mronic Physics at JLab:

some future experiments in Hall A.

Vincenzo Bellini and INFN/CT Hall A Collaborators

Department of Physics and Astronomy, University of Catania

On behalf of the JLab Hall A Collaboration

—Content--

- Nucleon form factor studies in Hall A.
- Elastic Scattering parity-violating asymmetry in Hall A
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This photo and many slides provided by R. Michaels, B. Wojtsekhowski, et al.
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Studies Iin Hall A at JLab

—-Qutline--

- The physics of the nucleon form factors, and what is most important.
- The Super Bigbite form factor experiments.
- How the Super Bigbite project is optimized to access the highest-impact physics.

V. Bellini and INFN/CT Hall A Collaborators — = (- -




The ground-state electromagnetic form factors:
an essential part of the description of the nucleon

Rosenbluth,1950 Hadron current, one-photon approximation

The hadronic current:

\]ln(llumc —z:ej\_r(p’) [AI“Fl(QQ)

\

Dirac FF Pauli FF

gk

(1,
e py (@2 >} (9)

Sachs, 1962 Does a nucleon have a core ? do = doys {e(Gp)? +7(Gy)?} - [ + he A(G, Gy,)]

The SdChS FFS a .. sin 8" cos d)" b.G?\/I cosB"

A=A_L+A|| EC M
G,=F —7hy and G, , = F, + F;

2 2 + 2 2
G +c-GM G'E-l-c-GM

Y2 AL 2
— Q /_h\‘[uuclcon

‘Cross section and asymmetry for electron-nucleon |

Jsi = 2E-F(—q?), J=0 p(r) = Gmps /F( )e'T"dq

V. Bellini and INFN/CT Hall A Collaborators-?'—_"
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Data on GPe/GPv prior to JLab

Sachs Form Factors have been traditionally measured by Rosenbluth separation.

—{—
—
| | | |
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The expectation was that the ratio GeP/GmP
would remain constant.




Nucleon Form Factor Studies in HallA  [ilsE

Recoll Polarization method

- Longitudinally polarized electron
beam on unpolarized target.

- Measurement of the scattered proton The form factor ratio can be obtained

polarization components along (Pz ) without measuring the absolute
and perpendicular (Px ) to its direction cross-sections and without changing of beam
(in the hadron plane) at a given Q?: energy or detector angle, thus eliminating

important sources of systematic
uncertainties. Radiative corrections have
been shown to be very small for polarization
observables. Knowledge of analyzing power
of the polarimeter and beam polarization is
not a priori required (Although maximization
of these quantities minimizes the time to
get accurate data).

Ge _  P.Ee+E. .__ 4.
Gy — P, 2m rany

- A proton polarimeter is mandatory.




‘Nucleon Form Factor Studies in Hall A
See also talk by Battaglieri B M

Proton E/M Form Factors Ratio (1/2)

o
(\5:1 75 - ® Marklll_Janssens_1966
& M SLAC_Litt_1970
CDQ ' l A CEA_Price_1971
=X V¥ Bonn_Berger 1971

DESY_Bartel_1973
| SLAC_Andivahis_1994
SLAC Walker 1994

0.25 |
0
< 1 e ‘]I—\‘]
'0.25”‘ F_/(L\'(_‘ Ime
1 e LR R Lo T SRy e ) SRS LS P T TR Y WA TN NN NN VU WA SR N S T S
0 2 4 6 8 10 12 14 16

Q? (GeV?)
Rosenbluth era: before 2000

Fit of cross section vs € (virtual
photon polarization)
2 2
(33 r = Gm+ =GE
(single photon approx.)
scan in angle (different Q2)

0.75

0.5

0.25

V. Bellini and INFN/CT Hall A CoIIaboratdrs".*—. '.
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MIT /JLab Polarization Transfer:
after 2000

GE _ P Ee+E_/ O
Gy — P, 2mM wnz,

fixed angle and Q?;
marginal systematic uncertienties

Totally unexpected, these data forced a

reconsideration of nucleon structure.

Py, 5 Bates_Milbrath_1998
o ‘, 47 JLab_Jones_ 2000
% JLab_Gayou_2001

L L TR L 1 1 1 Loa_ 2
2 4 6 8 10 12 ;4 216
Q? (GeV?)




