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Flavour Changing Interactions

Flavour Physics:
Effects of highly virtual particles at lower energies

Measure the standard model W± couplings in B and K 
decays

Test the standard model in process
i) which are suppressed through (accidental) symmetries, 
and
ii) which can be calculated with high precision

Symmetries: CP, flavour, electroweak symmetry
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Flavour Breaking in the Standard Model

Only Higgs Yukawa couplings break this symmetry in the SM

Standard Model: Higgs sector is the source of ßavour violation

for diagonal Yd:

Mass eigenstates ≠ flavour eigenstates
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ūiYuij'̃
†Qj +

X

ij

d̄iYdij'
†Qj

3

All quark gauge interactions derive from a simple Lagrangian



Neutral & Charged Current Interactions

Introduction GUTs and SUSY Probe High Energies with Flavour Physics Conclusions

The Flavour Sector of the Standard Model

Charged Current

W+

Vus
sL uL

Neutral current

Z0

�ij
fi fj

SM: Flavour violation is ⇤ Vij

Flavour violating neutral current are
suppressed in the SM

Fluctuations at short distances
Heisenberg (�x�p � h)
FV: Test of high energies

SUSY: New Flavour violation

At low energies (long distances) we
have e⇥ective FV ⇥ Precision tests.

Classify new Physics as minimal
flavour violating (MFV) if ⇤ Vij: [Buras,

Gambino, Gorbahn, Jäger, Silvestrini ’01]

SM: Neutral currents do not 
change the flavour (i=j) at tree-level

Introduction GUTs and SUSY Probe High Energies with Flavour Physics Conclusions

The Flavour Sector of the Standard Model

Charged Current

W+

Vus
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Neutral current

Z0

�ij
fi fj

SM: Flavour violation is ⇤ Vij

Flavour violating neutral current are
suppressed in the SM

Fluctuations at short distances
Heisenberg (�x�p � h)
FV: Test of high energies

SUSY: New Flavour violation

At low energies (long distances) we
have e⇥ective FV ⇥ Precision tests.

Classify new Physics as minimal
flavour violating (MFV) if ⇤ Vij: [Buras,

Gambino, Gorbahn, Jäger, Silvestrini ’01]

SM: Only charged currents
change the flavour  (           )/ Vus

Mass ≠ flavour eigenstates

CKM matrix parametrises CP and flavour violation in the SM

VCKM =

�

�
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

�

�

B tree and loop decays: determine CKM matrix4



Unitarity Triangle
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Unitarity triangleUnitarity triangle

Unitarity of V ⇒
V ∗

ubVud + V ∗
cbVcd + V ∗

tbVtd = 0

Aλ3(ρ + iη) − Aλ3 + Aλ3(1 − ρ − iη) = 0

Graphically,

γ
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|Vub| |Vtd|

( , )ρ η

λVcb λVcb

1 (1, 0)(0, 0)

Vub = |Vub|e−iγ

Vtd = |Vtd|e−iβ

What B-mesons tell us about the Standard Model and “New Physics” – p.6
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This makes them sensitive to new physics!

3 CKM angles |Vub|, |Vcb| & |Vus| from (semi)leptonic B & K decays

CP violation in the standard model ∝ area of unitarity triangle 



CKM input for tests of SM
CKM parameters: input for
new physics insensitive tree
level observables – see UUT
[hep-ph/0007085]

LHCb exclusive Vub/Vcb 
from semi-leptonic B decays:
New Λb→p μ- ῡ results with
Lattice QCD input from
[Detmold et.al. 1503.01421]

Exclusive determinations consistently smaller then the inclusive one

Gamma determination from B→D(π/K)
See Brod [1412.3173] for recent theory work on EW corrections

Can compare observables like εK at NNLO [Brod, MG `2012]6
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http://arxiv.org/abs/hep-ph/0007085
http://arxiv.org/abs/hep-ph/0007085


New Physics sensitivity

Since we have no direct evidence of new particles we should

‣Calculate the SM flavour violation as precisely as possible.

‣Understand the origin and correlation of NP flavour 
violation to be able to interpret small deviations.

The New Physics (NP) and the Standard Model (SM) compete

! L =
CNP

" 2
NP

(øsdL )(øsdR) +
CSM

v2
EW

(øsdL )(øsdR) . . .
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No tree-level Flavour Changing Neutral Currents in the SM

Rare FCNC Decays

FCNCs are loop induced in the SM

For b → s transitions:
 - short distance top contribution
 - charm contribution ∝ log(!/M W)

After unitarity b → s transitions
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E.g. B(s) → l+ l- , B → K(*) l+ l- , B → X l+ l- , B → Xs #, ...

Rare B Decays

For rare B decays the operators

play an important role at at ! = m b.

In addition four quark operators can also contribute, e.g.
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Q7 = (b̄L�µ⌫sL)F
µ⌫, QV = (b̄L�µsL)(̄l�µl), QA = (b̄L�µsL)(̄l�µ�5l)

Q2 = (b̄L�µcL)(c̄L�
µsL)
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SM Wilson coefficients: Matching at μ ≈ MW 
b u,c

u,c s −+

b s 

l l

b u,c

u,c s
b s

q q

l +

l −

q
q

→ C1...10×

b s 

l l
q q

Renormalisation Group Equation → μ ≈ MW 

Leff @ NNLL in QCD and NLL EW for all but C9 & C10 EW matching
[Gambino Haisch`01; Haisch `05, Bobeth, Gambino, MG, Haisch `04, MG, Haisch `05, Huber 
et. al. `05] 

Status of Leff for b → s l+ l-

→CA,V $→C2 $
(C10,9)

