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1. Introduction

QCD: the correct theory of strong interaction

1) (Gross, Wilczek, Politzer)

at high energy: up to 0.1% accuracy
perturbative calculations

2) E@ no free-guark-andgtuon

Color confinement is related to the dynamics
of QCD at low energy

hadron Physics
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Study for the hadron Physics

1) precision test of the standard model (SM) and probing
new physics beyond the SM

2) understanding of confinement & the dynamic behavior of
QCD at low energy

Quark model and QCD

1) nonpertubative QCD at large distances, hard to get
hadronic spectroscopy by solving QCD

2) quark model succeeds in classifying hadron spectroscopy
meson iy baryon ¥y

exotic states: glueball, hybrid, multiquark states, molecular
states, baryonium

5 @ ® W
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B-factories achievement: hadron spectroscopy- Charmonium states
X(3872), X(3940),Y(3930), Z(3930), Y(4260), Y(4360), Y(4660), Z+(4430)

State Mass (MeV) Production mode  Experiment
X(3872) 3872.0+0.6+0.5 B — KX Belle %]
3873.4+ 1.4 B—+ KX BABAR [6%]
3871.3 0.7+ 0.4 pp— X CDF 67
3871.8 +3.1 4+ 3.0 pp— X DO [6¢]
X (3940) 3943 + 6+ 6 phe——.J /X Belle!72]
Y (3930) 3043 + 11 + 13 B 3 KY Belle[¢”]
3914.673% £ 2 B - KY BABARI["]
Z(3930) 3931 +4+2 Ny — Z Belle!7!]
Y (4260) 4250 + 8 + 4 ete™ — v1srY BABARI7I
4284117 + 4 ete~ — vyrsrY  CLEO!8
Y (4360) 4324 + 24 ete” — vrsrY BABARI!
4361 =9+ 9 ete” — yrsrY Belle!7?!
Y (4660) 4664 + 11+ 5 ete — vrisrY Belle!7?]
Z+(4430) 4433 £ 4+ 2 B> KZ Bellel7!
Z7+(4050) 4051 £ 147120 B K-Z Belle!7
Z3(4250) 4248921180 B% K% Belle!74l
Y (4140) 4143.0+29+1.2 Bt 5 K1Y CDFI81
X(4350)  4350.6726 £ 0.7 vy — X Belle!52!

- candidates for exotic states
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Dynamics of QCD at low energy:

The strong interaction dynamics of hadronic systems is
governed by nonperturbative QCD effects completely. It is quite
difficult to calculate the hadron spectrum from QCD first principles.

»understanding limited!

Some nonperturbative QCD approaches:

® Quark model
® Effective field theory

® L attice Each of them h dvant
ach of them has advantages
®QCD sum rules and disadvantages
® Ads/QCD
®NRQCD
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QC D Su m Ru I eS (QC DS R) Shifman, Vainshtein, Zakharov, NPB147, 385 (1979)

¥,

basic point: current j(x) for hadron

correlation function: 2-point or 3-point correlator %
() =i [ e (OiT (i)' 0] 0)

three steps:
1) phenomenological descriptions of correlators

; 1
riphen ;2 — /ds p(;s) — + subtractions  |p(s) = —Im[/I(s)]
g — %1 2€ T

2) QCD descriptions of correlators (Wilson's Operator Product Expansion)
HOPE(QQ) _ Z C”_(QQ)O',”

short-distance——perturbative calculations

long-distance effects——vacuum condensates

3) matching the two sides TPPEO Ry o5 TIOFEYEEY,
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Borel transform
B [(q2)n] = 0; Bz

¥ e—rn?/ﬂ.f?

(% — QE)”} B (n — 1)(M2)n—1’ n > 0.

—~>enhance the role of the lowest resonance;

—>suppress contributions of higher states and continuum states;
— improve the convergence of the nonperturbative series and
eliminate subtractions

S0

Sum rule: )@Ie“f‘“’ﬁ/ﬂfg:/ dSpOPE(s)e*s/MZ.

