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Charged heavy quarkonium states observed in exp.

State AMass (MeV) Width (MeV) JFE Ohbservation channel Experiment
808 £ 5 31 +19 Gl Y (4260) = 7=(J /o= TF) BESHIT2013), Belle{ 2013
o (A1TO) = 7 (. Iim¥) Xino ef al (2013)
35834 1.5 25+3 1+ Y (4260) = =D D" BESII{2013)
021.8+1.0+£25 57+34+11 17 etem = s (7Fh(1P)) BESITI(2013)
Eem = 4.26 and 4.36 GeV
0263 +26+37 ME£56+T7T7T 17" ete” =75 (D D)F + e BESII{2013)
E. = 4.26 GeV
Z1(4050) 1051733 gatil ? B—= K+ (xa(lP)rt) Belle( 2008)
Z2(4250) H:H‘f"‘* ety ? B—=K+ n,.|{|P},.+} Belle(2008)
Z(4430) m-::“ 17t ? B = K+ (0(25)7%) Belle{ 2007)
7, (10610) | 10607.2 + 2.0 184424 1 T(58) = 75(T(nS)=¥F) Belle2011
T(55) — 5 (hy(mS)=T) Belle201 1
T(58) = =~ (B+*R*" + BB+ Belle2013
An( 10650) | 106522 + 1.5 11.5+ 2.2 1+ T(55) = #=(T(nS5)=¥) Belle2011
T(55) = 7% (hy(mS)=T) Belle2011
T(55) = =~ (B** *") Belle2013
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XYZ resonances [Hidden-charm(bottom)]

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

Frame Works:

Interpretations: _
Molecule, baryonium Non relativistic QCD

tetraquark
Hybrids

Potential models

Molecular scenario
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Hadronic molecules

+ Weekly bound state of two or three hadrons
+ Obvious examples: Nuclei (deuteron) or hyper-nucleon
* Baryon-baryon bound state: M+ <M1 + M2

* Dynamical Generation of molecular bound states/
resonances

Long-range one-pion exchange (Tornqvist, 1991)
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)

KEK, Hadron physics at J-PARC,
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Hadronic molecule — an analogue to Deuteron

Heavy-light quark-antiquark pairs form heavy mesons, and the meson-antimeson
pair moves at distances longer than the typical size of the meson. The mesons are
interacting through exchange of light quarks and gluons, similar to nuclear force.

D™

D°-D"® “molecule” Deuteron: p-n molecule

2015/3/15 KEK, Hadron physics at J-PARC,
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Bound state description of hadronic molecule on
QFT based on the Compositeness condition: Zm=0

(See Weinberg: PR130 (1966),776:. Salam, Nuov. Cim. 25 (1962),224..)
Lyop = XﬂJ #

— 3% ﬂjd“ [D(x+ y/Z)B*”(x—y/2)+5(x+ y/2)D#(x—y/2)]

H,
) Mass operator
X X
H;

7, =1—g?IT'(M?) = 0«
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Basis st (367 X(3872)2 71 Jly

B Fatseenin arXiv:0809.1224 605 fb” recent resgl+sI—
X(3872) — JJI’LI':'IF'I'TF' by BELLE (2003), % an_E Bi-XK? Ng :: BG_)XKS l
als0 seen by COF, DO (2004) and BABAR (2005). ‘ o N=132 415 8 NG=27.6 +6
S T 1280 < .
B Ty =IMeV E"?{ * g,
5 zo: 'E b
B quantum numbers: . } ‘
C=+ from X (3872) — 34, 1<) no signalin X — rx2J) Rt R A Hltth Sl

JFC =14+ orJFC = 0+ from X (3872) — J =~ helicity ampi M(X(3872))=(3871.460.37+0.07) MeV
by combining two modes together
B X(3872.240.8) close to DO D0 threshokd with m,,, = 387181 £ 0.36 |
B Swave D00 hadron molecule favors J°© = 14+
#  chamorium interpretaion disfavored, 1++(22F, ) o low in mass compared fo
B(B" - X (3872)(K* 7 )yg) x B(X(3812) = Jfumr7™) = (81207 1) x 1070
11



