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Color flow in high energy
scattering processes



Factorization and color flow

Theoretical description of high-energy scattering cross sections is based on
factorization of the perturbative scattering of partons and the nonperturbative

distributions of partons

Higgs production: pp—HX

Color treatment is simple at high
energies: separate traces, not
dependent on kinematics

But in the actual process there are
no colored final states

and there are many soft gluons
exchanged to balance the color

The cartoon version of the color flow works fine in most cases,
first and foremost, when collinear factorization applies



Factorization in terms of correlators

Similarly, one would expect that the following two processes involve the same color
trace and that the dynamics is unaffected by the color flow
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However, this is not always the case, e.g. for certain differential cross sections,
that are sensitive to the transverse momentum of the partons



Gauge invariance of correlators

summation of all gluon exchanges leads to
bath-ordered exponentials in the correlators
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The path C depends on whether the color interactions are with an incoming or
outgoing color charge, yielding different paths for different processes

[Collins & Soper, 1983; Boer & Mulders, 2000; Brodsky, Hwang & Schmidt, 2002; Collins, 2002;
Belitsky, ]i & Yuan, 2003; Boer, Mulders & Pijlman, 2003]
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These gauge links may or may not affect observables and it turns out that they do in
certain cases sensitive to the transverse momentum

Then the path has extent &t in the transverse direction (€7 conjugate to k1) which
can be located at different places along the lightfront



Process dependence of gauge links

Gauge invariant definition of TMDs in semi-inclusive DIS contains a future
pointing Wilson line, whereas in Drell-Yan (DY) it is past pointing
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Process dependence of gauge links

Gauge invariant definition of TMDs in semi-inclusive DIS contains a future
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Transversely polarized protons

The link dependence yields the famous sign change relation for the Sivers function

1T o o [Collins '02]
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The transverse momentum dependence can be correlated with the spin, e.g.
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The transverse momentum dependence can be correlated with the spin, e.g.
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Sivers function on the lattice

By taking specific x and krintegrals one can define the “Sivers shift” <kt x St>(n,br):

the average transverse momentum shift orthogonal to transverse spin St
[Boer, Gamberg, Musch, Prokudin, 201 1]

This well-defined quantity can be evaluated on the lattice

[Musch, Hagler, Engelhardt, Negele & Schafer, 2012]
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This is the first first-principle’ demonstration that the Sivers function is nonzero
for staple-like links. It clearly corroborates the sign change relation (as it should)



Measurements of the Sivers TMD

The Sivers effect in SIDIS has been clearly observed by HERMES at DESY (PRL 2009) &
COMPASS at CERN (PLB 2010)

The corresponding DY experiments are investigated at CERN (COMPASS), Fermilab

(SeaQuest) & RHIC (W-boson production rather) & planned at NICA (Dubna) & IHEP
(Protvino)

The first data is compatible with the sign-change prediction of the TMD formalism
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Spin averaged scattering of protons

Drell-Yan

lepton plane (cm)
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The O(a;) Lam-Tung relation: 2v—(1-))
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Large deviations from the Lam-Tung

relation were observed in DY
[NAIO ('86/'88) & E615 ('89)]




Failure of collinear pQCD treatment

With collinear parton densities, only higher order gluon emission can generate
deviations from Lam-Tung
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Deviation from Lam-Tung relation in NNLO O(a,2) pQCD is (at least) an order
of magnitude smaller and of opposite sign (for the 7 induced fixed-target data)

[Brandenburg, Nachtmann & Mirkes '93; Mirkes & Ohnemus '95]
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LT violation in fixed-target data questioned
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Lambertsen & Vogelsang (PRD 2016):
something is wrong with data of fixed target
v experiments because A < | not satisfied

—_—

D.B. @ QCD evolution 2016: it may just be a
problem of going to the Collins-Soper frame

By using the rotation invariant LT violation
parameter F this issue can be avoided
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is zero, it is zero in all rotated frames



Rotation invariant LT violation parameter

Rotation invariant measure of LT violation (in the dilepton c.o.m. frame):
[Faccioli, Lourengo, Seixas,VWohri, PRD 83 (201 1) 056008]
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No significant violation observed in pp and pd DY (no valence anti-quarks)
[FNAL-E866/NuSea Collaboration, L.Y. Zhu et al. PRL '07 & '09]



Quark polarization inside unpolarized hadrons
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LT violation naturally explained

within TMD framework
[DB, PRD 1999; DB, Brodsky & Hwang, PRD 2003]

