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Studying hadronization

O Phenomenological QCD fits (SIDIS, e+e-, pp)
parametrize FFs and PDFs, extract from data e.g. Collins FF or IFF, and transversity

U Development of hadronization models

May 30, 2024 Albi Kerbizi (Trieste University and INFN)



Studying hadronization

O Phenomenological QCD fits (SIDIS, e+e-, pp)
parametrize FFs and PDFs, extract from data e.g. Collins FF or IFF, and transversity

U Development of hadronization models
analytic calculation of FFs  e.g. using spectator models Bacchetta et al., PLB 659 (2008) 234-243
multiproduction models
O String fragmentation models

Artru, Menessier ‘74  no spin
Lund String Model ‘83 no spin

string+3P0 spin [Artru '09; Artru, Belghobsi '13; Kerbizi, Artru, Belghobsi, Bradamante, Martin ‘18..]
U Cluster model NO SPiNn [Marchesini, Webber ’84]
O quark jet models

Field, Feynman 77 no spin

NJL-jet model ’17 spin [Matevosyan, Kotzinian, Thomas, ‘17]

L MC event generators needed to perform calculations with multiproduction models
general purpose generators (Pythia, Lepto, Herwig).. no spin in hadronization
for spin effects = develop a model of spin-dependent hadronization

then implement in MC
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Modeling spin-dependent hadronization:

the string+3P, model

O Extension of the Lund string fragmentation model that includes the quark spin
based on amplitudes, preserves positivity and entanglement

different developments

Artru, DSPIN-09, arXiv:1001.1061
AK, Artru, Belghobsi, Bradamante, Martin, PRD 97, 074010 (2018)
AK, Artru, Belghobsi, Martin, PRD 100, 014003 (2019)

AK, Artru, Martin, PRD 104, 114038 (2021)
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Modeling spin-dependent hadronization:
the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude
AK, Artru, Martin, PRD 104, 114038 (2021)

h(p)
qu,h'q (0.4

q(k) q' (k")

kr = pr + kg
Z, =p*/k"

May 30, 2024 Albi Kerbizi (Trieste University and INFN)



Modeling spin-dependent hadronization:
the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude
AK, Artru, Martin, PRD 104, 114038 (2021)

h(p) e
Lund
T/ hq & [Fq}fﬁ,q(zw Pt kT)]
q(k) "(k' /
& (, ) Lund splitting fcnt.
Kr = pr + Ky
Z, = p*/kt /
7 7 +krt 7 .
q Tl q strin
S o 01: l C: Y
remnant 1 1 q 1'kT quark
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Modeling spin-dependent hadronization:
the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude
AK, Artru, Martin, PRD 104, 114038 (2021)

h(p)
Lund . 1/2 ’
Tong & |Fod (2o, prikn)|  [n+ 0,00 k']
q(k) q'(k") . / !
, Lund splitting fcnt. 3P, wave function
Kt = pr + K¢
Z, = p*/k* e l
= a ’Q‘E A \\\ +E — &
q Tl q st T
O------- e OL .o 0— —® (L) —string
remnant 1 1 4 1'kT/ quark q g -k
\\ ,’/ q
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Modeling spin-dependent hadronization:
the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude
AK, Artru, Martin, PRD 104, 114038 (2021) PS meson— o,

h(p) /
1/2

d /
Tq/ hq % [F]&uﬂq(zw PT; kT)] [h+oz07 - K'7] Ths,

W® ) / f \

, Lund splitting fent. 3P, wave function coupling
Kr = pr + Ky
Z,=p*/k* ,’/f/—\\/k’ l \v
— = ’Q‘E = .\\\ +k
q q | T g string T -
O------- o 013 - l o——o 50 —_string VM with pol. V
remnant 1 1 g 1'k’§/ quark

~

~— -

GLV]:k 1 + GT 8'1‘ : V;'O'Z
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Modeling spin-dependent hadronization:

the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude

h(p)

q(k) q' (k")

kr = pr + kg
Z, =p*/k"

Free parameters:

May 30, 2024

AK, Artru, Martin, PRD 104, 114038 (2021)

