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Qutline

Lattice QCD study of

> Ground and excited conventional charmonia

e charmonia with all JP¢ (J £ 3), momenta P=0 and Pz0
omitting strong decays

determine : m or E, JPC

* charmonium resonances with JP¢=1--[W(3770)] and 3 -~ [X(3842)],
taking strong decays to DD into account (applying Luscher’s method)

determine: mand I, JFC

» Very briefly on exotic quarkonium-like channels:
* pentquark P_channel

e tetraquark Z, channel
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Conventional charmonia
below and above open-charm threshold DD

One of the motivations for lattice QCD study:

Verify lattice QCD treatment of conventional charmonia

Only then apply analogous treatment for more challenging charmonium-like states
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Candidates/(1 MeV/c?)

First discovery of a charmonium with spin J=3

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

FX(3842) = 2.79 £ 0.51 £ 0.35 MeV y
JPe=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
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Lattice ensembles

¢ CLS ensembles with dynamical u/d and s quarks: m =280 MeV, m~467 MeV

* two values of m_to explore dependence of charmonia on the position of DD thresholds:
mp=1762 MeV, 1927 MeV (m,**=1867 MeV)

a=0.086 fm, N;=24 & 32
|n> denotes eigenstate of Hyp

Info from lattice : E,, 2", Z'=(0lg|n)

Large number (15-30) of operators with the quantum numbers of desired channel

guantum number : in continuum: JP¢
on the lattice: lattice irrep A

~ e ¢
O“=cIc

_ _ £
0™ -(cTyq)(qT,c)=DD )

charm annihillation omitted S
“ e
Cij (1) = <O| @l(t) @j+ (0) |O> = E Zin Z;* o Ent @b
n
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M. Padmanath, S. Collins, D. Mohler, S. Piemonte, S.P.,

A. Schafer, S. Weishaeupl : 1811.04116, PRD 2019

charmonia with all J?¢ (J £ 3)
omitting strong decays

employing only operators O“=clc

(10-30 for quantum number)
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M,—M, [GeV ]

m and J’¢ of charmonia with P=0 @

1811.04116, PRD 2019
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(extensive spectra using similar
approach HSC: 1610.01073)




Charmonia with P20 : determining E and J‘ic

refers to quantum numbers in charmonium’s rest frame

» Experiment: charmonium ->H, H,

 Lorentz transformation of decay products to charmonium’s rest frame

* observed partial wave and g.n. of H; and H, render J’ of charmonium in its rest frame

> Lattice: Above strategy can not be followed on the lattice
* Strategy : following [HSC, Thomas et al, 1107.1930] used for light isovectors

each irrep A contains several JP ; for example: A, irrep for P=1 x 2r/N, contains JP= 0+, 1-, 2+, 3-

subduce to
lattice irrep A

— JEC A JFE A
=clc — O — g’

good helicity A

boost to P
PC
J

©

good g.n. at rest in continuum operator on the lat.

at mom. P in continuum

: 7" =(0 @[JPC,M :
- determine overlaps 4; = / n) from lattice

- eigen-state |JP,A> couples better to O PN thanto OV P’
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N,

E and JP¢ of charmonia at P=0 and P20 %

E=\m’+P° JPC denote quantum numbers in particle’s rest frame
O
(- ()
4 O
1.7 9o ~ o “ g o
O Qg o U
].6" o o o - D
DG o o [
DD
m: 1.51 DD O _
S = D= = o
[—] o — [}
141 -

2
P°=2  p=(1,1,0) 2/N,

1371 - p2=I P=(0,0,1) 2r/N,
121 —
pc 0t 1— 2+ 2— 3~ 0% 1Tt It 27 3t 3n
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Charmonia with JP¢=1—and 3~

taking into account their strong transitions to DD

only 1 previous lattice study extracted width of charmonium resonances (0** and 1)

Lang, Leskovec, Mohler, S.P., 1503.05363, JHEP 2015
Present work:

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

simulate DD scattering on the lattice
determine scattering amplitude

S,(E)=exp[2i5,(E)], [=13

O(E)x|S(E)-1FP < |t(E)F

mg and I, from Breit-Wigner type fits

6 ,(m;)=90°




strong decay

Eigen-energies E_
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Luscher 1991

Relation between eigen-energies E and S,(E)=exp|2i §,(E)]

P=0 or P£0, 3D space

1D space, quantum mechanics

E—FE_

1=1,3 appear together due to
finite cubic lattice (lattice artifact)

FMS(E, ), 8.(E, ), E. ,L)=0

cm?

periodic boundary condition

V=0 p=n 2m/L
A ”Tj?z
g-P
V=0
=-1/2 0 x=L/2
<€ >
L

f(o(E),E,L)=0 E—(E)

T~ known functions &~
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Fit of phase shifts for 1=1,3 from E,

