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® Overview of XYZ states and possible interpretations
® Overview of QCD sum-rule methods
® Selected QCD sum-rule results:

o 7V JPY=1"" molecular states

® Closed-charm tetraquark states

® Charmonium hybrids

® Mixed Molecular-Hybrid scenario for X(3872)

® Diquarks and Tetraquark Scenario

® Summary
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Charmonium-like and bottomonium-like states that defy standard
Interpretations

Decay into final states containing cc or bb pair

Many such states (more than 25) discovered/confirmed since 2003 by BaBar,
Belle, BES, CDF CMS, CLEO, LHCb

Denoted as X,Y, Z states in literature; PDG 2014 only uses X
No sign that discovery is slowing

Production of heavy pair from vacuum suppressed; assumed in initial state

Charged states Z_ (3900), Z;7(4050), Z5(4250), ZI(4050), ZI(4200), Z*(4430)

evidence for four-quark states ccud
recent Belle results: arXiv: 1410.7641, PRD90 (2014)
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® Charmonium (needs to be ruled out first)

® Hybrids: mesons with gluonic excitation (colourless quark-antiquark-glue
state), can have conventional or exotic JF¢

® Four-Quark scenarios

® Molecules: meson-meson bound state

® TJetraquarks: diquark-antidiquark state (diquark colour triplet just like
quarks)

® Hadrocharmonium: tightly bound cc pair in light meson cloud

® Mixed scenarios: when pure interpretations fail

SO S S D D¢ diquark-diantiquark
. Four-Quark scenarios have different internal | @

. R
quark configurations @
Y B S A S S T e e e P i Sl *0 ) |
qg-gluon“hybrid”
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® Basic concept similar to lattice QCD: study correlation functions of (local)
currents J(x) with quantum numbers of state

M (Q%) = i / diz e (01T [J(2)J (0] 0)
® Classify states |M> by coupling to current (0|J|M) # 0

{ Local operator obscures |
internal structure :

® Currents are probes of spectrum and might not overlap with desired state
® Apply Borel transform to correlation function’s dispersion relation

® |aplace sum-rules relate QCD prediction to hadronic spectral function

1 [
Ri (1,50) = %/ th exp(—tr)p"*4(t) dt
t

0
® Both lattice and QCD sum-rules predict mass from exponential decays (in
distance for lattice, in Borel-transformed momentum space for sum-rules)
® Sum-rules contain power-law contributions from QCD condensates (non-

perturbative inputs)
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o " W Chen. TGS, H-X Chen. S-L Zhu
_,’\» - - _ ) II ” arXiv:1505.05619

® Experimental evidence of a landscape of charged states (spin of Z; and Z; ?)
Z71(3900), Z;7(4050), Z5(4250), Z1(4050), Z1(4200), Z*(4430)

® Can form eight independent JPY =17~ “molecular” currents (4 singlet-

singlet and 4 octet-octet) for QCD sum-rule analysis e.g
T = (Ga75Qa) Q1) + (a7 Qa) (@by50)
J(S) (C]a%)\ be)(Qc%Achd) (Qa%AZbe)(Qc%)\?d‘Jd)

® Can Fierz transform the eight molecular currents into tetraquark currents
(4 triplet-triplet and 4 sextet-sextet)

Local operators obscure information on internal
structure Zhang, Huang, TGS PRD76 (2007)

-
.
-
.
.

® Calculate QCD sum-rule for correlation function at leading loop-order,
dominant non-perturbative effects from quark and mixed condensate
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® QCD input parameters
me(me) = (1.23 £0.09)GeV , my(myp) = (4.20 £ 0.07)GeV

(Ggso - Gq) = —MEZ{gGq) , MZ = (0.8 £0.2)GeV?

(@q) = —(0.23 £0.03)°GeV?, (¢°GG) = (0.88 £ 0.14)GeV*
® Single narrow resonance plus QCD continuum model, predict mass Mx via

M2 o Rl (7_7 SO)
=R

® Narrow width approximation very good since T [ Mxis small

® Sum-rule window: pole term >20%, highest dimension condensates <5%

1 g /
"|l " /’// ////
b O
4.3 7\\‘ " '/)/f//
it s
r;* l\l| . 2 2
< 410 A Mz=2.8 GeV
R Lz
= R e - — — — M}=3.1GeV?
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Current so (GeV?) | Mx (GeV)
J\Y), DD* 21 4.22 +0.14
ISV, DDy — —
JY . D*D* 20 4.04 4+ 0.12
U 7
Z(3900), Z.(4020), Joo 11 L 20 1492301
7 (4050 J 18 3.90 4 0.12
e( ) 8
JQ,LL T T
T3 18 3.85 + 0.11
J5) 20 4.03 +0.18
----- s0=16 Ge V*
\ -~ 50=18 GeV* e e
N Gy { Landscape of charged and neutral Z}
N ' molecular states |
N R, L i e i N M S s
. \ \ - - _ _I _______________________
I W Chen, TGS, H-X Chen, S-L Zhu

arXiv:1505.05619
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W Chen, Kleiv, TGS, Bulthuis, Harnett, Richards,
Ho, S-L Zhu, JHEPQ9 (201 3)

