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❏   Overview of the development of neutrino physics
 
 ❏   Motivations for the study of low-energy neutrinos:    
                  Solar neutrinos
                  Supernova neutrinos
                  Accelerator neutrinos    

❏   If time: some current Berkeley interests:  BEST and DUNE   

Opportunities with 10s-0f-MeV Neutrinos 
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Conceptual development of neutrino physics and the Standard Model 

  1914:  Chadwick and others observed a continuous     decay spectrum 
           - emission of “unobserved radiation” as a potential explanation suggested
             by Chadwick, supported by C. D. Ellis, disputed by Meitner
           - work done in Geiger’s lab: Chadwick interned when WWI broke out

  1927 and 1930:  Calorimetry experiments by Ellis and Wooster,    -ray measurements   
   of Meitner 
         - no significant electron scattering in target or accompanying conventional
           radiation

            
  1930:  Pauli’s suggestion of a light neutrino, including apologies for its lack of

    observability
         -  emission in     decay as an explanation for Chadwick’s spectrum
          - identification as a spin-1/2 nuclear constituent explained even spin of Z=7  14N

  1932:  Chadwick’s discovery of the neutron
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  1934:  Fermi’s formulation of a effective theory 
   of weak interactions — particle creation

   modeled through analogy with electrodynamics,
   charge-charge but no analog of electric field:
   contact interaction

  Fermi later recognized covariance implied currents

    contains SM’s CVC and isospin structure

  1936:  Gamow and Teller identify an axial current
    contribution
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 One of the most remarkable papers 
   in physics for what it did and did
   not contain
 
“… the two components [vector, axial
 vector] in the linear combination have
 the same order of magnitude, then all
 transitions [satisfying the selection
 rules] would now [be strong allowed 
 ones]” 

The rate they deduced                                            can be obtained by adding probabilities

or by adding amplitudes 

yielding PNC.   But the paper makes no comment on this.                                                                                              
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  1937:  Majorana observes the neutrino may or may not
             carry an additively conserved charge:  

Basically by 1937 all of the ingredients of the SM were in hand,
though the prejudice for parity conservation kept distant both the 
possibility of a V-A weak theory and a Majorana neutrino (as by 1950
neutrinoless beta decay limits appeared to rule out a Majorana neutrino)
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But the neutrino remained a bit abstract to physicists:    not mentioned by
Bethe, Critchfield as they developed the theory of stellar hydrogen burning

1956:    Cowan and Reines discover the anti-neutrino using a reactor source and a 
                  scintillator doped with the neutron absorber Cd:      

1957:    The discovery of PNC       

1958:    The V-A theory was formulated    
                                                        Feynman and Gell-Mann  “Theory of the Fermi Interaction”
                                                        Sudarshan and Marshak  “Chiral Noninvariance and the Universal Fermi Interaction”

1960s:   Experimental neutrino physics expands at both high and low energies

              CERN PS experiments, bubble chamber detectors
              First efforts on solar neutrinos (     s)  — later
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1967:    Weinberg’s electroweak unification paper published, in which both a neutral
             partner Z to the W was introduced, yielding neutral currents

1971:    Veltman/’t Hooft completion of the Standard Model, led theorists to advocate
                   - NC event searches at the CERN PS 
                   - and at FermiLab

1972:    Gargamelle detector completed at CERN, exposed to there CERN PS neutrino 
             beam line

1972:    FermiLab starts operations, at 10 times CERN’s energy
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Abstract. The discovery of Weak Neutral Currents in the Gargamelle experiment is reviewed.
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1 Prolog

It is a great honour for me to speak about the discovery

of Weak Neutral Currents, the outstanding achievement,

which has carried a high yield and assured CERN a place

in the front row. The worldwide boost following the dis-

covery is well known. What is perhaps less well known,

are the difficulties this new effect had to overcome, before

it got accepted by the community. In the 30 minutes allo-

cated to me I will try to elucidate some of the occurrences.

Shortly after the Siena Conference 1963 Lagarrigue,

Rousset and Musset worked out a proposal for a ν-detector

aiming at an increase in event rate by an order of magni-

tude. They had in mind a large heavy liquid bubble cham-

ber and a large collaboration. When Leprince-Ringuet got

to see the plans, he called the huge chamber Gargamelle

invoking the mother’s name of the giant Gargantua to pay

homage to Rabelais (see fig. 1). Lagarrigue formed gradu-

ally a strong and large collaboration built on two groups,

Fig. 1. The bubble chamber Gargamelle at the moment of

installation into the magnet coils.

one consisting of members from Orsay and the Ecole Poly-

technique, the other consisting of members from the just

finishing ν experiments with the NPA 1m bubble cham-

ber. At the end the collaboration consisted of 7 European

laboratories including guests from Japan, Russia and the
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neutral currents
by Cian O'Luanaigh (/authors/cian-oluanaigh)
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The first example of a single-electron neutral

current. An incoming antineutrino knocks an

electron forwards (towards the left), creating a

characteristic electronic shower with electron–

positron pairs (Image: Gargamelle/CERN)

Forty years of neutral currents | CERN http://home.web.cern.ch/about/updates/2013/07/forty-years-neut...
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First neutral current event

Class A events:  charge-current reactions producing a muon

Class B events:  events with charged hadrons, attributed to
                           neutrons produced upstream interacting
                           in the target

1972:  An isolated electron track was found in the antineutrino
           Class B event set

            attributed to an entirely leptonic neutral process

1973:   Announced discovery of neutral currents
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1972:   Harvard/Penn/Wisconsin experiment begins operations at Fermilab
                  - revised its trigger to search for NC events, e.g., 
                  - submits a discovery paper
                  - re-enforced Gargamelle’s decision to publish
                  - HPW mid-1973 data set showed fewer events: decision to withdraw
                  - drafted a no-NC paper
                  - but later found that detector modifications had increased their punch-thru
                    neutrons, enhancing their CC signal, driving the NC signal downward
                  - “alternating neutral currents”
                  
1974:    HPW publishes a discovery paper with a NC/CC event ratio in agreement
             with Gargamelle
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Experimentally confirmed structure of the SM weak current
                

which contains an isoscalar vector interaction

                 and an isovector vector interaction 

which implies a coherent neutral vector charge contribution at low enrergy

while incorporating the interactions of Fermi and Gamow-Teller
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Thus was established the light quark/gluon/photon Hamiltonian from which we do NP
                
  Reduction of the interaction to the non-relativistic nucleon level, where most nuclear

    physics is done

  The renormalization of this interaction to allow its embedding in a finite nucleon-level
    Hilbert space
          — should be independent of the cutoffs used (apart from the rate of
               convergence)
          — in practice, what we do in NP is typically quite approximate
          
  The numerical solution of the resulting many-body problem

                
We should hear this week about progress in each of these steps, made possible by
advances in both computation and theory



Low-energy neutrinos #1:  Solar neutrinos

  Our best-understood source of low-energy neutrinos, with spectra that are precisely
  known and fluxes determined with precisions ranging upward from 1.5%
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Also provided an early example of the power of  Multi-Messenger Astrophysics

Observations:
Sun’s  age, physical parameters

photon luminosity
solar neutrinos
helioseismology

metallicity: photo absorption lines

Input Microphysics:
nuclear reaction rates

opacities
EoS and corrections
diffusion coefficient

Modeling:
boundary conditions

physics: hydrostatic equilibrium
energy production

energy transport: rad. & convect.

leading to the discovery of new fundamental physics



  The radiochemical Cl neutrino detector was proposed by Pontecorvo in 1946,  
   developed as a practical experiment by Alvarez in 1949, and implemented by Davis
   in the 1950s, who did both prototype solar and reactor experiments 
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1. INTRODUCTION
In 1958, Holmgren & Johnston (1958, 1959) found that the cross section for 3He + 4He →
7Be + γ was about 1,000 times larger than anticipated, so that in addition to the sim-
plest 3He + 3He → 4He + 2p proton-proton (pp) I termination of the pp chain (see
Figure 1), there might be significant branches to the pp II and pp III cycles and, thus, significant
fluxes of 7Be and 8B solar neutrinos. Despite the uncertainties that existed in 1958—the solar core
temperature was poorly constrained by theory, and other nuclear physics important to the pp chain
had not been resolved—both Cameron (1958) and Fowler (1958) pointed out that it might be possi-
ble to detect solar neutrinos using a radiochemical method Ray Davis had developed at Brookhaven
(Davis 1955). Although the endpoint of the main source of neutrinos from the pp I cycle, p + p →
d + e+ + νe, is below the 811-keV threshold for νe + 37Cl → 37Ar + e−, most 7Be and 8B neutrinos
are sufficiently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchers—John Bahcall, Icko Iben, and Dick Sears—to begin the development of a solar model
to more accurately predict the central temperature of the Sun and to estimate the rates of neutrino-
producing reactions (Bahcall et al. 1963). The history of these early developments is summarized
in several sources (Bahcall & Davis 1982, Haxton 2010, Lande 2010). By early 1964, following sig-
nificant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the 37Cl(νe, e−)37Ar reaction, Davis (1964) and Bahcall (1964) concluded that a measurement
of solar neutrinos would be possible, were Davis to mount a detector 100 times larger than that he
built at Brookhaven, in a site sufficiently deep to reduce backgrounds from high-energy cosmic-ray
muons to an acceptable level. In April 1968, Davis, Harmer & Hoffman (1968) announced an up-
per bound on the solar neutrino capture rate for 37Cl of 3 SNU (1 SNU = 10−36 captures target−1

pp I pp II pp III
CN cycle

99.76% 0.24%

84.6% 15.4% 2.5 × 10–5%

99.89% 0.11%

p + p → 2H + e+ + νe

3 He + 3 He → 4 He + 2p 3 He + 4 He → 7 Be + γ

(p, γ)

(p, γ)

(p, α)

(p, γ)

