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1 Introduction

Contemporary interpretation frameworks for LHC measurements are driven by the struc-

tural completeness of the Standard Model (SM) with a light observed Higgs boson and

missing hints to the nature of physics beyond the SM. From a quantum field theory per-

spective the natural approach is therefore to consider the SM as an effective field theory

(SMEFT). Here the effects of potential new particles can be systematically included in

terms of higher-dimensional operators, suppressed by a sufficiently large matching scale.

The framework relies on the idea that new physics affecting LHC measurements is too

heavy to be produced and observed directly. This is a direct application of the general



condition that an effective Lagrangian is applicable if the additional contributing degrees
of freedom are kinematically decoupled.

Part of the SMEFT framework [1-5] was developed as a gauge-invariant description of
anomalous gauge boson interactions at LEP [6, 7]. Its biggest success has been the applica-
tion to Higgs and electroweak boson measurements at the LHC [8-14]. Most recently, the
same approach [15-17] has been used to systematically analyze top quark measurements
at the LHC [18-24] and at future colliders [25, 26] and their link to bottom sector [27].
These efforts pave the way towards a global SMEFT analysis at the LHC.

Searches for physics beyond the Standard Model in the top sector reflect three unique
aspects of top physics: first, top physics at the LHC has entered a phase of precision
predictions and measurements, a development which many of us would not have thought
to be feasible before the start of the LHC; second, we might start to doubt available
solutions of the hierarchy problem, but from a field theory perspective it has not lost its
appeal and it singles out the top sector; third, many new physics scenarios, either weakly
or strongly interacting at scales around a few TeV, predict deviations in the top couplings
or new top interactions, such as new scalars coupled dominantly to the top quark [28].

In this paper we present a comprehensive analysis of the top sector in the framework
of SMEFT, based on the data collected mostly during the LHC Run II. We consider
measurements in top pair production, including associated ttW and ttZ production, as well
as in single top final states. Since effective interactions typically have a sizeable impact on
kinematic distributions we add a set of kinematic measurements with a focus on boosted
top pair production [29, 30]. Finally, we include charge asymmetry [15, 31-33] and top
decay measurements [34, 35] to shed light on specific sectors of the effective Lagrangian. To
combine all of these measurements in a coherent picture of the top sector a global SMEFT
analysis is without alternative. Our enlarged set of observables builds on earlier analyses
by the TOPFITTER [19, 20] collaboration.

For our simulations we rely on next-to-leading order (NLO) QCD predictions obtained
through FEYNRULES [36], NLOCT [37] and MADGRAPH5_AMCQNLO [36]. NLO pre-
dictions allow us to better control the accuracy and theoretical precision of our predictions,
i.e., the theoretical uncertainties in our fit. This is especially important in phase space re-
gions where SMEFT contributions can be large, e.g., in tails of kinematic distributions. For
the global analysis we use the established SFITTER framework [38, 39]. Our technical focus
is on the consistent treatment of different types of uncertainties, including correlations of
systematic and theoretical uncertainties. The specific error treatment, a detailed analysis
of several physics aspects not considered before, as well as a slightly different data set com-
plement other state-of-the-art analyses, such as that of the SMEFIT collaboration [23]. In
particular, the SFITTER technology allows us to easily study correlations between Wilson
coefficients and to compare the impact of theoretical and experimental uncertainties.

The paper is organized as follows. We begin with an overview of the observables used
in our fit in section 2, where we derive analytic expressions for the operator contributions.
After recapitulating the main aspects of the fitting approach in section 3 we describe some
of the unique aspects of a SMEFT analysis of top pair production in section 4. They are
related to the fact that many features of the set of four-quark operators are not immediately



distinguishable in QCD processes. A crucial aspect is that while flat directions exist in
this sector, the quadratic contributions from dimension-6 operators turn them into compact
circular correlations. This in turn allows us to derive limits from profile likelihoods. Finally,
we perform a global fit first of the single top sector in section 5 and then of the entire top
sector in section 6. Details about our choice of operators and our numerical results are

discussed in the appendix.

2 Top-quark effective theory

In the absence of new resonances, effects of new physics can be described as effective
interactions of SM particles at energies below a new physics matching scale A. Our goal
is to probe effective interactions with top quarks in LHC observables [40]. The dominant
effects are parametrized in terms of Wilson coeflicients C} of dimension-6 operators Oy in
the effective Lagrangian

C
geH:Z(A’;iok+hc)+Z Oy, (2.1)

k

where the sum runs over all operators that involve top-quarks. Non-hermitian operators
are denoted as ¥O. We neglect operators of mass dimension seven and higher in the EFT
expansion. We focus on CP-conserving extensions of the SM, assuming that all Wilson
coefficients are real and therefore neglecting CP-violating interactions. Since top-quark
observables at the LHC are largely blind to the flavor of light quarks with the same quantum
numbers, we impose an U(2), x U(2), x U(2)4 flavor symmetry among quarks of the first
and second generation [40-42]. We use

qi:(uiLvdiL) uizuiq, di:dl}‘g 1 =1,2

to denote left- and right-handed quarks of the first two generations and the third generation,
respectively. Within this framework, we consider 22 independent operators:

e 8 four-quark operators with LL and RR chiral structure

= (Q@uT4Q) (a7 T ¢:) = (Q1uQ) (7" i)
038 (@ T T Q) (@' T 7 ) 031 (Qv Q) (@ " ¢i)
O, = (B T4) (@ T w;) Otu (tvut) (@i u;)
Oy = (V*T4t) (din T4 d;) = (V") (divuds) ; (2.3)
e 6 four-quark operators with LR and RL chiral structure
0%y = (QY"TQ) (@, T w;) Ohu = (Q"Q) (Uivuus)
Obg = (QV'TQ)(div, T dy) Oba = (Q7"Q)(diyuds)
0% = (@ T"4:)(t, Tt) Oty = (@7"q:) (vt ; (2.4)



e 8 operators with two heavy quarks and bosons [43]

Olg = (¢ HI $)(Q7"Q) t0p = (Q0"1) & By
Ol = (¢ Df (V' Q) Fouw = (Qott) oW,
Og = (61 Dy 6)(F7") Fopr = (Qab) o W
041 = (611D,,0) (E7"D) 101 = (Qo™ T4) 6 G, . (2.5)

The different color structures of the operators will eventually lead to different color factors
in the LHC observables and different limits on the Wilson coefficients, as we will see later.
In appendix A, we list the relations between these operators and the operators in the
Warsaw basis [44]. Gauge invariance imposes relations between effective top couplings to
gauge bosons. We define

;Q = CéQ - CgQ Ciz = =54, CiB + cwCrw (2.6)

Clo=Cho+Cio=Chy+2Clg  Cia=cuCip + 5uCow = Si (Cow — cwCiz)
w
We choose C’g’)Q, (O 50 and Cyy, Ciz as degrees of freedom in our analysis. With this choice,
C’;Q and C;z modify the ttZ coupling, C;r modifies the tbWW vertex, while CgQ affects
tbW and bbZ vertices.

The Wilson coefficients of the operators in egs. (2.3), (2.4), and (2.5) define the 22
parameters in our global analysis. Further operators either do not leave visible effects in
the observables we have selected (like operators with four heavy quarks) or are strongly
constrained by more sensitive observables (like the Yukawa operator at dimension six, which
is constrained by Higgs measurements). We therefore do not include them in our analysis,
but mention them whenever they are relevant.

Experimentally, we focus on observables in top pair and electroweak single top pro-
duction at the LHC. These processes are precisely predicted and measured, both at the
level of total rates and kinematic distributions. We also include top pair production in
association with a W- or Z-boson, which is more sensitive to certain operators than top
pair or single top production and help distinguishing between operators. Table 1 shows
our set of Wilson coefficients and their contributions to the various processes.

In what follows, we describe in detail how the 22 top operators affect these processes.
We include contributions to O(A~2) when calculating the amplitude of a process and we
retain effects of O(A~%), stemming from squaring the O(A~2) amplitude. These contribu-
tions will play a crucial role in our global fit. A full calculation of observables at order A%
in the EFT is beyond the scope of our work.

Another important aspect in our discussion is the energy dependence of operator con-
tributions, which changes the top kinematics in distributions. For top pair production, we
present complete analytic expressions for four-quark operator contributions at LO, includ-
ing both SM-interference and dimension-6 squared terms.



parameter tt single t  tW tZ t decay tz tHw
Con A2 - - - - A2 A2
Con A2 A A2 ATYAT?] AT ATY A2 A2
cs,, C3 A2 - - - - A2 -
Ciia AT AT - - - - AT A AT A
Cora A~ A2 A2 - A2 A2 A4 [A72] A4 A2
Clus Cla AT AT - - - - AT AT -
Cdu Co A2 - - - - A2 -
cs A2 - - = - A2 A2
ChyChy | A4 A - - - - A4 [A2) -
cl, A4 A2 - - - - A A7 A4 A2
Coo - - - A2 - A2 —~
C3 - A2 A2 A2 A2 A2 -
Cot - - - A2 - A2 -
Citb - A A4 A A4 _ _
Ciz - - - A2 - A2 -
Cw - A2 A2 A2 A2 _ _
Cow - A4 A A4 A4 - -
Cia A2 [A72] A2 - [A~2] A2 A2

Table 1. Wilson coefficients in our analysis and their contributions to top-quark observables via
SM-interference (A~2) and via dimension-6 squared terms only (A~%). A square bracket indicates
that the Wilson coefficient contributes via SM-interference at NLO QCD. All quark masses except
my are assumed to be zero. ‘Single ¢’ stands for s- and t-channel electroweak top production.

2.1 Top pair production

Hadronic top pair production involves gg — tt and qq — tt partonic processes. In SMEFT,
effective operators contribute to both processes, as shown in figure 1. At the LHC, top
pair production is dominated by incoming gluons. At leading order in QCD two operators
contribute to this rate,

HO = (Qo"™ T )6 G, and  Og = fuGWGYG . (2.7)
However, Og is strongly constrained by multi-jet production [45, 46],

> 5.2 TeV. (2.8)
gs|CG’
Since this sensitivity is beyond the reach of top pair production, we neglect O¢g in our
analysis. Unfortunately, multi-jet features which lead to this reach in jet production do
not help significantly in the top sector [46, 47].
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Figure 1. Examples of Feynman diagrams contributing to top pair production in SMEFT at

leading order. The dots indicate possible insertions of a dimension-6 operator.

The contribution of O;g to the partonic differential cross section is given by [16]!

