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Operations
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Data taking status

‣ amazing LHC performance 
• 80% peak efficiency 

• >50% in stable beams 

‣ great LHCb performance 
• all sub-detectors in good shape 

• data accumulation with ≈90% efficiency 

• collected ≈1.3 fb–1 in 2016 

• more bb-pairs than in 2012 dataset 

‣ working hard to exploit LHC's  
record-crunching! 
• originally assumed ≈30% efficiency
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Data taking in Run II – Reminder
‣ trigger w. split HLT and automatic alignment 

- buffer data after HLT1 

- perform alignment 

- HLT2 processes data continuously and asynchronously 

• HLT1 and HLT2 run on the same farm 

• strategy is working very well
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Software High Level Trigger

Full offline-like event selection, mixture of 
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Data taking in Run II – Buffers
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LHC efficiency and LHCb HLT
‣ defined various scenarios depending on LHC efficiency and luminosity increase 

‣ monitor status of buffer disks and speed-up the HLT 

‣ small set of trigger configurations for different LHC setups 
• ≈3%/day of disk occupancy decrease when HLT2 running at max 

• increase originally ≈5%/day, can be adjusted by tightening/loosening trigger requirements
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Distributed Data Processing in 2016
‣ increased LHC efficiency also affects CPU/disk and tape needs  

• required adaptation of data processing workflows 

• all offline data processing workflows now operational and backlogs processed 

‣ additional strain due to changes in “Turbo” 
• now also contains reconstruction information 

• reduced offline CPU needs 

• increased disk requirements 

‣ additional disk needs mitigated by 
• reduction of disk replicas 

• data popularity to remove unused datasets 

• parking of 1/3 of the Turbo data on tape 

‣ using resources well above pledges
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Preparations for the 2016 pPb run
‣ LHCb will take part to the pPb run at the end of the year 

• it will represent a big step forward for heavy ion physics at LHCb  

• work ongoing to optimise trigger and event reconstruction 

• we aim to get an integrated luminosity of 20 nb−1 at √sNN = 8 TeV 

• pPb and Pbp configurations split 50/50 

‣ main physics targets 
• J/ψ, ψ(2S), Υ(nS), and Drell-Yan production 

- study cold nuclear matter effects 

• Z, J/ψ, Υ production to improve nuclear PDFs 

• associated heavy flavour production to study contributions from 
single and double parton scattering 

‣ details in LHCb-PUB-2016-011 
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heavy ions

heavy ion plans
pPb run at

√
sNN = 8 TeV

high lumi run for all experiments
LHCb asks for 20 nb−1, pPb and Pbp split 50/50
J/ψ, ψ(2S), Υ(nS), and Drell-Yan production to study cold nuclear matter effects
Z , J/ψ, Υ production to improve nuclear PDFs
associated heavy flavour production to study contributions from single and
double parton scattering
details in LHCb-PUB-2016-011

pPb run at
√
sNN = 5 TeV (prefer p as beam 1)

low pile-up minimum bias data for ALICE
can use SMOG system to study p-He collisions at this beam energy
p production valuable input for cosmic ray physics in light of AMS-02’s p excess
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New results
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Publication status

‣ 334 papers submitted 
• +20 papers w.r.t. last LHCC 

• 7 PRL, 5 JHEP, 4 PLB, 2 PRD,  
1 EPJC, 1 Nature Physics 

‣ 15 papers in preparation 

‣ 47 analyses under review
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Publications since last LHCC
‣ Probing matter-antimatter asymmetries in beauty baryon decays 

‣ Search for Higgs-like bosons decaying into long-lived exotic particles 

‣ First experimental study of the photon polarization in radiative Bs decays 

‣ Differential branching fraction and angular moments analysis of the decay B0→K+π−µ+µ− 
in the K

∗

0,2(1430)0 region 

‣ Measurement of CP violation in B0→D+D− decays 

‣ Measurement of the CP-violating phase and decay-width difference in Bs→ψ(2S)φ 
decays 

‣ Measurement of forward W→eν production in pp collisions at √s=8 TeV 

‣ Search for the suppressed decays B+→K+K+π− and B+→π+π+K− 

‣ Amplitude analysis of B−→D+π−π− decays 

‣ Search for structure in the Bsπ
± invariant mass spectrum

11
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Publications since last LHCC (cont.)
‣ Measurement of the ratio of branching fractions Br(Bc→J/ψK+)/Br(Bc→J/ψπ+) 

‣ Measurement of the forward Z boson production cross-section in pp collisions at √s=13 TeV  

‣ Observation of ηc(2S)→pp and search for X(3872)→pp decays 

‣ Measurement of the Bs→J/ψη lifetime 

‣ Study of Bc decays to the K+K−π+ final state and evidence for the decay  
Bc→χc

0π+ 

‣ Amplitude analysis of B+→J/ψφK+ decays 

‣ Observation of J/ψφ structures consistent with exotic states from amplitude analysis of  
B+→J/ψφK+ decays 

‣ Evidence for exotic hadron contributions to Λb→J/ψpπ− decays 

‣ Measurements of the S-wave fraction in B0→K+π−µ+µ− decays and the B0→K
∗

(892)0µ+µ− 
differential branching fraction 

‣ Measurement of the CP asymmetry in Bs mixing

12
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Figure 5: Fits to the invariant masses and ln(IP/mm) distributions integrated over all pseudo-
rapidity for 13 TeV running. The data are shown as solid circles (black), and the overall fits as
solid lines (blue). The dot-dashed (green) curves shows the charm signals from b decay, while
the dashed (purple) curve charm background from continuum production. The dashed line (red)
shows the combinatorial background. The dotted curve (orange) shows the D⇤+ component
only for the K+K�⇡+ mass distribution. (a) and (b) show K�⇡+ combinations, (c) and (d)
show K�⇡+⇡+ combinations, (e) and (f) show K�K+⇡+ combinations, and (g) and (h) show
pK�⇡+ combinations. The fitting procedure is described in the text.
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b-quark production cross-section @13 TeV

