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Successful History of Long Range Planning in Nuclear Science

Since 1979 the Department of Energy Office of Science and the National Science
Foundation periodically have charged the Nuclear Science Advisory Committee, NSAC, to
provide a framework for coordinated advancement of the Nation’s nuclear science

research program. | | |
* A consistent, strategic plan for investments was developed every 5 — 7 years

1975 * NSAC engaged the community though town meetings organized by the
193 Division of Nuclear Physics of the American Physical Society
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Hot & Cold QCD Town Meeting held 9/23 9/25 2022 at MIT
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NSAC Long Range Plan Town Hall Meeting on
Nuclear Structure, Reactions and Astrophysics
Nov 14 — 16, 2022

Argonne National Laboratory

Fundamental Symmetries, Neutrons,
and Neutrinos Town Meeting

https://indico.mit.edu/event/538/ Dec 13 — 15, 2022 | |
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REGOMMENDATIONS

RECOMMENDATION 1

The highest priority of the nuclear science community is to capitalize on the extraordinary
opportunities for scientific discovery made possible by the substantial and sustained investments
of the United States. We must draw on the talents of all in the nation to achieve this goal

-Increase research budget that advances the science program through support of theoretical and
experimental research

- Continue effective operation of ATLAS, CEBAF, and FRIB, and completing RHIC science program

-Raise compensation of graduate researchers

« ExXpand policy and resources to ensure a safe and respectful environment for everyone




REGOMMENDATIONS

RECOMMENDATION 2
As the highest priority for new experiment construction, we recommend that the United States
lead an international consortium that will undertake a neutrinoless double beta decay campaign,

featuring the expeditious construction of ton-scale experiments, using different isotopes and
complementary techniques

RECOMMENDATION 3

We recommend the expeditious completion of the EIC as the highest priority for facility
construction

Recommendation includes a parallel investment in QCD theory and computing. “To maximize the
scientific impact of the facility and to prepare for the precision expected at the EIC, theory must
advance on multiple fronts, and new collaborative efforts are required.”




THE ELEGTRONION GOLLIDER
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Collisions of polarized electrons colliding with polarized
protons, polarized light ions, and heavy ions to address:

Electron
Cooler

*Mass and spin of the proton
Spatial and momentum distribution of low-x partons i
*Gluon saturation &

*Nuclear parton distribution functions \ ‘P@

Hadron formation e

Electron
Gun

/ Electrons

The EIC is a partnership between BNL and Jefferson Lab.
Project is aiming for CD2/3 in 2025

ePIC detector design is advanced °

Significant international support and participation (160+
institutions, 24 countries).
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REGOMMENDATIONS

RECOMMENDATION 4

We recommend capitalizing on the unique ways in which nuclear physics can advance discovery
science and applications for society by investing in additional projects and new strategic
opportunities

- Opportunities to advance discovery: Lists FRIB40O, SoLID at JLab, LHC Heavy lon upgrades,
emerging technologies for measuring neutrino mass and electric dipole moments, detector and
accelerator R&D

« Cross-cutting opportunities: Quantum computing and sensing, support for Al/ML technologies in
nuclear physics, and HPC: Enhanced support for HPC, specifically highlighting DOE Scientific
Discovery through Advanced Computing (SciDAC) and NSF Cyberinfrastructure for Sustained
Scientific Innovation programs

- Multidisciplinary centers: mainly geared at multi-messenger astronomy

- Nuclear data: Endorsement of collaboratively funded projects




BENEFITS 10 THENATION

-Synergy and impact on other fields, such as high
energy physics, astrophysics and cosmology,
accelerator science, atomic physics, condensed

matter physics ... :
- Trained nuclear workforce affects many fields, -
including nuclear security, isotope production for |
. - ) & W
medical and other needs % 2. 0 X -
: . &

. . . - . 0’..'. ;
-Applications: energy, health care, environmental 'y &N
Issues, radiation hardening for electronics, improved J :{f_- . (B
particle detection for homeland security ; '} 0’

103 <O 80 10

° DeveIOpment Of com pUtat|Ona| teCh N Iq ucs PET images using gallium-68 before (left) and after (right)

treatment of prostate cancer with lutetium-177-PSMA-617
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WORKFORGE

People are essential to accomplishing the goals in all
areas of physics described in the Long Range Plan.

