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Introduction: Data Come from 6 GeV Era (Fpi-2 experiment)

Fpi-2 (E01-004) 2003
m Spokesperson: Garth Huber,
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Mandelstam variables (s,t,u-Channels)

a (p1) c (p3)
Projectile

Before

e t: Four-momentum-transfer squared
between target before and after
interaction.

e u: Four-momentum-transfer squared
between virtual photon before
interaction and target after interaction

e t-channel: -t ~ 0, after interaction
o Target: stationary,
o Meson: forward
o Measure of how forward could the
meson go.

b (p2) d (p4)
Target Before Target After

s =(p1 +p2)® = (p3 + pa)’
e u-channel: -u~0, after interaction

Y SA— A — )
t =(p1 — p3)” = (P2 — p4) o Target: forward

u=(p1 — pa)? = (p2 — p3)? o Meson: stationary
o Measure of how backward could the
meson go
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nnel m vs u-Channel w° Production
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Mark Strikman: A proton being knocked out of a proton

P

process

i —_—
q
q

q q W
q o

HMS along the g-vector (py*)
m p_, isparallelto P, (Forward)
m p,isanti-parallel to pY*(Backward)

Exclusive channel!

m plee p)w
m  We donot detect any part of decayed w
m Contain physics background

Full L/T separation on this u-channel
process

One of the last Hall C 6 GeV analysis1
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Exclusive w Electro-Production Data

[«}] ~
T > T

Q*(GeV?
ZEUS

= N
HERMES

Closest data set to ours is the
Hall B Morand data

+ Hall C 2004
% 0.1 0.2 0.3 0.4 0.5 06 07 0.8
Xg
Q? w X -t
GeV? GeV GeV?
HERMES (Airapetian et al., 2014) > 1 3-6.3 0.06-0.14 <0.2
DESY (Joos et al., 1977) 0.3-1.4 1.7-2.8 0.1-0.3 <05
Zeus (Breitweg et al., 2000) 3-20 40-120 ~0.01 <0.6
Cornell (Cassel et al., 1981) 0.7-3 2.2-3.7 0.1-0.4 <1
JLab Hall C (Ambrozewicz et al., 2004) ~0.5 ~1.75 0.2 0.7-1.2
JLab Hall B (Morand et al., 2005) 1.6-5.1 1.8-2.8 0.16-0.64 <2.7
JLab Fpi-2 (2017) 1.6, 2.45 2.21 0.29, 0.38 4.0,4.74
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Regge Trajectory Model by JM Laget

-t
W Q2 2 -U
(GeV) X (GeV?) (G‘;V (GeV?)
Hall B | 1.8-2.8 | 0.16-0.64 | 1.6-5.1 | <27 | >1.68
0.29 1.6 | 4.014 | 0.08-0.13
Fpi-2 | 2.21
0.38 245 | 4.724 | 0.17-0.24
Py )P
Realy : Virtualy:
Q% =0GeV? 1 CJZ:D.B«;GEVQ;

W =248 GeV
SLAC

W =230 GeV
DESY

2l ol ol T | sl g P Do
10 j(lll“lll

Q’=235GeV? |
W=247GevV ]
JLab preliminary

dofdt (ub/GeVv?)

1 b Q’=o0Gev? |
W =2.65 GeV
JLab

2
Frunf @03

4 i} 1
-t (GeV?)
Fpi2 kinematics

J. M. Laget, Phys. Rev. D 70, 2004

QQ

proton

Vector Meson

exchanged
particle

proton

proton

exchanged
particle

v

proton

proton quarks

Vector Meson

A

Physics observables parameterized In t, W (s), Q% x
x and W are fixed

Q? Evolution
Wavelength of the probe
t Evolution

Impact parameter
What about u?
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Regge Trajectory: Real photon vs virtual photon

M. Guidal, J.-M. Laget, and M. Vanderhaeghen. Physics Letters B400(1):6 — 11, 1997.111
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Parton Based Model: TDA

—— —_—

/ (7

= Nucleon to Meson Transition Distribution Amplitude (TDA)
= Backward angle analog of GPD. Translate from -t space to -u. Translate V DA to N DA
= No consensus on the TDA factorization regime
= [f tis impact parameter, physical meaning of u is unclear.

= Interaction of Interest: u-channel pseudocalar meson and vector meson productions

= [wo Predictions of TDA: (B. Pire, K. Semenov, L. Szymanowski, Phys. Rev. D, 91, 094006 (2015))

= The dominance of the transverse polarization of the virtual photon resulting in the suppression of
the longitudinal cross section by at least 1/Q?: g,.>0,.

= The Characteristic 1/Q8%-scaling behaviour of the o, for a fixed Bjorken x.
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Experimental Setup

HMS (QQQD)
= Angle Acceptance: 6msr
= Momentum: 0.5-7.5 GeV/c
= Momentum Acceptance: +-9%
= Angular, Position Resolution: Tmr and 1mm

SOS (QDDbar)
= Angle Acceptance: 9msr
= Momentum: 0.1-1.8 GeV/c
= Momentum Acceptance: +-20%

Detector Hut

High Momentum Spectrometer

(SOS) High Momentum Spectrometer
Detector Hut (H M S)
] Scattering
Chamber Scattering -
D \ Chamber
1 ] ‘
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Experimental Setup and Acceptance

