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LHCb in Run 2
(and Run 1!)
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Run 1
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8 TeV: 2 fb−1

7 TeV: 1 fb−1

7 TeV: 0.04 pb−1
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Run 1
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new physics results overview

overview

314 papers submitted

9 further papers in preparation

41 new analyses under review

M. Schiller for LHCb (CERN) LHCb status report May 25th, 2016 4 / 27

As of May 25

Full list of papers submitted/published: 315 as of June 2.

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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Central exclusive production @ LHCb
Herschel

I Limitation from inelastic background with activity outside of LHCb:

! Need to increase the rapidity gap coverage

I High Rapidity Shower Counter for LHCb (HeRSCheL) installed during TS1.

I Increases the tagging of rapidity gap by 6 units of rapidity (5 < |⌘| < 8).

I Five stations located along the beamline, 2 in the forward (F) LHCb region and 3
in the backward (B).

Victor Coco, on behalf of the LHCb Collaboration Electroweak physics and QCD in the forward direction at LHCb March 22, 2016 35 / 16

Run 2: Detector
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The LHCb detector we 
know and love from Run 1...

... with a new subdetector, 
HERSCHEL*, to instrument  
5 < |η| < 8 for CEP physics.

* High Rapidity Shower Counter for LHCb
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Run 2: 13 TeV data
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As of June 8

... and in addition, heavy ion physics from (p-Pb, Pb-Pb) and from 
SMOG (p-He, p-Ne, p-Ar, Pb-Ar, ...)

Thanks very much to our LHC colleagues for their hard work!

Photo (c) Zefram

https://en.wikipedia.org/wiki/Beech_marten#/media/File:Steinmarder_(cropped).jpg
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Run 2: Trigger
Two key improvements in Run 2:

• Smarter trigger
•Deferred trigger => more CPU time per event

•Real-time calibration => offline-quality reco in HLT

• Higher output rate (3-5 kHz → 12.5 kHz)
•More bandwidth 
(0.3 → 0.6 GB/s)

• Smaller avg event size

•Turbo: use online output  
directly for physics!
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http://cdn.theatlantic.com/static/infocus/animals081911/a09_RTR2P4Y2.jpg
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2016 Turbo++ output
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Physics-quality output, directly from the 
trigger.

Data: some tens of pb−1 from 2016.

Method already used for 13 TeV papers...
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Results with 13 TeV data
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JHEP 10 (2015) 172 [LHCb-PAPER-2015-037] JHEP 03 (2016) 159 [LHCb-PAPER-2015-041]
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Figure 2: Double di↵erential cross-section for prompt J/ mesons as a function of p
T

in bins of
y. Statistical and systematic uncertainties are added in quadrature.

F
b

is taken as a systematic uncertainty. The impact of the choice of t
z

parametrisation for
the long tail component is studied using an exponential function with equal magnitude
for positive and negative slopes and the relative di↵erence of F

b

is taken as a systematic
uncertainty. The total relative systematic uncertainty on the J/ -from-b cross-section
related to the t

z

fit is 0.1%.

6 Results

The measured double di↵erential cross-sections for prompt J/ and J/ -from-b mesons,
assuming no polarisation, are shown in Figs. 2 and 3, and given in Tables 2 and 3. The
cross-sections for prompt J/ and J/ -from-b mesons in the acceptance p

T

< 14GeV/c
and 2.0 < y < 4.5, integrated over all (p

T

, y) bins, are:

�(prompt J/ , p
T

< 14GeV/c, 2.0 < y < 4.5) = 15.30± 0.03± 0.86µb,

�(J/ -from-b, p
T

< 14GeV/c, 2.0 < y < 4.5) = 2.34± 0.01± 0.13µb,

where the first uncertainties are statistical and the second systematic.

