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Outline

Hadrons beyond the conventional quark model and three
types of exotics signals

Do not forget the nearby S-wave thresholds, and the
presence of the “triangle singularity”

Story of the pseudoscalar glueball puzzle
Observables sensitive to the underlying dynamics

Brief summary



1. Hadrons beyond the conventional QM and...

Exotic hadrons

convential hadron

Glueball Tetraquark

QD a9 ¢

(g )

Pentaquark  Hadronic molecule

SR~ S

/A
%
Neutron Evidence for QCD exotic states is a
missing piece of knowledge about the

Deuteron: p-n molecule Nature of strong QCD.




Exotics of Type-I: B
JPC are not allowed by Q Q configurations

States in natural spin-parity: if P=(-1)t+1 =(-1)7 , then S=1 and hence

CP:(_]_)(L+S)+(L+1) =+1.

- Mesons with natural spin-parity but CP= -1 will be forbidden:

0+, 1-+, 2+, 3+, ...

L A
+—_+\ - =y Natural: 0+, 1—, 2++, 3—, ...

S=1 - Unnatural: ( 0—), 1+, 2—,3++, ...

L N
+—P - =y Unnatural: 0-+, 1+-, 2-+ 3+, ...




Exotics of Type-lI: B
JPC are the same as Q Q configurations

aq SU(3) flavor nonet: 3®3 =1D8
AS

B B JPC=0
KO (' sd) K+ ( su)
+1
{ n = cosap|nn)— sinap|ss)
1 = sinap|nn) + cosap|ss)
|3
: nin = (uit +dd) /2
- +
m (\ud) n*( du) ap = Op + arctan /2




Light hadrons: aq SU(3) flavor nonet:

3®3

=1D8

nlstly,  JPC | =1 -1 =0 =0 B uad Biin
ud, d, % dd — u) uz, ds; ds, —s f f [°] [°]
118y o—+ w K n 7' (958) ~11.5  —24.6
135, 1 p(T70) K*(892) $(1020) w(782) 38.7 36.0
11p 1+ by(1235) Kipf hy(1380) hi(1170)
12h, 0+ ao(1450) K3(1430) fo(1710) fo(1370) f,(1500) ?
1%p 1++ a1(1260) Kial f1(1420) f1(1285) a,(1420)?
218, 0t w(1300) K (1460) n(1475) n(1295) 77(1405) ?
238, 1 p(1450) K*(1410) &(1680) w(1420)

Additional states beyond the QM flavor symm. pattern

imply “exotic” signals!



Exotics of Type-lll:
Peak structures caused by kinematic effects, in
particular, by triangle singularity.

T (S L ) ]- dd@l
al =1 =1 —_— -
ST —m? +i€) (g3 — m3 + i€)(q3 — m32 + ie)

(1 — (1 — a9y — (1-3)
— daq das d ,
1679/// 1 2 ds D—ic |

D= Zaaﬁ/}j Kj—g[m +m5 — (¢ — ¢;)°]

i,7=1

The TS occurs when all the three internal particles can
approach their on-shell condition simultaneously:

OD/daj =0 forall=123. [> det[Y;;] =0

L. D. Landau, Nucl. Phys. 13, 181 (1959);

J.J. Wu, X.-H. Liu, Q. Zhao, B.-S. Zou, Phys. Rev. Lett. 108, 081003 (2012);

Q. Wang, C. Hanhart, Q. Zhao, Phys. Rev. Lett. 111, 132003 (2013); Phys. Lett. B 725, 106 (2013)
X.-H. Liu, M. Oka and Q. Zhao, PLB753, 297(2016);

F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, arXiv:1705.00141[hep-ph], 7
Rev. Mod. Phys. 90, 015004 (2018)




Big progresses in experiment in the past 15 years:

e Most of the ground states and states below open-flavor threshold
are well established.

e A large number of excited states, i.e. XYZ states, cannot be
accommodated by the conventional quark model, while a large
fraction of these states appear to be correlated with the nearby S-
wave open thresholds.

e Lattice QCD are still unable to provide a full quantitative description
of the hadron spectroscopy.

2. Expected and unexpected: Do not forget the nearby
S-wave thresholds!
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Experimental progress:

Charmonia and charmonium-like states, i.e. X, Y, Z’s.

I Y (4660 Experimental status of charmonium spectroscopy
xﬁ‘&k -
B ((4415) R‘x X(4350) —
E:Egg w(dS)an — N\ YT sy
- — y(4160) --.--.-'*.].-"EIT[TE{I{E:I X{4160 ...-:.:.:.:."‘“D*f}* Zc(4200)
- Y (4008) 1o(2P)  X(3940). W@
Y (3008)~ = 26(3900) x(sg7) 22 S Il
- p3770) Ry DD’ anms} Ty Aet™
C n(TRY L o T T ”—:ﬁ ———————————————
Jﬂ%”:’—*qr[iﬁ'ﬁ“? J_ -x,;’ L.TE :m:;._;f / (1P) DD threshold
," . .Il-.-'-:' ) o 7 '{l-P'J- — J"i::
VA aw (m P
: R (1): Zc(3900), Zc(4020),
] s Z(4430) ...
i "-,! sl
M {15} (11): Y(4260), Y(4360),
] X(3872) ...
7FC =0~ 1~ 1+ 0+ 1+ P+ 917 o™



