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Constraining top-Higgs couplings at high and low energy
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Abstract. The study of the couplings of the Higgs boson and of the top quark plays a pre-
eminent role at the LHC, and could unveil the first signs of new physics. I will discuss the
interplay of direct and indirect probes of certain classes of top and Higgs couplings. In-
cluding constraints from collider observables, precision electroweak tests, flavor physics,
and electric dipole moments (EDMs), I will show that indirect probes are competitive, if
not dominant, for both the CP-even and CP-odd top and Higgs couplings we considered.
I will discuss the role of theoretical uncertainties, associated with hadronic and nuclear
matrix elements, and indicate targets to further improve the constraining power of EDM
experiments.

1 Introduction

The Standard Model (SM) of particle physics is a successful theory, that has been validated over
a large range of energy scales. Its latest success is the discovery of the Higgs particle at the Large
Hadron Collider (LHC) [1, 2], whose properties are in agreement with SM expectations [3], within the
still sizable experimental uncertainties. On the other hand, we have several hints of physics beyond
the SM (BSM), and the SM could just be the low-energy effective field theory of a more complete
theory. If the scale of BSM physics is much larger than the electroweak scale, new physics might
primarily manifest in deviations of the properties of SM particles from the SM expectations. In this
talk I will focus on the Higgs boson and on the top quark. I will introduce a class of operators that
modifies the Higgs and top interactions, and I will study the constraints on the real and imaginary part
of their couplings, at high and low energy. This talk is based on Refs. [4-6]

2 The SM EFT

In this work, we describe new physics in the framework of the SM Effective Field Theory (EFT)
[7-11]. The main assumptions of this framework are that the scale of new physics A is much larger
than the electroweak (EW) scale, and that there are no new light degrees of freedom beyond SM fields.
Under these assumptions, new physics is parameterized by a complete set of operators, invariant under
the SM gauge group S U(3). X SU(2), X U(1)y, and of canonical dimension larger than four. Our last
assumption is that the importance of the higher-dimensional operators is determined by their canonical
dimension, so that the most relevant operators have dimension six. The full set of dimension-six
operators has been known for some time [7, 8]. Here we focus on a subset, namely those operators
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that contain interactions of the top quark and the Higgs boson, and flip the chirality of the top. At
dimension six, there are five such interactions: a non-standard Yukawa coupling, one hypercharge
dipole, one gluonic dipole, and two electroweak dipoles. Working in the unitary gauge, in which the
Higgs doublet takes the form ¢ = (0, v+ k)" / V2, and neglecting flavor changing neutral currents, the
effective Lagrangian at the new physics scale A > v is

Lop= ), CaOp+he M
a€elY,g,y,Wt,Wbh}

with complex couplings C, = ¢, + i &, and
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where Q; = 2/3, tw = tan Oy, cw = cos Oy, with 6y, the Weinberg angle. The operators Oy, w; contain
the combinations b" = Vb + Vigs + Vigd, and ¢ = Vit + V7 c + V' u, where V;; are CKM matrix
elements. The couplings C, have mass dimension -2, and we will give bounds on the dimensionless
combination v*’C, ~ v*/AZ.

In this work we assume that new physics is only present in the five operators in Eq. (1), that is,
we assume that at the scale A only the five complex coefficients in Eq. (1) are non-vanishing. We
consider how the operators in Eq. (1) affect collider observables involving the Higgs and top quark,
including Higgs production via gluon fusion, Higgs production in association with a ¢ pair, and single
top production. We then integrate out heavy SM degrees of freedom, and consider how anomalous
top couplings affect low energy observables, in particular rare B meson decays and the neutron and
electron electric dipole moments (EDMs).

3 Collider constraints

The modifications of the top and Higgs couplings induced by the operators in Eq. (1) can manifest
themselves in collider observables in two ways. First of all, these operators affect processes in which
the top quark is directly produced, possibly in association with the Higgs or with electroweak bosons.
For example, a non-vanishing C, modifies the ¢f and tth production cross sections, while Cy; and
Cywp correct single top production. Secondly, these operators can be probed indirectly, by studying
processes that have no real top in the final state, but are sensitive to loops with virtual tops. Two
examples are the gluon fusion Higgs production cross section, gg — h, and the Higgs decay into two
photons, i — yy. These processes are generated at one loop in the SM, and thus are particularly
sensitive to modifications of the top couplings. We will see that the best bounds on the real part of Cy,
C, and C,, come indeed from the Higgs production cross section and branching ratios.
The direct observables we considered in our analysis are t7, tth and t-channel single top production.
For 1f and tth, we define the signal strength as
O pp(p)—>ii O pposif
pp = RPN = R 3)
pp(p)—tt pp—tth
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The cross section induced by the top chromo-magnetic (CMDM) and chromo-electric (CEDM) dipole
moments, ¢, and &,, was first computed in Refs. [12, 13]. Using the results of Ref. [6] we find

