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the gluon fusion and ttH production processes and study the effects of three dimension-6
operators: the top Yukawa operator, the gluon-Higgs effective coupling and the chromo-
magnetic dipole operator of the top quark. We perform a detailed study of the sensitivity
of current and future LHC data to the corresponding Wilson coefficients, consistently ac-
counting for their renormalisation group evolution. We compare the sensitivities obtained
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and the addition of the Higgs signal yields. We also consider fits of pr spectra in models
with heavy-top partners and in MSSM scenarios with a light scalar top and study the
validity of the SMEFT assumptions as a function of the new-particle masses and the Higgs
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simultaneous fit to the ATLAS and CMS data and compare our results with those obtained
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1 Introduction

After the discovery of the scalar resonance with a mass of 125GeV [1, 2] the study of
its properties has been one of the main activities of the LHC physics programme. The
measurements carried out up to now have shown that, within the current accuracy, the
new resonance has properties compatible with those predicted for the Higgs boson in the
Standard Model (SM) and no significant deviations from the SM picture emerged so far.

At the theoretical level there are two major options to explore scenarios beyond the SM
(BSM): either by introducing extensions of the SM particle content through explicit BSM
models, or by parametrising deviations from the SM picture supplementing the Lagrangian
with higher-dimensional operators built from SM fields. With the assumption that new
physics fulfils the decoupling theorem [3], the effect of these operators is suppressed by
powers of the new-physics scale A [4-7]. The scale A might be a heavy new-particle mass
or a combination thereof, if there are several new particles beyond the SM. This approach
is model independent and, when combined with the SM gauge symmetries, it defines the
SM Effective Field Theory (SMEFT) (see ref. [8] for a review).!

! An even more general approach is the one in which the SU(2); ® U(1) gauge symmetry is assumed to
be realised non linearly and the Higgs field is introduced as scalar singlet. This is the so called Higgs EFT
(HEFT) (see e.g. [9-14]), and can be used to deal with non-decoupling BSM scenarios.



A number of SMEFT studies have been carried out in the Higgs sector in recent
years, and a considerable amount of work has been devoted to develop appropriate tools
to include dimension-six operators [15-20]. SMEFT analyses including a broad range of
measurements, in the Higgs sector and beyond, have been presented in refs. [21-29].

The amount of data collected at the LHC in Run 2 and the perspectives for Run 3 and
the High Luminosity programme (HL-LHC) offer the possibility to study the dynamical
properties of the Higgs boson in different kinematic regimes. This is achieved by analyzing
Higgs processes involving a large momentum scale inside the relevant matrix element. Of
particular interest is the region in which the Higgs boson is produced at large transverse
momentum. Measurements in this region shed light on the structure of the interactions of
the Higgs boson with strongly interacting particles and might unveil BSM effects that are
not revealed through inclusive measurements.

Higgs boson production at large transverse momentum resolves the structure of the
Higgs coupling to gluons and possible BSM effects are modeled within SMEFT through
effective operators that modify the shape of the spectrum. The SMEFT approach does
not specify the UV completion and has a finite range of validity in the Higgs transverse
momentum (pf) which depends on the scale A. On the other hand, if the experimental
accuracy at large p¥ is not sufficient, the measurements will not be sensitive to effects
originating from the detailed nature of the UV-completion. Conversely, the theoretical
accuracy of the SM cross section will also limit the BSM sensitivity of these measurements.
The (universal) interpretation in terms of SMEFT Wilson coefficients will in addition be
limited by the theoretical precision of SMEFT effects beyond the SM, and, therefore, the
consistent inclusion of higher-order corrections to SMEFT contributions is also relevant [30].

The total Higgs-production cross section in the dominant production channel, namely
gluon fusion (ggF'), is not sufficient to resolve all combinations of the dimension-6 Wilson
coefficients. Only with the inclusion of additional production modes, such as the associated
production with a top-antitop pair (t¢H), and by considering more exclusive observables,
such as differential cross sections, it is possible to disentangle the effects of the relevant
dimension-6 operators. The Higgs transverse-momentum distribution and its shape are
particularly sensitive to different combinations of the Wilson coefficients at large transverse
momentum.

The ATLAS and CMS collaborations have already reported measurements of the Higgs
transverse-momentum spectrum [31-34] from the analysis of the full LHC Run 2 data. They
have also presented dedicated boosted H — bb analyses aiming to access Higgs production
at large transverse momentum [35-37]. This provides us with a first set of experimental data
to analyse and renders it possible to obtain rather accurate projections of the experimental
uncertainties on the Higgs transverse-momentum spectrum in measurements throughout
the LHC programme up to the HL-LHC [38, 39].

The leading order (LO) transverse-momentum distribution of the Higgs boson in ggF
production is known since long time including the full quark-mass dependence [40, 41]. The
NLO QCD corrections have first been obtained in the heavy-top-limit (HTL) and have the
effect of increasing the differential cross section by roughly a factor of two [42-45]. At NLO,
finite top-mass effects have been estimated in terms of a large top-mass expansion [46, 47].



They have later been supplemented by the inclusion of the full top-mass dependence in
the real corrections [48, 49]. Further improvements of the virtual contribution were ob-
tained in refs. [50, 51] through the use of an asymptotic expansion. The exact NLO QCD
calculation has eventually been completed in ref. [52] through the numerical integration
of the corresponding two-loop diagrams. The next-to-next-to-leading order (NNLO) QCD
corrections have been determined in the HTL leading to a moderate increase of the dif-
ferential cross section and a significant reduction of the residual scale dependence [53-55].
The NLO and approximate NNLO theoretical predictions at high-pr have been combined
in ref. [56] and compared with the predictions from the other production channels and with
the predictions of commonly used event generators [49, 57-59]. The transverse momentum
spectrum involving additional dimension-6 (and dimension-8) operators has been studied
in refs. [60-70].

In this paper Higgs boson production at large p¥ is studied in the framework of
SMEFT. Neglecting the bottom- and charm-loop contributions, which are irrelevant at
large transverse momentum, we focus on three operators: a point-like coupling of the Higgs
boson to gluons, a modification of the top-quark Yukawa coupling and the chromomagnetic
dipole operator, that modifies the coupling between gluons and the top quark, with and
without the Higgs boson at the same vertex. As far as the gluon fusion channel is concerned,
the calculation including the effects of these operators has been performed in refs. [64-66].
Besides gluon fusion, the t¢H channel is also sensitive to the same operators and, at large
pr, gives a non-negligible contribution in the experimental analyses. Therefore, we have
included this production mode in our study, by carrying out the corresponding calculation
in SMEFT. For the other production modes, that are not affected by the above operators,
we just stick to the SM predictions.

The central goal of the present study is to place bounds on the relevant Wilson coef-
ficients of the dimension-6 operators from current LHC data and to assess the sensitivity
on those Wilson coefficients that can be reached in the remainder of the LHC programme.
To this end, we exploit a calculation of the pp spectrum in SMEFT in combination with
available state-of-the-art SM predictions [56] for all the relevant channels, and we per-
form multi-parameter fits of the deviations from the SM transverse-momentum spectrum
modelled by the Wilson coefficients that can be resolved within the experimental and the-
oretical uncertainties. In this context, we also compare our results with those obtained
with analyses in the top sector [71], in particular for the chromomagnetic dipole opera-
tor. Constraints from the present results are obtained with a simultaneous EFT fit to the
preliminary ATLAS and the CMS data.

In our analysis we probe scales from the Higgs mass up to 1TeV, and it is there-
fore important to consistently include the renormalisation group evolution of the Wilson
coefficients. This is done by solving the corresponding RG equations [72-74] at leading-
logarithmic (LL) accuracy.

Since the experimental sensitivity is approaching p¥ values of order of 1TeV, it be-
comes mandatory to assess the validity range of the EFT fits at the upper end of the Higgs
transverse-momentum spectrum when extracting information on explicit models. We per-
form such study by fitting the p¥ spectra in a new-physics model with a heavy top partner



and in MSSM-like scenarios with a light scalar top through a linear and a non-linear EFT
expansion of the dimension-6 operators. We then compare, as a function of the upper
value of the p¥ fit range, the values of the Wilson coeflicients extracted from our fits to
those obtained by matching the explicit models to the EFT when integrating out the heavy
degrees of freedom.

The paper is organised as follows. In section 2 we introduce the theoretical framework
and the calculations on which our analysis is based. Section 3 describes the methodology
of the EFT fits, and section 4 discusses the range of validity of the EFTs. In section 5
we report the extraction of the Wilson coefficients, we assess the sensitivity that can be
reached through the LHC programme and the constraints that can be derived with the
current LHC data. Section 6 gives our conclusions. The appendix is devoted to the
discussion and solution of the renormalisation group equations for the Wilson coefficients.

