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| Molecule,

Hybrids

Non relativistic QCD

Potential models

baryonium

tetraquark

Coupling channel...
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Hadronic molecules

+ Weekly bound state of two or three hadrons
* Typical examples: Nuclei and hyper-nuclei
* Baryon-baryon bound state: M+ <M: + M2

| The Molecule idea has a long history \
+ Voloshin, Okun (1976)

+ De Rujula, George, and Glashow (1977)

Long-range one-pion exchange (Tornqvist, ZPC1993)
Meson-exchange models (Lohse, et al., 1990)

Unitarized coupled channel models with chiral
Lagrangians ( Olier, et al., 1997; Jido et al., 2005,

Gammermann et al., 08)+...Chinese+
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\ Our approach:

& Bound siate description of hadronic molecules in GFT based on compositeness
condtion: Zu = 0,

see: Weinberg, PR 130 (1961) 776; Salam, Nuev, Cim. 25 (1862) 224, Hayashi et al,
FP 15(1987) 825,

with the mass operator [1(p? ) represented by:
K
P F 5

Lﬂlﬂ'z‘IﬁJF [ = — /,
=% (48,67 DGr+y/ D% (eI 2+ Dx+y/)D* (x-yi2)

Z,=1—g?I'(M?) =0+
B Veriex funclion (") - finfle size eflecta/distnibution of consttuents in bound state:

local kmit. #(y”) — 8*){y)

2ofamentum space: $(pf:) = mp(-pj; /A7), Gaussian with free size parameter A.




Basics about X (3872 X(3872)2>n'n Jly

B first seenin arkiv:0809.1224 605 b ecent result T

X(3672) — Jjr - by BELLE (009 e o

aks0 seen by CDF: DO (2004) and BABAR (2005) EB ~KK 3 BI-oXKs l

S a N=132 £15 87 Nge21.6 16
.. Iy = 3 MeV %30'5- 12.80 E 10 '
8 quantum numbers: i ar { H "
o i
C=+|‘m|TlI{EE'TE}| — ’j'.ijlrli?, =0 no signalin X — ]'I']'I'{IJN-' kil sﬁiﬁ;iféez&m Huul (FATigl] 3i:“?q.js:}{;.{néeifgls.nn ¥9 391

JPC = 1+ or JPC = 2+ from X (3872) — J b+ helicity amplitu
M(X(3872))=(3871.46£0.37£0.07) MeV
by combining two modes together

B X(3872.2£0.8) close to DO0? threshold with m,;, = 387181 £ 0.3 )

B Swave DY D*0 hadron molecule favors J 7C = 1++ - S
#  chamonium interpretaion disfavored, 1++ (22 ) oo lowin mass compar B(B" ~ X(3872)(K ™ )yg)  BX(3612) = JJur'") = B142407 ) 10°
m(2*Py) = m{Z (3030))
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Radiative decays

X(3872) — Jjab, (28) + —

FIG. I: HM; hadsoa-loop diagrams contributing to 1be mass oparator of the X(357]) meson.

179, 9(28) Approach (X(3872) = vJ/¥)
(], Ref. 9] 11
. [ee], Ref. [33 7l
I [o], Ref. [33] 139
[molecule], Ref. [33] §
1248 - 2313 (e = 0.7 MeV)
1 Qur results 1208 - 230.1 (e=1MeV)
T¥.9E) 1380 - 2514 (¢ =15 MeV)
PRD77, 094013
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Strong decay(two-body, three-body)

Hy

FIG. 1 HyHy badron-loop diagrams contributing to (he mass operator of the X(387)) meson.

PRD79,094013

FIC. 2 Diagrams ecatributing to the hadrosie transitions X(35%9) -+ 1 + 2

FIG. 3 Dingrems eontributing to the bodronic trensitions X (3572) — w0 + 30



P I'(X—y28h)/T(X—=T/in)=35+14

Exotic charmonium-like spectroscopy at LHCh:

BABAR PRL 102 {Eﬂﬂg] a study of the X(3872) and of the Z(4430)~ states
possible evidence for charmonium component ? LHCb
Radiative Decay X(3872) - JAp v, v’y 1409.6472

To study this further, LHCh has recently measured @ the ratio of branching fractions

R - B(X(3872) = ¢(25)7) _ ) )
Py = B(X (3872) = JJi9) 1 R-L_:r-r = 246 +0.64 £0.29, -

additional charmonium mmmz:," = sinf ~ —-0.2required YBD, A. Faessler,

T.6utsche and V.
Lyubovitskij, J. Phys.
638, 015001

&

T'deV)

5

5

dotted - J/+, solid - v(2s) mode Ras = S 3sil) =354 1.4
(BABAR, 2009)
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Our approach

1), Hadronic molecules: old expectations-
renewed interest in heavy mesons
2), Effective approach is applied
to the states (Compositeness)
- 3), Hadronic loop is considered
- 4), Decay modes: some c\bar{c}
+dominate hadronic picture

1), Open charmed mesons:

2), Y-type: Y(4260), Y(3940); Z-type: Z(4430),Zc(3900)

2015/7/17 HNP2015, Krabi, Thailand
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2, New baryon resonance of Ac(2940)+

k endi
PRL 98, 012001 (2007) PHYSICAL REVIEW LETTERS 5 JANUARY Tho7

Observation of a Charmed Baryon Decaying to D°p at a Mass Near 2.94 GeV/c?

