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Motivation

Classification of weak interactions
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Motivation

Still fuzzy after 50 years...

Strong (and EM, too) interaction is omnipresent!

@ Experimentally:

i i i 9y /9 2 -7
@ The signal-to-noise ratio S/N ~ /& /~% ~ Gr mz ~ 10
w g

APFP(45MeV) = (—1.57£0.23) x 1077
AP (46MeV) = (—3.34+0.93) x 107

A F(110keV) = (~7.4£1.9) x

A LA 7340V) = (9.84:0.3) x 1072

)
)
1EF
P, F(1081keV) = (12+38) x
)
)=
A M (501 keV) = (—1.66£0.18) x 102

@ Theoretically:

o The non-perturbative QCD at low energies
e The difficult nuclear many-body problems
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As GWS model works so well, why bother?

@ The only viable venue to observe the hadronic neutral current
interaction:
FCNC is GIM suppressed.

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

@ Complementary to the AS = 1 sector:
Any similar thing to the A/ =1/2 rule?
@ Needed for better interpretation of semi-leptonic processes like:

PV electron-nucleon/nucleus scattering
Atomic PV experiments

o,
“LosAlamos
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Old Paradigm S-P Amplitudes  Meso ngs Current Status

S-P Amplitudes: (P|Hp|S) (1st-order Bo App OX.)

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

Transiton | /< /I | Al | n-n p | p-p| Amp. | E—0
58, —~"P, [0—0] 0 Vv u At
ol VIVIVI] A
1S8R (11 [ 1]V v [V AL
2 [ VIV V] ¥ A
856, <3P |01 1 Vi w P

@ 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)

L: Alamos

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



Old Paradigm S-P Amplitudes Meson-Exchange Model PV M-N Couplings Current Status

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 m, <1 GeV

@ Barton’s Thm.: CP conservation excludes scalar coupling to neutral
pseudoscalar mesons (C-even P-odd)
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Old Paradigm S-P Amplitudes Meson-Exchange Model PV M-N Couplings C

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 /2 meson-nucleon couplings

@ Low-Energy: light mesons with m, <1 GeV

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

OME with ©*, p, and ® 2my x Hp based on OME

h/(2V2) ¥ 84 - Y (F)

— 0 (M3%; -2 + T2+ 21 (8— - Voo + 115 O - Fp—)
= 0o (M 1+ 1,73 (8= Yot + 110 Bx - Fp-)

N N ~ (9ol — 9o M) T2 B4 - Vot — Gp g Gt - T

with yxi(?) = [151 7b‘27 efmxr/(4nr)]i

“LosAlamos
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Old Paradigm S-P Amplitudes Meson-Exchange Model PV M-N Couplings Current Status

Predictions for f Meson-Nucleon Couplings

x107 DDH Range  Best DZ FCDH KM

ht 00— 114 46 11 27 02 ﬁ @
m  -308- 114 -114 -84 38 -37 : I
hy 04 00 02 04 04 01 F—p @ B

hg 11.0—~ -7.6 95 -6.8 6.8 -33 (a) Factorization (b) Quark Model
R, -103— 57 -1.9 -3.8 49 62
h, 1.9« 08 11 -23 23 -1.0
hy 0.0 B2

(c) Sum Rule

@ Calculations by DDH, DZ, FCDH are based on quark models, KM used the
chiral soliton model

° h;.] term is usually ignored, so leaving 6 2 couplings to be checked by exps.

D

J

5

s Alamos
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Old Paradigm mplitud: PV M-N Couplings Curre

Predictions for f Meson-Nucleon Couplings

x107 DDH Range  Best DZ FCDH KM

ht 00— 114 46 11 27 02 ﬁ @
m  -308- 114 -114 -84 38 -37 : I
hy 04 00 02 04 04 01 F—p @ B

hg 11.0—~ -7.6 95 -6.8 6.8 -33 (a) Factorization (b) Quark Model
R, -103— 57 -1.9 -3.8 49 62
h, 1.9« 08 11 -23 23 -1.0
hy 0.0 B2

(c) Sum Rule

@ Calculations by DDH, DZ, FCDH are based on quark models, KM used the
chiral soliton model

° h;.] term is usually ignored, so leaving 6 2 couplings to be checked by exps.

