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Introduction: spin effects in baryon production
O Production of spin 1/2 baryons, many interesting effects

[ Collins effect coiiins, npB 396, 161 (1993)
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
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[ Collins effect

Collins, NPB 396, 161 (1993)
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect

J Spontaneous polarization of hyperons

Mulders, Tangerman, NPB 484, 538-540 (1997)

Anselmino et al., PRD 63 054029 (2001) unpolarized g

_B, T polarized B
/ Pr 5 DBL (z 2)
> > Dq_)BT+X(Zr Pr) = qu(Z, pt) + SpT - ZqXPT

A
X

Polarizing FF
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect

J Spontaneous polarization of hyperons

Mulders, Tangerman, NPB 484, 538-540 (1997)
Anselmino et al., PRD 63 054029 (2001) unpolarized g

T polarized B

- Polarizing FF
B -
/ Pr 5 (z,p%)
q — 1qT PT)=
- / > Dq_)BT+X(Zr Pr) = Dqu(Zr p%‘) + SpT - qupT
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect

L Spontaneous polarization of hyperons
J Transverse spin transfer to hyperons

() _ T polarized q
[ S ﬁT 2 = \y _nB 2 Bl 2\ @ 2
SqT Bi %q DqT—>BT+X(Z’ pT) — qu(Z, pT) + qu,T(Z' pT) SBT . SqT

R
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect
L Spontaneous polarization of hyperons
J Transverse spin transfer to hyperons

Pg T polarized q
B «transversity» FF pdanzed B
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect
L Spontaneous polarization of hyperons
O Transverse spin transfer to hyperons
O Longitudinal spin transfer etc..

J Modeling these effects is challenging — need amplitudes not probabilities
(d The model should be suitable for inclusion in Pythia = we want it to be useful for

present and future experiments
(EIC, JLAB22, LHCSpin,..)
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Introduction: spin effects in baryon production

O Production of spin 1/2 baryons, many interesting effects
O Collins effect
L Spontaneous polarization of hyperons
O Transverse spin transfer to hyperons
O Longitudinal spin transfer etc..

J Modeling these effects is challenging — need amplitudes not probabilities

(d The model should be suitable for inclusion in Pythia = we want it to be useful for
present and future experiments
(EIC, JLAB22, LHCSpin,..)

(d Extend the string+3P, model — shown to reproduce transverse spin effects in SIDIS, ete™
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In the following slides
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 recall of string+3P,
d new amplitudes for baryon production
 predictions of the new model
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The string model

O Lund Model of string fragmentation (spinless)

X~ as "time" - recursive splittingsq > h + ¢’
x* as "time" - recursive splittingsg > h + @’

Equivalent formulations — Left-Right symmetry

Andersson, Gustafson, Soderberg,
Z Phys. C 20, 317 (1983)

June 11, 2025 A. Kerbizi (Lund University, INFN Trieste) 11



The string model

O Lund Model of string fragmentation (spinless)

X~ as "time" - recursive splittingsq > h + ¢’
x* as "time" - recursive splittingsq > h + @’

Equivalent formulations — Left-Right symmetry

Andersson, Gustafson, Soderberg,
Z Phys. C 20, 317 (1983)

h(p)
Z, =p*/k*

O Spinless splitting function forq - h + q’ IZZT : I\P;ITZ :I;ZT
q(k) q’(k,) h T

— dar (7 Aq b 82 1 ka'"ZI‘

LM 2 vz (L~ 2+ + L<h 2(2) a5

F-r = |C. D, (M (— — ] exp|— N, “len)e 2
q ,h,q | q ,h,CI| | h( )l Z+ Eﬁ p ZZ+ a ( h)
transverse momentum
h flavour wf mass spectrum string fragmentation cutoff

of resonance

O Basics of string fragmentation in Pythia.. many parameters
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The string+3P, model

O Lund Model of string fragmentation (spinless) @ 3P, mechanism at string breaking (spin)

O Spin-dependent splitting matrix (2x2)
quarks (antiquarks) are taken to have v, =~ —1(+4+1)

1 3P, propagator

Tq’,h,qocl q’ hq] ®A ’(k T) l—‘hSh

coupling

Xq’(sq’) = Ty’ hq Xa(Sq)
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The string+3P, model

