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TMD factorization in a nutshell

.. for DY and heavy boson production we have (Collins 2011, Echevarria, Idilbi, Scimemi (EIS) 2012)

do 2 2 d’b _, b
dQQdC]Tdy = ZUgH(Q 5 [ ) Ee 2 (I)q/A(CEAabaCAalLL)(I)q/B(CEBab7CBmLL)

e 0

...and similar formulas are valid for SIDIS (EIC) and hadron production in e+e- colliders

The renormalization of the rapidity divergences is responsible for the a new resummation scale

We have new non-perturbative effects which cannot be included in PDFs.

THE CASE OF UNPOLARIZED TMDS:
THE PERTURBATIVE CALCULABLE PART OF UNPOLARIZED TMDS IS KNOWN AT NNLO!
WHAT ABOUT POLARIZED TMD’S?
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Status of unpolarized TMDs in perturbation theory

Evolution to N3LO Y. Li HX. Zhu, arXiv:1604.01404 A. Vladimirov, arXiv:1610.05791
Soft function at NNLO M.G. Echevarria, LS., A. Vladimirov, arXiv:1511.05590.

Gy NNLO coefficients for TMDPDFs M.G. Echevarria, LS., A. Vladimirov, arXiv1604.07869, T.
LihEELEE Liibbert, J. Oredsson, M. Stahlhofen, arXiv:1602.01829, T. Gehrmann, T. Liibbert, Li Lin Yang arXiv:
1403.6451

NNLO coefficients for TMD Fragmentation Functions M.G. Echevarria, LS., A.
Vladimirov, arXiv:1509.06392, arXiv:1604.07869

Global Fits (SIDIS+DY) A. Bacchetta et al. arxiv:1703.10157,
DY and Z-boson fits (ResBos, D’ Alesio et al. arXiv:1410.4522 up to NNLL)
Implementation of standard CSS (DYres/DyqT, Cute)

LHC data
+ TMD extraction usinggg;ﬁpylr%r corrections (ARTEMIDE) arXiv:1706.01473
and 1803.11089 SCr 1 Dt
10 n

IT IS POSSIBLE TO MAKE A COMPLETE ANALYSIS OF UNPOLARIZ D IN DRELL-YAN AND SIDIS
USING NNLO RESULTS (SEE ALEXEY VLADIMIROV TALK)

Perturbative

Phenomenology

THE STUDY OF TRANSVERSELY POLARIZED TMDS AT THE SAME PRECISION IS JUST STARTED (SEE
DANIEL GUTIERREZ REYES TALK):

D. Gutierrez-Reyes, L.S., A. Vladimirov, arXiv:1702.06558 and 1805.07243
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Operator expansion on the light cone

Quark TMD'’s can be defined starting from operators:

U b —qzn-bilza tb —conbEl-con-b —2n blgt—n b
and

Ubis(z,b) = g@(zn + b)[zn + b, +-oon + b]l'[+ocon — b, —zn — b]g(—2zn — b)

| Wilson lines differ from DY and SIDIS
\

V119 S 1 SH R B4 OINS EXd NI OIN

dz

—2izzpT b
o b e <z§) P, S)

€\ / \



Renormalization Universality of TMD’s

A
Formal definition of TMD operator

Applying these operators to the hadron states we obtain unsubtracted TMDs

gn(@br) = (hlOR(z,br)|h)
Agon(sbr) = (hlOR" (2, br)|h)

To define individual TMD we have to take into account rapidity divergences, UV divergences
and overlap regions

Foen(z,br;Cp) = /S(br;C)(h|Zq(p) Ol (2, br)|h)
Dgsn(z,br;¢op) = /S(br;¢)(h|Zq ()02 (z, br)|h)

zero—bin

zero—bin

e u is scale of UV renormalization.

e ( is scale of rapidity-divergences separation.




