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The need for power corrections

What do we do? We are interested in the of

TMD factorization theorem

Transverse Momentum Dependent Distributions

Very tool but has some | limitations

This has motivated us to explore the structure of
the TMD factorization theorem deeper
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The hierarchy of the TMD factorization theorem

There is a whole of

Leading power (LP)

Next-to-leading power (NLP)

N2LP

N3LP

Kinematic power
corrections (KPCs)
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The TMD-with-KPCs factorization theorem

We the that the
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The TMD-with-KPCs factorization theorem

We the that the
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The TMD-with-KPCs factorization theorem

We the that the

|
We that And also have |

inthe TMD

factorization regime terms at qr < )

Restore

Restore
Same TMD as

Same as

TMD-with-
factorization theorem

Theoretical framework including For details. see
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Angular distributions of Drell-Yan leptons

of using the unpolarized Drell-Yan as a starting point
Angular distributions of Drell-Yan leptons in the TMD factorization approach

First practical application of this framework [S. Pilofieta, AV, 2407.06277]
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of using the unpolarized Drell-Yan as a starting point

Angular distributions of Drell-Yan leptons in the TMD factorization approach

First practical application of this framework [S. Pilofieta, AV, 2407.06277]
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Angular distributions of Drell-Yan leptons

of using the unpolarized Drell-Yan as a starting point
Angular distributions of Drell-Yan leptons in the TMD factorization approach

First practical application of this framework

Unpolarized angle-integrated cross-section

do
dprdydQ)ds

When we incorporate the summed
KPCs we can describe all of them!

sin? 0 cos 2¢

) Ao 4+ sinfcos pAz + cos A, +

sin’ f'sin 2 A5 + sin 260 sin ¢ Ag + sin @ sin ¢A7}

Ao,....7 Only at {AU, Ag, Ay, A5}
are

The
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Angular distribution A,
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Angular distribution A,
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Lam-Tung relation (A, — A,) description

At , the theorem can

(Ao — Ao)pp ~ K /M*

The is I
If we the theoretical also the
This allows us to make for the
I AO - A2 _‘_I_.J-
0.051 . o _° ] by an extra g factor
: ® :
0.00
| . —— TMD-with-KPC
I prediction ] up to gr ~ 30 GeV'!
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. : o s s Good only possible

Kinematic Power Corrections 10 September 2026 7/14



Moving to SIDIS: structure functions computation using

Now, let’s shift our to! SIDIS essential process for probing hadron structure

structure functions

2

- : J F + cos ¢
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e o8 (205) FE2529 4 \oy/26(1 — €) sin ¢y Fo2 O +

We want to them
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4z Q2 2 LW

{FUU,T + }
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Now, let’s shift our to! SIDIS essential process for probing hadron structure

structure functions
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We want to them
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@ conveniently via the tensors P", ¢, p/|
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Moving to SIDIS: structure functions computation using

Now, let’s shift our to! SIDIS essential process for probing hadron structure

structure functions

do ag y2 .
= em F F 2 1 FCOS N
dedydiydzdendpy 2yQ2? 2(1 — ¢) { vur +eFyu,L + \/mcos dnFLS

e o8 (205) FE2529 4 \oy/26(1 — €) sin ¢y Fo2 O +

We want to them
{Fovr+ ..} = rloey we
’ 4z Q2 M
@
@ computed using the factorization theorem
coefficient function as W =0
Main with Convolution integral Cx pc
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A closer look at the convolution integral

The is now

CLpcase ) CrLp[A, f1D1] ~ / d’k1d’ko 6(qr + k1 — k2) f1(21,k7)D1(21,k3)

( KPCs case } CxpclA, f1Di1] ~ / d*k1d*k2 5(qr + k1 — k2) fi(£(z1, kT 5), kD) D1(Cn(21, K7 5), k3)

coming from extra &-functions

The also
C A
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A closer look at the convolution integral
now

The
“J/}FkﬂﬁkzﬂqTﬁ-k1—ku)ﬁ( k1) D1 (=1, k3)

