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jqﬁ%rson Laﬁom’mry

Proton strangeness Form Factors via parity
non-conserving elastic electron scattering

0.15
K - ® HAPPEX-II [ ] Uncertainty in A _
0.1 i A HAPPEXI&I 771 Giobal Fit
T B " GO
b ° P
N . e 3% of (GE-H] Gpu)
0.05 N '
N T
A p—
Gk o - ; .............
- : - FErLEC -1'?&%".’.’0’.’.‘.’0"’0".
-0.05 - - ‘Pl
-0.1f .
- B GO correlated error
0.15 . p—— p—— P—— P——
) .0 0.2 0.4 0.6 0.8 2 1.0
Q° [GeV]

9/6/22 Quarks and Nuclear Physics 2022 slide 3



Composite structure of the nucleon

The magnetic moment of the proton was measured by the method of
the magnetic deflection of molecular beams employing H, and HD.
The result is yP=2.46u,=3 percent.

PHYSICAL REVIEW VOLUME 72, NUMBER 12 DECEMBER 15, 1947

On the Interaction Between Neutrons and Electrons*

E. FErMI AND L. MARSHALL
Argonne National Laboratory and Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received September 2, 1947)

The possible existence of a potential interaction between neutron and electron has been
investigated by examining the asymmetry of thermal neutron scattering from xenon. It has
been found that the scattering in the center-of-gravity system shows exceedingly little asym-
metry. By assuming an interaction of a range equal to the classical electron radius, the depth
of the potential well has been found to be 3005000 ev. This result is compared with estimates
based on the mesotron theory according to which the depth should be 12000 ev. It is concluded
that the interaction is not larger than that expected from the mesotron theory; that, however,
no definite contradiction of the mesotron theory can be drawn at present, partly because of the
possibility that the experimental error may have been underestimated, and partly because of
the indefiniteness of the theories which makes the theoretical estimate uncertain.

INTRODUCTION of nuclear forces. According to these theories,
proton and neutron are basically two states of
the same particle, the nucleon. A neutron can
transform into a proton according to the reaction:

HE purpose of this paper is to investigate

an interaction between neutrons and elec-

trons due to the possible existence of a short

range potential between the two particles. If N=P+p. (1)
such a short range force should exist, one would

. expect some evidence of it in the scattering of
E . Ferml, 1 947 neutrons by atoms. The scattering of neutrons Actually, a neutron will spend a fraction of its
by an atom is mostly due to an interaction of the time as neutron proper (left-hand side of Eq. (1))

(N =neutron, P =proton, &=negative mesotron)
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Electro-Magnetic Form Factors

One-photon approximation, o, = 1/137, hadron current

pv R bluth (1950
Tlearomie = 1N () [ FL(@?) + oyt Fa@)| N(py oo 1950

Akhiezer (1958)
At large Q?, study of G¢ requires use of Arnold, Carlson

polarization observables - FFs at JLab and Gross (1981)

1y+2y expression for M has three complex functions, 7, F, F;
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The first measurement of the Form Factors
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SLAC results for the proton Form Factors
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Higher order diagrams

PHYSICAL REVIEW VOLUME 106, NUMBER 3 MAY 1, 1957

Proton Polafizability Correction to Electron-Proton Scattering*

S. D. DrELL, Stanford University, Stanford, California
AND

M. A. RUDERMAN, University of California, Berkeley, California
(Received January 23, 1957)

The contribution to observed electron-proton scattering cross sections of the electron-induced polarization
of the proton is estimated and found to be small for electron energies <500 Mev.
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SLAC results for the Form Factors
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Results for the Form Factors
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Nucleon form factors scaling
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(iv) Measurement of the charge structure of the neu-

F. Gross, 1987

tron and deuteron. Coincidence techniques must be used
to measure these basic quantities, and hence the capa-

bilities of CEBAF will be needed to obtain accurate

Physics program

measurements at high Q7. These important quantities

are sensitive to quark distributions.
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Four contributions to the nucleon FFs
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The goal 1s understanding of the nucleon

L AV pQCD prediction for large Q*:
611 Sy = Q°F5 [ FY N 2
‘L s, S — Q) F
4__ mul I ° Sp _ . .
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i E/'I/ ? /r;! * T 2 2 2 A2 F F
of 7 18— @/ (@A) B/ Fy
w ot i _ ]
ol L ST pAED (2009 1 Flavor separated contribution:
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l 2
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Physical Review Letters, 106, 252003 (2011)
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JLab high-Q? data on Form Factors
change our notion of the nucleon

» The notion that all FFs are like a Dipole fit is gone!

