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Observation of Transverse A/A Hyperon
Polarization in e*e™ Annihilation at Belle

[Y. Guan et al., Phys. Rev. Lett. 122. 042001 (2019)]
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Observation of Transverse A/A Hyperon
Polarization in e*e™ Annihilation at Belle

[Y. Guan et al., Phys. Rev. Lett. 122. 042001 (2019)]

« ete” sAT/K+X
e ete” - A(et)+ X

A TMD Polarizing FF

First extraction of the A pFF
[D’Alesio, Murgia, Zaccheddu, Phys. Rev. D 102, 054001 (2020)]

Similar analysis:

[D. Callos, Z.B. Kang, and J. Terry, Phys. Rev. D 102, 096007 (2020)]
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Observation of Transverse A/A Hyperon
Polarization in e*e™ Annihilation at Belle

Prediction for SiDIS: e™P - e~ A+ X
[Y. Guan et al., Phys. Rev. Lett. 122. 042001 (2019)]

« ete” sAT/K+X
e ete” - A(et)+ X

A TMD Polarizing FF

First extraction of the A pFF
[D’Alesio, Murgia, Zaccheddu, Phys. Rev. D 102, 054001 (2020)]

Similar analysis:

[D. Callos, Z.B. Kang, and J. Terry, Phys. Rev. D 102, 096007 (2020)]
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ete™ - h',h,X: Hadron Frame

The polarization is measured along;:

'fl = —_Ph2 X Phl
Po(z1,20) = er 1 (1 )por 2
DTSl 2 Myo (p?,) 1 —m2 /(24))12(p2 2/,.2 1/2
p 11 {[zl( mhl/(zls))] (Pl2>‘|‘z2<l)¢>p01}
) >, e’ ADhI/q(Zl)DhQ/CT(’ZQ)

>_q €4 Dhy/q(21) Dy /q(22)
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ete™ - h',h,X: Hadron Frame ete™ - h; + (jet) X: Thrust Frame

The polarization is measured along: The polarization is measured along;:
fﬁ,:—thxPhl ’fLZTXPhl
er 1 (p1)%, z e AD &
Pn(21722) = 7M <1;‘2 p>1 . - 22 - — 1/2 P (Z ) - Zq q h;[/q( lij_].)

pol A1l {[z1(1 - mhl/(zls))] (p1a) + 32<P¢>p01} T\%1,P11 - z e2 Dh /q(zl pJ_l)

1 ’

) 5, €2 AD,1 ) (21) Dpy/q(22) d

2 €4 Dny/q(21) Dy yq(22) Within a phenomenological approach
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ete™ - h',h,X: Hadron Frame ete™ - h; + (jet) X: Thrust Frame

The polarization is measured along: The polarization is measured along;:
fﬁ,:—thxPhl ’ﬁ,:TXPhl
1 (p7)2, g
Pu(21,22) = %TM (L2 p>l 2 2 22 2 2/, 2 1/2 P (Z ) = Zq “a ADhI/q(Zl’pJ‘l)
pol P11 {[31(1 - mhl/(zls))] (p1a) + Z2<P¢>p01} T\%1,P11 - Z e2 Dh / (Zl pJ_l)
q ’
o X% ADyyy,(21) Dhayale) =

2 €4 Dny/q(21) Dy yq(22) Within a phenomenological approach

Introduce p - parameterization for FFs:

h h py e PL/
ADSy/q(vaJ_) = ADSy/q( )\/_ pol ( )h

<p3_>POl

o—P2 /(R

W(pi)h

Dy yq(2,p1) = Dpyq(2)
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ete™ - h',h,X: Hadron Frame ete™ - h; + (jet) X: Thrust Frame

The polarization is measured along: The polarization is measured along:
fﬁ,:—thxPhl ’ﬁ,:TXPhl
1 (1) 2
Pulenze) S %NM =N R Pz ) = 2.q €3 2Dy g(21,P11)
pol {(P11) {[z21(1 —m_/(225))12(P? 5) + 25 (D% )por } T\<1,P11 - Z BT (Z )
2 q q hl/q 17pJ_].
Zq €q ADhI/q(Zl)Dha/Q(z?)
2 2D D . . .
22q € Dni/q(21)Dha/q(22) Within a phenomenological approach
Introduce p| - parameterization for FFs: The two extractions:
pJ_/<p3_>POl
h h % bL € . . _
ADSy/q(Zapl) = ADsy/q( z)V2 M1 ( )h - Associated production: ete™ — h' h, X

