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Transverse momentum dependent PDFs (TMDs)

Extension of collinear parton distribution functions (PDFs) and
fragmentation functions (FFs)

f(aja QQ) — f(xa kJ_a QQ)

Central role in

Hadronic physics / l \

beyond collinear

factorization Glasma calculations
for initial states of
heavy-ion collisions

High-energy
scattering in QCD

Contents of this talk:
- From collinear to TMD factorization

- Unintegrated gluon distribution at low x
- How CGC encompasses both

- Consequences & applications

- Outlook



Collinear vs TMD factorization
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Example: Semi-Inclusive DIS (SIDIS)
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Collinear vs TMD factorization
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Transverse momentum dependent (TMD) factorization
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(Gluon) TMDs

PDFs parameterize longitudinal structure of hadron
TMDs parameterize 3D momentum structure + spin correlations

Ultimate goal: extracting TMDs from few theoretically clean processes

No extractions of gluon TMDs yet

polarization of gluon
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Mulders & Rodrigues (2001) CO||iﬂS5(201 1) Angelez-Martinez et al. (2015)



Collinear vs kT factorization
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Radiative corrections
lead to large logs
Previously, we have assumed that s ~ Q*
Q% 11.2 2
. resum logs / ﬂ — ln% treating energy (x) exactly
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Dokshitzer, Gribov, Lipatov, Altarelli, Parisi ((72-"77)
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Collinear vs kT factorization
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Radiative corrections
lead to large logs

At high energies (low x) s > Q°
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> BFKL G(0, k13 Q%) = G(21 < w0, k13 Q)
unintegrated gluon distribution (UGD)

(e < 1k < Q;Q) = G, k1 Q) ng
UGD is perturbative tail of the gluon TMDs in §
unpolarized target at low-x 2
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\s some extractions available > \
e.g. Kutak-Sapeta (2012)

Balitsky, Fadin, Kuraev, Lipatov (77, "78)
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What about the Color Glass Condensate (CGC)?

See Alex Kovner’s talk
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Gelis (2012)

CGC pertains to high energies, features small but perturbative
saturation scale: Q2 < s

Contains both small-x TMD factorization and

KT factorization in two well-defined limits
Dominguez, Marguet, Xiao, Yuan (2011)
Kotko, Kutak, Marquet, Petreska, Sapeta (2015)
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MclLerran, Venugopalan, Balitsky, Kovchegov, lancu, Jalilian-Marian, Kovner, Leonidov, Weigert (1994-2002)
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Dijet production in DIS at low x
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X (Qxaxaxx, — Sxax1 — Sxix, +1)  no TMD- or kT factorization

multiple eikonal scatterings /

1

Sxax1 = FCTNSF(Xl)S}(Xz»x (...),=average over
1 T classical gluon fields in
Qxox1x)x!, = —TY<SF(X1)5}(X1)SF(X'1)SF(X'2)>:U target: nonperturbative info
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Correlation limit: TMD factorization
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Consider back-to-back configuration: Q2 < k2 [CPA [kl [k s

Cross section simplifies into:
dO’W%A 22 + (1 — 2)2

_ 121 z(1" 2)Q?
dd?k, A%k, 2*% (P2 4 e2)d Pzlt 2)Q
PZk?2 k.,
X [(P4 +€e7)zfi(z, kr) — 2 Ve €7 cos(2¢p)zhi Y (x, kT)] + O(F)
p
unpolarized gluon TMD linearly polarized gluon TMD

Same result ?S low-x limit of Dominguez, Marqguet, Xiao, Yuan (2011)
TMD calculation Metz, Zhou (2011)
Dominguez, Qiu, Xiao, Yuan (2012)

Works for all 2 - 2 processes!
— =P Dumitru, Lappi, Skokov (2015)
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Dilute limit: KT factorization

X2
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P > | X
Neglect all saturation effects
21 k2 K2
Cross section simplifies into:
doys 2+(1-2)%/ k ky 2
dzd2111§2k2 - O‘aszw(;(+ k2))2 (k§ T 213 fe;) g(‘f’ ki + k)

£ z(1" 2)Q° unintegrated gluon distribution
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Merging both limits: [TMD
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Can we work at low x, remove the restriction k; ! P,
but still have a description in terms of gluon TMDs?

Yes! Low-x improved TMD (ITMD) framework: re-introduce the

2
|I:<>T2 , resum them on top of the CGC result

= o HT (2K, k2)xF 9(x, Ky ) + H"(2, k1, K2)xg! 9(%, Ky )

kinematical power corrections

d!
dZd2k1d2k2

Kotko, Kutak, Marquet, Petreska, Sapeta, van Hameren (2015)
van Hameren, Kotko, Kutak, Sapeta (2019)

Altinoluk, Boussarie, Kotko (2019)

Altinoluk, Boussarie (2019)

Boussarie, Mehtar-Tani (2020)

Fujii, Marguet, Watanabe (2020)

Altinoluk, Marquet, PT (in preparation)
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Generalization
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pPA! Q@+ X LHCb, FOCAL pA! dijet+ ! + X CMS, ATLAS

Akcakaya, Schafer, Zhou (2013) Altinoluk, Boussarie, Marquet, PT (2020)
Marguet, Roiesnel, PT (2018)

Al q@g+ X UPCs 1Al hadron+ X @ NLC EIC

Altinoluk, Boussarie, Marqguet, PT (2020) PT, in preparation
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MV model + JIMWLK evolution of gluon TMDs

——— MV model x~1072
x~1073

x~107*

Unpolarized gluon TMD

xf 2(x, kr)

-2}
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Langevin formulatixon of JIMWLK: Weigert (éOOZ); Marquet, Peireska, Roiesnel (2016)
Rummukainen; Weigert (2004); Lappi (2008) Marquet, Roiesnel, PT (2018)
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MV model + JIMWLK evolution of gluon TMDs

——— MV model x~1072
x~1072

x~1074

Linearly polarized gluon TMD
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Langevin formulatfon of JIMWLK: Weigert (XZOOZ); Marquet, Pextreska, Roiesnel (2016)
Rummukainen; Weigert (2004); Lappi (2008) Marquet, Roiesnel, PT (2018)
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Photoproduction of three jets
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Altinoluk, Boussarie, Marguet, PT (2020)



Photoproduction of three jets

log(g?"~21815+X)) at x=x=10"2 x~1072
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linearly polarized contribution at x=xp=1 02




Conclusions and outlook

TMDs play major role in hadronic physics and at small x
k>hadronic: physics p.o.v. : extraction from data is ultimate goal

low x p.o.v. : input for phenomenology of eA, pA, AA;
reliable model of initial state

s see REF workshops dedicated to overlap

CGC is ideal tool to analyse gluon TMDs at low x

(, hatural framework for (non)linear energy
evolution, nonperturbative models (MV)

: : Mueller, Xiao, Yuan (2013)
TMD le evolution Implemented
scale evolution (GSS) imple Marquet, Wei, Xiao (2020)

Low-x improved TMD framework future powerful tool for phenomenology

Thanks for your attention !
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