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Qutline

experiment: LHCb discovery of pentaquarks Pc

First lattice study of charmed pentaquark P_ channel reaching energies where Pc
reside

pJlly—=F—=pJly

More general lessons

- scattering / interactions of particles with spin, beyond s-wave

- construction of two-hadron operators

- why several nearly-degenerate eigen-states appear (even in continuum)

What do we learn from our simulation on Pc

Future challenges
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LHCb PRL

Pc pentaquark discovery: LHCb 2015 1507.03414

P—=pJly
© 800
uud cc 2,
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knowledge of J® from exp:
. . 200
- they have opposite parities
- J=3/20r5/2 100
- favoured JP in Table 0

(full amplitude analysis has not been done)

LHCb 2015 | m (MeV) r (MeV)

Pc(4380) 4380 * 40 205 + 100 3/2- (L=0)
Pc(4449) 4450 £ 5 40 + 25 5/2+ (L=1)
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More pentaqarks
LHCb 2019
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m,,.,, (MeV]

LHCb 2019 m (MeV) I (MeV)

4311 +8 9.8 +2.7+3.7/-4.5
4440 +5 20.6 +4.9 +8.7/-10.1
4457 5 6.4 +2+5.7/-19



All pentaquarks observed in p J/Y decay

P—=p J/y

uud cCc

Sasa Prelovsek, Pc pentaquark channel 4/26



Status of Pc channel from previous lattice simulations

No previous lattice QCD simulation reaching energies of Pc (which are far above p J/W threshold)

Previous lattice simulations: study of p J/W interactions near threshold

HALQCD method (Nf=2+1, PACS-CS)

Sugiura, lkeda, Ishii, Proceedings of Lattice 2017, EPJ Web of Conferences 175, 05011 (2018) ; 1905.03934

Small interaction found, which does not support bound states or resonances

Hadro-quarkonium with static heavy quark

Alberti, Bali, Collins, Knechtli, Moir, Soldner, PRD 2017
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this talk focuses on this

v

Nucleon-J/W and nucleon-n,_ scattering in Pc pentaquark channel from LQCD

U. Skerbis and S.P. , PRD 99 094595 (2019), 1811.02285

this work was completed before LHCb 2019 discovery ...
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Decay channels related to Pc

Threshold locations

JP L | my+my meson barion
[MeV]

37 ]2t 3921 nc(1s) p
ot | 4034 J/ p
ot | 4203 | D*0(2007) A
ot | 4387 D~ ¥+ (2520)
1= | 4352 Xc0 p
17 | 4448 Xc1 p

STl 3921 nc(1s) P
17 | 4034 J/ p
1= | 4151 Do NG
17 | 4293 | D*0(2007) AE
17| 4324 D~ ¥.["(2455)
1~ | 4387 D~ x7(2520)
0" 4448 Xc1 P

57 |2t | 3921 ne(1s) P
2t | 4034 J/ P
17 | 4448 Xe1 P

57137 | 3921 ne(1s) P
1 4034 J /P P
1~ | 4203 | D*(2007) A
1~ | 4387 p-  _Xi'(2520)

Pc(4449)

P. = uudcc — (uud) (cc)

light-baryon ~ charmonium

— (uuc) (cd)

charmed-baryon  charmed-meson

We address simplified question :

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
or equivalently
NJ/y—=P—=NJ/y

Note: we make only a first step towards Pc ;
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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'Eref

Full distillation: N,=96 for charm quarks
N,=48 for light quarks
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Partial waves L for N J/W

N J/y—=P —N J/y

favoured by LHCb 2015

!

JP(N) JP(J/W)  JP(Pc) lowestL
Zy 1 3/2°

0
3/27 1
2
1

|

L > 0 : non-trivial operators
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Scattering amplitude and eigen-energies E

o o(E)=|S(E)-1|2

N : P : N
JJv

J/v

[ E(L)

scattering

amplitude

S(E):eZi O(E) generalized

E( L) energies from lattice

. Luscher’s relation with spatial extent L
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Expected E_ of N J/W in non-interacting limit

Eref=%(3mj/zp+mnc) SI 16—_r """""""
B 1.5 -_
E P(4449 N(2) cc(-2
£ 13 7 Pla3s0) ——N@ _( )
v 4 %12 __N(1) cc(-1)
< - N(0) cc(-0
¥ 10 ——N(0) cc(-0)
1 0.9
= - NJ/‘I/ N,=16, a=0.12 fm
p=n2n/L €O @—> -p
N J/y—=P—=NJ/y N I/

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

Aim: extract all eigen-energies up to N(p) J/Y(-p) for p<=2 for all J® with J <5/2
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Glimpse at results: N J/W eigen-energies
Why there are so many almost-degenerate states?

