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“Classification” Categories to be Used for the Assignment of
Scientific Priority to the 12 GeV Experiments = a la Larry
Cardman, JLab PAC

( * Fragmentation )
1.The Hadron spectra as probes of QCD (Spectroscopy)

(GluEx and heavy baryon and meson spectroscopy)

2 .The transverse structure of the hadrons Form
(Elastic and transition Form Factors) Factors
3.The longitudinal structure of the hadrons
(Unpolarized and polarized parton distribution functions) C PDFs )
4 . The 3D structure of the hadrons
(Generalized Parton and Transverse Momentum Distributions) [ GPDs & j
s TMDs

5.Hadrons and cold nuclear matter
(Medium modification of the nucleons, quark hadronization,
N-N correlations, hypernuclear spectroscopy, few-body expts) [Nu ol earj

6.Low-energy tests of the Standard Model Effects

and Fundamental Symmetries
(Mgller, PVDIS, PRIMEX, .....) ( SM/FS )




Crash Intro to

Hadron Structure



The Quark Model

Hadrons are composed of quarks with :
© flavor: u,c,t (charge +2/3) d,s,b (charge -1/3) @ color: R,G,B € spin: 1/2

Each hadron observed in nature is ("color singlet”)
> Baryons 3-quark systems, The spectrum of observed hadrons
with colors RGB is (roughly) explained:
> Mesons quark + antiquark e _
with colors CC MesoDs. Spin 0 Bar_yons.
ud ud Spin 1/2
dﬁ Jd du B p uud
® o e
us UuUs Stuus
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SPINO (T1)

SPIN1 (TT)

Hadronic Multiplets

e MESONS = ¢ e BARYONS = ¢4q or 4qq
p uud uddn
+ O o o O
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; = N e e
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Murray Gell-Mann, 1964

“A search for stable c]uarks ... atthe
highest energy accelerators would help

to reassure us or the

non-existence of rea quarks.”



Electron Scattering and Scaling

Elastic scattering from the proton Deep-Inelastic scattering (DIS):

virtual phOtO/ at high energies you see .

Q p hard, pointlike

~ gonstituents !
Energy v Q proton \
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Parton Distribution Functions

Let’s look inside the proton: Deep-Inelastic Scattering (DIS) with high
energy beams = a rich substructure is revealed!

sea quarks : virtual X fraction of proton
quark-antiquark pairs momentum carried by
that fluctuate in and struck quark

out of the vacuum! o
q(X) parton distribution func”

gluons : carriers of (number density for quark flavor g)
the strong force

xf

Q*=5GeV? |

3 constituent quarks A — oo
of mass = 350 MeV VAN R

+

o many current quarks
with bare masses = 5 MeV

1
K. Makins, NNPSS 2015
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Quantum Chromodynamics

The Theory of the Strong Interaction

] 1
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The End.

N.C.R. Makins, NNPSS 2015



Bound States in QED and QCD

Coupling o = 1/137 is weak at o
relevant scales 0078 .

L0777 -

v’ Perturbation theory works very well C oore. i

v Non-relativistic quantum mechanics ok 4075 - i

e.g. Hydrogen: binding E=13.6 eV<<M_ __=511keV .,

I
elec ,\E_____
073 T T T
J 20 40 &0 80 100
distance scale (fm)
Coupling o blows up at 100 — '
relevant scales ! CONFINEMENT :
X Perturbation theory impossible 60
X Bound systems inherently relativistic . I
|
e.g. Proton: Mass = 938 MeV >> oh J -
bare m, ., =5 MeV! ; -
0.0 III.IE CI.I4 C.b CI.IE 1.C

distance scale (fm)
N.C.R. Makins, NNPSS 2015



Color Anti-Screening

Quantum electrodynamics (QED)

e —
et" ""\‘e
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ey
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Electron charge

Coulomb
charge
e —————

S
Distance from the

H'lgh~energy_/ bare e~ charge w_ow-eruargy
probe probe

{a)

Quantum chromodynamics {(QCD)

Color charge

Qaj

Confinement
barrier

High-energy probe
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Color Anti-Screening: C.Quigg, Sci. Am. April 1985

found in a footnote from Griffiths, “Elementary Particles”
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SCREENING AND CAMOUFLAGE EFFECTS modify the be-
havior of fundamental forces over distance. The left panel shows
an electron in a vacuum; it is surrounded by short-lived pairs of
virtual electrons and positrons, which in quantum theory populate
the vacuum. The electron attracts the virtual positrons and repels
the virtual electrons, thereby screening itself in positive charge. The
farther from the electron a real charge is, the thicker the interven-
ing screen of virtual positive charges is and the smaller the electron’s
effective charge will be. The color force is subject to the same screen-
ing effect (center). Virtual color charges (mostly quark-antiquark
pairs) fill the vacuum; a colored quark attracts contrasting colors,
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thereby surrounding itself with a screen that acts to reduce its ef-
fective charge at increasing distances. An effect called camouflage
counteracts screening, however. A quark continuously radiates and
reabsorbs gluons that carry its color charge to considerable distan-
ces and change its color, in this case from blue to green (right). A
charge’s full magnitude can be felt only outside the space it occu-
pies. Therefore camouflage acts to increase the force felt by an ac-
tual quark as it moves away from the first quark, toward the edge
of the color-charged region. The net result of screening and cam-
ouflage is that at close range the strong interaction, which is based
on the color charge, is weaker, whereas at longer ranges it is stronger.
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Flavor Structure of the Proton

Constituent Quark Model
Pure valence description: proton = 2u + d

Perturbative Sea Sea quark pairs from [ —
8 — 44 should be flavor symmetric: ‘ U= I

2 14:

0.8

06 -

2F
18

16 F

120 e

1

E866: ‘ d/u>1 I

22 F

| @ FNAL E866/NuSea ]
M| <+ NAS .

