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I[V. CKM phenomenology: at tree level

Quark flavor physics

Weak interaction; from W-exchange to four-fermion
interactions

Quark mixings: the CKM matrix, unitarity triangle
V

.o the Cabibbo angle

Flavor SU(3) breaking: one-loop ChPT and higher order
corrections; Lattice calculation

Vcb
Inclusive and exclusive semi-leptonic decays
Heavy quark symmetry; lattice calculation

Vub
Continuum extraction from inclusive decays

Lattice calculation for exclusive processes
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[V. CKM Phenomenology:
at tree level
1. Quark flavor physics

S Hashimoto (KEK)  Aug 20,2007



CKM Physics
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Weak interaction

» Quarks may change their flavor
through weak interaction.

O
)@

N

Active only for left-handed quarks
and right-handed anti-quarks. o

quVﬂ(l_%)quﬂ
Short distance (~1/M,y) interaction.
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Acts on (weak) isospin doublets. (:)[Cj(;j Lve]’[‘/ﬂj’(vr]
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Changing flavors

» Quark flavor may change:
Weak isospin is not identical with the @~ @ @

real isospin. ~

DG GO0 @@

Related by a 3x3 unitary matrix.

d I d Vud Vus Vub
S' :VCKM S ! VCKM = Vcd Vcs Vcb
b ' b th Vts th

Called Cabibbo-Kobayashi-Maskawa
matrix.

Cabibbo (60s), Kobayashi-Maskawa (1973)

6 S Hashimoto (KEK) Aug 20, 2007



CKM matrix

» Degrees of freedom

. (Vud Vus Vub\
NxN complex matrix has 2N? real
parameters. Verm = Vea Voo Voo
Unitarity constraints N (diagonal) + Ve Vs Vi
N(N-1) (off-diagonal); thus N?
parameters remain.
Quark phases are arbitrary 2N
except for | (overall phase does not
change V n); thus (N-1)% remain.

N=3 =

N(N-1)/2 are mixing angles. 3 mixing angles
(N-1)(N-2)/2 are CP violating phases. + | CP phase

7 S Hashimoto (KEK) Aug 20,2007 mlﬁ%ﬁ-



Mixing angles

» Strength of the weak
interaction is different among
processes
uov,+e+v, =G =G;
n—>p+e'+v, =G =0.95xG]

K- —>7z’+e +v, = G2 =0.05xG}

» V,=sin0_: the Cabibbo angle

u=u
d'=dcosé, +ssing,
sin0,~0.22

@. 0 ®
@ & @

» Other angles
2¢>3: Vcb
| <>3: Vub

Much smaller in
magnitude

I
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CKM unitarity

» Unitary implies...
Normalization /Vud Vie Vi \
‘Vud ‘2 + ‘VUS‘Z + ‘Vub‘z =1 Vom =| Vg Voo Vo
\th Vts th )

Orthogonality
VioVug +VoVeg +VipVig =0 (b —d)
V.V, +V.V, +V.V, =0 (s—d)

us " ud cs ' cd

Unitarity triangles

Vi Yaa N\ Vea Vs Yo

Ves Veaf
Vc:.-:s Vea

Vc:.b Vc:d

I
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CKM hierarchy

» We don’t know why, but the 097 023 0.004
CKM matrix has a hierarchical Vo =| 023 096 0.04
structure. 0.007 0.04 >0.3

Wolfenstein parametrization: with
A=0.225,
1-2°12 A Al (p-in) | iy
V. P 1_22/2 IV written explicitly
CKM B _ B by four parameters:
AV(L-p—in) -AA° 1 LA, p, M.
Vap Vep Vea Vs Vg ~\
~\’ Ves thﬁk,.,’/)
: - ~}\’5 E _
Vep Vea Vos Ved ~3!

I
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Unitarity triangle

» Most interesting unitarity
condition.

VoV, +V V., +V.V, =0
Normalized by a better known
sideV_"V_,. 0,0) —(L0)
Apex is (p,n).

Defines three angles.

*

V.,V thVt; uqu;
ar , = =adlfg| ————— |, = ar
¢1( p) =arg ( thvtb ] ¢2 (=a) g ( Vuqub ¢3( y)=arg| — Vchcb
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Unitarity triangle
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Tree-level processes

quark level | exclusive
generations
element process processes

< suly K—nlv,
Vas A—plv
B—D0Olv,
Vo 352 b—clv Ay v
V., 355 | bosuly oY PV,

olv
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[V. CKM Phenomenology:
at tree level

2. V.., the Cabibbo angle

us?
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Cabibbo angle

» The best known mixing angle.