@ QCD sum rule calculations of h} give 3 x 10~ (HHK 98, formerly 2 x 1078)
and 3.4 x 107 (Lobov 02)

D

2

“LosAlamos
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Old Paradigm S- XCl PV M-N Couplings Curren

x107 DDH Range  Best DZ FCDH KM

ht 0.0~ 114 46 1.1 27 02
M -30.8— 114 -114 -84 38 -3.7
hy 04— 00 -02 04 -04 -0.1
hg -11.0— -76 -95 -6.8 6.8 -3.3
h 103~ 57 1.9 -38 -49 -6.2
h, 1.9« 08 11 -23 23 -1.0
hy 0.0 B2

(c) Sum Rule

@ Calculations by DDH, DZ, FCDH are based on quark models, KM used the
chiral soliton model

° h;.] term is usually ignored, so leaving 6 2 couplings to be checked by exps.

@ QCD sum rule calculations of h} give 3 x 10~ (HHK 98, formerly 2 x 1078)
and 3.4 x 107 (Lobov 02)

@ Lattice QCD calculations of h}r (should be similar to gy but with a shorter
range) are proposed (e.g. Beane and Savage: matching PQQCD to
PQChHPT)
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Old Paradigm

Two Major Puzzles

PP
[0}

h

pp scattering @ 13.6, 45, and 221 MeV
where A, depends on a linear
combination of h, and hg (Carlson et

y al. 02)

The '8F is performed by five different
groups, the theoretical calculation
(Haxton 85) is thought to be reliable

B> N

“LosAlamos

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation Anal: Hybrid EFT)

What went wrong?

A,
“Lo3Alamos
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New Direction EFT Formulation Analy

What went wrong?

@ The experiments have problems?
Maybe, but this should not be a theorist’'s answer.
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New Direction EFT Formulation  An:

What went wrong?

@ The experiments have problems?
Maybe, but this should not be a theorist’'s answer.
@ The nuclear many-body calculations have problems?
By first concentrating on few-nucleon systems might provide an answer.
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New Direction EFT Formulation  An:

What went wrong?

@ The experiments have problems?

Maybe, but this should not be a theorist’'s answer.
@ The nuclear many-body calculations have problems?

By first concentrating on few-nucleon systems might provide an answer.
© The OME picture has problems?

EFT might provide an answer.

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation A

Hp in EFT

In parallel to the success in the PC sector, the ChPT is extended to the PV
sector at O(Q) (Zhu, Maekwa, Holstein, Ramsey-Musolf, and van Kolck, 05).
The benefits over or cure to the meson-exchange version include:

@ It's model-independent.

@ It's completely general and exhibits the underlying symmetries.

@ It's a systematic expansion scheme (power counting) and improvable.

Basic ingredients:

@ Chiral symmetry: SU(2), x SU(2)g (massless quarks).

@ SSB: SU(2), x SU(2)g — SU(2)y (eight massless Goldstone bosons:
T, K, and n).

@ Scales: Aysg ~ my ~ mp ~ 1GeV, my ~ fr ~ 100MeV, so expansions
in terms of Q/Aysg and my/my converges well.

2
- Los Alamos
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New Direction EFT Formulation

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 (superficially).

Pionful: Pions are dynamical degrees of freedom.

@ Long-range int. from OPE; mid-range int. from TPE,
overall is (b)+(c)+(d).
@ Introduces additional 3 couplings.

T P,Ww Q s
e >< g
(a) (0) (9) (d)
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New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB Systems

HP in Pionless EFT

Vi¥ = Visr =2/N,
X {[01 +(CQ+C4)‘C1 +C3%y T+ C5TZZ] G_ - Ymy
+ [61 +(Co+ Ca) T2+ Ca % .%2+65rﬂ G T

+ (C2— C4) T B4 - Yy + Co 12 B4 'y’"*}

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation A

HP in Pionless EFT

Vi¥ = Visr =2/N,
X {[01 == CQ+C4)‘Ci +C3%y T+ C5TZZ] G_ - Ymy
A |:61 +(62+64)Ti+63%1 _:c'2+65,tzz} Gy Ym—

+ (C2— C4) T B4 - Yy + Co 12 B4 'y’"*}

@ Overall, there are 10 LECs at the superficial level (too many!).

o InZRA, (Ym+) = (¥m—), the 10 LECs can be effectively reduced to 5.
o If (Ym+)/(Ym—) = R(E) ~ R, the 10-to-5 reduction can still be valid.

sJ\

sAlamas
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New Direction EFT Formulation A EFT) Searchin