Partonic transverse momentum allows

for transversely polarized quarks
inside an unpolarized hadron:
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Angular asymmetry requires helicity flip

The cos2¢ asymmetry arises from an interference between +1 and —1 photon helicities
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This requires transversely polarized quark-antiquark annihilation



Anomalous asymmetry could be a hadronic effect

Possibly originates from chiral symmetry breaking
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hi #0 = deviation from Lam-Tung relation
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Simple model for k7 dependence of hi allows for a good description of the data
D.B., PRD 60 (1999) 014012



Flavor dependence of hi-
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Lattice calculation

After taking Mellin moments and Bessel transverse moments of the Sivers function, one
has a well-defined quantity <kt x st>(n,Br), that can be evaluated on the lattice

[Musch, Hagler, Engelhardt, Negele & Schafer, PRD 85 (2012) 094510]
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Compatible with h|+wdboth negative in SIDIS and | h;+v| significantly larger than | h;+d|
(comes in addition to u-quark dominance due to the electric charge squared)
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Using the lensing function to get from GPDs to TMDs, also yields a negative h;+
[Gamberg & Schlegel '09]



Bacchetta, Conti, Radici, PRD 78 (2008) 074010: diquark spectator model
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Alternative explanations

QCD vacuum effect [Nachtmann & Reiter, ZPC 1984; Brandenburg, Nachtmann &

Mirkes, ZPC1993; Botz, Haberl & Nachtmann, ZPC 1994]

Higher twist effect [Brandenburg, Brodsky, Khoze & D. Mueller, PRL 1994; Eskola,

Hoyer, Vanttinen & R.Vogt, PLB 1994]

Nuclear effect (deuterium - tungsten comparison rules this out)
Nuclear enhanced higher twist effect [Fries, Schifer, Stein, B. Miiller, NPB 2000]
Fixed-target experiments problem [Lambertsen & Vogelsang, PRD 201 6]

Resummation [yes: Chiapetta & Le Bellac, ZPC 1986; no: D.B. & Vogelsang, PRD 2006]
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Lam-Tung at LHC: ATLAS
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Color entanglement in DY

In 2014 Buffing & Mulders claimed that the double Boer-Mulders (dBM)
term suffers from color-entanglement and is actually of opposite sign and

suppressed by an additional color factor

dopy = Tt [UL[p,]®(x1, p17)U_[po]T*

x UL[p1]®(x2, por)U—[p1]T]

1 _
7 N. ®l- (x, plT)F*(I)[—T] (x4, por)T”

1 v
o(x1,%2, qr) NIVC EQGIIRSJ‘I’[UI](M, pi7)

® o'V (X2, Por)6 (X1, X2),

TABLE 1. The factor f k_c’l_,;] as a function of the gluonic pole

G2

ranks of both the quark and antiquark correlator in the Drell-Yan
process.

) R; for &
R for &[] 0 1 2
0 1 1 1
N?242
1 I (VZ-2)(N2-T)
) 1 V2t 3N4—8N2—4

(NZ—2)(NZ—1) (N2-2)2(N2—1)

V(&) B0

starting point based on Bomhof,
Mulders & Pijlman, EPJC 2006

[Buffing & Mulders, PRL 2014]



Color disentanglement in DY

Recently it was shown in a (sufficiently rich) model context that at the
first potentially problematic order the gauge links do in fact disentangle

* Consider all possible final-state cuts (for the Glauber region):

P P P P
71 - kg—ﬁ_gl 3 T
t ko + 0y 4 ko
[DB, Brodsky 8 color entangled
& Hwang, 2003] v . 8
bt Vi ., diagram
|k ki — it 1
i z 5 . =
1 1 1
Ay biby _— _— aga b.b T . tatbtatb — T . Y T . tbtb
o Tr, (11"°¢") NCTrC(ff)Trc(tt) o Tr, ( ) NI, re (171) Tre (¢°°)

Triple gluon vertex

saves the day! Buffing-Mulders

color factor

- rabc o 4byc N02 1 ajia b,b
o Tre (if ttt):—N2_1N Tr. (1¢") Tr. (£°t°)

After taking sum over all cut diagrams the regular color factor results
[DB,Van Daal, Gaunt, Kasemets & Mulders, 2017/]



Sign change of hy-

How about measuring the overall sign change of hf 4

1L [SIDIS 2 1 DY 2
h | ](x, kT) = —h | ](33'7 kT)
Chiral-odd functions always appear in pairs, hence not straightforward

