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@J fundamental questions driving spin physics

@ how do quarks and gluons carry the proton spin

* what is the role of gluons and sea quarks
* what is the role of orbital angular momentum

Af(x) = f: (X) - fZ(x) * how does it compare to models/lattice QCD
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@ reveal mechanisms behind transverse spin phenomena
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gﬁ how do quarks and gluons carry the proton spin

* what is the role of gluons and sea quarks
* what is the role of orbital angular momentum
Af(X) =f : (X) _ f:(X) * how does it compare to models/lattice QCD

gy reveal mechanisms behind transverse spin phenomena

u quark

* further develop TMD framework [ evolution

* role of multi-parton correlations & their matching to TMD'’s
s
l * explore connections to unintegrated PDFs

05 --> Mauro’s & Yuri’s talks earlier today
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* possible access to quark and gluon angular momentum
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Integrated polarized proton luminosity L [pb!]

RHIC spin program

Polarized proton runs
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latest results & outlook summarized in
arXiv:1304.0079



status of proton's helicity structure
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guiding principle: factorization

eg. DIS dAc= > /da; Af(x,Q%) dAd (2P, as(Q%))

f=a,q,9

essential: QCD corrections dAG = dAG"C + a, dAGNYC + ..
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Af(x) = f . (x)- f.(x)
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guiding principle: factorization

eg. DIS dAc= > /da; Af(x,Q%) dAd (2P, as(Q%))

f=a,q,9

essential: QCD corrections dAG = dAG"C + a, dAGNYC + ..

‘need DIS + SIDIS + pp to constrain all aspects of PDFs (a way to test factorization)



challenges compared to unpolarized PDF fits

current polarized DIS data: N

OCERN ADESY oJLab OSLAC a D rather Iimited x-Q?2 Coverage

current polarized BNL-RHIC pp data: N
® PHENIX 7" 4 STAR 1-jet A

e difficult to get Ag from scaling violations

» need to rely on “direct probes” for Ag

¢ need to use data down to Q2 = 1 GeV?

» applicability of pQCD ? higher twist ?
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J no neutrino DIS data

¢ no quark/anti-quark separation from DIS

» largely rely on SIDIS for flavor separation

» need fragmentation functions to analyze data
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» applicability of pQCD ? higher twist ?
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¥ new data:
ALICE, BABAR, BELLE,
COMPASS, HERMES




challenges compared to unpolarized PDF fits

current polarized DIS data:

A [ ] L]
— - 2
L OCERN ADESY oJLab OSLAC N ] D rather I|||||ted x-Q Coverage
[0 r A 1
(2, r current polarized BNL-RHIC pp data: N A
o | @ PHENIX#’ 4STAR I-jet A

e difficult to get Ag from scaling violations

» need to rely on “direct probes” for Ag

¢ need to use data down to Q2 = 1 GeV?

» applicability of pQCD ? higher twist ?

extra source of
uncertainties

J no neutrino DIS data

¥ new data:
ALICE, BABAR, BELLE,
COMPASS, HERMES

¢ no quark/anti-quark separation from DIS

» largely rely on SIDIS for flavor separation

» need fragmentation functions to analyze data

) sum rules on shaky (?) grounds

¢ 15 moments of non-singlet combinations <-> hyperon decays ,, . F+ '0025
) constraint on unmeasured small-x behavior of As and AZ /R 3F —D =0.585+0.025,
» doubts, however, on applicability of SU(3) relation X /50 g

Savage, Walden; ... ; Bali et al. 1112.3354 (lattice)



overview of recent helicity PDF fits @ NLO

Rodolfi,Rojo
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100 replicas
NNPDF p 1303.7236
Ball, Forte, Guffanti, Nocera, stat. approach
L.M.Ax*=8(1) 0904.3821
DSSV Ax*=8Q1) 09043
de Florian, Sassot, MS, Vogelsang (Hessian Ay>=1) [DSSV+/++: 1112.0904
1304.0079]
LSS Hessian Ax?=1  1010.0574
Leader, Sidorov, Stamenov
BB 1010.3113

Blumlein, Bottcher

GRSV

Gluck, Reya, MS, Vogelsang

@ O O Hessian Ax*=1

200 ©

15t NLO analysis
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some highlights of the NINPDF analysis
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M DIS onIy (so far): : [ INNPOFpoi1 0 | -
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' *~ HER-A1P
100 e trie= x20.003(+85)

[ target mass corrections have no impact on fit

'g : —t t . ¥ X=0.047(+8.0)
all high x, low Q2 JLab data excluded by cut on W2 %_ .
P & x50,006(+6.5)
_ 6 e apme v Xw0.093(+5.5)
4 agrees best with global DSSV fit | —
’ 3 -ty x=0.131(+4.5)
4 : —k x=0,184(+3.5)
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0.15¢-| B NNPDFpol1.0 = | vttt 20.200(025)
0.1 actual DSSV = 2: ot x20.365(+1.5)
Dssvos Ax*=1 L.M. errors (Ax>=8) 3 '
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strangeness conundrum As

mounting tension between DIS and SIDIS kaon data?

x(As + AS) NNPDF 1303.7236
———r—rrr R R IR RART directly from

. . ] ! ]
0.08 - NNPDFpol1.0 E SIDIS kaon data
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foo-MT = =
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% 0.02— i )
st ;‘: C 1
moment s
* . @ indirectly from
constrained : DIS data
by 3F-D

/ldx[As + AS|(x) ~ —0.1
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strangeness conundrum As

mounting tension between DIS and SIDIS kaon data?

x(As + AS) NNPDF 1303.7236
:_ Y Y YT T Y Y .' ™rrTy ' ¥ T rrrree 'ﬂ' directly from
0,08 NNPDFpol1.0 E SIDIS kaon data

F DSSV08 Ay?=1 1

- 1 SIDIS data
X 0.02/- >

1 moment : . g
. e T indirectly from
constrained A AR : :
[ : . DIS data

by 3F-D - C—— ,

1 . -

/ dx[As + AS|(x) ~ —0. i o _
0 -0.06— 1 -] =
10° 10°? . 10" 1
remarks/caveats:

e SIDIS analysis depends on s->K fragmentation
e DSSV global fit finds no tension between DIS and SIDIS
e NNPDF allows for 30% error on 3F-D -> no big impact

e how well do we know the unpolarized s(x)?