Gas Cherenkov Calorimeter
. ) Aerogel

Dipole EXt  prift chamber S1X S1Y

.
O, -
i Charged Particle
O

z=-7891  7=.40.735 2=40.735  z=89.14 z=108.83 z=310.13 2=329.82

z=230

HMS detector ( focal plane) layout, SOS is very similar
Trigger: 3/4 planes of Hodoscopes

0.12— =
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01— - :
- 24—
0.08— E
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0.06— n -
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Sidh EH Jﬁ_‘ 21
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s vopgle pa g ) gnow ] paoen foy g (g pa ad o sy pthagage 10
804 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 : P I | | R T RIS M
hsyptar 1 15 2 25 3 35
Q?[GeV?)
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PID Cuts
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Coincidence Subtraction

1.6
1.4
1.2

Blob events:
good events

1

0.8 . .
Tail event: losing

momentum due to
multiple scattering

0.6

hsbeta*

II|III|III||!i‘;;i%_;4,~‘lllllllllII|I

0.4 o 7
Late ‘Rand'oh.‘rl Real = Early Random
Zero event: hsbeta=0! 0'2: y Multiple scattering: dipole exit
Cause: Missed the o ' M - L window to the last layer of
fiducial cut during the - hodoscope
reconStrUCtion _0.2 __I 1 1 | | 1 1 | 1 | 1 | 1 1 I | 1 | 1 | 1 1 1 1 | 1 |> 1 . |
15 -10 -5 0 5

10 15
cointime (ns) 44— Time flow

= Random subtraction:

Late Random Events + Early Random Events)

Coincidence proton = Real Events — ( -

= Missing proton due to scattering, absorption: ~7%
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Dummy Subtraction

Entries
Mean -0 A
% RMS 0 A §

hy E

05 _— ﬁﬁ 8cm foil #1 Carbon
ﬁ i HMS hsytar % ; S

0.3 4 cem foil #2'
0.2 D Cryotarget B 8cmn foil #2 Carbon
0.1 15¢em foil #1
s (
—_ sy e Beam
- Entries
e bbb gt L
035 #% % ﬁ” ﬁi ﬂ } = Cryotarget
035 Dummy Tar_ i + + % %ﬁ H = Tuna can shaped
—(Cell Wall contribution) + S
0.25 — SJ[ = With thin Al cell wall
02— S ssytar = Dummy Target
015 ﬁ' = 4cm apart Al sheets
01— 1 = Dummy target distribution is corrected for
0.05 - I 17| the real/dummy target thickness
o 7 difference before subtracted from the real
Er > - 5 3 proton events
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Analysis: e+H Elastic Cross-Section

missmass Coincidence e+H elastic
= 1'1_
t0g- Cut Elast!c Sim -
I Elastic Data | 4~ Fitted Result: 0.999110.0060
E? 51.04:— %
i e e
10 f ) | :Hﬁ: £
E T L) | bk £
102 & T J_'I [ l it i JD( Qo98f- T
=TT L L o
g J. I I | '%0.96_— . e
107 =1 £ ©  Blue line: fitted average
£ | : %% Pink Shade: fitted error band
"y : : | 092— Dotted Line: point-to-point error band
:0|1 1. 11 | I'Olﬂ5 0I I'_ | I-Oltlj5 0|1 0-90_ | !I 1 1 1 | 2| 11 | | é L1 1 1 4|’ | 11 1 é | 11 1 é 11 1 | ?

Q? (GeVic?)

= Extracted cross section is consistent with Bosted, AMT (Arrington,
Melnitchouk, Tjon Phys. Rev. C 76, 035205 (2007)) and Brash empirical
e-p elastic cross section parameters.

= 12.0% (point to point) error from Heep will be included to the final
Omega analysis systematics
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Rosenbluth Separation

Reaction Plane

Scattering Plane /

- 2
t= ( py ] po)) Virtual-photon polarization:

Ry 2 -1
g:(1+2 (£, Ee|2) O an? Q—QJ
0 2

-C=(ppaf 5 )
W<==(p wtPp) u=(py _pp)
do do, do do do
2 =g L TPy De(e +1) 2L cosd+ £ — T cos 2
dtd¢ dt dt dt ¢ dt ¢

= Rosenbluth Separation requires
= Separate measurements at different € (virtual photon polarization)
= All Lorentz invariant physics quantities: Q?, W, t, u, remain constant

= Beam energy, scattered e angle and virtual photon angle will change as the result, thus
event rates are dramatically different
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Physics Background Subtraction

i

-+ Data

+ []Sim Sum
Bl Sim e

T ESimp

w (782 MeV) L
Smn

0.5

0.4

Normalized Yield

p (770) 2 n’(947)
HERMES Empirical parameterization Width from PDG with
with Soding factor

Ae B" dependence
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Iterative Procedure (Recipe) to A Full LT Separation

Improve ¢ coverage by taking dataat ~ Backaround S”b"actm"D : oof
multiple HMS angles, -3°<0 <+3°. - e - x4 dof: 1.20
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0.05
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Fitting step (Background Subtraction)

Normalized Yield

i -+ Data
0.06—
. | % . ESim p
0.05) | rllt(egr tion ;nge . 71Sim nx
r P : |LISim 7
0.04f- L ﬁ 5 Fitting Range E BWSim7n
0.03(— 5 5
0.02F | |
0.01 N -,
0— ‘... ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
"1IIII‘1IIIIE il!IJiIIIJJIIIJllllllllllll
065 0.7 075 08 085 09 0.95 1 1.05
M, [GeV]
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m Fitting data within the with
four simulations

m Fitting
m Subtracting background
distributions
m Obtain omega experimental
yold: Y,y
m Each simulation distribution
has scale factor
e e m e m e mm— ==
R _'_Y_xp___y.ﬁ S_im___yl( space S_im___y_'l Slm.!

