&  “3D Parton Distributions: path to the LHC”
INFN Frascati: 29/11 - 2/12/2016.

"y
"POLARIZATION EFFECTS IN
HADRONIZATION™

Collaborators: A. Kotzinian and A.W. Thomas.

?"‘ "'
o COEPP
® &



Outlook

** Introduction and Motivation.
% Short Overview of models for polarized fragmentation functions.
¢ Quark-jet model.

** Recent Results from Monte Carlo Simulations: both single and
dihadron FFs. Can we learn about hadronization mechanisms from
polarized FFs?

** Conclusions.



TMD FFs and Collins Fragmentation Function

» Unpolarized TMD FF: number density for (Dh(z Pi))
quark g to produce unpolarized hadron h i h

carrying LC fractionzand TM P . q

il
i

» Collins Effect: Azimuthal Modulation
of Transversely Polarized Quark’ FF.
Fragmenting quark’s transverse spin
couples with produced hadron’s TM!
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Dh/qT(Z7PJ2_7 gp) — Dl/q(Z7PJ2_) o Hl /q(zapj%)
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Unpolarized

» Collin FF is Chiral-ODD: Should to be coupled with another
chiral-odd PDF/FF in observables. 3




TMD FFs for Spin-0 and Spin-1/2 Hadrons

< The transverse momentum (TM) of the hadron can couple
with both its own spin and the spin of the quark!

4 TMD Polarized Fragmentation Functions at LO.
» Only two for unpolarised final state hadrons.
» 8 for spin 1/2 final state (including quark). Similar to TMD PDFs.



Field-Theoretical Definitions

* The quark-quark correlator.

A (2, pr) = = /(;ZZ:T) Tr|AT]|p- k-

déTd? + _
Z/ § fT P& /2= Er- pT)<O’¢(€+ 0 fT)’p, Sh,X><p, Sh,X‘lb(O)F‘m

* The definitions of FFs from the quark correlator
+] 1

AN = D(z,p?) Meijsz'STjD%(Zapi)
AT sl — SrGr(z,p1) - kTMST Gr(z,p7)
AT — 58 H (2, p3) + Sk HE (2,52
ki (kr - ST)H%(ZapQL) e kr; HY (2, p? )
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Current Challenges

|) Phenomenological Extractions of TMD FFs.

» Still Large Uncertainties. Anselmino et al: PRD 92, 114023 (2015).

» Simplistic Approximations.

(2)

» Limited kinematic region.

y4 AN Du/n+

z AN Dy/n-(2)
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2) Full Event Generators:

0.2
0.1 il

Or
0.1 [
0.2 }

03 b

» No Mainstream MC generator includes spin in Full
Hadronization: PYTHIA, HERWIG, SHERPA...

» MC generators are needed to support mapping of
the 3D structure of nucleon at [Labl 2, BELLE II, EIC.



Modelling Hadronization with Spin: The Objectives.

|) Phenomenological Extractions of TMD FFs.

» Quantitative extract. of fav. and unfav. polarised TMD FF.
Provide guidance for empirical fits to data.

» Both single and dihadron FFs in the same framework!

2) Interpretation in Full Event Generators:
» Probabilistic Mechanism for Full Hadronization.
» Iterative picture for MC framework: spin transfer!

» Should not break any of the unpolarised observables! (PYTHIA fits
to existing data, etc.)



(SOME of the) MODELS FOR FRAGMENTATION

* Lund String Modael :

» Very Successful implementation in JETSET, PYTHIA. ’
* Highly Tunable. 0
« Spin Effects - see X.Artru’s talk. c

Spectator Model

* Quark model calculations with empirical form Pyo (s
factors. v iy

* No unfavored fragmentations. : .

* Need to tune parameters for small z dependence. f‘/ \

* NJLjet Model //
» Multi-hadron emission framework with /' 4 Yi
effective quark model input. ) n L

* Monte-Carlo framework allows flexibility in 9 It o
including the transverse momentum, \\\\

spin effects, two-hadron correlations, etc.



Jet exhaust is ignited at the afterburner, producing a second Stagé 0f
combustion and a stream of powerful yet fuel inefficient thrust. Military
combat aircraft use afterburner in short bursts during takeoff, climb, or

The assembly is placed behind the core of
combat maneuvers.

the jet engine, at the front of the jet pipe.

Additional fuel is sprayed into the jet pipe where it
mixes with air from the jet engine. The mixture is
ignited for combustion.

The houses jet engine is adjustable for maximum exhaust

exhaust gasses and the afterburner acceleration and to avoid back-pressure (pressure originating

combustion process. from the rear end of the engine being exerted on forward
engine parts).

POLARISATION IN QUARK-JET
FRAMEWORK



COLLINS FRAGMENTATION FUNCTION IN QUARK-JET

'H.M.,Bentz, Thomas, PRD.86:034025, (2012). H.M., Kotzinian, Thomas, PLB731 208-216 (2014).

® Extend Quark-jet Model to include Spin.

4 4 P,
1 A3
7 Ol ¥~
Q Q <
*\\
2 APJQ_ h ) 2 2 2
Dh/qT(Z,PJ_,QO)AZ 9 A§0:<Nq¢(z,z‘|—AZ7PJ_7PJ_+AP790790+A90)>

* Input Elementary Collins Function: Model or Parametrization

e Calc. Spin of the remnant quark: S’
Previously: constant values for spin flip probability: Ps F " 5 ’\_d_‘—\“ﬂi— _
Q

4 Use fit form to extract unpol. and Collins FFs from Dy gt
CF(C(), c1) =co— € sin(gpcD

pist .
(D (v 0) = DY/4(e.pt) = o2 22 i)




COLLINS FRAGMENTATION FUNCTION IN QUARK-JET

H.M.,Bentz, Thomas, PRD.86:034025, (2012). H.M., Kotzinian, Thomas, PLB731 208-216 (2014).

