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Overview

+ Gluon TMDs: gauge links & small-x limit
-+ Wilson loop TMDs: evolution & phenomenology
-+ Wilson loop GTMDs: phenomenology

- Odderons
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Probing gluon TMDs

Qa [2S—|—1L(JS)]
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Open heavy quark pair production and quarkonium production are arguably
the simplest processes that are sensitive to the transverse momentum of gluons
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Probing gluon TMDs

Qa [2S—|—1L(JS)]

J/, Y

ep — ' QOQX ep — e QX

Open heavy quark pair production and quarkonium production are arguably
the simplest processes that are sensitive to the transverse momentum of gluons

Jet pair production a good option also, especially at small x, where gluons dominate

Nuclei can also help boost the gluon density, but not for the polarized case
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Gluon TMD correlator: FSV($’Z?TT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)



Gluons TMDs

Gluon TMD correlator: I’gw(gj?pTT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)

For unpolarized protons:

I (x, pp) = - { g’ f(x, p7) + (pé'{p% | gW—p% >th(5B p2)}
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Gluons TMDs

Gluon TMD correlator: I’gw(gj?pTT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)

For unpolarized protons:

2N 2
g x y PrPr e PT N\ L lg, . o
'y (w,pT)=—{—g%+( - gk —> h (:v,pT)}
2 / M? 20?2

unpolarized gluon TMD




Gluons TMDs

Gluon TMD correlator: I’gw(gj?pTT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)

For unpolarized protons:
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13 % L L Qv prT P 224 pT
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unpolarized gluon TMD linearly polarized
gluon TMD

Mulders, Rodrigues '01

Gluons inside unpolarized protons can be polarized!



Gluons TMDs

Gluon TMD correlator: I’gw(gj?pTT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)

For unpolarized protons:

SN Y 2
13 % L L Qv prT P 224 pT
o (®.pr) =5 { + ( w2 T 2M3>}

unpolarized gluon TMD linearly polarized
gluon TMD

Mulders, Rodrigues '01

Gluons inside unpolarized protons can be polarized!

For transversely polarized protons:

gluon Sivers TMD
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Quarkonium production

ep — ¢ QX with Q either a J/¢ or a T meson

Mukherjee, Rajesh, 2017; Sun, Zhang, 201 7; Bacchetta, DB, Pisano, Taels, 20| 8;
Kishore, Mukherjee, 2018; Kishore, Mukherjee, Siddigah, 2021; ...
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Quarkonium production

ep — ¢ QX with Q either a J/¢ or a T meson

Mukherjee, Rajesh, 2017; Sun, Zhang, 201 7; Bacchetta, DB, Pisano, Taels, 20| 8;
Kishore, Mukherjee, 2018; Kishore, Mukherjee, Siddigah, 2021; ...

Qa [2S+1L88)]

A cos(2¢T) asymmetry probes hlL I

Py s 0
(1—y)BL 8~

(cos 2¢p;) = ,, :
U+ = p21AlE 2 g2 a0

1
gz h; $(x, q2%)
X 2 8 N
2pr Jfi(x, q7)

In LO NRQCD the prefactor of the asymmetry depends on two quite uncertain
Color Octet (CO) Long Distance Matrix Elements (LDMEs)

One can cancel out the CO LDMEs by considering ratios with spin asymmetries



Quarkonium production in ep

ep! — e’ QX with Q either a J/v or a T meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 2015;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; ...
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Using LO NRQCD the Sivers asymmetry is:
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Quarkonium production in ep

ep! — e’ QX with Q either a J/v or a T meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 2015;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; ...

QQ [*+'LY]

Using LO NRQCD the Sivers asymmetry is:

q
- ar| fi7 (z,q2)
Py/y Anles—er) = S S
MP fl (CE, qT)
g 1
Acos 20T _ qq2~ h g(x,q:’%)
in o 2 g 2
CO NRQCD LDMEs cancel out in Asin(¢s+é1) Mp hi(z,qz)
ratios of asymmetries at LO Acos2ér ] hf‘g(x, q2)
Bacchetta, DB, Pisano, Taels, 2018 Asin(¢s—3¢r) 9 hi—Tg(m,q%)
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Quarkonium production in ep

ep! — e’ QX with Q either a J/v or a T meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 2015;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; ...

QQ [*+'LY]

Py

CO NRQCD LDMEs cancel out in
ratios of asymmetries at LO

Bacchetta, DB, Pisano, Taels, 2018

Higher order corrections and
shape functions will complicate
this simple picture of course

Using LO NRQCD the Sivers asymmetry is:

1
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Quarkonium production in ep

ep! — e’ QX with Q either a J/y or a T meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 2015;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; ...

QQ [*+'LY]

Using LO NRQCD the Sivers asymmetry is:

1
P, Asin(qbs—d)T) _ |qT‘ fng(xaq%)
v Mp flg (33, qg’)
1
Acos 2T _ a; h %z, q3)
' o 2 g 2
CO NRQCD LDMEs cancel out in Asin(¢s+é1) Mp hi(z,qz)
ratios of asymmetries at LO Acos2ér ] hf‘g(x, q2)
Bacchetta, DB, Pisano, Taels, 2018 Asin(¢s—3¢r) 9 hi—Tg(x,q%)
Higher order corrections and Asin(és—3¢7) q> hi—Tg (z,q2)
shape functions will complicate Asin(¢ps+é1) — = ZMg h{ (, g2)

this simple picture of course

In addition, TMDs are process dependent: which functions are probed here!






Operator structure of gluon TMDs

Gluon TMD correlators depend on two gauge links:
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Operator structure of gluon TMDs

Gluon TMD correlators depend on two gauge links:

ez, k) = F.T.(P|Tr, Y 0Up. FH (U o | 1P)

Er + link
Ue|0,&] = Pexp (zg/ ds,, A“(s)) T o
C[ng] ® :_ -
</

lightcone infinity co-

For most gluon TMDs there are only 2 link combinations of interest: [+,+] & [+,—]

& | Erl
s !
1 . — -« i . =«
' I . > > ’ 1 :
| — i —
£ §

[—,—] & [—,*] are related to them by parity and time reversal



WW vs DP

For unpolarized gluons there are two gluon TMDs of relevance

G (x, kL) = 2/ ((éi—)ggpt piTPTE—iky € (P|Tr [FH(G_, &)Ll“”F“(O)L{[”] |P)

rG(2) (z,k,) = 2/ (Zi;gﬁir piTPTE —ik1 €1 (P|Tr [F”({‘,fl)u[_”F“(O)L{H] |P)

For unpolarized gluons [+,+] = [-,—] and [+,~] = [~,*]

[+,+]

[+,~]

|10



WW vs DP

For unpolarized gluons there are two gluon TMDs of relevance

1G (o k1) = 2 [ g TR P [P UM P OUM]|P)  [44]

rG(2) (33, kJ_) — 2/ (‘;Er_)g%; eia:P+§——ik_|_-§_L (P|T1‘ [F”(f_,fl)u[_”FH(O)UM] |p> [_|_’_]

For unpolarized gluons [+,+] = [-,—] and [+,~] = [~,*]

At small x the two correspond to the Weizsacker-Williams (WW) and dipole (DP)
distributions, which are generally different in magnitude and width:

2 d*v  d*v'
26Ok = =2+ | G

e~ )Ty [3;U(v)] UT (V') [8;U ()] U (v)) WW

Tg

2
q: N, Ary oy, 1
(e~ s, [ e moU ), or

Dominguez, Marquet, Xiao,Yuan, 201 |
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WW vs DP

For unpolarized gluons there are two gluon TMDs of relevance

oGO ki) =2 (Zfr_)ff»i Ptk (PITy [FH (¢, e UM FH UM |P)  [+,+]

0G0, k) =2 [ GESHL S PIT [PHE LU FHOUN]P)  [4,7]

For unpolarized gluons [+,+] = [-,—] and [+,~] = [~,*]

At small x the two correspond to the Weizsacker-Williams (WW) and dipole (DP)
distributions, which are generally different in magnitude and width:

2 d*v  d*v'

G (2, k1) = s | @ e~k ) (Tr (U (0)] U (W) [BU ()] U (v)),  WW
2N, d*r; _. 1
G (z,q,) = 5;20 S, / (2;;'26 W (MU OV (ry)),, DP

Dominguez, Marquet, Xiao,Yuan, 201 |

Explains Kharzeev, Kovchegov & Tuchin’s “tale of two gluon distributions” (2003)
10



Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |
N kz’ k]
FH’_] ¢ (:Ij, k:T) x_>(>) 2T 5 F([)D] (sz) a single Wilson loop matrix element
o

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016
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Measures flux through the loop

Large kt corresponds to narrow loop




Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |

FH’_] L . k 5 F[D] k a single Wilson loop matrix element
y W’ 0 T & P
27 L
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016 t Loo_

& o F.T. (P, S|Tr [U[D] (07, yT)} P, S)

Measures flux through the loop

Large kt corresponds to narrow loop

What are the processes that probe this quantity?



