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Studying hadronization

hq l
NN
A
- N
\
h;
O e*e™ annihilation to hadrons d Semi Inclusive DIS
access to FFs x FFs access to PDFs x FFs

Possibilities for studying hadronization
O Phenomenological fits parametrize FFs (and PDFs), extract from data
e.g. extraction of Collins FF (or IFF) and transversity

O Modeling analytic calculations, or

Monte Carlo event generators
develop a model, implement in a program, compare the
results with the data, make predictions
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Modeling hadronization: the string+3P, model

0 We have developed a model for the simulation of the fragmentation polarized quarks
string+3P, model: adds spin to the Lund string model

AK, Artru, Belghobsi, Bradamante, Martin, PRD 97, 074010 (2018) 2018 PS mesons
AK, Artru, Belghobsi, Martin, PRD 100, 014003 (2019) 2019 PS mesons
AK, Artru, Martin, PRD 104, 114038 (2021) 2021 PS mesons + VM
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Modeling hadronization: the string+3P, model

0 We have developed a model for the simulation of the fragmentation polarized quarks
string+3P, model: adds spin to the Lund string model

2018 PS mesons
2019 PS mesons

2021 PS mesons + VM

AK, Artru, Belghobsi, Bradamante, Martin, PRD 97, 074010 (2018)
AK, Artru, Belghobsi, Martin, PRD 100, 014003 (2019)

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

;) Quark splitting described by a 2x2 splitting amplitude
Tq’,h,q [ (Ll.ulrllccll(z_l_’ PT; kT)] [k + 0,07 - K'7] Thsy,
q(k) q' (k") 3P, mechanism Coupling
ky = pr + K K complex mass e.g.
7, = pt/k* paramter [L=ps = O,
Im(p) — T spin effects (Collins, dihadron)

Re(u) — L spin effects (G..)

Coupling of quarks to h
PS mesons no free parameters

Vector Mesons f;, fraction of L polarized mesons
011 oblique polarization (L/T interference) i
co—9

q q
©c—=
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Modeling hadronization: the string+3P, model

0 We have developed a model for the simulation of the fragmentation polarized quarks
string+3P, model: adds spin to the Lund string model

AK, Artru, Belghobsi, Bradamante, Martin, PRD 97, 074010 (2018) 2018 PS mesons
AK, Artru, Belghobsi, Martin, PRD 100, 014003 (2019) 2019 PS mesons

AK, Artru, Martin, PRD 104, 114038 (2021) 2021 PS mesons + VM

h(p)
Quark splitting described by a 2x2 splitting amplitude

d /
Tq’,h,q [ (]iufllq(z+r PT; kT)] U + 0;0T * k T] l—‘h,Sh

q(k) q' (k")

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

For anti-quark splitting ) )
{q; h! q’} . {q Hr 51'}, Z+ - Z—r {kT; P, k',I‘} - {le PT; k',I'}

q&)  qck)
RT = PT ‘l:R-,I'
7_ =P k-
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Modeling hadronization: the string+3P, model

O Applied to
[ SIDIS: polarized fragmentation quarks of struck quarks
polarization of remnant neglected
implemented in Pythia via StringSpinner (public)

AK, L. Ldnnblad, CPC 272 (2022) 108234;
CPC 292 (2023) 108886

— promising description of transverse-spin asymmetry data

£, hd

see most recent version including PS + VM production CPC 292 (2023) 108886
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Modeling hadronization: the string+3P, model

polarized.
initial quark

olarized
target

£, hd

@ ete” annihilation to hadrons — this talk
hadronize qq using the string+3P, model accounting for
correlated spin states of g and q
guantum mechanical spin-correlations in fragmentation
AK, X. Artru, PRD 109 (2024) 5, 054029

toneziuoipey |

June 3, 2024 Albi Kerbizi (Transversity 2024, Trieste)




Application of the string+3P, model to e*e- annihilation
AK, X. Artru, PRD 109 (2024) 5, 054029
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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”@ X X y y
p(q,q) « 1,®15—0 &® 0% * TrcacZ [oq & og + 0y X Gq]
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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 e*e” annihilation with spin effects
now possible with Pythia 8.3 + StringSpinner

Q /s = 10.6 GeV, y* exchange, quarks produced u, d, s
consistent with BELLE and BABAR data

O Free parameters

complex mass p as in Ak, Lonnblad, CPC 292 (2023) 108886
fi, =0.12 ~ T pol. VMs
O, = —0.65 interference between T and L pol. of VMs

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

0 Compare with Collins asymmetries

June 3, 2024 Albi Kerbizi (Transversity 2024, Trieste)
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The Collins asymmetries in e*e for back-to-back h;h,

