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Introduc&on 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•  On the verge of a precision era in few‐body nuclear physics: 
–  Available methods for solving exactly the Schrödinger equa&on 
for few body systems, from their nucleonic degrees of freedom: 

•  No core shell model. 

•  Expansions in Hyperspherical Harmonics. 

–  High precision nuclear interac&on, phenomenological or χPT 
based: 

•  Spectra of light nuclei. 
•  Transi&ons and cross‐sec&ons. 

•  Will allow parameter free calcula&ons of nuclear wave func&ons 
and low‐energy reac&on rates, with sub‐percentage accuracy. 

•  How can we use this to gain understanding on interes&ng 
problems? 
April 3, 2009 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Labrador Retriever


Light Nuclei 

TRIUMF, October 2008 

Good Labs 



Outline 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•  Using χPT for calcula&ng low‐energy weak reac&ons. 
•  Applica&ons: 

–  Constraining the nuclear force using triton β‐decay and an inside 
look into correla9ons in the nucleus. 

–  β‐decay of 6He – a difference between standard nuclear physics 
approach and χPT approach. 

–  “Unexpected” success at higher energies: weak structure of the 
nucleon from µ‐capture on 3He. 

–  Predic9ve force: Neutrino reac9ons with light nuclei in 
Supernovae. 

•  Weak interac&on in Holographic QCD: easy access to the size 
of low‐energy constants.  

April 3, 2009 



χPT approach for low‐energy EW nuclear reacBons: 

Weak 
operator 

Chiral Lagrangian 

QCD 
Low energy 
EFT 

Nöther 
current 

Wave 
func&ons 

Nuclear Hamiltonian + 
Solu9on of Schrödinger 
equa9on 

Matrix Element 
(observable) 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Effec&ve Field Theory for low energy 
QCD 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•  We are aiming at energies which are relevant for 
nuclear phenomena – well below QCD breaking scale 
~ 1 GeV.  

•  The cons&tuent quarks are the up and down quarks. 
•  Their masses are small with respect to the QCD scale. 

•  QCD Lagrangian with only the up and down quarks of 
vanishing mass: 

  

€ 

LQCD
q = iq γ µDµq = iq Rγ

µDµqR + iq Lγ
µDµqL

q =
u
d
 

 
 
 

 
  ; qL,R ≡

1
2

1± γ 5( )q



Effec&ve Field Theory for low energy QCD 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Or 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•  Clearly, the QCD Lagrangian is invariant under: 

•  This is an approximate symmetry of the Lagrangian 
due to the mass term: 

–  This creates devia&ons of the order  

€ 

mu ± md

MN

€ 

SU 2( )R × SU 2( )L ≅ SU 2( )V × SU 2( )A



Effec&ve Field Theory for low energy QCD 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Conclusion: The chiral symmetry is spontaneously broken  

•  If this was a symmetry of the vacuum, there were 
approximate parity doublets in the QCD spectrum. 
However, 
– Nucleons of posi&ve parity: p( ½+,938.3), n( ½+,939.6), I= ½  
– Nucleons of nega&ve parity N( ½‐,1535), I= ½. 
– Mesons of Isospin 1: ρ(1‐,770) and a1(1+,1260) 

•  Masses are very different  No parity doublets in the 
spectrum. 

•  The Goldstone‐Nambu spin zero bosons are the pions: 
–  They are not massless due to the  
explicit symmetry breaking, though ‐ 



Transforma&on rules: 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•  Goldstone’s theorem states that                , belongs to the 
representa&on of SU(2)LxSU(2)R:                     . 

•  A nonlinear realiza&on of the symmetry (as                         ). 

•  The resul&ng transforma&on rules: 

•  Invariant terms: 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Effective field theory (EFT) for nuclear physics: 
Chiral perturbation theory (χPT) 

Doron Gazit - JLab Theory seminar 11 

€ 

SU 2( )L × SU 2( )R ≅ SU 2( )V × SU 2( )A → SU 2( )V



Weinberg’s Power Coun&ng Scheme 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•  Each Feynman diagram can be characterized by: 

•  Q~100 MeV is the relevant momentum of the 
process or pion masses in the diagram. 

