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Qutline

| will discuss hadronic states that have to be address by
simulating the scattering of two mesons on the lattice

States slightly below threshold : By, B;;, D, Dg;  X(3872)

Flavor according to quark model: sb sc cc

Quark models expected Dy, Dy; X(3872) above threshold - in contrast to exp

B, B, are still missing from experiment, so we present predictions
First simulation of such “deuterium-like” bound states, but in mesonic system

Charmonium resonances above open-charm threshold: W(3770)

Search for flavor exotic states: Z* , ccdu

Conclusions

Sasa Prelovsek, Royal Society meeting 2015



Lattice setup

PACS-CS
Ensemble (1) Ensemble (2)
N3 x Nr 162 x 32 323 x 64
Nf 2 2+1
a [fm] 0.1239(13) 0.0907(13)
L [fm] 1.98(2) 2.90(4)
Mx [MeV] 266(3)(3) 156(7)(2)
Fermilab method for heavy quarks : 2 SW. 2)2
)y B W G
[El Khadra, Kronfeld et al, 1997] 2 6 < 8Mj

Rest hadron energies have sizable discretization errors but these largely cancel in splittings
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Discrete energy spectrum from correlators

Example: meson channel with given JP¢ 7

///////////
b

. . 2t
l)l - lI] _L_

M(p,) , M,(p,)
0-qlq, qU'q, @9 @qT,q). [q71lqq] "

C,0=(01g@) @ )|0)= Z' Z" ™" Z!'=(0|G|n)

Energies and overlaps extracted using GEVP  C'(t)u™(¢) = A (£)C(to)u™(t)

All physical states with given JP© appear as energy levels E_ in principle : single particle, two-particle, ...

channel : "eigenstates" Two-meson states:
PC + o= . * In experiment: two-meson decay products with continuous E.
5 =0",5b: B, ,BK

*  On lattice: discrete E due to finite box and periodic BC.

JFC =1" cc: X.. -X(3872), DD*,
JP€ = 1%, Cedu : z, Jlyna,.

Bound state and narrow resonance:

lead to extra energy level (in addition to two-meson levels)

Search for exotics:

search for “extra” energy level (in addition to two-meson IeveAIs)



Scattering of two mesons

at total momentum P=0

Luscher’s eq.

E.(L)
T E =By (p)+Eps(-p)

Scattering

>

> 6(p)
%)

pL

2200(1; ( o
Lp\/7

|,\- J

cot d(p) =

matrix for partial wave [:

S(p) =¥ | S(p) =1+2iT(p),

Bound state:

cot[6(pg)] =i , pg2<0

Mp=Ep1(Pg)+Epa(-Ps)

B 1
~ cot(&(p)) —i

T(p)

Resonance:

_ —=VsT(p)
TP = 2 i 5T )

2141
p

NG
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Bound states
slightly below threshold
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Mass prediction for missing B,,

e Scalar Bs state has not been

experimentally found yet.

e Itis expected slightly below BK threshold.

*  We simulated BK scattering on Ensemble (2).

JP=0": O =3b, B(0)K(0), B(1)K(—1)
0 i -ap cot o / ! . //
|lp| —lpsl” ] / J' /'l
~Y .y 1) @)
~0.02 /' : /,45.02 0.04 %‘0.06
7’(;/—0 ] 7{4 /1
_02: IIII IIII
l(BSOH llB(O)K(O)H llB(l) K(_l)”

[C. Lang, D. Mohler, S.P.,
R. Woloshyn: 1501.0164]

below BK thresold

) B 1
P cot(&(p)) —i

The scattering matrix has a pole at

T(

the position of the bound state

(on the first Riemann sheet)

pe =ilpp|  cotd(pp) =1
pp cotd(pr) = —|paB|

m's$" = Eg(pg) + Ex(—pB)

Sasa Prelovsek, Royal Society meeting 2015 7



Mass prediction for missing B, and B,

Ensemble (2), m_=156 MeV

Quantities shown:

5.9 -3
- % 1., for two bound states :
58;==== ......................... %_ ........................ : B K mBz(mB—Eth)lat-|—Ef}fp
%.;;.=.= .................................................... : B K for Other States :
B § % ] m=(m— m)lat + rplat
;‘ 5.7 :_ _: for dotted lattice thresholds :
L 6 B ] Ey, = (Ey, — m)lat 4 mlat
5 - —
9 - i
= - i m = ;(mps + 3mps)
5.5 —
B e — PDG i , _
541 x  Lat: energy level j * B, and B, agree well with exp
- > Lat: bound state H
B ¢ from phase shift []
5.3e- —d —
- - : * B,and B, are predictions for
Bs Bs le) Bs 1 le Bsz sO s1
f 6 r o 1t 1t 2 yet unobserved states (errors

contain statistical and several sources of
systematical uncertainties)

[C. Lang, D. Mohler, S.P.,

R. Woloshyn: 1501.0164] Sasa Prelovsek, Royal Society meeting 2015 8



D, and D, below DK and DK thresholds

m_=156 MeV, N ;=2+1

600

—
> - g 1° Analogy, just b replaced with ¢
Q500 x = :
> RERRRRRRRRRRRRRRRRRR — J ¢ Inthis case Dy and Dy, have been observed
— 4005 "~ k3 _ experimentally
SI:_ i 7 * Quark models expected them above thresholds
/—;\‘é,; 300 FE== 3 i but they were found below them
EQ 200 — * Our post-dictions agree with measured masses
D100 -
[72] - S¢ -

E 0O PDG —
) - x Lat: energy level | -

1 =100 se o Lat: bound state |

E i from phase shift | |

-200 " - -
Ds Ds DSO Dsl Dsl Dsz

[D. Mohler, C. Lang, L. Leskovec, S.P., R. Woloshyn:

1308.3175, Phys. Rev. Lett 2013

1403.8103, PRD 2014]

9
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X(3872) below DD* threshold cc-like, JP¢=1*, 1=0

0lo,xw7)

107 2
lattice (m_~266 MeV) Exp A 1 0,
u aF ] (/\T 10‘- 3 = cc
— —4F —1100 — 2 - e IR
D(I)D*(-1) == e e B 1k ; % N il 1l x 0,
- 3F 41000 s = 10 £ = I
- [0} min ] o >< = A 3 % 0 cc
- a |l 4900 ~ — - : b
IpOw©) f 4 A 3 ] = Q"“ 100 L 4 dlo OIDD'
DODX0) F~ T T T F Jp===se==3800 § =~ T F * 3 o
- *  xes)IF x(3872) 3 @ S - g 114 0
- JdE 4700 o V -1 — DD*
: 1F E E’: 10 = 5 O 03
- e J600 = 2 o
- 1k . I
:— XCI(IP) —HF XCI(IP) —: 500 '_l' Overlaps normalized to <0| 0, |X(3872)>
- - “ = b " Jduwo E
O:cc O:cc  pole X(3872)
DD* L—o
Jp lat -11 7 MeV
Assumptions: exp  -0.14+0.22 MeV
e charm Wick annihilation omitted
[S.P. and L. Leskovec : 1307.5172, e DD* scattering analyzed assuming
Phys. Rev. Lett. 2013] J/Yw is decoupled (good evidence for X(3872) appears Only if both
that from the lattice dat cc and DD* interp. used.
Ensemble (1), m =266 MeV, Nf=2 at from the lattice data) = = P
10
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New evidence for X(3872) : JP¢=1*, 1=0

J— k
©O: cc, DD
I _
1400 | Interpretation
1200 - D(1)D*(-1) state is not found
although O incorporated
> P¢ 1\h*f1\
ﬁl()()() P-HPA1)
§ . I - D(0)D*(0) ( )
- X(3872
" 500 | ™ X(3872)
lat -13 +6 MeV
oor exp  -0.14+0.22 MeV
400 | 0: cc (I=0) O:cc4+DD" (=0) Xc1

