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Quark model

Wavefunction?

Q=-1 Q=0 Q:A

The Quest for Exotica Arkaitz Rodas



Quark model Single q ‘ s:83) |7 q) |c)

Basic QN

1 n
Meson = qq “ \ﬁ (1 — Plz)-\CI1q_2>

nlSJJ.) = (0805, | JJ.) Y |s182;812822) (1825 81.82. | SS2) / B>r|7) (7| nel,)
v S S$182
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812822 Ezsz
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Quark model

Spectroscopic notation

1
ﬁ

= e 2 3 Ol O, a2 1532

51282~ € S

(1 _ 1512) nlSJJ.) g1

/ )7 x [|qud) + (—1)5 |@ar)
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Quark model

]P C

States classified by

Not all QN allowed for gg

JPC /
singlet triplet

(=0 0 F 1~
(=11 1t (0,1,2)**
(=2 27T (1,2,3) "
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Quark model \

Crucial for hadron physics K"

]PC — 1 —(—-)
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Quark model \

* sk S=+1
\Vector mesons K" K
_ JPC — 1-)
. (uu — dd)
0 _
V2 P ‘” pi)—5
K*— R*O S=-1
® - 5,
Q=-1 Q=0 Q=+1
(ua + ch)
V2
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Coupling to photons

Quark model M

Theoretical expectation

Lo :lo:ly=9:1:2

[(p) x =Q% = — 2 Experiment

(8.8 +2.6) : 1: (1.7+0.4)

BRT It works!
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JPC — 1=

We need more QN

??
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??

Jre — 1)

We need more QN

K*O K*+ S=+1
p_ @ A pO p+ S=0
K*_ K*O S='1
Q=-1 Q=0 Q:-lk
Isospin??
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Go 7PC
I (J ) Rotation

generator y axis

CI, = +1,C

Commutation

Rotation
R, () = exp (—inl,)

. 90° ‘ Ry(ﬂ-)lm — _Iatéy(ﬂ-)
/ Commutation }?y(ﬂ)fy — _I_[yéy(ﬂ-)
' I Ry(m)
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We classify particles with 7°(J¢)

e A A

G=CR,(r)=R,(7)C = Ce ™y
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IG(JPC) — 1—(0— +)

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition

Physics Letters B204 1 (1988).
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IG(JPC) = 17(0~ -|-)

We have omitted some results that have been superseded by later
experiments. The omitted results may be found in our 1988 edition

Physics Letters B204 1 (1988).

Glrt) = CRy(m)|nt) = Clr~) = — |z ™)
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Questions??
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Very relevant

Arkaitz Rodas

The Quest for Exotica

BMWc'20
Mainz'19 |
FHM19 |
ETM19 |
RBC'18 |
BMWc'17 |
DHMZ'19 |
KNT'19 |
CHHKS'19 |
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Resonances

\__» Too short lived
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Detecting particles

Resonances leave tracks -

We use these huge apparatus to detect their decays

A computer counts the # hits
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RODUCTS |

LHG:= 274t

1. Accelerate particles
2. Smash them together

3. Collect their products



# hits — Probability of the decay
P =|0|*

We can link these hits to the amplitude

\
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Decays | =)’ ,

p1 P
a — [} transition s — (1 +pa)?

b2 P4 u = (p1 —P4)2

. 9 1

Sap(s) = (B, out |S|a, in ) -
Unitarity
“100% of the times something will happen” gST —
A. Pilloni
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= (p1 — p3)’

D1 P3
a — [} transition s — (1 +pa)?
P2 Pa = (py — pa)
. 9 1
Sap(s) = (B, out |S|a, in ) -
Unitarity
“100% of the times something will happen” gST —

(v ]
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SST —

Trivial

Unitarity from S — T

ST =
\—» T —TT =TT

Optical theorem

We will prove
ImTzz(S,t = O) X z:tzjzntzﬂL , X 0-17::01:
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Remember, J (£), is conserved

T(s,t) = 16K7TZ (20 4 1) Py(cos 0)ty(s)

Partial waves

How does an eigenstate evolve _
Lives forever — Bound State

W(t) = w(0)e M T()F = w(0)]

How does a quasi-eigenstate evolve _
Lives for 1/I" — Resonance

U(t) = w(0)e M2 W) = [w(0))e

“Fourier transform”
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What’s this ?

