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観測されているハドロン (2018)
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観測されているハドロン (2020)
Particle Data Group (PDG) 2020年版JP
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導入：エキゾチックハドロンの現状



6

QCDとカラーの閉じ込め
QCDラグランジアン : カラーSU(3)ゲージ対称性

- クォーク  : カラー qi, f 3

- 反クォーク  : カラー q̄i, f 3̄

- グルーオン  : カラー Aa
μ 8

実験事実であり、QCDからは理解されていない

カラーの閉じ込め：カラー１重項状態のみ観測可能

- メソン  : qq̄ 3 ⊗ 3̄ = 1 ⊕ 8

- バリオン  : qqq 3 ⊗ 3 ⊗ 3 = 1 ⊕ 8 ⊕ 8 ⊕ 10

- なぜ  状態は禁止されるのか？3, 8, 10, . . .

ℒQCD = −
1
4

Ga
μνGa,μν + q̄i, f (iγμ(Dμ)ij − mf δij)qj, f

導入：エキゾチックハドロンの現状
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エキゾチックハドロン（よくある説明）

問題点：クォーク模型はQCDではない

- エキゾチックハドロン
 ～  以外の状態qq̄, qqq

- どのようにして同定するか？

PTEP 2016, 062C01 A. Hosaka et al.

Fig. 1. Charmonium spectrum (black solid bars) with some X , Y , Z states (red solid bars) in comparison with
the results of a conventional quark model for cc̄ states (blue dashed bars) [15].

The situation has changed radically due to the high statistics e+e− collision data accumulated by
B-factory experiments [9]. Originally their data were collected to perform a comprehensive study of
the C P violation in B meson decays. At the same time, the high statistics data with abundant charm
and bottom productions brought an ideal playground for the study of heavy hadron spectroscopy. In
particular, the states called “X , Y , Z” are thought to be candidates for exotic hadrons, and have been
attracting a lot of attention to reveal unvisited areas of QCD.

Such activities were initiated around 2003, which is the year when the first observation of X (3872)

was reported [10]. Interestingly, an observation of another candidate for an exotic state, the pen-
taquark !+ baryon, was also reported in the same period, which together with X (3872) triggered
diverse activities in both theoretical and experimental studies [11,12]. In this review, we describe the
“X , Y , Z” states as best established states discovered by Belle as well as other relevant experiments
and discuss their theoretical interpretations.

Historically, exotic states, in fact multiquark states, had already been pointed out by Gell-Mann in
his original paper of the quark model in 1964 [1]. Before the discovery of the charm (heavy) quark,
the situation for the light quark sector of u, d, s quarks was somewhat complicated, due to their light
masses which are comparable to the QCD scale of several hundred MeV. On the contrary, the masses
of c and b quarks are large, approximately 1.5 GeV/c2 and 5 GeV/c2, respectively. Because of their
large masses well-separated from the QCD scale, their description based on heavy constituent quark
wave functions is well established. The success of the quark model with a static potential for heavy
quarkonium systems may be explained by non-relativistic QCD (NRQCD) [13] or potential non-
relativistic QCD (pNRQCD) [14]. In pNRQCD, the hierarchy of m " mv " mv2 for small velocity
v justifies the use of a potential for non-relativistically slowly moving heavy quarks.

In Fig. 1, a charmonium spectrum is shown with some X , Y , Z particles. The experimentally
observed spectrum is shown by solid bars, and is compared with the predictions of the conventional
c̄c quark model [15]; naive assignment is also shown. Below the open charm threshold of DD̄,
DD̄∗, and D∗ D̄∗ the agreement between experiment and theory is remarkable, as anticipated by
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A. Hosaka et al., PTEP 2016, 062C01 (2016)

よくある判定方法
- 構成子クォーク模型
- エキゾチックハドロン
 ～クォーク模型に合わない状態

チャーモニウム

メソン、バリオン以外のカラー１重項は？
- qqq̄q̄, qqqqq̄, qq̄g, gg, …

導入：エキゾチックハドロンの現状
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QCDの空間対称性
対称性によるエキゾチックハドロンの分類1

- パリティ  : Z2 r → − r

- 回転  : SO(3) r → Rr

—> ハドロンはスピン・パリティ  で分類される。JP

QCDの内部対称性
- 位相変換  : U(1)V q → eiθq, q̄ → e−iθq̄

- 注意：保存されるのは nq − nq̄

—>  と  は  では区別できないqq̄ qqq̄q̄ B

—> ハドロンはバリオン数  で分類される。B

 状態：メソン、  状態：バリオンB = 0 B = 1

保存量子数による状態の定義

導入：エキゾチックハドロンの現状
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フレーバー対称性
対称性によるエキゾチックハドロンの分類2

—> ハドロンはアイソスピン  （電荷  ）で分類されるI Q

- アイソスピン ：SU(2) (u
d) → U (u

d)

—>  のメソン（電荷 ）は  でない：エキゾチック！ I ≥ 2 |Q | ≥ 2 qq̄

 への拡張：エキゾチックネスSU(3)
T. Hyodo, D. Jido, A. Hosaka, PRL97, 192002 (2006); PRD75, 034002 (2007)

 クォークのみで構成されるメソンの  ( )u, d I q, q̄ : I = 1/2

-        : qq̄ I = 0, 1

-     : qqq̄q̄ I = 0, 1, 2

-  : qqqq̄q̄q̄ I = 0, 1, 2, 3

 対消滅できないqq̄

保存量子数による状態の定義

u u
d̄

d̄

導入：エキゾチックハドロンの現状
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対称性によるエキゾチックハドロンの分類3
エキゾチックハドロンは保存量子数で分類される

メソン B = 0バリオン B = 1

量子数エキゾチックハドロン（  以外の状態）q̄q, qqq

- JP = 0−, I = 1
- JP = 1−, I = 1
- JP = 0−, I = 1/2, S = ± 1

- …

- JP = 1/2+, I = 1/2
- JP = 3/2+, I = 3/2
- JP = 1/2−, I = 0, S = − 1

- …

- JP = 0−, I = 2- JP = 1/2+, I = 0, S = + 1
- …- …

導入：エキゾチックハドロンの現状
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実験でのエキゾチックハドロン1
量子数エキゾチック候補

the calculated direction had a large uncertainty in this
case. Finally, we rejected 108 events for which the hit
position in the SSD agreed with the expected hit position
within 45 mm in the vertical or horizontal direction. The
cut points correspond to about !2! resolution for events
that are affected by the Fermi motion. A total of 109
events satisfied all the selection criteria.We call this set of
events the ‘‘signal sample.’’

