/g}

Table 2. Parameter combinations (in the high- and in the low-energy primary bases) that control
E?-enhanced effects in each polarized longitudinal diboson production process. Here, Tg = Tg —
Qysg,, and Y, g, is the hypercharge of the left-handed and right-handed quark (e.g., Yz = 1/6).
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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 (¢,d).

scales as a ~ (coupling)?/M?. 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 Apgy/Asm ~ a E2/g2 ~ (coupling/g)* (E/M)?, can be larger than one, even
for F <« 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 ~ ¢2/M? (illustrated in figure 3a), where g. > g is the coupling
associated with the new dynamics. If g, is maximal, g, ~ 4w, we obtain the scenario de-
noted “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 compos-
iteness 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 coeflicients in operators involving the



field-strengths W,,. If the Higgs is also part of the strongly-interacting sector, one finds
a ~ ggs/M? (see diagram 3b). For g, = 47 this produces the “Strong TGCs” case discussed
in the introduction. While structurally interesting, it must be appreciated that these
scenarios 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 intro-
duction, SM fermions and gauge bosons are weakly coupled above M (for instance because
they are elementary states). Those include many models that solve the hierarchy problem
(eg. composite 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 ~ g*/M?>.

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 vec-
tor and Higgs bosons. These BSM scenarios, that we call “universal”, are conveniently
parametrized at low-energy in the SILH basis [31],% 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

2 /2

3 _ 9 1) _
"= %' = 5

al cw +eaw — w),  a, (B +cup — c2p), (2.4)

and
ay = —2aq = 4a£11) . (2.5)

These relations can also be written using the S, T, W and Y parameters (we follow the
notation of ref. [36]) in addition to the two anomalous triple gauge couplings (aTGC), dgf
and dk defined in eq. (2.3). We have

@ __ 9 (2 sz a_ g”
= —— 6 W s =
aq m?, (CGW 91 + W) aq 32,

(S’ — 0K~y + cgwdglz — Y) ) (2.6)

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:

2772 2
cw =cp = 556 ~1.0, cuwuB=0, copow =~ % <1, (2.7)

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 ¢y = cp in eq. (2.7) is

50ur convention is: D, H = (81, — %ig’BV — %iga“Wﬁ) H, and W3, = 0,WS — 0.W; + geabCijWVC,
(2)

where 0,5 = —t, and €123 = 1.
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SILH Basis Warsaw Basis

< _ <
Ow = <HT aaD“H> p'we, | 0P = (Qro+*Qr)(iH 0" D, H)
d _ a
(HTD“H> 9" B, Or = (Q"Qr)(iH'D,H)

Onw = ig(D"H)'e" (D" H)W, | O% = (ipy"ug)(iH'D,H)
_ <~
Onp = ig (D*H)'(D"H)B,, 0% = (dpy"dg)(iH'D,H)

Oow = —i(D“WSV)Q

1
Osp = —5(8“BW)2

Table 3. Dimension-six operators relevant for the high-energy longitudinal diboson production
qq — WrVL, Vi h 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 L¢ = Y ¢;0;/M?>.

due to a global O(4) symmetry of the model, and cgw,rp < cw,p 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. (2.7) leads to the
following predictions:

a(g)—?)—gQa(l)Ni aB®m?, = —g?c 5Z—£S’ 0ky =0, WY1 2.8
q_g/gq—Mgv q W — QCGW91—27 Ry =V, 7<<()
The second relation allows to relate the future LHC bounds on the HEP agg) with the LEP
bound on the S’—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:
R Cﬁl% (1) C(Ll : (3) _ (L3 :
= 4M2 , aq = 4@ y aq = 4@ 5 G/q 4M2 (29)
Representatives of such “non-universal” theories are models with a heavy SU(2), triplet
vector boson W' (a = 1,2,3), coupled to the left-handed fermions and to the Higgs

