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ABSTRACT: Triple heavy vector boson production, pp — VVV (V = W, Z), has recently
been observed for the first time. We propose that precision measurements of this process
provide an excellent probe of the first generation light quark Yukawa couplings. Modified
quark interactions with the off-shell Higgs in this process lead to a rapid growth of the
partonic cross sections with energy, which manifests in an enhanced pr distribution of the
final state leptons and quarks. We quantify this effect and estimate the present and future
20 sensitivity to the up, down, and strange Yukawas. In particular, we find that HL-LHC
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can reach O(400) sensitivity to the down Yukawa relative to the Standard Model value,
improving the current sensitivity in this process by a factor of 10, and which can be further
improved to O(30) at FCC-hh. This is competitive with and complementary to constraints
from global fits and other on-shell probes of the first generation Yukawas. The triboson
sensitivity at HL-LHC corresponds to probing dimension-6 SMEFT operators suppressed
by an O(1) TeV scale, similarly to other LHC Higgs probes.

KeEywoRrDS: Higgs Physics, Quark Masses and SM Parameters
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1 Introduction

The Higgs mechanism plays a central role in the Standard Model (SM). It leads to sponta-
neous breaking of the electroweak (EW) symmetry, giving masses to the W and Z bosons,
and at the same time it generates masses for the SM quarks and leptons. One important
prediction is the existence of a scalar particle — the Higgs boson — whose Yukawa in-
teractions with each SM fermion have their strength proportional to the fermion’s mass.
Precision studies of the Higgs boson at the LHC are providing spectacular confirmation
of this prediction. We currently have firm evidence [1, 2] that the Higgs couples to the
3'd generation fermions (top, bottom, tau) with the strength predicted by the SM, within
O(10%) accuracy. There is also preliminary evidence for the Higgs decays to muons [3, 4],
which is the first experimental verification of the SM Higgs mechanism at the level of the
27d generation fermions.

Higgs decays to 15* and 2°d generation quarks are much more difficult to determine
experimentally. If the SM predictions concerning their magnitude are borne out in na-
ture, it will be very challenging to pinpoint their signatures in current or future hadron
colliders. However, the SM predictions should not be taken for granted. The pattern of
observed fermion masses is mysterious, which prompts many theorists to suspect a deeper
explanation involving new physics beyond the SM. That new physics might dramatically
alter the Higgs boson couplings to the light quarks. In the absence of deeper theoretical
understanding, it is essential to continue sharpening the experimental picture with the help
of novel analysis strategies and techniques.

The literature already contains several theoretical ideas to better aim at the Higgs
coupling to the charm [5-10] and/or lighter [7, 11-19] quarks, and several targeted analyses
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Figure 1. Illustrative tree-level Feynman diagrams in the unitary gauge contributing to the triple
electroweak gauge boson production, ff — VVV. In the SM, the Higgs exchange diagrams (left)
cancel the bad high-energy behavior of the remaining diagrams to ensure that o(f f— VVV) does
not grow with the center-of-mass energy.

by the LHC collaborations have appeared [20-25]. These have so far relied on processes with
on-shell Higgs boson(s). We propose an alternative probe, where the Higgs boson appears
only as an intermediate off-shell particle in triboson production processes. Our approach is
in line with the programme of measuring Higgs couplings without Higgs bosons laid out in
ref. [26]. Indeed, the SM multi-boson processes and Higgs physics are intricately intertwined
by the delicate cancellations necessary to avoid violation of perturbative unitarity in the
high-energy behavior of scattering amplitudes (see e.g. refs. [27-30] for studies on the scale
of mass generation). Beyond the SM (BSM), when that cancellation is disrupted, the multi-
boson cross sections may rapidly grow with the center-of-mass energy of the collision, thus
amplifying the effect of the non-SM perturbation. Experimental searches for such energy-
growing effects allow one to identify or constrain possible deviations of Higgs couplings
from their SM values. In particular, they provide a novel handle on the Higgs Yukawa
couplings to light quarks — up, down, and strange — as we argue in this paper.

Specifically, we study here the triple EW gauge boson production in hadron colliders,
pp — VVV, where V stands for an on-shell W or Z gauge boson. This process was
recently observed for the first time by the CMS collaboration [31, 32]. At the partonic
level it is dominated by qg — V' V'V, which receives a contribution from the diagram with
an intermediate Higgs, see figure 1. That diagram plays a crucial role in controlling the
high-energy behavior of the amplitude, and any deviations of the hgg (and hV' V') couplings
from the SM value lead to the qg — VVV cross-section growing quadratically with energy.
In this work we show that this effect allows one to obtain competitive constraints on the
Higgs Yukawa couplings to the up, down and strange quarks.!

In the next section we introduce our theoretical framework and notation for modified
Yukawa couplings. In section 3 we study the 2-, 3-, and 4-lepton final states and back-
grounds of triple EW gauge boson production and estimate their sensitivity to modified
up, down and strange Yukawa couplings. The comparison with other constraints on the
same couplings is discussed in section 4, before concluding in section 5.

'The same process also probes the charm and bottom Yukawa couplings, but in this case the effect is
suppressed by the small ¢ and b parton distribution functions (PDFs) inside the proton. Therefore the
resulting constraints are inferior to those obtained from other more direct probes, and we do not discuss
them in this paper.



2 Theoretical framework

We work in the framework of the SM effective field theory (SMEFT), in which the SM
Lagrangian is supplemented with a set of gauge-invariant higher-dimensional operators
built from the SM fields. The latter encode possible effects of heavy BSM particles on
the phenomenology at the EW scale. In this work we will focus on a specific subset of
dimension-6 operators:

Yu|H?

