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Photoproduction of mesons at £, = 6 — 12 GeV

Study photoproduction of mesons

Search for exotic resonances

Special interest in mesons:

Does the target decouple at JLab energies ?
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JPAC publications on JLab physics 3

Single Meson Photoproduction:

’ Mathieu et al PRD92 074013 (2015) / Nys et al PRD95 034014 (2017)
YP — 71N yp — 7”)
Mathieu et al PRD98 014041 (2018) Mathieu et al EPL122 41001 (2018)

— y / -

Vector Meson Photoproduction:

N — ] Hiller Blin et al PRD94 034002 (2016)
f'yp '0 p P /wp Winney et al PRD100 034019 (2019)
= Mathieu et al
TP — Wp PRD97 094003 (2018)
YD — Op
Double Mesons Photoproduction: q_/’p — 7TO77p Mathieu et al PRC100 0540 (172019)
Inclusive Electroproduction: e p — € X HilerBlin et al PRC100 035201 (2019)

Simulations and codes available: http://www.ceem.indiana.edu/~jpac/



http://www.indiana.edu/~jpac/index.html

Single Meson Photoproduction
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Single Meson Photoproduction
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Single Meson Photoproduction :

V3A(yp — mTA%) = APth 4 goatT

gl ot/ = A(yp — = ATT) = AP0 foet7
-
y—
Dominance of
@2//0 natural exchanges
at large [t|
Dominance of AO/_H_

pion exchange
at low |t|
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Single Meson Photoproduction :

V3A(yp — mTA%) = APth 4 goatT
A(’yp N 7T_A++) — APtb1 _ pas+T

Dominance of
natural exchanges
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Vector Meson Photoproduction

Probe different exchanges by
combined analysis of O, W,

Pomeron dominates at high energies

9 SDME accessible with linearly polarized beam

Poo Re pi, Pt
P%l Re P%o ,0(1)1
P%—l Im P%o Im ,0%—1



Factorization

)\ l t )\ Angular mom. conservation in forward direction:
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Factorization

)\ Y l { Angular mom. conservation in forward direction:
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Leading order in the energy :
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Factorization implies angular mom, conservation at each vertex:
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Spin Density Matrix Elements

Use the angular distribution of the vector
to extract spin density matrix elements

8T d
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Structure at the top vertex:
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Spin Density Matrix Elements

Use the angular distribution of the vector
to extract spin density matrix elements

8 d
;T d?l =1—pdy + (3,000 ) 1) cos? 0 — 2v/2Re Yo sin 26 cos ¢ — 2p_, sin® 6 cos 2¢
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Predictions for Vector Meson SDME

VM et al (JPAC), PRDO7 (2018)
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p — p°p

VM et al (JPAC), PRD97 (2018)
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VM et al (JPAC), PRD97 (2018)
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Yp — Pop SDME: Natural- and Unnatural-exchange
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Vector Meson SDME: Parity Asymmetry 12
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Pseudoscalar Meson Beam Asymmetry
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b1 — 77](/) not known

Beam asymmetry Difference probes
strange exchanges contribution and
deviation from quark model

blue and green models represent
the estimation of systematic errors



Pseudoscalar Meson Beam Asymmetry
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Pseudoscalar Meson Beam Asymmetry 13
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Outline Conclusion 14
. . . B W 14— T T
Single Meson Photoproduction: ( Dominance of 1_2;_@; ; 70 — pn 3
7_7}? N 7TO D | natural exch. in O;L++Lg,[56]_
bOth 7-‘-0/ 7 0-6% ---;zﬁsa[;?l[s]—:
f?p — Np . photoproduction " " Gouiseinit 3
o —
0.2f E
- Significant 7T R TR B B m R TR TR
Yp — TA ex%h at low t HlGevier
p(770)
Vector Meson Photoproduction: F —— scHC
— ﬁ-\ bag JPAC Model
. . 1.3
ﬁ’p — pOp [ Consistent with F —t— GlueX 2017
. . “E SLAC (Ballam et al.)
. I factorization q RIS |
Yp — Wp | SEans C I
. Dominance of 0-9;17’ iy %E:@;gﬁr
Yp — @p natural exchanges ST A
0'6; o | | o Pr(lelimilnaryI
09701702 03 04 05 06 0.7 0.8 0.9
-t (GeV?/c?)