Non-perturbative models: alternate deg’s of freedom®{

| — CTEQ4M

- MRST
MRS(R2)

0.05 0.1 015 02 025 03 035

Meson Cloud Models Chiral-Quark Soliton Model
e quark degrees of freedom instanton d,
71:+ meson : : _fi vertex

/ in a pion mean-field %dL
4 d ¢ nucleon = chiral soliton ug u,
u u e one parameter:
d d dynamically-generated
valence sed quark mass ‘tHooft instanton vertex

e expand in I/NC

Quark sea from i
cloud of 0 mesons: > U

~ Upurdpdy



‘ The Puzzle of Proton Spin I

The proton:
~ spin 1/2

The quarks’

spins account for
only 25%

I
Where’s the rest?

Gluon Spin?
L?




What the Detector Sees in a High-Energy Collision ...

Target gas

Drift chambers

Magnet

Cherenkov
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What Happens in a High Energy Collision

e/e%.o,)
< .
n K i P
K- A+ N HADRONS 0 00
® ¢ + 7 are formed, in K A0 2-

lll ETS”

Confinement at Work !

Creation of hadrons from struck quark: Fragmentation




Our Friends, the Hadrons



The only particles that can make tracks
in typical detectors : must be charged
and must live long enough

Particles you need to know!

~ usg o s e Pions: " =ud, © =dii, my: = 140 MeV

- / \ lightest and most common of mesons

S ud® i @’ss @du e Kaons: K =us, K =sii, mg: =494 MeV

o dd, / lightest mesons with strange quarks

@ su® Oy e Protons and antiprotons:

| p=uud, p=iid, m,=938MeV
the only truly stable hadrons in nature
e —©

O lightest charged leptons, also stable

¢ Muons: w, my =107 MeV
@ — @ heavy electrons = don’t radiate much,
| | - easily pass through materials

SPIN 1 (11)
®
N
%

\ e Electrons and positrons: ¢*, m. = 0.5 MeV

Other hadrons are observed via their decays, e.g. p’ — n*n
N.C.R. Makins, NNPSS 2015



SPINO (T1)

SPIN1 (TT)

Hadronic Multiplets

e MESONS = ¢ e BARYONS = ¢4q or 4qq
p uud uddn
+ O o o O
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A Wee Bit O’ Jargon-Busting

® baryon jargon: N*s, hyperons, and cascades
® meson classes: pseudoscalar, vector, scalar, ...
= quantum numbers JP =0~ (nr), 1-(p), 0* (fo)

- why do pions have negative parity? (S=0, L=0)
-~ quarks & antiquarks have opposite intrinsic parity

® isovector vs isoscalar: mesons and PDF combinations
= isovector (I=1): @, p ... u(x) — d(x)
= isoscalar (I=0): n, o ... u(x) + d(x)

N.C.R. Makins, NNPSS 2015



Deep»-lnelastic Scattering
& friends -

K<39 Processes




The virtual photon and Q2

In relativistic quantum mechanics = quantum field
theory, scattering due to a force between particles

€ (e.g. E&M) is treated as if a virtual particle were
e :% exchanged between beam and target
Y roton
Q\p force carrier
& E&M photon vy
strong gluon g
The virtual photon y* is just a combination weak W 7
of E and B fields ... “virtual” — short-lived ’
Kinematic variables of electron scattering
electron beam e k=|E, 75] =[E,0,0, k]
scattered electron ¢’ k' =[E’, k'] mg —k-k=k kK
virtual photon v* g=[v.Gl=k—k' =[E-E', k—k']

2 =2\ | Virtual photon has imaginary
0" =—q-qg=1q]"=v" > 0! > mass, unlike a real photon
N.C.R. Makins, NNPSS 2015



The Bjorken scaling variable x

q" At fixed beam energy, electron scattering xsecs
e ot @ p depend on two variables: O’ and v of the y*
. 3:*\\& ... or E"and 0 of the 0 = 4EE'sin%(6/2)
s scattered beam: v=FE—-F'

(also define y = v/E = fractional energy of y*, range 0 — 1)

At high enough O? and #? we scatter not from the whole proton,
but from a collection of pointlike, nearly-massless quarks

Elastic electron-quark scattering:
k+psg=k'+py — py=q+p
P9 = mi* = (qtpe)* = ¢+ pi+2qpy  — 2qpg=—q*=0*

Suppose the struck quark carries a fraction x of the target proton’s 4-momentum P

py=xP — pg =xP = [xM,, 0] in lab frame v=_—99_ Q’
— 0?2=2q'p; =2q'Px=2vM, x 2P-q 2M)v

DIS experiments measure this for every event
N.C.R. Makins, NNPSS 2015



Deep-inelastic scattering : PDFs and Q2

Pq =xP
0’ . s . L
¥ = When we are scattering from individual pointlike quarks within
2M »V the target, we are in the regime of deep-inelastic scattering
o do ( do ) 5 5
10 T T T T T T p— y
) 5 2~ > ), € q(x.0Q)
g‘ G(Q ) o W= 2 GeV - dXdQ dXdQ pOll’lt eq—>eq) q:uvdasaﬁad_»ST
[\ L Opom( Q) x e
10 g—‘\\‘x“x X . . x i /
- P e ox ] The interesting, proton substructure
2 o\ . q(x,0?) part of the xsec is described by
Ehd3 \‘\ ; parton distribution functions g(x)
\
N N\ ssrc e PDFs describe number density of quarks at
°F \.s\cmsm AN\ ] different momentum-fractions x
I l S i . e one PDF per quark flavour
l0-4 1 ] ] 1 Lo~

e © 8y {a(x)} =u(x),d(x),s(x),a(x),d(x),3(x)

PDFs depend only very weakly on Q?