Lund 1/2 ’
Tq/ hq % [Fq',h,q(z+; PT; kT)] lu+ oz07 - K't] Bagy

/ r \

Lund splitting fent. 3P, wave function coupling
as in Lund Model complex «mass»

Im(pu) responsible for
transverse spin effects,
e.g. Collins effect
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Modeling spin-dependent hadronization:
the string+3P, model

PS meson— o,
O Basic quantity — quark (and antiquark) splitting amplitude

q q
AK, Artru, Martin, PRD 104, 114038 (2021) c—s

h(p) /
FLund 1/2

Tq',h, [ q hq(Z+r Pt kT)] [M + 0,07 - k,T] ‘,-

q(k) q' (k") / f X

, Lund splitting fcnt. 3P, wave function couplin
Kt = pr + K¢ ° PN
Zy =p*/k" >/ l \‘
- P 1 g
Free parameters: as in Lund Model complex «mass»  fy=——T71— o | ©c—
Bem
I ible f
(1) respon.5|b e ror fraction of long.
transverse spin effects, ol. VMs
e.g. Collins effect PO B\ 3 ]
Opr = arg (.—.) )
oblique pol.

(LT interference)
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Modeling spin-dependent hadronization:
the string+3P, model

O Basic quantity — quark (and antiquark) splitting amplitude

h(p)
Lund 1/2 ’
Tq’,h,q X [Fq’,h,q(z+r PT; kT)] [H + 0,0T * k T] ‘,-

q(k) q' (k")

kr = pr + kg
Z,=p*/k*
H(P)

For anti-quark splitting

E {q; h' q,} — {(_]; H, (_1,}1 Z+ - Z_, {kTr Pt k',I‘} - {RT; PT! R"I‘}
I{T = PT + I(r,r

q&) gk 7_ =P~ /k"

AK, Artru, PRD 109 (2024) 5, 054029
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O Standalone MC for polarized quark jets

initial studies
detailed study of the model predictions
(Collins asymmetry, dihadron asymmetry, Gi-..)

O SIDIS

implemented in Pythia via StringSpinner

complete collisions
struck quark polarized, remnant unpolarized

parametrization of transversity PDF

Applications of the string+3P, model

reproduces TSA data (Collins, 2h) -
polarize

[AK, L. Lonnblad, CPC 272 (2022) 108234; CPC 292 (2023) 108886]
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target

polarized.
initial quark

£, hi

h;
hy
/ VM
q — > > >
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beam remnants
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(J Standalone MC for
initial studies

detailed study of the model predictions
(Collins asymmetry, dihadron asymmetry, Gi-..)

Applications of the string+3P, model

polarized quark jets

q —> > =
7
O SIDIS
implemented in Pythia via StringSpinner polarized
complete collisions s |
struck quark polarized, remnant unpolarized
parametrization of transversity PDF il ok .
reproduces TSA data (Collins, 2h) et — ’;
[AK, L. Lonnblad, CPC 272 (2022) 108234; CPC 292 (2023) 108886] target h hy T
O e*e™ annihilation to hadrons — next slides = T
hadronize qq accounting for al— K
i. correlated spin states of g and q o|p - <: T
ii. guantum mechanical spin-correlations E w n
in fragmentation chain 8 n
AK, X. Artru, PRD 109 (2024) 5, 054029 ol E T
hy T
13
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Recursive recipe forete™

Steps:

[AK, X. Artru, PRD 109 (2024) 5, 054029]
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Recursive recipe forete™

Steps:
1. Hard scattering

[AK, X. Artru, PRD 109 (2024) 5, 054029]

Set up the scatteringe*e™ - qq inthe c.m.s
generate the quark flavors and kinematics using differential cross section

antiquark helicity frame %
(AHF)

3q

T<: ! quark helicity frame
2 (QHF)
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Recursive recipe forete™

Steps:
1. Hard scattering
2. Joint spin density matrix

_————— -

[AK, X. Artru, PRD 109 (2024) 5, 054029]

