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Transverse momentum dependent factorization

do Pb i) 2 2 2
~ 00/ =30 | Oy (Q)|2Fi (21, b5 Q, Q%) Fa (22, b; Q, Q2)
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LP term is studied VERY WELL!
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LP is very well studied
» Factorization theorem
proven

» Multiple phenomenological
tests

» Perturbative precision

» Hard function: N*LO
» Evolution: N3LO
» OPE for components

» CS kernel N4LO

» fi TMPDPDF N3LO
» d; TMDFF N3LO
> oo

N4LL for unpolarized
see talk by Pia Zurita
tommorow
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POWER CORRECTIONS
jqiT ~ oo (2d ;’ e ) {|oy Q)P Fi(21,5:,Q, Q1) Fa(2,55Q,Q%)  «— LP
+(q—T; b, %) (C2(Q) ® Fs (e, b:Q, @) Fi(x, b:Q, Q)] (e1,25) — NLP
Q Q Q see talk by
2 S.Rodini
+<Z;; kgf ; > [C3(Q) ® Fs(z,b; Q, Q) Fo(x, b; Q, Q)] (1, z2)«— NNLP
+...
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POWER CORRECTIONS

2 .
2= a0 [ e {0V QPR 15Q,Q°) (a2, 1 Q. @)

qr kr M
Q'Q’'Q
a7 krqr

@7 Q2 ’

)
)

A
o

+...

«— LP

[C2(Q) ® Fs(x,b; Q, Q%) Fu(z, b5 Q, Q%) (w1, 32)  +— NLP
see talk by

S.Rodini

[C3(Q) ® F5(z,b; Q, Q%) Fo(z, b Q, Q%)) (21, z2)«— NNLP

LP = 8 TMDs NLP += 16(32) TMDs
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Four types of power corrections in TMD factorization

Aqcep . . .
T corrections <  genuine power corrections

Higher twist TMD distributions

1

. d

/ b= )T / Y B (@1,5:Q, Q)0 (—2 — 4,5, 2,5,Q, Q?)
—14zo Y

» New NP content

» Dynamics with x, and g7 unknown
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Four types of power corrections in TMD factorization

k
@ 671 corrections & kinematic power corrections (KPC)

Derivatives of TMDs with respect to b* <> tot.derivatives of semi-compact operators

i , B
— [ d2peHad)T Ry b)— F b
Q/ e 1 (1, )8bu (w2, b)

kM
/d2k1d2k26(2)(QT — ki — k2)62F1(961,k1)F2($27k2)
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Four types of power corrections in TMD factorization

k
@ 671 corrections & kinematic power corrections (KPC)

» Restore gauge invariance

» Restore (partially) frame do
invariance t

» Present at g =0

» Do not require new NP
functions

qar
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Four types of power corrections in TMD factorization

@ Target mass corrections

M
» ~ — from exponents (not from kinematics)

» Requires new definition of TMD distributions
» Not ever studied (do my best knowladge)
» M = 0 for today
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Four types of power corrections in TMD factorization ]

qr . 1 .
—— corrections < —— corrections
Q bQ

Several sources ————*
Qg

l}g‘% Ftw—N(va) = WFtW-Q(mab)
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Four types of power corrections in TMD factorization

®

qr .
—— corrections <

» Provide matching to fixed order

do/dgr [pb/GeV]

£
g

1
—b corrections

» Do not require new NP do
functions
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This picture implies that TMD distributions can be sorted by “irreducible” NP-content
It is critically important to determine “twist”
Dynamical twist TMDs (bad)
2 d ( It r
LW

» TMD distributions with different TMD-twists do not mix
» see next talk(s)

):(5L4+20Fas+ )(Z;L >+(—2C’pas+,,)( J:)l )+( _]P’e g )®<

Qe
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» Twist-3 TMDs mix with twist-2 TMDs = no clear identification.
(geometrical) TMD-twist (better)

A.Vladimirov

[AV,Moos,Scimemi,21]
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» Resporation of gauge and Lorenz invariance

2
WHY = ]\1[ % ei(QT”){ » Non-vanishing gr = 0, and larger than %
s
¢ » Alike LP expression, but with a different
By x By convolution integral
1
o (P @2 x e <1>2><<1>3)
1 Py x P
+5 D?®y x g |+ D gy x D3+ D3 x Py + <I>2><<I>4+%)
1 3 DCI>2 X ‘-I)Q
tor(pPee x el + By x byt +T)
1 4 D®y x Oo Dy X Do
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resummed KPC
this talk
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» Same NP content as at LP
» Looks conceptually possible
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Restoration of
Gauge-invariance & frame-independence

» v 294 q_ ~ ~
LP: WI}jP x /We iard) oy ((1;—72(]) (_g/;wufl(xl,b2)f1($2,b2)+...),

WHY ~ gv.

quWWip =47

EM-gauge invariance = charge conservation = transversality of WH¥
brocken (up to NLP)