2 Theoretical framework

In the SMEFT the full set of 2499 dimension-6 operators built from SM fields is added to
the SM Lagrangian:

(&
Leg =Lsm+ Y 2% (2.1)

where A denotes the scale of new physics, O; are the dimension-6 operators and ¢; the
corresponding Wilson coefficients. Neglecting the bottom- and charm-loop contributions,?
which have no impact at large pr, the following three operators are relevant for our study

of the transverse-momentum distribution of the Higgs boson in gluon fusion:
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with o#” = L[y#,~"] and G, = 0,Gy, — 0,Gy + gsfachZG,C,- The operator O describes
a point-like contact interaction between the Higgs boson and gluons, the operator Og
corresponds to a modification of the top Yukawa coupling and the operator O3 denotes the
chromomagnetic dipole operator that modifies the coupling between gluons and the top
quark, with and without the Higgs boson at the same vertex.

2Modifications of the bottom and charm Yukawa, coupling have a significant impact only at small trans-
verse momenta of the Higgs boson in gluon fusion, while the bottom Yukawa can be accessed also via the
bbH production mode [75-81], and through the decay H — bb.



At large transverse momenta, the p¥ spectrum receives contributions from several
production modes. For the ggF contribution we employ our calculation of the p¥ spectrum
presented in ref. [65], which we have implemented in the numerical program MORE-HQT.
With MORE-HQT the transverse-momentum spectrum at small pr is evaluated at next-
to-leading-logarithmic (NLL) accuracy and matched to the LO result at high pp, while
being NLO accurate for the cumulative cross section in pp, so as to achieve NLL4+NLO
accuracy. The program MORE-HQT is based on the MORE-SUSHI code [82-84], which
computes the NLL+NLO pr spectrum in the SM with full quark-mass dependence [82] and
in models with extended Higgs sectors, in particular a simple 2-Higgs Doublet Model, in the
MSSM [83], or in the NMSSM [84]. The contribution of the chromomagnetic operator O3
has also been implemented [66]. For the resummed contribution at small p¥ the program
relies on the b-space implementation of the HQT code [85, 86]. In the present study we
focus on the large—pg region, where the spectrum is effectively described at LO, but with
the inclusion of all relevant dimension-6 operators.

The Wilson coeflicients are scale dependent quantities and they obey renormalization
group equations (RGEs) [72-74]. We have solved such RGEs at LL accuracy and con-
sistently included the result in our calculation. The complete derivation is outlined in
appendix A. The solutions read
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where pg is the input scale at which the Wilson coefficients are extracted and @ is the actual
dynamical scale at which the operators are evaluated for a given process, that we identify
with the renormalization scale ugr of the strong coupling constant, oy, of the process. We
evaluate eq. (2.4) following the same strategy as outlined in ref. [87]. In particular, that
means that the MS mass of the top quark at the scale g, m¢(u3), is evaluated by converting
the on-shell top mass to m¢(m;) with the 4-loop expression of ref. [88] and then evolving
with 4-loop running to my(ud) [89, 90]. For as, on the other hand, we use the 2-loop
running as given by the employed set of parton densities.

Since the same effective operators also enter the t¢ H production mode, which has a non-
negligible contribution to the transverse-momentum spectrum of the Higgs boson at large
pr, we compute the transverse-momentum spectrum with the inclusion of the dimension-6
operators of eq. (2.3). We have performed this calculation both analytically and by using
MADGRAPH5 _AMC@NLO [91]. For the latter the generation of the relevant matrix
elements has been carried out by using as input the SMEFTatNLO Unified FeynRules Output



(UFO) model [20]. The MADGRAPHS__AMC@NLO results for t¢H production have been
compared with our independent analytical calculation finding complete agreement.? The
translation of the MADGRAPH5 AMCQ@NLO conventions for the Wilson coeflicients into
our notation is derived through?

. as A2
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Since we set the scale of the operators to be equal to the renormalization scale pg, this
translation has to be carried out at the scale up used in the t¢H calculation. Moreover,
given that the factor v/2m; /v originates from the Yukawa coupling, whose renormalization
is on-shell in the ttH calculation, we set m; to the value of the pole mass in the conversion
of eq. (2.5). This ensures that, disregarding running effects, ¢; remains a rescaling of the
SM Yukawa coupling. Finally, we include the running of the Wilson coefficients also in the
ttH calculation by evolving the operators from the input scale g to ug through eq. (2.4)
before converting to the MADGRAPHS5 AMC@NLO conventions with eq. (2.5).

The chromomagnetic dipole operator is of particular interest because it can be tested
also in the top sector [71, 92]. The corresponding Wilson coefficient C} of these works is

related to our ¢y as
Cia gs Tt

A2 = Ctg \/§1)3 .
In eq. (2.6) the scale of g5 = \/4mas, of the MS top mass m; and of the Wilson coefficients
should be understood as m¢. To the best of our understanding, in the analyses of [71, 92]

(2.6)

the running of the Wilson coefficients is neglected and the scale A is set to 1 TeV. In this
work we include the effect of the QCD running as discussed above. When the transverse
momenta span over a large range (for instance for the p¥ spectrum from O(100) GeV to
1-2TeV), it is essential to include the QCD running of the Wilson coefficients in order to
consistently perform an EFT analysis.

Our computations of the high—p¥ cross section in gluon fusion and in ttH production
are used to obtain the BSM effects as ratios of the Higgs cross section with SMEFT
corrections, o;(c, ¢g, ¢g), to the SM prediction, oPM:

Ri(cqg, gy 1) = Aai(cr, cg, crg)/ Aad™M (2.7)

where Ag; is the differential cross section integrated in each p¥ bin ¢ and both numerator

3We note that with MADGRAPH5 AMC@NLO the ttH calculation could in principle be carried out at
NLO. However, since the computation for the ggF process can only be performed at LO, and, moreover,
the ttH contribution is subdominant, we limit ourselves to use our LO result.

4The advantage of our convention is explicitly visible in the simplicity of the RGEs derived in appendix A,
i.e. the leading effects of the QCD running are factorized in terms of the as and m; factors that lead to a
pure BSM evolution of our coefficients ¢, ¢cg, ctg at LL level, if ¢;y does not vanish at the input scale.



and denominator are computed at the same order in perturbation theory. These ratios,
computed on a grid of values of ¢4, c¢;g and ¢;, are employed to study the potential of Higgs
measurements at large pjlf to constrain the effects of the dimension-6 operators.

We specify the parameters used for all predictions obtained in the remainder of
this paper. We use the five-flavour scheme with the corresponding NLO set of the
PDF4LHC2015 [93-98] parton distribution functions (PDFs) and the respective value of
the strong coupling constant. The top-quark pole mass is set to 172.5GeV. Since the
Ri(cg, crg, ct) ratios are computed in the LO approximation, they are independent of the
overall powers of the QCD coupling « and their respective setting of the renormalisation
scale ur. We also find that they are largely independent of the choice of the factori-
sation scale pp, since the parton densities approximately cancel in the ratio, and they
also show only a mild dependence on the scale at which the Wilson coefficients are eval-
uated, which we also choose as ur. We evaluate the ratios R; in eq. (2.7) by dynami-
cally setting ug = ur = myp, where mp denotes the transverse mass of the Higgs boson
mp = m%{ + p?r 1, for the ggF process. In the case of ttH production the scales are set
to pr = purp = (myg +2my)/2.

We stress that the choice of a dynamic scale together with eq. (2.4) implies that even
though ¢4 and ¢; — 1 may vanish at the input scale jio, a non-zero value is generated by ¢y
through their running to the scale ) that depends on the bin in p¥ under consideration.
As a result, ¢; is not a simple rescaling of the Higgs cross section, but its running renders
it dependent on p¥ and therefore it will also affect the shape of the Higgs transverse-
momentum spectrum, although the effect should be subleading. This also implies that in
every given bin in pqlf , the values of ¢4, ¢; and ¢4 differ, and that what we extract in our fits
are the Wilson coefficients at the input scale, namely c¢4(p0), ¢:(po) and cg(po). In order
to obtain the Wilson coefficients at any other scale we may again employ their evolution
in eq. (2.4). This is completely analogous to the treatment of the strong coupling constant
o in its measurements or to simultaneous extractions of as and the top-quark mass my,
where their QCD running is a crucial consistency aspect of the respective template fits.
We also stress that our definition of the dimension-6 operators in eq. (2.3) is particularly
convenient, as it expresses the running of the operators by the one of a and my, and limits
the mixing terms to contributions induced by c.

