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Exotic hadrons
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X Baryons can now be
constructed from quarks by using the combinations
(qqq), (@qgaqd), etc., while mesons are made out
of (qd), (qqqq), etc.

meson
Phys.Lett. 8,214 (1964)

@ @ a@ AN S'L"3 MODEL T'OR STRONG INTERACTION SYMMETRY AND ITS BREAKING

=
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q q q ) @ @ CBRN ~ Goneva
In general, we would expect that baryons are built not only from the
tetraquark enta uark product of three aces, AAL, but also Trom AAAAA, ARAAAAA, etc.,
p q hadror"C molecules where A denotes an anti-ace. Similarly, mesons could be formed

from #A, AAAA efc. Tor the low nass mesons and baryons we will

agsume the simplest possibilities, AA and AAA, that is,

; "deuces and treys".

hybrid meson

CERNTH 401 (1964)

glueball

Hybrid mesongwith valence gluons) insight into the gluon dynamics in the nonperturbative regime
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Heavy hadron spectroscopyxYZp
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Heavy hadron spectroscopxYZp o
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Light meson spectroscopy

& g% gz gflecs Experimental challenges:
3 s =8 85 = U Manywide and overlapping states

S g ‘ U Need complicated partial wave analysis (PWA) techniques
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Light meson spectroscopy

& g% gz gflecs Experimental challenges:
3 & = =5 = U Manywide and overlapping states
3 3 ‘ U Need complicated partial wave analysis (PWA) techniques
3000 +
500 1000 1500 2000 2500 2500 __ -+
Mass [MeV/c?] . = ! If ! S — — : — =] :
- - sy 4t +— -
2000 | =. I — — ! ’ ==
|- - - 1=t
T e )
Lattice QCD predictions:  * =} - - =
1+* 2++
J.Dudek etal, Phys.Rev.D 88, 094505 (2013) 1
1000 | )" ;7 my = 392 MeV
- 24% % 128
1— [
7 — isoscalar [l
500 - isovector
- had/spec o

Gloria Montafia (U. Barcelona)v 1JCLab PHE Seminar




Exotic quantum numbers

Quantum numbers:
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Conventionahr) mesons:
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Exotic quantum numbers

Quantum numbers:

J=L®sS , §=5®65 S,
P=—(-1)*
C = (_1)L—|—S
Conventionahr) mesons:

0-— 0tt 0=t 0t

@ 1—— 1t+ 1-+ 1t-

= JEC 9—— 9t+ o9—+ ot-

d 37— 3tt 377 3t-

Hybrid mesons
@m q

U Gluonic fields in hybrid mesons give rise to states with E 2 (i A O
a

kd
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U Predictions from lattice QCD:
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The™ ,(1600)

Best experimental evidence from COMPASS with a pion beam

Historically, twgp  isovectorcandidates:™ ,(1400) and ,(1600)

Data:
Phys.Lett.B 740, 303 (2015)
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The™ ,(1600)

Best experimental evidence from COMPASS with a pion beam

Historically, twgp  isovectorcandidates:™ ,(1400) and ,(1600)
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The™ ,(1600)

Best experimental evidence from COMPASS with a pion beam

Historically, twagp

Data:
Phys.Lett.B
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i Data is consistent with single

Phys.Rev.Lett .122, 042002 (2019)

i Also provided decay rates

Phys.Rev.D 103 5, 054502 (2021)

U Coupledchannel analysis by JPAC:
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The™ ,(1600)

Best experimental evidence from COMPASS with a pion beam

Historically, twagp
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Isovectorcandidates:™ ;(1400) and ,(1600)

U Coupledchannel analysis by JPAC:
i Data is consistent with single

resonance pole

A.Rodas et al.,

U Confirmed byHadSper

i Also provided decay rates

A.Woss et al.,

Phys.Rev.Lett .122, 042002 (2019)

Phys.Rev.D 103 5, 054502 (2021)
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The™ ,(1600)

a2NBE NBOSyilfteéX

U Multiple decay channels with
high statistics data from COMPASS

Talk by D.Spuelbeck at HADRON2025 (2508.18908)

Spin-exotic J"¢ —1 waves at COMPASS

preliminary
Nominal 71(1600) position
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a2NBE NBOSyilfteéX
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U Upper limit for photoproduction cross sections fragiueX
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a2NBE NBOSyilfteéX
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U Upper limit for photoproduction cross sections fragiueX

Phys.Rev.Lett . 133 261903 (2024)
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Principles of Scattering Theory

Probability conservation

Unitarity SST =1
if S=1+iA4 then —i(A— AT) =2Im A = AA'

Causality

Analyticity

A(s) has singularities (poles and branch cuts) in the complex s plane.