) 1
e [attice finds small strangeness/ dx[As + AS|(x) ~ —0.020(10)(1)
0

<-> large breaking of 3F-D relation Bali et al. 1112.3354
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imental results

t of latest exper

impac
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detour: hadron multiplicities & fragmentation
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g FFs extracted from global fits @ NLO (e*e’, ep, pp data)

DSS: de Florian, Sassot, MS; AKK: Albino, Kniehl, Kramer (e*e* & pp only); ...

g recent study of uncertainties (within DSS framework)
Epele, Llubaroff, Sassot, MS: 1209.3240

plenty of new data to play with
ALICE, BABAR, BELLE, COMPASS, HERMES
expect updated fits soon
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Ag from RHIC - the story so far Ag

0-3 IZ 200 GeV data mainly probe gluon in x=0.05-0.2
02 [ found to be small, but uncertainties still large
0.1 0.2
/ dx Ag(x,Q? = 10GeV?) = 0.0051912)
0 0.05 from DSSV 2008/09 analysis
-0.1
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Ag from RHIC - the story so far Ag

L ll'lll

7
A 200 GeV data mainly probe gluon in x=0.05-0.2

A found to be small, but uncertainties still large

0.2
/ dx Ag(x,Q? = 10 GeV?) = 0.0057) 123
o0

05 from DSSV 2008/09 analysis

0.06
& E[=— GRsv-sTD
- | === GRSV-ZERO
5 0‘055 e DSSV
0.04 =~ [ 1 DSSV 174+2% Uncert
7= | £ Relative Luminosity Uncert
003:__ e 2009 STAR Preliminary
U957 w2006 STAR Preliminary
0.02-
o.o1;—
. 0;’-7 .........................................
M new data consistently above DSSV o0t S—
. £ \Us=200 GeV P+P — jet+X [nl<1
[ considerably smaller errors 002 l mi
- +8.8% scale uncertainty
-0.03:’— from polarization not shown
what’s the impact? = I NP EPEPETE PR EPEPEPEP SRR B O
P 0.04 5 10 s 20 s

30 35
Particle Jet P, [GeVic]
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.. update on jet analysis & iy
cone type distance of each parton to 'I | ‘ ] s
jet direction constrained “
Pjet = Pc +Pd  kr type distance between two partons
constrained by algorithm

IZSTAR has switched to anti-kralgorithm for run-g --> adopt this in our analysis as well
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N
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N cone type distance of each parton to

A jet direction constrained “

Pjet = Pc + Pd  kr type distance between two partons
constrained by algorithm

IZSTAR has switched to anti-kralgorithm for run-g --> adopt this in our analysis as well

lZvery little impact on spin asymmetries though: _
Mukherjee, Vogelsang

— k,, R=0.4 (200) e
—~. k,, R=0.7 (200)

Cone, R=0.4 (200 7
-= Cone, R=0.7 :2003 / ’
0.04| — k,, R=0.4 (500)
‘ k,, R=0.7 (500)

= 0.03|-= Cone, R=0.4 (500)
< -~ Cone, R=0.7 (500)

0.021-

001+ / .

0
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.. update on jet analysis

A4
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N
/’\ \
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A
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SR cone type distance of each parton to

N jet direction constrained “

Pjet = Pc + Pd  kr type distance between two partons
constrained by algorithm

MSTAR has switched to anti-kralgorithm for run-g --> adopt this in our analysis as well

very little im n spin asymmetries though:
g ery little iImpact on spin asy etries thoug Mukherjee, Vogelsang
—k,R=04(00) | "~ T 1

— k'. R=0.7 (200)

Cone, R=0.4 (200) 7
-= Cone, R=0.7 (200) / ’
0.04|— k,, R=0.4 (500)

k,, R=0.7 (500)
= 0.03|-= Cone, R=0.4 (500)

0.05

< = -

aside: Cone, R=0.7 (500) 1<n, <1

in narrow jet approximation 0.02- -
2

do ~fAlog(R) + BH- O(R®) (011

calculated

() ' A l m— o l
--> R should be small (0.7 still works fine) 0 10 20 30 40 50

pT‘ (GeV)

60



x-range probed in jet analysis

where does the estimate for the "RHIC x-range [0.05-0.2] “ come from ?

<X >

0.6 —
0.5
0.4f
0.3
0.2}
0.1f

0.0 L—

0.5 < Mjer < 1
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consistency of STAR and PHENIX data
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consistency of STAR and PHENIX data

< i TN
ooal PH ENIX
- Preliminary
0.02 l
of- DESV
-0.02:oms>
- Bl ﬁ 2 Run-5
-OM i ! ' ¢ Run-6
0,008+
11527253 * Run-9
*j 5 "
M 1 L i ]
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® mid rapidity m°and jet data closely related

® 11's carry approx. 1/2 of parton’s momentum

¥

® jet and 1° data can be put into one plot

e PHENIX probes lower pr (slightly lower x)

n° p, (GeVic)

0 5 10 15
o —p———— o
PHENIX Prel Run 2005-2009 ]
PHENIX shift cortainty
: DSSVes for
0.041- STAR Prolim. jet, Run 2009
™ STAR shift uncertainty /
" DSSV e+ for jot ‘
- /T/
-
< 0.02} /+(
y ’ -‘//*
o b— “.'“‘
" PHENX / STAN scale u'-_cvl.“lvl, 6.7% / 8.8% from pol. not shown
A A ' A A A
0 10 20 30

Jet P, (GeVlic)



Ag from RHIC - gaining weight

new RHIC data included in DSSV++ 15 - Q*=10GeV? .
2 [ ]
2% p_ (GeVlc) Ay~ [ (92 ]
T dx Ag(x)
0 5 10 15 - .
l L4 T T A l L) L L) v l . 10 | 0-05 ]
PHENIX Prelim. x°, Run 2005-2009 " B AX2= 8 (DSSV errors) T
PHENIX shift uncertainty i """""""""""""""""""""""""""""" N
[ — DSSVes for 2° ~ _
0.041- STAR Prelim. jet, Run 2009 ex0 n .
- STAR shift uncertainty . “0“'1' '\0(\ 5 —
J \ D
— DSSV4++ for jet / \336;?\,\\(,‘/‘ eg \ . \SSV -
— - r . . . 1
3 W I . shift i ]
0.02}- |
< - BO . N 'best fit -
0 ~-t .
1 1 l 1 1 1 1 ! 1 1 1 ! 1
! 0.1 0 0.1
O ¥
. !
PHENIX / STAR scale u‘n:wm nty 6.7% / 8.8% from pol. not shown
A A A A A A A l A
0 10 20 30
Jet P (GeV/c)
H 0.2
|
,d / dx Ag(x,Q%? =10GeV?) = 0.179005
0.05

fully compatible with old DSSV error estimate
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Ag from RHIC - gaining weight

new RHIC data included in DSSV++

15

2
7 p, (GeV/c) Ay,
0 5 10 15
L4 l A T T A l L) L L) L) ] L 4 10
! ® PHENIX Prelim. =°, Run 2005-2009 l
PHENIX shift uncertainty
[ —— DSSVa+ for o°
0.04]~ w STAR Prelim. jet, Run 2009 . “—'Le( o
- STAR shift uncertainty (\0 '\0“ 5
— DSSV4++ for ot / \ead‘-o \C$.(e9
5 | ! “RY\
< 002} po®
0
] o ¥
i a
AF’l»iE:‘JIX;‘ STfR s.lc.ﬂ-.'lu.n:‘mt,\:\!y‘6 ™/8 :: !‘rom‘pol ‘n():lshcr:\m ‘ 02
0 10 20 30
Jet P (GeV/c)
= - 0.1
| 0.2
\‘ 0.06
;‘1 / dx Ag(x,Q? =10GeV?) = 0.179 05
N 0.05
_ _ 0
fully compatible with old DSSV error estimate
-0.1

