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UNDERSTANDING QCD:

COMPLEMENTARITY



EW relatively well understood

Fun QCD shenanigqns not fuﬂy understood in
(see soft phofon puzz]e)

Systematic build-up

of system size Clear-cut kinematics

(complexi’cy frontier)

Excellent setting to
test QCD non-

linearities

Kinematics complex but

some limits are simple




THE TENOUSLY THERMAL QGP

® Heavy-lon Collisions create a -very comp]icafed— [solated Quantum System
which is Ini’riaﬂy far AWay fyom any equili]orium

Self—in’rerac’ring

Expanding against the vacuum

® A system ]oa’rﬂing to thermalize against all odds.
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WHAT CAN WE LEARN?

FROM THE TENOUSLY THERMAL QGP

® Thermalisation —|:: How can isolated QCD sy stems thermalize so fast?
W hat drives the attractor?

® OCD matter _|: Transport coefficients
QCD Thermodynamics

® Small Systems: What makes a fluid, a fluid?

~ BOUND STATE
1Cs @WMO FORMATION

TRANSPORT
i VVV

(ORFFICIENTS
— 0 THERMALIZATION

ATTRACTORS

(y

QGP ADRONIZATION



Every endeavour we take on in HICs depends
heavily on the initial assumptions of the energy

and charge cileposi’rion of the models.



INITIAL CONDITIONS

As of today, [ could compile a list of current, pressing avenues on the initial states

Initial condition: ,/syy dependence and longitudinal structure
B,Q,S Charge deposition and the search for the CP
From medium to small systems

Better quan’cifica’cion of ICs for large systems

Initial condition for hard probes
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INITIAL CONDITIONS

As of today, [ could compile a list of current, pressing avenues on the initial states

‘-------------------------s

longi’cudinal structure

B,Q,S Charge deposition and the search for the CP

4
Initial condition: ,/syy dependence anc

From medium to small systems

~------------------------

Seemingly different,

Better quan’cifica’cion of ICs for large systems But in reali’cy, in’cima’cely
related!l

Initial condition for hard probes



LET'S TAKE A LOOK FIRST AT

THE LONGITUDINAL STRUCTURE
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The theoretical assumptions measured small system flow coeffincients are not consistent with



BOOST INVARIANCE IS...
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BOOST INVARIANCE IS...

NOT A GOOD APPROXIMATION’
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*And this is the most averaged, coarse-graine& observable we can measurel
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BOOST INVARIANCE IS...

NOT A GOOD APPROXIMATION
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FLOW DECORRELATION JANCE IS

[PhysRev.C 92 (2015) 3, 034911]
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*And this is the most averaged, coarse-grained observable we can measure!




FLOW DECORRELATION JANCE IS

[PhysRev.C 92 (2015) 3, 034911]
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FLOW DECORRELATION

[PhysRev.C 92 (2015) 3, 034911]
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RAPIDITY RESOLUTION ANOTHER PERSPECTIVE

LARGE BARYON DENSITIES

HOWEVER,

300 r=rrropm
S s = 62.4 GeV The Phases of QCD

[Cs not well ’rheoreticqﬂy constrained around
Quark-Gluon Plasma the intermediate energies

N
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RAPIDITY RESOLUTION

From the McDIPPER
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RAPIDITY RESOLUTION
| ARGE BARYON DENSITIES

Baryon stopping is also seen at klrger energies, 1eaohng to
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We need a well controlled 3D initial energy, and
charge (BQS) deposition to initialise -precision
physics era- EbE simulations



THE INITIAL STATE OF A HIC

W hat do we need?

IC is commonly taken to be up to the beginning of hydro

evolution.
Then, the initial energy stress tensor, 7, is needed.
0, hydro
! 4
I TpC Tmin
]
]
i QGP, therma HRG, thermal
]
]
D R >
' Hydrodynamical evolution

N

14



THE INITIAL STATE OF A HIC ... IN 3D.

What do we expect 1o hawve?

NO_JEUIQ Of DOFS depends model—by—model

(1) Fireball energy deposition: C.oM of collision

favours midrapidity.

L‘ High density of gluons, string ]oreqking, etc.

(1)

15



THE INITIAL STATE OF A HIC ... IN 3D.

What do we expect 1o have?

NO_JEUIQ Of DOFS depends model—by—model

(1) Fireball energy deposition: C.oM of collision (2.

favours midrapidity.

LO High density of gluons, string ]oreqking, etc.