_ Ci + o(ictc

do(gg — tt) a?mﬁﬁmtv 7+ 98% ¢} sv? o ) (2.9)
dey 12v2 s A2 1—p2¢F 7 '

where Bi; = \/1 — 4m?, My = my/+/s, and ¢; = cosf; with the scattering angle 6; of the
top against one of the incoming gluons in the partonic center-of-mass (CM) frame. Due
to the large gluon luminosity, we expect a high sensitivity to Og in inclusive top pair
production. At high energies /s > my, the Oy — QCD and O — Oy interferences scale
as myv/A? and v2s/A? relative to the QCD rate, respectively. In the collinear limit, ¢; ~ 1,
Oy contributions feature the same logarithmic enhancement as QCD. The kinematics of
O:g-QCD interference is thus similar to QCD, while squared Oug contibutions grow with
energy relative to the SM. We will discuss the impact of Oyg on kinematic distributions in
detail in section 4.1.

Compared to the gg — tt contribution, qg scattering is suppressed by the parton
luminosities. However, the quark-antiquark luminosity is enhanced in the production of
boosted tops, where the partons carry a large fraction of the proton’s energy. In this regime,
top pair production is most sensitive to the four-quark operators introduced in egs. (2.3)
and (2.4) and their interference with Oyq.

Contributions of four-quark operators are conveniently classified by their behavior
under top charge conjugation. The vector current V is odd under charge conjugation,
while the axial-vector current A is even.? We define vector and axial-vector combinations
of Wilson coefficients as

ACyy = Cga + Con + Co, + Ci + C5,

ACYR = Cga + Con + C, — Chy = CB,

40T = —(CG + Coo) + Co, + Cy = CB,

A0S = —(CHE + Co) + Co, — Co + CY, (2.10)

'Notice that in ref. [16] the top-gluon operator is defined as twice the Oz in eq. (2.5).

2Strictly speaking, this statement holds only for the color-singlet currents. The color-octet ones may
receive an additional sign under charge conjugation, depending on the color index. This however does not
have a consequence in the discussions below, because at the LO the top-quark current is always squared
against the same color structure.



Pure VV, AA, VA, or AV currents are obtained for
1,8 3,8

The corresponding combinations with the down-type index d can be derived by replacing
the index u — d and +C§2’2 — —ngs in egs. (2.10) and (2.11). For color-singlet coefficients,
we define the same relations by changing all indices 8 — 1 in eq. (2.10), yielding C"Ij‘l, etc.
Neglecting electroweak contributions, the ¢ — ¢t partonic rate at LO is then given by
(¢ = u, d; cf. refs. [16] and [48])

dO’(qq — t'E) _ 2 Wagﬁt{ 1 My 16
dey 9 2s (1 +Bttct +4mt) ViAo, A2 ﬁCtG
1 2s
a1 [(1+ B3¢} + 4m?) Ol + 2Byger C%3)
1 82 qa8 q,8 q,8 q78 9 q7
T lamang? ot | Y | C¥v Chia + CPaCily + 5 (Gl Ol + CYaCly)

8 9 g1 _ 8 9 a1
+(1+wﬁ%%)(K$+A2%-2K$+AP)—%@nf(m@»AP+-\C@AF)]

1 mivs 4

+ mﬁﬁ ( v+ Bict AA) Cia + O< A CtG) } (2.12)

with the combinations of color-octet (a = 8) and color-singlet (o« = 1) Wilson coefficients,

a2 a2 a2 a2 a2
’C$+A‘ |CLU1* +ICPA17 +CT 1 + OO 7

(\CQq + OGP HICE P+ IC8 1 + |cguy2) /4 (2.13)
v Mz CER2 +ICES I — 03512 - 1053 P
(O + CECH + CRLCE.) /2 (2.14)

To understand the operator effects in kinematic distributions, it is instructive to explore
their behavior at high CM energies y/s. The high-energy behavior of the various four-quark
contributions and their interference with Oy is summarized in table 2

Dipole operators like Oy flip the chirality of the top quark and require an insertion of
the Higgs vacuum expectation value in the amplitude. Their interference with QCD scales
as myv /A% and does not feature an enhancement at high energies. Squared O; contribu-
tions, in turn, grow like sv2/A% as in the gg — tt process. Four-quark operator interferences
with QCD and with C;g grow as s/A% and myvs/A* relative to QCD, respectively. Squared
terms in four-quark operators grow even stronger with energy, scaling as s2/A*. The strong
enhancement at high energies is typical of a four-quark contact interaction, compared to a
short-distance interaction through gluon exchange. Top pair production is thus most sensi-
tive to four-quark operators in the tails of kinematic distributions, due to both a kinematic
enhancement and an increased quark-antiquark luminosity.

Among the four-quark interactions, only color-octet operators interfere with QCD and
with Cyq. Color-singlet operators contribute through interference among themselves. The



q,8 q,8 q,1 q,1
QCD | G va CAA va CAA
mev S S
QDL e | x| exr | |
c sv? SMv SMyv
t vy Ct - -
¢ A A Al
C%S 52 52
2 Cp—— _ _
Vv A4 A4
qu78 s>
AA ... ... ... F - -
2 2
VvV A4 tA4
2
C’q71 S
A4 Al

Table 2. Relative scaling of operator contributions with respect to QCD in top pair production
(qgq — tt) at high energies /s > my.

relative factor of 9/2 between quadratic contributions of color-singlet and color-octet oper-
ators in eq. (2.12) is due to the color structure. For color singlets, the rate is proportional
to the number of colors N, of each quark current, yielding Nc2 = 9. For color octets, it is
proportional to > 4 Tr(TATP)? = (N2 —1)/4 = 2.

The sensitivity of the qg — tt process to the chirality of the top quarks is crucial to
distinguish between different four-quark operators. Their interference with QCD or Oug
probes the two combinations C‘%/ and CZ{EU i.e., pure vector and axial-vector currents.
Interference of two four-quark operators introduces the additional chirality structures from
eq. (2.14). The impact of chiral operators on kinematic distributions can be understood
by considering charge-symmetric and -asymmetric differential cross sections

do® = da(t(pl)t(pz)) + dU(t(P2)E(P1))

do® = do(t(p1)H(p2)) — do(t(p2)E(p1)) . (2.15)

where p; and ps are the 4-momenta of the two tops in the final state. In table 3, we list the
four-quark coefficients contributing to ¢ and ¢ in top pair production at LO in QCD. At
leading order, 5 chiral combinations of Wilson coefficients per parton contribute. A priori,
they can be distinguished by five measurements of different kinematic observables. Charge
asymmetries play an important role in this endeavor, since they probe chiral structures
that are not accessible in cross sections or other charge-symmetric observables [33]. These
observations will be confronted with data in section 4.3, where we show how to use cross
sections and asymmetries to gain access to the chirality of the four-quark operators. At
NLO, the chiral contributions to ¢ production are modified by QCD corrections, leading
to additional kinematic degrees of freedom. In section 4.4, we will elaborate more on NLO
effects in kinematic distributions.



S q,8
O Cvv

8 CELAP + 18, AP
I 71
OF2 42 + 5O,
o i

A q,8 q,3 q,8 ~q,8 9 (g1 ~q,l q,1 ~q,1
o | Cov Oy + CUaChy + 3 (ChyChiy + CHAC%y)

Table 3. Four-quark contributions to tt production i 1n SMEFT at LO QCD. We separate SM-
interference, U,f’A, and dimension-6 squared terms, akl for charge-symmetric and -asymmetric
cross sections.

2.2 Single top production and top decay

Single top production and top decay are both sensitive to operators with weak gauge bosons
and in this sense complementary to top pair production. We distinguish ¢-channel and s-
channel production, as well as associated tW and tZ production. Examples of Feynman
diagrams for these processes are shown in figure 2.

t- and s-channel production probe the same set of operators, because the underlying
partonic processes ub — dt and ud — tb are related by a crossing symmetry. At the level
of SM-interference three dimension-6 operators contribute,

Og = Q' Q@' 1) O = (Qo )W
O3g = (¢"iD}, p)(Qy"7'Q). (2.16)

Since the kinematics of the two channels is different, we also expect a different sensitivity
to these operators. The dominant partonic cross sections for ¢- and s-channel production
are given by [16]

dov(ub = dt) _ Grmiy 7 {1 oV f CtW (1 + )
dety ms(2mdy, + (1 + Ctu)) AZT90
_ XQ = C (2mW + 6(1 4+ ctu))}
dUS(Zi: tb) 167izfnjwmﬁi/) (14 c) (1 + Brcru + m?){l + 2A C3o
+ 4\f - Cow— it S ﬁt; et f 03 21— mW)} (2.17)

Here gy = 1 —m%, m%,[, = m%v /s, and ¢y, = cos by, is the cosine of the angle between the top
and the incoming up quark in the CM system. We set Vy, = 1 = V4 and neglect all quark
masses except my. In t-channel production, the process db — ut also contributes, but is
subdominant due to the smaller parton luminosity. We do not provide analytic expressions
for this channel, but include it in the numerical analysis.



(t-channel) (tW)

(tZ)

(s-channel)

Figure 2. Examples of Feynman diagrams contributing to single top production in SMEFT at

leading order. The dots indicate possible operator insertions.

3,1 3 3,8
SM CQq C¢Q Ciw CQq Cotw Cyw
2 2 2
m s v myv m s
SM 1 7‘;[/ In 5 e Tl 5 - XMy o my
A miy A A2 s miy
2 2.2 2
3.1 smyy, vimiy, s mumyy,
CQq Al Al 1 TL%V Al - x my, o< My,
o3 vt my® m%v s
*Q A4 At s m%v B o oM
v2m?
Cyw Al — x my o< My,
2
03,8 SmW B B
04 D
o vt myvd m%v S
tb —In
¢ A4 AY s m¥,
2,2
vem
Cow =
A4

Table 4. Relative scaling of operator contributions in ¢-channel single top production at high
energies /s > m;. The scaling for s-channel production is obtained by replacing m%, — s and
In(...) — 1. The SM contribution scales as 1/m3, in t-channel production and as 1/s in s-channel
production. We denote a negligible bottom mass insertion as o my.

The operator OgQ has the same Lorentz structure as the tbW coupling in weak in-
teractions, so its interference with the SM causes a constant shift in the rate. In turn,
the contributions of 022’; is logarithmically enhanced at high energies, while O, scales as
In(s/m%,)/s. In s-channel production the logarithmic enhancement is absent. In table 4,
we summarize the relative scaling of operators with respect to the SM for ¢- and s-channel
production.

Once we include dimension-6 squared terms, three additional operators O%’S, Oy, and
Opw contribute to single top production. The operator O%S does not interfere because of
its color structure. The interference of Oy and Opy with the SM and all other operators
is suppressed by the bottom mass my, because Ogy, and Opyy involve right-handed bottom
quarks. This means that their interference with left-handed currents is helicity-suppressed.
The interference between Oy, and Opyy are not my-suppressed and thus much larger than
their interference with the SM amplitude.

