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Emergent Phenomena

e Consider a box of water molecules
* Electromagnetic interactions

* What macroscopic properties
will the matter in the box have?
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Emergence In Electromagnetic matter

Temperature
OK 50K 100K 150K 200K 250K 300K 350K 400K 450K 500K 550K 600K 650K 700K 750K
l-I-Pa | 1 1 1 1 1 1 1 1 1 1 1 1 1 lOMbar
100 GPa-] -1 Mbar
10 GPa /_100 -
1 GPar] / ~10 kbar
100 MPa- Critical point -1 kbar
Solid Liquid 647 K, 22.064 MPa
10 MPa ~100 bar
@
|
3
A 1 MPa- -10 bar
@
|
o
100 kPa . . P —— - 1 bar
Freezing point at 1 atm Boiling point at 1 atm
273.15 K, 101.325 kPa 373.15 K, 101.325 kPa
10 kPa- ~100 mbar
1 kPa- ~10 mbar
Solid/Liquid/Gas triple point
273.16 K, 611.657 Pa
100 Pa G ~1 mbar
10 Pa ~100 pbar
10 pbar

Pa
250°C -200°C -150°C -100°C -50°C 0°C  50°C 100°C 150°C 200°C 250°C 300°C 350°C 400°C 450°C

e Electromagnetism is well understood!

* Do other interaction forces have different emergent phenomena?



The Standard Model

i Standard Model of Elementary Particles
e The SM describes 3 funhdamental d

three generations of matter interactions / force carriers
(fermions) (bosons)
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Quantum Electrodynamics

Standard Model of Elementary Particles

e The SM describes 3 funhdamental

forces of nature

Mass

charge

e Quantum Electrodynamics (QED) "

e Fundamental theory of

electromagnetism
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Quantum Chromodynamics

Standard Model of Elementary Particles

* Quantum Chromodynamics (QCD) e mions) e bosonsy
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Asymptotic Freedom

Non-Perturbative —V

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update.

Region : ”T decay (N3LO) '—'—'
. low Q? cont. (N°LO) e -
0.3 B HERA jets (NNLO) 1
T F Heavy Quarkonia (NNLO)
* QCD weakens at Iarge Q2 : e’ jets/shapes (NNLO-+res) F*—
- pp/pp (jets NLO) H=+ -
e Quarks ‘asymptotically free’ 02> EW precision fit (N>LO) e~
- pp (top, NNLO) l—v—| !
 Perturbation theory works (pQCD) ‘E:y; o\
> .
218 - ive” M ; s
* Low Q?is “non-perturbative otsk ™ .  Perturbative
: : | - 1 Fr  Region
 Experimental input needed ? .
= o(M,?) = 0.1179 £ 0.0009 |
0.05 el el el

1 10 100 1000

August 2021 Q [GCV]
(Momentum Transfer) 3


https://pdg.lbl.gov/2021/html/authors_2021.html
https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Color Confinement

e Quark-antiquark potential increases linearly with distance

e Quarks & gluons confined into color-neutral hadrons (protons, neutrons, pions)

Koma, Y., Koma M., Nucl. Phys. B, 769 (2007)
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Studying QCD evolution

e Study non-perturbative effects by probing internal hadron structure - ‘cold QCD’

arXiv:1212.1701

e Well-defined theories let us extrapolate between kinematic scales
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QCD Matter

Temperature

Critical Point
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e Neutron stars
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Hot QCD Matter

Temperature

Busza, W., Rajagopal, K., van der Schee, W.
Ann. Rev. of Nucl. and Part. Sc. 2018 68:1
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Hot QCD Matter

Temperature

Busza, W., Rajagopal, K., van der Schee, W.
Ann. Rev. of Nucl. and Part. Sc. 2018 68:1
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Heavy lon Collisions

Temperature

~5 Trillion K
(105 x center of
the sun)

' '

e Created with ion collisions!