‣ strategy: measure inclusive b→XcµνX decays 
• right-sign µXc combinations, Xc= {D0, D+, Ds, Λc} 

- form a good secondary vertex (SV) 

- do not point back to the primary vertex (PV) 

• 2D fit to m and ln(IP) distribution to identify non-
prompt Xc

13

Signal fits 

M. Artuso ICHEP 2016
 7 

2D simultaneous fit  of charm-hadron candidate invariant mass and ln(IP/mm) 
for each charm+µ combination in 6 bins of η and 13 bins of pT 

Ds candidates 
integrated 
over η

Total 
Ds from B 
Prompt Ds 
D*+ bkg 
Random comb. 
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Figure 5: Fits to the invariant masses and ln(IP/mm) distributions integrated over all pseudo-
rapidity for 13 TeV running. The data are shown as solid circles (black), and the overall fits as
solid lines (blue). The dot-dashed (green) curves shows the charm signals from b decay, while
the dashed (purple) curve charm background from continuum production. The dashed line (red)
shows the combinatorial background. The dotted curve (orange) shows the D⇤+ component
only for the K+K�⇡+ mass distribution. (a) and (b) show K�⇡+ combinations, (c) and (d)
show K�⇡+⇡+ combinations, (e) and (f) show K�K+⇡+ combinations, and (g) and (h) show
pK�⇡+ combinations. The fitting procedure is described in the text.
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Run II

https://cds.cern.ch/record/2205792?ln=en
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b-quark production cross-section

‣ cross-section in LHCb acceptance 
• σbb = (164.9 ± 2.3 ± 14.6) µb 

• theory prediction 111+51
–44 µb  

from FONLL [arXiv:1507.06197] 

‣ measured ratio  
• σbb(13 TeV)/σbb(7 TeV) = 2.30 ± 0.25 ± 0.19 

• theory FONLL predicts 1.70+0.21
–0.15 

• tensions at low η

14

wrong-sign muon and hadron combinations is 0.7% at 7 TeV and 2.0% at 13 TeV. The158

fake rates caused by b decays to two charmed hadrons where one decays semileptonically159

have been evaluated from simulation and are about 2%, when averaged over all charmed160

species.161

The inclusive b-hadron cross-sections as functions of ⌘ are given in Fig. 3, along162

with a theoretical prediction called FONLL [33]. These results are consistent with and163

supersede our previous results at 7 TeV [4]. The ratio of cross-sections is predicted with164

less uncertainty, and indeed most of the experimental uncertainties also cancel, with the165

largest exception being the luminosity error. In Fig. 3 (c), we compare the ⌘-dependent166

cross-section ratio for 13 TeV divided by 7 TeV. We see higher ratios at lower values of ⌘167

than given by the prediction, which indicates that the cross-section at ⌘ values near two168

is growing faster than at larger values.169

The results as a function of ⌘ are listed in Table 5. The total cross-sections at 7 and170

13 TeV and their ratio integrated over 2 < ⌘ < 5 are 71.5±0.5±6.5 µb, 164.6±2.3±14.6 µb,171

and 2.30± 0.21± 0.19, respectively. This agrees with the theoretical prediction at 7 TeV172

of 62+28
�22 µb, is a bit larger than the 13 TeV prediction of 111+51

�44 µb and with the ratio173

prediction of 1.79+0.21
�0.15, but disagrees in shape.174

η
2 3 4 5

b]
µ [

ηd
X

)/
b

 H
→

(p
p

σd

0
5

10
15
20
25
30
35
40
45
50

(a)FONLL

Data

LHCb 7 TeV   

η
2 3 4 5

b]
µ [

ηd
X

)/
b

 H
→

(p
p

σd

0
10
20
30
40
50
60
70
80
90 (b)FONLL

Data

LHCb 13 TeV   

η
2 3 4 5

)
ηd

X
)/

b
 H

→
(p

p
σd(

13
/7

R

0

0.5

1

1.5
2

2.5

3

3.5

4
(c)FONLL

Data

7 TeV
13 TeVLHCb 

Figure 3: The cross-section as a function of ⌘ for �(pp ! H
b

X), where H
b

is a hadron that
contains either a b or a b quark, but not both, at center-of-mass energies of 7 TeV (a) and 13 TeV
(b). The ratio is shown in (c). The smaller error bars (black) show the statistical uncertainties
only, and the larger ones (blue) have the systematic uncertainties added in quadrature. The solid
line (red) gives the theoretical prediction, while the shaded band gives the estimated uncertainty
on the predictions ±1 �.
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J/ψ and ψ(2S) production @13 TeV

‣ central exclusive production  
• diffractive process, protons remain intact 

• interaction mediated by pomerons 

‣ cross-section measurements useful for  
• testing QCD 

• description of pomerons 

• probing the gluon PDF, down to x = 2 x 10–6 

‣ first result with the inclusion of HeRSChel!
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Run II
LHCb-CONF-2016-007
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Table 3: Di↵erential cross-section results for J/ (top) and  (2S) (bottom). Only statistical
uncertainties are quoted.

J/ rapidity 2.00-2.25 2.25-2.50 2.50-2.75 2.75-3.00 3.00-3.25
d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 38± 4 114± 7 185± 11 243± 12 282± 14
Acceptance 0.096± 0.003 0.280± 0.005 0.460± 0.006 0.628± 0.006 0.733± 0.005
d�pp!pJ/ p/dy (nb) 6.7± 0.7 6.8± 0.4 6.8± 0.4 6.5± 0.3 6.5± 0.3
J/ rapidity 3.25-3.50 3.50-3.75 3.75-4.00 4.00-4.25 4.25-4.50
d�J/ !µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 272± 14 222± 11 156± 8 90± 6 28± 3
Acceptance 0.721± 0.005 0.620± 0.006 0.471± 0.006 0.287± 0.006 0.095± 0.004
d�pp!pJ/ p/dy (nb) 6.4± 0.3 6.0± 0.3 5.6± 0.3 5.3± 0.3 5.0± 0.4