Primary information from K—nlv decay,
that contains a quark level process s—ulv.
(Hyperon decay could also be used.)

Decay rate
Ge V. | £2(0)1
1ﬂK|3:1927[3 SEW(1+5K)‘ us‘ +( ) K

Sgw: short distance EWV radiative correction.

Ok: long distance EM radiative correction
(sub %)

f,(0): form factor = QCD soft physics

|: phase space integral = contains the info of
the form factor shape.
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Form factor

» Matrix element

(7(p)[S7u|K(pe)) = f.(0)(Pc +P,), + F(O)(Pc = P,

Very similar to the pion form factor, but now contains f.
because (initial <> final) exchange symmetry is lost.

Instead of f, one can also use the scalar form factor

)= f, () +——— F_(1)
m m

K T

which is the piece to survive the projection
(Px = P)* (7 (P,)[S7,u|K(pe)) = (M —m2) £, (1)
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Analytical constraints

» Before embarking on the hard (and costly) calculations on
the lattice, analytically known facts should be used as
much as possible.

f.(t) reduces to the pion form factor G_(t) in the limit of
degenerate 1 and K.
In this limit, f,.(0)=1.
Away from this limit, there is a correction starting from second
order (no O(m,.-m ) = Ademollo-Gatto theorem, |964).

Simple explanation: f, is a symmetric piece under the exchange n<>K.

So, m,-m, cannot appear.

Leutwyler-Roos (1984)

f,(0) = 1+f,+f, = |- 0.023 - 0.016(8) = 0.961(8)

7 \

ChPT  quark model D
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ChPT

» For small q?=t region, ChPT
provides a reliable framework to
calculate the form factor.

At one-loop, non-analytic dependence

on quark mass is predicted (chiral log).
Gasser-Leutwyler (1985)

£.0) =145 Hy, (0)+> Hy, 0),

1 , m’
M0 =~ fpgrpz (Mo rme )b 1 |

2X
h,(X) =1+ -

In x

gives f,=-0.023, now two-loop is known (Bijinens et al.)
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What lattice can do

» Main target is f,: only a few %
contribution, but that is the f, slope vs curvature
accuracy one wants to achieve. (Gatti at Kaon 07)

5
C A x 107

f, should also be calculated. Good
consistency check with ChPT.

» Many other predictions/cross- .|
checks possible. Mainly the form y
factor shape, d

L.@)=fOL+A@ /m)]

The slope parameter A, can be
compared with the experimental data.

9
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Lattice calculation

» Very similar to the pion form factor

calculation. -- oo

But need to separate f, from f,,. t, t,
(7(p)[57,u|K(P)) = £.OX(Pc + D), + - O)(Pe— ), ’

Possible by looking at different p
directions and solving linear equations,
but...

When both 7 and K are at rest, only f,
can be obtained.

Statistical error is larger with finite
momentum insertion.

3 .
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Statistical noise

» Larger the momentum, larger the noise.

10

T
[ TE%a, <] bt
N ¥ 11
PR MR | M | I MR | N
sf ®a. , FOOD N
L =2 .. ]
4l -
TR S ST SN (NN TN TN TN TR NN T N S S | T'
T
: = oL ]
125F r * 3
. . .
SN R
e R T T ST B S S S
L] 3 10 15
t

Possible to understand as follows (Lepage, 1990)
NZ(t) ~ <(Tr[rsq (X, 0)T"'S, (0, x)])2>- (Tr[Ts,(x.0r"S, (0, x)]>2

=exp|[-E,, (0= p)t]|—exp[-2E, (p)]
N(t)/S(t) ~exp| (E,(p)-E,.(0)/2)t]

~exp| (E,(p)-E,(0))t], E,(p)=m?+p’
I
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A clever method

» Precision is the key for this quantity. Consider ratios in
which the bulk of stat fluctuation cancel.

|t ratio
C™ (1)CR%* (1) <7z'(0) \'A K(O)><K(O) \V4\7z(0)> (Mg +m )

- = fo (Chnae)
CH OC(t)  (z(O)NV,|7(0))(K(O)V,|K())  4mem "
1.10—————— Precisely calculated.
F oo Renormalization factors cancel.
I 4} I .
STY: 14| T TVOUROVE] o i Can be obtained only at
* - £ O = (M =M, )
F 2 K-om| Need to extrapolate back to
090§ ——+——¢— f 6 —— 2 q2= .
JLQCD, 2005 2
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Clever ratios

» Extrapolate back to gq?=
2" ratio with finite momentum.