6=90°, cot 6=0
W(3770) resonance

~ 280[467,1762 MeV

l;

3
E,, =s=2m}+p’ P 0}(51)
S
p = relative momenta of D-mesons in CMF My, My, M
20+1 2 0.0101 AN

p~" cot(9)) I - i Breit-Wigner

Js G 0.0051

& 1(mg)=90° g
Fit forms: = 0-000
ws)  w(3770) = —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: e
( 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

S. Prelovsek, Charmonium resonances

—0.075 —0.050 —0.025 0.000 0.025 0.050

(ap)?
—1
) =1
[ =3

13/20




Scattering amplitude t(E) in complex energy plane

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

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

Im(azs)

tl (S) — . Re(azs) -
) -0.007
(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

S. Prelovsek, Charmonium resonances 14/20

Im(azs)



Results at m;=1762 MeV Mzp, MK, Mp =

280.467.1762 MeV
Resonances |Bound state S
W(3770) Je=1- ,1=1 W(2s) =1 1-1 3850 - X(3842)
X(3842) JPc=3- ,1=3 <i>
Mass:
4 W(3770 =
Mass: |t(E.,=mg)| = oo 3800 ( ) 9 ! lil
§,(E,=mg=00° | L ... D
cot[6,(m;)]=0 mg given by the pole
n on the first sheet E 3750 A
Width or coupling g: ' E
w(3770) > DD, 1=1 p’eot(d)
7701 D % 3700 -
p~ cot 01 67 2 0.010 LIJ(ZS)
\/g |8Nm2 - 2 (m a S) 0.0051 5&%\ | *
0.000 l |
-2 -y 3650
lat 6 0 —0.0101
exp 18.7+0.9 ’0'015" | | _fil -
—0.075 —0.050 —0.025 (2}390 0.025  0.050 3600 ' r
X(3842): to narrow to resolve 1—— 3——
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1
m =m'*" — M2* + MOP  May = 7(m, +3myy)

Masses of charmonium resonances and bound states

My, MK, Mp = My, MK, Mp =

280,467,1762 MeV Experiment 280,467,1927 MeV

3850 1 1 X(3842) o - 3850
1) 2D
3800 - - - 3800
..... $......2mo o U(3770) ¥

= 3750 - 1 2mps 3750
z i
E QmDO

3700 . - 3700

e Y(29)
3650 - . - 3650
3600 T - r T r T 3600
1= 37~ 1= 37~ 17— 37~
JPC JPC JPC

1905.03506 Investigated conventional charmonia are not very sensitive to position of DD threshold. 16/20



Briefly on exotic quarkonium-like channels
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Lattice study of P, pentaquark channel

P =

c

uudcc — (uud) (cc)

light-baryon charmonium

— (uuc) (cd)

charmed-baryon charmed-meson

Question we address: Do Pc resonances appear in
one-channel p J/ 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.

The answer from our lattice simulation : No.

U. Skerbis, S. Prelovsek, 1811.02285 to appear in PRD

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

Weighted-candidates/(2 MeV)
o
o
o

400

200

P.(4312)

42

L 3

+=0
zD
—— data LHCb
— total fit | preliminary
— background

00 4250 4300 4350 4400 4456

P (4440)"

e N N
4500 4550 4600
Mo [MeV]

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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Lattice study of Z, tetraquark channel

Lattice simulation of Zb channel with static b and b

Inspired by Bicudo, Peters, Wagner [1602.07621, 1709.03306]
Extracted E_(r)
ongoing study with J. Petkovic and H. Bahtiyar

conclusions concerning Z, from this approach: coming soon

A

\\\\\\

Fock components incorporated:

N AN

\\\\\\

/
v 4
A
//;/ e
// ye = 49 ) :
r 1 A b d 49% & d
.0? A V4
@ |/ // Y0)  a(p=0) / Y()  ap=0)
new

sizable attraction
found in this channel
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Conclusions

Charmonium spectrum from a lattice study at a single lattice spacing and m_=280 MeV (not extrapolated to physical point)

Omitting strong decays Including strong transitions to DD
145 . . . . . . . . . . — Mo M, Mp =~
D O _ 280,467,1762 MeV Experiment
12% —  Lattice T
- Expt. - 0O o 38501 1 X(3%42) o
] B o - -- f
77777777777777777777777777777777777777777777 Dst D— 3800 1 i
> 08 _ o = = 5 - $....A0m0 o U(3770)
Q | — % 3750 1 omps
g‘? _ O = ::::2:::::::::::::::
LT = = 3700- I
S s = = o ¥(29)
04 = Y
3650 - T
021
3600 . . l :
= 1= 3 1= 3
) e JPC' JPC
It -+ I~ 2t 2 3 0* [~ It 2t 3t 3 W(3770) = DD coupling/width

in agreement with exp
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Backup
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PDG 2018

n2stly, JgPC =0 =0
cc bb
115 0 F nc(18S) n(1S)
138, 1—~ J/(18) Y(1S)
11p 1+t~ h.(1P) hy(1P)
13  ott Xc0(1P) xb0(1P)
13p 1+t Xc1(1P) xp1(1P)
13p, 2t Xc2(1P) Xp2(1P)
13Dy 17~ % (3770)
13D 3 X(3842)
215, 0%t nc(28) m5(25)
238, 17~ $(28) Y (25)

