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HELICITY PDF g

Collinear component g,(x) is well known

+ How the polarization of the proton
reflects on its internal structure?

glx) = q"—q

J. J. Ethier and E. R. Nocera, Ann. Rev. Nucl. Part. Sci. 70, 43 (2020)
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HELICITY TMD PDF g

+ How the polarization of the proton
reflects on its internal structure in
3 dimensions?

+ How the polarization of the quark
distorts their transverse
momentum?

+ Do quarks with spin parallel to the
proton’s spin have smaller or larger
transverse momentum?
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Analysis of longitudinally polarized process

SIDIS

£2() + NS(P) — £(1') + h(P,) + X

A. Bacchetta et al., Phys.Rev.D 70 (2004), 117504
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HELICITY EXTRACTION: PROCESS AND OBSERVABLE

Analysis of longitudinally polarized process

SIDIS DOUBLE SPIN ASYMMETRY

£2() + NS(P) — £(1') + h(P,) + X

do” " —do” " +do™ " —doT

A =
L do~< +do—— + do—— + do—<

M. Diehl and S. Sapeta, Eur. Phys. J. C 41, 515 (2005)

A. Bacchetta et al., Phys.Rev.D 70 (2004), 117504
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INTERPRETATION IN TERMS OF TMDS

[T 5 | b7 [ | Pyrl ., 2\ Adoh >
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Invariant mass Q of exchanged y* is the hard scale of the process

Power corrections of the type P,fT/ 0~ P,fT/ 7207, Mg/ O~ are neglected
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INTERPRETATION IN TERMS OF TMDS

Q%J' d‘bT| J()(l TH hT‘ ) gl(x ‘bT‘ Q.h(z ‘bT‘ , 0)
= 0

Al(xaza Qa ‘Pth) i a

s b
egj d|by| J()(‘ all ’”‘”)‘ b, Q‘h(z 5,17, 0)
a=q.7 0

Invariant mass Q of exchanged y* is the hard scale of the process

Power corrections of the type P,fT/ 0~ P,fT/ 7207, Mg/ O~ are neglected
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EXPRESSION FOR TMDS

J. C. Collins, D. E. Soper, and G.
E. Sterman, Nucl. Phys. B 250,
199 (1985)

The evolution of the TMDs follows the CSS approach consistently: }. e aen o™

F100 10717, 0) = [CF & £] @, by (167 1) fup(x, 1By [, Qp) €5#x2) esxbrn@/0;
8,0, 10712, 0) = [C2® g1| (%, b (1b717)) gnp(x, | By |*, Q) 5#x2) e8xbrIn@*/05)
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EXPRESSION FOR TMDS

J. C. Collins, D. E. Soper, and G.
Sterman, . Phys. B 250,
199 (1985)

The evolution of the TMDs follows the CSS approach consistently: 1.5 bune Gan o\

i by, Q) = [Cf ®fl] (%, by (1b71%) fup(x, |77, Q) e 5(H5,-Q7) p8x(br)In(Q*/Q5
81(x, ‘bT‘Z’ Q) = @’:‘ gl](xa b, ( ‘bT‘Z)) gnpX, |bT‘2, o) €S(”g*’Q2) egK(bT)ln(Qz/Qg)

Analogously for D,(z, |b,|*, Q). MAPTMD?22

A. Bacchetta et al.,
JHEP 10 (2022), 127

Known only up to NLO

D. Gutiérrez-Reyes et al.,
Phys. Lett. B 769, 84 (2017)
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COLLINEAR SETS

Choice of the collinear sets:
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Same datasets as MAPTMD?22 for
unpolarized collinear functions

4 fl (X) — MMHT2014 set L-A.Harland-Lang et
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D. de Florian, et al., Phys.
+D,(z) — DSS14, Rev. D 91 (2015) 014035

DSS17 sets D. de Florian, et al., Phys.
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COLLINEAR SETS

Choice of the collinear sets:

i |br]”. Q) = O ®fi] (x, by br 1) fup(x, |b71%, Qp) e3(H5,2Q") o8k(BIN(Q*/0))
&aix. by |7, Q) = [C¥ x, b, (1b717)) gup(x, | by]*, Q) €552 e8xbrIN@ /O

Same datasets as MAPTMD22 for g(x) = NNPDFpoll.1 set

unpolarized collinear functions
E. R. Nocera et al. (NNPDF), Nucl.

