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What is a TMD?

* A hadron correlator is parametrized in terms of
transverse momentum dependent (TMD) parton
distribution functions (PDFs], also called TVIDs.

A TMD is a density function in the longitudinal

momentum fraction x and the transverse momentum
k;, encoding the 3D internal structure of hadrons.

parton

hadron

parton momentum:
k' = xP* + kL + on”
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Vector and tensor polarized targets

Density matrix for spin-1 targets:

1 3 o
p=- (1+ SR +3T”E”>

spin vector spin tensor
p 7 pv
{SL7ST} {SLLasLT’STT}
3 vector parameters 5 tensor parameters
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Parametrizing TMD distribution correlators

extracted parton

quark gluon
?Q’._ unpolarized v v
42 .
GEJ’ vector polarized v v
@©
&) .
tensor polarized v x |

[Tangerman, Mulders 1994, Boer, Mulders 1997;
Bacchetta, Mulders 2000; Mulders, Rodrigues 2001]
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The gluon-gluon TMD distribution correlator

selecting leading contributions with n

~ N\

g Pd?¢, . . .
D (2, ky) = / LD e (pl prioyr,  Fr(e)7, |P)

(2m)?
~__~

process-dependent gauge links

&-n=0

e  Parametrization in terms of
Lorentz structures and

symmetric traceless tensors
(STTs) in k¢

* Respecting hermiticity and
iInvariance under parity

 J-odd functions are allowed
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The gluon-gluon TMD distribution correlator

selecting leading contributions with n

~ N\

. dé-P d? . . .
P k) = [ SEDEE P PO P P

(2m)°

 Parametrization in terms of
Lorentz structures and
symmetric traceless tensors >y
(STTs) in k;

* Respecting hermiticity and
iInvariance under parity

 J-odd functions are allowed

&-n=0

~—"7

process-dependent gauge links

I T
i = Kk + LR, N

ki = kkiky + 7k (97 by + 00k + 917Ky)
... only 2 independent components:
k?“'in E \ |kT|n eimp

Using STTs ensures having definite-rank

TMDs, which results in a one-to-one

\Eapping between TMDs in k;and stpace./
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Comparing the quark and gluon TMDs

. o :
0(\90\' \OOQ‘QO ,@6“6‘? 0(\90\' C;\QO‘QO\ \\0‘90\‘
Quarks | vt | 4T4° iottAyd Gluons | —¢¥ | i€? ki kY ete.
U f1 hi U f1 hi
L 91 hiy L 91 hiy
T fir | air hy, hir T fir | air hi, hip
LL fircr hirr LL JiLc hirr NEW
LT firr | gier | harr, iz LT firt | it sty 00
TT firr | qirr | Parr, hipr TT firr | girr | harT, hipr, Ry

[Tangerman, Mulders 1994, Boer, Mulders 1997
Bacchetta, Mulders 2000]

[Mulders, Rodrigues 2001;
Boer, Cotogno, TVD, Mulders, Signori, Zhou 2016]

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

[NNPDF Collaboration, 2012]

1 I IIIIIII 1 I lllllll IIIII
NNPDF2.3 (NNLO) ]
xf(xu2=10 GeV?)

xf(xu2=10* GeV?)]

10° 102 10" 1 10° 102 10" 1
X X

* (Gluons dominate over quarks at small x
* \What happens to the gluon TMDs as x— 0 ?
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The gluon-gluon correlator at x=0

Pl (0, ) = /M k€ (p| Fri(0) UL prie) U[[g(])] P) (a “dipole-type” operator)

(27T> 0.} &-n=k-n=0
Kokt / PEr ikptr )70
= el pluH|p
2L | (27)? (P ) £.n=0
ki k. .
=57 Lo (k) [the Wilson loop correlator)
. . : . : : @ — 7+l 770 \
Iongltudlpal dimension Wilson loop: U = Uy 4 Up,
of the Wilson loop: L= /dg-P =27 6(0)
ET < >&
| ,
- I oep EP
. . —14ii x—0 kl kr o [+] [—]
Conclusion: 10 1V (0 k) 5 5T “ Ty (k) \_ Ulo.g) Ulo.g Y,
'] [l
v v
parameterizable parameterizable
in terms of in terms of
f,g,h-type TMDs e-type TMDs
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How to match f,g,h-type with e-type TMDs?

