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@ Dilute-dense collisions at high energy: e¢A, pA, AA UPCs

2
@ Particle production with large P > Q,(x), but small x ~ % <1

@ Small-z: the realm of the CGC effective theory

e Wilson lines, BK/JIMWLK evolution with decreasing z
e color dipole picture for vA, hybride factorisation for pA

Large P, : the realm of collinear/TMD factorisations
o (transverse momentum dependent) parton distributions (PDF, TMD)
o DGLAP evolution (PDFs) & CSS evolution (TMDs)

@ Can one unify these descriptions in a same framework ?

@ For the dilute projectile and for the final state, there seems to be no problem

o BK/JIMWLK for the S—matrix
o DGLAP for proton PDFs in pA and for the fragmentation functions
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@ Dilute-dense collisions at high energy: ¢A, pA, AA UPCs

. . . P?
@ Particle production with large P, > Q. (z), but small » ~ ~- <1

@ Small-z: the realm of the CGC effective theory

e Wilson lines, BK/JIMWLK evolution with decreasing z
e color dipole picture for vA, hybride factorisation for pA

Large P, : the realm of collinear/ TMD factorisations

o (transverse momentum dependent) parton distributions (PDF, TMD)
o DGLAP evolution (PDFs) & CSS evolution (TMDs)

@ Can one unify these descriptions in a same framework ?

@ But what about the PDFs & TMDs of the dense target (A) ?

o dijets in DIS: Sudakov effects = initial-state evolution of the target (?)
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Hard dijet production in DIS

@ Colour dipole picture: photon is a right-mover, target (A) a left mover

@ Two back-to-back jets in the transverse plane: P ~ Q > K, =2 Q;

P, =2k — ko, K| =k +kai

@ Small ¢ dipole: r = |x —y| ~1/P), < 1/Qs; = single scattering

e ————— 2 k= P
~AAAANL

21,k 4/,(‘)2 e — — n,kp=-P
A K © PL> K,
2

q .Q° ©
Yy
ég\kg g
h—T TS
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@ Multiple scattering still important for the momentum imbalance: K| ~ Q)

scattering amplitude:

@ r ~ 1/P, dependence factorises from the b ~ 1/K dependence

Florence, GGI 2025

VmVyT —1 ] (VijVbT), b=z1x+ 20y
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TMD factorisation for inclusive dijets

do T L A—a3A
= Hr (21,22, Q% P}) Fy(2qq. K)

dz1dzed2Pd2K
P P
ANAANAC SV VIV NN RSV VAV
i R P P *“7}%
al &
e K é = e >
C‘: '\ [2)
5 b] 2y K (5
: E £
o N
@ :@

@ Hard factor encoding the kinematics of the @ pair (Q? = 21 20Q?%)

Pl +Q* ~

_ 2 2 2
Hy = ozemasef(;(l — 2] — 22)(21 JFZQ)W (PL~Q~Q)

@ Weiszacker-Williams gluon TMD (UGD) of the dense target

e K- (b=b) _

Fyla, K) = /bEW a—Q (Te[@vevi @ vpvi])
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TMD factorisation for inclusive dijets
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@ Hard factor encoding the kinematics of the @ pair (Q? = 21 20Q?%)

Pl +Q* ~

_ 2 2 2
Hy = ozemasef(;(l — 2] — 22)(21 JFZQ)W (PL~Q~Q)

@ Weiszicker-Williams gluon TMD (UGD) of the dense target

e—z‘K(b—B)

7 ) = | ST A4,
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Collinear factorisation

@ If the dijet imbalance it not measured = integrate over K = gluon PDF

dor. L A—adA
- :HT,L(ZlaZ27Q27Pi)CL'G(ZL',Pi)

dz 1 d22 d2P
P
f\/‘\(/)l\/\/\f? R e VAVAVAY
a. =}
|
tgg K

Q0000000004

> |

Py

@ zG(x, P?) is well known to obey DGLAP evolution with increasing P?
@ Standard one-loop calculation in the target picture
o Bjorken frame P — oo, target light-cone gauge A~ =0

@ s this also encoded in the NLO corrections in the dipole picture ?
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Azimuthal correlations: Sudakov effect

@ P, > K : the final jets are nearly back to back in the transverse plane
e azimuthal distribution shows a pronounced peak at A¢p =7

@ Additional broadening due to final-state radiation: Sudakov effect
(Mueller, Xiao, and Yuan, arXiv:1308.2993)

