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Scientific Motivation

O The interaction of quarks and gluons is successfully described by Quantum Chromodynamics (QCD).

0 But unable to construct the quantitative description of hadrons in terms of the underlying constituents, quarks and
gluons.

O Pion is the lightest meson and provides an ideal testing ground

for our understanding of the bound qq hadronic system. o

nuclear force

1. Lightest
meson

O Pions mediate the residual strong force that helps bind "\
nucleons inside the nucleus.

Pion (%)
ud

O Form factor (F(Q?)) is an important observable that can be
studied to understand the internal structure of hadrons by
describing the transverse spatial position of partons within
hadrons.

3. Probe of
hadron structure
Fr(Q%)
1.0

O Measuring the pion form factor at various Q? (up to 8.5GeV/?)
checks the validity of QCD-based theories, including the
transition region between perturbative and non-perturbative

approaches. Unlver81ty

Q*(GeV?)
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Pion Form Factor Measurement

O Above Q% > 0.3GeV?, F, is measured indirectly using the “pion cloud” of the . Scattered
i 1 1 El
proton via pion electroproduction p(e, e'n* )n . E'e°;f°" A e
O Indirect measurement — Form factor extraction requires a model.
Scattered
/ Proton\ Plon
U Need to extract o; from the total cross-section. Neautron

O As an |IIustrat|on of how o, connects to F2(Q?,t), we consider a simple Born Term . )
F (@9

dO'L —th 2
ar > m%)gnNN(t)F =(Q%, 1) 2

O In reality, we use Regge base model such as VGL, CKY and PKT Models for [ -

F2(Q?,t) extraction. ’ y

UIllVGI‘Slty
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Rosenbluth Separation Technique

= Rosenbluth separation required to isolate o; for L/T separation.

Reaction Plane

Scattering Plane /

» The physical cross-section for the electroproduction process is given by;

d’o do,

= +dGT+\/2 ey ad + el
Tdtdgp = Sdt " dt elet—gpcospte

orr
cos 2
dt ¢

“_n

« Here “¢” is polarization of virtual photon.

-1
(E, — E.)? + Q2 0,
1+2— .tan?—=
Q 2 0175 ‘f
« Perform two scattering measurements with different beam energies 1%; HE ! A1 1
“E,” to vary “¢” and separate different cross-section terms. Jow l--i-{\,‘} +q£?j 7 i
B s h'"“‘iu-_f___ St
s f ¥
E{}.GEG
« Careful attention must be paid to systematic studies such as g |- oo o om
spectrometer acceptance, kinematics, efficiencies, etc. B o 2 0102 20013
high £ g = 0.030 = 0.028
(] 50 100 1;:“ ‘d;ﬂ;} 25-{} 300 35-{}

UIllVGI‘Slty
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Pion-LT Experiment at JLab

» Located at Newport News, Virginia, USA.

» 2 Superconducting LINACs configured as “Racetrack”.

= Continuous Electron Beam Accelerator Facility (CEBAF).

= Capable of 12GelVV beam up to 200uA.

» Four experimental halls, all running unique experiments
and capable of running simultaneously.

Unlver81ty
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Pion-LT Experiment at JLab

North Linac /
Injector )
/ South Linac

factors for mesons.
» Hall C has a target and two detector arms.
= Target can be Liquid H,, Liquid D,or solid targets.
= Two detectors are;
* High Momentum Spectrometer (HMS)

e Super High Momentum Spectrometer (SHMS -
per o P O R i oot
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Hall C Spectrometers

O Both spectrometers are movable and
have sets of quadrupole (Q), dipole (D)
superconducting magnets and a Detector
Hut.

"Target)Ci'\qb‘e\r'

i :‘,.1 ‘-‘i\\\ \

O Both spectrometers are rotatable and
contain similar detector packages.

