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We explore the sensitivity to new physics for the coupling of the Higgs boson (h) and top quark (t) 
at high energy scales with the process pp → tt̄h at the high-luminosity LHC. This process probes the 
coupling in both the space-like and time-like domains at a high scale, complementary to the off-shell 
Higgs processes in the time-like domain. The effects from physics beyond the Standard Model are 
parametrized in terms of the effective field theory framework and a non-local Higgs-top form factor. 
Focusing on the boosted Higgs regime in association with jet substructure techniques, we show that the 
present search can directly probe the Higgs-top coupling to good precision, providing a strong sensitivity 
to the new physics scale.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The top-quark Yukawa coupling (yt) is the strongest interaction 
of the Higgs boson in the Standard Model (SM) with yt ∼ 1. Owing 
to its magnitude, it plays a central role in Higgs phenomenology in 
the SM and could be most sensitive to physics beyond the Standard 
Model (BSM) associated with the electroweak symmetry breaking 
[1]. It is crucial for the stability of the SM vacuum during the elec-
troweak phase transition in the early universe [2,3]. It yields the 
largest quantum correction to the Higgs boson mass and can trig-
ger the electroweak symmetry breaking in many well-motivated 
new physics scenarios [4–9]. Thus, the precise measurement of yt

can be fundamental to pin down possible new physics effects.
The top-quark Yukawa coupling has been determined indirectly 

at the LHC from the Higgs discovery channel gg → h via the top-
quark loop [10]. It can also be directly measured via top pair pro-
duction in association with a Higgs boson, tt̄h. The observation of 
this channel was reported in 2018 by both ATLAS and CMS col-
laborations, with respective significances of 6.3 and 5.2 standard 
deviations [11,12]. These measurements confirm the SM expecta-
tion that the Higgs boson interacts with the top-quark with an 
order one Yukawa coupling. The high-luminosity LHC (HL-LHC) 
projections indicate that the top Yukawa will be probed to a re-
markable precision at the end of the LHC run, reaching an accuracy 
of δyt �O(4)% [13].
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The current measurements are performed near the electroweak 
scale Q ∼ v . If the new physics scale � is significantly larger than 
the energy probed at the LHC, the BSM effects generally scale as 
(Q /�)n with n ≥ 0 [14–16], before reaching a new resonance. 
Therefore, it is desirable to enhance the new physics effects by ex-
ploring the high energy regime associated with the Higgs physics. 
Proposals have been made recently to study the off-shell Higgs sig-
nals gg → h∗ → V V [17–23]. This process could be sensitive to 
potential new physics of the tth∗ and V V h∗ interactions or a h∗
propagation at high energy scales Q > v .

In the present study, we directly explore the Higgs-top coupling 
at high energy scales using the tt̄h production channel. For an on-
shell Higgs production with high transverse momentum, this pro-
cess effectively probes the top-quark Yukawa interaction at a high 
scale in both the space-like and time-like regimes. In contrast, the 
off-shell Higgs physics probes the complementary physics only in 
the time-like domain [21–23]. As a concrete formulation, we study 
the BSM effects to the Higgs-top Yukawa in the Effective Field The-
ory (EFT) framework, focusing on two relevant higher dimensional 
contributions. Then, we move on to a BSM hypothesis that fea-
tures a non-local momentum-dependent form factor of the Higgs-
top interaction [22,23]. This form factor generally captures the top 
Yukawa composite substructure. To combine the large event yield 
with a high energy physics probe, we focus on the channel with 
the largest Higgs decay branching fraction, BR(h → bb̄) ∼ 58%, in 
association with jet substructure techniques at the boosted Higgs 
regime.

The rest of the presentation is organized as follows. In Sec-
tion 2, we present the theoretical parameterization associated with 
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Fig. 1. Representative Feynman diagrams contributing to tt̄h production. The black dots represent the BSM vertices arising from the EFT operators.
the potential new physics for the Higgs-top couplings in the EFT 
framework and an interaction form factor. We then derive the new 
physics sensitivity to those interactions in Section 3, featuring the 
effects that benefit with the energy enhancement at the boosted 
Higgs regime. Finally, we present a summary in Section 4.