See also talk by Battaglieri

Proton E/M Form Factors Ratio (2/2) A“odlizfm Factor ratio is not
constant!

" ® JLab_Qattan 2005
& ¥y i |
0.75 - ’ l&’rﬁ&b ) Bates_Milbrath_1998
| & * s JLab_Jones 2000
% JLab Gayou 2001
0.5 - 4 e
0.25 -
0
«—_Soft re« um~
0.25 - pQCD regime ——
1 1 1 1 | 1 l l L l | 1 1 l 1 L 1 l 1 | 1 l | 1 1
0 2 4 6 8 10 12 14 16

Elastic e-p scattering

4 Re

[ | SLAC_Andivahis_1994

Marklll_Janssens_1968
SLAC_Litt_1970
CEA_Price_1971
Bonn_Berger_1971
DESY_Bartel_1973

SLAC Walker 1994

JLab_Christy_2004

)

Q? (GeV?)

o large discrepancy between
the results of the two
methods

o Rosenbluth affected by
wrong radiative corrections
and single photon
approximation (7)

New experiments at larger Q?

o explore pQCD region (and
predictions: Fo/Fy ~ l/Q2
at large Q?)

o GEP-5 expected to measure

negative Sacks FFs
o Additional info for GPD

RewLett. 84, 1398 (2000); V. Punjabi et al., Phys. Rev.C 71,0055202 (2005);V. Punjabi

uth separation data]



WD'ata on GPe/GPy at high Q2 from JLab

I 1 I I I I | 1 I I I | 1 I I

— —

= ———— V/MD - Bijker and lachello (2004)
i —— CQM - Miller (2002) 7

—y

—— — VMD - Lomon (2002)

——— Roberts - DSE
FlF, = IN(Q*/A%)/Q°

Stat. Error Only
1 1 1 1 ' 1 1 1 1 1 1 1 1
0 5 10 15
2 2
Q° [GeV]

The theoretical studies that have been performed in response fo the
new data on GeP/GwP represent some of the most sophisticated efforts to
date to understand the nucleon in terms of QCD degrees of freedom

s), Jefferson Lab experiment E09-001 (GEp(4)).
Systems 46, [-36 (2009); G.A. Miller, Phys. Rev. C 66, 032201 R (2002);
003 (2003)




The evolution of the FFs using pQCD

©
n

- - Soliton
— SU(6) + CQff

(Q%/Log*(Q%/A?))F.,/F,
©

AAAAAA

From simple pQCD counting rules, With logarithmic corrections,

Q?F2,/F1p should become constant. scaling appears fo be restored.

The corrections result from including in the light-cone quark
wave function components with LZ0, indicating the dynamic
importance of quark orbital angular momentum.

V. Bellini and INFN/CT Hall A Collaborators —

10



g;_'f"_NucIeon Form Factor Studies at JL
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20 cryomodules

6 GeV CEBAF (< 2013)
Max Current: 200 pA

Max Energy: 0.8 - 5.9 GeV
Long. Polarization: 85%

I



JLab CEBAF electron beam in 2014

Beam energy 11/12 Ge\
>~ Beam power 1 MW {
'+ Beam current (Hall A/D) 85/5 LA |
i Beam polarization 85%

\- Emittance @ 12 GeV 10 nm-rad
/+ Energy spread @ 12 GeV 0.02%

| + Beam spot ~ 0.1mm
E « Simultaneous beam delivery Up to 3 halls b

Hall A will be the first hall to get the beam

V. Bellini and INEN/CT Hall A Collaborators —
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C—hallenges at high Q2

A figure of merit is a

e ‘.: - =% & —4
Form factor oc Q the performance of a device,

quantity used to characterize

Cross section o EZ/Q‘i X Q_s system or method, relative to its
alternatives.
Figure-of-Merit € A% X o X N
- larization
x E"Z/Qm ’? _ nt with a recoill
polarimeter Y

Need large statistics = max luminosity and solid angle

7

Max luminosity — large background
Large solid angle — small bend — huge background

Solution is a modern tracking detector based on
s Electron Multiplier (F.Sauli, 19

S

V. Bellini and INFN/CT Hall A Collaborators — =
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Optlmlzmg Form Factor Experiments

For a double-polarization experiment with a polarized target:

Figure of Merit < o-Q- P?- L

E? .
< am QP L

From all this, we gather the following:

* All other things being equal, a polarized target experiment
(F.o.M. ~ 1/Q!?) is preferable to a recoil polarimeter

experiment ( F.o.M.~ 1/Q?®).
+ Want to maximize (2 while maintaining AQ?/Q? ~ 0.1

+ Want to maximize £ as much as possible.

