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-® Nuclear structure theory has strived for decades to achieve accurate computation of nuclear
spectra, needed for many applications, but this is still difficult

- We address this problem by developing the relativistic nuclear field theory (RNFT) in the
model-independent Equation of Motion (EOM) framework using the universal QFT language,
quantifying fermionic correlation functions (FCFs). ~All models follow from it

-® The theory (i) is transferable across the energy scales, (ii) capable of identifying the
bottlenecks of the existing nuclear structure approaches, and (iii) opens the door to
spectroscopic accuracy

-® In this formulation, dynamical interaction kernels of the FCF EOMSs are the source of the
richness of the nuclear wave functions in terms of their configuration complexity and the major
ingredient for an accurate description with quantified uncertainties

-& Electromagnetic and weak probes are the most informative ones for benchmarking the
theory and constitute the majority of applications: selected highlights for nuclear excited
states

-® Goals: (i) reaching shell-model quality in large model spaces and energy intervals; (ii)
understanding the genesis of fundamental interactions

-®Open problems
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Patrticle-hole correlator
or two-time propagator R12 179/ (?f —1 )
(response function):

EOM: Bethe-Salpeter-(Dyson) Equation (*¥)

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

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

In-medium scattering amplitude
spectra of excitations, decays, ...

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

F(t—t)

t-dependent (dynamical) term:
Long-range correlations:
Couples to higher-rank FCFs
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L anguage remarks. “ablinitio"

- Ab initio = "from the beginning” (lat.), in science and The Standard Model
engineering “from first principles” e i) e e
- @I @l- @ @
-® First-principle theory does not (yet) exist: w || cham || o guon || Higgs
Even the Standard Model (SM) is an effective theory: "' ®-e®| @
down strange bottom photon
Vgyoy ~20 parameters: . Q9 99| @|.
[ electron muon tau Z boson O
masses, coupling constants, e\ e e ) ©
etc. W .0 |. 0| @ |
w | geston JlLomum J neiibhe J ((Weosn J &
Open questions:
-# Can the SM be UV-completed and include gravity? Bare
< . : Interaction . ags
& What are the SM interactions? Ab initio...

-» What is the origin of the Higgs potential? (aka forces,

-& What is dark matter & energy?

-& Neutrino mass? V(ri- ) p-="""""" @

potentials): B oeeee e

‘& In Theoretical Physics: knowing the bare
(vacuum) interaction between the two patrticles,
quantitatively describing the many-patrticle
system (yet impossible with desired accuracy
for strong coupling)

Higgs mechanism
of mass generation
(~ mean field)

Y,
F

v \
=i F,

L= (0,0)'(0"9) - V(®),

-& “Ab initio” (UV-complete) is the opposite of
2 2
V() = 1°¢" ¢ + A4 9)* “effective”
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To the narratives:

(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)
(iif) 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... -2 In Theoretical Physics: knowing the bare (vacuum)
Interaction interaction between two particles, quantitatively
(aka forces, describe the many-particle system
potentials): O -» “Ab initio = UV-complete” as opposed to “effective”
---------- @ -2 Interactions adjusted to many-particle systems (e.g.,

_ @
V(ri-r2) finite nuclei ) are not ab initio but effective

Formulation of the theory and its implementation

-& 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.q., 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.

‘¥ 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 Chromodynamics Quantum Nuclear
(QCD, high energy) Hadrodynamics (QHD, Structure
intermediate energy) (NS, low energy)
udu dud
d “Almost” “Almost” “Almost”
calculable calculable calculable
Induced in-medium
udd uud Meson exchange DFT: effective coupling patced sl

phonon exchange

/ Implementations: \

/ “Ab initio” many'bOdy theory\ ° Meson-exchange (ME) at Ieading

order

 Assumes a generic, unspecified bare
“interaction”: model-independent, all
channels included on the tree level

