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Mandelstam variables (s,t,u-Channels)

H pj ®m S:invariant mass of the system
_ 2 __ 2
s=(p1+p2)° = (p3+ pa) . vt ;
— - _ - m t: Four-momentum-transfer square
t (pl Pa) (Pz _Il;) between target before and after
u=(p1—ps)’ = (p2— pa)° interaction.
Ig I% = u: Four-momentum-transfer squared

between virtual photon before
interaction and target after interaction

v'(q) + N(py) = 7(ps) + N(po) = t-channel: -t ~ 0, after interaction
m Target: stationary,
= Meson: forward
m  Measure of how forward could the

s=(p1+q)?% u=(p,—p)* t=(p—p)*

me———————- | F=—====== meson go.

Rl I:I:I [ H\/% | |H. F!l:
I | : : . 1 = u-channel: -u~0, after interaction

S : : I : : = Target: forward

| /\ : : // I = Meson: stationary

R P, : R R 1R R, : m  Measure of how backward could
| 1] : the meson go

s-channel I t-channel : : u-channel I

m High —t scenario, t channel process
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Standard Physics at Hall C (Jefferson Lab)

= s-Channel Physics | = t-Channel Physics
I e ¢ Detector
Compton scattering zzzﬁi('m /
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o /0 I(charged 7 electroproduction)
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| J/psiphotoproduction 0(1,8)
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N N I

All could be parameterized in four Lorentz
invariant Quantities: x, W (1/s), Q2 and t

What about u? Should we include u?
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Rutherford Experiment

| /f Gold foil
FL
_
Alpha particles

Source

Detector

s Rutherford Experiment:

m Need both forward and backward scattered
alpha particles to yield complete atomic

structure!
= What about nucleons?
[ j// m Does t-channel physics contain all the nucleon
—> structure information?
S

A

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

m How do we access u-channel physics?
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Omega Data Analysis

= Fpi-2 (E01-004) 2003

2003/07/25 08.56
m Spokesperson: Garth Huber, 2003
Henk Blok g = O - =
= Standard HMS and SOS (e) T "f o = w
configuration w - LOW € “Low €
m Electric form factor of charged .o E 60 |~
through exclusive m production 0 £ w [
200 i— E
m  Primary reaction for Fpi-2 o b ot b . P R S R
-10 -5 0 5 10 0.4 0.6 0.8 1
. p(e, € "+)n Coincidence time epX missing mass
000 |- e wk T
. - el e - o
= In addition, we have for free w0 I - - w
- . 80 — .
s plee plw . FHighe "High €
I 60 —
) ) 100 | " -
= Kinematics coverage - i
200 |- p 20 -
= W=2.21GeV, Q>=1.6and 2.45 | "I
Gev2 0-10 -5 [lll - I5 10I 0 IOE 0.6‘ | ‘O?SI - l - 1.2
m  Two € settings for each Q? Coincidence time epX missing mass
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t-Channel  vs u-Channel w° Production

8  am -
%'E =B E A ‘h'-w..‘ “‘*.
or f 1128 oy, €
REZ iz 28g

H P
i '-am"i ; Tr+ q ! w
’ E—gg % .""'.."' : ]
p(e, e’'mr)n LEE -
55 ‘r_f.*
W oaw. W Mark Strikman: A proton being
i i3 8 ’ knocked out of t
11 iy ifs e e nocked out of a proton process

= HMS along the g-vector (p,)
= p,.is parallel to p,.(Forward)

'%i;"g = = p, is anti-parallel to p,«(Backward)
p(e, e'p)w oLt AP
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Nucleon Fragmentation Process

Before interaction After interaction t-channel

= =-—— S0OS

T—=—=—======-

e + H Remains_a_tt
target position ‘J
4
TS nvs
m H(e, e m)n
u-channel
w i
'1
J’ & =—> SOS
-
Remains at

Standard nucleon Fragmentation ! target position

gives a weird picture

m H(ee p)w
m Exclusive Chanel: wis not tagged
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Exclusive w Electro-Production Data

o
>7

[
g6
ke

5

>

ZEUS

Closest data set to ours is the

7]
L
=
Al % = Hall B Morand data
1 Fp | '2
AHall C 2004
0 1 1 | | | | |
0 0.1 0.2 0.3 0.4 0.5 06 07 0.8
Xg
2 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 C (Dalton et al., 2005) 5-7 1.5 >4.0
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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High t Data from CLAS Hall B (2005)
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Hall B Experiment e1-6
m Oct 2001 — Jan 2002
m Beam energy: 5.754 GeV

Kinematic coverage:
= W: 1.8-2.8GeV

s Q2 1.6-5.1 GeV?
m -t <27 GeV?
m X 0.16-0.64

Event selection:

ep > epr X

Reconstructed e'pX missing
mass consistent with the w mass

Data published in 2005:

m  Morand et al., Eur. Phys. J. A
24, 445 (2005).
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High -t Data from CLAS Hall B (2005)

m Excitement:

m Observation: Q?independent
cross section at high -t

m Q?dependence of O

m Possible interoperation: Virtual
photon is more likely to couple to
a point-like object as -t increases.

-
o

t=-1.45
t=-2.30 . 0

do/dt (ub/GeV?)
(an]
I
HEAA

W =2 GeV

W =245 GeV

—_
o

= Are we really looking at the
point charge like structure
within the nucleon?

5 = -t=2.3 high enough?