Smin

Eliminating the coupling constant:

S0 S0
Mf)r:/ dspOPEse_s/MQ// dspOPEe—s/M*

Smin
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QCDSR
1) Firmly based on the basic theory of QCD;

2) Approximation in the OPE of the correlator, and there is a very
complicated and largely unknown structure of the hadronic
dispersion integral in the phenomenological side: accuracy

limited;

3) The uncertainty could be well estimated.

Widely used: Cited> 4100 times

Shifman, Vainshtein, Zakharov...... ) mesons

loffe, Chung...... ® baryons
S. L. Zhu, PRL 91, 232002 (2003)...... ® multiquark states
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Molecular states:
M. B. Voloshin and L. B. Okun, JETP Lett. 23, 333 (1976)

A. D. Rujula, H. Georgi, and S. L. Glashow, PRL 38, 317 (1977)
N. A. Tornqvist, Z. Phys. C 61, 525 (1994)

Many new hadrons have been explained as molecular states!

B X. Liu, Z. G. Luo, Y. R. Liu & S. L. Zhu;
Y(3930) - D* D~ : Y. C. \l(Jgng & J. L".JPing ’
% Ty %k X. Liu & S. L. Zhu; N. Mahajan; T. B tal.; G.J.
Y(4140) - Ds Ds DingI_L!_ u ahajan ranz et a
XC(JD X.Liu, X. Q. Zeng & X. Q. LI
Y(4260) - WXel C. Z. Yuan, P. Wang & X. H. Mo
DD, (2420)+ DD, (2420) Q. Wang, C. Hanhart & Q. Zhao
Z(4430) - D* Dy C. Meng & K. T. Chao; X. Liu, Y. R. Liu, W. Z. Deng & S. L. Zhu
X(4350) -D; Dg* Zhang&Huang; Y. L. Ma
Y(4274) - D.Dgyg (2317) X. Liu, Z. G. Luo & S. L. Zhu
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2. Some new hadrons from QCDSR
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Z¢(3900)

_ _ BESIII, PRL 110, 252001 (2013)
Predicted in

PRD84, 034032('11) (3899.043.6+ _19) MeV

PRD84, 054002(°11)

100~ Pk 100 + data
N__O_ C == PHSP MC c}:’, : == PHSP MC
5 © | mom % sof b g
‘:g- 405 +t+-—""+‘-++-+.++++}-+“"'-+ % 40;— +-+‘-f+$~ +‘-+—+¥H‘+-+&H—-__j +_+
2 zop + I Py & 200 A AW
Q533 34 3536 37 3.8 39 4 4142 93 34 35 36 3.7 3.8 39 4 41 4.2
M(rt*J/y) (GeV/c?) M@ J/y) (GeV/c?)
Confirmed by Belle, PRL 110, 252002 (2013)
B B CLEO, hep-ex/1304.3036
Y(4260) mmmm) D D, (2420)+ DD, (2420)
Zc(3900) - D D* Q. Wang, C. Hanhart, Q. Zhao, PRL 111, 132003 (2013)

Zc(3900) - tetraquark or DD* L. Maiani et al., arXiv:1303.6857

arXiv:1303.6857,1303.6608,1303.6842,1303.6857,1304.1850,1304.0345,1304.0380,1304.1301,1304.2882,1304.4458,1304.58
45,1304.6433,1304.7467,1305.1997 ......

3.88 =0.10(GeV)  Predicted in QCDSR: zhang&Huang, PRD 80, 056004 (2009)
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4-body problem

