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Hadrons

Only lepton massive enough to decay into hadrons

I'(z”— v, + Hadrons) 1-B,-B
_ _ = NC : R. = £ =3.640 £ 0.010
F(r —> Vv, € ve) B.

R

T
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o(e'e"—had)
ole'e >u u)

=127 ImII_(S)

_ ) 2
r = Lr > ve*had) 127 [ dx|1-—5 | || 1422 | IMTI®(s) + ImII®(s)
['(zT—> v, e v,) 0 m m

(3 (3

() = Nyl [TIQN(8)+ TIR0(8) | + V| [TIR (3) + TIQ () |

2" (q) =i j d*x e'% (0|T[J3#(x) 3;(0)]/0)

(-9 0*+q“q") I, (a°) + 9“q” T1§) (o)
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Braaten-Narison-Pich
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Braaten-Narison-Pich
_I'(t > v, +had)
['(z7>v.ev)
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Im(s)
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Braaten-Narison-Pich
_T(z > v, +had)

R, = -
['(z7>v.ev)

T

2 joldx (L-x)? [ (L+ 2%) IMTT® (xm2) + Im T (xm?) |

Im(s)

R, = 67i @lxl:ldx (1-x)* [ (@+2x) 1O (xm?) — 2x TT® (xm?) |

N0 = 3° CS5 (s, ) (Op (1)) OPE
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| D=2n (-9)

R, = NgSgyy (1+6, +6y) = Ry +R. A +R. ¢

S.,, =1.0201 (3) ; 5, =—0.0059 +0.0014
Marciano-Sirlin, Braaten-Li, Erler Fitted from data (Davier et al)
S, =a +520a’+26a’+.. ~ 20% ; a_=as(m)/x
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Perturbative: (m,=0)

K, =49.07570 (Baikov-Chetyrkin-Kiihn ‘08)

- % % (s) = Z ( )j . Ky=K;=1 , K,=163982 , K,=6.37101
5, = > K AV(q) =a +520a°+26a’+ 127a% + -
=il
Le Diberder- Pich ‘92 ;
o (—S) !
A(”)(as)z—gﬁ —(l 2x+2x3 —xH) | =2 = a4 .. : a =a;(m)/r
[x|=1 — T r -
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Perturbative: (mq—O) K, =49.07570  (Baikov-Chetyrkin-Kihn ‘08)

- % 1D (s) = Z [ )j . Ky=K, =1, K,=163982 , K,=6.37101
m) S = K AW(a) =a,+520a’+26ad+ 127a} + -
=1
Le Diberder- Pich ‘92 "
(n) as(=s) S .
A (as)z—cﬁ —(l 2% + 2x3 = x4) =a, + - ; a. =a;(m.)/z
|X| = T T O O
: R 1 C,, (O
Power Corrections:  IISe(s) = — n §”>
. . 47 52 (=9)
Braaten-Narison-Pich ‘92 )
of <O4>z?ﬂ<0|asG”VGw 0)
C,. (O C (O C, (O
S ~ <JS dx (1-3x2+2x°) 2n 22”n> = -3 6<66>—2 8<88>
271 7K=L 2 (—xm3) m; m_
Suppressed by m§ [additional chiral suppression in C; (O6>V+A]
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Similar predictions for R_,, , R_, , R g andthe moments

k |
dR
RM(s) = [Pds |12 |2 1
e (%) J-O [ soj (mz ds

T

Different sensitivity to power corrections through k, |

The non-perturbative contribution to R_ can be obtained
from the invariant-mass distribution of the final hadrons:

5NP = —00059 + 00014 Davier et al. (ALEPH data)
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Baikov et al
Davier et al
Beneke-Jamin
Maltman-Yavin
Menke
Narison

CvetiC et al
Pich

CIPT:
FOPT:
BSR:
CIPTm:
Bexp:
PWM:

Hadronic t decays

CIPT, FOPT
CIPT 0.2066 (70)
BSR + FOPT
PWM + CIPT
CIPT, FOPT
CIPT, FOPT
Caprini-Fischer BSR + CIPTm
Bexp + CIPT

0.1998 (43)

0.2042 (50)

0.2042 (50)

0.2042 (50)
0.2040 (40)
CIPT 0.2038 (40)

Contour-improved perturbation theory
Fixed-order perturbation theory

Borel summation of renormalon series
Modified CIPT (conformal mapping)

0.332 (16)
0.344 (09)
0.316 (06)
0.321 (13)
0.342 (11)
0.324 (08)
0.321 (10)
0.341 (08)
0.342 (12)

