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Charged charmonium Z.*: experimental status

candidates with [review: Brambilla et al., 1404.3723]
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QCD on lattice: ab initio non-perturbative metod
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Evaluation of Feynman path integrals in discretized space-time

Spcp = J d*x Loy [G(x), q(x),3(x)]

(C)= [DG Dg DG Ce o
S = [ dr Lix(1)]
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Discrete energy spectrum from correlators
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Example: meson channel with given JP¢
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All physical states with given JP© appear as energy levels E_ in principle : single particle, two-particle, ...

channel : "eigenstates"

7 =1",5u: K (892), K=

I =1, ce: X.. »X(3872), DD*,
JP€ = 1%, Cedu : z, Jlyna,.
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In experiment: these correspond
to two-meson decay products with
continous spectrum.

On lattice: these are discrete due
to finite box and periodic BC.



Evidence for X(3872) from lattice : JP¢=1*, I=0

O:cc, DD, Jlyw (0]0;|x(3872))
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and interpolated near threshold

* pole in T-matrix T «[cotd—i]" =00
found just below DD* threshold.

[S.P. and L. Leskovec : 1307.5172, Phys. Rev. Lett. 2013]

m =266 MeV, L=2 fm, Nf=2
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Other searches for Z_*(3900) from lattice

* Searchin JP¢=1*"channel for m < 4 GeV:
no Z.* candidate found
[S.P. & L. Leskovec, 1308.2097, PLB]

e Search for resonance in DD* scattering with J?°=1* " near threshold E ~ 3.9 GeV
no Z_* candidate found
[Y. Chen et al, 1403.1318, PRD]

e Search with W mtand D D* interpolators
no Zc+ candidate found yet (ongoing project)
[C. DeTar, Song-haeng Lee, poster session @ Lattice 2014]
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Challenge: two-meson states 19=1%, )P¢=1*
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Aim:

Lattice:
lines represent

energies of two-meson states
E=E[My(py) ]+ E[M,(p,)]

in non-interacting case
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e identify all those two-meson eigenstates

[S.P., Lang, Leskovec, Mohler]

* establish whether there are extra states

due to possible exotics

m =266 MeV, L=2 fm, Nf=2
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14 two-meson
(MM)

4 diquark-
antidiquark (4Q) _

--------

Interpolating fields q,,‘:‘>-4q

—
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OvWTED = N Evic(er) dysu(—ex)
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E [GeV]

Eigenstates in Z_.*channel: I°=1%, )P¢=1* green lvel

[c Cysd], [cy,Culs,
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34l is it Z_* candidate with m=4.16 GeV ?
i - * < arises in addition to 9 expected two-meson states
397 = without <> diquark-antidiquark interpolators crucial for its existence
exp.
P all 4Q <> couples best to diquark-antidiquark interpolators
S.P., Lang, Leskovec, Mohler <> however: there are few other two-meson near 4.2 GeV
1405.7623v1 Will Z_* candidate survive also after those are established ?
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Aiming at additional two-mesons states around 4.2 GeV

spectrum two-meson
from 18 states below we implement 4 additional
interp. 4.3 GeV two-meson interpolators
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Eigenstates in Z_*channel with extended interpolator basis

spectrum spectrum .
from from Results from the extended basis:
18 interp. 22 interp.
based on E, and Zz'=(0|g|n)
- D(2) D¥(-2)
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| ¥ Vi T two-meson states
441 | L} — © D(1) D¥(-1)
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. - Y3770 T
* | 3;‘213)’; * no extra state at 4.16 GeV
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i/ w(1) (-1
:,',l"p( D state at 4.4 GeV)
7 .
vr e attributing a state at 4.16 GeV

32

Results based on extended basis will soon appear as

S.P., Lang, Leskovec, Mohler, 1405.7623v2

to Z_* (green) was a premature
conclusion

we can not exclude that state
at 4.16 GeV was a linear
combination of omitted two-
meson states, induced via O%d

Conclusion: we do not find Z *
candidate below 4.2 GeV
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Why does such large basis of creation operators not
excite observed Z_* (in addition to all expected two-
meson states) ?

