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@ Nucleon Form Factors at High Q2
@ The Super Bigbite Project
@ Outlook
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Elastic Scattering

What does electron elastic scattering tell us?

For electron scattering from spin-0 particle, Born approx.:

do  do PN
Q- a0 MottX\F(Q )|

pointlike x structure

o Differential cross section factorizes into
point-like and structure part

@ Structure part is just function dependent
on 4-momentum transfer,
Q? = 2EE'(1 — cosf)

@ Non-relativistically, is just the

Fourier-transform
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Sachs Form Factors and Rosenbluth

Sachs Form Factors
Ge = F—r1h) F1 = Dirac, y — nonflip
Gy = FH+khFk F, = Pauli, y — flip

Rosenbluth Formula

do do GE + 1G4 5. o0 Q?
@ da| E| 1er MRS T ap
()

o’

Difficulties

o Gg becomes highly suppressed at higher Q?

E/

@ Neutron is uncharged, Gg relatively very small

@ Free neutrons decay in ~ 15 min. Needs to be bound in a

nucleus
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Ge/ Gy through Spin Observables

@ Akhiezer and Rekalo (1968) - Polarization offers access to
Ge/Gm

@ Typically have fewer systematic contributions from radiative
effects and nuclear structure

_— Electron scattering plane

Polarization Transfer, €N, e’ N/ " T Sy
1 bl y > , g

- e V4
5 oo _ plane

Ge _ Pi(Ec+ Eos)tanbe/2

Gm Py 2M

2y/7(T + 1) tan(6/2)Gg /Gy

AL = T (Ce/mP + (7 + 27(1 1 1) er2(6/2))
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Jefferson Lab

Continuous Electron Beam Accelerator Facility
at Jefferson Lab, Newport News, VA
“World's most powerful microscope”
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Jefferson Lab

Continuous Electron Beam Accelerator Facility
at Jefferson Lab, Newport News, VA
“World’s most powerful microscope”

@ Electron accelerator by
superconducting RF cavities

4 experimental halls

E up to 11 GeV (A ~ r,/50)
Imax = 200 pA

P. =~ 90%

Ideal for studying insides of
nucleons and nuclei!
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Proton Results

° G,ﬁ, generally follow dipole - Gr — 1
exponential distribution (1+ @2/(0.71 GeVz))2
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o JLab, Jones et al., GE different from Gy, using polarization
@ Charles Perdrisat 2017 Bonner Prize
o Textbooks still will show you GZ/Gp; ~ const

e Hard two-photon exchange systematic errors in extraction?

o OLYMPUS most recent results to test this (Kohl talk Thurs)
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Neutron Form Factors

Challenges:

Gy/1,Gp

@ Neutron studies require nuclear corrections

e Gf
o Q2

is small

coverage typically factor 2 smaller than proton

T P — 0.8 T T T T
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A Bruins i 0.6— g // g
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DSE - Mapping Out Quark Mass Generation

Cloet et al.
Phys. Rev. Lett. 111, 101803 (2013)

@ DSE approach describes
dressed quarks, naturally
includes diquarks

@ Higher precision at higher
Q? sensitive to dressed
quark mass

Hp Gh‘p/Ge\lp

@ Symbolic zero crossing for
GE is sensitive
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Quark Flavor Decomposition

1/Q?
Q4 Fu’d
1,2 B y
9
0.3 T
L s ]
r u quark s ]
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G.D. Cates et al., PRL 106, 252003 (2011)
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2 1
F1p,2 = 3 12 3F
n 1 u 2
Fi, = 3 2+§F1d,2

High Q? for G¢ data allows for
quark decomposition

Same flavor quarks show similar
scaling behavior in Fp, F;

Not shown in proton or neutron
data

F,/Fy ratio different from 1/Q?
prediction
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Scaling Interpretation

Jerry Miller's suggestion explaining the
different scaling by using diquarks

u-quark scattering amplitude
is dominated by scattering

from the lone “outside” quark.

Two constituents implies 1/Q?

t
- J—
[ u quark ]
% sl i . ) J
. : ) 1]
" d quark = 2.5 ]
@5 18 15 @0 @8 a0 &5 ap
o [Beva]

From G. Cates

d-quark scattering amplitude is
necessarily probing inside the
diquark. Two gluons are
so scaling is roughly L/'Q*

While at present this idea is at the conceptual stage, it is an
intriguingly simple interpretation for the very different behaviors.