11 (1.96TeV)

(1= (1.4 £0.1)@%cy) + (0.95 + 0.11)(w7c,)” + (0.33 + 0.07)(v*E,)°)

(8 TeV) (1 —(1320.1)(1%c,) + (1.9 0.2) (1%, ) + (1.3 £0.2) (uzag)z), @)

with o-f) [’,:4_) {1.96TeV) = 7.45 + 0.4 pb and a'i ;:4_) A8TeV) = 252.9 + 20 pb, at the factorization and
renormalization scale y = m;,. The SM 17 cross section has been computed using the program TOP++
[14], and it includes next-to-next-to-leading order (N?LO) corrections [15]. The contribution of Cyis
only included at LO. The theoretical errors are determined by PDF and scale variations.

The top CMDM and CEDM also modify the 77 cross section, which is also affected by the Yukawa

coupling Cy. At VS = 8 TeV we find

pm@BTeV) = (1+ v2cY)2 +(0.33 £ 0.02)(*¢y)* — (7.11 £ 0.02)(v%c,) + (52 £ 5)(v%c,)?
+(44 £ 4)(0°¢,)" - (11.0 £ 0.1) (v7¢,) WPey) — (0.12 £ 0.16) (v7¢,) @°Ey). (5)

The SM tth cross section at 8 TeV is Uiﬁiﬁh ~ 0.128 pb [16]. From Egs. (4) and (5), we see
that, in absolute terms, the contribution of C, to #f is larger than to th. The relative correction to
tth, however, is a factor of five larger than the correction to ##. Thus, for equal experimental and
theoretical uncertainties, the associated production of a ¢ pair and a Higgs would be more sensitive
to the top CMDM than #7. With current experimental input from the Tevatron and LHC experiments,
the #7 cross section is known with roughly 5% uncertainty, while the 77 signal strength has large O(1)
errors [17, 18]. Thus, at the moment, #7 gives a stronger bounds on C,, but data from the LHC Run
II could greatly improve the bounds from ¢#4. In our analysis, we include data on 7 production from
the Tevatron experiments [19] at VS = 1.96 TeV, and from the ATLAS and CMS experiments at
VS = 8 TeV [20, 21]. For rfh, we used the signal strengths as measured by the ATLAS and CMS
collaborations [3, 17, 18].

Direct constraints on C, could be obtained by studying the associated production of a ¢7 pair and
a photon or Z boson [22, 23]. Since the ensuing bounds are relatively weak, we did not include these
processes in our analysis.

Finally, Cy, and Cyy, affect single top production, and the decay of the top into a W and a b quark.
The contribution of Cy,, is suppressed by the bottom Yukawa, and it is negligible. At NLO in QCD,
the inclusive 7-channel single top cross section in the presence of the operator Cyy, is

@ = (564 +2.4)—(11.7+0.3) v’cw, + (21.0 £ 0.5) (VPew,) + (0PTws)?) ,
(8 TeV
% = (307 +£1.3)= (0.5 +0.2) e + (7.7 + 0.2) (Pews)? + @ew:)?) . (6)

The cross sections were obtained by setting the factorization and renormalization scales to u = my,
where we also evaluate the couplings cy, and ¢y,. The errors take into account scale and PDF varia-
tions.