 (2S) rapidity 2.0-3.0 3.0-3.5 3.5-4.5
d� (2S)!µ+µ�/dy
(2 < ⌘µ+⌘µ� < 4.5) (pb) 3.3± 0.5 5.8± 0.9 3.1± 0.5
Acceptance 0.362± 0.003 0.726± 0.004 0.372± 0.003
d�pp!p (2S)p/dy (nb) 1.20± 0.22 1.03± 0.19 1.09± 0.21

The di↵erential cross-sections per rapidity for two muons, both inside the fiducial
acceptance of 2.0 < ⌘ < 4.5, are given in Table 3. This quantity has the lowest model
dependence. Summing these leads to integrated cross-sections times branching fractions of

�J/ !µ+µ�(2.0 < ⌘µ+
, ⌘µ�

< 4.5) = 407± 8± 24± 16 pb
� (2S)!µ+µ�(2.0 < ⌘µ+

, ⌘µ�
< 4.5) = 9.4± 0.9± 0.6± 0.4 pb.

The first uncertainty is statistical and includes the data-driven e�ciency calculations
and the fit to determine the purity, the second is systematic, and the third uncertainty of
3.9% is due to the luminosity determination.

To compare with theoretical predictions, which are generally expressed without fiducial
requirements on the muons, the di↵erential cross-sections for J/ and  (2S) mesons as a
function of meson rapidity are found by correcting for the branching fractions to muon
pairs [23], B(J/ ! µµ) = 0.0593± 0.0006, B( (2S) ! µµ) = 0.0077± 0.0008, and by
the fraction of those muons that fall inside the fiducial acceptance of the measurement.
The acceptance is determined using SuperCHIC and tabulated in Table 3 along with
the di↵erential cross-section results. These are plotted in Fig. 5 and compared to the
theoretical calculations of Ref. [24, 25]. The J/ measurement is more consistent with
the approximate-NLO prediction than with LO. The  (2S) measurement is statistically
limited, though also more consistent with the NLO prediction.

The cross-section for the CEP of vector mesons in pp collisions is related to the
photo-production cross-section, ��p! p, through [24]

�pp!p p = r(W+)k+
dn

dk+
��p! p(W+) + r(W�)k�

dn

dk�
��p! p(W�). (1)
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Figure 2: The di↵erential cross-section as a function of the Z boson rapidity, compared between
theory and data. The bands correspond to the data, with the inner band corresponding to
the statistical uncertainty and the outer band corresponding to the total uncertainty. The
points correspond to O(↵2

s

) predictions with di↵erent PDF sets. The inner error bars on these
points are due to the PDF uncertainty, with the outer error bars giving the contribution of all
uncertainties. The di↵erent predictions are displaced horizontally within bins to enable ease of
comparison. The upper plot shows the di↵erential cross-section, and the lower plot shows the
same information as ratios to the central values of the NNPDF3.0 predictions.
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Forward Z boson production at √s=13 TeV

‣ measure σ(Z→l+l–) with l± = e±, µ± 

‣ probe lower Bjorken-x than in Run I 

‣ good agreement 
• between the two final state cross-sections 

• differential cross-section distributions vs. theory 

‣ first step towards further Run II studies 
• great potential for LHCb's 

electroweak programme
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Run I

Photon polarisation in Bs→φγ
‣ decay-time dependent decay rate 

• photon polarisation parameter 

- angular observables in B0→K⁎0e+e– also sensitive 

• well measurable due to large decay width difference  
∆Γs = 0.083 ± 0.006 ps–1 

‣ use B0→K⁎0γ as control channel 

• here ∆Γd≈ 0, thus can determine decay-time related effects

17

Photon polarization in B0
s ! �� LHCB-PAPER-2016-034 (in preparation)

NEW!!

First measurement of the photon polarization in B0
s decays

New measurement by LHCb using 3 fb�1 (Run 1 data)

Photon polarization extracted from time-dependent decay rate in B0
s ! ��, due to

the interference of mixing and decay:

�B0
s !��(t) / e��s t

h
cosh (��st/2)�A� sinh (��st/2)

i

��s = 0.083± 0.006 ps�1 is the decay
width di↵erence of the B0

s system
[HFAG: arXiv:1412.7515]

A� ' 2Re (e�i�s C7 C
0
7)

|C7|2 + |C0
7|2

SM prediction: A�
SM = 0.047+0.029

�0.025 [PRB 664 (2008) 174]

Due to the small ��d in the B0/B̄0 mixing, the decay rate of the B0 ! K⇤0� decay
is an exponential:

�B0!K⇤0�(t) / e��d t

6 / 12

Photon polarization in B0
s ! ��: Mass fit

The B0
s ! �� (signal) and B0 ! K⇤0� (control) decays are reconstructed, with two

opposite sign hadrons (� ! K+K� and K⇤0 ! K±⇡⌥) and a high-ET photon in
the final state

Signal and background yields extracted from mass distributions
Modelling of the mass distributions:

– Signal: modified Crystal Ball, with tails in both sides of the peak
– Combinatorial: First-order polynomial
– Partially reconstructed: ARGUS convolved with a Gaussian
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Photon polarisation in B0
s

Ñ ��

Untagged decay time in B

0
s

Ñ �� decay [LHCb-PUB-2009-029]:

�
B

0
s

pB0
s

qÑ��9e

´�
B

0
s

tpcosh ��
s

t

2
´ A� sinh

��
s

t

2
q

The photon polarisation parameter A�
[PRL79(1997)185,PRD71(2005)076003]:

A� « sin 2 cos'
s

where '
s

« 0 is the di↵erence of
the B

0
s

-B

0
s

mixing phase �
s

and CP-odd weak phases �s

R

` �s

L

for right A
R

and left A
L

amplitudes.

The parameter  is given by the fraction of “wrongly”-polarized photons

tan ” ApB0
s

Ñ ��
R

q
ApB0

s

Ñ ��
L

q

where A

LpRq is the real part of the amplitude A
LpRq.

