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Introduction



P, states in LHCb

e IN2015, A, — J/¢pK, P.(4380) and P.(4450)
e Recently, P.(4450) = P.(4440) + P.(4457); A new state P.(4312) with 7.30;

I1=1/2?

M e [GEV]

Phys.Rev.Lett. 115 (2015) 072001; Phys.Rev.Lett. 122 (2019) 222001 ;
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Compact or molecular states ?

e Compact pentaquark states: tightly bounded states

e Molecular states: loosely bound states of two color singlet hadrons
e The three P. states under the thresholds 9 MeV, 5 MeV and 22 MeV
e Three P. states are the good candidates of molecular states

e Our work
=-Obtain the Eﬁ*)D(*) potential in ChPT p-0,5-B interactions, Zhan-Wei Liu's talk
=-Solve the Schrddinger Eq.

Loosely — bound pentaquark Tighly — bound pentaquark

DO or D*0

- ]/ (cc)p(uud) suppressed (B narrow) - ]/ (cE)p(uud) easier (P wider)

Phys.Rev.Lett. 122 (2019) 222001
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Why Chiral perturbation theory (ChPT)?

Effective field theory, model independence
= Systematically expansion, controllable and estimable error

e Loop diagrams bring novel effect T
1. Observation of a narrow pentaquark state,
= Heavy quark symmetry violation Publehod 1 Phys RevLett. 132 (2019 n6.23, 23300
. . LHCb-PAPER-2019-014 CERN-EP-2019-058
= Novel structure in potential DOI: 10.1103/PhysRevL eft 122.222001

e-Print: arXiv:1904.03947 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | t

Lattice QCD: chiral extrapolat|on CERN Document Server; ADS Abstract Service;

Data: INSPIRE | HepData
HAHCS - Cited by 67 records

Analogy between P, states and deuteron

e Modern theory of nucleon force phys. Rept. 503, 1 (2011).; Rev. Mod. Phys. 81, 1773 (2009).

5 [deg]

0 100 200 300 0 100 200 300
Eian [MeV] Eian [MeV]
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Lu Meng (& %) | P, states and E&*) D *) interaction in ChPT 4/20



"]

(*) interaction in ChPT



Feynman diagrams of " D) to NLO

¢ Topological diagrams
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Contact One-pion-exchange Football Triangle-1 Triangle-2 Box Cross box

Leading order Next-to-leading order

o X.D,%.D*, ¥*D and ¥} D*
o All intermediate states: heavy quark symmetry (HQS) partner states and A,

e Small-scale expansion: ’;\1—;, ALX and % ~ & JPhys. G24 (1998) 1831-1859

Keep mass splitting, HQS violation effect

¢ Unknown low energy constants (LECs): contact terms
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Heavy quark symmetry: violation

e The heavy quark spin symmetry (HQSS) is approximate, which will be broken
in the couple-channel calculation. pavid entems talk

e HQS violation effect is more significant for the 2D systems than others

0.030 ¢
0.025F 1 E B
0,020k Triangle diagrams, I = 5 ] . D 3. D 2, D
E 0015 = %D, 540 ] ey X
= ooto} w0, 620 || - ‘D* E Ze
0.005F 2.DW 5=0 [ ‘
e == DU R D 2 D b D
0.0 0.5 1.0 1.5 20 25 3.0
r[fm]
e Minimum of potential with the loosely bound state: -0.06-0.15 GeV.
The HQSS violation effect
may change the existence of bound states.
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Heavy quark symmetry: quark model

e The heavy dof.: spectators; light dof.: interactions

m m

Vauarctover = [Va + Vol +la| + [Zeby - ha + Y2l - by + Ygha - ho

Va,p = Vi, Vi p= =Va+ VaS1- S,

Veip =Vs, Vipe =Vi+ViSi- 8.
Vi=Ve=Vs=Vy="V,

‘72 = %Va, ‘/21 = %Va

e Ignoring mass splittings in loops, the HQS manifests itself

M. Z. Liu, et.al Phys.Rev.Lett. 122, 242001; C. W. Xiao,et.al Phys.Rev. D100, 014021;Y. Shimizu, et.al arXiv:1904.00587...

e In QM, the HQS violation vanishes for ¥.D system
(lr-h2) ={l2-h1) = (h1-h2) =0 (1)

e QM: analytical terms; Loop diagrams: nonanalytical structures

Loops bring novel effects.
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Novel structure in potential

e Structures for two-nucleon force
{1, o1-02, i(o1+02)-gqxXk, o1-qo2-q, o01-koz-k} ® {1, 7112}

e For S-wave, two spin structures left: {1, o102}

e Above results base on that the Pauli matrices are nilpotent.
= The power of the Pauli matrices is at most one.