L. Morand et al., Eur. Phys. J. A 24, 445 (2005).

do/dt (ub/GeV")
o
T
I.'
=
D
o1
|_O_4
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Regge Trajectory Model by JM Laget

Hall B

At

Low Q2

Fpi-2

At

N |
| A\ \FL

Low t

Hard Scattering Mechanism schematics

t-Channel
Forward

R

Hight

P

—-— -
2 x (7", f2, P/2g)?

kil
W

u-Channel
Backward

SLAC

DESY

W v Q? -t -u

(GeV) (GeV?) | (GeVv?) | (GeV?)

Hall B | 1.8-2.8 | 0.16-0.64 | 1.6-5.1 | <2.7 > 1.68
0.29 1.6 4.014 | 0.08-0.13

Fpi-2| 221

0.38 2.45 4.724 | 0.17-0.24
p(ﬁ,",m)p p(Y'f'))p ]
. Realy : Virtualy; T Wezercev |
Q@*=0 GeV? Q%= 0.64 GeV? , Q’=2.35GeV’ E

JLab

a*=0Gev? |

W=265GeV T

Tr (@,

do/dt (ub/GeV?)

Q% =236 CeV |
W=247GeV 3
JLab preliminary |

may! . q
PR IR (TSP I
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4“‘ g 1
-+t (GeV?)
Fpi2 kinematics:

nomn

3 4 [i] 5 1
-4 (GevY)

data suggest a u channel peak

J. M. Laget, Phys. Rev. D 70, 2004
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Transition Distribution Amplitude (TDA)

TDA backward angle analog of GPD
Interaction of Interest: u-channel pseudocalar and vector rand production
Extension of the TDA model to describe the backwards vector meson production

TDA Factorization Made two Predictions (B. Pire, K. Semenov, L. Szymanowski, Phys. Rev. D, 91,
094006 (2015)).

m  The dominance of the transverse polarization of the virtual photon resulting in the suppression of the
longitudinal cross section by at least 1/Q%: o; > o, . (We can validate this !)

m The Characteristic 1/Q8-scaling behaviour of the o for a fixed Bjorken x (We can’t test this.)

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 13



Experimental Details

o Gev = HMS (QQQD)

Angle Acceptance: 6msr
= Momentum: 0.5-7.5 GeV/c
= Momentum Acceptance: +-9%
m Angular, Position Resolution: 1mr and 1mm

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

Detector Hut

High Momentum Spectrometer High Momentum Spectrometer
(SOS) (HMS)

Detector Hut

Scattering
Chamber Scattering
\ Chamber

==

L]

N

L
=

_|_

~13m 27m
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Experimental Setup and Acceptance

Gas Cerenkov

Aerogel

Calorimeter

Drift Chambers 51X S1Y S2X S2Y

%

i

'
= —a— S — |

Z=-TEAS 2=-40725 i 2-31013 z-32082 z-3s00

Z=230

HMS detector ( focal plane) layout, SOS is very similar

Trigger: 3/4 planes of Hodoscopes

0.12 F
25—
04 -
B 24
0.08/— :
i 23
0.06 - Z ., -
0.04— | 21
0.02 A 1 2
- L 1 -
B i i C
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Soa oo 0o oo 0 0.01 0.02 0.03 0.04 1 15 2 25 3 35
hsyptar Q?
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PID Cuts
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SOS Cherenkov (npe)

m SOS: select electron

Calorimeter cut

Cherenkov cut 99% efficiency

m HMS: select proton

Coincidence timing cut
Hebeta (particle velocity)
Aerogel Cut

Cherenkov Cut: veto e*

ey
w

o
tn

S
o

=]

2_
- P
o RF beam burst =
0 f_ —_————_— .
-~ Detail on the next page
— I-2|t'JIIII-1|5I III-1|t'JII_II-|5_IIII{IJI I._IIFLIII
SOS-HMS Coincidence time
4so: htemp
- Entries 6435
400:— Mean 9.522
= RMS 6.832
350:—
BDOE—
250;—
200;-
150; p T
100 Wﬂﬂ
; Jo
50— J i mIrr“ LILHILALLL
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0

5
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10 15 20 25 30
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Coincidence Subtraction

16 Rand Sub (hsbeta=0): 274.714294
O - Rand Sub Prime : 10564.428711
4":5 14 :_ (hsbeta=0) / Prime Ratio: 0.026004
2 12— |
Blob events: _g 4L I %%%
good events £ s
©  F i Tail event: losing
g 06— - momentum due to
D o4 : multiple scattering
Zero event: hsbeta=0! 0.2 -:I:ate Random Real Early Random Multiple scattering: dipole exi
Cause: Missed the - _ — I . Jwindow to the last layer of
fiducial cut during the - hodoscope
reconstruction ‘D'z—_,,,,|,I,,|,,,,|,,,,|,,,,|H,,
-15 -10 -5 0 5 10 15

SOS-HMS Coincidence time —e Time flow

@ Random subtraction:

Late Random Events + Early Random Events>
7

Coincidence proton = Real Events — <

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

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 17



Dummy Subtraction

0.7

0.6

0.5

0.4
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0.1

Entries

- | =
:_ 'i RMS 0
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- ! }| HMS hsytar
3 __ L
: & i

— i e m— o G - —
E. Lol +=‘|¢+¢¢H1I |_|_f=':1_*: . |
E_ eI:D\l/JVrglrlngoE?:ﬂbbtlo
- IJ \(ﬂs ssytar
3 o

