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Four Parallel Sessions
• Neutrino Astrophysics: Spencer Klein, Cosmin Deaconu 

Mark Paris, Kelly Patton, & Alexey Vlasenko


• Nuclear Astrophysics: Greg Christian, Frank Strieder, Dan 
Bardayan, Ken Nollett, & Roy Holt


• Particle Astrophysics: Francesca Giovacchini, Glennys 
Farrar, Andrea Albert, Feifei Huang, Qian Yue, & Murray 
Brightman


• Neutron Stars: Chris Fryer, Benjamin Lackey, Francois 
Foucart, Christian Drischler, Nicole Vassh, Alfredo Estrade



Selection Bias

• Not an exhaustive summary


• Attempted to select highlights from topics not extensively 
covered in plenary sessions


• Left neutrinos to Neutrino Masses and Neutrino Mixing 
track


• Binary merger GW170817 discussed in plenary



Latest Results from the Alpha Magnetic Spectrometer  
on the International Space Station

F. Giovacchini
on behalf of the AMS Collaboration

CIPANP 2018, Palm Spring (California) 
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Nuclei Fluxes: energy dependence

•  Both deviate from a traditional single power law above 200 GeV. 
•  But their rigidity dependences are distinctly different.
•  The nitrogen flux can be presented as the sum of its primary component 

and secondary one (secondary component ~70% @ ~GeV, <30% @TeV).  

Rigidity dependence of Primary and Secondary Cosmic Rays
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Recent Results from the 
HAWC Gamma-ray 

Observatory

Andrea Albert
Los Alamos National Lab

CIPANP 2018
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Electron/Positron Diffusion Coefficient

● TeV radial profile → direct measurement of electron/positron diffusion around the source
● Measured diffusion is ~100 times smaller than the ISM diffusion derived from the B/C ratio

○ D100TeV = 4.5±1.2x1027 cm2/s
● Using the measured diffusion coefficient, e+/e- cannot reach Earth and Geminga/Monogem do not 

explain the positron excess

Local positron flux
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Studies of stellar neutron 
sources in the Laboratory 
→ Understanding of 

Origin of the Elements

Compact Accelerator System for Performing Astrophysical Research
atFirst US Underground Accelerator

Frank Strieder, South Dakota School of Mines and Technology



γ-ray background at CASPAR

First Science at CASPAR

commissioning experiment

14N(p,γ)15O at Ep = 1058 keV

Eγ = 8284 keV
transition → 0

Eγ = 5241 keV
5241 → 0



ULs and several main parameters 

5

Y2L
Korea

Asia: 
CJPL, Kamioka, 
Y2L, INO

Europe:
Baksan, Boulby, 
LNGS, LSC,  
Modane 

North America:
SNOLab, SURF, 
Soudan(*), WIPP

South America:
Andes

Astralia:
Stawell * Soudan UL being decommissioned in 2017!

Qian Yue, Tsinghua University 
China Jinping Underground Lab



Direct
Measurements
■ Measure yield of the reaction of interest, 

on-resonance

■ Nowadays, inverse kinematics + recoil 
separators widely employed

– Background suppression
– Measurements w/ radioactive 

beams

■ Sensitive to both strength (yield) and 
energy (position in extended target)

DRAGON Recoil Separator at TRIUMF 
Vancouver, BC Canada

Greg Christian, Texas A & M University



Recent Highlights
(from DRAGON)
■ Significant decrease on uncertainty 

of nucleosynthesis predictions

Element Uncertainty 
change

Argon 25   Æ 2

Potassium 136 Æ 18

Calcium 58   Æ 9

First ever direct measurement of radiative 
capture w/ radioactive beam A > 30

38K 𝑝𝑝, 𝜔𝜔 39Ca rate

G. Lotay et al., Phys. Rev. Lett., 116, 132701 (2016)
G. Christian et al., Phys Rev. C 97, 025802 (2018)



First facility dedicated to exotic beam production in the U.S.

TwinSol
Dan Bardayan, Notre Dame University



– P. O’Malley et al.

Time of Flight (arb. Units)

Co
un

ts

g

n?Start on n detection
Stop on delayed beam stop

2 g flashes from beam on 
target and beam stop (i.e., 
the scintillator).

17F(d,n)18Ne at Notre Dame

17F

CD2

n

Neutrons detected in array of VANDLE 
plastic scintillators and U. Michigan 
deuterated Benzene detectors.



