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Overview of Jefferson Lab

Created to build and operate the Continuous Electron Beam Accelerator Facility
(CEBAF), world-unique user facility for Nuclear Physics

Jefferson Lab Stats:

Located in Newport News,
Virginia

169 acre site

In operation since 1995
~700 employees

1,630 Active Users (FY18)

1/3 of Users are from non-
US Institutions, from 37
countries

~600 PhDs granted to-date
On average 30% of US
PhDs in nuclear physics

FY2016 Costs: $184.1M

A What is the role of gluonic excitations in the spectroscopy of light mesons?

Can these excitations elucidate the origin of confinement?

A Can we reveal a novel landscape of nucleon and nuclear substructure through
measurements of new multidimensional distribution functions?
A Can we discover evidence for new physics beyond the Standard Model?
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PhDs based on Jefferson Lab Research

On average: 30 PhDs/year. Last few years average: 35 PhDs/year.
Typically 200 PhD students annually engaged in Jefferson Lab research.

700
-B-Total NP Ph.D.s Completed to Date -H
600 1 ZO_E%Q_is”
~-@- Ph.D.s in Progress ow due to
500 (rjzpt)grtlng

1997 2002 2007 2012 2017
Calendar Year
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JEFFERSON LAB USER GROWTH

US University Users

-

sl Other Users

Total Users

e -
-
— - - - -

P e

Foe FYO7 FYO8 FY08 FY10 FY11l FYl: FY13 FY14 FY15 FYlg FY17 FY18

1630 users in 278 institutions from 38 countries worldwide

International Users

iAot her
include US
National Labs
and Industry
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International Character of Jefferson Lab

Remarkable and unique facility, complementary efforts in the

International scene for the hadron physics program:

COMPASS at CERN: ~200 GeV muon beam, large acceptance, much lower luminosity.
Mainz (Germany): excellent 2 GeV CW polarized electron beams but limited kinematic reach.
JPARC (Japan): Hadron beam facilities with high intensity kaon and pion beams.

BES (China), BELLE (Japan), BABAR: heavy quark meson spectroscopy in e*-e- collisions.
PANDA at GSI (Germany): heavy quark meson spectroscopy in proton-antiproton collisions.

International Users at Jefferson Lab

~1/3 of our users are
International, from 38
countries

0

Brazil
Bulgaria
Chile
China
Croatia
Egypt
France
Germany
India

Israel

Italy

Spain
Sweden
Switzerland
Turkey
Ukraine
United Kingdom

Cameroon
Japan

Mexico
Poland
RURSED
Saudi Arabia
Senegal
Slovenia
Tunisia

South Korea
Taiwan

Argentina
Armenia
Australia

Austria

Belgium
Canada

Cyprus

Greece

The Netherlands
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CEBAF at Jefferson Lab

1. INJECTOR
2. LINAC
3. RECIRCULATION ARCS

A CEBAF Upgrade completed in

September 2017
o CW electron beam

0 E =12 GeV
0 |l =90 MA
o Pol,.=90%

max

A Commissioning:
o April 2014: hall A
0 October 2014: hall D
o February/March 2017: halls C & B

>

CEBAF World-leading Capabilities

Nuclear experiments at ultra-high luminosities,
up to 10 electrons-nucleons /cm?/ s

World-record polarized electron beams
Highest intensity tagged photon beam at 9 GeV

Ability to deliver a range of beam energies and
currents to multiple experimental halls
simultaneously

Unprecedented stability and control of beam
properties under helicity reversal

J ffggon Lab
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JLab accelerator CEBAF In the 6-GeV era

Continuous Electron Beam
AEnergy 0.4 b 6.0 GeV

A200 mA, polarization 85%

A3 x 499 MHz operation
ASimultaneous delivery 3 halls

8 .Lej,ggon Lab



CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model _—

9 Jye,f,ferson Lab
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CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model
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JLAB DATA REVEAL DEUTERONG SIZE AND SHAPE

0 -1
10 § o previous data 10
<  HallA
101 = HalC 102
— MMD, S2, D
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104
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————— MMD, 0, O
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QiGeV?)

o previous data
MMD, 82, D
----- MMD, 0, D

4 Hall A, Preliminary

0.0

Q7 (GeV?)

Combined Data ->
Deuteronos
Shape

The nucleon-based
description works
down to < 0.5 fm

13

For elastic e-d scattering:

AQ*) =G +31°G2 +21G},
B(0*) =41(1+7)G},

e 3rd observable needed
to separate G and G,

— ltensor polarization t

20
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IS THERE A LIMIT FOR MESON-BARYON MODELS?