-0.5

(%]
3
I 15 em foil #2
8cm foil #1 Carbon
4em foil #1
Carbon foil center
4 cm foil .'=2|
15 #em foil #2 Carbon
I5em foil #1
Beam

m Cryotarget

Tuna can shaped
With thin Al cell wall

m Dummy Target

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

4cm apart Al sheets

Dummy target distribution is
corrected for the real/dummy ta
thickness difference before
subtracted from the real proton
events

rget
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Analysis: e+H Elastic Cross-Section

missmass Coincidence e+H elastic
_ 11
g Cut . Elast?c Sim 108E
- Elastic Data .16 Fitted Result: 0.9991+0.0060
1= = C - e e
= G104~ %
10" é— ++_|_+:|:+:F | , - % 1.02
- ﬁ L | ﬂtﬂ + 1 Z
102 = _|—r i B | 'L|_' J[ “‘ 2098_ % ____________________
=L | 1 L s ]
ms;_fj ' , £ & Blueline: fitted average
= ' | 9% pink Shade: fitted error band
104 : : 092— Dotted Line: point-to-point error band
:.Ol,‘1lll 0|05 I {|) IIIO,(|]5 Ll 0|1 090_ I-lllll|2|IIIlilalllldl,lllléllllflillll

Q7 (GeVic?y

m 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.

m +2.0% (point to point) error from Heep will be included to the final

Omega analysis systematics

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

Reaction Plane

Scattering Plane /

Virtual-photon polarization:

I=RY: 2 -1
gl <~;:[1+2(Ee Ee|2) +Q tanziJ
Q 2

-Q 2=(pe'p e')2

Py)?

u= (py -
W2=(py+pp)2 L= (py - pw)z

do do, do; do do
— = + +J2e(e +1) =2 cos g+ &£ —2TT cos 2
Tatdg Cdt | dt ele+1) = reosg+ o= cos2y

m Rosenbluth Separation method requires

Separate measurements are taken at different € (virtual photon polarization)

All Lorentz invariant physics quantities such as 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

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 20



Separation Method

5 do :8d0L+dGT
dtd¢ dt dt

0.8

+4/2¢ (g+1)ddtLT COSg+&—1T

- Q2=160
0.7 Fit Status: OK

Low &=0.33

UTH\\\l\l\|\|||||||||||||||\|\|\|\\
50 100 150 200 250 300 350

High £=0.59

|
| Eveam | Psos  bsos | ¢ | Pavs 6y Oaus =0, @ P g ! Iy
GeV GeV/c deg L MeV/c  deg deg GeV/c  deg GeVZ/c?  GeV2/e?
! | ! q i = 16GEVE Wi pmina =221 GeV
= 3.778 y -0.79 43.09 0 328 y -9.534 2931 -1.0 0.2855 0311 9.17 4.014 0.087
| |
| : | ~3.0 0367 24.59 0.129
'}
i 4.702 ! -1.65 25.73 I().5933I -13.281 2931 0.0 0.2855 0304 0.09 4.014 0.082
l | I [ 2.7 0357 22.93 0.121
L | L | —-3.0 0367 24.61 0.129
I | I Qhomina =245GeV? Woominar =221 GeV
| 42101 -0.77 5148 | 0270 | -9.190 3336 -14 0.3796 0.431 10.57 4,742 0.184
I | ' L -3.0 0.491 20.82 0.241
5248 § -1.74 29.43 ’ 0.554 § -13.606 3336 0.0 0.3796 0.415 0.00 4742 0.169
I | |
| -3.0 0.491 20.79 0.241
1 | I | 3.0 0490 2075 0.240

[p—— | - o

do;
cos 2
dt /=
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L/T separation

m Requires detailed comparison
at high and low epsilon value

m High and low epsilon runs
involved

Simple L/T

B Ototal = OT T €0},
m Sig_L: difference
m Sig_T: offset

H(e,e’ p):
m  Over constrained system
m Determine detector offset

Exclusive channel!

m p(ee pw
= We donot detect any part of
decayed w

m Contain physics background
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Proof: These are not Elastic Events!

missmass_real
Entries 34331
w (782 MeV) Mean 0.844

RMS 0.1374

—
[¥)

III|III|III|III|III
==

—

Polynomial + w Simulation

e
[o")

n (947)

o
4:;

547)

Normalized Yield
(ImC Beam charge)

+

(770) + 2n %1

-

0 —

o
[¥)
[ | I I

0.4 0.5 0.6 _0.7 0.8 0.9 1 1.1 1.2 1.3 14
Missmass of p(e,e’ p)X

m Good News!

m We see other Scalar and Vector Mesons: p, n, B’ , two-1r phasespace
= Bad News!

m Channel is not clean!
m \Worse News!

m We can’t use Polynomial fit !!
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Missing Mass Distribution

missmass

missmass_real o.os Fyean: 0.736920 RMS: 0.041806 Sirf:

— Entries 34331 | w_f: 1.017484, r_f: 549. 573 x_f{-0:000008
n w (782 MeV - edsed .
B ( ) Mean 0844 0.04 " f: 665.359570, ep_f: 0,00 00 el
1.2— RMS 0.1374 | ' 1 ' xphsp: 0.000000
— - rho: 0.095377
B *E ! eta: 0.027342 W @,I
11— Polynomial + w Simulation vo2f-  omesasmeoogiso RigNt
B I + Omega Exp: 0.083054 -
- 1 Fif: OK
- B prxp :
08— g O |
— 1 0- -l
B n (947) 0|4| 1 |°|5| 1 |°[6| 1 |°[71 1 |°I|61 1 |°I|9| L1 : 1 I1|1
06 - 0.1Range: 0.685000 - 0.875000 S =
- -Mean: 0.789562 RMS: 0.027297 Sifiz0;785000 | "
— | w_f: 1.123190, r_f: 347.295890, x_f{-870:36959
00  DatarAll 0.375665)

