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Qutline

Lattice QCD at zero temperature and chemical potential ...

Towards (better) understanding:

e ground and excited charmonia with J<=3

identify spin and parities of charmonia at rest and in flight

- lessons are relevant for any other systems you may be interested in

LHCb 2015
 first [attice study of charmed pentquark P_ channel §8°° 4
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More general lessons
. . . . . . 300]
- scattering / interactions of particles with spin, beyond s-wave

200
- construction of two-hadron interpolators

100]
- why several nearly-degenerate eigenstates appear

(even in continuum)

e if there is time: brief discussion on some of ongoing studies



charmonia at rest and in flight:
identifying their spin and parities
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CC  charmonium Ai
Most of unconventional or exotic hadrons were experimentally discovered in charmonium-like systems.
Important to understand “conventional” charmonia besides addressing non-conventional ones.

JPC

Good gquantum number of charmonium in its rest frame and in continuum: J=spin

The aim is to study ground and excited charmonia with all J<=3; determine using LQCD:

- for charmonia with p=0: m

JPC (next slide)

2 2
- for charmonia with p 20: E E = VM + D incontinuum for strongly stable state

PC . C 1
Il tell later why study J in particle’s rest frame p/
of systems with p #0 is essential

note: -F/

- Pis not good qg.n. for p 20

- particle spin J is not good g.n. for p 20 Inversion

only total angular momentum (spin+orbital) is good q.n.



M,-M, [GeV]

more extensive spectrum at p=0 has been
previously obtained by HSC, JHEP 2016

What is the aim for p=0 ?

Result: m and JP¢ of charmonia at p=0
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Analogous aim for p#0.



Simplification of the present work

Charmonium resonances above strong decay threshold (DD) treated as strongly stable

only lattice study that took into account strong decays of charmonia
(decay of vector and scalar charmonium to DD):
Lang, Mohler, Leskovec, S.P., JHEP 2015

We currently purse improved study of charmonia that goes beyond this simplification
(with Regensburg group on the same ensembles) and requires study of scattering.

This simplified study of charmonia at p =0 and p #0 and determination of J’¢ s

important for the ongoing more rigorous study. The study of systems p #0 is essential to get
more info on scattering matrix.

For charmonia slightly below threshold : effects of thresholds ignored

only lattice study that took into account threshold effect
(effect of DD* on X(3872) ):

S.P., Leskovec PRL 2013 ; Padmanath, Lang, S.P., PRD 2015

multi-hadron interpolators are not considered in this work



How are J’“ determined experimentally ?

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

Same strategy can not be followed on the lattice:
- Lorentz symmetry is broken
- no decay products for strongly stable states or states treated as strongly stable

(in present project)



Info on “stable” charmonia from lattice : E,, 2"

Considering specific channel : take large number of interpolators with the quantum numbers of this channel
Specific channel : in continuum: JP¢

on the lattice: transforms according to given lattice irreducible representation A

@_ —_ EFC, EI’" C, EI" D C,... typically 10-30 operators for one channel

l

C,(1)=(0] Q) g (0)|0)=( 0" QO)e™ ¥ |n)(n| G (0)[0

n

=2 0l@ln) e {nlgf

n

0= 7/ 7] e z =(0aln)

Carefully constructed O crucial to get info on JPC!

start with @’ , form from it @ ' and use it in simulation



Lattice details

CLS (= coordinated Lattice Consortium) N¢=2+1 ensemble (U101) , around 250 configurations
m_=280 MeV, a=0.086 fm, N,=24, N, =128

relativistic treatment of all quarks (u/d,s,c)

full distillation: Nv=90

m,_ slightly smaller than physical
(ongoing scattering simulations aim to explore dependence on m_and threshold locations;
simulations at two m_: slightly smaller and slightly larger than physical.

For ongoing study of resonances and threshold effects: changing mc changes position of thresholds;

the aim is to explore how various states depend on the position of thresholds)



Charmonia at rest
p=0
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Symmetries : p=0

continuum

C: good
P: good

Rotations:
SO(3)

ieJ
infinite number of elements R=e

—

irreducible representations: J

cubic lattice

C: good
P: good

Rotations: cubic box periodic BCin x,y,z

Octahedral group O

24 elements

E [8C; [6C |6Cy |3C, =(Cy)?

p = (0,0,0), On, P =+

A (dim) J
A; (1) 0
71 (3) 1, 3
T (3) 2,3
E (2) 2
Az (1) 3

11



following earlier work by HSC

Construction of interpolators sz
dz)Te(z), &@)D e(z), ex)ID,;D ()

JPC,M lole ) _ .
OZ_ (p) = Z C; (ml, Mo, M3; M) % for p=0 these interpolators

mi,mso,ms have good JPC:

Z c(z)T o, ﬁnm ﬁms c(a:)eip'x.