3 ! l ! l ! l ! l

N

—— MEC (Lee) g
MEC (Bonn)
— QCD Rescattering 1

—

s''do /dt (kb GeV?)

0

Not really but éEy(GeV)

é there might be a more economical QCD description.

Scaling behavior (ds/dt~ s11) quark-gluon description sets
for Pr>1.2 GeV/c (seeT) in at scales below ~0.1 fm?
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CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model
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JLAB REVOLUTIONIZED POLARIZATION EXPERIMENTS!

Precise access to (small) charge form factor of proton utilizing
polarization transfer technique: € + P A e 0 + P

Spin-dependent scattering Focal Plane Polarimeter
.. .. Rear Chambers
| <0 tettrrigntasymmery | 3>0 Garbon Analyzer LY

4 Front Chambers

Sy
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(
(
P o s <
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Proton Proton
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POLARIZATION TRANSFER IN “HE(E , E)8HP

A E93-049 (Hall A): Measured #H e ( e 3Heirbgpidsi-elastic kinematics
for Q2=10.5, 1.0, 1.6 and 2.6 (GeV/c)? using Focal Plane Polarimeter
AExtracted ASuP@&rfHeadt{iR@H (PO
At nuclear matter densities of 0.17 nucleons/fms3,
nucleon wave functions overlap considerably.

= 4He 1.2 T T T T | T T T T | T T T T |
‘ L Q% = 1.0 (GeV/c)?

Medium Modifications of
Nucleon Form Factor?

------ Madrid, RPWIA
Madrid, RDWIA
=2 Madrid, RDWIA+OMC

A Compared to calculations | 107

by Udias and with
inclusion of medium effects e
predicted by Thomas et al. —200 —100 0 100 200

ggoudaerll; Meson Coupling p_ (MeV/c)
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QUARKS & ANTI-QUARKS IN NUCLEI

AF, DIS structure functions, or quark
~ distributions, are altered in nuclei

r A~1000 papers on the topic; the best
models explain the curve by change
of nucleon structure - BUT we are
still learning (e.g. local density effect)

¢ SLAC E139 (Fe)
- x EMC (Cu)

| l | | l |

l

0 01 02 03 0405 06 07 08 09 1

X
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Drell-Yan: Is the EMC
effect a valence quark

phenomenon or are
sea quarks involved?
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EMC EFFECT IN VERY LIGHT NUCLEI

EMC effect scales with
average nuclear density if
we ignore Be

Be = 2 a clusters (*He
nuclei) + fiexpta0s :

Suggests EMC effect
depends on local nuclear

Ll M IR I
0.04 0.06 0.08 0.10
Ave. Nuclear Density [fm™]

. 0.00 Eo———t
environment 0.00  0.02

dR/dx = slope of line fit to A/D ratio over region
x=0.31t0 0.7

Nuclear density extracted from ab initio GFMC
calculation i scaled by (A-1)/A to remove contribution
to density from Astrucko |r

C. Seely, A. Daniel, et al, PRL 103, 202301 (2009)
19 2
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CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model
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SHORT RANGE CORRELATIONS IN NUCLEI

|A( e, e d3HX He ACSoFe |

Q%2Mn —

Measured Composition ( %) |

1N state 2N SRC
2H |96N0.7 | 4.0NO0.7
3He |92N1.6 | 8.0N1.6
“He |86N3.3 |[15.4N3.3
12c | 80N4.1 |19.3N4.1
S6Fe | 76 N4.7 | 23.0 N4.7

21

|A(e, ec“)pNQ'X, A

l:l Single nucleons

. n-p - n-n D p-p

Proton-neutron rate is ~20 X
proton-proton rate A
two nucleons close
together are almost
always a p-n pair!
Expected to be due to (short-
range) tensor correlations.
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MOMENTUM SHARING IN IMBALANCED FERMI SYSTEMS

O. Hen et al., Science 346 (2014) 614, doi:10.1126/science.1256785

The Jefferson Lab CLAS Collaboration
Selected for Science Express (16 October 2014)
V(r) Potential between

A For heavy nuclei, N (#neutrons) > Z (#protons) wo nucleons

fMajorityo fMinorityo of-

A For non-interacting Fermi gases, neutrons would
dominate at all momenta, even above the Fermi
momentum kg

A In reality, short range nucleon-nucleon correlations P e
dominate the population at k>k. '

Incident
A 1sospin dependence of the nucleon-nucleon interaction vesicn [ single nucleons
implies equal numbers of protons and neutrons at k>k. B, B.. B,

