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Experiment Goals

d Pion Form Factor extraction at low Q% and comparison with elastic data results
from CERN

d Pion Form Factor extraction to high Q*
4 Study the Hard-Soft Factorization Regime

4 Pion Scaling Study
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Experiment Goals: Extraction of E;

4
N O Indirectly measure F,; using the “pion cloud” of proton via pion \/
electroproduction p(e,e'n™ )n Yl%oz K, i
0 Low Q? experimental data (Run period 1) already taken in 2019 " C
= Extract the F, at Q? = 0.38 GeV? & 0.42 GeV? N()
= Do comparison of results with already published CERN results. t-channel process
Q High Q2data includes; / e f
= Precise F, extraction up to 0% = 6 GeV/? §___ @’
= Highest possible F,, extraction at Q> = 8.5 GeV? S H“““mx; I
d High Q% experiment consists of two run periods; & . 8B o s bi2-10-006 Beamtime sche;[;;;““ i
= Run period 2 (low epsilon) already completed (05-Sep-2021 - 07-Feb- f ¢ s R on o et e aneton
2022) 0.1 e St o |
= Run period 3 (high epsilon) is in progress (expected 06-June-2022 - 0.0 : [ﬁ,?:ff:‘z‘i°.,f‘;§22i‘l";i‘.§‘i:;i‘i
10—Aug—2022) 0.0 25 @ (Gg{g) 7.5
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Experiment Goals: Study the Hard-Soft Factorization Regime

A
O Study the Hard-Soft Factorization Regime:
= Non-perturbative (soft) physics is represented by GPDs
= Factorized from perturbative QCD (hard) processes for longitudinal ~ €(K) \*

photons m
= Measurement of GPDs require confirmation of the applicability of  e(k) /
hard-soft QCD factorization mechanism at intermediate Q?
= Need to determine region of validity of hard exclusive reaction Factorization
mechanism, as GPDs can only be extracted where factorization BV O U oy Ve i S ] ] g e
applies
= Separated p(e, e’n")n cross sections vs Q? at fixed t to investigate
reaction mechanism towards 3D imaging (GPDs) studies p p’

= Perform exclusive t* /1t~ ratios from 2H, yielding insight to hard—
soft factorization at modest Q?
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Experiment Goals: Pion Scaling Study

A
N O Scaling Study at fixed x = 0.31, 0.39, 0.55 as a function of Q2. P(}e;‘j”?‘f),’? R
= QCD counting rules predict 1/Q™ dependence of p(e,e'n" )n ,0"5' R —
cross sections in Hard Scattering Regime K020 10° |
= ¢y, to leading order, scales as 1/Q® | e A=

= oy scalesas 1/Q8
= Atlarge Q?, 6,>> oy

do, /dt (ub/GeV?)

» Study hard-soft factorization for GPD extraction

— If o; becomes large, would allow for leading twist GPD
study

— If o7 becomes large, could allow for transversity GPD
study
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Optimized W vs Q* Settings for F,. Extraction and Pion Scaling Study

4
q :
= Two separate experiments

— Spokespersons managed to arrange both experiments into one 4
= Green points represents the Pion Form Factor Study 3 o
’%‘
= Vertical black dashed lines scan —t,,;,, at fixed Q? =z
=
= Points marked with an ‘x’ are instrumental in higher Q?, F,, 2
extraction 1/,
— Q% = 8.5 GeV? is highest achievable extraction at JLab < /
1

= Red lines allow for 1/Q™ scaling study at fixed x = 0.31, 0.39, O 9 12
0.55
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Pion Form Factor

= Form Factor describes transverse spatial position of partons within hadrons

= At very large Q?, pion form factor (F,,) can be calculated using pQCD; &
4 y
Fa(Q2) = 5 e f dxdy s 7 $00) "
0 O
= At asymptotically high Q?, the pion distribution amplitude becomes; [] % Q
b (x) - (1-x) (1-y)
Q% -
= And F,; takes the very simple form;
Q*Fo(Q?) - 16ma,(Q*)f% (Q% > )

