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In Hot Nuclear Matter,

Geometry is King

For a nice historical perspective, seR. Belmonttalk
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Nuclear Monte Carlo Hydro Initialization FreezeOut

(linear response)
A
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Hydrodynamics

7> 10fm
A Before collision: Event-by-event fluctuating nuclear geometry
U Pre-equilibrum Classical YangMills, kinetic theory, AdS# & 4 8

AO) T EOEAI OOA OA &nrkrgy (entropy) deposited at onset of hydrodynamics
U Hydrodynamics: Deterministic response to its initial conditions




A Defining signature ofcollectivity

U Many-body response to initialgeometry

U Final flow harmonics exhibitquasi-linear
response to initial eccentricities

A Critical role of event-by-event fluctuations
U Triangularity
0 Cumulants
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M.D.Sand J. NoronhaHostler, Phys. Re€2100(2019)
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STAR, Phys. Rev. Ldit5 (2015)

A The strongest geometrical signal is thelliptical overlap

region based onimpact parameter 4 op entropy deposition:

A Deformed nuclei have additional structure, even for

x Rules out entropy deposition for binary collision density | - _
i Sensitivity to some kind ofsub-nucleonic structure? Binary collision:  Qverlap region:
Same for all b b-dependent



A Unexpectedly good description of hydrodynamic response to  °F
the geometry offew-nucleon small systems . 0%t

0.4}
PHENIX, Nature |

d He i

0 PHENIX smalisystem ~ v5” < vf? ~ offf® Phys15 (2019) )
. 0.2}

geometry scan. ,U:gp) -~ Uéd) < 'UgHe) :
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A But: the inclusion ofsub-nucleonic structure substantially

0.1}

changes this picture R. Lacey, "
QM2019 °°f

U Dilutes geometry which exists atnucleon level
U Generatesnew geometry which did not exist before

x Uncomfortably sensitive to alltheOT AOOU AAOAEI| Of

0oL
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Extracting Hadronic Structure
from Cold Nuclear Matter




: I +p/A = e+ X
Deep Inelastic c+p/ ¢

Scattering (DIS) ('r* +p/A = X) An analogy: 5 | gretrelations

A+ A = v+jet+ X

Semi-Inclusive DIS ~"+p/A =h+X



HERA: the Electronz Proton Collider EIC the Electronz lon Collider

Beam Dump

From AGS

A.Accardiet al., Eur. Phys.A52 (2016)

A DIS at HERA:1992 - 2007 A DIS at the EIC2030 ~ 2050



Hard electron recoil |IF S A.Accardiet al., Eur. Phys.A52 (2016)
. . 108 Measurements with A = 56 (Fe): -
U short -distance pQCD Lo eA/ADIS (E-139, E-665, EMC, NMC)

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

5 [0 g 1072 =

Q2 _(Ee e) s i
5 5 CleanEM measurement of partonic structure
r=Q"/(sy + Q) U Protons and Nuclei



Figures from LSzymanowskiPoSQNP2012 (2012)
General QCD diagram Factorization of Nonperturbative Physics

- Hard scattering,

- PDFQaiD
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Semi-Inclusive DIS ~"+p/A =h+X (Acoplanarity 6 d, A
Sensitive to P
= intrinsic

transverse
momentum dl

See S. Mohapatra talk

. P2
SIDIS: Tag not just onrecoil photon , but also onone identified hadron e

(two scales) ke

U Transverse -Momentum Dependent (TMD) o = E;PDF) 4 E;FF)
parton distribution functions



Y(q) Y(q)

A

Vector meson

M. Diehl, Phys. Re@88 (2003) (0 Iy, ¥(28), ...)
A Hard exclusive & | processes can be
factorized at theamplitude level
U Deeply virtual Compton scattering
U Deeply virtual meson production |

1 1
APVME %/10!37/0 dz&F(:c,E,t;Qz)\If(VM)(z)—|—O(é)

A Generalized Parton Distributions (GPDSs)
U Spatial distribution of partons = Fourier transform of 0 dependence




