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Why Flavor Physics  (FP) at LHC after 2020 (end of Run3) ?	

	

Standard Model solidity still remains largely unexplained, despite 
cosmological and theoretical mysteries (dark matter and energy, neutrino 
masses, Higgs stability)	

	
Precision physics in Flavor is an alternate approach to direct searches 
	
(ATLAS & CMS) which can probe masses at larger scales	

	
Future new phenomena discoveries must obey stringent Flavor tests	


	

Fully exploit LHC capabilities	

	
Large cross sections for b- and c-quark production, “clean” environment, 
	
relatively high 	
trigger efficency	

	
(statement on FP in European Strategy for Particle Physics in 2013)	


Technology can improve statistics beyond simple luminosity increase	

	
Better trigger selection, faster reconstruction, smarter detectors	

	
Experimenter’s dream: less data on tape, but more useful physics events	


	

This is why LHCb is planning to take data in Run 4 (2022) and beyond, 
including operating at 	
HL-LHC)	
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Selected topics which will be still theoretically hot at the end of Run 3, when 
statistics will be still not enough to make ultimate tests of  SM predictions	

	

	

•  Is the Bdàµµ decay rate compatible with that predicted by SM theory ? 	


•  To what extent a precise measurement of the CKM angle γ constrained 
with other SM parameters can bring us to discover New Physics ?	


 	

•  Is CP violating phase φS measured in BSàJ/ψ φ  the one predicted by SM ? 
 
+ several other very interesting questions still necessitating more data on 
flavor observables, new exotics states (e.g. pentaquarks), electroweak tests, 
study of heavy quark resonance dynamics, etc… 
 
Precision data from Flavor Physics (i.e. decays of B and D mesons) will provide further, 
stronger constraints for any model coming from possible discoveries in direct 
searches (ATLAS & CMS). A clear example is coming from essays on building models 
with the 750 GeV di-photon excess 
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The physics of the LHCb upgrade *	


* From “Heavy Flavour Physics in the HL-LHC era”  / Aix-les-Bains ECFA Workshop – Oct 2013	


plus many other physics channels …	  

Cumulative 
Luminosity
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NOW	   UPGRADE	  



B0/B0s→μμ, the golden ratioB0
(s) ! µ+µ� implications

G. Graziani slide 4 HEP2013

LHCb and CMS, united we stand   in Bs (Bd ) à µµ	


Central value of Bd decay rate different	

from the one expected from theory	

	

	

	

Ratio of Bd/Bs decays is a very clear test of 
SM and sensitive to New Physics	

	

Many more puzzles with di-µ in Run1, but 	

maybe they will be solved with Run2	


B→μμ, the father of all dimuons

Quest for B0
(s) → µ+µ−

LHCb: Phys Rev Lett 110 (2013) 021801 (2.1 fb−1)
CMS: J. High Energy Phys 04 (2012) 033 (5.0 fb−1)
ATLAS: ATLAS-CONF-2013-076 (5.0 fb−1)
CDF: Phys. Rev. D 87, 072003 (2013) (9.7 fb−1)
D0: Phys. Rev. D87 07.2006 (2013) (10.4 fb−1)

CC: two central muons
CF: one forward muon
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2.1 Flavour Changing Neutral Currents 7

searches allow us to access new particles produced virtually in loop processes. In indirect
searches, flavour observables play a key-role to explore New Physics at higher energy scales.

This chapter is devoted to the theoretical description of rare processes involving FCNCs,
with particular attention to the B0

d ! µ

+
µ

� and B0
s ! µ

+
µ

� decays. The search for such rare
decays ultimately aims at testing the Standard Model of particle interactions and eventually
uncovering New Physics beyond the Standard Model.

�.� Flavour Changing Neutral Currents
Flavour Changing Neutral Currents are absent at the tree level in the Standard Model.
Charged currents mediated by W± bosons can instead violate flavour, therefore one can
use a W boson in a loop to create an overall Flavour Changing Neutral process: FCNC pro-
cesses are thus possible at higher orders. The diagrams in 2 represent decay amplitudes at
the level of elementary particles (quarks, leptons, bosons).

