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1 Introduction

Several measurements along with precision tests carried out at LHC experiments, CERN,
Geneva, have re-established the theory of interactions among the elementary particles,
namely the Standard Model (SM). However, the shortcomings of the SM from the theo-
retical and as well experimental sides motivate us to think beyond the SM (BSM) physics.
Recall, the SM is constructed based on the SU(3). x SU(2);, x U(1l)y gauge symmetry.
Therefore, it is natural to expect that the proposed BSM models should be invariant under
this gauge group at the electroweak (EW) scale, and respect all measurements that have
been done so far in various experiments. Moreover, the lack of evidence of any kind of new
physics signal at the current range of energy scale may suggest that the masses of the BSM
particles reside at a higher scale or are decoupled from the SM. Intuitively, one can argue
that the SM can be thought of as a low-energy manifestation of a more general fundamental
description at a very high energy scale, say A [1-5]. In this approach, the SM effective
theory (SMEFT) is regarded as a useful framework to describe such theories. In recent
times, the SMEFT framework has received a lot of attention and has become a popular
choice to study the effect of UV scale physics in a more generalized and comprehensive

manner [6, 7].



In the SMEFT prescription, the SM lagrangian is expanded by adding the additional
higher order terms [6-8], which can be described as,

Naw
1 de6

Lsmert = Lsv + 2 > Cz-(6)0§6)- (1.1)
i=1

Here Lgy corresponds to the usual SM lagrangian, and the second term represents the
EFT part consisting of total Ngg number of dimension-6 operators (’)1(6), constructed out
of SM fields with coefficients CZ-(G) and cut-off scale A, preserving SU(3). x SU(2);, x U(1)y
gauge invariance. Here A is a dimensionful parameter and C;’s, which are dimensionless, are
known as the Wilson coefficients (WC). In principle, there exist a total of 2499 dimension-6
operators assuming lepton and baryon number conservation, and once the flavor universal-
ity is imposed, this number comes down to 59 [7]. Notably, there can be only one SMEFT
operator with dimension-5 in this set-up, known as the Weinberg operator, which generates
the lepton number violating Majorana mass term for left-handed neutrinos. However, this
operator is not relevant to the physics we address in this study.

Obviously, the addition of extra dimension-6 terms in the lagrangian (eq. (1.1)) results
in the modification of interactions from its standard form predicted by the SM. Conse-
quently, the contribution due to the SMEFT operators may cause deviations in SM predic-
tions for precision measurements, which in turn constrain the new physics effects and may
impose restrictions on the corresponding WCs. It is found that a class of SMEFT operators
affects a large variety of known SM processes in a moderate to severe scale [9-33]. Cur-
rently, several studies, as reported in the literature, have phenomenologically constrained
a larger set of SMEFT operators fitting a combined set of numerous measurements [34-76]
carried out at the LHC experiments. Dedicated searches of new physics effects due to
SMEFT operators are also carried out widely by the ATLAS and CMS collaborations, and
from the non-observation of any excess of events, the excluded ranges of concerned SMEFT
operators are predicted [77-98].

In this study, more emphasis is given to explore the feasibility of finding the signature
of SMEFT operators at the LHC. As we understand, the inclusion of the SMEFT operators
in the SM lagrangian, which is very well tested, may lead to a change in the total as well as
in the differential cross-sections. In particular, the interference effects between amplitudes
of the SM, and the SMEFT operators may show up very likely at the tail in the differential
distributions of cross-sections, of course, depending on the sensitivity of the corresponding
set of operators to the given process. Looking for signals of all SMEFT operators together
is undoubtedly very complicated, and even may not be feasible at the LHC. Instead, in
this study, we consider a different avenue focusing only on a subset of SMEFT operators
related to a particular interesting physics process. In this approach, we found that the top
quark production in association with a Higgs boson and a jet,

pp — tHq, (1.2)

is one such interesting choice. This process includes the Yukawa coupling t-t-H which has
several significances. For instance, it is the strongest one and a potential source to explore



the effects of new physics and the EWSB [99-102]. Already, various precision measurements
are carried out at the LHC to test this coupling [89, 103—114]. In addition, the presence of
the W-t-b vertex in the above process is also another aspect where the impact of SMEFT
operators is known to be significant. The W-t-b vertex can bear the imprints of different
UV models [115-121] through the anomalous coupling. Eventually, the combined effects
of the SMEFT operators to the t-t-H and W-t-b vertices may lead to some interesting
phenomena. For instance, some of the relevant operators lead to energy-growing features
in scattering amplitudes [122], resulting in excess in the kinematic distributions of some
observables, as we will see at the end. Hence, the prospect of the tHq process in probing
this kind of high-scale physics through the SMEFT framework seems to be very promising.

Our study is performed in two steps. Firstly, the set of sensitive SMEFT operators
affecting the tHq process is identified. It is realized that the same set of SMEFT operators
can also affect some other production processes at the LHC involving top quark in the
final state. The deviations of various measurements, such as total and differential cross-
sections, signal strengths, asymmetries, etc. from the corresponding theoretical predictions
of those processes are used to impose constraints on the associated SMEFT operators.
Notably, these SMEFT operators are constrained from global fits also. However, we revisit
those constraints only focusing on the most recent measurements sensitive to the chosen
set of operators. Secondly, the implications of those constrained operators to various
kinematic distributions of the tHq process are investigated. Eventually, we demonstrate the
discovery potential of the signatures of SMEFT operators presenting the signal significance
observed at the tail of the distributions. We present results for the high luminosity options,
L = 300fb~! and 3000fb~!, for the LHC experiment with centre of mass energy /s =
13TeV. The SMEFT effects on the basic kinematic distributions of the tHq process are
studied before [13], but a detailed picture with proper detector simulation, and sensitivity
projections at future LHC luminosity options, are found to be absent. Thus, revisiting
the tHq production in the SMEFT context, this study points out the importance of this
process to single out EFT effects, with detailed simulation and analysis.

This paper is organized as follows. We first identify the number of sensitive SMEFT
operators which modify the vertices of the tHq process in section 2. In section 3, considering
various measurements at the LHC relevant to these operators, a methodology is developed
by which we predict the best-fit values of the corresponding WCs of those operators inter-
esting to us, along with their allowed ranges. Cross sections of the relevant processes are
calculated in section 3, including a formulation to construct Fisher information matrix to
correlate the sensitivities of SMEFT operators with them. The effects of those operators in
various kinematic distributions of the final state particles of the tHq process are studied in
section 4. Finally, in the same section, estimating the contribution of various backgrounds
in the signal excess region, we present the signal significances in several kinematic bins. A
summary with concluding remarks is presented in section 5.
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Figure 1. Feynman diagrams of the tHq process in the t-channel.

2 SMEFT operators for tHq

In this section we identify the set of SMEFT operators associated with the process eq. (1.2).
The representative Feynman diagrams at the tree level for the above process are shown in
figure 1, where the blobs represent the vertices modified by the SMEFT operators.

In this study, we explore the effect of EFT to the t-t-H coupling as well as to the top
quark chirality-flipping (W-t-b) interactions through the tHq process. On the other hand,
following the standard practice, we neglect the effects of EFTs to the other vertices not
involving top-quark.’ It can be imposed by invoking the symmetry requirement as,

U3) x U(3)e x U(2)g x U(2)y x U(3)g = U(2)* x U(3), (2.1)

closely following the prescription of the LHC Top Quark Working Group [124], guided by
Minimal Flavour Violation (MFV) hypothesis [125]. This assumption is also adopted in the
calculations implemented in SMEFTatNLO [126], which we use to compute the cross-sections
including EFT effects.

Under this flavor assumption, a larger set of SMEFT operators reduces to seven most
relevant operators for the tHq process as shown in table 1. Here, the Higgs doublet is
denoted by ¢, while ¢ = ir2¢; Q and t are the left-handed quark doublet and right-
handed singlet respectively; Wlfy is the SU(2);, weak gauge field strength tensor and D#
is the covariant derivative, with (quﬁ;qS) = ¢'(D,¢) — (¢'D,)¢. These set of operators
modify the couplings, such as W-t-b, t-t-H, and W-W-H involved in the tHq production
process as shown in figure 1. The point to note here that, these set of operators not
only affect the tHq process, but several other important processes involving top-quark and
Higgs boson, as shown in the last column of table 1, are also equally affected. All of these
processes are studied at the LHC RUN2 experiments by measuring the corresponding cross-
sections and other related observables [84, 108, 127-131]. Naturally, any deviation of these
measurements from the corresponding SM theoretical predictions including EFT, probably
can constrain the WCs of these set of operators. With this intuition, we attempt to find
the allowed ranges of the corresponding WCs, consistent with experimental measurements,
and eventually predict their best fit values. Notice that, among these seven operators, the
Ogw and Oyp mainly affect the Higgs boson coupling with W boson. Ogp is expected

IEffect of EFT to Wqq vertices are expected to be negligible due to strong constraints on the relevant
operators from electroweak precision observables (EWPO) [123].



