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OUTLOOK

» Introduction and Motivation.

» SIDIS with Transversely Polarized Target:

* Transversity PDF I: From Collins Effect with One
Hadron Production.

* Transversity PDF II: From Interference DiFF in Two
Hadron Production.

* Sivers PDF from Two Hadron Production.

» Conclusions.



NEEHECON PARTON DISTRIBUTION FUNCHR SRS

* Unpolarized quark in Unpolarized nucleon. i

/
> 7¥(q)
2 >
@ o LIk
» >

* The momentum and the spin of the partons are
correlated with the polarization of the nucleon!

* L ongitudinally polarized quark in Longitudinally polarized nucleon.

@@ -

* [ransversely polarized quark in [ransversely polarized nucleon.

1 t

‘ b ‘ h%T(vaQ)

Chiral-odd: Suppressed in Inclusive DIS



RS IR TRANSYVERSE MOMENTUM DEFENBIENES

* The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon:

*TMD PDFs

T
giL | hyip
91LT hy hf_T




RS IR TRANSYVERSE MOMENTUM DEFENBIENES

* The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon:

*TMD PDFs

4+ Survive after TM integration!




RS IR TRANSYVERSE MOMENTUM DEFENBIENES

* The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon:

®*TMD PDFs

hi
hit 4+ Survive after TM integration!
91LT @th

q(k,s)/ q(k'ss’)
N(E;,S)




RS IR TRANSYVERSE MOMENTUM DEFENBIENES

* The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon:

®*TMD PDFs

4+ Survive after TM integration!

$IDIS Process

h (P)




RS IR TRANSYVERSE MOMENTUM DEFENBIENES

* The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon:

®*TMD PDFs

4+ Survive after TM integration!

e Accessible in n IS Process e*NEED TMD FFs
! / B (P)
DGl == .




- XPLORING HADRON STRUCTUR

' A. Kotzinian, Nucl. Phys. B441, 234 (1995).
* Semi-inclusive deep Inelastic scattering (SIDIS): e N> e h X

B@ess sccuon factorizes: P2 <« 2

Distribution
dg!N—=U'hX

— Z fi(z, k7, Q%) @ do'i @ Dg(z, P?.Q%)

dedQ?dzd?Pp -

* Flavour Decomposition - Different Hadron FFs - different weights!,

* Measure TM dependence.



- XPLORING HADRON STRUCTUR

' A. Kotzinian, Nucl. Phys. B441, 234 (1995).

* Semi-inclusive deep Inelastic scattering (SIDIS): e N> e h X
BEGCCloN factorizes: P2 <« 2

(PT = 1B ZkT)

Distribution
dg!N—=U'hX

— Z fi(z, k7, Q%) @ do'i @ D(};(z, P?.Q%)

dedQ?dzd?Pp -

* Flavour Decomposition - Different Hadron FFs - different weights!,

* Measure TM dependence.



TRANSVERSITY I:
ONE HADRON SIDIS AND
COLLINS FRAGMENTATION FUNCTION



SIDIS POLARIZED CROSS-SECTION

A. Bacchetta, JHEPO0S8, 023 (2008).

* For polarized SIDIS
cross-section there
are I8 terms in leading
twist expansion:

do
dx dy dz dog doy, alP}%L

~ Fyur +efvu,r + -
+ 15| [sin(% — ¢s) (F(S]i;fééh—¢8) i €F(S]i;ffh—¢5>) + & sin(gp + ¢gg) Fom@ntos) ]

* Extract the specific harmonics:
Fyur ~ Clf1 D1 Foai®nts) o Clhy

* NEED Collins Fragmentation Function to access
Transversity PDF from SIDIS!

« Convolutions of Collins FFs measured in e*e™ annihilation.,



EMPIRICAL EXTRACTIONS OF TRANSVERSITY

* SIDIS at HERMES -« Opposite sign for the charged pions.

PLBO9S (2010) 11=16- o | arge positive signal for K.

Clhd 1 : ! 0 .
(sin(¢ + ¢s))rp ~ 7D h/q] e Consistent with O for 7~ and K.
1
 Fits to HERMES, COMPASS and

% 005 BELLE: NPB (Proc. Suppl.) 191 (2009) 98-107.
S o ~
.\5/ -‘ 04 — xAOA—
N 8 03 5: o.sx

0:“ S o2 S o2

-o.1:—‘ i 0-(: i o;x
0__ -0.1 ‘ ‘ ‘ ‘ -0.1— ‘
-0_055_ 0.1+ ¥401—

i 3 0.05 [ 5005—
5 f T o T ©
'/;‘_\0 0_1:_ <1|_ _0.05M <I— -0.05
+ L X -0.1 % -0.1
? 0 015 015 x = 0.1
\::/ 0.1- 02702 04 06 08 0% 02 04 06 08 1

I X k| (GeV)

0F-

e Large Uncertainties!

1
o
—h

¢ Simplistic Approximations! g



TRANSVERSELY POLARIZED QUARK FRAGMENTATION:
COLLINS EFFECT



e REINS FRAGMEN TATIONTFONCSIRESSIS

- Collins Effect:

Azimuthal Modulation of
Transversely Polarized
Quark’ Fragmentation
Function.