(a)

Figure 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams of the SM processes contributing to B0

s ! µ

+
µ

� decays, involving top quarks and W bosons: Z0-
penguin diagrams on the left and box diagram on the right. Self energy (gluonic) corrections and Higgs contributions
are here not considered.

To actually calculate a decay rate, one needs to account for the fact that quarks are con-
fined inside hadrons, bound by the exchange of soft gluons. The case of the B0

s(d) ! µ

+
µ

�

decay is the cleanest possible exclusive B-decay: due to the purely leptonic final state, all
non-perturbative effects can be confined to a single parameter, the B-meson decay constant,
defined via the axial-vector current matrix element [28]:

⌦
0|q̄g

µ

g5b|B̄q(p)
↵
= ip

µ

FBq , (11)

where p
µ

is the four-momentum of the initial B-meson and q represents the d or s quark.
Theoretical calculations of hadronic decay rates are based on effective Hamiltonians of

the type [29]:

Heff =
GFp

2 Â
i

Ci(µ)Qi(µ) , (12)

and the decay amplitude for a meson |Mi (e.g. K, D, B) into a final state |Fi (e.g. pp, µµ),
is given by

A(M ! F) = hF| Heff |Mi = GFp
2 Â

i
Ci(µ) hF| Qi(µ) |Mi . (13)
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This will lead to an enhancement factor tan4
b in the branching fraction.

Figure 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Feynman diagrams contributing to B0

s ! µ

+
µ

� in the 2HDM-II model.

In the framework of MSSM models, new contributing diagrams are obtained by exchanging
loop particles with their SUSY partners5. The leading contribution at high tan b comes from
the self-energy corrections in diagrams where the Higgs propagators are attached to the
external quark legs, as shown in the left diagram in Fig. 5. Additional contributions are
given by diagrams involving quartic coupling with sparticles [28], as that in Fig. 5 (right).
Diagrams like those in Fig. 5 will give additional contributions to the SM Z0 penguin and

Figure 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Example of Feynman diagrams contributing to B0

s ! µ

+
µ

� in the MSSM model. The dominant diagram at high tan b

is shown on the left, where squarks and charginos c

± (combination of the W and charged H± superpartners) enter
the loop. An example of contributing diagram with quartic squark couplings is shown on the right, where the dashed
lines denote scalar quarks while the solid lines represent charginos, leptons and Z0.

box diagrams, as well as to the otherwise suppressed Higgs penguin. These diagrams can
lead to an enhancement in the decay branching fraction, with a tan6

b dependence [28].
However, it is worth noticing that the SUSY impact on the B0

s ! µ

+
µ

� decay can also
be “hidden”, leading to an MSSM branching fraction close to the SM expectation. In fact,

5 Moreover, R-parity is conserved; the R quantum number is defined as R = (�1)3B+L+2S, where B is the
baryonic number, L the leptonic number and S the spin.
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Precise SM predictions due to 
decay diagrams

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
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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).

PRL 111, 101805 (2013) P HY S I CA L R EV I EW LE T T E R S
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101805-2

A quest of decades...

5	  

LHCb and CMS, united we stand

Combined LHCb + CMS Result

Observation:

BR(Bs → µ+µ−) = (2.9 ± 0.7) × 10−9

BR(B0 → µ+µ−) = 3.6+1.6
−1.4

× 10−10

LHCb-CONF-2013-012, CMS-PAS-BPH-13-007
Stephanie Hansmann-Menzemer 26

7

)-µ+µ→
s
0BF(B

0 1 2 3 4 5 6 7 8 9 10
-910×

)-
µ+

µ
→0

BF
(B

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
-910×

σ1 

σ
2 

σ
3 

σ
4 

CMS

SM

CMS -1=8 TeV, L=20 fbs -1=7 TeV, L=5 fbs

)-µ+µ→s
0BF(B

0 1 2 3 4 5
-910×

 ln
L

∆
2 

0

2

4

6

8

10

12

14

16

18

20

σ1

σ2

σ3

σ4

-910×)
-0.9
+1.0        (3.0

)=-µ+µ→
s
0BF(B

σ4.3

SM

)-µ+µ→0BF(B
0 0.2 0.4 0.6 0.8 1

-910×

 ln
L

∆
2 

0

2

4

6

8

10

12

14

16

18

20

σ1

σ2

σ3

σ4

-1010×)
-1.8
+2.1        (3.5

)=-µ+µ→0BF(B

σ2.0
SM

)-µ +µ → 0BF(B
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

-910×

s
C

L

0

0.2

0.4

0.6

0.8

1
 observedsCL

σ 2 ± 
s

Expected SM CL

σ 1 ± 
s

Expected SM CL

 median
s

Expected SM CL

CMS  (8TeV)-1 (7TeV) + 20fb-1L = 5fb

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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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

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

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation 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 param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. 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 bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/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 e↵ect on the combinatorial back-
ground 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 uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10
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Figure 1: Comparison of the latest CMS and LHCb results [11,12], the combined value, and the
SM prediction (vertical line) for (left) the time-integrated branching fraction B(B0

s ! µ

+
µ
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�). The width of the vertical band represents the uncertainty in the
SM prediction. The error bars represent the combined statistical and systematic uncertainties.
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fraction B(B0
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+
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+
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starting at zero, while other measurements are shown as data points with ±1� combined statis-
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the SM prediction.
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Combined LHCb + CMS Result

Observation:

BR(Bs → µ+µ−) = (2.9 ± 0.7) × 10−9

BR(B0 → µ+µ−) = 3.6+1.6
−1.4

× 10−10

LHCb-CONF-2013-012, CMS-PAS-BPH-13-007
Stephanie Hansmann-Menzemer 26

Studies of the flavour-changing neutral-current decays B0
s ! µ+µ� and B0 ! µ+µ�

are among the highest priorities in heavy flavour physics, due to their exceptional
sensitivity to sources of physics beyond the Standard Model (SM). The SM predic-
tions for their branching fractions are B(B0

s ! µ+µ�) = (3.56 ± 0.30) ⇥ 10�9 and
B(B0 ! µ+µ�) = (1.07 ± 0.10) ⇥ 10�10 [1].1 Numerous experiments have searched for
these decays, with the most recent limits reported in Refs. [4–9]. The first evidence for the
decay B0

s ! µ+µ� was reported by LHCb in Ref. [10], and recently new measurements
have become available from both the CMS [11] and LHCb [12] experiments. These new
results supersede previous publications from CMS and LHCb.

The CMS analysis is based on data collected from LHC pp collisions at centre-of-mass
energies of

p
s = 7 and 8TeV, corresponding to integrated luminosities of 5 and 20 fb�1,

respectively. The results of a maximum-likelihood fit to determine the branching fractions
are

B(B0
s ! µ+µ�) =

�
3.0 +1.0

�0.9

�
⇥ 10�9 , (1)

B(B0 ! µ+µ�) =
�
3.5 +2.1

�1.8

�
⇥ 10�10 ,

with signal significances of 4.3 and 2.0 standard deviations (�), respectively. The 95%
confidence level (CL) upper limit for the latter decay is B(B0 ! µ+µ�) < 1.1⇥ 10�9.

The LHCb analysis uses integrated luminosities of 1 and 2 fb�1 recorded at
p
s = 7

and 8TeV, respectively. The results are

B(B0
s ! µ+µ�) =

�
2.9 +1.1

�1.0

�
⇥ 10�9 , (2)

B(B0 ! µ+µ�) =
�
3.7 +2.4

�2.1

�
⇥ 10�10 ,

with signal significances of 4.0 and 2.0 �, respectively, and an upper limit B(B0 !
µ+µ�) < 7.4 ⇥ 10�10 at 95% CL. All uncertainties quoted in Eqs. (1) and (2) include
both statistical and systematic sources.