In case of reactions on nucleons in nuclei, the Fermi
motion has to be taken into account to obtain appropriate
missing-mass spectra. To evaluate this effect, we studied
the "n ! K"!# ! K"##n sequential process as an ex-
ample, where the K" and ## were detected. The missing
masses, MM"K" and MM"K"## , were obtained for the
N$"; K"%X and N$"; K"##%N channels by assuming that
the nucleon in 12C is at rest with the mass equal to MN .
Both the missing masses are smeared out due to the Fermi
motion of nucleons in 12C. However, since the nucleons in
the two channels are identical, the two missing masses
have a strong correlation as shown in Fig. 2(a).
Accordingly, the missing mass corrected for the Fermi
motion, MMc

"K" , is deduced as

MMc
"K" & MM"K" #MM"K"## "MN: (1)

The correction in Eq. (1) compensates spreads not only
due to the Fermi motion but also due to the experimental
resolutions and the binding energy of the nucleon in the
initial state, although the Fermi motion effect is the major
contribution here. Note that this correction is not a good
approximation for events with MM"K"## far from the
nucleon rest mass. The missing-mass distributions before
and after the correction are compared in Fig. 2(b). Only
after the correction, the " (from "p ! K"" !
K"##p) and the !# peaks are separated. The correction
is good in case of a decay with a small Q value, where the
velocity of the hyperon is nearly the same as that of the
decaying nucleon. This is seen in the small width of the "

in the missing-mass spectrum in Fig. 2(b), where about
half of the contributions are due to reactions on protons in
12C. On the other hand, the large width of the mass
spectrum for the !# is due to the imperfection of the
correction caused by a large Q value. The spectrum with a
measured width (!) of 18 MeV=c2 is well reproduced by
a Monte Carlo simulation using the impulse approxima-
tion for the reaction from a neutron whose momentum
distribution is generated according to a harmonic oscil-
lator potential. The Monte Carlo simulation shows that
the width is dominated by incomplete cancellation of the
Fermi motion effect. Contributions of the binding energy
in 12C to the peak position and the width in the corrected
spectrum are likely smaller than 10 MeV=c2.

The missing-mass MMc
"K! for K"K# events is cor-

rected for the Fermi motion in the similar procedure.
The corrected missing mass is given by

MMc
"K! & MM"K! #MM"K"K# "MN: (2)

In Fig. 3(a), the corrected K" missing-mass distribu-
tion for the 109 events that satisfy all the selection
conditions is compared with that for the 108 events
for which a coincident proton hit was detected in the
SSD. In the latter case, a clear peak due to the "" p !
K""$1520% ! K"K#p reaction is observed. The
"$1520% peak does not exist in the case that the proton-
rejection cut in the SSD is applied as shown in the signal
sample. This indicates that the signal sample is domi-
nated by events produced by reactions on neutrons.

Figure 3(b) shows the corrected K# missing-mass dis-
tribution of the signal sample. A prominent peak at
1:54 GeV=c2 is found. It contains 36 events in the peak
region 1:51 ' MMc

"K# < 1:57 GeV=c2. The broad back-
ground centered at (1:6 GeV=c2 is most likely due to
nonresonant K"K# production because the events in the
bump do not show any noticeable structure in the K"

missing-mass nor in the invariant K"K# mass spectra
and the beam-energy dependence of the production rate
reflects the phase space expansion with the energy. To
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FIG. 2. (a) A scatter plot of MM"K" vs MM"K"## for K"##

photoproductions at the SC. (b) The missing mass, MMc
"K" ,

spectra for the K"## events from the SC (solid histogram)
and for Monte Carlo events for the "n ! K"!# channel
(dotted curve) calculated via Eq. (1). The dashed histogram
shows the missing mass spectrum without the Fermi-motion
correction, MM"K" the projection of the events in (a) on to the
vertical axis.
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FIG. 3. (a) The MMc
"K" spectrum [Eq. (2)] for K"K# pro-

ductions for the signal sample (solid histogram) and for events
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(b) The MMc

"K# spectrum for the signal sample (solid histo-
gram) and for events from the LH2 (dotted histogram) nor-
malized by a fit in the region above 1:59 GeV=c2.
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Θ+(S = + 1, B = 1)

- その後、高統計の実験により排除された（PDGに掲載なし）

A. Aktas et al. (H1), PLB 588, 17 (2004)
1:864! 0:005 GeV=c2. Compared to the !""

3=2 , a smaller
rate is expected for the !0

3=2 due to the additional cuts and
the competing !0!0 decay channel. Extrapolating from
the yield ratio of about 0.5 between !# and !" [20], one
also expects a weaker signal for the !##

3=2 and !0
3=2.

Since the two summed particle plus antiparticle mass
spectra have their peaks at positions which are closer
than the mass resolution of the detector, they can be added
to determine a combined significance. The sum of the
four mass distributions is displayed in Fig. 3(a). The
signal is now S $ 69 events over a background of B $
75, increasing the significance from the simple estimate
S=

!!!!!!!!!!!!!

S# B
p

to 5:8". Figure 3(b) shows the combinatorial
background subtracted distribution. A Gaussian fit to the
peak yields a mass value of 1:862! 0:002 GeV=c2 and a
FWHM $ 0:017 GeV=c2 with an error of 0:003 GeV=c2,
largely due to the uncertainty in the background subtrac-
tion. The systematic error on the absolute mass scale
determined from a fit to the !%1530&' (not shown) is
below 0:001 GeV=c2.

The detector response to the !""
3=2 resonance with a

mass of 1:86 GeV=c2 was estimated from simulation. The
!""

3=2 was generated with zero mass width, a flat rapidity,
and a thermal transverse momentum distribution with an
inverse slope parameter of 160 MeV. These events were
tracked through the detector using GEANT 3.21 followed
by a full simulation of the NA49 apparatus response. They
were then reconstructed with the same software as used
for real events. The resulting mass distribution had a
FWHM ( 0:018 GeV=c2, consistent with the observed
width of the !""

3=2 resonance peak. The same detector
simulation chain was also applied to " and ! production.
The curves in Fig. 1 demonstrate good agreement with the
measured line shapes and thus confirm the reliability of
the simulation.

The robustness of the !""
3=2 peak was investigated by

varying the dE=dx cut used for particle selection, by
changing the width of accepted regions around the nomi-
nal !" and " masses, by investigating different event
topologies (e.g., the number of ! mesons per event), by
selecting tracks with different number of clusters, as well
as by using different bx and by cuts. Further, the influence
of resonances (including the possibility of particle mis-
identification) which could affect the observed peak was
checked by excluding them from the data. In all cases the
peak at 1:86 GeV=c2 proved to be robust. Events gener-
ated by the VENUS model [21] were used to verify that
the peak is not an artifact of the reconstruction. Finally, a
detailed visual inspection of computer displays of the
events with !""

3=2 candidates did not reveal any obvious
problem in their quality.

In summary, this analysis provides the first evidence
for the existence of a narrow baryon resonance in the
!"!" invariant mass spectrum with a mass of 1:862!
0:002 GeV=c2 and a width below the detector resolution
of about 0:018 GeV=c2. The significance is estimated to
be above 4:2". This state is a candidate for the exotic
!""