The angular distributions of the charged lepton in the leptonic decay of the W boson produced
in top decays provide strong constraints on the tWb coupling, and its helicity structure. The lepton
momentum is determined by the polar and azimuthal angles 6 and ¢, defined in the W rest frame, with
the z axis oriented in the direction of the W momentum in the lab frame and the y axis orthogonal to
W and jet momenta. The measurement of 6 determines the three helicity fractions, Fy, the fraction of
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Figure 1. 90% C.L. allowed regions in the v?c, — v*cy plane, with couplings evaluated at A = 1 TeV. We assume
that only C, and Cy are generated at the high scale and the theoretical uncertainties are dealt with using the R-fit
procedure.

longitudinally-polarized W bosons, and F g, the fractions of left/right-handed transversely-polarized
W bosons. In addition, the ¢ distribution is sensitive to the phase of the weak dipole Cy, [24, 25].
The SM contribution to the helicity fractions is known at N2LO in QCD [26], while the corrections
induced by the operators Cy; and Cy; are known at NLO in QCD [27]. As for single top, Cyy, is
suppressed by the bottom Yukawa, resulting in weak bounds.

The loop processes that are most sensitive to anomalous top couplings are gg — hand h — yy.
The corrections to these processes can be obtained by considering threshold corrections and mixing
of the operators in Eq. (1) onto the operators g?C(pG(pTgoG#VG’”’ and —g>C, ngDTgoGWGV”’, where GNW =
sﬂmﬁGaﬁ /2, and similar operators with EW bosons. The anomalous scalar and pseudoscalar Yukawa
cy and Cy contribute to Cyg and Cyg at the top threshold, in the same way as the SM Yukawa. The
color dipoles mix with Cyg and C¢, and, similarly, the electromagnetic dipoles mix with o oF Y ald
and ¢ @F,, F*. Solving the RGE, we get that the production and decay signal strengths are [6]

OggF

SM
g9F

2 2
(1 +v’ey(my) + 7.6 vzcg(A)) + (1.5025y(m,) +7.6 vzay(A)) (7
o

FS M
h—yy

2 2
(1 —0.3v%cy(m) + 2.0 vzcy(A)) + (0.4 v*ey(my) — 2.0 vzﬁy(A)) (8)

The remaining operators, Cy; and Cy;, do not significantly affect these processes. Eq. (7) shows that
¢y gives a large correction to gg — h. Since the signal strength is known with 10% uncertainties [3],
the bound on ¢, is strong, a few percent in a single coupling analysis. In the SM & — yy is dominated
by W loops, which somewhat dilute the impact of ¢, and cy. Also in this case, the signal strength is
known with roughly 10% accuracy, leading to a~ 10% limit on ¢, (and a weaker bound on cy).

In Fig. 1 we show the 90% confidence level (C.L.) collider bounds on ¢y and ¢, from direct and
indirect probes. The black region shows the combined bound, and the dashed black contour denotes
a projection of future LHC bounds, assuming a measurement of the 7/ signal strength with 30%
uncertainties [28, 29]. The present data still allow for large deviations from the SM Yukawa coupling,
up to 50% if one allows for both ¢, and cy to be non-zero at the scale A. Future, more precise
measurements of ¢4 are crucial to improve this constraint.
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4 Constraints from Flavor Physics and Electric Dipole Moments

Next we study the impact of top anomalous couplings on low energy processes, including B — Xy,
the muon g — 2, and the electron and neutron EDMs. For B — Xy, the experimental world average
for the branching ratio and the CP asymmetry are [30, 31]

BR(B — X,y) = (343021 £0.07) x 1074, Acp(B = X,y) = 0.015 + 0.02. )

As far as EDMs are concerned, the most sensitive probes are the EDMs of the electron, neutron and
199Hg. The 90% C.L. bounds on these EDMs are [32-35]

|d,| < 8.7%107'%efm, |d,| <3.0x107"% ¢ fm, ldu,l < 6.2 x 1077 ¢ fm. (10)

The muon g — 2 is also precisely measured [30], and shows some tension with the SM expectation.

The top operators in Eq. (1) affect EDMs and B — Xy at the loop level, via threshold corrections
and mixing into a different set of effective operators. The most important of these effective operators
are

eQ.m - eQ,m _ eQpmy, _
Liw ==, —Q; VL IjFy = ) =t O 3L R F e —Qg CYY51.0" brF

I=eu q=u.d,s 2
- % COq.0" G g — % C®95,07,,G* by + % funG%GY GP +hc.,
=u,d,s
q an
The B — X,y branching ratio in terms of the flavor-changing dipoles Cgbs) and Cg”) is [36, 37]
BR(B— X;y) = (3.36+0.23)x107* { 1+7.9-10°@* ) + 0.7 - 10**&”)
-9.8-10°(@Wcy?) - 1.8 - 10°(*&)") + . } (12)

where we used the SM prediction of Refs. [38—40], and . .. include contributions that are quadratic in
cf/lf;). The coefficients in Eq. (12) are evaluated at the scale u = m,. The CP asymmetry Acp has a more
complicated expression, that can be found in Ref. [41], and it is affected by larger nonperturbative
errors.

