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Charmonium spectrum to be explored

S. L. Olsen, arXiv:1411.7738v1 [hep-ex]
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XYZs near open flavor threshold

N. Brambilla, et al., arXiv:1404.3723v2

TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutral
members of the corresponding isotriplets.

Siad Mooy I AN LPC D, lada L i Ll A%/ Siad
X(3872) 3871.68L017 <12 177 B— K(nTn J/9) Belle [310]1030] (>10), BaBar [1031] (3.6) 2003 Ok
pp— (T Jdj) ... CDF [1032|[1033] (11.6), DO [1034] (5.2) 2003 Ok

pp— (T m Jf) ... LHCb [1035. (np) 2012 Ok

B — K(rtn—n%J/v) Belle [1037] (4.3), BaBar [1038] (4.0) 2005 Ok

B — K(y J/¢) Belle [1039] (5.5), BaBar [1040] (3.5) 2005 Ok

LHCb [1041] (> 10)
B — K(y¥(25)) BaBar [1040] (3.6), Belle [1039] (0.2) 2008 NC!
LHCb [1041] (4.4)
B DD Belle L0421 (6.4), Balioy 10331 (4.9) 2006 O]
Z.(3885)T 3883.9+4.5 25+12 17~ Y (4260) — = (DD*)T BES III (np) 2013 NC!
Z.(3900)F 3801.2+3.3 40+8 '~ Y(4260) - v (vt J/y) BES I1I [1045] (8), Belle [1046] (5.2) 2013 Ok
T. Xiao et al. [CLEO data] [1047] (=>5)

Z(4020)" 40220+ 2.8 79437 77 Y(4260,4360) — n (nthe) BES III [1048] (8.9) 2013 NC!
Z.(4025)" 40263+ 4.5 24.8+9.5 77~ Y (4260) — 7~ (D*D*)* BES III it 04 (10) 2013 NC!
Zy(10610)"  10607.2 £2.0 184+ 2.4 1T~ T(10860) — = (7 T(1S,25,35)) 2011 Ok
T(10860) — 7~ (77 hy (1P, 2P)) 2011 Ok

T(10860) — « (BB*)* Belle (8) 2012 NC!

Z,(10650)+  10652.2+ 1.5 11.5+2.2 1+~ T(10860) — x~ (x+T(15,25,35)) Belle (>10) 2011 Ok
T(10860) — n~ (x+hy(1P, 2P)) Belle [1051] (16) 2011 Ok

T(10860) — =~ (B* B*)* Belle [T053] (6.8) 2012 NC!

=} 5 = = £ DA

_ M. Padmanath = University of Graz, Austria. (3 of 19)



XYZs above open charm threshold

N. Brambilla, et al., arXiv:1404.3723v2

TABLE 12: Quarkonium-like states above the corresponding open flavor thresholds. For charged states, the C-parity is given
for the neutral members of the eorresponding isotriplets.

State M, MeV I, MeV JPP  Process (mode) Experiment (#c) Year Status
Y(3915) 39184+19 20+5 0/277 B K(wt/y) Belle [I088] (8), BaBar (1038 [1087] (19) 2004 Ok
ete™ = ete (wi/v) Belle [TOS0] (7.7), BaBar [T0UT] (7.6) 2000 Ok
NealOP) 30970406 o4dE ot  oto— o oto (DD Bollo TP (=3 DaPar o (280 2005 Ok
I X(3040) 304975 w9 ohe oy (DD Belle [1086, [1057] (6) 2005 NCI
£ ™ TR rara Ko ) T T T T v r e
V(4040) 4030 + 1 80410 1 et (D( lD( ) PDG 1] 1978 Ok
4 o1 ﬁw l’l. aTan] A NTall
Z(4050)* 405173 R Y ) Belle [T006] (5.0), BaBar [T007) (1.1) 2008 NC!
Y(4140) 41458+26 188 '+ Bt o K+(aJ/w) CDF (5.0), Belle [T099] (1.9), 2000 NC!