- Q=10 GeV?
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L _
—\ —
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N N _
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I xAg |
B Q’°=10GeV* |
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Ag from RHIC - gaining weight

new RHIC data included in DSSV++
° p, (GeVic)

0 5 10 15
T T T s
® PHENIX Prelim, =%, Run 2005-2009 l
i PHENIX shift uncertainty
[ —— DSSVes for °
0.041~ & STAR Prelim. jet, Run 2009 4

STAR shift uncertainty
DSSV++ for jet

L

< 002}

0,._, :
PHENIX / STAR scale u.n:ml.\ nty 6.7% / 8.8% from pol. not shown
OAA.;110AAL‘20,;“310..
Jet P (GeV/c)

Iw 0.2
| / dx Ag(x,Q? = 10 GeV?)
0

.05

li f

— 0.14—0.06

—0.07

fully compatible with old DSSV error estimate
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uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

® yse

Xmax

Xmin

Af(x,Q?)dx as proxy for uncertainty studies

r
Lagrange multiplier

t idea: force observables to take
certain fixed values and
map out x2 profile

e explores full parameter space
T °* no approximations

e not suitable for “end user”

§ no “uncertainty sets”

\.
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uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

Xmax

® use Af(x,Q?)dx as proxy for uncertainty studies

Xmin

1. map out x2 profiles

llllllllllllllllllll
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all data sets

x-range: 0.05-0.2

—~
=
R

llllllllllllllllllll

r
Lagrange multiplier

t idea: force observables to take
certain fixed values and
map out x2 profile

[ — track x* profile

e explores full parameter space

¥
°* no approximations

e not suitable for “end user”

§ no “uncertainty sets”
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uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

Xmax
® yse

Xmin

1. map out 2 profiles 410
%
2. decide on Ay? 405
DSSV: 2% increase
400
395

Af(x,Q?)dx as proxy for uncertainty studies

lllllllll

=
—d

L]

Ll

L Al

1 l L)
all data sets

x-range: 0.05-0.2

lllllllll

C |Ay? < ]
- 0 =
LY () 3
02 2
Aol.[O.OS 02]

r
Lagrange multiplier

t idea: force observables to take
certain fixed values and
map out x2 profile

[ — track x* profile

e explores full parameter space

¥
°* no approximations

e not suitable for “end user”

§ no “uncertainty sets”
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uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

Xmax
® yse

Xmin

1. map out 2 profiles 410
.
2. decide on Ay? 405
DSSV: 2% increase
400
3. read off error
from width of profile 395

Af(x,Q?)dx as proxy for uncertainty studies

lllllllll

llllllllll
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L] L] Al l L]

all data sets

L Al

x-range: 0.05-0.2
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=
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r
Lagrange multiplier

t idea: force observables to take
certain fixed values and
map out x2 profile

[ — track x* profile

e explores full parameter space

¥
°* no approximations

e not suitable for “end user”

§ no “uncertainty sets”

\.

h




uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

Xmax
® yse

Xmin
1. map out x2 profiles

2. decide on Ay?
DSSV: 2% increase

3. read off error
from width of profile

® in this way we find

Af(x,Q?)dx as proxy for uncertainty studies

lllllllll

llllllllll

=

Ll

Ll

L] l L] L]

all data sets

Ll

x-range: 0.05-0.2

lllllllll

llllllllll

Zmin = 0 Tmin = 0,001
best fit Ax* =1 Ax*/x" = 2%
Au + A 0.813 0.793 *)015 0.793 *00as
Ad + Ad -0.458 -0.416 THoA -0.416 ¥-03¢
Ail 0.036 0.028 *1030 0.028 *0-0%9
Ad -0.115 -0.089 T00%0 0.089 T
As 0,057 -0.006 1019 0.006 *o00
Ag -0.084 0.013 *1 190 0.013 *03%3
AX 0.242 0.366 T o1s 0.366 15 0ea

r
Lagrange multiplier

t idea: force observables to take
certain fixed values and
map out x2 profile

e explores full parameter space
‘ . .

® No approximations

e not suitable for “end user”

§ no “uncertainty sets”

\

h




uncertainty estimates in DSSV analysis

e Lagrange multipliers as main method for uncertainty estimates

Xmax
® yse

Xmin
1. map out x2 profiles

2. decide on Ay?
DSSV: 2% increase

3. read off error
from width of profile

Af(x,Q?)dx as proxy for uncertainty studies

lllllllll

lll'llllll

=

l Ll Ll

Al

L]

all data sets

Ll

x-range: 0.05-0.2

lllllllll

llllllllll

(@)
[
: : -0.2 0 2
® in this way we find Aol [00502]
Zmin =0 Cetmin = 0.001) e explores full parameter space
best fit Ax? =1 /X = 2% §
Au + Aii 0.813 0.793 *0o1s 0.793 *00as ‘® no approximations
Ad + Ad -0.458 -0.416 THoA -0.416 ¥-03¢ | . . o
Al 0.036 0.028 *p028 0.028 *9050 | s do not provide uncertainties ser”
Ad 0115 0080 0929 | _pogg 1000 § for the full 15t moments
As -0.057 0.006 15012} -0.006 2505 N due to unmeasured small x region -,
Ag -0.084 0.013 *1150 0.013 *90303 : '
AY 0.242 0.366 T o1s 0.366 15 0ea

4 h

Lagrange multiplier
t idea: force observables to take

certain fixed values and
map out x2 profile




Ag/g

update on Ag from fixed-target experiments

idea: processes with (dominant) contributions from yg-fusion

08

photon can be
real or virtual

open charm
hadrons

compilation of existing results

Q° = 13 (GeV/c)*

|

0.6p~

04

02

*

COMPASS open charm
COMPASS (Ag0}
COMPASS (Ag<0}
Dssv

RHIC data move
DSSV curve up'!

stat. errors only

L L L.l l 1 1 L

10"

X

T T 13 . T T T [ " . - L T
Ao/o [ © COMPASS 2-had, Q’>1 GeV’ 1
S L 4 COMPASS 2-had, Q°<] GeV? |
05 = e COMPASS chanm (prel) 7
- = HERMES ]
T o SMC 1
| k ‘il ¥~<- """ :
- ’_: — . "' -
O ....... - L A —
- --.";l ...... B
> T 1 |
05 - 'ot " -
e DSSV Q’=1 GeV” |
- —— DSSV Q’=10 cIev’ 1
1
10 X
new result
1211.6849
Ag
<—> =—-0.13+0.15+0.15

g

(x) =02 (u?) =13GCeV?

from some “hybrid MC/NLO" extraction

20



more exciting new results: W boson asymmetry “°

key measurement at RHIC

{— neat idea: measure parity-violating single-spin asymmetry

Au xﬁd x2)(1 — cos 6)? [/d Xﬂu x2)(1 + cos 0)?