Quark-Gluon

® Plasma
Critical Point

e Hottest man-made form of matter

Color

e QGP cools into hadrons Superconductor

You are here

\

e Neutron stars

e Detect hadrons, infer QGP properties

e QGP shows complex emergent phenomena
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Relativistic Heavy lon Collider
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Operating!

e Top energy of 200 GeV per nucleon p
“e Can accelerate almost any element



~Large Hadron COIIlder
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Heavy lon Collisions
Time: 0.10

rapidity

MADALUS



Min-Bias PP (13 TeV) https://github.com/abaty/OpenGL_LHC



Compact Muon Solenoid
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PbPb Event

y /g ‘A =

CMS Experiment at the LHC, CERR \
Data recorded: 2018-@0@88‘9'%178: 5.75 OXGMT \

Run / Event / LS: / ( /7
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e Challenging to track all particles
{



HI-LHC Detector Occupancies

e Detector occupancies exceed HL-LHC
pp expectations

e Test future DAQ/Trigger strategies
e Use SSDs to bypass storage disks?
e Happening right now!

e |n 2023, redefined RAW data format to
optimize event throughput (+50%)
e Being adopted CMS HEP community

CMS Simulation
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QGP Properties - hydrodynamic flow

e |nitial state geometry leads to anisotropic pressure gradients

e Found to correlate with final-state particle momentum
e QGP behaves like a strongly-interacting fluid!

e Not a weakly-interacting gas (despite being deconfined)

e Hydrodynamics effectively describes QGP

Pressure-driven expansion in ultra-cold Li 6 atoms

EEREE

O’Hara, K. M., Et al. Science Dec 13 2002: 2179-2182




Particle correlations

e Use two-particle correlations to see collective motion

o ’Indicates collective effects

Inclusive pp

trig

1< p, < 3 GeV/c

CMS pp Vs =13 TeV 1<p* <3 GeVic
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Phys. Lett. B 765 (2017) 193



Particle correlations

e Use two-particle correlations to see collective motion

o ’Indicates collective effects

 Fourier decomposition — anisotropy coefficients v, |
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“Perfect Liquid”

e Shear viscosity to entropy density

Nature Physics volume 15, 1113-1117 (2019)

ratio near theoretical Iimit

* Deconfined but not gas-like

10 -

e Study microscopic dynamics -

Au+Au central . STAR " -
3<pttrlg<4 GeV/c =

Lot

Theoretical limit from

ADS/CFT calculations Vol oo
0.1

TIT

Phys. Rev. C 80 (2009) 64912 ' 25




Speed of Sound

e Longitudinal compression waves propagate in QGP medium

dP
de

e Potential direct constraint on QGP Equation of State - but more data needed!

. Speed of sound related to pressure and energy density via: (:S2 =

PRD 90 (2014) 094503
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B attice Q non-int. limit 3 Latt;ce: Hot Q(E(D /| BW I
- —~ . —— upper/ilower ranges (arXiy-1467-6387/)
0.30 (2+1 flavors) gost _ —  —
E
3
C -
S @ 02 | CONSTRAINED
020 5 BY DATA
D
8
)
0.15 R % r UNCONSTRAINED T ,
i _ Bayesian
t L 2 2 2 2 1l 2 3
010 I N N N N NN N N N NN NN SN NN N NN NN N N SN NN N N N N . 150 200 250 300 150 200 550 300 350
130 170 210 250 290 330 370 T (MeV) PRL 114 (2015) 202301 o

T [MeV]



Other implications

e Similar efforts to constrain QCD EoS from astrophysical data (at lower T)
e What is the matter at the center of a neutron star?

e Shockwave may form when color charge moves at v>cs
e |s this an observable phenomenon?

Astrophys. J. Lett. 939 (2022) 2, L34
1074 1073 1072 0.02 0.04 0.06 008 0.1 0.5 1

| | | |
1.0 : . M

e
cz <ol c, IOV

0.8

e[MeV/fmJ] 27



Centrality

No control over collision impact parameter
More event activity = more overlap between nuclel
Classified into ‘centrality’ ranges from 0-100%

Central events produce the most QGP
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New analysis method

« QGP cs extracted from measurements of <pr> vs Nch vs centrality at same /sy

Idea proposed in PLB 809 (2020) 135749

» dP dInT din(pr)
£=

C M —
de dlns dlnNg.,

’

