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A little Journey before Discovery  
till now 



Start of LHC run in 2008 till end of 2010 

Panic of no sign of Higgs boson



Around the end of 2011, LHC announced that 
they saw something. 

Most channels are consistent with the SM, except 
for diphoton. 

It stimulated a lot of speculations.

ties and their correlations. Exclusion limits are based
on the CLs method [60] and a value of µ is regarded as
excluded at the 95% (99%) CL when CLs takes on the
corresponding value.
The combined 95% CL exclusion limits on µ are

shown in Fig. 3(a) as a function of mH . These results
are based on the asymptotic approximation [59]. The
observed and expected limits using this procedure have
been validated using ensemble tests and a Bayesian cal-
culation of the exclusion limits with a uniform prior
on the signal cross section. These approaches agree
with the asymptotic median results to within a few per-
cent. The expected 95% CL exclusion region cov-
ers the mH range from 124 GeV to 519 GeV. The ob-
served 95% CL exclusion regions are from 131 GeV to
238 GeV and from 251 GeV to 466 GeV. The regions
between 133 GeV and 230 GeV and between 260 GeV
and 437 GeV are excluded at the 99% CL. A deficit
of events is observed in two mH regions. At very low
masses a local deficit in the diphoton channel allows
an additional small mass range between 112.9 GeV and
115.5 GeV to be excluded at the 95% CL. Small deficits
in various high-mass channels lead to observed limits
for masses between 300 GeV and 400 GeV that are
stronger than expected. The local probability of such a
downward fluctuation of a background-only experiment
corresponds to a significance of approximately 2.5σ.
The probability to observe such a downward fluctuation
over the full inspected mass range in the absence of a
signal, using the method described in Section 5 [61], is
estimated to be approximately 30%.
The observed exclusion covers a large part of the ex-

pected exclusion range, with the exception of the low
and high mH regions where excesses of events above
the expected background are observed in various chan-
nels, and in a small mass interval around 245 GeV,
which is not excluded due to an excess mostly in the
H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel.

5. Significance of the Excess

An excess of events is observed near mH∼126 GeV
in the H → γγ and H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channels,
both of which provide a high-resolution invariant mass
for fully reconstructed candidates. The H → WW (∗) →

ℓ+νℓ′−ν channel as well has a broad excess of events in
the transverse mass distribution as seen in Fig. 1(d).
The significance of an excess is quantified by the

probability (p0) that a background-only experiment is
more signal-like than that observed. The profile like-
lihood ratio test statistic is defined such that p0 cannot
exceed 50% [52, 58, 59].

The local p0 probability is assessed for a fixed mH
hypothesis and the equivalent formulation in terms of
number of standard deviations is referred to as the lo-
cal significance. The probability for a background-only
experiment to produce a local significance of this size
or larger anywhere in a given mass region is referred
to as the global p0. The corresponding reduction in
the significance is referred to as the look-elsewhere ef-
fect and is estimated using the prescription described in
Refs. [52, 61].
The observed local p0 values, calculated using the

asymptotic approximation [59], as a function of mH and
the expected value in the presence of a SM Higgs boson
signal at that mass, are shown in Fig. 3(b) in the entire
search mass range and in Fig. 4 for the individual chan-
nels and their combination in the low mass range. Nu-
merically consistent results are obtained using ensemble
tests.
The largest local significance for the combination is

achieved for mH=126 GeV, where it reaches 3.6σ with
an expected value of 2.5σ for a SM signal. The ob-
served (expected) local significance formH=126 GeV is
2.8σ (1.4σ) in the H → γγ channel, 2.1σ (1.4σ) in the
H → ZZ(∗) → ℓ+ℓ−ℓ′+ℓ′− channel, and 1.4σ (1.4σ) in
the H → WW (∗) → ℓ+νℓ′−ν channel.
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Figure 4: The local probability p0 for a background-only experiment
to be more signal-like than the observation. The solid curves give the
individual and combined observed p0, estimated using the asymptotic
approximation. The dashed curves show the median expected value
for the hypothesis of a SM Higgs boson signal at that mass. The three
horizontal dashed lines indicate the p0 corresponding to significances
of 2σ, 3σ, and 4σ. The points indicate the observed local p0 estimated
using ensemble tests and taking into account energy scale systematic
uncertainties (ESS).

The significance of the excess is mildly sensitive to
systematic uncertainties on the energy scale (herein re-
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Figure 5: The 95% CL upper limits on the signal strength parameter µ = s/sSM for the SM
Higgs boson hypothesis as a function of mH, separately for the combination of the ZZ + gg
(left) and bb+ tt +WW (right) searches. The observed values as a function of mass are shown
by the solid line. The dashed line indicates the expected median of results for the background-
only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are
expected to contain 68% and 95% of all observed excursions from the median, respectively.
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Figure 6: The observed local p-value p0 (left) and best-fit µ̂ = s/sSM (right) as a function of the
SM Higgs boson mass in the range 110–145 GeV. The global significance of the observed maxi-
mum excess (minimum local p-value) in this mass range is about 2.1s, estimated using pseudo-
experiments. The dashed line on the left plot shows the expected local p-values p0(mH), should
a Higgs boson with a mass mH exist. The band in the right plot corresponds to the ±1s uncer-
tainties on the µ̂ values.
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tation from the background-only hypothesis. The band corresponds to the ±1s uncertainty
(statistical+systematic) on the value of µ̂ obtained from a change in qµ by one unit (Dqµ = 1),
after removing the µ  µ̂ constraint. The observed µ̂ values are within 1s of unity in the mass
range from 117–126 GeV.

Figure 7 shows the interplay of contributing channels for the two Higgs boson mass hypothe-
ses mH = 119.5 and 124 GeV. The choice of these mass points is motivated by the features
seen in Fig. 6 (left). The plots show the level of statistical compatibility between the channels
contributing to the combination.
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Figure 7: Values of µ̂ = s/sSM for the combination (solid vertical line) and for contributing
channels (points) for two hypothesized Higgs boson masses. The band corresponds to ±1s
uncertainties on the overall µ̂ value. The horizontal bars indicate ±1s uncertainties on the µ̂
values for individual channels.

5 Conclusions
Combined results are reported from searches for the SM Higgs boson in proton-proton colli-
sions at

p
s = 7 TeV in five Higgs boson decay modes: gg, bb, tt, WW, and ZZ. The explored

Higgs boson mass range is 110–600 GeV. The analysed data correspond to an integrated lumi-
nosity of 4.6–4.8 fb�1. The expected excluded mass range in the absence of the standard model
Higgs boson is 118–543 GeV at 95% CL. The observed results exclude the standard model Higgs
boson in the mass range 127–600 GeV at 95% CL, and in the mass range 129–525 GeV at 99% CL.
An excess of events above the expected standard model background is observed at the low end
of the explored mass range making the observed limits weaker than expected in the absence of
a signal. The largest excess, with a local significance of 3.1s, is observed for a Higgs boson mass
hypothesis of 124 GeV. The global significance of observing an excess with a local significance
�3.1s anywhere in the search range 110–600 (110–145) GeV is estimated to be 1.5s (2.1s). More
data are required to ascertain the origin of the observed excess.
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Around the end of 2012
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Full datasets for 7 + 8 TeV
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The SM Higgs boson provides the best fit to 
both CMS and ATLAS datasets.



Till Summer 2018 with  
part of 13 TeV data



Remarkable achievements

• Establish the gauge couplings of the Higgs boson.


• Establish the loop vertices of .


• Establishment of third generation fermion Yukawa Couplings 

     


Hgg, Hγγ

pp → tt̄H , H → τ+τ− , H → bb̄

All these motivate the update of the Higgs fits



TABLE II. (LHC: 7+8 TeV) Combined ATLAS and CMS data on signal strengths from Table

8 of Ref. [9].

Decay mode

Production mode H ! �� H ! ZZ
(⇤)

H ! WW
(⇤)

H ! bb H ! ⌧
+
⌧
�

ggF 1.10+0.23
�0.22 1.13+0.34

�0.31 0.84+0.17
�0.17 - 1.0+0.6

�0.6

VBF 1.3+0.5
�0.5 0.1+1.1

�0.6 1.2+0.4
�0.4 - 1.3+0.4

�0.4

WH 0.5+1.3
�1.2 - 1.6+1.2

�1.0 1.0+0.5
�0.5 �1.4+1.4

�1.4

ZH 0.5+3.0
�2.5 - 5.9+2.6

�2.2 0.4+0.4
�0.4 2.2+2.2

�1.8

ttH 2.2+1.6
�1.3 - 5.0+1.8

�1.7 1.1+1.0
�1.0 �1.9+3.7

�3.3

�
2
SM(subtot): 19.93

TABLE III. (LHC: 13 TeV) Combined ATLAS and CMS (13 TeV) data on signal strengths.

The µ
dec
combined (µprod

combined) represents the combined signal strength for a specific decay (production)

channel by summing all the production (decay) modes, and �
2
min are the corresponding minimal

chi-square values. In the VH/WH row, the production mode for H ! �� and H ! ZZ
(⇤) is VH

while it is WH for H ! WW
(⇤) and H ! ⌧

+
⌧
�; for the remaining decay mode H ! bb̄, we

combine the two signal strengths from WH and VH, see Table XII.

Decay mode

Production mode H ! �� H ! ZZ
(⇤)

H ! WW
(⇤)

H ! bb H ! ⌧
+
⌧
�

µ
prod
combined �

2
SM(�2

min)

ggF 1.02+0.12
�0.11 1.09+0.11

�0.11 1.29+0.16
�0.16 2.51+2.43

�2.01 1.06+0.40
�0.37 1.11+0.07

�0.07 5.42(3.15)

VBF 1.23+0.32
�0.31 1.51+0.59

�0.59 0.54+0.32
�0.31 - 1.15+0.36

�0.34 1.02+0.18
�0.18 7.53(7.51)

VH/WH 1.42+0.51
�0.51 0.71+0.65

�0.65 3.27+1.88
�1.70 1.07+0.23

�0.22 3.39+1.68
�1.54 1.15+0.20

�0.19 7.05(6.44)

ZH - - 1.00+1.57
�1.00 1.20+0.33

�0.31 1.23+1.62
�1.35 1.19+0.32

�0.30 0.45(0.02)

ttH 1.36+0.38
�0.37 0.00+0.53

�0.00 - 0.91+0.45
�0.43 - 0.93+0.24

�0.24 5.96(5.86)

ttH (excl.) 1.39+0.48
�0.42 - 1.59+0.44

�0.43 0.77+0.36
�0.35 0.87+0.73

�0.73 1.16+0.22
�0.22 4.17(3.62)

µ
dec
combined 1.10+0.10

�0.10 1.05+0.11
�0.11 1.20+0.14

�0.13 1.05+0.19
�0.19 1.15+0.24

�0.23 1.10+0.06
�0.06

�
2
SM(�2

min) 6.83(5.72) 9.13(8.88) 9.48(7.32) 1.56(1.51) 3.58(3.20) 30.58(27.56)

Precaution is noted before we show the combined results of ATLAS and CMS. In each of
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Overall average signal strength

TABLE II. Combined average signal strengths for the Tevatron at 1.96 TeV, and for ATLAS and

CMS at 7 + 8 TeV and 13 TeV.

Energy ATLAS CMS Combined

1.96 TeV [Table VII] 1.44± 0.55

7+8 TeV [15] 1.20+0.15

�0.14
0.97+0.14

�0.13
1.09+0.11

�0.10

13 TeV [Table I] 1.09± 0.08 1.11+0.09

�0.08
1.10± 0.06

1.10± 0.05

allows the observed Higgs boson to be a mixture of CP-even and CP-odd states. Assuming

generation independence for the normalized Yukawa couplings of gS,P
Hf̄f

, we use the following

notation for the parameters in the fits:

C
S

u
= g

S

Hūu
, C

S

d
= g

S

Hd̄d
, C

S

`
= g

S

Hl̄l
; Cw = g

HWW
, Cz = g

HZZ
;

C
P

u
= g

P

Hūu
, C

P

d
= g

P

Hd̄d
, C

P

`
= g

P

Hl̄l
. (18)

In most of the fits, we keep the custodial symmetry between the W and Z bosons by taking

Cv ⌘ Cw = Cz. However, in the last CP-conserving scenario (CPCX4), we adopt Cw 6= Cz,

which is motivated by the data.

