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Second Circular 

The 25th European Conference of Few-Body Problems in Physics—EFB25—will be 
held in Mainz (Germany) from July 30th through August 4th, 2023.  
Previous conference of this series took place in Guildford (2019), Aarhus (2016), Krakow (2013), Salamanca 
(2010), and Pisa (2007).  

EFB25 will give the possibility to present and  
discuss recent developments in the areas of: 
• Hadron physics  
• Nuclei and hypernuclei  
• Electroweak processes 
• Nuclear astrophysics  
• Cold atoms and quantum gases 
• Atoms and molecules  
• Few-body methods  
• Few-body aspects of many-body systems. 

International Advisory Committee: 
 

Aldo Antognini (Switzerland), Doerte Blume (USA), Arnoldas Deltuva (Lithuania), Dimitri Fedorov (Denmark),  
Christian Forssen (Sweden), Jacek Golak (Poland), Renato Higa (Brazil), Emiko Hiyama (Japan),  
Calvin Howell (USA), Rituparna Kanungo (Canada), Lev Khaykovich (Israel), Alejandro Kievsky (Italy),  
Stanislaw Kistryn (Poland), Mantile Leslie Lekala (South Africa), Judith McGovern (UK), Ulf-G. Meissner 
(Germany), Filomena Nunes (USA), Giuseppina Orlandini (Italy), Nigel Orr (France), Assumpta Parreno (Spain), 
Saori Pastore (USA), Teresa Pena (Portugal), Willibald Plessas (Austria), Jean-Marc Richard (France), Kimiko 
Sekiguchi (Japan), Nina Shevchenko (Czech Republic), Natasha Timofeyuk (UK), Zhao Qiang (China),  
Ubirajara van Kolck (France). 

Program  
  

The traditional structure of Few-Body Conferences with five days, from Monday to Friday, will be maintained. We 
will have plenary sessions in the mornings and parallel sessions in the afternoons. There will be an excursion with 
conference dinner on Wednesday and a visit to the experimental facilities on Friday. We have already selected in-
vited speakers for plenary and parallel sessions on the basis of recommendations of the IAC. The list of invited 
speakers can be found below. 

Invited Plenary Speakers (30 min talks + 5 min discussion time) 
Bijaya Acharya (USA)  
Aldo Antognini (Switzerland) 
Doerte Blume (USA)  
Wouter Dekens (USA)  
Meytal Duer (Germany)  
Evgeny Epelbaum (Germany)  
Hayan Gao (USA)  
Chloe Hebborn (USA) 
Emiko Hiyama (Japan)  
Chen Ji (China) 

Imagecredit : alxpin - istockphoto.com

25th European Conference on 
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@ ORNL / UTK: G Hagen, T Papenbrock, B Hu, L Platter 

@ Mainz: S Bacca 

@ Chalmers: A Ekström, C Forssén, B Carlson 

@ Pisa: L Marcucci

Collaborators
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Outline

• Chiral effective field theory ( EFT ) and EFT truncation errors


• The  reaction in big-bang nucleosynthesis (BBN)


• The proton-proton fusion reaction and the standard solar model 


• Few-body inputs to magnetic dipole excitation of 

χ

np → dγ

48Ca
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Chiral effective field theory ( EFT)χ
• Quantum Chromodynamics (QCD) is intractable at nuclear 

energies except for the simplest systems


• Work with nucleons; interactions  and currents 
that couple to external (electroweak, dark…) sources from EFT


• Order-by-order expansion of Standard Model interactions in 
powers of 


• Valid at low momenta  below 


• Underlying quark-gluon physics shows up as values of low-energy 
constants, which are fit to data (NN, N, nuclei, nuclear matter)


• Theory uncertainty from the neglected higher-order terms can be 
estimated 

(Vij, Wijk…) (ρ, J)
χ

Q/Λ

Q Λ ∼ 700 MeV

π

 Weinberg, Epelbaum, Krebs, Meissner, van Kolck, Schiavilla, Pastore, Machleidt, Entem, Ekström, Piarulli, Kaplan, Savage, Wise,…
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Δyk(x)
= yk(x) − yk−1(x)
≠ δyk(x)

yk(x)

ck(x) = Δyk(x)/yref(x)
× [Q(x)/Λ]−k

EFT truncation errors 
 Melendez et al., Phys. Rev. C 100 (2019) 044001
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• For any observable , we perform order-by-order calculation to obtain  .