<> Experimental candidates with JP°=1* and mass

bellow 4.2 GeV are most likely not dominated-by.

diquark antidiquark Fock component

<> Two-meson inter. basis might not be rich enough to
render Z_in addition to all two-meson states

< Implementation of further structures will be valuable.

<> ldeas for further interpolator structures from
phenomenological community welcome
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Two-meson states represent challenge
for all QCD approaches !

Two meson states are present since exotic states are found near or above thresholds.

0)

based on correlators: C,j=<0|@?@j+

{ |
Experiment: QCD Sum Rules: Lattice QCD:
continuous spectrum continuous spectrum discrete spectrum
two-meson states allow to observe exotics o
. %5 Py
5 . el M.(5)
3 - BESIII S
g L
S L ]|
€ L
& 20 !
0 ot SR rned ottt Exotics arising from theory can not be claimed until two-meson

Mgy Jhp) (GeVic?)

states are not rigorously treated as well.

No rigorous QCD-based theoretical evidence for exotics yet.
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Conclusions

Near-threshold or resonant meson states
from lattice QCD simulations that take into account two-particle states:

Evidence/indication found only states that are not manifestly exotic: (examplesin meson sector)

* p [results from many lattice collaborations]

e K*(892) [S.P., Lang, Leskovec, Mohler, PRD 2013; Dudek, Edwards, Thomas, Wilson, PRL 2014]
* D, (2400), D,(2430) [Mohler, S. P., Woloshyn, PRD 2012]

* D, (2317) [Mohler, Lang, Leskovec, S.P., Woloshyn, PRL 2013, PRD 2014]
 X(3872) [S.P., Leskovec, PRL 2014 ]

Unfortunately, no reliable evidence found for manifestly exotic states (yet):
e Z'=ccud [references listed in this talk]
e ccud [Y. Ikeda, HALQCD coll,, 1311.6214, Phys. Lett. B 2014]

Theory is facing a serious challenge to establish whether exotic states arise from QCD or not.

Only after this is settled, theory can claim the structure (mesonic molecules, diquark antidiquark,...)
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Backup slides
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Overlaps of all states in Zc+ channel
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for the case of
basis with 18
interpolators in

S.P., Lang,
Leskovec, Mohler

1405.7623v1
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Challenges for the lattice community: quarkonium-like states