* Higher orders are treated via
in-medium propagators

S

 Effective coupling constants/masses
— =, (adjusted at the mean-field (MF) level,

4 NL3(*)) + subtraction of gPVC (P.
Ring et al., V. Tselyaev)

Static, extracted from « Bare ME + subtraction of MF artifacts

‘\NO perturbation theory (strong COUP”@ the NN-scattering (ongoing:; first results are good)
Generally, it can » Goal: accuracy + predictive power
contain retardation) \ /
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Quan um f h
Hadrodynamics \\ \\
(QHD) T T + = /““ cf. + /
Tree-level: 7 — - m_
heavy light ~21T V1234 XEFT

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)

/ 2 o 2 o \ i / Two-nucleon force Three-nucleon force Four-nucleon force \
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Beyond the leading order:
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5(212) = 1 < G 5,4}/ : Q4LO(QS) +1 +,jx:| +-.{-:j L{ " +H >K Lt+1 ’X? /
+ Dynamical . A ~ e
e e e P | ( Dynamical = Many-body. .. “solver” (7)
; - Beyond light nuclei incorrect:
FiZ = i o¥ i,y Standard “solvers” are too simplistic
New spontaneously o : ' o Bare NN and many-body theory should be linked
broken symmetries: Fo = o0 o consistently
|
|

The in-medium power counting is associated * In the correlated nuclear medium, the XEFT power

with emergent scales of low-energy collective modesx counting becomes irrelevant: new Nambu-
in medium-heavy nuclei Goldstone modes emerge



A‘Dynam/ca/ kernels br/dgulg%ales’ ana’ em’érgent EFT ﬁ\i ‘

; \
- Quantum many-body problem: Direct EOM for G(") generates G(n+2) in the (symmetric) dynamical
kernels and further high-rank correlation functions (CFs); Nequations ~ NPparticies & Coupled $3 !!!

-+ Non-perturbative solutions:

~ ™
. + GO =G G(1) G +H G2 G|+ =)
Cluster decomposition
[QFT, S. Weinberg] + G4 = @(1) G(1) G(1) G(B HG(2) G(2)/ +1 GO G +=(4)
Leading at: weak intermediate strong coupling
self-consistent GFs phonon coupling Faddeev +
second RPA etc. this work future work
” 1 T gen | " " -+ P. C. Martin and J. S. Schwinger,
—— G = — — + ——| G Phys. Rev.115, 1342 (1959).
Beyond — > > g g + N. Vinh Mau, Trieste Lectures
weak . . : : : : 1069, 931 (1970)

A
A

coupling: —— e R _\ G + P. Danielewicz and P. Schuck,
c Nucl. Phys. A567, 78 (1994)
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Exact mapping: particle-hole (2q) quasibound states

Emergence of low-energy Quasiparticle-vibration coupling

Nambu-Goldstone bosons, (qPVC) in nuclei. Cf. NFT
prionons VWL = 7| [ Re ] (v
[SO(3) symmetry breaking]:  *~ sound modes < « Diquarks in hadrons

. > > Cf. C. Popovici, P. Watson, and H.
Emergence of superfluidity  “@———@ = [v] [g®] [v Reinhardt [PRD83, 025013 (2011)]

[U(1) symmetry breaking]: Cooper pairs
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Superfluid dynamical kernel: adding particle-number violating contributions

Mapping on the gPVC in the canonical basis
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Quasiparticle dynamical self-energy (matrix): normal and pairing phonons are unified

%% N ) \/Vt:?\_\ v\, SIS = ==
. f J \ -I—] // \ A\,‘ O// [N / \
»{ ) » (7}»- + ‘>~ov %i ) > o+ - )—— + > -« » {)» - o+ - g ® + al D)< + > . i

<5 ‘j\' 1% + *0—; s JW— " <O//‘.>’Vm<lj§> <6£PZ&}¢ + w/—:x»* + «{ﬁb« + m
Compact form, Cf.: Quasiparticle static
<] (almost) as simple as self-energy (matrix) in HFB
non-superfluid ~
0 Y110 Ay
Bogollubov transformation > — i
11/ 211'

