TMD factorization beyond the leading power

Alexey Vladimirov

Complutense University of Madrid

Meeting of the Forschergruppe FOR2926



Transverse momentum dependent factorization

do Pb i) 2 2 2
~ 00/ =30 | Oy (Q)|2Fi (21, b5 Q, Q%) Fa (22, b; Q, Q2)
dqr (2m)?

LP term is studied VERY WELL!
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e x
Drell-Yan
¢®> = +Q? momentum of hard probe Q? > anything

a7 transverse component
g2 fixed
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Leading Twist TMDs

= :Nucleon Spin | e~ : Quark Spin

e e LP is very well studied
Un-polarized Longitudinally Polarized  Transversely Polarized » Factorization theorem
) (G} m
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» OPE for components
» CS kernel N*LO
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N4LL for unpolarized
see talk by Valentin Moos
tommorow
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Leading Twist TMDs
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3LO
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still there are many | 41O
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unsolved problems "o

N4LL for unpolarized

see talk by Valentin Moos
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» Sub-leading power observables

twist-3pdf  unpolarized PDF twist-3 t-odd PDF Boer-Muld
ponan _ 2M o [ ke BT M’”@@ Lhepr ST Mh SIDIS pol::irlzed structure
Lu Q My, -Tl M zf M -/ M 7 To describe it, one needs TMD
Collins FF twist-3 FF unpolarized FF twist-3 FF factorization at NLP.
by Timothy B. Hayward at QCD-N

[CLAS, 2101.03544]
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» Sub-leading power observables

do _ 3 do¥*
dpZ dy* dm* dcos 6 dgp T l6n dpZ dy? dm*

1
[(l +cos?6) + EAO(I —3cos?6) + A; sin20 cos

1
+i Ay sin” 0 cos2¢ + Az sinf cos¢p + Ay cos6

+As sin? 0 sin2¢ + Ag sin26 sing + A7 sin6 sin¢}.
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1.2f—ee(c+-“(;:‘ yiintegrated Regularised 1
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DY angular coefficients
To describe it, one needs TMD
factorization at NNLP.
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[aTLAS . ]
- ! —— Unregularised B
[ 8Tev,20.3 2 —— Regularised 1
0.15| €eccte=  y*-integrated
0.1
0.0 iﬁi$++
oy NS 1
et ¥ ++ T ‘ ]
1 10 10°

wer for TMD

February 16, 2023 4 /20



» Sub-leading power observables

do
dody dibdz dgy, dPE, Longitudinal photons
To describe it, one needs TMD
factorization at NNLP.
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» Increase of applicability domain
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» Increase of applicability domain

—— [Bacchetta,et al,1901.06916] —
E288, Vs =27.4GeV, 1=0.03
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» Increase of applicability domain

Phase space of EIC is centered
directly in
the transition region

COMPASS, JLab
fixed target LHCb
have large contribution of power corrections

[ R |
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Answer to all these problems
POWER CORRECTIONS
do =i
dar "0/ o IOV @PRI@L5Q@) R, 5Q.QY)  —LP
k
(22 ) 102@) © Fale Q. Q)P 5: @ @) (an, ) — NLP
2k
G <é’27 gZT ) ) [03(Q) ® F5((L‘, b; Q} Qz)Fﬁ(x) b; Qa Q2)](ZL‘1,£U2)<— NNLP
+...
Outline

» Types of power corrections
» Factorization at NLP
» Beyond NLP
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Four types of power corrections in TMD factorization

k
@ 6T corrections <  kinematic power corrections (KPC)

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

= Phe DTy (21, b:Q, Q%) -2 Fa(wa b Q. Q)
Q b,

k“
/d2k1d2k25(2) (ar — ki1 — k2)52F1($1,k1;Q7QQ)F2(5E271<2; Q,Q%)
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Four types of power corrections in TMD factorization

