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Introduction



Matching relations

In the small-b regime:

by =Y @y [Cr e f]@ + ow?
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TMD Matching Coefficient PDF
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Matching relations

In the small-b regime:

foeb)= 3 al Y, Cr®f| ) + 0P

Constraints on TMD functional form — Parameterization f.(x, b) o Z (Clj ®fl-)(x)
J

Predictions for TMD observables
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f—

Actual Status o

Quark TMDs

Matching Relations

Distribution Tw2 Tw3  Accuracy

f1 f1, g - N°LO
gi g1, Afg - \IgLO
gir g1 aAfg 7-g , G NLO
hq hq - N°LO
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f—

Actual Status of Matching Relations

Quark TMDs Gluon TMDs

Distribution Tw?2 Tw3  Accuracy Distribution Tw2 Tw3 Accuracy

J1 J1,/q - N-LO 7 Jgs 1 - N°LO
g1 g1, Afg - \IgLO hi_g fg 9 fl - \I?)LO
giT g1, Afg 7-g , G NLO Q?L Afg, 01 N°LO
hq hq _ N3LO 97
hlL h ﬁl NLO lg .
17
hlLT - T L.O he., _
= - T.G NLO hy?
hi . E NLO hy?
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[.O and NLO Results



ree level computation

—
G*(x, b) = Z ﬁb w0, [aﬂl“'aﬂnGﬂ ( b)] |b=0
n=0

Fach term is a sum of operators with geometrical twist 2 < k <n + 2

Issue: each operator needs to be treated separately
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ree level computation

—
G*(x, b) = Z ﬁb w0, [aﬂl“'aﬂnGﬂ ( b)] |b=0
n=0

Fach term is a sum of operators with geometrical twist 2 < k <n + 2

Issue: each operator needs to be treated separately

Does a unified treatment exist?
Moos, VIiadimirov, JHEP 12 (2020) 145
Rodini, Alvaro, Pasquini, PLB 845 (2023) 138163
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Example of results: unpolarized

fé(x, b) = f,(x)

o0 1 X2M2b2 K ld s 1 —y k—1
k- \ 4 J MJ yorr =) ( ) )

0 u
Leading Term

Mass series
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- Xample of results: Sivers

0
F8(x,b) = T (2F5 + F{ ) (=x.0,0)

X
k
> | xZM?*b?
>3
p— k=Dl k+1)! 4

1 2r
[ du [dy o(x — uy) G, (u) . (2F + F)(=y,0,)
0

Leading Term
Mass series

T-oddness
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Examp.

ng(X, b) —

c O

fresu

ts: worm-gear

1 O
J du‘[dyé(x—uy)u( +Jr(y) — )
0 Y

Twist 3 gluon PDF
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Summary tree-leve

6 TMDs match at tree-level up to twist 3 PDFs

1, |, 1,
AR Crl SR (AR S Uil
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Summary tree-leve

6 TMDs match at tree-level up to twist 3 PDFs

2 58 1.8 1.e 1,8 1.8
(res bodaie} s {reons, o {ne )
hll’g: NLO matching

hllT’g; twist 4 and 5 PDFs
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NLO: Parton-in-parton

|
D.(x, b) N2 aS[

du [dy 6(x — uy) Zj Cii(u) D(y)
0
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NLO: Parton-in-parton

|
D.(x, b) N2 aS[

du [dy 6(x — uy) Zj Cii(u) D(y)
0

C, = (pj,sle/’““FLVF”ﬂpj,Sj)

F,m/ proper projector

p;, sj gluon/quark final state
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Main idea

Question: can we extend to higher-twist? and how?

. D7
92p+9

pl=(p".0.0) = pf=(p Pr)

(b -pT)n associated to higher-twist terms
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Main idea

Question: can we extend to higher-twist? and how?

. D7
92p+9

pl=(p".0.0) = pf=(p Pr)

(b -pT)n associated to higher-twist terms

O computation: e"Pr)
NLO computation: e#brr)
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Formalization

P o> — i H(0) —> b1 s U0

1
D.(x, D) MO [ du de o(x — uy) Zj Clj(u) (e“b 07(0) CD]-(y, b))

0
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Formalization

P o> — i H(0) —> b1 s U0

1
D.(x, D) MO [ du de o(x — uy) Zj Clj(u) (e“b 07(0) CD]-(y, b))

0

INnclusion of hadron-mass corrections
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~ormalization

P o> — i H(0) —> b1 s U0

1
D.(x, D) MO [ du de o(x — uy) Zj Clj(u) (e“b 07(0) CD]-(y, b))

0

INnclusion of hadron-mass corrections

At the moment only twist 2 PDFs
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Gluon results

Light-cone gauge

Recover known results 0000000 0000000000000
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Gluon results

Light-cone gauge

Recover known results 0000000 0000000000000

Wandzura-Wilczek for the gllT’g:

1
gigT(X,b)ZI duJ'dyé(x_uy) § e
0

X {4 ng(//tz, b?, €) u (Apgg + 2¢e(1 — u)) (—ygﬁ(y))
+2 ng(,uz, b*, €) u (Apgq + 2e(1 — u)) (yg;’,(y)) }
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Mass Corrections



Universality of mass corrections

Exact correspondence of the mass series between gluon and quark TMDs

i ,fllT, 211 » &= operators have similar mathematical structure
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Universality of mass corrections