In this note, these results are combined. The results for B(B0
s ! µ+µ�) share a

common systematic uncertainty that arises from the imperfect knowledge of fs/fd, the
ratio of production cross-sections of B0

s and B0 (or B+ as isospin invariance is assumed)
mesons. This uncertainty enters since the decay B+ ! J/ K+ is used as a normalisation
channel.2 Other common sources of systematic uncertainty, such as the branching fraction
of the normalisation channel B+ ! J/ K+ and the assumed branching fractions of the
semileptonic b-hadron decays that cause backgrounds in the analyses, have su�ciently
small e↵ects on the results that the correlations can be neglected.

The measurement of B(B0
s ! µ+µ�) depends linearly on (fs/fd)

�1. The CMS result,
which uses fs/fd = 0.256 ± 0.020 [13], is rescaled to the latest value, fs/fd = 0.259 ±
0.015 [14], to give

B(B0
s ! µ+µ�) =

�
2.96 +0.97

�0.85 ± 0.17
�
⇥ 10�9 , (3)

1 The quoted value for B(B0
s ! µ

+
µ

�) is for the time-integrated branching fraction [2] and has
been updated compared to that in Ref. [1] using the latest world average values of the B

0
s lifetime,

⌧B0
s
= 1.516± 0.011 ps, and the relative B

0
s decay width di↵erence, ��s/(2�s) = 0.0615± 0.0085 [3].

2 In the LHCb analysis, the B

0 ! K

+
⇡

� decay is also used for normalisation.

1

Studies of the flavour-changing neutral-current decays B0
s ! µ+µ� and B0 ! µ+µ�

are among the highest priorities in heavy flavour physics, due to their exceptional
sensitivity to sources of physics beyond the Standard Model (SM). The SM predic-
tions for their branching fractions are B(B0

s ! µ+µ�) = (3.56 ± 0.30) ⇥ 10�9 and
B(B0 ! µ+µ�) = (1.07 ± 0.10) ⇥ 10�10 [1].1 Numerous experiments have searched for
these decays, with the most recent limits reported in Refs. [4–9]. The first evidence for the
decay B0

s ! µ+µ� was reported by LHCb in Ref. [10], and recently new measurements
have become available from both the CMS [11] and LHCb [12] experiments. These new
results supersede previous publications from CMS and LHCb.

The CMS analysis is based on data collected from LHC pp collisions at centre-of-mass
energies of

p
s = 7 and 8TeV, corresponding to integrated luminosities of 5 and 20 fb�1,

respectively. The results of a maximum-likelihood fit to determine the branching fractions
are

B(B0
s ! µ+µ�) =

�
3.0 +1.0

�0.9

�
⇥ 10�9 , (1)

B(B0 ! µ+µ�) =
�
3.5 +2.1

�1.8

�
⇥ 10�10 ,

with signal significances of 4.3 and 2.0 standard deviations (�), respectively. The 95%
confidence level (CL) upper limit for the latter decay is B(B0 ! µ+µ�) < 1.1⇥ 10�9.

The LHCb analysis uses integrated luminosities of 1 and 2 fb�1 recorded at
p
s = 7

and 8TeV, respectively. The results are

B(B0
s ! µ+µ�) =

�
2.9 +1.1

�1.0

�
⇥ 10�9 , (2)

B(B0 ! µ+µ�) =
�
3.7 +2.4

�2.1

�
⇥ 10�10 ,

with signal significances of 4.0 and 2.0 �, respectively, and an upper limit B(B0 !
µ+µ�) < 7.4 ⇥ 10�10 at 95% CL. All uncertainties quoted in Eqs. (1) and (2) include
both statistical and systematic sources.