1 _ —
Ling = Wi 19p frr"o® fu +ign H'a“D'H | (2.10)

where g; is in general different for the different SM fermions. In this type of models, after
integrating out the heavy W' at tree level, one obtains

aff) =490 o) —a,=a.=0, (2.11)
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where M is the mass of W'® and g4 denotes the coupling to the light generation quark dou-
blets. In addition, there are also induced 4-fermion interactions g]%( fry o fr)? that are
constrained, for the case of quarks, by LHC high-energy di-jet experiments [34, 35]. More-
over, a shift in the fermion coupling to the Z boson is also generated, that for the quarks
reads 697, /g = —69%; /9 = —ga9nv?/(8ca,, M?) 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);, SM gauge field strength. With the parameter scaling g = cpg?/g.
and g = cgs, they provide a simplified phenomenological description of composite Higgs
vector resonances [40]. 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
W Z; the result of this estimate will lead us to focus on fully leptonic W Z 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((13), which enters in all the diboson processes, as table 2
shows. In what follows we will thus focus on a((}g) and compute the 95% CL reach that
is obtained in the various channels by a x? test on the distribution of the vector boson
transverse momentum pT7V.7 Only statistical uncertainties are included, assuming the full
luminosity (3ab~!) 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 pry bins
reported in table 4. Only the interference contribution to the signal, i.e. the term linear
in agg), 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 MADGRAPHS by turning on the operator Ogyy
(defined in table 3) in the model EWdim6 of ref. [43], with a coefficient cyw = a((IS)M 2/q?
as dictated by eq. (2.4). We could have also implemented it through another operator, for
instance (’)(Lg), obtaining essentially identical results, since we have shown in the previous

"prv 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. (3.4).
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pr,v range (GeV)
Channel 200, 400] [400, 600] [600, 1000] | [1000, 2000]
With 23300 + 425004 | 1950 + 9750 a5 | 420 + 4680 al”
WEh  Wyh substr. [44] | 2230 4+ 40704 | 368+ 1840a(¥ | 108 + 12004
q q q
background [44] 11400 1720 700
7h ZLh 3760 + 53304 | 294+ 13504 | 58+ 6004y
Zph substr. [44] | 600 + 8504 8443904 | 1741784
— WLW. 5080 + 7450 al” | 380 +1730a(Y | 74+ 7804l | 5.8+ 160al”
other helicities 89500 5500 990 69
—_ W.Z1 2970 + 5050 al” | 226 +1200a$” | 46+ 5404 | 3.7+ 12347
other helicities 10800 600 100 6.0

Table 4. Expected events at the 14 TeV LHC with integrated luminosity 3ab~! for the various
diboson channels. The rates take into account the branching fractions h — bb, W — fv and Z — 00
with I = p, e. The number of events in W*h and Zh is negligible in the last bin. The value of a¢(13)

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(LS)
CS-?) = ag3)M2/4, see again eq. (2.4)), is below 10% for pry > 200 GeV and around 1% if

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

is employed (with

equivalent at finite energy, consequently it scales like m%v JE2.

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 bb 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 Wiy Wy, and Z; Wy, production
arises from the production of the other polarization states (in particular the transverse 7'T").
We see in table 4 that this background is sizable, and particularly so for WW. Hence the
reach on a((13) (see table 5) is significantly better in WZ than WW after the background
is included. For Wph and Zph 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 ¢t 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-pry bin to ~ 25% in the last bin, hence it entails
a considerable loss of rate and in turn of sensitivity.® The Wh background estimate is

8 Actually, 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%.
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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] —

wWw [—0.012,0.011] [—0.044,0.037]
WZ [—0.013,0.012] [—0.023,0.021]

Table 5. Bounds on aflg) (in TeV~?) from the estimates of table 4.

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-p7 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
W Z 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 W Z 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((f’), 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 — WEZ +jets — 'l +jets, with 1,I' =e,p,

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 pro-
cedure if not modeled well enough) is very low [6]. At the experimental level the sit-
uation might not be too much different from the neutral Drell-Yan process, in which a
measurement with 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 W Z 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
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a((f). In the W Z channel these effects are automatically under control in the high-pr 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 WrZy 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 pyy > 1 TeV (see table 4).

