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Semileptonic Decays and CKM Matrix

# 1963: Cabibbo proposes current theory J! = V' + A?
Jo = cosOc(Jr +iJ3) + sinfc(J, +iJ2)

to explain semileptonic decays.
# 1973: Kobayashi and Maskawa add mixing of

- ﬁu three generations of quarks:
; =
1 ~-H é Vud Vs Vub
g% - Veknr = Vea Ves Ve
: lﬁ% Vie Vis Vi
¥ E -_ before the discovery of the b quark.
¥ ¥ Cabibbo angle in CKM matrix: Vs
tan o = 7
ud
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| V.| in CKM Matrix

V-rud‘g + H’J-Tus|2 + V

+# Unitarity constraint:

+ PDG 2006 gives
* Well determined | Vua| = 0.97377(27)
+ Very small Vb = 4.31(30) x 107° |
¥ Less known Vus| = 0.2257(21)(2006)
[Vis| = 0.2196(23)(2003)
: ¥ Experimentally,

v K — 7wy
+Hyperon decay 0.2250(27)

AN — pe~ T, X7 — ne I7q

= — Ae™ 7ﬁ =V ., Ate—
+Leptomc decay ratios: () .22 ‘34(+ 12 )
+Hadronic r decays: 0.2208(34)

"EE.;
L]
g
T-E .
£
d

= —
-
R
=
 —
: &R

Huey-Wen Lin — DWF@10 Workshop




Lattice Calculation of |V, .| — Meson

# Calculate X — 7 matrix element
#+ Lorentz invariance

() |V | K (p)) = (b +P)f=(@%) + (e — PL) - (77)

with V;u- = SYpU

¥+ Extrapolate to ¢ = O point in dipole
¥ Obtain |V, | from

g

=

E # Calculate the scalar form fac‘ror2

= : : q
£ fo(qz):f+(q2)+, SR Qf—(QZ)
-E m’f{ — mﬁ

i
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Lattice Calculation of | V.| — Meson

Ne=10
Becirevic et al.

Hi

Np=12

Multiple K 5 decay | .. ..
calculations: Vo241

Antonio et al.

D

Experiment
PDG 2006

—
=T

| fo fofﬂff—llﬁlffﬁlﬁlffﬂ IEI-EE-
* Twisted-BC GPPF‘OGCh éuaa’aglf;g;/l'et al. (2004)
P(a + é;L) = ™% ()
~ 2T 2
momentum changes by Pj = 0;— +n;—
Tune 6’J to cancel out the mass difference.
No extrapolation in momentum is needed!
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Baryon Matrix Elements

# Matrix element of hyperon f decay B; — Bse™ 7

T ﬁUBg (OX + Oi)uBlﬂt?Tﬁ(l + ’-}""5)1/’;/
with )
o o Jalq? Ja(q
. O(\] — f1(q2) | + ?\E )JQ Q + 7\5 )QQ
Ay Mg, Mg,
i ‘
' “% Or'& _ gl(q2) a 92(q2)0_ --‘?Q’B 4 g%(q )q ) A
el % o / Mp, Mg, /5
=
; gg # The decay rate 1s
- 4 ha [ = U%@.ﬁm (1+ d;0q)
x--N 6073 rad

3 Er
X [(l—ﬁiff) {|f1|2+|ﬂ1|2}+ (|f1| +2|g1* +Re(fif3) + - |.i'z|)
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Baryon Matrix Elements
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# Matrix element of hyperon f decay B; — Bse™ 7

with _ fo(e) fo(e?)
O\‘ _ 2\ v 2\q L I6; 34 .
2 2
0A — (o (g2 o 9200 o a4 B (¢7) s

¥ The vector form factor f£,(0) links to |V

More than just an alternative way to get |V |!
¥ 2,(0)//,(0) gives information about strangeness content.