Probing gluon TMDs using heavy quarks

QQ [+

J/, T

Open heavy quark pair production and single quarkonium production: [—I—, -|-]
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Probing gluon TMDs using heavy quarks

QQ [+

J/, T

Open heavy quark pair production and single quarkonium production: [—I—, -|-]

In pp collisions one probes the [—,—] correlator through gluon-gluon fusion

Tles TIbs XcOy X0 [_7_]

J/w Y CS not allowed by Landau-Yang theorem
’ CO complicated link structure & possibly

factorization breaking
12



Probing gluon TMDs using heavy quarks

J/w Y CS allowed, nevertheless complicated link
’ structure & possibly factorization breaking

13



Probing gluon TMDs using heavy quarks

J/w7 Y  CSall

owed, nevertheless complicated link

structure & possibly factorization breaking

) I/

'om< Y "é CS-CS » CO-CO
0 S I 1 O I/ S

[Scarpa et al., 2020]
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Probing gluon TMDs using heavy quarks

J/w Y CS allowed, nevertheless complicated link
’ structure & possibly factorization breaking

jet

=) T80 ) I

Y Y CS-CS » CO-CO
fm,<o . O rom_éo J/, T

[Scarpa et al., 2020]

A
pp QQ X Never CS
TMD factorization is a concern here

[Rogers, Mulders, 2010; Catani, Grazzini, Torre, 2015]
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Processes that probe gluon TMDs

g =y g x
pp —> v T X

7 pp = vjet X

hng[JrHr] ep— e QOX
ep — € jetjet X
pp = Nep X
pp — H X

1g[+, —

1Tg[+ . ep! =€ QQX
ep! — € jetjet X

Lg[—,— A

T pp oy X

iE T T *) 2

1Tg[+ | pTA — v jet X

p

TA—>hX (QZ‘F <O)

process dependence
of the TMDs ['TU.V:
[+,+] =[]
[+-] = & [-+]

with + if T-even

and — if T-odd



Processes that probe gluon TMDs

AR [ TP ¢
pp —> v T X

R TREIER

hng[JrHr] ep— e QOX
ep — € jetjet X
PP — Neyp X
pp — H X

hi—gH‘_] @’Y*JetX

LI ept 5 QQ X
ep! — € jetjet X

Lg[—,—

AR D¢

J—g[_l_a_]

1T

STA = 4 et X

e —

process dependence
of the TMDs ['TU.V:
[+,+] =[]
[+-] = & [-+]

with + if T-even

and — if T-odd






Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |

FH’_] v (:13, kT) > F([)D] (kT) a single Wilson loop matrix element
21 L
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016 U[D] — UH] U[_]

10,y] " [y,0]
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Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |
J

FH’_] ¢ (:1:‘, ]{:T) x_>(>) LT F([)D] (kT) a single Wilson loop matrix element
21 L
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016 U[D] — UH] U[_]

10,y] " [y,0]

As a consequence, the DP h|18 becomes maximal when x = 0

U('ZE? T) - 5 _gT fl(x7 T) ! M2 1 (337 T) ’ 2M2 6( T)
lim zfi(x, k3) = k7 lim zhi (z, k3) = kr e(k)
z0 TINTT) T g2 g LN BT T g e TART

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016
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Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |

FH’_] v (:C, k:T) > F([)D] (kT) a single Wilson loop matrix element
21 L
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016 U[D] — UH] U[_]

10,y] " [y,0]

As a consequence, the DP h|18 becomes maximal when x = 0

ij L _ ij 2\ | kf_,? il 2 _ r—0 k%FkJT 2
FU(':Eaij) — § —9r fl(xakT) | M2 hl (QjakT) ’ N2 6(kT)

k7 k7
. 2y kK . L 2y Fp 2
:lli)I%) ij]_ ('CC7 kT) T 2M2 i% ajhl (x7 kT) T 2M2 6(ICT')

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

In line with MV model calculation: lg g
xhl,DP(xa kJ_) — 2xf1,DP(x7 kJ_)
Metz, Zhou, 201 |
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Wilson loop correlator

The leading twist [+,—] correlator becomes a Wilson loop correlator in the small-x
limit: |

FH’_] v (:C, k:T) > F([)D] (kT) a single Wilson loop matrix element
27 L
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016 U[D] = U[[(;r]y] U[[y_(])]

As a consequence, the DP h|18 becomes maximal when x = 0

U(CE? T) _ 5 _gT fl(x7 T) ! M2 1 (337 T) ’ 2M2 6( T)
lim zfi(x, k3) = k7 lim zhi (z, k3) = kr e(k)
z0 TINTT) T g2 g LN BT T g e TART

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

In line with MV model calculation: lg g
xhl,DP(xa kJ_) — 2xf1,DP($7 kJ_)
Metz, Zhou, 201 |

CGC gluons are maximally linear polarized (amount probed depends on process) .



Linear gluon polarization at small x

The DP h|12 becomes maximal when x — 0, but is this stable under evolution?
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Linear gluon polarization at small x

The DP h|12 becomes maximal when x — 0, but is this stable under evolution?

Under small-x evolution it is, as it satisfies the same BK equation as f|
Dominguez, Qiu, Xiao, Yuan, 2012

|7



Linear gluon polarization at small x

The DP h|12 becomes maximal when x — 0, but is this stable under evolution?

Under small-x evolution it is, as it satisfies the same BK equation as f|
Dominguez, Qiu, Xiao, Yuan, 2012

Under TMD (scale) evolution however there is Sudakov suppression:

N PEPPEPEEE R =Q)MV) |

0.8+ R (1* =6° GeV?)
N P R(4*=15°GeV?) | ]
L _Lg g e R (1% =90° GeV?) ]

R =hi9/ff _ 06|
x=0.01
MV model
5 10 15 20
kl[GeV]
Still it may be accessible DB, Mulders, Jian Zhou & Ya-Jin Zhou, 2017
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Sudakov suppression of linear gluon polarization

pA— y* jet X offers a good opportunity to study the DP linear gluon polarization

0.07; _
- P, =6GeV ]
0.06-' yet15-2 =TT~ ;
 %,105-15 ,,/
0.05 Q@*: 30-55GeV? //
g 0.04;_ ————— Q?: 55-80GeV , T
m i
2 0.03)
0.02|
0.01|
000 —*" o
0 1 2 3 4

k, [GeV]

Despite the DP linear gluon polarization becoming maximal at small x, there is
amplitude and Sudakov suppression of the cos(2¢) asymmetry in pA—y* jet X:

~5% asymmetry at RHIC (p-Au)

DB, Mulders, Jian Zhou & Ya-Jin Zhou, 2017
|18






Dipole gluon Sivers effect

The d-type gluon Sivers function flng -+ at small x is part of:

IR (r[+>—1 - r[—ﬂ) x F.T. (P, Sp|Tr [U[D] (O, yr) — UFN (oT,yT)] P, Sr)

DB, Echevarria, Mulders, J. Zhou, 2016

This corresponds with the spin-dependent odderon ). Zhou, 2013
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Dipole gluon Sivers effect

The d-type gluon Sivers function flng -+ at small x is part of:

AR (FH’_] _ F[_’H) ~ F.T. (P, Sy|Tr [U[D] (O, yr) — U[D”(OT,yT)] P, Sr)

DB, Echevarria, Mulders, J. Zhou, 2016

This corresponds with the spin-dependent odderon ). Zhou, 2013

KAkEN, €5 Stakrs

FT odd(x’ kr;Sr) = OlLT(x’ k%)