-

[ Set up the joint spin density matrix of the qq pair
p(@@ = CI oi®ot
correlation  Pauli matrices
coefficients along QHF and AHF
a=0, Xq» Yqr Zq
B = O, Xq, YQ’ Zq
For y* exchange
= zZ zZ sin”6 X X y y
p(q,q) « 1,®15—0 &® 0% * TrcacZ [oq & og + 0y X Gq]

May 30, 2024 Albi Kerbizi (Trieste University and INFN) 16



Recursive recipe forete™

Steps:

1. Hard scattering

2. Joint spin density matrix
3. Hadron emission from q

[AK, X. Artru, PRD 109 (2024) 5, 054029]

O Emit the first hadron using the splitting function
(emission probability density)

dP(q »h+q’;qQ)
dz,Z3'd?pr

= Trq’qTq’,h,q p(q; Q) Tc-ll-’,h,q = Fq’,h,q(Z+r pT! kT; qu)
Ty hg = Torng ® 1g ‘\ /‘

in the QHF
1 VM emission — backup
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Recursive recipe forete™

Steps:

1. Hard scattering

2. Joint spin density matrix
3. Hadron emission from g
4. Update density matrix

[AK, X. Artru, PRD 109 (2024) 5, 054029]

~ -

 Evaluate the spin density matrix p(qd'Q)

r =\ __ — T
p(ad", @) =Ty hg (@@ Ty,

includes the information on the emission of h
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Recursive recipe forete™

Steps:

1. Hard scattering

2. Joint spin density matrix
3. Hadron emission from g
4. Update density matrix
5. Hadron emission from q

[AK, X. Artru, PRD 109 (2024) 5, 054029]

Depend on the
azimuthal angle h

dP(—-H+q’;q9'q) R _ i,
az_zotazp, - o Tang P4 @) Ty g = Fa'uq(Z-, PT{ I;T» Ca9)

Expressed in the
AHF

-~

1 Emit a hadron from the c‘fsi_de using the splitting function

conditional probability of emitting H, having emitted h
— correlations between the transverse momenta

[Collins NPB, 304:794-804, 1988, Knowles NPB, 310:571-588, 1988]
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Recursive recipe forete™

Steps:

1. Hard scattering

2. Joint spin density matrix
3. Hadron emission from g
4. Update density matrix
5. Hadron emission from q
6. Exit condition

[AK, X. Artru, PRD 109 (2024) 5, 054029]

O Iterate until the exit condition is called and the last quark pair is hadronized
more details in PRD 109 (2024) 5, 054029
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Simulations of ete™ with spin effects

O Now possible in Pythia 8.3
StringSpinner package extended

O Photon exchange, only uds quarks produced, v/s = 10.6 GeV
consistent with BELLE and BABAR data

May 30, 2024 Albi Kerbizi (Trieste University and INFN)
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Simulations of ete™ with spin effects

O Now possible in Pythia 8.3
StringSpinner package extended

O Photon exchange, only uds quarks produced, v/s = 10.6 GeV
consistent with BELLE and BABAR data

O Free parameters

spin-less hadronization as in standard Pythia 8.3
spin-dependent hadronization
complex mass u as in AK, Lonnblad, CPC 292 (2023) 108886
fp =0.12 ~ T pol. VMs
Ot = —0.65 interference between T and L pol. of VMs

found to give a satisfactory agreement with ete™ data,
ok also for SIDIS

O Comparison with Collins asymmetries from BELLE and BABAR
AK, L. Lonnblad, A. Martin, in preparation
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The A{, asymmetry

O Reference plane formed by the thrust axis i and the beam e-
back-to-back h; and h,

N oc1+&A cos(p1 + P3)

h;h; (1+cos? 0) 12 1 2

Boer, NPB, 806:23—67, 2009
. Anselmino et al., PRD 92, 114023 (2015)
Collins asymmetry D’Alesio et al., JHEP 10 (2021) 078
2 J_hl J_hz
12 Y o2 Dhl th \/g
q~9 “1q ~1q

O Experimental asymmetry

Rllj'zl"C = NféL’C/(N}JéL'C) U = unlike sign pair
L = like sign pair
C = charged pair

RY (sin? B)
uLe) _ Riz UL(UC)
Ri; = RL(C) + (1+ cosZ 6) Aq, cos(dy + d3)