Known at two-loops in QCD for NNLL [Bobeth, Misiak, Urban, `99] 
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Bs � µ+µ� B � K(�)�+��

# of observables

# theory accuracy

B ! X `+`- B ! hh

I will concentrate on the purely leptonic decay
Based on work with Christoph Bobeth, Emanuel Stamou [PRD 89, 034023 (2014)] 

Christoph Bobeth, Thomas Hermann, Mikolaj Misiak, Emanuel Stamou and Matthias 
Steinhauser [PRL 112, 101801 (2014)]

and will not discuss purely hadronic decays
See e.g. recent work by Bobeth MG Vickers [1409.3252]



Bs → μ+ μ- in the Standard Model
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Bs is (pseudo)scalar – no photon penguin

Dominant operator in the SM

helicity suppression
�

� m2
l

M2
B

�

QA = (b̄L�µsL)(̄l�µ�5l)

Z

b

W+

s

μμ

+ Box diagrams

t,c,ut,c,u

Effective Lagrangian in the SM:

Scalar operators:

Leff = G2
FM

2
W V∗

tbVts (CAQA + CSQS + CPQP) + h.c.

QP = (b̄RqL)(̄l�5l)QS = (b̄RqL)(̄ll)

Standard Model: CS & CP are highly suppressed

/ |V⇤
tbVts| '

��1 - �2 � 1
2 - i⌘- ⇢
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Bs → μ+ μ- and New Physics
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1, Contribution of Q S and QP are not helicity suppressed

Potentially large coefÞcients CS and CP in a 2HDM with an 
MSSM like Higgs sector Ð BR ∝ (tan %)6   M A-4 

2, Absence of tree level contribution to CA:

Precision test of the Standard Model Z-Penguin
[See Bobeth, Haisch `15 for recent study]

→ Reduce the (theory) uncertainty:

Either B(s) → ! + ! -  will result in a signal of new physics or in 
a precision test of the standard model.



Theory Calculation

CS & CP can be neglected within the Standard Model

For pure QCD determine < ! - ! +|Q A|B s > from 
< 0 |b& #μ #5 s|B s > = i pμ fBs  (fBs= 227.7(4.5)MeV [FLAG])

Pure QCD corrections only change CA(mt / M W) @ !=M W

Very good convergence at NNLO [Hermann, Misiak, Steinhauser`14] 
if QCD MS-bar mt = mt(mt) is used 

QED & Electroweak corrections could potentially be large 
– i.e. ±2% & ±7%

14

Leff = G2
FM

2
W V∗

tbVts (CAQA + CSQS + CPQP) + h.c.



Bs decay into a 2 lepton Þnal state always helicity suppressed

QED corrections I
Soft photon radiation from muons:
Theoretical branching ratio is fully 
inclusive of bremsstrahlung.
There would be sizeable corrections 
otherwise [Buras, Girrbach, Guadagnoli, Isidori] 
arXiv:1208.0934.

Direct emission is IR safe (Bs is 
neutral) and phase space suppressed 
for invariant mass mμμ close to MBs.
[Aditya, Healey, Petrov] arXiv: 1212.4166 

Next correction would be O(α3)
15

Bs

!

!

#

Bs

!

!
#

Bs* ...



Consider an experimental signal window for
the invariant mass of the muon pair m μμ

Illustration
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Simulate signal 
fully inclusive of 
bremsstrahlung 

(PHOTOS)

Direct emission is 
a background in 

the signal window



Electroweak Corrections

Only G F '/sin 2( W CA(mt/M W) invariant under 
electroweak scheme change

Compare numerical results in different schemes as a 
function of the matching scale !
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Leff =
GF�

2
�� V�

tbVts

sin2 �W
CAQA + h.c.Consider

→ Only electroweak corrections and QED to CA(! b) 
are  potentially large Ð enhanced by mtop/M W, 1/s W,  ' e 
log2(M W/m b). NNLO is important to remove the scale 
uncertainty.



There are sizeable shifts and reduction of scale dependence 
if we go from 1-loop to 2-loop

Matching Correction for CA
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QED RGE for CA
NLL running cancels 
matching scale dependence 
in QA

The log enhanced QED 
corrections reduce the 
modulus of the Wilson 
coefficient further.

The remaining 0.3% μb scale 
dependence will only be 
removed after evaluating 
non-perturbative QCD⊗QED 
matrix elements.
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Theory Prediction Bs→μ+μ-
We Þnd for the time integrated BR @ NNLO & EW 
[Bobeth MG, Hermann, Misiak, Steinhauser, Stamou `14]

Brthe = (3.65 ± 0.23) 10-9            Brexp = ( 2.8 +0.7 -0.6) 10-9

20

fBs [MeV] ) Bs [ps-1] |V tb Vts| M t [GeV]

227.7(45) 1.516(11) 0.0415(13) 173.1(9)

3

long-lasting tension between its determinations from the
inclusive and exclusive semileptonic decays [11]. Here,
we adopt the recent inclusive Þt from Ref. [18]. It is
the Þrst one where both the semileptonic data and the
precise quark mass determinations from ßavor-conserving
processes have been taken into account. Once|Vcb| is
Þxed, we evaluate|V !

tb Vts | using the accurately known
ratio |V !

tbVts /V cb|.
Apart from the parameters listed in Table I, our re-

sults depend on two renormalization scalesµ0 ! M t and
µb ! mb used in the calculation of the Wilson coe! cient
CA . This dependence is very weak thanks to our new cal-
culations of the NLO EW and NNLO QCD corrections.
Since this issue is discussed at length in the parallel arti-
cles [5, 6], we just Þx here these scales toµ0 = 160 GeV
and µb = 5 GeV. Our results for the Wilson coe! cient
CA are then functions of the Þrst seven parameters in
Table I. Allowing only the top-quark mass and the strong
coupling constant to deviate from their central values, we
Þnd the following Þts for CA