HISQ quarks , m,=m,=m./5, 16 x 48, a =0.15 fm
[C. DeTar, Song-haeng Lee, et al., 1411.1389 ]
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Charmonium resonances

Sasa Prelovsek, Royal Society meeting 2015
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Resonance Y(3770) in p-wave DD scattering

PRELIMINARY

ce, JPC =17":J/4, ¥(2S) below DD threshold

Y (3770) lowest state above threshold I~ 27 MeV
R L A B B . L
- ' ' Enseﬂ{ ble (1 } ' ' _ E Ensemble (2) E
0.051~ = 0.0051- -
R - o T -
£ oooE - = o000 4 -
g r | -8 T E
©_ -0.05 — 7=-0.005— T ]
S F | : | - & - .
0.10 S - 0010 —
- ' S P R I R R SR BT R
C st ao az aa as a8 2z 23 24 25 26 27
sa° sa
“W(3770)" “D(1)D(-1)" “Y(3770)”  “D(1)D(-1)”
Mass [MeV] | gw(s770)0p
Ensemble(1) | 3785(7)(8) | 11.4 (0.8) P s 6T, R
Ensemble(2) | 3783(49)(10) | 21.6(14.9) Vs T2 (Mg —s)  T(s) = 6r 5
Experiment | 3773.15(33) ~ 18.7
Sasa Prelovsek, Royal Society meeting 2015 13



Search for hadrons
with manifestly exotic flavor:

ccud (I1=1)

Sasa Prelovsek, Royal Society meeting 2015
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Z.' channel :

|G= 1+» JPC= 1+

4.6 —

44

42 —

E [GeV]

38—

3.6 —

34—

D(2) D*(-2)
D*(1) D*(-1)
Jh(2) mt(-2)
llj3 1

- D(1) D*(-1)

lIIlD T
N, (Dp(-1)

‘ l|IstC

D D*
() m(-1)
n.p

Iy

32—

Exp.

Lattice

[S.P., Lang, Leskovec, Mohler, 1405.7612v2, PRD 2015]
Ensemble (2), m_ =266 MeV, L=2 fm, Nf=2

Sasa Prelovsek, Royal Society meeting 2015

—4- Data

o 100
Q : — Total fit
> 8oF BESIII :"_'Z“::Z"““‘
9 F [ sidevang
o 60[
e r
g«
g L
@ 20F
0==37 3.8 39 4.0
Mpax(mJhy) (GeV/c?)
Lattice:

lines represent energies of

13 two-meson states
E= E[ Ml(pl) ] + E[ Mz(pz) ]

in non-interacting case

Extracting 13 two-meson states

is a huge challenge!

15



Z.' channel :

18 two-meson
(MM)

4 diquark-
antidiquark (4Q) |

|G:1+ JPC:1+- 4qQ4q
)

--------

Interpolating fields :>4

g—

O O™ = zy,¢(0) dysu(0), NS
OvWTE — N Gyic(er) dysu(—er),

ex="teqy -
O"e(0p(0) — Gy e(0) dy;u(0),
07O = 2ysu(0) dyic(0) + {5 > 7}
oD (OD7(0) — €ijr CY;u(0) dyge(0),
and 13 others ..

C,(1)=(0

0" =[¢ Cy,d]), [cy,C uls,
0, =[c Cd], [cyysC uls,

and 2 others ..

