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The Chiral Magnetic Effect in a nutshell
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QCD axial anomaly in the massless limit
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Ingredients

Chiral fermions Strong magnetic field

∂μ jμ
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16π2
Fa

μνF̃a,μν

⃗j ∝ μ5
⃗B

FF̃ ≠ 0

[D. Kharzeev, R.Pisarski, M.H.G Tytgat PRL 81, 512 (1998)]
[K.Fukushima, D.Kharzeev, H. Warringa PRD78 (2008) 074033]
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Tc~156 MeV
[HotQCD Collab. PLB795 (2019) 15-21]
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[G.D.Moore, M. Tassler, JHEP 02, 105 (2011)]
[M.Mace, S. Schlichting, R. Venugopalan PRD 93 (2016) 
no.7, 074036]
[N.Mueller, S. Schlichting, S.Sharma PRL117 (2016) no.
14, 14230]
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Axial charge fluctuations in the Glasma
[T. Lappi, S. Schlichting, PRD 97, 034034 (2018)]
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Sources of              FF̃ ≠ 0

[P. Guerrero-Rodriguez, JHEP 1908 (2019) 026]
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Several sources of              .FF̃ ≠ 0

Strong magnetic field
[Skokov et al. Int.J.Mod.Phys. A24 (2009) 5925-5932]

Au+Au

⃗j ∝ μ5
⃗B

J+ J�

CGC colliding 
nuclei

Glasma flux 
tubes 

Viscous 
hydrodynamics

Pre-equilibrium 
dynamics

Time

0.2 fm/c0 1 fm/c

Hadronic rescattering 
+ 

Freeze out

Kinetic theory? 
Anisotropic hydro? 
…

10 fm/c 15 fm/c

Detection

20 fm/c

E⌘
<latexit sha1_base64="EQscFFuXwfXHz6nO+A12LE6zkC0=">AAAB6HicbZDNSsNAFIVv6l+tf1WXboJFcFUSEdRdUQSXFYwttLFMpjft0MkPMzdCCX0I3YjoyufxBXwbpzULbT2rb+45A/fcIJVCk+N8WaWl5ZXVtfJ6ZWNza3unurt3r5NMcfR4IhPVDphGKWL0SJDEdqqQRYHEVjC6mvqtR1RaJPEdjVP0IzaIRSg4IzNqXz/kXSQ26VVrTt2ZyV4Et4AaFGr2qp/dfsKzCGPikmndcZ2U/JwpElzipNLNNKaMj9gAOwZjFqH289m+E/soTJRNQ7Rn79/ZnEVaj6PAZCJGQz3vTYf/eZ2MwnM/F3GaEcbcRIwXZtKmxJ7WtvtCISc5NsC4EmZLmw+ZYpzMcSqmvjtfdhG8k/pF3bk9rTUuizuU4QAO4RhcOIMG3EATPOAg4Rne4N0aWU/Wi/X6Ey1ZxZ99+CPr4xtl1Y1j</latexit><latexit sha1_base64="EQscFFuXwfXHz6nO+A12LE6zkC0=">AAAB6HicbZDNSsNAFIVv6l+tf1WXboJFcFUSEdRdUQSXFYwttLFMpjft0MkPMzdCCX0I3YjoyufxBXwbpzULbT2rb+45A/fcIJVCk+N8WaWl5ZXVtfJ6ZWNza3unurt3r5NMcfR4IhPVDphGKWL0SJDEdqqQRYHEVjC6mvqtR1RaJPEdjVP0IzaIRSg4IzNqXz/kXSQ26VVrTt2ZyV4Et4AaFGr2qp/dfsKzCGPikmndcZ2U/JwpElzipNLNNKaMj9gAOwZjFqH289m+E/soTJRNQ7Rn79/ZnEVaj6PAZCJGQz3vTYf/eZ2MwnM/F3GaEcbcRIwXZtKmxJ7WtvtCISc5NsC4EmZLmw+ZYpzMcSqmvjtfdhG8k/pF3bk9rTUuizuU4QAO4RhcOIMG3EATPOAg4Rne4N0aWU/Wi/X6Ey1ZxZ99+CPr4xtl1Y1j</latexit><latexit sha1_base64="EQscFFuXwfXHz6nO+A12LE6zkC0=">AAAB6HicbZDNSsNAFIVv6l+tf1WXboJFcFUSEdRdUQSXFYwttLFMpjft0MkPMzdCCX0I3YjoyufxBXwbpzULbT2rb+45A/fcIJVCk+N8WaWl5ZXVtfJ6ZWNza3unurt3r5NMcfR4IhPVDphGKWL0SJDEdqqQRYHEVjC6mvqtR1RaJPEdjVP0IzaIRSg4IzNqXz/kXSQ26VVrTt2ZyV4Et4AaFGr2qp/dfsKzCGPikmndcZ2U/JwpElzipNLNNKaMj9gAOwZjFqH289m+E/soTJRNQ7Rn79/ZnEVaj6PAZCJGQz3vTYf/eZ2MwnM/F3GaEcbcRIwXZtKmxJ7WtvtCISc5NsC4EmZLmw+ZYpzMcSqmvjtfdhG8k/pF3bk9rTUuizuU4QAO4RhcOIMG3EATPOAg4Rne4N0aWU/Wi/X6Ey1ZxZ99+CPr4xtl1Y1j</latexit>

