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𝝅𝟏	

• Goal of GlueX: map the full 
spectrum of light-quark       
mesons with an emphasis on 
hybrid mesons by using 
photoproduction

• Best evidence for gluonic 
excitations is for 𝝅𝟏(1600) in 
COMPASS pion-production data

Alexeev et al. (2022), Phys. Rev. D 105, 012005
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Dudek et al. (2013), Phys. Rev. D, 88, 094505 q
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GlueX experiment
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GlueX: NIMA 987 (2021) 164807

à Experimental setup for light-quark meson spectroscopy providing nearly 
complete acceptance for charged and neutral particles in the final state

F. Nerling (Thu, A2)
H. Li (Fr, B3)
I. Belov (Sat, A5)
F. Afzal (Mo, plenary)  
M. Scott (Mo, B6)     



Motivation for the reaction 𝛾𝑝	 → 𝜌!	∆"" 𝑝
• 𝝅!𝝅"𝒑 and 𝝅𝟎𝝅𝟎𝒑 states (neutral exchange) currently being analyzed 

by other collaborators

• 𝝅"𝝅𝟎∆	!! (charge exchange, no isoscalar contribution) not studied yet

• Spin-Density Matrix describes the polarization of the produced Meson-
Baryon system

• Goal: Determination of Spin-Density Matrix of	 ∆!! and  𝝆"
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F. Afzal et al. (GlueX) (2025), 
Phys. Lett. B 863, 139368

S. Adhikari et al. (GlueX) (2023), 
Phys. Rev. C, 108(5), 055204. 
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SDMEs
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𝛑,𝛒,…

• SDMEs sensitive to the production 
mechanism 

• Knowledge of the photon polarization 
enables the decomposition                                       
of the meson-baryon                              
system spin–density matrix into its 
unpolarized and polarized components :

       *𝝆𝟎	 (unpol),  *𝝆𝟏	 (linear) *𝝆𝟐	(linear)

• SLAC determined the unpolarized SDMEs 
in the 1970s
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*𝝆𝜸 =
𝟏
𝟐
	𝜤 + 𝑷𝜸 ⋅ 𝝈 

𝛑,𝛒,…

𝑷𝜸 =	𝑷𝜸	(	−𝐜𝐨𝐬(𝟐𝜱), −𝐬𝐢𝐧 𝟐𝜱 , 𝟎	) 
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J. Abramson et al. (1976), Phys. Rev. Lett., 36(24), 1432–1434.



Event selection



Mass windows
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0.62	GeV	< 𝑀(𝜋%𝜋&)	 < 0.93	GeV

1.10	GeV	< 𝑀(𝜋'𝑝)	 < 1.35	GeV	

0.12	GeV	< 𝑀(𝛾𝛾)	 < 0.15	GeV

0.9	GeV < 𝑀 𝜋%𝜋&𝜋'

2.0	GeV < 𝑀 𝜋&𝑝

0.025	GeV( <	−𝑡 < 1.4	GeV(
	(16	bins	in	range)

∆!!(1232)

𝜌"(770)

t
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à After the selection, a total of 1.8 million events remains for GlueX-I 
à Background from different final states	~ 1.4 %  
à Combinatorial background < 1%  to 14 % depending on –t 



Fit to extract SDMEs
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𝛀𝑫𝒆𝒄𝒂𝒚	𝑩𝒂𝒓𝒚𝒐𝒏

𝛀𝑫𝒆𝒄𝒂𝒚	𝑴𝒆𝒔𝒐𝒏
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Full fit model - Double SDMEs

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

Open question: do the upper and lower vertex factorize?

Fitparameter	 𝒓𝒎𝒎$𝝀∆𝝀∆$ 	
𝜶 , %𝒓𝒎𝒎$𝝀∆𝝀∆$ 	

𝜶 	is a linear combination of one to four 𝝆𝒎𝒎$𝝀∆𝝀∆$ 	
𝜶 	

Factorization	⟹	 %𝒓𝒎𝒎$𝝀∆𝝀∆
$
	

𝜶 	vanishes 

V. Mathieu (Sat. plenary)

𝜶 = 𝟎: 	 𝟏𝟗	𝐟𝐢𝐭	𝐩𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬	
𝜶 = 𝟏: 	 𝟐𝟎	𝐟𝐢𝐭	𝐩𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬
𝜶 = 𝟐: 	 𝟏𝟔	𝐟𝐢𝐭	𝐩𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬

𝐼H= (,- ∑.,.$∑0∆,0∆$∑1,1$ )𝐹	 (𝑚-2
( ) 	

(
𝑐0∆0∆$(Ω-')	𝜌11	

$,0∆0∆
$

3,.,.$ 𝑠, 𝑡 𝑐11$
.,.$ 	(Ω-() 	𝐹(𝑚--

( ) (
	

𝚽	

𝛀?"