If one restricts to valence quarks and assumes up-quark dominance and LO,
it is possible:

o (ept we'hX)/(ep—ehX) x h“’/hLu SIDIS]
o (™ pl = UX)/(r™ p— UX) x hf‘f/hfu[DY] (or pp!T — WX hLu[DY]h“)
h1: distribution of transversely polarized quarks inside transversely polarized hadrons

Including d-quarks requires many more observables, using e*e™ and pp collisions and
exploiting AT and dihadron (DiFF) final states, to achieve a closed system






Azimuthal asymmetry in y-jet production

\

N2 T 4 A i 1 ¥
[+(@O")] [+'(O)] 2 [=1-"] _ [—] [—'] 2 [—=1[—
v 1% Q P, ® H|° ® A, 7% P, '@|HI>® A |

If the Wilson loop (J) does not matter, then link dependence is irrelevant in
general and the naive result is recovered:

qq9 —> Y§&:

d0h1h2—>yjetX 1 d0h1h2—>yjetX
dnydn;d’K, d%q, w?dn,dn;dK?%, dq?

(14 A(y, x1, x2, g7 ) cos 2(dL — ¢y))

A(y,x1,x2,97) = v(x1, x2,97 )R (y, x1, %2, ¢7)
/ ™~ 0.1-0.5 in mid-rapidity region
for pp same as in DY at Tevatron kinematics in pp

[D.B., Mulders, Pisano, PBL 2008]  gluon contribution to A power suppressed for real y



Process dependence of unpolarized quark TMD

fi (@, p2) = f17) (2, p2)
fio N, p2) # £, p2)

Irrespective of whether one can isolate the function with an additional loop from
experiment, one can study particular Mellin-Bessel moments of it on the lattice:

~ o =
FIOBH 24, ¢) (PR, 007 Uy Up Uiy (0, br) [ P)
PO b7 ) (P[1(0,07)y+ Ui, (0, br) | P)

[D.B., Buffing, Mulders, |HEP 201 5]

This will give us information on how important the flux of FHV through the loop is
and hence how important the process dependence effects are or can be

This especially relevant to know for gluon TMD effects

E.g. the gluon Sivers TMD with [+,—] link structure at small-x is entirely determined
by the loop and in turn fully determines the SSA in certain processes

D.B., Echevarria, Mulders, Jian Zhou, PRL 2015



Gluons TMDs

The gluon correlator:

P ') (g fr) = F.T.(P|Tr, [F“(O) Uy ¢ FT(€) u[’gjo]} P

For unpolarized protons:

T (2, pr) = = { g’ 1 (x,p7) + (pl%p% | g’“”’—p% > hi ¥ (x pQ)}
U ET) — oY JIT J1\MFHPT 9T 1 y PT
2 M2 M2




Gluons TMDs

The gluon correlator:

P U] (3 ky) = F.T.(P|Tr, [F“(O) Ug.e) FHH(E)U

For unpolarized protons:

/

[£,0]

LN Y 2
% X % Prp v P i
4 (w,pr) = 5 { - @ e )+ (P + g B )
p p

i

unpolarized gluon TMD

|1P)



Gluons TMDs

The gluon correlator:

P ') (g fr) = F.T.(P|Tr, [F“(O) Uy ¢ FT(€) u[’gjo]} P

For unpolarized protons:

SN Y 2
13 % L L [ % prT PN 124 pT
v (npr) =3 {* ( a2 T 2M3>}

unpolarized gluon TMD linearly polarized
gluon TMD

Gluons inside unpolarized protons can be polarized!
[Mulders, Rodrigues, 2001]



Gluons TMDs

The gluon correlator:

P U] (g kp) = F.T.(P|Tx, [F“(O) Uy ¢ FT(€) u[’gjo]} P

For unpolarized protons:

SN Y 2
13 % L L Qv prT PN 124 pT
Lo (#.pr) =35 {* ( w2 T gMg)}

unpolarized gluon TMD linearly polarized
gluon TMD

Gluons inside unpolarized protons can be polarized!
[Mulders, Rodrigues, 2001]

h)~gis kt-even, chiral-even and T-even,

still it is process dependent et bet
([+,+] = [-,-] and [+,-] = [-,+]) an interference between

+| helicity gluon states



Azimuthal asymmetry in y*-jet production

Linear gluon polarization not suppressed in pp—y™ jet X for Q2 ~ P_ je:?
leading to a cos(2¢p) asymmetry, where (O=@T- 1

