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Outline
Part 1: Introduction to Flavour Physics

• What is flavour physics & why is it interesting?
• Brief history of discovery in flavour physics
• CKM mechanism and Unitarity Triangle (UT)
• B-physics Experiments

Part 2: CP violation & CKM measurements (Triumphs of the SM)
• Meson-antimeson oscillations
• Introduction to CP violation
• Measurement of UT angles
• Measurement of UT sides

Part 3: Search for New Physics
• Radiative Decays
• Tauonic Decays
• Purely Leptonic Decays

Part 4: The future
• What do we hope to learn from current experiments
• The future of flavour physics
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Searches for New Phenomena

• Energy Frontier: Production of 
new particles from collisions at 
high-Energy (LHC)
• Limited by Beam Energy 

• Flavour Frontier: virtual 
production of new particles to 
probe energies beyond the energy 
frontier.
• Often first clues about new 

phenomena, e.g. weak force, 
c, b, t quarks, Higgs boson. 

• High precision required: very 
tiny effects

3

UVa, Nov 19,2010          Tomasz Skwarnicki 8

Two complementary ways of advancing “energy frontier”
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Flavour as a high mass probe

• Ways out
1. New particles have 

large masses >> 1 
TeV

2. New particles have 
degenerate masses

3. Mixing angles in the 
new sector are small, 
same as in SM (MFV)

4. The above already 
implies strong 
constraints on NP

4

Flavor Structure in the SM and Beyond
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New Physics 
“DNA Chip”

Split fermions in large extra dimensions

Universal extra dimensions
Universal extra dimensions

KK graviton exchange

mSUGRA (moderate tan )b
mSUGRA ( large tan )b

SU(5) SUSY GUT with   nR
Effective SUSY

Bd unitarity

Time-dependent  violationCP
Rare  decaysB

Other signals
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New Phenomena DNA

Flavour Changing Neutral 
Current Interactions

5

Precision tests of quark 
interactions

New Phenomena in rare 
decay processes

Search for lepton flavour 
violation (neutrino mass...)
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• Different models predict different sets of quantum numbers/masses/
couplings.

Analyse meson (bound q anti-q pair) & lepton decays in a variety of 
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Flavour Phenomenology

• Much recent activity on a variety of models including:
• SUSY models (MSSM, CMSSM, BMSSM, ....)
• SUSY-GUTs
• Extra dimensions (UED, RS...)
• Extended Higgs sectors
• A 4th generation of quarks/leptons
• New gauge bosons W’, Z’
• Models featuring a warped extra dimension (Randall-

Sundrum) offer a simultaneous geometrical solution to the 
hierarchy and flavour problems

6
Thursday, 29 August 13
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UT (CP violation) and New Physics

• You might have concluded from the last lecture that we had 
not seen New Physics, 
• yet what we observe is the sum of Standard Model + New 

physics. How do we set limits on NP?

• One Hypothesis: assume that tree level diagrams are 
dominated by SM and loop could contain NP

7

Limits on New Physics 
!  It is oft said that we have not seen New 

Physics, yet what we observe is the sum of 
Standard Model + New Physics. How to set 
limits on NP? 

!  One hypothesis: assume that tree level 
diagrams are dominated by SM and loop 
diagrams could contain NP 

 Tree diagram example                  Loop diagram example 
7 DPF, Aug. 13, 2011 !

Tree Diagram example Loop diagram examples
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They are consistent

• But consistency is only at the 5% level

• Same for Bs (CP violation in B→J/ψ Φ): 
• limits on NP are not so strong

8

They are Consistent 

!  But consistency is only at the 5% level 
!  Same for Bs – CP violation in J/' ( (not 

including D0 Asl) )limits on NP are not so strong 
11 DPF, Aug. 13, 2011 !

ρ
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Rare B decays

1. Radiative and Electroweak Penguin Decays with Flavour 
Changing Neutral Currents (FCNC) that occur in the SM 
only at the loop level
• high sensitivity to New Physics (NP) (can appear in the 

loop with size comparable to leading SM 
contributions)

• Complementary to the direct production of new 
particles expected at LHC

2. Highly suppressed (i.e. helicity suppression) processes.

•Huge datasets collected at the two B-factories, BaBar 
and Belle, and the LHC experiments (already!) made it 
possible to explore these decays.

9
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Radiative & EW 
Pengiuns

B→Xs γ, B→K* l+ l- 
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Important NP contributions to 

€ 

BR(B→ XSγ)

January 26, 2004 10:20 WSPC/Trim Size: 9in x 6in for Proceedings tasi˙02

36

4.1.1. Total decay widths:

For example, for b → sγ we have, at tree level31,

Γ(B → Xsγ) =
αG2

F m5
b

32π4
|VtbVts|2|C7(mb)|2

[

1 +
λ1

2m2
b

−
9λ2

2m2
b

+ . . .

]

.

(73)
The λ2 term, which is known, reduces the rate by about 2%, while the
λ1 term is less than a 1% effect for reasonable values of λ1. The 1/mb

corrections are therefore very small for this decay, and do not appreciably
shift the prediction (41).

The semileptonic B → Xc%ν decay width is proportional to the CKM
matrix element Vcb. The result is29

Γ(B → Xceν̄) = Γ0

[

f0(m̂q) +
1

2m2
b

f1(m̂q, λ1, λ2) + A0(m̂q)
αs

π

]

, (74)

where

Γ0 =
G2

F m5
b |Vcb|2

192π3

f0(m̂q) = 1 − 8m̂2
q + 8m̂6

q − m̂8
q − 24m̂4

q ln m̂q ,

f1(m̂q, λ1, λ2) = λ1

(

1 − 8m̂2
q + 8m̂6

q − m̂8
q − 24m̂4

q ln m̂q

)

(75)

+λ2

(

−9 + 24m̂2
q − 72m̂4

q + 72m̂6
q − 15m̂8

q − 72m̂4
q ln m̂q

)

and A0 contains the one-loop radiative corrections32. Hence, with a pre-
cise determination of Λ̄ and λ1, a precise determination of Vcb is possible.
Finally, setting mc = 0 in this expression, we obtain the rate for B → Xu%ν,

Γ(B → Xueν̄) =
G2

F m5
b |Vub|2

192π3

[

1 +
λ1 − 9λ2

2m2
b

+

(

25

6
−

2

3
π2

)

αs

π
+ . . .

]

.

