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Early HERMES findings (ca 2002)

ep™ 2 ehX
Both azimuthal
modulations related to

Sivers effect (sin(¢-9,))

and Collins effect 502, :
. b 01 -
(sin(¢p+¢,)) nonzero T N o
. . 01 pe TN SN TP T AR T —
Large, negative Collins 0 *—;-ﬁ--- =7 §
. . 01 | -
effect for negative pions ot ! +
hard to explain in u Jsos [T +
quark dominance R
R i -3 N A S W STOT TS T TP T
01 - m -
0.05 |- = +
HERMES: o [+ 3 to Lo .
PRL 94 (2005) 012002 ** Lo Lt
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http://arxiv.org/abs/hep-ex/0408013
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Sivers Funetion——=—

Proton-spin — quark orbit (ki)
correlation

Suggested in ‘93 — dead due to
time reversal

Brodsky-Hwang-Schmid ‘o2
model example of Sivers
function using gauge links

Belitsky-Yuan ‘o2 = gauge
links generally needed

Collins =2 function can exist,

but modified universality (the

SIGN change)
&r r

> =+ ® T -

A

A\
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Collins Function (x Transversity)

— hadron transverse
momentum correlation (in
fragmentation)

Analyzer for quark transversity
—> access to tensor charge

(Lattice, BSM?)

A polarized (ie signed)
fragmentation function
Transverse momentum

conservation requires some
compensation ( Terayev-

Schaefer)
Figs from Buffing et al. : ®

PRD 86 (2012) 074030 3 RIK=H



http://arxiv.org/abs/arXiv:1207.3221
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Sivers Function:

—>Bressan

IDIS TMDs at present™ S Boglons

measured by HERMES and
COMPASS in valence region

Slight differences as initial
suggestion for TMD

evolution

up and down functions
comparable and of opposite

sign

COMPASS x>0.032 —e—
| COMPASS x<0.032 =

 HERMES i—a—i

’_%_ ___i_.ji_i__i_}_i_;_é_i___r_ »

0. 01 0.1
X

i Collins Function:

Aﬁi;mm%?

ins
Aﬂ?.@hwa)

- Avakyan

Collins FF and Transversity
measured by HERMES and
COMPASS in valence
region; FFs by Belle, BaBar
and BeslIII

Disfavored fragmentation
with opposite sign to fav. FF
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— Towards the sign change™

Using recoil method  STAR: PRL 116 (2016) 132301 ~Fazio

reCOHStI'UCt W d:u :t_ STAR PP 500 {;:ev_(l_ =25pb’) < 0 ;E_STAH p;p-EDO Gle"u'{L = 25 pb™)
transverse u'ﬁ;_ﬂ..ﬁ' <P, <10 GeVie D'EE_FJ.S <P; <10 GeVie
momentum and o4 04
azimuthal 02 02,
Of b 08 i D_____. .
asymmetry e - PR S
First indication of o4t FW STV oar BEW T
expected sign 08— Giowai ot 748 065~ Globalgrid.ot » 195 1
Change ' =0.8F 3.4% beam pol. uncertainty not shown 'u-B;_l#‘.-*E- beam pol. uncertainty nol shown
H I P N | 0 i I I

. -0.5 0 0.5 -0.5 0 05
Evolution effects y y
could reduce size of
asymmetrles

2017 data taking will
substantially improve
statistics; also DY
and Z asymmetries
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http://arxiv.org/abs/arXiv:1511.06003

/
— Towards the sign change™

Using recoil method  STAR: PRL 116 (2016) 132301 ~Fazio

reconstruct W d:u ;IE_ STAR p-p 500 GeV (L = 25 pb™) < . ; STAR p-p 500 GeV (L= 25 pb™
CHOS <Py <10 GeVie PLOS < Pp < 10 GeVie

transverse 0.6F 0.6

momentum and 04

azimuthal 42

asymmetry | o

First indication of o4 FW STV 0.4} !

expected sign oaf — Ko smctange) | ogf Koo sanctuay)