V. Bellini and INFN/CT Hall A CoIIaboratdrs".*—. '.
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Hall A 2014 Expemmen’ral Setup

Hadron
Calorimeter

/

Thick
Thin e
2 228 inch GEM /
L 128 inch
Target. %o 48D48 CH
\ Proton |

N X

T

10-20 Gauss

+—285 mr

\ @@ Lead—glass
(Calorimeter

V. Bellini and INFN/CT Hall A CoIIaboratdrs".*—. '.

e~ Beam

11 GeV, 75 uA, 85% pol. |
Target

Liquid H,, 40 cm \
Electron — BigCal

6 = 37°,2 = 180 msr \
Proton — New Spec.

0 = —14°, Q2 = 35 msr \

Kinematic Region
Q? =6,12.5,15 GeV? J

15
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all A 2014 Experimental Setup

Beam

Right coil Beam line openin »
=5/ - 48D48 - 46 c gop, 25 Tesla™m,
- Solid angle is 70 msr at angle 15
A ' ) % - GEM chambers with 70 um resolution
Higheydle l = l _ - momentum resolution is 0.5% for 5 GeV/c
== & - angular resolution is 0.3 mrad
Left coil | l

92"

V. Bellini and INFN/CT Hall A Collaborators —
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Nucleon Form Factor Studies in Hall A

W |
E v 'I. :
\‘~ IS AL A
-t JARS M
DR Pl g 48N o

* Single dipole provides adequate
momentum resolution (~1%) and
large solid angle (~70 msr)
acceptance. (Also true of original
BigBite magnet).

* Vertical aperture well matched to
electron arm while still
appropriate for AQ?/Q?~ 0.1.

* Cut in yoke permits operating at
small angles where the recoil is
going.

V. Bellini and INFN/CT Hall A Collaborators — =
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Optimizing acceptance and rates

The Super Bigbite magnet is optimized for FF measurements.

‘s "(t‘” . ‘.; 1
i
>
S
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Optimizing detectors for luminosity
Gas Electron Multiplier (GEM) technology for tracking ensures the
ability to handle very high luminosity.

System Requirements

o Expected flux ~ 500 kHz//cm? (80% soft photons, 20% pions)
@ Resolution: 0.2 mrad angular, 0.5% momentum (4-8 GeV/c)
o FPP track angular resolution: 2 mrad

T1 High spatial resolution:

G E M Desfteathode

40 X 80 sz (5 ChamberS), GEM! mmm ‘h".-- L A R B R R B B

~ 70pm resolution (300pm pitch [ (|7 TRANSFER Y -

— 4000 chs/plane) GEM2 - 3 ~20
T2 Large area: T 20

& o GEM3 m ' ‘----------I ~

(tthk 7) GEM n‘\conr.r‘nov e

100 x 200 cm? (3+3 chambers) Readous PCB e ' 18000

~ 0.3 mm resolution (0.5 mm ke

pitch — 4000 chs/plane) AEkbe:

V. Bellini and INFN/CT Hall A Collaborators —
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Nucleon Form Factor Studies in Hall A