B⌘
<latexit sha1_base64="PosY1J3IDIwPwoA88um2EW21paI=">AAAB6HicbZDNTsJAFIVv8Q/xD3XpppGYuCKtMVF3BDcuMbFCApVMh1uYMP3JzK0JaXgI3RijK5/HF/BtHLALBc/qm3vOJPfcIJVCk+N8WaWV1bX1jfJmZWt7Z3evun9wr5NMcfR4IhPVCZhGKWL0SJDETqqQRYHEdjC+nvntR1RaJPEdTVL0IzaMRSg4IzPqNB/yHhKb9qs1p+7MZS+DW0ANCrX61c/eIOFZhDFxybTuuk5Kfs4UCS5xWullGlPGx2yIXYMxi1D7+XzfqX0SJsqmEdrz9+9sziKtJ1FgMhGjkV70ZsP/vG5G4aWfizjNCGNuIsYLM2lTYs9q2wOhkJOcGGBcCbOlzUdMMU7mOBVT310suwzeWf2q7tye1xrN4g5lOIJjOAUXLqABN9ACDzhIeIY3eLfG1pP1Yr3+REtW8ecQ/sj6+AZhSY1g</latexit><latexit sha1_base64="PosY1J3IDIwPwoA88um2EW21paI=">AAAB6HicbZDNTsJAFIVv8Q/xD3XpppGYuCKtMVF3BDcuMbFCApVMh1uYMP3JzK0JaXgI3RijK5/HF/BtHLALBc/qm3vOJPfcIJVCk+N8WaWV1bX1jfJmZWt7Z3evun9wr5NMcfR4IhPVCZhGKWL0SJDETqqQRYHEdjC+nvntR1RaJPEdTVL0IzaMRSg4IzPqNB/yHhKb9qs1p+7MZS+DW0ANCrX61c/eIOFZhDFxybTuuk5Kfs4UCS5xWullGlPGx2yIXYMxi1D7+XzfqX0SJsqmEdrz9+9sziKtJ1FgMhGjkV70ZsP/vG5G4aWfizjNCGNuIsYLM2lTYs9q2wOhkJOcGGBcCbOlzUdMMU7mOBVT310suwzeWf2q7tye1xrN4g5lOIJjOAUXLqABN9ACDzhIeIY3eLfG1pP1Yr3+REtW8ecQ/sj6+AZhSY1g</latexit><latexit sha1_base64="PosY1J3IDIwPwoA88um2EW21paI=">AAAB6HicbZDNTsJAFIVv8Q/xD3XpppGYuCKtMVF3BDcuMbFCApVMh1uYMP3JzK0JaXgI3RijK5/HF/BtHLALBc/qm3vOJPfcIJVCk+N8WaWV1bX1jfJmZWt7Z3evun9wr5NMcfR4IhPVCZhGKWL0SJDETqqQRYHEdjC+nvntR1RaJPEdTVL0IzaMRSg4IzPqNB/yHhKb9qs1p+7MZS+DW0ANCrX61c/eIOFZhDFxybTuuk5Kfs4UCS5xWullGlPGx2yIXYMxi1D7+XzfqX0SJsqmEdrz9+9sziKtJ1FgMhGjkV70ZsP/vG5G4aWfizjNCGNuIsYLM2lTYs9q2wOhkJOcGGBcCbOlzUdMMU7mOBVT310suwzeWf2q7tye1xrN4g5lOIJjOAUXLqABN9ACDzhIeIY3eLfG1pP1Yr3+REtW8ecQ/sj6+AZhSY1g</latexit>