In a hybrid factorization approach (assumed to be applicable at small x):
see e.g. Mueller, Xiao,Yuan, 2013

do-pA_w*qX COS
= 3" @, () {w (2, kL) Hporn + cos(26) ohit®(z, k1) Hign2)
q

dP.S
[D.B., Mulders, Jian Zhou & Ya-jin Zhou, 2017]




Azimuthal asymmetry in y*-jet production

Linear gluon polarization not suppressed in pp—y™ jet X for Q2 ~ P_ je:?
leading to a cos(2¢p) asymmetry, where (O=@T- 1

In a hybrid factorization approach (assumed to be applicable at small x):

see e.g. Mueller, Xiao,Yuan, 2013
’ S CcoS
S i) {80, k1) Hpom + cos(26) ohi (o, b ) HE? )
. q

Born

[D.B., Mulders, Jian Zhou & Ya-jin Zhou, 2017]

This process probes the [+,—] link structure (at small x referred to as DP for
“dipole’)

At high gluon density (large A and/or small x) the linear gluon polarization can
become maximal, as was first shown in the MV model for the CGC

xhi%p(az, ki) =2zf pp(w, kL)

[Metz & Jian Zhou, 2011]



Linear gluon polarization at small x

There is no theoretical reason why h|+8 should be small, especially at small x



Linear gluon polarization at small x

There is no theoretical reason why h|+8 should be small, especially at small x

DGLAP evolution: hi*8 has the same |/x growth as f

. as(up)Ca (1di (3 )
hi ¥z, b%; p2, ) = (1) A/ - <——1> fo/p (&5 o) + O(as)

2T x €T




Linear gluon polarization at small x

There is no theoretical reason why h|+8 should be small, especially at small x

DGLAP evolution: hi+¢ has the same |/x growth as f

N g C Ldi (2 .
hi ¥z, b%; p2, ) = (1) A/ - <——1> fo/p (&5 o) + O(as)

2T €T €T

The small-x limit of the DP correlator in the TMD formalism:

Ry v0 Kokl o 0] _ ol -]
i (g kr) &5 QZ;TLTFE (k) U = UV
¥ T I ¥ k,'&] | 50 k?, k]
Cy(e.kr) = 5 | =g filz,ky) + 5 hi (e kp) | == S5 e(kr)
};g% ajfl(ajakT) — N2 };g% ajhl (kaT) — L e(kT)

In the TMD formalism the DP h|+& becomes maximal when x —= 0
D.B., Cotogno, van Daal, Mulders, Signori & Jian Zhou, JHEP 2016



Sudakov suppression of linear gluon polarization

0.07,
- P, =6GeV _— ]
0.06 ¥ 152
) [ ¥4:05-15 el
[ 7’
! ol
0.05 : Q?: 30-55GeV? ,/
s 0043_ ————— Q?: 55-80 GeV? // —
N - -
3 [
© 0.03;
0.02¢
0.01¢
0.00 =
0 1 2 3 4

k, [GeV]

Despite the maximal DP linear gluon polarization at small x, there is Sudakov
suppression of the cos(2(p) asymmetry in pA—y* jet X: ~5% asymmetry at RHIC

D.B., Mulders, Jian Zhou & Ya-jin Zhou, 2017



TMD evolution suppresses linear gluon polarization

The relative contribution of linearly polarized gluons in pp = HX:

lgglg
C[wH hl hl ] (pr - kr)? — 57k

WH =

CLf7 F] o

R(QT) =



TMD evolution suppresses linear gluon polarization

The relative contribution of linearly polarized gluons in pp = HX:

R(QT) =

Clwg hi? by

CLA A

(pr - kr)? — Sp2k:

TMD evolution suppresses this ratio with increasing energy

0.20\ f
: Q [GeV]

0.15" — 34 €— Ty -
. - 99 «— My, |

RO 910 % =

. -

0.05 ™% :

O.OO ! ! ..x. i ! ! ! \ ! \.-.\--\I.-\- ! ! \ ! ! \ ! ! g
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2M4

D.B. & Den Dunnen
2014
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Conclusions
* Al TMDs are process dependent, with observable and testable effects
* The process dependence can be studied through azimuthal asymmetries, e.g. in DY
* The Drell-Yan process is TMD factorizing and has no color entanglement problem
* The dBM effect can offer an explanation for the violation of the Lam-Tung relation

* Because the BM effect is larger for u-quarks than d-quarks and thereby enhances
the u-quark dominance in DY and SIDIS, it allows for a sign change test

* In pp—Y jet X an asymmetry arises that is a calculable factor times v of DY. The
process dependence (involving a Wilson loop) is expected to modify this result.