Change ' 0.8} 3. 4% beam pol. wncerlainty not shown 'U.B;—_qje};_ beam pol. uncertainty nol shown

o -1 T TR TR S T AN T TR S S | -1 I T W NN T NN SN T SR S

. =0.5 0 0.5 0.5 0 0.5

Evolution effects y y

could reduce size of

asymmetrles

2017 data taking will
substantially improve
statistics; also DY
and Z asymmetries
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http://arxiv.org/abs/arXiv:1511.06003
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— Towards the sign change™

Using recoil method ~ STAR: PRL 116 (2016) 132301 2 FaZi0

reconstruct W < Fsranpesmcov=zsom) < Fotanppsmcev =2
transverse u'ﬁ;_ﬂ..ﬁ' <P, <10 GeVie D'E:_FJ F < Pr < 10 GeVie
momentum and 04} - 0.
azimuthal . — — 2
asymmetry P : N
First indication of oapEWory oa W ore
expected sign OO — oot a6 O8F -~ Gisaridor < 24
Change ' =0.8F 3.4% beam pol. uncertainty not shown 'u-B;_l#‘.-*E- beam pol. uncertainty nol shown
| S PRI PR ) S IR B
-0.5 1] 0.5 0.5 0 0.5
Evolution effects v y
could reduce size of . -
b -4 A jections < o030 STAR projections
asymmetrles 0.15F L(del.) = 400 pb” ;L(de-’.) :v:pr::_”
2017 data taking will N
substantially improve s —
statistics; also DY g P ot
and Z asymmetrles - % 2 i :E
'"'2-0.5"”0'”'0.5 -a.s"ll‘l""o.ls

W
2016/4/11 R.Seidl: Spin Physics y y


http://arxiv.org/abs/arXiv:1511.06003

ers Sign change, ev nd sea

">Quaresma projection for
COMPASS: polarized NH, target + |NALE1039: D1yeag”ugnn:ngm
160 GeV n~ beam - Sensitivity to | Polarized NHj target, Rt e—
u quark Sivers and sign change unpolarized 125GeV

ol ¢ S p beam ->Sensitivity ,

to u Sivers <

To minimize multiple scattering of
muons and to maximize stopping o Y " °
power for hadrons. TT bl h
1. Long. pol.: - 2
DNP & 2.5T - A4l P [ "
solenoid /Y N {
2. Trans. pol: { . i a1 02
0.6T dipole S e — | -0z L
e " — ,J‘ i F=2 Sun ond Yuon, 2013
Ammonia beads | =2 Anselmino et al. 2009
immersed into ) ) ! ! L
liquid helium; = 0.1 0.15 0.2 0.25 0.3 0.35 0.4
dilution =S = 3 xfa_ygr
factor=0.22 = 0.2
‘ s 1st downstream : ASI“ ¢‘5
by 2m of iron-free COMPASS uT 0
@ AR T rEe Ny A . L « COMPASS DY (240 dayz) ,p_<2GeVic
£ 10°c=- COMPASS DY 2014 —— Total i = T
A Jhy 1DY+op g5 P. SuN & F. Yuan, PRD 88, 114012 (2013)
] S S ecays -
’ WE Ny 'COI‘I_'[IEEU_[T‘I_ H b L
- mass & angle of vu'tual photor E ------------ - L
- VETLER DOSItOn: oL ——[Combinatorial Bkg B ) — T e——
] cried]@illinois.edu - Drell Yan at COMPASS = i 0.1 __ f,-"‘fa h -
. - L
Presentation by 10° 5t [~
" : L 4A | /.-
C.Riedl C e 005
10F = Oﬂg L
10t i
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— About TMD evolutign "

Large theoretical effort to
understand TMD
evolution (see for example

Evolution and REF
workshop series)

Large overlap with low-x
community

Despite predominantly
using CSS formalism large
differences due to
treatment of non-
perturbative terms in
evolution = relevant for
many spin related TMDs

Data needed

2016/4/1 R.Seidl: Spin Physics

t, Prokudin, Rogers
0.0¢ —PRI108(2012) 242003

0.03 P HERMES, COMPASS
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<[ o.o02f\ RHC
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e,

