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Charmonium @@

® Meson consisting of a charm quark and an anticharm quark
» The first charmonium: J /1
» Probing both perturbative and nonperturbative QCD
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Charmonium(-like) structures

Mass (MeV)

Charmonium spectrum
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Charmonium-like structures

0p*0
® X(3872) pon
Belle, PRL91(2003)262001
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P_. and double-J /¢ structures
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data from LHCb, PRL122 (2019) 222001;
fit from

M.-L. Du, Baru, FKG, Hanhart, Meil3ner, Oller, Q. Wang,

PRL124 (2020) 072001
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Many new structures are near thresholds of a pair of hadron hadrons.

Why are there so many (near-)threshold structures in heavy-hadron spectrum?

Is there any rule?



Threshold structures

X.-K. Dong, FKG, B.-S. Zou, Explaining the Many Threshold Structures in the Heavy
Quark Hadron Spectrum, Phys.Rev.Lett.126 (2021) 152001 [arXiv:2011.14517]



Threshold cusp

e Unitarity of the S-matrix: S ST = STS =1, sz = 5f,6 — i(27r)454(pf — i) Ty
. P
T-matix: T, — T}, = —i(2~) 25

fn ni

all physmally accesible states
assuming all intermediate states are two-body, partial-wave unitarity relation:

Im TL,fi(S) - Zn Ti,fn pn(s) TL,ni
2-body phase space factor: p,,(5) = qem.n(5)/(24/5)0(\/5 — M1 — Mp2),
Gomn (5) = V/[5 — (Mp1 + min2)?][s — (Mn1 — mn2)?]/(2¢/5)

| 0.8+
I Gem(s) O(s—(my+m2)?)

0.6¢
0.4;
0.2¢

0.0:; ; ; : . . ‘ .
' 3.5 3.6 3.7 3.8 3.9 40 41 42

e There is always a cusp at an S-wave threshold




Effective range expansion

_ 1 1 , k4
fO 1(k) = a—o + 57“0]{,'2 —’Lk—“O (64)

ay: S-wave scattering length; negative for repulsion or attraction w/ a bound state

positive for attraction w/o bound state

1
Very close to threshold, then scattering length approximation:  f; '(E) = P i 2uE.
0
( 1

for £ >0
) /a2 + 2uE orE =
[fo(E)|” = < 1
5 for £ <0
| (1/ao + v/ —2uE) o
' a= +1fm, =05 GeV
= +1fm, y=25 GeV
® Cusp at threshold (E=0) L5 | = -1, =25 Ge
® Maximal at threshold for positive a, (attraction) =
. . 2 = 10 S
® Half-maximum width: —; ) N
Hag =
virtual state pole at E,itua = —1/(2ua?) 0.5f —
® Strong interaction, ay becomes negative, pole o A
below threshold, peak below threshold R e e ey

E[GeV]



Bound state, virtual state and resonance

® Bound state: pole below threshold on real *LV\K
axis of the first Riemann sheet of complex
energy plane 4 bownd stata |
® Virtual state: pole below threshold on real — Qg,f(
axis of the second Riemann sheet @ ©
X enOv(R P oo
® Resonance: pole in the complex plane on vi St

the second Riemann sheet

p——————— Re(w)-(Mp+mk)

10

R pobs

Plot from Matuschek, Baru, FKG, Hanhart, 2007.05329
1

r — , only bound or virtual state poles are possible
1/ag— ik

Fo




Coupled channels

® Full threshold structure needs to be measured in a lower channel =) coupled channels
® Consider a two-channel system, construct a nonrelativistic effective field theory (NREFT)
» Energy region around the higher threshold, X,
> Expansion in powers of E =+/s — X,
» Momentum in the lower channel can also be expanded

1

T(E) =V +VGE)V +VGE)VGE) + - =

V=1 —G(E)
A1 g4
. Ld%q 1 C
1 ( ) 2/ (27T)2 (q2 — m%’l _|_ ZE)[(P — q)Q _ m%,g _|_ ZE] R(Al) 1871-\/5
1 As d3q QM 1 9\ ]{;2
A o ) ' 2
B = s imas - — 2 F — i€ L)
G2 ( ) 47)’312,1?’)’2,2’2 / (271-)3 q2 _ 2)UJ2E — de 8%22 T + \/ 12 e+ O (Az)]

> A dependence absorbed by V1 Nonanalyticity only from here

10

4



NREFT at LO

® \ery close to the higher threshold, LO:

—L ik = -
T(E) =8 (ML

B 87’1’22 (a_i‘z + \/_QHQE — 1€ &—12 )

det L 1 _ Zk‘l

a2 aill

det = (ﬁ —ikl) (ﬁ + \/—2,ugE—ie) — a%

12

: . . 1
Effective scattering length with open-channel effects becomes complex, Im - <0
22 eff