3=2 baryon with S $ "2, I $ 3
2 , and a quark content of

(dsds #uu). Further, in the !"!# invariant mass spectrum
at the same mass an indication is observed of the !0

3=2
member of this isospin quartet with a quark content of
(dsus #dd). Also, the corresponding antiparticle spectra
show enhancements at the same invariant mass. Sum-
ming the four mass distributions increases the signifi-
cance of the peak to 5:8".

The evidence for an exotic !"!" resonance together
with the indication of a !"!# resonance at the same
mass represents an important step towards experimental
confirmation of the predicted baryon antidecouplet of
pentaquark states. Definitive identification and exclusion
of alternative interpretations require the determination of
spin, parity, and isospin of the observed states.

This work was supported by the U.S. Department of
Energy Grant No. DE-FG03-97ER41020/A000, the
Bundesministerium für Bildung und Forschung,
Germany, the Polish State Committee for Scientific
Research (2 P03B 130 23, SPB/CERN/P-03/Dz 446/
2002–2004, 2 P03B 02418, 2 P03B 04123), the
Hungarian Scientific Research Foundation (T032648,
T032293, and T043514), the Hungarian National
Science Foundation, OTKA (F034707), and the Polish-
German Foundation.
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FIG. 3 (color online). (a) The sum of the !"!", !"!#,
!#!", and !#!# invariant mass spectra. The shaded histo-
gram shows the normalized mixed-event background.
(b) Background subtracted spectrum with the Gaussian fit to
the peak.
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Θc(C = − 1, B = 1)H1 Collaboration / Physics Letters B 588 (2004) 17–28 23

Fig. 2. Distributions in M(D∗p) for (a) opposite-charge and (b)
same-charge D∗p combinations. The data are compared with a
two-component background model in which “wrong charge D”
K±π± combinations are used to describe non-charm related
background and the “D∗ MC” simulation describes background
involving real D∗ mesons.

and D∗+p̄ combinations (see Section 4). The dis-
tribution for the same-charge combinations shows a
small enhancement in the M(D∗p) region in which
the opposite-charge signal is observed.
The background distributions for the D∗p combi-

nations are modelled by the sum of two contributions,
which are shown in Fig. 2. Background from random
combinations not involving charm is modelled using
the “wrong charge D” combinations, as described in
Section 2.3, combined with proton candidates as for
the correct-charge D0 sample. Combinatorial back-
ground from D∗ mesons with real or misidentified
protons is modelled using simulated events from the

RAPGAP [14] Monte Carlo model applied to D∗ pro-
duction in DIS, including string fragmentation and
decays from JETSET [15,16]. The RAPGAP model
gives a good description of the shapes of the inclu-
sive D∗ distributions. This contribution (“D∗ MC” in
Fig. 2) is normalised according to the D∗ yield in the
data (Fig. 1(a)).
No significant structures are observed in either

component of this background model. The model
gives a reasonable description of the shape and nor-
malisation of the M(D∗p) distribution away from the
signal region for the opposite-charge combinations.
TheM(D∗p) distribution from the same-charge com-
binations is also well described in shape, though the
model prediction lies approximately 15% above the
data.
Alternative models have been studied for the back-

ground distribution for the opposite-chargeD∗p com-
binations. Similar distributions to those shown in
Fig. 2 are obtained when a DJANGO [17] simulation
of inclusive DIS is used to replace both model com-
ponents. The same is true when the RAPGAP model
of the D∗-related background is replaced by simula-
tions with modified parton shower dynamics (CAS-
CADE [18]) or fragmentation (HERWIG [19]). In all
cases, no resonant structures are observed in the sim-
ulated M(D∗p) distributions. Possible contributions
from beauty decays have been considered using a fur-
ther RAPGAP Monte Carlo simulation. After normal-
ising to the luminosity of the data, the resulting contri-
bution is negligible.
The events giving contributions in the peak region

of the opposite-chargeM(D∗p) distribution have been
visually scanned and no anomalies are observed in
the events or the candidate tracks. All entries within
±24 MeV of the peak arise from different events,
with one exception where the same π , πs and proton
candidates contribute with two differentK candidates.
For the full M(D∗p) range shown in Fig. 2(a), there
are an average of 1.12 entries per event. The signal
is present in each case when the data are divided
into two sub-samples of similar size, discriminated
in variables such as x or Q2, the pseudorapidity or
transverse momentum of the D∗p composite, or the
data taking period. The peak also remains clearly
visible for reasonable variations in the binning or
selection criteria. In all cases, the observed mass and
width of the peak are stable to within a few MeV.

T. Nakano et al. (LEPS), PRL 91, 012002 (2003)

C. Alt et al. (NA49), PRL 92, 042003 (2004)

uudds̄

ddssū

uuddc̄

-  対消滅がない（genuine exotic）qq̄

導入：エキゾチックハドロンの現状
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実験でのエキゾチックハドロン2
新しい候補1 X(5568)± V.M. Abazov et al. (D0), PRL 117, 022003 (2016)

-  に崩壊Bsπ
±

- クォーク組成は ∼ bud̄s̄

- 量子数 B = + 1, S = + 1, I = 1

- PDGに掲載済（ただしLHCb、CMSなどでは観測されず）yield above that obtained using the default background
model. Additional background processes not present in our
MC calculations such as Bc → Bsnπ with n > 1, or other
new states at higher mass, would thus have the effect of
reducing the Xð5568Þ yield for the no-cone cut case.
As a cross-check, we extract a pure B0

sπ# signal by
performing fits of the number of B0

s events in the J=ψϕ
mass distribution in 20 MeV=c2 intervals in the range
5.5 < mðB0

sπ#Þ < 5.9 MeV=c2. Results of those fits are
shown in Fig. 4. A fit to the dependence of resulting B0

s
yields on mðB0

sπ#Þ, with the mass and natural width fixed
to the previously obtained values, gives 118# 22 signal
events. This result confirms that the observed signal is due
to B0

sπ# candidates with genuine B0
s mesons and thus

eliminates the possibility of non-B0
s processes mimicking

the signal.
We obtain the systematic uncertainties for the measured

values of the Xð5568Þ state mass, natural width, and the

number of events. The dominant uncertainties are due to the
background and signal shapes. We evaluate the systematic
uncertainties due to the background shape by (i) using
different models of bottom pair production in generating
the B0

s MC samples, (ii) varying the sideband mass
intervals, (iii) changing the way the B0

s mass constraint
is applied in the calculation of mðB0

sπ#Þ for the sideband
events by replacing the mass difference defined in the text
by the kinetic energy obtained by forcing mðJ=ψϕÞ to the
world-average B0

s mass, (iv) changing the ratio of the MC to
the sideband events within 1σ, (v) using different back-
ground functions by replacing the fourth-order polynomial
in Eq. (1) with a third- or fifth-order polynomial or
replacing the second-order polynomial in the exponential
with the first- or third-order polynomial, and (vi) varying
the nominal B0