200
. 100
Light spectrum :
0
-100
lllllllllllllllllllllllllllllllllllllll
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m.., (GeV)
N . . 5,(5)
Relativistic Breit-Wigner (BW) formula 200——
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t )é ( S) B MF 1o = Estabrooks & Martin |

M2 — g — ZMF lf,le - | v Hyamsetal.
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100 Pop
——- PY (high energy fit)
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3 z
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z10°,
s 1
: z
5 107
< -
100 103 e ~hady ons
The BW has worked |
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-‘% ADQ 1 100 1150 1 200 1250 I 300 1350 ::If
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1""1" p(770) & P

Th|S iS nOt SO easy 1>_<100;24<t'<1.000 (GeV/c)
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Lightest scalar mesons
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Questions??
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Numerical approach to QCD

@ quark A gluon

Good 1. Discretize space/time

1. Non-perturbative | | |
2. Change to imaginary time

2. Systematically improvable

3. Compute quarks

4. Build hadrons
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Lattice QCD

Compute correlation functions

016)2(2)0) = 5 [ Pe@)e)p(re 51

Sum over all paths

Discretized fields

| Dot - Il | .
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Lattice QCD

Compute correlation functions

016)2(2)0) = 5 [ Pe@)e)p(re 51

Sum over all paths

Discretized fields

| Dot - Il | .

Baad
1. Oscillatory e 15lp(@)]

2. Millions of integrals
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Lattice QCD

Euclidean action

t — —it

\

—iS = —i / d>xdtlL — / dPrdtLy = — Sk

Fermion integral 0 < <1

7 = / DYDY DU e~ el U] — / DU det D[U]-

Probability like
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Lattice QCD 7 — /DU det D[U]e—SE[U]

Calculating integrals as averages
If we sample points uniformly

pu(en) =1/ —0) ——— = [ daf(@) = (£),. = Jim > f ()

We compute our observables as averages

)= Jim Z oW
e_S[U]D[U] We have to sample like this

| D[U]e~51Y

dP(U) =
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Lattice QCD

Quark propagator

g A 2
D, = ( ) (L/a)® x (T'/a)

Definition

(O]9 | 0) = / DyYDYDU )0 e =S¥Vl

\Splitting the fermions

— /DUe—SE[U] /pr%;w;a@iﬁe—wl?w]w

Algebraic solution
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Lattice QCD

‘d We build our 7

<O (Dr59) .0 (0159)06 O> B
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Lattice QCD

Hamiltonian evolution Desired energies

S~ e~ iH b Z-<0 0¢(0)[ ) (n|O](0)|0)
. Our

000] Ty 111] A, 200] A,

02\ \ 0.221 0.22} 0.22} 0.22} :\s\fjf

020F \ =\ 020+ 0.20 0.20 0.20 '-\_‘\\_fl \

0.18} 0.18 0.18} 0.18} 0180 I

0.16 0.16} 0.16} 0.16} 016A

0.14} 0.14} 0.14} 0.14} 0.14F — KK

— T

0.12} 0.12} 0.12} 0.12F 0.12\
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Lattice QCD - I—
s = |
na oX — R << T \ O n=1
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Lattice QCD etk LH210(k) — k0 — 1 5 L L+ 26 (k) = 2nm

We recover o(s)

180"____________________________________________'T ______
- e _ ] |-:?-|
Our £, become the x axis P = [000 sl
150F P =100 {.@ '
P = [110] o I
120 P =[111] m”
000] T o P = [200 g
. TR
0.22} \ 5 Nr
020} col =
0.18} "
. 30 L
0.16} .
HH o
0.14 O I I e 1 e I I —)1jL
- 0.0 0.10 0.12 0.14 0.16 a; B
| | I
0.10} : ,
| | I
008k ............ ,. : .
I
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Experiment — O(s)

3,(s)
200 | | | | | | | | | | | | | | | |
- | — From form factor. No fit.
e Protopopescu et al.
150
o Estabrooks & Martin o
- v Hyams et al.
o Protopopescu (set 2)
100 - Pop
--- PY (high energy fit)
50— -
O ] ] ] | ] ] ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] |

0 200 400 600 300 1000 1200 1400

s'"? (MeV)
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- I
- e | ™ -
0 a1 = - = _ 1 e
- e _- _— ~m. o — 1 l- ] i ]
e
[
- |
- — 1—+
2—+
1= 2
1
m, = 392 MeV
24° x 128
{s
ssssss lar 0

Unitarity
© Analiticity
Crossing

Observables
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Questions??
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e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.

