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Introduction
•  A Higgs-like particle has been discovered.  The property of it (mass, 
coupling, CP) has began to be measured.

•  Top-Higgs coupling is important because it is:

-  the largest coupling in the SM 
-  closely related to the gauge hierarchy problem 
-  closely related to the stability of the Higgs potential   
-  … 
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Anomalous top-Higgs coupling
•  We parametrise the top-Higgs coupling as:

Lt = �mt

v
(tt̄t+ i̃tt̄�5t)H SM: (t, ̃t) = (1, 0)

•  The top-Higgs coupling enters the Higgs production and decay:

+

Production Decay
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h↵s
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a
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c�b�Fµ⌫F
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SM: (cg, c�) = (1, 1)
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Figure 8: The 68% CL contours for individual channels (coloured swaths) and for the over-
all combination (solid line) for the (kV, kf) parameters. The cross indicates the global best-fit
values. The thin contour shows the 95% CL range for the combination. The yellow diamond
shows the SM point (kV, kf) = (1, 1). The left plot shows the likelihood scan in two quadrants
(+,+) and (+,�), the right plot shows the positive quadrant only.
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Figure 9: The 2D likelihood scan for the kg and kg parameters, assuming that GBSM = 0, i.e.
no new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL regions, respectively. The yellow
diamond shows the SM point (kg, kg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (k = 1).
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Figure 10: Results of fits for the benchmark models that probe for contributions from non-SM particles in
the H! �� and gg! H loops, assuming no sizeable extra contributions to the total width: (a) correlation
of the coupling scale factors kg and kg; (b) coupling scale factor kg (kg is profiled); (c) coupling scale
factor kg (kg is profiled). The dashed curves in (b) and (c) show the SM expectations.
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Figure 11: Results of fits for benchmark models that probe for contributions from non-SM particles
in the H! �� and gg ! H loops, while allowing for potential extra contributions to the total width:
(a) branching fraction BRi.,u. to invisible or undetected decay modes (kg and kg are profiled); (b) same as
(a), but restricting to BRi.,u. > 0 for the extraction of the upper 95% CL limit; (c) coupling scale factor kg
(kg and BRi.,u. are profiled); (d) coupling scale factor kg (kg and BRi.,u. are profiled). The dashed curves
show the SM expectations.
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A Appendix: Coupling scale factor relations for the dominant channels

For each model considered in the note, the formulae below give the scaling properties of the most relevant
Higgs boson production cross sections and branching ratios, with the elementary couplings (relative to
SM ones). In some of the fits, kH and the e↵ective scale factors kg and kg for the loop-induced H ! gg
and gg ! H processes are expressed as a function of the more fundamental factors kW, kZ, kt, kb and kt
(only the dominant fermion contributions are indicated here for simplicity). The relevant relationships
are:

k2
g(kb, kt) =

k2
t · �

tt
ggH + k2

b · �
bb
ggH + ktkb · �tb

ggH

�
tt
ggH + �

bb
ggH + �

tb
ggH

(6)

k2
VBF(kW, kZ) =

k2
W · �
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Z · �
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�
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ZZ
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k2
g (kb, kt, kt, kW) =

P
i, j kik j · �i j
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P

i, j �
i j
gg
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X
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where �i j
ggH, �ii

VBF, �i j
gg and �SM

f f are obtained from theory [14, 23].

A.1 Fermion versus vector couplings

A.1.1 Only SM contributions to the total width
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V · k2
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0.75 · k2
F + 0.25 · k2

V
,

where kg (kF , kF , kV , kV ) is the SM functional dependence of the e↵ective scale factor kg on the scale
factors kF and kV , which is to first approximation:8

k2
g (kF , kF , kF , kV ) = 1.59 · k2

V � 0.66 · kV kF + 0.07 · k2
F . (11)

8The fit uses the full dependence of kg on kW, kt , kb and kt [14].
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Figure 4: Left: The constraints in the (c�, cg) plane imposed by the measurements in Fig. 1,
assuming the Standard Model values for the tree-level couplings to massive bosons and
fermions, i.e., a = c = 1. Right: The constraints in the (a, c) plane when marginalizing
over c� and cg.