In passing, as far as the signal strenghts are involved, we note that there is an overall

symmetry:

C
S,P

u
$ �C

S,P

u
, C

S,P

d
$ �C

S,P

d
, C

S,P

`
$ �C

S,P

`
, Cv $ �Cv

simply obtained by flipping the overall sign in Eqs. (1) and (2). Furthermore, from Eq. (5),

we observe only the relative signs of gauge and Yukawa couplings are important since the

diphoton production rate depends on |S�|2 + |P �|2. Therefore, in the following we fix the

sign of Cv to be positive, while the Yukawa coulings can be either negative or positive.

Rigorously speaking, the physical sign is that of the ratio of gS,P
Hf̄f

to mf [18]. This could be

simply understood by observing that a mass insertion is needed in order for two gluons (or

two photons) to be coupled with a Higgs boson via fermionic triangle diagrams. In our work,

we fix the mass mf to be positive and take the signs of the Yukawa couplings as physical

ones.

9

The SM Higgs boson provides a good description to the data in 
general, but the overall strength shows a 2σ deviation.

(KC, JS Lee, PY Tseng 1810.02521)



Parameterization
J
H
E
P
0
9
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)
0
9
8

• Higgs couplings to fermions:

LHf̄f = −
∑

f=u,d,l

gmf

2MW

3∑

i=1

H f̄
(
gSHf̄f + igPHf̄fγ5

)
f . (2.1)

For the SM couplings, gS
Hf̄f

= 1 and gP
Hf̄f

= 0.

• Higgs couplings to the massive vector bosons:

LHV V = gMW

(
gHWWW+

µ W−µ + gHZZ

1

2c2W
ZµZ

µ

)
H . (2.2)

For the SM couplings, we have gHWW = gHZZ ≡ gHV V = 1, respecting the custodial

symmetry.

• Higgs couplings to two photons: the amplitude for the decay process H → γγ can be

written as

MγγH = −αM2
H

4π v

{
Sγ(MH) (ϵ∗1⊥ · ϵ∗2⊥)− P γ(MH)

2

M2
H

⟨ϵ∗1ϵ∗2k1k2⟩
}
, (2.3)

where k1,2 are the momenta of the two photons and ϵ1,2 the wave vectors of the

corresponding photons, ϵµ1⊥ = ϵµ1 − 2kµ1 (k2 · ϵ1)/M2
H , ϵµ2⊥ = ϵµ2 − 2kµ2 (k1 · ϵ2)/M2

H

and ⟨ϵ1ϵ2k1k2⟩ ≡ ϵµνρσ ϵ
µ
1 ϵ

ν
2k

ρ
1k

σ
2 . The decay rate of H → γγ is proportional to

|Sγ |2 + |P γ |2. Including some additional loop contributions from new particles, the

scalar and pseudoscalar form factors, retaining only the dominant loop contributions

from the third-generation fermions and W±, are given by2

Sγ(MH) = 2
∑

f=b,t,τ

NC Q2
f g

S
Hf̄f Fsf (τf )− gHWWF1(τW ) +∆Sγ ,

P γ(MH) = 2
∑

f=b,t,τ

NC Q2
f g

P
Hf̄f Fpf (τf ) +∆P γ , (2.4)

where τx = M2
H/4m2

x, NC = 3 for quarks and NC = 1 for taus, respectively. The

additional contributions ∆Sγ and ∆P γ are assumed to be real in our work, as there

are unlikely any new charged particles lighter than MH/2.

Taking MH = 125.09GeV, we find that
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SM = −6.62 + 0.044 i and P γ
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2For the loop functions of Fsf,pf,1(τ), we refer to, for example, ref. [17].
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= 1 and gP
Hf̄f

= 0.
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gHWWW+
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1

2c2W
ZµZ

µ

)
H . (2.2)
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symmetry.

• Higgs couplings to two photons: the amplitude for the decay process H → γγ can be
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M2
H

⟨ϵ∗1ϵ∗2k1k2⟩
}
, (2.3)
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• Higgs couplings to two gluons: similar to H → γγ, the amplitude for the decay

process H → gg can be written as

MggH = −αsM2
H δab

4π v

{
Sg(MH) (ϵ∗1⊥ · ϵ∗2⊥)− P g(MH)

2

M2
H

⟨ϵ∗1ϵ∗2k1k2⟩
}
, (2.6)

where a and b (a, b = 1 to 8) are indices of the eight SU(3) generators in the ad-

joint representation. The decay rate of H → gg is proportional to |Sg|2 + |P g|2.3

Again, including some additional loop contributions from new particles, the scalar

and pseudoscalar form factors are given by

Sg(MH) =
∑

f=b,t

gSHf̄f Fsf (τf ) +∆Sg ,

P g(MH) =
∑

f=b,t

gPHf̄f Fpf (τf ) +∆P g . (2.7)

The additional contributions ∆Sg and ∆P g are assumed to be real again.

Taking MH = 125.09GeV, we find that

Sg ≃ 0.688 gSHt̄t + (−0.037 + 0.050 i) gSHb̄b +∆Sg ,

P g ≃ 1.047 gPHt̄t + (−0.042 + 0.051 i) gPHb̄b +∆P g , (2.8)

giving Sg
SM = 0.651 + 0.050 i and P g

SM = 0.

• Higgs couplings to Z and γ: the amplitude for the decay process H →
Z(k1, ϵ1)γ(k2, ϵ2) can be written as

MZγH = − α

2πv

{
SZγ(MH) [k1 · k2 ϵ∗1 · ϵ∗2 − k1 · ϵ∗2 k2 · ϵ∗1]− PZγ(MH) ⟨ϵ∗1ϵ∗2k1k2⟩

}

(2.9)

where k1,2 are the momenta of the Z boson and the photon (we note that 2k1 · k2 =
M2

H − M2
Z), ϵ1,2 are their polarization vectors. The scalar and pseudoscalar form

factors can be found in ref. [3].

Finally, we define the ratios of the effective Higgs couplings to gg, γγ, and Zγ relative to

the SM ones as follows:

Cg ≡

√√√√ |Sg|2 + |P g|2
∣∣Sg

SM

∣∣2 ; Cγ ≡

√√√√ |Sγ |2 + |P γ |2
∣∣Sγ

SM

∣∣2 ; CZγ ≡

√√√√√
|SZγ |2 + |PZγ |2

∣∣∣SZγ
SM

∣∣∣
2 . (2.10)

Note that the ratios of decay rates relative to the SM are given by |Cg|2, |Cγ |2, and |CZγ |2,
respectively.

The theoretical signal strength may be written as the product

µ̂(P,D) ≃ µ̂(P) µ̂(D) (2.11)

3Note that the production rate of gg → H at the Higgs peak is also proportional to |Sg|2 + |P g|2 in our

formalism.
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where P = ggF,VBF,VH, ttH denote the production mechanisms and D =

γγ, ZZ,WW, bb̄, τ τ̄ the decay channels. More explicitly, we are taking

µ̂(ggF) =
|Sg(MH)|2 + |P g(MH)|2

∣∣Sg
SM(MH)

∣∣2 ,

µ̂(VBF) = g2
HWW,HZZ

,

µ̂(VH) = g2
HWW,HZZ

,

µ̂(ttH) =
(
gSHt̄t

)2
+
(
gPHt̄t

)2
; (2.12)

and

µ̂(D) =
B(H → D)

B(HSM → D)
(2.13)

with

B(H → D) =
Γ(H → D)

Γtot(H) +∆Γtot
(2.14)

Note that we introduce an arbitrary non-SM contribution ∆Γtot to the total decay width.

Incidentally, Γtot(H) becomes the SM total decay width when gS
Hf̄f

= 1, gP
Hf̄f

= 0,

gHWW,HZZ = 1, ∆Sγ,g,Zγ = ∆P γ,g,Zγ = 0.

The experimentally observed signal strengths should be compared to the theoretical

ones summed over all production mechanisms:

µ(Q,D) =
∑

P=ggF,VBF,VH,ttH

CQP µ̂(P,D) (2.15)

where Q denote the experimentally defined channel involved with the decay D and the

decomposition coefficients CQP may depend on the relative Higgs production cross sections

for a given Higgs-boson mass, experimental cuts, etc.

The χ2 associated with an uncorrelated observable is

χ2(Q,D) =

[
µ(Q,D)− µEXP(Q,D)

]2

[σEXP(Q,D)]2
, (2.16)

where σEXP(Q,D) denotes the experimental error. For n correlated observables, we use

χ2
n =

n∑

i,j=1

(µi − µEXP
i )

(
V −1

)
ij
(µj − µEXP

j ) , (2.17)

where V is a n× n covariance matrix whose (i, j) component is given by

Vij = ρij σ
EXP
i σEXP

j

with ρ denoting the relevant n × n correlation matrix. Note ρij = ρji, ρii = 1, and if

ρij = δij , χ2
n reduces to

χ2
n =

n∑

i=1

(µi − µEXP
i )2

(σEXP
i )2

,

i.e., the sum of χ2 of each uncorrelated observable.
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Energy ATLAS CMS Combined

1.96TeV [table 1] 1.44± 0.55

7+8TeV [11] 1.20+0.15
−0.14 0.97+0.14

−0.13 1.09+0.11
−0.10

13TeV [table 3] 1.09± 0.08 1.11+0.09
−0.08 1.10± 0.06

1.10± 0.05

Table 4. Combined average signal strengths for the Tevatron at 1.96TeV, and for ATLAS and
CMS at 7 + 8TeV and 13TeV.

fit hypothesis against the SM null hypothesis. Goodness of fit is expressed in terms of an

integral, which is given by

Goodness of fit =

∫ ∞

χ2
f [x, n] dx

where the probability density function is given by

f [x, n] =
xn/2−1e−x/2

2n/2Γ(n/2)
,

n is the degree of freedom, and Γ(n/2) is the gamma function. The rule of thumb is that

when the value of χ2 per degree of freedom is less than around 1, it is a good fit.

On the other hand, the p-value of the given fit hypothesis (test hypothesis) with m

fitting parameters against the SM null hypothesis is given by

p-value =

∫ ∞

∆χ2
f [x,m] dx ,

where ∆χ2 in the lower limit of the integral is equal to chi-square difference between

the best-fit point of the fit hpothesis and the SM one: ∆χ2 = χ2
SM − χ2

min. This p-

value represents the probability that the test hypothesis is a fluctuation of the SM null

hypothesis. A large p-value means that the test hypothesis is very similar to the SM

null hypothesis. For example, in table 5 the CPC1 case (with 1 fitted parameter) has a

∆χ2 = 53.81 − 51.44 = 2.37 corresponding to a p-value of 0.124. For CPC2 case (with

2 fitted parameters) has ∆χ2 = 53.81 − 51.87 = 1.94 corresponding to a p-value of 0.379.

From these two fits we can easily see that the SM null hypothesis is more similar to the

CPC2 best fit-point. According to the p-values in table 5, the SM is more consistent with

the fits with more parameters.

4 Results on global fits

We perform global fits in which one or more parameters are varied. They are categorized

into CP-conserving (CPC) and CP-violating (CPV) fits, because the current data still

allows the observed Higgs boson to be a mixture of CP-even and CP-odd states. Assuming

generation independence for the normalized Yukawa couplings of gS,P
Hf̄f

, we use the following

notation for the parameters in the fits:

CS
u = gSHūu , CS

d = gSHd̄d , CS
ℓ = gSHl̄l ; Cw = gHWW , Cz = gHZZ ;

CP
u = gPHūu , CP

d = gPHd̄d , CP
ℓ = gPHl̄l . (4.1)
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Cases CPC1 CPC2 CPC3 CPC4 CPC6

Vary ∆Γtot Vary ∆Sγ Vary ∆Sγ Vary CS
u , CS

d , Vary CS
u , CS

d , CS
ℓ , Cv

Parameters ∆Sg ∆Sg, ∆Γtot CS
ℓ , Cv ∆Sγ , ∆Sg

After ICHEP 2018

CS
u 1 1 1 1.001+0.056

−0.055 1.033+0.079
−0.082

CS
d 1 1 1 0.962+0.101

−0.101 0.945+0.109
−0.105

CS
ℓ 1 1 1 1.024+0.093

−0.093 1.018+0.095
−0.094

Cv 1 1 1 1.019+0.044
−0.045 1.012+0.047

−0.048

∆Sγ 0 −0.226+0.32
−0.32 −0.150+0.32

−0.33 0 −0.128+0.368
−0.369

∆Sg 0 0.016+0.025
−0.025 −0.003+0.034

−0.031 0 −0.032+0.061
−0.057

∆Γtot (MeV) −0.285+0.18
−0.17 0 −0.247+0.31

−0.27 0 0

χ2/dof 51.44/63 51.87/62 51.23/61 50.79/60 50.46/58

goodness of fit 0.851 0.817 0.809 0.796 0.749

p-value 0.124 0.379 0.461 0.554 0.764

Table 5. CPC: the best-fitted values in various CP conserving fits and the corresponding chi-
square per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the
SM null hypothesis is also shown. For the SM, we obtain χ2 = 53.81, χ2/dof = 53.81/64, and so
the goodness of fit = 0.814.

