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Confined states of quarks and gluons @ @
Mesons and baryons aren’t the only states allowed by QCD. @
mesons baryons
A SCHEMATIC MODEL OF BARYONS AND MESONS *
M.GELL- MANN
California Institute of Technology, Pasadena, California @ @
Received 4 January 1964 @ @ @
Baryons can now be q = (j
constructed from quarks by using the combinations q @
(@qq), (@aqqq), etc., while mesons are made out
of (qd), (@aqa), etc.
tetraquarks pentaquarks
[M.Gell-Mann, Phys.Lett. 8 (1964) 214]
AN Sl‘.i'3 MODEL I'OR STRONG INTERACTION SYMMETRY AND ITS BREAKING @ 0
+ . o
0. Zwelg ) N @ AN
CEHN -~ Geneva g @ i

product of three aceg,

where A denotes an antie-ace.
from AA, AAAA  etfc.

agsume the simplest possibilities, A4

"deuces and treys'.

In general, we would expoet that baryons are build not only from the
Arh,  but also from
Similarly, mesons could be Tormed

Tor the low mass mesons and baryons we will

and

Tannn, TRAAAAA, etle.,

AAA, That is,

[G.Zweig, CERN-TH-401 (1964)]

q

hadronic molecules

O

hybrid mesons

glueballs
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Hybrid mesons with exotic quantum numbers

* Mesons are experimentally characterized by quantum numbers:

— Isospin

— Total angular momentum J=L+S (S=S;+8Sy)
— Parity P=—(-1)F

— Charge conjugation C = (—1)t+5

Conventional mesons

0++
1—— 1*t+
JPC 92— — 2++

0—+

1+-

3+ -

So
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Hybrid mesons with exotic quantum numbers

* Mesons are experimentally characterized by quantum numbers: S,
— Isospin

Total angular momentum J=L+S (S=S;+Sy)

Parity P =—(-1)F

Charge conjugation C = (—1)&+%

Ll

Conventional mesons

0] ot+ o=+ [o+-
1=/ 1t |[1=F| 1t~ Hybrid mesons

@ JPC 29—— 9ttt 9—t |9t~
q 3-— 3++ [3-F] 37 @m(j

* Gluonic fields in hybrid mesons give rise to states with “exotic” quantum numbers

[C.A.Meyer and Y.Van Haarlem, Phys.Rev.C 82 (2010) ©25208]

“Smoking gun”
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Spectrum of light mesons from lattice QCD
3000 |
- - = =
] II' —
2500 | o 4 -
= . - = = = -
m - - = - =
‘:. = - gt 4 boogt- 0t 2+
2000 | — - —
2 — B
< B 2~ 9+
S 1500 } — : /\\
- - exotic
1+t JPC'
1000 1w o I my = 392 MeV
o 24% % 128
1= £3
N — isoscalar ¥
500 1 h a Spec isovector
0—4-

[3.3.Dudek, R.G.Edwards, P.Guo, and C.E.Thomas, Phys.Rev.D 88 (2013) 9, ©94505]

C] hybrid mesons
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Data:
C.Adolph et al.,
Phys.Lett.B 740, 303 (2015)

Search for exotic hybrid mesons
m1(1400)  rerey -1

Width (GeV)

» Best evidence for a hybrid meson is for 71 in pion-production , . 30210
1(1400) T-MATRIX POLE /5 (1405 4+ 4115) — 5(314 + 14718) Mev E nn P-wave pAC
at COMPASS. 1 (1400) MASS 1354 + 25 MeV (S = 1.8) 2.5F ;l”\}:
L ) 71(1400) WIDTH 330 + 35 MeV > 2_05_
« Two 177" isovector states in the PDG. 5 = 7F
ecay Modes = 150
 Coupled channel analyses favor existence of only one broad Mode Fraction (T /T) : § 1.0f
. . . s seen w -
71 state consistent with 71(1600) in the 1400-1600 MeV I : 0.5f
region. e - L I e
Ts "' 08 1.0 12 14 16 18 20
[A.Rodas, et al. (JPAC), Phys.Rev.Lett. 122 4, 042002 (20619)]
— Ty p(T70)T not seen Vs (GeV)
= PAC
= = 71(1600) I6(JPC)=1-(17%)
= , 1(1600) T-Matrix Pole /3 (1480 — 1680) — i(150 — 300) MeV \
= m1(1600) MASS 1661715 Mev (5= 1.2) ?10,1: e
= m1(1600) WIDTH 240 £ 50 MeV (5=1.7) 5;_ i
E_ Decay Modes > 4;—
g_ Mode Fraction (T'; /T) g 32—
E: T T ¥ S - ¥ s - T R o seen % 2;
Mass (GeV) T o seen @ F
1._
I's f(1270)7~ not seen 2
o OF, . . ..
Ty b1(1235)m seen 0.8 10
Ls n'(958)m seen
T s seen

Iy f1(1285)r seen
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Data:
H H C.Adolph et al.,
Search for exotic hybrid mesons e Lott.5 745, 303 (2015)
. . . o . 71(1400 I8(JPC)=1-(1—*
» Best evidence for a hybrid meson is for 71 in pion-production 1 ) k ,3 . ; 30210
1(1400) T-MATRIX POLE +/ (1405 4+ 4712) — 4(314 + 14735) Mev E nn P-wave PAC
at COMPASS. 1 (1400) MASS 1354 =+ 25 MeV (S = 1.8) 25F A
‘ ) 7r1(1400) WIDTH 330 = 35 MeV > 205
« Two 177 isovector states in the PDG. b = "k
ecay Modes Q 150
 Coupled channel analyses favor existence of only one broad Mode Fraction (T /T) § 1.0f
. H . nrd seen w -
71 state consistent with 71 (1600) inthe 1400-1600 MeV I : 0.5f
region. G - L I e
s n's 08 10 12 14 16 18 20
[A.Rodas, et al. (JPAC), Phys.Rev.Lett. 122 4, 042002 (20619)]
0.0 — T p(T70)m not seen (s (GeV)
01— lPAC
= A= 71(1600) I6(J7C) =1~ (1)
N = , 71(1600) T-Matrix Pole /5 (1480 — 1680) — (150 — 300) Mev s
§ E 1(1600) MASS 166171° Mev (5 =1.2) 510,
£ 04— - 5[ N7 P-wave
5 = m1(1600) WIDTH 240 £ 50 MeV (5=1.7) -
= 05— B
= Decay Modes > 4
0.6 — = -
= Mode Fraction (T'; /T) Q 3
0.7 — &
12 ' 1{3 — 1!4 — 1!5 — 1?6 — 1{7 — 1!8 — 1?9 ' 20 I o seen E 2
Mass (GeV) r, o seen @ F
1._
Ty £(1270)7 not seen
« Recent evidence for n; and 7} from BES-III. . y— — b
[M.Ablikim et al., Phys.Rev.Lett. 129 (2022) 19] , '
I's 7 (958)m seen
. ! . . B seen
» Need to confirm = and ni) and establish the light quark oo
Iy f1(1285)r seen