We display in the left panel of Fig. 5 the one-dimensional likelihood function �2 for

the factor c� obtained by marginalizing over cg, and in the right panel the one-dimensional

likelihood function for cg obtained by marginalizing over c�. The central values and the 68%

CL ranges of c� and cg are as follows:

c� = 1.18± 0.12 , cg = 0.88± 0.11 , (6)

and the likelihood price for c� = 1 is ��2 = 2, whereas the price for cg = 1 is ��2 = 1.

4 Probing the Mass Dependence of Higgs Couplings

We now turn to the results of a global fit using the (M, ✏) parameterization (1) that probes

directly the extent to which the current measurements constrain the H couplings to other

particles to be approximately linear: ✏ ⇠ 0, and the extent to which the mass scaling

parameter M ⇠ v. The left panel of Fig. 6 shows the result of combining the measurements

shown in Fig. 1 in the (M, ✏) plane. The horizontal and vertical yellow lines correspond to

✏ = 0 and M = v, respectively, and the data are quite compatible with these values. The

central values and the 68% CL ranges of M and ✏ are as follows:

M = 244+20

�10

GeV , ✏ = �0.022+0.042
�0.021 , (7)

and the likelihood price for M = 246 GeV and ✏ = 0 is ��2 = 0.12. It is remarkable that

the data already constrain the mass dependence of the H couplings to other particles to be

10
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Figure 1: The regions of the (t, ̃t) plane allowed by the analysis of [40] at the 68 and 95%
CL (solid and dotted red contours, respectively). Also shown for comparison is the region
discussed in [29] (solid black contour). Black dots represent the simulated model points.

We display in Fig. 1 the regions of the (t, ̃t) plane that are allowed at the 68, and 95%

CL according to the analysis of [40]. At the 68% CL, the allowed region is a crescent with

apex close to the Standard Model point (t, ̃t) = (1, 0), bounded by the solid red contour,

whereas at the 95% CL a complete annulus is allowed, bounded by the dotted red contour.

For convenience we define the CP violation phase in the t̄tH coupling by

⇣t ⌘ arctan
⇣ ̃t

t

⌘
. (4)

For comparison, we also display the (smaller) crescent discussed in [29, 38], bounded by the

solid black contour. As already mentioned, if one assumes the Standard Model value of

the electron-H coupling and there are no other important contributions to the EDM of the

electron de, the experimental upper limit on its value imposes |̃t| < 0.01. Here we consider

the capability of future LHC measurements to constrain t and ̃t directly, considering for

illustration the full crescent allowed by the analysis of [40] at the 68% CL.
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1σ2σ • The CPV phase ζt is largely arrowed. 

• Du to the interference in cγ, the 
constraints for κt > 0 and < 0 are not 
symmetric.  ζt = π is excluded at 1σ. 

• For 2σ, ζt is not constrained at all. 

• The ζt can be constrained by the 
EDMs, though they are model 
dependent (J.Brod, U.Haisch, 
J.Zupan, 2013).  



ttH and tHj
• If the anomalous top-Higgs couplings exist, the effect should be seen in

pp ! t̄tH pp ! tHj (t̄Hj)and                         .  

• Challenging processes.  Cross sections are small: σ(ttH) ~ 130 fb, σ(tHj) 
~ 18 fb at 8 TeV LHC.

• No signal has been observed.  

�(tt̄H) < 4� 5⇥ �(tt̄H)SM

No limit for tHj

n next two talks
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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Figure 3: The ratios of �(t̄tH) to the Standard Model value (left panel) and of �(tH) to the
Standard Model value (right panel) are shown using the indicated colour codes. Also shown
is the crescent-shaped region in Fig. 1 that is allowed by present data at the 68% CL.

This e↵ect is also seen clearly in the left panel of Fig. 4, where we see that �(tH) and

�(t̄H) reach more than 3 times the Standard Model values when ⇣t > 60o. A measurement at

the Standard Model level with a factor of two uncertainty would determine ⇣t ⇠ 0± 45o. As

seen in the right panel of Fig. 4, the combination of the decrease in �(t̄tH) and the increases

in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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• How are the cross sections affected by the anomalous top-Higgs coupling?
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relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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This e↵ect is also seen clearly in the left panel of Fig. 4, where we see that �(tH) and

�(t̄H) reach more than 3 times the Standard Model values when ⇣t > 60o. A measurement at

the Standard Model level with a factor of two uncertainty would determine ⇣t ⇠ 0± 45o. As

seen in the right panel of Fig. 4, the combination of the decrease in �(t̄tH) and the increases

in �(tH) and �(t̄H) along the crescent imply that the ratio �(tH+ t̄H)/�(t̄tH) increases by

a factor of more than 20 along the crescent, compared to its value in the Standard Model,

⇠ 0.06.