Basics about X (3872), Decay Modes

B (X Jjrtea¥)/0(X = Jjinte-) = 1.0+ 0.4(stat) £ 0.3(syst)
BELLE (hep-ex/0505037)
1505pin violating decay modes
decays dominated by subthreshold decays of wJ /4 and pJ /1

B (X~ Jjyy)/T(X = Jjbrtr ) =014+ 0,05 (Belle); 0.3 +0.12 (BABAR)

BELLE (hep-ex/0505037), BABAR PRL 102 (2009)
large radiative decay mode I

B (X (281X = Jjiy) =354 14
BABAR, PRL 102, (2008)
possible evidence for charmonium component ¢

12



Ansatz: X (3872) is S-wave molecule with J7& = 1%+

12 Pave

| X(3872) 5= mﬂlfﬂggﬂuﬂﬂﬂ*“} +|DOD%) + LR (DY D* ) 4| DD +

172 12 : -
Z J:: ' |y} + 2 Ji lewP?] + sin o)

{mﬂn = 1864.85 MeV Mp.o = 2006.7 MeV m, = Mpo + M — £)

& dominant |D°D*%) 4+ |0*" D7) compaonent
B ouantitatively see Swanson (2004); for e = 0.3 Me\/

Apopen =092, £p4 ey =0033, &3, =0.041, EJ¢P=D.ﬂm
B small admixture of 17+ oF component: o« sin #

B Compositeness condition: £y =1 - {Ei"{m}}}’ - {Eﬁ{mi]}' = { fixes coupling of
X to itz components



J:]_f(I} = EILFWI#(I}JI;DH-U(I} Non_local QIR

+ gxpzpr= X (X} 2 = ()

X w
1l ?;—Em "X (I, ()

T 0= T ) = [ dy 00y ()l 572
AL €y X} 0) X Dl - y/2)

+ D(x + y/2)D**(x - y/2)),

+

)

b ) = HOODH0)+ DD | 2 ) 72400 = S50 [0V
I =1V,
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Radiative decays

Ko~ 44085 * Decay width (V)

Approach (X(3872) = 1J/¥)
[ed], Ref. [9] 11
[, Ref. [33] 7
[od], Ref. [33] 139

[molecule], Ref. [1_3] 8

1248 -231.3 (e=0.7 MeV)
Qur results 1208 -230.1 (e=1MeV)
1380 - 2514 (¢ =1.5 MeV)

1 PRD77, 094013
X PRD79, 094013

1w, wl28]

1
1.3

Strong decay(two-body, three-body)
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B (X - y28h)/T(X = J/in)=35+14 - " —
otic charmonium-like spectroscopy at :
BABAR, PRL 102, (2009) a study of the X(3872) andpcnf the E-{E}L}a;:}ﬂ}‘ states

possible evidence for charmonium component ?
o LHCb:1409.6472
Radiative Decay X(3872) - Jip vy, ¢’y

To study this further, LHCbh has recently measured E[] the ratio of branching fractions

_ B(X(3872) - 9(2S))
b= @ = 770y

as a constraint on the charmonium content of the X (3872). The branching fraction B{X (3872) — ¢(25}7)
is in fact expected to be very small for a pure molecule (O(10~) .—. but 1t could be enhanced for an

admixture of a D**D° molecule and charmonium. The BaBar cullah{rratmn has measured a relative large
branching fraction for the X(3872) into 4/(25)y, with Ry, = 3.4+ 1.4 |11}, a result generally inconsistent

with a pure molecular interpretation; in contrast, no significant signal was fﬂund by Belle [12].

Ry = 2.46+0.64+0.29, -

2015/3/15 KEK, Hadron physics at J-PARC,
Japan 16



g Results for X (3872) — ~v.J/u and 1(2s)

Configuration T(X(3872) — vJ/4, v(25)) keV
molecular DD* component 60 - 1200J /") 0.3 {¥(25))
pure J /4V component 6(J /%) 0 ((25))
interfering D0* and J/4V components 30 - 65 (J/v) 0.3 (y(25))

additional charmonium confribution with Z ./ = sind = —0.2 required

o

‘--

-‘ TITT

Tiks¥)

‘--

--‘.--

dotted - .J /4, solid - 1+{2=) mode Roa = frpamttl — 35414

2009)




Some resonances

X(3872), neutral
Zc(3900)+ , Y(4260)

Zb(10610), Z ‘b (10650)