Operator Coefficient Definition Coupling  Sensitive processes

Ot Cig (¢tp — v?/2)Qto t-t-H ttH, tHq
0;2 0;2 i(qﬁTmTﬂb)Q’y”TI Q W-t-b tHq, tj, tV, ttH
Owv Cow i(QoM Tt)gW L, W-t-b tHq, tj, tV, ttH
OS’;” CS;” (@ mr4:) Q71 Q) 4-Fermion tHq,tj,tt, ttH, ttV
089 B (Gl Tag)(QyhrITAQ)  A-Fermion  tHa,ti,t, tEH, tEV
Opw Cow (oo —v2/2)W], Wi H-W-W tHq, ttH
Osp Cop (6T Dy)(¢TDH ) H-W-W tHq, ttH

Table 1. SMEFT operators contributing to the tHq production (figure 1) in the Warsaw basis,
with an assumption (eq. (2.1)) [124].

to be tightly constrained by the measurements of the electroweak precision observables
(EWPO) [123]. Therefore, the effects of Oyp is not taken into account in our analysis.

The impacts of some of the other relevant SMEFT operators on the decays of the
final state particles in the tHq process, in particular, H — bb, WtW~,ZZ, 7+t7~, ~vv, and
t — bW, are also checked. The WC (Cp4) corresponding to the operator Opy = (6T ) Qb
(though violates the symmetry requirement, eq. (2.1)), modifying the H-b-b coupling, may
affect the width of our considered decay channel H — bb. However, it is found that
Che is severely constrained already from several studies [75, 76, 132, 133], and within its
constrained range (~ 4+107%), the basic kinematic distributions of the tHq process do not
receive any visible effect. Thus, we have not included the impact of Opg on the H — bb
decays in our analysis. Moreover, the impact of other SMEFT operators to the H-V-
V(V=W,Z) couplings, such as Ou;/p may have some effect to the total decay width of
Higgs. However, due to the strong constraints on Oyp, as argued earlier, we do not consider
this operator in Higgs boson decays and move on with Ogy only. On the contrary, EFT
effects on the top quark decay vertex (W-t-b) are taken into consideration as it is expected
to provide a similar impact as in the production vertex. Thus the (9522, and Oy play
important roles through the W-t-b vertex in the tHq production and subsequent decay
of the top-quark. The other operator, such as Oy affects the tHq production through
the t-t-H vertex, whereas Og’él) and Og’f) contribute via the 4-Fermion (4-F) interaction,
including additional Feynman diagrams.

Finally, having all these considerations, we end up with the following six relevant set
of operators for our present study,

Ot O3), O, O 05 Oy (2.2)

Now onward, in the text, SMEFT operators will refer to this set of six operators only. It
is to be noted that several studies based on global fits have already restricted the WCs of
these operators, considering a set of large number of experimental measurements [75, 76].
In this present study, we revisit the constraints of the WCs corresponding to these set of
SMEFT operators (eq. (2.2)) taking into account the latest experimental measurements,



which are sensitive to these operators. In addition, some of the new measurements from
CMS and ATLAS experiments, that were not taken into consideration in the previous
studies [106, 112, 127-131, 134, 135], are included in our analysis. In the next section, we
systematically describe our methodology of constraining these operators.

3 Constraining operators O,,, (’)gg, Ow, (’)gq’l), (’)g’q’s), Osw

Setting the goal to constrain the set of chosen SMEFT operators, first we set up the
framework to calculate the theoretical cross-section and other related observables of sev-
eral physics processes of our interest in terms of the WCs. Subsequently, in order to
understand the sensitivity of the SMEFT operators of our interest to any given physics
process, we construct the Fisher Information Matrix (FIM) [136]. Finally, performing a
x2-fitting of the calculated expressions of the observables with the corresponding exper-
imental measurements, best-fit values of the WCs along with the constrained ranges are
presented.

3.1 Cross-section calculation

Inclusion of SMEFT operators to the SM lagrangian (eq. (1.1)) eventually leads to the
modification of cross-sections and various related observables. Restricting terms only up
to dimension-6 operators in the EFT expansion, the scattering amplitude of any physical
process is given by,

Moy = Mgy + Mppr(Cy), (3.1)
and hence, the matrix element can be written as,
(Mot (Co)? = [Msu|? + 2Re[MEy Mprr(Ci)] + [Merr(Ci)[?. (3:2)

Here | Mgps|? resembles the SM part, while the second term corresponds to the interference
between EFT and SM (o 1/A2), which is generally responsible for the dominant EFT
contribution. The third term being the quadratic one, is suppressed by o« 1/A*. The C;
represents the WC for the ith operator, O;. Finally, the cross-section can be expressed in
a more compact form as,

n n
oFF(C) = ™M + 3" CiBi + Y CiCrvj. (3.3)
i=1 <k
Here 0°M is the standard model cross-section, ‘n’ is the total number of relevant SMEFT

operators taken into account to the given process, while 5, are process-dependent co-
efficients for the linear and quadratic terms respectively, setting A = 1TeV. From now
onwards, all numerical calculations in this study will assume A = 1TeV. In general, in
the case of differential cross-section calculation, these coefficients depend on the momenta
and masses of particles involved in the process. While integrating out over momenta to
obtain the total cross-section, these remain mass dependent only. Needless to say, the SM
cross-section can be recovered by setting all the C; to zero.



For some specific cases, the experimental measurements are also presented in terms
of signal strengths, differential cross-section, asymmetry, etc., in addition to the total
production cross-sections. Interestingly, all of these observables can be expressed, in a
similar manner, in terms of a polynomial as eq. (3.3). For instance, the signal strength for
a given process, say, pp — tHq with t/H— zx, where xz symbolizes the decay products,
one can write,

EFT o - -
Moy (C) = ;gM =14 ZGZCZ + Z bjijCk. (3.4)

i=1 i<k

Here, the coefficients a; and bj; are the function of momenta and masses of particles
involved in the process and specific to particular decay channel t/H— zz. The symbol
“zz” being removed from the polynomial expression for simplicity (see appendix A). The
eq. (3.4) is the most general expression for uEFT up to the quadratic order in WCs for the
full process including the decay chain (see appendix A). Following the similar procedure,
any observable related to the cross-section can be expressed as a polynomial in WCs having
some process-dependent coefficients, such as, 3;,vj; or a;, b;i and so on.

In principle, the lagrangian including the SMEFT terms (eq. (1.1)) provides a frame-
work which is calculable and predictive to find the impact of those operators to any process.
However, it is quite complicated and also very exhaustive to obtain the analytical expres-
sions of these coefficients, such as (;,7;; or a;, b;; etc. for any chosen process. Instead,
we follow a different approach. The numerical values of these coefficients are obtained by
fitting of the cross-sections considering WCs as variables while j3;, 7;; as fitting parameters.
In this approach, first the variation of cross-section with the WCs is obtained, which is then
fitted with an appropriate polynomial to find the numerical values of the corresponding
coefficients. This strategy is described in detail below.

The cross-sections are calculated at the leading order (LO) approximation using
MG5aMC_atNLO [137] interfacing with SMEFTatNLO [126] feynrules UFO. While doing the
calculations, we employ five-flavour scheme (5 FS) with NNPDF23L0 [138] for parton distri-
bution function and set the dynamic QCD scale (Q? = %Zivzfl (m? + p%;); Ny= number
of final state particles). A basic set of event generation kinematic selection cuts are ap-
plied wherever required, to obtain cross-sections only in the relevant fiducial region of
phase space of any given process. The decays, wherever necessary, were performed using
Madspin, allowing us to take into account the spin of mother particle into decay products.

Before presenting the full calculation, first we demonstrate our strategy by giving an
example of calculating the cross-section of a process including a single WC (say C;), and
setting others to zero. With this assumption, any production cross-section (eq. (3.3)), with
t/H — xx, can be written as,

oxe " (C1) = o™ + 81C1 + 911 CT. (3.5)

For example, the variation of cEFT(Cy) for the tH (tHq+tHW) production for a range of

XX
values of C; = ng produces a curve, quadratic in nature (eq. (3.5)), as shown in figure 2

by solid points.
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Figure 2. The cross-section of tH production process for different values of C((fé (solid points).
The cross-section is fitted (dashed line) with a quadratic polynomial (eq. (3.6)).

