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Transverse-momentum-dependent (TMD) factorization

Color Glass Condensate (CGC)



Factorization:

Non-perturbative parton densities
X
Perturbative partonic cross section



Deep Inelastic Scattering (DIS)  e(l) + p(P) — e(l') + X

HERA event; arXiv:1301.7572



Deep Inelastic Scattering (DIS)  e(l) + H(P) — e(l') + X

Remnant i




Deep Inelastic Scattering (DIS)  e(l) + p(P) — e(l') + X

;;'z:';-.u
Quark Jet Quark Jet
e(l™) Momentum transferred: Distance scale probed:
e(I") i / O= \/_qz ~ 1/@
%777: gil ()=100GeV ~0.01 fm
ﬂ\ [ Proton’s rest frame: Time of parton interaction ~ 1fm/c .
Pp) | X Boosted frame: Time dilation factor ~ 150; 7

Last parton interaction happened ~ 100 fm before eq int.



Infinite Momentum Frame
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Infinite Momentum Frame

k
/\ > Pt = (P*,M;/(2P"),07)
b \/ k= (kT k™ kr)
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Infinite momentum frame:  k* ~ (Q,0,07)



Infinite Momentum Frame

k
A > Pt = (P*,M;/(2P"),07)
o v gt = (kT k™ k)
=t 410 L 0 2
. P _\/i(P 2 a6

z

Infinite momentum frame:  k* ~ (Q,0,07)

Define:
Fractional momentum of the parton: & =kt /P~
Parton distribution function (PDF)

Number distribution of partons:  f;(&)

Momentum distribution of partons: £fi(&) 10
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Bjorken scaling
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QCD corrections to the parton model
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Leading regions of momenta

1)Hard; S
2)Collinear;
3)Soft.

S. B. Libby and G. F. Sterman, 1978
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Leading regions of momenta

1)Hard;
2)Collinear;
3)Soft.
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Leading regions of momenta

1)Hard;
2)Collinear;
3)Soft.

Hard region ~ w'® 4+ a,(Q)w™ + a2(Q)w'® + ...
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Leading regions of momenta

1)Hard; S
2)Collinear;
3)Soft.

Y

Singularities in the massless limit m — 0 : . i !

k14— m? o i cesU
« Soft infrared divergence: FEk— 0, B — 0; ( ) pE(L =0 ki)

» Collinear infrared divergence: 6x — 0. B= 1+



Leading regions of momenta

1)Hard;
2)Collinear;
3)Soft.

Factorization scale u
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Leading regions of momenta

1)Hard;
2)Collinear;
3)Soft.

Factorization scale u
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Leading regions of momenta

1)Hard;
2)Collinear;
3)Soft.

Factorization scale u
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Leading regions of momenta

1)Hard; S
2)Collinear;
3)Soft.

Y

Factorization scale u~ Q@
23

DGLAP evolution equations, Q2 — 0, X is fixed. Dokshitzer—Gribov—Lipatov—Altarelli—Parisi



Leading contributions

L

e+p—re+ X

Parton model

BES
; ;_

B
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SAES ek

L

Y

Electromagnetic interaction Lagrangian for the quark fields: [,em_q = —eA¥ JM(LE)

Quark-electromagnetic current:

Ju(z) = erbpy iy
7

Hadronic part:

1 Z (P|J*(0)|X) (X|J*(0)|P) 6 (Px — P —q)
N / diz €9 (P4 (2)J” (0)| P)
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1O = [ Gme e (Pla W 0 uo)lP)

Wi(a,b) = Pexp

b
z'g/ dzA;L(z)ta]



f(&) = / dj—;e—%m <P|

Number density interpretation:
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Transverse-momentum-dependent (TMD) distributions
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Transverse-momentum-dependent (TMD) distributions
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Transverse-momentum-dependent (TMD) factorization

e+p—e+h+X SIDIS

p+p—ut+um+X Drell-Yan

do ~ |HI? ® fsiprs(& kr) ® D(z,pr) ® S(ir)

NP — zky — pr — 1
X ( hT ZRT — PT T) do ~ |I{|2 X fADY (fa,kTa) ) fBDY (gbaka> %Y S<ZT>

x 82 (gr — kro — k1o — l7)