A similar qualitative behavior is found in the WW production process, however the
high-pr 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 pry > 1 TeV. This is due to the fact that the
high-energy W Z amplitudes for the transverse +— and —+ polarizations nearly vanish at
tree-level if the bosons are produced centrally [46].9 The high-pr 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 W Z tree-level amplitudes at high energy F > myy takes
the form

_ L 1
Aurdr, — W(i)Z@)) ox cos0* + gtam2 Ow ,

A(dpug, — W(Z)Z@)) x cos 0" — étan2 O - (3.1)
where 0* 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 6y is small, the amplitude is suppressed at
cos0* ~ 0 (i.e. for central diboson production 6* ~ 7/2) and so is the cross-section. Notice
that this would not have been the case if the amplitude zero were not located at cos 8* ~ 0
because the pp — W Z differential cross-section do /dpry is insensitive to the sign of cos 6%,
the two configurations with opposite cos 8* corresponding to the anti-quark coming from
the first proton or from the second one. If the amplitude vanishes at cos 8* # 0, summing
over the two configurations produces a differential cross-section that never vanishes.

On the other hand, as expected from eq. (2.1), the amplitude of the longitudinally
polarized vector bosons is maximal at cos 8* ~ 0 because at high energy

A(ud — Wi Zp) o sin0* (3.2)

9The 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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both in the SM and when BSM effects are present. From egs. (3.1) and (3.2) we conclude
that it could be advantageous to search for the effects of aq3 in the central region | cos 6*| <
| cos 0" | max. Due to the fast decrease of the parton distribution functions at high energy,
the region of phase-space where pry is large tends to coincide with the region where cos 6*
is small. Hence a centrality cut on cos §* is already indirectly present in the large p7 y bins
as previously mentioned. Imposing it directly as |cos 6*| < | cos 0*|nax, with | cos 0*|pmax 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
section 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 W Z production we
first study real emissions. Namely, we consider the processes

pp—=>WZ, pp—>WZ +1jet, (3.3)

simulated at tree-level and combined with QCD parton shower using the MLM
scheme [48].1° Real radiation is expected to be the most important correction to the
amplitude zero described above, because extra parton emissions invalidate the symmetry
arguments that one can make [47] to explain the result in eq. (3.1).

The effect of real radiation corrections on the cos #* distribution can be gauged by
looking at figure 4. In the left panel of the figure we show the leading order distribution,
with no extra jet, for Wy Z production (solid line) separately from the sum of all the
other polarization states (dashed line) at fixed center of mass energy my; = 1 TeV. The
suppression of the transverse channels for cos #* ~ 0 is clearly visible. For cos8* = 0 the
longitudinal channel cross-section is nearly one order of magnitude larger than the other
channels. Real radiation is included in the right panel. We see that once real radiation
is taken into account, the Wy Zy, final state is much less prominent in the region at small
cos 0*. Indeed, it is subdominant with respect to the total cross-section even at small cos 6*
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 W2 system, denoted by

prvv = [Pr.w + Pr.z|.

Alternatively, we might have considered a jet veto, which however would have been prob-
lematic for accuracy because of the experimental and theoretical uncertainties associated

100Matrix elements for the calculation are computed with MADGRAPHS and proton parton density func-
tions NNPDF 2.3LO1. The parton shower we used is Pythia6 [49] and jets are obtained from the shower
results according to the k7 clustering algorithm [50].

~16 —



>y 1 f T T

B 105L PP WHZ ',’_ I oppo WZ 14 TeV

I s 1L . . 7

= myz=1Tev e - = ; LO matched with extra jet W

E ______ = 0.100 myz =1 TeV _,;::’:/

10000 -7 _ o mmmmmmmzIIZZZZEET

= T % 0010L_____om--ZZIIZZ-=7TT

Y s = =

o 10} 2 0001

N — onlyLL = ¢ —— onlyLL Black: no pryv cut

‘% ——— notLL 1 jo-4L —== not LL Green: pryy < 100 GeV

% O I L L 1 L L J ; L L Red I)IT\ v < 70 Glev 1

0.0 02 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

|cos 6| |cos €|

Figure 4. Differential cos 6* cross-section for pp — W1 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 my; = 1 TeV. Right: tree-level results matched with an extra jet with
invariant mass my, > 1 TeV.

with jets reconstruction. The pryy variable is instead inclusive over the hadronic final
state and it does not require jet reconstruction.'’ The impact of the pr,vy cut on the
cos §* distributions is displayed in the right panel of figure 4 for pryy < 100 GeV (green)
and pryy < 70 GeV (red). We see that a requirement on pryy significantly enhances
pp — Zp W, with respect to the background at low cos 8*, but it does not make the back-
ground negligible. Notice that pr 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 pr v is much smaller than the bosons momenta, corresponding to a configu-
ration 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 pryy cut optimization in the following section.

