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1. Introduction

Neutron $-decay

n—p+e+ .
The hadronic current
JH =1, [Gyy* — Gy 5]

and radiative corrections and weak magnetism.

“Standard calculations™:
Sirlin, Marciano, Towner, et al.’s Works.
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Observables of NBD

1. Decay rate (or lifetime)

Emaa:

G/Z T
0= fa(+302) dEepeEe (B — Ee)*F(Z, Ee) [1 + Qgg(Ee,Eén‘”)] ,
7T

3
T Me

with
G2 = (GFVud)2(1 + Ag) .
2. Correlation coefficients

dP ~a —»V — — — % —
o 1+ a2e L +rﬁ,-<Ap—eJFB—]D”JFD]De p”),
dEedQﬁedQﬁy EeEV Ee E]/ EGEU

where (at leading order)

2 2 2
_lmga 494794 5 _,94A%9a4 5
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with g4 =
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Values of g 4
The neutron-spin and electron correlation coefficient A

29a(1 — ga)
A — 7 — / Gl 7

and a recommended value by PDG2006 (the same as
PDG2004)

ga = 1.2695 == 0.0029.

This value Is important for estimating the cross sections of
the processes, e.g., pp — de™v and vd — ppe(vd — npv)
and for test of the Goldberger-Treiman relation.




T-violating coefficient D ‘l

The Standard Model, D¢y, < 10712,
Models beyond the SM (like MSSM), Dy;ssap ~ 1077,

The most recent experimental data
Dewp. = [—2.8 & 6.4(stat) £ 3.0(sys)] x 107*,

from Soldner et al. (2004).

But from the final state interaction

A

Dpsy~ —23x107° .



CKM Unitarity l

|Vud|2 T |Vu8‘2 T |Vub‘2 =1-A

Using V4 from 07 — 071 nuclear 5-decay and V,,, from
PDGO02, A = 2.2¢0 (0.0032+ 0.0014). (A = 0.0008 + 0.0011, PDG06.)
Suggested solution:

New V. values from E865, KTeV K., etc.

From the most recent data of neutron 3-decay (A),
however, A = 2.70 (0.0076+ 0.0028).

Suggested solution:

New 7 value from ILL, but ~ 6o discrepancy from the

former exi. values.
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New features in NBD

Experiment:

1) New neutron facilities under construction, e.g., at Oak
Ridge and J-PARC,

2) A neutron source of “Hanaro” in Korea,

3) New experiment proposals and new detectors under
Investigation around the world.

Theory:
1) Model independent calculations,
2) Error estimations using EFT approach

A



2. NBD in EFT I

Chiral Perturbation Theory: a low energy EFT of QCD

SSB of chiral sym. of QCD (pions: Goldstone-bosons).

A systematic perturbation scheme (renormalizable
order by order)

Loy — L,=L9420 42O

v 25

where Q ~ m, or |p], A, ~4Anfr ~my ~ 1 GeV.

But it has a problem when a nucleon field is included.

[Gasser, SN, NPB307(1988)779.]
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No counting rules for loop diagrams with a relativistic nucleon.

e.g., Nucleon self-energy

.3931/ d*l L-yysly - (L4 p) + my]l- 75
(

S(p) = i-
W)= 5 | @nd (4 p)? =m0 —m2)
3 2
~ TN ~Nmy >> — My .
(47 fr)? Ai

Heavy-baryon formalism
pH = mpyvt + kH, N(z) ~ e'mNYZU N (z), ...
then one has v# — vt = (1,0), y#v5 — 25* = (0,&), 1/(v -p — mn) — 1/v - k, and

3 g2 d4l 2S5 .12S -1 m3
n = % [

D) eteuen@—m2) " G

INTO7-1, Seattle, WA, May 24, 2007 — p.10/24



\ 4

Counting rules for NBD

A new scale: Q ~ m,, —m, — m, << M,

One-pion exchange diagram (Q/m)? ~ 107°
Weak-magnetism term Qxy /(2my) ~ 1073

Modified counting rules:

Expanding parameters; o/(27), Q/(2my) ~ 1073,
T,a, A, Bupto NLO, a/(27), Q/(2my) ~ 1073
)

Nonzero D appears in aQ/(2my) ~ 107,

Pion loops, (m,/A,)? corrections, in the renormalized
coupling constants, g4 and xy,

A




Effective Lagrangian ||

Eﬁ = ﬁel/y + ENny + EeI/NN )

where

1

Levy = _ZFIWF/W - %(8 . A)2 + (1 + %61) @e(i’)’ : D)¢e - meﬁzewe + @V(i')’ . 8)7701/ 3

84
ENny — NT [1 + —62(1 —|—7‘3)1| w - DN,
8

GrVyd - o «
LeyNN = — }:/5 dwe'ﬁb(l _'75)¢1/ {]\ﬁ’T+ [(1 + Eev) vH — 294 (1 -+ EGA) S’u] N
1 — «— — «— — «—
+WNTT+ [’i(”U”UV —g"")(0 — 8)v — 2ipy[S*, S (8 + 9)] — 2igav’S- (0 + &
N

and v=(1,0) and 25* = (0, &).
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Feynman diagrams for the D coefficie‘!t

Lo Lo Ut

() (k) ()

* Nonzero D appears from the imaginary part of the loop
diagrams in aQ/(2my) order (~ 1079).
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Results (1)

dr _ (GpVua)? F(Z, Ee)|pe|Ev
dEedQY; dSvs 2m)5  mn[Ep + By + Be(B - pv)]