Aqcep . . .
Q corrections = genulne power corrections

Higher twist TMD distributions

1
. d
/d2be_l(qb)T/ YR (@1,5:Q, Q%)% (—2 — y, ¥, 2, b Q, Q)

14z Y
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Four types of power corrections in TMD factorization

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

Several sources ————
Qg

li = —Fiw-
bl_I:})Ftw-N(va) bN*lFt 2(x7b)

. 1
/ e T s Fi(e1,5:Q, Q1) P2, 5:Q, Q%)

2
/d2k1d2k25<2>(qT Sk kg)gm (@1, k13 Q, Q%) Fa(ea, ks Q, Q)
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[ Four types of power corrections in TMD factorization ]

@ Target mass corrections

Simplest?
Not systematically studied

Ignore it today
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A.Vladimirov

dy X <I>3)

D2®y X By + D Py x B3+ Pz x B3 +

+ D3 x Py +

+ P2 x P54+

Power for TMD

Py x O
B2 x Byt =)
D‘I>2 X <I>2
+ )
D®y x $o Py X Py
+ b2 + b )
;»J@?Q%
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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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TMD-twist

Any TMD operator is the product of two semi-compact operators

Onm({z1,...,2n},0) =Un({2z1,..},0)Un ({..., 2n }, b)

;ﬂ#ow({zh ez b b Q) = (o ({21, ) + 70 (Lo 20 1) ® O ar ({21, oo 20}, b5 11, C)

d
Cd*CONM({ZL o Zn s 051, ¢) = =D Onn ({21, -, 20}, by 1, ¢) + 77
TMD operators with different TMD-twist
do not mix under evolution
(at least UV evolution)
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TMD-twist-(1,1)
Usual TMDs

Uy = [..]¢ = good-component of quark field (twist-1)

3 ({21, 22,0) = (p, slé(zin + b).. D& (z2m)Ip, )

b 800
@ - mm e mm e e e e e E - — .. ———————— ]
23 —1 DY
d ~ -
HQdTLQ‘I’H({ZlJ}:b;My Q) = (e, 10 +71(22,1,0)) P11({z1,2}, b; 1, C)
Cd%‘fn({zl,z},b;ﬂ, Q) = —DbuP11({z1,2},b;4,0)

» ~1 = anomalous dimension of U; (N3LO)
» D = CS kernel (NP)
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TMD-twist-(2,1)
Appear at NLP

= [..]¢ = good-component of quark field (twist-1)
Uz =[. ]F,,L [..]¢ = good-components of gluon and quark fields (twist-2)

801 ({21, 22,23}, b) = (p, s|€(z1n + b).. Fyus (z2n + b).. 5 .&(z3n) p, )

21 29 +1 SIDIS
®----- L e v \ (

(A2(z1, 22, 1, C) + A1 (23, 11, €)) @21 ({z1,2,3}, b5 11, €)

d
i —®a1({z1,2,3}, b5, )

<&¢21({21,2,3}’ b, ¢) = —D(b,p)Pa1({z1,2,3},b; 1, C)

w2

» 71 = anomalous dimension of U; (N3LO)
» 2 = anomalous dimension of Uz (LO)

» D = CS kernel (NP)
Similar for TMD-twist-(1,2)
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Making story short: we introduce real/T-definite combination of operator and
parametrize them

» 32 distributions (e

@ and ©)
» 16 T-odd and 16 T-even

Example

+
okl ](11,2,3,17)

" sy M for (21,2,3,b) + ib* M? f-(21,2,3,b)

HiXH by M? 7 (21,2,3,b) + b2 M3l (

gr, bub
) sty
_ 1 el
fo,r;py = fo,1:51D15, fa.py = —f&.sip1s
v
U L Ti—o | Tj=1 Tj—o
U fi 9 he hy
L .J'L gf'L e hfL
T || fors for | 9oy gar | hip | har | Wir.  hir

dimirov
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[ Evolution equations mix T-even and T-odd distributions ]