U(x1 )A(x2)(1 — cos6)? +W( 2)(1 4 cos0)?
ffh ‘/oﬁc”

7 g y ~

W= _

backward lepton rapidity forward lepton rapidity

[A repeat forW*to get Au/u, Ad/d
A leads to flavor separation at Q = My free of fragmentation uncertainties
M ot
Wetm/2 @ Q=Mw
A accessible x-range at RHIC limited to (X1,2) =~ \/— ‘ 0.04-04 =" .,

gno access to strangeness (would require W+charm)
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NLO calculation of A,
what does it take?

new channels in NLO

AGgqg — e,
Agqg — e,
_ o q-. o q. €
AGgg |— ev.q . e > e
-1 1/ - // ] \\ y \ NV
Agq — ev.q G- N v
) /
A(I g — €EVe( q-_ 6“6 e q 4
- ;‘\‘; (/ - ,
Agqg |— €leg L
’ q- N, e00000000- - q

all incorporated in versatile & fast parton-level MC "CHE"
de Florian, Vogelsang, arXiv:1003.4533

e includes “background” contributions from Z/y->I*I-

* large Z contribution to unpol. W- cross section; grows with rapidity

« much less relevant in dAo but “dilutes” A

* veto on lepton pairs?

« statistics for A| for identified Z's presumably too small ?!



impact of new SIDIS data on Au and Ad

COMPASS data from 2009/10

T I T T T T T LI I T T T T T - ™
- . less net polarization of sea quarks
002 XAu - B _
e . also, smaller Au(z) — Ad(x)
""" T ]
0 b B —— and smaller uncertainties
002 - DSSV ] :
L 4 15 -
[ - — — - DSSV+ i 2 |
004 | 41
—l l 1 1 1 1 1 11 1 l 1 1 1 1 1 i E
—I I T T T T T UL I T T T T T ] s r
002 xAd - ok .
i i 005 0 005 0.1
. Aul.lOWl-lUl
O | ] [ T T v T 1€ T T v T 7]
prad T 15 — alldatasets| [ — all SIDIS <15
== P 1 . | -~ SIDIS | -- K* ]
T~ I~ -, . qu : ~=- DIS 1t x" :
-0.02 T~ I~ - ‘T - . 10 |- _ glgc B J10
004 | ] sk |3 . s
Tt Q*=10GeV” - SN @1 F @)
—1 | 1 1 | 1 1 [ i oF 4 TR Pt i | sl B =TT e i a0
0.2 0.1 0 0.2 0.1 0

10 10 X Ad!-10001-10) Al 000110



preliminary 2012 STAR W data & impact At

A STAR Preliminary Run 2012
L

>
p+p - W™ —e* +v
15=510 GeV 25 < E} < 50 GeV

0.5 &

e DSSV08 RHICBOS

DSSV08 CHE NLO
-1 S DSSV08 LO with Ay =1 pdf error

3.4% beam pol scale uncertainty not shown
Remaining syst <10% of stat errors

-2 -1 0 1 2
lepton 1
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preliminary 2012 STAR W data & im

A

pact 4" _
STAR Preliminary Run 2012

‘I T T I T I T I T I LI I LI I T
15 -\ A ' —
2 [ ]
Ay~ [\ ]
> . - “‘ .
p+p — W' —se +v 10 . i
(5510 Gov 25 <€} <50 GoV o \gerror ] Jssv
Ad / \ {Ar=8
0.5 . eal B sE o\ shiftin -
- W /1 [] T M= : I \ best fit |
/. L] | Yo DSSV++ |
‘ . w/ STAR W dat
run 12 data oL %Y ; N
1 I 11 | I 11 | 11 | I 11 IVI 11 1 I 11 | I 1
alre_ad_y have -0.06 -0.04 -002 0 0.02 10.04 0.06
a significant ATLQ) dx
impact "
T ‘: T I T T T I_I T T I T T T I T T ,’l i
Sy Ad ‘]
;o]
e DSSV08 RHICBOS K |
DSSV08 CHE NLO . |
-1~ S DSSV08 L0 with \ll.‘ pdlorro: ................... ; A . IA);;:\Q
3.4% beam pol scale uncertainty not shown ,' 7
Remaining syst <10% of stat errors II 7
L I ;/ DSSV |
-2 -1 0 1 2 [ ’ ]
lepton n Q> =10 GeV*
1 1 1 1 1 1 1 1 1 I 1 1 1
-008 -006 -004 -0.02

.0 002
JAd(x.Q%) dx

0.05



preliminary 2012 STAR W data & im

pact 4" _
STAR Preliminary Run 2012

‘I T T I T I T I T I T T I 1T I T
15 3 A ) .
A :
g * - R 7
p+p =W — e +v 0F -
(52510 GeV 25 < E} < 50 GeV b N VO |pssv
Ad / [ A
0.5 T — B st shiftin -
- W yai (= N e ' I » best fit |
4~ L] | Yo DSSV++ |
\ w/ STAR W dat:
run 12 data oL %Y ; N
1 I 11 1 I 11 1 11 1 I 11 IVI 11 1 I 11 1 I 1
alrt?ad.y have 006 -004 002 0 002 004 006
a significant AT Q) dx
impact "
T ‘I T I T T T I T T T I T T T I T T ’l i
15 ‘\ ," ]
A ;o
—— DSSV08 RHICBOS 10 L P
DSSV08 CHE NLO i . |
-1‘ S DSSVO08 L0 with \l}" M.ﬂ’m ................... ; Ao . IA);ZS=\é
3.4% beam pol scale uncertainty not shown : 1' 7
Remaining syst <10% of stat errors ! ]
5 / ]
L s ;/ DSSV 1
-2 -1 0 1 2 2 ]
lepton 1 Q> =10 GeV]
0 —]
I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
much more to come from RHIC run-13 008 006 oor oo
¢/ DOE milestone for 2013

.0 002
JAd(x.Q%) dx

0.05



0.02

-0.02

-0.04

Au

impact in terms of Au(x) and Ad(x) A

T T I T T T I T T T

----- DSSV with COMPASS SIDIS

DSSV++ with STAR W data

1 1 lllllll

[
)

1
\)

-1
10

X

0.02

-0.02

-0.04

still very preliminary !