_ Yy|H 2
LSMEFT D 2 urQr,.H + |

v2

Y| H|?
U2

JRHTQLL + §RHTQ2,L + h.c., (2.1)

where Q1. = (ur,dr) and Q2,1 = (cr,sz) are the left-handed 15 and 27d generation SM
quark doublets, H is the Higgs doublet, and v =~ 246.22 GeV is its VEV. We assume that
the parameters Y, are real, for simplicity. The operators in (2.1) are generated e.g. by
integrating out heavy vector-like quarks with masses of order v/ \/@ and mixing with the
light SM quarks after EW symmetry breaking. In restricting to this set of operators, we
hereby assume that these give the dominant non-SM contribution to Higgs phenomenology,
and neglect possible effects of other dimension-6 operators. The Higgs doublet can be

1 iV2G ¢
H_\/§<v+h+z'Gz>’ (22)

where h is the Higgs boson field, and G; are unphysical Goldstone bosons eaten by the W

parametrized as

and Z gauge bosons. By virtue of the equivalence theorem [33], the Goldstone bosons can
be in a certain sense identified with the longitudinal polarisations of the W and Z bosons
for processes with a characteristic energy scale £ > my . This point will prove key to
understand the phenomena discussed in this work.

The SMEFT provides a very convenient framework for understanding correlations
between various new physics effects. In particular, each of the higher-dimensional operators
in (2.1) simultaneously contributes to several observables, such as the Higgs signal strength,
double Higgs production, triple EW gauge boson production, etc. In the following of this
section we will show how the modified hgq couplings and the high-energy behavior of the
pp — VVV cross section are correlated.?

Let us first discuss the relation between the operators in eq. (2.1) and the coupling
strength between the Higgs boson and the light quarks. We parametrize these Yukawa
couplings as

LD _h Z mq (1 + dyq)aq. (2.3)
q=u,d,s
The relative shifts of the Yukawa couplings with respect to the SM values are encoded in
the parameters dy,. They are related to the parameters in eq. (2.1) by

Y,
Sy = — g (2.4)
Yq

2We note in passing that the same operators also lead to an energy-growing behaviour of the pp — WW¢j
cross section. The sensitivity of that process to the charm Yukawa was previously studied in ref. [34], and
to the top Yukawa coupling in refs. [26, 34-36]. See also ref. [37] for a related process with the linear
energy growth.



u d S C b
mg(mp) GeV 0.0013(1) 0.0027(1) 0.0524(4) 0.616(4) 2.804(8)

yM 75%x1076 | 1.5x107° [ 3.0x 107 | 3.5 x 1073 | 1.6 x 1072
Br(h — q@)sm | 1.3 x 1077 | 55 x 1077 | 2.1 x 107 | 2.9 x 1072 0.58

Table 1. Quark masses and SM Yukawa coupling values at the Higgs mass scale. These have
been obtained using the input values at p = 2GeV: m,, = 2.3(1) MeV, my = 4.7(1) MeV, my =
92.9(7) MeV [38], as well as m.(3 GeV) = 0.988(7) GeV, myp(mp) = 4.198(12) GeV [39]. These have
then been evolved up to g = my, using the 4-loop QCD running equations [40, 41] together with
the 5-loop running «; [42] and as(mz) = 0.1179(10) [38].
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Figure 2. The Feynman diagram in the non-unitary gauge that gives the dominant contribution
to the M(qq — GGG) amplitude at large center-of-mass energies v/s. By the equivalence theorem,
this amplitude is approximately equal to the amplitude for production of longitudinally polarized
EW gauge bosons, M(qq — VLV VL) in the energy range /s > m.

with the SM Yukawa coupling defined as y?M = ﬂmq /v. In all of the following we will use
ysM evaluated at the Higgs mass scale,® that is to say, calculated using the quark masses
evolved up to the renormalization scale p = my. The quantity mg(my,) differs by an O(2)
factor from the low-energy value of the corresponding quark mass. The numerical values
of mg(my,) and ng for light quarks are summarized in table 1.

We move to discussing the connection between the operators in eq. (2.1) and the triple
EW gauge boson production. As we discussed in Introduction, as soon as dy, # 0, the
Higgs exchange diagram in figure 1 no longer regulates the bad high-energy behavior of
the remaining diagrams, leading to the quadratic energy growth of the ¢q¢ — VV'V cross
section. There is a more transparent way to see it starting from (2.1) and taking advantage
of the equivalence theorem. Inserting the H parametrization of eq. (2.2) into eq. (2.1) leads
to the contact interactions between two quarks and three Goldstone bosons:

1 L 9\ /). sm _ _ G,
LD U2<G+G + 2Gz> {zyu 5yu<q§su3q’LG+ — uRuLﬁ

. ) e
+i Yy oyy <qﬁguLG + qﬁqiﬂ) + h.c.}. (2.5)

q'=d,s

3We note that, since we will be interested in off-shell Higgs processes, the relevant energy scale p at

SM

which y7™ should be evaluated is typically larger than my, but the renormalization group evolution from

q
mp, to the actual scale probed by the differential distribution generally has a very small impact relative to

current uncertainties [43].



These interactions are relevant for the M(qq — GGG) amplitude which, by the equivalence
theorem, approximates the high-energy behavior of the M(qq — VVV) amplitude. By
dimensional analysis, they contribute as M(qgq = GGG) ~ O(5y,E /v?) for E > m,, where
FE is the center-of-mass energy of the process. Other tree-level diagrams affecting the same
process are more suppressed at high energies because they contain internal propagators.
Thus, whenever dy, # 0, the diagram in figure 2 represents the dominant contribution
to M(qq — GGQG) at high energies. Note that, in this picture, the high-energy behavior
is controlled by a single diagram. This is a qualitative simplification compared to the
calculation in the unitary gauge, where this high-energy behavior depends on an interplay
between several diagrams in figure 1. Of course, both calculations are guaranteed to yield
the same result, as a consequence of the gauge invariance of the SMEFT.

