Disentangling different effects, from higher twist to target fragmentation

Harut Avakian (JLab)
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3D structure of the nucleon

Semi-Inclusive processes and transverse momentum distributions ™ yp o
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The quark-gluon dynamics manifests itself in a set of non-perturbative
functions describing all possible spin-spin and spin-orbit correlations (QCDSF)
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12 GeV Approved Experiments by Physics Topics
s P A e A Other

The Hadron spectra as probes of QCD
(GluEx and heavy baryon and meson
spectroscopy)

transverse structure o -+ 3 2 1 10
(Elastic and transition Form Factors)

The longitudinal structure of the hadrons 2 2 6 10
(Unpolarized and polarized parton
distribution functions)

The 3D structure of the hadrons 5 10 4 19
(Generalized Parton Distributions and
Transverse Momentum Distributions)

Hadrons and cold nuclear matter -1 2 6 1 13
(Medium modification of the nucleons,

quark hadronization, N-N correlations,

hypernuclear spectroscopy, few-body

%Eﬁments)

Low-energy tests of the Standard Model 2 1 1 -+
and Fundamental Symmetries

JLab 2015 Science & Technology review closeout bullets:

«develop an integrated picture of what measurements are necessary and will be conducted
in determining the GPDs and TMDs
*develop milestones for extraction of GPDs and TMDs from experiment
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SIDIS: partonic cross sections

v = (qP)/M o= Fyy + PFSN?sin2¢ 4+ PFSN 9sing. ..
y = (¢P)/(kP)
r = Q?/2(qP)

z = (qP,)/(qP)

Azimuthal moments in hadron production
in SIDIS provide access to different

structure functions and underlying :
transverse momentum dependent . . ~
distribution and fragmentation functions. /d2de2ﬁT5(2)(ZkT +pr — Pr)

Fiy(2,2,Pp,Q%) < Y HYx fi(x,kr,..) 8D (2,pr,..) + Y(Q%, Pr) + O(M/Q)

v \ o corrections for the
beam polarization target polarization

region of large kT~Q
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SIDIS at JLab12

Complementary measurements with different targets
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Combination of high resolution measurements from spectrometers combined with large acceptance
data from CLAS12 and SOLID would allow to pin down all TMDs in the valence region

TMDe2015, Sep 2

@ 5



AUT studies at JLab
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Precision 4-d mapping of Collins target SSA using SoLID and CLAS12
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CLAS12 AUT with transverse proton target
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« Large acceptance of CLAS12 allows studies of P; and
Q?-dependence of SSAs in a wide kinematic range

« Comparison of JLab12 data with HERMES,
COMPASS (and EIC) will pin down the non-trivial Q?2
evolution of Sivers asymmetry.
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QCD fundamentals for TMD extraction
arxiv:1101.5057

N TMD factorization: QCD at leading twist

- Vdi - N _ o : .
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Goals and requirements

The unambiguous interpretation of any SIDIS experiment (JLab in particular)
In terms of leading twist transverse momentum distributions (TMDs) requires
understanding of evolution properties and large k; corrections(Y-term), control
of various subleading 1/Q? corrections, radiative corrections, knowledge of
Involved transverse momentum dependent fragmentation functions,
understanding of hadronic backgrounds not originating from current quarks.

* Leading twist QCD fundamentals (Y-term, matching at large P+..)
* higher twist effects

« TMD fragmentation functions

« target fragmentation correlations with current fragmentation

* Finite energies, finite phase space (target and hadron mass corrections,..)
« radiative corrections including the full list of structure functions

Understanding of relative scales, sizes and kinematic dependences of different contributions
Is crucial for estimate of extraction systematic errors (theory and experiment)
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Analysis framework
 Differential input (SIDIS):

bin# X Q> vy W My | ¢ Z Pr A A N(counts) RC
1

N

M. Aghasyan et al arXiv:1409.0487 (JHEP)
 Differential input (HEMP):
bin# X Q> vy wW My ¢ t A A N(counts) RC
1

‘Need a TMD/GPD extraction framework to define the needed precision of input data
*Framework for the multidimensional experimental observables should allow validation
(extracting TMDs from input MC).

*Define all the data from other experiments which may be needed (data preservation)

Ca ¥ F;-JSA\
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Azimuthal moments in SIDIS

do B
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moments simultaneously
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.« _« QED radiative corrections in SSA

o= oyy + 0§f§¢605¢ + STO?}I#S sin ¢g + ...