J. C. Collins and A. Metz, 2004 J.C. Collins, D.E. Soper and G. Sterman, 1985 31

X. D. Ji, dJ. P. Ma and F. Yuan, 2005 X. D. Ji, dJ. P. Ma and F. Yuan, 2004



Definition of quark and gluon TMDs

Uelen o /dz+d2zempz+_ikt'z <P| W (z+, zt) sy ) (O+,Ot)} \P>

TG /dz+d2zempz+_mt’z (Pl o o TV e sslic 0) S (00 0] | R

FHv = ghAY — §¥ AH — jg[A¥, A]

b
ig/ dz As

Wprocess =P exXp
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Transverse-momentum-dependent (TMD) factorization

e+p—e+h+X SIDIS p+p—pt+u +X Drell-Yan

7] 7=

S. J. Brodsky, D. S. Hwang, and I. Schmidt, 2002; J.C. Collins, 2002 33

A. V. Belitsky, X. Ji, and F. Yuan, 2003; D. Boer, P. J. Mulders, and F. Pijlman, 2003



Transverse-momentum-dependent (TMD) distributions

 Distribution of partons in three-dimensional momentum space
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Transverse-momentum-dependent (TMD) distributions

2 A 0 A -2
« Models; ky po—r——
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Transverse-momentum-dependent (TMD) distributions

‘ w Z production

» Global fits; e 53 s s ;

Vs=18TeV Vs=1.8TeV Vs=1.96 TeV Vs=1.96TeV 10

N
P
A

V)

X o
=&l
q<
a

 Models:

)
)

[
o

25 (Q?)=4.3 GeV? (Q?)=4.8 GeV? (Q?)=4.8 GeV? (Q?)=4.8 GeV?
. ﬁ . (x)=0.022 (x)=0.033 (x)=0.055 (x)=0.095
b Lattlce 720 g f-\ ‘/‘\ f\ /\
IXAAAN
E15 2 /\ /\ /\ A
g 2 /‘\ /'\ /\
E AN AN A AN
e 1 3
5 @ (@?)=3. GeV2 (@?)=3. GeV2 (@?)=3. GeV? (@»=3.Gev?| 03 0.6 0.9
()=0.015 (x)=0.022 (x)=0.033 (0=0.055 | Phr[GeV]
e £ B0 51201 I50E 1005 120 115 10, 115 420 T 5 10/ {51120 & ﬂ A A
3¢ Fermilab Dy e e NININ IR
E288, v/s=19.4GeV  E288, /s =23.8 GeV E288, /s = 27.4 GeV E605, /s = 38.8 GeV 2 2 % {‘% {,’% f/ﬁ'::::
= + * 1=0.4 1=0.21 1=0.03 * Xp=0.1 i
+ 15 + (@)=1.5GeV? (Q¥)=1.8 GeV? (@?)=2. GeV? (@?)=2. GeV? (@?)=2. GeV? (@Q¥)=2. GeV?
i M 10 + 8 (x)=0.007 (x)=0.01 (x)=0.015 (x)=0.022 (x)=0.033 (x)=0.055
1 : AN IR AR R IA
5 } = f\ /\ f\ /\ ff\ ,/"\
5 + 5 2 f\
g + /—\ ! Al /\ /‘\ /\ /\ /\ /\
o’ N NN AN A A
2 l A -2 @ AW 1PN PN N N
("_)U | 3
g"'.f SM % b } o 03 06 09 030609 030609 030609 030609 030609
= | % Phr[GeV] Phr[GeV] Pnr[GeV] Phr[GeV] Phr[GeV] Phr[GeV]
/‘\ /\ -of A1}
0 i 21 3 7 3 3 i 5 3 i 3 3
arlGeV] arlGeV] arlGeV] arlGeV] 36
o (Q)=4.5GeV (offset=16) 4 (Q)=7.5 GeV (offset =4) » (Q=11.5 GeV (offset =-4) A. BaCChetta, F. Delcarro, C.Pisano, M. RadiCi, A. Signori, 2017
= (Q)=5.5 GeV (offset =12) (Q)=8.5 GeV (offset =0) x (Q)=12.5 GeV (offset =—10)

+ (Q)=6.5 GeV (offset =8) (Q)=11.0 GeV (offset =-4) * (Q)=13.5 GeV (offset =—14)



Transverse-momentum-dependent (TMD) distributions

 Distribution of partons in three-dimensional momentum space

« TMD factorization and non-universality

Semi-inclusive DIS;

Drell-Yan;

Jets or hadrons produced back-to-back in DIS;

Jets or hadrons produced back-to-back in ete- annihilation;

? Jets or hadrons produced back-to-back in pp and pA collisions.
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Color Glass Condensate for gluon distributions at small x
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Color Glass Condensate for gluon distributions at small x

xf
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High-energy limit = Small-x limit

Q% isfixed, s—> o0, —0

H1 and ZEUS

xf

Q=10 GeV?