Motivation ecccceee Regge Theory (XX YY) Pion photoproduction (XTYY XYY Y

Other reactions

Conclusions °

Search for exotic hybrid mesons in photoproduction at JLab

Identifying the spectrum of hybrid mesons in photoproduction is the primary purpose of the GL% experiment.

Exotic hybrid cross-sections (5,; = 1) expected to be enhanced with photon beam.
Experimentally challenging: production + decay.

Lattice QCD calculations suggest b;7 is the dominant decay channel of 71 (1600) .

had/gpec

I; / MeV

>

600 -
400 F blﬂ_

200

30 Ff1(1285)7

20

P

/
'f] T
101 £1(1420)7

K'K
% ni

1500 1550 1600 1650 mp [ MeV

[A.J.Woss, J.J.Dudek, R.G.Edwards, C.E.Thomas and D.J.Wilson, Phys.Rev.D 103 5, 054502 (2021)]

More statistics

X Complicated final state

X Less statistics

Easier (less particles)
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YY) Conclusions

Search for exotic hybrid mesons in photoproduction at JLab

« Amplitude analyses of multi-meson final states require models for production amplitudes of several processes.

« Collaboration between experimentalists and theorists.

0 0

vp —+adp , vp — adp

G
-\'\’\a\r-v’ .

vp — bip
’Y_\’\‘b\r—'—‘r,w

7 P

i

1

1
p/\p

vp — ag ATT | yATT S asp

0 o n)
B

1 a67 a; T

At T

/'/\L\{
p p

« Begin by understanding non-exotic J¥¢ production mechanism.

vp — n) 7%

-—7--

0

- 70,

P
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Polarized photoproduction at high energies

+ At high energies, single meson photoproduction dominated by exchange of Regge trajectories in the t-channel.

 Linear photon beam polarization used to filter out the “naturality” of exchanged particle.

Y . X .
e o — Unnatural ( P(—1)7 = —1) parity: 0—,1",27.,3%, ...
7.1, by, by — Natural (P(=1)7 =1 ) parity: 07, 17,27, 37, ...
f)?Ld:.f23(121[F

N N, A
a
* Beam asymmetry al¥: T |
osf- GLUEX«-W e ol '
do, —doy dony —doy 3 +
_ ~ 04 .
" A N OA ol
/ \ \ ., B 00f — — ==/~ — = — = = = = = = = =]
=1 d=0 Unnatural exchange ""x\rx’m 02 ‘h{ Sy
Natural exchange ! s H+ ; +4}- —— Nys etal. UPAC), PLB 779, 77 (2018)
: 06 :-\/ ----- Yu and Kong, PLB 769, 262 (2017)
1 AT Tt

[V.Mathieu et al., Phys.Rev.D 92 (2015) 7] ’/)'//,g\\.~§\<::::; 0.8

p_1_%..‘|...|...|...\.‘.|..| |

9 0.2 0.4 0.6 08 0 12 a
[t [(GeV/e)]

[GlueX Collaboration, Phys.Rev.C 103 (2021) 2, L022201]
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Production mechanism

* Neutral exchange reactions:

- Natural parity exchanges dominate

| 1-4_"|' T T T T L B ]
- (a) 0 ]
1.2 YP — P GLUEK -
1:""""‘""1*+ + ++ """ ? T .----1--- :
0.8 T % ¢ : -
0.6 ‘% b —
o 4:_ -.-Laget B
r JPAC ]
o2f ¢ GlueX 8.4<E,<9.0 GeV __ ponnachie E
[ ¢ SLAC E=10GeV Goldstein ]
0_..|...|...|...|...|...|...|...|..:=.|.._
0 0. 0.4 0. 0.8 1 1.2 14 16 1.8

|—|m-

-t [(GeV/c)

[GlueX Collaboration, Phys.Rev.C 95 (2017) 4, 042201]

» Charge exchange reactions:

- Small —t: unnatural exchanges favored

- Large —t: natural exchanges favored

Fp — m AT

3

'IIIIIIIIIIIIIIIIIIII
.
‘k
-
.
3
+
3
.

[

Y
»

.

—— Nys etal. JPAC), PLB 779, 77 (2018)

7 44
:\/ ----- Yu and Kong, PLB 769, 262 (2017)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

|t] [(GeV/c)2]

[GlueX Collaboration, Phys.Rev.C 103 (2021) 2, L022201]

« Crucial in the light (e.g. hybrid meson searches) and heavy (e.g. XYZ phenomenology) sectors.
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Production mechanism

* Neutral exchange reactions: » Charge exchange reactions:
- Natural parity exchanges dominate - Small —t: unnatural exchanges favored

