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Alternative method to extract trasversity PDF

@ - o Chiral-odd d d It needs to couple to another
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Previous extractions

2012 extraction by Pavia group

Fit of MonteCarlo simulation

79 free parameters

LO

A.Bacchetta, M.Radici, A.Bianconi, A.Courtoy, Phys. Rev. D 85, (2012) 114023

D,%(z, M) [GeV']
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Previous extractions

2012 extraction by Pavia group

Fit of MonteCarlo simulation

79 free parameters

LO

A.Bacchetta, M.Radici, A.Bianconi, A.Courtoy, Phys. Rev. D 85, (2012) 114023

D, (z, My) [GeV]
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N.Sato et al, Phys. Rev. D 109, (2024) 034024
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D, extraction, GOALS

® 2017 BELLEdataof e e —» 7771 X at\fg = 10.58 GeV

® Use of Monte-Carlo simulation for flavor separation only
® Push the perturbative accuracy up to NNLO

® Explore a Neural Network parameterisation
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Example for the up quark parameterisation
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Example for the up quark parameterisation
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Flavour analysis physcal eview 096 2017

R.Siedl et al

0.45<z<0.50 0.50<z<0.55

oo / dzdm [ub/GeV]

2017 BELLE dataofete” —» 71 X
at1/S = 10.58 GeV

0.65<z<0.70 0.70<z<0.75

d?c / dzdm [ub/GeV]

040608 112141618 2 22040608 1 1.214161.8 2 2.2
m,, [GeV] My [GeV]
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Flavour analysis physcal eview 096 2017

R.Siedl et al

do Aor? 0.45 <2 < 0.50 0.50 <z <0.55

— ezl)q(ZrA429£2):=
dzdMdQ+ Q- ; .

oo / dzdm [ub/GeV]

0.65<z<0.70 0.70<z<0.75

d? / dzdm [ub/GeV]

040608 112141618 2 22040608 1 1.214161.8 2 2.2
m,, [GeV] My [GeV]
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Flavour analysis
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Flavour analysis

do Ao , do _
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Flavour analysis

do Ao , do
_ DYz, M,, Q) = Z Sum over ¢, g
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Flavour analysis

do Aror? , do4
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Flavour analysis

do Aror? 2 do1
_ Di(z. M,. O) = Sum over ¢, ¢
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Flavour analysis

do Ao 20 do
— Nz, M, Q) = Sum over g, ¢
ddM d0? Q2 Zq: g P1(@ My ©) = Z dzdM, 40> 1.4
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RY(z,M,, Q) = — accessible from Monte Carlo simulations
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Flavour analysis

do Ao 20 do
— Nz, M, Q) = Sum over g, ¢
ddM d0? Q2 Zq: g P1(@ My ©) = Z dzdM, 40> 1.4
Ao - 47ra2 Ao 5 e
=72 0 e, Dy (z, M, O)4 0 | 0 eg DY(z, M), Q)+ ...
dgexp u S C
— 2 ) dZthdQ2 ) RMC(Za Mha Q) + T RMC(Za Mha Q) + RMC’(Za Mh? Q)
dGq 2 Dq(za Mh Q)
RY(z,M,, Q) = accessible from Monte Carlo simulations
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RESULTS

V. Mahaut, L. Polano et al., JHEPO02 (2026) 051



informed

ICS

Phys

Predictions

() kﬂl.
= =
- =~
V e
N -
\V —
Yo —
6. f,I
S =
”
T — -
|
1 1 1 1 1 1 1 _
< N S X < < o S
— — — - o S o & S
T T
I
N
— T
Yo e <
L6 - ™
O '\;\‘\.b
\V ==
Z 7 -— B
@] -
< NN
o =
0 ©
S x S
/’
=\ <
S -]
L6 < L0 - 10
™ e N N —
A=
N
@ —
-
N +
7, S
LD S
™ —
- =o—
V -
N — %
V —
LN
- )
o > <
- B S
e
TR
& <
o0 - © o)

Mh [GeV]

>
o)
O
Ny
=

O
L
<
<

100 replicas

Luca Polano



FU(z, Mpy; Q%) [nb GeV 1]
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DI-HADRON FF gluon ~ao0000 - assumptions

Physics informed
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DI-HADRON FF