Qfl(x) — MMHT2014 set L-A.Harland-Lang et Phys. B 887, 276 (2014)
al., Eur.Phys.].C 75

D. de Florian, et al., Phys.
+D,(z) — DSS14, Rev. D 91 (2015) 014035

DSS17 sets D. de Florian, et al., Phys.
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CHOICE OF PARAMETERIZATION

Parameterization of the nonperturbative part:
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CHOICE OF PARAMETERIZATION

Parameterization of the nonperturbative part:
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CHOICE OF PARAMETERIZATION

Parameterization of the nonperturbative part:

fiex 15717, 0) = [ @ fi] (x, by (1571%) @ 1 br)?, Qp) €5HowC) gsxbrn(@/05
8,0, 16715, 0) = [C2® g1| (%, b (1b717)) gnp(x, | By, Q) 5#x2) e8rbrIn@*/00)

MAPTMD22

K2 > K2 ; k2 A. Bacchetta et al.,
exp + k{A“exp + Ayexp JHEP 10 (2022), 127

g14(X) g15(X) g1c(x)

f]]\\?}épzz(xa kza QO) —

7 (g14(x) + 22815(0)% + 43 g1 (%))

(‘_ — x)a{21,2,3}x0{1,2,3}

(X) = Nj123)—
g{ lA,lB,1C} {1,2,3} ( - .)/e)a{zl,2,3}£0'{1,2’3}
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CHOICE OF PARAMETERIZATION

MAP22

£106 16717, 0) = [ @ £,| (x, b, (16717 X b.12, Q) €5Hr Q) 8xlbrn(@705)
8,0, 10715, 0) = [C2® g1| (%, b (1b717)) gnpxs | By, Q) 5#x2) e8xbrIn@*/05)
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CHOICE OF PARAMETERIZATION

Parameterization of the nonperturbative part:

F100 1b7 1%, 0) = [CF @ £] (e, by (15712 fHAP2(x, | by |2, Q) €5#42) esxbpIn@7/0p)
8,0, 10712, 0) = [C2® g1| (%, b (1b717)) gnp(x, | By |*, Q) 5#x2) e8xbrIn@*/05)

€
gNP(xa kJ2_9 Q()) Zf]]\\g)Apzz(xa kJ2_9 Q()) k

norm
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CHOICE OF PARAMETERIZATION

gNP(xa kJ2_9 Q()) — f]]\\g)Apzz(xa kJ2_9 Q())
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CHOICE OF PARAMETERIZATION

N N
@1(x)

e
gvp( k%, Qp) = fral22(x, k2, Qp)
knorm(x)
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CHOICE OF PARAMETERIZATION

K3 MA P22
b » Proportional to f NP

gnp(x, k2 0y) = f]%APzz(x k2 Qo)

Knorm(X) » x-dependent
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CHOICE OF PARAMETERIZATION

K3 MA P22
b » Proportional to f NP

anp6 k2, Q) = fHAP2(y k2, 0,) —
NP 07 = JNp " ko > x-dependent

knarm(x) — szki ENP = 1

@(x) — crucial to satisfy |g;| < f;
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CHOICE OF PARAMETERIZATION

K3 MA P22
b » Proportional to f NP

anp6 k2, Q) = fHAP2(y k2, 0,) —
NP 07 = JNp " ko > x-dependent

knarm(x) — szki ENP = 1

@;(x) — crucial to satisfy | g;| < f;

2
At Qy = 1 GeV, the ratio g,/f; reads: 81(x, k1, Qp) _ 2,(x, O

| fl(-xa ka_’ Q()) fl(-xa QO)
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ROLE OF THE GAUSSIAN TERM

2
kT

gl(x’ kJ2_9 Q()) _ gl(x, QO) e ©10
hix, kJ2_9 o) F1(x, Qo) Ky (X)
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ROLE OF THE GAUSSIAN TERM
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ROLE OF THE GAUSSIAN TERM

