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u  Flavour physics & LHCb experiment "
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u  Rare decays & lepton universality"

u  Summary and outlook"
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Quark mixing & CKM"

Patricia Ball

But CP IS violated!

CP violation in K decays known since 1964; observed in B decays in
1999.

Origin in SM: Yukawa interactions:

LSM = LG(ψ, W,φ) + LH(φ) + LY (ψ,φ)
︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸

kinetic
energy +
gauge IA

Higgs potential
→ spontaneous
symmetry
breaking

Yukawa IA
→ fermion
masses

︸ ︷︷ ︸ ︸ ︷︷ ︸

gauge sector scalar sector

▽ – p.2

SM interactions are governed by Yukawa couplings to the Higgs 
field and the weak force. 
Electroweak symmetry breaking & diagonalization of Yukawa 
(mass matrix) gives rise to CKM matrix. 

 

 

 

  CKM theory is highly predictive (a huge range of phenomena 
with only 4 parameters) 

  CKM matrix is hierarchical (quark masses) 
  CP violation accommodated by a single complex phase 
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L.Wolfenstein PRL 51 (1983) 1945 

CKM picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 5/44 

EWSB & diagonalisation of Yukawa mass matrix  "
⇒  CKM quark mixing matrix  "

       η ≠0   ⇒  complex matrix element"
"       ⇒  CP violation (CPV) in weak interactions"

38 Chris Parkes 

Brilliant idea from Kobayashi and Maskawa 
(Prog. Theor. Phys. 49, 652(1973) ) 

 

!  Try and extend number of families (based on GIM ideas). 
E.g. with 3: 

… as mass and flavour eigenstates need not be the same (→rotated) 
 

!  In other words this matrix relates the weak states to the physical states 

u!
d’"

c 
s’"

t 
b’"

!!
"

#
$$
%

&
!!
"

#
$$
%

&

−
=!!
"

#
$$
%

&

s
d

s
d

cc

cc

θθ

θθ

cossin
sincos

'
'

!
!
!

"

#

$
$
$

%

&

!
!
!

"

#

$
$
$

%

&

=
!
!
!

"

#

$
$
$

%

&

b
s
d

VVV
VVV
VVV

b
s
d

tbtstd

cbcscd

ubusud

'
'
'

The CKM matrix (1/2) 

Kobayashi Maskawa 

Imagine a new 
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Where we are with CKM"

  

Physics topics

Rare Decays

Leptonic, electroweak, radiative decays

Lepton flavour and number violating decays

See talk by Olga Kochebina

B decays to Charmonia

Lifetimes, φ
s
, ΔГ

s
 of B-mesons

Amplitude analyses

See talk by Ivan Polyakov

B decays to Open Charm

Charmless B decays

Semileptonic B decays

Beautiful...

and charming!

QCD, Electroweak and Exotica

t-quark,W, Z production and asymmetries

Search for the exotic particles

B hadrons and Quarkonia

Quarkonia production and properties

Potentially exotic quarkonia (X, Y, Z)

Production and spectroscopy of b-hadrons

See talks by Yiming Li

and  Alexander Artamonov

Charm Physics

Mixing, CP-violation, rare decays of charm

Charm production and spectroscopy

18

Very successful to describe collider data. However, "
Ø  CPV from CKM short by 1010 to explain the observed matter

-antimatter asymmetry"
Ø  Dynamic origin of patterns of fermion masses and mixing unclear "

New physics (NP) beyond standard model (SM) at higher energy scale 	



Opportunities in flavour sector"
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Flavour as a window to NP, complementary to direct searches  "

Ø  Exploring NP scale >> TeV"
Ø  Distinguishing NP models "

 2

IntroductionIntroduction

Search for NP is pursued in complementary approaches:

High energy approach:

If the energy in particle
collisions is large enough
to create new “real” 
particles.

High precision approach:

If the precision of the
measurement is high 
enough to detect NP effects 
due to new “virtual” 
particles in loops.

h⁰ X

Z' Y

FCNC&and&GENERIC&FLAVOURED&NEW&PHYSICS&

NP could have significant effect in processes where SM contribution 
is suppressed and well understood "

Ø  Mixing processes"
Ø  Rare loop decays "
Ø  SM forbidden decays"

n  Decay rates "
n  CP asymmetries"
n  Angular correlations"
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LHC：a flavour factory "

  

Physics topics

Rare Decays

Leptonic, electroweak, radiative decays

Lepton flavour and number violating decays

See talk by Olga Kochebina

B decays to Charmonia

Lifetimes, φ
s
, ΔГ

s
 of B-mesons

Amplitude analyses

See talk by Ivan Polyakov

B decays to Open Charm

Charmless B decays

Semileptonic B decays

Beautiful...

and charming!

