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Charged Meson Form Factors

Simple ¢ ¢ valence structure of mesons
presents the ideal testing ground for our
understanding of bound quark systems.

In quantum field theory, the form TR
factor is the overlap integral: F;(QZ)_J’% () (P+q)dp

¢’1'L..-r1i1ial q:*m'lirml
% 4 i A
5 N\
E HARD {pQCD)
b /
= |[SOFT ; <
Ky k P p+q

The meson wave function can be separated into ¢_s with only low

momentum contributions (k<k,) and a hard tail ¢ @
While ¢_%+?can be treated in pQCD, ¢_*"cannot.

From a theoretical standpoint, the study of the Q9°‘—dependence
of the form factor focuses on finding a description for the hard
and soft contributions of the meson wave-function.
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vt Form Factor — Low Q? (Direct Measurement)

At low Q? F_can be measured model-independently via high energy
elastic - scattering from atomic electrons in Hydrogen

- CERN SPS used 300 GeV pions to measure form factor up to
Q2 = 0.25 GeV? [Amendolia, et al., NPB 277(1986)168]

- Data used to extract
pion charge radius

r,=0.657 £ 0.0712 fm

2
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n* Form Factor via Electroproduction (Indirect Technique)

Above Q*>0.3 GeV?, F_is measured indirectly using the “pion cloud”
of the proton via pion electroproduction p(e,e’n*)n

|p)=|p), +|nm")+...
= At small —t, the pion pole process dominates the longitudinal cross

section, o,
*

= I[n Born term model, F ? appears as %

dC)_L _IQE 2 2 2 2

o A(OF y Fr(Q71)
df (f—mi) gm\u‘v( ) .:-T(Q ) |
- . gnNN(t)

Drawbacks of this technique:
1. Isolating 4, experimentally challenging. N N'

2. The Fx values are in principle dependent yy ph.p. research aims to improve

upon the model used. but this understanding of the indirect
’ technique by analyzing low-Q? data

dependence is expected to be reduced  and comparing it with direct
at sufficiently small —t. measurements.
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Rosenbluth (L/T) Separation Technique

d o,
dtd ¢ dt dt

-

Scattering Plane

Virtual-photon polarization:

etp—e+T AN P

W2=(py+Pp)F t=(p—px)?

® L-T separation required to separate o, from o,

® Need to take data at smallest available —7, so o, has
maximum contribution from the t* pole

“ Need to measure r—dependence of o, at fixed Q*,W
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E12-19-006 Experiment

% %  ToBeam

# The experiment conducted in three phases,

 First run period: ran in summer 2019 — analyzed by me
* Second run period: ran in fall 2021

* Third run period: ran in fall 2022

¥ The reaction system

e+p—e+717+n

| ! » SHMS
»HMS

¥ Spokesperson
* Dr. Garth Huber (UofR), Dr. Tanja Horn (CUA), and Dr. David Gaskell (JLab)
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E12-19-006 Experiment — First Run Data

Q? = 0.38 GeV?, W = 2.20 GeV, —t = 0.008 GeV?

F, = 2.7 GeV, ¢, = 0.286

Ey = 3.6 GeV, €5 = 0.629

Fy, = 4.5 GeV, e3 = 0.781

Spectrometer Angle (6°)

Spectrometer Angle (6°)

Spectrometer Angle (6°)

SHMS | HMS | Setting | SHMS | HMS | Setting | SHMS | HMS | Setting
5.70 | 31.965 | Center | 5.75 | 15.83 | Right2 | 7.645 | 10.965 | Rightl
7.605 | 31.965 | Leftl | 6.87 | 15.83 | Rightl | 10.325 | 10.965 | Center
0.705 | 31.965 | Left2 | 8.87 | 15.83 | Center | 12.34 | 10.965 | Leftl
- - N/A | 10.87 | 15.83 | Leftl |14.325 | 10.965 | Left2
= - N/A | 12.87 | 1583 | Left2 : - N/A

Q* = 0.42 GeV?, W = 2.20, —t = 0.010 GeV*

Ep, = 2.7 GeV, ¢, = 0.264

Eb = 3.0 Ge\/, 3 = 0.617

Eb =45 Ge\/, €3 = 0.774

Spectrometer Angle (6°)

Spectrometer Angle (6°)

Spectrometer Angle (6°)

SHMS | HMS | Setting | SHMS | HMS | Setting | SHMS | HMS | Setting
570 | 35.19 | Center | 9.200 | 17.025 | Center | 6.870 | 11.745 | Right2
7.75 | 35.175 | Leftl 11.20 | 17.025 | Leftl 8.075 | 11.745 | Rightl

9.740 | 35.175 | Left2 | 13.20 | 17.025 | Left2 | 10.075 | 11.745 | Center
- : N/A | - - N/A | 12075 | 11.745 | Leftl
- - N/A - - N/A | 14.08 | 11.745 | Left2
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Q2= 0.375 Ge\V?