P2 /(02 * Global:e*e™ - h' h,X + e*e™ - hy + (jet) X
e L 1

Dy yq(2,p1) = Dpyq(2)

7(p3 Lead to consistent results
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Lambda-pion

Polarization

Polarization
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Lambda-jet
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Expected features:
* Pr =0whenp, =0;
* Pr(A) = Pr ().
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First moments
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SiDIS — Polarized Lambda Production

V2erm < p? >2 1
Pr(xp,zn) = i LQ £ Prediction for the A polarization:
p <pl>\/<pi>p—|—£g<ki> « x5=0.1
. oOF K{%fq/P(xB)ADhT/q(zh) —> Lambda pFF Similar pattern for xz = 0.3
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Outlook:

* EIC will allow to test the Lambda pFF universality;
* Improve flavor separation;
 Test TMD evolution
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TMD Fragmentation Functions for quarks : Spin - Y2 hadrons

Helicity density matrix

Sh d,5q
i 1 (1+P P.—iP P)\h’ Dh/q, z, kip) = Z p)\qy)\ (z,kLh)
Py T o \pPigiPi 1- P Ao,
8 independent TMD Fragmentation Functions
Hadron
Pol. U L T
States
U D AD"
h/q Sy /q
Q
) h/ h/
L N /a q
? ADSZ/SL ADSX/SL
K T AND;,,/ | A4 h/q A- Pl
¢ SZ/ST ADS /S / DSy/ST
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TMD Fragmentation Functions for quarks : Spin - Y2 hadrons

Helicity density matrix

s _ L[ 1+4Pi Pi_ip p/\h,
P +iP; 1-P}

o Dh/q, 2 kJ_h Z piqsyq)\ (kaJ_h)
Ao\,

P J—

p,\@-,,\@.

8 independent TMD Fragmentation Functions

Unpolarized FF
Hadron
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o Dby States
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TMD Fragmentation Functions for quarks : Spin - Y2 hadrons

Helicity density matrix
i i i P
7:8@' _1 1—|_PZ Pm_'lpy )\h,
Pi+iP! 1- P!

o Dh/q, 2 kJ_h Z piqsyq)\ (kaJ_h)
Ao\,

P J—

Pri N

8 independent TMD Fragmentation Functions

Collins FF Hadron
f States
U D AD"!
Ny h/q Sy /q
Q
u
h/aq h/q
L
a ADSZ’/SL ADSX/SL
I
K //;\[ ~~\\
T { A7 Dyt hia h/q — Hh/a
\\~-___fl_/,q," ADSZ/ST ADS /ST /A DSY/ST
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TMD Fragmentation Functions for quarks : Spin - Y2 hadrons

Helicity density matrix

) . . . h D Z k d,5q P k
e 1 (14P Pi_ip p,\h, hasy (ZKin) = ) p/\q,/\ ( kon)
Pxx. T2\ Pi4iPi 1-P Ao\,
Polarizing FF 8 independent TMD Fragmentation Functions
Hadron
4 Pol. U L T
@ States
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N Q " YL
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~h/q ~h/qg
L
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TMD Fragmentation Functions for quarks : Spin - Y2 hadrons

Helicity density matrix
i i i P
7:8@' _1 1—|_PZ Pm_'lpy )\h,
Pi+iP! 1- P!

o Dh/q, 2 kJ_h Z piqsyq)\ (kaJ_h)
Ao\,

P J—

p,\@-,,\@.

8 independent TMD Fragmentation Functions

Hadron
] Pol. U L T
@ States
: U D l'/‘AlA)h T
Ny Q h/a s Sy /q 7
u
Amsterdam notation: 3 L Aﬁg/q/ ABh/q
Z/SL Sx/s
Collins ANDy, g <— Hi ' x/sL
K N
. i T | AV Dyt Ah/q Ah/q — Hh/q
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ete”™ - h h,X: Helicity Formalism

do.e+e_ —hi1ha X

h1 ho
p)‘hl =)\;az p)“"‘a 1)\In d cos del d? ng d?
1 2 11 12

]. 1 ~ & "/\h, ;A, '\)\h 5A’
=y Y -M MY, D "M (2 D "2t (7
9 {A} 32ms 4 AcAd,AaAp AL Aads ™ Ae, N, ( lapJ_l) A, A, ( 2>pJ_2)