3.2.3 Optimization of the selection criteria

Our strategy is to probe a((lg) by performing a fit of the pry- differential cross-section, where

pr,v is defined as
pr,v = min(pr.w,pr,z) - (3.4)

Using the minimum momentum suppresses, in the large pry 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 relevant for our analysis. We will assume that the measurement of the pry cross-
section will be performed in a fiducial region defined by selections cuts on |cos 6*| and on
pr,vv. Selection criteria on these variables are indeed expected to improve the sensitivity
as previously explained.'> We now want to study more quantitatively the impact of these
cuts, optimizing them in order to maximize the reach on a((ls). For this purpose we consider
three pry bins
prv € {200,400,600,1000} GeV,

See ref. [51] for a different approach.
12Measuring | cos "] 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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3)

and we estimate the sensitivity to aq’ 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
(Nzr) and the total (Ntor) expected in the SM. The full HL-LHC luminosity is assumed.
We estimate as N1/ \/ Nrot + (5% Ntot)? the relative accuracy on the measurement of

the longitudinally-polarized component of the cross-section in each bin. Since the effect
of a,(lg) on the longitudinal cross-section grows quadratically with the energy, the relevant
quantity to be computed in order to compare the sensitivity to a((f) of the different bins

is not the accuracy of the measurement, but the accuracy rescaled by (1/ pgﬂmén) )2, where

p(TT:l‘ﬁn) is the lower endpoint of the bin.

The left panel of figure 5 displays the rescaled accuracy as a function of the upper
cut on |cosf*|, denoted as |cosf*|pmax. The curve has a mild dependence on the cut,
aside from the low |cos §*|max region where the lack of statistics reduces the sensitivity.
The dependence of the rescaled accuracy on | cos 6*|max is also very mildly sensitive to the
pr,vy cut; for definiteness we use prvy < pryv /2 in the figure (black lines) and we include
for comparison the results without pr vy cut (orange lines). For simplicity in what follows
we use the cut

| cos %] < |cos 0" |max = 0.5, (3.5)

independently of pr 1. We see that indeed this choice nearly minimizes the rescaled accu-
racy (hence it maximizes the reach) in the highest pz 1 bin where the sensitivity is better,
and is not far from the optimal choice for the pry > 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 pr y-independent cut does not significantly affect
the reach.

As far as pryy is concerned, we instead employ a pry-dependent cut, namely

prvv/pryv < [Prvv /DT ]max = 0.5. (3.6)

The dependence of the rescaled accuracy on [prvv/prv]max is very mild, as the right
panel of figure 5 shows. The chosen value of 0.5 is slightly above the absolute minimum
for the relevant pry 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 pryy cut, as previously explained. Choosing [pr vy /pr,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 figure 5.
First of all it can be seen that the bins with pry > 400 GeV and pry > 600 GeV have the
best, and comparable, sensitivity. They are followed by the bin pr i > 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
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Figure 5. Rescaled accuracy as a function of the cut on the scattering angle | cos 6*| (left panel) and
of the transverse momentum of the WZ system pr vy (right panel). The solid, dashed, dot-dashed
and dotted lines correspond to the three pry bins described in the main text. The black lines are
obtained by imposing the additional cuts pr vy < pr,y/2 in the left plot and |cos8*| < 0.5 in the
right plot. The orange lines are obtained with no additional cut.