Ym sim

Data (blue point)
Xspace Sim (green)

p Sim (light blue)

w Sim (red)

n or n’ (black)
Simulation Sum (pink)
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Fitting Quanlity Control

m Fitting Quality Control
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Integration step

- . m Intergrating within the
- Integration Limit . . ..
005 integration limit
- m  Obtain Omega simulation
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Yield Ratio and Simulated Cross-Section

Average Yield Ratio (Yexp/Ysim) vs -u
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Unseparated Cross Section (Money Plot)
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Separated Cross Section
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Observations:

SigT fall slow, SigL fall faster
SigLT is small, Sig TT has sign flip for different Q2 values
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Uncertainties budget

Correction Uncorrelated e uncorr. Correlated Section = U nse p arate d g
(Pt-to-Pt) U COIT. (scale)
(%) (e) B = Statistical
HMS Cherenkov 0.02 Sec. 3.6.3
HMS Aerogel 0.04 Sec. 5.3.7 = Systemahc Error
SOS Calorimeter 0.17 Sec. 3.6.4
SOS Cherenkov 0.02 Sec. 3.6.3 = Uncorrelated Error
HMS beta 0.4 Sec. 5.1.2
m € uncorrelated u correlated
HMS Tracking 0.4 1.0 Sec: 533
SOS Tracking 0.2 0.5 See. 5.3.3 m Scale error
HMS Trigger 0.1 Sec. 3.7
SOS Trigger 0.1 Sec. 3.7
Target Thickness 0.3 1.0 Secs. 3.5.2.5.3.5
CPULT 0.2 s..s322 ® Model dependent Error to the
Electronic LT 0.1 Sec. 5.3.2.1
Goivileoss Blodbing 01 Sesis separated (Scale error)
d 01 0.7-11 Ref. [3] m Parameterization
- 0.1 0.2-0.3 Ref. [3]
dp. 0.1 0.1-0.3 Ref. [3] = (l) limits
d, 0.1 0.2-0.3 Ref. [3] o ] ]
PID o ] = U limits (small contribution)
Beam Charge 0.3 0.5 Sec. 34
Radiative Correction 0.3 1.5 Sec. 4.14
Acceptance 1.0 0.6 1.0 Sec. 3.8
Proton Interaction 0.7 Sec. 5.3.9
Background Fitting Limit 2.0 0.8 0.8 Secs. 6.5.3,6.10.2
w Integration Limit 1.7 1.0 0.3 Secs. 6.6, 6.10.2
Model Dependence 0.7 Secs. 6.2.1,6.10.2
Total 29 1.7-2.0 2.6
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Backward Angle Omega Electroproduction Peak !

-t[GeV?] Minimum Interactlon Radius

Point-like structure? Soft structure -> Hard -> Soft transition
g In photoproduction
Soft structure -> Hard -> Soft transition ! photop

First time in electroproduction e il e

L

= First observation for the backward w electroproduction peak!
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= Calls for the resurrection of the backward angle study through Regge based model
(JML, etc.)
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Backward Angle Omega Electroproduction Peak !

¥ +p - p+o, W = 2.48 GeV, Q° = 1.75 GeV?

— - JML Model
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> 107 |= \Q P By
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B e, / Physics
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102 |— <
— /
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Forward Angle Physics 7N
- (low-) / N\
| 1 | | | | | | | | | | I | | 1 | I | | \I\\\I\ | | | | | |
0 1 2 > 4 ) 6
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Scaling of g1, o7 and o,/ o7 Ratio

0.6

0.5

0.4

m o drops expected ~1/Q8
m Close to expectation

0.3

0.2

0.1

0., 0, [ub/GeV?|

0

-0.1

m o7 is almost constant !

-0.2

o3

N IIII|IIIIIIIII|IIII|IIII|IIII|I{III|W||IIII
Y

— — = Dominance of o1 observed at
+ e higher Q2 =2.45, confirms the

. TDA prediction

S
~ =

L Ratio

-0.5

-lI|IIII|IIII|IIII|I;‘II7/IIIIII
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Partonic Model: TDA Prediction (Private Communication)

o, [ub/GeV?]

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

10

10 =

0.5
C x Fg-2 = x Fp-2
- W=2.21 GeV, Q*=1.6 GeV Eoox703 oss- W=2.21 GeV , Q?=2.45 GeV s
: O. VS =U coz o.4§— O'T Vs =U coz
] L% .-
Pl et
- Over predicted by a %: 025/ 1L
i factor of 7! & 02;_ | !
- ’I‘ o.15;—
- k ¥ 01E- Almost bang-on !
o.osi—
I | IR BRI R [ I P = AN RN ARV AFRIVIN ARFAFIN ARTAPE AFEAVEN STRFAIN AR PAATE AArA
0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.16 0.18 02 022 024 026 028 03 032 0.34 036 0.38
-t [GeV?) -u [GeV?

Optimal Q? range for TDA: >10 GeV?
TDA prediction has impressive agreement with data at Q? =2.45 GeV?

