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Qutline

charmonia well below DD thresholds : “straightforward” on the lattice

III

First lattice QCD study of “conventiona

above open-charm threshold taking into account strong decay

[Lang, Leskovec, Mohler, S.P., 1503.05363, JHEP 2015]

charmonium resonances

JPC =1"": ¢(3770) — DD Hase (1eD [Charmonium spectrum
4700 X(4660)
PC _ n++ . B ] PDG 2014]
JPC =0t x.0(2P) — DD -
not clear which exp state corresponds to ¥.q(2P) -l e Tl
-> happy to discuss this puzzling channel after the talk in person . T j::;fﬂ: _____________________
5900 Z,Dlz, VVVVV T VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV X(3872) X2(2P)
. . (3770) 2*?)
Three channels with JP¢=1** o (e el —
nm x,, (1P) e
[M. Padmanath, C.B. Lang, S.P., 1503.03257, PRD 2015] e n
ce(tu +dd), I =0, X(3872) y |
_ n, (1S) JIly (1S)
ccud, I =1, charged X (3872) ? o
écss, I =0, Y(4140) ? 1
Zc*(3900) with HALQCD method, [HALQCD, Ikeda et al, 1602.03465]
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Lattice gives discrete energies of eigenstates: E,

Meson(like) system with given JPC is created by a number of interpolating fields
J* 0-qTq, @@Ly, @Lyq),. [GTglqlgl...

I--: cc, (cu)uc)=DD,

l 1

C,0=(01g) g O|0) =Y Z' Z" ™', Z'=(0|g|n)

All physical states with given JP¢ appear as E, in principle (example: charmonium with 1**)

* “single-meson” states J/W m=E, for P=0 (after extrapolations)
W(2S)
“two-meson” states Dlj,... E, rigorously render two-hadron scattering matrix

(for example DD scattering matrix)
S. Prelovsek, QWG 2016 3



Approximation for all closed charm hadrons
on the lattice (presented in this talk)

Wick contractions with charm annihilation are omitted
* OZI: one expects very small influence from charm annihilation

on energies of eigenstates of interest: but this needs to be verified in the future

* very challenging to go beyond this approximation on the lattice
due to a number of light single and multi-hadron states with the same quantum numbers

o
Analogous Wick contractions for u,d,s quarks are NOT omitted

S. Prelovsek, CHARM 2015 4



Charmonia well below DD: recent precision results

m=E (P=0): a—0, L=, mq—)mqphy

M (MeV)

Mass / GeV

chiQCD, u]pdate of 1410.3343

4000
HPQCD, 1411.1318
3.8 3800 |-
/—EFE‘iEE]%\III
36l e e | 3600 $ ho(1P) -
he s Xcoi1P)
B e S 3400 | -
3.4 X . =
3200 -
—
32} . 3000 F —yp— I
J—— J/v expt (PDG) e
T me/ms=1/5 2800
3.0 Ne F me/ms=1/10 o™ 17 o** 1+ 17
DA F  me/ms = phys N
o+ 1 1+= o+t 1++
JPC
4000 . Perez-Rubio, Cplllns, Bali, 1503.'08440 see also:
3800 | .(25) w(2s) FNAL/MILC,
C
3600 F T e ¢ e(1P) %c1(1P) he(1P) 1412.1057
0
3200 The omission of
L]
3000 [ c—t— Jhy charm annihilation
TIIC 1 L 1 L
2800 P = 0+ 1+ - is the main remaining
JP uncertainty
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Rigorous treatment of hadrons near or above threshold:
scattering of two mesons in elastic channel

1'0'

f analytic proposal: Luscher 1991

DD — (3770) — DD

example

at infinite volume

with spatial extent L

— é‘: two mesons
DD g - in a lattice box
E(L)
A
1
scattering phase shifts 6( E) E( L) energies from lattice

S. Prelovsek, QWG 2016
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Scattering of two mesons

one-channel (elastic) scattering with total momentum P=0: E=E_

Ml(p)l P
Luscher’s eq. .
E (L) > &(E) ()
Scattering matrix for partial wave / M,(-p) **
. 1
S(E) =e*E) S(E)=1+4 2%T(E), T(E)=
(E) (E) = 1+ 2T(E), T(E) =
Bound state (B): Resonance (R) (of Breit-Wigner type):
: _ET p2ltl
cot[8(Eg)] =i, Eg<my+m, T(E) = I(E) =g