Notice that the variation of the cross-section with WCs is almost symmetric around
C((;g = 0, i.e, does not depend on the sign of WC. It implies that the coefficient (1) of
the linear term in eq. (3.5) is insignificant in comparison to that of the quadratic term
(711). Now we perform a polynomial fitting of these points representing the cross-section.
The fitted curve is shown as a dashed line in figure 2, and the corresponding polynomial
expression is given by,

ay 2
oZFT(C))[pb] = 0.077 +0.004 CL) +0.015 C'7) . (3.6)

It confirms our observation that the interference term (with coefficient 5; = 0.004) con-
tributes to negligible level in this case. Needless to say that the cross-section for ng =
C1 = 0 represents for SM tH production cross-section, 0™ = 0.077 pb, and it is found to
be consistent with the existing calculation in the literature [139].

For another illustration, we repeat this exercise by studying the variation of ttH signal

strength (u) with the operator Cyy or C’gg setting all the other WCs to zero. Figure 3

presents the variation of p with Cyy(left) and C’gg (right). The negative slope of the y with
Ci¢ indicates that the interference term, linear in WC, is the dominant one compared to the
quadratic term. The almost constant behavior of the cross-section with ng implies that
the ttH process is not much sensitive to this operator. In these cases, a linear approximation
is good enough to fit the u.

In case of two non-zero SMEFT operators, i.e n = 2, the same procedure is followed by
setting two operators of interest to non-zero values, keeping all others to zero. Accordingly,
the production cross-sections for a given process can be expressed in terms of two WCs

following eq. (3.3),
ot T(C1,C2) = ™™ 4 B1C1 + B2Ca + 711CF + 722C3 + 2712C1 Ca. (3.7)

Note that, the quadratic terms are suppressed by A%, and hence are not considered in
several analysis [50, 52, 75]. Following the same strategy as before, the numerical values
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Figure 3. The signal strength for ttH production for different values of Cyy4 (left) and C((f% (right),
fitted (dashed line) with a quadratic polynomial.

of these coefficients can be obtained by fitting their variation of cross-sections with the
corresponding combination of WCs. The procedure in same for other observables, such as,
signal strength (u), asymmetry, etc. Here, the variation of the ttH signal strength with
WCs ng and C}y is fitted with a two dimensional quadratic polynomial. The expression
of the fitted polynomial the ttH signal strength is found to be of the form,

2

uEFT(CSD, Chg) = 1.0+ 0.002 CS) +0.002 CF) —0.122 Gy (3.8)
2 3)
+0.004 Cyp” — 0.001 Cy5Crg,

where the leading term corresponds to the SM signal strength. The above expression
indicates that the operator corresponding to the WC (4 has comparatively more dominant
effect on the ttH process. An important point to note here is that, for any given physical
process and center of mass energy, the numerical values of the coefficients of a given term
are unique and independent, i.e, not correlated with the values of other WCs. Repeating
the similar exercise, the numerical coefficients for all the 5 operators (eq. (2.2)) for the
ttH signal strength are obtained. For the sake of illustration, the numerical values of
the coefficients for the linear (C;), quadratic (C?) and interference terms (C;C;) for the
tH production cross-section and the ttH signal strength are presented in table 2(a) and
table 2(b), respectively. Here the (1,1) entries present the expected SM cross-section for
the tH production, whereas other values in the first row represent the values of coefficients
for the linear terms. The diagonal entries present the numerical values corresponding to
the quadratic terms, while others show the same for the interference terms. We present
the Monte-Carlo uncertainties for each of the entries in these tables. For several entries,
the uncertainties are much smaller than the values of the coefficients (3;, vk, or a;, bjx, see
eq. (3.3), (3.4)). The operators corresponding to these entries have a non-zero effect on
the considered process. On the other hand, for a few entries, e.g., the interference terms
between C’g’ég) and other operators in table 2(a), the uncertainties are found to be larger
than the values of the coefficients (v;1). These can be interpreted as the irrelevance of



(a) Coefficients (B;, ;i) for the fits of tH cross-section (units in pb)

1 Cig CS(; Ciw ng'l) ng‘s) Cow

1 7.7TE-2 + 5.0E-5 —3.4E-3 + 2.4E-5 3.9E-3 + 4.0E-5 2.2E-2 + 8.0E-5 —9.7E-3 + 1.4E-4 1.9E-4 + 8.0E-5 1.1E-3 + 2.6E-5
Cip 9.1E-3 £ 1.2E-5 —4.0E-3 £ 2.5E-5 —1.9E-3 £+ 5E-5 4.6E-3 + 7.0E-5 —1.0E-5+ 4.0E-5 —8.8E-4 + 1.5E-5
Cc():g 1.5E-2 + 2.0E-5 5.0E-3 + 7.0E-5 —14E-2 £+ 1.0E-4 2.0E-5 £ 5.0E-5 4.0E-3 £ 1.7E-5
Ciw 6.5E-2 £ 5.0E-5 5.9E-3 + 1.6E-4 4.0E-4 + 9.0E-5 1.1E-2 + 1.7TE-5
Ct()gq‘l) 1.6E-1 + 1.1E-4 1.0E-5 + 1.3E-4 —5.0E-3 £+ 7.0E-5
Cgég) 3.5E-2 + 8.0E-5 1.2E-5 + 3.0E-5
Cow 6.3E-3 + 3.2E-5

(b) Coefficients (a;,bjy) for the fits of ttH signal strength (i)

1 Cip ) Caw g gy Cow

1 |1.00+ 1.1E-4 —1.23E-1 + 1.7E-4 20E-3+1.7E4 92E3+ 1.9E4 19E-2+29E4 1.6E2+21E4 11E-3+ 1.9E4
Cis 38E-3 + 8.0E5 —8.8E4+ 1084 —34E4+1.1E4 —1.1E-3 + 1.5B4 —7.6B-4 + 1.1E4 —1.1E-4 + 9.0E-5
i 2.6E-3 + TE5  —8.6E-3 £ 1254 28B4+ 1764 10E5 + 1284 14E4+ 1.1E4
Cor 2.6E-2 + 9.0E-5 5.3E-2 + 1.9E-4 3.0E-5 + 1.4E-4 2.1E-3 + 1.2E-4
s 1.26E-1 + 14E4 9.0E5+ 1.9E4 7.2E-3 + 1.764
o5 2.8E-2 £ 1.1E-4  6.OE-5 + 1.2E-4
Cow 1.5E-4 £ 9.0E-5

Table 2. The coefficients of various linear (5;, a;) and quadratic terms (v;x, bjx ), following eq. (3.3)
and (3.4), corresponding to the fits for the cross-section of tH and the signal strength (1) of ttH.

the corresponding terms to the process, and the non-zero values of the entries arise solely
due to uncertainties in the calculation. These tables explicitly show how an individual
operator, or two operators in combination, affect a given process. For instance, in the
case of Cig in table 2(b), the value of the coefficient for the linear term with a negative
sign and smaller value for the same for quadratic term justify the pattern of variation of

signal strength shown in figure 3 (left). Similarly, the tiny values of coefficients of C(?Q)

justify the curve in the same figure (right). Table 2(b) also suggests that C’g él), gég)and
Ci4 are comparatively more sensitive to the ttH process. On the other hand, table 2(a)
indicates that C’tW,C’S’él), and ng have the dominant sensitivity to the tH production
process. Following this exercise, eventually, we obtain the WC-dependent functional forms
of the cross-section and other observables such as signal strength, differential cross-section,
asymmetry etc. for each of the processes considered in this study, precisely what we need

in the next step to interpret precision measurements.