2
kT

gl(xa kJ2_9 Q()) _ gl(x, QO) e ©10
fl(x? ka_a QO) fl(xa QO) knarm(x)

w(x) = 0 = Positivity broken
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ROLE OF THE GAUSSIAN TERM

Ratio taken from our fit
K1

gl(xa kJ2_9 Q()) _ gl(x, QO) e ©10
fl(x? ka_a QO) fl(xa QO) knarm(x)
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CHOICE OF PARAMETERIZATION

L > Proportional to f%ﬁp 22

anpn k2, Op) = fUAP2(x k2, 01 e
NP KL S20) = e " kwrm® > x-dependent

knorm() — Idzki gvp = 1

@(x) — crucial to satisfy |g;| < f;
2
At Qy = 1 GeV, the ratio g,/f; reads: 81(x, ki, Q) _ g,(x, O,
fi kT, Qp)  filx, Qp)
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CHOICE OF PARAMETERIZATION

» Proportional to %ﬁp 22

» x-dependent

knorm() — Idzki gvp = 1

@(x) — crucial to satisfy |g;| < f;

At Qy = 1 GeV, the ratio g,/f; reads:

gl(xakza QO) _ gl(xa QO
f1(e, k2, Qp) F1(x, Qp)

gl(xa Q()) 1
fl(xa QO) knorm(x)

<1
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CHOICE OF PARAMETERIZATION

» Proportional to %ﬁp 22

» x-dependent

knorm() — Idzki gvp = 1

@(x) — crucial to satisfy |g;| < f;

At Qy = 1 GeV, the ratio g,/f; reads:

gl(xakza QO) _ gl(xa QO
f1(e, k2, Qp) F1(x, Qp)

gl(xa Q()) 1 (1 o x)alzg x%lg
< 1 — N2
fl(xa QO) knorm(x) — wl(X) J;OS.(X) . . (1 — )%)alzg XCls

Alessia Bongallino REF2024



CHOICE OF PARAMETERIZATION

» Proportional to %ﬁp 22

» x-dependent

knorm() — Idzki gvp = 1

@(x) — crucial to satisfy |g;| < f;

At Qy = 1 GeV, the ratio g,/f; reads:

gl(xakza QO) _ gl(xa QO
f1(e, k2, Qp) F1(x, Qp)

gl(xa Q()) 1 (1 — x)alzg 1 %lg
< 1 — N2
fl(xa QO) knorm(x) wl(X) J;OS.(X) " ¢ (1 — )?)alzg XCls
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POSITIVITY BOUNDS

(1 — x)%s x

(1 — )% 3%

@ (x) =]§QOS.(x) + Ny,
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POSITIVITY BOUNDS
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(1 — )’é)alzg XPlg
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*f (X) guarantees the POSITIVILY bound ];905.()6) ~ C T+ h € o2
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POSITIVITY BOUNDS

(1 — x)%s x°

(1 — %)%e 3

@ (x) =]§Q0S.(x) + Ny,

(x — u)?
=

*Jh0s.(X) guarantees the positivity bound ];OS,(X) ~ ¢+ h’e

- at TMD level

- for all values of x in the analysed range

1074 < x<0.7
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POSITIVITY BOUNDS

(1 — x)%s x°

(1 — %)%e 3

@ (x) =]§Q0S.(x) + Ny,

(x — u)?
=

*Jh0s.(X) guarantees the positivity bound ];OS,(X) N c+h'e

at TMD level

for all values of x in the analysed range

1074 < x<0.7

+Ny,, @1, 01, are the free parameters of the fit, x = 0.1.
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Cl — 02, C2 — 05, C3 — 03
+ SIDIS fragmentation region

0.2 <z<0.7 as MAPTMD?22 analysis
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DATASET

KINEMATICAL CUTS

+ Applicability of perturbation theory
Q> Npep Q> 1.4 GeV

+ TMD region

| P,| < min[min[c,Q, ¢,z0] + ¢; GeV, z0)]
Cl — 02, C2 — ()5, C3 — 03
+ SIDIS fragmentation region

0.2 <z<0.7 as MAPTMD?22 analysis

- Consistency with f;, D,

- TMD factorization
conditions fulfilled
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DATASET
KINEMATICAL CUTS INCLUDED

» HERMES Collaboration SIDIS data
+ Applicability of perturbation theory e o s

1.0

- @ 00<P_[GeV]<0.3 |

Q =>> AQCD Q > 14 GeV o‘sf Ajls ﬂ ::::::((232153

< -
b
-

L
9-9«’-{?)3
i A. Airapetian et al.

