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Abstract

Abstract

We discuss the momentum distributions of gluons and consider the
dependence of the gluon parton distribution functions (PDFs) on both
fractional (longitudinal) momentum x and transverse momentum p-,
referred to as the gluon TMDs. Looking at the operator structure of the
TMDs, we are able to unify various descriptions at small-x including the
dipole picture and the notions of pomeron and odderon exchange.

1. TMD correlators and their operator structure, color gauge invariance

2. Rank of TMD and operator structure

3. The Wilson loop correlator unifying ideas on diffraction, dipole picture
and small-x behavior



Standard TMDs

® TMDs incorporate hadron structure
ui(k)u;(k) ~ (k)ij = @ij(k; P, 5)
e (k)e™ (k) ~ —g7” = TP (k; P, 5)

B High energies (lightlike n = P’/P.P" and P.n=1)
and including transverse momenta

k' = x PP+ kb + (k% — kg )nt

— ®(x,kr; P,S) and TP (x,kr; P,S)
®m Polarized targets provide opportunities and challenges
M S* = Sp P* + M St + M? Sp n*
M?SH = Sy PPy 4 Lplngyt L a2 gy o

B At high energies x linked to scaling variables (e.g. x = Q%/2P.q) and
convolutions of transverse momenta are linked to azimuthal asymmetries
(noncollinearity) requiring semi-inclusivity and/or polarization



Collinear momentum fraction x = 0 and diffraction

At small x (and small t): [ L= '_2r — X (»M/2 — M2)]




Matrix elements for TMDs

m quark-quark

d&-Pd
;5 (x, prin )_/ 5(%)3& e E(P,S[6;(0) i) P,S) ‘s n=0

B gluon-gluon

d Pd2 ToP n nv
'™ (z, pr;n) :/ g(27r)3§T P (P,S| F™(0) F™ (€) |P,S) ’sn 0

B quark-gluon-quark

d Xd h l(p pl))(+zp1
(2p)’
v d'xd*h l(p py)-X¥ip,.

(2p)’

F . (p-pup|P)= 00—

<P\ v (0)D*(h) yl.(X)‘P>

F (p-p,p,1P)=0 "(P|y,(0)F™(h) y,(x)| P)



TMDs and color gauge invariance

B Gauge invariance in a non-local situation requires a gauge link U(0,&)

PO)(x) = éll X X0, ... 9, 1(0) 5
n 1 U (0, &) =.77€Xp[—igjds”Aﬂj

TO)U(0.5) y(x) = é% X POD, DO

t
®m Introduces path dependence for ®(x,p+) ‘_D
> &.P
0
® ‘Dominant’ paths: along lightcone connected at lightcone infinity (staples)
S
m Reduces to ‘straight line’ for ®(x) T —
® } 25
[U] 3
F(x,p,) P F(x) <




Matrix elements for TMDs

B quark-quark

d&-P d2
CI’E?](CUW;”):/ £(27r) & e’ (P,S[1;(0) Upo, (€)1 P.S) |, g

B gluon-gluon

(U, U] pv dde2€T ip-€ nu nv /
010 (0, prim) = [ g €7 (PS|F(0) U g F™(€) Upe oy 1P25)] g

B ... and even single Wilson loop correlator

v d&-Pd%r
5(@) Ty (prim) = / g € (PiSIU g Ulea) 1P:5)]

&-n=0



Quark correlators and gauge links

AdX.P)d°X. . .o
i) = 0 e (ply Oy lP), D

Xx.n=0

path dependent gauge link

€ Gauge links associated with resummation of dimension zero (not suppressed!)
collinear A" = A* gluons, leading for TMD correlators to process-dependence:

Time reversal g"

Belitsky, Ji, Yuan, 2003; Boer, M, Pijiman, 2003 | 8



Gluon correlators and gauge links

i d(X.P)d’x, . - _
G b[C’C](x,pT;n): 0 ((2[2)3 I o'P <P‘U[C] F (O)U[C]F b(X)‘P>

[x,0] [0,x]
€ The TMD gluon correlators need two links, which can have different paths. N

x.n=0

- 49 — ¢
F[_’_] F[_9+]
Ei Sr
m— Loont == ) L oan 2
=== 4 t < E = —
& €

€ Note presence of transverse gluons in the perturbative expansion of @AVl

Bomhof, M, Pijilman, 2006 9




Single Wilson loop correlator

0(x)