3.2 Experimental measurements
In this subsection, we present the list of measurements used as inputs in our analysis, to

constrain the SMEFT operators.

e Production of Higgs boson: several Higgs-boson production modes are relevant
to the considered set of operators in eq. (2.2). For example, the production of Higgs
boson in association with vector bosons (WH and ZH) and the vector boson fusion
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Process Observable L (fb™!)  Measured value Ref.
VBF,H - WW m 139 0.9315:3 [140]
VBF,H — 77 [ 139 0.901037 [114]
VBF,H — bb [ 126 0.951035 [141]
ZH,H — WW m 139 1.64705 [142]
ATLAS WH, H — WW m 139 0.45%5:38 [142]
ttH, H — bb [ 79.8 0.7970:85 [112]
ttH, H — ZZ(40) m 79.8 < 1.77 at 68% CL  [112]
ttH, H — Multi-lepton p 79.8 1.567042 [112]
VBF,H - WW m 138 0.717028 [143]
VBF,H — vy I 137 1.04103¢ [144]
ZH,H —» WW m 138 2.010-7 [143]
ZH,H — 77 m 138 2.0M09% (bin 1) [145]
2.187 5%, (bin 2)
CMS WH, H - WW m 138 2.0108 [143]
WH, H — 77 m 138 0.7915-5(bin 1) [145]
2.6571 75 (bin 2)
ttH, H — bb m 138 —0.2770 8 [135]
ttH, H — bb m 35.9 0.721345 [106]
ttH, H — ZZ(40) m 137 0.1670% [128]
ttH, H — Multi-lepton m 35.9 1.2310-% [134]
tHq + tHW, combined o 35.9 0.927039 pb [127]

Table 3. Measurements of associated production of single-top and top-pair with Higgs boson, with
1 being the signal strength.

(VBF) include the V-V-H vertex in the production diagram. They are thus crucial
to the SMEFT operator Ogpy. On the other hand, top-quark production, either in
pair or in single, in association with the SM Higgs boson, namely ttH, tHq, and
tHW processes, as shown in table 3, are sensitive to the rest of the operators in
eq. (2.2). The measurements are presented in terms of signal strength (u) as defined
in eq. (3.4), including uncertainties and for various luminosity options. In case of
asymmetric error, the larger value is taken into consideration.

e Single top-quark production: this set of data includes only the single top-quark
production along with a jet in the t-channel process. However, the single top quark
production in association with a W boson (tW production) is treated in a different
category. These measurements are mostly sensitive to C’é‘g and Cuy via the W-t-b
vertex, as seen in table 8. The measurements include mainly the total production
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Process Observable L (fb™')  Measured value  Ref.

tj (t-channel) Ttot(t) 35.9 130+19 pb [146]
tj (t-channel) Ttot (t) 35.9 77+£12 pb [146]
CMS | tj (t-channel) (1/0)do/d|y'H| 2.3 0.64+0.14(bin 1)  [147]

)
0.55 + 0.12(bin 2)
0.50 + 0.12(bin 3)
0.18 + 0.08(bin 4)
(1/0)do /d|y| 359  0.5840.15(bin 5)  [148]
0.53 4 0.08(bin 6)
0.50 4 0.09(bin 7)
0.47 4 0.09(bin 8)
0.26 + 0.02(bin 9)
ATLAS | tj (t-channel) Ttot () 3.2 156428 pb [149]
tj (t-channel) oot (t) 3.2 91+19 pb [149]

Table 4. Measurements of single top-quark production and normalized differential cross-sections,
in terms of the rapidity (y) of the reconstructed top-quark.

cross-sections and as well as normalized differential cross-sections, listed in table 4.
The added advantage of using normalized differential cross-sections is to have the
minimal effect of uncertainties in comparing the theoretical predictions (LO) to the
observed one. Although there are several differential cross-section measurements

corresponding to different observables, in this study, we have considered only one
( 1 do

P dly\) of them, since others must be highly correlated.

« Top-quark pair production and tt asymmetry: there are a good number of
measurements of the top-quark pair production and the tt asymmetry, but here we
focus only on some most sensitive recent measurements (see table 5). We particularly
used the differential cross-section measurements for tt. Though differential distribu-
tions in various kinematic bins are measured, we considered one of them from each
analysis to avoid unknown experimental correlations between pairs of distributions,
which might lead to double counting.

These measurements are mostly sensitive to the four-fermi operators (Cgél) and

Cg’q’g)) (see table 8).

e Top-quark pair production in association with a vector boson: in this cat-
egory of measurements, ttZ and ttW processes are considered. It includes the mea-
surements of total inclusive cross-sections and differential cross-section like single top
case, as shown in table 6. This set of data is primarily useful in constraining C(E)E?)
and Cy; (see table 8). For both the processes, the combined measurements with the

- 12 —



Process  Observable L (fb™1) Measured value Ref.

ATLAS | tt  (1/0)do/dm; 139 0.2140.0023(bin 3)  [85]

0.25 % 0.003(bin 4)

0.18 = 0.0035(bin 5)

0.11 £ 0.0044(bin 6)

CMS (1/0)do/dm; 137 0.10+0.15(bin 1)  [150]

0.16 = 0.08(bin 2)

0.21 = 0.09(bin 3)

0.20 = 0.09(bin 4)

0.14 = 0.02(bin 5)
(bin 6)
(bin 7)
(bin 8)

0.08 + 0.02(bin 6

0.05 + 0.02(bin 7

0.28 £ 0.02(bin 8

ATLAS | tt Ac 139 0.0060+0.0015 [151]
CMS tt Ac 138 0.69103 [152]

Table 5. Measurements of tt charge-asymmetry (A¢) and normalized top-quark pair production
differential cross-sections, in terms of the invariant mass (m;) of the top pair.

final states consisting of 3¢ and 4¢ are considered and the corresponding theoretical
cross sections are also estimated according to those final states.

e Single top-quark production in association with vector boson: this category
includes tZq and tW production both in ATLAS and CMS experiments and the
measurements of the total and differential cross-sections are taken into account. The
lists of measurements used in the analysis are shown in table 7. According to table 8,

3)

these measurements mainly restrict C ¢3 .

3.3 Fisher information matrix

In order to have a quantitative assessment of the level sensitivity of these SMEFT operators
to various processes, we resort to the formalism of the FIM [136]. The FIM provides a
quantitative comparison of sensitivity of a given set of SMEFT operators among a set of
processes.

Defining f(X|C) as the distribution of the experimental measurements X and the given
true values of the set of WCs C, the FIM is defined as [136]

a%ogf(X\é)]

aC;9C; (3.9)

1;(C) = —-E l

where ‘E’ represents the expectation value over a set of measurements X, and indices 1, j
stand for the labels of WCs. One can argue that the smallest uncertainty for the WC (C;)
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Process  Observable £ (fb™1) Measured value Ref.
ttZ Ttot 36.1 0.9540.13 pb [79]
ttW Ttot 36.1 0.8740.19 pb [79]
%  (1/o)do/dp% 139 0.0018 +0.0013(bin 1)  [131]
0.0055 + 0.0025(bin 2)
ATLAS 0.0053 £ 0.002(bin 3)
0.0057 = 0.0015(bin 4)
0.0022 £ 0.00085(bin 5)
0.0006 = 0.0004(bin 6)
0.0006 = 0.00025(bin 7))
ttZ m 138 0.655:04 [135]
ttZ Tto 35.9 0.99-£0.14 pb [153]
ttW Otot 35.9 0.77£0.17 pb [153]
ttZ Ttot 7.5 0.9540.08 pb 93]
CMS | ttZ  (1/o)do/dp? 775 0.004 £ 0.001(bin 1) (93]

0.005 £ 0.0009(bin 2)
0.0022 + 0.0005(bin 3)
0.0003 = 0.0001 (bin 4)

Table 6. Measurements of associated production of top-quark pair with a vector boson.

Process ~ Observable L (fb™1) Measured value Ref
tZq(1+, 2¢) ot 138 622703 b [129]
CMS | tZq(17,2¢) Ttot 138 26.1726 b [129]
tW ot 36 89+13 pb [130]
tW Ttot 35.9 637 pb [154]
tZ 1/odo /dp% 138 0.007 £ 0.002(bin 1) [129]
0.002 = 0.007(bin 2)

0.0026 4 0.001(bin 3)

0.0008 £ 0.0004(bin 4)
ATLAS tZ Ttot 139 97+15 pb [155]
tW ot 3.2 94730 pb [156]

Table 7. Measurements of associated production of single top-quark with vector boson.
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can be obtained using the Cramer-Rao bound on the covariance matrix Covij(C_") [157],
COVZ'j Z (I_l)z'j. (3.10)

If there are Neyp number of measurements of an observable ‘X, which depend on the Ny
number of WCs, then assuming f(X|C) to be Gaussian like as,

-\ 2
New (xg — XEFT(C))
exrp

Tr]L;Il A/ 27T63xp,m - 263xp,m ,

the expanded form of FIM can be constructed following eq. (3.9) [76],

F(X|C) = (3.11)

Iy = B [Sn2% s (Yois (XET = X32) 4 (B + S04 Crvmit) (B + S0 Covmgr) )] (3.12)