001 ST e

sin ((|)S+ (])h)

uT
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Kang, Prokudin, Sun, Yuan '(;
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http://arxiv.org/abs/arXiv:1505.05589
http://arxiv.org/abs/arXiv:1112.4423
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Quark transversity via CollinsTKaons

BABAR: PRD 92 (2015) 111101 —~vanHulse
Anselmino et al: PRD 93 (2016) 034025 ~Bressan
 feomKeX Addition of kaon Collins 2 Gonzalez
i I ‘ fragmentation strongly =~ Hernandez
needed for flavor decomposition
s of quark transversity
°f Large amount of potentially
y Earticipating FFs well described
| y light and “heavy” favored and
_ disfavored FFs
< i _ Allows inclusion of HERMES and
(0.15<2,<0.2] (0.2<2<0.3] COMPASS kaon asymmetries
7 or or o8 o3 s o ot (+eventually EIC) in fits
2 2 Also: pion Collins at lower
BESII:PRL 116 (2016) 042001 scale(BESIII) consistent with

TMD evolution

Also: unpolarized kaon
multiplicities from COMPASS

5 L —->Kunne
(Z5Z)yin —->Hahne )

L 1 1 1 1 1 J Z1
| 02 03 05 0902 03 05 09 Jhysics 10 —
2ol { 1 i "z, Dy RIK=H

oy = A 2

¢ :
- A, prediction :
0.1F &%= A prediction !



http://arxiv.org/abs/arXiv:1507.06824
http://arxiv.org/abs/arXiv:1506.05864
http://arxiv.org/abs/arXiv:1512.02252
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Transversity in proton collisions

pl+p—jet+ ™+ X

STAR: PRL 115 (2015) 242501 P T — _
. E‘J | refiminary 9 D I I kS
& o PR T fa-2mGs Nonzero Collins 5o o :
L w =05 \] asymmetries (hadron in Lo b g K | L
I].I]GE— o =03 jets) a.t CentI'al ﬂ'_ 5 2 li’ l I g
004k rapidities - PoT H ’
no2p 1 i 1 % Substantial theoretical S ] ‘
af ; I progress for hadron in = L .
oo %‘ jet measurements ‘”’zg_ gy e B
F —  unpolarized: oosE. 'TT §
osp 0 Kaqu.nann et al. = - = -
o] ’ e polarized Kang et al. z
S R For roughly same x and -
1] 0.2 0.4 0.5 0.8 1 1.2 1.4 . . - Fpt+p->jet+ p’+X @ (s=500GeV
M [Gavic?) kt Sirﬂl}lar Slfzfe ? 004 anti-kT R =0.7
. evolution errects C STAR Preliminary
Published Interference FF moderate? ~ F e
asymmetries from STAR + Usin forV.var dEmCal  vF S
preliminary 500GeV data first Bint of NONZETo S goof ! i ' ! |
fits to SIDIS+RHIC+Belledata o', EM jets aol -
| Zey
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http://arxiv.org/abs/arXiv:1504.00415
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Transverse spin asymmetriesin pA

2015: p"+A collision at \/syy = 200 GeV S Dilks
Several theory Ay Xe=02 A X=03 A Xe04
5 Lo cﬁzn_uzz—. A, pp <008 o A, pp < A, PP
pFE(Z!IC.tIOIlS of - % 104 o A pAu o9 Np,qui- '
diminished pA i : 0 . g o 41 ! i
. i a ¢
asymmetries due to °*% _ ¢ o LI 022
- OF — : B - .
nonlinear low-x wondh SARRUNLS S SRS
. . ; " Preliminary - Preliminary W
behaVIOF (elthel‘ 15 2 05 é 00505 3 35 4 45 -0.01 3 P_f_il SW 3
final or initial state Pr Gevic Pr Gevic Py GeVio
Ay X.=05 A, X.=08 A, X%=0.7
effeCtS) d.; 04 = AM pp él:l.'lE;— m AN pp d‘;[].ld-;— fﬂ;.uf;';%l" ].[-;EV
No substantial 008-© A, PAU of o A,pAu ot2p e
. . 0.08 0.08 u.[;;.;
reduction seen in L : oo thiy i
2015 STAR data D-UE;_ STAR Run 15 E:ETE_ST:ER RLIWE :E:%—.A
However, origin of ol comey | § im0 6 Wy
) g T e e M3t 6y 2 3
Ay asymmetries P, Gevic P, GeV/c
still unclear .
—->Koike
—2>Yoshida
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~— ...and other surprises