OJMR—l ED M(R-l) OJM

O that will transform irreducibly under irrep A and row u (“subduction”)
Given irrep contains different J

O, = E T, (R) RO p = (0,0,0), On, P = +

REOctah. A (dzm) J
4; (1) 0
O?[I‘TCC] Z (p _ O)‘ tcypicaIIYN10interpo|ators T1 (3) 1, 3
7#’ in each irrep (for each row) Ty (3) ,
E (2) 2
Subduction coeff: HSC, PRD 2010 Az (1) 3

Strategy to determine J of a state:

(0, 110,77¢) > (0, ;1]0, 7'79),

12



a

p:(0,0=0)3 Oh) P=+

E=m and J’¢for C=- A (i) g
T11 (3) 1, 3
=) T5 (3) 2, 3

E (2) 2

Az (1) 3

only J<4 written

o O -
- J>=4 expected to be heavier
D D, .
""""""" e mmmm L mmmm e TTTTTTTTTTTTTTTTTmmmmTmmmmmmmIITT Determination of J:
_____________ Somm L DD o
trivial
- - statesin A2 have J=3
p— - statesin E have J=2
- J=1should appear only in T1.
states that appear
only in T1 have J=1

non-trivial:

- two states in T,"  near E~1.55
A;” T;” T,” ET Ay Al TP~ T3~ EY AL~ they can have J=1 o J=3:

degeneracy between T1, T2, A2

indicates that one of them is J=3

which: only Z-overlaps can tell
?

cmm 0T o JT oo 27 w37 9

13



= (0,050)3 On, P=+

o P
Energies and overlaps, C=- A i) ]
1 (1 0
T (3) 1, 3
() Tz (3) 2, 3
1.8 E (2) 2
2
P =0 Az (1) 3
1.7 o O =
(-
16 DD
_____________ o R /) S
n —
FT~1=1'5 Lo Zi =<O|@l|n>
a —_—
14 n
A : <1
1.3 " max,(ZF)
1.2 1. — —
1.1 N T, G ,n=4)
T A7 T; T, ETT Ay A;” T; T3~ E™ A5~ f: — —
—= 0" —= Jt —a 2% —= 37F N Z';: T, ,n=3)
ez T emmm T e 2T oo 3T 27 el m— T | em e
o o o o o o 07 0’
Operators

(OF; AC]|0 JPCY > <Oz AC]|0 J'PCYy
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M,-M, [GeV]

more extensive spectrum at p=0 has been previously obtained by HSC , JHEP 2016

Result: m and J°¢ of charmonia at p=0
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exotic JPC agrees with new Belle X(3872) to high without

hybrid candidate candidate X(3860) DD* threshold effect 15



Charmonia in flight
pz0

p=(0,0,1) 21/N,
p=(1,1,0) 2rt/N,
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continuum

(@)

P: NOT good -V

inversion

: good p/’
D,

Rotations/reflections:

transformations that leave p invariant

rotations around p; little group U(1)

spin J: not good

helicity : good A —

ﬁ : good (only for A=0 states)

IT

p.J ) =1

p,JP,—)L>

7 = P(—1)

Symmetries

cubic lattice

(@}

: good
P: NOT good

Rotations/reflections:

transformations that leave box and p invariant: Not much symmetry left !!

p=(0,0,1): group Dic,, 8 elements T

TABLE VII. Choice of representation matrices for the Dic, little group. / denotes the identify transformation, R(¢) denotes a
rotation around the z-axis by ¢ and Il denotes a reflection in the yz plane (x — —x).

Irrep I R(m) R(37/2) R(m/2) 11 R(m)I1 R(m/2)11 R(3m/2)I1

p=(1,1,0); group Dic, , 4 elements

- /

Irrep I R(m) I1 R(m)I1

irreps: good quantum numbers

helicity: not good

ﬁ : good (only for A=0 states)
17

M is reflection in a plane that contains p; it preserves p



One or two A contribute to a given irrep : not difficult to determine A

Many different J® contribute to a given irrep : difficult to determine J? !!

v

P = (0, 0, 1), Dicy refers to J P¢ in charmonium'’s rest frame

A (dim) | |\ J¥ (at rest)

A; (1) | ot |o0f, 17, 2%, 3~

Ay (1) | 00 |07, 1", 27, 3t

E (2) 1 1%, 2%, 3% state with J has |A|<=)

3 3* state with |A| can have |A|<=)
B: (1) 2 2t 3%
B> (1) 2 2%, 3*

p = (1,1,0), Dico

A (dim) | |\ J¥ (at rest)

A; (1) | 0F | 0%, 17, 2%, 3~

2 2*, 3+ since helicity is not good, A=0 and 2 can contribute to A2
Az (1) 0~ 0, 1+, 27, 3+ —y State with A=0 can have J=0,1,2,3,.. ; state with A=0 has good # = P(—1)’.
2 2:!:’ 3:': state with with A=2 can have J=2,3,.. ; state with A=2 does not have good f]
B: (1) 1 1%, 2%, 3%
3 3*
B> (1) 1 1%, 2% 3%
3