Studying the effectiveness of JML model and TDA model is equivalent to studying
the evolution of the proton structure
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Analysis Status and what have we learned

m Analysis Status:
m Final round of uncertainty review is under way
m Expected publication data: summer 2018
m Contacted theory group ......

m Achieved Objectives
m Studying the model effectiveness in both Regge Based Model and TDA
is the studying the QCD transition

m Established a new experimental access to the previously accessible
kinematics

m Abstracted the theory framework that can be used to study the
previously ignored backward angle process

m Final release of the result calls for more studies on backward angle
physics, particularly among the junior physicist.

m Software avaliable: https://github.com/billlee77/omega_analysis
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Backward Angle Physics Stratagy

We are ready for the -u channel physics studies.

o Variary of existing and proposed backward angle physics, i.e recent CLAS paper by K. Park

What can we learn?
o Regge Model
o GPD/TDA factorization

Stratagy moving forward with backward physics
o Large angle region (large -t and -u) scan by CLAS
o L/T separation near the meson (-t) and baryon (-u)

m HallAand C
o Q2 evolution for L/T cross section
o Real photon data from GlueX

LOI: Backward DVCS and DVMP

o Previous studies done by Charles, Carlos in 2007.

o HallA

1

[ub/GeV?]
a

T II(lIIIl

do
dt

10]

[ T lllll&

g

1
~h

— - JML Model

® Morand Data

High -t x Fpi-2 Data (Soi
#
b High-u /=
Gap?!
g o / Low -u
CLAS 12

o

2 3
-t [GeV?]

m 2 HRS capable of resolving DVCS peak, with limited kinematics

o Hall C

m Possible L/T separation with full kinematics!

m  HMS + SHMS may not have enough resolution

m  HMS + SHMS + NPS? (Currently under study)

Counts

Y

Hall A/C LT separation near
meson and baryon pole
(extreme forward/backward

angle)
Q%=1 GeV, W=1.5 GeV
\Q’Q
o @ (b)
'\QOQ ’\60—
0 0
T Y T
S
bQQQ? |
H \ qi,)o—
e f
Q JJ{\\ \J\ L o L 1 | 1 \XNP/\
0 002  0.04 0 0.01

Hall AVCS, G. Laveissiére, et. al, phys.Rev.C79:015201,2009
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Thank you
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Future Backward Meson Production Opportunities

OHMS and \jIHMS C? incidence M
aioas) Slmul tion by Garth. Huber

pde

T

07 0.8 0.9 1.1 1-%_ _‘»; Mas. 14
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6 GeV data mining

m Pion transparency experiment (E92-110)
m 2 GeV and 4.7 GeV (poor statistics)

=  Upcoming 12 GeV experiment
s Fpi-12 experiment (E12-06-101):
= N, N, w, $(ss), p

® W, ¢(s5) production ratio would yield
valuable information.

m Large Emission Experiment at CLAS:
E12-12-007

m P(ss)

= Potential LOI (2018): Backward m?

: _ production at Hall C.
Hall C piO production

m Backward-angle program with Panda @
GSI



Background Extraction and Check
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PID Cuts
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Missing Mass Distribution Background Extraction
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= Integration limits and fitting limits
= EXxclusion criteria
= Exclude the radiative only omega bins

= EXxclude the low statistics bins
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Bin Exclusion criteria

= Low Statistics =« Radiative Talil
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Background Extraction and Check
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rw_f: 1.017484, r_f: 549. ligi B 2/dof: 0.49 b 2/dof: 0.56 001 -
Fe_f: 665.359570, ep_f: 0{000§ ; L x2idof: 0. r x2idof: 0. e } ! M
ooeL Sim All: 0.201868 oasr : [ E o | ! I ss m ass
£ xphsp: 0.000000 E ! eos 0008 : :
G rho: 0.095377 E . F F ;
r eta: 0.027342 oo F , L r i J} e d g e
r etap: 0.000000 F : e o ]
o Omega Sim: 0.0794150  o01[- ! t E T T
o Omega Expr 0.083056 | | : : 1 exam p | e
Fif: OK E oot~ - B
*Bg:pxp+ o F r Ir]ﬁ: 0.000252
i : g ooil Fit: -0.000986+0.000699
oF . r of r
B b celpn Bl Dot B fi UG e o b L v b by b b e o Ll b b e
04 05 06 07 08 09 1 1.1 06 0.65 0.7 0.75 0.8 0.85 09 0.95 3 0.6 0.65 07 0.75 08 0.85 0.9 0.95 1 06 0.65 07 0.75 0.8 0.85 0.9 095 1
aosf- u_fit_phi_160_59 -2730 1 1
L u_phi_target
I & Entries 189
R e — Mean  0.7492
- L RMS 0.04357
P %3~ Sum of the data from each bin
- C sum of the Omega sim from each bin
L 08—
oo - =
[ 04— i
i 02—
i FETTE [P TY PETYIPITEY FETT1IPoe TPVl BTTE] PP FTOT -
L as an aTr on o2 k. 2.% e - 3 k- T4 e J_-P{:L +|- +++
. - 0 tF -
Reconstructed Missing Energy For the worse example N PP PP PN P S I
0.4 0.5 0.6 07 0.8 09 1 1.1

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canad... 38



Standard Physics at Hall C (Jefferson Lab)