3 Fitting the Higgs pr spectrum

The Wilson coefficients ¢y, c¢iy and ¢; are extracted from the Higgs pr spectrum by using a
multi-parameter fit of the predicted deviations R;(cy, ctg, ¢;) for each bin ¢ in pqlf to the ratio
of the measured cross section over the best SM prediction in each bin, while taking into
account the experimental and theoretical uncertainties. To compute R;(cy, ¢1g,c¢) we have
generated the Higgs transverse-momentum spectra for ggF production with MORE-HQT
on a three dimensional grid for —1.0 < ¢; < 1.0, —0.5 < ¢ty < 0.5, and 0.1 < ¢; < 2.0,
and on bins of 50GeV in the Higgs transverse momentum. The range in ¢, and ¢y is
chosen according to the sensitivity of the current dataset. Similarly, the p¥ spectra for
ttH production have been generated with MADGRAPH5__AMC@NLO, after translating



the Wilson coefficients to the conventions used in our study at the scale ur and including
their running from pg to ug, see eq. (2.5) and eq. (2.4), respectively. In order to match
the binning of the experimental measurements the p¥ spectra are rebinned by integrating
the cross section values for the chosen bin interval and normalising to the bin width. After
rebinning, the values R;(cy, cig, ¢¢) are calculated separately for each production mode (ggF
and/or ttH) by taking the ratio to the corresponding SM cross sections evaluated with the
same tools (i.e. at the same order in perturbation theory). The maps, which are defined
as the EFT spectra for all values of the Wilson coefficients, are stored for each production
process as sets of ROOT [99] histograms.

The fitting code is based on the MINUIT package [100] in the RoOT framework. His-
tograms in the map of the EFT spectra generated for a specific scan are loaded in the
fitting program as vectors of histograms, whose index is related to the (cq,cg,c;) values
used to generate them. Each map of the EFT spectra has a reference SM spectrum used
to compute the R; values. The spectrum that is fitted can be chosen to be one of the
histograms stored in the EFT scan maps, as a histogram from a benchmark model or as
the signal strength values reported by the LHC experiments.

The fitting procedure minimizes the y? of the fit with respect to the values of the Wilson
coefficients. Since the grid of the Wilson coefficients used for the EFT scans is discrete,
the R; values for arbitrary combinations of (cg, ¢g,¢¢) within the ranges given above are
evaluated in the fitting code by an interpolation between the two closest generated values.
When performing fits to the p¥ spectrum including the contribution of both ggF and ttH
production modes the x? is evaluated from the sum of the ggF and ttH EFT contributions,
each weighted by the assumed fractions fyyr, fizg of signal events in the sample. What
remains is a SM-like spectrum with a fraction 1 — fyyr — fizg for the VH and VBF
production modes that is not sensitive to the O, Oy and O3 EFT operators.

The fit has three free parameters: ¢, and ¢y, defined at pp=125GeV unless stated
otherwise, and an overall normalisation factor, approximately corresponding to c?, that
can be fitted to remove the sensitivity to the integrated cross section. Alternatively, this
sensitivity can also be removed by normalising the R; values to the average R computed in
a pr range below the lower edge of the fit region. The fitting procedure has been extensively
validated by generating benchmark ratios R; of the p¥ spectra for various combinations
of (cg, ctg, ¢;) within the given parameter space normalised to the reference SM spectrum
and comparing the ensuing fitted values of (cg4,cy) to the input used to generate them.
An example of a fitted benchmark spectrum is shown in figure 1, which clearly shows that
the fit reproduces the benchmark spectrum and the input values (cg4, ¢;g)=(0.01, 0.01) are
precisely returned by the fit, yielding ¢, = 0.014:0.04 and ¢;4=0.012£0.10, where the quoted
uncertainties are correlated and simply result from the assumed errors on the benchmark
spectrum.

3.1 Comparing EFT effects in ggF and ttH production

The ggF and ttH production modes are sensitive to the same dimension-6 EFT operators.
Moreover, at high p¥ the relative contribution of the ttH process increases and a consid-
erable fraction of ttH events are accepted alongside ggF events by the selection criteria
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Figure 1. Example of an EFT fit on a benchmark p# spectrum (pseudo data) with the binning
adopted by the experiments. The R; deviations from the SM values for the (¢y(Mg) = 0.01, ¢tg(Mp)
= 0.01, ¢;(Mpg) = 1.0) benchmark spectrum are given by the points with the estimated bin-by-bin
uncertainties, which are obtained by combining the predicted ATLAS and CMS accuracies with
12% uncertainty on the SM cross section, while the continuous line shows the result of the EFT fit.

applied in the boosted analyses inclusive over the production modes. The ATLAS collab-
oration reports that ~ 15% of the signal events selected at pr > 650 GeV originate from
ttH production [37]. In view of this, it is important to evaluate the EFT effects on the pH
spectrum for the Wilson coefficients® ¢g, Ctg for both ggF and ¢tH events. We compare
those effects by computing the R; ratios in 2-dimensional ¢, ¢ty scan for ggF and ttH
production separately.

Here we focus on the situation in which both linear and quadratic terms are added in
the EFT expansion. When only linear terms are considered the weight of ttH production
is found to be significantly smaller. Figure 2 shows the ratio of R; x f for ggF to the
one for ttH in three different p¥ bins, where f is the typical fraction of signal events for
the respective production mode accepted in the ATLAS and CMS analyses. Qualitatively,
the pattern of enhancement at high p¥ is similar for the two production processes. This
seems to exclude the possibility of cancellation effects due to opposing contributions from
ggF and ttH. Quantitatively, the effects of the gluon-fusion production process are dom-
inant over the parameter space with the exception of the region with ¢, values close to
zero, where the enhancement of the ggF' process becomes relatively small. In this region,
the effects from ggF and ttH production are comparable when taking into account the
difference in the signal-event fractions f, as we do in our analysis. Large values of ¢,
which would correspond to a large enhancement of EFT effects in the ¢ttH channel, are
excluded by precision measurements in the top sector [71], as indicated by the blue-shaded
area in the plots. In combination with the larger fractions of ggF-produced Higgs bosons

The scaling of the ggF and t£H cross section with ¢} is straightforward, since we only include top-quark
loops in the ggF' cross section.
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Figure 2. Ratios of EFT yields normalised to SM predictions in the ggF to ttH production
processes in the intervals 450 < pZ < 650 GeV (top left), 650 < pi < 1000 GeV (top right) and
1000 < pH < 2000 GeV (bottom center), weighted by the signal fractions fggr=0.50 and f;75=0.15
of ggF and ttH accepted signal events, respectively, corresponding to the values reported for the
ATLAS and CMS analyses. The blue shaded area indicates the range of ¢;4 values excluded by the
fit of top observables of ref. [71] translated to our definition of ¢;4(po) for o = 125 GeV.

selected by the experimental analyses, this bound ensures that ggF dominates the effects
that can be detected at the LHC in boosted Higgs production with the current accuracy.
However, ttH contributions cannot be neglected as the experimental accuracy will improve.
A quantitative assessment is presented in section 5.3.

Another aspect that needs to be taken into account in the interpretation of the exper-
imental data are the different shapes of the p¥ spectra for the ggF, ttH, VH and VBF
production modes, in particular at their high end of the p¥ range. As an example, a SM
p¥ spectrum, consisting of 85% ggF and 15% V H production, yields a c¢igvalue of 0.005,
if fitted as pure ggF. While this is not yet a concern at the current level of experimental
accuracy, the accuracy in the determination of the contribution of the Higgs production
processes to the signal sample will become relevant in the study of HL-LHC data, and
the VH and VBF production modes should be properly subtracted when extracting the
Wilson coefficients under consideration, as we do in our study.

~ 10 —



4 Validity range of the SMEFT

The application of the SMEFT framework assumes that all the New Physics degrees of
freedom can be integrated out. This assumption becomes questionable as the LHC analyses
start probing transverse-momentum scales of the order of 1 TeV, requiring to reconsider the
SMEFT validity and the possible implications on explicit BSM models. The problem of the
breakdown of the SMEFT framework when studying Higgs production has been already
considered in several studies, e.g. in refs. [61, 101]. Here, we want to revisit this problem
by considering two explicit models of New Physics impacting the shape of the p¥ spectrum
at high values, a heavy top partner model and a MSSM-like model with a light scalar top,
and profit from our fitting procedure to draw quantitative conclusions. First, we compute
the matching between the explicit models and the SMEFT Wilson coefficients. Both the
heavy top partner model and the MSSM-like model with a light scalar top modify only
the ¢, and ¢; Wilson coefficients and do not generate c;y terms at leading order. This also
implies that ¢, and ¢; do not run at LL-level, while ¢, does include NLL running through
as. Then, we study the shape of the p# spectrum in these models, i.e. the R; correction
to the SM, while varying the masses of the relevant particles, and compare them to those
in the SMEFT for the ¢, and ¢; values computed from the matching. Finally, we perform
SMEFT fits to these pjll[ spectra and study the fitted value of ¢, while changing the upper
end of the pif range used in the fit. The fits are performed using the same p4 binning
adopted for the published experimental studies, assuming a flat relative accuracy of 5%
on all the bins, given the small values of the matched Wilson coefficients. This accuracy,
whose value is arbitrary and is not meant to reproduce the experimental and theoretical
uncertainties, is chosen to ensure that differences of the results obtained while changing
the fit range are significant. The comparison of the ¢, values from these fits to those
obtained via the matching calculation gives quantitative information on the breakdown of
the SMEFT approach as a function of the new particle masses and p¥ fit range.