(BaBAr Collaboration)
gsmn _ 2000 The results for the A,(2940)" baryon are

T

m = [2939.8 + 1.3(stat) + 1.0(syst)] MeV/c?,
['=[175 * 5.2(stat) + 5.9(syst)] MeV.

For the A,(2880)" baryon the results are

m = [2881.9 = 0.1(stat)  0.5(syst)] MeV/c%,
%8 285 28 295 3 sob 31 S5 ['=1[5.8 + 1.5(stat) * 1.1(syst)] MeV.

0° p Invariant Mass (Gev/c®)

Recently a new baryon resonance A,.(2940)" has been
discovered in the decay channel Dp by the BABAR
Collaboration [1] and confirmed as a resonant structure

2OLSITT in the final state %.(2455)"" "7~ — A @ 7 by Belle

12



week endin PDG
PRL 98, 62001 (207) PHYSICAL REVIEW LETTERS N 2
| | o CHARMED BARYONS
Experimental Constraints on the Spin and Parity of the A ,(2880)° ( C=+ 1)

(Belle Collaboration)

We report the results of several studies of the A 7" 7~X final state in continuum ¢ "¢~ annihilatior

/ii':udc, Ei’*’:uuc, Eé’:udc, EE:ddc,
=+ _ =0 _ 0 _
=, = usg, _C_dsc. I?c_ssc

data collected by the Belle defector. An analysis of angular distributions in A (ZEE.(]] " b 1k
3 (M55t gt dacays strongly favors a A, (2880)" spin assipnment of 3 over 3 or 7. We fin A 07 =0z")
evidence for A (2830] — ),JZEZI]}'“* b= dﬁCﬂ}i and measure the ratio Dfﬁ {2830} ]]EIﬂlEI] widthe Jis not well measured; % is the quark-model prediction.
[(2,(2520))/T(E, 2455 Jm) = 0225 * 0,062 * 0.025. This value favors thc A,(2880)° spm parity Mass m = 2286.46 L 0.14 MeV
assignment of 3* over™, We also repnrt the first observation of A, (2040)" = 2455)“* " decay
and measure Ar[lﬁﬂiﬁ and A,(2940)" mass and width parameters ﬂwse studles are based on g s p ]
553 fb™" data sample collected at or near the Y(45) resonance at the KEKB collider. Ac(2940) IJ7) = o)
TABLE L. Signal yield, mass, and width for the A .(2880)* and Mass m = 293934—%.; Me\/
A,(2940)*. The first uncertainty is statistical, the second one , s
systematic. Full width =177 ¢ MeV
Sae  Yield M (MeV/c) [ (Me¥) A, {2840)+ DECAY MODES Fraction (7,1 p (MeVl
A.(2880)F 690 £50 28812+02%04 S58£07x11 0
A(940)F 208 29380+ 1312 137 A een 0
L (455)" seef -
2015/7/17 HNP2015, Krabi, Thailand
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1),

2),

3),

2015/7/17

quark model:

Isqgur-Karl (3/2+,5/2-)
Heavy-light diquark model
(radial excitation of Ac)

Chiral quark model:
D-Wave

Molecular model (ratios)

HNP2015, Krabi, Thailand
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L1 (x) = ga AF()T# f d*y®(y?)(cosBD(x) plx + y)

+ sinfD% (x)n(x + yi+ H.c.,

T*=p* for I":% and T = y,p* for J"=1?

|A.(2940)") = cos@| pD*?) + sinf|nD*").

FIG. 1 (color online). Diagram describing the A.(2940)" mass

operator.

p(n) ()
N P, e
p(n) mH(77)
AT
n(p) —
D D*+) EEF) D* D,
D*(D*) Ze(ZE) FIG. 2 (color online). Diagrams contributing to the decays

A.(2940)" — pDY 21 7, Xlort.

2015/7/17 HNP2015, Krabi, Thailand
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G

Lypanla) = = - p@iv# (5 PWD) + 100D} ()50

Fp

Fr

aT

+ - S5 @iy (g5 WD) + nDL W) )t ()

+ 2 S2)ipty ((x)D*“(x)+ 510D ()7 () + He,

L yppp = ig1 B y#y[V,,, P1LBjn
+ iglgkmnyﬁyj[vp! P]IkB!nm

+ igy Byt (V)i Py — PL(V,)5)

— igs Bk S (V)L Ps, — PLV,)S)
PRD81, 014006

2015/7/17 HNP20]

The strong two-body decay widths of the A (2940)*
baryon are calculated according to the expressions

2

T(A[1/25]— B+ M) = é"%a”i(mh i, m3,)

dimy, —ma2 = mip|

for the positive parity A.(2940)" state and accordingly

T(AJ[1/2°]— B+ M) = Y 22 (i, m3, m3y)

]' i
XEA,. + mg)? — m3y) | (10)

for the negative parity choice for A.(2940)".