Unpolarized

h 1h P S, .
[Dh/cﬂ(za PJ2_7 p) = Dl/q(zv Pj) — H; /q(27 Pf) : Sm(@]

b ZTNp,

* Chiral-ODD: Needs to be coupled with another
chiral-odd quantity to be observed. 10




MODELS FOR FRAGMENTATION
* Lund String Model

+ Very Successful implementation in JETSET, PYTHIA. N n

» Highly Tunable - Limited Predictive Power.

* No Spin Effects - Formal developments by
X.Artru et al but no quantitative results!

» Spectator Model

* Quark model calculations with empirical form Pt (A
factors. .. .

* No unfavored fragmentations. )
* Need to tune parameters for small z dependence. .

* NJLjet Model

- Multi-hadron emission framework with s A
effective quark model input. / g

» Monte-Carlo framework allows flexibility in Q
including the transverse momentum, S
spin effects, two-hadron correlations, etc.




COLLINS FRAGMENTATION FUNCTION FROM NJL-JET

H.M.,Bentz, Thomas, PRD.86:034025, 201 2.
 Extend the NJL-jet Model to Include the Quark’s Spins.

Y

v
A

v -
-

A %

>
1l
q

Q Q"
\

Ap = <N§%(z,z + Az PY, PP+ AP% 0,0 + A¢)>

 Model Calculated Elementary Collins Function as Input
A. Bacchetta et. al., PLB659, 234 (2008).

Q

AP?

Dh/cﬂ('zaPJQ_a(p) Az

7N

p ////. "\\\\ p p// . p
K //4 *\\ K k-1 //4 *\\ k
k-p / §) kep
® Spin flip probability: Pg;

2+ (My—(1—-2)M)2) et
(PSF:CZ3_+(M2_(1_Z)M1)2J q l

12



COLLINS EFFECT - MK2

MK2 Model Assumptions: H.M., Kotzinian, Thomas, PLB731 (2014) 208-216.

|. Allow for Collins Effect only in a SINGLE emission vertex.
2. Use constant values for Pgr = 1 and N;=6.

4+ Opposite sigh and similar size for
favored and unfavored Collins FF ratios!

4+ Similar indications from SIDIS data
(if assuming u-dominance in cross-section).

4+TM conservation and quark spin
flip - are the underlying mechanismes.

Z 13



TRANSVERSITY II:
DIHADRON WAY

14



e @Es TO TRANSVERS| Y PDF FRGME i

l M. Radici, et al: PRD 65, 074031 (2002).

* |In two hadron production from
polarized target the cross section
factorizes collinearly - no TMD!

* Allows clean access to transversity.

e Unpolarized and Interference Dihadron
FFs are needed!

dot —dot | > g €q hi(x)/x Hi (2, M})
- . x sin(¢r + ¢g) G g 5
dol + do >, €q fi(x)/z Di(z, Mj)

e Empirical Model for D{ have been fitted to PYTHIA simulations.
'A. Bacchetta and M. Radici, PRD 74, 114007 (2006).

25000 | .

20000

- A

10000 ﬂ

20000

Experiments:
BELLE,

3
S 15000
=}

counts

Q
© 10000

HERMES,
COMPASS.

5000 5000

0
0.4 0.6 0.8 1 1.2 02 03 04 05 06 07 08

15
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TWO-HADRON FRAGMENTATION OF A
TRANSVERSELY POLARIZED QUARK:

INTERFERENCE DiFF

16



TWO-HADRON FRAGMEN TATION

A. Bianconi, et al: PRD 62, 034008 (2000). M. Radici, et al: PRD 65, 074031 (2002).

P P P P
» Kinematic Variables: k {Mkﬂ;,@) +
|, MI+RT P, K+ky . 2=2p =21+ 2 .
Pi=| &Py R, o | e h =217 22 Note different
_ s - oz definition for
B R L AT S - U St = he TM!
P, _(1 §)Ph,2(1_§)P;, Ry 5 21 + 29 the :

» The relevant terms of the quark correlator at leading order for a
Transversely Polarized Quark:

Unpolarized
4 Y] 5 5 )
AY = Dy(zn, &, k7, Ry k- Rr) Interference
Alio" ™ 7s] — et B H (2, &, k2, B2, kr - Ry) + e Hi (2, &, k%, B>, k7 - Ry)
Ml _|_ M2 Y Y Y, Y Ml _|_ ]\4-2 Y Y Y Y

\. J

* IFFS are Chiral-ODD: Need to be coupled with another
chiral-odd quantity to be observed (e.g. transversity). |,




TWO-HADRON FRAGMENTATION

+ Transformation to frame k1 = (

k= (k- ,k+, 0)
kr = —Pr/zp
N
PT—P +P >
\_ J

+Integrate over one or other momentum:

r .
Dh1h2 (90 ) Dh1h2 1 SIH(QDR . @S)F[Hfa HlJ—]
\DZTth (¢T> — D?,lqhQ + Sin(QOT — SDS)JT"/[quv Hlj_]

+ The IFF surviving after k integration is redefined as
A. Bacchetta, M. Radici: PRD 69, 074026 (2004).

k2 0
2]\;2 HJ_ (Zhaga k’%a R’_QZU k- RT)]

~N

J

H(zp, & M?) = /d2kT [Hf’e(zh,g,M,f,k%,kT ‘Ryp) +

18
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=N COMPASS RESUETS

- COMPASS Collaboration, arXiv:1401.7873 (2014).

