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This work has been done mainly by Simone Rodini.
It is not yet complete but main results are ready.

Outline
» Motivation
» Quasi-TMD correlators
» TMD Factorization in the background field approach

» Factorization for qTMDs at next-to-leading power
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Collins-Soper kernel

[A. Bermudez Martinez, AV,2206.01105]
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SVZES [=2103.16991] lattice computation used 1-moments of TMDs to extract CS
kernel.
It has been done using three TMDs (f1, h1, g17)-
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SVZES [=2103.16991] lattice computation used 1-moments of TMDs to extract CS
kernel.
It has been done using three TMDs (f1, h1, g17)-
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However, the actual lattice computation was done for three more TMDs ( f—T, hf-,
hllT), but they were excluded from the study because too large lattice artifacts.
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In fact, the method used it SVZES [B.Musch, et al, 1111.4249]=MHENS
simultaneously determines many other qTMDs.

wil = (p, S|q(y)[staple]gq(0)|P7 S)

used: I'y = {’Y+7’7+757o’a+}
_ . - 5 M AHAS o — uv
computed but not-used: I'r = {1,7v°,v%,v4~°, 07,0/}
These are ¢TMDs of higher twist/sub-leading counting/???

Some of them have quite good signal/noise ratio
can we extract any information from them?
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In fact, the method used it SVZES [B.Musch, et al, 1111.4249]=MHENS
simultaneously determines many other qTMDs.

wil = (p, S|q(y)[staple]gq(0)\P7 S)

used: I'y = {’Y+7’7+75’0a+}
_ . - 5 M AHAS o — uv
computed but not-used: I'r = {1,7v°,v%,v4~°, 07,0/}
These are ¢TMDs of higher twist/sub-leading counting/???

Some of them have quite good signal/noise ratio
can we extract any information from them?

Answer: Yes & No
Some of them can be used to extract CS-kernel (and TMDs?), some NOT.
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r
Wl(y) = (P, Sla(y)[staple] 5 a(0)|P, )
Theory assumptions

> L>bt
> (vP)>» A M
» (bv) =(bP)=0

TMD factorization

> {60} {1,271}
A ~ M/(vP)

Alike hadron tensor with “instant”-to-light current
r
Wy P, 8,05 L) = (P, S| (y) 5 T (O) P, S)

J(y;v, L) = [oor +vL,vL + y][vL + v, ylq(y)

(L ~ oo i.e. we ignore effects due to it, but divergence is regulated)
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TMD
SCET operator

High-energy

expansion
[Balitsky, et al]

expansion

e Modes by method e Modes by parton |<¢——— e Modes by parton
of regions model model

e Effective action e Background QCD |¢——— e Background QCD

e Overlap of modes ———p{ @ Overlap of modes e No-overlap (?)

e Dim.reg.+rap.reg. ——p-| @ Dim.reg.4rap.reg. e Cut reg.

. ... o ... . ...
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Collinear fields (hadron)

{0+, 0-, 0r}an £ Q{1 X, M} an,
{6+7 8—7 8T} A% 5 Q{L /\27 )‘} A‘;m

Anti-Collinear fields
(to tame the NP part of contour)
{a+7 877 aT} qn ,S Q{)‘Z» 1, /\} qn,
{a+a 671 aT} Al S Q{)‘z, 17 )‘} AZ
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Wil = [(DgDgD Al (7,51 () 5 SOU(P.S),
|

q=Y+aatan, A'=B'4+ AL+ AL,

v

. . g
Wi _ /[DqﬁDqﬁDAﬁ] (D Dy DAy JeiSacolan Aul+iSacnlan Axl g+ (P, g(f ()y) w(P,S)
a+ / A A — -
s AL
i Ty = [IDED6DBE S (1) LIO0)) [0+ 0+ B+ 4n 4 4]
/\2 3/
\ Gny A Making life simpler
B— » Light-cone gauge for background
A2 » Background+Feynman gauge for “fast”

components

» Ignore renormalization of staple contour
(multiplicative)




Main simplification

» Exchange diagrams are (at least) NNLP
» The LP and NLP are given by the current
factorization (like in ordinary TMD)

[Ebert, Stewart, Zhao, 19]
[Ji, Liu, Liu, 19]

picture from [1911.03840]
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EOMs fix counting for components

gn = &n + Ma
(N

~1

P)

qn

& = 5 —qn, Na =




J(0) = Vil (0)€n(0) + ...