Seamus Riordan — GHP 2017

Jlab SBS  11/26



Lattice Calculations

Isoscalar Gg, G Isovector Gg, Gy

Alberico et alpar Allerico et al parhmetrizatios

n
lattice data —e—

03
0 (Gev?)

04 03

0 (GeV?)

Alberico et al parametrization Alberico et al pafametrization
latice data Tattice data

1
01 02 03 00

e m,; = 149 MeV, Q? to 0.5 GeV?
o Calculations are now reaching into the low few GeV? range
o Low Q? results are becoming more precise but cannot give

radius results but have uncertainties on the order of proton
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SBS Experimental Program

@ Super Bigbite program measures
three nucleon elasticgrm factors to
high @2, SIDIS on 3He,

(Cond. Appv. TDIS)

@ Form factors — $5M DOE Project

@ Total 184 days of running approved
(+ 27 cond.)

@ Earliest start date Spring 2019

Neutron/Proton Arm Segmented Hadron

B from Calorimeter

Segmented Hadron
Analyzer Calorimeter ToF and x/y
Proton Arm | (long distance)

QE n/p separation

Tracking

Target
Target aree

Tracking
Coordinate Detector

Electron Arm
Electron Arm

Calorimeter Calorimeter
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o GP/Gp to 10 GeV?,
E12-09-016: Cates, Riordan,
Wojtsekhowski

@ Gy, to 135 GeV?,
E12-09-019: Gilman, Quinn,
Wojtsekhowski

Seamus Riordan — GHP 2017

Super Bigbite Program - FFs to High Q2

e G2/Gp to 12 GeV?,
E12-07-109: Cisbani, Jones,
Khandaker, Liyanage,
Pentchev, Perdrisat,
Punjabi, Wojtsekhowski

Neutron/Proton Arm

Segmented Hadron
P from ‘ Calorimeter
ToF and x/y
(long distance)

QE n/p separation

Calorimeter

Target

Electron Arm
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@ Several major new systems -
Experiments have different combinations

Event rate up to ~5 kHz

Several sets of GEM trackers  ~100k strips (up to ~ 20% occ.)
Hadronic Calorimeter 288 FADC ch

Electromagnetic Calorimeter 1700 ADC ch

Scint. Coord. Det 2k TDC ch

Gas Cherenkov 550 TDC ch

Scintillator Timing Plane 360 TDC/ADC ch

@ Reuse of existing Bigbite EM calorimetery (~200 PMTs),
HERMES RICH (~2k PMTs)
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@ Recoil polarimetry through two CHy analyzers

@ e~ detected in electromagnetic calorimeter with coordinate
detector

o Q2 up to 12 GeV?2

GEM Front GEM Rear Hadron Calorimeter
Tracker Tracker

Scattering
Chamber

@ 75 puA on 40 cm target
@ Oy down to 17°

@ Background rates up to
150 kHz/cm?

SBS magnet
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GP - ECal

e ECal absorbs 0.5 kRad/hour
for @® = 12 GeV? (no
magnetic elements)

@ Thermal annealing with
~ 200°C temperature
provides method for optical
transparancy

@ Full construction by NCCU

25C 225C 185C 50C

01w 01W 08W

| —

02W 0.7 W

FOAMGLAS TF1 Borosilicate
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@ Hadronic calorimeter provides 30% energy resolution and
~700 ps ToF resolution

@ 288 modules, 3.6 x 1.8 m for acceptance matching at 17 m

@ > 95% recoil proton and neutron detection efficiency with
virtual total suppression of all low energy backgrounds
<1 GeV
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High @ G? Experimental Layout

Veto

48D48
(Not to scale) Magnet

Polarized
3He Target

BigBite w/
upgraded
detectors

o Upgraded Bigbite detector stack for higher rates, better PID
@ Hadron calorimeter at 17 m, need 0.5 ns ToF

@ 48D48 deflects protons

@ New addition of Cherenkov and GEMs for 7~ rejection and

high rate tracking
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Polarized 3He Target