[S.Rodini,AV,2204.03856]

d F, T w? F,
2 @ & _ cusp B &)
e [ Fo } B ( 2 ln( ) T )| Ry
i 2Pzozq 2750z, zox Fg
—27rs®x1$2x3 2Pzoa, Fg ’

» Real functions = real evolution
» Mixing is proportional to s, so T-parity is preserved, and distributions are universal

» Similar structure in the coefficient function, such that all poles cancel

» All kernels are known at 1-loop
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Skipping material

» TMD factorization at NLP [AV, V.Moos, I.Scimemi,2109.09771]

[M.Ebert,A.Gao,I.Stewart, 2112.07680]
[S.Rodini, AV, 2211.04494]
[S.Rodini, AV, in prep.]

Derived and checked at NLO

Mechanism of special rapidity divergences and restoration of boost-invariance

Not the same as “naive” TMD factorization at NLP

Expression for cross-section is rather complicated (to be released soon)

Expression for quasi-TMDPDF is known

VVVYYVY

for TMD



Y,
|
ARERERsases
II < T
Z L T 2
s=-+1 Ts=ml ﬁ /! s==17
P
[r] A _imept -
QU (z,b;u) = 2t (p, s|g(¢n + b)[staple along v|['q(0)|p, s)
» I'= {’y“','y""*/s, ao""'”yf’} LP factorization [Ji,Luo,...,Stewart, Ebert,...,19-20]
» I'= {1,75,7%,0'4'_, ...} NLP factorization [S.Rodini, AV, 2211.04494]
» T'={y",7 7% 6% ~%} NNLP factorization factorization
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O (2,0, 1) = W(b: 1, OC1 @Y (w, b 1, ) (4.48)
i 1 C o o
tarp o) (9, - 5000 (£ ) ) ol T i)
]_ - no+ +
g, ¥y (s ORI b, )
i = [ [y -y Py ] o~
+ﬁ\1’(b; #,C)[ldEE {CR(I712)@H,Q} (&, b; 11, €)
+srrCI(I,mz)‘I’EQ+F_F7+7“H(i,b;#,C)
+ +
—iCr(w, ) @) T @ b, Q)
+istCr(z, m2)¢E7é1+F+P7+WH] (&, b; 1, C)]
+(9(}\2),
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Al ) =¥ el b 0 (1.48)

] .
Cu‘lf(b)( » &, is physical TMDPDF (2,03 1,.€)
) » U is “lattice”-specific function
+W‘Cuv 1,21 (TS T TS
% - ! " ATt *]
+ U (b; ,u,(_:)/ dzs {CR(I,J)z)Q e TN E by 1, )
2aPy 1 "
+37rC1(:n,:ng)fllhw+r_m+7“]](" b: . €)
—iCrle,2) @52 T N b0, )
. + M ~
+zs¢rC1(:ﬁ,r2)<I>EzE; T+0y ™y ]l(m,b; i, C)
+0O(A\?),

%
25
\%, wﬁ/

T,

7/7?
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O, b, 1) = W(b: o, YCry @ (b3 0. ) 1.48)
i 1 E (TR T )
tarp o) (9, - 5000 (£ ) ) ol T i)
+%Cllvmﬂf§1(b; R TP
2wPy Kinematic power correction|

- 1
- T +
ot e A [ e lr ot @D T T 5 g, Q)

» The “long derivative” is the result of cancelation
of “special” rapidity divergences. 1. ¢)
» Required for restoration of the boost-invariance ,0)

(= al, (= (/a

TLQIK\L,I\.L:.LQ}‘E#,EB \..L,,U; [L,C)

Lo,
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QI (b, 1) = W(bi 1, O)Crr @Y (e, b, ©) (1.48)

i 1 C (TR T )
tarp o) (9, - 5000 (£ ) ) ol T i)

1 o [yHat E
+Wcllv‘1's,))21(b? Hs C)@h T ]](5'3, b: 41, C) —| genuine NLP term|
23