Physics informd

u=d

ratio offset A =0.5
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z = 0.30 z = 0.50 z = 0.70
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DI-HADRON FF
Neural Network

u=+d

ratio offset A =2.5
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DI-HADRON FF oo — oo
Neural Network & e
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z = 0.30 z = 0.50 z =0.70
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4 - A | szclzhi::l 2.5 - é 0.8 - N N LO

] strange
0 up

Q =1 GeV
charm
strange
up
down

Luca Polano 16



Comparison at NNLO:
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Gluon and up bands at NNLO
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Luca Polano

UNPOLARIZED RECAP

® Good agreement between both fits and data, small )(2

® The different parameterisations allow to grasp aspects
of the Di-Hadron not accessible with the single ones

® A hierarchy among quark flavors is clear and stable

* Gluon uncostrained with e e~ data
Need for SIDIS, hadron-hadron collisions data
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H? backgorund
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H? backgorund

Zq 63 ‘ Hfl’q(Z, M,) - Hf,q(za Mh)

Ahh -
ur 2. DY d(5 Nj
Z €q Dl(ZaMh) ' Dl(ZaMh)
Form ™ a1
o g .
Symmetry relations for H1 ;

- Isopsin symmetry

- Charge conjugation
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Ahh o
UT
Formm™

Symmetry relations for Hf‘ ;

H? backgorund %

Y, 2+ Hi*(z, My) - Hi*(2, My) .

_ 7
Y €2+ Di(z, M) - D{(E. My 71

, + It P + -
- Isopsin symmetry H;"“_”T - H;‘ad—w T H1<I,u—>7r T H1<x,d—>7z 7

- Charge conjugation
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H? backgorund %

Y, 2+ Hi*(z, My) - Hi*(2, My) v

Ahh o _ %
- Zq 63 ) qu(za Mh) ) Df](f, Mh) /

Forz n™
Symmetry relations for Hf‘ ;
. + - ] + - = + - + -
- Isopsin symmetry H;"“_”T T = H;‘ad—w T H1<I,u—>7r T H1<x,d—>7z v

. . + - — — _+ _ 4 — 4
- Charge conjugation Hf"“—’” T — H;Ia“—)ﬂ T — H1<I,d—>ﬂ A H1<I,d—>7t 7
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H? backgorund %

Y, 2+ Hi*(z, My) - Hi*(2, My) o

Ahh o _ %
- Zq 63 ) qu(za Mh) ) Df](f, Mh) /

Forn nm™

Symmetry relations for Hf‘ ;
. + - ] + - = + - + -
- Isopsin symmetry H;"‘H” T = Hflad*ﬂ T H1<I,u—>7r T — H1<x,d—>n 7

o o + - = — -+ — 4+ 3 4+ —
- Charge conjugation Hf"“—’” T — H;’»“—)ﬂ T — H1<I,d—>ﬂ A H1<I,d—>7t 7

Hy"is proportional to H,* « (7, — J,.), which brings H*97" " = — H<4=% %"

C Ly — Aq _ _ gdq _ _ g.q _
Sea: g = s,C,b H%=-H"=-H"%=0
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H? backgorund

Y, 2+ Hi*(z, My) - Hi*(2, My) v

Ahh o _ %
- Zq 63 ) qu(za Mh) ) Df](f, Mh) /

Forz n™
Symmetry relations for Hf‘ ;
. + - ] + - = + - + -
- Isopsin symmetry H;"“_”T T = H;‘ad—w T H1<I,u—>7r T H1<x,d—>7z v

. . + - — — _+ _ 4 — 4
- Charge conjugation Hf"“—’” T — Hff’“—)ﬂ T — H1<I,d—>ﬂ A H1<I,d—>7t 7

Valence

Sea: g =s,cC,b H¥ = {99 = _fg¥4=
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Latest H f‘ extractions
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Latest H f extractions

Q=1 GeV
o 6.0e-01
Pavia 2012
2011 BELLE data aty/S = 10.58 GeV s0001 |
of ete™ > (xtn )@ )X F RM,) = 1Pt — Pra | Hi (2, M, 07)
N s LYEh) —
O free parameters 2.0e-01 |
LO
0.0e+00 ————t— 1
04 06 08 1.0 1.2 14
My, [GeV]
JAM 2024 o
JAMDIiFF