mmmmmmmmmm PH: <ENIX

Some indications of forward i T o STanida

pion asymmetries in pp not "B A o X

due to initial state (higher . S

twist related to Siversgor R — I

final state (related to Collins i

or other FF) hard effects but B

diffractive T

2015 STAR data included NI

roman pots to answer this 0.05:4

question R T T

T Ty A (atomic mass number)

o Unexpected forward neutron

asymmetry A behavior

%0-62 Potentially different contributions
! from Ultraperiphal collisions (EM) and
£ hadronic (Reggeon) interactions

o2 L More studies ongoing, inc]uding Pt

[ dependence
O i i i i1 i i L L i 4 L 1 A Il
B [(GeVic)] '
' @
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Quark and gluon Helicities
Aq(z) Aq(z) Ag(x)
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_—
> Wilfert

D u p >Nunes

COMPASS: PLB 753 (2016) 18-28

_ | m=x=00036 (-0 ra— -
Final COMPASS data at T . i I
200GeV now available Eol T e B T
i By X0012

Also new updates from [
p __m x=0.024

JLABG6 on longitudinally S a

polarized He3, pand d st B x a0 (10
. . . | oA oot Kool e X012
targets = no indication ot i o ow s

:a-moa St o ke o T0E

of high-x sign change of 000 ot w—m 0

(=]

2 . - 4}_&6_% 9% s . w » E'.X=0.41
ACl()() B -~ Bt Dol oy B—o———ome—m——om X057
0_|| I RN I 2 . s . B o :'(=O‘?|JJr
1 o
¢ HERMES (SIDIS) A ILab E99117 (DIS) 1 10 10 )
0.8 o JLabCLASEGIb(DIS) e This Work ; o Q? (GeV/c?)
E Strange uncertainty Statistical - s o)) -
— 0-6:_ —e=NIL = =emea- LSS (BBS) “_,‘ .’.' 12 COMF;&\SSt:]LO fit to
T o4 Avakian et al . . g, world da
+ 02k e P
= 02 -
s o | e o 1 = COMPASS 160/200 GeV
f 02 i—\#‘j{} }_ % .é _+-§*T I - Dsra[mmisu_u_;.é;
g -014:_ T :-é l-- ;g_-:-”’ .:+_J-l4-‘-.._—-;_- %: T DSE {contact)
0.6
08
iy | =S

Sy s by by e sy b sy by by U e s e e s L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1

HallA: PLB744 (2015) 309
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http://arxiv.org/abs/arXiv:1503.08935
http://arxiv.org/abs/arXiv:1503.08935
http://arxiv.org/abs/arXiv:1503.08935
http://arxiv.org/abs/arXiv:1406.1207
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— Helicity fits s

New JAM fit of inclusive Sato et al.: arXiv:1601.07782  —>Sato
g data taking into 0 - R —

account lower Q> JLAB N v NN
data via Hi her twist . DSSVD K
and mass effect RS NNPDF 1

oz ~- BB

treatment [ A e

NNPDF includes some H
RHIC data using DSS
FFs (poli.1), working on
own FFs for fully global
fit 0.10} A
DSS FF update on pion oup  zAdt |
FFs, ready for Kaon FFs N e
When COMPASS -4 107% 01 03 05 07 4 1o 0—= 01 03 05 047 T
multiplicities published

nozp e

0.06F

Usual caveat about inclusive
polarized DIS Fits: flavor
sensitivity mostly via g, and
hyperon decay constants with
SU(3)rassumption
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http://arxiv.org/abs/arXiv:1601.07782
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uons: To higher energies

PHENIX PRD 93 (2016) 011501

Nonzero gluon
polarization

established with RHIC

Vs = 200 GeV data
RHIC 510 GeV data

(>2011) now confirms it

in workhorse (jet,
pion) measurements

Extend access to lower

x by higher energy
(now~ 1072)