- Large —t: natural exchanges favored

14— T T T T L . §(I,2
’ @ P P 0 § 1.0 7P T AT Y
1.2 TP — P7T GLUEK — W T §
N ] 08| GLUE\ —+— .
e S e ] osf- e
3 -":_"o‘{‘-_ . e::."? + .? sy T ] 0.4 E_ +‘/‘7
0.8 % % t - g
3 H o ' | 0.2 T
0.6— %"—_}" - o= — == — - - - - - — - — — — — 4
0_4:_ =ea Lagﬂ‘t _: -0.2 _*Jt{%r;’ +
- JPAC 7 oage T 4 ++ —— Nys etal. (JPAC), PLB 779, 77 (2018)
0.2—_ ‘ GlueX E.4<Ei,<9.0 GeV -.- Donnachie _ 0.6 :-V _____ Yu and Kong, PLB 769, 262 (20]7]
~ ¢ SLAC E=10GeV Goldstein _ =
0_..|...|...|...|...|...|...|...|..:=.|..._ - L y | |
0o O 0.4 0. 0.8 1 1.2 14 16 18 2 195 TR o4 06 08 10 12 a2
-t [(GeV/c)] |t (GeV/c))
[GlueX Collaboration, Phys.Rev.C 95 (2017) 4, 042201] [GlueX Collaboration, Phys.Rev.C 103 (2021) 2, L@22201]

« Crucial in the light (e.g. hybrid meson searches) and heavy (e.g. XYZ phenomenology) sectors.

Focus of this talk: Pion exchange mechanism
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« Remarks on Scattering and Regge Theory
» Pion exchange in pion photoproduction

- Role of gauge invariance

- Reggeization
» Other photoproduction reactions

- g

- by(1235)

A*+(1232)

« Conclusions
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Principles of Scattering Theory
a, Pa t C, Pe
Unitarity SST=1
S
if S=1+i4 then —i(A— AT)=2ImA= AAT
b Pe da Pa
Analyticity
A(s) has singularities (poles and branch cuts) in the complex s plane.
8 B
Crossing symmetry  Aup_ca(s,t,u) = A,z pq(t, s, u) @, Pa b, —py
Physical regions (in the case of equal mass particles):
t
s-channel: a+b—c+d s>4m?, t <0, u<0
B C, —Dc da Dd
t-channel: a+¢—b+d t>4m? s<0, u<0

Partial wave expansion (no spin)

o>

As, 1) = 2 + 1) fo(s) Po(z fe(s): s-channel partial wave amplitudes
(51 ;( els)Pele) Py(z) : Legendre polynomials
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Duality
[Dolen, Horn, Schmid (1968), Veneziano (1968)]
 Property of scattering amplitude.
» Connection between low-energy and high-energy domains.
s - channel t - channel

: a Cc
c a Cc 1
Low-energy: resonances o) |
© |
< & :
g’f‘ b d 1

A(s,t) ~ Z R @ AN d
- r o |
Analytically o !
connected Resonance |
. . 1

High energy: Regge exchanges region ! High-energy
& : region

gi 1
A(s,t) ~ !
(5,%) E:t-m :
1
I

~10 GeV?

12



Motivation eeeccccoe Regge Theory XYY Y] Pion photoproduction  XIYYY YY) Other reactions (ZXYYY] Conclusions

Duality

[Dolen, Horn, Schmid (1968), Veneziano (1968)]

 Property of scattering amplitude.

» Connection between low-energy and high-energy domains.

Low-energy: resonances

A(s,t) ~

3
« (mb)

Analytically
connected

High energy: Regge exchanges

gi
14(5;’t) ~ Py

i

LOgJ{}(F’]ah)

[V.Mathieu et al., Phys.Rev.D 92 (2015) 7]

12
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Regge Theory

« At high energies, the scattering amplitudes in the physical region of the s-channel are related to particle exchanges in the t-channel.

Regge limit
00 s> —t,m?
A(s,t) =Y @+ D) Po(zr) —————  Als,t) ~ st

£=0 N N
t-channel partial / ) 2
wave amplitudes 2z, = cosf; =14+ ——
t — 4m?

lim Py(z) ~ 2*

Zz2—+00

13



Motivation (IIYYYIY Y Regge Theory (XTY YY) Pion photoproduction  XIYYY YY) Other reactions (ZXYYY] Conclusions °

Regge Theory

« At high energies, the scattering amplitudes in the physical region of the s-channel are related to particle exchanges in the t-channel.

Regge limit
00 s> —t,m?
A(s,t) =D L+ D) fe®Pz) —————>  A(s,t) ~ st

£=0 //\ N
t-channel partial )

2
wave amplitudes z; = cosf; = 1 + i

t — 4m?

lim Py(z) ~ 2*

Zz2—+00

« The concept of partial wave can be extended to complex values of angular momentum.
{fe()} — f(6,t)  with  f(l,t) — fo(t), £€{0,1,2,...}

Even and odd angular momenta have to be continued separately.

! 2 S - )
fi(t) = %f: dzi Py(2:) A(s, 1) Froissart frlboo\;prOJchon S £(t) = FH(01)
_ > f;t(t): _/ dZ{Ds(Z,t):IZDu(—z,t)}Qg(z) for even ¢
Aty = L] [T 2=l [T Dulzzu ) Tz >
(37 ) m 20 & Z — 2 + . z Zu + Zt y, fﬂ(t) _ f_(E, t)

for odd ¢
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Regge Theory
\// signa;[)gre 1
A(s,t) = AT(s,t) + A~ (s,t)  with AF (s, t) =) (20 + 1)f£i(t)§(Pg(zt) + Py(—z)
£=0
Procedure: Sommerfeld-Watson transform. N 0
1 [ (20+1)fF)1
+ L Y2 _
AT(5,8) = 2 /c sin ¢ 2 (Pe(=z) £ Po(z)) db
C
S e S s
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Regge Theory
\// S|gna;[>:re 1
A(s,t) = AT (s,t)+ A~ (s,t)  with AF (s, t) =) (20 + 1)f£i(t)§(Pg(zt) + Py(—z)

£=0
Procedure: Sommerfeld-Watson transform.

+
A (s, 1) ——%/C (2€+81113{T€(£’t)%(Pg(—zt)in(zt))dE

The next step is to deform the contour.