Treating the quarks and Goldstone bosons as massless, the cross sections for the qg —
GGG processes mediated by the interactions in eq. (2.5) are given by the simple analytic

expressions
_ R . 5
U(qq - GZG+G—) = (y§M5yq)2I(S), I(S) = 6144m304"
_ 3 R
o(qg — 3G2) = 5 (y; "0yg)*1(3),
. _ 1 .
o(uq = GLG.G5) +0(qt = G-G.G:) = o [ owa)” + (5" oyy )] 1(5),

o(ug — G1G4G-) +o(du— G-G-Gy) =2 [(yMoya)? + (05 oyg)?| 1(3),  (2.6)

with ¢ = u,d,s and ¢’ = d,s, and V/§ is the centre-of-mass energy of the parton level
quark-antiquark collision. By the equivalence theorem, these expressions approximate the
parton-level triple EW gauge boson cross sections for v/§ > my, with the identification
G, — Zy and G+ — Wi,

We can readily make a number of observations that will be important for the subsequent
collider analysis:

(i) As expected from the above general arguments, for dy, # 0 the cross section in all
channels grows quadratically with the centre-of-mass energy of the partonic collision.
On the other hand, in the SM the triple EW gauge boson cross section is instead
suppressed at high energies. Therefore, selecting VVV events with large /3 will
enhance the sensitivity to dy, # 0.

(ii) The dimension-6 operators in eq. (2.1) lead to a characteristic signal pattern in dif-
ferent VV'V channels, distinct from the pattern predicted by in the SM or by new
physics manifesting itself via anomalous triple gauge boson couplings. In case of an
excess over the SM in VV'V signatures, observation of the signal in multiple channels
would allow one to identify the scenario responsible for it.

(iii) In connection to the previous point, the signal in different VV'V channels depends on
the different combinations of the Yukawa corrections dy,, dyq and dy,. In particular,
from (2.6) it is clear that for the charge +1 final states (WEW*WT and W*ZZ)



HL-LHC | SM | BSM (Yg=1) | BSM (Y, = 1) | BSM (Y, = 1)
WHW-Ww+ | 152fb 3.6 pb 3.6 pb 110 fb
WTW-W~— | 87fb 1.5 pb 1.5 pb 1101b

ZZW+ | 40fb 1.0 pb 1.0 pb 31 fb
YA 23 b 0.43 pb 0.43 pb 311fb
IWTW— 191 b 1.5 pb 2.4 pb 120 b
277 16fb 0.99 pb 1.7 pb 66 fb

FCC-hh | SM | BSM (Yy—=1) | BSM (Y, = 1) | BSM (Y, = 1)
WHW-W+ | 2.35 pb 290 pb 290 pb 16 pb
WHW-W~= | 1.76 pb | 140 pb 140 pb 16 pb

ZZW+ | 7561 74 pb 74 pb 4.4 pb
ZZW = 579 fb 36 pb 36 pb 4.4 pb
ZWTW~= | 3.93 pb 94 pb 150 pb 12 pb
727 231 fb 110 pb 180 pb 11 pb

Table 2. Values of different triboson production cross sections for /s = 14 TeV LHC (upper table)
and /s = 100 TeV FCC-hh (lower table) for the SM (computed at NLO in QCD [44, 45]) and with
the addition of the dimension-6 operators from eq. (2.1), with Yg = 1 (with Y4 = 0), ¥,, = 1 (with
Y., =0) and Yy = 1 (with Y, = 0), respectively. These latter cross sections are computed at LO.

the cross-section enhancement is the same for dy,, or dyy modifications, and does not
allow to distinguish between both. In contrast, for the neutral final states (ZW W~
and ZZZ), the different partonic content of up and down quarks in the proton leads
to different cross-section enhancements for dy, and dyg. This is shown explicitly
in table 2 (which is based on complete calculations, rather than the Golstone boson
approximation at high-energies). Assuming dys; = 0, observation of a combined excess

in neutral and charge +1 V' V'V channels would allow one to disentangle dy,, from dy .

Finally, we note that this observable is different from probes involving on-shell Higgs
bosons, since the set of operators that can modify the Higgs boson production and
decay patterns is much larger than for triboson.

3 Triple heavy vector boson channels

In this section we analyse in detail the sensitivity of triple EW gauge boson production to
the light quark Yukawa modifications parametrized by &y, dyqs and dys. We will focus on
the HL-LHC with /s = 14 TeV and a future FCC-hh collider with /s = 100 TeV. In our
analysis we will assume, for simplicity, that only one of these modifications is present at a
time. However we note that combining several triboson channels allows one, in principle,
to disentangle the different dy,.

We begin by showing in table 2 the various triboson production cross-sections, o(pp —
VVV), at the LHC and FCC-hh, turning on one BSM Yukawa contribution from eq. (2.1)



at a time. The cross-sections for the SM are computed at NLO in QCD [44, 45]. The
BSM cross-sections are dominated by the quadratic contribution since the interference
between SM and BSM contributions is proportional to the SM Yukawa coupling of the
light quarks and thus negligible. We use MadGraph5_aMC@NLO [46] using the NNPDF 2.3
PDF set for our simulations. We implemented the relevant BSM interactions from (2.3) in
the unitary gauge using Feynrules [47]. From Table 2, we see that the triboson channel,
which presents the largest cross section enhancement with respect to the SM, is by far
pp — ZZZ. Given sufficient luminosity it could be the most sensitive channel and, due to
the smallness of the signal in the SM, a smoking gun for new physics. Final state leptons
reconstructing the Z also provide a clean final state at a hadron collider. However, the
smaller cross-section for this channel compared to others particularly due to the small
Z boson branching fraction into leptons, will limit considerably the final sensitivity. On
the other hand, the pp — W*W*WT channel has the largest triboson production cross
section, which also makes it key for our sensitivity analysis. The WHW W= and ZZZ
production will be the two channels we will target in our sensitivity analysis below, bearing
in mind that the addition of the remaining channels in table 2 would further increase the
sensitivity to dy, in triboson processes. In the next subsections we consider in turn the
WWW and ZZZ channels.