Standard Model: A�
SM “ 0.047 ˘ 0.025 ` 0.015 [Muheim et al. PLB664(2008)174]
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mixing phase

dominant left-handed  
polarisation expected
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time-dependent analysis of the B0
s

! �� decay rate is conducted to determine the A�
157

parameter, which is related to the ratio of right- over left-handed photon polarization158

amplitudes in b! s� transitions. More than 4000 signal events are reconstructed. The159

decay-time-dependent e�ciency is calibrated using a six times larger B0! K⇤0� sample.160

An unbinned simultaneous fit to the B0
s

! �� and B0! K⇤0� data samples is performed.161

A value of162

A� = �0.98 +0.46
� 0.52

+0.23
� 0.20163

is measured, where the first uncertainty is statistical and the second systematic. This is164

the first time-dependent analysis of a radiative B0
s

decay. The result is compatible with165

the SM expectation of A�
SM = 0.047 +0.029

� 0.025 within two standard deviations.166
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Photon polarisation in Bs→φγ

‣ experimental challenges 
•   

- resolution from simulations 

- control acceptance by using B0→K⁎0γ 

• comb. & partially reconstructed backgrounds 

• peaking backgrounds
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Figure 2: Background-subtracted decay-time distributions for B0! K⇤0� (top) and B0
s

! ��
(bottom) decays with the fit projections overlaid and normalized residuals shown below. For
display purposes, the PDF is shown as a histogram, integrated across each decay-time interval.

The decay-time-dependent e�ciency is parameterized as

✏(t) = e�↵t

[a (t� t0)]n

1 + [a (t� t0)]n
for t � t0, (3)

where the parameters a and n describe the curvature of the e�ciency function at low
decay times, t0 is the decay time below which the e�ciency function is zero, and ↵
describes the decrease of the e�ciency at high decay times. Large simulated samples of
B0

s

! �� or B0 ! K⇤0� decays are used to validate this parameterization. The signal
PDF is found to describe the reconstructed decay-time distribution of selected simulated
candidates over the full decay-time range. To assess whether the simulation reproduces
the decay-time-dependent e�ciency, the B0! K⇤0� data sample alone is used to fit ⌧

B

0 ,
fixing the e�ciency parameters to those from the simulation. The fitted value of ⌧

B

0 is
1.524± 0.013 ps, where the uncertainty is statistical only, in agreement with the world
average value [3]. In the simultaneous fit to the data, a and n are fixed to the values in

4

Extract A�
from propertime study

Propertime PDF:

Pptq “ rPhysics ˆ Acceptances b Resolution

Acceptance Aptqlow ˆ Aptqhigh: trigger, tracking, reconstruction and
selection requirements

Parameterization of the acceptance using

function Aptq:

Aptq “ rapt ´ t0qsn
1 ` rapt ´ t0qsn ˆ e

´��t

Aptqlow Aptqhigh

Key in the photon polarization measurement;

Need to be precisely determined/controlled.
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decay times, t0 is the decay time below which the e�ciency function is zero, and ↵
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B0

s

! �� or B0 ! K⇤0� decays are used to validate this parameterization. The signal
PDF is found to describe the reconstructed decay-time distribution of selected simulated
candidates over the full decay-time range. To assess whether the simulation reproduces
the decay-time-dependent e�ciency, the B0! K⇤0� data sample alone is used to fit ⌧

B

0 ,
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Figure 3: Decay-time dependence of the ratio of the yields of B0
s

! �� and B0! K⇤0�, with
the fit overlaid. The expected distribution for the central value of the SM prediction [2] is also
shown.

the simulation, which are the same for both channels. For t0 and ↵, a global o↵set is
allowed between data and the simulation.

Pseudoexperiments are used to validate the overall fit procedure. For each pseudo-
experiment, samples of B0

s

! �� and B0 ! K⇤0� candidates are generated, including
both signal and background contributions. The expected yields are taken from the fit
to the data, as is the signal mass shape. Background events are generated according to
the mass and decay-time PDFs determined from fits to samples of events generated with
the full LHCb simulation. For each pseudoexperiment, the mass fits to the B0

s

! �� and
B0 ! K⇤0� samples are performed, followed by the decay-time fit to the background-
subtracted samples. The procedure is tested in samples of pseudoexperiments generated
with di↵erent values of A�. No bias on the average fitted value of A� is observed. Statis-
tical uncertainties are found to be underestimated by an amount that depends on A�;
the e↵ect is 5.8% for the value seen in data and is accounted for in the results below.

The B0! K⇤0� and B0
s

! �� background-subtracted decay-time distributions and the
corresponding fit projections are shown in Fig. 2. The fitted value of A� is �0.98 +0.46

� 0.52.
The statistical uncertainty includes a contribution due to the uncertainties on the physics
parameters ⌧

B

0 , �
s

and ��
s

, which is estimated to account for +0.10
� 0.17.

In an alternative approach, A� is calculated from the ratio of the yields of B0
s

! ��
and B0! K⇤0� in bins of decay time. Based on a study of pseudoexperiments, the binning
scheme is designed to have the same number of events in each bin, thereby optimizing
the overall sensitivity to A�. Decay-time-dependent e�ciency and resolution e↵ects are
taken into account by calculating correction factors in each bin before fitting for A�.
Pseudoexperiments are used to validate this approach and to test its sensitivity, which is
found to be equivalent to that of the baseline procedure. The fit to the data is shown in
Fig. 3, along with the expected distribution for the central value of the SM prediction
for A�. The fitted value is A� = �0.85 +0.43

� 0.46. The statistical uncertainty is strongly
correlated with that of the baseline approach; the di↵erence between the two results is
well within the range expected from pseudoexperiments.