} | o | (HERMES), Phys.
f Rev. D 99, 112001
(2019)

+ TMD region °

-0.5

| P,| < min[min[c,Q, ¢,z0] + ¢; GeV, z0)] '°°§ AT
Cl — 02, C2 — ()5, C3 — 03 .

T+
-
o o
— —
- o
- o
- -
o— — e —
b o
- -
o -
3
—
o R
A

-0.5

+ SIDIS fragmentation region

-
PO Bt A denddo At

0.2 <z<0.7 as MAPTMD22 analysis S

- Consistency with f;, D,

- TMD factorization
conditions fulfilled
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DATASET
KINEMATICAL CUTS INCLUDED

» HERMES Collaboration SIDIS data
+ Applicability of perturbation theory e o s

1.0 An+

- @ 00 <P_[GeV]<0.3 -
Q >> AQCD Q > 14 GGV os. e ﬂ -::::::((:32?%
: <
+ TMD region : |

SR E
;-!'ﬁ?;i |

i A. Airapetian et al.
-0.5+

} | (HERMES), Phys.

| P,r| < min[min[c,Q, ¢,z0] + ¢; GeV, zQ] O AT ;‘ I Rev.D 99, 112001

Cl — 02, C2 — 05, C3 — 03 " (2019)

‘N
-
= -
- . -
P o
o o
o:— — ] —
o o
- -
o o
o o
p— -
p
-~ e

+ SIDIS fragmentation region

-0.5
-
-
-

L

<

s P | > —
0‘3 - -

0.2 <z<0.7 as MAPTMD22 analysis e

NOT INCLUDED

- TMD factorization » COMPASS Collaboration deuteron target data
conditions fulfilled » CLAS6 Collaboration data

- Consistency with f;, D,
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FITTING FRAMEWORK

Nanga Parbat: a TMD fitting framework

https://github.com/MapCollaboration/NangaParbat

Alessia Bongallino REF2024


https://github.com/MapCollaboration/NangaParbat

FITTING FRAMEWORK

Experiment

XZNLL / Ndat

X2NNLL / Ndat

HERMES (d — 7™)

1.34

1.30

HERMES (d - 77)

1.10

1.08

HERMES (d - K™)

1.26

1.25

HERMES (d —» K~)

0.93

0.89

HERMES (p — ™)

1.17

1.21

HERMES (p —» 77)

0.86

0.86

Total

1.11

1.09

Alessia Bongallino

Parameters

NLL

NNLL
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FITTING FRAMEWORK

Experiment

XZNLL / Ndat

X2NNLL / Ndat

HERMES (d — 7™)

1.34

1.30

HERMES (d - 77)

1.10

+ 291 fitted data points

1.08

HERMES (d - K™)

1.26

1.25

HERMES (d —» K~)

0.93

0.89

HERMES (p — ™)

1.17

1.21

HERMES (p —» 77)

0.86

0.86

Total

1.11

1.09

Alessia Bongallino

Parameters

NLL

NNLL
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FITTING FRAMEWORK

Experiment

XZNLL / Ndat

X2NNLL / Ndat

HERMES (d — 7™)

1.34

1.30

HERMES (d - 77)

1.10

+ 291 fitted data points

1.08

HERMES (d - K™)

1.26

1.25 4+ Perturbative order: NLO

HERMES (d —» K~)

0.93

0.89

HERMES (p — ™)

1.17

1.21

HERMES (p —» 77)

0.86

0.86

Total

1.11

1.09

Alessia Bongallino

Parameters

NLL

NNLL
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FITTING FRAMEWORK

Experiment XIZ\ILL / N, dat XZNNLL / N dat

HERMES (d — ™) 1.34 1.30
HERMES (d — 7) 110 108 + 291 fitted data points

HERMES (d -+ K™) 1.26 1.25 + Perturbative order: NLO
HERMES (d - K7) 0.93 0.89
HERMES (p = 7™) 1.17 1.21
HERMES (p —» 77) 0.86 0.86