[G.P. Lepage, S.J. Brodsky, Phys.Lett. 87B(1979)359].
= Q2F, should behave like a;(Q?) even for moderately large Q2

= 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]
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Pion Form Factor Measurement

= Above Q? > 0.3GeV?, F,, is measured indirectly using the “pion cloud” of the

proton via pion electroproduction v
= At small —t, the pion pole process dominates the longitudinal cross section o; (@)

» Pion () targets not possible due to short lifetime
— Scatter of virtual pion cloud of nucleon instead
» [ndirect measurement — Form factor extraction requires a model

= As anillustration of how o; connects to FZ(Q?,t), we consider a simple Born
Term Model; N N’

dO'L _tQZ 2
X t)FZ(Q?t
dt (t . m%) gnNN( ) n(Q )
= |n reality, we use Regge Model such as VGL-model for F2(Q?, t) extraction.
— Critical to confirm the validity of the model used to extract the FZ(Q?,t) !
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Validation of F,. Extractions

Q Validation of F,, extractions at highest possible Q2 Q% =2.45W = 2.22
(from Fpi2 experiment)

= Extract F,, at fixed Q%, scanning —t o
— F, should be independent —t . 0012 |
L 0:16— L " . ] + ]
0.14 - |
012 |
= Check dominance of t-channel process b 0.2 (GeV? 0.3 0.4
- e
3
— Examine ratio of o for d(e, e'n™ )ppg,/d(e, e'm )nng, T i
— Tests to be repeated at Q% = 1.60, 3.85, 6.0 GeV/ 2 2 s | |
‘li-Dl:l 1 - - ! % I
. . . . m 0.5
= But determining o is challenging 0. n n J
-t (GeV?)
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L/T Separated Pion Cross Sections
V|
| .
= Rosenbluth Separation technique is used to separate ¢; and o7 terms Scattering Plane Heaction Plane
= |n non-parallel kinematics (i.e., 8, # 0), the Physical cross section for the HMS
electroproduction process is given by;
dZO' dO'L dO'T dO'LT dO-TT o
antdqb_Edt-l_ dt +\/ZE(E+1) dt cos¢ + € dt cos2¢ :
= Where; e AP j
-1 (Pe=Pe) W2=(py+pp)2 t=(pf_pn)2

tan

Q° | 2

2 2
=142 FeE) +0Q 2%‘

6 W=2.22 Q°=1.60
= 1/, error amplification in o t=0.112

Ao 1 1
L= \/AO’% + Ao’
g €1~ €20,
Where “04 = o1 + €, 0" and “0, = o1 + €, 0"
= Careful attention must be paid to spectrometer acceptance, kinematics,

efficiencies, ... 025 03 035 04 045 0.5 055 06 065
8 w»

Jefferson Lab

cr=3.011 +/-0.168

do/dtdo (ub/GeV?)

o, =5.546 +/-0.319
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Pion-LT Summer 2019 Run Period

Run period completed from June 2019 to August 2019

Data acquired for the three values of €

Beam Energy : 2.8 GeV

K w Target & SHMS polarity
0.38 2.20
0.43 2.20
02 W Targ:;lgtristl;lMS 02 W Targ:;lfrii;IMS
0.38 | 2.20 LH+ 0.38 | 2.20 LH+
0.43 | 2.20 LH+ 043 | 2.20 LH+
2.12 | 2.20 LH+ 1.45 2.20 LH+

=

1.0

0.8

0.6

E

0.4

0.2

0.0

[o N ]

Amendolia et al. (elastics)

Ackermann et al.