® Extend Quark-jet Model to include Spin.
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° Input Elementary Collins Function: Model or Parametnzatlon
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° Calc Spin of the remnant quark: S’

| Previously: constant values for spin flip probability: Psr
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4+ Use fit form to extract unpol and Colllns FFs from Dh/qT
CF Co,C1) = Co — Cq sm(gpcD

pist .
(D (v 0) = DY/4(e.pt) = o2 22 i)




COLLINS EFFECT - NJL-jet MKII

MKII Model Assumptions:

|. Allow for Colllns Effect only in a SINGLE emission
vertex ( i scaling of the resulting Collins function). m
2. Use constant values for spin flip probability: Pgsr

3. Extreme ansatz for the elem. Collins function: (dh/qT (z,p.) =d"(z,p%)(1 - 0.9sin gp))

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

v NJL-jet model results are consistent
with COMPASS data on interplay
between one- and two- hadron SSAs.

Y First-ever model calc. for two-hadron
modulations induced by Collins effect!

|
L N Unpol _ - x ! ™3 =010 2007 & 2010 proton data
0.10 . e Py LoE TSF=1 1= e pro |
P R U —05 : * x x x x x o Collins i
& -'././ N, .°°. Psr=0.5 05 A A 4 4 4 4 a - 005~ @ Collinsh S
<' 0.08 5 - Ne  eeesees Pep=1 - - . + 5
< ":'/’ SN | sIs s 0
= % 2 = 0F 1 e
Q 0.06 — ':\\\~_—’:'.'_ C e & & o o . 5 %
..o..\ \ /./..... _0-5 :_ . ’ ‘ ’ ’ ’ _: 005+ é % %
u-x" a, NL= s - ATt ta,ep ]
0'04 I . o ] _1-0 __ ? I * ‘Iz'. .I ‘77+ ft-) (plT —- -0.10; Lol ‘ L ul
L é = 0 2 4 6 8 10 10" !
v 4 - = b 4
2 2 Ny COMPASS: PLB736,
Pr

124-131 (2014).

X A self-consistent model is needed that naturally avoids complications with
higher-order modulations: the need for NV . ! scaling, etc. T



Spin Transfer in quark-jet Framework.

*NJ L-jet MK| | |- Bentz et al, Phys.Rev. D94 034004 (2016).

» The probability for the process ¢ — (), initial spin S to S

Fi7%z,p1;s,S) =as+ 0, S S
7 M
» Intermediate quarks in quark-jet are unobserved! Q

Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii: QUANTUM ELECTRODYNAMICS (1982).

Fi179(z,p1;s,8) ~ Te[pS oS ~ 1+ 8-S - V¢
A V="
b, o ’
S/ _ & I q’ - o Q"
Olg AN

» Remnant quark’s S’ uniquely determined by z, P ands !

» Process probability is the same as transition to unpolarized state.

FQ%Q(Zpr_;&O) — U 19




Example: Pion production.

4 We can express the spin of the remnant quark S’ —
in terms of quark-to-quark TMD FFs.

K



Example: Pion prod. up to Rank 2

4 Only consider pion produced
in the first two emission steps! A

4+ Then the polarised number density is
| st rank 2nd rank

OIS prme Hparpprins

4+ “Elementary” number densities: only favoured types are non-zero.

PL lg—m -
q—T __ dq—)w o srh q U—TT L
f Z M, T’y f =0

4 It is shown analytically that only Collins modulations appear!

14



Example: Pion prod. up to Rank 2

4 It is shown analytically that only Collins modulations appear!

. 9 . 2
FP1=7 (2 p o) = Fy? (2,7 — sin(pc) Fy” (2,p%)
4+ Up to unspecified coefficients, using.

Unpolarised term:

From TM-induced Spin of intermediate quark

FO(Q)Q_HT _ dq—>7T 4 (dq—>Q 2 dQ—)ﬂ' 4+ d%qﬁ@ R hJ_Q—MT)

Collins term:

““Recoil” TM contribution

F1(2)q—>7T NhJ_q—HT + [hJ_q—>Q X dQ—)ﬂ' + (h%—)Q 4+ h%_q—%?) R hJ_Q—MT]

Transferred Spin of intermediate quark

4 Reminder

h \\Zp:\
|5




Integral Equations

4 In the limit of infinite produced hadrons, we can derive
integral equations for the FFs within quark-jet framework.

4 Unpolarized FF

D@~ (z,p2) = d' 97" (z,p% ) +2 / Dy / D*p18(z—mn)8P (pL — Pay — 12P11)

1
Mm .z

) [a(q_)Q) (11, P%L)D(Q%) (112, P3,) + (P1L 'Pu)gl#q_@) (1, P%L)HL(Q%) (12.P31)

4 Collins FF

(PL X ST)3HL(q_w) (Z,Pi) — (PL X ST)%MQ_)”) (Z, Pi) + 2/D2’7/D4PJ_5(Z - ’71’72)5(2) (PL — P21 — ﬂzpu)

mﬂ' 7. - 7T
X [ﬁﬂz(l)u XST)3hL<q Q)('h,Pﬁ)D(Q )(ﬂz,P%L)
37 (g—0) 2 1
+ (11 (PaL X 87)° Ay (m1.P7L) — M—Zﬂ (S7-P1L)
1

X(Pu X Pzi)%%(q_@) (’71, Pﬂ))HL(Q_m) (’72, P%L)] :
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MC Simulation of Full Hadronization

HM et al, arXiv:1610.05624

4 We can consider many hadron emissions.

/
4

Y
A

v -
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* v

>
1l
q

Q Q
Ty

AN
S

4 We can sample the £, Z,pi, ©p using

fq_>h(z7piv Ph; ST)

4 Determine the momenta in the initial frame and calculate

AP?
Dh/qT(Z,P?_,gO) Az = A90 — <N;T(Zaz + AZ7PJ2_7PJ2_ + APZ)@)SO_F Agp)>
4 Calculate the remnant quark’s spin: S’ = Ps
O5S

4 We only need the “elementary” splittings.

q—h q—Q
f ;



Model Calculations of ¢ — @ Splittings

E.G. - Meissner et al, PLB 690, 296 (2010).
4+We can use the same “spectator” type calculations as for pion.