Wi — 7t (ew + b)gJ(O) — Ni Ea(tv + b)ggﬁ(O) (VHO)V (b0 + b)) + .
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J(0) = V[ (0)€n(0) + ...

1
Ne

I
Wil = gt e + b)5J(0) =

En (b~ + b)ggﬁ(O) tr(VT(0)V (ot + b)) + ...

I can be only T' € T4 = {y+,7T+%,ic*T~5}
ForT'el'r = {1,’y5,'y°‘,’y°"ys, oB, ia""'_'y5} we should consider contributions ~ A\

A.Vladimirov qTMD@NLP September 15, 2022 11 /23



Factorization theorem for leading-counting qTMDs

wle,b; S, P;

NP functions

o1 (e,; 5, P; 1, Q)

Y (b;v, L; u, C)

P,S
MLM=<’|

+0(M Lo szQOD)

wilp,s)
Stwmp (b)

= ol (0,b;8, P, 11, ¢) W(bsv, L u, )

P bP+ L L

1

Stmp (b)
1

Stmp (b) Ne

(P,Sla(en + S [Ja(0)|P,)

1
— (0ltr[contour]|0)

¢ = (2(pv))*p?

“instant-jet”

N
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Factorization theorem for leading-counting qTMDs
(P, SW,l P, S)
Stmp (b)

M 1 b 7
@
* (P oPt L L

= |Cr[* @M (6, b5 S, P, Q) W(biv, Li o, §)
TMD “instant-jet”

ZAQOD)

wl(e,b; S, Py, L, p) =

NP functions

Iy
ol (0,b; 5, Pip,¢) = mmswn+b)[..]§[..]q(o)|P,s>
U(bv, Lyp, Q) = m]\%(mtr[contourﬂo)
(¢ = (2(pv))?p? )
At NLO

2
ICH|? =1+asCr (—L2 +2L -4+ %) +a2..

[Ebert, Stewart, Zhao, 19]
[Ji, Liu, Liu, 19]
[Schafer. AV. 20]
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=0
An/Ay,
&n A &n

similar to H-to-L current [Bencke, et al,03]

+
T = V] (0)€a(0) - gjwaD%[An + Anlén + .
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/{@ / "
'FL A(X

Tn
similar to H-to-L current [Bencke, et al,03]
T oAl
T = VI 0(0) = T aD§[An + Anlen +
+
r r
i) = elitle
i 0 [V“W+F+F7+v“]lp
28 Apm 11 The ~ A terms are
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LP = TMD-twist-(1,1)

r
@] (4.6) = (p. slaltn + b,o] S [oe, Olglp. )
\_/ S~—_—

tw-1 tw-1

NLP = TMD-twist-(2,1) & (1,2)

¢ r
<1>[2F11(z,b)=/ dr (p,slgltn + b, + b Fyut [ 09] 5 (00, Olglp, s)

tw-2 tw-1
] ’ r
Py (£:0) = /7 dr{p, s|g[¢n + b, 00 7% n|Fy4[tn,0]q|p, s)
tw-1 tw-2
1 J4
U(b) = F<O|tr[contour]|0> + O(Z,KA)
c
1 0
vH(b) = F/ dr{(0|tr[contour] F~#(T7) + |0)
c J—oo

14
—,lA
+O(7.EA)
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TMD distributions of twist-3 => [S.Rodini, AV, 2204.03856]

Some points

» Functions of (z1,z2,x3,b;u,() [z1 + z2 + x3 = 0]
» There are 32 TMD distributions (quarks) ¢ = @, 6

U L Ti=o | Ts=1 T =2
U fo 9o . hy
L oJ:L 93}, her, hi_L
T || for, for | 9ers gar | hoe | hip | h3F.  hag

» UV evolution at LO
» Mixture between @ and © distributions

16 T-odd, 16 T-even

» Rapidity evolution = Rapidity evolution of twist-2 TMDs

» There is an (integrable) discontinuity at x; = 0 lines = spurious rap.divergences

d
C — Ptw3 = —DPtws3

e
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TMD-twist-3 distributions are function of 3 momentum fractions
—~ 1 " { ]
@1111](31=22~b) = p+_/ daett(r==p Q[lll](‘r~b)s
-1