0.1202 (19)
0.1212 (11)
0.1180 (08)
0.1187 (16)
0.1213 (12)
0.1192 (10)

0.1211 (10)
0.1213 (14)

Expansion in derivatives of the coupling ( function)

Pinched-weight moments
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s diH“’”)(s) = 12 > Ky a(-s)" = > Kj = > Ihaf h = Kn+09n
S A n=0 n=1 n=0
CIPT FOPT
A(”)(ozs)=—<_ﬁ|x| 1_(1 2X +2X° — X )a( xm?)" = a + ... ; a=a,(m)/x

The dominant
16398 63710  49.0757 ~ corrections come from

- the contour integration
3.5625  19.9949 78.0029 307.78

5.2023 | 26.3659 | 127.079 | Le Diberder- Pich 1992

Large running of a. along the circle s=m2 e , ¢e [0,2n]
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1 d X
(n) . 3 4 2\Nn n . .
A (a,) = —i (_ﬁx':l—x (1—2X+2X — X )af(—xmr) = a,. + : a, = OCS(mT)/ﬂ'

g

m? (1) . 19 2 ) 265 72'2 19 3
T Av(@,) =a —-— g a’ + - =— a  + -
Re(s) @) =8 -5 A% {ﬁl (288 2) 2|

a(-s) ~ Z a, _ a, - a Z (i %a, ¢j : ¢e[0,27z]
1—21af log(-s/m?) 1-i‘ta¢ n

FOPT (0.11) [at 1 (3) loops]
Experimentally a_.=0.11

(divergent series)

The difference between FOPT and CIPT grows at higher orders

Hadronic t decays A. Pich - TAU 2010



Mgy =+ § IX _ an ..
A (@) =~ <j‘>|xl_1 —(1- 2%+ 2x° — x*) a(=s)" +

0.14828 0.01925 0.00225 0.00024 1.20578
0.15103 0.01905 0.00209 0.00020 1.20537

0.15093 0.01882 0.00202 0.00019 1.20389
0.15058 0.01865 0.00198 0.00018 1.202/3
0.16115 0.02431 0.00290 0.00015 1.22665

Uncertainty only related to the unknown K. (n=5) coefficients
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(GERELCENETNT))

o Large higher-order K, corrections could cancel the g, ones

Happens in the “large-B,” approximation (UV renormalon chain)

o0 D=4 corrections very suppressed in R,

n =2 IRrenormalons can do the job (Kh=-0,)

o No sign of renormalon behaviour in known coefficients

n=-1,2,3 renormalons + linear polynomial

5 unknown constants fitted to K, (2<n<5). Kg=283 assumed

o Borel summation: large renormalon contributions. Smaller o

Same result with Modified (conformal mapping) CIPT (Fischer - Caprini)

(Descotes-Genon — Malaescu)
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Davier et al ‘08
ALEPH “05

OPAL ‘99

CLEO ‘95
Maltman-Yavin ‘08
Braaten et al ‘92
Beneke-Jamin ‘08

Ne Seyy (146, + 64 )

-0.0059 + 0.0014
-0.0043 + 0.0019
-0.0024 + 0.0025

0.012 +0.018
-0.009 £+ 0.005
-0.007 £ 0.003

55 = 0.2066 + 0.0070

Small “Duality violations” —OPE uncertainties—

ALEPH data

Phenom. analysis

Theory estimate
Theory estimate

(Davier et al ‘08)

(Cata — Golterman — Peris ‘08)

Spy = 27 qSlxlzldx (1-x)*(@+2x) [ T (xm?) -T15:2 (xm?) |

Hadronic t decays
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R,y =1783£0011 ; R ,=169x0011 ; R, ,=3478+0.010 Davier et al
ALEPH

o (M?) = 0.344 +0.009

Y decays

(Ohaa)

> e e (jet & event-shape)

e‘e” (jet & event-shape)

_—
e
v
+
e e
+ —

e

a,(M2) =0.1212 +0.0011

¢ e'e” (jet & event-shape)

(M%), i =0.1193+0.0028

o

o

d

S\

Pa
>

B

- |
?ﬁ?‘\‘ﬁ '

_—

DIS (e/jt; F,)
I|1.9—‘|5.2| . .

ai(M2)—al(M2) =
wscale (GeV) 0.0019+0.0011, £0.0028,
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Wy ol

:mber 14-17, 2004

o Md ‘ [Vus ‘2

RK RK
kI V+A 7S kI(D) _ oki(D
RS =—— . zNCSEWZ[5ud()5()]
2>
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e T >SV, ALEPH
1 Kn
m K2zn
== K31 + K (MC)
1 K4rn (MC)
1 K5t (MC)

