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1 Introduction

The precise determination of the Higgs boson properties is one of the main focus of the Large
Hadron Collider (LHC) physics programme. Within the current experimental precision, the
measurements of the Higgs couplings so far appear to be in agreement with the Standard
Model (SM) predictions within an accuracy of, typically, ten percent [1, 2]. In many beyond
the SM (BSM) scenarios, however, it is expected that new physics will introduce modifica-
tions in the Higgs properties. If the new BSM degrees of freedom are much heavier than the
electroweak scale, a general description of potential new physics effects can be formulated
in the language of an effective field theory (EFT). One possibility of such a parameteriza-
tion is the so-called Standard Model EFT (SMEFT), in which new physics effects are given
in terms of higher-dimensional operators involving only SM fields and that also respect the
SM gauge symmetries. The dominant effects on Higgs physics, electroweak physics and
top quark physics stem from dimension-six operators, suppressed by the new physics scale
A. This approach is justified in the limit in which energy scales £ < A are probed.

In this paper we will consider a small subset of these operators, namely four-fermion
operators of the third generation quarks. A direct measurement of the four-top quark oper-
ators requires the production of four top quarks. At the LHC, for /s = 13 TeV, and within



the SM, this is a rather rare process, with a cross section of about 12fb including NLO
QCD and NLO electroweak (EW) corrections [3]. This is due to the large phase space re-
quired for the production of four on-shell top quarks. First experimental measurements [4]
indicate a slightly higher cross section than the SM prediction.! Though four-top produc-
tion gives direct access to four-top operators, the main effect comes from O(1/A*) terms
when computing the matrix element squared [6], questioning whether one should neglect,
in general, the effects of dimension-eight operators in the calculation of the amplitudes.
At any rate, current experimental bounds on the four-top operators are rather weak. A
significant improvement in constraining power would be expected, however, at a future
100 TeV pp collider, due to the growth with the energy of the diagrams involving four-top
operators [7]. The situation is rather similar for the operators leading to ttbb contact in-
teractions. They can be measured directly in #fbb production, see [8, 9] for experimental
analyses at /s = 13 TeV, but also leading to rather weak limits in SMEFT fits [6, 10].
Given the rather weak “direct” bounds on the t#tf and tfbb contact interactions, here
we will discuss alternative probes, showing how these interactions can be constrained in-

directly via their contributions to single-Higgs observables.?

These operators generate
contributions to the effective couplings of the Higgs to gluons and photons via two-loop
diagrams. At the one-loop level, they also modify associated production of a Higgs boson
with top quarks and, in the case of tZbb operators, also the Higgs decay to bottom quarks.
While the leading log results can be easily included by renormalisation group operator
mixing effects [15-17], in this paper we will compute also the finite terms and show that
they can be numerically important.

In addition, we will study the interplay between the extraction of the Higgs self-
coupling measurement from single-Higgs production and decay and the four-fermion op-
erators. It was previously proposed that competitive limits to the ones from Higgs pair
production on the trilinear Higgs self-coupling can be set using single-Higgs data [18-25].
A global fit including all operators entering in Higgs production and decay at tree-level
plus the loop-modifications via the trilinear Higgs self-coupling has been performed in [26].
Searches for modifications of the trilinear Higgs self-coupling via single-Higgs production
have been presented by the ATLAS [27] and CMS [28] collaboration. Using the example of
the four-quark operators, we will show that there are other weakly constrained dimension-
six operators, that enter at the loop level, that should be included in such analyses as they
have a non-trivial interplay with the trilinear Higgs self-coupling extraction from single-
Higgs measurements. We will hence perform a series of combined fits of these four-fermion
operators together with the operator modifying the trilinear Higgs self-coupling. While
our study does not consider a global fit to all operators entering Higgs data, the results of
our computations can be easily used in global analyses. Our main point, namely that in
a global fit all operators entering via loop contributions, if so far constrained only weakly

We note that a CMS combination from different LHC runs [5], though having lower signal significance,
shows agreement with the SM prediction.

2 Alternatively, other indirect probes of four-top quark interactions that have been proposed include top
quark pair production [11], AF = 2 flavour processes [14] and electroweak precision data [12, 13]. The
latter mostly leads to bounds on operators that can be constrained only weakly from Higgs data.



(as it is the case for, e.g., four-top operators), should be included, is clearly demonstrated
by our few-parameter fits.

The paper is structured as follows: in section 2 we introduce the notation used for the
effective Lagrangian in our analysis. In section 3 we give the results of our computation
of the loop contributions of the four-fermion operators. The results of our fits to Higgs
data including the computed loop contributions are presented in section 4, where we show
results for both current data and projections at the High-Luminosity LHC (HL-LHC). We
conclude in section 5. Further details of our analysis and additional material derived from
our results are presented in two appendices.

2 Notation

In the presence of a gap between the electroweak scale and the scale of new physics, A,
the effect of new particles below the new physics scale can be described by an EFT. In
the case of the SMEFT, the SM Lagrangian is extended by a tower of higher-dimensional
operators, O;, built using the SM symmetries and fields (with the Higgs field belonging to
an SU(2) doublet), and whose interaction strength is controlled by Wilson coefficients,
C;, suppressed by the corresponding inverse power of A. In a theory where baryon and
lepton number are preserved, the leading order (LO) new physics effects are described by
the dimension-six SMEFT Lagrangian,

1

A complete basis of independent dimension-six operators was presented for the first time
n [29], the so-called Warsaw basis. In this work, we are interested in particular in the
effect of four-fermion operators of the third generation. These are, in the basis of [29],
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where we assume all Wilson coefficients to be real. In eq. (2.2), Qr, tg and br refer
to the third family quark left-handed doublet and right-handed singlets, respectively; o,
are the Pauli matrices; T4 are the SU(3). generators and T denotes transposition of the
SU(2), indices.

The largest effects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2.2) are expected to give only very
small effects, and will be neglected. This is not the case for the operators (98258), which
can have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to
the top quark mass.

We will later on also compare with possible effects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without affecting the single-Higgs couplings at tree
level is

_ C
AL Err = TS(¢T¢)37 (2.3)

where ¢ stands for the usual SU(2), scalar doublet, with ¢ = 1/v/2(0,v+h)T in the unitary
gauge. Furthermore, for later use, we write down also the operators that modify the Higgs
couplings to top and bottom quarks

_ C — C —
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with ¢ = ioag*.