Due to radiative corrections, ¢-dependence of x-section
will get more contributions

oy (2,2, Pr) = oyy (¢,2, Pr) x R(z, 2, Pr,on) +oxy (). 2087 o HERMES }
AR :_!-!----+-+-{-*-}J.H'.+.JL-+------
= + } g r
using a simple approximation 0.05¢ . S
A L. S ]
R(z,z,Pr,¢) = fxvy (%, 2z, Pr)* (1 + axy * cos¢ + ...) wbosz_ +*++++E_*‘++++ ANE +
we can get correction factors to moments (ex. for RC for acow ) 01 ‘ ‘ 1‘
0.15= IHHH-" — - I0I4I I ICDIS IIIII OISI T
we can get new moments 10 x ' °2  PoIGeV]

oyy— > oyu + 1/20CUOS¢fUU0JUU

;;((b ?s) — 1/2051n¢ furaur

In reality contributions will me more complicated

Due to radiative corrections, ¢-dependence of x-section will get more contributions

* Some moments will modify
New moments may appear, which were suppressed before in the x-section
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Higher twists in azimuthal distributions in SIDIS

da
dr, dy di dzdeoy dP7| N HT

a? 2
y (1 + ) {FUU,T +eFyur +v/2e(1 + ) cos oy Fr ™

2
T,y Q% 2(1 — &) 2z,

+ & cos(2¢y) Fﬁ?w“ 4+ X v/2e(1 — ) sin gy, F %" },

_-g 8 - 0.2 -

> > = : B 5 ht HERMES Prel :

s . e  oE] compass | =L I8 wyarogen

= +7+++. t4 < % "™ Deuterium 1

oo 6 . = . 1 ]

g |- Ty T Tl el & TE

= 5 -+ ++_ 02 - -0.1 _ o . .ﬁ * _;
. EMC (1987) o 02} E
° 2 “ © - - L 4 * :

¢(’T’Cl/d) 10° 10! 0, 10" 1l
o X

Large cos¢ modulations observed by EMC were reproduced in electroproduction of
hadrons in SIDIS with unpolarized targets at COMPASS and HERMES
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Quark-gluon correlations: Models vs Lattice
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Models and lattice agree on a large e/f1 -> large beam SSA

+Significant longitudinal target SSA measured at JLab and HERMES may be related to HT and color forces
sLarge transverse spin asymmetries observed in inclusive pion production (Hall-A, HERMES)
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Finite phase space (including target, hadron mass ) corrections
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M. Anselmino et al., JHEP 1404 (2014)
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In real life (also MC) one can’t neglect
nucleon mass, hadron mass and O \Ver
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baryon number conservation
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Phase space at low beam energies limits high Pt MC: Aghasyan et al, JHEP 1503 (2015) 039
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QCD: from testing to understanding

I

Oh DIS

Testing stage:
pQCD predictions, observables in the kinematics
where theory predictions are easier to get
(higher energies, 1D picture, leading twist,
current fragmentation, IMF)

distributions ) /hadronization

strong
interactions
&
quark gluon
dynamics

evolution,
1h SIDIS/DVMP

Understanding stage:
non-perturbative QCD, strong interactions,
observables in the kinematics where most of the data
is available (all energies, quark-gluon correlations,

orbital motion)

hy (P)

2h SIDIS/DVMP

production in SIDIS provides access to correlations inaccessible in simple SIDIS (BEC,dihadron
fragmentation , correlations of target and current regions, entanglement....)
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Leading Twist Generalized PDFs

Target fragmentation

Current fragmentation

semi-inclusive exclusive
h
=4
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| | >
| | >
-1 0 L%
Fracture Functions k-dependent PDFs Generalized PDFs
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Large acceptance detectors would allow simultaneous measurements in full x-
range, including target and current regions of SIDIS and exclusive processes.
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Sivers effect in the target fragmentation

H. Matevosyan et al.
arXiv:1502.02669
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0
d
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Wide coverage of CLAS12 and EIC will allow studies of kinematic dependences
of the Sivers effect, both in current and target fragmentation regions
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Dihadron production at JLAB12

Use the clasDIS (LUND based) generator + FASTMC CL

to study hh pairs X - momentum

in the CM frame
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Wide angular coverage is important
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Dihadron asymmetries from CLAS
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Accessing transversity in dihadron production at JLab

Measurements with polarized protons Measurements with polarized neutrons
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Accessing Sivers TMD in dihadron production at JLab

A. Kotzinian, H. H. Matevosyan, and A. W. Thomas,
Phys.Rev.Lett. 113, 062003 (2014), 1403.5562. L’fr_Thl ha
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Hadron production in hard scattering

Xz>0 (current
fragmentation) X. Artru & Z. Belghobsi

|
-
)
R |

Xg<0 (target

frag mentation)‘ﬁj e —

2-hadron correlations
in CFR studied in
EMC(1986) and

_ _ - COMPASS(2015)
Karliner, Kharzeev , Ellis & Kotzinian

Strikman,Weiss & Schweitzer S Xg - momentum

Anselmino, Barone, Kotzinian |_ in the CM frame

Correlations of the spin of the target or/and the momentum and
the spin of quarks, combined with final state interactions define
the azimuthal distributions of produced particles
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Target fragmentation region: A production
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Measurements of fracture functions opens a - 60 days of CLAS12

new avenue in studies of the structure of the R T 7 B L R S S TN
nucleon in general and correlations between

current and target fragmentation in particular et EEEETEe 6 ELAGH2 2 HIE mavide @
y 9 A 1 rL unique possibility to study the nucleon structure in
TFR Y (1 - 2) >a Eaﬁﬂi{ target fragmentation region
AL{;’L = hS I y2 2 A/ *First measurements already performed using the
(1 —YT 3 ) 2a€gM CLAS data at 6 GeV.
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Back-to-back hadron (b2b) production in SIDIS

L d (‘\ !
€ e oy i ini . T —1; f L
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The beam-spin asymmetry appears, at leading twist and low
transverse momenta, in the deep inelastic inclusive lepto-
production of two hadrons, one in the target fragmentation
region and one in the current fragmentation region.