OPAL
(K) from PDG
(Kn+Kn)
(Knn+Knm)
(Knnm)~

- - naive parton model

s (GeVA

R R 5, 2
(0,0) | 0.39+0.14 | 0.26 +0.12 SR =T [\/T|82 ~ 24 % Ay ()
(1,0) | 0.38+0.08 | 0.28 + 0.09 Vud ® i
(2,0) | 0.37+0.05 | 0.30 + 0.07 and/or
(3,0) | 0.40 +0.04 | 0.33 +0.05
(4,0) | 0.40 £ 0.04 | 0.34 + 0.04 QCD uncertainties
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ki ki
i Revaia 3 R s ~ 24 mé(mﬁ)

OoR” = ~
i [Vud |2 [Vus |2 m§

Ay (as) Known to O(ag)

A, (o) gets longitudinal (J=0) and transverse (J=0+1) contributions

Divergent QCD series for J=0

Longitudinal contribution determined through data:
« Kaon pole (K—uv) (dominant J=0 contribution)
* Pion pole (m—uv)
e (Km);-0 (S-wave Kr scattering)

Smaller uncertainties

SR = 0.1544 (37) + 0.062 (15) = 0.216 (16)
! \§ J J
Y Y

J=0 ms(mr) =0.100 (10)
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Rgc,)s T data: RS?S = 0.1615 (40)

ey R, = 3.479 (11)
2 T,

M| PDG10: V| = 0.97425 (22)

Gamiz-Jamin-Pich-Prades-Schwab

SR =0 Vys|=0.210 (3)

Taking as input  (from non t sources) m.,(m_)=100+10 MeV :

SRY; = 0.216 (16) Vys| =0.216440.0027,, +0.0005,,
Kz Mus|=0.2241+0.0024 [ f,(0)=0.965+0.010]
The T could give the most precise determination
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arXiv:1005.2323 [hep-ph]

0.213 0.214 0.215 0.216 0.217

e3 |__|E‘!'_A .

"t Kaon WG

K,

Large O(p®) ChPT correction  (Bijnens-Talavera)
K_u3

| 4
Leutwyler & Roos .9:-! .961(8) Quark M. O (p )

|

|

|

Bijnens & Talavera .976 (10) yPT+LR

|
.974 (11) ¥PT+ disp. O(p6)

0.984 (12) ¥PT+1/Nc

K® e3

Jamin et al

Cirigliano et al

K™ u3 S S

N=2
J RBC
JLQCD* .967(6) Clover

|
|
QCDSF* i @ .9647(15),,... Clover
|
|
|
|

=== .962(11) Stag ‘ f—l— (O) Vus‘ — 02163 i 00005

|
= .9644 (49) DWF
== .9599 (37)*}}

ad* 9 Q.‘\b Q.‘ﬂ Q9% 99 A\

f, (0)=0.965+0.010

i
i
|
-h-.*-- .968(9) (6) DWF
i

0.213 0.214 0.215 0.216 0.217

|
|
|
|
|
|
r_ |
Af—() SPQcdR | .960(5) (7) Clover
|
|
|
|
|
|
|
|
|
|
|

N=2+1
" HPQCD-FNAL*

RBC-UKQCD-07

I
I
I
I
I
|
RBC-UKQCD-10 |

f, (0)=0.959 +0.005

UKQCD/RBC
Hadronic T decays A. Pich - TAU 2010



Smaller t—K branching ratios smaller R_¢ smaller V

0[0]
RT S

- 0.1686 (47) —>

OLD

Vus|o,p = 0-2214%0.0031,, +0.0005,, Vus |y = 0-2164£0.0027,,, +0.0005,,

“Fifteen of the 16 B-factory branching
fraction measurements are smaller than
the non-B-factory values. The average
normalized difference between the two
sets of measurements is -1.36"

More data needed
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0.2180(3%
0.2188(2
0.2172(34
0.2160 (‘f;

sl

)
9

) (-
)(:
) (-
) (&

Vus| = 0.2208(27)(28)(5)(2)
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m
' n3n’, 2, (6n)”
| Of, nn_no, (KK-bar(r))”
—— QCD prediction
parton model

ALEPH 1 - —— QCD prediction ALEPH

« T — V_\r'T [mod-08]

0.5 1

—— QCD prediction
parton model

[mod-08]
C T AT,
o m n2n0, 2n
Y (5m)”
(KK-barr)~

T

Parton model

-
Tl T
i T

[mod-08] -
—— QCD pred. = parton model

Davier et al ‘08
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. 70+ = Im Hﬁ%%) (t)
' udJ(S)_ﬂ_J-O t—S—,-