s mass within#1 MeV=c2 in the background
samples, both for the sideband data and simulated events.
The systematic uncertainties due to the signal shape are
evaluated by (i) varying the detector resolution within
#1 MeV=c2 around the mean value, (ii) using a non-
relativistic Breit-Wigner function, and (iii) using a P-wave
relativistic Breit-Wigner function.
Additionally, we estimate the systematic uncertainties

due to the binning by changing the bin size to 5 MeV=c2,
and to 10 MeV=c2 instead of 8 MeV=c2, and shifting the
lower edge of the mass scale by 1=3, 1=2, and 2=3 of the bin
size. All systematic uncertainty sources are summarized in
Table I. The uncertainties are added in quadrature sepa-
rately for positive and negative values to obtain the total
systematic uncertainties for each measured parameter and
are treated as nuisance parameters to construct a prior
predictive model [11,16] of our test statistic. When the
systematic uncertainties are included, the significance of
the observed signal, including the look-elsewhere effect, is
reduced to 5.1σ. For the analysis without the ΔR cut
[Fig. 3(b)] we obtain a significance including the system-
atic uncertainty and the look-elsewhere effect of 3.9σ.

5.5 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9
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FIG. 4. The mðB0
sπ#Þ distribution resulting from fits of the B0

s
signal tomðJ=ψϕÞ in twenty mass intervals of ðB0

sπ#Þ candidates
described in the text. The solid line shows the result of the fit. The
dashed line shows the contribution of events due to the B0

s
background from simulations. There is no non-B0

s background.

TABLE I. Systematic uncertainties for the observed Xð5568Þ state mass, natural width, and number of events.

Source Mass, MeV=c2 Width, MeV=c2 Rate, %

Background shape
MC samples with soft or hard B0

s þ0.2; −0.6 þ2.6; −0.0 þ8.2; −0.0
Sideband mass ranges þ0.2; −0.1 þ0.7; −1.7 þ1.6; −9.3
Sideband mass calculation method þ0.1; −0.0 þ0.0; −0.4 þ0.0; −1.3
MC to sideband events ratio þ0.1; −0.1 þ0.5; −0.6 þ2.8; −3.1
Background function used þ0.5; −0.5 þ0.1; −0.0 þ0.2; −1.1
B0
s mass scale, MC and data þ0.1; −0.1 þ0.7; −0.6 þ3.4; −3.6

Signal shape
Detector resolution þ0.1; −0.1 þ1.5; −1.5 þ2.1; −1.7
Non-relativistic BW þ0.0; −1.1 þ0.3; −0.0 þ3.1; −0.9
P-wave BW þ0.0; −0.6 þ3.1; −0.0 þ3.8; −0.0
Other
Binning þ0.6; −1.1 þ2.3; −0.0 þ3.5; −3.3
Total þ0.9; −1.9 þ5.0; −2.5 þ11.4; −11.2

PRL 117, 022003 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
8 JULY 2016

022003-6

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

X (5568)± I (JP ) = ?(??)

OMITTED FROM SUMMARY TABLE
Seen as a peak in the Bs π

± mass spectrum with a significance
of more than 3σ by ABAZOV 16E and ABAZOV 18A in inclusive
pp collisions at 1.96 TeV. Not seen by AAIJ 16AI, AABOUD 18L,
AALTONEN 18A, and SIRUNYAN 18J. Needs confirmation.

X (5568)± MASSX (5568)± MASSX (5568)± MASSX (5568)± MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

5566.9+3.2
−3.1

+0.6
−1.25566.9+3.2

−3.1
+0.6
−1.25566.9+3.2

−3.1
+0.6
−1.25566.9+3.2

−3.1
+0.6
−1.2 278 1 ABAZOV 18A D0 pp → B0

s
π±X

• • • We do not use the following data for averages, fits, limits, etc. • • •

5567.8±2.9+0.9
−1.9 133 2 ABAZOV 16E D0 pp → B0

s
π±X

1 From the combined analysis of B0
s
→ J/ψφ and B0

s
→ D±

s
µ∓X decays.

2Assumes X (5568)± → Bs π
± decay. If X (5568)± → B∗

s
π± decay is assumed, the

mass shifts upward by 49 MeV.

X (5568)± WIDTHX (5568)± WIDTHX (5568)± WIDTHX (5568)± WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

18.6+7.9
−6.1

+3.5
−3.8

18.6+7.9
−6.1

+3.5
−3.818.6+7.9

−6.1
+3.5
−3.8

18.6+7.9
−6.1

+3.5
−3.8 278 1 ABAZOV 18A D0 pp → Bs π

±X

• • • We do not use the following data for averages, fits, limits, etc. • • •

21.9±6.4+5.0
−2.5 133 ABAZOV 16E D0 pp → Bs π

±X

1 From the combined analysis of B0
s
→ J/ψφ and B0

s
→ D±

s
µ∓X decays.

X (5568)± DECAY MODESX (5568)± DECAY MODESX (5568)± DECAY MODESX (5568)± DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 Bs π
± seen

Γ
(

Bs π
±)/Γtotal Γ1/ΓΓ

(

Bs π
±)/Γtotal Γ1/ΓΓ

(

Bs π
±)/Γtotal Γ1/ΓΓ

(

Bs π
±)/Γtotal Γ1/Γ

VALUE EVTS DOCUMENT ID TECN COMMENT

seen 145 1 ABAZOV 18A D0 pp → B0
s
π±X

seenseenseenseen 133 2 ABAZOV 16E D0 pp → B0
s
π±X

• • • We do not use the following data for averages, fits, limits, etc. • • •

not seen 3 AABOUD 18L ATLS pp → B0
s
π±X

not seen 4 AALTONEN 18A CDF pp → B0
s
π±X

not seen 5 SIRUNYAN 18J CMS pp → B0
s
π±X

not seen 6 AAIJ 16AI LHCB pp → B0
s
π±X

https://pdg.lbl.gov Page 1 Created: 6/1/2021 08:32

導入：エキゾチックハドロンの現状
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実験でのエキゾチックハドロン3
新しい候補2 X(2900) R. Aaij et al. (LHCb), PRD 102, 112003 (2020)

-  に崩壊D−K+

As described in Sec. VII A, DD̄ resonant structure has
previously been observed in the χcJð3930Þ region; however
it has usually been assumed to arise from the χc2ð3930Þ
resonance. The mass and helicity-angle distributions of
candidates in this region shown in Fig. 11, clearly dem-
onstrate that both spin-0 and spin-2 contributions are

necessary. The masses and widths of these two components
are completely free to vary in the fit; they are found to have
consistent masses while the fit prefers a narrower width for
the spin-0 state. If both spin-0 and spin-2 states are present
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FIG. 7. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates to the fit projections without any
resonant component in the D−Kþ channel. The total fit function (solid black line) and contributions from individual components
(nonsolid colored lines) are shown as detailed in the legend.