CxpclA, f1D1] ~ /dgkld2k2 5(qr + k1 — k2) fi(&(z1, k7 5), k1) D1(Ch (21, k7 5), k3)

The The convolution integral and the KPCs have been implemented in
arTeMiDe, github.com/VladimirovAlexey/artemide-development
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Focusingon F,,; and F;,

| have obtained the for all of them using the
But in | am going to Fyyr and Fy,,
x x
Fyur = @FO(S{W - S )W Fuu,L = EFO(QS{W)Wgy
SH — gt 4 q¢"q” S — (2zP" +¢")(22P" + ")

Q? (1+7°)Q?
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Focusingon F,,; and F;,

| have obtained the for all of them using the
But in | am going to Fyyr and Fy,,
Fuur = f—ng(Sf‘” — SEYWE” Fyu,L = f—zFo@S{“’)Wﬁ”
The theoretical for Fyyr is

x 1
Four = gQQ Ckpcll, fiD1] + EFUU,L

The of the implies that F;, ;- is not exactly 1 =< it was !
1
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(Fuu,r)rp Four +eFuu,L
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Focusingon F,,; and F;,

| have obtained the for all of them using the
But in | am going to Fyyr and Fy,,
Fuur = f—zFo(Sf‘” — SEYWE” Fyu,L = f—zFo@S{”’)WS”
The theoretical for Fyyr is

x 1
Four = gQQ Ckpcll, fiD1] + EFUU,L

The of the implies that F;, ;- is not exactly 1 =< it was !
1
Crpl(l, fiD1] +eFyu,L Crxpcll, f1D1] + 5 Te Fuu,.L
(Fuu,r)Lp Fuur +¢Fuu,L
The unpolarized SIDIS Fyur +e¢Fuu,L
| have the on
The Fyur and Fron
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Ratio of to LP cross-sections

| study the doxpc/dorpin different
doxpc ~ Fuu,r doxprc ~ Fuur +<cFuu,L
i do
r KPC L
doup p =0.1GeV, 2 =0.7 2-4: p. =01GeV,2 =05
| 2‘2l
4 :
I 2.0
P TN £=0.85-1.

Q=2GeV Corrections to(Fyu,r)r.r both for Fyyr and Frrr
As the corrections become and lim dogpc =dorp
Q—00
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Cross-sections difference relative to the g, = 0 LP cross-section
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Cross-sections difference relative to the ;= 0 LP cross-section
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Longitudinal photons effects in different kinematics

What about the of for different ?
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At , the Fis17,1 contribution is clearly
JLab difference between (Fy 7)) and Fyy,r + eFuu,r
Less important at EIC but still visible
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Conclusions

The |2307.12054v2] has been

The of leptons can be satisfactorily

It gives a nice of the [2407.06277]

The Fuu,r and Fy, SIDIS structure functions have been using it

The when including [2510.14496]

The Fir/,1, contribution is at like

Our TMD distributions need an
update... We need to perform
a new fit including !
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Conclusions

The has been
The of leptons can be satisfactorily
It gives a nice of the
The Fuu,r and Fy, SIDIS structure functions have been using it
The .
Thank you for your attention! © j
The FUU,L

Our TMD distributions need an
update... We need to perform
a new fit including !
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Types of power corrections

The that appear in the

~ (A/Q)"?

om - — -

are
TMDs of larger twist ( )
oo T T T T T T \
1 Momentum space :
: qr :
1 ~ —
| « |
N e e e e e e o e e o - 7/
(T T Tt T T T T T \
I Momentum space I
| k'u, :
L~ %H(EELMT)FQ(QCQ;@T) :
|
\ ,’

of TMD distributions



The hierarchy of the TMD factorization theorem (ll)

Notation
: 2
WH — 1 d”b e—t(arb) _
N, | (@n)p ¢, (b, z;) TMD of twist-n
o p D ~ % transverse derivative
2 X @2 LP
1
Q—(D By x Dy + c1>2><c1>3) NLP
1 b b
@(DZ% X By + D By x By + by x by By x ¢4+%) NNLP
1 ‘ Do P
ﬁ(lﬁ(bz X B + D2y X By + Dby x By + Dby x by + —— 272 + by X By +..)
} power is not trivial