Observation of a charged charmoniumlike structure

inete™ = ata—J /¢ at \,G = 4.26 GeV

Mz L) (GeVie™) Miix M) (GeicT)

3.7 3.8 a9 4.0
M. (" y) (GeVic)

4 33 34 A5 A8 AT A8 AR 4 A4 az 4 23 24 A5 A8 AF A8 A8 4 A4 az

Y(4260) -
e fc
Jhy
e R
}...- -~ |
= LS - Ml
o 8-
e L.
wat o
! il llb#ﬁ-li I'* LEI‘%]
i-]' .ﬂi a8 an 1 1.2 14
Mixx ) (GeVic”)

* The mass of the charged
charmonium-like structure

Zc(3900) is about 3.899 GeV, close

to DD* threshold!

* |t could be an opportunity for
understanding the mysterious

Y(4260).




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)
L 5000l 2000 The results for the A.(2940)" baryon are

T

m = [2939.8 + 1.3(stat) + 1.0(syst)] MeV /%,
['=[17.5 + 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 23 295 3 306 31 315 I'= [53 + 1;5(5131) + 11(5}"51)] MeV.

0® p Invariant Mass (Gev/c®)

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

2015815 in the final state X.(2455)%** 7= — A 7" 7~ by Belle 19



PRL 98, 262001 (2007)

week ending
29 JUNE 2007

PHYSICAL REVIEW LETTERS

Experimental Constraints on the Spin and Parity of the A ,(2880)
(Belle Collaboration)

We report the results of several studies of the A 7" X final state in continuum ¢ "¢~ annihilatior
data collected by the Belle defector. An analysis of angular distributions in A (238.(]]
3 (M55t gt da:ays strongly favors a A, (2880)* spin assignment of § over § o 1. We finc
evidence for A (2880)7 = $.(2520*** 7™~ decay and measure the ratio of A (2880)° pama] widths
[(2,(2520)7)/T(Z, 2455 Ja) = 0225 0,062 * (.025. This value favors Ihc A,(2880)° spm parity
assignmenh:nfs+ aver2™, We also report the first observation of A, (2940)" = 2455)“* " decay
and measure At[iﬁﬂiﬁ and A,(2940)" mass and width parameters Tht:s& studles are based on
553 ™" data sample collected at or near the Y(4S) resonance at the KEKB collider.

TABLE I. Signal yield, mass, and width for the A .(2880)" and

CHARMED BARYONS
(C=+1)

A =ude, £ =uue,

-+ _ =0 _ 0_
=/ =usc, _C_dsc, Qc_ssc

+ _ 0 _
Zc = udc, Ec =ddec,

1JP) = 0(L)

Jis not well measured; % is the quark-model prediction.

Mass m = 2286.46 £ 0.14 MeV

1A =0

A.(2940)*, The first uncertainty is statistical, the second one Mass m = 2939,3"_’1‘2 MeV
systematic Full width T = 178 Ve
State  Yield M MeV/e) T (MeV)
A,(2880)" 690 +50 28812+02%04 58%07+11 A, {2040+ DECAY MODES Fraction (T ) p (MeV
A(2940)0  220%B 29380133 134850 0
pD seen 420
25[2455)0 it gt seen -
2015/3/15 KEK, Hadron physics at J-PARC,
Japan 20



1),

2),

3),

2015/3/15

quark model:
Isqgur-Karl (3/2+,5/2-)
Heavy-light diquark model

(radial excitation of Ac(2286))

Chiral quark model:
D-Wave

Molecular Model
near threshold of pD*

KEK, Hadron physics at J-PARC,
Japan
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Ly () = ga AF ()T f d'y® () (cosdD () p(x + )

+ siné D, fx)n(x + y)) + H.e, Zy, =1 =2 (my ) =0.
N
e M ? 1+ A M r 1- + +
].-I =;P _E%J =— E.nd].-l =rjr fEII'Jr — e Ac Ac
2 2
|A(2940)") = cos@| pD*?) + sinf|nD*"). D
FIG. 1 (color online). Diagram describing the A.(2940)" mass
operator.
pin) () N P, X
p(n) (@)
A
n(p) —
D(D) SASH) D D,m
DD 2T FIG. 2 (color online). Diagrams contributing to the decays
A (2940)" — pD°, St X7t