𝛀?#

𝜌II%J∆J∆
%
	

(H) 	
Parity, hermicity, normalisation, linear combination



Fit Evaluation
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à Overall very good agreement between data and fit



Fit Evaluation
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à Overall very good agreement between data and fit (even for higher t-bins)



Full model - unpolarized Double SDMEs
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à 19 fitparameters
à  F𝒓	close to zero



Full model - polarized Double SDMEs (𝛼 = 1)
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Full model - polarized Double SDMEs (𝛼 = 2)
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Naturality

• Naturality is given by the quantum numbers	𝑱𝑷 of the 
exchanged particle:

  𝜼	 = 	𝑷(−𝟏)𝑱 

• Certain linear combinations of SDMEs allow separation 
of natural (𝜼	 = 𝟏) and unnatural (𝜼	 = −𝟏) exchange 
amplitudes
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𝒓𝟎𝟎,𝟑𝟑𝟎 +𝒓𝟎𝟎,𝟑𝟑𝟏 = 𝟐( 𝑼𝟎,𝟑
𝟐
+ 𝑼𝟎,"𝟑

𝟐
)	 (purely unnatural exchange)(

𝒓𝟏"𝟏,𝟑𝟑𝟎 +𝒓𝟏𝟏,𝟑𝟑𝟏 = 𝟐	𝐑𝐞(𝑵𝟏,"𝟑𝑵∗
"𝟏,"𝟑 +𝑵𝟏,𝟑𝑵∗

"𝟏,𝟑)	 (purely natural exchange amplitudes)    

F𝒓𝟏𝟎,𝟑𝟏𝟎 +	F𝒓𝟏𝟎,𝟑𝟏𝟏 = 𝟏
𝟐
[(𝑵𝟏,"𝟑+𝑵∗

"𝟏,"𝟑)𝑼∗𝟎,"𝟏 − (𝑵𝟏,"𝟏+𝑵"𝟏,"𝟏)𝑼∗𝟎,"𝟑]	 (interference)

V. Shastry, V. Mathieu 



Natural exchange
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à Most of the combinations related to natural exchange are non-zero



Unnatural exchange
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à Small unnatural exchange contributions



Unnatural exchange
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à Small unnatural exchange contributions



Interference

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

à No strong interference between natural and unnatural exchange

à This also confirms that only one exchange dominates

à In this case, we can try to fit a simplified factorized model



Factorized Model
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Factorized fit model
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𝐼@A@	=  (𝐼B,D	+ ∑EFG,H	𝑃E 𝐼E,D)𝐼B,∆ 

In case of factorization photon talks only to meson!

