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Motivation

e Understanding of hadronic resonances.

e Study the decays of two nonets of excited vector mesons
predominantly corresponding to 12D, and 235;.

o Making predictions for 5s state in 12> D; nonet.
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JPC classification

]State‘S‘L‘JHP‘C‘JPC H Mesons ‘ Name
ISo [ofofoll-]+]o0F T nn K pseudoscalar
3 [1lofol -]- 1~ p w ¢ K* vector
e Joj 1] +]- 17 ||bs hi Ay Ki | pseudo-vector
Sy [ Llrloll+ [ +]0" [la fo fo K; scalar
Sy (|||l + |+ 1" e fi fi Ki| axial vector
Sy (1|12 +|+|2"F lax fo fb K tensor

e Not all quantum numbers are permitted for a quark - antiquark
states.

JPC — 0+_, 1——%-72—&-—7 -

are exotic quantum numbers.
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Table 15.2: Suggrste 7 quackemadel assgrasents for some of the observed light mesons. Mesons in bl face aee fncluded i the
Meson Summary Table. The wave functions J and f* ace given in the text. The singleoetet mixing angles from the quadratic and finear
mass formular ase also given for the well established oncts. The clamification of the 7+ mesons & tentat

oS0, of500) a3 S00) s ot conere 1 b e s ot o : .
fsoaenlar 0+ s are expecec t b 1 picular. the. fo 1710) miwes with she fo(1500) and s 1570). The ag(1450) s ot iy
el S s ~Note on Notg] mescan’ e the “Note on Scalns Mesons” L Mcsos Lisigs Do et e aleratie sl
o he 172 et the inecalar ot = disptee b e fy{1510) The ol sesgnments i the 215 (1) mamet Az Al benative. See
the "Note on The Peudoscalas and Preudoveetor Mesoas in the 1400 MeV Region” in the Meon Listings.

JFe O
! [l ]
105, o= - K n o (958) -4 -m5
1% = (770} K*(s02) s(1020) w(T82) 301 304
1'p - ba(1235) Kyg' g (1380} ha(1170)
135, [ (1450} Ki1430) al1710) Fal1370)
1%p iad a3 (1260) K F1(1420) A(1288)
1%, 2+ a3(1320) K3{1430) Fi(1525) fa(1270) az1 ;05
10y 2=+ ma(1670) Ka(1Tr0)! na(1570) na(1645)
10, 1 p(1700) K(1680) w(1650)
14Dy - K2(1820)
10 pal1680) K3(1780) éq(1850) wal1670) s s
1R Dad as(2040) K3(2045) fa(2050)
135 5 pal2350) K(2380)
13Hy [iad ag(2450) Jei2510)
=(1300) (1400 n(1475) n(1208)
p(1430) ~(1410) s(1680) w(1420)
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Table 15.3: §T quark-model assignments for the oheerved heavy mesons with established 7. Mesons in bold face are included in the
umumary Table.

+ig, JPC 1=0 |!{. 1=0 =0 =0
4 e, . v, ol =T 3 T
15 o 715} w(15) D DF B B
1% 1 Jfe(15) T(1S) o o B By
' 1+ hALP) ha(1P) Dy{2420) D,y (2536)% By(5721) B,1(5830)°
1%, 0+ xa(1P) xa(1P) Dy(zan0) | D iz
1% = X (157) X (1P) I (2430) o, (2a60)=
1 T xe2(1P) xa2(1P) Di(2a60) | Di(2573)% By(sTar) | Bl(ssa0)®
1%m - =(3770) 7, (2560) =1
13D, 3— Dy (2860)%
25 o n{25) w(25) Dizs50)
2185, - $(25) Y(25) 3, (2700) =1
2'p 1= hg(2F)
2%aa 075N | yea2P) | aeaa(2P)
3 R 0 1R 7 xa(3P)

! The masscs of these states arc considerably smaller than mest theorctical predictions. They have alo been considered as four-quark states
¥ These states are mixtares of the 1901 and 275, states.
The open favor states in the 1+~ and 1 ixtures of the 145 staies,
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Decay

Of excited vector mesons

Type of excitation

Radially excited
vector mesons

Angular momentum excited
vector mesons

Quantum numbers

n 25F1p ;=235

n 2°FIL, =13D;

