Spectral imprints of nuclear many-body correlations:
Constraining theory toward the spectroscopic accuracy frontier

Elena Litvinova
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Prefacesfie:strongly coupled maiy-body problem and nuclear striel

-2 Nuclear structure theory has strived for decades to achieve accurate computation of nuclear spectra,
but spectroscopic accuracy remains a challenge even for the most advanced many-body models

-®- Such accuracy is necessary to assess and guide solutions to the strongly-coupled many-body
problem generally, and for nuclear structure applications (experiment, astrophysics, new physics
searches elc.)

-2 We address this problem by developing the relativistic nuclear field theory (RNFT) in the universal
model-independent Quantum Field Theory framework, quantifying fermionic correlation functions
(FCFs)

-2 The theory (i) is transferable across energy scales, (ii) is capable of identifying the bottlenecks of
existing nuclear structure approaches, and (iii) opens the door to spectroscopic accuracy via
systematic treatment of complex correlations encoded in FCFs

-2 It enables a systematically improvable (parameter-free) many-body theory with an optimal balance of
fundamentality, feasibility, and accuracy

-2 Nuclear spectra studied at major facilities worldwide help benchmark the numerical implementations
and justify extrapolations to exotic systems and astrophysical conditions

-®- Outline: Introduction, Formalism, Selected examples and Open Problems
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Stellar environments:

Statistical (T>0)
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First evidence for the J>1 components of the
pygmy dipole resonance in neutron-rich nuclei
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Dipole transitions 2z ({1,2,3)-in 80Ge
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Octupole dominance
below Qg = 10.3 MeV:

The high-energy
Giant Octupole Resonance
(GOR) is nearly absent,

Major 3- strength is below Qg
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Particle-hole correlator
two-time propagator,
(response function):

EOM: Bethe-Salpeter-(Dyson) Eq. (**)

R(w) = RY(w) + RY(w)F(w)R(w)

Riga(t —t') =

Instantaneous term (“bosonic” mean field):
Short-range correlations

- E

Two-body
density

~ “Effective
Interaction”

.1 /
012,1/2/ = 522’1011’ — 1 hm R2/1’21/(t — )
t'—t+0

contains the full solution of (**) including the dynamical
term!

........... Bare
=T+ V@+_ .. (Relativistic)
Hamiltonian

—i(T(P19h) () (Parprr ) (1)) Iomedum scavemng ampiiude.

Irreducible kernel (exact): in-medium “interaction”

Fit—t)=FOst—t)+F"(t—-t)

t-dependent (dynamical) term:
Long-range correlations:
Couples to higher-rank FCFs
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12172 5 5\ form:
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1 1’ \ y,
2 2
F(r:21) = N G A  Non-Symmetric
121°2° 7 v 4 'E y
5 5 form: see
2 5
A : J. Schwinger,
F(r;22) — 4] G 7>~ ED 9
1212’ —~V; - . Dyson,
5 1’ et al.
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E.L. & P. Schuck, PRC 100, 064320 (2019)
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Language rem

-2 Ab initio = "from the beginning” (lat.), in science and
engineering “from first principles”

-® First-principle theory does not (yet) exist:
Even the Standard Model (SM) is an effective theory:

~20 parameters:
masses, coupling constants,
etc.

Vg

Open questions:

& Can the SM be UV-completed and include gravity?
-& What are the SM interactions?

-2 What is the origin of the Higgs potential?

-2 What is dark matter & energy?

-& Neutrino mass?

Higgs mechanism
of mass generation
(~ mean field)

L =(0,0)"(0"¢) - V(¢9),
V(g) = 1*¢'¢ + A(9'¢)*

The Standard Model
. - | @ @ @ H

Higgs

gluon boson
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“Bare”
Interaction P
Ab initio...

(aka forces,
potentials): @ oo @
V(ri- ro) P

-2 In Theoretical Physics: knowing the bare
(vacuum) interaction between the two particles
quantitatively describing the many-patrticle
system

-2 Such an ab initio theory is known, but consistent
implementations for medium-mass and heavy
nuclei are still impossible with the desired
accuracy
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Common confusion:

(i) There is an ab initio nuclear theory as opposed to “traditional” nuclear theory
(i) There is “the theory” (xPT potential) and there are “models” (the many-body approaches)
(lii) Only ab initio xPT can provide quantified uncertainties
(iv) There are equally good many-body “solvers” which are unimportant attachments to xPT

Which are
wrong

“Bare” Ab initio... -® In Theoretical Physics: knowing the bare (vacuum)
Interaction interaction between two particles, quantitatively
(aka forces, describe the many-particle system
potentials): N & “Ab initio = UV-complete” as opposed to “effective”
V(ri- r2) @-= """ -@ -® Interactions adjusted to many-particle systems (e.g.,

finite nuclei ) are not ab initio but effective

Formulation of the theory and its implementation

-2 We can formulate an ab initio theory, but it has not been implemented accurately (yet). Working with effective
interactions, we still need an ab initio theory in the theoretical physics sense to constrain concrete
implementations, e.qg., for maintaining their algebraic structure.

-& All “traditional” microscopic many-body models employing effective interactions can be derived ab initio and
represent various approximations to the static and dynamical kernels of the same formally exact EOMs.

