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ee” = hy(P) hy(P) + X

= Complete results for the azimuthal and polarization observables
Boer, Jakob, Mulders 1997

« TMD factorization for small relative transverse momenta w.r.t. Q2
Collins 2011 - Echevarria, Idilbi Scimemi 2012

a e+e_- — h]_(Pl) ]etX
v Phenomenology: direct access to the intrinsic transverse momentum dependence
v Theory: recent developments on TMD factorization, role of soft factors, universality

Kang, Shao, Zhao 2020 - Boglione, Simonelli 2021 - Gamberg, Kang, Shao, Terry, Zhao 2021
v Simplified model: check for consistency (see also Anselmino, Kishore, Mukherjee 2019)
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ee” = hy(P) hy(P) + X

Helicity density matrix Master formula
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Helicity scatt. Amplitude
(hard)

2
2 =20Pul/Vs =z (1- k) =z

S
IP2 = (E27 0707 _|P2‘)| Pl = (PlT COsS ¢17P1T sin ¢17Zp1 g)
S . S
gy ~ (V__’_pﬂ COS (g, — 212 Sm@,_i) q; = —q2 Hadron frame
2 sz b2 2

d06+€_—>h1(51)h2(52) X

d cos 0dz1dzod?P 11

d0.6+6_—>h1(81)h2(32) X

= [ d° d? 52 - P
/ Pli12d P11 (le 1+ P12 Zpl/Zm) dcos 9d21d2pj_1d22d2pj_2

U. D'Alesio University and INFN Cagliari QCPD evolution 2021, May, 10-14 %0’



QUARK TMD-FES FOR SPIN-1/2 HADRONS

product of fragm.

Hadron helicity litud
amplitudes

density matrix

\ i
h/q,sq(z,pu =3 »
Mg,

h,S _l 1—|—Pg Ph—ZP{ﬁ\
Pxox, ~ 2 \Ph4iPt 1-Pk

polarization components
in the hadron helicity frame

Dy /q(2 Z / d*p D (z,pL) Collinear unpolarized
)\ A fragm. function
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QUARK TMD-FES FOR SPIN-1/2 HADRONS

h,S AARA;
QDh/q 3@ Z piqj)\’qD)\:,)\f(vaJ_)

h, Sh 1 ( 1+ P7 L ZP {}-\ Polarizations in the
2

P xn, A% P)fé— + zPh 1 — Ph ) hadron helicity frame
h{ hia  Ah/g . h/q
PJDh/Q9S . DSJ/Sq D_SJ/Sq ADSJ/SQ
~ h h h h
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Bh/q,sT = ﬁh/q(zapJ_) T 2 ADh/sT(Za P.)
8 TMD-FFs
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QUARK TMD-FES FOR SPIN-1/2 HADRONS

pAh AL Dh/qasq(z P1) Z pAq,A D h’Ah(z PL)

Y
. 1 1+ P} Ple "
PraX, = 9 \ pleits 1 — P? ++ pts
X, = 3\ preivs 1 po D DO DD
Quark helicity density matrix real real (q) / imm (g)
8 real quantities
by parity
Dpjgs, = (DIf+D¥T)+2PImDIT sin(¢s, — ¢n)
pgﬁh/q,sq = P}(DIf - D*T)+2P{ReDIT cos (s, — On) 4
PiDpjgs, = 2PIReDIT + PL(DIZ + D7) cos(ds, — bn) |
PYDyjgs, = —2ImDiy + Pi(DI- — DF1)sin(¢s, — én)
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]

Collins FF

UNIVERSAL

polarizing FF
T-odd & cl:iral-odd T-odd & chiral-even
\ Hadron
Pol. \ U L T /
States o
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OBSERVABLES (FEW EXAMPLES)

I3,
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TENSORIAL ANALYSIS

. 1 '
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QCD evolution 2021, May, 10-14 %@}



CONVOLUTIONS

ClwDD] = Z e, / d*p 1 1d*p120® (P11 — Pir + P12 2p, /7)) W(P L2, Pi7)D(21,p11)D (22, p12)
q