3-5- 3% 5+
22 22
1-7-| 1+ 7+ 5-7- 5+7+ 7- 7+
J”: 22 22 22 22 2 2
> ~IN(2)J/g(-2)
- O,
e
o & |P_(4449)
. % IN(1)J/yp(-1)
- ,
)
<12
uI_T N(0)J/w(0)
Irrep: G‘1 - G‘1+ Gé' G," H H*
linearly independent N J/UJ (non-interacting)
‘ two degenerate eigenstates
N(1/2Y) J/(1)  S=1/2 L=1

]‘ JP=1/2*

5=3/7 L expected even in continum
Sasa_PréovseF,]Pc pentaquark channel
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Irreducible representations
for Pc channel with half-integer spin

J -

0, SO(3)
irrep I'Y Jr
+ 1T 17X
Gl §:I: 7 §:l:
+ 5 7
G2 :|:§ 7:l:5 +
+ 3 5 7
H 2 23 3

e Simulating system with total momentum zero.

* We consider all six irreps since JP is not completely known from exp

* Particular focus on J favoured by LHCb 2015: J=3/2 or J=5/2
Hirrep H, G, irreps
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operators for N J/W scattering
O="N,, (p) Vi(-p)”

used at source and sink

‘/z(p):Z QF’Y’Lqesz z':a:,y,z F:(1774)

Ni1/2 (p) = Zeabc P+FCI; [quch] e'P*

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

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

guantum numbers (transform under irreps) ?

irrep | Jr
- 1+ 7%
Gl 5:I: ’ §:l:
+ 5 7
G2 :I:§ ’:I:§ +
+ 3 5 7
H 2 23 3
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Operators with partial-wave method 0="Nys (p) Vi(-p)”

m;,Smg “~S1Ms1,

olplsmsLS _ Z CZmJ CSms 5 me ZOY,:"mL(Rp)Nmsl(Rp)Vmsz(—Rp)
Re

mg,ms,Mmsi,Ms2

Callat: Berkowitz, et. all PLB, 2016(12) 024; R,0%msSLR-1 Z Dy, . (RO ST
proof of transform. properties S. P., U.S., C.B. Lang ; JHEP 2017

subduction to irrep

S : HSC; PRD 2010(82), 034508 |[;l|l|'_‘§] E SJ my O|P|,JamJ,L75

_5 75_ _3
G;,’rzl

one example for |p|=1 O

—ez)Vy(ez) —iN_ 1(ew)V (—eg) +iN_ 1(—6 V. (ez)
—e,)Valey) + N_1(e)Va(—e) = N_1 (—e)Viley)
(_ez)vx(ez)+N_%(ez) Vy(—ez) — N_1(—e;)Vy(e;)
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Number of degenerate N J/W eigen-states in non-interacting limit

Number of linearly independent N J/W operators

irrep

N(p)J/¥(—p)

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

for each of

p2 — O p2 — 1 p2 — 2 this operator-type

we use two vector

and three nucleon choices:

6 =2*3 times more operators

than number of states expected

in non-interacting limit

QO [ [ [N | DN

DWW W |W

OO O | = O

3

6

Sasa Prelovsek, Pc pentaquark channel 16/26



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
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Correlation matrices for N J/Y system

O=2% N (p) Vi(-p) Cij( ) = (0]O; (¢ ) ( )|0)

c® ® c c® L Wick contractions:
J/P c® O c® O ¢ no quark line connects N and J/{
9@

- charm annihilation omitted
| u % u
N {ue——@ u u u

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

separately pre-calculated for all momenta and polarizations
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Correlation matrices and eigenstates

C4i(t) = (0104(H)0,(0)[0) =

N

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

Number of operatros 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
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E.«"a

2.1°

Example of effective masses: G,*

2.5¢
2.4 ¢
2.3¢

s N N(0)J/w(0)
2.2}

4 N(2)J/y(-2)

AN (1)
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Result: N J/W eigen-energies for all irreps (including Pc channels)

3-65- 3*5*
-, T, )=3/2,5/2
2 2 2 2
1-7- 1*7+ 5-7- 5*7+ 7" 7+
J° 22 22 22 22 2 2
< 16 3 3 3 3
@ ¥ “ __________________ B N(Z)J/‘IJ(_Z)number of expected
('2' 1 5 degenerate NpJ/LIJ
T~ ' / eigenstates in non-
I~ / interacting limit
£ 14 .P,(4449)
"2 IN(1)J/g(-1)
> 1.3 |
E .
N
~ | <12 ’ 1
S | o —— -N(0)J/(0)
w g4
| | | | | | not unexpected:
. - + - + — + N and J/W have
Irrep: G G Gz Gz H H differnt valence quarks
S | | - | S 6(E)=0
E consistent with non-interacting energies (dashed lines); no significant energy shifts; no significant interaction
number of states consistent with non-interacting case: carefully constructed operators crucial for this S( E) =1

no additional eigenstate (related to Pc) observed Sasa Prelovsek, Pc pentaquark channel within large errors 71



cot 5(L,S) =
() =,

taking Pc from

Mp, — E?
ET(E)
2L+1 M%c

) B I

o

p(E)
p(Mp,)

Analytic prediciton of E

based on experimental P,

assuming courﬂmg only to N J/W

o(E)=|S(E)-1]?