’
+SIDIS with transversely polarized target.

4+ Collins single spin asymmetry:
2 1.9 Lh/q
D, €q M1 ® Hj
q h/q
Zq 62 fi ® Dy

Acon =

- ¢+ Two hadron single spin asymmetry:

yoinons _ [Py = ol Xg € Mi(@) - Hiy(z, Mysy-, cost)
. 2Mh+h_ Zq 62 . f{](x) . DlaQ(Z7 M}%—I—h—; COS 9)

'+ Note the choice of the vector

20P1 — 21 P>

RAfrtru

Z1 1+ 29

19 |



http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://arxiv.org/abs/arXiv:1401.7873
http://arxiv.org/abs/arXiv:1401.7873

R

+SIDIS wi

+ Collins s

AC’OI

4+ Two hac
sin ¢

AUT |

4+ Note thi

RArtTu 3

N

@

Mirror Symmetry for Collins Asymmetry
and Correlations with IFF Asymmetry

N
> 0.10

<

~~—

0.05

-0.05

-0.10

P COMPASS I

—SULT

COMPASS Collaboration, arXiv:1401.7873 (2014).

B 2007 & 2010 proton data
o h'h
o Collins i* <}
o Collins i~
5 %
o +<I> _______ g__f?___? __________________________________
i ciel,
i ? cos )
t # cos )
_IIIIIII| | IIIIIII| | IIIIIII|
1072 107 1

X
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http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://arxiv.org/abs/arXiv:1401.7873
http://arxiv.org/abs/arXiv:1401.7873

POLARIZED QUARK DIFF IN QUARK-JET.

H.M., Kotzinian, Thomas, PLB731 (2014) 208-216.

» Use the NJL-jet Model including Collins effect (Mk 2) to study DiFFs.

: 7 \P ,

A

D" (2, Mj, or) Az AMj App = <N;T1h2(z, Z+ Az M, My, + AM; oR, or + AsoR)> :

» Choose a constant Spin flip probability: Psr

» Simple model to start with:
Only pions and extreme ansatz for the
Collins term in elementary function.

(dhjar (22p2) = /(.01 — 0.95in0)

20



POLARIZED QUARK DIFF IN QUARK-JET.

H.M., Kotzinian, Thomas, PLB731 (2014) 208-216.

» Use the NJL-jet Model including Collins effect (Mk 2) to study DiFFs.

A

P,

D" (2, Mj, or) Az AMj App = <N;T1h2(z, Z+ Az M, My, + AM; oR, or + AsoR)> :

» Choose a constant Spin flip probability: Psr

» Simple model to start with:
Only pions and extreme ansatz for the
Collins term in elementary function.

(dhjar (22p2) = /(.01 — 0.95in0)

4 Non-zero sin(pr — ©g)

modulations for all Psr !
20

0.10

< 0.08

=

(_@
R 0.06

0.04

L . Unpol |
.o.. J— —— TSF=0
'.'/ 7z ~ . e Psr=0.5
- \'.- ------- ?SF=1 —
.o/ _— ey LXA
T TSSNE
" ~—__ "7
| l.}.\ [ ) /...o_
o. . / .o
4 ) o.. ~ . /o ..o
 u-a A ,Np=2 -, R
T "3 0 2




INEREGRATED ANALY ZING RS

NJL-Jet COMPASS
PLB 731, 208 (2014). arXiv:1401.7873 (2014).
1.0;— L x I“PSII;=1I | —; g“ 0.10[~ . i027&2010p oton data
- X x x x X %X ] o Collins h* %
0.5 A A 4 A A a4 a A 0.05- © Collins & ;
sls  F ? . C}
QIQ - @
= 05 O i ;%.%g% **********************************
- @ @
—051 ¢ o 6 o o o 005 b #
N A gt Xata, g
-1.0 — ? \ 4 —
I I I 0.10~ ... | |
0 2 4 6 10- 10 1

(DQT — co — sin(¢ 61)
4 NJL-]et results for analysing powers have the
same sigh and the relative size for Collins Function

of positive and negative pions, and the IFF mods
as indicated by the COMPASS measurements!



http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
http://arxiv.org/abs/arXiv:1401.7873
http://arxiv.org/abs/arXiv:1401.7873
http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en
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http://arxiv.org/abs/arXiv:1401.7873
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http://arxiv.org/abs/arXiv:1401.7873

INEREGRATED ANALY ZING RS

»Single Hadron 2).
w | Nuxopr(1@sin(pe)AcG) |
0.5 ¢C — ¢h _ ¢S’ Zq 6c21 hcll R Hlih/q