3+ 18




p = (1,1,0), Dic;

i P
The challenge to determine J A (dim) | A" | J” (at rest)
A (1) | o* ot 17, 2% 3
2 3= 5=
Ay (1) | 00 |07, 1%, 27, 3
2 = 8=
B: (1) 1 1=, 2=, 3=
3 3*
Bz (1) 1 1=, 2=, 5=
18 3 3*
p°=2 - g
1.7 - o < —_ O o
=) o
P TSR v S omasTh SEEES Sy o anny —3 3"
1.6f . = == o 3T
- 2*
= o oo -2 . o 2"
'-g 1.5 T = I*
_— o = =& S & amy
—_— (—
14 Y/ b
1.3t
A 1.2 T 19




Simple example

0= qysyzq transforms according to A2

couples to axial-vector 1** meson (al for light quarks) < qysyzq 11" >= ()

couples also to pseudoscalar O* meson (pion for light quarks) < qysyzq | O_(p) > f p

4

1.8 i
p’=1
(e
— = (@] ?
1.6 == c==s oans == b, % — I:I j
= o —2 p — (0’07 1), DZC4
$ o o toeees8 2~ . 7 P
Fg 15 — S A (dim) | |A| J* (at rest)
— — =) . — = =) —
I : 0+
14 - g 0~ — — —
w0 A2 (1) | 00 |07, 1+, 27, 3F
1.3
— — nc
1.2 — — = - =
A; A B; B, E A7 A3 B B3 E*
FIG. 11. J"-identified charmonium spectrum in the moving frame with p = (0,0,1). Irreps A€ of group Dics are presented. 20

The colors indicate J of states according to the color-coding (21).



following Hadron Spectrum Coll.

Construction of interpolators PRD 2012 (Thomas, Edwards, Dudek)

where determination of J°¢ was applied to
light iso-vector mesons

(z)Te(z), &@)IDc(z), &a)I'D;D ge(z)

(it has not been applied to charmonium or other systems yet)

P=P,
0; (p) = Z CEC (my, mag, maz; M)x

m1,ma2,m3 " *
Z c(z)lp, <Bm2 <Bm3 c(x)eP*,
x R)
z p

O;]PC’A(p) — Z DJ(\;_I],); (R) O;’PC,M (p)j ? A operator with good helicity in continuum
M

The above operators are REDUCIBLE under discrete groups Dic, , Strategy to determine J A of a [n>:

- calculate overlaps Z=<O|n>
O that will transform irreducibly under irrep A and row p (“subduction”)
- state |J?,A> couples
TP Al . o < better to OV P A
* JULA _ A " 7HA oy
0A,H= E TM/;(R) RO i,AC,u (p) _ Z SA,[.I, Oz (p) than to OV P’ A1

REDic, 4 5\=ﬂ: | )‘l

typically 10-30 interpolators in each irrep (for each row) 21



Cross-correlation between Cross-correlation between
different ) : different A :
non-negligible small
(Cij/+/CiiCjj)

J=0

2 3

=2

Al

interpolators ordered by J interpolators ordered by A

p=(1,1,0), irrep A, , C=+: 25 interpolators 22



First step: Determining helicity A

p = (1,1,0), Dics

A (dim) | |\ J¥ (at rest)

A; (1) | ot | oF, 17, 2, 3~
2 2t 3%

Ay (1) | 00 |07, 1F, 27, 3"
2 ot 3%

B: (1) 1 1%, 2%, 3%
3 3*

B> (1) 1 1%, 2%, 3+
3 3+

1.8
2_ (e
P =2 = — S
1.7 (e o = O o
¥ = \
16 a—=D <= S =D = _= —
[ [ a— [
— — S
[
_ [— [ — :]3
( 2
14 — 1
— 0
1.3 R —_— J—
12 A7 A3 By B3 AT A% B} B}
1 — —_—
~ L B;(Dic;,n=6)
0.33 N o
, ] —
o' o o o o o o o o0
1.} — — —
0.66} AZ(Dic,,n=6)
2 2
t — _
Ny —
O[] 0 —/ ] —
o o0 o0 o0 0 0 0 0 0’

Helicity is good in continuum

and breaking of continuum
symmetry is small

helicity is not difficult to determine

23



Second step : Determining J? from known |A|, n
Criteria
o J>=|A|
* degeneracies of E (J°¢) across different irreps that contain this J°¢

(O MR, 70N > (0] e, TN

| <O£T5’l>\|]|p9 JPC,/\> ~ <O[JPC |>‘|]|p, JPC /\>

Challenge: number of charmonia with different J°¢in a narrow energy region

Mission impossible if one a single irrep is considered.