» dé-P d? . -~
M k) = [ ST P PO UL PO UL IP)

d? »
M) = [ G et (piup)

(2m)? £n=0 (2m)? £n=0
Ry I ]|
P k) = 2 [ g o k) + 2o )] tf? k) = 37 <0
[+.—-1ij € -- ij 2 6go/‘?]}aSL 1 2 [0
FL (x, kT) = 5 1€, SL gl(.’E,kT) W hlL(‘T?kT) 5 FOL (kT) = O,
[ @i _Srkr 0] Srk
—1ij x g7 €7 iepkr-S 0O wL exrhT
5T k) = 5 |- P flr( k) + = gir (kD) P57 (kr) = 2o o er(k3),
_ hrligny o (St b (2, K2) — {1 girest W, K2
4M 1 y v 2M3 1T s v 9
—]ij x > k‘ SLL ]
F[L+L : Tz, kr) = 5 [— 99Srr finn(z, k2) + 2 hizy (=, k2)] FEJL]L (kr) = M2 SLL erp(k2),
Ry x Uy S i€ eSerkr L k.S
F[I-ZL : J(w7 kT) = 5 l_ gTTTLTflLT(:L‘7 ki) TTQILT(£7"’3) 1-‘[D]T (kT) = M2 TLT LT(ki)a
stk K2S1r,
+ LJJ\Z—T hlLT(kai) M;?T hlLT(x’ki) ’
ij 0B i B o
—]ij T g k STTQ i€7 €pk STTa O L k STT
o k) = l_ IR CITOD (a2 + L T o (1, K2 T62, (k) = 2o =202 e (k2)
ij o SE R oy K Srras | 2
+ Spp harr(x, k )+Th1TT($ k )+Th1TT( z, k)
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Transversely polarized gluon TMDs at x=0
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Transversely polarized gluon TMDs at x=0

1 _Stkr

2
_ gr €7 k.

Conclusion:

2
ar a2 o7 (k)

kT{zS]} 4 ST{zkj} kz ) ;{ﬂiak‘;}aST )

AM oapz (k) — =gy (mer(kr)
5 Shows up in I‘([)D] - F%DT],

k. 2 in agreement with the results

- 2 M2 er(kz), etc. in [Boer, G. Echevarria, Mulders,
Zhou 2015]
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The leading-twist gluon TMDs at small x

Polarization | Relations between gluon TMDs in the small-z limit
2
U fl 2]\}2 hJ_
L g1 = hf_L =0
k2
T flji“:hl 2M2 h%Ta ng:O
k2
LL fire = 5352 PMizs
| S
LT firr = hirr = — 5= hipps 917 =0
22 171 ko1
TT firr = kT hirr = =5 hirr = 5502 i, 9177 =0
T

[Boer, Cotogno, TVD, Mulders, Signori, Zhou 2016]
In the small-x limit we see that

e ..the gluon TMDs either vanish or become equal.
e .. the [nonvanishing] gluon TMDs are proportional to 1/x [up to resummed logs).
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Summary

* New gluon TMDs for tensor polarized targets have been introduced.
They could be investigated at the EIC using deuterons.

quark gluon
unpolarized \/ ‘/
vector polarized / \/
t larized
ensor polarize \/ ‘/ NEW
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* New gluon TMDs for tensor polarized targets have been introduced.
They could be investigated at the EIC using deuterons.

quark gluon
unpolarized \/ ‘/
vector polarized / /
t larized
ensor polarize / / NEW

* The gluon-gluon correlator at x=0 reduces to the F.T. of a Wilson loop.
* Also the Wilson loop correlator can be parametrized in terms of TMDs.