6.1 Fraction of J/ -from-b mesons

The fractions of J/ -from-b mesons in di↵erent kinematic bins are given in Fig. 4 and
Table 6. The fraction increases as a function of p

T

, and tends to decrease with increasing
rapidity. These trends are consistent with the measurements at

p
s = 7TeV and

p
s =

8

]c) [GeV/ψJ/(
T
p

0 5 10

)]c
) [

nb
/(G

eV
/

Tpdy
/(d
σ2 d

10

210

310
-1 =3.05 pbintL = 13 TeV, s

LHCb

 <2.5y2.0< 
 <3.0y2.5< 
 <3.5y3.0< 
 <4.0y3.5< 
 <4.5y4.0< 

Table 3: Prompt charm production cross-sections in the kinematic ranges given. The computation
of the extrapolation factors is described in the text. The first uncertainty on the cross-section is
statistical, and the second is systematic and includes the contribution from the extrapolation
factor. No extrapolation factor is given for D+

(s)

as a measurement is available in every bin of the
integrated phase space.

Extrapolation factor Cross-section (µb)

D0 0 < p
T

< 8 GeV/c 2 < y < 4.5 1.0004 ± 0.0009 3370 ± 4 ± 200
D+ 0 < p

T

< 8 GeV/c 2 < y < 4.5 - 1290 ± 8 ± 190

D0 1 < p
T

< 8 GeV/c 2 < y < 4.5 1.0005 ± 0.0009 2460 ± 3 ± 130
D+ 1 < p

T

< 8 GeV/c 2 < y < 4.5 - 1000 ± 3 ± 110
D+

s

1 < p
T

< 8 GeV/c 2 < y < 4.5 - 460 ± 13 ± 100
D⇤+ 1 < p

T

< 8 GeV/c 2 < y < 4.5 1.0004 ± 0.0023 880 ± 5 ± 140

Table 4: Ratios of integrated cross-section-times-branching-fraction measurements in the kine-
matic range 1 < p

T

< 8 GeV/c and 2 < y < 4.5. The first uncertainty on the ratio is statistical
and the second is systematic. The notation �(D ! f) is shorthand for �(D) ⇥ B(D ! f).

Quantity Measurement

�(D+ ! K�⇡+⇡+)/�(D0 ! K�⇡+) 0.959+0.003

�0.003

+0.060

�0.055

�(D+

s

! [K�K+]
�

⇡+)/�(D0 ! K�⇡+) 0.107+0.003

�0.003

+0.008

�0.010

�(D⇤+ ! [K�⇡+]
D

0⇡+)/�(D0 ! K�⇡+) 0.244+0.001

�0.001

+0.027

�0.026

�(D+

s

! [K�K+]
�

⇡+)/�(D+ ! K�⇡+⇡+) 0.112+0.004

�0.004

+0.006

�0.009

�(D⇤+ ! [K�⇡+]
D

0⇡+)/�(D+ ! K�⇡+⇡+) 0.254+0.001

�0.001

+0.016

�0.017

�(D+

s

! [K�K+]
�

⇡+)/�(D⇤+ ! [K�⇡+]
D

0⇡+) 0.444+0.013

�0.013

+0.042

�0.052

The combination of the D0 and D+ measurements, based on the Blue method [43],
gives

�(pp ! ccX)
pT < 8 GeV/c, 2.0<y< 4.5

= 2940 ± 3 ± 180 ± 160 µb,

where the uncertainties are due to statistical, systematic and fragmentation fraction
uncertainties, respectively. A comparison with predictions is given in Fig. 9. The same
figure also shows a comparison of �(pp ! ccX) for 1 < p

T

< 8 GeV/c based on the
measurements of all four mesons. Ratios of the integrated cross-section-time-branching-
fraction measurements are given in Table 4.
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Hidden charm production Open charm production

) �(pp ! b¯bX, 4⇡) = 515± 2± 53µb
of which 99µb in (2.0 < y < 4.5, pT < 14GeV/c)

http://arxiv.org/abs/1509.00771
http://arxiv.org/abs/1510.01707
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New and exciting
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CPV in mixing
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Direct
(time-independent)

Indirect
(time-dependent, mixing-induced)

CPV in mixing 
Γ(Bs→Bs) ≠ Γ(Bs→Bs)

CPV in interference 
between mixing and decay

CPV

Seen only in K0 e.g. sin2β

Γ(B→f) ≠ Γ(B→f)
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CPV in Bs mixing: asl

• Predicted to be small in the SM...