E.L., Y. Zhang, PRC 104, 044303 (2021)
Y. Zhang et al., PRC 105, 044326 (2022)
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Theory is formulated in the HFB basis kee,o/ng 4x4 block matrix structure

Correlated 2q-propagator S. Bhattacharjee, E.L., arXiv:2412.20751,
with Matsubara frequencies to appear in PRC (2026)
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Uncorrelated 2q-propagator Complex GSC: a source of “natural” quenching

at both T=0 and T>0

(a) (b) () (d) (e)
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The norm matrix
pp'vv’ =

([Auu’aAW'] [Auu’7AVl/] [Auu7 v’
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Cuu ’AT | [Cuu aAW'] [Cuu aCT /] [Cuu ,C'W/] [11]cc(a)
\ ClulaAzT/u’ [C/T’:/J,,AVV,] [CT ,,CjT ] [CT / VI/’]/ }C;u,yic/ a (wk) — Z pznpzm (1 . e—(wn-l—wm)/T)
) ) yonm
—-E;/T _
& (11)7n 4>m (02)n%y m mx(11)nx m* (O2)n
= sz <Z|O|Z> Pi = —E'/T > [(FM’Y Xu"y + FIJJ’Y up’fy)(Xu’cﬁ FV(S u F )
i Zj € J W — Wnp — Wm
(11) 7% ~ yse (O2)n s (~ym ~(11)7n m 1-(02)7%
The complete superfluid dynamical gPVC kernel _ (Do Vs + Ty Vi) Vs Ls, — + Viishs, )]
Wk + Wy + Wm

QRPA limit: Kr = O; talk by E. Yuksel



T

~r i '—:

Nuc/ear response tbwa”rd a &omplgte theory
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foward ab initio <= static kernel V

dynamic kernel => toward more complex configurations

: k_lt o ks ki N ks kq ks v kg SR : ks ks
i R = + g R [+ ew)-20): | R
ks R gk kg L I ! ks K
¥ Subtraction
:  Dyson-Bethe-Salpeter R(Cf)) RO(O)) + RO(CU) [V‘|‘¢(0)) QD(O)] R(a)) < [V.Tselyaev 2013]
+  Equation: ¥ : _
S - ; for effective
, , interactions V
NFT is reproduced QRPA/REOM Beyond’ QRPA: REOMn | IP. Ring,
as the leading L2 m 2‘%; F— £ A.Afanasjev,
approximation 21,2117 v * + y + v et al: CEDF]
[talk by G. Colo] O % T — s —
2 2 WO*E 2 2 2 >
Extended NFT: (n+1) _ R(n) + R(n) + y R(n) 4 R(n) y
closed cycle 212'1° 4 \5
4 i v T T EK BTV T 2 VYN RN
() _ (2)
Generalized approach for the correlated ¢
propagators + "’% M o
‘ 2q+2phonon
configurations

n-th order: E.L. PRC 91, 034332 (2015)

== % =
+‘°%+‘°%+%W+_€Mh

Ab-initio formulation,
@) implementation; 2q+2phonon correlations:
E.L., P. Schuck, PRC 100, 064320 (2019)

(non-perturbatively)

