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Introduction

Spin and transverse momentum effects expected negligible at high energies.

; T
Single Spin Asymmetry (SSA) at partonic level: a®h — cd SSAs at hadronic level: Ay : p'p—hX

Pr: pp—h'X

+ !
dg?® b—cd _ Jgyatb—cd Collinear

aN = T _ dot
dgatb—cd 4 doatb—cd pQCD A~/ Pr — do do — > Ay <1-2%
N/ LT
- - doT + dot
any X ag— ~ as—  [Kane, Pumplin, Repko 1978]
Vs pL
pr — 77X o — ATX
0.25
L @ Vs=194CGeV/c?, ET04 0 . :
L W Vs5=624GeV/c?, PHENIX 32<7p<37 TP
02~ & /5= 200GeV/, STAR () =33 o1 | H ?.?- ,
T % +5=200GeV/2 STAR () = 3.7 o i
AN P~ 20% 0.15— # /s ="500GeV/c?, STAR 2.7 <75 <4.0 ’ - L
— r 0.2 | i “ k
Experimental Data: oib ** I 2 l f
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g 0 » { ¥ i
0.05— il i 1
r ‘+' 'Aft}i 041
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T Eeto e tion SSAs closely related to our understanding of:
e * Strong interaction/confinement
f(ﬂf, kJ_ ) TMD PDF * Inner structure of hadron in terms of
quarks and gluons
\d/UAB%CX/ X w@) < * Hadronisation processes
. D(z,k) ) T™MDFF
Hadronic cross Partonic cross sec.

sec. \

Correlation between intrinsic transverse momenta and spin, New Data in ete™ from Belle: 150 data points
leading to a generalisation of PDFs and FFs,

. ) ] . ) Observation of Transverse A/A Hyperon Polarization in ¢*¢~ Annihilation at Belle
with asymmetric azimuthal distributions.

We report the first observation of the spontaneous polarization of A and A hyperons transverse to the
production plane in e e~ annihilation, which is attributed to the effect arising from a polarizing

fragmentation function. For inclusive A/A production, we also report results with subtracted feed-down
contributions from X and charm. This measurement uses a dataset of 800.4 fb~! collected by the Belle
experiment at or near a center-of-mass energy of 10.58 GeV. We observe a significant polarization that rises
with the fractional energy carried by the A/A hyperon.

C O n t e n t S DOI: 10.1103/PhysRevLett.122.042001

DOI: 10.1103/PhysRevlett.122.042001
TMDs FF with Helicity Formalism

ete” - h' h,X
Phenomenology
Preliminary Fits

Benefits:

* No PDFs - Cleaner process
* Lambda self-analysing

* TMD Factorisation proven

Lambda Polarising FF:
first extraction !
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Helicity Formalism: TMD Fragmentation Functions for quarks

/
hpsh - . q,S - >\h9>\h
Py Dhygs(2,kin) = Py DV (k)
. : . s Ah? h 97tq a4y q
From Quark Polarisation to Hadron Polarisation Ag Az
7" q Parton h.m.
Hadron h.m.
Pthh/quq - ng/Qusq o DESJ’/Q’:SQ - Ang/Sq.
— . . 8 independent TMD Fragmentation Functions
Helicity density matrix
) P Hadron
pi,S@' :1( 1+Pz Px_zpy) Pol. U L T
o/ 1 * 11 1
A@,A@- 9 Paz -+ ZPy 1 — Pz States
U Eh A
q
- h y
A/ g ~N/q
a I. ADSZ/SL ADSX/SL
"
K| v |AND, , .| ADM. | aApMe / A= D"/
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Helicity Formalism: TMD Fragmentation Functions for quarks

/
hash a . q,S - >\h9>\h
Py Dhygs(2,kin) = py DYV (2 k)
: : . . hsNp gr g g1\g
From Quark Polarisation to Hadron Polarisation Ag Az
g Parton h.m.
Hadron h.m.
Pthh/quq - ng/Qusq o DESJ’/Q’:SQ - Ang/Sq.
— . . 8 independent TMD Fragmentation Functions
Helicity density matrix
; P Hadron
pi,Si — 1 ( 1 + PZ . Pa: - ZPy) Pol. §] L T
Y 1 * 1 1
>\za>\i 9 Paz -+ ZPy 1 — Pz States
/,’b ~~\\\ A h
. u |I h ]
q
Unpolarized FF Q \\-__/_// AI)S'y/q
q h u
— Dy, “h/g “h/q
\\; 3 L ADSz/SL ADS){/SL
Dy k N i/ ~h/ ~h/
T | AYD AD AD?Z? A—DZ>1
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Helicity Formalism: TMD Fragmentation Functions for quarks

