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Abstract

This document summarizes the possible photoproduction mechanisms for both normal and exotic-
hybrid mesons in GlueX. It then looks at the allowed possible decay modes for the exotic mesons, and
summarizes what the detected final states would be. For the normal mesons, the possible photoproduction
mechanisms are summarized. Of particular interest is the differences in photoproduction mechanisms for
the L = 2 vector mesons.

Mesons in The Quark Model

In the quark model, mesons are bound states of quarks and antiquarks (¢g). The quantum numbers of
such fermion-antifermion systems are functions of the total spin, S, of the quark-antiquark system, and the
relative orbital angular momentum, L, between them. The spin S and angular momentum L combine to
yield the total spin

J = La&S, (1)

where L and S add as two angular momentums.
Parity is the result of a mirror reflection of the wave function, taking 7 into —#. It can be written as

Plp(M] =9(=1) =npy(7), (2)

where 7p is the eigenvalue of parity. As application of parity twice must return the original state, np = £1.
In spherical coordinates, the parity operation reduces to the reflection of a Y}, function,

Yim(m = 0,7+ ¢) = (=1)"Yim(0,0). 3)

From this, we conclude that np = (—1)".

For a qq system, the intrinsic parity of the antiquark is opposite to that of the quark, which yields the
total parity of a ¢g system as

P(qq) = —(-1)*. (4)

Charge conjugation, C, is the result of a transformation that takes a particle into its antiparticle. For a
qq system, only electrically-neutral states can be eigenstates of C'. In order to determine the eigenvalues of
C (n¢), we need to consider a wave function that includes both spatial and spin information

(7, 5) = R(r)Yim(0,0)x(5) (5)

As an example, we consider a uu system, the C' operator acting on this reverses the meaning of u and .
This has the effect of mapping the vector 7 to the u quark into —7. Thus, following the arguments for parity,



the spatial part of C yields a factor of (—1)%. This exchange also flips the spin wave functions, and requires
separate analysis for fermions and bosons, although they both reach the same result. For bosons, we get a
factor of (+1) for S = 0 and (—1) for the S = 1 state, resulting in a (—1)“. For fermions, we obtain a factor
of (—1) for the S = 0 case and a factor of (+1) for the S = 1 yielding (—1)S*!. However, interchanging
fermion and anti-fermion adds an additional factor of (—1), so the end result is also (—1)°. When combined
with the L factor, we get the same result for both fermions and bosons. Combining all of this, we find that
the C-parity of (a neutral) ¢g system is

Clag) = (-, (6)

Because C-parity is only defined for neutral states, it is useful to extend this to the more general G-parity
which can be used to describe all ¢g states, independent of charge. For isovector states (I = 1), C' would
transform a charged member into the oppositely charged state (e.g. 7+ — 7~). In order to transform this
back to the original charge, we would need to perform a rotation in isospin (7~ — 7"). For a state of whose
neutral member has C-parity C, and whose total isospin is I, the G-parity is defined to be

G = C-(-1), (7)
which can be generalized to
Glag) = (=15 (8)

The latter is valid for all of the I = 0 and I = 1 members of a nonet. This leads to mesons having well
defined quantum numbers: total angular momentum, J, isospin, I, parity P, C-parity, C, and G-parity, G.
These are represented as (I%)JFC, or simply JZ¢ for short. For the case of L = 0 and S = 0, we have
JPC = 0=t while for L =0 and S =1, JP¢ = 1-~. The allowed quantum numbers for L smaller than 5
are given in Table



QNs Names

L s Jre (19 (1) ()

00 0oFf (1) = (0 n 7o (%) K
0 1 1= (9 p (00) w ¢ (3) K
F0 TN b (0) b B () K
1 1 0tt (17) a (07) fo £ (3) Kg
11 1t 17) a (0f) i ff (5) Ki
L1t (1) a0 6§ (D) K
2 0 277 (17) m (0F) n2 1h (%) Ko
2 1 17— (1%) p1 (07) w1 ¢ (g) K3
2 1 2= (17) p2 (07) w2 ¢ (? K2
2 1 3~ (1f) ps (07) ws ¢35 (5) Kj
3 0 37~ (17) bs (07) hy hi (5) Ks

?