Momentum
Spec Angle range (deg) A,
HMS 10.5-90 0.5-7 GeV
SHMS 5.5-40 0.5-11 GeV

O Took coincidence data; simultaneously
detected electrons in HMS and pions in
the SHMS

- =
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Selection of Event Sample

O Selected electrons in HMS in coincidence with ¢ F ple e, m)n .
- - S 09F e Missing Mass Cut
pions in the SHMS. 2 - /
0.8E- 0.90 < MMpi < 1.06
U Missing particle reconstruction (neutron). é
0.7
— \/(Ee +mp — Eg _En+)2 — (Pe —Pe’ — pn"‘)z 06 3
0.5
O Blue represents the experimental data missing 04F-
mass plot. E
0.3
0 Red represents the Monte Carlo missing mass 0 25_
plot. E
0.1 p(e e, k)A
a Tq eI!mlnate the remaining I_oackground, a - .(! EE : | Eii: v e
missing-mass cut was applied to both the B8 0.9 1 1.1 1.2 1.3 MN}A
Monte Carlo and experimental data. Q2= 3.85 GeV?, W = 2.62 GeV (2-epsilons) o

Unlversmy
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Cross-section Measurements

 The goal is to calculate the experimental cross-sections using the ratio method.

dZO' _ (YEXP> dZO'

dtdeo . p Ysime ) dtd ¢pp,c

O The same cuts and kinematic selection criteria were applied to both the data and the Monte Carlo.
O This technique is model-dependent.

0 Requires the Monte Carlo empirical model to reproduce data.

O Only reliable if Monte Carlo reproduces the data well in both shape and normalization.

University
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Cross-section Measurements

 The goal is to calculate the experimental cross-sections using the ratio method.

dZO' _ (YEXP> d“o
dtdeo . p Ysime ) dtd ¢pp,c

O The same cuts and kinematic selection criteria were applied to both the data and the Monte Carlo.
O This technique is model-dependent.
0 Requires the Monte Carlo empirical model to reproduce data.
O Only reliable if Monte Carlo reproduces the data well in both shape and normalization.
O Fit the Rosenbluth equation to extract the cross-section components.
do _ dO'L do or dO-LT dO-TT
zndtdgo 7 + I ++/2e(e+ 1) 7 cosQ + ¢ T Cos2 ¢

O Need to iteratively tune L/T/LT/TT empirical model until Monte Carlo reproduces experimental data.

University Go far. 72 Z
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L/T Separation Iteration Procedure

: Improve ¢ coverage by taking data at For each © HMS setting, form ratio:
Diamond cut multiple T (SHMS) angles, -2°<0,,, <2°.

[ High €
aL Ml Low e
r n —cut

R = YEXP

YSIMC
Combine ratios for & settings together,
propagating errors accordingly.

Ratios
6.0 0, =+2 t=0.16 H l ’ ‘ ]
Q2—3q85G 2 ! i ]r TM]Y ] I i H I,MTLTLH
eV?, W =262 GeV (2 epsilons) i lHI T HM} ST ‘ JH 1%“
N, i
o g xtract via ) )
%“ilﬁ}ii?iijg}ﬂ simultaneous fit - _d ° _ Vw | d°0
%::: o of L TLT,TT dtd gy \ Yspye ) d1AP g1
® o) e v oo do, do do do
ooo] § hone ow = 0102 £0.013 o do _ 80 0r +2e(e+1)=LL cos g+ & — 1L cos?2
0 : 50 100 150 200 n;s'c- . 3-:':-{:-_ : 350 dtd¢ dt dt dt ¢ dt ¢
phi (deg)

University Go far. 72 %
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Importance of Diamond Region