• ... but could be enhanced by NP.

• Study with

12

assl

When neutral B mesons evolve in time they can change into their own antiparticles. This
quantum-mechanical phenomenon is known as mixing and occurs in both neutral B meson
systems, B0 and B0

s

, where B is used to refer to either system. In this mixing process,
the CP (charge-parity) symmetry is broken if the probability for a B meson to change
into a B meson is di↵erent from the probability for the reverse process. This e↵ect can be
measured by studying decays into flavour-specific final states, B ! f , such that B ! f
transitions can only occur through the mixing process B ! B ! f . Such processes include
semileptonic B decays, as the charge of the lepton identifies the flavour of the B meson at
the time of its decay. The magnitude of the CP -violating asymmetry in B mixing can be
characterized by the semileptonic asymmetry a

sl

. This is defined in terms of the partial
decay rates, �, to semileptonic final states as

a
sl

⌘ �(B ! f)� �(B ! f̄)

�(B ! f) + �(B ! f̄)
⇡ ��

�m
tan�

12

, (1)

where �m (��) is the di↵erence in mass (decay width) between the mass eigenstates
of the B system and �

12

is a CP -violating phase [1]. In the Standard Model (SM), the
asymmetry is predicted to be as small as ad

sl

= (�4.7± 0.6)⇥ 10�4 in the B0 system and
as
sl

= (2.22± 0.27)⇥ 10�5 in the B0

s

system [1,2]. However, these values may be enhanced
by non-SM contributions to the mixing process [3].

Measurements of a
sl

have led to an inconclusive picture. In 2010, the D0 collaboration
reported an anomalous charge asymmetry in the inclusive production rates of like-sign
dimuons [4], which is sensitive to a combination of ad

sl

and as
sl

. Their most recent study shows
a discrepancy with SM predictions of about three standard deviations [5]. The current
experimental world averages, excluding the anomalous D0 result, are ad

sl

= (0.01± 0.20)%
and as

sl

= (�0.48 ± 0.48)% [6], compatible with both the SM predictions and the D0
measurement. The measurement of as

sl

presented in this letter is based on data recorded
by LHCb in 2011 and 2012, corresponding to an integrated luminosity of 3.0 fb�1. It
supersedes the previous LHCb measurement [7], which used the 1.0 fb�1 data sample
taken in 2011. Semileptonic decays B0

s

! D�
s

µ+⌫
µ

X, where X represents any number
of particles, are reconstructed inclusively in D�

s

µ+. Charge-conjugate modes are implied
throughout, except in the definitions of charge asymmetry. The D�

s

meson is reconstructed
in the K+K�⇡� final state. This analysis extends the previous LHCb measurement, which
considered only D�

s

! �⇡� decays, by including all possible D�
s

decays to the K+K�⇡�

final state.
Starting from a sample with equal numbers of B0

s

and B0

s

mesons, as
sl

can be measured
without determining (tagging) the initial flavour. The raw asymmetry of observed D�

s

µ+

and D+

s

µ� candidates, integrated over B0

s

decay time, is

A
raw

=
N(D�

s

µ+)�N(D+

s

µ�)

N(D�
s

µ+) +N(D+

s

µ�)
. (2)

The high oscillation frequency �m
s

reduces the e↵ect of the small asymmetry in the
production rates between B0

s

and B0

s

mesons in pp collisions by a factor 10�3 [7, 8].