Figure 1. CPC1: ∆χ2 from the minimum versus ∆Γtot with only ∆Γtot varying in the fit. The
best-fit point is denoted by the triangle.

which is 1.6σ below zero. The p-value of this fit is 0.851, which is indeed better than

the SM (p-value = 0.814). This finding is consistent with the average signal strength

µAll = 1.10 ± 0.05. Nevertheless, we do not recall any new physics models that reduce

the total decay width. From the fit we can determine the upper limit for ∆Γtot. The

95% CL allowed range for ∆Γtot = −0.285+0.38
−0.32, as shown in figure 1. Assuming the fit is

consistent with the SM, the 95% CL upper limit for ∆Γtot = 0.38MeV (we simply take the

central value equal to zero and use the upper error as the upper limit), which translates to

– 10 –



The most economical way to improve is to reduce the 

width (CPC1 fit)

FIG. 1. CPC1: ��
2 from the minimum versus ��tot with only ��tot varying in the fit. The

best-fit point is denoted by the triangle.

to zero and use the upper error as the upper limit), which translates to a branching ratio

B(H ! nonstandard) < 8.4% ,

which improves significantly from the previous value of 19% [4].

In CPC2, we vary �S
g and �S

� – the vertex factors for Hgg and H��, respectively.

This scenario accounts for additional charged particles running in the loop of H�� ver-

tex and additional colored particles running in the loop of Hgg vertex. The best-fit point

(�S
�
,�S

g) = (�0.226, 0.016) shows an increase of 3.4% and 2.4% in |S�| and |Sg|, respec-

tively. We note that the error of �S
g is now ±0.025, which is numerically smaller than the

SM bottom-quark contribution of �0.037 to the real part of Sg, see Eq. (8), alerting that

we have reached the sensitivity to probe the sign of the bottom-quark Yukawa coupling in

gluon fusion. The p-value of the best-fit point is about as the SM one. In Fig. 2, we show the

confidence-level regions of the fit for ��
2  2.3 (red), 5.99 (green), and 11.83 (blue) above

the minimum, which correspond to confidence levels of 68.3%, 95%, and 99.7%, respectively.

The corresponding regions for (C�
, C

g) are also shown in the right panel.

In CPC3, ��tot, �S
g, and �S

� are the varying parameters. The best-fit point shows

that the data prefer modification of ��tot to accommodate the data rather than the other

two parameters. It implies that the excesses are seen in most channels, not just the diphoton

12

TABLE III. (CPC) The best-fitted values in various CP conserving fits and the corresponding

chi-square per degree of freedom and the p-value after the ICHEP2018. For the SM, we obtain

�
2 = 53.81, �2

/dof = 53.81/64, and p-value=0.814.

Cases CPC1 CPC2 CPC3 CPC4 CPC6

Vary ��tot Vary �S
� Vary �S

� Vary C
S
u , C

S

d
, Vary C

S
u , C

S

d
, C

S

`
, Cv

Parameters �S
g �S

g
, ��tot C

S

`
, Cv �S

�
, �S

g

After ICHEP 2018

C
S
u 1 1 1 1.001+0.056

�0.055
1.033+0.079

�0.082

C
S

d
1 1 1 0.962+0.101

�0.101
0.945+0.109

�0.105

C
S

`
1 1 1 1.024+0.093

�0.093
1.018+0.095

�0.094

Cv 1 1 1 1.019+0.044

�0.045
1.012+0.047

�0.048

�S
� 0 �0.226+0.32

�0.32
�0.150+0.32

�0.33
0 �0.128+0.368

�0.369

�S
g 0 0.016+0.025

�0.025
�0.003+0.034

�0.031
0 �0.032+0.061

�0.057

��tot (MeV) �0.285+0.18

�0.17
0 �0.247+0.31

�0.27
0 0

�
2
/dof 51.44/63 51.87/62 51.23/61 50.79/60 50.46/58

p-value 0.851 0.817 0.809 0.796 0.749

1. CPC1 to CPC6

The fitting results for CPC1 to CPC6 are shown in Table III. The corresponding figures

for confidence regions are depicted in Fig. 1 to Fig. 5. In the following, we are going through

each fit one by one.

In CPC1, the best-fit value for ��tot is

��tot = �0.285 +0.18

�0.17
MeV

which is 1.6 � below zero. The p-value of this fit is 0.851, which is indeed better than the

SM (p-value = 0.814). This finding is consistent with the average signal strength µAll =

1.10 ± 0.05. Nevertheless, we do not recall any new physics models that reduce the total

decay width. From the fit we can determine the upper limit for ��tot. The 95% CL allowed

range for ��tot = �0.285+0.38

�0.32, as shown in Fig. 1. Assuming the fit is consistent with the

SM, the 95% CL upper limit for ��tot = 0.38 MeV (we simply take the central value equal

11

or 7% decrease of total width

FIG. 1. CPC1: ��
2 from the minimum versus ��tot with only ��tot varying in the fit. The

best-fit point is denoted by the triangle.

to zero and use the upper error as the upper limit), which translates to a branching ratio

B(H ! nonstandard) < 8.4% ,

which improves significantly from the previous value of 19% [4].

In CPC2, we vary �S
g and �S

� – the vertex factors for Hgg and H��, respectively.

This scenario accounts for additional charged particles running in the loop of H�� ver-

tex and additional colored particles running in the loop of Hgg vertex. The best-fit point

(�S
�
,�S

g) = (�0.226, 0.016) shows an increase of 3.4% and 2.4% in |S�| and |Sg|, respec-

tively. We note that the error of �S
g is now ±0.025, which is numerically smaller than the

SM bottom-quark contribution of �0.037 to the real part of Sg, see Eq. (8), alerting that

we have reached the sensitivity to probe the sign of the bottom-quark Yukawa coupling in

gluon fusion. The p-value of the best-fit point is about as the SM one. In Fig. 2, we show the

confidence-level regions of the fit for ��
2  2.3 (red), 5.99 (green), and 11.83 (blue) above

the minimum, which correspond to confidence levels of 68.3%, 95%, and 99.7%, respectively.

The corresponding regions for (C�
, C

g) are also shown in the right panel.

In CPC3, ��tot, �S
g, and �S

� are the varying parameters. The best-fit point shows

that the data prefer modification of ��tot to accommodate the data rather than the other

two parameters. It implies that the excesses are seen in most channels, not just the diphoton
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Positive sign for bottom Yukawa for the first time  
thanks to the Hgg vertex

The additional contributions �S
g and �P

g are assumed to be real again.

Taking MH = 125.5 GeV, we find that

S
g ' 0.688 gS

Ht̄t
+ (�0.037 + 0.050 i) gS

Hb̄b
+�S

g
,

P
g ' 1.047 gP

Ht̄t
+ (�0.042 + 0.050 i) gP

Hb̄b
+�P

g
, (8)

giving S
g

SM
= 0.651 + 0.050 i and P

g

SM
= 0.

• Higgs couplings to Z and �: The amplitude for the decay processH ! Z(k1, ✏1) �(k2, ✏2)

can be written as

MZ�H = � ↵

2⇡v

n
S
Z�(MH) [k1 · k2 ✏⇤1 · ✏⇤2 � k1 · ✏⇤2 k2 · ✏⇤1] � P

Z�(MH) h✏⇤1✏⇤2k1k2i
o

(9)

where k1,2 are the momenta of the Z boson and the photon (we note that 2k1 · k2 =

M
2

H
�M

2

Z
), ✏1,2 are their polarization vectors. The scalar and pseudoscalar form factors

can be found in Ref. [3].

Finally, we define the ratios of the e↵ective Higgs couplings to gg, ��, and Z� relative to

the SM ones as follows:

Cg ⌘

vuut |Sg|2 + |P g|2

|Sg

SM
|2

; C� ⌘

vuut |S�|2 + |P �|2

|S�

SM
|2

; CZ� ⌘

vuuut
|SZ�|2 + |PZ�|2

���SZ�

SM

���
2

. (10)

Note that the ratios of decay rates relative to the SM are given by |Cg|2, |C�|2, and |CZ�|2,

respectively.

The theoretical signal strength may be written as the product

bµ(P ,D) ' bµ(P) bµ(D) (11)

where P = ggF,VBF,VH, ttH denote the production mechanisms andD = ��, ZZ,WW, bb̄, ⌧ ⌧̄

the decay channels. More explicitly, we are taking

bµ(ggF) =
|Sg(MH)|2 + |P g(MH)|2

|Sg

SM
(MH)|2

,

bµ(VBF) = g
2

HWW,HZZ
,

bµ(VH) = g
2

HWW,HZZ
,

bµ(ttH) =
⇣
g
S

Ht̄t

⌘
2

+
⇣
g
P

Ht̄t

⌘
2

; (12)

5

Positive sign of bottom Yukawa is preferred
(KC, JS Lee, PY Tseng 1810.02521)

CPC4 fit :: only vary Yukawa’s and Cv

J
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Figure 3. CPC3: the confidence-level regions of the fit by varying ∆Sγ , ∆Sg, and ∆Γtot. The
color code is the same as in figure 2.

Figure 4. CPC4: (Upper) The confidence-level regions of the fit by varying Cv, CS
u , C

S
d , and CS

ℓ .
The color code is the same as figure 2. (Lower) ∆χ2 from the minimum versus Yukawa couplings.
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Figure 5. CPC6: the confidence-level regions of the fit by varying ∆Sγ , ∆Sg, Cv, CS
u , C

S
d , and

CS
ℓ . The color code is the same as figure 2.

coupling, the vertex factor Sγ only changes by 0.03/6.64 = 0.0045, which is too small

compared with experimental uncertainty. On the other hand, the vertex factor Sg changes

by 0.074/0.651 = 0.11, which now becomes comparable to experimental uncertainty. This is

the reason why the positive bottom-Yukawa is more preferred in the scenario with∆Sg = 0.

Yet, the current data precision still do not show any preference for the sign of tau-Yukawa

coupling, as shown in the right panels of figure 4.

CPC6 is the most general scenario that we consider. Now confidence regions, as in the

upper panels of figure 5, show that both signs (±1) of top-Yukawa CS
u , bottom-Yukawa CS

d ,

and tau-Yukawa CS
ℓ are equally good in describing the data, because of the compensations

from ∆Sg and ∆Sγ . For the positive sign of CS
u , there are 4 possible combinations of CS

d

and CS
ℓ with ∆Sγ ∼ 0,5 see the lower-left panel of figure 5. Together with the two minima

at ∆Sg = −0.03 (−0.10) and −1.32 (−1.39) for CS
d ∼ 1 (−1) as shown in lower-middle

panel of figure 5, one has 8 minima. Similarly, for the negative sign of CS
u , there are also 8

minima with ∆Sγ ∼ 3.4. In total, therefore, there are 16 degenerate minima in the CPC6

fit. In table 5, we only show the minimum at CS
u,d,ℓ ∼ 1 and ∆Sγ,g ∼ 0. A substantial

improvement from previous results is that the confidence-level regions shown in figure 5

are now well separated islands, while in previous results [4] those islands are “connected”.

For example, in the plane of (CS
u , Cv), the negative and positive islands of CS

u are now

separated but they were connected in previous results. It means that previously CS
u = 0

was allowed but not in the current data.

Before moving to CPCN fits, we note that the negative top-quark Yukawa coupling

is allowed only in the presence of non-zero ∆Sγ which can offset the flipped top-quark

contribution to Sγ . The required tuning is now δ(∆Sγ) ≃ ±0.4 at 1 σ level, which is about

10% of the change in ∆Sγ due to the negative top-quark Yukawa coupling. The tuning

will be more and more severe as more data accumulate.