Total 1.11 1.09

Highest possible since
(¢ known up to NLO

Parameters

NLL
NNLL
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FITTING FRAMEWORK

Experiment XL/ Ndat | XRnLe /Ndat
HERMES (d — ™) 1.34 1.30
HERMES (d — 7) 110 108 + 291 fitted data points

HERMES (d -+ K™) 1.26 1.25 + Perturbative order: NLO

HERMES (d — K~) 0.93 0.89 + Perturbative accuracy: NLL & N2LL
HERMES (p = 7™) 1.17 1.21
HERMES (p —» 77) 0.86 0.86

Total 1.11 1.09

Highest possible since
(¢ known up to NLO

Parameters

NLL
NNLL
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FITTING FRAMEWORK

Highest possible since

Experiment

X12\ILL / Ndat

> (¢ known up to NLO
XNNLL/Ndat

HERMES (d — 7™)

1.34

1.30

HERMES (d — 77)

1.10

1 08 + 291 fitted data points

HERMES (d - K™)

1.26

1.25 4+ Perturbative order: NLO

HERMES (d —» K~)

0.93

0.89 + Perturbative accuracy: NLL & N2LL

HERMES (p — ™)

1.17

1.21

HERMES (p — 7°)

0.86

+ 3 fitted parameters
0.86

Total

1.11

1.09

Alessia Bongallino

Parameters

NLL
NNLL
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FITTING FRAMEWORK

Experiment

X12\ILL / Ndat

X2NNLL / Ndat

HERMES (d — 7™)

1.34

1.30

HERMES (d — 77)

1.10

1.08

HERMES (d - K™)

1.26

Highest possible since
(¢ known up to NLO

+ 291 fitted data points

1.25 4+ Perturbative order: NLO

HERMES (d —» K~)

0.93

0.89 + Perturbative accuracy: NLL & N2LL

HERMES (p — ™)

1.17

1.21

HERMES (p — 7°)

0.86

0.86

Total

1.11

+ 3 fitted parameters

1.09 + Error analysis with bootstrap

Alessia Bongallino

method

Parameters

N1,

NLL

NNLL
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REPLICA METHOD

f1(x) = MMHT2014 set, D;(z) = DSS14, DSS17 sets
g1(x) = NNPDFpoll.1: 100 MC members
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Alessia Bongallino

REPLICA METHOD

f1(x) = MMHT2014 set, D;(z) = DSS14, DSS17 sets
g1(x) = NNPDFpoll.1: 100 MC members

l

100 replicas of A data points to be fitted

i-th replica of g,(x) and the extracted g; TMD
associated with the same replica of unpolarized TMDs
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REPLICA METHOD

f1(x) = MMHT2014 set, D;(z) = DSS14, DSS17 sets
g1(x) = NNPDFpoll.1: 100 MC members

l

100 replicas of A data points to be fitted

i-th replica of g,(x) and the extracted g; TMD
associated with the same replica of unpolarized TMDs

l

Uncertainty of extracted collinear PDF propagated onto TMD’s uncertainty

Alessia Bongallino REF2024



EXTRACTION OF THE HELICITY TMD

N2LL o = 0.05
o =0.1
x = 0.3

Q = 2 GeV
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RATIO PLOT AT NNLL

QQ =1 GeV Q —=1GeV
x — 0.05 x — 0.1

000 0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
k1| [GeV] k1| [GeV] k1| [GeV]
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RATIO PLOT AT NNLL

QQ =1 GeV Q —=1GeV
x — 0.05 x — 0.1

almost flat
at low x

0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
k1| [GeV] k1| [GeV] k1| [GeV]
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RATIO PLOT AT NNLL

Q =1GeV QQ =1 GeV
x — 0.05 x — 0.1

almost flat
at low x

g sharper

than f, at
high x

Alessia Bongallino

0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75
k1| [GeV] k1| [GeV] k1| [GeV]
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COMPARISON WITH LATTICE