(7(p)V.IK(0)) I m, —E
fL(0%)| 1+ £(q?) e =
(FONJKO) morE, T, +Ej
<7T(p)‘P‘O> mK +mﬁ 2 [ 9 m. —m :| f (qZ)
1:+(qmax) 1+§(qmax) . = 2 = —
<7z(0)‘P‘O> i me +m_ c(@’) f (%)
» Subtract f. to get f, o
3rd ratio with different p 1 N
oo 4
TONKO) o) N it
(M) "Mt Ee gy B
<7f(p)’\/4‘7r(0)> m " ﬂ " d 0.40_ . El§ L .Ilﬁ. LD
9
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1:(0)

L4 R R R R LR } Combine the3 I"atiOS.
o2l : q* conversion is dominant.
- 8 g3 :
- B!
098 4 [y p . .
sl 2 L0 % 1 » Analysis with one-loop ¥ PT
e 20 5 lus an analytic term (m 2-m_2)2.
O'Qil.dI”ll.['.;IIIEI.E;IIIEI.dlllﬂll.jﬂlIllﬁl.lflllllﬁl.dlll?.ﬂ P 3 y3 ( K n )
f/?"ﬁmyi f+(0):1+EHK”(O)+EHK”(O),
Hoo(0) = ————(mZ +mi)h Me.
T 1287%Fr T Y mE )
hy (X) =1+ 2 Inx,

JLQCD (2005): f,(0)=0.954(9)

Note: there are several newer
calculations... d

I
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Other recent results

» Recent results compiled by
Juettner at Lattice 2007.

1+,
T L | I Iil L L T | NOW several groups are
! & Ciriglianc et al. 2005 ’
Jamin st . 2008 interested in this quantity.
: Finens & Telovrs 202 Results including 2+ | -flavors
S tewersmeesiom | :
---h;T;;_---___—I—----___---_i Becirevic et al. 2004 Of dynamlcal quarl(s.
Ve o e JLee0 2008 Light enough sea quarks.
N=2 — REC 2006
N1'=2+1 —_—— i MILC+HPQCD 2004
A T I N Results compatible with the

T e T T original estimate by
Leutwyler-Roos (1984).

D
.
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Points to be checked

» Presenting just a final number is not good enough. Form
factor shapes (charge radii) contain lots of info.
Chiral extrapolation: consistency with yPT.
Analyticity: consistency with the known K* pole.

Consistency with the experimental measurements for both f,
and &.

HoEE R A
E EEEE
e
LN
=

|

Ex). Charge radius

S b = : .

5‘“132%% & % . £ (t)=f. (0) 1+3<r2>K”t+--- ,
AL T BT . | 6 v i
5 1Y 1 -

i 1 Kz
£ (t)=f2 (0) 1+E<r2>s tteee |,

e | Not satisfactory, so far.

35
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[V. CKM Phenomenology:
at tree level
3.V,
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Heavy-to-heavy

» Second well-known

parameter: A Ve

Inclusive:

do not specify the final state
(except that it contains a charm).

Heavy decays can be well
controlled by perturbation
theory.

Exclusive:

treats a definite final state (e.g. D,
or D).

Heavy quark symmetry
constrains the form factors.

28
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Inclusive decay

» Perturbation theory

Valid when energy scale is large. In this
case, provided by the mass difference
m,-m_~ 3 GeV.

Valid when smeared over final state.
Thus, consider inclusive. In this case,
the sum is over D, D*, Dit, D™, etc.

» Decay rate
At the quark level,

2 A5
I (b—c)= G{grgb;f) Vo[ (1+ A, ) AP (mZ/mé, p)

Contains m,>: precise knowledge of m,
is crucial, or to be fitted with exp data.

o ,

29 S Hashimoto (KEK) Aug 20,2007 lﬂﬁ%n



Heavy quark expansion

» Initial state is a B meson, not a b quark.

Correction can be calculated by the
Operator Product Expansion (OPE); in this
case, called the Heavy Quark Expansion.