4 Mass Distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In the

case of single t or t̄ production, there is also a forward jet j corresponding to the quark from

which the virtual W was emitted, as seen in the lower panel of Fig. 2. Hence there are again

three final-state particles t (or t̄), H and j, and therefore four measurable invariant masses
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This effect is also seen clearly in the left panel of figure 4, where we see that σ(tH) and

σ(t̄H) reach more than 3 times the Standard Model values when ζt > 60o. A measurement

at the Standard Model level with a factor of two uncertainty would determine ζt ∼ 0±45o.

As seen in the right panel of figure 4, the combination of the decrease in σ(t̄tH) and the

increases in σ(tH) and σ(t̄H) along the crescent imply that the ratio σ(tH + t̄H)/σ(t̄tH)

increases by a factor of more than 20 along the crescent, compared to its value in the

Standard Model, ∼ 0.06.

4 Mass distributions

We now examine the information that can be obtained from measurements of the invariant

masses of combinations of the final-state t, t̄ and H particles. In the case of the t̄tH final

state, there are three distinct combinations that can be measured: the total invariant mass

Mt̄tH , the tH (or t̄H) invariant mass MtH (or Mt̄H), and the t̄t invariant mass Mt̄t. In

the case of single t or t̄ production, there is also a forward jet j corresponding to the

quark from which the virtual W was emitted, as seen in the lower panel of figure 2. Hence

there are again three final-state particles t (or t̄), H and j, and therefore four measurable

invariant masses in this case: the total invariant mass MtHj (or Mt̄Hj) and the two-particle

invariant masses MtH (or Mt̄H), Mtj (or Mt̄j), and MHj . In the following we present some

invariant mass distributions for the t̄tH and tHj (or t̄Hj) final states, starting with the

total invariant mass distributions. All the distributions shown below are idealized, as they

do not include the effects of parton showering, object reconstruction, detector resolution,

etc. We also do not consider the background contamination and the realistic selection cuts

which will be applied in experiments.4 These effects could alter the shape of distributions,

but the study of such effects lies beyond this exploratory work.
4The background contamination is known to be a serious problem for the t̄tH process. In addition to

improving the techniques to suppress the the background, e.g using jet substructure techniques [33, 34], a

precise estimation of the background shapes would be necessary to reduce the systematic uncertainties.
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• For ζt > 1.2, σ(tHj) can become larger than σ(ttH).
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relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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Figure 5. The total invariant mass distributions for the t̄tH final state (left panel) and the tHj
final state (central panel). In each case, we display the distributions for ζt = arc tan(κ̃t/κt) = 0 (in
black), ±π/4 (in dotted red) and ±π/2 (in solid red). The right panel shows the variations with ζt
of ⟨Mt̄tH⟩ (solid black), ⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue) along a contour passing trough
the middle of the 68% CL. crescent-shape allowed region in figure 1.

4.1 Total invariant mass distributions

The left panel of figure 5 displays the normalizedMt̄tH distributions for ζt=arc tan(κ̃t/κt)=

0 (in black), ±π/4 (in dotted red) and ±π/2 (in solid red). We see that the Mt̄tH distribu-

tion that is most peaked towards small masses is that for the Standard Model case ζt = 0.

That for ζt = ±π/4 is less peaked, and that for ζt = ±π/2 is substantially broader.

The central panel of figure 5 displays the MtHj distributions for ζt = 0,±π/4 and ±π/2

using the same colour-coding. In this case, we see that the invariant mass distribution

is least peaked for the Standard Model case ζt = 0, more peaked for ζt = ±π/4 and

particularly for ζt = ±π/2.

The right panel of figure 5 displays the variations with ζt of ⟨Mt̄tH⟩ (solid black),

⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue). We see explicitly that ⟨Mt̄tH⟩ is minimized in

the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.