Notation Vg Vp
s 1T 11T
n 2 1
L 0 2
Q/V
7 Z)—+X
orbital O

Radial function

R34
03
02
o

i T sase7 ™

i,
012 34 567

Associated states

p(1450), K*(1410),

p(1700), K*(1680),

$(1680), w(1420) $(1930), w(1650)
Decay types Vg — PP Vp — PP
Vg = VP Vp = VP
Vg = P Vp = P

ited vector m
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Nonets of mesons

0 L L0
1 nNtw o+ K+ wh 4pt nt KHrt
1 P i
P = \/,E vz ny =70 K0 vH = L1 MQ/E wh —ph0 K H*O0
i V2 V2| oe 2
K= K0 ns Kh*— K H*O PH
o 10 wo, p0
“’E\J}”E p%‘f’ Kg*+ “’D:}pD p%Jr K’E)*+
2 2
vH = L _ Wt ok o vHh — 1 _ wh ,puo o
E V2 phy EﬁE K> D~ V2 o' D 2D KB
ok — o Hx0 I Hx— px0 "
Kg Kg 5 Kp K )

@ P={rmK,nn'}

® V = {p(770), K*(892), $(1020), w(782)}

® Vi = {p(1450), K*(1410), $(1680), w(1420)}
@ Vp = {p(1700), K*(1680), $(1930), w(1650)}
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The Lagrangian

The Lagrangian of the model is:

L=Lgpp+ Lppp+ Levp+ Lpvp,

where:
Legpp =igeppTr[0"P,Ve P Lppp =igpppTr[0"P,Vp ,|P
Leve = geveTrVE {Viw, PY]  Love = goveTr[VE {Viu, P}]

gepP,dDPP,JEVP, gDV P— coupling constants of the different decay types.

@ R — P through ,vector meson dominance”
V/,Ll/ % V/,Ll/ + %QFP‘V

F,,— field strength tensor for photons
eo =VAra am1/137 g, ~55+05 Q=diag(3,—%5,—3)
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£y = ia Tr[[8* P, V,]P] =

ia {K;O((au?‘))ﬂo — K0+ %) — V2(OFK T )nT 4+ V2K~ (9H )
+ (00K = nn (0WRY) + VEng (94 R?) — V304 ns)K°)

+ RO (KO (@#70) — (94 KO)n® — VEKF (87~ ) 4+ VE@OH KT )m™

+ N (0MKO) = (0#nN) KO — V2ng (0" K°) + VE(04ng)K")

+ KT ((3#K+)Tr0 — KT (0#7%) — VZKO (8 nT) + V(9L KO)nt
+ N (OHKT) — (00N ) K — Vang (0MKT) + VE(0Fng)KT)

+ K;+(K*(aﬂn0) — (" K)r0 — V20K )r~ + V2K (9% )
+ (" aN)KT =y (0K T) + VEng (04K T) = V3(0hns)K ™)

+ 09 (F“(aHKO) — (KK + KT (OPK ™) — (M KT)K~ + 2nt (9Mn~) — z(a#ﬁﬂf)
+ i (VZEH (04 R®) = V2(0r KR 4 200 (95 F) — 2(84x0)nt)
+ ot (VKO (0K ™) = V2(0H KO) K~ + 2(047%)n ™ — 2x0(9% 7))
+ W(Ko(a#?‘)) — (O*KNYK? + KT (9HK ™) — (8“K+)K’)