Results consistent with [D. Boer, R. Jakob, and P.J. Mulders. Nucl. Phys. B 504 (1997) ]

Hadron Frame

A .
¥

:DI”OdUCtiOn Plane

¥ Pir

e

AN b
| — = S
o i [}
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Scaling variables

* Light cone b

* Momentum fraction z, =2|Py|/V/s
 Energy fraction zn = 2EL /s

2hp =~ z[lxmi/(2%s)]

12




ete”™ - h h,X: Helicity Formalism

Helicity matrices

dge+e——>h1hzx

N
Ahy !)\hl )‘h27)\n2 d cos deldszledepJ_Q

]. ]. ~ ~ ~ Ap })\, ~ Ap 5A’
~-3S ——r NI D D,
3975 4 AcAd,AaAp AL Aads ™ Ae, N, ( lapJ_l) A, A, ( 2>pJ_2)

Scattering Amplitudes

J

Y
TMD Fragmentation Functions

Results consistent with [D. Boer, R. Jakob, and P.J. Mulders. Nucl. Phys. B 504 (1997) ]
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Scaling variables

* Light cone b

* Momentum fraction z, =2|Py|/V/s
 Energy fraction zn = 2EL /s

2hp =~ z[lxmi/(2%s)]

12




ete”™ - h h,X: Helicity Formalism

Helicity matrices

do.e+e_ —hi1ha X

N
Ahy =)\h1 )‘h21)\n2 d cos deldszledepJ_Q
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Scattering Amplitudes

J

Y
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Results consistent with [D. Boer, R. Jakob, and P.J. Mulders. Nucl. Phys. B 504 (1997) ]
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Scaling variables

* Light cone b
* Momentum fraction z, =2|Py|/V/s
* Energy fraction zn = 2ER/\/s

2hp =~ z[lxmi/(2%s)]

Polarization vector

Pht = P X, + PV, + P} 2,

12




ete”™ - h h,X: Helicity Formalism

Helicity matrices

+ _—
(h1 e \ do€ e —hi1ha X

/

X X, Pas X, dcos 0dz1d2p 1 dzad?p

]. 1 ~ > "/\h, ;A, '\)\h 5A’
:EE -M M DM (2 D "M (2
3975 4 AcAd,AaAp AN A Xe T Ae, ., ( lapJ_l) A, A, ( QapJ_Q)

Scattering Amplitudes

J

Y
TMD Fragmentation Functions

Results consistent with [D. Boer, R. Jakob, and P.J. Mulders. Nucl. Phys. B 504 (1997) ]
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Scaling variables

* Light cone b

* Momentum fraction z, =2|Py|/V/s
 Energy fraction zn = 2EL /s

2hp =~ z[lxmi/(2%s)]

Polarization vector

Pht = P X, + PV, + P} 2,

The polarization is measured along:

i) — —th X Phl
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ete”™ - h h,X: Helicity Formalism

Helicity matrices

+ -
(hl h2 \ do.e [& —>h1h,2X

X X, Pas X, dcos 0dz1d2p 1 dzad?p

/ /

~ ’\h ’)\h - )\h ”\h
= Aedd . da A M* ’ D ! . 21 D 2 2 29
ZZ?)Q?TSZLM adede M3y s Do B0 PPy (22, P )

Y

Scattering Amplitudes TMD Fragmentation Functions

Results consistent with [D. Boer, R. Jakob, and P.J. Mulders. Nucl. Phys. B 504 (1997) ]
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Scaling variables

* Light cone b

* Momentum fraction z, =2|Py|/V/s
 Energy fraction zn = 2EL /s

z [1 + mi/(zQS)}

Zh’p ~

Polarization vector

Pht = P X, + PV, + P} 2,

The polarization is measured along:

i) — —Ph2 X Phl

l

The polarization projection along 1 :

P f =Pl cosd+ P sing

12




ete” - h' h,X: Hadron Frame

Fixed energy scale /s = 10.58 GeV
NO Evolution
Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

Introduce p - parameterization for FFs:

(pi >pol

pL e pJ_/
ADgy/q(ZapJ—) = A'l)g:Y/q( )\/_ pol <pJ_>

W(ﬁi)h

Dh/q(zapJ_) : Dh/q(z)
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ete” - h' h,X: Hadron Frame

