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The Standard Model of particle physics

The Standard Model 
describes all observed 
elementary particles and their 
electromagnetic, weak, and 
strong interactions

It has proven to be a 
remarkably successful 

theory

Accounts for the outcome of 
every high-energy particle 
physics experiment to-date 
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• どんな模型があるか: いろいろなアイデア
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• フェルミオンとの相互作用がゲージではない

• 今もなお標準模型の中で最もミステリアスな部分
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• 一方、標準模型で説明出来ていた数多くの実験事象を説明出来るか？

• 実験と合わない結果を導かないか？

• その複雑な相互作用のため、最近まで満足のいく解析ができなかった



複合ヒッグス模型の最新の研究結果
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FIG. 3: Fermionic mσ and gluonic mG effective masses (re-
spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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mass are not relevant given the larger statistical error.

0 0.02 0.04 0.06 0.08 0.1 0.12
mf

0

0.1

0.2

0.3

0.4

0.5

0.6
m

" (L=30)
! (L=24)
! (L=30)
! (L=36)
G (L=24)
hyperscaling fit

FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
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is important, the most pressing future direction is to
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QCDにおける π と σ (シグマ)

• 谷に添って動くモード:        π          ゼロ質量複合粒子  (ud),  (du),  (uu-dd)

• 等高線と垂直に動くモード: σ          ミステリアスな複合粒子 (uu+dd)

• 実世界では:

• mπ = 135 MeV

• mσ = 400～550 MeV

• QCDのスケール: π崩壊定数

• fπ = 93 MeV    インプット

• mσ/fπ ～ 5

• 他の複合粒子(陽子,中性子…)の質量はクォーク質量を決めれば全て決まる
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• 質量：進みにくさの指標:   水がまとわりつき進みにくくなる
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• 3つのクォークの質量の和は高々 0.01 GeV 程度

• 99%はQCDのカイラル対称性の破れ?

• 理論計算による実証

Light Hadron Masses and Decay Constants Enno E. Scholz

mu [MeV] md [MeV] mu/md
MILC 1.96(0)(6)(10)(12) 4.53(1)(8)(23)(12) 0.432(1)(9)(0)(39)
Aubin et al. 1.7(0)(2)(2)(1) 4.4(0)(2)(4)(1) 0.39(1)(3)(0)(4)

Table 3: The up and down quark masses mu, md (MS-scheme, µ = 2GeV) and their ratio from [22, 35]
(preliminary results).
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Figure 5: The mass spectrum
of the light hadrons from dy-
namical lattice QCD simulations
(from [49, 14, 50, 51, 52, 53,
54], see text for details), com-
pared to the masses and widths
(solid and dashed lines, resp.)
observed in Nature [36].

a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
one needs three (or two in the case of non-strange hadrons only) input parameters. In all the anal-
yses discussed here, the pion and kaon masses have been used for the quark masses, while choices
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results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
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a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
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a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
one needs three (or two in the case of non-strange hadrons only) input parameters. In all the anal-
yses discussed here, the pion and kaon masses have been used for the quark masses, while choices
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• 格子ゲージ理論＋スーパーコンピュータ
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a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
one needs three (or two in the case of non-strange hadrons only) input parameters. In all the anal-
yses discussed here, the pion and kaon masses have been used for the quark masses, while choices
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QCDによる質量獲得

• 陽子: udu          中性子:  udd              質量は約 1 GeV = 1000 MeV

• 3つのクォークの質量の和は高々 0.01 GeV 程度

• 99%はQCDのカイラル対称性の破れ?

• 理論計算による実証

• πだけは軽い

• QCDの複合粒子で最も軽い

• 格子ゲージ理論＋スーパーコンピュータ

• QCDの研究で大成功をおさめている
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a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
one needs three (or two in the case of non-strange hadrons only) input parameters. In all the anal-
yses discussed here, the pion and kaon masses have been used for the quark masses, while choices
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QCDによる質量獲得

• 陽子: udu          中性子:  udd              質量は約 1 GeV = 1000 MeV

• 3つのクォークの質量の和は高々 0.01 GeV 程度

• 99%はQCDのカイラル対称性の破れ?