. I =
= s-Channel Physics Lo t-Channel Physics
I e e Detector
C t tteri Recoil
ompton scattering eleclg/ I
Incident :?e:gter;n .- /"’ I
Y Y _?tée)s,t/'/\*q) L Pion form factor Detector
1 ~J0O I(charged 7 electroproduction )
i Sohoton
A |
/'Lf-—)l.,-=A/'L=mc(1—cosl9) I
o Ay
|
|
1 ~N g
L/;Jlf. \]‘\N | / - iy
am Y, o g ) WCC NN O
. I GlueX
| J/psi photoproduction O(t.5)
|
N N I

All could be parameterized in four Lorentz
invariant Quantities: x, W (\/s), Q% and t

What about u? Should we include u?
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 39



High t Data from CLAS Hall B (2005)

"(5002) Sv¥ ‘¥Z V T "sAud "In3 “|e 18 puelop

35000

30000

25000

20000

15000

10000

5000

8 1

15000

10000

5000

2.2<Q?<2.5GeV?

¥ i—.gq#tk '
T Y 034<x<040
Il Il 111
6 065 07 075 08 085 79 8

M [epX] (GEV)

25000[

20000

@(782MeV)
“~

’ X
3.1<Q* <3.6GeV>
0. 52<x<958

T I 1
6 0 65 0 7 0 75 ﬂ 8 0 5 _09

M [epX] (GEV)

Missing mass reconstruction e’ pX

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

Hall B Experiment e1-6
= Oct 2001 — Jan 2002
= Beam energy: 5.754 GeV

Kinematic coverage:
= W: 1.8-2.8 GeV
= Q2: 1.6-5.1 GeV?
s -t: <2.7 GeV?
= X 0.16-0.64

Event selection:
ep >epn’ X

Reconstructed e’ pX missing
mass consistent with the w mass

Data published in 2005:

= Morand et al., Eur. Phys. J. A
24, 445 (2005).
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Regge Trajectory Model by JM Laget

Hall Fpi-
B::

w

(GeV)

X

Q? -t -u
(GeV?) | (GeV?) | (GeV?)

«—

Hall B | 1.8-2.8

0.16-0.64 | 1.6-5.1 | <27 >1.68

?
b’~‘L
il Fpi-2

Low Q? 0.29 1.6 4.014 | 0.08-0.13
2.21
0.38 2.45 4,724 | 0.17-0.24
Py, o)p
EVTTT] TN [T T 0 [ASEN LI S U [IGET [ WIS [y 6
k| | I&g*% T - Realy 7 Virtualy?! 3, | |
L2 = /1 10 o*z0Gev? |, P08 Gev? E b _HE‘*"
i | ~ i W =248 GeV W =2.30 GeV 3 e Osfﬁfn!lnli-gfé
ngh QP % (\ b SLAC T DESY ] g
Low ¢ High t P ER
(___')__ 5[ T 2 7 i1
Hard Scattering Mechanism §1o'?‘t:::}::::}::::}::::}:::::::::llmli:":':"'NH}::::: o,
SChematics g i @?=0GeV? @?=235GeV? %
1071?_ 1 JLabr _:_ JLabpreI\minaryj g t
r — 1 e — I : me(Qzﬁ); I
[ S | 10'2; + .
Foi2 Kk -tin(GeVl’c);‘
i2 kinematics
t-Channel u-Channel .
Forward Backward J. M. Laget, Phys. Rev. D 70, 2004

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Nucleon Fragmentation Process

After interaction t-channel I
n (938 MeV_)

Before interaction

|
I
|
: Remains at
target position 1
: ,
: \,‘/ ~h HMS
= H(e, e’m)n
Standard nucleon Fragmentation |
gives a weird picture Fe—mmmm———=- _u_c;a;nzl.
w (770 MeV)
& = - SOS

.~

|

|

|

! Remains at
| target position
|

|

|

|

' F%)

= H(ee’pw S HMS

= Exclusive Chanel: w is not tagged Allows
for kinematic settings which was

Allows for kinematic settings which
was previously not available

previously not available
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SPJ S4S0A2, Canada. 42



Omega Data Analysis

= Fpi-2 (E01-004) 2003
= Spokesperson: Garth Huber,
Henk Blok

= Standard HMS and SOS (e) 622 ] = ";;;1* oo |- = w
configuration - “ ' Low €
» Electric form factor of charged .., £ 60
through exclusive mm production s w b
200 ;— E
. . . 0o £ 3
= Primary reaction for Fpi-2 g b vty bt gl B g (e
, + -10 -5 0 5 10 0.4 0.6 0.8 1
= p(e, e’ m)n Coincidence time epX missing mass
= In addition, we have for free w b "" : - w
y - " 80 — -
« p(ee’p)w » - High € "High €
= 60 —
= Kinematics coverage ol '
= W=221GeV, @>=1.6 and 2.45 ** | P 20
Gev2 0 L | 1111 | 0 _I |n 111 | 111 | 1 1
. 2 -10 o) 0 5 10 0.4 0.6 0.8 1 1.2
= Twoe Settmgs for each Q Coincidence time epX missing mass

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 4_3



L/T Separation Iterative Procedure

Experiment
Data Ntuple

(Ref. [56])

Analy5|s Step shown Fig 4.2

| —
_I_)
_I_)

Event Selection

Experimental Efficiency

Determine

(Chap. 5.3)

Y

(Sec. 6.3)

SIMC Data
(Sec. 6.2)

Improving Omega
Physics Model in SIMC

(Sec. 6.8)

Separated
Cross section

(Sec. 6.7)

Fitting Quality

Binning and |
Yield Extraction
(Sec. 6.4) |

Bin Exclusion
(Sec. 6.4.1)

Control
(Sec. 6.5.3.1) ‘

Consistency
Cross Check

(Sec. 6.6.1)

Omega Simulation
Cross Section

(Sec. 6.2.1)

Y

Experimental
Unseparated

Cross Section [€

(Sec. 6.7)

Fitting Step and
Background
Subtraction

(Sec. 6.5)

Integration Step
and Yield Ratio

(Sec. 6.6)

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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TDA @ Q? =1.60 GeV?