3 1 2tF (17) ax (0F) f5 £ (?) K3
3 1 3ttt (17) az (0F) f3 f3 (?) Ks
3 1 4% (17) ag (0F) fu £} (3) Kj
40 4T (1) ma (ON) na ) (%) K4
4 1 377 (1) ps (07) ws o3 (?) K3
4 1 47— (%) ps (07) wa ¢4 (?) K4
4 1 5~ (%) ps (07) ws ¢5 (5) Kg

Table 1: The naming scheme for normal ¢g mesons in the quark model. The first state listed for a given
quantum number is the isospin one state. The second state is the isospin zero state that is mostly v and d
quarks (nfi), while the third name is for the mostly s§ isospin zero state. Note that for the kaons, the C-
and G-parity are not defined.

Similarly, in table [2] are given the quantum numbers and names of the exotic mesons. Lattice QCD
predicts a nonet of 07~ hybrids, two nonets of 1~ hybrids and two nonets of 2+~ hybrids. For completeness,
the quantum numbers 0~ and 3~ are also exotic, so we include them in the following table as well.

QNs Names
JPC (IG) (IG) (I)
00— (17) po (00) wo o (%) K
0 () by (07) ho by (5) K
1=t (17) m (07) m oM (?) Ky
2t~ (17) bz (07) hz hj (?) K3
837f (7)) m (0f) mz mz (5) K3

Table 2: The naming scheme for hybrid mesons. The first state listed for a given quantum number is the
isospin one state. The second state is the isospin zero state that is mostly v and d quarks (n7), while the
third name is for the mostly s§ isospin zero state. Note that for the kaons, the C- and G-parity are not
defined. Kaons cannot not have manifestly exotic quantum numbers.

Isospin Relations

Important in both the production and decay of mesons are the isospin Clebsch-Gordan coefficients. In
particular, we want to look at neutral isospin 0 and 1 states decaying to pairs of isospin 1 states. For an



isospin 0 particle connecting to two isospin 1 states,

1

<O0[1+1;1-1> = /3
1

<00]10;10> = — 3

1

<001 -1;1+41> = 3"

There are non-zero clebsch-gordan coefficients to all three possible charged states: +—, 00 and —+. For the
case of isospin 1 connecting to two isospin 1 states,

<10[141;1-1> =

NN

<10]10;10> =

1
<10|1-1;141> = \/;

Thus, we can only couple to the +— and —+ states.
In photoproduction, this means production processes that involve both an incoming p mesons and an
exchanged isospin 1 state can only couple to isospin 0 produced mesons.

o

Identical Bosons

Identical Bosons must be in a symmetrical state. This means that the relative orbital angular momentum,
L, between such particles must be even. Thus, odd angular momentum are not allowed. In terms of
photoproduction, and incoming photon that fluctuates into a p° can only exchange a p° in the ¢ channel in
L=0or L =2; L =1is forbidden. Similarly, an incoming w and only exchange an w and an incoming ¢
can only exchange a ¢ under similar restrictions.



Photoproduction of Exotic Hybrid Mesons

In the photoproduction of mesons, the usual assumption is to assume vector meson dominance (VMD) where
the incident photon fluctuates into a vector meson (p, w or ¢), which then undergoes a t-channel exchange
with the proton target to produce the outgoing meson. For production to happen, the reaction must conserve
J, P, C, G and I. In the following tables, exotic quantum number states are shown in blue, the the allowed
normal meson states are shown in black.

7% Exchange

Incident Exchange (I)¢ L Jre Exotics
p 70 0~ L=0 17 hi , R}
L=1 0~ 17 277 wy , ¢0 , W1 , ¢1 , Wa , O3
L=2 1t— 2t~ 3%~ hy , Al , hy , hy, hs, hy
w,¢ 0 (W)t L=0 17— b9
L=1 0" 177 207 pg , pl , p
L=2 1t 2% 3= ¥ | bY | b

