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Classification of Weak Interactions

Interaction Charged Neutral Charged+Neutral
Leptonic

(1) µ→ eνν (2×10−5) (4) νµe → νµe (7) νee → νee (10%)
(2) νµe → µνe (5) ν̄µe → ν̄µe (8) ν̄ee → ν̄ee
(3) τ→ lνν (6) e+e−→ l+l− (9) e+e−→ νeν̄e

Semileptonic
Meson (10) π+ → µν, eν (2×10−4)

K + → µν, eν

F+ → τ+ν

(11) π+ → π0eν

(12) K + → π0lν
K 0

L → π±lν

(13) D →

 π

K
K ∗

 lν

Baryon (14) µ−B → B′ν (17) νN → νN, νNπ, νX
(15) B → B′lν (18) ν̄e +D → n +p + ν̄e

(16) νB → B′l (19) eN → eN, eX (10%)
Hadronic
Meson (20) K → ππ (1×10−3)

(21) K → 3π (8×10−3)
(22) D → KK , K π, K 2π, K 3π

(23) B0,±→ Dπ, DK
Baryon (24) Λ→ Nπ (26) NN → NN (10%)

Σ→ Nπ

Ξ→ Nπ

(25) Λ−c → pK−π+

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Fact

Strong (and EM, too) interaction is omnipresent!

Experimentally:

The signal-to-noise ratio S/N ∼ g2
w

M2
W

/
g2

s
m2

π

∼ GF m2
π ≈ 10−7

A~p+p
L (45MeV) = (−1.57±0.23)×10−7

A~p+α

L (46MeV) = (−3.34±0.93)×10−7

P
18F
γ (1081keV) = (12±38)×10−5

A
19F
γ (110keV) = (−7.4±1.9)×10−5

A~n+137La
L (0.734eV) = (9.8±0.3)×10−2

A
180Hf
γ (501keV) = (−1.66±0.18)×10−2

Theoretically:

The non-perturbative QCD at low energies Go

The difficult nuclear many-body problems Go

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Fundamental Weak Current in Flavor SU(3)

JW = cosθC ū γµ (1− γ5)d + sinθC ū γµ (1− γ5)s

JZ = ū γµ (1− γ5)u− d̄ γµ (1− γ5)d− s̄ γµ (1− γ5)s

Fundamental ∆S = 0 q–q Interaction in Flavor SU(3)

GF√
2

[cos2
θC J I=1†

W J I=1
W + sin2

θC J I=1/2†
W J I=1/2

W + J I=0,1†
Z J I=0,1

Z ]+H.c.

1 ∆I = 0: from J1†
W J1

W , J I0†
Z J0

Z and J I1†
Z J1

Z

2 ∆I = 1: from J1/2†
W J1/2

W , J I0†
Z J1

Z and J I1†
Z J0

Z

3 ∆I = 2: from J1†
W J1

W and J I1†
Z J1

Z

Charged ∆I = 1 is suppress by sin2 θ∼ 1/25, therefore ∆I = 1 is dominated
by NC (may not be the case for dressed quarks)

Cheng-Pang Liu Hadronic Weak Interaction Theory
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The Importance of ∆S = 0 Hadronic Weak Interaction

The only viable venue to observe the hadronic neutral current effect:
FCNC is GIM suppressed Go

Provide other touchstones for strong dynamics:
How the strong interaction modify the above interaction? Go

Complementary to the ∆S = 1 sector:
Any similar thing to the ∆I = 1/2 rule? Go

Cheng-Pang Liu Hadronic Weak Interaction Theory
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The Search Program

1 Experiments: O1...N

Find nuclear PV observables, such as AL(~x ,x), φspin(~x ,~x ′), Pγ(X ,~γ), Aγ(~X ,γ),
or P-odd nuclear moments, such as anapole (measured in atomic PV) Go

2 Nuclear Theory: O1...N = O1...N(C1...M)→C1...M = C1...M(O1...N)

Identify the parameters (model-dep. or model-indep.) which determine the
P-odd N N interaction
Need good nuclear structure and reaction calculations (few- and many-body) to
interpret the experimental data

3 Hadronic Theory: C1...M = C1...M(GF )

Link the nuclear parameters to the fundamental P-odd q–q interaction
Need good non-perturbative calculations (quark model, QCD sum rules, lattice
QCD) to get theoretical predictions

If Ci...M(O1...N)|phenomenology
∼= Ci...M(GF )|theory

Consistency is reached and the SM gains further success in ∆S = 0 sector!