•                     is the chiral symmetry breaking scale. 
•  Weinberg showed: 

•  In addi&on, expand in the nucleon’s mass (take 
Λχ~MN) Heavy Baryon χPT. 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Chiral PerturbaBon Theory 



The power coun&ng 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The Lagrangian we use 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2009  INT 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•  Pion Lagarngian:  

•  Nucleon‐Pion Lagrangian: 

•  Nucleon‐Nucleon contact terms.  
– Allowed, and also needed to remove divergences. 
–  Represent short range correla&ons. 



ab initio methods to solve the 
Schrödinger equation 

Hyperspherical Harmonics (EIHH) 

•  Correct long range 
behavior. 

•  Difficult to 
antisymmetrize. 

No Core Shell Model (NCSM) 

•  Incorrect long range 
behavior. 

•  Antisymmetrization – easier. 
•  Rather indifferent to local/

nonlocal forces. 

INT program - EFTs and MBP 15 

  Expanding the wave functions in a known basis to get an exact 
solution to the equation. 

  Using effective interaction approach to accelerate the 
convergence (mainly for A>3). 

Amax~7, reac&ons,  
Amax~15, spectra 

Barnea, Leidemann, Orlandini, Phys. Rev. C, 63 057002 (2001). 

Navra&l, Vary, Barrem, Phys. Rev. LeH., 84 5728 (2000). 
April 3, 2009 



Benchmark calculation of  a four body bound state 
with a realistic NN potential AV8’  

Method Eb [MeV] Matter radius [fm] 

FY 25.94(5) 1.485(3) 

CRCGV 25.90 1.482 

SVM 25.92 1.486 

HH 25.90(1) 1.483 

GFMC 25.93(3) 1.490(5) 

NCSM 25.80(20) 1.485 

EIHH 25.944(10) 1.486 

April 3, 2009 INT program - EFTs and MBP 16 Kamada et al, Phys. Rev. C 64, 044001 (2001)  



Calculation of  4He bound state with state of the art 
NN+NNN potentials AV18+UIX  

INT program - EFTs and MBP 17 April 3, 2009 

Eexp=28.296 MeV 

Eb [MeV]  Ma/er radius [fm] 

EIHH  [DG  et. al]  28.418  1.432 

FY [Nogga  et. al]  28.50 

HH [Viviani  et. al]  28.46  1.428 

GFMC [Wiringa  et. al]  28.34  1.43 



Photoabsorption on 4He 

• At low-energy: 
• Scattering constrained by 
current conservation (Siegert 
theorem). 
• Governed by the dipole operator. 

Doron Gazit 18 TRIUMF, October 2008 

DG, Bacca, Branea, Leidemann, Orlandini, Phys. Rev. Le/. 96, 112301 (2007)  



• Only contact terms 
cannot be calibrated in 
the pion or pion/
nucleon system. 
• The 2N terms are 
calibrated to reproduce 
phase shirs. 

Epelbaum et al, Nucl. Phys. A671, 295 
(2000). 
Machleidt, Entem, Phys. Rev. C 68, 
041001 (2003) 
Figure taken from Machleidt, arXiv:nucl‐
th/0503025. 

April 3, 2009  INT program ‐ EFTs and MBP 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Hierarchy of Nuclear Forces in χPT 



3 nucleon forces at N2LO 

April 3, 2009  INT 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€ 

cD

€ 

cE

New parameter 

Strategy : calibrate cD and cE from nuclear mamer observables,  
      and then predict other observables. 

New parameter 



A/empts to calibrate the contact parameters 

April 3, 2009  INT program ‐ EFTs and MBP  21 Navra&l et al, Phys. Rev. Le/. 99, 042501 (2007). 

Other amempts were 
to use 3 nucleon 
scamering lengths as 
a second observable. 

The problem is the 
cross‐correla&on of 
the different 
observables. 

Calibra&ng the contact parameters using weak observables?(!) 