• Need to estimate the error  from neglecting higher-order terms. Naively, one can expect that . 


• A better estimate of  is obtained by using the calculated orders  as “data”. 

y(x) y0, y1, …, yn

δyn δyn/y ∼ (Q/Λ)n+1

δyn y0, y1, …, yn
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The  reaction in BBNnp → dγ
• Agreement between cosmic microwave 

anisotropies, spectroscopy of metal poor stars, 
and nuclear reaction rates constrain new physics 
candidates in cosmology and particle physics


• D/H is the most powerful constraint


• Rates of deuteron-burning reactions are now the 
dominant uncertainty source for nuclear physics


• Constraints on the production reaction  
are almost entirely from theoretical calculations


• Modern BBN network simulations use Pionless 
EFT results  as input

np → dγ

†

7
G Rupak, Nucl. Phys. A 678 (2000) 405†

Nakamura et al., Int. J. Mod. Phys. E 26 (2017) 17410003



The BUQEYE EFT error model  for  χ † np → dγ

• Assume  are random draws from a Gaussian Process (GP)  follow a multivariate Gaussian distribution . 

• Calibrate the GP [ i.e. mean  and covariance  ] by fitting to calculated  using Bayesian methodology. 

• Validate the GP model using statistical diagnostic criteria. 

• Use the calibrated GP to obtain a prediction for the truncation error  [also a GP!].

cn(p) ⇔{cn(pi)} ∀{pi}

μ(p) K(p, p′ ) c0,1,…,n(p)

δyn = yref

∞

∑
k=n+1

ck(p) (Q/Λ)k

8Melendez et al., Phys. Rev. C 100 (2019) 044001†

BA and S Bacca,                      
Phys. Lett. B 827 (2022) 137011



Posterior predictive distribution for σnp→dγ

• Extracted 95% Bayesian credible intervals for the 
 rate at BBN kinematics


• Only includes uncertainty from truncating the 
potential  at N3LO


• Current  fixed at N2LO and truncation error not 
included—previous attempts to fit subleading 
pion-exchange and contact N3LO currents yielded 
unnatural values of LECs


• Recent progress by A Gnech et al.  will allow us 
to include N3LO currents (~1% in the BBN regime) 


• Will provide most up-to-date rates for BBN 
simulations

np → dγ

Vij

J

†
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B. Acharya and S. Bacca Physics Letters B 827 (2022) 137011

Fig. 3. The 2σ truncation error bands on the χEFT predictions yk at k = 2, 3, 4 along with the prediction y5 and data from Fig. 1. (a) The product of p(n, γ )d cross section 
and the neutron speed versus the energy of the neutron. (b) The deuteron photodissociation cross section as a function of the photon energy in the rest frame of the 
deuteron.

shows that the points are distributed as expected, e.g., 4 out of the 
72 points lie outside the −2 < DPC < 2 range. We also notice that 
there is a slight indication that the variance on c2 (c3) might have 
been somewhat overestimated (underestimated) by observing the 
spread of the corresponding data points.

The credible interval diagnostic involves constructing uncer-
tainty bands at each order and checking whether it actually 
encompasses the correction that enters at the next order. The 
claimed (1 −α)100% credible intervals are then plotted against the 
percentage of validation data points found within the interval—
emulators that output credible intervals containing too few data 
points compared to the reference distribution are overconfident 
and those that contain too many are underconfident. For uncor-
related data points, the reference distribution is a binomial. For 
correlated data points, the reference distribution is numerically 
estimated by sampling a large number of emulators from the un-
derlying process. Fig. 2(d) shows that the model is performing as 
expected and that it is important to account for correlations while 
assigning truncation errors.

Now that we have demonstrated that the coefficients c2,3,4 can 
be appropriately described by a GP, we can now use Eq. (10) to 
compute the truncation errors. We list the np → dγ cross sec-
tion values at order k = 4 along with their 1σ truncation errors 
at several energies in Table 2. We note that these errors are dif-
ferent from, and vary much more smoothly with E , than naive 
estimates [58] based on multiplying the largest order-to-order shift 
with the appropriate power of the expansion parameter in a point-
wise manner at each value of E . In Fig. 3(a), we plot σnp vn , for 
which we showed order-by-order results earlier in Fig. 1(a), ver-
sus En . This quantity is proportional to the reaction rate in BBN. 
The bands represent 2σ truncation errors, i.e., 95% Bayesian cred-
ible intervals for σnp vn . In Fig. 3(b), we show these bands for 
σγ d and compare them with photodissociation data shown ear-
lier in Fig. 1(b). Reassuringly, the experimental data as well as the 
highest-order theoretical calculation, y5, are compatible with the 
truncation error estimates.