3.1 WWW: same-sign di-lepton final state

The same-sign leptonic channel corresponds to the process pp — WEWEWT — (F¢+vyjj,
with ¢ = e, u. We start by considering the recent 13 TeV CMS search for triple gauge boson
production with 137 fb~! [31], that can already be used to put a limit on dy,, choosing dyq4
first as an example. The pp — WWW — (F¢*vvjj signal cross section as a function of
Y, is approximately given by

o(Yy) = 7.5t + Y} x 210fb, (3.1)

where we have omitted the negligible interference term. The SM cross section is given
at NLO in QCD [44], and we have multiplied the BSM signal cross section obtained
from MadGraph5_aMC@NLO by an NLO k-factor, & = 1.28 [18]. According to the CMS
analysis, the p*u® and et p® final states in the “mjj-in” category (where the two leading
jets in the event reconstruct the W mass, m;; ~ my ) are the most sensitive of the two-
lepton same-sign (2¢5%) categories (see auxiliary figure 24 of ref. [31]), and we concentrate
on those here to obtain a conservative limit. The relevant CMS analysis cuts for the 2¢55
in this category are

py? > 25GeV my >20GeV,  my; € [65,95] GeV (“myj;in”)
EIiss > 45GeV,  mP*(0) > 90 GeV (3.2)

with ¢; and f2 the leading and subleading leptons in pr, and m/p**(¢) defined as the
transverse mass built from the missing transverse energy E,}?iss and the hardest lepton.
The cut efficiencies for the BSM (eg) and the SM (ep) triboson signals are

es =045, ep=0.27. (3.3)
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Figure 3. Normalized (to unit area) WWW same-sign di-lepton channel differential distributions
for p? (top-left), pgg (top-right), E¥s5 (bottom-left) and p%-qj (bottom-right), for the pure Y; BSM
triboson signal (solid-red lines) and the SM triboson contribution (dashed-yellow lines) at the
14 TeV LHC.

Note that the CMS analysis is designed to extract the SM triboson signal from the SM
background, hence the relatively high ep here. The SM background and observed SM signal
events for the cut-based CMS “m;-in” ptut and et T selection categories are given in
the auxiliary table 5 of ref. [31]. For the e*u® category, the expected SM background,
expected SM WIW W signal and the observed number of events are, respectively, 35.2, 3.3
and 46. For the u®u* category these numbers are 24.6, 3.5 and 20.

By computing the expected ratio of BSM to SM triboson events as a function of Yy
from (3.2) and (3.3) and normalizing to the CMS expected number of SM triboson events
in each signal region, we obtain a 2¢ bound*

dyq < 6800 (LHC CMS analysis [31]) . (3.4)

It is clear that the current 2¢55 CMS analysis is not tailored to search for deviations
in the light-quark Yukawa couplings from their SM values. Large improvements in the
sensitivity to dy, can be obtained by a more stringent event selection, as illustrated in
figure 3 for the normalized pgl, pé?, E}niss and p%f (transverse momentum of the leading

“Here and in all of the following, the bounds implicitly refer to the magnitude of dy,, that is 5y, = |dy,].



di-jet system) distributions for BSM and SM triboson 2¢% signal at the /s = 14 TeV LHC.
To illustrate this large potential improvement, we apply the following set of cuts for a 2¢55
triboson analysis at the HL-LHC,

Pt > 60GeV, ENS > 120GeV, p¥ >120GeV, |An(l, )] <2, (3.5)

where the two jets (jj) come from the reconstructed hadronically-decayed W. For an
analysis at the FCC-hh, the harder kinematics for the BSM triboson signal as compared
to the LHC allows for even tighter cuts,

Pt > 100GeV, ERS > 150GeV, pld > 150GeV, |An(ly,6)] < 2. (3.6)

The leptons are considered within the pseudorapidity acceptance |n| < 2.5. A veto on a
third lepton with pr > 10GeV is applied. We find the following efficiencies for the dyq
BSM (es) and SM (ep) triboson processes,

es = 0.61 (HL-LHC), es = 0.61 (FCC-hh), 57

ep = 0.015 (HL-LHC),  eg = 0.0055 (FCC-hh). '
This analysis can be repeated for a BSM contribution with dy, # 0 (same efficiencies as
for dyq # 0) or dys # 0, and for the case of a strange Yukawa modification we obtain
an efficiency €& = 0.48 at the HL-LHC and €§ = 0.4 at the FCC-hh with the cuts (3.5)
and (3.6), respectively. We assume throughout a luminosity of 2 x 3 ab™! = 6 ab~! for
ATLAS and CMS combined at the HL-LHC and 2 x 15 ab=! = 30 ab=! at FCC-hh.

In the limit of negligible reducible SM background (which we estimate below) to the
2055 triboson search, the estimated 2¢ bounds on the Higgs Yukawa couplings to light
quarks from the above event selection are

Sya < 550 (HL-LHC) < 63 (FCC-hh),
Sy, <1100 (HL-LHC), < 130 (FCC-hh), (3.8)
Sy, < 150 (HL-LHC) < 15.(FCC-hh).

We now estimate the effect of the reducible SM backgrounds. We compute the dom-
inant contributions, identified as the production of a tt pair in association with a weak
boson (ttW*, ttZ), as well as the process pp — W*Z jj with one of the leptons from the
weak boson decays falling out of the detector acceptance. We estimate these processes at
NLO in QCD for ¢tV (V = W%, Z) and LO for Zjj. A b-tagging performance similar
to the CMS DeepCSV b-tagging algorithm [48] is assumed for both HL-LHC and FCC-hh
cases. A veto on the presence of b-jets can be applied to reject a large fraction of the t#W*
and ttZ events (the corresponding veto efficiency on the BSM signal is neglected). The
sum of ttW* and ttZ reducible SM backgrounds then account for an event yield equal to
5% (21%) of the irreducible SM background at the HL-LHC (FCC-hh), while the W*Z j;
SM background accounts for 14% (47%). When including the reducible background, the



Higgs Yukawa coupling bounds become:

Syq < 570 (HL-LHC), < 71 (FCC-hh),
81w < 1200 (HL-LHC) < 150 (FCC-hh), (3.9)
Sys < 160 (HL-LHC), < 17 (FCC-hh),

which shows only a very small degradation in sensitivity with respect to (3.8).

