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Understanding the proton(hadrons)

* Protons contribute to nearly 90% of the visible
mass in the universe, making up the bulk of the
mass of atoms.

— proton mass

* The proton is a composite particle, made up of
guarks and gluons.
— proton spin, mechanical properties of proton

* No color-charged objects have been observed in

Isolation
— color confinement mechanism Nature volume 615, pages 813-816 (2023)



Parton distribution functions

Factorization theorem

QCD factorization theorem separate non perturbative and perturbative

parts AQH% / \5 J. Collins 2011
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Non perturbative part I1s universal and called Parton distribution
functions
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Generalization of PDFs

More detailed structure of one parton

C. Lorcé, B. Pasquini 2013

Generalized Parton Distribution Functions

Kornelija’s talk

1 dZ — Nikola’s talk
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GTMDs and other PDFs

Relations for parton distribution functions C Loreé, B, Pasauini 2012
Generalized TMDs Q%EIXDZ |
5] S TR QAT e |

Polarization dependences

Leading Twist TMDs () tuskeon'ss n (o) auarkspn

Quark Polarization

Longitudinally Polarized @ Transversely Polarized

(T)

EIC white paper
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Color Glass Condensate(gluon saturation)

Gluon dominance

A ——— Increase the CM energy (x becomes small)

1.2

Q2 =10 GeV?-

xf(x,Q?)

Number of partons increase

0.8 B
: The number of partons become saturate
0.6 B because of the gluon recombination process
- Low Energy High Energy
0.4 B
|-
.
\\ i
- Xg >> X
0.2 - >
0 L ol Lol L 1 111l Tl . parton
10 107 102 107" 1 many new
Proton smaller partons  Proton
X (Xo, Q?) are produced (X, Q2)

Martin, A.D. et al. Eur.Phys.J. C63 (2009) 189-285 EIC white paper

“Color Condensate”



Color Glass Condensate
Meanings

E. lancu 2005

e Color: since the gluons carry the SU(3) ‘color’ charge of QCD

o (Glass: since the associated color fields evolve very slowly relative to natural
time scales, and are disordered

o Condensate: since the occupation numbers at saturation are of order 1/a,

which is the largest value permitted by the gluon repulsive interactions. So, the
saturated state is In fact a Bose condensate



Color Glass Condensate

Classical sources and fields

F.Gelis, E.Iancu, J.Jalilian-Marian and R.Venugopalan 2010

Color Glass Condensate separate soft and hard scale

---------------- fields sources —
- - k.
Ny P Evolution of the amplitudes
................ field . Ay
————— i Tao(@y) =D (A—g) HTwolwny.)
A; A P !
oT T

NLO

Solving classical Yang Mills eqg. — chO)ft mode gluon field through hard

mode Charge Lorenz gauge 0*A* = 0

D, F* = J* W= (e, )

—Via,(7) = p*(x)

Sy = 0"To(x )pa(zT, 1)
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Color Glass Condensate

F.Gelis, E.Iancu, J.Jalilian-Marian and R.Venugopalan 2010

Consider the physical expectation values as averaging the charge
distributions(hard) inside hadrons with gluon field(soft)

<O> A = / [Dp} W+ [p] @, [/0] / Dol Wi lp] (Tho +0T o) = / [Dpl Wy-[p] T

Wy = (1+ In(Ag /A7) H) W,

Quantum renormalization evolution of the charge distribution
B-JIMWLK equation

aWY [IO] H W [ ] Initial distribution: McLerran Venugopalan model(Gaussian due to CLT)
5Y i 9 pa(w_a .CCJ_)IOCL(Q:_, wL)_
. ! 5 . 5 Wuv(p] = Cexp —/da:_d T 22 ()
=3, ey el '
2
lay) = - [ Ky 2) (14 TV, - TV - TIT,)”

Klx,y,z) = (2" — 2 3(5 — %) Vi(x) = Pexp (ig/d:z;_oz“(x_, m)T“)
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Meanings of S matrix in gluon saturation

Deep Inelastic Scattering in Mueller’s dipole picture A 1 Musller 94

Y. V. Kovchegov and E. Levin, 2012
%
ol o
yog

A. Morreale and F. Salazar, 2021

Cross section for this DIS process

) 1 . 2 r r
e -2 frde, [ aofrfion @l - BTG

Dipole scattering amplitude
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Twist 2 gluon GTMDs

Leading twist operators C. Lorcé, B. Pasquini 2013
17 2 dZ—dQZJ- Ptz —ik |-z, / /A i ' /
Wiin = oy / RIS e (' N |tr (FT (—z/2)WF T (2/2)WV') [pA)