TABLE I. Partial decay widths of A (2940)* in MeV.
p—
( ¥ mudes} 1~ modes
cost Al = pDY A] ol Al =307t A - pD° A =3t A= 307*
| 0.11 0.58 0.72 19.15 612.68 756.72
0.95 0.17 0.85 0.98 29.75 907.64 1040.36
0.9 0.20 0.96 1.08 3440 1033.00 1153.95
0.8 0.23 111 1.20 41.09 1208.89 1305.10
0.7 0.25 1.20 1.27 46.17 1338.06 1407.80
0.6 0.27 1.27 1.30 50.24 1437.58 1478.96
0.5 0.28 1.31 1.32 5347 1511.85 152278
04 0.29 1.32 1.30 55.83 1560.10 1538.24
0.3 0.29 1.32 1.30 55.83 1560.10 1538.24
0.2 0.29 1.30 1.26 57.15 1577.04 1519.78
0.1 0.26 1.14 1.03 54.20 1447.05 1309.75
0.05 0.24 1.04 091 50.68 1334.05 1174.51
0 0.18 0.74 0.60 3815 064.41 781.52

2015/7/17 HNP2015, Krabi, Thailand
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Radiative decay(1+/2)

Gauge Invariance

M H(p, p') = i (p)T*(p, p"up (p)

[H(p, p') = F()y* + Fa(qhia*"q, + F3(gP)g™.
2

Fl(fiz}Z P}(ﬁﬁ.

Foo |
ME(p, ) = %hg(ﬁ'ﬁa”“’qrump}-
mhr

#1
[(A,(2940)" = A, (2286)" +9) = iF}; Aty
m bt il

A

TABLE Il Radiative decay width of A(2940)* in keV.

0 A (GeV)
(ngad) 025 04 05 075 1 125

0 111 354 617 1131 1427 1568

b ] 92 292 51,0 915 1122 1194
Diagrams contributing to the radiative decay process 10 74 232 06 7.0 839 855
Ac(2940)" — A(2286)" . 15 57 176 M8 521 586 562
| 20 41 125 2035 311 34
L / — 25 8.1 144 21.7 20.1 14.7

quM*(p, p')=0

2015/7/17 PRD82, 034035
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Q ¢

'\.‘ -';IT
A
[ H\.

D*D(Dt+) D*G(D*+}
(a) (b)

Diagrams contributing to the A_(2940)" — A_(2286)" + 24 decay.

]. 3‘ - . * 3 x — . *
Lo-popss+ = [Z{gl +82) —=g; ]EZ’ "riytyspD +He, Lopesy =—38320 " m iy*ysnD;” +He,

2
If'1 S+, 0: ) IT1 s+, 0 *+
Loopopsy =3 7(81+ &) —3gs |2 iy yspDy) tHe,  Lopeysy =5 2(e1+82) —3gs |2 wliy*ysnD)" +He,
3 - , 1 3 1= .
Loipopse= _53322W+IT“)’5PD;0 +He, L pe,s0 =[z(£1 +32)_§E3]EEW+IT”TSHDE+ +He,
13 1 - -
LFEL.A:I" = —EJ;(g"z — ig"l)ﬁfc"‘gysﬂ'zc + H.c.. .E D*Nﬁi. = _gD*Nﬁ:-KD“Nﬂ:NJ#yaPD;AL + H.C.,
_ I
'Ep':r'rr — gp'zr'lrpk Wiap.wjeijkl r 3 I(MAF_MJ“I‘L)Z J fST J ZlM |2
=5 0 s ol
_ 8pD'NAL =t uy At 51200°M3 Jaue 2 5o ! v
L pna = M NDio* p, A" + He, A, ™ 1 pol
N

2015/7/17 PRD83, 094003
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3, Production @ PANDA

Home

Welcome to the PANDA Experiment Website

The PANDL Experiment will be one of the kev experiments at the Facilitw
for Antiproton and Ion Research (FAIR) which iz under construction and
currently being built on the area of the G351 Helmholtzzentrum fir
Schwerionenforazchung in Darmstadt, Germany.

The central part of FAIR iz a synchrotron complex providing intense
pulzed ion beams (from p to U). &ntiprotons produced by a primary
proton beam will then be filled into the High Energvy Storage Ring
(HESE) which collide with the fixed target inside the PANDA Detector.

The PANDL Collaboration with more than 450 scientist from 17 countries
intends to do basic research on warious topilcs around the weak and
ztrong forces, exotic statez of matter and the structure of hadrons.

In order to gather all the neceszary information from the antiproton-proton «

identification of charged particles.

Fhat do you want fo knmow more about?

[ f o The Physics Program
N E Information about the warious
® 'ﬁ‘ﬂ phyzicz topics going to be
oo investigated by PANDA.
a"r'-

% | The Accelerator Facility
Information about host

' laboratory G5I, the Facilitv for
Antiproton and Ion Research and
the accelerator.

Documents | Communications -
Forthcoming experiments at PANDA, with the p momen-

tum in the range from 1 to 15 GeV/c, which corresponds to
total center-of-mass energies in the antiproton-proton

butions to these investigations [1]. For example, pp
annihilation reactions are expected to provide substantial
information on the charm baryon A.(2286) as well as the
baryon resonance A,(2940) recently observed by the
BABAR Collaboration [2] and confirmed by the Belle

build being able to provide precise trajectory reconstruction, energy and mD]Cﬂ]]ﬂbﬂrﬂ[iﬂn |-3J

The Detector

Detailled description and
technical information about the
different detection avstems.

The PANDA Collaboration
Contact information, structure
and working groups within the
Collaboration.

BEPC, BABAR, BELLE,
JLab. PANDA

o,

20



[A.(2940)) = |pD*0).