+ \/iqs((aﬂxo)ﬁ’ — K9OPE®) - KT (0P K™) + (a#KﬂK*)}.
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Lo = b Tr[EM (Vi 1, P} = 2b VP Tr[(80 E3){ (84 Vs,,), P}]
= ge“”“ﬁ {(0arf,5) (27" (Ouws) + 205 (0up)) = KO0 K0) = KO0, K%) + K (0, K) ) + K~ (9,
+V2(0app 5) (V2r T (uwn) + VEnn (9upl) + KT (0,KL%) + R0, K1)
+V2(0arf 5) (V2 (0uw) + VEnn (9upy) + K (0,K5%) + K0, K} 7))
+V2(0adp,8) (205 (9ud0) + KO OuK,") + KO0 K% + KT (0,K)7) + K~ (0. K. 1))
+ (Oawp,p) (20 (Oup)) + 201 (Oupy ) + 27 (9upy)) + 20 (Bputon)
+ KO0, 0) + KO0 K0 + K (0K ) + K~ (9K 1))
+ (0a K3 5) (KO (0uwn) = n*(0,K%) + Var T (0, K 7) = KO (0upy) + V2K (0upy))
+ v (0uK %) + Vans (0, K ;) + V2R (9,.60))
+ (0K 5) (KO (Opwp) = 70, K ;%) + Var~ (0, K1) = K(0up)) + V2K (90,)
+ N (0K L0) + Vans (0u K[ ") + V2K (8u¢1) )
+ (oK 5) (KF (@pwn) + 70 0uK)T) + Vot (0uK10) + KT (0u0)) + V2K  (9up))
+ N (Ou K T) + Vans (0K ) + V2K T (0,60))
+OaK ) (K™ (0uwn) + 70 (0, K5 7) + V2r (0, K% + K~ (0up)) + VIR (0upy,)

+ N (Ou K] ) + Vans (0,K] 7)) + VEK T (8ué0)) }
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cay widths

TYPE OF DECAY

@ R— PP @ R—-VP R—~P
03 ) R
F'rypp = SGXC#?Q[Q’%ARPP}Z Thovp = Sﬂ[gigp Arvp]?

127
EXAMPLES

o K*(1410) - K
. ( _) K ® ¢(1680) — $(1020)7
" (\15\15”0)_)1("9151:13 1 , 2 r = B2 (amyp 5in0p 2
ez LEPP 2 (cosbp — V2sinbp)] $(1680)—¢(1020)n Tom 2 7z

K*(1410)
where:
IE‘ o \/m%{»(nlg7m§)272(m§+m§)7n%'

2m ’
mp— mass of the decaying resonance;
gipP,9;v p— coupling constants (1 = E, D);
60— mixing angle (6 = 420);

mgq, mp— masses of decay products;
S— symmetry factor;
A— amplitude factor.
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Preditions for ¢, state

@ 55 state in 13D1 nonet - resonance not yet known.
@ Mass of ¢(?77)

Ve p(1450) K*(1410) | #(1680) | w(1420)
Vb p(1700) K*(1680) Pp w(1650)
Difference 250 MeV 270 MeV 7 230 MeV

Mg, ~ My (1680) + 250MeV ~ 1930M eV,
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Coupling constants gppp, gevp

© TS 110y icn = 15.3 4 3.3 MeV

e 3
_ ptheory _ 3|k(mK*(1410)amK7mﬂ)| (2EEE
K*(1410)—Km — 6mm 2

)2

=

2
K*(1410)

© Iy ieasy = 150 £ 50 MeV

. Fth(.eo'ry) (s92) :4‘E(m¢(1680)vava*(SQQ)H:}(gEvp \1[)2
@»(1680)—K*(892)K 127 2 22
_ Fﬁzeory) ( = |E(m.g(1680) ¢ (1020)smn) | (9EVE sinfp )2
$(1680)—¢(1020)n 127 2 V2
_ Ftheo’r‘y -9 ‘k(m¢(1680)7mKﬂmK)|3 (ngP L)Z
K 2
$(1680) =+ KK 677m¢<1680) 2 V2
theory _rpezp 2
s *
@ Floppp. omvp) = K (141:;5;) K*(1410) > K 4
K*(1410) > K
ptheory +Fthco'ry +Fthco'ry _ _ptot,exp \ 2
$(1680)— K*(892) K '~ ¢(1680)—$(1020)n | $(1680) > KK _ $(1680)
Tof,eap
(1680)
@ grpp — 3.66 £ 0.4 gevp — 18.4 + 3.8
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Coupling constants gppp, gpvp

