
Scaling the equations: dealing  
with astronomical numbers

<latexit sha1_base64="UP/ymwQmt+Uw1y5iE+aD3riQTAs="></latexit>

dP

dr
= �GM(r)⇢(r)

r2
= �GM(r)E(r)

c2r2

<latexit sha1_base64="/yaU46e2TJj+Jg0BzS2g8mIFsLY="></latexit>

dM

dr
= 4⇡r2⇢(r) = 4⇡r2

E(r)
c2

<latexit sha1_base64="dNTjfl8VM44ZiYKvECMvmsqZBp4="></latexit>

dp

dx
= �

✓
2GM0

c2R0

◆
m(x)"(x)

2x2

�1

<latexit sha1_base64="0uonO4Mfq7fZpc/r/hnhqj7o820="></latexit>

dm

dx
=

✓
4⇡R3

0

3M0

�
E0
c2

�◆
3x2"(x)

1

<latexit sha1_base64="h0TCGZdfEUnCL4wcDApOZMnhAcU="></latexit>

E = E0
⇥
xF yF

�
x2
F + y2F

�
� ln(xF + yF)

⇤Relativistic free Fermi Gas
<latexit sha1_base64="iUBaWfLzLqDyzlBMhsBewGX/Cu8="></latexit>

E0 =
1

8⇡2

(mc2)4

(~c)3 = 1.285GeV/fm3

M0 = 2.837M� ;R0 = 8.378 km

<latexit sha1_base64="Uv3O5fwk0lqrSRuNBbuXUWem6mY="></latexit>

r = R0 x; M = M0 m

P = E0 p; E = E0 "

<latexit sha1_base64="OuKCDmUwA9wsecgZHNcG2VS/cis="></latexit>

M�/mn ⇡ 1057



Nuclear Physics 101:The Liquid Drop Model
Bethe-Weizsäcker Mass Formula (circa 1935-36)

  FSUGold (“Stiff”)            L large
FSUGarnet (“Soft”)         L small

Bethe-Weizsäcker Mass Formula (circa 1935-36)
Nuclear forces saturate ) equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by Coulomb repulsion
Nuclei penalized if N 6=Z

B(Z , N) = �avA + asA
2/3 + acZ

2/A1/3 + aa(N�Z )2/A + . . .
+ shell corrections (2, 8, 20, 28, 50, 82, 126, ...)

av'16.0, as'17.2, ac'0.7, aa'23.3 (in MeV)
Neutron stars are gravitationally bound!
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Nuclear forces saturate           equilibrium density
Nuclei penalized for developing a surface
Nuclei penalized by Coulomb repulsion
Nuclei penalized for isospin imbalance (N≠Z)
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Oppenheimer-Volkoff

Neutron Stars and The Equation of  
State of Neutron-Rich Matter
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L⇢0 (Pressure of PNM)

“Stiff”           L large
“Soft”           L small

Only Physics that the TOV equation is 
sensitive to is the Equation of State 

PREX constrains L!

Micro-Macro

Connection



The Equation of State of Neutron-Rich Matter  
… or more generally, asymmetric matter
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Characterization in terms of a few bulk parameters  
   of symmetric matter and the  symmetry energy
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The slope of the symmetry 
energy “L” is closely related to 
the pressure of pure neutron 
matter at saturation density



Heaven and Earth 
Laboratory Constraints on the EOS

3

From nuclear physics to astrophysicsFrom nuclear physics to astrophysics

3) Symmetry Energy

Yang, J., & Piekarewicz, J. (2017).Utama, R., Chen, W. C., & Piekarewicz, J. (2016)
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The slope of the symmetry energy L controls both the neutron skin of heavy nuclei as well as 
the radius of (low mass) neutron stars — objects that differ in size by 18 orders of magnitude!

Nuclear interaction is responsible for describing finite nuclei and neutron stars!
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Parity Conserving e-Nucleus Scattering
Searching for an accurate picture of the proton distribution
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The Charge Form Factor 

✓
d�

d⌦

◆

J=0

=

✓
d�

d⌦

◆

Mott

���Fch(q)
���
2

Ultrarelativistic Mott Scattering:

e-Scattering from J=0 spherical nuclei:

✓
d�

d⌦

◆

M

=
Z2↵2 cos2(✓/2)

4E2 sin4(✓/2)

Krishna S. Kumar NSKIN2016: The PREX-I Result

Relativistic Electron Scattering

4

e

e

γ

Differential Cross Section

Heavy, spinless
nucleus

� d⇥

d�

⇥

Mott
=

4Z2�2E2

q4

d�

d�
=

⇥
d�

d�

⇤

Mott

�� F (q)
��2

Neglecting recoil, form factor F(q) is 
the Fourier transform of charge 

distribution

As Q increases, nuclear 
size modifies formula

and nuclear size
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A Two-Parameter “Symmetrized Fermi” Form Factor

⇢F(r) =
⇢0

1 + e(r�c)/a

Conventional “Fermi” function
          [“cusp” at the origin (r=0)]
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Parity Violating e-Nucleus Scattering
Searching for an accurate picture of the neutron distributionThe Modern Approach: PV in Elastic Electron-Nucleus Scattering

Donnelly, Dubach, Sick, NPA 503, 589 (1989); Abrahamyan et al., PRL 108, (2012) 112502

