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Scientific Motivation

0 Hadrons are classified into two groups:
= Baryons combination of quark-quark-quark states (qqq or qqq).

= Mesons combination of quark-antiquark states (qq). @ @ Q
O 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 (p‘i::gl‘l’“p) (pli\(/)ll(iS(;tIl+)

underlying constituents, quarks and gluons.

~8 MeV/c?

uud

m, ~ 938 MeV/c?
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Scientific Motivation

0 Hadrons are classified into two groups:
= Baryons combination of quark-quark-quark states (qqq or qqq).

= Mesons combination of quark-antiquark states (qq). @ @ Q
O 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 (p‘::trgl‘l’“p) (pli‘gl‘:s‘;u)

underlying constituents, quarks and gluons.

O Pion is the lightest meson and gives an ideal testing ground for our understanding of the
bound gq hadronic system.

0 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 my..~8MeV/c?
within hadrons.

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.

m, ~ 938 MeV/c?
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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, YCK and PKT Models for [ -

F2(Q?,t) extraction. ’ y

UIllVGI‘Slty
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Rosenbluth Separation

= Rosenbluth separation required to isolate a; for L/T separation. Reaction Plane

= The Physical cross-section for the electroproduction process is given by;

Scattering Plane

dzo' dO'L dO'T dO'LT dO'TT
21T =€ + + ./2€(e + 1 cosP + € cos 2
dtdo dt dt \/ ( ) dt ¢ dt ¢
» Here “¢” is polarization of virtual photon.
-1
(E, — Ee’)z + QZ 6,
1+2 tan?—= ~CP=(p—
Q> 2
T U
"‘-;_-:-1-::-5 {--1“{‘_ HHL~+ s
:;'c-ms H}“""‘i i
Z f
e =03 g0
GO0 § highe o = 0.030 £ 0.028
[1] 50 10 1;:“ td;c;} 250 I 350
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Rosenbluth Separation

= Rosenbluth separation required to isolate o, for L/T separation. Reaction Plane

= The Physical cross-section for the electroproduction process is given by;
d*o do;

Scattering Plane

2 +dGT+J2 ( +1)da”' b + dorr 2¢
T =€ €(e cos € cos
dtdo dt dt dt dt
» Here “¢” is polarization of virtual photon.
-1
(E. — E.1)* + Q* 6,
1+2 .tan? —= ~CP=(po-
Q* 2
« Perform two scattering measurements with different beam energies “E.” to vary “¢”
and separate different cross-section terms. : } J
"'; 0150 { T=- “xL‘-']
« Careful control of point-to-point systematics crucial, '/, . error amplification in o; . § i | 4 i .
Ao; 1 1 5 5 ST e
= Ao‘l -I— AO'Z goms E-- i
O-L 61 _62 O-L (:5-:-.55-:: -
Where “0y = o1 + €1 0" and “0; = o1 + €; 0" S oass{ 227 igh o o 2 0397 = 0.020
ool § o ar 29102 =00t
« Careful attention must be paid to systematic studies such as spectrometer P ey T

acceptance, kinematics, efficiencies, etc. University .
of ”jﬂmﬁ’
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Schematic view of Hall C Spectrometers

Preshower &
Shower
* | Counters

Z
X-Scintillator

Y-Quartz

-

Paddles

Drift Chambers
(12 planes)

—

ple e )n

LH2 Target (p)

Electron
Beam

Preshower &
Shower Counters

Beamline

X-Y Scintillators

Heavy Gas
Cerenkov

l X-Y Scintillators

Also using an LD2 target

[
in PionLT experiment ~ 2] g e Aerogel Cerenkov
o S § O
L B’ -.9 “
Q 2 Drift Chambers

University

February 14, 2026 Muhammad Junaid, WNPPC 2026



Je son Lab

omas Jefferson National Accelerator Facility

Reconstruction of Missing Particle

: : : I - —
Q gﬁlllt\ancsted electrons in HMS and pions in the £ oE ple e, m)n / Missing Mass Cut
. u:: E
= 0.90 < MMpi < 1.06
U Missing Mass reconstruction 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. F
0.3
0 Red represents the Monte Carlo missing mass 0 25_
plot. “F
0.1 ple e, k™)A
a Tq eI!minate the remaining I_oackground, a - o
missing-mass cut was applied to both the B8 0.9 1 1.1 1.2 1.3 1.4
: MM
Monte Carlo and experimental data. P

Q%= 3.85 GeV?, W = 2.62 GeV (2 epsilons)

Unlversmy
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Cross-section Measurements

O The ratio method is used to calculate the experimental cross-sections.

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.