12 GeV a[?)-proved Form Factor exberiments

Proton T —
T I T T ' T T T T I =5 -
1.0 B ——— VMD - E. Lomon (2002) = A Madey ——=—=— VMD - E. Lomon (2002}
AR —————— VMO - Bijker and lachello (2004) ~ Ao E02-013 RCQM - G. Miller {2002) -
FA RCQM - G. Miller (2002) e E — — DSE-C. Robents (2009 .
Bt ¥ — —— DSE - C. Roberts (2009) 5 I d(ee'd) T_ - Schiavilla & Sick |
i FF = In*(QA)IQ A = i FJF, = IF(GPIADC, A = 300 MeV
- 0.5 JF, = I*(QYATYQ?, A = 300 MeV | &: G }, J - e |
a B ] "
O B d el i SRR o R g
& | b - 5 | S
n. RE .. ., T Y~y = e - b- B
= 00 = — v%-“ / \ ]
- = GEp(1) i fel ; # / $ % #
v GEp(2) N
. 3 N - . o E12-00-006 . SHMS d
5 < GEp(3) (prelim, statonly) 0 4 Y, \
.05~ O GEp(s)E12-07-109,SBS = - [  E12:08/16. SBS (This Experirpent F ARY -
= - " I 2 4 1 4 2 . ™ :’.' |
| 1 1 1 1 1 1 1 1 1 | 0 5 4 1 0
0 5 10 15 ' s
2 2 Q’ in GeV?
Q°in GeV

At 7 GeV? some By 10 GeV?, it is
models are still possible to

Data between 10-15 GeV? will
close to one discriminate
another. between all the

cleanly distinguish between
some of the models.

best models.

- R e 3 7 0 —1 4
) o O
o 4

LR
T 5

V. Bellini and INFN/CT Hall A Collaborators — -
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—————— Inchallo+Bijiker, 2004
—— GPD, Guidal ot al, 2006

Miller LFCEM 2002
—————— Belltsky ot &l pQCD 2003, A = 300 MoV
——— Lomon VMD 2002

i m

—l

//

L
/ 1

/ |
//,-'/.

’\‘r-

lllllllllllllll

Scaling from the highest GEp(3) point using
i existing equipment and TRIPLE the beam fime.

V. Bellini and INFN/CT Hall A Collaborators —
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—————  iachellos Bijer, 2004

l ——  GPD, Guidal ot al, 20086
I _— L“*LZT:;“AIMM 'Y
e LOMON YMD 2002 EZ

S
\.
R
1 Moo=
N - -
. )
~
ol N
e

Mokl el Larger Figure-of-Merit
Is absolutely crucial!!

Scaling from the hlghes1L GEp(3) potn‘r using
Super Bigbite and the SAME the beam tfime.

V. Bellini and INFN/CT Hall A Collaborators —
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Nucleon Form Factor Studies in Hall A

Rock

Lachniet
E12-07-104, CLAS12

| —— RCQM - G. Miller (2002)
E12-09-019, SBS ——— VMD - E. Lomon (2002)

1 I 1 1 1 1 l 1 1 1 1
10 15

Qz

Will represent the most accurate measurement to date of G"M—ujl' high Q°.
'l Will test model predictions as well as pQCD scaling. [

| Needed to extract G"g from measurements of G"=/G"y .

| Needed to perform flavor separations of all FFs. ]

S

.

V. Bellini and INFN/CT Hall A Collaborators — -
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Nucleon Form Factor Studies in Hall A

Measuring G"e/G"wm

In this case, it is feasible to use a polarized 3sHe target (gaining a factor of Q4 over a recoil
polarimeter). The measured asymmetry has the form:

a-(G,/G,, ) sinf* cos ¢* b-cosf*

44 = .-4_]_ S11 9* COS (.f)* 4 A COS 0* — = = —l— e ——e—arp
” (G /Gy )2+ ¢ (,C’E//(’M )2 + C

Where 07 is the angle between the neutron polarization and the q vector.

From the form of the asymmetry given above, the neutron detector needs to be at roughly 90, to the
polarization. This limits the region over which detection is optimal. It precludes, for instance, trying to
achieve 2m azimuthal coverage.

SuperBigbite is optimal for this measurement: \

|* It is feasible to use a polarized 3He target (extra factor of Q?).

|+ You get close to the largest solid angle (~70 msr) that you can
| actually use.

[r' The luminosity can be quite high (~ 6x103%/cm?s). |

S

.

V. Bellini and INFN/CT Hall A Collaborators — -
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Nucleon Form Factor Studies in Hall A

AoSE
1

s

12 GeV Hall A measurement of G'e/G"w

1 1 | Ll 1 T I 1 Ll 1 1 l l Ll Ll

' - - = = FIF, « INF(Q?/IA%)IQ? N
——— CQM - G. Miller
— — DSE, q(qq) ANL =
— — VMD - Lomon (2002)
Galster fit (1971) =
Passchier, NIKHEF -

Herberg, MAMI
—U=mek, AN

/

/
/
:

E02-013 (Prekim.)
; E12-09-006, Hall C
= \ E12-09-016, Hall A x

>
F—
SrrXPDOYENC
3
s

P T N O T S T L T IR [ (G SN (L.
5 10 15 20

il Q? [GeV3 \

Polarized target + SBS

olarimeter + SHMS

Why to study the neutron Charge Form Factor?