Here 0¢qp is the experimental uncertainty, 8 and « are the numerical values of the linear
and quadratic coefficients of the theoretical expression of observable X respectively (see,

XEFT = O.EFT)

e.g., eq. (3.3) when . Now, following the procedure described in ref. [136],

we define a six-dimensional basis of WCs as,
o T
C= (0 Co Cop Ciw Cow Cyw) (3.13)

With this choice, I;; is evaluated for a set of processes, such as tH, ttH, single-top, ttV(V =
W,Z),tZq and tW. After diagonalization of I;;, the diagonal entries quantify the level of
sensitivity of the i WC (C;) to a given physical process. In other words, those present
the values of sensitivity of a given process to the i® WC. This quantification indicates
the relative strength by which the i WC can be constrained from the measurements of
that process. For the sake of illustration, the FIM for the set of C' (eq. (3.13)) considering
the single-top (tj) production and differential cross-section measurements (see table 4) is

given by,
952 027 —11.20 0 3.25 0]
0.27 8929 263 0 048 0
—11.20 2.64 588.81 012.38 0
0 0 0 0 0 0
3.25 048 12.38 020.20 0
0 0 0 0 0 0
The corresponding eigenvalues are diag(/;;) = {8.30,89.28,589.27,0,20.96,0}. The set of

diagonal entries of diagonalized I;; matrix clearly indicates that 0&,1) is most sensitive to

single-top production, followed by C’S’ 48). The effect of other WCs, such as, C’gg and Cyyy
are almost negligible. Since, only the relative size of the entries of the I;; is important, not
the absolute size, we normalize these entries in such a way that YNWC |diag(1;;)| = 100.
It gives a normalized measure of the relative sensitivity of the WCs for a given process.
Following the above strategy, the FIM for all our considered processes and operators are
derived and presented in table 8(a). On the other hand, relative sensitivities of different
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(a) Normalization performed for individual processes.

WC tH | ttH | VBF | ZH | WH | tj | ttV | tZ | tW | AC | tt
clY) 145 | - . Sl - 12| - |11 |25 - .
oY 22 130 - | - 125|181 | - | 771323
ol 1| sn1| - | - 8320881810 - |225]67.1
Cw 13|57 - - - : ; : _ _
Cov 706 | - ; ~ 29| - |56 413 - .
Cow 03 | - | 100 | 100 | 100 | - : _ : _ -

(b) Normalization performed for individual operators.

WC tH tH VBF ZH WH tj ttV tZ tW AC tt

cl) 687 - ; : - 44 - 144 119 - ]
e 16 - _ ; - 66 52 405 - 304 15.1
ey’ 1o - : ; - 51 49 342 - 541 -
Ciy 741 248 - - - Lo
Cov 719 - ] - - 19 - 229 33 - -
Cow 05 - 318 269 407 - - - - - -

Table 8. The relative sensitivity of WCs to various processes after normalizing to the scale of 100,
and computed using measurements from table 3-7. Entries below 1% are dropped, except for the
entries of the tH process. Also, V= W, Z wherever relevant.

processes to a given operator depend on the relative sizes of the same diagonal entries
(say, (k,k), where k = 1,...,6, with (1,1) for C(%, (2,2) for Cgés), and so on.) for the
FIMs corresponding to respective processes. Thus, in this case, we normalize entries for
individual operators over all processes, such as ngf © |diag(Ixx)|™ = 100. Following this

exercise, we present the sensitivities of an operator to different processes in table 8(b).

Each column of the table 8(a) presents the relative sensitivities of the set of WCs
corresponding to respective physics processes. For instance, the operator corresponding to
WCs C’S’él) and C’g 48) are primarily sensitive to all processes except tW production, where
the 4-F vertex is not present. On the other hand, table 8(b) helps understand the effects
of different processes on individual operators. This table shows that the tH measurement
is more effective in constraining the operators (’)((;2, Oww, and Oy than other processes.
However, it does not significantly impact the 4-Fermi and the Oy, where other Higgs
boson or top-quark-related measurements are more effective. The information provided by
this table are very useful in selecting the set of dataset to constrain a given set of SMEFT
operators. This exercise leads us to conclude that the measurements related to the top
quark production either in single or in pair, in association with Higgs and vector bosons

are very useful to constrain the set of operators considered in this analysis.
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3) E3D) )
Cro  Coo  Cw  Cop'  Coq'  Cow
Single fit | -1.07}T 2.0713 08722 -0.3709 05715 1.3708

Combined fit | -1.9734 22722 20%30 04704 07715 1.270¢

Table 9. Linear fit of WCs, for both the single and the combined fit, using the full dataset table 3-7.

(3) (3,1) (3.8)
Cty Cyo Cow  Cy, Con Cow
Single fit | -1.675¢  2.0730  1.279%  _0.2%02 -0.5703 11707
Combined fit | -0.45%3%  -0.23%  _1.3%28 05413 02405 1.0%)]

Table 10. Same as table 9, but for quadratic fit of WCs.

3.4 Constraining WCs

In the earlier sections, we have laid out the theoretical setup and discussed in detail the
level of sensitivity of each of the SMEFT operators (eq. (3.9)) with the processes involving
top-quark (see table 8). Accordingly, the list of precision measurements to be used as input
is also identified. With all these settings, now we are set to find the constrained values of
these six WCs by the method of x2-minimization.

For a given set of WCs, C_", the x? function is defined as,

1 Ndat

(0) (057 — 0(C)) [Covyy) (0577 — O(C)) (3.14)

where, O and O are the measured and theoretical values of the i-th observables, which
can be total or differential cross-section, signal strength etc. Here Ny, represents the total
number of data used in the y?-minimization. The covariance matrix Covi_j1 contains the
experimental and theoretical uncertainties. The y2-minimization is performed using the
framework of TMinuit with the option MIGRAD [158].

The convergence of MIGRAD method of y2-minimization was confirmed, and the
stability of the best-fit values are also checked with respect to different initial conditions
of the WCs and the step sizes. The quality of x?-minimization is ensured by verifying the
quantity x2/Ngat, which turned out to be 0.9 (1.4) in case of linear (quadratic) fit for a
total number of data, Ny, = 70.

We perform the fitting for two cases. In the first case, a given WC is fitted setting
others to zero and label it as “single fit”. Whereas, for the second case, fitting is carried
out for all the operators, calling it a “combined fit”. Depending on the order of the used
theoretical values, the fitting is performed both at linear and quadratic level (as shown
in eq. (3.3)). The results for both linear and quadratic fits are presented in table 9 and
table 10 respectively, in terms of the best-fit values and the corresponding 20 error. In
each case, both the single fit and the combined fit scenarios are considered. For the sake
of presentation, the best-fit values of the combined quadratic fit are also shown in figure 4,
along with 20 error bands.
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Values of WCs
o
——
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Ow C’gg Ciw Cg)q’l) CC(;;S) Cow

Figure 4. Best-fit values and corresponding allowed ranges for the WC, from combined quadratic
fit (table 10).

Evidently, in the quadratic fitting, the magnitudes of the central values of the con-
strained WCs are reduced significantly, while the error bands remain almost unchanged.
An exact matching between the theoretical prediction and the corresponding experimental
measurements is expected to constrain WC severely, whereas, a wide gap between them
may not be effective to put any tight constraint on them. In this regard, table 8 predicts
the set of datasets that can potentially constrain a subset of operators.

The systematics in the measured values translate the error in the fitted values of the
WCs. For example, the Cypr operator affecting the vertex W-t-b is expected to be very
sensitive to tH, tZ, and tW production, as seen in table 8. Therefore, the measurements
of cross-section, signal strength, or differential cross-section in various channels of these
processes, as shown in table 3, and 7, primarily constrain Cyy operator. Comparatively
larger uncertainties in these measurements result in a substantial error to the best-fit value
of Cy. In contrast, 4-F operators are much more tightly constrained due to the measure-
ments from tj, ttV, tt-Ac, etc. Following similar arguments and considering table 3-7, one
can have some understanding of the best-fit values of the WCs as presented in table 10.
The uncertainties of theoretical cross-sections are not taken into consideration while per-
forming fitting. However, we have checked that, a flat 10% theoretical uncertainty of all
the observables affects the best-fit values of the WC with a shift by around 7 — 8%.