3 Contribution of four-quark operators to Higgs production and decay

In this section, we discuss the contribution of the third generation four-quark operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-quark operators enter these couplings at the two-loop level. The diagrams are shown
in figure 1. There are three classes of diagrams: (a) corrections to the top-quark propa-
gator, (b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tty
vertices. The latter turns out to be zero when the gluons or photons are on-shell. The
first and second type of corrections are left-right transitions hence the only contributions
stem from the operators with Wilson coefficients Cgt)’(s), C(Qlt)éQ(l? ) and Cc(glb) ® " As can be
inferred from the diagrams in figure 1 the result can be expressed as a product of one-loop

integrals. We computed the diagrams in two independent calculations making use of dif-
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Figure 1. Example Feynman diagrams for four-fermion-operator contributions to the Higgs pro-
duction via gluon fusion. The red box indicates the four-fermion operator.

ferent computer algebra tools such as PackageX [30], KIRA [31], Fire [32], FeynRules [33]
and FeynArts [34].> We cross-checked the Feynman rules with ref. [35].

For the renormalisation procedure we adopt a mixed on-shell (OS)-MS— scheme as
proposed in [36], in which we renormalise the quark masses OS and the Wilson coefficients
of the dimension-six operators using the MS scheme. We hence renormalise the top/bottom
mass as

where the counterterms are given by

(1) (8)
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3Note that the latter tool needed some manual adjustments to deal with four-fermion operators.



with €1 = 7! — 4 + log(4r), in dimensional regularization with d = 4 — 2¢, N. = 3 the
number of colours, and cp = (N2 — 1)/(2N.) = 4/3 the SU(3) quadratic Casimir in the
fundamental representation. We note that, for the calculations of the physical processes in
this paper, the difference between using the OS or the MS definitions of the top and bottom
masses in SMEFT results in changes that are formally of O(1/A%).* We note though that
using a SM running MS bottom mass instead of an OS one makes a relevant difference in
the numerical results. In the results presented below we will use the OS bottom mass as
an input.

The coefficients of the dimension-six operators are renormalised in the MS scheme. At
one-loop level the only operators entering the Higgs to gluon or photon rates that mix with
the four-quark operators are the ones that modify the top or bottom Yukawa couplings:
Oy¢ and Oy, respectively. The coefficients of these operators are renormalized according to

VS _ A(0) . 11
Ciojos = Crops + Cupe  With  6Cismy = = - 753V Ci- (3.6)

The only four-quark Wilson coefficients contributing to 7;4/34 are the ones from O(Ql )’(8),

(’)St)@(f) and (’)82’(8). The explicit expressions for the relevant one-loop anomalous dimen-
sion can be obtained from refs. [15, 16]. The Wilson coefficients C4/,, modify the Higgs

couplings to top quarks/bottom quarks as follows

myp v Crgppg
v A2 /2

Ihtt/hbb = (3.7)

Hence, a modification of the Higgs couplings to bottom and top quarks is generated by

operator mixing, even if Cy /4 are zero at A.

The modification of the Higgs production rate in gluon fusion (ggF) can be written as
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where my, is the Higgs mass, and
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to subleading contributions proportional to mj. The varlable x; for a loop particle with

. We have neglected
as they would lead only

mass m; is given by

2
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In analogy to eq. (3.8), we can write the modified decay rates of the Higgs boson to gluons as
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and FNro,, is obtained from Fnpo by replacing the LO form factor that appears inside
of it by Fjo — N.Q?F},, with the charges @Q; = 2/3 and @, = —1/3. The W boson
contribution is given by

Y =2 <1 + 62%) — 6";?: <1 - 2”5%) log?(2w), (3.15)
with myy the W mass, and the Goldstone contribution is
F = 4@ (1 + miy 1og2(xw)> . (3.16)
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The formulae presented above are valid under the assumption that, at the electroweak
scale, the four-quark operators are the only new physics contributions in the dimension-six
effective Lagrangian. If, on the other hand, one assumes that the four-quark operators
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Figure 2. Feynman diagram contributing to the NLO h — bb process.

are defined at some higher scale A, e.g. after matching with an specific ultraviolet (UV)
model, further (logarithmic) contributions appear during the running to low energies, as
a result of the mixing between these four-fermion interactions and those operators that
would modify the processes at LO. Those effects can be included via the renormalisation
group equation (RGE) for the operators with Wilson coefficient Cy4 and Cpg [15, 16], that
lead approximatively to

1

Cw(MR) - Ct¢>(A) = 167202

2
1 8 H
l—2yt(m% — 4mf)(0é2t) + cFCét)) log <A§> (3.17)
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(3.18)

where y;/, = V2m, /b /v, and we have neglected contributions from CS ) () i eq. (3.18),
as they are proportional to ¥, and thus lead to corrections to the rates without any m;
enhancement. Note that the combinations of Wilson coefficients appearing in eqs. (3.17)—
(3.18) are the same as in Fnro in eq. (3.10). Effectively, we can then obtain the result
under the assumption that the four-fermion operators are the only non-zero ones at the
high scale by replacing in eq. (3.10) ug — A, noting that we have renormalised the top
and bottom quark mass in the OS scheme, where they are not running parameters. Should
they have been renormalized in the MS scheme, the contributions from the running of v; /v
would need to be taken into account. As mentioned before, the impact of these EFT effects
in the physical result is, however, of order 1/A%.

3.2 Higgs decay to bottom quarks

The dominant four-fermion contributions to the decay channel h — bb come from the

operators OW®) e corresponding diagram at NLO is shown in figure 2. Adopting
QtQb

the same renormalisation procedure as outlined in the previous subsection, we obtain the



following expression for the correction to the h — bb decay rate in the presence of (’)82&2(8),
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which carries an enhancement factor of m;/m; and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators (982’(8). Including the leading logarithmic running of Cpg of eq. (3.18) from
the high scale A to the electroweak scale is achieved by setting in eq. (3.19) ur — A. The
expression in eq. (3.19) agrees with the results obtained from a full calculation of the NLO
effects in the dimension-six SMEFT, first computed in [37].

This closes the discussion of the main effects that the third-generation four-quark
operators can have in the different Higgs decay widths.> Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, affect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable effect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see figure 3 for a sample of
the corresponding diagrams, or by a quark anti-quark pair, see figure 4. The triangle and
box topologies (shown as (d) and (e) in figure 3 and as (b) in figure 4) are finite. We have
computed the leading NLO contributions for both types of processes, via the interference
of the four-quark loops with the LO QCD amplitudes. For the computation of the quark-
initiated contributions we adopt a four-flavour scheme We note that within a five-flavour
scheme operators containing both bottom and top quarks lead to a LO contribution from
a direct contact diagram. Nevertheless, this gives an overall negligible correction as the bb
initiated tth process is suppressed by the small bottom parton distribution functions. The
effect of changing the flavour scheme results in an uncertainty of 1 — 2%.

The NLO effects were obtained via an analytic computation,® based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [38]. The OPP reduction was done using the CutTools pro-
gramme [39]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the € part of the amplitude. To correct for
such terms, one needs to compute the divergent UV counterterm as well as a finite rational

SFour-fermion operators also affect the h — Z~v partial width. However, as in the diphoton case, the
effect is expected to be small due to the dominance of the W boson loop. Because of this, and given the
smallness of the h — Z+ branching ratio and the relatively low precision expected in this channel at the
LHC, we neglect the effects of four-fermion interactions in this decay.