(76)

4.1.2. Differential widths and spectra:

We can construct an OPE not only for total decay rates, but also for differ-
ential rates and therefore spectral moments. There has been much recent in-
terest in such quantities because they allow the nonperturbative parameters
Λ̄, λ1 (and, in principle, higher order terms) to be determined experimen-
tally. This not only allows the rates in the previous section to be predicted
with high accuracy, but consistency between different observables provides
a stringent test of the whole OPE picture for inclusive decays. Some quan-
tities of particular recent interest include the first moment of the photon
energy spectrum in B → Xsγ decay31,33, the first moment of the hadronic
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Decay rate sensitive to b quark dynamics
Used in conjunction with B→Xdγ  for Indirect determination of  
|Vtd|/|Vts|

11

Example search for new physics.
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b→sγ BackgroundsBackground

• Goals:

⇥ high efficiency

⇥ largest fraction of phase space

⇥ Energy cut as low as posible

• Dominating backgrounds

⇥ merged ⇥0
from continuum events

⇥ (merged) ⇥0
from BB̄ events

Very bad for lower E� cuts!

• Background fighting

⇥ neural networks: ��T , ��B, R2, R⇤
2, �

⇤
T , 18 cones

⇥ Check ISR (initial state radiation) hypothesis

4 12

BB−
Y (4S)

-Identify secondary photon production    

Thursday, 29 August 13
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Photon energy spectrum
Photon energy spectrum from b⇥ s�
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Bsemi = (3.57± 0.20± 0.52± 0.04)⇥ 10�4

Bincl = (3.91± 0.31± 0.36± 0.30)⇥ 10�4
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PRL 97, 171803 (2006)
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BR(semi,BABAR)=(3.49±0.20±0.50±0.04) x 10-4

BR(incl, BELLE)  =(3.47±0.15±0.40±0.01) x 10-4
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b→s γ Prediction

14

Non-local power corrections in B→Xsγ decay
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NNLO QCD

LO QCD + local 1/mb2

LO QCD + local 1/mc2

non-local (!) 1/mb

perturbative non-perturbative

relative size of corrections compared to leading-order (LO) branching ratio 

     

B(B̄ ⇥ Xs⇥)E�>1.6 GeV
SM = B(B̄ ⇥ Xce⇤̄)exp

⇤
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�(b⇥ ce⇤̄)

⌅

LO

�
⌥

1 +O(�s) +O(�) +O(�2
s) +O

⇧
⇥2

QCD

m2
b

⌃
+O

⇧
⇥2

QCD

m2
c

⌃
+O

�
�s

⇥QCD

mb

⇥�

 O
✓

⇤QCD

mb

◆

 
Misiak et al. (2006) Benzke, Lee, MN, Paz (2010)

Not easy though...Decay rate sensitive to b quark mass, dynamics, etc.
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Strong constraints on NP
• Measured (3.43±0.21±0.07) 10-4 

• Theory (3.15±0.23) 10-4 (NNLL) Misiak arXiv 1010.4896

• Ratio 1.13±0.11, Limits most NP models
• e.g. 2HDM

•m(H+)>316 GeV

15

3

mc(mc) and the semileptonic phase-space factor

C =

∣

∣

∣

∣

Vub

Vcb

∣

∣

∣

∣

2 Γ[B̄ → Xceν̄]

Γ[B̄ → Xueν̄]
. (3)

The factor C has been determined in Ref. [16] together
with mc(mc) from a global fit to the semileptonic data.
If the normalization to B(B̄ → Xceν̄) was not applied in
the B̄ → Xsγ calculation, the error due to mc(mc) would
amount to ±2.8%. At the same time, one would need to
take into account uncertainties in m5

b and the Cabibbo-
Kobayashi-Maskawa factor |V !

tsVtb|2, each of which ex-
ceeds ±3%.

The nonperturbative uncertainty in Eq. (2) is due to
matrix elements of the four-quark operators in the pres-
ence of one gluon that is not soft (Q2 ∼ m2

b , mbΛ, where
Λ ∼ ΛQCD). Unknown nonperturbative corrections to
them scale like αsΛ/mb in the limit mc # mb/2 and like
αsΛ2/m2

c in the limit mc $ mb/2. Because mc < mb/2
in reality, αsΛ/mb should be considered as the quan-
tity that sets the size of such effects. Consequently, a
±5% nonperturbative uncertainty has been assigned to
the result in Eq. (2). This is the dominant uncertainty at
present. Thus, a detailed analysis of such effects would
be more than welcome. So far, no published results on
this issue exist. Even lacking a trustworthy method for
calculating such effects, it might be possible to put rough
upper bounds on them that could supersede the current
guess-estimate of ±5%. Nonperturbative corrections to
inclusive B̄ → Xd,sγ decays that scale like Λ/mb may
arise when the b-quark annihilation vertex does not co-
incide with the hard photon emission vertex; see, e.g.,
Ref. [6] or comments on B̄ → Xdγ in Sec. 2 of Ref. [5].

The NNLO central value in Eq. (2) differs from some
of the previous NLO predictions by between 1 and 2 error
bars of the NLO results. Because those error bars were
obtained by adding various theoretical uncertainties in
quadrature, such a shift is not improbable, similarly to
shifts by less than 2σ in experimental results. The shift
from the NLO to the NNLO level diminishes with low-
ering the value of µc, which has motivated us to use the
relatively low µc = 1.5 GeV as a reference value here.

The NNLO results turn out to be only marginally de-
pendent on whether one follows (or not) the approach
of Ref. [17] where the top-quark contribution to the de-
cay amplitude was calculated separately and rescaled by
quark mass ratios to improve convergence of the pertur-
bation series. Although the top contribution alone in-
deed behaves better also at the NNLO level when such
an approach is used, the charm quark contribution (to
which no rescaling has been applied in Ref. [17]) does
not turn out to be particularly stable beyond the NLO.
Consequently, in the derivation of Eq. (2) and Fig. 2, we
have used the simpler method of treating charm and top
sectors together.

Our result in Eq. (2) has been obtained under the as-
sumption that the photonic dipole operator contribution
to the integrated Eγ spectrum below 1.6 GeV is well ap-
proximated by a fixed-order perturbative calculation (see

250 500 750 1000 1250 1500 1750 2000
2.75

3
3.25
3.5

3.75
4

4.25
4.5

B × 104

MH+ [GeV]

FIG. 3: B(B̄ → Xsγ) as a function of the charged Higgs boson
mass in the THDM II for tan β = 2 (solid lines). The dashed and
dotted lines show the SM and experimental results, respectively
(see the text).