/
hash a . q,S - >\h9>\h
Py, Dpygs,(2:kin) = VR TN (z,kin)
: : . . hsNp gr g g1\g
From Quark Polarisation to Hadron Polarisation Ag Az
g Parton h.m.
Hadron h.m.
Pthh/quq - ng/Qusq o DESJ’/Q’:SQ - Ang/Sq'
— . . 8 independent TMD Fragmentation Functions
Helicity density matrix
; P Hadron
pi,Si — 1 ( 1 + PZ . Pa: - ZPy) Pol. §] L T
o/ 1 * 1 1
>\za>\i 9 Paz -+ ZPy 1 — Pz States
U Dh/ A all
q D
Collins FF Q SY/q
q . L u
AYD,, ~h/q ~Nh/q
Ny k /”;\;—--_-~~\ ~h/ . .
T (AND,, 1 ADY® | ADMa A- D4
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Helicity Formalism: TMD Fragmentation Functions for quarks

/

h,Sh - _ q;Sq a >\h9>\h
p)\h / Dh/q,sq(z,kJ_h) — p)\q’)\, D)\q’)\, (Z,kJ_h)
From Quark Polarisation to Hadron Polarisation § o\ ! ’
adron 977 q Parton h.m.
PJhDh/q,Sq - ng/qasq - Dﬁsj/q,sq - Ang/Sq'

Helicity density matrix

8 independent TMD Fragmentation Functions

; P Hadron
pZ)S’L = 1 1_|_ "Pz . PQC - ZPy Pol. U L T
Aiy N, ) P;j -+ ZPyZ 1 — P; States
Polarising FF U Eh q N \‘n
Q / \\~é98Y/q__,¢’,
] h/ n
/g A/ q
'.'—— a I. ADSZ/SL ADSX/SL
r
" K1 1+ | AND NLLRK:
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ete” > h',h,X

Helicity matrices

+ —
[ hi1,5k, hQ,ShQ\ do® ¢ —hiha X

/

Ay Ay Ang A, d cos 0dz1d?p |, dzad?p | 4,

3 1 . 2 Any sy A Ay Ay
_ - 1] 2 hy 21 }12
_Z Z 397s 4‘]\\4)‘6)%}‘&}‘bMAL)\;,AaAbjDAC,AL (21, pﬂh)oxd,/\; (22,P1,)
9 {A} Y \ J
.

Scattering Amplitudes TMD Fragmentation Functions

Yi
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Polarisation along the hadron helicity axes:

Fa

Xh = f/hl X Zhl

1

y, — G1 X Pn1
Y |G1 X P
- Py
Z _
" P

Polarisation vector

Ph = P X, + Py + P 7,

Advantages:
* hadron 2 allows to weight the FF of
hadron 1 from (anti)quark 1 ;

Example:
 h1:A(u,d,s)—h2: " (u,dbar);
Enhancement of A from d quark (at moderate z)




Polarisation: eTe™ = h' h, X

Experimental configuration:

i

* Polarisation measured perpendicularly to
the plane of the 2 hadrons

* Matching between theory and experiment

* Data depends only on Energy Fraction z
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The polarisation is measured along:

n = —Ph2 X Ph1

The polarisation projection along 71 :

hi o _ ph oy hi i L
P -n = P/ cosp+ P/ sing

This projection depends deeply on the kinematical variables

Phl ‘mn 2 mhz/q(z2)

q Dhl/qizl)DhQ/cj('@)

< V2em (p 2>2 29

2M, pJ_ \/Zl 2—|—z2< 3_)13




Polarisation

Polarisation

Fit: Lambda-pion

Fit Lambda-hadron y?/dof=1.3

2,=0.25 (A %) 2,=0.35 (A %)
0.050 + 0.050 A
0.025 - 0.025 A //_/’_+
0.000 - 0.000 ~ ' + +
—0.025 4 —0.025 -
—0.050 —0.050 §
= fit_line = fit_line
—0.075 1 — fit_line + —0.075 4 — fit_line
& datanm” & data Am-
—0.100 1 ¢ datanm* —0.100 1 ¢ datann*
T T T T T T T T T T T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Zp=0.45 (A =) Zp=0.6 (A =)
0.050 A 0.050 1
0.025 A 0.025 A
0.000 - + 0.000 +
+ ] —
—0.025 t + -0.025 4= b * |
[
—0.050 | —0.050 - ¢ i \¥
— fit_line — fit_line
—0.075 1 — fit_line —0.075 4 — fit_line
& datann” $ dataAm”
—0.100 1 § datann” —0.100 4 ¢ dataAn*
T T T T T T T T T T T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Zn Zn
e Redline: Am _ .
e Z bins : (0.25,0.35,0.45,0.6) Preliminary
e Blueline: Am
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Polarisation