[03,05] = i2€;jk0k, {05, 05} = 20,51
e For the two-body systems with arbitrary spin

[Si, Sj] = i€ije Sk, {5:,5;} = ;1
e For S-wave X:D*: {1, S1-82, (S:1-52)% ..}

e In the loops, (S - S2)? terms appear
= heavy quark spin symmetry violation effect

Loops bring novel effects.
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Weinberg’s formalism: NN system

e The box diagrams is enhanced by pinch singularity, power count fails

e Time-ordered perturbation theory
NN|H:|¢)(@|Hi[NN)

(
Amp = (NN|H;|NN) + 2
p= (NN|H|NN) %} Fxn By )
= - | | 4. Ampepr  ~  (Binitat — Binter) ™"
_______ P2 o muy 1
P1 p2 T > ;
N . ~
reducible irreducible

e Only include the two particle irreducible (2PIR) graphs in potential
o Potential as the kernel of Lippmann-Schwinger Eq. or Schrédinger Eq.

e The tree level one-pion exchange diagrams would be iterated to generate the
2PR contributions automatically

Nucl.Phys. B363 (1991) 3-18; Phys.Lett. B291 (1992) 459-464; Nucl.Phys. A625 (1997) 758-788
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Weinberg’s formalism: D system

————— Amp ~ (Einital - Einter)71
2 /2 -1
1 N I UL R R (R - 7]
P1 P2
e When m; = m}, ma = mb e When m; —m) = 61, ma—mbh = 8,
m 1 1 1
Amp ~ — > = Amp ~ ~ =
TP g S T S
= Pinch singularity, power = small scale expansion, power
counting fails counting works
= Pole of heavy hadrons = Pole of heavy hadrons
= lterating 1 — 7 exchange = lterating 1 — m exchange
(elastic channel) (inelastic channel)
= Need to be subtracted = Depend on your scheme
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Couple Channel effect

Only elastic Channel

one-pion exchange

(2PR) (2PIR)

two-pion exchange

With inelastic Channel

one-pion exchange

(2PR) (2PR)

two-pion exchange

= tree: X.D* — X.D*

= box: £.D*-%.D*-%.D*
subtract the 1-7 iteration

= box: £.D*-XiD*-L.D*

no subtraction

= Couple channel effect: loops

Y.D* —%.D*
=tree: ¢ ¥ . D" — 2 D*
S:D* — ¥:D*

= box: £.D*-%.D*-%.D*

subtract the 1-x iteration

= box: ¥.D*-2:D*-X.D*

subtract the 1-r iteration

=-Couple channel effect: iterating tree.
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Numerical results: elastic channel



Contact terms

e Forl=1/2,
2
VECD = —Dy, VECD* =-D; + §D251 - So (3)

e Package heavy mesons exchanged interaction like p and w

e Renormalization
= absorb the divergence in the loops
=- remove the scale dependence.

e In our calculation, we omit the NLO contact terms
e The two LO contact LECs are varied to fit the three P. states
e Some contribution from the NLO contact terms is incorporated

e Dimensional regularization, M S-scheme, A, = 1.0 GeV; Gaussian regulator
A=0.5 GeV

Vir) = ﬁ / Bq V(@) F(q), Flg) = exp(—q> /A (4)
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LO results: single channel
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NLO: without A.

D,[GeV~?)

50F .
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.I’
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e The result deviate from those
of LO which keep the HQS

e There is a very SMALL region
where three states coexist as
the molecular states

e Restricting the binding energy
in exp., it is hard to reproduce
three states as molecules si-
multaneously

Set-l: D, =42 GeV %, I, = —25 GeV ~* (in units of MeV).

AEU:%;J)‘ %D ‘EED" ) ‘ =0
J=1 —20.1| —6.7 ~26.6
J=3 —29 | -343 -26

—5
J=3 X
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NLO: with A,

DGV

NLO with A,
A =05 GeV

NLO with A,
A =05 GeV

0 20 40 60 80 0 20 40 60 80
DGV Dy [GeVT?
Setl: D, = 55 GeV ™2, D, = —10 GeV ~ (in units of MeV) | | Set-Il: D} = 60 GeV >, D, =—60 GeV ~ (in units of MeV).
_1 > = = 5 _1. D p’ | =D D

ARI=1:0| 25 | 2D | =D 2395) ARl =3:J)| =D | =D | D D

J=L1 |-724|-2392 —1541 J=1 |-995| -286 X

J=3 —477 | —38.14 —4.40 J=3 —18.53 | —43.55 —0.68

_5
=3 —0.81 7=3 —1186
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Why the contribution of A. so significant?

® ga.s.x and gs,.s .~ are at the same order

e Accident degeneracy of £.D and A.D* amplify the amplitude
= box diagrams X.D-A.D*-%.D

Amp ~ (Ms, + Mp — My, — Mp=)~" = (25 MeV) ™"

e The 2 — & exchange potential for [£.D]7=}/2 and [2.D*]/=/2

I=1/2 I=1/2
0.05
______ With A,VS Without A, c D
_. 000 =3 ettt ‘
] -
S o —=Dw/A | ke
- g [£.D) A P+
~0.05 S - 1L,1}}.w/0 A ¢ D
7 —mDw/ A | e
- -== [S.D%),w/o A, ‘
-0.1Q
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7[fm] ZC D

e The power counting is destroyed: Ms, + Mp — Ma, — Mp+ K my ~ €

e Scheme with inelastic channels can solve the problem
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Comparison of NN and £ D®)

| NN =) D |
Chiral dynamics N-—-N (light diquark)-(light quark)
Inter. states A A