12

UL(UC L(C
A12( ) = Alljz _Alg )

L Measured by BELLE (2008, 2019) and BABAR (2014, 2015)
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A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008) @
~ 0.15F 02<2z,<03 d 03<2z,<05

A12

" o BELLE 2008 UL .
- 5 BELLE 2008 UC ; %
0.1 - StringSpinner UL -
’ E -m StringSpinner UC (} (}
0.05F ? i 5
- é é = o .
Op % e .
04F 05<2,<07 L 07<2,<10
0.3f ? %
02F -
> 3 Q
0.1 0 )
O: 8 O O o o O | '{-‘
02 04 06 08 102 04 06 08 1
Z Z

Belle asymmetries corrected for thrust smearing
Cuts:
T>0.8,z>0.2Qr <3.5GeV
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« 0.15

A12

A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008)

- 02<2z,<03

-©BELLE 2008 UL
& BELLE 2008 UC

0.1 -e StringSpinner UL

0.05

IIIIIIIIIIIIIIIIII
©

-m StringSpinner UC (}

03<2z,<05 @

04F 05< z,<0.7

0.3f
0.2}
01F 4 °

02 04 06 08

Z

1

102 04 06 08 1

Belle asymmetries corrected for thrust smearing

Cuts:

T> 0.8,z > 0.2,Q < 3.5 GeV

StringSpinner reproduces trend and size
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A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008)

o 0-153_ 02<2z,<03 _ 03<z,<05
< [ SBELDE 3008 UC E b
0.1 - StringSpinner UL -
’ E -m StringSpinner UC (}. r
005f 4 % - % -
- é . G =
e e
o 04f 05<2,<07 - 07<2,<10
< 03f 3 %).
02F -
: o | ¢
01F 4 ° L L, 2 .
OE & m & o i o ay [}'
02 04 06 08 102 04 06 08
Z, Z

Belle asymmetries corrected for thrust smearing
Cuts:
T>0.8,z>0.2Qr <3.5GeV

StringSpinner reproduces trend and size
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2

i

[0.5<2,<0.7] T [0.7<z4<1.0] ]
AUL
12
/ /

[0.2<z,<0.3] T

[0.3<2,<0.5] ]

02 04 06 08 02 04 06 08

2

Z

Anselmino et al., PRD 92,

[0.5<z4<0.7]

114023 (2015)

-

[0.7<z,<1.0]

[0.2<z,<0.3]

VS
/_

[0.3<z,<0.5]

02 04 06 08 02 04 06 08

2

Z
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A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008) @
0 0.15F 02 <% <03 - 03<2,<05 0.1F02<7,<03

A12

- o - 03<z,<05
L - BELLE 2008 UL i b L StringSpinner i
- : < - StringSp ;
0.1F 2 SteeSprmmer UL a b 005FeU sl «C . | .
[ = StringSpinner UC (}. r {‘ - . ° : . ®
0‘05:_ (}g _ (}. ()—---;----A ------------- 4] LA A A A
C @ G L (2 q |;F r ] - r ] -
C é Ou r G C L] i n
(] e SRR A RRREECEERLEEE - -0.051 N b
04F 05<2,<07 L 07<2,<10 o 025 05<2,<07 E 07<2,<10
L [ — r r [ ]
0'35_ L %. < ().1E . . ° [ ] E . ° [ ] N
o L OF---4&---4----- A A T A A A
02E (I) (}. : {, : u n - u n
0.1:_ (@Y o :‘ % Q n _0.1_— | L ]
- & e o - : -
O?TQ"E: """" P ST ﬁtT?T?FT?Tﬁ?TﬁTTTT -02F . . . S S
02 04 06 08 102 04 06 08 1 02 04 06 08 102 04 06 08 1
Zy Zy Z Zy
Belle asymmetries corrected for thrust smearing Opposite sign for A[1]2 and AL1'2; as expected
Cuts:

T>0.8,z>0.2Qr <3.5GeV A(ljz ~ 0 - explains Alljzc < Alll%

UL(UC)
12

L(O)

A 12

~ AU
StringSpinner reproduces trend and size ~Aj, — A
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« 0.15
0.1
0.05

