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Skipping the calculation we quote the complete renormalization group equation including diagrams with the Higgs
boson, the top quark and the weak gauge bosons inside the loops
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with yt =

p
2mt/v. This formula will be the basis of the discussion in this section.

The first regime we study is where the Higgs self coupling � becomes strong. Fixed order perturbation theory as we
use it in the unitarity argument runs into problems in this regime and the renormalization group equation is the
appropriate tool to describe it. The leading term in Eq.(1.111) reads
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Because of the positive sign on the right hand side the quartic coupling will become stronger and stronger and
eventually diverge for larger scales Q2. Obviously, this divergence should not happen in a physical model and will
give us a constraint on the maximum value of � allowed. The approximate renormalization group equation we can
solve by replacing � = g�1

d �

d log Q2

=

d

d log Q2

1

g
= � 1

g2
d g

d log Q2

!

=

3

4⇡2

1

g2

, d g

d log Q2

= � 3

4⇡2

, g(Q2

) = � 3

4⇡2

log Q2

+ C . (1.113)

A boundary condition �(Q2

= v2) = �
0

fixes the integration constant C

g
0

=

1

�
0

= � 3

4⇡2

log v2 + C , C = g
0

+

3

4⇡2

log v2

) g(Q2

) = � 3

4⇡2

log Q2

+ g
0

+

3

4⇡2

log v2 = � 3

4⇡2

log

Q2

v2
+ g

0

, �(Q2

) =



� 3

4⇡2

log

Q2

v2
+

1

�
0

��1

= �
0



1 � 3

4⇡2

�
0

log

Q2

v2

��1

. (1.114)

We start from scales Q ⇠ v where the expression in brackets is close to one. Moving towards larger scales the
denominator becomes smaller until � actually hits a pole at the critical value Qpole
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Such a pole is called a Landau pole and gives us a maximum scale beyond which we cannot rely on our perturbative
theory to work. In the upper line of Figure 3 we show Qpole versus the Higgs mass, approximately computed in
Eq.(1.115). As a function of the Higgs mass Qpole gives the maximum scale were our theory is valid, which means we
have to reside below and to the left of the upper line in Figure 3. Turning the argument around, for given Qpole we can
read off the maximum allowed Higgs mass which in the limit of large cutoff values around the Planck scale 10

19 GeV
becomes mH . 180 GeV, in good agreement with the observed Higgs mass around 125 GeV.
This limit is often referred to as the triviality bound, which at first glance is precisely not what this theory is — trivial
or non-interacting. The name originates from the fact that if we want our Higgs potential to be perturbative at all

Renormalization Group Equation (RGE): 
for the self coupling λ …

Bounds at large and small λ:
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Figure 3: Triviality or Landau pole (upper) and stability bounds (lower) for the Standard Model Higgs boson in the
mH � Q plane. Similar arguments first appeared in Ref. [2], the actual scale dependence can be seen in Refs. [3, 4].

scales, the coupling � can only be zero everywhere. Any finite coupling will hit a Landau pole at some scale. Such a
theory with zero interaction is called trivial.

After looking at the ultraviolet regime we can go back to the full renormalization group equation of Eq.(1.111) and
ask a completely different question: if the Higgs coupling � runs as a function of the scale, how long will � > 0

ensure that our Higgs potential is bounded from below?
This bound is called the stability bound. On the right hand side of Eq.(1.111) there are two terms with a negative sign
which in principle drive � through zero. One of them vanishes for small � ⇠ 0, so we can neglect it. In the small-�
regime we therefore encounter two finite competing terms
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The usual boundary condition at �(v2) = m2

H/(2v2) is the starting point from which the top Yukawa coupling drives
� through zero. This second critical scale �(Q2

stable) = 0 also depends on the Higgs mass mH . The second (smaller)
contribution from the weak gauge coupling ameliorates this behavior. The condition for a zero Higgs self coupling is
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From Eq.(1.116) we see that only for energy scales below Qstable(mH) the Higgs potential is bounded from below and
our vacuum stable. For a given maximum validity scale Qstable this stability bound translates into a minimum Higgs
mass balancing the negative slope in Eq.(1.116) for which our theory is then well defined. In Figure 3 we show Qstable
as the lower curve, above which our consistent theory has to reside.

Summarizing what we know about the Higgs mass in the Standard Model we already have indirect experimental as
well as theory constraints on this otherwise free parameter in the Higgs sector.
Strictly in the Standard Model, electroweak precision data points to the mass range mH . 200 GeV. This means at the
LHC we are either looking for a light Higgs boson or we should expect some drastic modifications to our Standard
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Such a pole is called a Landau pole and gives us a maximum scale beyond which we cannot rely on our perturbative
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large λ: 
[λ ≫ yt,gi]

small λ: 
[λ ≪ yt,gi]
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Triviality and Vacuum Instability

with MH ∝ λ(ν2)⋅ν2 

λ(q)

q∞

 q0

MH q

Upper bound: q∞	 < Λ 
!
Lower bound: q0 	 < Λ
[Triviality, Landau Pole]

[Vacuum Instability]

Must be larger than  
scale Λ at which SM breaks down}

From RGE 
and MH ∝ λ(ν2)

Higgs  
self coupling !
depends on MH

scale[ν: vacuum expectation value]

[Running self coupling]

Higgs potential:

V (⇤) = �µ⇤2 + �⇤4
Higgs Potential:

Norm.



Triviality and Vacuum Instability

Triviality and the Higgs mass lower bound

K. Hollanda∗

aDept. of Physics, University of California San Diego, 9500 Gilman Drive, La Jolla CA 92093-0319, USA

In the minimal Standard Model, it is commonly believed that the Higgs mass cannot be too small, otherwise

Top quark dynamics makes the Higgs potential unstable. Although this Higgs mass lower bound is relevant for
current phenomenology, we show that the Higgs vacuum instability in fact does not exist and only appears when
treating incorrectly the cut-off in the renormalization of a trivial theory. We also demonstrate how to calculate
correctly the regulator-dependent Higgs mass lower bound.

1. VACUUM INSTABILITY

In this talk I report on some recent work which
was done in collaboration with Julius Kuti [1].
The as-yet unobserved Higgs boson plays a cru-
cial role in determining the threshold of new
physics beyond the Standard Model (SM). Preci-
sion Electroweak measurements indicate that, if
the SM is correct, the Higgs is light with a mass
mHiggs = 114+69

−45 GeV [2]. Even if one excludes
these experimental constraints, it is widely be-
lieved on theoretical grounds that the Higgs mass
must lie within a certain range for the SM to be
an acceptable field theory. Fig. 1 shows the cur-
rent phenomenological upper and lower mHiggs

bounds as a function of Λ, the energy scale at
which physics beyond the SM must set in [3]. Up-
per and lower bounds are very important for two
reasons. Firstly, they tell us where we should
look for the Higgs. For example, according to
Fig. 1, the SM cannot sustain a Higgs as heavy
as 1 TeV. Secondly and more importantly, if the
Higgs is observed, knowing its mass would tell
us the maximum energy scale up to which the
SM can be valid. According to this plot, the
lower bound is the relevant one for current phe-
nomenology. For example, taking the preferred
value mHiggs = 114 GeV, the SM is at most valid
up to around 100 − 1000 TeV. The phenomeno-
logical lower bound is based on the instability of
the Higgs potential if mHiggs is too small. We will

∗Research supported by the DOE under grant DOE-FG03-
97ER40546.

0

Landau Pole

Vacuum Instability

Figure 1. Upper and lower SM mHiggs bounds [3].

show that this vacuum instability, like the Lan-
dau pole, is fake. Remarkably, just like the upper
bound, a new regulator-dependent lower bound
emerges from the triviality of the theory. An ear-
lier version of this work was presented in [4].

The apparent vacuum instability can be seen in
a Higgs-Yukawa model of a single real scalar field
(Higgs) coupled to NF degenerate fermions (Top
quarks). The 1-loop Higgs effective potential Ueff

is calculated by summing an infinite series of di-

Nuclear Physics B (Proc. Suppl.) 140 (2005) 155–161

0920-5632/$ – see front matter © 2004 Elsevier B.V. All rights reserved.

www.elsevierphysics.com

doi:10.1016/j.nuclphysbps.2004.11.293

Upper Bound: Triviality 
Lower Bound: Vacuum stability

SM Higgs Scale Λ: 
!
energy scale at which  
physics beyond the  
SM sets in

[Repetition]



Consequences of a Light Higgs

Constraints  
even harder when  
considering fine-tuning

New physics at 
a few TeV?

Excluded to  
avoid fine-tuning



There exists a large number of models which predict  
new physics at the TeV scale accessible @ LHC ...  

• Grand Unified Theories (SU(5), O(10), E6, …) 
embed SM gauge group in larger symmetry 

• Supersymmetry (SUSY - around since a long time) 
• Extended Higgs sector 

e.g. in SUSY models 
• Leptoquarks 
• New heavy gauge bosons 
• Technicolour 
• Compositeness 
• Extra dimensions

What Theorists Think About ...

Any of this is what 
the LHC still hopes for ...