.

-

Existence of antiparticlgs

Crossing symmetryAqp—ca(s, t,u) = A,z 54(t, S, u)
Physical regions (in the case of equal mass particles):
[ -channel: a +b — c¢+d s>4m?, t <0, u<0

t>4m?, s<0, u<0

O-channel: a +¢ = b4+ d )

Conservation of orbital anqular momentgm

Ve

L

Partial wave expansion

0. @]

A(s,t) = ) (20 + 1) fels)Pe(2)

£=0

fe(s) :i - channel partial wave amplitudes
Py(z): Legendre polynomials

J
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Meson photoproduction at high energies

At high energies, meson photoproduction is dominated by beam fast”
the exchange oReggdrajectoriesin the t-channel A
reggeon I
: rapidity gap
target ¥
“slow”

Highenergy region
\l
. n-_p 1
© m'p Z
E |
= 3 _J__}I :
. /|
2 3

Log,(Pian)
V.Mathieu etal., Phys.Rev.D 92, 074004 (2015)
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Meson photoproduction at high energies

At high energies, meson photoproduction is dominated by b+eam “fast”
the exchange oReggdrajectoriesin the t-channel A
reggeon I
: rapidity gap
U Duality between resonance poles afreggeexchanges target v
Dolen, Horn, Schmid,  Phys.Rev. 166, 1768 (1968),  Veneziano, Nuovo Cim.A 57,198 (1968) + . “slow”

Resonance region Highenergy region
80 [ N
° n-_p 1
60 | * p
- R | Lowenergy: resonances High energyReggesxchanges
E 40 1Y N ! '
; e | As,t) ~ S Alst) ~ 3
& %‘ . S | r S i t—=1
20 ‘ T -
| - Analytically connected
o.L . . )
-1 1 2 3
Log,(Pian)

V.Mathieu etal., Phys.Rev.D 92, 074004 (2015)

11



Introduction to Reggerlheory

T.Regge, Nuovo Cim. 18, 947 (1960)

At high energy, the scattering amplitude in the physical region of itigasinel is related to-thannel exchanges

Reggdimit
> §> —t,m?
A(s,t) = Y 0+ D fe()Po(z) ———> Als,t) ~ sbn
£=0 A n
t-channel partialj ) 9

wave amplitudes Z=costy =1+ -—

lim Py(z) ~ 2*

Z— 00

12



Introduction to Reggerlheory

T.Regge, Nuovo Cim. 18, 947 (1960)

At high energy, the scattering amplitude in the physical region of itigasinel is related to-thannel exchanges

Reggdimit
> §> —t,m?
A(s,t) = Y 0+ D fe()Po(z) ———> Als,t) ~ sbn
£=0 A n
t-channel partial/ ) 9

wave amplitudes Z=costy =1+ -—

lim Py(z) ~ 2*

Z— 00

The concept of partialvave amplitude can be extended to complex values of angular momentum

{fe@®} — f(,t) with f(,t) = fo(t), £€{0,1,2,...}

12



Introduction to Reggerlheory

T.Regge, Nuovo Cim. 18, 947 (1960)

At high energy, the scattering amplitude in the physical region of itigasinel is related to-thannel exchanges

Reggdimit
> §> —t,m?
A(s,t) = Y 0+ D fe()Po(z) ———> Als,t) ~ sbn
£=0 A n
t-channel partial/ ) 9

wave amplitudes Z=costy =1+ -—

lim Py(z) ~ 2*

Z— 00

The concept of partialvave amplitude can be extended to complex values of angular momentum

{fe@®} — f(,t) with f(,t) = fo(t), £€{0,1,2,...}

A |£
Do the sum:Sommerfeldwatson transform
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Introduction to Reggerlheory

SommerfeldWatson transform A(s,t) =
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sin ¥
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Introduction to Reggerlheory