2. New physics parametrization

In this section, we describe two qualitatively different new 
physics parametrizations for beyond-the-Standard Model effects to 
the Higgs-top coupling at high energy scales. The first one con-
sidered is in the effective field theory framework by adding in 
a few relevant dimension-6 operators that are results from inte-
grating out some heavy degrees of freedom mediating the Higgs 
and top interactions. The second formulation is a non-local Higgs-
top form factor, motivated from a strongly interacting composite 
theory for the Higgs and top quarks. These two forms of new 
physics parameterizations are quite representative in capturing the 
general features of the BSM couplings for the Higgs and the top 
quark.

2.1. Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) provides a 
consistent bottom-up framework to search for new physics [15,16,
20,24–27]. In this scenario, the beyond the SM particles are too 
heavy to be produced on-shell. The new states can be integrated 
out and parametrized in terms of higher dimension operators as 
contact interactions [14]. In general, the EFT Lagrangian can be 
written as

LEFT = LSM +
∑

i

ci

�2
Oi +O

(
1

�4

)
, (1)

where � is the scale of new physics, Oi are effective operators 
of dimension-six compatible with the SM symmetries, and ci are 
corresponding Wilson coefficients. Higher dimensional operators 
can modify the existing SM interactions, as well as generate new 
Lorentz structures, both of which can give rise to phenomenologi-
cally relevant energy enhancements in the scattering amplitudes.

We follow the SMEFT framework to study the new physics ef-
fects to the Higgs-top coupling at high scales. We adopt the War-
saw basis of operators [16] and focus on two-fermion operators, 
leading to contributions to tt̄h production at the LHC which are 
relatively unconstrained
2

Otφ = (H† H)(Q̄ t)H̃ + h.c. , (2)

OtG = gs(Q̄ σμν T At)H̃G A
μν + h.c. . (3)

The first new physics operator, Otφ , rescales the SM top Yukawa 
coupling. The second one, OtG , corresponds to the chromomag-
netic dipole moment of the top-quark. Besides modifying the gtt
vertex in the SM, OtG also gives rise to new interaction vertices, 
namely ggtt , gtth and ggtth. While OtG results in phenomenolog-
ical effects to the associated tt̄ processes, it amounts to possibly 
significant new physics sensitivity in the tt̄h channel [28]. Hence, 
we incorporate it in our analysis exploring its high energy behav-
ior. In Fig. 1, we present a representative set of Feynman diagrams 
for tt̄h production arising from the EFT interactions. The exper-
imental LHC analyses constrain these Wilson coefficients at 95% 
Confidence Level (CL) to the ranges [29,30]

ctφ/�2 = [−2.3,3.1]/TeV2, ctG/�2 = [−0.24,0.07]/TeV2.

Guided by these results, we choose illustrative values of the coef-
ficients as

|ctG/�2| = 0.1 TeV−2 and |ctφ/�2| = 1 TeV−2, (4)

for our following representative kinematic distributions. For recent 
phenomenological SMEFT global fit studies, see Refs. [24,25].

2.2. Higgs-top coupling form-factor

The top-quark Yukawa coupling has a special role in the nat-
uralness problem, displaying the dominant quantum corrections 
to the Higgs mass. Thus, it is crucially important to probe the 
Higgs-top interaction at high scales into the ultra-violet regime. 
It is well-motivated to consider that the top-quark and Higgs bo-
son may not be fundamental, but composite particles arising from 
strongly interacting new dynamics at a scale � [7,9,31,32]. In such 
scenarios, the top Yukawa may exhibit a momentum-dependent 
form-factor near or above the new physics scale �, rather than a 
point-like interaction. It is challenging to write a form-factor, in 
a general form, without prior knowledge of the underlying strong 
dynamics of the specific composite scenario. Inspired by the nu-
cleon form-factor [33], we adopt the following phenomenological 
ansatz