U Thrust axis method Boer et al., NPB504, 345 (1997).
Boer, NPB, 806:23-67, 2009

Anselmino et al., PRD 92, 114023 (2015)
e~ D’Alesio et al., JHEP 10 (2021) 078

(sin? 0)

Nhyh, ® 1+ 7705 Az cos(1 + d2)

Collins asymmetry
2 J_hl J_hz
. Zq € qu qu

2 h; h2
2q€q D1 Dig

O Measured asymmetry
A&J;‘(UC) ~ Allj2 — A]I(ZC) U unlike sign pair e.g. mtn™ + ™t
L like sign pair e.g.mwint +m "
C charged pair egntn+n nt +ntnt +
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The Collins asymmetries in e*e for back-to-back h;h,

U Thrust axis method Boer et al., NPB504, 345 (1997). O Hadronic plane method
Boer, NPB, 806:23-67, 2009
Anselmino et al., PRD 92, 114023 (2015)
e~ D’Alesio et al., JHEP 10 (2021) 078 e~

(sin? 0,)

(sin B)
= A12 COS((I)l + (I)Z) Nh1h2 <1+ mAO COS(Z(I)O)

(1+cos? 0)

Nh1h2 <1+

Collins asymmetry Collins asymmetry

2 J_hl J_hz
A12 - 0~ h h
2 ph1 phe e2 Dt ® D2
O Measured asymmetry U Measured asymmetry
UL(UC L(C
A;J;“(UC) ~ Allj2 — A]I(ZC) U unlike sign pair e.g. mtn™ + ™t A, o) o Ag — AO( )

L like sign pair e.g.mwint +m "
C chargedpair egmnnm +nm nt+nnt+nn
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The Collins asymmetries in e*e for back-to-back h;h,

O Thrust axis method Boer et al., NPB504, 345 (1997). O Hadronic plane method
Boer, NPB, 806:23-67, 2009

Anselmino et al., PRD 92, 114023 (2015)
e~ D’Alesio et al., JHEP 10 (2021) 078 e~

(sin” B) (sin? B,)

Nh1h2 <1+ _(1+COSZ 0) A12 COS((I)l + (I)Z) Nh1h2 <1+ mAO COS(Z(I)O)
Collins asymmetry Collins asymmet% B
2 pyihs ¢yLhy e2 wH.' ® H;=?2
Ay = Zq €q qu qu Ay = Zq q 1hq hlq
12 — h h 2 1 2
Sqe3 Dy Dz Yqeq Diqg ®Dyg
Measured by BELLE 2006 (1), 2008 (Tr1M), 2019 (17T, 01T, My™M)
BABAR 2014 (trm), 2015 (mrm, K, KK)
BESIII 2016 ()

Used in many phenomenological fits to extract h; and H;, here only the model results
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Comparison with the A;, asymmetry
AK, L. Lonnblad, A. Martin, in preparation

Albi Kerbizi (Transversity 2024, Trieste)
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A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008)

03<2z,<05 @

« 0.15F 02<z,<03
< | ZBELLE 2008 UC !
0.1 - StringSpinner UL -
’ E -m StringSpinner UC (} (}
0.05F 0 i .
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Belle asymmetries corrected for thrust smearing

Cuts:

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

A4, asymmetry for charged 1t Tt pairs

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

:_ o BELLE 2008 UL L
- 5 BELLE 2008 UC ;
0.1 - StringSpinner UL - {’
’ E -m StringSpinner UC (}. r
005f 4 % - % -
- é o a
O e -
04F 05<2,<07 L 07<2,<10
0.3f : %).
02F -
: o | ¢
01F 4 ° L L, 2 .
OE & m 2 i o & 7
02 04 06 08 102 04 06 08 1 2Ep.
Zl Zl Zi = 1

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

StringSpinner reproduces trend and size
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« 0.15
0.1
0.05

PRD 78, 032011 (2008)

A4, asymmetry for charged 1t Tt pairs

0.4F
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Z,
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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
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: ¢
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I . o
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O
U T T
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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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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
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] o R R RRRRR
1 1 1 L | |
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i o 0
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005 B le) -
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] e
1 |
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P, (GeV/c) P, (GeV/c)
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A12
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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
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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
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: 6 O I é
]
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Alll% asymmetry for charged U TT pairs
Pr; X Pr, - dependence w.r.t thrust

