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Search for non-SM physics by studying   
CP violation and rare decays of b- and c-hadrons.



 QCD/EW/Exotica measurements in the forward 
region complementary to central detectors.

Large Hadron Collider beauty

Δp/p = 0.4-0.6% 
at 5-100 GeV/c 

O(50) fs decay-time 
resolution for 
2-body decays

ε(μ)=97%, 
π-μ mis-id: 1-3%

ε(K)=95%, π-K mis-id: 5%

2

σM=100 MeV 
in Bs→φγ



3Run I analyses, so far
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Thanks to the colleagues  
from the accelerator sector 
for the excellent 
performance of the LHC. 
Looking forward to being 
amazed in Run II.

Fruitful sample.
211 papers published 
with some +100 topcite.
Keeping the 2013 pace.


 
200th paper
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Impact
High rate of talks
in high-profile conferences,
workshops, and seminars.

Many given by PhDs 
and young PostDocs. 

Close collaboration with 
the theory community
to explore new avenues
and fully exploit our 
physics potential. 

LHCb talks
per year

4th 
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One of the most sensitive probes 
of physics beyond the SM.


Submitted to Nature.

B→μ+μ− combination from CMS & LHCb 
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Figure 2 | Weighted distribution of the dimuon invariant mass for all categories.
Superimposed on the data points in black are the combined fit (blue) and its components: the
B0

s (red) and B0 (green) signal components; the combinatorial background (light blue); the sum
of the semileptonic backgrounds (black); and the peaking backgrounds (violet).

category, weighted according to values of S/S + B, where S and B are the numbers of163

signal events expected assuming the SM rates, and background events under the B0
s peak164

in that category, are added together and shown in Fig. 2. The result of the simultaneous165

fit, separated into the signal and background components and combined, is overlaid. An166

alternative representation of the fit to the dimuon mass distribution, for the six categories167

with the highest S/S + B value for CMS and LHCb, as well as displays for events with168

high probability to be genuine signal decays, are shown in the Extended Data Figs. 2-4.169

The combined fit leads to the measurements:170

B(B0
s → µ+µ−) =

(

2.8 +0.7
−0.6

)

× 10−9

B(B0 → µ+µ−) =
(

3.9 +1.6
−1.4

)

× 10−10.

where the uncertainties include both statistical and systematic sources, the latter con-171

tributing for 35% and 18% of the total uncertainty for the B0
s and B0 signal, respectively.172

Using Wilks’ theorem [25], the statistical significance is computed to be 6.2 standard173

deviations, σ, and 3.2 σ for the B0
s → µ+µ− and B0 → µ+µ− modes, respectively. For174

each signal the null hypothesis that is used to compute the significance includes the back-175

ground predicted by the SM as well as the other other signal, whose branching fraction176

is allowed to vary freely. The median expected significance assuming the SM branching177

fraction is 7.4 σ and 0.8 σ for the B0
s and B0 modes, respectively. Likelihood contours for178

B(B0
s → µ+µ−) against B(B0 → µ+µ−) are shown in Fig. 3. One-dimensional likelihood179

scans for both decay modes are shown in the same figure. In addition to the likelihood180

profile, the statistical significance and confidence intervals for the B0 signal are deter-181

mined using Monte Carlo simulated experiments. This yields a significance of 3.0 σ for a182

B0 signal with respect to the same null hypothesis described above, and ±1 σ and ±2 σ183

confidence intervals, based on the Feldman–Cousins [26] procedure, of [2.5, 5.6] × 10−10
184

and [1.4, 7.4]× 10−10 (see Extended Data Fig. 5).185

5

(6.2σ)
(3.0σ)

LHCb-PAPER-2014-049
arXiv:1411.4413 	  

Agreement with SM predictions. 	  



11

Spectrum of known b-baryons 
still sparsely populated. 

For the Ξb (bsd, bsu) states only 
the ground states, Ξb

–
 & Ξb

0, and 
one resonance, Ξb(5945)0, observed.

Following Ξc pattern: there must be

Ξb
’–    JP = 1/2+,  j(sq) =1

Ξb
*–      JP = 3/2+,  j(sq) =1


Study of  Ξb

0π–  mass spectrum, 
with Ξb

0 → Ξc
+ (→ p K– π+) π–.


Require good tracks and vertices;
PID on kaon and proton; 
exploit long Ξb

0 lifetime; 
Soft π–	  and	  Ξb

0	  from PV.

Two new baryons  LHCb-PAPER-2014-061
arXiv:1411.4849     
Hot off the press 	  

Ξb
0 →Ξc

+π– 	  

π–	  

π–	  

Ξb
0	   Ξc

+	  

K–	  

π+	  p	  

PV	  
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m( Ξb
’ – ) =  5935.02 ± 0.02 ± 0.01 ± 0.50 MeV 

Γ ( Ξb
’ – ) <  0.08 MeV at 95% CL



m(Ξb
*– ) = 5955.33 ± 0.12 ± 0.06 ± 0.50 MeV

Γ ( Ξb
*– ) = 1.65 ± 0.31 ± 0.10 MeV

m(Ξb
0π–) – m(Ξb

0) – m(π–) 	  

m(Ξb
0π–) – m(Ξb

0) – m(π–) 	  

LHCb-PAPER-2014-061
arXiv:1411.4849     
Hot off the press 	  

Two new baryons 

120	  Ξb
’ – 

decays

240	  Ξb
*– 

decays
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Production studies
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LHCb-PAPER-2014-050
arXiv:1411.2943	  

Bc
+ unique meson formed by 

two different heavy flavour quarks. 

First measurement of the Bc

+ double 
differential production cross-section 
at the LHC.

Use the exclusive decay mode 
Bc

+ → J/ψ π+ compared to B+ → J/ψ K+







in 10 bins of pT in [0,20] GeV and 
3 bins of y in [2.0,4.5]. 

Bc
+ → J/ψ π+ 	  

B+ → J/ψ K+ 

   Bc
+ production at 8 TeV
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LHCb-PAPER-2014-050
arXiv:1411.2943	  

   Bc
+ production at 8 TeV

0 < pT < 20 GeV 	  2.0 < y < 4.5	  

Integrating over pT and y:  

Significant dependencies observed in pT and y. 