nT Exchange

Incident Exchange (I)¢ L JP Exotics
p nt ()~ L=0 1t ay
L=1 0" 1= 2= 7F | Trli , 772i
L=2 1t 2t 3t &f | of |, af
W, Iis3 ()t L=0 17 by
L=1 0" 1= 27 pg . pf . p}
L=2 1t 2t 3t o | by , bF
n and 1’ Exchange
Incident Exchange (I)¢ L Jre Exotics
p o (DY L=0 17 by
L=1 0~ 177 2= p8 , pl , p
L=2 1t 2t 3+ 0 _ bY , 8
w, @ n, 1 0~ L=0 1% hi M
L=1 0~ 177 277 wo , ¢o , w1 , ¢1 , w2 , @2
L=2 1+ 2+- 3+7 hl s h/1 R hz, h/2 s hg7 hg
Pomeron Exchange
Incident Exchange (I)¢ L Jre Exotics
p P M L=0 17~ Py
L=1 0t~ 1t= 2= b3 |, & , by
L=2 17— 27— 3~ 4%, ¢ , ¢S
w,o P (0)7 L=0 177 w1 , ¢1
L=1 0+7 1+7 2+7 h() R h6 R hl, hll , h2, hlz
L=2 17 27 37 w , ¢1 , wo , ¢2 , wg , ¢3




p° Exchange

Note that two identical bosons (pp) need to be in a symmetric state. This means that the L = 1 pp

production of 77 and n3 is forbidden.

Incident Exchange (I)¢ L Jre Exotics
p pO (0)+ L=0 0tF 1tF 2%+ fo . (3 . f{ s f2 f2/
L=2 0tf 1+t 2++ 3t+ fl , { , f2 , fé , f3 , fé
w,0 oY ()= L=0 0FF 1Tt 2FF ay , a¥ , a9
L=1 0+ 1=+ 2= 3 0 20 =8 | =9
L=2 0ott 1+ o2t 3%+ 40 &} | aY , af
p~ Exchange
Incident Exchange (I)¢ L Jre Exotics
p Pt ()t L=0 of 1t 27 by , by , by
L=1 0" 1= 2= 3 p5 , pf , ps . ps
L=2 0t 1t 2t 3t by b5 |, by , bF
w0 pT ()~ L=0 of 1t 2Ff a , ay , a;
L=1 0~ 1= 2= 3 7t | 7T1jE , 7r2jE , 7r§t
L=2 0t 1t 2t 3t oF | 4 | a4y , a3

w and ¢ Exchange

Note that two identical bosons (ww and ¢¢ ) need to be in a symmetric state.

will be the allowed mechanism in the L = 1 production.

Incident Exchange (I)¢ L Jre Exotics
P) w,p ()= L=0 0FF 1tt 2%+ ay , a) , a9
L=1 0o+ 1=+ 2= 3+ 0  x% =8 | x9
L=2 ott 1Tt 2t 3+ 40 | & | ay , af
w7¢ wa(b (O)+ L=0 O++ 1++ 2++ fO ) 6 ’ fl ) { ) f2 ’ fé
L=1 0% 17t 27% 3% n, 9 ,m , 70 , m , n , 5
L=2 O++ 1++ 2++ 3++ fO 5 fé ) fl ) f{ B f2 ) f2/ ) f3
b9 Exchange
Incident Exchange (I )G L JFC Exotics
P by OF L=0 0" 177 277 noon o m o, o, M, T
L=1 O++ 1++ 2++ 3++ fO B fé 5 fl ) f{ ) fQ 5 fé ) f3
L=2 0" 17+ 27% 3% .0 ., m , i, M, My, N3
w,o b9 ()~ L=0 o0+t 1= 2°F < )
L=1 ott 1T+ 2t 3%+ 40 | & | aY , af
L=2 0+t 17+ 27+ 3+ 70 70 20  xf