~10 -



Top decay is sensitive to the operators Og; (or operators with two heavy quarks and
two leptons in semi-leptonic top decays), O(?;Q and O in SM-interference. Since the W-
boson in t — bW — bqq’ decays is on-shell in the observables we consider, the contribution
of four-quark operators is negligible. As in single top production, OgQ re-scales the SM
rate by a factor (1 + 20(%@1)2 /A?%). With the current experimental situation, we expect a
higher sensitivity to OgQ in t-channel single top production than in the top width I';. The
dipole operator O in turn modifies the top decay kinematics. In particular, the helicity
fractions F; = T'; /Ty of the W-boson are very sensitive to this operator. In our analysis,
we consider [16]

2 2 2 2
B mg v mymyy (Mg — miy )
L= m? + 2m?, a Zh/ﬁﬁctw (m? + 2m3,,)?
2 2 2 2
m v mymw (mg — myiy)
Fy= ——t—— +4V2-—C, , 2.18
0 m? + 2m?, AW (m? + 2m3,)? (2.18)

where Fy, and Fj denote the ¢ — bW branching ratios into W bosons with negative (L) and
zero (0) helicity, respectively. At the level of dimension-6 contributions squared, Opy and
Oy, contribute to the helicity fractions. Numerically their contribution is at the permille
level, similar to t-channel production. In a global analysis, top decays are thus relevant in
probing these operators.

Associated tW production probes OgQ, Ouw and Oqq interfering with the SM am-
plitudes. Obviously, its sensitivity to O is much smaller than for top pair production.
The operator O;Q is also probed in t-channel and s-channel production, and Oy is best
probed in top decays. We therefore do not expect much additional information on SMEFT
operators from tW production.

Associated tZ production is essentially ¢-channel single top production with an ad-
ditional Z-boson in the final state. It probes all operators that contribute to ¢-channel
production, as shown in table 1. The contribution of an operator relative to the SM, how-
ever, is different for the two processes. In general, tZ production probes operators at higher
energies than ¢-channel production, leading to enhanced effects of operators that grow with
energy [49]. A larger theoretical sensitivity in tZ production can thus compensate for the
lower experimental sensitivity.

In addition, tZ production probes operators that modify the top coupling to the Z-
boson, namely O;Q, Ogt, and Oyz. All three operators interfere with the SM. Their scaling
at high energies depends on the polarization of the Z-boson and has been studied in detail
in refs. [5, 49]. The operators O;Q and Oy modify the SM Z couplings with left- and
right-handed tops, respectively. The main difference is observed in the longitudinal Z-
mode. While the O(;Q—SM interference grows with energy, the Og-SM interference requires
a helicity flip of the top quark and thus does not feature this growth. Similar considerations
apply at the level of O;Q — O;Q and Oy — Oy interference. We therefore expect a higher
sensitivity to O;Q than to Oy, which we will confirm numerically in section 5. The
dipole operator O;z features a similar energy growth in longitudinal Z-production as O;Q,
resulting in a sizeable contribution to ¢Z production.

- 11 -



Associated single top production with a Higgs boson is an interesting channel that
complements tW and tZ production [49]. In addition to the gauge operators t H production
probes modifications of the top Yukawa coupling. We do not consider tH production in
our fit here, but plan to include it in a combined analysis with Higgs observables.

NLO QCD corrections can modify the kinematics of operator contributions in single top
production. However, the number of single top observables is large enough to distinguish
between all contributing operators already at leading order. We therefore do not investigate
NLO contributions in detail here, but include them in our numerical analysis. For t-channel
single top production and top decay, NLO corrections in SMEFT have been calculated in
refs. [50, 51].

2.3 Associated ttW and ttZ production

Compared with top pair and single top production, associated ttW and ttZ production do
not bring us sensitivity to new operators, but probe them in a different context. The main
purpose of including these two processes in our global analysis is to resolve blind directions
and to better probe operators that are difficult to access in other channels. Just as for the
tH production channel we leave t¢H production [52] to a future combination with global
Higgs analyses.

Associated ttW production is sensitive to a subset of the possible four-quark operators.
Since the W can only be radiated from the initial state in the SM, only operators with left-
handed initial quarks contribute while RR and LR contributions are absent if we neglect
light-quark masses. The non-trivial electroweak structure of ttWW production affects the
relative contributions of the weak singlet and triplet operators 052 and O%j We will use
this effect to distinguish between these two operators. In the SM, the total rate of ttW
production is dominated by quark-antiquark interactions, while inclusive ¢t production is
gluon-dominated. This means that relative to the SM contribution four-quark operators
thus give sizeable effects in the ¢t rate and we can hope for a good sensitivity to LL and
RL operators.

Associated ttZ probes the same four-quark operators that enter t¢ production. Sim-
ilarly to W production, the emission of the boson changes the relative contributions of
four-quark operators with different weak gauge structure. In addition, t£Z is sensitive to
operators with right-handed up versus down quarks, namely O, and Ofd or O3 ., and O% d
In section 4.2, we will disentangle these operators by combining ¢t distributions with ttW
and ttZ production in a global analysis. In addition, we use the t{Z process to probe
O;Q, Oyt and Oz, which are so far constrained by ¢tZ production. In t¢Z production, all
three operators interfere with the SM. The contributions of O(;Q and Ogy; re-scale the SM
Z-couplings to left- and right-handed tops, but do not change the process kinematics. The
dipole operator O;z changes the kinematic distributions mildly, but its overall effect on
the rate is modest [53]. Combining searches for O;4 in ¢ty and Oy in top decays is an
alternative way to get access to Cyz, see eq. (2.6) and ref. [54].
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experiment /S (TeV) £ (fb~!) channel observable K-factor #bins| R M D A
pp — tt
CMS  [55] 8 197 ep ou [56] Vs
ATLAS [57] 8 2002 Ij ou [56] v v
CMS  [58] 13 2.3 ly o [56] v 7
CMS  [59] 13 32 1 ou [56] VS
ATLAS [60] 13 3.2 ef o [56] v v
ATLAS [61] 203 1j o~ (do/dmy)  [62-64] v Vv
CMS  [65] 19.7 15 o~ V(do/dpry)  [62-64] v

) o~ Y(do/dpr1) 5 .
CMS  [66] 19.7  ep oY d?c /dmdy,;) [67)¢ 16
CMS  [68] 19.7  Ij high pr  do/dpr, S
CMS  [69] 13 23 lj oY (do /dmyz) 8 | . v v
CMS  [70] 13 358 Uy o~ Ydo/dpr(ty)) [62-64] 12 .Y
CMS [71] 13 2.1 I o~ (do/dpr:) [62-64] 6 oLV
CMS  [72] 13 359 1 o~ (do/dAy,;)  [62-64] v
ATLAS [73] 13 36.1  aj high pr o~ (do/dmy) .
CMS  [74] 19.7 1 Ac [75] v
CMS  [76] 197 1l Ac [75] v
ATLAS [77] 203 Ac [75] v
ATLAS [78] 203 U Ac [75] v
ATLAS [79] 13 139 I Ac [75] v
pp — ttZ
CMS  [80] 13 77.5  multilept. oz [81]
ATLAS [82] 13 32 multilept. o4z [81]
pp — LW
CMS  [83] 13 35.9  multi lept. oW [81]
ATLAS [82] 13 3.2 multi lept. o [81]

“Tables available at www.precision.hep.phy.cam.ac.uk/results/ttbar-fastnlo/.

Table 5. Top-pair observables included in our global analysis. The labels R, M, D, A define
four different data sets with rates, rates and invariant mass distributions, distributions only, and
asymmetries, used in the numerical analysis of section 4.

3 Global analysis setup

3.1 Data set

The key to any global analysis is the availability of enough measurements to constrain
the model parameters. In case of the top sector we confront 22 dimension-6 operators
with a much larger number of available measurements shown in tables 5 and 6. The data
forms two main parts, measurements of the leading top pair production process mediated
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experiment V'S (TeV) L (fb=1) channel observable K-factor
t-channel
CMS [84] 7 1.17 (u), 1.56 () e+ p Otq+iq
ATLAS [85] 7 4.59 e+u O
ATLAS [86] 8 20.2 e+pu Ttqs Ofq
CMS [87] 8 19.7 e+ u Otq Otg
ATLAS [88] 13 3.2 e+ u Tiqs Otg [89]
CMS  [90] 13 2.3 " Ttq> Tt [89]
s-channel
CMS  [91] 7 5.1 " it
19.7 et Ogen
ATLAS [92] 8 20.3 e+ u T hrit
tW channel
ATLAS [03] 7 2.05 21j T i
CMS [94] 7 4.9 2lj W +IW
ATLAS [95] 8 20.3 25 T i
CMS  [96] 8 12.2 215 T i
ATLAS [07] 13 3.2 21j T i
CMS [98] 13 35.9 eu) W +IW
tZ channel
ATLAS [99] 13 36.1 32)  ouzg
W helicities in top decays
ATLAS [100] 7 1.04 Fo, Fy
CMS  [101] 13 5.0 Fo, Fy
ATLAS [102] 8 20.2 Fo, Fy
CMS  [103] 8 19.8 Fy, Fy,

Table 6. Observables included in the single top fit, in analogy to table 5.

by QCD couplings and measurements of processes including a weak coupling. The latter
include single top production as well as associated top pair production with electroweak
bosons. Because all our measurements are unfolded to the level of stable top quarks, and
because there is essentially only one top decay channel leading to a universal branching
ratio of one, we can assume SM-like top decays for all measurements except for the W
helicity fractions in top decays. Observables combining top production and decay play a
special role in the SMEFT interpretation, because they probe features of operators not
accessible in top production alone [34, 104-106]. In our analysis, the charge asymmetry
described in section 2.1 plays a similar role in probing operators, even though it is based
on kinematics of fully reconstructed top quarks.
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In terms of the Wilson coefficients of section 2 all our rate observables have the form

C Ci.C
UZO’SM"‘ZII;UIC"’_Z%UM’ (31)
k k,l

where ogy is the SM prediction, o are contributions arising from the interference of
a single dimension-6 operator with the SM, and oy arise from the interference of two
diagrams containing one operator each. Technically, o} and o are the theory input which
MADGRAPH5_AMC@NLO [36] provides at NLO QCD accuracy.