�(Q 2/�2) = 1(
1 + Q 2/�2

)n , (5)
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Fig. 2. Top panels: Transverse momentum distributions for the Higgs boson pT h (left) and the hardest top-quark pT t (right). Bottom panels: Invariant mass distributions for 
the top pair mtt (left) and the Higgs and top-quark mth (right). Each panel shows on the top the tt̄h sample in the SM and new physics scenarios. The results are presented 
at the NLO QCD fixed order. We also show the local NLO K -factor (middle panel in each figure as NLO/LO) and the ratio between new physics and SM scenarios (bottom 
panel in each figure as BSM/SM). We assume the LHC at 14 TeV.
where Q is the energy scale associated with the physical process. 
This educated guess results in a dipole form-factor for the n = 2
scenario with an exponential spatial distribution in a space-like 
probe. Higher values of n correspond to higher multi-poles, typi-
cally leading to a stronger suppression.

3. Analysis

To probe these new physics contributions, we explore the 
pp → tt̄h channel at high energy scales. We combine the large sig-
nal event rate with controlled backgrounds, studying the boosted 
h → bb̄ final state in association with leptonic top-quark pair de-
cays. The signal is defined in the four b-tag sample and displays 
two opposite sign leptons. The leading backgrounds, in order of 
relevance, are tt̄bb̄ and tt̄ Z .

We perform the signal and background event generation with
MadGraph5_aMC@NLO [34]. The tt̄h and tt̄ Z samples are gen-
erated at NLO QCD and the tt̄bb̄ sample at LO. The dimension-
six EFT contributions are added through the FeynRules model
SMEFT@NLO [35]. This implementation grants one-loop QCD com-
putations, accounting for the EFT contributions. In particular, it 
3

incorporates relevant extra radiation effects at the matrix element 
level [36]. Shower, hadronization, and underlying event effects are 
simulated with Pythia8 [37] using the Monash tune [38]. We 
use MadSpin to properly describe the top-quark decays, account-
ing for spin correlation effects [39]. We adopt the parton distri-
bution functions from MMHT2014 NLO with αS (mZ ) = 0.118 [40]
in the five flavor scheme. Additional relevant parameters are mt =
172 GeV, mh = 125 GeV, mZ = 91.1876 GeV, mW = 79.82 GeV, and 
G F = 1.16637 × 10−5 GeV−2. We set our scales to a constant value 
of μF = μR = mt +mh/2 to align better with previous studies [28]. 
We assume the LHC at 

√
s = 14 TeV.

Robust new physics studies at the LHC usually come hand 
in hand with precise theoretical calculations. The impact of the 
higher order QCD corrections, which can be conventionally esti-
mated by a K -factor (i.e. the ratio between the NLO and LO predic-
tions), usually results in significant contributions. To illustrate the 
higher order and new physics effects at high energies, we present 
in Fig. 2 the NLO fixed order parton level distribution for several 
relevant kinematic observables associated with the tt̄h signal sam-
ple: the transverse momentum distribution for the Higgs boson 
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pT h (upper left), for the hardest top-quark pT t (upper right), the 
invariant mass distribution for the top pair mtt (lower left), and 
for the Higgs and top-quark mth (lower right). We observe that 
the higher order QCD corrections are correlated with the kine-
matic observables, resulting in about 20%–30% variation (as seen 
in the panels of NLO/LO) and cannot be captured by a global NLO 
K -factor. It is thus crucial to include the higher order predictions 
in the full differential analysis.