Unpol. cross section
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q

Tensorial analysis
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in agreement with Boer, Jakob, Mulders 1997
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TRANSVERSE POLARIZATION

szl} _ P)}él Xhl + P{/L_l th _ thg X7 + Pthl }AIL — P,Z}fl (COS gb§1 X7, + sin gbgl }A’L)

From the helicity to the lab frame
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TRANSVERSE POLARIZATION

Projection along the normal to the hadron plane [lab frame] (phenom.)
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PHENOMENOLOGY

O TMD polarizing fragmentation function Boer, Jakob, Mulders 1997
O First attempt to describe P;(A) data in unpolarized hadron-hadron collisions
within a phenomenological TMD model Anselmino, Boer, UD, Murgia 2001

O Twist-three approach: Aanazawa, Koike 2001

Q Belle data for Pr(A) in ete™ - A'h+X andete™ — A'(jet) + X
Guan et al. (Belle Coll) 2019
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FACTORIZED GAUSSIAN MODEL

D D e_pi/<pi) A Mg : .
2y e z ol — >
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R 2 s G TRy
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FIT OF BELLE DATA

» A+7n/K:z,x =[0.5 —0.9] excluded — 96/128 data points
= A(et): z,=[0.5 —0.9] excluded — 24/32 data points

= Unpol. FFs: DSS07 for m/K , AKKOS8 for A

Daya(zp) = (L — 2p)Dayq(2p)
flavour separation

(p3) = 0.2 GeV?

= Polarizing FF
) (ag + b )(aq+bq)
ADyesq(z) =N (1 = 2)n LDy (2)
aq? by’

[Nyl <1 Positivity bound

v" No TMD evolution (fixed-scale analysis)
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FIT OF BELLE DATA

Nua Nda Nsv Nseaa s, b'w bsea <p3_>pol

A+ m/K datafit: y5,¢ = 1.26

N, = O.Gngjgg Ng = —0.65f3:§§ 20 uncertainty (250K sets)
N, = —1.00500¢  Nsea = —0.407( 3¢ Ax? = 15.79
a;, = 2178070
by = 3.36732% by, =2.147500
(P1)pot = 0.0567g7555 GeV*

Similar analysis in Callos, Kang, Terry 2020 _
y g ey Full-data fit : y2,¢ = 1.94
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0.000

—— full data
A - had

—0.005

—0.010

. o L(1) 2 PL .
First moments of the polarizing FF  D:77(2) = / P13 ADjtjq(2,p1)
i a1
______ 0.000 0.000
(b)
—0.001
down (©
. strange ;
Q=10.58GeV I "% 0=10.58 GeV i / 0 =10.58 GeV
— fulldata | _, .., —— full data j o oo — full data
; down __. A - had o = A-had  Strange / [ % . A-had
,"I ----- bound | | - bound / P bound
: 04 05 06 0.7 0-004g2 03 04 05 06 0.7 900653 03 04 05 06 0.7
V4 V4

0.000

| Ratios | of the first moments

w.r.t. their hounds
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Full-data (including 4 (jet)) and A-had extractions
Consistency: central lines and (overlapping) uncertainty bands!!!

_______________________________________ — up
0.2 ---- down
—-—- strange
o
-/‘ ........ Sea
0.1
0.0
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Associated production

2 s 2 i
Xpoint — 0.8 Xpoint =15
0.15 0.15
0.2<z5,<0.3 0.3<z),<0.4 0.4<z5,<0.5 0.5<z),<0.9 0.2<z5<0.3 0.3<z,<0.4 0.4<z,<0.5 0.5<z,<0.9
g 0.10 i A+ TI_+ g 0.10 i /\+K_+
AN+m A+ K
5 005 5 005
© 74 . ©
0.00 g 0.00 i |
= S~ - ' = . . : ~
r_ou —005| N " aE R % -0.05 ‘ ‘
o "_+—\,\ + ﬁ,\\ ‘\,\\ '\\\ o
—-0.10 ( a) \‘\\ S o ‘-\ —-0.10
0157555 050 075 025 050 075 025 050 075 025 050 075 ~0157555 050 075 025 050 075 025 050 075 025 050 075
Zr[ ZK
0.15 0.15
0.2<z3<0.3 0.3<z3<0.4 0.4<z3<0.5 0.5<z3<0.9 0.2<z5<0.3 0.3<z5<0.4 0.4<z5<0.5 0.5<z3<0.9
0.10 | - —-
g /.,/ + A+n ) c 010 + Rk
5 005 g i t A+nm O os —+— +  A+K*
PP R R
8 ool E* ot » " A+
.C « e T - +#:_—t — \+ o ~ .C 000/.,+{~ ~o— ; o —~+<. e
B 05 TR | O s e
g o T
a =
-0.10 -
(b) Ol (d)
0B 535 050 075 025 050 0.75 025 050 0.75 0.25 050 0.75 —0157%555 050 075 025 050 0.75 025 050 0.75 025 050 0.75
Zn Zk