Dlamond CUt takina data at Eor aach o HINS catting form ratio:
) n
owe | (3" = 3 > Elect tromet
. MLow [ - High e <10 ectron spectrometer
L B Low : acceptance is larger for high €.
- — cut )
i | » Selected an overlapped phase-
2.8 i
I iy space region.
28 > Divided data into 7 t-bins based
i on data statistics.
2.4
] ' 10° . .
,..}i 2 i » Purpose is to ensure consistency
g o) 1 " 2.2 across different kinematic
Somdod fy i settings and measure the t-
GO'OTE- T -I L1 1l I L1 1 1 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
S ool 2 25 3 385 4 45 5 55 dependence
D pas] Tl Q2= 3.85 GeV2, W = 2.62 GeV (2 epsilons)
§F lowe = =
00001 § high e omr = 0.030 * 0.028 74515 =Z FZEEFT) ”’117575+5 —COSZ2(
[ 50 100 150 200 mj;s'c- 300 350 dtd¢ dt d dt
Result from Fpi-2 phi (deg) Unlver81ty
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Full p-Coverage

Niamand cut Improve ¢ coverage by taking data at = e LINAC it £ .
angles, -2°<e1Tq <2°,

To get full-¢ coverage, data is taken on two
degrees on the right and left of the central
angle by rotating the pion arm.

Red corresponds to the right angle pion arm
setting

Green corresponds to the central angle pion
2.6R, t = 0.21 (2 epsilons) arm setting

» Blue corresponds to the left angle pion arm
setting

- » Divided data into 15 ¢-bins to measure the ¢
‘ dependence.

2
Q2= 3.85 GeV?, W = 2.62 GeV (2 epsilons)

T owe o= 0.102 £0.013 dO'
00000 §  high g o = 0.030 £ 0.028 2r = ! VA Uy TOSyTC ket
o 50 100 1%-:-. 200 250 300 350 dtd¢ dt dt dt dt
Result from Fpi-2 phi (deg) Unlver81ty
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Low and High Epsilon Data/MC Ratios

z3 t: [0.21 - 0.23) t: [0.21 - 0.23] R _ YEXP
14 T 144 _ YSIMC
[ | T Combine ratios for m settings together,
L1t s propagating errors accordingly.
o } . \ Ratios _
2 2 | - 5 17 1021 - 023] 6.21- 0.23]
ﬁl-ﬂ-———ﬂ— i —1—- ——}“——— Y - T-T&FT El-u-- —=F-+-——-pF-L-1--p-4--z--F--1--}- ] )
| 2 | o
E‘ » E‘ . .

]l HTYTM]Y IR ] I,MT*TLH
|| e | I IWH Jl ‘ ] Hu
Low €=0.292 High_€=0.779

i} EIO llIZIIﬂ lélﬂ 21]1] 250 301] 350 y ' : T 2 2
¢ (deq) SR 20 . Vsa(z ma.l 15)0 meg:m 2% ;0 350 d o _ YEXP d o
= 9. eve, = 4. e epsiions
dtde vy \ Yoe ) A1AO 1
Ratios are consistent 7 . J
L O-T O-LT O-TT
o T N =z + +,/28i8+1i—cos¢+5—0032¢
0 50 100 150 200 Un;sc- s DBI:&-::- DDEJEEJ dtd¢ dt dt dt dt
Pht (deo) UIllVGI‘Slty
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t central = 0.217 t central = 0.280
a 0.175 -
JC High-£=0.779
. Low-£=0.292 oo
In [T~ =T
m 0.125 - R ) -~ 5 e T \i J p .- “l -—d_
0.08 LY ,J

=]
=]
e |
w
f
#
i
i
!
I
'i'l
1
1 \

o
]
o
o
£
i

d2o/dt d¢ (ub/GeV?)
=]
S
!
]
|
A
i
H—I—Q-:—I
5 :
) N
- \ L}
m'l
d2o/dtd¢ (ub/GeV?)
o c
&
‘_l'
g
A
——
{
‘.*
.—i‘n:u—n
. A Y