[¥] Test of the QCD motivated FF models is a powerful approach to the understanding of con
Charge density is a fundamental property of the neutron

[¥] Flavor separated FFs are a productive test of lattice QCD

®] Unigue constraint on the model of GPDs E.and E-

Dirac/Pauli density for up and down quarks and its connection to the Siver's effect
Applications e.g. for the neutrino-nuclei cross section

ral predictios;
ager, Int. ]. Mod. Phys E 19, 844-855 (2010); G. Cates, S. Riordan and B. Wojtsekhowski
6.



http://hallaweb.jlab.org/experiment/E02013/
http://hallaweb.jlab.org/experiment/E02013/

V. Bellini and INEN/CT Hall A Collaborators —
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‘.eElashc Scattering parity-violating asymmetry aT Jiab WS
- fxptonmmsmwasomm AR o R 45

Lead (2°8Pb) Radius Experiment: PREX

Elastic Scattering Parity Violating Asymmetry
g=5" E=1 GeV, electrons on lead

Spokespersons

Kent Paschke, Paul Souder, Krishna Kumar, Guido Maria Urciuoli, Robert Michaels

PREX Slides contributed by R. Michaels (PAVI — 11 Conference)

V. Bellini and INFN/CT Hall A Collaborators —




proton neutron

Electric charge 1 0
Weak charge 0.08 1

Neutron form factor 0.1

2 1 Sr o 0.08 -
FN(Q ):—jd I jo(qr) pN(r) L
4
Parity Violating 0.06
Asymmetry

oo O [1—4sin29W— R (Q°)

27205\5

\

) R@Q)

\

|

0.04

Density (fm's)

0.02

V. Bellini and INEN/CT Hall A Collaborators —

T.W. Donnelly, J. Dubach, I. Sick

C. J.

Nucl. Phys. A 503, 589, 1989
Horowitz, S.J. Pollock,

P. A. Souder, R. Michaels
Phys. Rev. C 63, 025501, 2001

——-
e T - —————
_—— - - -

—— E+M charge
—— Weak charge

Proton
Neutron
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Measured Asymmetry

J

Physics

Correct for Coulomb
Distortions

Output ”

 E—

Weak Density at one Q2

Atomic

Small C*rections for \

q] S
G

Parity
Violation

Neutron Density at one (%2

|

Assume Surface

Thickness Good to 25%
(MET)

V. Bellini and INENJCT Hall A Collaborators —
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Nuclear Structure:

PREX

Slide adapted from J. Piekarewicz

Neutron density is a

fundamental observable that remains elusive.
50

L I L T 1
| B.A. Brown [PRL 85, 5296 (2000)]
w0 - 4
3 %
2 L
S
20 p—-
[
10 [~
0 1 l 1 l 1
0.0 0.1 0.2 0.3

neutron density

FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational

calculations and the

3

crosses are SkX. The neutron density is in

0-250 ll"ll T LI TI'IYI ll"l T T ‘l'"l T LI ll'l'l LLAJ
— SM i
® current A g(lep) [Tevatron] -
+  future 4
0.245 —
: o* " :
. % M > 4
— 0.240 = oller [SLAC] CS. _
= - 5 @ -
i - i APV(Cs) I MRS éé"

fiE . n - -
7 0.2351", o s o
. Moller [JLab] = i
- Qweak [JLab] | A, n(had) [SLC] -

0.230 PV-DIS [JLab] | Acg(b) [LEP]

I I 1 lllllll

0.001

0.01 0.1

10 100 1000

Reflects poor understanding of symmetry
energy of nuclear matter = the energy cost of N # Z

E(n,xX) = E(n,x=1/2) + (1-2x%)

N = n.n.density X = ratio proton/neutrons

Adding

G . . _
Hoe ~ =] [N pu(e) +24sin’6,)0,0)] v 7y

V. Bellini and INFN/CT Hall A Collaborators
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'formal Asymmetry in elastlc

5 ‘h:lj-.l l

GT - G\L A > 0 means
A= 2o S e(kexke)

O + O

Possible systematic if small
transverse spin component

New results PREX

< “°Pp: A =+0.13+0.19 + 0.36 ppm

(&0‘2\0 12
P C: A =-6.52+0.36 + 0.35 ppm
Q(’ « Small A; for 2%%Pb is a big (but pleasant) surprise.