T-even T-odd
I; ////' \\\ p ,; ////" ‘\\\\*p
o;(Q// ) \\0:0 Q%h 0+9—0—9—>—0—>—0k /// _p\\k
JLJ{ =\=\—>—<
4 Positivity Constralnts on TMD FFs: Bacchetta et al, P.R.L. 85, 712 (2000).
2
1[1]\2 1[1]\2 Pl PL 2
(HL ) —|_(DT ) S 422M2(D+GL)(D GL) 4Z2M2D
2
[1] 2 11 P pL 9
(GH)2 + (H)? < SIVE (D+ Gp)(D - Gp) < 422M2D

4 T-odd parts from previous models violate positivity!

|18



Model Calculations of ¢ — @ Splittings

4+ Simple Model that is positive-definite:
CZ(Z,pi) :..1.1.: dAtree(Z7pi)7
4 Use Collins-ansatz for T-odd J. C. Collins, NPB 396, 161 (1993)

ol hL(a—=h) (z,p%) = 2pL Mg
: —0.4: 0
eM =) (z,p2) e PP+ M3

19



VALIDATION TESTS

20



Recoil TM Contribution: Rank 2 Hadron

4 Full vs “Recoil TM” contributions:

» Simulate by debolanzmg quark

after the first emission S’ = 0. D
02 +.+.++.-|-+~+‘+++ _
i ‘+..|-n w— Total 1
Q'P - —— H]J‘_
Q 0.1 '! ooooo HT i
~ - ==s Recoil
§ 0 O IE Total
\—T P x IEHT
= - + IEH; |-
N ]+ ) N A IE Recml _

(kJ_ZPJ_—I—k/)

F1(2)q—>7r NhJ_q—HT 4+ [hJ_q—>Q R dQ—)ﬂ' + (h%ﬁQ 4+ h%q—&?) R hJ_Q—HT]

“Recoil” TM contribution Transferred Spin of intermediate quark

v Recoil TM contribution has distinct z dependence!

0.3 1 1 1 1
0 0.1 02 03 04 05 06 07 08 0.9 10

21



Higher Order Modulations

4 The FFs should be linear functions of S! This means linear
dependence on sine of Collins angle ©c.

CF(CO, Cl) = Cp — C1 Sin(SDC))

» Also test a simple anstaz: spin Flip
Por =1

Sh = — S

» High precision tests: 10'2 events for 2 hadron emissions!

» Fit polarized FF for each z: ~ 300 fits.

/' Linearity on the transverse spin is
confirmed at high precision !

X Simplistic spin flip ansatz results in
unphysical results !

X

lllll T T rrrrra
100:— 2

quark-jet: linear
Flip: linear
Flip: quadratic

22



RESULTS
COLLINS EFFECT IN QUARK-JET MODEL

23



Saturations of FFs with h Rank
4 FFs vs Rank of produced hadron.

» NJL Model » Evolution-mimicking Ansatz.
10° e R=] ¢000¢ R=3 m =6
jol[=== R=2 +=- R=4 + R=8

5 gL a2)
S gLan

_0.2 I 1 1 I 1 1 1 1 _0.2 1 1 1 1 1
0.1 0.2 0.5 1 0.1 0.2 0.5 1

v Hadrons of Rank > 4 are negligible for FFs at; > 0.1

24



MC Simulation in Toy Model

HM et al, arXiv:1610.05624

» NJL Model » Evolution-mimicking Ansatz.

08 at - 0.8 Tt -
| L B N | .”0 ——— ”0 -
0.6 0.6
_Q Q
Y04t N 04
02 ° 0.2
0

1.0

2H"?p

—02} Wi -

u—>h,NL =10
1 I

u—>h, NL =10
—-04 L l L l L l —-04 1 ] 1 ] 1 ] 1 ]
0

0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
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MC Simulation in Toy Model

HM et al, arXiv:161 0.05624A
» Evolution-mimicking Ansatz.

» NJL Model

08

0.6

zD

04

0.2

1.0

u—h, Ny =10
—04 1 ] 1 ] 1 ] 1 ]
0

0.2 04 0.6 0.8 1.0
Z Z

4+ Opposite sign and similar size in mid-z range for charged pions. (Similar
to empirical extractions).

4 Dependence on model inputs: can be tuned to data. 25



TWO HADRON CORRELATIONS:
DIHADRON FRAGMENTATION FUNCTIONS

26



TWO-HA

DRON FRAGM

-NTATION

A. Bacchetta, M. Radici: PRD 69, 074026 (2004).

+ Total and Relative TM of hadron pair.

\_

) PP, PP

4 TRy
Pr =Pj, +Pp, V4 ARX)
R = (P, —Pp)/2] o

4+ Correlation of the transverse polarisation of quark and one of the momenta:

(

\_

D" (pRr) = D" + spsin(pr — s) FIH, H]
D" (pr) = Dg*"* + spsin(pr — ¢s)F' [HY, H]

~N

J

4+ Correlation of the longitudinal polarisation of quark and both momenta:

-

\_

DZLM(SOR—T) = DS”’Q cos(pr—1)] + srsin(pr—71)G|cos(Pr—1)]

PR—T = PR — PT

~N

J

27



Transverse Spin

4+ Results for unpolarized DiFF and analysing power, impose cut 21 2 = 0.1

» NJL Model » Evolution-mimicking Ansatz.
25 N B B B L B B B B B ST T T T T T T T T T T

[ e Nj=2  eseee N; =2, Cut ] u-z 7t = N=2
2.0:— NL=6  =e=e Ni =6, Cut _: XYY Y xi 262, Cut

- w2t \1 A N\ eceme Np=6,Cut _

~ 1'5: ~
N N
Q - Q
10 h
[ . |
0.5}
0 1 I 1 I 1 I 1 I 1 0 1 1 1 .
0 01 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 1.0
Z Z
<
Q

02 03 04 05 06 07 08 09 1.0 T 02 03 04 05

4 Destructive interference with increasing N ! 28



4+ Comparing the analysing p
» NJL Model

~
|

|

6'1/ Co

Collins and IFF

Sru-a a,N=6 |, %

.7Z'+ R

X ¢C}

® 9
7 W ¢
] ]

01 02 03 04 05 06 07 08 09 1.0

i A op, A"
N X @Qp, T |
N L =6 ® ¢p, 7
1 1 1 I 1 I 1 I 1 1 I
0.5 1.0 1.5 2.0
M} (GeV?)

owers for Collins effect and IFFs.