Fixed energy scale /s = 10.58 GeV
NO Evolution
Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

Introduce p - parameterization for FFs:

(pi >pol

pL € pJ_/
AD? . (z,p1) = ADg_ (2 )\/_
\ Y Mpo <p¢>

z dependence

Dhpyq(2,p1) = Dpysq(2)
& LT
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ete” - h' h,X: Hadron Frame

Introduce p| - parameterization for FFs: Hinzel el

e pJ_/ PJ.)pol

AD? . (z,p1) = ADg_ (2 )\/_@
\ Y pol\ <p¢>

z dependence Gaussian dependence on p |

~—

- P,

Dh/q(zapJ_)
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Fixed energy scale /s = 10.58 GeV
NO Evolution
Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

13



ete” - h' h,X: Hadron Frame

Introduce p - parameterization for FFs:

Linear term

e_pi/(Pi>pol
ADY, 1y(2,p1) = ADS, ()2 L= C
\ \ m(p1)

J Mpo

h
/)

!

z dependence

(_A_\

Dh/q(zapJ_) : Dh/q(z)

W(ﬁi)h

Gaussian dependence on p |

d’p,, — d*Pr;

/ d*P17d*p | 5
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Fixed energy scale /s = 10.58 GeV
NO Evolution

Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

13



ete” - h' h,X: Hadron Frame

Introduce p| - parameterization for FFs: Lings i

e_p(i / (Pi ) pol
AD%, . (z,p1) :\ADQY 1q(2)V2e PL

J Mpo W(pi)h
Y - ~ /)

z dependence Gaussian dependence on p |

(_A_\

Dh/q(zapJ_) = Dh/q(z)

W(ﬁi)h

er 1

pol

Fixed energy scale /s = 10.58 GeV
NO Evolution
Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

a)

dzpj_l = d2PT1 Pn(zlaz2) —

v

2 Moot PLa) {1 (1 = m, /()02 ) + B0 Do}
2 €q ADhI/q(Zl)Dhg/q(Zz)

/ d*P17d*p | 5 «
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Zq 63 Dhl/Q(zl)th/Q(ZQ)
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ete” - h' h,X: Hadron Frame

Fixed energy scale /s = 10.58 GeV
NO Evolution
Data depend only on energy fraction z, - z; g

P1)n = 0.2 GeV? width of unp. FF

Introduce p| - parameterization for FFs: Hinzel el

e pJ_/ pJ_>pol

AD? . (z,p1) = ADE_ ). (2 )\/_@
\ Y pol\ <pJ_>

z dependence Gaussian dependence on p |

(_A_\

Dh/q(zapJ_) = Dh/q(z)

W(ﬁi)h
2 2 Polz1,22) = er 1 <p2L>1%ol 29
d“p,; = d°Pp ; 2 Mpor (P%) {[z1(1 _mfzm/(z%s))P(Pig) ‘1‘2%(293)1901}1/2
/d2P1Td2p¢2 ' X L BEQADhI/q(Zl)DhQ/J(@)
Zc;f €g Dh, /q(21) D, q(22)

Consistent with [D. Callos, Z.B. Kang, and J. Terry, Phys. Rev. D 102, 096007 (2020)]
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Fit and Results (1)

Belle data: v/s = 10.58 GeV

e 32points A(jet),inbinsof z,-p,

« 128 points A+ h, in bins of the energy fractions z, -z, ¢

* Normalization factor: N7, |NP| <1
 Shape for high and low z: @ Bq

MARCO ZACCHEDDU - UNIVERSITA DEGLI STUDI DI CAGLIARI & INFN

Unpolarized FF set adopted:
e DSSO7 for m, K

« AKKOS8 for A+ A

qq FF separation for AKKOS:

Dayq(zp) = (1 = 2p)Dpyq(2p)
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Fit and Results (2)

Data selection:
A+ n/K: z; = [0.5 — 0.9] bin excluded = 96 data points
* A(jet): zy = [0.5 — 0.9] bin excluded - 24 data points
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Fit and Results (2)

Data selection:
A+ n/K: z; = [0.5 — 0.9] bin excluded = 96 data points
* A(jet): zy = [0.5 — 0.9] bin excluded - 24 data points