04 (547) 0.08 [-e_f: 722.986128, ep_lf: 0.000(

! ?im All: 0.353862
1+ xphsp: 0.065811

0.06 —

i £ho: 0.110666
02 l ++++++ A : :t: 0.041469 w @'
i + — . i E ¢tap: 0.000000
A °: o g samecenter
0 b — :

Ero b b b P P b b b by g pEXpPHN
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14

JI|I

| I Ll e 1
5 0. . 0.9 1 14

= Most Challenging Issue: Background R
. 0.045 FRange: 0. -0. | =
Subtraction! OOt e 005822, £.F 0000000, x 4 r2eT
. . 0.035 Fe_f: 0.000000, ep_f: 0.348624 H
= Omegais not always in the center A raases
= Four sets of Monte-Carlo is used fit the data  °,, i Wl etlqodonno w@
m w+p+Phase-space+norn E’ LOK o Left

1_:p+xp+etap % _.
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Physics Background Subtraction

u_fit_phi_245 55 -3000_1_1

h_miss
B Entries 695
L Mean 0.7447
05— RMS P.04659
o - or=A+B-(—u)+C In(Q?) + D (—u) - In(Q?),
E w (782 MeV) oL =A+B-(—u)+C -In(Q*) + D (—u) - In(Q?) ,
0.3 — orr = (A+ B (—u))sin ",
E orr = (A+ B - (—u))sin? 8*
02—
01—
N (547) +——— am——

Width from PDG with
Ae B® dependence

HERMES
Imperial parameterization
with Soding factor

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 24



Iterative Procedure (Recipe) to A Full LT Separation

Improve ¢ coverage by taking data at

multiple HMS anales, -3°<0,, <+3°.

e, -0
0,=-3 @=+3 —u-0.0

3 u bins

0.6

0.

U‘I

Separated X-section

04
0.3
0.2

0.1

P i I PP IR U I B

do

8 phi bins

o

_doy

Background Subtraction

- Range: 0.571500 - 0.830500 ( SR
Mean: 0.705936 RMS: 0.088675 Sim: 0.781500 Sim Omega
0.005| w_f: 0.565883, r_f: 107.174206, x_f: 104.225609 simAl

Missing Mass GeV

r Q2=160

| Fit Status: OK
1— Chi2/DOF: 0.919912

‘Unseparated X-sectign

;LT
L

o

N
T T

[ |

olvv v bvv e b by b bvv i b a |l
50 100 150 200 250 300 350

do
& L

“atdg  dt

+4/2&(e +1)do-—LT

dt
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PETE EE R I MEFETIE I IS A I I A
0.45 05 0.55 0.8 0.65 0.7 0.75 08 0.85

Extract T, L, LT, TT via simultaneous fit

CoOsSgp+¢&

Omega Yield Ratio: Yexp/Ysim

22
2f
135
155
143

1.2 F

Yield Ratio

1E
os[

o6

iR R RN LR RN R RLRI R LR
————————
—
—
—
—
I ——

0.4 b
ozba by by b ey by b By a Ly

4 angle

For each HMS setting, form ratio:

YExp - Yp sim — YXspace sim

R =

- Yn sim

Yw sim

Combine ratios for settings together,

propagating errors accordingly.

d’c
dtd @

A

dtdgp SIMC

Empirical Model

do;
———Ccos?2
dt ¢
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Missing Mass Distribution Background Extraction

u_fit_phi_160_59_+3000_2_ 5

0.35 _—Range' 0.655000 - 0.845000 m
FMean: 0.771099 RMS: 00351 SimIE7
0.34\! f:1.241969, r_f: 31725971 x fism“
Ce_f: 563.644593, ep f IJIJIJCIDIJ H
025 ' I 11 Sim All: 1.098069
E ' 11 xphsp: 0.316330
ozb : it : : rho: 0.282143
F : :: eta: 0.080644
o1sE , 11 etap: 0.000000
F ' |1 Omega Sim: 0.414953
F i ! Omega Exp: 0.539620
0 "
Fit: OK vl '
oBg:ptxpn :
of "
Eva v b b bvvva e braag
04 0.5 06 07 08 09 1 14

Data (blue point)
Xspace Sim (green)

p Sim (light blue)

w Sim (red)

n or n’ (black)
Simulation Sum (pink)
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O.DS

o

u_fit_phi_160_59_+3000_2 5

u_fit_phi_160_59_+3000_2 5 u_fit_phi_160_59_+3000_2 5

2 y2/dof: 1.04.
f— % .

WM

h_miss h_lgt_sub h_igl_zero_int

C Entries 28, o Entries 2682 0.06 En 11111 , 11

— [ 0.7708 fean  0.0525
[ f - 012 r

36 - RMS 01688

oA

}[ y2idof: 1.32 oos|-

-0.02 —

Int: 0.001529
Fit: ‘?.000106i0.004032

1 1 L 1 L
06 065 l]? 0?5 DB OES DB OBS 1
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Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

Ll il
06 065 DT D?S 08 OBS DQ OES 1

Zero= Data — Omega- Bg

Elov i ber v bvva by bov i bvvna b b
1131 065 o7 075 0.8 085 09 0.95 1

Background Sum

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

Integration Limits (blue dashed
line):
m Fixed for all u-phi bins!