Polarisation

Fit: Lambda-kaon

2,=0.25 (A k%)
0.047 fit_line
— fit_line
0.02 1+ & datan”
$ datan”
0.00 }”///*_/,/
—0.02 + +_-_-_-——‘
~0.04 1 1, |
—0.06 1 T
T T T T
0.25 0.30 0.35 0.45
2,=0.45 ( A k%)
0.04 4 ___ fit_line
— fit_line
0.02 1 & datan”
$ datan”
0.00 +
!
—0.02 + + l L
—0.04 1 +
—0.06 +
T T T T
0.25 0.30 0.35 0.45

Zk

Z bins : (0.25,0.35,0.45)
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Fit Lambda-hadron y%/dof=1.3

2,=0.35 (A k%)

004 T "5t line
002 o duan-
& datan”

0004 4 + |
002 ] £ . T
~0.04 +
~0.06 - +

0.25 0.30 0.35 0.40 0.45
z
* Redline: AK™
e Blueline: AK™

Preliminary




Polarising FFs

Polarising FF:z#A D(z) = z*N(2)D(2) up vs. down:
» different normalisation and shape
(improve the fit)
* Relative opposite sign
e Comparable size at intermediate z
ok » Faster decrease of up w.r.t down at large z
% (cancellation vs. role of electric charges)
N —
strange
* dominant at large z
* small at low z
— = sea
o v & . ; o o o * largeatsmallz
: gswn Preliminary
* Strange
* Sea
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Conclusions

Complete helicity formalism within a TMD approach for ete™ — h;(jet)X andeTe™ — thth
First extraction of Lambda Polarising FF from Belle data : D’Alesio, Murgia, Zaccheddu

Outlook

Different Gaussian width for the unpolarised and/or the polarising FF:
z dependence, flavour dependence.
Functional form of the polarising FF
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do.€+€_—>h1h2X do.€+87—>h1h2X

h1
dcosOdz1d?p | 1dzod?p | 2 Y dcosfdz d?p11dzad?p o
Gete? Gete?
- 6477; {Dhl/q(zhle)th/q(ZQ’p”) (1 + cos® 9) - 647r§ {ADE;/(I(Q,pu)th/q(Zz,pu) (1 + cos? 9)
1 . 1
+Z sin? GAND;“/QT(zl,le)ANth/qr(zg,pﬂ) cos(2¢py + qbi”)} —|—§ sin? OA_Dg;/ST (zl,le)ANDhQ/qT (z2,p12) cos(2p2 + cb;”)}
Phl do.€+€7—>h1 hQX
X dcosOdz1d?p  1dzad?p | 5
3ete?
q h N .2 . h
T ADg o (21,011) A7 Dy g1 (22, p12) sin® 0sin(2¢2 + ¢77)

dUe+e*—>h1h2X

ph
Z dcos Odz1d?p | 1dzod?p | 2
3ete?

:64—7_[_;AD2’1Z/8T (Zl’pil)ANDhQ/qT (227pJ_2) Siﬂ2 9811'1(2@02 —I— ¢]f1)

Bo prova




The polarisation is measured along: The polarisation projection along 7 :

ey ~

n=—"P,, X P, Phl-ﬁnglcoscg—kP;lsing

Exp. Datas depend only on energy fraction z4,

- ¥ e Z -
¥, n COS ) ™~ i ) sin(¢1 — ¢2)
Zhe P11
.~ Pir  zp, pio
. . sin ¢ ~ — - cos(p1 — @2)
. 1T

Pl1 Zhs P11

;ogr g he b
I — = = = — i
SN T
E o

—

P, = (PIT cos ¢1, P sin ¢, PIL)

2
7 7
P%J = P12T + (z_1> 103_2 - QZ—1P1TP¢2 cos(¢1 — p2)
2 2
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Phenomenology

From datas we can extract different information, particularly:

. A(jet)X : Lambda polarising width (p%),
e AtX : Polarising FF (u,d)
e NkX : Polarising FF (u,s)

Fitted parameters:

A Ve Qg  Bg @),

q
U NE
d Ngl’
(ﬁ.)p
S Nf as
sea NP Bsea

Marco Zaccheddu — Universita degli Studi di Cagliari

Polarising parametrization:
ADE_ (2) = NE(2)Dp/q(2)

8, (g + i i

C‘fgqﬁqq

NEP(z) = NPz%1(1 - 2)

Since we did not have a set of FF that separates the Aand A :

A _ pA° A° A A0 AO
D, =D, +D, D, =D, + Dy

0 o 0
DY = (1-2)*D}

A°
Dq =

{\0 (1_2)01 DA
1 1+ (1—2z)a 1




FF properties

Dhjg(zk i ) = Dyyg = (DT + D7)
Djgen (212) = Dagg + 58D
ADpjgsr(z k1 1) = AV Dy 1 sin (¢s, — ¢n) = 4ImD7 " sin (¢, — ¢1) [Collins]
ADGS, (zkip) = ADG), = (DX — D)
.&.ﬁg::isr{.“kj__h} — ,ﬂﬂgﬁfﬂr cos (s, — Pn) = 2Re DT cos (s, — Pn)
ﬂ‘ﬁ;i:i*'s;.{'“.kJ_.h} = &D;ﬂ“‘ = 2ReD7}
&ﬁgis,r{.“kj_,h} — &Dgiqfs-;- cos (¢s, — odn) = (DI- + D7) cos (s, — ¢n)
ADE o (zkin) = ADE . = —2ImDY; [Polarizing]
ﬂﬁ;ﬁh,{:,kL_h} = .ﬂﬁ"::ﬁr + A ﬁ'::isj
ADY, (zkip) = A™Dg, sin(gs, — 6n) = (D7= — D7) sin (¢, — én)

A h1 e hi - -
Pr-n = Py' cos¢ + Py sing

D++

++

D++

D++
D++

—+

D

++

D—-i-

++

D=

+—

D'

D-I—-i—
Dt

++

— [
= [

++

— D7

=—-D7"
— D

— (D'}
— (D)




Polarisation: eTe™ = h' h, X

Experimental data depend only on energy fractions, z:

We introduce for the FF the following parametrisations:

RRRLAY
ADgy/q(vaJ_) = AD? 1q(Z )\/_m S

| \ﬁ/
z dependence Gaussian dependenceonp|

{—*—\B_Pi/(pﬁjh 11 1
Dhyq(2,p1) = Dhnyqe(2) > @, M2
ﬂ-<pJ_>h

pPhg

Data depends only on Energy Fraction z
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X

The polarisation is measured along:

n = —Ph2 X Ph1

The polarisation projection along 71 :

hi o _ ph oy hi i L
P -n = P/ cosp+ P/ sing

> ADS . (2)Dhy yg(22)
> g Dhy/q(21)Dhy g(22)

\V2eT (p 2>2 2:2

2Mp (P11 \/22(p2 )2 +22 (P2 )p




0.2,

(@) Arm Data selection to Fit:

0.1

C
- RS, 0.2<z,<0.3 0.3<z,<0.4 0.4<z,<0.5 0.5<z,<0.9
= ; ' ' ' * Lambda-hadron
Phenomenology and Fit § Lo e e e i
ig s s T+ i o g 100 data points
Polarising parametrization: Y T T
Unpolarized FF 02 40608 04 06 08 04 06 08 04 06 08
. Zioy ) Zv () Z(m)
AD 2) = NP(2)Dy,,,(z 02 ;
Sy /q(?) = NG (2)Dnyq(2) _ @ Akl A(u,d,s) (+h)
S %1 o2<z<03| 0.3<z<04 0.4<2,<0.5 0.5<2,<0.9
I .+5+— — —4
+ N ol o v R e IO -
NP(2) = NP2 (1 — z)Ba (ot + By)\@atFa) I S it ST R
: ¢ O{ggﬁqq DC_J 0.1 P B — - [T - — ) h = n'(u’d)
0.2 | Y IS I T — R [T R Y SRR ST S — C h e K(U,S)
0.4 06 08 04 06 08 04 06 08 04 06 08
Zgv (k) Zi' (k) Zg'(k) Zi (k)
* Normalisation factor: N7, |[N?| <1 I Fitted Parameters Value I
* Shape for high and low z: «; 3, Nu 0.51+0.09 Minimisation method:
Nd -0.45 +0.09 MINUIT
Ns -0.30+0.10
Nsea -1.00 + 0.25 8 parameters
g 1.6+0.3 Efd Fe 1.3
— ﬁ{sea} 6.1+0.6 ;{ or= ..
Preliminary
Bu 3.0+0.3
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