QCD, Electroweak and Exotica

t-quark,W, Z production and asymmetries

Search for the exotic particles

B hadrons and Quarkonia

Quarkonia production and properties

Potentially exotic quarkonia (X, Y, Z)

Production and spectroscopy of b-hadrons

See talks by Yiming Li

and  Alexander Artamonov

Charm Physics

Mixing, CP-violation, rare decays of charm

Charm production and spectroscopy

18

Huge numbers of beauty and charm 
hadrons produced	

σbb ~ 1% of total pp cross section"
-  A few×108 beauty pairs/hour 

generated at LHCb luminosity"
-  All species: B0, B±, Bs, Bc, Λb, …"

About 20 times more charm!  

Detectors!
LHCb: forward single arm detector for study of heavy flavour physics"
ATLAS, CMS: general purpose, covering some flavour physics topics 	

This talk will be mostly about LHCb results on B physics 	
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LHCb spectrometer"

Excellent tracking, vertexing and particle identification.!
Powerful trigger at low transverse momentum.	
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Run 1 pp data-taking at 7/8 TeV"

charm	

UFRJ%
9"Kazu"Akiba" SILAFAE""12.12.12"

High"Efficiency!"

Over"2/l"acquired"this"year!"More"than"3/l"integrated"
 "

Operating"at"4x"the"design"
Instantaneous"Luminosity"

All%to%provide%MANY%physics%results…%
(Most%of%results%presented%here%
%%%%%with%2011%Data%alone)%
 "

Results of this talk are based on run 1 data:  3 fb-1 !

L~4×1032 cm-2s-1!



CP violation 
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Neutral B mixing"
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Weak states mix via box diagram：flavour oscillation  "

Mass eigenstaes "
Δmq =  mH-mL ,  ΔΓq =  ΓL- ΓH "

t=0 t>0 

What do B0
s do? . . . they mix!

Mixing
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Quantities to characterize mixing: �M,
�� and semileptonic asymmetry from
flavour specific decays

asl =
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Georg Krocker (PI Heidelberg) �s and asl with LHCb July 17, 2012 5 / 26

CPV observables "
l  CPV in mixing: aq

sl  "
l  Mixing-induced CPV: φs, φd =2β 	

BL
q = p Bq + q Bq

BH
q = p Bq − q Bq

Bq = bq Bq = bq

aq
sl, φq and Δmq are very sensitive to NP in mixing"
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sin2β: a milestone in particle physics"

sinφd=sin2β =0.59±0.14±0.05"

sinφd =sinφ1 =0.99±0.14±0.06"
Belle, PRL 87 (2001) 091802	

Babar, PRL 87 (2001) 091801	

First observation of CPV in B decays 
confirms SM prediction! "

Bd→J/ψKS 	
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LHCb result of sin2β"

LHCb, PRL 115 (2015) 031601 	
sin2β = 0.731± 0.035± 0.020"

Indirect fit in SM:"
sin2β = 0.771+0.017

-0.041"

LHCb precision approaches that of B factories"

Bd→J/ψKS 	



φs: a crucial goal of LHCb"
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Bs

Bs

CPfCP	

m
ixing 

CPfA

CPfA

q/p	

For b→ccs decay such as Bs→J/ψφ  	

−arg(ηfCP
q
p
⋅
AfCP
AfCP

)

Measuring Bs CPV is LHC(b) territory.  "

10% of b-hadrons in pp collisions are Bs mesons!"

φs ≡"

φs is precisely predicted in SM "

φs
SM = -0.038 ± 0.001 rad"

(up to small correction for penguins)"

φs is very sensitive to NP in mixing "

What do B0
s do? . . . they mix!