1+

ﬁif_.pﬂ = ﬂiﬂpﬂﬂgfﬁpﬂﬂ +He, do 1 1
- dM,p 10247 5\ /s — aM>,

x / dcos 05 d2! |3 (3] M |2

£, 0 = FiphepD +He. PRD90, 094001

1_

Ei; pD* — f AL pu*iif:?‘“rj pD;ﬂ + H.c.

=

Dﬂ

P A, (2286)*
(a) (h)

2015/7/17 HNP2015, Krabi, Thailand
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interaction

p

Dﬂ

L{:ﬂaﬁﬁ {2285

>< XX -

FIG. 2. Lippmann-Schwinger equation for the initial state interaction of the NN system.

3 -
rwsn-vasn s [SEEEL

T . : . i
Van(@3) = Vig(@.3) + V3 (@.2). ossf :

The r-exchange potential is given by [23,24] =k /
_-'] [ -

(@) =S K | |
NR T 12M% M2 4K 025 |- .

L

% (3, -3, + 8pa(k,)) (7 - ) F2(KD),

-
M
L
[~

el i i i PRI R T S
55 6 65

The optical potential for the NN scattering state is | $HiGev)

FIG. 3. Initial state interaction factor |Jo|* in dependence
112
on §°'°

VTE-';{F] = (mg + fwﬂ}f*?*f‘:rﬁ P 22
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PP D+D -contributions; Figs. la+lby 3
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4, Production @ JPARC (Hadron Hall)

1
Charmed Baryon Spectroscopy
Missing Mass Spectroscopy
/; ; oDk’ N
' 0 g = T Measure D*
L " b T
\_ Missing Mass Spectrum /'
/ Dispersive Hydrogen - \
Focal Plane Target ] ﬁf,ﬁ’“#:{ .
20 GeV/e | | - HIl
T
‘-\\E_

igh—resnlutiﬁn, High-momentum Beam Line

o-speciomere [

2015/7/17

HNP2015, Krabi, Thailand

Courtesy of
S.Sawada
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. Role of the AF(2940) in the 7~p — D~ D"p reaction close to threshold I

A, (2940)) = |pD*0). Nucl-1506.01133

1
do(m—p — D~ D"p) = — §j|M|2
2\/(?1 Pa)t —m_m2 . s,

dEFJE dzp-i m.pd3p5 4
“SE. 3B, L. 0% (p1 +p2 —p3 — pa—ps),

i e D_ - #
| '\.“H ,."f "f ‘HEH _’..-'j #-‘"
:Dsll:l /D'I:I M\"‘_‘ ’--‘.-"' ;.-; .:A.; ’_-"I
' 7 - | — - —_—
) A, AF - , T T
e m—
(a) (b) (€)

FIG. 1: Feynman diagrams for the 7~ p — D~ D"p reaction.

2015/7/17 HNP2015, Krabi, Thailand
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LpDr = gp+p=D.7- (DO*7—3"D7), (1)
L.NN = —ig=NNN~sT- 7N, (2)
Lpny, = —igpNe NvsDY. + H.e., (3)
La.pp = 1GrpnAspD" + He, (4)
LA+ = Grpp-AA"pDY + He., (5)
Loy, = igann AeysT - Se + He.. (6)
Fpe (62, Mey) = S0 —Mb- Fp(az.. M.,) = i >

'E'LE.D" o qzﬂ* ﬁ'{lﬂ + {QEI o fu—em}z .

2015/7/17 HNP2015, Krabi, Thailand
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elements

T g D~ - .
| . & - - . P - d . &
:Dtﬂ . Dﬂ x‘“n‘ ;"f ;"! h:—"" .-"’f
' i ————— i — — - e .+~
p U"!LC‘.' ﬁ: # - n EI‘J
— % p
(a) (b) (¢)
FIG. 1: Feynman diagrams for the #—p — D~ D"p reaction.
e
M = ___Wa __
’ (g2 — M3, +iMa:Tas)(t — MB.)

, pi-k
< s, 59)(d F Mag) (s — i nsu(on, )

1+
4+ V207
I{u;'2 — f'rfi; + iMﬁ;FNE}{s — mE]
x ﬁ{pﬁs Sf:”:d + ﬁ‘fﬁ‘;}{ﬁa + mn}TE-u{pﬁs S-ijt-
1 g&i
Mz = - -
I{u;'2 — f'rfi; + T:f'rfﬁirﬁg]{u — ﬂfﬁﬂ]
X U(ps, sp)(d F Mas)(Ku + My, )ysu(pe, 8i),
2015/7/17 HNP2015, Krabi, Thailand
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(1:total-cross-sections)

L PRI BT B | 1 Ly oy 1{]"2---'.-IJ'..---I....I....I A
1{]11.{] 115 12.0 125 13.0 135 14.0 145 150 11.0 115 120 125 13.0 13.5 14.0 14.5 15.0
p. (GoV) p. (GeV)

FIG. 2: (Color online) Total cross sections for the 77 p — FIG. 3: (Color online) As shown in Fig. @ but for J© = 3~

D~ D"p reaction as a function of the beam momentum p, - of the A} (2040).
for J5 = %-'_ of the A (2040). The dashed, dotted, and dash-

dotted curves stand for the contributions from the s-channel,

t-channel, and u-channel, respectively. Their total contribu-

tion is shown by the solid line. The blue line stands for the

contributions from the ground A (2286) state.