LHCb [T (1.4), CMS [ITOT] (=5)
DO ([109] (3.1}
wid160) 4153 +£3 WILE 1 ete — (DEIDED) PDG [1] 1978 Ok
+em — (n/) Belle (8.5) 2013 NC!
X (4160) 415&'22 m'““ 7 etem — Jjw(DeDe) Belle [TU8T] (5.5) 2007 NC!
Vv T ! g 2 — o Lo — Eana nnm . wn- a2
I Z(4250)+ 42481185 1771330 9+ BU 5 K—(mtx.) Belle [T0UB] (5.0), BaBar [TUU7] (2.0) 2008 NC!
Y (4260) 4250 £ 0 WRE12 1-- ete = (rmd ) Babiar 8], CLEO 1106, 0007 (1) 2005 Ok
Belle [T046 0] (15), BES I [I043] (np)
ete — (fo(980)J/¥) BaBar [IIUS] (np), Belle [TUA6] (np) 2012 Ok
ete — (1 Z(3000)) BES 111 (8), Bello [TUTH| (5.2) 2013 Ok
A o— . Yﬂmﬂ Bre 111 ﬁ—m (82 mVJ N
Ii'mru 4203£20 35116 T BT 5 KT (eJ/v) CDF [1008] (3.1), LHCh [TI00] (1.0), 2011 NCI
e e

X(4350) 43508155 13t1S 0/t etem 5 ete(adfw) Belle [LT09] (3.2) 2000 NC!
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Experimental facts : X(3872)

o first observed in Belle 2003 ;3 b)

(Belle : PRL 96, 262001.) 23

n 2!

o Quantum numbers, JPC¢ =1+t gz

: (LHCb : PRL 110, 222001.) Py + ‘}
o Appears within 1 MeV below i 5 7

DOD*O th resh0|d_ 33.52 3.:54 3.:55 3.:55 3:9 3.92

M(J/y ) (GeV)

o Preferred strong decay modes D°D*0, J/4 w and J/4 p

o The isospin still uncertain

* nearly equal branching fraction to J/4 w and J/v¢ p decays.
* No charge partner candidates observed.

X(3872) from Lattice QCD M. Padmanath = University of Graz, Austria. (5 of 19)



Experimental facts : Y(4140)

o first observed in BT — K ¢J/v decays (CDF : PRL 102, 242002)

o LHCb did not observe such peaks in these decays.
(LHCb : Aaij, et al., PRD 85, 091103).

o CMS confirmed the observation of the peak
(Chatrchyan, et al., PLB 734, 261).

o Results from BaBar have much less statistical significance
(Lees, et al., 91, 012003).

o Quantum numbers not determined except for C = +.
o Appears ~30 MeV above D;D} threshold.

o Preferred strong decay mode J/ .
Not observed in D°D* or J/v w.
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Lattice we use

Lattice size N Ngggs  mr [MeV] a [fm] L [fm]
163x32 2 280 266(3)(3) 0.1239(13) 1.98

Hasenfratz et al. PRD 78, 054511 (2008), PRD 78, 014515 (2008)

o dynamical u, d and valence u, d, s : clover Fermions

©

Fermilab treatment for charm quarks.
ms set using [M(#)]iae = [M(®)]exp-
me set using [Ma(ne) + 3Ma(J /)] 1at = [M2(ne) + 3Ma(J/1)]jae-

“Distilled” quark sources for all flavors.

©

©

(]

©

Advantages of small lattice extension :
Full distillation,
relatively less number of scattering levels.

X(3872) from Lattice QCD M. Padmanath = University of Graz, Austria. (7 of 19)



An X(3872) candidate from lattice

lattice (m_~266 MeV) Exp
2 Kl 1100 —
E ] 1 > 1400
E JE ] ()
E | H1000 2
g = E 1. =
OO f 3 ERC S S
DODHO) T T T T * =3e==34800 E 2 Hp'
B X(3872) X(3872) ] o = o [PEDPHD
E E|S J700 *. 2 B —
F E 1 E;_- =t BPOD(0)— e— — -
= 4 oo = 5
E Bl B <\r
- 1P - 1, (P 3500 'T
F e - s x ] £ o
E a4k 4400 —
O:cc O:cc  pole “00 cc(I=0)  cc+DD (I=0) DD’ (I=0)
DD* Lo
RO

Lee, DeTar, Mohler, Na, arXiv:1411.1389
Prelovsek, Leskovec, PRL 111, 192001
Studies with two-meson operators : First hint for a candidate
Both calculations neglects charm annihilation
Observed only when both ¢c and D*D are used.