Finally, the sensitivity can be improved by performing shape analyses of relevant kine-
matic distributions, as those shown in figure 3, which can exploit the different kinematic
behaviour of BSM signal compared to the SM. In our study we will consider the pr distri-
bution of the leading lepton, though we note that further improvement of the sensitivity can
be obtained by a comprehensive analysis of multiple distributions. We adopt the following
binned log-likelihood:

bins
S + BZ,B

where L(\, k) is the Poisson distribution with mean A\ and occurrence k in each bin, and
S;(B;) is the expected signal (background) yield in i*" bin. We use the following binning
for the HL-LHC: bins of 10 GeV from 60 GeV to 600 GeV, 50 GeV from 600 GeV to 1TeV,
and an overflow bin for all events above 1TeV. For the FCC we use bins of 50 GeV from
100 GeV to 1.6 TeV, 100 GeV until 2.4 TeV, and an overflow bin for all events above 2.4 TeV.
The resulting expected sensitivities for A(dy,) = 4 are found to be

Sya < 430 (HL-LHC), <36 (FCC-hh),
Syu < 850 (HL-LHC), <71 (FCC-hh), (3.11)

~

§ys <150 (HL-LHC), <13 (FCC-hh).

~

This is the improvement one can expect over the cut and count estimate in eq. (3.8) by
using the differential information of the lepton pp.

3.2 WWW: three-lepton final state

We now analyse the three-lepton channel pp — WEW*WT — (*¢+¢Fyyy. The normalized
differential distributions for the leading and subleading lepton transverse momenta péTl’z,
the missing transverse energy Ezl?iss and the angular separation between the same-sign
leptons in the tranverse plane |A®(¢*, ¢*)| of the BSM triboson signal and the SM triboson
background are shown in figure 4 for the /s = 14 TeV HL-LHC and the FCC-hh. Applying
the following selection cuts for the HL-LHC,

P > T0GeV, p2 >50CeV, pE > 30GeV, ERS > 80GeV, |[AD(E, (F)] > 2, (3.12)
and a tighter set of cuts for the FCC-hh

> 150GeV, piz > 80GeV, p > 50GeV, BN > 120GeV, |AD(E, (+)] > 1.5,
(3.13)
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Figure 4. Normalized (to unit area) WWW tri-lepton channel differential distributions for pgl
(top-left), p’2 (top-right), B (bottom-left) and A®(¢*, ¢+) (bottom-right), for the pure Yy BSM
triboson signal (blue lines) and the SM triboson contribution (yellow lines) at the 14 TeV LHC
(solid) and 100 TeV FCC (dashed).

we find the following efficiencies for the dy, and dyy; BSM signal (eg) and the SM (eg)
triboson processes,

es = 0.62 (HL-LHC) , es = 0.50 (FCC-hh)

(3.14)
ep = 0.037 (HL-LHC),  ep = 0.014 (FCC-hh).

For the BSM signal with dy, # 0, the respective signal efficiencies are €g = 0.6 at the
HL-LHC and €% = 0.16 at the FCC-hh.
In the limit of negligible reducible background, the estimated 20 bounds on dy, are

Syg < 900 (HL-LHC), <120 (FCC-hh),
81w < 1900 (HL-LHC) < 240 (FCC-hh), (3.15)
§ys < 230 (HL-LHC), < 40 (FCC-hh).

The dominant reducible backgrounds consist on the production of a top pair in asso-
ciation with a heavy vector boson, with at least three leptons in the final state. We have
computed the corresponding ttW* and ttZ processes at NLO in QCD for HL-LHC and
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FCC-hh. Imposing a b-jet veto after the selections (3.12) and (3.13) reduces the combina-
tion of ttW¥ and ttZ background contributions to a 5.2% of the irreducible background
for HL-LHC and 3.6% of the irreducible background for FCC-hh. As such, the sensitivity
estimates (3.15) do not change appreciably when the dominant reducible SM backgrounds
are included in the analysis. We also note that ZW*W¥ and ZZW™ processes, which
could in principle constitute reducible backgrounds for our WEW=W T tri-lepton search,
can be made negligible by a fourth lepton veto in combination with a di-lepton Z-mass
veto. Besides, for 6y, # 0 the ZWEWT and ZZW+* processes could also be regarded as a
BSM signal so it is conservative to omit them in our tri-lepton analysis.

As discussed in section 3.1, performing a binned shape analysis may significantly im-
prove the sensitivity with respect to the cut and count selection described above. For
example, using the leading lepton pr differential distribution, as shown in figure 4, gives
the following 20 projected bounds from the three-lepton channel alone:

Syq < 840 (HL-LHC), < 54 (FCC-hh),
8y < 1700 (HL-LHC) <110 (FCC-hh), (3.16)
Sys < 230 (HL-LHC), < 33 (FCC-hh).

Here, we use the following binning for the HL-LHC: bins of 10 GeV from 70 GeV to 600 GeV,
50 GeV from 600 GeV to 900 GeV, and an overflow bin for all events above 900 GeV. For
the FCC we use bins of 10 GeV from 150 GeV to 200 GeV, 50 GeV from 200 GeV to 1.5 TeV,
100 GeV from 1.5 TeV to 2.2 TeV, and an overflow bin for all events above 2.2 TeV.
Finally, we note that the total WWW sensitivity would benefit from combining its
various decay channels. For example a combination of the shape analyses for the same-sign
di-lepton and three-lepton channels, neglecting correlations, yields the improved bounds

Sy < 420 (HL-LHC), <34 (FCC-hh),
Sy, <830 (HL-LHC), <68 (FCC-hh), (3.17)
Sys < 140 (HL-LHC), < 13 (FCC-hh).