O Lund Model of string fragmentation (spinless) @ 3P, mechanism at string breaking (spin)

O Spin-dependent splitting matrix (2x2) JPe=0**
quarks (antiquarks) are taken to have v, =~ —1(+4+1) I k'; g 3p, pair production
1 3Py propagator \{@ Ay = p+o,07-K'r
Tyng & [Fitt o]’ ® Agr(k'n) T a ., K
q’hq q"hq ® Aq(k'r) T Sh P T w = [0.42 +i0.76] GeV/c?

coupling

FVM = GTGTGZ : V*T + GL 1 VE
G, Gicoupling constants
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In the following slides

June 11, 2025

d new amplitudes for baryon production

AK, X. Artru, in preparation
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String breaking by diquark-antidiquark pairs

0 We model baryons as g — qq bound states
O Assume string to break by tunneling of (qq) — (qq) pairs
(spinless) model introduced by the Lund group
: . : Andersson, Gustafson, Sjostrand,
included in Pythia NPB 197, 45 (1982) T(@’B’q

O Distinguish between

scalar (qq)o
pseudovector (qq)4
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String breaking by diquark-antidiquark pairs

0 We model baryons as g — qq bound states
O Assume string to break by tunneling of (qq) — (qq) pairs
(spinless) model introduced by the Lund group
: . : Andersson, Gustafson, Sjostrand,
included in Pythia NPB 197, 45 (1982) T(@’B’q

O Distinguish between

scalar (qq)o
pseudovector (qq)4

0 (qq) tunneling suppressed compared to q tunneling

2

) _q 2aq
Schwinger formula Pgq =€ K
string tension K = 0.2 GeV?
typical gqgmass  mgq ~ 0.5 GeV
Pythia Pyq/Pq ~ 0.1

O (qq); suppressed w.r.t (qq)g
Pythia . P(qq),/P(qq), ~ 003

O Need to introduce new splitting amplitudes for
q-B+ (@ @9 ->B+q
q—-B+@@o (@Do—>B+q
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Splitting amplitude for ¢ —» B + (qQ)

at rest

[ Propagation of PV diquark (qq),

1
x"(Sg) T@p1Bq X(Sq) [F(qq)1 B q]2 X

X q)qqa qq,ab (k’T) X-I- (SB) l_‘B,b X(Sq)
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Splitting amplitude for ¢ —» B + (qQ)

at rest

[ Propagation of PV diquark (qq),

1
x"(Sp) T@p1Bq X(Sq) [F(qq)1 B q]2

Spin-less Lund splitting function — energy-momentum sharing
between qq and B

1—2Z.\%9 (Z,\° bped] -1 brk'T
2\|2 + + L¢B 2 2 —
Fiqeq = |quBq| [Dp(M?)] ( 7. ) <£_2> €Xp [_ ZZJ Naqq,aq(EB)e A

B
1 1—7Z,\%a (Z,\% by g2

N £ =j dZZ‘1< +> (—*) exp[— B]

2qa2q (55) o Z, e2 27,
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Splitting amplitude for ¢ —» B + (qQ)

at rest

[ Propagation of PV diquark (qq),

X" (SB) Tigg),B.q X(Sq) =

X" (Sg) I p X(Sq)

'

Ob
b=x,y,L

Coupling for ¢ — B + qq from reduction of covariant amplitude

U(B) ysy* hqu ul@ = &, xF(Sp) 0 x(Sq)

Covariant coupling J reduced coupling

B at rest with boosts

Bacchetta, Conti, Radici,

B{«l (pT/SZB)B]j1 (p;/Mg) PRrD78, 074010

required by LR symmetry (I)qq - (ST: CI)L)
reduced qq pol. vector
withv, = +1

— Z
oL = 28qq
June 11, 2025 A. Kerbizi (Lund University, INFN Trieste) 20



Splitting amplitude for ¢ —» B + (qQ)

at rest

[ Propagation of PV diquark (qq),

X" (SB) Tigg),B.q X(Sq) =

d)% a Aqq,ab (k,T)

