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OUTLOOK

» Introduction and Motivation.

» Monte Carlo Approach within the NJL-jet
formalism.

* Transverse Momentum Dependent FFs and PDFs.
* Unpolarised Dihadron Fragmentations.

* One and Two Hadron Fragmentations of a
Transversely Polarized Quark.

» Conclusions.



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.
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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.




MOTIVATION

* A robust and expandable Monte Carlo framework for describing
both Favored and Unfavored fragmentation functions in multi-
hadron emission process using microscopic quark models as
input.

* NO model parameters fitted to fragmentation data!
* Momentum and quark flavor conservation is imposed.

* Extensions to TMD, Polarized Quark Fragmentation, Dihadron
Fragmentations.



MONTE-CARLO (MC) APPROACH

4 Using the probabilistic interpretation of fragmentation funcs.
to include the effect of multiple hadron emissions.
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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\
; A A A
Vi Y Vi
> oQ—>= > *—>
\_ q Q Q’ Q )
» Sample the emitted hadron type and z —, —
according to input splitting. 07 et Soains |
» CONSERVE: Momentum and Quark | 7
Flavor in each step. S o
* Repeat for decay chains with the same | . . . |}
\ J

initial quark. \

q

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

ZNsms N(?(z, 2+ Az

NSims

:




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.




zD; (z)

2D (z)

Results with VM decays: @* =4 GeV*
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TRANSVERSE MOMENTUM DEPENDENCE:
L@EE HING 5 DIMENSIONAL RICIREEE G
NUCLEON FROM SIDIS.



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)
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TWO HADRON CORRELATIONS:
DIHADRON FRAGMENTATION FUNCTIONS

14



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
dot + dot

x sin(¢r + ¢g)

>, €q hi(w)/z H (2, M)

q 4

> g€ Ji(x)/z Di(z, M)

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

18



SIEEREATMENT OF VM DECAYS: COMPARISON TERE SRS

e 2-body decay amplitude: non-
relativistic Breit-Wigner:

1
[P(m)dm x (m —mo) I,2/4dmj

e Constant decay width of VM.

E\/(S) = mT%/FV (%>3j

e 3-body decay amplitude:

¢ — 3

» Point-like coupling (PYTHIA).
» “Isobar” model (HERWIG, NJL-jet).

-

v o, m Yp;nm
M = e o € pi P53 Z 5 p)
1=0,+ pz

~.

N /
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RESULTS FOR DFFS Nrinks =8
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-SULTS
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PY THIA SIMULATIONS

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

* Assign hadrons with positive P, to ¢ fragmentation.

E, =10 GeV

Single Hadron Dihadron

0.6 T T T | T | T | T | T |
Q7% =400 GeV? ——— 7%, PYTHIA . - = PYTHIA i
=== K* PYTHIA | N 75E- = NJL-jet —
----- fﬁggf = - ec==c= PYTHIA No VM
ooooooo o, B ecccooce -7 1
L : i NJL-jet No VM |
. i i
2 +\N_, 1.0 ~ ]
'E: § L i
N .ER i i
2 D o 05 ]

. S g i
S ) \ B Zntitttaiasd . TT VOGS i
" | | | | | | | |——.T-. | I I
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S
.
S
S
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-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 \
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TRANSVERSELY POLARIZED QUARK FRAGMENTATION:
COLLINS EFFECT AND TWO-HADRON CORRELATIONS

23



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. 24




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,PY + 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;

I3+ My — (1 — 2)My)?

25

P+(M;—(1-2)M))?>)y A&
(PS’F:Cy ( 2 ( Z) 1)J q I_L




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

26

o Fit with form:(F(co, 1) = co — 1 sin())
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COLLINS EFF

=C 1 - MK

MK?2 Model Assumptions: H.M., Kotzinian, Thomas, arXiv:1312.4556 (201 3).

|. Allow for Collins Effect only in a SINGLE emission vertex - N]jl scaling

of the resulting Collins function.
2. Use constant values for Pg p.

4 The results for N;=2 and N =6,
scaled up by a factor N..

Psp =1
(F(CQ, 61) = Cy — C1 sin(gp))

i OIKO |X6 I+ Iéole | Iu—>il 7
04-° K*x6 - K'x2 7
- 0 K'x6 » K x2 S

i 2SS SNN  ad

gel—r L1
0

o Ax6+ 2"x2

o #*x6- 7t x2

o 7tx6 + 7t x2
o K*x6 - Ktx2
o K"'x6 » K x2




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: . {Mkﬂ;m +
M?+R2 - — _
p—|ep; R . P_h’zk2+l_<%J€T Z=Zp = 21+ 22
_ 2¢P, z 2P,
- N Zl
_ MR P, -P, _
PZ:_(I_g)Ph 2(1-§)P; ’RT] R= 2 S Z1 + %2

» 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) + et b 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) +

29



RECEN | COMPASS RESUEES

- COMPASS Collaboration, arXiv:1401.7873 (2014).