@ K*(1680)
Tr*(1680) s Kp — 192404
Dre*(1680)— K | exep ’ ’
_ Ftheory -3 |E(mK*(1680)’mK7mP)|3 (gDVP 1)2
K*(1680)—>Kp 127 2 4
_ Ptheory _ |k(mK*(1680)’va'm7r)|3 (gDpp l)2
K*(1680)—>Km 6’"”%(*(1680) 2 2
@ Determination of I' g« (1680)— K
Tk*(1680) s K
— ——fotesp—— = 0.387 + 0.036
Ftoi,emp exp —
ot fxp(laso) exp = FK*(1680)*>K7I' =79+ 21MeV
_FK*’(1680) = 205+ 50MeV
@ F(gpprp,gpvp) = ,
theory

5 K*(1680)—»Kp L K*(1680)—=Kp
theory _ nexp theory T " (1680) > K
(FK*(IGSO)HK‘K FK*(lGSO)ﬂKw) + PR (1680) s K ( ) K

eTP T
T K+ (1680 Kom) 5 K" (1680) 2 Kp
K*(1680) > K

exp

exp

@ gppp =7.154+0.94 gpvp = 16.5+£ 3.5

Milena Piotrowska (U Excited vector m ns: phenomenolog June 30, 2017 15 / 29
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Decay widths R — PP

Decay channel Symmetry factor Amplitude
Vg — PP Vp — PP

p(1450) — KK p(1700) - KK 2 1

p(1450) — 7 p(1700) — 7 1 1
K*(1410) — K= K*(1680) — K 3 1
K*(1410) — Kn K*(1680) — Kn 1 $(Cosbp — V28inb)p)
K*(1410) — Kn' | K*(1680) — Kn' 1 1 (V2Cos0y, + Sindy)
$(1680) - KK $(1930) - KK 2 %

w(1420) - KK w(1650) — KK 2 3

enomenolog




Decay widths R — V P

The Results
0®000000000

ited vector m
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Decay channel Symmetry factor Amplitude
Vg — VP [ Vp — VP
p(1450) — wr p(1700) — wm 1 3
p(1450) — K*(892)K p(1700) — K*(892) K 4 b
p(1450) — p(770)n p(1700) — p(770)n 1 %COSQP
p(1450) — p(770)n’ p(1700) — p(770)n’ 1 £ Sinbp
K*(1410) — Kp K*(1680) — Kp 3 1
K*(1410) —» K¢ K*(1680) — K¢ 1 ﬁ
K*(1410) —» Kw K*(1680) — Kw 1 :
K*(1410) — K*(892)w K*(1680) — K*(892)w 3 z
K™*(1410) — K™*(892)n K™*(1680) — K*(892)n 1 %(Cosﬁp + V28inbp)
K*(1410) — K*(892)n’ K*(1680) — K*(892)n’ 2 £ (V2Cos0, — Sinbyp)
¢(1680) - KK* ¢(1930) — KK* 4 2—12
$(1680) — ¢(1020)7n $(1930) — $(1020)n 1 %smep
¢(1680) — $(1020)n" $(1930) — ¢(1020)n" 1 %Cosep
w(1420) — pm w(1650) — pm 3 1
w(1420) — K*(892)K w(1650) — K*(892)K 4 b
w(1420) — w(782)n w(1650) — w(782)n 1 %COSQP
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Decay widths R — v P

Decay channel Symmetry factor Amplitude
Vg 24P | Vp AP

p(1450) — 7 p(1700) — 7 1 z
p(1450) — p(1700) — 1 1Costy
p(1450) — ~vn’ p(1700) — ~vn’ 1 1 Sinbp
K*(1410) — vK | K*(1680) — vK 1 i
¢(1680) — 1 $(1930) — n 1 1 Sind,
$(1680) — vn' $(1930) — vn’ 1 1Cos0,
w(1420) — 7 w(1650) — 7 1 3
w(1420) — 7 w(1650) — 7 1 2 Cosby
w(1420) — v’ w(1650) — vn' 1 1 Costy

ited vector m enomenolog



Resul

Radially

The Results
000@0000000

Decay process Vg — VP [ Theory [MeV] [

Experiment [MeV]

p(1450) — wm

74.7 + 31.0

~ 84 + 13 seen by CLEGG

p(1450) — K*(892)K

6.7 £ 2.8

possibly seen by COAN

p(1450) — p(770)n

9.3 £ 3.9

< 16.0 + 2.4 seen by DONNACHIE

p(1450) — p(770)n’