1

adsl(SM) = (�4.7± 0.6)⇥ 10�4

assl(SM) = (�2.22± 0.27)⇥ 10�5

Bd:

Bs:

arXiv:1511.09466
[Artuso, Borissov, Lenz]

PRD86 (2012) 033008 
[Lenz et al]

Bs ! D�
s µ

+⌫µX

arXiv:1605.09768 [LHCB-PAPER-2016-013]

http://arxiv.org/abs/1511.09466
https://arxiv.org/abs/1203.0238
http://arxiv.org/abs/1605.09768
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CPV in Bs mixing: asl

• Bs mixing rate is fast (period/lifetime ~ 1/4)

• Don't need to tag individual mesons; can simply 
count whether more end up in the Bs or Bs pile.
•Production asymmetry washes out => unimportant.

• Must control detector asymmetry, background.

13

arXiv:1605.09768 [LHCB-PAPER-2016-013]

assl
Neglecting corrections, the untagged, time-integrated asymmetry is A

raw

= as
sl

/2, where
the factor two reduction compared to the tagged asymmetry in Eq. 1 comes from the
summation over mixed and unmixed decays. The tagged asymmetry would actually su↵er
from a larger reduction because of the tagging e�ciency [9, 10]. The raw asymmetry is
still a↵ected by possible di↵erences in detection e�ciency for the two charge-conjugate
final states and by backgrounds from other b-hadron decays to D�

s

µ+X. Hence, as
sl

is
calculated as

as
sl

=
2

1� f
bkg

(A
raw

� A
det

� f
bkg

A
bkg

) , (3)

where A
det

is the detection asymmetry, which is assessed from data using calibration
samples, f

bkg

is the fraction of b-hadron background and A
bkg

the background asymmetry.
The LHCb detector is a single-arm forward spectrometer designed for the study of

particles containing b or c quarks [11, 12]. A high-precision tracking system with a dipole
magnet measures the momentum (p) and impact parameter (IP) of charged particles.
The IP is defined as the distance of closest approach between the track and any primary
proton–proton interaction and is used to distinguish between D�

s

mesons from B decays
and D�

s

mesons promptly produced in the primary interaction. The regular reversal of the
magnet polarity allows a quantitative assessment of detector-induced charge asymmetries.
Di↵erent types of charged particles are distinguished using particle identification (PID)
information from two ring-imaging Cherenkov detectors, an electromagnetic calorimeter,
a hadronic calorimeter and a muon system. Online event selection is performed by a
two-stage trigger. For this analysis, the first (hardware) stage selects muons in the muon
system; the second (software) stage applies a full event reconstruction. Here the events are
first selected by the presence of the muon or one of the hadrons from the D�

s

decay, after
which a combination of the decay products is required to be consistent with the topological
signature of a b-hadron decay. Simulated events are produced using the software described
in Refs. [13–17].

Di↵erent intermediate states, clearly visible in the Dalitz plot shown in Fig. 1, contribute
to the three-body D�

s

! K+K�⇡� decays. Three disjoint regions are defined, which have
di↵erent levels of background. The �⇡ region is the cleanest and is selected by requiring
the reconstructed K+K� mass to be within ±20MeV/c2 of the known � mass. The K⇤K
region is selected by requiring the reconstructed K+⇡� mass to be within ±90MeV/c2 of
the known K⇤(892)0 mass. The remaining D�

s

candidates are included in the non-resonant
(NR) region, which also covers other intermediate states [18].

The D�
s

candidates are reconstructed from three charged tracks, and then a muon
track with opposite charge is added. All four tracks are required to have a good quality
track fit and significant IP. The contribution from prompt D�

s

background is suppressed
to a negligible level by imposing a lower bound on the IP of the D�

s

candidates. To ensure
a good overlap with the calibration samples, minimum momenta of 2, 5 and 6GeV/c
and minimum transverse momenta, p

T

, of 300, 400 and 1200MeV/c are required for the
pions, kaons and muons, respectively. To suppress background, kaon and pion candidates
are required to be positively identified by the PID system. Candidates are selected by

2

Raw measured 
yield asymmetry Detection efficiency 

asymmetry

Background fraction fbkg 
and asymmetry Abkg

http://arxiv.org/abs/1605.09768
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Figure 3: Overview of the most precise measurements of ad
sl

and as
sl

. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
sl

measurements [20,28–32]. The yellow ellipse
represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5]. The
error bands and contours correspond to 68% confidence level.

of the previous analysis is repeated on the full 3.0 fb�1 data sample and the result is
compatible within one standard deviation.

