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The top quark Yukawa coupling (yt ) can be modified by two dimension-six operators OH and Oy with 
the corresponding Wilson coefficients cH and cy , whose individual contribution cannot be distinguished 
by measuring yt alone. However, such a degeneracy can be resolved with Higgs boson pair production. 
In this work we explore the potential of resolving the degeneracy of the unknown Wilson coefficients 
cH and cy at the 14 TeV LHC and the 100 TeV hadron colliders. Combining the information of the single 
Higgs production, tt̄h associated production and Higgs pair production, the individual contribution of 
cH and cy to yt can be separated. Regardless of the value of cH , the Higgs pair production can give a 
strong constraint on cy at the 100 TeV hadron collider. We further show that it is possible to differentiate 
various cy and ct values predicted in several benchmark models.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Top quark Yukawa coupling (yt ) is the only coupling with the 
magnitude of order one in the Standard Model (SM). As the largest 
Yukawa coupling, it is important for vacuum stability and cosmol-

ogy [1,2]. Besides, in many new physics (NP) scenarios [3–7], top 
quark plays an important role in triggering the electroweak sym-

metry breaking (EWSB) and is directly connected to new physics 
beyond the SM. Therefore, it is highly motivated to understand 
the top quark Yukawa sector better, both theoretically and exper-
imentally. The parameter yt can be measured directly by the tt̄h
associated production. Recently, this process is confirmed by both 
the ATLAS and CMS collaborations with signal strengths μtt̄h =
1.32+0.28

−0.26 and 1.26+0.31
−0.26 [8,9], respectively, at the Large Hadron Col-

lider (LHC) with 
√
s = 13 TeV. Besides, yt can also be measured in 

loop-induced single Higgs boson production [10,11], t(t̄)hj associ-

ated production [12] and multi-top production processes [13,14]. 
With higher luminosity being accumulated, one expects the accu-
racy on yt can be further improved. It is thus timely to study what 
kind of NP can modify yt .

In general, we can parameterize NP effects on yt by several 
higher dimensional operators in a model independent way. Out of 
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the complete set of dimension-6 operators listed in Ref. [15], we 
consider in this work the two operators which can modify yt at 
tree level:

L = LSM + cHOH + (cyOy + h.c.) + · · · (1)

in the so called Strongly-Interacting Light Higgs (SILH) basis [16,

17], where the dimension-six operators

OH = 1

2v2
∂μ(H†H)∂μ(H†H) ,

Oy = − ySMt
v2

H†H Q̄ L H̃tR . (2)

Here, cH and cy are the corresponding Wilson coefficients with 
cy being assumed to be real, Q L is the left-handed third-family 
quark doublet, v = 246 GeV is the vacuum expectation value, 
ySMt = mt/v is the SM top Yukawa coupling, and mt is the top 
quark mass. With the normalizations in Eq. (2), the coefficients cH
and cy are naturally at the order of v2/�2, with � being the new 
physics scale. As OH modifies the Higgs boson wave function, it 
can universally shift all the single Higgs couplings, hence, affects 

yt . There exists one more possible operator OT = 1
2

(
H†←→D μH

)2

at dimension-six level, which violates custodial symmetry at tree 
level and is tightly constrained by electroweak precision data, so 
we ignore it in this work.
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Theoretically, the operators OH and Oy can be induced by 
several different NP scenarios. For example, scalar singlets inter-
acting with the Higgs doublet can induce the universal OH oper-

ator [18–22], while additional vector-like fermions can induce the 
operator Oy via mixing with the top quark [23,24]. As both the 
operators in Eq. (2) can induce deviations in yt , one cannot differ-
entiate their individual contributions if we only measure the top 
Yukawa coupling. Even if yt is measured to be consistent with the 
SM prediction, one cannot exclude the possibility of having can-
cellation among different NP operators. Or, if the deviation in yt
is established, we still need to separate the effects of OH and 
Oy for better understanding the origin of NP. Since the effect of 
the OH operator is to simply rescale any amplitude involving a 
single Higgs boson by a factor 1/