University Go far. zefier
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Cross-section Measurements

O The ratio method is used to calculate the experimental cross-sections.

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.

UIllVGI‘Slty
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L/T Separation Iteration Procedure

: Improve ¢ coverage by taking data at
Diamond cut multiple T (HMS) angles, -2°<6,,, <2°.

High e
BLlow e
— cut

e =0 0_=+2 -t=0.16
Q2= 3.85 GeV2, W = 2.62 GeV (2 epsilons)

University
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L/T Separation Iteration Procedure

- Improve ¢ coverage by taking data at For each m HMS setting, form ratio:
Diamond cut multiple T (HMS) angles, -2°<6,,, <2°.

High e
BLlow e
— cut

R = YEXP

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

Ll
£[0.16 - 0.24] Rat | OS £ [0.27 - 0.31)
14

eﬂqzo enq=+2 -t=0.16 §1-° ------------------ Ll-i—-} ------------ §” ‘f"f"‘{“}"}"%‘"{é“{'“}"i"{; ---- ¥
Q%= 3.85 GeV2, W = 2.62 GeV (2 epsilons) : i

200 250 300 350 o 50 100 150 200
¢ (deg) & (deq)

Unlversmy
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L/T Separation Iteration Procedure

Diamond cut

[ High €
aL Ml Low e
r —cut

Improve ¢ coverage by taking data at
multiple T (HMS) angles, -2°<6,,, <2°.

0.175 ‘[I

o D.150 ‘-ni t i

o~ “‘,%

> -

3 0.125

=

3ol d d

IEUEE o 1_{_

S

=Y

o 0.075

o

]

5 0.050

- === Fit (low g}
00354 ——- Fit (high £)

¥ lowe
00001 §  highe
0 50 100

g
7T
= 0.489 = 0.042

= 0.397 = 0.020
D’Lr 0.102 £ 0.013
o = 0.030 = 0.028

February 14, 2026

150 200

phi (deg)

250

300

350

Extract via
simultaneous fit
of L,T,.LT,TT

For each T HMS setting, form ratio:

R= Yexp
Ysime

Combine ratios for & settings together,
propagating errors accordingly.

t:[0.16 - 0.24] t: [0.27 - 0.31]

-t=0.16

Ratios

T P S— |
sl HHHHEEE

50 100 150 200
¢ (deg) & (deq)

l d’c (Y, |d'o
Ao e \ Ysee ) 34O g0
do do, do; do,, do,;
T = + +,/28i8+1i—cos +&—=c0S2
dtdg dt dt ¢ dt ¢
University
“Regina Go far, @aﬂw
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Diamond Region Selection

Diamond cut mnrove o coveraae hv takina data at Ear oach o HMS cotting 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 5 t-bins based
i on data statistics.
2.4
] ' 107 . .
,..}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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L/T Separation Iteration Procedure

: Improve ¢ coverage by taking data at
Diamond cut multiple T (HMS) angles, -2°<6,,, <2°.

For each T HMS setting, form ratio:

High e
BLlow e
— cut

R = YEXP

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

Ll
£[0.16 - 0.24] Rat | OS £ [0.27 - 0.31)
14

en =0 e-,, =+2 't=0.16 5%10 ------------------------------------- Eg"m -f—-{----—} -------------------------- 1
q q : f%%}{}iiiif

g }‘ L o D St
g ' 4 B A Extract via 2 2
f;m ii{t}ii?iij%}ﬂ simultaneous fit - do _| Yo d’o
£ bt of LTLT.TT dtdo pp  \ Yspe ) A1AO g
bﬂ.'ﬂ'iﬂ-
© === Fit (low g} g = 0.489 + 0.042

B :iu““ﬂhﬂ or = 0.397 = 0.020 do do do do

soool 3 mgne o= 0102 =000 2z dci;¢=g dtL + dtT +,/28i8+1i—d;7" COS¢+g—dtTT c0s2¢

phi (deg)

UIllVGI‘Slty
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Yield Calculations
O Calculated normalized bin-by-bin data yield.

N Charge Calculated run-by-run
Y = .
EXP Qo HMS & SH_MS jl'rackmg > 98%
Efficiencies
where,
Qefr Live Time Correction >98%
= Charge X Tracking Eff X Detector Eff X EDTM Live Time ..
X Boiling Corr X other normalization factors ... HMS Cerenkov Efficiency >93%
HMS Calorimeter Efficiency >99%
O Calculated normalized bin-by-bin MC yields. SHMS Aerogel Efficiency 598%
HMS & SHM§ Hodoscope 598%
Efficiency
RF Efficiency >99%
Boiling Correction Factor Calculated run-by-run
Coin Blocking Correction Calculated run-by-run
Pion Absorption Correction ~97%

Unlversmy
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Yield Calculations
O Calculated normalized bin-by-bin data yield.