16LHCb-PAPER-2014-055
arXiv:1411.1264	  

Z+b-jet production with |η|< 2.1 
measured by ATLAS and CMS. 


LHCb, with 2 <η< 4.5: complementary 
kinematic region. Sensitive to the 
proton PDF at low and high values 
of Bjorken x variable where the 
uncertainties are largest. 



Z→μ+μ–, with pT(μ)>20 GeV. 
Tag the jet with the SV vertex 
[arXiv:1406.4789]. 

Fit the Mcorr  distribution of 
TOPO events: μ–	  

SV

PV	  
μ+	  

TOPO
event
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Figure 1: Mcorr distribution for (left) pT(jet) > 10GeV and (right) pT(jet) > 20GeV. Data
(black points) are compared to the template fit result. The uncertainties shown are statistical
only.

the systematic uncertainties and the efficiencies are largely the same as those of Ref. [18],75

except for those related to the b-jet identification.76

An algorithm similar to that described in Refs. [5, 21] is used for the identification77

of secondary vertices consistent with the decay of a beauty hadron using tracks that78

form the jet. Topological secondary vertices (TOPO), significantly separated from the79

primary vertex, are formed by considering all combinations of two, three and four particles80

within a jet, where “particle” includes both tracks and reconstruced K0
S
or Λ. The81

requirement of a TOPO candidate greatly reduces the background of jets originating82

from light partons (l-jets) and charm quarks (c-jets). The number of b-jets is extracted83

from an unbinned likelihood fit to the corrected mass of the TOPO candidate defined as84

Mcorr ≡
√

M2 + p2 sin2 θ + p sin θ. Here, M and p are the invariant mass and momentum85

of the TOPO candidate and θ is the angle between the momentum direction and the flight86

direction inferred from the positions of the primary and secondary vertices [11].87

Templates for the Mcorr distribution of b-jets, c-jets and l-jets are obtained from88

simulation of Z+jet, inclusive b-hadron and inclusive c-hadron production. The shapes of89

the templates for b-jets, c-jets and l-jets in these samples shows no dependence on the90

production process nor on the pT of the jet. A template fit to the Mcorr spectrum in data91

is used in the evaluation of N(Z+b-jet). The sPlot method [22] is used in order to estimate92

the b-jet pT and η spectrum. Figure 1 shows the Mcorr distribution of b-jet candidates93

with the fit results overlaid.94

Jet reconstruction inefficiencies mainly arise from low-momentum particles and calorime-95

ter limitations, therefore no large differences between jets originating from heavy quarks96

and from light quarks and gluons are expected. Hence, the ratio ε(Z+jet)/ε(Z+b-jet) is97

assumed to be unity, which is confirmed by simulation.98

The b-tagging efficiency, ε(b-tag), is determined in simulation as a function of the jet99

transverse momentum and pseudorapidity. The value of ε(b-tag) shows little variation with100

pseudorapidity on the range 2.0 < η(jet) < 4.5, while it rises strongly with pT, reaching a101

3

Z+b-jet at 7 TeV 
in the forward region



17Z+b-jet at 7 TeV 
in the forward region

LHCb-PAPER-2014-055
arXiv:1411.1264	  

In agreement with leading-order and 
next-to-leading order calculations using 
massless and massive bottom quarks. 

pT(jet)>20 GeV, ≈40 Z+b-jet events

pT(jet)>10 GeV, ≈72 Z+b-jet events

pT(jet)>10 GeV: σ=330 ± 68 ± 58 ±12 fb

pT(jet)>20 GeV: σ=167 ± 47 ± 29 ± 6 fb



Precision measurements
of CP violation

18



Going to high     
precision
The CKM paradigm explains 
satisfactorily CPV data in leading 
B/D/K transitions, barring 
10-15% corrections.

Moving to the (high) precision era.
Looking for signs of  non-SM physics.
Need to control higher-order 
amplitude (QCD penguin loop), that 
can not longer be neglected, and can 
be confused with NP contributions:



βmeas = βSM + βNP + δpenguin

The Cronin & Fitch Experiment

Incoming 
K2 beam

Decay of K2 into 2 pions

Plot the angle between the 
momentum direction of two 
pions and the beamline

Essential idea: Look for (CP violating) 
K2 → π+π- decays 20 meters away from 
K0 production point

50

19

50 
years

UT constraints dominated by sin2β



φs CP violating phase
20

 direct probe of the CPV phase 
       Cf ≈ 0   Sf ≈ sinφs   S’f ≈ cosφs

ACP =

�(B0
s ! f)� �(B

0
s ! f)

�(B0
s ! f) + �(B

0
s ! f)

' Cf cos(�mst)� Sf sin(�mst)

cosh(��st/2) + S 0
f sinh(��st/2)

Δms = mH-mL 
 
ΔΓs = ΓL-ΓH 
 
ϕs = -arg(q/p Af/Af) 
	  

–	  	  

|BL,H>=p|Bs>±q|Bs>	  –	  	  



CP-violating phase φs ,very sensitive to NP. 
Precise determination from global CKM fits 
assuming SM:      


φs = –0.0363 ± 0.0013 rad [CKMfitter] 

neglecting penguins.



When both Bs

0 and Bs
0 can decays to f :

Bs	  

f	  

–	  	  Bs	  

AfAf
–	  	  



Separate signal 
from background

B mass

Distinguish B from B 
at the production

production flavour

Trace the time 
evolution and fast 

Bs oscillations 

decay time

Disentangle 
CP-even/CP-odd

final state


decay-angles

Bs
0 →J/ψK+K–    21

46 fs time resolution. 
Reduces the asymmetry 

by O(25%) (only).
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96K signal events in 
the Run I data set

Angular acceptance 
from simulations. 
10-20% deviations 
from uniformity. 

LHCb-PAPER-2014-059
arXiv:1411.3104 	  

S-wave

ACP =

�(B0
s ! f)� �(B

0
s ! f)

�(B0
s ! f) + �(B

0
s ! f)

' Cf cos(�mst)� Sf sin(�mst)

cosh(��st/2) + S 0
f sinh(��st/2)



Tagging power: 
εeff = ε(1 – 2ω)2

ε  = N(tagged)/N(total)
ω = N(wrong tag)/N(tagged)

Flavour   Tagging
22

NJP 15 (2013) 053021

2 set of algorithms, re-optimized 
for the analysis of the Run I data.