√
1+ cH after renormalizing the 

Higgs boson field, its effect is universal and can be measured from 
studying the hV V (V = W±, Z) couplings. However as shown in 
Ref. [25], in case that Higgs boson is a pseudo Nambu-Goldstone 
boson, other operator (at the order of O(p2)) can mimic the ef-
fect induced by OH on hV V couplings. Hence, it requires novel 
method to separately measure the coefficients of those two types 
of operators [25]. Likewise, in this work, we explore the possibil-
ity of separately measuring the coefficients of OH and Oy , both 
contributing to top Yukawa coupling yt , through Higgs boson pair 
production gg → hh. In addition to modifying the single Higgs ef-
fective coupling of htt̄ , both OH and Oy can also contribute to the 
effective coupling hhtt̄ , but with different combinations, which can 
be measured via Higgs boson pair production. Namely, studying 
Higgs boson pair production can be utilized not only for measur-

ing Higgs self interactions, but also for discriminating new physics 
scenarios in the top sector. Only after the individual contribution 
of each effective operator is extracted can we further solidify the 
SM or otherwise establish NP models.

2. Higgs boson pair production

The gluon-initiated Higgs pair production can be used to mea-

sure the trilinear Higgs self-coupling [26–47]. It is also sensitive 
to various NP models [20,21,48–56]. After the EWSB, the effec-
tive Lagrangian related to the non-resonant Higgs pair production 
is [57–62]

Lh = −m2
h

2v
c3h

3 − mt

v
ctt̄th − mt

v2
c2t t̄th

2

+ αsc̄g

12π v
hGa

μνG
μν
a + αsc̄2g

24π v2
h2Ga

μνG
μν
a , (3)

where a is the color index, αs = g2s /4π with gs being the strong 
coupling strength, and mh is the Higgs boson mass. The SM, at 
tree level, corresponds to c3 = ct = 1 and c2t = c̄g = c̄2g = 0. Then 
the squared amplitude of gg → hh, after averaging over the gluon 
polarizations and colors, is [62]

|M|2 = α2
s ŝ

2

256π2v4

[ ∣∣∣∣ 3m2
h

ŝ −m2
h

c3

(
ct F� + 2

3
c̄g

)
+ 2c2t F�

+c2t F� + 2

3
c̄2g

∣∣∣∣
2

+
∣∣∣c2t G�

∣∣∣2 ]
, (4)

where F� ≡ F�(ŝ, ̂t, m2
h
, m2

t ), F� ≡ F�(ŝ, ̂t, m2
h
, m2

t ) and G� ≡
G�(ŝ, ̂t, m2

h
, m2

t ) are the form factors [63] with ŝ and t̂ being the 
canonical Mandelstam variables. The first term inside the bracket 
contributes to s-wave and the G� term to d-wave component 
whose contribution to total cross section is numerically negligi-
ble [64].

Fig. 1. The contours of ct (solid lines) and c2t (dashed lines) in the plane of cH
and cy . The number on each curve denotes the specific value of the Higgs effective 
coupling ct or c2t .

To avoid any momentum dependent contributions to the Higgs 
self couplings induced by OH , we adopt the generalized canonical 
normalization of the Higgs field and perform the field redefini-
tion [60,65]:

h → h√
1+ cH

− cHh
2

2(1+ cH )2v
, mt → mt

1+ 1
2
cy

. (5)

This shift of the Higgs field would lead to universal modification of 
all the single-Higgs boson couplings, such as the Higgs couplings 
to the electroweak gauge bosons and fermions. The effective cou-
plings ct and c2t are derived as

ct = 2+ 3cy√
1+ cH (2+ cy)

, c2t = cH (3cy − 2) + 6cy

2(cH + 1)2(cy + 2)
. (6)

We note that ct and c2t have different dependence on the Wilson 
coefficients cH and cy . Also, ct = 1 − cH/2 + cy and c2t = 3cy/2 −
cH/2, when cy, cH � 1 [60,61].