Fsl(b—)C)—G mb(:u)‘ b‘ (1+A%W)Apert(r 'u) |

1927° |
b £ b
x{z (r)+z, (r)[”ﬂ 'uG]+Z (r)('oD pw}_.} |
m; m m, m !
B meson matrix elements represent the bound 1
state effects.
=~

b (i 1 i B>' b : b
. &
=(B|b(iD¥)(iD})c,,b|B), O | O

Can be fitted with exp data.
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V, inclusive

» Several moments

Theoretical calculation also

possible for differential decay rate.

To avoid duality errors, one must
use moments, instead.

Several moments (My") and (E")
compared with exp data.

E, distribution (Belle, 2006)
Seofl

Belle

|:|a-x,av E
OB—X,ev
Ogecondaries
[Combinatoris
| OCortinuwm

B S T AT e s T 048608 T id 41418 3 130
p® (GeW/c) PR (GeWich

My distribution (Belle, 2006)

2, 4
ic

May also combine with the

photon energy spectrum in
B—X.y, which is governed by the |||

same matrix elements.

31

v
5 B

333 Ge
&

I —— ]
—e— ]

entries / 0.333

- B 58888

ot II l}HE ¥ o M (GeVie?)

2 2‘5 3 3.5 4
E* [GeV]

v spectrum (Belle, 2006)
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V, inclusive

» |V,| obtained to |-2%. BaBar 2006
43 I I I
|V,|=0.0417(7) (PDG 2006) [ Lepton ]
42 -
Other parameters, such as m,, m, pnz, *'; i
etc., can be obtained at the same time. —E“ -
Very strong method! = ol Al
. . [ Moments Hadron ]
Duality issue? ol ~ Moments |
. . 45 47 49
B—X_Iv is dominated by D and D* (80%). m, (GeV)
& n__"|""|""|""|""|""|""__ “EopnsfE AR AR AR R R
E -{L_E :Erg%rllﬁnﬁry .-"_-_“_;.' ] - “—'34132‘ el ]E:;rgﬁrllﬁnﬁry _i
<& oael g E 0.042F | E
o ) / 4\':' ] 0.0418fF ". ’/ \\ =
o Y / ] 0o16E 3
o / . 0.0414F =
C S ] 0412 ' 3
Y S = FelvaXer 0.041F \ / ": =
T ; ] ﬂ_msz—— Xelv+ Xy -esea’ =
-{L-i__nun|I||||I||||I||||I||||I||||I||||_- ﬂ.':"‘-':'ﬁ-z_l ||X‘:I|"||||||I||||I||||I||||I||||_:
455 46 465 47 4.75 48 485 49 455 46 4865 47 475 43 485 449

m, [GeV]

m, [GeV] 35 ,
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Exclusive decays

» Use the exclusive decays B—DOlv to o
determine |V .

Analogous to the |V | determination
through K—mlv.

Need a precise calculation of the form
factors = non-perturbative physics.

Very different systematic effect from the
inclusive decays, thus a good cross-check.

Heavy quark symmetry plays an

important role, like the chiral symmetry
(or flavor SU(3)) in K—mtlv.

Jﬁ% .
0
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Heavy quark symmetry

» Heavy quarks look similar...

In the heavy-light meson (or heavy-light- PY
light baryon), the heavy quark hardly
moves, looks as if a static color source.

Therefore, no difference between b and
c in the heavy quark limit (mg—0).

Also, there is no difference between °
spin-up and spin-down heavy quarks,

because the spin-(chromo-)magnetic

interaction is at O(l1/mg).

c-B
H, =y —y Q/ Q/
2mQ r‘
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Heavy quark symmetry

» Symmetry relations among B —>D* , BaBar, 2004
form factors i TRV 3
* AWV,

Interchange of b<>c
Interchange of T4

Form Factor = [V_ | % 107
(]
L ]
T

1 11 1.2 1.3 1.4 1.5

w

ex) Isgur-Wise function

B—D and B—»>D* are governed
by the same form factor &(w),

called the Isgur-Wise function. E\W\“"-\m
(D670, B0 = (v, +,). i
<D*(V|'5) C,7..7s0, I§(V)> = —if(W)[(l+ w)e, — (& -V)v;l]

A function of w=v.v’, see below.

| Vep | Foly)

E
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Scale separation

» Write the momentum of heavy quark as _
p:mQV_I_k Agen
V : four-velocity of the heavy quark. '

k: residual momentum

» Heavy quark mass limit:

propagator @
L
i p+m, _i myY +mg, +K —>i1+y 1
p’-mi+ie  2mgv-k+k® +ie 2 v-k+is

Lagrangian

0O (. ] _ —imgV-x
L, =Q,(iv-D)Q,; Q(x)=e " "Q,(X) Georgi (1990), Eichten-Hill (1990)
States are distinguished by the heavy quark
velocity.