[M|?,

where
IM|2 = mpmyEeE, (1 n eV n —5(”) Co(Ee)(1 + 353
{1+ (1+ 5<2>) C1(Ee)5 - pu

+ (14 5208) [CalBe) + Cs(B)B - o] - B+ [Ca(Be) + C5(Be)B - | v B }

l

and
- (8%
gAa = JgaA [14‘@ (62—65)] ;
1 31
e\R/,A(M) = ev,A — 5(61 +e2) + 5 {Z —~vg + In(47) + 1} 4+ 31In (m—ﬂjl\r> :

where we havgéemployed the dimensional regularization in d = 4 — 2e for the loops.
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Results (1) (Cont.) v

(1 _ my L+ 52 <ﬂ>_l 2<ﬂ> 4 (ﬂ)
oo = 3ln<m6>—|—2—|— 3 In 15 ﬁln =5 +5L 5
1 1+ 8 2(Emar _ F.) 1 [ Emaer _ F, 3
w5 (755) 1 [ () 5 () -4
max 2
() e (s)
E. 128 \1-23
- () () P e (124 -]
6 1-0 Ee 332 26 \1-p
Emar _ . N\N? 1 [1— (2 1+ 83
+< E. ) 6ﬁ2{ 2 ln<1—ﬁ>_1}’

where E7"** is the electron maximum energy E*%* = (m2 — m2 + m2)/(2my) and
L(x) is the Spence function

L(x) = /0 da In(1 —x).

i
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Results (1) (Cont.)

1 m2 .
1_|_ — {~2_2 ~ +1Emaac_ 61_'_~2 _|_2 ~ 1_|_64
o (1 + 353) (A —2uvga + 1)EL Ee( ga) +2uvgal

1 ~2 2 = 1 2
a1 (9% + ,UV~92A+)me

N (G4 + 1)[8uvgaEe —4ETga(ga + pv )]
(95 — (1 +3g%) ’

- 1 g2 — 1)(g E. —1
Al 4+ (gA~ )(QA :';NV) Egnaw . Ee) € ~(,LLV )

my 2g4(1+3g%) ga—1

72 + 24 1
_/BZEG gA + gA/;L;/ + ’

1+ 3g%

- 1 | EeB2(G% — 1) (ga — 7 5. —1)2
Bli. 5 (9:4 )(9~A2 pv) (9:4+uv)(gA ~2) (E. — Emav)

my 2g4(1+33%) (ga +1)(1+3g%)
B (G4 — (G

2mynga 2mpnga
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Results (2)

1 oFb. 1
D = — {(1 4+ 344 — — 3 (1 —
FSI T 392 4mNﬁ{( + 392)[(ry —ga) —3pup(l —ga)l
2

+%[(3 +9a4) (v — 9a) +3up(1 — ga)(1 + 39A)]}

e

n 1 ol 18 (1 )

®  We reproduce the terms from Callan and Treiman (1961).

¢ We have a new term, but it does not appear in a relativistic calculation.
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3. How to fix the LECs ?

How to fix the LEC e{? (usually fixed by experiment)

o R v
2—6V ~ AR?
7T

In the standard calculations (Marciano and Sirlin 86), one finds
AY, = 2 {—Zﬂn (m—W> + 3In (m—W> +In (m—W> + A+ 20} ,
2T my my ma

High energy part of W~ box diagrams
High energy part of Z~ box diagrams

High energy part of axialvector current induced W~ box diagrams where m 4 is a
infrared cutoff

pQCD correction A,

Low energy part of axialvector current induced diagrams C
— We may compare it with a result in the EFT calculation.
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Model dependent term C': a difference
Low-energy axialvector current induced RC C'in A},

V
% e WN\%
" @ P (b)

In the standard (graphical) calculations, one has

C'(Born)|oc ga(py, + pn)] = 0.881 +0.030..

In HBYPT calculation, they are higher order terms and

A

C(HB) ~ (Q/my)*~107°.
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Other contributions to e

Corrections due to p — w mixing and isospin breaking
from light quark mass difference are negligible. [ponoghue

and Wyler, PLB241(1990)243 ]

Additional corrections: the resonances, A(1232),
N (1440), etc, in the Cp,,, diagrams.

A



What’s wrong with the new term of !!l

HB formalism

1 d41 M
i | i TR e = R

Relativistic formalism

1/ d4l Iz e
2 (2m) [(I 4 pp)? — m%][(l —pe)?2 —m2]12 PpJ1 T Pel2>

where pb = m,v* + k and v* = (1,0).
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4. Discussion and conclusions

The subleading results of EFT reproduce well
low-energy model-independent terms for 7, a, A, B In
the standard calculations, and thanks to the counting
rules the higher order terms will be small, ~ 107°.

The high-energy and low-energy model-dependent
terms in the standard calculations are replaced by the
two LEC's, eff and (eff — eit). We found that the
estimations of the C term in the standard calculations
and EFT are quite different.

The D calculation is in progress.

A




Appendix: A problem of HBYPT '

Nucleon propagator:

Y-p+mpy X 1 n 1 (U'k)Q—kQ_i_
p? —m3, vk 2my (v k)2 ’

where p* = mpyv* + k*.

Up to a finite order, it does not reproduce analytic structure
for on-shell nucleon.

— Manifestly Lorentz invariant baryon ChPT with infrared

and on-mass shell regularization schemes.

A
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