Back-to-back hadron production in SIDIS would allow:

study SSAs not accessible in SIDIS at leading twist

*measure fracture functions

scontrol the flavor content of the final state hadron in

current fragmentation (detecting the target hadron)

, study entanglement in correlations in target vs current
(1— i) }_-smé.ei: . ) )

YO=32) T goag access quark short-range correlations and ySB

(I-y+ };—2} Fuu (Schweitzer et al)
L,k

C[P1||P2y] Y(I-3) C[w5ML D]

mymz - (1—y+%)  C[MD]

Aw =~
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B2B hadron production in SIDIS: First measurements

M. Anselmino, V. Barone and A. Kotzinian,
Physics Letters B 713 (2012) 0.04

1-1 }-ﬁiﬂﬂqﬁ 0.02
- ) 2)2 LU sinA¢ o

¥y F B
=
iy Lhp - u
PyL||Pyr| Y(1-3) C[w5ML Dy . . -0.0a |
- . sin A o.06 |
iz (1-y+4)  CMDy] '
-0.08 |
_0_1 | | L |
0.2 0.4 0.6
x
<« 027 :
/ 0.175 __CLAS PRELIMINARY ol .
0.15 |- -0.025 |
|
20000 | — 0.06 | 0.125 | ! -0.05 | +
L —4 [~ Z |
E18000 | F oo CLAS PRELIMINARY 0.1 | | 0.075 |
816000 S = Il | 0.075 | 01 i
14000 | ; 0.02 M | 0.05 [ e
12000 | MO | i | -0.125 |
: ty | | 0.025 - -
10000 | < ol | ol = ; -0.15 |
8000 | i ] - —
g | : 2 _ o -0.175
sooo | ¢ "0-02 | ! ?;:JE:-..|*.*.|...I o2 it i
4000 - -0.04 |- 0.4 0.6 0.8 0 0.2 04 0.6
2000 | : : F 4 Pr.Prp
0 [t A | I N L1 -0.06 L 1
o 2 a 6 ) 2 a 6
Ad A

Significant asymmetries observed by CLAS at 6 GeV

TMDe2015, Sep 2

26

@ e



Polarized SSAs in DVCS

Unpolarized beam, longitudinal target (TSA) :

Aoy ~ sinplm{F, A +E(F,+F,) (H + Xg/2E) —EKF, E+...}dd

-t (GeV/e)
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.
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L,

t-dependence of H is hard to describe
| <Q% = 1.97 (GeVicY

0.4F <x,>=0255 <xg= 0,345
0.3 - ) i, h -
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05 T 23REV | 02f oo Foa ¥
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Higher twist contributions may be significant
for polarization SSA in DVCS
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SSAs in exclusive pseudoscalar meson production w/“ AT
===

transverse x-section dominates, providing access to chiral-odd GPDs
U L T = gg E - This paper :-E,u
o 600 - o6 F I BOR Q%= 2 GeV?
- C - oat
U|H Er S 400 - 0
_ £ 200F 3
L H = : 0.023
= OF
T|E (7,)E~ -200 -
400E ET
Beam and target 0.5 10 t(GeV?) KX asymmetries are
asymmetries in exclusive Goloskokov&Kroll predicted to be large and
production of KA and KX are . L with opposite sign to KA

. ) Goldstein, Hernandez, & Liuti
very sensitive to chiral-odd

GPDs.

HY'P™%  2H} + HY]

H "™ ~ [2Hf — Hf] _ =
B - BB e e
e Ktyo -0l Q' =35Gev?
H]n p= Y [HT — H%] -0.15 Xg= 0.28
'0'2;1 0.2 04 0.6 0.8 1
Proposal for PAC44 t(GeY)

Exclusive production of KA and KX provide access to different combinations of chiral-odd GPDs
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Nucleon Structure: What we are looking for?

perturbative functions describing

A ~ x=0:1 I
~ 1 T - . & Ly 0 7
Fy/p(x, brip,Cr) :Z/ %C”j(;r/;i‘:, b*;)‘.Efmﬂ.b,g(}.{-b))_ﬁ”p(ﬁ?,,H-h) e
i T ~101
B C N
- -~ . %
Ve : - ~e(gl(u'): 1) = In \/C_F’\-' . ! X exX] - n Ve | ~107
X exp {ln m K (by; ) + /M v |:rF(J(,U ;1) —1 o v (g1 ))} } e "‘ (br)1 \/CE_O} N
© 103 L Yol
P.Schweitzer et af%a
1o [ aXivi1210.1267 ™
- 0 0.5 1.0°
kT<G€V)
N/q| U T 1 U I T
Ng| U T - |
‘ U fl hl— U f_ he U M ML_‘ M? Mf
] & /1 L T [T AN | Al | AN
) o : I L: L
R T flLT hl hlL‘T T f fl T hl E‘l T AJM?,AIMIJ' A;ME AJMI,AJM?h
'\ Ty T T, CTi by by A‘IML_ A]'Mfl,A-I‘th
_ The quark-gluon dynamics e =
ng manifests itself in a set of non- j i h

different spin-orbit correlations

What are the most relevant kinematics and
sensitive observables to quark-gluon dynamics?
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Summary

The main goal of the upgraded JLab 3D program is the study
of spin and flavor dependence of transverse space and
transverse momentum distributions of quarks.