Experimental Result: | === non-interacting

—interacting

S 100 P fraction il ——————
§ [ c Fe Pb
£ C
£ sof- m68% C.L.
T . [095% C.L.
o - pp fraction
O - e
o O~ A
10 50 100 A
This has implications for the equations of state of neutron — >
stars and atomic interactions in ultra-cold atomic gases. k, k
22 Jefferson Lab



SHORT-RANGE CORRELATIONS (SRC) AND EUROPEAN MUON
COLLABORATION (EMC) EFFECT ARE CORRELATED

JLab EMC Sloppg Fomin et al., PRL
- - 0. 35000. 7 108, 092502 (2012)
Finding E |
; ' : ¢ 0.5 [
1.15 SHG -o : 6 ESHO
¥ | 7R oaf- o
‘“““‘.ua‘ Y] - 3 }[ .
: 108 - b "
& s % W 0| —
? . %Be 02: 6 f ®Be
E 1 e e ) E 3 r 3 , oot
< 085 | 0.1 5 b
<118 .. = f
b ‘ZC O__ 6 I 12C K
St 1 : ‘““ : E .-'—.—A—l-
44444 A“‘.“‘ -01__ 3 i s
0.85 ' : ‘ B el I, E T AT SR ST A A B 0 e
0.2 04 06 08 0 1 2 3 4 5 6 08 12 16 1.9
X a,(A/d) %
B B

SRC Scaling factors x;O 1. 4

V(r) Potential between

two nucleons

SRC: nucleons see strong repulsive core at short distances
EMC effect: quark momentum in nucleus is altered

Weinstein et al., PRL 106, 052301 (2011)

4
~] fm
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CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model
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JLab: Polarized Electrons!!!

Ga As
Crystal g 0

Anode == |7 _300kV

laser
(850 nm)

electron beam /\

Electron retains circular

172 wave plate polarization of laser beam
(manual reversal)

Pockels cell
(600 Hz)

N /

Reverse polarization of beam
at rate of 30 Hz (now 1 kHz)

Feedback on laser intensity
and position at high rate




PROTON CHARGE AND MAGNETIZATION

2_g exchange B T T T T T | T T T | T T | T T T ]
important \ 1.5 ! N
P i | ] | ej _
- ® ) —
1.0 It === =———-——- ) i
TR |
: [ ] Litt (SLAC) \I' \LN ~ :
0.5 1 o l I VS & —
-5 e R T~_l -
Elastic electron-proton scattering - ? :ﬂ“h<(f‘\°))) / l ks ~ o } =
— ] Gayou (2002) (Hall A) * ]
l)e+pAed + p 00 ‘ i
GgP/G,,P constant T . .
- B smaller distance - -
— — _O 5 (@ Puckett2010) ({ial ©) | I I | I I I | I I I | I I I
2) e+p A e O + P 0 2 42 26 8 10
GgPIG, P drops with Q2 Q° [GeV7]
Charge & magnetization L ab charge depletion in interior of proton
dlstr|but|on§ in the Findin Orbital motion of quarks play a key role
proton are different g (Belitsky, Ji + Yuan PRL 91 (2003) 092003)
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PROTON FORM FACTORS

The discrepancy between the proton 105 "7 Main spectrbmeter ': 1 et/e-
. . . : E‘ESCC_)]JE‘S
form factor ratio as determined by the o CIBBHld%ig --- | ratio
Rosenbluth and the Polarization ol o emane — ]
Transfer technique is well established. 510 | ) |
S
1.80 7 | T | ! T T T H 1 T T
I ] 1 Tt
140 k- ] 0.99 L 1 MW
L J 0.98 |- _
1.20 - 0.97 - | ! | | ! | |
= 1.00 ] ’ 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(] .-Q" . | | E| | | |
2. ! . 5! .
\& 0.80 - % '_ ’ Q? [(éevffc)Q] H " "
Za 000 1 *¥; | = [T Polarization
L o [a R
3 040 E} T - PZQ ~o073 b GEp(I)
- E ﬁ% . & | transfer
0.20 L L 4 _ ':.‘:_\ 0.71 |
: e o
- . ~. 0.69 .
0.00 | e T
! i + oar R
020 = | i 1 ; ] f | ; H E s P Kl ]
0.0 2.0 4.0 6.0 80 100 N
Qz (Gevz) 0'630.0' I Io.lzu I ‘o.l4' | Io.ls' I Io.la‘ | ‘1.0

We believe two-photon exchange causes the difference. Problem remains that

positron-electron comparisons undershoot the required effect, and are at lower Q2.
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=0

Hall A| WHAT ABOUT THE NEUTRON? Wil

Neutron has no charge, but does have a charge distributions: n = p + p, n = ddu. Use
polarization and ?2H(e , ¢@td access.iuar anteed that electrpn
electron transfers its polarization to this neutron.