CI/ Co

[ ] [ ] [ ] [ ]

» Evolution-mimicking Ansatz.
0-4 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0.3
0.2
0.1

0
~0.1
—02}F -
03} - ot g | A P @ g -
i U —>JZ' ” 9 NL —6 X ¢C} T ] ¢T
_0’4 L I L I L I L I L I L I L I L I L I L
0 01 02 03 04 05 06 07 08 09 10
<
004 I 1 I I 1 I 1 I 1 I 1 I 1 I 1
o3l NL= 7
| A A A A A, _
0.2 N R A A A A A A A
A
0.1 A A ¢ —
0 C * | N ]
08 EEEEEEEE, -
O
-0.1 U OoooogH 4>‘
02 | A gt A ¢ratat -
u ¢R)”-'7f O ¢T}~7f~7f
=03 e ¢R;”-”+ ) ¢T}~7f”+ T
—04 I v 1 5 1 5 1 | I R T R
02 03 04 05 06 07 08 09 10

V4
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Longitudinal Polarisation
in DiHadron FFs

30



Longitudinal Spin

4+ FF for longitudinally polarized quark: (R X T) + ST,

1.6

{Di;a@(@m)

= D" [cos(or-1)] + sz sin(pr—1)Glcos(pr-7)] | _ osf
PR-T = ¥R — PT

[cos]

1.98F
1.961-
1.94f

1.92F

1.88F
1.86F
1.84

1.82F

%2/ ndi
po

3.391/7
1.904 + 0.000

pl 0.000113 + 0.000276 ~

1.80

%2 ! ndf 5242/7
po 0.0002279 = 0.0002057

p1 0.1076 = 0.0003
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Cross-check for unpolarized DiFF

4+ Results for unpolarized DiFF and analysing power, impose cut 21 2 = 0.1

NJL Model Evoluti imicking A
» NJL Mode » Evolution-mimicking Ansatz.
12 .. I T I T I T I T I T I T I T I T I T 12 T I T I T I T I T I T I T I T I T I T
g 1 =6 |=— o
10— .'. $] - 10 - —— ¢R; Zeut -
__________ - Zeus
_ 8 7 - 8 Or.T 7
N N O Prr Zeu
% 6 — > 6 .
S S
<, <,
4+ - 4 -
2| . Uy 2 -
ol 1 7 o MR B B . | oW T e b o
0 01 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 1.0
4 4
0020 | T I T I T I T I T I T I T I T I T I T i 0020 | T I T I T I T I T I T I T I T I T I T i
- N L= 6 A - - N L= 6 &
0.15F A 0.15F A4
| ®  drr LA .t. | @ orr R
§ B A ¢R-T) Zeut A ] § C A ¢R-TJ Zeut A ([ ]
:0.10_— A ® 4 :0.10_— A‘.. —
Q - A ® . S - A_©
2, : R ) ] S, : ‘e )
= 0osf G 3 = 0.05F le ]
s f e’ ] s f o °®
S d & X "R Adns S eeececeeests
5 F Seeeeee 5
-0.05 - -0.05 -
_0.10 : L I L I L I L I L I L I L I L I L I L : _0.10 : L I L I L I L I L I L I L I L I L I L ]
0 01 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 1.0
4 4

4+ 212 > 0.1 cut enhances the analysing power at high-z for larger N_! 39



Analysing Power for Longitudinal Spin

4+ Comparing the analysing power for Collins effect and IFFs.

» NJL Model » Evolution-mimicking Ansatz.
0-4 I T I T I T I T I T I T I T I T 0.4 I T I T I T I T I T I T I T I L]
0.3} ....,.»“": 03} .
~— 02__ .... _- — 0'2__ _-
@ . [ .....' L A A A A :‘S\_ i ..... LA AA Al
Z 01 o0® N — Z 01 A 4 ~
S | eeeeeee®™™ - S
= 0 2 A 2 i AaAx — 0
~ - . ~ - .
S o1 _ S 01b +—
S . - S ! 1
<)ol _ < _poL a
021 o on No=6 _ 0.21 ® ¢p, N.=6
03 " ¢r, NL=6 . _03L ¢, N.=6 _
A @pr, NL=6 A Qpr, NL=6
—-04 | | | | | | | —04 | | | | | | |
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 10
< <

4 Might explain BELLE results. Phys.Rev.Lett. 107 (2011) 072004 PoS DIS2015 (2015) 216

~ H(z1,m7)HZ (22, m3) ~ Gy (z1,m])G7 (22, m5)
T EE— EE— = 002
o - 0.008-
§§,° *H**—-_-**:-:T_— % 0.004 -

tA
-
T
!
e
T

v v v v v e e bev e bev e b
03 04 05 06 0.7 08 33



FUTURE PLANS
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e ErFEC [ OF VECTOR MESOINS (.

* 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!

e Let’s consider only two hadron emission

‘Direct: u—d+nT su+n + 7" )
VWM, u—=d4+7mt s u+p +7"
00 gw—wo
0 O 0 4+
U—>UuU+p —u+tp +p=>pr1mT
S P
_ T T )
4 1\
Ppir(ntn7)/Pyy(ntn™) = =
\_ J
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Effect of Vector Mesons on Unpol. DiFFs

| | | | | | ] 1.0 ] ] ] | |
[ [ [ [ [ [

i - + B N -
vl U—1T T ) S Uu-1 1T -
c\’{} i F u.ll Final State: = Full Final State
g 10k = === Primary N '\‘Ev& = === Primary -

S ' ) '
+l:' i | +:\'2’ 0.5
N 5 i ] N ]
Q 05 - = -
- I i Q
s 9 B 7 NEE 7
— | - >
ol ] P N H N SR
0 02 04 06 08 10 12 14 0 0.2 04 0.6 0.8 1.0
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| | | | | | | | | | | | | | | | | | | _I
. — ”' K+ re — — »7[. Ko ]
~ 03 =0T ~ 1.2 T
’\ 00000000 ” K ’\ | 00000OCGOO ” K _
~N
< EQ I 7 K"
ba adoammo® g 0_
X3 0.8 7 K ]
S _
5, |
o 041 .
Q. N — .oooooooo.........
\Q B ®ooo
B ,ol—ol—ol—1-ol—r—lo—lo-loqoqo

0
04 06 08 10 12 14 16 04 06 08 10 12 14 16
2 2 2 2
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Conclusions

% (Polarised) TMD FFs provide a wealth of information about the spin-spin
and spin-momentum correlations in hadronisation.