Experimental determination of the CME
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Charge-dependent azimuthal correlations

γαβ = ⟨cos(ϕα + ϕβ − 2ΨRP)⟩, α, β ∈ {+ ,−}

[S.Voloshin PRC 70, 057901 (2004)]
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CME prediction: γ++,−− < 0, γ+− > 0
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Experimental determination of the CME
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[P.Tribedy]

Xe+Xe Pb+Pb

[S.Aziz for the ALICE Collab. QM’19]

Charge-dependent azimuthal correlations

γαβ = ⟨cos(ϕα + ϕβ − 2ΨRP)⟩, α, β ∈ {+ ,−}

[S.Voloshin PRC 70, 057901 (2004)]

CME prediction: γ++,−− < 0, γ+− > 0



• Background:               

Experimental determination of the CME

5

Contributions to the experimental measurement:

• CME driven: 

% Centrality System size~Z

γOS |γOS |

γαβ ∝ v2

e.g.[S.Schlichting, S.Pratt  PRC 83 (2011) 014913] STAR’09 data explained without CME

γαβ ∝ ⟨B2 cos(2(ΨB − Ψ2))⟩

- Local charge conservation, momentum conservation, 
resonance decays… 



Two ways out
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e.g. [M. Magdy et al. PRC 97, 061901 (2018)]

“We have specifically investigated the case for colliding nuclear isobars 
(nuclei with the same mass but different charge) and find the case 
compelling. We recommend that a program of nuclear isobar collisions 
to isolate the chiral magnetic effect from background sources be placed 
as a high priority item in the strategy for completing the RHIC mission.” 

– Chiral Magnetic Effect Task Force Report

Change signal (B), keeping background (v2) fixed
44Ru96 + 44Ru96    vs.   40Zr96 + 40Zr96  @200GeV

• New observables beyond        have been proposed.γαβ

• Isobar run at RHIC

[Chin.Phys. C41 (2017) no.7, 072001]



Goal of this talk + sneak peek
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Check the impact of 44Ru96 and 40Zr96 nuclear structure on the 
hypothesis “Change signal (B), keeping background (v2) fixed”

Background Signal



Woods-Saxon parameters for isobars
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Traditionally nucleons sampled from a Woods-Saxon distribution

ρ(r, θ) =
ρ0

e(r−R′�(θ,ϕ))/d + 1
where R′�(θ) = R0(1 + β2Y0

2(θ))

40Zr96
44Ru96

R0 = 5.08 fm

d = 0.46 fm

R0 = 5.02 fm

d = 0.46 fm

β2 = 0.158 β2 ∼ 0Option 1:

Option 2: β2 ∼ 0 β2 = 0.217
[Moller et al. Atom Data Nucl. Data Tabl. 59 185, (1995)]