F —i(wyz)twozetry2 t )
(I)E,]Zl(21122:23~b) = (?7+)2 /[d'ﬂe (®a%1-+ s tatweselp (I)/[:,]Zl("rl%"r%:r?nb)*

B, (21, 20, 20,0) = (p7)? j [dlefmarteaztmzon @l (4, 2y, ),

"
1 1 1

/[da:] :/ da:|/ (1372/ dxz 6(x1 + 2 + x3)
T2 -1 -1 -1

Support domain |z;| < 1

% é } momentum-fractions
(=+-) @

could be positive or negative

(—+0\ | S+
(-1,01 1,0,-1) e important for divergences-cancelation
e agreement with collinear evolution
c-) - o evolution mixture
(+—+)
T3 ‘/ (0,517 T4h,0) 1

3?1+ftz+13:0‘
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Example equation (P4-case)

2
2 d <I)@ _ 1—‘cusp In /147 +T (PGB
I d,u2 PN 2 C T122%3 o
A
n 2P, 2#3@21129;3 Pg
—275O ¢  zoas 21?’2211 [N ’
P . . . h
> @ Psisa pair twist-3 TMDs e.g &L ),
o heo.L
» s = + depending on DY/SIDIS definition
v
B, @0y, 2a.1) = 7"5“{5“9044:(1:,,0. 23) (3.15)
Oy /m @[22 (0 ) 3,05) — 2oy — 2+ v, m]%
P is a construct of BFLK -
quasi-partonic kernels B R T L o))
[Bukhvostov, Frolov, Lipatov, o[ [ e ) 0w e
Kuraev, 1985] ;f(z“+IEI)10(+.-:Ii)J;,>7o(ﬂ,-(:1)ﬂ( '
ey | @21 — v, w2+ v, 2
[Braun, Manashov, 2009] (1 +02) von
ol Ca\ [* 1 13 6(v,zs) —B(~v.—zs)
2((,, )/ m,[ A T) Z O )
2 ) )G vtz %,
2y (2125 — 2015 — v L—xy) — O(—v, 0 0. 31 — .8 @
(@1 22 [CEr I S “)} i
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Example equation (P“-case)

d P Teu w? (]
2 4 &3] _ cusp B )
e ( ®o ) B ( 2 ln( ¢ )t Ymes ) ag
2P 27502, pows g
+ 2 271 A s
—275Oz, woxs 2P P

r2T1

> ( ®o )’s is a pair twist-3 TMDs e.g ( he,L )
Qo he,L

» s = + depending on DY/SIDIS definition

v
Tavnars = ou[s0r +Camn (22 2 (0 - ) (124 ] + 0t
|2 2 |1
Remnants of cancellation of collinear divergences between SF and TMD
50,
VU5
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Example equation (P4-case)

d P T 12 P
2 ® _ cusp @
wae () = (ge() ) (32)

N 2P2 .. 27500, wows Dy
—275O 1 zoas opA [T ’

r2x1

> %o ’s is a pair twist-3 TMDs e.g h,L .
%o he,L

» s = + depending on DY /SIDIS definition

» Complex-parts of remnants of
cancellation of collinear divergences
between SF and TMD

» Discontinuous
» Mixes T-odd and T-even TMDs
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Cancellation of spurious rapidity divergences

T

Wi = el
Liq,[ﬂ“wrﬁwﬂ“]q, /0 drq(l + b)Fuy ()a(0)T
2(9+ ObH B

i + +
n ((}gl[m“r F]\P_I_(I,/ltz[l“v 7“]\11
20,

3 + +

0
P / dr[contour|Fy, ()
—o
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Cancellation of spurious rapidity divergences

Yio(z1, 22, 23)
~/[dz]5(z+z1)w\ll
T
wih = el
Liq,[ﬂ“wrﬁwﬂ“]q, /0 drq(l + b)Fuy ()a(0)T
204 ObH B

i + +
n ((}gl[m“r F]\P_I_(I,/ltz[l“v 7“]\11
20,

3 + +
_ (q)['r“’v T]\p”_|.q>[1r1'y 'YM]\IJH 4+ ...