Double Mesons Photoproduction:

Yp — 7np



Observables: Moments of Angular distribution

15
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—_—— N——— —~~ L

S-wave @ D-wave

exotic P-wave




Observables: Moments of Angular distribution 15

1(Q,®) =1°() — P, 1" () cos 2® — P, I*(2) sin 2%

1
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Observables: Moments of Angular distribution 16

1
HO(LM) = o / 1(9, ®) d,  (8) cos Mep A0
—1
HY(LM) = = 1(9Q, ®) cos 2® dy;(0) cos M ¢ dQdP
Y
Im H*(LM) = WLP 1(Q, ®) sin 2® d%,,(0) sin M ¢ dQd P
Y

Moments are unambiguously extracted and are related to partial waves (interferences)

OH°(00) =2 Isg" 2+ 1P+ B2+ P2+ D2 4+ 1DS) 2+ DG P + Y12 4105 2]

4 N8 N4 N4 *
FIH(10) = —=Re (7R ) + —=Re (A DG ) + —=Re (P /D["") + =Re (D))

V3 V15 V3 ¥
4 2 4 2
D 20) = IR =2 (PP +1PY) + 21D P+ 2 (10 12+ D5 P)

4 4 *
— = (I + DR + ke (s57D57")

12 * * *
HO(30) = - = Re (V3R D5~ PD{" — PDH))
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production: natural exchanges
line shape: Breit-Wigner form

parameters: arbitrary

Small exotic wave,
not apparent in the diff. cross. section

VM et al (JPAC), PRD100 (2019) 054017

R = {ao(980), 71 (1600), a2(1320), a2(1700)}

— —— ~~

+ + +
o Py DGl




18

Moments

6F

=

020

~0.05}

—0.10:'111111111

S|* |DI* |PI7

0.15F
0.10F

005

0.00}

VM et al (JPAC), PRD100 (2019) 054017
solid lines: S + P+ D waves
dashed lines: S + D waves



Moments

18

=

~005}

_0.10'.'lllllllll

S| [DI* |PI?
(S + D)(S + D)’

020}
0.15f
0.10F

005}

0.00}

025F

—0.05."11111111111

020}

0.15}

0.10}

0.05}

0.00}

VM et al (JPAC), PRD100 (2019) 054017
solid lines: S + P+ D waves
dashed lines: S + D waves

P- wave apparent as

an interference

in odd moments but

not in even moments



Beam Asymmetries 19

VM et al (JPAC), PRD100 (2019) 054017

1 [, I1(Q) — I+(Q)dQ
P, [, I1(Q) + I+-(Q)d

dDp = Z47T — fully integrated




Beam Asymmetries 19

VM et al (JPAC), PRD100 (2019) 054017
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Z47T — fully integrated
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Beam Asymmetries 20

1 [ IN(Q) -1 (Q)d
- Py [ II(Q) + I+ (92)d

2D

amplitude:
production x decay

/ v
Y AN =(\
€ o |

p—»— —_—

Beam asymmetry sensitive to reflection through the reaction plane

use reflection operator = parity followed by 180° rotation around Y-axis
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L IM(Q,) = I°()
P, I1(€y,) + I+(

2y =

2
N

amplitude:
production x decay

v M

Y A =@
A

e 7 |

p . -—

Beam asymmetry sensitive to reflection through the reaction plane
use reflection operator = parity followed by 180° rotation around Y-axis

% — Zy=e(-1)

Odd waves change sign!!!
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Beam Asymmetries
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Intensities can be computed from moments:

1°(Q,) = H°(00) — §H0 20) —5\[}10 22)

+ H040 \[H042 \/ H044
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' -~ complete model
: - W/[0 exotic
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Single Meson Photoproduction:
~ 0
P — TP
P — np

Vector Meson Photoproduction:
~ 0
P — PP
VP — Wp
Yp — ¢p

Double Mesons Photoproduction:

— 0
Yp — T NP
New observable

sensitive to

exotic production
),

—

‘_\

Domlnance of
natural
| exchanges in

both 7 /n
photoproduction

[ Consistent withﬁ-\

I factorization q
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natural exchanges

10F

05F

=051

-1.0

14—

121

1 L+] : |,+J- T ob ooz [{]
08, A

06 -
0.4F
0.2f-
O
0.2}
0.45

| |

- -Laget [5,6]
JPAC [7,8]

---Donnachie [9]
- - Goldstein [4] =

0

| P
02 04 06 0.8

NP PP T PP PP
1 12 14 16 18 2

-t [(GeV/cf)

1.3:
14F
13F
12F
11§

—— SCHC

------ JPAC Model

—¢— GlueX 2017

—4— SLAC (Ballam et al.)