in the gPVC
expansion: after two
iterations

Included in all orders
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Fragmentation mechanism: Giant dipole resonance in Ca: overlapping resonances
ordered by configuration complexity  250———————— ———0——r——————r—r—T T
N e R(Q)RPA: 2q 48
20 (oh) »  Ca --- R(QTBA: 2g+phonon Ca
q (p1)- 200 EMEI i | — EOM/R(Q)TBA’: 2q+2phonon EME!
[REOM] — i | Exp: NNDC
2g+phonon (2p2h): E ol H ! ]
o [REOM?] ~ g . A~04 Mev _. A
i i i . g <
. non o [ ~6-7 MeV e
| ‘ 1 2q+2phonon (3p3h): 100 |- i N -
| | l | [REOM3] _ iy A
In principle exact spectral expansion 50 AN .
VvV ZUV* =U*x UV L ./F -
B0 Z[ P21P21 . :012,01'2'. ] d«" B S
Bl w7 10 w+w, —10 s 10 15 20 30
E [MeV]
(Moderately) deformed: 50Ti [B2~ 0.17]: "
<oy &)- “Pygmy” dipole resonance in 68Nj
E 15 - Q T TN T T T T T T T T T T T T T T T
= |68
g 1 — :
N 05F % I N1 .
E = 21 EMEI i ]
= " :
£ g |
E 150 No 1 __
100 » - ‘
sl 05 6 7 8 9 10 11 12 13 14 15
E [MeV]
Data: O. Wieland et al., Phys. Rev. C 98, 064313 (2018)
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Giant and soft resonances in heavy nuclei A e PR T
| . O e MG, U ] " 208 o
[mb]f [ c:. = Giant monopole resonance 1. *"Pb @ -
800 and nuclear compressibility 3 | o
- 210t :
L é L e :) o
% A universal description of the monopole “o 5t 0 -y
600 - : ; = .
response across the nuclear chart is achieved. = I+3 :
It is found that nuclear “softness” increases: O I;,T,T:TITITIT;
-» with the neutron number — 6L 120 0o
400 1203n -+ with superfluidity manifested via large % Sn
" EME1 quadrupole collectivity E 4
‘ -» with correlations beyond QRPA (q)PVC !
L A =200 keV o 4 @ E
200 Stiffer EOS can be used for nuclear matter =
: computation 2
: E. L., PRC 107, L041302 (2023) 05 0 5 0 s
0 5 E [MeV]
Giant and pygmy dipole

h i -& qPVC correlations of RQTBA (REOM?) are
resonances in Sn lsotopes necessary to reproduce the two-component

-2 Accurate computation of nuclear excited states in a

C structure of the low-energy dipole strength: (a),
i . . . , - Oslo data . (a)
wide energy range, including giant resonances, is 107 L 4 Bassauer et al., 2020 % (b).
pushed to heavy systems. E § MI,Bassaueretal., 2020 | -& Only the lower component is associated with the
o o _ o~ - L ¢ --- IVGDR (GLO) pygmy dipole resonance (PDR) and neutron skin.
-» The recently deVe/Oped ab initio relativistic equation of E 07 L E:::g: g:zt é(gi”::)) -» PDR is linked to the transitions from (to) the
motion method (REOMn) with non-perturbative > 7 E — - MI (Lorentzian) ground state; the upper structure is formed by
: : . E —— Total fi iti ; .
dynamical kernels enables a hierarchy of growing- & ' }H'h T Unbend Ir ;”SI'\Z’O';S bet‘ge\e/” el’\(IC’ted Statecs- ( df vs (c).
. . . b 4 S L . Markova, P. Von Neumann-Cosel,
complgxn‘y (n) approximations to the.nuclear response 10 R B !gyﬂ* fﬁ\ 120 E. Litvinova, Phys. Lett. B860, 139216 (2025)
organized by the qPVC power counting based on F xi}i‘fﬁ LN n ] o
.. PSRN . BRI I 1
emergent collectivity. 0 2 4 6 8 10 12 14 16 18 of n 8.06 8.65 920
A B L L B B B B B L. :
> We demonstrated that this power counting remains - 1f 1205 RORPA ©) |
ey . . . . -6 | —~
valid in heavy systems and provides a firm uncertainty 107 o T Bl NL3* ]
‘e . - " ——RQTBA (A,) 3
quantification of the many-body theory. T »\‘_/,/f\ NGDR GO k!
- A significantly improved description is achieved for the S 107 E fi {0 | | - IVGDR (Gauss) %7 3
i ; o g , B ; " El peak 1 (Gauss) % ol 668 7.26 8.52 9.79
Sn-Sm mass region for giant resonances and soft Z . S | ETIE peak2 Gausy B 1
modes. T R \\ ol i i
. 107 ' ! i
J. Novak, M. Hlatshwayo, E.L., arXiv:2405.02255 - ' | \ 3}
Exp. Data: S. Bassauer, PRC102, 034327 (2020) I R T l{)-‘ 1l'2 VEEETITT 4}
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Excitation energy [keV]