2011 BELLE data at1/S = 10.58 GeV
of ete™ = (T )@ 7 )X

48 free parameters

H*"(z, M})[GeV™']

_ | g =100 GeV?
LO 2 =025 S Tz=045 I 2=0.65

04 06 08 10 pM,04 08 12 16 M,04 08 12 M,[GeV]
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Symmetries old also at NLO:

Luca Polano

Set up for H;* at NLO

H<I/ u __ H<I/ d H<I/ u __ H1<I/,d
HY=-H%M=_H9¥9=(
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Set up for H;* at NLO

Symmetries old also at NLO: Hf‘/»“ = _ Hf‘/’d — _ H1<x/,ﬁ _ H1<r/,(i

HY=-H%M=_H9¥9=(
Observable at NLO:

Possible inconsistencies

NLOcalculation in: A.P. Contogouris et al, Phys. Lett. B 334, (1995) ~—" - * :
between the equations
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Set up for H;* at NLO

Symmetries old also at NLO: Hf‘/»“ = _ Hf‘/’d — _ H1<x/,ﬁ _ H1<r/,(i

HY=-H%M=_H9¥9=(
Observable at NLO:

Possible inconsistencies

NLOcalculation in: A.P. Contogouris et al, Phys. Lett. B 334, (1995) ~—" - * :
between the equations

| checked the calculations, and | found some differences in the final result.

2
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d-dimensions

1  do"

d
4.1 du dz

Luca Polano

_I_

Asymmetry at NLO

U(PQ)

U(Pl)

~ 2Re(f(g?) | M, 7|

Py

Sl

|

(P2) = %ffz(l + v5512)

(P1) = %171 (1 +755¢1)

1 : ] . "
—o0'5(1 —wd(1 -2 The sum isolates collinear singularities

00.7
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Real g emission

d-dimensions
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Real g emission

d-dimensions

d*='p, d*'P
1 2 (27)*6 (g — P, — P, — Py)

(27)d-1 (27)d-! \

d I, ;pg =

Luca Polano 23



Real g emission

d-dimensions

[8“(Spy - Spy) — SESY, — S¥,SH |

Luca Polano 23



Real g emission

Pl * PZ\
U —
Pi-q
d-dimensions __2Piq
QZ

1 do" 4 a; ( 0°

— dz d 1 — —1—e€ 1 — l—e,,—e.,—2¢€ Y7 — (] — 2
agaT du dz “ 3 2r ) Il — €] edzdu (1=2) AL —u) Uz [ uz — el —uz) ]]

Arp?
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Real g emission

Pl * PZ\
U —
Pi-q
d-dimensions __2Piq
QZ

1 do" 4 a; ( 0°

— dz d 1 — —1—¢€ 1 — l—e,,—€,—2¢€ Y7 — (] — 2
agaT du dz “ 3 2r ) I'[1 — €] zdzdu (1 —2) =H1 —u) w7z [ uz — el —uz) ]]

Arp?
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Real g emission

Pl °P2\
U —
Pi-q
d-dimensions 2P
Q2

=e
ol dudz 73 2r \ 4mp? I'[1 - €]

f/\//

(1= ==Lt 6(l )+ ——— (1“(1 ‘Z)) + 6(e?) Jldzf(z)—fﬂ) _ Jld f(2)
(I =2), )

<
c o 1-z 1-2),

I do® 4 2\
O 2 a ( Q ) ZdZ du (1 . Z)—l—e(l . M)I—GM—GZ—ZE lzuz . 6(1 . MZ)Z]]
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Real g emission

P, -P,
U =
Py-q
d-dimensions 2P -q
L = Q2
R 2 —° Y
CIZT do 2654 - Q (1 i 62) X
oy’ dudz 32 \ dnue e 12
y I  5(1—u) 81 —2) (..)
x{zé(l—u)é(l—z) 6() 1-2. (l—u)J 6(1 —u)(...)+6(1 =2)(...) Y @(6)}

P X, 02 \ (2 3 7 O
of - T32x \ 4nulere €2 € 6
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1 V
+  —6V6(1 —w)s(1 —2)