All (or several relevant) irreps need to be considered and compared

see also Hadron Spectrum Coll. : PRD 2012 (Thomas, Edwards, Dudek)

where determination of JP¢ was applied to light iso-vector mesons 24



18 Charmonia in flight:

2
p =1
17 © =2 2T o = s & energies and
= - O ? p: .
s . o =P J¥in their rest-frame
: g==3 czms @I a2 ",__;—:'—::; c==> <o c==3 oo e 3t
—2* X
FTJE s ) o . :5: P = (q, 0, 1), DZC4
S _ _ s _ = = = =ar A (dim) | |A]” JP (at rest)
—Jo
14 - 0T Al (1) 0+ 0+, 1_, 2+, 3~
y A, (1) | 00 |07, 17, 27, 3*
’ + + +
— — E (2) 1 1=, 2%, 3
— +
ACI.Z A7 A B; B; E- A7 A3 B} B} E* 3 3
FIG. 11. J"-identified charmoni in th ing f ith p = (0,0,1). I AC of Di d Bl (1) 2 2:t, 3:t
The color ndiate 3 ofsntn aceordn 1 he coorcodag (00, e ot g Dic e prsnted B> (1) | 2 2%, 3*
1.8
p’=2 p = (1,1,0), Dicy
(e} . ~
L7 = = o =2 = A (dim) | A" J¥ (at rest)
) ?” — —
16 cEmn  Sem=n \.:};_E:f'f'; R = FEEEN &5 onm o= 3 Al (1) 0+ 0+, 1 3 2+, 3
i == P 3T + +
. 2 2=, 3
—-— = ;2_ 2
s B = — Ay (1) | 0= [0, 1%, 27, 3F
= = _ —— —1 (=== [— :!: :t
— a—— 2 2=, 3
14 -
""""" ’ Bi (1) | 1 1%, 2%, 3%
+
1.3 — — — 3 3
_ B: (1) 1 1%, 2%, 3*
3 3*




Result: E and J°¢ of charmonia at p20

E~\m’+p’

. . JP€ denote quantum numbers in particle’s rest frame
In continuum

O
(- o
171 DD = EID o o
00 O
].6“ o — ] - D
:nD o o =
l:]D
m: 1.5t DD 0 _
S (I :;= o o
14t — -
p’=2  p=(1,1,0 2N,
1.371 — pl=1I p=(0,0,1) 2r/N,
- p°=0
121 —

JPC 0—+ ] 2—+ 2—— 3—— 0++ I+— I++ 2++ 3+— 3++



How are these results useful
when considering charmonium resonances with scattering

* vector resonances appear in DD scattering in p-wave:

* scalar resonances appear in DD scattering in s-wave: p=(0,0,1) A, C=-
p=(1r110) Al C=+

a) assuming 3-resonance is nharrow

- extract 2" level from scattering analysis . . .
extract 3 level from scattering analysis and determine &,(p)

b) keep 3- level and determine 6,(p), 65(p)

1.8
p2=2 : 1.6' J—
1.7 o? Se=s
] — 3" s =
1 6 L] :’ ______ \ 3_ m 1 5 r T
- T ' S
27
S —
= N 1.4}
= — !
1.4 T 1+
0_ 1.3}
200
1.3
qq levels: above 72
1.2 meson-meson levels: come in addition ' A7 27



Nucleon - J/U scattering
in pentaquark Pc channel

1811.02285
U. Skerbis, S. P. (Ljubljana)

28



Pc pentaquark discovery: LHCb 2015

P.—=pJly

uud cCc

Events/(1

400

300

200

4 4.2 4.4 46 48 5

LHCb PRL
1507.03414

knowledge of J® from exp:
- they have opposite parities
- J=3/20r5/2

- favoured J? in Table

No previous study of Pc on the lattice
Only previous lattice study of N J/{ scattering:
HALQCD method, only energy region below Pc

T. Sugiura et. all Proccedings of Lattice 2017 conference,

EPJ Web of Conferences 175, 05011 (2018)

LHCb 2015 | m (MeV) r (MeV) o,

Pc(4380) 4380 + 40 205+ 100

Pc(4449) 4450 + 5 40 + 25

5/2+ (L=1)

irrep rr JE
+ 1+ 7%
Gl §:I: , §:|:
+ 5 7
G2 :i:§ ,:|:§ +
+ 3 5 7
H 2 15 3
3/2 (L=0) H-irrep

H*, G,"irreps

29



P =

c

Two-hadron states in Pc channel

uudcc — (uud) (cc)

light-baryon charmonium

— (uuc) (cd)

charmed-baryon charmed-meson

Threshold locations

JP L | myp+my meson barion
[MeV]

37| 2t 3921 ne(1s) p
ot 4034 J/% p
ot | 4203 | D*°(2007) AS
ot 4387 D~ ¥ (2520)
1- 4352 Xc0 P
1 4448 Xcl P

STl | 3021 ne(1s) p
17 | 4034 J/ p
1- 4151 Do A
17 | 4293 | D*0(2007) Af
17 | 4324 D~ ¥t (2455)
1~ | 4387 D~ ¥ (2520)
0" 4448 Xecl P