(2) Fragmentation region energy deposihon: C.oM of collision favours miolrapidify.

L‘ Quark scattering, ]oaryon junction, hadrons?

16



THE INITIAL STATE OF A HIC ... IN 3D.

What do we expect 1o have?

Ni
Nature of DoFs depends model-by-model
(1) Fireball energy deposition: C.oM of collision (3B) (3A)
favours midrapidity.

LO High density of gluons, string breqking, etc.

(2) Fragmentation region energy deposition: C.oM of collision favours midrapidity.
g 9 gy dep praity

L‘ Quark scattering, baryon junction, hadrons? 0—|

(2) Fragmentation region charge deposition: OB and S (in fluctuations)
9 g g P

17



SO, WHERE ARE WE?
WHAT IS THERE?
AND... WHAT IS MISSING?




METHODS STATE OF THE ART

DoFs/motivation behind the energy and charge deposmon

—

LARGE-X GEOMETRICAL LOW-X
Collinear fact. Effective description O~reroccu pied
Described ]oy PDFs Often parame trical Color fields

19



METHODS STATE OF THE ART

DoFs/motivation behind the energy and charge deposmon

—

LARGE-X GEOMETRICAL LOW-X

Collinear fact. Effective description O~eroccu pied
Described ]oy PDFs Often parame trical Color fields
AMPT, EKRT TRENTO

(Next Talk!)
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METHODS STATE OF THE ART

DoFs/motivation behind the energy and charge deposmon

llllllllllllllll

LARGE-X GEOMETRICAL : LOW-X :
Collinear fact. Effective description E O~reroccu pied E
Described ]oy PDFs Often parame trical :‘ Color fields

4
----------------

19



SATURATION
MODELS




e(k) _
electron

p/A(p) { P AW
proton/ '<
nucleus

4

® Using QED pro]oe to test QCD properties

® (Great control over kinematics

DEEPLY INELASTIC SCATTERING (DIS)

s = (k +p)2 % Center of mass energy (squqreci)

— q2 9 Resolution power
2
q a Fraction of momentum
pP-q carried
P 4q % Inelas’ricity
p-k
[nclusive and exclusive channels (VQCJ[OI meson
prod., DV (S, etc)
® Great control over kinematics

21



SATURATION MODELS

NUCLEAR STRUCTURE §

Q2 =10 GeV? -

® PDFs from fit to Experiments (DIS)

X ~ energy/ momentum fraction carried ]oy parton

Q2 ~ resolution scale

22



SATURATION MODELS

NUCLEAR STRUCTURE

® PDFs from fit to Experiments (DIS)

X ~ energy/ momentum fraction carried ]oy parton

Q2 ~ resolution scale

l

X
i)~
2

Q

¢ (QCD evolution in Q? given by the DGLAP equation

25



SATURATION MODELS

NUCLEAR STRUCTURE

® PDFs from fit to Experiments (DIS)

X ~ energy/ momentum fraction carried ]oy parton

Q2 ~ resolution scale

]
¢ (QCD evolution in Q? given by the DGLAP equation T

X
® (QCD non-linear evolution in x given by the BK equation
2

Q

25



SATURATION MODELS

NUCLEAR STRUCTURE

® PDFs from fit to Experiments (DIS)

X ~ energy/ momentum fraction carried ]oy parton

Q2 ~ resolution scale

¢ (QCD evolution in Q? given by the DGLAP equation

® (OCD non-linear evolution in x given ]oy the BK equation

® Balance between gluon emission and recombination leads t

saturation of the gluon olensi’ry (black disk limit N ~ 1)

24



SATURATION MODELS

1.2

NUCLEAR STRUCTURE N,

e KW MV init. cond. Y=0,5,15,30

..... Balitsky

-.=.= parent dipole

-
o’
.

0.8

.......... init. cond.
0.6

® Emergence of a semi-hard saturation scale -

Q. is created dynamically 02

llllllllllllllllllllllll

e Gluon distributions saturate with &, < Q¢ (r > QS_1 in pos.

quce)

® Parame’rricqﬂy, an simple form
With energy: Q¢ ~ x

1
With system size QS ~ Al




THE COLOR GLASS CONDENSATE

S

Soft Partons Hard Partons

Macrosco pic Field @ Static Color Sources
A(x) JH(x) = g 8(x7) 8" p(x,)

25



THE COLOR GLASS CONDENSATE

S

Soft Partons Hard Partons

Static Color Sources

Macroscopic Field @
A(x) JH(x) = g 8(x7) 8" p(x,)

\ D, F™] = J /

Yang-Mills Equatilons
AP = = g8 () — plx)
L

25



THE COLOR GLASS CONDENSATE

S

Soft Partons Hard Partons

Static Color Sources

Macroscopic Field @
A(x) JH(x) = g 8(x7) 8" p(x,)

\ D, F™] = J /

Yang-Mills Equatilons
Apx) = = g5 5(x7) = p(xy)

V|
o x]fg(x, QL%) |
Q3(x) nR?