29



New analysis method

« QGP cs extracted from measurements of <pr> vs Nch vs centrality at same /sy

e Use fluctuations in b=0 collisions to vary energy density at fixed volume

Idea proposed in PLB 809 (2020) 135749

5 dP ~ dinT ~ din(p)
> dins dInN_,

30



Hydro predictions

CMS Pbe (0 607 nb ) 5 02 TeV
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Speed of Sound in QGP

e Slope of data matches models closely!

e ‘Dip’ predicted by Trajectum also In the data!
CMS PbPb (0.607 nb™) 5.02 TeV

> < .
ToosE Pr 0 GeV (extrapolated), n|<0.5 |
e Data ’
1.02
5 T TiTrajectum  arXiv:2305.00015
o 1.015 o .
AT S Gardim et. al. PLB 809 (2020) 135749
O
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N
|_
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08 085 09 0.95 1 1.0 11 115 1.2
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Speed of Sound in QGP

e Slope of data matches models closely!
e ‘Dip’ predicted by Trajectum also In the data!

CMS PbPb (0.607 nb™") 5.02 TeV
> < /
1 05 p_ 0 GeV (extrapolated), n|<0.5 i
e Data /{
1.02 — = Fit to extract (c:S/c:)2 ,f:'?,{
A " ! Trajectum arXiv:2305.00015 / Fit slope
°/\|_1 ] Gardim et. al. PLB 809 (2020) 135749 to get cs2
Q. ," /,
~ TR (c/c)’ = 0.241£0.002 (stat) +0.016 (syst) ol
Q_l_ ps /,
vV 1.005 Ry 4
1 " "~ : -.-_'. _.. :.:‘-_!_—._-':! ! s._--! o= ’ , "‘/.

0.995
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
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QGP Speed of Sound

CMS PbPb (0.607 nb™) 5.02 TeV
CMS-HIN-23-003

0.35

non-interacting limit
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Cs in water: 1500 m/s

Cs in steel: 5000 m/s n 025
O
cs in QGP: 150,000,000 m/s o~
0.2
Excell ith ® CMS Ultra-Central Data
xcellent agreement wit 015 —— Lattice Quantum Chromodynamics
Lattice QCD Trajectum Hydrodynamic Simulation
Nat. Phys. 16 (2020) 615
0.1 150 200 250 300 350
T (MeV)
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Smaller Systems Surprises

* ‘Fluid-like’ signal observed in both pPb and high-multiplicity pp collisions, not e+e-

e Perhaps a small drop of QGP is formed!
e One of the major discoveries at the LHC
e Alternative interpretations

e Parton rescattering, initial-state effects, ‘escape mechanism’

High-multiplicity High-multiplicity
PbPb pPb pp e+e-

ALEPH e*e” — hadrons, Vs = 91GeV

h* - h*
= N, = 30, |cos(9|ab)| <0.94
p'Talo > 0.2 GeV

CMS pp \s =13 TeV
105 <Ny, <150
1< p:-rlg, p:ssoc <3 GeVIc .

CMS pPb \[s,, = 5.02 TeV, N> 110 [lagal
1<p <3GeVic

(a) CMS PbPb |s, = 2.76 TeV, 220 < NJ;'"® < 260

1< ptTrig <3 GeV/c
1< p?ss°° <3 GeV/c

Lab coordinates

= |5 1751 =
g5 17} s o 2210
"o 2 1654 U%
— 2 1.6 Tz . 5l
4 4 pd
) 4

—2
Phys. Lett. B 724 (2013) 213 Phys. Lett. B 718 (2013) 795 Phys. Lett. B 765 (2017) 193 Badea, A,, AB, et. al. PRL 123, 212002 (2019)
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Smaller Systems Surprises

* ‘Fluid-like’ signal observed in both pPb and high-multiplicity pp collisions, not e+e-

e Perhaps a small drop of QGP is formed!

*| Are correlations in dense systems a general consequence of QCD?
From how small of a system can collectivity emerge?

] Can hydrodynamics be applied on other non-perturbative processes?