LIGHT UNFLAVORED STRANGE CHARMED, STRANGE ¢T continued
(S=C=B=0) (S= +1, C=B=0) (C=5= +1) IG(JPC)
16 (JPC) I6(JFC) I(J7) () [ep@Emmo) o1 )
ot 17(07) |em(1670) 1=(2~ )| e k™ 1/2(07) | e DE 0(07) |eyn(3823) 07 (27 )
o0 170~ 1) | ep(1680) 0 (1~ )| e KO 1/2(07) | o DI* 0(2") | evs(3842) 07 (37 )
o) 0T (0~ ") | ep3(1690) 1T(37 )| e K 1/2(07) | o D%,(2317)F 0(0") | Xco(3860) 0T (0T )
5 ¢(500) 0T T)[ep(1700) 1T(1T7)| e K? 1/2(07) | o Dy (2460)= 0(1F) | ®xc1(3872) 01T T)
O rd I n a ry e p(770) 17(17 7) | ea(1700) 17 (27 1) | o Kz (700) 1/2(01) | o Dgy(2536)F o(1t) | ®Z(3900) 1T(1F )
«w(782)  0T(LT )| ef(1710) 0T(0T ) [ek*(892)  1/2(17)|eDi(2573) o(2t) | *X(3915) 0F(0/27 )
e/(958)  0T(0~ )| 5(760) 0F(0 " )| eky(1270)  1/2(11) | e D§1(2700)i 0(17) | *Xc2(3930) 07(2 ")
*7(980)  0T(0T )| en(1800) 17(0” )| e k(1400)  1/217)| Dy (2s60)F o(1—) | X(3940)  T°(?7)
® a5(980) 17(0 + +) £(1810) Oj—(Q + +) e K*(1410) 1/2(17) (2860)i 0(37) * X(4020)* 1+(?' -)
T k +0(1020)  07(17T)| X(1835) 70 H) 1o kG(1430)  1/2(07) | plaoa0)= oty | *UA040) 0(17 )
etraq u a r o hi(1170)  07(1 7 7) [ e 5(1850) 0-(37 T)| e K3(1430)  1/2(2%) X (4050)* 1_(?;+)
o by(1235) 17(1 i ;) o1(1870) 0FT(2~ i) K (1460) 1/2(07) BOTTOM X(4055)i 1J_r(?-??—)
o 21(1260) 1+(1 N +) o m(1880) 1+(2 ") Ke(1580) 1/2(2) f— (B=+1) _ X(4100) 1+(?;)+
e 1,(1270) 0+(2 N +) p(1900) 1+(1 . +) K(1630) 1/2(2°) | ® BO 1/2(0_) ® Xc1(4140) 0_(1 B _)
o £,(1285) 0+(1 * +) H(1910)  07(2 N +) K (1650)  1/20) | e B 1/2(07) | ® ¥(4160) (?)? gl?? )
en(1295)  07(0~ +) a(1950) 1+(0 N +) o« K*(1680)  1/2(17) | * Bi/BO A[gMIXTURE X(4160) +( +) -
e (1300)  17(0 N +) « (1950)  0F(2 N +) o« Kp(1770)  1/2(27) |  B*/B%/BY/b-baryon Zc(4200)  17(17 )
e pe R | B B o] IO O N e
*h P3 o K>(1820 1/2(2~ : - €0
+7(1900) 11 )| m(2005) 1-(2 ) B B R ]
« 7(1405)  07(0 . )| * £2(2010) 01(2 1 i) Ki(1950)  1/2(0%) | e By(5721)  1/201%) | ¥(4260) o+(1 . +)
o hy(1415) 07 (1 N +) 5(2020) 0+(0 N +) Ki(1980)  1/2(2%) | 31(5721)0 120t | @ 3((61(4274) 0+(1?+ )
a1(1420) 1+(1 N +) « f4(2050) 0F(4 +) cKk:o0m5) 10ty | BisTRR) () (4350) 0 (7F)