%* Hadronization Models are needed to calculate polarised FFs and study
various correlations (Collins and IFF, etc).

< Polarised hadronisation in MC generators: support for future experiments to
map the 3D structure of nucleon (COMPASS, JLabl2, BELLE I, EIC).

%* The NJL;jet model provides a robust and extendable framework for
microscopic description of hadronization using MC: TMD, Collins, DiHadron.

* All 3 Di-Hadron spin correlations from single-hadron effects in quark-jet!

“* The extension of the underlying quark-jet mechanism to include
polarisation can be incorporated into mainstream MC frameworks.

“* Inclusion of vector mesons in polarized hadronization is the next step to
accurately describe di-hadron effects.
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BACKUP SLIDES



» The non-perturbative, universal functions encoding parton

Fragmentation Functions

hadronization are the: Fragmentation Functions (FF).

1 d
o)
\

dz

ole et — hX) = ZCi(z, Q*) @ DMz, Q%)

~N

J

» Unpolarized FF is the number density for parton i to produce

hadron h with LC momentum fraction z.

(DI'(2Q?)

q
>

h

3

» z is the light-cone mom. fraction of the parton carried by the hadron

[z

p

:k—_%

Zh

 2E,
Q

a

T _

V2

1

(a’ £ a?) j
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FACTORIZATION AND UNIVERSALITY

SEMI INCLUSIVE DIS (SIDIS)

\_

- N
0_6P—>th _ Z fqp 2 g€d—¢€q R Dc}]L

\_ q Y,

cete™

-

_ _ _ )
O_e+e —hX _ Zo_e+e —qq R (DZ 4 Dg)

q

J

DRELL-YAN (DY)

-

\_

\

q,q9’

J

Hadron Production

-

\_

\
PP—hX P P "—qq’ h
o =) fFefl®c® 7 g D]

q,q9’

J
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3D Nucleon Structure with TMD PDFS

*TMDs: Momentum Space *“GPDs: Impact Parameter

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

¢ Leading Order TMD PDFs

4+ Survive after TM integration!

BN hJ_ Boer-Mulders
DIN !

h T Kotzinian-
Mulders
fir g| 7 (Ohr g
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TMDs from SIDIS eP—€ h X

'A. Bacchetta et al., JHEP08 023 (2008).

* For polarized SIDIS cross-
section there are 18 terms

in leading twist expansion:

1o F + eF +
dody dz dgs dg, Pz, = UOT T ETUOE T m

4 ’SJ_| [Sin(¢h B ¢S) (F(S]i;l—f;éh_(bS) 4 ng;th—¢s)) e Sil’l(¢h 4 ¢S) Fg;(¢h+¢5) 4+ ]

» Access the structure functions via specific modulations.
» LO Matching to convolutions of PDFs and FFs: P < Q7

Fuur ~ Clf1 D] Fomentos) o Clhy Hi']

*NEED Collins Fragmentation Function to access
Transversity PDF from SIDIS! [BELLE (Il) , BaBar]| 43



TMDs from SIDIS eP—€ h X

A. Bacchetta et al., JHEP08 023 (2008).

* For polarized SIDIS cross-
section there are 18 terms

in leading twist expansion:

g ..|= Zeg/dQET dQﬁL faq.. 52(ﬁT — Pl — ZET)
q

[ k) - 1o
. / 2P| D(z, P?) = D(2)

| { \

PT — P + zkr

/
— )
/

43




EMPIRICAL EXTRACTIONS OF TRANSVERSITY
* SIDIS at HERMES  « Opposite sign for the charged pions.

PLB693 (2010) 1 1-16.

1Lh
Cln? Hi-"

Clfi Dy

(sin(¢ + ¢s))r ~

 Large positive signal for K.
1w | e Consistent with 0 for 7 and K.

** Fits to HERMES, COMPASS and

-0.05 - bor [
<5 o
{ i —
= o4l
'\GTD/ 0.001 0.01 0.1
o X

z AN Dy/(2)

= 005 il + g BELLE/BaBar: rrp 92, 114023 (2015).
k=
@
N 0.4 . 0.2
- Q2=2.4GeV? o I
_ 02f %
5 3
(> %

o Still Large Uncertainties!
e Simplistic Approximations !
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» Preliminary from COMPASS

Talk by C.Franco at CIPANP 2012.

1IN™S dN"Ydz

107

—

102

COMPASS Preliminary

D55 & MR5T
KRE & MRST

NS dNMdz

0

1073

Multiplicity

-
=

Unfavored FFs NOT well known!

Hadron Multiplicities
» Also results from HERMES

Phys. Rev. D 87, 074029 (2013)

~| e proton
+—CTEQ6L/DSS
1--- CTEQ6L/HKNS
1 CTEQ6L/Kretzer

HERMES LEPTO/JETSET

08 0.2 04 06 08

y 4
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Impact of FF uncertainties on extracted PDFs

» As puzzle: DIS vs SIDIS.  » Impact on extracted As

COMPASS: PLB 693 (2010) 227-235.
[

Al(x,2) =

Platchkov: Talk in Chile, 2016.

Q® = 3 (GeV/c)?