Meson configuration .J?”  Meson configuration J7
D (cq) - B (b3) 0-
D (cq)* 1= B* (bg)* 1=
Dj (cq)% 0~ B; (bq)5 0~
D; (cq)1 1" By (bg)1 1
D. (c5) 0-  B. (b3) 0
D (c35)* 1~ Bk (bs)* 1~
Dz, ()5 0v Bl GO
D4 (¢5)4 1+ B.q (b5)4 1+
Symbol Current i
DO (_]C 0+
D iqysC 0™
D’ Qe I”
Dy Eﬂ/u ¥5C 1*
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20(3900) (:38990:': 36:!:—19) MeV Zhang & Huang, PRD 80, 056004 (2009)
TABLE 1. he mass spectra of molecular states with same heavy quarks.
Hadron Configuratio Mass (GeV) Hadron Configuration Mass (GeV)
DD (cq)(cq) \ 3.96 X @00 BB (bg)(bq) 10.58 = 0.10
D*D (cq)*(cq) 3.88 +0.10 B*B (bg)*(bqg) 10.62 = 0.10
Dl? (eqg)*(eqg)” 391 =011 B*b:’* (bg)* (lgq)* 1067 = 08.10
Dolg() (cq)ileq)s 456 = 0.11 B()lf() (bQ)O(lzq)U 11.28 = 0.08
D, D (cq)(eq); 4.62 = 0.11 B, B; (ba@) (ba); 11.32 = 0.09
DD, (cg)i1(cq) 4.66 *0.13 BB, (bg),(bq), 11.33 = 0.12
v@esy DDy (cq)(cq); 4.21 =007 BB (bg)(bg)g 11.03 = 0.09
D, D (cq)i(cq) 4.34 = 0.07 BB (bg):(bq) 11.04 = 0.09
D' b, (ca)"(éq)y ~ 426+007 BB (b@)"(bqy; 1102+ 0.09
D" D, (cd)"(Eq) 4.44 = 0.09 B*B, (bg)" (Pg) il e
29230 4/szzLE II. The mass spectra of molecular states with differently heavy quarks.
Hadron Configuration Mass (GeV) Hadron Configuration Mass (GeV)
BD (bg)(cq) 7 B2 = 09 BDG (bg)"(cq), 167 = 0.06
B*D (bg)*(¢q) 7.28 = 0.09 B*D, (bg)*(¢q), 7.74 =+ 0,07
B*D* (bg)*(¢q)" 7.29 = 0.10 D*B (cq)"(bg) 7.21 £ 0.09
B()Q() (bg)y(Tq); 8.04 = 0.08 DI_B(; (ch)l({oq)f} 8.04 £ 0.10
B, Dy (b@)(¢q); 806 =013 DB (C(})(bg)f; 770 = 1000
BIDI (bé)l(EQ)] 807 011 DIB (CQ)I({QQ) 7.74 = 0.07
BDj (bg)(cq); 7.68 = 0.06 D" B}, (cq)*(bg); 7.76 * 0.06
B,D (bg),(€q) 7.77 = 0.06 D*B, (cq)*(bqg), 7.76 %= 0:07

National University of Defense Technology

15/30



Zhang, PRD 87, 116004 (2013)

Motivation: Improved QCDSR study of Zc(3900) as a molecular state

1) It may be more reliable to test the OPE convergence by
including higher dimension condensate contributions than six
and considering the work windows minutely.

2) Even higher condensate contributions may not radically
influence the character of OPE convergence in some case, one
still could attempt to improve the theoretical result because some
higher condensates are helpful to stabilize the Borel curves.

3) Particularly for the newly observed Zc(3900) states, they can
not be simple charmonium mesons since they are electric
charged. It may be a new hint for the existence of exotic hadrons
and Zc(3900) are some ideal candidates for them.
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Current: Current J: Symbol Current I

y Cy5Ch 0* Dy c 0*
q. Cep 0~ D ys¢ 0
g CV5Y,:Ch [ e I
4y Cy,Ch 1" Dy Qyuys 11

Discussions:

antidiquark - diquark molecule

diguark-antidiquark Vs meson-meson
Fiertz rearrangements
e.g.

