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Forward production of two jets in pA collisions

A

N —
SN T

Dilute projectile Dense target
probed at large-x probed at small-x
Optimal for studying high-energy
(small-x saturation) QCD effects

x — Longitudinal momentum fraction




Forward production of two nearly back-to-back jets
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Forward production of two nearly back-to-back jets

p N, A
Dilute projectile Dense target
probed at large-x probed at small-x

x — Longitudinal momentum fraction

Color Glass Condensate (CGC)

*Non-linear QCD at small-x

Strong classical gluon fields for the target

*No ordering of the momentum scales
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Forward production of two nearly back-to-back jets

Dilute projectile
probed at large-x

N—
SN T

A

Dense target
probed at small-x

x — Longitudinal momentum fraction
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Forward production of two nearly back-to-back jets

A

Pit

NL—
AN

Dilute projectile Dense target
probed at large-x probed at small-x

x — Longitudinal momentum fraction

2 2 )
‘kt‘ — ‘plt + pZt‘ — Transverse momentum imbalance

Color Glass Condensate (CGC) Transverse Momentum
Dependent (TMD) factorization

*Correlation (nearly back-to-back) limit
ke < P
'S’[l‘OIlg ClaSSlcal gluon fleldS fOF the targEt oSeveral gluon TMDS for the target

L.oss of universality

eNon-linear QCD at small-x

*No ordering of the momentum scales .
eSmall-x is not assumed



Forward production of two nearly back-to-back jets

A

Pit

N—
SN T

P2t

Dilute projectile Dense target
probed at large-x probed at small-x

x — Longitudinal momentum fraction

2 2 )
‘kt‘ — ‘plt + pZt‘ — Transverse momentum imbalance

Color Glass Condensate (CGC) Transverse Momentum
Dependent (TMD) factorization

*Show the equivalence in the overlapping region at finite Nc

*Express TMDs as CGC correlators of Wilson lines

Study the behavior of TMDs and the loss of universality at small x



H1 and ZEUS

High-energy limit of QCD

xf

x — Longitudinal momentum fraction

Q - Virtuality of the photon

Q=10 GeV*

—— HERAPDF1.0

- exp. uncert.

model uncert.

- parameltrization uncert.
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H1 and ZEUS Collaborations,

High-energy QCD is the domain of high gluon densities I

high energy s <=> small x

e Linear evolution of gluon densities with decreasing x:
BFKL (Balitsky-Fadin-Kuraev-Lipatov) equation

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, (1977)
Ya.Ya. Balitsky and L.N. Lipatov, (1978)

e Violation of unitarity

e Non-linear evolution

v

e Gluon saturation at small x

'

RNE:
e Saturation scale: Q7 ~ A3 (5)



Color Glass Condensate (CGC) theory

L. McLerran and R. Venugopalan, 1994
Basic ideas I J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. Weigert, 1997, 1999
E. lancu, A. Leonidov, and L. D. McLerran, 2001
A. H. Mueller, 2001
E. Ferreiro, E. lancu, A. Leonidov, and L. McLerran, 2002

° O‘S(Qg) <1
1

* High occupation number of gluons => Classical gluon field at small x, A, ~ —
g

» Larger-x partons, p, act as classical sources for the smaller-x gluons

* Solve classical YM equations for the gluon filed with current generated by the sources:
D, F*"] = J"

= 6"T0(x7 ) palwe)
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Color Glass Condensate (CGC) theory

L. McLerran and R. Venugopalan, 1994

. I J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. Weigert, 1997, 1999
BaSIC 1deas E. lancu, A. Leonidov, and L. D. McLerran, 2001
A. H. Mueller, 2001
E. Ferreiro, E. lancu, A. Leonidov, and L. McLerran, 2002

° O‘S(Qg) <1
1

* High occupation number of gluons => Classical gluon field at small x, A, ~ —
g

» Larger-x partons, p, act as classical sources for the smaller-x gluons

e Solve classical YM equations for the gluon filed with current generated by the
sources:

Dy ] = J”

= 6"T0(x7 ) palwe)

* The color sources are random, described by a distribution functional W, [p]

e Quantum corrections enter through small-x evolution of the distribution functional
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Color Glass Condensate (CGC) theory

Scattering off the CGC I

- .

