2026 R SRR R X AR} &=

FRFZREETERS RS R

Junchen Pei (peij@pku.edu.cn)

School of Physics, Peking University

HRIMYEKEE, 2026.5.17




Future problems of nuclear physics

o T HMAR, ERBANKRRE—NRAKERE
% IBIFEFERR ST <0.6 fm, ZIRIXTIRIMZIN, QCDRYIERIN ISR

Nuclear forces and QCD
deconfinement

~1.6fm Short range correlations
qguark effects in nuclei
Dense nuclear matter

d — Nucleons are not point-like particles and neutron stars
n{g e }n Strongly overlapped at short ranges Double-beta decays
* valence quark models fail High-order transitions
Pion exchanges at long and * meson exchange fails Nuclear reactions
intermediate ranges e Lattice QCD is still faraway | ......

o ITHFREFHZHBRAGZEB T RKER

IMSRG(PLB-862(2025)139350), quantum Monte Carlo(FCIQMC, arXiv:2508.09252 ), High-order
MBPT(PRC Letter 113, L051302 (2026), Editor’s Suggestion), machine learning, quantum
computing(Sci.Bull. 71, 1598(2026) )...
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Nuclear Forces and the Magnetic Moment of the
Deuteron

H.S. W. MASSEY & TSI-MING HU lijﬁi;lc %

Nature 160, 794-795 (1947) ‘ Cite this article

Nuclear Forces and the Magnetic Moment
of the Deuteron

RECENTLY' the magnetic moments of the proton,
neutron and deuteron have been measured with great
precision. It is found that the moment of the deuteron
differs from the algebraical sum of the moments of
the proton and neutron by an amount much greater
than the experimental error. The discovery of the
electric quadrupole moment of the deuteron? in 1939
already indicated that the ground-state of the
deuteron is not of pure *S character but contains an
admixture of 3D. The observed magnetic moment
can be explained if the percentage admixture is 4 per
cent. If it can be assumed that relativistic effects
are unimportant?, use may be made of this accurate
figure to obtain further information about the neu-
tron-proton interaction. Following the method of
Rarita and Schwinger* we have taken this to be of
the form

Vir, 01,00 = — {(1 — 39) + %go1.05 + vS}Cf(r/a),

Constrain the spatial dependence of tensor force
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It will be seen that, while the results of the different,
methods are reasonably consistent for three of the
radial forms assumed, the Yukawa potential appears
quite unsatisfactory in this respect.

Indication: one-pion exchange is not enough!



Chiral effective field theory

o BRUIAIL: BEARS IPERMEX
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Effective theory of QCD at low energy:

Chiral EFT: resolution ~ 1 fm
Pionless EFT: resolution a few fm
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Issues of chiral EFT

e Regulator and Cutoff dependence

f(P, p) = expl—(p' /A" — (p/A)™]

High momentum cutoff is not allowed: not renormalizable
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Appearance of spurious bound states at N3LO

H.Shang,R. Hu,J.Pei, F. Xu, PRC 110, 054003(2024)



Issues of chiral EFT

e Phase shift and local potential

e Behaviors of oscillations
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* Problems in P-wave, but not present in S-wave and D-wave
e High-cutoff is useful for studies of short-range properties

and dense nuclear matter



Short Range Correlations: Quark effects in nuclei

¢ BTF-HTEREXEK: RESEREZENBERZEY R

Relevant to nuclear force at short ranges, modification of quark-gluon distribution (PRL 133,

152502-2024) , dense nuclear matter, ...
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SRC Scaling factor

e First NCSM calculations of SRC scaling factor
¢ NCSM+N4“LO chiral force (no softening)
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SRC Scaling factor

e First NCSM calculations of SRC scaling factor
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Dense nuclear matter

XEFT uncertainties

lEa”y e The Phases of QCD

Temperature

Quark-Gluon Plasma

ryon Chemical Potential

Brainwashed by Feynman?
* Fundamental interest for strong Pl . A

interactions and phase transition Physics Today 53, 11(2000)

* Equation of State (EoS) is vital for «  Pion-exchange picture may not
neutron stars applicable at short ranges



Dense nuclear matter

o FIRNMPFERSHEMNLR EoS related to thick neutron skin of 208Pb
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Dense nuclear matter

o N EARBIERELBHBIL-IMSRG
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* Non-perturbative calculations of strongl
gly
Inference of phase transition, hyperon puzzle, ... correlated systems

* Considerable differences using hard nuclear
forces for symmetric nuclear matter



Dense nuclear matter

o RUEBTTHEFERF (FCIQMC) : Ab initio Exact Calculation of Strongly-Correlated Nucleonic Matter

e Full many-body correlations, no Fermion sign problem
e for rigorously benchmark many-body methods and assess the degree to which the nucleonic matter is

strongly correlated
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Symmetric nuclear matter is strikingly strongly-correlated than expected
Raising questions on previous ab initio calculations of nuclear matter with truncations

R Hu, S Jin, X Zhen, H Shang, J Pei, F Xu, F Marino, arXiv:2508.09252



ZAEBME R F/HTHFEPTQMC
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TTEEMESER, LI 6fMTE Stochastic many-body perturbation theory for high-order calculations
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FEFREREHE TR

o IEFSHModel spaceZ 2N BATSHY U5, STIEEERIWIA
o XAXNTRMERENE, $FrlENTHIRE, MANETNERE
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JE T4 B RS Screening effect
o BT FFMBIN

outer electrons have weaker
interaction with the nucleus due to
screening

o AT FMHR :

it is difficult for heavy ion targets to “see
deeply bound nucleons

»

projectile
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At B A8 B B 1 18
o KEKERSR or EAHIR RIANH?
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e Complex reaction mechanism between two composition systems:

Core screening is not conflict with core destruction or multi-step scattering;

Many-body dynamical reaction theory is needed by including non-adiabatic
non-equilibrium effects
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o BRZEMNERMERE ZHEN, RERNNEFZSZFONRNEERR

o F—MRIEITEREMBREEXBENZANE, B TEEERZNES K

o B—MEEZAITEEETHREAHRE: IMSRG, FCIQMC, PTQMC, quantum
computing, BWEZIKEEEMNEM

o MSRMBN N IEREFEMRM T ENMERE, RIRERNZEEFERR R EYLH

Thank you for your attention!