Y +p — p+o, W = 2.48 GeV, @F = 1.75 GeV?

10 =
- % Fy2 — - JML Model
0 & Fr2x708 1 E_ ® Morand Data
B coz - x  Fpi-2 Data (Scaled)
- B \
1
- T t } - ¢ ;Ffi(
< < !
3 5 101 N /.
g L,k ) -
ER= 2 f
o C s L
I {( )I( )]( 102 =
B. Pire, K. Semenov, L. Szymanowski, Private Communication. (2017) E
1 Or] 1 1 | I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I | 1 1 1 1 1 1 |
0.08 0.1 012 0.14 0.16 0.18 0.2 0.22 0.24 0 1 6

-u [GeV?]

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.



Nucleon DA Model

10 |
5 Asymptlotic
i | IR 7
" /- AN
= 0 Chig BO% . K8
S _ A
| N
.5_.
x,=0.30
—10 | | | | |
0 1 il 3 4 D
X

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Missing Mass Distribution Background Extraction

Data (blue point) Omega Background Sum Zero= Data — Omega- Bg

Xspace Sim (green)

p Sim (light blue)

w Sim (red)

n or n’ (black)
Simulation Sum (pink)

= Fitting Limits (red dashed line):
= Not fixed, fit 95% data distribution

= Integration Limits (blue dashed
i v . line):
H»_ Yexp = Vpsim = Yxspace sim — Yy sim| = Fixed for all u-phi bins!

|

1

= Bin Exclusion criteria:

= Radiative tail exceeds 50% total w
sim

= Less that 100 raw counts

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 4_7



Yield Ratio and Simulated Cross-Section

Average Yield Ratio (Yexp/Ysim) vs -u ot e i)

= ¥2 / ndf 59.13/10 e il (50, Gl

ey po 0.9289 + 0.02507 Q
= p1 0.01118 +0.1034 5 ol o)

1.1 L Q"' ;

o 1050 i = [W} -ginf",
T E »
L = tto 4+t - (—u .
2 = 4+ o = [%2()] . sinZ §*
3 0.95—
g 0‘9; l

E | lowQ? lowe

GE - TN NI do do do do do
£ Thigh Qf. low < 2r = L +g L+ J2e(le +1)—LLcos¢p+&—2L cos2

08 \igh @, high dtd¢ dt dt ( ) dt ¢ dt ¢

0.75&05\ 1\ \0!1\ 1 |(|)!]5| L |0I\2\ ol b N b b 1

Model Cross Section
2 2
d o d o
dtd @ pyp dtd g4
\ N N
Omega Yield Ratio: Yexp/Ysim Omega Yield Ratio: Yexp/Ysim Omega Yield Ratio: Yexp/Ysim
25 25 25

0<u<0.10 - 0.10<u<0.17 0.17<u<0.32
(t~4.1) (t~4) T (t~3.8) ‘

n
LI B

H 1.5_— H 1.5_— H 1.5_—
g C 5 L

. Por [ Pt
E "‘%“I“T""L"'TI'L"I"LT"—L"——{'{'TT-[—"—— Exp/Sim Yield Ratio

05—

05 05

Q2=1.6, Low £=0.33

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 48
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Proton Structure: Known and Unknown

=
% . ) .' '..‘. -clt.' :.:
E Vi - ’....1a .I.
7 2 4. 1 o' i1 e
of R -r:'. {r
e, ot o
L T
-~ .
e Ry
..." L ...'
" ’ ‘R o
. - R
]
—|-'

high energy collisions

\
y

= Proton
| = Dynamic Structure
SN, 2 Bk = Parton Distribution
R S A = Interaction
ks ~ 5 = Static proton structural
, s B map is known
s =« Unknown
‘ _:j = Transition (evolution)
§etq oo 2 of the proton structure
5 = General description of
% the proton structure

= Goal: Study the

o % : .e
— . q .. ‘
[
N\ J
small O 0’
- In 0

large O transition of the proton
structure

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 4_9



Modulus Check for SigLT and SigTT

Function Modulus Check

1_ — cos(Xx)
B — cos(2x)
B — f1+f2
0.5—
0 —
05—
-1 B 1 L 1 I l L 1 | I L 1 | 1 1 | l I | | 1 1 l | 1 I | L 1 | |
0 50 100 150 200 250 300 3350
0

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.



Proton Structure Description

= Hadronic Model = Partonic Model

Y w®

7.[.0, f2: B

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Scaling of g1, o7 and o,/ o7 Ratio

s & = 1.60 GeV? @ = 2.45 GeV?