é R
+SIDIS with transversely polarized target.

4+ Collins single spin asymmetry:
Zq 63 Arq® Hth/q
€2 q® Dy’

Acon =

+Two hadron single spin asymmetry:

‘pl o p2| Zq 62 ) h(f(a:) ) Hffq(z, Mf%""h_’ COS@)
2Mp+ g Zq eg i) - D1 4(2, M}%-Fh—? cos 0)

singprs __
AUT _

4+ Note the choice of the vector
ZQPl — 21P2

Zl—I—ZQ

RATt’I“’LL —

3 o 4



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

' +Collins single spi =

+ SIDIS with transversely polarlzed target.

RECEN | COMPASS RESUEES

COMPASS Collaboratlon, arXiv: 1401.7873 (20I4)

< 010 2007 & 2010 proton data
5 \/ o hW'h
] o Collins h*
A o Zq €q AJ 005 © cﬁlﬁﬁih- %
Coll = 5 ¢
D4 €5 ¢
q g 5 @
] — -‘P--g----% ---------------------------------------------
i ARR
+Two hadron sing 2 ¢
-0.05- ¢ $ %@
Asinqus — ‘pl o5 9)
2M -O.IO_I IIIIII| | | IIIIII| | | IIIIII| COSH)
1072 107! 1
X
4+ Note the choice virurmrervesTwr—
Z2P1 — Z1P2
RArtru —
Z1 + 29
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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, arXiv:1312.4556 (201 3).

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

7
4

y /// &
( -
7
* 7

// //
>
|
q

Q Q"
Q N
4

Dtz (2, M2, or) Az AME App = <N:§h2(z, v+ Az M2, M2 + AMZ; on, on + Ach)> .
® Choose a constant Spin flip probability: Psr

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

(djar (2:p0) = /(%) (1 - 0.95in ) )
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POLARIZED QUARK DIFF IN QUARK-JET.

H.M., Kotzinian, Thomas, arXiv:1312.4556 (201 3).

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

4,
4 7 \P,
7 A
-
/ v o=
-

A %

>
1l
q

Q Q"
Q N
4

AN

DZ%M(z,M,%,ng) Az AM? App = <N:T1h2(z,z + Az M, M + AM7; or, o + ASOR)>-

® Choose a constant Spin flip probability: Psr

e Simple model to start with: opol — Unpol _
° o... o@D o ...' B TSF:O -

Only pions and extreme ansatz for the LA S e P05

: : : | A— yal
Collins term in elementary function. < &= S -
g 5 S 0.06 - \\ :~——’2.-‘—

(dhjar(2.p2) = i/ (2p) (1 —00sing) | L S

| | "..|..-'.
& : 0 2 4
Pr
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ANGULAR CORRELATIONS: u = 7t~

Unpolarized ’PSF — 0

COMPASS Preliminary:
F. Bradamante - COMO 201 3.

0.01

: 400

0.005 q) h+
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0.005




ANGULAR CORRELATIONS: u = 7t~

Quark-jet

Lusr w Nz o erer 4 We define:

== Q- g

4 No Spin Dependence!

-T -2 0 a2 a

COMPASS Results
F. Bradamante - COMO 2013.

10 x10

arXiv:1401.7873 (2014).

X1 n’
140/

o H

150

h*h™ pairs/(m/200)

100

50
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http://arxiv.org/abs/arXiv:1401.7873
http://arxiv.org/abs/arXiv:1401.7873
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ANALYZING POW
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INTEGRATED ANALYZING POWERS
z12 > 02,2 > O 2

AL I ]
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- A .
- 2 2 2 2 & & -
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COMPASS Results
arXiv:1401.7873 (2014).
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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

INTEGRATED ANALYZING POWERS

) [ N;, O'UU(l —+ Sin(¢c)AcG) j | _
QZ: ¢C — ¢h — ¢S/ . Zq 63 ATQ@HlJ_h/q —
- :¢h+¢s_ﬂ- ¢ ZG2Q®Dh/q _
~ » DiHadron P -
[Nthh— X O'UU(l -+ Sin(gbRS)A?}I}gbRSF)j

»Single Hadron =

0 ¢RS — ¢R o QSS/ Asinq5R3 ~ Zq 63 . h‘ll . Hffq
sl ur Z e2. f1. Dy
2 = ¢r+ s — 7 g7a J1 e

4 ) NJL-Jet Fits
! [ D+ = co — sin(¢@)cy j

Ng, 29 arXiv:1401.7873 (2014).


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

* Multi-hadron emissions are essential to complete description of
both Favored and Unfavored fragmentation functions!

* The NJL-Jet model provides a robust and extendable framework for

microscopic description of various fragmentation phenomena using
MC simulations: TMD, Collins, DiHadron.

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

» z dependence of (P7).

p Effect of VM decays on Dihadron FFs.
» [he role of the Collins mechanism in |FFs.

* Further developments of the model are underway:
» Including vector mesons in polarized fragmentations.
» Exploring the target fragmentation.
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