Sasa Prelovsek, Royal Society meeting 2015
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Wick contractions

an g' )
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2.* channel : 19=1% JPC=1*+

| o o
46 _ T -
- i }i: —
44— 1 L2 —
S A R e .
42— 1 —
t .
B i R DR SN

;I 4 — : % e _7;_._%.__.:__.—_

o | o e -

@) — e e/ -

e I —_

m 3.8 — - =
3.6 — —
34 —

y E
L rs _
s
32+ —
E - | .
Exp. Lattice

D(2) D*(-2)
D*(1) D*(-1)
Jh(2) m(-2)
Y,

- D(1) D¥(-1)

lI’,IDI T
n,(Dp(-1)

. IPESTE

D D*
() m(-1)
n.p

Jyrn

[S.P., Lang, Leskovec, Mohler, 1405.7612v2, PRD 2015]

Ensemble (1), m_ =266 MeV, L=2 fm, Nf=2

Conclusion:

 we find 13 two-meson states
(black circles) as expected

 we find no additional state
below 4.2 GeV

e we find no candidate for Zc
below 4.2 GeV

Sasa Prelovsek, Royal Society meeting 2015 17



4.6

44

42

E [GeV]

3.6

34

32

spectrum
from
18 interp.

T

T

I |

R I

||
*

1

't

:
l

[

T

exp.

1405.7623v1

Z.' channel

1405.7623v2

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

spectrum
from
22 interp.
..... D(2) D*(-2)
] D*(1) D*(-1)
Jy(2) ©(-2)
] --- D(1) D*(-1)
¢ 1. T
_ D* D*
...... DU - m(pD)
* o Wy T
o — DD*
T TN o (1) n(-1)
; >~ | 1—nnpr
e ] — Jymn
e o
-
K N
. |

Results from the extended basis:
based on E, and Zz'=(0|g|n)

lowest 13 states (black):
two-meson states
no extra state below 4.2 GeV

no extra state at 4.16 GeV
(extended basis gives an extra
state at 4.4 GeV)

attributing a state at 4.16 GeV
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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Similar conclusion concerning Z.* channel

Z. channel, I=1, JPc=1*

1000 FD(-1)D (1) ]

*
000 | DD (0) ]
28 + U

> 800 1 no candidate for Z_
>
& 700 F T
N J/I'iil'(l) -r.'l"( 1)
= 600 [ ]
sa

500 7

400 7

w0 LIWO) +1(©0) — ———— .
CC T cct+ DD DD

S.-H. Lee, C. DeTar, H. Na,
Lattice 2014 proc.: 1411.1389

m,=m./5; Nf=2+1+1; HISQ _ _
Sasa Prelovsek, Royal Society meeting 2015

Only expected two-meson states,
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Puzzle: why there is no additional
eigenstate related to Z_*(3900) on the lattice?

Why does such large basis of creation operators not excite
observed Z_* (in addition to two-meson states) ?

<> Even more interpolators needed ?
< Ism_=266 MeV to high?

<> Could the neglect of charm annihilation contribution
significantly modify the conclusion?

<> Is something wrong with working assumption that Zc+
should lead to an additional eigenstate?

Note: we have observed additional levels for
resonances: : p, K*, D,", D, a,, b, , ¥(3770)
bound states: D", Dy, By,", B, X(3872)

Is Z.is of different origin and does not lead to additional level?

<> Perhaps an additional eigenstate does not have to arise if it is a
coupled channel effect: more analytical work is needed

Ow(o)w(O) (0 )j (0 ) JPC=1+-
Ow(mw(m ‘gﬂﬁ J

OYOO _ C‘gﬂﬂﬁ e(0 )dfy5u( )

YOO _ e lewim] 273 V1 Vunc(0) drsu(0),
OYOTO) _ (e lewim] 2673 V1V me(0) dysu(0),
(9“7/’(0)7’(0) = Rij1Qkim c'ngl?mc dysu(0),
0;"(0)”(°> = RijkQrim E%’Yj%lemc dvsu(0),
OvYOTED = N Gyic(er) dysul—ex)

ek::tem,y,z
O¥@)m(=2)_ Z eyic(ur) dysu(—ug),
|uk[2=2

OneMp(=1) — Z cyseler) dyiu(—ek) ,
ek=iez,y,z
OPOD™O) _ 5 (0 dyic(0) + {75 <> i},
Of(O)D*(O) = ev57:u(0) dyivec(0) + {75 & v},
OD(l)D*(—l):Z evsu(er) dyic(—er) + {75 < 7},
Ek::tex,y,z
0oP@2)D"(-2)_ Z eysu(ug) dyic(—uk) + {vs < 7}
lug [2=2
= €451 (_:’yju(O) CZ’)’lC(O) )
oP (M)D*(=1) — Z €iji cyjulex) JVZC(_ek)

ex==%ez,y,z

0" =[¢ Cy;d], [cy,C uls,
0y, =~[c Cd], [cyysCuls, 20

D" (0)D*(0)