β+

β+

3 He + p → 4 He + e+ + νe

7 Li + p → 2 4 He

2H + p → 3 He + γ

p + e– + p → 2H + νe

7 Be + e– → 7 Li + νe
7 Be + p → 8 B + γ

8 B → 8 Be + e+ + νe

13 C

13 N

12C

14 N

15 O

15 N

a b

Figure 1
(a) The three principal cycles comprising the proton-proton (pp) chain (pp I, pp II, and pp III), the associated neutrinos that “tag” each
of the three branches, and the theoretical branching percentages defining the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch 3He + p → 4He + e+ + νe, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the 13N and 15O neutrinos.
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4p ! 4
He + 2e+ + 2⌫e + 26.7 MeV

Prior to 1959 

Prior to 1959:  solar neutrinos
                         though to be too low in
                         energy for detection in     
                         the chlorine detector
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(Davis 1955). Although the endpoint of the main source of neutrinos from the pp I cycle, p + p →
d + e+ + νe, is below the 811-keV threshold for νe + 37Cl → 37Ar + e−, most 7Be and 8B neutrinos
are sufficiently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchers—John Bahcall, Icko Iben, and Dick Sears—to begin the development of a solar model
to more accurately predict the central temperature of the Sun and to estimate the rates of neutrino-
producing reactions (Bahcall et al. 1963). The history of these early developments is summarized
in several sources (Bahcall & Davis 1982, Haxton 2010, Lande 2010). By early 1964, following sig-
nificant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the 37Cl(νe, e−)37Ar reaction, Davis (1964) and Bahcall (1964) concluded that a measurement
of solar neutrinos would be possible, were Davis to mount a detector 100 times larger than that he
built at Brookhaven, in a site sufficiently deep to reduce backgrounds from high-energy cosmic-ray
muons to an acceptable level. In April 1968, Davis, Harmer & Hoffman (1968) announced an up-
per bound on the solar neutrino capture rate for 37Cl of 3 SNU (1 SNU = 10−36 captures target−1
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Figure 1
(a) The three principal cycles comprising the proton-proton (pp) chain (pp I, pp II, and pp III), the associated neutrinos that “tag” each
of the three branches, and the theoretical branching percentages defining the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch 3He + p → 4He + e+ + νe, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the 13N and 15O neutrinos.
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researchers—John Bahcall, Icko Iben, and Dick Sears—to begin the development of a solar model
to more accurately predict the central temperature of the Sun and to estimate the rates of neutrino-
producing reactions (Bahcall et al. 1963). The history of these early developments is summarized
in several sources (Bahcall & Davis 1982, Haxton 2010, Lande 2010). By early 1964, following sig-
nificant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the 37Cl(νe, e−)37Ar reaction, Davis (1964) and Bahcall (1964) concluded that a measurement
of solar neutrinos would be possible, were Davis to mount a detector 100 times larger than that he
built at Brookhaven, in a site sufficiently deep to reduce backgrounds from high-energy cosmic-ray
muons to an acceptable level. In April 1968, Davis, Harmer & Hoffman (1968) announced an up-
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(a) The three principal cycles comprising the proton-proton (pp) chain (pp I, pp II, and pp III), the associated neutrinos that “tag” each
of the three branches, and the theoretical branching percentages defining the relative rates of competing reactions (GS98-SFII SSM).
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  So both the experimental opportunity to measure solar neutrinos and the astrophysical
    motivation for doing so fell into place

  Fowler recognized the opportunity, recruited postdoc John Bahcall (weak interactions)
    to join a Caltech group that included stellar modelers Iben and Sears
         - resulting model solar temperature profile folded off-line with weak rates, to 
           make the first quantitative estimate of solar neutrino fluxes 

  First quantitative estimate of the core temperature, folded with what little information
    existed on the Gamow-Teller EC and     decay reactions producing the neutrinos
           — weak interactions in stellar environments:  plasmas, screening, …
           — utilization of laboratory measurements:  theory needed to extrapolate measured
               weak rates to the lower energies of the solar Gamow peak
           — selected use of theory:

  One also had to develop a quantitative understanding of neutrino absorption on Cl, to
    demonstrated that any experimental result could be interpreted   
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z»y}zÒ����½s£»}¶Ò�³Ò·�}Ò½s³�»¶Ò·³s«¶�·�«¶Ò�ªÒ·�}Ò³}£É
s·�½}Ò °³·«Ò �«·}«¶�·�}¶�Ò «³ªs£�Æ}zÒ vÅÒ s¶¶»ª�«�Ò
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cross section based on EC 
rate and detailed balance

The Learning Curve
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¶£s³�«}»·³�«��«z»y}zÒ ³}sy·�«Ò ���D£�Ò¾�}����<³�Ò h�}Ò ys°É
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·�«Ò ·Ò ·��¶Ò ·³s«¶�·�«Ò ys«Ò v�Ò yª°»·}zÒ À�·�»·Ò s«ÅÒ z}Í
·s�£}zÒ «À£�|�}Ò�Ò·��Ò«»y£�s³ÒÀs½�Ò�«y·�«¶Òv�ys»¶}Ò�Ò
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ªs«ÅÒLsªÀ�h}££}³Ò�Lh�Ò·³s«¶�·�«¶Ò·Ò ���<³Ò¶·s·�¶Òv}£ÀÒ
·�}Ò«}»·³«Òv³}s¡»°Ò·�³}¶�£zÒs·Ò���94�Ò08ÒY�m�Ò
Bs�ys££Ò s«zÒ Bs³«}¶�� °�«·}zÒ »·Ò ·�s·Ò ·��Ò ªz}£É

z}°}«z�«·ÒLhÒ y«·³�v»·�«Ò ·Ò ·�}Ò ��D£Ò ys°·»³�Ò y³¶¶Ò ¶}yÉ
·�«Ò y»£zÒ v}Ò z}·}³ª�«}zÒ �ªÒ ·�}Ò z}£sÅ}zÒ °³·«Ò ¶°�yÍ
·³»ªÒ�¦£À�«�Ò·��Ò�Òz}ysÅÒ�Ò��Ds�Ò <¶¶»ª�«�Ò�¶¶°�«Ò�«Í
½s³�s«y}�Ò ·��Ò z}ysÅÒ ��Ds��� ���UÒ �¶Ò ·��Òª�³³³Ò ³}sy·�«Ò ·Ò
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 � h�»¶Ò «}Ò ys«Ò ys£y»£s·}Ò LhÒ ·³s«¶�·�«Ò ¶·³�«�·�¶Ò �«
��D£�¾�}�Ò�ªÒ·��Òv¶}³½}zÒ�«·�«¶�·�}¶Ò�Ò·��Òz�£sÅ�zÒ°³Í
·«¶�Ò
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Bahcall’s initial estimate of 
cross section based on EC 
rate and detailed balance

<latexit sha1_base64="pXH4T9tHzCxXV8FRM6hGaP1DSUs=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSJ4CkkNbb0VBPFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btoKKvpg4PHeDDPzgoQzpR3nw1pZXVvf2CxsFbd3dvf2SweHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek8vc79xTqVgs7vQ0oX6ER4KFjGBtpNv+bFAqO/ZFvVrxqsixHafmVtycVGreuYdco+QowxLNQem9P4xJGlGhCcdK9Vwn0X6GpWaE01mxnyqaYDLBI9ozVOCIKj+bXzpDp0YZojCWpoRGc/X7RIYjpaZRYDojrMfqt5eLf3m9VId1P2MiSTUVZLEoTDnSMcrfRkMmKdF8aggmkplbERljiYk24RRNCF+fov9Ju2K7Vdu78cqNq2UcBTiGEzgDF2rQgGtoQgsIhPAAT/BsTaxH68V6XbSuWMuZI/gB6+0TAsyNtg==</latexit>

}
During a seminar at NBI, 
Mottelson pointed out to 
Bahcall the importance of 
excited states, including the 
analog Fermi transition

Their subsequent inclusion 
increased the cross section 
by a critical factor of 20
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·�«Ò ·Ò ·��¶Ò ·³s«¶�·�«Ò ys«Ò v�Ò yª°»·}zÒ À�·�»·Ò s«ÅÒ z}Í
·s�£}zÒ «À£�|�}Ò�Ò·��Ò«»y£�s³ÒÀs½�Ò�«y·�«¶Òv�ys»¶}Ò�Ò
·�}Ò s°°³Á�ªs·}Ò �¶¶°�«Ò �«½s³�s«y}Ò �Ò·�}Ò «»y£�s³Ò Osª�£É
·«�s«�Ò h��¶Ò ·³s«¶�·�«Ò �¶Ò ·�»��·Ò ·Ò syy»«·Ò �³Ò sv»·Ò
�s£�Ò�Ò·��Ò ��D£Ò y³¶¶Ò ¶}y·�«�Ò h��Ò ³}ªs�«z}³Ò s³�¶}¶Ò�ªÒ
ªs«ÅÒLsªÀ�h}££}³Ò�Lh�Ò·³s«¶�·�«¶Ò·Ò ���<³Ò¶·s·�¶Òv}£ÀÒ
·�}Ò«}»·³«Òv³}s¡»°Ò·�³}¶�£zÒs·Ò���94�Ò08ÒY�m�Ò
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z}°}«z�«·ÒLhÒ y«·³�v»·�«Ò ·Ò ·�}Ò ��D£Ò ys°·»³�Ò y³¶¶Ò ¶}yÉ
·�«Ò y»£zÒ v}Ò z}·}³ª�«}zÒ �ªÒ ·�}Ò z}£sÅ}zÒ °³·«Ò ¶°�yÍ
·³»ªÒ�¦£À�«�Ò·��Ò�Òz}ysÅÒ�Ò��Ds�Ò <¶¶»ª�«�Ò�¶¶°�«Ò�«Í
½s³�s«y}�Ò ·��Ò z}ysÅÒ ��Ds��� ���UÒ �¶Ò ·��Òª�³³³Ò ³}sy·�«Ò ·Ò
��D£�¾�}�����<³�Ò h�}Ò ��UÒLhÒ £�½}£¶Ò °°»£s·}zÒ �«Ò ��DsÒ±��

z}ysÅÒ �}Áy}°·Ò�³Ò ·�}ÒÑÒ�Ò �³»«|Ò ¶·s·}Ò s«zÒ ����  �%1Ò Y�mÒ
¶·s·}�Òz}ysÅÒvÅÒ °³·«Ò}ª�¶¶�«Ò ·Ò ��	<³�Ò s¶Ò ¶�À«Ò �«ÒK���Ò
 � h�»¶Ò «}Ò ys«Ò ys£y»£s·}Ò LhÒ ·³s«¶�·�«Ò ¶·³�«�·�¶Ò �«
��D£�¾�}�Ò�ªÒ·��Òv¶}³½}zÒ�«·�«¶�·�}¶Ò�Ò·��Òz�£sÅ�zÒ°³Í
·«¶�Ò
h�}Ò ��Ds��� ���UÒ z}£sÅ}zÒ °³·«Ò ¶°}y·³»ªÒ Às¶Ò ª�sÉ