Mixing
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φs = φs
SM + ΔφNP "



Analysis strategy of Bs→J/ψφ  "
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~	

Requirements "
Ø Good performance to tag initial flavour of Bs "
Ø Good time resolution to resolve fast Bs oscillation and

 determine Δms"

Ø Angular analysis to separate CP eigenstates "



Tagging the initial flavour "

category	 Effective !
ε(1-2ω)2（%） 

only OS 
tagged	

1.19 ± 0.06	

only SS 
tagged	

0.84 ± 0.11	

OS&SS 
tagged 	

1.7 ± 0.08	

Total  3.73 ± 0.15 

Opposite side (OS): using charges of decay products of the other B
 hadron"
"
Same side (SS): using charges of particles produced in association
 with the signal B 

15 

LHCb, EPJC 72 (2012) 2022  	

LHCb, JINST 11 (2016) P05010  	
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Decay time reconstruction  "Decay time resolution 
29 

8 

Decay time resolution  

Bs 
µ+ 

K- 
K+ 

µ-!
d~1cm&

σ(z)~47&µm&
σ(z)~135&µm&

Primary&vertex&

Bs&→&J/ψ(KK)φ(µµ)&

J/ψ&

φ&

decay time (ps)
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Figure 4: Decay time distribution of B0
s ! J/ � candidates with a true J/ ! µ+µ�. The

superimposed curve is the decay time model convolved with a double Gaussian resolution
model. The decay time model consists of a delta function for the prompt component and
two exponentials with di↵erent decay constants, one of which represents the B0

s ! J/ �
signal.

2.2 Decay time resolution

To account for the finite decay time resolution of the detector, all time dependent functions
in the PDF are convolved with a Gaussian distribution. The width of the Gaussian
is S�t · �t, where �t is the event-by-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor S�t is determined by a weighted
unbinned maximum log likelihood fit to the J/ ! µ+µ� component of the prompt
background (Fig. 4). This component is isolated using sWeights determined from the J/ 
invariant mass distribution of our selected B0

s candidates. We translate the result to a
single Gaussian with the same e↵ective dilution to be used in the fit for �s. The scale factor
is found to be S�t = 1.45± 0.06, where the error accounts for both statistical uncertainty
and systematic uncertainty of potential phase space di↵erences of the prompt J/ ! µ+µ�

background and signal. This systematic uncertainty is derived from simulation. S�t is
allowed to vary within its uncertainty in the fit. The e↵ective (single Gaussian) decay
time resolution is approximately 45 fs.

2.3 Decay time acceptance

The triggers used in this analysis exploit the signature of J/ ! µ+µ� decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the
impact of this selection on the decay time acceptance, events from a prescaled trigger line,
without lifetime biasing cuts are used. From this we obtain a non-parametric description
of the acceptance function, which is then used in the fit.

From simulation studies we also observe a shallow fall in acceptance at high decay
times, which is attributed to a reduction in track finding e�ciency for tracks originating

5

σt&~45&fs&

I developed  
•  B decay vertex kinematic fitting software  
•  Primary vertex refitting program    
•  Method to calibrate time resolution 

c.f. oscillation period ~ 350 fs 

CalibraAon&with&prompt&events&&

t&=&&d&×&mB/pB&&

Bs→J/ψ(µµ) φ(KK) 

   Impact of decay time resolution，Δms ≈ 17.7 ps-1 
Ø  If σt = 45 fs, dilution factor exp(-Δms

2σt
2/2) ≈  0.73 

Ø  If σt = 90 fs, dilution factor exp(-Δms
2σt

2/2) ≈  0.28 



17 

Method to measure Δms/d "
l  Choose a flavour specific decay mode !

     e.g., B0→D(*)- µ+ ν, Bs
 → Ds

- π+"

l  For each event "
-  Identify the initial B flavour (at production point)"
-  Reconstruct the decay time t!

l  Measure the decay rate as a function of t, and determine 
the oscillation frequency Δms/d"
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Δms/d measurements "

LHCb, New J.Phys. 15 (2015) 053201"

SM: Δms = 16.3 ± 1.1 ps-1 "

Bs→Ds
- π+    (1 fb-1)	

SM predictions suffer large uncertainties in Lattice QCD 
calculation of hadronic parameters!

LHCb, EPJC 76 (2016) 412	

B0→D(*)- µ+ ν  (3 fb-1)	

SM: Δmd = 0.566+0.035
-0.043 ps-1 "



Time-dependent angular analysis"

19 
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Figure 2: Decay-time and helicity-angle distributions for B0
s

! J/ K+K� decays (data points)
with the one-dimensional projections of the PDF at the maximal likelihood point. The solid
blue line shows the total signal contribution, which is composed of CP -even (long-dashed red),
CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

parameters are una↵ected.122

The reconstructed decay angle resolution is studied using simulated events and found123

to be of the order of 20 mrad. Simulated pseudo-experiments are performed to determine124

the bias and degradation of statistical uncertainties introduced by not accounting for125

this e↵ect in the maximum likelihood fit. Only the polarisation amplitudes are a↵ected126

and the small observed biases are taken as systematic uncertainties. The degradation in127

statistical precision of most parameters is negligible, with the largest e↵ect being only128