1 20+ 1) Py(— 0.t
SommerfeldwWatson transform A(s,t) = —— df( ) .f( 2) J(60)
2i Jo sin 7w/
U Deform the contour
4 0 S ¢
o
C A
A== P-————————— 1
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Introduction to Reggerlheory

SommerfeldWatson transform

U Deform the contour

A(s,t) = —— [ d¢

2i Jo sin 7w/

1 (204 1) Pi(—2z) f(£,1)

i Assuming the partial waves are analyjahe only singularities are poleg:(t) ~ Ao)
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Introduction to Reggerlheory

SommerfeldWatson transform

U Deform the contour

—%Jrz'oo
A(s,t) = 1/

2

background~ s~1/2

A |£

1 .
5 100

1 (204 1) Pi(—2z) f(£,1)

A(s,t) = —— [ d¢

2i Jo sin 7w/

[ Assuming the partial waves are analyfjahe only singularities are poled(t) ~ ; f(a)(t)
m(204(t) + 1)B;(t) 1
ae. .. — Ip
Z sin (7?0{3:(15)) 9 'z,( Zt)
\ v )
pole contributions~ s*(*)
Reggepoles
P i A gg9eo N
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: o Q2(t)
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Introduction to Reggerlheory

d

o 1+ e—i'fra(t) S o(t)
PRegge — il ( )

sin (ra(t)) 2 S0

/ ! y

signature factor gsymptotic
n= (=17 pehavior

poles for
integer| O
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Introduction to Reggerlheory

a C

t \\/ c a
1 | | Reggeon with
Particle with = massyoand spin 0
t —m? massd and spinJ
b

b d d

D mo 14 npe i) ( s )a(t) 1
Regge —
I (

sin (ra(t)) 2 50 1+a(t)
% Y ! -
POIESTOr — signature factor asymptotic
Integer| © n=(-1)"  pehavior

cancel
non-physical poles

Resonances appear simultaneously as poles in energy and spin!

U Reggerajectories: families with same quantum numbers but different sp
U Almost straight lines (Chefrautschplot)

U In standardReggeheory parameterized bya(t) = o/t + ag

‘?_u

M? (GeV?)
V.Mathieu etal., Phys.Rev.D 98, 014041 (2018) 14



Model for meson photoproduction

2 S gq2yteé¢ ySSR G2 | y-ehannaidéSangeR2 YA Yl yi0o ONR&a&aSR
Y X

7. m, b1, by i Unnaturalparity(0 p p):mhp ht ho
prws J2.a2. P 3 Naturalparity @ p p):1 p I >

N, A
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Model for meson photoproduction

2 S gq2yteé¢ ySSR G2 | y-ehannaidéSangeR2 YA Yl yi0o ONR&a&aSR
X

,-y

7.1, b1, ha i Unnaturalparity @ p p):mthp he ho = X
pows foa2 1 Naturalparity @ p p):mthp ht o = X
N N, A
U Neutratexchange reactions: U Chargeexchange reactions:

Yp = TP yp — 7 AT

p = bip . vp — agp , Yp — asp p = by AT qp = w1 AT p = ag AT yATT S ayp

vp = a0 .. vp =TT AT

i Natural parity exchanges dominate i Smallt: unnatural (pion) exchangdavored

i Largert: natural exchangefvored



Model for meson photoproduction

Linearly polarized photon beam &ueXhelps disentangle the production mechanisms

U Beam asymmetry

. dO'J_—dO'H - d(TN—dO'U
B do| +do ~ don + doy

V.Mathieu etal., Phys.Rev.D 92, 074013 (2015)
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Model for meson photoproduction

Linearly polarized photon beam &ueXhelps disentangle the production mechanisms

U Beam asymmetry

. dO'J_—dO'H - d(TN—dO'U
B do| +do ~ don + doy

V.Mathieu etal., Phys.Rev.D 92, 074013 (2015)

i Neutral vs chargeexchange reactions:

0 - A++
Yp — Tp =T A Py a2
W AT T w CF o G
| ewy [LETT
1.2 GuueY” “E o
- 'X Z 0.6
I R I ] = 4
s ++++ SRR T o4 - A=
0.8 % + i - 02 1 a
- H - oofp— — — -2 S
0'6:_ w - B 02 —+ } e
o --Laget A 04 i ﬂ +
0.41 JPAC 7 AR +H’ —— Nys etal. (JPAC), PLB 779, 77 (2018)
oo ¢ GlueX84<E<9.0GeV .. ponnachie B 06 :'\/ ----- Yu and Kong, PLB 769, 262 (2017)
"I ¢ SLAC E=10GeV Goldstein ] 08 =
G_...|...|...|...|...|...|...|...|..:a|.._ _]:,,,|,,,|,,,|".|...|H.|...|
0 02 04 06 08 1 12 14 16 18 2 o 02 04 06 0.8 10 12 14
-t [(GeV/c)] [t| [(GeV/o)2]
GlueX Collaboration, Phys.Rev.C 95, 042201 (2017) GlueX Collaboration, Phys.Rev.C 103, L022201 (2021)

Gloria Montafia (U. Barcelona)v 1JCLab PHE Seminar



02 Pion exchange in pion photoproduction
O3 Photoproduction of “ in the doubleReggeegion

04 oOther studies

05 Conclusions



Understanding pion exchange

What do we know?

A Dominates in charge exchange reactions at small momentum transfer
A Low energies: constrained by effectivagrangiansf QCD
A High energiesReggeheory

_|_
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Understanding pion exchange

t
What do we know? | .\
: : : g 5
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Born amplitudes

In terms of Born diagramsurrent conservatiorrelates tchannel diagram (pion exchange) anduschannel diagrams
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Reggeization of pion exchange

Y o
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In the Reggepole approximation:
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Reggeization of pion exchange Sh. D Wiy et GPAC)

1. Build an amplitude for the exchange of a particle of arbitrary 3pi@
(gauge invariant by construction)
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Ai,)\i)\f(sat) = Z : T a(t§ = ai,),)\i)\f (t)di,/\i—)\f(gt)

agJ
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Reggelzatlon Of plon eXChange GM, D.Winney, et al. (JPAC), Phys.Rev.D 110, 114012 (2024)
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Reggeization of pion exchange

GM, D.Winney, et al. (JPAC), Phys.Rev.D 110, 114012 (2024)
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Interpretation in terms of Born diagrams

U In the schannel CM frame
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Results for pion photoproduction

U Reggeized pion exchange
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Results for pion photoproduction S, D Wimey. et UPAG), Py Rev 110, 114012 2024)
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Interference between even and odd partial waves
i Odd partial waves are exotic (e[. )
Presence of exotic partial waves (also at low energies)
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t Z final state

“

U Meson resonances

a0(980), az(1320)
7 (1600) o

oy :
T

“

U Baryon resonances

7T77 ’r’ W?’Y

i

A(1232) P

U DoubleReggeproduction

w7y nom,y
/s
p pp
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100
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20

- —— .
M(n®n) Entries /0.024 Ge\;l

U Forwardbackward asymmetry:

AFB (mzﬂ_) _ F(m%ﬁ) o B(m'fzrn')
N F(m%ﬂ + B(m%,rr

S
S

Interferencebetween even and odd partialaves
i Oddpartial waves are exotie(g.p )

Presenceof exotic partial waves (also at low energies) -



DoubleReggeoroduction oft.  Z at COMPASS

U Dominant exchanges:

cos' f bwm cos' f-1
T :7](/) - m™
a2 Ja/ ¥ ;
(a 77()
fa/P f2/P
p — > D p p
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DoubleReggeoroduction oft.  Z at COMPASS