CA (µb) = 0 .4802R1.52
t R−0.09

" " 0.0112R0.89
t R−0.09

"

= 0 .4690R1.53
t R−0.09

" , (4)

CA (µb) = 0 .4802R̃1.50
t R0.015

" " 0.0112R̃0.86
t R−0.031

"

= 0 .4690R̃1.51
t R0.016

" , (5)

where R" = αs(M Z )/ 0.1184, Rt = M t / (173.1 GeV) and
R̃t = mt / (163.5 GeV). The Þts are accurate to bet-
ter than 0.1% in CA for αs(M Z ) # [0.11, 0.13], M t #
[170, 175] GeV, andmt # [160, 165] GeV.

In the Þrst lines of Eqs. (4) and (5), CA is given as
as a sum of two terms. The Þrst one corresponds to
the leading order EW but NNLO QCD matching calcu-
lation [6]. The second one accounts for the NLO EW
matching corrections [5] at the scaleµ0, as well as for
the logarithmically enhanced QED corrections that orig-
inate from the renormalization group evolution between
µ0 and µb [23, 24].

Inserting Eq. (4) into Eq. (3), we obtain for Bsµ

Bsµ $ 109 = (3 .65± 0.06)Rt " Rs = (3 .65± 0.23), (6)

where Rt " = R3.06
t R−0.18

" = R̃3.02
t R0.032

" and

Rs =
(

f B s
[MeV]

227.7

)2( |Vcb|
0.0424

)2( |V !
tb Vts /V cb|
0.980

)2 τ s
H [ps]
1.615

.

Correlations between f B s
and αs have been ignored

above. Uncertainties due to parameters that do not oc-
cur in the quantities R" , Rt and Rs have been absorbed
into the residual error in the middle term of Eq. (6). This
residual error is actually dominated by a non-parametric
uncertainty, which we set to 1.5% of the branching ra-
tio. Such an estimate of the non-parametric uncertainty
is supposed to include:

¥ E" ects of the neglectedO(αem ) term in Eq. (3).
They account for the fact that |CA (µb)|2 changes

fBq CKM τ q
H Mt αs other non-

∑

param. param.

Bsℓ 4.0% 4.3% 1.3% 1.6% 0.1% < 0.1% 1.5% 6.4%

Bdℓ 4.5% 6.9% 0.5% 1.6% 0.1% < 0.1% 1.5% 8.5%

TABLE II: Relative uncertainties from various sources in Bsℓ

and Bdℓ. In the last column they are added in quadrature.

by around 0.3% when µb is varied betweenmb/ 2
and 2mb. Such a dependence onµb must cancel
order-by-order in perturbation theory.

¥ Higher-order O(α3
s ,α2

em ,αsαem ) matching correc-
tions to CA at the electroweak scaleµ0. Such cor-
rections must remove the residualµ0-dependence
of CA (µb). When µ0 is varied betweenmt / 2 and
2mt , the variation of |CA (µb)|2 due to EW and
QCD interactions amounts to around 0.2% in each
case [5, 6]. E" ects of similar size in the branch-
ing ratio are observed in Ref. [5] when comparing
several EW renormalization schemes.

¥ Higher-order O(M 2
B q

/M 2
W ) power corrections.

¥ Uncertainties due to evaluation of mt from the ex-
perimentally determined M t using a three-loop re-
lation. Note that half of the three-loop correction
shifts mt by about 200 MeV, which a" ects Bsµ by
around 0.3%. Non-perturbative uncertainties at
this point (renormalons, color reconnection) are ex-
pected to be of the same order of magnitude.

¥ Tiny O(#$ q/ $q) corrections due to deviations from
the relation Bq# = $[Bq % ℓ+ ℓ−]/ $q

H , i.e. due to
decays of the lighter mass eigenstate in theBq øBq

system. At the leading order inαem and M 2
B q

/M 2
W ,

such corrections are non-vanishing only because of
CP-violation in the absorptive part of the Bq øBq
mixing matrix. Apart from being suppressed by
#$ q/ $q, they vanish in the limit mc % mu , and
receive additional CKM suppression in theBs case.
Beyond the leading order inαem or M 2

B q
/M 2

W , the
lighter eigenstate can decay to leptons also in the
CP-conserving limit of the SM.

All the other Bq# branching ratios are calculated along
the same lines. We Þnd

Bse $ 1014 = (8 .54± 0.13)Rt " Rs = 8 .54± 0.55,

Bs$ $ 107 = (7 .73± 0.12)Rt " Rs = 7 .73± 0.49,

Bde $ 1015 = (2 .48± 0.04)Rt " Rd = 2 .48± 0.21,

Bdµ $ 1010 = (1 .06± 0.02)Rt " Rd = 1 .06± 0.09,

Bd$ $ 108 = (2 .22± 0.04)Rt " Rd = 2 .22± 0.19, (7)

with

Rd =
(

f B d
[MeV]

190.5

)2 ( |V !
tbVtd |

0.0088

)2 τav
d [ps]
1.519

.

where we have used Vcb = 0.0424(9) [Gambino, Schwanda `13]

LHCb CMS Combination



Remaining B(s) → l+ l- decays

21

4

fBq CKM τ q
H Mt αs other non-

!

param. param.