[A starts to test of what we know about sea quarks from SIDIS with pions

[ new fit points towards rather sizable Afi(x) — Ad(x) & Mmere

for models

looming (mild ?) tensidn withVSIDIS data
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impact of W data in NNPDF analysis

E. Nocera @ DIS"13

use method of Bayesian reweighting to incorporate new data (no re-fit needed)

e assign relative weight to each replica set based on x2 for new data

® new replicas are no longer equally probable; use to compute new expectation values

XA u(x,Q:)

XA B(x,Q:)

L L] llll'll T L llll'll

[ NNPDFpol prios
[ ] NNPDFpol prior RW STAR

0.04

0.02

LA I L L l L] L]

-0.02

-0.04

Q2 =1 GeV?

A A lllllll L A lllllll

LI l T T T I T L

3

102
X

0.04

0.02

-0.02

-0.04

llllll] I T ll'l[l'

P NNPOFpol prior
[ ] NNPDFpol prior RW STAR

T L ] LA A | I L

T T [ T T T l T

take DSSV as prior for
flavor separation from SIDIS

I A lllllll L I lllllll

L L LA

L AL ALLL

l LA L l _—

A

el B |

3

10? 10"
X

observe similar modifications in shape than in DSSV

.



status of proton spin sum rule

- raging controversy in past 2 years
ging ymp Y
‘ o) | 1 - | (often semantics)
. ) P <1) - ’ /' | 1). . > Jaffe, Manohar; Ji; ....; Chen et al.;
2 .2 .2 Wakamatsu; Leader; Lorce;
Hatta, Yoshida; Leader; Ji, Xiong, Yuan; ...
in a nutshell o 1
11 Paz=3" / dx [Aq(x) + AG(x)]
Ji 2 — §A2 + L+ Jg gauge invariant q /0
> same @ Jq.g <->GPD'’s (exclusive processes)
1 1 “number” 1
Jaffe w P /4 + '/—- e
Manohar 2 — EAE +Ag+ Ly + Lg partonic” A*=o gauge \9 Ag = /0 dx Ag(x)
all quantities depend on scale Q & factorization scheme @0 Eq,g <-> twist-3 GPD'’s

Ji, Xiong, Yuan
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status of proton spin sum rule

~ raging controversy in past 2 years

| | | (often semantics)
= > - (PP 2 .
~ — \4Ls DYz ‘ s~/ Jaffe, Manohar; Ji; ....; Chen et al.;
2 .2 ._). Wakamatsu; Leader; Lorce;
Hatta, Yoshida; Leader; Ji, Xiong, Yuan; ...
in a nutshell 1
- @az-3 [ axlAqk) + Aax)
Ji 5= EAZ +Lg+Jg gauge invariant q ”0
> same 0 Jq.g <->GPD'’s (exclusive processes)
“number”
Jaffe 1 1 " . !
Manohar 3 — EAZ +Ag+ Ly + Lg partonic” A*=o0 gauge \9 Ag = ; dx Ag(x)
all quantities depend on scale Q & factorization scheme 00 Lqg <->twist-3GPD’s
Ji, Xiong, Yuan
4 )

where do we stand on A> and Ag?

e all fits find AY. ~ 0.25

beware of LARGE small x & 3F-D uncertainties
® Ag is anybody’s guess (apart from x=0.05-0.2 region)

® even non-singlet BJ sum has large errors

Au+ Ad — (Ad + Ad) =1.19 + 0.22
\_ NNPDF Y,

27



status of proton spin sum rule

- raging controversy in past 2 years
o | . | (often semantics)
) — = <1) = ’ /' | P. _—> Jaffe, Manohar; Ji; ....; Chen et al.;
2 .2 .2 Wakamatsu; Leader; Lorce;
Hatta, Yoshida; Leader; Ji, Xiong, Yuan; ...
in a nutshell 1
R o @Qaz-% /0 dx [Aq(x) + AG(x))
Ji — = —AY + Lq + Jg gauge invariant q
2 2 @ ' :
> same ' Jq.g <->GPD'’s (exclusive processes)
1 1 “number” 1
Jaffe n Y "'——- —
Manohar 3 = EAE +Ag+ Ly + Lg partonic” A*=o0 gauge & Ag = / dx Ag(x)
all quantities depend on scale Q & factorization scheme a@ Eq g <-> twist- -3 GPD’s
Ji, Xiong, Yuan
(" N extremel bold Ylmmy o
2 Yy bo ). -
where do we stand on AZ and Ag: = [E— . !Ag(x.Q ) dx
e all fits find AXY ~ 0.25 E 0% Q' = 10 GeV?
beware of LARGE small x & 3F-D uncertainties Y little
room
1 Ag is anybody’s Juess (apart from x=0.05-0.2 region) 04 for
. 0.3 | OAM ?
® even non-singlet BJ sum has large errors 02
Au+ Ad — (Ad + Ad) =1.19 + 0.22

\_ NNPDF ) 0

X nin 27



future avenues at RHIC



more on Ag from single-inclusive probes

Q-1: can we further shrink the errors in the RHIC x-region?



A_LL

more on Ag from single-inclusive probes

Q-1: can we further shrink the errors in the RHIC x-region?

0.050 -

0.040 -

0.030 -

0.020

0.010 -

0.000

0.010

projection for STAR mid rapidity jets
taken from STAR BUP

& Run 9 Preliminary |
» Run12ProjStat |
— =GRSV-Std (500)
jw— =DSSV (500)
—GRSV-Std (200) |
DSSV (200)
® Runs 9+14 (200) |

0.05 0.1 0.15 0.2 0.25 0.3 0.35

expect to reduce uncertainties

ﬁ by about a factor of 2 by end of run-15

h

impact study in DSSV framework

] Al

1 [ 1) L} 1) L} l L} ) L] A l ] L ] . L]
DSSVs+
J 201300 |
/ — ()] 5 200x1 42
201342015
l 1 A 1 1 l 1 L L 1 l 1 1 L 1 l A L L L

0

0.05 0.1 0.15 0.2
S5.0"°
Agl, [0.05-0.2]



more on Ag from single-inclusive probes

Q-2: can we further extend the x-reach towards smaller values?



more on Ag from single-inclusive probes

Q-2: can we further extend the x-reach towards smaller values?

projection for STAR mid rapidity jets

taken from STAR BUP 15 1=
2
| expect some impact from 500 GeV !
" mid rapidity jet data 10
5 -
- — DSSV++
- — 2013 (500x2)
- — 2015 (200x1 .4-2)
0 — 2013+2015

0 0.1 0.2 0.3
1,[0.01-0.2
Ag [ ]



more on Ag from single-inclusive probes

Q-2: can we further extend the x-reach towards smaller values?

projection for STAR mid rapidity jets
taken from STAR BUP

' expect some impact from 500 GeV
u mid rapidity jet data

I T T T T I T T T T I T T T
15
> T
Axi
10 -
5
- — DSSV++
- — 2013 (500x2)
- — 2015 (200x1.4-2)
0 — 2013+2015
I 1 1 1 1 I 1 1 1 1 I 1 1 1

0001

better should be data at forward rapidities:

-

[ PHENIX proj. for (=510 GeV:
F L=630 pb” P=0.55

1

|

i I i
—~
2 Rl

6

P, (GeV/ic)

XINIHd Wouj suonedadxs

0

0.1

0.2

0.3

Agl, [0.01-0.2]

* qg scattering relevant
* smaller x probed

no simulations with
pseudo-data yet




what to expect from 2013 W data ?