LOW &: 3 SHMS SETTINGS
MIDDLE €: 5 SHMS SETTINGS

HIGH €: 4 SHMS SETTINGS

Total = 12 SHMS Settings

Q2= 0.425 GeV?

LOW €: 3 SHMS SETTINGS
MIDDLE ¢€: 3 SHMS SETTINGS

HIGH €: 5 SHMS SETTINGS

Total = 11 SHMS Settings



Yield Correction Factors — Key for L/T Separation
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Yield Correction Factors — Key for L/T Separation
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‘Heep?, ¢ +p — ¢ +p, Analysis — Kinematic Offsets & Elastic X-Section

® For the LT separation, the beam energy, spectrometer angles, and momenta
obtained from power-supply calibrations and floor-angle markings were not

sufficiently precise.

e Elastic X-Section

Exp Yield/SIMC Yield

1.100

Yield =

N

tot X €tot

1.075

1.050 A

1.025

| Aver. X-section =1.0037x0.0017 |

Aver. X-section Error
T Elastic X-Section

Aver x — section = 1.0037 £ 0.0017

g

I
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0.950
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T
4.0

4.5

Yield (Events/mC)

The Heep reaction is kinematically over-determined, with both the scattered
electron (e') and the proton detected.

We used the deviations between observed and physically required values to
determine the experimental offsets.

Yield (Events/mC)

For Q2=0.375 and

0.425 GeV2L/T

Analysis
—p
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w
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| Quantity SHMS HMS
In-plane angle 2.8 mrad | 1.2 mrad
Out-of-plane angle 0.0 0.99 mrad
Central Momentum 0.0 0.15%

Beam Energy

0.01% to 0.07%
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-p — e’ + 7" +n Event Selection: m* & e Coincidence Time

Q*=0.375 GeV?

W[ E=0.286
«E|— Center
oE|— Leftl
® The coincidence time was used £ |—Left2
to select clean t*—e™ events for J=
D e 25 MM WA
coincidences were subtracted 1PATA A A A AR J LA A AAAAA

35— 30 E 0 5 10 15 2

by selecting random beam
buckets and normalizing to the
width of the prompt peak (2 ns).

e=0.629
— Right1
— Right2
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— Left1
— Left2

S
=]
S

Yield (Events/mC)

=)
S

o
S

3
g
|IIII||III|IIII|IIII|III

%

tcoz'n :tHMS_tSHMS °

&= 0.781
— Right1
Center

IS
S
L
o

3500

3000

2500

2000

1500

1000

:._4-5-'1[2_,'!...!.'5,'!;__!_.' s._.'l!-l!--‘-' . A , —"-_a—“:i'ﬂli_--_ﬁ:ilu_j]"-—ll‘--'
5 5 0 8 Cdincidence time (nsy

January 26, 2026 Dr. Vijay Kumar (Hall C Winter Meeting) 11




e +p— ¢ + 7" + n Exclusive Final State: w* Missing Mass

Plot: Mid €, Center Setting
of Q%2 = 0.375 GeV?data

The exclusive 1t

glvlonlr_e Carlo (SIMC) — p» , n final state was
g L e+p—€+71m +n uniquely identified
A Data — using the missing
o L mass technique.
> al—
s
- The red distribution represents
Al thel MC (SIMC) predicted cross
- section, not arbitrarily
i normalized to the data.
2_
_LLJ - l—._l--l-‘-l R o III|[III|IIII|III+I :I & *MMW
8.9 091 092 093 094 095 09 097 098 099 1
Missing Mass (GeV)
/ 2 > 5 2
MM =+/(Ey+m, —E. —E.+)>— (P, — P, — P,1)?)
January 26, 2026 Dr. Vijay Kumar (Hall C Winter Meeting) 12



e+p— e +m" +n Diamond Cut

231 241
Q2= 0.375 Ge\? 2t £, = 0.286 »ef. €, = 0.629
’ 2,26 -
2.245— 231
® The absolute acceptance of the 222 205f
spectrometers depends on the 22~ :
beam energy or € settings. 218 22
216 o 21ef-
® To ensure uniform acceptance  <puf :
for the LT separation across all 82_121- Tt
€ settings, a cut _called the  =efoglopnphonbosio gy eogiphpngioghoon bl
‘diamond cut’ is applied. =
241 241
2355_ e = 0.781 2355 Diamond Cut For LT Analysis
' & 3 ' e
2.33 2.32—
2.252—