The electron EDM depends only on the imaginary part of the operator Cff) in Eq. (11).
de = € Qemo &\ (Ay) = 1.7 x 107 *&(A,) e fm, (13)

where A, is a scale of order 1 GeV. The neutron EDM depends on the remaining flavor diagonal
operators in Eq. (11). In this case, expressing the EDM in terms of the quark-gluon operators in Eq.
(11) requires the calculation of hadronic matrix elements, which are at the moment poorly known.
Combining information from QCD sum rules [42—46], lattice QCD calculations [47, 48] and naive
dimensional analysis [49, 50], we can write

dy = —(022£0.03)eQum,&\ +(0.74 £0.07) e Qumy&" + (0.0077 £ 0.01) e Qym &
—(0.55 +0.28) em, &% = (1.1 £ 0.55) e my&s? + (50 + 40)e g,Cys,
= - {(1.5 +02)0*&) + (52 £ 0.5)0*&”) + (0.8 £ 1.0)(0°E)
+(5.5 £ 2.8)*0) + (23 £ 12)(0*elY) = (345 « 276)1)2C(;} x 107 e fm, (14)

where all coefficients should be evaluated at 4 = A,. Because of recent lattice calculations [47, 48],
the contributions from the up- and down-quark EDMs in this expression are known to O(15%), while
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Figure 2. Representative diagrams of the matching of the top operators Cy, Cy, C,, Cy;, and Cy, onto the
operators in Eq. (11). A solid line denotes a quark, a dashed line the Higgs boson. Wavy lines denote photons
and EW bosons, while curly lines gluons. Squares denote the interactions in Eq. (1). (a) Barr-Zee diagrams
representing the contribution of Cy to lepton and quark EDMs and MDMs, and quark CEDMs. (b) One-loop
mixing of the top dipoles onto light quark EDMs and CEDMs. (c) Mixing of C, into ¢*XX and LR LR four-
fermion operators, and the mixing of the latter into light fermion electroweak dipoles.

the strange contribution is still highly uncertain. The quark CEDM contributions were calculated using
QCD sum rules, and have an estimated 50% uncertainty [42—45]. The situation is even more dire for
the Weinberg operator, whose matrix element is known only at the order of magnitude level. Since
the sign of this contribution is not well determined, we left it arbitrary and varied it in our analysis.
Similar expressions can be derived for the ' Hg EDM. In this case, in addition to the sizable hadronic
uncertainties on the single nucleon EDM and the CP-violating pion-nucleon couplings, one has also
to account for large errors in the nuclear structure calculations [51].

Having obtained the expressions for the observables in terms of the low-energy operators in Eq.
(11), we now need to match the top operators in Eq. (1) onto Cg’q’bs), C;q"”) and Cg, and run down to
the scale A,. The anomalous Yukawa Cy is effectively a dimension-four coupling, and it does not mix
onto the operators in Eq. (11) above the top threshold. Its contribution to the lepton and quark EDMs
is induced by finite two-loop Barr-Zee diagrams [52], as represented in Fig. 2(a). The contribution of
Cy to the flavor non-diagonal dipoles C(ybs) and Cg”) is further suppressed.

The dipole operators have a richer mixing structure [6, 11, 53]. Above the scale m;, top dipoles
mix with other dipoles. Representative diagrams are shown in Fig. 2(b). Since we start with heavy
flavors, ¢ and b, and are interested in flavor diagonal dipole operators involving light flavors, and flavor
changing dipoles involving a strange or down quark, these mixings in general involve W loops, and
some insertion of small CKM elements. This direct, one-loop mixing is the leading contribution to
B — Xy, giving

CPIm) = (64C,(A) = 0.12C4(A) + 19 Cyi(A) = 37 Ci(A)) - 107
C(ghs‘)(mt) = —-19. 10_4 Cg(A)’ )

where A = 1 TeV. Combining Eqs. (15) and (12), we see that B — X,y gives a strong constraint
on the real part of Cyy, [v*cwp| < 0.05. The imaginary part Cyyp is less constrained, [v*Ews| < 0.3.
Similarly, one finds that cy, and ¢, are constrained at the 10% and 30% level, and the constraints on
the imaginary parts are weaker by a factor of 2-3.