2r’ax M
: 2
Implies 1 —k7N .
X — xh!,. = xh;7 = =~ O (x, k3
flT |7 17 471_ a, ( T)

DB, Echevarria, Mulders, J. Zhou, 2016
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Dipole gluon Sivers effect

The d-type gluon Sivers function flng -+ at small x is part of:

AR (FH’_] _ F[_’H) ~ F.T. (P, Sy|Tr [U[D] (O, yr) — U[D”(OT,yT)] P, Sr)

DB, Echevarria, Mulders, J. Zhou, 2016

This corresponds with the spin-dependent odderon ). Zhou, 2013

KAkEN, €5 Stakrs
2r’a x M

FT odd(x’ kr;Sr) = OlLT(x’ k%)

Implies 1 —kzN
xflT — Xth — xhlﬁ — 1 O 7 (X, k%)

7[ 22

DB, Echevarria, Mulders, J. Zhou, 2016

Similar relations hold for spin-1 hadrons as well

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016
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Dipole gluon Sivers effect

| —
The d-type gluon Sivers function fng -+ at small x is part of:
IR (r[+>—1 - r[—ﬂ) x F.T. (P, Sp|Tr [U[D] (O, yr) — U (oT,yT)] P, S7)

DB, Echevarria, Mulders, J. Zhou, 2016

This corresponds with the spin-dependent odderon ). Zhou, 2013

U kﬁ;‘k%Nc 6‘(YI"/}ST(Jszﬁ
I (X ks Sp) = Pax M Oy (x. k7)
) 2
Implies lg q lg "'kTNC 1 2
xXfiyp = xhip = xhjp = 1720 OIT(X’ k7)
S

DB, Echevarria, Mulders, J. Zhou, 2016

Similar relations hold for spin-1 hadrons as well
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

Presumably preserved under x evolution, but ratio to f| rapidly drops
Kovchegov, Szymanowski, Wallon, 2004; Hatta, lancu, Itakura, McLerran, 2005; ...
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T-odd gluon TMDs at small x - scale evolution

0.04 — _

— 1
2 oal R 1, N0 Vo Rl(/’tz) _ xflj‘](fgz)
A R1(2=102GeV?) xfi(u”)

-------- R (L%=10%GeV?)

& 0.02:— ________________ 1 o pnlgr, 2
-------------------- R, (u2) = 2 Xthz(ﬂ )
- T xf1(w?)
0.01_— _________
e x=0.01
0.00F"", . e
1 2 3 < S

DB, Hagiwara, Jian Zhou & Ya-Jin Zhou, 2022

Scale evolution does not preserve the small-x equality of T-odd dipole gluon TMDs



T-odd gluon TMDs at small x - scale evolution

0.04 — _

— 1
2 oal R 1, N0 Vo Rl(/’tz) _ xflj‘](fgz)
A R1(2=102GeV?) xfi(u”)

-------- R (L%=10%GeV?)

& ] — kzl lg/ 2
---------------------- R, (u2) = oM Xthz(ﬂ )
- T xf1(w?)
0.01 S e
e x=0.01
0.00F"", . e
1 2 3 < S

DB, Hagiwara, Jian Zhou & Ya-Jin Zhou, 2022

Scale evolution does not preserve the small-x equality of T-odd dipole gluon TMDs

Not the MV model since applied to polarized protons at not too small x
Rather a diquark model that is used as a source for the gluon distributions

Szymanowski and J. Zhou, 2016



T-odd DP gluon asymmetries at small x

do?'P=1"9X : k| .1 ki > o
dP.S Zfocll(xq){HUU [xff(x,ki) + sin(¢s) — v L xfi7 (kL) | + Hyr cos(2p) =5 Ve S5 xhy ! (x, k)
' q
I . ki I . k| ki o
+5Hur sin(2¢pp — ¢s) — th(x ki) + > Hur sin(2¢p + ¢s) YR YE xhyg (x.k7) ¢
o030 —m8m8m™—m™M@™mMmMm™ 1 —————— . 00200 _
0.025 | -
i (Sin(¢s)) 0.015 \
0020¢  ----- (Sin(2¢p-0s)) |
00151 "ttt (Sin(2pp+ps)) -
5 o101 (Sin(ps)
0.010 - T (Sin(2pp-¢s))
0.005 | 0.005  ==mmmee- (Sin(2¢p+ds))
0.000 e ERRITLN | |
? 1 0000 b L L L L I I I I L I I LI
0005 ——r v ‘ A e
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Gluon Sivers asymmetry largest, but small (% level) in this model
DB, Hagiwara, Jian Zhou & Ya-Jin Zhou, 2022
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3D momentum and spatial distributions

TMDs - 3D momentum structure (x & kr)
GPDs - 3D spatial structure (€ & t or z & br)

GTMDs - combined 5D (or 6D) structure
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3D momentum and spatial distributions

TMDs - 3D momentum structure (x & kr)
GPDs - 3D spatial structure (¢ & t or z & br)

GTMDs - combined 5D (or 6D) structure

Teaches us about orbital angular momentum
Lorce, Pasquini, 201 |; Hatta, 201 1; ...




GTMDs - 5D parton distributions

Off-forward distributions, like GPDs, give access to the transverse spatial
distributions; here the proton stays intact but gets a momentum kick
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GTMDs - 5D parton distributions

Off-forward distributions, like GPDs, give access to the transverse spatial
distributions; here the proton stays intact but gets a momentum kick

GTMDs can be seen as:
= off-forward TMDs
- transverse momentum dependent GPDs

= Fourier transforms of Wigner distributions

G(ZE, kT, AT) £ W([E, kT, bT)

MeiBner, Metz, Schlegel, 2009 Ji, 2003; Belitsky, Ji & Yuan, 2004
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GTMDs - 5D parton distributions

Off-forward distributions, like GPDs, give access to the transverse spatial
distributions; here the proton stays intact but gets a momentum kick

GTMDs can be seen as:
= off-forward TMDs
- transverse momentum dependent GPDs

= Fourier transforms of Wigner distributions
Gz, kr, Ar) <— W(z, kr,b
(.CL‘, T T) (IL‘, T T)
MeiBner, Metz, Schlegel, 2009 Ji, 2003; Belitsky, Ji & Yuan, 2004

GTMDs combine all properties of TMDs and GPDs, such as the gauge link
and process dependence & translation non-invariance

25



Gluon GTMDs for unpolarized protons

For unpolarized protons there are 2 (real valued) gluon TMD:s:

]
y T k
1] L 1] 2 T 1 2
FU(Qj?kT) — 5 _gT fl(aj?kT) I M2 hl (:E7kT)
i i g L2 iy |
ap = GG a0t Mulders, Rodrigues, 2001
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Gluon GTMDs for unpolarized protons

For unpolarized protons there are 2 (real valued) gluon TMD:s:

5 . 5 , . kY
Py (e, kr) = 5 | =g file.kp) + 75 b (2, k7)
| 1 iy i
ajz — CLTCL% 2&%57‘2 Mulders, Rodrigues, 2001

For GTMDs one has one more vector so more anisotropic terms can arise

For unpolarized protons there are 4 (complex valued) gluon GTMDs

]-CZ] AZJ k[ AJ] )

T
MQ.FQ | MQJ: Ve Fy

DB, van Daal, Mulders, Petreska, 2018
Lorce, Pasquini, 201 3; More, Mukherjee, Nair, 2018

G[U’U/]ij(x, kT, AT) = X (532 Jrl |
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Gluon GTMDs for unpolarized protons

For unpolarized protons there are 2 (real valued) gluon TMD:s:

.. T .. 5 kw
L. kr) = 5 [~ g file. k) + 15 hi (a, k)
| 1 iy i
ajz — CLTCL% 2&%57‘2 Mulders, Rodrigues, 2001

For GTMDs one has one more vector so more anisotropic terms can arise

For unpolarized protons there are 4 (complex valued) gluon GTMDs

]-CZ] AZJ ]{?[ AJ] )

T
MQ.FQ | MQJ: Ve Fy

DB, van Daal, Mulders, Petreska, 2018
Lorce, Pasquini, 201 3; More, Mukherjee, Nair, 2018