- T
2;P+ U (b; . €) [ dzo [CR(J:, T

1

R L ua

+

> Uy is “lattice”-specific function
of TMD-twist-3

= T TS 7
. M +1-' r‘ + -
—iCr(a,2s) DT G b, )

+istCr(z, m2)¢E7é1+F+F7+7“]I (7, 0; 1, Q)

+smCr(

FOM2),

2

NS

bt
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Q| » ®g and &g are TMDPDFs of twist-3 (4.48)

» Two types of terms, with different coefficient functions | ATy 0]
c, b
» s is the direction of the Wilson line (b5 41,C)

| genuine NLP term |
|

i _ [t P
g Vi d) [ dma[Catr,z) @l N b 0)
A5 —1
T o R +
+STTCI(I,IQ)¢E39’Y =" ]](:E,b;y,(:)
+ +
~iCr(r,w2) B2 T b )
+ +
+is¢rC1(m,r2)<I>Ez;q’ e wﬂ(i,b; i, C)
+O(A?),

A.Vladimirov Power for TMD February 16, 2023 16 / 20



Q » ®g and &g are TMDPDFs of twist-3 (4.48)
» Two types of terms, with different coefficient functions B
» s is the direction of the Wilson line (b5 41,C)

» C; ~ §(z2), Qiu-Sterman-like contribution in TMD

factorization | genuirlle NLP term |
(A - I Ha Dy T AT
g Vi d) [ dma[Catr,z) @l N b 0)
CL -1
T
|+s7rCI(:U,mg)<I>E:g r=ry j']](:E,bglu,(:) |
. M +1" T + -
7’LCR(‘T7I2)¢£’TGT o ]](Ts b;lu“a C)
+istCr(x, mQ)QELT;"ﬁFJFF#VH]I (2,05 11,C)
+O(A%),

Generally NLP factorization is very cumbersome, but for some channels it simplifies,
and can be used practically, see [Hai-Tao Shu, M.Schlemmer, et al, 2302.06502]
also talk by Hai-Tao Shu (today)
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<I>2><<I>2 LPJ|

1
+Q—(D By X By + <I>2><<I>3) Np V.

1 2 Dy x Py
+@(D<I>2><<I>2+D<I>2><<I>3+ By X D3+ Do x By )

1 D®y x By
+@(D3¢2 X o + + @3 X Oy + + T)

1 4 D®Psy x Po Py x Py
+@(D Do X Py + + P X O5 + + 2 + o )

iz

. } ,
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) » Resporation of gauge and Lorenz invariance
Wwhv ! /ﬂ e_i(‘lTb){ » Non-vanishing gr = 0, and larger than 4

“N.J (2n)2 Q
» Alike LP expression, but with a different
Dy x Doy convolution integral
1
+o P @2 x @t <I>2><<I>3)
1 Py x O
+o D?®y X Bo|+ D Py x P34+ D3 x B3+ <I>2><‘1>4+%)
1 3 D®y x O
toa| PP x Bt b oDy x Pyt ..+ T>
1 4 D®Psy x Po Py x Py
+ g7 (D1 x @l o Bax @5t . F g )

resummed KPC
in progress
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1 d2b
T N.J (2n)2

» Looks conceptually possible

» Same NP content as at LP
e—i(QTb){

1
1
+@(
! [0} [}
+@( + 3 X Pyg +
1 4
+@(D Dy x By + e+ Byx P54+ ..+
pv
; } ,
leading%f
possible?
2P
ke

=2 %
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Resummed KPC

do
- |Cv(Q))? /d2k1d2k26(qT — k1 — ko)O((k1 — ko)? < 72)

T
ppp(polarizations)

A(k?, k3, 72)

F(&1(k1,2), ki, Q, Q%) F(é2(k1,2), k3,Q, Q%)

» Restore gauge and Lorenz invariance
» Full expression is raver cumbersome, but simplifies at ¢ = { = Q?