Bs! 4.0% 4.3% 1.3% 1.6% 0.1% < 0.1% 1.5% 6.4%

Bd! 4.5% 6.9% 0.5% 1.6% 0.1% < 0.1% 1.5% 8.5%

TABLE II: Relative uncertainties from various sources inBs!

and Bd! . In the last column they are added in quadrature.

the same lines. We find

Bse ! 1014 = (8.54 ± 0.13)Rt ! Rs = 8.54 ± 0.55,

Bs" ! 107 = (7.73 ± 0.12)Rt ! Rs = 7.73 ± 0.49,

Bde ! 1015 = (2.48 ± 0.04)Rt ! Rd = 2.48 ± 0.21,

Bdµ ! 1010 = (1.06 ± 0.02)Rt ! Rd = 1.06 ± 0.09,

Bd" ! 108 = (2.22 ± 0.04)Rt ! Rd = 2.22 ± 0.19, (7)

with

Rd =

!
fB d

[MeV]

190.5

" 2 !
|V #

tbVtd |
0.0088

" 2 ! av
d [ps]

1.519
.

A summary of the error budgets for Bs$ and Bd$ is pre-
sented in Table II. It is clear that the main parametric
uncertainties come from fB q

and the CKM angles.
To get rid of such uncertainties, one may take advan-

tage [27] of their cancellation in ratios like

" q$ "
Bq$ ! q

H " M ! 1
B q

(GF MW m$)2#q$

SM

#
3 |CA (µb)|2

$3 CLL (µb)BB q
(µb)

, (8)

where " MB q
is the mass di#erence in the BqB̄q system,

and CLL enters through the " B = 2 term in L weak ,
namely $ 1

4N V #
tbVtq CLL (b̄%! PL q)(b̄%! PL q). The bag pa-

rameters BB q
are defined by the QCD matrix elements

%̄Bq|(b̄%! PL q)(b̄%! PL q)|Bq&= 2
3f

2
B q

BB q
M2

B q
.

Following FLAG [14], we take B̂B s
= 1.33(6) and

B̂B d
= 1.27(10) [28]. For the Wilson coe$ cient CLL ,

including the NLO QCD [29] and NLO EW [30] correc-
tions, we find ĈLL " CLL (µb)BB q

(µb)/B̂B q
= 1.27 R1.51

t

for &(5)
s (MZ ) = 0.1184 and µb = 5GeV. The r.h.s. of

Eq. (8) gives then " s$ = 0.0126(7) and " d$ = 0.0132(12).
It follows that the overall theory uncertainties in " q$ and
Bq$ are quite similar at present. The l.h.s. of Eq. (8) to-
gether with Eq. (1) give " exp

sµ = 0.0104(25) and " exp
dµ =

0.047(20), which is consistent with the SM predictions.
To conclude, we have presented updated SM predic-

tions for all the Bq$ branching ratios. Thanks to our new
results on the NLO EW [6] and NNLO QCD [7] matching
corrections, a significant reduction of the non-parametric
uncertainties has been achieved. Such uncertainties are
now estimated at the level of around 1.5% of the branch-
ing ratios, compared to around 8% prior to our calcula-
tions. As far as the parametric ones are concerned, their
reduction will depend on progress in the lattice deter-
minations of fB q

and BB q
in the cases of Bq$ and " q$,

respectively. For Bq$, the CKM uncertainties are now
equally important, with |Vcb| being one of the main lim-
iting factors in the precise determination of Bs$.
The increased theory accuracy is essential in interpret-

ing the experimental findings in terms of the SM or new
physics. This will be particularly important after the
LHCb upgrade (see e.g. Ref. [31]), when the experimen-
tal accuracy in Bsµ is expected to reach the same level
as the current theoretical one. Even if no deviation from
the SM is found, the role of Bq ' ' + ' ! in constraining
new physics will become significantly stronger.
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Bse ! 1014 = (8.54 ± 0.13)Rt ! Rs = 8.54 ± 0.55,

Bs" ! 107 = (7.73 ± 0.12)Rt ! Rs = 7.73 ± 0.49,

Bde ! 1015 = (2.48 ± 0.04)Rt ! Rd = 2.48 ± 0.21,

Bdµ ! 1010 = (1.06 ± 0.02)Rt ! Rd = 1.06 ± 0.09,

Bd" ! 108 = (2.22 ± 0.04)Rt ! Rd = 2.22 ± 0.19, (7)

with

Rd =

!
fB d

[MeV]

190.5

" 2 !
|V #

tbVtd |
0.0088

" 2 ! av
d [ps]

1.519
.

A summary of the error budgets for Bs$ and Bd$ is pre-
sented in Table II. It is clear that the main parametric
uncertainties come from fB q

and the CKM angles.
To get rid of such uncertainties, one may take advan-

tage [27] of their cancellation in ratios like

" q$ "
Bq$ ! q

H " M ! 1
B q

(GF MW m$)2#q$

SM

#
3 |CA (µb)|2

$3 CLL (µb)BB q
(µb)

, (8)

where " MB q
is the mass di#erence in the BqB̄q system,

and CLL enters through the " B = 2 term in L weak ,
namely $ 1

4N V #
tbVtq CLL (b̄%! PL q)(b̄%! PL q). The bag pa-

rameters BB q
are defined by the QCD matrix elements

%̄Bq|(b̄%! PL q)(b̄%! PL q)|Bq&= 2
3f

2
B q

BB q
M2

B q
.