_q" oy = 9
- + - —
Py Py
vectors n, i are not “well-defined” +O(¢%/Q?)
reparametrization invariance = frame invariance
brocken (up to N2LP)

1
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Restoration of
Gauge-invariance & frame-independence

» v 294 q_ ~ ~
LP: WI}jP x /We iard) oy ((];.72(]) (_g/;wufl(xl,b2)f1($2,b2)+...),

o 2q+q— it~ ~ ant ==~
NLP: i(ard) o, ( ) (—— DYf — —DV ),
Whip o / 27r)2 ) 2 p= fiD¥ f1 pes fifi +

kr
au(Wip + Wiip) ~ qal“qfi

EM-gauge invariance restored (up to N2LP)
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Restoration of
Gauge-invariance & frame-independence
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LP: WiE /(27r)2 e ’(‘lTb)C'O( ‘1;-2‘1 )(_g’;,”fl(xlab2)f1($2:b2)+~~~)v

o 2¢4q- P Y U
NLP:  W{[p o / 2m)2 € (ar® gy (‘ q;Qq ) (_T* f1D¥ f1 — s DY fif1 + ) ;
d?b X 2q4q—
2 . "z —i(qrb) q+49
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EM-gauge invariance restored (up to N3LP)
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Restoration of
Gauge-invariance & frame-independence
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N2LP compensation of n-reparametrization
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Restoration of
Gauge-invariance & frame-independence

» v 291 q_ ~ ~
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¥ Do f1D® fi — D* fi1 DY fi — DY fy D f
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New term at NLO!
complete gt ¢~ — Q2 in coeff.function
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and so on...
the computation can be done up to any power n
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[AV, in preparation]

Important

» Restoration of gauge invariance v

» Restoration of re-parametrization invariance v
» still some redundant dependence on definition of TMD

» Same coeff. function at all powers
» Argument of coeff.function restores to Q2 (checked at NLO v )
» At ¢ = ¢ = Q% KPC can be resummed




Resummation of KPCs
can be formulated on the level of individual TMD distributions

Extracting twist-2 contribution from bi-quark operator with any y

aw)v*q(0) = [@W)7*q(0)]ew2 + y[a¥)7*q(0)]tws + ¥ (7)Y 7(0)]twa + .-

2

%[Q(U)VNQ(O)]th o, ﬁ[ﬂyh”qm)hwz —o

Same as for collinear distributions
[Balitsky & Braun, 88]

Solution is momentum space (unpolarized)

[(Pla()7" 2(0) )] gyye = 207 / daed ko (k' — ap)8(k?)e" ¥kt f1 (z, k)

At the leading twist quarks are on mass-shell
alike naive expectations, but now derived in the factorization framework
(respecting evolution, rapidity evolution, etc.)
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[ Resummed KPC ]

do

= Cv@P /d2k1d2k2§(qT ki1 — ko)((k1 — k)2 < 2)
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Conclusion

[ The future of TMD factorization is after the (resummed) power corrections ]

Resummed KPCs
» Restore gauge-invariance
» Restore frame-invariance
» Inherit all perturbative part from LP
» At Q — oo reproduced LP factorization
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Conclusion

[ The future of TMD factorization is after the (resummed) power corrections ]

Resummed KPCs
» Restore gauge-invariance
» Restore frame-invariance
» Inherit all perturbative part from LP
» At Q — oo reproduced LP factorization

Thank you for attention!
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From the (twist-2) resummation perspective all types of corrections are alike

~ (bQ)™"

Kinematic power corrections

a

Bufi(@,5) — By (1+ as (~20(@) In(0P0?) + ) +.) ® 4(w) =~ 5 p@al(a) + o (1)
v
Genuine power corrections
» TMD twist-3 matches collinear twist-2 [S.Rodini, AV, 2204.03856]
%a, ry —
f& (@1, w0, 23,b) = szz [ - CFTIzlmifl(*Il) (0(z2, x3) — O(—x2, —3))
— e 2
+TF.Z‘1T2zjfg(7x2> (O(x1,23) — O(—1, *13))] +0 <b27 %) s
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From the (twist-2) resummation perspective all types of corrections are alike

~ (bQ)~"
Kinematic power corrections
2 2 _ 1 Os
Opufi(z,b) — 0y (1+ as (—2p(z) In(b?p?) + ...) +...) ® q(z) = —4b b—Q[p ®q|(z)+... (1)
v
Genuine power corrections
» TMD twist-3 matches collinear twist-2 [S.Rodini, AV, 2204.03856]
%a, - o
f& (@1, w0, 23,b) = f;b(" [ -Cr lelmifl(*ffl) (0(z2, 23) — O(—x2, —73))
— 1 2
+Tp%fg(*l‘2) (9(-?31,-173) - 9(*-’131, *13))] + 0O (bQ, %) B
v
BUT they do not mix in the properly organized TMD factorization.
= TMD-twist 3
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