315 _ _ . Acou = -
= " Oh+¢s — qu% ff®D1/q
-05 ) DiHadron

~1.0 [Nthh— X UUU(1®Sin(¢RS)A?}I’}¢RS F)j

( ¢RS — ¢R o ¢S, Asin (bRS X Zq eg . hcll . qu
UuT

41 —OPrtos—m 24 1 D

san » NJL-Jet Fits tion

of | [ D+ = cO@sin(gb)Cl j Is

ash. ——mm—F—F —FFF




ANGULAR CORRELATIONS: u = 7t~

Angular Correlations @ COMPASS
F. Bradamante - COMO 2013. arXiv:1401.7873 (2014).

rj—rJAAj 350
rJ 3001
250

LI_LI— 2001
150

x10°

140

s/(7t/200)

150

h*h™ pair

100

L :

— Op
NJL-Jet Results
Lusata Np=2) T e 4 We define: Py, = (P — P3)/2

=== Qr-¢r 3

— ou-ox | 4 COMPASS claim: O+ = ¢y,

100}

20— 50

o\....l‘...l..‘l

| T | L | I |
% 1 2 3

e 5 8
(I)h+ o (I)h—

£ | correlation is a consequence of
gy { mirror symmetry of Collins effect for
S 1 h* and h-.

| 4 We showed that there is NO

0.01

i Spin Dependence and simply TM
@ Conservation explains this corr. ! »,


http://arxiv.org/abs/arXiv:1401.7873
http://arxiv.org/abs/arXiv:1401.7873

Sivers Effect in
Two Hadron SIDIS

23



SIVERS P

" D. Sivers: PRD 41, 83 (1990).

e Sivers Effect describes the
correlation of the unpolarized
quark’s TM with the transverse
spin of the nucleon

f?(wy kT) — f{l(xa kT)
e Accessible in Polarized SIDIS:

sin — 1
FUTS?L ?5) C[ 176’] Dl]

* Fits to HERMES and COMPASS
EP] A39 (2009) 89-100.

 Still Large Uncertainties/
Many Assumptions!

0.06 -

Q% =2.4 GeV?

hi
giL hfL
91LT hlth




TWO-HADRON SIDIS

A. Kotzinian, H.M., A.W. Thomas: arXiv:1403.5562 (2014).

4 h,(P)
l 171
> /

h,(E)

» Cross Section in terms of
Total and Relative TM

dohihz
le dZQ d2R d2 T

(St x k
aU_Z /dzk fi D2 g —Z /koT v X krl; i Dy

» The Sivers term:

qk,s)/ q(k',s’)
N(E,S)

= C(z,Q%) (ov + 03)

o5 = S (on7 sin(or — 65) + on 1t sin(on — os)

* Non-vanishing O R is new!
25



‘COMPASS Results in One Hadron Sivers and mLEPTO MC

DISADRON SIVERS USING MLEEP TO -

| wm h* mLEPTO

x h COMPASS

A h* COMPASS |

0.08

1 0.04

0.04

|
- h° mLEPTO
"~ wm h* mLEPTO

X h- COMPASS -
s n* coMpASS | 094 wm h” mLEPTO

== h~ mLEPTO

x 'h" COMPASS
A h* COMPASS

t

PR 3

I 1 _0.02 1 1 1 1 I 1 1 1 1

_0.02 1 IIII

A Siv

0.01

0.8 0 0.5

1.0 1.5

Pr (GeV)

4 mLEPTO Predlctlons for D|Hadron Slvers in COMPASS klnematlcs

| | |
4 0.03

0.02

I LI
—R -RCut_
wu T wmT,Cut

0.01

0.06 T 0.06 —
‘== R wm R,Cut == R mm R.Cut
- mm T wmm T, Cut " wm T wm T Cut
0.04 0.04 -
0.02 0.02 - ~
0 ‘L”l’_"r/
11 |I L1 |I 0 I L 1 I 1 0 1
0.01 0.1 0.2 04 0.6

4 Asymmetric Cuts on hadron
pair momenta enhances the signal !

Z

Pir > 0.3 GeV ]

0.8
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CONCLUS

* SIDIS process allows us to explore t

ONS

ne spin and momentum

correlations of partons inside of the nucleon.

* NJL-Jet MC helps us to test and understand important aspects
of various processes using a specific underlying quark model:

» Quark spin flip and TM conservation generate the
opposite sign of favored and unfavored Collins FFs.

» The role of the Collins mechanism in IFFs.

* Measurements of Sivers Effect in Two-Hadron SIDIS will
provide @ new input for extracting Sivers PDF and better
understanding of the underlying physics.

* Further developments of the model are underway:

» Including vector mesons in polarized fragmentations.

» Exploring the target fragmentation.

27
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TWO HADRON FRAGMENTATION OF
AN UNPOLARIZED QUARK:

UNPOLARIZED DiFF

29



ERROEARIZED DIHADRON FRAGMENTAIHGHNS

H.M. Thomas, Bentz, PRD.88:094022, 201 3.