HQSS partner states
e.g. c(qq)l=l = + X}
Pinch singularity in elastic channel
Including inelastic channel

Inter. states -

Heavy quark limit -

Minter Ma > My e.g. M, + M, < Msx,
Image part w/o w/
small scale expansion work failsin X.D — A.D* — X.D
spin structure o102 S1+82, (S1-82)%..
Weinberg composite | |Ep| < 7;‘—3 |Ep,.| ~ % ~ 9 MeV

Phys.Rev. 137 (1965) B672-B678; Talks of Xian-Wei Kang, Tetsuo Hyodo
e In present calculation, we ignore the image part of potential . [-------
e The potentials with the inelastic channels have been obtained

e Solving LS equation with these potentials is on-going

Lu Meng (& %) | P, states and E£*> D (*) interaction in ChPT 19/20




Summary and Outlook



Summary and Outlook

e D™ potential in ChPT to NLO
=contact, 1 —m,2—7
= Loops bring the novel effect
= HQS breaking effect, Significant !
= Novel spin structure in potential: (S, - S»)...
= Couple channel effect in two ways:
i)elastic channels only
ii) with inelastic channels
= Different treatments to box diagrams for two ways
= A., Important!
= Reproduce three P. states simultaneously as molecular states

e Outlook
= Lattice QCD simulation on -{” D) potential is called for
= Chiral extrapolation
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Thanks for your attention!



Contact terms

e ForI=1/2,

2
Ve.p=-—D1, Vs p=-D1+ §D251 - So (5)

e Package heavy mesons exchanged interaction like p and w
e Renormalization
= absorb the divergence in the loops
= remove the scale dependence.
e Contact or pion-exchange? depend on regularization schemes
Phys. Rev. D91, 034002 (2015).
e Depend on chiral truncation order; types of regulator and values of cutoff
Phys. Rept. 503, 1 (2011).

e Dimensional regularization, M S-scheme, A, = 1.0 GeV; Gaussian regulator
A=0.5 GeV

1

Vir) = (2r)?

/ g V(@) Fla), Flg) = exp(—g?" /A (6)
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Potential
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Chiral perturbation theory

e QCD Lagrangian

Laop =) (il — May) = 1 GLG"
7
f = (u7 d’ 8’ c’ b7 t)7

M = diag(mw, ma, ms, Me, Mp, Mt )

S.Weinberg

e two approximate symmetry: chiral symmetry and heavy quark symmetry
My, Mg, ms K 1GeV,  me,my > Aocp (7)

e Chiral perturbation theory (ChPT) and heavy quark effective theory (HQET)
e SU(3)r x SU(B), — SU(3),, = 8 Goldstone bosons
e Quark masses break the chiral symmetry explicitly: m2 ~ m,
e Freedom: Goldstone bosons and matter fields, e.g. N, D and 3.
e Expansion e/Ay, Ay =~ 4AnF, =~ m,
€ : mx, momentum of pion and residue momentum of matter fields
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Contact terms of NN

T ‘ Cr ‘A,channel

Cs ‘ Cr ‘ A, channel

Ordonez:1995rz

Epelbaum:2004k

112 | 135 I=0 -107.57|-11.64 | {0.45,0.5},np
-26.6 |-68.9 I=1 88.61 |53.20 | {0.6,0.5},mnp |

Machleidt:2011zz -121.08 | -6.17 | {0.45,0.7},np

-100.28 | 5.61 |A = 0.5,np | 33.70 |25.66 | {0.6,0.7},np

-99.55 | 7.07 |A = 0.6,np

£9 = ~LCsNNNN - LCrNoN - NoN, ®)
VYvNy =Cs+Cro - o. (9)
26/20
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pinch singularities

Vo~ /dd)\4‘d 1 1 1 1 (10)
(2m)d —v-l+iev-l+iel2 —m? +ie(l+q)2 — m3 +ie
/dd)\4‘d 1 1 1 1 (11)
(2m)d —10 +4e 10 + i€ 192 — w? + i€ 192 — w3 + i€

1 L (12)

1 1
12 . 12 .
—U'l—m-i—ZﬁU'l—m-i-’lE

—v-l+iev-1l+ie

0
e (13)
—lo—m+lﬁl0—m+l€
2
f(555) M
Sl RS ) (14
2Mso 2M,

power counting: 1, our calculation 75
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The Lagrangians

s+ =L s Zo .
c * c
Ye= st \/g , Bt = nrt \/EO ) (15)
s e v e

(5 ) = ()
p=( 2 |, Ppr=| 2 ], (16)
D D*

Y =B — \/g(’v“ +0")°B,

H = (Piy" +iPys) 52 (17)
s . ooy L Pa ,
L8, = =T iv - D]+ igacywpn T 007 0") + i TH 000",
= ~ = ~ 5 = ~
LY = —i(Hv-DH)+ gb<HuH7“'yg,H>fg(HJ“”HUW), (18)
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