(Polarization Experiments only)

D‘1ﬂ T T T T I T T T T I T T T T I . . [ . . . . ] . . ¢ - ' . v . v ] . v . . ' v . v v
---- RCQ *  Passchier — -]
B 553 ¥ Herberg 0.2 E Charge Distribution in the Neutron 7
- —— — Faddeev&DSE Qstria — 2 u
0.08 N dis.ed) T - Schiavila & Sick & Madey ] = o
R — . F,F, A =400 Mev °  Glazier i B .
B Galster fit (1971) 0 Zw A =01E -
A, B Warran P £ - 3
0.06[ | &  Meyerhoff § E ]
e w B O Backer ] = = -2
- o Bermuth 1 o : :
- ¥  Rohe 7 o H o
0.04} i Gais ] < OF -
- — _& E02-013 T s a
0.02} - : :
0.1F 3

27X 1 aad £ 1 1 . 1
i 1 1 1 1 1 1 1 1 1 1 1 1 O ] 3
0.00, 3 > 3 r(fm)

Combining proton and neutron: down quark has more extended spatial
charge distribution. Is this due to the influence of di-quarks?
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P

A Atlow Q2 (< 0.3 (GeV/c)?): use p + e
scattering A R, =0.66 fm

A At higher Q2: use H ( ep*)e 0

oo U
'
o'
»'
'
o'

»
o*®
e
»
-

p

A Use a realistic pion electroproduction
(Regge-type) model to extract F,

ONOS CHARGE DI

STR

E - -+
1045_ e+H - e+ +n
10°k
102}
10 £ | l | | ! l !
20 -15 -10 -5 0 5 10 15 20
COINCIDENCE TIME (ns)
6000 -
4000
27 threshold
2000 -
0 I f + L
09 0925 095 0.975 1 1.025 1.05 1.075 1.1
MISSING MASS (GeV)

A In asymptotic region, F, - 8p a 8,2 Q
R
AL * Amendolia n+e elastics
(6] 0.6 - ® Previous p(e,en’)n
B JLab 1997
H JLab 2003
BSE+DSE
04 -
DISPERSION REL
0.2 -
0 V | | | | |
0 1 2 3 4 5 6

T. Horn et al., PRL 97 (2006) 192001
G. Huber et al., PRC 78 (2008) 045203

Q? [(GeV/c)*]

First measurements away from region
{where F is simply given by the p radius




Hall B

ELECTRON SCATTERING

p(e,led) X

QAGeV?)

N(940)

: '
T A(1232) )

. : o o
k3 =5
SR
iR
Ry
) |

N(1520) p(e,e’)X
1 E=4GeV

W | N1680)
: deep inelastic

- I ol e g i i A > -
1 r )
v

missing states

U Resonances cannot be uniquely separated in

inclusive scattering Y measure exclusive processes.
.L(;i’,fggon Lab
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SOLVI NG THE

- -

= July 2012
M -- PARTICLE

<= PHYSICS

- BOOKLET

L | Extrocted from the Review of Parficke Physics
J.Bernger ef ol { a i

P Phys. Rev. D 86, 01
See hitp://pdg.tbl.gov/ for Porticle Listings. complete
reviaws and pdglive (ouwr interactive database)

L |
-

physics
—q Availatie from POG of LBNL and CERN
L |
- -

Star ratings of PDG before 2012
and projections for 2018, following

worldwide experimental and
theoretical effort.

kkk Existence is certain

K Existence is very likely

*x Evidence of existence is fair
* Evidence of existence is poor

32
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N(1710)1/2 ok

N(1880)1/2
N(1895)1/2
N(1900)3/2 *x
N(1875)3/2
N(2120)3/2
N(2000)5/2 *
N(2060)5/2

NOHHDAN *

NG RESO

= State PDG PDG
3 ®PDG N(mass)d | pre 2012 | 2018

*kkk

*k%
*kkk
*kkk

*k*k

**
*%

*%

k)%

*) projected
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PARITY-VIOLATING ASYMMETRIES

Weak Neutral Current (WNC) Interactions at Q? << M,?
.

Longitudinally Polarized Electron Scattering

off Unpolarized Fixed Targets longitudinally

polarized ¢

2
I

) ocIAY+A

weak

— G*' Gi A ~GF Q2

~  Wweak

Gy+tG; A 4T

AR = Apy (9a%09y' +H0,\°0A")

The couplings § depend on both electroweak physics and the weak
vector and axial-vector hadronic current, and are functions of sin?Q,

Mid 70sgoal was to show sin“Q,, was the same as in n scattering
1990-2010 target couplings probe novel aspects of hadron structure
Ongoing precision measurements with carefully chosen kinematics

to probe new physics at multi-TeV high energy scales
33 .Jgjj%gon Lab



JLab: Parity Violation Program!!!