2015/7/17 HNP2015, Krabi, Thailand
29



(2:-differential-cross-sections)

d2a m?2

dM poy,df2 2945 \/ s[(p1 - p2)? — mi— mg]

< [ 3 IMPI 7 e

8i,8f
100 1000
& k7
- -
3 ©
]
e e,
~a “a
T [}
= —P100|
o 9
&) i o
o 1F "o
10 05 00 05 10 1.0 05 0.0 0.5 1.0
cos(h) cos(0)

FIG. 4: Differential cross sections for the 7~ p — D~ D"p re- FIG. 5: As shown in Fig. @but for J© = 3 of the A7 (2940).
action as a function of the scattering angle (#) of the outgoing

D~ meson in the CM frame of 7 p system for J¥ = é"' of
the A7 (2040).
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60

50F

o 40/

30|

10 05 00 05 10
cos(0)

FIG. 6: Ratio of the differential cross sections for J© = %_

FP_ 1+
and J° = I - _ _
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1), Molecule scenario
Our approach with hadronic loop
Compositness condition +
Other Effective Lagrangians
X(3872), Zc(3900), Y(4260), Zb(10610), Z ‘b (10650)

2), Baryon resonance A+c(2940) I

2015/7/17 HNP2015, Krabi, Thailand
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BESIII, Belle and CLEO-c -=2Z¢(3900)-
Mzc(asoo)= (3899 £ 3.6 - 4) MeV.
I ;3500746 = 10 = 20) MeV-

100'_'_ —4- Data T i
L i — Total fit
S g ===+ Background fit
8 80 - PHSP MC
S 'S
o , 900
2]
C -
g | ™~
iy g Gakieid
~ : REIEAMLI L0
0 3.7 3.8 3.9 4 =S
Max (M) (GeV/c?) W ARRERNEAIAERE [7O%0. IR TAOTIAEN . CRRRI KRR, b

BINRYCIAN (W) GLUMNR AR EINOEKERER . TX2An | AR Me
A TANRVRRLRD RN ST LRI

20031 g s S BRI BZ.(3900) e "



1Z5 )= + DDy, |z y=|D"" D).

J_ID “po
1+, its bottomia states Zb(10610) and Z'b(10650)

Zc(Zc')qu(HS)*TE, Zc(Zc')%h c(l’l’\P )"'Tl:

Ly ()= ﬁMz 74 (x) fﬁmz 6D + v/2)
X D}, (x — y/2) + D}(x + y/2)D(x — y/2)),

L) = eie, 0 22 () [ 32D + 5/

NG
X D*B(x — y/2), Z ;
2. Z Z Z,
o o

FIG. 1 (color online). Mass operators of ZT and Z:,"'.

2015/7/17 HNP2015, Krabi, Thailand
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In the calculation of the two-body decays of Z~ (Z) =
H+ 7+ where H= W(nS§), hmP) we generate the
four-particle DD"H#™ and D"D Hw™ vertices by a
phenomenological Lagrangian

Loparpx) = igptr(D[H (x), P(x)]D(x))
+ gp t{ D H (x), P(x)}D(x))

where gr and gp are effective coupling constants, [ -+ - ]
and {-++} denote the commutator and anticommutator,
respectively.

The H is the heavy charmonia field; D is the superpo-
sition of isodoublets of open-charm mesons with J¥ = (-,
|~ and 1 7: P is the chiral field:

H=Iry, +hy,ys +%uw Tt ys),

H

D = Diys + D™y, + Diy,vs

P=_;"’]ﬁ +E J{?#H]’}‘#J

2015/7/17 HNP2015,

SHFHH
ik y

Lppyzlx) = —————J#"(x)D}(x)d ,7(x)D(x) + H.c,

4gp
Lpopep(x) ==
DD izt ¥

E#:rr:rﬂj#ﬂ%{x}f{?j,%{X}D;{I}J

W

_dgrgn
FM,

+ H.c.,

Lppn,(x) = et Bh L (x)D%(x)d g Ar(x)D(x)

Lpp (x) = ?—FD” (x)(h,,(x)id, 7 (x)

W

— h,(x)id , 7r(x)) D" (x).

The three-particle coupling gp-,. of the pion to
charmed D mesons is defined by the phenomenological
Lagrangian:

Lyp-(x)= 8D°D7 fye (x)a , (x)D(x) + H.c,

NG

where the value gp-p, = 17.9 has been determined from
data on D" — D decay [15].

Krabi, Thailand
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b - Ir(nS), h(mP) - i L Ir[nS), h(mP)
Z. ./ \\ﬁ Z -~ \\
) ﬁ )
N S N /
D " D )

Two-body decays Z — ¥(nS), h.(mP) + 7 and E:+ — WinS), h.(mP) + .

.
r N f’:zf.rrf(mm,
Er—h_(mP)a™ = gﬁ?TM‘;i

(M3, M3 ,M,,}(l +

M;,
2M3; )

- f’*zr.rrf,

e T N ME, M M2,
967 M3, (M7, Mi,

rzj: —h_(mP)a*

TABLE I1l. Predictions for the strong decay widths of Z_ and Z." states in MeV.
€ (MeV) I'z (15) I'z(15) I'z (25) 'z (25) I'z (1P) I'z(1F)
3 T45-13.63  11.50-2660 1.47-270 8.26—-19.1 068-1.25  1.02-236
10 8.33-19.15 15.333449 1.48—3.32 10.81-2423 076170 134300
15 9.55-21.66 1785464 1.41-3.21 12.32-2806 082-1.86 153349
20 100432389 19474511 1.28-2.94 13163048 087-198 165381

2015/7/17 HNP2015, Krabi, Thailand

37



1), Molecule scenario
Our approach with hadronic loop
Compositness condition
Other Effective Lagrangians

2), Some resonances
X(3872), Ac(2940), Zc(3900), deuteron, Y(4260)

3), Other resonances can also be studied.