* The probability density for observing two hadrons:
Pl = (Zlk)_apl_‘_apl,J_)a Pl2 — Mf%l

P2 — (ZQk_7P2+7P2,J_)7 P22 — Mf%Q
* The corresponding number density:

h
Dbz, MP) Az AME = (N2 (2.2 + A M7, ME + AM))
\_

2h= 21 29 ME—(B B
e Kinematic Constraint.

[zlngﬁ — (21 4+ 22) (22 M7, + 21 M7y) > Oj

* In MC simulations record all the pairs in every decay chain.

30



SIEEREATMENT OF VM DECAYS: COMPARISON TERE SRS

4 PYTHIA MODELING OF VM DECAYS
e 2-body decay amplitude: non-
relativistic Breit-Wigner:

1
[P(m)dm x (m —mo) F2/4610/77]

e Constant decay width of VM.

[PV(S) = mT%/FV (%)3]

4 Comparison of 3-body decay
amplitudes:
» Point-like coupling (PYTHIA).

» “lsobar” model (HERWIG, NJL-jet).
Relativistic BW and E dependent widths.

L

=
v o, Yp;nm
[M—euame”p‘f‘pgpg > T h p)
1=0,+ Pi

~

- /




RESULTS FOR DFFS Nrinks =8
ST 1 1 T T T ] e O T T T 1 7
(S u-a & 1 = - Uu-Ja T 1
o - F u.ll Final State - E Full Final State
E& 10 B = === Primary ] V= = === Primary
= 1] .
v | I
I§ - = [}
Q= 05 — — l§ 3
ST ] 8
Q' N B T NEQ
SQ B —~—-_ ] = AV
gl 1 T T T T e = N
0 02 04 06 08 10 12 14 0 0.2 04 0.6 0.8 1.0
M} (GeV?) z
1 ' 1 T 1 ™ 1 ™ 1T L B — 1 T 1 T T
. — g K7 . I e 777 K0
= 03 —— ~ 1.2 T
’\ (XX XX XXX J ﬂ’ K ’\ | (XX XX XXX J ” K _
T | i F | s
Q}: \l\i: 0 8 | @eamem 7 Ko_
< S - i
< S| |
Q
o 041 —
Q' (\! B ooooooo...,,...... ]
%Q | ®oe0o _
I Pl s kol v o e e e

0

04 06 08 10 12 14 16
2 2
My (GeV~)
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PY THIA SIMULATIONS

e Setup hard process with back to back g g along z axis.
* Only Hadronize. Allow the same resonance decays as NJL.

* Assign hadrons with positive P, to ¢ fragmentation.

E, =10 GeV

. I — PYTHIA

N 15+ e N JL-jet _|

< o\ e PYTHIA No VM -

= [ A\ 4, = NiLjetNovM 1 Remarkable Agreement!
N 1ok

+§ -

N, | Though at vastly
S oosk different Scales.
s QU |

s [

0_ QQQQQ

0 02 04 06 08 10 12 14
2 2
My (GeV~)
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NAMBU--JONA-LASINIO MODEL
Effective Quark model of QCD
*Effective Quark Lagrangian

LT = Za e wq—FG F?ﬂq

K

*Low energy chiral effective theory of QCD.

400 T

eCovariant, has the same  z» — W

mg = 5MeV
300

: mg = 50 MeV
flavor symmetries as QCD. ==

5 200 [
eDynamically Generated = Zfw!

g 50 F

Quark Mass from GAP Eqn. = b —nwrrro [ .

0 02 04 06 08 1.0 12 14 16 1.8 2.0
G/Gcrit
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COLLINEAR FACTORIZATION AND UNIVERSALITY

- SEMI INCLUSIVE DIS (SIDIS)

eP—)th Z fP Q F9¢ed R DJ

ee—)hX dee—)qq@)(Dh_l_Dh)J

PP—>l+l X Zf ®f ®0qq—>l+l J

q,9’

 Hadron Production

- DRELL-YAN (DY)

PP—>hX f @f @O_qq —qq’ ®DJ
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Unfavored FFs NOT well known!

Hadron Multiplicities
» Also results from HERMES

Phys. Rev. D 87, 074029 (2013)

» Preliminary from COMPASS

Talk by C.Franco at CIPANP 2012.

= COMPASS Preliminary 77" | >
= - —
- Q

¢ A
1= E
u =
=

-
107 ¢

DSS & MRST
KRE & MRST

107 ¢

~| e proton

1+ — CTEQ6L/DSS
1-- CTEQ6L/HKNS
1 CTEQ6L/Kretzer
HERMES LEPTO/JETSET

102

103 2
E TR TN T AN NN TN N NN TN N R N F PR N TR R TN NN TR S | TR L L L L L L L L
. 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0 8 0. 2 0 4 0 6 0 8
Y4
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INIRECRATED POLARIZED FRAGMENHASHENS

* Integrate Polarized Fragmentations over P

h/q'

Q

D h/q'

Dh/qT(Z,QO) = / dPJ2_ Dh/qT(Z,Pi,QO)
0

_1
2

(2) —2H /2

h/q
[D 1 1(h/q)

(2)Sy sin(p)|

z=0.2

r

0.908F

0.906|-

0.904

0.902f

.

h
Dl/q

L(1/2)
Hihjq)

(2)=n / aP? D9z, P?)

