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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
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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.

Slide credit: Dr. Garth Huber
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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
IF.|

0.75 |

Maximum accessible Q? :
: = 0.5

roughly proportional to pion ;

beam energy

025 Amendolia n+e elastics 1

Q%=1 GeV? requires

- (1 Je— l n 1 L 1 i | s i L J
1 TeV pion beam 0 005 01 015 02 025 03

Q° [GeV?]

Slide credit: Dr. Garth Huber
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n* Form Factor via Electro-production (An 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

2
do, - —1Q
dt (t—m>)

gi\w(f)F;(szf)

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

2. The F_values are in principle dependent °

upon the model used, but this
dependence is expected to be reduced

at sufficiently small —t.

Slide credit: Dr. Garth Huber
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The main objective of my Ph.D.
thesis analysis is to enhance the
understanding of the indirect
technique by analyzing data at
low Q% with high precision and
comparing it with direct
measurements. 4
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Rosenbluth (LT) Cross-Section Separation Technique

do; d oy

');?Z' d"O' & ':'ZO-L

do
e T

= +4/2&(e+1)
dtd ¢ dt dt "

cosg+ &
dt dt

Reaction Plane

Scattering Plane
L

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

Slide credit: Dr. Garth Huber

January 13, 2024 Hall C Winter 2025 Meeting 5



The E12-19-006 Experiment

# The experiment conducted in three phases,

* First run period: ran in summer 2019 (my Ph.D. thesis data)

* Second run period: ran in fall 2021 | Nathan Heinrich

* Third run period: ran in fall 2022 e Muhammad Junaid

¥ 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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The E12-19-006 Experiment

@ The data acquired in the first run period,

Q2 = 0.38 GeV?, W = 2.20 GeV, —t = 0.008 GeV?

E, = 2.7 GeV, ¢, = 0.236

E, = 3.6 GeV, e; = 0.629

E, = 4.5 GeV, €3 = 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
7.695 | 31.965 | Leftl 6.87 | 15.83 | Rightl | 10.325 | 10.965 | Center
9.705 | 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
i i N/A | 12.87 | 15.83 | Left2 - - N/A

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

Eb = 27 GeV, €1 = 0.264

Ep = 3.6 GeV, e = 0.617

Eb = 4.5 GeV, €3 — 0.774

Spectrometer Angle (6°)

Spectrometer Angle (6°)

Spectrometer Angle (6°)

SHMS | HMS | Setting | SHMS | HMS | Setting | SHMS | HMS | Setting
5.70 | 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 12.075 | 11.745 | Leftl
- - N/A - - N/A 14.08 | 11.745 | Left2
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Yield Correction Factors (Crucial to LT separation)

EDTM Live Time

EDTM Live Time

Fractional Normalized Yield
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‘Heep?, ¢ +p — ¢’ +p, Analysis (Kinematic offsets)

® Achieving high-quality LT separation necessitates
more precise beam energy, spectrometer angles, and
momenta than what is provided by power supply
calibrations and floor angle markings.

® Heep reaction kinematically over-determined (e’ &
p detected).

® \\We used the deviations between observed and

physically

experimental offsets.

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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For Q2 = 0.38 and 0.42
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Separation Analysis
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Yield (Events/mC)

w
............ T T T —
35— mc; Int. - 762.880 =
E | —— MC; Mean = 0.94230 p =]
30— | —+— Data: Int. = 740.997 =
E i Data; Mean = 0.92871 3
= No offsets =
20— —]
15 —
10— ]
5 =
PR AR O [LTUITIFCPET REVIDURFIS, 0N [N (o7 Marrmriin pa o =
87 075 0.8 0.85 0.9 0.95 1 1.05 1.1
w
w

IIIIIIIIIIIIII L | LI B B | | T T " L [ LI
35 [ —— Mc; Int. = 762,880 o
E | —— MC; Mean = 0.94290 p &
30| —+— Data; Int. =741.314 —
F Data; Mean = 0.94336 -
25— T ]
» With offsets 4 =
C g A ]
15— —
10 —
— e —

- B g, .
PRI PO ITS AU PR U0 PRI M i v e
.7 075 0.8 0.85 0.9 0.95 1 1.05 1.1
w

Error bar statistical only



‘Heep?, ¢ +p — ¢’ +p, Analysis (Elastic X-Section)

® Reproducing the known elastic cross-section before the LT separation study
Increases confidence in the high-quality LT separation results.

® \\Ve studied the elastic x-section of the 1% run of the experiment

® Experimental yield  yieg—- Y

tot X €tot

1.100

Aver. X-section Error
Elastic X-Section

1.075 4 | Aver. X-section =1.0037£0.0017 | I

Loso|  Aver x — section = 1.0037 £ 0.0017

1.025 13

L gl

0.975

Exp Yield/SIMC Yield

0.950 -

0.925

0.900

1.5 2 .IO 2 .|5 3.IO 3.I5 4.IO 4.5
Q? (GeV?)
Error bar statistical only
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-p — e + 7t + n Event Selection (Coincidence Timing)
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e +p— e + 7" +n Event Selection (Missing Mass)

2=0.38 GeV? : : :
Q We uniquely identify

Q 14— the exclusive final
g Monte Carlo (SIMC) Sstate of the
o | + \p7i
3 12[ Data e+p— e _|_7T+ 1+ pr_odyced " with the
s missing mass
S 10 technique.

8=

6 The |red represents the MC

N (SIMC) predicted cross-section,

4 not arbitrarily normalized to the

N data.