Mulders-Tangerman 96,
Boer Mulders “ 98
Mulders, 2001 (gluons)
Boer, Mulders, Collins
Mulders, Butfing, Mukherjee 2013

Polarization effects

Nucleon
Polarization

Quark Polarization i
- Gluon Polarization
QUARKS | p0larized | chiral transverse < .2 GLUONS unpolarized | circular linear
— . S5
LS h T2 v {fF) by
L y sun hi' 5 cd e
‘\_\gll.’, 1L Z ? - { g|g1_ hlng
T 1 P “g.l Q—4
I Eir :\“hITl”,"‘th U ;g glgr s hllrg
Time-reversal flip
7] =
(I)q<—h(x7 b) 7 fl (CC, b)
a1 5l (5 B) = Agiz(z, b)
q(_ h 9 TR g]. L x?
lio & ¥s] 2 o)
(I)q<—h (va) = SThl(:Cab)
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Mulders-Tangerman 96,
Boer Mulders “ 98
Mulders, 2001 (aluons)
Boer, Mulders, Collins
Mulders, Buffing, Mukherjee 2013

Polarization eftects

Quark Polarization S i
- Gluon Polarization
2 g QUARKS unpolarized chiral lransverse g g GLUONS unpolarized | circular linear
0o b U L o @
Ereas jl hl v—d § U : f;.' ‘._ he
T:f e 1 - Se = '
3! L8 hy, Z o) L (gt h'¢
Z = = - St e o \ S1L IL
A Jir &ir :\\h”:",/.th T fl;’“ g5 h., h#"
Time-reversal flip
[v] 2 . p I
(I)q<—h($7 b) o5 fl (ma b) + Le€ bMSTVMflT(xv b)a
e s The polarization effects on TMDs
q)q<_h = une o)) -+ ’LbusTMng(CUa b), appear expanding
ot ; in the transverse coordinate
®'7 . ) (z,b) = s¢hi(z,b) — IN* My (z,b)
M?2b2 [g2*  popH
JReqV iz T S[E
e Vi (e D ; + 3 stuhir(x,b)

1)

[ See Daniel Gutierrez talk ]
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Collinear and geometrical twist and OPE

s,
r T " T 2
U (z,b)=U (2,0)+ b T Uz, b)’b:O—I—O(b I

The impact parameter expansion must be re-phrased into a dimensional-spin physical
TWIST EXPANSION

U(z,b) =3 [Cs % OF] (2 +bﬂ2[ thﬂ (2) + O(b?)

1

and the coefficients match onto transverse momentum integrated functions of definite twist.
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Collinear and geometrical twist and OPE

s,
2 = fiza pyl 2
U (z,b)=U" (2,0)+b (%MZ/{ (Z’b)’b:o+0(b i

The impact parameter expansion must be re-phrased into a dimensional-spin physical
TWIST EXPANSION

ugY(Za O)
U]gIS (Za O)

g(zn)[zn, —oon|l'|—ocon, —zn|q(—zn) = g(zn)|zn, —zn|T'q(—2zn)

g(zn)|zn, +oon|l'|+oon, —znlq(—zn) = g(zn)|zn, —zn|l'q(—2zn)

The distributions differ only for the orientation of Wilson lines.. no practical effects



Collinear and geometrical twist and OPE

9,
2 = fiza pyl 2
U (z,b)=U (2,0)+ b (%MZ/{ (Z’b)’b:o—l_O(b I

The impact parameter expansion must be re-phrased into a dimensional-spin physical
TWIST EXPANSION

o
%USY(Zv b)’

= q(zn) (E [2n, —zn| — |2n, —zn]li) Tg(—2zn)

+ig ( /_ ; = /_ ;) dr G(zn)[en, TR]DF, 4 (tn)[rn, —zn]q(—zn)

The first power correction has a more structured form...
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Collinear and geometrical twist and OPE

0
IE B m B 2
U (2,b) = U"(2,0) + b 2 U (2, b))b20+0(b )

The impact parameter expansion must be re-phrased into a dimensional-spin physical
TWIST EXPANSION

0
ObH

i b)‘ —aqc ) (ﬁ (zn, —zn] — |2n, —zn]ljz) I'q(—zn)