In Fig. 1 the dependence of ct and c2t on cH and cy is shown. 
It is clear that the slope of c2t (dashed lines) is different from ct
(solid lines), especially when c2t < 0 and ct < 1. Precise study on 
the effective coupling c2t therefore offers the possibility to discrim-

inate the effects of cH and cy .
As shown in Eqs. (3) and (4), c3, c̄g and c̄2g also con-

tribute to the Higgs pair production cross section. At dimension-

six level, there are two effective operators OH and Og = αs/

(12π v2)H†HGa
μνG

μν
a that can contribute to c̄g and c̄2g . With 

the field redefinition in Eq. (5), we find that the effective cou-
plings of hgg and hhgg are, respectively, c̄g = cg/

√
1+ cH and 

c̄2g = cg/(1 + cH )2, with cg being the Wilson coefficients of the 
operator Og . Since both the Wilson coefficients cH and cg are 
suppressed by v2/�2, the effective couplings c̄g 	 c̄2g 	 cg at the 
leading order of v2/�2 [60,61]. In this work, instead of making the 
assumption cH � 1, we use the full expressions of c̄g and c̄2g . The 
Wilson coefficient cg is already constrained to be within c−

g and 
c+
g by the signal strength measurements of single Higgs production 
gg → h [10,11]

c±
g = 3

2

(
−ct F� ± √

Rh|F�|
)√

1+ cH , (7)

where Rh ≡ σ(gg → h)/σ SM(gg → h), the sign “±” refers to the 
cases ct F� > −2/3cg and ct F� < −2/3cg , respectively. The com-

bined fit to the single Higgs production, which depends on both 
ct and cg [57], and decay using 13 TeV LHC data gives rise to 
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Fig. 2. The contours of Rhh in the plane of ct and c2t , with cg = 0 and c3 = 1, at the 
14 TeV LHC. The red box denotes the SM values (ct = 1, c2t = 0).

Rh = 1.07 ± 0.09 (ATLAS [10]) and Rh = 1.23 ± 0.13 (CMS [11]), 
where the SM branching ratios of the Higgs boson are taken from 
the ATLAS and CMS collaborations. By fixing Rh , we can replace 
cg with a function of ct and cH . Furthermore, the coupling c3
in Eq. (3) is approximately equal to 1 − 3

2
cH + c6, as shown in 

Refs. [60,61], and is weakly constrained, −5.0 < c3 < 12.1, by 
present data [66,67]. Here, c6 is the coefficient of the dimension-

6 operator O6 = λ/v2|H |6. As the Higgs pair production cross 
section is more sensitive to the sign of c3, rather than its mag-

nitude [68], we will choose c3 = ±1 as our benchmark value in 
the following numerical analysis.

To compare σ(gg → hh) with the SM prediction, we define a 
ratio Rhh as

Rhh = σ(gg → hh)

σ SM(gg → hh)
. (8)

In Fig. 2, we show the contours of Rhh at the 14 TeV LHC in the 
plane of ct and c2t , with other parameters chosen as cg = 0 and 
c3 = 1. Rhh can be enhanced largely for both the positive and neg-
ative c2t , but Rhh is more sensitive to negative c2t when ct is of 
order one, which can be understood with Eq. (4). In the large top 
quark mass limit, F� → 2/3 and F� → −2/3 [63]. Besides, the 
c2t F� term dominates over the ct F� term for ct � 1. Therefore, a 
negative c2t can enhance Rhh more easily than a positive c2t , for 
this choice of cg and c3 [58].

With the information from Figs. 1 and 2, we conclude that it is 
hopeful to discriminate the effects of cH and cy through Higgs pair 
production, especially for the negative c2t region. Furthermore, we 
could translate the above results in the plane of (cH , cy). In Fig. 3, 
we show the contours of Rhh with respect to the Wilson coeffi-

cients cH and cy , where various choices of the effective couplings 
cg and c3 are considered. They correspond to

(a) cg = 0, c3 = 1; (b) cg = 0, c3 = −1;
(c) Rh = 0.9, c3 = 1, c+

g ; (d) Rh = 0.9, c3 = 1, c−
g ;

(e) Rh = 1, c3 = 1, c+
g ; ( f ) Rh = 1, c3 = 1, c−

g ;
(g) Rh = 1.1, c3 = 1, c+

g ; (h) Rh = 1.1, c3 = 1, c−
g . (9)