These sensitivities are clearly dominated by the signal in the same-sign dilepton final state.

3.3 ZZZ: four-lepton final state

We move to discussing the sensitivity of the ZZZ channel to light Yukawas. As discussed
previously, combining that with the sensitivity analyses of the WWW channel from sec-
tions 3.1 and 3.2 in principle allows one to disentangle the effects of dy, and dyy. In
addition, the cross section values of table 2 indicate that ZZZ production could at the
same time yield strong sensitivity to the presence of dys # 0.

Regarding possible ZZZ decay channels, we note that the 6/ final state, despite being
the cleanest channel, suffers from too low a cross-section and thus it does not allow to
obtain competitive limits. We then focus here on the 4/ final states: pp — ZZ7Z — 46+ 2v
and pp — ZZZ — 40 + 2j. In the following we shall perform a naive estimate of the
sensitivity to dy, in both channels.
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3.3.1 4¢€ 4 Emiss

The 4¢ + 2v decay channel of the ZZZ triboson process has the advantage of being easy
to disentangle from the dominant reducible SM background, pp — ZZ — 44, due to
the presence of EX from the neutrinos in the case of the signal. The two relevant
irreducible SM backgrounds for our BSM process are the triboson processes ZZZ and
WWZ. The latter becomes very suppressed by requiring two same-flavour lepton pairs
reconstructing Z-masses, i.e. |[mz —my| < 10GeV for each lepton pair. Similarly, the
reducible SM backgrounds ttZ, tW Z are suppressed to a negligible level by this requirement
in combination with a b-jet veto [31]. For the ZZ reducible background, the inclusive cross
section after the Z — ¢ decays is ~ 75fb [49], much larger than that of the irreducible
SM backgrounds. The presence of E¥S for pp — ZZ — 4¢ is however due to detector
resolution and potential mismeasurements, and thus it is expected to be very small above
a certain ESS range.

In the following, we consider events for which the following initial selection cuts
are applied

pi? > 25 GeV, pit > 10 GeV., |e] < 2.5, ARy > 0.1, [mz — mgg| < 10 GV (3.18)

The pp — ZZZ — 40+ 2v cross section computed at LO for /s = 14 TeV LHC with these
selection cuts is given by

o(Yy) = 0.013fb + Y2 x 3.0fb,
o(Yy) = 0.013fb + Y7 x 1.8fh, (3.19)
o(Ys) = 0.013fb + Y2 x 0.14 b,

respectively for oy, # 0, dyy # 0 and dys # 0. In figure 5 (top) we show the normalized
péT1 and EXss distributions for the BSM signal and SM triboson ZZZ background, for the
LHC with /s = 14 TeV. We also include in the plot for comparison the expected E%“iss
distribution for the ZZ reducible SM background after the selection (3.18) for /s = 13 TeV
LHC, as given in [31] (and then normalized). This distribution can be accurately fitted
by an exponentially decreasing function for EXs > 50 GeV. Thus, an EFSS cut greatly
suppresses the ZZ reducible background, enhancing at the same time the sensitivity to dyg
with respect to the one obtained directly from (3.19). For the HL-LHC sensitivity estimate
we select events with E{Fiss > 200 GeV. This selection yields a BSM signal efficiency
es = 0.74 for dyy # 0, and a SM ZZZ triboson background efficiency eg = 0.09. For
d0ys # 0, the BSM signal efficiency is eg = 0.64. We also estimate the corresponding
efficiency ezz for the reducible SM background via the exponential fit to the ZZ EMiss
distribution, finding €77 ~ 1.3 x 10~°, which renders it subdominant with respect to the
irreducible ZZZ background.
For FCC-hh, the pp — ZZ7Z — 4¢ + 2v cross section at LO reads

o(Y,) =0.11fb + V2 x 3401fb,
o(Yy) = 0.11fb + Y} x 220 b, (3.20)
o(Ys) = 0.11fb + Y2 x 26 b,
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Figure 5. Normalized (to unit area) pp — ZZZ — 4¢ + 2v differential distributions for pZT1 (left)
and EXss (right) for the pure Y; BSM triboson signal (solid-red), pure Y,, BSM triboson signal
(solid-), pure Ys BSM triboson signal (solid-blue), and the SM triboson contribution (dashed-yellow)
at the 14 TeV LHC (top) and 100 TeV FCC (bottom). For HL-LHC ERss (top-right) we also include
the ZZ reducible SM background as a dashed-black line (see text for details). In each plot, the last
bin corresponds to the overflow bin.

with the same basic cuts as for the HL-LHC analysis except for the ARy, cut, which we
set to ARy, > 0.01. The normalized distributions for pET1 and E{,,niss in this case are shown
in figure 5 (bottom). For FCC-hh we set the signal selection cut ER > 500 GeV.

In order to derive sensitivity projections, we use an NLO k-factor of k = 1.28 [18] for
the BSM signal, both for LHC and FCC-hh. For the ZZZ background, to normalise to
the NLO cross-sections of table 2, we use k¥ = 1.55 (1.67) for HL-LHC (FCC-hh). The
resulting projected 20 sensitivities after signal selection are found to be

§yg <1700 (HL-LHC), <120 (FCC-hh),
Sy, <2600 (HL-LHC), <190 (FCC-hh), (3.21)

Sys <340 (HL-LHC), <19 (FCC-hh).

Applying instead a shape analysis to the E:Iﬁﬁss differential distribution via a binned log-
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likelihood, as described in section 3.1, gives the projected sensitivities

Syg <1500 (HL-LHC), <65 (FCC-hh),
Sy, <2300 (HL-LHC), <100 (FCC-hh), (3.22)

~

Sy, <300 (HL-LHC), <12 (FCC-hh).