6 8 10 12
]4c/2) [GeV+K−D(2m

14

16

18

20

22

]4 c/2
) [

Ge
V

−
D

+
D(2

m

8−
6−
4−
2−

0
2
4
6
8

FIG. 8. Normalized residual between the data and the model
excluding any D−Kþ components shown across the Dalitz plot
with a minimum of 20 data entries in each bin.
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FIG. 9. Comparison of the mðD−KþÞ distribution and the fit
projection for a model excluding any D−Kþ resonance, after
requiring mðDþD−Þ > 4 GeV=c2 to suppress reflections from
charmonium resonances. The different components are shown as
indicated in the legend of Fig. 7.

AMPLITUDE ANALYSIS OF THE Bþ → DþD−Kþ … PHYS. REV. D 102, 112003 (2020)

112003-11

udc̄s̄

at the same mass, one would generically expect the spin-0
state to be broader since its decay to a DþD− pair is in
S wave, as compared to D wave for the spin-2 state, and
therefore is not suppressed by any angular momentum
barrier. This expected pattern is seen in some explicit
calculations of the properties of the χcJð2PÞ states [11];
however the observed pattern is consistent with other
theoretical predictions [13]. Moreover, the fitted χc0ð3930Þ

parameters are consistent with those of the Xð3915Þ
state.
The χc0ð3930Þ state is the only component in the DþD−

S wave in the baseline model. The broad χc0ð3860Þ state
reported by the Belle Collaboration [53] has been included
in alternative fit models but is disfavored. Fits in which
additional S-wave structure is introduced through a non-
resonant component, have been attempted but tend to
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FIG. 10. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates in the data to the fit projection of
the baseline model. The total fit function and contributions from individual components are shown as detailed in the legend.

TABLE IV. Magnitude and phase of the complex coefficients in the amplitude model, together with fit fractions
for each component. The quantities are reported after correction for fit biases (see Sec. IX). The first uncertainty is
statistical and the second is the sum in quadrature of all systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

DþD− resonances
ψð3770Þ 1 (fixed) 0 (fixed) 14.5$ 1.2$ 0.8
χc0ð3930Þ 0.51$ 0.06$ 0.02 2.16$ 0.18$ 0.03 3.7$ 0.9$ 0.2
χc2ð3930Þ 0.70$ 0.06$ 0.01 0.83$ 0.17$ 0.13 7.2$ 1.2$ 0.3
ψð4040Þ 0.59$ 0.08$ 0.04 1.42$ 0.18$ 0.08 5.0$ 1.3$ 0.4
ψð4160Þ 0.67$ 0.08$ 0.05 0.90$ 0.23$ 0.09 6.6$ 1.5$ 1.2
ψð4415Þ 0.80$ 0.08$ 0.06 −1.46$ 0.20$ 0.09 9.2$ 1.4$ 1.5

D−Kþ resonances
X0ð2900Þ 0.62$ 0.08$ 0.03 1.09$ 0.19$ 0.10 5.6$ 1.4$ 0.5
X1ð2900Þ 1.45$ 0.09$ 0.03 0.37$ 0.10$ 0.05 30.6$ 2.4$ 2.1

Nonresonant 1.29$ 0.09$ 0.04 −2.41$ 0.12$ 0.51 24.2$ 2.2$ 0.5

R. AAIJ et al. PHYS. REV. D 102, 112003 (2020)

112003-12

- クォーク組成は ∼ udc̄s̄

- 量子数 C = − 1, S = + 1

- 2021update でPDGに掲載

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

X0(2900) I (JP ) = ?(0+)

OMITTED FROM SUMMARY TABLE
An exotic state with minimal quark content c d s u. Observed by

AAIJ 20AI using full amplitude analysis of B+
→ D

+
D
−
K
+ de-

cays.

X0(2900) MASSX0(2900) MASSX0(2900) MASSX0(2900) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

2866±7±22866±7±22866±7±22866±7±2 1.2k 1 AAIJ 20AI LHCB B+ → D+D−K+

1Obtained from the full amplitude analysis. Parameterized with the relativistic Breit-
Wigner line shape. Also confirmed by the model-independent analysis of AAIJ 20AF.

X0(2900) WIDTHX0(2900) WIDTHX0(2900) WIDTHX0(2900) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

57±12±457±12±457±12±457±12±4 1.2k 1 AAIJ 20AI LHCB B+ → D+D−K+

1Obtained from the full amplitude analysis. Parameterized with the relativistic Breit-
Wigner line shape. Also confirmed by the model-independent analysis of AAIJ 20AF.

X0(2900) DECAY MODESX0(2900) DECAY MODESX0(2900) DECAY MODESX0(2900) DECAY MODES

Mode Fraction (Γi /Γ)

Γ1 D−K+ seen

X0(2900) BRANCHING RATIOSX0(2900) BRANCHING RATIOSX0(2900) BRANCHING RATIOSX0(2900) BRANCHING RATIOS

Γ
(

D−K+
)

/Γtotal Γ1/ΓΓ
(

D−K+
)

/Γtotal Γ1/ΓΓ
(

D−K+
)

/Γtotal Γ1/ΓΓ
(

D−K+
)

/Γtotal Γ1/Γ
VALUE DOCUMENT ID TECN COMMENT

seenseenseenseen AAIJ 20AI LHCB B+ → D+D−K+

X0(2900) REFERENCESX0(2900) REFERENCESX0(2900) REFERENCESX0(2900) REFERENCES

AAIJ 20AF PRL 125 242001 R. Aaij et al. (LHCb Collab.)
AAIJ 20AI PR D102 112003 R. Aaij et al. (LHCb Collab.)

https://pdg.lbl.gov Page 1 Created: 6/1/2021 08:32

導入：エキゾチックハドロンの現状



14

実験でのエキゾチックハドロン4
新しい候補3 Tcc Talk by L. An @ HADRON2021 (31 Jun. 2021)

-  に崩壊D0D0π+

- クォーク組成は ∼ udc̄c̄

- 量子数 C = + 2

/347/30/21 Liupan An 31

!"!"#$ spectrum

ØSignal model: detector resolution ⨂ relativistic P-wave two-body 
Breit-Wigner function modified by a Blatt-Weisskopf form factor, 
where &''$ → )* is assumed with +, = 2+/0 and +1 = +23

ØBackground model: product of two-body phase-space function and a 
positive 2nd-order polynomial

[LHCb-PAPER-2021-031]
In preparationpreliminary

- PDG未掲載

 エキゾチックJPC

- PDG掲載済
-  は ：  では作れないπ1(1400), π1(1600) JPC = 1−+ q̄q

量子数がエキゾチックなハドロンは数個/370：非常にまれ
—> 実験事実であり、QCDから理解されていない

導入：エキゾチックハドロンの現状
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クォーコニウムを含むエキゾチック
ペンタクォーク 、テトラクォーク  ？Pc, Pcs, … X, Y, Zc, Zb, Zcs, …

—> 量子数エキゾチックを理解するための手がかり

- OZI則：  対を含むことはほぼ確実（  は  と区別可能）c̄c, b̄b J/ψ ω

where Mmissð!þ!#Þ is the missing mass recoiling

against the !þ!# system calculated as Mmissð!þ!#Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ!#Þ2 # p&2
!þ!#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ!# and p&

!þ!# are the energy

and momentum of the !þ!# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ!# events
are selected by requiring jMmissð!þ!#Þ #m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ!#Þ #m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ!#Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ!# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ( vs M2½!ðnSÞ!#( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ!#Þ
spectrum and are found to be 0:937) 0:015ðstatÞ, 0:940)
0:007ðstatÞ, 0:918) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!)( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ!# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ!# are emitted
in an S wave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2#s#iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b !