G[U’U/]ij(x, kT, AT) = X (532 Jrl |

Like for TMDs gauge links [U,U’] will matter for GTMDs — WW and DP versions
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Dipole gluon GTMD

In the x—0 the dipole gluon GTMD becomes a correlator of a single Wilson loop:

1 A
Gk, A= o {ki _ TL} GH(k, A

G[D] EA) = d2$d2y —ik-(m—y)—l—iA-%ﬁ (p,ls[[:]](may) |p>|LF
k. 2)= | “ampt © I

1

S (@1 y,) = T Uy @) U9 (y, z) = Ut gl

[z,y] |y, 7]
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Dipole gluon GTMD

In the x—0 the dipole gluon GTMD becomes a correlator of a single Wilson loop:

1 A
Gk, A= o {ki _ TL} GH(k, A

d*x d2'y e—z‘k-(m—y)+iA-%¥i <p,| St (z,y) |p>|LF

G (k,A) = ,
1 —
s (x1,y,) = ETI {U[D] (yJ_afBJ_)} U (y, 5’7) — U[[;j,] U[[y,z]c]
This is for the isotropic (o1i) term, and more generally: ai = araf - %@53‘3
y 2N, |1 A%\ oo AT EEATD
[+,—] A — ClZ(p2_ 2\ g9 L 27 _ 07T O] k. A
it (e, a) = 2 |2 (k- S ) 6 4 k- S - BT GOk, )

DB, van Daal, Mulders, Petreska, 2018
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Small-x limit of GTMDs

For [+,—] there is only one gluon GTMD in the limit x—0 (at leading twist)

2 ij i A ]
Gt 8) = T8 |5 (- ) o + 4 - 5 - B Pk

GOk A) = dzwdzy —ik-(z—y)+iA- Ty (p'|S[D](a:,y) |p>|LF
k. 2)= | “amt © (P|P)

All gluon polarization states (linear & circular) become maximal:

lim zF; = lim 2FY = —4 lim 27" = -2 lim zF" =W
x,£—0 x,E—0 x,E—0 x,E—0

F™ = [(k2 — A2/4)/(2M2)|" F; DB, van Daal, Mulders, Petreska, 2018

28



Small-x limit of GTMDs

For [+,—] there is only one gluon GTMD in the limit x—0 (at leading twist)

2 ij i AJ]
Glliige Ay = e |1 (k2 A )523 L= B kAT g A)

s |2 4 4 2

GOk A) = d2wd2y —ik-(z—y)+iA- Ty (pIIS[D](may) |p>|LF
k. 2)= | “amt © (P|P)

All gluon polarization states (linear & circular) become maximal:

lim zF; = lim 2FY = —4 lim 27" = -2 lim zF" =W
x,£—0 x,E—0 x,E—0 x,E—0

(n) — [(k2 A2/4)/(2M2)]n .Fz DB, van Daal, Mulders, Petreska, 2018

Not expected to hold for the WW GTMD, except at large k,
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Small-x limit of GTMDs

For [+,—] there is only one gluon GTMD in the limit x—0 (at leading twist)

2 ij i A ]
Gt 8) = T8 |5 (- ) o + 4 - 5 - B Pk

GOk A) = d2wd2y —ik-(z—y)+iA- Ty (pIIS[D](may) |p>|LF
k. 2)= | “amt © (P|P)

All gluon polarization states (linear & circular) become maximal:

lim zF; = lim 2FY = —4 lim 27" = -2 lim zF" =W
x,£—0 x,E—0 x,E—0 x,E—0

(n) — [(k2 A2/4)/(2M2)]n .Fz DB, van Daal, Mulders, Petreska, 2018

Not expected to hold for the WW GTMD, except at large k,

Real part of GIFl(k,A) only depends on k2, A2 and (k - A)?2 .



Elliptic Wigner distributions

zW (z,b, k) = 2Wy(z, b?, k%) + 2 cos(¢p — ¢r) Wi (z, b%, k?)
+ 2 cos 2(¢b — ¢k) CIJWQ(QI, bza k2) + ...

The cos 2(Pb-Px) part is called the elliptic Wigner distribution
Hatta, Xiao, Yuan, 2016; ). Zhou, 201 6; Mantysaari, Mueller, Schenke, 2019; Salazar, Schenke, 2019

There can be such an elliptic piece in each Wigner distribution
Hence 4 in general for an unpolarized proton, reducing to 1 in the small-x limit
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Elliptic Wigner distributions

zW (z,b, k) = 2Wy(z, b?, k%) + 2 cos(¢p — ¢r) Wi (z, b%, k?)
+ 2 cos 2(¢b — ¢k) CIIWz(x, bza kz) + ...

The cos 2(Pb-Px) part is called the elliptic Wigner distribution
Hatta, Xiao, Yuan, 2016; ). Zhou, 201 6; Mantysaari, Mueller, Schenke, 2019; Salazar, Schenke, 2019

There can be such an elliptic piece in each Wigner distribution

Hence 4 in general for an unpolarized proton, reducing to 1 in the small-x limit

A nonzero elliptic quark Wigner distribution

in the lightcone constituent quark model:

Lorce, Pasquini, 201 |

Due to quark orbital angular momentum
Lorce, Pasquini, 201 |; Hatta, 201 |

Py L1/(GeV?- fin?)]

1.0

A k,=0.3 GeV

0.5f

[]4.
3.
3.2
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Double Parton Scattering

DPS: 2 hard scatterings off partons in the same hadron simultaneously

Longitudinal
momentum

k+7: xPT

dPDF: Two-body distribution!

From Matteo Rinaldi
at MPI@IL.HC 2015
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Double Parton Scattering

DPS: 2 hard scatterings off partons in the same hadron simultaneously

\ dPDF: Two-body distribution!

Longitudinal
momentum

DPD = Double Parton Distribution

F(x,2';2z1) M

DPDs capture the spin, color & flavor correlations between partons

From Matteo Rinaldi
at MPI@IL.HC 2015

31



GTMDs from exclusive DPS

If the hadron stays intact, then there is a connection to GTMD:s:

N(Pa; Aa)

Y1(q1, A1)

75(‘123 ’\2)

N'(pas Aa)

DPD — GTMD?

Exclusive double Drell-Yan process
probes quark GTMDs

Bhattacharya, Metz, Zhou, 2017
Echevarria, Gutierrez Garcia, Scimemi, 2022
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GTMDs from exclusive DPS

If the hadron stays intact, then there is a connection to GTMD:s:

DPD — GTMD?

Exclusive double Drell-Yan process

") probes quark GTMDs
v (g2, M) Bhattacharya, Metz, Zhou, 2017
Echevarria, Gutierrez Garcia, Scimemi, 2022
N (pas Aa) N'(pys A7)

Likewise, exclusive double production of pseudoscalar quarkonia (e or Ny) in
nucleon-nucleon collisions probes gluon GTMDs

Bhattacharya, Metz, Kumar Ojha, Tsai, Zhou, 2018
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GTMDs from exclusive DPS

If the hadron stays intact, then there is a connection to GTMD:s:

DPD — GTMD?

Exclusive double Drell-Yan process

7@ h) probes quark GTMDs
3 (g2, A2) Bhattacharya, Metz, Zhou, 2017
Echevarria, Gutierrez Garcia, Scimemi, 2022
N(paa A(1) N’ :1’ A:I)

Likewise, exclusive double production of pseudoscalar quarkonia (¢ or No) in
nucleon-nucleon collisions probes gluon GTMDs

Bhattacharya, Metz, Kumar Ojha, Tsai, Zhou, 2018

Also exclusive coherent diffractive processes have been suggested,
which involve 2 DP gluon GTMDs, rather than 4 WWV ones
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Ditfractive dijet production

Probe gluon GTMDs via hard diffractive dijet production in eA (A, # 0, E = O)

Altinolulk, Armesto, Beuf, Rezaeian, 201 6; Hatta, Xiao,Yuan, 2016 /\/VW\/\C
b é» b

Earlier suggested to probe gluon GPDs (A,=0, § # 0)

Braun, lvanov, 2005

33



Ditfractive dijet production

Probe gluon GTMDs via hard diffractive dijet production in eA (A, # 0, E = O)

Altinolulk, Armesto, Beuf, Rezaeian, 201 6; Hatta, Xiao,Yuan, 2016 /\/VW\/\(
b Q» b