JLab discovered that the proton GE/GM varies with Q2.
JLab observed a factor of three drop in F1,4 relative to F1,,.

» The nucleon is not an SU3 symmetric object.
The role of quark orbital angular momentum needs clarity.

The u-d correlations are at the center of investigation.

The DSE solution of QCD suggests that these correlations
are responsible for the 3-quark bound state.
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Study of nucleon structure requires IMF
GPDs 1n the impact parameter representation

Fi(t) =) eq [ dzH (z,1) Muller, Ji, Radyushkin

q(z,b) = [ 2 (2m )267' IPH (z,t = —q?) M.Burkardt
P.Kroll: u/d segregation
p(b) = eq [ dz q(z,b) = [ d*qF,(q?)e* 4P

< Q- E(Q*)+7GMm(Q? G.Mill
p(0) = 7 95190, (@Q) S Gl

center of momentum R, =) . x; -1, ; Transverse center of the
quarks longitudinal
b is defined relative to R | momentum fractions
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Sachs Form Factors before 12-GeV
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Figure-of-Merit for O&TA experiments

One-arm experiments: high £ and large Q (AQ%/Q2~0.1):

The Super Bigbite Spectrometer is the best choice due to large
solid angle Q = 70 msr and detector rate capability

Two-arm experiments deal with elastic or quasi-elastic
Pm ~ 0.2 GeV/c for the nuclei; ~ 0.5-1 GeV/c for the nucleon
The high Q?/t/v experiment N(e,e’h) means p;, ~ 2-8 GeV/c;

70 msr of SBS acceptance: the detector captures efficiently events up to
Pm ~ Prn/5 => one setting could be a whole experiment

FOM = L X Quectron .0.07 =7 x 10%

electron/s x nucleon/cm? x sr



Super Bigbite Spectrometer

Viewto A - A Right yoke

Beam

Right yoke

146"

\7 E@ nght coil

48D48 — 46x155 cm? aperture and - momentum resolution is
2.5 Tesla*m 0.5% for 5 GeV/c
- solid angle at angle 15°
GEM chambers with 70 um resolution - angular resolution is 0.3 mr
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Novel coordinate detector

lonizing |Particle GEM foil: 50 um Kapton + few
Drift Cathode um copper on both sides with
70 um holes, 140 um pitch

3 mm - Drift

oA
LLLA]

lonization

Multiplication GEM foil

2 mm - Transfer

2 mm — lransfer

Multiplication = GEM foil

2 mm - Induction

Readout * Readout Plane

Strong electrostatic
field in the GEM holes

F. Sauli, Nucl. Instrum. Methods A386(1997)531
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The nucleon FFs by 2014
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Hall A form factor experiments

Proton magnetic form factor: E12-07-108 Neutron/proton form factors ratio: E12-09-019

Hadron Arm

Proton form factors ratio, GEp(5): E12-07-109 Neutron form factors ratio, GEn(2):E12-09-016

Proton Arm

Hadron Arm

ji Lead-glass
Calorimeter
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Sachs Form
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The GMp12 experiment

Phys.Rev.Lett. 128 (2022) 10, 102002

12845 6 7
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courtesy of A. Gramolin and A. Puckett
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Proton E/M from cross section

‘qé N R 0, =7G,(Q)+eG;(Q) =0, +e 0,
—2 — G2 (Q)(t+ e RS(QV)/12),

p P p P

() (b)

\ Tl \ ]

m = e This work ] _

O 4 o Giopal fit ] Fast moving quarks can not produce
O C 7] . .

£ 4~ Globaliit (wlo GMp12) 1 E a sharp minimum.

. = — : Polarization Transfer ] . Gyor o »
= F ; Can a diquark lead to a “minimum” in
© E the form factor? Yes, according to
Yol - the DSE approach.

10.

I Can a diquark play a role in the two-
%) photon exchange contribution?

o

Q? (GeV/cy
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Neutron Magnetic Form Factor in CLAS12

density, smaller range. 194:1

Red - CLAS6 #_
Green - Previous World Data | "N

O, 1.2 y =

Gy Measurement with CLAS12 in Hall B = E % e eito only 3
o B 3 3

, 2 ’ ? \ =

« Complementary to Hall A measurement — different o N =
systematic uncertainties. e PR s =

+ Uses the same R=e-n/e-p ratio method. I N Wi I =
- Different Q? coverage than Hall A — higher angular o "] Miller, Phys. Rep.