Programs such as the NSF REU and DOE SULI are
essential to attracting talented students to nuclear
science.

Central to our proposals is the necessity to reduce
barriers to participation in nuclear science.

B
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Our community is committed to establishing and
maintaining an environment where all feel welcome
and are treated with respect and dignity.

The training our students receive is very valuable in
industry, national labs, and in critical areas of national
need, such as nuclear nonproliferation and security.
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GOMPUTATIONAL FAGILITIES

appearing in the Facilities Section:

“The nuclear physics theoretical program has demonstrated [...] that lattice QCD is an unmatched
tool for understanding strong interaction physics ranging from the partonic structure of nucleons
to the QCD phase diagram. Lattice QCD is, at its core, an HPC endeavor.”

“Lattice QCD is one of the critical applications selected for designing and benchmarking the

exascale machines, for example, the Frontier supercomputer at the Oak Ridge Leadership
Computing Facility. “

“The dedicated USQCD hardware located at Fermilab, BNL, and Jefferson Lab is an essential
component for analysis.”

A MEAEDA NENDICENV/EDY Tur aa%3 1AM




GOLD QGD - QUESTIONS IN THE LRP

«How does QCD generate the spectrum and structure of conventional and exotic hadrons?

«How do the mass and spin of the nucleon emerge from the quarks and gluons inside and their
dynamics?

How are the pressure and shear forces distributed inside the nucleon?

«How does the quark-gluon structure of
the nucleon change when bound in a
nucleus?

How are hadrons formed from quarks
and gluons produced in high energy
collisions?

Images courtesy of James LaPlante, Sputnik Animation in collaboration with the MIT
Center for Art, Science & Technology and Jefferson Lab.
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CODATA'06
Bernauer et al.
PohI et al

CODATAlO
Antognini et al.
CODATA'14
Beyer et al.
Fleurbaey et al.
I\/||hOV|IOV|vc
Bezignov et al.

HADRON PROPERTIES

- Proton charge radius
PRad at JLab

PRad-Il to increase precision (x4) A
also muon scattering with MUSE Srandt ot al
: 0 AMBER

.Nucleon form factors at high-0Q MUSE
Information on the fundamental ULQ2

constituent structure; Discrepancy between
measurements; Understand role of two-photon

exchange physics —=positron beam at JLab (mentioned)

-Nucleon polarizabilities
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describe how the charged internal constituents of the nucleon react to external electromagnetic
fields; extracted in different processes; stringent tests on Chiral Effective Field Theory and
lattice QCD; future measurements at MAMI and High Intensity Gamma-Ray Source HIGS
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HADRON PROPERTIES

-Quark and gluon polarizations inside the nucleon
DIS measurements with polarized beams and targets and polarized proton-proton collisions
probe the polarized (helicity) quark/gluon distribution and the origin of the proton spin.
Constraints on quark and gluon helicity
decreasing x

distributions from RHIC - upgrade: -—

wider x reach and higher statistics. Aoty | @ =10cev 0.
Focus of the EIC, especially gluons T —EC 10 -

-Quark distributions and polarizations S ;% o 0.5} — 0.4} -

at x — 1: Determine the longitudinal @ = ¢ nof |

momentum and spin carried by l ~05}

valence quarks particularly d(x)/ i =100l rin =107 | 0] P = 1073
studied by MARATHON, BONuS12, Hal 09 Ofl Azgf 03 010 %f;ifim 0.20 0.15 L Zéodx 025
and will be by SoLID in the future €——— qQUATKS ———p

(avoiding nuclear effects)
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NUGLEON FEMTOGRAPHY