5The FORTRAN code containing this analytical calculation can be provided on request.



(e)

Figure 3. Example Feynman diagrams including the four-fermion loop contributions to the gg —
tth subprocess.
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Figure 4. Example Feynman diagrams including the four-fermion loop contributions to the ¢g —
tth subprocess.
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terms, denoted Rs as in ref. [40].” The amplitudes were generated in the same way as for
gluon fusion. The UV and Ry counterterms, that need to be supplemented to CutTools,
were computed manually following the method detailed in [40]. The UV counterterms are
the same as for gluon fusion, in addition to a new one that is needed to be introduced to
renormalise diagrams of type (c) in figure 3 and figure 4. This is due to the operator mixing
of light — heavy four-quark operators with heavy four-quark operators. Effectively, this
leads to a counterterm

I S 12”];/\2 Tip2r" | CuPr+ (Chb + Coo) Pu + Car (1 - 1) . (3.20)
which is non-vanishing for off-shell gluons.

The results of our calculation were cross-checked using Madgraph_aMCNLO [41] (ver-
sion 3.1.0) using the SMEFTatNLO v1.0.2 model [11]. To match both calculations, we set
MadLoop to filter out the NLO QCD corrections, whereas other contributions such as those
in diagrams (a) and (b) in figure 3, or (a) and (c) in figure 4, needed to be included, as
they are filtered out by the default MadLoop settings.

The results of our calculation reveal that associated Higgs production with top q(u)al(“g)s

while the contributions from other operators, e.g. the singlet and triplet left- handed oper—

receives significant finite NLO corrections from the singlet and octet operators Oy,

ators, O( )(3) , or the right-handed four-top operator, Oy, are small. As will also be seen
in the exphcrc numerical results presented in the next section, while for Higgs production
via ggF or the decay into gluons only certain combinations of singlet/octet operators en-
tered, leading to a degeneracy, this is not the case for tth production, where the gluons no
longer need to combine to a colour singlet state. The degeneracy between the singlet and
octet operators is mainly broken by the contributions from the triangle diagrams, where,
for instance, the difference between the contributions of Oét) and (9( ) does not follow the
same colour structure as other diagrams.

As we saw in the previous sections, the operators Oé}t)Q(b) are expected to have a sizeable
effect in ggF and, in particular, h — bb. This is not the case for tth, where we explicitly
computed their contributions and found them to be negligible, as they are suppressed by
the b-quark mass. Similarly, other “mixed” bottom-top operators are expected to give
very suppressed contributions compared to those from four-top operators. Therefore we
neglected their effects in our calculation.®

Again, to connect with specific models that may generate the four-quark operators at
the new physics scale A, one needs to consider the contributions that come from the running

" Another rational term R; appears due to the mismatch between the four and d dimensional amplitudes,
but this is computed automatically in CutTools.

8In this regard, since the singlet and octet operators (982(’2(? are not implemented in the current version
of SMEFTatNLO, or in any other loop-capable UF0 model available, we have modified the SMEFTatNLO model
to include these operators, by including their Feynman rules and computing the UV and R> counterterms
needed for the tth calculation. The other “mixed” bottom-top operators are also currently not included
in SMEFTatNLO. A computation of their contributions, while being beyond the scope of this paper, would

require a similar strategy as for the O(QIt)Qb) operator.

- 11 -



from A to low energies, and that mix these operators with those entering in ¢th at the LO
level. For the gluon-initiated subprocess the relevant contributions are from the running of
Cte in eq. (3.17), while for the quark-initiated subprocess we also need to account for the
mixing of the third generation four-fermion operators with the ones connecting the third
generation with the first two generations. The corresponding corrections can be obtained
from the RGEs in refs. [15-17]. As in the case of the finite pieces, the logarithmic corrections
from top-bottom operators were found to be very small and are neglected in what follows.

3.4 Results

Here we provide semi-analytical expressions for the results of our NLO calculations in-
cluding the effects of the third generation four-quark operators. These NLO contributions
to the single-Higgs rates, as a function of the four-heavy-quark Wilson coefficients, are
denoted by

SR(C;) = R/RM — (3.21)

where R stands generically for a given partial width I" or cross section . They are sum-
marised in table 1. The results for d R(C;) in that table concern only the linear contributions
in A=2. They have been written as

C m O; ILL
v (5Rf +6RZ log <A§>> , (3.22)

where we have separated the contributions in two parts: the first, parameterised by 5Rf e

GR(C;) =

concerns the finite part of the NLO correction taken at the typical scale ugr of the process,

log

the second, parameterised by JRCZ, , is the logarithmic contribution, obtained by solving

the RGE of the dimension-six Wilson coefficients from the high scale A to the low scale

LR, using the leading log approximation.? Both the finite part dependence 5Rf " of these

corrections on the Wilson coeflicient as well as the part proportional to the logarlthm 6Rl°g

are reported in table 1. Our results can be improved by replacing the part proportional to
the coefficients 5Rlog by the solution of the coupled system of RGEs.

For A =1TeV, and depending on the renormalisation scale of the process, the value of
the logarithm in eq. (3.22) ranges between ~ [—5.5, —2.9]. With these numerical values in
mind and by looking at 5RZCO;7 in table 1, we see that the finite part of the NLO calculation,

i.e. 0RL i_", is usually of the same order of magnitude than the leading-log part.!? The clear

()(8)

exceptions are the C contributions to tth, where the finite pieces dominate, and the

C’gt)Q(g ) contributions to the h — bb, where the logarithmic contributions are the leading
ones. This underlines the importance of considering the full NLO computation in the

determination of the Wilson coefficients for Cgt)’(s), whereas for C’é?t)Q(b), where the limits

9Note that, in particular, for a given g, 6Rfcin contains, e.g., contributions ~ log u% / m?2, and different
choices of the renormalization scale will lead to changes in the values of 5Rf ™ and the logarithm multiplying
(5Rlc'3g so that the physical contribution to the process is independent of the choice of the scale.

10Note that the presence and relevance of such finite pieces thus breaks the degeneracy that would exist
between the contributions of the four-fermion operators and the ones from those operators they mix with

and that enter at LO, should one only include the RGE effects of the former.