N Charge Calculated run-by-run
Yexp = Qure HMS & SHMS Tracking - 989
where, Efficiencies
Qefr Live Time Correction >98%
= Charge X Tracking Eff X Detector Eff X EDTM Live Time ..
X Boiling Corr X other normalization factors ... HMS Cerenkov Efficiency >93%
HMS Calorimeter Efficiency >99%
O Calculated normalized bin-by-bin MC yields. SHMS Aerogel Efficiency 598%

O Calculated ratios (DATA/MC) for each t & phi-bin
HMS & SHMS Hodoscope

setting-by-setting, separately. Efficiency >98%
Yexp RF Efficiency >99%

R(t ¢) = Ysimc Boiling Correction Factor Calculated run-by-run

Coin Blocking Correction Calculated run-by-run
O Combined data from each pion arm angle setting e MbssrEien Cemeetion ~979%

per e by calculating their error-weighted average.
UIllVGI‘Slty
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Low-epsilon Data/MC Ratios

& [0.16 -0.24) £ (024 -0.27)
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oo SRILN P |
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P
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Q2= 3.85 GeV?, W = 2.62 GeV (low-epsilons)
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High-epsilon Data/MC Ratios

10,16 - 0.24] b 10,24 - 0.27]
1.4 141
Physics Setting: ; { { ; { [ ; } J l I
Q3p85_W2p62_tOp21_higheps é;"m" I R B _T_T"' B é}m“ - “{ _____________ - _T' 1T
s RN H
Y 0.8+ 084
EXP {
R(t’ (p) — Y 0.6 0.6
SIMC . . . \ \ \ . . . . . . . .
L1} 50 100 150 ¢|deg:200 250 30D 350 [1] 50 100 150 ¢Ideg;'!0-ci 250 30D 350
£ 1027 - 0,31 £: 10,31 - 0.36] £ 10,36 - 0.50]

1.4 1.4+ 1.4
NERERERAEIURL(EIg § s HH ﬁ;
R
H H H

0.8 0.8+ 0B 4

[1] 50 e 150 p|deg:zm 250 3D 50 L1} 50 100 150 ¢|deg:200 250 30D 350 [1] 50 100 150 ¢Ideg;'!0-ci 250 30D 350

Q2= 3.85 GeV?, W = 2.62 GeV (low-epsilons)
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Data/MC Comparison Plots

d Compared kinematic and spectrometer variables between data and MC to verify that the SIMC model reliably

reproduces the measured distributions.
Q2 Distribution

W Distribution t Distribution
F I i PATA oF I ; 1 DATA F 1 DATA
1.8 SIMC ' i N ﬁ
: i:H;i : st [ sime A +SIMC
165 ”P_[{: 141 #ﬂ- +ﬁ :
1.4F * T 12F :F - T
- > *:F : H R 2r 1
g12p “}i + e 1 ‘%:F{N ﬁ{* 0 | ¥
3 4 g 5 ¥ H S 150 T
O : K3 -
: * o 08 i i - *
0.6~ " Jos B o i :;:
0.4 :_ + £ 0.4 - *P:F '+ C =
0.25_ ¥ ;;:-i- E :fH* %i 0.5:— iy *:i:%
j: ._11 | | | | | T* 0.2:_ "; * - -
U 11 L1 1 11 1 11 1 L1 1 L 1 1 L 11 1 s . H L | L | L | . | L | L | D I .
3 32 34 36 38 4 42 44 C;I:?.B g.4 245 25 255 26 2865 27 275 28 %_1[:5 Ulg {}lg (]_|4 0|5 0.6 0.7
w 1
Q2= 3.85 GeV?, W = 2.62 GeV (low-epsilons Center Setting) University
: _ “Regina | 0 Tyl
ebruary 14, 2026 Muhammad Junaid, WNPPC 2026 21
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L/T Separated Cross-section Measurements

t central = 0.198 t central = 0.254

O Calculated unseparated cross-sections.