For the cases (a) and (b), the effective coupling cg (thus the hgg
and hhgg effective couplings) is assumed to vanish while the tri-
linear Higgs self-coupling c3 is assumed to be +1 and −1, respec-
tively. For the cases from (c) to (h), cg is derived from a given Rh

value, cf. Eq. (7), while c3 is fixed to be identical to the SM value. 
In these cases, we include the constraints on the parameter space 
of cH and cy from the single Higgs production and tt̄h production 

Fig. 3. The contours of Rhh in the plane of cH and cy at the 14 TeV LHC. The green 
and gray bands correspond to the constraints, at the 2σ C.L., from the measure-

ments of tt̄h and single Higgs production cross section, respectively, at the 13 TeV 
LHC. The red box denotes (cH = 0, cy = 0), while the red dashed line denotes ct = 1. 
c±
g refers to the sign choices “±” in Eq. (7) with Rh being fit from single Higgs pro-

duction and decay data.

for comparison at the 13 TeV LHC; cf. the gray and green bands, 
respectively. Since the decays of the Higgs boson are also mod-

ified, signal strength measurements in individual decay channels 
are adopted. For the single Higgs production, we consider gg → h, 
h → γ γ [69,70] and Z Z∗ [69,71]; while for the tt̄h production, we 
consider pp → tt̄h, h → bb̄ [8,72] and h → γ γ [73,74], see Table 1.

With the result depicted in Fig. 3, several comments are in or-
der:

• Rhh is enhanced in some parameter space of cH and cy , the 
magnitude of the enhancement strongly depends on the choice 
of c3 and cg .
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Table 1
Signal strengths of Higgs boson production and decay at the 13 TeV LHC, the HL-LHC with the integrated luminosity of 3 ab−1 and the 100 TeV hadron collider with the 
integrated luminosity of 3 ab−1.

Process ATLAS-13 CMS-13 HL-LHC FCC-hh

gg → h,h → γ γ 0.96+0.14
−0.14 [69] 1.15+0.15

−0.15 [70] 1+0.037
−0.035 [78] 1± 0.0145 [79]

gg → h,h → Z Z∗ 1.04+0.16
−0.15 [69] 0.97+0.13

−0.11 [71] 1+0.039
−0.039 [78] 1± 0.0185 [79]

pp → tt̄h,h → γ γ 1.38+0.41
−0.36 [73] 1.7+0.6

−0.5 [74] 1+0.076
−0.072 [78] −

pp → tt̄h,h → Z Z∗ − − 1+0.203
−0.183 [78] −

pp → tt̄h,h → bb̄ 0.79+0.61
−0.60 [8] 1.15+0.32

−0.29 [72] 1+0.151
−0.133 [78] 1± 0.0258 [80]

• In case (b), the cancellation between the triangle diagram 
and box diagram does not happen, because of the negative c3
which further enhances Rhh [30].

• In case of c+
g or c−

g , the value of cg is extracted from the signal 
strength of single Higgs production process Rh . We find that 
the variation of Rh = 0.9, 1, or 1.1 can only slightly change 
the value of Rhh .

• Rhh is more sensitive to c−
g than c+

g . According to Eq. (7), c+
g

is close to zero for a positive ct , and accordingly the contours 
of Rhh are similar to the contours in case (a). On the other 
hand, negative c−

g can significantly deviate from zero and Rhh

is largely enhanced (cf. Eq. (4)).
• In cases (a), (c), (e) and (g), the possible enhancement of Rhh

can only come from the deviations of ct and c2t . With the in-
formation of Figs. 1 and 2, Rhh can be largely enhanced when 
c2t < 0, which corresponds to the region cy < 0 in Fig. 3.