[Prytichenko et al. Atom Data Nucl. Data Tabl. 107 1, 
(2016)]



Beyond Woods-Saxon distribution
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❌ Nucleons are considered independent of each other

❌ No distinction between protons and neutrons

r r12

1-body density

r [fm] r12 [fm]

ρ(1
) (r

)
[f

m
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3 ]
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2-body density



Neutron skin within the liquid drop model
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B(Z, N) = avA − asA2/3 − acZ2/A1/3 − aA(N − Z)2/A + …

[W
ikipedia]

Neutron-rich nuclei: where to locate extra-neutrons?  
                Surface or core?

Neutron-skin thickness: surface tension vs stiffness of the 
symmetry energy (L)

L

Δrnp

[X. Roca-Maza et al. PRL106 (2011), 252501]



Neutron skin: experimental data
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40Zr96

[LEAR Collab. Int Jour of Mod Phys E 13 (2004) 343]

ρ(r) =
Z
A

ρp(r) +
N
A

ρn(r)

7

√s
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dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

Δrnp = ⟨r2
n⟩1/2 − ⟨r2

p⟩1/2

• 96Zr: 0.12 ± 0.03 fm

• 48Ca: 0.14 − 0.2 fm
[Birkhan et al. PRL 118, 252501 (2017)]

• 208Pb: 0.33 ± 0.17 fm
[PREX Collab. PRL 108, 112502 (2012)]

+CREX



for

• 96Ru:

Neutron skin: experimental data

12

40Zr96

[LEAR Collab. Int Jour of Mod Phys E 13 (2004) 343]

ρ(r) =
Z
A

ρp(r) +
N
A

ρn(r)

7

√s

~b<latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit><latexit sha1_base64="WcQViw92bk1sTDeYIg+Q3vxqyPY=">AAAB5nicdVDLTgJBEJzFF+IL9ehlIjHxtJlFBPZG4sUjJi6QwIbMDg2MzD4yM0tCNnyDXozRkx/kD/g3DoiJGq1TdVd1UtVBIrjShLxbubX1jc2t/HZhZ3dv/6B4eNRScSoZeCwWsewEVIHgEXiaawGdRAINAwHtYHK10NtTkIrH0a2eJeCHdBTxIWdUm1WrNwWGg36xRGy3XnWdCiZ2mRC3WjPkwnXdywvs2GSJElqh2S++9QYxS0OINBNUqa5DEu1nVGrOBMwLvVRBQtmEjqBraERDUH62TDvHZ8NYYj0GvJy/ezMaKjULA+MJqR6r39pi+ZfWTfWw7mc8SlINETMWow1TgXWMF6XxgEtgWswMoUxykxKzMZWUafOagqn/1RH/T7yy7drOTaXUaKz+kEcn6BSdIwfVUANdoybyEEN36AE9oxeLW/fWo/X0ac1Zq5tj9APW6wcHS4yc</latexit>

p<latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit><latexit sha1_base64="RMLzdPyT2tgmaFX3Ws1pguZMKZE=">AAAB4XicdVDLSgNBEOzxGeMr6tHLYBA8LbtBUG8BLx4TcE0gWcLspDcZMvtgZlYIS35ALyJ68pf8Af/G2RjBZ126uqsaujrMpNDGdd/I0vLK6tp6ZaO6ubW9s1vb27/Raa44+jyVqeqGTKMUCfpGGIndTCGLQ4mdcHJZ6p1bVFqkybWZZhjEbJSISHBm7KidDWp112m4Jehv4jnz6tZhgdag9tofpjyPMTFcMq17npuZoGDKCC5xVu3nGjPGJ2yEPUsTFqMOivmhM3ocpYqaMdJ5/9VbsFjraRxaT8zMWP/UyuFfWi830XlQiCTLDSbcWqwW5ZKalJZ56VAo5EZOLWFcCXsl5WOmGDf2K1Ub/zMj/Z/4DefC8dqn9WZz8YcKHMIRnIAHZ9CEK2iBDxwQ7uEJnsmQ3JEH8vhhXSKLnQP4BvLyDkf+imE=</latexit>

