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Motivation for Double Pion Photoproduction Study

Understanding the Significance

Access to Previous CLAS6 Measurements: Building upon prior
research.

Model Challenges: Addressing limitations of earlier models at
high momentum transfer.

Upcoming CLAS12 and GleuX Measurements: Anticipating
new data for validation.

Exploring 7 nA** Exotic Channel: Expanding the scope of ap-
plicability.

Relevance to Two-Pion Electroproduction: Implications for broader

studies.
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Two-Pion Photoproduction: Kinematics

Process:

¥(q, ) +p(p1, ) = 7' (ki) + 77 (ko) + p(pa, A2)

q k
Kinematic Variables: T !
Srx
) ) N\
s=(p1+q) . s
si = (ki + p2)* /
2 52
t=(p1—p2) -

J4! P2
2 2 _ 2 t
Sar = (ki + ko)™ = my, = my,
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Two-Pion Photoproduction: Helicity Frame

Helicity Frame: Q7 (¢, /)
pY = pil(sin@;,0,cos 6;)
Py = 1p31(0,0,-1)
¢ = 13\(~ sin 6,0, cos 6,)
kf = |k1|(sin 67 cos ¢!, sin 0" sin ¢, cos 0 = —kéf

" K1

A

x-Z plane
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Two-Pion Photoproduction: CLAS6 Measurements

E, =1[3.0,3.8] GeV, t = [-0.45,-0.95] GeV? [Phys.Rev.D 80 (2009) 072005]

Y, = V4 dQH—ReY off
<Ipy>= f drdm 2 dQF (L")
do
Y = —
< Yoo > dtdm,

R o s 12 1 T o5 o8 12 1
mp (Ge) i (GeV) mi (GeV)
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Model Description

For the process y(q, 4,) + p(p1, A1) = 1% (k) + 7~ (k2) + p(p2, A2), we
consider

Built from known dynamics in 2 — 2 subchannels:

/
7
/ % .
\
_ SO \
- +/Q\/
m Resonances 7N Resonances

e 7 resonances are directly implemented in our model.
e 7N resonances are embedded in the Deck mechanism.

Nadine Hammoud IFJ-PAS MENU conference, Mainz,Germany Oct 19, 2023



Meson Resonances Below 1 GeV

s =T.00 GeV2, t = —0.75 GeV? s =T.00 GeV2 t = —0.45 GeV? s =700 GeV?, t = —0.55 GeV?
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Meson Reso ces Below 1 GeV

1G(UPCy = o+(0++)

also known as o; was f(600)

See the review on "Scalar Mesons below 1 GeV."
Mass (T-Matrix Pole v/5) = (400-550)—i(200-350) MeV
Mass (Breit-Wigner) = 400 to 800 MeV/
Full width (Breit-Wigner) = 100 to 800 MeV/

s =T7.00 GeV? t = —0.75 GeV? s =T.00 GeV?, t = —0.45 GeV? s =700 GeV?, t = —0.55 GeV?
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R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
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Meson Reso

also known as o; was fy(600)

16(UPCY = 0+(0++)

See the review on "Scalar Mesons below 1 GeV."
Mass (T-Matrix Pole v/5) = (400-550)—i(200-350) MeV
Mass (Breit-Wigner) = 400 to 800 MeV
Full width (Breit-Wigner) = 100 to 800 MeV'

s =T7.09 GeV*

i
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t = —0.75 GeV? s =T.09 GeV?, t = —0.45 GeV?

s =T7.00 GeV? t = —0.55 GeV?
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myy (GeV) my (GeV)

16(PC) =1t )

See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /5 = (761-765) — i (71-74) MeV
Mass (Breit-Wigner) = 775.26 = 0.23 MeV
Full width (Breit-Wigner) = 149.1 + 0.8 MeV

R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
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Meson Resonances Below 1 GeV

16(UPCY = 0+(0++)

also known as o; was f(600)

See the review on "Scalar Mesons below 1 GeV."
Mass (T-Matrix Pole /) = (400-550)—
Mass (Breit-Wigner) = 400 to 800 MeV
Full width (Breit-Wigner) = 100 to 800 MeV/

(200-350) MeV

See the review on " Scalar Mesons below 1 GeV."
T-matrix pole v/s = (980-1010) — i (20 35) MeV (1]
Mass (Breit-Wigner) = 990 + 20 MeV [
Full width (Breit-Wigner) = 10 to 100 MeV %]
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See the review on " Spectroscopy of Light Meson Resonances.”
T-Matrix Pole /5 = (761-765) — i (71-74) MeV
Mass (Breit-Wigner) = 775.26 + 0.23 MeV
Full width (Breit-Wigner) = 149.1 + 0.8 MeV