Following FLAG [14], we take B̂B s
= 1.33(6) and

B̂B d
= 1.27(10) [28]. For the Wilson coe$ cient CLL ,

including the NLO QCD [29] and NLO EW [30] correc-
tions, we find ĈLL " CLL (µb)BB q

(µb)/B̂B q
= 1.27 R1.51

t

for &(5)
s (MZ ) = 0.1184 and µb = 5GeV. The r.h.s. of

Eq. (8) gives then " s$ = 0.0126(7) and " d$ = 0.0132(12).
It follows that the overall theory uncertainties in " q$ and
Bq$ are quite similar at present. The l.h.s. of Eq. (8) to-
gether with Eq. (1) give " exp

sµ = 0.0104(25) and " exp
dµ =

0.047(20), which is consistent with the SM predictions.
To conclude, we have presented updated SM predic-

tions for all the Bq$ branching ratios. Thanks to our new
results on the NLO EW [6] and NNLO QCD [7] matching
corrections, a significant reduction of the non-parametric
uncertainties has been achieved. Such uncertainties are
now estimated at the level of around 1.5% of the branch-
ing ratios, compared to around 8% prior to our calcula-
tions. As far as the parametric ones are concerned, their
reduction will depend on progress in the lattice deter-
minations of fB q

and BB q
in the cases of Bq$ and " q$,

respectively. For Bq$, the CKM uncertainties are now
equally important, with |Vcb| being one of the main lim-
iting factors in the precise determination of Bs$.
The increased theory accuracy is essential in interpret-

ing the experimental findings in terms of the SM or new
physics. This will be particularly important after the
LHCb upgrade (see e.g. Ref. [31]), when the experimen-
tal accuracy in Bsµ is expected to reach the same level
as the current theoretical one. Even if no deviation from
the SM is found, the role of Bq ' ' + ' ! in constraining
new physics will become significantly stronger.
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Exclusive B → K(*) l+ l-  decays
Systematic heavy-quark 
expansion in ΛQCD/mb 
(SCET) for q2 << m2(J/ψ)
[Benke, Feldmann, Seidel `01]

OPE for q2 >> m2(J/*)
[Grinstein et.al. ; Beylich et. al. `11]

Non-perturbative input: Form factors from sum-rules 
(small q2) and Lattice QCD (large q2)
See e.g. recent work by Bharucha, Straub Zwicky [1503.05534]

Construct form factor insensitive / sensitive quantities
[Krüger, Matias; ... Bobeth et. al.]

Theory uncertainties from power corrections
23
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FIG. 3: B ! K`` rate for high E ⌘ p
q2 just above the  (3770)-resonance up to the kinematic endpoint. The 40 LHCb bins [1, 13] are

shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.

b) Prefactor of hc(q2), (18 = 2⌘B,⌘c + 16

res

fit parameters, ⌫ = 117 � 18 � 1 = 98)
In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q2). More precisely:

HV
= Ce↵

9

(mB + mK)

2mb
f
+

(q2) + Ce↵

7

fT (q2) ,

Ce↵

9

= (C
9

+ ⌘cafac

hc(q
2

) + ...) (15)

where C
9

(µ) ' 4, Ce↵

7

(µ) ' �0.3, a
fac

(µ) ' 0.6 at µ ' mb and hc(q2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC

[c̄�c] = 1

��, other than the vector current, can also lead to such effects. More discussion can be found later on.
For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical

quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement

|
!

r

T r!f
(s)|2 ! (

!

r

⇢rT
r!f

(s))(
!

r

T r!f
(s))⇤ . (16)

The scale factor ⇢r roughly corresponds to A (B ! K )/fB!K
+

(q2) and replaces A ( ! ``) in (5).
For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the

LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the ¯DD-
threshold and is expected to raise smoothly with kinks at the thresholds of various D ¯D-thresholds (with the two D’s being any
of D, D⇤, Ds, D⇤, D

1

, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16

res

fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢

 (2S)

instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r + 16

res

fit parameters, ⌫ = 117 � 27 � 1 = 89)
Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

[Lyon & Zwicky, 1406.0566]



Angular&analysis&of&B0
d�K*μ+μG&

21/04/2015& SM@LHC& G.&Passaleva&10&

Results& 3&nG1&&&[LHCbGCONFG2015G002]&

FormGfactor&independent&observables:&

•  Tension&in&P’5&from&previous&measurement&[1&nG1&PRL&111,&191802&(2013),&blue&points]&
confirmed&with&3&nG1&

•  Local&deviations&of&2.9&σ&and&3.0&σ&&for&q2&�[4.0,&6.0]&and&[6.0,&8.0]&GeV2&
•  Naive&combination&of&the&two&gives&local&signicance&of&3.7&σ&

Comparison$of$1$@"1$and$full$Run$1$results$

1$@"1$

3$@"1$

P‘5 & RK
P‘5 is a clean quantity in the
sense that it is insensitive to
form factors.

Gluons coupling to on-shell c-c̄
states contribute nonpertur-
batively below the J/Ψ resonance
[Khodjamirian et al. [1006.5045]

which pollutes P‘5 in the bin close to the J/Ψ resonance.

RK = Γμ/Γe = 1 + O(10-4) Bobeth et.al. [JHEP 12 (2007) 040]

Includes only kinematic lepton mass effects – no QED 
corrections included.

QED corrections are most likely note big enough to explain
measurement in B+  → K+ l+ l- modes 24

Talk by Passaleva
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Figure 1 – Allowed regions in the Re(CNP
9 )-Re(CNP

10 ) plane (left) and the Re(CNP
9 )-Re(C0

9) plane (right). The blue
contours correspond to the 1 and 2� best fit regions from the global fit. The green and red contours correspond
to the 1 and 2� regions if only branching ratio data or only data on B ! K⇤µ+µ� angular observables is taken
into account.