The Delicate Game of Structure
for Hadrons and Heavy lons




A Hadronic collisions (e.g.fy N° “ @) are p
among themost complicated processes in QCD o) i L P
U Soft, nonperturbative radiation entangles 0 X
projectile + target and initial + final state .
U Noa priori hope of factorization, universality 3. CollinsCamb Monog Part.Phys.
Nucl. PhysCosmal32 (2011)
P
Z/ dz, dwb 5 fa,(a: pT) fb(-’ic pT) O ab—sc c(zv p’%) _ fa p
abc a A ¢ D e
o C
A Only for sufficiently inclusive (or exclusive) b X
observables do the dangerousspectator p £,

Interactions cancel to recover factorization



F@.Q) ~ F T (ol 900) L U0.110(0) I

F(o.Frs @) ~ FTap (o] 502U, r1(r) )

A Seemingly trivial to generalize PDFs from 1D to 3D 8

J ' ; T.R d P. Mulders, Phys. RS&L (2010
U Only factorize forafew specialprocesses ogers and P. Mulders, Phys. Réd (2010)

A)T OOETl OEA OOAT OOAOOA 111ATO

warped by final -state interactions
U Controlled non-universality: sign change! =

A Even worse, hadronic collisions are explicithzolor —»—L |
entangled! Hy+Hy— Hs + Hy + X




A Even if factorization breaking is present,
what can we learn from it?
U Is it numerically large?
U Entanglementphysicsin QCD?

) — RN RN R R RN ERRE RARFE SRLAR LAY ERLE
A PHENIX usedlihadron andr -hadron O . ik
: B G 0.15<x.<0.25 (x10?
correlations to try to measure O, 107E pep 152200 Gev T C0250c05 (c10%)
. . . Z| 3102 7<p.°<12 GeV/c ¢ 0 0.5<x.<1(x10%)
factorization breaking 8 of.  Zchpel ¢ i
«—|_E 3 3
f10_4 m|<0.35
For the time being, the only obvious way to quantify 10°°
factorization breaking effects is to compare data in pro- (08
cesses that are predicted f factorization and cal- .
culations assuming factorization holds. Such calculations 107 e, o
are not available at this time, largely due to the fact that 10°e °
even for unpolarized observables TMD PDFs and TMD 1079 Lesth Ll S
i -5 —4 -3 -2 -1 0 1 2 o 4 8
FFs are not yet well constrained due to a lack of data. p_ [GeVic]

PHENIX, Phys. Ré&¥98 (2018)
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U Selection cuts: centrality,
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heavy ionphysicswasto find the QGP.
Now,the challengeisnot OT AET A E
- JurgenSchukraft QM2017
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BEreezeoutd

A Implicit assumptions of factorization and universality are pervasive
U Demonstrably false in QCDz even justforo ¢ inn n

A Projectile / target entanglement  Z a nucleus depends on its partner?
U Different O! (hdachcase:0 6 0060 6 0 0Q0 6 Q0 0

A Initial state / hadronization entanglement?




Dialogue Between Hot and Cold

NuclearMatter*

P O] | h ]-premmo®®z|j «j zo



EICA Heavy lons Heavy lons A EIC

A Spatial imaging (GPDs) ? A Fluctuation dominance !
A Nuclear modification ("nPDFg ? A UPCs: preview of the EIC
A Nuclear deformation ? A Collectivity in small systems ?

A Partonic chemistry ?

A Fluctuating proton structure ?

A Quantum small system engineering




xS

Nuclear Monte Carlo

H1 and ZEUS Collaborations,
JHEPL001 (2010) 109

10 103 1072 107! 1
X

A The conventional wisdom thatcharge transport is only accessible at low energies
IS based onmean-field (optical Glauber) logic

A While the net charge is zero at top collider energies, thespatial fluctuations from
AApairs are abundant




A Pair production of quarks will lead to spatially-
fluctuating domains of charge

A Initial conditions of conserved charges
U Baryon number
U Strangeness
U Electric Charge

A How are thesecharge domains correlated
with the shape of theenergy density ?