✓<latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit><latexit sha1_base64="lVVhoqscyTc7RW5iGB+QGiKFgRs=">AAAB5nicdVDLTsJAFL3FF+ILdelmIjFx1bQNUNyRuHGJiQUSaMh0mMLI9JGZqQlp+AbdGKMrP8gf8G8cKiZq9KzOvefc3HtukHImlWW9G6W19Y3NrfJ2ZWd3b/+genjUlUkmCPVIwhPRD7CknMXUU0xx2k8FxVHAaS+YXS713h0VkiXxjZqn1I/wJGYhI1jpVneoplThUbVmmY7j1hs2ssyG26y7BWm2mo6LbNMqUIMVOqPq23CckCyisSIcSzmwrVT5ORaKEU4XlWEmaYrJDE/oQNMYR1T6eXHtAp2FiUB6Lyrq794cR1LOo0B7Iqym8re2bP6lDTIVtvycxWmmaEy0RWthxpFK0DI0GjNBieJzTTARTF+JyBQLTJR+TUXH/8qI/ieeY16Y9nW91m6v/lCGEziFc7DBhTZcQQc8IHALD/AMLwYz7o1H4+nTWjJWM8fwA8brB3NgjOQ=</latexit> d�el

dt
=

1

4⇡ |Tel(s, t)|
2

<latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit><latexit sha1_base64="2ttpSBrMgCWTfDqje7QiuDagczE="></latexit>

t = �2p
2
(1� cos ✓)<latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit><latexit sha1_base64="4vaTxut6VGMKSrnUg58FdeqCYeQ="></latexit>with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)<latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit><latexit sha1_base64="X7dnjtHQY8gEU/eNaqV7vXruqio=">AAAB83icdVDLSsNAFJ34rPWV6tLNYBEqSEiKoO4KblxWaGyhDWEyvWmHTh7MTCol5E90I6Ir/8Qf8G+c1Ao+z+aee8+5cO8JUs6ksu03Y2l5ZXVtvbJR3dza3tk1a3s3MskEBZcmPBG9gEjgLAZXMcWhlwogUcChG0wuS707BSFZEnfULAUvIqOYhYwSpUe+Wcs7fj4QEQZeNOSJOi58s25bTbsE/k0ca17tOlqg7Zuvg2FCswhiRTmRsu/YqfJyIhSjHIrqIJOQEjohI+hrGpMIpJfPTy/wUZgIrMaA5/1Xb04iKWdRoD0RUWP5UyuHf2n9TIXnXs7iNFMQU23RWphxrBJcJoCHTABVfKYJoYLpKzEdE0Go0jlV9fufP+L/idu0Lizn+rTeai1yqKADdIgayEFnqIWuUBu5iKJbdI+e0LMxNe6MB+Pxw7pkLHb20TcYL+/VjJD1</latexit>

⇢(s, t) =
ReTel(s, t)

ImTel(s, t)<latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit><latexit sha1_base64="/MLMc5bO1IkSj/kALiRP36oZmTw="></latexit>

Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)<latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit><latexit sha1_base64="Hor3GSyr2maJJUvUzZoWknia+sw=">AAACBHicdVDLSsNAFJ3UV62vqEs30xahbmpSCuqu4MZlBauFJoTJdNIOnUnCzI1QQtf6M7oR0ZVf4A/4N05rBZ9nc8+95wzMOWEquAbHebMKC4tLyyvF1dLa+sbmlr29c6mTTFHWoYlIVDckmgkesw5wEKybKkZkKNhVODqd6lfXTGmexBcwTpkvySDmEacEzCmwKxA4XtnTXHpl7B7W3KbhA0mC3FMSQwKTg8CuOvWGMwX+Tdz6bDpVNEc7sF+9fkIzyWKggmjdc50U/Jwo4FSwScnLNEsJHZEB6xkaE8m0n8+yTPB+lCgMQ4Zn+1dvTqTWYxkajyQw1D+16fEvrZdBdOznPE4zYDE1FqNFmTDp8LQS3OeKURBjQwhV3PwS0yFRhIIprmTif2bE/5NOo35Sd8+b1VZr3kMR7aEKqiEXHaEWOkNt1EEU3aJ79ISerRvrznqwHj+sBWv+Zhd9g/XyDmR3lro=</latexit> 10-4 GeV2 at √s=7 TeV   

Theory

Δrnp = ⟨r2
n⟩1/2 − ⟨r2

p⟩1/2

• 96Zr:0.12 ± 0.03 fm

44Ru96 0.04±? fm

44Ru96Δrnp = 0



Neutron skin: implementation for

13

40Zr96

R0 = 5.08 fm
d = 0.34 fm

Protons Neutrons
R0 = 5.08 fm
d = 0.46 fm

Neutron-halo type i.e.         
translates into 

40Zr96

Δrnp
dn > dp

Pb

[Alvioli et al. arXiv:1811.10078]
[Helenius et al. EPJC 77 (2017), 148]
[Loizides et al. PRC 97 (2018)]

Zr

@LHC:

Proton/neutron ratio1-body density



Short-range nucleon-nucleon correlations

14

[CLAS Collab Nature 560,2018] [CLAS Collab PRL 122, 172502 (2019)]

[C
LAS C

ollab N
ature 566,2019]



Short-range nucleon-nucleon correlations
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−
3 ]

Other studies in heavy-ion collisions: [http://inspirehep.net/author/profile/M.Alvioli.1]

Metropolis Monte Carlo generator of nuclear configurations using 

Ψ0(x1, x2, …, xA) = ̂F(x1, x2, …, xA)ϕ0(x1, x2, …, xA)
Mean-field wave function 
==Woods-Saxon

Correlation operator

[Alvioli et al. PLB 680 (2009]

1-body density 2-body density



40Zr9644Ru96

Deformation
Neutron skin

NN SRC

Nuclear configurations for isobar run
[Jan Hammelmann, ASO, Massimiliano Alvioli, Hannah Elfner, Mark Strikman, arXiv:1908.10231]

16

To be compared with “default” Woods-Saxon distribution

Role of deformation and neutron-skin on 
eccentricity and magnetic field strength



SMASH as a tool

17

[Weil et al. PRC 94 (2016) no.5, 054905]

By J.Mohs208Pb + 208Pb @17.3 GeV

Relativistic hadronic transport approach available at
https://smash-transport.github.io

Binary hadron-hadron interactions proceed via string excitation and 
decay à la PYTHIA 8 [Mohs et al. arXiv:1909.05586]



Eccentricity as a proxy for v2

18

Participant eccentricity at the maximum overlap time t = R/ γ2 − 1

Up to 10% difference on background contribution among 
the isobars in ultra-central collisions

44Ru96

40Zr96



Eccentricity probability distribution

Normalized such that the integral is one

Neat enhancement in ultra-central collisions 
due to deformation

19



“…, keeping background (v2) fixed”

20

Same background from mid-to-peripheral collisions

Safe region



Check with the literature

21

Our result is in agreement with other models

[Schenke, Shen, Tribedy PRC 99, 044908 (2019)]
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RuRu v2{2}
ZrZr v2{2}

RuRu v2{4}
ZrZr v2{4}

Not sufficient to select the same centrality bin in 
both event samples to ensure identical background