Bin Exclusion criteria;:
m Radiative tail exceeds 50% total w
sim
m Less that 100 raw counts
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Yield Ratio and Simulated Cross-Section

Average Yield Ratio (Yexp/Ysim) vs -u

or=A+ B-(—u)+C-In(Q*) + D - (—u) - n(Q?),

£/ ndf 59.13/10
s po 0.9289 + 0.02507 ‘ ]
p1 0.01118 + 0.1034 op=A+B-(—u)+C -n(Q*) + D - (—u)-In(Q?,
11—
o 105 o =(A+B-(—u))sing”,
£
i + orr = (A+ B (—u))sin? 6"
g 1 |
é 0‘9? low Q? Iw \E 1
0'85: :O:nqahgh * 2 do _doy +gdGL +«/Zeig+1)da—”cos¢+gda—ﬁc032¢
08 ghQ high < dtd¢ dt dt dt dt
075 II015‘02I025I03 35‘{)4‘H
Model Cross Section
2 2
d“o d o
dtd o yp dtd @ g c
N

Omega Yield Flallo Yexp/Ysim

25

O<u<0.10
(t~4.1)

05

————.f———

| 1 wh

1 2 3 4 5 6 7 8
sangle

Q2%=1.6, Low &=0.33

Omega Yield Flallo Yexp/Ysim

0.10<u<0.17
(t~4)

1 2 3 4 5 6 7 8
sangle

Omega Yield Ratio: Yexp/Ysim

T70.17<u<0.32

(t~3.8)

4--]-%4-1-7-%

R

1

\

Exp/Sim Yield Ratio

1 2 3 4 5 6 T 8
oangle

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Unseparated Cross Section (Money Plot)

do do;

T —
dtdg  dt

dGL

do ,

+ \/26‘(8 +1) it

COS¢+& dor, COS 2¢

dt

F Q2= 160 O0<u<0.10

% 0tk Fit Status: OK

O (t~4.1)
5 0.6
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Fit Status: OK
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High £€=0.55
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Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Separated Cross Section

SigT SigL SigT SigL

> .SigT @ Q2=1.6 « SigL @ Q2=1.6 > «[SigT @ Q2=2.45| «[SigL @ Q2=2.45
g 0.4:— 0.4:— g 04:* 04:*

3 | #\' . S i

da 0.25— 0.25— %\N da 025— \ 025— i

Q_|
e
T
e

Q_|
o
T
e

T

t _ t
R ey '_'ljns' S T R T 04 gt '_'Tj' BT R D40 s 02 _0.25 03 035 04 CAT s 02 i.zs 03 035 04
SigLT SigTT Sig LT Sig TT
E “SigLT @ Q2=1.6 “SigTT @ Q2=16| ¢ “SigLT @ Q2=2.45 “ISigTT @ Q2=2.4
o oF «[(Black) data points O of
=7 _[Blue dot) Prev. Model § |
dG oi z - & -(Red) Flt dG o:— E,_/r”/. 0:_ ./‘—-//.
W Y ° T )
dt | | g i
Q2 /=1.60 ; Q2 =245

el L L L ] el L L L ]

U . T . U U

m Observations:

= SigT dominate SigL at 2.45 at u~0: validated the TDA prediction (o; > o) for Q?
=2.45

m SigT behave differently at different Q2.
m LTand TT are small

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



TDA Prediction (Private Communication)

0.6

[

uB(GeV?
b

-0.2

=04

o
)

[N

500¢

2001

d*a/dQ,, [nb/sr]

201

100}

w
=]

10

|B. Pire, K. Semenov, L. Szymanowski, Phys. Rev. D, 91, 094006 (2015

m Top: separated cross

section at W=2.21,Q%=2.45

= Bottom:TDA calculation for
Cross section at W=2.21
Q2=2.45 (private
communication)

Wenliang Li, Dept. of Physics,’ﬁﬁ‘i}\?mf Regina, Regina, SK S4S0A2, Canada.



Future Backward Meson Production Opportunities

m Potential LOI (2018):
m Backward m® production at Hall C.

m  Other extreme forward angle physics
program
m Some u-channel w data from 6 GeV
Era

m 12 GeV Commissioning experiment at
Hall C include Kaon Form Factor
experiments.

m  Fpi 12 experiment (for free)

= nn,w §(ss) p
st = w, ¢(ss) production ratio would
o yield valuable information.

0.07

HM@&|and SHMé Coincidence Mode
«wSimulation by Garth-Huber

o‘fé- P e g e (T s g e g ‘ﬁ””l:‘ém"!‘
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 31



Thank You

m Greatest gratitude to the TDA group providing the
calculation to fit our data and inspiring inputs from
Christian Weiss. Valuable comments from Kijun Park
were very important during analysis.

m Data Nturple were generated by Tanja Horn, Great work

= Many thanks to my graduate student colleagues

m Fantastic support from colleagues, staff scientist and
technicians from Regina and Jefferson Lab

m Special thanks to my wife: Noemi Ochoa Gamboa

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

Noble Gas
Cerenkov

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

Noble Gas Cerenkov Detector

m e/1r separation at high
momentum.

Wire-chamber (Focal point)
= Momentum Determination

Hodoscopes
m  Trigger

Heavy Gas Cherenkov Detector

m T1/K separation for p>3.4
GeVl/c.

Aerogel Cerenkov Detector

m Depending on material K/p
separation or 1/K at low
momentum.