M 0 I ec u Ie «£(1420)  0T(1 )| my(2100) 1+(2 A +) Ko(2250)  1/2(2-) | # Bi(574T)  1/2(2%) | ® w(ggg) 8 (1 )
* w(1420) 0+(1 n +) f(2100) 0+(0 n +) K3(2320) 1/2(3%) | o B5(5747)°  1/2(2T) ¥(4390) _( _ _)
R(1430) - 0727 ) | BRSO OTRT T ye0380)  1ja(57) | By(sea0)t  1/2(77) | ° 15(43;3 (1)+(1 L)
) o a(1450) 1+(0 | p(etso) 1) Ki(2500)  1/2(4)| By(ssa00  1/2(27) | ° c(4430) +( i +)
Hybrid P80 LG T Jeollio 00T kE100) 27T [esoro)yt 1720 | Noieod) 70T
y ) %((11125())) 8*8 * +; :082(2)3; 8““8 T +) CHARMED 8,570 1/2(7") | © i(:Ff;)go) 8+ Etl) + +§
[} J C
f,(1510) 01(111) <:I 4+i) (C= 1) BOTTOM, STRANGE e
o f5(1525) 0T(2t )| p225) 00~ )[4 pE 1/2(0— (B=+1,S= 1) . _
f(1565) 0T (2T F) | p3(2250) 1T(37 )| 4 pO 1?2&0—3 o B 0(07) (¥ possibly non_j_q St_atjs)
p(1570) - (LT 70 £(2300) 0TI o peaoor®  1/2(17) | e B o=y | *m(1s) 070
hi(1595) 07 (1 j_L +) f2(2300) 0+(4 i +) e D*(2010)  1/2(17) x(5568)i 227 | ° T(l?P 8+((1) n +)
e 71(1600) 1_(1 R +) 7(2330) 0+(0 N +) . D*(2300)0 1/2(0+) o B, (5830)° 0(1—|—) ° XbO(lP) +(1 .
°a(1640) 111 F) | eH(2340)  0FQTF) | peo3ggyr  172(07) | e BL (58400 0(2F) | ° Xet(1P)  0T(1TT)
H(1640) ot(2tT) [ ps(2350) 1T(5— ) 0 + ; ? ohp(1P) 0 (17
o 15(1645) 0+(2 - +) f(2510) 0+(6 + +) *Dr gfég;i 1;;% )) B../(5850) ) ® Xp2(1P) 0+(2 T +)
e w(1650) 0 (1~ ) Dy(24300°  1/2(1+) | BOTTOM, CHARMED | ms(25) ~ 0T(0~ ™)
o w3(1670) 0 (3~ ) OTHER LIGHT D3(2460)°  1/2(2+ (B=C==1) eT(25) 07(177)
G I b I I Further States : D*EQ460§* 1§2E2+; R B? 0(0™) e T5(1D) 0~ (27 7)
u e a D(2550)0 1/2(??) BC(25):I: 0(0—) L XbO(QP) O+(O + —l—)
D" (2600) 1/2(;?) _ expi(2P) O0T(1TT)
Di . 0 @ hp(2P) 07 (17T )
(2640) 1/2(??) (+ possibly non-qq states)| 4\ ,-(op)  gT(2++)
D(2740)°  1/2(*) P e Fo- )| e T(3S)  0-(17 )
D%(2750)  1/2(37) (15) ( )
023000)0 1 2(7%) o J/Y(1S) 0~ (1~ )| exm(3P) O0T(1TT)
Tl exeo(lP) 0T T )| exm(3P) 0T
exa(lP) 0F(TT)leT@s) 0(177)
o he(1P) 0~ (1 )| ®2Zy(10610) 1T(1 7T ™)
e xc2(1P)  0T(2FT) | o Z(10650) 17(17 )
enc(28)  0T(— )| 7(0753) 2P(1— )
o 1(25) 0=(1~ )| e 7T(10860) 0~ (1~ )
e T(11020) 0~ (1~ 7)