25



THE COLOR GLASS CONDENSATE

S

Soft Partons Hard Partons

Static Color Sources

Macroscopic Field @
A(x) JH(x) = g 8(x7) 8" p(x,)

\ (O1p]) = J@b Wix; p101p] ‘/

Wlx; p] : gauge invariant probability distribution

26



THE COLOR GLASS CONDENSATE

S

Soft Partons Hard Partons

Static Color Sources

Macroscopic Field @
A(x) JH(x) = g 8(x7) 8" p(x,)

\ (O1p]) = J@b Wix; p101p] ‘/

Wlx; p] : gauge invariant probability distribution

SPECIAL CASE

McLerran-Venugopalan Model

<,0a(x¢)/0b(yl)> = 82 5abﬂ25(z)(xl -y)

26



SATURATION: IP-GLASMA LOW-X

LLO approximation for the CGC evolution of a dense-dense system.

IP-GLASMA

1) Sample nucleon positions (e.g. MC-Glauber)

2) Sample color currents from those nucleons (JA,B)

3) Solve Yang—MiHs in the presence of both currents

and conservation laws for currents.

4) Get energy-stress tensor, T#

NOTE: EXTENSION TO 0
3D IS NOT TRIVIAL 0
e

27



RAPIDITY RESOLUTION < LONG. RESOLUTION
LONGITUDINAL STRUCTURE

colliding
nuclei

spy)  Jdxp?)

Teoll K 1fm/c

q(p,y)

D(x,,p)

TEKT ™~ 0.1fm/c

PERTURBATIVE CASE

Perturbative expansion on the sources
allows simple kinematics, connection

Xy s’craigh’rforwarci

COMPLETE LO CASE

Every contribution of sources taken on
account, solvable numericqlly, but

connection x < y is very complex

28



SATURATION: 3D-IP-GLASMA

LLO approximation for the CGC evolution of a dense-dense system.

IP-GLASMA 3+1D (V1)

1) Sample nucleon positions (e.g. MC—Glau]oer)

y [fm]

2) Sample color currents from those nucleons (JA,B)

3) Boost your nuclei to the desired forward/backward cone

using the IMWLK equations
4) Solve Yang-Mills

5) Get T" and evolution

JIMWLK
Evolution

JIMWLK
Evolution

y [fm]

y [fm]

LOW-X

[PRC 108 (2023) 6, 064910]

Ayo dN AYo — Yobs
o XD
o XOdN | om0
: dy |, _ ‘

Ayo - 7 Tyove= - AYo + Yobs
e e
mid-rapidity forward/backward

1
0.95

S 09
(]

£ 085

N 3D-Glasma 0g=0.3 ——

0.8 - 3p-Glasma as=0.225 - - 7
0.75 L 3D-Glasma ag=0.15 .... _
0.7 CMS 0|-5°/o (4.I4<T]b<5)I —@—

0 0.5 1 1.5 2

Na 29




LOW-X

SATURATION: 3D-IP-GLASMA

LLO approximation for the CGC evolution of a dense-dense system.

0.003 I 5
Q.R, = 1/16 -
IP-GLASMA 3+1D (V2) QR =18 =
Q.R,=1/4 o
0.0025 s 10
1) Sample nucleon positions (e.g. MC—Glau]oer) QSR:=1/2 = >
2) Sample color currents from those nucleons (J, z) but now your
’ " 0.002 | "
nuclei have an extent in 7z (more accurate in x* ) J 4
X ®
4) Solve Yang-Mills in 3+1D tt g £
|—§ 0.0015 + =
~ Q
5) Get T" and evolution = 8
0.001 |
2
0.0005 +
7 ’ M ~ 1

2 -15 -1 -05 0 05 1 15 2
Space-time Rapidity: n

JT(x7, x)) J (x*,x))

[Phys.Rev.D 103 (2021) 1, 014003] 50



CGC IN 3D: THE McDIPPER

Monte-Carlo Dipole Parallel Event GeneRator

L]

Framework for comparison of saturation model predictions and creation of IC for H.