... in addition to the Higgs

[Repetition]



Probing New Physics with B Mesons
Indirect Higgs Searches 

Probing the High-energy Frontier at the LHC:                                                        
Probing New Physic with B meson decays 1

Probing New Physics with 
B meson decays

b s

Content:

Motivation

Quark flavor physics in the Standard Model 

Ulrich Uwer 

Experimental Status

Flavor physics beyond the Standard Model

LHCb Experiment

B meson key measurements  at the LHC

Motivation
Loop-suppressed B meson decays can serve as sensitive probes for               
New Physics:

New W
New 

Physics
W

New 
Physics

W Physics

Box Diagrams (Oscillation) Penguin Decays

Additi l N Ph i lit d dif b l t t b t l h

Heavy quark physics:                                             

M Complementary to direct New Physics searches by ATLAS and CMS.

M Investigate the flavor structure of NP if found.

Additional New Physics amplitudes modify absolute rates but also phase 
dependent observables such as CP asymmetries: e.g. SUSY models 

2



LHCb Key Measurements

Bs mixing phase Φs b ➛ sγ Penguins Rare Decays

Bs Bs
–

B0 K*

ACP(Bs ➛ J/ψ Φ) Bd ➛ K*μμ
Bd ➛ K*γ

Bd,s

μ

μ

Bd,s ➛ μμ

Also:  
Measurement of the CKM angle γ in tree level decays 

courtesy U.Uwer
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B0 K*

ACP(B Bd ➛ K*μμ
Bd ➛ K*γ
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Rare Decays – e.g. Bs ➛ μμ
Higgs penguin B0

s ! µ+µ� 8 / 24

B0
s ! µ+µ� and B0 ! µ+µ� in the SM

b̄

s

µ+

µ�

B0

s W

t

t

Z0

b̄

s

µ+

µ�

B0

s t ⌫

W

W

⌅ B0

s ! µ+µ� and B0 ! µ+µ� loop (GIM) and helicity suppressed

⌅ Purely leptonic final state: Both theoretically and experimentally clean

⌅ SM prediction (B0 suppressed by |Vtd/Vts|2):
B(B0

s ! µ+µ�)SM = (3.23± 0.27) · 10�9,
B(B0 ! µ+µ�)SM = (1.07± 0.10) · 10�10 [Eur.Phys.J. C72 (2012) 2172]

⌅ Sizeable lifetime di↵erence ��s, correction for time integrated measurement:
B(B0

s ! µ+µ�)��s
SM = (3.54± 0.30) · 10�9 [Phys.Rev. D86 (2012) 014027]

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

Higgs penguin B0
s ! µ+µ� 9 / 24

B0
s ! µ+µ� and B0 ! µ+µ� beyond the SM

b̄

s

µ+

µ�

B0

s g̃
d̃
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A0

⌅ General e↵ective formalism:
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B
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S |2+|(CP � C0
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(C

10
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⌅ SM contribution (Z0 penguin, W-box) encoded in C
10

⌅ Sensitivity to NP in scalar (CS) and pseudo-scalar (CP ) sector

⌅ Axial vector contributions C
10

� C 0
10

suppressed wrt. (pseudo-) scalars

⌅ Interesting for models with extended Higgs sector (MSSM, 2HDM)

⌅ In MSSM: B(B0

s ! µ+µ�) / tan6 �/m4

A

! can constrain the available parameter space

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

SM 
!
Loop and helicity 
suppressed !
[BR ≈ 3 × 10-9]

NP 
!
Extended Higgs Sector 
MSSM, 2HDM



b ➛ sγ Penguins

Introduction 2 / 24

Rare decays at LHCb

⌅ Flavor changing neutral currents forbidden at tree level in SM
�, Z0, g and SM H vertices flavor conserving

⌅ Loop suppressed �F = 1 FCNCs ! Rare Decays

b s

µ

µ

W

t

Z0, �

SM penguin diagram

b s

µ

µ

t

⌫µ

W
W

SM box diagram

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

SM 
!
Flavor Changing NC 
Loop suppressed !

NP 
!
Extended Higgs Sector 
MSSM, 2HDM
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H+

Z0,γ

Z0,γ
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Introduction 3 / 24

Indirect searches for New Physics with rare decays

⌅ NP Particles can enter loop mediated processes

b s

µ

µ

g̃

d̃

H̃

NP penguin diagram

b s

µ

µ

t

⌫µ

H+

H�

NP box diagram

⌅ NP amplitudes enter at the same level as SM particles

⌅ Potentially large modification of branching fractions and angular
distributions of rare decays

⌅ Particles not on shell ! High masses accessible

⌅ Important information complementary to direct searches

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

b ➛ sγ Penguins

Introduction 2 / 24

Rare decays at LHCb

⌅ Flavor changing neutral currents forbidden at tree level in SM
�, Z0, g and SM H vertices flavor conserving

⌅ Loop suppressed �F = 1 FCNCs ! Rare Decays

b s

µ

µ

W

t

Z0, �

SM penguin diagram

b s

µ

µ

t

⌫µ

W
W

SM box diagram

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

SM 
!
Flavor Changing NC 
Loop suppressed !

NP 
!
Extended Higgs Sector 
MSSM, 2HDM

Z0,γ



LHCb Detector

LHCb 
Forward Spectrometer 
!
Hight: 10 m  
Length: 20 m 
Weight: 5600 t

VELO

Magnet

Tracker

Muon System
RICH 1

RICH 2

Calorimeter



    ~ 2 × 1032 cm-2 s-1 

LHCb Parameters ...

Probing the High-energy Frontier at the LHC:                                                        
Probing New Physic with B meson decays 5

B Production at the LHC

LHCb

� pp collisions at 
s = 7,  10,  14 TeV
pp

b

1x 2x

Gluon-Gluon-Fusion:

� Correlated forward production of bb

� B±, B0, Bs, Bc, �b …

� L ~ 2 x 1032 cm-2 s-1 (tuned)

• ~ 1012 bb events / year (2 fb-1)

�inel ~ ( 0.89, 0.95, 1 ) �100 mb  

�bb ~  ( 0.44, 0.67, 1) � 500 �b

bb Production

pp

b

56

• ~ 1012 bb events / year (2 fb 1)

U 50 kHz bb-events in LHCb

U n = 0.7 IA / BX (ATLAS  5\25)

� Charged particle multiplicity ~30 / unit 
of rapidity 

�b �b

B Physics & LHCb Detector
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LHCb:
U Forward, single arm spectrometer, 1.9 < � < 4.9

(bb pairs correlated, mainly forward)
U Excellent vertexing and particle ID (K/� separation)
U chighd pT triggers, including purely hadronic modes, 

very flexible
U Luminosity tuneable by adjusting beam focus:         

run at L ~ 2�1032 cmf2sf1 � n	0.5
57

bb production

θb– θb

–

0
1

2
3

1
2

3

pp collisions at √s = 7, 10, 14 TeV

𝓛

σinel	 ~ 100 mb          

σbb	 ~ 500 μb [~ 250 μb @ 7 TeV]         

Forward production of bb ...

B±, B0, Bs, Bc, Λb, ...

50 kHz bb events in LHCb  
ca. 1012 bb events/year (2 fb-1) 
0.7 interactions/bunch crossing  

Charged particle multiplicity 
ca. 30/unit of rapidity.

[ATLAS: 5 – 25]

courtesy U.Uwer



LHCb Detector

Forward spectrometer … 
Emphasis on tracking  & particle identification …



LHCb – Vertexing and Tracking

Vertex detector 8mm from beam ➛ excellent IP resolution: 20μm 
Long lever arm, excellent momentum resolution δp/p ~ 0.4 - 0.6 % 
Mass resolution for two body B-decays ∼ 25 MeV

Tracking System



LHCb – Particle Identification & Trigger

Muon identification: εμ➛μ ~ 97% επ➛μ ~ 1 - 3% 

Muon trigger efficiency: εTrig ~ 70 - 90% 

Good Kπ-separation via RICH: εΚ➛Κ ~ 95% επ➛Κ ~ 5%

RICH 1

RICH 2

Muon 
Chambers



Bs ➛ μ+μ− and B  ➛ μ+μ− [SM]
Higgs penguin B0

s ! µ+µ� 8 / 24

B0
s ! µ+µ� and B0 ! µ+µ� in the SM

b̄

s

µ+

µ�

B0

s W

t

t

Z0

b̄

s

µ+

µ�

B0

s t ⌫

W

W

⌅ B0

s ! µ+µ� and B0 ! µ+µ� loop (GIM) and helicity suppressed

⌅ Purely leptonic final state: Both theoretically and experimentally clean

⌅ SM prediction (B0 suppressed by |Vtd/Vts|2):
B(B0

s ! µ+µ�)SM = (3.23± 0.27) · 10�9,
B(B0 ! µ+µ�)SM = (1.07± 0.10) · 10�10 [Eur.Phys.J. C72 (2012) 2172]

⌅ Sizeable lifetime di↵erence ��s, correction for time integrated measurement:
B(B0

s ! µ+µ�)��s
SM = (3.54± 0.30) · 10�9 [Phys.Rev. D86 (2012) 014027]