0.025 4 0.0z ||
--= Fit{low z) o, = 0.336 + 0.054 === Fit (low €) o, = 0.106 + 0.031
--— Fit (high &) or= 0.411 + 0.027 --~ Fit (high £) or = 0.405 + 0.016
oooo{ ¥ lowe o7 =0.114 = 0.017 pood f lowe o, = 0.068 + 0.009
¥ highe orr = 0.006 = 0.037 i highe orr = -0.056 + 0.021 }
) 50 100 150 200 250 300 150 0 50 100 150 200 250 300 150 | %
phi (deg) phi (deg)
01751 } i o, _drops as we go to higher t Q2= 3.85 GeV2, W = 2.62 GeV (2 epsilons)
- 0150 { T [
E 0.125 { A L"J ?/'* : .
'EG.I{:-D---{-—--{ \‘HL"' AN _.*"J . i E_XtraCt Vla . dza YEXP d20
E oz, T LT T]| simultaneous fit - 22
;; b of L,TLT,TT dtdo .o \ Yoo ) dtde o0
© ) b g = 0.489 + 0.042
0257 - Fit (high o) or = 0397 + 0.020 do, do do do
vyt I, ar - 0.102 +0.013 2740 _ 90L, 90, J2e(e+1) =L cosg+ & — L cos2
/-:- 50 100 150 200 250 300 350 dtd¢ dt dt dt dt
phi (deg)
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Results from Moderate-Q2 Pion-LT Experiment

= The VGL model struggles to describe the t-dependence of o, well,
and dramatically underestimates T/L ratio.

= The CKY model also struggles to describe the t-dependence of o,
well, but has a better T/L ratio.

= Comparison with PKT Model is in progress.

0.6 :

X Amendolia m+e elasties
e Ackermann p(ee’m*)n

A Brauel et al. (Reanalyzed)
0.5 m JLab Fr-1
O JLab Fn—2

0.4

= 03-
la

0.2

0.1+

0.0 I |

monopole

© 28apr02 VGL t'=0
X 26apr02 CKY t'=0 -

0.0 2.5

T
5.0

Q* (GeVv?)

Model is evaluated at precise kinematics of data. Discontinuities indicate change in (Q2,W) for each t-bin.

June 23, 2026

Muhammad Junaid, CAP Congress 2026

Q2=3.85 GeV? W=262 GeV
| | | | | |
aL a'l
6 } - 6 - =
— CKY
VGL i {i §
49 - 4 - . -
o | Al i
0 AN \\ :
g 2 - .\\ - 2 ~o . n
o) ~ |
2 } { T _
0 i } ¥ S I
- T | T . T I I
o 1 2 3 4 5 1 2 3 4 5
~.
b 0.2 0.2
e 5 Ot O
0.1 i—. ey e [0 +
00] FAFTm T a—d g0 mi_%q_
i
-0.1 L —0.1-
]
-0.2 . 0.2 :
A 2 3 4 5 1 2 3 4 5
—t (GeVz)
UIllVGI‘Sl



Je son Lab

omas Jefferson National Accelerator Facility

Summary and Future Plans

0 E12-19-006 (12 GeV Flagship Experiment) is expected to

provide the definitive p(e, e’t")n L/T-separation data set 0.6 | | !
. . . . Amendolia +e elaslics
and will remain important for decades to come. o ke Bl
0.5 g Jiab Fr-1 ’ [
. . . . O JLab Fr—-2
A Preliminary L/T separation is completed for Q?=3.85 GeV?, D S
i i 0.4 g R § . %E =
W=2.62 GeV physics setting. ' ¢ T el
k < RRRE R .
= 03+ =<l _
O Systematic uncertainty studies still need to be done. < JLab E12-19-006 (Beamtime Seheduled) ~ ]
0.2 & JLab E12-09-011 (Data under analysis) -
0 Detailed comparison with existing VGL, CKY, and PKT 01 T e b |
theoretical models. g " Bakulev Hard 4D Nostarenko & Radyushkin QSR
O 0 - Roberts et al Dyson—Schwinger
RY I
O Results will help to understand the dependence of the 0.0 2-5 o (Gg;,g) 70

Form factor and in validating theoretical models.
Projected Results

Un1versn:y
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