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Relativistic Heavy-lon Collisions

Giacalone, 2101.00168
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» Currently, characterization of initial state is the largest source of uncertainties in extracted QGP properties.
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.202301
https://arxiv.org/pdf/2101.00168.pdf

“Geometry” of Initial State Overlap Region

R2 o« (r?) & o (re?)

“Geometry” of initial state -  Size Shape

Controlled by: 1. Nuclear Deformation.
2. Impact Parameter (b).
3. Quantum Fluctuations in position of nucleons.
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Experimentally Characterized by “Centrality” of collisions:
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» Most-Central collisions have b = 0, max. overlap Area = ldeal to probe factors controlling initial state
* Note: Currently no clear definition of UCC, 1% centrality is commonly used.
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https://www.sciencedirect.com/science/article/pii/S0370269311015243?via%3Dihub

Effect of Nuclear Deformation on Overlap Geometry

* Usually, the geometry of colliding nuclei approximated using a Woods-Saxon form:
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Effect of Nuclear Deformation on Overlap Geometry

* Usually, the geometry of colliding nuclei approximated using a Woods-Saxon form:

_ Po |
plr) = 1+ exp(r — R(6, ¢))/a] R(6,¢) = Ro(1 + B(cosyYao (6, @) + sinyY2 (6, ¢)))
(Oblgt)eo) | D Triaxial Overall Quadrupolelz Deformation Triaxiality
Y = i riaxia
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E? Nucleus Geometry Central Collision configurations
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» Nuclear deformation expected to enhance eccentricity and size fluctuations of overlap region
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Constraining f using 2-particle correlation measurements
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» Nuclear deformation inputs (eg: 8, x. = 0.18) are essential to describe experimentally measured v; x,.
» Inturn, nuclear deformation should be input in Bayesian analyses to constrain initial state.
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024906

Constraining Triaxiality (y) using Heavy-lon Collisions

Giac':a!onelet. all, PRC .1 03,1024909 (20.21) Giacalone, 2101.00168
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“Shape-Size Correlation”

» p, provides important constraint on origin of final state as a response to initial state fluctuations.
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.024909
https://arxiv.org/pdf/2101.00168.pdf

Constraining y Using p,, Measurements
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(v30pT) ~ a — b{B?cos(37)) > Pb corresponds to f~0.06 and y~27° (near spherical) ;
Xe corresponds to $~0.21 and y~27° (highly deformed triaxial nucleus).
» Ultra-Central heavy ion collisions provide ideal conditions to constrain Nuclear structure, which
controls geometry of initial state
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054910
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Geometric and Non-Geometric Fluctuations

* On an event-by event basis, there are two sources of fluctuations influencing final state measured ([pr])

Giacalone et.al. PRC103.024909(2021)  Geometric: hydrodynamic Intrinsic: Fluctuations arising from
800r /\ . response to the size fluctuations  Initial state, medium evolution.
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» Distinguishing Geometric and Intrinsic fluctuations is important to constrain both initial state and medium
evolution.
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.024909

Using Mean of P(|p+]) to Constrain cg
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In UCC, within approximately fixed geometry (b), choosing larger N, chooses events
with larger entropy density arising from intrinsic component.

 Larger entropy density within a fixed geometry leads to larger radial push or {[pr]).
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Using Mean of P(|p+]) to Constrain cg
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The slope of this rise of (('pT)) in UCC can be related to speed of sound of QGP:
,_ dP _ d(nT) _ d(inpr))

*  de d(lns)  d(InN.p)

C

S. Bhatta, Stony Brook University 9


https://arxiv.org/abs/2401.06896
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.97.014905
https://www.sciencedirect.com/science/article/pii/S0370269320305529?via%3Dihub

Using Mean of P(|p+]) to Constrain cg
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« Both ATLAS and CMS have observed the steep increase in slope of {|pr]) in UCC.
—Evidence of overlap area reaching its maximum and Hydro evolution of system.