® Mesons with gluonic excitation (quark-antiquark-glue) form colourless states
® Can have conventional J’¢ and mix with quark-antiquark mesons

® Can have non-standard J°C like |-* with clear exotic signature

: : : Isgur et al,
® Unique decay signatures (e.g. S-wave meson pairs suppressed)  pr| 54 (1985)

® Y(4260) has been interpreted as hybrid candidate  S-L Zhu, PLB625 (2005)

® Bag model and lattice QCD: supermultiplet structure, odd parity states lighter

t Comprehensive QCD sum-rule
{ analysis for exotic and conventional |
quantum numbers :
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haronlmerldQC Suul Anas

. Construct hybrld mterpolatlng currents for exotlc and conventlonal JPC

CI,

J, —ng 57" G Q, JPC =171t 0tt,

B )\a opposite parity
_gSQ ’7 75G Q7 JPC — 1+_70__7 G — G

A _ 4o
Juw = gsQ— 5 o0sGL,Q,  JUC =27 1t 17t 07

® | eading order correlator (QCD sum-rule) up to dim-six gluonic condensates

® Same methodology as molecular states: stability analysis of sum-rule ratio in
sum-rule window of validity

G



® Supermultiplet structure based on parity
® (0--anomalous: heaviest state

® For conventional J°¢ mixing with charmonium
would raise mass prediction (lower bound)

® No obvious alighment with observed XY /Zs

5.0 —
, i
s i
------ so=14.6 Ge V2 D
4.7+ ’ S
- — — - 5,=150GeV* Cl
! /
: /
4.4+ — — 50=154 GeV? S
> L
O N 50=15.8 GeV? Rt
= 4.1r o
o
> Z
S A
3.8 =
35 ,_;~,'1_’:’,:,ff—/_’;/i
3 2 | | | | |
0.0 0.3 0.6 0.9 1.2 1.5

JPC | 50(GeV?) | mx(GeV)
11—~ 15 3.36 + 0.15
0—+ 16 3.61 + 0.21
- 17 3.70 + 0.21
2—F 18 4.04 + 0.23
0F— 20 4.09 + 0.23
oF+ 23 4.45 +0.27
17= 24 4.53 +0.23
1+ 30 5.06 & 0.44
0+ 34 5.34 + 0.45
0~ 35 5.51 + 0.50

W Chen, Kleiv, TGS, Bulthuis, Harnett, Richards,
Ho, S-L Zhu, JHEPQ9 (2013)

1.8

{ If hybrids _
| within mixed states :

present in XYZs might be |
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® Discovery by Belle, confirmed by CDF, DO, BaBar Belle PRL91 (2003)
® PDG mass 3871.69 £ 0.17 MeV and width [ < .2 MeV
® LHCb settles quantum numbers: JP<= |** LHcb PRLI10 (2013)

® |arge isospin violation: X—p J/\b and X—= W J/P comparable (Belle/BaBar)

® |sospin not well understood: likely an isosinglet

® Molecular interpretation explains isospin violation but hard to describe
radiative decays XY J/W Swanson PLB588 (2004) _

a1
o
TTT[rrr1

Belle

Events / ( 0.0025 GeV/c

Godfrey hep-ph/0605152
Coito et al EPJC71 (201 1)

I L1 11 I L1 11 I L1 11 I L1 11 I L1 1.1 I L1 1.1 I L1 1.1 I L1 11 I L1 11 I L1l
3.82 3.83 3.84 3.85 3.86 3.87 3.88 3.89 3.9 3.91
M(JAp n) (GeV/c?)
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® Mixed |** hybrid/molecular currents for QCD sum-rule analysis

1 ) . 1 1
h _ — S vyaya a __ = o m __ - (= _ = _
Ju = 5967 N Glue, Gy = SeuwapGa”, I = 7 (@aV5CaCbYu b — GaYvCaCbV5qb)

JS =1 —&2J" + o gl

® Parameter 0<&<I interpolates between molecular and hybrid limits; O is mass
scale (set 0=I| GeV with no loss of generality)

Harnett, Kleiv, TGS,H-Y Jin, JPG39 (2012)
Lee et al arXiv:0803.1168

® Mixed current correlation function contains known hybrid-hybrid and
molecular-molecular results; off-diagonal (hm) correlator must be calculated

I, (q) = i / Az 7 (O[T [ IS (x) JE (0) ] |0)

™ () = i / Az 17 (O[T [ I () T (0) ] [0)

| ** transverse part
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t  Molecule/Hybrid QCD Sum-Rule Analysis |

® Mixed correlator subtle: need to renormalize hybrid (composite) operator

h OéZhl 10 a1
— 7 Z o Zi =11 Ty = -
[J“} ! [J } + Zym Oulp +  “l T € : 243 7 €

® | eading order, condensates up to dimension five

)

renormalization induced term

W Chen, H-Y |in, Kleiv, TGS, M Wang, Q Xu, PRD88 (201 3)
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My [GeV]