The twelve values of as
sl

for each Dalitz region, polarity and data-taking period are
consistent with each other. The combined result, taking into account all correlations, is

as
sl

= (0.39± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and
calibration samples, and the second systematic. There is a small correlation coe�cient of
+0.13 between this measurement and the LHCb measurement of ad

sl

[20]. The correlation
mainly originates from the muon detection asymmetry and from the e↵ect of ad

sl

, due to B0

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise
measurements of ad

sl

and as
sl

[5, 20, 28–32]. The simple averages of pure a
sl

measurements,
including the present as

sl

result and accounting for the small correlation from LHCb, are
found to be ad

sl

= (0.02± 0.20)% and as
sl

= (0.17± 0.30)% with a correlation of +0.07. In
summary, the determination of as

sl

presented in this letter is the most precise to date and
shows no evidence for new physics e↵ects.
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CPV in Bs mixing: asl
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Average of pure asl measurements:

⇢
adsl = (0.02± 0.20)%
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This measurement: assl = (0.39± 0.26± 0.20)%

Sadly consistent with SM.

http://arxiv.org/abs/1605.09768
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Bs mixing: lifetime (J/ψ η)
• So we know CPV in Bs mixing is small.

• Mass eigenstates (light, heavy) are almost the same 
as CP eigenstates (even, odd).

• Effective lifetime of Bs → CP-even final state ~ τL.  
Can compare to SM prediction: 1.43 ± 0.03 ps.

• Golden channel: Bs → J/ψ𝜙 -- high stats. But CP-
mixed, requires angular analysis.

• This analysis: Bs → J/ψη, pure CP-even
• J/ψ → μ+μ− and η → γγ

15

LHCb-PAPER-2016-017 (preliminary)

arXiv:1205.1444
[Lenz]

http://arxiv.org/abs/1205.1444
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Bs mixing: lifetime (J/ψ η)

16

LHCb-PAPER-2016-017 (preliminary)
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Figure 2: Mass and decay time distributions for the 2011 dataset (top row) and 2012 dataset
(bottom row). The fit model described in the text is superimposed (red line). The sum of
the partially reconstructed and combinatorial background is shown (solid yellow) and the B

0

component (open blue). The pull, that is the di↵erence between the observed and fitted value
divided by the uncertainty, is shown below each of the plots.

The influence of the decay time resolution is found to be negligible by increasing its180

value from 51 to 70 fs. The impact of the uncertainties on f
r

, the B0

s

�B0 mass splitting181

and the B0 lifetime are evaluated by repeating the fit procedure varying these parameters182

within their quoted uncertainties.183

Further uncertainties arise from the modelling of the time distributions of the back-184

ground components. In the default fit the lifetime of the short-lived component is fixed to185

the value found in a fit to the mass sideband. Releasing this parameter the result changes186

by 4 fs which is assigned as a systematic uncertainty. The uncertainty due to the assumed187

lifetime of the partially reconstructed component is found to be negligible.188

Uncertainties arising from the modelling of the signal and background mass distributions189

are evaluated using the discrete profiling method described in Ref. [32] and found to be190

negligible. Further small uncertainties arise due to the knowledge of the z-scale, charged191

momentum scale and the neutral energy scale.192

Various other tests were made, for example varying the cut on the �2

IP

of the muons,193

the MVA requirement and splitting the sample according to the number of reconstructed194

PVs. No significance variations was found in these tests and hence no further uncertainty195