« simpler fits with only two pFFs (u=d, s and no sea) m#p higher X
» pion well described (also including the highest z bin)
» kaon, some tension (data?, unpol FFs?, parametrization of polFF?)

U. D'Alesio University and INFN Cagliari QCPD evolution 2021, May, 10-14 %@’



Inclusive A production [full-data analysis]

Xf)oint = 2.75

0.15

0.10

0.2<z5<0.3 0.3<z,<0.4

0.05

0.4<z5<0.5

+O.S<z,\<0.9

_T_W

—-0.05

Polarization

-0.10f + A+X

0.00 -~y . it

if#:

V-

01506 05 10 1500 05 10

p. (GeV/c)

Less good description...but not bad!

Theory
v' Polarization =0 atp, =0
v P(A) = P())

not clearly visible in the data
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TRANSVERSE A POLARIZATION IN SIDIS

v2er (P1)por 1 . 2q Cafa/p(¥B)ADi1/q(2n)

Pr(zp, zn) =
2M,  (p1) \/<Pi>pol + 53(7‘33) Zq ez fq/p(@B)Dnsq(2n)
Transverse w.r.t. o
e my B
the target-A plane &p = 2h (1 e ;r:B)
EIC kinematics
02 pr—y g 02 ]
0.15 F Q=10GeV xp=0.1 A E 0.15 = Q=10GeV x=0.1 Abar E
0.1 F - 0.1 F -
0.05 F - 0.05 & -
Tl — e
oS - 005 & rermmT e \
0.1 F - 0.1 F ]
015 F iuuﬁzzla E 015 - f\“l;;igta E
_0.2‘\|\| [ | | | | R O ol _0_2‘|\||\|\|\|\| iila - fplegalag wlgeglas §0KSES
02 025 03 035 0.4 045 05 055 0.6 0.65 0.7 0.2 025 03 035 0.4 045 05 055 0.6 0.65 0.7
Zh Zh
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CONCLUDING REMARKS

O General helicity formalism for ete™ - h; h,+ X

O Classification of all leading-twist quark (and gluon)
TMD-FF's for spin-1/2 hadrons

0 Fit of Belle e*e™ data on transverse A polarization and
extraction of the polarizing FF

d Polarizing FF
v three different valence polFFs (up, down and strange) + sea
v relative sign between up and down polFFs
v extraction of the p, dependence within a Gaussian ansatz

A SIDIS measurements @EIC important to complement
these results

THANKS for the ATTENTION
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BACK-UP SLIDES
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CORRESPONDENCE WITH

AMSTERDAM NOTATION

Projection of the
correlator A( Z, kT)

Ty e ——
Zlfj\;h Dir(z,p1) = —2Iij:jr = ADZ:Y/q : Polarizing FF
Gir(z,p1) = DII-DIf= ADgéq/sL
z]]?\;h Gir(z,pL) = QRGDii— — ADZQ/SL
Z];\;h Hiz(2p1) = 2ReDiy =ADYY
— 4ImDiH Collins FF
2 Hi(z,p1) = Di: Extension of the
g Hirleps) = 2D%5 Bacchetta, 60, Dt Millr 2001
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AN-n™

0051 0.2<z,<0.3 | 0.3<z,<0.4 | 0.4<z,<0.5 | 0.5<2,<0.9

- fit_line
—0.107-- w
=—=: down
----- strange
= - sea
4+ A-mt

Polarization

—0.15

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Zn

U. D'Alesio University and INFN Cagliari QCPD evolution 2021, May, 10-14 {@’



N-K*

0.05 0.2<z,<0.3 0.3<z,<0.4 0.4<z,<0.5 0.5<z,<0.9

C
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-

(0]
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o |

o _ : fit_line _ | _ ‘

Q. —0.10-=w | |
e T
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—0.15

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Zg
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N-m~