Is Z_ related to coupled-channel effect? @”_ é

* phenomenology [Swansen, 1409.3291] weak ‘stmng

e lattice (HALQCD method) m =410 MeV, Nf=2+1+1

lattice (HALQCD method) experiment
* mJ/Y¥ invariant mass (my=410MeV)

0.014

/

Dbar D*

0.012 »

E oo01;

o« Im[T] ;€°~°°8'
g 0.006 -

JIy & ¥ oo
0.002 +

DblfD*

\ 4

F " 4= Dma 705
100 biersl s -
i ) vver Bachground & 60 @

80 d ,’4 3 . «e PHSP NC 50+

! E

Events / 0.01 GeV/c?
3

Events / 0.02 GeV/c?
o~
o

—— y vl : of ¢ Wors
37 38 39 4.0 37 38 39 4 4

0
34

« DPD* jnvariant mass (my=410MeV)

0.07

36

38 4
Wem, [GeV]

42

Mnax(®*J/y) (GeV/c?) Moa(®J/Y) (GeV/c)

2ol PRL110 (2013). Belle Coll., PR

44

*.8%e"x2 I (DUIDAY

\\
\
\
A

N

N
DoerD*

8
P
—

WE R

Events / 4 MeV/c?
Events / 4 MeV/c?

B 300 305 400 205 430 41 385 350 355 400 205 436415
M(D°D*) (GeV/cd) M(D'D*) (GeV/c?)

0.06 |
E oo0s
oxIm[T] % ou
z
T o002
0.01 |
0
39

41 42
w:,m [GeV]

43

44

BESII Coll PRL112 (2014),

HALQCD is investigating if extracted scattering matrix has a pole.

It needs to be investigated whether this scenario would lead to an additional energy level or not.

It is not clear yet whether this scenario could be compatible with absence of the Z_energy level in our spectrunt.l



Conclusions

J Evidence found for states with non-exotic flavor:

e states well below th. : charmonium , bottomonium ,...
* resonances via BW : p, K*, K;'(1430), K, D,’, Dy, a,, b, , W(3770)
* shallow bound states : Dgos Dg1, Bgos By X(3872) with 1=0

All these manifest themselves via an additional energy level !

O No evidence for manifestly exotic states (yet) by searching an additional energy level
e X(3872) with I=1

. JF=ccud

e ccud

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

Only after this is settled, theory can claim structure (mesonic molecules, diquark antidiquark, coupled channel effects, ...)

Sasa Prelovsek, Royal Society Meeting 2015 22



Backup slides
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Charged charmonium Z.*: experimental status

candidates with [review: Brambilla et al., 1404.3723]
preferred
1G=1+, JPC=1* particle C | JP | decay year | coll
N Z+(4430) . 1+ Q(2S)m 2008  Belle BABAR, LHCh
46— T Zc+(3900) _ ? J/L|J 1 2013 BESIII, Belle, CLEOc
- ;’ o y(3770) & Z*(3885) - 1+ (DD*)* 2013  BESIII
A o 32‘;;; 2(4020) - ? h(IP)m 2013 BESII
L — DD* Z+4025) - ? (D*D*)* 2013 BESII
4.2 I i . ncp g
- — Jyw Z'(4200) - 1+ J/g w2014 Belle
S o 7'(4050) + ? x, m 2008 Belle
L P E T h
% 38 F == 1 Z*(4250) + 7 Xy T 2008 Belle
3.6~ g 1F el [BESIII, 2013, 1303.5949, PRL]
> r -++~ Background fit
- 8 80
34— S e ' Z*(3900) = J¥ o
I DL “ cc du
321 g =
° 3.7 3.8 3.9 4.0 .
Exp. Macly) (GeV/c?)