TABLE 10: Quarkonium-like states at the open flavor thresholds.| For charged states, the C-parity is given for the neutral
members of i€ COrresSponding SotTipiets:
State M, MeV T, MeV JFC Process (mode) Experiment (#o0) Year Status
X (3872) 3871.68 +0.17 <12 1t+ B— K(7r+7r_J/'¢) Belle [772, 992] (>10), BaBar [993] (8.6) 2003 Ok
pp — (7r+7r_J/1,b) CDF [994, 995] (11.6), DO [996] (5.2) 2003 Ok
pp — (mrm=J/p) ... LHCbD [997, 998] (np) 2012 Ok
B = K(rtn—n0J/%) Belle [999] (4.3), BaBar [1000] (4.0) 2005 Ok
B — K(yJ/Y) Belle [1001] (5.5), BaBar [1002] (3.5) 2005 Ok
LHCb [1003] (> 10)
B — K(yv¢(25)) BaBar [1002] (3.6), Belle [1001] (0.2) 2008 NC!
LHCbD [1003] (4.4)
B — K(DD*) Belle [1004] (6.4), BaBar [1005] (4.9) 2006 Ok
Zc(3885)+ 3883.9+45 25+12 11t Y (4260) — 7~ (DD*)"' BES III [1006] (np) 2013 NC!
Zc(3900)+ 3891.2+3.3 40+8 7?7 Y (4260) — 7~ (7r+J/1,b) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok
T. Xiao et al. [CLEO data] [1009] (>5)
Z.(4020)t 4022.94+28 7.9+3.7 ?7- Y (4260,4360) — 7 (7t h.) BES III [1010] (8.9) 2013 NC!
Zc(4025)+ 4026.3 +4.5 24.8+9.5 77— Y (4260) — 7~ (D"‘D"‘)+ BES III [1011] (10) 2013 NC!
i Zb(10610)+ 10607.2 +£2.0 18.4+2.4 1+~ T(10860) — w(wY(1S,28S,3S5)) Belle [1012-1014] (>10) 2011 Ok
T(10860) — 7~ (7r+hb(1P, 2P)) Belle [1013] (16) 2011 Ok
N Y (10860) — ©~ (BB*)*t Belle [1015] (8) 2012 NC!
1 Zb(10650)+ 10652.2 +1.5 11.5+2.2 11— T(10860) — 7~ (7r+T(1S, 25,39)) Belle [1012, 1013] (>10) 2011 Ok
T(10860) — 7~ (7t hy (1P, 2P)) Belle [1013] (16) 2011 Ok
T(10860) — 7~ (B*B*)‘*’ Belle [1015] (6.8) 2012 NC!
QCD and strongly coupled gauge theories: challenges and perspectives
. o rambilla*f,! S. Eidelman®,? P. Foka't,* S. Gardner?,> A.S. Kronfeld',®
[reVI eW: B ra m bl I |a et a I . 1404 . 3 7 2 3] M.G. Alfg:.d*E,"’ R.bAHl]z«)f:erS8 I{adfil;utens;hén]:,QFTg. éolslen(f,“’d.]. Er:imjznsgeg,u i.ki"‘;bbiettit,”
M. Faber?,!® J.L. Goity!,1415 B. Ketzer!$,! H.W. Lin!,!8 F.J. Llanes-Estradaf,'”
H.B. Meyer!,'8 P. Pakhlov!,'%20 E. Pallantef,?! M. Polikarpov?,'20 H. Sazdjian?,??
A. Schmitt!,?> W.M. Snow!,2* A. Vairo?,! R. Vogt?,25:26 A. Vuorinen?,?” H. Wittig?,'®
P. Arnold,?® P. Christakoglou,?® P. Di Nezza,®® Z. Fodor,?"3%33 X. Garcia i Tormo,** R. Hollwieser,'?
M.A. Janik,3 A. Kalweit,30 D. Keane,3” E. Kiritsis,3%3%40 A, Mischke,*! R. Mizuk,!9 42
G. Odyniec,*® K. Papadodimas,?* A. Pich,** R. Pittau,*® J.-W. Qiu,*®*7 G. Ricciardi,*®
C.A. Salgado,’° K. Schwenzer,” N.G. Stefanis,>! G.M. von Hippel,'® and V.I. Zakharov!! 19
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More challenges: quarkonium-like states above threshold