Opposite Side Taggers, 
εeff = 2.55%, +15% w.r.t. 2011. 

Same Side Kaon Tagger, 
εeff = 1.25%, +40% w.r.t 2011. 
New algorithm, Neural Net based.

Calibrate mistag rate ω in control 
samples of flavour specific decays

e.g. Bs
0→Ds

– π+	  



Γs = 0.6603 ± 0.0027 ± 0.0015 ps-1

ΔΓs = 0.0805 ± 0.0091 ± 0.0033 ps-1

CP-violating  phase:
φs = –0.058 ± 0.049 ± 0.006 rad

consistent with the SM.
World’s best measurements.

23Bs
0 →J/ψK+K––   LHCb-PAPER-2014-059

arXiv:1411.3104 	  

Measure also CP violation 
in the decay. No evidence.

For the first time, measure
CP violation independently 
for the 4 polarisation states.
No difference found. 

Combine with measurement in Bs
0 → J/ψ π+π– decays [PLB 736 (2014) 186], 

accounting for correlations between systematics and common 
parameters:

φs = –0.010 ± 0.039 rad 



Bs
0 →Ds

+Ds
–   

24

LHCb-PAPER-2014-051
arXiv:1409.4619

Another decay to look for φs.
May have different (smaller) 
penguin contributions than J/ψh+h–. 
First time-dependent measurement    
in this decay. 

CP-even final state, no angular analysis 
needed. Benefit from larger tagging 
power in hadronic decays, combining 
OS and SSK: εeff = 5.33% 


Similar decay-time resolution of 
J/ψh+h– modes, 54 fs.





Consistent with SM prediction.

φs = 0.02 ± 0.17 ± 0.02 rad 

≈3350 signal candidates



The Impact 25

Bs
0 →J/ψK+K–

Bs
0 → J/ψ π+π–

Bs
0 →Ds

+Ds
–

	  

NB: reached a precision similar to the one of 2β.



But still! 26

Upgrade
NP or penguin?



In B0 → J/ψ π+π– decays penguins 
amplitudes are enhanced w.r.t. 
B0 → J/ψKS

0, golden mode for sin2β.

Measure  “β angle” (βeff) in B0 → J/ψ ρ
and compare with β measured 
in B0 → J/ψKS

0 allows to extract 
limits on the δpenguin. 

Not a precision measurement 
of sin2βeff but set stringent constraints 
on the penguin effects.

Extend amplitude analysis 
[Phys. Rev. D90 (2014) 012003] 
to perform a flavour-tagged 
time-dependent analysis.

27Sin2βeff from 
B0 → J/ψ π+π– 

65% is ρ(770)0→π+π– 

KS
0 

veto	  

LHCb-PAPER-2014-058
arXiv:1411.1634 	  

1 Introduction

Measurements of CP violation in neutral B meson decays are used either to search for
physics beyond the Standard Model (SM) [1] or set limits on combinations of Cabibbo-
Kobayashi-Maskawa couplings (V

ij

) [2]. Interpretations of the measurement of the CP -

violating phase 2� via the interference of mixing and decays in the
( )

B 0 ! J/ K0

S

channel, and the phase �
s

in
( )

B 0

s

! J/ � and J/ ⇡+⇡� decays,1 are made assuming that
the decays are dominated by tree-level processes. However penguin processes are also
possible, and they may have large enough amplitudes to influence the results. Here we use
( )

B 0 ! J/ ⇡+⇡� decays to set limits on possible changes due to penguin contributions.
This mode has both tree and penguin diagrams, as shown in Fig. 1. Theoretical models, to
be discussed later, predict that the ratio of penguin to tree amplitudes is greatly enhanced
in this decay relative to

( )

B 0 ! J/ K0

S [3, 4]. Thus, the e↵ects of penguin topologies can
be investigated by using the J/ ⇡+⇡� decay and comparing di↵erent measurements of the

CP -violating phase 2� in J/ K0

S , and individual channels such as
( )

B 0 ! J/ ⇢0(770).2

b
W-

c}c
d

}

B0
J/ψ

(a)

}d
d
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Figure 1: (a) Tree level and (b) penguin diagram for B0 decays into J/ ⇡+⇡�.

Next, we discuss the time-dependent decay rate, taking into account that the ⇡+⇡�

system is composed of the resonances previously reported in Ref. [5]. This analysis largely

follows the measurement procedure used in the study of CP violation in
( )

B 0

s

decays

into J/ ⇡+⇡� [6]. The total decay amplitude for
( )

B 0 at a decay time of zero is taken
to be the sum over individual ⇡+⇡� resonant transversity amplitudes [7], and possibly
one non-resonant amplitude, with each component labelled as A

i

(A
i

). The quantities
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combinatorial background. The dependence on m
hh

of the decay time distribution for this
remaining background is modelled by using di↵erent decay time PDFs in di↵erent m

hh

regions. We also change the background modelling by dividing the remaining background
into separate combinatorial and ⇤0

b

reflection components. The fit is repeated with the
new background model, and changes are taken as the systematic uncertainty.

The systematic uncertainty due to the tagging parameter calibration is given by the
di↵erence in quadrature of the statistical uncertainties for each physics parameter between
the nominal fit and an alternative fit where the tagging parameters are Gaussian constrained
by their total uncertainties. The systematic uncertainty due to the asymmetry of B0 �B0

meson production is estimated by varying the central value A
P

= �0.0035± 0.0081 [29]
by its uncertainty.

6 Discussion of results and conclusions

We compare the ⇢-only Fit 1 result of 2�J/ ⇢ = 2�e↵ = (41.7± 9.6+2.8

�6.3

)� with the Cabibbo-
favoured B to charmonium result, denoted J/ K0

S . The measured di↵erence is

�2�
f

= 2�J/ ⇢ � 2�J/ K

0
S = (�0.9± 9.7+2.8

�6.3

)�. (13)

Since the result is consistent with zero we determine limits on the magnitude of the
CP -violating phase shift due to a possible penguin component in b ! ccs decays, �

P

. The
limit is evaluated using pseudo-experiments by generating datasets with di↵erent values of
↵
CP

, 2�J/ ⇢ � 2�J/ K

0
S , and � = (70.0+7.7

�9.0

)� [9] according to the measured uncertainties,

Table 6: Systematic uncertainties on CP -violating phases 2�e↵

i

(�). Statistical uncertainties are
also shown.