b:ll: Exchange
Incident Exchange (I)¢ L JP Exotics
p by (¥ L=0 0 1° 27 )
L=1 o0t 1t 2% 3t by | by , by , b
L=2 0 1 2= 3~ pg ) pli ) p2i ) psi
w,p by ()~ L=0 0~ 1~ 2° t | onr , m
L=1 o0t 1t 2t 3t of | aF | aF , aF
L=2 0 1= 2= 3 g* | 71'% , 7r2i , Tl'?%
h, and h} Exchange
Incident Exchange (I)¢ L JPC Exotics
p hi,h} () L=0 0+t 17+ 2°°F 7, 7, 7w
L=1 oft 1+t 2t 3+ 40 % | &Y | af
L=2 0+ 1=+ 2=t 3 * 0 7% a8 | x93
w, hi,hy (07 L=0 07 1°F 277 no,n o, mo, o, e,
L=1 0otf 1+t 2+t+ 3t+ fO , 6 , fl , f{ , f2 , fé , f3 , fg/,
L=2 0" 17% 27% 3% » .n . m ,m % . m .U 0
Summary of Production Mechanisms
Exotic Beam Exchange L
9 o0 w,o 1
pO hlah/l 0,2
W, o0 1
W, b9 0,2
T p° t 1
W, pE 1
W, b 0, 2
Exotic Beam Exchange L
ma 0 n 0, 2
w 10} 1
0] w 1
w,p hi, b} 0, 2
Exotic Beam Exchange L
b3 p° n, 1 2
p° P 1
w, 70 2
by p° p* 0,2
W, n* 2




Exotic Beam Exchange L
ha, by w, ¢ 2
w, ¢ P 1

Exotic Beam Exchange L
bg p° P 1
by p° p* 0,2
p° by 1

Exotic Beam Exchange L
ho, h6 W, (15 P 1
Exotic Beam Exchange L
0 p° n, 1 1
w, ¢ 0 1

o p° p* 1
p° bt 0, 2

w, ¢ TE 1

Exotic Beam Exchange L
wo, ¢0 4 ,].(.0 1
w, ¢ n, ' 1

Exotic Beam Exchange L
] PP w, 1
p° hi, h 2

w, ¢ P’ 1

w, ¢ b9 2

7r3i p° Iis3 1
0 b 0, 2

P 1 )

w, pt 1
p° by 0, 2

w, ¢ by 2

Exotic Beam Exchange L

mys P b 2

w, ¢ ¢, w 1

w, (b h17 hll 2




The Decays of Exotic Hybrid Mesons

Please note that this is not a complete list of all possible decays. In particular, the listed decays for the p),
p(j)[7 wo, $o, TS, 71'3i, n3 and the n} are a very limited subset of the possible decays.

0
m; Decays

Exotic (1)¢JP¢ Daughters L Final States
s (M~1=F p* xf 1 wfr a0
n a0 1 pata % na0nOx0
fi 70 0 nprtr 70 na0n0x0
bEonF 1 wrta
o w 1 wrtr~
al n 1 nrtr—ad
b9 w 0 wwr®
7T::l|: Decays
Exotic (I)¢JF Daughters L Final States
T (H)~1= p* 2% 1 7Fg70
0 at 1 gpEptao
n w1 grtaat grnOn*
f at 0 ngrtrat gnOnOrt
bljE 70 1 wrtn®
¥ oat 1 wrlrt
b w 0 wwr®
pE w 1 wrtr®
ai n 0 nrtatr™ nrtaOx0
1m and 7] Decays
Exotic (1)¢JP¢  Daughters L Final States
mo (01T no 1 ogmmtas o
A no 0 mmmtaT mm’m’
fo n 2 nrtwo nnOn°
ay Tt 2 gprtae atr rtn™  atan0x0
al 70 2 prOr0 ata~n0n0
b9 P 0 wrta a0
mo O w ¢ 1 wo
(K*)* K¥ 1 K*+K-70
(K*)° Ksg 0 KtKgn K- Kgnt
K K¥ 0 KtK-ntn™
K? K¢ 1 KtKgn O K- Kgntad




bg Decays

Exotic (I)¢JFPC  Daughters L Final States

b9 2= w % 2 wr
o0 n 2 nntaT
of 7T 1 gnta atr—rtr~  wtr a0x0
b9 n 1 wnr®
f1 o 1 ngrta—atn™ qgrta a7
of ¥ 1 gtratne wtr a0