- This work

Musch et al. (I) .
% Musch et al. (II) §c‘g1/f1 TMD ratio for u,
integrated over x , at

Q = 2 GeV NNILL

+ Yellow and blue bands
correspond to two lattice
predictions

+ Milder slope but fair
agreement

0.1 0.2 0.6 0.7

0.3 04 0.5
k.| [GeV]

B. U. Musch et al., Phys. Rev. D 83, 094507 (2011)
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0.2 < z<0.35

0.075 < « < 0.1

DATA/THEORY COMPARISON

0.35 < 2 <0.5

0.5 < z2<0.8

Experiment

X2NLL / Nat

X2NNLL / Naat

0.1 <x<0.14

HERMES (d — )

1.34

1.30

HERMES (d — 7")

1.10

1.08

_|_

HERMES (d — K )

0.93

0.89

HERMES (p — 7

1.17

1.21

HERMES (p —» 77)

0.86

0.86

Total

1.11

1.09

0.2 0.3 0.4 0.5

| Prr| [GeV]

Alessia Bongallino

0.6

0.4 0.5

| Prnr| [GeV]

|
T
0.6

0.4 0.5

| Prr| [GeV]
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DATA/THEORY COMPARISON

0.2 < 2<0.35 0.35 < 2 <€ 0.5 0.5 < 2<0.8
01 <x<0.14

Experiment XZNLL /Naat XzNNLL /Ndat

T old<z<02 B | | | | - | I | | HERMES (d — 7r+) 1.34 1.30
! 1 HERMES (d — 77) 1.10 1.08

t t [ S S — HERMES (d -+ K™) 1.26 1.25
| f } T | HERMES (p — 7) 1.17 1.21
' — e HERMES (p -7 ) | 53 0.86 0.86
Total 291 1.11 1.09

0.2 < x<0.3

Largest y* are obtained for z*channels
(observed also in MAPTMD22 extraction)

0.2 0.3 014 015 0.6 0.3 0.4 015 . l
|PhT| [GeV] |PhT| [GeV]
due to smaller exp. uncertainties
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MATCHING COEFFICIENTS COMPUTATION




MATCHING COEFFICIENTS COMPUTATION

M. G.
Echevarria et

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f
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M. G.

MATCHING COEFFICIENTS COMPUTATION

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f

Gl[,lj]f—>N(Z9 /’ts Z:)
Z2—28

%}Ef’(z’ bT? lua C) — Gl[,l]][_)N(Z, bT? //ta C)
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M. G.

MATCHING COEFFICIENTS COMPUTATION

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f/

Gl oz 1. 0)
Gy N2 1,
G b Q) = Gy @b ) - ———

Explicitating the relation of the TMD with the unsubtracted*:

ST (1] (1] ~un [0]
2 F ren. = 2,001 o

Cg][fﬂf(za bT9 M, Z.:) Giﬂ/}[_l)}(za bT? M, C:)

*only for
§ 8474
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M. G.

MATCHING COEFFICIENTS COMPUTATION

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f/

Gl oz 1. 0)
Gy N2 1,
G b Q) = Gy @b ) - ———

Explicitating the relation of the TMD with the unsubtracted*:

ST (1] (1] ~un [0]
2 F ren. = 2,001 o

Cg][fﬂf(za bT9 M, Z.:) Giﬂ/}[_l)}(za bT? M, C:)

Fixes rapidity g+ *only for

. ln—
divergence ot 9> g.0—q
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M. G.

MATCHING COEFFICIENTS COMPUTATION

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f/

Gl oz 1. 0)
Gy N2 1,
G b Q) = Gy @b ) - ———

Explicitating the relation of the TMD with the unsubtracted*:

S[I]Gun [0]

1 . 1 . L= 1 0
Cg][f_lf (Za bT9 M, Z.:) Giﬂ”}[_)} (Za bT? M, C:) 2 ' (Zl[er]l ZVE/fI]”)Gft,’;[—)]]U