I‘[UvU/]

0

(pr;in) 2/

d&-Pd*Er

(2m)°

e (P.5|Ujg ¢ Ufe 07 1P+S) .

soft in
Diffractive
processes

B B A L

—_— R | —

(relevant at small x, t = p;2)

q1 =

q> =

Cf: Gieseke, Qiao, Bartels 2000; Dominguez, Xiao, Yuan 2011

10



Parametrization of gluon correlators

® Unpolarized target

i[U] _ =z N T I R P
I (kaT)_§ —9r fl (kaT)—i_ hl (kaT)

M?
m Vector polarized target

ij[U] T . ij (U] 2 Eéﬂiaké}a 1 [U] 2
Iy (x,kT)=§ ier Spgy (x, kT) + e Schiy (x, kT)

ij kSt i

ijU T [ gpe LU iephkr-ST U

02 o) = 55T o) = ST o )
St{iJ}

k{i oj
B eT{ Sgp}—i—eT T hl(x,k%)—

4AM

€¥ kg_f}aST il 2
OéMg th(xakT)}
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Definite rank TMDs

B Expansion in constant tensors in transverse momentum space

g’ = g" — Ptip¥l e = MY = et
B ... or traceless symmetric tensors (of definite rank)
Ky
ky. = kiky — 5ki g7
R = Kk — 13 (g + gif K + gkl )
m Simple azimuthal behavior: k't~ *™ «— |kp|eTm¢
functions showing up in cos(m¢) or sin(m¢) asymmetries (wrt e.g. ¢;)

m Simple Bessel transform to b-space (relevant for evolution):

o (2 by) = / bdb ., (kzb) Fy (. b)
0

Fm(ZI},b) = / kT dk‘T Jm(ka) Fm(a:,kT)
0
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Structure of gluon TMD PDFs in polarized target

B TMDs I...(X,k:%)

PARTON SPIN

GLUONS ab ab ab
-g° & P, ..

U , g Ng

% ‘\\\f]‘:,//; hl

0] ] = .

— y N h/\g

L b )

w g i

9({ T N N

8 4 8 8
= flT ng hl th

m Integrated (collinear) correlator: only circled ones survive

B Collinear functions are spin-spin correlations

B TMDs also momentum-spin correlations (spin-orbit) including also
T-odd (single-spin) functions (appearing in single-spin asymmetries)

PJM & Rodrigues, PR D63 (2001) 094021
Meissner, Metz and Goeke, PR D76 (2007) 034002
D Boer, S Cotogno, T van Daal, PJM, A Signori, Y Zhou, ArXiv 1607.01654
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Structure of gluon TMD PDFs in spin 1 target

TARGET SPIN

PARTON SPIN

GLUONS _ ??b e;w p?b’
U flg he
L glg he
! e g5 B R
LL {f &Y B
\J1LL 1LL
LT 1LgT g 1§T hngT h]f]\JgT
m i gl [hEHE Y

17T/ TATT

Jaffe & Manohar, Nuclear gluonometry, PL B223 (1989) 218
D Boer, S Cotogno, T van Daal, PJM, A Signori, Y Zhou, ArXiv 1607.01654
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Untangling operator structure in collinear case (reminder)

B Collinear functions and x-moments

F(x)= Od((X]))) le<P ‘)_/(O)U[[g] ]y(X)‘P>x.n:xT:o
o  d(X.P oiPX — N 17 7[n
F7(x) = § ((; )) (PO Uy 0[P)
e v d oiPX n n\N-1
P-N =0 ((;( }))) <P ‘y (0) U[[o]x] (D)"Y (X)‘P>X.n=XT=0

B Moments correspond to local matrix elements of operators that all have the
same twist since dim(D") = 0

F = (P[3A0)(D")** 310)| P)

B Moments are particularly useful because their anomalous dimensions can be
rigorously calculated and these can be Mellin transformed into the splitting
functions that govern the QCD evolution.

15



Transverse moments = operator structure of TMD PDFs

B Operator analysis for [U] dependence (e.g. [+] or [-]) TMD functions: in analogy
to Mellin moments consider transverse moments - role for quark-gluon m.e.