1%. This is included by scaling the statistical uncertainty of each parameter.129

The angular e�ciency correction is determined from simulated signal events that have130

had an iterative reweighting procedure applied to them such that the kinematic distribu-131

tions of the final state particles match those in the data. The systematic uncertainty due132

to the di↵erence between data and the simulated events is evaluated by comparing the133

5

34 

Šž�ÝƂÌ¸� Bs#→#J/ψ#φ##

 ##~27000#tagged#signal#events#in#1/m#(2011)#
 ##Combinatorial#background#is#flat#
######(subtracted#in#other#plots)#

LHCBHPAPERH2013H002#####Phys.#Rev.#D87#(2013)#112010#
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Figure 4: Invariant mass distribution of the selected B0
s ⇤ J/�K+K� candidates. The mass of

the µ+µ� pair is constrained to the J/� mass [7]. Curves for the fitted contributions from signal
(dotted red), background (dotted green) and their combination (solid blue) are overlaid.
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Figure 5: Background subtracted invariant mass distributions of the (a) µ+µ� and (b) K+K�

systems in the selected sample of B0
s ⇤ J/�K+K� candidates. The solid blue line represents

the fit to the data points described in the text.

to describe the small K+K� S-wave component.

5 Decay time resolution

If the decay time resolution is not negligibly small compared to the B0
s meson oscillation

period 2�/�ms ⇥ 350 fs, it a⇥ects the measurement of the oscillation amplitude, and
thereby ⇤s. For a given decay time resolution, ⇥t, the dilution of the amplitude can
be expressed as D = exp(�⇥2

t�m2
s/2) [34]. The relative systematic uncertainty on the

dilution directly translates into a relative systematic uncertainty on ⇤s.
For each reconstructed candidate, ⇥t is estimated by the vertex fit with which the
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Figure 12: Decay-time and helicity-angle distributions for B0
s � J/�K+K� decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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CP#Even#
CP#Odd##
SHwave#(KK)#

t#> 0.3ps#

5#
Steve#Playfer#H#50#years#of#CP#Viola)on#
Queen#Mary#University#of#London#July#11th,#2014#

Γs#=#(ΓH##+#ΓL#)/2##
    =#0.663#±#0.005(stat.)#±#0.006(syst.)#/ps#
consistent#with#previous#measurements##



φs results"
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Bs→J/ψφ , J/ψπ+π-
 :	

φs = -0.010 ± 0.039 rad"

LHCb, PRL 114 （2014） 041801 	

In agreement with"
φs

SM = -0.038 ± 0.001 rad"

LHCb result most precise but
 still statistically limited"
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More b→ccs modes for φs"

l  Bs
 → ψ(2S)φ: supplementary mode"

l  Bs
 → J/ψη: CP-even mode, lifetime measured so far "

φs = 0.23 ± 0.29 ± 0.02 rad"

LHCb-PAPER-2016-017	

τ(J/ψη) = 1.479 ± 0.034 ± 0.011 ps"

l  More analyses underway"

Adding these modes can improve φs precision by ~20%!

l  Bs
 → Ds

+Ds
-: supplementary mode"

φs = 0.02 ± 0.17 ± 0.02 rad" LHCb, PRL 113 (2014) 211801	

LHCb-PAPER-2016-027, in prep.	

Bs→J/ψK+K- above φ(1020)  region,          
Bs→ ηcφ, Bs

 → J/ψφ with J/ψ → e+e-, … "
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Semi-leptonic asymmetries"

(1)  Measure time-integrated raw asymmetry	

(2)  Correct for detection asymmetry and background effect	

Semi-leptonic asymmetry aq
sl quantifies CPV in mixing."

aq
sl is precisely predicted to be tiny in SM: ~O(10-4), "

 can be enhanced by NP 	

For Bd, also correct for production asymmetry	

q	

q	

q	
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LHCb results of aq
sl"

Bs→Ds
-µ+ ν :   as

sl = (0.39 ±0.26 ± 0.20) %   	

LHCb, PRL 117 (2016) 061803 	

LHCb, PRL 114 (2014) 041601 	

Bd→D(*)-µ+ ν : ad
sl = (-0.02 ±0.19 ± 0.30) %   	

Consistent with SM prediction 
& CP conservation"

In tension with D0 dimuon 
asymmetry"
Ab

sl = c1 as
sl  + c1 as

sl   
      = (0.957±0.251±0.146)%"

D0, PRL 105 (2010) 081801 	
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Constraints on NP in B mixing"