¶»³}zÒvÅÒ_¶ s«Æ}³Ò��� ����� s«zÒ£s·}³ÒÀ�·�Ò �ª°³½}zÒ¶}«¶�Ê
·�½�·ÅÒ vÅÒ e}Á·³�Ò L»���Ò s«zÒ D}³«Å��� e}Á·³Ò ��� ���� z}É
z»y}zÒ����½s£»}¶Ò�³Ò·�}Ò½s³�»¶Ò·³s«¶�·�«¶Ò�ªÒ·�}Ò³}£É
s·�½}Ò °³·«Ò �«·}«¶�·�}¶�Ò «³ªs£�Æ}zÒ vÅÒ s¶¶»ª�«�Ò
�	��9Ò%�Ò%�Ò�³Ò ·�}Ò s«s£�Ò ·³s«¶�·�«�Ò �h�}Ò K�³ª�Ò yªÉ
°«�«·Ò s£«�Ò Å�}£z¶Ò �	��9Ò%�Ò%!��Ò =¶¶»ª�«�Ò �¶¶°�«Ò �«É
½s³�s«y}�Ò ·�}Ò ¶·³}«�·�Ò �Ò ·��Ò LhÒ ·³s«¶�·�«Ò ·Ò ·�}Ò ��UÒ
�³»«zÒ ¶·s·}Ò �¶Ò z}·}³ª�«}zÒ vÅÒ ·��Ò }£�y·³«Ò ys°·»³}Ò ³s·}Ò
���=³�ID����D£�Ò h��Ò�
��½s£»}Ò�³Ò·��Ò³}ªs�«�«�ÒLhÒ·³s«É
¶�·�«�Ò ·Ò ·��Ò ���Ò ¶·s·}Ò s·Ò  �%0Ò Y�m�Ò �¶Ò ·�}«Ò ��}y·�½�¦ÅÒ
�Á}zÒvÅÒ ·�}Ò ��DsÒ£��·�ª��Ò Bs�ys££�� »¶�zÒ·�}Ò³�¶»£·�«�ÒLhÒ
z�¶·³�v»·�«Ò ·Ò z}·}³ª�«}Ò ·�}Ò �BÒ ¶£s³Ò «�»·³�«Ò ys°·»³}Ò
y³¶¶Ò ¶}y·�«Ò �³Ò ��D£�Ò O�¶Ò ³s«�}Ò �Ò ½s£»�¶�Ò
u� �B�9� ¦��4Î��Ò¦§qÒ ����� yª� �	 �¶Ò �}«�³s££ÅÒ ·�»��·Ò ·Ò
}«yª°s¶¶Ò °¶¶�v£}Ò »«y�³·s�«·�}¶Òz»}Ò ·Ò »«v¶�³½}zÒÀ}s Ò
·³s«¶�·�«¶Ò s«zÒ ·Ò ·�}Ò LsªÀ�h}¦¦�³Ò yª°«�«·Ò �Ò ·��Ò
s«s¦�Ò ·³s«¶�·�«Ò �À��y�Ò�Á}¶Ò·�}Òz�¦sÅ�zÒ°³·«Ò«³ªs£�É
Æs·�«��Ò
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cs°s°³·Ò ��� �����	 �Á·³sy·}zÒ ·�}Ò LhÒ z�¶·³�v»·�«Ò �«Ò ���<³Ò
�ªÒ �³Às³z�s«�£}Ò ��D¦�°�«����<³Ò y³¶¶Ò ¶}y·�«¶�Ò <£�

3/6Ò ÈÒ�63/Òf�~Ò?¨~²�xt¬Ò`�Ãµ�xt¥Òd®x�~¸ÃÒ

Subsequent analysis was based 
on exploiting the approximate 
isospin invariance of NP

EC

Isospin: N-Z

(N,Z)=(20,17) (N,Z)=(19,18) (N,Z)=(18,19) (N,Z)=(17,20)

Individual GT 
transitions can be
measured in beta 
decay because the 
excited states decay, 
producing delayed 
protons 
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]»³Ò «£ÅÒ �Á°}³�ª�«·s£Ò �«�³ªs·�«Ò«Ò·�}Ò �»ÁÒ �Ò¶£s³Ò
«}»·³�«¶Òyª}¶Ò�ªÒ·�}Ò³�ªs³ sv£�Ò�Á°}³�ª}«·Ò�ÒFs½�¶Ò
s«zÒ ��¶Ò Oª}¶·s �Ò y££sv³s·³¶� �	 Fs½�¶Ò �s¶Ò ¶»yy}}z}zÒ
�«Ò ³}y½}³�«�Òs«zÒy»«·�«�Ò·�}Ò�ÀÒs·ª¶Ò�Ò��	<³Ò·�s·Òs³}Ò
°³z»y}zÒ �«Ò sÒ ��, *Ò  �£·«Ò y�£³�«}Ò z}·}y·³Ò vÅÒ ·�}Ò
¶£s³�«}»·³�«��«z»y}zÒ ³}sy·�«Ò ���D£�Ò¾�}����<³�Ò h�}Ò ys°É
·»³}Ò ³s·}Ò |}·}³ª�«}|Ò �ªÒ ª}s¶»³}ª}«·¶Ò ªsz}Ò ½�³Ò ·�}Ò
°s¶·Ò ·ÀÒz}ysz}¶Ò �¶Ò #�Ò�Î��Ò%Ò¶£s³Ò«}»·³�«Ò»«�·¶Ò �e[k��ÒsÒ
³s·�Ò ·�³�}Ò ·Ò�»³Ò·�ª�¶Ò¶ªs££�³Ò·�s«Ò·�s·Ò°³}z�y·}zÒvÅÒ ·�}Ò
¶·s«zs³zÒ ¶£s³Òªz�£�Ò�	 y«½}«·�«s£Ò °s³·�y£�Ò °�Å¶�y¶�Ò s«zÒ
·�}Òsyy}°·}zÒ½s£»�Ò�³Ò ·��Ò ��D£Ò«}»·³�«Òys°·»³}Òy³¶¶Ò¶�yÉ
·�«�Ò�� S«Ò ·��¶Ò °s°�³Ò À}Ò ³}�Ásª�«}Ò ·�}Ò y£s¶¶�yÒ «»y£�s³Ò
°�Å¶�y¶Òz}·}³ª�«s·�«Ò�Ò·�s·Òy³¶¶Ò¶�y·�«�Ò
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«}»·³�«¶Ò ys«Ò }Áy�·�Ò ·�}Ò ¶»°}³s££À}zÒ ·³s«¶�·�«Ò ·Ò ·�}Ò
)�77ÒY�mÒ����9��Ñ¶·s·�Ò �«Ò ���<³�Ò·��Òs«s£�Ò�Ò·�}Ò ��D£
�³»«zÒ¶·s·�Ò �¶�}ÒK���Ò ��Ò h��Ò �ª°³·s«·ÒK}³ª�Òy«·³�v»Í
·�«Ò ·Ò ·��¶Ò ·³s«¶�·�«Ò ys«Ò v�Ò yª°»·}zÒ À�·�»·Ò s«ÅÒ z}Í
·s�£}zÒ «À£�|�}Ò�Ò·��Ò«»y£�s³ÒÀs½�Ò�«y·�«¶Òv�ys»¶}Ò�Ò
·�}Ò s°°³Á�ªs·}Ò �¶¶°�«Ò �«½s³�s«y}Ò �Ò·�}Ò «»y£�s³Ò Osª�£É
·«�s«�Ò h��¶Ò ·³s«¶�·�«Ò �¶Ò ·�»��·Ò ·Ò syy»«·Ò �³Ò sv»·Ò
�s£�Ò�Ò·��Ò ��D£Ò y³¶¶Ò ¶}y·�«�Ò h��Ò ³}ªs�«z}³Ò s³�¶}¶Ò�ªÒ
ªs«ÅÒLsªÀ�h}££}³Ò�Lh�Ò·³s«¶�·�«¶Ò·Ò ���<³Ò¶·s·�¶Òv}£ÀÒ
·�}Ò«}»·³«Òv³}s¡»°Ò·�³}¶�£zÒs·Ò���94�Ò08ÒY�m�Ò
Bs�ys££Ò s«zÒ Bs³«}¶�� °�«·}zÒ »·Ò ·�s·Ò ·��Ò ªz}£É

z}°}«z�«·ÒLhÒ y«·³�v»·�«Ò ·Ò ·�}Ò ��D£Ò ys°·»³�Ò y³¶¶Ò ¶}yÉ
·�«Ò y»£zÒ v}Ò z}·}³ª�«}zÒ �ªÒ ·�}Ò z}£sÅ}zÒ °³·«Ò ¶°�yÍ
·³»ªÒ�¦£À�«�Ò·��Ò�Òz}ysÅÒ�Ò��Ds�Ò <¶¶»ª�«�Ò�¶¶°�«Ò�«Í
½s³�s«y}�Ò ·��Ò z}ysÅÒ ��Ds��� ���UÒ �¶Ò ·��Òª�³³³Ò ³}sy·�«Ò ·Ò
��D£�¾�}�����<³�Ò h�}Ò ��UÒLhÒ £�½}£¶Ò °°»£s·}zÒ �«Ò ��DsÒ±��

z}ysÅÒ �}Áy}°·Ò�³Ò ·�}ÒÑÒ�Ò �³»«|Ò ¶·s·}Ò s«zÒ ����  �%1Ò Y�mÒ
¶·s·}�Òz}ysÅÒvÅÒ °³·«Ò}ª�¶¶�«Ò ·Ò ��	<³�Ò s¶Ò ¶�À«Ò �«ÒK���Ò
 � h�»¶Ò «}Ò ys«Ò ys£y»£s·}Ò LhÒ ·³s«¶�·�«Ò ¶·³�«�·�¶Ò �«
��D£�¾�}�Ò�ªÒ·��Òv¶}³½}zÒ�«·�«¶�·�}¶Ò�Ò·��Òz�£sÅ�zÒ°³Í
·«¶�Ò
h�}Ò ��Ds��� ���UÒ z}£sÅ}zÒ °³·«Ò ¶°}y·³»ªÒ Às¶Ò ª�sÉ

