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Outline

• Low-energy nuclear physics for solar neutrino generation: radiative 
capture reactions

• GeV-neutrino—nucleus reactions for base-line neutrino experiment: 
neutral-current induced photon production

• Hadronic physics for base-line neutrino experiment: weak-Compton 
scattering and nucleon form factors

• Dark-photon explanation in Be-8 anomaly

• Summary
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Solar neutrinos: radiative capture 
reactions
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Be7+p (7.5%), 

He3+He4 (5.4%)

Not experimentally accessible (20 keV CM energy)



4
7Be + p → 5

8B + γ: basics
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𝑄𝑙𝑜𝑤
Λ

≈ 0.2

𝜂 = 
𝑍𝑐𝑍𝑁𝛼𝐸𝑀𝑀𝑅

𝑄𝑙𝑜𝑤
≈ 1 

• B8: a p-wave shallow bound state

• Proton-Be s-wave has large scattering 

lengths

• Strong Coulomb effect
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ANCs, and short-distance contact terms
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4
7Be + p → 5

8B + γ: comparisons
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• The EFT at NLO reproduces other 

models by 1% below 1 MeV

• Other models can be 

“projected” into EFT parameter 

space. 

X.Z., K. Nollett, and D. Phillips, 2018
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Bayesian 

inference:

X.Z., K. Nollett, and D. Phillips, PLB (2015) 
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Ours based 

on the same 

data
Tombrello(1965); 

Aurdal(1970); 

Rev.Mod.Phys.(1998); 

Rev.Mod.Phys(2011)
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inference:
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4
7Be + p → 5

8B + γ : uncertainty analysis
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Ours based 

on the same 

data

EFT+Bayesian is a natural tool for 

evaluating uncertainties

Tombrello(1965); 

Aurdal(1970); 

Rev.Mod.Phys.(1998); 

Rev.Mod.Phys(2011)

Bayesian 

inference:

X.Z., K. Nollett, and D. Phillips, PLB (2015) 



2
3He + 2

4He → 4
7Be + γ

𝑄𝑙𝑜𝑤
Λ

≈ 0.4

𝜂 = 
𝑍3𝑍4𝛼𝐸𝑀𝑀𝑅

𝑄𝑙𝑜𝑤
≈ 0.7 

X.Z., K. Nollett, and D. Phillips 

(in preparation)
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2
3He + 2

4He → 4
7Be + γ: new avenue to constrain S(0)
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4He → 4
7Be + γ: new avenue to constrain S(0)
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Halo-EFT+Bayesian

inference can find valuable 

correlations to guide 

experiments

𝑑𝜎

𝑑Ω
∝ 1 + 𝐴2 𝑐𝑜𝑠

2𝜃



2
3He + 2

4He → 4
7Be + γ: unexpected

−
1

𝑎0
+
1

2
𝑟0𝑘

2 +
1

4
𝑃0𝑘

4

Capture data 

constrains scattering 

parameters
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Base-line neutrino experiment: 
neutral-current induced photon 
production
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MiniBooNE event excess

13
MiniBooNE Collaboration (2009, 2018)
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13
MiniBooNE Collaboration (2009, 2018)
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NC photon production?
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NC photon production?

14

J.A. Harvey, C.T. Hill, R.J. Hill, 

2007, 2008 

R.J. Hill, 2010, 2011 

J. L. Rosner, 2015
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NC photon production?

14

Form factors 

are poorly 

known

J.A. Harvey, C.T. Hill, R.J. Hill, 

2007, 2008 

R.J. Hill, 2010, 2011 

J. L. Rosner, 2015
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A systematic calculation

• The nucleon level physics (form factors)

• Benchmarked against electron-nucleus quasi-elastic and (in)coherent 
pion production reactions

• Many body effects: Fermi motion, resonance modification, final state 
interaction…

• A relativistic many body theory (quantum hadrondynamics, QHD) for 
studying GeV-lepton-nucleus reactions

• Dirac spinor 

• Mean field approximation
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A systematic calculation

17

Cross section needs to be at least doubled

X.Z. and B.D.Serot (2012, 2013)
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18

Report for INT neutrino-nucleus cross section workshop (2013)

G. T. Garvey, D. A. Harris, H. A. Tanaka, R. Tayloe, G. P. Zeller, arXiv: 1412.4294

R.J. Hill, 2010, 2011 

X.Z. and B. Serot, 2012,2013, 

E. Wang,  L. Alvarez-Ruso , J. Nieves, 2015  6/27/2018



Base-line neutrino experiment: 
hadronic physics
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Qweak experiment at Jlab

20

It probes high energy scale physics
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Radiative correction (gamma Z box)

21

M. Gorchtein and C.J. Horowitz, (2009); 

M. Gorchtein, C.J. Horowitz, and M.J. Ramsey-Musolf, (2011); 

B.C. Rislow and C.E. Carlson, (2013); 