HP in Pionless EFT

Vi¥ = Visr =2/N,
X {[01 +(CQ+C4)‘Ci +C3%y T+ C5TZZ] G_ - Ymy
A |:61 +(62+64)Ti+63%1 _:c'2+65,tzz} Gy Ym—

+ (C2— C4) T B4 - Yy + Co 12 B4 'y’"*}

@ Overall, there are 10 LECs at the superficial level (too many!).

o InZRA, (Ym+) = (¥m—), the 10 LECs can be effectively reduced to 5.
o If (Ym+)/(Ym—) = R(E) ~ R, the 10-to-5 reduction can still be valid.

@ "m” serves as a short-distance cutoff; m = mjy for pionless theory, and
m 2, my, for pionful theory.
e When m — o, ym - [61 — P2, 6(r)/~rz]i, i.e., the contact interaction.
o Taking m= mé) and C12/Cy2 = o, C3.45/C345 = Up,

V1P’ Uk = VoM both have 6 independent parameters. o

s,
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New Direction EFT Formulation A

Hp in Pionful EFT

VP fu|—V1LR+V1LR+V MR+V1SR J

o VFY| g: the normal OPE one, depends on hy.
o VFY 1r: from vertex corrections, add one new coupling k2.
° Vf’}\’AR from TPE, depends on hl, has non-analytic terms (In g/ my).

° V}’SR similar structure to the plonless version, but LECs bear different
meaning.

° VPV ful depends on the regularization scheme which shuffles some TPE
contrlbutlons into V1,SR-

@ Most MECs are constrained by gauging the potential, with a transverse
piece depending on a new constant c;

sJ\

sAIamos
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New Direction EFT Formulation Analyses (Hybrid EFT)  Search in FB Sy:

Hp in Pionful EFT

VP

fu|—V1LR+V1LR+VMR+VSR J

o VFY| g: the normal OPE one, depends on hy.
@ V{'['r: from vertex corrections, add one new coupling k;?. 2
o VPY MR from TPE, depends on hy, has non-analytic terms (In g/ my).

o VFY sr* similar structure to the plonless version, but LECs bear different
meaning.

° VP ful depends on the regularization scheme which shuffles some TPE
contrlbutlons into V1,SR-

@ Most MECs are constrained by gauging the potential, with a transverse
piece depending on a new constant c;

2Redundant (CPL and Ramsey-Musolf)
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New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB Systems

Hp in Pionful EFT

VP

fu|—V1LR+V1LR+V MR+V1P,\S/R J

o VFY| g: the normal OPE one, depends on hy.
@ V{'['r: from vertex corrections, add one new coupling k;?. 2
o VPY MR from TPE, depends on hy, has non-analytic terms (In g/ my).

° V}’SR similar structure to the plonless version, but LECs bear different
meaning.

° VP ful depends on the regularization scheme which shuffles some TPE
contrlbutlons into V1,SR-

@ Most MECs are constrained by gauging the potential, with a transverse
piece depending on a new constant ¢y 3

sJ\

sAIamos

2Redundant (CPL and Ramsey-Musolf)
3Suppressed by k/my (CPL)
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New Direction EFT Formulation ~Analyses (Hybrid EFT) Search in FB Sy:

The Approach

@ Hybrid EFT

o The general PV NN potential is taken from EFT consideration (not more,

nor less).
e The wave functions are obtained by potential model calculations (a
temporary step until EFT reach the same accuracy.

@ Numerical studies

o Three sets of calculations are performed:
@ bare: f(r) is the bare Yukawa function with m = my.
@ mod: fy(r) is the modified Yukawa function with m = m, and a dipolar cutoff
N~ 1-2GeV.
@ m-less: f(r) is the bare Yukawa function with m = my.
o Results will be expressed in terms of physical parameters, i.e.,
cutoff-independent.
o Results are checked by mapping VEY; to V&Y and compare with existing
calculations.

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB

Reduction of 10-to-5 LECs (m = mp)

The condition (P|¥mx+|S)/{P|ym-|S) = R(E) = R has to be satisfied.
(R is cutoff-dependent, in this case m = m.)

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation Analyses (Hybrid EFT) Search in Fl

Reduction of 10-to-5 LECs (m = mp)

The condition (P|¥mx+|S)/{P|ym-|S) = R(E) = R has to be satisfied.
(R is cutoff-dependent, in this case m = m.)

