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Generalized Transverse Momentum Distributions (GTMDs)
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Wigner Distribution (z,k,,b, )

2-D Fourier Transform f =10
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GPDs (z,A)

FFs (A)

non-perturbative objects providing the most
general partonic description of hadron structure
functions of:

X/

*%* parton momentum
k=Pt 0,k))

s proton momentum transfer

A=p—p' = (-2¢P",0,4))

Light-cone coordinates
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Generalized Transverse Momentum Distributions (GTMDs)

e GTMD correlation functions = density matricesin the spin space
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y 2 (dz d%z,
WX{A(xr 61 kJ_; AJ_) = X

) @ © R

zt=0
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A (A") = initial (final) hadron helicity
p(p") = initial (final) hadron momentum

!

+
p=2 zp = average hadron momentum

W = Wilson lines

* Proposed processes:
» hard diffractive dijet productionin DIS
» exclusive double Drell-Yann
> exclusive ° production in ep collisions



Gluon GTMDs

2 (dz d%z,
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WX{A(X: ‘f) kJ_r AJ_) =

ixPtz"—ik, z, <p'A'

wlr (=5)we ) el

* different components of WX{A are gathered into helicity matrix in a joint proton (A = + %) and gluon
(A = 1) helicity space

t=0

U9 = §YWHY unpolarized gluons

1 1 o
o > (U9 + LI)prp > TI:\?A A L9 = —ieY WY longitudinally polarized gluons
, g imioi
XM ng E(Ug —L9)yia Ty = —R'RIWY transversely polarized
2 LA 2 AA T9 = —LiLJwY gluons

= 2 X 2 matrixin proton helicity space and 2 X 2 matrix in gluon helicity space
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* we choose staple-shaped Wilson lines, one 5
future pointing and the other past pointing
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Leading twist parametrization

H/%’/l’ L~ angular momentum structure X scalar function (GTMD)

« OAMtransfer Al,=A —1 —(A —-1")

m . .
* carries my — m, + mz — my, units of OAM

mq;. My xM
= structure kp “k; A A,
Lorce, Pasquini, JHEP, 2013.

* four helicity-flip (HF) cases
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* 16 independent GTMDs labelled as

Al, = S,P,D,F
ASz,cp AS, — spin transfer
(Alz)t (x, &,k ,A)) ¢, — light-front parity
t —twist-1
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two other elements Hg1

example:

we can isolate a particular GTMD with a linear combination of helicity matrix elements

1 Z 9 1
BY 1 1
Zﬂ,zil +EA,+§A 2

Hg
——A——A
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L are obtained by LF parity

P0+g+ P0 9
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GTMDs

Sf’fcig - unpolarized
Spad - OAM

Spaed - helicity

0,—;9 . .
Si1p - Spin-orbit

A -0
TMDs
S1i9 > £9(x, k) unpolarized

Sf"l_cig - g7, (x, k) helicity
J d?k,

PDFs
f9(x, k) - f9(x) unpolarized
gigL(x, k,) - Ag(x) helicity



3) GLUON HELICITY FLIP CASE
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4) BOTH PROTON AND GLUON HELICITY FLIP
1 [k 2 A 2
fl_,_l_l_l =~ [ RPlltzg + RP11-Zg]
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fl.}.l +l_ = _% %Flzltlg + AR Flzl-il_)g]
2 )

* there are 16 independent gluon GTMDs

m==) what is their high energy behaviour?




Color Glass Condensate (CGC)

at high energies, small-x gluons dominate inside the proton

EFT describing saturated gluons is the Color Glass
Condensate

small-x partons i large-x partons
.'1'(]10 )
| £
1 k
gauge field A sources [
[ THY] — TV 7
[Dyu, F*¥*] = J W, [p]

quark interaction with CGC leads to modification of propagator

S(z,w) =0(z")0(w™)Sy(z,w) + 0(—z7)08(—w™)Sy(z, w)

X C) eum

Q% =10 GeV?