No sign of NP. Data still allow NP contributions in B mixing up 
to 30-40% at 3σ level!
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CPV in  loop decays"

Bs→φφ"

φ = -0.17 ± 0.15 ± 0.03 rad"
LHCb, PRD 90 (2014) 052011 	

Figure 1: Dominant Feynman diagram contribution to the Branching Ratio within the
SM and within the MSSM with R-parity conservation.

uncertainty. Alternatively, the dependence with the CKM parameters as well as the bulk136

of the hadronic uncertainty can be eliminated by normalizing to the now well-measured137

meson mass di⇥erence (�Mq), thus trading the decay constant f 2
Bq

factor, for a less138

uncertain bag parameter Bq, see [2]. Using this approach the SM predictions have an139

uncertainty of ⇤ 10%:140

B(B0
s⇧ µ+µ�)SM = (3.2± 0.2)⇥ 10�9 (7)

B(B0⇧ µ+µ�)SM = (1.0± 0.1)⇥ 10�10. (8)

Many alternatives to the SM predict a very di⇥erent Higgs sector. For instance in141

generic 2HDM of type II (where the Higgs fields are di⇥erent for up-type or down-type142

quarks), the BR is proportional to the fourth power of the ratio of the Higgs vacuum143

expectation values, tan�. In this case the calculation of the (pseudo-)scalar Wilson144

coe⇤cients gives:145

c2HDM�II
S = c2HDM�II

P ⌅ mµ

4M2
W

tan2 �
log(

M2
H+

m2
t

)

M2
H+

m2
t
� 1

. (9)

A more popular scenario within the theory community will be the MSSM with R-146

parity conservation, where the inclusion of diagrams with charginos (see Fig. 1, right)147

introduces an extra tan� factor proportional to the sixth power of this parameter:148

cMSSM
S,P ⌃ mbmµ tan3 �

M2
A

. (10)

Hence if the mass of the new Higgses introduced by MSSM are not very large and accessible149

to the LHC energies, we expect to see large enhancements in the BR unless tan� is small.150
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NP 

NP 
NP 

NP picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 7/44 

Quantum effects in loops sensitive to combination of mass 
and couplings 

 

 

b→s decay. Weak phase |φ|<0.02 in SM."
Can be affected by NP in decay and/or mixing."

Bs→K+K-, Bd→π+π-"
1fb-1 CPV results	 K+K-	 π+π-	

Direct CPV	 0.14 ± 0.11	 -0.30 ± 0.05	

Mixing induced CPV	 0.30 ± 0.13 	 -0.66 ± 0.06 "

Allowing 50% U-spin breaking, using γ from B→Dh"
	φs = -0.12+0.14

-0.16 rad "
LHCb, PLB 741 (2015) 1	

Consistent with tree-level determination"
             φs 

b→ccs = -0.033± 0.033 rad "
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Observation of Bd→K+K-"
Highly suppressed decay, test of QCD computation"

LHCb-PAPER-2016-036, in prep.	

B(Bd→K+K-) = (7.80±1.27± 0.21)× 10-8"

The rarest B decay into hadronic final state ever observed! "
(5.8σ significance)"
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Unitarity triangle "

Measurements from “tree” 	Measurements from “loop”	

Need significant improvement of  γ and |Vub| precision"
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CPV in B→Dh for γ measurement"
Large CPV if  rf is small"
e.g. with D0→K+π-"

"
sensitivity to γ	

LHCb, PLB 760 (2016) 117	

Suppressed ADS mode B±→[πK]DK±  with D0→K+π-"
 ACP= -0.403 ±0.056 ± 0.011"
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γ combination at LHCb"

LHCb-PAPER-2016-032	

Determine γ from CPV measurements"
-  in many B & D decay modes "
-  using external inputs of D decay parameters: rf and δf !

Used D decay modes	
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|Vub| from Λb→pµ-ν     "
Partial reconstruction of Λb→pµ-ν and Λb→Λc

+µ-ν 	

Determine |Vub|2/|Vcb|2 	
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LHCb |Vub| result "
Using PDG exclusive average of |Vcb| "

LHCb, Nature Physics 11 (2015) 743	

Consistent with previous "
exclusive measurements"
"



Baryon decay Λb → pπ- h+h-"

32 

l  CPV has never been observed in baryon sector "
l  ACP ~ 20% expected in charmless Λb decays in SM"
      Y. K. Hsiao et al., PRD 91 (2015) 116007 	

l  Λb → pπ- h+h- has comparable tree and loops contributions "

Vub  has large phase γ	



Triple product asymmetry"

33 

Search for CPV using triple product asymmetry (TPA)"



Λb → pπ- h+h-: signal yields"

34 

(full run-1 sample)	 LHCb-PAPER-2016-030, in prep."