07
06

09?'
0.8F -

}
JP ~09

-t ( GeVz/cz)

0.0F

- complete model

— Ww/o exotic

|||||||||||||||||||||||||||

.. GuX

Preliminary



Backup Slides

23



Beam Asymmetries

0
L - complete model
: - W/[0 exotic
05+
00}
-05+
— 1 O ...........................
08 1.0 12 1.4 1.6 1.8 2.0
my, (GeV)
Ys
I
1 N




Beam Asymmetries

24

1.0}
. - complete model

—  W/o exotic

05}

0.0}
05}
| -
08 10 12 14 16 18 20
My (GeV)

1.0

-05

-1.0

L - complete model
: - W/[0 exotic

05

00

08 10 12 14 16 18 20
My (GeV)
m
|
177




Beam Asymmetries

24

-0.5F

-1.0

1.0F
05}

0.0}

- complete model

—  W/o exotic

10F

05

-05

-1.0

00

- complete model

- W/[0 exotic




25

R = {ao(980), 71 (1600), a2(1320), a2(1700)}

—_—— —— —~~
+ + +
s R Dl

production: natural exchanges di ao(980)
line shape: Breit-Wigner form 5 ﬁ

parameters: arbitrary

Small exotic wave,
not apparent in the diff. cross. section

VM et al (JPAC), in preparation
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)‘v l L AM
g X
S —
p p
Ap Ay

)\i — s-channel helicity of particle i
[ — momentum transfered squared
S — center of mass energy squared

High energy approximation

2t
cosf — 1+ —
S

sinf — 24/ —t/s

sinf/2 — \/—t/s
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Helicity frame boost s-channel
>
X invariant helicity £
- %
/
p 4
-«

helicity conservation

between Y and /
T>"ym ~ 5>\7,mT>\,ym + ...

Reflectivity basis:

08) =Ty — €T_1_pn,

e e e e - A ——

Dominant: (6 = +,Mm = 1)

e ————
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Helicity frame

s-channel frame /Z'

k

.
V

pPv

0s p
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GJ frame A X Helicity frame

T s-channel frame
Yy X l ;
Ve
)

p

t-channel frame
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GJ frame

X

Helicity frame
X

s-channel frame

ﬁé'_

p
t-channel frame
P
<
>k 01 pPv
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1(Q,®) =1°() — P, 1" () cos 2® — P, I*(Q2) sin 2%

I y

polarization angle

\4

7) decay angles SAD
Q= (0, }) f |

A
I
I
I
I
I

Implicit variables Y

Beam energy (fixed)
momentum transfer (integrated)
N7 invariant mass (binned) p g g p




Spin Density Matrix Elements 0

2
) 2
0
Poo = 77 Z Tl,O/ N= > |Tan
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00 = —RGZTl 117 pto = —Re » T 1077
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Observables: Moments of Angular distribution 31

1
H°(LM) = o / 1(Q, ®) d¥(0) cos M dQdP
—1
HY(LM) = — / 1(Q, ®) cos 2® db, () cos M ¢ dQdP
Y
Im H*(LM) = WLP / 1(9Q, ®)sin 2® d5,,(0) sin M ¢ dQdP
B

/
m =m— M

2 +1\'* mT O (e
H'(LM) +TIm H*(LM) o Z ( 2 1 1 > e(—=1)"CooroCotpr v [ﬁ](_%z[ﬁ’]ﬁﬁ

e 0 l l
maIn

0<—m:; 0<m

The model features HY(LM) +Im H>(LM) = () M>1
only positive projections

e — e e S —— S —— e
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--------------------------------------------------------

6F H - 0.25F
z — H’(00): ; ]
i — _H'ooy] " { P-wave apparent
4t : 0.15} 1 in odd moments but
N ' 0.10 i notin even moments
: 0.05f /\
oo VA\ f
: —  H°10):
~0.05F 1
: —H (10)

0.10f a2(1700) more apparent

iIn odd moments than

0.08}
' in even moments

0.06}

0.04f

0.02[

0.00 L=

solid lines: S + P + D waves
dashed lines: S + D waves
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do/dt(pub GeV —2)

do/dt(ub GeV —2)
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-10F

only S and D waves

S, P and D waves
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with an opening angle greater than 30°
the observables is not sensitive to the P-wave
(with our model)
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only S and D waves S, P and D waves

with an opening angle greater than 30°
the observables is not sensitive to the P-wave
(with our model)
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1
HO(LM) = o / 1(9, ®) d,  (8) cos Mep A0
—1
HY (LM) = 7rP / 1(9Q, ®) cos 2® dy;(0) cos M ¢ dQdP
Im H*(LM) = WLP / 1(Q, ®) sin 2® d%,,(0) sin M ¢ dQd P
Y