Cheng-Pang Liu Hadronic Weak Interaction Theory
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S-P Amplitudes: 〈P|H/P|S〉 (1st-order Born Approx.)

Basic idea: At low energies, only S-wave and its P-wave admixture
substantially contribute to observables (Danilov 65, 71), and there are 5
independent ones:

Transition I ↔ I′ ∆I n-n n-p p-p Amp. E → 0
3S1 ↔1 P1 0↔ 0 0

√
u λt

1S0 ↔3 P0 1↔ 1
0

√ √ √
v0 λ0

s
1

√ √
v1 λ1

s
2

√ √ √
v2 λ2

s
3S1 ↔3 P1 0↔ 1 1

√
w ρt

Note: The energy dependence is determined by strong phase shifts

Generalization: Approximate finite nuclei as nuclear matter, and
applying the Bethe-Goldstone eqn. to obtain an effective PV interaction
for many-body problems (Desplanques and Missimer 78, 80)

Cheng-Pang Liu Hadronic Weak Interaction Theory
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General Structure of S-P Amplitudes

fpp,nn(~Q,~q) ∝ vpp,nn [Rv
pp,nn~σ− ·~Q +~σ× ·~q]

fnp(~Q,~q) ∝ vnp [Rv
np~σ− ·~Q +~σ× ·~q]+u [Ru~σ− ·~Q−~σ× ·~q]+w [Rw~σ+ ·~Q−Pτ

12~σ+ ·~q]

The building blocks:

Isospin: 1,~τ1 ·~τ2, τz
+ = (τz

1 + τz
2)/2, τz

− = (τz
1− τz

2)/2, τz
× = i (~τ1×~τ2)

z , and
τzz = (3τz

1 τz
2−~τ1 ·~τ2)/2

√
6

Spin: ~σ+ =~σ1 +~σ2,~σ− =~σ1−~σ2,~σ× = i (~σ1×~σ2)
Spatial: ~p1,2 and~p′1,2

The symmetry considerations:

Pseudoscalar: ~σ ·~k form (Hermitian, PV, ignore higher order in k )
Permutation symmetry: f (1,2) = f (2,1)
Translational invariance: out of three independent momenta from~p1,2 and~p′1,2, only

~q ≡~p′1−~p1 =~p2−~p′2 and ~Q = (~p′1 +~p1−~p′2−~p2)/2 are allowed
Time-reversal invariance: ~q →~q, ~Q →−~Q; 〈~σ+,×〉 → 〈~σ+,×〉, 〈~σ−〉 → −〈~σ−〉

Note

5 amplitudes, each one has 2 independent structures (5×2 = 10)

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Meson Exchange Picture

Building blocks: nucleon, mesons (pseudo-scalar and vector), and
their couplings

Basic assumption: the /P physics, which is short-ranged, is buried
inside the /P meson-nucleon couplings

Low-Energy: light mesons with mx < 1 GeV

Barton’s Thm.: CP conservation excludes scalar coupling to neutral
pseudoscalar mesons (C-even P-odd)

OME with π±, ρ, and ω

� �� �� �� �

N

N

N

N

π, ρ, ω

2mN ×H/P based on OME

gπ h1
π/(2

√
2)τ

z
×~σ+ ·~yπ−(~r)

−gρ (h0
ρ
~τ1 ·~τ2 +h1

ρ τ
z
+ +h2

ρτ
zz)(~σ− ·~yρ+ +µρ~σ× ·~yρ−)

−gω (h0
ω 1+h1

ω τ
z
+)(~σ− ·~yρ+ +µω~σ× ·~yρ−)