Charge (proton) densities known with enormous precision
charge density probed via parity-conserving eA scattering
Weak-charge (neutron) densities very poorly known
weak-charge density probed via parity-violating eA scattering
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Use parity violation as Z0 couples preferentially to neutrons
PV provides a clean measurement of neutron densities (and rn)
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J. Piekarewicz (FSU) Neutron Stars Mazurian Lakes 2015 11 / 15

Charge (proton) density known with enormous precision 
• Probed via parity-conserving elastic e-scattering 
Weak-charge (neutron) density known very poorly known 
• Probed via parity-violating elastic e-scattering
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PREX-2 (Oct 29, 2020) 
Ciprian Gal - DNP Meeting  

Adhikari et al., PRL 126, 172502 (2021)

Conservation of difficulty: 
PVES provides the cleanest  

constraint on the EOS of 
neutron-rich matter  in the 

vicinity of saturation density

Heroic effort from our 
experimental colleagues
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Electroweak Probes  
of Nuclear Densities
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Cite as: D. Akimov et al., Science 
10.1126/science.aao0990 (2017). 

The characteristic most often associated with neutrinos is a 
very small probability of interaction with other forms of 
matter, allowing them to traverse astronomical objects 
while undergoing no energy loss. As a result, large targets 
(tons to tens of kilotons) are used for their detection. The 
discovery of a weak neutral current in neutrino interactions 
(1) implied that neutrinos were capable of coupling to 

quarks through the exchange of neutral Z bosons. Soon 
thereafter it was suggested that this mechanism should also 
lead to coherent interactions between neutrinos and all nu-
cleons present in an atomic nucleus (2). This possibility 
would exist only as long as the momentum exchanged re-
mained significantly smaller than the inverse of the nuclear 
size (Fig. 1A), effectively restricting the process to neutrino 

Observation of coherent elastic neutrino-nucleus scattering 
D. Akimov,1,2 J. B. Albert,3 P. An,4 C. Awe,4,5 P. S. Barbeau,4,5 B. Becker,6 V. Belov,1,2 A. Brown,4,7 A. 
Bolozdynya,2 B. Cabrera-Palmer,8 M. Cervantes,5 J. I. Collar,9* R. J. Cooper,10 R. L. Cooper,11,12 C. 
Cuesta,13† D. J. Dean,14 J. A. Detwiler,13 A. Eberhardt,13 Y. Efremenko,6,14 S. R. Elliott,12 E. M. Erkela,13 
L. Fabris,14 M. Febbraro,14 N. E. Fields,9‡ W. Fox,3 Z. Fu,13 A. Galindo-Uribarri,14 M. P. Green,4,14,15 M. 
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The coherent elastic scattering of neutrinos off nuclei has eluded detection for four decades, even though 
its predicted cross-section is the largest by far of all low-energy neutrino couplings. This mode of 
interaction provides new opportunities to study neutrino properties, and leads to a miniaturization of 
detector size, with potential technological applications. We observe this process at a 6.7-sigma 
confidence level, using a low-background, 14.6-kg CsI[Na] scintillator exposed to the neutrino emissions 
from the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Characteristic signatures in 
energy and time, predicted by the Standard Model for this process, are observed in high signal-to-
background conditions. Improved constraints on non-standard neutrino interactions with quarks are 
derived from this initial dataset. 
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 CEvNS

From Dark Matter to Neutron Stars
Coherent elastic ⌫-Nucleus scattering has never been observed!
Predicted shortly after the discovery of weak neutral currents
Enormously challenging; must detect exceedingly slow recoils
CEvNS (pronounced “7s” ) are backgrounds for DM searches
CEvNS is coherent (“large”) as it scales ⇠N2

“Piggybacking” on the enormous progress in dark-matter searches

Z0
A

Coherent Elastic ⌫-Nucleus
Scattering at the Spallation
Neutron Source (ORNL) may
become possible in the
“not-so-distant” future

J. Piekarewicz (FSU) Nuclear Physics of Neutron Stars APS – April 11-14, 2015 12 / 16
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Among the Open Questions:  
Who Ordered That?
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R 48
skin⇡0.10 fm

Isidor Isaac Rabi

No theoretical model 
that I know of can  

reproduce both!



The PREX-CREX Dilemma 
(No theoretical model can reproduce both!)
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“We conclude that the simultaneous accurate description of the PV 

asymmetry in calcium and lead cannot be achieved by our models that 
accommodate a pool of global nuclear properties …”

Density Functional Theory in all its  
flavors predicts a strong correlation  

34 “non-implausible” chiral interactions 
also display a similar correlation  

Modifications to existent DFT models  
can “break” the strong correlation — but  
at the expense of generating unphysical 
behavior in other observables



Was PREX a Statistical Fluke?
The MESA Facility in Mainz will 
provide the most precise electroweak 
measurement of the neutron skin 
thickness of 208Pb (+/- 0.03 fm) 
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PREX: L is BIG! 



Oppenheimer-Volkoff

MREX@MESA

Wednesday Afternoon Session: Concettina (“tt”) Sfienti
11

The P2 experiment
• Aimed to measure weak mixing 

angle sin2θW through parity-
violating elastic electron 
scattering on hydrogen

• Uses solenoid spectrometer 
with tracking detectors and 
Cherenkov detector

• The same setup but with 208Pb 
target can be used for neutron 
skin measurement to 
confirm/confront PREX results

Fig.12 CAD drawing of the P2 detector

EPJ A, 54(11), 2018

the stage

2/15

Mainz energy recovering
superconducting accelerator


