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> hf‘q: T-odd distribution of transversely polarized quarks inside an unp. hadron
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Angeles-Martinez et al., Acta Phys, Pol. B46 (2015)

hf‘Tq: helicity flip distributions: T-even and chiral odd

2
» Transversity hg = h;’T + £ hf‘Tq survives under pt integration
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They are known and can all be accessed in semi-inclusive DIS (SIDIS)
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> hllg: T-even distribution of linearly polarized gluons inside an unp. hadron
> hf-,—, hf‘Tg: helicity flip distributions like th, hf‘-rq, but T-odd, chiral even!

> hf = hf.,. + zpﬁ hf‘.,.g does not survive under pt integration, unlike transversity
P

In contrast to quark TMDs, gluon TMDs are almost unknown
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The distribution of linearly polarized gluons
inside an unpolarized proton: hng

!



Linear polarization of gluons

Visualization of the gluon polarization in the transverse momentum plane
hi-% is taken to be a Gaussian

The ellipsoid axis lengths are proportional to the probability of finding a gluon
with a linear polarization in that direction




Gluon polarization and the Higgs boson

pp — HX at the LHC

Higgs boson production happens mainly via gg — H

Pol. gluons affect the Higgs transverse spectrum at NNLO pQCD
Catani, Grazzini, NPB 845 (2011)

The nonperturbative distribution can be present at tree level and would
contribute to Higgs production at low gr
Boer, den Dunnen, CP, Schlegel, Vogelsang, PRL 108 (2012)




Gluon polarization and the Higgs boson

pp — HX at the LHC

gr-distribution of the Higgs boso

1 do 2 hi¢ @ hi-¢ i ) 2M? )
~ > x1+R(qr) R=—"Z——— | p7)| < 2 (xp7)
7 da} For ool il
Gaussian Model TMD evolution
T T T T 1
014 | 4 2 1
w2l doldc (cev ) | R My = 126 GeV

r=2/3 ---- =13 0.06

0xl, |in.po|.>o{ r—vs ] - 005
\\'. _ B :
0.08 [ \_» lin.pol.=0 —— 0alt 0.04
. ] R(Qr) 0.03
021 % J o
1 it 0.02
1 N 0.01

0: 0.00,
0 P02 4 6 8 10 2 14 0 5 10 15 20

ar [Gev] Qr [GeV]

Echevarria, Kasemets, Mulders, CP, JHEP 1507 (2015) 158

Study of H — ~~ and interference with gg — v
Boer, den Dunnen, CP, Schlegel, PRL 111 (2013)




C = +1 quarkonium production

gr-distribution of g and xqs (Q = ¢, b) in the kinematic region gr < 2Mg
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Proof of factorization at NLO for p p — ng X in the Color Singlet Model (CSM)
Ma, Wang, Zhao, PRD 88 (2013), 014027; PLB 737 (2014) 103
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Heavy quark pair production at an EIC
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Heavy quark pair production in DIS

Proposal for the EIC

Gluon TMDs probed directly in e(¢) +p(P,S) — e(#)+ Q(K1) + Q(Ka) + X
Boer, Mulders, CP, Zhou, JHEP 1608 (2016)

> the QQ pair is almost back to back in the plane L to g and P

» g=/{¢—/{" four-momentum of the exchanged virtual photon v*

qr = K11 + Koo

KL = (KL —Ka1)/2

= Correlation limit: |qT| < |KJ_|, |KJ_| ~ |K]_J_‘ ~ |K21_|




Heavy quark pair production in DIS

Angular structure of the cross section

&1, ¢1,Ps azimuthal angles of g7, K1, St

At LO in pQCD: only v*g — QQ contributes

dg(¢57 ¢T7 ¢L) = dUU(¢T7 ¢l) + dUT(¢55 ¢T7 ¢l)

Angular structure of the unpolarized cross section for ep — e/ QQX,

lar| < |K_ |
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The different contributions can be isolated by defining

de  d w do
(W(pL,01)) = I ¢Lf(z<;Ldgild7fT) , W = cos2¢7, cos2(¢p — ¢7), ...




hng inep — e QQX

Maximal asymmetries

2
Positivity bound for hi"%:  |h{-5(x,p})| < 22 £5(x,p})
T

It can be used to estimate maximal values of the asymmetries

Asymmetries usually larger when Q and Q have same rapidities

Upper bounds on R = [{cos2(¢1 — ¢1))| and R’

= |(cos2¢7)| at y = 0.01
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Boer, Brodsky, Mulders, CP, PRL 106 (2011)




Spin asymmetries in ep’ — ¢’ QQAX

Angular structure of the single polarized cross section for ep! — e’ QQX, lgr| < |KL|
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The ¢s dependent terms can be singled out by means of azimuthal moments A}
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Same modulations as in SIDIS for quark TMDs (¢1 — ¢n)




Spin asymmetries in ep’ — ¢’ QQAX

Upper bounds

Maximal values for |Af/|, W = sin(¢s + ¢7), sin(¢ps — 3¢7)  (|KL| =1 GeV)
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Asymmetries in ep! — e’jet jet X

Upper bounds

Contribution to the denominator also from v*q — gq, negligible at small-x
Asymmetries much smaller than in cC case for Q% < 10 GeV?

Upper bounds for AY for K. > 4 GeV
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Azimuthal asymmetries at the LHC
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Azimuthal asymmetries at the LHC

pp — J/py X

pp— J/P(T) +~X
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Azimuthal asymmetries at the LHC
pp — Hjet X
pp— H+jet X
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Process dependence of gluon TMDs
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Sign change test of gluon TMDs

ep vs pp collisions

Complementary Processes

ep — €' QQX, ep — € jetjet X probe gluon TMDs with [+-] gauge links (W)
pp — v jet X probes an entirely independent gluon TMD: [+—] links (dipole)

Related Processes
In pp — X and/or other CS final state: gluon TMDs have [——] gauge links

Analogue of the sign change of flqu between SIDIS and DY (true also for h§ and hlLTg)

fLe lept—e’ QQX] _ _fle o’ p—y v X]
1T = —hr

Motivation to study the gluon Sivers effect at RHIC and AFTER@LHC

Brodsky, Fleuret, Hadjidakis, Lansberg, Phys. Rept. 522 (2013)
T-even gluon TMDs probed in DIS are the same asin pp — H/ncp/...X

hJ-g[ep%e’ QQX] _ pelpp=HX]
1 =mn

TMD observables at EIC and LHC can be either related or complementary




» Azimuthal asymmetries in heavy quark pair and dijet production in DIS
could probe WW-type gluon TMDs (similar to SIDIS for quark TMDs)

> Asymmetries maximally allowed by positivity bounds of gluon TMDs can be
sizeable in specific kinematic region

» Study of TMDs in the small-x region: effects of linearly polarized gluons
still sizeable, ratio of T-odd TMDs can test our model expectations

» Different behaviour of WW and dipole gluon TMDs accessible at RHIC
could be tested experimentally

» Such observables could be part of both the spin and the small-x program at
a future EIC
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