. Prelovsek, Charmonium resonances
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S. Piemonte, S. Collins, M. Padmanath, D. Mohler, S.P. : 1905.03506

JPC|lat (present work) |lat (present work) exp lat [16]
ke = 0.12522 ke = 0.12315 D°D°/D*tD~
mp [MeV] 1762(2) 1927(2) mp ~ 1867 MeV || 1763(22)(18)*
mp, [MeV] 1818(1) 1981(1) 1968.34(7)
May [MeV] 2820(3) 3103(3) 3068.6(2) 3119(9)(33)*
mx. [MeV] 280 280 mx. ~ 137 MeV 266
P (3770) 17~ resonance bound st. resonance [44] resonance
g 16.0(123 18.9(19-3) 18.7(9) 13.2(1.2)
m — May [MeV] 711(7) 707(7) 704.25(35) 715(7)
m — 2mp [MeV] 9(7) ~43(8) 38.52(35)
m [MeV] 3780(7) 3776(7) 3773.13(35)® 3784(7)
P (25) 17~ bound st. bound st. bound st. [44] bound st.
m — My, [MeV] 597(10) 596(9) 617.347(25) 605(6)
m — 2mp [MeV] _105(11) _154(10) _48.383(25)
m [MeV] 3666(10) 3665(9) 3686.097(25) 3674(6)
X (3842) 37~ resonance resonance resonance [21]
m — M,y [MeV] 762(* 1) 754(14) 773.9(2)
m — 2mp [MeV] 59(T1¢ 4(H9) 108.2(2)
m [MeV] 3831(*19 3822("7 3842.7(2)
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1.8 .
p2=] The challenge to determine J°
1.7 O o o <= - = =S &
= = o - p = (0,0,1), Dics
o : : ~
1.6 gz=2 om=s ann S :_g;::—g: o= o= oo oo ‘:;— A (d’&m) |A|T’ JP (a:t reSt)
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FIG. 11. J'-identified c}fmrmonium spectrum in the moving fr(am)e with p = (0,0,1). Irreps AS of group Dics are presented. ( )
The colors indicate J* of states according to the color-coding (21). P >
p = (1,1,0), Dics
18 A (dim) | |\ JP (at rest)
p2=2 A1 (1) | ot |ot, 17, 2t 3-
1.7 =1 o e o 2 ot 3%
?
o ? _ _ _
16 smmn e \f‘_::::fff'f'— oD sz &= o o= . 3" A2 (1) 0 0 ’ 1+, 2 ) 3+
P ) = L n 3T
— 2 2t 3%
= GRR == - . . L 2-
“g 15 = _ _ e=r B; (1) 1 1:5:’ 2:#:, 3+
14 P
------- ’ B (1) | 1 1=, 2% 3%
+
PR - 3 3

R o TS R 1811.04116, PRD 2019
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cosh(bE(p)) = cosh(bM) + Z !2sin(%)]

1=x,Y,2

E(p) = \/M2—|—[;2 for b — 0

148 o+t
144 //
14 L
1.48
x ++
—~ 144 | // 1
&
R 14 L
S
144 o+
1.4 | ./l/t
1.36 L
148 1+
144 L r’___,_/—-——/
1.4 A 1 ; 1811.04116, PRD 2019
p2
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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*

U. Skerbis, S. Prelovsek, 1811.02285

~IN(2)J/y(-2)

P.(4449)

N(1)J/w(-1)
P.(4380)

N(0)J/y(0)

P (4450) with I’=52* P (4380) with I’=312
in (L=1, S=3/2) in (L=0,S=3/2) in (L=2,S=3/2)
18— 18 —— 18— —

p— I i I I (@)
> 17 - 17 —17+ .
8 - ] F0 - 1
o 1.6—---80--8(36):-I>-= 1.6 f=——--G3HE)- -- =51 6 = - - - €HH - - — N(2) JAp(-2)
~N [ T r r 1
E: 15+ - 15+ —15F , —
+_3_ i o b r (o) r 1

< 14 P D U ) N 14 — NQ1) JAp(-1)
Eﬁ F TO6- i o8 i €0 ---1 P.(4450)
o 13- - 13F o 13" 4 - P (4380
g i | L L
~ 12F -4 12 12k -

SR — I I - S —————-4 N(0) JAp(0)
R LI - LI —L1 —

irrep G2+ H' H H
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