Optics

‘Combination

Lecrlishifor oven and “magnet box"

optical pumping |

Pumping

R

re— N, NN chamber
pen door, NANANNS]
part of the 1
box-shaped NN —
magnetic —
shielding v
Heater on
transfer tube
Coils for holding field glass LU drives convection
gold-plated metal TT 'TT Scattering chamber
provides vacuum around
v target cell
3
@ Upgraded “He cell allows for

| =8 — 60 pA, e

I - 40 — 55 cm 0cm -

[} Convectlon and metal Ce” ends Long blue parallel wires will provide transverse magnetic

field with adequate homogeneity. Field can be mani-
a I IOW f‘or h igher SUSta i ned P pulated independently from the pumping chamber
(~ 60%)

@ Bench testing underway
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o Relative QE deuterium o,/0, gives Gf,/Ghy
@ 7 Q2 points ranging from 3.5 GeV? to 13.5 GeV?
@ Setup similar to GZ with LD, target

Veto

48D48
(Not to scale) Magnet

BigBite w/
upgraded
detectors

Seamus Riordan — GHP 2017 JLab SBS 21/26



SBS FF reach
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e All four up to same Q?
range ~ 10 GeV?

@ Flavor decomposition into
new several GeV? range
possible
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SIDIS and TDIS

Electron arm — SuperBigbite

o 64 day 3Hé SIDIS
measurement for 7+ and K+ Target D
@ 27 day TDIS C1 approved Y T,»"\f’/

with CLAS large angle E
Beam

calorimeter and GEM rTPC N
on LH» and LD> Solenoid

SSA in SIDIS: 64 beam-
days in Hall A
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Detector Assembly

Detectors and infrastructure finalizing construction

Super Bigbite Spectrometer (SBS) Detectors

INFN Front CDET module constrcted at JLab

Tracker atJlab | 8 Kl

FT Chamber with
Carbon Fiber frame

Rear GEM tracker
modules at UVA

High rate X-ray testing
setup for GEMs

Hadron Calorimeter modules
at JLab
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Projected Schedule

Hall A Projected Experiment Schedule, updated 1/2017

Experiments in red represent PAC42 “high impact” experiments

cy |DVCS-I/ |DVCS-I/

2016 GMp GMp }EF:EJE
cYy 3H/3He
group
e’/ Ar(eep)*
3H/3He |IBD:
- 8 group APEX List of
‘e PREX22 | |oo0roved
CREX and feasible
An experiments
DVCSIT
schedule not final SBS 20197

*possible best effort

&) A
&'

via Thia Keppel
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@ By studying the EM properties of the nucleon, we can gain
insight into the underlying mechanisms, helping refine theory
and gain intuition

@ Protons and neutrons together give flavor separation which
provides excellent opportunities for model comparison

e Upcoming programs in high Q? form factors with SBS will
provide information on underlying quark dynamics
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BACKUP
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Constituent Quark Light-Front Cloudy Bag Model

@ Construct model of 3 massive % % % .
quarks or quark/diquark, ’

) i aqq
include pion cloud:

— e
1.0 . RCQM - G. Miller (2005) ]|
FooNGR~ - Diquark - Cloet (2012) ~
2= 05 S ]
Q L f '}'T\ ]
ol ~deo
& | I ]
o =~
= r R
00 [ = Punjabi ]
P Gayou 1 i
| v Puckett Reanalysis i
[ =  Puckett i
P I S I S S BN SO SR | -
0 2 4 6 8 10
2 2
Q° [GeV1]

® GE suppression at higher Q? due to inclusion of quark orbital
angular momentum

@ Know only 1/3 of the spin of the proton is carried by the
quark spins, reproduced with di-quark DOF
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DSE/Fadeev q(qq) Calculations

@ Model based on QCD’s Dyson-Schwinger equations to
describe dressed quark propagator

@ Fadeev amplitudes describe three-quark states

o Few free parameters tuned to reproduce nucleon properties
such as masses

T T T T T T
Rapid acquisition of mass is

04 _ effect of gluon cloud B 0.8y "
7 rx 7

) 1 roo. q

. L= 4

03 — m=o@hraimy| | 06 o E
= L a 4

° .