225

22F

215F

21F

E_DE:"Hlll”lll”l”lll””l”Hlllllllll.:: E_DE:|||||||||||||||||||||||||||||||||||||||
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2 2
Q" (GeV?)
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e+p—¢e + 7" +n Binning in t and @ Angles

Q%= 0.375 GeV?

Phi-Bin

® The data were binned in t to
measure the individual 1t
separated cross-section as a
function of t.

® Each t bin was further divided
into 16 ¢ bins, enabling
better simultaneous fitting

using the Rosenbluth
separation  technique to
extract the individual

separated cross sections.

0.04 0.06
t bin (GeV?)

t = (py —
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e +p— e + 7t +n Experimental X-Section (Iterative Procedure)

For each & SHMS settings were analyzed
separately to form vyield ratios, which were then
combined using error- weighted averaging with

Fit models to o, o1, o1 & O7r tO

determine an updated set of
parameters. |

Q?=0.375 GeV?
¢ deg

|deg| w

5 d?o dor,
T — €

dtdg dt

Q%?=10.375,€=0.286
= 0. 009

5
4
1.3
2

1

1.

\ Yield Rato (Exp/NC)

0.9

0.8

0.7

0.6

0.5
(o]

\V/ 2€(e

Oeap(W, Q% 1,0, 0,€) = (W,Q%,,6;0,¢).
YMC
dOLT dUTT
CcOSQ coS2
dt ? dt ?
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Data vs. SIMC: Yield Comparison of Acceptance Variables

e+p—e +77 +n

SHMS delta SHMS xptar

Data
Monte Carlo (SIMC)

® o Verify SIMC oy R e s ey b

acceptance, experimental ~SHMSdelta ™ SHMS xpta
and SIMC acceptance @ g 1 oF S
variables were ; f 1 e
compared. The red & 3
distribution shows MC- - .
predicted cross sections F S ] | | -
after the final iteration, SHMS yptar HMS delta “
not arbitrarily normalized , _ S o . i
to data. LE N3

Ry

HMS xptar HMS yptar

Plot: Mid €, Center Setting of Q? = 0.375 GeV2data
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Data vs. SIMC: Yield Comparison of Kinematic Variables

e+p—e +na" +n

® To verify SIMC
Kinematic, experimental
and SIMC Kinematic *
variables were °F
compared. The red
distribution shows MC-
predicted cross sections
after the final iteration,
not arbitrarily normalized
to data.

5

vents/mC)

4f—

Yield (e

2.24 2.26
W (GeV)

ts/mC)

Monte Carlo (SIMC) 5—

Yield (e

Data L

P TR i i P R | C PRV YN T SN TN SN TN AR AU TN T [N N SO S S AT ST S T
0.03 0.04 0.05 0.06 0.07

P I P (R
% 0.01 0.02

t(GeV?) e 5
Plot: Mid €, Center Setting of Q% = 0.375 GeV?data
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Unseparated X-Sections

e+p—e +n" +n

351

ub/Ger)

® Simultaneous fit of all 7 t bins at Q%= g ..
0.375 GeV? using the Rosenbluth & °
separation technique to measure £
individual separated cross sections.

0.5

d°a/dt

0 1 1 1 1 .. 1 1 1 | 1 1 ek 1
50 100 150 200 250 300 350 [] 50 100 150 200 250 300 350

£ [ t=0.029

7 c082¢ 5:

d%o dor, dor
_ 2e(c 1 1
"~ Car Ta T V2E+l)

d d
Z@T cosp + € orT

2

* Highe =0.781

e Loweg =0.286
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Unseparated X-Sections

et+p—>e " +n

® Simultaneous fit of all 7 t bins at Q2=

0.425 GeV? using the Rosenbluth

separation techniqgue to measure

individual separated cross sections.
2%2262; = edstL + d;thT +1/2¢(e + 1)di£T cosop + edi;T co82¢