Q

P o m e

-
-
-
-

-

-
-
-
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Regge Theory
\// signa;[)gre 1
A(s,t) = AT(s,t) + A~ (s,t)  with AF (s, t) =) (20 + 1)f£i(t)§(Pg(zt) + Py(—z)
£=0
Procedure: Sommerfeld-Watson transform. N 0
1 [ (20+1)f%(4,0)1 B s S
+ = —— ’ — — ! o (t =~
A™(s,t) 5; /C e, 5 (Py(—2¢) & Po(z)) db o i o 1(t)
! ot a2 (1)
A e
The next step is to deform the contour. i
—@ : L 4 @ @ 4 o—o—0—>»
We consider that the only singularities of f%(¢,¢) in the region ¢ > —1 are poles in the i ___________
upper half ¢ plane. I

Pole position Residue
M A
1 .
1 [Tt (205 (1) + 1)BE () 1
At (s, 1) = —— di. . — i i —[P )+ P

0=y —4—ico Z v (raZ () 2 Lot E Pz (=)

\\) Y
1/2 Contribution from each pole  ~ g*(t)

background ~ s~

—’iv'rcx,'.kt ("j_(f) — — _ p—imag (t 0:(*)
At~ 3 [w(gaj(t)ﬂ)ﬁj(t) (1 + e—imal () (i) w207 (1) 1B (1) (1 —e ®)) (s) ]

5 — 00 sin (ﬁa;"(t)) 2 50 sin (71'%_ (t)) 2 50
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Reggeon trajectories

« Families with same quantum numbers but different spin J (even or odd).

 Almost straight lines (Chew-Frautschi plot)

« In standard Regge theory parameterized by: a(t) = o't + ag

S R B R S S
M? (GeV?)

[V.Mathieu et al., Phys.Rev.D 98 (2018) 1, 014041]

ax(t) =0.7(t —m?2) = 0.7t — 0.014

a,(t) = 0.9(t —m2) + 1 = 0.9t + 0.466

15
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Reggeon trajectories
a &
« Families with same quantum numbers but different spin J (even or odd). , , 1
Real particle with .
« Almost straight lines (Chew-Frautschi plot) massmandspin/  t—m
« In standard Regge theory parameterized by: a(t) = &'t + ag
b d
-
6
5L
a &

S R B R S S
M? (GeV?)

[V.Mathieu et al., Phys.Rev.D 98 (2018) 1, 014041]

ax(t) =0.7(t —m?2) = 0.7t — 0.014

a,(t) = 0.9(t —m2) + 1 = 0.9t + 0.466

Reggeon with
mass /'t and spin a(t)

b d
P B o 1+ ne—iﬂ'a(t) s a(t) 1
88 ™ gin (ra(t)) 2 S0 [(1+ a(t))
poles for % _ )’ &’ S cancel
integer a(t) signature asymptotic  non-physical poles

factor behavior

15
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Implications of Regge pole amplitudes

Factorization

Amplitude for particle exchange “factorizes” The reggeon residue 3(t):
(follows from unitarity).
a c - Contains all information about incoming
a ¢ and outgoing particles.
1 _ _ . .
A(5,8) = Gue — Gba Relqted to the reggeon-hadron interaction
t—m vertices.
b d - Satisfies factorization: 5(¢) = 5..(t)5palt)
b d
Power law energy dependence Phase
~ () . —ima(t)
A(s,t) ~ s The phase comes from the signature factor: 1+ ne
4o 1A )2 = 52-200) o ’
dt  s2 ’ Exchange degeneracy (equal trajectories with opposite

i L leads t tati tant ph .
Leading Regge poles (biggest a(t)) dominate asymptotically. signatures) leads to rotating or constant phases

» Corrections to these hypothesis, usually ~10-20%.  [7.Ws et al. (JPAC), Phys.Rev.D 98 (2018) 3, ©34026]
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Charged pion photoproduction

What do we know?
« Pion exchange dominates at small momentum transfer.
« Low energies: Constrained by effective Lagrangians of QCD.

« High energies: Regge theory.

Known issues

« Cannot describe forward cross-section data in yp — n*n (same for np — pn). ol

« What is pion exchange and how does it reggeize?

Proposed solutions

« Existence of parity-doublet conspirator of the pion.

[J.S.Ball, W.R. Frazer and M. Jacob, Phys.Rev.lLett. 20 (1968) 518]

« Regge cuts and absorption (final state interactions).

[F. Henyey, G.L.Kane, J.Pumplin, Phys.Rev. 182 (1969) 1579]

« Nucleon Born terms.

[L.Jones, Rev.Mod.Phys. 52 (1980) 545]

Y ot ;
" o
My Am —
I L —mz
: T
//'\\ AR o ()l +lrimpg ) /2
p n

]
10 =
® THIS EXPERIMENT 3
o 5 GeV JOSEPH et al. N
= ELINGS et al _
o BUSCHHORN et al.
LI 3
o [ ] * A
.‘E“'J O.l . |
% = =
<] E 3
S - —
0 b
3 - ]
b|-v—
£, 007<[tl<06 | 08<lt|<22 |
C.00I e R B | A [ B =
F [5|l98 1009 [276t0i8] --—~ [ --—-- E
[ |8 |066+0.03 |2.240.11 1,60 +0.25(3.19 0.2 7]
- 111031 20,014 | 1,80 £0.16 /0,98 +0,20|3,34 047 -
- |18 O.I431i02$_ _I._83 006|038 +0.10(342 £0.21 -
0.000I L.. | | 1 | | | S B

[e]

02 04 06 08 10 12 14 16 18 20 22
-t (Gev/e)?

[A. Boyarski et al., Phys.Rev.Lett. 20 (1968) 300]
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Adding the nucleon Born diagrams

« s-channel reaction:

 Helicity amplitude: Ay e, = e, (5) * o,

t - channel Born diagram

v (ks piy) __7 (px)
W’\"’V\T”r’
Y7 (@)
/l\\
N (ps, ps) N (pf, pr)
mo_ p,u -

J}T;.‘,,Lbf,t = _'\/ﬁewngN ﬁu}J-f (pf)’YF)u,ui (p:')

gx=NN = 13.48 — PS NN coupling

Y(k, py) + N(pi, i) = m(px) + N(py, o)

Current is not conserved

l

vp = min, E, =8 GeV

T T T T

25t —— 7 exchange (s-channel CM) PAC
I Boyarski ct al. ’-7[\\_‘::

0.00 0.04 0.08 0.12 0.16 0.20
—t (GeV?)