4.1 Heavy top partner

Several SM extensions predict vector-like quarks, i.e. strongly interacting fermions whose
left and right-handed components transform in the same way under the SU(2)®@U(1) gauge
group. These fermions can have different SU(2) 7, quantum numbers: in a singlet (7°) or (B),
in doublets (7, B), in triplets (X, T, B), but they are in the fundamental representation of
the colour SU(3) as the ordinary quarks. The effective Lagrangian describing the inter-
action of the heavy fermions with SM fields contains a Yukawa interaction between new
and SM fermions, which induces a mixing between them whose detailed structure depends
on the model [102]. Limits on vector-like partners of third-generation quarks from LHC
searches are in the 1.3-1.4 TeV range, depending on the scenario under consideration (see
e.g. ref. [103]). The mixing with SM fermions leads to strong constraints from precision EW
data [104]. In particular, heavy quark partners contribute to the S and T oblique param-
eters [105] through mixing. The mass matrices can be diagonalised by suitable biunitary
transformations characterised by angles 6z and 67, (which are not independent).
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Figure 3. pZ spectra normalised to the SM prediction for the heavy top partner model with
My = 500, 700, 1500, 2500 GeV and sin?# = 0.1. The SMEFT spectra for the matched Wilson
coefficients and only linear (dashed) and linear plus quadratic (dotted line) terms are also shown.

In the following we consider a simplified model with a top partner with mass Myp.
The Yukawa couplings in the top sector can be parametrised in terms of a mixing angle 6
and read

yt:\/i%00829 yT:ﬂ?sirﬁQ. (4.1)

In the limit M7 — oo the top partner can be integrated out and the model is matched to
the SMEFT with the following Wilson coefficients:

B sin? @
9= 19
¢ = cos? 0,
Ctg =0. (42)

In the following, we consider four My mass values: 500, 700, 1500, 2500 GeV with
sin? @ mixing of 0.1, chosen close to the current experimental limits.

The p¥ spectra are generated with the MORE-HQT program. The model spectra,
normalised to the SM prediction, are shown in figure 3, compared to the SMEFT spectrum
for the matched values of ¢, = 0.1/12 =~ 0.0083 and ¢; = 0.90. Qualitatively, the matched
SMEFT spectrum reproduces that of the model up to plr_ﬁ’ < My while at higher p¥ values,
where the model spectrum depends explicitly on M% mass terms, the SMEFT description
breaks down. The patterns observed here correspond to those reported in refs. [61, 106].

The ¢4 values corresponding to these spectra are extracted by performing SMEFT fits
to the p¥ spectra in the heavy top partner model for the chosen values of Mp. The fits
are performed on a p¥ range from 200 GeV up to an upper limit ranging from 450 GeV
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Figure 4. Wilson coefficient ¢, values obtained in the SMEFT fit with only linear (left) and with
linear plus quadratic terms (right) to pif spectra produced from heavy top partner models with
different M7 values and sin? #=0.1 as a function of the upper end of the p# fit range. The dashed
lines show the ¢4 values of the SMEFT matching to the model.

to 2TeV. The fitted ¢, values are shown in figure 4 as a function of the upper limit of
the fit range for both linear terms and linear plus quadratic terms included in the SMEFT
expansion. In the latter case, the results show that the ¢, values obtained from the SMEFT
fits agree with the matched values as long as the upper end of the p¥ range used in the fit
is not significantly larger than the heavy top partner mass M7 in the model. When the pQH
range of the fit overlaps with the value of My in the model and probes the pZ region where
the SMEFT description breaks down, the fitted ¢, values drop below the matched value
becoming incompatible with it. This marks the breakdown of the SMEFT to describe the
heavy top partner model and it is caused by the mismatch between the spectrum in this
model and that from the SMEFT when the fit extends to pX > My values. Therefore, the
p¥ spectrum is not only sensitive to the size of the couplings ¢, ¢4, but also to the heavy
top-partner mass My, if the accessible p? values exceed the value of Mp. In the case of the
linear SMEF'T fit the situation is different. The fitted ¢4 values have an upward trend with
increasing values of the upper bound of the pjlf fit range, modulated by the effect of the
SMEFT breakdown for p?
from the matching calculation.

2 My, and they do not reproduce the expected value obtained
This result is in line with the different behavior of the spectra obtained by matching
with only linear or linear plus quadratic terms in figure 3. In conclusion, the SMEFT
expansion with linear and quadratic terms leads to more consistent constraints on the
explicit model, as long the p¥ range is sufficiently small compared to M7, than when only
the linear terms are kept in the SMEFT expansion. This is a clear argument for including
quadratic terms in SMEFT fits, which corresponds to an SMEFT expansion at the level
of the amplitudes. On the other hand, the question arises if, in that case, dimension-8
operators should not be included as well, the effects of which are of the same order within
the SMEFT expansion at the level of the differential cross section. However, dimension-8
operators decouple with the heavy top-partner mass explicitly, since they constitute the
first subleading order of an expansion in the inverse of the heavy top-partner mass at the
amplitude level. Thus, the quadratic terms of the dimension-6 operators are dominant.
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Parameter | Benchmark | Benchmark | Benchmark
m; 500 m; 700 my; 1500
mz, (GeV) 512 712 1572
mg, (GeV) 2023 2033 2068
my, (GeV) 1015 1031 1082
my, (GeV) 2017 2027 2059
tan 8 3.9 3.9 3.9
w (TeV) -3.0 -3.0 -3.0
A; (GeV) 200 200 200
m o (TeV) 2.5 2.5 2.5

Table 1. Main parameters of the MSSM-like benchmark scenarios used in the SMEFT validity
study.

4.2 MSSM-like scenario with a light scalar top

The second model we consider is a MSSM-like model with a light scalar top quark (stop), #1.
The sensitivity of the upper end of the p¥ spectrum to the contribution of £, has already
been discussed in some detail [61, 107]. The change of the shape of the p:];I spectrum
with the #; mass is estimated for MSSM benchmarks where the masses of all of the SUSY
particles are set above 2 TeV, except for the scalar top and scalar bottom (sbottom) quarks.
The sbottom gives only a small contribution to the cross section though. We vary mj, from
500 GeV, close to current limits from direct searches at the LHC [108, 109], up to 1.5 TeV.
The corresponding MSSM parameters are calculated with SOFTSUSY 4.1.7 [110], and the
most relevant to our study are summarised in table 1. The qu spectrum for the MSSM-like
benchmarks is computed using SUSHI 1.7.0 [111] interfaced with the output of SOFTSUSY,
but setting the mass of the lightest Higgs boson to 125 GeV.6

The matched Wilson coefficient ¢, can be expressed in terms of the MSSM masses and
couplings as:

2 2 2 2
Cg = 9% (;:5951 + %952 + %ggl + :;?gg2> ) (4.3)
t1 to b1 bo
where g; and g; are the Higgs couplings to the stop and sbottom quarks in the conventions of
SusHI, while ¢y = 0, since the MSSM does not generate c;4 terms at leading order. Given
the difference in the top and bottom quark masses, the value of ¢, for our benchmark points
is dominated by the stop contribution. The value of the coefficient ¢; is about 0.998 for
these scenarios, so that we can limit ourselves to consider the effects of ¢,. Since ¢y = 0,
the Wilson coefficients ¢4, ¢; do not run at LL-level.
The MSSM-like pZf spectra for different values of my, normalized to the SM predictions
are compared in figure 5 to the corresponding SMEFT spectra for the ¢, values obtained

5We note that, strictly speaking, the scenarios we are considering cannot be regarded as true MSSM
benchmarks, since the ensuing mass of the SM-like Higgs boson would be below 125 GeV. However, here we
are not interested in testing the MSSM, but in studying the validity of the EFT approach as a function of
the masses of the BSM particles.
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Figure 5. plf spectra normalised to the SM prediction for the three MSSM-like benchmark points
with varying ¢; masses. The SMEFT spectra for the matched Wilson coefficients and only linear
and linear plus quadratic terms for the m;=500 GeV and 1500 GeV benchmarks are also shown.

from the matching relation of eq. (4.3). Comparing figure 3 and figure 5 we see that the
ratios R; for the MSSM-like benchmarks are much closer to unity than those observed for
the heavy top partner model. This is due to the fact that the MSSM particles decouple in
the high-mass limit.