- Multi-dimensional mapping of the
nucleon: TMDs, GPDs, ultimately Wigner

distributions

«Big component of the EIC science
program

« New measurements at JLab and the EIC
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i SoLID S|MU|_AT|ON e electroproductlon e(p)+ee -

10 & J/p Production e photoproduction (e)p+ee _
' o  exclusive ep+ee

NUGLEON FEMTOGRAPHY

- Origin of the proton mass, mass radius,
gravitational density distribution inside the proton: 107
Quarkonium production near threshold,
which is uniquely sensitive to the non-perturbative
gluonic structure of the proton:
GlueX, and SoLID in the future,

Also at the EIC (incl bb states) and via GPDs and DVCS Then fit the cross section as a function of W and t
to obtain gluon gravitational form factors

L

4
—
—
—
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—
—
—

o (nb)
| lllllll
L1 lllllll

A Cornell photoproduction
= GlueX photoproduction
2+3-gluon fit

L lllllll
| —_— lllllll

8 85 9 95 10 105 11 115 12 125
E, (GeV)

- Momentum tomography of the nucleon
Insight into nontrivial QCD dynamics: QCD factorization, universality of the parton distributions
and fragmentation functions, and their scale evolution;
Azimuthal modulations in SIDIS from JLab and RHIC, Sivers and Collins asymmetries, future
measurements with SoLID at JLab and STAR at RHIC (upgrade extends to smaller and larger x)
EIC will use its high energy, high luminosity, and highly polarized beams to address this
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06D STUDIES OF NUGLE

-Nucleon PDF modification in nuclei: EMC effect, role of short range correlations (SRC),
Parity-Violating DIS (PVDIS) SoLID: separate u and d PDFs, varying targets,; spin dependent
EMC effect, high-resolution hypernuclear experiments and efforts to isolate hyperon—nucleon
scattering at JLab, EIC will reduce uncertainties on nuclear PDFs, especially for gluons

«Non-linear gluon dynamics and saturation —

BN EPPS16* + Ogc

«RHIC: forward dihadron correlations (Higher-precision o EPPS1O™ + anct offf"
with STAR forward upgrade), and other measurements

201
- LHC will impact PDF and nPDFs; wide range of nuclei S
with SMOGII at LHCb, LHCSpin project with polarized =

target; ALICE FOCAL upgrade to study gluons at small x

1074 10-*

-Many processes at the EIC should show sensitivity to g

Satu ratiOn. Stu dy A ad nd X SyStematiCS Relative uncertainty bands of the gluon density for
gold at 0% = 1.69 GeV?
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SIDEBAR: PRESSURE INSIDE THE PROTON
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These results were based on the analysis of
deeply virtual Compton scattering (DVCS) data,
measured with the CEBAF Large Acceptance
Spectrometer CLAS, and combined with
information provided by generalized parton
distributions (GPDs)

Mariana Trench

Core of a White Dwarf

Core of the Sun

Nucleus

Atmosphere

Pressure Scale (Pascal)
Core of the Earth

Neutron Star

Lattice: P. E. Shanahan, W. Detmold, Phys. Rev. Lett. 122, 072003 (2019)

V. D. Burkert, L. Elouadrhiri, F. X. Girod, Nature 557, 396-399 (2018); Gluon GFFs: B.Duran et al., Nature 615 (2023) 7954, 813-816
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https://www.nature.com/
https://arxiv.org/search/nucl-th?searchtype=author&query=Shanahan%2C+P+E
https://arxiv.org/search/nucl-th?searchtype=author&query=Detmold%2C+W

«How do the fundamental interactions
between quarks and gluons lead

to the perfect fluid behavior

of the quark—gluon plasma?

\What are the limits on the fluid
behavior of matter?

- What are the properties
of QCD matter?