¥ 2,(0) and £;(0) vanish in the SU(3) limit — Symmetry-
breaking measure
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Hyperon Experiments

» Experiments: CERN WA2, Fermilab E715, BNL AGS,
Fermilab KTeV, CERN NA48
* Summary

Channel ff’[ (3) |1 Vs gl/ﬁ)sng (gl/fl)exp

n—np n/a F+D 1.2670(30)
A —p —\/7 0.2221(33) F+ D/3  0.718(15)
YT —n| —1  0.2274(49) F—-D  —0.340(17)
=T — A | /3/2 0.2367(97) F-—D/3  0.25(5)

_—>EO \/1/2 n/a F+ D n/a
L | 0.216(33) F+ D 1.32(22)

[T

[I] [1]
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* = measurements are still activel
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Lattice Calculation of | V.| — Baryon

Two quenched calculations, different
channels

* P1on mass > 700 MeV

* £1(0) = =0.988(29)y

|V | =0.230(8)
Guadagnoli et al.

* Pion mass = 530-650 MeV
*£,(0)=-0.953(24)
. 1V, =0.219(27)

Sasaki et al.

stat
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Lattice Actions

* (Improved) Staggered fermions (asqtad):
* Relatively cheap for dynamical fermions (good)
* Mixing among parities and flavors or tfastes
* Baryonic operators a hightmare — not suitable
» Chiral fermions (e.g., Domain-Wall/Overlap):

* Automatically O(a) improved, suitable for spin physics and weak
matrix elements

* Expensive
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Lattice Actions

* (Improved) Staggered fermions (asqtad):

* Relatively cheap for dynamical fermions (good)

* Mixing among parities and flavors or tfastes

* Baryonic operators a hightmare — not suitable
» Chiral fermions (e.g., Domain-Wall/Overlap):

* Automatically O(a) improved, suitable for spin physics and weak
matrix elements

* Expensive
* Mixed actions:
* Match the sea Goldstone pion mass to the DWF pion
* Pion masses as low as 260 MeV
* Volume: 2.6-3.5 fm

* Free light quark propagators
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Parameters
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# This calculation:
# Pion mass range: 360-700 MeV
# Strange-strange Goldstone fixed at 763(2) MeV
# Volume fixed at 2.6 fm
¥a=0.1251fm, L =16, M;=1.7
¥+ HYP-smeared gauge, box size of 20°x32

Label|m, (MeV) mg (MeV) X7 — n contf.
mO010| 358(2) 605(2) 600
m020| 503(2) 653(2) 420
m030| 599(1) 688(2) 561
m040| 689(2) 730(2) 306
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Effective Mass Plots

# The worst set ¥+ The best set

i -. &= T T T j 1.2
-E 0.726(17 M . 2 0.943(9) 1l
o.8 F I T
g T et : g ﬁm#ﬂ%
= Ty s IT @ & & = 0.8
0.€ - 0.8 ™ J;
"‘: EI '_IC '_IE 2"3 - 2‘5 EIC a S ig a5 20 an
" I t
- E = .-_
“ = 25" g mmw}
e s T
L] 2-‘ j =
ool : - }
n = ! ) 15 an 3] ] in "_Er 20 a
: L )
=)
= S ITF
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Octet Spectrum

+ Summary
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Octet Spectrum

+ Summary and extrapolation

1.6 |

1.4

1.2
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Octet Spectrum

+ Summary and extrapolation

1.6 |

1.4

Huey-Wen Lin — DWF@10 Workshop

17



Octet Spectrum

¥+ Alternative extrapolations

1.6 |
1.4!

1.2
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Constructions

Two-point function

PN (t,t;,5: T) —
a"ZE (25 (p) Z Topita(p.8)us(p, s)
=
w N —(t;—t)En(F)
En(p)

_ [ Exvp)tmn ) -t )Bx(F)
2EN(P)

Three-point function

Toas(tutts, PPy T)—
”12_ a 3 y— 4 3 —_
_ N ety —t)En(py) —(t—t)En(p,)
En(pf)En(p;)
Y TapZp(ps)us(Fy. &)

a8

(N(p,s') |1u(0)| N(p;. ) Ga(p;, s)Za(p:)
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Constructions