In this note, these results are combined. The results for B(B0
s ! µ+µ�) share a

common systematic uncertainty that arises from the imperfect knowledge of fs/fd, the
ratio of production cross-sections of B0

s and B0 (or B+ as isospin invariance is assumed)
mesons. This uncertainty enters since the decay B+ ! J/ K+ is used as a normalisation
channel.2 Other common sources of systematic uncertainty, such as the branching fraction
of the normalisation channel B+ ! J/ K+ and the assumed branching fractions of the
semileptonic b-hadron decays that cause backgrounds in the analyses, have su�ciently
small e↵ects on the results that the correlations can be neglected.

The measurement of B(B0
s ! µ+µ�) depends linearly on (fs/fd)

�1. The CMS result,
which uses fs/fd = 0.256 ± 0.020 [13], is rescaled to the latest value, fs/fd = 0.259 ±
0.015 [14], to give

B(B0
s ! µ+µ�) =

�
2.96 +0.97

�0.85 ± 0.17
�
⇥ 10�9 , (3)

1 The quoted value for B(B0
s ! µ

+
µ

�) is for the time-integrated branching fraction [2] and has
been updated compared to that in Ref. [1] using the latest world average values of the B

0
s lifetime,

⌧B0
s
= 1.516± 0.011 ps, and the relative B

0
s decay width di↵erence, ��s/(2�s) = 0.0615± 0.0085 [3].

2 In the LHCb analysis, the B

0 ! K

+
⇡

� decay is also used for normalisation.

1



Zooming in on the apex
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Increasing the precision on CKM γ angle  	

Why does the apex matter?

33

1. We know that Standard Model CP violation (through CKM 
   matrix) cannot explain baryogenesis : we need new 
   sources of CP violation.

2. These new sources should (generally) affect different 
   observables in different ways.

3. Overconstraining the apex therefore tests the consistency 
   of the Standard Model picture of CP violation : we want 
   to know at what level it breaks down.

6	  



35Zupan, http://arxiv.org/pdf/1101.0134.pdf

What scales does γ probe?

Here we expand �Ck = 4⇡
↵s
�C

(0)

k +O(1); note that in this way the artificially inserted factor

of 1/g2

s in the definition of Q̃k (25) is canceled. At LO it is not necessary to compute the

double insertions hQiQji since these are loop suppressed, and therefore we e↵ectively obtain

the matching condition for the Wilson coe�cients of the local operators (9)

�C

(0)

k (µb) = 2m2

b

p
2GF

16⇡2

�

�

�

�

VtbVtsVub

Vus

�

�

�

�

e

i�
C̃

(0)

k (µb) . (38)

Numerically, we find

|�C

1

| = (4.5± 0.2) · 10�9

, |�C

2

| = (4.3± 0.2) · 10�8 ; (39)

the errors reflect the uncertainty in the electroweak input parameters. This should be com-

pared to the unresummed result Eq. (22). Expanding the solution of the renormalization-group

equations around µ = MW and expressing GF in terms of the weak mixing angle we recover

exactly the logarithm in Eq. (21):

�C

1

= 0 , �C

2

= 2yb
↵

16⇡ sin2

✓w
(�4 log yb) . (40)

IV. CONCLUSIONS

The determination of the SM weak phase � from the B ! DK decays has a very small

irreducible theoretical error which is due to one-loop electroweak corrections. In this paper we

have estimated the resulting shift in �. Treating mb ⇠ MW or resumming logs of mb/MW gives

in both cases an estimated shift �� ⇠ 2 ·10�8, keeping only the local operator contributions at

the scale µ ⇠ mb. It is unlikely that the neglected non-local contributions, which come with

the same CKM suppression as the local contributions, would di↵er from the above estimate

by more than a factor of a few. We can thus safely conclude that the irreducible theoretical

error on the extraction of � from B ! DK is |��| . O(10�7).
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Probing New Physics at high mass scales	


Particularly	

efficient but	

B meson	

consuming !	


LHCb can measure γ in 
many channels	

combining all together	

at 10 degree accuracy	

	

And also through more 
complicate transitions	

(“loops”) and compare the 
result with direct one 
(“tree”) to identify theory 
flaws. 	