E
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Heavy meson states

» Usual normalization » HQET normalization
(H(p)|H(p))=2E,(27)°s°(p-p) (H'K)HV.K)=2", (27) 5" (k-k)

[H(p))=1/m, [|H(V))+O@/my) |
» Decay constant
(0]a7,7:Q0)|P(p)) =i f,p, (0[a7,7:Qu[PW)=i( fom, v,
Heavy quark scaling
[~ 1 [1+0@/m,)]

Jm

» Form factors: B—>DIv as an example

(D(P)|V,|B(P)) = £.(a")(P+P), + (@) (P~ P), = MMy [ h (W)(v+V), +h (W)(v V), |
N N
(W) 0
given by a function of w=v.v’
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[sgur-Wise function

» Form factors:
(D(V")|V#|B(v)) = h, (W)(v+V')* +h_(w)(v—-V")~,
<D*(v', £) \Vﬂ [B(v)) =h, (W)e" eV’ v,
(D°(v',&)| A|B(V)) = —ihy (W)(L+ W)£™ +ih,, (W)(&” -V )" +ihg (W)(&™ - V)V

» Heavy quark limit: mg, m_—c0

h, (w) =h, (W) =h, (w)=h, (W) =~&(w) Isgur-Wise function
(W) = N,y (W) = O

» Zero recoil limit

E(w=1)=1I because of the vector current conservation (number
of heavy quark).

A strong constraint, like the f,(0)=1 of pion/kaon form factor.

E
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1 /mg corrections

» Luke’s theorem

The leading correction of O(1/mg)
vanishes in the zero recoil limit w=1.

1 1Y ;

L 2, 1 3
") =70, {l_ emy " @m)em) @m) +O(1’m°)}

An analog of the Ademollo-Gatto
B —D*, BaBar, 2004
theorem; comes from the symmetry -

(D[>[B).

Extraction of |V ,| is most precise in
the zero recoil limit.

© F(w)[V,|

SANIV ]

Form Factor x [V | ¥ 10
[t
L%
|

D
39



Lattice calculation: IW function shape

» Lattice calculation is possible with
a similar method as used for K— 1t
form factor

Except that the heavy quark is heavy:

treated by HQET on the lattice (for
example).

Putting velocity is non-trivial.
Because of a S/N issue, NRQCD is
better (or the conventional lattice
formulation).

Sometimes called Moving NRQCD.

For detailed discussion of heavy quark
formulations, see Kronfeld’s lecture.

h,(vv',)

1.00 fy,
0.95

0.0

:

[]_85 PR il PR | P R [ i i
1.001.02 1.04 1.06 1.08 1.10 1.12 1.14 1.16

r
VRVR
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Lattice calculation: zero recoil limit

» In the zero recoil limit, lattice can f*m EI T
calculate the O(1/my2) (or higher) R;ggmf;gﬂﬁﬁﬁﬁi
deviation from the heavy quark limit.

Clever ratios (again!) e

(D|cy.b|B)(B|by,c|D) ., (1 1Y , Fermilab group (SH
= D[cr.c|D)(Blor[E) O | I{z—c —] +oa/me) et al.), 2001

< |7 b|B){E BrelD) e U P
R - o =11, [ - L] oim)

b

b

2
1 1
1-1,| ————| +O@/mZ
A[ch 2mb) ( Q)]

These determine the expansion
coefficients I, |\, |, to reconstruct h,,(I).

I, 21, b 3
= {1_ @ny @ )am) @my +O(1/m°)}
3%
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More recent work

Laiho et al. (at Lattice 2007)

Including dynamical fermions

Asqtad improved staggered (2+1
flavors)

With a single ratio
(D" [Ey;v5b| B) (Blbyvse| DY)

—_ WESIFA T - 'FE'-'JI-l{:I':Il2
(D* [eyac| D*) (Blbyab[B)
Not equal to one in the heavy quark g =)
limit, but the error is still controllable. L L Ee
Three lattice spacings ,\} I h ,
Il t } i
1
Result N
_ m:(Gev’)_
ha (1) = 0.924(11)(19).
Error is competitive with inclusive.
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Exclusive” summary

» Experiment
F(1)|V| is now measured to 2%.