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

Dominance of oy
observed at higher Q2
=2.45, confirms the TDA
prediction

o drops expected ~1/Q8

ot is almost constant

52



Trajectory

6 6
C o, (2250) C R
- - p, (2350, B Sl
. —- p Trajectory § - —- A Trajectory
5 - o Trajectory % 5
F o - hiswll & - — N Trajector
- n Trajectory a, (22403,»/"/ - J Yy e
- v - 912"
- w, (1670) /# - A (_;/9;0)/
- p.(1690) 7 -
- ¥ =
§ 3 £, (1950) #/ \g 3
C a,(1320) 7 B 7
C 2+ W B N* (1520)
C > C Wy 5/2*
2 (782) , (1670) 2 A(1232) /
r 2 r 32"/
i C #
- b, (1235) 1=
-/ 1 G L
r L/ A N(9e39)
A \ | | \ “ | 551 | \ L |
O!III ! il L R | I 11 1 1 L1 1 | | | O\!III\IIIII\l!\I\I\EIIIII\I
1 2 3 4 5 6 0 1 2 3 4 5 6 7
M? [GeV?] =t M? [GeV?] = u

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.



Proof: These are not Elastic Events!

missmass_real
Entries 34331
w (782 Mev) Mean 0.844

RMS 0.1374

—
(¥}

III|III|III|III|III
e

—

Polynomial + w Simulation

o
©

n’ (947)

o
()

o
~

. 71 (547) i ++

.I_

e
+

e p(TT0) * 21

et -
B
0 e fiok

Normalized Yield
(1mC Beam charge)

=
ra
T T

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 113 14

Missmass of p(e,e’ p)X

= Good News!
= We see other Scalar and Vector Mesons: p, n, n’, two-mr phasespace
= Bad News!
= Channel is not clean!
= Worse News!
= We can’t use Polynomial fit !!
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.



Missing Mass Distribution

Normalized Yield

0.05 0.1 0.03_ .
I w @ Left i w @ Center . w @ Right
i . 0.025/—
0.04- w[ 0.08/— -
- i 0.02/-
i : kel = C
0.03|- | 2 0.06 g t
i 1 k) = 3 B
L 1 [0} N
i : g o015
- E £ e[
0.02~ 5 S 0.04— 2 -
3 : I 0.01
0.011 i 0.021 -
C - i 0.005
i ' - - :
0_||||\||\}\‘\\I - : o O_ ++ -"' 0_|||||I J\Ell\\lllll\\lli\l
06 065 07 075 08 085 09 0095 06 065 07 075 08 085 09 095 06 065 07 075 08 085 09 095 1
M, [GeV] M, [GeV] M, [GeV]

= Most Challenging Issue: Background Subtraction!
= Omega is not always in the center

= Four sets of Monte-Carlo is used fit the data
= w+p+Phase-space+norn’

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 55



Mandelstam variables (s,t,u-Channels)

M

!

baryonic

resollalice

P

s-channel

|

meson I
1
/‘\ :
P
t-channel

P

Time flow

Y

Lab Frame

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

baryon

u-channel

p

M
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Exclusive w Electro-Production Data

[«}] ~
T > T

Q*(GeV?
ZEUS

Closest data set to ours is the
Hall B Morand data

= N
HERMES

+Ha|l C 2004
% 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Xg
Q? w x -t
GeV? GeV GeV?
HERMES (Airapetian et al., 2014) >1 3-6.3 0.06-0.14 <0.2
DESY (Joos et al., 1977) 0.3-1.4 1.7-2.8 0.1-0.3 <0.5
Zeus (Breitweg et al., 2000) 3-20 40-120 ~0.01 <0.6
Cornell (Cassel et al., 1981) 0.7-3 2.2-3.7 0.1-0.4 <1
JLab Hall C (Ambrozewicz et al., 2004) ~0.5 ~1.75 0.2 0.7-1.2
JLab Hall B (Morand et al., 2005) 1.6-5.1 1.8-2.8 0.16-0.64 <2.7
JLab Fpi-2 (2017) 1.6, 2.45 2.21 0.29, 0.38 4.0,4.74

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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ot and o;, Uncertainty Propagation

(5{TT o7y 1 9 501 D €9 2 9 54‘.’?2 2 €1 2

ﬁ“’f)mfg)#l () (2 +4(3) 05 o
59 oy — ! 551)2(3 2 —552)2(R+ 2 (636
P 0 B e e s e :

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 58



Rutherford Experiment Atomic Structure

/ Gold foil
»
/Alpha péticies

Source

Detector

= Rutherford Experiment:

= Need both forward and backward scattered
alpha particles to yield complete atomic
structure!

= What about nucleons?

'
[ j—/ = Does t-channel physics contain all the nucleon
> structure information?

— ‘ » u-channel physics contain unique
information whose meaning is unclear (B. Pire
et. al)

= How do we access u-channel physics?

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 59



Separation Method

£ do, + do, +.2¢(e +1i%cos¢+ed;—tﬁcos2¢

L/T separation

m Requires detailed comparison
at high and low epsilon value

= High and low epsilon runs
involved

Simple L/T separation
B Oytal = O T €0,
m oy: difference
m o, offset
m o7 and oy modulation

Experimental Kinematics
= Wis fixed
= Two Q? settings
= High and low epsilon runs for