Brauel et al. (Reanalyzed)
F ~1 (2006)
JLab (data acquired summer 2019)

0.0

0.2

0.4
Q* (GeV?)

0.6

New data are at significantly closer to
pion pole than Ackermann data

w
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o
= Beam Energy : 9.2 GeV (5 pass @ 1.82 GeV/pass) = Beam Energy : 6.0 GeV (3 pass @ 1.96 GeV/pass)

Q*? w Target & SHMS polarity Q2 w Target & SHMS polarity

1.60 3.08 LH+, LD+, LD- 3.85 2.02 LH+

6.00 3.19 LH+

8.50 2.79 LH+ . .
Q 14 Target & SHMS polarity
2.45 3.20 LH+

Q% w Target & SHMS polarity 3 85 3.07 LH+, LD+, LD-

1.60 3.08 LR+ 5.00 2.95 LH+

3.85 3.07 LH+ 6.00 2.40 LH+, LD+, LD-

5.00 2.95 LH+

= Run period completed from September 2021 to
6.00 3.19 LH+ February 2022.
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Pion-LT Fall 2021 Run Period
eg
= Fall 2021 Completed
Kinematics; Q* | W T Run Type g, 04 € L.
" O settings are limited; 1.60 | 3.08 | 0.160 | LH+, LD+, LD- | 8.26 | -2, 0, +2° high 9.177
= Right-angle setting not 1.60 | 3.08 | 0.160 | LH+ 8.69 |-2,0,+2° high-2 9.876
always possible with hard 2.45 | 3.20 | 0.21 LH+ 6.16 | 0, 4+2° low 7.937
limit of 5.50° for SHMS 3.85 1202|055 | LH+ 15.79 | -2, 0, +2° low 5.986
ang|e due to event rate 3.85 | 3.07 | 0.31 LH+.LD+ . LD- 6.39 -0.89, 0. +2° | low 7.937
= Each setting is one part of the 5.00 | 2.95 | 0.39 LH+ 9.73 |-2,0, +2° middle 9.876
data needed for an L/T 5.00 | 2.95 | 0.39 LH+ 6.17 0, +2° low 7.937
separation 6.00 | 3.19 | 0.39 | LH+ 5.06 | +0.44, +2° low 9.177
6.00 | 3.19 | 0.39 | LH+ 6.6 0, +2° middle 9.876
] gf eer%iAeZ LEAST two beam o0 10 055 | LI LDFLD- | 1012 | 2. 0. 525 | low 7037
. 850 | 2.79 | 0.55 | LH+ 544 | +0.06° low 9.177
= Some settings have 3 €
points

w
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= This experiment has in large part driven the
forward angle requirements of SHMS and HMS

* The minimum opening angle between SHMS and
HMS was, 18.00°, was reached for this experiment.

= HMS moved to 11.01° deg and SHMS moved 18.00°
away at 6.99°

» |n this experiment, we pushed SHMS to 5.50°.

» Several kinematic settings used the SHMS at its
minimum angle of 5.50°

= Thank you to the Hall C scientific and technical
staff members who made all of this possible

June 14, 2022 Muhammad Junaid, Hall C Collaboration Meeting Jedferson Lab
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Pion-LT Fall 2021 Run Period

Pion-LT Experiment E12-19-006 Data
2 =1.60, W = 3.08, x = 0.157, e = 0.685
Epeam = 9.177 GeV, Pyys= —3.738 GeV /c, Oyms= 12.40°
Psyys = +5.422 GeV /c, Ogums= 10.26°(Left)

= p(e e’ )n Event Selection;

= Coincidence measurement
between charged pions in
SHMS and electrons in HMS

Electron-Pion CTime Distribution Missing Mass Distribution
s A0 : 14000=
= Easy to isolate exclusive 2 160 i i
channel - : e . letpoe'tnt4n
140~  Akcidental — Rea -
P P E SHMS+HMS 10000 —
= Excellent particle identification.  1x- coincidences VIS m
C coincidendes C
100 800D —
= Continuous beam minimizes B0L- 6000
accidental coincidences 60, - 217 threshold
C 4000 —
= Missing mass resolution easily 4o 5 l
excludes 2—pion contributions 201 e
325::-.. =T =i : s -20 - Zifi [95_5 rad ..-::-:' e 1 '5-:'5-:'5-:5'5-:':'---:'-:'5-::':-':-:"5-:"-:'5-:":-:'5-:':'-5-5':-:"5-::':-:5"-:5':-:'5-5'5-:'5-5'5:5'5'5:5
e n Coin_Time (ns) MM, (GeVIc*2)

w
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Pion-LT Fall 2021 Run Period
2 =13.85W=3.07,x = 0.31forp(e,e'n)n