Earlier suggested to probe gluon GPDs (A,=0, § # 0)

Braun, lvanov, 2005

The GTMD correlator with [+,—] link appears, as opposed to the inclusive case
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Ditfractive dijet production

Probe gluon GTMDs via hard diffractive dijet production in eA (A, # 0, E, = O)

Altinolulk, Armesto, Beuf, Rezaeian, 201 6; Hatta, Xiao,Yuan, 2016 /\N\NV\<
b b

Earlier suggested to probe gluon GPDs (A= 0, ¢ # 0)

Braun, lvanov, 2005

The GTMD correlator with [+,—] link appears, as opposed to the inclusive case

do
d2 d2 f‘[ ] A F[D] / A K / 9
dyy dyod?ky | d2ko | / q,4 q, (g, AL) (g, A1)A( lvquhﬁf)

Altinoluk, Armesto, Beuf, Rezaeian, 2016; Hatta, Xiao, Yuan, 2016 E?c — Z(l — Z)Q2

G[ | — F[ | S[D](mJ_ayJ_) — 1 _S[D](wJ_ayJ_)
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Ditfractive dijet production

Probe gluon GTMDs via hard diffractive dijet production in eA (A, # 0, E, = O)

Altinolulk, Armesto, Beuf, Rezaeian, 201 6; Hatta, Xiao,Yuan, 2016 /\N\NV\<
b b

Earlier suggested to probe gluon GPDs (A= 0, ¢ # 0)

Braun, lvanov, 2005

The GTMD correlator with [+,—] link appears, as opposed to the inclusive case

do
d2 d2 f‘[ ] A F[D] / A K / 9
dyy dyod?ky | d2ko | / q,4 q, (g, AL) (g, A1)A( lvquhﬁf)

Altinoluk, Armesto, Beuf, Rezaeian, 201 6; Hatta, Xiao,Yuan, 2016 E?c - Z(l — Z)Q2
[] []
G[ ]%F[ | S[ ](mJ_ayJ_)%l_S[ ]("L'J_,yj_)

The transverse momentum dependence of the GTMD is probed indirectly
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Ditfractive dijet production

The transverse momentum dependence of the GTMD is probed indirectly

K

f

dK dA%2 16N,

dZQJ_

Ar(K 1 AL 2 0. y) =/

2r)? |

F 2, q0,A)

r=s5/(yQ?)

By varying Q? and K, one probes differently weighted integrals over the GTMD
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Ditfractive dijet production

The transverse momentum dependence of the GTMD is probed indirectly

dK dAZ — 16N, K,

d Y p—3Ip 9 4 o 2 K. A

O ( 7T) & ZG?L’ /dZ [ZQ_I_(l_Z)Z} AT( 1 J_yzaQ?y)
/

d2q, | K, -(Ki—q1)

(L]
(2m)3 2(1—2)Q* + (K1 — QL)2_ Fo a1, A1)

Ar(K 1 AL 2 0. y) =/

r=s/(yQ?)

By varying Q? and K, one probes differently weighted integrals over the GTMD

ldem for the longitudinal photon polarization (which requires Q2 # 0):

dgz*p_m'jp (277)404 2 2 2 A} (K1,A1,2,Q,y)
— em d 1 o L 9 ) A~ 9
dK | dA? AN, 2. ,/ 22 (1=2) K.

f
d?q. QK|
(2m)3 | 2(1 - 2)Q% + (K1 — q1)°

AL(KJ_aAJ_aziaQ) :/ F(g[l](x7QJ_7AJ_)

DB, Setyadi, 202

r=s/(yQ?)
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Diffractive J /19 production

Again the transverse momentum dependence of the GTMD is probed indirectly

SIS
)
Arr = 2N, /0 dZ/dQTL (UyWy)pp, (71, 2) /qulJ@ (lgr +0d1fry) ]:([)D] (z,q1,A1)
1
(5J_ — (5 — Z)AJ_

Kowalski, Teaney, 2003; Kowalski, Motyka, Watt, 2006; many others

By varying t one probes (slightly) differently weighted integrals
Using different quarkonia also changes the weights (r,. ~ |/Mv)
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Diffractive J /19 production

Again the transverse momentum dependence of the GTMD is probed indirectly

1
N/ «
A= oo [ dz [ dPro (B30,) 7, (re,2) / quJo (|qu +01lr1) Fo (@, q0, AL)

Kowalski, Teaney, 2003; Kowalski, Motyka, Watt, 2006; many others

By varying t one probes (slightly) differently weighted integrals
Using different quarkonia also changes the weights (r,. ~ |/Mv)

Often one considers this process to probe GPDs, which one (formally) recovers
upon applying a collinear expansion:r, ~ |/Mv means q.r; < 1

on —|-5L) TL
4

* []
drori (V5 Uo)pp (re,z )/d2qgﬁf$ N2, g, AL

o(lgr +dL|r1)~1—

A &~ dz

3 zozs

_ / i / 02 (W 0,),, (11, 2) aH, (2, A )

This yields an expression in terms of a GPD (requires regularization) 35



Diffractive J /19 production

Again the transverse momentum dependence of the GTMD is probed indirectly

1
N/ «
A= oo [ dz [ dPro (B30,) 7, (re,2) / quJo (|qu +01lr1) Fo (@, q0, AL)

Kowalski, Teaney, 2003; Kowalski, Motyka, Watt, 2006; many others

By varying t one probes (slightly) differently weighted integrals
Using different quarkonia also changes the weights (r,. ~ |/Mv)

Often one considers this process to probe GPDs, which one (formally) recovers
upon applying a collinear expansion:r, ~ |/Mv means q.r; < 1

on —|-5L) TL

o(lgr +dL|r1)~1—

A &~ dz

= zozs/ dZ/CF?“ﬂl ‘Ij* )TL(TJ_a

This yields an expression in terms of a GPD (requires regularization)

dQTJ_TJ_ V) )TL(TLZ

35






MV-like model

We consider the MV-like model:

d*r d*b - - 2 1
FUl(k,,A) =4N, / = ) L etk L giALbL e [1 — exp (—Zring(bL)ln[

Similar to Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017; Salazar, Schenke, 2019

1

2 A2
TJ_A

=)
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MV-like model

We consider the MV-like model:

d*r d*b - - 2 1
FUl(k,,A) =4N, / = ) L etk L giALbL e [1 — exp (—Zring(bL)ln[

Similar to Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017; Salazar, Schenke, 2019

X sets the normalization of Qs and is x dependent (of GBWV form)

_ (To\* _4
x(x) =x (;) ro = 3 x 10 A=0.29

Qs is proportional to the proton (Gaussian)
or nuclear (Woods-Saxon) profile

For details see DB, Setyadi, 2023

1

2 A2
TJ_A

=)
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MV-like model

We consider the MV-like model:

d’r | d*b : : 2 1 1
f[ ](kJ_,AJ_) 4N / r 2 1 e—zku_-’rJ_e’LAJ_-bJ_ e ErTL [1 — exXp (—ZTiXQg(bJ_)lﬂ [ 2 A2 + 6])]
i

Similar to Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017; Salazar, Schenke, 2019

X sets the normalization of Qs and is x dependent (of GBWV form)

A .
_ (o _ . R,=0.49 fm; ¢, = (0.4 fm)™%; y=1.5+0.1
x@0=xc_) ro=3x10"% X =0 e T e
X | :
25¢ — A; =0.1GeV
Qs is proportional to the proton (Gaussian) |
20L — A =0.5 GeV
or nuclear (Woods-Saxon) profile |
- AL = 1.0 GeV

For details see DB, Setyadi, 2023

Dominant contribution from: = 0.001

r —dependent

AJ_<<KJ_OTMV

02 05 1 2 5
ki (GGV)



do /dt (pb/GeV?)

do/dK, (pb/GeV)

Best fit of H1 dijet data with Rp = 0.49 fm, A = 0.29,and € = (0.4 fm)~2

Diffractive dijet production

103}
102}

10"

K, € [5,12] GeV; Q? € [4,110]GeV?;y € [0.05,0.7]

e HI
— ¥ =1.5+0.1

Diffractive dijet production

t € [0.0,1.0]GeV?;Q? € [4,110)GeVZ; y € [0.05,0.7)

DB, Setyadi, 2023 K, (GeV)

do /dQ? (pb/GeV?)

do/dy (pb)

Diffractive dijet production

t € [0.0,1.0]GeV?* K € [5,12] GeV;y € [0.05,0.7)
1 * HI1
107¢ — x=1540.1
T
Q* (GeV?)
Diffractive dijet production
| K, € [5,12] GeV;Q? € [4,110)GeV?;t € [0.0,1.0]GeV?
10° * HI
' — ¥ = 1.5 1+ 0.1
102} }
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do /dt (nb GeV ™ ?)