* Run Group B, Lamya Baashen (FIU) thesis. 0.8E Clack - CLAS 2 anticipated oot a5 8o
< . dy
0.5 Blue - Hall A anticipated o I Syst, 46:1-36
The CLAS12 DeteCtor O 4 Blarlgrl‘aplhs: ) 1sy[St?rnlatllC ll‘lnlceftallntllesl 1 1 I 1 | 1 1 E
' 2 4 6 8 10 122 ,
« Covers most of 41r. Q*(GeV")

* Forward Detector covers © = 5 - 40 deg.
* Over 100,000 readouts in 40 layers.

The Data Set — CLAS12 Run Group B - 1N =N CLAS12

« 43 Billion triggers at 10.2, 10.4, and 10.6 GeV. peam
* Average beam polarization ~86%.
* 43% of approved beamtime used.

» All runs have completed cooking/pass 1.

courtesy of J. Gilfoyle
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Neutron Magnetic Form Factor in CLAS12

Data e-p: pred E_ from angles vs. pred E_ from ele[6,, < 2.0]
e e P9

S - N .

‘ Event Selection: Quasielastic (QE) e-p events I

» Assume QE scattering. \
* Get E,.,, Using electron P, and 6, AND

« Get E,, using electron ©, and 6, . Apply cut.

« Require 6,, < 2.0 deg where 6,, is between the 3-
momentum transfer and the proton direction to remove
inelastic background.

Epeqm from 0., 0,

75 8 85 9 95 10 105 11 115 12

Ebeam from Pea 96

‘ Event Selection: Quasielastic e-n events

» Assume QE scattering and follow the procedure above
except use the neutron angle 6,
* Require 8,, < 2.0 deg for the neutron.

‘ Acceptance Matching of n and p solid angles. |

* For each good electron assume QE scattering and
calculate proton and neutron trajectories.
» If both trajectories hit CLAS12, keep the event.

75 8 85 9 95 10 105 11 115 12

Fyeam from P., 0,

courtesy of J. Gilfoyle
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Neutron Magnetic Form Factor in CLAS12

Neutron Detection Efficiency (NDE)

Needed to correct e-n yield in the ratio.
Use the "H(e,e'TT"n) reaction and the CLAS12 Run

Group A data set.

Use only the e’ 1" information and identify the
neutron events with the missing mass.
Predict the location of the neutron (expected).

Search for the neutron near that location (detected).

NDE is ratio of detected/expected.

Status

Have major components of R and NDE in hand.
Validating and testing algorithms with simulations,

different methods,...

To Do List

Extract systematic uncertainties.
More corrections (energy loss, Fermi motion, ...)
Proton detection efficiency

9/6/22

courtesy of J. Gilfoyle

/NDE
©o o o

=
9E Increased CLAS12 0.9 GeV<MM <1 GeV
s NDE with PCAL. |
= =
TR TR g
0-6;_ VU{VNM_F
05F .;" ] ' o
0.42— ,:;. CLAS6 Data ’ “/l”“l“(,”y
= $ Inb Data Fall 10.6 GeV Face Fid Cut
03 & Outb Data Fall 10.6 GeV Face Fid Cut
02 &
o ¢ :
E.991Ovlerlap|W|th||||
0T CEAS6

Counts

400

T

200

43.85/38
3788+75

L Constant
Mean 0.9531+0.0022
L Sigma 0.06636 + 0.00204
Alpha 1.803+0.119
— LN 2.487 +0.599 —

r P = 2.42-2.52 GeV/c
| Oneof36p__bins
- mm

"Red - Crystal Ball
H <x(2; Jv>=10

| Blue - Gaussian core
<xé/v> =15

1 | L L I I | 1

Missing Mass [GeV/c?]

Quarks and Nuclear Physics 2022

6 7
Pmm [GEV]

Exploring fits to the
missing mass in 36
missing
momentum bins to
extract the neutron
yield and obtain
the NDE.
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Neutron Magnetic Form Factor with SBS

D(e,e’'n)/D(e,e’p) — Durand 1959

tron arm

HCAL Efficiency Ratio (N/P) (E T=1/4E peak) (4%4 cluster)

—
I

o
|:|8|||

o
[{e}
(o]
T
L ]
L ]

Electron
beam

Efficiency Ratio (N/P)
@
~
T | LI
o

M I, ~0.975

| I 11 1 | I 11 1 | I | I l 11 1 | I 11 1 1
7 8 9
Nucleon Momentum (GeV/c)

N
w -
s
(&)
»

Hadron
SBS magnet detector
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Neutron Magnetic Form Factor with SBS
D(e,e'n)/D(e,e’p) — Durand 1959

0.9 KeIIy Fit
BBBA Fit
0.8 A CLAS
B SLAC

e Hall A projected

Q? (GeV?)
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Neutron Magnetic Form Factor with SBS