K. Schilling, P. Seyboth & G. Wolf (1970), Nuclear Physics B, 15(2), 397–412.

F. Afzal et al. (2025), Phys. Lett. B, 863, 139368. 

V. Mathieu (Sat. plenary)

𝝆𝟎𝟎𝟎 	𝝆𝟏𝟎𝟎 	𝝆𝟏"𝟏𝟎  

	𝝆𝟏𝟏𝟏 	𝝆𝟎𝟎𝟏 	𝝆𝟏𝟎𝟏 	𝝆𝟏"𝟏𝟏  

𝝆𝟏𝟎𝟐 	𝝆𝟏"𝟏𝟐

𝝆𝟏
𝟐
𝟏
𝟐

𝟎 	 𝝆𝟑
𝟐
𝟏
𝟐

𝟎 	 𝝆𝟑
𝟐
"𝟏
	 𝟐

𝟎

𝝆𝝀∆𝝀∆% 	
𝟎

𝝆𝒎𝒎	
%
	

𝜶

!++
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ε→

p

ε+

ω0

p

ε

p
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ϑ+
9 fit parameters

3 fit parameters

55 fit parameters
	𝒓𝟎𝟎,𝟑𝟑𝟎 , 𝒓𝟏𝟏,𝟑𝟑𝟎 	, 𝒓𝟏𝟏,𝟏𝟏𝟎 ,	𝒓𝟏"𝟏,𝟑𝟑𝟎

	𝒓𝟏"𝟏,𝟑𝟑𝟎 ,	𝒓𝟏"𝟏,𝟏𝟏𝟎 , … 
𝒓𝟎𝟎,𝟑𝟑𝟏 	𝒓𝟎𝟎,𝟏𝟏𝟎 	𝒓𝟏𝟏,𝟑𝟑𝟎 	𝒓𝟏𝟏,𝟏𝟏𝟏 ,	𝒓𝟏"𝟏,𝟑𝟑𝟏

	𝒓𝟏"𝟏,𝟏𝟏𝟏 	𝒓𝟏𝟎,𝟑𝟑𝟏 	𝒓𝟏𝟎,𝟏𝟏𝟏 ,…
	𝒓𝟏"𝟏,𝟑𝟑𝟐 	𝒓𝟏"𝟏,𝟏𝟏𝟐 	𝒓𝟏"𝟏,𝟑𝟏𝟐 	𝒓𝟏"𝟏,𝟑"𝟏𝟐 ,
	𝒓𝟏𝟎,𝟑𝟑𝟐 ,	𝒓𝟎𝟎,𝟑𝟏𝟐 	𝒓𝟎𝟎,𝟑"𝟏𝟐 	𝒓𝟏𝟏,𝟑𝟏𝟐 ,…

 

factorisation



Comparison between factorized and full model 
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àOverall good agreement between 
full model and factorized model

𝝆" − 𝐒𝐃𝐌𝐄𝐬 ∆!! − 𝐒𝐃𝐌𝐄𝐬



Results for 𝜌! compared to SLAC

à Within the errors, our results agree with the previous measurement for unpolarized SDMEs 
(visible systematic trend)

J. Abramson et al. (1976) Phys. 
Rev. Lett., 36(24),1432–1434. 
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§ Photoproduction is an alternative mechanism to search for hybrid mesons 
à Polarized SDMEs are an important tool to understand the production mechanism

§ First results of the SDMEs of the reaction  𝜸 + 𝒑	 → 𝝆&	∆'' in GlueX-I data
§ Within uncertainties, the results are consistent with previous measurements for 

unpolarized SDMEs from SLAC 
§ Full model (55 fit parameters) and factorized model (12 fit parameters) in good agreement
§ Factorized model Ansatz is reasonable 
§ Results could also be used for other studies  (∆''𝜼𝝅, ∆''	𝜼(𝝅, ∆''𝝅 𝝅 𝝅)
 

Conclusion



Appendix



Comparison between ∆""𝜋! and ∆""𝜌! 

F. Afzal  et al.  (GLUEX) 
(2025), Phys. Lett. B, 863, 139368. 
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àDifferent production mechanisms result in different SDME dependences on −𝒕
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Reduced Spin Density Matrix
• Given a joint system ∆''𝝆&  the reduced density matrix for subsystem ∆'' is:

• 𝝆∆44 	 allows calculation of expectation values for observables acting only on subsystem 

∆'', yielding the same results as using the total density matrix 

• Example:𝝆𝟎𝟎𝟎,𝝆
(
=	∑𝝀𝝆𝟎𝟎,𝝀𝝀𝟎 = 	𝝆𝟎𝟎,%𝟑%𝟑𝟎 +	𝝆𝟎𝟎,%𝟏%𝟏𝟎 +	𝝆𝟎𝟎,𝟏𝟏𝟎 +	𝝆𝟎𝟎,𝟑𝟑𝟎 = 	𝟐𝒓𝟎𝟎,𝟏𝟏𝟎 + 	𝟐𝒓𝟎𝟎,𝟑𝟑𝟎

• One can also show with the parity relation that: 𝑻𝒓 𝝆𝝆8𝟎  = 𝑻𝒓 𝝆∆44𝟎  , 𝑻𝒓 𝝆𝝆8𝟏  = 𝑻𝒓 𝝆∆44𝟏  

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

𝝆∆"" = 𝑻𝒓𝝆! 𝝆∆""𝝆! =O
𝒎

𝝆𝒎𝒎	,𝝀∆𝝀∆
%
	

⟹ 𝝆𝟎𝟎𝟏  = 𝟐(	𝝆𝟏
𝟐
𝟏
𝟐

𝟏 + 𝝆𝟑
𝟐
𝟑
𝟐

𝟏  - 𝝆𝟏𝟏𝟏 )



Fit evaluation 
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à Overall good agreement between data and fit