Moments are unambiguously extracted and are related to partial waves (interferences)
HHO(21) = 2Re

+ +
S0 )+D§) ) (D(+)*_D(+)*)
1 —1
N,
V6

+2Re [D§+ DS - D(_J;)D(_E)*]
HH'(21) = 2Re

) p)
S0, Do (D(+)*_D(+)*)
V6

+222Re | DD 4+ DE) DL’ ]
(H)H%(21) = —2Re

(+) (+)
So D, ()% | ()
n (D +p", )
V6

+2°2Re {1+ D) DL

+ 2? Re [R{” (P =P

3 * *
+2% Re [P (P =P

T

~2%Re |BY (AP
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How do we select beam fragmentation ? —) Boost in the rest frame

- 1] P U
Y 7 4; I target
e T beam %:
e
p— > p
p
Ui
| e target
beam 3

Van Hove NPB9 (1969) 331
Shi et al (JPAC) PRD91 (2015) 034007
Pauli et al PRD98 (2018) 065201
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P
d3 di

92 target

beam

only 2 variables since q1 +¢2 +¢q3 =0
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P 7]
43 q1 92 target

beam

radius: q2 — q% -+ q% -+ qg

longitudinal angle: W

only 2 variables since q1 +¢2 +¢q3 =0

2 .
q3 = \/;qsmw
2 Q7T
\/;qsm (“’ + ?)
2 A
\/;qsm (“ + ?)

q2

d1

q2

q1




Longitudinal Plot 9

p i
43 91 92 target only 2 variables since q1 + ¢2 + g3 = 0

beam

radius: q2 — q% —+ q% - qg

longitudinal angle: W

2 .
q3 = \/;qsmw
2 2T
\/;q Sin <w + ?>
2 47
\/;qsm (“’ " ?)

q2

d1
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Longitudinal Plot: Energy Evolution 2

Fream = i}r.él S}eV 2) Ebeam =8 GeV  Van Hove (1969)
vp — KTK™p K"’

) \:“‘
pf 2+ s :
baryons :
Yy EFream = 190 GeV =
K~ T p— T Np |
mesons \

p A

y '/\\\

41 ’r}



GlueX Preliminary Results
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not corrected for acceptance

Yp — 1P

. GlueX Spring 2017
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-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
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p— > p
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Prefiminary

€Y

Courtesy of A. Austregesilo and C. Gleason



The resulting photon spin density matrix reads

] ve(l +e$ 25)e
Lyy= 2(1Q_2€) Tvelt-+e+ '25)65‘""-2(9 -HS)--; ------------
— eeH® —ve(l i’;e+ 28)e'®

Q2€ _ 2

21 —¢) °

Schilling and Wolf NPB61 (1973) 381

43

- €€

- 2%

1

(44)
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Helicity frame boost s-channel
>
X invariant helicity £
- %
/
p 4
-«

helicity conservation

between Y and /
T>"ym ~ 5>\7,mT>\,ym + ...

Reflectivity basis:

08) =Ty — €T_1_pn,

e e e e - A ——

Dominant: (6 = +,Mm = 1)

e ————
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1
H°(LM) = o / 1(Q, ®) d¥(0) cos M dQdP
—1
HY(LM) = — / 1(Q, ®) cos 2® db, () cos M ¢ dQdP
Y
Im H*(LM) = WLP / 1(9Q, ®)sin 2® d5,,(0) sin M ¢ dQdP
B

/
m =m— M

2 +1\'* mT O (e
H'(LM) +TIm H*(LM) o Z ( 2 1 1 > e(—=1)"CooroCotpr v [ﬁ](_%z[ﬁ’]ﬁﬁ

e 0 l l
maIn

0<—m:; 0<m

The model features HY(LM) +Im H>(LM) = () M>1
only positive projections
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Eta-Pi Production@GlueX x
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Longitudinal Plot 4
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High Mass Region 18
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Fta-Pi @COMPASS

COMPASS Phys. Lett. B740 (2015)
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A. Jackura et al (JPAC) and COMPASS, PLB779 (2018)
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On-going analysis: Systematic studies and exploration of the complex plane
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Dispersion relation relates the
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GJ frame A X Helicity frame

T s-channel frame
Yy X l ;
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t-channel frame
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4. Parametrize Reactions: ~yp — Wop

At high energy, particles are produced
via the exchange of a force

B Y

55



4. Parametrize Reactions: ~yp — Wop

Blue line: Model from VM et al arXiv:1505.02321
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e *{. e
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COS
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Red points: Data from CLAS (in preparation)
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