# and Z#
b !

þ, the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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FIG. 1. Dalitz plots for !ð2SÞ!þ!# events in the (a) !ð2SÞ
sidebands; (b) !ð2SÞ signal region. Events to the left of the
vertical line are excluded.
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FIG. 2. Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the !ð1SÞ
(a),(b), !ð2SÞ (c),(d), and !ð3SÞ (e),(f) signal regions. The
hatched histogram shows the background component.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
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Pc ∼ c̄cuud

Zb ∼ b̄būd

…

—> フレーバー量子数はエキゾチックでない
-  は原理的には対消滅できるc̄c, b̄b

Pc ∼ c̄cuud ∼ uud ∼ N, Zb ∼ b̄būd ∼ ūd ∼ b1(JPC = 1+−)

導入：エキゾチックハドロンの現状
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実験でのエキゾチックハドロンの現状

量子数エキゾチック(3)

クォーコニウムを含む
エキゾチック(~15)

- …π, K, η,- …p, n, Λ, Σ,

- π1(1400), π1(1600)

数字：PDG2020に掲載されている数

- … …Zc(3900), Zb(10610), - …Pc, Pcs,

- Λ(1405)

- X(5568)±, X(2600), Tcc

メソン(209)バリオン(162)

- …
- …

導入：エキゾチックハドロンの現状
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ハドロンは保存量子数で分類したとき、量子数が
エキゾチックなハドロンは ~3/370

実験事実であり、QCDから理解されていない

クォーコニウムを含むエキゾチック（ ）
などを手がかりにして、理由を解明したい

量子数が通常のメソン、バリオンも  とは限
らない？ —> 講義３の内容へ

Pc, Zc, Zb, …

qq̄, qqq

講義１のまとめ（前半）
導入：エキゾチックハドロンの現状
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講義１：導入

講義２：共鳴状態の記述

講義３： 共鳴の構造Λ(1405)

目次

目次

- ハドロンの複合性
-  散乱振幅と共鳴状態K̄N

- エキゾチックハドロンの現状

- ハミルトニアンの固有状態
- 散乱理論と散乱振幅の極

- カイラル対称性と有効場の理論
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量子力学の対称性
導入：カイラル対称性と有効場の理論

対称性：物理系（ハミルトニアン）を不変に保つ変換
- 理論が解けなくても分かる性質がある
- 既知の情報から予言ができる

回転対称性の帰結
- 角運動量  が保存ℓ

- エネルギーは磁気量子数  に依らないm

-  個の固有状態が縮退2ℓ + 1
八木浩輔「原子核物理学」（朝倉書店）

例）中心力ポテンシャル

- 特定の方向がない：回転対称性 SO(3)

V(r) = V( |r | )
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QCDとアイソスピン対称性
QCDラグランジアン（ ）mu = md ≡ m

- 軽いクォーク場
運動項 質量項

ℒQCD = q̄(iγμDμ)q − mq̄q + (gluons, heavy quarks)

q = (u
d), q̄ = (ū d̄) = q†γ0

フレーバー （アイソスピン）変換：SU(2)V U†U = 1, det U = 1

q → Uq, q̄ → q̄U†

導入：カイラル対称性と有効場の理論

 は時空によらずカラー、スピノルの空間ではスカラーU

q̄q → q̄U†Uq = q̄q

—>  には  対称性があるℒQCD SU(2)V
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カイラル変換
クォーク場を右巻き  と左巻き  に分解：qR qL PR,L = (1 ± γ5)/2

q = qR + qL, qR = PRq, qL = PLq

- カイラル  変換 SU(2)R ⊗ SU(2)L R†R = L†L = 1

qR → RqR, q̄R → q̄RR†, qL → LqL, q̄L → q̄LL†

運動項：右巻きと左巻きが独立 —> カイラル対称性がある
q̄R(iγμDμ)qR + q̄L(iγμDμ)qL

導入：カイラル対称性と有効場の理論

質量項：右巻きと左巻きが混ざる —> カイラル対称性を破る 

- ただし  のとき不変 —>  は破らないR = L SU(2)V

−mq̄RqL − mq̄LqR, q̄RqL → q̄RR†LqL ≠ q̄RqL

q̄ = q̄R + q̄L, q̄R = q̄PL, q̄L = q̄PR
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カイラル対称性と自発的破れ
 クォーク質量はハドロンスケールに比べて十分小さいu, d

—> QCDラグランジアンは近似的にカイラル対称性を持つ
—> 近似的に質量項がないものとみなせる

自発的破れの秩序変数：カイラル凝縮

- ：QCD真空|0⟩

- ハドロンの世界では  であることが知られている⟨q̄q⟩ ≠ 0

- 演算子  は対称性を破るq̄q = q̄LqR + q̄RqL

⟨q̄q⟩ ≡ ⟨0 | q̄q |0⟩

導入：カイラル対称性と有効場の理論

カイラル対称性はQCD真空によって自発的に破れている

SU(2)R ⊗ SU(2)L → SU(2)V
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自発的破れの帰結1：NGボソン
無質量の南部ゴールドストーン（NG）ボソンの出現

- ：NGボソンの数、 ：破れた対称性の数nNG nBS

導入：カイラル対称性と有効場の理論

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961); Phys. Rev. 124, 246 (1961),
J. Goldstone, Nuovo Cim. 19, 154 (1961),
J. Goldstone, A. Salam and S. Weinberg, Phys. Rev. 127, 965 (1962) 

nNG = nBS

補足）相対論的共変性がない場合
H. Watanabe and H. Murayama, Phys. Rev. Lett. 108, 251602 (2012),
Y. Hidaka, Phys. Rev. Lett. 110, 091601 (2013) 

nI + 2nII = nBS

-  はアイソスピン ：3成分π I = 1

-  の場合 SU(2)R ⊗ SU(2)L → SU(2)V nBS = 3

π

ρ, ω
N

Δ
f0, a01

0.1

-  は他のハドロンに比べて軽いπ 質
量

 (G
eV

)
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自発的破れの帰結2：低エネルギー定理
低エネルギー定理：カイラル対称性が支配する物理量の関係式
- カレント代数の方法を用いて導出された