> | 2t 3921 ne(1s) p
2+ 4034 J/ p
17 | 4448 Xe1 p

st 137 | 3921 ne(1s) p
1- 4034 J/% p
17 | 4293 | D*0(2007) A}
1 4387 D~ ¥ *(2520)

ref

Pc(4449)

Question we address: Do Pc resonances appear in one-channel N J/y
scattering on the lattice (in approximation where this channel is

decoupled from other channels)
N J/ly—=P —=NJly

Note: we make only a first step towards Pc ; lots remains to be done

We consider P,,=0 since parity is good quantum number in this case

Aim: extract all eigen-states up to N(p) J/P(-p) for all irreps: p<=2

Eref . %(3mj/w + mm)

N,=16, a=0.12 fm

= /S PPN R
R 1.6— N I/
18 - —— N(0) c&(-0)
14+ - -- - . -]
SRR - e
4212 —— N(1) ce(-1)
< 1.1 —_— )
£10 —— N(2) c&(-2)
-= 09 .
¥ NJ/yp

30



Lattice setup

In order to not to get to many N(p) J/W¥(-p) states below Pc :
small L is welcome for exploratory simulations

163x 32, a=0.124 fm, L=2 fm

N=2, m_=266 MeV

Wilson clover, charm quarks: Fermilab approach: E-E, Eref %(3’”]/1/; + mnc)

Full distillation: N,=96 for charm quarks
N, =48 for light quarks



Glimpse at results: N J/W eigen-energies

for all irreps

Why there are so many almost-degenerate states?

Degeneracies expected also in

continuum as N and J/W carry spin

“IN@)J/p(-2)

P(4449)
P,(4380) N(1)J/yw(-1)

N(0)J/y(0)

3~ 5 §+ 5"
22 22
LA A A AR A §+ T r 7
J7: 2'2  2'2 272 ‘2 2
> 16, 39l 3,m 3 34 6 ']6
9 N ﬂ
- ~ 1.5
2
€ 14
ref 3 2 1 1 3
- S 1.3j ““““““ 'ZI :‘;“;‘;"i::':':“_' :i":B‘!':';":':
&
I
< 1 I 1
': ¢ &
Irrep: G1_ G1+ Gz_ GZ+ H H*

linearly independent N J/UJ (non-interacting)

favourite for narrow Pc

/

example G,*:

N(1/2%) J/d(1) ]_

5=3/2 L=1
$=1/2 L=3
s=1/2 L=3 } r=7/2"

Analogous degeneracies observed

by HSC in J/Wm and pmt scattering

JP=5/2+ two degenerate eigenstates

expected even in continuum

three degenerate

eigenstates ex

G,*

pected in G2-

32
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operators for N J/W scattering
O="N (p) Vi(-p)”

‘/z(p)zz qr%qesz i:ZC,y,Z F:(1774)

N:I:1/2 (p) — Z €abe P+F95 [quch] e'P*

(r,0): (1,Cvs), (75,C), (1,274Cs)

How to combine them (i,ms) to make correct

irrep I'Y Jr
guantum numbers ? Gi 1E£  7&
1 2 1 9
+ 5+t 7=
Method 1: projection method: G 2 02
| | gt |3f sE 1%
2 2 12

Or, =Y T.(R) R Ny, (p) Vi(-p) R

33



Method 1: operators with projection method

=>_ T,,(R) R Np,(p) Vi(-p) R

Example: p=1, H* S.P., U.S., C.B. Lang ; JHEP 2017(1), 129

O+ r=1p=1 =N 1(€x) z(—ez) — N ( ez)Vz(ez) — (ey) Vy(—ey) + N_ ( ey)Vy(ey)

OH+,T=1,n:2 — _N_%(ew)Vy( ) + N_
Ny (e)Valey) N
2Ny (ex) (V(—e2) — 1%

L(—ez)Vy(ex) +iN1(ez)Ve(—€z) — iN1(—ez)Vz(ex)
(—ey)Va(ey) + N1 (6y)V (—ey) = N1(—ey)Vz(ey)
(—ez)) + 2N1( ez) (Vy(ez) +iVy (ez))

OH+ r=1n=3 = —N_%(em)%(—em) + N_%(—em)%(em) — 27JN% (ez)Vz(—ez) + 2iN%(—em)Vz(em)
N_ 1 (e,)Va(=e,) + N_1(—e,Va(e,) — 2N (e,)Va(—ey) + 2N (=€, )Vi(e,)
+ N1 (6z) (V;/(_ez) + ":Vw(_ez)) T iN%(_ez) (Vw(ez) _ iVy(ez))

2

3 linearly independent operators at p=1: three degenerate state expected in non-interacting limit