3 o r dudz 4 1
After M S subtraction:
Pl * P2
{ = Q2
ve22 5 ) (2 Z 81— wa(l - 2
€ T — — U —

131 ¢
NLO - log(1 — u) logu \
+6(1 = 2)[ (1 = ) + 2u( L+ )
- l —u 1 —u), /-

coefficient

+6(1 — w1 =2) +22<(10g(1 _Z)>++ 2108z )

1 —z

Uz
| + O(e) ;.
(1 —u).(1 -2, }

Luca Polano 26
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CONCLUSIONS AND OUTLOOKS

@ NLO Artru-Collins asymmetry has been recomputed. We find differences from
A.P. Contogouiris et al, Phys. Lett. B 334, (1995).
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CONCLUSIONS AND OUTLOOKS

® NLO Artru-Collins asymmetry has been recomputed. We find differences from
A.P. Contogouiris et al, Phys. Lett. B 334, (1995).

@ Work in progress for numerical estimations to see the impact of the corrections.
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CONCLUSIONS AND OUTLOOKS

@ NLO Artru-Collins asymmetry has been recomputed. We find differences from
A.P. Contogouris et al, Phys. Lett. B 334, (1995).

@ Work in progress for numerical estimations to see the impact of the corrections.

@ Apply the techniques for transversely polarized SIDIS.
Needs to check: A.P. Contogouris et al, Phys. Lett. B 365, (1996)
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CONCLUSIONS AND OUTLOOKS

NLO Artru-Collins asymmetry has been recomputed. We find differences from
A.P. Contogouris et al, Phys. Lett. B 334, (1995).

Work in progress for numerical estimations to see the impact of the corrections.

Apply the techniques for transversely polarized SIDIS.
Needs to check: A.P. Contogouris et al, Phys. Lett. B 365, (1996)

Fit of the Artu-Collins asymmetry data to extract Hf‘ at NLO.
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® Have a better knowledge of the proton structure.

Why do we need transversity beyond LO?

A solid theoretical background is fundamental, especially in view of new data (EIC)

® Transversity can be used to investigate
physics beyond the Standard Model

Chiral-odd structures do not appear in the SM
Tree level Lagrangian

gr = ou — od

Neutrino /-decay

1
O0q = [ dx hi(x)
constraints on CP violation /

Luca Polano

adapted from C. Alexandrou, QCD Evolution 24

ETMC24 F

ETMC19 |
PNDMEILS
RQCD23 |
QCDSF+23 |
YQCD22
Mainz22
NME21 |

JAM3D*

JAMDIF

Kang [

Radici

-
|.*.|
A
e
lattice
Mainz19 o o
@
o
——
————
0.25 0.50 0.75 1.00 1.25




Flavour analysis

do Ao 20 do
— Nz, M, Q) = Sum over g, ¢
ddM d0? Q2 Zq: g P1(@ My ©) = Z dzdM, 40> 1.4
Ao - 47ra2 Ao 5 e
=72 0 e, Dy (z, M, O)4 0 | 0 eg DY(z, M), Q)+ ...
dgexp u S C
— 2 ) dZthdQ2 ) RMC(Za Mha Q) + T RMC(Za Mha Q) + RMC’(Za Mh? Q)
dGq 2 Dq(za Mh Q)
RY(z,M,, Q) = accessible from Monte Carlo simulations

do Zp > D!(z, Mh, Q)

Luca Polano



do o doP A oo q . .
q (Z9 Mh, Q) dZthdQ2 =2 dZthdQ2 (RMC(Z9 Mh? Q) + RMC(Zv Mh? Q) + RMC(Z9 Mh? Q) + RMC(Za Mha Q))

0.35<2z<0.40 0.45<z<0.50

1.6 - *

1.4 -

1.2 - H t H+ t | ** bt i |
$ u Hft*##* + + biby ALARRS Y *l“ 14- | Hflﬂ |+ Hm” | * I* {}
T
+ d 1.0 - 1.2 A {lH | # * ||* *H
* 5 E:E) 0.8 - o
C 0.8 T
+ < o +++++++++ ++++++++++++++’**++ +++++ 0.6 1 b ' W
boat 4 s
B Pty B et
Normalized by the charge | ' ’ 02 + ' " '
and mU|tip|ied by4 0.3 0.4 0.5 0.6 - 0.7 0.8 0.9 1.0 0.4 0.6 Mofs 1.0 1.2
0.55 <z < 0.60 0.65 <z<0.70