We used the following binning of ERS for the HL-LHC: bins of 10 GeV from 0GeV to
800 GeV, 50 GeV from 800 GeV to 1TeV, and an overflow bin for all events above 1TeV.
For the FCC-hh we use bins of 100 GeV from 0GeV to 2TeV, and an overflow bin for all
events above 2 TeV.

3.3.2 40+ 2j

Finally we consider the ZZZ sub-channel in which one Z-boson decays hadronically, yield-
ing a 4¢ 4 27 final state. This benefits from more statistics, yet has less clean backgrounds
than purely leptonic final states as studied in the previous section: the 4¢+2j final state has
a factor ~ 3 higher cross section than the 4/ + EXSS one, but is more difficult to disentan-
gle from the dominant SM reducible background, ZZ. In fact, as opposed to the previous
scenario, the dominant background in this case is given by the SM ZZ+jets production.
This contribution is estimated at LO in QCD with two partons in the final state (ZZ jj).
In order to distinguish our BSM signal from this background, we first apply a minimal
set of cuts, aimed at discarding the events where the two leading jets do not reconstruct
a hadronically decaying Z-boson. We then exploit the kinematical properties of the BSM
signal, which is characterized by harder final particles, by applying a cut on the leading
lepton p? > 150 GeV (300 GeV) for HL-LHC (FCC-hh). The set of cuts we apply is

pi > 150 (300) GeV, p2®* > 25 GeV, pl, > 30 GeV, M;; € [81,101] GeV,  (3.23)

where M;; denotes the invariant mass of the two leading jets. The resulting 20 projected
bounds for our cut and count analysis are

Syq < 1800 (HL-LHC), <170 (FCC-hh),
Sy < 2700 (HL-LHC) < 260 (FCC-hh), (3.24)
Sys < 380 (HL-LHC), < 27 (FCC-hh)..

Performing a shape analysis on the leading lepton pp distribution, as described in sec-
tion 3.1, gives the improved limits

Syq < 1300 (HL-LHC) < 93 (FCC-hh),
Sy < 1800 (HL-LHC) < 140 (FCC-hh), (3.25)
Sys < 290 (HL-LHC), < 16 (FCC-hh).

Here, we use the following binning of p% for both the HL-LHC and FCC: bins of 10 GeV
from 40 GeV to 300 GeV, 50 GeV from 300 GeV to 600 GeV, and an overflow bin for all
events above 600 GeV.
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Since the two ZZZ channels, 4¢ + E} and 4¢ + 23, provide similar sensitivities in
egs. (3.22) and (3.25), a combination of the shape analyses for the two channels, neglecting
correlations, improves the sensitivity of the ZZZ triboson process,

Syq < 1100 (HL-LHC), < 60 (FCC-hh),
Sy < 1600 (HL-LHC) < 92 (FCC-hh), (3.26)
Sys < 250 (HL-LHC), < 11 (FCC-hh).

By comparing these results with those in sections 3.1 and 3.2, we see that the WWW
20 same-sign and 3¢ analyses are more sensitive in general due to their higher statistics.
Indeed, for dy4 # 0 the cross section for pp — WEWEWTF — ¢+ + 2u 4 25 is approxi-
mately 100 times larger than that of pp — ZZZ — 4¢ 4+ 2v. Yet, due to the larger cross
section enhancement from LHC to FCC-hh in the case of ZZZ with respect to WWW
(see table 2), the sensitivity to dy, # 0 in ZZZ channels at FCC-hh becomes competitive
with that of WW W particularly for the strange Yukawa coupling.

4 Comparison with other constraints

The sensitivity of the triboson analysis established in the previous sections should be
compared to the sensitivity of other existing probes of the light quark Yukawa couplings.

A change in the Higgs decay width into light quarks has an indirect effect on the event
rate in other decay channels measured by the LHC collaborations. In particular, assuming
only one Yukawa coupling is modified at a time, the total Higgs signal strength normalized
to the SM value is given by the expression

1
C1+3,(20yg + 6y2)Br(h — q@)sm

1 (4.1)

The above holds when the total Higgs production cross section is not significantly affected
by the enhanced q¢ — h qg — gh modes, which is a good approximation for dy, < 1000,
0yq < 500. Given the Br(h — gq)sy in table 1, for ¢ = u, d, s the effect is observable only
for |0y,| > 1, and then the linear term in Jdy, in eq. (4.1) is subleading compared to the
quadratic one. Note that in this regime the Higgs signal strength is always suppressed,
@ < 1. The HL-LHC is expected to measure the total Higgs signal strength with an error
of order 2-3% [50]. A future measurement p = 1.00 £ 0.03 would set the following bounds

on the Yukawa couplings:®
dyq < 340, oy, <700, Oy, <17 (HL-LHC). (4.2)

If the effect of the enhanced ¢g — h is taken into account, the first two limits are slightly
relaxed: Jdyq < 360, dy, < 780. Using the most recent measurements from CMS (p =

®As before, the left-hand-sides of all the dy, bounds should be read as |dy,|, but we omit the absolute
value sign to simplify the notation.
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1.0249-67 [2]) and ATLAS (u = 1.06 4+ 0.07 [1]) one finds the present bounds are already
close to the HL-LHC expected ones:

ATLAS : dyg <400, &y, <820, dys < 19, (4.3)
CMS : dyg <450, by, <930, dys < 22,

thanks to the small measured upward fluctuation of the Higgs signal strength in ATLAS.
We consider very encouraging the fact that the sensitivity of the triboson analysis to
the first generation Yukawas, cf. table 3, is comparable to that in eq. (4.2). Moreover,
many new physics effects may affect the total Higgs signal strength, and cancellations
between them are possible. Including the triboson input in the global Higgs fits will allow
to lift degeneracies in the parameter space and obtain more robust constraints on the
Higgs couplings. We also note that it will be challenging to significantly improve the
sensitivity displayed in eq. (4.2) at the LHC or future hadron colliders, due to QCD and
PDF uncertainties affecting the SM theoretical prediction of the Higgs signal strength.
This is in contrast with the sensitivity of the triboson analysis, which can be significantly
improved by upgrading to FCC-hh. On the other hand, the sensitivity of the HL-LHC
triboson analyses to the strange Yukawa is an O(10) factor weaker than the one in eq. (4.2).
Other theoretical ideas (or the FCC-hh) are needed to have a realistic chance of observing
effects of enhanced ys;.