Weak interac&on with the nucleus 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Nuclear 
current 

Lepton 
current 

Scamering operator  

SU(2) Currents in the nucleus 

INT program ‐ EFTs and MBP April 3, 2009 



Weak currents in the nucleus 
•  The standard model dictates only the structure of 

the currets: 
– Charged current 

– Neutral current: 
•  The current of polar (axial) vector symmetry is the 

Noether current of the QCD Lagrangian, with 
respect to SU(2)V [SU(2)A] symmetry. 

•  Includes: 
–  single nucleon currents. 
– Meson exchange currents.  

INT program - EFTs and MBP 23 April 3, 2009 



Weak Currents in the Nucleus from 
χPT 

April 3, 2009  INT program ‐ EFTs and MBP  24 

•  SU(2)LxSU(2)R is the gauging of the weak force.  
•  Weak currents are thus the Nother current of this 
symmetry. 

•  In χPT: 
–  Single nucleon currents come at leading order (and receive 
momentum dependent correc&ons at higher orders). 

– Meson exchange currents start at N2LO. 

T.‐S. Park et al, Phys. Rev. C 67, 055206 (2003); DG PhD thesis arXiv: 0807.0216 



Single Nucleon Currents 

25 

•  q dependence is due to pion loops. 
•  Second class currents vanish to this order! 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2009  INT 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Meson Exchange currents 

April 3, 2009  26 

•  Vector currents, protected by charge conserva&on (or CVC), do not 
include contact parameters, up to fourth order. 

•  Axial currents are more complicated, in configura&on space: 

Contact term 1 pion exchange 

INT program ‐ EFTs and MBP 



CONSTRAINING THE NUCLEAR 
FORCE USING 3H BETA‐DECAY  

INT program ‐ EFTs and MBP  27 

DG, S. Quaglioni, P. Navra&l, arxiv: 0812.4444. 

April 3, 2009 



Nuclear Matrix Elements 
•  A mul&pole decomposi&on of the currents is very helpful: 

•  Usually, the low energy and selec&on rules mean that only a 
small number of mul&poles contribute. 

28 INT program ‐ EFTs and MBP April 3, 2009 



β decay rate for q0 

INT program ‐ EFTs and MBP  29 

•  At the leading order: 

•  This is the origin of the commonly used name: 
experimental (empirical) Gamow‐Teller. 

•  For the triton β‐decay: 

Akulov, Mamyrin, Phys. Le/. B 610, 45 (2005) 
Simpson, Phys. Rev. C 35, 752 (1987) 
Schiavilla, Phys. Rev. C 58, 1263 (1998)  

April 3, 2009 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Calibra&on result 

INT program ‐ EFTs and MBP  30 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A predic[on of 4He 

INT program ‐ EFTs and MBP  31 April 3, 2009 



Not all is good yet… 

INT program ‐ EFTs and MBP  32 

•  What is the correct way to do a consistent calculaBon? 
•  Checked only with a specific χPT Force: 

–  No cutoff dependence. 
–  Well, we just talked about that for 2 weeks… 

•  What is the effect of the missing 3NF diagrams? 
•   p‐shell nuclei seem to suggest cD~‐1. 

–  Renormalizing effect of the missing 3NF? 
–  Numerical problems when calcula&ng p‐shell nuclei? 

•  There is s&ll uncertainty, due to poorly known LECs (c4): 
–  S&ll has to be checked consistently. 

•  … 
•  … 

April 3, 2009 



What can we learn about correlaBons in the wave funcBon? 

INT program ‐ EFTs and MBP  33 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MEC are essenBal for the calculaBon! 3NF are not essenBal! Contact interacBon is extremely important! 
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2009 



The apparent conclusion 

INT program ‐ EFTs and MBP  34 

•  For GT type of operators, the short range 
correla&ons in the wave func&ons are not 
important for the observable. 

•  Is this the origin of the success of EFT*: hybrid 
calcula&ons of weak reac&ons, using 
phenomenological forces in combina&on with χPT 
based currents?  
– One unknown parameter in MEC (dR) calibrated using 
the triton half‐life. 