[ 0.00<P, /(GeV/c)<0.15
0.1 [ . StringSpinner UL
| & StringSpinner UL qq =
O
- ©BELLE 2019 UL
0.05 i © S = . ©
ios o S
0 _—g """""""""""""""""""""""""""""""""""""""""
] M| ] 0 | ]
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00sf . 8 e
. O
TR @
O L o e e ]
I T S SRR I R R S
0.2 04 0.6 0.2 04 0.6
P, (GeV/c) P,1 (GeV/c)
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[ 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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Comparison with the A, asymmetry
AK, L. Lonnblad, A. Martin, in preparation

Albi Kerbizi (Transversity 2024, Trieste)

27



A asymmetry for 1t 1 pairs:
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A asymmetry for 1t 1 pairs:

PRD 78, 032011 (2008) @
0.15F 02<2,<03 C 03<2,<05

E o BELLE 2008 UL i
0.1F &BELLE 2008 UC .
r - StringSpinner UL r
" = StringSpinner UC L {).
0.05 - %
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0.1F oo L s e
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Z Z
Cuts:

T>0.8z>0.2Qr < 3.5GeV

Trend reproduced by string+3P,
somewhat lower values in the last z, bin
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A asymmetry for 1t 1 pairs:

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 92, 111101(R) (2015)
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BABAR asymmetries higher for z,<0.3
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A asymmetry for 1t 1 pairs: Pro dependence

PRD 90, 052003 (2014)

- . oBaBar UL o
< . oBaBar UC
e StringSpinner UL
| = StringSpinner UC
0.04 — %
0.02 -

0.5 1 1.5

Cuts: P, (GeV/e)

T> 0.8,z > 0.15,Qt < 3.5GeV
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Ao asymmetry for 1t 1t pairs

: Pro dependence

PRD 90, 052003 (2014)

. oBaBar UL

<ﬂo oBaBar UC
. StringSpinner UL
| = StringSpinner UC

0.04 -

002 b - K E}}'
.

Cuts:
T>0.8,z> 0.15,Qt < 3.5GeV

1.5
P, (GeV/c)

Transverse-momentum dependence reproduced by string+3Py!
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Conclusions

O The string+3P, model is applied to the fragmentation of a string stretched
between quarks with entangled spin states
these kind of strings are produced also in pp collisions..

@ Implemented in Pythia 8.3 for e*e™ using StringSpinner

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

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

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

June 3, 2024 Albi Kerbizi (Transversity 2024, Trieste)

33



June 3, 2024

Backup
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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 =, :
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AV asymmetry for back-to-back ¥ — 1

_|_

Z, X Z, - dependence

Asymmetries w.r.t thrust axis

702040608 1
ZI

June 3, 2024

o by by P vy 1y
02 04 0.6 08 _I
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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 ° @
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PRD 78, 032011 (2008)

A4, asymmetry for charged 1t Tt pairs

o 0-153_ 02<z,<03 03<z,<05
<[ ZBELLE 2008 UC {,
0.1 - StringSpinner UL -
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- é > - e @
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< 03} g %.
02F g
_ o & g
01:_ Q o r (3 Q |
OE & i & a L iy [1["
02 04 06 08 102 04 06 08
Zy Zy

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

StringSpinner reproduces trend and size
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A asymmetry for charged pions

PRD 78, 032011 (2008) @
0'15:_ 02<2,<03 - 03<27,<05 Anselmino et al., PRD 92, Kang et al., PRD 93,
T o BELLE 2008 UL i 114023 (2015) 014009 (2016)
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Trend reproduced by string+3P Lol o a=0300 [, s 008
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somewhat lower values in the last z, bin
JAM, PRD 102, 054002 (2020)

Ao asymmetry essential observable
included in phenomenological fits
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A4, asymmetry for charged 1t Tt pairs

PRD 78, 032011 (2008) @
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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) /
Lund

1/2 ,
Tq’,h,q X [Fq’,h,q(z+r PT; kT)] [P— +o,0r-k T] Fh,sl1

W® ) / f \

Lund splitting fcnt. 3P, wave function '
Ky = pr + K., p g 0 coupling
Zy =p/k* / l \V
q q L I’+ kr q_ string *kr N q.0a string . O
O-—----- O o —e O—© —9 @ = VM with pol. V
remnant 1 1 g 1'k’§/ quark q g -kt —s =
Sao__-- q GLV]:k 1 + GT GT . V'FO-Z
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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
ible f
T (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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A4, asymmetry for charged KK pairs

PRD 92, 111101(R) (2015) &
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Corrected for thrust smearing
Cuts
T>0.8,z>0.15Qr < 3.5GeV,ag < /4
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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 :
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< 03f -
i (})o
02F -
o 40 e
I {: ‘ ? 3
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02 04 0.6 08 0.2 04 0.6 0.8
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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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