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Two Motivations for Studying DEMP ¥ \iReaina

1) Determine the Pion Form Factor at 0°>0.3 GeV?:

= |ndirectly measure F,_ using the “pion cloud” of the proton
via p(e,e'n*)n N
|p)=|p), +|nz" )+

= Pion pole process dominates g; in forward kinematics.

2) Study the Hard-Soft Factorization Regime:

Implications for GPD studies, as they can only be
extracted from hard exclusive data where hard-soft
factorization applies.

m Investigate if p(e,e'n*)n cross sections at fixed x
behave according to the Q" scaling
expectations of hard QCD

orln(e,e'z ) p]
m Form o,[p(e,e'z")n] ratios where soft

contributions may cancel, yielding insight to HHEE
factorization at modest Q2.
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Charged Meson Form Factors % “Regina

Simple gg valence structure of mesons
presents the 1deal testing ground for our
understanding of bound quark systems.

In quantum field theory, the form .
F = dj
factor is the overlap integral: (D) J,qﬁ” (P9 (P +q)dp

¢

¢n.initial

HARD (pQCD} /

ku k o} - p+q
The meson wave function can be separated into ¢_*/ with only low
momentum contributions (k<k,) and a hard tail ¢ .

While ¢ 'erdcan be treated in pQCD, ¢ 5% cannot.

,final

TLListnpution Amplitude
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From a theoretical standpoint, the study of the 0°-~dependence
of the form factor focuses on finding a description for the hard
and soft contributions of the meson wave-function.



The Pion in perturbative QCD %o Regina

Garth Huber, hubergQuregina.ca

At very large Q?, pion form factor () can be calculated using pQCD

At asymptotically high 02, only hardest portion v
of pion distribution amplitude contributes ] v
3/
¢ (x) > —=x(1-x) N
2 v~ 2|
and F_takes the very simple form (1-x) (1-y)
O°F (0%) — lora, (O[] £.=93 MeV is the n*—p*v decay constant

Q2 —>00

G.P. Lepage, S.J. Brodsky, Phys.Lett. 87B(1979)359.

This only relies on asymptotic freedom in QCD, i.e. (Oay01)<0 as yu—oo.

Q°F_should behave like « (Q?) even for moderately large Q-
— Pion form factor seems to be best tool for experimental study

of nature of the quark-gluon coupling constant renormalization.
[A.V. Radyushkin, JINR 1977, arXiv:hep—ph/0410276]



University

Pion Form Factor at Intermediate Q2 B “ooma

At experimentally—accessible Q?, both the “hard” and “soft”
components (e.g. transverse momentum effects) contribute.

o g 8
SORNNIRE1i1

Exchange Corrections

:
HE s (-

Higher Twist (1_2)”
Corrections ‘Q

m The interplay of hard and soft contributions is poorly understood.

— Different theoretical viewpoints on whether higher—twist
mechanisms dominate until very large momentum transfer or not.

no short distance
Soft ( subprocesses )

Garth Huber, hubergQuregina.ca

m The pion elastic and transition form factors experimentally
accessible over a wide kinematic range.

— A laboratory to study the transition from the soft to hard regime.



Measurement of 7* Form Factor - Low Q2 % «Reoina

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., NP B277 (1986) 168]

= Data used to extract
pion charge radius

r_=0.657 +0.012 fm

Maximum accessible Q?
roughly proportional to pion
beam energy

Garth Huber, hubergQuregina.ca

0.25 ¢ Amendolia n+e elastics 1
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Measurement of =* Form Factor — Larger Q? ﬁ "Regina

At larger O°, F_must be measured indirectly using the “pion cloud” of
the proton via pion electroproduction p(e,e’z*)n “Sullivan process”

‘p> = ‘p>0 +‘n7c+>+...
= At small —t, the pion pole process dominates the longitudinal

cross section, g;
%
F Q%)

= In Born term model, F.? appears as,

do, —tQ°

dt * (t—m’) g (D F(O7,1)

Drawbacks of this technique

1.Isolating g, experimentally challenging

2.Theoretical uncertainty in form factor N N
extraction.