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

0 0

Purely leptonic final state; theoretically and experimentally clean …  
[SM: B0 ➛ μ+μ− and B0 ➛ μ+μ− loop (GIM) and helicity suppressed …] 

SM prediction (B0 suppressed by |Vtd/Vts|2): 
 

	 B(B0 ➛ μ+μ−)SM = (3.35 ± 0.28) · 10−9 
	 B(B0 ➛ μ+μ−)SM = (1.07 ± 0.10) · 10−10 
Sizable life time difference ∆Γs, correction for time integrated  
measurement:  B(B0 ➛ μ+μ−)ΔΓ = (3.56 ± 0.30) · 10−9  [arXiv:1207.1158]

 [arXiv:1207.1158]

SM

s

s

s

[Eur. Phys. J. C72 (2012) 2172]



Bs ➛ μ+μ− and B  ➛ μ+μ− [BSM]0 0

Purely leptonic final state; theoretically and experimentally clean …  
[SM: B0 ➛ μ+μ− and B0 ➛ μ+μ− loop (GIM) and helicity suppressed …] 
!
Beyond the SM: 

Interesting models with extended Higgs sector: MSSM, 2HDM … 
MSSM: B(B0 ➛ μ+μ−)SM ∝ tan6β/m4 

[➛ constrains the remaining MSSM parameter space …]
s

s

Higgs penguin B0
s ! µ+µ� 9 / 24

B0
s ! µ+µ� and B0 ! µ+µ� beyond the SM

b̄

s

µ+

µ�

B0

s g̃
d̃

d̃

A0

⌅ General e↵ective formalism:

B(Bq ! µ+µ�) / |VtbVtq|2[(1�
4m2

µ

M2
B
)|CS � C0

S |2+|(CP � C0
P )+

2mµ

M2
B
(C

10

�C0
10

)|2]

⌅ SM contribution (Z0 penguin, W-box) encoded in C
10

⌅ Sensitivity to NP in scalar (CS) and pseudo-scalar (CP ) sector

⌅ Axial vector contributions C
10

� C 0
10

suppressed wrt. (pseudo-) scalars

⌅ Interesting for models with extended Higgs sector (MSSM, 2HDM)

⌅ In MSSM: B(B0

s ! µ+µ�) / tan6 �/m4

A

! can constrain the available parameter space

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb
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B0
s ! µ+µ� and B0 ! µ+µ� beyond the SM

b̄

s

µ+

µ�

B0

s g̃
d̃

d̃

A0

⌅ General e↵ective formalism:

B(Bq ! µ+µ�) / |VtbVtq|2[(1�
4m2

µ

M2
B
)|CS � C0

S |2+|(CP � C0
P )+

2mµ

M2
B
(C

10

�C0
10

)|2]

⌅ SM contribution (Z0 penguin, W-box) encoded in C
10

⌅ Sensitivity to NP in scalar (CS) and pseudo-scalar (CP ) sector

⌅ Axial vector contributions C
10

� C 0
10

suppressed wrt. (pseudo-) scalars

⌅ Interesting for models with extended Higgs sector (MSSM, 2HDM)

⌅ In MSSM: B(B0

s ! µ+µ�) / tan6 �/m4

A

! can constrain the available parameter space

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

A 

NP 
!
Extended Higgs Sector 
MSSM, 2HDM



Signal and Background Classification
[LHCb]

[B0 ➛ μ+μ−]

Selection: 
	 Two well identified muons … 
	 Good common vertex … 
	 well separated from any pp primary vertices … 
!
Signal and background  
classification: 
	 Multivariate classifier: BDT … 
 

	 Trained on MC samples 
	 [Signal, bb ➛ μμΧ background …]  
 

	 Calibrated using data  
	 [B0 ➛ hh, di-muon mass sidebands …] 
 

	 Invariant μμ mass … 
 

	 Signal described by Crystal Ball function …  
	 Peak values and resolution from B0 ➛ hh … 

	 	 σ(Bs) = 23.2 ± 0.4 MeV  
	 	 σ(B0) = 22.8 ± 0.4 MeV 
	 Resolution consistent with estimate from  
	 power law interpolation of di-muon resonances J/ψ, Υ, … 

0

muon identification [25], transverse momentum pT satisfy-
ing 0:25<pT < 40 GeV=c, and momentum p <
500 GeV=c. The two tracks are required to form a second-
ary vertex (SV), with !2 per degree of freedom less than 9,
displaced from any pp interaction vertex (primary vertex,
PV) by a flight distance significance greater than 15. The
smallest impact parameter !2 (!2

IP), defined as the differ-
ence between the !2 of a PV formed with and without the
track in question, is required to be larger than 25 with
respect to any PV for the muon candidates. Only B candi-
dates with pT > 0:5 GeV=c, decay time less than 9! "B0

s

[3], impact parameter significance IP=#ðIPÞ< 5 with
respect to the PV for which the B IP is minimal, and
dimuon invariant mass in the range ½4900; 6000% MeV=c2

are selected. The control and normalization channels are
selected with almost identical requirements to those
applied to the signal sample. The B0

ðsÞ ! hþh0' selection

is the same as that of B0
ðsÞ ! $þ$', except that muon

identification criteria are not applied. The Bþ ! J=cKþ

decay is reconstructed from a dimuon pair combined to
form the J=c ! $þ$' decay and selected in the same
way as the B0

ðsÞ ! $þ$' signal samples, except for the

requirements on the impact parameter significance and
mass. After a requirement of !2

IP > 25, kaon candidates
are combined with the J=c candidates. These selection
criteria are completed by a requirement on the response of
a multivariate operator, called MVS in Ref. [26] and
unchanged since then, applied to candidates in both signal
and normalization channels. After the trigger and selection
requirements are applied, 55 661 signal dimuon candidates
are found, which are used for the search.

The main discrimination between the signal and combi-
natorial background is brought by the BDT, which is
optimized using simulated samples of B0

s ! $þ$' events
for the signal and b !b ! $þ$'X events for the back-
ground. The BDT combines information from the follow-
ing input variables: the B candidate decay time, IP and pT ;
the minimum !2

IP of the two muons with respect to any PV;
the distance of closest approach between the two muons;
and the cosine of the angle between the muon momentum
in the dimuon rest frame and the vector perpendicular to
both the B candidate momentum and the beam axis.
Moreover, two different measures for the isolation of
signal candidates are also included: the number of good
two-track vertices a muon can makewith other tracks in the
event; and the B candidate isolation, introduced in
Ref. [27]. With respect to the multivariate operator used
in previous analyses [12,26], the minimum pT of the two
muons is no longer used while four new variables are
included to improve the separation power. The first two
are the absolute values of the differences between the
pseudorapidities of the two muon candidates and between
their azimuthal angles. The others are the angle of the
momentum of the B candidate in the laboratory frame,
and the angle of the positive muon from the B candidate

in the rest frame of the B candidate, both with respect to the
sum of the momenta of tracks, in the rest frame of the B
candidate, consistent with originating from the decay of a b
hadron produced in association to the signal candidate.
In total, 12 variables enter into the BDT.
The variables used in the BDT are chosen so that the

dependence on dimuon invariant mass is linear and small to
avoid biases. The BDT is constructed to be distributed
uniformly in the range [0,1] for signal, and to peak strongly
at zero for the background. The BDT response range is
divided into eight bins with boundaries 0.0, 0.25, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, and 1.0.
The expected BDT distributions for the B0

ðsÞ ! $þ$'

signals are determined using B0
ðsÞ ! hþh0' decays. The

B0
ðsÞ ! hþh0' distributions are corrected for trigger and

muon identification distortions. An additional correction
for the B0

s ! $þ$' signal arises from the difference in
lifetime acceptance in BDT bins, evaluated assuming the
SM decay time distribution. The expected B0

s ! $þ$'

BDT distribution is shown in Fig. 1.
The invariant mass distribution of the signal decays is

described by a Crystal Ball function [28]. The peak values
(mB0

s
and mB0) and resolutions (#B0

s
and #B0) are obtained

from B0
s ! KþK' and B0 ! Kþ%', B0 ! %þ%'

decays, for the B0
s and B0 mesons. The resolutions are

also determined with a power-law interpolation between
the measured resolutions of charmonium and bottomonium
resonances decaying into two muons. The two methods are
in agreement and the combined results are #B0

s
¼ 23:2)

0:4 MeV=c2 and #B0 ¼ 22:8) 0:4 MeV=c2. The transi-
tion point of the radiative tail is obtained from simulated
B0
s ! $þ$' events [21] smeared to reproduce the mass

resolution measured in data.
The numbers of B0

s ! $þ$' and B0 ! $þ$' candi-
dates, NB0

ðsÞ!$þ$' , are converted into branching fractions

with

BDT
0 0.2 0.4 0.6 0.8 1

PD
F

-410

-310

-210

-110

1

Signal

Background

LHCb

FIG. 1 (color online). Expected distribution of the BDT output
for the B0

s ! $þ$' signal (black squares), obtained from
B0
ðsÞ ! hþh0' control channels, and the combinatorial back-

ground (blue circles).
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(s) ! K±⇡⌥ candidates in data. A fit to the distribution is superimposed

with the signal (red), the combinatorial background (blue dashed), and the partially reconstructed B decay
background (black dashed) components shown as well as the full PDF (blue continuous line).
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Normalization for B0 ! µ+µ� and B0
s ! µ+µ�
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⌅ Convert observed events to branching fraction using norm. channels
B± ! J/ K±: similar trigger criteria, di↵erent N

tracks

�
consistent results

B0 ! K+⇡�: di↵erent trigger, same N
tracks

⌅ B
sig

= B
cal

⇥ ✏reccal✏
sel
cal

✏recsig ✏
sel
sig

⇥ ✏trigcal

✏trigsig

⇥ fcal
fsig

⇥ Nsig

Ncal
= ↵⇥N

sig

from MC,
checked on data

from
data

b ! B0

(s) hadronization
fraction ratio

⌅ Hadronization fraction ratio fs/fd = 0.256± 0.020 [arxiv:1301.5286]