Fit Fit 1 Fit 2
Sources ⇢ other�⇢ ⇢

0

⇢k � ⇢
0

⇢? � ⇢
0

other�⇢
0

Resonance model +1.85

�5.94

+0.51

�0.33

+1.99

�6.56

+1.35

�0.05

+1.50

�0.59

+0.68

�0.52

Resonance parameters ±1.21 ±0.43 ±1.35 ±0.68 ±0.57 ±0.60
Mass & angular acceptance ±0.27 ±0.05 ±0.28 ±0.21 ±0.16 ±0.05
Angular acc. correlation ±0.22 ±0.03 ±0.22 ±0.21 ±0.08 ±0.03
Decay time acceptance ±0.05 ±0.02 ±0.06 ±0.04 ±0.04 ±0.03
Bkg. mass & angular PDF ±0.43 ±0.09 ±0.47 ±0.22 ±0.26 ±0.11
Bkg. decay time PDF ±0.14 ±0.05 ±0.12 ±0.06 ±0.08 ±0.07
Bkg. model ±0.49 ±0.23 ±0.15 ±0.97 ±0.38 ±0.13
Flavour Tagging ±1.46 ±0.03 ±1.66 ±0.44 ±0.86 ±0.01
Production asymmetry ±0.17 ±0.50 ±0.28 ±0.09 ±0.49 ±0.42
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+0.9
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�6.9

+1.9
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+2.0

�1.4

+1.0

�0.9

Statistical uncertainty ±9.6 ±3.6 ±10.2 ±6.5 ±7.2 ±3.9
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Sets limits on the penguin contribution to φs in  Bs
0 →J/ψh+h–



[−1.05◦, 1.18◦] at 95% CL,*

assuming approximate SU(3) symmetry. The limits depends on the 
difference of strong phases and relative magnitudes between tree and 
penguin amplitudes, but do not exceed ±1.8◦. 


Effect of penguin contributions in B0 → J/ψKS
0  should be limited           

to similar values. 



28Sin2βeff from 
B0 → J/ψ π+π– 

*N.B. Currently, σ(2β) = ±1.6◦ and σ(φs) = ±2◦ [HFAG].

LHCb-PAPER-2014-058
arXiv:1411.1634 	  
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Run I, coming soon 

B0 →K∗0μ+μ− angular analysis  
sin2β from B0→J/ψKS

0 

Time-dependent Bs
0 → φγ [new!]

D∗-tagged ∆ACP(D0→hh)
Semileptonic asymmetry Asl

s

Several ADS/GLW γ analyses 

Time-dependent B → hh
… … …

and other surprises! 

Many important analyses soon from the full 3 fb-1 data set:



  What’s next?


•  Run II preparation
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A very busy time since last LHCC. 
All work completed on schedule. 
Detector fully closed last Friday.

Cabling…	  

SPS

LHC TED

Ready for 
commissioning week.  
Shots on injection line beam 
stopper (TED) on 22-23/11.

Wake up the Beauty for Run II

Progressing	  with	  new	  CR	  

Drilling	  holes	  for	  	  
the	  new	  muon	  	  
filter	  shielding	  
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Scintillator planes deployed 
symmetrically around LHCb.
Extension of rapidity gap 
coverage by 2-3 units. 

Can provide input to trigger.
Allows control of non-exclusive 
backgrounds. 

Can exploit the Run II LHCb data 
with low pileup. Potential for 
diffractive physics, beam background 
studies, luminosity.

Ready for commissioning 
and TED runs. 

Herschel 32

Forward and Backward 
Scintillator Shower Detectors

LHCb



Operations in Run II
Ambitious changes for 
operations during Run II 
aimed at increasing physics 
output and making optimal 
use of resources

Turbo-stream 
will need no offline processing. 
If this works well then it has 
important implications for Upgrade.

Splitting of HLT into two steps.
Perform calibrations and 
alignment before HLT2. 
Enables more info to be used
in HLT2 (e.g. PID). 
Test ideas for Upgrade trigger.

33

HLT1

HLT2

“real time” 
calibrations	  



Data handling

Data preservation & Open access
Create a framework to preserve all information related to an analysis, 
from user code to final results, internal and public documentations. 
In development with Cern-IT, CMS and ALICE.


Optimising the resources
Offline re-selection (re-stripping) of Run I dataset, prototype for Run II, 
with a new, reduced data format (μDST). Will be legacy Run I data set.
Allows to save more than 50% of disk space w.r.t. previous selection, 
adding reconstruction info (price to pay: production twice slower).

34

http://opendata.cern.ch/

LHCb joined 
Cern Open data portal
with the data samples for the 
international Masterclass 
Program. Other will be added, 
according to the LHCb 
open data policy.



  Looking ahead


•  Upgrade activities
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After Run II
Indirect search strategies for non-SM 
physics become ever-more attractive 
following the experience of Run I 
that direct signals are elusive.

Knowledge of flavour physics has 
advanced spectacularly thanks to 
LHCb and will improve with Run II. 
Expect to triple the current statistics. 

Maintaining this rate of progress 
beyond Run II unattainable.
LHCb already runs at twice its design 
luminosity, trigger design limits 
do not allow to go much higher. 

At this pace, need almost 5 years 
to double Run II data. 

LS1

LS2

Run I
•  0.9-8 TeV
•  50 ns
•  1-4×1032 cm-2 s-1

Run II
•  13-14 TeV
•  25 ns
•  ≥4×1032 cm-2 s-1

Run III
•  13-14 TeV
•  25 ns
•  2×1033 cm-2 s-1
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70"

Upgrade
Raise operational luminosity 
to 2 x 1033 cm-2 s-1.


Full software trigger. Allows effective 
operation at higher luminosity.  
Improved efficiency in hadronic modes. 


Remove L0 bottleneck, all 
detector read out at 40 MHz. 
Necessitates redesign 
of several sub-detectors 
& overhaul of readout. 