- 12 —



Operator Process R 6Réiin [TeV?] 5Rl(?ig [TeV?]

ggF uos 9.91-1073 2.76 - 1073

h — gg 6.08 - 1073 2.76 - 1073

ol h— " ~1.76-10"3  —0.80-103

Qt 7Y . .
tth 13 TeV Lo —-4.20-1071  -2.78-107°
m, 4+ Mh

tth14Tev 2 _430-1070 —2.78-107%

goF oS 1.32-1072 3.68-1073

h — gg 8.11-1073 3.68-1073

o® h— h ~2.09-1073  —1.07-1073

Qt vy . .
tth 13 TeV Lm, 6.81-1072  —2.40-1073
m —_—

fh14Tev 2 7.20.1072 —248-1073

goF Th 2.84-1072 9.21-1073

) h — gg 1.57-1072 9.21-1073

Ooiqn 3 3
h — vy mp, —1.30-10 —0.78 - 10

h — bb 9.25- 1072 1.68-107!

ggF oS 5.41-1073 1.76 -1073

) h — gg 2.98-1073 1.76 - 1073

OQth -3 -3
h — vy mp —0.25-10 —0.15-10

h — bb 1.76 - 102 3.20 - 1072

(1) tth 13 TeV m 1.75-1073 1.84-1073

O 7 me+ 5 -3 -3
tth 14 TeV 1.65- 10 1.76 - 10

3) tth 13 TeV . 1.32-1072 5.48-1073

OQQ B my + g Y s
tth 14 TeV 1.24-10 5.30 - 10

tth 13 TeV m 4.60-1073 1.82-107°

O _ my + 5 5 5
tth 14 TeV 4.57-10 1.74 - 10

Table 1. The NLO corrections to single Higgs rates from the four heavy-quark SMEFT operators
of this study. We have separated the contributions into the finite piece, 5R£fi", and the leading

log running of the Wilson coefficients, JR(, see eq. (3.22). The dRL™' terms for the (982&2(5)
operators for the tth process are of O(107° — 107°%) TeV~2 and are omitted in the table.

are mainly driven by h — bb, they turn out to play a less important role. Thus, in general,
both finite and logarithmic parts are required to obtain a physically sensible result, as
the former can be sizable whereas omitting the latter would introduce a significant scale
dependence in some of the results.
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The numerical values were obtained using as input parameters

Gp =1.166378-107° GeV™2,  my =80.379 GeV, my = 91.1876 GeV,
mS =172.5 GeV, mPS = 4.7 GeV, mp, = 125.1 GeV,  (3.23)

where the OS bottom quark mass is taken from RunDec [42], and the rest of the param-
eters from the particle data group [43]. We have used the NNPDF23 parton distribution
functions set at NLO [44].

Looking at the results, first we note that the operators (9822’(3) and Oy only contribute
to tth production. In this regard, however, it must be noted that the uncertainties due to
missing higher order corrections and the PDF+«; uncertainty for the ¢th process are at the

several percent level, 0&%13 Tev = 0.506f?'09(;? pb [45]. This is larger than the typical finite

effects of 6’822’(3) and Cy for O(1) coefficients and A ~ 1TeV. Therefore, all Higgs rates are
expected to be relatively insensitive to these interactions unless rather large values of the
Wilson coefficients are allowed. Secondly, from the analytic results, we observe that in the
NLO corrections to Higgs decay rates and gluon fusion, the Wilson coefficients C(Eglt)va C’gt)Qb
always appear in a linear combination identical to the one seen in the RGE of the Wilson

coefficients Cyy and Cyg, i.e.
1 8
Chiop = Ne+ 1)Ch, + crClny (3.24)

In fact, all single-Higgs rates are mostly sensitive to the linear combination in eq. (3.24).

This is because, even though the 082&2(3 )

operators also enter in diagrams contributing to the
tth process, the corresponding finite corrections are suppressed by the bottom quark mass
and therefore very small. (For these operators, the results for 5Réin’log are of O(107° —
107%) TeV—2, and were omitted in table 1.) This suppression is also expected for other
“mixed” top-bottom operators, which would contribute to tth via bottom-quark loops and
hence would be strongly suppressed, justifying that we did not consider them here. In
summary, apart from (982 ’(8), all the other third-generation four-quark operators produce

only small contributions to the tth process.

4 Fit to Higgs observables

In this section we will show the results of a fit to Higgs observables of the four-quark oper-
ators of the third generation and the operator that modifies the Higgs potential and hence
the Higgs self-coupling. In refs. [19-22, 24| it was proposed to extract the trilinear Higgs
self-coupling via its loop effects in single-Higgs measurements. Within the assumptions of
the SMEFT, a model-independent determination of the triple Higgs self-interaction, As,
should be considered within a global analysis considering all effective interactions that
enter up to the same order in perturbation theory as A3. In particular, apart from the
trilinear Higgs self-coupling modification, such a study must include those operators that
enter at LO in Higgs production and decay [26]. Furthermore, the sensitivity to the Higgs
self-coupling modifications can also be diminished by other operators entering as the trilin-
ear Higgs self-coupling via loop effects, if those operators are not yet strongly constrained
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experimentally by other processes. Such is the case for some of the four-quark operators
considered in this paper. In order to show this, we have performed a fit to Higgs data of
the operator Oy and the four-fermion operators considered in this study. A full global fit
including all new physics effects would require the combination of Higgs data with that
from other processes. As pointed out in [22] for the case of Cy, being able to differenti-
ate the NLO contributions from operators entering at LO in single Higgs observables may
benefit from the use of differential information. This may also be needed to disentangle
the different NLO effects considered in this paper, requiring to extend the calculations pre-
sented here to the case of differential distributions. This is beyond the scope of this paper
and we leave that calculation as well as the feasibility of a full global fit for future work.

4.1 Fit methodology

For each experimentally observed channel with a signal strength ppyx, = oobs/osm, one
can build a theoretical prediction for this signal strength, pury = orn/osm, where o =
oprod X BR includes the effects generated by the dimension-six operators. The theory
predictions for the signal strengths are then used to build a test statistic in the form of a
log-likelihood of a Gaussian distribution

Lr . . 1S _
log(L) = — (e = )" - V7 (i, — )] (4.1)
The covariance matrix V is constructed from the experimental uncertainties dupy, and
correlations,!! as well as the theoretical uncertainties (scale, PDF, as, ...).

The log-likelihood of eq. (4.1) was used together with flat priors 7(C;) = const. in a
Bayesian fit of the Wilson coefficients of interest. A Markov chain Monte Carlo (MCMC) us-
ing pymc3 [46] was used to construct the posterior distribution. We use the Arviz Bayesian
analysis package [47] to extract the credible intervals (CIs) from the highest density poste-
rior intervals (HDPI) of the posterior distributions, where the intervals covering 95% (68%)
of the posterior distribution are considered the 95% (68%) CIs. In the Gaussian limit, these
95% (68%) CIs should be interpreted as equivalent to the 95% (68%) Frequentist Confi-
dence Level (CL) two-sided bounds. To cross-check the MCMC Bayesian fit, a frequentist
Pearson’s x? fit was performed using iminuit [48, 49], where the x? was taken to be

x? = —2log(L). (4.2)

Both fit results agreed on the 95% and 68% CI (or CL) bounds.'? The code for the fit,
experimental input and the analysis can be found in the repository [53]. The results of
our calculations were also implemented in the HEPfit code [54], which was used for an
independent cross-check of the results of the fits presented here.

In the theoretical predictions for the signal strengths, we will assume that the new
physics corrections to the cross sections and the decay widths are linearised, i.e.