« A; for '2C qualitatively consistent with “He and available calculations.

V. Bellini and INFN/CT Hall A CoIIaboratdrs".*—. '.




PREX Asymmetry (P.XxA)

dit det_all

HWP OUT/Wien R A=-0.606 +/- 0.113 ppm, dof=59 , y"= 1.06, P=0.38
IHWP IN'Wien R A=-0.496 +/- 0.107 ppm, dof=71, y°= 0.75, P=0.95

0.5
0
-0.5

-1
-1.5

;

H——

HWP OUT/Wien L A=-0.566 +/- 0.095 ppm, dof=87 , ;{2= 1.18, P=0.14
IHWP IN/Wien L A=-0.685 +/- 0.092 ppm, dof=88 , y*= 1.04, P=0.42
AVG+ A=-0.654 +/- 0.071 ppm, dof=148 , = 1.03, P=0.39
AVG- A=-0.535 +/- 0.071 ppm, dof=159 , x2= 0.97, P=0.60

AVG A=-0.594 +-0.050 ppm, dof=308 ,3°= 1.00, P=0.50

A (ppm)

}Wl _-% _%l HLLH_ 0.7?—

]

.. Plane wave |

S
NL3mO05

NL3mO05

|

Im—|III|IIII|III

0% 7

L 1 L l
39 5.6 5.7 5.8 59
Rn (fm)

T

Asymmetry leads to Ry

V. Bellini and INFN/CT Hall A Collaborators —




1 1 1 | 1
fé\ .
A= 0.6571 ppm € 05} -
N s !
+ 0.0604 (stat) + 0.0130(syst) = 04t .
A g i
03 F 9 B
R 0009 oo:oo%:fs'g "003’@8
PREX Asymmetry : Data vs 8 Models - 0, 09569996050 '
=02 F ® e %“%:o" % -
— o L %00 0 0, 9% O theory: P. Ring
0.8 R_n=R_p ° 000 o %2"@» oF w o 1
A (ppm) : 0.1 [~ 00 QM.::..w~ “’r%'w "*l
B . . & “o .~ .. “ L4 g
075~ DATA - LI
B . si 00 ._.. ..... = R IR SRt : =)
B ® s.lytl ni3p06 - % Atomic Number, A
0.7 siii -0.1 2 1 L s i A
- o ® ° 50 100 150 200 250
B fsu
S " Preliminary: Awaiting the “final”
0.65- o ry 8 ]
B ni3mo5 8 Selected Models HEEE e function
0.6
B | | | | | Neutron Skin = Ry - R, = 0.31 +0.15 -0.17 fm
2 0 2 4 6 8 10

A physics letter is in preparation for
publication.

V. Bellini and INFN/CT Hall A Collaborators'\—.




PREX-N

PREX

Possible
Future

Program ?

Each point 30 days

208pp 1
48Ca 2.2 (1-pass)
Not yet 48Ca 2.6
proposed. — 40C5 2.2 (1-pass)
Just a
“what if ?” tin isotope 1.8
— tin isotope 2.6

" -

V. Bellini and INEN/CT Hall A Collaborators — -

Shufang Ban, C.J. Horowitz, R. Michaels

1%
0.4 %
2 %
0.6 %

0.6 %
1.6 %

stat. error only

PREX-Il (approved)

natural 12 GeV exp t
surface thickness
basic check of theory
apply to heavy ion

surface thickness

arXiv:1010.3246 [nucl-th]




® PREX-l achieved a 9% stat. error in Asymmetry
(original goal : 3 %)

® Systematic Error Goals Achieved

® PREX-ll approved (runs in 2013 or 2014)

V. Bellini and INEN/CT Hall A Collaborators —
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+  EXPLORING THE NATURE OF MATTE

V. Bellini and INFN/CT Hall A Collaborators —
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