Gell-Mann Oakes Renner 関係式

-  質量がクォーク質量、カイラル凝縮、  崩壊定数   で決まるπ π fπ

m2
π f 2

π = − m⟨q̄q⟩ + ⋯

導入：カイラル対称性と有効場の理論

M. Gell-Mann, R.J. Oakes, B. Renner, Phys. Rev. 175, 2195 (1968) 

Weinberg-Tomozawa 定理
S. Weinberg, Phys. Rev. Lett. 17, 616 (1966),
Y. Tomozawa, Nuovo Cim. A46, 707 (1966) 

-  散乱長、  散乱長が  などで決まるππ πN fπ

a ∝
mπ

f 2
π (I(I + 1) −

11
4 ) + ⋯
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What hath Weinberg wrought — カイラル摂動論
カイラル摂動論（Chiral Perturbation theory、ChPT）
- 原理の確立

- 実際のハドロンへ応用
S. Weinberg, Physica A 96, 327 (1979)

J. Gasser, H. Leutwyler, Nucl. Phys. B 250, 465 (1985), …

1) 有効ラグランジアンを作る

3) 次数毎にくりこみを行う

理論の構成方法

2) ファインマン図のパワーカウンティング

4) 低エネルギー定数を決定する

- 核力への応用
S. Weinberg, Phys. Lett. B 251, 288 (1990), …

導入：カイラル対称性と有効場の理論

Jul. 6, 2009
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有効ラグランジアンの構成
対称性の尊重
- QCDでのクォークのカイラル変換：(R, L)

-  での  場の変換性を決定（非線形表現）(R, L) π

- 変換の下で不変な最も一般的なラグランジアン：無限個の項

導入：カイラル対称性と有効場の理論

ファインマン図のカウンティング：有限個の図による摂動計算
- LOが低エネルギー定理、高次項はその補正
- 次数毎に（order by order）くりこみ可能

- 微分の数が少ない項が低エネルギーで支配的
ラグランジアンの微分展開

ℒπ
ChPT = ℒ(2)(π) + ℒ(4)(π) + ℒ(6)(π) + ⋯

LO NLO NNLO
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低エネルギー定数
低エネルギー定数：ラグランジアン各項の係数
- くりこみ後、何らかの実験データと比較して決定
- 摂動の次数をあげると数が増える

摂動の次数の低エネルギー定数より多くのデータが必要

同じ定数が様々な過程に寄与：一度決めたら他を予言できる

-  の弱崩壊で決定π+ → μ+νμ

例）崩壊定数  fπ

- Weinberg-Tomozawa定理で散乱長を予言

２個 １２個 ９４個
ℒπ

ChPT = ℒ(2)(π) + ℒ(4)(π) + ℒ(6)(π) + ⋯

導入：カイラル対称性と有効場の理論
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核子場

- での  の変換性を決定（非線形表現）(R, L) N

- 変換の下で不変な最も一般的なラグランジアンを作る
- 核子数は保存量なので、核子数毎にラグランジアンを構成

導入：カイラル対称性と有効場の理論

核子数１の系の低エネルギー展開
-  があるため奇数次項が許されるγμ

ℒπN
ChPT = ℒ(1)(π, N ) + ℒ(2)(π, N ) + ℒ(3)(π, N ) + ⋯

- パワーカウンティングの問題
pμ

π = ( m2
π + p2, p), pμ

N = ( M2
N+p2, p)

—> いくつかの手法で解決できる
- 運動量が小さくても核子のエネルギーは小さくない?

核子場  の導入N
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核力の記述
核子数２の系

導入：カイラル対称性と有効場の理論

ℒNN
ChPT = ℒ(0)(N ) + ℒ(2)(N ) + ℒ(4)(N ) + ⋯

- 0次の項からはじまる

the nuclear Hamiltonian we are finally interested in. The
derivation of the nuclear potentials from field theory is
an old and extensively studied problem in nuclear phys-
ics. Different approaches have been developed in the
1950s of the last century in the context of the so-called
meson theory of nuclear forces !see, e.g., Phillips "1959#$.
In the modern framework of chiral EFT, the most fre-
quently used methods besides the already mentioned
time-ordered perturbation theory are the ones based on
S matrix and the unitary transformation. In the former
scheme, the nuclear potential is defined through match-
ing the amplitude to the iterated Lippmann-Schwinger
equation "Kaiser et al., 1997#. In the second approach,
the potential is obtained by applying an appropriately
chosen unitary transformation to the underlying pion-
nucleon Hamiltonian which eliminates the coupling be-
tween the purely nucleonic Fock space states and the
ones which contain pions !see Epelbaum et al. "1998b#
for more details$. We stress that both methods lead to
energy-independent interactions as opposed by the ones
obtained in time-ordered perturbation theory. The en-
ergy independence of the potential is a welcome feature
which enables applications to three- and more-nucleon
systems.

We are now in the position to discuss the structure of
the nuclear force at lowest orders of the chiral expan-
sion. The leading-order "LO# contribution results, ac-
cording to Eq. "2.8#, from two-nucleon tree diagrams
constructed from the Lagrangian of lowest dimension
!i=0, L"0#, which has the following form in the heavy-
baryon formulation "Jenkins and Manohar, 1991; Ber-
nard et al., 1992#:

L"
"0# =

F2

4
%!#U!#U† + $+& ,

L"N
"0# = N̄"iv · D + g̊Au · S#N ,

LNN
"0# = − 1

2CS"N̄N#"N̄N# + 2CT"N̄SN# · "N̄SN# , "2.9#

where N, v#, and S#'"1/2#i%5&#'v' denote the large
component of the nucleon field, the nucleon four-
velocity, and the covariant spin vector, respectively. The
brackets %¯& denote traces in the flavor space while F
and g!A refer to the chiral-limit values of the pion decay
and the nucleon axial vector coupling constants. The
low-energy constants "LECs# CS and CT determine the
strength of the leading NN short-range interaction. Fur-
ther, the unitary 2(2 matrix U"!#=u2"!# in the flavor
space collects the pion fields,

U"!# = 1 +
i
F

" · ! −
1

2F2!2 + O""3# , "2.10#

where )i denotes the isospin Pauli matrix. The covariant
derivatives of the nucleon and pion fields are defined via
D#="#+ !u† ,"#u$ /2 and u#= i"u†"#u−u"#u†#. The quan-
tity $+=u†$u†+u$†u with $=2BM involves the explicit
chiral symmetry breaking due to the finite light quark
masses, M=diag"mu ,md#. The constant B is related to

the value of the scalar quark condensate in the chiral
limit, %0 ( ūu (0&=−F2B, and relates the pion mass M" to
the quark mass mq via M"

2 =2Bmq+O"mq
2#. For more de-

tails on the notation and the complete expressions for
the pion-nucleon Lagrangian including up to four
derivatives/M" insertions see Fettes et al. "2000#. Ex-
panding the effective Lagrangian in Eqs. "2.9# in powers
of the pion fields one can easily verify that the only pos-
sible connected two-nucleon tree diagrams are the one-
pion exchange and the contact one "see the first line in
Fig. 12#, yielding the following potential in the two-
nucleon center-of-mass system "CMS#:

VNN
"0# = −

gA
2

4F"
2

&! 1 · q!&! 2 · q!
q!2 + M"

2 "1 · "2 + CS + CT&! 1 · &! 2,

"2.11#

where the superscript of VNN denotes the chiral order ',
&i are the Pauli spin matrices, q! =p! −p! is the nucleon
momentum transfer, and p! "p!!# refers to initial "final#
nucleon momenta in the CMS. Further, F"=92.4 MeV
and gA=1.267 denote the pion decay and the nucleon
axial coupling constants, respectively.