b;l: Decays

Exotic (I)¢JF Daughters L Final States

by (T2t w T 2 wrt
p:I: n ) 7771_:i:7r0
a;': 70 1 prta° rErtr— a0 aEp0x070
ad 7w 1 rEgta a0l
bli n 1 wyr*
b9 pt 1 wnlnOr*
b0 1 wrtrort
fi pt 1 gata %7t prn0x0rt
af 70 1 atrta—n0 707070
o 7F 1 rrxtaa

h, and h}, Decays

Exotic  (I)¢JF¢  Daughters L Final States
ho (0)=2%~ o0 m° 2 gtrq°
w n 2wy
b T 1 wrtr™
b9 70 1 wnln®
fi w 1 wyrta~ wnron0
A (0 e R S
h o 1 gnmim onr'm’
Kf K¥ 1 KtK natn-
K? Kg 2 K+KS7T_ K_K57T+
(K5)* KT 1 KK x° KtK—ntn—

(K3)° Ks 0,2 K*Kgnt K*Kgn¥r0

10



bg Decays

Exotic  (I)¢JFP¢  Daughters L Final States
by (mrot= £ A 1 nrtr—atn~ nratr a070
b9 n 1 wnr®
hy 70 1 #atar a0
bS—L Decays
Exotic (I)¢JF Daughters L Final States
by (mTot A pt 1 prtaa’rt  prn0n0xE
bljE n 1 wnr®
b pt 1 wnln0x®
bljE p° 1 wrtr—n*
hy x* 1 atp alx*
ho and hy Decays
Exotic  (1)¢JF¢ Daughters L Final States
ho (0)=0"— by a1 wrtao
b9 7% 1 wrd7°
h1 n 1 nata—ad
hi, (0)=0*~ K KT 1 K'Kntr-
K(1460)* K¥ 0 KtK ntn~ KtK a%z°
py Decays
Exotic  (I)¢JF  Daughters L Final States
o9 (HT0~—~  w 70 1 wn?
10} w0 1 o¢n°
p° n 1 nprtwo
p¥ n 1 ngrtratas  galalnta-
o0 fi 0 grtarotas  prnlnta—
o0 fo 2 piteatns gt a7
K+ K¥ 1 KtK—x° KE*Kgn*

11



p(:)b Decays

wo and ¢ Decays

0
w3 Decays

ﬂ'f,,t Decays

Final States

oY Pt 1 atntr—n0
P bE 0,2 wrtrtao
ot b9 0,2 wrtrdro
w nt 1 wrt
1) ¥ 1 prE
p:t n 1 177T:t7T0
pt 1 grtrntn®  ga0n0n®g0
ot fi 0 nrtr atn® prnlntg0
ot fe 2 pitrOntam ataOn0r0
Daughters L Final States
o0 0 1 ata— 0
w n 1 wn
¢ 7 on
w n wnrtrT wnmOn®
¢ n o gnrnta gnrn’
p° af 0 A N
p° a9 2 atn~rtr a0 prtr—a°
K** K7 1 KtK—7° K*Kgn*t
(I)YJF  Daughters L Final States
17377 P w 1 wrtr™
o0 10) 1 ¢nta™
P’ 2 gata-rtr a0
w by 2 wwr'
¢ by 2 guwn®
(I)¢JP  Daughters L Final States
(17)3~+F pt  w 1 wrtgd
pi ¢ 1 quiﬁo
pt 2 gEp0gptg—g0
w biﬁ 2 wwrt
¢ b 2 pwrt

12



13 and 7n; Decays

Exotic  (I)¢JF  Daughters L Final States
N3 (03 " w o 1 wo
PO B 2 wrlrtr—
w hy 2 wrtr 0
7% (0M)3~* ¢ hi 1 ¢nta— a0