> ea(Aq(x)D](2) + Ad(X)D’g(Z))\
> €5 (@®)D§(2) +Gx)DA(z))

X As(X)

0

-0.07F

fDC’f(z) dz o fD§+ (z)dz

DIS COMPASS 0.0z — , = .
_ [ DX () dz Y0 @dz

-0.03f

-0.04

| X
0.02;
SIDIS COMPASS 0;
-0.02 }
-0'04:lllllll | | IllIlII | | | .|
1072 107"
: -01
[ * + + ol b bocc b b b
SIDIS HERMES i 2 3 4 5 6 V4
0 m—— ES— a— R et G
[ X'AS H * + RSF
-0.1 ‘=—| — S

0.03 Y Y 46



RECEN | COMPASS RESULTES

COMPASS, PLB736, 124-131 (20I4)

>
+SIDIS with transversely polarized target.

4+ Collins single spin asymmetry:

4+ Two hadron single spin asymmetry:

Jsinérs _ P, — Py Zq 63 - hi(x) - Hffq(z M}%Jrh_, cos )
U 2Mh—|—h— Zq 63 ' fi](x) | Dl,q( M2+h ; COSH)

4+ Note the choice of the vector

20 P17 — 21 P>

Z1 + 29

RArt'ru —



http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en

RECEN | COMPASS RESULEN

COMPASS PLB736, 124-131 (2014).

- —
+SIDIS with transversely polarized target.

4+ Collins single spina —

< U107 2007 & 2010 proton data
~ o hh
o Collins A"
Coll — > | + 5
Zq eq o & 5 @
T S—
i $* 3
- 4+ Two hadron single ¢ ° 0
-0.05 ¢
: % A? cos6)
AsinqSRs o |£ hth—>
UurT _ _ |
O’lol IIIIII| | | IIIIII| | | IIIIII| ”}%_'_h Y COSH)
| 1072 107" 1
'+ Note the choice of e ™

20 P17 — 21 P>

21+ 292

RArtru —



http://inspirehep.net/search?p=collaboration:%27COMPASS%27&ln=en

String Model: Artru Mechanism

4 (g created in °P, state.
4 Local compensation of TM.

TUM “ﬁu%f’;

“wm e

4 Qualitatively implies opposite signs for favoured and unfavored.
(Omitting complications from favoured production at rank 2, etc .)

4+ Simple and intuitive quantum-mechanical picture.
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SFEC TATOR MODEDS

E.G. - Bacchetta et al, PLB 659:234, 2008

4 Use Field-theoretical definition of FFs from a Correlator.

de+ d?
[A(z,kT)— - [ Kt ak. ) = ZZZ / S(zﬂ)fT RO W ©) I, X) G, X I OU +oo)|0>|§:a

c ; e kr;
D (z, 22k7) = Tt[A(z, kr)y~] rkrj

1 |
Hi"(z,k7) = > Tr[AG, kr)ioys]
4 Approximate the remnant X as a “spectator” (quark).

4 Calculate the FFs at leading-order in favourite quark model.

D 2 p/ (
1 (z,p7) /TN

hy,
AR i
Hird) 7 N, AT\ 433 \
(b)

(d)
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SFEC TATOR MODEDS

E.G. - Bacchetta et al, PLB 659:234, 2008

uw—mt

02T 05 S
( I I d ( II . FF I F —— Error Ansel. etal. 1
a CU ate O ’nS . i 04— |— Q°=0.4GeV’ _
e ] 7 Q@’=24GeV’ |
i 1 a ‘—- Q*=110 GeV’ _
& [ o~ 031 P
g I /
— 0.1 T = P -
= B I 0.2 i /'/ —
i - -
- - - e o
; ——
0.05 -
r 01— // = —
i L == |
00 00 0.2 0.4 0.6 0.8 1
74 Z

Issues with ALL the model calculations to date:

4 Mismatch in orders of calculat:ons VIOLATION OF POSITIVITY

Bacchetta et al, PRL 85, 712 (2000) .
D (z, pJ_)

k
By,
J_ L 4
H Z p J_ ﬁ\ /@TR k—1,/ 7! k=ls/ Sy

4 Missing multi-hadron emission effect:
» No direct access to unfavored FFs. » Description of small-z region.
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A v -
Y -
~>
q Q’ Q” o
Q N\
4

TRANSVERSE MOMENTUM DEPENDENCE
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SLIDE STOLEN FROM P. SKANDS

Andersson - Camb.Monogr.Part.Phys.Nucl.Phys.Cosmol. 7 (1997) 1-471

The Ultimate Limit: Wavelengths >

Quark-Antiquark Potential What physical
As function of separation distance system has a
l Scling plot S |inear potential?
2GeV | LA'I_I'ICE QCD SIMULATION

Bali and Schilling Phys Rev D46 (1992) 2636

(in “quenched” approximation) e Long Distances ~ Linear Potential

3t :%Il}lﬁﬂﬂ I g‘g }E
1GeV - {é # . :

1r e.-d"" - “Confined” Partons
(a.k.a. Hadrons)

Short Distances ~ “Coulomb”

\N 0+
£
/No—7\ 1rf
y

“Free” Partons 2 :;

ecRecleveeler]
Howduu
A A
AP NOO
.
S

| 1 1 1 1 1 1 !
0.5 1 1.5 1fm 25 3 35 4 2fm

1
2

F(r)~const =rkx1GeV/Im <= V(r)==nrr

~ Force required to lift a 16-ton truck

Peter Skands Monash University



LUND SYMMETRIC FF

. 1) Schwinger Effect

p String breaks: quark-antiquark pair creation ' Non-perturbative creation
. . . . ‘ f ete pairs i
via tunnelling in strong “chromoelectric” field. e s SRS

Probability from

4 Does NOT depend on the type of produced hadron! N B el e

—1m2 _pi
K/

| Pocexp(
p Causality: independent breaking of the string: (s the string tension equivalent)
< Constrained form of FF < May produce h in gny order.