Drawback: no info on which (L,S) are related to these three operators 34



Method 2: operators with partial-wave method

Lm;,Smg ~S1Ms1,S20Ms

olpl-J,myLS Z cJm CSms Z Y/ m, (RP)Nm,, (Rp) Vi, (—Rp)
ReO

mp,mgs,Mmsi,Ms2

CalLat: Berkowitz, et. all PLB, 2016(12) 024; R OJ,m_],S,LR— D’ OJmJ S,L
proof of transform. properties S. P., U.S., C.B. Lang ; JHEP 2017 @ Z mym

subduction to irrep |[J|II_'S] E SJ my O|P|,J,mJ,L,5
pl,l,r

S : HSC; PRD 2010(82), 034508

Example: p=1, H* : 3linearly independent operators -> 3 degenerate eigenstates in non-int. limit

3 75 _ 3
[J—§,L—1,S_§]

O+ 224 =3 Op+ r=1,n=1 + (4 O+ r=1,n=2 — O+ r=1,n=3)
[J=3,L=1,8=1] [J=3,L=3,8=1] .

OH+’3-=1 = OH+,,2~:1 =3 0H+,r=1,n=1 + 2(0H+,r=1,n=2 + 2 OH+,’I"=1,TL=3)
[J:‘§,L:3,S:§] [J:‘§,L:1,S:§] .

Opsper 7 =0gi;ly 7 2 =3 0p+ 101 = O+ r=1n=2 + Ot r=1,n=3)

[J=3,L=3,5=1]
OH+,72":1 > =12 Op+ r=1n=1 11 (OH+ r=1n=2 — 4 OH+,r=1,n=3)



Number of degenerate N J/W eigen-states in non-interacting limit

Number of linearly independent N J/W operators

explicit expressions for all p=0,1 operators
S.P., US,, C.B. Lang ; JHEP 2017

ep|  N@I/o(-p)
P=0p=1p=2 o
Gf |l o

and three nucleon choices:

6 =2*3 times more operators

than number of states expected

in non-interacting limit

* from previous

two pages

V)
== O 1O O | =
QU [[QO[[ = [ = DN | DN
DO W[ W |[W | W
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General remark on two-hadron operators

Explicit expressions all for HY(p)H2)(-p)

- PV, PN, VN, NN

- in three methods (projection, partial-wave, helicity)
- including proofs for all methods

- allirreps, |p|=0,1

givenin [S. P., U. Skerbis, C.B. Lang, arXiv:1607:06738, JHEP 2016]

operators from three methods are consistent (not equal) with each other

Sasa Prelovsek Scattering in LQCD
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Correlation matrices for N J/Y system

0=2 N (p) Vi(-p)

c® ® c c® ® c Wick contractions:

c® O ¢ c® — O ¢ no quark line connects N and/ Jy
charm annihilation omitted

u® 0 4 u :><: u

u — o v u u

i@ — 0 d i@ — @ d

€= (0[N (#') Nom, ()]0} (0| Vi /(p’)v;-%p)ro»
Ny

separately pre-calculated for all momenta and polarizations

38



Correlation matrices and eigenstates

Cij(t) = 0/0:($)0 ()I0>

N

Z ~Ent(0|04|n) (n|O;(0), 4,5 =1,...,N

Number of interpolators N in each irrep

irrep | Gy | GT | Gy | GF | H- | HT

NJ/Y||6 Xx6/5x6/4x6/4x6/10%x6/9x6

extracting eigen-energies using GEVP

C(t)u™(t) = A™ (£)C(to)u™(t)
)\(n) (t)large t — Ane_Ent



Result: N J/W eigen-energies for all irreps (including Pc\channels)

357 3% 1=3/2,5/2
2 2 2 2
LINCARE A A A A A A r
J7: 2’2 2’2 2’2 272 2 2
> 16
8 1.6 37l 3“3 B - 6 ---']9--41---N(2)J/w(-2)
: 1.5 numbervofexpectéd dege'nerate' N
EQO wenstates in non-interacting limit
+3 1.4 , FRRERVEEEE ?;i]_ . _341'--/---Pc(4449)
S 'ZI ---------- e e 43g0) N(DJ/w(-1)
c 1.2
— | < 1 1
SN - L | R — N(0)J/y(0)
LLT 1.1
Irrep: G'1' G‘1+ Gé' Gé* H H

E consistent with non-interacting energies (dashed lines); no significant energy shifts observed

number of states consistent with non-interacting case: carefully constructed operators crucial for this

no additional eigenstate (related to Pc) observed 40



Analytic prediciton of E, based on P,
assuming coupling only to N J/W

Relation between E_and & for arbitrary spin [Briceno, PRD89, 074507 (2014)

/ detoc [detisgm, [M™ +dG"]] =0 ¢ Z,,
‘ ’l:kf(SSS/ - A 3/2 .
96 sy a5, = e B9y 8 3 (5% 1)
1 m! g

x Y (1S, Jmgllmy, Sms)(V'my, Smg|l'S, J'm. ) / dQ ;flel:",,m,,Yl,,ml,}

my,m;r,mg

assume that P_resides only in a single partial wave (L, S) and that there is no interaction in the other channels.