2015/3/15 KEK, Hadron physics at J-PARC,
Japan 22



Lypgg = ig1 B y* [V, PY Bl
+igy B y# [V, PLBinm
+ig3 Byt (V) Py — PV )5 Bl
— ig3 Byt (V) Py — P(V,)5)Bisy,

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

PRD81, 014006

2

..f"s BM
T(A[1/2t]—> B+ M) = Wﬂmtmi, mp, my;)

X ((my, —mp)* —mjy) (9

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

_ A8
IFAJ[1/27]= B+ M) = W;’lui(?ﬂﬁ , ma, mi)

X ((my, + mg)* —m3,) (10)
2015/3/15
23

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



TABLE I. Partial decay widths of A.(2940)" in MeV.

(_%"’ modes) ;~ modes
s Af—=pD"  ATSITa AP=Yrt AtapD A= 3ftr AP =Ygt
] 0.1l 0.58 0.72 19.15 612.68 756.72
(.95 0.17 0.85 0.98 2975 907.64 1040.36
0.9 0.20 0.96 1.08 34.40 1033.00 1153.95
0.8 0.23 1.1 1.20 41.09 1208.89 1303.10
0.7 (.25 1.20 1,27 46,17 1338.06 1407.80
0.6 027 1.27 1.30 50.24 1437.58 1478.96
0.5 0.28 1.31 1.32 5347 1511.85 152278
0.4 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 1.26 115 1577.04 1519.78
0.1 0.26 1.14 1.03 54.20 1447.05 1309.75
0.05 (.24 1.04 0.91 50.68 1334.05 117451
0 0.18 0.74 0.60 38.15 964.41 781.52

2015/3/15 KEK, Hadron physics at J-PARC,

Japan 24



PRD81, 034035

(€} (f)

Diagrams contributing to the radiative decay process
A (2940)" — A(2286)" y.

qguMH#(p,p')=0

2015/3/15

Japan

Gauge Invariance

M H(p, p') = ap (P )T*(p, p"up_(p)

TH(p, p') = Fi(@)y* + Fyghic*'q, + Fa(g)g"
2

Fl(fIE]:Fz(QZ}ﬁ-

w3
A0 = A.286) +9) = TR

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

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

0 11.1 354 617 1131 1427 1568
1122 1194

5 92 2923k = 9L5
10 74 232 406 71.0 B39 855
13 57 176 308 521 586 562
20 4.1 125 = 20 555 - Al - 304
25 27 8.1 144 217 201 147

KEK, Hadron physics at J-PARC,

25



D*D(DH_) D*G(D*+)
(a) (b)

Diagrams contributing to the A_(2940)" — A_(2286)" + 2 decay.

1 3 - _. 3 = _.
L, popss+= [Z(gl +8)- 583 ]E: TaTiytyspDil +He, Lgpepsir=-— 5332: "7 iy*ysnD}t +He,

Ir1 = _ . IT1 = . "
Loopw,s: =§[Z(3 1+ 82)— 333]2: mliytyspD,) +He., Loop,s: =§[Z(£1 +8)— 333]2: iy ysnD)," +Hu

3 - _ 1 3 = .
L popse= -53323‘:'?*1?”?5;?9? +He, Loipe,s= [3(31 +8) -Ega]EEfr*t?“?snDIf +H.e,
1 3 1 \=,.. _

LWE':-A:-+ = —EJ;(gJZ - Eg’i)ﬂfc-l_l'}"jﬂzc + H.c.. .E D*NJ"I.'::- = _gﬂ*Nﬂi_- KD“NI‘&,:-NJI#PSPD;AL + H.C.,
_£ =g p?ﬁa €t _ ﬁ [M.".f_M,qfc}z sy 5

pmTmT pmwT L ) F_WLM%_ dsz.[f]_ dslzllMil‘W »

— ng*Nf't[. ND*+ s L A.F+ 4+ H ‘ w
LPD‘NM 2My p 1T Pylie *® Hadron physics at J-PARC, PRD83 094005
Japan ! 26



Home

Forthcoming experiments at PANDA, with the p momen-
tum in the range from 1 to 15 GeV/c, which corresponds to

The PANDL Experiment will be one of the kev experiments at the Facility . . .