− (gω h1
ω−gρ h1

ρ)τ
z
−~σ+ ·~yρ+−gρ h

′1
ρ

~σ+ ·~yρ−

with~yx±(~r)≡ [~p1−~p2 , e−mx r /(4π r)]±

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Predictions for /P Meson-Nucleon Couplings

×107 DDH Range Best DZ FCDH KM
h1

π 0.0↔+11.4 4.6 1.1 2.7 0.2
h0

ρ -30.8↔+11.4 -11.4 -8.4 -3.8 -3.7
h1

ρ -0.4↔+00.0 -0.2 0.4 -0.4 -0.1
h2

ρ -11.0↔+07.6 -9.5 -6.8 -6.8 -3.3
h0

ω -10.3↔+05.7 -1.9 -3.8 -4.9 -6.2
h1

ω -1.9↔+10.8 -1.1 -2.3 -2.3 -1.0
h
′1
ρ 0.0 -2.2

M

B B’

M

B B’

B B’

M

(b) Quark Model

(c) Sum Rule

(a) Factorization

Calculations by DDH, DZ, FCDH are based on quark models, KM used the
chiral soliton model
h
′1
ρ term is usually ignored, so leaving 6 /P couplings to be checked by exps.

QCD sum rule calculations of h1
π give 3×10−7 (HHK 98, formerly 2×10−8)

and 3.4×10−7 (Lobov 02)
Lattice QCD calculations of h1

π (should be similar to gπ but with a shorter
range) are proposed (e.g. Beane and Savage: matching PQQCD to
PQChPT)

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Two Major Puzzles

Is h1
π small?

-2 0 2 4 6 8 10 12 14

f - 0.12 h
1

- 0.18 h
1

-5

0

5

10

15

20

25

30

-(
h

0
+

0.
7

h
0 )

pp

p

133
Cs

19
F

205
Tl

18
F

The 18F is performed by five different
groups, the theoretical calculation
(Haxton 85) is thought to be reliable(?)

Is hω ≡ h0
ω +h1

ω positive?

~p p scattering @ 13.6, 45, and 221 MeV
where AL depends on a linear
combination of hρ and hω (Carlson et
al. 02)

Cheng-Pang Liu Hadronic Weak Interaction Theory



Introduction S–P Amps. Meson Exchange EFT Outlook and Summary EFT Formulation Analysis

Outline
1 Introduction

The Standard Model
Why Difficult?
Why Important?
The Search Program

2 S–P Amps.
S-P Amplitudes
General Structure of S–P Amplitudes

3 Meson Exchange
Meson-Exchange Model
PV Meson-Nucleon Couplings
Current Status

4 EFT
EFT Formulation
Analysis

5 Outlook and Summary
Outlook
Summary
Further Reading

Cheng-Pang Liu Hadronic Weak Interaction Theory



Introduction S–P Amps. Meson Exchange EFT Outlook and Summary EFT Formulation Analysis

H/P in EFT

In parallel to the success in the PC sector, the ChPT is extended to the PV
sector at O(Q) (Zhu et al. 04)
The benefits over or cure to the meson-exchange version include:

1 It’s model-independent
2 It’s completely general and exhibits the underlying symmetries
3 It has a systematic expansion scheme (power counting) and improvable

Basic ingredients:

Chiral symmetry: SU(2)L×SU(2)R (massless quarks)

SSB: SU(2)L×SU(2)R → SU(2)V (eight massless Goldstone bosons:
π, K , and η)

Scales: ΛχSB ∼mN ∼mρ ∼ 1GeV, mπ ∼ fπ ∼ 100MeV, so expansions
in terms of Q/ΛχSB and mπ/mN converges well

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Two Versions

The proposed form has two versions:

Pionless: pions are integrated out, i.e. only (b)
Good for low energies, interaction is short-ranged
Has 10 LECs

Pionful: pions are dynamical
OPE provides some long-ranged interaction, (b)+(c)+(d)+...
Introduces additional 3 couplings

Cheng-Pang Liu Hadronic Weak Interaction Theory
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H/P in Pionless EFT

V PV
/π = V PV

1,SR = 2/Λ3
χ

×
{[

C1 +(C2 +C4)τ
z
+ +C3~τ1 ·~τ2 +C5 τ

zz]~σ− ·~ym+

+
[
C̃1 +(C̃2 + C̃4)τ

z
+ + C̃3~τ1 ·~τ2 + C̃5 τ

zz
]
~σ× ·~ym−

+ (C2−C4)τ
z
−~σ+ ·~ym+ + C̃6 τ

z
×~σ+ ·~ym−

}
Overall, there are 10 LECs (too many!)