-
< eB 17+p = W=+ X = ¢*+ X 25GeV<E, <50 GeV
0.6.- o0 17+[)—>W=+X—’y=+x I5 GeV<E)
- L . STAR PHENIX o
projections 0.4F
0.2F | -
| "#’i‘ W
0':5;, +€§ I - Systemang Unceraiaty
: w+
-0.2F
> . o . —
0.4} } : : ]
[ Ly, =630pb P =55%
-0.6f W W
- = —— CHEDSSV (25 GeV<E ")
-~ ™ CHE-DSSV(15GeVgE ") ’ L
-2 - | 0 1 2

N

lepton



expected impact in probed x-region

e more than a factor of 2 reduction in uncertainties

LIS LA L ;' 1" L LA B B l‘.I T
' B 5 P H -
DSSV++ : 15 - | PSSV [ -
' [ 1 | Wpro). ! i
' 2 L .|. W data '.: ]
AL i
\ / !
= ". ‘ ', .’o B
0f P
{DssY e Bl f ]SSV
A.’.‘zz% " ’ '. sz:z%
- p ,
I : ! -
s N )
i \ ; d .
= \ J 1
I ‘ ‘ /DSSVi+ |
L DSSV+ '\ '\.\. .’.r' w/STAR W data
| TR TR T SN TR S T NN ST WO SN N TN ST S N S W 0—1 | “I—‘ l\'—'l, l l—
. 0. | | 2 | 2 1 111 11 11 11 [ 111 1
00800600100 lAao > dfo 006 004 002 0 002 l0.04 0.06
Jad=Q) fAﬁ(x,Qz)dx
005

005

,{co/mpatibility with SIDIS data can be tested




0.02

-0.02

-0.04

impact in terms of Au(x) and Ad(x)

B  DSSV++ with proj. W data

XAu

2
10

-1
10

0.02

-0.02

-0.04

preliminary study!

xAd
Q°=10GeV”

run-13

‘compatibility with SIDIS data can be tested




DSSV - readiness for other new observables

@
& general policy: NLO must be known for an observable to be included in fit
¢

@ use of improved Mellin technique allows us to included any observable
¢

consistently at NLO accuracy without the usual cheating (“"K-factors”, etc)

promising future avenues at RHIC (doable ?) to further our knowledge of helicity PDFs

Eau West East West
A

focus on

N

- ..)J Ag

AN at

® particle correlations, like di-jets

better control on probed x-range; expect data soon”

® rare probes (prompt photons, heavy flavors) NEEDSL > 1-2 fb?
probe different aspects of hard scattering dynamics (test of factorization/universality) Ag

® polarized A baryon production

perhaps the only probe of strangeness at RHIC; STAR has some results already AS



transverse spin (very briefly)

--> Mauro’s & Yuri's talks earlier today

35



transverse spin (very briefly)

--> Mauro’s & Yuri's talks earlier today
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main objective

basic observables are azimuthal modulations/asymmetries
of the produced hadrons

® SIDIS Aur, ... : two scale process with large Q2 and small pr

® pp An: one scale process depending on pr

large asymmetries have been observed throughout

two mechanisms have been conceived to provide a theoretical framework

A example: SIDIS (hadron mass M, g;* = p; ;*/2)

Nacp Q
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main objective

basic observables are azimuthal modulations/asymmetries

of the produced hadrons

® SIDIS Aur, ... : two scale process with large Q2 and small pr

® pp An: one scale process depending on pr

large asymmetries have been observed throughout

two mechanisms have been conceived to provide a theoretical framework

A example: SIDIS (hadron mass M, g;* = p; ;*/2)

Agep Sar < Q /

TMD “factorization” /
. overlap region

t > both apply
Sivers |
effect

' | Q> Qr > Agep

|

l)

Nacp Q

Q,Qr > Agcep

collinear twist-3
approach

£\

”~ ~
Efremov, Teryaey;
Qiu, Sterman



physics of TMDs

® TMD framework encodes physics for small pr (<< Q?) [or pr differences]

* entire zoo of TMD parton distribution and fragmentation functions

37



physics of TMDs

N d U L 1
® TMD framework encodes physics for small pr (<< Q?) [or pr differences] Ui % -
* entire zoo of TMD parton distribution and fragmentation functions L 8 hyy
. T : ) h <
Sivers effect | = | &% | Ba
° S.(Pxk,)
. >< J_
/7  correlation of transverse fq/PT (:C, k,, S) = fi (ZC, ki) — ff‘T(x, ki)
\ /—‘lk spin of proton with k; of
)~ ' an unpolarized quark _
/. @ Sivers effect
l)
* clearly established for quarks in SIDIS HERMES, COMPASS access to 3D imaging in momentum space

. . . . . non-trivial role of Wilson lines
* non universal function (factorization in pp processes ??)

Rogers, Mulders; Rogers; ....

role of spin-orbit correlations & OAM
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physics of TMDs

N U ‘ L . T
* TMD framework encodes physics for small pr (<< Q2) [or pr differences] Ul % -
® entire zoo of TMD parton distribution and fragmentation functions L 8 by
. T 4
Sivers effect | ‘ | &% | Bw
: S. (P xk,)
. >< J_
correlation of transverse fq/PT (a;, k,, S) = f (:L“, ki) — ff‘T(x, ki)
IS[* K spin of proton with k; of
— an unpolarized quark ]
/. Sivers effect
P
* clearly established for quarks in SIDIS HERMES, COMPASS access to 3D imaging in momentum space

. . . . . non-trivial role of Wilson lines
* non universal function (factorization in pp processes ??)

Rogers, Mulders; Rogers; ....

role of spin-orbit correlations & OAM

Collins effect

h "y
S '. . < * clearly established in SIDIS
- N/ HERMES, COMPASS
Sq - (pq X P%’L) b e Collins function extracted in e*e"
correlation of transverse spin BELLE, BABAR
of fragmenting quark and . _ e e > T, X
hadron pr ¢ universal function Jotl T joid
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Sivers function: sign and sign mismatches

- profound consequence of gauge invariance: colored partons “surrounded” by gluons
(technically realized by Wilson lines)

i ._\

N N\

Vo v\ _ L.