UPrOd(C¢7 OZ) X BR(C¢7 CZ)
OProd,sM X BRgm

" Correlations amongst channels of < 10% were ignored.
12Tn order to plot the multidimensional posterior distributions and the forest plots we have used a code
based on corner.py [50], pygtc [51] and zEpid [52].
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with do, 6T, 6T, (I'y, denotes the Higgs total width) being the NLO corrections, relative to
the SM prediction as in eq. (3.21), from the dimension-six operators with Wilson coefficients
Cy and C;. Here, C; stands schematically for C3, Cos Conons Conon Cons Cob and Cie.
As mentioned in the previous section, however, the sensitivity to ngj(?’) and Cj; is rather
small, typically below the theory uncertainty of the tth calculation, and we will ignore
these Wilson coefficients in the fits presented in this section.

In particular, in eq. (4.3) all the corrections from the four-quark operators to the cross
sections and decay widths are fully linearised in 1/A2. Given that current bounds on these
operators are rather weak, one may wonder about the uncertainty in our fits associated to
the truncation of the EFT. Note that, since the four-quark operators only enter into the
virtual corrections at NLO, Higgs production and decay contain only linear terms in 1/A?
in the corresponding Wilson coefficients, i.e. the quadratic terms coming from squaring
the amplitudes are technically of next-to-NLO. Hence, the leading quadratic effects in the
signal strengths come from not linearising the corrections to the product oproq X BR .
We explicitly checked that, for the fits we presented in the next section, the difference
between including the full expression of the signal strength or the linearised version in
eq. (4.3) results in differences in the bounds at the < 10% level. For the O operator,
however, there is an additional contribution to the virtual corrections stemming from the
wave function renormalisation of the Higgs field. The correction to a given production

cross section or decay width, again denoted generically by R, is given by

RNLQ()\g) — RNLo()\?S)M) C¢’U4 C¢U4 0351)8
ORy, = = -2 C —4 4 Cs. 4.4
A3 RLO AQm}QL 1 + A2m,21 + 77"1%[&4L 2 ( )

In eq. (4.4), the coefficient C; corresponds to the contribution of the trilinear coupling to
the single-Higgs processes at one loop, adopting the same notation as [20]. The values
of Cy for the different processes of interest for this paper are given in appendix A. The
coefficient Cy describes universal corrections and is given by

57,
P )
1— (1 204’”4) 57,

T AZm2
A2my

Cy = (4.5)

where the constant 7, is the SM contribution from the Higgs loops to the wave function
renormalisation of the Higgs boson,

9 Gpmj ( 27 )
57y = —— = _1). 4.6
"TU16 ar? \3v3 (46)

The coefficient Cy thus introduces additional O(1/A%) (and higher order) terms in JR),.
In ref. [20], considering the k formalism, the full expression of eq. (4.5) is kept, while we

define two different descriptions: one in which we expand 0R), up to linear order and an
alternative scheme in which we keep also terms up to O(1/A%) in the EFT expansion. We
explicitly checked that keeping the full expression in eq. (4.5) and including terms up to
O(1/A%) in Cy lead to very similar results in the fits presented below, with differences
< 10% for the current LHC bounds and less than 1% in the HL-LHC projections.
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4.2 Fit to LHC run-II data

For the fit we have used inclusive Higgs data from the LHC Run II for centre-of-mass
energy of /s = 13 TeV and integrated luminosity of 139fb~! for ATLAS and 137fb~! for
CMS. The experimental input is summarised in table 3 in appendix A.

In figure 5 we show the limits of a two-parameter fit for various heavy four-quark Wilson
coefficients C;, marginalising over Cy. We confront them also with the limits obtained from
fits to top data [6, 10, 55-58]. Note that, although our bounds do not come from a global
fit, they can be compared with similar results from the fits to top data that assume that
only one operator is “switched on” at a time. In these cases, we find that our new bounds
are more stringent or at least comparable to the 95% CI bounds on the C; operators fit
results from top data. For the case of (’)St) , one can also see that the Higgs bounds are
stronger than the results from a single-parameter fit to electroweak precision data, taken
from the recent study in [13]. Finally, we also compare with the single-operator constraints
from AF = 2 processes, in particular Bs — B, mixing, from [14]. While these depend on
the “degree of alignment” of the new physics in the flavour space with the up or down
quark sectors, the Higgs bounds are of the same order of magnitude of the strongest limits
for 08 )’(8), and always stronger for (982&2(8). Coming back to the top physics constraints,
we also note that, while the limits from top data show a large uncertainty from the EFT

3 even when only one operator is considered at a time, our NLO results for

truncation,!
the four-quark operators are quite stable if one considers quadratic effects, as mentioned
above. On the other hand, figure 5 also shows that the uncertainty associated to the EFT
truncation of the effects of the Oy operator in the wave function renormalisation of the
Higgs boson can be rather large. Indeed, those effects can change the results by up to a
factor of two, as it is the case for some of the C’gt) limits. Furthermore, the plot displays
the bounds for two different assumptions for the scale at which the operators are defined.
The lines showing 5Réi_ " assume that there are only the corresponding four-quark operator
and Oy at the electroweak scale,'* while the line corresponding to § R¢, shows the limits
assuming that the four-fermion operators (and Oy) are the only ones at a scale A = 1 TeV.
We can infer from the fact that the bounds remain the same order of magnitude between

(5Réi " and 0R¢; that the inclusion of the finite terms for the operator (’)St) , and to a less

extent (’)gt) , is important if the new physics scale is not extremely high. Instead, for the

operators (982&2(5)

the bounds become much stronger when including the logarithmic piece,
so we can conclude that in that case the finite piece is less relevant.

In what follows, in all the fit results that we will present we will assume that the
Wilson coefficients are always evaluated at the scale A = 1TeV. In figure 6 we show the
limits on Cy for various two-parameter fits, comparing the two different EFT truncations

of 6R),. The results thus correspond to the same two-parameter fits represented by the

13Tn particular, for the Cgt)é)(: ) operator the references only calculate contributions of order O(1/A%).

(The fit considering only linear terms would result in bounds of order ©(10*).) Hence, in this case, we only
quote the quadratic bounds.