The SMEFT Lagrangian leads to two main kinds of corrections, as illustrated for top
pair production in table 2: operators which change the high-energy behavior of the process
through an additional energy dependence of the kind s/A? and those which scale merely like
v2/A? or myv/A? =~ yv?/A? compared to the SM. For the latter the leading observables are
rate measurements or the total cross section, because they offer the best statistics and often
minimize theoretical uncertainties. From global Higgs-electroweak analyses we know that a
modified momentum dependence can be constrained most efficiently by high-energy tails of
kinematic distributions or simplified template cross sections [8, 10-14].% Similarly, we know
that for many kinematic distributions the few bins with the highest momentum transfer
include the relevant information on individual operators, whereas for several operators with
a different high-energy behavior there often exists several relevant regimes [107].

Unlike in the Higgs sector, cross section measurements in the top sector are reported
such that we can easily compare them to parton-level predictions. Kinematic distributions
are typically reported as normalized distributions, i.e. they integrate to one and can be
combined with total rate measurements without double-counting information. A problem
arises when we include operator contributions to the distribution in the numerator and to
the rate in the denominator. In this case the normalized bin entries entering our fit become
correlated and develop a distinct non-linear behavior.

3.2 SFitter analysis

For our global LHC analysis we use the SFITTER framework [38, 39], which focuses on a
proper treatment of uncertainties in a conservative frequentist approach. We extract the
statistical uncertainties and a leading set of up to ~ 20 systematic uncertainties for each
experiment and simulate a Gaussian shape of the completely exclusive likelihood for statis-
tics and systematics. For the systematic uncertainties we also allow for correlations within
the same experiment, collider energy scale, and top signature. This applies for example
to jet uncertainties like the jet energy scale or the jet efficiencies. An exception is the
uncertainty on the luminosity, which we correlate for all channels and both experiments.
In order to simplify the treatment of uncertainty correlations, we fit only one observable
from each experimental analysis, and we never take two measurements of the same observ-
able at the same energy scale. Moreover, for total rates and charge asymmetries we fit
only two observables, one for each collider energy, obtained with weighted averages of the
measurements performed with different experiments and datasets.

3Note that for a distribution to constrain a dimension-6 contribution in this phase space region it is not
necessary that we actually observe the SM process in the same phase space region [13].
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In addition to the experimental sources of uncertainties, theoretical error bars reflect
missing higher orders in the perturbative series. Precise predictions are crucial to extract
any Lagrangian parameter from LHC rate measurements. We rely on NLO QCD predic-
tions for ¢t and single top observables in SMEFT using MADGRAPH5_AMC@NLO, while
we use LO QCD predictions for the statistics-limited ¢£V rates. For the central values of
cross sections and bins in differential distributions, we add K-factors to include NNLO
QCD corrections in the SM, whenever available (see tables 5, 6). This means we assume
that the operator contributions scale like the SM rate beyond NLO. The only exception
is the charge asymmetry, that does not scale multiplicatively with higher-order correc-
tions. In this case we fit the sum of the most precise available SM prediction and the new
physics corrections at (N)LO from MADGRAPH5_AMC@NLO. Electroweak corrections
and resummation effects are not included in our predictions, as they are well within the
assumed theoretical uncertainties. We retain only diagrams with on-shell tops, as off-shell
effects generally amount to a few percent or less for the measurements considered here,
see e.g. [108-110] for related SM calculations. EFT corrections to off-shell diagrams are
expected to be analogously suppressed and therefore irrelevant in our fit, given the current
sensitivity. EFT contributions to top quark decays are neglected in ¢#(V') production, but
constrained independently in measurements of the W helicity fractions, which are expected
to have a significantly stronger sensitivity.

The theoretical uncertainties are obtained by varying the renormalization and fac-
torization scales by a factor of two around the respective central scale choices. Since
technically we cannot distinguish the uncertainties due to operator effects, we use the scale
uncertainties on the SM prediction from our NLO simulations as an overall theory un-
certainty on the observable. This gives for instance a 12% uncertainty for the combined
SM and dimension-6 ¢t and ttV rates. Regarding higher-order corrections, our estimate
based on the NLO scale dependence in the presence of dimension-6 effects is likely to be
conservative for small new physics effects [111]. Since NLO corrections to the non-SM con-
tributions are included in our simulations, we generally expect QCD effects beyond NLO
to be moderate. Exceptions occur in single top production, where SM QCD effects first
occur beyond tree level, or in bins of kinematic distributions near the endpoints of the
spectrum. To be conservative, whenever the scale uncertainty in the NLO simulation for
such rate measurements happens to be very small we replace it by a minimum of 10%.
Similarly, when strong cancellations of scale uncertainties occur in normalized kinematic
distributions, we replace the theoretical uncertainty in each bin by 2% whenever the scale
variation drops below this level [112, 113].

In SFITTER all theoretical uncertainties are modelled as a flat likelihood within the
quoted error band. This applies to the theoretical uncertainties on the signal as well as the
theoretical uncertainties on the background, quoted in the experimental analyses. If we
combine them with Gaussian experimental uncertainties in a profile likelihood this leads
to the RFIT scheme [114]. Theoretical uncertainties are generally uncorrelated unless they
describe the same fiducial volume at the same collider energy. This also includes the
theoretical errors for individual bins in a kinematic distribution, which we assume to be
uncorrelated. Uncertainties from the limited precision of parton densities are evaluated
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in analogy to the theoretical uncertainties reflecting the missing higher orders in the hard
process. We evaluate them using a set of 209 predictions from the NNPDF3.0 NLO set
with as(myz) = 0.118 [115], the MMHT2014NLO set at 68% CL [116], and the CT14NLO
set [117]. A typical error bar from the parton distribution functions (PDFs) is 6% for
the tt or ttV rates. Because we assume a flat likelihood for these PDF uncertainties, the
profile likelihood combination of higher-order and PDF uncertainties adds the two error
bars linearly.

To probe the parameter space we rely on Markov chains, similar to ref. [8], rather
than the numerically more complex toy measurements used in ref. [13]. To cover the full
22-dimensional parameter space we use up to 2000 Markov chains giving up to 400 million
parameter points. This defines our fully exclusive likelihood which we then profile down
to two and one relevant dimensions.

4 Top pair features

Before entering a global analysis of the top sector we study some of the underlying features
in detail. This is essential for the top-pair side of the analysis. Its unique challenges
are very different from the electroweak-Higgs sector [8, 11-13] and the single top sector
discussed in section 5.

In top pair production the operator Oug induces large corrections to the total and
differential rates, as it is the only operator modifying the gluon-induced production pro-
cess. We discuss its known and expected behavior in section 4.1 and roughly estimate the
expected sensitivity of our global fit.

The new feature in top pair production is the large set of four-quark operators affect-
ing the partonic process qqg — tt. Fourteen such operators, different in their QCD and
electroweak structure, contribute to one and the same process. Since top pair production
is a QCD process, most of its observables average or sum over the electroweak properties
of the external particles. To distinguish these operators we rely on the observables

do do do
{017} bl ) 7A 4'1
{ Ttot dmyg de,t dAy; ¢ } ( )

supplemented by pr; and my; distributions in the boosted region. In sections 4.2 to 4.4 we
will study how the gauge and chiral structure of four-quark operators can be resolved by
dedicated tt measurements. This allows us to break some of the flat directions in model
space already at LO in the EFT analysis, where only the tree-level interference between
the SM and the dimension-6 operators are considered.

Finally, in section 4.5 we will study the effect of dimension-6-squared contributions on
the sensitivity to operators. We will see that the flat directions turn into compact circles
which allow us to derive more stringent limits on individual operators.

4.1 Event kinematics

Before we study the effects of specific dimension-6 operators on top pair production, we
roughly estimate the reach of our analysis for operators affecting the total rate and for
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operators affecting the event kinematics. The top-gluon dipole operator O is the only
top EFT contribution to the leading partonic process gg — tt. We therefore expect a high
sensitivity to Oyg in inclusive top pair production. In contrast, four-quark operators con-
tribute only to the g7 — tt process, which is subleading, but enhanced at high energies. We
thus expect the best sensitivity to four-quark operators in tails of kinematic distributions.

In our analysis, all distributions are normalized to the total rate. These normalized
distributions are direct probes of the dynamics of operator contributions relative to the
SM. To illustrate this important point, we compare the event kinematics of the dipole
operator Oyg with the four-quark operator O%,. The normalized m,; distribution depends
on these two operators as (neglecting Oy — OF, interference)

L do _ osm(my) Cia 5 o o|Cicl?
o dmy ~ ot (2my) 14+ O (mpw — myv) A2 +O(mtt (2my) )v Al (4.2)
C'SU CSU 2
0 oy = am?) G 0 o - am) 1)

Here 2m; denotes the invariant mass close to the production threshold, which dominates
in the total cross section, while m;; can be much higher in differential distributions. Since
the O;-QCD interference does not feature an energy enhancement, it cancels almost com-
pletely in normalized distributions. Kinematic distributions are therefore expected to lead
to relatively weak constraints driven by the |Cig|? term. In contrast, the four-quark con-
tribution of Of, features an energy enhancement already at O(A~2). This leads to a good
sensitivity at high energies, despite the relative suppression by the parton luminosity. Total
rates and distributions are thus complementary in probing dipole operators and four-quark
operators. Notice that in our numerical analysis we keep the full operator contributions in
the normalization of distributions.

The reach of measurements of total cross sections at 8 TeV and 13TeV and a pr
distribution at 13 TeV is estimated for Oy and OF, in figure 3.

The upper-left panel shows the averaged cross section measurements with their com-
bined uncertainties. Similarly, the upper-right panel shows the normalized pr distribution
for the hadronically decaying top at 13 TeV from ref. [70] (see table 5). The two lower
panels show the relative deviations from the SM prediction and the 68% CL limits from
a combined analysis of Cyg and C§, to the small data set consisting of only the observ-
ables shown in figure 3. The grey panels show the result from the new physics interference
at order A=2 for Cye in terms of the total rates and for C$, in terms of the kinematic
distribution, corresponding to the 68% CL ranges

Cia/A? € [—0.19,0.78]/ TeV?  C% /A% € [—6.77,—0.57]/ TeV? . (4.3)

The limits are slightly asymmetric, because the top quarks in the normalized distribution
are softer than in the SM expectation.

For the red (O;g) and blue (OF,) shaded regions we also include the contributions to
order A=* and find at 68% CL

Ciq/A? € [-0.07,0.58]/ TeVZ:  C%,/A? € [~1.72,0.26]/ TeV? . (4.4)
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Figure 3. Contribution of O, and O, to total tf rates (left) and the normalized pr distribution
of a hadronically decaying top (right). The shaded regions correspond to the 68% CL from a
simultaneous fit to the two rates and the distribution. The grey shaded regions show the contribution
from O;g (rates) and OF, (distribution) at order A=2. The red and blue shaded regions show the
contribution from O;g and Of, to order A=*, respectively.