(including braching ratios and non-LHCb measurements) into sets with data below 2.3 GeV2,
between 2 and 4.3 GeV2, between 4 and 6 GeV2, and above 15 GeV2 (the slight overlap of the
bins, caused by changing binning conventions over time, is of no concern as correlations are
treated consistently). The resulting 1� regions are shown in fig. 2 (the fit for the region between
6 and 8 GeV2 is shown for completeness as well but only as a dashed box because we assume
non-perturbative charm e! ects to be out of control in this region and thus do not include this
data in our global fit). We make some qualitative observations, noting that these will have to
be made more robust by a dedicated numerical analysis.

• The NP hypothesis requires a q2 independent shift in C
9

. At roughly 1�, this hypothesis
seems to be consistent with the data.

• If the tensions with the data were due to errors in the form factor determinations, naively
one should expect the deviations to dominate at one end of the kinematical range where
one method of form factor calculation (lattice at high q2 and LCSR at low q2) dominates.
Instead, if at all, the tensions seem to be more prominent at intermediate q2 values where
both complementary methods are near their domain of validity and in fact give consistent
predictions15.

• There does seem to be a systematic increase of the preferred range for C
9

at q2 below
the J/ resonance, increasing as this resonance is approached. Qualitatively, this is the
behaviour expected from non-factorizable charm loop contributions. However, the central
value of this e! ect would have to be significantly larger than expected on the basis of
existing estimates 20,21,22,23,24, as conjectured earlier 23.

Concerning the last point, it is important to note that a charm loop e! ect does not have to
modify the H� and H

0

helicity amplitudese in the same way (as a shift in C
9

induced by NP
would). Repeating the above exercise and allowing a q2-dependent shift of C

9

only in one of
these amplitudes, one finds that the resulting corrections would have to be huge and of the same
sign. It thus seems that, if the tensions are due to a charm loop e! ect, this must contribute to
both the H� and H

0

helicity amplitude with the same sign as a negative NP contribution to C
9

.

eThe modification of the H+ amplitude is expected to be suppressed 22,24.

C9 ∝ CV and the chirality ßipped 
C‘9 can be Þtted from data

e.g. Altmanshofer Straub [1503.06199]

→ tension with SM
calculation of CV



Conclusions
The LHC results on ßavour physics are super exciting!

Possible tensions with the standard model theory 
prediction
→ Consider also potentially small contributions to the 
theory predictions.
→ Quantify uncertainties from sub-leading non-
perturbative contributions to clean observables.

Bq → ! + ! -  is the precision probe of ßavour violating 
process and of the Z-Penguin at LHC.

26
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B/Hb → X l+ l-

While the relevant Wilson CoefÞcients C7, C10 & C9 are 
constrained from B → Xs # , Bs → ! + ! -  & B → K(*) l+ l- .

Inclusive decays are thought to be theoretically clean. 

Should we study B → Xs l+ l- , or Hb → X l+ l-  at/for LHC?

28

2 Framework and Basic Expressions

The starting point for the analysis of B̄ → Xsl+l− is the effective Hamiltonian,
in the Standard Model given by (neglecting the small contribution ∼ V ∗

usVub)

Heff = −
GF√

2
V ∗

tsVtb

[

8
∑

i=1

Ci(µ)Qi +
α

2π
C̃9(µ)(s̄b)V −A(l̄l)V +

α

2π
C̃10(s̄b)V −A(l̄l)A

]

.

(1)
The Hamiltonian is known at next-to-leading order [7, 8]. A detailed review may
be found in [20], where the Wilson coefficients Ci and the four-quark operators Qi

are defined explicitly (the operators are typically of the form Qi ∼ (s̄b)(c̄c), for i =
1, . . . , 6, whereas Q7 ∼ embs̄σµ! (1 + γ5)bFµ! and Q8 ∼ gmbs̄σµ! (1 + γ5)λabGa

µ! ).
From (1) the following general expression can be derived for the differential decay
rate

dΓ(B̄ → Xsl+l−)

dx dy ds
=

G2
Fm5

b

192π3
|V ∗

tsVtb|2
α2

4π2

3

4πm2
b

mb

MB
× (2)

×
[

LS
µ!

{(

|C̃eff
9 |2 + |C̃10|2

)

W µ!
9 + 4m2

b |C7|2 W µ!
7 + 4mbRe C7C̃

eff∗
9 W µ!

97

}

+LA
µ!

{

2Re C̃eff∗
9 C̃10 W µ!

9 + 4mbRe C7C̃
∗
10 W µ!

97

}]

.

Here mb (MB) is the b-quark (B meson) mass. C̃eff
9 is a (scheme invariant) effec-

tive Wilson coefficient that includes, in addition to C̃9 from (1), the contributions
from the b → sl+l− transition matrix elements of 4-quark operators Q1, . . ., Q6.
Next

LS
µ! = p1µp2! + p2µp1! − gµ! p1 · p2 and LA

µ! = −iεµ!"# p"
1p

#
2 (3)

are the symmetric and antisymmetric leptonic tensors, respectively (p1 (p2) is the
momentum of l− (l+) and ε0123 = +1). We also set s = q2/m2

b (q = p1 + p2),
x = 2p · p1/m2

b and y = 2p · p2/m2
b , where p is the b-quark momentum defined

as pµ = mbvµ in terms of the B-meson four-velocity vµ = pµ
B/MB. The hadronic

tensors W µ!
i can be written as W µ!

i = 2Im T µ!
i where

T µ!
9 = i

∫

d4x e−iq·x⟨B|T j†µ9 (x)j !
9 (0)|B⟩ , (4)

T µ!
97 = i

∫

d4x e−iq·x⟨B|T j†µ9 (x)j$!
7 (0)|B⟩

iq$

q2
, (5)

T µ!
7 = i

∫

d4x e−iq·x⟨B|T j†$µ
7 (x)j"!