N.C.R. Makins, NNPSS 2015



Deep-inelastic scattering and W?2

In DIS, the proton breaks up into

many hadrons — fragmentation

hadronic final , b
state:total  W* = (g+P)* = (vtMp)*—q|

invariant- =M?>-0*+2M,v
mass ///
1.5 : E =10 GeV
ol | 4 A A
# - | 11 ‘"l?,l’ Yithpe
i 1.0 } 'ﬁl A
i "
; - b
iy 0.5 # i }
ol )
Sz | h
.E M ﬁ
0 ] Jh i | 1 1 |

0
/ W (GeV/c?)

elastic scattering resonance region DIS regime: W > 2 GeV
ep — ep ep > e, eN*, ... ep — e(X =many hadrons)
N.C.R. Makins, NNPSS 2015



Example kinematics : HERMES

%r S

et/e- beam of energy 27.6 GeV -on- fixed targets

AN

&)

10

N.C.R. Makins, NNPSS15



Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

do" ~ Zeé g(x) - 6 - DIN(z)
q

@ The perturbative part

photon-quark subprocess

; Cross-section for elementary

Large energies = asymptotic freedom
= can calculate!

&3
", The Distribution Function @ The Fragmentation Function
momentum momentum distribution of hadrons h
within their proton bound state formed from quark g

= |attice QCD progressing steadily = not even lattice can help ...



Semi-Inclusive Deep-Inelastic Scattering (SIDIS)

In SIDIS, a hadron h is detected in coincidence with the scattered lepton:

Factorization of the cross-section:

do" ~ Zeé g(x) - 6 - DY (2)

Many distribution and

_ perturbative part
fragmentation

ection for elementary

N functions to explore!
on-quark subprocess
Large energies = asymptotic freedom
= can calculate!
4, The Distribution Function @ The Fragmentation Function
momentum momentum distribution of hadrons h
within their proton bound state formed from quark g

= |attice QCD progressing steadily = not even lattice can help ...



Leptons: clean, surgical tools 7’/;,.66{'9

SIDIS Disentangle distribution (f) and fragmentation (D)
functions — ideally measure all processes
H h’ 1, Drell-Yan ;+
Z e2 £4(x) DE(2)

hz These are the only processes where
Z e Dhl D112 (22) TMD factorization is proven

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



Hl Drell-Yan ]+
q
q

H 2

W production
“Drell-Yan 2.0”

H, ]

T

e.g. Au(x),

> E866

- | -~ FNAL E866/NuSea

) | —— CTEQ4M

0.05 041 015 02 025 03 0.35

Hadron-Hadron — Leptons

® Cleanest access to sea quarks

e.g. d(x)/u(x) @Fermilab
Ad (x) @RHIC

N.C.R. Makins, NNPSS 2015



—~———
*43 Hadron-Hadron — Hadrons PH>>X<%EN|X

e Powerful + large cross-sections but more complex

e.g. Ag “workhorse” processes at RHIC :

0
AL~ 7+ X @ PHENIX - p. (GeVic)
_ 0 5 10 15
ALL_’ jet + X @ STAR i 1 1 1 1 I 1 1 1 1 l 1 1 1 L] I 1
| ® PHENIX Prelim. n°, Run 2005-2009 &
PHENIX shift uncertainty
[ —— DSSV++ for n°
0.04- w STAR Prelim. jet, Run 2009 I
B STAR shift uncertainty
- —— DSSV++ for jet /
j |~
<C 0.02
+ _
0
I o
- PHENIX/STAR slcale uncertainty 6.7°/(i/ 8.8% from pol. not Ishown
0 10 20 30
+ Jet P (GeV/c)

N.C.R. Makins, NNPSS 2015



More Jargon-Busting

e u-quark dominance

e off-shell vs on-shell and poles in xsecs/amplitudes
¢ |ongitudinal vs transverse photons

e helicity conservation

e Vector Meson Dominance (VMD) ... any more ?

N.C.R. Makins, NNPSS 2015



Helicity Conservation & L,T Photons

Write DIS xsec to reveal contributions from L and T photons:

o,+0 1+2|C? tan> % i O 2
dEdQ Lt T 0> 7 Fz~(GL+GT)2x/(1+€—2)

|2

Fact : Fermions with E >> m conserve helicity in any EM interaction,
which requires Transv = Spin 1 photons ... unless transv momentum significant

A=+1 A=+1
‘. : ‘.
~ ) )
- ;,_ o AV
° R— O — (0 as Q?— « =key evidence that quark is spin 1/2 !
GT
e R =0 — Callan-Gross relation: Zeqzxq(x) =F,(x)=2xF/(x)
(only one structure function) q

N.C.R. Makins, NNPSS 2015
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4effe20n Lab The Facilities : Today

e 12 GeV polarized e : first beam 2013, commission? 2014, produc” 2015

° Complementary capabilities in 4 Halls ?600 Proton productivity increase 2006-2014 (projected)
— broad physics program = N
,\/__ g 500 7 3&1‘? fp;f;ﬁ’s 250 GeV
*ZR PH- -ENIX — 400 F /,
J 2013: 300 pb-1
e Transv (T) & Longit (L) polarized p beams ol ,,' @ Vs=500 GeV!
colliding at V's = 200 GeV or 500 GeV /
e | core:ALL™ (PHENIX) & ALUet (STAR) = Ag(x) 2 ," | w p=dn
- AlW= at /s = 500 GeV — Agbar(x) ,/, 201”_7 2012 P=59%
100 | 2011 P=48%
e Tcore : Ay™niet .. - Sivers/Collins/Twist-3 mix |/ 2009 P=S6%
/ / 7
. —

0 2 4 6 § 10 12 14 16 18 2

q E906 PAS Weeks in physics
Prl Qu P'ST:  COMPASS-II
e 120 GeV p from Main Injector on e 190 GeV 1T beam on T-polarized
p,d,Atargets = high-x Drell-Yan H target — polarized Drell-Yan
e Production running declared Mar’14 e First beam expected end of 2014

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



Beam Commissioning to Hall A

Jefferson Lab in Newport News hits major milestone in accelerator upgrade

April 30, 2014 | By Tamara Dietrich, tdietrich@dailypress.com | Daily Press

Jefferson Lab in Newport News has reached a "major milestone" in its drive to double the
energy of its electron accelerator and become the only facility in the world capable of
answering key questions about quarks, the building blocks of matter.