> P
(2) = 7'('/ dpP? —=
0

+ Zth

H"9(z, P})

~N

J

0.9F

0.898F

0.36f
0.35f
0.34f
0.33[
0.32f

0.31F
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o Fit with form:(F(co, 1) = co — 1 sin())
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HE EFFECT OF VECTOR MESONS (VM)

* A naive assumption:VMs should have modest contribution due to
relatively small production probability P(7 ) /P(p™) ~ 1.7

* But: Combinatorial factors enhance VM contribution significantly!

* Let’s consider only two hadron emission

Direct: u—>d+nm >u+nr +71" k
VM: u—d+7mt — U+ p T
000 L>7T 7-‘-
u%u—l—pO%u—l—p —I—p_)ﬂ+7r_
\_ 7T—|_7T_ J

{PDWWW—) Py () & i]
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= /AINIBI SERIGIBNE DIEC A
(The M spectrum of pseudoscalars is strongly affected by VM decays)

 We include only the 2-body decays p, K.
* Both 2- and 3-body decays of w, ¢ .

“Isobar” Model
Py,

q
- =>=W, N A =%
p S ’ ¢'¢¥
\\ p2 Q* p3



L= ANIBFSEI@IBNE DIEC A

(The M spectrum of pseudoscalars is strongly affected by VM decays)
 We include only the 2-body decays p, K.

* Both 2- and 3-body decays of w, ¢ .

Achasov et al. (SND), PRD 68, 052006, (2003).

hiho

e 2-body decay amplitude: Ew(pl’m) _ v e (D2 _plu)J

Dy (q?)

* Resonance propagator:

(Dv(S) = m3 — 5 — i\/EFV(s)) EV(S) =

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

* 3-body decay amplitude (ignore small width): | Relative Momentum of
j idaughters in their CM frame.:

B 3 9Vp,m Gpim '
[Mm,m,pg) = Suasn e PiER} D SLECE

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

i=0,4

e Simulate 2- and 3-body phase space in LC.
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RESULTS FOR PION DFF v — =™

Npinks = 2

Direct Full

0.25
0.2

0.15

0.1

0.05

0 0102 03 04 05 06 0.7 08 09 1
Z Z



-VOLUTION OF DFF

Bacchetta et. al., Phys.Rev. D79, 034029 (2009).

At leading order:

d

as(Q?) [t du 2
dlog0? D, (2, M}, Q%) = o /Z — D o (ayM;%,Qz) Pyrq(u)

s

T I T I T I T I T

T 1 ~ — T T T T T T
N : e N ode] 1 Eﬁ L s Model Scale A
E R == [0,4GeV? | < 1077 == [0,4GeV’ 7
— i |
E'Q 10_ ( XXX XXX} L0,100 Gevz— E’Q _\ L0,100 GeVZ_
S 1 ) D ]
~ 0 I N _
N : 1% st Ny -
\ : ~

2 051 - N = ~ .

_Q i . _Q N e
°Q ~ B NN B \ i
s 2 I ~ 8 - \\ §
— | ~~ | ~o \

0 e 0 1 I 1 I 1 I 1 I l\
0 02 04 06 08 10 12 14 0 0.2 04 0.6 0.8 1.0
M (GeV?) z
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ANGULAR CORR

Unpolarized

IOAOS

—0.04

0.03

0.02

LATIONS: w — 777

Por =0
"; .

0.06

COMPASS Preliminary:
F. Bradamante - COMO 2013.

1000




ANGULAR CORRELATIONS: u = 7t~

Unpolarized ’PSF — 0

COMPASS Preliminary:
F. Bradamante - COMO 201 3.

0.01

: 400

0.005 q) h+

2

0.005




ANGULAR CORRELATIONS: v — n77~

(21 + 22) (22 M?, + 21 M72y) + (22P11 — 21 P2 )?
2122

02 04 06 08 1 °
M? GeV?
—
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IMPROV

D MODEL

+Use the spectator model for Collins
function:

No singularities at vanishing transverse
momentum.

+include both pion and kaon channels.
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0.6

(qkm

ANALYZING POW

I I I I I I I I I
u-zx" T, NL=2, *‘PSF=1

02 04 06 08 10

<
T l T l lF I. T l T

B U->7x ﬂrrij=1)¢ME

L/ N

. ® N;=3 |

¢ Ni=4 _

| +

| | 4

0 02 04 06 08 10
Z

0.6
04
0.2

0
~0.2
~04
~0.6

ci/cy
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V

IMPRO
——

A

O o0 o
A LA A

A

Ps

-7

O o0 O

A A

N

= L9,
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Psp=1
A L A A A a4 |
6 0 0 0 o
—_—
N SR
o z*n”,(pl;
! | ! | ! |
4 6
NL,
' | ' | ' |
Psr=1
O OO0 0O 0O 0O 1
A A A A A A __
® o ¢ ¢ o oo
AK""C,K"'K',(pR —
I’K- |K+K-,(pIT 1
4 6 8
Np,



MONTE-CARLO (MC) APPROACH

4 Using the probabilistic interpretation of fragmentation funcs.
to include the effect of multiple hadron emissions.

4 4 4 4 I
p p p
A A A
p p p
> O > @ > @ >
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INBREGRATED FRACGMEN TATIONS FRE R

H.M., Thomas, Bentz, PRD. 83:07400; PRD.83:114010, 201 1.