~§ W Chen, H-Y Jin, Kleiv, TGS,
! MWang, Q Xu, PRDS8 (2013)

® Scan QCD sum rule for Mx over mixing parameter ¢ (must optimize so)

® Mxincreases as ¢ increases from zero (pure molecule) until max at £=0.002

® Viable scenario of X(3872) coupling to mixtures of hybrid/molecular currents

® Significant mixing (compare £=~0.002 to ratios of pure correlation functions)

40

Range of Borel scales T

30

25r
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,, 392 €=0.002 excellent
,,,,,,,,,,,,,,, ;;ggs:ssifi""' > agreement with X(3872)

I . cegst! oo § 390+ °
3510 .. .0....::: .... y L
7 ceceogsd? ' = -

........ 3.88 - ...........o

3.86; °
optimized continuum s *
~ |8 GeV?2 for £=0.002 Zeal

So [GeV?]



| Internal Structure of Multiquark XYZs |

Molecular and diquark scenarios of XYZs cluster quarks differently
Diquarks are in colour triplet; experience colour force like quarks

Two mixed neutral states [cq|3|¢q]s (q=u,d) Maiani et al PRD71 (2005)

Phenomenological input of constituent diquark mass M., = 1933 MeV

Decay by “single switch” process [cql3|cqls — [ccloldqlo
M tuned to X(3872) !!

L Can QCD say anything about
{ internal structure? Diquark mass
i prediction provides indirect probe §

_ 5*0 antidiquark - diquark
D°-D” “molecule”
Nielsen et al PhysRep497 (2010) Steele, CAP 2015



Kleiv, TGS, Zhang, Blokland, PRD87 (201 3)

® Gauge dependent diquark currents for QCD sum-rule analysis
Jo = eaﬁngCOqV ; O =15 7[77u » Y Y5 (JP — 0+, 0, 1+7 1_)

® Schwinger string extracts gauge invariant information from correlator
Dosch, Jamin, Stech,

ZPC42 (1989)

Schwmger string

[1(Q2) =1 [ d*e (O[T [ Jo (z) S 0.0 L (0) ] [0

L o
Sew [1,0] = Pexp {ig g“’ / dz" A% (2)
0

® Calculate correlator: next-to-leading perturbation theory

G@@

Include diquark renormalization
Kleiv, TGS, JPG38 (2011)
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. o~ 1 Klew TGS, Zhane Blokland.
_Heavyr nght quuarkCorreIator ; ; pRD87a<z§|3>° a

® Standard sum-rule analysis: only stable results for positive parity diquarks
Jaffe: no negative parity “worse” diquarks

\/7%1 /Ry (GeV) R /Ry (GeV)

2.15 ¢ , 2.15
I / E
2.10 - 2.10 \.

205 ¢ 2050\
TN -
2.00 P 2.00
1.95f 195+
190 | 1.90
1.85f 1.85 -
0.9 0.9
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Kleiv, TGS, Zhang, Blokland,
PRD87 (2013)

® [cq] positive parity diquark QCD sum-rule mass predictions nearly degenerate

MS = 1.86 = 0.05 Ge\/', Ma = 1.87 4+ 0.1 GeV

® Excellent agreement with tetraugark model tuned to X(3872)
M[Cq] = 1933 MeV  Maiani et al PRD71 (2005)

Additional results
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Rich landscape of XYZ mesons observed that cannot be explained as
charmonium states

Many charged states now observed: multi-quark scenarios seem inevitable and
provide unifying theme with light scalars

Neutral partners for some charged states, completing isospin multiplets

Open question: internal quark structure of multi-quark states (e.g. tetraquark
versus molecular); difficult to answer with analyses based on local operators

No evidence of pure charmonium hybrids amongst known XYZs; QCD
evidence of viable mixed hybrid/multiquark states to resolve stubborn puzzles

QCD can provide indirect evidence for multi-quark models (e.g., agreement
between diquark mass predictions in QCD and tetraquark models)

o a2 T iy N s

Key challenge for QCD
compelling unifying theoretical framework for the XYZs

gk ol - Lo 2o Co o s as o o eCE T o gop e Lo o-<2a R T o, Age B Lo po<2 ST e s s Sl aETT e TG O P Sgn B Lo b SRR 5 SR ST L peres TR TR B
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Bottomonium hybrids W Chen, Kleiv, TGS, Bulthuis, Harnett, Richards, Ho, S-L Zhu, JHEP09
(2013)

Bottom/Charm hybrids W Chen, TGS, S-L Zhu, JPG 41 (2014)

Open-flavour (bottom/charm) tetraquarks W Chen, TGS, S-L Zhu, PRD 89 (2014)

Z.(4200) decay widths Z(4200) — J/yn™, nep*, DT D*
W Chen, TGS, H-X Chen,
S-L Zhu, arXiv:1501.03863

Summary
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