New physics contributions may sensitively depend on the kine-
matics as well, as demonstrated in the panels of BSM/SM in Fig. 2. 
High transverse momenta of an on-shell top quark or Higgs boson 
could probe the space-like regime for the top-Higgs interactions, 
while the high invariant mass of the t H system could be sensitive 
to the time-like regime from heavy states in s-channels. First, we 
observe sizable energy enhancement arising from the OtG opera-
tor, in particular, for the transverse Higgs momentum distribution 
(as seen in the panels of BSM/SM), starting with a 10% increase 
at the non-boosted regime pT h < 100 GeV, adding up to 65% for 
pT h = 1 TeV. In contrast, due to the generic dipole suppression, the 
form-factor scenario displays a depletion in cross-section at higher 
energies. The rate is reduced by 5% at pT h = 200 GeV, reaching 
55% suppression at pT h = 1 TeV. For the form-factor scenario, we 
adopt a representative scale Q = pT h . New physics effects asso-
ciated with the operator Otφ do not result in a distinct energy 
profile with respect to the SM. In the tt̄h process, this opera-
tor only contributes with a shift to the top Yukawa, resulting in 
a flat rescale with respect to the SM cross-section, independent 
of the process energy scale. Despite the absence of a manifest 
energy enhancement, this new physics contribution can also ben-
efit from our high energy scale analysis due to more controlled 
backgrounds at the boosted Higgs regime, as we will show in the 
following.

The boosted Higgs analysis, in combination with jet substruc-
ture techniques effectively suppresses the initially overwhelming 
backgrounds for the tt̄h signal with the dileptonic top decays and 
h → bb̄, as first shown in Ref. [41]. Here we follow a similar strat-
egy. We start our analysis requiring two isolated and opposite sign 
leptons with pT 	 > 10 GeV and |η	| < 3. For the hadronic compo-
nent of the event, we first reconstruct jets with the Cambridge-
Aachen algorithm with R = 1.2 [42], requiring at least one boosted 
fat-jet with pT J > 200 GeV and |η J | < 3. We demand that one of 
the fat-jets be Higgs tagged with the Butterworth-Davison-Rubin-
Salam (BDRS) algorithm [43,44]. Higgs tagging of the fat-jet via the 
BDRS algorithm involves identifying three subjets within the fat-
jet. This is done by shrinking the jet radius until the fat-jet splits 
into three filtered jets. The radius of separation among the filtered 
jets is defined as Rfilt = min(0.3, Rbb/2). Among the three filtered 
jets, the two hardest are required to be b-tagged, while the third 
filtered jet tracks the dominant O(αs) radiation from the Higgs 
decay.

As we only have one hadronic heavy particle decay, namely the 
Higgs boson, we proceed with the event reconstruction using a 
smaller jet size to further reduce the underlying event contami-
nation. Thus, we remove all the hadronic activity associated with 
the Higgs fat-jet and re-cluster the remaining particles with the 
jet radius R = 0.4, using the anti-kt jet algorithm. We demand two 
b-tagged jets with ptb > 30 GeV and |ηb| < 3. As our final state 
displays in total four b-tagged jets, we exploit the improvements 
in the central tracking system, that will be in operation for the 
HL-LHC run, to enhance the event rate for our signal. Based on 
the ATLAS report [45], we assume 85% b-tagging efficiency and 1% 
mistag rate for light-jets. To further suppress the backgrounds, the 
filtered mass for the Higgs candidate is imposed to be around the 
Higgs boson mass |mBDRS

h − 125 GeV| < 10 GeV. We show in Ta-
ble 1 more details on the cut-flow analysis.
4

Table 1
Cut-flow for signal and backgrounds at LHC √s = 14 TeV. The selection follows the 
BDRS analysis described in the text. Rates are in units of fb and account for 85% 
(1%) b-tag (mistag) rate, hadronization, and underlying event effects.

Cuts tt̄h tt̄bb̄ tt̄ Z

BDRS h-tag, pT 	 > 10 GeV, |η	| < 3, n	 = 2 3.32 6.35 1.02
pT j > 30 GeV, |η j | < 3, n j ≥ 2, nb = 2 0.72 1.97 0.22

|mBDRS
h − 125| < 10 GeV 0.15 0.14 0.009

Fig. 3. Transverse momentum distribution of the Higgs boson pT h for the tt̄h sam-
ple in the SM (black) and new physics scenarios with ctG/�2 = 0.1 TeV−2 (red), 
ctφ/�2 = 1 TeV−2 (blue). The leading backgrounds tt̄bb̄ (purple) and tt̄ Z (green) 
are also presented. We assume the LHC at 14 TeV.