Q2 vs W Dist for Prompt Events (Incl MM Cut) Epsilon Dist for Prompt Events (Incl MM Cut) Q2 vs W Dist for Prompt Events (Incl MM Cut) Epsilon Dist for Prompt Events (Incl MM Cut) Q2vs W Dist for Pompt Events (Incl MM Cut) Epsilon Dist for Prompt Events (Incl MM Cut)
= 36, [Q2veW_pions_cut " ‘epsilon_pions_cut [Q2vsW_pions_cut " epsilon_pions_cut 23 s _cut &
Entries o2z € F Enties 9922 Enties 10180 E r Entries 10150 g L )
35 Meanx  aes| 3 1400 Mean  0.2802 Meanx  2es| 3 1400 Mean  0.2896 a5k 3 Mean
- Meany  3oe1| 2 o Std Dev 001211 Meany 3o} 2 F Std Dev 001228 e 2 12000 Sid Dev 001215
L s Std Dev E F Sid Dev 0.012
ad Suevx 02e9 1200k SwDevx 0203 1200 3.4F F
Std Devy 0.05688 L Std Devy 0.05717 r [
as [ F a3 1000f
- 1000 1000 E
F = E 25 +
32 F F 3.2F 800/—
iy 800 F
21 8001 C 3 20 [
F N F 600f—
600~ 600 3k 15 F
29F [ L 29 400f-
E 4001 400~ 10 i
28 F L 2.8 [
E 200~ . E 2000~
27 F 2001 27F ? [
27:\\HH\\H\|\|\|\|\|\|\|\\\HH\HH\H\ ol b bt v b b b b b i 2 il b b b b by by ol bevn b ditb v b b bens bevn b L 2601 1 L L 1 1 Il 1 o L 1 1 Il 1 | 1 1 1 1
2 25 3 35 4 45 5 55 01 02 03 04 05 06 07 08 09 1 2 25 3 35 4 45 5 55 01 02 03 04 05 06 07 08 09 1 2 25 3 35 4 45 5 55 01 02 03 04 05 06 07 08 09 1
Qz epsilon Q2 epsilon Q2 epsilon
¢ vs -t Dist for Events (Incl MM Cut) Missing Mass Rndm Sub ¢ vs -t Dist for Pfomgf Events (Incl MM Cut) Missing Mass Rndm Sub Missing Mass Rndm Sub
. o] STp————
2 UU:_ Entries 22737 2 3500 Enes 23141 2 3500F
§ o Mean 1081 i C Mean 106 § F
3000~ StdDev 0133 2 |- StdDev 01377 E
F 3000}
F 3000~ F
- e nn Events: 9993 = e 7 n Events: 10213 F e 1n Events: 10076
= 2500 20001
2000 F 2000
F 2000 £
1500 E 1500f
F 1500 F
1000f- £ 1000
F 1000~ F
500/ E 500F
F 5001 F
P R N T B R B b L y
06 0.8 1 12 14 16 18 56 06 0.8 1 1.2 14 16 1.8
MM, MM,

HSHMS = 8.39° (LEft) HSHMS = 6.39° (Center) ‘HSHMS — 5.500 (nght) ‘
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Pion-LT Fall 2021 Run Period

2 =3.85 W =3.07,x = 0.31 for d(e, e'm)nng,

Q2 vs W Dist for Prompt Events (Incl MM Cut) Epsilon Dist for Prompt Events (Incl MM Cut)

Q2vsW_pions_cut epsilon_pions_cut
Entries 9608 E [ Entries 9809
Meanx 3879 3 14001 Mean 02901
Meany  3.062 2 C Std Dev 0.01214
Std Dev x 0.2643 1200
Std Dev y 0.0572 C
1000~
so0[—
600
400
200
ol L W I EEET FET T P T TN PR R
03 04 05 06 07 08 09
epsilon