The Quest for Exotica

Arkaitz Rodas



e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.
LIGHT UNFLAVORED STRANGE CHARMED, STRANGE ct continued
% % (S=C=B=0) (S=+1,C=B=0) (C=S=+1) 17(J7%)
KO (1430) KO (1430) IG(JPC) IG(JPC) /(JP) /(JP) e )(3770) 0 (1~ )
ot 17(07) | em(1670) 17(2~ )| e K* 1/2(07) | @ D 0(0?‘) °yp(3823) 07 (27 7)
o 0 170~ )| e(1680) 0 (1~ ~)| o KO 1/2(07) | o DF 0(?7) | evs(3842) 07 (37 7)
o 0T(0 =) | o p3(1690) 1F(3~ )| e KO 1/207) | o D%, (2317)*  0(0F) Xc0(3860) 01 (0T )
¢(500) 0T T)[ep(1700) 1T(1T7)| e K? 1/2(07) | o Dy (2460)% o0(1t) | *xa(3872) 0T(1TT)
1P~ 7) [ ea(1700) 1727 ) | e k3(700)  1/2(07) | o Dyy(2536)F o(1t) | ®Zc(3900) 1T(1F )
o f5(1710)  0T(0T 1) | o K*(892) 1/2(17) | e D5,(2573)  o(2T) | ®X(3915) 0t (0/2 1)
n(1760)  07(0~ T) | e K;(1270) 1/217) | o D;‘1(2700)i 0(17) | *Xe2(3930) Oj (%j ")
1450) g e el ] el e
° K* — + — [} i
ay) ( )2((1835) 270-1) | Kogggi ﬁéﬁ giig;i 38?)) . zb(4040)i 0_(1?1_)
3(1850) 03~ )| ek1(1430)  1/2(2T) X(4050)" 1 (7 ™)
a(‘) ( ].450 1450) ) 1'_"(1 i _T_) e 1,(1870) O__F(Q : __::) K?1460) 1/2(07) Bg—[Tj(z)lM X(4055)i 11’(:??_)
e a,(1260) 1+(1 N +) o m,(1880) 1+(2 ") Ke(1580) 1/2(27) _ (B=+1) _ X(4100) 1+(- ;)Jr
v I A ol BN o) ol e
°h 2 K1 (1650) 1/217) | ® ¢
1370) fO 1500) e 1(1295) 07:(0 B i) ao(1950) 11(0 j: i) . K1*(1680) 1/2(17) | ® Bi/Bg A[gMIXTURE >Z<(4126(§Jg ';1(71?1)
e (1300)  17(0 N +) « (1950)  0F(2 N +) o« Kp(1770)  1/2(27) |  B*/B%/BY/b-baryon ¢(4200) ")
o a,(1320) 1+(2 N +) ¢a(1970) 1-(4T )| g kra780) 172337 /‘\/DMIET‘ERECKM e | 1(4230) 0+(1 )
L 6(1370) 0_(0 B +) p3(1990) 1__|—(3 : _T_) ° K2(1820) 1/2(2—) trfi aETeme?ll%S a- RCO(424(3|:) 1 (S?+ )
fO ( 1 7 1 O) ® 7T1(14-00) 1+(1 B +) 7T2(2005) 1+(2 n +) K(1830) 1/2(0—) o B* 1/2(1—) X(4250) I ( _ )_
e 17(1405) 0_(0 . _) e ,(2010) 0+(2 N +) K?(1950) 1/2(0—|—) o B;(5721)F 1/2(1+) »(4260) 0 (1 . +)
. hlgggg (1)_8 i +; ?(gggg) 8+(2 L | Ka980) 17221 | @ By(5721)° 1/201%) | * i?l(:fg;) g El + )
e f,(1420) OFT(1 T 1) ) 7:2((2100)) 1—52 - +; * EZ((QQS:(?)) 1;2%‘&; B*$;353+ ;(/?2.()2+) e)(4360) 0 (17 7)
. — 2 i -
K(1430 K (1430) relem) 0 0L pe COTI ke a2ty | essemre 126 |G 00T
J A VA : (1450) 1_(0 ) ’5(22115500) (1) Ji O ki3so) 1257 | B(ssa0)t  1/2(7) :ﬁ((4433) 1+El + —;
:a(()§450)) 1+E1 B _; p(2170) 0—(1 B —) K4(2500) L/2(47) | By(5840)°  1/2(7) C (4500) 0F(0+ )
3 . 2(1475) 00— +) ) Z((QQOO)) O+EO + +)) K(3100)  2°(277) | e B,(5970)" 1/227) |, ZEZ%O) 0= (1~ )
2<1 0 e f(1500) 0T (0t T)| f(2220) ot(2T T CHARMED * B4(5970) 1/2A7) Xco(4700) 0F(0 )
— fi(1510) ottt or 4T 1) (C=+1) BOTTOM, STRANGE —
16 mn e 1,(1525) 0T TT) | p(2205) ot~ H)[TpE 1/2(07) | (B=ELS=F) | nonqd states)
- h1ses)  0t(2T )| pa(2250) 1H(3T )| 40 2007) 252 00 )
: : e K s 1 B
| A o D* + : °
= 2 em(i600) 17| hEsa0) 0t || gggégio ﬁo+§ ey ond) | twlP) ottt