1€apc€dec

7 V2
1 = = = = s —
- E (_g) LZ(CAQVSQ)(unyuC) - 2(C)VGV;£QJ(QA’&]/SC) - ZI(CA U,qu) X (L]A. J/UJ/SC)

+Zi(C’\-aVUVSQ)(Q}‘-&O}H'C)} + % (é) {2(&/5(1)(&1%&) — 2(cyu(qysc)

[(qXCyscp) (@ay,CED) + (gL Cyucy) (GaysCED)]

— 2i(co,,q)(qy,VsC 2i(c 4o ,.,C) |.
I % D@yvyse) + 21(crysD)(q / )i| M. Nielsen, et al. Phys. Rep. 497, 41 (2010)
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Current:

Discussions:

J%5 0 = (Quivsqa) (@ Qu)

molecule

antidiquark - diquark

diguark-antidiquark Vs meson-meson

Fiertz rearrangements

two-point correlator:

T (¢) = / et (O[T . ()72, (0)]]0)

Phenomenological side:

MY (") = + =

[/\(1)]2 1 /oc dshﬂn(l)phen(s)
50

2

M%D* —-q¢* 7/, s—q

+ subtractions,

DD*) = Xk
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OPE side:

oo OPE
(1)((]2)_[l ] dsps_q(z) Hcond(q )
OPE( ) = 1ImH(1)(8)

R
4

T

O

Mass sum rule:

Mip. = { d.spOPEae'q/Mz-l-
. 4m

d BH?OHd

d(-1)

OPE —s/M? cond
/ dsp + BIIS
4m
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One calculates the heavy-quark part of the correlation function in the
momentum space, and calculates the light-quark part in the coordinate space,
which is then Fourier-transformed to the momentum space in D dimension.
The resulting light-quark part is combined with the heavy-quark part before it
is dimensionally regularized at D=4.

‘ 10ab ‘ TT?quab y y Oab 10ab
Sab(l) - D2 alr 4722 3271_2 QZL (lo-# +J#7[ 12< >+K?n <QQ>7[
2 2 43
Oab 1 0gh L*0gp
= 06 (997 - GO) + g mal9do - Gl = 505 (G0) (9"
1
Sf-ree (p) }ﬁ — ?’TLQ 3
. 1
Sc (P):—th‘lGhlA(O) P — e sloa (@ +me) + (P +mq)ow],
Q
T o +1m
Sc2(p)= _Z.gztAtBG (O)va([]) ( Ij — Q) (fapuw + Japsy + Foup) (@ +m@),
D m@
1 ; ;
Scs(p) = 9 0 i € 0 =) (p+mq)[p(p* — 3mg) + 2mq(2p° — m)]
Q
% (}5{' in TTLQ).
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3 [Ymerda [T dB
ppert(s) - 21216 /a , Oé?’ 3 /83 (1 — & — 6)(1 +a+ B)T(mQJ )4
* 3aq) [ da [T dB
p10() = G Tmg [ G [Tt at prime. 9’
9 0 <92G2> Xmax dOé l—«
PN = e | g [ dBl—a =)t atB)rimg.s)
o 3(gqo - Gq) Gmas = s 2 :
gqo-Ge
pl937°Ga) (g} = w7 /mm dao /{?m Er(mQ,s) . a[mé —a(l — a)4]
_ 2 702 4m2 - _ _ _
P90 (s) = ;ij’fz mé\/ - —= (qqqq) = rlqa)laq)| k=1
: 303> (g.‘ﬁG.E) Umaz ]y l—a
pe T g = = / — df(l—a—pB)1+a+ p)[r(mg,s )+2’mQB]
2 t Tr) Nomin 03 .‘(.]m.i-n
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22 v, 1—cv
M a2 ( G*) 4m?2 d(y
a6 () = _ <f?1211 : /1 . / dﬁﬁ(l ot B)}
Qmin = (1_ \f 1 - 4?71?‘?/8) /2 Npaxr = (1 + \/ 1— 4??1%/5) /2 /Bmftn p— amg)/(S(X —_ mé)
= . q QGQ . -1 B 1 1—« —(n-i—;"ﬁ)mg;} 1 B m?? |
BHE’OHd = %mé / da —3/ dB(a+B)(1+a+ple =Mz — — ae nummE]
0
G J—a OC + m \+3’)mQ
(qq 9:702 q) m?) / dov / dp [1 4 ab’i 12 Q]a T
‘202 da / =e g8 | _(atpmg
22 o156 (1-a-p)(1+a+p T TanM?
1 () Q /U 0 ﬁQ )( )]\[2
313 l—a 9 (atB)m2
(qq)(g°G?) do 2(a+ B)mp| - i
3. 211”4 /U / dB(1+ a + B) {a((r +63) — 7E e~ epnT
(g°G?){ggo - Gy) ' da myy e
3. 9111 me | 3 2{3@(] — ) - m}e a(l—a)M
) atom?