[750-1200] GeV

pr,v range Expected Events
— e + ag’ + a
100-150] GeV | 3100 + 1040 o + 260 ' 2
150- e + ag’ + aq
[150-220] GeV | 2620 + 1030 ' + 140 a$P) 2
[220-300] GeV | 937 + 600 a{”)+ 230 a{¥
300-500] GeV | 544 + 700 a{¥ + 560 a( )2
q q
500-750] GeV | 86.5 + 260 o\ + 490 oV
q
(3) 2

+ 640 a

16.1 + 120 o

Table 6. Expected number of events as a function of the HEP a( ) (expressed in TeV™?) in each
bin of the pr v spectrum at LHC 14 TeV for 3/ab integrated luminosity.

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.

3.2.4 NLO analysis
(3)

We now estimate the reach on ag "’ based on a full NLO simulation of the pp — 3fv process.
We perform a matched calculation that uses matrix elements computed at NLO in QCD
with MADGRAPHS 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 O 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
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standard acceptance cuts
pr,e > 30 GeV, |T]g’ <24. (3.7)

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

03, = (05)7-> " |pi| - GeV.
f

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 pr 7 and prw, and in
turn pry and pryvy, used to construct the binned distribution and for the selection cut in
eq. (3.6), respectively. In order to extract |cos8*|, which we will employ for the selection
in eq. (3.5), 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 mry,
is smaller than myy, the lepton-neutrino invariant mass can be asked to be equal to myy,
producing two solutions

2 2
ng =mtlog (1+A+VART2)) , where A= T _TTtw, (3.8)
2PTET

If instead mpy, > myy, which might happen because of experimental uncertainties in the
measurement of the E/T, or because the virtual W had truly an invariant mass slightly
above myy, the lepton-neutrino invariant mass cannot be equal to myy. The configuration
that makes it as close as possible to myy is

N =" - (3.9)

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 7,, which in turn produces an ambiguity in | cos §*|. We resolve
this ambiguity by imposing the cut in eq. (3.5) 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, 27TeV) and to the FCC-hh (100 TeV). In each case we

consider suitably designed pry bins, namely
LHCpry € {100, 150, 220, 300, 500, 750, 1200}, (3.10)
HE-LHCpry € {150, 220,300, 500, 750, 1200, 1800} ,
FCCpr v € {220,300, 500, 750, 1200, 1800, 2400} .
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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 Apr v /pryv 2 30% is required in order to avoid a
degradation of the accuracy due to the pry 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 ag?’). The results, expressed in terms of expected bin counts for
L =3ab~!, are reported in table 6 for the illustrative case of the 14 TeV LHC.

The predicted cross-sections are used to construct the y?, under the assumption that
observations agree with the SM, and are eventually used to derive 95% CL bounds on aég).
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 (dsyst) of the SM expectations. With this procedure

we obtain, for different collider energies and luminosities and for dgyst = 5%

LHC, 300fb~" : a{¥) € [~1.4,0.9] 107" TeV~2

HL-LHC, 3ab™" : a{¥) € [~4.9,3.9]1072 TeV 2

HE-LHC, 10ab™" : a{¥) € [~1.6,1.3] 1072 TeV 2
FCC-hh, 20ab™" : a{¥) € [-7.3,5.7]107% TeV 2 (3.11)

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 syt = 5% is not based on a careful assessment of the experi-
mental 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 dgys = 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 ur = pr = 2 (my +myz). A kinematic-dependent choice of the
scales, e.g. ig = pp = 2 myy, gives similar results.'® Taking also into account that QCD
NNLO [61, 62] and EW NLO [63] computations are already available, we conclude that
Osyst = 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 gyt would affect the reach.

The results of eq. (3.11) 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

BWe also checked that a tighter pr,vv /pr,v cut, such as [pT,vv/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.
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Figure 6. Expected 95% CL bounds from fully leptonic W Z on the high-energy primary parameter
aff’) 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.