Fits to these spectra are performed over a p? interval starting from 200 GeV up to an
upper limit ranging from 450 GeV to 2TeV. The ¢, values extracted from the SMEFT fits
are shown in figure 6 as a function of the upper limit of the fits. Similarly to what has
been observed for the heavy top partner model in the previous section, the fitted ¢, values
are consistent with the matched values as long as the scalar top mass is significantly larger
than the upper limit of the p:,b! range used in the fit. When transverse-momentum values
above the stop mass are used in the fit (pf > mg, ), the fitted values of ¢, drop below
the matched value of the model. It is interesting to observe how these trends indicate a
sensitivity to New Physics from SMEFT fits beyond values of light stop masses already
excluded by LHC direct searches [108, 109].

When comparing the results of SMEFT fits with linear and linear plus quadratic terms
in figure 6 we observe a similar dependence of the fitted ¢, values on the fit range in the
linear SMEFT expansion as for the heavy top partner model. In the present case this
dependence is milder because of the smaller values of ¢4. On the other hand, the central
fit values obtained with the linear SMEFT are slightly closer to the matched values. This
might appear in contradiction with the fact that in figure 5 the linear plus quadratic curves
are always closer to the actual MSSM-like spectra. However, in the fits performed for the
MSSM-like scenarios the spectrum normalisation is kept as a free parameter, which changes
this picture. The relatively large uncertainties associated to the fitted ¢, values are a direct
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Figure 6. Wilson-coefficient ¢, values obtained with only linear (left) and with linear plus
quadratic terms (right) to pZf spectra produced from MSSM-like benchmark scenarios with different
my, values as a function of the upper end of the pif fit range. The dashed lines show the ¢, values
of the SMEFT matching to the MSSM-like benchmark scenarios.

consequence of the decoupling nature of the MSSM-like scenario under consideration and
the small relative corrections with respect to the SM. Therefore, both linear and linear
plus quadratic SMEFT fits are compatible with the ¢, values obtained from the matching
calculation within the range of applicability of the SMEFT, i.e. p¥ < myg,. This is a
consequence of the decoupling behaviour of the stops and sbottoms as BSM particles at
the dimension-6 level so that the linear expansion provides a reliable approximation for the

differential cross section in this case.

5 Results

This section presents the results of single- and multi-parameter SMEFT fits. The sensitivity
of the LHC experiments to constrain the Wilson coefficients is studied by assuming a SM
spectrum where the R; ratios in all bins are equal to unity. The uncertainties correspond to
those published by the experiments for the LHC Run 2 statistics and their extrapolations
to the end of the HL-LHC programme at 3000 fb~! assuming a combination of ATLAS
and CMS data. The fits are performed either by using directly the R; values from our
scans and for the reference spectrum, thus being sensitive to both the spectrum shape and
the Higgs signal yields normalised to the SM predictions, or by relying on the shape of
the spectrum only, in which case only the relative change of the R; values as a function
of pif are used in the fit. The sensitivity to constrain the Wilson coefficients of the two
approaches is compared. The interplay of the ggF and ttH production modes in the
SMEFT fits is studied for the case of a SM-like spectrum and SMEFT benchmarks. The
results presented in section 5.2 include only the contribution of the ggF process, while
those in section 5.3 also include t#H production. Finally, in section 5.4 the results reported
by ATLAS and CMS are analysed in simultaneous fits to extract contours of the Wilson
coefficients compatible with the current LHC data.

As mentioned above, constraints on the Wilson coefficients can also be obtained from
the analysis of other processes. It is clear that constraints on ¢; and ¢, can be obtained
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from inclusive cross section measurements in the ggF and ttH channels. However, since
there are blind directions in the c¢;—, space, in the rest of the paper we will focus on high-
pr Higgs production in our analysis. On the other hand, the study of ¢ and single top
differential cross sections is sensitive to ¢y [92, 112]. The CMS collaboration has reported
bounds on the chromomagnetic dipole operator from the t¢ differential cross section in the
azimuthal angle between the two leptons in di-leptonic events [113]. Other constraints
have been obtained in ref. [114] by using top quark production with additional leptons.
In the following we compare our results with the constraint on c;; coming from the global
analysis in the top sector recently reported in ref. [71], converted through eq. (2.6) to our
conventions.

5.1 Experimental results for boosted Higgs production

The ATLAS and CMS experiments have performed several analyses of Higgs production
at high p¥ . The CMS collaboration has conducted a search for Higgs bosons produced
with pr > 450 GeV decaying to a bb pair based on the Run 2 data sample corresponding to
an integrated luminosity of 137fb~! [35]. The search obtains an observed signal strength
pg = 3.7 £ 1.6 and reports an unfolded differential cross section in pg bins for ggF
production computed by assuming the other production modes at SM rates.

The ATLAS collaboration has reported preliminary results in a similar study for
boosted Higgs production (inclusive over all production modes) in the bb final state on
an integrated luminosity of 136 fb~! [37]. The study reports a signal strengths of uy = 0.7
+ 3.3 and pg = 26 £ 31 in the fiducial regions defined by p¥ > 450 GeV and p¥ > 1TeV,
respectively, as well as unfolded inclusive signal strengths and differential cross sections in
different pJH bins.

ATLAS has also obtained results for the boosted V H production process, again in
the H — bb decay channel, in the kinematic regions of 250 < p¥ < 400 GeV and p¥ >
400 GeV, where p¥ is the transverse momentum of the W or Z boson emitted with the
Higgs boson [115]. Finally, both collaborations have reconstructed the p¥ spectrum using
the H — vy and H — ZZ — 4¢ decay channels [116, 117].

These studies give a significant corpus of results that can be used to derive experimental
relative uncertainties in the measurements of the Higgs yields in p¥ bins. The p¥ binning
used by the experiments for inclusive boosted Higgs production is [300-450], [450-650], >
650 GeV for CMS and [450-650], [650-1000], > 1000 GeV for ATLAS. ATLAS and CMS have
also provided estimates for the evolution of these uncertainties with 3ab™! of integrated
luminosity at the HL-LHC [39, 118].

Our study is based on the latest results reported by ATLAS and CMS. At high pjff we
use the results of the boosted H — bb analyses, while for p¥ values below those reported
in the boosted analyses data are taken from the H — vy and H — ZZ — 4/ analyses.

5.2 Sensitivity of the ggF pZ spectrum to SMEFT parameters

In the following the sensitivity to constrain the Wilson coefficients from SMEFT fits for
the ggF' process to the p¥ spectrum is studied by determining the regions in the SMEFT
parameter space compatible with a SM-like spectrum, i.e. assuming R; ratios equal to
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Figure 7. Values of the ¢, (left) and ¢y (right) coefficients excluded at 95% C.L. as a function of
the integrated luminosity | £ for single-parameter fits. The open points refer to fits to the spectrum
shape only and the filled point to fits including also the Higgs signal yield normalised to the SM.
The shaded horizontal strip in the right plot indicates the 95% C.L. interval for ¢4 from the current
top quark fit of ref. [71] translated to our definition of cyq(uo).

unity in all pi,lf bins. When presenting results corresponding to an integrated luminosity
of 140fb~!, the bound on ¢, reported in ref. [71] is shown as a blue-shaded band after
translation to the conventions adopted in this paper. The translation of ¢y includes the
conversion and running according to eq. (2.6) and eq. (2.4), respectively, assuming that
ref. [71] uses an input value of pg = my.

First, we study the sensitivity to the ¢, and ¢y coefficients as a function of the in-
tegrated luminosity [ £ using the relative uncertainty on the determination of the Higgs
pr spectrum for 140 fb~! and 3000 fb~! and scaling it as 1/ \/ﬁ for other values. This
assumption is justified since the accuracy on the Higgs rate at high p¥ is dominated by
the statistical uncertainty. Figure 7 shows the values of ¢4 and ¢;y that can be excluded
at 95% C.L. in a single-parameter fit as a function of [ £ by using either the spectrum
shape only or also the signal yields in the fit, i.e. assuming c¢;(Mpy) = 1.0. We see that the
constraint from such one-parameter fit on ¢ is already competitive with the constraint
coming from top data [71]. These results demonstrate the significant improvement in ac-
curacy achieved by adding the signal yield information, in particular when the available
statistics is limited. The inclusion of LHC Run 3 data is expected to provide us with a sig-
nificant improvement of the strength of the constraints obtained from the study of boosted
Higgs production.