Xu,

+0(z7)0(—w™) [d*y §(y7) So(z, )y~ Sor,wIV(y,) —0(=2z7)0(w™) [ d*y §(y7) So(z, )y~ So (v, wIVT(y,)

: ++?+ ﬂ+

Vix,)=P exp(—igf oodx‘A"‘(x‘,xl))

longitudinal
Wilson lines
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Matching to the gluon dipole GTMD at small-x

* gluondipole correlator at small-x andaté =0

WX{A(x:’E = 0! kJ_ 'AJ_) =

e (i w2 (k] =280 ) spntho,B0)
ag \" T 20 LT L ) PAAREL AL factorization of spin indices!

_ dle d yi _lkJ_ (xJ_ yl)'l'l AL a2 }’J_ 1 (p A,|tr[V+(xJ_)V(yl)]|pA>
Saalky,AL) = f(2n)2 / (2n)2 N (PA|PA)

* gluondipole GTMD is parametrized with 3 complex scalar functions

2Ak1+iKk? 2AAT+iA?
Saa(ky,By) =85pS(ky, ML) + 65 _p S St (kgAY +6p_p = Sr(ky,A))
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* master formulas read from w;/,

2N,
fo/A = _C(ki -

aS
2iN,
xL7, = a (ky XA )Sprp
2N A?
g _ c 2 R
xTR’A,A —_— = as (kR __>SAIA

Non-helicity flip matrix elements

ng1 1 =xHi+1__Jr1

Nc

= k? Ai S+i(k, xA))S
—as 1 4 I\K, 1

= GTMDs are expresed in terms of Pomerons and Odderons

. 2N A?
XSi1a == (ki - —l) S

11a *911b vanish in the strict high energy limit (not generally!)
= for non-zero results one needs to go beyond eikonal

approximation

* non-vanishing GTMDs are proportional to the same scalar

function

forward limit (A, — 0):

ki

0,—; 0,+;
xS 9 ~ M2xS, 9

1,1b

1,1a

= beautiful interpretation: spin-orbit entanglament

(048 4

0,—;g —
xSl,la =0

0,+;9 _
xS11p =0

: 2N,
0;_;9 —_— c
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0,+;9 __ 2N¢ 2 AZL 1 2,+9 _ 2N¢ 3.2
xPl,la ——(kJ_ —T SIT xD —a—sM S

ag 1,1a
0—9 _ 2N 1 2 12,+,9 __
0,+; 2N A% 12,49 _
xP Y === (ki — —l) St xDi1p 0
4 as 4
2;+;g NC 2
0—9 _ 2Ncrp2 L xD = ——M*S
XP 1y = w [kiSir + (k- A,)Sr] Tl 2as
. . 2 2,+;9 _ 2 2,+9 _ ag2..c0+:9
K3xP 10 ~ —(ky - A )xPS kixDiyq, = —4kixDy’y,” = M"xS .
k2xP° 9 ~ k2xP°H9 4+ (k, - A,)xP%9 . .
17711 1xPyrg + (k- A)XP = GTMDs with different AM transfer are
connected!

= parity-odd GTMDs can be expressed
as linear combination of parity-even
GTMDs

K i

forward limit (A} = 0):  fg = oz
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2,+;9 2N, [( 2 Ai) 1
xP =——\ki ——) Si++2(k,-A,)S 249 _ ..p0+g 0,9
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k 2_j2 A2 Ay 2 —_
F2H9 — 2Ne g2 4k A1)~ J.AJ._TSJ_ L 20Apad o
Lla as 4(ky-A)2-K30% 1T 7 a4k, A))2-K3AZ T
— 2 2+9 _ ap2..potig
2 272 _p4 kixF .~ =~ M7xP 1,
249 _ _ Ncpm ki(ky-Ay) 1, 14(ky-A)?-kiAT -k
xF " =——M 2z oir T 5O
. k2
forward limit (A; — 0): lg _ p9 — "L plyg
T 1 2M2 1T AS, = 2 and AS, = 0 GTMDs are connected
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GPD(x,A4,) = [ d?k, GTMD(x,k,,A)) -
* Fourier expansion of Pomeron by T
Z(kJ_ ‘AJ_)Z ‘\ a,
Plky,Ay) =Po(lko |, [AL]D) + WV, 1{2P(lko|, 14, + - by
k1A
ISOTROPIC ELLIPTIC
Sensitive to the relative
2N ientati i
xH9 = 2 [ 2k k3P rone o
4-N 2
XE'g_ CdekJ-k [2MZ(‘{P1T0+?1T€)+?T0]
Relevance:
ng ﬂ d’k k? k_lgallT 0 1) calculate Pomerons
8N k
xEJ = —a—CA—zfdzklkz [73 + l731Te‘|‘273T.s] .
AN S . determine GPDs
g9 _ 2 2 — i
xHy = a—s"Ef d“k k5 [M_lszIT,E + ZPT’E] 2) small—x evolution