14YWe neglect in this case the small running between the scales involved in the different processes included
in the fit.
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Figure 5. Forest plots illustrating the means and 95% ClIs of the posteriors built from the four-
fermion Wilson coefficients with Cy marginalised. The plots confront also the truncation of the EF'T
at O(1/A%) and O(1/A%) of R, as defined in eq. (4.4). The 95% CI bounds stem from Higgs
data. The last two rows for each operator show instead the limits obtained by a single parameter
fit to top data, linear and quadratic. For the case of Cgt), we also compare with the results from
the single-parameter fit using electroweak precision observables (EWPO) from [13]. The top data
results are taken from [55] for Cgt)’(g) and [6] for Cgt)é(f ),
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dRc; lines in figure 5. We also show the results from a single-parameter fit on Cy. For
comparison, we show the ATLAS limits from full LHC Run-II Higgs pair production in
the final state bbyy [59] where we have translated the bounds from xy = A3/A5M to the
SMEFT, keeping both linear and quadratic terms. As can be seen, the limits on Cy from
single and double Higgs production are of more or less similar size when keeping terms up to
O(1/A%). In the single-Higgs fit, the overall limits become weaker if one keeps only terms up
to O(1/A?). Moreover, in all cases, the single-Higgs fit results remain questionable leading
to limits that extend beyond the perturbative unitarity bound of ref. [60] for Cy < 0. For
the Higgs pair production results, on the other hand, while there are no available studies
regarding the relative effect of linear and quadratic terms on current bounds, this has been
addressed for the HL-LHC, where preliminary results show that keeping linear or up to
quadratic terms in the EFT expansion makes a negligible effect for the Cy > 0 bound,
while the bound weakens at linear order in 1/A? for C;, < 0 by about a factor of 2 [61],
again potentially in conflict with perturbative unitarity.

From figure 6 we also see that the limits on Cy become weaker in a two-parameter
fit with the four-quark operators, indicating that in a proper global SMEFT fit also the
loop effects of other weakly constrained operators, such as these, need to be accounted for.
This will become even more apparent from the results of the four-parameter fit discussed
in what follows.

One of the important aspects of multivariate studies is the correlation among variables.
Apart from the two-parameter fits discussed above, here we also consider a four-parameter
fit to Cy4 plus the three directions in the four heavy-quark operator parameter space that

the Higgs rates are mostly sensitive to, i.e. neglecting 085(3) and Cy, and trading Céglt)Qb

and C’gt)Qb by Cérth. When considering two- or four-parameter fits of Cy and the four-
heavy-quark Wilson coefficients, we observe a non-trivial correlation pattern amongst these
coefficients. Figure 7 illustrates these correlation patterns clearly for the four-parameter
fit. Focusing on the top panel, the results of the linear fit, we observe that the Wilson
coeflicients Cgt)’(g) are strongly correlated because, in analogy to Cgt)c’g(g ), they only appear
in certain linear combination whenever correcting the Yukawa coupling. However, unlike
Cgt)ég(lf ) they are not completely degenerate because the main part of the NLO correction
to tth does not contain the aforementioned linear combination. The four-parameter linear
fit also reveals that the Wilson coeflicients Cgt)’(g) are somewhat decorrelated from C&Sth.
Indeed, the fact that tth and the Higgs decay h — bb receive large NLO corrections only
from C’St)’(s) and C’St)éf ), respectively, helps to separate both sets of operators. We also
observe a relatively large correlation between the four-heavy-quark Wilson coefficients and
Cy, though this depends on the dR), truncation, and diminishes with the inclusion of the
quadratic terms. As announced above, we observe again the impact of including the four-
quark operators in the determination of the bound on Cy, which is much more pronounced
in this four-parameter fit. In particular, the four-parameter linear fit yields a bound on Cy
~ 3 times weaker that in the single Cy fit. In appendix B we present similar correlation plots
for various two-parameter fits, where the same behaviour of the change in the correlation

with the inclusion of quadratic terms in dR), is found.

~19 —



L BN BN v U U ([ U U U U U (Cy) 95% CI
LHC Run II
Chls 0Ry, ~ O(A2) 95 [32.9, 13.9]
Cols ORy, ~ O(AY) 5.2 [17.8,7.3]
Ch)s 0Ry, ~ O(A2) 80 26.7, 10.6]
Coly 0Ry, ~ O(AY) 5.9 1180, 6.1]
C((;f)Q(w dRy, ~ O(A?) : > : 8.6 [-27.0,9.7]
C((glt)()bx SRy, ~ O(A™Y) = © i 74 [-21.9, 7.3]
Clon 0B, ~ O(A72) 86 [27.0,9.6]
Clam 0Ry, ~ O(A™) 73 (2158, 7.3]
single param. fit Ry, ~ O(A~?) 85 [-22.0, 5.0]
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Figure 6. A forest plot illustrating the means and 95% ClIs of the posteriors for Cy from the
two-parameter fits with the four-fermion operators marginalised. We compare the fit results for Cy
from full Run-II Higgs data keeping terms up to O(1/A?) or O(1/A*) in §R,,. For comparison,
also the 95% CI and means for the single parameter fit for Cyy with the same single-Higgs data are
shown, as well as the bounds on Cy from the 139fb~! search for Higgs pair production [59]. The
different four-fermion operators are assumed to be defined at A and hence the fits include both the
finite and logarithmic corrections in table 1. The horizontal grey band illustrates the perturbative
unitarity bound [60].

4.3 Prospects for HL-LHC

We now turn to examine the constraining power of the Higgs data that is expected to
be collected at the HL-LHC. For this, we use the CMS projections for the single-Higgs
signal strengths provided in refs. [62, 63] for a centre-of-mass energy of /s = 14 TeV and
integrated luminosity of 3ab~!. We use the projections for the S2 scenario explained in [64].
These assume the improvement on the systematics that is expected to be attained by the
end of the HL-LHC physics programme, and that theory uncertainties are improved by a
factor of two with respect to current values. These projections are assumed to have their
central values in the SM prediction with the total uncertainties summarised in table 3 in
appendix A.1°

In figure 8 we confront the results of single-parameter fits to Run-II data for each
of the four-quark operators with the projections for the HL-LHC. For all the four-quark
operators the constraining power of the HL-LHC is roughly a factor two better than the

5The correlation matrix for the S2 scenario can be found on the webpage [63].
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Figure 7. The marginalised 68% and 95% high density posterior contours and HDPI’s for the
four-parameter fits including the different four-quark Wilson coefficients and Cg. The numbers
above the plots show the 95% CI bounds while the correlations are given on the top-right corner.
These limits correspond to values of the Wilson coefficients evaluated at the scale A = 1TeV. The
upper panel shows the fit including terms up to O(1/A?) in §R),, while the lower one shows the fit
with including also O(1/A%).
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Figure 8. Results of a single parameter fit showing the improvement in constraining power of the
HL-LHC over the current bounds from Run-II data. The limits correspond to values of the Wilson
coefficients evaluated at the scale A =1 TeV.
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Figure 9. A forest plot illustrating the means and 95% ClIs of the posterior for Cy; from a single-
parameter fit, showing also the differences in including terms of O(1/A2) or up to O(1/A%) in the
definition of §R),. For comparison, also the limits and projections from searches for Higgs pair
production are shown.

current bounds we could set from single-Higgs data, with a slightly lower improvement for
the operators OSBQ(E)
parameter fit for Run-II and the projections for the HL-LHC including corrections in R,
up to order O(1/A?) or O(1/A*). As expected, the inclusion of terms of O(1/A*) makes a
less pronounced difference for the HL-LHC projection compared to the Run-II results. Our

results are very similar to the projections presented in a k) fit in [65]. We confront these

compared to O(Qlt) ®) Iy figure 9 we show the limits on Cy in a single

single-Higgs limits also with the bounds derived from data from searches for Higgs pair
production with 139 fb=! [59] and HL-LHC projections [66] on Higgs pair production. As
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mentioned in the previous section, these are obtained including effects up to O(1/A%), and
the comparison shows that Higgs pair production will still allow to set stronger limits on
Cp. These O(1/A") limits, however, are expected to become weaker for C, < 0 by about
a factor of two when one only includes linear terms in 1/A? [61]. In any case, for Cj > 0
the hh constraints are still expected to dominate.

