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Qutline

Lattice QCD study of

1) conventional charmonium resonances above DD threshold @
o

JFC=1-- W(3770) know for long time
JPC=3-- X(3842) discovered at LHCb 2019 0

2) pentquark P.channel  discovered at LHCb 2015,2019
3) tetraquark Z, channel  discovered at Belle 2011
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input: g, m,

Numerical evaluation of QFT Feynman path integrals on — =S CD/h
DG DgDge *

discretized Eucledian space-time

J*  ©=3qTq, (qlq)(@ql.,q), [qTsgllqT.ql....

C;(0=(0]a) g ©[0) =¥ (0|g|n) e (n|g/

n

0)

Extracted quantity: En = energy of QCD eigenstate with given quantum numbers

E,(p=0,"P=0") = m,
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(1) Conventional charmonia

S. Piemonte, S. Collins, M. Padmanath, D. Mohler, S.P. : 1905.03506, PRD 2019

M. Padmanath, S. Collins, D. Mohler, S. Piemonte, S.P., A. Schafer, S.
Weishaeupl : 1811.04116, PRD 2019

(Regensburg group)
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m and J°¢ omitting strong decays @ cTc, cTDc,...

14F
O —
12+t — Lattice
(- Expt .ipog] O o=
1.4 [
DD, O —
PR — — -
08t =] e L — -
O
06t = _
— — (——
{ e [——
041
021
/N S - -
]—+ 0—+ ]—— 2—+ 2—— 3—— 0++ 1+— ]++ 2++ 3+— 3++
exotic JPC sjzzezsovlv;th Laféze;g; 42) ;j::e;(vglggo) X(3872) too high without
hybrid candidate *
! t BESuas?a)PS“eIovsek,lgl?agf%lzcze4(s)tudies of quaddcnignn(like) states DD™ threshold effect 5/20

Lattice: 1811.04116, PRD 2019: Nf=2+1, m =280 MeV, N,=24




Next: strong decays of resonances to DD @

Lattice: 1811.04116, PRD 2019: Nf=2+1, m_=280 MeV, N,=24
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Candidates/(1 MeV/c?)

First exp. discovery of a charmonium with spin J=3

Mx(ssa2) = 3842.71+0.16 +0.12MeV/c?,

[x(3842) = 2.79 + 0.51 £ 0.35 MeV,

JPC=3--
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LHCb 2019
1903.12240
JHEP 2019

JPC not experimentally measured

LHCb paper:

“The narrow natural width and the mass
of the X(3842) state suggest

the interpretation

as charmonium state with JP¢=3--“

Quark model quantum numbers:

n 2s+llJ =1 3D3

cc — DD
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Charmonia with J°“=1"and 3~ @

taking into account strong transitions to DD  Strategy

S * simulated DD scattering on the lattice
%
A
; // * determined scattering amplitude
o o I/ -
1) S,(E)=exp[2i0,(E)], [=13
only 1 previous lattice study extracted width O.(E) e | S(E) _ 1 |2 oC | f(E) |2

of charmonium resonances (0** and 1)
Lang, Leskovec, Mohler, S.P., 1503.05363, JHEP 2015

* mgand 'y from Breit-Wigner type fits
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Lattice results for charmonium resonances

1905.03506, PRD 2019

qguark model
Mo, TG MD = assighment
280,467,1762 MeV Experiment N2+,
38501 1} 1 X(3842) o |- 13D,
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widths of resonances:

. {(3770)
2 .3

I — g p
o s

lat 16.0 =)
exp 18.7x0.9

 X(3842)
to narrow to

resolve in this lat. sim.
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(2) P. pentaquark channel

U. Skerbis, S.P., 1811.02285, PRD 2019
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Lattice study of P, pentaquark channel

P. = uudcc — (uud) (cc)

light-baryon charmonium

— (uuc) (cd)

charmed-baryon charmed-meson

Question we address:

Do Pc resonances appear in one-channel pJ/{
scattering on the lattice (in approximation where this
channel is decoupled from other channels)

pJly—=F —=pJly

We simulate this scattering and cover also
the energy region of P_ for the first time.

U. Skerbis, S.P., 1811.02285, PRD 2019
The answer from our lattice simulation : No.

This indicates that the coupling of p J/{ channel
with other two-hadron channels is likely
responsible for Pc resonances in experiment.

0

—
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—— data LHCb
— total fit : preliminary
— background
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o
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This is in line with LHCb results, where Pc’s
are found near other thresholds. This by itself
indicates that other channels are important.
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(3) Z,* tetraquark channel

S.P., H. Bahtiyar, J. Petkovic, 1912.02656
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(Events/10 MeV/ cz)

Zb in experiment

discovered by Belle in 2011 [PRL 108 (2012) 122001]

Z,(10610) , Z,*(10650)

I=1, JPc=1*"

Z, observed in decays

Y(1S) rt, Y(2S) T, Y(3S) 1t
h,(1S) rt, h,(2S) it

Z
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Z, on the lattice

with staticb and b s’
Only previous lat study
Bicudo, Cichy, Peters, Wagner [proceedings Lat16: 1602.07621 . /
proceedings Lat17: 1709.03306] d .Ir ;
Born-Oppenheimer approach //
Fock components incorporated for Sgb =1

G ° Mainaim: extract static potential V(r) between B and B*
B @ ; *  momentum of light degrees of freedom not conserved
.I % in presence of static quarks
r
b 4
B* .
® // not incorporated before
I
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% /|
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® o g ® Lv ’ » e
W /‘ r / I .
k . Y b d /] & y
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Static potential V(r) for interaction between B and B*

We assume that B B* eigenstate is decoupled from other channels (overlaps support that).