Sasa Prelovsek, Royal Society meeting 2015 24



Challenge : precision simulation of Z_*

On larger volume: more two particle states

46

44—

|-~ === -]

42—

*|
#

--:.-- e |

ET |

%
'
‘I

E[GeV]

34—

32—

Exp.

E [GeV]

4.6

4.4

4.2

3.8

3.6

34

32

L=3fm L=2fm
L TTTrT T T T Physical masses used
F————=—=—=——==== B _ e J/\IITC
e R Ui P94 EEEes Yoy T
cooocococeo b 4 |- DD*
meateitelebtelebtel = F —4.2
Sl el g el And there
i ) S - are other
- — — —4 two-particle
L _ states!
= mmmm i m i m R e ] 38
- -4 —3.6
— - - 34
a 4 F =32
-]

E(L)=\/m12+f712 +\/m§+ﬁ§ +AE

—2npn
=N

— 27
Po=5Mn

Rigorous treatment very challenging: at least 6 two-particle channels coupled !!

Sasa Prelovsek, Royal Society meeting 2015
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Another challenge: Z,*

On larger volume: more two-particle states

E [GeV]

10.8

10.6

10.4

9.8

9.6

Exp.

9.4

L=3fm L=2fm

10.8

10.6

10.4

10.2

10

9.8

9.6

94

Belle 2011

(a)

3
T

+
Yls T[ 7

(Events /10 MeV)
8 8
T

I T
qﬂJ 102 103 104 105 106 107 108

M(Y(18)71),,,, (Gev/c’)
. 80 T T T T
Physical masses used Y +
cwl Tt
>
Y .1 .
n
S i
[d
..... Y, . T Bl
2S
- B B* e e T S
qA 1045 105 1055 106 1065 107 10.75

M(Y(28)7),,,, (GeV)

120 .

~ 100 @

"U +
And there < Y35 T
are other i "
two-particle 3

5 40
states! &,

................... Lipht

1988 0.6 10.62 1064 10.66 1068 107 10.72 10.74
M(Y(38)7) s (GeV/c?)

+ +
Lt->Y T

E(L)=\m + p? +\m + p> +AE

=27
pi=TMn

— 27y
P=T1,

Rigorous treatment very challenging: at least 6 two-particle channels coupled !!
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Channel coupling (T1J/%¥ — pn_ - Dba'D¥)
T=V+VG,T :3x3 matrix

Veirv.om,
N
400

300

* Vo * Vium-ene -

V(r) [MeV]

lkeda+[HAL QCD Coll.] in preparation



D-meson resonances in Dt and D*mrt

discussed by Daniel Mohler, plenary at Lattice 2012
N(E)=g"L

E2 g is compared to exp instead of [ (I depends on phase sp. and m_)

(analysis of spectrum in this

. . case is based on an assumption
JP=0"" Dm JP=1* * D*m

given in paper below)

D, (2400) | m - 1/4(mD+3 mD*) D,(2430) | m - 1/4(mD+3 mD¥*)
lat 351+ 21 MeV 2.55+0.21 GeV lat 381 + 20 MeV 2.01 £ 0.15 GeV
exp 347 £ 29 MeV 1.92 + 0.14 GeV exp 456 *+ 40 MeV 2.50 £ 0.40 GeV
1000 :
900 B 7
> 800 —— -
g T00r e .
~ 600_— _3_ 7
L i _
§ 500 = [ '
+_ 400- 3 ]
£ 3000 =] b
first lattice re§u.lt for strong decay width of a 5 00l = BaBar 2010 ]
hadron containing charm quark — - m LHCb2013 -
100 O PDG values |
[D. Mohler, S.P., R. Woloshyn: 1208.4059, PRD] &  of - ot naive lovel
* m =266 MeV, L=2 fm, Nf=2 -00p_ = ¢ lat: resonance
IT: 0 1 o 1t 1t 2t 2
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*
DSO (23 17) : bound state below DK threshold, J°=0*