Photoproduction of Normal Mesons

From the photoproduction tables above, it appears that there are photoproduction mechanisms that, in
principle, could produce all normal mesons up to L = 2 in Table In this section, we summarize those
mechanisms. It is interesting to note that for the L = 2 vector mesons, the 37~ states have a much more

limited set of production mechanisms compared to the 1=~ and 27~ states.
Meson Beam Exchange L | Meson Beam Exchange L
70 o0 w 1 n, 0 w 1) 1
w p° 1 10 w 1
p° hq 0, 2 p° b9 0,2
w b9 0,2 w hy 0,2
Meson Beam Exchange L | Meson Beam Exchange L
pO p() n 1 w pO 71_0 1
p° P 0,2 w n 1
w 70 1 w P 0,2
¢ p 70 1
¢ n 1
@ P 0,2
Meson Beam Exchange Meson Beam Exchange L
,ﬂ.i pO ,n.i 1 pi pO pi 1
w p* 1 p° bli 0, 2
w bli 0, 2 w nt 1
Meson Beam Exchange L | Meson Beam Exchange L
bY o0 n 0, 2 h1 o° 70 0,2
p° P 0, 2 w n 0, 2
w 0 0, 2 w P 1
hy ¢ n 0,2
@ P 1

13



Meson Beam Exchange L Meson Beam Exchange L
ag, af, af — p° w 0.2 fo, fi, o 4" p° 0,2
w p° 0,2 w w 0,2
P° hy 1 p i 1
w b9 1 w hy 1
fo fi, fs w ¢ 0,2
¢ ¢ 0,2
Meson Beam Exchange L | Meson Beam Exchange L
by o° pr 0, 2 ag w p* 0,2
p° byt 1 w b 1
w nE 0, 2
Meson Beam Exchange L | Meson Beam Exchange L
ay p° * 0, 2 ay P° TE 2
w pE 0, 2 w rho* 0,2
w biE 1 w b 1
Meson Beam Exchange L | Meson Beam Exchange L
5 p’ w U |,y w ¢ 1
w o0 1 10) w 1
o0 hy 0, 2 p° b9 0, 2
w b? 0,2 w hy 0,2
Meson Beam Exchange L | Meson Beam Exchange L
09 p° 7 L] w p’ 0 1
p° P 2 w n 1
w 70 1 w P 2
o)) w n' 1
¢ U 1
@ P 2
Meson Beam Exchange L | Meson Beam Exchange L
05 P° P 2 ws w? P 2
P3 ¢ P 2
Meson Beam Exchange L | Meson Beam Exchange L
P p° p* 1 Py p° p* 1
p° bli 0, 2 o0 bli 2
w 7t 1

14



Lattice QCD

Recent lattice QCD calculations [I] predict the dominant decay modes of the 71 (1600). These are reproduced
from Table VIII in that reference in Table [3| below. The partial width I'; is related to the physical coupling
"% through equation

e,
Ly = e pi(m™), (9)
where mP"¥s is the physical mass of the 71 and p; is the phase space available for a particle of mass m?"* to
the particular final states. An overview of the current experimental situation can be found in references 2| 3.
The 71 (1600) has been reported in decays to n'm, pm, bym and fim. Lattice QCD clearly favors the by mode
to be the dominant decay of the 71, with the n'm, pm and f;(1285)7 being good places to look. As for
production, we note that the charged states pif, m, p and b; exchange are possible mechanisms, while for

the neutral state 79, p, w, hy and b; exchange are possible. Based on this, the photoproduction of 7Tit may

be stronger than that of the 7!, particularly if pion exchange is important.

Decay | Threshold phus |

nm | 688 MeV 0 — 43 MeV 0— 1 MeV
pr | 910 MeV 0 — 203 MeV 0 — 20 MeV
n'm | 1098 MeV 0 — 173 MeV 0 — 12 MeV

bim | 1375 MeV | 799 — 1599 MeV | 139 — 529 MeV
K*K | 1386 MeV 0 — 87 MeV 0— 2 MeV
f1(1285)7 | 1425 MeV 0 — 363 MeV 0 — 24 MeV
pw(tPy) | 1552 MeV <19 MeV < 0.03 MeV
pw(3Py) | 1552 MeV < 32 MeV < 0.09 MeV
pw(®Py) | 1552 MeV < 19 MeV < 0.03 MeV
f1(1420)7 | 1560 MeV 0 — 245 MeV 0— 2 MeV

I'=%;I' = 139 — 590 MeV

Table 3: The lattice QCD predictions for the decay of the m; exotic [I]. Given are threshold for the channel,
the coupling from lattice QCD (ci?™¥*, and the partial width T;.
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