Note added). For lower values of the photon energy cut,
the following numerical fit can be used:

(

B(Eγ > E0)

B(Eγ > 1.6 GeV)

)

fixed
order

% 1 + 0.15x − 0.14x2, (4)

where x = 1−E0/(1.6 GeV). This formula coincides with
our NNLO results up to ±0.1% for E0 ∈ [1.0, 1.6] GeV.
The error is practically E0-independent in this range.

In the remainder of this Letter, we shall update the
B̄ → Xsγ constraints on the charged Higgs boson mass
in the two-Higgs-doublet-model II (THDM II) [18]. The
solid lines in Fig. 3 show the dependence of B(B̄ → Xsγ)
on this mass when the ratio of the two vacuum expecta-
tion values, tanβ, is equal to 2. The dashed and dotted
lines show the SM (NNLO) and the experimental results,
respectively. In each case, the middle line is the cen-
tral value, while the other two lines indicate uncertainties
that one obtains by adding all the errors in quadrature.

In our THDM calculation, matching of the Wilson co-
efficients at the electroweak scale is complete up to the
NLO [19], but the NNLO terms contain only the SM con-
tributions (the THDM ones remain unknown). In conse-
quence, the higher-order uncertainty becomes somewhat
larger. This effect is estimated by varying the matching
scale µ0 from half to twice its central value. It does not
exceed ±1% for the MH+ range in Fig. 3.

Even though the experimental result is above the SM
one, the lower bound on MH+ for a generic value of
tan β remains stronger than what one can derive from
any other currently available measurement. If all the
uncertainties are treated as Gaussian and combined in
quadrature, the 95% (99%) CL bound amounts to around
295 (230)GeV. It is found for tanβ → ∞ but stays prac-
tically constant down to tanβ % 2. For smaller tan β,
the branching ratio and the bound on MH+ increase.

The contour plot in Fig. 4 shows the dependence of
the MH+ bound on the experimental central value and
error. The current experimental result (1) is indicated by
the black square. Consequences of the future upgrades in
the measurements will easily be read out from the plot,
so long as no progress on the theoretical side is made. Of
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Photon Polarisation

• New LHCb 
measurement 
LHCb-
CONF-2013-009 of
B+→K+ππγ

• compare γ direction 
relative to K+ππ 
plane
• Equivalent to 

Parity violation. 
• Polarisation 

amplitude Aud
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Figure 5: Invariant K⇡⇡� mass for B+ (left) and B� (right) candidates and up (top) and
down (bottom) subsamples, for 1100 < m

K

+
⇡

�
⇡

+ < 1300 MeV/c2 and 1400 < m
K

+
⇡

�
⇡

+ <
1600 MeV/c2. The result of the simultaneous fit is superimposed. The intermediate m

K

+
⇡

�
⇡

+

mass region is not considered because of the interferences between the two possible K
1

resonances.
The signal component is shown in red (solid), combinatorial background in green (dotted),
missing pion background in black (dashed) and partially reconstructed background in purple
(dot-dashed).

7 Results

7.1 Charge asymmetry

A measure of CP violation in the inclusive B+! K+⇡�⇡+� channel is determined from the
observed raw charge asymmetry, which is related to the physical CP -violating asymmetry

9

6

First measurement of photon 
polarisation in b→sγ transitions

● New LHCb measurement

– uses B+→K+ππγ decays

– compare γ direction relative to K+ππ plane 

Tim Gershon
Flavour & CPV

LHCb-CONF-2013-009

A
ud

 proportional to polarisation

(unfortunately, constant of 
proportionality has large uncertainty) 
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B0→K*0 l+l-

• Similar to B→Xsγ, where Xs=K*, but more diagrams (ways 
for NP to enter)

17

new particles 
can enter 
loops

• Rare. BR(B→llK∗) = (3.3 ± 1.0) · 10−6

• Several variables can be studied: forward backward AFB 
asymmetry, is well predicted, 
• Sensitive to Supersymmetry, Any 2HDM, Fourth generation, 

Extra dimensions, Axions . . .NP right handed currents

b ⇤ ��s

Start with b ⇤ s⇥, pay a factor �EM

⇥ Decay the ⇥ into 2 leptons
Add an interfering box diagram

⇥ b ⇤ ⌅⌅s, very rare in the SM
B (B⇤⌅⌅K⇤) = (3.3± 1.0) · 10�6

Sensitive to Supersymmetry, Any
2HDM, Fourth generation, Extra
dimensions, Axions . . .

� Ideal place to look for new physics

Patrick Koppenburg Heavy Flavour Results at the LHC 30 August 2011, PIC, Vancouver [29/58]
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Operator Product Expansion

• To Build an effective theory for b physics
• take the weak part of the SM
• integrate out the heavy fields (W, Z, t)

•Wilson coefficients
• encode information on the weak scale
• are calculable and known in the SM ( at least to leading order)
• are affected by new physics

• for K*µµ we care about C7 (also affects b→s γ), C9 and C10

18

8

Operator Product Expansion

Build an effective theory for b physics
– take the weak part of the SM

– integrate out the heavy fields (W,Z,t)

– (like a modern version of Fermi theory for weak interactions) 

Wilson coefficients
● encode information on the weak scale
● are calculable and known in the SM (at least to leading order)
● are affected by new physics

For K*μμ we care about C
7
 (also affects b→sγ), C

9
 and C

10

Tim Gershon
Flavour & CPV
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Effective Operators

19
9

Effective operators

Four-fermion operators (except 
Q

7γ
 & Q

8g
) – dimension 6

Tim Gershon
Flavour & CPV
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B0→K*0 l+l-

20
 11

Angular analysis of B0 → K*0μ+μ−

Analysis performed in bins of dimuon 
invariant mass squared (q2)

LHCb arXiv:1304.6325
See also CDF PRL 108 (2012) 081807

BaBar PRD 86 (2012) 032012
ATLAS-CONF-2013-038 & CMS BPH-11-009

Tim Gershon
Flavour & CPV
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Angular distributions and AFB

•A lot of information in the full θl, θK and φ distributions

•Many observables depending on q2 = m2(μμ)

21

10

Theory of B→K*μ
+
μ

–

● Given for inclusive b→sμ+μ– for simplicity

– physics of exclusive modes ≈ same but equations are more 

complicated (involving form factors, etc.)

