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Transverse momentum
dependent parton
distribution functions (TMDs)



Drell-Yan (collinear)
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Q2 ~ q2 Transverse momentum comes from hard emissions:
collinear factorization (NLO)
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Drell-Yan (TMD)
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Q2 > q2 Transverse momentum comes from intrinsic
momentum of the quarks: TMD factorization (LO)

ODY,TMD = o & f(maa k1, QQ) &) f(fb, q. — k1, QQ)
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Operator detinitions of (TMD) PDFs

Collins (2011)
Collinear gluon PDF:
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Path dependence of the TMDs
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Bomhof, Mulders, Pijlman (2006)



Gluon TMDs at small-x



Weizsacker-Williams distribution
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Weizsacker-Williams distribution

in small x limit: €**"¢ ~ 1 and gauge choice: F!™ = 9° A}

rewrite only in terms of Wilson lines on the LC!

I, — ig, / Uy oo (@) P (F) U oo (@)

Ur = Ul_co,+00](T) = Pexp (igS/dx_A;f(x_,x)t“)
30,432 -
Fuow (z,k1) = d<; d)§” DT FH (B)U F (@)U,
m
4 dz'Ud2 k1 ( )
=—— WL =T ((0°U,) UL, (8°Uw) U
gg (27_‘_)3 € I'<( ) ( ) 'U>:z:

can be calculated in e.g. the MV model:
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Dipole distribution
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Multitude of gluon TMDs

in the large N. limit:

DIS and DY SIDIS hadron in pA photon-jet in pA Dijet in DIS Dijet in pA

xGY (WW) X X X X J J
xG® (dipole) J J J J X /

Dominguez, Marquet, Xiao, Yuan (2011)

at finite V., many more....

for example:
do(pA — qgX)  of 2(1-2) ) 2, .
- P 1— (1)
dthdzktdyldyg 2CH Pt4 3319(:1:1,#) qg(z) [( z) + 2 ]]:gg ($2akt)
1
+22(1 — 2)Re F.2 (w2, ki) — m}"g? (22, kt)} ,
C

Kotko, Kutak, Marquet, Petreska, Sapeta & van Hameren (2015)
Marquet, Petreska, Roiesnel (2016)
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From CGC to TMD factorization
example: dijet photoproduction in the CGC:

da'yA—)chX > dzxdzydzx’dzy’
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three scales: () ,§ q| 5 P q1 = |k1t + k2t\
Py~ kig ~ kot

CGC result in terms of Wilson line averages,
contains both the dilute regime ¢ ~ P

and the saturation regime ¢ < P, —» validity domain of

TMD factorization
Dominguez, Xiao, Yuan (2011)

Dominguez, Marquet, Xiao, Yuan (2011)
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From CGC to TMD factorization

correlation limit:
eile(y—y’)eikgL(az—x’) _ 6iqL (fu—fu’)eiPL (u—u')

Taylor expand in u, 1 < v,v’

2
'S tantamount to a twist expansion %
1

and the cross section can be written in an explicitly TMD tactorized
form:
da'yA—)qrjX

dP.S.

t? + 42
— cuap (o — 1) g FD ()

Does such a procedure work in 2—3
processes, in general Kinematics”
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Ihe process
pA — jet + jet +
N the correlation limit



Light cone perturbation theory
similar to ‘old fashioned perturbation theory’ in interaction picture

4(0))r = Texp(—z’/_ dt?’l}(t))|w0>
= o) + Syl Himele) | ) (ol o) (| Hine o)

intlw,
Wy — W = (wop — W) (wp — w)

leads to picture of a ‘dressed’ state which interacts attime¢ = 0

|Q>dressed = ‘Q> + gqu’y|q/7> T gqug\qg) + gegquyg\qyg) + O(gg,s)‘“
1

onthelightconet =" and w =p

Kogut, Soper (1970), Bjorken, Kogut, Soper (1971),
Brodsky, Pauli, Pinsky (1996), Zhang (1994), Heinzl (2000)
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Dressed quark state
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Altinoluk, Armesto, Kovner, Lublinsky & Petreska (2018)
16



Light cone wave functions

example: ¢ — qg W kg, 1,
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Light cone wave functions

example: ¢ — qg N kgs 1, €
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18



Light cone wave functions
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Jressed quark state in mixed Fourier space
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Dressed guark state in mixed
(q w+wb:/WMfwm

-ourier space
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Scattering off the CGC
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Qutgoing quark state
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Qutgoing quark state
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What about scattering of intermediate states”

1= 4=

‘hidden’ In the bare states...

q> — |Q>dressed o gqu7|qu> o gqug|qg> o gegqu’yg‘q’}/g> T O(gg,s)
qg> — qg>dressed — gqufy Q’)’g> + (’)(gg’s)...

q,7> — qf7>dressed — gqug q79> =+ O(gg,s)...

qug> — quyg>dressed + O(gg,s)...
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Complete outgoing quark state
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One contribution to the cross section
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Cross section (schematic)

do ~ %m + WW

L CEEN RS
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Correlation limit in momentum space

kq ey

qr = kg + kg + k,
QTNQS<<PTqungNk7

rewrite phases in cross section as, e.g.

/ eikq (a:q—:v;)eikg (:vg—a:'g)e'iszy (a:,,,—a:fy) _ / e?qu ('u’_ru) eiK (F,Y—r,y) eiQ (f,y—r,y)
Ty Lg,Tq, T, , 2! 2! TasTrysTgsTr U,

Y89’ g gy yst gyl ys

K = k’v Q= ggkg - ggkq
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Correlation limit in coordinate space

Expansion of the cross section in the small-dipole limit:
Tg, Ty < 1

s the leading contribution to the cross section since A*(r) o —
r
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Cross section in the correlation limit

dapA—>qvg+X o2a,

PS. (2n) :7p9(20, Q") (1-& = &)  gluon channel

3

17 N 2 y
z J kQakga k77£ga§7) [5 J]:g(l) (SL’ qT ) + ( q;TQ%“ — (5 j)Hglg) (SE,qT)]
=1

2
Q50

+( )? sTpfa(2p, Q%) (1 -6, — &)  quark channel

Z g 2g%.q] ij
X ZHIJ (kgs kg kys €g: €y) [5 J‘Féé) (z,qr) + ( ;%T -0 J)Hglg) (m’QT)]
=1

. I | larized al | Akcakaya, Schaefer, Zhou (2013)
sensitive to linearly polarized gluons!  pymitru, Lappi, Skokov (2015)

(%) (2, q7) Marquet, Petreska, Roiesnel (2016)
31 Marquet, Roiesnel, PT (2017)



Cross section in the correlation Iimit

/M, e (V)T [(0°U],) (87U,)] = a8 N, :%57:3 FO (z,qr) + %(2(1;%%
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Cross section in the correlation Iimit

HY = TR KK + TonQ QP + T KK + I5.Q0'Q7 + ) KUK} + 70 QUi
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Conclusions

 CGC calculation can be mapped onto a TMD
factorized expression

e ‘sensitive’ to linearly polarized gluons

* first step towards more complicated calculations such

as three-jet production and NLO photon-jet pair
production

Thanks to the organizers for the nice conference,
thanks to you for your attention!

34