7 (0)|B⟩
q$q"

q4
, (6)

jµ
9 = s̄γµ(1 − γ5)b , jµ!

7 = s̄σµ! (1 + γ5)b . (7)

Here the B meson state |B⟩ is taken in conventional relativistic normalization
⟨B|B⟩ = 2EV (the explicit appearance of the factor 1/MB in (2) is due to this
definition).
Evaluating the hadronic tensors to leading order in the heavy quark expansion,

2



Differential Branching Fraction
For an inclusive quantity we 
use the optical theorem

Im M(A → A) ∝ +X ,(A → X)

For B Physics: Im M(B → B)

!  two operator insertions

!  Operator Product Expansion

,(B → X) = Parton + -/m b

29

KrŸger
Segal

Parton

B B
Q Q



l1 l1
l2

c

c
l1

c

c
l1

l2
l1

c

c
l1

l2

c

e
e

c

(a) (b)

Figure 3: Cuts through the l1 → l1 forward-scattering diagrams that contribute (a) to
the l1 → l2 e+e− decay rate and (b) to the inclusive hadronic decay rate for l1 → l2 + X.
See text for further explanation.

to an OPE of (39), which would imply a sum over all cuts, not just a restricted set. In
this way Γ(l1 → l2 e+e−) is seen not to be a truly inclusive quantity, for which global
duality would be expected to hold. Rather, the selection of a final state with an e+e−

pair represents a more “exclusive” choice, even for the integrated l1 → l2 e+e− rate,
which leads to an integral over |Π(q2)|2. The situation encountered here is similar to
that for the radiative decay B → Xsγ. As emphasized in [18], in this case contributions
to the decay rate for which the photon is not part of the local operators in the effective
weak Hamiltonian cannot be obtained from an OPE. They correspond to a subset of
cuts analogous to those in Figure 3.

On the other hand, a very different situation occurs for the inclusive hadronic decay
l1 → l2 X (see the second graph in Figure 3). In that case no restriction is placed
on the cuts, and an OPE can be applied to (39). Similarly to the rate of hadronic τ
decay [17], the decay rate is given by a weighted integral over the imaginary parts of the
vector-current (Π) and axial-vector current correlators (ΠT,L

A ),

Γ(l1 → l2 X) =
G2m5

1

16π2

∫ 1

0
ds (1 − s)2

[

(1 + 2s)
(

Im Π(q2) + Im ΠT
A(q2)

)

+ Im ΠL
A(q2)

]

,

(40)
and global duality works in the same way as for the charm contribution to the e+e− →
hadrons cross section.

Finally, we briefly return to the low-q2 region in l1 → l2 e+e− decays mentioned after
(22). Here a quark-level calculation is justified if q2 is sufficiently below the ψ resonance.
We estimate q2

max, the maximum value of q2, up to which a quark-level calculation of
Π(q2) can be trusted. For q2 close to zero the quark picture is reliable, and the ψ-
resonance contribution is only a small part in a hadronic representation of Π. As q2

gets close to M2
ψ, the resonance contribution dominates the correlator while the partonic

result for Π is too small. Therefore, as an estimate for q2
max we use the point in q2 where

the one-loop partonic result equals the ψ-resonance contribution to Π(q2)−Π(0). Using
[Π(q2) − Π(0)]ψ = (f 2

ψ/M2
ψ) q2/(M2

ψ − q2) and the partonic expression in (34) close to
threshold q2 = 4m2

c ≈ M2
ψ, we obtain q2

max = M2
ψ − 3π2f 2

ψ/2 ≈ 7 GeV2. Here we have
considered the limit f 2

ψ/M2
ψ ≪ 1 in order to obtain a simple analytic expression. We then

have Π(q2
max)−Π(0) = 0.04 for the one-loop result, 0.05 for the ψ-resonance contribution,
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Quark-hadron duality not expected to hold

Discussed e.g. by BBNS [0902.4446] using a toy model

B → Xs l+ l- is not inclusive
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This expression requires only that the charm-quark mass is large compared to the strong-
interaction scale. In the Coulombic limit, one may further use the result (16) for fψ.
Note that the second term in (17) constitutes a sizable fraction of about 20% of the total
rate, despite the electromagnetic origin of this contribution.

4 A toy model

Before we return to a discussion of B → Xs l+l− decays, we shall consider a toy model
in which the hadronic part of the amplitude is exactly the current correlator discussed
above, such that the role of resonances and quark-hadron duality is exhibited in a par-
ticularly transparent way. To this end, let us hypothetically assume the existence of two
“leptons”, l1 with a large mass m1 and l2 with mass m2 = 0, and the effective weak
Hamiltonian

H eff =
G√
2

!
(l̄2l1)V −A (c̄c)V −A − (l̄2l1)V −A (t̄t)V −A

"
. (19)

Since we are interested in the QCD dynamics of the decay, the flavour aspects of the
model are unimportant for our discussion. All particles are assumed to have standard
strong and electromagnetic interactions. Then H eff gives rise to a loop-induced process
l1 → l2 e+e− via charm- and top-quark penguin diagrams with a GIM-like cancellation
between them. The corresponding decay amplitude reads

A(l1 → l2 e+e−) = −
G√
2

ece
2 Π(q2) l̄2! µ(1 − ! 5)l1 ē! µe . (20)