E2 —m%Jri ET’
Im[E]

Two types of plots will be shown:
. Re[E]
Locations of poles of T(E)

B
O I exp »
for res. and bound st. p—

* E(L) energies of lat. eigenstates

* mP"Y =m,, m, extracted from E(L)

ml+m2 O R
threshold 7



Resonance Y(3770) and bound st. Y(2S) from DD scattering in p-wave

n:(15)

©:ze,DD, J=1" DD o —s J/$(15)

DD — (3770) — DD

c quark

___________ u,d quarks

Charm annihilation Wick contractions omitted
(like in all charmonium-like lattice simulations) En — 6(En)

First lattice simulation of a charmonium resonance above open-charm threshold

taking into account its strong decay 77b(3770> N DD

Xc0(1P)
Xcl(lP)
he(1P)
Xc2(1P)
7 (25)
P(25)

2My 4(3770)

X(3872)
X0(2P)wa
Xec2 (2P)
X(3940)
1(4040)
X(4050)*
X(4140)
1(4160)
X(4160)
X(4250)*

Lang, Leskovec, Mohler, S.P.,
S. Prelovsek, QWG 2016 1503.05363, JHEP 2015 8



Resonance Y(3770) and bound st. Y(2S) from DD scattering in p-wave

E, — 6(E,) — p’coté(p)/v/s

Fitting the resulting phase shift
3

% cot 81(s) = A+ Bp? + Cp*
Bound state: cot 6(pg) =i Too :
cotd —i

Resonance : mg: 6=90°, cot 6=0, I} : slope near zero

O-1O_||||||||||||||||||||||||||||||||||_
0.051 | m =266 MeV |
i |

Fsi~— 5*1?.‘4: __________________ | p3 COt 5

/3

2
eV
> ©
o
(@]
[

' I B B

o
N
o
o_
—
(=]

Vs
—F—
CH 4Lt

O
B
o
o
a
o

¢(25) DD threshold S. Prelovsek, QWG 2016

7 (15)
J/(18)
Xco(lp)
Xcl(lP)
h.(1P)
XcZ(lP)
n:(25)
Y(2S)
2Mp H(3770)

y

/ X(3872)
Xo0(2P)wa
Xc2(2P)
X(3940)
1(4040)
X(4050)*
X(4140)
1(4160)
X(4160)
X(4250)*

Lang, Leskovec, Mohler, S.P.,
1503.05363, JHEP 2015



Resonance Y(3770) and bound st. Y(2S) from DD scattering in p-wave

m [GeV]

Lat. Lat. Exp.
m = 266 MeV mn=156 MeV
3.9 239
I w(3770) |
3.8+ —3.8
PP R I } ::::::::e::::::::_/ 'm
3.6 v —3.6
3.5 —3.5
3.4 —3.4
33 —3.3
32+ —3.2
- NZAV
3.1 =« >¢ s —3.1
=
L

physical masses mrhY

$i3770) [ Mass[MeV] | _glnounit) oo

Lat (m =266 MeV)

Lat (m =156 MeV)

Exp.

3774 £6%10
3789 £68+10

3773.15+0.33

S. Prelovsek, QWG 2016

O:cc,DD, J™=1" 7 (15)
DD scat. in p-wave is simulated J/%b((llpi)
Xc0
En. _> 5(En> Xcl(lP)
T-matrix is determined from E| he(1P)
and interpolated near threshold: Xcz(lp)
7(25)
Bound state (2S) from pole in T: ——> ¥(25)
cot 8(pg) = | 2mp H(3770)
mg (triangles) Toccotlé—i X(3872)
Xco(2P)wa
Xc2(2P)
Resonance )(3770): §(m;)=90° X(3940)
mg (diamonds), I (given below) ¥(4040)
X(4050)*
X(4140)
2 .3
19.7 +1.4 I = g r X(4250)*
28 +21 om s
18.7+ 1.4 Lang, Leskovec, Mohler, S.P.,