0.2<z,<0.3 0.3<z,<0.4 0.4<z,<0.5 0.5<z,<0.9

— fit_line
- up
—- down
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0.15

0.10;

0.05;
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ZT[
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N-K~
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FIT OF BELLE DATA

Nua Nda Nsv Nseaa s, b'w bsea <p3_>pol

Full data fit : x5, = 1.94
N,=0477032 <y N, = (32705

i %029 101
N, = —0.571; Ngea = —0.277 150
as = 2. 30+(1) 8? Errors correspond to
b, = 3. 50+% gg Deon = 2. 60+2 60 20 uncertainty (250K sets)
Ax? = 15.
(1 )pol = 010777 GeV? o

A+ m/K datafit: x5, = 1.26

Similar analysis (associated production) Callos, Kang, Terry 2020
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Polarization

Polarization

Associated production [full-data analysis]
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0.00 s _.+"’i/;/ —a ‘T\Ul 0.00 e . T
- <= |~dd T Tt U S
-0.05 -+ N B S i B o0s
- &
-0.10 (b) —0.10 (d)
~0157G5%5 050 075 025 050 075 025 050 075 025 050 075 —015—355"050 075 0325 050 075 025 050 075 025 050 075
Zn ZK

Xzoint = 1.55/0.8 Xoine = 1.61/1.5

» simpler fits with only two pFFs (u=d and s and no sea) ) higher X2
* pion well described (also including the highest z bin)
* kaon, some tension (data, FFs?)

U. D'Alesio University and INFN Cagliari QCPD evolution 2021, May, 10-14 %@’



| Uncertainty band I

=Y (yl _ iixi; a))z

i=1

- N measurements y; at known points x;, with variance oZ.

- F'(z;; a) depends non-linearly on M unknown parameters a;.

- Best fit: y2;. — ao

Error band: all sets of parameters such that x%(a;) < X2 + Ax?

- Ax? = 1 ¢ 1-0: small errors, uncorrelated parameters, linearity, y* parabolic
- A\?: fixed according to the coverage probability

Ax? 1 o\ (M/2)—1 5
X X 2
P = , — dv©.
fo 2r(w2)(2) eXp( 2) *

P= probability that true set of parameters falls inside the hypervolume

[P =0.68 4 1-0, P =0.95 <+ 2-0]
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TRANSVERSE A POLARIZATION

B dot — dot B doT — dot
- dot +dot  douwp

Pr

* Measured along i = —P, X Pf?l (hadron frame)

= Proper projection from the hadron helicity frame

ete ™ —shiho X

hl dCT
Y dcosOdPS1s

7

dPSlQ = ('[,-31 (ngj_l (ZLQ(’[QPJ_Q

Polarizing FF

AN.DhQ/qT (22, p12) cos(2p2 + thl)}

Collins FF

3 2
ga Zeg{(l 1 cos® 0
S
q

I N
5 sin? 0A D‘g;/ST (21,p11

= By integrating over @, d’*p |, — d*Pm;
v the transverse component along X is washed out

v the contribution from the Collins FF is washed out
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Pr(A)

Pr(A)

A LOOK BACK...
_02 -
i
03] Pr(A) HEr R e il B e 8
r i 7 v
sl doAB—ATX L doAB—AYX
PP To2 o4 e s - pA collisions (late 70’s)
- fixed target exp.s - £ -~ 400 GeV
’ = A self-analyzing: a powerful tool
. L 1 . . .
PRI f{ P = Transverse A polarization w.r.t.the production plane
- . ' » lJarge and negative
! : " = increasing up to pr ~ 1 GeV then a plateau
03] = increasing with x in the plateau regime
= A no polarization
04 |
% =[0.2:0.3] —m—s = Almost zero in collinear pQCD at leading twist
X = Eo.4-o.5=
05 Xe = 0.670.7 !---I-I----:

0.5 1 1.5 2 25 3 3.5 4
pr (GeVic)
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