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We study the impact of the top quark mass renormalized in the MS scheme on the ttH production cross-
sections as an alternative to theory predictions with the conventionally used pole mass scheme. The
differential cross-sections at next-to-leading order in perturbative QCD with stable top quarks show a
moderate decrease in scale uncertainties for the MS mass renormalization scheme compared to the on-
shell one. The shape of the differential distributions is not affected much, the largest differences being

observed in the invariant mass distributions of the tt and the ttH systems.
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Appendix A.

1. Introduction

A Higgs-like particle was observed by the ATLAS [1] and
CMS [2] collaborations at the Large Hadron Collider (LHC) in the
year 2012. To confirm that this particle with spin 0 and mass
my = 125.10+0.14 GeV [3] is indeed the Higgs boson of the Stan-
dard Model (SM), studies of all properties of the newly discovered
particle need to be conducted. To achieve this goal, all production
and decay modes of the Higgs-like particle are investigated. Espe-
cially the study of the Yukawa coupling is of great interest, since
the observation of the Higgs-Yukawa coupling confirms the predic-
tion of the SM, in which the masses of the fermions are generated
by interactions with the Higgs field. Conversely, significant devia-
tions from the SM predicted cross-sections would be an indicator
for new physics beyond the SM.

* Corresponding author.
E-mail addresses: andrej.saibel@cern.ch (A. Saibel), sven-olaf. moch@desy.de
(S.-0. Moch), maria.aldaya@desy.de (M. Aldaya Martin).

https://doi.org/10.1016/j.physletb.2022.137195

Since the top quark is by far the heaviest known elementary
particle and the strength of the Yukawa coupling is proportional
to the mass of the fermions, the searches for physics processes in-
volving the production of top quark pairs with an associated Higgs
boson (ttH) are most promising for the discovery of the coupling.
The observation of ttH production and, therefore, the confirmation
of the existence of the top-Higgs Yukawa coupling was claimed by
both ATLAS [4] and CMS [5] in the year 2018. This achievement
was made possible by a statistical combination of the results of
the data analyses for the ttH production with different channels of
the Higgs boson decay, i.e., to di-bosons, T+t ~, yy, and bb -pairs.

The uncertainties originating from systematic effects in the
combined measurements of both collaborations surpass the sta-
tistical uncertainties arising from the limited size of the recorded
data samples already now. Looking further into the future, the dis-
covery of ttH leads to an era of precise measurements probing the
coupling with larger data sets and improved analysis techniques.
In particular, the High Luminosity LHC (HL-LHC) [6] will allow for
precise differential cross-section measurements of ttH production.
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Systematic uncertainties of the ttH measurements originating from
the uncertainties on the theory predictions will become increas-
ingly important in the future. This motivates studies which aim at
quantifying and reducing these uncertainties.

Currently available theory calculations for the ttH production
process at the LHC are based on the QCD radiative corrections to
next-to-leading order (NLO), which are known since long [7-10]
and have been matched to Monte Carlo parton shower generators
such as in the POWHEG+PYTHIAS framework for ttH production [11]
that is used by ATLAS and CMS for the simulation of the signal
process.! These QCD theory predictions have been improved by
performing resummations of large threshold logarithms [16-19] to
next-to-next-to-leading (NNLL) accuracy and of Coulomb correc-
tions [20]. In addition, also the effect of off-shell top quarks and
the NLO electroweak corrections have been studied [21-26]. Re-
cently, also the next-to-next-to-order (NNLO) QCD corrections for
the flavor off-diagonal partonic channels in ttH production became
available [27].

While these efforts help to reduce the uncertainties from the
truncation of the perturbative expansion, which are conventionally
studied by scale variations, it is also essential to investigate un-
certainties related to definition and the choice of input parameters
in the theory predictions, such as the top quark mass. Currently,
the ttH predictions are using exclusively the on-shell mass renor-
malization scheme for the top quark mass.? This motivates us to
consider different mass renormalization schemes, in the particular
the so-called running mass in the MS scheme [28]. Such a study is
of interest by itself, but also important in order to confirm that no
major systematic effect was forgotten in the experimental analyses,
which have contributed to the observation of the ttH process.

In this letter we investigate the impact of the running mass on
the differential cross-sections in ttH production at NLO in QCD. In
Sec. 2 we set up the theory framework and discuss some technical
details of the computation. In Sec. 3 we present results and a brief
phenomenological study and we conclude in Sec. 4. Numerical re-
sults for the differential cross-sections are listed App. A.