• 理論計算による実証

• πだけは軽い

• QCDの複合粒子で最も軽い

• 格子ゲージ理論＋スーパーコンピュータ

• QCDの研究で大成功をおさめている

• 3つのパラメタで全て説明できている
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Aubin et al. 1.7(0)(2)(2)(1) 4.4(0)(2)(4)(1) 0.39(1)(3)(0)(4)

Table 3: The up and down quark masses mu, md (MS-scheme, µ = 2GeV) and their ratio from [22, 35]
(preliminary results).
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a summary of their preliminary results. The RBC-UKQCD Collaboration presented preliminary
results for the mass splittings at this conference, where the electro-magnetic effects have been
included in the lattice measurements of Nf = 2 and Nf = 2+1 QCD via quenched QED [48].

2. Hadron spectrum from lattice QCD

After limiting the discussion to the light pseudo-scalar sector in the previous section, I will
now include light vector and scalar mesons and light baryons as well, turning to the complete
light hadron spectrum. The mass spectrum of the light hadrons has been extracted from lattice
simulations by various groups up to now, providing a good cross-check between the different lat-
tice fermion formulations, experimental inputs and extrapolation methods used. In Fig. 5 I show
a compilation of some recent results for the light meson masses and octet and decuplet baryon
masses from lattice simulations compared with the masses (and widths) observed in Nature [36].
Obviously, the lattice simulation results are consistent among each other and reproduce the exper-
imentally measured values. As already discussed in the previous section, to fix the quark masses
(mud and ms or just mud if only non-strange hadrons are considered) and the overall lattice scale,
one needs three (or two in the case of non-strange hadrons only) input parameters. In all the anal-
yses discussed here, the pion and kaon masses have been used for the quark masses, while choices
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FIG. 3: Fermionic mσ and gluonic mG effective masses (re-
spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
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the following salient features: 1. Small taste–symmetry
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12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
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boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].

Acknowledgments.– Numerical simulation has been car-
ried out on the supercomputer system ϕ at KMI in
Nagoya University, and the computer facilities of the Re-
search Institute for Information Technology in Kyushu
University. This work is supported by the JSPS
Grant-in-Aid for Scientific Research (S) No.22224003,
(C) No.23540300 (K.Y.), for Young Scientists (B)
No.25800139 (H.O.) and No.25800138 (T.Y.), and also
by Grants-in-Aid of the Japanese Ministry for Scien-
tific Research on Innovative Areas No.23105708 (T.Y.).
E.R. was supported by a SUPA Prize Studentship and
a FY2012 JSPS Postdoctoral Fellowship for Foreign
Researchers (short-term). We would like to thank
Luigi Del Debbio and Julius Kuti for fruitful discussions.



複合ヒッグス模型の最新の研究結果

• σ: 難問として知られている

• 1万個ほどの真空(積分点)を使う

4

0 2 4 6 8 10
t

0

0.2

0.4

0.6

0.8

1

m
ef

f

G
!

FIG. 3: Fermionic mσ and gluonic mG effective masses (re-
spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.

0 0.02 0.04 0.06 0.08 0.1 0.12
mf

0

0.1

0.2

0.3

0.4

0.5

0.6

m

" (L=30)
! (L=24)
! (L=30)
! (L=36)
G (L=24)
hyperscaling fit

FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
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mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
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not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
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appearance of a state lighter than the π state, as it is
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12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
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each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
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each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
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spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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at large t ∼ 6 in spite of our high statistics; it implies
that the obtained value gives an upper limit of the scalar
meson mass. Figure 2 and Table 1 show that the mass of
the σ is of the same order as the mass of the ρ; we remark
that the 2π threshold is higher than the σ in our simu-
lation. We have checked that the effective mass method
gives essentially the same result as that given above.
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FIG. 1: Propagators of the connected and disconnected dia-
grams of the σ for κ = 0.1874.
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FIG. 2: Propagators of the π, ρ and σ for κ = 0.1874.