l—a ]3 3 ﬂ j WLQ
% a/[— af+(a+5)2]
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me. = 1.23 +0.05 GeV M =4.2410.06 GeV

(G0) = —(0.23+0.03)*GeV* (g9o-Gq) = m; (qQ)
m; =0.8+0.1GeV* (g*G?) =0.88GeV*
(g3G?) = 0.045 GeV°

1. OPE convergence
2. pole dominance

3. S, ~ M,, +0.5GeV
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-5

5x10
— Perturbative
---<qq>
4- | <ngz>
----- <qgGq>
5 | TT<ae’
x < 3,3
g°G>>
w <qq><ng2>
2r3 | + <q9><qgGg>
" <ng2>2
1| © <qg><g’G’>
<qgGq><g°G*>
0 ST T TTTtitired
I J M2 (GeV) T
2 3 4 5

FIG. 1. The OPE contribution in sum rule (7) for \/so = 4.4 GeV. The OPE convergence is shown by comparing

the perturbative, two-quark condensate, two—gluon condensate, mixed condensate, four-quark condensate, three-

gluon condensate, two-quark multiply two-gluon condensate, two-quark multiply mixed condensate, four-gluon

condensate, two-quark multiply three-gluon condensate, mixed multiply two-gluon condensate contributions.
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0.9 .
— polel/total

0.8 - = =continuum/total |

Mz(qevz)
1.5 2 2.5 3 3.5

0.2 ‘

FIG. 2: The phenomenological contribution in sum rule (7) for \/so = 4.4 GeV. The solid line is the relative pole
contribution (the pole contribution divided by the total, pole plus continuum contribution) as a function of M :
and the dashed line is the relative continuum contribution.
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1) It may be difficult to find a conventional work window
rigidly satisfying both of two rules in some cases.

2) Some condensates are very large and play an important role in
the OPE side, which makes the standard OPE convergence (i.e.
the perturbative at least larger than each condensate
contribution) happen only at very large values of M?. The
consequence is that it is difficult to find a conventional Borel
window where both the OPE converges well (the perturbative at
least larger than each condensate contribution) and the pole
dominates over the continuum.

3) We consider the perturbative dominating over the sum of
condensates instead of the perturbative larger than each
condensate: there are merely few important condensates and
they could cancel out each other to some extent; other
condensates are almost negligible.
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Zc(3900) ((3899.0+3.6+4.9) MeV
Value from QCDSR: 3.86 + 0.13 +0.14 GeV

4.5 . .

M?(GeV?)

?.5 2 2.5 3 3.5 4 4.5

FIG. 3: The mass of the DD* molecular state as a fanction of M* from sum rule (8). The continuum thresholds
are taken as /5o = 43 ~ 4.5 GeV. The ranges of M is 2.1 ~ 2.6 GeV* for /55 = 43 GeV, 2.1 ~ 2.7 GeV” for
J50= 44 GeV, and 2.1 ~ 2.9 GeV* for /5 = 4.5 GeV.
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Zhang, Zhong & Huang, PLB 704, 312 (2011)

Contents lists available at SciVerse ScienceDirect

PHYSICS LETTERS B

Physics Letters B

i F -

ELSEVIER www.elsevier.com/locate/physletb

Could Z,(10610) be a B*B molecular state?

Jian-Rong Zhang®*, Ming Zhong*P, Ming-Qiu Huang?