⌅ Normalization factors
↵(B0

s ! µ+µ�) = (2.52± 0.23) · 10�10, ↵(B0 ! µ+µ�) = (6.45± 0.30) · 10�11

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

Normalization Procedure
[LHCb]

[B0 ➛ μ+μ−]Higgs penguin B0
s ! µ+µ� 11 / 24

Normalization for B0 ! µ+µ� and B0
s ! µ+µ�
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⌅ Convert observed events to branching fraction using norm. channels
B± ! J/ K±: similar trigger criteria, di↵erent N

tracks

�
consistent results

B0 ! K+⇡�: di↵erent trigger, same N
tracks

⌅ B
sig

= B
cal

⇥ ✏reccal✏
sel
cal

✏recsig ✏
sel
sig

⇥ ✏trigcal

✏trigsig

⇥ fcal
fsig

⇥ Nsig

Ncal
= ↵⇥N

sig

from MC,
checked on data

from
data

b ! B0

(s) hadronization
fraction ratio

⌅ Hadronization fraction ratio fs/fd = 0.256± 0.020 [arxiv:1301.5286]

⌅ Normalization factors
↵(B0

s ! µ+µ�) = (2.52± 0.23) · 10�10, ↵(B0 ! µ+µ�) = (6.45± 0.30) · 10�11

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

Convert observed events to branching fraction using normalization channels … 
	 	 B± ➛ J/ψK±	 : similar trigger criteria, different Ntracks 
	 	 B0 ➛ K+π−	 : different trigger, same Ntracks 

Then:

from MC 
checked with data from data

hadronization fraction ratio fs/fd 
[measured, arXiv:1301.5286]

consistent results

=
Nobs(B0 ! µµ)

✏N(B0)

B =
N(B0 ! µµ)

N(B0)

??



Background Determination
[LHCb]

[B0 ➛ μ+μ−]
Higgs penguin B0

s ! µ+µ� 12 / 24

Backgrounds for B0
(s) ! µ+µ�

B(s) ! h+h�

B0 ! ⇡µ⌫

B ! ⇡µµ

⌅ Combinatorial bkg from bb̄ ! µ+µ�X described by exponential

⌅ B(s) ! h+h� double misid probability h ! µ calibrated on data

⌅ Semileptonic exclusive backgrounds B0 ! ⇡+µ�⌫, B0,+ ! ⇡0,+µ+µ�

negligible in B0

(s) mass window

⌅ Determine expected bkg. yields from normalization to B+ ! J/ K+,
dimuon invariant mass and BDT shape from MC

C. Langenbruch (CERN), Higgs quo vadis? Rare decays at LHCb

B0 ➛ hh
B0 ➛ πμν
B0 ➛ πμμ

Combinatorial background from bb ➛ μ+μ− described by exponential function … 
B0 ➛ h+h−; h = π,K with double mis-identification calibrated using data … 
Semi-leptonic exclusive backgrounds  
B0 ➛ πμν, B ➛ πμμ negligible in B0 mass window … 
Determine expected background yields from normalization to  
B+ ➛ J/ψK+, di-muon invariant mass and BDT shape from MC

Combinatorial 
Background



Invariant Mass Distribution …

fits with and without the signal component. The median
significance expected for a SM B0

s ! !þ!" signal
is 5:0".

The simultaneous unbinned maximum-likelihood fit
results in

BðB0
s ! !þ!"Þ ¼ ð2:9þ1:1

"1:0ðstatÞþ0:3
"0:1ðsystÞÞ& 10"9;

BðB0 ! !þ!"Þ ¼ ð3:7þ2:4
"2:1ðstatÞþ0:6

"0:4ðsystÞÞ& 10"10:

The statistical uncertainty is derived by repeating the fit
after fixing all the fit parameters, except the B0

s ! !þ!"

and B0 ! !þ!" branching fractions and the slope and
normalization of the combinatorial background, to their
expected values. The systematic uncertainty is obtained
by subtracting in quadrature the statistical uncertainty
from the total uncertainty obtained from the likelihood
with all nuisance parameters allowed to vary according to
their uncertainties. Additional systematic uncertainties
reflect the impact on the result of changes in the parametri-
zation of the background by including the !0

b ! p!" "#!

component and by varying the mass shapes of backgrounds
from b-hadron decays, and are added in quadrature. The
correlation between the branching fractions parameters of
both decay modes is þ3:3%. The values of the B0

ðsÞ !
!þ!" branching fractions obtained from the fit are in
agreement with the SM expectations. The invariant mass
distribution of the B0

ðsÞ ! !þ!" candidates with BDT>

0:7 is shown in Fig. 2.
As no significant excess of B0 ! !þ!" events is found,

a modified frequentist approach, the CLs method [38] is
used, to set an upper limit on the branching fraction. The
method provides CLsþb, a measure of the compatibility of

the observed distribution with the signal plus background
hypothesis, CLb, a measure of the compatibility with the
background-only hypothesis, and CLs ¼ CLsþb=CLb. A
search region is defined around the B0 invariant mass as
mB0 ' 60MeV=c2. For each BDT bin the invariant mass
signal region is divided into nine bins with boundaries
mB0 ' 18, 30, 36, 48, 60 MeV=c2, leading to a total of
72 search bins.
An exponential function is fitted, in each BDT bin, to

the invariant mass sidebands. Even though they do not
contribute to the signal search window, the b-hadron
backgrounds are added as components in the fit to
account for their effect on the combinatorial background
estimate. The uncertainty on the expected number of
combinatorial background events per bin is determined
by applying a Poissonian fluctuation to the number of
events observed in the sidebands and by varying the
exponential slopes according to their uncertainties. In
each bin, the expectations for B0

s ! !þ!" decay assum-
ing the SM branching fraction and for the B0

ðsÞ ! hþh0"

background are accounted for. For each branching
fraction hypothesis, the expected number of signal events
is estimated from the normalization factor. Signal events
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FIG. 2 (color online). Invariant mass distribution of the se-
lected B0

ðsÞ ! !þ!" candidates (black dots) with BDT> 0:7.

The result of the fit is overlaid (blue solid line) and the different
components detailed: B0

s ! !þ!" (red long dashed line),
B0 ! !þ!" (green medium dashed line), combinatorial back-
ground (blue medium dashed line), B0

ðsÞ ! hþh0" (magenta

dotted line), B0ðþÞ ! $0ðþÞ!þ!" (light blue dot-dashed line),
B0 ! $"!þ#! and B0

s ! K"!þ#! (black dot-dashed line).

TABLE II. Expected limits for the background only (bkg) and
the background plus SM signal (bkgþ SM) hypotheses, and
observed limits on the B0 ! !þ!" branching fraction.

90% C.L. 95% C.L.

Expected bkg 3:5& 10"10 4:4& 10"10

Expected bkgþ SM 4:5& 10"10 5:4& 10"10

Observed 6:3& 10"10 7:4& 10"10

]10−) [10−µ +µ → 0BB(
1 2 3 4 5 6 7 8 9 10

s
C

L

-210

-110

1

1−3fb
LHCb

FIG. 3 (color online). CLs as a function of the assumed B0 !
!þ!" branching fraction. The dashed curve is the median of the
expected CLs distribution for the background-only hypothesis.
The green area covers, for each branching fraction value, 34.1%
of the expected CLs distribution on each side of its median. The
solid red curve is the observed CLs.
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101805-4

[LHCb]
[B0 ➛ μ+μ−]

Full PDF 
B0 ➛ μ+μ− 
B0 ➛ μ+μ− !
!
Combinatorial !
B0 ➛ h+h− 
B0 ➛ π−(Κ−)μ+ν 
B0 ➛ π0μ+μ−, B+ ➛ π+μ+μ− 

s

… of the selected B0 candidates …

[LHCb, PRL 11 (2013) 101805]



Invariant Mass Distribution …

… of the selected events in first BDT bin …

[LHCb]
[B0 ➛ μ+μ−]
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Figure 8: Dimuon invariant mass distribution for B0
(s) ! µ+µ� candidates in data in the first bin of BDT output.

Data is shown prior unblinding of the signal region. A fit to the data points, used to interpolate the background to
the signal region, is superimposed. The full PDF (blue line) is represented including an exponential combinatorial
background, and background from partially reconstructed B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ decays (black line),
B0(+) ! ⇡0(+)µ+µ� decays (cyan), and misidentified background from B0

(s) ! h+h0� decays (green dashed).