* Inthe small-x limit the picture of gluon TMDs becomes very simple: they
either vanish or become equal.
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Backup slides



The quark-quark TMD correlator

dé-Pd*¢,. ., _
0o k) = [ BTG G PIT, 00 (€)1

o

¢
process-dependent gauge link: 1/, ;| = Pexp (—ig/ dn“Au(n)>
0

Parametrization in terms of Dirac structures
* 18 TMDs/ 4 collinear PDFs

p guark pol.
kT 1 1
CDU(x,kT): fl(iL‘ k2 )—l— i hy ( k2 ) 5 Quarks fy+ ,Y+,y5 7:0.1-1—,)/5
] U fi hi
. 1
o 5 2 i kTSL 1 2 P
) (2, kr) = K Sgi(@ kz) + —5 — hig(e, k )] o = L g1 hiy
(o
ke _ o T fiv | or hi, hip
Oy (akr) = | T fip(a, k2) + 2T g (K2 S I
i@ k) = ir (@ A @Ry o LL firt hivr
©
"y kg Sy LT h hi
o hak?) 7M2 P i (b )] g o fier | giwr | haprs hipy
TT firr | qirr | harr, hipr
(I)LL(xakT) = ...

[Tangerman, Mulders 1994, Boer, Mulders 1997
Bacchetta, Mulders 2000]
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Definite rank gluon TMDs

Lorentz expansion in terms of (leading twist)
definite rank gluon TMDs:

g s ki
o) = § |- o) + i k).

{i i}
ij [ € k SL
FI?(x’ kT) = 9 ZE;?SL gl(mv ki) + Ta2]\}2 hfL(xv ki):| s
i x Jesrhr el K-S
(@ kr) = 5 | = P50 fir (e, k) + = g k)
 krfigd} |, Sriigg) {i pi}asSr
_er Sy + et Vky hl(x,kz)—eTakT i ($7k2) 7
AM T 2M3 1T T
A ki S
'Y (x, kr) = 5 [— 9S8 fir(z, k) + TMQLL it (, ki)] ,
i T Uy S iedeSurkr
Y (o, kr) = 3 [— gTTTLT fr(e,kh) + — Jf/[ g1or(z, k2)

gli i} ke g N
+ L;\}T hipr(z, k) + TMélT hipr(z k2|,
-- x YRS o iedel KISy
T (2, ky) = 3 [_ gTTM# Fror(a, k2) + ngw(x,kg)

Sty 10
M2

ij 2 L 2 k;jaBSTTaﬂ 11 2
+Spr hirr(z, k7)) + hipr(z, k%) + i higr(x, k)

Constant tensors:
o g =g — plupy
o M=l

Symmetric traceless tensors:
WY = Kk + kg

K7 = KR + 12 (g% + gk + g1
.. only 2 independent components:

k;l"'i" 5 \ IkT|n eingo

Advantage of definite rank TMDs:

* One-to-one mapping between
TMDs in k; and b; space
(relevant for evolution)
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Definite rank gluon TMDs

Lorentz expansion in terms of (leading twist)
definite rank gluon TMDs:

g s ki
o) = § |- Al k).

{i g}
ij [ € ak SL
FI?(x’ kT) = 9 ZE;?SL gl(mv ki) +a 2]\}2 hfL(xv ki):| s
i x Jesrhr el K-S
(@ kr) = 5 | = P50 filr (e, k) + = g k)
ehrtignh i) 2 Giiak]T'}aST 1 2
- AM hl (.’13, kT) L WE th(.'Ii, kT) b
A kg8
'Y (x, kr) = 5 [— 998 fir(x, k) + TMQLL i (, ki)] ,
i T Uy S iedeSurkr
Y (xkr) = 3 [— gTTTLT fr(e,kh) + — Jf/[ g1or(z, k2)

Stk KL SiTa
+ L;\}T hipr(z,k2) + TM;fT hipr(z k2|,
ij.af ;i B gy
. T 92 kSP S, ief €pn kg ST
%, (v, k) = 3 [_ %QTTB frrr(z k) + —Wgwﬂ%ki)

il
M?2

ij 2 L 2 k;jaBSTTaﬂ 11 2
+Spr hirr(z, k7)) + hipr(z, k7)) + i higr(x, k)

Constant tensors:
o g =g — plupy
o M=l

Symmetric traceless tensors:
K = kg + SR,

00 = KRR + 2 (9% + gk + g1
.. only 2 independent components:

k;l"'i" 5 \ IkT|n eingo

Advantage of definite rank TMDs:

* One-to-one mapping between
TMDs in k; and b; space
(relevant for evolution)
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