= small-x gluon GPDs in terms of Pomerons
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Sea quark GTMDs

almostidentical parametrization to the gluon case
= the only difference being that quarks are spin-1/2 particles

AL, =0 AL =1 AL =1 AL, = 0 or 2
k A k A 2 2
MZ M M M M Mz an Mz

peal

similar to the gluon case, there are 16 independet GTMDs

313

Y

we choose past pointing Wislon staple W

[STES]

I' = y* — unpolarized quarks

[T] _1pdz7d?z, gy tz7—ik,z, < AT | T (_ E) (E) > I' = y*ys —longitudinally polarized
WA'A(x’ &k ,A)) = zf @ € p A Y . Wry > PA) | +=0 W iRy
I'= iUL+]/5
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in covariant gauge transverse part of Wilson staple decouples correlator becomes

W[F] (x f k. A ) _l d3Z d3W eixP+z_—ikJ_.zJ_< ,A’|l/;(W)W w Fl,b(Z)l A)|
AIA yS)yNvj =) ) — 2 (27‘[)3f d3x p Ww,—00 —00,Z p Z+=0

fermion fields are contracted in background propagator Y (z)yY(w) —» —S(z, w)

S(z,w) =0(z7)0(w™)Se(z,w) +0(—z7)8(—w™)Sy(z,w)

+0(z7)0(—w™) [d*y 8(y7) So(z,¥)Y So(y, WIV(yy) — 0(=2z7)0(w™) [d*y §(y7) So(z,¥)y ™ So(y, w)VT(y,)

technical trick: since gluon fields in Wilson lines are localized in the origin, we can stretch

Wy o0 = Wey—o(Wwy) = VT(w,) = connection to the gluon dipole operator

due to gamma matrix trace identites: Td=T!=0

= all GTMDs with quark helicity flip vanish at small-x! (to get non-zero results
one must go beyond eikonal approximation)
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for helicity matrix elements we obtain:

-A
foZ% ; - kg Ay — kg k) (P +i kg1 L2 0)
N: k ><A
XL == ;n aBa f d’ky k) - (ky — kg )By(ky — kg, k)P
again as in the gluon case: Sf,’;lq = Sﬁ’féq =0

high-energy limit

non-vanishing distributions (X is real part of GTMD and Y is imaginary):

k k3
A(qy,ky) =2 [1 - kzq_qz log (%)]

a1
1 k2
Ba(qu k1) =7z log (7

= the helicity and OAM distribution vanish in the

2
S0,+;q _ 2 Nc 2(ky-AyL) 2 2(kykg1)
XX3 15 f d?ky APy + = [—szz 1| [ d%k,, ~H
S0,+;9 __ 2 kJ_'ng.
Yl,la zﬂzfd ng. ki A 00

S0,—;
xX11p 1 =2N.M? fkgl key - (ky —

S0,—q __
xY1 1b =0

2 50,—;q
kixX

1,1b

1
— M2+ yS50,t:q
= 2M XX1,1a

kg, )B,P

1] AP,

M

00000
TO0000
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Proton helicity flip

= all non-vanishing
GTMDs are expressed
in terms of Pomerons
and Odderons

2 2
PO,+;9 _ Nc 2 kgy |2(kikgr)” L
xXi1q " =55 ) d%kg A k7 | TR, 1| Piz,o +
2 4 2
k2 A% n2 957" k3 | Kikgy kikZ, €

PO+;q _ Nc r 2 kikgr o1
XYi1a " = Z,Tzfd kg A %] Oir0

y P04 N¢ szdzk (kJ.'ng.)Z 1)2B, + 2(kJ.'ng.)2 kikgi 1181 k2. oL
X = — ~= g7 _ — —