CPV in baryon decays"

35 

Measurements integrated over phase space"
-  No significant CPV "

Local Measurements "
-  Binning in |Φ| "
-  3.3σ significance of localized CPV

 in Λb → pπ- π+π-"
-  Compatible with SM"

LHCb-PAPER-2016-030, in prep."

First evidence of CPV in baryon decays! "

+	 +	 +	



Rare decays and lepton universality 

36 
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Motivation "

b → sl+l- transitions are FCNC processes where"
Ø  SM contribution is suppressed  "
Ø  NP effect could be pronounced "

Lepton universality"
Ø  In the SM, ratio like Γ(B+→ K+µ+µ-

 )/Γ(B+→ K+e+e-
 ) differs from

 unity only because of phase space difference"



Bs/d→µ+µ- "

A key physics goal of flavour sector"
•  Dominated by short distance interactions"
•  Very rare in SM (~10-9 with CKM, GIM and helicity suppression)"
•  Particularly sensitive to NP in scalar sector "

38 
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Needle in haystack"

34    Discrete 2012 Lisboa               3-7 December 2012                 N.Harnew 

  LHCb P�P� mass spectrum   
  
 
  

 

B0
s→P�P�? 

5.4 

LHCb-CONF-2012-025 
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LHCb selection of Bs/d → µ+µ- "

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
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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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  Signal and background separation"
²  Combine various kinematic and topological variables using

 boosted decision tree technique (BDT）  "
²  Simultaneously fit µ+µ- invariant mass distributions in

 different BDT bins"Search for B(s)
0→μ+μ!
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• Golden mode for testing NP models 
with new (pseudo-)scalar interactions

•

• Theoretically and experimentally clean

• SM (time-integrated) prediction:

• Results from full Run 1 dataset

PRL 111 (2013) 101805

observed

bkg-only±1σ

4σ

Rare decays 20 / 30

B0
(s) ⇤ µ+µ�

b̄

s

µ+

µ�

B0
s W

t

t

Z0

b̄

s

µ+

µ�

B0
s g̃

d̃

d̃

A0

⌅ Purely leptonic b ⇤ s FCNC ⇤ Theoretically and experimentally clean

⌅ Very rare decay: Loop, CKM and helicity suppressed

⌅ Sensitive to NP in the scalar and pseudoscalar sector

B(Bq ⇥ µ+µ�) ⇤ |VtbVtq|2[(1�
4m2

µ

M2
B
)|CS � C⇥

S |2+ |(CP � C⇥
P )+

2mµ

M2
B
(C10�C⇥

10)|2]

⌅ SM prediction [A. J. Buras et al. Eur.Phys.J. C72 (2012) 2172]
B(B0

s ⇤ µ+µ�) = (3.23± 0.27)⇥ 10�9

B(B0 ⇤ µ+µ�) = (1.07± 0.10)⇥ 10�10

⌅ Accounting for ⇥�s ⇧= 0 [A. J. Buras et al. JHEP07 (2013) 077]
B(B0

s ⇤ µ+µ�) = (3.56± 0.18)⇥ 10�9

⌅ In the MSSM B(B0
s ⇤ µ+µ�) ⌅ tan6 �/m4

A

C. Langenbruch (CERN), LC13 LHCb results on flavour physics

B(B0
s ! µ+µ�) = (2.9+1.1+0.3

�1.0�0.1)⇥ 10�9

B(B0 ! µ+µ�) < 7.4⇥ 10�10 @ 95% CL

B(B0
s ⇥ µ+µ�) = (3.56± 0.30)� 10�9

B(B0 ⇥ µ+µ�) = (1.07± 0.10)� 10�10

[EPJC 72 (2012) 2172, JHEP 1307 (2013) 77]

LHCb, PRL 111 (2013) 101805"
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LHCb+CMS combination"

Bs → µ+µ- "
first observation,6.2σ significance"
"
Bd → µ+µ- "
3.0σ significance"

CMS+LHCb, Nature 522 (2015) 68	

SM expectations:	

2.2σ	

1.2σ	



42 

ATLAS result of Bs/d → µ+µ-  "
ATLAS published run 1 search result: no significant signal"

P-value of 4.8% for compatibility with SM predictions"



NP model killing"

   Run II and upgrade goals"
–  Br(Bs→µ+µ-) /Br(Bd→µ+µ-) to test MFV"
–  Effective lifetime and CP violation in Bs→µ+µ-"

And what about New Physics? 