S cs r e 7
o2 Q [ * ]
= @ooa- i _
- L 4

=4 L 4

0.1 F ,
02 — - DSE - Cloet (2010) _|

r — Our Fit 7

0 ! 2 3 007"HmHmHHmH‘\HH\HH\HHMHF
p [GeV] . 0.5 1.0 15 2.0 25 3.0 35 40

Q* [GeV]

@ Bhagwat et. al. arXiv:nucl-th/0610080
@ Cloét et. al. arXiv:nucl-th/0804.3118

Seamus Riordan — GHP 2017 JLab SBS 26/26



e Can treat with pQCD for large Q?

e Log order calculations for F1, F, by Belitsky et al. (including
hadron helicity non-conservation through quark OAM) makes
prediction that as Q2 — oo

-

Q? F> 2
—— — = COnSt. I/Q
log?(Q?/A?) F1

A ﬂ/f\
N\ parameter related to size N \j a/ U N

of the nucleon

@ Published proton data scaling starts at fairly low Q2

@ Neutron scaling should also occur if this is pQCD

Seamus Riordan — GHP 2017 JLab SBS 27/26



e Can treat with pQCD for large Q?

e Log order calculations for F1, F, by Belitsky et al. (including
hadron helicity non-conservation through quark OAM) makes
prediction that as Q% — oo

»
1
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———————— = cons .
2002 /N2 oasf— i
0g%(@2/?) Fi R R LR
A 01—
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@ Published proton data scaling starts at fairly low Q?
@ Neutron scaling should also occur if this is pQCD
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@ Can treat with pQCD for large Q2

e Log order calculations for F1, F, by Belitsky et al. (including
hadron helicity non-conservation through quark OAM) makes
prediction that as Q% — oo

0.8 T
[~ 7 ]
Fo: /o 1
2 06— 2 / —
9772 — const . [ i l 1
= : g | ]
0g?(Q2/A2) A - ]
=5 [ ]
N parameter related to size 02l - FfF, A =150 MeV_]
of the nucleon ;éﬁ —  FJF,A=300 MeV |
P R AR
4.

v e b b b Ly
00=""%5 "0 15 20 25 380 35

Q? [GeVY]

0

@ Published proton data scaling starts at fairly low Q?

@ Neutron scaling should also occur if this is pQCD
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High Q2 G~

E02-013 - Highest Q? GZ through QE scattering

@ Polarized 3He target acts as effective free neutron source
@ Two arms to measure coincidence €’ and n, allow for cuts on
Prmiss, | to suppress FSI

BigBite magnet H
MWDC

Shower

o BigBite - large acceptance spectrometer, reconstructs e’
o Neutron arm - matches BB acceptance, measures neutron

momentum through ToF, performs nucleon charge 1D
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Polarized 3He Target

e 3He is spin 1/2, 3 body calculations describe polarization as

=== :
‘ Neutron G Proton 40 cm

P.~86% Py~-3%

@ 86% only for inclusive case

@ D-wave state contributes ~ 10% to w.f. - sensitive to missing
momentum range
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HCAL-J Design
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(Mostly) Model-Independent Fits

Update based on Kelly, PRC 66, 065203 (2002)
Form to account for relativistic distortions:

Pen(k) = (1+7)FGe(QY) = Q%*/(4M,)
Whmag(k) = L+ G6u(Q) Kk =Q%/(1+7)

@ Use Fourier-Bessel expansion with general scaling constraints
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o 3 08} e 0. 1 B o8
1Y) 19}
2 2 o6t g o6 1 2 os
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02 4 - 02
ol v L S ———— ol
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 5 10 15 20 25 30 35 40
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03— T | — T
025 | Neutron charge 15 Neutron mag | 15 Proton charge | 151 Protonmag |
. 00‘2 [ Ag=0 1 = Au=0 _ Ae=0 - Au=0
E 01r 4 £ 1F 4 E 1F 1 £ 1r B
5 005 4 2 = F)
< 0 3 4 £
o~ 005 il (\2 05 1 & 05 - (}: 05 -
o1 b i
015 ! 0 4 0
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005 1 15 2 25 3 0 05 1 15 2 25 3 005 1 15 2 25 3 0 05 1 15 2 25 3
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(Mostly) Model-Independent Fits

e Update based on Kelly, PRC 66, 065203 (2002)
@ Form to account for relativistic distortions:

Pen(k) = (1+7)FGe(QY) = Q%*/(4M,)
Whmag(k) = L+ G6u(Q) Kk =Q%/(1+7)

@ Use Fourier-Bessel expansion with general scaling constraints
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