-Understanding of target fragmentation and correlations between hadrons
In target and current fragmentation regions is important for interpretation
of semi-inclusive and exclusive production of hadrons.

*Higher twists are indispensable part of SIDIS analysis and their
understanding is crucial for interpretation of SIDIS leading twist
observables

*Measurements with unpolarized, longitudinally and transversely polarized
targets of hard exclusive and semi-inclusive processes combined with
lattice studies will help to accomplish the program of studies of the 3D
structure of the nucleon.

Need TMD/CFF extraction framework with controlled systematics.
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Support slides....
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<COS(>g. Moments
[ ] lo 1
o

-0.4
-0.45

P, -dependence of Radiative Corrections to F

E=11 GeV
- x=0.3
| z=0.3

01 02 03 04 05 06 07 08 09

n s ll“":g

-n-*ﬁmﬁ

:
T
+

(7]
co02 |
£ 0.
v §
E0'1 -
O
/\n: 0
ﬁ S
il
+* 801 |
vV
L
' 03 L

Py

01 02 03 04 05 06 07 08 09

P

Azimuthal moments from radiative effects are large and very
sensitive to input structure functions (3 different SFs plotted)

TMDe2015, Sep 2

@@SA 32



Target Fragmentation
Xg>0 (current

/K i [E fragmentation)
e

El=—

Xg<0 (target
fragmentation)

2 0.2
| - £0.18 [| LEPTO: 11 GeV
Fracture Functions: probabilities to 3 . o
produce the hadron h when a quark g %0-16 g : 2-0.2
is struck in a proton target 20.14 - +_+ A 203
7042 | . "
h L T 0.1 [T
T Lh hoarl -
U M M- My, Mz 0.08 |
- h‘ Il C +#+ &
L Ai ! Aﬂ'{L Aﬂ'{rl: Aﬂ'.{rl 0.06 n a = B
T AIMEE,AI'MJ% A'I‘ME ATMI',ATMFE 0.04 %- _,+_A_ _._‘.‘_._
A;{'ML‘ Ay‘;"lﬁ?l,ﬂg%‘-h 0.02 . A =
-t ! _A__A“A‘—fﬂ A8, awm .
*Hadrons produced in target fragmentation may O ——— '
0 01 02 03 04 05 06 07 0.8

be correlated with hadrons in the current
fragmentation and their studies will be important
for precision studies in current fragmentation.
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Evolution Studies: from

JLabl2 to EIC

o

10

10

2

JLab@12GeV (25/50/75)
I —0.1<x5<0.7 : valence quarks
i e . EIC +s =140, 50, 15 GeV
do il s T T —10-4<x5<0.3: gluons and quarks, higher P, and Q2.

0.08

sin({-s)

AUT

0.06

0.04

0.02

II|IIII|IIII|IIII|IIII|IIII 0

0 01 02 03 04 05 06 07 08
X

~

ep —»e' 71X

.n..__“.

A HERMES
® CLAS 12 GeV (predicted)
4 EIC 4x60 GeV (predicted)

ﬁ""*“‘%

0.2<x<0.3

2 2
Q°(GeV?) 10
Aybat,Prokudin&Rogers hep:1112.4423
Sun & Yuan arXiv:1304.5037

*Wide range in Q? is crucial to study the evolution
+Study of large x domain requires high luminosity

*Q? — dependence of Sivers function is sensitive to the non-perturbative physics

*Overlap of EIC and JLab12 in the valence region will be crucial for the TMD program

34
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Aq(m)

A, P-dependence in SIDIS

CLAS12

(42 +228) (48 4223)

+
T

5395 @DYT ()
ez f1@DTTT ()

-

ACLAS 5.7 GeV
|ACLAS12

EIC 4x60 GeV

— 12=0.10
S u; =0.17
-..ui =0.25

P; (GeV/c)

M.Anselmino et al hep-ph/0608048

1 k2
fi(z, kr) = f1(x) xp (—5)
HQ
g 1 k3
g1 (z, k1) = g1(x) Xp (——5
H2
q 1 pf%
Dl(zapT) = D3 (Z) ) exp (_72)
THD D

1,2=0.25GeV?
up?=0.2GeV?