- What is the correct phase
diagram of nuclear matter?

eI o g o e final detected
Relativistic Heavy-Ion Collisions particle_aistributions

Kinetic
freeze-out

Hadronization

l

Initial energy
density

|

. ~t“‘$ “_4”‘

—h B 2P a N

QGP phase

)
X '/.\
\/

l

|

collision
overlap zone

UG
eguuhbr‘lum . :
hamics viscous hydrodynamics free streaming

collision evolution

t~0fm/c Tt~1fm/c t ~ 10 fm/c t ~ 1019 fm/c
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https://arxiv.orq/pdf/2209.05009.pdf

_______ The Phases of QCD

300

PHASE STRUGTURE OF NUCLEARMATTER < R

N
o
-

Temperature (MeV)
2

- Phase diagram vs. T and net-conserved charges 00 5_ L | Orde’Phase P
- Vary collision energy. Analysis of RHIC BES-II data, § Point 2 2
future NA6O+, CBM at FAIR Y8 Nuclear
. . ;/Vacuum Matter\g
- Understand deconfinement transition and T v B v Y

chiral symmetry restoration (e.g. using EM probes) Baryon Chemical Potential y_(MeV)

« Critical point search
- Nuclear equation of state from using complementarity of heavy ion collisions and neutron stars

- Lattice QCD: Extrapolate phase transition line to larger values of chemical potential and provide more
stringent constraints on the location of the critical point

- Modeling: Hydrodynamics with all conserved currents and a 4D equation of state implementation (also
with possible critical point), diffusion, viscosity, dynamic 3+1D initial conditions



https://arxiv.org/pdf/2209.05009.pdf

FLUID BEHAVIOR

Understand the mechanisms that lead to the emergence
of the fluid behavior of hot and dense nuclear matter

- Push the boundaries to small collision systems and
better constrain the initial state from theory and
complementary experiments

- Study electromagnetic probes for further information on
early times and the full time evolution of the system
Measurements from BESII and future results from NA60O+,
CBM, and ALICE in run 3 and 4, as well as ALICE3

- Study QGP at short distance scales using hard probes:
jets, heavy flavor hadrons, and quarkonia
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- Upcoming high-luminosity data from sPHENIX and STAR
«SPHENIX specifically optimized to measure jets

- Jet substructure measurements to answer how jet
quenching and the jet shower structure are related -

How well can the full (medium modified) jet structure be
described within QCD?

-Select (light and heavy) quark and gluon initiated jets

- Explore the transfer of energy from the jet to the medium,
including role of turbulence, vorticity around the jet, effects
on hadronization
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HEAVY FLAVOR

o - ——
-Detector upgrades and improved luminosities at RHIC %1'4;‘ ALICE |5y, =502TeV  lyl<05 =
and LHC: Unprecedented precision of various heavy 1.2F -

flavor observables, including precision R, , and v, for ok E

open bottom hadrons : Pb-Pb (central)-

0.8 ¢ pp ~

-SPHENIX can measure nuclear Hm )
modification of Upsilon states o 4 B :

with high precision in Au+Au collisions, 0.4 i p

including the Upsilon(3S) state 0.0k : E

-New RHIC + LHC data will provide B . e s o5 af
stronger constraints on bottomonium APt AT

suppression models ALICE measurement of AT/D"

Enhancement explained with
coalescence in Pb+Pb collisions
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SIDEBAR:

GOMPREHENSIVE EXTRAGTION OF PHYSIGS THROUGH MULTIFOLD OBSERVABLES

- Make use of wide range of different obserables, collision energies and systems
-Higher integrated luminosities at HL-LHC and detector upgrades at ALICE, ATLAS, CMS, LHCb

- Build modular frameworks; Collaborative efforts like theory collaborations

-Bayesian analyses:

JETSCAPE Collaboration, (2021) PRC, PRL

Bernhard, Moreland, Bass (2019) Nat.Phys. 0.4 0.4 - 90% Credible Interval Prior
[ NUS, van der 90% Credible Interval Posterior
0.3} Schee, Giirsoy, |
0.3 -~ Snellings (2021) 0.3
| v
U) | QQ 02_ PRC, PRL " E 0‘2 i
~ / |
~ 0.1f - 0.1 -
| 1/47T
0.0 | | | 00— 0.0 -

0.15 Temperature [GeV] (.3 0.15

0.15 0.20 0.25 0.30 0.35

T [GeV]