Organize operators by

®,, and P,,, with n £ m

|
I TMD-twist-n
under TMD evolution |



The hierarchy of the TMD factorization theorem (lll)

' 2 Notation
nro_ —i(qrb)
WHY — N, (272 € T { @n(b,l’z’) —=> TMD of twist-n
F———— = - : D ~ i —> transverse derivative
I Py X Py | 0¥
|
1/ '
+Q—(|D Py x Py +: Py X ‘1’3)
[
L s ' Py x P
+—2(|D2<1>2 X &g +1D P x b3+ P3z x P34 Do X ¢4+%)
I I
1 DPy x P
- (:D By % Do +|D Dz x By + Dby x By + Dby x by + 222 + by x <1>4+...)
o L
‘e }
( KPCs that follow the LP term)
Only involve
(T T TTTmmmmmmmmmmmmmmmmmmm—m——— 1
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Definition of TMD-twist

At in the theorem, have the same

®ap({z}a, {2} B:0) ~ (PIUa({z}a:0)UB ({2} 5: 0)|P)

The of a distribution consists of
d -~ ) ) _
u* g @an({zha {2} i) = (Fa(tz10) +9({z)E)) © Pan({z}a.{2}B: )
Uy and Up v i geometrical twist | —

TMDs ZISAB and EISA;B: do not mix if geometrical twist
of Ua or Up is different from U, or Up

Ur Up
TMD-twist pair of integers (N, M)

TMDs with different TMD-twist evolve independently

Vital for of



Definition of TMD-twist

Comment on notation

TMD-twist as a single number (N+M)

(:D\rn:, .n=N+M

Twist-2 TMD TMD-twist (1,1)
Twist-3 TMD TMD-twist (1,2) or (2,1)

Twist-4 TMD TMD-twist (1,3), (3,1) or (2,2)



Twist-2 part of a TMDPDF correlator

the following

G (y) = (PYga(w)ly. —oom + yr +y 0] 5 [~o0m, 0]a:(0)|P)

Sum of with
inthe  extraction of the t/i<- part |
( the around the coordinate y )
[F — )" I T Il — |' fora |
125 Z [ "Wy n+ ZJT)} | |

~ I
0" U (= + yr) = (Plga(y~n + yr)ly~n + yr, —oon + yr] 55 —ocon. 0] (0)] P)



Twist-2 part of a TMDPDF correlator

We have an of contributions
~ o B
"My n+ yr) = (Plgn(y™n + yr)ly™n + yr, —oon + yr] 0"

e e e
Next step in thel‘ of the part E

quark into and
and the ones using
\

\’ gluons (Qf ),

they the !

o'} +\n 32 n . aT B R + .
Y ry, — a +T _
= W) (—T) {‘I’EJ@ n+yr) 20, AT ) +

8TQ8T =~ [~o~+t A TA~B B
4 g B ) b
407



Twist-2 part of a TMDPDF correlator

The of the is straightforward in the

2\
th TL' 2;171)"‘

r kra S VR krokrs Bt Pt
HW%T)— oI g o) 4 LT g T ﬂ(x,kﬂ}

2rpt U A(zpt)Z Al

The for after some manipulations is

p = vt [dRat) @ty et [arege - :rp+){
tw-2

r Fra o [yt T4y kFrakTs o [yoytT~~8
le%(r hr) = p+q)?‘!»f1}1f} o ]](x’-kT)+ 4(xp+)[2q)£,1}1,} o H(iFJfT)}




Twist-2 part of a TMDPDF correlator

the of the {1,7°, v, yH4° ich~°} in the
allows the to explicitly
gyl b — 0.
i) o= wle)| =0
), = 2P+fd4"f 5(/f2)6i(ky)/d$5(’f+—:rp+>ff"’ L (k).
wh*(y) L, = / d*le (k) ') / da (k™ — ap) kS (e, kep),
{i’jgauw}ﬁ](y) 2 _ 2p+/d4]f 5(k2)61(kv) /d’lﬁ‘ 5(k+ _ :rp+)(
tw-_
Qv Vo kn” — ntk" « i TP
ggﬂ/{f — 9r ]‘J'u+ k+ kT)(D’E_Lll ! ](IF./{TT)