Event selection

V𝐞𝐫𝐭𝐞𝐱	𝐚𝐧𝐝	𝐐𝐮𝐚𝐥𝐢𝐭𝐲:

Cut on vertex position

𝑄𝐹 QRSTUV > 0.5

𝑁WXWQUY	ZV[\]Q ≤ 1

𝑁WXWQUY	QRSTUV ≤ 3

Kinematics:

𝜒^/NDF < 5

8.2	GeV	< 𝐸_U[I < 8.8	GeV
	

 −0.01	GeV^    < 𝑀I`QQ
^	< 0.01	GeV^	

𝑝/" ,	a < 0.2	GeV

 0.025	GeV^ <	−𝑡 < 1.4	GeV^

Mass windows:

0.62	GeV	< 𝑀(𝜋"𝜋b)	 < 0.93	GeV

1.10	GeV	< 𝑀(𝜋!𝑝)	 < 1.35	GeV	

0.12	GeV	< 𝑀(𝛾𝛾)	 < 0.15	GeV

0.9	GeV < 𝑀 𝜋"𝜋b𝜋!

2.0	GeV < 𝑀 𝜋b𝑝
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Effectivness of event selection

àThe event selection is effective: background processes not corresponding to 𝝅!𝝅"𝝅𝟎𝒑 
final states are significantly suppressed by the applied cuts (background < 1.4 %)
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Photoproduction
• Photoproduction is a complementary 

production process to search for 
hybrid mesons compared to ongoing 
searches at other facilities

• Different reggeons with different 
quantum numbers are exchanged in     
t-channel process 

     à Can produce mesons of any 𝑱𝑷𝑪

• Photon Polarization à constrain on 
production processes, studying of 
hadron properties 
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𝑱𝑷𝑪 Exotic Meson

𝟎#! 𝒃𝟎, 𝒉𝟎, 𝒉𝟎,

𝟏!# 𝝅𝟏, 𝜼𝟏, 𝜼𝟏,

𝟐#! 𝒃𝟐, 𝒉𝟐, 𝒉𝟐,

ω ε ϑ ϖ ϱ P b h1 h2

(ς ϱ ϑ)

p

φ

p n ! ...

X



CEBAF at Jefferson Lab
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A
B C

D • E𝒆< 12 GeV 
electron beam

• 𝑰𝒆	up to 𝟐𝛍A

• GlueX in Hall D

• CLAS in Hall B

Newport News
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• Coherent Bremsstrahlung on thin 
diamond radiator

• Collimator to suppress incoherent part

• Linear polarization in peak 𝑷 ∽ 𝟑𝟓%  
measured by Triplet polarimeter

• Beam energy is tagged, photon flux 
measured close to spectrometer

• Polarization rotated into 4 different 
orientations (parallel and perpendicular) 

• 𝑰𝜸 ∼ 𝟏 − 𝟓 = 𝟏𝟎𝟕
𝜸
𝒔
  (in peak)

LAB frame

LAB floor

PARA 0

PERP 45

PERP 90

PARA 135

ω
p



Invariant mass cuts
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Process of interest
• Study of exclusive photoproduction of Δ''𝜌&

• Data from GlueX-I (2017+2018)

Dataset contains:

• Applied kinematic fit (momentum, vertex) 

• No mass constraint on π⁰ 

• Event topology: p, π⁺, π⁻ and 2 neutral showers 

• up to 3 additional charged tracks allowed

• ±4 beam bunches at each side
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Intensities

𝑾𝒎𝒎!
𝜶 (	𝛀𝒑) = 𝒓𝒎𝒎!𝟑𝟏

𝜶  𝐬𝐢𝐧𝟐	(𝝑𝒑	) + 𝒓𝒎𝒎!𝟏𝟏
𝜶 ( 𝟏

𝟑
 + 𝐜𝐨𝐬𝟐(𝝑𝒑	)) 

𝑾𝒎𝒎!
𝜶 (𝛀𝒑) =

𝟐
𝟑

𝒓𝒎𝒎!𝟑𝟏
𝜶 𝒄𝒐𝒔 𝝋𝒑 𝒔𝒊𝒏(𝟐𝝑𝒑	)+𝒓𝒎𝒎!𝟑"𝟏

𝜶 𝒄𝒐𝒔 𝟐𝝋𝒑 𝒔𝒊𝒏𝟐(𝝑𝒑) 	