Two-point function Three-point function
ng-'::ti- ?lf-F:. Iy — I_WABH t.tf, p p T::I .
i ) o . ) )
a"ZE (25 (p) Z'Tﬂﬁf_tﬂ(p..ﬂuﬁlij:'. s) _ __.”f:"* ___ o~ (tr—t)EN(F )~ (t—t)EN(F.)
En(ps)En(p;)
Mpy (e —tAEw (B ’ .
K—Eﬂﬁﬂ (ty—t)En(F) Zrﬂﬁzﬁ‘i~3’f:'“ﬁu?f.s’j
‘ a8
_(En(p) t"’”” o—(ts—t)En(F) (N(Bs.5) iu(0)|N(P.8)) a(P;. 8) Za(p:)
2En(p)

Ratio cancels out #and Zdependence

R 21 F;_,L 4B(ti-afﬁtf‘§-i‘§f; T} r (t tf p?.. TJ
Jue —

\/Fgg““tﬁfi T) _\/Tif?f(mf.ﬁf; T)
CRaltotpis T) N Tpp(tity, pi T)
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Constructions

Two-point function Three-point function

_ NN —= =
TYE (titp, 73 T) — Cpap(totts, 0P T)—
7 i — —* ) — * 2- § W = § W =
a®ZE (1)ZY ()Y Tapiia(P.s)us(B,s) = Nt -EN(F)—(t—t)En(F)
En(ps)En(p;)
MN_ —(t;—t)En(F) » —
X ———=-e : T.sZB(pflus(pPy. s')
_Ejnﬁ,‘l:__]!"_i') ; L‘l:rj v _|r Ilj'\. _Ir
_ En(p) tm*"'f' o=ty =t Exn(F) (N(p,s') |1u(0)| N(p;. ) Ga(p;, s)Za(p:)
2En(p)

Ratio cancels out #and Zdependence

| Zpl“f*“&ﬁ(t.-‘t.tf,ﬁf,ﬁf: T) PEE( ff Ei: T)
J '
TaG (tistp. pys T) Tac ity pys T)

PaY (it 5 T) TR (tinty Bps T)
F?E;(fz'afa 5-;;? T) F%%(ti*fffﬁi; )
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Solve for From factors

# Redefine matrix element as

. . . Ly 9. Fg(qﬂ] , Fg(ql‘z‘ﬁ i
(B |V, | Byl = U ') |7, Fi(g%) + 0u0q, —iq, - U e
(B2 |Vu| B1)(q) By (') K 1(47) + o g Mg+ Mp, N5+ Ma. By (P)e
. S —_ i [ = C 'G:JI:'?E‘:I . (?3“]2‘:' _ — &g
':.BQ |-’:1|:¢[Bl,::,u ':Q] = Up, ':rp ) ﬁ.";t(—"l[qzj =+ D o Qo -,U,-B n ?UrB — gy pUrB n B.B TsUB,y Ep‘:'e "
L - 1 - 2 - 1 2

#+ Use “mixed” projection operator

T =1+ +iv573) (L +7)
# Solve the following:

(!

1
V’rQEmE (my + By ) (my +my)

W

{F1 (mn +mx ) (py — ipe) + Fo (—imNps + i By pe + mypy + mepy) + Fa (—2mzps — 2E5:p: ),

3
]
:
=
£
i

Fi(—my —mx) (po +ipy) + Fo (—mnpes — meps —imypy +ipyFry ) + F3 (—2msp, — 2E,,.py)
—iFy (my +mx) p. — iFy (my — By ) p. — iF3 (—2imy — 2iE,,.) p.,

= —
&=
=
=
)
&
- v
==}

, ) —2 —2 . \ . \
Fy(my (my +mx) + B (my +mx)) — Fop + Fj (2?. P+ 21-??122 — 2imymy — 2i (my — my) Emz)}
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Solve for From factors

# Redefine matrix element as

. . . Ly 9. Fg(qﬂ] , Fg(ql‘z‘ﬁ i
(B |V, | Byl = U ') |7, Fi(g%) + 0u0q, —iq, - U e
(B2 |Vu| B1)(q) By (') K 1(47) + o g Mg+ Mp, N5+ Ma. By (P)e
. S —_ i [ = C 'G:JI:'?E‘:I . (?3“]2‘:' _ — &g
':.BQ |-’:1|:¢[Bl,::,u ':Q] = Up, ':rp ) ﬁ.";t(—"l[qzj =+ D o Qo -,U,-B n ?UrB — gy pUrB n B.B TsUB,y Ep‘:'e "
L - 1 - 2 - 1 2

#+ Use “mixed” projection operator

T =1+ +iv573) (L +7)
# Solve the following:

(!