3. Sensitivity at the 14 TeV LHC and the 100 TeV hadron collider

Now we discuss the potential of discriminating the Wilson co-
efficients cH and cy at the 14 TeV LHC and the 100 TeV proton-
proton hadron collider. As a concrete example, we examine the 
bb̄γ γ channel, which has been studied by the ATLAS collabo-
ration at the High-Luminosity LHC (HL-LHC), operating at the 
center-of-mass energy of 14 TeV with an integrated luminosity 
of 3 ab−1 [75]. As being discussed in Refs. [57,58], an analytical 
function can be used to describe the fraction of signal events pass-
ing through the kinematic cuts. Since the Higgs boson is a scalar 
particle and the gg → hh process is dominated by the s-wave con-
tribution, the acceptance of the kinematic cuts, in the inclusive 
Higgs pair production, will mainly depend on the invariant mass 
of the Higgs boson pair (mhh). The cross section of gg → hh, after 
imposing the kinemati cuts, can be written as [57]

σcut =
∫

dmhh

dσ

dmhh

A(mhh) (10)

where the efficiency function A(mhh) has been given in Refs. [57,
58], both for the 14 TeV LHC and the 100 TeV hadron collider. 
In Ref. [58], it is demonstrated that the results obtained from the 
analytic cut efficiency functions agree very well with other results 
with more detailed simulations [61].

The SM backgrounds for the process of gg → hh production 
include bb̄γ γ , cc̄γ γ , bb̄γ j, j jγ γ , bb̄ j j, tt̄(� 1
±), tt̄γ , Z(→
bb̄)h(→ γ γ ), tt̄h(→ γ γ ) and bb̄h(→ γ γ ), etc. At the 14 TeV LHC, 
with the integrated luminosity of L = 3 ab−1 [75], and the 100 
TeV hadron collider, with L = 30 ab−1 [76], the signal (ns) and 
background (nb) events in the SM are, respectively,

14 TeV : ns = 8.4, nb = 47,

100 TeV : ns = 12061, nb = 27118. (11)

Fig. 4. The 2σ or 5σ discovery potential for gg → hh in the plane of cH and cy
at the 14 TeV LHC. The green bands correspond to the constraints, at the 2σ C.L., 
from the measurements of tt̄h at the 13 TeV LHC [8,72–74]. The gray and yellow 
bands represent the projected 2σ errors in the single Higgs production [78] and tt̄h
measurement [78] at the HL-LHC, respectively. The red box denotes (cH = 0, cy = 0), 
while the red dashed line corresponds to ct = 1. c±

g refers to the sign choices “±” 
in Eq. (7) with Rh being fit from single Higgs production and decay data.

With the event numbers listed above, the discovery potential for 
the signal process can be evaluated by using [77]

Z =
√
2

[
(ns + nb) log

ns + nb

nb
− ns

]
. (12)

In Figs. 4 and 5, we show the contours of discovery potential for 
gg → hh → bb̄γ γ at the 14 TeV LHC and the 100 TeV hadron 
collider, with various integrated luminosities. Modifications of the 
Higgs boson decay by the relevant Wilson coefficients are included 
in our following analysis. The 2σ and 5σ discovery potentials cor-
respond to Z = 2 and Z = 5, respectively. As mentioned earlier, 
the signal strength Rh is measured with an accuracy of about 10%, 
and Rhh is not sensitive to the value of Rh (for 0.9 ≤ Rh ≤ 1.1), 
we therefore take Rh = 1 as the benchmark to show the discovery 
potential in those figures.

Several comments are in order regarding the discovery poten-
tial of gg → hh with respect to the Wilson coefficients cH and cy . 
In Fig. 4, only the parameter space on the left of the curve, or be-
low the curve, labeled by a specified integrated luminosity at the 
HL-LHC, can be reached at the 2σ or 5σ C.L. For case (a), the SM 
point cannot be probed by measuring only the gg → hh produc-

tion. A larger parameter space is reachable at 2σ C.L. for case (b), 
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Fig. 5. The 5σ discovery potential for gg → hh in the plane of cH and cy at the 100 
TeV hadron collider. The green bands correspond to the constraints, at the 2σ C.L., 
from the measurements of tt̄h at the 13 TeV LHC [8,72–74]. The gray and yellow 
bands represent the projected 2σ errors in the single Higgs production [79] and tt̄h
measurement [80] at the 100 TeV hadron collider, with an integrated luminosity of 
3 ab−1, respectively. The red box denotes (cH = 0, cy = 0), while the red dashed 
line corresponds to ct = 1. c±

g refers to the sign choices “±” in Eq. (7) with Rh

being fit from single Higgs production and decay data.