Perturbative limit calculations
available for g3 (z, kr), f1(z, kT)
J.Zhou, F.Yuan, Z Liang: arXiv:0909.2238

*A,, (m) sensitive to difference in k; distributions for f; and g,
*Wide range in P; allows studies of transition from TMD to perturbative approach
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Flavor dependent TMD Fragmentation functions

https://www.phy.anl.gov/nsac-Irp/Whitepapers/StudyOfFragmentationFunctionsinElectronPositronAnnihilation.pdf
—h
DI (2)
1

Fou o< Y frg(z k)@ D" (z,p.)
q

Even simple approximations require an additional set of parameters
__
e <p3_,fav (2))

TP, fao(2))

DY~ (z,p1) = DI (2) X

I
o L ang (D)

—h,un —h
D% f(zva_) = Dg (2) x 7T<p2 (2))
L,unf

<p?L,unf(Z)> > <p3_,fav(z)>

Measurements of flavor and spin dependence of
transverse momentum dependent fragmentation
functions will provide critical input to TMD extraction
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Features of partonic 3D non-perturbative distributions

| Non-perturbative sea in nucleon is a key to ¢ q
"" understand the nucleon structure

-- Large flavor asymmetry dbar > ubar as evidence 25 |

|
T 1

* Predictions from dynamical model of chiral symmetry
breaking [Schweitzer, Strikman, Weiss JHEP 1301 (2013) 163] B

-- K (sea) >> k; (valence)

% 01 02 03 04 05

-- short-range correlations between partons (small-size : .-
g-gbar pairs)
-- directly observable in Pr-dependence of hadrons in |

SIDIS

[y

10°

-
-

« spin and momentum of struck quarks are correlated with remnant  ~102 ;

f (:Cv kT)

« large SSAs were observed at large P+ of hadrons, where the fraction 1o | ”;}é;;‘~--_
: : : P P.Schweitzer et al. “ce ™
of non-perturbative pairs may be very significant. Lot | anXiv:12101267
« correlations of spins of g-g-bar with valence quark spin and 0 0.5

transverse momentum will lead to observable effects
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Quark distributions at large k;: lattice

6 I
fas < T >R 0.3 — fiand g, Gau.ssian I-E_
< — - fi £ g1 Gaussian +=
— statistical error
| 4 7= {it model uncertainty S
S i
\ VL
—~3 sB.Musch et al arXiv:1011.1213 .
&~ N
~ 2 — —_ + -
_F/ : 9,9=Aq=(q*-q)/2 o L | | | |
fy Sy~~~ o 0O 0.25 0.5 0.75 1
D | | k (GeV)
1 | | | L L | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 B PasqL”nl et al
. k.| (GeV)
Tl 1 T T T ] - B - 1 -
] = - = arXiv:0705.4345
201 { "= i o -
L Mean field 1 -
/a [ L e 1 6 Y 0.75 |- J—
<2 = ’ I i —~
[ S \
bg o < o0 4N 0.5 | /
~— I < on cloud \ oS
N s e —
N 05 G. Milleretal (2011) 2 - N 0.25 -
=2 [
\ / 0.0 1 | P L - 1 | | Flavor-separated transverse densities N -
3 00 02 04 06 08 L0 12 14 Mikr Sk, Nes PREB QU OS205 ] ) [ PR R R P M S N B
L GV o | 2 3 4 0 0.25 05 075 1 0 0.25 0.5 0.75 1
) b [fm] b{frm) bi{fm)

Distributions of PDFs may depend on flavor and spin (lower

fraction aligned with proton spin, and less u-quarks at large k,b+)
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Controlling the flavor content with target-current correlations

N
1 -
0.8 |
06|
04 -
02
0 L A [ Ll L1
20 40 60 80 100
8K
B x°/ ndf 1568 / 2
i Constant 420.3
. Mean 0.2429
10 2:_ Sigma 0.3628E-01
P‘IF'J—IdLL"ﬂ'| ' 1[Ik .
LHL 1Lﬂ 1 \]Jwﬂﬂ AW_JLLPI L:
— hLL ~
10 | Tl
1
A P R L L MR B R L 1 L
0 0.5 1 1.5 2 2.5 3 2.5 4

Mx(eAX)

o] ©
fem)
160 - e T T e A nnnnn s
140 X
120 |-
100 | -I-I-
80
60 K
40
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0 L oo v by by b b by e by by iy
0 5 10 15 20 25 30 35 40 45 50
0
p
2 108 12 GeV projected resultg
3 X/ ndf 60.05 / 2] a : CLASe1pf(;J)reI.) :
107 Constant 860.5 5 COMPASS
06— s HERMES
i M.ean 1.255 ‘ —
L Slgma 0.7416E-01 | ISM prediction
_ o] —L ii i
102 | o T
|J1.JJ1FU~1|-[JﬂJ]_LIJ11 02~ ¢ : t e o i 1
e A
| L i
10 i 02
I ol L1 |
L e b b b b L b 06 04 02 0.2 04 06 08
X
1 2 3 4 5 '