1503.05363, JHEP 2015] 10



X(3872) as bound state from DD* scattering, J?“=1**, I=0

m ~L21?(Ei\/lev EXP O:. ¢ ¢, DD ’ [m]%[cu]%’ [m]6c[cu]6c
4 — " a4
3.9 :____ ______ __ __ 39 e ground state: x(1P)
mD+mDa" %‘_ ====¥===: ’ mD+mD*
i 11 X(3872) | * DD* scattering matrix near th. determined
— 3.8 - - 3.8
L.l 11 | pcoté(p)=i+lrp2, a, <0
(2'3.7— — 3.7 a, 70 0
= 3.6 — —3.6 1
L 4L _ T 0.8 B — = OO0
i 1L %,(P)
14 34 * A pole of found just below th. (violet star)
| L 335,
] i * The pole attributed to X(3872), which is a
B

physical masses mPhY shallow bound state

[M. Padmanath, C.B. Lang, S.P., 1503.03257, PRD 2015]

m =266 MeV, a=0.124 fm, L= 2 fm

11
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Which Fock components are essential for X(3872) with 1=0 ?

=1 @: ¢e, DD, J/yw, x,0, no, [cul,lcul,, [cul[cul,

(cq)1.(cq)1,, (€c)1.(qq)1.

4q : > 4q 4qd<\/ A 4qé

»qc \i-*—-wqq

T~ <" '\.\ ‘_/ \_\
€= TN e
LT T > PR
gc N gcé——wCq (qCc&_ cc
Z » 4q -
oq o o tge————pdc g »qq
..... P \_\*___/ '\_"_‘-_,/‘
e == 4q ~ - = — — —
Gga--->-" 4q « »qc qqe--->--2qq
~— '\.5"_'_,/‘ '\.s.‘____z‘
(a)

[M. Padmanath, C.B. Lang, S.P.,
1503.03257, PRD 2015] S. Prelovsek, QWG 2016 12



Which Fock components are essential for X(3872) with I=0 ?

localaized diquark antidiquark

@: FC, DB*, ]/'l/}a), Xclg’ 77cO" [m]%[cu]%’ [m]6c[cu]6c
J L |

]
v |
/ essential do no seem not essential
interpolating — O: all O: all without cc
fields 4.45
4.3t 1+ -
4.15 | ® L [0}
m_ =266 MeV = | il (p |
> )
S s %
\l L o 2 ’3
385 | [A] 1t <
- 3.7t 1t .
upper red square is
candidate for X(3872): X(3872) not found
it is found only if ccin 3.55 1 r . if cc not in the basis,
the basis 1 1 although [cu][cu] in the basis
3.4

[M. Padmanath, C.B. Lang, S.P.,  energies of eigenstates on lattice E(L)

(these are not mph)

1503.03257, PRD 2015] S. Prelovsek, QWG 2016 13



lllustration how eigenstate D, (2400) dominated by “qq”
dissapears when gq interpolators omitted

O:uc, Drn O: just Dxn

[—
o0
D |
]

T  D(1)m(-1)
—> D,"(2400) @e JF€=0*

—> D(0)m(0)

=

T~
[ | [ | [ | I | I | I | I | I
| | | | | | | | | | | | | | |
[ | [ | [ | | | | | | | | | |
| | | | | | | | | | | | | | |

[—
[ -
|

Effective energies at t=8 plotted.

[Mohler, S.P., Woloshyn, PRD 87 (2013) 034501 ]
S. Prelovsek, QWG 2016 14



Search for charged partner of X(3872); channel I°=1", JP¢=1**, ccdu
O : (cu)(de), (ec)(du), [ed][cu]

* Simulation is done in the isospin limit: m =m,

* No lattice candidate for charged X(3872)
In agreement with absence of such state in exp.

* No lattice candidate for other charged state below 4.3 GeV

Search for Y(4140) in channel J?¢=1**, ccss

O : cc, (¢s)(sc), (cc)(ss), |eslles]
* No lattice candidate for Y(4140) or other candidate below 4.3 GeV found

* Note: experimentaly J’¢ of Y(4140) is unknown; 1** is not favored by phenomenology anyway.