Lead Glass Calorimeter
m e/ Separation

34



Detector Design

Budget :
CAD$140k
Founded by PMT
primarily NSERC
Quartz
Window
Aluminized
Mirror
. Thin Al Window
Aluminum (hydroformed)
Vessel (Vacuum )
Gasport

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 35



My Role on the detector R&D projects

= Only graduate student on the.

m Good: complete exposure to a successful detector R&D project. Involvement at every
single stage of the project. Interact and learn from other experts/technicians. Share
responsibility which is unusual for a master student.

m Helping with project management: making manufactural inquiries, double
checking blue prints and budgets. Help keeping track of project schedule. Jump
through administrative and safety red tapes. (2010-2013)

m Complete variety of sub projects R&D (2010-2013)

m  Software simulation: developing and maintaining the detector Geant4
simulation to simulate detector performance. (2010-present)

m Retired from R&D front line, tutoring summer and new students (2014-
present).

m Listed as the HGC detector expert for Hall C (carry unique responsibility).

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Sub Project 1: Mirrors

Glass

= Slumping Glass Technique:
m Machine a metal mold

Mold = Place pre-cut glass
onto the mold

m Place mold into the
oven

m Glass gradually slumps
to the mold curvature

Release Agent

m Select the best mirrors for
the HGC detector

m 15 mirrors ordered

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 37



Sub Project 1: Mirror Selection

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

FARABOLA

ELLIFSE
k=0

¥

m Classification of curvature using
telescope equation:

_ (= Zops)? + (Y — Yors)?
R+ VR — (1= K)[(x — Toff)® + (¥ — Yoss)?]

+ Zof f

A

R: Radius of Curvature

K: Conic Constant
K = 0: Spheve
K < 0: Prolate Ellipsoid
K > 0: Oblate Ellipsoid

m Mirrors are classified based on their
fitted R and K values

= Difference between fit and real mirror
measurement is along the edges and
corners

e

e 200

HallC-doc-716-v2 38




Sub Project 2:

Mirror Aluminization Reflectivity

1 (M) —
Al
RO A
=
5 60 -
=
)
]
L
= 40 -
L]
(=" i
20 -
| Ag
0 - - 1 T —
200 nm 5040 nn 1 pm 2 pum pm
Wavelength
% / aaaaaaaaaaaaaaaaaa
/ - Willow ve, PA 19090 USA
{215) $59.3080
ecl {215) 1275
evapsales| @ evapcoat .om
www evaporatedcoatings.com

Coating Spectral Performance

Customer: Jefferson Laboratory Date:  11/22/2011 Angle 8° Analyst: KH
P.O. # 12-M0245 Run #: 1.5 Polarization: Remarks: HGC Mirror
100
°
EL e
a5
0 S
—
200 280 300 360 400 550
Wavelength (nm}

= Why Aluminization?

= Manufacture choices:
m @ Cern: $5000/piece
m @ ECI: $4000/Iot (6 mirrors)

m Generated Cherenkov photon
wavelength

m 180-600 nm

= Mirror reflectivity setup @
Jefferson Lab were used

m  Aluminized mirror requirement
m /0% Reflectivity @ 200nm
m 90% Reflectivity @ 300nm

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Sub Project 2: Reflectivity Setup

Mirror #8 % Reflectivity
Mirror Mount . C
ﬂﬂﬂﬂﬂﬂﬂﬂﬂ Sing Lens 90:— %ﬁﬁ%ggg%i%%%ﬁ%%%%%ﬁ%%%éﬁ%
................... C *%xx z4 =TT
r gEg i
o g% HallC-doc-768-v1
S 2 - xl % Left %R
® 7 @ 2 E 70— % % Right %R
B 5 = E - %%§ . Center %R
Flipper Mirror—— % : £ gol{f -
Optjcal Chopper—* Z of -
_jIReference > - Aluminized Mirror reflectivity
= /l_@ : o) 0 o moo T 3so - a00
) UV Photo-diode Light House _ Monochromator Wavelength (nm)
100
i eeRnRRReRRPEicEegy
30 ..-ﬁ*bﬁﬁﬁﬁ -
i &® J
% 50:_ = T Sample 4
® % o Sample 7
E 40— * Sompls 8
i L« RTV 61&_3 transmisivity —
Measurement SN arXIV14O73258V1
: 0y e 300 T R
2] _'r| . Wavelength {(nm)

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. 40



Sub Project 3: PMTs

m Basic working principle y gﬁé 5
m Photoelectric effect: convert photon to analog signe % §§§ §:§ o %
= Widely used by Particle physics detectors for many o %% il g%
years: hodoscopes, calorimeters, etc - & = = =3 9 8/9
—f . )

m Hamamatsu 5" PMT

¢ 1420+ 0.8
$131+2
¢ 120 MIN
i i "

40

m Cost: $4400 each (2009); over $10k (now)
= Recommended Voltage: -3000 V P g
. g
= Good: L Op 95 £
= High cathod sensitivity, constraint on quantum efficiency - 27652 - g
m  Good photon electron resolution 9+ 9ge
= Bad: ===—p
= Come with some wired problem! Rischarge and Ringing /"I e \\\ Sl
AV S Y <M
S| YR 2pe 2 ! %\

2050 | |

A
% \
3000 & QUANTUM _ -4\
o EFFICIENCY / |V \
v 1 "- Y
= i !l
E - S
\5 A A
3 Cherenkov
0.1 p—— s
= b an d ) ‘=
I 1
i
1
0 L
0 50 100 150 200 250 300 0.01 200 200 800 300