6

Mass Decay time

20
11

20
12

dependence of the signal e�ciency on several e↵ects is accounted for in the decay time120

acceptance. The main e↵ect, A
sel

is due to the selection requirements, in particular the121

cut on the displacement of the muons from the PV. This is studied using the simulation122

and parameterised with the form123

A
sel

=
1� c

0

t

1 + (c
1

t)�c2t
,

where t is the decay time, and c
0

, c
1

and c
2

are parameters determined from the simulation.124

The second-level of the software trigger applies a cut on the decay length significance of125

the J/ candidate, which biases the decay time distribution. The trigger e�ciency, A
trig

,126

is measured separately for the 2011 and 2012 dataset using events which are selected by127

a dedicated trigger where this requirement is removed. The resulting acceptance shape128

is parameterised using a histogram. Finally, the reconstruction e�ciency of the vertex129

detector decreases as the distance of closest approach of the decay products to the pp130

beam-line increases. This e↵ect is studied using B+ ! J/ K+ decays where the kaon is131

reconstructed without using vertex detector information [20] and parameterised with the132

form133

A
�

= 1� �t� �t2,

where the parameters � and � are determined separately for the 2011 and 2012 data.134

The overall acceptance, A
tot

, is the product of A
sel

, A
trig

and A
�

. Figure 1 shows the135

acceptance curve obtained for the 2011 and 2012 dataset.136

The invariant mass distribution for the B0

s

! J ⌘ signal is described by a Student’s t-137

distribution. The Bukin [22] and JohnsonSU function [23] are considered and the di↵erence138

in the fitted lifetime assigned as a systematic uncertainty. In the fit to the data all the139

parameters of this distribution are fixed to the simulation values apart from the mean140

and signal yield. The decay time distribution for this component is modelled with an141
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Figure 1: Acceptance function for 2011 data (blacked dashed line) and 2012 data (solid red).
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Acceptance
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Red: 2012
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Put it all together, taking underlying signal as a single exponential:

6 Summary200

The e↵ective lifetime in the B0

s

! J/ ⌘ decay mode is measured using a data sample201

collected by LHCb during Run 1 to be202

⌧
e↵

= 1.479± 0.034 (stat)± 0.011 (syst) ps.

In the limit that CP is conserved ⌧
e↵

is equal to the lifetime of the light B0

s

mass eigenstate203

⌧
L

. The measurement agrees with the SM model prediction [33], ⌧
L

= 1.43 ± 0.03 ps.204

It has a similar precision to and agrees with that found using the B0

s

! D+

s

D�
s

decay205

mode, ⌧
e↵

= 1.379 ± 0.026 (stat) ± 0.017 (syst) ps [6] and also the measurement in the206

B0

s

! K+K� mode [7], ⌧
e↵

= 1.407±0.016 (stat)±0.007 (syst) ps where penguin diagrams207

are expected to be more important.208
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Sadly consistent with SM (1.43 ± 0.03 ps) arXiv:1205.1444 [Lenz]
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Exotic hadrons
• Reminder of two key past sets of results:

•Amplitude analysis of B0 → ψ' π+ K−, showing definitively 
the presence of Zc+ → ψ' π+ resonances (tetraquarks*)

•Amplitude analysis of (Λb → J/ψ p K−), showing definitively 
the presence of Pc+ → J/ψ p resonances (pentaquarks*)

• For each: amplitude analysis, followed by model-
independent method (angular moments)

• Today: searches for similar states in new decay modes

17

* In the broad sense, including meson-meson/meson-baryon molecules.

PRL 115 (2015) 072001 [LHCb-PAPER-2015-029]
PRL 112 (2014) 222002 [LHCb-PAPER-2014-014]
PRD 92 (2015) 112009 [LHCb-PAPER-2015-038]

arXiv:1604.05708 [LHCb-PAPER-2016-009]

http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1404.1903
http://arxiv.org/abs/1510.01951
http://arxiv.org/abs/1604.05708
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B+→ J/ψ ϕ K+

• Many prior studies of (J/ψ ϕ) system.
•Different experiments; inclusive, exclusive, ...