» Can be resummed to a simpler expression at ¢ = ¢ = Q2 and in momentum space

A.Vladimirov Power for TMD February 16, 2023 18 /20



[ Resummed KPC ]

do
dqr

|Cv(Q))? /d2k1d2k2§(qT — k1 —k2)0((k1 — k2)? < 72)

ppp (polarizations)

Ak, k3,72)

F(El(kl,Z))k%y Qa QQ)F(EQ(kl,Z))kgy Q’ QQ)

&b
A4qay
T2
as
a2
ag
ay
J
/////
7
((— P g
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1.40rgpe =0.Gev 1-40rkpe =1.GeV
1.35} 1P | #=0cey 1.35F 1P, [ar=tCey
1.30} 1.30¢
1.25F 1:25F
1.20F 1.20F
1.15F 1.15F
1.10F 1.10F
1.05F 1.05F
1.00 1.00

0 0 10 20 30 40 50 60 70

QGeV) Q(GeV)

1.40¢ gpc =5.GeV
1.35F P | #=ocey
1.30F
1.250 » Mostly change the normalization
1.20¢ » ~ 1% at LHC energy
1.15¢ » ~ 50 — 100% at HERMES
1.10F
1.05¢
1.00

0

/ladimirov
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Conclusion

TMD factorization at NLP
» Operator expression at NLP/NLO is known
» Full classification is done

» Restoration of EM-conservation
» Also for qTMDs

TMD factorization beyond NLP
» NNLP is done! (finalizing NLO)
» Singularities at b — 0
» Applications?
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Conclusion

TMD factorization at NLP
» Operator expression at NLP/NLO is known
» Full classification is done
» Restoration of EM-conservation
» Also for qTMDs

TMD factorization beyond NLP
» NNLP is done! (finalizing NLO)
» Singularities at b — 0
» Applications?

Thank you for attention!
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To momentum-fraction space

1
Bl (21,22, 6) = erfldmm(zrzz)‘”"1>[111](-r.b),

Bl (21,22, 20.0) = (1) j [dale i teazatrs s QL (2, g, s, b),

i

&’E;]u(zla 22,23, b)

@) /[d.ﬂe*[(m‘zﬁizzﬁﬁzﬂp‘ @E:]m(.'rl,:r%:rg,,b),

1 1 1
/[zlx] :/ ri.rl/ da:;/ daz 6(xy + 2 + x3)
T3 -1 -1 -1

Support domain |z;| < 1

% é } momentum-fractions
(—+-) J

could be positive or negative

(+0\ | S+
(-1,0,1 1,01-1) some papers miss this point
C-/ \F-2 _ _ _
e important for divergences-cancelation
(+-+)

® agreement with collinear evolution

/ e evolution mixture
xs3 E

(0,-1,1) T.-1,0) T1

|2+ 70+ a5 = 0]
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o
Evolution equations for TMD-twist-(1,2) and (2,1) distribution

d _r Teus T . I
.U*zﬁq);[.a.]?l = (Tp In (? + TIH—‘:’-’-’S + 27”591'1’-'-'2’-'-'3 q),[u,]ﬂ

+P2,,, @ 1T+ P2, @ el T,
d Teus 2 )
'uz_d.uz (I’LI?]L'Z = (—";bp In ('u—) + Togrpe, + 2%159“12“) CI)E:]H

¢
+pA

I
s @ 0]

o B I
u.;’Z 7 ] + P1213 @ (Pl[/.I/Z’T ]=
» P are BFLK kernels

» T contains In(x)

» Rapidity evolution is same as for TMD-twist-(1,1)

d
Cd_cq)'[u[:]lQ(mLz Tg, 3, b 1, C) = _D(ba #)q)LI:]IQ(‘le Tg, w3, b1 1, C)a

d
Cd—CQL[:]ZI(:xL,:rg, 23, b;0,C) = —D(b, ;1)@5:]21(:161,:172,:@, b; 11, C).
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Evolution equations for TMD-twist-(1,2) and (2,1) distribution
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