as compared to cases (a) and (c), due to the large enhancement of 
Rhh with negative c3. For case (d), with negative cg , the Higgs pair 
production cross section can be enhanced by a factor of about 10, 
as compared to the SM value (cf. Fig. 3( f )). Consequently, 5σ C.L. 
can be reached with an integrated luminosity smaller than around 
1 ab−1 at the HL-LHC for much larger portion of the parameter 
space of cH and cy . For comparison, in the same figure, besides 
the constraint from tt̄h production at the 13 TeV LHC, we also 
show the constraints imposed by the projected 2σ errors in the 
single Higgs production and tt̄h measurement at the HL-LHC, with 
an integrated luminosity of 3 ab−1. Note that statistical and sys-
tematic uncertainties are included for these projected sensitivities 
at the HL-LHC; see Table 1 for the detail Higgs signal strengths.

In Fig. 5, we see that the discovery potential for the gg → hh

measurement is much improved at the 100 TeV hadron collider, 
for all the benchmark cases. The 5σ discovery significance can be 
easily reached. For cases (a) and (c), large region of cy, cH < 0.2

can be discovered with the integrated luminosity of 0.5 ab−1. For 
case (b), with negative c3, the region of cH < 0.2 and cy < 0.4

can be almost discovered with only 0.1 ab−1. For case (d), with 
negative cg , the currently allowed region can be explored with an 
integrated luminosity being at the order of several fb−1. For com-

parison, in the same figure, we also show the constraints imposed 
by the projected 2σ errors in the single Higgs production and tt̄h
measurement at the 100 TeV hadron collider, with an integrated 
luminosity of 3 ab−1 [79,80]. Note that both the statistical and 
systematic uncertainties are included in the single Higgs analysis, 
while only statistical error is discussed in tt̄h production. Here, we 
have scaled down the error in tt̄h measurement by the inverse of 
the square root of integrated luminosity.

To estimate the expected accuracy for measuring (cH , cy) with 
the Higgs pair production at the 14 TeV LHC and the 100 TeV 
hadron collider, respectively, we perform a log likelihood ratio 

Table 2
The Wilson coefficients cH and cy predicted by various NP models [21,23,83].

A) singlet scalar [21,83] B) 2HDM [21] or VLQs [23]

cH > 0, cy = 0 cH = 0, cy > 0

C) real triplet scalar [83] D) complex triplet scalar [83]

cH = 2cy < 0 cH = cy < 0

E) vectors [83] F) 2HDM [21] or VLQs [23]

cH = 3cy > 0 cH = 0, cy < 0

test [77] for the hypothesis with non-zero cH , cy against the hy-
pothesis with cH = cy = 0. The test ratio is defined as [77]

t = −2 ln
L(cH , cy)

L(0,0)
(13)

where the likelihood function L(cH , cy) is

L(cH , cy) = P (data|nb + ns(cH , cy)). (14)

Here P (k|λ) is the usual Poisson distribution function, P (k|λ) =
λke−λ/k!. We assume the observed data is generated under the 
hypothesis with cH = cy = 0 [77,81] and calculate the two-sided 
p-value. For convenience, we convert the p-value into the equiv-
alent significance Z = �−1(1 − 1/2p) = √

2 Erf−1(1 − p) [77,82], 
where � the cumulative distribution of the standard Gaussian and 
Erf is the error function. In our case, Z =

√
2
[
n0 ln

n0

n1
+ (n1 − n0)