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 W Z invariant mass, myw,; < myy"* 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 mIa*.14 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 mye* below around 1.5TeV at the LHC and at the HL-LHC if the
systematic uncertainties are low, meaning that the limits obtained without m; cut apply
to theories with cutoff M above that threshold. The threshold grows to around 3 and
4TeV at the HE-LHC and at the FCC-hh, respectively. The curve with dsst = 100%
in figure 1 outlines the crucial role played by accuracy in this analysis. An inaccurate
determination of the cross-section would not only weaken by a factor ~ 4 the asymptotic
reach at mys* — oo, but it would also raise above 2TeV 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((ls) ~ 1/M?, 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

(3)
q

overlying to the reach the theoretical estimates of aq’, as a function of M ~ mys*, in the

4The 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 my; that we employ here is also a reasonable choice, in light of the cut on pr,yv that
effectively vetoes hard QCD radiation.
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“Fully Strong”, “Strong TGC and “Weak” scenarios described in the introduction and in
section 2.2. The fact that the dsys = 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((l?’) 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 dsyst 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 dss = 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
dsyst at the LHC, given that the dgyt = 10% curve is very close to the one at dgyst = 1%,
while it is much less so at the HL-LHC, where dgyst = 5% already makes an appreciable
difference with respect to dsyst = 1%. This is due to the fact that the low-pry 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 dsyst = 2% the reach deteriorates significantly
with respect the ideal case dsyst = 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 5qu (for example, a
theory with extra vector-like quarks that mix with the SM ones); in this case, we can read

3 . . . .
((J ) corresponds to an impressive per-mille constraint

from table 2 that our constraint on a
on 5qu . Such precision is competitive with LEP, that tested (5qu by measuring precisely
the eTe™ — gq differential cross-section on the Z resonance.

Universal theories provide an interesting framework to perform our comparison. There,
eq. (2.6) shows that indeed HEP parameters can be related to S, W, Y [36] and the aTGCs
697, 0k. Now, W and Y characterize O(p*) 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. (2.6), we
see that HEPs overlap only with the g7 and Oky— S combinations. In this two-dimensional
parameter space, the W Z channel, that we have studied in detail in section 3.2, gives access
only to 591Z . Using eq. (2.6), the expected bounds on the HEP parameter translate onto a
per-mille level constraint on 5g1Z ,

1697 | < 0.001, (4.1)
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Figure 7. Comparison of the bounds obtained from LEP with those from our analysis based on
the W Z channel at the LHC. Left: universal theories with W)Y <« 1. Right: theories characterized
by W, Y, 6k, Ay < 1. See main text for details.

for the HL-LHC (5% systematics) and assuming a new physics scale above 3TeV. Pro-
cesses with other diboson final states, test complementary directions in the dg¥ and § Ky — S
plane, as we illustrate in the left panel of figure 7. The colored lines indicate the directions
around which constraints from different processes will converge, (constraints will correspond
to bands around these lines, which eventually indicate the “flat direction” of a given pro-
cess). In particular, dashed lines correspond to parton-level processes gg — Wi Wr,/Z1h, as
derived from table. 2. These are weighted over the corresponding parton distribution func-
tions of the incoming uu and dd quark pairs, to produce the solid red lines corresponding

to pp — WrWp/Zph, for invariant-mass values of 200, 400, 600 and 1000 GeV respectively.

The gray shaded area in figure 7 shows bounds from LEP2 [15]. These bounds depend
also on the parameter A\, which for simplicity we have taken to zero, a conservative choice
in our comparison. Our analysis is instead insensitive to (small values of) A, 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 6gZ 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 dx, (and Ay) 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. (2.8). As
a result, the only relevant parameters are S and 5g12 , that can be induced at tree-level.
These parameters enter in the HEPs, eq. (2.6), and provide then a strong motivation for
our analysis. The results are shown in the right panel of figure 7. Present limits on S 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