● Differential decay distribution

This term gives a 

forward-backward asymmetryTim Gershon
Flavour & CPV
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Angular Analysis of B0→K*0 l+l-

22

No deviation from the Standard Model here 

 12

Angular analysis of B0 → K*0μ+μ−

First measurement of 
zero-crossing point of A

FB

q2

0
 = (4.9 ± 0.9) GeV2/c4

Consistent with SM expectation 

LHCb arXiv:1304.6325
See also CDF PRL 108 (2012) 081807

BaBar PRD 86 (2012) 032012
ATLAS-CONF-2013-038 & CMS BPH-11-009

Tim Gershon
Flavour & CPV
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Isospin asymmetry in B→K(*)µµ

23

  14

Isospin asymmetry in B→K(*)μμ
JHEP 07 (2012) 133

1.5σ

1.9σ

1.9σ
3.0σ

Deviation from zero integrated over q2 ~ 4.4σ
Consistent with previous measurements

(BaBar, Belle, CDF)

Consistent with zero & with SM prediction
Consistent with previous measurements

(BaBar, Belle, CDF)

Food for thought ...Tim Gershon
Flavour & CPV
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Tauonic Decays: B→D(*)τν

24

b u

l=e,µ,τ

ν

u

b l

ν

,c

b

d,s

t Z/Z’

W+/H+

l

l

W+/H+

W+/H+

Vub

Vub

τ

Motivation

Charged Higgs Effects

Heff =
GFp

2
Vqb

⇢
[q̄�u(1 � �5)b][⌧̄ �µ(1 � �5)⌫⌧ ]

�m̄bm⌧

m2
B

q̄[gS + gP�5]b[⌧̄(1 � �5)⌫⌧ ]

�

Observables:

R =
B(B ! D⌧⌫⌧ )

B(B ! D`⌫`)

SM⇡ 0.297 R⇤ =
B(B ! D⇤⌧⌫⌧ )

B(B ! D⇤`⌫`)

SM⇡ 0.251

Motivation Principle Measurements Conclusion

Daniel Zander – B ! D(⇤)⌧⌫ at Belle September 30th, 2012 3/42
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Power of e+e-, example: Full Reconstruction Method
• Fully reconstruct one of the B mesons to

– Tag B flavor/charge
– Determine B momentum
– Exclude decay products of one B from further analysis

Υ(4S)
e− (8GeV) e+(3.5GeV)

B

B
π

full reconstruction
BàDπ etc. (0.1~0.3%)

à   Offline B meson beam!

Decays of interest
  BàXu l ν,
  BàK ν ν
  BàDτν, τν 
  Bàνν

Powerful tool for B decays with neutrinos 

25
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B→D(*)τν
• Reconstruct D(*) and lepton.

• Examine missing mass in recoiling B.
• Should be consistent with 2-neutrinos from the 

tau.

• Large deviations from SM: Combined is almost 
5 sigma! The B-factories must perform 
complementary tests.

26
Isospin symmetry assumed

Dτν

Dτν
D*τν

D*τν

D*τν

D*τν

Dlν

D*lν

Dlν

D*lν

Dlν

D*lν

D*lν

BaBar

Branching fraction measurement

PRL 99 (2007) (535⇥ 106)
PRD 82 (2010) (657⇥ 106)
hep-ex/0910.4301 (657⇥ 106)
PRL 109 (2012) (471⇥ 106)

SM expectation

(S.Fajfer, J.Kamenik, I.Nisandzic, PRD 85, 094025 (2012))

private average of Belle results

Andrzej Boøek @ FPCP 2013 Buzios The B ! ⌧⌫ and B ! D̄(⇤)⌧+⌫ measurements 17

Belle
Babar

Private W 
Average

Belle
Babar

Private W 
Average
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B→τν Measurement

28

Helicity suppressed - very 
small in SM.
NP could interfere e.g. 
charged Higgs, and change 
the branching fraction

Rate related to B meson decay 
constant fB2, |Vub|2

|Vub|

τ

ν

b

u

H+,W+

_

  

2025th Rencontres de Blois, R.Itoh

“Tension” observed at 

2.8σ discrepancy

2010 result

Br(B→τν) = (1.68±0.31)x10-4 (CKMfitter ave. in 2010)

“Tension” between B→τν and sin2φ
1

2012 result

 

Belle's new measurement in 2012 
was significantly lower.

 Br(B→τν) = (1.15±0.23)x10-4 (CKMfitter ave. in 2012)

“Tension” relaxed.....

1.6σ discrepancy
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Example of a B→τ ν candidate

other B: BàD0 π, 

D0 àKπππ

τ- μ-
ν

π-

B-
νν

e- νν
νν

π- νπ0

π+ νπ-π-

29
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Belle 2013 Result

30
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. For both fig-
ures, the solid circles with error bars are data. The solid
histograms show the sum of the signal and background com-
ponents. The dotted histograms show the total background
component. The dashed histogram for EECL shows the sig-
nal component. The dash-dotted histogram for M2

miss shows
the signal component for τ− decays into e−ν̄eντ and µ−ν̄µντ ,
while the dash-dot-dotted for π−ντ and π−π0ντ .

TABLE I: Results of the fit for signal yields (Nsig), detection
efficiencies (ε), and branching fractions (B). The efficiencies
include the branching fractions of the τ− decay modes. The
errors for Nsig and B are statistical only.

Decay mode Nsig ε (10−4) B (10−4)
τ− → e−ν̄eντ 16+11

−9 3.0 0.68+0.49
−0.41

τ− → µ−ν̄µντ 26+15
−14 3.1 1.06+0.63

−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59

τ− → π−π0ντ 14+19
−16 3.4 0.52+0.72

−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0!−ν̄! sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-

ified within the fitted errors. The uncertainties for the
branching fractions of B decays that peak near zero EECL

are estimated by changing the branching fractions in MC
by their experimental errors [17] if available, or by ±50%
otherwise. To estimate the uncertainty associated with
the Btag efficiency for the signal, B(B− → D∗0!−ν̄!) ob-
tained from the B− → D∗0!−ν̄! sample is compared to
the world average value [17]. The results are consistent
and the uncertainty of the measurement is assigned as
the systematic error. The uncertainty for the fraction of
the correctly reconstructed Btag in the background is ob-
tained by changing the fractions by errors obtained from
the EECL sideband sample. The systematic errors in the
signal-side efficiencies arise from the uncertainty in track-
ing efficiency, particle identification efficiency, branch-
ing fractions of τ decays, the reconstruction efficiency
of π0, and MC statistics. The systematic uncertainty
related to the K0

L veto efficiency is estimated from the
statistical uncertainties of the D0 → φK0

S control sam-
ple and the fraction of events with K0

L candidates in the
B− → D∗0!−ν̄! sample. The estimated systematic errors
are summarized in Table II.