35 Antonio Pellegrino 

One very important case made by the Economist is the value of a negative result, and here I could not agree 
more. $UJXDEO\� �WKLV� \HDU·V�PRVW� VLJQLILFDQW�UHVXOW� IURP�Cern was a negative one. By measuring an 
extremely rare process, the LHCb experiment has managed to rule out a large number of theoretical models 
IRU�QHZ�SK\VLFV��7KLV�NLQG�RI�UHVXOW�GRHVQ·W�JHQHUDWH�WKH�VDPH�PHGLD�DWWHQWLRQ�WKDW�FRPHV�ZLWK�D�GLVFRYHU\��
but by focusing theoretical attention in the right place it can be very positive for the evolution of the field. 

CERN Director Rolf Heuer interview (1 4- Nov- 201 3) on the 
November 201 3 issue of the British “Prospect” magazine 

Illustration of impact on different supersymmetric flavor models  

43 
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Angular analysis of B → K*0 µ+µ-   "

Observables: AFB, Si, FL  "

                              Or different notations, e.g.    "
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B→K*0 µ+µ- update  "

Update: 1fb-1→ 3fb-1	

LHCb, JHEP 02 (2016) 104 	

Nsig = 2398 ± 57 
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B→K*0 µ+µ- update"

Basically consistent with SM, except S5 …	

LHCb, JHEP 02 (2016) 104 	
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P5
’ anomaly "

1 fb-1" 3 fb-1"LHCb, PRL 111(2014)191801  	 LHCb, JHEP 02 (2016) 104 	

Tension with SM prediction remains (3.4σ local discrepancy )	

theoretically clean variable "
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Puzzles in differential rates "
LHCb, JHEP 06 (2014) 133, JHEP 09 (2015) 179"

Bs→φµ+µ- 	

3.3σ	
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Differential rate of B0→K*0 µ+µ- "

Good agreement with SM predictions from 	

LHCb-PAPER-2016-012"
3 fb-1, including Kπ S wave"

 Bharucha et al., arXiv: 1503.05534"
 Horgan et al., PRD 98(2014) 094501  "
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Lepton universality in B+→ K+l+l- "

SM lepton universality: Rk=1 within O(10-3)"
-  hardly affected by hadronic uncertainty  "

Experimental Challenge: bremsstrahlung effect for the electron mode	
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RK result "

Consistent with SM within 2.6σ	
"
R(K*) , R(φ) and others are coming 	

LHCb, PRL 113 (2014) 151601	
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Lepton universality: B → D(*)l𝜈   "

2.0σ	 2.7σ	

SM	 SM	
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B0 → D∗+𝜏−𝜈 partial reconstruction"
Leptonic mode: 𝜏→ µ𝜈𝜏𝜈µ    "

Kinematic variables estimated assuming "
   "
"
  mmiss: invariant mass of the invisible part "
   Eµ

*: µ energy in B rest frame"
   q2: squared 4-momentum of 𝜏𝜈  "

Signal  
background	
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LHCb R(D*) result"

Babar/Belle results confirmed"

LHCb， PRL 115 (2015) 111803 	
2.1σ above SM prediction"
R(D*) =0.252 ± 0.003 	
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Photon polarization"

l  Photons in b→sγ are predominantly
 left-handed since W boson couples
 to left-handed quarks"

l  New particles in the loop can enhance
 right-handed contribution"

Wilson coefficients C7
 and C7

’ are related to related to left- and
 right-handed photons "
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Results of photon polarization"

Time-dependent  analysis  of B0→K*0 (KSπ0) γ  "

Up-down asymmetry in B+→K+ π-π-γ "

LHCb， PRL 112 (2014) 161801 	

Angular analysis of B0→K*0 e+e-  at low q2  "

|C7
’|2 ≠  |C7|2 at 5.2σ  "

LHCb， PRL 112 (2014) 161801 	

S(K*0 γ )= -0.16 ± 0.22"
Consistent with SM (≈ 0)"

S(K*0 γ ) ≈  - 2 |C7
’/C7| sin2β "

HFAG, average of Babar+Belle 	
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Photon polarization in Bs→φγ "

First measurement of photon polarization in Bs decays "

Muheim, Xie, Zwicky, PLB 664 (2008) 174	
New observable in untagged time-dependent rate"

Compatible with SM within 2σ "

LHCb-PAPER-2016-034, in prep.	
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Constraints on right-handed NP"