Heavy—[on Collisions

Perturbative realisation of the LO glasma graph + Baryon stopping by CGC

(r,e(x,1))y [GeVfm2] o (z,Bx;,m)y [GeVfm™] y
10 10 I .
120 1.2
5 5
100 —
L~ f_1
= 1 z -
— 0 - “— 0 N
~ 30 — N~ I
N > > i E
-5 60 O i -
-10
-10 ~10 40 ~10
10 =5 ~A0 =5
-5 0 -3 0
o 20 T
N s { (%, 3 ’ !
Xy A0 0 J a0

31



CONSERVED CHARGE DEPOSITION
FROM MICRO TO MACRO FROM THE CGC FORMALISM
Low-x gluons dominate the miolrapidity region

THE INPUT

dN : d’q d’k
5 — & J q (2][)25(1) +q _p) LOW-X g‘luons
d’xd?’pdy  87° Cp p? ) 2n)?* (2r)?

uGDFs — ®yx,r,q) ~ ¢*D,4(x,1,q)

XD (x,x,q) Dy(x,,x,k)
Dipoles — Dygi(x.r,q) Dy, (x,1,9)

At forward/backward rapidihes, particle

L‘ GBW, IP-Sat, MV ..

produchon dominated ]oy ]oaryon stopping

High-x vartons
quf B xlq]fﬁ‘ (X1, pz, X) Dg (55, X, P) —»E'/ 9 P 2
d2xd?pdy (27)? PDFs — Ai q]‘(xia P°)
n xzqf‘ (2, P, %) Dpyn31, X, P) % Different PDF sets*.
(2m)? |

*Accessible in the MCDIPPER through the
LHAPDF h]orqry

Sysfemthaﬂy Improvcﬂole e.g. ]oy including NLO gg— ¢g production through gluon fusion

352



CGC IN 3D: THE McDIPPER

Monte-Carlo Dipole Parallel Event GeneRator

Framework for comparison of saturation mode.

Heavy—[on Collisions

HOW DOES IT WORK? ﬁ,

e Model input: gluon unintegrate& distribution functions: (uGDF) +

(collinear) parton distribution functions (PDFs)

Gluon production: k; factorization ~ UGD?

Quark production hybrid formalism ~ PDF ® UGD

- preolicjrions and creation of IC for H.

L]

® Compufe energy and charges using single pqrhcle produchon formulas

o Use Glauber sampling

[GM,, Schlichfing, Elfner, PRC 109 (2024) 4, 044916]

and tabulate (, T}, T))

to produce events -fast- using (4, Ty, T,) as an Eb

- input.

35



FROM MICRO TO MACRO o O T e oo

I—‘ Macroscopic quantities (energy, charges) are Computeol as moments of the

single parhcle distributions

(o8]
o

. IP-Sat + CTSNNL?Z — \/%= 200GeV
(? ;Lp - ;Z,p - 3 :m 5 VSNN = 2.76TeV
o | h=To p=0fm"
Total energy deposition =1 ol es —— Sy = 5.02TeV
. . ; 50- — Ko&yg
dN dN 8 40 -
(e0)y = [P IP| | Kyt Y =
] d?xd*pdy I d?xd*pdy =
9 m 20_
i —— ==zzz=z== — YIS I~

Charges (u,d,s) deposijred can be used to compute

. . IP-Sat + CT8NNLO _
COHSQIV@d Charges SU_Ch as, l.e. Qlec'lfl’lc Charge, 1754 T a=T — 5 fm-2 — /Syny =200GeV
S LT 2P JSuw = 2.76TeV
(Tl T1n=T2n=Ofm_2 "

E 1.50 A Kg’=1.85’ — /Syy = 5.02TeV

_ _ — _ 0

i dN dN‘ > = B

(QT)() — Z Qf dzp f f 8 1.00
~ xd’pdy  d?xd’pdy 2

Y=Hj

dN; dN;
d>xd’pdy  d*xd’pdy

f d

Y=




TUNING

FIXING THE K-FACTOR

Input model parameters can be fixed l)y other experiments

e.q. DIS (e+p, e+A,..)