% - Jil | o 0a1(1640) 1°(1T )| e5(2340) 0TCT)| progooyt  1/2(0M) 311(5840)0 0(2+) oxs(1P)  0F(1TT)
= S 7% A60)  0HRTH) | ps(350) 1t ) o | e e o [emaR) 0t
= - " AR JIN em(ies)  0re-)| 60510) 0767 ) | pemae  varn L) M) Jexmip) ottt
To) = b/ i\ > e w(1650) 0~ (1~ ) D1 )o /A +) BOTTOM, CHARMED | m(25)  o0t(0—™T)
— & P OTHER LIGHT D1(2430) - 1/2(17) B Co i1 T(2S) 0 (1~
?) - & ‘/ \:‘.‘ *ws(1670) - 07(3 ) Further States * D*(2460)0 1/2(2+) S . ')"( lg O_(2 - _)
[= - R e Dj(2060)*  1/2(27) | *Bc R 2((2P)) o+§o + +§
O - ® Nv D(2550)°  1/2(2%) | Be(29)* 0(07) | 2 1+ +
> b iy Dy(2600)  1/2(7)) = Pl
LL] - 7 o i O D*(2640)*  1/2(7) (+ possibly non—qq states)| o ’ +(o++
— {D 05 0.0 D(2740Y0  1/2(27 Xp2(2P) 07 (27 7T)
= 0 D£ 275()) 1/ 2(3_) e (1S) 0T )| eT(3S) o0—(1— )
~ 3(2750) - 12B 7)1 | sy o1 )| exm(3P)  0T(1+ )
D(3000)° 1/2(27)
’ e yco(1P) O+(0++) ® x52(3P) O+(2++)
exci(lP) 0FT(ATT)leT(ds) 0717 7)
AT NN R S NS S B SRR R e he(1P) 0~ (1T 7)| e Z,(10610) 11(11‘)
e xeo(1P) 0+(2++) e 7,(10650) 17(1 ™" 7)
1 6 1 8 20 22 24 .zc(zgs) ot(o— 1) Tb(10753) 7?(1__)
's (GeV) ey(25)  0—(1— )| e T(10860) 0—(17 )
e 7(11020) 0~ (1~ 7)
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e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.
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LIGHT UNFLAVORED STRANGE CHARMED, STRANGE ¢T continued
(S=C=B=0) (S= +1, C= B =0) (C=S=+1) IG(JPC)
6(JPC) 16(JF°) (J7) ") [ew@ro) o)
o 7t 17(07) | em(1670) 12~ F)| e k* 1/2(07) | o DF 0(07) | evn(3823) 0~ (27 )
o 70 17(0~ T) | e(1680) 0 (1~ ~)| @K 1/2(07) | e DI 0(?%) °y3(3842) 0737 7)
o 0T(0 =) | o p3(1690) 1F(3~ )| e KO 1/207) | o D%, (2317)*  0(0F) Xco(3860) 0T (01 T)
PC e f5(500) 0Tt T)[ep(1700) 1T(1 T 7)| e KO 1/2(07) | o Dy (2460)= 0(1F) | ®xc1(3872) 01T T)
J e p(770) 17(17 7) | ea(1700) 17 (27 1) | o Kz (700) 1/2(07) | o Ds1(2536)* 0(1F) | @ Zc(3900) 171+ 7)
«w(782)  0T(LT )| ef(1710) 0T(0T ) [ek*(892)  1/2(17)|eDi(2573) o(2t) | *X(3915) 0F(0/27 )
. . e7/(958)  0T(0 " T)[ n(1760) 0T(0 T )| eky(1270)  1/2(1F) | e z);l(z?oo)i 0(17) | ®Xc2(3930) Oj (%j )
Slnglet trlplet e7(980) 00T T)[ex(1800) 17(0” ") | eky(1400)  1/2(1) D%, (2860)F  0(17) X(3940) = 7°(7°)
«3(980)  17(0" )| £(1810) Oj(2_+++) «K*(1410)  1/2(17)| pz,(2860)* o(3~) | *X(4020)* )
*6(1020) 0~ (1 A )| X(83) 70T | ek;(1430)  1/20%) | p3040)F 027 | *U4040) 0_(1?+ )
07 [ e SRS o
o b ® 1 K(1460) 1/2(07) o7
©a1(1260) 17 (11T T)[em(1880) 1~(2— 1) - (B= £1) X(4100)* 17(?77)
1 +— (O 1 2) ++ . 7‘21(1270) ottt pfl900) 1H1— ) gi(lti%(;) ﬁg?)) o B* 1/2(07) | ® xe1(4140) ot (1T )
y o £,(1285) 01(1 J_r j:) £(1910) of(z i i) Ky(1650)  1/2(17) | ® B° 1/2(07) | *¥(4160)  07(1 =)
2 — 4 1 2 3 . en(1295)  07(0~ +) a(1950) 1+(0 N +) o« K*(1680)  1/2(17) | * Bi/Bg A[gMIXTURE >Z<(4126(§Jg ;Jr(71+)