Example: The HAPPEX Program - Strange Quark Contributions to the Proton

Open circles: online data

Closed circles: final data
4 * HWP Out
Parity-violating % % * HWP In

£
asymmetry due to 8_‘
interference of = 2 - ﬁ% %% I }%
electromagnetic S | %% # % | JﬁH}
+ weak couplings <°- 0 _ % 1 | 1T

longitudinally
polarized ¢”

|IIII|IIII|IIII IIII|IIII|IIII|IIII

*ﬁ%ﬁﬁﬁ#ﬁﬁ%ﬁﬁ%ﬁpﬁﬁ'jﬁg

|.||3I0|1| ...4'I0..

“slug” number

ITTT

B
o
N
o:
N
o
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@—> JLAB POLARIZED BEAM 4—@

GO forward running beam:
A strained GaAs (Pg ~ 73%)
A 32 ns pulse spacing

A 40 mA beam current

HAPPEX-II beam (2005):
A superlattice (P > 85%)
A 2 ns pulse spacing

A 35 mA beam current

Beam Parameter

GO beam (Hall C) HAPPEX beam (Hall A)

Charge asymmetry |-0.14 N0.32 ppm -2.6 N0.15 ppm
Position difference |4 N4 nm -8 N3 nm
angle difference 1.5 N1 nrad 4 N2 nrad
Energy difference 29 N4 eV 66 N3 eV

Total correction to
Asymmetry

-0.02 N0.01 ppm

0.08 N0.03 ppm

35
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THE SPATIAL DISTRIBUTION OF QUARKS AND THE
PROTONOS MAGNETI SM

Naive Quark Model: proton = uud (valence_guarks)
QCD: proton=uud+uu+dd+ss+ €&
The protonseahasanon-t ri vi al structur e:
How much do virtual strange quark-antiquark
_ pairs contribute to the structure of the proton? | Hall A

Gg::\o/l (Qz) = %GIlEJ,M (Qz) - %GS,M (Qz) - %GE,M (Qz)

proton charge/magnetism up
neutron charge/magnetism > down
proton response to Weak force strange

_

o

2. 8 . O~0
longitudinally Géj\a (QZ) = %' _Sm2 QWO E,M (QZ) +
polarized ¢ ¢ 3 -
@ 1+ sin’ Q, 862, (Q7) +8 1+5sinQ, 32, (@)
g - Q -
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Strange Electric Contribution

0.00
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- ol N
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Magnetic Contribution

Strange

STRANGENESS CONTRIBUTION
TO NUCLEON FORM FACTORS

N ® HAPPEX-I Uncertainty in A .

L A HAPPEX-1& I

— - co —— 3% of (G2 +n G))
vV A4

o
T T T

'
o
T

Strange Electric Contribution

-
(=]
T

L [N
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o
T T T T T g

. —68.3%
© —05%

-10—Q° ~ 0.22 GeV

20 -15 -10 -5 0 5

a|6uexoeq-vv

10 15 20
Strange Magnetic Contribution
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Hall A

HAPPEX-3: PRL 108 (2012) 102001
GO0-Backward: PRL 104 (2010) 012001

Purple line represents 3% of
the proton form factors

A strange quarks do not play
a substantial role in the long-
range electromagnetic
structure of nucleons

Data available for E/M
separation at three Q? values

i py
o [=] o (=]
T[T T T T[T g

-
(=]
T T

Strange Electric Contribution

L Q7 ~062GeV?
ol PRIV IPPITITIN BPIATS B
-15 -10 -5 0

Strange Magnetic Contribution

-
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DETERMINING THE WEAK CHARGE OF THE PROTON (NEUTRON)

Physics

spotlighting exceptional research

Home About Browse APS Joumnals

First Determination of the Weak Charge of the Proton
D. Androic et al. (Q_{weak} Collaboration)

Phys. Rev. Lett 111, 141803 (2013)

Published October 2, 2013

Trigger
Scintillators

8 Segment
Toroidal Magnet

LH, Target

Drift
i Chambers

Triple Pb Collimator |

System ) == .

High Density Shield Wall

If you know the strangeness is constrained,
go to a region where it is minimized more,
and perform a Physics Beyond the Standard
Model test!