ADC channels

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada. WAVELENGTH (nm)



Signal

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

|
Ringing Tall
0.0 rf;;/‘_\\_/'_\_u_,ﬂ_.—-_,&h,&_:_,__,:._,_ I
4
/
~0.1 /
|||If:': Before Modification
If
—0.2 ‘
After Modification
—0.3 - ) -
|/
Vi
—-0.4 I | |
20 0 20 40 60 80 100

Time (ns)

Fs,

Plastic . Plastic
® ~_

Hamamatsu R1584 5" PMT @ 2000V
(recommended) two disturbing
characteristics:

m Discharge
= Ringing
Solutions:

m  Add more insulation to eliminate the
discharge

m  Modified the base circuit board to
suppress the ringing

R1584 from 20 years ago do not have
these characteristics

arXiv:1311.6761v1 42
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Sub Project 4: Detector Alignment

.ﬂ/

X (cm)

Geant 4 simlation

m LED alignment Array (Xmas tree)
m Colored LEDs: Red, Blue and Green
m  Replicate photon envelope
m Compared to MC

m Significantly helped us aligning the
detector

< S4S0A2, Canada.

43



Student Projects Under My Assistance in Supervision

m Alex Fisher (2012)

m Studying and measuring gain of

Hamamatsu PMTs
m HallC-doc-738-v1

m Thomas Fitz-Gerald (2013)
m Help the HGC assembly at Jefferson

Lab

m Matt Stugari (2016)

m Detector performance simulation with

CO2 and C4F10
m e/pi performance
= Pi/K performance

m HallC-doc-804-v2
m HallC-doc-804-v2

Fantastic work!

Turned HGC to CO2 GC

Mumber of Events

" | | Single pe peak!

3
ADC channels

(a) 2050 V

MNumber of Evenis (K, Profon)

g E

o
Dete

(b) COy @ P =0.50atm & p =3GeV/c
Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.

ad Phota-Electrons per Event

| Gain vs. Voltage- H PMTs |
; . .

‘Gain vs voltage

P
-l

Gain

10
Sl

y
1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700
PMT Voltage

13 8000
I oot

Total 000 _
z
5000 =
5000 2
:
. 4000 .
pi/K o 1
2000 =z

1000

40 T &0 1ol
Detecied Photo-Elecirons per Event
(b) C4Fp @ P =0.95atm & p = 3GeV/c
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Detector Status and Updates

= April, 2013 Hydroforming
completed

T ¥ = June, 2013: Detector finished
: aligned and assembled at Regina

= July, 2013: Detector was shipped
to Jefferson Lab

= August, 2013: Detector was re-
assembled at Jefferson Lab

m April, 2015: Detector installed

Plot by Ryan Ambrose

KPP

: «1p.e peak = March 2017: Calibration

underway by new grad student:
Ryan Ambrose

m Remain as one of HGC detector

D . e T S ) expert throughout 12 GeV era
Wenliang Li, Dept. of PhySiCS, univ. ui recyliia, Reyllia, ON O40UAL, \,aliluétcg:l. 4—5
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Thank you

= HGC Constr\u>\i0n Team at UofR

m Leader: Garth Hubgr

m Grad-Student: Wehliang (Bill) Li
m Technician: Derek and Keith

m Undergraduate Students: Thomas, Lee, Alex, Paul, Matt

Success Project, strong leadership by Garth,
fantastic group Effort! Great support from Hall
C staff scientists and Technicians
| would love to provide detailed information on any R&D sub project

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

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

Credit to Keith and Dr Andrei

Semenov

Magnetic Shield
R 1584 Photomultiphier Tube
GI f@ B pr ps p4 DS pDE P D4 D9 D DI DIz DO Ef
| sl
0 19 vl 17 3 16 4 15 i 14 f 1% 12 i 11 16— —e HNC
E6T8-20A Sdcket | Signal
CIT I T I (1! Output
SIIV ._.Jh_"' '_.'-!-ﬂhi" '_?-I'*".Iln.'.-.'_."-'i"'j.'.-.' '_II'QJh'.'.'_' IH"Jl.'.?_' Il.I"JL'.'.'_' Il:l"j.'.-.'_“_lUI"'J.'.'.'_"_JUl.:".';.f.'_"_'.ULI'h.".'_"_'.'UUIi‘l '_'.'Ul.lh‘:" '_'.".lilh‘:" '_Lsuki-%:-um%umﬁ%muﬂ |
_I__ —— g E7693 Base (Dynode chain) N G N G
B 1 Ncgaﬁvc Power huppw 0O22LF (MTUF  QApF  022uF  0475F =
= Magnetic Shield Floating . £+ L
(Modified)
0.01LF Capacitors added on recommendation

of Dr. A. Semenov, Dept. of Physics, U of R.
510! resistor 1s a common impedence matching technique.

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

K and P should not Cherenkov

[ |
= Not directly
m 250000 Event at 7GeV momentum
m Delta radiation is possible
m Simulation at 7 GeV:
= 1T 250000
m pP: 100000 Events
s K: 100000 Events
m Performance at 7 GeV:

Cut at 10 photo-e:
98% detected pion
0.8% detected Kaon
No Proton

1% missing pion

Wenliang Li, Dept. of Physics, Univ. of Regina, Regina, SK S4S0A2, Canada.
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Lock-in Technique

MC 100 Chopper.