200x47/07-13 HNP2015, Krabi, Thailand
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* Observed by Belle, (2011)
e Z7p(10610) : M=10608.4+2.0MeV,

. r=15.6+2.5MeV
e Z+p(10650): M=10653.2+1.5MeV
. r=14.4+3.2MeV

Analysis of the charged pion angular distributions :
+ 19(J7)= 1%(17)
e Charged , Zb— mt(+)+Y(nS),(n = 1,2,3)

200x47/07-13 HNP2015, Krabi, Thailand
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g B
0 0
B B
FIG. 1: Mass operators of Z; and E';"',
B T(nS) £ T(nS)
@ @
T T
B* B
FIG. 2: Two-body decays of Z57 — V + 7 and 3;+ — V 4+, where V' = T(nS), hs(mP)
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1 - -
—|B**B" + B*'B*),
; |
|Z (10650)) = |B*+B*%.

|1Z; (10610)) =

Lz,(z) = % Mz, Z)(x) fff‘y @2,(y")(Blz +y/2)B}(x - y/2) + By(z + 4/2)B(x - y/2)),
g, , _
£a@) = Zhiwas? 2 @) [ d'y @z (B @+ u/DE @ - /2,

Lppera(2) = gpper, Tu(2) B (2)7(z) - 7B(z) + He.,
Lpprre(z) = iﬁumﬁ(ymm.,'f“(ﬂijﬂ*ﬁ (2)0"7(z) - TB* (1) + [ oy, 0" T (2) B (2} () - B (2 ])-

Lppne(T) = €uvad Ippen,. O hh(€) B (2)0°F(x) - 7B(z) + Hee.,
Lp-prirlz) = Emn-&bwhf:[ z)B*" ()" #(x) - B*&Ex](ﬂ';wﬂaﬁ Gpalri — Hmﬂnﬁ)

b Sy s O W) B @)7(a) - 7B (2) (G000 — o)

200147007-13 HNP2015, Krabi, Thailand
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Table I. Z';r —T(nS) + 7" decay properties.

¢(MeV) 47 ['1(MeV) T'a5(MeV) ['35(MeV)
1 34, 3.4, 3.6, 3.7 [11.6,16.4, 223, 20.5|13.7, 19.4, 26.4, 34.9|7.2, 10.2, 13.9, 184
5 40,40, 41,42 [11.0,16.5, 224, 20.5|113.0, 19.4, 26.3, 34.7]6.7, 10.1, 13.6, 18.0
10 50,49, 48 48 [11.7,16.9, 22,7, 20.7|113.7, 19.8, 26.6, 34.8]7.0, 10.1, 13.5, 17.6
20 7.2, 6.6, 63,60 |13.3, 183, 24.0, 30.8(15.4, 21.2, 27.8, 35.7|7 4, 10.2, 13.4, 17.3
30 04,8579 74 |[145,19.6, 254, 32.3|16.7, 225, 20.2, 37.1|7.7, 10.3, 13.4, 17.0
40 | 11.7, 104, 9.5, 8.8 [15.4, 204, 26.7, 33.7|17.5, 23.2, 30.3, 38.3|7.5, 10.0, 13.1, 16.5
50 |13.9, 123, 11.1, 10.2{15.9, 21.2, 27.6, 34.9|17.8, 23.9, 31.1, 39.2 7.1, 9.6, 12.5, 15.7
Exp. 22047342 21.1+ aﬂi 122+£1.7+4

20147(L7-13

HNP2015, Krabi, Thailand
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Table II. E;Jr — T(nS) + 1 decay properties.

¢(MeV) g, [y5(MeV) Tas(MeV) Ty5(MeV)
1 | 32,34,36,37 (120,169,230, 304[147, 208, 28.3, 37.4] 0.0, 12.8, 17.4, 23.0
5 | 39,40 41,42 [12.1,17.0,23.0, 30.3[14.9, 208, 28.2, 37.2| 9.0, 12.6, 17.1, 22.6
10 | 50,48 48,47 [127, 174,234, 306/15.4, 213, 28.5, 37.3/ 0.2, 12.7, 17.1, 22.3
20 | 72,6663 60 |140, 188 246, 31.7[16.9,22.7 208, 30.3] 08, 132, 17.3, 22.3
30 | 04,85 7873 |15.1,20.1,26.1,33.1[18., 241, 31.3, 30.7]102, 135, 17.6,22.3
40 | 11.7,104,9.4, 8.7 158, 21.1, 27.3, 34.5(18.9, 25.1, 32.4, 41.0(102, 13.6, 17.6,22.2

50

139, 12.3, 11.0, 10.1

16.2, 21.7, 28.2, 35.6

19.1, 25.5, 33.2, 41.9

09,133, 17.3, 21.8

Exp.