2. Theoretical framework

The on-shell mass of a heavy quark, defined through the pole
of the propagator, is a well-defined concept in perturbative quan-
tum field theory, but it has its disadvantages. In the pole mass
scheme, the particles are assumed to be free, asymptotic states,
an assumption not well justified for quarks in nature due to con-
finement. Furthermore, the pole mass exhibits poor convergence in
the perturbative expansion, having an intrinsic uncertainty in the
order of Aqcp [29,30].

Short-distance mass, such as heavy quark masses renormalized
in the MS scheme do not have such limitations and can, thus, be
used for predictions of differential cross-sections to reduce un-
certainties. For tt cross-sections, both total [31] and differential
[32,33], it has been shown that the MS renormalization scheme
for the top quark mass improves the apparent convergence of the
perturbative expansion along with a reduced scale dependence.
These improvements lead to smaller total theory uncertainties and,
therefore, to predictions which are desirable for the usage in cross-
section measurements and comparisons of the experimental re-
sults to theory.

1 The most commonly used implementations of NLO QCD corrections matched
to Monte Carlo parton shower generators are PowHEG [11], HELAC-NLO [12],
MG5_AMC@NLO [13] and Sherpa [14,15], with PowHEG being preferred due to its
small amount of events with negative weights.

2 The Monte Carlo simulations used in data analyses for signal modeling compute

the ttH production process at the NLO precision with the pole mass mEOIE.
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The computation of differential cross-sections for ttH produc-
tion proceeds in analogy to the tt case, see e.g., [31]. Starting from
an expansion in powers of the strong coupling os up to NLO in
QCD, the (differential) cross-section with the on-shell mass mP*®

can be written as

do mPole do© mpole do™ mpole
ey sy )
+0(a?). (21)

where ¢© is the Born cross-section, 1 the NLO contribution,
and X the observable in which the differential cross-section is cal-
culated.

The conversion of the ttH production cross-sections in the pole
mass renormalization scheme to the MS mass one proceeds as fol-
lows. The on-shell top quark mass mP*'® is rewritten in terms of

the MS mass m(tg) using standard formulae

mf'® = m(up) (1+ %ch +0(e?)), (2.2)

where the perturbative expansion in «s on the right hand side is
truncated at NLO for brevity. Currently, the conversion in Eq. (2.2)
is known to four-loop order [34-37]. The NLO coefficient reads

=4 5

The differential cross-section in the MS scheme is then obtained
by inserting the relation between the pole and the MS masses in
Eq. (2.2) and expanding in o (see e.g., [32]),

do mip) _ ()2 do© (m(x))

dX T dX
as\3) do® (m(ur)) d (do©® (my)
G T e g (T
my=m(/LR)
+0 (af) , (2.4)

where 0@ and o™, i.e,, the first and the second term, correspond
to the ones in Eq. (2.1), only with m(ug) replacing m'twle. The mass
derivative of the Born cross-section evaluated at m = m(ug), i.e.,
the third term, has to be calculated separately in order to ob-
tain the ttH cross-section at NLO with the top quark mass in MS
scheme. For a given differential cross-section this can be done nu-
merically. To that end, we use MG5_aAMC@NLO [13] (version 2.6.5)
to obtain the Born level differential cross-sections varying the top
quark mass (and the Yukawa coupling accordingly) in a range be-
tween m¢ = 150 GeV and m; =175 GeV in steps of Am; = 0.5 GeV.
The calculations in our study [28] are performed using the
MMHT2014 PDF sets [38] at NLO with as(mz) = 0.118. The MS
mass of the top quark at the scale m; is chosen to be m¢(m;) =
163.2 GeV, while the corresponding pole mass is mP®® = 172.5
GeV. The mass of the Higgs boson is chosen to be my = 125.0 GeV.
The running of a5 and of the top quark mass m(ug) are calculated
with five light flavors with the help of the RunDec program [39,40].
The nominal value for the g and the wr scales in the calculations
is chosen to be o =2m; + my. When the mass of the top quarks
is varied for the calculation of the mass derivative, the scales are
also adjusted. The scale uncertainties are estimated through varia-
tions of wg, wr € [0.510, 2140] and the value of the top quark MS
mass m¢(mg) is kept unchanged between the scale variations.
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Fig. 1. Two dimensional histogram for the mass derivative of the Born-level ttH
cross-section as a function of the transverse momentum of the Higgs boson and the
top quark mass in a range between m; =150 GeV and m; =175 GeV.