R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)

mmoud IFJ-PAS

MENU conference, Mainz,Germany Oct 19,



Meson Resonances Above 1 GeV

e
W

0.8 1.0
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Meson Resonances Ab 1 GeV

s ="7.09 GeV? t = —0.75 GeV?
£,(1270) 180P) = 0%t i

Mass (T-Matrix Poley/s) = (1260-1283) — i(90-110) MeV
Mass (Breit-Wigner) = 1275.4 + 0.8 MeV
Full Width (Breit-Wigner) = 186.6 + 2.3 MeV

5 =7.00 GeV2, t = —0.75 GeV?
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R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022)
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Meson Resonances Above 1 GeV

i Ww%
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mmoud IFJ-PAS MENU conference, Mainz,Germany Oct 1



Resonant Production

e Effective Lagrangian: One particle exchange model

e “Reggeize”:
1+ e™N® g ay)
Ry(s,t) = ———
n(s ) sin(mra(t)) (so)

o “Breit-Wignerize”: (phys. Rev. 0 98, 030001 (2018)]

n(s)

Mgy — S — imBWFIOt(S)

!
BWOIeP(s, [) = , where n(s) = (qi) Fi(q, q0)
0

T (ky)
.
Y(q) o o f,(980) 4
. P 612700
< /
~. £(1370) s
2/f, k) ) N
~
P~ ? + + p/w
. /\ .
P- wave 5- wave D- wave
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Partial Waves Amplitudes

I
M/ll,/lz,/l (S, t’ sﬂﬂaQH) = M/lm,l A (S, t’ Snns QH)Ylm(QH)
q 1,42,44

Im
I-m _ (_1\m—Ax=Ag+ A Im
MY —pma, = D MY,

e The model’s rigidity hinders its ability to accurately describe the
data.

e To address this, we introduce free parameters to redefine the
t-dependence g in the resonant components, while keeping
Deck and p production via pomeron components fixed:

M/l],/lz,/lq(sv ta sﬂ'THQH) = Z glmel”ll’/lz’/lq(sv t, Snrs QH)Ylm(QH)
Im
e In total, we have 30 free parameters: 2 for f,(500), f5(980),

fo(1375), and background, 6 for p via f, and background, and
10 for £>(1270).
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Non Resonant Production: Deck Mechanism

B, A
(R, A & A (B, AY B, 1)

The Deck Mechanism describes non-resonant production with the
following equation:

_ €lg, q) ko

Deck, Gl BIM 1, (51,8 12)

it Ss12, ) =e
€(q, 4 )
+—q,3( M 2, (52,8 11)
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Results- Preliminary

E,=3.7 GeV:
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Results- Preliminary

E,=3.7 GeV:

t=-0.95 [GeV?]
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Conclusions and Further Work

e The presented global analysis has demonstrated strong per-
formance.
= Can we streamline empirical parameterizations for cou-
plings and prune redundant ones?

e Future work includes extending our analysis to predict an-
gular moments at different E, values, particularly for the
upcoming CLAS12 experiment.

¢ Investigating angular moments at m,,y for further insights.

e Expanding the Deck mechanism to encompass other fi-
nal states, such as 77nA**, opens new opportunities for
investigation.

e Exploring SDMEs for particles like p and A.

e Potential research in two-pion electroproduction for F,(Q?)
determination.
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Back-Up: Deck Model

The Deck Model amplitude can be written as:

e(q, q)

MRS (51,512, Q) = e[ 2BUDMS, (51, 1:12)

(1)
+Mﬁ(ﬁ)/\4)m(82,t 11)]

Where f(t;) = exp((tz — £"™)/A2), Az = 0.9 GeV, t, = (¢ — k;)* and

1
" = mj - —[(s —mp)(s — 53+ m3) — A'3(s,0,m N (s, 52, m,%)],

2s
(2)
1
tzm'n =m? - 2—[(s - mlz,)(s — 51 +m2) — A2(s,0, mlz,)/ll/z(s,sl, m,zr)]
s
3)

where A(a, b, ¢) = a* + b* + ¢* — 2(ab + bc + ca).
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Pion-proton Scattering:

g k2 .
a— k1l ~
~ Fs
/Q\
pl p2

Figure: Feynman diagram for 77p — n7p

Assuming that the intermediate pion is offshell, then the pion-proton
scattering amplitude will read:

1
M = wa(p2) |A(s, 1, 1) + E)’p(q — ki + kY'B (s, t, tr) [ua(p1), (4)

where t; = (¢ — k)
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Pion-proton Scattering:

Similarly for the positive exchanged pion:

1
MI = 1_4/1(172) [A+(S, 1, tﬂ) + EY,U(q - k2 + kl)'uB+(s7 t, tﬂ):| u/l(pl)’ (5)

where t; = (¢ — k).
In the 7N center of mass frame the t-channel A and B defined as

follows:
1, Ns+my . s—-m,
—A* = — - L (6)
4n Z7Z} ZzZ;
1 ., | B | .
—B* = = — =, 7

Where f and f; are called the reduced helicity amplitudes, Z* =

\VE; +myp.
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Pion-proton scattering

The partial wave decomposition:

(o)

1
Zfl+(S)Pl+1( 0) - fi-(5)P]_(cos6),

fi=
o \Y |I71||I72| 1=2
(8)

V|I71||Pz

fr= Z[ﬁ (5) = fi+ (9)1P](cos 6). 9)
\/|I71|IP2

The scalar functions A and B in our case depends on the pion virtu-

ality, in which it enters in Z; and hence P, since

Si— I+ mlz,
Ej=——— 10
e (10)
Also our scattering angle is proportional to the virtuality as follows:
(f — 2 . 2N(e. — 12 2
cosd = 2s5i(t = 2my,) + (s; — tr + my)(s; — my + mp)‘ (1)

At b m2) JAGsi, 2 )
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Differential Cross Section

The differential cross section is given as:

do

N5 2d0dD 1(Q,0) = I"(Q) + I(Q) - P,(D) (12)

where Q = (6, ¢) and the intensity vector is defined as:

K *
@ =3 ) Mun@Miy,, (@) (13)
A,A1,A2
K *
I'@=75 > Moaun@Miy, @ (14)
A,41,42
K %
P@ =i D AM @M, 4, (@) (15)
A,41,42

where 0 < P, < 1 is the degree of linear polarization of the photon
beam.
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Model Parameters

Model parameters not fit from data:

ms = 0.5 GeV ay =1.08

', =0.5 GeV of =0.2 GeV 2
m, = 0.775 GeV &52 —0.5

') =0.149 GeV a{2 —0.9 GeV 2
my, = 0.99 GeV af =0.55

'y, = 0.2 GeV 0f —0.8 GeV 2
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Angular Moments and Partial Waves

(Yoo)

3
(Vi) = SPj+ PoS*+ f) (P_D" + P*D_+ P, + D, P}) +

24 216 N
{35 (D-F= + F_D" + D, F; + F.Dt) + 1/ 50 (DoFy + FaDy)

1
(Yu) = (~P-§"—SP'+ P,S"+SP}) + 1/ = (P_Dj + DyP* — P, Dy — DyP})

[S? 4+ [P-* + [Po* + | P[> + |D-[* + [Dof* + | Dy > + |F_ P + | Fol* + [Fy [?

4
5 (PoDg + Do Fy)

+

20
3 . . . "
+ Vs (=PyD* — D_P; + P\D% + D, F;)
/9 . . . «
+ V1o (D_Fy + FyD* — D, Fy — FyD)
9
+ /== (=DoF* = F_Dj + DoF + F.D})

70
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Angular Moments and Partial Waves

(V) = D+ DoS +\/;(Z\Pn\t\Pﬁf\PAlﬂFﬁﬂFm

+

1
,/;: (P_F* + F_P" + P.F; + F, P})

27 5 16
\/3 (PoF5 + FoFg) + \/*(\D [*+ D4 [?) Wi |Dn|2 4*5\170\2

(Ya) = §(SDi+D+S*—SD*,—D,S*)

/3 . " . .
5% (PP + Py Py — P_Py — RyP")

9 o+ * *

+ V1o (P_Fy + FyP* — Py Fy — RyP})

,/§ (PoFy+ F Py — P)F* — F_Fy)

+

+

+
+ \/196 (DoD} + DDy — DoD* — D_D})
1
+ 1/%(F0Fj+F+F*—E]Fj—F,Fg)
. 3 " . .
(Yas) = 4/ ()(PP + P PY) + 140(PF + F.P* + P, F* + F_P})
+ ,/i(—zﬂ‘ F* —F_F% +,/ 5 (Cp. D1 - D.D?)
30V T T (,
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Light Meson Spectroscopy

Standard Model of Elementary Particles

Standard (Quark) Model

S=+1
u [ 7 o 9 H .
w || cham || top || guon higgs
® |6 ® || n n" o) 5=0
down strange || bottom photon n' — /
‘ A \
o |-@ o || ~ = S =
ot || muon ||| zboson K KO ‘\Y‘__l @
sFa Fa Fa |F : 0=-1\  0=0\ Q=+l
5 |_nesiing ) |_neuismo_J |_newsno_J | Wboson |

Beyond the Standard Model

Atoms

Dark
4.6% Energy
72%
Dark '
Matter

23%
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