[G.Montana et al. (in preparation)]

amplitude is not gauge invariant (frame dependent)

» Pion exchange cannot reproduce experimental cross section at small momentum transfer
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Adding the nucleon Born diagrams
« s-channel reaction:  v(k, i) + N (pi, i) — m(px) + N (s, pof)
« Helicity amplitude: A, 0, = € (K) - T,
Iy = Dt T I s T Iy Total current is conserved
t - channel Born diagram s-channel u-channel
v (ks p1y) S (pr) ¥ (k1) ™ (pr)
? T (qt)
N (pi; pa) //\\N (Prsir) N (pi, p1i) N (ps,1y) N (pi, i) N (ps,py)
T e =—V2 G%NN%UM(W)%% (p:) Th s = V2engan iy, (pr)7s 2 tﬁv Up; (Pi) T ew = V2eNgan N, (pr)V" %%uw(pi)

. , : T . o
Separate electric and magnetic contributions: A, ..., = Ay, T AR L,
(€u, - Pr) (€n, - Pi) (€u, - Pf)
Aﬁ sty NI, [ew—:_# +en, —su— e +en; —Mfz Uy, (Pf) V50U, (P3)

EN; €Nf

Ay = V2enn [s T u gz | T e)vske e, (9i)
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Motivation eeeccccoe Regge Theory YIS Pion photoproduction ccccecoee Other reactions
Electric term
(o pe) . Cp) (e o B =8 G
Al iy = 2V2g.-nN {Gw% +en; SM:W +en, W Uy, (Pr) V5, (Pi) ' ' ' '
H 95k —— 7 exchange (m.g.i.) PAC

——  Electric =

« Using momentum conservation and electric charge conservation (en, = ex — en;):

= _
A¢ — 2V 20.nx e (€, - D) n (eu, - (Pi +py)) Minimal gauge invariant (m.g.i.) c
Py i e f ‘" T t— p2 S —u QQD
L (e pr) (e, (itpp)) E— g 2
2 N\ s — M2 s—u s — M2 2
]_ (Ep, ’ qu) (E,UL ’ (p't + pf)) t - Ju‘z — =

TNy ( U - M? = s—1u u— M2 ) | (P )75 tyes (i) 0.5 3

E Boyarski et al.

- Differential cross section . . . .
0.00 0.04 0.08 0.12 0.16 0.20

do s— M2\’ (do t—tyn (do 1 (GeV?)
at 5o @t ~ \@ o
e m-m.g.1. § u w-bare, CM m-bare, CM [G.Montana et al. (in preparation)]

( do ) (dcr )
dt e, yp—rtn dt w-bare, CM

do A (5 M2\? [ do t—rtyun ((do
dt e, Yn—T P M? —u dt m-bare, CM - dt m-bare, CM
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Conclusions

Pion pole in the t-channel: where does it come from?

« t-channel reaction:  ~(k,\y) + 7(—px) = N(=pi, i) + N(ps, \p)

- t-channel partial wave expansion =Y @I+ DA 0)d 5, »,(2)
J=0
g

. . v (K, Ay)
Partial wave with J¥ = 0~ has the j
singularity closest to the physical region LL\ JFP
... but 1t contribution to t-channel vanishes! A

M,. would have to be +1 7 (px)

« Crossing symmetry implies (parity conserving) helicity amplitudes in s- and t-channels are related by a rotation.

« The nucleon Born terms contain a “pion pole” that arises from kinematical factors.

. 3 1 t—p® 1 t— p? 1 -
A,\"ﬂ.)\.,;)\f = 2V20xnNN | exr + §€N{m - §€Nf u— M2 ) 5= u(f)\ﬁf - (pi +1Uf)) UAf(Pf)’}’E)UA;-(—Pi)

. 1 t— 1 t— 2
~ 20 b, (ot 3on T~ 5oy i)
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Magnetic term
enN. eN _ yp — wtn, B, =8 GeV
Am ) = \/§ NN L + 'f u 5 u . - T T T T
Hodtats Ir 3-—‘ﬂ12 U — 2 uf(pf)v kﬁﬂw ﬁ“(pZ) 95F —— m exchange (m.g.i.) {3{?1-
~ —— Electric —
Ry 207NN (e, — eNf)‘S;uwi‘L.uiw 20 — 1\-1:1;,-12;1(-. 1
Total
s Lb i
| b
. . . Z  k
« At ¢~ 0 the electric term of the amplitude vanishes. S T ]{1 ]
* The magnetic term has small dependencein t. s
;g []
0.5 I 2
. . . D T
* Size of the cross section agrees withthe dataat t ~ 0. []
I Boyarski et al.
0.00 lLb4 (Lb% 1L12 (Liﬁ 0.20

—t (GeV?)

No need for alternative (unphysical) explanations of the experimental data:

[G.Montana et al. (in preparation)]

- Over-absorption
- Parity doublet conspirator
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Reggeization of pion exchange

» o
* The exchanged pion is expected to reggeized. K\’\'

* In the Regge-pole approximation:

1 Regge a1+ e—imax(t) g\ =) p "
T y Py =5 a —
— i sin wa, (1)

Pion trajectory: a,(t) = ol (t — 42)  with o) = 0.7
yp = 7, B, =8 GeV

T T T

95k Total PAC
—— Regge m (VGL) ‘f’[\\f_,—;

—— Regge 7+ N (VGL)
% Boyarski ot al.

« VGL model: reggeize full Born amplitude (7 + N exchanges, electric and magnetic).

[M.Guidal, J.M.Laget and M. Vanderhaeghen, Nucl.Phys.A 627 (1997) 645-678]

What does it mean to reggeized the n exchange?