The calculation of the Born level differential cross-sections for
ttH production in Eq. (2.4) in steps of Amy = 0.5 GeV creates a
two-dimensional distribution as a function of the observable X and
the mass of the top quark. Fig. 1 illustrates this distribution for the
pt of the Higgs boson. Since the mass derivative is estimated nu-
merically, the Born cross-section as a function of m; is calculated
with a statistical precision of 0.1%. on the inclusive cross-section
from the Monte Carlo integration. This ensures low enough statis-
tical uncertainty of the mass derivative in each bin, which can then
be obtained as

d [do© my)

do @ me+am)  do @ (my
el ~ dx dx
dm¢ dX Am

(2.5)

For the NLO cross-sections in the pole mass scheme, i.e. the term
o in Eq. (24), a statistical uncertainty of 0.2% on the to-
tal cross-section proves to be sufficient. With the mass deriva-
tive in Eq. (2.5) all components are available to obtain the dif-
ferential cross-section for ttH production in the MS scheme in
Eq. (2.4). Compared to the required numerical precision of the
cross-sections, the statistical uncertainties from the Monte Carlo
integration on the mass derivative are negligible in the bulk of
the distributions. They do become relevant, however, for the trans-
verse momentum and invariant mass distributions in the region of
Z 1 TeV. Consequently, the binning of those distributions is chosen
accordingly to minimize the statistical uncertainties compared to
the scale uncertainties. Despite being small, the statistical uncer-
tainties of the mass derivative of the Born cross-section are added
in quadrature to the scale uncertainties for consistency.

3. Results and discussion

Here we present the results for ttH differential cross-sections
with the top quark MS mass at NLO and compare them with calcu-
lations in the pole mass scheme with mP*'® = 172.5 GeV. We study
the behavior of the top quark and the Higgs boson separately, as
well as those of systems of particles. Therefore, the distributions
we study are the transverse momentum pr and the rapidity y of
the top quarks and the Higgs boson, as well as the invariant mass
of the top quark pair and the ttH system.

The results are shown as the differential cross-sections, as well
as two ratio graphs to facilitate comparisons. The first ratio com-
pares the shapes of the differential cross-sections in the two mass
renormalization schemes. For the second ratio, the scale uncer-
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Fig. 2. Transverse momentum of the top quark in the ttH process in the pole mass
(blue) and the MS (red) schemes. The ratio plot in the middle panel shows the rel-
ative shape difference between the two predictions normalized to the cross-section
in the pole mass scheme. In the lower panel, the relative uncertainty of the predic-
tions normalized to their individual mean values is shown. The scale uncertainties
are illustrated by the solid, dark blue and the hatched, red bands respectively. The
uncertainty on the predictions is derived through the variation of pg and pr in
the interval [0.5u0, 2/40]. In the case of MS scheme, the statistical uncertainty on
the calculation of the Born derivative is added in quadrature. The cross-sections are
calculated for the same p$°p values in each bin for both distributions, but the bin
centers in the ratio plots are shifted with respect to each other for better readabil-
ity.

tainties are normalized to the cross-section prediction in each bin
for the two mass renormalization schemes. Thus, the second ra-
tio compares the relative scale uncertainties. If the scale variations
calculated in the interval [0.5u40, 2/40] point in the same direction
in a given bin, then the larger deviation from the nominal cross-
section is taken as the uncertainty. The values in each bin of all
differential cross-sections considered in this Section are listed in
App. A.

In Fig. 2 we illustrate the differential distributions of the pr of
the top quark in the ttH production. A difference in the shapes
of the differential cross-sections in the pole mass and MS scheme
is observed. Compared to the differential cross-section in the pole
mass scheme, the MS cross-section is shifted towards lower pr val-
ues and shows a more pronounced (higher) peak. Except for the
bins in the range 400 — 450 GeV, all differences between the dis-
tributions are covered by the scale uncertainties. The differential
cross-section with the top quark running mass show more stabil-
ity over a wide range of pr and reduce the scale uncertainties in
the peak region slightly, where the bulk of the events is found.
However, the pole mass prediction appears to be slightly less sen-
sitive to scale variations in the range 250 — 500 GeV. This is related
to the scale choice of pg =2m + my in the pole mass simulation.