8w 1 _ !
Too(F) = ~5 { — i/ 2 E+ O (E)]
2

22 eff

1 1 all . Cﬁlkl
—_— — 1 .
ageff 22 aiy(1+af k}) afy(14ai k)
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NREFT at LO

® Consider a production process, must go through final-state interaction (unitarity)

P14+ Gy T (E)] + Py G5 (E) Ty (E)
=PV T Tu(E) + [P (V) 7V + Py Gy Tou(E)
EPlTll(E) + PgTQl(E)

® All nontrivial energy dependence are contained in T;1(E) and T, (E)
® Case-1: dominated by 754 (E),

are(1/ay —iky) | aso.en

87X 1 -
& [ —i\/2[12E+O(E)-‘ .

1.6 ;(a5 | _—'. I — a.;g:o.s fm
:_ i (1,2223 fm
14 [ " gy = — 3 fm
- 9 9 —1 r:—__\ 1.2_ j i (IllianZO.Sfm
(Re azzl’eff) + (Im (1221‘(3“ — 1/2[1,E) ] for £ >0 E 1.0} :; L
] 2 211 = 0.8} g 2:D°D
1 1 — ) & [ : ]
_(Im a-zz,eff) + (Re i TV 2;1.E) ] for £ <0 ;i 0.6t
0.4F
» Cusp at threshold (E=0) 02}
» Maximal at threshold for positive Re(a,; o¢¢) (attraction) o=

_ _ 005 000 005
> Peaking at pole for negative Re(a;; off) E [GeV] 12



NREFT at LO

® Case-2: dominated by 77 (E) o + P‘ du1

) —81mXo (i — 'i\/QILQE) 1.6 F(b) ——=r Gy =05fm
Thw(E) = ax=3fm 1 Poles in complex
1 - 1 ) . LA4r _ 1
(a_u - ""k‘l) ngm — 2k + O(E)] = az=-3M 1 momentum plane:
8 L.2p- ay; =aps = 0.8 fm _
$ (0.37 —i0.08)GeV
» Cusp at threshold (E=0) =
» One pole and one zero ’% (0.04 —i0.08)GeV
» For strongly interacting channel-2 (large a,,), & (—0.09 — i0.08)GeV
there must be a dip around threshold

» Abrupt drop if there is a nearby pole

® More complicated line shape if both channels are important for the production
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NREFT at LO

® (Case-3:final states in channel-2 n
Py

1

a22 off

» Suppression due to phase space
» Peak just above threshold would require the pole to be nearby
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Phenomenology

® T-matrix for 7 and KK coupled channels

with the T-matrix from
L.-Y. Dai, M. R. Pennington, PRD90(2014)036004
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Phenomenology

— . / —
® pp thresholdin J/yp —» yn'n™n BESIII, PRL117(2016)042002

SRR L L L L L 1600_I'"I"'I';"I"'I"'I"'I"'"'I_
= H ] . - : -
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% : § pp threshold E %1000 = : pp threshold E
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Drastic drop:
» there should be a pole near the pp threshold
» pp is not the driving channel

® D®D™ should be the driving channels for X(3872), Z.(3900), Z.(4020)
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Phenomenology

® Production of states with hidden-charm and hidden-bottom: open-flavor much easier
than QQ + light hadrons, generally peaks around threshold of a pair of open-flavor
hadrons for attractive interaction
® Complications due to more channels
® Threshold structures should be more pronounced in bottom than in charm
» Either threshold cusp or below-threshold peak
» peak width o< 1/m,, for fixed a
> Perturbative estimate of scattering length: a o« m,, [potential independent of m];

nonperturbative for strong attraction, near-threshold pole

17



Model estimate of near-th. interactions

® Constant contact terms saturated by light-vector-meson exchange, similar to VMD in the