for Antiproton and Ion Research (FAIR) which iz under construction and [ﬂ[ﬂ] CE[I[EI‘—Gf—IT‘lH‘-l‘-l E[’lﬂl‘g‘lf':‘-} m [hE': Hﬂ[lpfﬂ[ﬂn—pl‘ﬂ[ﬂn

currently being built on the area of the G5I Helmholtzzentrum flr

Welcome to the PANDA Experiment Website

Schwerionenforschung in Darmstadt, Germany. S\"S[em bE[WE’en 2.25 H.n'd 5.5 Ge\i"r, cdan E]\"e I']Ch Cﬂ[’l[ﬁ-
The central part of FAIR iz a synchrotron complex providing intense bu[]-ﬂ[‘[‘i‘, o [hﬂqe: ]['[\.ﬂ%[]gﬂ[]ﬂn‘; |_]J For elﬂmp]ﬂ, pp
pulzed ion beams (from p to U). imtiprotons produced by a primary o . . ) .

proton beam will then be filled into the High Energy Storage Ring 'El['l['llhl]iil[lﬂn reacuons are exp@c[ed (4] p[‘ﬂ\.]d.e C‘_.ub'q[ﬂﬂ[]a]

(HESE) which collide with the fixed tarzet inside the PANDA Detector.
The FANDL Collaboration with more than 450 zcientist from 17 countries ]nfﬂm'lﬂ[]ﬂn on [he ChEII“H'l bEIl‘},"ﬂ[’l ‘I'LF(ZZSfi} ds WE]] ds [he

intends to do basic research on warioug topics around the weak and

ztrong forces, exotic states of matter and the structure of hadrons. bﬂr}'f’n resonance "I'lf" (294{)\] recen[]-."ll ﬂbser‘ed b}II [he
In order to gather all the neceszary information from the antiproton-proton cBABAR Cﬂ]]ﬂbﬂrﬂ[]ﬂn |_2] H-n.d. C'Dnﬁtmed b}' [h‘e B'E:]]'e

build being able to prowide precize trajectory reconstruction, energy and mon

identification of charged particles. Cﬂ]]ﬂbﬂl‘ﬂ[lﬂn |_3J
Fhat do you wanit o know more about?
BEPC, BABAR, BELLE,
i . The Physics Program — " The Detector JLab' PANDA
S Information about the warious Detailled description and
® phyzics topics going to be technical information about the
. . investigated by PANDA, different detection svstems.
? The Accelerator Facility The PANDA Collaboration )

Information about host . !
o Contact information, structure
laboratory G5I, the Facility for . g
g and working groups within the 4
Intiproton and Ion Research and ;
Collaboration.
the accelerator.

2015/3/15 KEK, Hadron physics at J-PARC,
Japan 27




| A.(2940) >=| pD™

L+

Ly op = 9nppNeirspD’ + He, PRD90, 094001
1+ 1+/2
E‘!.FPD = gAx pD* ﬁc}’ po +H.c. dg 1 1
ifMP_;_-_. 10247 lﬁflg'—dlMi,
.L
Ly op = = fappApD” +Hec., 1-/2 X /dcnsH3 dQ; |q; | 1g2] |IMiy|*

ﬁi; pD* — fu pi::-*lif:?‘#?j pD;ﬂ + H.c.

2015/3/15




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

& pV(q.p)T(p.q:E)
E(q)—-E(p)+ie

naam:w$¢m+f

(14

Van(@.3) = V2 (@.3) + V'R (§.3) ossf ]

The m-exchange potential 1s given by [23,24]

1 1L
{E_!;; e S m\ﬁ- "I" L |
v ]'?MJ;. M“ _E: 025 |- .
P - =3
x () - 65+ Spa(k,)) (7 - T2) Fa(kz).
uz B 4 I e — B l 'l i — i I T —) 'l # i I. — —

i ; 55 3 6.5 75 8

The optical potential for the NN scaltering state is | s CeV)

FIG. 3. Initial state interaction factor |Jg|° in dependence

. 222 on §'/?
VP (r) = (g + iwg)e™ /2"
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(1) Differential cross section do‘ja'Mpﬂ for

12— 525 GeV for JF = _]J—_ of the "‘1:(2940)
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- 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), Production at PANDA
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