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From 1D to 3D parton distributions

hadron

\ﬁom 1D to 3D

parton

hadron
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¥ The 3D internal structure of hadrons is described by
transverse momentum dependent PDKalso called TMDs)

¥ A TMD is a3D density functionn the longitudinal momentum
fraction x and the transverse momentunk;

\_ /
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The gluon TMD correlator for spin-1 hadrons

[Mulders, Rodrigues 2001] selectingleading contributionsith n
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process-dependengauge links

Ui ! Pexp ( z‘g/o' P A (! ))

l an=0

kM =xPH 4+ k¥ 4 on®
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The gluon TMD correlator for spin-1 hadrons

selectingleading contributionsith n

A -Pd? . .4

L (2, ko) E/ CRE e (P, S, T| Fni(()>U[0’!]F"j(! )U[!! o 1P S, T>|

~__7

process-dependengauge links

Ui ! Pexp ( z‘g/o' P A (! ))

l an=0

Density matrix forspin-1targets:

1° < o
== |+ =S'1'+3T7011Y
3 2
spin vector spin tensor
{S., Sk} {S ST, ShT})
3 vector parameters 5 tensor parameters kM =xP*" + KkH + on*
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The gluon TMD correlator for spin-1 hadrons

selectingleading contributionsith n

£ N\

%] d! 'sz!T ikd ni nj |
Lz, kr) = e <P, S,T‘ F (O)U[O,!]F (! )U['! 0] ‘P, S, T>

(2")°
~_7

process-dependengauge links

l an=0

¥ Parametrization in terms of
Lorentz structuresand
symmetric traceless tensors
(STTS)n k¢

¥ Respectinghermiticityand
invariance undeparity

¥ T-oddfunctions are allowed
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The gluon TMD correlator for spin-1 hadrons

selectingleading contributionsith n

£ N\

| iJ — d! 'sz!T 1kd ni nj(| !
VY (2, k) = @) ¢ (P, S, T| F™(0)Ujg (( F™ (1)U g [P, T)

¥ Parametrization in terms of process-dependengauge links
Lorentz structuresand
symmetric traceless tensors / \
(STTs)n &, e R
_ A T I o
¥ Respectinghermiticityand kI = koKL K+ 2K gLk + gk + itk

invariance undeparity There areonly 2 independent components:

¥ T-oddfunctions are allowed ket op k. |" e’

Using STT®nsureshavingdefinite-rank
For mappings betweenk; -space andb; -space, see e.g.: TMDs, needed for ane-to-one mapping
[Boer, Gamberg Musch, Prokudin2011; Boer, Cotognq between TMDs irk;-space andb;-space.
TVD, Mulders, Signori, Zhou 2016; TVD 2016]
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Parametrization in terms of gluon TMDs

| %J — d! 'PdZ!T 1kd ni nj(| !
L (ZE, kT) = (2" )3 e <P’ S,T| F (O)U[O,I]F ( )U[| 0] ‘Py S, T>
' an=0

. . k” .
Ti(@ kr) =5 ! 9% fi(z, k2)+ hy (k2 (/Parametrlzatlon in

terms of leading-power
(i g} gluon TMDs
T (KE)

T (z, k) = = €Sy g1z, k2) +

2 2M2
!
v gieSthr ik, &
(e ke) =5 1 o flg(e k) + 2T i (e k)
kT{l J} ST{lkJ} {i k‘j}! ST
! St T e hi(a, k2)0 EL00 pl (2, k2)
AM T 2M3 1T T
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Comparing the quark and gluon TMDs

\ o™ \
\. ‘QO Q‘Q <>\ QO 0\
oo\ & RO W
Quarks | ~* vt A0 iott P Gluons | ! g7 | i€ ki, kY, etc.
u f, n u f, n
L g1 hiy, L 01 hir
T fir | oir hy, hip T fir | or hi, hyp
LL f]_ LL h!lLL LL fl LL h!lLL
LT firr | 91t | harr, Bipp LT firr | 91r7 hirt, hi;r
TT firr | girr | harr, Rirr 1T firr | girr | batt s Ripp, Ripr
[Tangerman Mulders 1994; Boer, Mulders 1997; [Mulders, Rodrigues 2001;
Bacchetta, Mulders 2000] Boer,Cotogng TVD, Mulders, Signori, Zhou 2016]