The dominant systematic uncertainty comes from the background subtraction. It is
evaluated to be +0.19

� 0.20 and includes contributions from potential correlations between the

5
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The decay-time-dependent e�ciency is parameterized as

✏(t) = e�↵t

[a (t� t0)]n

1 + [a (t� t0)]n
for t � t0, (3)

where the parameters a and n describe the curvature of the e�ciency function at low
decay times, t0 is the decay time below which the e�ciency function is zero, and ↵
describes the decrease of the e�ciency at high decay times. Large simulated samples of
B0

s

! �� or B0 ! K⇤0� decays are used to validate this parameterization. The signal
PDF is found to describe the reconstructed decay-time distribution of selected simulated
candidates over the full decay-time range. To assess whether the simulation reproduces
the decay-time-dependent e�ciency, the B0! K⇤0� data sample alone is used to fit ⌧
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0 ,
fixing the e�ciency parameters to those from the simulation. The fitted value of ⌧
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0 is
1.524± 0.013 ps, where the uncertainty is statistical only, in agreement with the world
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4

 [ps]t
0 5 10

R
at

io
 o

f c
an

di
da

te
 y

ie
ld

s

0

0.05

0.1

0.15

0.2

0.25

0.3

Data
Fit
SM

LHCb

Figure 3: Decay-time dependence of the ratio of the yields of B0
s

! �� and B0! K⇤0�, with
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the simulation, which are the same for both channels. For t0 and ↵, a global o↵set is
allowed between data and the simulation.

Pseudoexperiments are used to validate the overall fit procedure. For each pseudo-
experiment, samples of B0

s

! �� and B0 ! K⇤0� candidates are generated, including
both signal and background contributions. The expected yields are taken from the fit
to the data, as is the signal mass shape. Background events are generated according to
the mass and decay-time PDFs determined from fits to samples of events generated with
the full LHCb simulation. For each pseudoexperiment, the mass fits to the B0
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! �� and
B0 ! K⇤0� samples are performed, followed by the decay-time fit to the background-
subtracted samples. The procedure is tested in samples of pseudoexperiments generated
with di↵erent values of A�. No bias on the average fitted value of A� is observed. Statis-
tical uncertainties are found to be underestimated by an amount that depends on A�;
the e↵ect is 5.8% for the value seen in data and is accounted for in the results below.

The B0! K⇤0� and B0
s

! �� background-subtracted decay-time distributions and the
corresponding fit projections are shown in Fig. 2. The fitted value of A� is �0.98 +0.46

� 0.52.
The statistical uncertainty includes a contribution due to the uncertainties on the physics
parameters ⌧

B

0 , �
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, which is estimated to account for +0.10
� 0.17.

In an alternative approach, A� is calculated from the ratio of the yields of B0
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and B0! K⇤0� in bins of decay time. Based on a study of pseudoexperiments, the binning
scheme is designed to have the same number of events in each bin, thereby optimizing
the overall sensitivity to A�. Decay-time-dependent e�ciency and resolution e↵ects are
taken into account by calculating correction factors in each bin before fitting for A�.
Pseudoexperiments are used to validate this approach and to test its sensitivity, which is
found to be equivalent to that of the baseline procedure. The fit to the data is shown in
Fig. 3, along with the expected distribution for the central value of the SM prediction
for A�. The fitted value is A� = �0.85 +0.43

� 0.46. The statistical uncertainty is strongly
correlated with that of the baseline approach; the di↵erence between the two results is
well within the range expected from pseudoexperiments.
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evaluated to be +0.19

� 0.20 and includes contributions from potential correlations between the

5

‣ experimental challenges 
•   

- resolution from simulations 

- control acceptance by using B0→K⁎0γ 

• comb. & partially reconstructed backgrounds 

• peaking backgrounds
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Figure 2: Background-subtracted decay-time distributions for B0! K⇤0� (top) and B0
s

! ��
(bottom) decays with the fit projections overlaid and normalized residuals shown below. For
display purposes, the PDF is shown as a histogram, integrated across each decay-time interval.

The decay-time-dependent e�ciency is parameterized as

✏(t) = e�↵t

[a (t� t0)]n

1 + [a (t� t0)]n
for t � t0, (3)

where the parameters a and n describe the curvature of the e�ciency function at low
decay times, t0 is the decay time below which the e�ciency function is zero, and ↵
describes the decrease of the e�ciency at high decay times. Large simulated samples of
B0

s

! �� or B0 ! K⇤0� decays are used to validate this parameterization. The signal
PDF is found to describe the reconstructed decay-time distribution of selected simulated
candidates over the full decay-time range. To assess whether the simulation reproduces
the decay-time-dependent e�ciency, the B0! K⇤0� data sample alone is used to fit ⌧

B

0 ,
fixing the e�ciency parameters to those from the simulation. The fitted value of ⌧

B

0 is
1.524± 0.013 ps, where the uncertainty is statistical only, in agreement with the world
average value [3]. In the simultaneous fit to the data, a and n are fixed to the values in

4

result:  
• first measurement of polarisation in Bs mesons 

• consistent with SM expectation within 2σ 

• statistically limited

time-dependent analysis of the B0
s

! �� decay rate is conducted to determine the A�
157

parameter, which is related to the ratio of right- over left-handed photon polarization158

amplitudes in b! s� transitions. More than 4000 signal events are reconstructed. The159

decay-time-dependent e�ciency is calibrated using a six times larger B0! K⇤0� sample.160

An unbinned simultaneous fit to the B0
s

! �� and B0! K⇤0� data samples is performed.161

A value of162

A� = �0.98 +0.46
� 0.52

+0.23
� 0.20163

is measured, where the first uncertainty is statistical and the second systematic. This is164

the first time-dependent analysis of a radiative B0
s

decay. The result is compatible with165

the SM expectation of A�
SM = 0.047 +0.029

� 0.025 within two standard deviations.166
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Flavour tagged analyses
‣ decay-time dependent CP analyses 

• require the knowledge of the initial B production flavour 

• flavour tagging algorithms exploit event information 

‣ recent analyses 
• “Measurement of the CP-violating phase and decay-

width difference in Bs→ψ(2S)φ decays”   
- tagging power of 3.9% 

• “Measurement of CP violation in B0→D+D− decays” 
- precision on CPV significantly improved w.r.t. B factories 

- exploiting new tagging algorithms 

- tagging power of 8.1%!