1
V’rQEmE (my + By ) (my +my)
@??U; + mx ::' '::Py — 1Pz ) @im.;\r Prt1 Emz Pz + MNPy + mEp, /) —2mx Px — 2 Emz Pz ),
1

—mpy — T"IE] [p_t: + lpy:' + F‘.Z l::—']’?l_.\rp_t, — My pPs — 'i?n.-'\"py + ?I'pyEmz } + FS {—2'??125?-9 - QEruzpy} 3
—iFy (my +mx) p. — iFy (my — By ) p. — iF3 (—2imy — 2iE,,.) p.,

W

3
]
:
=
£
i

= —
&=
=
=
)
&
- v
==}

, ) —2 —2 . \ . \
Fy(my (my +mx) + B (my +mx)) — Fop + Fj (2?. P+ 21-??122 — 2imymy — 2i (my — my) Emz)}
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Momentum Extrapolation

#+ Fit to the dipole form

m,=359 MeV
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Momentum Extrapolation

#+ Fit to the dipole form

m,=359 MeV
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Ademollo-Gatto Theorem

¥ Symmetry-breaking Hamiltonian

, 1 md%wm”)_g
H = — - A
ﬁ(m:» 5 | qr g

+ Long story short,

There is no first order correction O(H’) to

AR TS 1 0) = £5790) + 0(”

Huey-Wen Lin — DWF@10 Workshop
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Ademollo-Gatto Theorem

+ Symmetry-breaking Hamiltonian

H — L (ﬂ’?s B mg “;“H'Iu) gksq

# The theorem tells us that

There is no first order correction O(H’) to
£,(0); thus

SU(3 2
10) = 77 0) + o(H"™)
# Choices of observable for H':

2 2

¥ (mg—my ) my

# Others...

Huey-Wen Lin — DWF@10 Workshop
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Mass Dependence — I
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What has been done in the past...

¥ Guadagnolietal X~ —n
construct an AG ratio 1 — f1(0)

HMre Me) = iz — a2y

and extrapolate mass dependence as

[ (12,00,)

150 |
100 |

50¢

0

-50

— 100

R(My, M) = b+ ca®(M2 + M2)

W,ﬂf
0.1 0.2 0.3 0.4 0.5

., 7 7.
a (myz +mg”)
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Mass Dependence — II

¥ Use 0= a*(Mg — M7) to describe the SU(3)
symmetry breaking

1 I
e

0.02 0.04 0.06 0.08 0.1

Ly, b T
a(mg"—mg;")

£1(0)=0.90(7) (Preliminary)

Huey-Wen Lin — DWF@10 Workshop
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Axial Coupling Constants: g--and g5+

# Cannot be “
determined by exp. . ¥ }
> Exis‘ring1predic’rions 26 -- + %
o f from xPT and large {
s N, calculations e
W 018 < —g== < 036 ¢ & g
A “ = . gEE < .t /£
B K —
=11 0.30 < gsx < 055 o
y ﬂ'& # Applications such as o ;
%-"M1 hyperon scattering, o=
: non-leptonic decays, 0.
etc. 0 > 4 5 g 10
ma | f

Huey-Wen Lin — DWF@10 Workshop 32




Summary/Outlook

» First non-quenched calculation of hyperon semileptonic
decays

> Lighter pion masses as low as 350 MeV

* Preliminary results show | V| (from Z — n)
* Consistent with the previous lattice measurement
* Larger error due to lighter pion mass
* More statistics needed for lightest point!

In the near future:

* Finish the semileptonic form factor analysis, including
=— Z channel

* % and = structure-function form factors
> Possibly take A—p data, if time allows
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