April 3, 2009 



EFT* approach for low‐energy nuclear reacBons: 

Weak 
current 

Chiral Lagrangian 

QCD 
Low energy 
EFT 

Nöther 
current 

Wave 
func&ons 

€ 

Nuclear  Matrix
Element

Phenomenological 
Hamiltonian 

Solu9on of Schrödinger equa9on 

T.‐S. Park et al, Phys. Rev. C 67, 055206 (2003), M. Rho arXiv: nucl‐th/061003. 
35 INT program ‐ EFTs and MBP April 3, 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WHAT CAN WE LEARN FROM 6HE BETA‐
DECAY ABOUT THE SUPPRESSION OF GA 
IN NUCLEAR MATTER? SNPA VS. EFT 
BASED MEC? 
• Surveys of “empirical Gamow‐Teller” show that gA1, as A grows. 

• This has been related to: 
• Restora&on of axial symmetry. 

• Lack of correla&ons in the calcula&on. 
• Loop correc&ons from nucleonic excita&ons. 

• Something beyond the standard model? 

• Schiavilla and Wiringa showed that for 6He, the suppression is about 4%. 
The MEC actually increased the suppression!! 

• A real effect? 
• Problems in the weak current? 
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What does it mean gA1? 

•  Take the experimental 
value of the half life. 

•  Extract the empirical GT. 
•  Calculate GT via shell 

model (assumes LO, 
some&mes RC are added). 

•  The ra&o between GT(shell 
model) and GT(emp) is gA. 

•  Plot gA as a func&on of the 
nuclear mass A. 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Calcula&on Approach (1) 

•  I apologize, but we have to use a hybrid 
approach: 
–  JISP16 NN poten&al is used to calculate the 
ground states WF of 6He, 6Li, 3H, 3He. 

– EFT based MEC. 

•  Calculate the 3H decay rate, as a func&on of dR 
for various cutoff values. 

•  Calibrate dR(Λ) by fi}ng the half life of 3H to 
the experimental. 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Calcula&on Approach (2) 

•  Calculate 6‐body WF and GT. 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Calcula&on Approach (3) 

•  Add MEC at various cutoffs, and predict: 

•  Compare to experiment: 

•  Remark on the origin of difference. 

•  Hope for the best ;) 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Poten[al  1‐Body  Full 

AV18/UIX – VMC  2.250(7)  2.281(7) 

JISP16  2.225(2)  2.198(7) 

Experiment  2.161(4) 



Things to resolve 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•  Is there a qualita&ve difference between the 
SNPA based MEC and the EFT based MEC? 

•  Is this difference a result of the use of a too 
simplis&c NN poten&al (JISP16)? 

•  In any case, with this calcula&on the experimental 
6‐body half life is reproduced. 

€ 

gA
6He( )

gA n( )
= 0.983± 0.01



SNPA vs. χPT based MEC… 
•  SNPA based MEC have the following form: 

April 3, 2009  INT program ‐ EFTs and MBP  43 



Difference arise in the contact 
interac&on and calibra&on 

•  This term is N5LO. 
•  No operator in SNPA corresponds to the EFT 
contact interac&on. 

•  Calibra&on of MEC is done in the 3‐body level, 
by calibra&ng gπNΔ, which in EFT just 
contributes to c3. 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Different contribu&ons to the decay 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Conclusions 

•  The 6He beta decay was used as a test case for the weak 
currents. The calcula&on is essen&ally “without free 
parameters”. 

•  A reliable calcula&on of the WF, has been accomplished, 
using JISP16 poten&al. 

•  A qualita&ve difference was found between the MEC 
contribu&on in SNPA and in χPT, origina&ng in the contact 
interac&on. 
–  Would be interes&ng to see what would be the effect on heavier 

nuclei. 
•  Good agreement with experiment was found (1.7% 

difference compared with 5.4% in SNPA). 
•  A consistent calcula&on within χPT is the next step. 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EXTRACTING THE WEAK STRUCTURE OF 
THE NUCLEON FROM µ‐CAPTURE ON 
3HE 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The decay of a muonic 3He: compe99on 

•  The rates become comparable for Z~10. 
•  The Z4 law has devia&ons – mainly due to nuclear effects. 
•  In order to probe the weak structure of the nucleon, one 
has to keep the nuclear effects under control. 

e 
µ


€ 

ν e
€ 

νe

3He 
3He  p+2n 

€ 

τ µ
free = 2.197019(21) ×10−6 sec 3He(µ-,νµ) 3H 

70% 

3He(µ-,νµ) d+n 

20% 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10% 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Why don’t we stay in the single nucleon level? 