Garth Huber, hubergQuregina.ca



Jefferson Lab Hall C

HMS (¢’)
7 GeV/c spectrometer

*HMS and SHMS MAGNETIC OPTICS:
— Point-to Point QQQD for easy calibration of magnetic optics acceptance and event reconstruction
— SHMS Horizontal bend magnet allows spectrometer rotation to forward angles (5.5°); the HMS can rotate to a minimum of 10.5°

*Rigid Support Structure and Connection to Pivot: Provide Rapid & Remote Rotation, Pointing Accuracy & Reproducibility
*Spectrometer Detector Packages: Drift Chambers, Hodoscopes, Cherenkovs, PbG Calorimeter
*Well-Shielded Detector Enclosures permit measurements at Very High Luminosity: ~4x1038 cm2 s

U.S. DEPARTMENT OF ‘ Office of

ENERGY

Science Jefferson Lab



SHMS Focal Plane Detector System

S1XY, S2XY Lowest-level Trigger.
Hodoscopes Time reference
PreShower Drift Chambers Momfentum Measurement. 5mm r.nax. drift .
Counter Tracking. 300 micron resolution
Particle ID, Trigger. Vary Ar/Ne mixture to
S2 Hodoscope | Noble-Gas Cerenkov e*/1r* at high momentum set index at 1
el -~ (replace by vacuum at low p) threshold.
gszm‘: [$1 Hod | Heavy-Gas Particle ID, Trigger. C,F;O — Vary pressure to
; -\’ v ocoscope Cerenkov 1t/K* discrimination set index at K* threshold
- Preshower / Particle ID, Trigger.

Shower Counters Electron tag

Heavy Gas
Cerenkov

Aerogl
Cerenkov

Incident Particles
through SHMS
magnet optics

% ENERGY Science
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HMS and SHMS during Data Taklng

'

This experiment has in large part driven the
forward angle requirements of the SHMS+HMS

—

Vo 8.
< i3
‘ Target

Chamb_er

2
WA

X

HMS+SHMS at minimum

opening angle of 18.00°
| .

.gefferson Lab




p(e,e’z*)n Event Selection o " Reoina

Garth Huber, hubergQuregina.ca
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Coincidence measurement between charged
pions in SHMS and electrons in HMS.

Electron-Pion CTime Distribution

Easy to isolate S 1eof-
: or | |«— Prompt
exclusive channel 120 | Accidental i | SHMS+HMS
. 100~  ¢oincidences coincidences
» Excellent particle ol
identification & i3
« CW beam minimizes o |
accidental” coincidences o =0 o 10 g e ColeTime (e

Missing Mass Distribution

» Missing mass resolution

easily excludes 2—pion
contributions §
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Plots by Muhammad Junaid (Regina PhD student)



PionLT t—¢ Coverage %o “Regina
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*Measure o, ¢, 0.7 by taking data at three pion spectrometer (SHMS)
angles, +2°, 0°, -2°, with respect to g—vector
Example t—¢ plots from: Q2=3.85, W=3.07, High ¢

SHMS Left (+2°) SHMS Center (0°) SHMS Right (-2°)
dvs-t DistforP Events (Incl MM Cut) ¢ vs -t Dist for P Events (Incl MM Cut) 0 vs -t Dist for Pjpmgk Events (Incl MM Cut)

Plots by Nathan Heinrich (Regina PhD student)

*To control systematics, an excellent understanding of spectrometer
acceptances is required

« Over—constrained p(e,e’p) reaction, and inelastic e+'2C, used to calibrated
spectrometer acceptances, momenta, kinematic offsets, efficiencies.

« Control of point—to—point systematic uncertainties crucial due to 1/As error
amplification in o



do, do, do do
— = + +./2¢(e+1 LT cosdp+e&—Lcos?2
dt ( ) ¢ ¢

dt dt dt

Reaction Plane

Scattering Plane /

Virtual-photon polarization:

) )
g=[1+2(Ee EV+Q 26

0 2

1

~CQf= ()

W2=(py+pp) t=(p—pr)?

Garth Huber, hubergQuregina.ca

m L-T separation required to separate ¢; from o

= Need to take data at smallest available —, so o, has
maximum contribution from the n* pole

m Need to measure 7—dependence of ¢, at fixed Q?,W
14



The different pion arm (SHMS) settings are ﬁ WRegina
combined to yield ¢-distributions for each #bin

2
zdc :gdGL - 4oy +\/28(8+1) 40,y cosq§+gd0" cos2¢
dtd ¢ dt dt dt dt

(1] 3.2 ] _ %\
g ° fighe | | 4 Diamond cuts define -
£ ¥ e : _ common (W,Q?) o
o f - acceptance atbothe %
& | ek SHMS+HMS data at Q?=3.85, W=2.62 &
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_ S
Meson Form Factors require a Model ﬁ TRegina

= Meson elastic form factors determined via the electroproduction
technique are in principle model-dependent, although this
dependence is reduced if o, data are taken at sufficiently low -t
= Our JLab 6 GeV studies indicate the method is reliable for low
—t < 0.4 GeV2p(e,e’n")n data [GMH et al., PRC 78 (2008) 045203

m A recent theory paper [PRC 97 (2018) 015203] suggests the Sullivan

process can provide a reliable pion target up to —t=0.6 GeV?