7 > 8
MZ(eKX)

sLarge acceptance of CLAS12 (and EIC) provide a unique possibility to detect
simultaneously hadrons in the forward and backward regions
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Higher Twists

http://arxiv.org/abs/arXiv:1506.07302

qu_ark_ nur:.lem_l MD PDFs ifL=1 mtegrated over i .\
polarization polarization -
’ U e(x.k), fH(ak) 0, filx.ky)/x e(x). X
T er(n ko), k). fFok) 0,0, 0 X X X
L EI,(X'.‘["J_}: gt(xh_) 0: gl{xlkl)/'r )(, X
L
T er(xky), gpixky), grlxk) 0,0, grink)/x  x gr(x)
U ek ! X Higher Twist PDFs
T T(”) h?(rski} hh (.l‘,;(l),/l' X N/q U T
T(L) hy(x,k.) hur (e, ko) fx + A (x k)M X U fJ_ h.e
L hy(x.k,) K (x,k )M hy (x) L ff hy.e;
v L fiwh) 0 X T fT:f% hr,er, hqiwffz%
L U 31(-1',;(1) 0 x

L=1,i.e.if we neglect the multiple gluon
scattering and simply take a nucleon as an ideal
gas system consisting of quarks and anti-quarks
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po]g;ll'azjiiou poiiggzou TMD FFs integrated over EF ., name
U Di(z.kry) Dh(z) number density q / h U L T
u
T Dip(z kry) X 1L
IT( = - — U D 1 D 1 T
L Gz, kgy) Gl spin transfer (longitudinal) T
L Y
T G{}(Z'kh.) x L G 1L CT 17
U Hi(z.kp.) X Collins function T HJ_ H 1 H H_L
T ()] Hyp(z. kpy) spin transfer (transverse) 1 1L 1 1T
T HE (. k Hyr(2)
(J—) 1T (’--5 F1) name
L Hi (z, k
1. ker) . spin ahgnment
o rLr Dil'r(zs ke, ) >
TrrTr Di“r‘r(z-s kFpa) >
I LT GTLT{ZT kFJ_:]' <
T™T GT‘]“T(Z' kFJ_) >
LL H (2 kg ) >
T LT Hiyrr(z.kra)e Hip (2 kry) Hipr(z)
rr Hi_TT(’?ﬂ kra), HiJle:Zs ke ) > U L T
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Lambda production in EIC (5x50 GeV)

7] -~ 50 F
€ | . black e- | Das!
§103§— h& red K+ .’( ‘{'40 - black A
| ‘blue p (from A) 3| redp
107 3 - green m-

m%genta - (from- A)

25

0 o WW' - Ilf 20 |

E 1|1, P
i rlﬁ\r J 15j
L \ ( \ ol
C 0 Rt L, 5[
0 20 40 50 80 100120140160180 By v b v v by s P v b by byl dadge bR S 1 o b b b v s A by s b v b by
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0(deg) 0,
most of the Ag'in the target fragment

» 2250
g ,
S 2000
o o
O 1750 |
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1250 |
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500 |
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Fﬂdﬂf{? TRt ‘JLW —

10 |
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q)_q) o'.\.\. i | | | P IR i -

2 3 4 5 6 7 8 MQ 10 AT -1 -0.8 -06-0.4-02 0 0.2 04 06 08 1

X(eKX) X;

At forward angles Lambas are mainly from target fragments
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Our eyes Into the 3D world

50 | Ricu "‘D ek %I
2 ; orimeter 5
¢ @‘ S
(o) | “ neqhes
P W f'./' Il
; A4 |
Polarised
1k Target i

PHENIX

. . SeaQuest
HIgN resolutic \
% ; Analyzer Magnet
- y I I
// ‘ ocusing Magne 16 . m
500 9" CLAS in Hall B
RS ﬂ in Ha
PID
Polarized
3He Target
Tracking Chambers
e Beam Polarimetry

o =oyy + Poyrsin2¢ + PyPopr cos(é — ¢g) - .

TMDe2015, Sep 2 @& &



Gluon polarization extraction from data and lattice

Photon-Gluon Fusion Large Momentum Effective Field Theory (LaMET)
= [ Pcrsv,, JIGRSV,., Jossv N , c c
<0 . I I O(P/N) = Z(P/N, 1u/N)O(1) + ?22 + g+
Tk d—whX Quasi Matching Partonic
i distribution coefficiendistribution
0.1-

+ AG(u, P?)

S e ?
_newaza COMPASS |
1 ? > p, (GeVio) T

» Large positive AG is favored

¥

4 L COMPASS P#
ST GRSV, [ JoRSVya OS5V 20072011 . , _ , -
o m_ =350 MeV
02— wp—uhX % m_=640 MeV
: 015 —
0.1 <
I~ f, 01 —
- F d
0 e e i e e | 005 —
T ne[-0.1,24]
C | | | | 1 | | 1 1 | 1 | | | N
ol . | . L . 1 . 1
1 2 3 p (GeV/c) 0 1 2 3 ,, )
T Proton Momentum Squared (p, )

» Some discrepancy between theoretical model and experimental

calculations.
) &5A
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Extracting the moments with rad corrections

Moments mix in experimental azimuthal distributions

Simplest rad. correction R(CB, 2, Cbh) — Ro(l + 7 COS Cbh)
Correction to normalization

oo(1 + acos ¢p)Ro(1 + rcos ¢pn) = ogRo(1 + ar/2)