—— HERAPDF1.0

I exp. uncert.

| model uncert.

[ parametrization uncert. xu,

0.8 -

0.6 -

xg (x 0.05)

%

04 -

.

_XS (X 0.05)

02

10 107 107 10" 1
X

H1 and ZEUS Collaborations (2010)

41



1
1115

Ener 9Y -3

Resolution scale =—3» >

42



Yang-Mills Lagrangian:
1 1
Ly = = 50" A Oy Aoy + 50" AV D, Ay

2
a c,V g a c y
—9fabe (O A7) APMHASY — ZfeabfechuAgA HAD:

1
Saturation for a strong gluon field: A, ~ —

9

High occupation number of gluons => Classical gluon field at small x

Saturation scale Qs> Agep => as(Qs) K1

L. D. McLerran and R. Venugopalan, 1994
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Separation of collective degrees of freedom:

Partons with large x act as sources for the gluons with small x

Solve classical Yang-Mills equations for the gluon field with current
generated by the sources p at large x:

Dy, F* = J" JH = P 6(x7 ) pa(y)

L. D. McLerran and R. Venugopalan, 1994
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The color sources are random, described by a distribution W/p].

Observables:

e A model, Gaussian distribution:

B 3 PaPa
W pl —exp{—/d x 002 }

L. D. McLerran and R. Venugopalan, 1994

46



Quantum corrections enter through renormalization group equation.

Separation scale A" AT
fA+ S[A ] ,l—l . k+
[DA] C’)[p]ez P Fields Sources
)= [ DA Wil S AT A
Fields " Sources
Small-x evolution equation: Resummation of high-energy logarithms:
1
oW+ [p)] J ag In —
= —H — | W T
91n (A_|_) P; 5p AT [p]
Jalilian-Marian—lancu—McLerran—-Weigert—Leonidov—Kovner - Balitsky-Kovchegov
(JIMWLK) Large N. (BK)

« A Gaussian (MV) model for the initial condition:

W p| = exp {— /dgch;/f;} 47




CGC can be applied in:

Electron — Proton
Proton — Proton
Proton — Nucleus
Nucleus — Nucleus

48



2 .
Electron — Proton g ~ W'y—ﬂm‘ & Odipole

M{;— + Classical MV resums a2 A3
PR 1 T
| O-dipole(xv Tt) ~ [Dp] VVA+ [p] 1 — Ftr [U(xt>U (ytﬂ
< C
: 1
e Quantum evolution resums o, In —
x
OWa+lp] 0
» Eikonal approximation:
B .
At il
U(x) = Pexp {z’g/da:_A:{(a:_,X)t“ WViee) = 12 [ig/dm‘Az(x_,x)T‘z

49

Fundamental/Adjoint eikonal Wilson line



Proton — Proton
Proton — Nucleus
Nucleus — Nucleus

U(x) = Pexp [ig/da:_A:{(x_,X)t“

3
o e  fErataes =
: :
o .3
o 1
<
p— A
3
AT < -
8
‘ v
|
-

V(x) = Pexp [ig/da:_A;L" (x~,x)T°
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Proton — Proton
Proton — Nucleus
Nucleus — Nucleus

Classical Yang-Mills EOM:
Dy B = J”

JH = 5u+p1 s 5u+02

Observables:

(0) = / Dp1Dps] Wi (1] Walp2] Ol

Quantum corrections through small-x evolution:

OWp+ [p
9Tn (AS)

= —Hi2 W+ |p|

3
q
¢
4
p— A
3
3
R
4
A—A

L

oy

€0

8 g

oY

€

g
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Proton — Proton )
Proton — Nucleus 3‘ o
Nucleus — Nucleus