While these limits are just based on a small fit to three observables, they give us an intuition
of what to expect from our fit. For Cjs an expected range around A/y/|Cig| = 1.3 TeV
saturates the error bars of the leading total rate measurement, while for the four-quark
operator C, values around A/+/|C%,| = 0.7 TeV can be expected from this one kinematic
distribution. Comparing these limits to the kinematic range probed by the pr distribution
in figure 3, we see that the effective theory interpretation is valid for an underlying theory
that does not predict propagating new states at the LHC and is not too strongly coupled.

In figure 4 we show how total rates and normalized kinematic distributions lead to
very different likelihood distributions. First, rate measurements alone have a strong con-
straining power on Cyq compared to four-quark operators, due to the SMEFT correction
being relatively large. The likelihood from normalized distribution is strongly asymmet-
ric: negative values of Cig are strongly limited by the physical requirement that the bin
content of all the measured distributions remains positive. Positive values of C;, on the
other hand, are less constrained as discussed in the previous section. More specifically, let
ng be the number of entries in k-th bin of a normalized distribution. As a function of the
SM (ng™) and SM—Cj¢ interference (nit) contributions, it scales as

nzM 4 nikntCtG/A2 Cri—r00 n}ﬁnt
2 ("ZSM + ”}ntCtG/ Az) > ”}nt '

For large values of Cyg/A? — oo the normalized bin content becomes a constant. As noted

(4.5)

in eq. (4.2), Cy¢ is characterized by a kinematic behavior very similar to that of the SM,
which leads to values ni"/ >, nitt generally compatible with n™/ >, nP™M. As a conse-
quence the corresponding log-likelihood also converges to constant > (. This asymptotic

behavior is not observed once quadratic terms are included, because the sensitivity to Cig
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Figure 4. Normalized likelihood as a function of Cyg (left) and a CP, (right) in individual fits at
LO to order A=2. We show fits to the R (blue) and D (yellow) observable sets of table 5, and to all
tt observables in table 5 (red). In the right panel, we do not show the R likelihood, as it is 1 for all
the values of C, in the displayed range.

is enhanced by sv?/A* in high-energy bins, see eq. (4.2) and table 2. Combining all tf
measurements the likelihood recovers a fairly symmetric form, but with a distinct shift of
the minimum towards small positive values of Ciq.

For comparison, the asymptotic behavior in the linear fit is not observed for an inter-
fering four-quark operator like C3,, because it induces a significantly different shape in the
kinematic distributions compared to the SM, scaling as s/A%. Large values of the Wilson
coefficients are therefore strongly disfavored by at least one of the bin measurements that
drive the log-likelikood towards zero. In the right panel of figure 4, we show that C%, is well
constrained by measurements of normalized distributions. Total rates have little impact
on the fit results.

4.2 Incoming up versus down quarks

The set of four-quark operators laid out in eq. (2.3) and eq. (2.4) span all possible assign-
ments of the quark fields to representations the SM symmetry groups:

1. chirality of the light quark and top quark currents;

2. left-handed currents: singlet or triplet under SU(2)r;
3. right-handed currents: up- or down-type light quarks;
4. singlet or octet color contraction of the currents.

Top pair production through strong interactions is not sensitive at parton level to the
nature of the incoming quarks, i.e., questions 2 and 3. However, up-type and down-type
quarks in the initial state are distinguished by the parton densities. The relative uu and
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dd contributions to the tf final state are determined by

_ Jul®) fa(s/(25))
fa(x)fa(s/(xS))

Here f,(x,s) denotes the usual parton distribution of parton p with momentum fraction

r(z) (4.6)

of the energy /s/2 in the proton. V'S is the hadronic CM energy, and we suppressed the
factorization scale choice. Around the valence quark maximum x = 0.1 the ratio becomes
r =~ 2. For most observables used in our analysis, the ratio integrated over the relevant

phase-space region varies roughly in the range
1.5 <r<3. (4.7)

In what follows we refer to r as (roughly) the relative contribution up partonic up- and
down-quark contributions to an observable. In what follows we discuss how the isospin
of the incoming quarks can be disentangled in a minimal EFT analysis of ¢¢ production,
neglecting quadratic EFT contributions and NLO QCD corrections.

Let us consider pairs of four-quark operators that are only distinguished by the nature
of initial quarks: if the latter are right-handed, as in Of, and Ofd, tt observables depend
on the combination of Wilson coefficients

If the initial quarks are left-handed, their nature is only distinguished by a singlet versus
triplet SU(2) structure, as in 052 and 02,52' In this case the typical combination is

(r+1)C58 + (r—1)Co8 = 305" + O3 (4.9)

The numerical estimate r ~ 2 holds for the bulk of the phase space in top pair production.
On the other hand, measurements that select highly boosted tops can probe higher parton
momentum fractions z and larger ratios r, thus constraining different directions in the
EFT space.

To illustrate this effect, figure 5 shows bounds on these two pairs of operators obtained
from two-dimensional likelihood fit of top-anti-top observables to LHC data.

The red contours use set ‘M’ of table 5, that contains rates and normalized m;; distri-
butions. These observables are most sensitive to quark-antiquark contributions around the
maximum of the parton distributions in x, where r ~ 2. They leave the directions (1, —2)
for (C§,,C8)) and (1,-3) for (C’é’s,C’g’S) essentially unbounded, as is expected from the
relations in egs. (4.8) and (4.9).

Boosted top pair production [22] probes larger momentum fractions x and hence larger
ratios r. The black contours in figure 5 show the likelihood obtained by fitting the last bins
of a pr, distribution in the boosted regime, pr; > 500 GeV. The blind directions of this fit
are tilted compared to the previous analysis. They run roughly along (1, —3) for (C},, C5)
and along (1, —2) for (0(327 C’gg), which corresponds to r ~ 3. Adding boosted top-anti-
top observables thus breaks the blind directions in inclusive top-anti-top production, but
only mildly.
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Figure 5. Up-type versus down-type (left) and weak isospin (right) effects of four-quark operators
from LO two-parameter fits to order A=2. Solid and dashed lines mark the Gaussian equivalent
of Ax? = 1,4 from fits to: set M of tf observables (red, see table 5), highest-energy bins of a tf
distribution in the boosted regime, ¢tZ rates (orange), ttW rates (blue). The shaded areas show
the combined fit.

To better resolve the weak gauge structure, we include ttZ and ttW production in
the fit. As mentioned in section 2.3, the radiation of the gauge boson changes the relative
contributions of operators with different weak gauge structure. For operators with right-
handed light quarks, only t£Z production is relevant. At O(A~2), the contribution to the
ttZ rate depends on the Wilson coefficients as

ottty = (rC+ Clt) gy + (vlghiz 2 C8, + ol PCly ) i (4.10)
+ (7“952 Ch, + ggZC§d> Tif -

The three terms correspond to final-state radiation (o¢), initial-state radiation (oy;), and
interference between initial- and final-state radiation (o;f) of the Z-boson. The quark

couplings to the Z-boson are defined as ng = —%s?y, gf”z = %s%ﬂ, 952 = % — %8120, and
gﬁz = —% + %sfv The term oy includes contributions with Z couplings to left- and right-

handed top quarks. By comparing with eq. (4.8), we see that ¢tZ production probes a
different direction in the C3, — C’fd parameter space than inclusive tt production.

Operators with left-handed quarks and different weak isospin can be probed in both
ttZ and ttW production. In t£Z production, they contribute at O(A~2) as*

in 18 3,8
Tty = ((T +1)Cg, + (r— 1)0Qq>0'ff (4.11)
1,8 3,8
+ ((T|gﬁz\2 +19dz1*)Cgy + (rlolzl? - |ggz|2)CQq)Un‘

+ ((7"952 +9i7)Coy + (rgtz — ng)cgj(?)mf -

“Note that off, 0s and o;5 are generic symbols for the contributions to the total ttZ cross section, so
their meaning is different in eq. (4.10) and in eq. (4.11).
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In ttW production, the parton luminosity for operators with different weak isospin struc-
ture is the same, since all operators with left-handed light quarks contribute to the same
partonic processes, dominantly ud — ttW+ and du — ttW~, respectively. Associated
ttW T production probes the following direction in the Cég’f; — C’g’s plane at O(A~2),

int 1,8 3,8 1,8 3,8 3,8
U;?WJr = (CQq + CQq)Uuu + (CQq — CQq)Udd + CQqUud (412)
~ éjs (O’uu + Udd) + C%Saud .

Here o,, and o4g denote cross section contributions where the W™ boson is radiated off
an incoming anti-down or up quark, which probes the operators 0619’2 and OZ’S through
their (au)(ft) and (dd)(ft) contributions, respectively. In o,4 the W is radiated off a
anti-bottom quark in the final state, probing O%S through its (du)(tb) contribution. The
contribution of 022’2 largely cancels between o, and o4, so that the total cross section is
sensitive to O%g mostly through final state radiation. Very similar considerations hold for
ttW ™ production. In summary, t¢WW production probes a third direction in the C’é?’j — C’g?
plane, in addition to tt and ttZ production.

In figure 5, we show the impact of cross section measurements at 13 TeV for ttZ (or-
ange) and t¢W (blue). For the RR operators Cj, and C?, (left panel), t£Z production probes
indeed a different direction than inclusive ¢t production, leaving a band along (1, —0.8) un-
constrained. However, the sensitivity of the t¢Z cross section to RR operators is much
lower than in ¢ production. In the combined fit, shown as a blue area, the remaining blind
direction is thus aligned with boosted top pair production. Differential ¢¢Z distributions
can help to resolve this direction, featuring a better sensitivity to four-quark operators at
high energies, similar to ¢t production [80].

The situation is different for LL operators, as we show in the right panel of figure 5.
Associated ttZ and ttW production probe similar directions in (Céjrf’ C’é’)’?), leaving blind
directions along roughly (1,4.7) and (1, 2.8) respectively. Remarkably, the sensitivity of ttZ
and ttW cross sections to LL operators is comparable to that of differential ¢¢ distributions.
In ttW production, both SM and dimension-6 contributions are induced by quark-antiquark
interactions. Compared to the SM rate, effects of LL operators are thus larger than in
tt production, which is dominated by gluon-gluon interactions. In t£Z production the
sensitivity to L L operators is much larger than for RR operators. This is due to the different
Z-couplings to left- and right-handed quarks, |gZ,|/|g%,| ~ 2.4 and |gL,|/|gL% | ~ 5.8, which
affect the operator contributions, see egs. (4.10) and (4.11). This makes ttW and ttZ
production valuable probes of LL four-quark operators, complementary to tt production.

