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Disclaimer

Many concepts already discussed this week
A lot of material grabbed from other talks

Personal (limited) perspective
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But star dynamics ?
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Dynamic Spin
- Parton polarization
- Orbital motion
- Form Factors

- - Magnetic Moment -

Hadronization

- Spin-orbit effects
- Parton energy loss
- Jet quenching
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g=u,d,s.c,bt

q[iv"(0 — igAu) —mylq

Parton Correlations
- dPDFs
- Short range
- MPI

Color charge density
- Nucleon tomography
- Diffractive physics
- Gluon saturation




Lattice Achievements

Nucleon mass components K-F Liu @ this Conf. Spin dsecomposition K-F Liu++ [arXiv 1203.6388]
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QCD vs pQCD

QCD can not be a precision science

Should not be confused with pQCD, which can,
but is not touching the intimate nature of the strong interaction

Proton Spin Budget
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Elliptic Flow
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The 3D Nucleon Structure
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SIDIS Cross-Section & TMDs
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TMD Factorization
holds for p;<<Q

Quark parton distribution

Wide kinematic coverage is needed to resolve the convolution
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Farton Correidaors

c
) quark polarisation
5 Ng| U L T
o
o 1
§ U Dl Hl
S
©
K

quark polarisation
. Ng| U L T
2 1
5 U |4 3
L
o i
e L &1 hIL
[
3
Q@ 1 L
§ T flT it hphn

+ Quark correlators at sub-leading twist

+ Gluon correlators (x 2 gauge links)

+ Di-hadron fragmentations

Beauty and complexity of the unique strong-interacting world
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Gauge Invariance

d(EPYA’E; ipe
(27)’
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Path dependent gauge link

Time reversal £
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Color flow and process dependence l_gg— H

A way to access gauge &

effects as color flow = T
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Phenomenology:

gather active dynamic mechanisms
spin-orbit, short range correlations, energy loss in matter, collective motion

make educated guesses on parton behavior
average transverse momentum, orbital motion

is the naive interpretation of the observable sensible ?

Predictive Power (applicability as for collinear PDFs):
rigorous treatment, i.e. for tensor charge extraction, exploiting
universality
evolution well defined but not necessarily under control at medium-low energy

scale dependence should improve with next-to-leading orders, as for k-factor in DY

non perturbative parameters should be constrained by data



pr>5 GeV

Good perturbative description
(hard gluon emission)

Q2>5 GeV?

Part in a py<<Q TMD regime
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Non Perturbative QCD Signals

Catani++ [arXiv: 1507.06937]
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Non Perturbative QCD Signals

D’Alesio++ [arXiv: 1407.3311]

up to vector boson production at LHC

No evidence for a strong NP contribution in evolution
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1atching Issue

Within the limited phase—space of fixed target SIDIS experiments, easy to reach p;~Q
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Matching Issue

Y term required to match the high q; region

Dominated by un-constrained non-perturbative contribution at fixed target experiments

Gonzales @ POETIC2016
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The SIDIS Landscape

Limit defined by luminosity
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Kinematical Plane

LHC 13 TeV Kinematics
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The Multi-D Approach

Umpolarized Multiplicities
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81 | .
03<z<04 '
Q2 ~ 20 GeV? P N \
. h— 10% ¢ ‘3: %,:*
16 | u”’/Mo': Y ——1
10\ \ \ |\
102 oy s, s, “‘"‘I
T | e |
10\ b 2
" o \ . \ \ \
05 2
3 . oM g e

17 |

10

-2 '
10 R

I

0.5

= —- + + == e IR
10
0 2
\ \ \ \ .
1o~2 '-.. o.. '-‘. sy "i.
. "
4,2
: GeV/e
° - o Pr I 2|
0o 20 2 0 2 0 2 0 2 X
0003 0.008 0013 0020 0.032 0055 0.1 021 04 0.7

Disentangle all the kinematic dependences

Asymmetries so far used to suppress
systematics effects

o' -0
ALL=T
O +0
1 N'-N"
fP.P, N"+ N~

LL

They suppress also physics (i.e. evolution)

Multi-D:

- naturally reduces some source of
systematics

- blows up the statistical error also
due to smearing and acceptance

Requires high-luminosity for next DIS
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[p-p] ‘12 ™ BROOKHAVEN [p-p] 1000

Fermilab NATIONAL LABORATORY
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Babar (e+e-): < 2007 SeaQuest (pp): 2012 - 2016 JPARC(pp): 2018++
BELLE (e+e-): <2010 RHIC (pp): 2011, 2017++ FAIR (pp): 2018++

BELLEIl (e+e-): 2017++ COMPASS (np): 2016 — 2017 NICA (pp): 2018++ AFTER (pp): 2020++
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Related to:

v Low-pT regime:

precise xsec measurements

v Parton correlations:
short range, MPI

v Low-x physics:
color glass condensate

v Hadronization:

parton dynamic in medium




Unpolarized TMDs

do/dq, Aqcp<<0:<<Q | same physics
GUU 08 fi (kT P o) ® Dl (pT PR o) \ qJ_"'Q CO”.fGCT.
P. Schweitzer++ [arXiv:1210.1267] m
fi(X,ky) ' o ‘ @
x=02 — —
18 0 x=03 T i I q,<Q: TMD fact.
A i ' qy
10! =
102 | Large tiles extending up to the inverse
of the gauge field fluctuation scale p<<M
107 | _
EEEEEEN -< Slze
104 p~0.3 fm

0 0.5 1.0 Ky

Matevosyan++ [arXiv:1111.1740]

May short range parton correlations
manifest also in pp MPI ?

Reflect different fragmentation

May be enhanced in medium.

Parton propagation in cold matter
as complementary study to QGP
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Space-Momentum Parton Correlations

May manifest in multi-particle interactions

4 ~ ’
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P A A TMD Q? evolution # DGLAP SRR
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Multiplicity Ratio

In terms of the QCD, there are several contributions to P distribution of hadrons produced in SIDIS:
 primordial transverse momentum + gluon radiation of the struck quark

« the formation and soft multiple interactions of the “pre-hadron”

« the interaction of the formed hadrons with the surrounding hadronic medium HERMES [arXiv: 0906.2478]
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Tedium modification

DIS
o ~ 0.020 % 0.005 GeV?/fm

N-B Chang ++ [arXiv:1401.5109]
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RHIC
g~ 1.2+0.3 GeV?/fm ,
Au+Au /s = 200 GeV/n

JET Coll. [arXiv:1312.5003]

LHC
G~ 1.940.7 GeV?/fm

Pb+Pb /s = 2.76 TeV/n

e
* d+Au FTPC-Au 0-20%

SAan
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* Au+Au Central
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Low-x Physics

H1 and ZEUS preliminary
— l——
e - [V. Radescu @ DIS14]
. =10 GeV?
H1 and ZEUS preliminary os - i
E . HERAPDF2.0 (prel.) NLO Q; =35 Ge\’:
Sy 124 | HERAPDF2.0 (prel) [ HERAPDF2.0 (prel) NLO Q=10 GeV
v x/dof = 1386/1130 v NLO \

122 4 NNLO
1.2 +

‘ l

v
1.18

X
116 v 1/dof = 1156/1001
. X

1.14 v x

1 1 f 1 1

0 5 10 15 20 25 30
Q2 cut / GeV?

Interplay of the data cut at low Q? and impact on gluon at low x
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QCD Phase Diagram

DENSE
REGION O

large x, no kr

In 1/x

a0
’&_\0
* '
’5“ BK/JIMWLK
L=
DILUTE
x low, Q2 not too high: REGION
» partonic kr may become important!
» are (perturbative) parton showers
enough to describe this?
e or does one need something more? In A In Q
kr-dependent parton densities? N Nqcop

BFKL must be the correct theory of low-x QCD
It naturally incorporates k;-unintegrated PDFs

Mechelen at DIS2014: no clear evidence of BFKL in experimental data
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Gluon TMDs

