Probing the CGC and QCD matter at hadron colliders

March 26, 2025
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Diffraction

Good and Walker (1960)
Caldwell and Kowalski (2009)

Dipole picture




Diffraction (1)

A/ \A’

Basic amplitude

APV (g —z/al2 / 2y Agg(zp, 7, A).

Cross section
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Diffraction (2)

Diffraction on a composite target (hucleon, nucleus)

A A A
Tx(b) = ZTG(b —b,) = / d%x p(x)Te(z — b)

A A 2 Density of constituents

plx) =2 iy 0(z —bi) in the transverse plane
1 —5%/(Be)

TG(b) 55 € "Constituent" profile

B 21 Ba

Coherent cross section (square of elastic amplitude)
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Ground state expectation value of a
(local) one-body operator



Diffraction (3)

Total (diffractive) cross section
21 123/ —iA-(b—b") _2 ; 2 2
/d bd%be adip2‘<¢anA(b)\%>’ = (22.(A)).

Incoherent cross section
(E2,(8)) — (S(A))? = o, [ dadye A S(ay
Gives access to the density-density correlation function

S(x,y) = (p(z)p(y)) — (p(x)){P(y))
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In the absence of correlations

,0(2)(:13, y) = P () p () o S(x,y) = Ap(l)(a:)5(w —y) — AP(l)(w)P(l)(y)

Local density fluctuation



Fluctuations




Fluctuwations

» short interaction time, frozen configurations of positions

» event by event measurements -> probe one configuration at a time
» configurations fluctuate from event to event

» interactions are local -> fluctuations are controlled by the density-

density correlation function (and higher n-point functions)



Diffractive production of vector mesons

For a review see Heikki Méntysaari, Rep.
Prog. Phys. 83 (2020) 082201
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J/¥ photoproduction (Q* = 0)
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o2k R ] function of the proton
. (M. Traini and JPB)
; 10'
= _ 2
P(b1,--+ ,ba) = (b1, - balo)l
07
1072

[t] [GeV?]



Initial states
In heavy ion collisions




"GLAUBER" INITIAL FLUCTUATIONS

The initial energy density (in the transverse plane) is not smooth

Typical distribution of
"participants” in a Glauber O
calculation at some finite impact O
parameter

) ."’
(from J. JIA, Talk BNL, 20

There are potentially many sources of fluctuations. The dominant ones seem to

be those associated to the nucleon positions at the instant of the collision.
Hence the connection to nuclear structure.



Shape of nuclei matters

The tail of the transverse
energy distribution depends
on the orientation of the
Uranium nucleus

HELIOS collaboration,
(CERN SPS)
Phys. Lett. B 214 (1988) 295

NB. Analogous
finding in electron
scattering
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Heavy Lown collistons
and nuclear structure

Low-energy structure of nuclei affects outcome of high-
energy collisions between nuclei

9671 96Ru

Numerous evidences for the influence of
"Iintrinsic" nuclear shapes, e.g Ru/Zr ratios

Observations made at colliders impact our knowledge of
nuclear structure

The large sensitivity to initial configurations of nucleons allows for a
precise determination of deformation parameters, neutron skin, etc

This raises the question of why (and how) fine details of
nuclear structure survive the complexity of a nucleus-nucleus
collision at high energy?



Connection to
nuclear structure




ls deformation "real” ?
caw Lt be observed ?

e A deformed nucleus is characterised (for example) by a non vanishing
quadrupole moment of the one-body density

0 = r2P2(cos 0)
(Q) = fd3f”,0(7) Q) # 0 p(7) = fd3”2"°d3l’N DF, 7, -+, Pyl

where O(¥|, 75, -+ ,7y) is the "deformed" independent particle wave function.

e But O cannot be the ground state of the nuclear Hamiltonian since the
ground state carries zero angular momentum

(Wi=0lO¥)=0) =0

e Way out: @ is to be considered as an "intrinsic" state, function
of intrinsic coordinates. The full wave function contains a factor
that describe the collective rotation of the system.

-
* This remains a model though, or at best [Some analogy with a -
an approximation. diatomic molecule]

-




Conceptual LSSUES

* In the intrinsic state the nucleons are essentially uncorrelated (mean field
picture), but the average potential has some "orientation"

- >
Po(ri,ra, -+ o ry) = |@ai(r1,ra, -+, 1y

e Averaging over the collective wave function generates specific angular
correlations (of all orders)

dqQ | . ) . .
.. — . nt L | NB. This average projects
AUNES TN) f 47 ' a (F1, 12,  TN) onto a spherical state
— |y )P
= [Wo(r1,---74)l

e Measurements (diffraction, HI collisions) involve "snapshots" (event-by-
event) of the configurations of positions, i.e. they probe the exact

distribution
2
Wo(ry,---14)l

o Characterization of the correlation functions without referring to an intrinsic
state is work in progress [ with Giulinao Giacalone]



Example of a prediction at the EIC

(Mantysaari, PRL, 2023)
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Why is that interesting ?

* Heavy ion collisions may offer us the possibility to capture
the shapes of deformed nuclei in a more direct way than any
other previous experiment.

* Not only does one "see" the deformed shapes, but the
values of deformation parameters can be determined with
surprisingly high precision.

* The sensitivity of observables (in diffraction and heavy ion
collisions) to the exact locations of the nucleons at the
instant of the collision (i.e. event-by-event) is intriguing...and
challenging (e.g. for description of initial states).