¶»³}zÒvÅÒ_¶ s«Æ}³Ò��� ����� s«zÒ£s·}³ÒÀ�·�Ò �ª°³½}zÒ¶}«¶�Ê
·�½�·ÅÒ vÅÒ e}Á·³�Ò L»���Ò s«zÒ D}³«Å��� e}Á·³Ò ��� ���� z}É
z»y}zÒ����½s£»}¶Ò�³Ò·�}Ò½s³�»¶Ò·³s«¶�·�«¶Ò�ªÒ·�}Ò³}£É
s·�½}Ò °³·«Ò �«·}«¶�·�}¶�Ò «³ªs£�Æ}zÒ vÅÒ s¶¶»ª�«�Ò
�	��9Ò%�Ò%�Ò�³Ò ·�}Ò s«s£�Ò ·³s«¶�·�«�Ò �h�}Ò K�³ª�Ò yªÉ
°«�«·Ò s£«�Ò Å�}£z¶Ò �	��9Ò%�Ò%!��Ò =¶¶»ª�«�Ò �¶¶°�«Ò �«É
½s³�s«y}�Ò ·�}Ò ¶·³}«�·�Ò �Ò ·��Ò LhÒ ·³s«¶�·�«Ò ·Ò ·�}Ò ��UÒ
�³»«zÒ ¶·s·}Ò �¶Ò z}·}³ª�«}zÒ vÅÒ ·��Ò }£�y·³«Ò ys°·»³}Ò ³s·}Ò
���=³�ID����D£�Ò h��Ò�
��½s£»}Ò�³Ò·��Ò³}ªs�«�«�ÒLhÒ·³s«É
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Subsequent analysis was 
based on exploiting isospin 
invariance

EC

Isospin: N-Z

(N,Z)=(20,17) (N,Z)=(19,18) (N,Z)=(18,19) (N,Z)=(17,20)

Individual GT 
transitions can be
measured in beta 
decay because the 
excited states decay, 
producing delayed 
protons 
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37Ca(�+)37K

Important that this done experimentally
(in fact, a conceptual error was made —
extremely lucky that it had little impact)



  Similar nuclear physics issues later arose in the Ga and SNO experiments

                                               strong g.s. transition (EC) + neutrino source experiments

                                                                calculated with potentials and in EFT,
                                                                remaining uncertainties estimated at 1.5%

  Our ability to determine quantitatively — through a combination of laboratory
    experiment and theory — the nuclear microphysics of the sun and the detector
    responses of Cl, Ga, SNO  yielded fundamental physics
           — the discovery of neutrino mass and flavor oscillations
           — the observation of matter effects, determining the ordering of two eigenstates
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        Borexino’s mapping of the vacuum      matter oscillation transition
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Figure 8: Electron neutrino survival probability Pee as a function of neutrino energy. The data points
show the Borexino results, obtained assuming HZ-SSM flux predictions [42], for pp (red), 7Be (blue), pep

(cyan), and 8B (grey for the separate HER-I and HER-II sub-ranges and green for the combined HER range).
The error bars include experimental and theoretical uncertainties. The gray band corresponds to the Pee

predicted by the Vacuum-LMA scenario, while the pink band represents the MSW-LMA solution. The
width of the bands is ±1s. More details in text. From [1].

contribution, this ratio can be expressed as:

RI/I I =
3He +4 He
3He +3 He

= 2 · F(7Be)
F(pp)� F(7Be)

. (16)

The result obtained with Borexino is RI/I I = 0.1780+0.027
�0.023. This value is consistent with both the HZ- and

LZ-SSM predictions, 0.180 ± 0.011 and 0.161 ± 0.010, respectively.

Solar luminosity and thermal stability The neutrino fluxes determined experimentally can be used to
derive the total power generated by nuclear reactions in the Sun’s core [43]. Using the measured Borexino
fluxes from Table 3, the obtained luminosity L� = (3.89+0.35

�0.42) ⇥ 1033 erg s�1 is in agreement with the
luminosity calculated using the photon output [52, 53], L� = (3.846 ± 0.015)⇥ 1033 erg s�1. This is a
robust and direct evidence of the nuclear origin of the solar power. While neutrinos provide a real time
picture of the solar core, it takes around 105 years for the photons to reach the solar photosphere, from
where they are free to escape. The comparison of the two luminosities then also proves that the Sun has
been in thermodynamic equilibrium over this timescale.

Electron neutrino survival probability The measured interaction rates of solar neutrinos can be used to
extract the electron neutrino survival probability at different energies. This can be done using already
discussed Equation 15, assuming standard neutrino interactions and, in this case, SSM fluxes. Figure 8
shows the extracted Pee as a function of the neutrino energy for each measured solar neutrino species. The
obtained neutrino survival probabilities are Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV)= 0.53 ±
0.05, Pee(pep, 1.44 MeV) = 0.43 ± 0.11, Pee(8BHER, 8.1 MeV) = 0.37 ± 0.08, Pee(8BHER�I , 7.4 MeV) = 0.39 ± 0.09,
and
Pee(8BHER�I I , 9.7 MeV)= 0.35 ± 0.09. For continuous neutrino spectra, i.e. for pp and 8B, the Pee is quoted
for the average energy of neutrinos that produce scattered electrons in the given energy range. The quoted
errors include the uncertainties on the SSM solar-neutrino flux predictions.

Borexino is the only experiment that can simultaneously test neutrino flavour conversion both in the
vacuum and in the matter-dominated regime, providing the most precise measurement of the Pee in the

28

vacuum dominated

matter dominated
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This good fortunate — the solar neutrino spectrum spanning the level crossing — then

was leveraged to determine the ordering of the mass eigenstates

|⌫ei ⇠ |m1i
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No Crossing

mass difference increased:  
oscillation length decreased
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Crossing

mass difference decreased:  
oscillation length increased



   One would think this kind of success would inspire continued investment in a 
     solar neutrino program and low-energy neutrino physics — but no

   Among the unanswered question are two that address fundamental assumptions
     of our theory of the sun and main-sequence stellar evolution

        — the SSM’s assumption of hydrostatic equilibrium: the  equivalence of the sun’s
             weak (neutrino) and E&M (photon) luminosities.   Theory (p+p fusion) has
             positioned us to test this equivalence at 1-2%, but experiment stands at 10%

        —  the SSM’s assumption of a uniform ZAMS star — now called into question
             by the solar metallicity problem and by direct observations of how planetary
             disks alter the composition of gas accreting onto young suns: CNO neutrinos

   But we dropped the ball on this low-energy neutrino program — even while the
     astrophysical theory we test is crucial to major new missions like Plato’s study
     of asteroseismology of main-sequence stars in the Milky Way 



Low-energy neutrinos #2:  Supernova neutrinos

  Goal is to understand the neutrino physics well enough that we can use the explosion
    characteristics, neutrino emission, and nucleosynthesis to constrain the explosion
    mechanism, and its underlying physics (e.g., the EoS)

  Colgate and White (1966) proposed the first hydrodynamically plausible mechanism for
    a Type-II supernova explosion, aided by an intense fluence of neutrinos.  Proposed
    that a “gale” of hot neutrinos would deposit sufficient energy and momentum in the 
    mantel to drive its ejection

  The discovery in 1973 of neutral currents radically changed the model: neutrinos 
    leak out, and are relatively cool because they decouple at low density (                    ) over
    a time (3 sec) much larger than the dynamical time of a prompt explosion

  Typical temperatures are 4-7 MeV, with                                              , with flavor
    differences in neutrino opacities yielding a weak hierarchy   
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   Neutrinos are the primary drivers of transport in the explosion: energy, entropy,
     lepton number.   Account for 99% of energy emitted

   They also set the initial conditions prior to the explosion, cooling the collapsing core and
     controlling its lepton fraction, influencing the rebound and shock wave generation
             — electrons convert to       via EC
             — neutrino opacities vary as       : the lowest energy neutrinos escape rapidly
             — inelastic down scattering refills the emptying states, driven by neutrino
                 reactions on electrons and nuclei, which together maximize loss of lepton number

   The result is a smaller core mass, and a weakened shock that stalls, after progressing
   only part way through the iron core, but boiling the Fe through which it passes to n/p

   The delayed mechanism:  neutrino heating of the nucleon soup left in the
   shock’s wake generates pressure, regenerating the shock wave, which moves outward

   Convection and a low mass progenitor increases the prospects of a successful explosion
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Demonstrating an understanding of SNe and their neutrinos is of broad importance


  While we have come to understand that the flavor
    physics of SNe is complex, there are “clean" 
    opportunities to do fundamental physics, given a
    nearby (galactic) SN neutrinos