We continue with simultaneous fits of ¢, and ¢y in figures 8-12. The regions of the
SMEFT parameter space compatible with a SM-like spectrum are determined for different
scenarios and assumptions in the multi-parameter fits. Similar to what was done before,
the sensitivity of the fits obtained by using only the spectrum shape and also including the
signal yields are compared. We have verified that, for values consistent with the current
constraints obtained by ATLAS [119] and CMS [120] on the Higgs coupling modifier to
top quarks, ki, in the r-framework [121], the ¢; coefficient does not induce significant
modifications to the p¥ spectrum shape and its contribution can be absorbed in a c?

rescaling of the signal yield.
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Figure 8. Constraints on the ¢, and ¢4 coefficients at 68% (dark grey), 90% (mid grey) and 95%
(light grey) C.L. obtained from the fit to the spectrum shape on 200 < p < 2000 GeV with 140 fb~*
(left panels) and 3000 fb~! (right panels) for the linear (top panels) and with the addition of the
quadratic terms (bottom panels). These constraints are obtained by including a free normalisation
term in the fit and are therefore only sensitive to the spectrum shape. The SM value is indicated by
the blue star and the best fit value by the white marker. The shaded horizontal strip indicates the
95% C.L. interval for ¢;, from the top quark fit of ref. [71] translated to our definition of ¢;4(io). The
region shown in colour and labelled “unphysical” in the fits with only SMEFT linear terms indicates
the parameter space leading to negative unphysical values of cross section in the pZf spectrum for
a linear SMEFT approximation at dimension 6.

Furthermore, we compare the results obtained with a linear SMEFT expansion and
an expansion including also quadratic terms in the Wilson coefficients. As discussed in
section 2 the default scale choice for our analysis is a dynamical factorization and renormal-
ization scale up = pp = \/M% + p%. As for the input scale p for the Wilson coefficients,
we adopt the natural choice ug = 125 GeV, but, for comparison, we also show results for
Ho = 1TeV.

The experimental uncertainties are taken from the ATLAS and CMS Run2 public
analyses (140fb~!) and those expected for the HL-LHC with twenty times larger data sets
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Figure 9. Constraints on the ¢, and ¢4 coefficients at 68% (dark grey), 90% (mid grey) and 95%
(light grey) C.L. obtained from the fit to the spectrum shape and Higgs signal rate on 200 < pH <
2000 GeV with 140fb~! (left panels) and 3000fb~! (right panels) for the linear (top panels) and
with the addition of the quadratic terms (bottom panels). The SM value is indicated by the blue
star and the best fit value by the white marker. The shaded horizontal strip indicates the 95% C.L.
interval for ¢;y from the top quark fit of ref. [71] translated to our definition of ¢;4(uo). The region
shown in colour and labelled “unphysical” in the fits with only SMEFT linear terms indicates the
parameter space leading to negative unphysical values of cross section in the p¥ spectrum for a
linear SMEFT approximation at dimension 6.

(3000 fb=1). The relative uncertainties for the signal strengths in each p¥ bin are computed
by combining the total uncertainties for ATLAS and CMS. We also assume a theoretical
uncertainty of 12% in all p4f bins.

Figure 8 compares the sensitivity of the fits in the ¢y, plane for 140fb~! and
3000 fb~! of integrated luminosity (left vs. right plot) as well as the difference between
only linear against also quadratic terms in the SMEFT expansion (top vs. bottom plots).
While in figure 8 only the shape information of the spectrum is used, the contours in figure 9
are obtained from a fit that includes also the Higgs signal yields normalised to the SM.
The results from the fits to the spectrum shapes and Higgs signal rates are not significantly
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modified if the assumption of ¢;(Mpy) = 1.0 is relaxed by imposing instead a constraint on
ct(Mpr) corresponding to the ¢ bounds reported by ATLAS [119] and CMS [120].

The use of SMEFT linear terms only can result in negative values of the Higgs cross
section for some p¥ values in our fit range over a relatively large region of the ¢4, ¢
Wilson coefficients, which are marked as “unphysical” in the respective figures. This is not
unexpected and can be explained as an effect of the interference term between dimension-4
and dimension-6 operators, which can be negative, in absence of the squared contributions
of the dimension-6 operators.

When comparing the top and bottom plots in figure 8 and figure 9, we observe that
the inclusion of the SMEFT quadratic terms results in tighter constraints on the Wilson
coefficients. Whether quadratic terms should or should not be included in dimension-6
SMEFT fits is still an open question: including quadratic terms corresponds to promote
the SMEFT expansion from the level of the Lagrangian to the amplitude level. As we have
seen in section 4.1 and section 4.2, the issue is also related to the decoupling behaviour of
the underlying UV model.

The effects from including quadratic terms are particularly significant in figure 8 where
the fits include a free normalisation parameter and are therefore only sensitive to the
spectrum shape and not to the Higgs signal yields normalised to the SM. Comparing the
left and right panels in figure 8 and figure 9, it is also clear that with the statistical accuracy
at 3000 fb~! the constraints will substantially improve and also become significantly more
stable with respect to the various choices that can be made in the fits. Disregarding the case
of the shape-only fit with linear terms (upper left plot in figure 8) for which the sensitivity
obtained at 140 fb~! is still limited, we observe a significant anti-correlation between the Cq
and ¢y coefficients defining elongated contours where they are compatible with a SM-like
spectrum.

Up to now all our results have been obtained by using a dynamical renormalisation
and factorisation scale up = pp = \/M% + p%. In the case in which all the scales are
fixed to ur = pur = o = My the constraints obtained for a SM-like spectrum would be
tighter by ~10%. This, however, is originating from an ill-defined treatment of logarithmic
contributions at higher orders and should not be viewed as an improvement.

Finally, we consider the case in which the reference scale g is chosen as pg = 1TeV,
instead of pp = 125GeV, still using a dynamical scale up = pup = /M% +p%. The
corresponding results are shown in figure 10. Comparing with figure 9, we observe that the
correlation between c¢;y and ¢4 is reversed. This is due to the fact that the RG equation
for ¢, has a large term driven by ¢y, see eq. (2.4). However, the two results are fully
compatible and can be directly obtained from each other by translating each point in the
parameter space for one g scale choice to the other through the RG evolution of the Wilson
coefficients. The last two results underline the importance of including the RG running of
the Wilson coefficients and properly specifying the input scale of the fit.

5.3 Interplay of ggF and ttH production in the p¥ SMEFT fits

The results presented so far are based on the study of the SMEFT effects in Higgs produc-
tion through gluon fusion. Although these effects are dominant, as discussed in section 3.1,
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Figure 10. Constraints on the ¢4 and ¢4 coefficients at 68% (dark grey), 90% (mid grey) and 95%
(light grey) C.L. obtained from the fit to the spectrum shape and Higgs signal rate on 200 < pH <
2000 GeV with 140fb~! (left panel) and 3000 fb~! (right panel) for g = 1TeV. The SM value is
indicated by the blue star and the best fit value by the white marker. The shaded horizontal strip
indicates the 95% C.L. interval for ¢;y from the top quark fit of ref. [71] translated to our definition

of ¢q(po).

in general the experimental analyses select a mixture of boosted Higgs events from all pro-
duction modes. In particular, the ggF and ttH production processes are sensitive to the
same SMEFT operators. Therefore, it is interesting to study the effect of including both
ggF and ttH contributions in the SMEFT fits of the Wilson coefficients. Again we consider
a SM-like spectrum where the R; ratios are equal to unity in all p¥ bins with the relative
uncertainties taken from the experimental measurements and projections. Additionally,
benchmark scenarios with non-zero ¢, and/or ¢;y values are fitted, assuming the same rel-
ative uncertainties. As discussed in section 3, the simultaneous fit of the ggF and ttH
SMEFT spectra is based on the sum of the R; ratios for each process weighted by the re-
spective fraction, f, of signal events in the sample. For the V H and VBF processes, whose
spectra are not sensitive to the 01, Os and O3 SMEFT operators, a SM-like contribution
is assumed.