4 Implications at the LHC

The previous section presents the best-fit values within a constrained range of operators
relevant to tHq process. The next goal is to explore the feasibility of finding the signal of
these operators at the LHC with the present and future luminosity options. As mentioned
before, the signal, if exists, is expected to be observed at the tail of the kinematic distribu-
tion of certain chosen observables constructed out of the momenta of final state particles
of the tHq process. In this case, the primary reason for such possible deviations can be
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q > > q

Figure 5. Representative Feynman diagram of tHq process, where the scattering sub-amplitude
bW — tH can be embedded in the blob.

attributed to the energy growth in the scattering sub-amplitude bW — tH [122], where H
is radiated off either from t or W boson.

The presence of this sub-amplitude bW — tH, in the tHq production process is shown
in figure 5. Similar effects are also present in tZj, tWZ, and other production processes
involving gauge or Higgs bosons, where different other scattering sub-amplitudes contribute
to the energy growth [13, 159, 160]. On the contrary, these kinds of sub-amplitudes do not
exist in the single-top, tt, ttH or ttV processes, implying the absence of any energy growth
due to the effect of the SMEFT operators. Consequently, while considering tHq process as
the signal, even if these SMEFT operators may affect some of the dominating background
processes, especially the ttH production, the deviations in the kinematic distributions of
the tHq process are expected to be visible over the background. Therefore, despite having
a very low cross-section, the tHq production with a dedicated analysis strategy may turn
out to be more promising compared to other common processes in probing the SMEFT
effects at the LHC.

As already mentioned, the impact of the SMEFT operators on any process is very
likely to be visible at the higher side of the kinematic distribution, supposed to be the
signal region. With this understanding, we perform the analysis by splitting the phase
space into two regions, (a) boosted region, with pr(H) > 300 GeV, and (b) non-boosted
region, with pr(H) < 300GeV. Additionally, both the hadronic and the leptonic decay
channels of top-quark are considered separately. In the final state, the Higgs boson is
reconstructed out of two b-jets, whereas the top quark is reconstructed as a top-jet for
its hadronic decay mode only, for both the scenarios (a) and (b). In addition to the
reconstructed top-quark and Higgs boson, the presence at least one non-tagged jet in the
final state is required for both the cases. Additionally, a tagged b-jet is required for the
leptonic final state. Thus, our signal final states are categorized as,

Hieco + treco + n-jets (hadronic final state) (4.1)
Hieco + £ + np-jets + n-jets (semi-leptonic final state), (4.2)

with ng,n > 1. The dominant SM background contributions are expected to be due to the
following processes,

p p — tt, ttH, ttZ, ttbb, ttW, WH. (4.3)
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3.8 3.4 2.6 1.3 0.5 0.7
Best-fit values -0.4575¢ -0.2%7% -1.372°% -0.5%55 -0.275; 1.010]

Table 11. Bestfit values of the WCs, referred together as ‘SM+EFT”.

Among these background processes, tt, tth, ttZ, ttbb, ttW contribute to both the hadronic
and leptonic final state eq. (4.1), (4.2), while WH becomes important only for the leptonic
final state eq. (4.2).

In practice, the impact of SMEFT operators on any SM process are studied considering
only one operator at a time setting others to zero, and then repeat this exercise for rest
of the operators. In fact, initially we followed this strategy to understand the effects of
individual operators to tHq process, which can be confirmed also by looking at the FIM
(eq. (3.9)). However, in order to be realistic, effects of multiple relevant WCs are studied
together to observe the combined effect, in particular due to the interference between
different EFT operators and as well as with the SM. In our case, we set the values of the
WCs to their respective best-fit as presented in table 11 (copied from second row of the
table 10), which we dub as “SM+EFT”, representing combined effects of the SM and the
‘EFT’ operators (eq. (1.1)).

4.1 Simulation of events and object selections

As before, the events are generated in MG5aMC_atNL0O-3.3.0 [137] using
SMEFTatNLO UFO [126] package, which takes care of the SMEFT WCs. For decays, we use
Madspin taking into account of the SMEFT effects, which is crucial for the top-quark de-
cay. The showering and hadronization are performed using PYTHIA8 [161, 162] followed by
detector simulation using Delphes [163] with the choice of CMS specific detector card. The
selection of the two different kinematic regions (a) and (b) are ensured by restricting Higgs
boson pr at the level of matrix element generation in Madgraph. The hard-scattered jets
are required to have pp > 20 GeV, while choosing MLM matching with XQCut 20 [164].

Apart from the signal events, this procedure is also followed for backgrounds with EFT
effects, whereas, for SM-only backgrounds (i.e. all C; = 0), the common SM UFO model in
Madgraph5-aMC@ONLO is used, instead of the SMEFTatNLO one. In case of WH production,
leptonic mode of W decay is considered, since this background contributes only to the
leptonic final state. Similar to the signal events, background events are also generated in
pr bins, namely, 300 < py < 600 GeV (Bin 1) and pr > 600 GeV (Bin 2), of bosons (H, Z
or W) in tth, ttZ, ttW events. For the generation of tt and ttbb events, same selections
are imposed on the pr of the top-quark.

All the objects are reconstructed using Delphes inputs. In the following, the recon-
struction procedure for different objects are described separately for two different regions
(a) and (b), whereas the lepton selection is same for both the regions. The simulation
strategy including the reconstructions of objects are described below.

(a) Boosted-region: to generate statistically appropriate number of events, the boosted
category is further divided in two separate Higgs pr bins, 300 < pr(H) < 600 GeV
(Bin 1) and pr(H) > 600 GeV (Bin 2).
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Higgs-jet(HJ): first, e-flow objects of Delphes are used to construct fat-jets using
Fastjet3.3.2 [165] with Cambridge-Aachen [166] algorithm setting jet size parameter
R = 1.0. Minimum pr of the fatjets is set to be 300 GeV and 600 GeV for Bin-1
and Bin-2 respectively. These fat jets are then passed through mass-drop Tagger
(MDT) [167, 168] setting p =0.667 and ycut > 0.09 to remove contamination due
to soft radiation. The subjets of the ‘tagged fat jet’ are further matched with the
b-quarks of the event which are selected within |n| < 2.5 and with a matching cone
AR < 0.3. When both the subjets are found to be b-like, and mass of the fat-jet
lies within the window mj € [100, 150], we identify the tagged fatjet as the HJ. The
presence of B-hadron in the b-like subjets are found to exist for about 95% of the
cases.

Top-jet(TopJ): hadronic Top-jets are constructed taking the Delphes objects which
lie outside the HJ (AR > R) using Fastjet-3.3.2 with Cambridge-Aachen algorithm,
with an initial radius parameter R’ = 1.6 and pr > 200 GeV. The reconstructed
fat-jets are passed through HEPToptagger [169, 170] to identify possible top-jets,
with the choice of optimal-R requirement. When a fat-jet is tagged as top-jet, the
optimized radius is noted as ‘Ropt’ for further use. It is to be noted that, for lep-
tonic category, top-jet is not reconstructed due to the presence of neutrino leading
to missing momentum.

Other-jets: after HJ and TopJ reconstructions, Delphes objects which are away
from HJ and TopJ (i.e, AR > R,Rgpt) (for leptonic channel, distance from TopJ
is not required), are clustered using Anti-kT algorithm with the radius parameter
R”=0.4 and pt > 20 GeV. The event is accepted if there exists at least one jet. On
the other hand, for semi-leptonic final state, jets are matched with the b-quarks after
the HJ tagging, to find out remaining b-jets of the event. These b-jets are part of
the signal for the semi-leptonic case.

(b) Non-boosted region: in the case of non-boosted region, obviously neither the Higgs
nor the top quarks are tagged as fatjet. Instead, using e-flow objects of Delphes, we
construct anti-kT jets of radius parameter R” = 0.4 and minimum pt cut of 20 GeV.
Matching these jets with the b-quarks of the event using a matching cone AR < 0.3,
a set of b-jets are identified.

Higgs-jet(HJ): in order to reconstruct the Higgs boson, the best possible com-
bination of b-like jets are selected by minimizing (m,j; — my)?, where my is set to
125 GeV. If myj lies within the mass window my € [100, 150], then the corresponding
combination of bb system and the invariant mass is assumed to represent the Higgs
boson.

Top-jet(TopJ): out of the remaining set of ordinary jets and the b-jets, the right

combination is picked up, which minimizes (mjj,) — m¢)? + (m5) — my)?, and that
represents a top-jet. For the leptonic case, top quark is not fully reconstructed.
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Instead, the lepton-b system originating from top quark decay is used as a substitute
to construct top-quark related observables.

b-jets and other non-b jets: after reconstruction of Higgs boson and top-quark
(for hadronic channel) at least one jet (hadronic) or one b-jet and one ordinary jet
(leptonic) are required.