PV spin-1 diquark propagator  Vacuum quantum numbers
]PC — 0++ > L= _(Sqq + Sﬁ)
(qq) P = (—)L, C = (_)L+S
@ ......... ~ Hence
'l L=S=0 - 1S, state
o L =S =2 - °D, state

Schwinger mechanism (L) ~ 1.3
mgq = 0.5GeV

— mainly °D,state

June 11, 2025 A. Kerbizi (Lund University, INFN Trieste) 21



Splitting amplitude for ¢ —» B + (qQ)

at rest

PV spin-1 diquark propagator

(qa) sp
7 2 1.1 /
ki® +m2q/3 ik, Kqqki
oY\ r 1.7 ;2 /
Aqq(kT) = kyky ky” 4+ mZ,/3 KqqKy
! ! 2
KqqKx KqqKy Kéq T MGq/3

June 11, 2025

[ Propagation of PV diquark (qq),

X" (SB) Tigg),B.q X(Sq) =

d)% a Aqq,ab (k’T)

Vacuum quantum numbers
JPC =0t S L= —(§qq + §@)
P=() €=M
Hence
L=S=0 - 1S, state
L =S =2 - >D, state

Schwinger mechanism (L) ~ 1.3
mgq = 0.5GeV

— mainly °D, state
Kqq N€W complex parameter

inspired by diquark momentum
during tunneling

k, =~ i /maq + k#
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Splitting amplitude for ¢ —» B + (qQ)

at rest

O Propagation of scalar diquark (qq),

1
X" (SB) Tamon.q X(Sqa) = [Famepal® X

X, XT(SB) Ts0 X(Sq)

C—Y\Umbef—""” i

12
k' Reduction of the covariant amplitude

U(B) 144 u(q)

no spin-K'r correlation at
string breaking
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Splitting amplitude for (qq) — B + q'

Q Splitting of PV anti-diquark (qq),
1

_ [eLM 2
XT(Sq') Tq',ﬁ,(ﬁ)lch(_Sﬁ) - [Fquﬁ,(ﬁ)ll X
X XT (Sql) Aq/(k’T) GZFB,bO-Z O-ZX(_SE) q)ﬁ,b

/ \

3P, propagator oy,
Agy = p+ o007 K’y

[ Analogous for scalar anti-diquark (qq), with Iz, = 1,4,

June 11, 2025 A. Kerbizi (Lund University, INFN Trieste)
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In the following slides

June 11, 2025

 predictions of the new model

AK, X. Artru, in preparation

A. Kerbizi (Lund University, INFN Trieste)
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Probability distribution of the produced baryon:
Collins effect

O Distribution of B produced inq = B + (qQq); B(p)
dP .
q—-B+(@d)1 _ - t
Z,z 2y~ e Tam.sa P(Se) Ty, ma a(k) —»—j—'— (a1 (K)

2
_brk't

2 ;232 méq 12
=[..1e7 2 x [(|kgql* +kT°) +T7\(kT)]

X [1+3cg Sqr - (2% K'1)]

. 2Im(xqq)(IKgql® + kp*) K'r
adcB =

2
!/ 2 m !
(Ikqql? + ki) + =204

AMk?) = (mq + 2k;” + 2Re(kZg)

Collins effect!
in agreement with classical string+>D, mechanism for Im(qu) <0
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Probability distribution of the produced baryon:
Collins effect

classical string+°Dy scalar diquark tunneling

H I B
B I
Dy L 2 g — < g
i (9q), Tt f +ga),

3 No Collins effect for B produced in
(@@o 2> B+q’ [expected]

Collins effect!
in agreement with classical string+>D, mechanism for Im(qu) <0
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Probability distribution of the produced antibaryon:
Collins effect

Q Distribution of B produced in Q@) — B + q
B(p)

dP s). 55
(Q@1—B+qr _ a bt o
dZ+led2pT = Trq, q/,B,(qQ1 th,B,(@)lpab(qq)
(q@)1 (k) —>—j—'— q'(k")

2
_brk't

=[..]e 2 x[|u?® +k;’]

X1+ aC,E Sqq,T . (2 X k’T)] §qq,c = i€apcPab(dQ)