PRD 78, 032011 (2008)

A4, asymmetry for charged 1t Tt pairs

0.4F
0.3f
0.2}
0.1}

F 02<2,<03 03<z,<05
I e BELLE 2008 UL
- 5 BELLE 2008 UC {,
— - StringSpinner UL -
[ = StringSpinner UC (}.
o o) o 0
- 3 & ) Q.u G
C é O @
05<z,<0.7 - 07<z,<10
- s e ’
L Q ® _ Q Q |
& o I} ay L & [1["

02 04 06 08 1

Z,

02 04 06 08

Belle asymmetries corrected for thrust smearing
Cuts:

T> 0.8,z > 0.2,Q < 3.5 GeV
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A12

PRD 92, 111101(R) (2015) N
£ 0.15<2,<02 [ 02<2z,<03
02F  BaBar2015 UL 3
s BaBar 2015 UC
0.15p -o- StringSpinner UL E
I = StringSpinner UC
0.1 r
: I ¢
005F o °© - Fo © © -
N VO LSO . I TR
- 03<27,<05 L 05<2,<09
0.3F -
: ¢
02r r
I . o
o e .
0.17 - o ° ; o e
O
U T T
02 04 06 08 02 04 0.6 0.8
Zy Zy

BaBar asymmetries corrected for thrust smearing
Cuts:
T>0.8,z>0.15Qr < 3.5GeV,ag < /4

StringSpinner lower than BABAR
difference between BABAR and BELLE known

PRD 90, 052003 (2014)
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A4, asymmetry for charged KK pairs

PRD 92, 111101(R) (2015) &
£ 0.15<2,<02 - 02<2,<03

N L
< 025 _ BaBar2015 UL KK 3
r = BaBar 2015 UC KK C
0.15¢ o StringSpinner UL o (]f
- & StringSpinner UC L (]F
0.1? + B
0.05F % i S
IS
AL I 1 0 b
o F 03<2,<0.5 05<2,<09
< 03 - %
02F -
f Q ¢ g
01 ¢ Q [
o o @ g o
O'.g........l.j....'.|...|...|...|
02 04 06 08 02 04 06 08
Zy Z)

Corrected for thrust smearing
Cuts
T>0.8,z>0.15Qr < 3.5GeV,ag < /4

May 30, 2024 Albi Kerbizi (Trieste University and INFN)

29



A4, asymmetry for charged KK pairs

< V*“I &BaBar2015 ULKK
= BaBar 2015 UC KK L
0.15F ¢ StringSpinner UL C (]Ij
L = StringSpinner UC L (]|>
0.1¢ r ¢

0.05 ? t : °

o—%é ,,,,, i ] éi 3 U

PRD 92, 111101(R) (2015) &
o £ 0.15<2,<02 - 02<2,<03
= 02 :

o - 03<2,<0.5 0.5<2,<09
< 03f -
i (})o
02F -
o 40 e
I {: ‘ ? 3
N LT L L
T IR R S | PR T N T AN SN T S N S ST
02 04 0.6 08 0.2 04 0.6 0.8
Z) Z,

Corrected for thrust smearing
Cuts
T>0.8,z>0.15Qr < 3.5GeV,ag < /4

AVS much smaller than AYL at large z
reproduced by string+3P,
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A12

@\l
—

Alll% asymmetry for charged U TT pairs
Pr; X Pr, - dependence w.r.t thrust

0 1__O.O()<P2T/(G€:V/C)<().15 i 0.15<P2T/(GeV/C)<0.30@ PRD 100, 092008 (2019)
"I - StringSpinner UL
| = StringSpinner UL qq | Asymmetries using thrust axis,
- ©BELLE 2019 UL I 5 not corrected for thrust smearing
0.05F i . T> 08
S ° o 72> 0.2,Pp < 3.0 GeV/c
I © e oo < 0.3 rad
] o R R RRRRR
1 1 1 L | |
0.30<P, /(GeV/c)<0.50 | 0.50<P,/(GeV/c)<3.00
0.151 -
i Q
0.1F -
i o 0
[ o)
005 B le) -
o © Q
] e
1 |
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A12