4.3 Top chirality from charge asymmetry

One way to directly access the chiral structure of four-quark operators is through observ-
ables like charge asymmetries, as discussed in section 2.1. At the LHC it has been measured
in terms of absolute top and anti-top rapidities,

_ o(Afy| > 0) —a(Aly| <0)
o(Alyl > 0) + o(Aly| <0)

Ac with — Aly| = |ye| — |yl (4.13)
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Figure 6. Chirality effects of four-quark operators from LO two-parameter fits to order A~2. Red
lines use charge-symmetric observables (set M of table 5) while black lines use asymmetries Ac.
The shaded areas show the combined fit. Solid and dashed lines mark the Gaussian equivalent of
Ax? =1,4.

In QCD such an asymmetry arises only at NLO. In SMEFT, it is induced at LO by four-
quark contributions. For illustration, we consider the two operators 052 and qu with
a left-handed light-quark current and different chirality of the top current. Since both
operators are weak singlets, there is no distinction between up and down quarks. Now the
chiral coefficients from eq. (2.10) are given by

8 1,8 .8 .8 1,8 8
ACTy, = Cgy + CtSq = —4Cyy ACT = Caq — Ctsq = —4Chy . (4.14)

To leading order QCD, the charge asymmetry depends on the corresponding Wilson coef-
ficients as

044 (Cgy = C)
OsM + ovvy (Céjs + Ctsq)

Ac = (4.15)

Here ogy\p is the SM tt rate, oy and 044 denote the contributions proportional to 4Cy v
and 4C 44 (see eq. (2.12)), and the sum over all ¢ parton contributions is implicit. This
expression is easily inferred from eq. (2.12), observing that the charge asymmetry probes
the linear terms in ¢; in the partonic cross section. From the definition of C'44 in eq. (2.10),
we also see that A¢ is sensitive to (LL — RL)+ (RR — LR), thereby distinguishing between
left- and right-handed top quarks.

For the operator pair we have chosen, charge-symmetric observables probe the (1,1)
direction in (Cég’g, C’tgq), which corresponds to a vector-like top coupling. The charge asym-
metry is sensitive to the (1,—1) direction, which corresponds to an axial-vector-like top
coupling. The corresponding flat directions can be seen in the left panel of figure 6, where

we show bounds on the Wilson coefficients (0527 C’fq) from a fit to measurements of total
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Figure 7. Left: rapidity of top (plain curves) and anti-top (dashed curves) in pp — tt for the
SM-interference of the LR (green) and RR (purple) four-quark operators. Right: jet transverse
momentum distribution in pp — #£j for the SM-interference.

cross sections and my; distributions labelled ‘M’ in table 5 (red lines) and of the charge
asymmetries Ac (black lines). The shaded blue region shows the combined fit with both
datasets, which probes both vector and axial-vector currents with top quarks and breaks
the respective blind direction in o or Ac.

The same behavior applies to operators with right-handed initial quarks, like Of, and
02,,. As shown in figure 6, right, their effects on o and A¢ at order A=2 are the same as
in eq. (4.14), just replacing C’éjs — C8 C’tsq — C’%u.

tus

4.4 Top chirality from jet radiation

As an alternative to the asymmetry in the previous section we can also use patterns in
QCD jet radiation to distinguish four-quark operators with different chirality structures.
For instance the operators Of, (RR) and O%u (LR) differ only in the chirality of the top
quark. Their leading contribution to top pair production is the same for the inclusive rate
and for any charge-symmetric observable, which probe C’;}"% ox C8 + ngu and |C"1j’_8F A\Q x
|C8124]C8, |2, cf. eq. (2.10). However, the two operators are distinguishable in top rapidity
distributions, as shown in the left panel of figure 7.

Here O%, gives more forward or backward tops, compared to Ogu which leads to more
central tops. These different rapidity distributions are directly related to the angular
distribution of the top quark in the CM frame of the collision (cf. eq. (2.12)),

d U tt
do(ut — t) o< (1 + 28,7 cos 0y + 4m? + B2 cos® 6:) Cs, (4.16)
dcos 0,

+ (1 = 2B45cos 0, + 4m* + B cos” 0;) Co,,

where 0, is the angle between the incoming up quark and the top. In that sense the contri-
bution of the RR operator is ‘forward’ whilst the LR operator contributes as ‘backward’.

Combined with the color structure this directionality implies that an additional jet
can break the degeneracy of the two operators. In the hard process qq — tt the triplet
color charge flows from the incoming quark to the top quark and from the anti-quark to

— 95—



10F

03, forward —
o8 — | L [yrA backward -
Bl Qu — ¢ [DLO = Re
=l I e g L e Ml I
2 L < [ o T ke
2 g B o1 TER
'8 0.1 _—‘_'_\ 142
s} = o| & |
<5 = 3|00l
0.01L— : : : : : 0.001 L~ ‘ ‘ ‘
400 600 800 1000 1200 1400 300 400 500 600 700 800
myr [GeV] Mg [GeV]

Figure 8. Left: top pair invariant mass distribution in pp — tt at NLO for the SM-interference of
the RR and LR operators. Right: top pair invariant mass distribution in pp — ¢t at NLO in QCD.
By ‘forward’ we denote events with y; > 0 and by ‘backward’ events with y; < 0.

the anti-top. This leads to a stronger acceleration of color, and consequently more QCD
radiation, when the top is produced backwards compared to forwards in the ¢g frame.
The same effect can be seen in the context of the top rapidity asymmetry [118]. The
additional radiation when the top is backwards pushes the recoiling top-anti-top pair to
higher transverse momentum. Indeed, in the right panel of figure 7 we find that O%U gives
a harder jet pr distribution than OF,. The same effect can be seen in the invariant mass
distribution, where O%u gives a harder m;z distribution.

The jet kinematics of the operator contributions illustrate the impact of NLO correc-
tions in inclusive top-anti-top production. At NLO both the real and virtual corrections
break the operator degeneracy in the ¢t distributions. The invariant mass distribution in
tt production at NLO is shown in the left panel of figure 8. Now the RR operator OF,
gives the harder distribution, implying that the virtual corrections have a large effect in the
opposite direction of the real emission. The difference between the LR and RR operators
at NLO reaches 20% in the distributions.

To clarify the interplay between virtual and real corrections, we perform a comparison
between forward and backward tops in QCD. For a cleaner comparison, we use pp collisions
that are dominated by the ¢¢ partonic initial state. We define forward top quarks as emitted
in the direction of the proton and use positive and negative rapidities to define forward
and backward tops. In the right panel of figure 8 we show the NLO distributions in
pp — tt separately for forward and backward tops. The results confirm that real radiation
behaves differently from the total rate at NLO, given by the sum of Born, virtual and
real corrections. This means that NLO QCD corrections break the degeneracy of operators
that occurs at LO. Our example demonstrates the potential of using NLO QCD corrections
more generally to distinguish between operators.

4.5 Quadratic terms and flat directions

The dependence of the observables on effective operators changes significantly if we include
contributions to order A=%. This is particularly true for four-quark operators that do not
interfere with the SM amplitude to leading order because of their color or helicity structure.
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For these operators, quadratic contributions can be the leading effect in an observable. For
operators that interfere with the SM, quadratic terms can change the bounds from LHC
measurements significantly, for instance in case of strong cancellations between linear and
quadratic contributions or in case of limited sensitivity. A dominance of the quadratic term
for a specific operator is thus per se not a problem with the convergence of the effective
theory, as it can be due to a distinctive physics pattern which suppresses the naively leading
contribution. In general, an effective field theory approach is justified if a heavy particle
can be decoupled for a given observable.

As an illustration of the role of quadratic terms in our analysis we look again at
the operators 052 and 02’2’2, for which the ¢t cross section and other charge-symmetric

observables depend on the Wilson coefficients as
1,8 3,8 1,8 3,8
O = OSM + U{l/v [T(CQQ + C’Qq) + (CQq — C'Qq)]
18 3,812 1,8 3,82
ot alr(Chy + G5+ (Cy - &)’ (4.17)

where a{‘l/v and J{‘l/ 1 4 are the contributions from the partonic dd — tt process. As discussed
in section 4.2, the linear terms to order A=2 have a flat direction which can be resolved
using the kinematic variation of the parton densities. From figure 5 we learn that the
latter have only limited discriminating power, leaving values C/A%? ~ 410/TeV? within
the allowed range. In this region, contributions from the squared dimension-6 amplitudes,
i.e., the terms in the second line of eq. (4.17), are numerically dominant.

Due to the presence of quadratic terms of order A~* any rate prediction do is positive
even for large Wilson coeficients. This implies that in a fit of the two-dimensional param-
eter space (%’57 C%S), we can set an upper bound in any direction. From the second line
of eq. (4.17) we can immediately read off that there still exists a flat direction, where the
cross section remains constant for varying Wilson coefficients. In contrast to the linearized
case this flat direction forms an ellipse, which we can collapse into any direction to derive
a finite limit on the individual coefficients.

This argument also applies to more than two parameters, and has a simple geometric
interpretation. For each observable, the points in the n-dimensional fit space where this
has a given constant value form a (n — 1)-dimensional hyper-surface. The shape of this
hyper-surface is fixed by the EFT parameterization: in the case of (differential) rate mea-
surements, that are positive-definite, it is always a compact manifold, ie. a hyper-ellipsoid.
Any such measurement therefore induces a radial constraint on the parameter space, and
the viable region identified is necessarily compact. In this sense, including the quadratic
terms does not reduce the dimension of the parameter space, but rather changes the topol-
ogy of the likelihood function. In particular, blind directions in the parameter space are
not broken, but “compactified”.

In the left panel of figure 9 we show the same fit of (C’éjs, Cé’j) as in the right panel
of figure 5, but including dimension-6 squared terms in the predictions. The elliptic shape
of the bounds reflects the geometric dependence of the observables on the two Wilson
coefficients. This is in contrast with the linear fit from figure 5, where the combined bound
had a diamond shape. It is interesting to compare the respective sensitivity of the linear and
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Figure 9. Impact of the squared dimension-6 contribution on the fit result originally shown for
the isospin distinction in figure 5 (right) and for the chirality distinction in figure 6 (left). The lines
are based on the same tf data set as before, but the predictions now include SMEFT contributions
to order A=* for t (red), t#Z (orange) and ttW (blue). The black lines show the fit for symmetric
observables in the boosted regime (left) and for the asymmetries A¢ (right) to order A=%. Shaded
areas show the combined fit to order A=*. Solid and dashed lines mark the Gaussian equivalent of
Ax? =1,4.

quadratic fits. For ¢t production alone, quadratic contributions induce a drastically stronger
bound on the individual operators. We can also see that when quadratic terms are included
ttZ and ttW rates (orange and blue ellipses) play a minor role in resolving blind directions
compared to the linear case. In fact the combined fit result (blue area) is dominated by
the quadratic contributions in boosted t¢ observables (black ellipse). This illustrates nicely
the interplay of linear and quadratic contributions in a global fit. The bound on individual
Wilson coefficients can be set either by quadratic terms in the dominant observable (for
limited sensitivity) or by the interplay of linear terms in several observables that probe
different directions of the parameter space (for high sensitivity). Which effect dominates
depends on the overall sensitivity of the observables to operator contributions and on the
precision of their measurement.