R.Seidl: Spin Physics

< [ pp— %X |n|<0.35

0.01
- PHENIX

L. W 510 GeV: Runi12-13

002 | 510 GeV: rel. lum. uncertainty

. ® 200 GeV: Run6-9 (PRD90,012007)
200 GeV: rel. lum. uncertainty

| 510 GeV / 200 GeV pol. scale uncer

| Theory curves: LSS10p (dashed), SSV1ALsoid) and NNPDF1.1 (dgtted)
1 1

—->Moon

0

1 I 1 1 1 1
0.05 0.1

0.08

LL

- STAR Preliminary p+p— Jet+Jet

0,06 —
- 2012 {s=510 GeVR=0.5 Inl<0.9

0,04 —

0.0z2—

-0.02—

- Ll I
D.Odn

n 2009 Y5 =200 GeVR=0.6 Il <0.8

DSSY 2014 —— NNPDF11

Solid/dotted curves for S1/200 GeV

: + 6.5% polarization scale uncertainty not shown

Xt (=2p,/\8)

e

-

—->Ramachandran

I [ L | L I
0.05 0.1

1 | 1
0.15

025 9 9
M./ 17 RIK=N


http://arxiv.org/abs/arXiv:1510.02317

0.05

...dl

p+p @ Vs =510 GeV (2013)

JIy — e @ 1.2<lyl<2.2

S

L —~—
~ PH <ENIX
- preliminary

Illlllll|lll

P, binning:(0~2 GeV/c),(2~4 GeV/c),(4~10 GeVic)
. Syst. uncertainty
Relative lum. (shiff) uncertainty

(6.5% scale uncertainty not included)

6 7
p, [GeV/c]

g9 = J/Y +X - putu~ + X @ forward rapidity

2016/4/11

10 1
Momentum Fraction

O

PHENIX forward
A"
measurements
reach close to
X~1073

Including feed-
down almost
entirely produced
from gg

Due lack of
knowing

production
mechanism

o

interpretation still

difficult

Jlld x Ag(x,

0.5

-0.5

RPD 92 (2015) 094030

—I-I'rrmq—l-l'rrrrr—l—mn]_l—rrmnl_l—rrrm!_l—rrrrrq
IS + SIDIS data —— D&5Y 2014
o pp data in ft with 8% 1. band

RHIC spin

EIC projections:

L projected data up o 2015 B =775 GeV _
N ez 1227 GeV
B+ == 1414 GeV

min

Other forward ©° measurements ongoing
to get better precision down to x~1073

Eventually EIC to pin down integrals,

strangeness and need for OAM

R.Seidl: Spin Physics
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http://arxiv.org/abs/arXiv:1509.06489

— Sea quark helicites

STAR: PRL 113 (2014) 072301 O'Bz_a)ePHmezoﬁ-zma W+Z°_b) ¢ _

PHENIX: PRD 93 (2016) 051103 0-5;‘ * In,|<0.35, p > 30 GeVic —— _
STAR 2012 data at zz Sk ¢ P f+ j
boundary of DSSV ] l i tL
uncertainty bands | |

1 CHE NLO calculations

] DSSV 14 W+Z° ]
T p: > 30 GeVic ]

Reweighted NNPDFpoli.1
shows substantial

DSSV 14 W
p$ > 25 GeV/c

polarized light sea
asymmetry -1 —0.51%:I 05 1 -1 —0.51? 05 1

olpposite sign to most ‘ :
C

oud models E

L Sea asymmetry

All central PHENIX data oot E
published, vy U
2013 STAR data and

forward PHENIX data o _
pending oaib. GP=10 Gel? E

-oosf MMPDFpol1.1 x(AT - Ad) 3
’ L 1 1 I 1 1 | IIIII 1 1 | IIF —
3 z 1ot 1 .
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http://arxiv.org/abs/arXiv:1404.6880
http://arxiv.org/abs/arXiv:1404.6880
http://arxiv.org/abs/arXiv:1504.07451
http://arxiv.org/abs/arXiv:1504.07451
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GPDs and spatial imaging