£.175 012 4
dZ _ ( YEXP ) d (o) Eﬂ-lﬁﬂ "Li‘\‘_t * ”(_‘}"‘I' ';Gm-‘i”l’i_“[“ni % J:_ihih‘i-
dtde .y p Ysimc dtd¢51Mc § | ] 1 . +f 1 f g""‘*‘"T" ka‘% Y T] i
Seeertig g T LT H|5- Py L b5
O Calculated separated cross-sections. ge e P L
-E‘ 0. 050 B
dO- dJ d d dU © === Fit {low ) a = + 0. o ooz | === Fitllowe g, = 0. + 0.
s —e——+ 2¢(e + 1) —= cos Q+e€ ™ cos2 1, B I oz ED%EE « Zug%é P 4 sl o = §§§§ n §En§§
dtde dt dt dt dt 20001 §  highe o = 0.030 < 0.028 0001 §  highe o= 0.093 = 0.022
[1] 50 100 lpﬁilli td;@;} 250 I 350 [1] 50 10y 1;(;.“ {dé'ﬂ;} 250 D0 350
t central = 0.291 t central = 0.334 t central = 0.429
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Physics Setting: Q?=3.85 GeV?, W=2.62 GeV University -
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Comparison with VGL and CKY Model

= VGL model gives a reliable description of o, across a wide
kinematic domain [Vanderhaeghen, Guidal, Laget, PRC
57(1998)1454].

= 0o, results a little low compared to the previous Fpi-2 results.
= o surprisingly large as compared to previous Fpi results.

1.0 - 0.6 ——
o~ 08 7 B ~— | |
Ny Ny Blue represents scaled Fpi-2 experiment results at Q? = 1.60 GeV?
Eg | 1 I cg 04 ] E —
:3‘ 0.6 | B :5" Red represents scaled Fpi-2 experiment results at Q2 = 2.45 GeV?
4 ERE P
> 04 - - Black represents current experiment results at Q? = 3.85 GeV?
o o
3 | % 0z : |
. 1 b i Green curve shows the model fit.
g= T

D 2 — { 1 I | |

: i
!
0.0 I T 0.0 T
A 2 3 : 5 A : 3 :
—t (GeV?) —t (GeV?)

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

University Go far. 72 Z
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Comparison with VGL and CKY Model

= VGL model gives a reliable description of o, across a wide
kinematic domain [Vanderhaeghen, Guidal, Laget, PRC
57(1998)1454].

= 0o, results a little low compared to the previous Fpi-2 results.

= o surprisingly large as compared to previous Fpi results.

VGL model does not describe the t-dependence of o_ very well

1.0 - and dramatically underestimates T/L ratio. |

<
oo
l
|

I Blue represents scaled Fpi-2 experiment results at Q? = 1.60 GeV?

©
(03]
|

o
P

! |
L

do /dt (ub/GeV?)

o
]
|
e

do_/dt (,Iub/Gel"u'z)

0.0 I

—t (GeV?)

o
~
i

©
o
|

i Green curve shows the model fit.

Red represents scaled Fpi-2 experiment results at Q2 = 2.45 GeV?

Black represents current experiment results at Q2 = 3.85 GeV?

0.0

"t (GeV?)

Plots from Prof. Garth Huber

February 14, 2026

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

= VGL model gives a reliable description of o, across a wide
kinematic domain [Vanderhaeghen, Guidal, Laget, PRC
57(1998)1454].

= 0o, results a little low compared to the previous Fpi-2 results.

= o surprisingly large as compared to previous Fpi results.

VGL model does not describe the t-dependence of o_ very well

CKY developed with the goal of increasing o without

degrading o, [T.K. Choi, K.J. Kong, B.G. Yu, J.Kor.Phy.Soc.
67(2015) L1089; arXiv: 1508.00969].

CKY model also does not describe t-dependence of o, very
well.

Much better T/L ratio, as expected, but still low.

1.0 - and dramatically underestimates T/L ratio. — 1.0 ' ' — 0.6 : e
~ 087 -~ _. 08+ -
% ! i % 0.4 ! } % ! i % 0.4 ! :
O CHREE o CHRSR i
<. 0.6- - < p <06 - < p
] T L A T L
3 [ ] ! i 2 iy ] E! i
5 0.4 - T = 0.4 | - = AN
~, . 0.2 1 o | B ~ 0.2 1 =
5 S 2 5 . 5
- = = ™~ =
0.2 1 - - 0.2 1 - .
} i I i, s *
Pt~ va } .
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Plots from Prof. Garth Huber Model is evaluated at precise kinematics of data. Discontinuities indicate change in (Q2,W) for each t-bin.
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Summary and Future Plans

d E12-19-006 (12 GeV Flagship Experiment) is expected to provide the definitive p(e,e'nr*)n L/T-
separation data set and will remain important for decades to come.

Preliminary L/T separation is completed for Q2=3.85 GeV?, W=2.62 GeV physics setting.
Systematic uncertainty studies still need to be done.

Detailed comparison with existing VGL, YCK, and PKT theoretical models.

o O O O

Results will help to understand the dependence of the Form factor and in validating theoretical
models.

L

It is expected as many as 2 publications will come from this research.
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