TABLE II: Summary of the systematic errors for the branch-
ing fraction measurement.

Source B syst. error (%)
Signal PDF 4.2
Background PDF 8.8
Peaking background 3.8
Btag efficiency 7.1
Particle identification 1.0
π0 efficiency 0.5
Tracking efficiency 0.3
τ branching fraction 0.6
MC efficiency statistics 0.4
K0

L efficiency 7.3
NB+B− 1.3
Total 14.7

The branching fraction measured here is lower than the
previous Belle result with a hadronic tagging method [6].
Using the first 449× 106BB̄ sample, that corresponds to
the data set used in Ref. [6] after reprocessing, we ob-
tain B(B− → τ−ν̄τ ) = [1.08+0.37

−0.35(stat)] × 10−4. Note
that the overlap of events between the two analyses is
small because the reconstruction efficiency has increased
by more than a factor of three. Assuming that all the
events used in the previous analysis overlap with present
analysis, the remaining events provide a result statisti-
cally consistent within 1.9σ. Using the last 323×106BB̄,
we obtain B(B− → τ−ν̄τ ) = [0.24+0.39

−0.34(stat)] × 10−4,
which is statistically consistent with the result for the
first 449 × 106BB̄ data set within 1.6σ. Our results
are also consistent with other publications within the er-
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ures, the solid circles with error bars are data. The solid
histograms show the sum of the signal and background com-
ponents. The dotted histograms show the total background
component. The dashed histogram for EECL shows the sig-
nal component. The dash-dotted histogram for M2

miss shows
the signal component for τ− decays into e−ν̄eντ and µ−ν̄µντ ,
while the dash-dot-dotted for π−ντ and π−π0ντ .

TABLE I: Results of the fit for signal yields (Nsig), detection
efficiencies (ε), and branching fractions (B). The efficiencies
include the branching fractions of the τ− decay modes. The
errors for Nsig and B are statistical only.

Decay mode Nsig ε (10−4) B (10−4)
τ− → e−ν̄eντ 16+11

−9 3.0 0.68+0.49
−0.41

τ− → µ−ν̄µντ 26+15
−14 3.1 1.06+0.63

−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59

τ− → π−π0ντ 14+19
−16 3.4 0.52+0.72

−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0!−ν̄! sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-

ified within the fitted errors. The uncertainties for the
branching fractions of B decays that peak near zero EECL

are estimated by changing the branching fractions in MC
by their experimental errors [17] if available, or by ±50%
otherwise. To estimate the uncertainty associated with
the Btag efficiency for the signal, B(B− → D∗0!−ν̄!) ob-
tained from the B− → D∗0!−ν̄! sample is compared to
the world average value [17]. The results are consistent
and the uncertainty of the measurement is assigned as
the systematic error. The uncertainty for the fraction of
the correctly reconstructed Btag in the background is ob-
tained by changing the fractions by errors obtained from
the EECL sideband sample. The systematic errors in the
signal-side efficiencies arise from the uncertainty in track-
ing efficiency, particle identification efficiency, branch-
ing fractions of τ decays, the reconstruction efficiency
of π0, and MC statistics. The systematic uncertainty
related to the K0

L veto efficiency is estimated from the
statistical uncertainties of the D0 → φK0

S control sam-
ple and the fraction of events with K0

L candidates in the
B− → D∗0!−ν̄! sample. The estimated systematic errors
are summarized in Table II.

TABLE II: Summary of the systematic errors for the branch-
ing fraction measurement.

Source B syst. error (%)
Signal PDF 4.2
Background PDF 8.8
Peaking background 3.8
Btag efficiency 7.1
Particle identification 1.0
π0 efficiency 0.5
Tracking efficiency 0.3
τ branching fraction 0.6
MC efficiency statistics 0.4
K0

L efficiency 7.3
NB+B− 1.3
Total 14.7

The branching fraction measured here is lower than the
previous Belle result with a hadronic tagging method [6].
Using the first 449× 106BB̄ sample, that corresponds to
the data set used in Ref. [6] after reprocessing, we ob-
tain B(B− → τ−ν̄τ ) = [1.08+0.37

−0.35(stat)] × 10−4. Note
that the overlap of events between the two analyses is
small because the reconstruction efficiency has increased
by more than a factor of three. Assuming that all the
events used in the previous analysis overlap with present
analysis, the remaining events provide a result statisti-
cally consistent within 1.9σ. Using the last 323×106BB̄,
we obtain B(B− → τ−ν̄τ ) = [0.24+0.39

−0.34(stat)] × 10−4,
which is statistically consistent with the result for the
first 449 × 106BB̄ data set within 1.6σ. Our results
are also consistent with other publications within the er-

Signal

2D ML fit to EECL-Mmiss
2 Fit to Data Results. 

[Fit Projection for EECL and Mmiss
2] 

Previous hadronic tag result at Belle 

signal MC + BG 
Background MC 
τlν MC 
τπν,ρν 
Data 

Unblind the Data ! 

July 5, 2012 
Leptonic & Semileptonic Decays at 

Belle @ ICHEP 2012 
16 

Signal (B→τν):
Zero or small value of 
EECL arising only from 
beam background

ECL= Electromagnetic 
calorimeter

Belle

Belle 2013

e+e-→B+tagB-signal
B-signal→τ(µνν,eνν,πν,ρν)ν

Consistent with SM

PU in PRL 110 (2013) 131801 
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Charged Higgs: Type II 2HDM

31
  

1525th Rencontres de Blois, R.Itoh

c) Constraint on Charged Higgs with all modes combined by global fit

Belle + BaBar : B→τν + B→Dτν + B→D*τν 

- New Belle results of

  B→Dτν and B→D*τν 
  measurements will become
  available soon.

    → included in the fit update.

Prelim
inary!

Rejection
CL

prepared by
Y.Horii

* Correlation in D(*)τν measurements : BaBar - included in the fit, Belle - not considered. 

* tanβ/mH dependence in D(*)τν measurements is omitted both for BaBar and Belle..

2HDM Type II is rejected
at more than 99.99% CL in

the shown range 

by B→τν + B→D(*)τν  
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Belle + BaBar : B→τν + B→Dτν + B→D*τν 

- New Belle results of

  B→Dτν and B→D*τν 
  measurements will become
  available soon.

    → included in the fit update.

Prelim
inary!