Electron arm
momentum vs.

iviomenuim

scattering angle

Elastic

electron-proton
scattering

9/6/22

h_pmom_theta

Entries 280776 D
Mean x 35.75
— Mean y 1.464
- bs-"g- g o Std Devx 1775

=4

> B | StdDevy  0.221
= 30
1.8 &
. 250
1.6 =iy
= 200
1.4
1.2 g8 150
1K 100
0.8 a3 e 50
0.6 - - -
1 1 1 |- | ™
28 30 32 34 36 38 40 42
theta
SBS-4 SBS-7 SBS-11

10000

50001

€

Reastc = 42.3K JuAh

c=141%

0.0 0.5

-p [GeV/c]

bbbbbbbbbbb

2001

A4

\

Reasic = 69.7 /uAh

\Ic=1.12%

0
-0.5

0.0 0.5

pbblrack - pe exp [GeV/c]
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0.0 0.5

pbbtrack . pe exp [GeV/c]

courtesy of D. Hamilton
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Neutron Magnetic Form Factor with SBS

Real Data vs Simulation (LD, data) contd.

25 —24

—22

—120

| Réél__Dé’fa“ -

—118

—116

14 0.5?'

12 of

':JI'III.III'I'I'I"IIIIIIII.IIII'IIIIIIII

ll,ll.llilllll‘_llll

_p 5L [ R BRI BT A I'J DR B _p5bL |. '.| '_",' e ,,,',] |11 |l V'I..l: .I' t | 0 o
- 05 0 0.5 1 R -05 0 05 1

Yioa ™ Yerp (M

HCAL )

courtesy of A. Puckett
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Neutron Magnetic Form Factor with SBS

IIIIIIIIIIII

1200 LH2, u = —1.10,0 = 8.30e — 02 185 ] 3
r LD2, n, u = 0.007,0 = 1.69e — 01 C ' 5 ]
| ) 3 ) 2 _ 2 .
i LD2, p.u=—-1.090=191e—01 | 1gF s Q —3GeV ]
i i _ E
600 n B ]
i 0.8 = -
B - iﬂll"‘ 0
400 0.6 : : -]
B - L | -
- C . (] 1 ]
i 0.4— o . h : : .
200 : DR TR . ! ]
i 0.2 S T — L% B
- i P P .‘l.. i _a' LN : -
0’_ _l Leded -LMT"‘I’."I. I L1 l:l Ll l»l'f,hl L1l l: L1 I“T‘-F"‘-J- del. l abeal _L_T
%5 %5 2 -5 41 05 0 05 1

: 1 XpcaL = Xexp (m)

>

110ecm

* Ratios of peak heights assuming no inelastic contamination (simulation is pure quasi-elastic):
* VERY ROUGH numbers
* REAL DATA: 186/480 = 0.39

* SIMULATION: 0.29/0.72 = 0.40 courtesy of A. Puckett
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GEn-1I" £12-09-016

a-G.G,, sin 0* cos ¢p* b.Gf\/I cos 0%

Aphus = A1 + A = -
phys | G2 +cG2, G2 +cG2

nucleon
Hadron calorimeter

9/6/22 Quarks and Nuclear Physics 2022
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Polarized He-3 target performance

Pumping cell
%\HC)Ij F'lv
a b
beam (. gas flow ] f
Figure 3. The target cell with two attachments to the pumping cell which allow the
gas flow.
oV 7
BW, Hi-t workshop 2002, Optimized
. . V
arXivi1706.02747 50 lasers
40 - width
\
30 - N
alkali T
NMR Pickup Coils Rb_ K \

40cm

P.A.M. Dolph et al,
Phys.Rev.C 84 (2011) 065201

9/6/22

0 uJ

GDH A1n GEn(1) Tranv. A1n GEn(2)

courtesy of G. Cates
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Convection
gas flow

Diffusion
exchange
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https://arxiv.org/abs/1706.02747

Data analysis, GEn-1 and projected for high Q2

3 2 2 -
ql\:]S:.;anarlant Mass, Q" = 1.7 GeV', Raw spectrum l | qys. Invariant Mass, Q? = 1.7 GeV?, Full cuts | Ebeam_8'8 GeV
: 0.3 e, == _- L
0.8 | BigBite & BigHAND
[ p,<0.1GeV/c

0.6 |

3

So.