Angular Distributions

18Negs

18Ne1.887 
(2+)

18Ne4.561 
(3+)

18Ne3.616 
(2+)

18Ne3.376 
(4+)



12C(a,g)16O Reaction

The holy grail of nuclear astrophysics
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S. Woosley, A. Heger, Phys. Rep. 442 (2007) 269

Affects the 
synthesis of most of 
the elements 

Sets the 
N(12C)/N(16O) ratio 
in the universe

Roy Holt, Argonne National Lab 
& California Institute of Technology



E1 and E2 ground state S-factors 

6

Method:
1. Fit the data, extrapolate to 300 keV
2. Generate pseudo-data from fit that is randomized 

according to a normal distribution within the 
statistical errors of data

3.   Re-fit the pseudo data, extrapolate to 300 keV
4.   Repeat step 2 and 3 about 100-250 times 

• E2 projection is about ½  
that of E1.  

• Better E2 data necessary
• Or, measure total cross 

sections



JLAB: INVERSE REACTION + BUBBLE CHAMBER + BREMSSTRAHLUNG
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g + 16O → 12C + a
¾ Extra gain (>50) from inverse reaction 

¾ Large target thickness ~ x104 

¾ Solid Angle and Detector Efficiency = 100%

¾ High intensity bremsstrahlung beam

¾ Measures total ground state cross section

JLab experiment:  R. Suleiman, E. Rehm, C. Ugalde et al.



Projections with and without expected JLab data
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E1, E2 data                          E1, E2 data + projected JLab

?



1, 2, 3 sigma bands
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JLab data likely will not impact statistical precision of extrapolation,
but could impact extrapolated value

Projected JLab



Connecting RIB facilities with the cosmos 51

techniques. Generally, decay properties can be studied with the lowest beam intensities

and therefore for the most neutron-rich nuclei accessible, while masses require somewhat

higher beam intensities, and reaction studies are only possible closer to stability where

beam intensities are still higher. In the following we discuss various experimental

approaches in more detail.

6.1. Masses

There are many methods to determine binding energies of nuclei. In the past decade

a large number of mass measurements of neutron-rich nuclei have been performed,

approaching, and in some places reaching, the path of the r-process (Fig. 7). Until

recently, mass measurements of nuclides in the r-process path have been rare, and

measurements lag behind decay studies that have reached much more neutron-rich

nuclei. This is about to change as new facilities are coming online and developments

of experimental devices for mass measurements of exotic nuclei are completed. New

facilities that are already operating and will provide a large number of r-process masses

in the very near future include CARIBU at ANL and RIBF at RIKEN.

N=50	

N=82	
N=126	

ANL	Trap:	Mass	

Jyvaskyla	
Trap:	Mass	

TRIUMF	Trap:	Mass	

CERN/ISOLDE	
Trap:	Mass	

GSI	ESR	
	Ring:	Mass	

RIKEN	T1/2			

NSCL	T1/2	Pn		

CERN/ISOLDE	
	T1/2	Pn		

GSI	
	T1/2	Pn		

FRIB	Reach	

Figure 7. Recent r-process motivated experiments measuring masses or �-decay half-
lives T1/2 at various radioactive beam facilities. The colors of the legend boxes match
the colors of the chart and denote a specific facility or experimental collaboration. The
pink area denotes the reach of the future FRIB facility.

Experimental mass values are not only needed as input for r-process models, but

are also essential for validating theoretical mass models since some of the r-process

nuclei are not experimentally reachable today and thus the simulations have to rely on

theoretical mass predictions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy

density functionals used in DFT calculations of nuclear masses ere deficient near the

r process path and recent measurements 

C. J. Horowitz et al. 2018



BRIKEN: E-delayed neutrons at RIKEN
• E-decay in AIDA: Advanced Implantation Detector Array 

(DSSSD):

• BRIKEN neutron detector:

3He + n           3H + p 

GOAL: measure Pxn-value, the 
probability for emission of x
beta-delayed neutrons

AIDA

Ge clover polyethylene
moderator

shielding

beam

Alfredo Estrade, Central Michigan University



N=82N=50

Z=50

Z=28Dillmann, Grzywacz, 
Rykaczewski, Tain, et al

Nishimura, Algora, et al

Estrade, 
Lorusso, 

Montes et al

Gabor, Morales, 
Tarifeno, Estrade, et al

- |1 month of beamtime completed
- Expect new Pn-value (and some half-
lives) for more than 150 isotopes