*X(4700)
. Y(4660) 5+ -= ==
4.6+
*X(4500) --
Z.(4430)0  __ _
— 44]
>
]
S Y(4360)e
= —
L —
< X(4274)e -
5 Y(4260)a Z.(4250)e
= S,
§ 42 Z(4200)  ---
% X(4140)e X(4160)e
=
]
s - —
3
2 Z,(4050)e
5 . L Z(4020)
400 *Y(4008)
. X(3940)e
X(3872)x A ZL3900)
3.8+
O*F A 2% 1t 47t 07F 27 37 77

DaD5 ' /5(980)
Doy Ds

S wave thresholds and effects

DsoDso )
on the lineshapes
DqDs
DD
Dy Ds
iD>D" 0.6 [ — 06— |
1 \
D" DyDs - DDt )
|- J ‘\ - |-
I
Z [ z
DD S04 o — S04
£ | £
@ DSODs = = =
s % ) )
C ‘U . A
A = 0.2 0.2
- ]
8 L ]I .
= /
F
‘?S-Q}k 0 === J \ \
- 2 10 ! 2 3
D*D* E [MEV] E [MeV]
FIG. 10 Line shapes that emerge for a bound state (left panel) and for
D.D; a virtual state (right panel) once one of the constituents is unstable.
T The dotted, solid and dashed line show the results for I' = 0,0.1
DD* and 1 MeV, respectively. The other parameters of the calculation are
given in Eq. (36).
oo | How to judge the nature of threshold enhancement?

10

F.-K. Guo, C. Hanhart, U.-G. Meissner, Q. Wang, Q. Zhao, B.-S. Zou, Rev. Mod. Phys. 90, 015004 (2018)




Potential (GeV)

How the potential QM is broken down

JV(I)=—x/r+or [ ‘ ]
' Y. Linear conf.

qqg creatior

- Coulomb { « Color screening effects? String

breaking effects?

« The effect of vacuum polarization due to dynamical quark pair creation
may be manifested by the strong coupling to open thresholds and
compensated by that of the hadron loops, i.e. coupled-channel effects.

E. Eichten et al., PRD17, 3090 (1987)
B.-Q. Li and K.-T. Chao, Phys. Rev. D79, 094004 (2009);
T. Barnes and E. Swanson, Phys.Rev. C77, 055206 (2008)



Typical processes where the open threshold coupled
channels can play a role

¢ ’I,b(3770) N ?’LO’I’LDD Y.J. Zhang et al, PRL(2009);

s ’ X. Liu, B. Zhang, X.Q. Li, PLB(2009)
pm puzzle Q. Wang et al. PRD(2012), PLB(2012)

— |]|:> < X.-H. Liuet al, PRD81,
Xe1 — VV, Xep = VP 014017(2010);
X. Liu et al, PRD81, 074006(2010)
\ T]c(’l’]/) — VV Q. Wang et al, PRD2012
c

f¢/_> J/wﬂojwr% J/Q/m G. Li and Q. Zhao, PRD(2011)074005

__/ ) F.K. Guo, C. Hanhart, G. Li, U.-G. Meipner and Q.
Zhao, PRD82, 034025 (2010); PRD83, 034013 (2011
V= e, J/ b — e (2010) (2011)

":> < F.K. Guo and UIf-G Meifner, PRL108(2012)112002
ZC(3900), ZC(4020) prod. Q. Wang, C. Hanhart, QZ, PRL111, 132003 (2013);

_ PLB(2013)
\ Lmeshape of ete- = \|J'TC+TC_ Z. Cao et al. to appear

\/L D,1(2460) — D, (2536)
——\Q/__ I]C> The mass shift in charmonia and charmed mesons,

E.Eichten et al., PRD17(1987)3090
X.-G. Wu and Q. Zhao, PRD85, 034040 (2012)



The first S-wave open charm threshold in vector channel

T
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100F
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Weinberg’s Compositeness Theorem

Weinberg (1963); Morgan et al. (1992); Baru, Hanhart et al. (2003); G.-Y. Chen, W.-S.
Huo, Q. Zhao (2013) ...

e Consider S-wave decay A — BC B
with a coupling constant g.g A _<
and my = mp +mg — ¢ geﬁ T

9% 5/2 32 2e

= =4(mp +mc)” " A

47 mpmcg
2
< 4(mp +mc)*/? .
mpmc

e )2 =Probability to find the hadronic molecule component in the physical state A

The effective coupling g« encodes the structure information and can be extracted
model-independently from experiment.



3. Story of the “n(1405/1475) puzzle”

-- also known as “E-1 meson puzzle”

45 The first radial excitation of
KO K+ (1460) JPO=0-() states also make a qq
+1 SU(3) flavor nonet:
3®3 =1P8

1st radial excitation

Three n states have been
> listed by Particle Data Group

N around 1.2 ~ 1.5 GeV:
n*(1300)  1(1295), n(1405), and
n(1475)

70, n(129%), n(1475)

K-(1460) KO(1460)



M (GeV?)

e Regge trajectory for the n/n’ mass spectrum

7
6L 1st radial excitation E
5| #__.?"':'__,_..f--#"’"1(23?D}
B ‘ ____.--""....-. ..@I.-"
4k K“ 335} _#.,.e-"” ..#._#__#-" }{{21 EEI}
3r n(1475) ®
_ 7 7 n(1760)
7L #___"';"'*-'
| n(958) @ \
1+ ‘TF n(1295) n(1405)
of  @n(s48)
] 1 ] 1 ] ] |
1 2 3 4 5
n

M?> = M2+ (n — 1)u? (u? = 1.39 GeV)

J.S. Yu, Z.F. Sun, X. Liu, and Q. Z., PRD83, 114007 (2011)

e How to understand
the presnece of
n(1405) ?