= It is important determine over what t-range the Sullivan process
is reliable, as well as to verify the reliability of the models used
to infer the pion form factor from do /dt data

m The PionLT experiment has adopted a data-driven approach to
address these to the greatest extent possible:
m Check consistency of model with data
m Extract form factor at several values of —t, . for fixed Q?

m Test that the pole diagram is really the dominant
contribution to the reaction mechanism

m Verify that electroproduction technique yields results
consistent with p-e elastic scattering at same Q?

Garth Huber, hubergQuregina.ca

16



F_ Extraction from JLab data o " Reaina

Garth Huber, hubergQuregina.ca
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- A model is required to extract F_ from do,/dt
* Fit of model to ¢, gives F, at each O

Q2=0.375 GeV2W=2.20 GeV  Q2?=3.85 Ge\/2 W=2.62 GeV

* JLab 6 GeV F, expts B o | | |

used VGL Regge model o, o,
[Vanderhaeghen, Guidal, Laget, PRC - - 6 - } |
57(1998)1454] i ) '
—Most parameters fixed by ~15- = f\{ i —_ CKY |
photoproduction data

— At small —t, g, only
sensitive to m Regge
trajectory cutoff A

* Choi, Kong, Yu (CKY)

ST

24 A -

do,/dt (ub/GeV
8
|

Regge model allows 2nd 5 - ey | ‘\_\
way to extract F_ from o _ R } I -
d T WA T
ata [JKorPhysSoc 67(2015)L.1089, arXiv: i } ;
150800969] 0 [ [ I I [ .0 | | |
+ Perry, Kizilersu, Thomas .00 .01 .02 .03 .04 .05 .06 .12 2 3 4 5
model also now available —t (GeV?)

[PLB 807(2020)135581] V.Kumar et al, publication submitted M. Junaid et al, publication in process



Low Q2 Check of Electroproduction Technique o " Reoina

Directly compare F_(Q?) values extracted from
very low -t electroproduction with

values measured in elastic e-1r scattering

« 0°=0.35 GeV? data from DESY

consistent with limit of elastic 0
scattering data within

uncertainties.
[H. Ackermann, et al., NP B137(1978)294] 0.8

T

X Amlendolio et al (elcstilcs)
0.9 : Ackermann ,Et, al.

Brauel et ¢! ‘Rea, 7lyzed)
B F -1 (200
¢ This wor. Ve ]
O -This wc 'k CKY
A is work PKT

v his work Combined

* PionLT acquired p(e,e’n")n -~

L

Garth Huber, hubergQuregina.ca

data for a low Q? test with 0.6
much lower statistical and 05
systematic uncertainties "
7" electroproduction
0.3 ' | ' ' ' '
0.0 0.2 0.4 0.6
Q? (GeV?)

V.Kumar et al, publication submitted
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One way to understand non-pole to o, %o “Regina

Data—driven approach to better understand

non—pole backgrounds at higher —t.

m Exclusive *H(e,e’n")nn and *H(e,e’n")pp L/T-separations.
m 7+ t—=channel diagram is purely isovector (G-parity conservation).

o _oulnleem)p] |4 —Af

GL[p(eae'ﬂ-+)n] ‘AV +AS‘2

= [soscalar backgrounds would distort ratio (e.g. b,(1235) in t—channel).

Significant R,

Garth Huber, hubergQuregina.ca

E12-19-006 RLz1 0 at 'tmin deviation predlcted
Q?=3.50 GeV? Q?=6.0 GeV? Q2=8.3 sz/z
W=3.10 GeV W=3.20 GeV W=2.77 GV
T B - B o i ey Deviation of
+|: data from
R,=1.0 | = '¢] N [ ] A R, =1.0 could
' - D 144 - . r-- confirm large
|> — non-pole
_— P -1 I contributions
gl — = estimated by
° I e e model.
0.1 0.2 0.2 0.3 0.5 0.6 0.7