5 Summary and discussion

In this paper, we have computed the NLO corrections to Higgs observables induced by
third generation four-quark operators relevant for single-Higgs production and decay at
the LHC. Our results show that such processes are sensitive to the all possible chiral struc-
tures for the third generation four-quark operators in the dimension-six SMEFT, but in
different degrees. Operators with different chiralities are, for instance, the only ones that
can contribute to Higgs production via gluon fusion, and the decay of the Higgs boson
to gluons, photons and bottom quarks pairs. The latter are particularly sensitive to the

top-bottom operators (982&2(5)

, which then also significantly affect the total decay width. In
the associate production of a Higgs boson with a top quark pair, on the other hand, a pri-
ori all the third generation four-quark operators enter. Sensitivity to four-quark operators
where all fields have the same chirality, however, is only possible for very large values of the
corresponding effective interactions, in a way that they can generate contributions beyond
the size of current theory uncertainties, but possibly in a regime in conflict with the EFT
expansion. Contributions from “mixed” top-bottom operators are also highly suppressed.
The tth process is, in fact, particularly important in setting limits on the four-quark op-
erators (982 and (’)gt) , due to the comparatively large NLO corrections they induce in this
process with respect to others. It also breaks a degeneracy among the Wilson coefficients
of those two operators, which always appear in a single combination for all other processes.

To illustrate the constraining power of single-Higgs processes in bounding these four-
quark operators, we performed several simplified fits of these interactions to Higgs data
and find that the resulting limits from our fits are, in some cases, comparable or better

than similar results obtained from top data [6, 55]. In these fits to the above-mentioned

four-quark operators we also include the operator ((N ¢>3, that modifies the Higgs potential
and the trilinear Higgs self-coupling. Due to the lack of powerful constraints from top data,
the inclusion of the four-fermion operators diminishes the power of setting limits on the
trilinear Higgs self-coupling from single-Higgs observables. From our analysis we conclude
that, in the absence of strong direct bounds on the third-generation four-quark operators,
these should be included into a global fit to Higgs data, when attempting to obtain model-
independent bounds on the trilinear Higgs self-coupling. The results of our calculations are
presented such that they can be easily used by the reader in truly global fits including all
other interactions entering at the LO. We leave this, as well as the inclusion of differential
Higgs data, which could help to disentangle the different contributions, to future work.

Finally, we also illustrated the increase in constraining power expected during the
high-luminosity phase of the LHC by presenting the HL-LHC projections for single-
parameter fits.
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Moving beyond hadron colliders, it must be noted that the interplay between the Higgs
trilinear and four heavy-quark operators in Higgs processes is expected to be less of an issue
at future leptonic Higgs factories, such as the FCC-ee [67, 68], ILC [69, 70], CEPC [71, 72]
or CLIC [73, 74]. At these machines, the effects of Cy are still “entangled” with those of
the four-fermion operators in the Higgs rates, but only through the decay process, i.e. via
the contributions to the BRs. However, Higgs production is purely electroweak, namely
via Higgs-strahlung (Zh: ete™ — Zh) or W boson fusion, and receives no contributions
from the four-quark operators at the same order in perturbation theory where Cy modifies
these processes, i.e. NLO. Moreover, at any of these future e™e~ Higgs factories there is the
possibility of obtaining a sub-percent determination of the total Zh cross section at eTe™
colliders, by looking at events recoiling against the Z decay products with a recoil mass
around my,. This observable is therefore completely insensitive to the four-quark operators,
while still receiving NLO corrections from Cy. Although, in practice, in a global fit one
needs to use data from all the various Higgs rates at two different energies to constrain
all possible couplings entering at LO in the Higgs processes and also obtain a precise
determination of Cy [75], the previous reasons should facilitate the interpretation of the
single-Higgs bounds on the Higgs self-coupling at eTe™ machines.

We conclude this paper with a few words on the relevance of the results presented here
when interpreted from the point of view of specific models of new physics. In particular,
one important question is are there models where one expects large contributions to four-top
operators while all other interactions entering in Higgs processes are kept small? Indeed,
large contributions to four-top operators can be expected in various BSM scenarios.'® For
instance, in Composite Higgs Models, in which the top quark couples to the strong dynamics
by partial compositeness, one expects on dimensional grounds that some of the four-top
quark operators are of order 1/f2, where f indicates the scale of strong dynamics [7].
By its own nature, however, Composite Higgs models also predict sizeable contributions
to the single-Higgs couplings ~ 1/f2. While, in general, sizeable modifications of the
Higgs interactions are typically expected in models motivated by “naturalness”, this is not
necessarily the case in other scenarios. It is indeed possible to think of simple models
where modifications of the Higgs self-interactions or contributions to four-quark operators
are the only corrections induced by the dimension-six interactions at tree level, see [76].
Thinking, for instance, in terms of scalar extensions of the SM, there are several types of
colored scalars whose tree-level effects at low energies can be represented by four-quark
operators only, e.g. for complex scalars in the (6, 1)% and (8, 2)% SM representations (£2;
and @ in the notation of [76]). If these colored states are the only moderately heavy new
particles, our results can provide another handle to constrain such extensions. One must
be careful, though, as a consistent interpretation of our results for any such models would
require to include higher-order corrections in the matching to the SMEFT. At that level, as
shown e.g. by the recent results in [77], multiple contributions that modify Higgs processes
at LO are generated at the one-loop level, and are therefore equally important as the NLO