0.00 0.04 0.08 0.12 0.16 0.20
—t (GeV?)
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Conclusions °

Reggeization of pion exchange
* Rigorous reggeization:
Explicit exchanges of t-channel partial waves in the 7 trajectory

- Vertices coupling y= and NN to J = (even):

~

L=1 J=0
1" ®0 =17
_Jr @0 {L{J—1,J+1} J>2
- Vo, (9) = 2v3er [1 - % (. ) = (k- po)k”

oneLvstwolL's

...kUJIEVJ(k’)\,Y)}Ezh,_ (M)

L

—>

Gauge invariant
by construction
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Reggeization of pion exchange

* Rigorous reggeization:

Explicit exchanges of t-channel partial waves in the 7 trajectory

- Vertices coupling y= and NN to J = (even):

~

L = 1 J — 0 ’
1" ®0 =17 one L vstwo L's
_J “ {L:{J—1,J+1} J>2
™ Vi (J) = 2¢/2 _[kvl ke (ke APl — (k- pr ) K KYTE (ey A } * M) - Gaugeinvariant
\(J) = 2v2ex €l M)l = (- ps) kA e (M) = struction
N
el =0 a1 L=1J VNE (J) = gP"t ... PV M) :
JP 2 ©3 _/\ D - Az-)\f( )=9 €vy e g ( )u)\f(pf)f)/5v)\i(p?,)
I\ p—
he||C|ty / \ heIICIty f|Ip V}E)\f (‘]) - gPVl e PVJ_IEVl,“‘,VJ (JV‘[)U)\f(pf)’YpJF}%fU)\i (pg)
non-flip

N P’ = p! + v}



Motivation (IIYYYIY Y Regge Theory YYYYY) Pion photoproduction XYY YYY YY) Other reactions (ZXYYY] Conclusions °
Reggeization of pion exchange
Y _\,\,\’\1 N
.
* Rigorous reggeization: 1
I
Explicit exchanges of t-channel partial waves in the 7 trajectory //:'\
- Vertices coupling y= and NN to J = (even): P "
Y
L = 1 J — 0 ’
1~ - =1t oneLvstwol's
_J" @0 {L:{J—1,J+1} J>2
™ Vi (J) = 2¢/2 _[kvl ke (ke APl — (k- pr ) K KYTE (ey A } * M) - Gaugeinvariant
() = 2v2e; ek )l — (- pr) €k A ey (M) = nstruction
N
+ — I y ” _
P 3 93 —0rel L=J Vik, (1) = gP" - P ey, oy (M), (pg )50, (p7)
R _
helicity / \ helicity flip V,\E;)\f(']) =gP" - P""ey, 0, (JVI)UAf(Pf)’Yp‘]’}”5UAi(PE)
non-fli ” y v
P P" = p; +pf
J
1 Fraun, (D)
Vo, (J) Vo, (J) = 222 —aqf (0
A*y( )J—O{ﬂ-(t) Al)\f( ) J—Qﬂ-(t) )\7)\1—/\_]&( t)
) \ ™ Wigner d-function
Regge pole propagator & 3

partial wave amplitude
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Reggeization of pion exchange

* Analytical continuation to J = 0:

g;\].y)\iAf (t) J
m AyAi=Ay (62)
T J=0

* Spin summation

~ 1

g t
2—,)\72)\@'6)\1.}% eﬂ-t—

an(t) = af(t — %)

5 with 9= 0rgrNN
o —

\__7 Recover m.g.i. w exchange (or electric term)

(e.g. Sommerfeld-Watson transform, generating function of Jacobi polynomials)

Al (st = ) (27+1)

J=0,2,...

g=alg.nnANj(riry)”

microscopic 4
structure

« Corrections: add form factor to magnetic term  3(t) =

\J hadronic radii

J
I3, i, (1)

J
T ar® Do )

jp']"‘jz 2J
cy\; frtfrb‘]—> - — "R
( ) JzJ+J'p
y

kinematic factors

= i A~1
Az with GeV

p = 7tn, E, =8 GeV

T T T
— 7w + clectric N
— Total
Total with FF
=== 377 R =1 fm
ZJ* R =1 fm, .}.;J =1, }: = %

0.00

0.08 0.12 0.16

—t (GeV?)

0.04 0.20

[G.Montana et al. (in preparation)]
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n) P — agp , yp — agp p = ag AT, yATT S ayp
i (,) v _<”” 77(/) v . —-Tl(/)
Photoproduction of '’ e S

GlueX can access different channels:

v — V70
— g At © o f
e 3 y p—> na’p 2 250F W y p—~ '’ p
& GlueX-| S! ﬂ”
* Small signal of 71(1600) in partial wave with ¢ = 1 (P-wave). 2 — g 200p dﬂﬁ b GLE%
o] @
. . > e 7, MC Upper Limit o 150F Preliminary
« Clear signals of non-exotic ao(980) (S-wave) and a2(1320) (D-wave). w & A ** W*
100F
» Overlapping resonances —> need partial-wave analysis. i
. 50
20 25 0=7% — 15 20 28
Mn®) [GeV/c?] a2 M(n'n°) [GeVi/c?]
10° a-
‘f;z 25? . “g
o v p—> nw AT ]
& 8
@
@ @

1.0 1.5 2.0 55 7.0 15 2.0 35
M(nr) [GeV/c?] Mn'r) [GeVic?]
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ol - W

-<%
'\’\’\—\r— a_
0 0

0
ag, A (0

Photoproduction of n"'

GlueX can access different channels:

vp — nOx0p

p — n(’)ﬂ'_AJrJr

Small signal of 7 (1600) in partial wave with ¢ = 1 (P-wave).

Clear signals of non-exotic ao(980) (S-wave) and a2(1320) (D-wave).

Overlapping resonances —> need partial-wave analysis. 6.00

4.00

Three angles needed to describe the intensity: polarization ® and decay angles ¢, ¢.