(Q?)range (GeV?): [ZEUS)

103 | ¥ 6.82_100(x0.5)
A 6.85_10(x0.5)

(H1]

0.05.,(x2)

® 3.22_5
v 7.05_10( XOS)

102 - 16.01()ml()0(>(0.3) A 22'41()~80(X0‘1)
T~ Model
10" ‘ Q? (GeV?)
= g 0.05 (x2)
1 3.15
. 4
6.90 (x0.5)
10_1 = GLC
BG 16.0 (x0.3)
10_2 (W) = 90 GeV 22.4 (x0.1)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Diffractive |/1 production data of

HERA (H1 & ZEUS) prefer smaller
Rp (0.40-0.41 fm), smaller A (0.22),

and is more sensitive to €,

o (nb)

500F

200

100:

50¢

< » ¢ = O

LHCb (/s = 13 TeV)
LHCb (1/s = 7TeV)

ALICE
ZEUS

103
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2. ZEUS H1 | -
<Q2>ranxe (GeV2)° -3 3.112_5 ] n 00511(12) 500 i : LHCb (\/'; e 13 TeV)
10° § Y 6.8, 100(x0.5) * 3.25.5 i LHCb (Vs = 7TeV)
o~ A 8.8, 10(X0.5) * 7.05_10(x0.5) ALICE
4 A
I> 102 ; R . 16.01()~1()()(>(0.3) A 22'41()—80(X0-1) = ZEUS
> g Model | —~ 200t
10" = = Q? (Gev?) | 8
e _ S -
) e, P 0.05 (x2) | &
= 1 3.15 100
o T i
B 6.90 (x0.5) _
& = 10-1 B 1A |
R , 16.0 (x0.3) 501
102 (W) = 90 GeV 22.4 (x0.1) '
00 ©2 Dbgd DA D3 1.0 1.2 102 103
t (GeV?) W (GeV)

Diffractive |/1 production data of

HERA (H1 & ZEUS) prefer smaller

Rp (0.40-0.41 fm), smaller A (0.22),
and is more sensitive to €,

¢+ ALICE
mmm GLC 7 = 0.96 £ 0.01

mmm BG 7 = 0.95 % 0.01

Description of ALICE UPC data 0.5¢

qualitatively fine with an A dependence
somewhat smaller than Al’3, but this is 4| 7Pb— J7uPb at vanw = 5.02Tev
dependent on the profile functions 0.000 0002 0004 0006 0008 0010 0.012

t (GeV?)

d*e(Y = 0)/dY dt (mb GeV ?)

DB, Setyadi, 2023



Tension between diffractive dijet and J/ production

 m— op — €'jjp A ZEUS 2004
: vp = J/¢¥p [GLC] *  ZEUS 2002

7 ® ——— (%)
. ¥*'p — J/¥p [BG] * H1 1999

There is tension between the dijet
and |/ data regarding the steepness

of the t-slope (dictated by Ry)

b(GeV~?)

o))
vy

Q* (GeV?)
DB, Setyadi, 2023

UPC data from RHIC and LHC and especially EIC data can
shed further light on these issues, in order to check whether
a common GTMD description is possible
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Odderon GTMDs

SIOI can also have an imaginary part:

1
Plx,y) = o Tr (U[D] + U[DH)

O(x,y)

1

21N,

SH(x, y) = P(x,y) +iO(x,y)

Tr (U[D] _ UD]T)
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Odderon GTMDs

SIOI can also have an imaginary part:

SH(x, y) = P(x,y) +iO(x,y)

1 1
Plx,y) = SN Tr (U[D] + U[DH) Olx,y) = 5N Tr (U[D] — U[DH)

This “odderon” operator is C-odd and T-odd

(d) (G[_I_’_] 7 (kv A) o G[—’—H ij(ka A))

p— —
.

1 (s A%\ i o A AT
§(k 4)5T+kT . ;

, (G[D](k, A) — GOk, A))

DN | —

2|

i P d®Y i (ma) 1A 2ty
G[D](k,A)—G[D](k,A)oc/ € YA (O(2, y))




Hermiticity and PT constraints imply:

Gk, A) =Gl

Odderon GTMDs

](k7 _A)

el

*(k,A) = G!

']

(_k7 _A)

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A
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Odderon GTMDs

Hermiticity and PT constraints imply:

Gk, A) = G (k, —A) G (k,A) =GO (—k, —A)

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A

Odderon (for & = 0) involves only odd harmonics cos[(2n+1)(dk — da)]

tW (z,b, k) = 2Wy(z, b%, k%) + 2 cos(pp — o) 2Wi (z, b, k?)
+ 2cos 2(¢p — o) tWa(z, b2 k%) + ...

Wi leads to odd harmonics in dihadron production through double parton

scattering in pA collisions (not exclusive DPS in this case, but using large Nc)

DB, van Daal, Mulders, Petreska, 2018
Lappi, Schenke, Schlichting, Venugopalan, 2016
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Odderon GTMDs

Hermiticity and PT constraints imply:

Gk, A) = G (k, —A) G (k,A) =GO (—k, —A)

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A

Odderon (for & = 0) involves only odd harmonics cos[(2n+1)(dk — da)]

tW (z,b, k) = 2Wy(z, b%, k%) + 2 cos(pp — o) 2Wi (z, b, k?)
+ 2cos 2(¢p — o) tWa(z, b2 k%) + ...

Wi leads to odd harmonics in dihadron production through double parton

scattering in pA collisions (not exclusive DPS in this case, but using large Nc)

DB, van Daal, Mulders, Petreska, 2018
Lappi, Schenke, Schlichting, Venugopalan, 2016

For € # 0 odd powers of k- A can appear in the real parts as well .



Exclusive x. production at EIC

This process also probes the odderon:

C-even final state requires
C-odd t-channel exchange

Constructive interference

with photon t-channel exchange
for [t| ~ | GeV?2

Benic¢, Dumitru, Kaushik, Motyka, Stebel, 2024
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Spin dependent odderon

GHl(k, A) — G[DT](I@, A) only depends on odd powers of k- A
Therefore, no odderon in the forward limit for unpolarized protons

For polarized protons the forward limit does not need to vanish however
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Spin dependent odderon

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A

Therefore, no odderon in the forward limit for unpolarized protons

For polarized protons the forward limit does not need to vanish however

[—I_v_]

The d-type gluon Sivers function flLTg at small x is part of:

(FH’_] _ r[—»ﬂ) ~ F.T. (P, S |Tr [U[D] (07, yr) — U (0, yT)] P, Sy)

DB, Echevarria, Mulders, |. Zhou, 2016
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Spin dependent odderon

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A
Therefore, no odderon in the forward limit for unpolarized protons

For polarized protons the forward limit does not need to vanish however

The d-type gluon Sivers function flLTg +] at small x is part of:

(FH’_] _ r[—ﬂ) ~ F.T. (P, S |Tr [U[D] (07, yr) — U (0, yT)] P, Sy)

DB, Echevarria, Mulders, |. Zhou, 2016

At small x it can be identified with the spin-dependent odderon  J.Zhou,2013
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Spin dependent odderon

GHl(k, A) — G[DT](k, A) only depends on odd powers of k- A

Therefore, no odderon in the forward limit for unpolarized protons

For polarized protons the forward limit does not need to vanish however

[—I_v_]

The d-type gluon Sivers function flLTg at small x is part of:

(FH’_] _ r[—vﬂ) ~ F.T. (P, S |Tr [U[D] (07, yr) — U (0, yT)] P, Sy)

DB, Echevarria, Mulders, |. Zhou, 2016
At small x it can be identified with the spin-dependent odderon  J.Zhou,2013

It can be probed for instance in pTp — h* X at xf<0

45



p'p ?> h* Xatxg<0

It is the only relevant contribution to AN in backward (xr < 0) charged hadron
production in pTp or pTA (in contrast to the many contributions at xr > 0)
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p'p = h* X atxg <0

It is the only relevant contribution to AN in backward (xr < 0) charged hadron
production in p'p or pTA (in contrast to the many contributions at xr > 0)

As the odderon is C-odd, for gg-dominated scattering one should select final states
that are not C-even, hence charged hadron production (as opposed to jets or TP)

46



p'p = h* X atxg <0

It is the only relevant contribution to AN in backward (xr < 0) charged hadron
production in pTp or pTA (in contrast to the many contributions at xf > 0)

As the odderon is C-odd, for gg-dominated scattering one should select final states

that are not C-even, hence charged hadron production (as opposed to jets or TP)
Backward charged hadron production at RHIC
0.4 | m'e23°03°

L | T'm230% =
02f % BRAHMS, 2008 Vs = 62.4 GeV

’ e ¢

Z k1 z _______ P S - W low pr,up to roughly 1.2 GeV
g of s ® .