Vertical orange (green) dashed lines indicate the B0
s ! µ+µ� (B0 ! µ+µ�) search windows excluded from the

background estimation fit. [This plot is tipically used to explain how the BDT pdf for bkg (paper Fig. 1) is
calibrated on data.]
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Invariant Mass Distribution …
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Figure 9: Dimuon invariant mass distribution for B0
(s) ! µ+µ� candidates in data in 8 bins of BDT output. Data

is shown prior unblinding of the signal region. A fit to the data points, used to interpolate the background to the
signal region, is superimposed. The full PDF (blue line) is represented including an exponential combinatorial
background, and background from partially reconstructed B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ decays (black line),
B0(+) ! ⇡0(+)µ+µ� decays (cyan), and misidentified background from B0

(s) ! h+h0� decays (green dashed).

Vertical orange (green) dashed lines indicate the B0
s ! µ+µ� (B0 ! µ+µ�) search windows excluded from the

background estimation fit.
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Figure 10: Dimuon invariant mass distribution for B0
(s) ! µ+µ� candidates in data in 8 bins of BDT output. A

fit to the data points is superimposed. The full PDF (blue line) is represented including the B0
s ! µ+µ� (red)

and B0 ! µ+µ� (green dashed) signals, an exponential combinatorial background, and background from partially
reconstructed B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ decays (black dot dahed line), B0(+) ! ⇡0(+)µ+µ� decays (cyan),
and misidentified background from B0

(s) ! h+h0� decays (green dashed). Vertical orange (green) dashed lines

indicate the B0
s ! µ+µ� (B0 ! µ+µ�) search regions.
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Log-Likelihood Fit …
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Figure 11: Profile-likelihood ratio scan for the B(B0
s ! µ+µ�) physics parameter. At each B(B0

s ! µ+µ�) value
in the range scanned, a fit to the data is performed fixing the B(B0

s ! µ+µ�) (all the other parameters can float
as in the best fit). The ratio of the resulting negative log-likelihood to the negative log-likelihood obtained when
B(B0

s ! µ+µ�) can vary (the best fit) is then reported on the graph.
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Figure 11: Profile-likelihood ratio scan for the B(B0
s ! µ+µ�) physics parameter. At each B(B0

s ! µ+µ�) value
in the range scanned, a fit to the data is performed fixing the B(B0

s ! µ+µ�) (all the other parameters can float
as in the best fit). The ratio of the resulting negative log-likelihood to the negative log-likelihood obtained when
B(B0

s ! µ+µ�) can vary (the best fit) is then reported on the graph.
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Simultaneous un-binned  
maximum-likelihood fit 
to mass projections  
of all eight BDT bins … 

BR determination:

fits with and without the signal component. The median
significance expected for a SM B0

s ! !þ!" signal
is 5:0".

The simultaneous unbinned maximum-likelihood fit
results in

BðB0
s ! !þ!"Þ ¼ ð2:9þ1:1

"1:0ðstatÞþ0:3
"0:1ðsystÞÞ& 10"9;

BðB0 ! !þ!"Þ ¼ ð3:7þ2:4
"2:1ðstatÞþ0:6

"0:4ðsystÞÞ& 10"10:

The statistical uncertainty is derived by repeating the fit
after fixing all the fit parameters, except the B0

s ! !þ!"

and B0 ! !þ!" branching fractions and the slope and
normalization of the combinatorial background, to their
expected values. The systematic uncertainty is obtained
by subtracting in quadrature the statistical uncertainty
from the total uncertainty obtained from the likelihood
with all nuisance parameters allowed to vary according to
their uncertainties. Additional systematic uncertainties
reflect the impact on the result of changes in the parametri-
zation of the background by including the !0

b ! p!" "#!

component and by varying the mass shapes of backgrounds
from b-hadron decays, and are added in quadrature. The
correlation between the branching fractions parameters of
both decay modes is þ3:3%. The values of the B0

ðsÞ !
!þ!" branching fractions obtained from the fit are in
agreement with the SM expectations. The invariant mass
distribution of the B0

ðsÞ ! !þ!" candidates with BDT>

0:7 is shown in Fig. 2.
As no significant excess of B0 ! !þ!" events is found,

a modified frequentist approach, the CLs method [38] is
used, to set an upper limit on the branching fraction. The
method provides CLsþb, a measure of the compatibility of

the observed distribution with the signal plus background
hypothesis, CLb, a measure of the compatibility with the
background-only hypothesis, and CLs ¼ CLsþb=CLb. A
search region is defined around the B0 invariant mass as
mB0 ' 60MeV=c2. For each BDT bin the invariant mass
signal region is divided into nine bins with boundaries
mB0 ' 18, 30, 36, 48, 60 MeV=c2, leading to a total of
72 search bins.
An exponential function is fitted, in each BDT bin, to

the invariant mass sidebands. Even though they do not
contribute to the signal search window, the b-hadron
backgrounds are added as components in the fit to
account for their effect on the combinatorial background
estimate. The uncertainty on the expected number of
combinatorial background events per bin is determined
by applying a Poissonian fluctuation to the number of
events observed in the sidebands and by varying the
exponential slopes according to their uncertainties. In
each bin, the expectations for B0

s ! !þ!" decay assum-
ing the SM branching fraction and for the B0

ðsÞ ! hþh0"

background are accounted for. For each branching
fraction hypothesis, the expected number of signal events
is estimated from the normalization factor. Signal events
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FIG. 2 (color online). Invariant mass distribution of the se-
lected B0

ðsÞ ! !þ!" candidates (black dots) with BDT> 0:7.

The result of the fit is overlaid (blue solid line) and the different
components detailed: B0

s ! !þ!" (red long dashed line),
B0 ! !þ!" (green medium dashed line), combinatorial back-
ground (blue medium dashed line), B0

ðsÞ ! hþh0" (magenta

dotted line), B0ðþÞ ! $0ðþÞ!þ!" (light blue dot-dashed line),
B0 ! $"!þ#! and B0

s ! K"!þ#! (black dot-dashed line).

TABLE II. Expected limits for the background only (bkg) and
the background plus SM signal (bkgþ SM) hypotheses, and
observed limits on the B0 ! !þ!" branching fraction.

90% C.L. 95% C.L.

Expected bkg 3:5& 10"10 4:4& 10"10

Expected bkgþ SM 4:5& 10"10 5:4& 10"10

Observed 6:3& 10"10 7:4& 10"10
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FIG. 3 (color online). CLs as a function of the assumed B0 !
!þ!" branching fraction. The dashed curve is the median of the
expected CLs distribution for the background-only hypothesis.
The green area covers, for each branching fraction value, 34.1%
of the expected CLs distribution on each side of its median. The
solid red curve is the observed CLs.
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Limit for Β0 ➛ μ+μ− 

fits with and without the signal component. The median
significance expected for a SM B0

s ! !þ!" signal
is 5:0".

The simultaneous unbinned maximum-likelihood fit
results in

BðB0
s ! !þ!"Þ ¼ ð2:9þ1:1

"1:0ðstatÞþ0:3
"0:1ðsystÞÞ& 10"9;

BðB0 ! !þ!"Þ ¼ ð3:7þ2:4
"2:1ðstatÞþ0:6

"0:4ðsystÞÞ& 10"10:

The statistical uncertainty is derived by repeating the fit
after fixing all the fit parameters, except the B0

s ! !þ!"

and B0 ! !þ!" branching fractions and the slope and
normalization of the combinatorial background, to their
expected values. The systematic uncertainty is obtained
by subtracting in quadrature the statistical uncertainty
from the total uncertainty obtained from the likelihood
with all nuisance parameters allowed to vary according to
their uncertainties. Additional systematic uncertainties
reflect the impact on the result of changes in the parametri-
zation of the background by including the !0

b ! p!" "#!

component and by varying the mass shapes of backgrounds
from b-hadron decays, and are added in quadrature. The
correlation between the branching fractions parameters of
both decay modes is þ3:3%. The values of the B0

ðsÞ !
!þ!" branching fractions obtained from the fit are in
agreement with the SM expectations. The invariant mass
distribution of the B0

ðsÞ ! !þ!" candidates with BDT>

0:7 is shown in Fig. 2.
As no significant excess of B0 ! !þ!" events is found,

a modified frequentist approach, the CLs method [38] is
used, to set an upper limit on the branching fraction. The
method provides CLsþb, a measure of the compatibility of

the observed distribution with the signal plus background
hypothesis, CLb, a measure of the compatibility with the
background-only hypothesis, and CLs ¼ CLsþb=CLb. A
search region is defined around the B0 invariant mass as
mB0 ' 60MeV=c2. For each BDT bin the invariant mass
signal region is divided into nine bins with boundaries
mB0 ' 18, 30, 36, 48, 60 MeV=c2, leading to a total of
72 search bins.
An exponential function is fitted, in each BDT bin, to

the invariant mass sidebands. Even though they do not
contribute to the signal search window, the b-hadron
backgrounds are added as components in the fit to
account for their effect on the combinatorial background
estimate. The uncertainty on the expected number of
combinatorial background events per bin is determined
by applying a Poissonian fluctuation to the number of
events observed in the sidebands and by varying the
exponential slopes according to their uncertainties. In
each bin, the expectations for B0

s ! !þ!" decay assum-
ing the SM branching fraction and for the B0

ðsÞ ! hþh0"

background are accounted for. For each branching
fraction hypothesis, the expected number of signal events
is estimated from the normalization factor. Signal events
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FIG. 2 (color online). Invariant mass distribution of the se-
lected B0

ðsÞ ! !þ!" candidates (black dots) with BDT> 0:7.