4000 Hall A Right HRS

Run 20354
1™ April 2014
3000} ‘

lime: 22

2000

Gas Cerenkov ADC Sum (Channel)

1000

% .
"y o,

00 —= 185(.)\}. — ‘2000 ‘ ‘30]OO‘ l 4000
Shower+Preshower ADC Sum (Channel)
Beam on carbon targetin HallA ; E, A =6.1GeV

Office of

D ENERGY |siene A pacez august201« Hugh “Ment” Montgomery Jefferson Lab



12 GeV CEBAF: Three Year Schedule

Jefferson Lab Three-Year Schedule

Calendar Year | 2014 | 2015 | 2016
Fiscal Year 2014 2015 2016
Activity Commissioning Gomm. Physics Rhysics Physics
CEBAF Beam I P
H " A Activity Const. Comm. Comm. Physics Hhysics Physics
a Beam — P
Hall B Activity - CLAS12 Cqnstruction/Installation ————— Comm.
Activity Non-CLAS12 Ops
Beam I
Activity - SHMS Construction/Installation —f— Comm.
Hall C Activi
Activity <«— GlueX Installation—» Gomm. Comm. Hhysics  Physics
Hall D Beam 1 P— —

Beam for Commissioning Ml Beam for Physics Bl Non-CLAS12 Ops

Pushing to Physics

pac 42 August2014 Allison Lung .jeffelgon Lab




JefferSon Lab The Facilities : 2020+ | we hope ...

%= SOLID detector in Hall A = large acceptance & high rate for
parity violation (PVDIS) & polarized SIDIS programs
e

%+ STAR Forward Calorimeter System = EMCal + HCal
— forward jets & e/h separaton for Drell-Yan

N
R PH-ENIX

Forward! Forward! — higher n = higher Xpeam, lower Xtarget

%+ fsPHENIX = forward spectrom w EMCal, HCal, RICH, tracking
— forward jets + identified hadrons and Drell-Yan

Polarized Beam and/or Target w SeaQuest detector

ﬁ A high-luminosity facility for polarized Drell-Yan

%+ E-1027 Ml pt beam w polarized source + 1 Siberian Snake
%+ E-1039 SeaQuest with polarized pT target

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



The Physics
Landscape

Highlights

Color Glass
Condensate

Medium
Modificrs

Sivers:
sigh change

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



The Proton SPin Puzzle:

Quark and Gluon Polarization



The Pieces of the Spin Puzzle
NN\ @+ @+ @* @*

only three possibilities 4;‘> 5 — EAZ +AG+L,+ L,

© Quark polarization
A = / dx (Au(x) + Ad(x) + As(x) -+ Ali(x) + Ad(x) + AS(x)) = 25% only

@ Gluon polarization State of the art: DSSV global fit
to Aq and AG
AG = /dx Ag(x) small...?

full next-to-leading order QCD
© Orbital angular momentum DeFlorian, Sassot, Stratmann,

L.=L,+L, Vogelsang, PRL 101 (2008)
and PRD 80 (2009)

World Data: polarized eN and pp scattering
N.C.R. Makins, NNPSS 2015



Spin-Dependent
Deep Inelastic
Scattering (DIS)

polarized e polarized nucleon

— -« —»>

The polarized photon AVAVAY ® ~goesto... @ .

selects certain quark

polarizations : ’ —> IMPOSSIBLE
/\/\/\/ .+ ...goesto ... foraspin1/2
quark!
] 2 2
Double spln O1/2—032 &1 Eq €, Ag(x,Q07)
asymmetries A= ~ 2 — > .
are measured : G1/2+63/2 1 Xy e;4q(x,0%)

The story so far ... from inclusive measurements of g, (x, 0?)
® AX is around 20-30 %

e some indication that As may be negative ... (-10% ??)

e some indication that AG may be positive ... ?
N.C.R. Makins, NNPSS 2015



Semi-Inclusive DIS (SIDIS)

In SIDIS, a hadron h is
detected in coincidence

with the scattered lepton

1 2 2\ . 2 )
; d Ag(x, -D(z,
Flavor Tagging Aﬁ‘(x, Qz) _ fzm 22,4€, q(x,0%) ,(Z 0-)

in LO QCD:

DZ(Z, Q°) : Fragmentation function

Measures probability for struck
quark g to produce a hadron / with

[ dz¥,e2 q(x,0%)-D)(z.07)

Energy fraction

7= —
v

N.C.R. Makins, NNPSS 2015



The Proton SPin Puzzle:
What results might we expect?



Spin from the SU(6) Proton Wave Function

The 3 quarks are identical fermions = \antisymmetric under exchange

‘ Y = Y(color) * Y(space) * Y(spin) * Yy(flavor) I

@ Color: All hadrons are color singlets = antisymmetric

W(color) = 1/V6 (RGB - RBG + BRG - BGR + GBR - GRB)
@ Space: proton has / = /"= 0 — yY(space) = symmetric
y

93pin;2®2®2=(3s@1A)®2=4S@2 D2,
343 ) = m

® 2, s and2, , have spin 1/2 and mixed symmetry: S or A

® 4, symmetric states have spin 3/2, e.g.

under exchange of first 2 quarks only. For proton:

33 e = (M1 + LT - 2MUAs

33 aa = (T = LA

N.C.R. Makins, NNPSS 2015



O Flavor: symmetry groups SU(2)-spin and SU(3)-color are exact ...