20

Run I

D+ D- SCP vs CCP

Contours give -2∆(ln L) = ∆χ2 = 1, corresponding to 39.3% CL for 2 dof
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CP violation in b-baryons

‣ strategy: use Λb→pπ–π+π– decays 
• search for CP-violating asymmetries in triple-

products of final-state momenta 

• study local CPV as a function of the angle Φ 
between the pπ– and π+π– decay planes 

‣ evidence for CP violation at 3.3σ 

‣ first evidence for CP violation in baryons!
21
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Figure 3: Definition of the � angle. The decay planes formed by the p⇡�
fast

and the ⇡�
slow

⇡+

systems in the ⇤0

b

rest frame. The momenta of the particles, represented by vectors, determine
the decay planes and the angle � measures their relative orientation.

contributions. Scheme B exploits in more detail the interference of these contributions,137

which is visible as a function of the angle � 2 [�⇡, ⇡] [18] between the decay planes138

formed by the p⇡

�
fast

and the ⇡

�
slow

⇡

+ systems, as illustrated in Fig. 3. Scheme B has139

10 nonoverlapping bins of width ⇡/10 in |�|. For every bin in each of the schemes,140

the ⇤

0

b

e�ciencies for C b
T

> 0 and C b
T

< 0 are compared and found to be equal within141

uncertainties, and likewise the ⇤

0

b

e�ciencies for C b
T

> 0 and C b
T

< 0. The analysis142

technique is validated on the ⇤

0

b

! ⇤

+

c

(pK�
⇡

+)⇡� control sample, for which the angle �143

is defined by the decay planes of the pK� and ⇡

+

⇡

� pairs, and on simulated signal events.144

The asymmetries measured in ⇤

0

b

! p⇡

�
⇡

+

⇡

� decays with these two binning schemes145

are shown in Fig. 4 and reported in Table 2, together with the integrated measurements.146

For each scheme individually, the compatibility with the CP conservation hypothesis is147

evaluated by means of a �

2 test, with �

2 = R

T

V

�1

R, where R is the array of ab
T -odd

CP

148

measurements and V is the covariance matrix, which is the sum of the statistical and149

systematic covariance matrices. An average systematic uncertainty, whose evaluation is150

discussed below, is assigned for all bins. The systematic uncertainties are assumed to be151

fully correlated, and their contribution is small compared to the statistical uncertainties.152

The p-values of the CP conservation hypothesis are 4.9⇥ 10�2 and 7.1⇥ 10�4 for schemes153

A and B, corresponding to statistical significances of 2.0 and 3.4 Gaussian standard154

deviations (�). A similar �2 test is performed on a

b
T -odd

P

measurements with p-values for155

the P conservation hypothesis of 5.8⇥ 10�3 (2.8�) and 2.4⇥ 10�2 (2.3�), for scheme A156

and B, respectively.157

Since the results from schemes A and B are not statistically independent, the overall158

significance for CPV in ⇤

0

b

! p⇡

�
⇡

+

⇡

� decays is determined by means of a permutation159

test [41]. Pseudoexperiments are generated from the data by assigning each event a random160

⇤

0

b

/⇤0

b

flavour such that CP symmetry is enforced. The sign of C b
T

is unchanged if a ⇤

0

b

161

candidate stays ⇤0

b

and reversed if the ⇤

0

b

candidate becomes ⇤0

b

to preserve correlations162

between scheme A and scheme B. The p-value of the CP conservation hypothesis is163

determined as the fraction of pseudoexperiments with �

2 larger than that measured in164

data. Applying this method to the �

2 values from schemes A and B individually, the165

p-values obtained agree with those from the �

2 test. To assess a combined significance166
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Search for indirect CP violation in D0 mixing

‣ decay-time dependent asymmetry in K+K– and π+π– final states 

‣ analyses 
• use initial D⁎±→ D0π± for tagging the production flavour 

• challenge: avoid experimental biases 
- detector and reconstruction asymmetries 

- non-uniform decay-time acceptance

22

LHCb-CONF-2016-009, LHCb-CONF-2016-010
Run I

ACP (t ) =
� (D 0(t )! f ) � � (D 0

(t )! f )

� (D 0(t )! f ) + � (D
0
(t )! f )

⇡ adir
CP +

t

⌧D
a ind
CP

A� = �a ind
CP

A� =
�̂ (D 0 ! f ) � �̂ (D 0 ! f )

�̂ (D 0 ! f ) + �̂ (D
0 ! f )
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Figure 3: Asymmetry between D0 and D0 data overlaid by the total fit and prompt signal fit
component for the K+K� final state. The data are from all subsets and the fit components are
constructed from the individual fits to each subset. The residual between data and fit is shown
in units of statistical standard deviation, labelled as pull.

of the normalised residual, or pull, shown below the plot is well behaved and demonstrates175

the similarity of the e↵ect between the D

0 and D

0 samples. The corresponding asymmetry176

for the ⇡

+
⇡

� final state can be found in the appendix. Systematic uncertainties are177

assigned to account for remaining di↵erences between the e↵ects from the two flavours.178

The yields returned by the fits indicate that the samples contain about 6.7 ⇥ 106
179

D

0 ! K

+
K

� and 2.2 ⇥ 106
D

0 ! ⇡

+
⇡

� signal events, for which the D

⇤+ meson is180

produced directly in the pp collision. The purities with respect to the total number of181

selected events are 85.1% and 84.3%, respectively, as measured in a region of two standard182

deviations of the signal peaks in m(hh) and �m, using the fractions of candidate classes183

returned by the two fit stages.184

5 Systematic uncertainties and cross-checks185

The measurement techniques for A� are applied to the Cabibbo-favoured K

�
⇡

+ final186

state, where no asymmetry is expected. This dataset contains 58.0⇥ 106 prompt signal187

events, more than eight times larger than the K

+
K

� dataset, providing a powerful check188

of the method. The measured lifetime agrees to within 1% with the world average D

0
189

lifetime [19]. The analysis is applied to this channel to yield a pseudo-A� measurement.190

The values obtained from the six subsets have a p-value of 0.70. The weighted average of191

these results over all subsets is A�(D0! K

�
⇡

+
, 2012) = (�0.07 ± 0.15) ⇥ 10�3, where192

the uncertainty is only statistical. As expected, the result is consistent with zero and193

shows no dependence on the magnet polarity or data taking period.194

A large number of simulated pseudo-experiments, generated with both zero and non-195

zero values for A�, are performed to confirm the validity and uncertainties of the results.196

Furthermore, the dependence of the measured A� values in data on D

0 kinematics and197

flight direction, on soft pions observed close to the beamline or the outer edge of the198

detector fiducial volume, the selection at the hardware trigger stage, and the vertex199

6

Search for indirect CPV in D0 mixing
‣ two independent analyses  

• binned fit [LHCb-CONF-2016-009] 

- perform the analysis in bins of decay time 

- reduces effects from acceptance  

• unbinned fit [LHCb-CONF-2016-010] 

- evaluate per-event decay-time acceptance function 

‣ consistent within 1σ (incl. correlations) 

‣ world's best measurements!