2 27N ([ ow )} shower ® ulPio.p+)
b (mh +p J.h)) RS I N : O 1o — Fun. 500)

Z

F(2) oc 21— 2)exp (—

() Kp11 — pia, 22(1 — 21)py)

a=0.9 ~— “high-ztail” — “low-z enhancement”
a=0.1 [
15¢ 20 ; b=0.5
15¢
10 f
10;
03 0.5 a=0.5, mr=1

02 04 06 08 10 02 04 06 08 10

Note: In principle, a can be flavour-dependent. In practice, we only distinguish between baryons and mesons
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LUND SYMMETRIC FF

. 1) Schwinger Effect

» String breaks: quark-antiquark pair creation eNon: par TRl o
. . . . ‘ f eter pairs i
via tunnelling in strong “chromoelectric” field. B am s T
o + Probability f
4 Does NOT depend on the type of produced hadron! B s T;?mi“‘n';ﬁ;g’[;‘r
| g X ex —m2—pi
- | | o)
» Causality: independent breaking of the string: G EGEIITENIETINITEED
% Constrained form of FF % Maypoduce h in any order.
shower u(Fio, )
1 b m2 —I_ 2 o / % ) % @R ] 7 (PLo — PlLis 21p+
Z Z Y | @

() Kp11 — pia, 22(1 — 21)py)

sS
Small a Small b
“high-z tail” “low-z cement”

' The hadron z depends on combined
TM of antiquark and a quark from

02 04 06 08 10 02 04 06 08 10

previous string break!

Note: In principle, a can be flavour-dependent. In practice, we only distinguish between baryons and mesons




TM FFS IN QUARK-JE

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

> 7 Np,
7 P
A 4y -
P -~
% Q
q Q’
e h Tl >
» TMD splittings: d,, (2, p7 ) *\\\

» Conserve transverse momenta at each link.

(- )
\P — +zk)
(kJ_:PJ_—I—k/J_j

» Calculate the Number Density

-

\_

ZNSims NC?(Z’Z_I_AZ?PJZJPJ% —I_APJQ_)

~

D} (z, P})Az mAPT = N
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Lorentz Transforms of TM

Diehl: NPB 596, 33 (2001)(2015)
» Boosts from 0 TM frame that preserve “-> component.

1 K k1| k2
2(k—)2 | k= | k-
0] 1 0 | O
0 == [ 1|0
0 == | 0|1

L (k,+>k/_7k,J_ — O) (p+7p_>pj_>
L (k_l_vk—:k/—akd_) (P—I—ap—:p—aPJ_:pJ__'_ZkJ_)

TT) Pieik
»In case of two (or more) hadrons: same story!
(P1L=py, + 2kl P31 =py, + 2k )
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BEEMEN TARY _TMD SPLLT TS

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

> Quark—quark correlator:

détd? _
Z / g £J_ eng X <O‘U(OO,§) wi(‘g)‘haX>out out<h7X’¢j(O) Z/{(O,oo)‘0> '

Azy (Z pJ_
2N 2 £ =0

» One-quark truncatlon of the wavefunction: ¢ — Qh

7 [\
1 Py [\\ P

dh( 7pJ_) §TT[AO( 7p3_)7+] —> .”d :\\. - o

» NJL Effective quark model calculations:

b
Engt = Ty(id —mpwy + G@G,Te)? L we SN T
0.6 e K- —
<l -
>xmmn<—) >< 0.2 B ]
'




TMD FRAGMENTATION FUNCTIONS

» UNFAVORED

FAVORED

1

0.9

0.7 08

Illl

I‘ Illlll‘llll
0.1 02 03 04 05 06

1

0.9

0.7 08

0.6

0.5
V4

Sessus!
B ——
“‘#.#/

_______

2

9

E=——>

<=
COESSS

LI

0.07— oo

0.9

Illllll T
0.3 04 05 06 07 08

Illll

0.1 02

09 1

Trrid LI ll|||ll TT
03 04 05 06 07 08

0.1 02

V4

57



COMPARISON WITH GAUSSIAN ANSATZ

| ' | ' | ' | ' | | ' | ' | ' | ' |
) — NJL-jet, <P2>=0.148 GeV*_ L — NJL-jet, <P2>=0.396 GeV*_
=== Gauss Fit, <Pi>: 0.117 GeV? === Gauss Fit, <Pi>: 0.365 GeV?
~~ ~~
\S/ ' u-at, z=0.8 ' g ' s—>K*, 7z=0.2 '
~ 107 ~ 107
& N
A Ry
e N
N 107 N 107
~
\\\
~
1076 1076 ' —
0 0 1 2 3 4 5 6
P: (GeV?) P% (GeV?)

* Average TM:(P?}) = fﬁ];); LP%Z()Z(ZJ; ]g)i)

Q_PJ2_/<PJ2_>

- Gaussian ansatz assumes: D(z, P?) = D(z)
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-~ AVERAGE Transverse Momenta VS Z
' FRAGMENTATION

o 04"""""\"::.."_":: o 1
o\ .
2 2 % 0.3_ \ . )

P P SN
(PRuns > (PE); o
N i
4Indications from HERMES v 01 _
data:| A. signori, et al: JHEP 1311, 194 (2013) 0




Different Hadronlzatlon Mechanisms.
_LUND Model _ QuarkJet
f
|

QFragmentation of qq pair: break- | #Fragmentation of g, similar to
~ up of the string. QFT definition of FFs.

'+ Independent breaking of the string. | ¢ Time-ordered hadron emissions.

4+ Quark TM indep. of hadron type. , +q — Qh depends on h (spin, mass).
vw— Kt +s, s—¢+s

w— K*t + s

U—Uu-—+3S8S, S—> S+ 88§

—_——

———— e e

+ No correlation in TM: h; and h;. | _ |+ Recoil TM of h, affects hz




~ Different Hadronization Mechanisms.

|
+Fragmentation of gq pair: break-
up of the string.

{ 1
!%
{

| +Fragmentation of g, similar to
QFT definition of FFs.

4+ Independent breaking of the string. | ¢ Time-ordered hadron emissions.

4+ Quark TM indep. of hadron type. , +q — Qh depends on h (spin, mass).

0035 : 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 : ‘ 0045 1
0.40
035

0.30 o o ———— -

| < 0.30
} 3 0.25
i g .