5In this work, we neglect the other possibility of ∆Sγ ∼ 13 (17) for positive (negative) CS
u .
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Cases CPCN2 CPCN3 CPCN4

Vary CS
u , Cv Vary CS

u , Cv Vary CS
u , Cv

Parameters ∆Sγ ∆Sγ , ∆Sg

After ICHEP 2018

CS
u 1.017+0.039

−0.037 1.016+0.039
−0.038 1.042+0.077

−0.081 1.042+0.078
−0.081 −1.042+0.081

−0.078 −1.042+0.081
−0.078

CS
d 1 1 1 1 1 1

CS
ℓ 1 1 1 1 1 1

Cv 1.030+0.028
−0.028 1.025+0.034

−0.035 1.027+0.034
−0.036 1.027+0.034

−0.036 1.028+0.034
−0.036 1.028+0.034

−0.036

∆Sγ 0 −0.090+0.36
−0.36 −0.129+0.37

−0.37 −0.129+0.37
−0.37 3.524+0.41

−0.42 3.523+0.41
−0.42

∆Sg 0 0 −0.021+0.057
−0.055 −1.34+0.066

−0.065 0.095+0.055
−0.057 1.414+0.066

−0.066

∆Γtot (MeV) 0 0 0 0 0 0

χ2/dof 51.16/62 51.10/61 50.96/60

goodness of fit 0.835 0.813 0.791

p-value 0.266 0.439 0.583

Table 6. CPCN: the best-fitted values in various CP conserving fits and the corresponding chi-
square per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the
SM null hypothesis is also shown. For the SM, we obtain χ2 = 53.81, χ2/dof = 53.81/64, and so
the goodness of fit = 0.814.

Figure 6. CPCN2: the confidence-level regions of the fit by varying CS
u and Cv. The color code

is the same as in figure 2.

4.1.2 CPCN2 to CPCN4

We can see in CPC2 to CPC6, the bottom-Yukawa and tau-Yukawa couplings are not

very sensitive to the overall fits, though the bottom-Yukawa shows slight preference on the

positive side in CPC4. Here we attempt to use the more effective parameters in the fits.

The best-fits points and their p-values are shown in table 6, and their corresponding figures

in figure 6 to 8.

In CPCN2, we vary only Cv and CS
u . This fit offers a slightly better p-value than

the SM. While in CPCN3, we also vary ∆Sγ in addition to Cv and CS
u . We find that it
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Cases CPCN2 CPCN3 CPCN4

Vary CS
u , Cv Vary CS

u , Cv Vary CS
u , Cv

Parameters ∆Sγ ∆Sγ , ∆Sg

After ICHEP 2018

CS
u 1.017+0.039

−0.037 1.016+0.039
−0.038 1.042+0.077

−0.081 1.042+0.078
−0.081 −1.042+0.081

−0.078 −1.042+0.081
−0.078

CS
d 1 1 1 1 1 1

CS
ℓ 1 1 1 1 1 1

Cv 1.030+0.028
−0.028 1.025+0.034

−0.035 1.027+0.034
−0.036 1.027+0.034

−0.036 1.028+0.034
−0.036 1.028+0.034

−0.036

∆Sγ 0 −0.090+0.36
−0.36 −0.129+0.37

−0.37 −0.129+0.37
−0.37 3.524+0.41

−0.42 3.523+0.41
−0.42

∆Sg 0 0 −0.021+0.057
−0.055 −1.34+0.066

−0.065 0.095+0.055
−0.057 1.414+0.066

−0.066

∆Γtot (MeV) 0 0 0 0 0 0

χ2/dof 51.16/62 51.10/61 50.96/60

goodness of fit 0.835 0.813 0.791

p-value 0.266 0.439 0.583

Table 6. CPCN: the best-fitted values in various CP conserving fits and the corresponding chi-
square per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the
SM null hypothesis is also shown. For the SM, we obtain χ2 = 53.81, χ2/dof = 53.81/64, and so
the goodness of fit = 0.814.

Figure 6. CPCN2: the confidence-level regions of the fit by varying CS
u and Cv. The color code

is the same as in figure 2.

4.1.2 CPCN2 to CPCN4

We can see in CPC2 to CPC6, the bottom-Yukawa and tau-Yukawa couplings are not

very sensitive to the overall fits, though the bottom-Yukawa shows slight preference on the

positive side in CPC4. Here we attempt to use the more effective parameters in the fits.

The best-fits points and their p-values are shown in table 6, and their corresponding figures

in figure 6 to 8.

In CPCN2, we vary only Cv and CS
u . This fit offers a slightly better p-value than

the SM. While in CPCN3, we also vary ∆Sγ in addition to Cv and CS
u . We find that it
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Figure 7. CPCN3: (Upper) The confidence-level regions of the fit by varying ∆Sγ , CS
u , and

Cv. The color code is the same as in figure 2. (Lower) ∆χ2 versus CS
u (left) and ∆χ2 versus ∆Sγ

(right).

has little improvement over the CPCN2 in terms of total χ2 but, with one less degree of

freedom, the p-value indeed decreases. As shown in figure 7, there are two minima: the

minimum near (CS
u ,∆Sγ) = (1, 0) provides a better solution by ∆χ2 ≈ 2 than the other

one near (CS
u ,∆Sγ) = (−1, 3.2). The ∆Sγ can compensate the flip in sign of CS

u in the

vertex factor Sγ . However, when CS
u flips the sign, |Sg| increases by more than 10% leading

to a worse fit.

In CPCN4, we vary the four most efficient fitting parameters Cv, CS
u , ∆Sγ , and ∆Sg.

Therefore, in contrast to CPCN3, the ∆Sg here can compensate the sign change in CS
u ,

such that there are four minima in this fit with the same p-value, as shown in table 6 and

figure 8.

4.1.3 CPCX2 to CPCX4

We perform some more fits, which were not considered in our previous works. The best-

fit points for CPCX2 to CPCX4 are shown in table 7 and the corresponding figures in

figure 9 to figure 11.

The CPCX2 fit involves Cv and ∆Γtot. Both parameters shift from the corresponding

SM values in order to enhance the signal strengths. The confidence-level regions are shown

in figure 9.

In addition to Cv and CS
u (similar to CPCN2), the CPCX3 fit also varies ∆Sg. The

result is very similar to CPCN2, but ∆Sg has two solutions with the same p-values: see

figure 10.
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Figure 8. CPCN4: (Upper) The confidence-level regions of the fit by varying ∆Sg, ∆Sγ , CS
u ,

and Cv. The color code is the same as in figure 2. (Lower) ∆χ2 versus CS
u (left), ∆χ2 versus ∆Sγ

(middle), and ∆χ2 versus ∆Sg (right).

Cases CPCX2 CPCX3 Cases CPCX4

Vary Cv,∆Γtot Vary CS
u , Cv Vary CS

u , Cw

Parameters ∆Sg Parameters Cz, ∆Sg

After ICHEP 2018

CS
u 1 1.04+0.08

−0.08 1.04+0.08
−0.08 CS

u 1.045+0.078
−0.081 1.045+0.078

−0.081

CS
d 1 1 1 CS

d 1 1

CS
ℓ 1 1 1 CS

ℓ 1 1

Cv 1.020+0.051
−0.049 1.03+0.03

−0.03 1.03+0.03
−0.03 Cw 1.040+0.033

−0.034 1.040+0.032
−0.034

- Cz 1.015+0.048
−0.049 1.015+0.048

−0.049

∆Sγ 0 0 0 ∆Sγ 0 0

∆Sg 0 −0.02+0.06
−0.05 −1.34+0.07

−0.06 ∆Sg −0.020+0.056
−0.054 −1.345+0.067

−0.067

∆Γtot (MeV) −0.134+0.43
−0.36 0 0 ∆Γtot (MeV) 0 0

χ2/dof 51.25/62 51.08/61 χ2/dof 50.84/60

goodness of fit 0.833 0.813 goodness of fit 0.820

p-value 0.278 0.435 p-value 0.5631

Table 7. CPCX: the best-fitted values in various CP conserving fits and the corresponding chi-
square per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the
SM null hypothesis is also shown.

In the CPCX4 fit, we relax the requirement of Cw = Cz because we can see from

the 13TeV data that the signal strengths for H → WW ∗ are generically larger than those

for H → ZZ∗, see table 3. The result is shown in table 7. The best-fitted values for

Cw and Cz are within 1σ and Cw > Cz as demanded by the data. Again there are two

solutions for ∆Sg: see figure 11. We note that, compared to Cz which is only constrained

byH → ZZ∗ decay, Cw is constrained by both VBF and WH production as well as H → γγ

– 16 –

CPCN4 : CS
u , Cv, ΔSγ, ΔSg



J
H
E
P
0
9
(
2
0
1
9
)
0
9
8

Figure 8. CPCN4: (Upper) The confidence-level regions of the fit by varying ∆Sg, ∆Sγ , CS
u ,

and Cv. The color code is the same as in figure 2. (Lower) ∆χ2 versus CS
u (left), ∆χ2 versus ∆Sγ

(middle), and ∆χ2 versus ∆Sg (right).

Cases CPCX2 CPCX3 Cases CPCX4

Vary Cv,∆Γtot Vary CS
u , Cv Vary CS

u , Cw

Parameters ∆Sg Parameters Cz, ∆Sg

After ICHEP 2018

CS
u 1 1.04+0.08

−0.08 1.04+0.08
−0.08 CS

u 1.045+0.078
−0.081 1.045+0.078

−0.081

CS
d 1 1 1 CS

d 1 1

CS
ℓ 1 1 1 CS

ℓ 1 1

Cv 1.020+0.051
−0.049 1.03+0.03

−0.03 1.03+0.03
−0.03 Cw 1.040+0.033

−0.034 1.040+0.032
−0.034

- Cz 1.015+0.048
−0.049 1.015+0.048

−0.049

∆Sγ 0 0 0 ∆Sγ 0 0

∆Sg 0 −0.02+0.06
−0.05 −1.34+0.07

−0.06 ∆Sg −0.020+0.056
−0.054 −1.345+0.067

−0.067

∆Γtot (MeV) −0.134+0.43
−0.36 0 0 ∆Γtot (MeV) 0 0

χ2/dof 51.25/62 51.08/61 χ2/dof 50.84/60

goodness of fit 0.833 0.813 goodness of fit 0.820

p-value 0.278 0.435 p-value 0.5631

Table 7. CPCX: the best-fitted values in various CP conserving fits and the corresponding chi-
square per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the
SM null hypothesis is also shown.

In the CPCX4 fit, we relax the requirement of Cw = Cz because we can see from

the 13TeV data that the signal strengths for H → WW ∗ are generically larger than those

for H → ZZ∗, see table 3. The result is shown in table 7. The best-fitted values for

Cw and Cz are within 1σ and Cw > Cz as demanded by the data. Again there are two

solutions for ∆Sg: see figure 11. We note that, compared to Cz which is only constrained

byH → ZZ∗ decay, Cw is constrained by both VBF and WH production as well as H → γγ
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Figure 9. CPCX2: the confidence-level regions of the fit by varying Cv and ∆Γtot. The color
code is the same as in figure 2.

Figure 10. CPCX3: the confidence-level regions of the fit by varying Cv, CS
u and ∆Sg. The color

code is the same as in figure 2.

and H → WW ∗ decays. This leads to the narrower ∆χ2 curve in Cw than in Cz, as shown

in lower frames of figure 11.

4.2 CP violating fits

For the CP-violating fits, we consider the following 4 scenarios:

• CPV2: vary CS
u , CP

u .

• CPV3: vary CS
u , CP

u , Cv.

• CPV4: vary ∆Sγ , ∆Sg, ∆P γ , ∆P g.

• CPVN3: vary CS
u , CP

u , ∆Γtot.

The current Higgs boson data ruled out a pure pseudoscalar [20, 21], but the data cannot

rule out a mixed state [22]. Noting that the CP-odd coupling to gauge bosons only arises

– 17 –
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Figure 11. CPCX4: (Upper) The confidence-level regions of the fit by varying Cw, Cz, ∆Sg,
and CS

u . The color code is the same as in figure 2. (Lower) ∆χ2 versus Cw (left), ∆χ2 versus Cz

(middle), and ∆χ2 versus Cw − Cz (right).