-2 Paraphrasing Steven Weinberg, saying that “all non-renormalizable theories are as renormalizable as
renormalizable theories”, we find that, in the theoretical physics sense, “traditional” theories are as ab initio
as ab initio theories :)
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Quantum
Hadrodynamics R T S— _|_ > <
(QHD)
w p '
Tree-level: heavy light ~2m

RNFT (this work): non-PT, in-medium
beyond the tree-level

cf. xEFT: PT for hadrons in the vacuum
E. Epelbaum et al., Front. Phys. 8, 98 (2020)
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Beyond the leading order:
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+ Fynamica Flii2) = *<V53 G ﬁ i (_,_ Dynamica/>> Many-body... “solver” (?)
; : Beyond light nuclei problematic
iz - i o i : e Standard “solvers” are too simplistic
New spontaneoysl%/ o ' e Bare NN and many-body theory should be linked
broken symmetries: Frz _ A@: o ﬂ__ : consistently
° ! |

* In the correlated nuclear medium, the xEFT power
counting becomes irrelevant: new Nambu-
Goldstone modes emerge

The in-medium power counting is associated
with emergent scales of low-energy collective modes
in medium-heavy nuclei

)



. M=Dynamical kerne/s br/dgm_g%alesf n@I em’érgent =8

-+ Quantum many-body problem: Direct EOM for G(") generates G(”+2) in the (symmetric) dynamical
kernels and further high-rank correlation functions (CFs); Neguations ~ NPparticies & Coupled % !!!

-+ Non-perturbative solutions:

+ GO =G G GM) HGER G|+ =6)

Cluster decomposition
QFT, S. Weinber +GMA) =G GG GENHGE G2 || GO G +=(4)
; g
Leading at: weak intermediate strong coupling
self-consistent GFs phonon coupling Faddeev +
second RPA etc. this work future work
| g(Ph) -+ P. C. Martin and J. S. Schwinger,
—— GO —— = * G * Phys. Rev.115, 1342 (1959).
Beyond + N. Vinh Mau, Trieste Lectures
weak 1069, 931 (1970)
coupling: — kil ) G("P’\ + P. Danielewicz and P. Schuck,
G = - >{ Nucl. Phys. A567, 78 (1994)
R(Ph) / 2

Exact mapping: particle-hole (2q) quasibound states

Emergence of low-energy Quasiparticle-vibration coupling

Nambu-Goldstone bosons, (qPVC) in nuclei. Cf. NFT

phonons oo NI

[SO(3) symmetry breaking]:  *~ gound modes < Diquarks in hadrons

15 £ Hluidi > > Cf. C. Popovici, P. Watson, and H.
mergence of superfluidity  @——w—=@] = |v| |G®"| |v Reinhardt [PRD83, 025013 (2011)]

[U(1) symmetry breaking]:

Cooper pairs



| —

cleR

S

ph correlator: coupling to normal phonons

OWWWACL = 7] [Re] [
::O—__—:O( = 14 G(pp) 174

Dropping the uncorrelated term: “factor 1/2” problem” (Ring & Schuck, Book)

“sign problem” (Danielewicz & Schuck, NPA567 (1994) 78)
But: The lowest order is not the leading order in the strong coupling regime!
=> the uncorrelated term can be safely neglected

Model-independent mapping to the PVC: “ohonon” vertex:

- h — o o v(o)* vV 7 v
Y w123aRE 5y (Wwze = 3 gl D) (W)l 913 = 2’01234,042

‘“ohonon”
242'4/ v,o=%1 24 propagator:
1% 1/,*, V*x 1/, , U
Rio 1o (w) = Z[ P21P21 _ P12P12 . ] D,(jd)(w) = :
Ww—wy,+10 wHw, —1id w— o(w, — 1)

v>0
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Dynamical self-energy 2(): “Radiative-correction”
1 1 1
4

Can be treated in a unified way (superfluid theory):
gPVC in nuclei, correlations in hadrons / matter / solid state

Emergent phonon vertices and propagators: calculable from the underlying H, Quasiparticle- Nuclear Field
which does not contain phonon degrees of freedom Phonon Model (QPM)  Theory (NFT)
“Ab-initio” '
0 - I [
= Z 1291 %2 + 1 Z V123491 VP43
12 1234

“Effective” gPVC

H = Y hoplvs+ Y WalQw + Y [0hulQfws + he]
12

Vadim Soloviev Ricardo Broglia
AN 12X (1925-1998) (1939-2022)

Cf.: The Standard Model elementary interaction vertices: boson-exchange interaction is the input:

v, g, %% :I:, A 0 E.L., P. Schuck, PRC 100, 064320 (2019)
E.L., Y. Zhang, PRC 104, 044303 (2021)
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Superfluid dynamical kernel: adding particle-number violating contributions

Mapping on the qPVC in the canonical basis

owwney - Jr Jewe] [7]  own——e - ]7] oy
o——=e( - [v] v vl - L Tvew [ Iv]
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Quasiparticle dynamical self-energy (matrix): normal and pairing phonons are unified

RN WYV =\, — %
-2 + ’9/( ~—> + >0 ‘_\9’ + >G——>O» *(%)¢ + >Q/<—§* + '>~(SY77> \< - >Q—<—/;R/W(%<
ZAr
. g\ AR e — —
B ”‘ "W’ * 4’ - .> . *&\, + <G> <<‘>r —De + '40(/* > \O* + «JMA\H—»< + <f:—t\é~
Compact form, Cf.: Quasiparticle static
<] (almost) as simple as self-energy (matrix) in HFB
non-superfluid ~
&0 Y1 A
Bogol/ubov transformation > e x  _yT
11/ 11/

E.L., Y. Zhang, PRC 104, 044303 (2021)

Recently formulated in the HFB basis keeping 4x4 block matrix structure
Y. Zhang et al., PRC 105, 044326 (2022)

S. Bhattacharjee, E.L., arXiv:2412.20751, PRC (2026)



