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• Provide important informations in other fields of physics, where nuclear physics 
    plays a crucial role: 

-  Astrophysics:    
-  Atomic physics   
-  Particle physics                                                                 

Motivations

• With ab-initio calculations we can study these observables and provide predictions with 
error bars, first for light nuclei and then for heavier nuclei                                                                      

“from few- to many-body systems” 
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Details of short distance physics not resolved, but 
captured in low energy constants (LEC)
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Various methods to solve the many-body problem

http://unedf.org

48Ca

Nuclear Structure Theory
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R(!) =

ZX

f

|h f |O| 0i|2�(! � Ef + E0)

Nuclear Reactions



Sonia BaccaOct 03, 2017

!

Giant dipole resonance

R(!)

Pigmy dipole resonance in neutron-rich nuclei corecore

 How does the nucleus respond to external electromagnetic excitations? 

R(!) =

ZX

f

|h f |O| 0i|2�(! � Ef + E0)

Nuclear Reactions



Sonia BaccaOct 03, 2017

!

Giant dipole resonance

R(!)

Pigmy dipole resonance in neutron-rich nuclei corecore

 How does the nucleus respond to external electromagnetic excitations? 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The Continuum Problem

 
Excitation Energy

ground 
state

“

“

bound  
excited state

continuum

2-body break-up 3-body break-up ... A-body break-up

Exact knowledge limited in 
energy and mass number

R(!) / |h f |O| 0i|2

Lorentz Integral Transform        Reduce the continuum problem to a bound-state-like equation
Efros, et al., JPG.: Nucl.Part.Phys.  34 (2007) R459 
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Few-body nuclei 
with hyper-spherical harmonic expansions 
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Dipole Response Function
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Pushing the limits in mass number
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Many-body method that can extend the frontiers of ab-initio calculations to heavier and neutron nuclei
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CC future aims
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Coupled Cluster Theory 
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Many-body method that can extend the frontiers of ab-initio calculations to heavier and neutron nuclei

|⇥(⌥r1,⌥r2, ...,⌥rA)� = eT |�(⌥r1,⌥r2, ...,⌥rA)�
0 0

T =
�

T(A) cluster expansion

CC future aims

CC theory now 

T1 T2 T3

CCSD

CCSDT

 Mature theory for bound states, but what about electromagnetic reactions?

Coupled Cluster Theory 

Merge Lorentz integral transform method with coupled-cluster theory

⇥̄ = e�T⇥eT
H̄ = e�THeT

(H̄ � E0 � � + i�)| ̃Ri = ⇥̄|�0i

| ̃Ri = R̂|�0i
I will show mostly results at CCSD truncation scheme 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Photoexcitation of stable nuclei
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Theory provides a deeper understanding: microscopic interpretation of collective phenomena
Theory motivates new experiments: e.g. 8He will be measured in RIKEN by T. Aumann
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Electric Dipole Polarizability
Medium-mass nuclei with NN + 3NF interactions 

 M. Miorelli et al., PRC 94 034317 (2016) 
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Electric Dipole Polarizability

Much better agreement with experimental data 
Variation of Hamiltonian can be used to assess the theoretical error bar

Medium-mass nuclei with NN + 3NF interactions 
 M. Miorelli et al., PRC 94 034317 (2016) 

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

rch [fm]

0.2

0.3

0.4

0.5

0.6

↵
D

[fm
3 ]

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

rch [fm]

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

↵
D

[fm
3 ]

3NF
     A. Ekström et al., Phys. Rev. C91, 051301 (2015) 

     K. Hebeler et al., Phys. Rev. C83, 031301 (2011)   

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

rch [fm]

0.2

0.3

0.4

0.5

0.6

↵
D

[fm
3 ]

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

rch [fm]

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

↵
D

[fm
3 ]

+3NF +3NF

NN-only

NN-only

16O
40Ca



Sonia BaccaOct 03, 2017

 48Ca from first principles

Ab initio with three nucleon forces from chiral EFT

Nature Physics 12, 186 (2016)

International collaboration (USA/Canada/Europe/Israel) using coupled-cluster theory 
Hagen et al., Nature Physics 12, 186 (2016)
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Ab initio with three nucleon forces from chiral EFT

Strong correlations with Rp allow to put narrow constraints to Rskin and  ↵D

Ab-initio predictions: 0.12  Rskin  0.15 fm

2.19  ↵D  2.60 fm3

Nature Physics 12, 186 (2016)

International collaboration (USA/Canada/Europe/Israel) using coupled-cluster theory 
Hagen et al., Nature Physics 12, 186 (2016)
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Ab initio with three nucleon forces from chiral EFT

Strong correlations with Rp allow to put narrow constraints to Rskin and  ↵D

Ab-initio predictions: 0.12  Rskin  0.15 fm
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Rskin will be measured with Parity violating 
electron scattering CREX  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 48Ca electric dipole polarizability
 New measurements from the Osaka-Darmstadt collaboration using inelastic proton scattering 
                                                                 

J.Birkhan, et al., Phys. Rev. Lett. 118, 252501 (2017)
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How to improve our calculations
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How to improve our calculations
M. Miorelli et al., in preparation (2017)
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• The ab-initio pathway is arguably the best way develop a strong predictive theory and  
  connect to experiment 
  

•  Such connection can be exploited in several areas of physics 

• In the future we will address electron-nucleus and neutrino-nucleus scattering  

Outlook

Thanks to all my collaborators

Thanks for your attention!
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 Connection to Neutron Stars
⇢ = ⇢n + ⇢p, � =

⇢n � ⇢p
⇢n + ⇢p

Sv and L can be inferred from heavy ion collisions 
and are correlated with finite nuclei observables  

Neutron star radius(1.4M�)[km]

Hebeler et al. (2013)

E(⇢, �) = E(⇢, 0) + S(⇢)�2 +O(�4)

S(⇢) = J +
L

3⇢0
(⇢� ⇢0) +

Ksym

18⇢20
(⇢� ⇢0)

2 + . . .Sv

Equation of state
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can constrain nuclear matter 
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Ab-initio 25.2  Sv  30.4 MeV

37.8  L  47.7 MeV
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