[Deng et al. PRC, 041901 (2016)]



x
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y
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⌦
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z
<latexit sha1_base64="X940Wn+drVmalDmKQwNBzAj5MyY=">AAAB4XicbZDLSgNBEEVrfMb4irp00xgEV2FGBHUXcOMyAccEkiH0dCpJk54H3TVCHPIDuhHRlb/kD/g3duIsNPGuTte9DXUrTJU05Lpfzsrq2vrGZmmrvL2zu7dfOTi8N0mmBfoiUYluh9ygkjH6JElhO9XIo1BhKxzfzPzWA2ojk/iOJikGER/GciAFJztqPvYqVbfmzsWWwSugCoUavcpnt5+ILMKYhOLGdDw3pSDnmqRQOC13M4MpF2M+xI7FmEdogny+6JSdDhLNaIRs/v6dzXlkzCQKbSbiNDKL3mz4n9fJaHAV5DJOM8JY2Ij1BplilLBZX9aXGgWpiQUutLRbMjHimguyVynb+t5i2WXwz2vXNbd5Ua3XizuU4BhO4Aw8uIQ63EIDfBCA8Axv8O70nSfnxXn9ia44xZ8j+CPn4xtN+opk</latexit><latexit sha1_base64="X940Wn+drVmalDmKQwNBzAj5MyY=">AAAB4XicbZDLSgNBEEVrfMb4irp00xgEV2FGBHUXcOMyAccEkiH0dCpJk54H3TVCHPIDuhHRlb/kD/g3duIsNPGuTte9DXUrTJU05Lpfzsrq2vrGZmmrvL2zu7dfOTi8N0mmBfoiUYluh9ygkjH6JElhO9XIo1BhKxzfzPzWA2ojk/iOJikGER/GciAFJztqPvYqVbfmzsWWwSugCoUavcpnt5+ILMKYhOLGdDw3pSDnmqRQOC13M4MpF2M+xI7FmEdogny+6JSdDhLNaIRs/v6dzXlkzCQKbSbiNDKL3mz4n9fJaHAV5DJOM8JY2Ij1BplilLBZX9aXGgWpiQUutLRbMjHimguyVynb+t5i2WXwz2vXNbd5Ua3XizuU4BhO4Aw8uIQ63EIDfBCA8Axv8O70nSfnxXn9ia44xZ8j+CPn4xtN+opk</latexit><latexit sha1_base64="X940Wn+drVmalDmKQwNBzAj5MyY=">AAAB4XicbZDLSgNBEEVrfMb4irp00xgEV2FGBHUXcOMyAccEkiH0dCpJk54H3TVCHPIDuhHRlb/kD/g3duIsNPGuTte9DXUrTJU05Lpfzsrq2vrGZmmrvL2zu7dfOTi8N0mmBfoiUYluh9ygkjH6JElhO9XIo1BhKxzfzPzWA2ojk/iOJikGER/GciAFJztqPvYqVbfmzsWWwSugCoUavcpnt5+ILMKYhOLGdDw3pSDnmqRQOC13M4MpF2M+xI7FmEdogny+6JSdDhLNaIRs/v6dzXlkzCQKbSbiNDKL3mz4n9fJaHAV5DJOM8JY2Ij1BplilLBZX9aXGgWpiQUutLRbMjHimguyVynb+t5i2WXwz2vXNbd5Ua3XizuU4BhO4Aw8uIQ63EIDfBCA8Axv8O70nSfnxXn9ia44xZ8j+CPn4xtN+opk</latexit>