E meson was first observed in 1965 in p p_é (K Krn) T
Observation of 1(1440) at Mark Il (left, 1980) and Crystal Ball (right, 1982)
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Fig. 69. Observation of the n(1440) by Mark 1I and Crystal Ball. (a) Mark 11, radiative photon detection required, (b} Mark I, photon detection

not required. The events in the shaded region have m < 1.05GeV (“delta cut™). (c) Crystal Ball, events in the shaded region have
My < 1.125 GeV,



Observation of 1(1440) at Mark Ill in 1987
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Also “confirmed” by Obelix collaboration



e Mark Ill, Obelix, Crystal Ball: Two-state solution (since 2002)

n(1405)> a0(980) T = 1 & &, with M=1405%5 MeV, and I = 5616 MeV
n(1475)> K* K+ K*K > K K, with M=1475+5 MeV, and ['=81+11 MeV

e The abundance of 0~ (I1=0) states implies a glueball candidate?

Positive: Flux tube model favors M= 1.4 GeV [1]
Caveat: LQCD (quenched) favors M= 2.4 GeV [2,3]

Keep in mind: More problems arising from such a scenario!
- Contradicting with new high-precision data from BESII|
- Contradicting with updated LQCD calculations

[1] Faddeev, Niemi, and Wiedner, PRD70, 114033 (2004)
[2] Morningstar and Peardon, PRD60, 034509 (1999); Y. Chen et al., PRD73, 014516(2006)
[3] Richards, Irving, Gregory, and McNeile (UKQCD), PRD82, 034501 (2010)
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Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
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Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
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BESIII measurements of 1|(...) states in J/y and ' decays

Only a single state is observed in y

the Jy and y' decays!

Jhy, v’
J/(1S) 1€(UPC) = 0m17 )
M51 7n(1405/1475) — ~vKKn [d] (28 +06 )x103 S=1.6
M52 77(1405/1475) — 5~ p° (78 420 )x10°5  s=18
153 77(1405/1475) — ~ynmtn~ (30 +05 )x104
M54 ~1(1405/1475) — ~v~vo < 82 x 107°  CL=95%
M1es Y7(1405/1475) — ~p% 0 (17 04 )x10°3  sS=13
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Invariant mass spectra measured at BES-III
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Lattice QCD results for the pseudoscalar glueball mass
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Morningstar and Peardon, PRD60, 034509 (1999); Y. Chen et al., PRD73, 014516(2006)
Richards, Irving, Gregory, and McNeile (UKQCD), PRD82, 034501 (2010)




N = 2 LQCD study on anisotropic lattices

(a) mx ~ 938 MeV

(b) mx ~ 650 MeV

35 A 3.5 A
Pé1;+ —— Pl\EL'Jr ——
3 ++ 3 ++ s
T, —e— T
gl : . L
S 25 ¢ x = % S 25 2 = [ i 1 ]
8 = % % 8 R
% 7 5 7 Y 1
= 2 = 2
15 ¢ - . 5 3 3 15 ¢ [ T I I T
1 ‘ ‘ 1 . ‘ : +
0 1 2 3 4 5 6 0 1 2 3 4 5
tmin tmin
mx (MeV)  mg++ (MeV)  mot++ (MeV) | mo-+ (MeV)
Nf =2 938 1397(25) 2367(35) 2559(50)
650 1480(52) 2380(61) 2605(52)
Nf =241 [13] 360 1795(60) 2620(50) —
quenched [8] — 1710(50)(80) 2390(30)(120) 2560(35)(120)
quenched [9] — 1730(50)(80) 2400(25)(120) 2590(40)(130)

W. Sun et al. [CLQCD], arXiv:1702.08174[hep-lat]




Given a low mass pseudoscalar glueball candidate n(1405),
Phenomenological studies have been focused on three aspects:

* Whether there are mixings among the ground states n and n’, and the
pseudoscalar glueball? How to disentangle their internal structures? What
are the consequences from such state mixings?

 What causes the low mass of the pseudoscalar glueball compared with the
LQCD calculations?

* Whatis the relation between 1n(1405) and n(1475)? (What is the role
played by the triangle singularity mechanism?)

Can all these three aspects be understood self-consistently?

A brief status review: Qin, QZ, and Zhong, PRD 97, 096002 (2018)



How to understand the mixing?

e 11(1295) and n(1475) are the 1st radial excitation between the flavor
singlet and octet with 1=0.