0.45 [y
0.4 E— 10 GeV x 100 GeV —— ep, No Sudakov —E

E Q%=1 GeV? =

0.35F eAu, No Sudakov 3

F - -~ ep, With Sudakov 3

0.3 eAu, With Sudakov

T o025k 3
O o02f E
0.15F 3
01E 3
0.05F e

0 = 1 1 1 1 1 1 T

24 26 28 3 32 34 36 38

A¢ [rad]
(Zheng, Aschenauer, Lee, and Xiao, arXiv:1403.2413)

@ The effects of saturation are essentially washed out ®
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Final state emissions
@ The final state emissions of soft gluons factorise = AFguq

- 2k y
STC,
. LTy

«(ﬂ

@ Direct emissions by the quark: real & virtual
aCF dzg Fy(z, K + ky) — Fy(z, K)
A‘FSud - /d2 /) /PQ Zgg g
Zg
(ks - 2P)

@ Lower limit on z,4: the boundary with the high energy evolution

k(
= zy K Céj

2zgq+ +
Tg X L Ty X —5
g kgl 'Y QQ

o BK/JIMWLK: very soft gluon emissions which occur close the collision
2

at small = Edmond lancu
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Final state emissions

@ The final state emissions of soft gluons factorise = AFguq

PESEEER ks (SOVOT
e 4P © 0y
\/VN/\/\
o ;\7*‘-’\% —m. P+ K e T - —
g £
5Ktk o K

=3

~
>

ﬁé
>

@ Direct emissions by the quark: real & virtual

AF :an/d2 / dzg Fy(z, K + k) — Fy(z, K)
Sud kzL/Pz >

2
g (ks - 2 P)

@ Collinear singularity when k,/z, = P/z, or 6, = 60,

@ Removed via the renormalisation of the quark fragmentation function

@ DGLAP evolution of quark fragmentation into hadrons
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Final state emissions

@ The final state emissions of soft gluons factorise = AFguq

k,

T

s ppITe;
/ru.L R ] - GC b j)L
g’ T 2. —P+ K g2 \\——Eii -
° Kk, E K
< 0

s & X = > ¥

@ Direct emissions by the quark: real & virtual

A :an/d2 / dzg Fylz, K + kg) — Fy(z, K)
Sud kQL/PQ Zg (ky B ?P)Q

@ However, we are interested in the production of jets = large angles

koo P, ko1 . . "d2k
Oy~ 2= > 0, ~ = < 2= = |ogarithmic phase-space / g
97 et Y gt %= pl g P pace k2
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Final state emissions

@ The final state emissions of soft gluons factorise = AFguq

k

T IO
a5 a2 P &
’\f\/\/\/\(
PaRos ————— —— 5. —-P+K Pates —— —
= 2
5Ktk o K
=)
o
b TS X e > X

@ Direct emissions by the quark: real & virtual

2 kg1 /Py
AF =L CF/d Ky / o (7 0 K+ k) — Fy (. K]
k2J_/p2 Zg

@ Emissions with low k,, < K| cancel between real and virtual
@ Real gluons with k, | > | are suppressed: F (K + kg):]:g(kg)wl/kgL

@ Virtual emissions are cut off in the UV at the hard scale P
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The “virtual”’” Sudakov

@ The net effect : the “standard” Sudakov double logarithm:

asCr P} dki For/PLqy
AFH (z, K, P?) = — fg(m,Ki)/ ‘ ng / ‘ —1
K3 Fgi Jr2, /P? Zg

Hard relative momentum P, : longitudinal & transverse resolution scale

Similar result for direct emissions by the antiquark

Large angle emission = interference (suppressed at large N,)

Overall color factor: Cp + Cp + 1/N. = N,

N, ., P2
2 1n27L]:.(1(x’K12_)'

A‘FSYld(vaJQ_aPJQ_) = . K2
1

e cusp anomalous dimension for gluons

A large angle emission sees the overall colour charge: N, like for a gluon
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The “real”’” Sudakov

@ To DLA, there is also a “real” Sudakov effect (real gluon emission)

@ The dijet imbalance can also be caused by the gluon recoil: k;, ~ —K
S,\( zpky~ K
e Pl
/a/@&, 2. PrK o I ik
’\/\/\/\/\( ANAAANL
0O - — Zy, —P g7 T —
5
0o K +k, oK
2 B
S B > ¥
=5 X

Qg N A2k, [Ror/Pr
A‘/—-'Sud /k2 -

e 2 Fylz, K + k)

@ Replaceky; - £ =K +kjand use kg, ~ K| and /| < K|

@ Implicit assumption: Qs < K| < P, (since typically £, ~ Q)
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The “real”’” Sudakov

@ To DLA, there is also a “real” Sudakov effect (real gluon emission)

@ The dijet imbalance can also be caused by the gluon recoil: k, ~ —K

P2 1 Ki
In —= / A% F,(z,0%)

1
= 2R &2 ).