A Can weproduce these charges from the energy

directly , without making another initial-state model?




Input: Initial Energy Step I Sample the Chemistry
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M.D.S. et al,
arXiv: 1911.10272,
arxXiv:1911.12454
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see S. Pratt talk

8 #1 Qe take
PDFchemistry
directly instead?
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Conclusion and Outlook

M. Sievert

From Hot to Cold Nuclear Matter
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A Hot and cold nuclear physics see through very different paradigms:
U Heavy lons: Datadriven, geometry response, fluctuatiorcentric
U Cold QCD: Anchored in QFT, limitedobservables, mostly mean field

A An opportunity for dialogue: o ) ) o
U EICA Heavylons: 0AOOI 1T EA AEAI EOOOUh EI ACET C
| C

~ ~ Pa ~ 7z Pa 4 LB} N

U HeavylonsA EIC: &1 OAOOAOQOEI T Oh 50#0Oh OI Al

A ICCING: Initial Conditions of Conserved Charges -
U Initial conditions for BSQHydro
U Flexible inputz PDF chemistry?

¢ Mande?

A The EIC is on the way! The time to break
down the language barrier is now.
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A Bulk /B /Q eccentricities aredominated by elliptical overlap region
U Few fluctuations in peripheral collisions (large elliptical signal)
U Many fluctuations in central collisions (small / vanishing elliptical signal)

A Strangeness fluctuations are muchless sensitive to the elliptical background



Echop = 0 GeV / fm®

Bu icles
T >0 MeV

Echop = 10 GeV / fm®

T > 280 MeV

Echop = 25 GeV / fm®

T > 350 MeV

Echop = 50 GeV / fm®

A

Strange Quarks!

€1,3)

T > 400 MeV

Echop = 75 GeV [ fm®

Echop = 100 GeV / fm®

A Strangeness geometry corresponds
to a groomedhot spot geometry
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A Quarks produced in thenitial state constitute only a Strangeness Density (fm")

minority of the overall production rates | .
U Final yields consistent withchemical equilibrium ) : o B
z &% ,°
S F

A Does this mean théot spot effect will be washed out ?
U Not necessarily

A Strange pairs produced in thefinal state will flow with . .

the same fluid velocity gz —~ 0 0

U Spatially -separated domains in the initial state can e X
flow differently L



A Hot-spot production of strangeness in the initial state probably
will not significantly affect overall o. of kaons

A Looking at aC-odd difference in flow between = and L
should enhance sensitivity to thenitial state

: : P(e)
A Caution: Need to look on arevent-by-event basis 0 050 S
0 Noto ¢ ofu versusb ¢ ofuv (difference of RMS) 0010l
U Rather:0 ¢ of 0 v (RMS of the difference | mnPee
5 x10° B
g =6 =

A Caution: Correlations with one kaon? Or two?




A For now, no hydrodynamics code exists that can
evolve all three conserved charges

A One charge is not sufficient:
U Different charges affect each other
U Mixed transport coefficients
M. Greif et al., Phys. Rev. L&&0 (2018)

I I |
Full Diffusion RS
0.01 | Matrix :'t\“-_ .

- - - N

A For now: quantify the initial state  with candidate
estimators for final-state flow

ng Tt [1m°]  ng vty [1/fm’]

A In progress: develop a fuliledged simulation of
(TBSQHyd oo J.Fotakis Quark Matter 2019



A Despite trying to includeab initio CGC theory input,

7z pd Pal pd L

U Dominated bymass thresholds
U Correlations driven bylight -front wave functions

A The downside:
U Not a good test of CGC or gluon saturation

A The upside:
U Hot spot effect isrobust based onelementary QCD

A The vision is to provide ICCING as amnostic module
that can be run onany initial energy profile , with any f
choice ofguark chemistry and correlations N J——

10 1073 102 10" 1