; + = — where gg channel dominates
0.2f - %:
-0.4:—A.l.;.l.;.l.‘.i.;.l.;.l...l+; 2pz

06 04 -02 0 02 04 06 Lp = /3
1 M
gluon dominated quark dominated

The asymmetry in the gluon dominated region is smaller and needs more precision
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p'p = h* X atxp <0

- | mYe2.3°0%° BRAHMS, 2008 Vs = 62.4 GeV
B B2.3°13° : o’
- UL LA ' 6.1‘_ low pT,up to roughly 1.2 GeV
" g v where gg channel dominates
- + . 'i. ........... 85 ....................
:_ E' :é
i : E PHENIX, 2017
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p'p = h* X atxp <0

04f [ o230 BRAHMS, 2008 Vs = 62.4 GeV
05 - UL LA : e.i low pt1 up to roughly 1.2 GeV
_ f g v where gg channel dominates
ol +§' IR R p—— 85 ....................
0.2 e
: ™ PHENIX, 2017
04 : : Vs =200 GeV
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0.06— Scale uncertainty : 3% (not shown)
W N I B B PR DR

0.2 -015 -0.1 -0.05 0 0.05 0.1 0.15 0.2
X 47



= - 5 ' -' ¢
- 'r.l)"‘ro e . 4 P ’v“ * F > &
g-.' —"l- ~ -,L.":",'./_;,p . ; < - -
& : - — Tt 7 - -
o, e G L - =) -
- -l .'-f J&,-Lg\\"l":



Conclusions

TMDs and GTMDs are process dependent, with WW and DP versions at small x
The DP gluon (G)TMDs become a Wilson loop correlator in the small-x limit,
leading to maximally polarized states, which are preserved under x evolution (at

least for linear gluon polarization), but not scale evolution (Sudakov suppression)

CGC gluons are maximally polarized, but the amount of polarization observed
depends on the process and kinematics

pA— y* jet X offers a good opportunity to study the DP gluon TMD and
exclusive coherent diffractive dijet & J/Y production in ep the DP gluon GTMD

The imaginary parts of the DP GTMDs are odderon quantities, which lead at
small x to odd harmonics in forward dihadron production in pA through DPS

The spin-dependent odderon TMD can be probed in pTp = h* X at x<0
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Parallels between quarks and gluons

1 [ o kY
Su(x k) = 5 | fi(x k) + hiL(x,kz)] ,
1] i0,, VP APKYS
@ (x, k) = > Yt S g1 (x, k%) + wa — hiLL(x,kz)] ,
1 [pedmr | 2 Titk-ST 2
Cr(x k) =5 | fir(x k) + —>— gir(x k%)
_ o, P iltkL S
+i0'plv’)/5ﬁysl’1/" hl (x, k2) . uvY o T PTp hiLT(xl k2)
) » i
Th(x, k) =x |6 f(x, k*) + ﬁTzhlL(x, kz)] ,
eii(xk]%}“SL

I"iLj(x,k) = X ie?SL 21(x, K*) + M2 hlLL(x, kz)] ’

51 STkT iel k-St
E AZ flJi"(x’ kz) + TM

eI;T{iSjT} + e?T{ik]}} 5 e?“k{r} *5T N ’

I"l;{;(x,k) =X

gir(x, k)




Parallels between quarks and gluons

Py (x, k) = % it f1(x, k%) + ijl\fﬁv hi (x, kz)] '
@1(5,0) = & [P0 50510 00) + TS k2>] '
@r(k) =} P e 2) 4 TREST o)

0 PR S h (x, K2) — iayv’ySZtZk?PSTp h (x, kz)]
k) = x |8 e ) + 2 G k2>] ,
I (x,k) = _zeTSL o1(x, k) + I oz‘kAI;SL i (x, kz)] ,
Fl;,];(x,k) = 51] j\iTkT flT(xr kz) ieT](c,IST gir(x, kz)

) kT{zSJ}4M T{zkl} () {i;;c\;}:ST e, kz)]

For quarks the BM & Sivers
TMDs are T-odd and the
h-type functions are chiral-odd



Parallels between quarks and gluons

Dyl = 100 1) + P gt k2>] '
@1(5,0) = & [P0 50510 00) + TS k2>] '
@r(k) =} P e 2) 4 TREST o)
+ 03y 1S b (x, k) — iayu’y5:/;‘2k¥pSTp hiz(x, kz)]
7 (x,k) = x _5?' filx, k?) + % hi(x, kz)] ,
I (x,k) = _zeTSL o1(x, k) + 2 "z‘k]\];:SL hiz (%, kz)] ,
Fl;,];(x,k) = _51] ;iTkT flT(xr kz) ieT](c,IST g1r(%, kz)
. kT{z51}4M eSrlig) k) {i;ﬁ}:sT e kz)]

For quarks the BM & Sivers
TMDs are T-odd and the
h-type functions are chiral-odd

For gluons h+ is T-even and

h| is kt-odd, T-odd and unrelated
to transversity



Probing gluon TMDs using heavy quarks in ep

QQ [+ L]

J/, Y

ep — ' QOQX ep — e QX

Open heavy quark pair production and single quarkonium production: [-I—, -|—]
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Open heavy quark pair production and single quarkonium production: [-I—, -|—]

TMD factorization of the heavy quark pair or dijet production will involve a new 6
Wilson line soft factor complicating the description

Zhu, Sun,Yuan, 201 3; del Castillo, Echevarria, Makris, Scimemi, 2020



Probing gluon TMDs using heavy quarks in ep

QQ [+ L]

J/, Y

ep — ' QOQX ep — e QX
Open heavy quark pair production and single quarkonium production: [-I—, -|—]

TMD factorization of the heavy quark pair or dijet production will involve a new 6
Wilson line soft factor complicating the description

Zhu, Sun,Yuan, 201 3; del Castillo, Echevarria, Makris, Scimemi, 2020

TMD factorization of quarkonium production will involve new shape functions

Echevarria, 2019; Fleming, Makris & Mehen, 2019; Boer, D’Alesio, Murgia, Pisano, Taels, 2020;
Boer, Bor, Maxia, Pisano, Yuan 2023



Open heavy quark electro-production

For the WWV gluon distributions the equality does not hold, except at large k
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Open heavy quark electro-production

For the WWV gluon distributions the equality does not hold, except at large k

Unpolarized open heavy quark production at EIC probes the WW h1L g(:E,ngF)

The heavy quarks will not be exactly
back-to-back in the transverse plane:

¢, P are the angles of qr, K.

WWV linear gluon polarization shows up as a cos 2¢r or cos 2(¢pr— ¢.) distribution
Boer, Brodsky, Mulders & Pisano,2010
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Open heavy quark electro-production

For the WWV gluon distributions the equality does not hold, except at large k

Unpolarized open heavy quark production at EIC probes the WW h1L g(:l:,p?p)

The heavy quarks will not be exactly
back-to-back in the transverse plane:

¢, P are the angles of qr, K.