_ig ( / - / ) dr G(zn)[en, Tn]TF,y (n)[rn, —zn]q(—2n)

The first power correction has a more structured form...
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Intermediate result

Or(z) = (zn)[2n, —zn|lq(—2zn)

T (21, 22, 23) = g@(z1n)[z1m, 22n]TF#T (29n) (221, 231]q(23M)

The twist expansion can be done taking the light-cone limit of the (twist-) expansion:
both twist-2 and twist-3 structure come out

1
Upy(2,b) = Or(2) + b, { lim i(911( ) — 7,/ dvvz T (z,vz,—2)

y—zn ﬁy’u

(/ /) dr T (z,T, —z)} + O(b?)

Ubis(z,b) = Or(2) + b, { lim —Op( ) — z/ dvvz T (z,vz, —2)

y—>2n &g’u

(/ /> dr T (z,T, —z)} + O(b?)
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Tw-3 functons

The matching on collinear functions involves several types of collinear twist-3 functions

<P7 S|7TYM+|P7 S> £ 2(p+)2§%M/[dx]e_ip+(xlzl+mzz+w323)T($1, 582,333)
(P,S|T7“+75|P, S 2z’(p+)23§ﬂM/[da:]e_ier(xlzl+x222+‘”323)AT(x1,:Eg,ajg)
O-oz—l—,yE)

(RS i [ PiSy = O(pt 22 / [da]e~®" @1z teazateszs) 5T (1) 2o 34)

+2i(pAgeM [ [dlemi?" 1ot e oS, (01,5, )

WE IDENTIFY 4 DIFFERENT TYPES TW-3 FUNCTIONS




Time reversal and symmetries of collinear distributions

Using hermiticity and time-reversal all matching integrals are simplified

One can use
these functions
as PDF’s with the
same border
conditions

( )
AT(Z‘l, X9, 5133) = —AT(—JZg, A G —1’1),
5Te(x17 X2, x3) = 5T€(—ZE‘3, —I2, _xl)a
(5Tg(l‘1,$2, 5133) — —5Tg(—£1337 — L, —xl).
Useful notation
@ |dz] >
S / = (6(x —z3) + (=1)"0(x 4+ x1)) T(x1, T2, T3)
2
(n) |dz] n
AL e — / -~ (6(x —z3) — (=1)"0(x + x1)) AT (x1, T2, T3)
2

5T\ (z) = / I (0(x —x3) + (=1)"0(x + z1)) 0T (x1, T2, T3)

OT;™ () :/@ Glz=asfs C G ) 0 (a0, 25)




Vector operator

Notation: F(z1, zg,23) = /[d;c]e—ier(x1z1+m2z2+$323)F(x1,:Ug,:b’g)

An example of calculation:

. b
(PSWUE (2 DIP,S) = 20 [ docter” fu(a) + 250050 2 |

1 =
— z/ dvva (z,vz,—2) (/ e )dTT Z)] 7 O(bZ),
—1i o0 —©30
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Vector operator

Notation: F(z1, zg,23) = /[dgp]@_’ip‘i‘(x1z1—|—:13222+x3z3)F($1,ZEQ,LU3)

An example of calculation:

(P, S|U£§;( )|P Sh= 9" dwem"’p f1(z )2 M s* b2“ [
—2/ d‘m —2) / >d7‘T z)} + O(b?),
E = dTTKZ’T’/Z\
Null because of symmetries < ) j 0

2 /7“\ T /
(D
Then we go back to distributions V

d b
o) (@.0) = [ Ze e (b5t (=5 ) I2.9)

T
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Vector operator

dz —2ixzpT b
(I)Elrih(va> :/%6 e <P7S|UF <Za 5) |P7 S>

0\

@OY) 8l (2,b) = file) + ibuEeM 7T(~x,0,2) + O(b?)
(SIDIS) @) (2,b) = fi(x) — b3 M 7T (—2,0,2) + O(b?)