Flexible trigger and unique 
acceptance also opens up 
opportunities in other topics 
apart from flavour 
(‘a general purpose detector
 in the forward region’)


F. Dettori (CERN)

The LHCb upgrade

• Increase levelled luminosity up to
2⇥ 1033cm�2

s

�1

• Fully flexible software trigger up to 40 MHz

• Record 20 to 100 kHz

• Upgrade VELO and Tracker

LHCb Status Report LHCC 24/09/2014 11/35

        Letter of Intent for the LHCb Upgrade 
        CERN-LHCC-2011-001 
Framework TDR for the LHCb Upgrade 
CERN-LHCC-2012-007 
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Upgrade Overview
 RICH 

 New photo-detectors 
               for RICH 1 and RICH 2; 

 RICH1 redesign.

Calo & Muon
Remove components 
used only for L0. 
Add new electronics; 
Include more shielding.  


Tracking
Replace all detectors:
VELO (Si pixels);�
Upstream Tracker (Si strips); 
Downstream Tracker (Sci-Fi). 


Trigger & DAQ
Read-out at 40 MHz; 
Replace FE and BE 
electronics;�
Remove L0, 
full software
trigger 

All upgrade TDRs approved by RB. 
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To the next phase
Final & achievable technology choices 
for all systems established. 
Organised for final stages of R&D, 
engineering and production  readiness 
reviews, and production.

High-level milestones defined for each 
sub-system in order to track progress. 

Division of resource allocation finalised 
and presented to the October RB.

Test beams recently for:
-  VELO
-  UT
-  Sci-Fi
-  RICH

180 GeV 
pions

Sci-Fi fibers inside 
the 2.5m black bars

AMS 
Telescope
Ladders

VELO

RICH
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Recent Test beam
ü  Tested and fully characterised    

first single and triple Hamamatsu 
prototype sensor assemblies,      
non-irradiated.

ü  Took first beam data with           
triple chip assembly



ü  Getting ready for irradiated sensors


V E L O
New, pixel (50 x 50 μm2) based
- Good 3D pattern recognition
- Excellent resolution
- Micro-channel cooling, minimises material
- Radiation resistance
- Closer to beam line (5 mm, cf. 8 mm now)
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Critical silicon strip tracking planes 
just before magnet.
- Variable granularity to match occupancies 
- Stave system inspired by ATLAS IBL
- Fully active within acceptance
- Less material than current detector (TT)

UT test beam
ü  Tested 8 detectors, 

irradiated up to     
20 MRad

ü  Sensor cooled    
down to -10°C

ü  Bias scans and    
angle scans



Upstream Tracker
41



Sci-Fi test beam
ü  Measure light yield and 

attenuation length of fibres.


ü  Measure spatial resolution.


ü  Compare results to simulation 
and laboratory measurements.

ü  Provide inputs for tuning of 
simulations


11 

Large scale tracking system based on 
mats of 2.5 m long scintillating fibres 
of 250 μm diameter, readout by SiPMs 
- single detector technology 
- fast pattern recognition 
- good resolution 

Downstream Tracker
42
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Test beam
ü  Study PMT attenuation and 

threshold adjustments 
     with dark counts.

ü  Measurements with beam;
     HV scan; study number of 
     hits and lens position.

ü  Fit of the Cherenkov rings.

Principle 

Setup HV Scan 

Cherenkov ring 

RICH Upgrade Testbeam (Antonis Papanestis) 

Cherenkov 
Ring

- Keep both RICHs
- Replace photodetecorts with multi-anode  
  PMTs to allow 40MHz read-out 
- Improve RICH1 optics design (inside the   
  present magnetic shield envelope)           
  to reduce occupancy 

RICH system
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The target
Huge increase in precision, in many cases to the theoretical limit. 

Table 27: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5 fb�1 recorded during Run
2) and for the LHCb Upgrade (50 fb�1). An estimate of the theoretical uncertainty is also given – this and the potential
sources of systematic uncertainty are discussed in the text.

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
B

0
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(B0
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Conclusions
²  LHCb continues to harvest rich results from Run I.



Most measurements in good agreement with the SM,                   
but almost all limited by statistics.

Full data sample not (yet) completely exploited.                        
Many important papers still foreseen.


²  LHCb will be ready and fully operational for Run II. 

Ambitious, but realisable, changes to operation planned to 
increase physics output and optimise resources. 


²  Upgrade entered a new, exciting phase. 

All technologies defined; final R&D, procurement, and 
construction about to start.


Will allow (in several cases) approaching in precision the 
theoretical uncertainty.
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   Backup
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LHCb-PAPER-2014-061
     Hot off the press 	  Two new baryons 

Systematics:









Checked angular distributions. 
Consistent with spin expected, 
though other J cannot be excluded.

Study of Ξb

0π–  mass spectrum with 
additional Ξb

0 decays, such as
Ξb

0 → Λc
+ (→ p K– π+) K– π+ π–,         

confirm the observations.
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distributions. The dashed black line indicates a flat distribution The
red curve is a fit in which a quadratic component is allowed.
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Figure 5: The crosscheck mode ⌅0
b

! ⇤+
c

K�⇡+⇡�. The upper plot shows the unfitted mass
spectrum for right-sign ⌅0

b

⇡� in the m(⌅0
b

) signal window (points), wrong-sign ⌅0
b

⇡� (red
histogram), and the right-sign mass sidebands (blue histogram). The lower plot shows a fit to
the same right-sign data. In the fit, the masses and widths are fixed to the values obtained in
the fit to the main ⌅0

b

! ⌅+
c

⇡� sample. The statistical significances are 6.4� for the lower peak
and 4.7� for the upper peak (from Wilks’ theorem).
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Table 1: Systematic uncertainties, in units of MeV /c2 ( masses) and MeV ( w id th ) . Th e statistical
uncertainties are also sh ow n f or comp arison.

