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Dynamic Spin Parton Correlations

- Parton polarization - dPDFs
- Orbital motion - Short range
- Form Factors - MPI

- - Magnetic Moment A\ v
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Color charge density
- Nucleon tomography
- Diffractive physics
- Gluon saturation

Hadronization

- Spin-orbit effects
- Parton energy loss
- Jet quenching




The 3D Nucleon Structure
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The Spin Degree of Freedom

In our exploration of the QCD micro-world

Fundamental: do not neglect spin !!

Two questions in Hadronic Physics
await explanation since too long

Proton Spin Budget Single Spin Asymmetries
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[ SIDIS: rich phenomenology, the most explored so far ]
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[ DY: challenging for experiments (only unpolarized so far) ]
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The SIDIS Landscape

Limit defined by luminosity

<Q% (GeV?)
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SIDIS Cross-Section & TMDs
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Quark fragmentation

.,

TMD Factorization
holds for p;<<Q

Quark parton distribution

Wide kinematic coverage is needed to resolve the convolution

Fyy =f®D=x2qeq2f dszdsz 6(2)(Phj_ -7k, —p;) w(k;,p;) fq(X,kﬁ) Dq(z,pi)
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Quark Correlators

quark polarisation

From optical theorem:
related to the imaginary part of the forward scattering

hadron polarisation

TMD Factorizati
holds for p;<<Q

on

1
(2m)*

q’ij(Pa S;p) =

Projection into
8 Lorentz structures
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nucleon polarisation

N/q U L T
u | D H'
Quark fragmentation

Hard scattering

Quark-quark correlator

quark polarisation
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First evidences
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2005: First evidence from HERMES measuring SIDIS on proton
A. Airapetian et al, Phys. Rev. Lett. 94 (2005) 012002
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Non-zero transversity !! _ o
Non-zero Collins function !! Non-zero Sivers function !!
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COMPASS Preliminary
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The Multi-D Approach

Disentangle all the kinematic dependences

Asymmetries so far used to suppress
systematics effects

o' -0
A L N-N
“ PP, N +N-

They suppress also physics (i.e. evolution)

MultiD extraction of asymmertries requires
multiD knowledge of nuclear effects from
real fixed targets (°LiD, NH,, 3He).

Outlook: work directly with cross-section
differences or move to a collider (EIC)

Contalbrigo M.

MENU2016, 30" July 2016, Kyoto






ky (GeV)

nucleon polarisation

quark polarisation
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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 | _
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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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The P, -unintegrated multiplicities

Disentanglement of z and P, : access to the
Oyy < fi (kp..)®D, (py...) transverse intrinsic quark k; and fragmentation py

i.e. from gaussian anstaz:

. . P2 _ 2 k2 2
M. Anselmino++ [arXiv:1312.6261] ) =< )t Pr
2
GeV nt +
& ) COMPASS Mp HERMES M,
0 .
10 10! §
] Bz>=0.15 nz>=0.15
1 *<z>=0.23 i 0 <2>=0.22 s o N
" <z>=0.23 Q°=7.36 GeV? | Q*=7.57 GeV? 100 3 vgi;lg)igg P -Z;gﬁg g
o 1 *<z>=0. *<z>=0.
® <z>=0.28 107 | 25=5.500-02 25=9.32¢-02 1 o<z>=o0s3 0<z>=0.53
A <z>=0.33 10" 3 g=2%0
E 5=0-
v <z>=0.38
0 10' 7§
* =0. 10 E
<z> 0 45 ] I<z>:0.;g l<z>:0.;g
0<z>=0. e <z>=0. -
o <z>=0.55 i 1 s<z>=027 - 4<z>=0.28
2 2 2 2 10" r<z>=0.34 v<z>=0.34
=4.07 GeV? | Q*=4.47 GeV? | Q°=4.57 GeV’ —4.62 GeV 1 e e
107 [ 25=2.16¢-02 25—3.23¢-02 Z5=5.36¢-02 25=9.21e-02 ] - - 7
107 3 Q%=5.20 GeV? \ Q%-9.20 GeV?
0.25 0.50 0.75 E 25-0.25 25=0.41
1 1 1 1 1 1 1 1 1
0.1 0.4 0.7 1.0 0.1 0.4 0.7 1.0
10" Pp (GeV)
: HERMES MX"
Q°=2.90 GeV* =2.94 GeV? | Q°=2.95 GeV*® | Q*=2.95 GeV? ]
25—2.13¢-02 10°
n<z>=015 7 mz>-0.15
0<2z>=0.23 /¥ 0<2>=0.22 /
‘<z>:g.§2 7/ Agzizg.gi /
v =0 yZz>=0.
10 3 oSy 0 <25=0.42
B<z>=0.53 8<2>=0.53
Q%-1.80 GeV?
2-0.10
102 7] \
. Q°=1.76 GeV? " | Q°=1.92 GeV? | Q°=1.92 GeV? | Q%=1.92 GeV? | Q°=1.93 GeV? 10° 3
107" | 25=9.90e-03 zp—1.48¢-02 z5=2.13¢-02 zp—3.18¢-02 rp—4.4Te-02 =<z>=0.15 7 =<z>=0.13
ey eE b
4<z>=0. / A<z>=0. 7 b
0.25 0.50 0.75 0.25 0.50 0.75 0.25 ogovo.'rs 0.25 0.50 0.75 0.25 0.50 0.75 e S /
e 1 g e<z>—0.42 +<2>=0.42
Pr (Gev) Tg 10 0275053 GSre—053
Q°~5.20 GeV? Q%-9.20 GeV?
z5-0.25 zp=0.41 \
102 7 1 1 1 1 1 1 S
0.1 0.4 0.7 1.0 0.1 0.4 0.7 1.0
Pp (GeV)

Contalbrigo M. MENU2016, 30" July 2016, Kyoto



do"/dz [fb]

Belle

-
o
G

-
o
~

-
o
G

10°

10*

10°

[arXiv 1301.6183]

i n= (Statistical, Systematic Uncertainties)

E E[J K= (Statistical, Systematic Uncertainties)
S i 4 .
S R e e ................................... ..............
i j e iy ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

: 1Geiv.(*5.).‘.oﬁ.... .............. ............ .............

(1Noys) dnfx,

= K (x0.5)
+ p/p (x0.25)
— UCLA
— - JETSET
-—- HERWIG

Babar [arXiv 1306.2895]
F BaBar i
5 . Prompt <
i % E
’, N . -
v X -
I 7 f-\\\\ ~
’ / ’0...\\ ~. N
06 N — . 3
’ ..’0\ - ~ N \ E
N AN NS ‘-
t I~ \ S { -
-2 : 0’\ \ \. \a
i . VoS
- \ .
i A\ ‘\
- \ -
o I + W :

+
L




TMD Evolution

M. Anselmino++ [arXiv:1312.6261]

A. Signori++ [arXiv:1309.3507]
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Me

lum moadaincation

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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N-B Chang ++ [arXiv:1402.3042]
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Tedium modification
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H1 and ZEUS preliminary
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Interplay of the data cut at low Q? and impact on gluon at low x

Contalbrigo M. MENU2016, 30" July 2016, Kyoto



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]
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Helicity

1 1 .
§=§2(qf_ q)+L,+AG+L,

D. De Florian++ [arXiv:1112.0904]

- 004 S_ XAl_l _::_ XA& _f 0.04
002 — JF — 002
0 0
-0.02 C . -0.02
[ — DSSV ]
004" DNS = DSSV Ax§=12 | Joos
uark polarisation SR ST ]
quark p
[ R | MR | MR T T
0.04 - XA; _- X _ 1 o4
N/ U L T C 1t x(Au+Au)
g q 002 - 02
:.3 L of .
.‘L’ U 'I‘I h] 002 F “"\__// . ’
c ) 1} xad+ad)
3 1 -0.04 o Q2 =10 GeV2 1F 4 -02
o L gl hIL ST BT B ETTIIT || BRI ST T
c 10? 0! x 107 L I—
o
[}] . .
- 1 1 1 D. De Florian++ [arXiv:1404.4293]
(8]
S O T JUESE. 1.
< X i
21 -
c §§§
2 quark polarisation 0s [ ]
; : |
g Ng| U L T b i
8- L
s U | H; :
= 05 Q*=10GeV* 7
g -I. .I....i....l....l....l-
~ 02 -0.1 -0 01 , 02 0.3