Exact correspondence of the mass series between gluon and quark TMDs

i ,fllT, 217, &1 operators have similar mathematical structure

Quark hyp, his - twist 2 PDF; gluon hy 7, hi' - twist 3 PDF

—> operators with different mathematical structures
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Universality of mass corrections

Exact correspondence of the mass series between gluon and quark TMDs

i ,fllT, 217, &1 operators have similar mathematical structure

Quark hyp, his - twist 2 PDF; gluon hy 7, hi' - twist 3 PDF

—> operators with different mathematical structures

Underlying symmetry?
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tude of mass corrections: unpolarized

Mg(x)
fo(x)
- — MJb| =0.5 x@(x)=Agxag(1—X)ﬁ —Aéxag(l—x)ﬂg
004 M]p| = 1 u> =19GeV*
Mb| = 2
ol Central values of HeraPDF2.0
> — Mib| =3 Fur.Phys.JC75 (2015) 12, 580
0.02!
0.0’I_—
N 02 Y Y
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Magnitude of mass corrections: nelicity

AMy(x) — My(x)
Afylx)

0.01¢

Ay < Jg

0.2 N~~04 — 08— 08— 10

001 Mb = 0.5

M| =1
_0.02}

‘ Mb| =
-0.03:— — Mbj =3
_0.04}
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Mass corrections at one-loop

1
D (x, D) NLO a, [O du [dy o(x — uy) Zj Clj(u) (eub.aT(O) q)j(y, b))
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Mass corrections at one-loop

fg(x b) \eadmg term +
1d 1d ; > O(x — uvy) [ x*M?*b? : p\ ! CU(u, b CUu, b
[O u[o v[ ykz_; = 1), 7 " ( (u, b)f,(y) + (u, )fl(y))

Jdu from the loop-computation

[dv from the mass series

Alessio Carmelo Alvaro, University of Pavia and INFN Pavia, 05-12-2026



Conclusions



Summary

Distribution Tw2 Tw3 Accuracy
fjg fg y fl B NSLO
hl ’ fg ; fl - NSLO
911 Afy s 01 - N3LO
g%T Afg,91 .F,T NLO/LO
1:79 : zF_%+ 1 F4++ LO
hlLT - 2F" — 2F, LO
hi? - 2F — 2F," LO
hy? : : LO
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Summary

Tree-Level: matching up to twist-3 PDFs (T-Odd effects)

One-loop: WW for worm-gear T
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Summary

Tree-Level: matching up to twist-3 PDFs (T-Odd effects)
One-loop: WW for worm-gear T
‘Extended’ parton-in-parton method

Hadron-mass corrections to NLO
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Outlook

Inclusion of higher-twist PDFs

INnclusion of T-odd effects
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Outlook

Inclusion of higher-twist PDFs

INnclusion of T-odd effects

Extension to NLP TMDs

Extension to GTMDs
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Backup



ree level computation

Y

e R
FFY(zn+b) [zn + b, con + b] FFt(zn+b)[zn + b,Ln + D]
[oon + b, con] [oon, 0] F*T(0) [Ln+ b, Ln][Ln,0] F**(0)
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ree level computation

b b
! |
0 o 0 :
- ¥ TTTTTIICICCCI] R
o T _ z; = L L
o0 1 «—\ N ) o0 1 o0 (Z_L)S(_L)t (_S A\ )
’E)ﬁ (Fﬂ+(zn) [Zn,Ln]) (b'D) [Ln 0] F**(0) n;()ﬁs,tz:o — F** DS, (b- D) D! F*
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ree level computation

Spinor Formalism: x, = X, = Xx,0/ .

Twist decomposition — (anti)symmetrization of spinor indeces

Hadronic matrix element
L - T

Fourier transform to x-space
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Check: quar

< Worm-gears (one-loop)

Comparison with position-space computation
(Feynman gauge)

For each diagram:

LT — LP + NLP

A e I
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Check: quar

< Worm-gears (one-loop)

Position space:
T— vy + (L) y> + ... ~ OB + O(bY) + ...
NLT— ygys ~O0bYH + ...

Parton-in-parton:
Global phase e™?Pr = 1 + jub - p;y + ...

Projectorysy“Pa = }/5)/ pT+ }/Syj‘pr,a + ys}/’p e T T
T-0BY + oY) + ...

NLT—O(b1)

ObY) ~ tw2 — 2,
Oy ~ tw2 +tw3 — g7

+ ...

Alessio Carmelo Alvaro, University of Pavia and INFN Pavia, 05-12-2026



Check: quar

< Worm-gears (one-loop)

Comparison with position-space computation
(Feynman gauge)

For each diagram:

LT — LP + NLP

A e I

Exact correspo

ndence!
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Mass corrections beyond one-1loop

Under the hypothesis that e!b-0r(0) _ eb'aT(O)H;;l”l

n

(DE”)(X, b) = a (HJ dul) [dy5 (x yH ) ZCﬁn)(u) (eb.aT(O)Hﬁlluz Di(y, b))
0

[=1

o0 n 2M2b2 k n 1
g X
o= S5(25) (11] )
° ° ()

k=1 [=1

1 n
J dv de 0 (x —Vy H ul) Z j Gk, V)Cl§n)(u)]§(Y)
=1

0
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