  To get more value out of multi-messenger physics
    of gravitational waves, kilonovae, and associated
    forensics of nucleosynthesis, we need to 
    have confidence in our understanding of NS 
    mergers:  opportunities to observe these neutrinos
    will be extremely rare, but the similarities of these
    explosions to SNe make the latter a surrogate
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Fig. 8 Neutrino signal computed for the supernova explosion of a star of 27 M�, which gives birth
to a neutron star with 1.6 M�. The left panels correspond to the shock-breakout phase, the middle
panels to the post-bounce accretion phase including the transition to the proto-neutron star cooling
phase, which is given in the right panels. The upper panels display the neutrino luminosities (ne
black; n̄e: blue; one species of nµ,t : red; one species of n̄µ,t : magenta), and the lower panels
panels display the mean energies of the radiated neutrinos. In contrast to Fig. 7, the differences of
heavy-lepton neutrinos and antineutrinos associated with weak-magnetism corrections of neutrino-
nucleon scattering are shown. The slightly lower scattering opacity of n̄µ,t leads to slightly higher
luminosities and higher mean energies (by ⇠1 MeV) compared to those of nµ,t . The explosion sets
in at 0.5 s after core bounce, but accretion onto the proto-neutron star ends only at about 0.75 s,
which marks the onset of the cooling phase. (Figure courtesy of Robert Bollig)

4.2 Post-bounce Accretion

This phase follows when the ne luminosity declines from the maximum and levels
off into a plateau. Both ne and n̄e are produced in large numbers by charged-current
processes in the hot mantle of the proto-neutron star. The mass of this mantle grows
continuously, because it is fed by the accretion flow of the collapsing stellar matter
that falls through the stagnant shock and is heated by compression. The luminosities
of ne and n̄e are very similar during this phase with a slight number excess of ne
because of ongoing deleptonization. In contrast, the individual luminosities of nx are
considerably lower. These neutrinos originate mostly from the denser core region,
where the high densities and temperatures allow nucleon bremsstrahlung to generate
nxn̄x pairs.

de-leptonization        accretion             cooling
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SN Neutrinos

  high flux, modest fluency
    (1% of the neutrino emission)

  mean energy of about 12 MeV —
   readily detectable

  flavor purity quite good

  most important,  created outside
    the SN’s dynamical core — 
    what we know about neutrinos
    today is adequate to model this 
    source



   Neutrino-nucleus physics
          — we understand trapping: coherent scattering
          — heating, lepton number loss:  more complex, involving inelastic reactions,
               where allowed and first-forbidden responses make significant contributions
          
   Nucleosynthesis

          — charge-current reactions off nucleons control p/n chemistry:  resulting small
               neutron excesses and proliferation of seeds makes conditions for a robust
               r-process difficult to achieve — well understood
          — nucleosynthesis in the mantle:  largely driven by NC inelastic reactions that
               excite C, Ne, and other major isotopes above particle breakup
                    — includes the production of p, n that then react
                    — sensitive to     , oscillations in mantle, neutrino self interactions in core 

  Post processing: elements produced in the explosion are processed by the intense 
    neutrino flux: smooths productions by spalling
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   Almost all of this physics requires the calculation of inclusive responses
           — in the SM, Lanczos methods are of great power
           — recursive mapping of the full Hamiltonian      into effective Hamiltonians
                which have the same first               energy moments
           — allowed inclusive response functions can be evaluated by using as the 
                Lanczos pivot, e.g.,

           
          —  extraordinary numerical progress:  successful implementation on leadership
                class machines, can handle matrices of dimension       

          —  first-forbidden contributions often treated with less sophistication:  QRPA
                and related methods that make compromises in the degree of correlation,
                but can more readily be applied to momentum-dependent operators
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   The future of experiment is brighter than is currently the case for solar neutrinos

         — SuperK is now operating with Gd, results expected soon:  a primary motivation
              for neutron tagging to help isolate the relic supernova flux

         — HyperKamiokande and DUNE will be able to map out the supernova neutrino
              light curve to times on the order of 100s in a nearly background-free way:
              will follow the evolution of the core as it cools and radiates its lepton number

         — the large number of events could provide detailed angular distributions that
              could be disentangled to provide additional flavor physics information

         — advent of multi-messenger astrophysics and fast-slewing telescopes:  possibility
              of gaining more information on the progenitor, through observation of the
              shock breakout following neutrino detection
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So a modest step up in
             energy

   Potentially, connections to the laboratory — including electron scattering to test our
     theory and experiments with stopped pion neutrinos 



Low energy accelerator neutrinos:   We once had a significant program at LAMPF

   Produced the world’s then most intense muon and neutrino beams 

E225, led by Herb Chen, 1975-93:  
         —   probed the interference between neutral and charge-changing weak currents
 
         —   measured:                                               1+1  15.1 MeV

E645, E764, 1980-92:     oscillation experiments using p,         targets
                                                             appearance in               beams 

E31, 1975-1980:   charged current reactions
                                                  test of family number conservation

E1173, 1989-1999:  the LSND experiment                  appearance, …       
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<latexit sha1_base64="QY0cI7bXMLheCC/euQtje1VA9wM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXEiZkaIuC7pwWcE+oDMMmTTThiaZIckIZazgr7hxoYhbf8Odf2OmnYW2Hgice8693JsTJowq7TjfVmlpeWV1rbxe2djc2t6xd/faKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSjq9zv3BOpaCzu9DghPkcDQSOKkTZSYB94Ig08np4+eiGSmakmeRnYVafmTAEXiVuQKijQDOwvrx/jlBOhMUNK9Vwn0X6GpKaYkUnFSxVJEB6hAekZKhAnys+m90/gsVH6MIqleULDqfp7IkNcqTEPTSdHeqjmvVz8z+ulOrr0MyqSVBOBZ4uilEEdwzwM2KeSYM3GhiAsqbkV4iGSCGsTWcWE4M5/eZG0z2ruea1+W682ros4yuAQHIET4IIL0AA3oAlaAIMH8AxewZv1ZL1Y79bHrLVkFTP74A+szx+VyZZ9</latexit>

⌫µ, ⌫̄µ

<latexit sha1_base64="FymxjrslDcHsgeVx/ebwoDk1bfo=">AAAB/3icbZDLSsNAFIZP6q3WW1Rw4yZYBEEpiRR1WbALlxXsBZoQJtNJO3QyCTMTocQKvoobF4q49TXc+TZO2yy09YeBj/+cwznzBwmjUtn2t1FYWl5ZXSuulzY2t7Z3zN29loxTgUkTxywWnQBJwignTUUVI51EEBQFjLSD4fWk3r4nQtKY36lRQrwI9TkNKUZKW7554AZIZC5Pxz45Tc4eNWmo+2bZrthTWYvg5FCGXA3f/HJ7MU4jwhVmSMquYyfKy5BQFDMyLrmpJAnCQ9QnXY0cRUR62fT+sXWsnZ4VxkI/rqyp+3siQ5GUoyjQnRFSAzlfm5j/1bqpCq+8jPIkVYTj2aIwZZaKrUkYVo8KghUbaUBYUH2rhQdIIKx0ZCUdgjP/5UVonVeci0r1tlqu1fM4inAIR3ACDlxCDW6gAU3A8ADP8ApvxpPxYrwbH7PWgpHP7MMfGZ8/ljmV1Q==</latexit>

⌫̄e + p, ⌫e +D

<latexit sha1_base64="7K0ic6dueci35S0A825Q1KzAYic=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRS1GVBFy4r2Ac0JUymk3bozCTMQymhX+DGX3HjQhG3rt35N07bgNp64MLhnHu5954oZVRpz/tyCiura+sbxc3S1vbO7p67f9BSiZGYNHHCEtmJkCKMCtLUVDPSSSVBPGKkHY0up377jkhFE3GrxynpcTQQNKYYaSuFbiWIkMwCYSZhwA0MJB0MNZIyuYc/Dgndslf1ZoDLxM9JGeRohO5n0E+w4URozJBSXd9LdS9DUlPMyKQUGEVShEdoQLqWCsSJ6mWzdyawYpU+jBNpS2g4U39PZIgrNeaR7eRID9WiNxX/87pGxxe9jIrUaCLwfFFsGNQJnGYD+1QSrNnYEoQltbdCPEQSYW0TLNkQ/MWXl0nrtOqfVWs3tXL9Ko+jCI7AMTgBPjgHdXANGqAJMHgAT+AFvDqPzrPz5rzPWwtOPnMI/sD5+AZrXpz+</latexit>

⌫̄µ ! ⌫̄e



   Kate will tell us about the coherent scattering program now underway at the SNS

   In fact, the SNS beam structure is ideal for a more robust NP program
          — pions delivered in short bursts, 695 ns in width at 60 Hz

         — effective duty cycle for delivering         is 0.004%
                                      and for delivering                   is 0.02%

         — low effective backgrounds

         — timing: flavor separation, a tool for probing oscillations

         — SNS upgrade from 1.4 MW to 2.8 MW
          
   An opportunity to create a needed low-energy program in neutrino-nucleus physics             

<latexit sha1_base64="fxgBV3CkxNI1EgO/urIvsNuVx0Y="></latexit>

⇡+ ! µ+ + ⌫µ, ⌧ = 26 ns
<latexit sha1_base64="cy8KVbRXSrTS4G/dsdF44qMgLXg="></latexit>

µ+ ! e+ + ⌫̄µ + ⌫e, ⌧ = 2.2 µs
<latexit sha1_base64="nVEsA6kh3kggiBaXfF/fIFFUBqU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi6rIgiMsK9gFNCJPppB06MwnzEEvor7hxoYhbf8Sdf+OkzUJbDwwczrmXe+bEGaNKe963U1lb39jcqm7Xdnb39g/cw3pXpUZi0sEpS2U/RoowKkhHU81IP5ME8ZiRXjy5KfzeI5GKpuJBTzMScjQSNKEYaStFbj0QJgq4gQFHeix5rmaR2/Ca3hxwlfglaYAS7cj9CoYpNpwIjRlSauB7mQ5zJDXFjMxqgVEkQ3iCRmRgqUCcqDCfZ5/BU6sMYZJK+4SGc/X3Ro64UlMe28kioVr2CvE/b2B0ch3mVGRGE4EXhxLDoE5hUQQcUkmwZlNLEJbUZoV4jCTC2tZVsyX4y19eJd3zpn/ZvLi/aLRuyzqq4BicgDPggyvQAnegDToAgyfwDF7BmzNzXpx352MxWnHKnSPwB87nD2xelLg=</latexit>⌫µs