Input: One hadron emission probability

h ,7 ,7 7 N
Wl A A A
Vi Y Vi
> * ———¢ —>—0—>
\_ q Q Q’ Q” )
* Sample the emitted hadron type and z S
according to input splitting. 08 — ygt o\ -

« CONSERVE: Momentum and Quark

Flavor in each step.

* Repeat for decay chains with the same o 02 04 06 05 10

{Dg(z)Az = (N]'(z,2 + Az))

ZNsms Né‘(z, 2+ Az

NSims

q

initial quark. \ K J
:
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INBREGRATED FRACGMEN TATIONS FRE R

H.M., Thomas, Bentz, PRD. 83:07400; PRD.83:114010, 2011.
* Input: One hadron emission probability

dh (Z) //// //// //// N\
7 A A A
Y Y Y
> @ > ¢ > @ >
N q Q Q’ Q” )

» Sample the emitted hadron type and z —,

according to Input splitting. 041 T e oty St

« CONSERVE: Momentum and Quark
Flavor in each step.

0.1r

* Repeat for decay chains with the same |

S v, Nz, 2+ Az
D!(2)Az = (N}'(z,z + Az)) — NZ‘ims

initial quark. \ <




P

« Restrict t

=l

N

09 — T x T T T T T 1
—=—=— Splitting Function
0.8 == Integral Equations
0 ]VLinks=
077  +  Npm=
*
o6t <
O
+E < 05+
N 041 .
0.3 ‘§<<<<:;454/
e + i
L 4
028 +
% +
I +
* 4+
0.1+ + 4
x4t
+ | | | | | | |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

)

-NC

- ON CHAIN CU TGS

ne number of emitted hadrons, Ny ..., .In MC.

¢

1 l
0.9 , 0

* We reproduce the splitting function and the full solution perfectly.

* The low z region Is saturated with just a few emissions.
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MORE CHANNELS

H.M., Thomas, Bentz, PRD. 83:074003, 201 |

* Calculate quark splittings to vector mesons, Nucleon Anti-
Nucleon: dg )

[ h— po,pi,K*O,?*O,K*i,gb, N, N j

* Add the decay of the resonances:

Il
A -
l} ==
*44’ N’/,"
v 4 Vol
7 7 7 //,
A A A q ’/// q
Vs 7 4 /
0> ¢ 06— —)—. ~ .—)—
N
\
\
\\\ NBar
\

* Decay cross-section in light-front variables:

— 87

h1h

C, 172 .

qph—hihz (21) = L dzq if 27129 m% — ngil — zlm%Q > 0; 21+ 29 =1,
0 otherwise.




SOLUTIONS OF TH
INTEGRAL EQUATIONS

H.M., Thomas, Bentz, PRD. 83:074003, 201 |
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zD; (z)

2D (z)

Results with VM decays: @* =4 GeV*

Favored

1203 . | .

E ——— HKNS
1.0 _

T T DSS _
0.8l ........... NJL-Jet i
0.6-— 3 —— with Decays |
0.4
0.2}

0
0
Ve

P, - KRS
0.5 - J " N N DSS A

B R N i
0.4} \, NJL-Jet

with Decays_-

0.3
0'2-_ .....................
Ny R |
ol "~
0 0.2 0.4 0.6 0.8 1.0

Unfavored
0.8 1 1 | ! |
e HKNS
0.6+ —eammom= DSS -
SR 4 \ S R NJL-Jet _
\¥) .
o2 o4l — With Decays |
Q
N¢
0.2 . .
NS
Y .
0 I .
0 0.2 0.4 0.6 0.8 1.0
<
0.12 ' T HRRS
0.10F T« \ = e=mcemeem DSS A
’_\008_ ........... NJL_Jet |
~ = with Decays -
% .0.06 -
) _
™0.04}
0.02}
0




Results: Fragmentations to All Hadrons
Q? = 4 GeV?

Favored

Unfavored

0 0.2 0.4 0.6 0.8 1.0
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MDS FROM SIDIS eN—>eh X

* Cross-section factorizes: P2 <« @?
Fragmentation

Zf1 z, k7, Q%) @ do'"' @ D! (z,p7, Q%)

dxd(Q)?dzd? Pt
\

(PT o PJ_ + ZkT)

* Transverse Momentum Dependent
(TMD) PDFs and FFs:

-
do.lN—>l’hX

J

4 )

/ Pk, f(2,K2) = f(2)

/dQPLD(z, P?) = D(z) ~
\_ / -

« Access to nucleon’s transverse structure.
* NJL provides microscopic description of TMD PDFs and FFs!