2Z00(1; p*(35)?)
= ﬁ L p Luscher’s relation between E_and 6

BW form for P_ assumed, M,_and ', taken from exp , E_ predicted

Mp, — E2
ET(E)

p(E) )QLH Mg,

cot 5(L,S) — 0L o ;

r(E) = T,



) [GeV]

Cc

M
o

+m

E, -1/4(3m,

P

assuming coupling only to N J/W r@®) = Ppc(

P (4450) with J'=5/2"

1.8

—
23

p—
[=)}

(=Y
=N

(==Y
W

(=
(W]

(S
.
(S

Analytic prediciton based on

P.(4449) or P_(4380)

cot J(L,S)

P (4380) with J'=3/2

Mp, — E* _ 2Zoo(1; p*(35)%)

ET(E)

pfl(\fp)c) )

in channel (L=1, S=3/2) in channel (L=0, S=3/2) in channel (L=2, S=3/2)

1 l 1 I 1.8 I 1 I 1 1.8 I 1 I 1
— — 1.7+ —1.7+ —
- - 0 - GO - 1.6 |=- -~ -GEID- - -1 6 b - - - €EEED - -~ N(2) JAp(-2)

SH — 15+ —15F+ -
:1___"_[__'1__{'_}9@ s I B e 14— s — N(1) JAp(-1)
L o0 O _ i o 1t = { P (4450
— - 13 LT 3 ~ P(4380)
— — 12+ —12 —]
=S e e e S = = = = — — T :____O.______z N(O)J/’lp(O)
— — 1.1+ —1.1F —
irrep G2+ H H H

s art 32t 52 2" 3/2°5/2° 712 3/2°5/2° 712

J

VmLp
2L+1 M}%
E2c '

Predicts one extra
level with respect

to interacting case
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Comparing lattice data and analytic prediction
for one-channel Pc(4380) with J°=3/2

10=1+3+6
states
expected in
non-interacting

limit

10 states
found

Jo:
> 16
©
—~ 1.5
S :
S 14 )
ER ST .
> 1.3
- :
< L,
— < 1I
| B maneet
< .
L] 1.1
Irrep:

1.8

1.7

1.6

1.5

1.4

N(1)J/W(-1)

1.3

1.2

N(0)J/W(0)
1.1

in channel (L=0, S=3/2)
T 1T

3/2 52,712

11 states
expected in

case of Pc
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Conclusions concerning P, (so far)

Lattice spectra do not support the scenario where a P_ resonance couples
only to N J/W decay channel and is decoupled from other channels.

Lattice results indicate that the existence of Pc resonance within
one-channel N J/W scattering is not favored in QCD.

This might suggest that the strong coupling between the N J/W with other
channels might be responsible for the existence of the Pc resonances in
experiment.

Future lattice simulations of the coupled-channel scattering will be needed
to confirm or refute this hypotheses.
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ongoing analysis of
one-channel and coupled-channel
scattering
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Collins, Padmanath, Piemonte, Mohler, S.P. (preliminary)

Vector resonance: one-channel scattering D*D"

Ww(3770) — D*D"
Study of one-channel DD scattering: 18 , =
=0
p=0 and p#0 crucial to get that many phase-shift points 17 7 o o o
. . . 1S fe
Scatte”ng matrix S(k)=e 21 8(k) 8(k)=p-wave phase shift s 14 =
1.3
preliminary (Lattice 2018) 12
o 11 A7 T7” T;- E— Ay Aj" Ty~ T3~ E* A~
0.02
— 0" — ]t — 2% — 3%
o Q7 oo T oo Q7 o 37 ?
crucial to know
which of the energy-levels
corresponds to 3~
. and exclude it from analysis
1l 2 4
—0.06 co+cik® + ek of p-wave phase shift

—0.05 0.00 0.05 0.10

(ak)? 46



simplified case when only one

partial-wave L contributes

One channel scattering
S(E)=e™" =1 +2iT

Luscher’s equation: f[En, 5(En )] =0: En — 5(En)

Two coupled channel scattering

a->a a->b
a: O=H, H (E) eZiéa(E) il— Z(E)ei(éa(E)+6b(E))
b: o=H} ; S(E) = ! | \/ L | =1 +2iT(E)
| L i \/1 _ 2 (E)e! B ®) n(E) &2
E b->a b->b

n

generalized Luscher’s (det) eq.:

fIE.,8,(E),8,(E,),n(E)]=0: E, —7?