{ n(1295) = cosann — sin ass

-

—
==t
N
.
—

e
|

SIN (xN7L + CcOS esS

* 11(1405) is a pseudoscalar glueball candidate which favors to mix with

the ground states n(547) and n’(958).
e Caution: Lattice QCD gives the pseudoscalar glueball mass of ~2.4 GeV.

n nn X1 Vi I ni
nl=U\|ss|=|x2 » o 5
" G X3 V3 I3 G

e G. Li, Q. Zhao, C.H. Chang, JPG35, 055002 (2008); hep-ph/0701020
e C. Thomas, JHEP 0710:026, 2007

e R. Escribano, EPJC65, 467 (2010)

e H.Y. Cheng, H.n. Li and K.F. Liu, PRD79, 014024 (2009)



e One can even include n_ ( cc) in the mixing scheme.

[ 1) [ )\
) | |n;) MG ~ 2.4 GeV
Gy |~ Uss(0)U14(b ) Ura(dg) o | Mnc =298 GeV
\In.)/ \ [70) /
(cnﬁﬂ —sinf/ 0 0 (l 0 0 0\
sinf  cosd@ 0O 0 10 cos¢pg  singg 0O
Usal6) = 0 0 1 0 Viulda) = 0 —singg cosdg O
\ 0 0 0 1) \0 0 0 1)
/1 0 0 0 [ 1m5) \ [ 1714
0 1 0 0 171) 1m,)
5 = = U- (Hs}
Uin(¢o) 0 0 cosgy singdy | 1g) * g}
\0 0 —sing, cosd, U’?Q}»" l\h?g))

Constraints on the 1 and 1/, but not strongly on a glueball candidate!

Y.-D. Tsai, H.-n. Li and Q.Z., PRD85, 034002 (2011)
Re-investigated in Qin, QZ, and Zhong, PRD 97, 096002 (2018)



Assuming that the decay constants in the flavor basis follow the same mixing
pattern of the particle states, we have

oo f 0 0
a2 (e )
! 0 n f s 0
g i fs O 0 O
\ fr fgc/ \ 0 0 f C/

where
U(Q, ¢G»¢Q) - U34(9)U14(¢G)U12(¢Q)U34(9i)a
cOcl; — sOcpgs0; —cOs0; — sOcpcl; —sOspgedy —sOspgsp
s0cO; + cOchgs0;  —s0s0; + cOchgcl;  cOspgedy  cOspgsgg
=550, —s¢p b C¢GC¢Q C¢GS¢Q
0 0 —5¢¢ cho

The axial vector anomaly is given by the U,(1) Ward identity:

i = . . . as ~
35 = 0" Urarsi) = 2mj(jiysj) + -GG



The axial vector anomaly can then relate the pseudoscalar meson masses to the

flavor singlet pseudoscalar densities and the topological charge density:

(0075|P) = M3}

M2 0 0 0
(7 )

where M% = 0 M’%/ 0 0

And M

qsgc

0 0 ML 0
\o 0 0 m/

= U'MpU - (A)

Meanwhile, the axial vector anomaly gives:

M gsgc —

/m%]q + \@Gq/fq m%q + Gq/fs
m, +V2G,/f, mi + G,/ f,
mg]!] + \/ng/ff] m%g + Gg/fs

\ m2. +V2G./f, m+G./f,

m2, + Gy/fe )
m%s —|_ GS/fC
m%g + Gg/fc

m2 + G./f. )

- (B)



The equivalence of Egs. (A) and (B) gives:

(M,zl 0 0 0 \ / 1 O O\ (mzzlq 5 \/EGq/fq ’/n%q + Gq/fs mzq + Gq/fc'\
aitl| M, 0 0 g0 10 mys +V2G,/fy  mis+Gs/fs  mi+Gi/fe
0 0 Mz O 000 Ml +2Gy/f, mly+Gy/f, miy+G,/f,
\0 0 0o m ) \0 O 1) \uz 3G f, mi+G/f. m+Gof.)
with [ V2, -
m%]q.qs.qg.qc = f_ <O‘muul}/5u -+ mddl}/Sd‘”qa Hss G, 77Q>
q
2 2 i
msq.ss.sg,sc = ]T <O‘msSl}/SS"7qe Hss G5 ’7Q> ’
- s
2 2 =
Mey cs.cqgee = f_ <0‘mCCl}/5C‘ﬂq, Hs> 9 ’7Q>a
c
_ G -
Gq.s,g,c = E <0‘GG|77519 Hss 95 ”Q)




This allows a relation for the physical glueball mass and the topological charge
density in association with the other constrained parameters:
M;t‘gc = mgy, + ﬁGQ/ fq

= —M;(cOcl; — s0cs0;)s0spgcdy + Mﬁ,(s@c@,- + cOcps0;)cOspoedy — MichsshesOicdy,
Misge = miy + G,/ f,

= M7 (c0s0; + sOcg;c0,)sOspgedy + Mﬁ, (—5050; + cOchcl;)cOsdpgedg — MEchshacbdicd,.