y &y e (1300)  17(0 N +) « (1950)  0F(2 N +) o« Kp(1770)  1/2(27) |  B*/B%/BY/b-baryon ¢(4200) ")
o a,(1320) 1+(2 N +) «(1970) 1 (4T )| g kia780)  1/2(37) ,;A/DI\;IL)ST‘ER%KM | 1 (4230) o+(1 )
* 61370 0T(OTT) | pa(1990) 1B ) 4 1820)  1/2(27) | ek Elements " | Reoli240) 170 )
emi(1400) 1T m(2005) 127 k(1830)  1/2(07) | e B 1/2(17) | X(4250)7 17(F )
Thany 00| heo) orpr)| U 120D eBi 1200 | TR o +§
. 1(1420) 1_(1 i +) f0(2 ) +(4 i +) K3(1980)  1/2(2T) | 31(5721)0 1/2(17) 3‘(6(2350) o (27)
of ((1420)) O+El - +; " 2015000) (1)—(2 - +) o Ki2045) 1/2(4T) ) Bj(5732) - A(7) e1(4360) 0 (1~ )
1(1420) 0 (17 ) 71:2(2100 | o+(o T +) Ka(2250)  1/2(27) |« BT 1/2(27) ¥(4390) 07 (17 7)
T 0(2100) +( n +) K3(2320) 1/2(3%) | o B5(5747)°  1/2(2T) mis 0—(1- -
(11‘21%) (1’_((2) L) RO OTRT I ye03s0)  1j2(57) | By(s8a0)t 1727 :ﬁ((4433) 1+El L _;
* 2(1450) +( )| 2150 1T Ki(2500)  1/2(47)| By(5840)°  1/2(2%) ¢ T
©p(1450)  17(17 ) feg(2170)  0T(1T )| o 2230 | o Bosoroyt  1/2(27 Xco(4500) 0T(0 )
en(1475) 0T (0~ T)| f(2200) ot(TT) (3100) () BJ (5970)0 1/ 2(7?) e (4660) 0 (1 7)
e f5(1500) 01(0 1 i) f,(2220) 01 (2 j:t CHARMED * B,(5970) /A7) Xco(4700) 0T (0T T)
f(1510) 0T (1T 1) or4t ) (C=+1) BOTTOM, STRANGE —
o fi(1525) ot(2T+ +o-H) [ - B=+1,5= L bbb
f22((1565)) 0+E2 + +; Zi?i;:())) 3+Eg - —; . g;t 1;§ES_§ R B(s)( - 0::;)_) (4 possibly non-qq states)
> o | o) e Va0 s [ o
1 s o D*(2010) 1/2( ) x(5568)i ?2(2%) y
) em1(1600) 17(1 . i) f,(2330) oi(o i i) . D*(2300)0 1/2(0%) | « 358300  0(t) |° XbO(LF;) 81((1) i I
eai(1640) 17(1F )| eh(2340) 0T peozogyE  1/2(0%) | e 3*2(5840)0 o2ty |° Xe1(1P) - 07( i ")
h(1640) 0T (2T )| ps(2350) 1T(5T )|, 01(2420)0 1/2(1+) B, (s850) 72(2") | ° 16(1P) O+(1 4
enp(1645) 0t~ F) | £(2520) 06T | p aan0)r 12027 *xealP) 07270
e w(1650) 0~ (1~ ) Dy(2430)°  1/2(1+) | BOTTOM, CHARMED np(25) 0T (0T )
\ . D OTHER LIGHT * (B= C=+1) eT(2S) 0 (17 7)
w3(1670) 07(37 7) o D3(2460)°  1/2(27%) D
urther States e B+ — e (1D 07 (2
Further > . D*(2460)i 1/2(2%) | * B¢ 0(0™) ( 2P) o+(o n +)
E D(2550)0 1/2(??) BC(QS)i 0(0™) : :Z?EQP; 0+E1 + +;
1250 D3(2600)  1/2(7) hy(2P 0-(1Tt—
D*(2640)* 1/2(?3) (+ possibly non—qq states)| o XIZE(QI)D) 0+EQ + +;
0 !
D£2740) 1/2(?_) o 1(15) 0+(0 — _|_) o T(35) 0—(1~ )
1000 D32750)  1/267) [ 25 0-(1- )| exa(3)  0F0 )
5 27 /1(1S) ( )
D(3000)"  1/2(7°) | 4\ o(1P) 0Tt 1) | ex(3P) 0T(2TT)
exa(lP) ot@atT)|eT(sS) 0 (17 7)
750 . ;,(Célp) 0~ (1 )| ®2Zy(10610) 1T(1 7T ™)
,’ o xo(1P) 0t T F) | e2Z,(10650) 1H(1F )
) enc(25) ot~ )| raors3) (1)
500 o 1(25) 0=(1~ 7) | e T(10860) 0~ (1~ 7)
e T(11020) 0~ (1~ 7)
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e Indicates particles that appear in the preceding Meson Summary Table. We do not regard the other entries as being established.