Observables: 2.00
— HY(LM), full

- Moments of angular distribution:

> sensitive to exotic signal via interference. 0.20
==+ H°(LM), no P-wave

- Polarization asymmetry “i HYELM), no Povave

- Spin-density matrix elements (SDMEs)

> 9 independent parameters 0.007
[V.Mathi t al. (JPAC), i
I(Qv (I)) =K E A)H)\IAQ (Q)PI,\I ((I))Af\’;)\l Ao (Q) Phy:Ref; i@ea(zew) 5, 0540177 —0.10

AN A1

— HY(LM), full 0.00

v

p — afp , Yp — adp Yp = ag AT, yATT S agp

.\'\‘\o\r—r":_x:_‘ 77(

/)
1 Qg Q2 T
1
1
l Arar 7r+
o
v

/\’é%\
p p

LM =00

1.0

1.5 2.0
Mygo (GeV)
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Photoproduction of n"'

GlueX can access different channels:

vp — nO7%
p — n(’)ﬂ'_AJrJr

Small signal of 7 (1600) in partial wave with ¢ = 1 (P-wave).

Clear signals of non-exotic ao(980) (S-wave) and a2(1320) (D-wave).

Overlapping resonances —> need partial-wave analysis.

Three angles needed to describe the intensity: polarization ® and decay angles ¢, ¢.

Observables:

- Moments of angular distribution:
> sensitive to exotic signal via interference.

o o 0.20

- Polarization asymmetry 1_[% -

- Spin-density matrix elements (SDMEs) 8ls 446
> 9 independent parameters '

y . 0.05}

I(Q,9)=r Y A (el (@) A%, (Q) :

AN AT A2 0.09,

p = ag AT | YATT s ayp

-\,\‘\'\r—r_':_x:: 77(

1 Qg Q2 T

vp = adp , vp — adp

o - W ~ )

-<%
'\’\’\—\r— a_ .
! a(o)v ag w
! 1
! 1
1
l Arar T
-
v

/'/\\p p/\’é«\

b

[V.Mathieu et al. (JPAC),
Phys.Rev.D 102 (2020) 1, 014003]

A

I

GLl_J%' Theory prediction
Preliminary _ EY=8‘5 Gev

GlueX Phase 1

E, € [8.2,8.8] GeV

Natural exchange
Unnatural exchange -

++ +

Stat. uncertainties
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v '\’\—\,\1_ Y vp = n70p
1 v
. ° _-—< - Y 7](/), w0
Double Regge contributions : . N
17T
E :'*1" w0, )
Contributes to background : '
. ) /\\ ) , /\\ ,

« Models from the 70’s (e.g. Venziano, Shimada) can'’t reproduce high-statistics data at
COMPASS and GlueX.

* Need to develop new double-Regge amplitudes consistent with Regge phenomenology.

At high energy:

73 (ﬂ-)’\,\’\’\ V'/ 7.‘.0’ (77_)

Jl s (W_) ?? 7T07 (ﬂ-_)
» /V/\\p . .

* Need to make the diagrams consistent with each other.

» Use quark string-breaking models to calculate helicity dependence explicitly, and give us insight into the Regge couplings.
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vy b - W TP — by AT WP = bip
H T v 2l o W _
Photoproduction of b,(1235) “‘W\ N R
1 Tt : ! T : 1
« Lattice QCD calculations predicts the dominant 7 (1600) decay channel ' L AT '
P 1( ) y /\ D /\\\ //\\

be the b7 (— 57).
« First step is to understand the p, production and decay to wx .
* GlueX can access charged and neutral b;:
vp — bp — wrp

yp — by ATt 5 wrT AT

b
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v pE W vp — by AT yp — bip

h duction of 5 e X L I _w
Photoproduction of b;(1235) U e et S
- ot o

. . . ! 1 e :

+ Lattice QCD calculations predicts the dominant 7, (1600) decay channel /\.éi.;\”
( ) p/v/\p ) ) p//\\p

be the b7 (— 57).

e Fi ' r ion an )
First step is to understand the p, production and decay to wr B0 s o (natural exchange)

c 1.0 c
* GlueX can access charged and neutral b;: £ o9 GuX®| ¢
g 0.8 [fT S-Wave Preliminary ©
0 5 E 07 4+m=+14m=0+m=-1 E
vp — bip = wn'p 05 e
05F at® T
P .
yp = by ATT = wrm AT 0.4 kot ]
0.3 ..._-
0.2 Ll "9 —_——]
0.1 2.2 e T
0.0t 'F.“"-m-""ﬂ“ | L e
02 03 04 05 06 07 08 09 1.0
Itl [GeV?]

» Size of pion exchange consistent with preliminary GlueX data.

. b %y v
Interaction:  (m|vb;) = Ti—;ezl e, pips — (p1 - P3)guv]
1
b, 6)\'Y:A 2
= 2 A —t
sy i, 1

_ 7 1+ e ™ (5/50)
2T (a+1) sinta

Regge propagator: R (a, s)

b0 — wr® (unnatural exchange)

09F G~

08E [1'T S-Wave Preliminary

0_75_ +m=+1+m=0+m=-1

06F

05F

0.4F

0.3F

0.2F

0.1F

00752 03 04 05 06 07 08 08 10
Itl [GeV?]
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v bt w Tp = by AT yp — bip
H \"'\,\1_ o~ X v W N
Photoproduction of b, (1235) el e et e
| n* T P
» Lattice QCD calculations predicts the dominant 71 (1600) decay channel /\\ /,/"\.é:}\ﬁ /'/'\\
be the by7w(— 57). p p P P P P
« First step is to understand the p, production and decay to wx .
* GlueX can access charged and neutral b;:
vp — bp — wrp
yp — by ATt 5 wrT AT
« Derivation of cross section formula and implementation in AmpTools (GlueX analysis code).
| % 1.7 350
. Decay chain g 16§ 200
1 bl 1 ) 3 5
‘ i 1y 1 - 5% S 154 250
Ax ane = Z Z Z V/\?w,A;,\l,)\A(Swt) Z FyD3 (Q20)Yy (QH)GFAsz\A,Az(Qp)
i=1F A=—1 \p=-32 A== 1N ——— — — 1.4 200
150
1.33
P b)) s e ( S 100
Y(A)p(A1) = by (A)ATT(AA) W) = 770 A\ 1.2 50
++ + ot o b i
AT Aa) = mTp(ds) VT8 14 16 18 2 22 0
by (1235) M, (GeV)

» Access SDMEs for b7 and AT~
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SDMEs of the A™*

data from GlueX.