AT A+

3
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+o0 +oo

U(x) = Pexp [ig /

Fundamental/Adjoint eikonal Wilson line

* On the level of the cross section — Correlators of Wilson lines
Eg:

(Tr (UB)UH (b)) [V x)V )] ™)

dxA:{(ac,X)ta] V(x) =Pexp [zg/ do~ Al (2=, x)T"
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Forward dijet production in the CGC framework

p(pp) + A(pa) — j1(p1) + ja(p2) + X

1 1

_ Y1 Y2y ~ 1 - —Y1 —Y2 1
1 /s ([p1ele? + |patle”?) 2 3 (\p1t|€ + |patle ) <

P2t

Pit
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Forward dijet production in the CGC framework

Plop) + A(pa) = ja(p1) + ja(pa) + X
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Forward dijet production in the CGC framework

/
c)\(%

e_zp“ (X X) _Zp2t (b b’ ) Z¢a5 papl y X b/) oa,B(papl y X — b)

|M\2—/ d’x d?’x’ d*b d*b’
( AaS

om)2 (2m)2 (27)2 (2702

b, x, b’ + 2(x' — b’); 2]

(4) (3)
{ngqg[b x, b’ x'; z5] — Sqgi

~Signlb + 2(x = b), X, s wa] + S b+ 2(x — b), b’ + 2(x' — b); 2] |

C. Marquet (2007)
F. Dominguez, C. Marquet, B. W. Xiao and F. Yuan (2011)
E. lancu and J. Laidet (2013)



Forward dijet production in the CGC framework

| 5(2)(z 7') = — <Tr (U(z)UT(Z)))
Y (3) c
o, Segs(b.x,2') = CFN (Tr (UT(2")t°U (b)t?) V(x))
) ) S\ (b,x,b',x) = CFlNC (Tr (U(B)UT (0t [V (VI ()] )
2 [ Px X dPb &PV o —ip1e (x—x') ;—ip2;-(b—b’) / <
|M‘ — / (271')2 (271')2 (271_)2 (271') )%qbaﬁ paplv b) aﬁ(p?pl s b)

{Ségzzg[b x, b’ x'; z5] — S\

ng[b X, b/+Z(X _b’)QﬂUz]

—SB b + 2(x — b), ¥, ;23] + S2[b + 2(x — b), b’ + 2(x' — b'); xz]}

C. Marquet (2007)
F. Dominguez, C. Marquet, B. W. Xiao and F. Yuan (2011)
E. lancu and J. Laidet (2013) 16



Forward dijet production in the CGC framework

| S%z — 7 (T (U@U))
LR a0 ) = g (T (U1 GV ) Vo)
- ) S (b,x,b,x) = C’FlNc (Tr (U(B)UT (0t [V (VI ()] )

Valid at small x, no ordering of momentum scales

|M\2—/ d’x d’x’ d’°b d*b’
AN

—ip1s-(x—x') ,—ipa¢-(b—b') / B
27'(')2 (27'(')2 (27’(’)2 (271’) € Z¢a5 p’pl » X b ) aﬁ(p’pl y X b)

AaS

{Ségzg[b x, b’ x'; z5] — S\

ng[b x, b’ + z(x' — b’); x2]

—SB b + 2(x — b), ¥, ;23] + S2[b + 2(x — b), b’ + 2(x' — b'); xz]}

C. Marquet (2007)
F. Dominguez, C. Marquet, B. W. Xiao and F. Yuan (2011)
E. lancu and J. Laidet (2013) 17



TMD factorization for dijet production in dilute-dense collisions

N—
SN T

P2t

p(pp) + Alpa) = J1(p1) + J2(p2) + X

dO.pA—>dijets—|—X

dy1dys dzpltdzp%

’C’

Qstt<<Pt

From the generic TMD factorization framework:

Bombhof, Mulders and Pijlman (2006)

Dominguez, Marquet, Xiao and Yuan (2011)

Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

From the CGC framework:
Dominguez, Marquet, Xiao and Yuan (2011)
Marquet, EP, Roiesnel (2016)

Pit

2
Qg E ( 2 E (%) (2)
— H /= k) ——
($1$25)2 : dxlfa/p(xl,,u ) 7: ag—cd” ag (1'2, t)]. 5cd
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TMD factorization for dijet production in dilute-dense collisions