The result of the fit is overlaid (blue solid line) and the different
components detailed: B0

s ! !þ!" (red long dashed line),
B0 ! !þ!" (green medium dashed line), combinatorial back-
ground (blue medium dashed line), B0

ðsÞ ! hþh0" (magenta

dotted line), B0ðþÞ ! $0ðþÞ!þ!" (light blue dot-dashed line),
B0 ! $"!þ#! and B0

s ! K"!þ#! (black dot-dashed line).

TABLE II. Expected limits for the background only (bkg) and
the background plus SM signal (bkgþ SM) hypotheses, and
observed limits on the B0 ! !þ!" branching fraction.

90% C.L. 95% C.L.

Expected bkg 3:5& 10"10 4:4& 10"10

Expected bkgþ SM 4:5& 10"10 5:4& 10"10

Observed 6:3& 10"10 7:4& 10"10
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FIG. 3 (color online). CLs as a function of the assumed B0 !
!þ!" branching fraction. The dashed curve is the median of the
expected CLs distribution for the background-only hypothesis.
The green area covers, for each branching fraction value, 34.1%
of the expected CLs distribution on each side of its median. The
solid red curve is the observed CLs.
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Figure 2: Left, scan of the ratio of the joint likelihood for B(B0
s ! µ+µ�) and B(B0 ! µ+µ�).

As insets, the likelihood ratio scan for each of the branching fractions when the other is pro-
filed together with other nuisance parameters; the significance at which the background-only
hypothesis is rejected is also shown. Right, observed and expected CLS for B0 ! µ+µ� as a
function of the assumed branching fraction.
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Figure 3: Plots illustrating the combination of all categories used in the categorized-BDT
method (left) and the 1D-BDT method (right). For these plots, the individual categories are
weighted with S/(S + B), where S (B) is the signal (background) determined at the B0

s peak
position. The overall normalization is set such that the fitted B0

s signal corresponds to the total
yield of the individual contributions. These distributions are for illustrative purposes only and
were not used in obtaining the final results.
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Result:
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where the uncertainty includes both the statistical and systematic components, but is domi-
nated by the statistical uncertainties. The observed (expected median) significance of the excess
is 4.3 (4.8) standard deviations and is determined by evaluating the ratio of the likelihood value
for the hypothesis with no signal, divided by the likelihood with B(B0

s ! µ+µ�) floating. For
this determination, B(B0 ! µ+µ�) is allowed to float and is treated as a nuisance parameter
in the fit (see the left plot in Fig. 2). The measured branching fraction is consistent with the ex-
pectation from the SM. With the 1D-BDT method, the observed (expected median) significance
is 4.8 (4.7) standard deviations. Figure 3 shows the combined mass distributions weighted by
S/(S + B) for the categorized-BDT (left) and the 1D-BDT (right) methods. However, these
distributions are illustrative only and were not used to obtain the final results.

No significant excess is observed for B0 ! µ+µ�, and the upper limit B(B0 ! µ+µ�) < 1.1 ⇥
10�9 (9.2⇥ 10�10) at 95% (90%) confidence level (CL) is determined with the CLS approach [32,
33], based on the observed numbers of events in the signal and sideband regions with the
1D-BDT method as summarized in Table 1. The expected 95% CL upper limit for B(B0 !
µ+µ�) in the presence of SM signal plus background (background only) is 6.3 ⇥ 10�10 (5.4 ⇥
10�10), where the statistical and systematic uncertainties are considered. The right plot in Fig. 2
shows the observed and expected CLS curves versus the assumed B(B0 ! µ+µ�). From the
fit, the branching fraction for this decay is determined to be B(B0 ! µ+µ�) = (3.5+2.1

�1.8) ⇥
10�10. The significance of this measurement is 2.0 standard deviations. The dimuon invariant
mass distributions with the 1D-BDT method for the four channels are shown in Fig. 5 in the
Appendix.

In summary, a search for the rare decays B0
s ! µ+µ� and B0 ! µ+µ� has been performed on

a data sample of pp collisions at
p

s = 7 and 8 TeV corresponding to integrated luminosities of
5 and 20 fb�1, respectively. No significant evidence is observed for B0 ! µ+µ� and an upper
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Figure 1: Flavour constraints in the CMSSM, in the (m1/2,m0) parameter plane with A0 = �2m0, for tan� = 30
in the left and tan� = 50 in the right. The black lines delimit the ATLAS SUSY direct search limits with

20.3 fb�1 of data and the white lines show where the Higgs mass can reach a value of 122 GeV.
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3 Interplay with direct searches

To illustrate the constraining power of the flavour observables and the complementarity with
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FIG. 1: The leading order Feynman diagram for the electro-
magnetic radiative decay of the b-quark in the SM.

with the precisely-calculable partonic rates Γ(b → sγ)
and Γ(b → dγ) at the level of a few percent [14] (quark-
hadron duality), leading to significantly more accurate
predictions. At next-to-next-to-leading order (up to four
loops) the SM prediction for the branching fraction is
B(B → Xsγ) = (3.15± 0.23)× 10−4(Eγ > 1.6GeV) [15].
Measurements of the inclusive rates and asymmetries are
therefore powerful probes of physics beyond the standard
model.
The shape of the photon energy spectrum is deter-

mined by the strong interaction of the b quark within the
B meson and by the hadronization process. The Fermi
motion of the quark within the B meson and gluon ra-
diation lead to an Eγ distribution, in the B-meson rest
frame, that is peaked in the range 2.2 to 2.5GeV, with
a kinematic limit at mB/2 ≈ 2.64GeV and a rapidly-
falling low-energy tail. The shape is insensitive to non-
SM physics [16, 17], and can therefore provide infor-
mation about the strong-interaction dynamics of the b
quark. Heavy Quark Effective Theory (HQET) [14, 18–
22] has been used most extensively to describe these dy-
namics. The shape of the photon spectrum provides in-
formation on parameters of this theory related to the
mass and momentum of the b quark within the B meson;
the definitions and hence the values of these parameters
differ slightly between the “kinetic scheme” [23] and the
“shape function scheme” [24]. The Heavy Flavor Aver-
aging Group (HFAG) [25] has computed world-average
values of the parameters in the kinetic scheme based on
previous measurements of the inclusive semileptonic B-
meson decay B → Xcℓν (ℓ = e or µ) and of B → Xsγ.
HFAG has also translated those values to the shape func-
tion scheme. These parameters can be used to reduce
the error in the extraction of the CKM matrix elements
|Vcb| and |Vub| from the inclusive semileptonic decays,
B → Xcℓν and B → Xuℓν [26–29]. The B → Xsγ spec-
tral shape may also be compared to predictions in the
framework of Dressed Gluon Exponentiation [30].
The inclusive decay B → Xsγ was first measured by

the CLEO collaboration [31–33] and has been subse-
quently studied by the ALEPH [34], Belle [35–40] and
BABAR [41–43] collaborations. All measurements have
been made with B mesons produced in e+e− collisions.
The theoretical predictions, which assume that the mea-

surement is inclusive so that quark-hadron duality holds,
are made in the B-meson rest frame for photons with
Eγ > 1.6GeV. This means that ideally the measure-
ment is made for all Xs final states and for all photons
Eγ > 1.6GeV. The experimental challenge is to make
the measurement as inclusive as possible while suppress-
ing backgrounds from other processes producing photons
or fake photons. The backgrounds arise from continuum
events (e+e− to qq or τ+τ− pairs, where q = u, d, s
or c), with the photon coming from either a π0 or η de-
cay or from initial state radiation, and from other BB
processes. The BB background arises predominantly
from π0 or η decay but also from decays of other light
mesons, misreconstructed electrons and hadrons. It is
strongly dependent on photon energy and rises steeply
at lower Eγ . This places a practical lower limit for Eγ

on the experimental measurements; measurements have
been made to date with Eγ > 1.7, 1.8, and 1.9GeV.

Three experimental techniques have been pursued.
They differ in the extent to which the final state is re-
constructed. The first is the fully inclusive technique in
which neither the Xs from the signal B nor the recoil-

ing B meson is reconstructed. (Charge conjugates are
implied throughout this paper.) The second is the semi-
inclusive technique, in which as many exclusive Xs final
states as possible are reconstructed and combined. The
recoiling B meson is not reconstructed. The third is the
reconstructed recoil-B technique, in which inclusive B
events are tagged by fully reconstructing the recoiling
B mesons in as many final states as possible, but Xs is
not reconstructed. Each of the techniques has different
strengths and weaknesses.