:> > _ Mg omg, + V2G,/f,
31/32 =733~ — _
/ M:;%G‘C mgg + Gg/f 5
| 2G,/f
M% = — . \/_ o/ fq — [=M;(cos @ cos O; — sin 6 cos ¢ sin ;) sin O cos ¢
COS ¢ sin 6, cos ¢ sin ¢

— Mﬁ, (sin @ cos 0; 4 cos 0 cos ¢ sin 6;) cos € cos ] }

R {ﬁGg/fq

sinf; | singg

— Mﬁ, sin6@; — (Mi, — Mﬁ) sin 6 cos(0 + HI)}



With the LQCD results for the topological charge density, we can fit the parameters:

TABLEIL The numerical values of all the parameters with G, = —0.054 GeV? and ¢ = 12° fixed. The two quantities, mcz[j and m?2;

involve more complicated issues and are sensitive to m2. and ¢. Further detailed discussions can be found in the context.

filfy Mg (GeV) mg, (GeV)*  mg, ms, me, mg. mg mg, mz G, (GeV)’ G, G,
1.2 2.1 0.055 045 -0.041 -0.81 0.87 0.50 -0.24 -0.15 0.060 0.035 —-0.092
1.3 2.1 0.0012 047 -=0.067 -0.81 0.87 046 -0.25 -=0.15 0.065 0.035 -0.092

- P 2 2 2
where we have applied the condition:  mg; ., << mg, < my,

5 10 15 20 25
¢a(°)

FIG. 1. The physical glueball mass M; varies with ¢, €
(3-25)°, with 6 = —11°, ¢pp = 11.6°, and f, = 131 MeV.



GP(GeV3

The dependence of Gp on m2,, ¢, and bo

= 12° and ¢Q = 11.6°  mg, M,% , and ¢Q =11.6° ¢ =12°and m;. =M,

0.10 prrrr e T ——
0.10p\— Gy, — Go Grf Gp ] — G,, — G -~ G,

Gy

0.05 b n
0.05 |
0.00 0.05f
T =0.05 | S =
S 0.00
~0.10f G 0.00 &
& &
—015¢ ~0.05} —0.05 \
—0.20f _
-0.25F -0.10} -0.10 | -
86 8.7 88 89 90 91 92 93 5 10 15 20 25 9 10 11 12 13 14
m?2,(GeV?) #c(°) ®a(°)

The topological susceptibility can be extracted for the pseudoscalar mesons:

LQCD results:

0la,GG/(4r)|n) = 0.016 GeV?,
(0|, GG/ (47)|1f') = 0.051 GeV?,  (0la,GG/(4n)|n) ~ 0.021 GeV?
) 0|la,GG/(47)|G) = —0.084 GeV?, — 0la,GG/(4x)|') = 0.035 GeV?
| (0la,GG/(4x)|n.) = —0.079 GeV?, |G, = —(0.054 = 0.008) GeV"

Low mass pseudoscalar glueball is unlikely to be favored!




How to understand different masses and lineshapes for 1(1405)
and 1n(1475) in different channels?

PRL 108, 182001 (2012) PHYSICAL REVIEW LETTERS AT 2015
First Observation of 1(1405) Decays into f,(980)7="
Y T
Isospin-violating decay Jhy
of J/y 2 ynnn T
n(1405/1475)
U
I I I ! 7 B — | I I I I —
280 .17 {ﬂ‘j- a _F 4, “:':'5
St /| 1 37 I E
[3 200 :_ 4_'&'4_ . 8 40 :_ "l_! .
& isof i 3 8 _F * ‘} :
= : I 1 g BF % ". 3
E' 100 d:#ﬁ' ‘g\‘ - E 20 + + =
C R e ] - A ]
g =0 ;ﬂf’ =77 T #"'ﬁqi-l-dqit'l'-ﬁ:l*: & 10 _ﬁM_ __M%ﬂ%%
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Mifﬂ{gﬂﬂhr“]{GeWcz}
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BES-Ill Collaboration, Phys. Rev. Lett. 108, 182001 (2012)




Fowlg o
Krk- [ Ko KO ] 8 &
->Ii }4- : % 50 Ii+ | .
& 105
- S ﬁ %ﬁ*ﬁﬂ%
llnl{*.n:""';l:l:ij{'[:-."--E.*"l.-"ll'i.’:z;ll-“I . u-g M{Iﬂ:rl:u}{GE\UE }

® f,(980) is extremely narrow: I"' = 10 MeV !
PDG: I =40~100 MeV.

® Anomalously large isospin violation!
Br(n(1405) — fo(980)7° — ntx—xY)

12

Br(n(1405) — af(980)7° — nn'x0)

(17.9 + 4.2)%



“a,(980)-f,(980) mixing” gives only 1% isospin violation effects !

7T
KO (K*) T
n(1405) ﬁ -~ <
a(980)  “~-~ £,(980) -
1=1 KE(K) | =0

“Triangle singularity”

Internal KK*(K) approach the on-shell
condition simultaneously!

n(1405/1475)

£,(980)

9(apK*K") g(foK*K~)

= —g(aoK® K°) g(fok® KO)

M(K%)-M(K*) = mg—m,

_ _ _ _ M:w (Gev)
A novel isospin breaking mechanism! 38



week endin

PRL 108, 081803 (2012) PHYSICAL REVIEW LETTERS 24 FEBRUARY 2012

Puzzle of Anomalously Large Isospin Violations in 1(1405/1475) — 3

“Triangle Singularity” mechanism is dominant over the
a0(980)-f0(980) mixing in the isospin-violating channel.