23

AΓ = (–0.07 ± 0.34) x 10–3

AΓ = (–0.12 ± 0.30) x 10–3

LHCb-CONF-2016-009, LHCb-CONF-2016-010
Run I
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Figure 5: Raw asymmetry (top left) and corrected asymmetry (bottom left) as function of the
proper decay time for D0! K+K� decay mode in the four subsamples, with fit overlaid. Right
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(D0! K+K�) results.
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Direct CP violation in D0 decays
‣ measure asymmetry of decay rate 

• expect very small CP violation in the SM 

• determine experimental asymmetries from 
control channels 

‣ combined results w. previous analyses

24
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Results
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Table 3: Systematic uncertainties from the di�erent categories. The quadratic sum is given.

Category Systematic uncertainty[%]
Extraction of raw asymmetries:

Fit model 0.025
Peaking background 0.015

Cancellation of nuisance asymmetries:
Additional fiducial cuts 0.040
Weighting configuration 0.062
Weighting simulation 0.054
Secondary charm meson 0.039

Neutral Kaon asymmetry 0.014
Quadratic sum 0.10

5 Summary and combination with previous LHCb283

measurements284

The time-integrated CP asymmetry in D0 � K�K+ decays has been measured using285

data collected at the LHCb experiment and determined to be:286

ACP (K�K+) = (0.14 ± 0.15 (stat) ± 0.10 (syst))%. (9)

This result can be combined with previous LHCb measurements of the same and related287

quantities. In Ref. [17], ACP (K�K+) was measured to be Asl
CP (K�K+) = (�0.06 ±288

0.15 (stat) ± 0.10 (syst))% for D0 mesons originating from semileptonic b decays. Since289

the same D+ decay channels were employed for the cancellation of nuisance detection290

asymmetries, the result is partially correlated with the value presented in this Letter.291

The statistical correlation coe�cient is calculated to be �stat = 0.36 and the systematic292

uncertainties are conservatively estimated to be fully correlated. A weighted average293

results in the following combined value for the CP asymmetry in the D0 �K�K+ channel294

Acomb
CP (K�K+) = (0.04 ± 0.12 (stat) ± 0.10 (syst))%. (10)

The di�erence in CP asymmetries between D0 �K�K+ and D0 �⇡�⇡+ decays, �ACP ,295

was measured at LHCb using prompt tagged charm decays [16]. A combination of the296

measurement of ACP (K�K+) presented in this Letter with �ACP yields a value for297

ACP (⇡+⇡�):298

ACP (⇡+⇡�) = ACP (K+K�) � �ACP = (0.24 ± 0.15 (stat) ± 0.11 (syst))%. (11)

The statistical correlation coe�cient of the two measurements is �stat = 0.24, and the299

systematic uncertainties of the two analyses are conservatively assumed to be fully300

uncorrelated.301

The correlation coe�cient of this value to the measurement of Asl
CP (⇡�⇡+) = (�0.19 ±302

0.20 (stat) ± 0.10 (syst))% using semileptonic tagged decays at LHCb [17] is �stat = 0.28.303

The weighted average of the values is304

Acomb
CP (⇡�⇡+) = (0.07 ± 0.14 (stat) ± 0.11 (syst))%,
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LHCb-PAPER-2016-035, in preparation

no 
evidence 
for CPV

Time-integrated	measurement	of	CP	
viola=on	in	the	D0àK+K-	decay	

•  Measured	with	D*-tagged	decays	
using	the	full	Run-1	dataset	

12	

•  When	averaging	with	the	
semileptonic-tagged	result	
previously	published,	accoun,ng	for	
correla,ons	

•  Most	precise	,me-integrated	
asymmetry	from	a	single	experiment	
to	date	 LHCb-PAPER-2016-035	in	prepara,on	
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to ±7MeV.
The mass distribution of the remaining J/ �K

+ combinations is shown in Fig. 2
together with a fit of the B

+ signal represented by a symmetric double-sided Crystal Ball
function [38] on top of a quadratic function for the background. The fit yields 4289± 151
B

+ ! J/ �K

+ events. Integration of the fit components in the 5270–5290MeV region
(twice the B

+ mass resolution on each side of its peak) used in the amplitude fits, gives
a background fraction (�) of (23 ± 6)%. A Gaussian signal shape and a higher-order
polynomial background function are used to assign systematic uncertainties which are
included in, and dominate, the uncertainty given above. The B+ invariant mass sidebands,
5225–5256 and 5304–5335MeV, are used to parameterize the background in the amplitude
fit.

The B

+ candidates for the amplitude analysis are kinematically constrained to the
known B

+ mass [36] and to point to the closest pp interaction vertex. The measured value
of m

K

+
K

� is used for the � candidate mass, since the natural width of the � resonance is
larger than the detector resolution.

4 Matrix element model

We consider the three interfering processes corresponding to the following decay sequences:
B

+ ! K

⇤+
J/ , K⇤+ ! �K

+ (referred to as the K

⇤ decay chain), B+ ! XK

+, X !
J/ � (X decay chain) and B

+ ! Z

+

�, Z+ ! J/ K

+ (Z decay chain), all followed by
J/ ! µ

+

µ

� and � ! K

+

K

� decays. Here, K⇤+, X and Z

+ should be understood as
any �K+, J/ � and J/ K

+ contribution, respectively.