[M. Padmanath, C.B. Lang, S.P., PRD 2015, 1503.03257]

S. Prelovsek, QWG 2016 15



[HALQCD, lkeda et al, 1602.03465]

2.*(3900) channel : 19=1%, JP¢=1* HALQCD method V(r)

HALQCD is another method to extract scattering matrix from lattice

(considered to be less rigorous than the Luscher’s method for counled channels)
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-300

vDDDD" (1) (MeV)

-500
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500

400

300

200

0

vI/eDD (1) (MeV)

CP(Ft) =Y (0] 63 (& + 7, 1) 65 (&,

z

o

100 |

(o) DD* — DD*

00 05 10 15 20 25

r (fm)

(6) pmec — DD*

S

00 05 10 15 20 25

r (fm)
(d) wJ /4 — DD*
! \-
00 05 1.0 15 20 25

r (fm)

D D*
% b
€---->
strong
A \ @ @ strong
>
D 0| ————————
~ -100
& -200 |
§ 00| . " T J/’¢
§ w0 (c) pnc—pme | WEA 6@ weak @
S S | P ian S ‘L
-500 -~ |\
0.0 0.5 1.0 15 20 25 's / U
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~~ 500 —~
2 T 0} e
< 400 (e) mJ/¥ — pne ]
s 300 s -100 |,
§ 100 E 00
T o} 5 | (f)nd/Y—nJ/y
- E o,
0.0 05 1.0 1.5 2.0 25 0.0 05 1.0 1.5 20 25
r (fm) r (fm)
ROB(7 t) = (~55 - 5 ) Reb(ri) =
—B ) ot
t)j |0>/VZ:?Z§7 o Y U (7. YRYB (1!
CoB (7, t)e(mitma)t e L T



Z.* channel , three-body Y(4260) decay: lattice & exp

o w(D)
’ . @J/’(DD‘)

J/¥(D*)
= LQCD input

[HALQCD, lkeda et al, 1602.03465]

S. Prelovsek, QWG 2016

 (a)  Thisstudy s

5 BESIII xi*JAp —o— 7+

: %

5 %

s

= .
s

S ™~
[

©

3.2 3.4 3.6 3.8 4.0

Mrany (GeV)  pp* th

) 7+ This study
g I BESIII (DD*0) —— |

dI'/dMpbarp. (arbitrary unit)

3.85 3.90
DD* th

3.95 4.00
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Z.* channel: HALQCD method , poles of S in complex plane

Poles of S-matrix

1 wJIV threshold =(D) 3'(1—))

- L4

pnec threshold N .

D"rD* threshold \ R
J/®¥(D*) ' J/¥(D*)

[HALQCD, lkeda et al, 1602.03465]

’SWJ/w,er/tl)(z)’

Second Riemann sheet for all three channels shown.

Remarks:

« HALQCD method not considered as rigorous as the Luscher’s method for coupled channels

e 3x3 matrix S in Zc channel has not been determined by Luscher method yet

« HALQCD method has not verified any of the conventional resonances yet (to my knowledge)

* Luscher’s method has been verified on conventional res. like p, K*, (3770), D,(2400) ...

S. Prelovsek, QWG 2016 18



Conclusions & Qutlook

e quarkonia well below strong decay threshold: easy, under control

* resonances and shallow bound states where one channel dominates:

first rigorous results for chamonium-like state obtained during past few years:
- first simulation of charmonium resonance DD — 4(3770) — DD

[Lang, Leskovec, Mohler, S.P., 1503.05363, JHEP 2015]
- first evidence for shallow bound state ~ DD* — 9(3872) — DD*

[S.P. and Leskovec: PRL 2013; Lee et al. proceedings 1411.1389; Padmanath, Lang, S.P., PRD 2015]

Improved lattice results for these and other channels expected

e States that can decay to two or three channels:
-S for three-coupled channels with HALQCD approach: Zc(3900)
[HALQCD, lkeda et al, 1602.03465]

* Lots of interesting open problems to solve ... and | am looking forward.
S. Prelovsek, QWG 2016 19



Non-perturbative method: QCD on lattice

Lo ==+Go,G"+ Y Giy, 0" +ig, G, T")q-m,gq

oCD uv = a , S ,
g=u,d,s,c,b,t S )

input: g, m, 3 > ﬂ 0 O

output: hadron properties
precision cal.

hadron interactions i we are lucky) pASSSSSEES
a~0.05 fm
L

L~4 fm
Evaluation of Feynman path integrals in discretized space-time

guantum mechanics quantum field theory in Euclidian space-time

[Dx e [ DG Dq Dg e oco”

S = [ dr Lix(n)] Spcp = J d'x Lyop[G(x), q(x),G(x)]

x,t (Minkovsky) = x, it (Euclidean)

S. Prelovsek, QWG 2016 20



Lattice setup

PACS-CS
Ensemble (1) Ensemble (2)
N3 x Nt 16° x 32 32° x 64
Ny 2 241
a [fm] 0.1239(13) 0.0907(13)
L [fm] 1.98(2) 2.90(4)
mx [MeV] 266(3)(3) 156(7)(2)

Wilon-clover quarks

Fermilab method for c and b : [El Khadra, Kronfeld et al, 1997]

Rest hadron energies have sizable discretization errors but these largely cancel in splittings.