® strong force is flavor blind
® constituent g masses similar: m ,m ;=350 MeV, m_= 500 MeV

=» SU(3)-flavor is approximate for u, d, s

SU(3)-flavor gives 3 ®3 X 3=10, D 8, (P8, , D1,

» Proton: Y(s=1/2) from spin 2, 2,,, ® W(uud) from flavor 8, . 8

Ms, OMA
p") = (u'utd" + utu'd" — 2u'u'd' + 2 permutations)//18

» Count the number
of quarks with spin » ::> « :>

up and spin down:

Ad = N(d') — N(d") = —%

» Quark contributions Au=N(u")=N(@u') = +f
to proton spin are: 3

=>AX=Au+Ad+As=1 All spin present & accounted for!
N.C.R. Makins, NNPSS 2015



Proton Spin Constituent
Structure: the Sea | Quark Model

Meson Cloud Models Chiral-Quark Soliton Model
Li, Cheng, hep-ph/9709293 _ ]
I, Lheng, hep-p ngh t sea quarks Goeke et al, hep-ph/0003324
0 polarized: _
meso Instanton Mechanism
/ Au~ —Ad >0 _ -
Y, mstatnt)?n dg
— - verte dL
0.10 L e B e B A UR UL
"valence" "sea"
=P AgGya >0 005 1 -
valence * tHooft instanton vertex
~ Ururdrd; transfers
=P Age. <0 0.00 .
helicity from valence u
=) | Ag=0 quarks to dd pairs
-0.05 7
“Higher-order” cloud of No gluons
vector mesons can generate ., . . . . . . . in these models

a Sma” polarization_ 0.0 0.2 04 0.6 0.8 1.0



What results do we get?



A Wealth of Spin Data

a sample ...

Polarized Deep-Inelastic Scattering’ s

04F

electron / muon beams — A(Q
e’

virtual photon

T IIIIIIII T T[T
HERMES AP

T IIIIIIII T T TTIT
HERMES A"

HERMES A}

II__ IIIIII T T TTTTm
'55' COMPASS

I TTT
dh+
A %

COMPASS A" % E

1 —— DSSV
] ----- DNS

w/ DSS frag.

T IIIIIIII LY LLLLL
HERMES

d,(K+ +K-) -
Al

i Exploving the Nature of Matter



A Wealth of Spin Data Polarized p-p Scattering

at RHIC =» AG
Polarized Deep-Inelastic Scattering
—~—
electron / muon beams = A \/
; °  PH ENIX Y STAR
virtual photon
-------- g py [GeV]

polarized e polarized nucleon 001 F

- 0 PHENIX
- 4 PHENIX (prel.)
B | I I I

[ T T I T
- § STAR
~ A STAR (prel.)

[ e DSSV Ay’=1 .

i  DSSVAY=2% 1, L

10 20 30
pr [GeV]

o Exploving the Nature of Matter



0.4 ——rrrrr—r—rrrr
% X(Au + Au)

/A(u+ﬁ)

-0.05
" +0.81
0.1} ol
O e e
IIIII IIIII 111 B IIII IIII 111 _0.15
1072 10!t 1072 107!
[ i I T T IR T T I_I T IIII
0.04 [ xAu L XAd _
0.02 F JF .

- ---- DNS DSSV Ay’=1  A1f
-0.04 |- R | ]
- —-— GRSV DSSV Ax*/x’=2%
i 1 IIIII I II_ i 1 11 11 I I
[ T T T ||_ —_ |/| TTT T T ™
0.04 - XAs AF xAg
0.02 |
0
-0.02 — D
-0.04 |- Q _ 10 GeV? ] E — — GRSV max. Ag
i GRSV mln Ag J

all negative-ish zeros

gluoné & sea; spm-palarlzatlons

I xadean / A(d +d)

V)

DSSV NLO global fit: Aq & Ag

DeFlorian, Sassot, Stratmann, Vogelsang,
PRL 101 (2008) 071001, PRD 80 (2009) 034030

0.1

0.05

PO

x(Au -Ad)

so—on
- .
e Ne
e

- - - CTEQ x(d-u)

L oas
————— GRSV (val) DSSV A=l 7]
T RQSM DSRVAe -
1072 107! 1
meas: extrap: erTor
x > .001 all x
A 0.37 0.24 |4+0.04 —0.06
Au 0.03 0.04 +0.06
Ad | -0.09 | -0.12 +0.09
As —0.01 —0.06 +0.03
AG 0.01 —0.08 | +0.7 0.3




Unpolarized PDF’s for u and d:
Strong isospin-symmetry breaking

Flavour Symmetry of the Light Sea

Polarized PDF’s forz and d ...

. e . T 1 1 IIIIIII 1 1 IIIIIII 1 LA
22 | 0.1 x(Au-Ad) ... -
2 : B ,o.'..._.‘o 7]
L - Py \.\. -
1.8 - PO A 7
B ().05 [ .’., '\ ]
1.6 B e i n
B 44t - il 7
15 : O e T T T T T e e
L [ —— DSSV - - - CTEQ x(d-u) i
08 ; g 'I:ll;l‘/-:_)l_1 E866/NuSea _O 05 __ ....... DNS ) __
- MRST O [T —e—em GRSV (val) === DSSV Ay =1
06 || Crecm R XQSM DSSV Aylx’=2% ]
i ‘ ‘ ‘ ‘ ‘ ‘ 1 1 IIIIIII 1 1 IIIIIII 1 L1 1111l
0.4 b b e L e L
0.05 0.1 0.15 0.2 0.25 0.3 10'3 10'2 10'1 1

X

Weak isospin-asymmetry observed in the light sea polarization

» results between meson cloud & chiral-quark soliton models
... more data coming from RHIC

N.C.R. Makins, NNPSS 2015



Longitudinal Data

Vs |L* (pb)
2006 | 200 7
2009 | 200 25
“ 500 10
2011 500 12
2012 | 500 82
2013 | 500 300

L* recorded at STAR

pQCD Fits :

Ag at RHIC — 2020

(1) Ag workhorses:

AL~ 7+ X @ PHENIX & oo

AL~ jet+ X @ STAR

0.2

DIS + RHIC =0

- - ~ <

Ty T T | T 1
I \ I

0.1

-~ Grsvsd 4 RHIC 09-13 projec

projection run 9-14

XAg

Q? =10 GeV?