4.2 Two-particle invariant mass distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of figure 6 show the invariant mass distributions of t̄t and tH, respectively,

with the same colour-coding as in figure 5. The peaks of the distributions are lowest for

the SM and highest for ζt = ±π/2 in both the t̄t and tH cases. The right panel of figure 6

shows the variation with ζt of ⟨Mt̄t⟩ (solid black) and ⟨MtH⟩ (solid red) along a contour

passing trough the middle of the crescent-shape allowed region in figure 1. The means

of the two-particle invariant mass distributions take their lowest values in the Standard

Model case and their maximum values for ζt = ±π/2 in both the t̄t and tH cases, as

observed in the total invariant mass distribution. The difference between ⟨Mt̄t⟩ and ⟨MtH⟩
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particularly for ζt = ±π/2.

The right panel of figure 5 displays the variations with ζt of ⟨Mt̄tH⟩ (solid black),

⟨MtHj⟩ (solid red) and ⟨Mt̄Hj⟩ (solid blue). We see explicitly that ⟨Mt̄tH⟩ is minimized in

the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.
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the Standard Model case, whereas ⟨MtHj⟩ and ⟨Mt̄Hj⟩ are maximized in this case. These

features are correlated with the behaviours of the total cross sections for these processes

as functions of ζt. We note that ⟨Mt̄tH⟩ is maximized for |ζt| = π/2: the value for |ζt| = π

would be the same as in the Standard Model.

4.2 Two-particle invariant mass distributions

More information may be obtained from two-particle invariant mass distributions, and we

start by showing the two-body mass distributions in t̄tH production events. The left and

central panels of figure 6 show the invariant mass distributions of t̄t and tH, respectively,

with the same colour-coding as in figure 5. The peaks of the distributions are lowest for

the SM and highest for ζt = ±π/2 in both the t̄t and tH cases. The right panel of figure 6

shows the variation with ζt of ⟨Mt̄t⟩ (solid black) and ⟨MtH⟩ (solid red) along a contour

passing trough the middle of the crescent-shape allowed region in figure 1. The means

of the two-particle invariant mass distributions take their lowest values in the Standard

Model case and their maximum values for ζt = ±π/2 in both the t̄t and tH cases, as

observed in the total invariant mass distribution. The difference between ⟨Mt̄t⟩ and ⟨MtH⟩
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relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.
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at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.
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interference
(L) (R)

• In the diagram without ttH coupling the top is dominantly left-handed, 
whereas it is right-handed in the diagram with ttH.  Modification of ttH 
coupling may affect the top polarisation measurement in tHj. 

1

�`

d�`

d cos ✓`
=

1

2

(1 + Pt cos ✓`)

Pt = ±1 for pure right(left)-handed top

• The top polarisation can be measured by the angle of the lepton w.r.t the 
top boost direction at the top rest frame.  
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Figure 9. Left panel: the distributions in the semileptonic decay angle θℓ for the tHj final state
for the indicated values of ζt. In the right panel we display the variation of the forward-backward
asymmetry in θℓ, Al, with ζt for tHj (t̄Hj) production in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14TeV.

interesting for tHj and t̄Hj production, because of the 1− γ5 factor in the Wtb coupling.

As already noted, the matrix elements of these processes have two competing Feynman

diagrams: one is proportional to the t̄tH coupling and the other to the WWH coupling,

as seen in the lower panel of figure 2. In the latter diagram, the t (or t̄) is emitted from the

initial b(b̄)-quark when it exchanges a W boson with a quark (or antiquark) in the other

proton. This t(t̄) quark therefore prefers the left-handed chirality. In the former diagram,

t (or t̄) is produced in the same way but subsequently emits a H, changing its chirality.

One can therefore expect that the tops in these processes are polarized to some extent,

depending on the details of the t̄tH coupling.

The angular distributions of the top decay products are correlated with the top spin

direction in the following way [56–58]:

1

Γf

dΓf

d cos θf
=

1

2
(1 + ωfPt cos θf ) , (5.1)

where f is the type of top decay product: f = b, ℓ, . . ., θf is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and

Pt is the degree of the top polarization:

Pt =
N(↑)−N(↓)
N(↑) +N(↓) . (5.2)

The coefficient ωf depends on the type of decay product, e.g., ωW = −ωb = 0.41 and

ωℓ = 1 at tree level.