In ZRA, 〈~ym+〉= 〈~ym−〉, the 10 LECs can be effectively reduced into 5
If 〈~ym+〉/〈~ym−〉 ≡ R(E)≈ R, the 10-to-5 reduction can still be valid

When m → ∞,~ym±→ [~p1−~p2 , δ(r)/r2]± : the contact form

For calculations using realistic w.fs., δ(r) is softened (hybrid EFT, EFT∗)
Taking m = mρ and C̃1,2/3,4,5/C1,2/3,4,5 = µω/ρ,

V PV
1,SR ≡ V OME

ρ+ω , both have 6 independent parameters

Cheng-Pang Liu Hadronic Weak Interaction Theory
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H/P in Pionful EFT

V PV
π−ful = V PV

−1,LR +V PV
1,LR +V PV

1,MR +V PV
1,SR

V PV
−1,LR: the normal OPE one, depends on h1

π

V PV
1,LR: from vertex corrections in both PC and PV parts with one new

coupling k1a
π

1 Go

V PV
1,MR: from TPE, depends on h1

π, has non-analytic lnq/mπ terms Go

V PV
1,SR: similar structure to the pionless version, but LECs bear different

meaning Go

V PV
π−ful depends on the regularization scheme which shuffles some

pion-exchange contributions into V PV
1,SR.

Most MECs are constrained by gauging the potential, with a transverse
piece depending one a new coupling constant c̄π

2 Go

1Redundant (Liu and Ramsey-Musolf)
2Suppressed by k/mN (Liu)

Cheng-Pang Liu Hadronic Weak Interaction Theory



Introduction S–P Amps. Meson Exchange EFT Outlook and Summary EFT Formulation Analysis

Outline
1 Introduction

The Standard Model
Why Difficult?
Why Important?
The Search Program

2 S–P Amps.
S-P Amplitudes
General Structure of S–P Amplitudes

3 Meson Exchange
Meson-Exchange Model
PV Meson-Nucleon Couplings
Current Status

4 EFT
EFT Formulation
Analysis

5 Outlook and Summary
Outlook
Summary
Further Reading

Cheng-Pang Liu Hadronic Weak Interaction Theory



Introduction S–P Amps. Meson Exchange EFT Outlook and Summary EFT Formulation Analysis

Reduction of 10-to-5 LECs

Fact

The condition 〈~ym+〉/〈~ym−〉 ≡ R(E)≈ R has to be satisfied.

The results are (PRELIMINARY!):

For all v ’s and w , the constancy is excellent

For u, if constrained to ELab . 40MeV, the variation is about 10%
(acceptable)

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Limit of 10-to-5 Reduction

Fact

At low energies, S-P amplitudes dominate which makes the reduction valid.
But when D-P and F-P ones come into play, this will no longer be the case.

The results are (PRELIMINARY!):

For v ’s, the 10% correction enters at ELab ≈ 90MeV for n p and n n,
and even higher for p p (Coulomb barrier)
The 10% correction enters at ELab ≈ 40, 60MeV for u and w
respectively

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Does Pionless EFT Really Make Sense?

Fact

It depends on whether pion contributions have roughly similar
energy-dependence to the short-ranged interaction

The results are (PRELIMINARY!):

Conclusion

While TPE tracks with the SR interaction very well, OPE does not.

The OPE part has to be singled out independently.

Overall, six parameters are needed for low energies.

As long as S-P amps. dominate, EFT
.
=OME?