Figure 1 shows the individual contributions of the con-
nected and disconnected parts of the σ propagator, which
reaches a plateau at t ≥ 5, since the precision of our cal-
culation is limited to O(G(t)) ∼ 10−4. The connected
part shows clear signals of a rapid damping with small
error bars. We note that the connected part of the σ
propagator can be regarded as the one of the a0 meson
provided that the difference between the u-quark and the
d-quark is neglected. Therefore, the rapid damping of
the connected part of the σ propagator is in accordance

with the fact that the a0 is heavier than the ρ. Figure 1
shows that the disconnected part dominates the σ prop-
agator. By comparing Fig.2 with Fig.1, we see that the
σ as a light meson results from the disconnected part
of the σ propagator with the background vacuum con-
densate subtracted, which are odd with the constituent
quark model. In the naive sense, the connected quark di-
agram corresponds to the constituent quarks in the SU(3)
non-relativistic quark model where the OZI rule is satis-
fied. This may give a clue to clarify the physical content
of the σ meson, as will be discussed later. The mass of
the connected σ (the a0) shown in Table 1 is almost 2.5
times of the ρ mass and exhibits only a weak dependence
on the hopping parameter, suggesting an irrelevance of
chiral symmetry to the a0 meson.
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FIG. 3: m2
π, mρ, mσ and 2mπ in the lattice unit as a function

of the inverse hopping parameter. The chiral limit is given by
κc = 0.195(3).

In Fig.3, we display m2
π, mρ, mσ and 2mπ in lattice

units as a function of the inverse hopping parameter. As
the chiral limit is approached, the σ meson mass obtained
from the full σ propagator decreases and eventually be-
comes smaller than the ρ meson mass in the chiral limit.

We have also calculated the κ meson using the same
configurations. We take the same hopping parameter val-
ues for u and d quarks and use the following three values
for the s quark hopping parameter, κs = 0.1835, 0.1840
and 0.1845. The ratios mκ/mK∗ and mK/mK∗ at the
chiral limit are listed in Table 2. One may notice that all
the three values of κs fairly reproduce the physical mass
ratio, mK/mK∗ in the chiral limit of the u- and d-quarks.
A more notable point is that the resultant κ mass hardly
changes with the variation of κs and is almost twice as
heavy as the K∗; i.e., the κ is not degenerated with the σ,
although they should belong to the same nonet. The ori-
gin to lift the octet-singlet degeneracy may be attributed
the following facts; because of the strangeness content,

QCD: SCALAR collaboration 2003
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].

Acknowledgments.– Numerical simulation has been car-
ried out on the supercomputer system ϕ at KMI in
Nagoya University, and the computer facilities of the Re-
search Institute for Information Technology in Kyushu
University. This work is supported by the JSPS
Grant-in-Aid for Scientific Research (S) No.22224003,
(C) No.23540300 (K.Y.), for Young Scientists (B)
No.25800139 (H.O.) and No.25800138 (T.Y.), and also
by Grants-in-Aid of the Japanese Ministry for Scien-
tific Research on Innovative Areas No.23105708 (T.Y.).
E.R. was supported by a SUPA Prize Studentship and
a FY2012 JSPS Postdoctoral Fellowship for Foreign
Researchers (short-term). We would like to thank
Luigi Del Debbio and Julius Kuti for fruitful discussions.



複合ヒッグス模型の最新の研究結果

• σ: 難問として知られている

• 1万個ほどの真空(積分点)を使う

• ある程度のシグナルが出た!