© 06 o o

Vastly different systematics, yet results are similar.
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Interpolators we use

N =0 I=1
o, clc does not couple
oym D(0)D*(0) D(0)D*(0)
o5 J/9(0)w(0) J/4(0)p(0)
O™ | D(1)D*(=1) | D(1)D*(-1)
oM D(0)D*(0) D(0)D*(0)
oM | J/9(0)w(0) J/4(0)p(0)

o | J/v(Mw(=1)

J/P(1)p(=1)

oM ne(1)o(—1)

ne(1)ao(-1)

o 1 xa(@)n(=1)

Xe1(1)m(—1)

oM xc1(0)a(0) xc1(0)a0(0)
oM Xco(1)n(=1) Xco(1)m(=1)
Ofg_» | [Eals[cqls, [cals, [cd]3,
05 5 | [2dls.[cqls. 25, [cd]e.

Two meson scattering levels < 4.2 GeV

Qo

I =0; ec(u + dd)
D(0)D*(0),  J/4(0)w(0),
D(1)D*(-1), J/¢(1)w(-1),

ne(1)o(=1), xc1(0)o(0).
/ :_1; ccud
D(0)D*(0),  J/%(0)p(0),

D )
D(1)D*(-1), J/¥(1)p(-1),
Xe1(1)7(=1),  xco(1)m(—-1).

| = Q; Cccss
Ds(0)Dz(0),  J/4(0)¢(0),
Ds(1)Dz (1), J/¥(1)(-1),

© ¢f c: aslisted in table X of Mohler et al., PRD 87, 034501, arXiv:1208.4059.

@ Assumption : P
in | =0; ¢c(au + dd)

@ charm annihilation not considered : OZI suppression.

X(3872) from Lattice QCD M.

Padmanath

Interpolators of | = 0; ¢c5s have negligible coupling with two-meson levels
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0: cc(tu + dd)

o No significant effects in the low
lying spectrum by the inclusion

_ o . .
4.45 Exp. Lat Lat. -0 of diquark-antidiquark
operators.
43t 1t 1t 4 .
o [ct]g[cu]g operators related to
4151 11 @ I (ALY two—meson operators by Fierz
ae ®-{p1) b (1) relations.
4 * i (b 10 D o Makes the interpretation as a
ooy oz f3fiDereed I2(0) 0(0) i
B 1o 4533 o D(0) D*(0) pure tetraquark unlikely.
o Simulation still unphysical in
37r 1r 1r 1 many ways. Sizable lattice
artifacts.
3.55} 1t 1t A
i* =] =] o However, gives a qualitative
3.4 picture.
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X(3872) candidate

aag 2O Lat. - 01 0°° Lat.(only 0°) o OMM - xc1(0)a(0)

43} 1t i 1 o Without Cc interpolators, signal

e 3" o o doesn’t appear.

o) D(1) D* (1)

S o4r 0 1t 1 o Both ¢c combinedly determine the
R SR o | e ) P UE(0) 0(0) iti i i
oo [ DS : o0 B, position of the signal for the candidate.

37+ 1t 1t 1

o No significant effects on the levels
355 f 1t 1r 1 identified as J/v¥w or n.(1)o(—1).
g il 5 i or ne(1)o(~1)
3.4
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X(3872) candidate

Mx(3872)s.a.

a1o] ¢ ¢ o

_ Mxas My
o &
:1 0 + + [I] [I]

Exp. lat. Lat-0* [17]  [18]

Lat. & Lat. - O% : This work

[17]: Prelovsek and Leskovec,
PRL 111, 192001

[18]: Lee, et al., arXiv:1411.1389

X(3872) from Lattice QCD M. Padmanath

o § for levels 2 and 5 using Lischer's

formulae :

q2
p.cot(8(p)) = 225

Phase shift near threshold interpolated
using effective range approximation
p-cot(5(p)) = = + 310P>.

Large negative scattering length,

ap = —1.7(4)fm, agrees with a shallow
bound state.

Sasaki and Yamazaki, PRD 74, 114507

Infinite volume bound state position
from pole in the resulting scattering
matrix.

No significant effects from O*9.

University of Graz, Austria. (12 of 19)



o All levels identified with various

scattering levels.
Exp. Lat. Lat. — 0% 8

o No additional candidate
431 1T 1T 1, . observed.