Owverall normalisation of (e,7)g treated as a free

parameter, K,, to account for perturbative corrections

lune K, using E| in pp min. bias collisions at \/Sny = 5.02TeV
K, = 1.25 {GBW} K, =1.85 {IP-Sat}

Multiplicity can be then estimated using

dN 4N B2\ 3
< Ch> =_——=c¥ (47, 2) Vet szX [re(y, x)|
oy /35S s 30 0

|[PRL. 123, 26230]]
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CHARGE DEPOSITION T e o

604 IP-Sat + CT18NNLO —— 5-10% 40-50%
K,=1.85 —— 10-20% 50-60%
201 20-30% 60-70%
& 40-
Non-trivial interaction between X—dependence ke
Q30 -
of gluon uGDs and quark PDFs gives tails in S
20 -
the charge deposihon
10 ~
O - T T -
—10.0 —-7.5 -5.0 —-2.5 0.0 2.5 5.0 7.5 10.0
70
Even at hlgher rapldlhes NoN-zero Pb-Pb, Vsyy =2.76 TeV — 0-5% 30-40%
601 IP-Sat + CT18NNLO —— 5-10% 40-50%
]oaryon stopping is found! K,=1.85  10-20% £ 0-60%
>0 20-30% 60-70%
& 40-
©
~
M 30
S
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|
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—10.0 —-7.5 -5.0 —-2.5 0.0 2.5 5.0 7.5 10.0

Ns

(see PRC 108 (2023) 4, 4)

56



CHARGE DEPOSITION

Non-trivial interaction between X—dependence
of gluon uGDs and quark PDFEs gives tails in
the charge deposihon

Even at higher rapidihes, NoNn-zero

]oaryon stopping is found!

Midrqpidify ]oaryon chqrge deposihon follows
an exponenhcﬂ shift in the rapidity shift
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THE MCDIPPER+CLVISC

SOME INTERESTING RESULTS (...TO ME)

: . : e
~ ——— nucleon —-~ hotspots fluct ¥ 510% ¥ 30-40% : TP ' M
2000_ —==nucleon fluct === hotspots more fluct ¥ 10-20% 40-50% ] _
BLARLRE hotspots ¥ 0-5% ¥ 20-30% = 0.75 s
1750 | — -
B A . 0.50 —
1500 |- ’ N — =
B 4 Lok KE . .
B / = ek B 0.25 =
. 1250f /ﬁ ) g R }}\ - =
E B /{{ +\ B :8 0.00 =
$ 1000 LA L SN . NN X 2
: ,ﬁ.’f : . *’% N = nucleon .. m &
750 /7, 4 & \ :k.\ - -0.25 ===- nucleon fluct RN =
_//j»’* ,,"". : *. ** 2 ,.,,.*.-lr. *** 4. * \;\ Shees e e e s e hotspots ’ o
500 f,\ o . NS \ -0.50~ —-— hotspots fluct =
P e 1 2 et S B T e hotspots more fluct .
250 @ _ =" T R -0.75 { ALICE 10-20 % -
e B TR R Y R =Y 990 05 00 05 @ 0
L n
Minimal IC tuning. Added hotspot fluctuations

[GM, Schlichting, /hu, in preparafion]
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THE MCDIPPER+CLVISC

SOME INTERESTING RESULTS (...TO ME)
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2 : E . £ .
= . i . L .
S 0.9 — w/0 thick fluct ] 0.9 L 0.9 B
' === w thick fluct ' :
~ ¥ 0-5% np>4.4 - ~ Y 5-10% np>4.4 : ~ ¥ 10-20% ny>4.4 5
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4 Yy v s . Y vy o B Risam e e
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’3 [ B = - B \ 4 v
S
. . i . : .
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Decorrelation due to non-trivial Additional fluctuations needed to explqin flow decorrelation. WP charge
X-depeﬂdeﬂce of uGHs and PDFs fluctuations in the valence sector (PDF sampling of valence charges)

[GM,, Schlichting, /hu, in preparah’on] 39



W e should strive to use IC models in HICs that can

model and describe simul’rqneously collisions for

smaller sy stems (e+ A, p+A).

Consis’cency is key.



Injector
Linac

Polarized
Electron

Electron Source

Injection
Line

THE
ELECTRON-ION
COLLIDER

Electron Electron
Storage Cooler

e s

Possible
Detector
Location

Hadron Electrons |
Storage Possible

Ring Detector
Location

Electron
Injector (RCS)

(Polarized)
lon Source



CORE IDEAS OF THE EIC

How are quarks and gluons, and
their spins, distributed in space and
momentum inside the nucleon?

ow do color charges, (and
colorless jets) interact with a
nuclear medium?