N.L. Hall, P.G. Blunden, W. Melnitchouk, A.W. Thomas and R.D. Young, (2013)
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Dispersion analysis on weak-Compton 
scattering

22

•The Z vertex is poorly known. Need neutrino measurement  

• Our first work reduces the uncertainty in extracting                     

M. Gorchtein and X.Z. (2015) 

p

WQ

Partially supported 

by Fermilab

Again form factors 

are poorly known
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Axial current form factors are important

• They are an important part of the systematic uncertainty in base-line neutrino 
oscillation experiments

• They impact calculations of neutrino-nucleus reactions and radiative corrections

𝜈

𝑊±

𝑙
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Axial current form factors are important

• They are an important part of the systematic uncertainty in base-line neutrino oscillation 
experiments

• They impact calculations of neutrino-nucleus reactions and radiative corrections

• Lattice QCD won’t be the full answer: high Q^2 behavior, N→Resonance transition 
(inelastic) form factors

• We need a model/framework to cover elastic and inelastic form factors at Q^2 from zero 
to a few GeV^2. 

• Other approaches: “meson-dominance” model (see Emilie Passemar’s talk), Z-expansion (by 
R. Hill et.al.,), and Bayesian analysis on data (Luis Alveriz-Ruso et.al.,)  

𝜈

𝑊±

𝑙
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Light front quark model (LFQM) with pion 
cloud (in collaboration with G. Miller and T. Hobbs)

24

S. J. Brodsky et.al., Phys. Rept., 301, 299 (1998)
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Light front quark model (LFQM) with pion 
cloud (in collaboration with G. Miller and T. Hobbs)

24

R.L. Jaffe, Phys. Rept., 409, 1 (2005)

S. J. Brodsky et.al., Phys. Rept., 301, 299 (1998)

Scalar & axial-vector 

diquarks 
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𝑁 𝑁

𝑁
Δ

𝑁
Δ

𝜋

𝑁 𝑁

𝑁, Δ

𝑁 𝑁

𝜋

I. Cloet and G. Miller, Phys.Rev.C, 86, 015208 (2012)
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𝑁 𝑁
𝑁
Δ

𝑁
Δ

𝜋

LFQM: EM and Axial form factors 

• The bare-quark contribution to 𝐹1,2 is directly related to the overlap 
of quark wave functions:

• The bare-quark contribution to 𝐺𝐴, is also related to the wave 
function overlap, but has different component-weights from 𝐹1,2:    

• The pion cloud couples elastic form factor to the inelastic form 
factors

𝑁 𝑁
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Fit EM FFs: preliminary results
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Fit EM FFs: preliminary results

ZhihongYe, John Arrington, 

Richard J.Hil, and Gabriel Lee, 

Phys. Lett. B, 777, 8 (2018)
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Fit EM FFs: preliminary results

ZhihongYe, John Arrington, 

Richard J.Hil, and Gabriel Lee, 

Phys. Lett. B, 777, 8 (2018)
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• Just one-local minimum of 

𝜒2minimization 

• There are many local 

minima 

• I am currently exploring 

the whole parameter space 

by using Bayesian inference 

approach



Dark photon: Be-8 anomaly
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EM transitions

𝑈λ𝑆𝐿 λ S L

E1 1 1 0

M1 1 1, 2 1

E2 2 1, 2 1
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EM transitions

𝑈λ𝑆𝐿 λ S L

E1 1 1 0

M1 1 1, 2 1

E2 2 1, 2 1

Operator rank

Initial state 

total spin

Initial state 

angular 

momentum 

X.Z. and G. Miller, 2017: they interfere!
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Photon production data D. Zahnow et.al., Z. Phys. A 

351, 229 (1995); B. 

MainsBridge, Nucl.Phys. 21, 

1(1960); D.J. Schlueter, 

et.al., Nucl.Phys. 58, 254 

(1964)
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Photon production data
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On dark-photon explanation
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• A dark-photon with 17-MeV mass might be the cause (e.g. J. L. Feng et.al., 2017)

• → 𝐽𝑑𝑎𝑟𝑘 𝛾 = 𝐽𝐸𝑀,𝑣𝑒𝑐→ E1 and M1 have similar size for photon → smooth background 

production of dark photon (not seen experimentally)



Summary

• A theoretical calculation with well-understood systematical uncertainty is 
really useful for predictions and guiding experiments (lesson from the EFT 
application in radiative capture reactions) 

• The NC photon production couldn’t fully explain the MiniBooNE low 
energy event excess (not then and not now) 

• Weak-Compton scattering amplitude is relevant for the NC photon 
production, and radiative correction to weak processes (parity-violating 
electron-nucleon scattering, neutrino-nucleon scattering, and neutron beta 
decay) 

• Nucleon axial current form factors are being studied in a light-front quark 
model as well as other approaches. Stay tuned 

• Be-8 anomaly: the dark-photon explanation seems inconsistent with the 
experiment 
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EFT-based model for pLiBe + JJ ˆ
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