Only splittings with respect to a chosen reference mass are compared to experiment.

evaluati ng Wick contractions to simulate scattering on the lattice is challenging and computationally
intensive — that is part of the reason why a small number of studies have been made. We apply two methods

- distillation (Ensemble 1) [Peardon et. al., HSC, 2009]
- stochastic distillation (Ensemble 2) [Morningstar et al., 2011]

S. Prelovsek, QWG 2016
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Charmonia near or above DD threshold:
single-meson approximation

* only interpolating fields O=cc
e assumptions: strong decays of resonances above threshold ignored

effects of thresholds on near-threshold states ignored
m=E (for P=0)
these are strong assumptions ...

but results still present valuable reference point

S. Prelovsek, QWG 2016 22



M-M, (MeV)

Charmonia: single-meson approximation O :éc

1500} Lattice
Experiment

1000}

500}

ne I 4 Xeo h, Xa X
~
0 (T 2t 20 3T 4+ 4——.— 0t 1t 1Tt 2t 3t 3ttt I 1 o+ 2+ | JPC

[HSC, L. Liu et al: 1204.5425, JHEP] Hybrids:
* m;=400 MeV, L=2.9 fm, Nf=2+1 some of them have exotic JPC

° . oo . . 25+1 . N
identification with n #*IL; multiplets using <O|n> large overlap with O=g Fi g

 green: lat, black: exp
S. Prelovsek, QWG 2016 23



Comparing lattice results for X(3872), J°¢=1**, I=0

Lat: Lat: Lat:
m ~310MeV m_~266MeV — m_~ 266 MeV Exp
m +m F-—-ge - i T 4
D D#* | E 1L 1L J L _
L A | | s s NN
X(3872)
3.8 - — - - —3.8
> L 11 11 1L i
0]
O 3.7 -+ - - 3.7
2 3.6 — - — - - - —3.6
35 % 4F B A B HF * 35
i 1L 1L 1L X, (1P)
3.4 e a 3.4

[1] 2] 3]

cc,DD° c¢c, DD ¢¢ DD,

Lattice evidence for X(3872): Lcullcu]

* [1] [Lee, DeTar, Na, Mohler, update of proc 1411.1389] m =310 MeV, a=0.15 fm, L=2.4 fm, HISQ
* [2] [S.P. and Leskovec: 1307.5172, PRL 2013 ] m =266 MeV, a=0.124 fm, L= 2 fm
* [3] [M. Padmanath, C.B. Lang, S.P., 1503.03257, PRD 2015]

* Position of DD* threshold depends on m,, and may be affected by discretization effects related to charm géark



Search for charged partner of X(3872); channel I°=1", )?¢=1**, ccdu

=)

TT ’ 27
Belle 2008 m, =266 MeV D(-p) el D*(p) p=nT
4.5 = < >
Exp. . |[|Lat. P
4.3517+4250)| 1 Q@ | nu(1) a1 ) ) )
¢ | @ Xer(1) 7(-1) O : (¢cu)(dc), (cc)(du), |ed]|cu]
4.2+ e o Xco(1) ©(-1)
—_ beogonssoad D)D)« Horizontal lines: energies of expected
> 4.05¢ - J¥(1) p(-1)  two-meson states in limit of no interaction:
O E=E[My(p;) ]+ E[ M,(p,) ]
Nl N 1\M1 2\M2
- 3.9 —%f__ffgioj— ?mm ;/;Iggof)) *p(g;)
* Circles: energies of eigenstates from latt
3.75¢ .
* Only expected two-meson states observed.
3.61 | * No lattice candidate for charged X(3872).
In agreement with absence of such state in exp.
3.45
eigen-energies E(L) * No lattice candidate for other charged state
(not mphy) below 4.3 GeV.

* Two Belle 2008 states are exp. unconfirmed.