The uncertainties quoted in Table 2 and Fig. 3, which amount 
to about 0.2%, only include truncation error in the χEFT poten-
tial. The full theory uncertainty also comprises statistical error 
from fitting the LECs to experimental data. The framework we have 
adopted allows one to also incorporate fitting uncertainties on the 

Table 2
χEFT predictions at order k = 4 for the 
np → dγ cross section at np relative energy 
E , along with their 1σ errors from the trun-
cation of the χEFT potential.

E [MeV] σnp [mb]

1.262500 × 10−08 321.009 ± 0.71496
9.607513 × 10−03 0.32739 ± 0.00073
3.838601 × 10−02 0.12762 ± 0.00029
8.633551 × 10−02 0.06853 ± 0.00015
1.534560 × 10−01 0.04658 ± 0.00010
2.397475 × 10−01 0.03792 ± 0.00008
3.452100 × 10−01 0.03464 ± 0.00007
4.698435 × 10−01 0.03368 ± 0.00007
6.136480 × 10−01 0.03373 ± 0.00007
7.766235 × 10−01 0.03414 ± 0.00007
9.587699 × 10−01 0.03461 ± 0.00007

LECs that appear up to the EFT order we have calculated [13]. 
Another missing source of uncertainty, which is important in the 
M1-dominated regime, is the truncation of the current. Inclusion 
of the M1 operator at order (Q /%)1 is crucial for obtaining agree-
ment with the experimental value for threshold capture given in 
Table 1 [41,59], although it introduces several new LECs and thus 
poses significant challenges for rigorous uncertainty analysis. The 
fitting strategy that uses minimal assumptions about the short-
distance behavior of the current operator, among several explored 
by Ref. [41], is the one that constrains the LECs dV

1,2 simultaneously 
to σnp(E = 1.2625 × 10−08 MeV) and the isovector combination 
of the A = 3 magnetic moments. However, it was found that this 
yields unnatural values for dV

1,2. This fine-tuning can be mitigated 
by including the theory uncertainty we calculated in this paper, as 
well as the experimental error, in the fit. Such a strategy for per-
forming parameter estimation with χEFT truncation error included 
as a guard against overfitting was recently successfully pursued by 
Ref. [20] in the context of constraining 3N interactions from prop-
erties of A = 3, 4 nuclei. A calculation of np ↔ dγ along these lines 
is a subject for future work.

4. Summary and outlook

We performed the first χEFT calculations of the energy-
dependent np ↔ dγ cross section at low energies, including the 
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BA and S Bacca, Phys. Lett. B 827 (2022) 137011

Alex’s talk at Monday Parallel Session: NN and Currents †
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 and the standard solar model (SSM)p + p → d + e+ + νe

• Stellar nucleosynthesis begins with conversion of H to He


• Proceeds through the  chains in 1st and lighter 2nd/3rd 

generation stars such as the Sun 


• The  fusion reaction is the first and the slowest/rate-
determining step


• Not feasible to measure the rate at energies relevant for 
astrophysics


• Nuclear theory provides inputs to stellar models


• SSM had a “solar neutrino problem”


• SSM now has a “solar composition problem”

pp

pp
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Image credit: L Trache

 Resolved by (and partly led to) the detection of neutrino oscillations ←

 Larger  supports higher photospheric metallicity ← Spp(E)

 ← Spp(E) = exp[2πη] E σpp(E)



12cD dR

Spp(E) ∝ ∫ dΦ ⟨ψf |J(A)
1B + J(A)

2B |ψi⟩
2

[1] Adelberger et al. [SF I], Rev. Mod. Phys. 70 (1998) 1265 

[2] Adelberger et al. [SF II], Rev. Mod. Phys. 83 (2011) 195 

[3] Marcucci et al., Phys. Rev. Lett. 110 (2013) 192503; Erratum: Ibid 123 (2019) 019901 