UTILIZE THE BROAD PRYSIGS REAGH OF HEAVY ION GOLLISIONS

Heavy ion collisions provide an incredible amount of information that allows for physics studies
far beyond the QGP and even QCD:

« Ultra-peripheral collisions to access quark and gluon distributions inside nuclei, study gluon
saturation

- Study quantum anomalies via the chiral magnetic effect
«Vorticity of the QGP from spin polarization measurements
- Study the detailed nuclear structure of the colliding nuclei

- Synergy with nuclear astrophysics: Equation of state, hydrodynamics




SIDEBAR: TRANSFORMATIVE PROGRESS IN LAT TIGE QGD

Sidebar with 4 examples:
PDFs from the lattice, hadron—hadron scattering amplitudes (incl. coupled channel scattering),
axial charge of the nucleon, heavy quark diffusion coefficient

141
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P
N 6r
4-2 light &
X % %stmngo
2rl 3 ¢
ol AdS/CFT | |
Unpolarized and transversity proton 1.0 1.4 1.8 2.2

PDFs from Lattice QCD compared to T/Te

global fits to experimental data (gray)

Heavy quark diffusion vs. temperature




https://nuclearsciencefuture.orqg/

SUMMARY

LRP released October 6 2023

\ANGE PLAN FOR NUCLEAR SCIENCE

R1. Capitalize on investments:
includes operation of ATLAS, CEBAF, FRIB, and RHIC
and increased research budget

R2: Neutrinoless double beta decay
R3: EIC

R4:. Additional projects and strategic opportunities:
includes QIS, Al/ML, nuclear data, and HPC.

Theory is highlighted in recommendations 1-3 and
throughout the science chapter
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https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC_LRP_2023.pdf
https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC_LRP_2023.pdf
https://nuclearsciencefuture.org
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Subcommittees (Chairs)

* QCD (Richard Milner)

* Fundamental Symmetries (Brent VanDevender)

* Nuclear Structure & Nuclear Astrophysics (Ani Aprahamian)
» Workforce (Shelly Lesher)

» Applications (Calvin Howell and Mike Carpenter)

* Theory (Filomena Nunes)

» Crosscutting/interdisciplinary (lan Cloét)

» Impact and synergies with other fields (Jorge Piekarewicz)
» Facilities (Haiyan Gao)

* International Context (Krishna Kumar)

» Budget (Sherry Yennello)
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HOT QGO

Collected Data Future Data

RHIC Au+Au

LHC Pb+Pb
LHC p+Pb

LHC light ions

Run-14 200 GeV
PHENIX sampled 7/nb

| X

| X

Runs 23+25 200 GeV
sPHENIX sampled 32/nb

S

Run 2 5.02 TeV Runs 3+4 5/5.5 TeV
2.2/nb 14/nb
Run 2 8.16 TeV Runs 3+4 8.16 TeV Runs 3+4 O+0
170/nb 1200/nb Run 5+ light ions
Run 2 5.44 TeV
Xe+Xe 3/ub

from D. Perepelitsa at QCD Town Meeting
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INITIAL STATE AND SMALL SYSTEMS

Initial state and small x

Increasing experimental precision requires improved modeling (nuclear deformation, short-
range correlations, and alpha-clustering, sub-nucleon structure, 3 dimensions, gluons+quarks,
all conserved charges, intermediate pre-equilibrium evolution before hydro, ...)

«Range of collision systems to disentangle initial state from final state properties
- Ultra-peripheral collisions can constrain the spatial and momentum structure of nuclei at small

x. ALICE FOCAL can look for gluon saturation in particular D e
‘with substructure -

Small size limit of the Quark Gluon Plasma 1- :
New data on small systems will come from sPHENIX and STAR p+Au runs £ 0- f
« EXisting and new data, especially with intermediate systems (e.g. O+0O) can ;3_1;
enable mapping from small to large systems, and e.g. help better j :
understand jet quenching in small systems 29070 12

«Strongly interacting final state in UPCs?
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