Fixes rapidity g+ RERES ‘/

1 UV div *only for
. n_ .
divergence ot 9> g.0—q
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M. G.

MATCHING COEFFICIENTS COMPUTATION

At small-by : al., JHEP 09

G, f—N (2, Up) (2016), 004
Gl,f—>N(Za bTa H, C) — Z Cgf—>f’ (Za bTa M, Z.:a //tb) ® Z2_25 | @(//le)

f

Gl[,lj]f—>N(Z9 /’ts Z:)
Z2—28

%}Ef’(z’ bT? M, C) — Gl[,l]][_)N(Z, bT? H, C)

Explicitating the relation of the TMD with the unsubtracted*:

SUGI" S Gi'l oz, 1, )
[1] . . Mn[l] E 19f_>f : [1] - [1] Un [O] l,f—)f 7 ’
Cgf"]w(z, bT’ M Z’:) i Glaf—>f'(z’ bT’ M, é’) H ! (Zren. war)Gl,f*f’ 22_28

: . Fixes / Fixes /
Fixes rapidity g+ *only for

divergence ln— UV div. IR div.
p+ g— 844
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HELICITY TMD FF AT NLO

LLorentz structures

[' = yys

[ =iel” = [etTH

Scheme choice

: ap
ier
(}/+y5)Larin+ = 7

D. Gutiérrez-Reyes, et al.,
Phys. Lett. B 769, 84 (2017)

Y V¥
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RESULTS FOR MATCHING COEFFICIENTS AT NLO

" Cra, 1 b7 5
e brn ) =2 |22 o+ (-0 +2(1=2) +8(1 = (- L3 + 2Lyl - &, )

" Cra, 1
G\ (2, brip, §) = e (=2L2 — 2) — 4(1 — 2))

o | 3 Lo 1
G (e bpipn ) = — Z2( 2L;(2z — 1) + 4(1 = 2))

Cuo, 1

Cg([gllg(Z, bTa //ta Z:) — 471_ Zz

- (3 — 4z)> ~8(1 —2) + &(1 — z)(—L% + 2L, — §2>
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RESULTS FOR MATCHING COEFFICIENTS AT NLO

6. (2bru )= o 2Ly TR P (L =7 +2(1—z)+5(1—Z)(—LT+2LTlc‘52>

" Cra, 1
G\ (2, brip, §) = e (=2L2 — 2) — 4(1 — 2))

o | 3 Lo 1
G (e bpipn ) = — Z2( 2L;(2z — 1) + 4(1 = 2))

Cuo, 1

€' (2, bpu, ) =
(z, bz p, ) dr 22

§—8

b=

_2LT< L +2 F(3 — 4z)> —38(1 —2)+o(1 — z)(—L%+ 2LT1(;— 52)

In agreement with
D. Gutiérrez-Reyes
et al., Phys. Lett. B
769, 84 (2017)
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RESULTS FOR MATCHING COEFFICIENTS AT NLO

" Cra, 1 I 27 5
Gl ebind) == |2 o+ (-0 +2(1 =2+ 801 =) -L3 +2L7l - )

" Cra, 1
G\ (2, brip, §) = e (=2L2 — 2) — 4(1 — 2))

o | 3 Lo 1
G (e bpipn ) = — Z2( 2L;(2z — 1) + 4(1 = 2))

|
Uil

) | Cuo, 1 |
6 o3 br p, §) = Ar 22 —2Ly

- (3 — 4z)> ~8(1 —2) + &(1 — z)(—L% + 2L, — §2>

In agreement with
D. Gutiérrez-Reyes
et al., Phys. Lett. B
769, 84 (2017)

via Gribov-Lipatovrelation
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RESULTS FOR MATCHING COEFFICIENTS AT NLO

C‘g[l]

Cg[l]

Cg[l]

Cg[l]

§—8

q—>q(Z7 bT? ﬂ? C) oF

q—>g(Za bT? //t, Z:) =

g—)q(za bT? M? C) =

Cra, 1

Ar 72

] N
2L

Cra, 1
A 72

I"aS

4 72

Cuo, 1 1 +z2

(Za bT; M, Z:) —

(—2L;(2 —2) — 4(1 — 2))

(=2L;(2z— 1) +4(1 - 2))

—2L

Ar 72

In agreement with

D. Gutiérrez-Reyes

via Gribov-Lipatovrelation

et al., Phys. Lett. B
769, 84 (2017)