First, the regions in the c,—c;y parameter space compatible with a SM-like spectrum
are determined assuming fy,r = 0.50 and f;;5 = 0.15, consistent with the fractions of
signal events obtained by the experimental analyses. The results are shown in figure 11 for
140 b1 and 3000 fb~!, including linear and quadratic terms as well as pqlf shape and signal
yield information in the fit for pug = 125 GeV. Comparing the results in figure 11 to those
in the corresponding two lower plots of figure 9, the additional correlation between the two
Wilson coefficients, induced by the not negligible sensitivity offered by the ttH process to
Ctg, is evident, in particular when ¢, is small. For example, in the case of 140 fb~1, we see
that the extreme values of the allowed region in the ggF-only fit (c;g ~ 0.4, ¢y ~ £0.2)
are now completely excluded. Indeed, the strong (anti-)correlation of ¢, and ¢, resulting
from the ggF-only fit is largely reduced yielding a more circular shape in the c,—c;y plane.
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Figure 11. Constraints on the ¢4 and ¢y coefficients at 68% (dark grey), 90% (mid grey) and
95% (light grey) C.L. obtained from the fit including ggF and ttH SMEFT contributions to the
SM-like spectrum shape and Higgs signal rate on 200 < pX < 2000 GeV with 140fb~! (left panel)
and 3000fb~! (right panel). The SM value is indicated by the blue star and the best fit value by
the white marker. The shaded horizontal strip indicates the 95% C.L. interval for ¢, from the top
quark fit of ref. [71] translated to our definition of ¢;4 (o). Notice also the reduced range compared
to figure 9.

We continue by considering benchmark spectra generated by combining SM-normalised
SMEFT distributions for the ggF and ttH processes corresponding to a set of Wilson
coefficients. The values of ¢4, c;y compatible with these benchmark spectra are determined
by fitting them either with templates for the consistently combined ggF and ttH predictions
or by using only ggF’ predictions, while assuming all the other Higgs production processes to
be SM-like. Figure 12 shows the constraints obtained for a benchmark with ¢, (po) = 0 and
ctg(po) = 0.10 fitted with the same ggF (0.50) and t¢H (0.15) SMEFT contributions used
to generate the benchmark spectrum. This point in the parameter space is chosen at ¢,=0
and at the upper bound on ¢4 obtained by the fit to top-quark data of ref. [71] where the
ttH effects are largest. The ggF plus ttH fit correctly recovers the input benchmark values.
Instead, if this spectrum is fitted assuming the ttH contribution to be SM-like, the fit yields
cg(to) = —0.04£0.07 and cty(po) = 0.1740.33 for 140 b~ and ¢, (up) = —0.04£0.01 and
ctg = 0.19 4 0.04 for 3000 fb~! of integrated luminosity. Similarly, a benchmark cg(pg) =
0.02 and ¢4 (p0) = 0.08 gives fit values of c4(19) = —0.02 4+ 0.01 and ¢4(po) = 0.14 £0.03
for 3000 fb~! of integrated luminosity. This indicates that the assumption of a SM-like
ttH contribution in the SMEFT fit gives results that are still statistically compatible with
the benchmark true parameters at the current level of accuracy, but these would become
significantly biased with the uncertainties anticipated for the HL-LHC. We conclude that a
global fit including the ggF and ttH SMEFT contributions weighted by the corresponding
fractions of signal events selected by the experimental analysis will be required for HL-LHC
analyses.
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Figure 12. Constraints on the ¢ and ¢4 coefficients at 68% (dark grey), 90% (mid grey) and 95%
(light grey) C.L. obtained from the fit including ggF (0.50) and t¢tH (0.15) SMEFT contributions
to the spectrum shape and Higgs signal rate on 200 < pX < 2000 GeV with 140 fb~! (left panel) and
3000 fb~! (right panel) for a benchmark point with cg(uo) = 0 and ¢ty (1) = 0.1. The benchmark
value is indicated by the dark blue circle. The shaded horizontal strip indicates the 95% C.L. interval
for ¢;4 from the top quark fit of ref. [71] translated to our definition of ¢4 (po).

5.4 Fit of the ggF spectrum to experimental results

The ATLAS and CMS collaborations have already published constraints on the SMEFT
parameters obtained by fits to their p¥ results [122, 123]. However, the early ATLAS
analysis for ggF production at high pZ of ref. [123] only used the H — vy results for
pif > 450 GeV in their fits, while the CMS SMEFT result of ref. [122] was based on the
preliminary boosted H — bb analysis performed with only 35fb~! of integrated luminosity.
Here we provide a first assessment of the values of the Wilson coefficients compatible with
the current LHC results from both experiments, while consistently accounting for their RG
evolution. Since no combination is available of the pZ spectra measured by ATLAS and
CMS, we obtain constraints from the data of the two experiments by performing a simul-
taneous SMEFT fit to the two independent sets of signal strenghts in the p¥ bins reported
by the two experiments. The uncertainties on these measurements are largely dominated
by the statistical contributions, correlations between the two results are expected to be
small at the current level of accuracy and are neglected here.

The ATLAS preliminary analysis is inclusive, i.e. the signal strengths are not separated
by Higgs production modes. The CMS analysis reports results for ggF' signal strengths
assuming the other production modes to be SM-like. Therefore, we consider only the ggF
SMEFT contribution in our study, and the ATLAS signal strength values and related un-
certainties are rescaled by the inverse of the relative ggF' contribution reported by ATLAS
in each p¥ bin.

The fit is performed by keeping the ¢, and ¢;y parameters free. Given the limited
accuracy of the current experimental results only the fits using both the spectrum shape
and the signal event rate as well as including both linear and quadratic SMEFT terms offer
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Figure 13. Result of a simultaneous fit to the spectrum shape and Higgs signal rate of ATLAS
(left) and CMS (right) using the SMEFT expansion with linear and quadratic terms at po =
125 GeV. The points with error bars show the data and the continuous line the best fit corresponding
to ¢g(Mp) = —0.08 and c¢ty(Mpy) = —0.13.

;o T T T T T T T ~> T T T T T
= ATLAS+CMS Data = ATLAS+CMS Data
& 04r B ss%CL. N & 04r B ss%CL. / n
0.3 90% C.L. _ 0.3F 90% C.L. _
95% C.L. 95% C.L.
0.2+ ¥ SMm — 0.2 * sm _
95% C.L. t Global Fit 95% C.L. t Global Fit
0.1 7 7 0.1 7 4
oF < 4 oF 4 4
-0.1F - -0.1F J —
-0.2- - -0.2- -
EFT Lin+Quad EFT Lin+Quad
—0.3[ n,=125GeV; - —0.3Fn=1Tev; —
n =VM$+p$ n =VM$+p$
-0.4r Fit Shape + Yield \ N -0.4r Fit Shape + Yield N
| | | 1 l | | | | | | | 1 l | | | |
-0.8-0.6-0.4-0.2 0 02 04 06 0.8 -0.8-0.6-0.4-0.2 0 02 04 06 0.8
Clky) Clky)

Figure 14. Constraints on the ¢ and ¢4 coefficients at 68% (dark grey), 90% (mid grey) and 95%
(light grey) C.L. obtained from the simultaneous fit to ATLAS and CMS data for pg = 125 GeV
(left panel) and pg = 1 TeV (right panel). The SM value is indicated by the blue star and the best
fit value by the white marker. The shaded horizontal strip indicates the 95% C.L. interval for ¢,
from the top quark fit of ref. [71] translated to our definition of ¢4 (p0).

some sensitivity to the Wilson coefficients, see section 5.2. Therefore our fit does not include
the normalisation parameter, i.e. assuming ¢;(Mpy) = 1.0, and it uses linear and quadratic
terms in the SMEFT expansion. The results of a simultaneous fit to the preliminary
ATLAS and the CMS data is shown in figure 13 for the best fit values c4(Mp) = —0.08
and cq(Mp) = —0.13. The corresponding contraints in the c¢;4—¢4 plane obtained for two
choices of the RG input scale, pg = 125 GeV and pg = 1TeV, are summarised in figure 14
with data compatible with the SM at better than 90% C.L.
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The fit yields a contour in the parameter space compatible with the data within
90% C.L that can be described as a very elongated ellipse with an elliptic hole in the
middle. This essentially leads to two disjoint sets of solutions along almost parallel lines.
The SM point lies close to the edge of one of these lines, while the best fit value belongs
to the other parallel branch. These features are fully preserved when changing the input
scale pp from 125 GeV to 1TeV. However, as observed in figure 10, the use of the reference
scale g = 1'TeV leads to a striking modification of the correlation in the ¢;y—c4 plane. As
discussed in section 5.2, this effect is due to the large impact of the ¢y term in the RG
equation of the ¢4 coefficient, see eq. (2.4). The two results can be consistently translated
into each other by using the RG evolution of the operators.

6 Conclusions

In this paper we have considered Higgs boson production at large transverse momentum,
a new stage in the study of the Higgs profile at the LHC. The effects of the three leading
dimension-6 operators in the gluon-fusion and ttH production processes have been studied
in the Standard Model Effective Field Theory. They include a point-like Higgs-gluon
coupling, the chromomagnetic dipole operator of the top quark and a reweighting of the
top-quark Yukawa coupling. The corresponding Wilson coefficients ¢, ¢ty and ¢; have been
defined as scale dependent quantities obeying renormalization group equations coupled
among the three operators.