Does gluon density saturate at high
energies in nuclei? Is this a universal
property in all nuclel, even the proton?
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SYNERGIES LHC-EIC
CORE IDEAS OF THE EIC

CHALLENGES IN ICs-HICS

Initial condition: ,/syy dependence

and longi’cuclinal structure

B,Q,S Charge deposition and the
search for the CP

From medium to small systems

Better quan’cifica’cion of ICs for large

systems

Initial condition for hard probes

How are quarks and gluons, and
their spins, distributed in space and
momentum inside the nucleon?

How do color charges, (and
colorless jets) interact with a
nuclear medium?

Does gluon density saturate at high
energies in nuclei? Is this a universal
property in all nuclel, even the proton?
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SYNERGIES LHC-EIC

CHALLENGES IN ICS-HICS CORE IDEAS OF THE EIC

Initial condition: ,/syy dependence How are quarks and gluons, and
and longitudinal structure their spins, distributed in space and

momentum inside the nucleon?

B,Q,S Charge deposition and the
search for the CP

How do color charges, (and
colorless jets) interact with a
nuclear medium?

From medium to small systems

Better quan’cifica’cion of ICs for large

systems

Does gluon density saturate at high
Initial condition for hard probes energies in nuclei? |s this a universal
property in all nuclel, even the proton?
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SYNERGIES LHC-EIC

CHALLENGES IN ICS-HICS CORE IDEAS OF THE EIC

Initial condition: ,/syy dependence How are quarks and gluons, and
and longitudinal structure their spins, distributed in space and

momentum inside the nucleon?

B,Q,S Charge deposition and the
search for the CP

E d; 1l How do color charges, (and
rom medium to small systems colorless jets) interact with a

nuclear medium?

Better quan’cifica’cion of ICs for large

systems

Does gluon density saturate at high
Initial condition for hard probes energies in nuclei? |s this a universal
property in all nuclel, even the proton?

44



CHALLENGES IN ICS-HICS

Initial condition: ,/syy dependence

and longi’cuclinc.l structure

B,Q,S Charge deposition and the

search for the CP |

From medium to small systems

Better quan’cifica’cion of ICs for large

systems

Initial condition for hard probes

CORE IDEAS OF THE EIC

How are quarks and gluons, and
their spins, distributed in space and
momentum inside the nucleon?

How do color charges, (and
colorless jets) interact with a
nuclear medium?

Does gluon density saturate at high
energies in nuclei? Is this a universal
property in all nuclel, even the proton?
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TESTING SATURATION MODELS

. 10% E
04 L Current polarized DIS e/y+p data: [N —  Existing Measurements with A > 56 (Fe): [l
Current polarized RHIC p+p data: [ -~
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TESTING SATURATION MODELS
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TESTING SATURATION MODELS

A DIPOLE STORY F; difference( % ) (1°7Au)

® [nclusive DIS cross-section:

fo — 2 szbdzrdz l//;,*—w]é(r, z,0%)| N(b,r,x)
/

® Can be expressed as a eze(x, 0) = Q2 <6Y*A 4+

function of structure
functions, e.q. ezFL(x, 0) = dez A

e Compare linear DGLAP and non-
linear BK effects in F2,L

How? EXpanding N(b,r, x) and matching

|PhysRev.D 105 (2022) 11, 114017 ]



HADRON CORRELATIONS

® The semi-inclusive channel e+A = hy+h,+e'+ X

1S quite sensitive

o MuHiple scatterings with the soft gluons within the target
serve to broaden the back-to-back peak for outgoing

particles

;. interacting gg

LO When the relative momentum ¢, ~
fee.

Ls maximal:_y the saturated glue.

® Also, photon—haolron/photon iet should be sensitive to

saturation effects.

® Progress towards NLO: [Caucal et al, arXiv:240519404]
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|PhysLettB 682 (2009) 207-211]
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VECTOR MESON PRODUCTION
I—O Coherent: Incoherent:

Fuﬂy diffractive Breaks up the nucleus.
e+A—-e+A+Jy e+A—-e+A+X)+J/y
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VECTOR MESON PRODUCTION

Coherent: [ncoherent:

Breaks up the nucleus.