The results are:

25
2.0
1.5/
1.0
05|
(X
E, (MeV) E, (MeV)
Alm{u')im[u] A mw/im[w
0.1 05— 00—
012 A By —- A Y 9
| — barenp | L | L J
mod pp
009 - modmn A 03— B 0.061 —
- — mod np -~ 1 = s r 1
006~ — 02— A 004~ — —
L j L 7z j L 7 J
0.0Sj i Olj o i 0.0277 - i
Py arti N RO I P Pt T IO 000l
- 2060 100 - 20 60 80 I %020 20 60 80 1
E, (MeV) E, (MeV) E, (MeV)
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New Direction

S—P dominance: limit of 10-to-5 reduction

At low energies, S-P amplitudes dominate so that

(Ym+)/ Ym-) = (P|Ym+|S)/ (P|ym-|S) = R
But when D-P and F-P ones come into play, this will no longer be the case.

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB Systems

S—P dominance: limit of 10-to-5 reduction

At low energies, S-P amplitudes dominate so that

(Ym+)/ Ym-) = (P|Ym+|S)/ (P|ym-|S) = R
But when D-P and F-P ones come into play, this will no longer be the case.

The results are:
0.

Im{vp, J/m[v] Im{u;, J/m{u] Im[w, J/im[w]
16— 08— 04—
- barepp i [ — bae [ — baer,
012 barenn 0.6~ — mod 03— .. bare’n,
— barenp K
[ modpp
0.08 mod nn
— modnp
0.04]
% 2060 80 100 % 2060 80 100 %726 20 60 80 100
E,,, (MeV) E,,, (MeV) E,,, (MeV)
P on on " n
ImZmpE 1 Jim{w 1" Jmpw] ]
030——— ‘”P]‘ = 080——— f’l‘ : ?P]‘ — 10——— ‘DP]‘ T
0241 064 08l . /d
[ [ [ — baen, i
---- bare,
o1 048 08 o 5
o12f 032 oaf Mo -
0,061 0.161 021 B
0.005—" 0.005 00~ a0 o0 80 T
E,,, (MeV)
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New Direction EFT Formulation Analyses (Hybrid EFT)

Can pion-exchanges be effectively included in the SR int.?

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

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



New Direction EFT Formulation Analyses (Hybrid EFT) S

Can pion-exchanges be effectively included in the SR int.?

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

The results are:

AlmpYimv]
—

Almwim{w]
T T

0.0/ =— 0.00 T
01 - -
02 -
03— —
04 - mod pp . 4
— modmn =

4 TR | y | T
0. 20 T 07 20 40 60 T

E (MeV) E, (MeV)
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New Direction EFT Formulation ~Analyses (Hybrid EFT) Searchin FB S

Reduction of 10-to-5 LECs (m = my)

In pionless theory Q < my; one only expects this work for E < 10MeV.

o)
“LosAlamos
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New Direction EFT Formulation Analyses (Hybrid EFT)

Reduction of 10-to-5 LECs (m = my)

In pionless theory Q < my; one only expects this work for E < 10MeV.

The results are:
T

Imiv]
T

30———— - 01 04
2.5; 0.14; 0.39;
2.0; 0.12; 0.36;
1.5; 0.10; 0.33;
1.0; 0.08; 0.30;
N T O D R B,
E , (MeV) E,, (MeV) E,, (MeV)
o. ':7 — élr:\[v‘]llr‘n[v‘] — 1‘07 — A‘\rr‘\[u‘]llr‘n[u‘] — o. ‘7 — A‘In:[w‘]llT[w‘] — .
0.20— 08— 0.20— —
0,15; 0.6; 0,15;
0.10; 0.4; 0.10;
0.05; """ 0.2; 0.05;
00—, O s 6
E, (MeV) E,, (MeV)
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New Direction EFT Formulation Analyses (Hybrid EFT) Search in Fl

The parameters in hybrid EFT

@ In pionful theory: 5 Danilov parameters ABPPM ) py, and the OPE
constant C¥ < hl. (in S—P dominant range, TPE can be effectively
included in the SR int.)