The rapidity of the top quark in the ttH production is illustrated
in Fig. 3. Overall, the difference between the pole and the MS mass
are not as pronounced in this distribution compared to the pt of
the top quarks. Small differences in the shape of the distributions
are observed. Compared to the pole mass scheme, the MS calcula-
tion predicts a slightly higher yield of top quarks with large |y™P|
values. However, the differences of the calculated distributions are
well in agreement with each other. The relative uncertainties in
both cases are similar in size across all rapidity ranges.

In Fig. 4 we display the differential cross-sections as a function
of the invariant mass of the tt system. This distribution shows the
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Fig. 3. Same as Fig. 2 for rapidity of the top quark in the ttH process in the pole
mass (blue) and the MS (red) schemes. The cross-sections are calculated for the
same y™P values in each bin for both distributions, but the bin centers in the ratio
plots are shifted with respect to each other for better readability.
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Fig. 4. Same as Fig. 2 for invariant mass of the tt system in ttH shown for the pole
(blue) and MS mass (red) schemes. The cross-sections are calculated for the same
M; values in each bin for both distributions, but the bin centers in the ratio plots
are shifted with respect to each other for better readability.

largest deviations of all studied differential cross-sections between
the pole and the running mass schemes. The peak of the distri-
bution in the MS scheme is shifted towards lower values of M
where differences between the calculations of more than 10% are
observed. For M; < 800 GeV, the cross-sections with the top quark
running is slightly less sensitive to scale variations. The differences
are mostly covered by the scale uncertainties, but the deviations in
the threshold region (first bin) are significant.

The distributions in the kinematic variables of the top quark are
especially interesting for studies of spin correlations in tt and tt+X
processes, where X denotes some additional observed final state,
e.g. jet, boson etc. Because of different couplings, dissimilar distri-
butions of the top quark decay products are expected for the tt+X
processes, i.e., the radiation of a Higgs boson from a top quark in
ttH production flips the chirality of the top quark. This causes dif-
ferences in the pr distribution of the top quark in the ttH process

Physics Letters B 832 (2022) 137195
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Fig. 5. Same as Fig. 2 for transverse momentum of the Higgs boson in ttH produc-
tion illustrated for the pole (b!ue) and MS mass (red) schemes. The cross-sections
are calculated for the same p''®® values in each bin for both distributions, but the
bin centers in the ratio plots are shifted with respect to each other for better read-

ability.
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Fig. 6. Same as Fig. 2 for rapidity of the Higgs boson in ttH production illustrated
for the pole (blue) and MS mass (red) schemes. The cross-sections are calculated
for the same y™ values in each bin for both distributions, but the bin centers in the
ratio plots are shifted with respect to each other for better readability.

compared to tt with additional radiation of a gluon [41]. In such
analyses, it should be kept in mind that the chosen top quark mass
renormalization scheme can have an impact on the shape of the
distributions in both the tt and ttH processes. Similar comments
apply to the use of ttH distributions when making statements
about exclusion limits on parameters in models for physics beyond
the SM.

The behavior of the Higgs boson in ttH production is studied
in Figs. 5 and 6, where we display distributions in the pr and
the rapidity of the Higgs boson. A small systematic shift upwards
(~ 1%) of the cross-sections with the MS scheme is observed in
both cases. The shape and the scale uncertainties on the cross-
sections show negligible differences that can be attributed to sta-
tistical fluctuations.
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Fig. 7. Same as Fig. 2 for invariant mass of the ttH system shown for the pole (blue)
and MS mass (red) schemes. The cross-sections are calculated for the same My
values in each bin for both distributions, but the bin centers in the ratio plots are
shifted with respect to each other for better readability.

The negligible impact of the top quark mass renormalization
scheme, i.e. on-shell or MS, on the distributions related to the
Higgs boson is expected, since the present study considers the QCD
radiative corrections. The electroweak corrections to ttH produc-
tion [25] and to the top quark mass renormalization should be
incorporated into the studies for comparisons with the differential
cross-sections from precision measurements in the future.