0
P / dr[contour|Fy, ()
—o

2
d (y)
y + 10
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Cancellation of spurious rapidity divergences

Divergences at x2 can be regularized & computed.

0 . st .
/700 dT@lfQ[F](z, 7,0) In (87*') 8ND(b)<I>[1F1](z) + fin.terms

o _ + ~
/ dr¥,(T) In <6—) 0, D(b)¥ + fin.terms
pvt

— 00
» Lowers the TMD-twist
» Cancel in the sum ®*{"1w — o[/ Jpr
» One can define “physical” distributions
which have finite at g = 0 integrals.
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[ NLO coefficient function ]

n An/A
En n/ n én Aﬁ/An
witl = oy 2el He
T RIS ‘Warning: Non-trivial
+|Ch| %0, apr T11 v complex parts (depend

on direction of v).
+
(0H2c oul Ty 4 o oyt ey

lim Cgo =Cy
xo—0

(CHC (I)[ vy F]+C*C @[FV ad ]) \I’,u‘f‘----
za+
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Factorization for qgTMD of sub-leading counting

wil = \CH|2<I>[111+]‘1! +—0. known LP term
+| H|22; 8(21‘ [11“7+F+F7+7H]l11 <—1. kinematic power corr.
+(1+as..)ln (%) %@ﬁmﬁrﬁ_rﬁv ]\IJ% <—2. remnant of rap.div
+ T(CHQC @0 Ty o 0t gy 3 actual TMDs of tw3
28 (CHC' <I>[1’Y1 R +Cy C’H<I>[111'Y+PY“]) v, <—4. tw3 interaction with WL
+ ... <—>5. higher power terms

Cancellation of divergences
» Spurious divergences cancel between (3 and 4) — 2

» Usual divergences cancel within each line
» Checked at NLO
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Explicit example

'=~+%5S=0
W['ya](evb) _ i Mb™ ! dx —ixl
W (b) - /,1 °
C 2
(Cx] ( i@ b)+1n( )fl(:v b D(b))
+ [ (5 Cnasto — o) + CiraCrdta +02)) 1 + 93)(1.20,)
by, W (b)

+(CHCy + C3Ch) fi(z,b) W)

+s7r/[dz}(6(x2) +as...) (8(z — z3) + 8(z + 21)) [f& + 93] (z1,2,3, b)]

» A lot of trash terms.

» Dependence on direction of v

» Explicit divergence at z =0 (!!)
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Explicit example
r=1,5=0

(1] 1 )
w (£7 b) _ M / diefzzl
\I/(b) -1 T

d
2 / % (C};CHQ(;(Z‘ - :1:‘3) —+ CEQCHJ(x 4+ xl)) eqp (.771’2’3, b)

+2571'/[dz] (6(x —x3) + 0(z + 1)) (8(z2) + as..)es(x1,2,3, b):|

» Can be used to extract CS-kernel just like twist-2 case.

» Dependence on direction of v

» Explicit divergence at z =0 (!!)
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Conclusion

» We derived the factorization expression for quasi-TMD correlators of “sub-leading”
counting

» Structurally the same as for DY or SIDIS (but less symmetric)
» Checked the cancellation of all divergences at NLO
» Some of these correlators can be used to determine CS kernel

» Some represent a complicated mixture of different terms, which (most possibly) cannot
be used in practice
» However, one can think about extra subtraction
1 9

~ W["/a] _ 77‘/1/[
pt Oba

]
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Coefficient functions

Cin(e) = 1+ 2, Cp|2u(up) -2 p, L2 =1+ 29)

Cua(—w3) = 1 = da,Cpel(1 — &)1 (26) 1. f_y,[205(0P)| 2=

Ca
2

+ da, (cp - ) (1= (28 f oy | 225 (0 P)| 7 (1

+ 40,,,%1"(1 — ) (22) - f -y |224(0P)| 2 (1 — 242

Crran(r) = =20, [22(vP)| 7 f, (=) (=1 + 25)Cp(1 — 2)

. 2=
LTy (Lm0
T3 Ty + &g + 0

Ty 1— ry + il o
xo + I3y a1 + a2 + 0
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