If the Xs is not reconstructed, the sample includes all
Xs final states, but there are significant backgrounds from

other BB decays that must be estimated. It also includes
Xd states from the Cabbibo-suppressed b → dγ process.
These can be subtracted by assuming the b → dγ pho-
ton spectrum to have a similar shape to the b → sγ
photon spectrum, but scaled by the ratio of the CKM
elements (|Vtd|/|Vts|)2 = 0.044± 0.003. This is believed
to be a valid assumption. Also, if the Xs is not recon-
structed then the signal B cannot be reconstructed. The
B mesons have a small momentum in the Υ (4S) rest
frame. As the B meson is not reconstructed, the direction
of the momentum is not known. This leads to a Doppler
smearing of the photon energy. This effect, along with
the detector resolution, must be corrected for or unfolded
in order to compare to predictions made in the B-meson
rest frame. Quantities measured in the Υ (4S) rest frame,
i.e., the center-of-mass (CM) frame, such as the photon
energy E∗

γ , are denoted with an asterisk.

No semi-inclusive measurement to date has recon-
structed more than about 60% of Xs decays, due to the
high combinatoric background for higher multiplicity de-
cays. Uncertainties in modeling the mix of Xs final states
result in significant efficiency uncertainties, as well as a
large uncertainty in correcting for the final states that are
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B mesons have a small momentum in the Υ (4S) rest
frame. As the B meson is not reconstructed, the direction
of the momentum is not known. This leads to a Doppler
smearing of the photon energy. This effect, along with
the detector resolution, must be corrected for or unfolded
in order to compare to predictions made in the B-meson
rest frame. Quantities measured in the Υ (4S) rest frame,
i.e., the center-of-mass (CM) frame, such as the photon
energy E∗

γ , are denoted with an asterisk.

No semi-inclusive measurement to date has recon-
structed more than about 60% of Xs decays, due to the
high combinatoric background for higher multiplicity de-
cays. Uncertainties in modeling the mix of Xs final states
result in significant efficiency uncertainties, as well as a
large uncertainty in correcting for the final states that are

Fully inclusive Analysis:
Hadronic Events: ≥ 3 tracks; spherical 
[explore more isotropic topology of BB events]  
[qq and ττ events more jet-like] 
High energy isolated photon 
[veto η,π0 decays] 

Tagging of charged lepton  
[opposite side B-decay] 

Continuum and BB background  
estimated using data …
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FIG. 2: Estimated signal and background yields vs. photon energy in the CM frame based on MC simulation, at two stages of
the event selection: (a) after requiring an unvetoed high-energy photon (logarithmic scale); (b) after all selection requirements
(linear scale). The three contributions are shown cumulatively. The signal distribution is for a KN model withmb = 4.65GeV/c2,
while the continuum distribution has been scaled as described in Sec. III.
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FIG. 3: Lepton distributions from MC simulation, after the photon selection requirements but before applying lepton tag and
NN criteria. Plots (a) and (b) are for electron tags, plots (c) and (d) for muon tags. Plots (a) and (c) show the CM-frame
momentum distributions, with vertical lines indicating the minimum selection requirements. Plots (b) and (d) show the cosine
of the CM angle between the lepton and the high-energy photon, after applying the momentum criteria; the vertical lines show
the minimum requirement on this quantity. The signal (black dots) is from a KN model with mb = 4.65GeV/c2. The BB
background (solid blue histogram) and continuum background (dashed red) are from the MC simulations. Each distribution is
separately normalized to best illustrate its behavior.
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Final Photon Spectrum
[BaBar]
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FIG. 14: The photon spectrum after unfolding the effects
of calorimeter resolution and correcting for the selection effi-
ciency and detector acceptance. The inner error is statistical
only, the outer includes statistical, systematic and model-
dependence errors added in quadrature. The vertical line
shows the boundary between the lower control region and the
signal region.

TABLE XIV: Partial branching fraction in bins of EB
γ ob-

tained from the unfolded spectrum. These values describe
the shape of the spectrum in the B rest frame and provide a
crosscheck (see Sec. XI.E) of the integrated branching frac-
tions, but are not intended as primary branching fraction re-
sults. (The integrated branching fractions reported in Ta-
ble XI are more precise and less susceptible to bias, as ex-
plained in Sec. VIII.) The total error is the sum in quadrature
of the statistical, systematic and model-dependence errors.
The model error is relatively large in the bins above 2.4GeV,
but anticorrelated between neighboring bins, as discussed in
Sec. XID. Hence combined 200-MeV bins for this region are
shown at the bottom of this table and in Fig. 15.

EB
γ (GeV)

∆B(B → Xs+dγ) Error

(10−5) Stat Syst Model Total

1.53 to 1.60 2.53 1.59 2.52 0.33 2.97
1.60 to 1.70 7.76 1.95 3.90 0.31 4.44

1.70 to 1.80 0.25 1.53 2.07 0.06 2.48
1.80 to 1.90 2.81 1.30 1.45 0.03 1.87

1.90 to 2.00 3.16 1.05 1.03 0.10 1.45

2.00 to 2.10 2.67 0.83 0.65 0.28 1.06
2.10 to 2.20 3.56 0.70 0.38 0.16 0.76

2.20 to 2.30 5.44 0.60 0.28 0.26 0.69

2.30 to 2.40 5.37 0.58 0.23 0.16 0.62
2.40 to 2.50 5.80 0.53 0.24 0.99 1.13

2.50 to 2.60 6.46 0.59 0.26 0.80 1.02
2.60 to 2.70 0.00 0.11 0.01 0.12 0.16

2.70 to 2.80 -0.12 0.21 0.01 0.10 0.23

2.40 to 2.60 12.25 0.79 0.47 0.19 0.92

2.60 to 2.80 -0.12 0.24 0.01 0.22 0.32
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FIG. 15: The photon spectrum after unfolding resolution and
Doppler smearing, shown as a partial branching fraction (∆B,
see Table XIV caption). The inner error is statistical only, the
outer includes statistical, systematic and model-dependence
errors added in quadrature. Section XID explains why results
above 2.4GeV are shown in wider bins. The vertical line
shows the boundary between the lower control region and the
signal region. The curve shows the spectrum in a kinetic-
scheme model (see text), normalized to the data from 1.8 to
2.8GeV.

portant, along with the smaller but fully-correlated sys-
tematic uncertainty on efficiency. The contributions from
the unfolding itself and from model dependence can be
negative. Hence in the lower-right quadrant, where other
correlations are weak, the net result can be close to zero
or negative.
The numbers in Tables XIV and XVI can be used to fit

the measured spectral shape to any theoretical prediction
in the B-meson rest frame.

D. Statistical, Systematic and Model-Dependence
Uncertainties in the Unfolding

The dominant uncertainty in the bins of the unfolded
spectrum is due to the BB subtraction described in
Sec. VII. The statistical and systematic errors on the
efficiency-corrected yields are propagated using the en-
semble MC technique described previously. A num-
ber of possible uncertainties in the unfolding procedure
were considered. These included changing the regular-
ization parameter λ to zero which changes f to 1.0 in
all bins, changing the normalization factor C accord-
ing to the 10% uncertainty in the measured value of
B(B → Xsγ), varying the energy scale by ±0.3%, and
smearing the calorimeter resolution in the MC simula-
tion by an additional 1%, as determined by data com-
parisons in Sec. XA 1. The only significant effects are
found to be in the photon energy scale shift. Table XVII
shows the bin-by-bin change in the event yields due to the
photon energy shift. For each bin, the absolute value of
the largest difference (+ or −) is taken as the systematic

[arXiv:1207.5772v2]



Partial Event Fraction
[BaBar]

tag the recoiling B meson in semileptonic decays and use optimized ⇡0 and ⌘ vetoes,
missing energy requirements and the output of two neural networks (NN). For a signal
e�ciency of 2.5%, the e�ciency for accepting continuum (BB) background is reduced
to 5⇥10�6 (1.3⇥10�4). We estimate the residual continuum background by studying
data taken 40 MeV below the ⌥(4S) peak. Figure 3 (left) shows the B ! Xs�
partial branching fraction after background subtraction and corrections for e�ciency,
resolution e↵ects and Doppler smearing. For comparison, we show the predicted E⇤

�

spectrum in the kinetic scheme [10, 11] using HFAG world averages [12] for the shape
function parameters. For E⇤

� > 1.8 GeV, BABAR measures a total branching fraction
of B(B ! XS�) = (3.21 ± 0.15stat ± 0.29sys ± 0.08model) ⇥ 10�4, where uncertainties
are statistical, systematic and from model dependence, respectively. This is in good
agreement with previous measurements [13, 14, 15]. After extrapolation to E� >
1.6 GeV, the branching fraction increases to B(B ! XS�) = (3.31±0.16stat±0.30sys±
0.09model) ⇥ 10�4, which is still in good agreement with the SM prediction. We use
this result to constrain new physics in the type II two-Higgs doublet model [5, 16, 17]
excluding mH± < 327 GeV/c2 at 95% confidence level (CL) independent of tan �.
Recent BABAR results on B(B ! D(⇤)⌧⌫), however, are in conflict with both the SM
and the type II Higgs doublet model at the 3� level [18, 19].
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Figure 3: Partial branching fraction versus E⇤

� measured in a fully inclusive analysis
(left) and for the sum of exclusive modes (right). Error bars (left) show statistical
and total uncertainties. The solid curve shows a prediction for the kinetic scheme
with HFAG averages [12]. The vertical bar separates signal from the control region.
Errors bars (right) show total uncertainties.

