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* QCD gains its predictive power through factorization theorems.

* Collinear factorization: well understood and tested.

* Enormous effort for extracting PDFs and FFs: CTEQ, MRST, HERA PDF NNPDF ...
e Status for TMD Phenomenology

e CSS Approach : No direct link with TMDs, fits process dependent. Universal ?

Predictive !
* Generalized Parton Model : Gaussian approximations at fixed scales.

* No TMD repositories.

* No agreed upon definitions of TMD:s...

Want: Analogous to collinear factorization
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Extend collinear factorization methodology to TMD

factorization.

e TMD Factorization From Foundations of Perturbative QCD,]. Collins

W = Z H 5 (Q7, )| /kole2k2TFf/P1 (1, Kir, 1, Cr) F gy p, (22, ko, 1, Cr) 8P (ki + kar — ar)
f
+ corrections

* Repositiory of well defined TMDs https://projects.hepforge.org/tmd

with QCD evolution included ' ' '

| — ——
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https://projects.hepforge.org/tmd
https://projects.hepforge.org/tmd

Energy evolution from Collins-Soper equation

OInF(x,br, i1, () ~
= K (b

Renormalization group equations

~

dK dInF (z,br, 1, ¢)

g = —vi(g(p)) and Iy = —yr(g(p), ¢/ 1)

Important: Evolution equations are in configuration space!
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e Use collinear factorization treatment for small b .
~ dr ~ A a
EFyyp(z,br,p,Cr) = / _Cf/] (/2 b7, Cry 1y g(1)) [P (2, 1) + O((Aqenbr)®)

* Implement matching procedure.

br
b, (bT> \/1 n b Collins and Soper (1982)

max

* Apply evolution equations.
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Ff/P(xabTal'Lv CF)

xexp{ln

~ Md /
R )+ [
n

éj’/j(xa br, M CF/MQ)
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T vp(g(u’),l)ln\ii_FvK(g(u’))]} ><exp{gj/p(zv,bT)+9K(bT)1n\/\/%}
=SSl — , asCr 2 ) 2 ) - _
= 0;7;0(1 —x)+ o {2[11& (,UbT> ’yE] [(1—x>+ l—z|+1—x
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Up Quark TMD PDF, x = .09
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JLab Energies

matches STM fit
Schweitzer, Teckentrup and Metz (2010) (STM)
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Tevatron Energies
matches BNLY fit

Brock,Landry,Nadolsky,Yuan (2003) (BLNY)
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Up Quark TMD PDF, x = .09, Q = 91.19 GeV
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gaussian fit does not capture the effects of
evolution quite well
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e Definition:

HHQuu/ QR = —
s Fy/p, ® Fy/p,

e Drell-Yan:

2

Cras |3 1
i SIn(Q*/p?) = SIn*(Q*/p®) — 4+ %

)—I—O(ag)

Hy (Q, 11/ Q)M = eF|Hg | (1 +

e SIDIS:

C1F g

gln(QQ/MZ) - %lrf(Qz/uz) —4 >+@<0‘3)

[ (Qu 1/ Q1 = 3 HE|™ (1 T
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Using spin decomposition

Fy pr(w, kr, S;u, Cr) = F/p(x, ki 1, Cr) — F1J_Tf(fl/’a kr; 1, CF

)E’U@%Sj
M,

p

unpolarized TMD Sivers function

* Written in momentum space.
e Evolution equations in configuration space.

e Extra momentum in prefactor will complicate things.
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eIt is Fo/ (b)not Fi5(b) that appears in the physically
relevant formulas.

o ['=(b) and Fi5/ (b)satisfies the same evolution equations.

* Anomalous dimensions for the unpolarized TMDs and the
polarized TMDs are the same.

8lnﬁ’1/;f(x,bgp;,u, Cr) ~ dK

dlnp{%f(vaTvua CF)
dln u

||
g
=Y
=
=
B
~~
=
Y
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Using analogous steps to the unpolarized case

dz,dx
x , 1 s CF Z/ : 2th/] xlvx%b*uub Hb g(,LLb)>TF]/p(£C1,CIZ‘2,,LLb)

X exp {m \Z—Cb_FK(b*;ub) + /: d—ﬁf/ [w(g(u’); 1) - \/u? (g(u’))] } X exp {gf}vﬁrs(x,bT) + g (br) In g}
recall for the unpolarized TMD PDF
Ff/P(vaTnu?CF Z/ d_ajéf/j x/a: b*aCF My g( )) fj/P(i'nub)
xeXp{lnfk(b*,ub) +/Mj % vr(g(p'), 1) —lnf,_FVK(g(u’))” X eXp{gj/P(%bT) +9K(bT)1n\/\/%}
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e Small b1 region is twist-three (Qiu-Sterman).

* Tail of the momentum space Sivers function is power suppressed relative to the
unpolarized TMD.

* Starting point: neglect twist-3 tail and study the large H behavior, which is the

experimentally interesting region.

e Use already existing gaussian fits to determine the non-perturbative information.
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Ultimate Goal: Global Fits!

* Polarized TMDs: twist 3 large transverse momentum
region - NLO coefficient function.

* Y term corrections: matching to large transverse
momentum collinear factorization formalism.

* Global Fits for unpolarized and polarized TMDs!

* Higher orders in anomalous dimensions.
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Stay tuned for new and improved results
at

https://projects.hepforge.org/tmd

Don’t forget to subscribe to the mailing list!


https://projects.hepforge.org/tmd
https://projects.hepforge.org/tmd

QCD gains its predictive power through factorization

¢

Consider Drell-Yan process: P; + Py, — ZZ(QZ) + X

do p, py—1(Q2)+x (5, Q?) ! > > Q* Q7 9
— dryd ' ' ¥ ) s g
dQ? ;j:/o L1 A2 fZ/Pl(ajl)lu )fg/P2<3727M )H] 21795 12 Qo (,u )

Collins, Soper and Sterman (1985,1988)

PDFs: Long distance dynamics,
non-perturbative, universal, Hard scattering function:

evolution through DGLAP short distance dynamics,
pQCD calculations

Not complete description == transverse momentum of incoming partons are important

examples: DY, SIDIS, hadron production at et e~ collisions...



Collins-Soper-Sterman formalism for DY gives

(1985)

do ~ /dzbe—ib'%

L ds
SO (1 ) E1, by 2 1, 9(10)) £, (1, )

:1:1 le

L4z
2C4 (w2 ) %2, bay 2, 15, 9(11)) f5/p, (2, 1)

o 'CE2

4 N\ T

Q’ d,u/ , Q? /
exp // Al ()it + Bloa () |

\ J

2

eXp| — gK(b)an_z — g1(21,b) — g2(x2,b)
0

+ Large gr term

Where is the TMD PDF ?



Feip(x,bypu;¢r) =

-y

“Unsubtracted”

Implements Subtractions/Cancellations

From Foundations of Perturbative QCD,|. Collins



Fid (@, krs i, Cp) = / dbr bTJ@(kaT)ﬁ@%f(wa br; i, Cr)
0

Fim 7 (b 1, Cp) = —27T/ dkr k7. J1(krbr) Fif (2, ke, Cr)
0

with

It is F’(br), not F(br) that appears in the physically relevant formulas.



