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Intro duction Calculation Results

Intro duction

couplings a re very susceptible to �new physics�

dominant deca y mo de: t ! b+ W +

p ola risation allo ws fo r detailed study of deca y p ro cess

LHC will p ro duce many top qua rks

total width is ha rd to measure directly at hadron colliders

helicit y fractions can b e measured



Intro duction Calculation Results

t ! b+ W +

W has spin 1  3 p ola risation states

t

W +

b �

�̀

� l

W +

 di�erent contributions to angula r distribution

d�
d cos�

:

W � W L W +



Intro duction Calculation Results

E�ect of radiative co rrections

b ottom qua rk has to b e left-handed

additional gluon and mb 6= 0 leads to � + 6= 0



Intro duction Calculation Results

Exp erimental results

leading o rder Standa rd Mo del p redictions ( mb = 0 )

FL = 0 :697; F � = 0 :303; F+ = 0

T evatron [CDF '07] [D0 '05, '07]

FL = 0 :85 � 0:28; F+ = 0 :05 � 0:12

FL = 0 :56 � 0:31; F+ = 0 :056� 0:10

sys.

stat.

LHC with 10 fb

� 1
[Aguila r-Saavedra et al. '07]

� FL = 1 :9%; � F � = 1 :8%; � F+ = 0 :21%
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State of the a rt

unp ola rised deca y

O(� s) co rrection with full mb and mW dep endence

O(� 2
s) co rrection as expansion in mW =mt
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s) fo r p ola rised deca y?

W

apply optical theo rem and

expansion b y regions

do not sum over p ola risations



Intro duction Calculation Results

Ho w can w e reach O(� 2
s) fo r p ola rised deca y?

W

apply optical theo rem and

expansion b y regions

do not sum over p ola risations

WL W+W�



Intro duction Calculation Results

3-lo op diagrams

mb = 0  t w o scales: mt , mW

 use expansion b y regions to reduce to single scale integrals



Intro duction Calculation Results

Expansion b y regions

on-shell integrals with t w o masses and la rge mass on-shell

 t w o regions:

ha rd: qi � mt  expand in mW

q

p

p + q

) �
�
�
�mW ! 0

soft: qi � mW  expand in q

q

k
) ?

�
�
�
�q� mW

p



Intro duction Calculation Results

Ho w do es p ola risation enter the game?

p ola risation sum

� �
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Intro duction Calculation Results

Ho w do es p ola risation enter the game?

p ola risation sum

� �
L� � L� + � �

+ � � + � + � �
� � � � � = � g�� +

q� q�

m2
W

 numerato r of W b oson p ropagato r

pick out individual terms:

� �
L� � L� =

(m2
W p� � p � q q� )(m2

W p� � p � q q� )
m2

W m2
t j~qj2

complication : app ea rance of j~qj =
q

q2
0 � m2

W in denominato r



Intro duction Calculation Results

Soft region

 j~qj2 = q2
0 � m2

W cannot b e expanded, but W lo op facto rises:

q

k
) ?

�
�
�
�q� mW

p

 calculation just as in unp ola rised case, but with di�erent

vacuum integral:

Z
ddq

(q2 � m2
W ) (q2

0 � m2
W )

= i� d=2 2 �( � )
1 � 2�

1
(m2

W )�



Intro duction Calculation Results

Ha rd region

rewrite j~qj2 in terms of p�
and q�

j~qj2 = q2
0 � m2

W =
(2p � q)2

4m2
t

� m2
W

)
p

q

p + q

w e only need the imagina ry pa rt  q2 = m2
W :

j~qj2 =
1

4m2
t

�
q2 + 2p � q � m2

W

� 2
� m2

W

expansion in terms of top p ropagato rs

1
j~qj2

=
4m2

t

(q2 + 2 p � q)2

1X

i =0

�
: : :

(q2 + 2 p � q)2

� i



Intro duction Calculation Results

Results

check ed expansion of O(� s) up to (mW =mt )
16

obtained analytical results fo r all three-lo op master

integrals

calculated O(� 2
s) co rrections up to (mW =mt )

10



Intro duction Calculation Results

Numerical evaluation

Helicit y fractions

FL = 0 :6971 (1� 0:0108� 0:0034) = 0:6872(6)

F � = 0 :3029 (1 + 0:0214� 0:0070) = 0:3115(5)

F+ = 0 + 0 :00103 + 0:00023 = 0:00126(6)

estimated erro r from expansion: � 10� 6

exp ected uncertainties at LHC:

� FL = 1 :9%; � F � = 1 :8%; � F+ = 0 :21%
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O(� 2
s) co rrection as function of mW =mt
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P a rt I I

Mass e�ects in semi-leptonic b deca ys

Alexey P ak, Andrzej Cza rnecki

a rXiv: 0803.0960 [hep-ph]
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Intro duction

Semi-leptonic B-meson deca y
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Semi-leptonic b deca y Summa ry

Intro duction

Semi-leptonic B-meson deca y

b
c

`
��

Clean deca y

HQET: �( b ! c`�� )