® ® )
)
157 | wei@m CQD lomd ) @ No charge partner for X(3872)
+ 1L 1t Jreeen observed.

o Simulation assumes m, = my.
Popular interpretations based on

37t 1t 1t ]

isospin breaking. Simulations
3.55 T i ] with m, # my required for
a4 confirmation.
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E, [GeV]

= CCSS
o All levels identified with various
1o 0L Lat Lat _ 0™ scattering levels.
l 8 Lo oo o Candidates for Xel Iand X(3872)
® ® 0,(1) B (1) observed. No additional
aist o b o 100001 candidate observed.
@ & D(0) B"(0) .
af 1k : 1 o No effect observed with the
ssl & | [l] | I:l] inclusion of diquark-antidiquark
operators.
3.7} 1t -
o No candidate for Y(4140) in
e m m 1++. (JP is not known for
34 Y (4140))

X(3872) from Lattice QCD
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Fierz relations

0 [cqlgleqlg and two-meson operators are linearly related

0M(x) =

ZF Ml(X) Mz( )

O After appropriate Fierz rearrangement

oY =z

51 (€75 w)(@ i ¢) = (Evu)(@ s )
" (7"’}’”"5 “')(ﬁ Vil P’)li#v ((’ Vi 11)(17 '7’u'75 (7)|1#V}
+(*21) { (€ o)(@ vivs u) + (275 ¢)(@ u)

5 t)glc viC ulg + [¢ Cyi @lgle v5C 1]
—1)¢
LD

— (@)@ s Wi — (€07 0)(@ 0aprirs Wlizacp)}
where G could be 3. or 6.

@ Any gauge-covariant quark smearing preserves this relation

[m} = =
= University of Graz, Austria. (15 of 19)
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Fierz relations

1.2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22

X(3872) from Lattice QCD M. Padmanath

The time averaged normalized ensemble
averaged correlation matrix.

K 1 C,J(t
“ 92 Ci(6)Cs(1)

Strong correlations with two-meson
operators and cc operators.

O1_g ~ EC_
Og,11,12 ~ D*D
O1,13-18 ~ HL
O19-22 ~ [cq]gleqlg
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Conclusions

o A first dynamical study of 17+ channel with diquark-antidiquark operators
looking for possible exotic candidates has been made.

o Diquark-antidiquark operators are found to have no significant effects on the
low lying spectrum.

o A candidate for X(3872) found below the lattice D*D non-interacting level.
The infinite volume bound state position from an amplitude analysis shows
no effect from the diquark-antidiquark operators.

o No additional candidates observed hinting an exotic signal or a charge
partner for X(3872).

o | =0, cc5s : All energy levels identified with various scattering levels.
No candidate for Y(4140) observed.

o Outlook : Better O*9 interpolators to be invented.
Rigorous calculations involving coupled channel effects :
Extraction of coupled channel S-matrix.
Calculations on lattices with better systematics.

Simulations with m, # my for isospin breaking effects.
X(3872) from Lattice QCD M. Padmanath = University of Graz, Austria. (17 of 19)



Level counting : Ees

E, with4q E, without 4q
L P e e W B B B 1 *r T T ]2 T 7\,]\,
2 — z—\%;{L: 21— — z\&I%J
F— 1 [ ] F—_— 1 [ |
,_5"\‘\‘\‘\‘\’,_5%\‘\‘\‘\‘]’ 15t Ll P O I R B Rl
2 4 6 8 10 12 <2 4 6 8 10 2 6 8 10 2 4 6 8 10 12
P L B A A P A I B A e 25 (. P L LA LA A
[ n=3 ] [— n=d ] [ n=3 ] [— n=4 ]
r I E I 4 F— EI fkjﬂ%
2 l H 2+ H 2 — 2 =
PP S A N R N~ s [ S PO N PO ] PP T R P O I N IR B
2 4 6 8 10 12 <2 4 6 8 10 2 4 6 8 10 2 2 4 6 8 10 12
25 L L L L AR 25 T T T T T[T 25 LI LA LA B 25 = | L L L
'x\ﬁﬁ ] \T,LT 1 [ — e 1] \f_fli%
2 w I 2 H 2 — 2 —
PP S IO U s [ S RO N PO ] PP T Y I R e ) Y U OO RO B B
2 4 6 8 10 12 2 4 6 8 10 2 6 8 10 2 4 6 8 10 12

Compare effective

X(3872) from Lattice QCD

masses to see correspondence between the basis.

M. Padmanath
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Level counting

o m.
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the overlaps

o

l

TR I ETET
s

X(3872) from Lattice QCD

a

M. Padmanath

Bl aa BT STT RRRLINE,
B

Identify the dominant overlaps from
Zs and ratios of Zs.

Ratio of Z's are defined such that
the overlap ratio for the state with
largest overlap to a given operator is
unity.
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