Here Π ≡ Πc − Πt is given as the difference between the charm and top contributions.
We take mt > m1, and thus Im Π comes only from the charm sector. The correlator
Π(q2) fulfills the dispersion relation (8), where Π(0) is fixed by our model and can be
computed in perturbation theory. To leading order one finds

Π(0) ≡ Πc(0) − Πt(0) =
N

12" 2
ln

m2
t

m2
c

. (21)

The form of (20) for the amplitude holds to lowest order in G and e2, but to all orders
in the strong coupling. In fact, since the quark loops have no QCD interactions with the
other, purely leptonic parts of the amplitude, the quantity Π in (20) can be considered
as the exact hadronic correlator in QCD. From (20) we obtain the differential decay rate
(with s = q2/m2

1)

dΓ(l1 → l2 e+e−)

ds
=

G2#2m5
1

27"
(1 − s)2 (1 + 2s) |Π(q2)|2. (22)

We shall now investigate to what extent the hadronic function Π(q2) in (22) may
be approximated by a quark-level calculation. This is clearly the case for values of q2

at which local duality is a reasonable approximation, that is if q2 ≫ 4m2
c is well above

7
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and 0.06 for the full hadronic expression in the KS representation. Since Π(q2)−Π(0) is
subdominant in comparison to Π(0), given in (21), the quark-level estimate of Π(q2

max)
is still rather accurate. A similar discussion applies to B → Xs l+l−.

5 Charm resonances in B → Xs l+l− decays

We now return to the discussion of B → Xs l+l−, following the analysis of the toy
model considered in the previous section. The branching fraction for the decay chain
B → Xsψ → Xs l+l− is obtained by multiplying (3) with

B(ψ → l+l−) =
Γ(ψ → l+l−)

Γψ
, Γ(ψ → l+l−) =

16πα2f 2
ψ

27Mψ

, (41)

where the total rate Γψ is given in (17). Replacing a2 → κa2 ≈ 0.26 in (3) and using
(1), we then have for the ratio of the resonant and the partonic rate

Rψ ≡
B(B → Xsψ → Xs l+l−)

B(B → Xs l+l−)SD
=

512π5κ2 a2
2 (1 − r)2 (1 + 2r)

9(⟨|C9|2⟩ + |C10|2)
×

f 2
ψ

m2
b

×
f 2
ψ

MψΓψ
. (42)

The first factor is about 23 numerically. The first two factors give approximately 0.16.
The large enhancement from f 2

ψ/(MψΓψ) = 560 overcomes the suppression ∼ 0.16, and
we recover Rψ ≈ 90. This explains the size of Rψ already quoted in (5).

It is interesting to consider the heavy-quark limit mb, mc ≫ ΛQCD with mc/mb fixed,
where the ψ resonance is asymptotically a Coulombic bound state. If we still assume
α≪ αs, then (16) and (18) imply

Rψ =
512π5κ2 a2

2 (1 − r)2 (1 + 2r)

9(⟨|C9|2⟩ + |C10|2)
×

54

5π(π2 − 9)

(

αs(mcv)

αs(Mψ)

)3

×
m2

c

m2
b

. (43)

We see that formally Rψ = O(1) in the heavy-quark limit. However, the expression (43)
contains a large enhancement from numerical factors and from the running of αs between
the momentum scale of the charmonium bound state, entering fψ, and the scale Mψ,
which is relevant for Γψ. Using αs(mcv)/αs(Mψ) ≈ 2, the asymptotic formula (43) gives
Rψ ≈ 60 and thus reproduces the bulk of the resonance enhancement. In the heavy-
quark limit a resummation of Coulomb ladders would automatically account for the large
ψ-resonance contribution in the total rate of B → Xs l+l−. Upon Dyson resummation
of finite-width effects into the resonance propagator, expression (43) is obtained.

The large charm-loop effect may be contrasted with the case of a light resonance ρ,
where Γρ, Mρ, fρ ∼ ΛQCD, and therefore the ratio Rρ, defined in analogy to (42), is
strongly suppressed. Estimating the first factor to be about 10–50 and using f 2

ρ/(MρΓρ)
= 0.38, one finds

Rρ ≈ [10–50] ×
f 2
ρ

m2
b

×
f 2
ρ

MρΓρ
≈ [0.007–0.036] . (44)
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For B → Xs l+ l-

and further contributions for higher resonances

Additionally the OPE breaks down for high q 2

Low q 2 region cleaner, but harder to measure at LHC



Remaining QED uncertainty
The remaining 0.3% μb scale 
dependence will only be removed 
after non-perturbative QCD⊗QED 
corrections are included.

I.e. QED⊗QCD Matrix elements of 

could be considered, but they are 
O('//) !  0.3% (our error estimate)
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Q1/2

!

!

s

b

#

#

QV

μ

μ

s

b

Q1 = ( øb! µ T
a qL )( øq! µ T

a sL )

Q2 = ( øb! µ qL )( øq! µ sL )

QV = ( øb! µ sL )(øl! µ l)

No relevant lifting of 
Helicity suppression



The Standard Model Quark Gauge Sector 

Flavour Symmetry

Standard Model: Higgs sector is the source of ßavour violation

32

The standard model quark sector comprises 9 fermion fields:

3 Generations of left-handed doublets Qi

3 Generations of right-handed up-type quarks ui

3 Generations of right-handed down-type quarks di

All quark gauge interactions derive from a simple Lagrangian

G
quark
ßavour = SU(3)Q ⇥ SU(3)u ⇥ SU(3)d

and have a large 
flavour symmetry:

+
∑

i

1
4giF⃗

i
µνF⃗

iµν

Lg =
3X

i=1

øQi /DQi +
3X

i=1

øui /Dui +
3X

i=1

ødi /Ddi