_ \ d(XP)d i X \ / a
F[ I(x, ppin)= (2p)° ’ <P‘y(O)U[o,+¥]’D Upes, ]y(x)‘P>Xn_0
calculable
= [fde p;tq)[U](x,pT;n)=&)§‘(x)+Céi]](I)g(X) ]

T-even T-odd

[Fa (x)=F* (x) = (x) ] T-even (gauge -invariant derivative)
'\ SR = P F )
R = 0y FoGrmno )

[ Fg (x)=p F;a (x,0]x) ] T-odd (soft-gluon or gluonic pole, ETQS m.e.)

Efremov, Teryaev; Qiu, Sterman;
Brodsky, Hwang, Schmidt; Boer, Teryaev; Bomhof, Pijlman, M 16




Gluonic pole factors are calculable

B CglYcalculable gluonic pole factors (quarks)

U U[i] U[+] U[D] ﬁTrc(U[D])U[”
o o oM L] ¢[(D)+]
c! +1 3 1

Cge 1 9 1

Csae 0 0 4

m Complicates life for ‘double p;’ situation such as Sivers-Sivers in DY, etc.

®m In essence the factors would come naturally in perturbative calculations

(Gamberg, Kang)

Buffing, Mukherjee, M, PRD86 (2012) 074030, ArXiv 1207.3221
Buffing, Mukherjee, M, PRD88 (2013) 054027, ArXiv 1306.5897

Buffing, M, PRL 112 (2014), 092002
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Operator classification of gluon TMDs

factor RANK OF GLUON TMDs FOR SPIN /2 HADRON
0 1 2 3
1 |/ g gl T
C%ch _ flfT\[Gc] hl[c;c] hlALE'nGc]] hlf\T[ch]
U GGe NGGe
gfgc ay; ... h, —
oy >

Process dependence in p; dependence of TMDs due to gluonic pole operators
(e.qg. affecting <p*>

R0 pr) = £, + Cog df 77 with sf 66 x) = 0

Multiple functions for rank 2 (double gluonic poles, multiple color configurations c)

D Boer, S Cotogno, T van Daal, PIJM, A Signori Y Zhou, ArXiv 1607.01654 18



Small x physics in terms of TMDs

®m The single Wilson-loop correlator T,

1 ko
Lo(kr) = e {e(k%) -7 er(k3) + .. }
factor RANK OF WILSON LOOP TMDs FOR SPIN "> HADRON
0 1 2 3
1 e
e,
Coce
Coste

®m Note limit x - 0 for gluon TMDs linked to gluonic pole m.e. of T,

i U UU’ i U,U’ v.un ke ki o
[(2%)2F9[U’U](O,kT)~CéG Iar 29 (kp) ~ Y] ;’ﬁrg Vo) ]

RHS depends in fact on t, which for x = 0 becomes p+?
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Small x physics in terms of gluon TMDs

m Note limit x - 0 for gluon TMDs linked to gluonic pole m.e. of T,
o / U,U'] o
> TP 0UN0,pr) = Cgg TG or)

m Dipole correlators: at small x only two structures for unpolarized and
transversely polarized nucleons: pomeron & odderon structure

z I e k) — el (k2)

zhy 7 (2, k) — P (k2)

DO

<

()
anse)
ason)

t ]QQQQQQQQQQO/
---,
Y

L+,—] 2 k?r +,—]/7.2
T fir (z, k1) — (k)

202 T
[+l 12 KT 12 , k
L hl (337 kT) ’ SYWE €T (kT) @ ®)
x ht’[f’_] (x, k%) — egjﬁ—] (k%) Agrees for x = 0 with

perturbatively generated e[GGC]

Dominguez, Xiao, Yuan 2011
D Boer, S Cotogno, T van Daal, PIJM, A Signori, Y Zhou, ArXiv 1607.01654
D Boer, MG Echevarria, PIJM, J Zhou, PRL 116 (2016) 122001, ArXiv 1511.03485 20




Conclusion

B (Generalized) universality of TMDs studied via operator product
expansion, extending the well-known collinear distributions to TMDs,
ordered into functions of definite rank.

B Knowledge of operator structure is important (e.g. in lattice calculations)
as well as for the small-x limits for gluons

m Multiple operator possibilities for higher rank functions

B The TMD PDFs appear in cross sections with specific calculable factors
that deviate from (or extend on) the naive parton universality for
hadron-hadron scattering but can also be addressed in pQCD

®m Applications in polarized high energy processes, even for unpolarized
hadrons (with linearly polarized gluons)

m Applications in diffractive processes and simplifications at small-x via
Wilson loop correlator, confirmed in perturbative calculations
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