Fig. 4. 95% (full line) and 68% (dashed line) CL limits on the Wilson coefficients 
(ctG/�2, ctφ/�2) at the 14 TeV HL-LHC with 3 ab−1 of data. The results are pre-
sented both at the linear (black) and quadratic (red) order in dimension-6 SMEFT 
operator coefficients.

3.1. Scale for the EFT operators

In Fig. 3, we go beyond the partonic level calculation and dis-
play the hadron level transverse momentum distribution (pT h ) for 
the Higgs boson candidate from the pp → tt̄h channel in the SM 
and the EFT contributions, in addition to the leading backgrounds 
tt̄bb̄ and tt̄ Z . We observe that the boosted Higgs search dovetails 
nicely with our BSM physics study as presented in Fig. 2. At the 
higher energy scales, both the backgrounds get further depleted 
and the new physics effects become more prominent. In particu-
lar, we observe a large enhancement from the OtG contributions 
at the high energy scales.

To explore the sensitivity reach for these effects in the boosted 
regime, we perform a binned log-likelihood analysis on the pT h
distribution. In Fig. 4, we present the 68% and 95% CL limits on 
the Wilson coefficients (ctG/�2, ctφ/�2). We assume the HL-LHC 
at 14 TeV with 3 ab−1 of data. To infer the uncertainty on the 
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Fig. 5. Transverse momentum distribution of the Higgs boson pT h for the tt̄h sample 
in the SM (black) and new physics scenarios with n = 2 (red) and n = 3 (blue), 
assuming � = 2 TeV. We assume the LHC at 14 TeV.

EFT expansion, we present the results accounting for terms up to 
linear and quadratic order on the Wilson coefficient ci/�

2. We ob-
serve only small differences between these two scenarios, which is 
a good indication of the robustness of our results.

CMS has recently reported an EFT interpretation using asso-
ciated top quark production data with an integrated luminosity 
of L = 41.5 fb−1 [46]. The signal samples include, in particu-
lar, the tt̄h and thq processes, being direct sensitive to the top-
quark Yukawa coupling. The resulting constraint at the 95% CL 
for the chromomagnetic operator leads to two regions ctG/�2 =
[−1.26, −0.69] TeV−2 and [0.08, 0.79] TeV−2. The same holds 
for the Otφ operator where ctφ = [−14.12, −1.46] TeV−2 and 
[32.30, 44.48] TeV−2. While CMS does not focus on the very high 
energy scales and uses the leptonic Higgs decays, we explore the 
largest Higgs branching ratio, h → bb̄, in the boosted Higgs regime, 
and thus obtaining significantly higher sensitivities at the HL-
LHC.

3.2. Probing the form-factor

In Fig. 5, we present the transverse momentum distribution 
(pT h) for the Higgs boson candidate from the pp → tt̄h channel 
in the SM and the form-factor contribution. We consider two hy-
potheses n = 2 and n = 3 with the new physics scale � = 2 TeV. 
While it is challenging to probe the BSM effects at relatively 
small scales, these contributions can be effectively enhanced at the 
boosted regime. For instance, starting at pT h ∼ 200 GeV with n = 2
(n = 3), we observe a 5% (9%) effect. Moving to pT h ∼ 400 GeV, the 
new physics results in larger depletion of 18% (25%) with respect 
to the SM hypothesis.

Our relatively large event rate with the boosted h → bb̄ anal-
ysis, grants probes at large energy scales with relevant statistics. 
Hence, we explore the full profile of the pT h distribution through a 
binned log-likelihood analysis. The new physics sensitivity is pre-
sented in Fig. 6. The HL-LHC, with 3 ab−1 of data, will be able 
to probe these new physics effects up to a scale of � = 2.1 TeV 
for n = 2 and � = 2.7 TeV for n = 3 at 95% CL. These results are 
complementary to the off-shell Higgs analyses, gg → h∗ → Z Z . For 
the latter, assuming n = 3, the limits on the new physics scale are 
� = 1.1 TeV for the 4	 final state and � = 2.1 TeV for the 		νν
final state [22,23].