In Fig. 7, the invariant mass of the ttH system is presented.
The peak of the distribution is slightly higher and shifted towards
lower values of My, similar to what was observed for the My
distribution in Fig. 4. The scale uncertainties in the MS scheme
are marginally reduced in the range of [600 — 1000] GeV in M.
At the production threshold ([460 — 500] GeV, first bin), the scale
uncertainties for the calculations in the MS scheme are signif-
icantly increased with the cross-section value in this bin being

0.166121'15% fb/(bin width) for the calculations in the MS mass

and 0.109ﬂ%:}lg§ fb/(bin width) for the pole mass scheme. This is
an expected effect, as the MS mass displays shortcomings at the
production threshold, where the calculations in the MS scheme
are not well-behaved. These shortcomings of the MS mass have
already been observed for the tt production at lepton and hadron
colliders [32,42], and they are confirmed here also for the ttH pro-
duction process. A possible solution for distributions close to the
threshold are the so-called low-scale short-distance masses, such as
the MSR mass. The MSR mass [43,44] was proposed for the usage
in tt cross-sections with the top quark running mass. It has the
advantage that it is better behaved at the threshold and can be ob-
tained from the MS mass in perturbative QCD similar to Eq. (2.2),
see also [33].

4. Summary

The impact of the top quark MS mass on differential distribu-
tions in ttH production is an interesting topic for future differential
ttH analyses at high precision, in particular at the HL-LHC. We have
presented the first ever studies of the impact of the top quark mass
in the MS scheme on the ttH production cross-sections. Our work
compares fixed-order NLO QCD predictions with stable top quarks
in the MS and the pole mass scheme for differential cross-sections

Physics Letters B 832 (2022) 137195

as a function of pt and y of the top quark and the Higgs boson, as
well as the invariant mass of the tt and the ttH systems.

The overall impact of the top quark mass in the MS scheme on
the ttH production is found to be small. The behavior of the Higgs
boson is barely affected by the change of the quark mass renor-
malization scheme. However, for the top quark differences in the
shape of the pr and y distributions are visible in comparisons be-
tween the MS and the pole mass schemes. Additionally, the scale
uncertainties in the MS scheme are slightly reduced in the low-pr
region of the top quark pr distribution. The largest corrections due
to the effects of the top quark MS mass are observed in the in-
variant mass distributions of the tt and the ttH systems. Over a
wide range of the distributions, a moderate decrease in scale un-
certainties for the MS scheme is seen. However, also the expected
shortcomings of the MS mass at the threshold of the Mgy dis-
tribution become apparent. In summary, it can be confirmed that
no major systematic effects due to the choice of the quark mass
renormalization scheme were neglected in the experimental anal-
yses leading to the observation of the ttH production in the year
2018.

Overall, the numerical approach for the estimation of the Born-
level mass derivative is advantageous since it enables also the
calculation of other differential cross-sections within the same
framework, e.g. tt, ttZ, ttH, tty*, etc., without requiring any an-
alytical expressions for the derivative of the Born cross-sections.
On the other hand, those calculations have to be performed for a
range of values of the top quark mass at a high numerical preci-
sion and, therefore, the approach is computationally expensive. For
this reason, the approach can be improved by incorporating the
analytical expressions for the mass derivative of the Born cross-
sections.

The present studies focus on the NLO QCD radiative correc-
tions. Further improvements of the cross-section predictions due to
the effect of resummed threshold logarithms, Coulomb corrections
or the complete NNLO QCD corrections will become important as
the precision of differential measurements for ttH production in-
creases. The studies can also be improved by incorporating the
electroweak corrections to ttH production and the renormalization
of the top quark mass in the future. The shortcomings of the MS
mass at the production threshold can be overcome by considering
a low-scale short-distance mass, such as the MSR mass. We leave
these aspects for future studies.

Declaration of competing interest
The authors declare no competing interests.
Acknowledgements

S.M. acknowledges support from Bundesministerium fiir Bil-
dung und Forschung (contract 05H21GUCCA).

Appendix A. Running and pole mass cross-sections

In this Section, the differential cross-sections for ttH production
calculated in the MS mass scheme at NLO in QCD are displayed.
The MS scheme values are compared with those in the pole mass
scheme in the corresponding tables. Tables 1-6 contain the dif-
ferential cross-sections in each bin divided by the bin width and,
thus, the values correspond to the Figures in Section 3.
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Table 1 Table 3

Comparisons of differential cross-sections of ttH production as a function of the pr Same as Table 1 for the invariant mass My of the tt system.
of the top quark calculated in the pole and the MS mass schemes. The cross-section
values are divided by the width of the corresponding bin.
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Table 2

Same as Table 1 for the rapidity of the top quark.
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Same as Table 1 for the pr of the Higgs boson.
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Table 5

Same as Table 1 for the rapidity of the Higgs boson.
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