Starting distribution for gluons at q,

zAo(z, k1) = Nz P.(1-2)° (1 Dz+ E\z)exp[—k}/o?]
CCFM (BFKL like) evolution + Herafitter package %
F2(.’L‘,Q2) S. Dooling ++ [arXiv 1406.2994]
b! 1"; i ® -0 X i Leading jet pr CMS [arXiv:1406.7533]
1:4 Q'=6.5 GeV* 31 Q=12 GeV* 1 Q'=18 GeV* v;- . LI L L L L L L LU B LN LRI I
12 H o E —— CMS data -
1 T % - === JH 2013 set2 mode A -
0.8 1 ‘E 1 —]I-12013set2modeB?_
0.6 :gﬁw" + S 2 -
02 i Bk W +njets -
0 ud l l sasaed o osaned o onsnnd o naned o asied o asnied 2 aaneed 2 sace Al E E
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= E 3
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k3 1 k -3 L
o T daew | an _ g1k
= C
TN N -
£ 12
0.8 T + : © -
06 8 1F
) C
04 S o8 -
02 i i ' S P I T A B
o6 aud, ..l.3 . ls. aaasd o .nuullaA PPTTTT BRI PP | ......Ja. PRTTTY BEPERTTT s s —— e L1 e 160()1 L 17‘x; Ll 180()] D
1 100 200 300 400 500
10° 10* 10° 10? 10° 0t 100 10? 1xo‘ 0t 10° 10t 10 Londing jet pr [CeV]
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Transverse Momentum Dependent Distr.

quark polarisation

N/ U L T
S g é quark polarisation
— L ©
® U h K
2 i 1 ® 5 Ng| U L T
k] L S
2 L i h,, c U D, I‘IlL
: £
Q L L
S T IT i h, by 2
c
Collins function:
Transversity: a spin-p; correlator in fragmentation

different from helicity distribution as
rotation and boost do not commute

Dy (2 51,54) = Dypn(z,p7)

- sensitive to the relativistic effects 1
- related to the tensor charge 1lqg 2\ = 7 —
- non-singlet type evolution + M Hl (Za pJ_)Sq (k X pJ-)
i h
- chirally-odd
it requires a chirally-odd fragmentation
C@
‘e

Related to: %

v Tensor Charge & Coupling \4 / P

v SSAin hadron interactins C@N
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Transversity & Collins Evidences

Q%~ 110 GeV?

HERMES [arXiv 0408013]
HERMES [arXiv 0906.3918] Belle (talk at DIS2014]
COMPASS [arXiv 1003.5609] BESIII [arXiv 1507.06824]
COMPASS [arXiv 1408.4405] Babar (arXiv 1309.5278]
%0°1—OJ'C+ <O0.04:"'I"'I"'I"'I"'l"‘l"'l':
A O o -4 AO,UL :
< 003, A, -
0.05F ¢ ' ,uC = :
* * 0_02:_ - _
O--7-1 -&-&-j --------------- N - . -

QQ 001 i
é é N 2_ _ i
~0.05\- <}> Ofges o E
T T T 0 02 04 06 038 1 12 14

10—2 10—1 p (GCV/ C)
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Transversity & Tensor Charge

Distributions: Charges:
1 _
dq = fo dz [Arq(x) — AT(I(iE_)]
Anselmino++ [arXiv 1303.3822]
® 5u=0.391313 ® 6d = —0.257539
A bu=0317318 A dd=-0.27751
=LA ~Kang et al (2015) i T _
-0.15 Anselmino et al (2013) ==x=====+ 5
0 0.2 0.4 0.6 0.8 1
: i 3|
X 4
B 5 |
6
Torino 2013 L 7 |
8
. Kang et al. | 9 | .
10
Pavia l | | |
(DIFF) 0 15 06 -04 02 O
001 003 01 03 1
> [ Au = 0.787 Ad = -0.319 J

How well is Soffer bound know at large x ?
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Tensor Charge & BSM Physics