Sizable corrections to the flavor diagonal EDM and MDM operators in Eq. (11) arise from a two-
step mechanism, depicted in Fig. 2(c). First the top dipoles mix onto operators with two scalar fields
and two gauge bosons, ¢*XX, or gauge-invariant four-fermion operators with LR LR chiral structure,
such as (I o™ eg)e; jc‘]io-ﬂvuR. These operators then mix back onto lepton and light quark dipoles. The
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two-step mechanism induces contributions to the lepton and quark electric and magnetic moments that
are suppressed by two loop factors, but are enhanced by a large double logarithm and do not contain
small CKM elements. In several instances the two-step mechanism dominates the coefficients of the
operators in Eq. (11).

As a concrete example, we can consider the mixing of the top EDM ¢, onto the electron EDM. If
one neglects the running of the top Yukawa coupling, the two-step path depicted in Fig. 2(c) leads to

& 3N.Qgtm}

A 2
5, Gn o [”(lef‘l)f%v](lOg;) ~ 4107 (16)
4 t

Together with Eq. (13), and the experimental limit on the electron EDM, Eq. (16) implies a very
strong bound on &, |02€‘7| < 1.4 - 1073, much stronger than the bounds from B — X,y and collider.
The detailed solutions of the RGE equations are given in Ref. [6]. The main results are:

o the top EDM and weak EDM operators contribute mainly to the electron and the light quark EDMs,
via the two-step mechanism described above. The loop factors cost a 10 suppression, E(; D (Ay) ~
10742, 4, (M),

o the top CEDM gives a large threshold contribution to the Weinberg operator, C, and it contributes
to the light quark CEDM via the two-step mechanism, The loop suppression is at the 1073 level,
Cs(A)), E;’” (Ay) ~ 10’359(1\). The top CEDM contributes to d, at the 1073 level,

e the bottom quark EDM operator ¢y, predominantly generates the Weinberg operator, via threshold
corrections at the b scale, and the light quark CEDMs. The contributions are at the 10~ level,

e the top pseudoscalar Yukawa coupling ¢y gives threshold corrections to the electron and quark
EDMs and to the quark CEDM, at the 107* = 107 level.

From Eqgs. (13) and (14), one can see that the electron EDM constrains &, and Cy, at the permil
level. These bounds are not significantly affected by theory uncertainties. The Yukawa coupling ¢y
is also mainly constrained by the electron EDM, but the bound is roughly a factor of 10 weaker. In
light of the large contribution to the Weinberg operator, the top CEDM is naively constrained by the
neutron EDM at the 10~* level. &y, is also strongly constrained by the neutron EDM. In these cases,
however, one has to take into account the large nonperturbative uncertainties. In our analysis, we deal
with the theoretical uncertainties in two different ways. In what we call “central” strategy we neglect
theoretical uncertainties in the hadronic and nuclear matrix elements entering d,, dgs and Acp. While
excessively optimistic, this strategy allows to appreciate the full potential of EDM experiments. In
the “R-fit” strategy we vary all theoretical uncertainties within the allowed ranges assuming a flat
distribution, and minimize the total y>. This method corresponds to the Range-fit (R-fit) procedure
defined in Ref. [54]. With the current theoretical knowledge, the bounds obtained with these two
strategies are very different, highlighting the importance of improving the determination of hadronic
(and nuclear) matrix elements for EDMs.

The same mechanism that induces the electron EDM also generates magnetic dipole moments of
charged leptons, proportional to the real part of the couplings in Eq. (1). In Ref. [6] we showed that
{v*c,, v*cw} = O(10) and {v?cy, v*cy} ~ O(100) are needed to ease the tension between theory and
experiment in the muon g — 2. Such large values are already excluded by collider constraints, so that
the g — 2 anomaly cannot be due to the dimension-six operators we investigate.