2=

N N .. | He gty . Plot: Mid €, Center Setting of Q? =

Ry B 0.38 GeV2data

I|I I|I I|I |
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Missing Mass (GeV)

—

MM = /(Ey+m, — E, — E,+)? — (P, — B, — P,+)?)

e
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e +p— e + 7" 4+ n Diamond Cut

Q2= 0.38 Ge\?

® The absolute acceptance of the
spectrometers in Hall C varies
for different beam energies or €
settings.

® The LT separation technique

requires uniform acceptance
across all € data.

January 13, 2024
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e+p— e+t +n -t Binning & ® Binning

MandelT
® To separate the individual t* £ = All epsilon at Q2 = 0.38 GeV2
CI’OSS_ section terms as a L% 1600~ High epsilon (4)
function of -t, the data were E Mid epsilon (5)
binned into -t bins. 1400 — ——— Lowepsilon (3)
® Checked the Monte Carlo simulation 1200 —
resolution for the fine -t binning. -
® Binned all the data into 8 t bins. 1000:_
® The general criterion that followed 800:—
while binning the data was to have =
approximate the same statistics in B
each -t bin. 600 —
® Fach t bin is further binned 4003_
into 16 & bins to have the 200l
better convergence of the E — S o
Rosenbluth separation of ‘ I Shéeoie e s DE R
i C | 1 d L R R R
technique. 0 0.02 0.04 0.06 0.08 0.1
t (GeV?)
_ 2
t = (p’v — D)
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e +p — e + " + nExperimental Cross-Section (Iterative Procedure)

For each €, SHMS setting analyzed and form
the Yield ratio. Each € is then combined.

Error propagated accordingly.
_ Yield,, g

" Yield

T

Fit the models to O., OT, OT& O
to determine a new set of

parameters. ﬁ
-t = 0.009

2.00

1.75 4
1.50 4
1.25 4
1.00 +
0.75
0.50
0.25

0.00

-t =0.009

Q?=038,£=0.629; ,_re

Ue:ﬂp<W7 Q_Z’ t, QZS; 0_7 E)

dOLT

d
€ | gf - \/2¢e(e+ 1)

dt
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e +p— e + 7" +n Yield Comparison (Acceptance Variables)

SHMS delta SHMS xptar
SIMC S
Data ] J:
0 3 3 é =t =t 3 ot b Ssxmgv 6
HMS Delta
® The red represents Lo
the MC (SIMC) ~ o
predicted Cross- E
section after the E
iteration procedure, : E
n Ot arb Itr ar.l |y S 00 =) 500 0 50T 502 L 0= 7 7 5
normalized to the HS ptar A HS yptar
data. R E

1 -0.08 -0.06 —0.04 -0.02 0 0. 0.04 0.06 0.08 0.1

o]

Plot: Mid €, Center Setting of Q2 = 0.38 GeV?data
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e+p— e +xt +n Yield Comparison (Kinematic Variables)

2 o ? F
g r g 3
® The red represents £ s f
the MC (SIMC) ¢ $°F
predicted  cross- F
section after the 3f sE-
iteration procedure, 25 -
not arbitrarily : 13
normalized to the L: o
data. - ey . s
%. 814 2.16 2.18 2.2 222 2.24 2.26
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SIMC 2 .
6 6 s E
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i 13
32_ 155—
2%— 15_
13— 0.55—
0-. ol e by by s 1Y by o | | - M B Ly v v by 1y I IR
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Plot: Mid €, Center Setting of Q2 = 0.38 GeV?2data
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The Unseparated Cross-Section

e+p—e +n" +n

* Low € =0.286

: 0\'«6\,
* High € =0.781. SV >

@ AN
\@\Q?‘ (Xy\
2
3
>
Q\g&%@\
\X o\)\?z
2m j;c; = edgtL + d;:r + \/mdi;T cos¢ + edUdiT cos2¢
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The Separated Cross-Section Q? = 0.38 GeV*?
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The

Yield (events/mC)

Yield (events/mC)

14

12

10

25

20

15

10

+ 7" +n

Acceptance Dependence . .

L B B R R B |

Yield (Events/mC)

A
En

ssdelta

ssxptar

Missing Mass (GeV)
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~ Radiative Corrections Dependence
- ® Radiative correction |
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Extract F_(Q® From Separated g, (Not Yet Done)

4 VGL Regge Model:

1

Feynman propagator, ——
replaced by Tt andt meegge
propagators.

Represents the exchange of a
series of particles, compared to a

single particle.

At small -t, o_ only sensitive to
F(Q7).

F_(Q?) extract as

FW(QZ) — :

1+ %

& Fit to o, to the model gives the
free parameter, Afr (trajectory
cutoff) for each Q2.

4 CKY and Perry & Thomas
models are also available now,

we

will use to compare the

results.
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Outlook/Future Work

 Completing the LT separation analysis for Q2= 0.42 GeV-*data.
* Final checks are in progress for Q2 = 0.38 GeV? data.

* The form factor will be extracted for both Q2 (0.38 and 0.42
GeV?) and compared with the elastic measurements.

* Preparing to begin work on the final Physical Review Letters
(PRL) publication.

January 13, 2024 Hall C Winter 2025 Meeting 22



NSERC
CRSNG

SAPIN-2021-00026

University
ofRegina

Thank You!

Jﬁeru?son Lab

OTfiomas Jefferson National Accelerator Facility

Group Members:

Garth Huber, Tanja Horn, David Gaskell, Pete Markowitz, Richard Trotta, Al
Usman, Nathan Heinrich, Julie Roche, Muhammad Junaid, Alicia Postuma,
Konrad Aniol, Abdennacer Hamdi and Casey Morean.

January 13, 2024 Hall C Winter 2025 Meeting 23