Cases CPV2 CPV3 CPV4 CPVN3

Vary CS
u , C

P
u Vary CS

u , C
P
u Vary ∆Sγ ,∆Sg Vary CS

u , C
P
u

Parameters Cv ∆P γ , ∆P g ∆Γtot

After ICHEP 2018

CS
u 1.00+0.07

−0.11 1.00+0.07
−0.11 1.02+0.04

−0.10 1 0.99+0.07
−0.10 0.99+0.07

−0.10

CS
d 1 1 1 1 1 1

CS
ℓ 1 1 1 1 1 1

Cv 1 1 1.03+0.03
−0.03 1 1 1

∆Sγ 0 0 0 0.26+13.56
−0.81 0 0

∆Sg 0 0 0 0.016+0.025
− 0 0

∆Γtot (MeV) 0 0 0 0 −0.27+0.34
−0.28 −0.27+0.34

−0.28

CP
u 0.19+0.14

−0.52 −0.19+0.52
−0.14 0.00+0.28

−0.28 0 0.11+0.19
−0.41 −0.11+0.41

−0.19

∆P γ 0 0 0 −2.54+9.72
−4.65 0 0

∆P g 0 0 0 0.00+0.69
−0.69 0 0

χ2/dof 52.07/62 51.16/61 51.87/60 51.42/61

goodness of fit 0.812 0.811 0.763 0.804

p-value 0.419 0.449 0.747 0.495

Table 8. CPV: the best-fitted values in various CP violating fits and the corresponding chi-square
per degree of freedom and goodness of fit. The p-value for each fit hypothesis against the SM null
hypothesis is also shown.
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Figure 11. CPCX4: (Upper) The confidence-level regions of the fit by varying Cw, Cz, ∆Sg,
and CS

u . The color code is the same as in figure 2. (Lower) ∆χ2 versus Cw (left), ∆χ2 versus Cz

(middle), and ∆χ2 versus Cw − Cz (right).
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Figure 12. CPV2: the confidence-level regions of the fit by varying CS
u and CP

u . The color code
is the same as in figure 2.

Figure 13. CPV3: the confidence-level regions of the fit by varying CS
u , C

P
u , and Cv. The color

code is the same as in figure 2.

Figure 14. CPV4: the confidence-level regions of the fit by varying ∆Sγ , ∆Sg, ∆P γ , and ∆P g.
The color code is the same as in figure 2.

from loop corrections, we only allow the top-quark Yukawa coupling and the vertex factors

forHgg andHγγ to develop sizeable CP-odd couplings. Therefore, CP violation is signaled

by the simultaneous existence of CS
u and CP

u as inCPV2,CPV3, andCPVN3 or of∆Sγ ,g

and ∆P γ ,g in CPV4. The results for CPV2 to CPVN3 are shown in table 8 and the

corresponding figures in figure 12 to figure 15.

The simplest choice CPV2 happens in the coexistence of CP-even and CP-odd top-

Yukawa couplings: CS
u and CP

u . Since the signal strengths are CP-even quantities, in

general, they do not contain any CP-odd products of CS
u ×CP

u and Sg,γ×P g,γ even though

the products are non-vanishing. This is why the confidence-level regions appear like a circle

– 19 –
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Figure 12. CPV2: the confidence-level regions of the fit by varying CS
u and CP

u . The color code
is the same as in figure 2.

Figure 13. CPV3: the confidence-level regions of the fit by varying CS
u , C

P
u , and Cv. The color

code is the same as in figure 2.

Figure 14. CPV4: the confidence-level regions of the fit by varying ∆Sγ , ∆Sg, ∆P γ , and ∆P g.
The color code is the same as in figure 2.

from loop corrections, we only allow the top-quark Yukawa coupling and the vertex factors

forHgg andHγγ to develop sizeable CP-odd couplings. Therefore, CP violation is signaled

by the simultaneous existence of CS
u and CP

u as inCPV2,CPV3, andCPVN3 or of∆Sγ ,g

and ∆P γ ,g in CPV4. The results for CPV2 to CPVN3 are shown in table 8 and the

corresponding figures in figure 12 to figure 15.

The simplest choice CPV2 happens in the coexistence of CP-even and CP-odd top-

Yukawa couplings: CS
u and CP

u . Since the signal strengths are CP-even quantities, in

general, they do not contain any CP-odd products of CS
u ×CP

u and Sg,γ×P g,γ even though

the products are non-vanishing. This is why the confidence-level regions appear like a circle
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Figure 16. Predictions for CZγ for the scenarios in which ∆Sγ = 0. [Upper]: CPC1 (left),
CPCN2 (middle), CPCX2 (right); [Middle]: CPCX3 (left), CPC4 (middle), CPCX4 (right);
[Low]: CPV2 (left), CPV3 (middle), CPVN3 (right). The color code is the same as in figure 2
except CPC1 for which ∆χ2 ≤ 1 (red), 4 (green), and 9 (blue) above the minimum.

2. For the first time the bottom-Yukawa coupling shows statistical difference between

the positive and negative signs. Thanks to the discriminating power of the Higgs-

gluon vertex Sg the positive sign of the bottom-Yukawa is more preferred than the

negative one.

3. Previously in 2014 the fits still allowed the negative sign of the top-Yukawa coupling

at 95% CL. Now with more precisely measured signal strengths together with the

establishment of the associated production with the top-quark pair, the negative

island of the top-Yukawa is now entirely ruled out, except in the scenarios with non-

zero ∆Sγ .

4. The nonstandard (or invisible decay) branching ratio of the Higgs boson is now

reduced to less than 8.4%, which improves substantially from the previous value of

19%. This is obtained by varying only ∆Γtot. It would be relaxed if more parameters

are allowed to vary in the fit.

5. When we relax the custodial symmetry requirement (Cw not necessarily equal to

Cz), we find that the coupling Cw is larger than Cz though still within 1σ, and more

constrained than Cz.
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• Most scenarios (fits) are consistent with the SM 

with p-value ≥ 0.3, except for CPC1.


• CPC1 has a p-value of 0.124.


• So the most economical way to improve the fit 

is by reducing the decay width of the Higgs.
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Abstract: There is a +2� deviation in the average Higgs-signal strength for all the 7 +

8+13 TeV data up to Summer 2018. We find that a slight reduction of the bottom-Yukawa
coupling can fit the data better than the standard model. We suggest an extension with a
vector-like quark doublet, of which the right-handed component of b0 mixes nonnegligibly
with the standard model b quark. We show that the mixing would induce a reduction of
the bottom Yukawa coupling. Simultaneously, the coupling of the Z boson to the right-
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* 2σ excess comes from a large collection of data, not 
  so easy to go away overnight.

* One of the most economic way to improve the fit is to  

reduce the total width.

* The first to consider is H —> b b-bar mode.

* This is done via mixing between b quark with a b’ from 

a doublet of hypercharge Y/2 = -5/6.
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of ATLAS and CMS already showed some excess µ = 1.09 +0.11
�0.10 [12], which is about 1� in

excess. Also, the overall trend of the Run II also showed slight excesses in most channels.
Therefore, naive expectation is that the totally combined signal strength can be more than
1�. We showed in a previous work, it is a 2� effect [11].

The organization of the paper is as follows. In the next section, we describe the ex-
tension of an isospin doublet of vector-like quarks, and modifications to the Higgs and Z

couplings. In Sec. III, we fit the parameter � ⌘ �/M , where � measures the mixing and M

is approximately the mass of heavy vector-like quark, to the data of Higgs-signal strengths
and to A

b
FB, with or without Rb and �had. We discuss some other potential issues with

modifications of the bottom-quark couplings and then conclude.

2 Formalism

In this work, we consider the vector-like quark doublet with a hypercharge Y
2
= �

5

6
denoted

by

BL,R =

 
b0�

1
3

p0�
4
3

!

L,R

,

✓
Y

2

◆

B
= �

5

6
.

We label electric charges of the new particles b0, p0 by superscripts. Since b0 carries the
same electric charge as the SM bottom quark b, they can mix. The quark mass matrix of
(b, b0) receives additional contributions from the following new coupling with the SM Higgs
doublet H,

L � gBBL
eHbR + h.c. = gB(b0L , p0L )

 
�

1p
2
(v + h)

H�

!
bR + h.c. , (2.1)

where eH = i⌧2H⇤. Note that the vector-like quarks receive their mass M from some
mechanisms, other than the usual electroweak symmetry breaking. We assume M is of
order TeV or more. Then the quark-mass matrix and the interactions with the SM Higgs
boson become

LY � �(bL , b0L )

 
m(1 + h

v ) 0
gBvp

2
(1 + h

v ) M

! 
bR
b0R

!
+ h.c. (2.2)

The large mass M for the vectorial B is unrelated to H. It is much larger than the off-
diagonal mass gBvp

2
⌘ �. The mass parameter m accounts for the b-quark mass in the SM

if we ignore �.

2.1 Mass diagonalization and Modifications to Bottom Yukawa

From the above equation, the mass terms for b, b0 can be written as

Lmass � �(bL , b0L )

 
m 0

� M

! 
bR
b0R

!
+ h.c. = �(bL , b0L )M

 
bR
b0R

!
+ h.c. (2.3)

where � = gBv/
p
2.
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We require the following left and right rotations to diagonalize the non-hermitian mass
matrix:  

b

b0

!

L.R

=

 
cos ✓L,R sin ✓L,R
� sin ✓L,R cos ✓L,R

!  
b

b0

!m

L.R

⌘ UL,R

 
b

b0

!m

L.R

(2.4)

where the superscript “m” denotes the mass eigenstates. For convenience we will drop the
“m” wherever it is understood to be the mass eigenstates. The presence of the zero entry in
the upper-right corner of the quark-mass matrix in Eq. (2.3) suggests that the right rotation
angle ✓R is of order �

M , which is much larger than the left rotation angle ✓L of order m�

M2 for
the favorable scenario � � m. The suppression of ✓L/✓R is of order mb/O(TeV) ⇠ 10�3.

More precisely, the non-hermitian mass matrix M is diagonalized by a bi-unitary ro-
tation as

U
†
LMUR = Mdiag , (2.5)

which can be turned into

U
†
LMM

†
UL = U

†
R M

†
MUR = M

2

diag
=

 
m2

1
0

0 m2

2

!
, (2.6)

with m1 < m2. Then the hermitian mass matrix squared can be diagonalized and the
corresponding eigenvalues and eigenvectors can be calculated exactly:

m2

1,2 =
(m2 +�2 +M2)⌥

p
(m2 +�2 +M2)2 � 4m2M2

2

sin 2✓L =
2m�p

(m2 +�2 +M2)2 � 4m2M2
(2.7)

sin 2✓R =
2�Mp

(m2 +�2 +M2)2 � 4m2M2
(2.8)

In the limit M,� � m, they can be simplified to

m2

1 =
m2

1 + �2

M2

, m2

2 = �2 +M2 . (2.9)

The mixing angles can also be simplified as

sin ✓L ⌘ sL '
m�

M2 +�2
cos ✓L ⌘ cL ' 1�

1

2

✓
m�

M2 +�2

◆
2

, (2.10)

and

sin ✓R ⌘ sR '
�

p
M2 +�2

, cos ✓R ⌘ cR '
M

p
M2 +�2

. (2.11)

In the above, we identify m1 = mb, the mass of the observed b-quark mass, and m2 = Mb0

to be the TeV mass of the heavy vector-like quark. Practically, we can take cL ' 1 in the
analysis and then we find the h-bm-bm Yukawa coupling depends only on one parameter of
� ⌘ �/M . More precisely, the coupling for (h/v)bmL bmR is given by

mcLcR ��sLcR '
m

1 + �2
cR ' mb

1
p
1 + �2

cR (2.12)
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“m” wherever it is understood to be the mass eigenstates. The presence of the zero entry in
the upper-right corner of the quark-mass matrix in Eq. (2.3) suggests that the right rotation
angle ✓R is of order �

M , which is much larger than the left rotation angle ✓L of order m�

M2 for
the favorable scenario � � m. The suppression of ✓L/✓R is of order mb/O(TeV) ⇠ 10�3.