Pit

P2t

dO.pA—>dijets—|—X ( ) 0 1
- i v k) —
dy1dyzd2p1td2pzt (x1x25 2 Z xlfa/p L1, )Z ag—>cd"lT (w27 t)l Ny

)

From the generic TMD factorization framework: Collinear PDFs for the projectile

Bombhof, Mulders and Pijlman (2006)
Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

From the CGC framework:
Dominguez, Marquet, Xiao and Yuan (2011) 19
Marquet, EP, Roiesnel (2016)



TMD factorization for dijet production in dilute-dense collisions

Pit

P2t

p(pp) + Alpa) = J1(p1) + J2(p2) + X

dO.pA—>dijets—|—X 1

= . HY | FO (@0, k)
dy1dy2d?p1ed?pay (T1225)3 zczdllf (@ 1) Z agred ag (T2 t)1—|—5cd

Hard factors

From the generic TMD factorization framework:

Bombhof, Mulders and Pijlman (2006)
Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

From the CGC framework:
Dominguez, Marquet, Xiao and Yuan (2011)
Marquet, EP, Roiesnel (2016)




TMD factorization for dijet production in dilute-dense collisions

Pit

P2t

p(pp) + Alpa) = J1(p1) + J2(p2) + X

dO.pA—>dijets—|—X ( ) 0 1
- i v k) —
dy1dyzd2p1td2pzt (x1x25 2 Z xlfa/p L1, )Z ag—>cd"lT (w27 t)l Ny

)

From the generic TMD factorization framework: Elght transverse momentum dependent

Bomhof, Mulders and Pijlman (2006) gluon distributions for the target
Kotko, Kutak, Marquet, EP, Sapeta and van Hameren (2015)

From the CGC framework:
Dominguez, Marquet, Xiao and Yuan (2011) 21
Marquet, EP, Roiesnel (2016)



TMD gluon distributions

detd2¢

F(wg, ki) "2 2 / e/m2Pal" ke ( ATy [F (6F,€) F'~ (0)] |A)

(27)3p 4

Gauge links

Y= = U (0, £00; 0)U (00,75 €)
U(a,b;x) = Pexp

b
ig/ det A (x7, X)ta]

Yy — gl = = =g

e TMD gluon distributions are gauge invariant, but process dependent. 22



TMD gluon distributions for dijet production

ke < Py

FL =2 / %empﬁ—ikrﬁ <Tr [F (g)u[—”F(O)u[+l]>

2 - - _
df“‘d '3 eix2ng+_fikt-§ i <A Tr FZ_(f) u[—l—]TFz'—(O) u[—i—] Tr U[D]} A>

FiP (g, k) =2 /
w () =2 [ o, N,

Fio (w2, kr)

+d2e . . 1 - o ; i ]
56 2 / S izt ik L (AT [P (&) ul P (0) ut] T [l | 4)

(27?)3]);1 N

Fi2 (w2, kr)

5 / % pivaps € —iks € NL < A‘TI. [Fi—(g) US[D]T] T [Fz-_(o) u(gm]} ‘ A>

FO (@, k) =2 / —éig;i eirarat’ —ikee (4| T [P () UMt (0) U] | )

Jré;l) (LL’Q, kt)

> / %empﬁ*—iktf <A ’Tr [Fi—(g) Ul i (0) uH] ’ A>

detd2e
(27m)%py

F& (wa, k) =2 / eirarat =ik (4| [P (¢) ul U R 0) uf Ut | 4)

FiO (wa, k) = 2 / —(‘;%f;i ginapa st ke % (a|Te [P (&) utIt P ) ut | T (W] T 7] 4)

23
Bombhof, Mulders and Pijlman (2006)



TMD gluon distributions for dijet production

ke < Py
ta2e : C
Fig =2 / %ewms “hee (e [P ©utE ut]) = Dipole gluon distribution
FD (@, k) =2 / —(‘;%f;é givaps € —iki g Ni (A|m [P~ () utTT P (0) ] T (U] | 4)
A c - . L

Fio (w2, kr)

+2¢ . o . 1T 7
2/ ¢ d €€7J$2p,4£+—1kt'£ 1 <A Tr | F~(€) u[—]TF’l—(O) U Ty g B ‘A>
(2m)p T SR