<latexit sha1_base64="D16CIvAlQ3Vz5r/8oCCZuTS+ckA=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJREirosCOKygr1AE8JkOm2HzkzCzEQoIb6DG1/FjQtF3Lpw59s4abOorT8M/HznHOacP4wZVdpxfqyl5ZXVtfXSRnlza3tn197bb6kokZg0ccQi2QmRIowK0tRUM9KJJUE8ZKQdjq7zevuBSEUjca/HMfE5GgjapxhpgwL71AuRTD2RZIHHE+hxpIeSpyo7g4+GBmQGBXbFqToTwUXjFqYCCjUC+9vrRTjhRGjMkFJd14m1nyKpKWYkK3uJIjHCIzQgXWMF4kT56eSoDB4b0oP9SJonNJzQ2YkUcaXGPDSd+YZqvpbD/2rdRPev/JSKONFE4OlH/YRBHcE8IdijkmDNxsYgLKnZFeIhkghrk2PZhODOn7xoWudV96Jau6tV6jdFHCVwCI7ACXDBJaiDW9AATYDBE3gBb+DderZerQ/rc9q6ZBUzB+CPrK9fCaWfeA==</latexit>

⌫̄µs, ⌫es



This was meant to provide high-level motivation for this workshop

I will conclude with the two contemporary neutrino NP problems we have worked on at 
Berkeley this past year
        — Baksan Experiment on Sterile Neutrinos
        — The axial response of the DUNE detector

BEST
   The Ga solar neutrino experiments SAGE and GALLEX/GNO each performed two

     neutrino source experiments to check overall efficiencies, and particularly the
     cross section for absorbing low-energy solar neutrinos
        — radiochemical detectors, like Cl                                                 
        — high sensitivity to the pp and 7Be neutrino sources 
        — provided an early indication of new physics:  minimum astronomical value
        — meticulous Ge tracer experiments performed in each run, to verify the high
             efficiency of Ge recovery

<latexit sha1_base64="awRrSm6V/LMdzxaIDBe0JY9FsPc=">AAACFHicbVBNS8NAEN3Ur1q/oh69BItQUUsixXosKOixgv2Api2b7bQu3WzC7kYoIT/Ci3/FiwdFvHrw5r9x0/ZgWx8MPN6bYWaeFzIqlW3/GJml5ZXVtex6bmNza3vH3N2ryyASBGokYIFoelgCoxxqiioGzVAA9j0GDW94lfqNRxCSBvxejUJo+3jAaZ8SrLTUNU86cdlJXB+rB+HHNzgpuDzqwil0zo5nLUi6Zt4u2mNYi8SZkjyaoto1v91eQCIfuCIMS9ly7FC1YywUJQySnBtJCDEZ4gG0NOXYB9mOx08l1pFWelY/ELq4ssbq34kY+1KOfE93pifKeS8V//NakepftmPKw0gBJ5NF/YhZKrDShKweFUAUG2mCiaD6Vos8YIGJ0jnmdAjO/MuLpH5edC6KpbtSvnI9jSOLDtAhKiAHlVEF3aIqqiGCntALekPvxrPxanwYn5PWjDGd2UczML5+AUiFnl4=</latexit>

71Ga(⌫e, e
�)71Ge



<latexit sha1_base64="CrXpulzEt2vizZ9k9VAVutoA9U0=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1pUUXOiygn1AG8tkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6Z48ecKe0431ZpbX1jc6u8XdnZ3ds/sA+P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ7e535lSqVgkHvUspl6IR4IFjGBtpIFtP6V1N+uHWI9lmN7RbGBXnZozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcwjqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZFzb2qXT5cVhs3RR1lOIFTOAcX6tCAe2hCCwhM4Rle4c1KrRfr3fpYjJasYucY/sD6/AGFepOX</latexit>

71Ge

<latexit sha1_base64="HVIGv0FgRqXiYAYlJhhHxzmIeCM=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1pUUXOiygn1AG8tkOmmHTiZhZlIoIX/ixoUibv0Td/6NkzYLbT0wcDjnXu6Z48ecKe0431ZpbX1jc6u8XdnZ3ds/sA+P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ7e535lSqVgkHvUspl6IR4IFjGBtpIFtP6V1N+uHWI9lmN7hbGBXnZozB1olbkGqUKA5sL/6w4gkIRWacKxUz3Vi7aVYakY4zSr9RNEYkwke0Z6hAodUeek8eYbOjDJEQSTNExrN1d8bKQ6VmoW+mcwjqmUvF//zeokOrr2UiTjRVJDFoSDhSEcorwENmaRE85khmEhmsiIyxhITbcqqmBLc5S+vkvZFzb2qXT5cVhs3RR1lOIFTOAcX6tCAe2hCCwhM4Rle4c1KrRfr3fpYjJasYucY/sD6/AF/ZpOT</latexit>

71Ga

<latexit sha1_base64="LL0M/wIKLFGKaFSmb+pi+2hkgR8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUXFVcOOygn1AO5ZMmmlDk8yQZJQy1O9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+o0iySd2YSU1/goWQhI9hY6d596glsRkqkY9qa9ssVt+rOgJaJl5MK5Gj0y1+9QUQSQaUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSiQXVfjpLPUUnVhmgMFL2SYNm6u+NFAutJyKwk1lGvehl4n9eNzHhpZ8yGSeGSjI/FCYcmQhlFaABU5QYPrEEE8VsVkRGWGFibFElW4K3+OVl0jqreufV2m2tUr/K6yjCERzDKXhwAXW4gQY0gYCCZ3iFN+fReXHenY/5aMHJdw7hD5zPH9Vykrg=</latexit>

0 keV

<latexit sha1_base64="XYRlfqecj/SxS/cyNnCiaU+wpGM=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8Eg2Bh2Y1ArCdhYRjAPyK5hdnKTDJl9MHNXDEsaf8XGQhFbP8POv3HyKDTxwMDhnHO5c48fS6HRtr+tzNLyyupadj23sbm1vZPf3avrKFEcajySkWr6TIMUIdRQoIRmrIAFvoSGP7ge+40HUFpE4R0OY/AC1gtFV3CGRmrnD1yER9Q4lJCeUTcyWVoa3Z+28wW7aE9AF4kzIwUyQ7Wd/3I7EU8CCJFLpnXLsWP0UqZQcAmjnJtoiBkfsB60DA1ZANpLJweM6LFROrQbKfNCpBP190TKAq2HgW+SAcO+nvfG4n9eK8HupZeKME4QQj5d1E0kxYiO26AdoYCjHBrCuBLmr5T3mWIcTWc5U4Izf/IiqZeKznmxfFsuVK5mdWTJITkiJ8QhF6RCbkiV1AgnI/JMXsmb9WS9WO/WxzSasWYz++QPrM8fO/mWKA==</latexit>

3
2

�

<latexit sha1_base64="NdfXvw5EqDEvNovOC5XtO2KG//U=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAINobdENRKAjaWEcwDsmuYndwkQ2YfzNwVw5LGX7GxUMTWz7Dzb5w8Ck08MHA451zu3BMkUmh0nG9raXlldW09t5Hf3Nre2bX39us6ThWHGo9lrJoB0yBFBDUUKKGZKGBhIKERDK7HfuMBlBZxdIfDBPyQ9SLRFZyhkdr2oYfwiBqHEjKXerHJ0tLo/qxtF5yiMwFdJO6MFMgM1bb95XVinoYQIZdM65brJOhnTKHgEkZ5L9WQMD5gPWgZGrEQtJ9NDhjRE6N0aDdW5kVIJ+rviYyFWg/DwCRDhn09743F/7xWit1LPxNRkiJEfLqom0qKMR23QTtCAUc5NIRxJcxfKe8zxTiazvKmBHf+5EVSLxXd82L5tlyoXM3qyJEjckxOiUsuSIXckCqpEU5G5Jm8kjfryXqx3q2PaXTJms0ckD+wPn8AONuWJg==</latexit>

1
2

�

<latexit sha1_base64="MZFyySWKfCa+qSqORaw6PWOhEZA=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8Eg2Bh2Q3xUErCxjGAekF3D7OQmGTL7YOauGJY0/oqNhSK2foadf+PkUWjigYHDOedy5x4/lkKjbX9bmaXlldW17HpuY3Nreye/u1fXUaI41HgkI9X0mQYpQqihQAnNWAELfAkNf3A99hsPoLSIwjscxuAFrBeKruAMjdTOH7gIj6hxKCE9o25ksrQ0uj9t5wt20Z6ALhJnRgpkhmo7/+V2Ip4EECKXTOuWY8fopUyh4BJGOTfREDM+YD1oGRqyALSXTg4Y0WOjdGg3UuaFSCfq74mUBVoPA98kA4Z9Pe+Nxf+8VoLdSy8VYZwghHy6qJtIihEdt0E7QgFHOTSEcSXMXynvM8U4ms5ypgRn/uRFUi8VnfNi+bZcqFzN6siSQ3JETohDLkiF3JAqqRFORuSZvJI368l6sd6tj2k0Y81m9skfWJ8/PxeWKg==</latexit>