Rejection
CL

prepared by
Y.Horii

* Correlation in D(*)τν measurements : BaBar - included in the fit, Belle - not considered. 

* tanβ/mH dependence in D(*)τν measurements is omitted both for BaBar and Belle..

2HDM Type II is rejected
at more than 99.99% CL in

the shown range 

by B→τν + B→D(*)τν  

•Type II 2HDM Global fit (Frequentist)

•Belle + BaBar : B→τν + B→Dτν + B→D*τν

• Everything white 
is ruled out....
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Bs→µ+µ-

•Powerful, clean way of testing for New Physics

•Very small in the SM: NP can make large 
contributions

•Many NP models possible, not just supersymmetry.

32

Bs!µ+µ� 
!  SM branching ratio is (3.2±0.2)x10-9 [Buras arXiv:

1012.1447], NP can make large contributions.  

!  Many NP models possible, not just Super-Sym 
20 DPF, Aug. 13, 2011 !
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16

B
(s)

0→μ+μ–

Killer app. for new physics discovery

● Very small in the SM

● Huge NP enhancement

(tan β = ratio of Higgs vevs)

● Clean experimental signature

BR Bs−SM = 3.3±0.3×10
−8

BR Bs−MSSM ∝ tan
6 /M A0

4

Tim Gershon
Flavour & CPV
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Bs→µ+µ- selection

• Produce a very large sample of B 
mesons

• Trigger efficiently on dimuon signatures

• Reject background
• vertex resolution (identify 

displaced vertex): B impact 
parameters, B lifetime, B pT 

• mass resolution (identify B peak)
• muon identification (reject 

background from B decays with 
misidentified pions): muon 
isolation, impact parameter of 
muons,

• typical to combine various 
discriminating variables into a 
multivariate classifier
• e.g. Boosted Decision Tree 

algorithm

33

18

B
(s)

0→μ+μ– – analysis ingredients 

● Produce a very large sample of B mesons

● Trigger efficiently on dimuon signatures

● Reject background

– excellent vertex resolution (identify displaced vertex)

– excellent mass resolution (identify B peak)

● also essential to resolve B0 from Bs
0 decays

– powerful muon identification (reject background from B decays with 
misidentified pions)

– typical to combine various discriminating variables into a multivariate 
classifier

● e.g. Boosted Decision Trees algorithm

Tim Gershon
Flavour & CPV

M. Galanti – Università and INFN Padova, CERN 6 

BDT distributions

CMS

LHCb

Details: http://indico.cern.ch/
conferenceDisplay.py?confId=265347
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Bs→µ+µ- : LHCb candidate

34
4329/7/11
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2012 Status

35
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CMS Mass Distributions

36M. Galanti – Università and INFN Padova, CERN 2 

Example mass distributions

                 2011 BDT bin 2                                 2012 BDT bin 3            2012 BDT bin 4
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M. Galanti – Università and INFN Padova, CERN 6 

BDT distributions

Barrel

EndcapBarrel
BDT
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Bs0 
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B
(s)

0→μ+μ–

latest results from CMS & LHCb

Tim Gershon
Flavour & CPV

LHCb arXiv:1307.5024CMS arXiv:1307.5025

Events weighted by S/(S+B) Only events with BDT > 0.7

4.0σ4.3σ
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Results

38 20

B
(s)

0→μ+μ– – combined results

Tim Gershon
Flavour & CPV
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B
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0→μ+μ–

Tim Gershon
Flavour & CPV

Searches over 30 years
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τ lepton flavour violation
• LFV provides a theoretically clean null 

test of the SM

• τ decays studied at B-factories. 
Dedicated experiments do μ LFV.
• MEG (μ→eγ) new results 2011.

• NP may induce LFV at one-loop due to
• slepton mixing,
• H++, e.g. Babu-Zee models,
• Neutral higgs boson.
• or LNV due to Majorana neutrinos.

• upper limits in SUSY e.g. BR~10-7

• TeV scale sensitivity!

BelleBelle
LFV in SUSY
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Rare decays of µ and τ induced by H±± were examined partly in [16, 17]. There are two
types of decays which place important constraints. The first is tree level decay processes
through off-shell H±±: "−i → "−j "

+
k "

−
l . The second is loop induced decay: "−i → "−j γ. The

diagrams contributing to these decays are shown in Fig 5 (b) and (c).

e− e+

e+ e−
H++

(a)

"−i

"−i

"−l

"+k

(b)

H++

γ
H++

"−j"−i "−k
(c)

µ+ µ−

e− e+
H++

(d)
µ− µ−"−

H++

(e)

γ

FIG. 5: Feynman diagrams for H++ contributions to: (a) Bhabha scattering, (b) !−i → !−j !
+
k !

−
l ,

(c) !−i → !−j γ, (d) muonium-anti-muonium coversion, (e) muon g− 2. The detached photo line in
diagrams (c) and (d) indicates that the photon can be attached to both internal charged particle
lines.

For the tree level rare decay process "−i → "−j "
+
k "

−
l , by comparison with the unsuppressed

decay of Γ("−i → eνiν̄e), we have [17]

Br("i → "−j "
+
k "

−
l ) =

1

1 + δjl

∣

∣

∣

∣

∣

h̃!k!ih̃
†
!j!l

/8m2
H±±

GF/
√
2

∣

∣

∣

∣

∣

2

Br("i → eνiν̄e), for "i = µ, τ. (9)

Again, h̃!j!l = h!j!l , for j $= l and h̃!j!l = 2h!j!l for j = l. The factor 1/(1 + δjl) in Eq. (9)
accounts for the phase space factor for identical final state particles.

For loop induced rare decay "−i → "−j γ, the relation between this rare decay branching
fraction and the leptonic decay branching fraction is given by [16]

Br("−i → "−j γ) =

(

α

48πG2
F

)

∣

∣

∣

∣

∣

h̃!i!k h̃
†
!j!k

m2
H±±

∣

∣

∣

∣

∣

2

Br("i → eνiν̄e). (10)

Given the current upper limits on the rare decay branching ratios of µ− → e−e+e−,
τ → "−j "

+
k "

−
l , µ → eγ, τ → eγ, and τ → µγ, one can construct bounds on the ratio of

couplings to m2
H±± , which are presented in Table II.