• 新クォークは１２個

• 横軸はインプットクォーク質量

• QCD(軽いクォーク２個)ではπが最も軽かった

• 12個ではσが最も軽い

4

0 2 4 6 8 10
t

0

0.2

0.4

0.6

0.8

1

m
ef

f

G
!

FIG. 3: Fermionic mσ and gluonic mG effective masses (re-
spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
curve is described in the text. The triangle and filleds square
symbols are slightly shifted for clarity.

each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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FIG. 3: Fermionic mσ and gluonic mG effective masses (re-
spectively from correlators in Eq. (4) and Eq. (5)) for L = 24
and mf = 0.06. The fitted masses are highlighted by dashed
and dotted-dashed lines for the gluonic correlators and dotted
lines for the fermionic one. Systematics effects on the gluonic
mass are not relevant given the larger statistical error.
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FIG. 4: The mass of the flavor–singlet scalar meson σ (see
Table I) compared to the mass of the pseudo–scalar π state
and the mass mG from gluonic operators. Errors are statis-
tical and systematics added in quadrature. The hyperscaling
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each parameter. For mσ on the largest two volumes at
each mf , finite size effects are negligible in our statis-
tics. For a check of consistency with the hyperscaling of
mπ, we fit mσ on the largest volume data at each mf

using the hyperscaling form mσ = C(mf )1/1+γ with a
fixed γ = 0.414 estimated from mπ [10], which gives a
reasonable value of χ2/dof = 0.12. The fit is shown in
Fig.4. We remind here that the fitted data points have
mπL > 11.5, as can be checked from Table. I. We also es-
timate the ratio mσ/mπ at each parameter and report it
in Table I. All the ratios are smaller than unity by more
than one standard deviation including the systematic er-
ror, except the one atmf = 0.06 on L = 30, as previously
explained. A constant fit with the largest volume data at

each mf gives 0.86(3). These results are consistent with
the theory being infrared conformal. Moreover they do
not show an abnormal mf dependence of mσ similar to
the one observed in Ref. [23], by which an effect of an
unphysical phase boundary would have been suspected.

To summarize, we performed the first study of the
scalar flavor–singlet state in Nf = 12 QCD using
fermionic and gluonic interpolating operators. The most
striking feature of the measured scalar spectrum is the
appearance of a state lighter than the π state, as it is
shown in Fig. 4. Such a state appears both in gluonic
and fermionic correlators at small bare fermion mass.
Clear signals in our simulations were possible thanks to
the following salient features: 1. Small taste–symmetry
breaking, 2. Efficient noise–reduction methods, 3. Large
configuration ensembles, and 4. Slow damping of D(t)
thanks to small mσ.

We regard the light scalar state observed for Nf = 12
in this study, as a reflection of the dilatonic nature of the
conformal dynamics, since otherwise the p–wave bound
state (scalar) is expected to be heavier than the s–wave
one (pseudo–scalar). Thus, it is a promising signal for
a walking theory, where a similar conformal dynamics in
a wide infrared region should be operative in the chiral
limit to form a dilatonic state with mass of O(Fπ), in
such a way that the tiny spontaneous–breaking–scale Fπ

plays the role of mf (cfr. Ref. [11]).

While further investigation of the scalar state in Nf =
12 QCD, such as a possible lattice spacing dependence,
is important, the most pressing future direction is to
look at more viable candidates for walking technicolor
models. For example, it will be interesting to investi-
gate the scalar spectrum of the Nf = 8 SU(3) theory,
which was shown to be a good candidate for the walking
technicolor [11], where the scalar state could be identi-
fied with the technidilaton, a pseudo Nambu–Goldstone
boson coming from the dynamical breaking of conformal
symmetry. There actually exists an indication of such a
light scalar in Nf = 8 QCD [38].
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まとめと展望

• 複合ヒッグスで説明できる可能性のある問題:

• 物質優勢宇宙

• 暗黒物質

• …

• 面白い問題が数多く残っている

• KMI では今後も精力的に新法則の探求を行って行きます





ご清聴ありがとうございました