~ 0

not listed in PDG

K*(1410) — Kp

12.0 + 5.0

< 16.2 £ 1.5 by PDG

K*(1410) — K¢

~0

not listed in PDG

K*(1410) —» Kw

3.7+ 1.5

not listed in PDG

K*(1410) — K*(892)w

28.8 + 12.0

> 93 + 8 by PDG

K*(1410) — K*(892)n

~ 0

not listed in PDG

K*(1410) — K*(892)n’

~ 0

not listed in PDG

$(1680) - KK*

110 + 46

dominant, Ity = 150 + 50 by PDG

$(1680) — ¢(1020)n

12.2 + 5.1

seen by ACHASOV

$(1680) — ¢(1020)n’

~0

not listed in PDG

w(1420) — pm

196 + 81

dominant, I'to+ = (180 — 250) by PDG

w(1420) — K*(892)K

23+ 1.0

not listed in PDG

w(1420) — w(782)n

4.9 + 2.0

not listed in PDG

w(1420) — w(782)7n’

~ 0

not listed in PDG

3

K3 g4 2
@ I'rvp = S%[#ARVP]

T

ited vector m

enomenolog




The Results
0000@000000

Resul

Radially excited vector mesons: Vg — PP

l Decay process Vg — PP Theory [MeV] [ Experiment [MeV]
p(1450) — KK 6.6 + 1.4 < 6.7 £1.0 seen by DONNACHE
p(1450) — 77 30.8 + 6.7 ~ 27 + 4, seen by CLEGG
K*(1410) - K7 15.3 + 3.3 15.3 + 3.3 by PDG
K*(1410) — Kn 6.9 + 1.5 not listed in PDG
K*(1410) — Kn' ~ 0 not listed in PDG
$(1680) — KK 19.8 4 4.3 seen by BUON
w(1420) —» KK 5.9 + 1.3 not listed in PDG

[L2E Xppp)?

1E®
2

R

@ T'rpp=S5j
ey
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Radially excited vector mesons:

@ I'g,\p

The Results
00000800000

l Decay process Vg — v P

Theory [MeV]

[ Experiment [MeV] l

p(1450) — 7 0.072 £ 0.042 not listed
p(1450) — 7 0.23 4+ 0.14 0.09 4+ 0.045
p(1450) — ~vn’ 0.056 + 0.033 not listed
K*(1410) — vK 0.18 + 0.11 seen
»(1680) — vn 0.14 + 0.09 seen
$(1680) — ~vn’ 0.076 + 0.045 not listed
w(1420) — 7 0.60 + 0.36 241
w(1420) — 0.023 4+ 0.014 not listed
w(1420) — ~n’ 0.0050 + 0.0030 not listed

_glE? [9ivE
ol 2

Arv p)?
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Angular momentum excited vector mesons:Vp — PP

The Results
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Experiment [MeV]

Theory [MeV] [

l Decay process Vp — PP

8.3 + 3.3 seen by DELCOURT

p(1700) - KK

40 £+ 11

75 &+ 30 seen by BECKER

p(1700) — 77

140 + 37

125 & 43 by PDG

K*(1680) — K=

82 + 22

not listed in PDG

K*(1680) — Kn

52 + 14

not listed in PDG

K*(1680) — Kn'