The MuCap collabora&on (PSI) 
measuring:  

€ 

Γ µ−p→ν µn( )1S
singlet

= 725.0 ±13.7stat ±10.7systHz

Expec&ng to achieve 1% accuracy.  

For the (exclusive) process 3He(µ-,νµ) 

3H 
an incredible measurement (±0.3%): 

MuCap, Phys. Rev. Le/. 99, 032002 (2007).  Ackerbauer et al, Phys. Le/. B417, 224 (1998). 

€ 

Γ µ−+3He→ν µ +t( )stat =1496 ± 4Hz

A parameter free, percentag
e level accuracy calc

ulaBon of the proce
ss is a 

great challenge to n
uclear physics – whi

ch is now possible!!
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Previous results 

•  Ab-initio calculations, based on 
phenomenological MEC or Δ: 
– Congleton and Truhlik [PRC, 53, 956 (1996)]: 

1502±32 Hz. 
– Marcucci et. al. [PRC, 66, 054003(2002)]: 

1484±4 Hz.  
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Radiative corrections to the process 

•  Muon capture has prominent radiative 
corrections.  

•  Czarnecki, Marciano, Sirlin PRL 99, 032003 
(2007), showed that radiative corrections 
increase the cross section by 3.0±0.4%. 

•  This ruins the good agreement of the old 
calculations. 

•  But… 



Calcula&on: 
•  We take the phenomenological AV18 (NN) and 
UIX (NNN) nuclear forces.  

€ 

Γ =
2G2Vud

2Eν
2

2J 3 He +1
1− Eν

M 3 H

 

 
  

 

 
  ψ1s

av 2
ΓN

 
 
 

  

 
 
 

  
1+ RC( )

Γ =1499(2)Λ (3)NM (5)t (6)RC =1499 ±16  Hz

€ 

ΓEXP =1496± 4Hz
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CONSTRAINTS ON THE WEAK 
STRUCTURE OF THE NUCLEON 
FROM MUON CAPTURE ON 3HE 
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Induced pseudo‐scalar: 

•  From χPT [Bernard, Kaiser, Meissner, PRD 50, 
6899 (1994); Kaiser PRC 67, 027002 (2003)]: 

•  From muon capture on proton [Czarnecki, 
Marciano, Sirlin, PRL 99, 032003 (2007); V. A. 
Andreev et. al., PRL 99, 032004(2007)]:  

•  This work:  

€ 

gP −0.954mµ
2( ) = 7.99(0.20)

€ 

gP −0.88mµ
2( ) = 7.3(1.2)

€ 

gP −0.954mµ
2( ) = 8.13(0.6)
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€ 

gP q
2( ) =

2mµgπpn fπ
mπ
2 − qµ

2 −
1
3
gAmµMN rA

2 = 7.99(20)



Induced Tensor: 

•  From QCD sum rules:  
•  Experimentally [Wilkinson, Nucl. Instr. Phys. 
Res. A 455, 656 (2000)]: 

•  This work:  

€ 

gt
gA

= −0.0152(53)

€ 

gt
gA

< 0.36  at  90%

€ 

gt
gA

= −0.1(0.68)
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δJ µA =
igt
2MN

σ µνγ5qν



Induced scalar (limits CVC): 

•  “Experimentally” [Severijns et. al., RMP 78, 
991 (2006)]: 

•  This work:  
€ 

gS = 0.01± 0.27

€ 

gS = −0.005 ± 0.04
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WEAK INTERACTING HOLOGRAPHIC 
QCD 

Using string theory to calculate and constrain low‐energy weak reac9ons 
in the real world. 

DG, Ho‐Ung Yee, Phys. Lem. B 670, 154 (2008). 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Large N QCD has a dual classical theory in 5‐D?!  

•  Large N factoriza&on of gauge invariant theories: 

–  Implies a classical theory for gauge invariant operators 
(AKA master fields).  