4 0.4 |
0.2 |

| NIRRT BT n =
14 15 1.6 . . . 15 16

86 o7 o8 oo 11 12 13 "
W (GeV) W (GeV)

Quasi elastic events dominates after Full Cuts applied max value of
used perp. q

Large internal momentum in He-3 => inelastic contamination at high Q2

D( e, € n)is better for very high Q2 (due to lower pr)
but need efficient polarization analyzer for the neutron
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Limitation of the traditional p-p scattering in
the recolil polarimeter experiment
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Forward and Charge-exchange n-p scattering

Drops fast Polar|zat|on n-p Elastic Scattering

with the incident | ~n-p Scattering
B 1 73 GeV/c 2 00 GeV/c
nucleon energy 04 = 5 5 ;

T

S
§ OF;
R
Ny

S 0.2

=)

Ry

|
o
~

Independent
of the incident

|

| | | ’ | | | | | | | I | | | | | | | l | | | I | | | I |

0 02 04 06 _ 0.8 1 12 14
-t (GeV/c)

nucleon energy!

courtesy of J. Annand
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Projected accuracy in
GEn-1I: E12-09-016

1
Arrington18 fit
Segovia14 (DSE)
9= Riordan10 fit -
=  World data
GEN-RP
GEn-Il projections
o) e
@’ 08 * e
= L=
0.0 y I + | ﬂ
| /’T : .
° 5
Q* (GeV/c)
—> , —> . - - |
test D(e, €' n') with Charge He-3( e, e n)

Exchange polarimeter
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Electromagnetic form factors

d
Fp = euFiu T esz' T esFiS,

(/

F'=e,F +eqF" +esF},

(/

1
/ dz[s(z) — s(z)] =0
0

Ff(0)=0 F5(0) = ps

Quarks and Nuclear Physics 2022
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Currently obtained limit on sFF

T.Hobbs & J.Miller, 2018

1

0.3

GO, 2005

; PVA4 Conclusion: sFF small (but non-zero) at low Q2, but
0.2 e HAPPEX-1II quite reasonable to think they may grow relatively
Ao HAPPEX-I, -1l large at large Q2

Gp =0.0477 at 2.5 GeV2
uncertainty here ranges from (0.036,-0.051)

G./Gp ~ 1 is not excluded

0, GeV’

Follows work from Phys.Rev.C 91 (2015) 3, 035205
(LFWF to tie DIS and elastic measurements in a simple model)
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Impact of skFF on flavor decomposition

Fip=e, FP' + eq F{ + eg F¥

Fln:euFld + eq F1' + es FY

F{=2F,+F,—F  F!=2F,+F,—F}

Assuming 6G}. ,, ~ Gp, ~ 0.048 — S§(Q*F}) ~ £ 0.17

_ Gp+1Gy,

_ Gg+0.7Gy,
! 147

1.7

GD
1.7

1.0

Q*F;

0.5

0.8'

*Form factors are a crucial constraint on GPDs, and the flavor content must be understood

* Whatever future data informs GPDs and the nucleon femtography project, form-factors will

remain an important constraint

*The quark flavor content of the form-factor must be known for this purpose!
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- u quark H° i
= -5 Uncertainty: _
- . 2= 6GS~GD .
N et N
i e o P13 ¢ ! -
& e 1 1
?ﬁ" d quark x 2.0 i
o 05 70 15 20 25 30 35 70
Q? [GeV?
courtesy of K. Paschke
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Concept of the high Q2 parity experiment

* Elastic kinematics between electron and proton * 6.6 GeV beam
e Full azimuthal coverage, ~42 msr * Scattered electron at 15.5 degrees
 High resolution calorimeter for electron arm * Scattered proton at 42.4 degrees
» Angular correlation e-p e 10 cm LH; target, 60 pA, L =1.6 x 1038 cm-2/s
‘ g ‘—m.c-‘-x‘ ‘—-:c -é beam f&\
\3‘42‘5+/-2deg E 4 -------- emt \ / ,
' v
Dissv-1g Vg _ o

2

%v.
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GMp Form Factor with EIC

* This work
— Global fit +

Gy / (1 Gp), in OPE

»  Andivahis (8 GeV)
+ Andivahis (1.6 GeV)
o 10 20 30 40 50
Q? (GeV/c)

Fl(t) ~ GM ~ IlprDipole — l'l'p[]- + Q2/0'71]—2
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Summary

+»» Accurate measurement of the Nucleon Form Factors
at high Q2 will significantly boost understanding of QCD.

“ JLab 12-GeV is providing beam and critical infrastructure
with large acceptance and rate capability for experiments.

“* GMp results are published, two GMn experiments took
data, GEn will start in three weeks, in 2023 will be a
SBS/GEp experiment.
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Experiments are diamonds

Form Factors are forever
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