0.72 4+ 0.02

resonance not yet known

$(1930) - KK

104 + 28

not listed in PDG

w(1650) — KK

37 £ 10
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Resul

Angular momentum excited vector mesons:Vp — VP

l Decay process Vp — VP [ Theory [MeV] [ Experiment [MeV] l
p(1700) — wm 140 + 59 seen by ACHASOV
p(1700) — K™ (892)K 56 + 23 possibly seen by COAN
p(1700) — pn 41 £ 17 < 10 & 4 seen by DONNACHIE
p(1700) — pn’ ~ 0 not listed in PDG
K*(1680) — Kp 64 + 27 101 + 35 by PDG
K*(1680) — K¢ 1346 not listed in PDG
K*(1680) — Kw 21 + 9 not listed in PDG
K*(1680) — K*(892)w 81 + 34 96 + 33 by PDG
K*(1680) — K™*(892)n 0.5 +£ 0.2 not listed in PDG
K*(1680) — K*(892)n’ ~ 0 not listed in PDG
$(1930) - KK* 260 + 109 resonance not yet known
$(1930) — ¢(1020)n 67 + 28 resonance not yet known
$(1930) — ¢(1020)n" ~ 0 resonance not yet known
w(1650) — pm 370 &+ 156 205 £ 23 seen by ACHASOV
w(1650) — K*(892) K 42 + 18 not listed in PDG
w(1650) — w(782)7 32 + 13 listed in PDG
w(1650) — w(782)n’ ~ 0 not listed in PDG

enomenolog
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Resul

Angular momentum excited vector mesons:Vp — vP

l Decay process Vp — vP Theory [MeV] [ Experiment [MeV] l

p(1700) — ~vm 0.095 + 0.058 not listed

p(1700) — vn 0.35 + 0.21 not listed

p(1700) — yn’ 0.13 + 0.08 not listed
K*(1680) — 7K 0.30 + 0.18 not listed

#(1930) — vn 0.19 + 0.12 resonance not yet known
$(1930) — vn’ 0.13 £+ 0.08 resonance not yet known
w(1650) — vy 0.78 £+ 0.47 not listed

w(1650) = yn 0.035 £ 0.021 not listed

w(1650) — 7’ 0.012 + 0.007 not listed




The Resu
00000000080

[ MESON ¢(1930)

Quark composition S5

Old spectroscopy notation (predom.) n QS+1LJ =13D;

n (predom.) 1
S (predom.) 1 11
L (predom.) 2
JPe 1=~
Mass =~ 1930 £ 40 MeV
DECAYS
Decay channel Decay width
[MeV]
$(1930) - KK 104 + 28
¢(1930) - KK* 260 £ 109
$(1930) — ®(1020)n 67 + 28
$(1930) — ®(1020)n’ ~ 0
$(1930) — vn 0.19 + 0.12
$(1930) — vn’ 0.13 + 0.08

enomenolog
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Ratio PDG result Our result
r 5
22450 mm ~ 0.32 by CLEGG 94 0.41% 0.20
p(1450) 5w |oxp
r
LU KK < 0.08 DONNACHIE 91 0.088+ 0.043
p(1450) 5w |oyp
0.081 + 0.020 ALUCHENKO 15
Tp(1450) > np ~0.12
T (1450) s | ~ 0.21 DONNACHIE 01 -
> 2 FUKUI 91
r
2 Q410)spK < 0.17 ASTON 84 ~0.42
p(1450) = K* (892)7 |axpy
T .
2680 S KK 0.07 4 0.01 BUON 82 0.18 + 0.09
#(1680) > K* (892) K |oyp
r
2 ond 0.07 £ 0.01 AUBERT 08 ~ 0.11
#(1680) = K* (892) K |oyp
~ 3.7 DIEKMAN 88 + BIZOT 80
T'p(a700) ~ 3.5
T (1700) S KK 0.83 + 0.82 KURDADZE 83+ BIZOT 80 -
8.7+ 6.7 ASTON 80 + DELCOURT 81B
L p(1700)— K * (892) K 43 + 21 BIZOT 80 + ANTONELLI 88 ~1.37
T ,(1700)—np N'
exp 1.22 +0.27 DELCOURT 81B 4 DELCOURT 82

enomenolog




Conclusions
©00

@ Overall agreement of theory with data:
- theoretically large decays are clearly seen in experiments,
- theoretically small decays were generally not seen.

@ The results for the not—yet discovered resonance ¢p are prediction. This
resonance, even if broad, is measurable.

@ There are some open issues: some theoretical and experimental errors are too
large. K*(1410) is well established, but K*(1410) — K*(892)7 is too small
when compared to data.

@ We have just one radially excited p but there is evidence that another one
p(1250) exists.
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@ Radiative decays were determined via VMD. The radiative decays of Vg are
still experimentally poorly determined. For the d—vave vector mesons the
results are only predictions.

@ New experimental results for excited vector states are expected at the GlueX
experiment at Jefferson lab.
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Thank you for your attention
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