Courtoy++ @ this Conf. Baessler++ @ this Conf.
0.015F ' a . e +
7 e e - Low-energy experiments (mostly 07 — 07,
6l e PNDME } T = evy); gs from ‘qyfark model
5 1 ol LHPC 1 0010‘ ,, ------ \
o N .
Al RQCD o Lowr-energy\experiments,
(3] S — Single hadron FF ] 0.005¢ ,,"I : gsr from Ldttlcg QCD
% / '(—N \
. A F— - Dihadron FF ] () ! ' A
1t : . . DVMP ] 0.000}
. \ 7 ;
1 1 1 1 L L ‘\ / "
04 06 08 g0 12 14 16 oL ;
~0.005} i
97 % = 6u-6d (@7 = 4 GeV?) " LHC:
b8 TeV, 20 fb!
current most stringent constraints -0.010L, ' - ‘ S
. ~0003 -0002 -0001 0000 0001 0002\ 0003
on BSM tensor coupling from
s ; ET
1t = e*VeY and neutron B-decay is
7 LHC-Search for pp — e + v + other stuff
| €&rgr|s 5x 10 and pp — e + e + other stuff

A. Bychkov++ [arXiv:0804.1815]
B. Pattie++ [arXiv:1309.2499]
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Tensor Charge and EDM

Pitschman++ [arXiv: 1411.2052]

ring (10%%e cm)

1.5} (1) JLab 12 Projecion 1 A
S | (2) Anselmino et al.; (3) Bacchetta et al. ¢ |
S (4) This Study: 0" & 1*; (5) This Study: 0" only
1.t T A A .
o A x A i
* A A
0.5 l ) ' } L
i T -
Ot n v
e, i l 1 : AR v ¥ ¥ } o
© —0.5¢ -
1234567 8 91011121314
_|Goal exp. at
COSY (10%'e cm)
| Goal dedicated Proton EDM: dp = dydTu + dg o7d

Neutron EDM: d, =d, érd + dj étu

Contalbrigo M.

3D PDFs: path to the LHC, 2" December 2016, LNF




quark polarisation

Nig | U L T
U fi h

quark polarisation
Nig| U L T
U /L H'

g

1 1
T flT gllT h, T

nucleon polarisation
—
>~
[
hadron polarisation

Off-diagonal elements:

Interference between wave functions with different
angular momenta: testing QCD at the amplitude level

T-odd elements:

-»  Sign change between DY and SIDIS
Generalized universality of TMDs

k, (GeV)

Related to:

30 05 00 05 10
ky (GeV)

k, (GeV)

v SSA in adronic interactions

v/ Parton Orbital motion

B =, v Anomalous Magnetic Moment
ky (GeV)




Sivers Signals

do/dq, Aqcp<<0;<<Q | same physics
q,~Q coll.fact.

Svers a

I q,4Q TMD fact.

N T T 9.
QCD
2/
9T, r(z, ) /d =4(x, k% )|sDIS
Sivers from polarized SIDIS C— May generate the misterious hadronic SSA
HERMES [arXiv:0906.3918] e
. = 0.2'_ O COMPASS DY (2015 + 140 days)
COMPASS [arXiv:1205.5122] Eé-' - — P. Sun &F. Yuan, PRD 88, 114012 (2013)
- - M. Echevarria et al, PRD 89, 074013 (2014)
~ 5 COMPASS 0150
=< 0.1 a COMPASS b
o HERMES = :
0.1
0.05 (} {Jé(}# i 0.05F
- - U
O :
005 _, )
: Slgn change vs Sivers from DY
_0.1_ ] 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1
005, X 04 02 0 02 04 06 o.sxF
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Weak boson productionpp - WX @ STAR

=0.6
< [ STAR p-p 500 GeV (L = 25 pb™)

ol 0.5<P) <10 GeV

-0.4

STAR [arXiv: 1511.06003]

F STAR p-p 500 GeV (L = 25 pb™)

08F 95 <PV <10 Gev

0.6F

iy

0.2}

0.2f el

EIKV (assuming ‘“sign change’’)
~  Global y/d.o.f. = 10.26/6

EIKV (no “sign change”)
" " Global y%/d.o.f. = 11.93 /6

-0.5 0 0.5

Solid line: assumption of sign change for Sivers
Dashed line: assumption of no sign change for Sivers
Kang and Qiu, [PRL 103 (2009) 172001]

Echevarria++, [PRD 89 (2014) 074013]

-0.02f

-0.04

| Drell-Yan Target Single-Spin Asymmetry
po(d') — wruX, 4 <M <9GeV
0.4 T e
0.2~
2 e
ol 3yl i
T I 17 7
# 7.9 cm NH; target
-0.2— CI) 7.9 cm ND, target
Sun and Yuan, 2013
I ! Anselmino et al, 2009
_0‘4\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

Fermilab E-1039
Sea quark Sivers asymmetry

0.15 0.2 0.25 0.3 0.35

Fermilab E-1027
Valence quark Sivers asymmetry

Anselmino et al.