WWV linear gluon polarization shows up as a cos 2¢r or cos 2(¢pr— ¢.) distribution
Boer, Brodsky, Mulders & Pisano, 2010

hit&8 (WW)isalso accessible in inclusive dijet production at EIC

Metz, Zhou 201 |; Pisano, Boer, Brodsky, Buffing, Mulders, 201 3; Dumitru, Lappi, Skokov, 2015; ...
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Asymmetries in heavy quark pair production

0.18 e 0.18
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0.14 | QZ[GeV2]=1(5)8 1 ol
0.12 | charm quarks 0 ey 002y bottom quarks
0.1 0.1
008 | 008 |
006 | 006 |
004 | 0.04 -.
0.02 i 0.02 g
0 0 |
small x K| =10Gev Up to 10% asymmetries at EIC
MV model z=0.5

y = 0.3 Boer, Pisano, Mulders, Zhou, 2016
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However, this does not include TMD or x-evolution



Inclusive dijet production at EIC

WW linear gluon polarization shows itself through a cos2¢ distribution (“v2”
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Effect of including NLO corrections
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Venugopalan, 2024
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Inclusive dijet production at EIC

WW linear gluon polarization shows itself through a cos2¢ distribution (“v2”

/s =100 GeV
04 [ Z=1/2
_ L Q°=4P7
;
= 0.3F
ab]
U "
L0
T 02F
F
C—(%‘ - Y
>
0.1F
0 | |
0 1 2 3

qr, GeV

Large effects are found

Dumitru, Lappi, Skokov, 2015
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P=pr—.

LO

Effect of including NLO corrections

Caucal, Salazar, Schenke, Stebel,
Venugopalan, 2024

Sign of v2 is matter of definition and depends on sign of h|+, but it can apparently flip
due to HO corrections; note that WWV distribution does not satisfy same BK eq as f
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Quarkonium production in ep

Qa [28+1L38)]

J/v, T

A cos(2¢T) asymmetry probes hlL J

(1—y)BL 879

(cos2¢r) = — r—
-y e -y el

1
Q% hl g(x’ q%)
2M; ff(x, q7)
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Quarkonium production in ep

= [2541 7 (8) 1
Qe [ Ly ] A cos(2¢) asymmetry probes h; J
q
(cos 2¢r) = 2147 8>Q 2 47*e—>0Q
[1+1—-Yy) ]AU+L -y AL
p 1
2 g 2
qT hl (x’ qT)
2 8 2\
2Mp Ji (x, q7)

———— — ‘ 008 ————————r———r————————1——— _

 I<cos 2 o>l (Jp) . ;_ l<cos 2¢p>1 (Y) _‘
02 — MV analytical ] o MY analyti.cal - *"ﬂ'#**: AS mmetl"leS fOI"
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cos2¢dTasymmetry decreases towards small x Bacchetta, Boer, Pisano, Taels, 2018
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Dipole gluon GTMDs

A—0 37,6 — 0
v v
T4 (g k) G (k, A)
z—0 A—0
> TH (k) <
Ly [ Ak eat ks —

v

fl (x1 kz)’ hf—(wa kz)

r—0

\ 4
E(k%, A% k-A)

A—0

> e(kz) <

From PhD thesis by Tom van Daal, 2018
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T-odd gluon TMDs at small x

The spin-dependent odderon
J. Zhou, 2013

Implies 1 k2N

KekEN, €5 Stakrs

F;”liljodd (x, k3 S7) =

xflTQZXhT—Xth— 47za

DB, Echevarria, Mulders, |. Zhou, 2016

2r’a X M

= O (x, k%)

Of_T (x, k%)
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T-odd gluon TMDs at small x

af
The spin-dependent odderon . krkiN, € /STakTﬂ
[t oda (%, k73 S1) = 5
J. Zhou, 2013 2 X M

Implies k2N
xflT — Xth — Xth — 0 7 (X, k%)

47za

DB, Echevarria, Mulders, |. Zhou, 2016

1) kT ST

AT (@, ker) = 5 | fip (2, k7) + el gio(w, k)
krit ~9 St{1, 9 kr{i; 9

6TT{ Sgp} €TT{ k%} . k2 GTT{ k%} hJ— k2

o AM 1T(ZC, T) N2 13(337 T)
lim zfip(z, k2) = lim zh;(z, k2) = ki lim zhip(x, k2) zllim chir(z, k2)
r—0 M 0 1 M2 20 P 2 a0 1 T

hi(z, k%) =h k2) + s k>
1(]3, T) — 1T(x7 ) 2N [2 (ZE, T)

Similar relations hold for spin-| hadrons as well
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

Of_T (x, k%)
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MV-like model

We consider the MV-like model:

2p | d2 | . 1 1
f[ ](kJ_,AJ_) 4N /d 'rJ_deJ_ e Zk‘,J_-’I“J_ezAJ_-bJ_ [1 — eXP <—Z @g(bj_)ln [ 2A2 ‘|‘€])]
1

Similar expression as considered by Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017;
Salazar, Schenke, 2019

€r cuts out the region where the dipole size becomes large compared to the
target size, where the model should not be applicable

This allows to consider the GTMD independent from the process (which in practice
provides the cut off through the dijet invariant mass or the quarkonium mass)
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MV-like model

We consider the MV-like model:

d?r | d?b . . 1 1
FHl(k,,A ) =4N, / = E = e ZkL'”eZAL'bL [1 — exp <_Z @g(lu)ln [ 713 —|—e])]
ry

Similar expression as considered by Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017;
Salazar, Schenke, 2019

€r cuts out the region where the dipole size becomes large compared to the
target size, where the model should not be applicable

This allows to consider the GTMD independent from the process (which in practice
provides the cut off through the dijet invariant mass or the quarkonium mass)

X sets the normalization of Qs and is x dependent (of GBWV form)

_ (T 4
x(x) =X (;) ro = 3 X 10 A =0.29

Qs is proportional to the proton (Gaussian) or nuclear (Woods-Saxon) profile

For details see DB, Setyadi, 2023
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x-dependent gluon GTMD model

(L]
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The data is angle integrated,
therefore we restrict to Fo
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Dihadron production through DPS

Wi does lead to odd harmonics in dihadron production through double parton

scattering in pA collisions (not exclusive DPS in this case)

da%?);hthX 2, d2r, | |
d°by d*by F by — b / TikuTiTike
dyldyQ d2k1d2k2 OC/ 1 2 p(il?l,xg, 1 2) (27’(’)4

X (5 (b1 + 5,61 = 5) S (bo+ by — )

Lappi, Schenke, Schlichting, Venugopalan, 2016
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Dihadron production through DPS

Wi does lead to odd harmonics in dihadron production through double parton

scattering in pA collisions (not exclusive DPS in this case)

da%?);hlhg)( 2, d2r, | |
d°by d*by F by — b / TikuTiTike
dyldyQ d2k1d2k2 OC/ 1 2 p(xlax% 1 2) (27’(’)4

X (5 (b1 + 5,61 = 5) S (bo+ by — )
Lappi, Schenke, Schlichting, Venugopalan, 2016

In the large N limit this factorizes further:

dgpA—)hl ho X

oS d*by d?by F] by — by) 2W (, by, k) W (x, ba, k
dyldyzd%ld?kzOC/ 14702 Fp(1, 82, b1 = bo) 2W (2, by, Ky ) s W (2, by, Keo)

Simplify further assuming a Gaussian form for the double quark distribution:

1 . (by —bg)?

ARZ2
2
AT R N

Fp(x1,m2,b1 — ba) = fp(x1, 22) € N
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Directed flow

da%’?,;hthX T Y o _bi+b3
dbi dbs e 4%

b1b
X [2]0 ( i ) xWo(z,b%,k%)xWO(vagakg)

b1 b2
2R,
b1bo
OR2,

+ 4COS(¢;€1 — ¢k2) I ( ) CIZWl(CE‘, b%a k%) CUWl(:IZ, bga kg)

+ 4cos 2(pr, — dr,) 1o (

+ ...

) e Ws(z, b7, k2) 2Ws(x, b, k3)

This shows the cross section displays directed flow (v;)

This can arise from azimuthal anisotropy (rotationally non-invariant targets)
Dumitru, Giannini 2015; Dumitru, Skokov, 2015; Lappi, Schenke, Schlichting, Venugopalan, 2016

but also without breaking of rotational symmetry (C-odd squared effect)

Boer, van Daal, Mulders, Petreska, 2018
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