We consider first the angle θℓ between the direction of the t and the final-state lepton

ℓ measured at the rest frame of the top in tHj production events. The left panel of figure 9

displays the cos θℓ distributions. As previously, the distribution for the Standard Model

case ζt = 0 is shown in black, and the distributions for |ζt| = π/4 and π/2 in dotted and
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asymmetry in θℓ, Al, with ζt for tHj (t̄Hj) production in red (blue): the shading represents an
estimate of the measurement error with 100/fb of integrated luminosity at 14TeV.

interesting for tHj and t̄Hj production, because of the 1− γ5 factor in the Wtb coupling.

As already noted, the matrix elements of these processes have two competing Feynman

diagrams: one is proportional to the t̄tH coupling and the other to the WWH coupling,

as seen in the lower panel of figure 2. In the latter diagram, the t (or t̄) is emitted from the

initial b(b̄)-quark when it exchanges a W boson with a quark (or antiquark) in the other

proton. This t(t̄) quark therefore prefers the left-handed chirality. In the former diagram,

t (or t̄) is produced in the same way but subsequently emits a H, changing its chirality.

One can therefore expect that the tops in these processes are polarized to some extent,

depending on the details of the t̄tH coupling.

The angular distributions of the top decay products are correlated with the top spin

direction in the following way [56–58]:

1

Γf

dΓf

d cos θf
=

1

2
(1 + ωfPt cos θf ) , (5.1)

where f is the type of top decay product: f = b, ℓ, . . ., θf is the angle between the decay

product f and the top spin quantization axis measured in the rest frame of the top, and

Pt is the degree of the top polarization:

Pt =
N(↑)−N(↓)
N(↑) +N(↓) . (5.2)

The coefficient ωf depends on the type of decay product, e.g., ωW = −ωb = 0.41 and

ωℓ = 1 at tree level.

We consider first the angle θℓ between the direction of the t and the final-state lepton

ℓ measured at the rest frame of the top in tHj production events. The left panel of figure 9

displays the cos θℓ distributions. As previously, the distribution for the Standard Model

case ζt = 0 is shown in black, and the distributions for |ζt| = π/4 and π/2 in dotted and
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solid red, respectively. We can see that the lepton momentum in the Standard Model

case strongly prefers the opposite direction to the top’s boost direction at the top’s rest

frame, meaning that tops are negatively polarized, Pt < 0. As |ζt| increases this preference
is weakend. For |ζt| = π/4 the distribution is already quite flat, and the slope is even

positive, Pt >∼ 0, for |ζt| = π/2.

The dependence on ζt can more explicitly be seen in the right panel of figure 9, which

displays the variation with ζt of the forward-backward asymmetry

Aℓ =
N(cos θℓ > 0)−N(cos θℓ < 0)

N(cos θℓ > 0) +N(cos θℓ < 0)
, (5.3)

along a contour passing trough the middle of the crescent-shape allowed region. The red

and blue curves correspond to the At
ℓ and At̄

ℓ in the tHj and t̄Hj production events, re-

spectively. The shaded bands represent estimates of the measurement error with 100/fb of

integrated luminosity at 14TeV, again ignoring effects of parton showering, top reconstruc-

tion, detector resolution,5 etc. We see that, within the range of ζt allowed by the present

data, the asymmetry is largest in magnitude (and negative) for ζt = 0 (the Standard Model

case), is reduced in magnitude for ζt ̸= 0, and changes sign for ζt = ±π/2. On the other

hand, there is no sensitivity to the sign of ζt. In the Standard Model case, the asymmetries

for the tHj and t̄Hj events are identical. For ζt ̸= 0, tops are more positively polarized in

the tHj events than in the t̄Hj events.