•  RG running survives the large N limit, thus the master 
field is a func&on of the energy scale: 

–  The RG equa&ons constrain flow in this scale 
•  Holographic QCD is a gravita&onal theory of gauge 
invariant fields in 5 dimensions. 
–  5th dimension corresponds roughly to the energy scale. 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Things that we know 

AdS/CFT Duality proposal 
N=4 Super Yang‐Mills theory in (3+1)D for 

Nc∞, gYM0 and fixed but large  

is equivalent to 

Type IIB Supergravity in AdS5×S5 with size λ¼ 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€ 

λ = gYM
2 NC



We thus expect the dual theory of 
QCD… 

•  In the UV regime: highly nonlocal, corresponding 
to asympto&c freedom. 

•  In the IR regime: local, corresponding to the 
strongly correlated QCD. 

•  Thus, current models of Holographic QCD model 
the gravita&onal dual as a local theory. 

•  Proper&es of exis&ng models of Holographic 
QCD: 
–  Chiral symmetry. 
–  Confinement. 
–  Explain experimental observables to 20%. 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Low‐energy Weak interac&on 

61 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How to perturb the QCD Lagrangian? 

Gauge 

•  Perturba&on to the 
Lagrangian. 

•  Single trace operator O. 

•  A Lagrangian 
pertutba&on: 

Gravity 

•  Deforming boundary 
condi&ons of field near UV 
boundary. 

•  A 5D field, such that: 

•  Boundary condi&ons: 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φO xµ,z( ) ~
z→∞

c1 x
µ( )z−Δ − + c2 x

µ( )z−Δ +

    

€ 

ΔL = d4xf x( )O x( )∫

  

€ 

c1 x( ) = f x( )
c2 x( ) = O x( )



For a general func&onal perturba&on of a 
single trace operator 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ΔL = d4xF O x( )[ ]∫
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c1 x( ) =
δF O[ ]
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O →c2 x( )
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IMPLEMENTATION 

The idea is general enough to implement in any Holographic Model.  
We demonstrated on two models: 

Top – Down Model: Sakai‐Sugimoto Model 

Bodom – Up Model: Hard/Sor Wall Model. 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How to calculate different reac&ons? 
•  Write equa&on of mo&on for the global gauge field (i.e. 
the U(NF) current). 

•  Solve it with the prescribed boundary condi&ons. 
•  If you’d like pions to be involved, do it by gauge fixing 
Az. 

•  For reac&ons that include nucleons, choose a model for 
baryons, and calculate baryon‐pion coupling from the 
kine&c term, and from magne&c type of couplings: 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⋅
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Neutron b‐decay 

Sakai‐Sugimoto 

•  With: 

Hard/Sod wall model 

•  With: 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gA =1.3
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Parity non‐conserving pion‐nucleon 
coupling 

•  First example without an external source. 
•  We are interested in parity viola&ng couplings of 
mesons to the nucleons. 

•  To this end, we consider only charged pion‐
nucleon coupling. 

•  In both models, the result in the zero q limit is 
iden&cal to the current algebra result: 

•  S&ll, a lot to be done! 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LN−π
weak = −2GF fπ p γ µn( ) ∂µπ

+( )



Summary 

•  This is a prescrip&on to include weak interac&ons in 
the framework of holographic QCD. 

•  Applicable up to energies of a few GeV, when strong 
coupling is s&ll valid. 

•  We have shown its strength by using Sakai‐Sugimoto 
and Hard/Sor wall models to calculate few exemplar 
reac&ons. 

•  The current approach, contrary to other approaches 
(such as χPT), gives not only the operator structure, 
but the numerical coefficients, to about 20%, and valid 
for energies above the chiral limit. 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Final Remarks 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•  Weak reac&ons with light nuclei: 
–  Can be used to study the basic symmetries of QCD. 
–  Provide a hatch to the proper&es of heavier nuclei. 

•  Parameter free calcula&ons, which will be done within 
χPT, would be able to constrain these observables. 
–  For that, a microscopic calcula&on of LECs is needed. 

•  χPT, even at the current “phenomenological” level, 
can teach us a lot about the character of correla&ons 
in nuclei: 
– Different observables might depend differently on the short 
range physics. 

–  Structure of weak MEC, from a more basic approach than a 
meson model. 