Cheng-Pang Liu Hadronic Weak Interaction Theory
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Few-body PV Observables

Goal

Have at least 6 low-energy measurements which are linearly-independent
enough, and apply the analysis in the EFT framework

Observables Theory (PRELIMINARY!) F Experiment (×107)

A~pp
L (13.6MeV) −2.48 λ̄

pp
s −0.93±0.21

A~pp
L (45MeV) −4.48 λ̄

pp
s −1.57±0.23

d
d z φ

~np
n (th.) 1.44 λ̄

np
s +0.08 λ̄t +0.36 ρ̄t +0.57C1π SNS

Pnp
γ (th.) −0.93 λ̄

np
s −0.98 λ̄t (1.8±1.8), SNS?

A
~γd
L (1.32keV) Same as above HIGS? IASA? Spring-8?

A~np
γ (th.) ∗∗∗ −0.29 ρ̄t −0.57C1π LANSCE, SNS

A~nd
γ (th.) To be improved (0.6±2.1), SNS?

A~pα

L (46MeV) To be improved −3.3±0.9
d

d z φ
~nα
n (th.) To be improved (8±14), NIST, SNS

*** Will be a unique determination of h1
π!?

F All LECs are not in usual convention!
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In Conclusion:

The strangeness-conserving hadronic weak interaction is the last piece
of the jigsaw for a complete test of the standard electroweak theory; at
the same time, it provides another window for examining strong
interaction dynamics which is complementary to purely PC observables
or its strangeness-non-conserving counterpart.

An EFT formulation of PV nucleon-nucleon interaction anticipates six
independent parameters for the low-energy processes in which S-P
amplitudes dominate the observables.

Theory and experiment of nuclear few-body physics are mature enough
to make new progress, and one will see if a more consistent picture will
result from these efforts.
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For More Details and References:
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Haxton and E.M. Henley), World Scientific, Singapore (1995), pp. 17–66.

B. Desplanques
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Generic Parity-Violating Observables

Longitudinal Asymmety

Circular Polarization

Photon Asymmetry

EM Moments

J CJ EJ MJ

0 PT
1 /P /T /PT PT
2 PT P /T /P /T
...

...
...

...
* C1: EDM, M2: MQM
* E1: Anapole
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N–N Interactions in Terms of q–q Interactions

How to calculate 〈n,p|VN N |p,n〉= 〈n,p|(q̄′1 Γ1q1)G(q)(q̄′2 Γ2 q2)|n,p〉?

� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

n

p n

p ⇒

d 

d 

u

u

u

d 

d d u

ud u

Parity-Conserving

d 

d 

u

u

u

d 

d d u

ud u
Parity-Violating

d 

d 

u

u

u

d 

d d u

ud u

W
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How to calculate 〈n,p|VN N |p,n〉= 〈n,p|(q̄′1 Γ1q1)G(q)(q̄′2 Γ2 q2)|n,p〉?

� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �

n

p n

p ⇒

d 

d 

u

u

u

d 

d d u

ud u

Parity-Conserving

d 

d 

u

u

u

d 

d d u

ud u

π

Parity-Violating

d 

d 

u

u

u

d 

d d u

ud u

π
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u

u
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d d u

ud u

π

Return

Cheng-Pang Liu Hadronic Weak Interaction Theory



Return

Cheng-Pang Liu Hadronic Weak Interaction Theory



Glashow–Iliopoulos–Maiani Mechanism

(a)+(b) ∝ sinθC cosθC − cosθC sinθC = 0, anticipate the charm quark!

Return
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∆I = 1/2 Rule

Example ( Λ→ N +π decay )

Γ(p +π−)/Γtot = (63.9±0.5)%, Γ(n +π0)/Γtot = (35.8±0.5)%

〈( 1
2 , 1

2 ), (1,−1)| 12 ,− 1
2 〉

2/〈( 1
2 ,− 1

2 ), (1,0)| 12 ,− 1
2 〉

2 = 2

〈( 1
2 , 1

2 ), (1,−1)| 32 ,− 1
2 〉

2/〈( 1
2 ,− 1

2 ), (1,0)| 32 ,− 1
2 〉

2 = 1/2

Therefore, ∆I = 1/2 channel dominates the transition

Qualitatively understood, but not fully from the first principle
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