We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by −→p j ×−→p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of figure 2. The left panel of figure 10

shows the cos θℓ⊥ distribution, where θℓ⊥ is the angle between the lepton momentum and

the spin quantization axis defined above at the rest frame of the top. We see that the

distribution is flat for the Standard Model case ζt = 0. One the other hand, when ζt ̸= 0,

the lepton prefers one side of the hemisphere with respect to the three-body production

plane at the rest frame of the top. The right panel in figure 10 shows the variation with

ζt of the asymmetry Aℓ⊥, which is defined in the same way as in eq. (5.3) for the cos θℓ⊥,

with the same colour-coding as in figure 9. As expected, there is no up-down asymmetry

for the Standard Model case ζt = 0, but there is a measurable asymmetry for ζt = ±π/4

and ±π/2. In particular, the sign of the perpendicular asymmetry is sensitive to the sign

of ζt = arc tan(κ̃t/κt). This measurement could therefore provide a direct probe of CP

violation in the top-H couplings.

5.2 Spin correlation measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of figure 11 shows the distribution in the angle ∆φℓ+ℓ− between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

5For studies including these effects, see e.g. [35, 59, 60].
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Spin measurement in tHj
• The cosθl distribution but in the tHj rest frame

• Some dependency of the CP phase 

• ζt > 0 and < 0 are not distinguishable.

• tHj and tbarHj.  The band is the statistic error 
assuming 14 TeV LHC with 100 fb-1.

• The asymmetry is an useful measure.

• In SM the lepton prefers the opposite direction to 
the top boost direction, whereas for ζt = π/2, it 
prefers the same direction.  

14 TeV, Parton Level
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Figure 10. Left panel: the distributions in the semileptonic decay angle θℓ⊥ out of the tHj plane
for ζt = arc tan(κ̃t/κt) = 0 (in black), ±π/4 (in dotted red and blue) and ±π/2 (in solid red and
blue). Right panel: the asymmetry perpendicular to the plane of tHj (t̄Hj) production, Al⊥, as
a function of ζt is indicated in red (blue): the shading represents an estimate of the measurement
error with 100/fb of integrated luminosity at 14TeV.

frame of the t̄t system. The sign of ∆φℓ+ℓ− is defined as the sign of −→p t · (−→p ℓ− ×−→p ℓ+).
6 As

previously, the distribution for the Standard Model case ζt = arc tan(κ̃t/κt) = 0 is shown

in black, those for ζt = ±π/4 as dotted lines, and those for ±π/2 as solid lines (red and

blue for ζt >,< 0, respectively). We see that the distribution has the form

dσ

d∆φℓ+ℓ−
∝ cos(∆φℓ+ℓ− − δ) + const. (5.4)

We see in the left panel of figure 11 that the phase shift δ vanishes for the Standard Model

case ζt = 0, but takes non-zero values for ζt ̸= 0, and we note that this phase shift is

sensitive to the sign of ζt. The right panel in figure 11 shows the value of δ as a function

of ζt. One can see that the δ varies from −π to π as ζt varies from −π/2 to π/2. We find

that the dependence of δ on ζt can be very well fitted by the function δ = 2ζt − sin(2ζt)/2.

6 Summary

We have shown in this paper that the cross sections and final-state distributions in t̄tH, tH

and t̃H production are sensitive to the ratio between the scalar and pseudoscalar top-H

couplings κt and κ̃t. In particular, the total cross section for t̄tH production decreases

significantly as the ratio κ̃t/κt increases within the ranges of values of these couplings that

are allowed by present data on the Hgg and Hγγ couplings. On the other hand, the total

cross sections for tH and t̃H production increase as the ratio κ̃t/κt increases.

6The ∆φℓ+ℓ− variable is commonly used in the spin correlation measurement in the t̄t process [61, 62],

although ∆φℓ+ℓ− is defined at the lab frame and its range is [0, π]. In order to identify CP violation, it is

crucial to measure ∆φℓ+ℓ− with respect to the top (or anti-top) axis in the range of [−π, π].
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a function of ζt is indicated in red (blue): the shading represents an estimate of the measurement
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6 As

previously, the distribution for the Standard Model case ζt = arc tan(κ̃t/κt) = 0 is shown

in black, those for ζt = ±π/4 as dotted lines, and those for ±π/2 as solid lines (red and

blue for ζt >,< 0, respectively). We see that the distribution has the form

dσ

d∆φℓ+ℓ−
∝ cos(∆φℓ+ℓ− − δ) + const. (5.4)

We see in the left panel of figure 11 that the phase shift δ vanishes for the Standard Model

case ζt = 0, but takes non-zero values for ζt ̸= 0, and we note that this phase shift is

sensitive to the sign of ζt. The right panel in figure 11 shows the value of δ as a function

of ζt. One can see that the δ varies from −π to π as ζt varies from −π/2 to π/2. We find

that the dependence of δ on ζt can be very well fitted by the function δ = 2ζt − sin(2ζt)/2.