19 —t (GeV 2) PionLT analysis in progress: K Ramage, N. Sadoun



Another way to understand non-pole to o,

Garth Huber, hubergQuregina.ca
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0.6 | | | | |
Test by extracting F_ at = Rl oo
different distances from '
pole. 0.5-
Expt: F -2, -t . =0.093 Gel”
W=222GelV. =g, % ;
F-1,-t.=0.15GelV? <
W=1.95 GeV.
W=2.22 point 30% closer 0.3- © Fgher ~t Testa (aamming mpole)
O E12-06-101 (revised)
to pole.
— Agreement ~4%. 0.2 | | | | |
2 3 4 5 6
Q® (GeV?)
We have taken 12 GeV data for further tests:
0’=1.6 GeV? -t .. =0.029 GeV? W=3.00 GeV
0°=2.45 GeV? |-t . =0.048 GeV? W=3.20 GeV
0*=3.85 GeV? |-t . =0.12,0.21, 0.49 GeV? Ww=3.07, 2.62, 2.02 GeV
0°=6.0 GeV? -t =0.21, 0.53 GeV? W=3.19, 2.40 GeV

PionLT analysis in progress: S. Jain, M. Junaid

Universily
ﬁ oRegina




Current and Projected F_Data

Garth Huber, hubergQuregina.ca
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Universily
ﬁ oRegina

SHMS+HMS will allow 0.6
measurement of F_to
much higher Q2 0.5 -

No other facility worldwide
can perform this
measurement ek

0.4

[aY]

Data taking completed <
September 2022
(E12-19-006: G. Huber, D.

037 of]

0.2 -

Gaskell and T. Horn,

0.1+

X Amendolia m+e elastics
e Ackermann p(e,e’n*)n

A Brauel et al. (Reanalyzed)
W JLab Fn-1
O JLab Fn—2

/ Melnitchouk Duality
Hard Hwang Relativistic CQM

Bakulev et al

O
'''''

.............

—_ .

spokespersons) Nesterenko & Radyushkin. QSR
O 0 Roberts et al Dyson—Schwinger
. [ [ [ [
y—positions of projected points 0.0 25 5.0 75
are arbitrary Q* (GeV?)

Error bars are calculated from
obtained statistics and projected
systematic uncertainties

The ~10% measurement of F_at Q?=8.5 GeV/?

is at higher -t . =0.45 GeV/?

The pion form factor is the clearest test case for studies of
QCD’s transition from non—perturbative to perturbative regions



Verification of GPD Accessibility o " Reoina

m At sufficiently high Q?, the
Hard—-Soft Factorization
Theorem separates the reaction
amplitude into two parts:

m Hard scattering process, where
perturbative QCD can be used

m A non—perturbative (soft) part, where
the response of the target nucleon to
the virtual photon probe is encoded in

GPDs H ﬁ E E
Collins, Frankfurt, Strikman PRD 56(1997)2982

Factorization Yx-§

g=
=]

m To access physics contained in GPDs, one is limited
to the kinematic regime where hard—soft
factorization applies

= No single criterion for applicability, but tests of necessary
conditions can provide evidence that Q2 scaling regime reached

Garth Huber, hubergQuregina.ca

22



Beam Spin Asymmetry Test of Hard-Soft Factorization ﬁ

First publication using 12 GeV
p(e,e’w")n data set

« Compare data to GPD (a) and Regge (b) models

« Data show better agreement with Regge models

» Implies hard/soft factorization not valid for
Q2<5.5 GeV?2in p(e,e'n*)n

* New data are an improvement on previous
results: new YCK models, finer kinematic binning

« First measurement of Q% dependence of ¢, /5,
at fixed (xg, t): mostly flat

X5=0.250+0.006, -t=0.111+0.004 X5=0.400+0.008, —=0.37+0.03
' T ; T R ; '

Garth Huber, hubergQuregina.ca

0.2
0.15 GK1
= -— GK2
L — YCKI
v 0.1 == YCOK2
g == VR
A CLAS
0.05 o CLASI2
e KaonLT

o 3 4 § 6
Q [GeV’] Q’ [GeV’]

23 GPD models Regge models

(a) (b)

e

Physics Letters B

Volume 872, January 2026, 140094

Letter
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Probing hard/soft factorization via beam-

spin asymmetry in exclusive pion

electroproduction from the proton
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n/n* Hard-Soft Factorization Test ¥ Resina

m Transverse Ratios tend to 4 as —t increases:
— Is this an indication of Nachtmann’s quark charge scaling?

m -=0.3 GeV?2 seems too low for this to apply. Might indicate the partial
cancellation of soft QCD contributions in the formation of the ratio.