1 equation with three unknowns

-1 2 4
Parametrizing T matrix and Rel[T; (E)]l=a; + bijE +c, B +...
determine parameters from the fit to all E,

fittoallE : valuesa,,b,,c;

§j2 i, 47



Collins, Padmanath, Piemonte, Mohler, S.P. (preliminary)

Scalar resonances: coupled-channel scattering D*D" - D.*D,

* not settled yet which is first excited scalar charmonia

O =~ DD = (cu)(uic) + (cd)(dc)

* CLS ensembles, two volumes, three different total momenta DSDS = (ZS)(KC)

* testing group before attacking more exotic channels

|T(DD — DD)| T

preliminary
Lattice 2018 Re[s]
| T(DD->DD) |
on four sheets
@ I(++)  Im(k,)>0, Im(ky,)>0 () IL(+,-)  Im(k,)>0, Im(k,)<O0
s=E2_,
100
80
60
40
20
0
6 . &
Re(s) - Im(ky)<0, Im(kp)>0 Ze(s) 48

Im(k,)<0, Im(kp)<O



Conclusions

“Stable” charmonia at rest and in flight: E and J?¢ could be determined for J<=3

tip: consider many irreps, carefully construct O, analyze overlaps
effects of strong decays and thresholds on charmonia: underway

Charmed pentaquark: lattice results indicate that the existence of

Pc resonance within a one-channel N J/W scattering is not favored in QCD.
Scattering of hadrons with spins: several almost-degenerate eigenstates appear

Simulation of several coupled-channels in relation to Pc resonances: open challenge

stastistical noise related o baryons needs to be reduced

P.,: 20 would render more info on S, but parity is lost ...
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Backup
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P= (0,050)5 Oh, P=x

Breaking of continous

. . A (dim) J
rotational symmetry is small A1 (1) 0
PC_1— Tl (3) 1’ 3

oy or = 7, (3 2, 3

r ! E (2) 2

- S A2 (1) ;

* (Ci3/+/CuiCij)

at t=5; i,j=1,..,12

\

non-zero but small

1

T T 12 -12
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AFt 5 | AT 3 | ATT T | A[T
Tt 8|1t 8 |1yt 4 |17
7t 6 | T,5- 4 | T,7 5 | Ty~
EtYt 5 |Et- 3 |Et 5 | E "
ATt 1 | AF- 0 | A0T 1 | AT

12
)

2

p = (0,0,1), Dicq, A® p = (1,1,0), Dica, A®

Af 14| AT 18 | AT 25| AT
A 20| Ay 12 | AT 31| A
Bf 11| Bf 9 Bf 23| By
Bf 11| By 9 Bf 23| By

27
21
29
29

TABLE II. Number of interpolators with up to two derivatives
used in computing correlation matrices of each lattice irrep in
the rest frame (top) and in the moving frames (bottom) with
momentum p = (0,0,1) on the left and p = (1,1,0) on the

right.
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p:(0)030)3 Oh, P==+

Tests with degeneracies of Z-factors A 7
T1 (3) 1, 3
1.8 = T; (3) 2, 3
p2=0 E (2) 2
1.7 o O [ Az (1) 3
(-
1.6 DD
_____________ e SR ) ) N
SR c
a [ —]
14
1.3 C=-1
1.2 N
O - - - - -
A" T; T, E A A7 T}~ T3 E* A}
—=a 0" —= ]t — 2% —=a 37F
mmmn ()T g [T oo 2~ csmma 3 27
1. .
0.9 07, 115733)] 0,[,3};1[1568(4)] O [1.571(3)]
R o ' PC PC
N o o, 7% ~ (0¥ .0, JFC).
0.8:)[:][:] (:):):) <z,Af|a ><z,A2C|’ )
0.7

07

03
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26 m i
[ [ 1 ]
e ﬂ;}f}{} - 4NMIY(-2)
L )
< 24| : S
S Rt ' ---4—-1--—1—--{-—--_N<1)J/w(—1)
2.3 -
TR EEEEE PR N(0)J/(0)
2.2}
2.1

FIG. 3.  Effective energies (13) for NJ/1 system in G
irrep. This gives the eigen-energy E, in the plateau region.
We observe all N(p)J/v(—p) eigenstates, expected in the non-
interacting limit: this number is 0, 1 and 3 states for p? =
0, 1 and 2, respectively (Table II). No additional eigenstate is
found. The non-interacting energies (1) are indicated by the

dashed lines.
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Charmonium -> D* D

study of DD scattering and determining scattering matrix S(E_,)

study with p=0 and p#0 to get more infoon S

=pl+p220
0=0 P=pl+p

. A o) |
D(-p,) D(p,) D(El)

Luscher’s relation generalized Luscher’s relation
lat lat lat lat
Elat > S(Elt) Elat > S(Elt_ )
lat 2 =2 2 = \2
o — lat \2 2 =2 2, =2 2, =282 =, = N\2
E ~\/mD+p +\/mD+( pl) (Ecni) ~E" -p =(\/mD+p1 +\/mD+p2) —-(p,+D,)
Py =1 3 pi=ii 3. Po=iby ¥
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Remember: no scattering and decay in present work; this is only motivation to study charmonia in flight