¥ §
3 ;
p— A
Classical Yang-Mills EOM: 3 '?,
2 4
D, F*| =J" o
Dy I S
3
JH = 5“+p1 + 5“+[)2 ; "}
Observables:

(0) = / Dp1Dps] Wi (1] Walp2] Ol

Quantum corrections through small-x evolution:

OWp+ [p
9Tn (AS)

= —Hi,2 Wa=|p]



Geometric scaling in DIS Forward hadron production in pA

E_ 10— Lo e GBW rCBKA(ZQCD:O'01
€§ B O i
© B +NLO E
= +Ly+ L |
i e ATLAS |
10’ g =
S,
4
z| s §
% ]
T
reBK A3 cp = 0.01
10 : ‘ ‘
B 1O
S EEE +NLO E
ZEUS BPT 97 o oL, 4 Ly [ +Lg+ Ly |]
ZEUS BPC 95 e STAR
H1 low Q95 A 2
1 ZEUS+H1 high Q° 94-95 ) & -
[ E665 v %
x<0.01 %
all Q%
10" ‘ : wl L
10 1072 10! 1 10 10 10° ! \ ! !
1.2 14 1.6 1.8 1.2 1.4 1.6 1.8
p1[GeV] p1[GeV]

A. M. Stasto, K. Golec-Biernat, J. Kwiecinski, 2001
K. Watanabe, B. W. Xiao, F. Yuan, D. Zaslavsky, 2015

Di-hadron correlations in d+Au Flow coefficients in AA
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The Color Glass Condensate provides a universal picture
of the 3D momentum (and position) distribution of gluons
inside protons and nuclei at small x.

Use CGC to study gluon TMD distributions at small x.
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Transverse Momentum
Color Glass Condensate (CGC
Dependent (TMD) factorization ( )

* Ordering of momentum scales: * No ordering of momentum scales;
P << Q
* Any X; * Small x;
* TMD gluon distributions: * Averages of Wilson lines:
~F.T.(P|Tr [F™ (2, 2:) W(z,0)F" (0F,0,)] |P) o <Tr (U(b)UT (b )¢ [V<x)vf(x’)}6d>w[ ]
p

b
W = Pexp [zg/ dos 1

G e {ig /_ O:O d:c—A;(x—,xw]



Transverse Momentum
Dependent (TMD) factorization

* Ordering of momentum scales:

P << Q)

* Any x —» Small-x limit.

* TMD gluon distributions:

~F.T.(P|Tr [F*~ (21, 2,) W(2,0)F*~ (0%,0¢)] |P)

l

~ F.T(Tx [(8iU)U] . .. (3,Uy)UL]),,

(]

Color Glass Condensate (CGC)

* No ordering of momentum scales;

P K Q)

* Small x;

* Averages of Wilson lines:

o <Tr (U(b)UT (b )¢ [v<x)vf(x’)}6d>

l

~ F.T(Tx [(8iU)U] . .. (3,Uy)UL]),,

Wp]

(]



TMD factorization = CGC

* Semi-inclusive DIS;

Drell-Yan;

Dijet production in DIS;

Direct photon-jet production in pA,;
Dijet production in pp and pA.

F. Dominguez, C. Marquet, B. Xiao, F. Yuan, 2011;

F. Dominguez, B. Xiao, F. Yuan, 2011;

A. Metz, J. Zhou, 2011;

F. Dominguez J.W. Qiu, B. W. Xiao, F. Yuan, 2012 ;

P. Kotko, K. Kutak, C. Marquet, E. P., S. Sapeta, A. van Hameren, 2015;
C. Marquet, E.P., C. Roiesnel, 2016.
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Non-universality

Direct photon-jet production in pA,;
Dijet production in pp and pA.

Dipole gluon distribution Weizsacker-Williams distribution
TN - BT <Tr [F ©UNF (O)L{Hq > LMD B <Tr [F ©UHIF (O)L{[ﬂ >
eee L @nflot, ) Ui CGC ~ F.T. (Tr [(8,Ux) UJ (8:Uy) UJ]),,,
Appears in: Appears in:

e Semi-inclusive DIS;  Dijet production in DIS;

e Drell-Yan; « Higgs production from gluon fusion in pA;

e Hadron production in pA,;  Dijet production in pp and pA.

. 2 2 /1.2

* No probabilistic interpretation. * Probabilistic interpretation as number density.