—— DSSV
DIS + RHIC <run 6

0.04

0 p, (GeV/c)

0 5

10

15

T — DSSVi++ for x°

- —— DSSV++ for jet

| ® PHENIX Prelim. 7°, Run 2005-2009
PHENIX shift uncertainty

B STAR Prelim. jet, Run 2009
STAR shift uncertainty

[~ PHENIX/ STAR scale uncertainty 6.7% / 8.8% frd
PR SR T TR (N TR SR SO SR NN T

0 10

20

Jet P, (GeVl/c)

2009
prelim

._.
I

in units of h
(@]
o0
|

+ RHIC 09
prelim

' 500 GeV !

1
[Ag(x,Q%) dx

Q%= 10 GeV~

i RHIC
© 200 GeV

0.6
04
i 02
_ 2020+
i . forward rapidity
mid-rap. jets, 200 GeV 0, . upgrades
) 107 107

X

N.C.R. Makins, QCD Town Mtg, Philadelphia,

min

Sep 13, 2014



005

o [T L RHIC 09 prelim T
p— = o - — —
B0 . [ %% NEW FIT : 2
gl %&C.L.rcgjm ng(X,Q )dX
» | m DSSV* X min
E.g i 90% C.L. region
2 [ & DSSV
05
0 A
05 Q°=10GeV’
vl oo g gl e s s s b s s il g LA i1 '_3 L L B "-l 1 1
-0.2 0.1 -0 0.1 , 02 03 10 10 10 X .

(2) reduce Xmin from 0.05 — 0.02 via Vs = 500 GeV &
new/near-term forward detectors (e.g. PHENIX MPC)

(3) constrain x-dependence of Ag(x) via =exclusive final states
— dijets at STAR & di-n? at PHENIX
— reconstruct initial-state parton kinematics dijets

Ag 2020+ (4) forward upgrades : reduce Xmin — 0.001

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



What’s left?

lAZ+AG+L + L,

1_
2 2

|+ Relativity = Weirdness




nhucleus
heutron

Orbital Shells alectrons
of definite L /
/ .
\ in atoms ...
&
a /
5//:// P
N &
& 5 - —)-
® Vo
® . .
ﬁ in nuclel ...
X shell
(2 ploctranah

... and within the proton? ... 200




The Pieces of the Spin Puzzie

x)=qx)+'qx) Agqlx)="79(x)
Af\f’@’ as @* @*

only three possibilities l;‘> 5 — EAZ +AG+L,+ L,

© Quark polarization
AT = / dx (Au(x) + Ad(x) + As(x) + Ati(x) + Ad(x) + As(x)) = 30% only

© Gluon polarization In friendly, non-relativistic bound states like

AG = /dx Ag(x) small...? atoms & nuclei (& constituent quark model),

© Orbital I ¢ particles are in eigenstates of L
rbital angular momentum

=L, + L ? Not so for bound, relativistic Dirac particles ...
Noble L is not a good quantum number

N.C.R. Makins, NNPSS 2015



Dirac free plane-

wave particle with Boosting a Dirac Spinor and zisn'ta
' 4-vector, oy
spin Sz = +1
. s
atrest p=0 BOOST p=p
(1) in —x direcn with ()
0 —imt O
V= 0 ¢ # 1//’ =N 0 o (P —ET)
p=p'/E'=tanh¢ ,
L0 p
B2.9)=e" = coshg 1+sinhg a, \ E'+m
‘ What’s its spin? ‘

3 o) AR ’ B , 2]
y'IZy i{‘g?] l/f*Et/f:%l_( p j
vy d vy’ E'+m

B, z  Xx-iy 1
S I S ~ ZV for y > 1

Why there are no transversely polarized electron machines
N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



Spin, L, and the free Dirac Hamiltonian

H=a-p+pm = -
p —-ioc-V ml

Lix) =1 xx li # L position-dependent, doesn’t commute w 0 in H
=-1ixxV . -
[H,L(x,))]=—0 xV
L NOT CONSERVED
3 :( ‘g 9 ] # Pauli matrices in £ and H don’t commute
o)

(H.X]1=2axV
i»0; 1=12i¢g, 0, SPIN NOT CONSERVED

# [H,E+%f‘.]:[H,j]=O J CONSERVED

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014




Liang, Meng,
ZPA 344 (1992)

We denote the solution of the above-mentioned equa-
tion by the Dirac four-spinor y and/or its upper- and
lower-component, the corresponding two-spinors ¢ and
x. The stationary states are characterized by the following
set of guantum numbers ¢, j, m and P which are respec-
tively the eigenvalues of the operators H (the Hamilto-
nian), j2, j, (total angular momentum and its z-compo-
nent) and P (the parity). Since every eigenstate of the
valence quark characterized by ¢, j, m and P corresponds
to two different orbital angular momenta /and /" =7+ 1,
(see Appendix A), 1t is clear that orbital motion is involved
in every stationary state. This 1s truc also when the valence
quark is in its ground state (y;,, p where e =g, j=1/2,
m=+1/2, P= +7?). This state can be expressed as fol-
lows:

y 1/2 m
AORTO0Y

g () Q!> ™0,¢)

The angular part of the two-spinors can be written in
terms of spherical functions Y, (6,¢) and (non-
relativistic) spin-eigenfunctions which are nothing else
but the Pauli-spinors & (4 1/2):