12+10+3

1644367

T
109+265)

201470i77-13
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Some known candidates

for hadronic meson-meson molecules

a0(980), f0(980)>K K X (3872) y DD
D*s0(2317)>DK; Ds1>D*k  X(315) D7D+ DD
. X(3872)>D D*+c.c Y (4140) Dy Dy~
‘ 2(4430)9 D*(ZOIO) D1(2420) Y (4260) Acﬁfmﬁﬁﬂff%ﬂ)
7(4430)* DD,
In the current nomenclature, the neutral(charged) states ob- X (4630) $(25)5o(980)
served in B decays are labeled X(Z), whereas the Y are the Y (4660) ¥(285) fo(980)

nentral, J'C = 17~ states observed in initial-state radiation
eTe™ processes.

200147007-13 HNP2015, Krabi, Thailand
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Observation of X(3872)

Observed by Belle in B* -
K* ntn-]/y
Confirmed by CDF, DO, BaBar

ol ] 2003 -
g X(3872)

200 — l ]

100 — —

0.40 0.60 0.80 1.00 1.20

M(mtr~1*1") - M(1*1")

M(X(3872)), MeV/c?

B—XK

3871.46+0.37+0.07

BXK

3871.4£0.6x0.1

_‘ X—-J/ynn

3871.61+£0.16£0.19

Our average

3871.50+0.19

M(D)+M(D™)

3871.81%0.36

Mass of X(3872) is close to DD*
Not fittable to any known cc-bar states

What is it:

charmonium, DD*-molecule, tetraquark...?

2015/7/17

HNP2015, Krabi, Thailand
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2015/7/17

A

P ~ l

> 600 !

= = i

l.["! 1

o I ! |

. B |If:'-'--.I r

@ 400 — 4 .+ S

o - l -

E - + : : I-.!I

E — : : + + ..... I;||'

S 200 Hf T L

i i {

|E| : .~ I 1 1 1 1 I 1 1
2.8 2.9 3 3.1

D* p Invariant Mass (GeV,/c”)

FIG. 3. The invariant mass distribution of selected DV p can-
didates. The curve is the result of the fit described in the text. The
curves below are the line shapes of the A (2880)% and
A (2940)" baryons obtained from the DPp data, drawn approxi-
mately to scale after comrecting for selection efficiency and DP
and D branching fractions.
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Non relativistic QCD

Potential models

Molecule, baryonium
tetraquark

Hybrids

Coupling channel...

2015/7/17

HNP2015, Krabi, Thailand
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X, Y, Z states

Courtesy of Brambilla et al., 1010.5827

Y (4660)
X (4630)
7(4430)"
Y (4360) X(4350) . 7 (4430)
Y (4260) L4350 (4274) 7 4050+
X (4160)
Y (4140) Z1(4050)*
Y (4008) 1(4050)
X (3940)
X (3915)...
X (3872)
DD(3730)

JPC 17— (1++)

2015/7/17

0/27+ 0/2"t 2+ ?
HNP2015, Krabi, Thailand
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Y (4660 .
: ium ° | Charged charmonium
Charmonium "10 (_‘=_.§r._tﬁ 7% (4430 g
spectrum
-- A completely new
scenario of strong QCD!

4320 =436

- Y (4260) TIY

- w(4170) T/

r

States close to open
thresholds
-- The role played by
open D meson channels?

4.0—

— I e X 3 T
//, Ta Jw

Close to DD* threshold

2015/7/17 HNP2015, Krabi, Thailand
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XYZ resonances [Hidden-charm(bottom)]

1, Conventional quark model x
2, Narrow width
3, Near threshold of two mesons...

Many interpretations:

Molecular scenario  ENRYIREIEVIVIIS TN e elp)
Quark and hadron level

Molecule, baryonium
tetraquark .
Hybpids Potential models

Coupling channel...

2015/7/17 HNP2015, Krabi, Thailand
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Basics about X {3872), Decay Modes

B X Jjrtr2%)/r(X = Jjgrtr) = 1.0 £ 0.4(stat) £ 0.3(syst)
BELLE (hep-ex/0505037)
is0spin violating decay modes
decays dominated by subthreshold decays of w.J /v and pJ /v

B (X~ Jjiy)/T(X = Jjdrtr) = 0144 0.05 (Belle); 0.33 £ 0.12 (BABAR)
BELLE (hep-ex/0505037), BABAR PRL 102 (2009)
large radiative decay mode !

" I'[X—¢28)7)/TX = J/iy)=35£14
BABAR, PRL 102, (2009)
possible evidence for charmonium component ?

2015/7/17 HNP2015, Krabi, Thailand
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TABLE

Three-body decay widths for A,(2940)" — A_(2286)" 7" 7~ (in MeV) with the
diagram Fig. 1(a) for different values of # and A. The values in the parentheses represent the
contributions from X! and %1, respectively.

0 A =125 GeV A=1GeV A =075 GeV
0° 6.010(1.930,1.568) 4.311(1.384,1.125) 2.729(0.876,0.712)
5° 6.392(2.040,1.679) 4.583(1.462,1.204) 2.899(0.925,0.762)
10° 6.776(2.150,1.792) 4.855(1.541,1.284) 3.070(0.974,0.812)
15° 7.160(2.259,1.905) 5.129(1.618,1.364) 3.241(1.023,0.862)
20° 7.543(2.368,2.018) 5.401(1.696,1.445) 3.411(1.071,0.912)
TABLE Three-body decay widths A.(2940)" — A,(2286)* 7+ %~ (in MeV) with dia-

grams of Figs. 1(a) and 1(b) for different values of # and A. Values in parentheses indicate the
contributions of Fig. 1(b) with an intermediate p meson.