4. Summary and discussions

We studied the prospects to directly probe the Higgs-top cou-
pling for new physics at high energy scales using the pp → tt̄h
process at the HL-LHC. We considered two beyond the SM sce-
5

Fig. 6. 95% CL sensitivity on the new physics scale � as a function of the LHC lumi-
nosity. We consider two form-factor scenarios: n = 2 (solid line) and n = 3 (dashed 
line).

Table 2
Summary results from the tt̄h studies for the Higgs-top coupling at high scales in 
terms of the dimension-6 operators and general form-factor scenarios. The results 
are shown at 95% CL, and we assume the HL-LHC at 14 TeV with 3 ab−1 of data. 
For comparison, we also show the results from off-shell h∗ studies, the ATLAS Higgs 
combination with 139 fb−1, and the CMS top pair bound with 35.9 fb−1.

Channel ci/�
2 [TeV−2] �/

√
ci [TeV]

95% CL bounds BSM scale

ctφ tt̄h (this work) [−1.04, 1.00] 1.0
h∗ → Z Z → 		νν [23] [−2.8, 1.5] 0.6
h∗ → Z Z → 4	 [22] [−3.3, 3.3] 0.55
Higgs comb. ATLAS [29] [−2.3, 3.1] 0.57

ctG tt̄h (this work) [−0.11, 0.12] 2.9
tt̄ CMS [30] [−0.24, 0.07] 2.1

form-factor n = 2 tt̄h (this work) – 2.1
h∗ → Z Z → 		νν [23] – 1.5
h∗ → Z Z → 4	 [22] – 0.8

form-factor n = 3 tt̄h (this work) – 2.7
h∗ → Z Z → 		νν [23] – 2.1
h∗ → Z Z → 4	 [22] – 1.1

narios, namely the SMEFT framework and a general Higgs-top 
form-factor, as discussed in Sec. 2. We presented in Sec. 3 the gen-
eral phenomenological effects for these new physics contributions, 
showing that they could produce augmented new physics effects 
at high energy scales.

Focusing on the boosted Higgs regime in association with jet 
substructure techniques, we explored the largest Higgs branching 
fraction h → bb̄ along with the clean leptonic top-quark decays. 
The BSM effects were constrained through a shape analysis on 
the pT h spectrum. We observed the potential sensitivity at the 
TeV-scale for new physics both in the EFT and form-factor sce-
narios. The chromomagnetic dipole operator was probed up to 
�/

√
ctG ≈ 2.9 TeV and the Otφ operator to �/

√
ctφ ≈ 1.0 TeV, as 

shown in Sec. 3.1. The limits presented sub-leading differences be-
tween the linear and quadratic ci/�

2 expansion, indicating that 
our phenomenological study satisfies the EFT expansion. Finally, 
when considering a more general Higgs-top quark form-factor in 
Sec. 3.2, we concluded that the HL-LHC is sensitive to new physics 
up to the scale � = 2.1 TeV for n = 2 and 2.7 TeV for n = 3 at 
95% CL. Further details are summarized in Table 2. The tt̄h studies 
at high scales, which directly explore the Higgs-top Yukawa in-
teraction, result in a competitive and complementary pathway for 
BSM sensitivity in comparison to the off-shell Higgs channels and 
the current ATLAS and CMS limits.

Some improvements in sensitivity can be anticipated by in-
cluding other modes, such as tt̄(h → γ γ ), which would yield 
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a cleaner signal but a lower rate [47]. In addition, we can in-
crease our present tt̄(h → bb̄) statistical sample by about a factor 
of six, if we include one leptonic decay plus one hadronic de-
cay of the tt̄ . The analysis, however, would be more complex, 
with significantly larger QCD backgrounds [48]. Finally, while we 
adopt MadGraph5_aMC@NLO as our general Monte Carlo gener-
ator (that accounts for the signal EFT contributions at NLO QCD), 
we acknowledge some other recent important developments asso-
ciated with the tt̄bb̄ background [49–51]. We leave those improve-
ments to future work with realistic simulations.
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