AN

L
S -
J \ \ ’

SO T
\‘\\‘\“““ . :,Z

F

1 NP

Phys. Lett. B 724 (2013) 213 Phys. Lett. B 718 (2013) 795 Phys. Lett. B 765 (2017) 193  Badea, A, AB, et. al. PRL 123, 212002 (2019) 36
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The Electron-lon Collider

A machine that will unlock thbsecrets of the strongest force in Nature
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The Electron-lon Collider

A machine that will unlock th@secrets of the strongest force in Nature
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Relativistic Heavy lon Collider
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Operating!

e Top energy of 200 GeV per nucleon p
“e Can accelerate almost any element



Graphic from BNL
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EIC Parameters

 Huge increase in coverage for x, Q2
e Can study any ion with high precision
 Polarization allows access to studies of angular momentum/spin

arXiv:2103.05419

- 104 B
104 L Current polarized DIS e/u+p data: [N = Existing Measurements with A =56 (Fe): |1l
= Current polarized RHIC p+p data: -
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% 5" E
c 10% L s
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= - S 10
2 | 8
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oC 10 0 u
- 1E
1 3 1] 11| 11| / 0.1 i I [ I Ll

10 102 102 10" 1 10°® 10 1078 1072 10" 1
Parton momentum fraction, X Parton momentum fraction, x 42



EIC Schedule

FYI9  FY20  FY2I FY22  FY23 FY24  FY25 FY26 FY27 FY28 FY29  FY30  FY3I FY32 FY33  FY34

FY35 FY36
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Tomography of partons
inside proton/nuclei

x ¢(x,5,0%) [fm~] x q"%(x,5,0%) [fm™2)

1.5} x=1073
b,=0 fm
Q’ = 4GeV?

N

by [fm]
=)

arXiv:2103.05419
Eur. Phys. J. A (2016) 52: 268

EIC Physics
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Hadronization studies

e Test hadronization models of high-momentum partons
e Does hadron form inside or outside nucleus?
e Vary size of nucleus and particle energy 150 " Pione (gher enevay)

Wang, pions (lower energy)
______ Wang, pions (higher energy)

Eur. Phys. J. A(2016) 52: 268
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1-0

1.10 | systematic
uhcertainty

0.90 .

0.70 .

- @ o 0.50
0.. éﬁ 4 0.01 <y<0.85,x>0.1, [Ldt =10 fb™'/A
Higher energy : 25 GeVz Q< 45 GeV?’ 140 GeV < v < 150 GeV
Lower energy : 8 GeV< Q<12 GeV? 32.5 GeV< V <37.5 GeV
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Imaging Barrel Electron Direction 1.7T Superconducting Solenoid
EM Calorimeter Tracking

Forward Calorimetry
(EM and Hadronic)

Backward
Calorimetry

Dual-radiator RICH

High-performance
DIRC

Endcap
Electromagnetic
Calorimeter




Imaging Barrel Electron Direction 1.71 Superconducting Solenoid
EM Calorimeter Tracking

imetry
‘onic)

Backward BO detector
Calorimetn

1diator RICH

High-perform
DIRC

Endcap
Electromagn
Calorimete

BOpf combined function magnet

Extensive far-forward instrumentation as well!



Silicon Vertex Tracker

Using same technology as ALICE ITS3 upgrade - -
Inner pixel tracker using bent silicon

20x20 um pixels, 0.05% X,

Power, cooling a significant challenge

Inner Barrel (IB) Outer Barrel (OB)
3 curved layers 2 stave-based layers

ePIC Tracker Layout

50 pm dummy
silicon
radius = 30 mm

SVT MPGDs ToF (fiducial volume)

Electron/Hadron Endcaps (EE, HE) —
& dicke on either side of the IP Images from Jory Sonneveld’s talk at Hard Probes 2023 48



LGAD Time of Flight

e Clear synergies between ePIC TOF and LHC Run 4 Time of Flight upgrades
e Both using Low-Gain Avalanche Diode (LGAD) technologies (~30ps timing resolution)

e CMS, ATLAS using DC-coupled, while ePIC pursuing AC-coupled
e Similar test equipment, beam test setups, etc. can be used

ePIC AC-LGAD TOF CMS Run 4 MIP
Timing Detector Upgrade

yn) y




ePIC Streaming Readout

arXiv:2209.02580

100 Tb/s Firmware Software 100 Gb/s
— g EBDC
FEE m — A Buffer Box
R o — Data Filter Buffer Box
e
45\ \MEBDC
FEE EBDC Online Buffer Box 'I;:_;:rgmeaan:dm
S , - hear-line
FEE E EBDC Data Filter Buffer Box . f)rocessum |
FEE {5 JlEBDC
e m' — Online Buffer Box
FEE ﬁ — Data Filter Buffer Box

e All filtering done with full detector info (following LHCb, sPHENIX, etc.)