Lla 212 k2 gL\ K3kZ, 1 k3kZ, K2, 2| "gL¥iT,0

xPoia — Ne g2y g K fg Ceukgn)’| [0 2kkg)” ) |
X = — =] — = — = J-7

1,1b 272 gl M2 kik(zgl) 1T,0 sz_ng_ 1T,e T,0

2 T 4 2 2
n Z(RJ_'AJ_)Z_l &fdzk PR _ Hkikgr) | 5(kikgy) _1|pL 4 2(kykg1) _1le
kAl m? gL | m? kikg, kik3, 1T.e kK2, T.€

YPO;_;q — N¢ de B (kJ.'ng.)z kJ.'ng. kz OJ_
X11,1p _anf glP2|™ k3KZ, + K2, gL¥1T,0

PO,—;q _ PO,—;q _ PO,+;q _
Xipa" =X =Y =0
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« high -k, limit

2 2
—2(ky - kgy )" +3Kk3kZ, . ky, kg —4(k, kg, )" +5kikZ,

A
” 3k* 12 3k*

* inserting thatin obtained expressions for GTMDs and performing angular averaging we have

I
I ~
XS04y kAL = as H9(x,Ay) 2(ky-A)? —kIAT a; E{(x,A))+2H7(x,A)) 1 off-forward correction,
%11a VT T enz k2 I k2 M?2 4872 k2 : quadraticin A,
e e e e e e e e o
forward limit as £7(x)
A fl( x k) = Sz - 2
1 =0 om- ki

* imaginary part of GTMD is related to the twist-3 GPDs related to Odderons

_as M%210,(x,A))
6w k2 x k2

1Sfa+ q( kJ_, AJ_)
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* high - k, tail of proton helicity flip distributions

(043 M2 Hg(x;Al)

P0+q
1 la ( kJ—’ AJ—) - 12 2 k2 k2

as HZ(x,A;)+2E9(x,A})

_ 2(ky-Ap)*-kiAg

(283 H'Ig’ (X,AJ_)

PO +;q _

1 1b (x, k;,A,) = K k3 M2 48 2 K3

PO"‘CI “sM 102(xA_L)

1 1a ( kJ_; AJ.) — 67T k k2

po, iq as M*10,(x,A)) PO+q _ _opr2yPO—q _ PO,+;q
Vitg (o kA =———~ kiYi1q 2M*Y; 14 —2k1Y 1;

4 2
12 k7 x ki

as M?10,(x,A))
12m k3 x kA

PO, ;
11b q(x kJ_'AJ_) —

* tail of sea-quark Sivers function at small—x

lq9 _ PO+
1T Yl,la

AJ_=O

ol (x,ky ) =

ag M2102(x,AJ_ = 0)

6mk:x k2
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* we find that only 2 leading twist sea-quark GPDs are non-vanishing

N¢
212

N, kg

xHY =

Jd?k, d?kg A(k, — kg, k)P = sea quark GPDs at small-x and
vanhishing skewness expressed as
convolution of Pomerons with hard

kernel
* recall:
xHYI = % [ d?k, k3P,
xE9 = 40(—]? d’k, k7 lzk_ﬂ,'ZILz (7)1J'T,0 + ?1J'T,e) + ?T.Ol

* identical Pomeron structure in quark and
gluon GPDs of the same type

000000

000000
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we have performed a systematic computation of all gluon and sea-quark GTMDs at small-x and
vanishing skewness in terms of the gluon dipole distribution
gluon case:
» outof 16 independent GTMDs, 4 of them vanish exactly (helicity-type)
» 12 others are fully described in terms of Pomerons and Odderons
» only 3 are independent
» we have clarified the role of Pomerons and Odderons in the gluon GPDs
sea-quark case:
» out of 16 independet GTMDs, 10 of them vanish exactly (helicity-type and transversity-type)
» 6 others are expressed as convolutions of Pomerons (Odderons) with hard kernel

» in perturbative, high-k |, limit we were able to factorize all the sea-quark GTMDs in terms of
the gluon GPDs
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