!
?; N0.20

% 0.15

0.10

4 005F e ecees K ‘] | 0.05
b T i Y-
0 01 02 03 04 05 06 07 08 09 1.0 i

— _7z'+ o amm o K+




UNPOLARIZE

B

DIHA

DRON FRAGMENTATIONS

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

v

//h1 / 2

AN
&

* The probability density for observiﬁg two hadrons:
Py = (zn1k™, P, Py,1), P{ = My,

Py = (22k™, Py, Py 1), P§ = Mj,
* The corresponding number density:

[Dglhz(z,Mg) Az AM; = (N} (2,2 + Az; M7, M + AM%)}]

Z =21+ 29
e Kinematic Constraint.

M; = (P + Py)°

[legMz — (21 —+ ZQ)(ZZM}%l —+ 21M22) > Oj

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



2- AN

D 3-BO

B

DECATS

(The M7 spectrum of pseudoscalars is strongly affected by VM decays. )

e We include only the 2-body decays o, K.

e Both 2- and 3-body decays of w, ¢.

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

O Q

p
74

@
4

1
z
T




el AIA SIMULATIONRS

e Setup hard process with back to back g @ along z axis.
* Only Hadronize. Allow the same resonance decays as NJ|L-jet.

* Assign hadrons with positive P, to (¢ fragmentation.

E, =10 GeV

Single Hadron Dihadron
0.6 ' ! ! ' ! ' ! ' | | | | | | | | | |
Q’ =400 GeV* —— 7, PYTHIA . i = PYTHIA i
=== K.PYTHIA | =5 sl === NJL-jet —
'''' 0+}1;YTT£ZA a - =e==c= PYTHIA No VM -
L ) : AN\ U NJL-jet No VM -
= ™ 1.0 —
S + n _
= & : 1l
) & f ]
2N o0 0.5 B
' S N [
............................................... s
mj_ —————————————————————————— 1 0 i 1 1 1 R i
0 . . . . . 0O 02 04 06 08 10 12 14
0 0.2 0.4 0.6 0.8 1.0 2 2
z My (GeV~)
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Positivity and Polarisation of Quark

Bacchetta et al, PRL 85, 712 (2000) .
4 The probability density is Positive Definite: constraints on FFs.

4 Leading-order T-Even functions FULLY Saturate these bounds!

4+ For non-vanishing H and D+, need to calculate T-Even FFs at
next order!

4 Average value of remnant quark’s spin.

| 2 2
2z MQ T

dz da—Q)(z
J

(ST)q = st

4 In spectator model, at leading order: hT(Z) — —d(z)

4+ Non-zero h+ means (S7)go # —s7 (full flip of the spin)!
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THE QUARK JET MODEL

Field, Feynman, Nucl.Phys.B136:1,1978.

Assumptions: v Y v
v Y v
» Number Density ///{ /% ////{
interpretation _)_._)_‘_)_‘_)_/ d
q Q Q’ Q”
» No re-absorption
» 00 hadron emissions
) z 1
h 7h 70 h
D) =djz) + [ ¥y Db(C)-
<
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THE QUARK JET MODEL

" Field, Feynman, Nucl.Phys.B136:1,1978.

Assumptions: v Y v
v Y v
» Number Density p //{ % /
(] [ / // //
interpretation > O > o > g —— =
q Q O! QH

» No re-absorption

» 00 hadron emissions

Probability of finding hadron  with mom. The probability scales

frac. in a jet of quark with mom. fraction

Dg(z)dz o afg(z)dz / cfff(y)dy ' D%( )

Prob. of mom.

Prob. of emitting at step

transferred to jet at step




NAMBU--JONA-LASINIO MODE

Yoichiro Nambu and Giovanni Jona-Lasinio:

“Dynamical Model of Elementary Particles Based on an
Analogy with Superconductivity. |”

Phys.Rev. 122, 345 (1961)

Effective Quark model of QCD

*Effective Quark Lagrangian
Loy, = Za My wq—l—G F@Dq

X

*Low energy chiral effective theory of QCD.

*Covariant, has the same flavor symmetries as QCD.
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NAMBU--JONA-LASINIO MODE

400 —————————r T .

*Dynamically Generated Quark Mass T

‘%/3005

C 150 L ;

£ 100 | :

- 1 -1 K K §>50§ %

) —_ ): + O: ................. ]

k k 0 02 04 06 08 10 12 14 16 1.8 20
G/Gcrit

my = 0 MeV
mg = 5 MeV
mg = 50 MeV

*Pion mass and quark-pion coupling from ePjon decay constant
t-matrix pole.

k k k k

qg-k q-k

Fixing Model Parameters

eUse Lepage-Brodsky Invariant Mass cut-off regularisation scheme.

Mo < Ao = \/A§+M12+ \/A§+M22
* Choose a M, (4) and use physical [, M, m g to fix
model parameters A3, (G, Msand calculate GhqQ.




PEFENDENCE ON NUMBER@IS
BN SR EBE A BRGNS
» Restrict the number of emitted hadrons, Ny ., .in MC.

0.6 -
+ 0.5+

04

0.29 x

0.1 +

Links_
NLinks=3

a S
YN \NY

O
03_ ‘\“““\A“

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

| | | | | | | | | | | |
04 0.5 0.6 0.7 0.8 0.9 h?.O

» The low z region is saturated with just a few emissions.
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BOEU THONS OF TH

4 Input elementary probabilities from NJL:

AN
P, o P
o 4
K 7 2
o P> e
K-p

- INTEGRAL

CQUATIONS

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

0.8

0.6

g 69



BOEU THONS OF TH

SN

-GRAL

—QUATIONS

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

4 Input elementary probabilities from NJL:

L

08— u-zt
7N, 0.6
v 4 -
k 4 \ k v 04
—— > @——o
k-p 0.2
0
4 Solutions of the integral equations:
- T
12— 0.6 —————
[ Q% =4 GeV? 5 5
1H ———- Empirical . 05F | Q"=4GeV
N e NJL-Jet (0.2 GeV?)
+ o8l — NJL-Jet - 0.4}
E . +
D:

Z
' U I I
——=—= Empirical 7
"""" NJL-Jet (0.2 GeV®) T
— NJL-Jet
,)'/‘ \\ b

[ 4
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