A different geometrical behavior can be observed for instance in the case of the charge
asymmetry in ¢t production. Unlike rates, this observable is not positive-definite so that
negative quadratic contributions to A¢ can generally occur. As a consequence, the hyper-

surfaces of constant A¢ in the parameter space are in general not compact. For instance,

8

tq» the cross section and the asymmetry read

for the chiral operators 052 and O

O — OSM + ovvy (052 + C?q) + UV+A(|05q8’2 + lch‘Q) tov-a Cclésctgq ’

A 1,8 8 1,812 8 12
o +0oaalCrl —C2) +oyyaal|C —|C
Ap = SM ( Qq tq) 4% (’ Qq| | tq| ) (4.18)
O—tf
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A fit of charge-symmetric observables leads to a spherical bound in (0537 qu), shown as

red curves in the right panel of figure 9. For the charge asymmetry the isocurves are
hyperbolas with asymptotes along the directions (1,1) and (1, —1). The fit results reflect
this shape in the black curves and leave the direction (1, 1) unconstrained. The fact that
the direction (1,—1) is bounded is due to the combination of asymmetry measurements
with different best-fit points.

5 Single top analysis

In addition to the top pair observables described in the previous section our global top
analysis also includes single top production. Some Feynman diagrams for the different
processes are shown in figure 2. The structure of the single top sector is very similar
to classic global SMEFT analyses in that the operators listed in table 1 have distinctive
observable effects and can be probed with the sizeable number of different measurements
listed in table 6. Flat directions are not an issue in this sector, but it is interesting to test
if there exist correlations in the bounds on the individual operators.

We evaluate all two-operator correlations based on two-dimensional profile likelihoods
and find three distinct patterns shown in the upper row of figure 10. First, a box shape
like for Cye and Cé’s appears if two Wilson coefficients are bounded by two separate sets
of observables. Next, an elliptic disk like the one between Cpy and Cyy, appears if two
operators contribute quadratically to the same observable. Finally, a shifted circle like in
the C%’ql — C’g’js plane appears if two operators contribute to the same observables, but one
of them linearly (Cg’?;) and the other one only quadratically (C’%’S). For this pattern the
SM value cannot be at the center of the circle.

One of the few noteworthy correlations in the single top fit is the inverted heart shape
in the Cya — CgQ plane shown in the lower left panel of figure 10. It can be understood as
the interplay of the three operators Cyq, C’gQ, and C%’; with at least two measurements.
The only single top measurement sensitive to O;g is tW production. Using its rate to
constrain C;¢ and C’gQ we find an elliptic correlation centered at negative values of C’gQ.
When we add the strong constraints on CgQ from t-channel production the bottom part
of the ellipsis gets removed. Finally, once we add C’g’; to the fit we find that OiQ and
O%; are slightly correlated and hence more negative values of O(?;Q become consistent with
data. In the lower panels of figure 10 we project the 3-dimensional profile likelihood from
a 3-parameter fit along each of the three directions. In the left panel we see a very faint
barrier for CgQ /A% ~ 1.5TeV~2. Tt corresponds to the two disconnected regions, one for
C’%’; /A% = 0 and one for C’%’; /A% =~ 0.4 TeV~—2, which we see clearly in the central and right
panels. In the global single top fit, once all observables are included, only the region for
C’gQ /A? ~ 0 remains, while the other region becomes disfavored.

Given the smooth behavior of the multi-dimensional likelihood we can perform a global
fit of the single top sector, including the W helicity fractions in top decay and associated
tV production. The one-dimensional profile likelihoods are shown in figure 11. The only
non-standard aspect in these results is that we cannot define meaningful 68% CL limits for
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Figure 10. Upper: examples for correlated 2-dimensional profile likelihoods of operators in a
global fit to the single top data. Lower: correlated profile likelihoods for a three-parameter fit of
the same data.

some of the operators. This happens when a flat core of the profile likelihood covers more
than 68% of the integral and there exists no unique definition of a range. We observe this
for all operators except for Oy, O, and Opyy, implying that for all other operators the
theory uncertainty is large compared to the experimental statistics and systematics.

One aspect which sticks out in the global fit is the low sensitivity to O;”)Q, compared
to O%’; and Oypy. All three operators interfere with the SM amplitude in ¢-channel single
top production, but for Ong the effect is numerically smaller by about a factor three. As
discussed in section 2.2, OgQ only rescales the SM contribution, while O%’; changes the
kinematics in t-channel production, see table 2. The operator Oy is best constrained by
the W helicity fractions in top decay, see eq. (2.18), which are very sensitive to this operator.

The bounds on 03’3, Cytp and Cpyy are symmetric around zero, since the corresponding
operators contribute to single top observables only at order A™%, cf. table 1. The coefficients
C’(;Q, Ciz and Cy; are bound by tZ production. Due to the limited experimental precision,
the bounds on these operators are very loose. Also here the SM-interference plays a role,
leading to asymmetric bounds for C(;Q and Cg. The sensitivity to Oy is especially poor
because its contribution to tZ production is suppressed, see section 2.2. This will change
once we include the better-measured ¢¢Z channel in the global fit.
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Run II, ATLAS+CMS, 68% and 95% C.L.
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Figure 11. 95% and 68% CL bounds for the global fit to the single top data set from table 6.
Whenever the 68% CL is not shown it falls into the flat profile likelihood regime reflecting dominant
theoretical uncertainties.

6 Global top analysis

In the final step we add all top pair measurements from table 5 to our single top fit based
on the measurements in table 6 and presented in section 5. On the parameter side we
add the large number of four-quark operators, which roughly doubles the number of model
parameters. For the measurements we not only include top pair production, but also
associated ttW and ttZ rate measurements. They constrain some of the electroweak top
operators in single top production and four-quark operators in top pair production, thus
linking both sectors in the global fit.

First, we briefly comment on 2-dimensional correlations in the complete fit. The box-
shaped correlations for separate operators and separate measurements, filled ellipses for
more than one operator affecting a measurement, and shifted circles from linear contri-
butions to compact flat directions which we observed in the single top fit (figure 10) also

appear in the global fit.

Non-trivial correlations as between Cyg, C’g’Q, and Cg; vanish once we include the full
data set, see figure 12. The reason is that Cig and C’g’; are strongly constrained individually
by top pair production. For the weak-triplet operators O%; and O%S the bounds are the
same in the single top fit and the global fit, see also figure 14. Single top production is

indeed more sensitive to these four-quark operators than top pair production.
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Figure 12. Examples of correlated 2-dimensional profile likelihoods from the global fit, showing
the same operators as in the lower panels of figure 10.

Run II, ATLAS+CMS, 68% and 95% C.L.
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Figure 13. 95% and 68% CL bounds on top operators from a global fit to the full data set
from tables 5 and 6. We show the results including all uncertainties (red) and with theoretical
uncertainties reduced by a factor of two, dn/2 (blue).

In figure 13 we show the profile likelihoods for each of the top-related effective oper-
ators. On the x-axis we start with the diagonal LL and RR four-quark operators listed
in eq. (2.3), continue with the LR and RL four-quark operators from eq. (2.4), and finally
include the bosonic operators from eq. (2.5). For each operator the red bars indicate the
final result at 68% and 95% CL. These confidence levels are compact intervals defined
by the area under the profile likelihood curve, where in addition we require the likelihood
values on each side to be equal. For a Gaussian distribution we expect the 95% error bar
to be symmetric around the best-fit value and twice as wide as the symmetric 68% error
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bar. For some of the Wilson coefficients, non-Gaussian effects occur, which are mainly due
to theoretical uncertainties treated as flat likelihoods.

In general, the four-quark operators are extremely well constrained with limits in the
range of A/ VC ~ 1 —2TeV. For all weak-singlet four-quark operators, the sensitivity
is dominated by high-energy bins in ¢t distributions. For LL operators, we made this
observation earlier in the left panel of figure 9. As discussed in section 4.5, for most
operators the well-defined limits on each of the four-quark operators rest entirely on the
quadratic contributions to the observables. For color-singlet operators, which contribute
to top pair production only at order A~%, the bounds are fully determined by quadratic
contributions and symmetric around zero. The only asymmetric limit on a color-singlet
operator appears for O%; through a linear contribution to single top production.

Color-octet operators have asymmetric error bars due to their interference with QCD
in top pair production. This interference is also the reason for the correlation patterns of
shifted circles in figure 9. The bounds on color-octet operators thus rely on the interplay
between contributions of order A~2 and A™*, where the inclusion of both terms is par-
ticularly important. In figure 13, the error bars for color-singlet operators appear much
smaller than for color-octet operators. This is due to the fact that top-anti-top observables
always probe the combination (C®)? + %(C’l)2 at order A™%, see eq. (2.12). Top-anti-top
observables therefore constrain the quantities C® and (C®)% + (C1)? at LO, disentangling
color-singlet from color-octet structures in kinematic distributions. The color combination
is also changed at NLO in QCD, which in principle offers the possibility to determine the
color structure of operators from jet radiation.

Looking at the quark chirality, we observe that the bounds on operators differing
only in the top chirality are similar in strength. Charge-symmetric ¢t observables do not
distinguish between these operators at high energies, see egs. (2.10) and (2.12). The charge
asymmetry is sensitive to the top chirality, see eq. (4.18), but still leads to equal bounds
on the magnitude of LL and RL operators due to its small SM contribution.

Regarding different light quark flavors, operators with up quarks are better constrained
than operators with down quarks. This reflects the parton content of the proton, which
leads to an enhanced sensitivity of ¢f observables to up-quark operators over down-quark
operators, see eq. (4.8).

Let us now turn our attention to the bosonic operators. The strongest bounds are
obtained for the dipole operators O;g and Ouy. For Ouy the bound does not change
compared to the single top fit (see also figure 14), because it is dominated by the precise
measurements of W helicities in top decays. From our global fit, we obtain at 95% CL

_ 1 < Cw 1 (6.1)
(1.6TeV)2 ~ A2 ~ (15TeV)?’ '

For O, the best global limit at 95% CL is obtained from top-anti-top production,

1 _Ce 1 6.2)
(5.8TeV)2 ~ A2 ~ (11TeV)?' '

This bound is much stronger than the bound from associated {W production in figure 11.
We also note that while the upper limit is consistent with the estimate of eq. (4.4) (which
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however quotes a 68% CL), the lower bound results much stronger, due to the inclusion of
constraints from nomalized distributions. This behavior is evident from figure 4, left. Most
of the remaining bosonic operators are better constrained in the global fit than in the single
top fit (see figure 14). This shows the impact of the t£Z cross section measurements in the
global fit. For the operator Oy, which does not contribute to t¢Z or t¢tW production, the
sensitivity remains very low.