@ The integral over £ yields the gluon PDF at the scale K%

Ki K2
/ Pl Fy(x,07) = 2G(x, K7) ~ In—+
A2 Q3
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More on the Sudakov dynamics

}—g(vaJ_»PJQ_) = ‘Fgg())(‘r?KJQ_) + AFSP?Jd + A‘/__g{ld

P, dependence (“resolution scale”) introduced by the loop corrections

The gluon PDF in the presence of the resolution scale:

pP? )
xG(z, P?) :/ d*K F,(z, K}, P?)
A2

After integrating over K|, “real” and “virtual” Sudakov mutually cancel:

/A " ek (AFEg+AF) =0

2

o final-state emissions irrelevant if the imbalance K| not measured

Sudakov dynamics does not change the total number of gluons

In order to uncover DGLAP dynamics, we need to go beyond DLA
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Real gluon emissions in the initial state

@ P, (relative momentum) >k, ~ K, (imbalance) > /| ~ Q) (collision)
@ Leading twist: leading powers in both K, /P, and ¢, /K|

@ Soft gluon z; < 1 = effective gluon-gluon dipole

sk - P K .
AN T ' — VAV .
et — T
q'.Q 54 Zo ko = - e o
& R0 8 &
o 0n
80000, o et \«gg_@ L
4 LR60006000., |4 80000000, ¥
ke —K e
/I <K I PR S
o g K 77T
s

@ Same WW colour operator, but evaluated at the lower scale 7 :
UL (VatV)) —t* ~ RV (U0°US) 1.

e renormalisation group... as expected for one step in DGLAP

Florence, GGI 2025 JIMWLK, DGLAP, CSS ... at small =
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From projectile to target rapidity

@ Subtract JIMWLK evolution of the LO gluon WW TMD: z, < K% /P?
o z, is restricted to K2 /P? < z, < K, /P, (large angles)

@ Change longitudinal fractions: from projectile (z,) to target (&)

o transfer the gluon from the dipole to the target

o always possible if the gluon is soft (z, < 1)

/\/\A/\/»/Q \ AN
47 aol—

&) Ly = Qdligyy ©
2 £

2, <€ 1

f
:
E
\

S}
r00200000

—¢& ER

5
g
TEO000

b

@ Essential in order to achieve TMD factorisation: a target picture
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From projectile to target rapidity

@ Subtract JIMWLK evolution of the LO gluon WW TMD: z, < K2 /P?

o z, is restricted to K2 /P? < z, < K, /P, (large angles)

~

@ Change longitudinal fractions: from projectile (z,) to target (&)

o transfer the gluon from the dipole to the target

always possible if the gluon is soft (z, < 1)

VAV S
— Taa _ Q% + Mg, Ty 2
£¢= Zqgg - Q? —I—Mqug E&roﬂ@li& i}
g KZ o %// E + 7
z¢(§) = 1-¢ Q—i—i :(ﬁ/t
Z122 —_—

@ Integration limits on z, transmit to corresponding limits on &
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From projectile to target rapidity

@ Subtract JIMWLK evolution of the LO gluon WW TMD: z, < K2 /P?

o z, is restricted to K2 /P? < z, < K, /P, (large angles)

@ Change longitudinal fractions: from projectile (z,) to target (&)

e transfer the gluon from the dipole to the target

o always possible if the gluon is soft (z, < 1)

2 2
¢ = Tag _ Q7 + My, 1
Tazg @+ Mg, KT 424 (Q*+ P7 [2122)
) = oy L — =t
Tl e 22 K?

@ Integration limits on z, transmit to corresponding limits on ¢

@ Disentangling projectile from target variables in the energy denominators
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The DGLAP splitting function

1-K, /P,
AFp = —o2 / d Py (€) $G(§,Ki>

2m2 K3

o 3

GOTED AN ~ o
<5 it =

o

f

AN e,
¢t —————— 09000 cenag, el

[

|

©

T e

TJ
}&CTOO)F
<
|
i
‘ r
Y
1l

14+ (1-6*(14&)—(1-¢%)
£1—-¢)

@ Final-state (singular at £ — 1 and 0) + initial-state + interference

ng(g) = 2N,

@ Upper limit 1 — K| /P, on & comes from z, S K| /P,

@ Lower limit . < 1 with oy In - < 1 from 24 2 2. (K1 /PL)?