* Highe =0.774

* Lowe =0.264
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[ ] / _|_
Separated X-Sections at Q2 = 0.375 GeV? et+p—e€e +1m" +n
® Separated cross sections for seven t L L R Qg‘.:“r TAT/ TR Bnd “*’"c‘*"*’l'f i
bins obtained from a simultaneous fit g | - b e or [
using the Rosenbluth separation Sa0] * tg . £*] 1 ]
I VGL Regge model = Ty TE | = 0] . o B
technlque. calculation over the = ™7 a S -
t-bin range. :> o - IO N S S s
® Ackermann results rescaled to my or L TR OO % T S & T
kinematics for direct comparison =1 .1 - ] orr |
= %1 i -z I §
L = - F 1%{ I { e [
New Findings: —4 1 Ot | ®a g -
~®oo .01 c_n'% f)cl:?e{fqls‘ .05 .06 " “.oo .01 13'% i(dc?e\'rcii‘ .05 .06
* At Q2 = 0.35 GeV? the Ackermann 2?=0.375 W—220
extraction of o.r differs in sign, while my PN S e D g e s Ny e e ;
results are consistent with the Frm-1 ] I i
analysis. 71 I oL I or |
S RS A T O Sl B
* The VGL model underestimates the ot ol . S : }
contribution; the CKY model improves the ) ] 1ol ]
description but does not fully reproduce °oo &1 Oz gz ds 05 os 0o &1 Oz g3 ds I o
the data. CKY Regge model ©7] — - s —
calculation over t e~ *1 .. ] 7 C = ] -
* My results and the earlier Fri-1 analysis PN range % . i i | § 1 OTr )
show significantly  higher oy than s .1 1t B E ;[ } ]
Ackermann, consistent with the substantial s, ] Oor [ S_.. Ty %} T
unseparated cross section observed at .l el ]

low €.
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Separated X-Sections at Q2 = 0.425 GeV? e+p—e +nt +n

Kumar 2Z5novid Q=0.425 W=2.20

Ackermann Q=0.35 W=2.10 Far—1 Q@ *=0.60 W_=1.95

40 g ToSgaled Ly QF, 7% T/LT/TT, Q°F and (W—imp B¢
® Separated cross sections for seven t o. | - Ot
bins obtained from a simultaneous fit 5] { t oy [ 37] .y !
using the Rosenbluth separation S0 L L} 2 o i
technique. VGL Regge model S0 T rrta, | 5 s -
calculation over the 1 i 1 I oI i
t-bin range. |:> ®°Go 01 oz o3 Q4 .05 .06 © oo .chi .o':.;E ,0'31 .czo'4T o5 .06
® Ackermann results rescaled to my 6 v ot GV N
kinematics for direct comparison o S l Orr |
(approximate). VGL, Phys. Rev. C 57, 1454 (1998) 5 = | .1 ! L £ S }
= z s [ . =22 { =
. 501 s 5 e [
New Findings: S-=- or [ °7) o
) At Q2 = 0'35 Gevz’ the ACkermann _tK(uG:j:) 25novid4 Q7=0.425 w:z,zzt —_—
eXtI’aCtIOI’] Of OLT dlffeI’S |n S|gn, Wh'le my Ac:—c:;galla:dnLszgFSwafrZ/r‘lL.?r/le'rﬂ—c‘zl_ng:g6(%5‘;11%?2
results are consistent with the Fm-1 1T g | I T
analysis. — b s Or [
%20— { } } — %10—_ - II‘ E -
* The VGL model underestimates the or =3 S } g
contribution; the CKY model improves the = e B i
description but does not fully reproduce o 1 ol t i P b |
the data. CKY Regge model o L ot GevD - L GV
cal_culation over the o i . Ot
* My results and the earlier Fri-1 analysis """ fange. 2 . S I {} } ]
show significantly higher ot than = ol . Foe b 22 I3 { -
Ackermann, consistent with the substantial £ ] ’ oLt e I £{ 't

unseparated cross section observed at

| 00 .01 .02 .03 .04 .05 .06 .00 .01 .02 .05 .04 .05 .06
Oow E. —t (Gev® —t (Gev®
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New mtt Form Factor at Q2 = 0.375 GeV?2!

e+p—e +n" +n

® The form factor was
extracted from the
separated o, using the VGL
and CKY models at Q2 =
0.375 GeVz,

® Extraction of the form factor
at Q2 = 0.425 GeV2 s still in
progress.

® The final PRL publication for

this part of the experiment is
In progress.
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