Fi2 (w2, kr)

2 Q/Meimzp25+—ikt-£ 1 <A ‘TI‘ [FZ_(Q UE[DH] Tr [Fz'—(o) u(gm]} ’ A>

(27m)3p, N,

AP o et o . . Weizsacker-Williams
FiY k) =2 [ Gt T (A [P UM @ ut][4) e gluon distribution

Jré;l) (LL‘Q7 kt)

> / %emp;f*—iktf <A ’Tr [Fi—(g) Ul i (0) uH] ’ A>

dstd?¢ . o - § i
(5)( . ixop, £ —iks-€ . (4 (Lt [4]1 i (L5 /(4] ’
Fog (@2, ki) = 2 / —(27r)3p216 A <A ’TI [F (&) U7 UTTET(0) Uy~ U } A>

FO) (2, k) = 2 / —éf)f;é ginapa st ke % (a|Te [P (&) utIt P ) ut | T (W] T 7] 4)

C
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TMD gluon distributions for dijet production as CGC correlators

ky < Py + Small x

—» Dipole gluon distribution

T2

Nk? [ d*%d?y i ey L
F(l)(xQ’kt):27T2(; / on)? e ke y)F<Tr[UyU;£]>

4 [ d®xd*y 5 o 1
f@)(:@,kt):—g—Q/ p e y)E<Tr [(0:U) U (0;Uy ) UY] Tr [UyUS] )

2

4 [ d*xd? : 1
Jr<1>(w2,kt):F/ xd“y e_mt«x—y)E@r [(0:Uy)(8:U3)] Tr [UxUS])

99 (27)3 2
(2) R TN | , e ;
Fog (T2, ki) = 2] e e N (Tr [(0:Ux)UJ| Tx [(ain)UxD@

Weizsacker-Williams
"2 gluon distribution

4 d>xd?y ik (x— ,
Fiask) =~ [ G e o) (3 (@0 0U)U)

T2

4 d2Xd2y —aks (x—
Fio (@2 k) = = / G ¢ (T (U@ U])

2

- 4 [ d*xd*y (x—y) # i i f
F (5152, kf) = _? (271')3 e <T1" [(azUx)UyUny(azUY)UnyUX] >a:

2y 12
]—"(6)(1-2,kt) — _i/ d"xd”y otk (x—y)

2 | @y ;3 (Tr [(0:Ux) U (8;Uy ) UL] Tr [UxUJ] Tr [Uy UL])

2

25
Marquet, EP, Roiesnel (2016)



Forward dijet production in the CGC framework

/
' O\c% S 5321

5(2)(z z') = — <Tr (U( )UT(Z/))>

(b,x,2z') = (Tr (UT(2)t°U(b)t?) Vi(x))

C’FN

Syang (b %, b, ) = cFlNc (Tr (U(B)UT (0t [V (VI ()] )

Valid at small x, no ordering of momentum scales

d’x d*x’ d?°b d*b’
2 _ —ip1t-(x—x") —ngt (b—b") b/ -
|IM| / (2m)2 (27)2 (2m)2 (27)2 e )%:B%@ p,py,x )das(p.pT,x —b)

{Ségzzg[b x, b’ x'; z5] — S\

ng[b x, b’ + z(x' — b’); x2]

—SB b + 2(x — b), ¥, ;23] + S2[b + 2(x — b), b’ + 2(x' — b'); xz]}
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Forward dijet production in the CGC framework

(2) Z, Z S T f Z/
= S <T( z)U'(z')))
+ %n% S©) (b, x,2) = C’FN (Tr (U (2")t°U (b)) V*(x))
- ) S (b, x,b,x) = C’FlNc (Tr (U(B)UT (0t [V (VI ()] )

Smallx + k<P

do(pA — q9X) Neas z(1— z) 5 / v d*' o
— P itk (Vv —v)
d? P.d? kydy dys Crp P! 101, 17) Poq (2) (27)2 (27’(‘)26

X { [(1 - ;22] @i@i,<D(v,v’)>x2 - <D(V,V')@i@i,@(x,y,v',v)>

C

X:V/
o y=v

Equivalent to the TMD formula
(all channels)