Q]
—

Alll% asymmetry for charged U TT pairs
Pr; X Pr, - dependence w.r.t thrust

. 1__O.OO<P2T/(GeV/c)<O.15 __0.15<P2T/(GeV/c)<0.3OE| PRD 100, 092008 (2019)
"t - StringSpinner UL
| = StringSpinner UL qq | Asymmetries using thrust axis,
- ©BELLE 2019 UL I % not corrected for thrust smearing
0.05 I . T > 0.8
[ . §{> - e z > 0.2,Pr < 3.0 GeV/c
I ® @ oo < 0.3 rad
0 _—% """""""""""""""""""""""""""""""""""""""""""
| I | | | |
0 153_0'30<P2T/(GCV/°)<0'50 [ 0-50<P,/(GeV/e)<3.00 StringSpinner reproduces the nearly linear
T i 3 trend observed by BELLE
0.1} - e
i © | ®
| I
0.051 . ol -
: 6 O I é
]
i 1 ]

02 04 06 02 04 06
P, (GeVic) P, (GeVic)
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A12

N
—

0.1

0.05}

0.15}

0.05

Alll% asymmetry for charged U TT pairs
Pr; X Pr, - dependence w.r.t thrust

[ 0.00<P,/(GeV/c)<0.15

0.1}

P (GeV/c)

May 30, 2024

[ . StringSpinner UL
| & StringSpinner UL qq =
- ©BELLE 2019 UL - %
- s
L O é} L O ®
i g % ) @ ©
1 M 1 L | |
0.30<P, /(GeV/c)<0.50 | 0.50<P, /(GeV/c)<3.00
Q
L B D.
O DD O g
O O
i ) . °
TR: &
L 1 L L L | L L L 1 L [ 1 1 | 1 1 | 1 1 1 | 1
0.2 04 0.6 0.2 04 0.6

P (GeV/c)

Albi Kerbizi (Trieste University and INFN)

[ 0.15<P, /(GeV/c <0.30E
i n/(GeVI) ] PRD 100, 092008 (2019)

Asymmetries using thrust axis,
not corrected for thrust smearing
T>0.8
z>0.2,Pr <3.0GeV/c
ap < 0.3 rad

StringSpinner reproduces the nearly linear
trend observed by BELLE

Linear trend shows up as an effect of the
misalignment between thrust and qq axis
strong effect by thrust
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The Ay asymmetry

0 Reference plane formed by the momentum p5 of h, and the beam e-

(sin? B5) Boer, NPB, 806:23-67, 2009
22 Ay cos(2¢py)  Anselmino etal., PRD 92, 114023 (2015)

NO x 1 +
2
(1+cos? 65) D’Alesio et al., JHEP 10 (2021) 078

Collins asymmetry

2 J_hl J_hz
2qeq WHiy " @ Hig
AO ==

2 hy h,
z:Cl €q qu ® qu

O Experimental asymmetry

Rg']"c = Ng'L’C/(Ng’L'C) U = unlike sign pair
L = like sign pair
C = charged pair

RY (sin? B,)
ULUO) _ 0 2 UL(UC)
Ry B RB(C) * (1 + cos? ez)AO cos(2o)

AIOJL(UC) ~ AU — Ala(C)

L Measured by BELLE (2008) and BABAR (2014, 2015)
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A asymmetry for charged pions
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A asymmetry for charged pions

PRD 78, 032011 (2008)
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Trend reproduced by string+3P,
somewhat lower values in the last z, bin
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PRD 78, 032011 (2008)

A asymmetry for charged pions
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Trend reproduced by string+3P,

somewhat lower values in the last z, bin
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Trend reproduced by string+3P,
somewhat lower values in the last z, bin
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Conclusions

O The string+3P, model applied to the fragmentation of a string stretched

between quarks with correlated spin states
these kind of strings are produced also in pp collisions..

A Implemented in Pythia 8.3 for ete™
extension of StringSpinner to be published

@ Encouraging results on Collins asymmetries in ete™
study of Artru-Collins asymmetries ongoing

d More developments of the string+3P, model foreseen
baryon production
connection to parton shower

Still a long way to an event generator fully implementing spin effects, but several steps
done!