]
with n0 = nb +ns(0, 0) and n1 = nb +ns(cH , cy). The discrimination 
between the hypothesis with arbitrary (cH , cy) and the hypothesis 
with cH = cy = 0 is shown in Figs. 6 and 7. The hypothesis with 
(cH , cy) outside of the blue bands is rejected at 1σ level for the 
HL-LHC and the 100 TeV hadron collider, respectively. After com-

bining the measurements of single Higgs production (gray band) 
and tt̄h production (yellow band) at the HL-LHC, it is possible to 
differentiate cH and cy at the HL-LHC for cases (b) and (d), but it 
becomes challenging for cases (a) and (c), cf. Fig. 6. The situation 
will be much improved at the 100 TeV hadron collider, cf. Fig. 7. 
It is obvious that the Higgs pair production is more sensitive to cy
than to cH . We find that at the 1σ C.L., the combined constraint 
from single Higgs production, tt̄h production and the Higgs pair 
production measurements, at the 100 TeV hadron collider with 
the integrated luminosity of 3 ab−1, yields roughly at the order 
of |cy| < 0.02 and |cH | < 0.04. To further constrain cH , it is nec-
essary to improve the measurement of tt̄h associated production. 
However, if the Higgs boson is a SM-like particle, cH could be con-
strained by the hV V coupling measurement to 1% ∼ 2% level [79].

Given the good sensitivity of differentiating cH with cy at the 
100 TeV hadron collider, it is worthwhile clarifying the specific 
values of (cH , cy), as induced by several generic classes of NP 
models [21,23,83]. Table 2 lists the Wilson coefficients cH and 
cy predicted by various NP models [21,23,83]. Both heavy scalars 
and vectors could contribute to cH and cy , while the additional 
heavy vector-like quarks (VLQs) could contribute to cy and cg . The 
sign of cy is arbitrary in two Higgs doublet (2HDM) [21] and VLQ 
models [23]. Those NP models can be easily discriminated if they 
modify cH or cy by a sizable amount, cf. Fig. 7.

4. Conclusions

Both the Wilson coefficients cH and cy of dimension-six oper-
ators can contribute to the top quark Yukawa coupling simultane-

ously, thus their individual contributions cannot be separated with 
the measurement of htt̄ coupling alone. In this work, we demon-

strate that cH and cy also contribute to the tt̄hh effective coupling 
c2t , whose information can be well extracted out from the Higgs 
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Fig. 6. Expected accuracy for measuring (cH , cy) with single Higgs production, tt̄h
production and the Higgs pair production at the HL-LHC, with the integrated lu-
minosity of 3 ab−1. The gray, yellow and blue bands represent the 1σ constraint 
from the measurements of single Higgs production [78], tt̄h production [78] and 
Higgs pair production at the HL-LHC, respectively. Both the statistical and experi-
mental systematic uncertainties have been included in the single Higgs production 
and tt̄h production. The red box denotes (cH = 0, cy = 0), while the red dashed line 
corresponds to ct = 1.

Fig. 7. Expected accuracy for measuring (cH , cy) with single Higgs production, tt̄h
production and the Higgs pair production at the 100 TeV collider, with the inte-
grated luminosity of 3 ab−1. The gray, yellow and blue bands represent the 1σ
constraint from the measurements of single Higgs production [79], tt̄h produc-

tion [80] and Higgs pair production at the 100 TeV collider, respectively. Both the 
statistical and experimental systematic uncertainties have been included in the sin-
gle Higgs production. The red box denotes (cH = 0, cy = 0), while the red dashed 
line corresponds to ct = 1. For comparison, several benchmark points of NP mod-

els are also shown: A) singlet scalar, B) 2HDM or VLQs with cy > 0, C) real triplet 
scalar, D) complex triplet scalar, E) vectors, F) 2HDM or VLQs with cy < 0.

pair production. Thus this process can be used to distinguish the 
effects of cH and cy at the 14 TeV LHC and the 100 TeV hadron col-
lider. Regarding the discovery potential for the process gg → hh, 
it shows that the 2σ confidence level is reachable for some pa-
rameter space at the 14 TeV LHC in general, and the sensitivity 
can be much improved at the 100 TeV hadron collider. Regrading 
the sensitivity of measuring ct and cH , we find it is challenging 
to differentiate cH and cy at the HL-LHC, except for some spe-
cial scenarios. The situation will be much improved at the 100 TeV 
hadron collider. After combining the single Higgs production, tt̄h
production at the 100 TeV hadron collder, the Higgs pair produc-
tion can give a strong constraint on cy regardless of the value cH . 
The precise measurement of both cH and cy enable us to discrim-

inate various new physics models.
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