Paul, Straub, arXiv: 1608.02556	

Preference for non-zero Re (C7’ ) by
 AΔΓ(Bs→φγ) at 2σ level"



Forbidden decays"

59 

Some 1 fb-1 results  on lepton flavour/number violation"

LHCb run 2 can improve these limits "

LHCb, PRL 111 (2013) 141801	 LHCb, PRL 112 (2014) 131802	



Summary and outlook 

60 



Picture after LHCb run 1 "

61 

LHCb has studied CPV and rare B decays with
 unprecedented sensitivity in a wide scope"

u  Overall picture is SM-like"

u  Some anomalies await
 clarification"

Z. Ligeti， arXiv: 1606.02756	
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Run 2 data-taking at 13 TeV  "

charm	

0.33 fb-1 in 2015 !
1.04 fb-1 this year.!

Expect 2 fb-1 in 2016 and 6 fb-1 data in run 2"

σbb (13 TeV) ~ 2 σbb (7/8 TeV)"

Improve measurement precisions by factor of two in run 2"

New results may appear in early 2017"
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Upgrade  "

charm	

LHCb detector upgrade during LS2 (2019-2020)"
-  40 MHz readout of all sub-detectors and software trigger     "
-  10 times higher luminosity "

Expect 50 fb-1 in run 3 and run 4"
-  6 times precision improvement compared with run 1"
-  Much wider scope of study than now"
"
Some crucial goals of upgrade"
-  CPV in Bs→ µ+µ- "
-  Precision measurement of photon polarization in Bs→ φγ "
-  Precision measurement of CPV in Bs→ φφ	



Backup slides  
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Powerful trigger"

B hadrons are long-lived"
-  well separate PV and SV"

B hadrons have large masses"
-  decay products with high pT"

o  Level-0: hardware"
Ø  high pT objects (Calo, Muon) 

o  High-Level: software"
Ø  HLT1: add vertex info 

Ø  HLT2: global reconstruction  

Trigger efficiency: ~90% for dimuon events  
                          ~30% for hadronic final states   

65 



Reduce the peak luminosity on purpose by!
!  Offset leveling!
!  β* leveling!

ATLAS/CMS 

LHCb – leveled  by offset 

Fill(3330(/(2012(

Constant at ~4×1032 cm-2s-1, 2 times
 design luminosity, an order of magnitude
 lower than ATLAS and CMS!

LHCb luminosity leveling"

66 



Control of penguin pollution"

67 

Vub suppression 	

Measure ACP(Bd→J/ψρ) to constrain a and θ, and put limit on shift of
 φs due to neglecting penguins in Bd→J/ψφ:   

|δP| < 0.018 rad@95%CL	 LHCb, Phys. Lett. B742 (2015) 38 

Penguin contribution small but hard to quantify from theory"

Ø  Use SU(3) flavour symmetry: s → d  	

1	 a λ2e-iγeiθ	 λ	 a λe-iγeiθ	

Bs→J/ψφ	 Bd→J/ψρ	



Adding constraint from Bs→J/ψK*0 "

68 

[JHEP 11 (2015) 082] 

LHCb, JHEP1511 （2015） 082 	
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CPV in Bd→D+D-"

LHCb-PAPER-2016-037, in prep.	

Measurement of CPV in this b→ccd transition can help
 control penguin effect on the φs measurement in Bs→Ds

+Ds
-"
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CPT& Lorentz violation"
Is there a mass difference between B0

q and B0
q?  

-  Fit the time-dependent decay rate to see if z is nonzero 

Does the mass difference vary due to Earth’s rotation?   
-  Check for periodic dependence of z on sidereal time	
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CPT& Lorentz violation"

LHCb, PRL 116 (2016) 241601	

No periodic variation of mass difference. "
Average mass difference consistent with zero."
Stringent constraint on CPT violation.!



Inputs to γ combination"

72 
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B→K*0 µ+µ- "
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B→K*0 µ+µ- "
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Angular analysis of B+ → K+µ+µ-  "

1fb-1 result of B+ → K+µ+µ- "

Consistent with SM  SM predictions: RK≅1 & FH ~	0"

Angular analysis of B+ → K+e+e- not possible yet"

LHCb, JHEP 1405 (2014) 082	



Properties of the Higgs"

l  Couplings to heavy particles consistent with SM: mass generation of
 heavy particles roughly understood"

l  Not much information about light fermions "
-  Little sensitivity from ATLAS/CMS data"
-  Study quark mixing to test Yukawa interactions" 76 