U Dominant exchanges:
cos' f bwm

i

U Pomeron exchange needed to adeibethe data

U ~h more important for— *

Gloria Montafia (U. Barcelona)v 1JCLab PHE Seminar

lglm, cosB) x 1073

fa(m, cose@) x 1073

=
ONBROHONR

Ig(m, cosB) x 1073

e el

ONBRODONA

==
NS

Mpyp = 2,52 GeVA

T T T T T T

T T T T

._.
O NBO®O

lp(m, cos@) x 1073 lg(m, cosB) x 1073

fe{m, cosB) x 1073

L.Bibrzycki , et al. (JPAC), Eur.Phys.J.C 81, 647 (2021)
14 . 5 : :
12F myu=252GeV] L ,|Mm=252GeV | T g myn=2.52GeV+
10 L —
X 3k 4 x 6F 1
8r 1 & —
s}
6 1 &2t 4 8 4f .
41 4 Y <
2r T ‘%’a ! ;‘J % 2 ]
0 1 - = 0 1 ~ 0 L
14 ; s : ,
12F  mp=2.68GeV{ L, ,[Mrn=268GeV | 7 g mqn= 268 Gevy
10 i 7 =
X 3k 1]l x6
8r 1 & N
6 41 &2 4 24
ap 1 =2 c |
- 2
2r ~ i %“’ ' ’__,_/ %
0 L 0 L 0
14 T .5 r
12 mp=284Gev{ 1 ,[Mn=284GeV | 7 8
10 ] =24 =
X 3L 1 x6F 1
8 1 5 — f
0 @
6 b c 2} 4 84 -
Pl | E <
' E1f £ 2F i
2r . 1 = 3 -
L R 1
01 075 05 05 0.75 10 97 0.75
cosé cos@ cos@

(apfo + P+ (f2n12)
(o +P)+ (o o+ P)
(o +P)+ (L. o) + (P, P)

Data (reconstructed)
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DoubleRegge

U Dominant exchanges:
cos' f bwm

i

U Pomeron exchange needed to adeibethe data

U ~h more important for— *

U Asymmetry originating mainly from
GRQ ~ "HQ -~
and also(~r), specially for “

a)

U Pomeron couples more strongly o

Gloria Montafia (U. Barcelona)v 1JCLab PHE Seminar

A(m)

oroduction oft. Z at COMPASS

L.Bibrzycki , et al. (JPAC), Eur.Phys.J.C 81, 647 (2021)
14 . 14 . 5 : :
e m m —_ m L 2s, 7+P + 2:J2
L 12 mpu=252GeV] L 12F my=2.52GeV| L ,|Mwn=252GeV | 7 g mpyn=2.52GeV- @pfy + )+ (hof)
x 1o 1 %9 1 x,L 6 - (anfy+P) + oo+ P)
% 6L i % 6H h % §4_"‘ u
S Ll ]l S L 1 82 1 8 (arfy +P)+ (hofo) + (P, P)
E | £ 1t £ 2f; .
3 20 13 1 -1 = ___,._j = ) Data (reconstructed)
o= L 0 L - 0 L 0 1
14 1 14 T 5 T T
L 12F mp=2.68GeV| T 12F mpu=2.68GeV{ L, ,[Mrn=268GeV | 7 g mqn= 268 Gevq
~10f 1 710} 17 =
X X x 3l x b
2 1% 2 ) )
g o 18 °r S 2f 1 84
\ g [T = | ‘-2_
0 - 0 - 0 . 0
14 | L 1a , 5 . :
T 12t mp=284Gevy L 12 my,=2.84 GeV- ;34_mn'n=2-84GeV 1 T 8f man=284 Gev4
~10F 4 T1or 1 7 =
x X x 3l x 6
g 8r 1 8 8 o g |
v gk 2 gh 2 2 w qH
S 4+ g Y gk % e S
S ] & ' E 1t £ 2p
E 2r — 7 E 2r S :Q | :° h
> l _— ,
95 0.75 Lo % 075 05 B85 0.75 10 97 075 05
cosf cos@ cosf cos@
1.0 " Mcrmibiaptt § ' MCR ypac 1.0 l | 1 I .
f PAC o — MCRMIN+PPfit  § MCR ppac
0.5+ y 0.5 = -
= =
oo 111 oo :
i 1€ I — I il T 0.0
T Lliiillliilili -
) 1 -os arte
{ ' TT
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24 25 26 2.7 28 29 3.0 ' 24 2.5 2.6 2.7 2.8 2.9 3.0

Mpr (GeV)
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DoubleReggephotoproduction oft.  Z G, VMathieu ,otal. (PAC),  PhysLet® 872140101 (2020

U Vector (natural parity) exchanges are dominant

77(,) ’)/ 77(,)

cos' -1

29
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DoubleReggephotoproduction oft.  Z G, VMathieu ,otal. (PAC),  PhysLet® 872140101 (2020

“

U Vector (natural parity) exchanges are dominant

77(,) ’y 77(,)

cos' f-1
ris ris
P p P

U Lorentz structure of the vertices:

_ gyni Py . Jé;

Y _ P, Top vertex: (Vi|vP1) = e i€apuves a5 al €V,
Vi .
<‘/v2‘V1P2> — ViVaPs . )8
T

_)_P2 0 T’EaﬁMVE?/Tqvl q‘ﬁ;g 81{/2
2 i (40 + )
’ . — = q q 4 v —
P —> — Bottom vertex: (N'|VaN) = a(gy, pu') (g}/2 + g;@)% — g;é mep u(qp, 14)
p

All couplings are known

29
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DoubleReggephotoproduction oft.  Z GM. V.Mathieu . etal. OPAC),  Phys.Lette

1
U Identify the kinematical factor K ax = 2myty|5i[[F2lAy Y | (=€)e™Sd}_((61) di,(62)
£=—1
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DoubleReggephotoproduction oft.  Z GM. V.Mathieu . etal. OPAC),  Phys.Lette

1
U Identify the kinematical factor K ax = 2myty|5i[[F2lAy Y | (=€)e™Sd}_((61) di,(62)
f——1

U Reggeizationi  sum over sping, andJ,

KA’Y)\)\, — K)\»,,)\/\’ X R(afl(tl),ag(tg),sl,SQ,ﬁ}) with Kk /5159
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DoubleReggephotoproduction oft.  Z GM. V.Mathieu . etal. OPAC),  Phys.Lette

1
U Identify the kinematical factor Ky _an = 2m,t1 |pi|[F2] A, Z (—g)e—“’f“d}%(el)dg[x(eg)
£=—1
U Reggeizationi  sum over sping, andJ,

. _ S
KA_Y)\}‘I — K'\w)\/\’ X R(Ozl(tl),az(tg),sl,SQ,ﬁ}) with =

o’ s189

based on the model of Shimada, Martin, and Irving  shimada, Martin, iving, ~ Nucl. Phys. & 142 (1978)

poles for integer 0

R(ay, s, 81,82,k) = [(ap — DT'(1 — a1)] [(ae — 1)T(1 — as)] 7

(){1—]. 042—1
— — S S
X [E1€ k' V (ay, ag, k) + E2€126" T2V (a2, 1, K)] (8—1) (5—2)
0 0
\)/ \\‘ \ v J
signature factors  vertex function asymptoticbehavior
I" —

Vo, az, k) = F(Elll— 0?22)) 1Fi(l1 —a1,1 —aq + ag, —kK)

872, 140101 (2026)
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Results fot. Z photoproduction

Use lineaiReggédrajectories:

All parameters of the model completely fixed (so = 1 GeV?)

U Comparison with CLAS data (not a fit):prvsrevc 102 032201 (2020)

o o o
] e (=]

d?o/dt,, dm,, (ub/GeV?)

e
o

1.00

¢+ CLAS 03l
— E,=5GeV | “t
0.2}
T |
150 175 2.00
My (GeV)

1.25

kd

Gloria Montafia (U. Barcelona)v 1JCLab PHE Seminar

~typ = 0.4 — 0.7 GeV?

GM, V.Mathieu , et al. (JPAC),

0.0 =

1.00

1.25

1 50
My (GeV)

1.75

2.00

0.3

0.2

0.0

0.1

a;(ti) =1+ (ti—mi.), withhQTI' n ®d® DS+

Phys.Lett.B

Shaded bands:

0.95 GeV? < sy < 1.05 GeV?

~tpp = 0.7 — 1.1 GeV?

1.5 2.0
My (GeV)

Good description of the data above the resonance region

872, 140101 (2026)
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Results for.  Z photoproduction

U Predictions foiGlueXenergy E, = 8.5 GeV

0-20 v d v T Y L} ) T ¥ T ¥ T T T T T T T T
nmw — E,=5GeV ‘EJ&C 4
n'n —mme i =85 GV
c\f\ 015 B -
-
<5
O
e
B
2010
“&
o
~
S
< 0.05F
().0%.0
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GM, V.Mathieu , et al. (JPAC), Phys.Lett.B 872, 140101 (2026)

d%0/d cos 0 ds,, (ub/GeV?) %102
0.0 0.5 1.0 1.5 2.0 2.5
L ' T |
R = ——

T T T T T

0.5

cos

0.0}

—0.5}

T s 104 6 8 10
sor (GeV?) sy (GeV?)