TABLE 12:| Quarkonium-like states above the corresponding open flavor thresholds. IFor charged states, the C-parity is given
for the neutral members of the corresponding isotriplets.
State M, MeV I, MeV JPC Process (mode) Experiment (#0) Year Status
Y(3915) 39184419 20+5 0/2"F B K(wJ/v) Belle [1050] (8), BaBar [1000, 1051] (19) 2004 Ok
ete”™ »eTe (wJ/7Y) Belle [1052] (7.7), BaBar [1053] (7.6) 2009 Ok
xc2(2P) 39272426 2446 2T+t ete~ —ete (DD) Belle [1054] (5.3), BaBar [1055] (5.8) 2005 Ok
X(3940) 394273 37727 9"t ete~ = J/¢(DD*) Belle [1048, 1049] (6) 2005 NC!
Y(4008) 3891+42 255442 1=~ ete” — (rta—J/v) Belle [1008, 1056] (7.4) 2007 NC!
1(4040) 4039+ 1 80+10 17— ete” = (D™D (x)) PDG [1] 1978 Ok
ete= = (nJ/v) Belle [1057] (6.0) 2013 NC!
405172 8275l 77t B0 K—(mtxe1) Belle [1058] (5.0), BaBar [1059] (1.1) 2008 NC!
Y(4140) 41458426 1848 ?’* Bt - KT(¢J/v) CDF [1060] (5.0), Belle [1061] (1.9), 2009 NC!
LHCb [1062] (1.4), CMS [1063] (>5)
DO [1064] (3.1)
¥(4160) 4153+ 3 10348 17~ ete™ — (D™DMX) PDG [1] 1978 Ok
ete= — (nJ/v) Belle [1057] (6.5) 2013 NC!
X(4160)  4156+22 1391113 97+ ete= 5 J/y (D*D¥) Belle [1049] (5.5) 2007 NC!
Z(4200)+| 4196732 370739, 1t= B0 — K—(xtJ/3) Belle [1065] (7.2) 2014 NC!
Z(4250)* | 4248718° 17732 97 BO 5 K (ntxe1) Belle [1058] (5.0), BaBar [1059] (2.0) 2008 NC!
Y (4260 425049 108412 1==  ete™ — (nrmJ/3) BaBar [1066, 1067] (8), CLEO [1068, 1069] (11) 2005 Ok
Belle [1008, 1056] (15), BES III [1007] (np)
ete™ — (f0(980)J/v) BaBar [1067] (np), Belle [1008] (np) 2012 Ok
ete™ — (m~ Z:(3900)*) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok
ete™ — (vX(3872)) BES III [1070] (5.3) 2013 NC!
Y(4274) 4293420 35416 ?’t Bt - KT(¢J/v) CDF [1060] (3.1), LHCb [1062] (1.0), 2011 NC!
CMS [1063] (>3), DO [1064] (np)
X(4350) 43506736  13F18  0/27t etem = ete(¢J/¥) Belle [1071] (3.2) 2009 NC!
4360)  4354+11 78116 17— ete — (ntm—w(29)) Belle [1072] (8), BaBar [1073] (np) 2007 Ok
4458 +15 16673, 1t— B0 - K—(r+y(29)) Belle [1074, 1075] (6.4), BaBar [1076] (2.4) 2007 Ok
LHCb [1077] (13.9)
B - K= (ntJ/v) Belle [1065] (4.0) 2014 NC!
X(4630)  4634+9, 924l 1-—  ete — (ATAD) Belle [1078] (8.2) 2007 NC!
Y(4660) 4665+10 53414 1=~ ete™ — (rta—¥(25)) Belle [1072] (5.8), BaBar [1073] (5) 2007 Ok
YT(10860) 10876411 55428 1=~ ete™ — (Bé;))Bg)) (m) PDG [1] 1985 Ok
ete= — (rrY(1S,25,3S)) Belle [1013, 1014, 1079] (>10) 2007 Ok
ete™ = (f0(980)Y(1S)) Belle [1013, 1014] (>5) 2011 Ok
ete™ — (mZ5(10610, 10650)) Belle [1013, 1014] (>10) 2011 Ok
ete= — (nY(15,25)) Belle [948] (10) 2012 Ok
ete™ = (nT7w~YT(1D)) Belle [948] (9) 2012 Ok
Y3(10888) 10888.443.0 30.7752 1= ete~ = (rta—T(nS)) Belle [1080] (2.3) 2008 NC!
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All these believed

NOT to be QQ !

[review:
Brambilla et al.,
1404.3723]
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CC spectrum: single hadron approximation
1500+ _‘I . ‘ . = . Exotics

1000} D-wave o, = == -l _______________ DD,

: —

M-M, (MeV)

ne Wy Xeoo h, Xa Xe
‘
T 2= = 4 e S S A S S S A A
[HSC, L. Liu et al: 1204.5425, JHEP] Hybrids:
* m~400 MeV, L=2.9 fm, Nf=2+1 some of them have exotic JP¢
* reliable JP¢ determination large overlap with O=g Fi g

* identification with n 2>*1L, multiplets using <O|n>

. . .
green: lat, black: exp S. Prelovsek, St. Petersburg 19