-y
T

F(1) x IV 1 [107]

Slope of the form factor has not been
well measured, but now converging. S

» Theory

30
0

Most recent lattice calculation has got | Ty
2%.

Theoretical calculation of F(1) can
become better than 1%!?

» Combined

|V.,| = 0.0402(7)(8), compared to
0.0417(7) from inclusive.

G(1) X IV 1 [107]

S
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at tree level
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Heavy-to-light

» Less known parameter:
2412172 \/
(p™7)

Inclusive:

do not specify the final state
(except that it contains a charm).

Heavy decays can be well
controlled by perturbation
theory.

Exclusive:

treats a definite final state (e.g. m,

P, @, ...).
Heavy quark symmetry does not
help a lot...
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Inclusive b—>u

» Perturbation theory

Valid when energy scale is large. In this
case, provided by the mass difference
m,~ 5 GeV; better than b—c

Valid when smeared over final state. In
this case, the sum is over many final
states, thus much safer.

» Experimentally harder

Must distinguish b—u from b—c
background, which is 100x larger.

Needs cut to enhance the signal.

& »
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B—X_ lv kinematics

» 3-body decay characterized by
E: charged lepton energy
g% lv invariant mass
my: hadron invariant mass

» Several cuts to enhance b—u
E, cut

My cut

q? cut P

Light-cone parameter P,=E,-|Py|

47 S Hashimoto (KEK) Aug 20, 2007 lmfﬁ%a.

P, [GeV]

q* (GeV?)

2 3
P |GeV]

T P+

+ Points are
b=>uly
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Shape function

» Non-perturbative physics enters as ™"
the shape function :

An analog of the B meson matrix
element in HQE

In this case, the distribution in the light-

Belle |
Ey>1.8 GeV

i

ﬁ%ﬂﬁﬁﬁ‘}

15

cone variable
B)

f(k+)=2r1n (B

also observable from B—Xy.

b,5(in-D+k, )b,

Possible to calculate on the lattice??

48
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|V, | inclusive

» Now, |V, | is reasonably
precise ~ 8%.

49

[Vub| = 0.0440(20)(27) (PDG
2006)

Sets the challenge for lattice
QCD.

CLEO (E,) ;

3914046 +044 H—'—LH

BELLE sim ann_ (m,_ q%) .
4234045036 R
BELLE (E,) :

467+043 2038 '—“—i—'—'
BABAR (E;) .

423+024 2039 .

BABAR (E,, s=) ,
437+£029 £049 =-

BELLE (my,) i
3924026032 e
BABAR (my) !
409+020+039 hd E
1
Average +/- exp +/- (mb.theory) i
43120172035 ?
¥ dof=6.1/6 (CL= 41 %) ;
OPE-HQET-SCET (BLNP) :
Phys Rev.D72:073006,2005 ’
mbinpurfmmchh':mEhAs}'mumems | E LP 2007
! 1 ! ! ; ! i
2 4

6
V.| [x107]
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Exclusive decays

» Use the exclusive decays B—mlv, plv,
olv, etc. to determine |V,,|.

Need a precise calculation of the form
factors = non-perturbative physics.

Very different systematic effect from
the inclusive decays, thus a good cross-
check.

Heavy quark symmetry does not help a
lot. Only the heavy quark scaling is
useful.

J'e% .
0
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Kinematics

» B—orlv

2. v invar : 2 2
g*: lv invariant mass; 0<g“<(mg-m_)

small q? < large recoil of
large q? < small recoil of

» Differential decay rate

dF _ GIE ‘Vub‘z

dqz_ 247° ‘pﬁ‘s

(@)

Depends only on f,; f, term is
suppressed by small m,.

» Lattice calculation

Possible only when both B and & have

small spatial momenta.
= large q? region

51

L
06
04

small q?

15
16
14

o [jg)ERQD
P £ EPD

e
7
-

PR R TR R P N R N HAA N R B A
2 4 6 B 0 0B 5 1B W 1D M
¢ GV
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Lattice calculation

» Calculation of 3pt function

Use the sequential source method with
momentum insertion.