BRIKEN experiments



Quick summary of nuclear reaction theory for astrophysics

Astrophysical nuclear reaction/scattering theory is many things:

1. Direct (radiative or nonradiative) reactions – nonresonant
(A . 12 & near closed shells)

2. Reactions through isolated resonances – 12 . A . 30

3. Reactions at high level density – heavier nuclei mid-shell or far from stability

Phenomenological R-matrix is the right way to approach Case 2

Probably Case 3 will always lean on broad systematics (functions of (A, Z))

I’ll talk about Case 1: Precision is needed for BBN & solar ⌫’s

Ken Nollett, San Diego State University



Halo EFT as a “fewer-body” framework

Halo effective field theory (EFT) can be used much like phenomenological R-
matrix but might connect more simply to ab initio constraints

Instead of ordinary quantum mechanics, you take each nucleus as a particle in
quantum field theory & develop a Lagrangian

You explicitly build in correct gauge, rotational, etc. symmetries

Lagrangian is expanded & truncated in terms of (k/⇤)
n, where ⇤ is breakdown

scale (neglected threshold)

It’s “halo” EFT because it’s only useful for small binding energy – halo nuclei

Pursued by a few groups: Rupak & Higa; Hammer & Phillips; Ryberg, Forssén,
Hammer & Platter



What we really want for 7
Be(p, �)

8
B is S(0) or S(20 keV)

Marginalizing over all parameters, we find S(0) = 21.3 ± 0.7 eV b

Solar Fusion II recommends S(0) = 20.8 ± 0.7 (ex) ± 1.4 (th) eV b

Navrátil et al. compute S(0) = 19.4 ± 0.7 eV b ab initio, error from truncation

538 X. Zhang et al. / Physics Letters B 751 (2015) 535–540

Table 1
A representative EFT parameter set that gives a curve almost on the top of the median value curve (solid blue) in Fig. 3. The LO curve (dashed black) uses the LO parameters 
listed here, with the strictly NLO parameters set to zero. Because the parameter space is very degenerate, many such parameter sets could be given that have similar S(E)

curves but very different parameter values.

C2
1 (fm−1) a1 (fm) r1 (fm) ϵ1 L1 (fm) C2

2 (fm−1) a2 (fm) r2 (fm) L2 (fm)

0.2336 24.44 3.774 −0.04022 1.641 0.3269 −7.680 3.713 0.1612

Fig. 3. (Color online.) The right panel shows the NLO S-factor (y-axis) at different 
energies (x-axis), including the median values (solid blue curve). Shading indicates 
the 68% interval. The dashed line is the LO result. The data used for parameter 
determination together with a few above 0.5 MeV are shown, but have not been 
rescaled in accord with our fitted {ξi}. They are: Junghans et al., BE1 and BE3 [48]
(filled black circle and filled grey circle), Filippone et al. [49] (open circle), Baby 
et al. [50,51] (filled purple diamond), and Hammache et al. [52,53] (filled red box). 
The left panel shows 1d PDFs for S(0) (blue line and histogram) and S(20 keV)

(red-dashed line). In this case the y-axis is S(0) or S(20 keV), while the PDFs 
shown along the x-axis are normalized to unit total probability.

Table 2
The median values of S , S ′/S , and S ′′/S at E = 0 keV [E = 20 keV], as well as the 
upper and lower limits of the (asymmetric) 68% interval. The sampling errors are 
0.02%, 0.07%, 0.01% for median values, as estimated from 〈X2 − ⟨X⟩2〉1/2

/
√

N with 
N = 2 × 104.

S (eV b) S ′/S (MeV−1) S ′′/S (MeV−2)

Median 21.33 [20.67] −1.82 [−1.34] 31.96 [22.30]
+σ 0.66 [0.60] 0.12 [0.12] 0.33 [0.34]
−σ 0.69 [0.63] 0.12 [0.12] 0.37 [0.38]

matrix element. The inset shows the 1d distribution of the quan-
tity 0.33 ̄L1/fm−ϵ1, for which there is a slight signal of a non-zero 
value. In contrast, the data prefers a positive L̄2: its 1d pdf [65]
yields a 68% interval −0.58 fm < L̄2 < 7.94 fm.

We now compute the PDF of S at many energies, and extract 
each median value (the thin solid blue line in Fig. 3), and 68% 
interval (shaded region in Fig. 3). The PDFs for S at E = 0 and 
20 keV are singled out and shown on the left of the figure: the 
blue line and histogram are for E = 0 and the red-dashed line is 
for E = 20 keV. We found choices of the EFT-parameter vector g
(listed in Table 1) that correspond to natural coefficients, produce 
curves close to the median S(E) curve of Fig. 3, and have large 
values of the posterior probability.