b
<latexit sha1_base64="Vjxy17z0e3UBM9NF40jl3boa1Vo=">AAAB4XicbZDLSgNBEEVr4ivGV9Slm8YguAozIqi7gBuXCTgmkAyhp1OTNOl50F0jhJAf0I2Irvwlf8C/sRNnoYl3dbrubahbYaakIdf9ckpr6xubW+Xtys7u3v5B9fDowaS5FuiLVKW6E3KDSibokySFnUwjj0OF7XB8O/fbj6iNTJN7mmQYxHyYyEgKTnbUCvvVmlt3F2Kr4BVQg0LNfvWzN0hFHmNCQnFjup6bUTDlmqRQOKv0coMZF2M+xK7FhMdoguli0Rk7i1LNaIRs8f6dnfLYmEkc2kzMaWSWvfnwP6+bU3QdTGWS5YSJsBHrRblilLJ5XzaQGgWpiQUutLRbMjHimguyV6nY+t5y2VXwL+o3dbd1WWs0ijuU4QRO4Rw8uIIG3EETfBCA8Axv8O4MnCfnxXn9iZac4s8x/JHz8Q0qQopM</latexit><latexit sha1_base64="Vjxy17z0e3UBM9NF40jl3boa1Vo=">AAAB4XicbZDLSgNBEEVr4ivGV9Slm8YguAozIqi7gBuXCTgmkAyhp1OTNOl50F0jhJAf0I2Irvwlf8C/sRNnoYl3dbrubahbYaakIdf9ckpr6xubW+Xtys7u3v5B9fDowaS5FuiLVKW6E3KDSibokySFnUwjj0OF7XB8O/fbj6iNTJN7mmQYxHyYyEgKTnbUCvvVmlt3F2Kr4BVQg0LNfvWzN0hFHmNCQnFjup6bUTDlmqRQOKv0coMZF2M+xK7FhMdoguli0Rk7i1LNaIRs8f6dnfLYmEkc2kzMaWSWvfnwP6+bU3QdTGWS5YSJsBHrRblilLJ5XzaQGgWpiQUutLRbMjHimguyV6nY+t5y2VXwL+o3dbd1WWs0ijuU4QRO4Rw8uIIG3EETfBCA8Axv8O4MnCfnxXn9iZac4s8x/JHz8Q0qQopM</latexit><latexit sha1_base64="Vjxy17z0e3UBM9NF40jl3boa1Vo=">AAAB4XicbZDLSgNBEEVr4ivGV9Slm8YguAozIqi7gBuXCTgmkAyhp1OTNOl50F0jhJAf0I2Irvwlf8C/sRNnoYl3dbrubahbYaakIdf9ckpr6xubW+Xtys7u3v5B9fDowaS5FuiLVKW6E3KDSibokySFnUwjj0OF7XB8O/fbj6iNTJN7mmQYxHyYyEgKTnbUCvvVmlt3F2Kr4BVQg0LNfvWzN0hFHmNCQnFjup6bUTDlmqRQOKv0coMZF2M+xK7FhMdoguli0Rk7i1LNaIRs8f6dnfLYmEkc2kzMaWSWvfnwP6+bU3QdTGWS5YSJsBHrRblilLJ5XzaQGgWpiQUutLRbMjHimguyV6nY+t5y2VXwL+o3dbd1WWs0ijuU4QRO4Rw8uIIG3EETfBCA8Axv8O4MnCfnxXn9iZac4s8x/JHz8Q0qQopM</latexit>

•      : charged particles

Magnetic field 
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Event-by-event calculation via Lienard-Wiechert retarded potentials

[Lienard, L’éclairage électrique 16, 5-14 (1898)]
[Wiechert, Annalen der Physik, vol. 309, 4, pp.667-68 (1901)]

e ⃗B (t, ⃗r ) = αEM ∑
n

(1 − v2
n)( ⃗v n ⊗ ⃗R n)

R3
n[1 − ( ⃗R n ⊗ ⃗v n)/R3

n]3/2

∑
n

•                          : observation point⃗R n(t) = ⃗r − ⃗rn(t)

•      : velocity⃗vn

B



Magnetic field strength  
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Magnetic field strength computed at the center of the collision

Concentration of protons in the nucleus core leads 
to a higher magnetic field in peripheral collisions

44Ru96

40Zr96



Origin of the enhancement
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B2 = ⟨B⟩2 + σ2

Not an effect of a larger degree of fluctuations



“Change signal (B), keeping background (v2) fixed”
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Safe region