=0)

Q,+0°B(Q° 8

AJA,

04} =

0.3}

® This Experiment
B HAPPEX

% SAMPLE

A PVA4

® GO

= SM (prediction)

Data Rotated to the Forward-Angle Limit

0.3 0.4 0.5 0.6

Q°[GeV/ic]*

0.2

Electroweak elastic electron-proton scattering
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QWEAK EXPERIMENT RESULTS A CONSTRAINTS

Qweak was one of the last 6-GeV era experiments to run, up to FY12

0355 g0 \ —-F-~._ Alg=3TeV

0.345|
=
$)
0.335|
03251 @o5% CL \
-0.20 0.19 -0.18 -0.17
Ciy

Constraints on the vector-quark,
axial-electron weak coupling
constants C,, and C,, provided
by the Qweak and APV results.

Combined
al & cs

Qp [2017]

0 /2 - ) on
8 h

Combined constraint raises the Q,-
independent for generic new semi-

leptonic Parity-Violating Beyond the
Standard Model physics to 3.6 TeV
(mass reach in L/g).



CEBAFOS ORI GI NAL MI SSI

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:
A Do individual nucleons change their size, shape, and quark structure in the
nuclear medium?

A How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

A What are the properties of the force which binds quarks into nucleons and
nuclei at distances where this force is strong and the quark confinement
mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model

40 .!gf,ggon Lab



THE REVOLUTION IN HADRON AND NUCLEAR STRUCTURE

Nuclear Physics in terms of protons, neutrons and pion exchange is a very good effective
model. Resolution or Momentum transfer Q is negligible

Protons and Neutrons in terms of constituent (valence) quarks is a very decent effective

model: the Constituent Quark Model works surprisingly well.

Resolution or Momentum transfer Q is small

Looking deep inside protons and neutrons:

Quantum fluctuations + special relativity + M = E/c? gives
rise to quark-gluon dynamics (structure and interactions).
ResolutionorMo ment um transf er

The QCD vacuum is not empty, but  The proton is complex, mass and
full of gluon fluctuations: deep in the  spin are emergent phenomena
proton is a wall of gluons

41

“CTEQIM (@-u=0)"
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FNAL-E866/NuSea
PRL. 80, 3715 (1998)

Illl|llIllllllllllllllll[lllllllll
005 01 015 02 025 03 035
X

08

et
~

=i B =

Theory curves reflect different assumptions about d /1

Quantum fluctuations play a
role in nucleon structure:
dx) I u(x)
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SEPARATED STRUCTURE FUNCTIONS: QUARK-HADRON
DUALITY WORKS WELL FOR F,, 2XF; (F;), AND F,

0.6

AThe resonance region is, on average,
well described by NNLO QCD fits.
A JLab Hall C AThis implies that Higher-Twist (FSI)

T contributions cancel, and are on average

Q?=1.5GeV?

0.4

0.2

smal. A Quadrakdr on Dual it~
AThe result is a smooth transition from
. B S ———R—— Quark Model Excitations to a Parton
L Q%= 1.5GeV? Model description, or a smooth quark-

hadron transition.

AThis explains the success of the parton
model at relatively low W? (=4 GeV?) and
Q2 (=1 GeV?). [

AThe successful appl
extract known quantities suggests that it
should also be possible to use itto

Bt L extract quantities that are otherwise
O!L Wil ki nematically 1inacceée
01 02 03 04 05 06 07 08 09 10 (CERN Courier’ December 2004)
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QUANTIFICATION: RESONANCE REGION F,
W.R.T. ALEKHIN NNLO SCALING CURVE

~ 0.1
0 i
< -

0.08

0.06

0.04

0.02

-0.02

-0.04

—0.06

—-0.08

0.1

E=4 GeV, 0=24 Deg

0|

(P~1.5GeY

aUeéLAOolf ¢
example

D=-0.1+;0.7%

1.1

A R N S RN ERE RN S R
1.2 1.3 1.4 15 16 1.7 1.8 1.9 2

43

W (GeV)

AEvidence of resonance
transitions
vall eyso aro
expected parton model
behavior.

ASimilar as standard
textbook example of e*e-
A hadrons

Al Resonances
parton subprocess
Cross section because
of a separation of
scales between hard
and soft pro

AConfinement is Local

D
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PARTON MODEL IDEAS VALID @ 6 GEV

First measurement in large-x region
unambiguously showing that A;" > 0
(A;"=0in the SU(6) Quark Model)

A

1
L oy
[ ® JLab E99-117 (*He) & &
[ O E142 (3He) g S
0.8 3 5 A
8" A E154 (3He) & o
- HERMES (3He) TSN
B g1, BN
0.6 R Q{?}I/ / &"Z'\cgi
j N
- / S 7 SRS
L i S 4 \\g(\“@k\
7/1 S N
O_ 4 — , / ‘7‘_ C)be"’ 4 \\y@"b
L P
/ S 4
L A -
L ,x’// 1/ Statistical model
0.2+ // )2 i’ (Soffer et al.)
2 ; /
- A 1/
- ll"’ /_/ /./‘// /5
" v A
: M I
0.2f '
-0.4 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 ¥ 1