15
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Experimental techniqueBelleBelle
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Upper limits (2011 Summer)

43

•Almost all LFV modes measured with full B-factory data sets
• Ratios of LFV decay BFs distinguish between NP models.
• LHCb and CMS are preparing
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LFV Impact On Models

44

MEG Phys. Rev. Lett. 110, 201801 (2013)

Seesaw SUSY

11

with heavy right-handed neutrinos, the o�-diagonal
entries of the slepton mass matrix m2

eL
are likely to

be dominated by the flavor mixing in the (s)neutrino
sector. These terms can be expressed as:

⇤
m2

eL

⌅

ji
⇤ �6M2

0 + 2A2
0

16⇧2
⇥ij , (1)

where ⇥ij =
�
Y †
� Y�

⇥
ji
log(MGUT /MR) in terms of the

neutrino Yukawa couplings (Y�), the average heavy
right-handed neutrino mass (MR) and the GUT scale
(MGUT ⇥ 1015–1016 GeV). The experimental infor-
mation on neutrino masses and mixings is not su⌅-
cient to fix completely the structure in the neutrino
Yukawa matrix, even assuming some kind of quark-
lepton unification. We can take two limiting situa-
tions that are called “CKM-like” and “PMNS-like” [9].
Taking the “PMNS-like” case and given the large phe-
nomenological value of the 2–3 mixing in the neutrino
sector (and the corresponding suppression of the 1–3
mixing) we expect |⇥32| ⌅ |⇥31| hence B(⌃ ⇧ µ�) ⌅
B(⌃ ⇧ e�). For su⌅ciently heavy right-handed neu-
trinos, the normalization of Y� is such that B(⌃ ⇧ µ�)
can reach values in the 10�9 range. In particular,
B(⌃ ⇧ µ�) >⇥ 10�9 if at least one heavy right-handed
neutrino has a mass around or above 1013 GeV (in SPS
4) or 1014 GeV (in SPS 1a,1b,2,3,5).

A key issue that must be addressed is the role
of B(µ ⇧ e�) in constraining the LFV couplings
and, more generally, the correlations between B(⌃ ⇧
(µ, e)�) and B(µ ⇧ e�) in this framework. An ex-
tensive analysis of such questions has been presented
in Ref. [10, 11], under the hypothesis of a hierarchical
spectrum for the heavy right-handed neutrinos.

The overall structure of the B(⌃ ⇧ µ�) vs. B(µ ⇧
e�) correlation in SPS 1a is shown in Fig. 1. As an-
ticipated, B(⌃ ⇧ µ�) ⇥ 10�9 requires a heavy right-
handed neutrino around or above 1014 GeV. This pos-
sibility is not excluded by B(µ ⇧ e�) only if the 1–3
mixing in the lepton sector (the ⇤13 angle of the neu-
trino mixing matrix) is su⌅ciently small. This is a
general feature, valid at all SPS points, as illustrated
in Fig. 2. In Table II we show the predictions for
B(⌃ ⇧ µ�) and B(⌃ ⇧ µµµ) corresponding to the
neutrino mass parameters chosen in Fig. 2 (in partic-
ular MN3 = 1014 GeV), for the various SPS points.
Note that this case contains points that are within
the SuperB sensitivity range, yet are not excluded by
B(µ ⇧ e�) (as illustrated in Fig. 2). It is also interest-
ing to notice the possible correlations with other pro-
cesses. For instance, in SU(5) GUT models a large CP
phase in the Bs system would imply a large B(⌃ ⇧ µ�)
due to the unification of the squark and slepton mass
matrices at MGUT [12–15].

It is unlikely that MSSM would be realised in na-
ture with an entirely flavor blind soft sector while the
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FIG. 1: B(⌅ ⇥ µ�) vs. B(µ ⇥ e�) in SPS 1a, for three
reference values of the heavy right-handed neutrino mass
and several values of ⇥13. The horizontal dashed (dotted)
line denotes the present experimental bound (future sen-
sitivity) on B(µ ⇥ e�). All other relevant parameters are
set to the values specified in Ref. [10].

FIG. 2: B(µ ⇥ e �) as a function of ⇥13 (in degrees) for
various SPS points. The dashed (dotted) horizontal line
denotes the present experimental bound (future sensitiv-
ity). All other relevant parameters are set to the values
specified in Ref. [10].

TABLE II: Predictions for B(⌅ ⇥ µ �) and B(⌅ ⇥ µµµ)
corresponding to the SPS points. The values of mNi and
m�1 are as specified in Fig. 2 [10].

SPS 1 a 1 b 2 3 4 5

B(⌅ ⇥ µ�)� 10�9 4.2 7.9 0.18 0.26 97 0.019

B(⌅ ⇥ µµµ)� 10�12 9.4 18 0.41 0.59 220 0.043

Yukawa sector presents a highly nontrivial structure.
Thus, we must explore other “flavored MSSM” real-
izations to be able to analyze the host of new results
that will arrive from SuperB and LHC experiments.
The use of flavor symmetries can explain the compli-
cated Yukawa structures and at the same time predict

SuperB Progress Report - The Physics - August 2010
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Channel Bound (90% C.L.) Prospects

B(µ → eγ) < 2.4 × 10−12 [24] 10−13

B(τ → eγ) < 3.3× 10−8 [26] 10−9

B(τ → µγ) < 4.4× 10−8 [26] 10−9

Table 2. Bounds and prospects for LFV searches.

Here the ai are complex O(1) parameters. When diago-
nalizing the charged-lepton Yukawa we find

(Ae)
Y ≈





a1!1 0 (a2 − a3)se eiαeε
0 a1!2 (a2 − a3)ceε
0 0 a3



 yτA0 , (42)

where !1 = (ye/yτ ) and !2 = (yµ/yτ ). This implies a neg-
ligible LR contribution to the 1–2 sector, and suppressed
contributions to the 1–2, 3 sectors.

5.2 Lepton Flavor Violation

Given the structure of the soft-breaking terms illustrated
above, the leading contributions to LFV processes are in-
duced by LL terms. Inspired by the symmetry-breaking
patter of the squark sector analyzed in Ref. [5], and also to
simplify the discussion, in the following we assume the ex-
istence of an approximate cancellation in the (3, 3) element
of the LL slepton mass matrix. Under this assumption, the
leading contributions to LFV processes are dominated by
the exchange of third-family sleptons.