Figure 3: Definition of the ✓
K

⇤ , ✓
J/ 

, ✓
�

, ��
K

⇤
,J/ 

and ��
K

⇤
,�

angles describing angular
correlations in B

+ ! J/ K

⇤+, J/ ! µ

+

µ

�, K⇤+ ! �K

+, �! K

+

K

� decays (J/ is denoted
as  in the figure).

We construct a model of the matrix element (M) using the helicity formalism [39–41]
in which the six independent variables fully describing the K⇤+ decay chain are m

�K

, ✓
K

⇤ ,
✓

J/ 

, ✓
�

, ��
K

⇤
,J/ 

and ��
K

⇤
,�

, where the helicity angle ✓
P

is defined as the angle in the
rest frame of P between the momentum of its decay product and the boost direction from
the rest frame of the particle which decays to P , and �� is the angle between the decay

6

Observation of four exotic-like particles
‣ X→ J/ψφ decays in B±→ J/ψφK± decays 

‣ “history” 
• CDF observed a narrow structure, X(4140), and 

hint for another structure, X(4274) 

• exotic: narrow and above DsDs threshold 

• also seen by D0 and CMS 

‣ new, unique analysis by LHCb 
• first full amplitude analysis (6D likelihood fit) 

• measurement of quantum numbers 

• X(4140) and X(4274) seen (both JPC=1++) 
- X(4140) described as Ds

+Ds*
– cusp is preferred by fit  

• 2 additional structures, X(4500) and X(4700) 
(both JPC=0++)

25

X(4140) @8.4σ X(4274) @6.0σ
X(4500) @6.1σ X(4700) @5.6σ

LHCb-PAPER-2016-019, arXiv:1606.07898
Run I

http://cdsweb.cern.ch/search?p=LHCb-PAPER-2016-019*&f=&action_search=Search&c=Articles+&+Preprints
http://www.arxiv.org/abs/1606.07898
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(e) TIS-TIS-TOSµµ bin 9
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(f) TIS-TIS-TOSµµ bin 10

Figure 6: Fits to the reconstructed kaon mass distributions, for the BDTcb bins 9 and 10 in
the three trigger categories. The fitted model is shown in blue, and the background compo-
nents are overdrawn for (orange) combinatorial background and (green) K0

S ! ⇡+⇡� double
misidentification. For each fit, the pulls are shown on the lower smaller plots.
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Search for KS→µ+µ– decays

‣ KS→µ+µ– has not been observed 
• in SM: FCNC transition with additional 

suppression due to small CPV 
- SM prediction: BR(KS→µ+µ–) = (5.0 ± 1.5) x 10–15 

- experimental upper limit < 11 x 10–9 @95% CL 

‣ analysis using 2 fb–1 of Run I 
• normalisation channel KS→π+π–  

• fit the kaon mass in bins of trigger 
selection and MVA output 

‣ preliminary upper limit

26

LHCb-CONF-2016-012

910×) -µ+µ→0
S

BR(K
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C
L
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Figure 7: Confidence level (CL) of exclusion for each value of the K0
S ! µ+µ� branching fraction.

The regions corresponding to 90% and 95% CL are emphasised in magenta and blue, respectively.
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Publication status

‣ 334 papers submitted 
• +20 papers w.r.t. last LHCC 

• 7 PRL, 5 JHEP, 4 PLB, 2 PRD,  
1 EPJC, 1 Nature Physics 

‣ 15 papers in preparation 

‣ 47 analyses under review

27

2010 2011 2012 2013 2014 2015 2016

many more results in preparation, 
including high precision flavour 

physics results with Run II
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LHCb Upgrade in LS2 – Overview

29

The LHCb Upgrade

H. Schindler on behalf of the LHCb collaboration

XV International Conference on Hadron Spectroscopy, Nara

1 / 19

Muon chambers 
more shielding, upgraded 

readout electronics

RICH 
new PMTs, readout 
electronics, optics

VELO 
new pixel detector Upstream Tracker 

silicon strips

SciFi Tracker 
scintillating fibres

Calorimeters 
reduced PMT gain, new 

electronics

40 MHz readout 
software trigger
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LHCb Upgrade in LS2 – Status
‣ in general a good progress on all subsystems 

• many engineering design and production readiness reviews 
successfully completed during the summer 

• small delays for some of the milestones 

‣ many detectors entering (pre-)production phase 
• several crucial front-end ASICS successfully submitted and 

under test 
- VELOPIX for VELO, SALT-128 for Upstream Tracker, CLARO for RICH 

• large component production started 
- delivery of MA-PMTs for RICH started 

- SciFi Tracker fibre delivery on schedule, fibre mat production started  

‣ preparation of LS2 work and worksite organisation is 
ongoing, profit from EYETS

30

Progress report: RICH - CLARO
• Successful CLARO FE chip PRR

• Preparation for tender in fall 2016; 
production: early 2017

• CLARO 8v3 submitted last winter with improved
radiation resistance by design in the digital part

• First chips received in May

• Intensive irradiation tests for SEE studies:

� Ion beams at Louvain and Legnaro (High LET studies)

� Proton beam in Legnaro (High TID)

� Test at CHARM (CERN) in mixed field ongoing

� ☞ CLARO 8v3 shows much higher radiation resistance
than previous versions and it is fully adequate for the 
expected radiation level

20/09/2016 G. Passaleva 13

CLARO8 single 
photon signal

LHCC meeting
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Summary & Conclusion

‣ LHCb's physics program  
• lots of new, diverse results over the summer 

• many long-expected results presented, and many more to come! 

‣ LHCb operation = LHC's superb efficiency + LHCb's flexibility 
• optimal and dynamic use of resources to maximise the physics output 

• effects on computing are under control in 2016 

• already overtook 2012 data taking in terms of bb-pairs recorded 

• we are preparing for the pPb runs 

‣ LHCb upgrade is progressing well 
• huge progress over the past few months  

• working hard to keep up with our milestones
32