K'(K') o
11(1440)

i
f,(980) 71
(a)
41 fo(980)
K+ K- KO KO
- (<€
J

096 098 100 1.02 1.04
Mrn (Gev)

TI:G
1(1440) i
a,(980) \_/1,(980)*\ 11
K

ﬁ BES-II

M _Hﬁ,@ 4
1.0 1.1 12
M{x ) (GeVich)



Triangle loop amplitudes:

Absorptive amplitudes

0.1
0.0

D1+
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KK)
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Dispersive amplitudes

0.10
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o o
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i e T
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I
e
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n(1440) > K K ©t decay mechanism:

KK)  K(K) 0 T K K'(K) 1
11_(1:40) o _(1;1.40} 7 N(1440) B
KK S\ a,(980)* K K
a,(980) ~K
(a) (b) ()

Data from Mark lll, BES-I, and DM2

dl J /=y n(1440)—yABC
ﬂf* B

_ 25 r.h"'lﬁ-’—'}fT,'I:IMl](‘Tfl}rﬂ144(!}—*.—’13[’.'{5{]}

- b -+ g ’
7T (Sp — -“”?ﬂ:mm}}‘ T l%(lwﬂmﬁilwﬂ

1.30 1.35 1.40 1.45 1.50 1.55 1.60
Mirz(GeV) J.J. Wu, X.H. Liu, Q.Z. and B.S. Zou, PRL(2012)



Nn(1440) -> nnnt decay mechanism:

1 (1440) iﬂ :ﬂ
aﬂ(QSU) T

(a) (b)

Invariant mass spectra of n(1440) = nrnr and 3z, respectively. They
have different lineshapes, i.e. drastically different widths.

[ = T
1 . 1 1 . P X . 1 . 1 .
1.30 1.35 140 145 150 155 160 130 1.35 140 145 1.50 155 1.60

(a) Ma'z"n (GeV) (b) Mr'= 2’ (GeV)




*The contributions from the “Triangle Singularity” mechanism can
shift the peak positions in different channels.

oIt leads to about 30~40 MeV mass shift between K K= and N7w
decay channels.

*The 11(1440) mass spectrum shapes are totally different in those
three channels, i.e. K K=n, nnw, and 3.

eThere is no obvious need for two states, 11(1405) and 1(1475)!

130 1‘:35 1 '40 1_:45 1'50 1 55 160 130 1,35 140 145 1,50 1,55 160 1,30 1,35 140 145 150 1,55 1,60
MH’F_"—I'C-EI"U'] I:a:l M'-I'-f"'l [Gel) [b:l M-‘-I:I a (G




Radiative decay patterns are out of intuition

Immediate crucial questions:

i) 1fn(1440)is assigned as the (s ;)_partner of n(1295), can we
understand that 11(1440) = ¢ (s s) y is much smaller than 11(1440) 2>

p°(n n)y?

1(1295) = cosann — sin ass

-

—
=
s
e
=

R
]

SIN (xN7L + CcOS esS

ii) Why J/w = yn(1440) is so much stronger than J/y = yn(1295)?

Particle Data Group 2012:

BR(J/w =2 yn(1295))/BR(J/y = yn(1440)) <0.1



Answer to question (i):

By assigning n(1295) and n(1440) as the first radial excitation of  and 7', we can organize them as
the following mixtures between nfi = (ui + dd)/v/2 and s5:

17(1295) = cosanfi — sin ass
1(1440) = sinann + cos ass | (1)

where a is the mixing angle.

In the J/i radiative decays, it is a good approximation that the photon is radiated by the charm
(anti-)quark, and the light g7 of 0~ is produced by the gluon radiation. By defining the production
strength for the q7 of 0~ as the following:

go = (qqlH|J/¥.7) . (2)
one can express the production amplitudes for n(1295) and n(1440) as
M(1(1295)) = (V2cosa — Rsina)gy .
M(n(1440)) = (V2sina + Rcosa)go , (3)

2
BR'I:.II'I,L‘ — "J-“I]‘{].—L—l‘[]‘}:l _ (E}'ﬂ(-]_.a_ld__g], )3 \/Eﬂil]ﬂ.’ 4+ Reosa ~ 10
B.R.(J/vY — yn(1295)) V2cosae — Rsina |

dn(1295)

with R = 1. one has a ~ 38°



Answer to question (ii): N Y

Magnetic dipole transition operator:

2
. y o | n@440)  V(¢,p,®)
H.., = (¢axs Zﬁiﬁﬂi?’f €, 0sXA)

The flavor and spin wavefunction for the pseudoscalar:
bs(s5) = (s5+35)/V2,
¢s(ni) = (nii+an)/V?2,
xa = (11 - 11/V2

The flavor and spin wavefunction for the vector:

da(p) = (s5—38s)/V2,

da(p") = ((ui —au) — (dd — dd))/2 ,

ba(w) = ((ud —au) + (dd—dd))/2,
xs = 11, L, (1L +1D)/v2,



The M1 transition amplitudes for n(1440) - y V:

e

he, = — COS (Y .

" M. '
€

h 0., — —— 8N .
a 2m, '
; ® &

lpy = ——sSina

1 6m,

where m, = m, = my and m, ~ 5m,/3.