Hall A

Allows for Flavor Decomposition:

(Au + All) /(u+0)

(Ad + Ad) /(d+d)

1

o
U

o
U

o

O
(¥}

com
/', , Chiral Soliton
- Statistical
LSS(BBS)
LSS 2001

® JLab E99-117
¢ HERMES

OIIIIII‘

0.2 0.4 0.6 0.8 N 1
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BEYOND FORM FACTORS AND QUARK DISTRIBUTIONS

Generalized Parton and Transverse Momentum Distributions

1990
Proton form factors, Structure functions,
transverse charge & Correlated quark momentum guark longitudinal
current densities and helicity distributions in momentum & helicity
transverse space - GPDs distributions

20006 Extend longitudinal quark momentum & helicity distributions to

transverse momentum distributions - TMDs >
son Lab
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WHATO0OS THE USE OF

GPDS"

1. Allows for a unified description of form factors and parton distributions

"take
out"

2. Describe correlations of quarks/gluons

3. Allows for Transverse Imaging

"put
back"

Fourier transform in momentum transfer
pion valence \ t —'/
cloud quarks
| P /@ /
b/
= — §- T
longitud.
‘\,cca"' ,
vﬁph ’///,,//’// /,/////////

x<0.1 x~0.3 x~0.8
gives transverse spatial distribution of quark (parton) with momentum fraction x

4. Allows access to quark angular momentum (in model-dependent way)

46 Jefggon Lab
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ARTON DISTRIBUTIONS: TMDS

A surprise of transverse-spin experiments

L mpt a w e K" HERMES

Y
)]
L

Left-right asymmetry (%)
o >
HEH
HEH

o
I
»
-
——

_5_...I....I..l.l..l.l....I....I;J
005 01 015 02 025 03

X
AAccess orbital motion of quarks
C contribution to the proton® spin

AObservables: Azimuthal asymmetries due
to correlations of spin g/n and transverse
momentum of quarks, e.g., Boer-Mulders:

(P X kT) 'Sq
M

hy9(x, k3)

47

[llustration of the possible

correlation between the
internal motion of an up
guark and the direction in
which a positively-charged
pion (ud) flies off.

qguark polarization

L

nucleon polarization

Boer-Muld
¥=
9 | hy
helicity worm-gear
917 Ryt

Sivers

worm-gear

! 7

v L4
transversity pretzelosity
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TOWARDS THE 3D STRUCTURE OF THE PROTON

Simplest process: e+ p A e 0

+g (PVCE)

Hall B beam-spin asymmetry data show potential
for imaging studies from analysis in x, Q2 and t

F-X. Girod et al., PRL 100, 162002 (2008)

DVCS

7\

. 04
St arf ey O Hall A data for Compton form
g o S5 B (r‘!—_i\}‘ - -
d B I - : S factor (over limited Q? range)
T <t>7 048 GeV? £-t>¢ 0.30 GeV? <= 0.49 GeV? <-t5=0.76 GeV? . .
02t AP WAS A LEFR I TN | agree with hard-scattering
,f I §/ N \\ S
, / y g
0oL 1 ’ A Y3 g/ b XL /{," L l § €. Munoz Camacho et al., PRL 97, 262002 (2006)
0.4} L i i i
0 ) 360 ¢ 360 360 ) 360
‘5,_ S —
\E - . E 12 GeV
e s 2.5
F g ¥ 0 C \
20— V. Z@.i __________ ; ' @) 2i
AT FL e L -t 1 XB=0.36
P F--- . ":4:‘*"?::;'; ””” Jd = C
Pl W s . bt 1.5—
p S Y] 3 L
e I ~CEEE—- e 1:
LF N \i‘\;‘l_ 3 -
T 00 = Sboooodo—o ook 4-%.=0.50
i ¥ ;~;;;i ‘;‘r" O-ST
1 | | | | 0: | 1 | 1 1 L | L L L
0.1 0.2 0.3 0.4 0 2 8 10 12
Xg Q? (GeV?)
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UNIFIED VIEW OF NUCLEON STRUCTURE

W, U(x,kp,rr) Wigner distributions 5D DlSt.
T ¥
d?r; d2k, |
TMD PDFs
GPDs/IPDs
f14(X,k), .. N"(X k)
3D Ima

42k , dx &
i T dry Fourler Transformation
! Form
Factors
PorS | LD 6e(Q2),
f4(%), .. hU(X) | — Gy(Q?)
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EXPLORING THE 3D NUCLEON STRUCTURE

A After decades of study of the partonic structure of the nucleon we finally
have the experimental and theoretical tools to systematically move beyond
a 1D momentum fraction (Xg;) picture of the nucleon.

