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1. Introduction

Atthe LHC, ZH production is dominated by the tree-level quark-induced channel. Nonetheless,
the gluon fusion channel is highly relevant to study and constrain Higgs and top quark properties as it
is mediated by top quark loop diagrams. In particular, this process can be used to probe deviations
from the Standard Model in the top, Higgs, and electroweak sectors using the Standard Model
Effective Field Theory (SMEFT) framework. Formally, the SMEFT extends the SM Lagrangian to
higher dimensional operators with an expansion in energy:
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where each operator Olid) has energy dimension (d), cj is the corresponding dimensionless Wilson
coefficient (WC), and the series converges as long as the typical energy of the process obeys
E/A < 1. We focus on the dimension-six operators and use the Warsaw basis [1] along with a
U(2)4xU(3)axU(2), x (U(1), x U(1),)? flavour assumption. In these proceedings, we focus on
the third-generation quark operators entering in ZH production, as well as on contact Higgs-gluon
interactions, and the relevant operators are presented in Table 1.
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Table 1: Dimension-6 operators O; and their associated Wilson Coefficients ¢; entering in gg,qq — ZH
and considered in these proceedings. We follow the notation introduced in [2].

2. Growing amplitudes in gg — ZH

We start by considering the impact of CP-even SMEFT operators on the helicity amplitudes
of the gluon-induced channel. Representative diagrams are shown in Fig. 1. There are 12 possible
helicity combinations for gg — ZH, but using the Bose symmetry of the initial state gluons
and the CP properties of the operators considered leads to 5 independent helicity combinations.
We calculated analytical expressions for the helicity amplitudes of gg — ZH with up to one
insertion of a dimension-6 SMEFT operator in Wolfram Mathematica using the FeynCalc [3-5],
FeynHelpers [6], Package-X [7] and FeynArts [8] packages. We then studied the high-energy
behaviour of the amplitudes in order to establish to which operators loop-induced ZH production is
most sensitive to, and in which helicity configurations. The growing SMEFT amplitudes are given
in Tables 2 and 3, and are given in terms of the vector and axial-vector parts of the SM t7Z vertex
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which can be expressed as:
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Figure 1: Diagram topologies that enter in the computation of gg — ZH in the SMEFT at one-loop for
the WCs considered in these proceedings. The empty dots represent couplings that could be either SM-like
or modified by dimension-6 operators. The filled dots represent vertices generated only by dimension-6
operators. Only one insertion of dimension-6 operators is allowed per diagram.
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Table 2: High energy behaviour of the gg — ZH helicity amplitudes in the SM and with modified top-gluon
and Higgs-gluon interactions. The cosine and the sine of the weak angle are represented by cy and sy,
respectively. For readability we have defined f(c6) = [1 —3¢0% +2¢6% + (1 - c@z)(log(”Tce) +im) + (1+
c) log(1££9) (log(12£2) + 2im) | /[ V1 = c62(1 - ¢6)].
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Table 3: High energy behaviour of the gg — ZH helicity amplitudes with modified top-Z and top-Higgs
interactions.

The top chromomagnetic operator O, ¢, which modifies the top-gluon interactions, and Oy,
which induces a contact interaction between the gluons and the Higgs bosons, both lead to growing
amplitudes in multiple helicity configurations. In fact O, generates growing amplitudes in all
helicity configurations, with a quadratic growth observed for the (+ — 00) amplitude. However
these growths are unlikely to impact LHC and HL-LHC observables as both coefficients are tightly
constrained from global fits of collider data [9].

The top operators O, O;_Q) and O, , receive less stringent constraints from current measure-
ments [9] and generate logarithmic growths in the (+ + 00) helicity configuration. This behaviour
can be explained by considering the different diagrams these operators enter in. The operators O,
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and O;_Q) modify the #7Z vertex, and also introduce a t7Z H vertex, with O;_Q) adding a bbZ H vertex
as well. The modified triangle diagrams with a Z propagator and with a t#ZH vertex cancel each
other exactly such that the behaviour of the O, and O;_Q)

box diagrams with a rescaled ¢7Z interaction. Boxes grow logarithmically when the two incoming

amplitudes can be understood from the SM

gluons have the same polarisation and the Z boson is longitudinally polarised, and decrease in all
other cases. Hence both operators lead to a logarithmic growth with energy in the (++ 00) helicity
configuration. In the SM this growth is not observed as the logarithmic terms coming from the box
diagrams are cancelled exactly by the triangle diagrams. Furthermore, another consequence of the
cancellation of the triangle diagrams in the presence of O,; and O;_Q) is that these operators exhibit
the same behaviour as the top Yukawa operator O;,, which only enters in box diagrams where it
rescales the t7H vertex. Thus, gg — ZH is only sensitive to the linear combination cfp_é —Cyprt cy’—:",
where y; is the top yukawa, and this degeneracy is exact and does not only hold in the high-energy

limit.
3. Thereach of pp — ZH at HL-LHC

The energy growths presented in the previous section motivate including the gluon-induced
channel in a phenomenological analysis of ZH production to assess the sensitivity of this channel to
poorly constrained third-generation operators. The quark-induced channel enters at tree-level and is
sensitive to O;_Q) and Ofé , while the gluon channel enters at NNLO and is sensitive to O;_Q) ,Ogr and
O;,. We extend a g¢ — ZH analysis [10] to consider a U(2),xU(3)4xU(2), x (U(1), x U(l),)3
flavour assumption and include the gluon-induced channel. We simulate the contribution of gg —
ZH using Madgraph5_aMC@NLO and the SMEFTatNLO model [11] at LO in QCD for a centre-of-
mass energy of 13 TeV and in the presence of one operator at a time. In our analysis strategy, we
divide the simulated events into two categories, boosted and resolved, based on the presence of a
boosted Higgs candidate or two resolved b-jets respectively. Additionally, the events are separated
into two channels depending on whether zero or two charged leptons are present in the final state, and

a binning is applied using pr min = min{p%, pIT'I

}, with the bin boundaries optimised independently
for each of the four categories.