Q32 ™0, 0) =Yoo (0,) & (m),

WE.'()I/Z m+(r9 99¢):<

Dirac particle in a central potential

The spherical solutions of a Dirac particle in a central potential
are discussed in some of the text books (see, for example, Landau,
L.D., Lifshitz, E.M.: Course of theoretical physics. Vol. 4: Rela-
tivistic quantum theory. New York : Pergamon 1971). The notations
and conventions we use here are slightly different. In order to avoid
possible misunderstanding, we list the general form of some of the
key formulae in the following:

In terms of spherical variables, a state with given ¢, f,m and P
can be written as:

weij(ra 9=¢ )
_ ( fu@)R{™(6,¢) )
(=g (ry@ire,¢)/

(AT)

Here /=74 1/2, [’=2j—/and P=(—1);Q2/" and Q/" are two-
spinors which, for the possible values of /, are given by:

Qlj=mj—l/2 (9=¢’)

i+
= |/ % Y2 (0,0) £ (1/2)

j—m

+ _-2—_]_ yvl[_~=m+l/2(67¢)i(_l/2)’ (AZ)
Qlj=mj+1/2(99¢)
f—m+1
=~/ T T )20/
i+mt1
+]/§—f“i:— Yisemri2(0.6) € (= 1/2). (A3)

Here, & (+1/2) stand for the eigenfunctions for the spin-operator
6. with eigenvalues + 1, and Y, (8, ¢ ) for the spherical harmonics
which form a standard basis for the orbital angular momentum
operators (1%, [). The function f,(+) and g,,. (r) are solutions of
the coupled differential equations:

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014
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Unpolarized PDF Polarized PDF

NN o)=¢ J\/\,—>@+@+ Aq)

xq(x) [ - SSSm Y

o2+~ ¢ '

I i . S S \"\'I'
| = N S b
x-Ad +
02| ¢ t

0.1 | S

0.03 0.1 0.6




3 Classes of Parton Distribution Functions

O Traditional PDFs

AN e+ e () = (0) + 7 (3)
ANN— @—» - @-> g14(x) = ¢ (x) = 'q (x)

o @ @ () = g1 (x) — g (x)

® TMDs: Transverse Momentum Dependent PDFs I

* SIVERS BOER-MULDERS

—

fizo(xkr) ~Ly-S, htq(x,kT)NLqiq

N.C.R. Makins, NNPSS 2015



Blue boxes: Functions
surviving on integration over
fransverse momentum

The others are sensitive to intrinsic kT in
the nucleon & in the fragmentation process

Mulders & Tangerman, NPB 461 (1996) 197

Distribution Functions Fragmentation Functions
© ©
v-® - & - ® - @
@ transversity é
ij=<<5 - g? <= Sivers D;T=é - @ <= Polarizing FF
=@ - & €= Boer-Mulders H-@ - <== Collins
hff@—»— Cine th=é - g@ H, =@~ - (@~ Hffé - é

One T-odd function required to produce
single-spin asymmetries in SIDIS

N.C.R. Makins, NNPSS 2015



beam target | . -curing: Azimuthal Asymmetries SIDIS, at

polr poln leading twist
N/
UU 1 &) fl = @ &) D1 — @
cos(2¢") ® hi = - Q Hi = -
UL  sin(2¢}) hi == gt =0-1

UT Sin(gblh—l—gbfg) ®h1_@ @ @Hf:@—@
Sin(gb% — qbfg) R flT = é @ ® D1 = O

sin(3¢} — %) ®th—®@ ®H1L=@‘@
LL 1 @g ="t @D =

LT  cos(¢l — o) @ gir= é'é ® Dy = (o)

N.C.R. Makins, NNPSS 2015



Transversity

hl(X)

Photo-Album of our New Friends

Colllns
TC ‘ Hl (ZapT)

Boer-Mulders

hi (x, kr)

Favored / Disfavored Frag Functions

_|_ —
Dpy=D""" =D""

- +
=t ¥ i & ey



® Generalized Parton Distributions

Analysis of hard exclusive processes leads to a new class of parton distributi

Scattering at high Q2 and W2 Four new distributions = “GPDs”

... but create only one particle .. :
in final-state! helicity conserving — H (x,&,t),E(x,&,t)

helicity flip — H(x,&,t),E(x,&,1)
) meson
C ey M)
/ N / “Femto-photography” of the proton

Fourier transform of t-dependence ...

P(1+&) P(1-£)

® Xx: average quark momentum frac"

P b
X
# spatial distribution of partons !

N.C.R. Makins, NNPSS 2015

C: “skewing parameter” = x| — x,

t. 4-momentum transfer? to target






e DIS structure func’s: ¢g(x) =

forward limit (€ = 0, t = 0)
Ag(x) =

Hi(x,E=0,t =0
A9x,£=0,t=0 many observables

Connection to

e Elastic form factors: Fﬁ(t)zf1 dx H(x,E,1) F2q(t):/1 dx E9(x,E,1)
-1 —1

first moments in x

. 1 /1
e Ji sum rule: JQZE/ xdx[HY(x,E,t =0)+E9(x,E,t =0
—1
1
g_ 1 q i '
J 2AZ +L # model-independent access to L |

Note connection of H, E to
Dirac, Pauli form factors ...
and their connection to
nucleon magnetic moment:

F'(0)+F3' (0) = uy

N.C.R. Makins, NNPSS 2015



ky (GeV)

k, (GeV)

ky (GeV)

1.0},

kx (GeV)

ky (GeV)

ky (GeV)

K, (GeV)

0.5

0.0

-0.5

1.0}

05

0.0

-0.5

Transverse-momentum dependent PDFs (TMDs)

1.0,

3D-densities in momentum
space : (X, krx, kty)

Gaussian distributions with a
width of ~ 0.6 GeV in kt

flavor dependence: d-quark
TMDs are larger than u-quark
TMDs

transversely polarized nucleon:

e u-quarks (d-quarks) moving
preferentially to the right (left)

« TMDs are distorted in
opposite ways for u and d-
quarks

slide: M. Diefenthaler



Wigner Distributions

~ Transverse

[Wigner (1932)] QM
o r [Belitsky, Ji, Yuan (04)] QFT (Breit frame)
Pt [Lorce’, BP (11)] QFT (light cone)
by N
— Longitudinal — = 7 ourier conjugate — — —
bl:rfr;"L < > A =kpi — ki
> == Fourier conjugate — P
ZL =Tl — Tl < — = ot
- o Heisenberg’ : T
b, ki]#0 eIse be g5 mmmmm>  Quasi-probabilistic
uncertainty relations
e X: longitudinal
e kr: transverse
momentum
- == (7, by, by)
e bt: transverse
position

Impact-parameter picture of GPDs: correlation between
transverse position and longitudinal momentum — r x p!