7 ¥ ¥ V
.-:+E/E i\z—{ .':-I—E/% _E;\zr—f
p P p P
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- Sabatie
: ew DVCS m S SNiccolai
—>Joerg
CLAS: PRD 91 (2015) 052014 . .
Various DVCS asymmetries
L to access different

N } | combinations and parts of
' contributing GPDs

o008 (AR k] 0.30 0.7

'0_'6:4;1:,:l.u?tm-m’;“' | T - Hall A: PRC92 (2015) 055202

x> = 0255
EE

—t =0.17 GeV*® —t = 0.23 GeV? —i = 0.28 GeV?

0.6 b <> = 241GeVicy |
) E=xg> = 0.255

I~

i N VR I R

1 1 L
120 1#0 240 G000
¢ |deg]

ba)s= h[][[ cvier |
Lo

=03 - -
t = 0.37 GeV
. Kinl!
— - T TR =0.34 -0.4
PRl - @ = 15— 1.6 GeV?
=N [ [ N (N I T 1 | — KEMI0a
—fitto data —— KMI0a + TMC*
= =VGG
..... LA -~ [ | i | I | fh\. W '/_ W |
- ternatics _',.'. a [:T] 120 180 240 300 [x] 120 1EIJ 2-10- ezl SED
sys @ [deg)
1 1 1 1 1 1 1 1 1 ‘ .
100 200 300 100 200 300 100 200 300 ' .

P (deg) P (deg) P (deg) -
i 21 RIK=


http://arxiv.org/abs/arXiv:1501.07052
http://arxiv.org/abs/arXiv:1504.05453

_—

Kumericki, Mueller:
EPJ Web Conf. 112 (2016) (}1612

[
‘\
3. O S,

Q‘ '[f';;#] KMM 12 fit

35! 90 ) 1:1\]1" model) 0.2 0.4 06
S - — - — CTEQ6L1 —t [GeV]

j ¥, CTEQGM

DD_ ! ! !
1074 102 102
Ry
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- Mueller

5
CLAS 2015] ™,

=== KMMI2

—'—"Is\fl\fllh

0.4
=t [GeV’]

0.6

Towards global fits of DVCS
data

GPDs related to regular pdfs
and form factors:

H-> q, H >Aqfor & 2o

Recent fits consistent with
pdfs but earlier models not

3

RIK=H
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http://arxiv.org/abs/arXiv:1512.09014

_—

—->Manaenkov

HERMES:EPJC 75 (2015) 600

7 0.3

= D4

ipzf | 2 oz k 1.-"" ;?532 I 'E 0.z |
wab ] T el b
(=T e T s Eit el s
' nfmw“: y nfmw“r ’ -:F:-:nsu:'-.r“;1 ’ o |GevE
& Ei [ : E o4 f
E; -:-r* | =5 %u.z I:
BEN Tl -u.z [ r."."."-
Ll ol I A P o Ll
’ -r::ils-ze'u"] ’ r:]i.sze'-.r‘]
HERMES data prefer
positive o form factor
in GK model
2016/4/1 R.Seidl: Spin Physics

Transverse GPDs and
exclusive meson pro

Exclusive pion,
rho, omega
production on a
transversely
polarized target
—> Access to
poorly known
transverse GPDs
@T , Er, Hr,
E;)

—>Boussarie

- Goldstein ﬁ
O
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http://arxiv.org/abs/arXiv:1508.07612

— S

First indication of Sivers sign
change, expect answer with
STAR runi17 and COMPASS

results

data to pin down effects of
TMD evolution

Transversity now also
accessible at RHIC

New information towards
understanding transverse
asymmetries in hadron
collisions, but also new
puzzles (such as A
dependence)

2016/4/11 R.Seidl: Spin Physics

//

ummary

Gluon spin contribution
confirmed at higher collision
energies, started accessing
lower x

Polarized light sea seems to
be asymmetric and disfavors
pion cloud models

GPDs via DVCS and DVMP

More to come in the future:
o COMPASS GPD
e JLABnu
e RHIC (CNM 2017-23 plan)
o EIC

3
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