[4] BA et al., Phys. Lett. B 760 (2016) 584 

[5] BA , Marcucci and Platter, J. Phys. G: Nucl. Part. Phys. 50 (2023) 095102 

[6] De-Leon and Gazit, arXiv:2207.10176 [nucl-th] 

[7] BA et al., Phys. Rev. C 95 (2017) 031301  

[8] BA et al. [SF III], Rev. Mod. Phys., In Preparation

•  contribution ~1%; needs to be calibrated; not 
included in older calculations[1]—including it by fitting to 
tritium  decay significantly reduced the spread 
between models[2]


• In EFT, the unconstrained part of —the LEC —is 
related to the 3-nucleon force parameter  by: 




• Early EFT calculations[3,4] suffered from error in  
relation that circulated widely in literature; fixed in [5]


• Eliminating finite-volume effects[7] in [3] leads to 
agreement between [3] and [4] (see [5])


• Recent comprehensive analysis[5] of uncertainties (using 
different variants of EFT, propagating errors from few-
body fits, fitting to N  scattering versus tritium  
decay…) will inform new recommendations[8]

J(A)
2B

β

χ J(A)
2B dR

cD

dR = −
mN

4gAΛχ
cD +

mN

3 c3 +
2mN

3 c4 + 1
6

χ dR − cD

χ
d β
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• Magnetic transitions in  and neighbors are important for understanding the Fe-Ni 
creation phase of stellar evolution


• the 1-body  and  operators are closely related:


• Measurements of  transition strengths  thus constrain neutrino transport and 
-process nucleosynthesis in supernovae


• What will happen to this -  connection when 2-body current effects are included?


• Is  “quenched” (i.e. lowered) by 2-body currents?

48Ca

μp ≈ 2.79μN, μn ≈ − 1.91μN ⇒ M1 GT

M1 B(M1)
ν

M1 GT

B(M1)
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μ1B =
A

∑
i=1

μnσi
1 + τ(z)

i

2
+ (li + μpσi)

1 − τ(z)
i

2
, ÔGT

1B =
A

∑
i=1

σiτi

μ1B

μ2B

Magnetic dipole  excitation of (M1) 48Ca



Few-body inputs to many-body computations:  
coupled-cluster (CC) theory†

• CC theory used few-body inputs ( NN+3N 
interactions, 1-body and 2-body currents) 
to solve the nuclear many body problem


• Approaches the exact solution of the 
many-body Schrödinger equation through 
particle-hole excitations around a 
reference Slater determinant


• Allows us to choose the reference state, 
go higher in particle-hole expansion …

Koester, Kümmel, Bartlett, Papenbrock, Dean, Hagen, … 

Reference Singles Doubles
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H
Jα

H
|Ψ⟩ |Xf⟩

H

J E Sobczyk’s talk at today’s Parallel Session: Few- and many-body systems †



 transition in : status of experimentsM1 48Ca
• Large  is expected in  

due to strong  excitation—ESPM 
predicts 11.96 


• Darmstadt group’s experiments have found a 
much smaller value of  


• Quenching of  has been offered as 
argument to support the notion that  is 
strongly quenched (q.f. = 0.75), consistent with 
Darmstadt group’s experiments


• A TUNL experiment at HI S found a larger value

B(M1 : 0+ → 1+) 48Ca
ν1f7/2 → ν1f5/2
μ2

N

B(M1 : 0+ → 1+)

B(GT)
B(M1)

γ
16

*Figure adapted from PRC 93 (2016) 041302(R)

HI Sγ



Ground state  moments in  isotopesM1 Ca
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Instead of quenching, 2B currents lead to  
a small enhancement in B(M1)

Overall, 2B currents lead to improved 
 description of magnetic moments   

 in B(M1) 48Ca



Conclusions and Outlook
• EFT can provide reliable predictions for nuclear electroweak processes, along with rigorous 

uncertainty estimates


• Reliable values with uncertainties are useful, especially for quantities that are important in 
astrophysical environments but can not be measured in the lab with sufficient accuracy/
precision


• Gaussian Process error model performs well for EFT computations of  rate at BBN 
energies; higher-order currents are needed and we are working on those


• New result for  from EFT with updated inputs and corrections is higher that prior 
recommendations but consistent within estimated errors


• Theory is closer to TUNL  than with Darmstadt  experiment for  transition in ; 
we are working on uncertainty estimates

χ

χ np → dγ

Spp(E) χ

(γ, n) (e, e′ ) M1 48Ca
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Thank you!