Fully diffractive

e+A—-e+A+Jy e+A—-e+A'+X)+Jy

Coherent: Sensitive to average geometry

Diffractive peaks — details of target, non-linearities, ete.

dO(e +Au—¢e’+Au’ + J/L|J)/dt (nb/GeVZ)

—
<

O

F(b)/[F(b) d

N fLdt =10 fb /A
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E O x < 0.01
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10 4, ott=5%
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VECTOR MESON PRODUCTION

Coherent:

Fully diffractive

e+A—-e+A+Jy

[ncoherent:

Breaks up the nucleus.

e+A—-e+A'+X)+J/y

Coherent: Sensitive to average geometry

Diffractive peaks — details of target, non-linearities, ete.

[ncoherent: Sensit

Sensit

1ve

1ve

1O

=b

= fluctuations

to nuclear structure

dodt [nb/GeV/’
Q

vl .
Q2

nb/G
a8

do/dt

E\b/vaz]

do/dt
=
=

y+U -> W + U* x = 1.7x10°
Coherent Incoherent

Coherent Incoherent
e 33=0.50

cme e 33=O.30
.................. 33=O.00

Coherent Incoherent
34=O.50
34=0.30
34=0.093

00L 002 003 004
It] [GeV?]
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VECTOR MESON PRODUCTION

Coherent:

Fully diffractive

e+A—-e+A+Jy

[ncoherent:

Breaks up the nucleus.

e+A—-e+A'+X)+J/y

Coherent: Sensitive to average geometry

Diffractive peaks — details of target, non-linearities, ete.

[ncoherent: Sensit

Sensit

1ve

1ve

to EbE fluctuations

to nuclear structure

Ab initio computations of nuclear densities

can help include nucleonic n-point

correlations into initial geometry

20Nea Pm(fl?, y> Z)

Nuclear structure and DIS

i DIS
> 10 - e e
Q o F
©10°
=
=107
O
~
g 10 — PNe,PGCM % \/\

----------- ,eNe, Spherical %4\ %/ :
.................................. 0O o\ Y/

=
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—
[ L
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Illlllll
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1.5 e T
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0O 0.02 004 006 0.08 0.1
't [GeV?]

[ PRL 131 (2023) 6, 062301 ]




160, pm(xvya Z) 20Nea pm(l’,y,Z)

VECTOR MESON PRODUCTION

Coherent: [ncoherent:
Fu:_ly diffractive Breaks up the nucleus.
e+A—-e+A+Jy e+A—-e+A'+X)+Jy

Coherent: Sensitive to average geometry

Diffractive peaks — details of target, non-linearities, etc. 0.08!
0.07}
[ncoherent: Sensitive to EbE fluctuations 'é 0.06 =
< :
Sensitive to nuclear structure & 0.08 T LT 775
> Eass - -»‘iﬁ'&:@i&f&t‘l&&@‘z’&v %
Ab initio computations of nuclear densities 0 \
- : . o 1.705
can help include nucleonic n-point O 1158
1.10 'Savhes
correlations into initial geometry S 1.05 '
< 1.00:¢
0
F]anking from both LHC and EIC? centrality [%]
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STILL A LOT TO TALK ABOUT

Ultra—periphercﬂ collisions (DIS-like) 107 — Hll-!ﬁldrlqplilﬁl-l-lllPC meaﬁﬂremﬁﬁs N
ST ;
) i
Less control on virtual photon energy S
G | entral LHC
Smaller-x but at higher 0’

Upcoming ALICE's Forward Calorimeter 10
(FoCal) offers a complimentqry kinematic

range

Forward hadronic (dilute dense collisions)

Hadronic + EM measurements + correlations 1

give access to gluon distributions

| IIIIIII| I IIIIIII| | IIIIII|| | IIIIIII| | IIIIIII| | IIIIIIT
10° 107 107 107 1072 10 1
X

Progress has been done in the previous years,

NLO hadron production available now [see
PRD 109 (2024)3, 034018
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SUMMARY AND CONCLUSIONS
l

3D is now. Understanding the longitudinal structure of the initial energy deposition is
a necessity for the studies on small systems

|

Many models. We need also a way to discriminate models of the initial stages.

|

Necessary: Models should establish themselves conceptually (if not
computationally) consistent throughout wide range of energies and systems.

|

Exciting Future: The EIC poses as an excellent complement to the HICs
program. The |Cs can be refined using its measurements.
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CHARGE DEPOSITION

Non-trivial interaction between X—dependence

of gluon uGDs and quark PDFEs gives tails in

the charge deposihon

]oaryon stopping is found!