0.8
- do
C 2 — 27‘[ =
orf - Q° =1.60 dide dt
£ I High £=0.59
&S 0.6/ e
2 —e——71_ i ol
S 0.5
"8' L
[75) , ! B S
o L
© C
B 0.3
IS C
m —
o L
0 0.2
@ n
5 Low £=0.33
o1 0<u<0.10 -
07I 1 1 I(ltl~4.l1|)l 11 1 | 11 1 1 ‘ 11 1 ‘ 11 | 1 | 11 | 1 I
0 50 100 150 200 250 300 350
¢ [degree]
—_— ——
4 | |
Tine Psos 02 el 4 Opg  PHMS Py Pawus T T —t
MeV MeV de 1 de deg de MeV/c MeV/c GeVQI GeV?
g | deg g g
'}
]
I Q2,00 =1.60GeV?  Wigmina =2.21 GeV . !
3772 78579 4309 los2sl 953 110 1053 293679 29272 02855 |0.087I 4.025
I | 3.0 12.53  2913.20 0.129 | 3.983
4702 171579 2573 lo593] 1328 00 1328 293953 29272 02855 ©0.0821 4.030
I I —27 1058 2917.79 Loa211 3.991
. : +3.0 1628 2913.15 10129y 3.982 |
| } -
| Qapmina = 245 GV Whominal = 2.21 GeV | |
4210 77083 5148 0270 9.19 14 1059 335582 33317 03796 lo.is4] 4.778
! : 3.0 1214  3324.12 ]0.241 ) 4721
5248 180883 2943 (0554 1361 00 1361 336386 33317 03796 10.169 | 4.793
| 3.0 16.61 3324.28 ] 0241 0 4721
| I ~3.0 10.61 3324.49 I0.240' 4.722
| . I

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Motivation

= Motivation = Objective
= Probing dynamic property of the = Establishing a new approach
proton structure » Backward-angle (u-channel)
=« Dependent on the properties of the observables
probe

= LT separation

= Studying the transition of QCD
Proton

Partonic Model

Hadronicw \

<P

wrt Transition ?

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Jefferson Lab Hall C

1 = Main Structure

= Two Super-Conducting Linear Accelerators
= Experimental Hall: A ,B,C,D

= HallC

= High precision high beam current
= LT separation

= April 2017: 12 GeV upgrade completed
= New spectrometer is on line

rMew Llall
And &
cryomodules

20 cryomodules

=3 cryomodules

Enhanced capabilitias
in existing Halls

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 62



Message to the world and thank you

Studying the model effectiveness in both Regge Based Model
and TDA is the studying the QCD transition

Established a new experimental access to the previously
accessible kinematics

Abstracted the theory framework that can be used to study the
previously ignored backward angle process

Final release of the result calls for more studies on backward
angle physics, particularly among the junior physicist.

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Updated Uncertainties since the Thesis

05 0.6
- Defense version . Updated version
04+ ~L
0.4:—
03 N
s : < osf
% 02 * ©) N
= ® A +
B i 0.2~ ¥ s
01—
0.1
of- :
- A
SigT@ 02 =2.45 ; SigT @ Q*°=2.45
R 23[63\,2‘? LR B T - R - B B B R R

-u [GeV?]

= Fitting Error is now used as the Statistical Error
= New method used for computation the scale error

= Sig LT and Sig_TT now have scale error band

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.



Theory Motivation: Regge Trajectory Model by JM Laget

Hall Fpi-

w X Q? -t -u
B« (GeV) (GeV?) | (GeV?) | (GeV?)
HallB | 1.8-2.8 [0.16-0.64 | 1.6-5.1 | <27 | >1.68
1
e = 0.29 16 | 4.014 | 0.08-0.13
Fpi-2 | 2.21
0.38 2.45 4724 | 0.17-0.24
>
@ ! .
C e’ o S g Realy I Virtualy]
High 2 = K ~ b kS T e
]
Low ¢ High't

Hard Scattering Mechanism schematics

r =1 -— = -

- o = l — _I
t-Channel u-Channel
Forward Backward

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

Fpi2 kinematics

J. M. Laget, Phys. Rev. D 70, 2004
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Missing Mass Distribution Background Extraction

u_fit_phi_160_32_+0870_2 5 u_fit_phi_160_32_+0970_2 5 u_fit_phi_160_32_+0970_2_5
h_miss T h_tgt_sub
F Range: 0.755000 - 0.845000 0.06 - es 564 r niries
0.07 "Mean: 0.798897 RMS: 0.024157 Sini: E pan A Gl e
Ew_f: 0.908634, r_f: 284.7067 46, x_f|-T48:6: GnE i ' oo e '
006 Fe _f: 0.000001, ep_f: 0.00000 : E y2idof: 0.77 E y2idof: 0.89
F "R Sim Al 0.224469 F 0.02
0.05 — (ke 0.04 1
1 1 xphsp: 0.041584 = F
0.04 : : rho: 0.057230 C 0.015
F 11 eta: 0.000000 003 1~ E
003 | 1 etap: 0.000000 E o[- |
F | | Omega Sim: I:l.‘l2j655 0.02 - F g
002~ ! Omega Exp: 0.114882 F — |
Fit: OK | corf :
Bl prxp| g of
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= Fitting Limits (red dashed line):
= Not fixed, fit 95% data distribution

= Integration Limits (blue dashed

= Fixed for all u-phi bins!

= Bin Exclusion criteria:
= Radiative tail exceeds 50% total w

sim

= Less that 100 raw counts
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Conclusion

m u-channel omega electroproduction peak observed for the
first time

= o1 has ~1/Q dependence, where o has ~1/Q8 dependence.
Dominance of o over g; observed at Q? =2.45 GeV?

n At Q?=2.45 GeV?, TDA prediction agrees with data !
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