For E⇤

� > 1.8 GeV, BABAR measured energy moments of hE�i = (2.267 ±
0.019stat ± 0.032sys ± 0.003mod) GeV and h(E� � hE�i)2i = (0.0484 ± 0.0053stat ±
0.0077sys ± 0.0005mod) GeV2 that are consistent with previous results [13, 14, 15].
where uncertainties are statistical, systematic and from model dependence, respec-
tively.

3

[arXiv:1207.5772v2]



Comparison of B ➛ Xsγ Results

2 3 4 5
BF(B Xs ) [10-4] 

CLEO  
PRL87, 251807 (2001)

Belle sum-excl  
PLB511,151 (2001)

Belle no+lep tag  
PRL103,241801 (2009)

BABAR lep tag  
PRL109,191801 (2012)

BABAR sum-excl  
PRD86,052012 (2012)

BABAR had tag  
PRD77,051103 (2008)

HFAG 2012
preliminary

3.28±0.44±0.28±0.06

3.69±0.58±0.46±0.6

3.50±0.15±0.41±0.01

3.32±0.16±0.31±0.02

3.52±0.20±051±0.04

3.90±0.91±064±0.04

3.43±0.21±0.07

SM (NNLO)
Misiak et al.
FPCP 2013

3.14±0.22

[arXiv:1309.1327v1]



Implications on SUSY [with extra Higgs]

Figure 1: Flavour constraints in the CMSSM, in the (m1/2,m0) parameter plane with A0 = �2m0, for tan� = 30
in the left and tan� = 50 in the right. The black lines delimit the ATLAS SUSY direct search limits with

20.3 fb�1 of data and the white lines show where the Higgs mass can reach a value of 122 GeV.

with C = |Vub/Vcb|2 ⇥ �[B̄ ! Xce⌫̄]/�[B̄ ! Xue⌫̄]. P (E
0

) and N(E
0

) denote respectively the
perturbative and non perturbative contributions, which involve the Wilson coe�cients C

1�8

,
with E

0

a cut on the photon energy. ✏em is an electromagnetic correction. The calculation is
performed at NNLO accuracy in the SM and 2HDM and at NLO (partial NNLO) in SUSY14,15,16.
With the latest PDG input parameters we obtain BR(B̄ ! Xs�)

SM

= (3.08±0.23)⇥10�4 which
can be compared to the world average experimental value BR(B̄ ! Xs�)exp = (3.43 ± 0.21 ±
0.07)⇥ 10�4 17.

The purely leptonic decay Bu ! ⌧⌫⌧ on the other hand occurs via W+ and H+ mediated
annihilation processes already at tree level. This decay is helicity suppressed in the SM, but there
is no such suppression for the charged Higgs exchange, and at high tan� the two contributions
can be of similar magnitudes. This decay is thus very sensitive to the charged Higgs boson
properties and provides important constraints. The branching ratio of Bu ! ⌧⌫⌧ reads 18,19,20
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where ✏
0

corresponds to a two loop SUSY correction. Using |Vub| = (4.15 ± 0.49) ⇥ 10�3 and
fB = 194±10 MeV, the SM branching ratio amounts to BR(Bu ! ⌧⌫⌧ )

SM

= (1.15±0.29)⇥10�4

which is similar to the combination of the most recent Belle and Babar results BR(Bu !
⌧⌫⌧ )exp = (1.14± 0.23)⇥ 10�4 21,22.

3 Interplay with direct searches

To illustrate the constraining power of the flavour observables and the complementarity with
direct searches for new physics, we consider in the following first a rather simple MSSM scenario,
CMSSM, where the universality assumptions at the GUT scale allow us to reduce the number
of free parameters to a handful, and next a more general framework, the pMSSM, where no
universality assumption is imposed. The SUSY spectra are generated with SOFTSUSY 23 and
flavour observables are calculated with SuperIso 5,24.

3.1 Constrained MSSM

We study the e↵ects of imposing flavour constraints on the CMSSM parameters by performing
flat scans varying the CMSSM parameters in the ranges: m

0

,m
1/2 2 [50, 3000] GeV; tan� 2

[1, 60]; A
0

2 [�10, 10] TeV; sign(µ) > 0. A comparison between di↵erent flavour observables in
the plane (m

1/2,m0

) is given in Fig. 1, where the constraints from flavour observables described
in the previous section are shown for tan� = 30 and 50. The latest ATLAS SUSY direct search
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Other Search Channel Examples

B � D(�) τ ν and B � τ ν : motivations 

•  Tree-level decays mediated in the SM by a W±  

•  BF and kinematic distributions (for D(�)τν) sensitive to a 

charged Higgs H+ 

•  Can probe extensions of the SM with an enlarged Higgs sector 

–  e.g. Type-II Two Higgs Doublet Model (2HDM) of MSSM   

7/11/2013  F. Anulli  20 

 B � τ ν  

•  Small BF ~ 0.01%   

•  Helicity suppression 

•  Theoretical uncertainties ~25% (Vub,fB)  

 B � D(�) τ ν  

•  Large BF (O(1%))  

•  3-body decay, additional observables 

available to test models 
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Search for Charged Higgs in B ➛ τν
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Charged Higgs Discovery Potential
[arXiv:0901.0512]

ATLAS 
5σ discovery potential 
for charged Higgs !
[14 TeV, 30 fb-1]

Belle II 
5σ discovery potential 
for charged Higgs !
[50 ab-1]
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Belle II Physics Sensitivity

Observable Belle 2006 SuperKEKB †LHCb
(∼0.5 ab−1) (5 ab−1) (50 ab−1) (2 fb−1) (10 fb−1)

Hadronic b → s transitions
∆SφK0 0.22 0.073 0.029 0.14
∆Sη′K0 0.11 0.038 0.020
∆SK0

SK0
SK0

S
0.33 0.105 0.037 - -

∆Aπ0K0
S

0.15 0.072 0.042 - -
AφφK+ 0.17 0.05 0.014
φeff

1 (φKS) Dalitz 3.3◦ 1.5◦

Radiative/electroweak b → s transitions
SK0

Sπ0γ 0.32 0.10 0.03 - -
B(B → Xsγ) 13% 7% 6% - -
ACP (B → Xsγ) 0.058 0.01 0.005 - -
C9 from AFB(B → K∗ℓ+ℓ−) - 11% 4%
C10 from AFB(B → K∗ℓ+ℓ−) - 13% 4%
C7/C9 from AFB(B → K∗ℓ+ℓ−) - 5% 7%
RK 0.07 0.02 0.043
B(B+ → K+νν) †† < 3 BSM 30% - -
B(B0 → K∗0νν̄) †† < 40 BSM 35% - -

Radiative/electroweak b → d transitions
Sργ - 0.3 0.15
B(B → Xdγ) - 24% (syst.) - -

Leptonic/semileptonic B decays
B(B+ → τ+ν) 3.5σ 10% 3% - -
B(B+ → µ+ν) †† < 2.4BSM 4.3 ab−1 for 5σ discovery - -
B(B+ → Dτν) - 8% 3% - -
B(B0 → Dτν) - 30% 10% - -

LFV in τ decays (U.L. at 90% C.L.)
B(τ → µγ) [10−9] 45 10 5 - -
B(τ → µη) [10−9] 65 5 2 - -
B(τ → µµµ) [10−9] 21 3 1 - -

Unitarity triangle parameters
sin 2φ1 0.026 0.016 0.012 ∼0.02 ∼0.01
φ2 (ππ) 11◦ 10◦ 3◦ - -
φ2 (ρπ) 68◦ < φ2 < 95◦ 3◦ 1.5◦ 10◦ 4.5◦

φ2 (ρρ) 62◦ < φ2 < 107◦ 3◦ 1.5◦ - -
φ2 (combined) 2◦ ! 1◦ 10◦ 4.5◦

φ3 (D(∗)K(∗)) (Dalitz mod. ind.) 20◦ 7◦ 2◦ 8◦

φ3 (DK(∗)) (ADS+GLW) - 16◦ 5◦ 5-15◦

φ3 (D(∗)π) - 18◦ 6◦

φ3 (combined) 6◦ 1.5◦ 4.2◦ 2.4◦

|Vub| (inclusive) 6% 5% 3% - -
|Vub| (exclusive) 15% 12% (LQCD) 5% (LQCD) - -
†††ρ̄ 20.0% 3.4%
†††η̄ 15.7% 1.7%

Table 5.27: Summary of sensitivity (I). Branching fraction limits in the table are at the 90%
confidence level. †Values for LHCb are statistical only and are taken from [415] unless otherwise
stated. †† BSM represents the expected branching fraction in the SM; BSM = 5 × 10−6 for
B(B+ → K+νν), 7 × 10−6 for B0 → K∗0νν̄ and 7.07 × 10−7 for B(B+ → µν) are used in this
table. †††See the next chapter for details. 228
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