Bold face:this TMD survives integration over transverse momentum
Red:this TMD is time reversal-odd

Collinear gluon PDFs for spin-1 hadrons:
[Jaffe,Manohar 1989]
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Gluon vs. quark PDFs

[NNPDF Collaboration, 2012]
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¥ Gluons dominate over quarks at small x
¥ What happens to the gluon TMDs as!x O (i.e. in the high-energy limit)?
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Gluon distributions at small x

There are two fundamental (unpolarized) gluon distributions at small x:

WeizsSckesWilliams(WW) distribution: 4 N\
' —
. d=d?, . . ! e
xG()(x,kT)! 2/ﬁ€| Lep|F |(!)U[+]TF I(O)U[+] |P#( P
(2 ) P 1+ =0 U[+]
C 2y g2 # e
4 d°X+dY; K (Xa
—_— = T g Xt'Y:) ‘ Tr9 T
I reversal

Dipole(DP) distribution:

hdz . :
2G? (2, ky) = 2 ‘é)% ekt (p|FH) UL TEY(0) U | P)

1+ =0 ]

—_— i/me! KraXs1y;) <(81UX)(8in)> \ [0,!] /

small x gz (27‘()3

[KharzeeyKovchegoyTuchin2003;
DominguezMarquet, Xiao, Yuan 2011;
Marquet, Petreska Roiesnel2016; etc.]
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The gluon-gluon correlator at x=0

The gluon-gluon correlator at x=0 for th&ipole-typegauge link
reduces to aWilson loop correlator

. d'&P d? v g | 1 ponj !
T k) ! / PR Lekd p| P (0) Ul FU (D) U ) |P”'
l&n=k& =0

kiij/dZ! oA . #(
= o o ekrdrnp gt | p
2L | (2)2 | | a0

KK
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The gluon-gluon correlator at x=0

The gluon-gluon correlator at x=0 for th&ipole-typegauge link
reduces to aWilson loop correlator

: dV&P d?! 4 i j
! [+, 1j (07kT) ! / T e|kai "Pl Fh (0) U[[(;,]!] N (! ) U[[!!,(])] |P”'
l&n=k&a =0

(2")3
K ij/ A2y g . #(
= L krarpylt 1| p
L | (27)2 v a0
kK o
e \\,
. ' Lo KUK g
Conclusion: 110 (x, k) ¥ > Lo (kr)
T

\ \

parameterizable parameterizable
in terms of in terms of
f,0,htypeTMDs e-typeTMDs

Tom van Daal, DIS 2017, Birmingham 13



How to match f,g,htype with e-type TMDs?

; de&® o? K £ i +] |
p [T (X, ky) ! / 5(271,)3& gk ¢ PIF" (0 )U[Og]F (f)U[I o]|P’¢( !g](kT)E (25;2 gkttt <P|U[!]|P>I .
£-n=0 l.n=
[+~ T, oy, ko I (ko) = o e(k?),
!U (x7k‘T)= E ! 9r fl(x7kT)+Wh ( k) M2
i x | 6{i| B3 s " O
P g k) = 5 ik S (e kD) + %QL (2, k2) i (k.) =o,
!
T i eSTkT i€ kyp-S wL eSrkr
VI @ k) = 5 0 T f (@ k) + T g (0, K2) Lor (ke) = 37z~ cr(kD),
krli i}, Srligi) . i}!sT
!eT Sy o+ etV ks hy (z k:) eT.k (xk:)
AM 2M3
! ) "
1ii T i kLS | L
I (k) = 5! gl S i (o, kD) + TMIQ'L hip (x,k2) 51 (kr) = M—SLL e (k2),
!
i T k.-S ie) eSrrkr | 7L k&5
T (k) = 5 g”—”fu (a,k3) + = gur (2.k3) IOy (ke) = o = e (k).
{i } ij !
EERL e BT ey
[+, i e gtk Stre oy, i€k eryhlf Sty 2 1y _ 1L K Sprg
bir k)= 5 b e fur (@ k)t —— gt (2, k) orr (kr)= 5~z er err(k?)
i gli i Kt Srr
+ Sip harr (2, k3) + TTA'/[—QT o (2, k2) + TM—4! hizs (, k2)
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Transversely polarized gluon TMDs at x=0