6. S(20 keV) and the thermal reaction rate

Table 2 compiles median values and 68% intervals for the 
S-factor and its first two derivatives, S ′/S and S ′′/S , at E = 0
and 20 keV. Ref. [1] recommends S(0) = 20.8 ± 1.6 eV b (quadra-
ture sum of theory and experimental uncertainties). Our S(0) is 
consistent with this, but the uncertainty is more than a factor 

Table 3
The median values and 68% interval bounds for S in the energy range from 0 to 
0.5 MeV. At each energy point, the histogram of S is drawn from the Monte-Carlo 
simulated ensemble and then is used to compute the median and the bounds.

E (MeV) Median (eV b) −σ (eV b) +σ (eV b)

0. 21.33 0.69 0.66
0.01 20.97 0.65 0.63
0.02 20.67 0.63 0.60
0.03 20.42 0.60 0.58
0.04 20.20 0.57 0.55
0.05 20.02 0.55 0.53
0.1 19.46 0.45 0.44
0.2 19.27 0.34 0.34
0.3 19.65 0.32 0.30
0.4 20.32 0.35 0.31
0.5 21.16 0.42 0.41

of two smaller. Ref. [1] also provides effective values of S ′/S =
−1.5 ± 0.1 MeV−1 and S ′′/S = 11 ± 4 MeV−2. These are not literal 
derivatives but results of quadratic fits to several plausible models 
over 0 < E < 50 keV, useful for applications. Our values are consis-
tent, considering the large higher derivatives (rapidly changing S ′′) 
left out of quadratic fits.

In Table 3, we list the median values and 68% interval bounds 
for S in 10 keV intervals to 50 keV and then in 100 keV intervals 
to 500 keV.

The important quantity for astrophysics is in fact not S(E) but 
the thermal reaction rate; derivatives of S(E) are used mainly in a 
customary approximation to the rate integral [1,2,66]. By using our 
S ′ and S ′′ in a Taylor series for S(E) about 20 keV, then regrouping 
terms and applying the approximation formula, we get

N A⟨σ v⟩ = 2.7648 × 105

T 2/3
9

exp

(
−10.26256

T 1/3
9

)

× (1 + 0.0406T 1/3
9 − 0.5099T 2/3

9 − 0.1449T9

+ 0.9397T 4/3
9 + 0.6791T 5/3

9 ), (4)

in units of cm3 s−1 mol−1, where N A is Avogadro’s number and 
T9 ≡ T /(109 K). Up to T9 = 0.6, the lower and upper limits of the 
68% interval for S(E) produce a numerically integrated rate that is 
0.969(1 +0.0576T9 −0.0593T 2

9 ) and 1.030(1 −0.05T9 +0.0511T 2
9 )

times that of Eq. (4). At T9 � 0.7 energies beyond the LER, and 
hence resonances, come into play and so these results no longer 
hold. We know of no astrophysical environment with such high T9
where 7Be(p, γ )8B matters.

We also check this approximation against direct numerical in-
tegration of our median S(E): the two differ by only 0.01% at tem-
perature T9 = 0.016 (characteristic of the Sun), and 1% at T9 = 0.1
(relevant for novae).

7. How accurate is NLO?

Our improved precision for S(0) is achieved because, by appro-
priate choices of its nine parameters, NLO Halo EFT can represent 
all the models whose disagreement constitutes the 1.4 eV b uncer-
tainty quoted in Ref. [1]—including the microscopic calculation of 
Ref. [9]. Halo EFT matches their S(E) and phase-shift curves with 

Zhang, Nollett, Phillips, PLB 751, 535 (2015)

Full histogram: S(0)

Dashed histogram: S(20 keV)

Green band: Marginalized S(E)

Solid curve: Parameters matching band
median

Dashed curve: Keeping only LO
parameters from solid curve



Some thoughts on the future

7
Be(p, �)

8
B experience suggests a path toward smart use of ab initio information:

Construct a “fewer-body” model like R-matrix, Woods-Saxon, or halo EFT

Compute some of its parameters ab initio & use those and e.g. threshold energies
as Bayesian priors

Then use MCMC to estimate the extrapolated cross section you care about
from reaction data

Ab initio methods should eventually provide priors on more parameters than
just ANCs