Missing Mass Rndm Sub

ot pons_a rmam s
Entries 27583
Mean 1108
Std Dev 01383

e 1 n Events: 10220

P IR A
1 12 14 16 18
MM,

B iy
06 o8

Q2 vs W Dist for Prompt Events (Incl MM Cut)
[Q2vsW_pions_cut

Epsilon Dist for Prompt Events (Incl MM Cut)

epsilon_pions_cut

280

Enves o743
3858
3007
StdDevx 03881

StdDevy 008758

Entries 6743
Mean 02893
Std Dev 001221

Mean x

Meany

@
=]
=]

s
=1
S

w
2
=]

N
=1
S

o
=}
S

T T[T T T T IO I T

=]
S

=]

2

1
Q2 epsilon

Events (Incl MM Cut) Missing Mass Rndm Sub

TP
Entries 26819
Mean 1108
StdDev 01424

Counts

90!

S

80

S

e nn Events: 10108

70!

S

60

S

501

400

=]

30

=]

200

S

101

=]

=]
AR AL LARRY LN AN E e sy AL LR LA LI ARy AR Ra

ooy
08 1

bobers

16 18

MM,

Q2 vs W Dist for Prompt Events (Incl MM Cut)

Epsilon Dist for Prompt Events (Incl MM Cut)

268

Q2vsW_pions_cut @ epsilon_pions_cut
Envies 7028 £ g0 Enires 7028
Meanx 3847 3 £ Mean 02888
Meany 3080 o s00E- Std Dev 001203
StdDevx 02843 E
St Devy 005708 7000
600
500
400
300
200
100
s b e b el b oEn b e e b e L
2 01 02 03 04 05 06 07 08 09
Q2 epsilon
¢ vs -t Dist for Events (Incl MM Cut) Missing Mass Rndm Sub
TP p———
2 E Entries 26431
3 a0l Mean 11
© " StdDev  0.1431
800
E e 1 n Events: 10489
700
600
s00E-
4005
300
200F-
100F-
E ]
055

HSHMS = 8.39° (LEft)

June 14, 2022

Osyms = 6.39° (Center)

Muhammad Junaid, Hall C Collaboration Meeting

Jefferson Lab




[ T
Pion-LT Status

Pion-LT Fall 2021 Run Period
2 =1.60, W = 3.08, x = 0.16 for d(e,

Universi

Regina

e'T )PPsy

—
Q2vs W epsilon Q2vs W epsilon Q2vs W epsilon
3, [Q2vsW_pions_cut _ [epsilon_pions_cut 23 [Q2vsW_pions_cut epsilon_pions_cut 4 [Q2veW_pions_cut [epsion_pions_cut
20 Enes 42368 )) 22000 Enties 462368 5 Enties 626275 300001~ Entries 626275 I Ervies 396007 Enties 396067
[ Meanx 1593 E Mean  0.6839 L Meanx 1576 E Mean 0683 r Meanx 1572 18000 Mean 0683
3.6 Meany 3081 20000 Std Dev_0.02231 3.6~ Meany 3086 [ Std Dev 0.02232 3.6 Meany 3087 E Std Dev 002239
r SidDevx 02334 E [ SDevx 023 25000~ r StdDevx 02303 -
o SdOwy ooms g 1&000: e StdDevy 007217 }0 [ “I smn:: 007277 }g ieedk
I 16000~ F [ = 14000
F E [ . 20000~ F E
32f- 4000 £~ 32f- [ 39 12000
F 12000 F [ E
k. E 15000 F 10000
i 10000F- F o 3 E
F E F E [ 8000~
2 8000F- 28F- 10000~ 281 6000f
F 6000 F s F E E
26 4000F~ : 5000~ 28 000
24F 2000 24F F 24 2000E°
E " 8- L rler M B L L L | C | | | | L | | 1 1 | | C | F L | | |
-1 .3 04 05 0.6 0.7 0.8 09 1 -1 0 1 2 3 03 04 05 0.6 0.7 0.8 0.9 -1 0 83 0.4 05 0.6 0.7 0.8 9
epsilon epsilon epsilon
Missing Mass Rndm Sub Missing Mass Rndm Sub
o i 2] o i
g E Enties 174600 F Enties 233276 2 E Enties 91547
§ 8000 Mean 11 12000 Mean 1101 3 4000 Mean  1.005
F Std Dev 0.1621 F Std Dev  0.1677 2 E StdDev 0.1791
7000F- F 3500
E e n n Events: 52278 10000} e nn Events: 72913 F 24775
6000f- [ 3000
5000 8000 b=o] 25001~
4000 — 2000F
3000 F 1500F-
E 4000~ E
2000 [ 1000F~
e _ 2000 500
T} S | A ) 1 I 1 °E
0.6 0.8 1 12 14 16 1.8 0.6 0.8 12 14 1.6 1.8 0.6 0.8 1 12 14 16 1.8
MM, MM, MM,