Before analyzing the predictions of LFV rates by means
of a numerical scan of the parameter space, we draw a few
analytical considerations. In the limit where we assume
the dominance of chargino contributions (as expected be-
cause of the larger coupling compared to neutralinos), we
only need to analyze the LL mass matrix of Eq. (38). This
is diagonalized by [5]:

W e
L =





ce see−iαe −seseLe
iγe−iαe

−seeiαe ce −ceseLe
iγ

0 seLe
−iγ 1



 , (43)

where
seL eiγ = sτe

−iφτ + c′3 = O(ε) . (44)

The relevant mixing terms are then

Rν̃
13 = −se s

e
L ei(γ−αe) , (45)

Rν̃
23 = −ce s

e
L eiγ , (46)

Rν̃
33 = 1 . (47)

This allows us to make the approximate predictions:

(

B(µ → eγ)

B(τ → µγ)

)χ±

≈
(

mµ

mτ

)5 Γτ

Γµ

∣

∣

∣

∣

Rν̃
23Rν̃∗

13

Rν̃
33Rν̃∗

23

∣

∣

∣

∣

2

≈ 5.1 s2e s
e 2
L , (48)

(

B(τ → eγ)

B(τ → µγ)

)χ±

≈
∣

∣

∣

∣

Rν̃
33Rν̃∗

13

Rν̃
33Rν̃∗

23

∣

∣

∣

∣

2

≈ s2e , (49)

Fig. 5. Top: Correlation between B(τ → µγ) and B(µ → eγ).
Bottom: Correlation between B(τ → µγ) and B(τ → eγ). See
text for details.

which turn out to be good approximations to the full re-
sults.

In our numerical simulation, we include both chargino-
and neutralino-mediated contributions. We perform a com-
plete diagonalization of the full 6× 6 slepton mass matrix
and the 3 × 3 sneutrino mass matrix.7 We take the (3, 3)
and (6, 6) elements in the range (200 GeV)2−(1000 GeV)2,
while we assume values between 52 and 1002 times heav-
ier for the other mass eigenvalues. The A0 parameter is
assumed to be proportional to the heavy sfermion mass
with a proportionality constant in the range [−3, 3]. The
chargino soft mass is fixed to M2 = 500 GeV, and we use
gaugino unification arguments to set M1 = 0.5M2. We
also fix tanβ = 10, and µ = 600 GeV.

The results of the numerical analysis are shown in Fig-
ure 5. On the upper panel we show the correlation between
B(τ → µγ) and B(µ → eγ), while on the bottom panel we
show the correlation of the former with B(τ → eγ). We
show the current bounds for each branching ratio with
solid brown lines, while the expected sensitivity of the rel-
evant experiment (MEG for µ → eγ, Belle II and SuperB
for τ → !γ) is shown using dashed brown lines (see Ta-

7 In the diagonalization process we discard results with
tachyonic sleptons or charged LSPs. We also take into account
the approximate LEP bounds on chargino, stau and sneutrino
masses [25].
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• Supersymmetry (SUSY) fundamental continuous symmetry connecting fermions 
and bosons

Flavour Beyond the Standard Model
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Flavour Beyond the Standard Model
• Two Higgs doublet:

• 1 doublet = 4 degrees of freedom, 3 massive bosons -> 1 physical 
Higgs

• 2 doublets = 8 degrees of freedom, 3 massive bosons -> 5 physical 
Higgs

The  Higgs doublets acquire different v.e.v.’s and the mass matrix reads    
             
                
Key parameter  tanβ: ratio of higgs doublet VEVs. 
Diagonalisation of the mass matrix will not give diagonal Yukawa couplings

• Will induce large, usually unacceptable FCNC in the Higgs sector
• Solution:  

• One Higgs doublet couples only to down quarks and the other 
couples to up quarks only

• Up and down sectors diagonalised independently, Higgs interactions 
remain flavour diagonal at tree level.   

€ 

ˆ m d
ij = ˆ h d ,1

ij v1 + ˆ h d ,2
ij v2
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Experimental techniquesExperimental Methodologies

γ

K

π

γ

e,µ

• Sum of exclusive modes • (fully) inclusive
‘semi-inclusive’

• Sum of ca. 40 modes

• Full reconstruction of B
⇥ mES and �E
⇥ Photon measured in B restframe

(better resolution!)

• Dominant systematics
⇥ missing final states

• High-energy photon
⇥ E�

� > 1.5GeV

• Background reduction
⇥ lepton tag

• Dominant systematics
⇥ B background subtraction

3
48

Good background rejection
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Decay characteristicsFully inclusive b to s ! measurement

! Rate sensitive to new physics

! Photon energy spectrum insensitive to new physics

! At the parton level, the photon is  monochromatic with E~mb/2 in
the b quark rest frame.

! Smeared by the motion of the b quark inside the B meson and gluon
emission. => mb and the b motion : important information for Vcb,
Vub measurements from inclusive semileptonic b decays.

It is important to keep Emin

as low as possible.

It is an experimental challenge to

measure the low energy tail of the

Photon spectrum.

(… more background)

11

•Rate sensitive to new physics but not shape.

•At parton level, photon is monochromatic with E~mb/2
• Smeared by motion of b-quark inside the B-meson, and gluon 

emission
• Complicated theoretical error on the prediction of the shape, 

•=>As much of the low energy tail must be measured to reduce 
this error.
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Majorana Neutrinos in B decays: m=0.2 - 5 GeV

50

• Same sign dilepton signature.
• If they are Majorana  and couple 

to ordinary neutrinos
• Best limits are on µ modes 

Analogous to !-less  
nuclear % decay 

!  Several ways of looking for presence of 
   heavy !’s (N) in heavy quark decays if 

they are Majorana (their own anti-
particles) and couple to “ordinary” !’s   

Majorana !’s 

DPF, Aug. 13, 2011 ! 32 

l & l’ can be e, µ or "+

Analogous to !-less  
nuclear % decay 

!  Several ways of looking for presence of 
   heavy !’s (N) in heavy quark decays if 

they are Majorana (their own anti-
particles) and couple to “ordinary” !’s   

Majorana !’s 

DPF, Aug. 13, 2011 ! 32 

l & l’ can be e, µ or "+

(MeV)Majorana neutrino mass
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Figure 15: Upper limits on |V
µ4

|2 at 95% CL as a function of the Majorana neutrino mass
from the B� ! ⇡+µ�µ� channel.

edge the support received from the ERC under FP7 and the Region Auvergne.
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• 0 events observed
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FIG. 3. Distributions of M(νh) for eeπ, µµπ and eµπ+µeπ reconstruction modes in generic MC

(unscaled) (a), and data (b). The dotted line shows the boundary between the “small mass”
and “large mass” methods. The filled (black) histograms are for candidates with opposite-charge

leptons, while the open (white) histograms are for candidates with same-charge leptons.
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• 0 events 
observed
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