Express TMDs in terms of the same Wilson lines — Universality.

Study TMDs using CGC methods:
* Small-x evolution;
* Perturbative behavior at large transverse momenta;

Use CGC to derive relations between different TMDs:

Derive effective TMD factorization from CGC at small x
for processes where it cannot be derived in a general case.
* Eg: Forward dijet production in pA.

59



Forward dijet production in pA

p(pp) + A(pa) — J1(p1) + ja(p2) + X
(Pp) (Pa) 1(p1) + j2(p2) Close to back-to-back:

P1t

- k| = |p1e + pat| < e, [pas
@ \>
//\ P2t
Collinear PDF Hard factor 8 TMDS
do.pA—)dijets—I—X () 1
= 45 1y H ]—"<Z (2, k
dy1dy2d?prd?pa; (z1225)? Z fasp(w1, 8 Z ag—ed g t>1 + Sed

a.c,d

Bombhof, Mulders and Pijlman (2006)

Dominguez, Marquet, Xiao and Yuan (2011) 60
Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

Marquet, EP, Roiesnel (2016)



Forward dijet production in pA

p(pp) + A(pa) — J1(p1) + ja(p2) + X
(Pp) (Pa) 1(p1) + j2(p2) Close to back-to-back:

- k| = |p1t + pa| < |pasls |pas
@ \>
//\ P2t
Collinear PDF Hard factor 8 TMDS
do.pA—)dijets—I—X () 1
= 45 1y H' ]—"<Z (2, k
dyrdyod?prid?pay  (x1728)? Z 1fa/p(1, 17 Z e . t>1 + g

a.c,d

Bombhof, Mulders and Pijlman (2006)

Dominguez, Marquet, Xiao and Yuan (2011) 61
Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

Marquet, EP, Roiesnel (2016)



Forward dijet production in pA

p(pp) + A(pa) — j1(p1) + jap2) + X
Close to back-to-back:

- k| = |p1t + pa| < |pasls |pas
@& //\\>
P2t
Collinear PDF Hard factor 8 TMDs
doPA—dijets+X (4) 1
= 21 fo/n(T H® ]—"<Z K
dy1dysd?p1d?pe;  (x1225)? ;d tasp(@1; o Z agca (3 t)l + ded
<TI“ [F (€)U[_”F(0)U[+q> Dipole distribution

<Tr [Fi—(g) Uttt Fi= (o) U[HD Weizsacker-Williams gluon distribution

<Tr [Fi—(g) U Fi= () u[ﬂ} Tr [u[51]> <Tr :Fi—(g) ug[D]T} Tr [Fi—(()) u(ED]]>
(T [F= (&) UM F (o)t e [uF] ) (Tr [Fi= (&) uPMut F 0) uf Ut )

' 62
<Tr {FZ—(g) U1t Fim (o) uH]> <Tr :Fi—(g) Ut i (0) u[ﬂ] Tr {uﬂ} Tr {U[D”D
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 High-kt behavior in the McLerran-Venugopalan model — All TMDs scale the same:
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JIMWLK small-x evolution

12 T T T T T I
10 - t
To8f
3
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i
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% 6r
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0 r
0.01 0.1 /16 /8 /4 1
ap |

Different small-x behavior for different TMDs — Loss of universality at low transverse momentum

Marquet, EP, Roiesnel (2016) 64

code written by Claude Roiesnel



Forward dijet production in pA

I T
ITMD (KS) with S(xX), p+p —_—
ITMD (KS) with S(x), d=0.75, p+Pb  ====eeeems

100.0
VS = 8,16 TeV
PT1>PT72 > 20 GeV
3.5<yq,y2<4.5

2
—  10.0
=4
<
=)
L
@)
©
1.0
01 &0 v v v e
0.0 0.5 1.0 1.5 2.0 2.5

A

van Hameren, Kotko, Kutak, Marquet, EP and Sapeta (2016)



Summary

Transverse-momentum-dependent (TMD) distributions

TMD factorization
Color Glass Condensate (CGC)
Probe the high-gluon-density matter;
EIC to probe the Weizsacker-Williams gluon distribution.

Non-universality — Test of QCD in the connection between experiments:

Quark distribution in polarized proton: SIDIS v.s. DY

Gluon distriubtion: Dipole from pA v.s. Weizsacker-Williams from EIC

66



Thank you!
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