* Department of Physics, National University of Defense Technology, Hunan 410073, China
b Kavli Institute for Theoretical Physics China, CAS, Beijing 100190, China

ARTICLE INFO ABSTRACT

Article history: Assuming the newly observed structure Z,(10610) as a bottomonium-like molecular state B*B, we
Received 6 June 2011 calculate its mass in the framework of QCD sum rules. The numerical result is 10.54 +0.22 GeV for B*B,
Received in revised form 27 July 2011 which coincide with the mass of Z,(10610). This consolidates the statement made by Belle Collaboration
Accepted 12 September 2011 that the Z,(10610) resonance could be a B*B molecular state.

Available online 16 September 2011 : ;
Editor: ].-P. Blaizot © 2011 Elsevier B.V. All rights reserved.
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C.P. Shen, et al., Belle Collaboration, PRL 104, 112004 (2010)

Y(4140) zhang & Huang, JPG37, 025005 (2010)

X(4350) zhang & Huang, CTP 54, 1075 (2010)

Table 1 The mass spectra of moleculfr gtates with same heavy quarks.

Hadron Configuration Mass,/GeV /Haf]rc)n Configuration Mass/GeV
20 b N (c5)(&s) 3.91 4+ 0.1024 o Bs (b3)(bs) 10.70 + 0.10124
DED, (c3)*(&s) 4.01 + 0.10[24] it = (b3)* (bs) 10.71 + 0.11[24]
H 55 Jo B (c3)* (Es)* 4.13 & 0.10[24] B* B* (b3)* (bs)* 10.80 =+ 0.10[24]

D, 1:3:0 (e3)5(es)y 4.58 + 0.10 B, 1?:0 (bg);({ns);; 11.35 + 0.09

B (c3)1(es)y 4.64 + 0.10 Bs1B>*, (b3)1(bs) 11.38 + 0.09

D31 Dy (c3)1(Es)1 4.66 &= 0.12 Bs1Bs1 (b5)1(bs)1 11.39 £ 0.13
D DE“ (c8)(E8)3 4.24 4 0.08 B B;U (f;.a)(Ef);; 11.06 4= 0.10
D1 Dg (c5)1(es) 4.37 + 0.08 Bs1 Bs (b3)1(bs) 11.10 = 0.10
5 b ,?:0 (c3)*(es)f 4.36 + 0.08 B2 E}*ja (bg)*@g)é 11.09 4+ 0.10
*r.; (e3)*(Es)1 4.43 + 0.09 Bf B (b3)*(bs)1 11.10 &+ 0.10

Table 2 The mass spectra of molecular states with differently heavy quarks.

Hadron Configuration Mass/GeV Hadron Configuration Mass/GeV
BiDs (b3)(es) 7.31 +£0.09 BXDY; (bs)*(es); 7.71 £ 0.07
B (b3)*(cs) 7.37 £0.09 B? Dg1 (b3)*(cs)1 7.78 4+ 0.08
B D (b3)* (¢s)* 7.46 £ 0.09 DEB, (c3)* (bs) 7.30 £ 0.09
B, D%, (b3)§(€8)5 8.07 £ 0.09 Ds1 BX, (c3)1(bs)g 8.07 + 0.09
Bs1 D%, (b3)1(es) 8.14 £+ 0.09 DB, (c5)(bs) 7.73 £ 0.07
B.1 Dy (b§)1_ ((_38)1_ 8.17 £0.11 D41 Bs ((35)1 (BS) 7.78 £0.08
B, D%, (b3)(es) 7.65 + 0.07 DtB?%, (e8)*(bs) 7.79 + 0.08
Bs1Ds (b3)1(€s) 7.80 + 0.08 D* B (c8)*(bs)q 7.86 £ 0.08
29/30
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3. Summary

1) Masses for {Qg{0" ¢} and {Q5}H{Q")s}
molecular states are systematically
calculated in QCD sum rules.

2) Some results could support that some
new hadrons’ molecular explanations.

3) Besides charmonium-like and
bottomnium-like molecular states,
Bc-like molecules could be searched
In future experiments.

Thamks!
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