*The CGC framework contains the TMD {factorization as a leading power

Large Nc: Dominguez, Marquet, Xiao and Yuan (2011) 27
Finite Nc: Marquet, EP, Roiesnel (2016)



TMD gluon distributions for dijet production as CGC correlators

ky < Py + Small x

—» Dipole gluon distribution

T2

Nk? [ d*%d?y i ey L
F(l)(xQ’kt):27T2(; / on)? e ke y)F<Tr[UyU;£]>

4 [ d®xd*y 5 o 1
f@)(:@,kt):—g—Q/ p e y)E<Tr [(0:U) U (0;Uy ) UY] Tr [UyUS] )

2

4 [ d*xd? : 1
Jr<1>(w2,kt):F/ xd“y e_mt«x—y)E@r [(0:Uy)(8:U3)] Tr [UxUS])

99 (27)3 2
(2) R TN | , e ;
Fog (T2, ki) = 2] e e N (Tr [(0:Ux)UJ| Tx [(ain)UxD@

Weizsacker-Williams
"2 gluon distribution

4 d>xd?y ik (x— ,
Fiask) =~ [ G e o) (3 (@0 0U)U)

T2

4 d2Xd2y —aks (x—
Fio (@2 k) = = / G ¢ (T (U@ U])

2

- 4 [ d*xd*y (x—y) # i i f
F (5152, kf) = _? (271')3 e <T1" [(azUx)UyUny(azUY)UnyUX] >a:

2y 12
]—"(6)(1-2,kt) — _i/ d"xd”y otk (x—y)

2 | @y ;3 (Tr [(0:Ux) U (8;Uy ) UL] Tr [UxUJ] Tr [Uy UL])

2

28
Marquet, EP, Roiesnel (2016)



TMD gluon distributions in the GBW model

K. Golec-Biernat and M. Wusthoff (1998)

Faa, k) = / (;lj:)‘ e R TS (g w) ™ Fourier transform of the fundamental dipole .
S(r) = - (T VU 0)]) = exp |-
2 ‘
Fi (2o, k) = %’;&F(@, k)  —® Dipole gluon distribution

12 . 77 . . .
F® (29, k) = % / dk 2111<]Z > / qy Fi (o, @) Fla k) — ;) — ™ Weizsacker-Williams gluon distribution
k2

g9
t t

]:(53) (w2, k) = /d2qt ]-'9(2)(3:2, qr) F(xa, ke — q¢)

‘Fgg;)(*f?vkt) = /dz% f( )(xza%)F(l’z,kt — qt)

ki —aq;) -
]:55?;)(3?2,/%’15) = —/dQ(]t( ! qq;) Qt}"( )(:rg qt)F(xa, ke — q¢)
t

Fi9 (k) = [ @) F5Y () F (o2, g Plaa by — 00— )

F. Dominguez, C. Marquet, B. Xiao and F. Yuan (2011)
van Hameren, Kotko, Kutak, Marquet, EP and Sapeta (2016) 29



TMD gluon distributions in the GBW model

K. Golec-Biernat and M. Wusthoff (1998)

Fg, ky) = / r  _ikr Sp(zy,r) ™ Fourier transform of the fundamental dipole

5(2)(1') = Nic <Tr [U(r)UT(O)D = exp {_r fS]

S k2
.7:(5;) (2, ki) = ZV—thZ exp { L ]

2(22) - Q%(a2)
k2 k2 FO (x.k%1Q5%)
() (29, k) =~ |Ei | ——=ot— | — Ei [ ——=
P anik) = [ ()~ Bi ()] .
v k7 L2 - Fc219
F D (2o, k) = e 202 <2+ t ) __ @
99 (372 t) 46 Q%(wz) 0 Fgg
99
k2 — ES
2 _ Y. aen ki 0.1 ; 99
Fég)(aj27 kt) - Ze Qs (=2) (2 - m) 2
~ K
k2 k2 1 2 3 4 5 Q2
6) (29, k) =~ |Ei | ——=t —Ei [ ——
]:gg (w2, k) ’Y{ 1( 2@2(9&‘)) 1( 4Q§(az)>]

van Hameren, Kotko, Kutak, Marquet, EP and Sapeta (2016) 30



TMD gluon distributions in the MV model

L. D. McLerran and R. Venugopalan, (1994)

Fg, ky) = / (321)'2 ¢~k S, (3, v) » Fourier transform of the fundamental dipole
T