0£5dx Ag(X)

Contalbrigo M. MENU2016, 30" July 2016, Kyoto



Helicity @ JLab12
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Transversity

Chirally-odd

(|+> i)

quark polarisation

Transversity:
s N/q U - T different from helicity distribution as
= 1 rotation and boost do not commute
§ U | J h,
% 1 - sensitive to the relativistic effects
a L &i hy, - related to the tensor charge
3 j i - non-singlet type evolution
S T | Jn g7 | Ml _ chirally-odd
= it requires a chirally-odd fragmentation

c

2 quark polarisation
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Transversity & Collins Evidences

HERMES [arXiv 0408013]
HERMES [arXiv 0906.3918]
COMPASS [arXiv 1005.5609]
COMPASS [arXiv 1408.4405]
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Q%~ 110 GeV?

Belle [talk at DIS2014]

BESIII [arXiv 1507.06824]

Babar [arXiv 1309.5278]
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Fragmentation Functions @ B-factories

Babar [arXiv 1506.05864]
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Di-Hadron Channel

HERMES [arXiv 0803.2367]
COMPASS [arXiv 1212.6150]
COMPASS [arXiv 1401.7873]
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Di-Hadron Channel

M. Radici++ [arXiv 1503.03495] COMPASS [arXiv 1401.7873]
_ @ 0.10F - 2007 & 2010 proton data [
ep! — (rT77)X g M, <15 GeV/c?
S e with x=0.032
g 5 0.05(- - e with x<0.032 .
"’< + Bacchetta, Radici
0
-0.05
-O'IOI_I 1 lIIllI 1 11 llllll 1 1 IIllII— 1 I 1 I [ I I I
10—2 10—1 1 0.5 1.0 0.5 10 1 .5
2
STAR [arXiv 1504.00415]

0.06 M. Radici and S. Pisano [arXiv 1511.03220] 'l<0
. | i 0.06 :_' v T v Ll v T v v T T A T T T T Ll L T T v :
0.04/ : 0.05¢ 0 * 3
K ] 0.04} ]
S 002 b : 5 003 i
L E < [ ]
: i | : 002} i ¢ 5
0.00! f = oorf ¢ ; §

_ : 0.00—4
—0-02 ! : ! _0-01 :n 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 L L 1 ! L

-1.0 -0.5 0.0 0.5 1.0

Contalbrigo M. MENU2016, 30" July 2016, Kyoto



Transversity Signals
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Cross-check of the TMD formalism
Evolution from colliders to
fixed-target experiments
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Transversity & Tensor Charge

Distributions: Charges:
1 _
8¢ = [, dz[Arq(z) — Arg(z)]
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Transversity @ JLab12
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Transversity @ JLab12
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Boer-Mulders Signals

SIDIS:

Drell-Yan:
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Azimuthal Modulations of F
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Drell-Yan Ongoing Studies
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Sivers Signals
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Sivers Signals

Toward multiD analyses
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The Sivers Function

Evolution may play a role Role of the sea ?
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Sivers in the Sea ?

AN @ RICH: mid rapldlty (gluon+sea) and Forward (valence) rapldlty PHENIX [arXiv: 1312.1995]
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Sivers Mapping
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Solid line: assumption of sign change for Sivers

Weak boson productionp p 2> WX @ STAR
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Sivers Sign Change

Drell-Yan reaction pp = eeX at COMPASS
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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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Higher-twists

A, is proportional to the structure function e(x): twist-3 PDF sensitive

. - . - to qGq correlations
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