Fermilab 120 GeV
42 <M <8.5GeV
3.2 x 10'° POT

P, =60%

AN S
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Sivers in the Sea ?

A, @ RICH: mid rapidity (gluon+sea) and Forward (valence) rapidity  puenix [arXiv: 1312.1995]

0 1~ =02
Ay "t (@ ptp—=>n?+X < T p+p — n® + X
: 's=200 GeV B
0.05— 0.15(— @ PHENIX n° 3.1<n<3.8 /s=62.4 GeV
B | A E7047° {s=19.4 GeV
B 4 -~ % STAR x® <n>=3.3, (s=200 GeV +
o_mwmay%ﬂ7+ ................... o4l ¥ STAR® <rp=3.7, /=200 GeV +
-0-05 0-0025-!"".--"*-"-+-"- % 005__ ** i* #
0.002F 0-0.35<n<0.35 - ol
- 0004 A 0.20<l <0.35,x_>0 =
0'1_ 1 2 8 4 5 7 0.20 <Ml <0.35,x_<0 0__+_______§___*_*Xfﬁ_ﬁ ____________________________________________
_...1...11,.1.,111,,1,,,| I R R T B A AP R
0 2 4 6 8 10 12 0 0.1 0.2 0.3 04 05 06 07 08
pT (GeVIC) XF

PGF @ COMPASS: gluon Sivers from deuterium and proton targets

_’;* 04 F COMPASS preliminary deuteron 0.5 COMPASS preliminary proton
' 2 02
=
T 0 0
=
2 2 -02fF * i
< 04 ) .
10 1o” Xg 09 107 10" Xq
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rogram

Since 2012: gas target internal to
LHC for luminosity determination

Polarized gaseous targets successfully
used internal to HERA and COSY at FZJ

Requirements for LHC:

<10 % beam half-life reduction

Cell openable (at injection) to access
1033/cm? luminosity

Sivers from DY  J.P. Lansberg++ [arXiv 1602.06857]

0-2:""I""l""I""I'"'I""I""I""I"":
0.15F 2<Y,, <3:4<M, <9GeV/c’,dM = 1 GeV/c® =
0.1;— — SIDIS 1(Sivers eff.) L, =10 fb! _;
0.05 ;_ —®— Stat. unc. projection _;
Z C 3
B L S
- eff. pol. P = 0.6 + 0.03 (syst.) 3 ]
—0.05¢ . E
Y3 = = = E
s R . I
' g +p J__115GeV x ,le :.:; g
0. 027030405 06 07 080,

01

Flow to VELO  Pirani gauge

“pump” valve

SMOG system

To high pressure
Neon bottle

Sivers from SIDIS @ EIC A.Accardi++ [arXiv 1212.1701]
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GPD E: Sivers TMDs:

Imbalance in the probed parton spatial distribution Imbalance in the observed
1 8 hadron momentum distribution
qX(xa b_L) — Q(xa b_L - __gq(x,bl)
1.0F flT ~ —kg?
05 Q*C% 0.06- h*
E 0.04
:; 0.0 + + +
0.02 + + +
s | X
0_ __________________________
1-°' 0.04 h- +
o 0.02 {
§ 0.0 oF---l-- * ...... é ............
RETERS
-05 -0.02
1ol . . . } 1(I)-2 10"
-1.0 -0.5 0.0 0.5 1.0 X

by (fm)

