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Ordinary and Exotic Hadrons

Ordinary baryons

proton stable

neutron T ~ 10°s

nxxxrco

baryon A T ~ 10~ 19

Ordinary mesons

w pion T~ 107 °s

UP

mass 2,3 MeV/c’

charge %
spin 2

DOWN

4.8 MeV/c?

-¥5
Va

J

CHARM
1,275 GeV/c

%
Y2

STRANGE
95 MeV/c?

-Y5
Va

¥

%
V2

TOP
173,07 GeV/c?

BOTTOM
4,18 GeV/c

-¥3
Y2

v

Vincent Mathieu

NSTAR 2026 3
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Ordinary and Exotic Hadrons

Ordinary baryons uP CHARM TOP

O mass 2,3 MeV/c’ 1,275 GeV/c 173,07 Gev/c?
l p charge % % %
proton stable U | wpin% e % e % @
A
3 R
neutron 7 ~ 10°s Y DOWN STRANGE BOTTOM
S 4,8 MeV/c? 95 MeV/c? 4,18 Gev/c
—10 -¥5 -¥5 -¥3
baryon A 7~ 10 s v @ s v @

Ordinary mesons Exotic matter

w pion T~ 10 %s hybrid mesons

Meson with excited gluon field

Gluon field may carry quantum numbers
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Lattice QCD on the Lightest Exotic = | }
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The lightest isovector exotic meson is the : E? | F it i
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HadSpec PRD82 (2010) 034508

Vincent Mathieu NSTAR 2026 5



Lattice QCD on the Lightest Exotic =~ %
) J ; F % ) P
The lightest isovector exotic meson is the | ﬂ? % ﬁ ‘1[:: %
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HadSpec PRD82 (2010) 034508

HadSpec PRD103 (2021) 054502
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GlueX, PLB133 (2024) 26

arXiv:2407.03316
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Promising channel: by 7"A™"

Understand joined SDME / joined Moments

Main decay channel of the 7, is by«

Can we “transpose learning”
from only AT production?
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Promising channel: by 7"A™"

Understand joined SDME / joined Moments Can GlueX identify properly the b; meson?

Main decay channel of the 7, is by«

Can we “transpose learning” Ongoing project with the GlueX collaboration
from only AT production?
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Promising channel: by 7"A™"

Understand joined SDME / joined Moments Can GlueX identify properly the b; meson?
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Promising channel: by 7°A** |

Understand joined SDME / joined Moments Simplest “meson+baryon” channels

Main decay channel of the 7, is by«

Can we “transpose learning”
from only AT production?
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Variables and dimensionality

There are 3n — 4 variables for n particles in the final state

The 8 variables for p”A™™ could be

pm =t oml, Q=04
ATT — 7z'+p . m;p, Q =0+, P,+)

vp — p ATt V55 /IA(Sa ) I
[

]/9 p? p?

/\ 24 complex functions of 2 variables

Vincent Mathieu NSTAR 2026



p Spin Density Matrix

Knowing the spin of the resonance: J/

2 _ 2 1
Aﬂwﬂp,ﬁn(s’ [, Q, mﬂ__,_]z_o) — Z V/I},,m,/”tp,/ln(s’ t) F(mﬂ__ﬂ_o) Ym(Q)
m
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p Spin Density Matrix

Knowing the spin of the resonance: J/

2 _ 2 1
Aﬂwﬂp,ﬁn(s’ [, Q, mﬂ__,_]z_o) — Z V/I},,m,/”tp,/ln(s’ t) F(mﬂ__ﬂ_o) Ym(Q)
m

The intensity Is the squared:

mm’(Sa t) — V m ‘/>x< '
) & Y Y ()P, (s. DY) P {2;}4 Ay V 2 i,
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p Spin Density Matrix - _

Knowing the spin of the resonance: 7/

Ay 2,2,(8, 1,82, m2, o) = Z Vama i (80 F (m?>__o) Y, (Q)