Correction to SSA
o0(1 4 sSrsin¢s)Ro(1 + 7 cos¢p) — ooRo(1 + sr/257 sin(¢pp — ¢s) + sr/257 sin(pn, + ¢s))

Correction to DSA

oo(1 4+ gAA 4+ fAA cos ¢p)Ro(1 + rcos ¢p) — aoRo(1 4+ (g + fr/2)\A)

Generate fake DSA moments (cos)

go(1 4+ gAN)Ro(1 + rcos ¢p) — o9 Rogr cos ¢p,

Simultaneous extraction of all moments is important also because of correlations!
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K+ A/X separation

S00 Entries 4951

400
300

200

100

III1|[III lI[I|IIlI|IIlI|I

1 1.2 1.4 1.6 1.8 2 :
2 —
MM X C

e
10°E

Detection of K+ p and n- would allow to
separate of different final states (A,2,K*)

— KTA
_K'l'EO
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*@ Bose-Einstein Correlations

E. Kinney radius of the pion emission region
k H 2 T T T T T L L I L T T T T LI L l
rﬂ b ) b - 1.8 - [] MEM (only stat. uncertainties) .
— a | — L] L —
P e C B MEM (stat. + syst. uncertainties)
.-flj W IE-‘;' hﬂ 16 F (O MUS (only stat. uncertainties) .

@ MUS (stat. + syst. uncertainties)

\ 14F 0 .
1.2} 5
1F % o 1
Two charged hadrons with momenta 0.8 F o ° ]
between 2 and 15 GeV required in 0.6 L t 0 oo |
addition to the scattered electron 0.4 ] S . E
s f oo
0.2 5 E oZ¢ B @
i ® T m2o o TN
double ratio is used, based on the 0 . 5AF e
experimental simulation: 1 10 10
1. RMEM(event mixing) = (like/mixed)exp / W([GeV]
(like/mixed)MC N
2. RMUS(unlike-sign pairs)= v we)  NO significant dependence on the energy!

hy(B)

qiks)
NR,S) X

May provide unique Informauon on spatial structure of fragmentation

TMDe2015, Sep 2 @& 4

(like/unlike)MC no significant dependence on medium




(1/0)dordar [GeV1]

TMD framework

Pure-perturbative vs complete TMPs Scumemi
| at NNLL ) )
NNLL qr > AQC p  Pure perturbative regime

T Py

ke | Example: Vector boson (Tevatron, LHC) and Higgs production at
0.06 @ | LHC (up to a certain precision, qT>5-10 GeV..),
' N | Some DIS data from HERA

gl | | a7 ~Aoep TMD regime (in SIDIS ~q->k-)
[ d \; | Example: DY Tevatron experiments (E288: Q=4-15GeV, ;<2
0.02 | Ny i»; GeV) no (usable) DIS data... waiting for EIC..
0 - l5 llO .15 B 210
qr [GeV]

*Golden energy range for TMDs, Q>2-3 GeV, (;<<Q. Large Q-range is
needed to test the TMD framework (evolution) and LHC, e+e- colliders
(Belle,BaBar,Bes) and EIC can provide inportant input
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Studies of transverse momentum distributions

O Partonic interpretation of SIDIS typically assumes Gaussian, but data show that transverse
momentum widths of quarks with different flavor (and polarization) can be different.

; o
~ ,.5[: , \ T s 1
A - Higher probability to find more RITTR LN ;
— sea and d-quarks at large k- <, [ ]
T_, . . q-_;ltl‘ - “"—:‘_:_I
= [B. Musch et al, PRD 83 [2077) 004507] - F‘.l.irahwmmn:r ot el ur:'l.l'r'ijl.'i" AZET
1] [ (Y D ':|.5 1.
| ky [GeV] %, [GeV]
Measurements of hat_drqnic multipli[:iti{_as [_:-rm{ide essential input for studies of  eruMEs, PRD 87 (2013) 0740297
k dependence of spindindependent distributions [COMPASS, EPJC 73 (2013) 2531]
z * from 'H . 1 from 'H Cﬂﬂpfﬁfrﬁ‘rginaw
= ..‘.“‘“W I e ™ E 1 D30 <z < 0.6
2 1 fiain - v, .H: = [ ., <xm= D054 <=t 57
£ * . '4.::1' B0~
:!il.:- : E ﬂ E I - --.;.“_hr..‘::%‘h:-
= —_ g 107 R S
= - 202 _—y
;-.1“ _] L1l || L1 |||| L1 || [ ]I.l 1 | | |I 1 II|II L1 |I | - + O(kT ;’G } Eglr L - o - '-\.:..I R
= 0 005 0.1 0.5 0 005 0.1 0.15 0 1 2
=
= R Asaturyanet al, PRC 85 (2012) 015202] Pﬁ[cGeF .-'cf] 1% [(Gelf'f cﬂ