2.5
2.00 A

D}z, M,, Q) L7s- II i * I 201 ||l | |
‘sanicame i HH***|++'**+'*““||||+**'|||'|*n|'n | |||:;||'|||u|*lmlml||.||u.l*\3

1.25 -

q
MC

1.00 A

4

1.0+
0.75 -
0.50 - H 1++ b * ; +*+++ : +* +*1++++ 0.5 1 + + * +{ t
XY AN TR,

0.25 :*++t RIS 3%’ ”o*,t’ ot *+ﬂ+J*+tht T R tt*ﬁ*t+n+u*d

| | | | . 0.0 -

0.4 0.6 0.8 1.0 1.2 0.4 06 08 1.0 1.2
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do o doP A oo q . .
q (Z9 Mh, Q) dZthdQ2 =2 dZthdQ2 (RMC(Z9 Mh? Q) + RMC(Zv Mh? Q) + RMC(Z9 Mh? Q) + RMC(Za Mha Q))

0.35<2z<0.40 0.45<z<0.50

1.6 - *

1.4 -

1.2 - H t H+ t | ** bt i |
$ u Hft*##* + + biby ALARRS Y *l“ 14- | Hflﬂ |+ Hm” | * I* {}
T
+ d 1.0 - 1.2 A {lH | # * ||* *H
* 5 E:E) 0.8 - o
C 0.8 T
+ < o +++++++++ ++++++++++++++’**++ +++++ 0.6 1 b ' W
boat 4 s
B Pty B et
Normalized by the charge | ' ’ 02 + ' " '
and mU|tip|ied by4 0.3 0.4 0.5 0.6 - 0.7 0.8 0.9 1.0 0.4 0.6 Mofs 1.0 1.2
0.55 <z < 0.60 0.65 <z<0.70

2.5
2.00 A

D}z, M,, Q) L7s- II i * I 201 ||l | |
‘sanicame i HH***|++'**+'*““||||+**'|||'|*n|'n | |||:;||'|||u|*lmlml||.||u.l*\3

1.25 -

q
MC

1.00 A

4

1.0+
0.75 -
N/
u d o H 1+++ P oapthd # +*++*+*+ + +¢ *#1++*+ I t | it b
$.4¢ ¢t 4,0
0.25 :*++t RIS 3%’ ”o*,t’ ot *+ﬂ+J*+tht T R tt*ﬁ*t+n+u*d
| | | | . 0.0 A
0.4 0.6 0.8 1.0 1.2 0.4 06 08 1.0 1.2
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WHY /\/\’PZIMP]I/’ PZMS;I’ PZ’MS;Q, Sng; , g/ﬂ/

,] =1,2,3
We are integrating over

d*-'p, d*-'Pp;

dlpps = (27)d-1 (27)d-1

(27)'6D(g — P — P, - P3)

That allow use to substitute P}’ = g* — P — P}

Great amount of terms, leading do different m, . QU QU QU QM
azimuthal modulations. [gT (572 371) STZSTl STZSTI]

HY — U
Any contribution of the kind Pl.”S; ;should be removed. §r =8
Terms proportional to g” vanish after the contraction with L/w‘
8uz+2(D—4)(1 —uz)?
z(1 = 2)(1 — u)

27

PYPY + PYP¥

Py - P,



Unpolarized T polarized

1 do s B - B - Q_2
i 81 = DPI) + 6(1 = wPI() | In ﬂ2>

5(1 = 2P, (u) + 8(1 — )P, (2)

5 { (7% —8) 6(1 — w)s(1 — z)

- o (Il —wy  nu )
S

i In(1 — 21 )
(2,0 22 )

27

+e§§&{(ﬂ2 - 8)5(1 — u)d(1 — 2)

s oft-w v (452). o525 )

log(1 — z) - 2logz
+5<1—u>[<1—z>+2z(( )+ (l—z)+)]

2UZ
+ + O(e) .
(1= w,(1 -2, }

+ (22 + (1 + z(u — 1))?) -5 1(1 = | @(e)} .
+ +
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