A. Nachtmann,
Q*=0.6 GeV? Q*=1.0 GeV? Q*=1.6 GeV? Q*=2.45 GeV?

W=195 GeV W=195 GeV W=1.95 GeV W=2.2 GeV Nucl.Phys.B115 (1976) 61
~ s 1 LR LR R :
X ¥ w9
— R

. = Another prediction of
quark-parton
mechanism is the
suppression of
O.7/07 due to
s-channel helicity

Garth Huber, hubergQuregina.ca

conservation.
. . ] ¥ Data qualitatively
"""" 0.1 0.1 02 01 02 03 02 03 04 consistent with this,
GM. Huber etal, PRC 92 (2015) 015202 — (GeV?2) since o decreases
more rapidly than o
H(e,e’n")nn  *H(e,e’m)pp  'H(e,e’n")n with increasing Q2.

24 PionLT analysis in progress: K Ramage, N. Sadoun



Testing Factorization: 6 GeV p(e,e’n")n

Garth Huber, hubergQuregina.ca
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= One of most stringent
tests of factorization is
Q2 dependence of ©*
electroproduction cross

sections

m O scales to leading

order as Q6

m As Q? becomes large:

oL »OT

JLab 6 GeV o, data is
consistent with Q¢ QCD

scaling

m Limited Q2 coverage and
large uncertainties make it
difficult to draw a conclusion

Two additional

factorization predictions:
o, » o; and 0;~Q® are not
consistent with 6 GeV

data

oL

—T T

- Fit: o, =A/Q°

- VGL/Regge model
VGG/GPD model —

. Q2=1.4-2.2 GeVZ|

t=0.145 GeV*
x,=0.311

- @ JLab (Horn, 2007)
- W l.j Lab (Horn, 2006)
1 'l L L 1

I I T I 1
- Fit: o,=B/Q"
- VGL/Regge model |

[0 JLab (Tadevosyan, 2006)

1.5 2
Q% (GeVH

1

0.8

0.6

0.4

Universily
ﬁ oRegina

Hall C data at 6 GeV: 3 different experiments

| xg=0.451

— T T
—Fit:cL=Au'ﬂn

Q2=2.7-3.9 GeV2 -

1=0.408 GeV”

t I I ¥ T ) I L
- Fit: o, =B/Q°

Q° (GeVH)

T. Horn et al, PRC 78 (2008) 058201



Testing Factorization: 12 GeV p(e,e’n')n ¥ 'Resina

m Testing the applicability of factorization requires PionLT’s
larger kinematic coverage and improved precision

= If we show factorization regime is not reached, it will
have major implications for meson production GPD
experiments in this Q? regime

m Some of these experiments are already taking data!
p(e,e’n")n Existing m and Projected m Data

Garth Huber, hubergQuregina.ca

% :""*,-,"‘f ................... T x=0.31 % : x = 0.39 % i s,‘ ...................... T x =055
O [N o) ¢ THometalData) g < " & ProjectedErrors | Q[N & Projected Errors
= o ‘| & Projected Errors S . 5 : | ?
= L. 5 S B IO\ N — = 1/Q a0 N N S L — = 1/Q
o e ; ; 603 - ; ; 6104
R 2 T R = e e 1/Q o 0, - 1/Q
_8 ................................................ _8 ...................... : ; : . —8 oo ----'g’-u,-;-‘"-- S : ;
L A S M. - N N 1 o
T o R 10'ﬁ....|....|....|....r....r....r....r....t... 10"—.""i'"".""'."“'."" ..... ||| ..... | i | IIIIII 1”' .....
15 2 25 3 35 4 2 25 3 35 4 45 5 55 5] 4 5 6 7 8 9
@ (GeV?) @ (GeV?) @ (GeV?)

26 PionLT analysis in progress: N. Heinrich



Summary ﬁ ‘i?ﬁggﬁla

= Higher O’ data on = form factor is vital to our better
understanding of hadronic physics
m PionLT (E12-19-006) has for the first time, since the
pioneering measurements at Cornell in 1970’s, acquired the

high quality data needed to test these theoretical
developments with authority

m First do/dt should be out later this year

m Factorization studies are crucial if the field is to fully utilize
the information encoded in GPDs, as GPDs are only
accessible experimentally in the hard—soft factorization
regime

m PionLT (E12-19-006) has acquired data for LT—separated
p(e,e’m)n Q" scans at x3=0.31, 0.39, 0.55

m KaonLT will be presented by Chi Kin Tam on Friday

afternoon

Garth Huber, hubergQuregina.ca
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