Source �m(⌅ 0
b

) �m(⌅⇤
b

) �(⌅⇤
b

)
Simulated sample size 0.002 0.005
Multiple candidates 0.004 0.048 0.055
Resolution model 0.002 0.003 0.070
Background description 0.001 0.003 0.019
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2 state and the higer one to151

a J = 3
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b

state,153
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b
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downscaling factor of 0.1 was applied in the preselection of the normalization sample for155

rate reduction purposes. In order to ensure that the e�ciencies are well-understood, we156

use only the subset of events in which one or more of the ⌅0
b

decay products is consistent157

with activating the hardware trigger in the calorimeter.158

For this subsample of events, the fitted yields are 93±10 for the lower-mass ⌅0
b

⇡�
s state,159

166±20 for the higher-mass ⌅0
b

⇡�
s state, and 162±15 for the downscaled ⌅0

b

normalization160

sample. The e�ciency ratios are determined with simulated decays, applying the same161

trigger, reconstruction, and selection procedures that are used for the data. Systematic162

uncertainties on these ratios (and, where appropriate, corrections) are assigned for the163

modeling of the ⌅
b

momentum spectra, the ⇡�
s reconstruction e�ciency, the fit method,164

and the e�ciency of those selection criteria that are applied to the ⌅0
b

⇡�
s candidates but165

not to the ⌅0
b

normalization mode. Combining the 7TeV and 8TeV data samples, the166

results obtained are167
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where the first and second uncertainties are statistical and systematic, respectively, �168

denotes a cross-section measured within the LHCb acceptance and extrapolated to the169
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Figure 2: Distributions of (left) pT and (right) y of the B+
c signal candidates after event

selection. The points with error bars are background-subtracted data, and the solid histogram is
the simulation based on the complete order-α4

s calculation, implemented in the B+
c generator

Bcvegpy [40]. The data points are at the center of the bin. The uncertainty of the points are
statistical.

Table 2: R(pT, y) in multiples of 10−2 as a function of pT in three y bins and in the whole y
range. The first uncertainty is statistical and the second systematic.

pT(GeV/c) 2.0 < y < 2.9 2.9 < y < 3.3 3.3 < y < 4.5 2.0 < y < 4.5

0 <pT < 2 0.67± 0.10± 0.01 0.73± 0.10± 0.01 0.35± 0.06± 0.01 0.54± 0.05± 0.01
2 <pT < 3 0.70± 0.09± 0.02 0.72± 0.09± 0.02 0.50± 0.06± 0.01 0.62± 0.05± 0.01
3 <pT < 4 0.62± 0.08± 0.01 0.58± 0.08± 0.01 0.57± 0.07± 0.02 0.59± 0.05± 0.01
4 <pT < 5 0.83± 0.08± 0.02 0.60± 0.07± 0.01 0.81± 0.08± 0.02 0.79± 0.05± 0.01
5 <pT < 6 0.90± 0.09± 0.02 0.78± 0.09± 0.01 0.76± 0.09± 0.02 0.83± 0.06± 0.01
6 <pT < 7 0.84± 0.09± 0.01 0.99± 0.11± 0.02 0.64± 0.08± 0.01 0.79± 0.06± 0.01
7 <pT < 8 0.95± 0.10± 0.01 0.74± 0.11± 0.01 0.65± 0.09± 0.01 0.82± 0.06± 0.01
8 <pT < 10 0.80± 0.08± 0.01 0.57± 0.08± 0.01 0.80± 0.09± 0.02 0.77± 0.05± 0.01
10 <pT < 14 0.70± 0.06± 0.01 0.75± 0.09± 0.01 0.60± 0.08± 0.01 0.68± 0.05± 0.01
14 <pT < 20 0.74± 0.09± 0.01 0.68± 0.15± 0.03 0.55± 0.13± 0.02 0.68± 0.07± 0.01

0 <pT < 20 0.76± 0.03± 0.01 0.70± 0.03± 0.01 0.58± 0.03± 0.01 0.68± 0.02± 0.01

is measured to be
R = (0.683 ± 0.018 ± 0.009)%,

where the first uncertainty is statistical and the second is systematic. The measurement132

of R is also performed in the restricted range of 4 < pT < 20GeV/c and 2.5 < η < 4.5 to133

compare the results with the previous LHCb measurement [26]. The ratio in this reduced134

range is (0.698 ± 0.023)%, where the total uncertainty is reported. This result can be135

compared with the previous LHCb result of (0.61± 0.12)% measured at 7TeV, which has136

been updated using the recent LHCb measurement of the B+
c lifetime [45].137
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For K+K- around the φ mass:         
•  P-wave (3 polarization amplitudes) 
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Here P
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rest frame, P
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the two hadrons in the dihadron rest frame, m
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mass, J
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is the spin of R,

2These definitions are the same for B0
s

and B0
s

, namely, µ+ and h+ are used to define the angles in
both cases.
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Figure 1: (a) Background subtracted invariant mass distributions of the K+K− system in
the selected B0

s → J/ψK+K− candidates (black points). The vertical red lines denote the
boundaries of the six bins used in the maximum likelihood fit. (b) Distribution of m(J/ψK+K−)
for the data sample (black points) and projection of the maximum likelihood fit (blue line). The
B0

s signal component is shown by the red dotted line and the combinatorial background by the
green dashed line. Background from misidentified B0 and Λ0

b decays is subtracted, as described
in the text. The residual pull distribution is shown below.

decays where the pion (proton) is misidentified as a kaon. These background events have44

complicated correlations between the angular variables and m(J/ψK+K−). In order to45

avoid the need to explicitly describe such correlations in the analysis, the contributions46

from these backgrounds are statistically cancelled by injecting simulated samples of these47

decays into the data, giving each event a negative weight. Prior to injection, the simulated48

events are weighted such that the distributions of the relevant variables used in the fit,49

and their correlations, match those seen on data.50

The principal physics parameters of interest are Γs, ∆Γs, φs, |λ|, the B0
s mass51

difference, ∆ms, and the polarisation amplitudes Ak = |Ak|e−iδk , where the indices52

k ∈ {0, ‖,⊥, S} refer to the different polarisation states of the K+K− system. The sum53

|A‖|2 + |A0|2 + |A⊥|2 equals one and by convention δ0 is zero. The parameter λ describes54

CP violation in the interference between mixing and decay and is defined by ηkq/p Āk/Ak,55

where it is assumed to be the same for all polarisation states. The complex parameters56

p = 〈B0
s |BL〉 and q = 〈B0

s|BL〉 describe the relation between mass and flavour eigenstates57

and ηk is the CP eigenvalue of the polarisation state k. The CP -violating phase is de-58

fined by φs ≡ − arg λ. In the absence of CP violation in decay, |λ| = 1. CP violation59

in B0
s -meson mixing is negligible, following measurements in Ref. [11]. Measurements of60

the above parameters are obtained from a weighted maximum likelihood fit [12] to the61

decay-time and helicity angle distributions of the data as described in Ref. [5].62

The B0
s decay-time distribution is distorted by the trigger selection requirements and63

by the track reconstruction algorithms. Corrections are determined from data using the64

2
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Results

Polarisation dependent fit:

Table 1: Values of the principal physics parameters determined from the maximum likelihood
fit.