VVESD S GOVERS H AT U N P OIFARI ZEL) FAN D P O TEARY ZE49 S T SH RI B4 OINSHE AV ESAS
REASATA NV ESN O RMAL ZAYJdONLE

(DY) fi(z.b —flf(—z 0z -0ObH")
(SIPIS)  fmle b= ali2z 02 -0
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Axial operator

Notation: F(z1, zg,23) = /[d;c]e—ip+(x1z1+x2z2+$323)F(x1,:Ug,aig)

An more involved example of calculation:

b . b , i
(P, SlULY" (2, S)IPS) = 2xp" / dze®?P" g, (z) +2M s [ / dueiuert 9L ZgT(“)

+ (pT)? /1 dvvzAT(z, vz, —2z) — (pT)? (/_; —I—/_:) drAT(z, T, —z)] + O(b?)

—

The simplifications now are non-trivial



Axial operator

The moments of the 3-point functions enter ...

1 o

. AT(l)

/;i_ze_zmszr/ dvvzAT (2, vz, —2) —( : / du/ dy uAT? (u (x—yu)],
T =

[ Zeriet | dueziert 918 —or(W) _ / du / dy (g (w) - gr(u))d(z - uy).
-

.. and we have non-trivial relations...

%6 (/OO—|— >d7’AT )_(p+)2 5 ,

/%e P (/ —|—/ )dTAT 2,T,—2) = T i
.. and a final twist expansion...

I 1 W ARG = hilu E 2
:/0 dy/_ldw(x_yu) {gleT (u) ATQU( e el e AL ()




Axial operator

Al INAY SRR S 154 .

. T = AL G =

gir(z,b) = 2 / %“ (91 G Y ZU(“) 5*’“(“’)) +OM?) forz>0
z G o E SNy

gir(z,b) = 2 / % (91 ) e =Y 2u(“) 1 1(“>) +OM?) forz <0
—1

In agreement with results based on Lorentz invariant constraints by K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak, and M. Schlegel,
Phys. Rev. D93, 054024 (2016), arXiv. 1512.07233
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Compendium

See Daniel Gutierrez Reyes
talk:
we have only 7 leading twist
quark TMDs (and not 8)

Leading | Twist of Maximum
Name Function || matching | leading known order
function |matching||of coef.function
unpolarized | fi(z,b) fi tw-2 NNLO (a?)
Sivers fi7(z,b) T tw-3 LO (a?)
helicity giL(x,b) g1 tw-2 NLO (al)
worm-gear T |gi7(x,b) ||g1, T, AT| tw-2/3 LO (a?)
__ytransversity | hi(z,b) hy tw-2 NNLO(a?)
Boer-Mulders | hi (z, b) 0T tw-3 LO (a?)
\worm-gear L |hiz(z,b)|| hi, 6T, | tw-2/3 LO (a?)
pretzelosity ** | hi(x, b) — tw-4 —

fir(z,b) = £1T(~x,0,2) + O(b?)

b /_ 11 7 /0 e (gl (u) + AT® (1) +

hi(z,b) = Fr6T.(—2x,0,z) + O(b?)

e — = /_11 du/ol dyd(x — uy)y(hl(u) + 5Tg(2)(u) —

T (u) — AT ()

The normalization of
all leading twist TMDs
with respect to the
unpolarized TMDs
are calculated

2Uu

5Ty (u)
u

)+O®%

) +0(?)
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Comparison with lattice

Ratios of TMDs in b-space can be computed on the lattice (B. Yoon et al. Phys. Rev. D96, 094508 (2017),1706.03406)

In our case, assuming Wandzura-Wilczeck approximation

@) oV L ATED =
g%gﬂ)( ) = o - L Ol i O(b2) . 0.13
1 (b) 2f1

g

XXII1
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o The twist-3 distributions are theoretically challenging but a perturbative estimation at least at NLO is |
necessary for phenomenology :

We have presented a formalism to extract the matching to collinear functions using OPE
. For the moment just LO results of quark TMDPDFs: NORMALIZATION OF POLARIZED TMDs

Some results can be directly compared with lattice, in some approximation
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Results for LHC in Z-production ....
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