KEK B factory is a strong 
competitor	


7	  

The	  “ADS”	  BàDK	  decay	  mode,	  total	  decay	  rate	  ~10-‐7	  

Zupan – arXiv 1101.0134	




The LHCb upgrade in brief	

	

Goals	

•  Run at ~ 2 1033 cm-2s-1 – 5x the current luminosity	

•  Exploit a trigger-less data taking (all events are acquired at ~40 MHz and then 

processed in a farm of CPUs)	

•  A full software trigger allows the increase in efficiency for hadronic channels by 

a factor 2 (typical example is Bs à φ φ à KKKK) 	

•  Reach an experimental error (stat+syst) approaching the theoretical one 

collecting at least 50/fb (now after Run 1, 3/fb collected) 	

	

Impact on detector	

•  Upgrade the vertex and tracking systems (due to increased occupancy)	

•  Change the FEE electronics (to acquire at 40 MHz – LHC collision rate)	

•  Modifications to Particle Identification systems to cope with occupancy	


Time scale	

Install upgrade in LS2 (2019-20) and start data taking in 2021	

Take ~50/fb during Run 3 (2021-23) and Run 4 (2027-29)	
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Andreas Schopper

How to increase LHCb statistics significantly 

5 August 2015 LISHEP 2015 6

LHCb upgrade
¾ increase luminosity to a levelled              

1-2Â1033 cm-2s-1, pile-up ~5
¾ run fully flexible & efficient  

software trigger up to 40 MHz
¾ record ~20-50 kHz 

LHCb up to LS2
¾ running at levelled luminosity 
RI�a��Â��32 cm-2s-1, pile-up ~1

¾ first level hardware trigger 
running at ~1 MHz

¾ record ~3-5 kHz  

2012 running conditions

a��Â��32 cm-2s-1

1-�Â��33 cm-2s-1LHCb upgrade

2012
LHCb now

LHCb 
upgrade

1 MHz limitation
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The LHCb software trigger ansatz	


Andreas Schopper

Trigger upgrade

5 August 2015 LISHEP 2015 7

run an efficient and selective software trigger with access to 
the full detector information at every 25 ns bunch crossing

increase luminosity 
and signal yieldsÆ

effect on luminosity and signal yields

upgrade

R1 R2 R3 R4

1/fb

Run 
period

The all-software trigger
40 MHz bunch crossing rate

h± 400 kHz
µ/µµ

LLT : 10-30 MHz readout, high 
PT signatures (h±/µ/µµ/e/γ)

Software High Level Trigger

20 kHz Rate to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb Upgrade Trigger Diagram

Gain 50-100% efficiency for hadronic final states

Aim to eventually run “quasi-triggerless” : 
implement offline reconstruction and selections 
in the trigger for any final state which can be 
reconstructed by the detector.

The all-software trigger
40 MHz bunch crossing rate

h± 400 kHz
µ/µµ

LLT : 10-30 MHz readout, high 
PT signatures (h±/µ/µµ/e/γ)

Software High Level Trigger

20 kHz Rate to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb Upgrade Trigger Diagram

Gain 50-100% efficiency for hadronic final states

Aim to eventually run “quasi-triggerless” : 
implement offline reconstruction and selections 
in the trigger for any final state which can be 
reconstructed by the detector.

Despite lower energy cuts and therefore higher	

throughput, the Software High Level Trigger can 
still manage the huge bandwidth	

Overall, higher efficiencies on hadronic channels	


20-50 KHz data taking!
depending on CPU and !
storage resources !

(and IT developments)!

EFFICIENCY GAIN	

WRT TO RUN 1	
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The struggle for precision physics*	


* From “Heavy Flavour Physics in the HL-LHC era” 	

Document prepared for the Aix-les-Bains ECFA Workshop – Oct 2013 (Schedules to be adjourned)	
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LHCb detector modifications for the upgrade	


Pixel technology

Upstream: Si strips
Downstream: Sci.Fi.