P n

The intensity Is the squared:

! Sat — V m ‘/>x< -
1(L2) Z Y ()P, (s, DY Q) Prmm/(S> 1) {Z;}, Ao 2yl Y el

m,m’

X Ppo €08 0 + pyq sin” 6 — \/5,010 cos ¢ sin 20 — p,_, cos 2¢h sin” @

4 SDME extracted from decay angular distribution and provide info on production®

*(4 SDME or 1 diff. cross section + 3 normalized SDME)
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p(77()) PhOtOprod uctlon @Gluex ? Data: GlueX, PRC108 (2023)

Model: JPAC, PRD97 (2018)
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A Spin Density Matrix

Knowing the spin of the resonance: y

2 2 3/2
Ay (56 Qm2 )= YV, (s, 0) Fy(m2,) DY3H(Q)
A
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A Spin Density Matrix

Knowing the spin of the resonance: y

2 2 3/2
Ay (56 Qm2 )= YV, (s, 0) Fy(m2,) DY3H(Q)
A

The intensity Is the squared:

1(Q) Z D325 (Q)ppp (s, DY (Q)
JAWAN
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A Spin Density Matrix

Knowing the spin of the resonance: y

2 2 2
Ay (8, 1Qm2, ) = Z Vi 32 (8, 0) Fy(m2) DY Q)
A

The intensity Is the squared:

1(Q) Z D325 (Q)ppp (s, DY (Q)
JAWAN

1 , .5 2 . . 2
X P11 | =+ cos“0 | + p33sin- 0 — [p31cos¢sm26’—p3_10052gb SIn 6’]

3 V3

4 SDME extracted from decay angular distribution and provide info on production™

*(4 SDME or 1 diff. cross section + 3 normalized SDME)
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"Double Indices” Spin Density Matrix

Let’s write the 2 decayS'

Ax i = \/—Z Z vam,\l aa (85 t)F(m2,)Y,, () Fx, (m? )DfA 2o ()

2
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"Double Indices™ Spin Density Matrix

Let’s write the 2 decayS'

A)vy,)\l,)\z Z z V)w MIALAA (8 t)Fe(m'rr'rr)Ye( )F/\z( )DiA A2 (Q )
4 AA——-

The intensity is the squared: y 0™ ® 0
5 1 1 % T T
Q) Z DZ* (Q)YNQ) pom(s, 1) YHQD?, (Q)
A2 A A2 7r+
/1A /1A D - —» A++ .<: p,
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"Double Indices™ Spin Density Matrix

Let’s write the 2 decays:

1
Ax, Me = ﬁz D VR s (S FAM2 )Y, Q) By, (m? JDiL L (2,)

The intensity is the squared: y 0™ 0
@
o 1 15 T ™
[(Q) x Z D", (Q)Y,(Q) po(s,1) Y (@)D}, lz(gzp)
VA +
/1A /1A D - . A++ .<: p,

oc mem(s ) X| o m (s Q)
A

m,m’  Aada
Ans Al

Known angular functions

NSTAR 2026 14
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"Double Indices™ Spin Density Matrix

Let’s write the 2 decays:

1
AA'y,)\l,)\z — \/7—1, Z Z V)i,m;)\l,)\A (S?t)Fe(mgm)Yfrf;(Q )F/\z( )DiA AQ(Q )

The intensity is the squared: y 0™ 0
o

5 1 ] T ™
[(Q) x Z D", (Q)Y,(Q) po(s,1) Y (@)D}, lz(gzp)

A o+

/1A /1A D - —» A++ .<: p,

< D P (8,0 X| fo,m (o Q)
s 2

m,m’ Aala
L Have known symmetry properties

S Known angular functions
As 7MA

NSTAR 2026 14
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"Double Indices™ Spin Density Matrix ,,To
Unpolarized intensity: WW\‘
+
Wo(Q, ()) = cos” O [Wgo(ﬂp) — WSO(QP)] + sin” 0, [I/Vlo1(Q ) — 11 Qp) .<:

— sin” 0, (cos 20 [WIO_I(QP) — W, _1(Q,)| + sin2¢, WP . Qp)

—v/2sin 26, (cos O [WIOO(QP) WlO(Qp)- + sin ¢, Ww(Qp))

Auxiliary functions:

33 11

—a 2 |
W._ . (Q)=—=|r% ,cos¢sin20 +r® , cos2¢psin®f

V3 | 51 3—1 _

—~ 2 | ]
Wwe (Q) = —— |7 ,sin¢sin20 + 72, sin2¢sin®
V3 | 51 3—1 _
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"Double Indices” Spin Dens

Unpolarized intensity:

WO(Qr, 2p) = cos? b | Wp(9) — Wi(©,)] + sin

50

— sin” 0, (cos 20 [WIO_I(QP)
—v/2sin 26, (cos O [WIOO(QP)

Auxiliary functions:

1
we (Q)=r% ,sin®f+r% (§ + cos
33 11
—a 2 |
w._ . ()=—|r. ,cos¢sin2f+r,
(§0) =75 [T c089 o
— 2 |
we (Q)=— |7 ,sin¢sin26 + 72
§0) =75 g sin 9

26, [Wh(Q) -
o Wl—l(QP):
Wio(2)

, sin 2¢ sin” @

ity Matrix:

sin 2¢; W10 . Qp)

+ sin ¢ WIO(QP))

11 QP)

/A3

0<.'

There are 20 coefficients to extract

, cos 2¢ sin” @

r00, 700, 700, I 00

11 33 31 3-1
1o, 10, 10, ¥ 10 o, ' 10
11 33 31 3-1 31 3—1
rii, rii, rii, r 11 fl_l, f]—l
11 33 31 3-1 31 3_1

Fi—-1, -1, ri-1, 't -1
11 33 31 3—-1

Vincent Mathieu
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A Preliminary Model - _ 0

Regge exchanges includes: R = p, T
xt

£ ] — Tou J-’-jﬁ(" p
{ = p-exchange = = /
] :-exchange A++ p
4]

*1[-' 2] Preliminary results indicate the

S ] .

\I: j dominance of the p (natural) exchange

ol

sF 2
i
1
0l
00 02 04 06 08 10 1.2

| —t( GeV?) |
Courtesy of V. Shastry
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A Preliminary Model | _ 0

- P /A
Regge exchanges includes: R = p, T
xt
5J Total ‘If:‘f\\( p
{ = p-exchange = /
] :exchange A++ p
4]
'ir" 2] Preliminary results indicate the
S -
\I: j dominance of the p (natural) exchange
ol
sF 9
1
H Let’s assume production occurs via
01 ~— only natural exchange Reggeons
00 02 04 06 08 1.0 1.2

| —t( GeV?) |
Courtesy of V. Shastry
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Factorization

Drastic approximation: 7V
/ _

T
Vaa (s, 1) = ﬁﬂy /Ip(t) 37 2.0 X f(s, 1) X

T

A A
P ,
4
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Factorization

Drastic approximation: 7V
/ _

T
Vaa (s, 1) = ﬁﬂy /Ip(t) 37 2.0 X f(s, 1) X

A A T

P ,

4

Consider only one type of
Regge exchange of naturality n = P(—1)’

sy (O =n(=10""p, , (1

}/—/lp_/lA(t) — ;/](_ l)ﬂp /lAyllp/lA(t)
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"Double Indices” Spin Density Matrix _ 0
- y o
Unpolarized intensity: T
Wo(Qn, () = cos” O [W(?O(Qp) - WSO(QP)] + sin” 0, [Wlol(ﬂp) — W(l)l (QP)] 7.[+
—sin b ((cos 26, | Wiy (@) = Wi_1(Q)] +sin26. WL, (%) p |
— V/25in 26, (cos o [WIOO(QP) — W(I)O(Qp): + sin ¢, W{’O(QP)) A™ P