Angular distribution A,

Proportional to the distributions ( )

in standard fi

Comparison as a of ¢, with ATLAS, CMS and LHCb measurements
: i 018
0.030 0<ly <1 Ay 0.09 1<yl <2 2 < |yl <35 +
| 0.16 +
0.025 0.08 L I
0'02{]f % 0.06 m 0.12
f : 0.10
0.015 0.05 + e ATLAS
_ . 0.08
0.010 ] 0.04 —v— OMS
3 0.03 0.06 —=— LHCbH
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Theory very well



Angular distribution A,

Proportional to the distributions (

in standard fi

Comparison as a of v with ATLAS, CMS and LHCb measurements
A4 0.15
0.10
0.05
32 123y
—&— ATLAS gy € [2.5,5.0] ——&— %L —e— ATLAS ¢y € [125,15]
~—y- CMS gr € [0,10] ol Y CMSgr € [10,20]
—=— LHCb g7 € [0, 100] [ —=— LHCb g7 € [0,100]
0.15F

The is



Angular distribution A,
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0.00f
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0.02f

A |

0.051

| —e—ATLAS 2 < |y| < 3.5
010k —*—CMS
L = LHCb

0.00}

0<yl <1 1 0.08}
0.06]
0.04}
0.02}
0.00}
10 15
qr(GeV)

with the A, data description at

qr(GeV)




Angular distribution A,

0.03f Ay 0<lyl<1 1 0.08f 1<yl <2 - —e— ATLAS 2 < |y| <35
[ ] [ i
0.02f . . I ] o10f —TOMS
; 0.06F ———-——=1
0.01} [
i 0.05sf  pm=———=
0.00F
-0.01F
: 0.00
-0.02f
0 0 5 10 15

Including the computation of the
leading g,/Q correction fixes the jump!

[A.Arroyo, I.Scimemi, AV, 2503.24336]




Twist-2 part of a TMDFF correlator

The reads

O, (y) = T (0] g [=oon +yr +y~ 1, ylan (y)|pn, XN pn, X1,(0)[0, —oon]|0)

X
Follow the as before to its part
Y N

Il Multipole of the !

| into “ ”and “bad” components /Jl\ gluons (\;’o" ),

. : I they the !

I the “bad” ones using I

\ Lo _ /

A slight : the is aligned with the

The for is

é[r}( - Ags 012 (o —i(yk) [ 4G — Dy

tw.

k1o iy~ o krak By Py —
ARG hr) = S 2 AT G+ CEREEATT (G R
h h



Twist-2 part of a TMDFF correlator

the of the {1,7°, v, yH4° ich~°} in the
allows the to explicitly
o] — b — 0.
" (3}) tw?2 " (2) tw?2 '
Oy | = am [ dka)e f =) (k ) kAN (C )
tw
é!;}'w}ﬁ](y) - — 4ph fd4k0 kz —i(ky) / ( pg) k#AS[’;}'llqﬁ](C?kT),
S\ [ioHv~5 45, z ik Py
5

aq v r/cx khn n#ky =S
g k" — g k" + - /‘uT)ALu J(CJ‘JT)-




SIDIS hadron tensor with summed

In , the obtained a after collecting the fields into matrix elements is

y _ —  ~ ~ — — _:TD?G] TZ{IX]
WH Z {TI‘(?*HFE)’}*VFQ)\IJ[FG‘] (y)(_)[fb](y) 4+ Tr(?ﬁra,.}yrb)qj (y)(_) ’ (y)}

tree

P ASEREN
+ ...
\ —

7

a,b -
diagrams with

Contains of additional

only the and the expressions for the we obtain
the

Wike ~ S {TO T Ty e 6)
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SIDIS hadron tensor with summed

convolution integral
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The convolution integral

The can be writtenin a way as
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We can it in @ more beautiful form



The convolution integral

over k;” and k3 using §(k?) and §(k3)
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The convolution integral

it the |7 expressions for the and
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Two solutions, taking the large 72 limit
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