A High luminosity, large acceptance experiments with polarized
beams and targets.

A Theoretical description of the nucleon in terms of a 5D Wigner
distribution that can be used to encode both 3D momentum and
transverse spatial distributions.

A Deep Exclusive Scattering (DES) cross sections give sensitivity to <
electron-quark scattering off quarks with longitudinal momentum fraction o
(Bjorken) x at a transverse location b. g

@

A Semi-Inclusive Deep Inelastic Scattering (SIDIS) cross sections depend =
on transverse momentum of hadron, P, but this arises from both intrinsic é
transverse momentum (k) of a parton and transverse momentum (p-) £
created during the [parton A hadron] fragmentation process. 2
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15+ YEARS OF PHYSICS EXPERIMENTS AT JLAB

AExperiments have successfully addressed original Mission Statement:
Arhe study of the largely unexplored transition between the
nucleon-meson and the quark-gluon descriptions of nuclear mattero
Highlight 1: The Role of Quarks in Nuclear Physics
Probing the Limits of the Traditional Model of Nuclei
AEmphasis has shifted to third sub-area of intended CEBAF research:
AWVhat are the properties of the force which binds quarks into
nucleons and nuclei at distances where this force is strong and
the quark confinement mechanism is important?o

AHighlight 2: Charge and Magnetization in Nucleons and Pions

Charge distribution in proton differs from magnetization distribution
Elusive charge distribution of neutron well mapped out to high resolution
Strange quarks play small role in mass of proton.

AHighlight 3: The Onset of the Parton Model at Low Energies

High quality hadronic structure function data at JLab at 6 GeV have been
accumulated spanning the nucleon resonance and low-W? deep inelastic region.
The data indicate a surprisingly smooth parton-hadron transition at relatively low Q?2,
allowing, for x > 0.1, an unprecedented access to partons with the 12 GeV Upgrade,
allowing to finally go beyond 1-dimensional snapshots.
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From 3D atomic structure to the quantum world

C Atomic structure: dating back to Rutherford® experiment :
U+Au C U+X Over 100 years ago

A - Experiment —Sg———» Theory
_ 7 - S S -—
Atom: @\E ‘ ;‘LH ‘ orpit

J.J. Thomson®&

_ Rut herfordos
plum-pudding model

Experiment - Data Quantum orbitals

Discovery: O Tiny nucleus - less than 1 trillionth in volume of an atom
O Quantum probability - the Quantum World!

C Localized mass and charge centers 1 vast fbpenospace:

Molecule' Crystal: Nanomaterial:

FULLERENES

@ /\ "
Hydrogen
Hydrogen Oxygen
@ @="
fAWatero Rare-Earth metal cwoners Carbon-based
C Not so in proton structure! s Jefferéon Lab




From 3D hadron structure to QCD

C Amoderni Rut her f or d @boet 50pyearsiagoe n t

Nucleon: The building unit of all Prediction Discovery
atomlc nUCIeI * If proton “charge cloud™: E\ Le PRL 23 (935) 1969
e+p C e+X @ N ¢ i
p X 5 1 e e @ °
N Pl \ E * o
© 968 + [f proton contains point charges. some of ‘ 10 1_ Scattering off point-like partons

time see:

. Quark
e “ou Mmodel 10
mmm) Discovery of quarks! o) ™
C Discovery of Quantum Chromodynamics (QCD): *
electron
<10"%cm
Gluons
proton

(neutron) ‘
quark

@ <107'® A &
No still picture!

No fixed structure!

nucleus

. ~10""%cm
atom~10"cm ~10""3em

Nanometer Femtometer Quantum Probability

e 2
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Subatomic Matter is Unique

3 colors ! ’
maaety ~e e

Vertices

Makes
life
interesting

Interactions and Structure are entangled
because of gluon self-interaction.

as mass and spin emerge
from this complex system.

Observed properties such

Momentum Fraction Times Parton Density

0 - 1 4
0.0001 0.001 0.01

EIC needed to explore the
gluon dominated region

JLAB 12 to explore the
valence quark region

1.0
Fraction of Overall Proton Momentum Carried by Parton
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MASS OF THE VISIBLE UNIVERSE

Gluon mass-squared function

The strange quark is at the boundary -
both emergent-mass and Higgs-mass

generation mechanisms are important.
Emergent mass of

the visible universe
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