Twist 2 operators Connections to helicity amplitudes

U = 5Z]WZJ ) HA’)\’,A)\(Pa ka AannZ) — <p/7A/|O>\’>\(k7N;77i)|p7 A>

L = —icY WY ,

TR _ —WRR,
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H A — 2 2 ;
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Helicity decomposed amplitude and GTMDs
A parametrization of twist 2 gluon GTMDs

C. Lorcé, B. Pasquini 2013
Parametrization through S, P, D, F states

Helicity non-tlip Helicity flip

L co+ 0,—y k1L XA Lo+ 0,— L[k o4 2ty AR ot 2+
Spin H+%+1,+%+1 — 9 (Sl,la + Sl,la,) 1 M2 (Sl,lb + Sl,lb) ; H+%+1,+%—1 — = W(Dl,la + D,1 1) T W(Dl 15 T D/1,1b)
non-flip 1 : i x A 1 :k’2 A2
0, 0,— 1 1L, a0 0,— _ R [ 2,+ 12,+ R [ N2,+ 12,+
H—%+1 — 41 — 5 (S1ja_51 1a) — M2 (31;%_51,11)) ; H—%+1 e D)) W(Dl,la_Dl,la)+W(Dl 1b D1 1b)
1| kL, o4 0—\ Ar ot 0,— ~ 1[krp o4+  Ar o4
Spin H+%—I—1,—%+1 ~ 9 __M(Pl,la — Pl,la) - W(P1 b P1,1b) ; H+%+1 —2—-1— 9 MPl,la + iV Pl,lb :
flip L kR, o+ 0,— AR, o+ 0,— 1 ki o | Ag 2,+
H—%H 5+l — 9 M(Pl,la + Pl,la) T W(Pl,lb T Pl,lb) ) H—%H +3-17 "9 _WFl la T WFl,lb
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Parametrization of GTMDs at small x

Dipole amplitude representations

Small x limit of dipole gluon GTMDs e 20,  Potosta, 201
ON, (. 1. 1
Wiy — e ('Zﬂ + §AJ_) (ki ~ §A]¢) Nara

NAA:/dsz—/deJ— ik (s -y, )HiA,2utr ] (p'A'tr [V(z1)VT(yL)] [pA)

2m2 | (@2n)2" N, [PA|PA)

Relations to twist 2 operators

2N, A7 L . .
Usn =~ (ki f)NAfA, Parametrization of dipole amplitude
] 1 1
Larp = 21N (k. x ANy Nira = Oan N + 05— (AR L +1KT)NTp + 04, a2 (AAL +1AT)NT
LOS
2N, A2
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Matching of two parameterizations
Helicity non-flip part

We confirm the known results for unpolarized TMD and k,-moment of

Spin Orbit COrreIatiOn S.Bhattacharya, R.Boussarie and Y.Hatta, 2024
Spin non-flip Spin flip
2N A~ o4+  2Ne (Lo AT
.ZL‘S?:;LCL — aSC (ki 4L) N . TP, = . k] 1 Nit,
0— 2N N 5
QZSR_RL =0, TP = Qo (kL -AL)Niz +ATNT|
0+ _ ON. A~
w71 =0, - T (1 2
2N ’ Qg 4
R _ 2N,
xSl,lb - M N ' :CPlo’lb = — [kiNlT + (kJ_ ° AJ_)NT] :

g : Qg

15



Matching of two parameterizations
Gluon helicity flip part

the PT symmetry of the Wilson lines — some zero components

Spin non-flip Spin flip
2 2N, 2N, | A2 ]
xDljla — ¢ M2N7 .CIZP12”1_Z = —— (ki | = _/\/’fij -+ Q(kJ_ : AJ_)NT
’ QS g |l 4 i
r 2
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TMD limit

Consistency check

Relations between GTMDs and TMDs  parametrization of dipole amplitudes

2N,
zgir = zRe(S)',) = 0, NL (’ﬂ AL)P L
- ON. ., Ve 17 +1017,
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Obtained known relations
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4N,

33th — lem(Fi’l_tL) — MZO%T . D. Boer, T. Van Daal, P. J. Mulders, and E. Petreska, 2018
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TMD limit

Consistency check Leading Twist TMDS (D wsomson (=) s

Gluon Polarization

Relations between GTI\/IDS and TMDs

Un-Polarized Longitudinally Polarized Transversely Polarized
2]\7 (T)
s
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GPD Iimit

Azimuthal expanSion \F(C.)I;I_a;c(;aéng.\)/(\lé)t(iao and F.Yuan, 2017
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Conclusions

. The factorization theorem enables the separation of cross sections
INto perturbative and non-perturbative parts. The non-perturbative
component Is universal and encoded Iin the PDFs

. Within the CGC formalism, these PDFs can be expressed in terms of
expectation values of Wilson lines

. By parameterizing PDFs through twist expansion and using the CGC
framework, we establish connections among GTMDs. This provides a
unified description of PDFs directly via the dipole scattering amplitude
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Thank you!