* In pp—y* jet X the dipole gluon TMDs dominate at small x, where they become
Wilson loop matrix elements, yielding naively a maximal azimuthal asymmetry

Evolution suppresses the result considerably however (Sudakov suppression)

* Importance of the loop (and hence of the links) can be studied on the lattice
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Transverse momentum averaged LT violation

I I 0.8
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Absence of clear violation for 194 GeV data as function of x; or M, simply
corresponds to the small pt-average of 2v+A-1:0.01£0.04
[FNAL-E866/NuSea Collaboration, L.Y. Zhu et al. PRL '09]



Lam-Tung on resonance

Usually Drell-Yan data is taken in the safe region Q=4-12 GeV, cutting out resonances

But vector particles yield same asymmetries 16

in the q g-bar channel i
[Anselmino, Barone, Drago & Nikolaev, 2004] 1

0.8
0.6

I O I I R

0.4 T
0.2
0. !
0.15 -
NAIO data (1986) at 194 GeV on the Y K > i
is compatible with data above/below it, o ——
but inconclusive about LT violation 0% 7
-0.15 -
-0.2
0.16 e
v 0.12 —
0.08 —
In the gg channel no LT relation expected & 0.04 .
. . 0. >
no (unsuppressed) contribution from h;-+g _0.04 |- ;
-0.08 |

12
M [GeV/c?]
CS Frame



FNAL-E866/NuSea Collaboration, L.Y. Zhu et al.,
PRL 100 (2008) 062301
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Lam-Tung on resonance NAI0 data (1986)

194 GeV Y
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/s~40 GeV, Q~10 GeV: Q/+/s~0.25 V/s~20 GeV. Q~10 GeV: Q/+/s~0.5



Lam-Tung on resonance
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J/WY Production at 30 Ge\V  I[Slide by Jen-Chieh Peng]

At 800 GeV, J/¥ production is At 30 GeV J/¥ production is dominated

dominated by gluon-gluon fusion by quark-antiquark annihilation
1 E 3 0°F  P4P > J/V+X at 30GeV -
S0k
N
< |
©
o |
o 2' P+CU— J/V¥ |
10 ¢ 800 GeV beam
: ¢  E789 DATA
10-3Z;‘..|...|...|...|...|...|...|.‘\.'. 1o-q..':;:.|...|...|...|...|...|...|."'..
-08 06 04 -02 0 02 04 06 038 -08 06 04 -02 0 02 04 06 08

Xy X,

J/W¥Y production at 30 GeV is sensitive to
quark and antiquark distributions

V/s~40 GeV, Q~3 GeV: Q/+/s~0.075 Vs~7.7 GeV, Q~3 GeV: Q/+/s~0.4



Using Lam-Tung violation

Instead of looking only at A for the polarization or A,l,V individually, parameters
like F or K=1-A-2V convey more information about the partonic subprocess

K=1-A-2V serves as a probe of q g-bar (< 0) versus gg (~1) channel
Q/+/s is a rough indicator of what to expect, except for large xr



Using Lam-Tung violation

Instead of looking only at A for the polarization or A,l,V individually, parameters
like F or K=1-A-2V convey more information about the partonic subprocess

K=1-A-2V serves as a probe of q g-bar (< 0) versus gg (~1) channel
Q/+/s is a rough indicator of what to expect, except for large xr

Faccioli, Lourengo, Seixas,VWohri, PRL 102, 151802 (2009)
A for J/Y as function of total momentum:

17
] Collins-Soper frame
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] polarization — : T T transverse
@ o e H _ _ ’ _____________________________________________________________
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: {. m HERA-B
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NB: what is longitudinal or transverse polarization depends on the frame
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cos 2¢ in SIDIS

The cos 2¢p asymmetry has different high and low QT contributions

At low Q1:~ hi* H;*, with M%/Q+2 suppressed high-Qr tail
At high QT:~ f| D1, which is Q12/Q2 suppressed at low Qr

The two contributions both need to be included, which is not double counting
[Bacchetta, DB, Diehl, Mulders, JHEP 0808 (2008) 023]

At low Q? the twist-4 Cahn effect (~M?%/Q?2) also enters



cos 2¢ in SIDIS

The cos 2¢p asymmetry has different high and low QT contributions

At low Q1:~ hi* H;*, with M%/Q+2 suppressed high-Qr tail
At high QT:~ f| D1, which is Q12/Q2 suppressed at low Qr