2 -2 - 2
0y . waEDSﬂ_Slﬂf_’E_S]H{E
=)  B.R(y9):B-R(y): BR(Ww) = ——: ——: —=
~1:3.8:0.42
with a — 38°

So far, there is no obvious difficulty for having only one 1n(1440) to
cope with the existing observables!



5. Brief summary

e 1965-1980, Mark-Il & Crystal Ball: E-meson / 1(1440) >
1(1440)

e 1987, Mark-Ill: 11(1440) > 11(1405) + 1(1475)
e 2012: 11(1405) + n(1475) > 1(1440) ?

We have to alter our view of the pseudoscalar spectrum
dramatically even for the 1st radial excitation!

e Where is the pseudoscalar glueball candidate located?

e We should look for the pseudoscalar glueball state at
higher mass region! For instance, X(1835), X(2120),
X(2370) ...



Thanks for your attention!
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: . 2 _ . _ .
Kinematics : Pe = sq, Pa P2 = s3

Ph }
Pe

The ATS condition for fixed s;, m;, and s; is:
(pp + Ef’c}g =

+
S9

: 1 .
= (mq +m3)? + 502 [(m% + -m% — 53)(81 — m% —m?2) — 4-??1%?111??13
P

+ AY2(sy,m2, m2)A\Y2(s3, m2, m2)).

Or for fixed s,, m;, and s; :

=+
1

= (mg +ms3)* + [(m] + m3 — s3)(s9 —mi —m3) — dmimams

Im2

5
+ AY2(s9,m2, m2)AY2 (53, m2, m2)].
with A\(z,v.2) = (z — y — 2)? — 4y=.

X.-H. Liu, M. Oka and Q. Zhao, PLB753, 297(2016); arXiv:1507.01674 [hep-pﬁﬂ



Single dispersion relation in s, in the complex plane of s,

The spectral function o(s,, S,, S3) can be obtained by means of the Cutkosky’s
rules (absorptive part of the loop amplitude):

o(s1,89,83) = Ton / / / day dag dag 6(1 — aqy — as — asz)o(D).

which reads

0(81,82,83) = 04 —0_,

01(81,89,83) = — )1ﬂg[—5’2(51 + 83 — 89+ m; + M3 — 2m3)

(81,5
— (51— 83)(mT —m3) £ A\3(s1, 59, 83)A/* (89, m7, m3)].
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For fixed s;, s; and m,, the spectral function o(s,, S,, S3) has logarithmic branch
points s*, , which correspond to the anomalous thresholds by solving the
Landau equation.

How the logarithmic branch points s*, move as s, increases from the threshold
of (m, + m;)?, with s; and m; fixed?

Substituting s;—s,+ig, S%, in the s'-plane are then located at

Oss
s3(s1 4 i€) = s5(s1) + Efﬁ
1

With  0s5/ds1=0 (Js7 | Ds,=0)

the normal and critical thresholds for s, and s, can be determined:

siv = (Mg +m3)?, s1c = (Mg +mg)? + F[(mg —my)* — s3],
1
_ 2 - 2 M3 2
son = (my +m3)?, sac = (m1 +ms3)® + —[(ma — m1)” — s3],
o
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Trajectories of s%, in the complex s',-plane with

S, Increasing from s, =2 oo:

A~ ((S1=S1n, S7 =S¢ —l€) 2 B (S;=S;¢, S;7=Spn)

P: S9 + 1€.
i
Im s5
AT B*
P s
N i . ° * R _—;
% .(_ ,‘*,2
B- = *
A
- !
1 ds
r3(b1 59 83) - — f ; 2 - J(.‘Jl ba 83)
m 59 — S9 — 1€
(m1+m3)? 53




The difference between the normal and anomalous thresholds decides the
kinematic range of the ATS effects:

Pa

ﬂsl — '-'l_ — V51N, f’% — 93
ASE — 5‘5 - k." '5:2?"!:' ph
Pe

(pp + pe)? = s

When s,=s,, (S;=S;5), We will obtain the maximum value of As; (As, ),

msa . .
2mq(meo 4+ ms)

A Nax
A,

m: | :
Soc — +/SoN R & [(mg — mi)2 — s3).
2mo(mq + ms)

Alllax
AL

Larger values of A,"® means more significant effects from the ATS
mechanism!
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e Problems arising from two-state solutions:

1n(1405) and 1(1475) both can decay into K K as suggested by the Mark
Il analysis. However, BES-Il analysis suggests that if an energy-
dependent width is applied, it is not necessary to have two states in J/y
2> K K.

If so, it lacks evidence for n(1405) and 1(1475) to appear in the same
decay channel.
Actual observation:

The high-statistics experiments (CLEO-c, BESII and BESIII) have never
observed two states (n(1405) and n(1475) ) to appear together in any
exclusive channel.
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e Measurement of a0-f0 mixing intensity in J/y = ¢ f0(980)
- ¢ a0(980) = ¢nn°

(a) recoiling against the ¢ (b) recoiling against the ¢ sideband

FHEIIIIIIIIIIIIIIIIIIIIIIE h"]_“12_"|""|""I""I""I"_
ﬁ 20 (a) E -}‘:'-"- [ (b) ]
o 18F ; 2 1of h
& 16F + = & i

= 14F : = 8F -
= 1 &

E 5 = or B
- -

= =

F] ¥

- -

= -

T A Mt il
Il =
ot T i ol

08 | {19 '. 1.0 1.1 12 0.8 09 1.0 ll_l l.EI '
MMnn?) (GeV/ch) M) (GeV/ch)

[ U N

a0(980) is extremely narrow: I" = 10 MeV.
PDG: I =50~100 MeV.