49Ti(d,p)59Ti experiment: that 1+ states with larger neutron
(1f7/2)-1-(1f6/2)*1 spectroscopic factors S do not correspond
to the ones with the largest B(M1) strengths. Theory is in tension

B. Kelly, M. Spieker, ...,

E.L,...

et al., PRL 136, 082502 (2026)

B(M1) 1 [ux ]

Total B(M1)
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ances and

Sn isotopes:

%é’ta decays

-1
Sgr (MeV ] T=0 A =200 keV (T, [s])
40 T I I I| I T T I T I il T T I T LK I T E I I I I I 3
93.24 1 i @ L 1ze Ty (®) [ 108.99 P © (d) 53
30{[-- pnRQRPA| |} | ;
| — pnRQTBA ': 12
" 132 i 3
Sn | E !
i ': _;0
et -1

pn-RQRPA
[REOM]

pn-RQTBA
[REOM?]

C. Robin, E.L., EPJA
52, 205 (2016)

E. L., C. Robin,
H. Wibowo, PLB 800,
135134 (2020)

C. Robin, E.L., Phys.
Rev. Lett. 123, 202501

(2019)
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0 10

0 10 20 20
E [MeV] E [MeV] N
Gamow-Teller +IVSM strength in 90-Zr:

4t | ' | | | | | | | | |

= | EXP —e—

> 3F GT. | GT pn-RTBA no GSCpyc — - -

= GT pn-RTBA with GSCpy/¢

m)

~
~
I~
.~ -

.12.

Excitation energy E (MeV)

28 32

No fits, no artificial quenching,
no adjustable proton-neutron pairing

36 40 44 48
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/ qienchitlgpuszle: 28-Si
T : '

0,7 T T T T T T T — T T T T T T T T 17
| Dirac sea {14 Fermisea N (4)
06 | contribution 112] contribution - P = Z g (Z)Ti
- 110l 1 i
05| GT_ 1 5T GI_ 7
‘ B 1t B :
04l Si —  pn-RRPA S
Cf.: D. Vretenar, E | — pn-RTBA
N. Paar, T. Niksic E 03| 4 3} -
et al. D [
oL i N i
02 | 2] _ AL=0
01 I 11t i AT =1
i 1 | ] AS =1
O’O {.l | u‘. llh l.l | O . J \k&kh‘
1800 -1600 -1400 -1200 -10005 10 15 20 25 30 35 40

E [MeV] E [MeV]
,Microscopic* quenching of B(GT): Cf.: H. Sagawa,
(i) relativistic effects, Y. Niu,
o (if) ph+phonon and higher configurations D. Gambacurta
| (iii) 2b currents (?) tbd 100
28 Q-
10 SI
Ikeda Sum rule 1 o1"
(model 0.1
100%  Independent): = oo
mo 1E-3
| S -S,=3(N-2),
5 S ] 1E-4
0 T v T v il v T T T T T T T T T T | 1E-6 T
10 20 30 40 80 60 70 80 20 ? -II 80 60 40 20 0 20 40 60 80 ‘ ?
w[MeV] o [MeV]

Problem: finite basis
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Neutral phonons: \
Both phonon-exchange

S )

O AN . VA & " §=% i
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E' (MeV)

C. Robin, E.L. PRC 98, 051301(R) (2018)

and self-energy
contributions /
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Gamow-Teller response

Charge-exchange phonons:
no phonon-exchange counterparts
=> larger than expected contribution!
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_ factors

| (in progress)
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Data: J. Yasuda et al., Phys. Rev. Lett. 121, 132501 (2018)
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WEXotic modes: th-e"l§‘5vector‘ Giant Ménopgié Resonanc

week ending

PHYSICAL REVIEW LETTERS 28 APRIL 2017

PRL 118, 172501 (2017)