New optics (RICH1) 
New FEE & MAPMT

New electronics

All sub detectors 
readout at 40 MHz

New electronics

12	  
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Andreas Schopper

VELO upgrade

5 August 2015 LISHEP 2015 14

tracks/chip/event 
at L=2Â1033 cm-2s-1

Prototype pixel sensor

RF-foil

pixel detector 
with micro 

channel cooling

~1m
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Andreas Schopper5 August 2015 LISHEP 2015 15

3D Impact-Parameter resolution at  L  ��Â��33 cm-2s-1

VELO upgrade

note: full GEANT Monte Carlo with standard LHCb simulation framework

• current
� upgrade

Enhanced resolution in tri-
dimensional reconstruction is the 
key asset to fight against pile-up 
(several interactions in the same 
beam crossing, up to 6-7 per event) 
and to tag efficiently decays of B 
and D mesons	


Large Hadron Collider Physics, St Petersburg, Russia, 31 Aug – 5 Sep, 2015 R. Jacobsson 

� Large signal cross-sections 
• >100 kHz  Æ 1 MHz of bbത pairs at LHCb interaction point 
• Access to all b-flavored hadrons Bu (~40%), Bd (~40%), Bs (~10%), and Bc, and B-baryons /b (~10%) ,   
      (arXiv:1111.2357v2, arXiv:1301.5286) 
• cc ഥ production 20x more 

 
 

� The final state ܾതܾ / ܿܿҧ pair are Lorentz boosted 
Î The B / D hadrons appear in the same hemisphere 
Î Very good proper time resolution 

 
 

Î Flavor tagging 
• Same side, uses S or K emitted together with signal B / D hadron 
• Opposite side, detects flavor of partner B / D hadron from decay 
 
 
 
 
 
 
 
 
 
 

� Operating at a controllable levelled luminosity 
• Control detector performance and systematics  

 
 
 

 
 
 
 
 
 
 
 
 

 
 

 

3 

R
. Jacobsson, Proc. IEEE N

PSS-M
IC

 2012 
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Andreas Schopper

RICH upgrade

5 August 2015 LISHEP 2015 18

Luminosity of 2Â1033 cm-2s-1Æ adapt to high occupancies
¾ aerogel radiator removed 
¾ modify optics of RICH1 to spread out Cherenkov rings 

(optimise gas enclosure without modifying B-shield)

40 MHz readoutÆ replace HPDs due to embedded FE
¾ 64 ch. multi-anode PMTs  (baseline)
¾ 40 MHz Front-End: CLARO chip

HPD R&D with                  
external electronics 

Prototype of photo-detector  
readout module

64 ch. MaPMT

optimise RICH1 optics

current

upgrade

16	  
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K/π separation performance	


Identification of kaons remains a	

flagship of LHCb experiment (unique wrt	

ATLAS and CMS): gorgeous opportunities	

for b and c quark physics	


Particle Identification performance at Upgrade	


2 4 6 80.02
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0.1
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0.14

0.16

-MisID IsMuon+Dll /benchmark 
3>p>6 GeV/c

2 4 6 8
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µ Identification performance	


Identification of muons is relevant as it	

keeps LHCb at the leading edge of	

many searches in rare channels with	

di-µ in the final state 	


RUN 1	
 UPGRADE	

OCCUPANCY	


M
uo

n 
m

is
-id

 (
%
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Andreas Schopper

TT upgrade: Upstream Tracker (UT)

5 August 2015 LISHEP 2015 21

GBT

GBT
staves a la 

ATLAS-LBL

40MHz silicon strip 
R/O Æ SALT chip

KAPTON 
TAPE

adapt segmentation to varying 
occupancies (out Æ in-side):
¾ 99 Æ 51 mm long strips
¾ 190 Æ 95 µm pitch
¾ p+-in-n Æ n+-in-p

silicon strip detector

outer middle inner
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Andreas Schopper5 August 2015 LISHEP 2015 23

T-stations upgrade: Fibre Tracker (FT)