Y ot b g| 00 pemmmm—p
i p
_ —0.29 i
0.1 ¢ i B 2@
|
—0.21 —0.41 i I
@ ! r
= 039 . 0.69 | B* OG /
> .
—0.4 081
—05 '/ .
—1.07 1/ Need for theory input !
—0.6 . s / * analytic form of potential
—0.7 : ! : * behavior at very small r
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

V(r<1) =? Born-Oppenheimer approach: B and B* move in
2 g2 2 V(r)= En(r) — Mg - Mg (Mg«=my)
W& RLIA+D

2

+V(r)|u(r)= Eu(r)

2
2u dr 2ur parametrizing V(r) by

ex u
We focus on most relevant : s-wave (L=0)
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Results on Zb based on extracted V(r)

7
F _ /|
V(r)=-Aexp[-(%) ] for F=1.3
B &
. . . - AU
Zb found to be virtual bound state (pole of S-matrix for k=-i|k|) oL A1
B* @
M, =m,+my, —13+10 MeV
Zb peak is a consequence of virtual bound state
/ BB* rate from lattice study BB* rate from Belle 2015
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M =m, +my —400 MeV M, =m,+m, —13 MeV

A possible deep bound state !?

lattice If it exist: it could be perhaps visible virtual bound state

only in Y(1S) m, since it is located
below all other thresholds.

nothing claimed by Belle; exp Zb res
experiment significant “bump” could perhaps

t higher statisti
Belle PRD 91 (2015) 072003 emerge at higher statistics {_A_\

l_l_\

80IIII|IIII|IIII|IIII|IIII|IIII|II

(a) M (x'n)>0.20GevY/c’

(22}
o

Relating
lattice results to
Belle experiment

(Events/10 MeV/cz)
N ey
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L1l
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LHCb: try to look for Zb in BB* final state M (Y (18)7) (GeV/cz)
max’
(exclusive or inclusive) T T Y(1S) t
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Conclusions
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Backup
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Charmonium (like) states
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plot taken from K.Chilikin, excited QCD 2020
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Charmonium resonances in DD scattering

fits of phase shifts for 1=1,3

6=90°, cot 6=0
W(3770) resonance

~ 280[467,1762 MeV

L

E,, =s =2m}+p? " N
)
p = relative momenta of D-mesons in CMF My, My, M
20+1 2 0.010 - AN
p~" cot(9)) I - i Breit-Wigner
Js G 0.005 -
& 1(mg)=90° g
Fit forms: = 0-000
wes)  W(E770) = —0.005
1=1 p3 COt(51) — G% G% - m; —0.0101
Vs m2—s m3—s '
1=3 p’cot(dz) m3—s —0-0157
Vs 93
Result: Keee
( 2 2
2141 (0.63(33)] (3.69(37)]
p cot(9) — 4 ( [1.4966(30)]2—s + [1.5457(32)]2—s
NG [1.568(11)]%—s
L [0.07(3)]2
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Scattering amplitude t(E) in complex energy plane

|t ., (s) |2 W(2S) bound state

S,(E) = exp[2i8,(E)] =1+2ip t,(E)

tl (S) — ) . Re(a’s) o7 Im(a®s)

(a) I Riemann sheet

9 2 virtual bound state
== V1 -amb
S
[tho1 (s) |2

WY(3770) resonance

poles in t(s) related to

resonance and bound states >
. 0.007
23
Fig for 1=1 and m,=1762 MeV: Re(a’s) :
~0.007

one resonance, one bound state, one virtual bound state (b) II Riemann sheet
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proton J/W scattering in lattice QCD in Pc channels

3-5- 3+ 5+
2’2 22
1-7- 1+7+ 5-7- B5+7+ 7- 7+
JP: 2’2 22 22 22 2 2
S 16 3ol 3, 3p 34 6 fillile
3 nijpr =
: 1.5
2
€ w4
S 2 2 1 1 3 3
S s ' R e B -
Q
-1 <12
< 1 y
w gy
Irrep: Gi~ Gt Gy~ Gy* H~ H*
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//// //// // // //
i . [ 7 7
Zb with staticb b 77777
% z
b /;/
| P /
Good symmetries and quantum numbers: b @ /

I=1 I,=0 (consider neutral Z,)

Sheawy=1 (52)heany=0 E(T)b(\l,) - E(\I,)b(ll\) heavy quark can not flip spin via gluon exchange

note: transition is not possible to final states with
Sheavy=0 (r]_b, h_b)

(J2)gne =0 [Ix @and Jy not conserved]
CeP=-1 (P=inversion over midpoint between b and b)
Rlight= reflection over yz plane = Plight * R"ght(y,T[) : e=-1

momentum of light degrees of freedom: not conserved
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Masses of bound states in Zb channel

(a)vre'g + Vi, r/a = [lr'4']
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