e Opportunities for heterogeneous computing, data compression, ML, Al, etc.
50
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Summary

The strong interactions of QCD result in confinement/asymptotic freedom
QGP shows emergent phenomena - perfect fluidity

e LHC is characterizing this medium in a variety of ways

EIC will enable discoveries and precision QCD analyses

e Planning/Construction are happening now!

Strong synergies between HEP and NP programs now and in the future
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Constraining with Nch distribution

e Spread of multiplicities produced at a given b
e Cannot directly isolate events with exactly b=0 by cutting on Nch
* Must account for the effects of a distribution of initial b at given Nch

Normalized event count

10—15—'I""I""I""I"'

1072
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Reminder of hydro predictions
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Speed of Sound in QGP

e Slope of data matches models closely!

e ‘Dip’ predicted by Trajectum also In the data!
CMS Preliminar
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Speed of Sound in QGP

e Slope of data matches models closely!
e ‘Dip’ predicted by Trajectum also In the data!
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Speed of Sound in QGP

e Slope of data matches models closely!
e ‘Dip’ predicted by Trajectum also In the data!

CMS Preliminar PbPb (0.607 nb™") 5.02 TeV
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LHC Future

e LHC Heavy lon runs have entered high-luminosity era
e Expect to accumulate ~10 /nb of data by end of Run 4
e Detector upgrades in Run 4

e Huge proton-proton datasets

J|IFIMAM|[]|J|A|S|ON|D|] |FIM/AM[]|]|A|S|ON|D{]J |[FIM|AM[] | |A[S|O|N|D[J [FIM/AM|] [J|A[S|O|N|D[J [FIM[AM[] [J|A|S|O|N|D|J |[FIM/AM|] [J |A|[SIOIN|D|J |FIM/AM|] |J |A|SIOIN|D|] |[FIMIAM|] |J |[A|S|ON|D|] |FIMIAM|[]|] |A|S|O[N|D|
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Future Opportunities

LHC Run 3 Electron-lon Collider High-Luminosity LHC
CMS MTD

Jet measurements with
Fast detector+large acceptance

R&D, Design Construction




LHC Run 5

e Different ion species (00, CaCa, XeXe, etc.)
e Higher nucleon-nucleon luminosities (more jets)

OIN[D[J [FIMAM[]|J|A|S|ON|D[] |FIMIAM|J[]|A[S|ON|D|] |FIM/AM[] |J|A|S|O|N|D|
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Muon-lon Collider?

A Muon-Ion Collider at BNL: the future QCD frontier and path to a new energy
frontier of u*u~ colliders

Darin Acostal'* and Wei Lil:T
! Physics Department, Rice University, Houston, Texas 77251, USA

4 Future QCD frontiers (BNL) -

° POtentiaI accelerator teChnOIOgy origin of nucleon spin, mass; extreme parton densities
synergies with HEP plans [ ecemrenrosarey >

Muon collider R&D, test facility,
e Cross-talk between NP and HEP HH PUSTORM ”>
communities crucial!

NP

MulC (pp/pA): ~1 TeV

Higgs factory Next energy frontier

Q.
8 0.25-0.5 TeV ete" O(10) TeV
I Leptons N” (ILC, CLIC, CepC) Hﬂ (CERN?)
- : . Hadrons m] HL-LHC >
The First Workshop on the Muon-ion Collider
December 13-15, 2023 _ HEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EE
2020 2030 2040 2050 2060

A possible roadmap to future muon colliders in NP and HEP

Progress on the Production of Muon and Photon Beams for Applications in
Muon-lon Colliders https://arxiv.org/abs/2107.02073

Tuesday Mar 26, 2024, 2:08 AM — 4:00 PM America/New_York 6 3