Wi Wy /Zph channels).
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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. (2.8), 6g7 ~
-8 / 20§W (corresponding to ¢p = ¢y ), as shown by a blue solid line in the plot. In this
context it becomes remarkable that the size of the constraint on S from LEP (which is
considered one of the most precise measurements of the EW sector) is comparable with
that on dg7, obtained from our analysis at the HL-LHC. Our bound will not only be
competitive, but also complementary to LEP. Indeed, the LEP measurement is affected
by a number of other low-energy effects. First of all, measurements of S are correlated
experimentally with T, as can be seen by the grey bands in the right panel of figure 7,
corresponding to T = 0 and marginalization over T, respectively. In addition, LEP has
access to the low-energy value of S, which differs from the high-energy value (to which our
analysis is sensitive) by renormalization effects induced 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. (2.10). 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. [40]. More
specifically, in eq. (2.10) we chose gy = g« (left panel of figure 8) and gy = 3g. (right
panel), while the coupling to fermions is controlled by g = g%/ gx, reflecting the fact that
fermions are external to the strong dynamics.'® The region excluded by our results in W2
production is shown in orange (using eq. (2.11)), while in purple is shown the exclusion
from direct searches at the LHC and HL-LHC [67]. The dashed red lines show different
values of I'/Myy: in regions where I' /My 2 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

(gu > g5)-

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 measure-
ments, and for BSM theories of the “Weak” type,'® in which the BSM contributions to the

5Tn the notation of [40], we have g, = g«, cu = gu /g, and cp = 1.

16We 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).

amplitudes do not exceed the SM one, the HEPs are the only effects that are visible in
the high-energy diboson processes. Hence 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 W Z process on the HEP a((lg), 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 aég), 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. (2.8)). 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 W Z process we considered is indeed only sensitive to one of the four HEP parameters:
a(gg). Since Wh production is also only sensitive to aff’), 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 tech-
niques, might also improve the reach in the leptonic W Z 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 pry differential
cross-section, in a fiducial region, to be eventually reinterpreted by a x? fit of the HEP
parameters. This allowed us to parametrize systematical and theoretical errors simply in
terms of the relative uncertainty parameter dgsys, 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
complete 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 angle is measured, the interference among different helicity diboson amplitudes “res-
urrects” [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, %+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 |®); and the
anti-particle one |®)¢ reads

w™) .
o), =11 2 oY =1 1 2 Al
’ >l —(|h>—|z>) € 1/2> ’ > € —-1/2> ( )

V2 i 2 i

while for the quark anti-quark multiplets we have
] € 296, [ut) € 1a/3, ld+) € 1_4/3,
i

] €2 46, [u-)€ 1. g3, ld)e€ 1y3. (A.2)

Eq. (A.1) requires some clarification. It is obtained from the standard expression for the
Higgs doublet field ® = (—ip,, (h + ipg)/v/2) by quantising the Goldstone fields using
a creation/annihilation operators decomposition that contains unconventional i factors.
Equivalently, 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 Ggy group, and the Ggyr invariance of theory ensures that they must be invariant
tensors. The tensor structure is particularly simple for v, %_ and dyd_ initial states since
only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)] = (@i ¥ |Tlusa-),  (Ag)] = (B ®/|T)dd-) (A.3)

where T' denotes the T-matrix. There is of course only one invariant tensor with one 2 and
one 2 index, namely 53», therefore

(A = aud], (A9l = aqd?. (A.4)
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The case of ¢_g, initial state is a bit more complicated because the amplitude has 4 indices

(A = (@ ®7|T|(q- )1 (@) - (A.5)

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

(Ag)h = alVelst +aP) (0%),7 (0), (A.6)

q 7

where o are the Pauli matrices and the sum over « is understood.

Up to now we only considered ®® final state amplitudes. Those involving ®® or &P
final states trivially vanish, being forbidden by Hypercharge conservation (i.e., by the need
of forming an invariant tensor under U(1l)y) for same-quark-flavour initial states. This
results in a number of constraints

(@' | T|uyu_) =0, (®; |T|usu_) =0,
(®'®I|T|dyd_) =0, (®; ®,|T|dyd_) =0,
(@ &/|T|(g-)(7,)") =0, (@ ;|T)(¢ )e(@)) =0, (A7)

that are essential in order to obtain the final result.

By substituting egs. (A.1), (A.2) in egs. (A.4), (A.5) and (A.7), the physical scattering

amplitudes are easily expressed in terms of the 4 amplitude coefficients a,, agq, agl)

3)

aq”’, obtaining the results in eq. (2.2). One important point must be taken into account

and

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,'” therefore |hh) and |2z) final states vanish by Bose symmetry and |zh) = —|hz).
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