May 30, 2024 Albi Kerbizi (Trieste University and INFN)

39



May 30, 2024

Backup

Albi Kerbizi (Trieste University and INFN)

40



The recursive recipe for simulating e*e™ annihilation: VM emission

P4, q)

For a vector meson h=VM

- n(q) = (;l’,,-I};:Vqu(q ) Tq h=VM,q Dyrar 1(q) = 14, and n@ = 15
Steps:
i) Emission probability density (summing over decay information, i.e. D7, = §,4/,)

dP(q>h=VM+q’;q9) a ) _
, —F, : qq

dM2dZ,Z; d?pr = Tro'g Tyrpg P(0Q) Tq’hq Fq'hq(M, Z+, prs kr, €

ii) Calculate the spin density matrix of h=VM, and decay the meson
Paar () = Trorg Tor o p(@, @ Ty} |
iii) Decay the meson p = pq p,..
dN(ps, pz-.)/dQ & M. (p = P1P2..) Paa’ (MMEZ. (p = P1p2..)

iv) Build the decay matrix  D,r,(p1,pz,-.) = MJar (p = p1pPa-.) Miec. (P = P1p2--)
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The hadronization model: string+3P,
string breaking by
tunneling of qq pairs in
qu 3p, state thq

h(p)

q(k) q’' (k")

\ quark splittingqg > h+ q’

I“h,s,,
Relevant variables:
_ '
® - 3P,mechanism kT =pr+ kT
@ — coupling Z+ = p+/k+
2 _ 2 2
&, = M“ + pt

r o =z Transverse vectors
defined w.r.t. string axis

Quark splitting amplitude in the string+3P, model
a

2
1-7, bLsh ka'
2 !
Ty ng € Cq'hg DL(M?) ( 2 exp |— (sh) e lm+ 0,07 - K'7] Thsp,
h ; .
flavor  mass Y j  transverse Pomechanism 0 sling
longitudinal momentum momentum Hcomplex mass €8
Free param. Lund ongitudinal momentu (w.r.t string axis) paramter] Ih=ps = 0,

Free param. string+3P,

AK, Artru, Martin, PRD 104, 114038 (2021)
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Steps for the extraction of Collins asymmetries

Example of etTe™ » wtm™X
U

' [ [ i [ i . . R
i) Iivalua;e normzillze(.i y|eld_s f'?r ||)+Evaluite n(.)rmall_zed yields for ii) Evaluate the ratio 212
Tt —T Unlike pairs n* —m* “Like pairs” dfit th RY2
and fit the asymmetry
v _ N2(ds + ¢2) L _ Nip(bs + ¢2)

RY, = Riz = RY

— + (Nq2) (Ny2) Rlll% _ 12

T /T R,

~ 1+ A7 cos(dy + ¢y)

Fit function

f(p1 + ¢2)
= po *+ p1 cos(Ppy + d2)

04 < Z1 < 05
0.085[ 02<z,<1.0 0.0845F
A A

o i ~ K
Z Z 0.084F
\% [ \% r
= 0084 =, :
< i $0.0835]
= L = r
DZS' 0.083 i ,_122' 0.083:
0082k 0.0825}

PR R SR R R BT 0,082;“\“‘\“‘\“

-2 0 2 i) 0 2
¢+, ¢+,
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AV asymmetry for back-to-back ¥ — 1

_|_

Z, X Z, - dependence

Asymmetries w.r.t thrust axis

[ 0.1<z,<02 L 02<z,<03 L 03<2,<0.5 _
[ 2 2 2 (not qq axis)
o BELLE PRD 100, 092008 (2019) T> 0.8

Pythia std. [ z > 0.1,Pr < 3.0 GeV/c
[ - StringSpinner Q oo < 0.3
r ®
i , ! , 2 8

- @
o8 & o !
M PR | | 1 ] | T ] | |
105<2,<0.7 07<z,<10 _
3 J % NO effect from Pythia
- - Satisfactory description from StringSpinner
5 smaller asymmetries at large z
L @ L ° @
o ° o

g ® ¢
e b b b b by B b e by by Iy

02040608 1 02040608 1

< <
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