resonance saturation of the low-energy constants in CHPT

V, A, S, S, and 1, contributions to the coupling constants LT in units of 1077, ECker, Gasser, PiCh, de Rafael, NPB321(1989)311
Li(M,) v A s 5 m Total
L 0.7+03 0.6 0 ~0.2 0.2% 0 O,6r
L 13407 12 0 0 0 0 1.2
L, —441£25 -36 0 0.6 0 0 -30
Ly -03+05 0 0 -0.5 0.5" 0 0.0
L} 14 +05 0 0 1.4% 0 0 1.4 T
L ~-0.2+03 0 0 -03 0.3» 0 0.0 1
L, —04+£015 0 0 0 0 0.3 -0.3 I
L} 0.9+03 0 0 0.9% 0 0 0.9 T #
Ly 6.9+07 6.9 0 0 0 0 6.9 : p’ w, ¢’ l/}
L, ~52+03 ~10.0 40 0 0 0 -6.0 :
“Mnput.
P)Large-N. estimate.
. . . 7| ) D) 1. () ) 71T (+) H(*)
® List of attractive pairs HH| D™ D0, 1; DD 5 DD 0]
X (3872), Z.(3900,4020) Z.5(3985) X (4140)
Z4(10610, 10650)
HT |D™E. [0]; DSV A [07]
P.s(4459)
A4S | D&M L, DRI, DW= o)
P, (4312, 4440, 4457)
DY (5]
TT |AA.[0]; AcEc[L]; =.2.[0,1]
TS (A2 [1]; AES L A [0T);
2.0 (81, 1, =27 L0 =004
58 |[In 2t 1,0 » 3T 1 w0 o]
= (E () [1,0]; =00 [%] 0O [0] 18




Hadronic molecules

X.-K. Dong, FKG, B.-S. Zou, A Survey of Heavy-Antiheavy Hadronic Molecules,
YIFR 3 & 41 (2021) 65 [arXiv:2101.01021]
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Method

® Approximations:
» Constant contact terms (V) saturated by light-vector-meson exchange, similar to

the vector-meson dominance in the resonance saturation of the low-energy

constants in CHPT G. Ecker, J. Gasser, A. Pich, E. de Rafael, NPB321(1989)311
» Single channels i
» Neglecting mixing with normal charmonia E,O w, P -X
® The T-matrix: :
V
"=1ve

G: two-point scalar loop integral regularized using dim.reg. with a subtraction constant
matched to a Gaussian regularized G at threshold

G(E) = 1 { (1) + log m3 N ms—mi+s. ms5 k (2kE + 5)? — m? + m%}

1 —1
1672 ©? 2s o8 m3 TEes (2kE — 8)2 — m? + m3

2 —21%2 /A2
G(E):/ldluu—l—wz e _ withw; = /m2 + 12

472 wiwe FE? — (wy +w2)? + e

® Hadronic molecules appear as bound or virtual state poles of the T matrix -



X(3872) and related states

bound wal | (1,S) = (0,0) - | ¥ X(3872) asa DD* bound state
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"""""""" — — e w01 Y0 Negative-C parity partner observed
> DaD.y by COMPASS PLB783(2018)334
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7% 1 v Evidence fora D:D; virtual

5.0F
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I ———
Isoscalar vectors and related states

vl (1,8) = (0,0) 0:0; v’ Y (4260)/9(4230) as a DD, bound
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Hidden-charm pentaquarks
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v' Many more baryon-antibaryon molecular states above 4.7 GeV
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Conclusion

General rule for (near-)threshold structures: S-wave attraction, more prominent for
heavier particles and stronger attraction

Strong attraction, then hadronic molecules below threshold, otherwise threshold
cusps

Structures should be more prominent in bottom than in charm

229 hadronic molecules predicted

Kinematical singularities (threshold cusp, TS) and resonances are NOT exclusive

Thank you for your attention!
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More states with exotic quantum numbers
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Commentson Z_.and Z

v Isovector interaction between D™D ™) from light vector exchange vanishes

v" Charmonia exchange might be important here: FAceti, M.Bayar, E.Oset et al., PRD90(2014)016003
no mass hierarchy, a series of charmonia can be exchanged Dong, FKG, Zou, arXiv:2101.01021
axial-vector meson exchange considered in Yan, Peng, Sanchez Sanchez, Pavon Valderrama 2102.13058

v’ Z.(3900,4020) as D™ D* virtual states

v’ 7Z.5(3985) as D;D*, DD} virtual state; there should also be a D*D} state around 4.1 GeV
Z.Yang, X. Cao, FKG, J. Nieves, M. Pavon Valderrama, PRD103(2021)074029

1 T T | T £ ' NN
- D* DD* | 8 LHCb 3
5 DsDoDDs 1cy 5, =
- L= N 4 Threshold
3 ; 2F 1 behavior with a
LSk '] strong coupling
3 18
3 0.5
E " 0: 1 | 1 ! I 1 | | L ! | L
: S T -1 0 1

3.6 3.8 4 4.2 Z(4000)*

M, [GeV] Re 4

LHCb, arXiv: 2103.01803
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Commentson Z_.and Z

v" Simultaneous fit to the BESIIl and LHCb Z ., data: Z; as virtual states
Ortega, Entem, Fernandez, 2103.07781

30+

Events

gsbo 3800 4000 4200
RM(K ™) My~ (Mev/c?)

—-10

4000 4050 4100 4150

27



	Emergence of near-threshold structures in heavy hadron spectrum
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Thank you for your attention!
	Slide Number 25
	Slide Number 26
	Slide Number 27