1'2 2
S@(r) = Ni (Tt [U(r)UT(0)]) = exp {_ 4Q 8 log%]

e High-kt behavior in the McLerran-Venugopalan model

‘ 2 4 k2
F) ~ yQSk(;EQ) + O (st(fz) log A_tz) v = NSy /Ama
t t

van Hameren, Kotko, Kutak, Marquet, EP and Sapeta (2016) 31



JIMWLK small-x evolution

Averages over color field

N k? d*xd’y . 1 : :
FD (g, ky) = —1 / e the (x—y) _—_ (Tr [U UT]> configurations
a9 ? 2 2 Y xl/xzqy —» .
2mias ) (27) Ne in the dense target

(0),, = [ DA jor.147POLA™

d
dlog(1/x2)

JIMWLK equation: (0),., = Himmwrk O),,

d*x d*y d*z (x—z) - (y—2z) 6

]cd )
2m 21 27 (x—2)%(z—y)? 0A: (x)

d

Hiruwerk|oe,[A7))? = /

1
Resums: agln— | gsA
x

. . . , 32
Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov, Kovner



TMD gluon distributions in the MV model

e Initial conditions in the McLerran-Venugopalan model

Fu ('.U'p_l_] )-([;2?.‘.3 gl-g Lg]

—9 i)

a2

30

25+

20

15

10§

j::_._.l.-.
F
Fua |]
b
s Fy
Fu |
K £
. 2l
&
.*
th
* .': :
T : : i..
= N
* .
N ] t;'
i A
. ..;;:;"',
i gy
=i 3B
b, 2
Il ‘*W.““ " " it 1 B
0.01 0.1 7/16 /8 /4 1

Marquet, EP, Roiesnel (2016)
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a 27 (yp ) x(203 ¢ L2)

code written by Claude Roiesnel

JIMWLK small-x evolution

*McLerran-Venugopalan model as initial condition at y=0

14

12 |

10F

ko

0.01

0.1

ap

7/16

W)B

/4 1

a 27 (yp ) x(203 ¢ L2)

12

10 -

w

0.01

/4 1

0.1 /16 /8

ap

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

34
Marquet, EP, Roiesnel (2016)




Summary I

* We identify the operator definition of each TMD gluon distribution, at
small x and finite Nc, as a CGC correlator of Wilson lines

* The nearly back-to-back limit of CGC is equivalent to the small-x limit
of the effective TMD factorization for forward dijet production

e Small-x evolution shows universality of gluon TMDs at high transverse
momenta, and non-universality at low transverse momenta

Outlook I

 Look for scattering processes that will probe each of the TMD
distributions individually and that will separate them experimentally.
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Forward

di-jet production in

dilute-dense collisions

p(pp) + Alpa) — J1(p1) + j2(p2) + X
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Forward di-jet production in dilute-dense collisions

* Transverse Momentum Dependent factorization ky ~ Qs < Py |

dO.pA—>dijets—|—X 1

_ (%)
 (z1w98)? lefa/p (21, 4%) ZH&Q*“Z}- (wz’kt)lJrécd

a,c,d

dy1dyo d?p1d? poy (

F. Dominguez, C. Marquet, B. Xiao and F. Yuan (2011)

e Valid in the large- V. limit;
e Parton distributions of collinear factorization for the large-x projectile;

e Five k; dependent unintegrated gluon distributions for the small-x target;
* On-shell hard factors.

40
e Equivalent to CGC at large /N. and in the collinear limit.



Forward di-jet production in dilute-dense collisions

 Transverse Momentum Dependent factorization
dO.pA—>dijets—|—X )
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« TMD gluon distributions are gauge invariant, but process dependent. 41



Forward di-jet production in dilute-dense collisions

 Transverse Momentum Dependent factorization I
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C. J. Bomhof, P. J. Mulders and F. Pijlman (2006)
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Forward di-jet production in dilute-dense collisions

e Improved Transverse Momentum Dependent factorization I

P. Kotko, K. Kutak, C. Marquet, EP, S. Sapeta, A. van Hameren (2015)

e Includes all finite /V. corrections;

 Eight unintegrated gluon distributions, two independent per channel;

* Outlook: Show equivalence between CGC and HEF at finite /V,.