L =["ds p(s) = £

|, = °OS°ds sp(s) =0

3

5 2
5, (GeV?) o ds
e el
z I4:J’O dssins p(s)
4rf? ;
B 3 (m”o_m”i)
~ 1 1 . .
PEEPEZW[HUE;\? Hﬁgﬂ
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.
J st 2T, |s|=s0

/ ds w(s) p(s) + 5= f' ds w(s) T (s) + DV[w(s), so]

= 2f2w(m2) + Res[w(s)Il(s)]

s=0

DWMﬂﬁﬂz?f¢ ds w(s) (M(s) = M7 (s)) = /(“WﬂMﬂ
. |"|="U = S0

lim s°TI(s) =0 — T (s)=——2+—2—--
, . 2F? 10 /5 —t t
xPT: HOES T—Sf-iﬂ(ﬁ)_m (5—“1 E) +Elﬁ Car(p) + -

DV parametrized through  p(s>s,) = x e sin[p (s-S,)]
Generate 160.000 (x,y,B,s,) tuples
Data fit (ALEPH) + QCD constraints — 1.789 “acceptable” spectral functions

Wanted QCD parameters determined for each acceptable spectral function

w(s) = s"(s-s,)™ (pinched moments)
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i tuples H tuples

200
200+

150+ ol

o 100

50 sl

8.1 ; f 25 e 26.45

i tuples  tuples
120}

150 100t
80+

100+ ol

) ' 40}
50
; Mﬂ“ﬂl
1 -— . . 1 0‘ 1 - m‘[ﬂ| lh.

—40 -20 0

(8168 70003 £0.12) -107% GeV™2 = (8.17+£0.12) -107* GeV~2,
(—6.444 70007 £0.05) - 107 = (—6.44 £ 0.05) - 107% ,
( 4.33 +8_§§ji0.65) 107 GeV® = (—4.3799) 107 GeV" |

11 E29) 107 GeV® = (=7.2753) - 1077 GeV®
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s =12242021 To(Mp) = —(4.06+0.39) .10~
ls=1522+0.39 5(Mp) = (5.50+0.40)- 107

chy = (4.954+0.19)-107° GeV 2 | (%, (M,) = (4.894+0.19) - 107° GeV~*

Table 1: Results for the y PT LECs obtained at &/(p®).

Table 2: Results for the y PT LECs obtained at &/(p*).

—(5.240.5)-1073 JLQCD
—(5.74£1.1£0.7)- 1073 RBC/UKQCD

Lo(Mp) =

6:

11.9+£0.7+1.0 JLQCD/TWQCD

_ {14.911.2 0.7 ETM

Pich, Rosell, Sanz-Cillero '08
(M) = —(444+0.9)-103 | 7(M,) = (3.6 +1.3)- 1073 GeV 2
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This work (95%)
This work (68%)
Almasy et al., 2008
Masjuan & Peris, 2007
Almasy et al., 2007
Bordes et al., 2006
ALEPH Coll., 2005
Narison, 2005

Friot et al.

Zyablyuk, :
Latorre & Rojo, 2004
Cirigliano et al., 2003
Bijnens et al., 2001
OPAL Coll., 1999
Davier et al., 1998
ALEPH Coll., 1998

This work (95%)
This work (68%
Almasy et al., 2008
Masjuan & Peris, 2007
Almasy et al., 20C
Bordes et al., 2006
ALEPH Coll., 2005
Narison, 2005

Friot et al., 2004
Zyablyuk, 2

Latorre & Rojo, 2004
Cirigliano et al., 2003
Bijnens et al., 2001
OPAL Coll., 1999
Davier et al., 1998
ALEPH Coll., 1998

Before ALEPH/OPAL, 199. : GeV?® GeV®
: O¢| —— )| ——
—12-9 -6 -3 ( ° 000 220-10 0 10 20 Y% Tooo

Implications for g'/e: Electromagnetic Penguin (Im A,)
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d Very precise determination of a, from t decays

o, (Mm?) =0.342+£0.010 a,(M?)=0.1213+0.0014

Error assessment: Higher perturbative orders, dyp

d The T could give the most precise V| determination

|Vus| =0.2164+0.0027,,, +0.0005, (present T data)

Ko  |Mus|=0-2241£0.0024  [f,(0)=0.965+0.010]

Data normalization, unmeasured modes ...

d Many low-energy QCD tests from decay distributions

Chiral Dynamics

Hadronic t decays A. Pich - TAU 2010
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