Even at hlgher rapldlhes NON-Zero

Midrqpidify ]oaryon chqrge deposihon follows

a power—law trend
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~ (vow)
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CHARGE DEPOSITION

50004 AU-AU, Vsyny = 200 GeV — 0-5% 30-40%
< IP-Sat + CT18NNLO — 2-10% 40-50%
_ —— 10-20% 50-60%
Non-trivial interaction between x-dependence 5 Kg=1.85 20-30% 60-70%
of gluon uGDs gives tails in the enerqgy 3000+
n
L 2
deposition S 200-
LL)
©
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0 I I I I I I
5000 - Pb-Pb, VSNN — 2.76 TeV — 0-5% 30-40%
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O 2000
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[GM,, Schlich’ring, Elfner, PRC 109 (2024) 4, 044916]



CHARGE DEPOSITION T e o

604 IP-Sat + CT18NNLO —— 5-10% 40-50%
K,=1.85 —— 10-20% 50-60%
201 20-30% 60-70%
& 40-
Non-trivial interaction between X—dependence ke
Q30 -
of gluon uGDs and quark PDFs gives tails in S
20 -
the charge deposihon
10 ~
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70
Even at hlgher rapldlhes NoN-zero Pb-Pb, Vsyy =2.76 TeV — 0-5% 30-40%
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[GM,, Schlich’ring, Elfner, PRC 109 (2024) 4, 044916]



CHARGE DEPOSITION T e o

604 IP-Sat + CT18NNLO —— 5-10% 40-50%
K,=1.85 —— 10-20% 50-60%
201 20-30% 60-70%
& 40-
Non-trivial interaction between X—dependence ke
Q30 -
of gluon uGDs and quark PDFs gives tails in S
20 -
the charge deposihon
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70
Even at hlgher rapldlhes NoN-zero Pb-Pb, Vsyy =2.76 TeV — 0-5% 30-40%
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(see PRC 108 (2023) 4, 4)



3D-TRENTO

Parametrical model of energy deposihon of the HIC

Extension to 3D, TRENTo includes a central fireball and

forward and backward frqgmentoﬁrion regions.
e(x, ’7) — €fb(xa 77) + €frag,+(x’ 77) + €frag,—(x9 77)

Central fireball is pqrametrizeol in rqpidity

Efb(fJ_ans) — Nfb \/TA(fJ_) TB(fJ_) ffb('r/s — ns,cm(xl))a

GEOMETRICAL

[PRC 102 (2020)]

P]afeau-fiHing of the fireball
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3D-TRENTO

Parametrical model of energy deposihon of the HIC

Extension to 3D, TRENTo includes a central fireball and

forward and backward frqgmentqhon regions.
e(x, ’7) — efb(xa 77) + €frag,+(x’ 77) + €frag,—(x9 77)

Central fireball is pqramefrizeol in rqpidity

Efb(fJ_ans) — Nfb \/TA(CEJ_) TB(CEJ_) ffb('r/s — ns,cm(xJ_))a

Fragmentahon deposihon is constrained ]Oy ]imifing

fra gmentation

5frag,X(£_L7 778) — FX (fJ_) ffrag(e_ns’maxj:ns)r

'\/SNN = 39 GeV

snn = 130 GeV

GEOMETRICAL

[PRC 102 (2020)]

]imifing

W fra gmentation

" |ns| - Ns, max

16



3D'TRE NTO GEOMETRICAL

[PRC 102 (2020)]
Parametrical model of energy &eposihon of the HIC

Pb-Pb 5.02 TeV

2000 -

Extension to 3D, TRENTo includes a central fireball

forward and backward frqgmentoﬁrion regions.

1500 1

e(x, ’7) — €fb(xa 77) + €frag,+(x’ 77) + €frag,—(x’ 77)

dN(h/dn

1000 -

Central fireball is parametrizeol in rapidify

5fb(f¢,773) = Nip \/TA(Q_Z’J_) TB(Q_;"J_) ffb('rls — ns,cm(xj_): 500 -

.0 . 0. 0. 0. 0. 0. 0.0 .0.0.0. 0.0 0.0 0.0 0.0 0 0 0 % % ¥

Fragmentation deposihon is constrained by ]imifing

| - 0 5 4
fra gmen fation n

No charge deposi’cion.

Useful for bo.yesian analysis
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