Barbara Pasquini, IWHSS’12




Wigner Distributions

_ Transverse
. [Wigner (1932)] QM
EL [Belitsky, Ji, Yuan (04)] QFT (Breit frame)

Lorce’, BP (11 FT (light cone
P [ (11)] QFT (lig )
by
— Longitudinal — Fpo 7L fourier conjugate R — —
b, = Dt < > Ay =k — iy
- — — Fourier conjugate - > >
7L =T —TrL < O K = Fratki

Heisenberg’s

. . m=m==p>  (Quasi-probabilistic
uncertainty relations

by, ki]#0

- = (7, bz,by)
- > p(:z:, kx,ky>

- — p(SE, b, ky) Third 3D P'fture \;Vl’fth pr'Obablllstlc
/ \ interpretation !

Barbara Pasquini, IWHSS’12 No restrictions from Heisenberg’s

uncertainty relations



| so far : the Sivers Function




—x iy (%) XA

- : Global Fits to ]
=) : 0.00 |
SIDIS data o001 u ]
0 : ‘ .
. R ~0.02 | - ‘
=R ° " < Anselmino et al, 003 L i
i i EPJA39(2009) 004 | _- \.y
-0.05 :;" » ———————+— + b
0.02F : ' d ‘
|= 0 ‘\‘:: - -
final data [ ] ‘(./
-0.02 - ) ]
0.02 - :> — .
0.004 T
T Bacchetta & Radici, 4
o PRL 107 (2011)  0.000 %
-0.02 -
0.02 \ antiquark -0.004 [ anthuark
» . ' e Slvers now = 0
0 f—— orbital L=0| | .1 :
favoured ' d ]
L — / 0.000 >>, :
L '
o— ~0.004 / )
-0.02 b
10° 102 10" 1 0.2 0.4 0.6 0.8

N.C.R. Makins, QCD ¥own Mtg, Philadelphia, Sep 13, 2014



Phenomenology: The SIGN of L Nearly all models

~ predictLu>0 ...
@ M. Burkardt: Chromodynamic lensing

Electromagnetic coupling ~ (J, + J,) stronger for oncoming quarks

u mostly over here We observe (Sin(q)il - ¢§)>6+T <0
(and opposite for )
> ‘ \ -, for ok =0, ¢}, = /2 preferred
FSI kick
® Model agrees!

@ D. Sivers: Jet Shadowing

Parton energy loss considerations suggest
quenching of jets from
“near” surface of target

TC+
/
o
= quarks from “far” surface should dominate

Opposite sign to data ... / .

N.C.R. Makins, NNPSS 2015



'p Meson Cloud on an Envelope — It ORBITS

Pions have JP = 0- = negative parity ...

— need L = 1to get proton’s JP = 1>+
p>=p+Nn+Axn+ ..

Nz cloud: ‘ !N E' < _. iN >

2/3 nm" ®
13 pn 1/3 L,=0
Az cloud:
A
12 AT
1/3 AT 7w ey 1/3 L,=0
1/6 A° w* 1/2 L,=-1 1/6 L,=+1
Dominant u,dbarsea= nm" with Lx(7")>0
source of: d, ubarsea= A" 7 with Ly () <0

N.C.R. Makins, QCD Town Mtg, Philadelphia, Sep 13, 2014



Quark Orbital Angular Momentum
(connected insertion)

Lattice calculations : L(u+ubar) negative ?

[ T T T T T T T
[ LHPC, QCDSF

o . A '.7 l
= gk 9 A&
i 4 v W :

04 06 08 0 02 04
M2 (GeV?) My (GeV?)

LHPC, S. Syritsyn et al., [111.0718]

QCDSF, A. Sternbeck et al, [1203.6579] Keh-Feh Liu

@ SPIN 2014




~Qj KehFeh Liu,
Flavor smglet gA INT Workshop, Feb 2012

e Quark spin puzzle (dubbed " proton spin crisis’)
1 NRQM

0
= Au +Ad + As = ———
54 {0.75 RQM

— Experimentally (EMC, SMC, ... ASE= gg ~0.2-0.3
Wylu?/S\P(t)(u:d:S)

(wy,ysu+ Jyﬂysd)(z) © New: Disconnected
Insertions = Sea

gz(f)l,con — (AM + Ad)con gz(;,C{i.S‘ — (AM + Ad + AS)dis



Quark Spin, Orbital Angular Momentum, and Gule
Angular Momentum (M. Deka et al, 1312.4816)

( add Disconnected Insertions — Pure Sea ) pizza cinque stagioni

m L+ (CI)
28@)% \ [ @ L“*¢ (DI)

0O L* (DI)

—— \
|'(//\\\ —"'-“—a—____ﬁ_______:: }7_} D '] g

\ / e e R

1(10)% &~ The Sea is
Orbiting!

Ag = 0.25;

2 L, =0.47((0.01(CI)+0.46(DI))

2] =0.28
4

L* (CI + DI)
W L2 (CI + DI)
O L* (DI)

— mJs
AT |u+d+s
u —)‘

&~

Access — Drell-Yan
with p or + beam &

polarized target

Keh-Feh Liu @ SPIN 2014 |fg5