Parameter Value

Γs [ps−1] 0.6603± 0.0027± 0.0015

∆Γs [ps−1] 0.0805± 0.0091± 0.0033

|A0|2 0.5241± 0.0034± 0.0067

|A⊥|2 0.2504± 0.0049± 0.0036

δ‖ [rad] 3.26 +0.10 +0.06
−0.17 −0.07

δ⊥ [rad] 3.08 +0.14
−0.15 ± 0.06

φs [rad] −0.058± 0.049± 0.006

|λ| 0.964± 0.019± 0.007

∆ms [ps−1] 17.711 +0.055
−0.057 ± 0.011

Table 2: Values of the polarisation dependent parameters φks and |λk| determined from the
maximum likelihood fit.

Parameter Value
φ0
s [rad] −0.045± 0.053± 0.006

φ‖
s − φ0

s [rad] −0.018± 0.043± 0.009
φ⊥
s − φ0

s [rad] −0.014± 0.035± 0.006
φS
s − φ0

s [rad] 0.015± 0.061± 0.021
|λ0| 1.012± 0.058± 0.013
|λ‖/λ0| 1.02 ± 0.12 ± 0.05
|λ⊥/λ0| 0.97 ± 0.16 ± 0.01
|λS/λ0| 0.86 ± 0.12 ± 0.03

in B0
s → J/ψK+K− decays.108

A summary of systematic uncertainties is reported in Tables 3 and 4. The tagging pa-109

rameters are constrained in the fit, so the systematic uncertainty due to them contributes110

to the statistical uncertainty of each physics parameter in Table 1. This contribution is111

0.004 rad to the statistical uncertainty on φs; 0.004 ps−1 to that of ∆ms; 0.01 rad to that112

of δ‖ and is negligible for all other parameters.113

The assumption that the m(J/ψK+K−) distribution is independent from the decay114

time and angles is tested by re-evaluating the signal weights in bins of the decay time115

and angles and repeating the fit. The difference in fit results is assigned as a systematic116

uncertainty. The systematic effect from the statistical uncertainty on the signal weights117

is determined by re-computing them after varying the parameters of the m(J/ψK+K−)118

fit model within their statistical uncertainties, and assigning the difference in fit results119

as a systematic uncertainty.120

The effect due to the b-hadron background contributions is evaluated by varying the121
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Systematics:
Table 3: Statistical and systematic uncertainties for the polarisation independent result.

Source Γs ∆Γs |A⊥|2 |A0|2 δ‖ δ⊥ φs |λ| ∆ms

[ps−1] [ps−1] [rad] [rad] [rad] [ps−1]

Total stat. uncertainty 0.0027 0.0091 0.0049 0.0034 +0.10
−0.17

+0.14
−0.15 0.049 0.019 +0.055

−0.057

Mass factorisation – 0.0007 0.0031 0.0064 0.05 0.05 0.002 0.001 0.004
Signal weights (stat.) 0.0001 0.0008 – 0.0001 – – – – –
b-hadron background 0.0001 0.0004 0.0004 0.0002 0.02 0.02 0.002 0.003 0.001
B+

c feed-down 0.0005 – – – – – – – –
Angular resolution bias – – 0.0006 0.0001 +0.02

−0.03 0.01 – – –
Ang. efficiency (reweighting) 0.0001 – 0.0011 0.0020 0.01 – 0.001 0.005 0.002
Ang. efficiency (stat.) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 0.002 0.001
Decay-time resolution – – – – – 0.01 0.002 0.001 0.005
Trigger efficiency (stat.) 0.0011 0.0009 – – – – – – –
Track reconstruction (simul.) 0.0007 0.0029 0.0005 0.0006 +0.01

−0.02 0.002 0.001 0.001 0.006
Track reconstruction (stat.) 0.0005 0.0002 – – – – – – 0.001
Length and momentum scales 0.0002 – – – – – – – 0.005
S-P coupling factors – – – – 0.01 0.01 – 0.001 0.002
Fit bias – – 0.0005 – – 0.01 – 0.001 –

Quadratic sum of syst. 0.0015 0.0033 0.0036 0.0067 +0.06
−0.07 0.06 0.006 0.007 0.011

Table 4: Statistical and systematic uncertainties for the polarisation dependent result.

Source |λ0| |λ||/λ0| |λ⊥/λ0| |λS/λ0| φ0s φ||s − φ0s φ⊥s − φ0s φSs − φ0s
[rad] [rad] [rad] [rad]

Total stat. uncertainty 0.058 0.12 0.16 0.12 0.053 0.043 0.035 0.086
Mass factorisation 0.010 0.04 0.01 0.03 0.003 0.005 0.003 0.016
b-hadron background 0.002 0.01 – 0.01 0.003 0.001 0.001 0.009
Ang. efficiency (reweighting) – – – 0.02 0.001 0.002 0.001 0.007
Ang. efficiency (stat.) 0.004 0.02 0.01 0.01 0.004 0.007 0.005 0.004
Decay-time resolution 0.006 0.01 – 0.01 0.003 0.002 0.001 0.002
S-P coupling factors – – – – – – – 0.006
Quadratic sum of syst. 0.013 0.05 0.01 0.04 0.007 0.009 0.006 0.021

The angular efficiency correction is determined from simulated signal events weighted135

as in Ref. [5] such that the kinematic distributions of the final state particles match those136

in the data. A systematic uncertainty is assigned as the difference between the fit results137

using angular corrections from weighted or non-weighted simulated events. The limited138

size of the simulated sample leads to an additional systematic uncertainty.139

The systematic uncertainty from the decay time resolution parameters is not included140

in the statistical uncertainty of each parameter and is now quoted explicitly. It is as-141

signed as the difference of fit parameters obtained from the nominal fit and a fit where142

the resolution model parameters are calibrated using a sample of simulated prompt-J/ψ143
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Figure 5: Decay time distribution of (B0
s + B0

s ) ! J/ ⇡+⇡� candidates. The signal PDF is
shown with a (red) dashed line, the background with a (black) dotted line, and the (blue) solid
line represents the total.