We may also compare the triboson sensitivity to dy, and dyg to those projected in
other theoretical analyses in the literature, besides that of Higgs signal strength measure-
ments. Enhanced light quark Yukawa couplings lead to a distortion of the pr and rapidity
distributions of the pp — h cross section with respect to the SM predictions due to a larger
relative contribution of the q¢ — h and qg — gh processes. Assuming the SM predictions
can be controlled at the required level of accuracy, this can be explored at the HL-LHC to
set the bounds dy, < 380, 0y, < 640 [14] (see also [15, 17]), which are comparable to the
triboson ones, yet depend on a different set of assumptions. In the SMEFT, the operators
in eq. (2.1) that lead to modified Higgs Yukawa couplings also generate analogous vertices
with two (and three) Higgs bosons. Therefore one can constrain Yukawa couplings via
Higgs pair production, leading to dygs < 850, dy,, < 1200 [18] at the HL-LHC. Precision
measurements of the charge asymmetry of the W*h associated production could lead to the
HL-LHC bounds dyg < 1300, dy,, < 2900 [16]. A large y, would also enhance gg-initiated
contributions to the pp — h~ process, from which the bound dy, < 2100 could be set at
the HL-LHC [19]. Finally, the exclusive Higgs decays h — p7y currently probe 0y, 4 of order
106 [11, 23], far from the rest of proposed light quark Yukawa probes. We remark that a
synergy of several different probes of light Yukawa couplings will be crucial for lifting the
various degeneracies in the vast parameter space of the SMEFT.

5 Conclusion

In this study we considered the sensitivity of triboson production to modifications of the
up, down and strange Yukawa couplings. Unlike previously suggested probes that rely on
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WWwWw Z727Z

(50 + 20 425 | 2050F +3v | Comb. 40 + 2v 40 + 25 Comb.
5Yd 430 (36) 840 (54) | 420 (34) | 1500 (65) | 1300 (93) | 1100 (60)
5Yu 850 (71) 1700 (110) | 830 (68) | 2300 (100) | 1800 (140) | 1600 (92)
5Ys 150 (13) 230 (33) | 140 (13) | 300 (12) 290 (16) | 250 (11)

Table 3. Summary of the projected 2o sensitivity to dy, at the HL-LHC (FCC-hh) for the sub-
channels considered in this study.

W WWW (HL-LHC)

ZZZ (HL-LHC)
81 m WWW (FCC-hh) | -
6 ZZZ (FCC-hh) e

[TeV]

N
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"
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Figure 6. Projected 20 reach at the HL-LHC (blue) and FCC-hh (red) on the dimension-6 operator
scale A with Wilson coefficient C; for the up, down, and strange Yukawa operators in (2.1). The
darker shades are for the combination of the pp — WWW — (*¢* + 2v + 25 and pp - WWW —
(*(*(F + 3v channels and lighter shades denote the combination of pp — ZZZ — 4l + EFS and
pp = ZZ7Z — 4l + 2j.

on-shell Higgs decays, our proposal makes use of energy growth due to modifications of the
off-shell Higgs couplings. We showed that the current CMS triboson analysis constrains
oy < O(1000) at 20 but that this can be improved by an order of magnitude with more
targeted cuts to dy < O(100) at HL-LHC, and, furthermore, to dy < O(10) at a future
100 TeV collider such as FCC-hh. A summary of the projected bounds are given in table 3.
The corresponding dimension-6 operator scales, A/v/Cj, defined from (2.1) as Y; = C; v?/A?
with Wilson coefficient C;, are shown in figure 6 for the combination of the two WW W sub-
channels and the two ZZZ channels. The former are the most sensitive at the HL-LHC,
though we note that the ZZZ channel’s sensitivity will become comparable at FCC-hh.

While these constraints are at the individual level, switching on one operator at a
time while setting the others to zero, they can give an indication of the sensitivity of the
measurements. Other SMEFT operators will in general enter in tri-boson processes, for
example the bosonic operators Oy, Ogp, Ogw, in the notation of ref. [51]. The degeneracy
can then be lifted by including more measurements as in the recent global fit of ref. [52],
where the current bounds on the Wilson coefficients of these operators are of comparable
sensitivity. At future colliders this can be improved by an order of magnitude [53]. We
expect that the other operators will be better constrained elsewhere than in the process
considered here, though this measurement will be useful in lifting flat directions since
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the combinations entering here differ to those in on-shell Higgs processes. The interplay
between these constraints in a global fit is beyond the scope of this work but would be
interesting to study in the future, where the effects of other SMEFT operators could be
taken into account in a more general analysis, as well as NLO corrections to the differential
distributions (see ref. [54] in particular for a study of SMEFT at NLO QCD in VVV).
The experimentally allowed ranges of the light Yukawas are still unconstrained by
several orders of magnitude. This can affect other observables (see e.g. ref. [55]) and
introduce degeneracies in global fits. Moreover, our lack of understanding of the pattern
of Higgs couplings motivates probing even unnaturally large enhancements in the light
Yukawas that may be difficult to obtain without tuning (see refs. [55-61] for some examples
of specific models). It is therefore important to reduce the experimental uncertainty as
much as possible in the future. The study proposed here can be further refined, including
more channels and combining related processes, in order to maximise the experimental
information available and widen our window onto the mysterious Higgs sector.
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