The first corrections to the LO result are suppressed
by two powers of the low-momentum scale. The absence
of the contributions at order '=1 can be traced back to

Leading order

Next−to−next−to−next−to−leading order

Next−to−leading order

Next−to−next−to−leading order

FIG. 12. Chiral expansion of the two-nucleon force up to next-
to-next-to-next-to-leading order "N3LO#. Solid dots, filled
circles, squares, and diamonds denote vertices with !i=0, 1, 2,
and 3, respectively. Only irreducible contributions of the dia-
grams are taken in to account as explained in the text.

1786 Epelbaum, Hammer, and Meißner: Modern theory of nuclear forces

Rev. Mod. Phys., Vol. 81, No. 4, October–December 2009

- カウンティングを整理し、 と合わせるとℒπ
ChPT, ℒπN

ChPT

E. Epelbaum, H.W. Hammer, U.G. Meissner, Rev. Mod. Phys. 81, 1773 (2008)

—>  交換＋接触項（短距離の物理）π

重陽子の存在：再総和が必要
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多体力
核子数３の系

!see also Coon and Friar "1986# and Eden and Gari
"1996#$. Consequently, there is no 3NF at NLO in the
chiral expansion.

The contributions at N2LO involve one-loop diagrams
with one insertion of the subleading vertices of dimen-
sion !i=1 "see Fig. 12#. The corresponding Lagrangians
read

L"N
"1# = N̄%c1&#+' + c2"v · u#2 + c3u · u

+ c4!S$,S%$u$u% + c5&#̂+'(N ,

L"NN
"1# =

D
2

"N̄N#"N̄S · uN# , "2.17#

where #̂+)#+− &#+' /2 and D, ci are the LECs. The
1"-exchange loop diagram again only lead to renormal-
ization of the corresponding LECs. Similarly, the contri-
bution from the last diagram which involves the two-
nucleon contact interaction can be absorbed into a
redefinition of the LECs CS,T and Ci in Eqs. "2.11# and
"2.14# "provided one is not interested in the quark mass
dependence of the nuclear force#. Further, the football
diagram yields vanishing contribution due to the anti-

symmetric "with respect to pion isospin quantum num-
bers# nature of the Weinberg-Tomozawa vertex. Thus,
the only nonvanishing contribution at this order results
from the 2"-exchange triangle diagram,

VNN
"3# = −

3gA
2

16"F"
4 !2M"

2 "2c1 − c3# − c3q!2$

&"2M"
2 + q!2#A'̃"q# −

gA
2 c4

32"F"
4 !1 · !2"4M"

2

+ q2#A'̃"q#"(! 1 · q!(! 2 · q! − q!2(! 1 · (! 2# , "2.18#

where the loop function A'̃"q# is given by

A'̃"q# = )"'̃ − 2M"#
1

2q
arctan

q"'̃ − 2M"#

q2 + 2'̃M"

. "2.19#

In DR, the expression for A"q# takes the following
simple form:

A"q# ) lim
'̃→*

A'̃"q# =
1

2q
arctan

q
2M"

. "2.20#

Notice that the triangle diagram also generates short-
range contributions which may be absorbed into redefi-
nition of contact interactions. The isoscalar central con-
tribution proportional to the LEC c3 is attractive and
very strong. It is by far the strongest two-pion exchange
contribution and reaches a few tens of MeV "depending
on the choice of regularization# at internucleon distances
of the order +*M"

−1. The origin of the unnaturally
strong subleading 2"-exchange contributions can be
traced back to the "numerically# large values of the
LECs c3,4 and is well understood in terms of resonance
exchange related to ! excitation "Bernard et al., 1997#.
We return to this issue in Sec. II.D where the chiral EFT
formulation with explicit ! degrees of freedom will be
discussed. The central 2"-exchange potential was also
calculated in Robilotta "2001# using the infrared-
regularized version of chiral EFT which enables one to
sum up a certain class of relativistic corrections "Becher
and Leutwyler, 1999#. He found that the results in the
heavy-baryon limit overestimate the ones obtained using
infrared regularization by about 25% !see also Epel-
baum "2006a# for a related discussion$. Last but not
least, the chiral 2"-exchange potential up to N2LO has
been tested in the Nijmegen partial wave analysis
"PWA# of both proton-proton and neutron-proton data
"Rentmeester et al., 1999, 2003# where also an attempt
has been done to determine the values of the LECs c3,4.
As demonstrated in these studies, the representation of
the "strong# long-range interaction based on the combi-
nation of the 1"- and the chiral 2"-exchange potentials
rather than on the pure 1"-exchange potential allows
one to considerably reduce the number of phenomeno-
logical parameters entering the energy-dependent
boundary conditions which are needed to parametrize
the missing short- and medium-range interactions. Also
the extracted values of the LECs c3,4 agree reasonably
well with various determinations in the pion-nucleon

Next−to−leading order

Next−to−next−to−leading order

Next−to−next−to−next−to−leading order

FIG. 13. "Color online# Chiral expansion of the three-nucleon
force up to N3LO. Diagrams in the first line "NLO# yield van-
ishing contributions to the 3NF if one uses energy-independent
formulations as explained in the text. The five topologies at
N3LO involve the two-pion exchange, one-pion-two-pion-
exchange, ring, contact-one-pion exchange, and contact-two-
pion-exchange diagrams in order. Shaded blobs represent the
corresponding amplitudes. For remaining notation see Fig. 12.
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- ２体力と同じ枠組みで計算可能

—> ２体力のoff-shell成分とキャンセル

- ３体力はN2LOから始まる（２体力はLO）
—> 核力の主要な部分は２体力

- ４体力、５体力はさらに抑制される

導入：カイラル対称性と有効場の理論
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QCDのカイラル対称性と自発的破れ

カイラル摂動論（カイラルEFT）

講義１のまとめ（後半）

- 低エネルギー定理を自然に満たす枠組み

- QCDは近似的にカイラル対称性を持つ

- 低エネルギー定理がハドロンの性質を規定

- 次数を上げることで精度を向上できる
- 核力の多体力も整合的に取り扱える

導入：カイラル対称性と有効場の理論

- 南部ゴールドストーンボソン  の出現π