J/v

P N
: : W

LHCb 2015 u
Pc(4449)
L
. E(L)
E
scattering S( = ) =e2i O(E) generalized E( L) energies from lattice
amplitude Luscher’s relation with spatial extent L
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Analytic prediciton based on 3o
P.(4449) or P_(4380) 5
assuming coupling only to N J/W & 0
) P ) 300
P (4450) with J =5/2" P (4380) with J' =3/2 0
in channel (L=1, S=3/2) in channel (L=0, S=3/2) in channel (L=2,S=3/2) 1%
1-8 I I I l 1.8 I I | I 1.8 I 1 I I 0
—_ 1.7+ — 1.7+ 1.7 —
% R i N _ R A
O 16p--0O -G  16}=----ETO--- -1 6 - - - - EBEI -~ N(2) Jp(-2)
: i _ . 1 L - Predicts one extra
E:° 1.5+ - 151 —H15F — level with respect
+9- i i i 1 T i N oD to interacting case
< 4= _ OG- =1 14— o~ 14— — P(-
= i 1 ! T R P (4450)
@ 13+ - 13F —H13 -
S » i n - L i
12 - 12 12+ -
mc T e o = = = = — ] e e S = = = — — — O :'____O.______z N(O)J/‘lp(O)
1.1+ — 1.1+ —1.1F —
irrep G2+ H H H
osptant 3ntsntant 3/2°512° 712 3/12° 512712

23/26
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Comparing lattice data and analytic prediction
for one-channel Pc(4380) with JP=3/2

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

limit

10 states
found

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

JF: W8T 71
%I 1'6 1.7—— ——
O, | 1.6 =~ ---G3000- - =
—~ 15 i |
3 | 15 —
§ 14 _ . _. - - 1
3 3'] ______ T R
> 1.3_‘ i 7
(YE) j 13 ==
\—Tﬂ' 1.2 1 12 —
L o4 I N(OW/W(0) [~ :
LLI - 7 | 1.1
Irrep: . H
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11 states
expected in

case of Pc

P (4380)
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Answer to the
question posed

Question we addressed: 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
The answer from our lattice simulation : No.

The Pc resonances do NOT appear in

one-channel p J/ scattering on the lattice

This indicates that the coupling of p J/y channel

with other two-hadron channels is likely
responsible for Pc resonances in experiment.

. 2019
—
D
S C :
% i :
@1200_
g [ —— data LHCb
gmoo [ —total fit preliminary
o . — background
S I :
8 800}
< -
k= i
g |
600

B
S
T 1T,
=
Yy

N

o

o
I

EEEEN
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Sl g |

M [MeV]

This is in line with LHCb 2019 results, where Pc’s
are found near other thresholds. This by itself
indicates that other channels are important.
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Conclusions concerning P, (so far)

Interaction between N and J/W found to be small:
consistent with previous lattice studies of this system near threshold

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.

Future challenge: incorporate also charmed-meson charmed-baryon channel.
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Backup
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Energies of single hadrons

particle p?

Ex(p)a oga

N

0.701
0.769
0.849

0.019
0.028
0.054

J/

N = OIN = O

1.539
1.576
1.613

0.001
0.001
0.001
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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)

sz | +i M =e2®
—1 Vv
/ detoc detlSJmJ [M _I_ 5g ]] — O C X ZOO
k6 ’ 4 3/2
[59‘/] IJm g, lS;J'm 5, I’ S’ = Z8W;f nJ 6JJ’5meJ/ 6ll’ +’L Z %cl”m"(k*2’[’)

lll’mll J

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, — E? p(E) \* M
— I'(E)=T :
COt 5(L’S) E EseEe)ovsek Pc pentaqgark)channélj (p(MPC)) E? 29



Glimpse at results: N J/W eigen-energies for all irreps
Why there are so many almost-degenerate states?

3-56- 3*5¢
2 ’2 2 ’2 Dege.neraaes expected also in |
1-7-1 1+ 7+ 5-7- 5+ 7+ 7- 7+ continuum as N and J/W carry spin
S 22 22| 22 22 2 2
> ~IN(2)JIg(-2)
- 9,
2
Byl & |P(4449)
72 IN(1)J/w(-1)
E ]
NES
- <t1.2
& N(0)J/4(0)

linearly independent N J/LU (non-interacting) favourite for narrow Pc
example G,*: N(1/2*) J/U(1) 'S=1/2 L=1 ]_ three degenerate
S=3/2 L=3 expected even in continuum

JP=1/2" two degenerate eigenstates eigenstates expected in G2-
G +
1
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Nucleon-n, scattering

3- 5- 3+ 5+

22 22

1-7- 1+7+ 5-7- 5+7+  7T- 7+

J7: 2’2 22 22 22 2 2
1.5/

(3mJ/w+m,,c) [GeV]

1
4

E,-

1.0

------ ! I1I1I1IZIZIN(2)nc(-2)

......................... P.(4449)

-------- AN [N R R Lo

------------------------------------------------------------------- N(0)nc(0)
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