Benefits of the SciFi concept:
9 a single technology to operate
9 uniform material budget
9 SiPM + infrastructure outside acceptance
9 fine channel granularity of 250 µm
9 x-position resolution of ~75 µm
9 high hit detection efficiency ���99%)
9 fast pattern recognition for HLT

2 x ~3 m

2 x ~ 2.5 m

¾ 3 stations of X-U-V-X (±5o stereo angle) scintillating fibre planes
¾ every plane made of 6 layers of Ø=250 µm fibres, 2.5 m long
¾ 40 MHz readout and Silicon PMs at periphery

ChallengesÆ radiation environment
¾ ionization damage to fibres Æ tested ok
¾ neutron damage to SiPMÆ operate at -40oC

readout at 
periphery
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Andreas Schopper5 August 2015 LISHEP 2015 22

T-stations upgrade: Fibre Tracker (FT)

RMS~6 µm

1 SiPM
channel

scintillating-fibre 
mat with 6 layers

SiPM array

Fibres:            
Ø = 250 µm

readout by dedicated 128 ch.
40 MHz  PACIFIC chip                             
• 3 thresholds (2 bits)
• sum threshold (FPGA)

1.
5 

m
m

20	  

50 µm spatial 	

resolution	


0.25 x 1.5 mm2 	

readout unit	
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LHCb @ HL-LHC: a future after the near future	


While preparing the upgrade and understanding LHCb possibilities, we asked ourselves	

if something could be done during the VERY LONG LS3 to improve further	

our detector and the luminosity collected.	

Several ideas on the table. Some adiabatic, some more extreme with unprecedented 
technologies: vertex track reconstruction at the [10 µm, 10 ps] level	

	

LHC colleagues are demonstrating that without large works, LHCb interaction region 
can be operated at 1-2 1034 cm-2 s-1	

	

LHCb has started a brainstorming process to profit of this further opportunity to 
decrease the statistical error: goal in mind, to collect up to ~200-300 fb-1 (> Run 5)	
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ß Covering side parts of 
the magnet to increase	


tagging with low energy 
pions (i.e. D*àDπ)	


ß New quartz bars for very precise O(10ps) charged	

particle timing via Cherenkov effect	


New central part of the 
ECAL with very precise 
timing and high spatial 
resolution for photons à	


With these statistics, measuring φs CP violation à	

phase at the same level of theoretical error (0.003)	




Conclusion	


There are several reasons to continue Flavor Physics at LHC after 2020, the	

main one being the capability of precision physics to observe possible flaws in	

Standard Model or to help building models after discoveries at ATLAS & CMS	

	

LHCb has started a challenging and highly rewarding (in terms of physics reach)	

upgrade program of the detector, to bring statistics up to 50/fb, to pin down 
experimental error close to theoretical one	

	

A trigger-less configuration is the flagship project of the upgrade, together with	

the effort of improvement of detector performance in tracking & particle ID, when LHC 
luminosity will be x5 the current one (but physics rate more than x10 in several 
hadronic channels) 	

	

Tracking granularity, readout speed, bandwidth and radiation resistance are the main 
difficulties of the LHCb upgrade	

	

Even more challenging (and exciting) is to think to a LHCb detector for HL-LHC, 
operating at ~50 times the current instantaneous luminosity	

	

(I also acknowledge the several LHCb colleagues to whom I “stole” the slides …)	
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The forge of  Vulcan – Velazquez (1630)	

	


Vulcan: the Roman god of FIRE and DESTRUCTION 	


Every volcanologist knows that looking to the external appearance	

we should infer what is hidden below the top of the volcan …	


	

This also resembles the mission of the astro-particle experimentalists	


looking for a deeper understanding of Nature	

(I liked the “precision of ignorance” statement)	
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Stromboli	   Vesuvio	


Etna	   Marsili	




26	  26	  

Stromboli	   Vesuvio	


Etna	   Marsili	


Dark energy – very difficult to study	


Dark matter – many sprouts, nothing serious	
 New Physics from LHC – silent so far	


GW – we see it now clearly	

We don’t know where it comes from	