6 Summary

We have shown in this paper that the cross sections and final-state distributions in t̄tH, tH

and t̃H production are sensitive to the ratio between the scalar and pseudoscalar top-H

couplings κt and κ̃t. In particular, the total cross section for t̄tH production decreases

significantly as the ratio κ̃t/κt increases within the ranges of values of these couplings that

are allowed by present data on the Hgg and Hγγ couplings. On the other hand, the total

cross sections for tH and t̃H production increase as the ratio κ̃t/κt increases.

6The ∆φℓ+ℓ− variable is commonly used in the spin correlation measurement in the t̄t process [61, 62],

although ∆φℓ+ℓ− is defined at the lab frame and its range is [0, π]. In order to identify CP violation, it is

crucial to measure ∆φℓ+ℓ− with respect to the top (or anti-top) axis in the range of [−π, π].
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solid red, respectively. We can see that the lepton momentum in the Standard Model

case strongly prefers the opposite direction to the top’s boost direction at the top’s rest

frame, meaning that tops are negatively polarized, Pt < 0. As |ζt| increases this preference
is weakend. For |ζt| = π/4 the distribution is already quite flat, and the slope is even

positive, Pt >∼ 0, for |ζt| = π/2.

The dependence on ζt can more explicitly be seen in the right panel of figure 9, which

displays the variation with ζt of the forward-backward asymmetry

Aℓ =
N(cos θℓ > 0)−N(cos θℓ < 0)

N(cos θℓ > 0) +N(cos θℓ < 0)
, (5.3)

along a contour passing trough the middle of the crescent-shape allowed region. The red

and blue curves correspond to the At
ℓ and At̄

ℓ in the tHj and t̄Hj production events, re-

spectively. The shaded bands represent estimates of the measurement error with 100/fb of

integrated luminosity at 14TeV, again ignoring effects of parton showering, top reconstruc-

tion, detector resolution,5 etc. We see that, within the range of ζt allowed by the present

data, the asymmetry is largest in magnitude (and negative) for ζt = 0 (the Standard Model

case), is reduced in magnitude for ζt ̸= 0, and changes sign for ζt = ±π/2. On the other

hand, there is no sensitivity to the sign of ζt. In the Standard Model case, the asymmetries

for the tHj and t̄Hj events are identical. For ζt ̸= 0, tops are more positively polarized in

the tHj events than in the t̄Hj events.

We now consider the top (anti-top) polarization perpendicular to the three-body pro-

duction plane. We define the spin quantisation axis by −→p j ×−→p H at the rest frame of the

top (anti-top), where j is the forward jet produced by the final-state quark after radiating

a virtual W in the diagrams in the lower panel of figure 2. The left panel of figure 10

shows the cos θℓ⊥ distribution, where θℓ⊥ is the angle between the lepton momentum and

the spin quantization axis defined above at the rest frame of the top. We see that the

distribution is flat for the Standard Model case ζt = 0. One the other hand, when ζt ̸= 0,

the lepton prefers one side of the hemisphere with respect to the three-body production

plane at the rest frame of the top. The right panel in figure 10 shows the variation with

ζt of the asymmetry Aℓ⊥, which is defined in the same way as in eq. (5.3) for the cos θℓ⊥,

with the same colour-coding as in figure 9. As expected, there is no up-down asymmetry

for the Standard Model case ζt = 0, but there is a measurable asymmetry for ζt = ±π/4

and ±π/2. In particular, the sign of the perpendicular asymmetry is sensitive to the sign

of ζt = arc tan(κ̃t/κt). This measurement could therefore provide a direct probe of CP

violation in the top-H couplings.

5.2 Spin correlation measurements

We consider finally possible measurements of the t̄t spin correlation in t̄tH production. The

left panel of figure 11 shows the distribution in the angle ∆φℓ+ℓ− between the two lepton

momenta projected onto the plane perpendicular to the t direction at the centre-of-mass

5For studies including these effects, see e.g. [35, 59, 60].
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• The SM has a flat distribution => no CPV

• With ζt ≠ 0, the lepton prefers a particular direction 
depending on the sign of ζt.