 § for DK scattering in s-wave

©:5c, DK =[dyc] [5y.d]

extracted using Luscher's relation

lattice (m_~156 MeV) Exp e Ointerpolated near threshold
. - -600 * pole found in the scattering matrix
c T x[cotd—i] =0, cotd(p,)=i
D(DKE1) |- 1 500 E‘ mg;(;L_)OO=ED(pBS)+EK(pBS)
. Q’r"
1 &
i 5 1T 190 =+, m =156 MeV, N =2+1
g — 600
‘ my+m, 1f 1 < > - .
Y00V () J PR —.L D AL 00 S 2 s00p ==
1 o . £ " 400 F k-3 .
200 ';'_\:L 300 ks § .......................... — mD+mK
. . le L i = 7
O:sc O: l;CI«‘{ II"°_,°° EQ 200 - m
D 100k | [1403.8103
% - w {1 PRD 2014]
E Or PDG —
[D. Mohler, C. Lang, L. Leskovec, S.P., R. Woloshyn: N i x  Lat energy level | -
v =100 se o Lat: bound state |
1308.3175, Phys. Rev. Lett 2013 g ool from phase shift | -
1403.8103, PRD 2014] b, D D, D, D, D,
>
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X(3872) channel: 1=1, JPt=1*

Only expected two-particle states observed.
No candidate for X(3872) with I=1 found.

I=] In agreement with experiment that does not find
- - - charged X either.
2 1100 -
E 1000 i— —i The simulation is done in the isospin limit m =m,.
~ = = The absence of I=1 state for m =m,is in agreement
T ME T ImOp0) e o MR I Es
= 3———1 with two interpretations:
g s0fF — D(0)D*(0)
e = .
+ _ 700F =
= ; 1) X(3872) = a—o|DD*) 1 + aj—1|DD*) 1,
E ewf E
3 500 - = a,_(m,=m,) =0
LIl-l 400 ;— —; a,_(m =m,)<<a,_,
O: DD*
Jhp p (2) X(3872) pure I=0 state

isospin breaking decay X(3872) ->J/y p (I=1)
S.P. and L. Leskovec : 1307.5172

PRL 2013, m =266 MeV, Nf=2

is due to isospin splitting D°D%", D*D”"
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Puzzle from experiment: Z_*(3900) seen only in Y decays
What about other channels in experiment and other experiments?

<> Zc(3900) was found in J/ minv. mass only in

o, 100F A
% 8ok --++ Background fit
B & TF  BESHI Yy, e
[BESIII, Belle, CLEOc, 2013] Y (4260) — (J/yrn )z 5 e \—
O
<> Z¢(3900) was NOT found in J/ mtinv. mass in @ 20 e, 4
0 3.7 3.8 3.9 4.0
) Max(mdhp) (GeV/c)
Belle 2014, 1408.6457 B’ — (J/yrnt)K~
LHCb, 2014, 1404.5673 BY = (J/yr")m~

COMPASS, 2014, 1407.6186  yp — (J/l[/7t+)n
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Checking our implementation of Fermilab method:
splittings on Ensemble (2)

Mass splitting This work Experiment
mp* — MB 46.8(7.0)(0.7) 45.78(35)
mp_. — Mz, 47.1(1.5)(0.7) 48.7123
mpB, —MB 81.5(4.1)(1.2) 87.35(23)
my — My, 44.2(0.3)(0.6) 62.3(3.2)
2my — mg 1190(11)(17) 1182.7(1.0)
2mp- — mg; 1353(2)(19) 1361.7(3.4)

2MB, — Mn, — M, 169.4(0.4)(2.4) 167.3(4.9)
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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>

o . .
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