Chopping Rate:14Hz

AXUV 100G

@ Ref

Detector

alnput A

SR530 Lock-In
Amplifier

Qlnput B

¥ Output A-B

Computer Display
(EPICS GUI)

= MC 100 Optical Chopper:
m Chop the light signal
m gate Generation for SR 530

m AXUV-100 Photo-diode

m SR530 Lock-in amplifier:

m Output: Signal Subtraction (A-B)

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

The lock-in technique is used to
measure very small AC signals in
large background at narrow
bandwidth.

Advantages:

Measure Reflectivity at any
possible on the Mirror

No PMT

No Dark Box required
m Requires a constant background

No Vacuum Chamber required

If N, is used, lower wavelength
IS possible.

50



Spherical vs Oblate Mirrors

X (cm)

Number of Events

-40

PmtAIZ | 4

-45

=50

-55

-60

a5 a0 s
Y {cm)

“Oblate M

Enfries 6543858
Mean x -25.78
LhlEany 25350
B L 2.486 (|
| [RMS 1.762

Oblate Mirror has larger focus spot

7 GeV pion simulation

Oblate Mirror has

/’ lower focusing Efficiency

Pmt All 4

Entrias
Mean x

_ Hit Ev Total Event it Event Total Event
4000— Entries 400000 Entries 100000 E Entri 100000 Entries 100000
E Mean 44.74 Mean 356.6 C Mean 449 Mean 356.8
E 103 RMS 39.12 35001 — 10 RMS 39.03
3500 C
3000 3000 -
8 2 s00f-
£ & £
- /1Oblate Mirror Y wwb ISpherical Mirror
2000 ° C
E é E
1500 — g 1500 ;
1000 i 1000 :—
500 500
E P EFENET A AN AR | I I i E P EFETE AN AN AT | I I N
09™"86 100 150 200 250 300 350 400 450 500 0986 100 150 200 250 300 350 400 450 500

Number of Photons per Event

Number of Photons per Event

6500728
-25.62

1.651

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

Oblate vs Spherical Mirrors
m  Spot Size is slightly worse

m  Detection Efficiency is slightly
worse

Oblate mirrors (slumped):
$8k/lot

Spherical mirrors (polished) :
$100k/lot (Hall B number)

Conclusion: Oblate mirror is
sufficient for the threshold
Cherenkov detector

s Concern: corner optical aberration
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Cherenkov @ Jefferson Lab: Hall C

; - 'EJ] 30 L | L | L | L |
10 . T _ o L 284° @ 7.0 GeV/c -
. - I .-l P - = 28+ & - Cherenkov Threshold
- - ~ - —_— = CD 7 r" I‘ r
% . Tl Tt~ v 26 - > c C
= 1 Tl K - 2 om | v Y
~ = ; | e (W n\w
B o Detector Pressure DA < 2.4 - ; - r(w) (w)
= 107 < = . 1 / '\ [
@ ] n=1.0014 ¢, 0 - - 822 | o
& . 4 10 - . '
. y i 5209 . Cherenkov Angle
@ 1 i 5 1 N 1 1
< 10" | E 1.8 7 N cos o = — = 5
: - | BVe(w)  Pn
— — o 16 T T T T T T T T T
| ' | ' | ' T ' 2 4 3] 8 0o 12
3 = 7 9 11 Momentum (GeV/c)
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m  Spectrometer Momentum is define by the dipole setting

m Cherenkov medium: C,F,,O gas

(n—1)

= Refractive Index to Pressure: P =
(n latm — 1)

m Detector Pressure
m 1 atm for 3—7 GeV/c Momenta
m Reduced pressured at 7GeV/c or higher Momenta
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Sub Project 1: Optical Test & Overall Results

Mirror 90% Fit 90% Fit # of Failed FR/2—FL Blue-Green Overall

# R (cm) K Criterion (cm) Ratio Ranking
1 118.397 1.95 5 1.15 0.09 Bad

2 113.124 1.06 5 2.24 0.39 Average
3 117.110 1.70 5 2.99 0.70 Average
4 122.392 2.29 6 4.80 0.08 Bad

5 113.331 0.76 5 -0.14 0.14 Average
7 113.538 1.13 3 0.79 0.12 Reserve
8 114.325 1.26 4 1.01 0.15 Average

9 114.372 1.30 4 1.62 0.12 Reserve

13 122.464 243 6 3.19 0.01 Bad
14 117.964 1.59 6 341 0.14 Bad
15 113.674 1.17 5 2.10 0.18 Average

Mirror #10

m Optical (defused Laser Beam) Test

m Measured focused spot distance and
obtained focal length. Then the focal
length is compared with the fitted
radius.

m Photographic processing obtained
Blue-Green Pixel Ratio

m  Overall Results

m  Mirrors with better fitted K and R values
had better reflected spot in the optical test.

m Best 4 mirrors has 0<K<1 (Oblate) and
110cm <R < 115cm
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Sub Project 1: Mirror

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

4 Aluminized Mirrors
m Dimension: 60cm x 55cm.
m Curvature Radius: 110cm
m  Top two mirrors: 16 degree

m Bottom two mirrors: 20
degree to the vertical plane

Manufacturing technique:
m  Slumped Glass: $8k (15
pieces)
m Pro: cheap
= Con: quality may vary

m Polished Plastic: $100k (4
pieces)
m Pro: perfect quality
m Con: expensive
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Missing Mass Distribution Background Extraction
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m Integration limits and fitting limits
m Exclusion criteria
m EXclude the radiative only omega bins

m EXclude the low statistics bins
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Bin Exclusion criteria

'm Low Statistics
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Background Extraction and Check
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