i Clear forward and backward peaks
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Results fotr. Z photoproduction G, VMathieu ,otal. (PAC),  PhysLet® 872140101 (2020

U Forwardbackward asymmetry — Apg(m?2,) = i u
T F(myy) + B(miy)
i Larger fo—"“ (but no Pomeron here)
E - —— g'm —— Regge 3 . : . :
028 — g Vector-Vector ] i Stronger exotic partial waves n*
0.1 1
0.0 :'__'_"'"""'———--———::::::::::::::::::::::::::::::::::-_—::::—"
2.0 22 2.1 26 2.3 3.0
mn(;)ﬂ (GGV)
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Two pion photoproductionin the * region JPAG, Phys. RevD 111, 014002 (2025

Reggebased model fitted to angular moments from CLAS

p wt .
i _ Y mt U Resonant componentQu M X X TQwi, Qp ¢ x,Mp o x 1
B produced through Pomeron and natural pariRgggeexchanges
b p p » U Nonresonant component (Deck mechanism

do
Y] :\/AE/dQH Re{Yy (2" i i i
(Yaz) AN {Yn(27)} i Much more physics than just Pomeron exchange
t = —0.45 GeV? t = —0.65 GeV? t=—0.95 GeV?
20 ] 107 i === minimal
: - PdDeck
25 3 81 11 ==+ §4 P4+Deck
cg‘ ] = complete
5 20 6 7]
2 . | <
S | ‘ clasy
97 *] . Data:

Phys. Rev.D 80, 072005 (2009)

0.4 (.G (L8 L0} 1.2 1.4

Va2 [Gev 7]
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Z photoproduction

V.Shastry et al. (JPAC): arXiv:2026.XXXX

Reggebased model fitted to sphaensity matrix elements (SDMES) fr@fueX

F)/ T 0.4-“
0.2F
T, P, bla az '
,n.+ 0.0—— - Base model
p _02} ® GlueX data (GJ)
= Polynomial fit
A(1232) P -04f

0.4

U 2018 JPAC model fitted to cross section and beam asymmetry data

e N A
P11 P3

from SLAC (relative phases unconstrained) Phystets 779,77 (2018) 0o

-0.2hs 2
U SDMEs allow for a revisited model (more flexible) -04
0.4}

1

W(Q+,P) =2N {pg3 sin? 0 + P(1)1 (§ + cos? 9) + .. } 028
0.0
1 0.2}

0
Pxax, = IN Z T)\q:)\N)\A(S?t)T;\(W)\N)\’A(Sﬁt) _04l
Ay AN 00 02 04 06 08 1.0 1.0 02 04 06 08 1.0 1.0 02 04 06 08 1.0 1.2
—t (GeV?) —t (GeV?) —t (GV?)

Better understanding of the production amplitudes

— —
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Guug),. ba&

Phys. Lett.B 863, 139639 (2025)

Extraction of (universaReggecouplings Dashed linesold JPAC model
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Conclusions

U A precise understanding of the production mechanismstuisial for the light hybrid meson searches

U Reggeheory and amplitude analysis describe data and provide predictions with minimal model assumptions
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U Pion exchange
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Conclusions

U A precise understanding of the production mechanismstuisial for the light hybrid meson searches

U Reggeheory and amplitude analysis describe data and provide predictions with minimal model assumptions

U Pion exchange

-i
rd

2
rd

Crucial to describe charge exchange reactiorGlaeXCLAS12 at small momentum transfer
Our approach reconciles gauge invariance Redgeheory

Key step analytical continuation to J=0 is finite!Contribution of + N exchangeBorndiagrams
Next steps: extension to electroproductiompd OF G G SNA Yy I T X

U DoubleReggefort Z photoproduction:

— — o)

2
i

Dominant production mechanism above the resonance region

Model based on the exchange of vector trajectories describes existing data

Predict a sizeable forwatdackward asymmetry ir “ (large contribution exotic partial waves)
First step towards the development of finieergy sum rules

U Many more ongoingstudies

-I,
rd

More complicated final stated: “ ,0 0 ,“3, @N, 03, "3 X
In parallel withGlueXCLAS12 experimental analyses
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