“NaxT BEN .
',' o l"' ,'\". )r' f\/\/’.,
.’: ’!q y ""

s

e A s
/ rgf: ks | Ak /

/oI #
——& —<aln



Sivers function: sigh and sign mismatches

- profound consequence of gauge invariance: colored partons “surrounded” by gluons
(technically realized by Wilson lines)

- 1SIDIS _ _ ¢£1DY
1T = —JiT

R Sttt

Sivers fct. has opposite sign
when gluons couple “after”

quark scatters (SIDIS) or

'
comanns ) B come sossmases e

I rrseEe g ' | “before” quark annihilates (DY)

: repul sive .
attractive I ' (and would be zero without gluons)
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Sivers function: sign and sign mismatches

- profound consequence of gauge invariance: colored partons “surrounded” by gluons
(technically realized by Wilson lines)

1SIDIS _ _ ¢£1DY
1T = —JiT

Sivers fct. has opposite sign

when gluons couple “after”

comanssd) Bn come soesmase

quark scatters (SIDIS) or

I' TUsTo0 (g “before” quark annihilates (DY)

repul sive

attractive (and would be zero without gluons)

fLstiII awaits experimental verification

- 15t k; moment of Sivers fct and twist-3 analogue related at operator level

Boer, Mulders, Pijiman;
Ji, Qiu, Vogelsang, Yuan
2 .
o |kr|? L1 5 both sides have been extracted from data
951y, r(z, ) = — / d"kr— - fir (@, k7)|sip1s

find: similar magnitude v but wrong sign %

Kang, Qiu, Vogelsang, Yuan,; ...

"iwho ordered that?
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progress on theoretical calculations

- energy dependence of TMDs governed by CSS-type evolution Collins, Soper, Sterman
two-scale problem -> need to resum large double-logs

Idilbi, Ji, Ma, Yuan; Kang, Xiao, Yuan; Collins;
Aybat, Collins, Rogers, Qiu; Aybat, Prokudin,
Rogers; Boer; Sun, Yuan; ....

- recently incorporated in TMD analyses
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progress on theoretical calculations

- energy dependence of TMDs governed by CSS-type evolution Collins, Soper, Sterman
two-scale problem -> need to resum large double-logs

- recently incorporated in TMD analyses

example from Boer, arXiv:1304.5387

Idilbi, Ji, Ma, Yuan; Kang, Xiao, Yuan; Collins;
Aybat, Collins, Rogers, Qiu; Aybat, Prokudin,
Rogers; Boer; Sun, Yuan; ....

1.5F
Q [GeV]
- 333
10
1
A(Q7)

- - .
- Wrmsme-
- -

-

-
------
-

find:

® amount of suppression from evolution

very much depends on details of setup
[choice of NP Sudakov term, ...]

® important to understand for future
phenomenology:
DrellYan; SIDIS at large Q* @ eRHIG; ...

 devil s still in the details
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RHIC's contributions

% = 0.25
< _— 5.19.4 GeVic®, ET04 ] ]
[ ® sizable An largely independent of energy
02— a (8-62.4 GeV/c?, PHENIX 3.1<n<3.7 Preliminary
C A {5-200 GeVieY, STAR @33 _
C e relatively large pr scale:
0.15— * 152200 GeVic®, STAR @p-a3.7 . . .
: twist-3 formalism should be applicable
I 5500 GeV/c?, STAR 2.7<net.0 } )
0.1 Preliminary + + [An nevertheless analyzed with TMDs;
- N issues with factorization in pp ']
0.05 f# T , : :
[ ¢ {('{é ® various mechanisms can contribute:
o”_+_______}___;_¢,{&_f ________________________________________ Sivers-type, Collins-type
- | | ' | L1l
0 0‘1 0.2 0.3 04 0.5 016 0.7 08
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RHIC's contributions

. 0.25
c‘:<z u {52194 GeVic®, ET04
0.2 5624 GeV/c?, PHENIX 3.1<n<3.7 Preliminary
R {5200 GeV/c?, STAR <p3.3
0.15 - * (5200 GeV/c?, STAR «p-3.7 {
L % {5500 GeV/e?, STAR 2.7-ened.0 }
0.1 Preliminary + +
0.05— ’tﬁ i,# ‘T’
u : t T %
0L+ } uﬁ{&* ........................................
i ] 1 1 11 | | | | | P |
0 01 0.2 03 04 05 06 0.7 08
Xg
XF=X1- X3

® small An at xr<o or mid rapidity
--> constraint on gluonic contributions

® A\ at xF>0 does not (?) drop with pr

(z 0.08; :
0.07 x"A,vep (0.16 <Ix | <0.24) (Iisolation 70 mR)
0.06 Ns = 500 GeV x° Energy 50 GeV (x_~0.20)
0.05 STAR Run 11 PRELIMINARY
0.04
0.03

® sizable An largely independent of energy

e relatively large pr scale:
twist-3 formalism should be applicable

[An nevertheless analyzed with TMDs;
issues with factorization in pp ']

® various mechanisms can contribute:
Sivers-type, Collins-type

. TR

-0.01 X <0
-0.02

o
1
1
1
i
1
1

N b=
O p
5
F-N
S
[5,] 5
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RHIC's contributions - cont'd

recent ANDY measurement of Ay for jets arXiv:1304.1454

® jets = energy deposit: no fragmentation -> no Collins-type contribution

® jets contain ", 1, and °: expect some cancelations in An(jet) [as An(TT*) = An(TT)]
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RHIC's contributions - cont'd

recent ANDY measurement of Ay for jets arXiv:1304.1454

® jets = energy deposit: no fragmentation -> no Collins-type contribution

® jets contain ", 1, and °: expect some cancelations in An(jet) [as An(TT*) = An(TT)]

ol +p— jets, vs=500 GeV

<r?0.02_
- o jet A, (statistical errors)
0.015 .
i 5A,, (systematic error) find
0.01F
i e forward kinematics matches with SIDIS
0.005 - [probed x range in polarized proton]
. .4 . . .
ol o ° ® ® measured An(jet) agrees with expectations
. ® Gamberg, Kang, Prokudin
-0.005 + ® small but non-zero analyzing power
[ [important for future Drell-Yan studies]
_ AP PR EPEPEPE B PP R
0.01 -04 =02 0 0.2 0.4
<xe(jet)>

41



moving ahead: future plans

Expected Asymm etries of Prompt Photons 1_

- 012

<
An for prompt photons using forward i e
detectors at PHENIX and STAR J:" e 1201002
e Top SIDIS new
0.04 T, SIDIS old
® shed more light on underlying mechanism 002
[and TMD “factorization” in pp] o {} SERSUSRURY SRS
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moving ahead: future plans