Observation of the Isovector Giant Monopole Resonance via the
28Si(1°Be,!'B*[1.74 MeV]) Reaction at 100 AMeV

M. Scott,"*? R. G. T. Zegers,"*>" R. Almus,’ Sam M. Austin,"">> D. Bazin,' B. A. Brown,"** C. Campbell,” A. Gade,'”
M. Bowry,' S. Gales,*” U. Garg,® M. N. Harakeh,” E. Kwan,' C. Langer,"* C. Loelius,"* S. Lipschutz,"*?
E. Litvinova,'®"* E. Lunderberg,'” C. Morse,'” S. Noji,"”* G. Perdikakis,”'* T. Redpath,® C. Robin,'>* H. Sakai,"’
) @ Sasamoto,lz’11 M. Sasano,11 8 Sullivan,l’z’3 J.A. Tostevin,13’1 I Uesaka,11 and D. Weisshaar'
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sférmatioh ,tqc-ﬂ.llaéiparticle ba

Bogolyubov
transformation: P = Z(Ull/av""/l*yazt)a ?ﬁI = Z (Vlva1/+U1*z/al1;)

1 4 v

650 = (Ul vh)ént ((92)

GI(/;’)(E) = Z(Vz}; U,/T1)é12(5) ( sz;,, )

Propagator becomes diagonal

Dyson Egs. decouple - "
for =1 and n=-1 G () =G(e)+ Y G (e)ZrP ()G, (e)
pp

Eq. for n=-1 is redundant i

1‘*(11)#1'\(11)#* F(OQ)M*F(OQ)M v Vv’
27‘(—1—) e [ vl vy ! YL ] :} E
e v

Dynamical self-energy: acquires the
same form as the non-superfluid one!

Superfluid PO =3 (Ul gtUn + Ulitd Vo —Vihi (98 Ve — V(45 7) Ui
quasiparticle-vibration 12
ling (QVC tices: —
coupling (QVC) verces: (02 — 5 [VE gt + VA Vawr ~UB (o) Varr — U (7Y 0
12

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



nom spectrum’in A8Si

(i) Relativistic meson-nucleon Lagrangian + (ii) Relativistic Hartree-Bogoliubov (RHB) + (iii)
Quasiparticle random phase approximation (QRPA): J =2+ - 5, K = [0,J]. Finite amplitude method
(FAM): A. Bjelcic et al., CPC 253, 107184 (2020). Relativistic DD-PC1 interaction.

oS (103fm6/!*4eV)

(b) (c)
J=2 K=1 J=2 K=2

o S(10*fm?/MeV)
oN SO ®

o S (10%fm?%/MeV)

o S (10%fm?*/MeV)
O N &b OO ®
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(iv) QVC vertex extraction: Alt: contour integration; see talk by T. Niksic
e N
(i) ) Variation of the HFB
') = %1m 5 Im( ) Hamiltonian at the
—0 |/ 7S(ws) QRPA pole
\_ J

(v) Dyson Eq. solution [E.L., Y. Zhang, PRC 104, 044303 (2021)]



Fragmentation of quasiparticle states:

RHB vs RHB+QVC
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Fragmentation mechanism: schematic

7 Dominant level
o —
,," >
Sum rules: =
l" J . ( I/) Y (I/ ) E
;;:’—‘—:‘_ E]\ == E El\ Sk 1))
\\:::: - z : Slil/) — 1

Y. Zhang et al., PRC 105, 044326 (2022)
Based on the code by A. Bjelcic , T. Niksic et al., CPC 253, 107184 (2020).
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. Bifiite amplitude method et

&h ded be yohd: QI!?”PA (frozen):
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QVC amplitude
(leading approximation):

E.L., Y. Zhang, PRC (2022) [formalism]
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Proof of principle: \\ ;
GMR in 24-Mg : .

in a restricted model space /
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Ongoing:
- Convergence improvement
« Optimization
-« Cross-check routines
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