5
2

�

<latexit sha1_base64="XYRlfqecj/SxS/cyNnCiaU+wpGM=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8Eg2Bh2Y1ArCdhYRjAPyK5hdnKTDJl9MHNXDEsaf8XGQhFbP8POv3HyKDTxwMDhnHO5c48fS6HRtr+tzNLyyupadj23sbm1vZPf3avrKFEcajySkWr6TIMUIdRQoIRmrIAFvoSGP7ge+40HUFpE4R0OY/AC1gtFV3CGRmrnD1yER9Q4lJCeUTcyWVoa3Z+28wW7aE9AF4kzIwUyQ7Wd/3I7EU8CCJFLpnXLsWP0UqZQcAmjnJtoiBkfsB60DA1ZANpLJweM6LFROrQbKfNCpBP190TKAq2HgW+SAcO+nvfG4n9eK8HupZeKME4QQj5d1E0kxYiO26AdoYCjHBrCuBLmr5T3mWIcTWc5U4Izf/IiqZeKznmxfFsuVK5mdWTJITkiJ8QhF6RCbkiV1AgnI/JMXsmb9WS9WO/WxzSasWYz++QPrM8fO/mWKA==</latexit>

3
2

�

<latexit sha1_base64="LL0M/wIKLFGKaFSmb+pi+2hkgR8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUXFVcOOygn1AO5ZMmmlDk8yQZJQy1O9w40IRt/6LO//GTDsLbT0QOJxzL/fkBDFn2rjut1NYWV1b3yhulra2d3b3yvsHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8XXmtx+o0iySd2YSU1/goWQhI9hY6d596glsRkqkY9qa9ssVt+rOgJaJl5MK5Gj0y1+9QUQSQaUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSiQXVfjpLPUUnVhmgMFL2SYNm6u+NFAutJyKwk1lGvehl4n9eNzHhpZ8yGSeGSjI/FCYcmQhlFaABU5QYPrEEE8VsVkRGWGFibFElW4K3+OVl0jqreufV2m2tUr/K6yjCERzDKXhwAXW4gQY0gYCCZ3iFN+fReXHenY/5aMHJdw7hD5zPH9Vykrg=</latexit>

0 keV

<latexit sha1_base64="KVcIR32SYMV7TveSEKhtPioEllQ=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWZErbgquHFZwT6gHUomvW1Dk8yQZAplqF/ixoUibv0Td/6NmXYW2nogcDjnXu7JCWPOtPG8b6ewtr6xuVXcLu3s7u0fuIdHTR0likKDRjxS7ZBo4ExCwzDDoR0rICLk0ArHd5nfmoDSLJKPZhpDIMhQsgGjxFip57p+9eqpK4gZKZGOoTnruWWv4s2BV4mfkzLKUe+5X91+RBMB0lBOtO74XmyClCjDKIdZqZtoiAkdkyF0LJVEgA7SefIZPrNKHw8iZZ80eK7+3kiJ0HoqQjuZZdTLXib+53USM7gJUibjxICki0ODhGMT4awG3GcKqOFTSwhVzGbFdEQUocaWVbIl+MtfXiXNi4p/Xbl8uCzXbvM6iugEnaJz5KMqqqF7VEcNRNEEPaNX9Oakzovz7nwsRgtOvnOM/sD5/AFCuJNq</latexit>

175 keV

<latexit sha1_base64="Mv7BJYrZhl6jB5zibpaQkDQQQkI=">AAAB+XicbVDLSgMxFM3UV62vUZdugkVwVWakPnBVcOOygn1AO5RMeqcNTTJDkimUoX6JGxeKuPVP3Pk3pu0stPVA4HDOvdyTEyacaeN5305hbX1jc6u4XdrZ3ds/cA+PmjpOFYUGjXms2iHRwJmEhmGGQztRQETIoRWO7mZ+awxKs1g+mkkCgSADySJGibFSz3UvPe+pK4gZKpGNoDntuWWv4s2BV4mfkzLKUe+5X91+TFMB0lBOtO74XmKCjCjDKIdpqZtqSAgdkQF0LJVEgA6yefIpPrNKH0exsk8aPFd/b2REaD0RoZ2cZdTL3kz8z+ukJroJMiaT1ICki0NRyrGJ8awG3GcKqOETSwhVzGbFdEgUocaWVbIl+MtfXiXNi4p/Vak+VMu127yOIjpBp+gc+ega1dA9qqMGomiMntErenMy58V5dz4WowUn3zlGf+B8/gA2MZNi</latexit>

500 keV

<latexit sha1_base64="/t92ZjjsRFSwvu/pCXqGobGToYU=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqLgqFMFlBfuA6VAyaaYNTSZDkhHK0M9w40IRt36NO//GTDsLbT0QOJxzLzn3hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SachbTtmGG016iKBYhp91w0sz97hNVmsn40UwTGgg8ilnECDZW8vsCm7ES2V1zNqjW3Lo7B1olXkFqUKA1qH71h5KkgsaGcKy177mJCTKsDCOczir9VNMEkwkeUd/SGAuqg2weeYbOrDJEkVT2xQbN1d8bGRZaT0VoJ/OIetnLxf88PzXRTZCxOEkNjcnioyjlyEiU34+GTFFi+NQSTBSzWREZY4WJsS1VbAne8smrpHNR967qlw+XtcZtUUcZTuAUzsGDa2jAPbSgDQQkPMMrvDnGeXHenY/FaMkpdo7hD5zPH2HqkU4=</latexit>

EC

<latexit sha1_base64="qrREf5+nR+QNwxp/Gg9QDmDfGGg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQQcOuBBVPAS8eI5gHbNYwO+lNhszOLDOzQljyGV48KOLVr/Hm3zh5HDSxoKGo6qa7K0w408Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKgoNKrlU7ZBo4ExAwzDDoZ0oIHHIoRUObyd+6wmUZlI8mFECQUz6gkWMEmMlv9wRaRfO4PH8tFssuRV3CrxMvDkpoTnq3eJXpydpGoMwlBOtfc9NTJARZRjlMC50Ug0JoUPSB99SQWLQQTY9eYxPrNLDkVS2hMFT9fdERmKtR3FoO2NiBnrRm4j/eX5qousgYyJJDQg6WxSlHBuJJ//jHlNADR9ZQqhi9lZMB0QRamxKBRuCt/jyMmleVLzLSvW+WqrdzOPIoyN0jMrIQ1eohu5QHTUQRRI9o1f05hjnxXl3PmatOWc+c4j+wPn8AeqlkFk=</latexit>

(⌫e, e
�)

<latexit sha1_base64="qrREf5+nR+QNwxp/Gg9QDmDfGGg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoMQQcOuBBVPAS8eI5gHbNYwO+lNhszOLDOzQljyGV48KOLVr/Hm3zh5HDSxoKGo6qa7K0w408Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKgoNKrlU7ZBo4ExAwzDDoZ0oIHHIoRUObyd+6wmUZlI8mFECQUz6gkWMEmMlv9wRaRfO4PH8tFssuRV3CrxMvDkpoTnq3eJXpydpGoMwlBOtfc9NTJARZRjlMC50Ug0JoUPSB99SQWLQQTY9eYxPrNLDkVS2hMFT9fdERmKtR3FoO2NiBnrRm4j/eX5qousgYyJJDQg6WxSlHBuJJ//jHlNADR9ZQqhi9lZMB0QRamxKBRuCt/jyMmleVLzLSvW+WqrdzOPIoyN0jMrIQ1eohu5QHTUQRRI9o1f05hjnxXl3PmatOWc+c4j+wPn8AeqlkFk=</latexit>

(⌫e, e
�)

<latexit sha1_base64="URfoMsP47hkz4sDpavXD4Oiix/w=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTiC1eFblxWsA9oY5lMJ+3QySTMTAol5E/cuFDErX/izr9x0mahrQcGDufcyz1z/JgzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+pJH7nSmVikXiUc9i6oV4JFjACNZGGtj2U3rlZv0Q67EM04bMBnbVqTlzoFXiFqQKBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86TZ+jMKEMURNI8odFc/b2R4lCpWeibyTyiWvZy8T+vl+jg1kuZiBNNBVkcChKOdITyGtCQSUo0nxmCiWQmKyJjLDHRpqyKKcFd/vIqaV/U3Ova5cNltX5X1FGGEziFc3DhBupwD01oAYEpPMMrvFmp9WK9Wx+L0ZJV7BzDH1ifP47Nk5o=</latexit>
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   Precisely known EC rate determines the pp neutrino cross section to 1%
   7Be neutrino absorption also occurs through two excited-state transitions
   Theory predicts these to be relatively weak, and thus uncertain
   Each collaboration performed two calibrations using intense (MCi) EC line neutrino
   sources chosen because they mimic the 7Be line neutrinos 
   Source intensities measured to 0.3% 



The calibration experiments gave rates lower than expected

which came to be known as the Ga anomaly, and is frequently cited as possible
evidence for oscillations into a 4th sterile neutrino state with 

BEST is a recently completed experiment to test this ansatz in a detector specially
designed to provide baseline information, using a low-energy 51Cr neutrino source of
unprecedented intensity, 3.4 MCi 
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No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.

Extract the g.s. transition strength from the precisely measured EC rate
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cross section. The contributions of these transitions
have generally been deduced from surrogate probes
of Gamow-Teller (GT) strength, forward-angle (p,n)
or (3He,t) scattering — despite long-established
concerns about the reliability of these probes when
applied to specific weak transitions [23, 24].