0

A =125 GeV

A=1GeV

A =075 GeV

{-}E
50
10°
15°
20°

6.014(5.486 X 1077)
6.396(5.835 X 1073)
6.780(6.186 X 1073)
7.165(6.537 X 107%)
7.548(6.888 X 107%)

4.314(4.268 X 1077)
4.586(4.539 X 1079)
4.859(4.811 X 1073)
5.133(5.083 X 1073)
5.405(5.354 X 107 7%)

2.732(3.083 X 1073)
2.902(3.276 X 1073)
3.073(3.468 X u} 3)
3.244(3.661 X 1073)
3.414(3.853 X 10 3)

2015/7/17

HNP2015, Krabi, Thailand
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Effective-Lagrangians

) . Non-local ones
L }."{I} = gﬂ'ﬂpﬂ"'x;& (I}Jﬂuﬂ-u {I}

+ gxpzp= X (X2 ez (%)

BxJ u "
P WA )= Thp) = f Oy (P)(D(x +y/2)
+ g::;F E#MHEHIE[I Jﬁi[I}s X ﬂ*#{l’ - :ﬂfl}
+ D(x + y/2)D**(x - y/2)),
)= DWB() + BE)D*(), Jj:v(:-:} 7 iﬁf (x) = fg (x) f d*yd, (P IVE(x + )
I =1V,

2015/7/17 HNP2015, Krabi, Thailand
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4, Production @ JPARC (Hadron Hall)

Hadron Experimental Facility (HEF)

Lines

K1.8 Hypernuclei, 7, K, p (2 separators) <2.0GeV/c ~10°Hz for K*
Hadron Physics with S

K1.8BR Hadron Physics with S n, K, p (1 separator) <1.0GeV/ic ~10%Hz for K*

K1.1BR Lepton Flavor violation =, K, p (1 separator) <1.1 GeV/ic ~10% Hz for K*
KL Neutral K rare decay Neural Kaon ~ 2 GeVic ~10% Hz

Intense Kaon Beam in the momentum range of ~ 1 Gef\//c

o4




BEPC.,

BESIII, Belle and CLEO-c -=2Z¢(3900)-
Mzc(asoo)= (3899 £ 3.6 - 4) MeV.
I ;3500746 = 10 = 20) MeV-

100:-_ +Data nf ir
L i — Total fit
S g ===+ Background fit
8 80 - PHSP MC
S 'S
o , 900
2 I
C = -
> : e
iy g Gakieid
~ : REIEAMLI L0
0 3.7 3.8 3.9 4 =S
Max (M) (GeV/c?) W ARRERNEAIAERE [7O%0. IR TAOTIAEN . CRRRI KRR, b

BINRYCIAN (W) GLUMNR AR EINOEKERER . TX2An | AR Me
A TANRVRRLRD RN ST LRI

20031 g s S BRI BZ.(3900) e e



Ansatz: X (3872) is S-wave molecule with J©& = 1+

12

12
| X(3872) »= melfnggﬂuﬂ“ﬂ*“} + D0 D%) + E%g*iumﬂ*-} +|D-D* +

| | : .
Z Jﬁuﬁu}. +Z ﬂw o) | + sin B)cs)

{mﬂn = 1586485 Mﬂ'r, Mps0 = 2006.7 HE".II; My = Mpo + Mpen — E]'

& dominant|D°D*% 4+ | D*° D7) component

B quantitatively see Swanson (2004); for € = 0.3 MeV
Eﬂl:lull:l=|}.g'2, Eﬂiﬂq.; =|}{|33| EJ!:.M={I'H'111 EJ¢P=D.ﬂm

B small admixture of 11+ of component: o sind

& Compositeness condition: Zx = 1 - (LY (m%)) - (E%(m3 ))" = 0 fixes coupling of
X to its components

2015/7/17 HNP2015, Krabi, Thailand
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A

P ~ l

> 600 !

= = i

l.["! 1

o I ! |

. B |If:'-'--.I r

@ 400 — 4 .+ S
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E - + : : I-.!I

E — : : + + ..... I;||'

S 200 Hf T L

i i {
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D* p Invariant Mass (GeV,/c”)

FIG. 3. The invariant mass distribution of selected DV p can-
didates. The curve is the result of the fit described in the text. The
curves below are the line shapes of the A (2880)% and
A (2940)" baryons obtained from the DPp data, drawn approxi-
mately to scale after comrecting for selection efficiency and DP
and D branching fractions.
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Results for X (3872) — ~J /v and /(2s)

Configuration

r(X(3872) — v.J /%, 79(25)) keV

molecular 220* component
pure J /vl component
interfering 2.0 and J /41" components

60 - 120(J /%) 0.3 ((25))
B(J/4) 0 ((28))
30 - 65 (J/%) 0.3 (1(28))

Dong, Faessler. TG, Kovalenko, Lyubovitskij, PRD 77 {2008), 79 (2009), D909.0350 [hep-ph]

201470i77-13

additional charmonium contribution with Z /¥ = sinf ~ —0.2 required

-z bl

dotted - .J/4, solid - 1(2=) mode

_ DX w250 47) _

(BABAR, 20D09)
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