9 independent SDMEs

Three angles required to describe intensity: polarization ® and AT decay 4, ¢

JPAC previous model reproduces cross section but not SDMEs.

[J.Nys et al. (JPAC), Phys.Lett.B 779 (2018) 77-81]

A,u,wulug (SJ t) - B}-L'y (t)ﬁ,ulﬂ-Q (t)PR(S? t)

Pr =

Taly TR + e imar(®) 5 ar(t)
2  sinmag(t) S0

+ Poor Man'’s Absorption for pion exchange

[P.K.Williams, Phys.Rev.D 1 (1970) 1312]

06"
0.4

0.2
0.0
-0.2
-0.4

0.6

0.4
0.2
0.0
-0.2

-0.4;

0.6
0.4
0.2
0.0
-0.2
-0.4

Spin density matrix elements (SDMEs) of the A++(1232) in vp — 7~ A*" comparing with experimental

Preliminary data from GlueX

yp = T AT

[V.Shastry et al. (JPAC) (in preparation)]

0 I 0 0 PAC|
P i Re p3 Re p3_, .L&_‘
e 0 e ©® _ o
:‘o"". P ek SPL Lt :
® GlueX t\.‘/ \—“.‘/—
----- Pole model = 1
= Cut model 1
{1 . I S ,1.. | L, —— .
P11 | P33 Re p3;
| °
1 e .0
| o L] _-"- _-.,“ {
!-—-9--"'.':\\‘ ... /\'%
-"‘. A Al '..
2 .. t ‘\._:'
‘-l\‘----l--lwll‘--? -|‘2w-| — } 2‘ }
Re p3_, ! Im p3, Im p3_4
__-...-._-J---...i
ﬂ._\: :?o ________ ee®® o °
1 '-._"-—'ﬁ..__. ® v 7e;'\-_—————-—-‘

00 02 04 06 08 1.0 02 04 06 08 1.0 02 04 06 08 10

—t (GeV?)

—t (GeVH) —t (GeVH)
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yp = T AT

SDMEs of the A™* y -

Spin density matrix elements (SDMEs) of the A++(1232) in vp — 7~ A*" comparing with experimental i
data from GlueX. !

 Three angles required to describe intensity: polarization ® and A*" decay 4, ¢ p
« 9 independent SDMEs Preliminary data from GlueX  [v.shastry et al. (IPAC) (in preparation)]
« JPAC previous model reproduces cross section but not SDMEs. oy I LN "
P P i Pl Natural | P e e Re i i Re py _
[J.Nys et al. (JPAC), Phys.Lett.B 779 (2018) 77-81] 0.5y V/‘ e o _o
00! gpe 8--0---0| > _.ﬂjg;_'?‘._-"
A#"YHIM? (S, t) - BM (t)BMlIJ'Q (t)PR(S? t) 05 T et
TI'Of:’R TR + e~imar(t) /g ar(t) 05 \..f)n !
Pr = : — e Tt
f 2  sinmag(t) S0 0.0 "

05 Unnatural
+ Poor Man’s Absorption for pion exchange 19

[P.K.Williams, Phys.Rev.D 1 (1970) 1312] —t (GC\/’YZ) —¢ (GC\'{E) -t (GC\,—?) —t (GL‘\"z)

» Better agreement with natural exchange.
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SDMEs of the A™*

Spin density matrix elements (SDMEs) of the A++(1232) in vp — 7~ A*" comparing with experimental i

data from GlueX.

Three angles required to describe intensity: polarization ® and AT decay 4, ¢

9 independent SDMEs

JPAC previous model reproduces cross section but not SDMEs.

[J.Nys et al. (JPAC), Phys.Lett.B 779 (2018) 77-81]

!
T TR+ €
Pr=—=1

—imagr(t)

2  sinmag(t)

S

(_

S50

A,u,fyulug (S, t) = B}Lq« (t)ﬁulm (t)PR(Sv t)

)aﬁ(t)

0.6¢

04
0.2
0.0

-0.2¢
-04¢
0.6-=
04
0.2;

+ Poor Man's Absorption for pion exchange 0.0

[P.K.Williams, Phys.Rev.D 1 (1970) 1312]

» Better agreement with natural exchange.
« Polynomial can fit the data.
2 2 1 0
Vs aaa () = (23, aaa ™ T 25, aant 20, a0 )€

» Work in progress to identify the Physics.

at

—04}
06}
0.4}

02
0.0

=02}
-0.4f g
00 02 04 06 0.8 1.0 120 02 04 06 08 1.0 120 0.2 04 06 08 1.0 1.2

-0.2¢

yp = T AT

Y T

-
v

AT+t _nT

M
p p

Preliminary data from GlueX [V.Shastry et al. (JPAC) (in preparation)]

i I B ] rrac ]
J-h‘fj):‘%x—g—, pgl | pg_l A |
— JPAC 1
P%l Péa Pé1
E}x/rx’x——lw =
Pé—l Pgl P3—1

—t (GeV?)

—t (GeV?) —t (GeV?)
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CONCLUSIONS

« A precise comprehension of the production mechanisms is crucial for the light hybrid meson searches.

« At high energies, meson photoproduction reactions are dominated by the exchange of Regge trajectories, in particular, the pion
trajectory plays a major role at low momentum transfer.

« How do we reggeized the pion appropriately?
- Current conservation requires the nucleon Born terms (gauge invariance).

- It was not clear how to add t- and s-channel consistently without double counting: t-channel and s-channel partial wave series
should independently represent the full amplitude.

- Examination of the analytical .7 dependence emerging from the contraction of the vertices coupling ywand NN to J = (even)~
reveals that it is analytical at.7 = 0 and physically contains part of the (s-channel, or u-channel depending on charge) nucleon
exchange.

What's next?

« Revisit the pion exchange in 7» — 7~ A™" and understand A+ SDMEs.
 Extension of the formalism to natural parity exchanges.

o\
« Amplitudes for photoproduction of by, as, 7 with proton and A~ recoils. MC | M V¢ 'M’HAD ®

B4 L

EXOoT1C HADRONS TOPICAL COLLABORATION

* Close collaboration with GlueX to provide them with theory support.