More precisely, the non-hermitian mass matrix M is diagonalized by a bi-unitary ro-
tation as

U
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LMUR = Mdiag , (2.5)

which can be turned into

U
†
LMM

†
UL = U

†
R M

†
MUR = M
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diag
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1
0

0 m2

2

!
, (2.6)

with m1 < m2. Then the hermitian mass matrix squared can be diagonalized and the
corresponding eigenvalues and eigenvectors can be calculated exactly:

m2
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(m2 +�2 +M2)⌥

p
(m2 +�2 +M2)2 � 4m2M2

2

sin 2✓L =
2m�p
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(2.7)

sin 2✓R =
2�Mp
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(2.8)

In the limit M,� � m, they can be simplified to

m2

1 =
m2

1 + �2

M2

, m2

2 = �2 +M2 . (2.9)

The mixing angles can also be simplified as
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✓
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M2 +�2

◆
2

, (2.10)

and

sin ✓R ⌘ sR '
�

p
M2 +�2

, cos ✓R ⌘ cR '
M

p
M2 +�2

. (2.11)

In the above, we identify m1 = mb, the mass of the observed b-quark mass, and m2 = Mb0

to be the TeV mass of the heavy vector-like quark. Practically, we can take cL ' 1 in the
analysis and then we find the h-bm-bm Yukawa coupling depends only on one parameter of
� ⌘ �/M . More precisely, the coupling for (h/v)bmL bmR is given by

mcLcR ��sLcR '
m

1 + �2
cR ' mb

1
p
1 + �2

cR (2.12)
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With the hierarchy cosθL=1, θR >> θL

(KC, WY Keung, JS Lee, PY Tseng 1901.05626)



Modification to Yukawa couplings

where we use �sL = m�2/(1 + �2) and cR is given by Eq. (2.11) in the m ! 0 limit. The
result is an overall reduction in the Higgs Yukawa coupling by Cb ⌘ cR/

p
1 + �2 from the

SM value.
There are also couplings for other off-diagonal elements, as given in this equation:

LY � �
h

v
(bmL , b

0m
L )

 
mb(1 + �2)�1/2cR mb(1 + �2)�1/2sR

�cR �sR

! 
bmR
b
0m
R

!
+ H.c. (2.13)

We can immediately see that the off-diagonal coupling of hb0mL bmR will dominate over the
other one. Phenomenologically, the so-produced b0 will decay into h+ bR. We shall discuss
the collider signature in the Discussion.

In the following we can focus on the effect of RH mixing in numerical analysis.

2.2 Modifications to the Z couplings

In the weak eigenbasis, according to T3f � Qfxw, the Z couplings to fermions bL,R and
b0L,R, are given by

�L � gZ(bL , b0L )�µZµ

 
�

1

2
+ 1

3
xw 0

0 1

2
+ 1

3
xw

! 
bL
b0L

!

+ gZ(bR , b0R )�µZµ

 
1

3
xw 0

0 1

2
+ 1

3
xw
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bR
b0R

!
. (2.14)

After rotating into mass eigenbasis we have

�L � gZ(bmL , b
0m
L )�µZµ
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1

2
(c2L � s2L) +

1

3
xw �cLsL

�cLsL
1

2
(c2L � s2L) +

1

3
xw
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bmL
b
0m
L
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+ gZ(bmR , b
0m
R )�µZµ

 
1

2
s2R + 1

3
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2
cRsR

�
1

2
cRsR
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2
c2R + 1

3
xw
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bmR
b
0m
R

!
. (2.15)

Here the gauge coupling gZ = g2/ cos ✓w and the electroweak mixing xw = sin2 ✓w. Note
that the Z coupling to the LH b quark is practically the same as the SM coupling for a very
small sL ⇡

m�

M2 . On the other hand, the RH b quark coupling is modified by an amount
s2R/2 ⇠ �2/(2M2).

There are a number of observables that would be modified when the RH coupling to
the Z boson is modified:

1. Total hadronic width. At tree level, the change to the decay width into bb̄ is given
by

��BSM

b =
h
�BSM,b
tree

� �SM,b
tree

i ✓
1 +

↵s(MZ)

⇡

◆
. (2.16)

With this modification the total hadronic width is changed to

�BSM

had
= �SM

had
+ ��BSM

b . (2.17)
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Left-handed modification is small: sL2 /2  

Right-handed modification is large: sR2 /2  
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Such a modification brings changes to

• reduction in Higgs total width

• Z boson total hadronic width

• ABF(b quark)

• Rb  

2. Rb. The Rb is the fraction of hadronic width into bb̄, and so it is given by

Rb =
�SM

b + ��BSM

b

�SM

had
+ ��BSM

b

. (2.18)

The value of Rb can increase for a moderate sR when sR � sL.

3. A
b
FB

. There is a large tension in the forward-backward asymmetry of b quark produc-
tion at the Z resonance,

A
b
FB =

3

4
⇥

(ge)2L � (ge)2R
(ge)2L + (ge)2R

⇥
(gb)2L � (gb)2R
(gb)2L + (gb)2R

. (2.19)

Those couplings to the Z boson are basically given by T3 � Qxw in SM. For the
electron it is simply

(ge)2L � (ge)2R
(ge)2L + (ge)2R

=
(�1

2
+ xw)2 � x2w

(�1

2
+ xw)2 + x2w

while for the b quark it is

(gb)2L � (gb)2R
(gb)2L + (gb)2R

=
(�1

2
+ 1

3
xw)2 �

1

9
x2w

(�1

2
+ 1

3
xw)2 +

1

9
x2w

.

Correspondingly, the modified forward-backward asymmetry is given by

A
b
FB =

3

4
⇥

(�1

2
+ xw)2 � x2w

(�1

2
+ xw)2 + x2w

⇥
(�1

2
(c2L � s2L) +

1

3
xw)2 � (1

2
s2R + 1

3
xw)2

(�1

2
(c2L � s2L) +

1

3
xw)2 + (1

2
s2R + 1

3
xw)2

. (2.20)

The mixing between b0 and b results in new contributions to the oblique parameters S

and T . The current experimental values are �S = 0.06 ± 0.09 and �T = 0.10 ± 0.07[19].
Since the central experimental values are slightly larger than SM predictions, the constraints
from oblique parameters become weaker for our VLQ model with positive contributions to
S and T . According to Ref.[18], if the b0 mass is 1 TeV, the mixing angle |sR|  0.4 is
compatible with the oblique parameters constraints within 2�. Therefore, the constraints
from REXP

b , which we considered in this work, is more restrictive than oblique parameters.

Note that the effect of mixing between the heavy b0 and the SM b quark is predominantly
the modification of the hbb̄ and Zbb̄ vertices, while the effect on the b0 couplings to the Higgs
boson and the Z boson are highly suppressed. Thus the contribution of the heavy b0 (after
mixing) to the hgg vertex would be proportional to �sR/m2 = �sR/(1 + �2)1/2, which is
approximately suppressed by the square of the mixing angle. Note that in the heavy m2

limit the fermion loop function Fsf (0) = 2/3, which compares with that of the top quark
Fsf (M2

h/4m
2
t ) = 0.688. Therefore the heavy b0 contribution to the hgg vertex is negligible

in most cases. Similarly, the h�� amplitude from b0 is suppressed by the same factor, as
well as the charge squared ratio, with respect to the top loop, which interferes with the
dominant W contribution. Therefore, we can safely ignore the direct contribution of b0 to
the hgg and h�� vertices, but only consider the modification to the hbb̄ vertex in the global
fitting of the Higgs data.
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3 Fitting to data

Four data sets are considered in our analysis. They are summarized in the following table.

Experimental Data SM values �2(SM)

Higgs-signal strengths with the average
µHiggs = 1.10± 0.05 µSM = 1.00 53.81 [11]�

A
b
FB

�EXP
= 0.0992± 0.0016 0.1030± 0.0002 5.29 [27]

REXP

b = 0.21629± 0.00066 0.21582± 0.00002 0.49 [27]
�had = 1.7444± 0.0020 GeV 1.7411± 0.0008 2.35 [27]

The 125 GeV Higgs-signal strengths include a combined ATLAS+CMS analysis for the
7+8 TeV datasets [12] and all the most updated 13 TeV data summarized in Ref. [11]. The
average signal strength is µHiggs = 1.10 ± 0.05 [11]. There are total 64 data points. The
goodness of the SM description for the Higgs data stands at �2/d.o.f. = 53.81/64, which
gives a goodness of fit 0.814. As explained in Introduction, a reduction in the total Higgs
decay width can provide a better description of the Higgs data with �2/d.o.f. = 51.44/63,
corresponding to a goodness of fit 0.851 [11]. In this work, the reduction in the total width
is achieved by a slight reduction in the RH bottom Yukawa coupling. On the other hand,
the other three datasets were from the LEPI precision measurements tabulated in PDG
[27]. There has been a 2.4� deviation in the A

b
FB while Rb is very much consistent with

the SM.
In the following, we present our numerical results on fitting to different combinations

of the datasets with variation in � ⌘ �/M and a fixed or varying xw. We first show the fits
with each single dataset listed in the previous table. Figure 1 shows the ��2 distribution
versus � fitting to four single experimental datasets with a fixed xw = 0.23154 [27] and
c2L = 1. (Note that in the mass hierarchy m ⌧ � ⌧ M that we have assumed, c2L is
practically equal to 1.) The best fit values and uncertainties of � for each dataset are listed
in Table 1 from Case-i to iv. We can see that the dataset on Higgs-signal strengths and that
on

�
A

b
FB

�EXP prefer a sizable mixing between bR and b0R, corresponding to the mixing angle
equal to sR ' � ' 0.25 and 0.20, respectively. The total hadronic width mildly prefers a
mixing with mixing angle equal to sR ' � ' 0.14. However, the Rb is very much consistent
with the SM and indicates a very small mixing sR ' � ' 0.08 between bR and b0R.

Next we come to various combinations of datasets. In Case-v, we perform the fit by
combining all four experimental datasets by varying � ⌘ �/M with a fixed xw = 0.23154.
The result is shown in right-panels of Fig.1 and Table 1. The central value of � shifts
slightly to � ' 0.13, which gives mild improvements to all four datasets. Overall, the �2

improves considerably.
In order to see whether such deviations from SM are robust or not, we allow the value

of xw floating together with �, and perform two fittings, Fit-I and Fit-II. The Fit-I only
includes the Higgs-signal strengths and

�
A

b
FB

�EXP, because these two datasets would allow
a significant deviation from the SM, according to the Cases-i and ii. The best fit point
and ��2 distribution are shown in Table 1 and Fig.2. In this case, the best fit point
(�, xw) = (0.25, 0.231) gives very good description to the Higgs-signal strengths and A

EXP

FB
,
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Table 1. The best fit points to the experimental datasets: Higgs-signal strengths, A
b
FB , Rb,

and �tot. Note that �2

Higgs
includes only the Higgs-signal strength data while �2

total
sums over all

experimental datasets: Higgs+
�
A

b
FB

�EXP

+REXP

b +�had.

Cases SM i ii iii iv
data Higgs

�
A

b
FB

�EXP
REXP

b �had

xw 0.23154 0.23154 0.23154 0.23154 0.23154
� ⌘ �/M 0.0 0.253+0.063

�0.090 0.202+0.036
�0.046 0.0814+0.044

�limit
0.143+0.036

�0.052

Cb ⌘ ghbb/gSMhbb 1.000 0.936+0.037
�0.036 0.959+0.017

�0.016 0.9934+limit

�0.0091 0.980+0.012
�0.012

�2

Higgs
53.81 50.99 51.39 53.27 52.35

A
b
FB

0.1030 0.0968 0.0991 0.1024 0.1012
Rb 0.21582 0.2208 0.2189 0.21629 0.21731

�had[GeV] 1.7411 1.7523 1.7480 1.7421 1.7444
�2

total
62.21 113.9 69.78 58.32 56.13

Cases v Fit-I Fit-II
Higgs+

�
A

b
FB

�EXP Higgs+
�
A

b
FB

�EXP Higgs+
�
A

b
FB

�EXP

data +REXP

b + �had +REXP

b + �had

xw 0.23154 0.23109+0.00076
�0.00082 0.23202+0.00031

�0.00031

� ⌘ �/M 0.132+0.022
�0.028 0.253+0.063

�0.090 0.115+0.037
�0.027

Cb ⌘ ghbb/gSMhbb 0.9826+0.0066
�0.0063 0.936+0.037

�0.036 0.9868+0.0055
�0.0099

�2

Higgs
52.53 50.99 52.80

A
b
FB

0.10144 0.09922 0.09918
Rb 0.21708 0.22082 0.21677

�had[GeV] 1.7439 1.7523 1.7432
�2

total
55.88 113.6 53.68

but draws a large deviation in Rb and �had. For the Fit-II, which includes all four datasets,
the best fit values and ��2 distributions are shown in Table 1 and Fig. 3, respectively. The
best fit point (�, xw) = (0.115, 0.232) provides the best description for all four datasets -
the lowest �2 overall.