There are 20 coefficients to extract

r00, 700, 700, I 00
11 33 31 3-1

1o, 10, 10, ¥ 10 o, I 10
11 33 31 3-1 31 3.1
rii, rii, rii, r 11 i’:l_l, ]71—1
11 33 31 3-1 31 31

Fi—-1, -1, ri-1, 't -1
11 33 31 3—-1

Vincent Mathieu NSTAR 2026 18




"Double Indices™ Spin Density Matrix

p m
L . Y
Unpolarized intensity: T
W2(Q, Q) = cos® b, [W(?O(QP) — Wgo(ﬂp)] + sin® 0, [Wlol(ﬂp) ~ W(l)l (QP)] 71'+
_ sin%#, (cos 2, [Wf_l(n,,) — W (Q,)| + sin 20, ’W’{’_l(np)) p
: & 4 ] /
— V25in 26, (cos dr [W(2) — Wio(9,)] + sin 6 Wip($2,)) AT p

There are 20 coefficients to extract
oo, Y00, 700, I 00

The 20 = 4 + 16 parameters reduce to 4+4:

o — P A 11 33 31 3-1
rmm/— me,XFM, ~ )
/1/1/ rlOa rlOa rl()a r 10 7‘1(), I 10
11 33 31 3-1 31 3.1
p p p p ~ ~
‘00> "11> T107 11 rits Fits P11, T 11 Fle1, Fre
11 33 31 3-1 31 31

A A A _A

11 33 31 3—-1
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Intensity with Linearly Polarized Beam

Including the photon spin density matrix:

[(@,Q,Q)=W(Q,Q)—-PW(Q,Q)cos 20 — P,W(Q,, Q,)sin 2P
20 20 16

Total numbers of parameters: 56

Vincent Mathieu NSTAR 2026 19



Intensity with Linearly Polarized Beam

Including the photon spin density matrix:

[(@,Q,Q)=W(Q,Q)—-PW(Q,Q)cos 20 — P,W(Q,, Q,)sin 2P
20 20 16

Total numbers of parameters: 56

In the factorization approximation

(D,Q,.Q) ~ lWB(Qﬂ) — PWQ,)cos 20 — P,WA(Q,)sin 2 | W,(Q,)
4 4 2 4

Total numbers of parameters: 14

Vincent Mathieu NSTAR 2026 19



GlueX Resultson yp — p~A™"

AT — SDMEs

-+ Factorized model —+ Full model
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->0Overall good agreement between
full model and factorized model

MESON Krakow - B6 | Niklas Herrmann (herrmann@)jlab.org) | June 29, 2026

Vincent Mathieu NSTAR 2026 20



v — A ++
GlueX Results on ¥p — p~A
0.5 Guix”

Very good agreement!

The intensity factorizes

Is it because there is only
one naturally exchange?

Is it because there is only
one naturally exchange?
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GlueX Results on yp — p~ AT

Unnatural exchange small and compatible with pion exchange
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p_ T

Summary:
- -y y
T
— b— OA++ : b p 71-
/P 1 7 Ultimate goal 7y — b7 o+
. . P
yp — p~ ATT Ongoing analysis A D’
ATt — SDMEs
Experimental observation of factorization . ¥ Fa“”(‘)z:? mSIEL % Foll ad .
LTI RS : R prlimen
=R o’é’&‘ -~_ °Q:_!: - - T
Explanation (to be confirmed): T 00 g O | GO0
only one Regge exchange dominates o5 ~05 1 o8
0.0 D 1.0 0.0 0.5 1.0 0.0 0.5 1.0
—t [GeV?] —t [GeV?] —t [GeV?]