[M. Padmanath, C.B. Lang, S.P.,
S. Prelovsek, QWG 2016 25
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Y(4140), JP¢=??*, ccss

Experiment:
peakinJ/P @ just above J/P ® threshold

found: cDF 2009, cMS 2012, DO 2013, Babar 2015

not found: Belle 2010, LHCb 2012

Lattice:
S. Ozaki and S. Sasaki, 1211.5512, PRD

caveat: strange quark annihilation neglected

0.1

Y (4140) — J/¢ ¢

CcC

SS

J/W O scattering phase shift [rad]

S-wave

008

= 0.061
E

: 1
20

L
80

no resonant Y(4140) structure found

M. Padmanath, C.B. Lang, S.P., 1503.03257, PRD
O : ¢cc, (¢s)(sc), (cc)(8s), |cs]|cs]

channel JP=1* considered only: expected two-particle

eigenstates found and x_, , X(3872) but not Y(4140)

m,_ =266 MeV

S. Prelovsek, QWG 2016

p-wave

é(iMcV]
45 E(L)

Expt. Lat. jpc=q+

4.35 ’Y(42744 - geccce 6 .......
4.2} Y(4140) {

SO T | P
%4.05 “““ @
@)
~
o 391 * +

X(3872) X(3872)
3.75} -
3.6

¢ Xcl ] Xcl

JE(1) 0(-1)
Dg(1) Dg* (-1)

J¥(0) 9(0)
D,(0) D;"(0)

eigenenergies E(L)

(not mPhy)
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*  Xol1P): the only settled state

Lang, Leskovec, Mohler, S.P.,1503.05363, PRD 2015

Scalar charmonia from DD scattering in s-wave, J°¢=0**

* Itis still not commonly accepted which exp state corresponds to x(2P)

* DDandJ/W w scattering in s-wave simulated on lattice:

cc DD J[Ypw
DD | +2 +2 —4 4 U2 = e +4 2
' N D J I
2 N> Q N N
Tw| 2 2 e P o hern T

O:cc,DD, J/yw

Assumption for extracting DD phase shifts: J/W w channel approximately decoupled

Verified in lattice data (when J/W w interpolator removed all other E,, and Z remain unaffected)

S. Prelovsek, QWG 2016

¢ quark

u.d quarks
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Scalar charmonia from DD scattering in s-wave, J?¢=0**
Puzzle remains in exp and on lattice, more work needed !

* PDG assigned X(3915) to be x,(2P)
 Meissner & Guo [1208.1134], Olsen [1410.6534]: arguments against this assignment
* Itis still not commonly accepted which exp state corresponds to x(2P)

e DD scattering in s-wave simulated on lattice: comparison to several hypothesis made

©: ¢ ¢, DD
Lat: m =266 MeV Hypothesis: one narrow resonance
1.00 L '5 [T l T T T T] 1.00F L R B B AN 1 T T T]
osof P cot - 0.80F N - pcot d(s)
» 0.60r S 7 » O.GOj \\\ o - =  —
% 0.401- \[ . % 0.40 N\ = \/5
Q i 7 Q B Y il
S 0.20 B o 0.20¢ H v ] 4 4 2
2 .00 [] < 0.00f ] S g_z(pR —p“)
.0_2(_)r “ B 'O'ZOf " \E;
-0.401 I T T I [ B B -0-40 RN I S I - T T
06 -04 -02 00 02 04 -06 -04 -02 00 02 04 p? [GeV?]
’[GeV?] .
P m,=3.966(20) GeV [Predict=67(18) MeV
Lang, Leskovec, Mohler, S.P., such narrow res. not (yet) found in exp DD inv. mass

1503.05363, m_ =266, 156 MeV does not describe our results near threshold 28



Scalar charmonia from DD scattering in s-wave, J?¢=0*

various hypothesis versus lattice results

: ¢ ¢c,DD ; - ,
O:cc, more detailed DD lineshape needed from lattice and exp
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Bound state of a
n. and p from lattice

[NPLQCD, 1410.7069, PRD, m_~800 MeV]

Tle D ~ 20 MeV below

(_3(3 uud th. m,.+m,

0m - (M +my)

-50
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Two pentaquark resonances in

J/UL and p from exp
LHCb: 1507.03414
J/w p ~ 400 MeV above
e uud th. my,,+m,

%800 t
52_3700 (b) ' LHCDb
%600
LT>J,500

no lattice results for these Pc yet:

challenging as it can in principle decay to several decay ch.

S. Prelovsek, QWG 2016 30