<𝑾𝒎𝒎!
𝜶 (𝛀𝒑) =

𝟐
𝟑

=𝒓𝒎𝒎!𝟑𝟏
𝜶 𝒔𝒊𝒏 𝝋𝒑 𝒔𝒊𝒏(𝟐𝝑𝒑)+=𝒓𝒎𝒎!𝟑"𝟏

𝜶 𝒔𝒊𝒏 𝟐𝝋𝒑 𝒔𝒊𝒏𝟐(𝝑𝒑) 	
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𝑾𝟎(𝛀𝝅, 𝛀𝒑) = 𝐜𝐨𝐬𝟐(𝝑𝝅) 𝑾𝟎𝟎
𝟎 𝛀𝒑 −𝑾𝟎𝟎

𝟎 𝛀𝒑 + 𝐬𝐢𝐧𝟐	(𝝑𝝅) 𝑾𝟏𝟏
𝟎 𝛀𝒑 −𝑾𝟏𝟏

𝟎 𝛀𝒑
 −𝐬𝐢𝐧𝟐	(𝝑𝝅) (𝐜𝐨𝐬	(𝟐𝝓𝝅) 𝑾𝟏"𝟏

𝟎 𝛀𝒑 −𝑾𝟏"𝟏
𝟎 𝛀𝒑 + 𝒔𝒊𝒏	(𝟐𝝓𝝅) <𝑾𝟏"𝟏

𝟎 𝛀𝒑 )
	 − 𝟐	𝐬𝐢𝐧	(𝟐𝝑𝝅) (𝐜𝐨𝐬	(𝝓𝝅) 𝑾𝟏𝟎

𝟎 𝛀𝒑 −𝑾𝟏𝟎
𝟎 𝛀𝒑 + 𝒔𝒊𝒏	(𝝓𝝅) <𝑾𝟏𝟎

𝟎 𝛀𝒑 )

𝑾𝟐(𝛀𝝅, 𝛀𝒑) = 𝐜𝐨𝐬𝟐(𝝑𝝅)<𝑾𝟎𝟎
𝟐 𝛀𝒑 + 𝐬𝐢𝐧𝟐	(𝝑𝝅)<𝑾𝟏𝟏

𝟐 𝛀𝒑
 +𝐬𝐢𝐧𝟐	(𝝑𝝅) (𝒔𝒊𝒏	(𝟐𝝓𝝅) 𝑾𝟏"𝟏

𝟐 𝛀𝒑 −𝑾𝟏"𝟏
𝟐 𝛀𝒑 − 𝒄𝒐𝒔	(𝟐𝝓𝝅) <𝑾𝟏"𝟏

𝟐 𝛀𝒑 )
	+ 𝟐	𝐬𝐢𝐧	(𝟐𝝑𝝅) (𝒔𝒊𝒏	(𝝓𝝅) 𝑾𝟏𝟎

𝟐 𝛀𝒑 −𝑾𝟏𝟎
𝟐 𝛀𝒑 + 𝒄𝒐𝒔(𝝓𝝅) <𝑾𝟏𝟎

𝟎 𝛀𝒑 )

𝑾𝟏(𝜴𝝅, 𝜴𝒑)	has same form as 𝑾𝟎(𝜴𝝅, 𝜴𝒑) due to the same parity relations 

𝐖 𝛀𝛑, 𝛀𝐩, 𝚽 = 𝟑
𝟒𝛑 (𝐖

𝟎 𝛀𝛑, 𝛀𝐩 	 -	𝐏𝛄	𝐜𝐨𝐬 𝟐𝚽 	𝐖𝟏 𝛀𝛑, 𝛀𝐩, 𝚽 	 − 𝐏𝛄 	𝐬𝐢𝐧 𝟐𝚽 	𝐖𝟐 𝛀𝛑, 𝛀𝐩, 𝚽 	)	

à 𝑟//-0∆0∆
-
	

1 	 is a linear combination of one to four 𝜌//-0∆0∆
-
	

1 	

Full model – Double SDME



Bggen study
Only the correctly reconstructed channel peaks at low χ²/ndf

other channels appear flat due to
poor fit under wrong hypotheses
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Before any cuts



𝜌*/𝜌+ background

à Cut on 𝒑𝝅" ,𝒛 < 𝟎. 𝟐	𝐆𝐞𝐕
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Great-circle Plot
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Event selection

𝑟 = 𝑥^ + 𝑦^ + 𝑧^

𝜃 = tan"k
𝑥^ + 𝑦^

𝑧 	

𝜙 = tan"k
𝑦
𝑥