_ _ Anomalous Magnetic Moment
Parton Orbital Motion

1 1
J, =%AZ+Lq =lim | dx x [H(x,C,0)+ E(x,5,1)] / dx/d2b¢5q($,bl) = I35 4(0) = kq
~1

t—0




GPDs from FFs

1.10

n . n I i .
| G/ Glipole
1.05 F +
100 fy P {

1!2 L l:||:| o ’JI‘ e
10 [yt b T MR
i E‘"E i ':IJ [F T 090
:HU.E:‘- *ﬂ ep—ep 'J 0ss |
o # - i 0'50 1'0 ‘7‘0 3'() 4'n 5'0 6.0 0'800 0 0 15 20 25
:}ﬁ{],ﬁ - 1; . T TGy ' h ' V=T [GeV] ‘ B
- - E
B r - - *\ B - ' ' ; : - 0.8 . :
304 F ep—ep “‘1““ - 07t Rn
L =y 0.6
[ ™. :
0.2 a PRC 68, 034325 T 2:
[ (2003) ] '
ﬂ.ﬂ'-'""""""'I""""'I""'. 0.3
0 1 2 ) 3 24 5 6y 02
F 0.1
Q° [GeV?] 0

® obtainat p =2 GeV

u 0.009 d 0.010
Jy = 0-230i0.024 Jy = _0'004t0.016

Diehl et al. arXiv: 1302.4604

® within errors consistent with determination from Sivers
distrib. and model for chromodynamic lensing:

u 0.009 d 0.021
Jy = 0-214t0.013 Jy = _0'029_1—_0.008

Bacchetta et al. arXiv: 1107.5755
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Hard Exclusive DIS & GPDs

HHV _l [ﬁunu_*_wnu_gyu] /+1d.’1: 1 " 1
o2 P -1 r—€&+ie xT+&—ide
— ' . P A,A
X [ngvcs(x,ét) N(p)ynN(p) + Epyes(z.€.t) N(p io "’\gm'\N( )]
1 VEA o 1 1
N 2 [ e pn,\] ,/_1 d [:L‘—§+z'e_a:+§—z'e]

- o, - — . A-n
< [byes(a. & ONG 115N G) + Byl 0N G 1N )|

@ DVCS(y)> H.E.H.E
@ Vector mesons (p, @, ¢) > H E

@ Pseudoscalar mesons (7,7) > ﬁ , E

For mesons
factorization proven for o, ~ 1/Q8
suppression expected for o;~ 1/Q8

Only € and t are experimentally accessible
+1

TDVCS NfH(x,S’t)dx b~

Jxx&+ie

PfH( %,5,1) dx —imH(xE,E,t) +...
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Nucleon Multi-D Mapping @ JLab +EIC

Transverse Momentum (TMDs)

A. Accardi et al. [arXiv 1212.1701]

HRRRN T T T T
103} Current data for Sivers asymmetry:

F ® COMPASS h* P, <1.6GeV, z>0.1

[ O HERMES °* K%P,<1GeV,02<2<07
I m JLabHal-A =™ P ;<045GeV, 04<2<0.6

| Planned:
1021 B Jlab 12

Impact parameter (GPDs)

Y'+p—>y+p

20 GeV on 250 GeV Q% =4.08 GeV? ——

=7.28 GeV? ——
=129 GeV? ——

o 02 04 06 08 110
Quark transverse momentum (GeV)

Contalbrigo M.

sin(¢-¢g)

SE -
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XB
+ EIC pseudo data Q2=4.4GeV?
20 GeV on 250 GeV xg=8.210%
17 JLdt =100 b t=-0.25 GeV2 .-
-\~\\ N\ /I’l/'/
3 v
RN 7
NN R ,’
\ \'\ _________ - - ’/’
Simultaneous binning in x, Q2 and t
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Conclusions

The last decade provided many evidences that correlation of partonic transverse
degrees of freedom in the nucleon do exist and manifest in hadronic interactions

[Next step: Moving from phenomenology to rigorous treatment (predictive power) J

New data coming from SIDIS, DY, e+e- and pp reactions should allow to:

» Constrain models in the valence region

Test factorization, universality and evolution

Study higher twist effects

Investigate non-perturbative to perturbative transition (along P+)

Flavor separation via proton and deuteron targets and hadron ID

Test of Lattice QCD calculations

A comprehensive study provides access to the peculiar dynamics of the QCD confined world
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