The HL-LHC projected 95% C.L. bounds are presented in the left panel of Fig. 2. We assume
SM-like measurements, uncorrelated observables and a systematic uncertainty of 5%. A first
observation is that the operators entering in the quark-initiated process are more constrained than
those only probed by the gluon-initiated channel. This is because ¢G — ZH enters at tree-level and
its contribution to the total cross-section is thus larger than the contribution of the gluon channel.
We can compare the bounds coming from pp — ZH to bounds coming from global fits of collider
data to assess the sensitivity of the pp — ZH process to third-generation operators. Global fits of

LHC data constrain [9]:
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HL-LHC sets a stronger negative bound than the current one but the positive bound is worse.

Our HL-LHC projections are similar for ¢ In the case of ¢y, pp — ZH at
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Figure 2: Left: Projected 95% C.L. bounds on cpr with different levels of systematic uncertainty at the
HL-LHC from a one-operator fit as a function of the maximal-invariant-mass cut M. We also show the
bound from the global fit to LHC data performed by the SMEFiT collaboration [9] with a dark green line.
Right: Projected bounds at 95% C.L. from one-dimensional fits on the third-generation dimension-6 WCs
probed by pp — ZH at HL-LHC with integrated luminosity of 3 ab~!. The WCs are in units of TeV 2.

Finally ZH production at HL-LHC is less competitive to probe c;, as our projected bound is more
than 4 times larger than the constraint from LHC data. Furthermore, we study the dependence of
the HL-LHC projected bounds on the maximal invariant mass of the ZH system, M. The results
are given in the right panel of Fig. 2 for cfp_Q), where the maximum absolute value of the projected
bound is used. M acts as a proxy for the cutoff of the EFT, thus the HL-LHC projected bounds are
valid as long as the cutoff of the EFT is > 1TeV, but they worsen considerably for lower cutoffs.
Overall, ZH production offers good sensitivity to some top quark operators and could therefore

have a significant impact when combined with other top quark production measurements in future
(-)

00 10 which pp — ZH is sensitive through both

global fits. The largest impact is expected for ¢
the quark and the gluon-initiated processes.

4. CP-violating top-Higgs interactions

Having considered the impact of CP-even SMEFT operators on gluon-induced ZH production,
we now turn our attention to CP-violating effects. We start by extending the SMEFTatNLO model to
include the relevant operators [12], which is achieved by implementing in the UFO the following
ingredients:

* The Feynman rules for the vertices modified by the CP-violating operators.

¢ The Feynman rules for the rational terms R;. These are needed within the Ossola-Papadopoulos-

Pittau (OPP) reduction method [13], as implemented in CutTools allowing the automation
of one-loop computations in MadLoop [14].
* The UV counterterms for the UV-divergent amplitudes.
Focusing on top-Higgs interactions, the top Yukawa operator gives rise to CP-violating effects when
the imaginary part of its coefficient, denoted IMc,,, is non-vanishing. In gg — ZH, O, enters
only in the top-quark boxes shown in Fig. 1, and we implemented the modified CP-odd t7H Feynman
rule in SMEFTatNLO. We calculated analytically the ggZH R; contribution in the presence of IMc,,
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Figure 3: Differential cross-section of gg — ZH with respect to p% in the presence of O;,. The real part
of the coeflicient is denoted by REc,,, and the imaginary part by IMc,,. Their square distributions overlap.

and found that it vanishes, and as gg — ZH is UV finite both in the SM and in the presence of
IMc; 4, not UV counterterm is needed.

Equipped with our modified version of SMEFTatNLO, we compared the impact of the CP-even
and CP-odd parts of the Yukawa operator on the Z transverse momentum distribution, shown in
Fig. 3. The interference of IMc;, with the SM vanishes at the amplitude level. More specifically
the individual helicity amplitudes have a non-zero interference with the SM, but these contributions
cancel out with each other due to the CP properties of the helicity amplitudes. Furthermore, the
square contributions of IMc,, and REc;, overlap, which can be understood by examining the helicity
amplitudes: the total amplitude is largely dominated by the (++0 0) helicity configuration, for which
the REc;, and IMc,, amplitudes have the same magnitude, leading to the observed overlapping
distribution.

5. Conclusion

Z H production from gluon fusion is a useful process to probe deviations from the SM in the top
quark sector. In particular this process is sensitive to CP-even and CP-odd SMEFT third-generation
operators which lead to growing amplitudes in some helicity configurations. Combining the gluon
and quark-induced channels in an analysis of ZH production gives competitive constraints on some
third-generation operators, which motivates precision measurements of this process in future LHC
runs and its inclusion in global fits.
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