= 10.26° (Left
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Analysis Flow Chart

Planning and
collection of

Experimental Detectors
Data Calibration

PID, Efficiencies Calculation of Expected to be completed
and kinematic Elastic Cross 2-3 years

offset Studies section
Current progression of Pion-LT

(expected to be completed in August 2022)
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Pion-LT Summer 2022 Run Period
eg
= Beam Energy : 10.6 GeV

Q*? w Target & SHMS polarity Q2 w Target & SHMS polarity

2.45 3.20 LH+ 2.12 2.05 LH+

2.73 2.63 LH+ 2.45 3.20 LH+

3.85 2.02 LH+ 3.85 3.07 LH+

3.85 2.62 LH+, LD+, LD-

3.85 3.07 LR+, LD+, LD- K w Target & SHMS polarity

>-00 | 2.9 LH+ 145 | 2.02 LH+

600 | 240 L+, LD+, LD- 160 | 3.08 LH+, LD+, LD-

600 | 3.19 LH+ 273 | 2.63 LH+

850 | 279 LHi+ 3.85 | 262 LH+, LD+, LD-

June 14, 2022 Muhammad Junaid, Hall C Collaboration Meeting Jefferson Lab
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a
Y 2
Q |14 X Run Type €
1.45 2.02 0.312 LH+ High
_ _ 1.60 3.08 0.160 LH+, LD+, LD- Low
= High-€e data is necessary for L/T )
: : 2.12 2.05 0.390 LH+ High
separation and for experiment goals to be
met require h|gh_€ 2.45 3.20 0.210 LH+ High
2.73 2.63 0.311 LH+ Low, high
= Further data taken at same beam energies 3.85 2.02 0.550 LH+ High
will not allow for an LT Separation 3.85 2.62 0.392 LH+, LD+, LD- Low, high
= Higher beam energy allows for larger Ae 3.85 3.07 0.310 LH+ High
= Experiment results are very sensitive to Ae 5.00 2.5 0.390 LH+ High
_ 6.00 3.19 0.390 LH+ High
= Range of Aeis from 0.22 to 0.49 )
6.00 2.40 0.550 LH+, LD+, LD- High
8.50 2.79 0.550 LH+ High

June 14, 2022 Muhammad Junaid, Hall C Collaboration Meeting Jefferson Lab
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E12-19-006 (12 GeV Flagship Experiment) is expected to provide the definitive p(e, e’'n*)n L/T—separation
data set and will remain important for decades to come

E, — 1 and E; — 2 experiments were very productive, and are among JLab’s top cited results (top 4 listed):
= Volmer et al, PRL 2001 (F, — 1) 232 citations
= Horn et al, PRL 2006 (F, — 2) 207 citations
= Tadevosyan et al, PRC 2007 (E, — 1) 234 citations
= Huber et al, PRC 2008 (F, — 2) 230 citations

Data collection for fall 2021 was very successful

Thank you to the Hall C staff/users and our collaborators!

Pion-LT Summer 2022 run period 3 (high epsilon) is in progress and will continue until August 2022

WE REALLY NEED YOUR ASSISTANCE TO MAKE THE EXPERIMENT A SUCCESS!

Summer 2022: 398 person shifts needed @ 2 workers/shift

Shift sign up now open at:
https://misportal.jlab.org/mis/apps/physics/shiftSchedule/index.cfm?experimentRunld=HALLC-PIONLT-2022

w
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