The two contributions both need to be included, which is not double counting

2 M2
V= Vpt + Vpert + O(Q— o —-)

Q* Q7

Nontrivial since a ratio of sums becomes
approximately a sum of ratios

Bacchetta, DB, Diehl, Mulders, J[HEP 0808 (2008) 023

At low Q?2 the twist-4 Cahn effect (~M?%/Q?2) also enters

Fits in DY mainly u-quark distribution, fits in SIDIS problematic (Cahn effect)



cos 2¢ in unpolarized SIDIS at low Q)2

COMPASS Deuteron
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Barone, Melis, Prokudin, PRD 81 (2010) 114026

If twist-4 Cahn effect becomes equally important or larger, then extraction of BM
function becomes questionable



cos 2¢ in unpolarized SIDIS at high 2

ZEUS data for charged hadrons at <Q2> = 750 GeV? is consistent with LO pQCD
ZEUS Collaboration, PLB 481 (2000) 199 & EPJC 51 (2007) 289

>
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Note: pc is a lower cut on observed pt

Cahn effect is negligible at high Q2 but also h|+ contribution is suppressed,
just like the double Collins effect asymmetry (effectively twist-3)

SIDIS data inconclusive about h;+



COS P

In the low Q1 TMD region a cos (p asymmetry is generated at twist-3: ~ f- D| + f; D+

2M [ h-kp My , DY\ hepp( .. . My,  HY
= il cfDy+ 0 gt
Q M, a1 ) ar PP

CoS @p,
Fou "= M z
TMD factorization beyond leading twist is however not established

C

(:I?h HlL—I—

There is only one hint that it may work out for the f- D| cos ¢ term:

the low QT expression almost matched onto the fixed order collinear factorization
result at high Qr

DB,Vogelsang, PRD 74 (2006) 014004; Bacchetta, DB, Diehl, Mulders, JHEP 0808 (2008) 023

A slightly modified TMD factorization beyond leading twist may hold

A similar thing may apply to the beam-spin asymmetry ALu:

“in oM [ h-k M, .G\ h-p M, | E
FLU¢h :UC|:— MhT (CB@H%"‘Wfl - ) | MT (ng_Dl—l‘ﬁh%;)}




A-dependence of cos ¢
New: dependence of pt broadening on ¢,

lead K. Hicks at J-Parc
iron workshop at KEK
January 17,2013
| carbon

curves shown contain terms in coS(¢pq) and coS(2¢pq)
only statistical uncertainties shown



A-dependence of cos ¢

New: dependence of pt broadening on ¢,

lead K. Hicks at J-Parc
iron workshop at KEK
January 17,2013
| carbon

curves shown contain terms in coS(¢pq) and coS(2¢pq)
only statistical uncertainties shown

Gauge link dependence of f+ implies process dependence, but likely also A-dependence

Gauge links arise from rescattering, consequently (anti-)shadowing can be A-dependent
[Brodsky, Hoyer, Marchal, Peigné, Sannino, PRD 65 (2002) 114025]
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pt broadening involves a pt2 weighting, which theoretically yields divergent quantities,
. . . . 5
hence usually it is defined as a (finite) difference: APT — <pT> — (p%),

An alternative is to consider Bessel weighting
[DB, Gamberg, Musch, Prokudin, JHEP 10 (201 1) 021]
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hi+& is more difficult to extract, as it cannot be probed in DIS, DY, SIDIS, nor in
inclusive hadron or y+jet production in pp or pA collisions

Selection of processes that probe the WW or DP linearly polarized gluon TMD:

pp =77 X | pA—= jet X | ep—eQQX | pp—nep X | pp— J/vy X
ep—€jijpX |pp—HX | pp—>TyX

b9 cww) Vv X Vi Vv Vv

1

hy 91 (DP) X V X X X

Higgs and 0** quarkonium production allows to measure the linear gluon polarization
using the angular independent pr distribution

All other suggestions use angular modulations

EIC can probe the WW h,+g, while RHIC/LHC can probe both the WW and DP one

Qiu, Schlegel,Vogelsang, 201 |; Jian Zhou , 2016; D.B., Brodsky, Pisano, Mulders, 201 |; D.B., Pisano, 2012; Sun,
Xiao,Yuan, 201 |; D.B., den Dunnen, Pisano, Schlegel,Vogelsang, 2012; den Dunnen, Lansberg, Piano, Schlegel, 2014