e separate small-z logarithms between JIMWLK and DGLAP
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Emergent DGLAP & CSS evolutions

T -2 R
AJ:R — 2K2 / df (+> <§aKL) +A‘FSud
@ “Plus” prescription for the pole at £ — 1:

1+(1-8*1+&)-(1-¢&)
§(1—-¢)+

ng(f) = 2N,

@ P, —dependence only in the Sudakov piece (final-state emission)

2 2 OZSN 1 1 P2 9
AF§q(z, K, PY) = 3 K2 hlﬁ 2G(z, K7)

@ The corresponding virtual correction: Sudakov double-log + [y-piece

N, P?
AFy = 2fe (41 2——ﬂ In —+ )f(o)( (K1)
7T

o AFL  + AFy: one step in CSS evolution with increasing P?
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The 3, piece

do.'y* A—qqA

2 p2 2 . 2
dZdQP = H(Z7Q 7PJ_)CUG(1'7PJ_) X (YSZLG(CL'./PJ_)

@ At one-loop we expect: running coupling as(P?) & DGLAP for 2G/(x, P?)

@ The [y piece contributes in both case: gluon anomalous dimension

@ Generated via loop corrections to the gluon propagator ...
@ ... which are missing in the (usual) CGC calculation at NLO: shockwave

@ So, we will add them by hand ! (left for future work)
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CSS evolution for the gluon TMD

@ Resummation of Sudakov logs: singularity at £ — 1, cut offat 1 — & = }1—%

@ Increasing P, = larger phase-space for soft gluon emissions

@ CSS evolution: change in K -distribution due to soft emissions in s-channel

8.7:9(.%, KL, PJQ_)

Jn P2 = real Sudakov - virtual Sudakov + [ term

@ Boundary condition at P} = K?:
WW gluon TMD (including JIMWLK) + gluon PDF (including DGLAP)
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DGLAP evolution in the context of small-z

@ DGLAP evolution from Q2 up to K2 with a source term from CGC:

0z2G(z,K?) o[ % o as 1t x fx
A S LN TR+ [ g ot Kk
S = (Lt )+ 5 [ a0 fo(ER2
o 7\ (x/x.. K?): the gluon WW TMD including JIMWLK evolution
@ P,y(&): full DGLAP splitting function (w/ plus prescription and Sy piece)
@ DGLAP evolution turned on at a scale pg ~ Qs(z): CGC initial condition
I
2G(x, pl) = 7r/ dez FO(z, ¢%)
A2
@ All powers of oy In % In % cancel between JIMWLK and DGLAP

o the DLA (double-logarithmic approximation) is a common limit
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Three successive evolutions

o JIMWLK for the WW TMD from zq ~ 1072 down to 2gg: Fu (24q, K2)

@ DGLAP evolution from Q? up to P? using .F,SO) (24, z+) as a source term

@ CSS evolution from K2 up to P? with DGLAP boundary condition

e P> K,
ANNNNL
q\Q — CSS : (PR
Y oD 1 nd v
Ly I\L . VS
TOTOTTY k> ki In—
T
0G0000DY ki > Qs . .
Lgg DGLAP : In(K7/Q%)

Kok %) dry ELA
TOOOOOT #a < 1o
In—

Lyq
JOO00D0Y 1 << Lo BEK/JIMWLK
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Three successive evolutions

o JIMWLK for the WW TMD from zo ~ 10~2 down to 2qq: Fu (24q. K2)

@ DGLAP evolution from Q2 up to P? using 7\ (44, 2.) as a source term
@ CSS evolution from K2 up to P? with DGLAP boundary condition

1
In
-

BIC/JIMWLIS

BK/JIMWLK

0 : : In-——
Qi) i
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Sudakov resummation

(E.l., D. Triantafyllopoulos, S. Wei and F. Yuan, in preparation)

K2 p?
OF, (.’L’,KJ_,P2) asN, 1 d€2
galnPf_ = 2r K2/d€2 }-g(;v,ﬁl,Pi)_ £2 ]:g(x,KJ_,Pf_)
A2 Ki

@ A rate equation: gain (real) - loss (virtual)

@ Dijets with very small imbalance K| < P, are disfavoured

o “tree” = CGC (MV model)

@ Distribution pushed
towards larger values of
K,

PLQ(x, P, Q%)

(K%) ~ PEe™ Vs

Florence, GGI 2025 JIMWLK, DGLAP, CSS ... at small = Edmond lancu 20/21



Instead of conclusions

%/W%é%é%ﬂ?@/%%%ﬂ%ﬂﬁﬁﬁ/
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