Fitted 8 parameters

Flav.
P
NP o By 02

v NP B
d P

Nq e
s AT Qg

Sea Nfea} /BSGCL
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Fit and Results (2)

Data selection:
A+ n/K: z; = [0.5 — 0.9] bin excluded = 96 data points

* A(jet): zy = [0.5 — 0.9] bin excluded - 24 data points

Fitted 8 parameters

Fitted Parameters Value Full data Fit 5Xc210f = 1.94

Nu 0.47 o

Nd 0.3275;

Ns 0.57 7%

Nsea -0.27 *012

s 2.30 755

Bsea 2.60 77,

Bu 3-50 75

<pi >por 0.10 %5

15
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Fit and Results (2)

Data selection:
A+ n/K: z; = [0.5 — 0.9] bin excluded = 96 data points

* A(jet): zy = [0.5 — 0.9] bin excluded - 24 data points

Fitted 8 parameters

Fitted Parameters Value Full data Fit: g, = 1.94
NU 0.47 +23:

Nd -0.32 +013

Ns -0.57 102 A+ /K data Fit :)(Czlof = 1.26
Nsea -0.27 +2

a, 2.30 '3t . .

| The two extractions are consistent

Bsea 2.60 177,

Bu 3.50 15,

< p_%_ >pol 0.10 J—rg:gé

15
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Lambda-kaon

0.15
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SiDIS — Polarized Lambda Production
P ->e” A

’ ’ V2er < pl > 1

WMy <PL> |\ [<pt >p+2 <k >
>q fayp(@B)ADp1 14 (21)

/ o JayP(xB)Dryq(2n) \

PT(LBB)Zh,) e

Proton PDF Lambda Polarizing FF
CTEQ6LL
xg Bjorken-x | e e m% B
zy energy fraction p h Z%QQ 1— a5

z

MARCO ZACCHEDDU - UNIVERSITA DEGLI STUDI DI CAGLIARI & INFN 17




SiDIS — Polarized Lambda Production
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Prediction for the A polarization:

Xg = 0.1

Xg = 0.3
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Statistical Uncertainty Band

Multivariate Normal Distribution

MINUIT: _
 Bestfit parameters  p: j\/’f Qg Bq (p*), uo,x p(z: 1, £) = 1 _exp (1(;1, )Ty — H))
« Covariance matrix % (gﬂ)n/zm 1/2 9\ ,
*  Minimum Chi-square X
Generate a random set of parameter Calculate their own Chi-square Keep set if
> - 2
x'(Ng aq ﬂq <p2l>p ) " X’2 > X2 g X’ § X2 + AX2

*  Minimum Chi-square: X2 = 232,8
- Confidence interval 26 - 95,5%: Ax? =15,79 for 8 parameters ( x2 -distribution)
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e + e B — th th h, polarized: X, h, unpolarized

hy, h, unpolarized doee” —hiha X

hy
dae"'e‘%hlh,gX X d cos deldsz_ledepJ_Q
4 2
d cos Odz1d2p 1 dzod? 3ete L
CoSTOAATP 1G22 L2 Unpolarized FFs 647rs AD fél /sy (Zlale)ANDhg/qT (22,p12) sin® 6 sin(2¢p2 + befl)
Gete .
- 64711: { hl/q(zlapJ_l)th/q(229pJ_2) (1 + COSQ 9) FF h, transv. Pol. collins FF

Collins FFs

1 )
+7 sin® 0AN Dy, 14t (21,011) AN Dy, jgt (22, p12) c08(202 + ¢} 1)}

hy polarized:Y', h, unpolarized h, polarized: Z , h, unpolarized

do.6+67—>h1h2X do.€+€_—>h1h2X

h1 hl

Y 2 2 Z 2 2
6 d cos HdZId plégazrizzﬁg]géj Unpolarized FF dCOS deld leszd D12

e 1 ~ ( 12 ) 36 h/ N . 2 . h
= 6478 {ADSy/q(Z:l?pJ_l)th/q(ZQJpJ_Z) 1+ cos™ 0 64#5 /_\Dslz/s (21,p11)A" Dy, gt (22, p12) sin” Osin(2p2 + ¢7")

FF hy long. Pol. Collins FF

1 )
+3 sin 20AT DG, (21,p11)A th/qT(Z’zaPu)COS(Qst+(J5h)}

Collins FF
FF hy transv. Pol.
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Lambda-pion
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Lambda-kaon
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