In our fit, theory uncertainties affect the relation between the (rate) measurements and
the Wilson coefficients. Since we treat these uncertainties as flat errors in our statistical
analysis, they lead to plateaus in the center of the likelihood distributions and to some
of the non-Gaussian effects. To study the relative impact of theoretical and experimental
uncertainties on the fit results, we have performed a global fit with theory uncertainties
divided by a factor of two. The 95% CL results are shown as blue bars in figure 13. We
find that theory uncertainties have a significant impact on the bounds for all the operators,
and they are dominant in a few observables.

Reducing the theory uncertainties in the fit is in principle possible, for instance by
assessing the uncertainties for the SM and EFT contributions separately or by comparing
observables to data at the particle level, thus reducing the uncertainties from unfolding to
the parton level. These improvements, however, are computationally costly and depend on
the considered observable. We leave them for future work.

7 Conclusions

We have presented a comprehensive analysis of the LHC Run II data in the top sector. We
use NLO simulations in MADGRAPH5_AMCQ@NLO and the SFITTER framework to con-
strain the Wilson coefficients of 22 dimension-6 operators. The bulk of the measurements
involve final states with a top pair, including kinematic distributions, the charge asymme-
try, and associated top pair production with a weak boson. In addition, we include different
single top channels and W helicity measurements in top decays. The measurements we use
are based on up to 139 fb~! of integrated luminosity.

The main challenge of this global analysis is the large number of four-quark operators
in top pair production, whose contribution to the QCD process are largely degenerate.
We have discussed several ways of breaking this degeneracy, including parton luminosity
effects, the charge asymmetry, jet radiation patterns, and associated production with weak
bosons. We have also discussed the impact of dimension-6 squared terms on the fit results,
and their role in constraining the viable parameter space.

Altogether, we derive limits in the range of A/ VC = 0.35 — 2TeV for the different
Wilson coefficients from a profile likelihood. The strongest limit is on the anomalous top
coupling to the gluon, driven by the QCD production rate. Similarly strong limits apply
to several four-quark operators, stemming mostly from normalized kinematic distributions.
The top dipole interaction with the W boson is also strongly constrained by the precisely
known W helicity fractions in top decays. Other operators with weak bosons are much less
constrained, because they only occur in electroweak top processes with a limited sensitivity
in total rates. Differential distributions in electroweak top production, as well as precision
observables in electroweak and flavor physics can help to increase the sensitivity.
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A Operator relations

In this appendix we list the relations between the relevant operators in our analysis and
the operators in the Warsaw basis, following the notation of refs. [23, 44]. Using the SU(2)
and SU(3) identities

1

1
6 5ab60d + 5 6ad5bca

and the Fierz identities for anti-commutating fermion fields,

(") (Qy.Q) = (V' Q)(Qyua),  (wuw)(Tyut) = (ay"t)(Eyuu),

we derive the following relations:

Tl = =000 + 2646k, TATA = —

e four-quark operators with LL and RR chiral structure (i = 1,2),

Ogs = QT Q)@ T a:) 60;533%1) 4 40553“3) i (/)3(3u3)
Og = QT Q)@ T " q) = 6(’)%33“) 2@(}33@@3) 02(53113)
= (@ )(qw ai) — OL(834)
03 1 = Q' Q)@ a:) = O3(330)
S — = - Lo+ Lo
Otu = (tyut) (i u,) — O(33i)
2 = (T4 (diy, Tdy) — 08B
= (ty"t) (diyud;) _ Oig&ﬁ’)ii)’

e four-quark operators with LR and RL chiral structure

O%u = (QV"TAQ) (A T us) = O3E3) Oé)u = (QV"Q)(uiyu;) = QLB
= (@"T'Q)(dryTdi) - = O™ = (@' Q)(dinpdi) = O™
th = (@' T @), T = (’)2&“33) th = (@ @) (tyt) = (’);1&“33) ,
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e operators with two heavy quarks and bosonic fields

< _ _ ~
0ly = (¢'i Dy 9)(Qv"Q) = O} 0= (Qo™t) 6 By =105
<
Ol = (¢'i DL 6)(Qy''Q) = Of 0w = Qo) T oW, =tO)
“— _ —
Ou=(0'i Dy o)) =0 10uy = Qo™ rleW], =10l
O = @iD0) ") =0l 06 = QT G, =10

with the Higgs field ¢ = (0, *=(v + h))T in unitary gauge, ¢ = ios ¢* and the covariant

7
derivative
D,=0,—1 c A{LTI - z—B Y, D{L =7'D,, =0 (A1)
Sw cw

The relations between the corresponding Wilson coefficients C; and C; can be obtained by
requiring that both bases lead to the same terms in the effective Lagrangian [40],

C(Z C Cc C
ceﬁ:Z<A2 t0, +hc>+ZA§0b:Z<A2¢O +hc)+ZA‘§Od- (A.2)
b d

After electroweak symmetry breaking, the effective interactions of the physical weak gauge
bosons are described by linear combinations of the operators in the unbroken phase. In
unitary gauge, the relations read

“Twar (tv"tL) Zu(v + h)?
ol 1100 5 (09*0L) Zyu(v + h)?
( ¢Q> - <_ ) ; (ty"bL) Wi (v+h)* | (A:3)
T (0VMtL) Wi (v + h)?
R v
(iOtB> - (CW —Sw O) \{Q (f "tr) Au (v +h)

—= (to"tg) Zy (v +h) |
to 1) | V2 (fo"tr) Z,
tW Sw Cw (bO"thR) W ('U + h)

1 - _
iObW = |:_\/§ bO'“VbR(CwZMV + SwAuu) + tO"u'VbR WL ('U + h) .

B Numerical bounds on operators

Here we list the limits on the 22 Wilson coefficients, obtained from fits to different data
sets. Table 9 shows the results of our global fit, table 7 corresponds to our single top fit,
and table 8 shows a fit of observables in top pair production only.

We also show a comparison of the bounds obtained from fits to top-pair production,
single top production, and from the full global fit in figure 14.

— 36 —



Operator 68% CL 95% CL
Cic —— [—5.68,4.00]
e —— [—0.78,0.74]
Coy —— [—0.49,0.11]
Cow [—1.84,1.68]  [—2.80,2.80]
Cow [—0.32,0.23]  [-0.47,0.47]
Ciz —— [—9.40, 9.40]
Cot —— [—51.50, 22.50]
Cootp [—5.94,5.94]  [-9.18,8.82]
Cio —— [—4.70, 1.30]
Cro —— [—36.00, 12.00]

Table 7. Bounds on the Wilson coefficients C; in units of (TeV/A)? at 68% and 95% confidence
level from our single top fit, corresponding to figure 11.

Operator 68% CL 95% CL
Cic [0.30,0.74]  [-0.03,0.82]
Coy [-0.79,0.15]  [-1.11,0.49]
e [—0.49,0.73]  [-0.84,1.16]
Cy, [—1.21,-0.09] [-1.37,0.47]
cs, [—~1.51,—0.09] [~1.91,0.44]
Coa [—2.09,0.15]  [—2.44,1.24]
cs [~1.16,0.15]  [—1.48,0.65]
Cc% [-1.40,0.52]  [-1.93,1.16]
Coy [-0.38,0.09]  [-0.47,0.30]
Coy [-0.18,0.29]  [-0.34,0.42]
Ci, [-0.27,0.21]  [-0.39,0.37]
Cou [-0.47,0.09]  [-0.62,0.27]
Cha [-0.41,0.37]  [-0.66,0.58]
ct, [-0.35,0.15]  [-0.47,0.34]
cl [-0.41,0.35]  [-0.58,0.63]

Table 8. Bounds on the Wilson coefficients C; in units of (TeV/A)? at 68% and 95% confidence
level from a global fit to observables in top pair production.
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Operator 68% CL 95% CL 95% CL, d¢p, /2
Cic [0.30,0.74] [—0.02,0.82] [0.24,0.57]
Coy [-0.68,0.20]  [~1.00,0.52] | [-0.76,0.12]
Cn [-0.26,0.58]  [-0.62,0.74] | [-0.42,0.54]
cy, [~1.00,0.04]  [-1.32,0.44] | [-1.08,0.04]
s [-1.40,-0.12] [-1.72,0.52] | [~1.32, —0.04]
Coa [~1.88,0.12]  [-2.20,1.08] | [~1.72,0.04]
cs, [-1.16,0.04]  [-1.48,0.52] | [-1.16,0.04]
cs [~1.40,0.36]  [-1.88,1.00] | [—1.48,0.28]
Chy [-0.22,0.26]  [-0.38,0.42] | [-0.22,0.22]
c, [-0.25,0.05]  [-0.39,0.11] | [-0.23,0.09]
Ci, [—0.22,0.22]  [-0.38,0.38] | [-0.22,0.22]
Cou [-0.26,0.26]  [—0.42,0.42] | [-0.30,0.22]
Cba [—0.38,0.38]  [-0.62,0.62] | [-0.34,0.38]
cl, [—0.26,0.26]  [-0.42,0.42] | [-0.26,0.30]
cl [—0.34,0.38]  [-0.62,0.58] | [—0.30,0.38]
Cow [-1.68,1.68]  [-2.80,2.64] | [-2.16,2.32]
Cow [-0.23,0.26]  [-0.38,0.47] | [-0.26,0.38]
Ciz [-2.30,2.30]  [-3.10,3.30] | [-2.90,2.50]*
Ct [~16.75,3.25]  [-20.75,8.75] | [~19.38,5.83]*
Coptp [~5.58,5.58]  [-8.46,8.82] | [~7.02,6.66]
Cio [—2.66,0.34]  [-3.98,0.94] | [-2.30,0.34]
Coo [-3.98,7.28]  [-5.78,13.12] | [~4.80,8.80]

Table 9. Bounds on the Wilson coefficients C; in units of (TeV/A)? at 68% and 95% confidence
level from our full global top fit, corresponding to figure 13. The asterisk marks non-Gaussian
effects for which we quote conservative envelopes of the likelihood. The label ¢, /2 stands for the
fit with halved theoretical uncertainties.
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Run II, ATLAS+CMS, 68% and 95% C.L.
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Figure 14. 95% and 68% CL bounds on top operators global fits to top pair production measure-

ment

s (blue), single top (green) and to the full data set from tables 5 and 6 (red).
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