2Im (ke

Collins effect due to the 3P, mechanism (as for PS mesons)
2 4 k! 2
lul* + kg

Q>

CB~—

@ No Collins effect for B produced in (qq), —» B+ q’
as expected
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Probability distribution of the produced antibaryon:

Collins effect

Q Distribution of B produced in Q@) — B + q

dP(— B
qq)1—>B+q’ bt ___
dz,Z;1d2p; = Trg,Tq.8,@q0): TqB,@ga- Pab (GQ)
ka’2
=[..]e" x [1ul? + ki
X [1 + aC,B Sqq,T (Z X k’T) §qq,c = i€3pcPab(qQq)
Acg = 2Im(Wky Collins effect due to the 3P, mechanism (as for PS mesons)
, > ) 2
|ul* + ke
- cIaSS|caI String+3Py  immmmmmmmmmmmmoossomoesooosoooooosoooos oo oo
antibaryon PS meson

_%

June 11, 2025

lil B h=PS
@ Lﬁ' $(3c), —I U
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Baryon/antibaryon transverse polarization

Q B producedinq = B + (qq); 1 B produced ing — B + (qq),

[ S > g T
Sp,T X {l — 2Im(Kqq) (|/<;.qq|2 4 kTQ) z2xkl !
e b LT SB,T =S¢,

2 122, Mag [ Mag ‘9 2
—Sq,1 |(|kgql” + k)" + S + 2k, + 2Re(rg,)

2
2 k/ = S k/ kIQ o 2 2mqq
+2( T q,T) T il 5 I"WIQ| T 3

b 2m?2
+ 2Re(Kqq) Sqz kfr (kT2 + |f£qq|2 - %) }

Q B producedin (qq); > B+ q’ Q B produced in (qq)o = B + ¢’
’ € pes v+ o \ '{S P 21111(:“) A / :

= e S LR B N e A
]

+ 2Im(p) 2Re[pT(qq)] z x k'T] .

Contributions to the spontaneous polarization of hyperons!
expected to reproduce the sign of A, A observed in ete~

pr = —Kk7 for the first produced hadron
,Z\Xkr{r - —ﬁxpT
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Baryon/antibaryon transverse polarization

O B produceding —» B+ (qq), d B produced inqg — B + (qq),
S —2Im(k Kaal® 2) 2 d (e v !

o _oc_{_ ~auleg) E'-qfl_ ! lfT_)_ =g 1Sp,T = ST

'Ls l(|n |2+k’2)2+m—3‘1 m—gq+2k'2+2R(2)\|] T

| q,T qq T 9 3 T C(Rgq :

3
O B producedin (@), > B+q’ O B produced in (q@)o » B+ ¢’
e m e SRR 2Im(p) . z
Sp.T X [:(|u|2 +k2) Sqq,1\— 2Im () 2 X kK S = W Z X Ko

+ 2Im(p) 2Re[pT(qq)] z x k'T] .

Contributions to the transverse spin transfer to hyperons!
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Spin propagation along the fragmentation chain

e ECAY
- decay ... (=

@A) 5 3 TG

i p(B)
p(q) === > P 2(QQ) -==ees > ______ » 2(q)
q q’

(Q9);

Recursive algorithm starting e.g. with a quark g

i.  chose if to break the string via qq or qq — qq using Pyq/Pq

ii. ifqq, decide if (qq)1 or (qq)o according to P(qq),/Pqq),

iii. draw B according to the splitting function forq = B + (qQ)

iv. Evaluate p(B) and decay B — come back with acceptance matrix §(B)
v. Draw B according to the splitting function for qq = B + q'

vi. Decay B etc.

Note: only BB configurations, BM;.. B for future work
no interference effects
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Conclusions

d We have extended the string+3P, model to introduce spin 1/2 baryon
production = tunneling of diquark-antidiquark pairs

d Relevant amplitudes for baryon/anti-baryon production written down
D, mechanism for spin-1 diquarks

1 The model gives

Collins effect
spontaneous polarization (polarizing FF)
spin transfer mechanisms (e.g., transversity FF)

O Implementation in Pythia for DIS and e*e~ongoing

 Possible new applications of the model
e.g. spin effects in target fragmentation (fracture functions?)

June 11, 2025 A. Kerbizi (Lund University, INFN Trieste)
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