7 Results188

Several of the model parameters have Gaussian constraints applied in the fit. They are189

the measured values of �ms = 17.768± 0.024 ps�1 [28], �s = 0.663± 0.005± 0.006 ps�1
190

and ��s = 0.100± 0.016± 0.003 ps�1 [4], the tagging parameters, the mass and width of191

the f0(1790) [29], the f 0
2(1525) fit fractions, and the scale factors in the time resolution192

function, multiplied by (1.00 ± 0.05) to take into account the systematic uncertainty193

on the time resolution estimate [5]. Except for �s and |�|, the other free parameters194

are the amplitudes and phases of the ⇡+⇡� states. The fit procedure is checked by195

pseudoexperiments with the same size as data. We use the amplitude model with the196

five final state ⇡+⇡� resonances. The fit reproduces the input �s values with negligible197

bias. For our first fit we do not allow direct CP violation and therefore fix |�| to 1.198

The fit determines �s = 75 ± 67 ± 8mrad. When two uncertainties are quoted, the first199

is statistical and the second the systematic. The systematic uncertainty is discussed in200

Sec. 8. Figure 5 shows the decay time distribution superimposed with the fit projection.201

Projections formhh and ⌦ are shown in Fig. 2. Fit fractions of the contributing resonances202

are consistent with the results from the amplitude analysis [10]. We also perform the fit203

with |�| treated as a free parameter. The fit determines �s = 70 ± 68 ± 8mrad and204

|�| = 0.89 ± 0.05 ± 0.01, consistent with no direct CP violation (|�| = 1), under the205

assumption that we have the same strong phases for all the intermediate ⇡+⇡� states.206

(Note that the correlation between �s and |�| is very small, about 1%.)207

Since the J/ ⇡+⇡� final state is known to be >97.7% CP-odd at a 95% CL [10], we208
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used in the previous analysis. A wrong-tag probability, ⌘, is estimated event-by-event,118

based on the output of a neural network trained on simulations. It is calibrated with data119

using flavour-specific decay modes in order to predict the true wrong-tag probability of120

the event,
(–)

!(⌘) for an initial flavour
(–)

B0
s meson, that has a linear dependence on ⌘. The121

calibration is performed separately for the OS and the SSK taggers. When events are122

tagged by both the OS and the SSK algorithms, a combined tag decision and wrong-tag123

probability are given by the algorithm defined in Ref. [26]. This combination algorithm124

is implemented to be used in the overall fit. The overall e↵ective tagging power obtained125

is characterized by "tagD2 = 3.89%, where D ⌘ (1� 2!avg) is the dilution, !avg being the126

average wrong-tag probability, and "tag = (68.68± 0.33)% is signal tagging e�ciency.127

The flavour tag q takes values of �1, 1, 0, respectively, if the signal meson is tagged
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Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.
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Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
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(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.
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Total
Signal
Backg

The signal
(–)

B0
s mass distribution is described by a double Crystal Ball function [25].101

The background consists of a large combinatorial component whose mass distribution is102

modeled by an exponential function, a 2.3% contribution from the sum of
(–)

B0
s ! J/ ⌘0103

with
(–)

B0
s ! J/ �, � ! ⇡+⇡�⇡0, and 2.0% from B⌥ ! J/ K⌥ + J/ ⇡⌥ decays, both of104

which leak into the
(–)

B0
s signal region. The latter two background mass shapes are obtained105

from the simulation. The parameters of the signal and the combinatorial backgrounds are106

obtained from a fit to the
(–)

B0
s mass distribution in an extended region (see Fig. 1) and are107

subsequently fixed for use in the �s fit.108

As can be seen from Eqs. (1) and (2), knowledge of the B0
s flavour at production greatly109

enhances the sensitivity. The process of determining the initial flavour is called “tagging.”110

We use both opposite-side [26] and same-side tagging information [4]. The opposite-side111

(OS) tag identifies the flavour of another b hadron in the event using information from the112

charges of leptons and kaons from its decay, or the charge of another detached vertex. The113

same-side kaon (SSK) tagger utilizes the hadronization process, where the fragmentation114

of a b (b̄) quark into B0
s (B0

s ) meson can lead to an extra s (s̄) quark being available115

to form a hadron, often leading to a K� (K+) meson. This kaon is correlated to the116

signal
(–)

B0
s in phase space, and the sign of charge identifies its initial flavour. SSK was not117
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Figure 1: Invariant mass of J/ ⇡+⇡� combinations. The data are fitted with double Crystal
Ball signal functions and several background functions. The (red) solid line shows the sum of
B0

s and B0
s signals, the (brown) dotted line shows the exponential combinatorial background, the

(green) short-dashed line shows the B⌥ background, the (magenta) dot-dashed line is the shows
the sum of B0 and B0 signal, the (light blue) dashed line is the sum of

�
B0

s +B0
s

�
! J/ ⌘0,�

B0
s +B0

s

�
! J/ �, � ! ⇡+⇡�⇡0 backgrounds and the ⇤0

b ! J/ K�p plus ⇤0
b ! J/ K+p

reflections, the (black) dot-dashed line is the
�
B0 +B0

�
! J/ K⌥⇡± reflection and the (blue)

solid line is the total.

4

φs = 0.070 ± 0.068 ± 0.008 rad
Consistent with the SM. 
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Asymmetry Dilutions
B0(Δt) B0(Δt) ACP(Δt) = (1-2w)⋅sin(ΔmdΔt)

sin2β

(1-2w)⋅sin2β

Putting it all together:

Imperfect flavor tagging

Finite Δt resolution

Δt Δt

158

B0(Δt) B0(Δt) ACP(Δt) = (1-2w)⋅sin(ΔmdΔt)

sin2β

(1-2w)⋅sin2β

Putting it all together:

Imperfect flavor tagging

Finite Δt resolution

Δt Δt

158

Decay 
time

Decay time resolution
Measured in control sample of 

prompt background with real J/ψ.
Reduce the asymmetry by O(30%).

≈50 fs

The mistag probability dilutes 
the asymmetry by O(75%). 
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