-- Narrow width is due to the charged and neutral K K thresholds.

BES-IIl, PRD(2011)
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PRL 106, 072002 (2011)

Resonance M(MeV /c7) 'MeV/c?) N pvent
Fi1510) 15227 5.0 48 = 11 230 = 37
X{1835) 1836.5 = 3.0 1901 = 9.0 4265 = 131
X(2120) 21224 £ 6.7 B3I x 16 647 = 103
X{(2370) 2376.3 £ 8.7 83+ 17 565 = 105

Incoherent fit of the resonance and non-
resonance background!

PRL 107, 182001 (2011)

Resonance Mass (MeV/c?) Width (MeV/c?)

B(107%)

£,(1285)
n(1405)
X(1870)

1285.1 = 1.01}¢
1399.8 + 2.2+2%
1877.3 = 6.3+34

22.0 + 3,129
528 +7.6701
57 = 12*)°

1.25 = 0.10194
1.89 = 0.21+421
1.50 = 0.26+072

=36
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* a,(980)-f,(980) mixing mechanism
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Observables and predictions?

* There must be f,(1420) contributing in Jy = y nnn

Relative S wave

R KH(K™)
— w0
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m T
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— TTD i
¢ K(K)
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dN/dcos6; g

Partial wave analysis

x?/d.o.f =19.8/12;

100

cos 0, (980)

x*/d.o.f = 38.3/14;

ﬁ

+T+ IR

COS6; (0g0

L L ) L . ]
-0.5 0.0 0.5

T T T T T
0.2 ao az

COS 6'1,

of Jhy 2 yn(1405)/f,(1420) = y nrn

Dashed: eta(1440)
Dotted: f1(1420)
Solid: eta(1440) + f1

b, = 118.5 £ 8.8, ¢ =0.538 + 0.312

dedcose?

250

200§
150F

100E

50F
oE—

b, =145.7+10.7, ¢; = 0.314 £0.128, ¢3 = 0.141 £ 0.317

BESIII results:
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Observation of a new state a,(1420) at COMPASS
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Tetraquark
Compact state of four quarks

Hadrocharmonium
Heavy Quarkonium Core
Surrounded by pion cloud

Hadronic Molecule
Formed from interactions of two hadrons
Classic Example for Baryons: Deuteron

In the heavy quark spin symmetry (HQSS) limit these
models have different predictions for the spectrum.
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* Hadro-quarkonium states (Voloshin)

'Y (4260)

|

[ _ " cosOsinO
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Heavy spin doublets: (h_, x.), (v, n.)
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- -
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Possible decay channel:
ncﬂ:ﬂ:l XCJTCTC

Exotic quantum number:
JPC=1—+

Two n_ states

M. Cleven, F.-K. Guo, C. Hanhart, Q. Wang, Q.Z., PRD92, 014005 (2015); 66
arXiv:1505.01771 [hep-ph]



* Tetraquark states (Maiani et al.)

lqq]
The mass of a tetraquark is given by
L? — —
M = Moo + Be=m — 2aL - § + 26icq [(8q - sc + (5q - 50))] [qq]

For a state with given J, the mass can be estimated:

L(L+1)

M = My + B. +alL(L+1)+S(S+1)—J(J+1)]+Kegls(s+1)+5(5+1) — 3]

NG S wave i [ m YUSY P wave
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Extremely rich spectrum is predicted! 67



cdess(e’e s ntmd/y) (pb)
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No Y (4008) observed!

BESIII, arXiv:1611.01317 [hep-eX]
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 Hadronic molecules (Cleven et al.)

* (D,D¥) + (D,D¥)

>< —— O PC=0+, 1+, 1+, 2+

e Long-range pion exchange;
* Isoscalar and isovector may not bind simultaneously;

-3 I=0

(0t A1) =200+ 1) -372 = £ 72 17

M. Cleven, F.- K. Guo, C. Hanhart, Q. Wang and Q. Zhao, PRD 92, 014005 (2015);
Q. Wang, PRD 89, 114013 (2014) 69



Threshold [GeV]
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States appear at S-wave thresholds;

The J=3 state has significantly higher mass than for tetraquarks;
Only one JP¢=0—* state is predicted;

Scalar state of DD may not exist;
Exotic partners of JPF¢=1—;
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Quantum Chromo-Dynamics:

a highly successful theory for Strong Interactions _

Conventional hadrons
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Outline

1. Hadrons beyond the 1. Why study QCD exotics?
conventional quark model and 2
three types of exotics signals

What are the key issues that
we have known and what we
2. Do not forget the nearby S- may have missed?

wave thresholds, and the 3.

presence of the “triangle

singularity”

What are the criteria for
exotic hadrons?

4. How to put together pieces of
the “jigsaw puzzle” for QCD
exotics?

3. Story of the pseudoscalar
glueball puzzle

4. Observables sensitive to the 5

i j Prospects
underlying dynamics

5. Brief summary