) v KK
T (k) 5T Lo (ko)
. T . ij!STkT ., Zl”kTST
FLF,! ] Na ky) = > | 97 ]\1;_/ fip(z, k2) + TTng(-Taki)
(ki ga} 4y Srlig) (L piteST
| e (k) L e (e k)
v o K I - ki kJ 1STkT
0 L DG (k) = S o er(k2)
e
1 g1Zrhr k] 2
= — 1 X £ k
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Transversely polarized gluon TMDs at x=0

. " ki -
RN X" 0 Tl[]k
( ) T ) 27TL ( T )
v gilorkr NSy
2 M
(krligi} 4y Sriigg) (L0 itesT
A T4M T hy(z, k3) ! oA hyp(z, k7)
w0 Kkikl O kikd. | STk
0 S Tor (ko) = S = en(k)
! , see Jian ZhouOs talk
= } | 9gr ! | STkT kT eT(kz)
2 M 2M? ’
' II;T{ZS%} + |§T{%k%} k2 k
| 4M onp2 () !
o The functione, shows upint £ 11 11"
. " 2y Ki 2 which contains thelipoleodderon
Conclusion: I}H}) x frr (2, K7) o2 €T (kr), ete operator. This in agreement witfBoer,
G.Echevarr’a Mulders, Zhou 2015]
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A simple picture of gluon TMDs at small x

Polarization Relations between gluon TMDs in the small- X limit
2
U f]_ = ZM_TZ hi‘
L o= hi =0
2
T ff—‘l—:hlz—m—Tzhi‘T, O1iT =0
2
LL fi = o5z hiy
k2 1
LT fior = hut = —gyzhir, Gur =0
T frooe = 2M2p 1t = Kioag =0
ImT = Gz T > Mrr = smz Mirr, OuTr
z

[Boer,Cotogng TVD, Mulders, Signori, Zhou 2016]

In thesmall-x limitve see that

¥ ..the gluon TMDs eithervanishor becomeequalto each other
¥ Ethe nonvanishing gluon TMDs apgoportional to 1/x (up to resummed logs)
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Bounds on gluon TMDs

The definition of thepin-averaged gluon-gluon correlator

LU ko)t Tr LGk ) =1y G k)

spin density matr& | 1 I+ §Si2i | 3iiyi
-3 2
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Bounds on gluon TMDs

The definition of thepin-averaged gluon-gluon correlator

LU ko)t Tr LGk ) =1y G k)
6X6 matrix in
spin densit matr& 1 3 i i i gluon ! hadron
. ' . P 421 . . . "
Clotky = BET wa gy prio) PRy 1P
= (P | F™(0) |P,1 )" (Py| F™(0) | P, )

X #HPpn — (1 — 2)] #2 [P, + k]
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Bounds on gluon TMDs

The definition of thepin-averaged gluon-gluon correlator

U ke) D TEE GOk ) = Ho G k)
6X6 matrix in
spin densit matr& 1 3 i i gluon ! hadron
P y | =3 I435S°T 4+ 375" spin space
. ' . P 421 . . ) "
Gl = LD aap oy prio) Friqry (P
y (2") | &0=0
= (Pul PO [P (Pl PO [P
X HPyn— (L — 2)] #9 [Py + k] \

it is apositive semi-definitenatrix:
1z" C8: ZTG(x k,)z# 0
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Bounds on gluon TMDs