Alessia Bongallino

—1
_ ~1
Af_>f/ (z,0) = _Z ]\Qf CI)ﬁ_f, (z7°,0)

M. G. Echevarria et al., JHEP 09 (2016), 004

REF2024

(1 — z)) +2(1 —2) + 6(1 — z)(—L% + 2Lyl — §2>

- (3 — 4z)> ~8(1 —2) + &(1 — z)(—L% + 2L, — §2>

Nog = N

CF
ng o (1 S G)T

— ||

r

-1 T

r

N =
= 1—€CF




EFFECT OF THE MATCHING COEFFICIENTS

NLL ) NNLL
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& SO
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<& S
Néozo Né020
& 8
S ™ S
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N\ N\

1.5 . . . . . . 1.5

|PhT| [GeV] |PhT| [GGV]
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CONCLUSIONS AND FUTURE IMPROVEMENTS

HELICITY TMD PDF

+ First extraction of the helicity TMD PDF for
quarks at NLO with numerator-denominator

compatibility, reaching NNLL perturbative
accuracy

+ Positivity constraint fulfilled by construction

+ Helicity TMD shows a x-dependence and

different behaviour from the unpolarized at
large x

+ Free parameters poorly constrained for
limited size of the experimental dataset:
new data will refine the model

Alessia Bongallino

REF2024

HELICITY TMD FF

+ First computation of the matching

coefficients of the helicity TMD FF
at NLO

+ Phenomenological analysis in the
TMD context can be done with data

from A-production experiments (CC
NOMAD, SIDIS COMPASS,
HERMES, LEP )







RATIO PLOT NLL VS NNLL

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
k1| [GeV] k1| [GeV] k1| [GeV]
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NP PART OF THE UNPOLARIZED TMD PDF 1,

exp ( glitx)> + k7A%exp ( glitx)) + Ajexp (

ki

g1c(x)

)

Parameter

Average over replicas

92 [GeV]

0.248 = 0.008

N1 [GeVz]

0.316 + 0.025

05

1.29 + 0.19

01

0.68 = 0.13

A [GeV™H

1.82 4+ 0.29

N 3 [GGVZ]

0.0055 = 0.0006

PMAPR( 12 0 )
e ) 7 (814(X) + A2815(X)? + 43 g1c(%))

The x-dependent gaussian widths are

(1 _ x)“{21,2,3}x0{1,2,3}

gria.18101(X) = Nyjo3
{ } { } (1 i )’5)0‘{21,2,3})’50{1,2,3}

Alessia Bongallino REF2024

10.23 = 0.29

0.0094 £ 0.0012

1.406 + 0.084

0.078 = 0.011

0.2167 &+ 0.0055

0.134 = 0.017

0.0130 = 0.0069

0.0215 £ 0.0058

4.27 = 0.31

4.27 = 0.13

0.455 = 0.050

12.71 &= 0.21

4.17 = 0.13

0.167 = 0.006

0.0007 = 0.0110




EXPRESSION OF THE & (i) FACTOR

norm

g14(x) L2 gip(0w;(x) 5 81
214(%) + wy(x) (91500 + w02 % g1c(x) + wy(x)

k —
o) = Wi (%) 81(0) + A287(6) + A2g1c(0)
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UV
RENORMALIZATION
CONSTANTS

SOFT FUNCTION

N
In(6*6~/u?) — In <5—> In <£2>
2 H
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O-REGULARIZATION

0
W .(y) = Pexp [ig[ din-A(y + /lﬁ)e_5+’1] = /& [

d'k ., —gn't® .
— A, (k)
(2m)" kt —iot -

U =L
kin

ot —10

Ir . -
BL=7 W ()iD}, W, (y) BO#(k) = g

QUARK AND GLUON FUNCTIONS

I 1 [de .
G,_Nz by) = e ZEJT/ p§/2z<O‘T[WnTquj] (5)\X,N>y;y5<X,N\T[qu,ﬂaO 10 >
C X a

TR

— P < - 1 1 dé— —ip-£/27 U - 5
G, Nz by) = (d—2)(d—3)(N§—1)l€””§2J S ¢ P <0\T[BM] () IX,N><X,N|T|B* | (0)]0>
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