The central goal of our study has been to place bounds on the Wilson coefficients of
the dimension-6 operators from current LHC data and to assess the sensitivity that can be
reached throughout the LHC programme. This has been achieved through multi-parameter
x? fits of the deviations of the Higgs production cross section computed in SMEFT in bins
of Higgs pr combined with the available state-of-the-art SM predictions for the ggF' and
ttH channels, taking into account the experimental and theoretical uncertainties.

Although not yet critical at the current level of experimental accuracy, accounting for
renormalisation group evolution of the SMEFT operators is crucial when it comes to preci-
sion bounds on the Wilson coefficients. Our analysis employs a dynamical renormalisation
and factorisation scale, which is set to the transverse mass of the Higgs boson for the ggF
production mode. To account for the correct momentum transfer in the SMEFT couplings
the dynamical setting of the renormalization scale is used also for the Wilson coefficients.
In the fits the Wilson coefficients are then extracted at an input scale ug equal to the Higgs
mass. We have shown that the use of a high scale pg = 1TeV would lead to a completely
different correlation between ¢, and c;y; when performing multi-parameter fits in the ¢y,
plane. With an analysis spanning a wide range of Higgs transverse momenta, running
effects are important. It is therefore advisable to present results including the running of
the operators as this will become essential for HL-LHC analysis.

The validity of the SMEFT assumptions has been tested by performing fits to a model
with a heavy-top partner and to MSSM-like scenarios with a light scalar top, varying the
new particle masses and the p¥ range used in the fits. The Wilson coefficients extracted
from the fits agree with the values obtained by calculating the matching between the
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explicit model and the SMEFT as long as the upper end of the p¥ range used in the
fits is not significantly larger than the mass of the heavy particle in the model. We have
also contrasted the results obtained with only linear or linear plus quadratic terms in the
SMEFT expansion. In the case in which new physics does not decouple, as it happens
in scenarios with a heavy top partner, SMEFT effects are large and a fit with linear and
quadratic terms yields results that are closer to those obtained in the full model. Instead,
when the new physics decouples, as in the case of the MSSM-like model with a light scalar
top and heavy SUSY particles, the new physics effects are small and can be captured
already through a fit including only linear terms in the SMEFT expansion.

The sensitivity to the ¢, and c;; Wilson coefficients has been studied for both the
current accuracy and for future LHC accuracies of boosted Higgs production. The use of
both the shape of the p:? spectrum and the signal yield provide stringent constraints on the
Wilson coefficients, with a peculiar (anti-)correlation in the ¢—c4 plane. The constraint
on ¢y extracted from a single-parameter fit to a SM-like Higgs p:,b! spectrum appears to
be competitive with the corresponding bound obtained from a multi-parameter fit in the
global analysis of the top sector recently reported in ref. [71]. The constraints in the c;4—cq4
plane will become rather tight with the anticipated accuracy obtained with HL-LHC data.

In the range allowed by the current ATLAS and CMS constraints on the Higgs coupling
modifier to top quarks, k¢, the ¢; Wilson coefficient does not induce significant modifications
to the p? spectrum shape. Moreover, it is clear that constraints on ¢; will come from
inclusive cross section measurements, especially from ttH production, while the Higgs
transverse-momentum spectrum will then yield an accurate determination of the Wilson
coefficients ¢, and cyy.

Most of our results have been obtained by focusing on the ggF’ production mode. How-
ever, we have also investigated the interplay between the ggF and ttH Higgs production,
which are both sensitive to the same set of Wilson coefficients, assuming the other Higgs
production modes to be SM-like. The SMEFT effects from ¢tH production are subdom-
inant and its inclusion does not lead to substantial effects for current uncertainties, with
the exception of the region at low ¢, and large ¢4 values where the effects from ttH pro-
duction are largest. These effects are not yet observable in the current LHC analyses, but
will need to be included as the experimental accuracy will improve. Moreover, we stress
that with future uncertainties the combination of ggF and ttH in SMEFT fits will enable
the reduce the correlation of ¢, and ¢;y and lead to stringent constraints on both of them
simultaneously.

Finally, we have extracted constraints on the ¢, and ¢y for ggF' production from a
simultaneous fit to the preliminary ATLAS and the CMS data and compared our results
with those obtained in a global SMEFT analysis in the top sector. With the current data
the ATLAS and CMS results are compatible with the SM at better than 90% C.L.
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A Running of the Wilson coefficients

In this appendix we describe the solution of the renormalization-group equations (RGEs)
at the leading-log level. We have extracted the RGEs from ref. [64] and confirmed the
leading-log part by the corresponding results of refs. [72-74]. In order to translate the
notation of ref. [64] into our notation of eq. (2.3), we used the following relations,

\/imt A2
C]_ = —(Ct — 1) v /U72 y
g A2
Co = 82 2’
2
Oy me A (A1)

where v = 1/1/v/2GF denotes the vacuum expectation value of the Higgs field and m; the
top mass, while A represents the cut-off scale of the SMEFT framework. The parameters
m; and the Wilson coefficients ¢, ¢y and ¢y evolve either due to strong interactions or due
to the top-Yukawa coupling in our QCD analysis. The relevant RGEs for our work at the
leading-log level are (as = a/7),

my
0Cy = —as C1 + 8F as C3,

my
0,Cy, = — 0y
2 8v/2m2v 3
0,C3 = % Cs, (A.2)

where 9; = 0/0t, with t = log(Q?/u?) with @Q being the scale of the physical process and
i the input scale of the RG-evolution. The corresponding RGEs for our parameters can
be derived from eq. (A.2),”

2

my
Ocy = —4F Qg Ctg s
my
(9,5(:9 = ﬁ Ctg,
Tas
3tctg == 6 Ctg - (A?))

"We note that consistent with the leading-logarithmic level we are neglecting additional contributions of
higher order in as or m?. Therefore higher-order ¢, and csg terms are dropped in the RGE for ¢;,, where
c3c is the dimension-six Wilson coefficient of the three-gluon operator GGG.
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The simplicity of these RGEs underlines the suitability of our conventions in eq. (2.3), i.e.
the leading QCD evolution is factored out, leaving us with pure EFT effects on the scale
dependence in eq. (A.3). If ¢;y vanishes at the input scale p, there is no scale dependence of
our Wilson coefficients ¢, ¢4, ¢;g at LL-level. For the SM parameters, we use the 5-flavour
scheme, i.e. all effects at the scale of the top mass and beyond are decoupled from the
running in compatibility with the definition of the strong coupling a; in the PDF fits,

omy = —ag my,
Oias = *50@? (A-4)

with Sy = (33 — 2Np)/12 = 23/12 denoting the leading-order beta function coefficient of
QCD. The second RGE for a4 can be used as usual to replace the integration measure ¢ by
an integration over as,

dag
Boa2

This allows us to solve the RGEs for the running top mass and the Wilson coefficient Cj

dt =

(A.5)

immediately at LL level,

a1
QS(QQ) Fo
as(u?) 7
_1

as (Q2) 680

5 . (A.6)
as(p?)
The solution for C3 corresponds to the following LL expression for ¢,

ctg(Q?) = cig(p?) (aS(Q )> : . (A.7)

my(Q%) = mu(p?) (

C3(Q*) = Cs(p®) (

as(p?)

Using the solutions for m; and ¢y, the RGEs for ¢; and ¢, can be solved,

m2(u2 as(0? 5%
@) = alp?) + 5 " ) {( @ >) 6 —1},

5 as(p?)
m2(12) e (112 (02 o551
cg(Q?) = cg(1?) — g —3660 tv(zu ) ;:;((52)) {(as((%))) - 1} . (AB)

In order to cope with pure QCD effects beyond the LL level, we are adding the next-to-
leading QCD part to the RGEs of a5 and ¢y,

2
das = —Poas — Pral,
2
my 2
Oicg = 502 (9~ pragcg (A.9)
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where 1 = (153 — 19Np)/24 = 29/12 denotes the NLO coefficient of the QCD beta
function. The final solution of the RG running for ¢, can then be extended approximately as

20 Bo + Bras(Q?) 20
Q") = Bo + Bras(p?) ()

5
3 mi) ) <a5<c22>>'”°1_1
as(p?) 7
(A.10)
where the error is of next-to-leading-logarithmic order for the top Yukawa-induced con-
tributions, while the leading QCD part agrees with the known scale dependence of the
trace-anomaly coefficient [124-129]. As seen from eq. (A.10), when ¢, vanishes only the

pure QCD running of ¢, remains.
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