@ In pionless theory: 5 Danilov parameters only. (only apply to
E < 10MeV and no explicit tracking of hl)

mod

~ ~ J/ . ~nn / ~omn!
myMP = 5.507 x 10~° (D{P +0.789 D — 1.655 C") myMg = 3.628 x 107° (DI +0.849 D" —1.260C5")
myAY = 5.796 x 10~ (D™ +0.792 D™ + 1.648 C2¥) myAl" =3.809 x 1073 (DI +0.853 D7 +1.237 C2%)
myAP = 5.778 x 1072 (D 40.809 D) M\ =3.772 x 102 (D +0.871 D)

myA = —1.462 x 1072 (D, —2.230 D)) myA; = —0.867 x 1073 (D), — 2.425D,,)

mypr =3.108 x 10~ (D,, +0.604D,, —1.771 C¢") mp; = 2.003 x 10~° (D), +0.664 D,, — 1.586 C2% )
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New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB Systems

Results

/;Jp @ 13.6 and 45 MeV N, Spin rotation in hydrogen (in m/rad)

doy
dz
= 2.500 myAP — 0.571 myA; +1.412 myp; +0.286 CF

AP(13.6MeV) = —0.449myAP  (bare

)
=—0445my¥  (mod)

pp I pp ~
A" (45MeV) = —0.795 myAZ (bare) = 2.500 A% — 0.571 my\, +1.412myp, +0.284 CF
=—0771my¥  (mod)

Pyinn+p—d+y Ayinfi+p—d+y

PyP(th.) = —0.161 myA +0.670myA;  (bare) AP(th.) = —0.093myp; —0.272CF  (bare)

= —0.161myA” +0.669myA;  (mod) = —0.093myp, —0.270C%  (mod)
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New Direction EFT Formulation Analyses (Hybrid EFT) Search in FB Systems

The Search Program in Few-Nucleon Systems

Gather as many observables in FB systems and see if a consistent picture of
low-energy hadronic PV can be reached.

[ Observables [ Theory [ Experiment (x107) ]
AP(13.6MeV) —0.4502" my —0.9340.21 (Bonn)
AP (45MeV) —0.78 A% my —1.57+£0.23 (SIN)

L O (th)raa/m | [2.50A0 —0.57 A +1.41p¢] my +0.29 CF SNS

PyP(th.) [—0.16A57 +0.67A,] my (1.8£1.8), SNS?
A:[d(1 .32keV) Same as above HIGS? IASA? Spring-8?
AP (th.) —0.09p; my —0.27 CF LANSCE—SNS

£ 9% (th.) To be done SNS?

A (th.) [0.59A2" +0.51 1" +1.18%; 4+ 1.42p;] my* (0.6+£2.1), SNS?

AP (46 MeV) —0.480%" —0.24A —0.54) —1.07p;] my* | —8.340.9 (SIN)
200 (t ) rad/m | [12A2"+0.6Ag” +1.34), —2.68p;] my " (8+£14), NIST—~SNS

@ Few-body calculations (*) need to be updated.
@ FNPB @ SNS will be the key facility.
© pa may be a problem for S—P analysis.
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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 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. With FNPB at SNS being the key facility to
trigger a renaissance of study on hadronic PV, one hopes to see a more
consistent picture resulting from these efforts.
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N—N Interactions in Terms of g—q Interactions

How to calculate (n, p|Vnlp,n) = (n,p|(ai T1a1) G(q) (32 T2 q2)[n,p)? |

dud udu

Parity-Conserving Parity-Violating
dud udu dud udu

£
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PV electron scattering

SAMPLE exp. Diagrams

1.0

0.5
e N /e N

@ dominated by Z° exchange
e(A)-N(V) > e(V)-N(A)
@ radiative corrections ~ o

-0.5

@ 2. anapole form factor (axial)
@ 3. box diagram

-1.0

@ backward angle, sensitive to Gy
and G§

@ non-zero strangeness?!

Cheng-Pang Liu Parity Violation in Few-Nucleon Systems



Constraining sin® @y at very low energy

SLAC E158 coll. (PRL, august 2005)

APV measurements remain important
as tests of non-standard model

Boulder APV low energy particle physics

measurement

0, (Cs) =Zq,,(p)+ Nq,,(n)  (additive)

=Z(1-4sin’ @, )~ N (Standard Model)

PDG2004
M. Lintz, PAVI 06", Milos 1 0_2 1 0> 1 10 1 02 1 03 (GCV)
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133Cs experiment (Colorado)

6 PEIZ

[\SEA RN ]

v

&)
Q,\/Ve}// (852 nm)

Dye NI
laser {640 nm) é’% /
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