« CMS extracted the slope of this rise: claimed the speed of sound of QGP, c? ~0.241.
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Using Mean of P(|p+]) to Constrain cg
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CMS is consistent with
Lattice QCD calculations at
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systematic error.

* UCC measurement of

{[p7]) provides direct
information on c? of QGP.
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Dependence of UCC Slope of {|pr]) on Evolution Dynamics
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» ATLAS: slope of this rise depends on the py-range of the particles,

consistent with Hydro models. din({[p1])) _ Apr/{lp1])

dIn(NF) — AN®/(N'e)

2
Cs(Teff) x
» Models without hydro evolution or mechanisms to relate initial

entropy densities to number of particles fail to describe slope.
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Using |pr] Cumulants to Constrain Fluctuations in IS
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Using |pr] Cumulants to Constrain Fluctuations in IS
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» With increasing N, in UCC, expect:
1. Decrease variance of P([pr]),
2. Increase skewness of P([p7]),
due to constraints on geometrical fluctuations
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Constraining Geometric and Non-Geometric fluctuations
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* InUltra-Central Collisions: 1. The variance of Geometric fluctuations diminishes = b almost gets fixed.
2. The skewness goes up due to truncation of distribution of event-wise (pr).

» Experimental measurement of the cumulants of P([pr]) can help in:
Isolating magnitude of “Geometric-fluctuations” from “/Intrinsic fluctuations” in HIC.
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Using [pr] Cumulants to Constrain Medium Evolution
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ALICE: variance and skewness of P(|[pr]) show deviations from power-law in UCC.
» Positive skewness excess from its baseline : indicates hydrodynamic evolution of QGP
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Using |pr] Cumulants to Constrain Fluctuations
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» Observed UCC features arise from diminishing component from b fluctuations (Geometric component).
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Using |pr] Cumulants to Constrain Fluctuations
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» Observed UCC features arise from diminishing component from b fluctuations (Geometric component).
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ATLAS measurement shows:

» Observed UCC features arise from
diminishing component from b
fluctuations (Geometric
component).

» First experimental constraint on
magnitude of Intrinsic fluctuations
in heavy-ion collisions.
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Conclusion

» Ultra-Central heavy-ion collisions provide ideal conditions to constrain geometry and
sources of fluctuations in the Initial state & from medium evolution.

» Recent measurements from LHC on flow and [pr] correlations in UCC has shown:

1. Nuclear deformation parameters 5, y can be reliably extracted from Ultra-Central HIC.
The extracted deformation are valuable inputs for Bayesian analysis to constrain Initial state.

2. Measured slope of rise of {|p]) provides evidence of hydrodynamic evolution of system.
Provided precise and direct constraint on speed of sound of QGP.

3. InUCC, the [pr] cumulants show clear signs of diminishing geometric fluctuations.
Provide experimental constraint on Geometric and Intrinsic fluctuations from Initial
state and medium evolution of HIC.
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Effect of f on Overlap Geometry

* Nuclear deformation enhances fluctuations in size and eccentricity of overlap region
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» Most-Central collisions: max overlap
= ldeal to probe Nuclear deformation
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» The effect of deformation on eccentricity and size fluctuations is maximum in ultra central collisions.
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Effect of y on Shape-Size Correlations of Overlap Geometry
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> Clear sensitivity to triaxiality for BOTH Initial state p(&%, 5dl/dl) & final state p(v2, 6[pT]/[pT]) in models.
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CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels
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Using Mean of P(|p+]) to Constrain cg

b fluctuations constrained in UCC| (pt) = 3.07 T.g
c=0.2% O ALICE
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Das ot al PRC 97 014905 (2018) Gardim et. al, Nat. Phys 16, (2020)

* InUCC, within approximately fixed b, choosing larger N, chooses events with larger
entropy density.

 Larger entropy density within a fixed geometry leads to larger radial push or {[pr]).
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Using Mean of P(|p+]) to Constrain cg
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* The slope of thisrise of (('pT)) in UCC can be related to speed of sound following:
,» dP d(InT) d(In(pr))

C
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