So far we observe that the Higgs-signal strengths can be improved substantially by
reducing the bottom Yukawa coupling, which is achieved in this work by mixing the RH
component b0R of a vector-like quark doublet with the SM right-handed bottom quark. So
is the forward-backward asymmetry of the bottom quark at the Z pole. A mixing of order
sR ' � ' 0.20� 0.25 can achieve the effects. However, such a mixing would deviate Rb and
�had too much. Overall, a mixing of order sR ' � ' 0.12 � 0.13 would improve the whole
picture.

4 Discussion

Note that the left-handed b quark mixing is extremely small of order mbv/M2
⇠ 10�4. All

the B decays, including lifetime, branching ratios, B0-B0 mixing and angular distributions,
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Figure 1. Case-i to v: � is varied while taking cL = 1 and xw = 0.23154. Left-column: ��2

distributions versus � ⌘ �/M and versus Cb ⌘ ghbb/gSMhbb for individual fitting to four experimental
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combined fitting, which corresponds to Case-v in TABLE 1.

would not be affected. So are the CKM matrix elements, because all these processes involve
the left-handed coupling only.

The parameter � = �/M = gBv/(
p
2M) = 0.1 � 0.2 in the above analysis. Assuming

gB ⇠ O(1) the mass of the heavy vector-like quark would be of order �2 + M2
⇠ 1 � 2

TeV. This VLQ is phenomenologically very interesting. It can be directly produced via QCD
production processes, such as gg, qq̄ ! b0b0 (here b0 is understood to be the mass eigenstate).
Assuming the mixing in the left-hand b0 is negligible compared to the right-handed one.
the dominant decays of b0 are

b0 ! bh, and b0 ! bZ

with partial widths given by

�(b0 ! bh) =

✓
�

v

◆
2 Mb0

32⇡
c2R

✓
1�

m2

h

M2

b0

◆2

(4.1)

�(b0 ! bZ) =
g2Zc

2

Rs
2

R

128⇡

M3

b0

m2

Z

✓
1 +

2m2

Z

M2

b0

◆ ✓
1�

m2

Z

M2

b0

◆2

. (4.2)
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Figure 2. Fit-I: fitting to the Higgs-signal strengths and (Ab
FB

)EXP
datasets by varying (�, xW ).

Upper-panels: ��2
distributions versus � ⌘ �/M and versus Cb ⌘ ghbb/gSMhbb. Lower-panels: the

parameter-space region with ��2
 1.

It is understood that the mass of b0 is approximately
p
�2 +M2 in the leading order. Note

that sR ⇡ �/M and cR ⇡ 1 in the limit �/M ! 0. The partial width of b0 ! bZ can then
be further simplified to

�(b0 ! bZ) =

✓
�

v

◆
2 Mb0

32⇡

✓
1 +

2m2

Z

M2

b0

◆ ✓
1�

m2

Z

M2

b0

◆2

Therefore, in the limit Mb0 � mZ ,mh these two partial widths are the same. We recall the
equivalence theorem that in high energy limit the Higgs boson and longitudinal mode of
gauge bosons behave the same.

The collider signature of pair production of b0b0 via the decay into the Z boson is rather
clean

b0b0 ! (bX)(b̄Z) ! (bX)(b̄`+`�)

Such a search for charged lepton pair(s) plus jets has been performed at the 13 TeV LHC
[25]. Here we perform a rough estimate of the the lower mass limit of b0. The number of
events with at least one charged lepton pair is

N = �(pp ! b0b0)⇥ L⇥ ✏ (4.3)
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Figure 3. Fit-II: the same as Fig. 2, but fitting to the Higgs-signal strengths, (Ab
FB

)EXP
, REXP

b ,

and �had datasets.

where ✏ = 0.28% is the experimental efficiency including ratios of b0 and Z ! `+`� [25].
Taking L = 36.1 fb�1 and requiring N < 2, we obtain

�(pp ! b0b0)<⇠ 20 fb . (4.4)

This upper limit on production cross section can be translated to the lower mass limit of
Mb0

>
⇠ 1.1 TeV [25].
Further searches of b0b0 ! (bZ)(b̄Z), (bh)(b̄Z), (bh)(b̄h) are possible. The signatures

would give 1 or 2 charged lepton pairs at the Z mass plus multiple b jets. Various searches
for b0 have been performed by ATLAS and CMS through pair production [21, 22, 24–26] via
strong interaction or single production[23] via electroweak interaction. The signature of the
single production search is looking for b0 ! bh ! b��, and b0 mass less than 1210 GeV is
excluded at 95% C.L[23]. For the pair production case, hadronic final states or final states
with leptons from b0 ! bZ ! b`` had been studied. The latter provides a more stringent
low mass limit 1140 GeV for b0 [25].

For phenomenological studies of p0, the vector-like quark p
0� 4

3
R can couple to Wb through

the mixing angle sR between the right-handed b0 and b. At the LHC, a single p0�
4
3 can be

produced by Wb fusion and then decays into Wb or Wb0. ATLAS had performed a recent
search for p0 single production [26]. Assuming B(p0 ! Wb) = 100 %, the exclusion limits
on |sR| vary between 0.17 and 0.55 for mass of p0 between 800 GeV and 1800 GeV.
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Further searches in b’b’ -> (bh)(bh), (bZ)(bZ), (bh)(bZ)

are possible



Conclusions

• Higgs couplings enter the era of precision measurements


• Third generation fermion couplings are established 


• The global signal strength shows a 2-sigma excess.


• The most economical way to improve the fit — reduce the 

Higgs —> b b-bar width.


• The other scenarios are consistent with the SM with  

p-values ≥ 0.3.
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• The mass and interactions of fermions are also fixed in LY :

LY = −
yev√

2
(eLeR + eReL) −

ye√
2
H (eLeR + eReL)

So far, the gauge boson couplings and b, τ, t Yukawa couplings are

consistent with data.

• We have no information about V (Φ) except that it gives a nontrivial
VEV. In the SM,

V (φ) = −
λ

4
v4 +

1

2
m2

HH2 +
m2

H

2v
H3 +

λ

4
H4

This is the simplest structure. The self couplings are fixed. But for

extended Higgs sector it is not the case.

Probing self interactions of the Higgs boson 
becomes an important avenue to understand the 
Higgs sector.



Channels for testing HHH coupling
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Trilinear Higgs self-coupling at the HL-LHC

and beyond (FCC-hh/SppC)

Jae Sik Lee

I. INTRODUCTION

• References: Early works on the Higgs pair production [1, 2]

• References: Theoretical motivations [3]

• SM Cross sections [4]

p
s [TeV] �NLO

gg!HH
[fb] �NLO

qq0!HHqq0 [fb] �
NNLO

qq̄0!WHH
[fb] �NNLO

qq̄!ZHH
[fb] �LO

qq̄/gg!tt̄HH
[fb]

8 8.16 0.49 0.21 0.14 0.21

14 33.89 2.01 0.57 0.42 1.02

33 207.29 12.05 1.99 1.68 7.91

100 1417.83 79.55 8.00 8.27 77.82

TABLE I. From Ref. [4]. The total Higgs pair production cross sections in the main channels at

the LHC (in fb) for given c.m. energies (in TeV) with MH = 125 GeV. The central scales which

have been used are described in the text. Also see FIG. 1.

• SM Cross sections [5]: See Fig. 2

• SM Cross sections: Chih-Ting, see Fig. 3

1



10-3

10-2

10-1

100

101

102

103

104

 8  13 14  25  33  50  75  100

σ
N

L
O

[f
b
]

√s[TeV]

HH production at pp colliders at NLO in QCD

MH=125 GeV, MSTW2008 NLO pdf (68%cl)

pp→HH (EFT loop-improved)

pp→HHjj (VBF)

pp→ttHH pp→WHH

pp→tjHH

pp→ZHH

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

10-1

100

101

102

-4 -3 -2 -1  0  1  2  3  4

σ
(N

)L
O

[f
b
]

λ/λSM

pp→HH (EFT loop-improved)

pp→HHjj (VBF)

pp→ttHH

pp→WHH

pp→ZHH
pp→tjHH

HH production at 14 TeV LHC at (N)LO in QCD

MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

FIG. 2. From Ref.[5]: �(HH) = 34.8 fb, �(HHjj : V BF ) = 2.017 fb, �(ttHH) = 0.981 fb,

�(W±
HH) = 0.565 fb, �(ZHH) = 0.356 fb.

ggÆ HHggÆ HH
qq 'Æ HHqq 'qq 'Æ HHqq '
q q 'Æ WHHq q 'Æ WHH
q q Æ ZHHq q Æ ZHH
q q ê ggÆ t t HHq q ê ggÆ t t HH

s H pp Æ HH + X L ê s SMs H pp Æ HH + X L ê s SM

s =14 TeV ,M H =125 GeVs =14 TeV ,M H =125 GeV

- 4 - 2 0 2 4
0

5

10

15

20

25

30

l

lSM

s s
SM

ggÆ HHggÆ HH

qq 'Æ HHqq 'qq 'Æ HHqq '

q q 'Æ WHHq q 'Æ WHH

q q Æ ZHHq q Æ ZHH

q q ê ggÆ t t HHq q ê ggÆ t t HH

s H pp Æ HH + X L ê s SMs H pp Æ HH + X L ê s SM

s =14 TeV ,M H =125 GeVs =14 TeV ,M H =125 GeV

- 4 - 2 0 2 4
0

1

2

3

4

5

l

lSM

s s
SM

FIG. 3. Chih-Ting: 2017.01.20

3

The ggF has the largest cross section, of order 10 - O(100) fb.


The VBF has the best sensitivity to Lambda_3H, but the cross

section is one order smaller.
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Formalism

• Interactions:

−L =
1

3!

(
3M2

H

v

)
λ3H H3 +

mt

v
t̄
(
gS
t + iγ5g

P
t

)
tH +

1

2

mt

v2
t̄
(
gS
tt + iγ5g

P
tt

)
tH2

• In the SM, λ3H = gS
t = 1 and gP

t = 0 and gS,P
tt = 0.

• The SM result:

dσ̂(gg → HH)

dt̂
=

G2
Fα2

s

512(2π)3

[∣∣∣λ3HgS
t D(ŝ)FS

△ + (gS
t )2FSS

✷

∣∣∣
2
+
∣∣∣(gS

t )2GSS
✷

∣∣∣
2
]

where D(ŝ) =
3M2

H
ŝ−M2

H
+iMHΓH

.

• Extensions to CP-odd and contact terms:

dσ̂(gg → HH)

dt̂
=

G2
Fα2

s

512(2π)3

{∣∣∣
(
λ3HgS

t D(ŝ) + gS
tt

)
FS

△ + (gS
t )2FSS

✷ + (gP
t )2FPP

✷

∣∣∣
2

+
∣∣∣(gS

t )2GSS
✷ + (gP

t )2GPP
✷

∣∣∣
2

+
∣∣∣
(
λ3HgP

t D(ŝ) + gP
tt

)
FP

△ + gS
t gP

t FSP
✷

∣∣∣
2
+
∣∣∣gS

t gP
t GSP

✷

∣∣∣
2
.

}
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• Production cross section normalized to the SM one is

σ(gg → HH)

σSM(gg → HH)
= λ2

3H

[
c1(s)(g

S
t )2 + d1(s)(g

P
t )2

]
+ λ3HgS

t

[
c2(s)(g

S
t )2 + d2(s)(g

P
t )2

]

+
[
c3(s)(g

S
t )4 + d3(s)(g

S
t )2(gP

t )2 + d4(s)(g
P
t )4

]

+λ3H

[
e1(s)g

S
t gS

tt + f1(s)g
P
t gP

tt

]
+ gS

tt

[
e2(s)(g

S
t )2 + f2(s)(g

P
t )2

]

+
[
e3(s)(g

S
tt)

2 + f3(s)g
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• Decay channels:

Decay channels HH ! bb�� HH ! bb⌧⌧ HH ! bbWW HH ! bbbb · · ·

Branching ratios 0.263% 7.29% 24.8% 33.3%

TABLE II. Using B(H ! bb) = 57.7%, B(H ! WW ) = 21.5%, B(H ! ⌧⌧) = 6.32%, B(H !