Similar observation in yp — K*A cf H. Li’s talk at Meson 2026

JPAC and GlueX are building a comprehensive understanding of
meson/baryon photoproduction, channel by channel
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"Double Indices™ Spin Density Matrix

7I'O
Unpolarized intensity:
+
WO(Qr, Q) = 00?0 [Wio() — Woo(@p)| +sin? 0 [WH(Q,) = W ﬂp> .<:
—0 ] B

— sin® 6, (COS 20 [W10—1(Qp) - W,_1(€p)| + sin2¢, W1O 1 Qp)

—1/2sin 20 (cos O [Wloo(ﬂp) WIO(QP)- + sin ¢ Wm(Qp))

Auxiliary functions:

1

x I s . 2 « - 2
Wi (1) = P’ S O+ "mm’ (3 +cos 9) Reflectivity components:
—a 2 | )
W, . (Q)=—=|r% ,cos¢sin20 +r® ,cos2¢psin®f

() V3 | 51 ? 3—1 ? )

—~ 2 |
We (Q)=— |7 ,sin¢sin20 + 7> ,sin2¢sin 9

() = = | P Sin @ sin 20 + 7, 5in 26 5in 0
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Factorized Unpolarized Intensity

Unpolarized intensity factorize to

WQ,. Q) = W)(Q,) x W(Q,)

WO(Q) = rpo cos’ O + rflO sin’ @ — rpO cos 2¢ sin® 6 — \/_ r”o cos ¢ sin 26

OQ—AOI ol 20sin” @ - 2 0 - 20
W) = r; §+cos + r35 Sin —\/§r3 1c:os ¢ sin” —\/gr31 U cos ¢ sin

W/()) A (£2) are the standard decay functions for P-waves
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A Preliminary Model

Green is only Pion exchange

Red is only Rho exchange

Blue = Red is Rho+Pi exchange

1.0

0.5

N

-1.0 T v r
0.00 0.25 0.50 0.75

—t( GeV?)

1.00

1.0

.00

-1.0

000 025 050 075
—t{ GeV?)

1.00

1.0

—

025 050 075 100
—t{ GeV?)

025 050 075 LOD

N

025 050 075  L0D
—t{ GeV?)

1.0

Jm('

e Tatal
w— o arhange

— pegachange

-1.0
0.00

025 050 075 100
—t{ GeV?)

1.0

0.5-

N

|
p]l)

0.0

—0.51

N

~1.04

0.00

025 050 075 100
—t{ GeV?)

1.0

0.57

\\r

-1.0

—

0.00

025 050 075 100
—t{ GeV?)

Vincent Mathieu

NSTAR 2026 28



Factorized Intensity

Assuming that the production amplitudes factorize:

(@,Q,,Q) = [WAQ,) — P,W(Q,)cos 20 — P, WX(Q,)sin 2@] WA(Q,)
4 4 2 4

The two of the three W }(£2) are identical:

wY: 1(SZ) = rpo cos? 6 + rlplo lsin? g — rpo ' cos 2¢ sin? 6 — \/zrpo ' cos ¢ sin 26

WZ(Q) =" : , sin2¢ sin 20 + \/5 o “sin ¢ sin 26

The A™" decays factorizes and W, (Q) is:

. . 2 .
+ cos’ 6’) + 5y 8in* @ — ——r3* | €08 2¢ sin® @ — ——r3; cos ¢ sin 20

1
WA(Q) = A(-
. a NE NE

3
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Intensity with Linearly Polarized Beam

Including the photon spin density matrix:
[(@,Q,Q)=W(Q,Q)—-PW(Q,Q)cos 20 — P,W(Q,, Q,)sin 2P

Factorized version:

WO(QW Qp) includes 20 parameters Wg’l(ﬂﬂ) includes 4+4 parameters
Wl(Qﬂ, Qp) includes 20 parameters Wg(Qﬂ) includes 2 parameters
W(Q., (2)) includes 16 parameters WA (£2)) includes 4 parameters

Complete intensity includes 56 parameters Factorized intensity includes 14 parameters
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