While one cannot attribute the Ga anomaly
entirely to nuclear physics, the central value
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ence the statistical significance of the BEST
result, its possible interpretation in terms of new
physics, and its consistency with other tests of
neutrino properties. The purpose of this letter
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contributions in light of new data testing the pro-
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and experimentally known weak rates. In 1), we
examine (or re-examine) several ⇡ 1% corrections
that can impact the proportionality between the
g.s. $ g.s. inverse reactions. In 2), our focus is on
defining a reasonable uncertainty for the excited
state contribution, based on a critical examination
of the reliability of such surrogate interactions as
probes of specific weak GT transitions.
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One would like to derive from the known electron
capture rate for 71Ge the strength of the ground-
state GT transition of the inverse neutrino reaction
cross section. In addition to the half life [19, 25],
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The various terms appearing above are as follows:

1. Q value: The neutrino energy E⌫,1s for electron
K capture. Neglecting a very small nuclear recoil
correction, it is given by the energy constraint

QEC = E⌫,1s + 10.37 keV

) E⌫,1s = 222.1 ± 0.1 keV

2. Branchings: The factor
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relates the total capture rate to the rate for cap-
ture of a single 1s electron, with the contributions

of L and M capture included through use of the
experimentally known branching ratios. This pro-
cedure requires the introduction of a rearrangement
(or overlap-exchange) correction ✏

1s
0

to account for
the imperfect overlap of the state created by an-
nihilating a 1s electron in the 71Ge atomic ground
state, with states appropriate for the Coulomb field
of 71Ga. That is, while the instantaneous annihila-
tion of the 1s electron in 71Ge will lead dominantly
to a virtual state that decays by emitting K-capture
Auger electrons and X-rays, atomic rearrangement
generates small contributions from L and M cap-



No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance
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systematic, whose value can influence the significance of the anomaly, though
not remove it.
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EC rate known experimentally to 0.3%:  a dozen high-precision experiments
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not remove it.
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ture of a single 1s electron, with the contributions

of L and M capture included through use of the
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to account for
the imperfect overlap of the state created by an-
nihilating a 1s electron in the 71Ge atomic ground
state, with states appropriate for the Coulomb field
of 71Ga. That is, while the instantaneous annihila-
tion of the 1s electron in 71Ge will lead dominantly
to a virtual state that decays by emitting K-capture
Auger electrons and X-rays, atomic rearrangement
generates small contributions from L and M cap-

Atomic 1s density averaged over the nucleus:  0.5% agreement among three relativistic HF calculations



No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.

Extract the g.s. transition strength from the precisely measured EC rate
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capture rate for 71Ge the strength of the ground-
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relates the total capture rate to the rate for cap-
ture of a single 1s electron, with the contributions

of L and M capture included through use of the
experimentally known branching ratios. This pro-
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(or overlap-exchange) correction ✏

1s
0

to account for
the imperfect overlap of the state created by an-
nihilating a 1s electron in the 71Ge atomic ground
state, with states appropriate for the Coulomb field
of 71Ga. That is, while the instantaneous annihila-
tion of the 1s electron in 71Ge will lead dominantly
to a virtual state that decays by emitting K-capture
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experimentally known branching ratio of L and M capture to K capture



No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.
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EC branching ratios to experimental K, L, M probabilities



No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.

Extract the g.s. transition strength from the precisely measured EC rate
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No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.

Extract the g.s. transition strength from the precisely measured EC rate
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the imperfect overlap of the state created by an-
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No sign of oscillations was found in the comparison of rates in the inner and outer
detector, but the anomaly persisted and in fact increased in significance

This is an example of a precision experiment where the cross section is a common
systematic, whose value can influence the significance of the anomaly, though
not remove it.

Extract the g.s. transition strength from the precisely measured EC rate
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A tedious business where at each step, all relevant information from experiment is
fed in, and experimental and theoretical errors are propagated.  The same steps are
needed in the           direction …

The excited-state contributions — which if set to 0 remove 6% of the 19% anomaly 
— can be extracted from (p,n) forward scattering data, but only if the usual 
relationship takes into account the tensor contribution expected due to long-range 
pion exchange

Correction important when          is weak and          is strong:  this relationship is
empirical and can be tested against EC transitions of known strength  
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takes on a form identical to Eq. (12)
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apart from the kinematic factor. The resulting for-
bidden correction ✏q is shown in Table I. The 2�

uncertainty reflects the di↵erences among the three
SM estimates of the orbital matrix element, as dis-
cussed previously.

4. Non-universal radiative correction: The ratio

[1 + gv,b](⌫,e)

[1 + gv,b]EC

accounts for the di↵erence between the radiative
corrections [48] for neutrino absorption and those
for electron capture (contained in B̃GT(gs)). While
in a given low-energy weak nuclear process the
radiative correction can be significant (few % [49]),
it is frequently assumed [36] that these correc-
tions a↵ect inverse reactions (e�

, ⌫e) and (⌫e, e
�)

similarly, and thus are implicitly included when
the (⌫e, e

�) nuclear transition matrix elements are
determined from known electron-capture rates.
Were this the case, the ratio above would be 1.
However, while this universality assumption holds
for charge-current reactions producing electrons/-
positrons only in the final or only in the initial
state, Kurylov et al. [49] have shown that it is
not preserved in the comparison between electron
capture and (⌫e, e

�).

Kurylov et al. [49] evaluated the one-nucleon
W�-loop and bremsstrahlung contributions to the
radiative corrections (Figs. 1a and 3 of [49]), finding
that the bremsstrahlung contribution breaks the
universality due to its dependence on the Q value.
While the calculation treats the electron in (e�

, ⌫e)
as a free state, the results evaluated for Ee ! me

should approximate those needed for the weakly
bound electrons of interest here. (The radiative
corrections describe short-range loops and radiation
associated with the strong Coulomb field near the
nucleus. The bound electron wave function varies
over atomic scales, not nuclear ones, providing
justification for this assumption. In [57], similar
issues are discussed in comparing muonium decay
with free muon decay.)

The results shown in the last column of Table I were
derived using Eqs. (4), (5), (51), and (52) of [49].
The di↵erence in the one-nucleon/bremsstrahlung

contributions to electron capture (implicitly ab-
sorbed into B̃GT (gs)) and neutrino reactions yields
a correction to the neutrino absorption cross section
of ⇡ 0.5%.

In addition to the e↵ects discussed above, there
are nucleus-dependent radiative corrections —
contributions involving more than one nucleon (Fig.
1b of [49]) as well as the nuclear Green’s function
corrections to terms treated in leading order as
one-nucleon contributions. Such corrections for the
axial current have not yet been estimated and thus
are not included here.

Cross sections: Combining all of the results above
yields

�gs =

⇢
(5.39 ± 0.08) ⇥ 10�45 cm2 51Cr
(6.45 ± 0.10) ⇥ 10�45 cm2 37Ar

(16)

at 95% C.L.

IV. EXCITED-STATE CONTRIBUTIONS

The excited-state contributions, which we will find
increase the total cross section by about 6%, can
also be extracted from experiment, specifically
from forward-angle (p,n) scattering. However, past
work has either failed to employ an appropriate
e↵ective interaction, or failed to propagate asso-
ciated experimental and theoretical uncertainties
– raising questions about the reliability of the
extracted GT strengths. In this section we describe
an improved extraction that yields both the needed
transition strengths and reasonable estimates of
their uncertainties.

The potential importance of excited-state con-
tributions was noted by Kuzmin [58], when he
proposed 71Ga as a solar neutrino detector in 1966.
In fact, one of the motivations for the 51Cr and
37Ar source experiments is that they populate the
same excited states – the 5/2� and 3/2� states
at 175 and 500 keV – that contribute to 7Be solar
neutrino capture (see Fig 1).

In his 1978 Ga cross section study, Bahcall
[59] used systematics to constrain the excited-state
contributions, identifying transitions in neighboring
nuclei that might be similar; that is, näıvely of
a 2p3/2 $ 1f5/2 character. Bahcall identified
nine 3/2� ! 5/2� transitions of known strength
with log(ft) values ranging from 5.9 to 7.5, and
consequently assigned log(ft)& 6 to the transition
to the 175 keV state in 71Ge. Similarly, he found
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BEST is puzzled by the result 

  Precisely understood neutrino source, cross section highly constrained by a known  
    EC rate

  Two decades of experimental experience with the same technique:  consistent  
    measurements of the pp flux by SAGE, GALLEX, and Borexino

  Tracer experiments using both hot and cold chemistry verifying Ge recovery at
    the 1-2% LEVEL

   But a result that requires a large mixing to a fourth neutrino, in conflict with some
     null sterile neutrino searches



Higher energies: CalLat result on gA(q2) 

  The DUNE detector response with need to be understood at the     5% level  

  Analysis franework is based on event generators that take as much input as      
possible from experiment, supplemented by theory

  Arguably the simplest nuclear input is gA(q2), which governs the single-nucleon 
axial contribution to the quasi-elastic response, which DUNE hopes to isolate

  CalLat’s lattice QCD calculation of gA(0) achieved a precision of 0.7%

  This work has now been extended to the form factor
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Figure 1: The quasielastic cross section for a muon neutrino interaction with a

free neutron, as a function of the neutrino energy E⌫ . The green band labeled “z
exp, D2 axial” is the most accurate description of the axial form factor obtained

from experimental constraints. The red band labeled “z exp, LQCD axial” is

obtained by replacing the axial form factor with its determination from LQCD

data, which results in a 30% enhancement of the cross section. The axial form

factor uncertainty from LQCD is smaller than the uncertainty obtained from

experiment by a factor of 2. This reduced uncertainty means that the further

improvement to the quasielastic cross section is limited by a tension in other

nucleon form factors, depicted by the di↵erence between the black and blue

bands, “z exp, vector” and “BBBA05”, respectively.

2 Future Goals

The research program I am engaged in ties into a ground-up self consistent

framework for understanding nuclear systems with first-principle inputs from

both free nucleons and pairs of nucleons. After quasielastic scattering, the next

vital ingredient for understanding free nucleon interactions with neutrinos in-

volves pion production mechanisms, with the nucleon to delta transition form

factors being an obvious target. The experimental situation for these interac-

tions is even more challenging than for quasielastic scattering and little input

is available from experiments. On the other hand, LQCD provides a unique

handle for probing pion production over a wide range of kinematics, and using

computational methods allows us to isolate the interesting interaction channels.

Once the controversy of deuteron binding has been resolved, results of LQCD

calculations may be used as additional constraints on nucleon scattering phase

shifts and short distance nucleon forces. I am interested in performing ad-

2
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   The LQCD axial response is 30% larger and better determined than experiment,
      calling into question the older bubble chamber data use by GENIE and others

   Program will be extended to resonance production, pion production



Conclusions: none — just looking forward to a week in which I can learn about
                                   the work being done by others