��) = 0.228%, ...

• References: Early works on HH ! bbbb [6] and HH ! bb�� [7]

• References: Recent works

Ref. HH ! bb�� HH ! bb⌧⌧ HH ! bbWW HH ! bbbb Unspecified

gg ! HH(j) [8–11] [12, 13] [12, 14] [12, 15]

qq
0(gg) ! HHjj [16] [17]

qq/gg ! ttHH [18, 19]

Unspecified

TABLE III. References : for combined analyses see [20]

II. gg ! HH ! bb��

Note that, in the bb�� channel, the dominant backgrounds are due to fakes: light jets

faking photons and/or b-jects [8, 9]. So the results of previous analyses without including

the fake backgrounds may not be reliable.

A. HL-LHC

The 95% CL range is given by [8, 9]:

�0.8 < �/�SM < 7.7

• Is it possible to improve the exclusion limit by includingHHqq
0
and tt̄HH productions

?

– tt̄HH production is considered in Ref. [18] (...we may add ttHH lines to FIG. 1

to see its sensitivity to �): somehow they obtain �/�SM < 2.51 at 95% CL.
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To some extent other modes should be considered to 

increase the significance of the already-small signal.



TABLE VI. HL-LHC yields: Expected number of signal and background events at the HL-LHC

assuming 3000 fb�1. We separate the backgrounds into three categories (See text). The significance

for �3H = 1 (SM) is also shown, see Eq. (9). The combined significance is given by the square root

of the sum of the squares of the “barrel-barrel” and “other” significances.

Expected yields (3000 fb�1) Total Barrel-barrel Other Ratio (O/B)

Samples (End-cap)

H(b b̄)H(� �), �3H = �4 77.14 57.03 20.11 0.35

H(b b̄)H(� �), �3H = 0 19.50 14.33 5.17 0.36

H(b b̄)H(� �), �3H = 1 11.42 8.53 2.89 0.34

H(b b̄)H(� �), �3H = 2 6.82 5.14 1.68 0.33

H(b b̄)H(� �), �3H = 6 11.03 7.91 3.12 0.39

H(b b̄)H(� �), �3H = 10 57.46 41.94 15.52 0.37

gg H(� �) 6.60 4.50 2.10 0.47

t t̄ H(� �) 13.21 9.82 3.39 0.35

Z H(� �) 3.62 2.44 1.18 0.48

b b̄H(� �) 0.15 0.11 0.04 0.40

b b̄ � � 18.86 11.15 7.71 0.69

c c̄ � � 7.53 4.79 2.74 0.57

j j � � 3.34 1.59 1.75 1.10

b b̄ j � 18.77 10.40 8.37 0.80

c c̄ j � 5.52 3.94 1.58 0.40

b b̄ j j 5.54 3.81 1.73 0.45

Z(b b̄) �� 0.90 0.54 0.36 0.67

t t̄ (� 1 leptons) 4.98 3.04 1.94 0.64

t t̄ � (� 1 leptons) 3.61 2.29 1.32 0.58

Total Background 92.63 58.42 34.21 0.59

Significance Z 1.163 1.090 0.487

Combined significance 1.194
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FIG. 7. HL-LHC: Required luminosity for 95% CL sensitivity at the 14 TeV HL-LHC versus

�3H . Here we assume that the top-Yukawa coupling takes the SM value.

IV. SIMULATIONS, EVENT SELECTIONS, AND ANALYSIS AT THE HL-100

TEV COLLIDER

In this section, through the HH ! bb̄�� channel, we estimate how well one can measure

the �3H coupling at a 100 TeV hadron collider assuming a nominal luminosity of 3 ab�1 or at

the HL-100 TeV hadron collider. We basically follow the procedures that we took in the last

section for the 14 TeV HL-LHC case, though some selection cuts may be changed because

of the much higher center-of-mass energy. We have taken a crude estimate projected from

the current LHC detectors for the PT and ⌘ coverage for jets, leptons, and photons without

any specific detector designs available for the 100 TeV hadron collider.

A. Parton-level event generations and detector simulations

The same signal and backgrounds are considered as in the 14 TeV case. The Monte Carlo

generators, the cross sections, and the orders of QCD calculation are shown in Table VII.

Note that, for some backgrounds, the orders in QCD are di↵erent compared to the 14 TeV

case. Otherwise, the calculational methods taken for the signal and background samples are

23

FIG. 6. HL-LHC: Significance of the signal over the background versus �3H . The orange and

green bands represents the impact of the uncertainties associated with the top-Yukawa coupling

and the estimation of backgrounds, respectively, and the yellow one the impact of both of the

uncertainties. The black solid line is for the case when g
S
t = 1 and b = 92.63, see Table VI.

the triangle and box diagrams together with, especially for |�3H | > 1, the enhancement

of kinematical features of the triangle diagram or the smaller Higgs-pair invariant mass of

M��bb, the wider angular separations of �R�� ,bb, and the smaller transverse momenta of

P �� ,bb

T
.
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HL-LHC 

3 H(→ bb̄)H(→ γγ) Analysis

Signal events will be selected by requiring that they contain at least two photons and two b-jets, and

applying pT , invariant mass and angular selection criteria. There are several processes which constitute

irreducible backgrounds in this channel, since they include two real photons and two real b-jets in

their final state. Those considered to be most important, and therefore selected for study are: bb̄γγ,

tt̄H(γγ), Z(bb̄)H(γγ) and bb̄H(γγ). In addition to these irreducible backgrounds, significant reducible

contributions are also possible from final states in which one or more objects are misidentified, such

as a light flavour jet or c-jet being mis-identified as a b-jet, or an electron or light flavour jet ( j) being

misidentified as a photon. The possible contribution from each of these processes depends on the

mis-identification probability (‘fake rate’) for each type of object. Therefore, based on the estimated

magnitude of the various fake rates and the cross sections of the processes in question, those expected

to make the most significant background contributions are: j jγγ, cc̄γγ, bb̄γ j, tt̄ and tt̄γ. There may

possibly be other final states which contribute at various levels; for example, in this analysis no explicit

study has been made of the effect of additional objects from multiple interactions per bunch-crossing,

such as b-jets (both fake and real) arising from pile-up collisions.

3.1 Signal and Background Generation

Only the dominant gluon-gluon fusion production mode is included in the signal generation. Inclusive

di-Higgs samples were obtained with Madgraph 5 [12], at LO (with finite top mass). Higgs decays

and parton showering were generated using Pythia 8 [13]. The event yields were normalized to the

NNLO cross-sections of Ref. [4] and [5] (using infinite top mass approximation). Events were produced

with four different self-coupling strengths: λHHH = 0 corresponding to the case of no Higgs self

interaction, λHHH = λ
S M
HHH corresponding to the Standard Model expection, and λHHH = 2(10)× λS M

HHH

corresponding to a value twice (ten times) that of the Standard Model, see Table 2. Henceforth, the

ratio λHHH/λ
S M
HHH will be referred to simply as λ/λS M, and unless otherwise stated, the signal sample

referred to in the text is that with λHHH = λ
S M
HHH

or λ/λS M = 1. Additional signal Monte Carlo samples

with λ/λS M = 1 were showered with Pythia 6 [14] in order to investigate the impact of different parton

showering on the signal acceptance.

The background samples were generated using MadGraph 5 [15] and showered with Pythia 8,

with the exceptions of tt̄ which was produced with MC@NLO [16] and JIMMY [17], Z(bb̄)H(γγ)

for which Pythia 8 was used for generation and showering, and tt̄H(γγ) which was generated using

POWHEG [18]. The backgrounds bb̄γγ, bb̄γ j, bb̄ j j, cc̄γγ and j jγγ were generated inclusively (e.g. an

additional jet in the tree-level matrix element is allowed), with a pT threshold for jet/photon generation

of 20 GeV. The underlying event effects are generated as part of the showering process but multiple

parton interactions and pile-up are not included.

All of the Monte Carlo samples used can be found in Table 2, along with their cross sections

(including filter efficiencies), the number of events produced, and the equivalent luminosity of the

sample. The single-Higgs processes are normalized to the NNLO cross-sections, except ttH and bbH

which are predicted only at NLO, as recommended by the LHC cross-section working group [19]. The

cross sections of the non-Higgs background samples at LO are used2 , with the exception of tt̄ which

is scaled to match NNLO cross section calculations at 14 TeV [21]. These background samples are

categorised according to the generated LO and LO plus extra jets matrix element processes, and so

within the γγ j j sample it is possible that there are, for example, significant contributions from b or c

2Based on calculations presented in Ref. [20], k-factors may be expected to be around ∼ 1.4
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TABLE XII. The same as in Table VI but at the HL-100 TeV hadron collider with an integrated

luminosity of 3 ab�1.

Expected yields (3000 fb�1) Total Barrel-barrel Other Ratio (O/B)

Samples (End-cap)

H(b b̄)H(� �), �3H = �4 5604.46 4257.36 1347.10 0.32

H(b b̄)H(� �), �3H = 0 1513.56 1163.04 350.52 0.30

H(b b̄)H(� �), �3H = 1 941.37 723.86 217.51 0.30

H(b b̄)H(� �), �3H = 2 557.36 431.45 125.91 0.29

H(b b̄)H(� �), �3H = 6 753.18 566.18 187.00 0.33

H(b b̄)H(� �), �3H = 10 3838.33 2924.25 914.08 0.31

gg H(� �) 890.47 742.97 147.50 0.20

t t̄ H(� �) 868.73 659.33 209.40 0.32

Z H(� �) 168.86 122.91 45.95 0.37

b b̄H(� �) 9.82 7.00 2.82 0.40

b b̄ � � 783.87 443.70 340.17 0.77

c c̄ � � 222.88 111.44 111.44 1.00

j j � � 32.28 20.98 11.30 0.54

b b̄ j � 1982.88 1516.32 466.56 0.31

c c̄ j � 293.81 216.49 77.32 0.36

b b̄ j j 3674.16 1924.56 1749.60 0.91

Z(b b̄) �� 54.87 35.72 19.15 0.54

t t̄ (� 1 leptons) 59.32 38.32 21.00 0.55

t t̄ � (� 1 leptons) 105.68 62.53 43.15 0.69

Total Background 9147.63 5902.27 3245.36 0.55

Significance Z 9.681 9.239 3.777

Combined significance 9.981
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FIG. 9. HL-100 TeV: (Left) The number of signal events N versus �3H with 3 ab�1. The

horizontal solid line is for the number of signal events s when �
in
3H = 1 and the dashed lines for

s ±�s with the statistical error of �s =
p
s+ b. (Right) The 1-� error regions versus the input

values of �in
3H assuming 3 ab�1 (black) and 30 ab�1 (red).

we show the regions in which one can determine the �3H coupling within an absolute error

of 0.3 (either upper or lower error) along the �out
3H = �in

3H line assuming 3 ab�1 (upper panel)

and 30 ab�1 (lower panel). The green-shaded regions around �3H = 3.5 denote the bulk

regions. We observe that, when �3H <
⇠ 1.6 (2.4) or �3H >

⇠ 5.9 (5.3), one can pin down the

�3H coupling with an absolute error smaller than 0.3 assuming 3 (30) ab�1. At the SM value

of �3H = 1, specifically, we observe that the coupling can be measured with about 20 (7) %

accuracy assuming the integrated luminosity of 3 (30) ab�1 which is about 2 times better

than the results reported in Ref. [31].

Before moving to Conclusions, we would like to comment that the bulk region can be

shifted by adopting a di↵erent set of selection cuts and it may help if it turns out that �3H

falls into the bulk region in future.
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Outlook for HH 

✤ Probing the self-interactions of the Higgs boson is 
necessary for understanding the EWSB sector.


✤ At HL-LHC, constrain only -1 ≤ lambda_3H < 7.6. 
Significance is not high enough to establish the SM 
value.


✤ At HL-100, 3ab-1 can measure lambda_3H well, 
except for 2.6 < lambda_3H < 4.8. The SM value can 
be measured with 20% accuracy.