The clever ratios not so much useful:
numerator and denominator are not similar.

» Most difficult among other semi-leptonic
decays. Several checks to be done
Operator matching
Heavy quark scaling
Chiral extrapolation

Dispersion relation
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Operator matching

» Lattice operators have to be
matched to the continuum operator. "«

53

Usually done using perturbation theory
at one-loop. Neglected higher orders
could be sizable.

For light-light currents the non-
perturbative matching is available in
many cases.

In the double ratios (K—r, B—D) the
matching factors largely cancel.

Cancellation is less precise for heavy-
to-light, thus larger systematic error.

S Hashimoto (KEK)

\/ (Qa)cont

—7 (QQ)V (Qq)latt
Y7,
7 (QQ')Z (9'q)
7 (QQ)Z (9'q’)
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Heavy quark scaling

» HQET normalization

{F'_'IUEL*\”{FHIFE?'B[\?\]} =2 [fl [?; ) Ii!f:.'r]"!;)” + fﬁ{.?; . I;f'r‘J

Related to the conventional form T
1.5 5
factors } _
) = v { B AR oF 4 M by :
Iy . mpg 4 $ 12,
2 m3 ¢ Py (GeV)
0y 2y B (v k 0.5 .
f {q 1] — m?n% — THIE..; {[.f] {t' ’E'”i} + fdll'i‘. JE""I'j] + #+ + *e¢ 0 ([)+ (Gev'l D) E
_1m : [f] (v-ky) + ﬁfﬂt! : ﬁfﬁ]] } 090 02 04 0% 03 1.0
. T 1M, (GeV'™)
HQET scaling is manifest
FH(q?) ~ g Possible to check the consistency among
[]' oY { ' different heavy quark formulations
(q7) ~ ~
g N
3 .
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Chiral extrapolation

» Soft pion theorem

f
fO (qriax) - f_B

Valid in the chiral limit.

Chiral extrapolation is not trivial
2
because g° changes as m, changes.

» ChPT predicts the chiral log

Calculation exists (Becirevic-
Prelovsek-Zupan, 2002), not fully

tested so far.

55

JLQCD (2001)

VA,

' 0.00

0.02

0.04
am
q
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Dispersion relation

» Near q?__ the B" pole dominates
the dispersion relation.

) Fa) 1% ImFa)
F = dt =— | dt
(6 =5 fat-= j o

Using the B*Br coupling,

fe- g

' E:I;H‘f (@) = fr 1 —q%/m%.
or 7‘ |
o fH* \/ M - v - Jién- 12— ) {
T ATy VAR g
ich impli ol T
which implies constant f,. | [Tl
0'%.0‘ I IO‘.Z‘ I IDLII I ‘Ol.ﬁl I ‘Ol.SI I Ill.O‘ -

k. (GeV) J’a
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Most recent results

» Lattice data available only in the
large q? region; take exp data only
in that region to extract |V,,|.

V.| = 0.00384(+67-49), to be

compared with 0.00440(20)(27)
from inclusive.

Error is x(2-3) larger, mostly

theoretical. 3 HPOCDLILS 0
28F (-
26F [0 previousf and f, [ FNAL 2> 16
24f [ 3.55 £0.22 + 0.61 - 0.40
SOF O newi [
b |A newf, /] APE q2 > 16
]é: : 358 £022+1.37-063
L6f % ]
14 /- .
12F il ]
1_" //‘j | 1
08__ _ M_,.-’/ ] 2
gg: e ol &éﬁ .
¥ b
U- L | L | L | L | L 1 1
HPQCD 2006 * 5 0 15 20 2%
q (GeV')
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HFAG Ave. (BLNP)
4.52 £0.19 £ 0.27

HFAG Ave. (DGE)
446 +020 £0.20

HFAG Ave. (BLL) mx-q2
502 026 £0.37

BABAR (LLR)
443 045 £0.29

Ball-Zwicky g2 < 16
341 2013 +056- 038




Semi-leptonic decays...

» Complicated!

58

But good, because there are many different ways to check
lattice calculations.

All come from symmetries (chiral, heavy quark) and analyticity.

Lattice calculation must pass these stringent theoretical tests in
order to make reliable predictions.

Heavy-to-light is the greatest challenge. Need <5% accuracy to
be competitive.
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