16 Generically, models where four-top interactions are much larger than four-fermion operators of the
first and second generation can be easily conceived from some UV dynamics coupling mostly to the third
generation of quarks hence respecting the Yukawa hierarchies.
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effects of the (tree-level) generated four-quark operators.!” In any case, one must note
that, even if similar size contributions to single-Higgs processes are generated, the four-
top or Higgs trilinear effects can provide complementary information on the model. For
instance, in some of the most common scalar extensions of the SM, with an extra Higgs
doublet, ¢ ~ (1,2)% , tree-level contributions to some of the four-heavy-quark operators
discussed in this paper are generated together with modifications on the Higgs trilinear
self-coupling. These two effects are independent but they are both correlated with the,
also tree level, modifications of the single-Higgs couplings. Essentially, the LO effects on
Higgs observables are proportional to A¢y£, where A, is the scalar interaction strength of
the (¢7¢)(¢T¢) operator and yg; the new scalar Yukawa interaction strength, whereas the
NLO effects are proportional to the square of each separate coupling. Hence, these effects
might help to resolve (even if only weakly) the flat directions in the model parameter space
that would appear in a LO global fit. At the end of the day, for a proper interpretation
of the SMEFT results in terms of the widest possible class of BSM models, all the above
simply remind us of the importance of being global in SMEFT analyses, to which our
work contributes by including effects in Higgs physics that enter at the same order in
perturbation theory as modifications of the Higgs self-coupling.
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7
Process (@] (5RCZL
ggF/gg—h 660-1073 -3.10-1073
tth 13 TeV 351-1072 —1.64-10"2
tth 14 TeV 3471072 —1.62-1072

h — vy 4.90-107% -2.30-1073

h — bb 0.00 0.00
h—W*tW-  730-107% —3.40-1073

h— 27 830-1073 —-3.90-1073

pp — Zh 13TeV  1.19-1072 —5.60-1073
pp — Zh 14TeV  1.18-1072 —5.50-1073
pp — WEh 1.03-1072 —4.80-1073
VBF 6.50-1073 —3.00-1073

h — 40 8.20-1073 —-3.80-1073

Table 2. The relative correction dependence on Cy for single-Higgs processes, taken from [24].
The C; coefficients are to be used in eq. (4.4), while for a direct comparison with the effect of
the four-fermion operators, we quote the translated effect 5Ré1:, which can be used directly in
eq. (3.22). If the value of /s is not indicated the effect is the same for both 13 and 14 TeV.

A Numerical input

Aside from our own calculations of the four-quark operator effects in single-Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling of the NLO
corrections to the same processes, which was calculated in ref. [20]. Here we give them in
table 2, translating the ) dependence in terms of Cy,
C’¢v4
0Ky = —2———— Al
R m}QLAQ ) ( )

and assuming A = 1 TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [64]) that
we used in the fits in this paper. These inputs are summarised in table 3.
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UExp + pExp (Symmetrised)
LHC Run II HL-LHC
Production  Deca; CMS 137fb~1 ref.
Y » CMS 3ab~!
ATLAS 139 fb
0.99 +0.12
h— vy 1.000 = 0.042 [62, 79, 80]
1.030 £0.110
h— ZZ* 0-985 4 0.115 1.000 + 0.040
0.945 + 0.105
1.285 + 0.195
h— WW* 1.000 £ 0.037
1.085 4 0.185 [28, 62, 79]
gel h— 17 0885 = 0.385 1.000 + 0.055
1.045 + 0.575 ’ ’
- 2.54 +2.44
h — bb - 1.000 & 0.247 [28, 62]
0.315 + 1.815
h—ptu” B 1.000 £ 0.138 (28, 62]
1.175 £ 0.335
h = vy 1.000 & 0.128 (62, 79, 80]
1.325 £ 0.245
0.62 +0.41
h— Z2Z* 1.000 & 0.134
1.295 + 0.455
0.65 £+ 0.63
h * 1.000 £ 0.
- W 0.61+0.35 000=0.073 [28, 62, 79]
1. 2
VBF h—rttr= 055 £ 0.295 1.000 + 0.044
1.17 £0.55
h — bb o — [79]
3.055 £ 1.645
3.325 £ 8.075
h— ptp~ B 1.000 + 0.540 [62]
1.43 +£0.30
h = vy 1.000 £ 0.094 [62, 79, 80]
0.915 + 0.255
0.64 +0.64(22*) 1.000 + 0.246 (ZZ*)
h—VV* 0.945 £+ 0.465 (WW™) 1.000 + 0.097 (WW*)
_ 1.735 £+ 0.545 —
tth 0.845 + 0.705
h—71tr™ ’ ‘ 1.000 + 0.149 [28, 62, 79]
1.27+1.0
- 1.145 + 0.315
h — bb 1.000 4 0.116
0.795 + 0.595
0.725 4+ 0.295 1.000 £+ 0.233 (Zh
h — vy ( ,i) [62, 79, 80]
1.335 £ 0.315 1.000 £+ 0.139 (W*h)
1.21 . 1. . ZH
b 77" +0.85 000i0786(7L) 128, 62, 79)
1.635 £ 1.025 1.000 £ 0.478 (W*h)
1.850 + 0.438 1.000 £ 0.184 (Zh
Vh h— WW* ( ;) 62, 81]
— 1.000 + 0.138 (W=h)
- — 1. + 0. Zh
h — bb 000+ 0.065 (Zh) (62, 79]
1.025 4 0.175 1.000 & 0.094 (W=h)
h— 7171~ 1.645 + 1.485
Zh oMs 0.94 +0.32
+ —
4y . hoTT 3.08 £ 1.58 — 28]
W=homs 1.28 +0.41

Table 3. The experimental measurements of single-Higgs observables from the LHC Run II and
projections for the HL-LHC. In all cases we have symmetrised the experimental uncertainties that

we use in the fits.
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Figure 10. The 68% and 95% highest density posterior contours of the posterior distribution
from the fits of Cy with the four-top Wilson coefficient Cc(glt) (top panels) and C, with Cgt)
(bottom panels). We also show the marginalised one-dimensional posteriors for each of the Wilson
coeflicients, with their 68% and 95% HDPIs and, on top of the corresponding figures, the numerical
95% CI bounds. The limits correspond to values of the Wilson coefficients evaluated at the scale
A =1TeV. On the left we used the linear scheme in d Ry, while on the right we include effects up
to O(I/A4) in (SR)\S.

B Two parameter fits

We present in figure 10 and figure 11 the 68% and 95% highest posterior density contours of
the two-parameter posterior distributions and their marginalisation for the two-parameter
fits involving Cy and each of the four-quark Wilson coefficients, evaluated at the scale A =
1 TeV. Both linearised and quadratically truncated d Ry, fits are shown, and we observe that
the 95% CI bounds (shown on top of the panels) and correlations depends on the truncation.
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SRy, ~ O(A2) SRy, ~ O(A™)
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Figure 11. The 68% and 95% highest density posterior contours of the posterior distribution
from the fits of Cy with Cc(,zlt)Qb (top panels) and Cy with C’gt)Qb (bottom panels). We also show
the marginalised one-dimensional posteriors for each of the Wilson coefficients, with their 68%
and 95% HDPIs and, on top of the corresponding figures, the numerical 95% CI bounds. The
limits correspond to values of the Wilson coefficients evaluated at the scale A = 1TeV. Similar to
figure 10, the left plots shows the results including only O(1/A?) effects in §Ry,, while the right
ones include up to quadratic terms in the trilinear Higgs self-coupling modification. Due to the
degeneracy between the Wilson coefficients Cth(S ), the posterior contours and their marginalised
intervals look very similar for both of them (except for the range they cover).
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