Expected Asymm etries of Prompt Photons 1_

An for prompt photons using forward
detectors at PHENIX and STAR

® shed more light on underlying mechanism
[and TMD “factorization” in pp]

An in Drell-Yan like reactions (y*, W*-, Z)
to test sign change in Sivers TMD

J!lpoﬂd asymmetries for W -bol«u]_

== 510 GeV
_0<@<3GW£

Pomemn Lo b '

¢

— W RN

J!:pocud asymmetses for W 'éoum]_
15 » 510 GeV
0<q <3GeVk

P n Lbowo ob '
4

— e WO

Ay

= 012

<
0.1

0.08
0.086
0.04

0.02

{5 = 200 GeV, P=60%, Ldt=50 pb '

| M |

|lesodoud X3-DdIA XINIHd

| : |

04 05 0.6

. ‘-&J Expected asymmetries n Dvdl-\‘u]_

(5 = 510 GoV
D<q < 1GeVic
4< m.< B GeVic’

wcton, Lae 0
i ol PR

0.7 08

curves by Kang, Qiu
no evolution included !
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Opportunities
straight ahead
A

the path forward beyond RHIC




the path forward

COMPASS, JLab-12, RHIC have vibrant spin programs
BUT

we need to explore small x region to determine AZ, Ag, Bjorken sum, ....
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the path forward

COMPASS, JLab-12, RHIC have vibrant spin programs
BUT

we need to explore small x region to determine AZ, Ag, Bjorken sum, ....

1212.1701 /&

What facility do we need to achieve that?

gkinematic reach --> high-energy collider

[A precision of electromagnetic probes
--> electron beams

gspin --> polarized hadron beams

[ versatility --> heavy ion beams

in short: an Electron-lon Collider
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kinematic reach and potential impact

103 Current polarized DIS data: .
f  OCERN ADESY ¢Jlab OSLAC : simulated pseudo-data for DIS
L Current polarized BNL-RHIC pp data: 1 similar coverage for SIDIS
+ OPHENIX® ASTAR 1-et 1 50 oy p—————rY R RARL oy
o 107 s | | DSSV+
> o 2 x5 2x10"(452)
o] [ 1 - ? EIC:
g - - - ¥ 5GeVon 100 GeV
N L 4 i
o 40 8.2¢10° (+43) 4 5GeVon 250 GeV
0 ¢ > 20 GeVon 250 GeV
- 1.3x10% (+36)
[ : o—° -
3 l . ]
L 1 = 212907 (+31)
L d g 30 - ope—" - -‘
1 3.3=90 " (e27
1 b 3 (-4.) % N o
A A A LAl Py £ 2' Od u
4 K] 2 A ‘b o niadh
10 10 10 10 1 o 8.2x10(421)
> Y—H’_‘-_o
X ;. 20 b ot 13:10%(019)
3
| otio—o 21x107(117)
. [ - T - = . 3 »
A gain two decades in x, large Q2 coverage L B 85107160
g e AP D a v
. - P JES- o0 8.2<107 1
also: lumi = 100-1000 x HERA T e et 13110%(012
T 212107 (411) +— GO r—O OO 1
. . . 10 - 33-1021.10) - - ve——e—re 0'—:. o0
e Ag from scaling violations a la HERA 82070 e e
10" (47) *———————— 04
. . i " ‘022-7‘.0:106)0 - - w e ca
® access to e-w effects in polarized DIS | 33108 o s~
] : il 1 1aa2l 4 P saal
recent NLO study on e-w SIDIS: 2 3
. . 1 10 10 10
de Florian, Rotstein Harbanau 1210.7203

Q? (GeV?)
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0.04

0.02

-0.02

-0.04

0.04

0.02

-0.02

-0.04

expectations for helicity PDFs

only uses DIS + SIDIS data up t0V/'S ~ 70 GeV and Q2> 2 GeV?

Aschenauer, Sassot, MS 1209.3240

x
&

lllllll"
""'l"

LT T

fs==== DSSV

B DSSV and
EIC 5 GeV on 100 GeV
& 5 GeV on 250 GeV

'll"lllll

XAg

before

--------------------------------

Q%= 10 GeV?

‘llllllllllllllllllll'

1

Q%) dx gluon spin

JAg(x

1 T f fr frrJrTrTryrryrryygq oy
02 2
=10 GeV
- current
05+ data =
0 .
g [ ’
o
05 - N Dssv+
L - EIC 5x100
EIC 20:250 |
-1 -l FYRE W TERE T N W WENN TENY WA AN NN NN TAN NN S R
0.3 0.35 0.4 0.45
1
f AX(x,Q% dx
0.001

quark spin

only relative improvement
of uncertainties matters



big picture: the 3-D experience

standard PDFs do not resolve transverse positions in the nucleon

&

4 . .
compelling questions

* how are quarks and gluons spatially distributed
* how do they move in the transverse plane

* do they orbit and do we have access to spin-orbit correlations

J
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big picture: the 3-D experience

standard PDFs do not resolve transverse positions in the nucleon

1-D

a4 . .
compelling questions

* how are quarks and gluons spatially distributed

—+ how do they move in the transverse plane >

* do they orbit and do we have access to spin-orbit correlations

(&

_J

f (X, kT )
transv. mom. dep. PDF
semi-inclusive DIS

N
f(x)

parton densities
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big picture: the 3-D experience

standard PDFs do not resolve transverse positions in the nucleon

a4 . .
compelling questions

<__* how are quarks and gluons spatially dlstrlbuted
B
—* how do they move in the transverse pI@ \

* do they orbit and do we have access to spin-orbit correlations

& _/

need Fourier transform
j to get what we want

not relate b —
f(x, ky) <teiedby (B b )e 5 H(x,0,t) <=2 H(x,é,t)

Fourier transf.

3-D transv. mom. dep. PDF impact par. dep. PDF generalized PDF
semi-inclusive DIS / exclusive processes
dx
frN o
f(x) F(t)
1-D o
parton densities form factor
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big picture: the 3-D experience

standard PDFs do not resolve transverse positions in the nucleon

(

compelling questions

* how are quarks and gluons spatially distributed

* how do they move in the transverse plane

\0 do they orbit and do we have access to spin-orbit correlations)

Wigner function high-level connection
5-D X ij bT measurable ?

not related by —
f(x,k f(x,b <—> -
T Fourlertransf T H<X 0 t) H(X 5’ )
3-D transv. mom. dep. PDF impact par. dep. PDF generalized PDF
semi-inclusive DIS / exclusive processes
dx

/dzlx //dsz

1-D f(x) F(t)

parton densities form factor



away message

\

7l

spin experiments continue to produce
high impact results

theory efforts & global QCD fits try to keep up

interesting physics questions in gluon/sea quark regime

to close the chapter on the proton spin

&
to have the real 3-D experience of the proton

eRHIC is the only option
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