Exotics Jre
singlet triplet o
“l (=0 0 F 1
X(6900) . cccc ®  ccqqq

4750} Xeo4700) (=11 17 (0,1,2)*+
T w(4660) _ _

e (=21 27+ (1,2,3)

Xc0(4500)

45007 S y)  sp*
W(4415) —— P.(4440) "5
=Y(4390) - _P_z.(43.86_)_ ___________ C ____.

B S p(4360) Xa(4274) Reot4240)—-- e P(#3T2)
4250F —Y(4230) —— — Zc5(4220) ‘
_(4160) X(4140) Z(4250) Z_(4200)
Yy e C
2000 D*D" £(4950) Zc(4020) 00y Jlwp__
S sy GUAOAQY T T Yo
X(3915 (3930
DD* Tec al f X(3872) X2(3530) Z(3900)  Zcs(3985)
---------- T L L Snf s LY ' T WEURSS————
Xc0(3860) w(3770) —_—
375020 ] G2
f)c(25) r—
hc Xcl XCZ_

3500+ Yoo

3250
Jlw

3000+ e

7|77 O—I+ O-|-|+ 1—|— 1—|+ 1+|— 1+|+ 2—|— 2-|1+ 7197 O—I— 1+|— ZCS I_')IC
] | ] | J
|=0 | = [=1/2
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RED STRANGE CHARMED, STRANGE ¢C continued
(S= +1,C= B =0) (C=S=+1) IG(JPC)
1°(J7%) [(J7) ) [eu@rmo) o )
N1 (27 T)|e K;t 1/2(07) | o Dfi 0(0?—) . ¢2E3823; Ez - —;
)| e K 1/2(07) | e D 0(?7) ® 13(3842 37
o K 1/2(07) | o D%,(2317)* 0(0T) | Xco(3860) OJ“(0 )
VKO 1/2007) | o Dy;(2460)  0(1F) | ®Xxc1(3872) 0T (1)
K5(700)  1/2(0T) | o Dyy(2536) o(1F) | ®Zc(3900) 1T(1T )
K*(892)  1/2(17) | e D%,(2573)  o(2F) | *X(3915) 0F(0/27F )
Ki(1270)  1/2(17) | e D;‘1(2700)i 0(17) | *Xc2(3930) 07(2 ")
o Ki(1400)  1/2(17) (2860)i 0(17) X(3940) ?'Jr(?'?'l
W ) e | 0,
\- ) | o Kx(1430 1/2(0 + ? .
°¢3(1850) 0 (37 )| e K%E1430§ 1§2E2+; (3040) ) X(4050)% 17 (2°F)
e p(1870) 027 )| k(1460) 1/2(07) BOTTOM X(4055)F 1T(277)
em(1880) 172~ )| joa580)  1/2(27) (B= +1) X(4100) 17279
p(1900) 1+(1 ) K (1630) 1/2(??) o B 1/2(07) | ® Xc1 (4140) O+(1 T +)
$,(1910) O+(2 + +) K1 (1650) 1/2(1+) e B 1/2(07) | ® ¥(4160) 0 (17 7)
a(1950) 1=(0 T )|, K*(1680)  1/2(17) | ® B*/B® ADMIXTURE X(4160) 77 (777
«H(1950) 0T T )| gy 770)  1/2(2-) | @ BE/BY/BY/bbaryon | Ze(4200) 1F(1 )
e2,(1970) 1-(4+ 1) . K2*(1780) L/2(3) ADMIXTURE e (4230) 0—(1~ )
ps(1990)  1YB77) | o poima0) 12y | o 39 Vie CKMMa- | Riy(4240) 1H(0 - )
(2005) 1-(2- +) ° K2((1830)) 1?2%0—; . tBrl*x Elements /217 X (4250)* 1—(_7?—|—)
e ,(2010) 0+(2 + +) Kx(1950) 1/2(0—|—) o B;(5721)F 1/2(1+) ¥(4260) 0~ (17 7)
6(2020) 01(0 ::: __::) Kg(1980) 1/2(2—|—) ° 31(5721)0 1/2(1+) ® Xc1 (4274) 01(1?‘:_4‘)
. ﬁz((2201500())) (1)_5‘2L i +; o K% (2045) 1/2(4+) Bi(5732)  2(7Y) . 2((2528)) 8—8 ) )
s . B 4 o
£(2150) 0T (2T ™) 3*( ) / ( J1e ( )+ /A 7) °y(4415) 07 (17 7)
p(2150)  1T(1 7 ) K5(2380) - 1/2(57) | B(5840) 12(0) | Z.(4430) 1T(1T )
es(2170)  0—(1— ) K4(2500) 1/2(47) | By(5840)°  1/2(7%) Yeo(4500) 0F(0+ )
h(2200) ot(o++)| KGO0 M) | e By(sT0)  1/2(7)) . 1/1?‘)‘660) 0 (1~ 7)
0(2200) SO ¢ B(5970)°  1/2(7°) g+ +
f,(2220)  07(2 j:t CHARMED Xco(4700) 07 (0T )
(C=+1)
1(2225) 0(3:(1(; - +)) e D* — 1/2(07) BO(LTZOL\EA L SgT:RQ'l\I)GE b
5(2250)  1H3— )| o po 20 [+ B0 0 (+ possibly non-qq states)
«H(2300) 02T H) | ¢ pr2007®  1/2(17) | e B o1-) | em(s) 0T
f(2300)  0T(4FF) | ¢ pr(2010)*  1/2(17) X5(5568)i 27y | 0TS 0T
£(2330) 01(0 i i) . D*(2300)° 1/2(07) | o By (5830 o(1t) | ° Xbogg 818 i 1)
° f2(2340) 0 (2 ) (2300):I: 1/2(0+) e B* (5840)0 0(2+) ® X b1
+(5— — 52 o hp(1P 0 (1t—
oo ot 0181‘3331 Loy | et 0 |k ot
21300 1/0(1+) | BOTTOM, CHARMED | 7(25) ~ 07 (0~ ™)
OTHER LIGHT Di(2430) - 1/2(17) B Co i1 «T(2S) 0 (1™~
o D3(2460)°  1/2(27) ( ) (29) ( )
Further States + - e 175(1D) 0~ (27 7)
° * + + o B 0(0 )
D(2550) 1/2(?) c .
D*(2600) 1/2(?3) — 2(552%’;) gjg i J_r;
D*(2640)*  1/2(?7) |(+ possibly non—qq states)| o . (op ot(o++
DR740)  1/2(2)) Xe2(2P) 0727 T)
Dz (2750) 1/2(:;,_) enc(1S)  0T(O~F)[eT@Bs) 0 (17 7)
Dy oy | Sy 0T (T ) fexn(3P) 0t(1t ™)
( ) /2(7%) * xco(1P) 0+(0++) e x2(3P) 0+(2—|—+)
exa(lP) 0F(TT)leT@s) 0(177)
o he(1P) 0~ (11 )| e2Z,(10610) 1T (1+ )
o xo(1P) 0t T F) | e2Z,(10650) 1H(1F )
enc(25)  0T(0—T)| T(10753) ?°(1 7 ")
o 1(25) 07(1~ 7)| e 7(10860) 0 (17 )
e T(11020) 0 (1~ )
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