Lepton selection: both leptons (e and p) are selected with pp > 20GeV and
|n| < 2.5. The isolation of leptons are ensured using an isolation criteria taking into
account the e-flow objects of Delphes as follows,

R<r
LPTT e, 1. (4.4)

PTy
Here the numerator presents the sum of pp of all visible collections within a cone
of radius R around the lepton, with r = :)OT'E for boosted category, and r = 0.3 for
non-boosted category, setting I = 0.12 and 0.25 for e and p respectively. Notably,
for the boosted category, a different isolation procedure with pp-dependent isolation
cone is employed, familiar as mini-isolation [171].

4.2 Results
4.2.1 Effect of SMEFT operators to tHq process

Several kinematic observables are constructed for each case (a) and (b) for “SM+EFT”,
setting all WC to their best-fit values. We identify the right set of observables that show
a clear deviation at the tail from the SM prediction. In order to quantify the sensitivities,
we first estimate the level of contamination due to the SM backgrounds (eq. (4.3)) at the
signal region, and then also checked the same including the EFT effects.

We demonstrate the distributions of a few interesting observables for the hadronic
(eq. (4.1)) and leptonic final states (4.2), considering both the boosted and non-boosted
regions.

e Hadronic final state: the cross-section normalized transverse momentum of the re-
constructed Higgs boson for boosted (left) and non-boosted (right) cases are presented
in figure 6. The excess in the pt spectrum is very large in the case of boosted regime,
whereas it is less for the non-boosted case, except beyond the pp(H) > 200 GeV. The
sudden fall, above pp(H) > 300 GeV is owing to a generator-level cut on the pp of
the Higgs boson. Notice that, for the boosted case, the SM cross-section is multiplied
by a factor of 20 for the sake of presentation.

Similarly, the distribution of pt of the top-jet is shown in figure 7 both for SM and
SM+EFT cases. As no generator-level selection is imposed on the pr of the top-quark
or the light hard-scattered quark, the distribution in the non-boosted region does not
show any abrupt fall as seen before at the higher side of the HJ pr distribution.
In this distribution also, a significant deviation is observed on the higher side, in
particular for the boosted case.
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Figure 6. Transverse momentum of the reconstructed Higgs boson (HJ) for non-boosted (pr(H) <
300 GeV)(left) and boosted region (pr(H) > 300 GeV)(right) for the hadronic final state.
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Figure 7. Transverse momentum of the reconstructed Top-jet (TopJ) for the hadronic final state
in the same set-up as figure 6.

The pr of the leading-jet, as presented in figure 8, depicts a mild deviation at the tail,
unlike the case of HJ and TopJ. It can be attributed to the fact that the vertex from
where the jet originates are not affected by any energy growth due to the scattering
sub-amplitude bW — tH [122]. The deviations of the TopJ and HJ at the tail of
the distributions are also expected to be reflected in the invariant mass of these
two objects, as seen in figure 9. Remarkably, a very clear deviation is observed, in
particular for the boosted case.

e Leptonic final state: the distribution of pp of the lepton arising from the decay
of top-quark is presented in figure 10. As expected, the lepton receives the similar
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Figure 8. Transverse momentum of the reconstructed leading jet for the hadronic final state in
the same set-up as figure 6.
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Figure 9. Invariant mass of the Higgs-Jet and Top-jet for the hadronic final state in the same
set-up a figure 6.

feature of the pr of the top, and exhibits substantial deviation as the TopJ. In this
case, particularly for the boosted category, the effect is much more pronounced than
the pp of TopJ for hadronic case (figure 7).

Equivalent to the M(TopJ,HJ) observable for the hadronic case, the invariant mass
of the lepton, HJ, and the b-jet is constructed. The b-jets associated with the lepton
are identified by requiring the criteria AR(¢,b) < 1.5. In figure 11, the invariant
mass of b-¢-HJ system is presented for the non-boosted (left) and boosted (right)
case. Remarkable deviations are observed at the high value of the invariant mass for
the boosted case.
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Figure 10. Transverse momentum of the isolated lepton for the leptonic final state in the same
set-up as figure 6.
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Figure 11. Invariant mass of the lepton, b-jet and Higgs-jet system for the leptonic final state in
the same set-up as figure 6, requiring AR(¢,b) < 1.5.

4.2.2 Signal and backgrounds

The visible effects of the relevant SMEFT operators in various kinematical observables for
the tHq process are presented in the previous section. Deviations from the SM prediction
is observed at the tail of the distributions. Discovery potential of the signatures of these
operators can be realized once we make a proper estimation of background contamination
in the signal regions. The possible dominant sources of SM backgrounds are presented in
eq. (4.3). Now we proceed to find the signal sensitivity, by estimating signal significance
for the boosted region of the tHq process.
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SM+EFT  ttH(bb) tthb tt ttZ ttW

Cross-section(fb) (LO) 21 21(17) 59(59)  15410(15300)  39(39) 13(13)
No. of HJ =1 9.6  85(64) 1.3(11)  27.8(23.9)  0.7(07)  0.08(0.09)
No. of TopJ = 1 19 13(0.9) 0200.16)  3.0(2.9)  0.08(0.07) 0.005(0.002)
No. of Jets > 1 16 1.2(09) 0200.15)  26(25)  0.08(0.06)  0.004(0.001)
pr(topd) > 400 GeV 1.3 0.6(04) 0.1(0.09)  13(125  0.03(0.02) 0.001(0.0008)
M(topd, HJ) > 1000GeV 1.1 0.4(0.2) 0.06(0.04)  0.8(0.77)  0.02(0.02) 0.0005(0.0003)

Table 12. Signal and background cross-section yields (in fb) for the hadronic final state after basic
selections including EFT effects in both cases. The numbers in the parenthesis represent the SM-
only background contributions.

SM+EFT  ttH(bb) ttbb tt ttZ W W (¢v)H(bb)
Cross-section(fb) (LO) 7 22(17) 59(59) 15480(15300) 39(39) 13(13) 22.2(6.5)
No. of HJ =1 3.5 7.6(6.2) 1.3(1.0) 26.1(23.9) 0.7(0.7) 0.08(0.09) 10.1(2.0)
No.of £ =1 2.8 2.2(1.8) 0.4(0.3) 6.5(6.2) 0.2(0.2) 0.02(0.03) 8.1(1.6)
No. of Jets >0 2.8 2.2(1.8) 0.4(0.3) 6.5(6.2) 0.2(0.2) 0.02(0.03) 8.1(1.6)
pr(£) > 300 GeV 0.7 0.09(0.06)  0.03(0.01) 0.5(0.3) 0.004(0.002)  0.003(0.002) 1.6(0.1)
M(4, b, HJ) > 800 GeV 0.5 0.04(0.03) 0.006(0.004)  0.1(0.08)  0.0003(0.0002) 0.0004(0.0002)  0.8(0.03)

Table 13. Same as in table 12, but for leptonic final state.

For the hadronic final state, QCD multi-jet events, having huge cross-section, may
add fake contribution as one of the backgrounds. We have checked simulating a sufficient
number of QCD events that the contribution is small, though non-negligible compared to
the signal in the boosted region with only the minimal selection criteria for the final state
eq. (4.1), and (4.2). However, after implementing other discriminating variables, the QCD
contribution is expected to be reduced further and even a multivariate analysis (MVA) may
help to bring it down substantially. Due to the lack of appropriate statistics of events after
the basic selections, further study turned out to be beyond our scope, and we conclude
that the proper estimation of the QCD background is to be done experimentally by a
data-driven analysis.

The cross-section of each of the background processes at the leading order (LO) are
presented in table 12 and 13, subject to different set of selection cuts as required. For the
sake of comparison, the cross-section including EFT (‘SM+EFT’) in the calculation are
also presented. Moreover, it is important to note that the SM background processes are
simulated including the effect of EF'T operators like the signal process, setting the respective
WCs to the best-fit values as presented in table 11. For the background processes, the
numbers in the parenthesis represent the cross-section yields due to SM-only contribution,
i.e., setting all WCs are zero. The first row presents the fiducial production cross-section
at leading order (LO), i.e., subject to the generator-level phase space selections described
above, while later rows show the cross-section yields after imposing respective selection cuts.