5 Combined bounds on top and Higgs couplings

In this Section we discuss the combined collider and low energy bounds on the operators introduced in
Eq. (1). We start with a single coupling analysis, in which we set only one of the complex coeflicients
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Figure 3. 90% C.L. allowed regions in the v’c, —v*¢, (top left panel), v’ cy, —v*&w, (top right panel), v’ cyw;, —v*Ews
(bottom left panel) and v*c,—v*€, (bottom center panel) and v?cy—v*&y (bottom right panel) planes, with couplings
evaluated at A = 1 TeV.

in Eq. (1) to be different from zero at the scale A = 1 TeV. The 90% C.L. allowed region for C,, Cy;,
Cwp, C4 and Cy, obtained with the R-fit strategy, is shown in Fig. 3. In black we show the combined
allowed region, while the other regions denote the most constraining bounds coming from EDMs
(red), B — Xy (green), electroweak precision observables (blue), and direct and indirect collider
searches (orange). The dashed black contour denotes future sensitivities, considering improvements
in EDM experiments [55], super-B factory measurements [56, 57], and collider searches [28, 29].

In the single operator analysis, EDMs very effectively constrain the imaginary parts of the coef-
ficients C,. This is true in particular for ¢, and Cy;, which are constrained at the permil level by the
electron EDM. As Fig. 3 clearly illustrates, the EDM bounds are a factor of 10° stronger than flavor
and collider observables [5, 6]. The real part of the couplings, ¢, and cy,, can be larger. ¢, is mainly
constrained by Higgs decay into photons. We find the allowed region for ¢, to be —=0.05 < v*c, < 0.11.
cw; receives competitive constraints from B — Xy, the S parameter, single top production, and the
W boson helicity fractions. The combined allowed region for ¢y, is =0.10 < v’cw, < 0.04. In the
single coupling analysis, the bounds on C, and Cy; are equal in the central and R-fit strategies.

The imaginary part of Cy, is also well constrained by EDMs, in particular the neutron, giving
[’Ewp| < 0.06. The EDM bound is five time stronger than the limit extracted from Acp, even with
the conservative treatment of the theoretical errors that we are adopting. In this case, going from the
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central to the more conservative R-fit strategy costs almost one order of magnitude. The bound on
cwp 1s determined by the B — X,y branching ratio, yielding —0.04 < vewp < 0.07.

As we discussed earlier, ¢, contributes to the neutron and electron EDMs. The induced neutron
EDM is about 100 times larger than d,, so that naively one would expect the strongest constraints to
come from d,,. In the R-fit procedure, however, d,, is subject to cancellations between the contributions
of the Weinberg operator and of the light quark (C)EDMs, and the cancellations are so severe that the
best limit actually comes from d,, which gives Ivzégl < 0.038. In the central strategy, where there is
no room for cancellations, the neutron EDM is indeed dominant, giving a bound |v259| <29-10™.
This dramatic effect illustrates the fact that, to better constrain top couplings, it is crucial to get the
matrix elements of the Weinberg operator under control. The real part of the coupling, ¢, is strongly
constrained by gg — h, which gives —0.017 < vzcg < 0.014. At the moment, direct observables such
as tf and tth production give weaker bounds, but it will be very interesting to study the evolution of
these constraints at the LHC Run II.

Finally, the pseudoscalar Yukawa, ¢y, receives its strongest bound from the electron EDM, [v?ey| <
0.013. The real Yukawa, cy, affects the Higgs gluon fusion production cross section and the decays
h — gg and h — yy. cy can also be probed directly by studying the associated ¢tk production. With
the current experimental data, the bound is dominated by the Higgs signal strengths and is at the 10%
level, —0.12 < v%cy < 0.14. The bound from #7h is noticeably weaker.

The bounds on the real and imaginary parts of C,, Cy;, Cwsp, C, and Cy are weakened by allowing
all coeflicients to be non-zero at the scale A. This is particularly true for the imaginary parts, for
which one does not have as many sensitive observables as for the real couplings. Still, in order to
evade the strong EDM bounds obtained in the single coupling scenario, the couplings need to exhibit
strong correlations, which provide non trivial constraints on new physics models.

In conclusion, we have studied high and low energy constraints on chirality-flipping top-Higgs
couplings, including a complex anomalous Yukawa coupling, and four dipole interactions. We have
found that the real parts of the couplings are bound by a combination of direct and indirect probes.
In particular, Higgs production and decay are very sensitive probes, competitive with, or even more
sensitive than, processes with top final states. The imaginary part of the couplings are very well
constrained by EDMs, in particular by the electron EDM d,. To improve the bounds from nuclear
and hadronic EDMs, it is crucial to reduce the theoretical uncertainties on nonperturbative matrix
elements.
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