There are indications from both theory (lattice, yCQM) and experimental
data of the k; dependence of quark flavor distribution
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Future studies with EIC

eRHIC: Quark / Anti-Quark Constraints

0.04- XAU L xAd | 0.04
! alt uncertainties for Ay’= 9 ] arXiv:1212.1701

5 GeV electrons colliding with
100 and 250 GeV protons

[ W DSSV and 1] .
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004 & 5 GeV on 250 GeV 1-0.04
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Constraints on gluon and quark contributions will
provide independent check of orbital angular
momentum component of proton spin 10
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AP

e Parity-violating weak decay allows polarization determination:
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Transverse Lambda polarization in
guasi-real photoproduction
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Positive polarization in light nuclei
Polarization increases in target region

10 100
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Measurements of Lambdas provide important information
on spin-orbit correlations in target fragmentation region

TMDe2015, Sep 2

< c
o

(p;) [GeV]

Backward Forward
0.2 T
e H+D
o Kr+Xe l
01r
¢
1 |
0 T J. §
-0.1 % % .
1F R R :
A
0.5 I‘ 4 ‘I ’ 1 1 | ]
0 0.1 0.2 0.3 0.4 0.5 0.6
o
@ 5t



n® new opportunities

High efficiency reconstruction of n° p+ ,n
opens a new avenue in SIDIS and DVMP

SIDIS with neutral pions

1) Simple PID by n®-mass (no kaon contamination)

2) SIDIS n° production is not contaminated by diffractive p
3) Less contaminated by resonance production

4) HT effects and exclusive n° suppressed

5) n% SSA less sensitive polarized fragmentation effects (Collins function
suppressed)

6) Provides information complementary to n*- information on PDFs

DVMP with neutral pions

1) =° production provides access to elusive transversity GPDs
2) Provides information complementary to =*- information on GDFs
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Detecting photons (y, % n,p+)

JLab Hall-A

132 PbF, blocks
(208 in 2010)

O E12-13-010 Exclusive Deeply Virtual Compton and Neutral Pion Cross Section Measurements (approve

O E12413007 Measurement of Semi-Inclusive = production as Validation of Factorization (approved by P i
O E12-14-003 Wide-Angle Compton Scattering at 8 &10 GeV Photon Energies (approved by PACA2) zmu:

0 E1214-005 Wide-Angle, Exclusive Photoproduction of n° (approved by PAC42)
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t-dependence of H

Unpolarized beam, longitudinal target (TSA) : _
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Transverse momentum dependence of sea quark distributions

L3 Understanding of the 3D structure of nucleon requires studies of spin
and flavor dependence of quark transverse momentum distributions

a(r 12. (02 TMD PDF for a given combination
f (:1:, m Q ) of parton and nucleon spins

To apply the TMD formalism to data we need to understand the basic properties of the
TMDs at a low scale, determined by non-perturbative QCD interactions

Nucleon could be regarded as a many-body system with short-range
correlations induced by the chiral-symmetry breaking interactions.

2.5

® E866 NAS51 valence

—CT10
— MSTW2008
2] NNPDF2.3

el Dynamical mechanisms producing intrinsic
- transverse momentum in the nucleon may be
be very different for valence and sea quarks

os| NuSea, Phys.Rev.
D64 (2001) 052002
L 11

0 0.1 0.2 0.3 0.4

o

* ky-distributions of valence quarks governed by the overall size of the Short-range interactions p ~ 0.3m
nucleon of ~1fm (bag,light-front,..) il ol 5@ B
+ sea ky~vacuum fluctuations (0.3 fm), with significant contribution from ¢ mme seep <
short-range forces (ex. flavor structure of the sea)
@ 55
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Studies of 1D PDFs

F. Aaron et al., JHEP 1001 (2010) P. Jimenez-Delgado et al (2014), 1403.3355.
= I ) winid < I ) - 0.5 ' B . :
” [ Q‘ = 1.9 GeV* 7 i Q’ = 1.9 GeV- o f e b _{A]\/] -
08 - 08 - . : . SIMP
F [ = HERAPDF10
[ ¢ Bl o). uncert, 03 OAM  ----- ]
“r 065 7 mooe uncert. . N -
! [ 50 param uncert, 0.2 OAM+ ——--
04 - 04 -
' : 0.1 |
02 - 02 -
[ f 0
— s 0.1
-0.2

« Strong model and parametrization dependence observed already for 1D PDFs
» Positivity requirement may change significantly the PDF (need self consistent fits of
polarized and unpolarized target data!!!)
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Three stages of SIDIS evolution at JLab

Any unexplained phenomenon passes
through three stages before the reality of
it is accepted.

e During the first stage it is considered
laughable.

* During the second stage, it is adamantly
opposed.

 Finally, during the third stage, it is
accepted as self-evident.

Arthur Schopenhauer
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flavor and spin effects on k;

.
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P. Schweitzer et al arXiv:1210.1267 p$ [(Ge'\ﬂc)z]
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Quark distributions at large k;: lattice

6 [T
I — f; and g, Gaussian
| S — - f1 = g1 Gaussian
- statistical error
+ i :
- 4 . fit model uncertainty
31
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i arXiv:0705.4345
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k.| (GeV)

Distributions of PDFs may depend on flavor and spin (lower
fraction aligned with proton spin, and less u-quarks at large k,b+)
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