• ζt > 0 and < 0 are distinguishable. 

14 TeV, Parton Level
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Figure 2: Leading diagrams contributing to t̄tH production at the LHC (upper panel) and
to single t or t̄ production (lower panel). The red and blue dots correspond to the t̄tH and
WWH couplings, respectively.

relative magnitude and sign of the scalar t̄tH and WWH couplings, with the result that

�(tH) and �(t̄H) are minimized around the Standard Model value t = 1 [36].3 As in the

case of �(t̄tH), iso-� contours for tH and t̄H production are also ellipses whose major axes

are aligned with the ̃t axis, as we see in the right panel of Fig. 3, where colour-coding is

used to represent the ratio to the Standard Model cross section. As a consequence, �(tH)

and �(t̄H) increase along the 68% CL crescent as t decreases and ̃t increases in magnitude.

3 Disturbing the t̄tH coupling modifies the UV behaviour of the theory and may lead to a violation of
the perturbative unitarity at some scale ⇤UV. It has been shown in [37] that this e↵ect is most pronounced
at t = �1 but ⇤UV >⇠ 9 TeV even in that case. This implies that the perturbative calculation used in our
paper is still reliable.

6

spin correlation 
among the tops

p
r
o
o
f
s
 
J
H
E
P
_
0
3
5
P
_
0
1
1
4

ll
φ∆

-3 -2 -1 0 1 2 3

llφ∆d
σd

σ1

0.12

0.14

0.16

0.18

/2π= 
t

ζ
/4π= 

t
ζ
SM

/4π - 
t

ζ
/2π= - 

t
ζ

t
ζ-2 -1 0 1 2

δ

-3

-2

-1

0

1

2

3

Figure 11. Left panel: the distributions in the angle ∆φℓ+ℓ− between the leptons produced in t
and t̄ decay in t̄tH production, in the centre-of-mass of the t̄t system. We display the distributions
for ζt = arc tan(κ̃t/κt) = 0 (in black), ±π/4 (in dotted red and blue) and ±π/2 (in solid red and
blue). Right panel: the phase shift δ as a function of ζt.

We have also found that the invariant mass distributions for the three-body combi-

nations t̄tH, tHj and t̃Hj are sensitive to the ratio κ̃t/κt, becoming less peaked at small

masses in the t̄tH case and more peaked in the tHj and t̃Hj cases as the ratio κ̃t/κt in-

creases. The two-body invariant mass distributions also carry information about the top-H

couplings.

Supplementary information on the ratio κ̃t/κt could be provided by angular distribu-

tions in semileptonic t and t̄ decays. In particular, lepton decay angles from the top boost

direction could provide information on the magnitude of κ̃t/κt, and lepton decay angles

against the tHj (or t̄Hj) production plane provide information on the sign of κ̃t/κt. Infor-

mation both on the magnitude and sign of κ̃t/κt could also be provided by measurements

of the angle ∆φℓ+ℓ− between the directions of leptons produced in t̄ and t decays in the

case of t̄tH production.

We conclude that there are good prospects for disentangling the scalar and pseu-

doscalar top-H couplings at the LHC via a combination of measurements of t̄tH, tH and

t̄H production.
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d��``
/ cos(��`` � �) + const

� = 2⇠t � sin(2⇠t)/2

•         can discriminate ξt > 0 and < 0.��``

• The fit shows:

The sign is defined by the direction of the top.  
This is important to capture the CP violation.
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Conclusion
• The top-Higgs coupling is constrained by various measurements of the 

Higgs production and decay, but a lot of room is left by allowing the 
CPV coupling. 

• The anomalous top-Higgs coupling should be directly measured in the 
ttH and tHj, though the measurements may be challenging.    

• The ratio of the production cross sections of ttH and tHj is very 
sensitive to the modification of the top-Higgs coupling in the SM. 

• The lepton angle from the production plane of tHj and the angular 
correlation in the ttH are good variable to measure the CPV in the top-
Higgs coupling. 

• The analysis is parton level.  Dedicated studies including detector effect 
is necessary.   