O(� 2
s) ) jV cb j; :::

mc=M b � 0:3

Muon deca y

�
e

�
��

�( � ! e� �� ) � G 2
F

MuLan@PSI: <ppm

Need O(� 2)

me=M � � 0:005
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Studies of mass e�ects at NNLO
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Semi-leptonic b deca y Summa ry

Studies of mass e�ects at NNLO

m ( `� ) =M Q

m q =M Q

1

1

0 m c =M b

zero

recoil

line

q

Q

va rious expansions

Cza rnecki, Melnik ov, Blokland,...

mq = 0 van Ritb ergen, Stua rt

expansion in mq=M Q

P ak, Cza rnecki

agrees with Melnik ov
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Structure of the result
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Mass de�nition

Origin of linea r term:

region with soft momentum ( k � mq )

Calculation: p ole mass scheme

QCD: soft region mq � � QCD cannot b e treated p erturbatively

Sho rt-distance mass abso rbs linea r term:

G2
F jVcbj2 M 5

Q

192� 3

�
: : :

�
vs.

5 � 2

4
mq

M Q

QED: p erturbative at any scale  p ole mass fo r electron and muon

Co rrection of -0.43 ppm  relevant fo r MuLan exp eriment
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Summa ry

t

b

W+

b

c

`

�

applied optical theo rem to

p ola rised deca y

calculated helicit y fractions of W

at NNLO

results relevant fo r LHC

calculated NNLO mass e�ects fo r

semi-leptonic deca y rate and

distribution moments

results relevant fo r determination

of Vcb and GF
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BLM

estimate of higher o rder e�ects: [Bro dsky , Lepage, Mack enzie '82]

� (3)
L = � 0:0186BLM + 0 :0043 = � 0:0143

� (3)
� = � 0:0052BLM + 0 :0013 = � 0:0039

� (3)
+ = 0 :00029BLM � 0:00013 = 0:00016



Extra Slides

Master integrals

� 1
k2+2 p�k � 1

k2+2 p�k

� 1
k2+2 p�k � 1

k2+2 p�k

analytical results via:

� cutting rules [Cutk osky '60]

� di�erential equations [K otik ov '91] [Gehrmann, Remiddi '00]
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Optical theo rem

Optical theo rem relates deca y width to imagina ry pa rt of top qua rk

self-energy:

W

b

� Im
�

t
�

A dvantages:

real radiation is automatically tak en into account

�technology� fo r multi-lo op calculations can b e used
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Expansion b y regions

general rules:

use dimensional regula risation

identify all regions which contribute to the given integral

expand integrand in small quantities of each region

set scaleless integrals to zero

integrate lo op momenta from �1 to + 1

sum contributions from all regions

[Smirnov, Applied Asymptotic Expansions in Momenta and Masses ]
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Higher o rders

consider b oth regions fo r all lo op momenta

q

k

p

 integrals b ecome scaleless if gluon momentum is soft:

Z
ddk ddq

k2 (k2 + 2p � k) (p + k + q)2 (p + q)2 (q2 � m2
W )

�
Z

ddk
k2 (2p � k)

�

8
<

:

R dd q
(( p+ q)2 )2 q2 q ha rd

1
(p2 )2

R dd q
(q2 � m2

W ) q soft

+ : : :
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T reatment of 
 5

replace 
 5 with " tenso r:


 � 
 5 !
i
3!

" ���� 
 � 
 � 
 �

contract " tenso r with p rojecto r  metric tenso rs

reno rmalise axial-vecto r current

resto re anti-commutativit y with additional �nite

reno rmalisation

[La rin, V ermaseren '91]
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Unp ola rised case

average over spin states of top qua rk

u(p)[: : : ]u(p) !
1
2

Tr
��

=p + mt
�

[: : : ]
	

sum over p ola risations of W b oson

X

polarisations

� �
� (q) � � (q) = �

�
g�� �

q� q�

m2
W

�

! numerato r of W p ropagato r in unita ry gauge
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Longitudinally p ola rised W b oson

kinematics

top qua rk is at rest: p� = ( mt ; 0; 0; 0)

W momentum in z direction: q� = ( q0; 0; 0; j~qj)

p ola risation vecto r: � �
L (q) = ( j~qj; 0; 0; q0) =mW

) � �
L = �

m2
W p� � p � q q�

mW mt j~qj

 � � �
L (q) � �

L (q) =
(m2

W p� � p � q q� )(m2
W p� � p � q q� )

m2
W m2

t j~qj2
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P ola risation

use p rojection op erato rs:

P��
0 (q) = � g�� +

q� q�

m2
W

P��
L (q) =

(m2
W p� � p � q q� )(m2

W p� � p � q q� )
m2

W m2
t j~qj2

P��
F (q) = �

i
mt j~qj

" ���� p� q�

P��
� = P��

0 � P��
L � P��

F

complications:

� app ea rance of j~qj =
q

q2
0 � m2

W in denominato r

� treatment of 
 5 in dimensional regula risation
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