43



Forward di-jet production in dilute-dense collisions

« High-Energy Factorization s << k¢ ~ Ptl

do.pA—)dijets+X 1

1
1+ 5cd

s) 2 Z xlfa/p L1, K )’Mag —>cd‘ fg/A(l’z,kt)

dyr dyad?prd?pe; 1673 (x1128) -

e Parton distributions of collinear factorization for the large-x projectile;

* One k; dependent unintegrated gluon distribution for the small-x target;

shell hard factors.

e Transverse Momentum Dependent factorization k¢ ~ (s < Ptl I

dO.pA—>dijets—|—X 2 1

— K(@) (I)(Z) L
dzptdzktdyldyz (37151328 2 Z l‘lfa/p L1, 4 ),L_Zl ag—cd ag—)cd( t) 1+ 0.y

e Parton distributions of collinear factorization for the large-x projectile;

* Six k; dependent unintegrated gluon distributions for the small-x target;

hard factors.




Forward di-jet production in dilute-dense collisions

* Transverse Momentum Dependent factorization at finite Ve I

2

dO.pA—>dijets—|—X (i) (i) 1
= K k)P k
dthdzktdmdyz (l’lsz 2 Z xlfa/p L1, § )Z ag* —>cd( ) ag—>cd( t) 1+ 5cd

a,c,d =1

Restore the transverse momentum dependence in the matrix elements

Off-shell matrix elements calculated with two methods:

e Feynman rules + gauge vector defined by the target four-momentum

+ longitudinal polarization vector for the off-shell gluon
S. Catani, M. Ciafaloni and F. Hautmann, 1991

 Color ordered amplitudes

Gauge invariance on the level of amplitudes;
Redundancy in hard factors removed from the start. 45



Forward di-jet production in dilute-dense collisions

Unifying factorization formula
1

_ (%) (¢)
dthdzktdmdyz - :E1:L'28 2 Z xlfa/p L1, ,u ZKag —>cd (I)ag—md(kt) 1 ‘|‘5cd

a,c,d

dO.pA—>dijets—|—X

Restore the transverse momentum dependence in the matrix elements

i 1 2
K(:‘) N. (3*+% +—4)(uu+?f) Ne (S4+F'+0%)(uo+tt—33)
gg*— 88 Lr tthiss 2CF ttuiss
) 1 (B2+22)(Ti+tt) 1 (P+02)(Ti+Ti—33)
gg*—qq 2N S5t ANZCE SSth
(1) U (s2+0?) 55— ¢F Cr 5(3°+1?)
qu*—*t.'g 2tts (1 T N2 Eﬁ) Nc  tti
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Forward di-jet production in dilute-dense collisions

Unifying factorization formula
1

_ (%) (¢)
dthdzktdmdyz - :E1:L'28 2 Z xlfa/p L1, ,u ZKag —>cd (I)ag—md(kt) 1 ‘|‘5cd

a,c,d

dO.pA—>dijets—|—X

Unifies the regions of validity of HEF and TMD; It can be used to study
forward di-jet production for any value of the momentum imbalance
between the saturation scale and the moment of the jets.
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Forward di-jet production in dilute-dense collisions

Unifying factorization formula

_ (3) (3) -
dthdzktdmdyz - :E1:L'28 2 Z xlfa/p L1, ,u ZKag —>cd (I)ag—md(kt) 1 ‘|‘5cd

a,c,d

dO.pA—>dijets—|—X

Phenomenological study

e Start with the large V. case;

e First gluon input: Analytical model expressions for the gluon distributions;

e Improve: Numerical inputs with small-x evolution.
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Forward di-jet production in dilute-dense collisions

Unifying factorization formula

dO.pA—>dijets—|—X

: 1
_ K(@) (I)(@) L
dthdzktdmdyz xlxgs 2 Z xlfa/p L1, 'u Z ag* —>cd ) ag—>cd( t) 1+ 6,

a,c,d

® Gluon distributions in the GBW model Kutak-Sf;l peta gluoqs W.lth
non-linear evolution:

K. Kutak and S. Sapeta, (2012)
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Soon to be published 49
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