D FRAGM

FAVORED

'. lllll|llllllllll||||I]|l||ll|||]
@&6'5 0 01 02 03 04 05 06 07
e
>4 z

1
%0'%.% ||||ll||||||||||||llll‘lllll
/G@A& o 01 02 03 04 05 06 07 08 09
>
7 z

0:
%.
’39 084 St BARANRARANRARRNRRRRY
@@b}ﬁ S o1 02 03 04 05 06 07 08 09
7 z

- UNFAVORED

[ON FUNC

[ONS
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BEMIFARISON WITH GAUSSIANTANSENES

! | T T T T T T
) — NJL “jet, <P2> 0]48 Gev2 L — NJL -jet, <P2> 0396 Gev2
- === Gauss Fit, <P2> 0.117 GeV? - -—- Gauss Fit, <P2> 0.365 GeV?2 |
Nl u—-m, 7z=0.8 1 i s—oKt 7z=0.2 1
Q _D Q -2
~ 10 - 10
o i
_y _
e \¥)
N 107 N 1074
~
~
~
~
10—6 10—6 | | .\\\l
0 0 1 2 3 4 5 6
P% (GeV?) P2 (GeV?)

_ [d*Py P?D(z,P?)
[ d?P, D(z, P%)

* Average TM: (P?) =

» Gaussian ansatz assumes: D(z, P) = D(z)
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NJL: NUCLEON PDFS

¢ Quark-diquark description of Nucleon using relativistic

P—k
k
P P
P—k
k

e PDFs from Feynman diagrams

~

r - — -
Qa,oy) = [ SR o7 € cmikr€n (NS 5,(0) 7 W) Ui (€ €1) | N. S)

=0
e~ i, S
chtvkqd ::q(ka%»'_ A4jj TﬁQﬁT(x7k%J

\_ J
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NJL: INT

-GRAT

) INUE

~ONS

I. C. Cloet, W. Bentz, and A. W. Thomas, PLB 621, 246 (2005).

A good description of both

unpolarized and polarized PDFs.

B

1.6 T T T y T ' o o2 I
T e Q% =0.16 GeV? 1 & 0.8F Q= 0.16 GeV
/é\ 14 QQ — 5 0CeV? n \‘; | =50 GeV? T
~ I - o | S 0.6 -~~~ - Empirical ’
5 121 “, — —— - Empirical q (5.0GeV?)
5 I (5.0GeV?) 8
1.0 0.4}
o) - ge;
= - 3
" 02
PunY -
© ol
Y .
’.d; T rbn 0 g
8 ] <
8 0.2
.. 1 L L
1 0 0.2 0.4 0.6
€Xr
T T L T
4 0.5 F TN e Soffer Bound
o " 4 Mg
2 04} 2 % r Apqgy(x) |
5 o B 5 I x Agy(z)
‘= 03 P “ . -
8 | _ Q? = 2.4GeV?
s i
=02 b s Me :
w01 . 2 Aquy,(z) .
= k
)
= 0
0
% L.}
—0.1 E
=
E -
02 L ' '
0 0.2 0.4 0.6 0.8 1.0
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N|L: NUCLEON PDFS - TMD RESULTS

H.M.,Bentz, Cloet, Thomas, PRD.85:014021, 2012
TMD PDFs

'3
0.5 02—
. 0.8 9 1 | ;
4;302 03 0.4 05 06 %7 42 03 05 06 0.7
/G.e o ' /Ge 0.4
V/ 0.5 0.1 X 1,9 i W) <
' 0 ] . . 0 .
Details of TMD behavior
T T T T T T 0.3 T T T | . | . :
y — NIJL, <ki>=0.17 GeV?

=== Gauss Fit, <k2T>: 0.13 GeV?
x=04 ]

0 0.2 0.4 0.6 0.8 1.0




INERSEING [ HE [ RANSVERSE MOMENIRSIS

H.M,,Bentz, Cloet, Thomas, PRD.85:014021, 2012

V/
- // pi
A 7 o
4 -
g Q
q Q’
g
- TMD splittings: d(z, p° ) S,

 Conserve transverse momenta at each link.

r )
\PJ_:pJ_—FZ kJ_)
4 o /\
\kJ_—PJ_—I—kJ_)

* Calculate the Number Density
ZNSims NC?(Z’Z + AZ7PJ2_7PJ2_ + APJZ_)J

NSims

{Dg(z, P?)Az AP =




S ERPRANSY ERSE MOMENHESEIR
S DRONSHINES DS

« Use TMD quark distribution functions from the NJL model .

* Use NJL-Jet hadronization model.

\

* Evaluate the cross-section using MC simulation.
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FERAGE TRANSVERSE MOMENTA
FRAGMENTATION .

(P2)uns > (P,

4+ Indications from HERMES data:
A. Signori, et al: JHEP 1311, 194 (2013)

- . _:m“.—O’O-O-Q\.\.... i
;\i Ol3w
P — Y
Y, 0_1_-._. ITEJr u—h, x=04 3
, 0 secce IK- . | . | . | . .o‘
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