The reconstruction of one Higgs jet (HJ) in the event is found to be very effective in
eliminating an enormous amount of backgrounds, except for ttH, which includes a true
Higgs boson in the final state like the signal. The presence of a single TopJ in the signal
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Figure 12. Number of events for £ = 300fb~! in pp-bins of Higgs-Jet (left) and Top-jet (right)
in the boosted region (pr(H) > 300 GeV) of the hadronic final state along with the total main
backgrounds. ‘BG’ corresponds to backgrounds, which can either be SM-only or with EFT effects
(SM+EFT).

also helps in suppressing a substantial fraction of backgrounds owing to the higher top-
reconstruction efficiency for the signal, since the population of high pr top quarks in the
signal process is higher compared to the backgrounds. Notably, demanding at least one
QCD jet is important to confirm the signal events, although not very effective in reducing
the background events. Finally, in order to eliminate further the remaining background
yields, a cut on the pr of the Top-jet and an invariant mass cut of the Top-Higgs system
for the hadronic category are imposed. These two cuts essentially isolate the signal region
where a substantial excess is visible, in particular, for the boosted case. These two selection
cuts reject around 70% or more background events. Similarly, for the leptonic final state,
cut on the pp of lepton followed by a requirement on the invariant mass of the lepton,
b, and the HJ system, M({,b,HJ) > 800GeV, eliminate around 99% of backgrounds,
without costing too much signal events. The overall acceptance efficiency for the signal is
about 5 — 8% for both the hadronic and leptonic categories, whereas, for backgrounds, it
is ~ 0.001% — 0.006%. Finally, the total background cross-section turns out to be ~ 1.3fb
and ~ 0.91b for hadronic and leptonic cases respectively.

The figure 12 presents the pp distribution, normalized to luminosity £ = 300fb~!, of
TopJ and HJ after all selection cuts for hadronic events. It also shows the clear excess
of signal events at the tail. Similarly, for the leptonic category, the distribution of pt of
lepton and invariant mass of lepton, b-jet, and reconstructed Higgs boson are presented in
figure 13.

The distributions in figure 12 and 13 demonstrate that in the boosted region of the
tHq production process, a countable excess of events can be observed for a luminosity
£ = 300fb~!, which is expected to increase by 10 folds for £ = 3000 fb~!. Alternatively,
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Figure 13. Same as figure 12, but in pp-bins of lepton (left) and invariant mass of Higgs-lepton-
bjet system (right) for the leptonic final state.

non-observation of any excess certainly can impose much stronger bounds on the WCs of
the relevant operators.

The feature of the ‘high scale sensitivity’ reflected in the excess can be captured in the
‘bin by bin’ estimation of the respective kinematic variable, rather than counting a total
number of events. Basically, the region where excess is observed is divided into several bins,
and the number of events corresponding to those for both the signal and total background
is counted. Since pr of constructed kinematic variables as shown above are expected to
be correlated, bins in the 2D plane are considered to be useful in presenting significances.
In figure 14 we present the signal region in 2D planes dividing into the pr bins of the HJ
and TopJ for hadronic(left) and leptonic(right) case. In each bin, the upper (lower) entries
present the signal (total background) yields. The respective colors of each bin show the
level of significances, S//(S + B), for a luminosity option £ = 300fb~1.

Notice that for the hadronic case, more than 3¢ significance can be achieved for the pr
range 400-1200 GeV of both HJ and TopJ, whereas for the leptonic case, the range appears
to be 20-800 GeV for lepton and 400-1200 GeV for HJ. The drop of the signal significance,
assuming of 10% background uncertainty, differs from bin to bin with a maximum drop of
~ 30 — 50% in the lower pr bins, whereas a negligible reduction (~ 0) towards the higher
pr region. The sensitivity may go up by almost a factor 3 for £ = 3000fb~!. Evidently,
figure 14 demonstrates the discovery potential of the signature of the impact of EFT in
tHq process at the LHC. Clearly, presence of EFT effects which is already constrained by
the existing data can be found in tHq process even for £ = 300fb~! option at the LHC
RUNS3 experiment.
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Figure 14. 2D distribution of pr(HJ) and pr(TopJ) or pr(¢) in terms of signal significance
(S/4/(S+B)) at £ = 300fb~! for hadronic (left) and leptonic (right) final state. The upper
(lower) entries present the number of event yields for signal (total background).

5 Summary

We present a detailed study of new physics effects in the single top quark production
associated with the SM Higgs boson (tHq) within the SMEFT framework where extra
dimension-6 terms are added with the SM lagrangian. As a first step, we isolate a subset of
SMEFT operators relevant to the tHq process using symmetry arguments. The processes
involving a top quark and having common interactions with the tHq are also identified,
namely ttH,tH, ttW,tZ and tj. The total cross-section or differential cross-section, signal
strength, etc., are measured for each of these processes at the LHC. The deviation of these
latest measurements from the SM prediction are expected to impose constraints on the
WCs corresponding to those SMEFT operators involved in the tHq process. Of course,
the sensitivity of the SMEFT operators with the given set of processes determines how
strongly those WCs can be constrained. The FIM is constructed in order to have a better
quantitative understanding about the level of sensitivity of each of the considered processes
on various operators interesting to us. It is also a very useful tool to understand our results
qualitatively. The methodology of the evaluation of the tree level cross-sections(LO) for
each of the process including SMEFT operators are discussed. The compact analytical form
of the total cross-section or any observable can be expressed in terms of a polynomial. The
numerical values of the coefficients of the respective SMEFT terms are obtained by fitting
the variation of cross-section with the corresponding WC. The constrained ranges of chosen
SMEFT operators are obtained following the technique of y2-minimization inputting the
measured values along with the uncertainties and the corresponding theoretical predictions
of several observables. Eventually, the best fit values of each of these six WCs are presented.

The tHq process is found to be somewhat special as it incorporates unitarity violat-
ing scattering sub-amplitude, namely bW — tH, resulting in an energy growth, which is
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reflected in various kinematic distributions as the excess of events at the tail. This excess
of events can be treated as the signature of new physics arising due to the EFT contribu-
tion. We perform a dedicated simulation of tHq process at the LHC energy, /s = 13 TeV,
for both the hadronic and leptonic channels according to the decay of top quark. The
simulation is performed categorizing the events into the boosted and non boosted regions,
depending on the pr of the Higgs boson. For the hadronic final state, the signal is char-
acterized by one reconstructed Higgs-jet, one reconstructed Top-jet and at least one extra
jet; whereas, for the leptonic final state, an isolated lepton and an extra b-jet is selected
instead of a Top-jet. While in the non-boosted scenario, defined by pp(H) < 300 GeV, EFT
effects in different distributions are found to be small compared to the SM distributions.
In contrast, these effects turn out to be huge in the boosted region (pr(H) > 300 GeV).

Having these interesting observations, we concentrate on the boosted region to find the
discovery potential of the EFT effects. A detailed simulation of backgrounds are performed
to find the signal significance. It is to be noted that the backgrounds are also simulated
including the contributions of SMEFT operators. Systematically selection cuts are applied
to suppress backgrounds without costing signal significantly. Instead of counting total
number of excess events in the signal region after background rejection, we present it in
bins of a few interesting observables. For hadronic case, the significances are presented in
the pr bins of Higgs and Top jets whereas for leptonic case, pr of Higgs jet and lepton are
considered. The pr-binned analysis turns out to be very effective to single out excesses
at the tails of the distributions. It is seen that, a reasonable signal significance ~ 50 can
be achieved in most of the higher pr-bins at the high luminosity option £ = 300fb~!,
presumably which will further increase at HL-LHC option £ = 3000fb—!. In conclusion,
our analysis shows that, the scope of the tHq process in boosted scenario is very promising
in order to observe discoverable excess due to EFT effects. A more systematic simulation
using the p-p collision data can reveal the existence of SMEFT effects, if exist, in the
tHq process. We would like to draw the attention of our experimental colleagues in this
regard. However, the non-observation of any effect can put severe constraints on the
relevant sensitive operators considered in this study.
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A Signal strength in terms of WCs including EFT

The signal strength (1) of any given process can be split into the production and decay part,
and the decay part is expressed in terms of the decay widths of the final state particles.
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As an example, we have considered here the decay of the Higgs boson. But, in general, the
decay of any particle, such as the top quark or Z boson, etc. can be considered.
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where x, y, z are possible final states.
In the framework of EFT expansion, using eq. (3.2), we can write both the production
cross-section and decay width in the following form,

o (C) = SMJrZa clJerUczcj, (A.2)
1<j

FEFT( f + Za ¢ + Zbuczc], (A.3)
1<j

where, a7 and b7; are polynomial coefficients for production, while a and b are those for
decay width. Usmg eq. (3.4), (A.2) and (A.3) one can write,
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