Gis apositive semi-definitéx6 matrix:  1z" C®: zZIG(x k,)z# 0

For simplicity we look &tx2 submatrices e.g.:

q{

(=]

G(I,kT): n fit g1t fl% —2hitT

— farr
2hitT it gt =5

NI &
RO
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Bounds on gluon TMDs

Gis apositive semi-definitéx6 matrix:  1z" C®: zZIG(x k,)z# 0

For simplicity we look &tx2 submatrices e.g.:

q{

:: . . . Y
Gz, k) = z JRRITHREE ht gt flé:L —2hatt . ? [Cotognq TVDwork in progress)
o 2w .. L. —2hitT f1+g1+f1% g pred
# .
‘ Positivitybound Bounds on gluon TMDs for spin-1/2 hadrons:
[Mulders, Rodrigues 2001]
harr | < 1 f, 4 g + AL
= 2 1 L 2 Bounds on quark TMDs for spin-1 hadrons:
[Bacchetta Mulders 2001]
E in this way we obtain Bounds on gluon PDFs for spin-1 hadrons:
9 different bounddn total. [Cotogno2017]
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Bounds on Wilson loop TMDs

Similarly we have for thepin-averaged Wilson loop correlator

k)t T peh k) = Gl k)

Gis apositive semi-definit8x3 matrix in hadron spin space:

6+ el Ile(eLTi_ieT)e! i! T err e! 2i!
| [, w 2 2M M? R/
GE (k)= == Lerl(eyr " der) e’ el er | 1Erl(ay "der)el g
2 2M ' ' C2M
M= # 2 e 2i! k . il
T eTT e | [Krl(eyr +ier)e o+ L
M? : oM 2
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Bounds on Wilson loop TMDs

[Cotogng TVDwork in progress] ‘ We again look aPx2 submatrices
: kr|(eLrtier)e ™ ¥
¢ + S5~ S .
L n 2 ) \/EM 0|
Gl k) = o kel (ery—ien e ¥

M? V2M el ey

. k2
‘ Positivityoound =7 (er? + err) (e err) (e+ ‘%)

e kze e_2i¢w
P I
Gy (kT)_W# , | ..
kTeTT 62|¢

Ve e+ ELL

2
Positivitypound KL [err |1 e+
ositivityboun azlertlt et —-
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New gluon TMDs for tensor polarized targets have been introduced,
relevant for spin-1 hadrons. They could be investigated at the EIC using
deuterons.

The dipole-type gluon-gluon correlator at x=0 reduces to the F.T. of a
Wilson loop that can be parametrized in terms of a small set of TMDs.

In the small-x limit the picture of gluon TMDs becomes very simple: they
either vanish or become equal to each other.

The gluon and Wilson loop TMDs satisfy certain positivity bounds that
can be used to estimate the magnitude of the functions.
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Density matrix for spin-1 targets

l 1+ SL + SLL ST_’LST 4+ S}JT_Z'S%T Srr—iS7
Tov2 T o2 2
p= S%“"‘ZS + Spr+iSir 1 _ 25.p Sr—iS% _ Str—iSir
2v/2 2v/2 3 3 2v/2 2v/2
St +iS2%, Sr+iS3  Spr+iSis 1 _ Sy Spw
2 2v/2 22 3
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Gluon distributions at small x

There are two fundamental (unpolarized) gluon distributions at small x:

. 4 dZXTCi2 T 13 A [ n n
WW [+,+]: 26O (z,k,) = _g_/(T)gye' KrdXrt Y ) <( iUx)Uy (" iUy ) Ux >w
) 2 2 i H
DP [+, )ﬂ: xG @ (X, kr) = gi; Me! ikr&xr! Yr) (" Ug)(":iUy) )

(21)3

Selection of processes that probe the WW or DP distributions (at laryg:

DIS and DY | SIDIS| hadron in pA| photon-jet in pA| Dijet in DIS| Dijet in pA
G (WW) X X X X v v
G@ (dipole) v Vv v Vv X v
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[table taken from Domingueiarquet, Xiao, Yuan 2011]