• Situation unclear.

18

Confusing experimental situation concerning 
X→J/yf states 

Tetra- and Penta-quarks in LHCb, T. Skwarnicki Meson 2016 26

B→J/yfK
CDF 2008

CDF 2011
(unpublished)

CMS 2013

D0 2013

Belle 2009 (unpublished)

LHCb 2011

BaBar 2014

~3.1s

3.8s

~5.0s

5s

3.1s

1.9s

1.4s

1.6s

D0 2015

D0 2015

D0 2015

pp→J/yf…

4.7s

5.7s

• Some experiments saw narrow X(4140) [i.e. Y(4140)], some didn’t.
• Possibly 2nd J/yf structure in B decays, X(4274), but seen at inconsistent mass. No published 

claim of its significance. 
• Possibly X(4351) state seen in gg collisions

Belle 2009

gg→J/yf

X(4351) ?

X(4140) ?

X(4274) ?

(refs in the tables 
in backup slides)

Slide by Tomasz Skwarnicki, MESON2016 (link)

http://meson.if.uj.edu.pl/indico/event/3/session/1/contribution/16/material/slides/0.pdf
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B+→ J/ψ ϕ K+

• Many prior studies of (J/ψ ϕ) system.
•Different experiments; inclusive, exclusive, ...

• Situation unclear.

• Today: new results with 3/fb of LHCb data.

19
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Figure 1: Distribution of m
K

+
K

� near the � peak region before the � candidate selection.
Non-B+ backgrounds have been subtracted using sPlot weights [35] obtained from the fit to the
m

J/ K

+
K

�
K

+ distribution. The default � selection window is indicated with vertical red lines.

The fit (solid blue line) of Breit–Wigner � signal shape plus 2-body phase space function (dashed
red line), convolved with the Gaussian mass resolution, is superimposed.
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Figure 2: Mass of B+ ! J/ �K+ candidates in the data (black points with error bars) together
with the results of the fit (blue line) with a double-sided Crystal Ball shape for the B+ signal on
top of a quadratic function for the background (red dashed line). The fit is used to determine the
background fraction under the peak in the mass range used in the amplitude analysis (indicated

with vertical solid red lines). The sidebands used for the background parameterization are
indicated with vertical dashed blue lines.
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� ! K+K�

preliminary

B+ ! J/ �K+

preliminary

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019 (preliminary)

Yield: 4.3k
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over Monte Carlo events passed through the detector simulation, which implements 6D67

e�ciency corrections without need of parameterization. We use B+ mass sidebands to68

obtain a 6D parameterization of the background PDF [27].69
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Figure 1: Distribution of m
J/ �

for the data and the fit with a model containing only K⇤+ ! �K+

contributions.

Past experiments on K⇤ states decaying to �K [33–35] had limited precision and70

provided evidence for only a few of the states expected from the quark model in the71

1513-2182 MeV range probed in our data. We have used the predictions of the relativistic72

potential model by Godfrey–Isgur [36] (black solid dashes in Fig. 2) as a guide to the73

quantum numbers of the K⇤+ states to be included in the amplitude model. The masses74

and widths of all states are left free, thus our fits do not depend on details of the predictions,75

nor on previous measurements which are somewhat inconsistent with each other. We also76

include a constant nonresonant amplitude with JP = 1+ since such �K+ contributions77

can be produced and decayed in S-wave. Allowing the magnitude of the nonresonant78

amplitude to vary with m
�K

does not improve fit qualities. While it is possible to describe79

the m
�K

and m
J/ K

distributions well with K⇤ contributions alone, the fit projections80

onto m
J/ �

do not provide an acceptable description of the data. An illustration is shown81

in Fig. 1, in which we show a fit with the following composition: a nonresonant term plus82

candidates for two 2P1, two 1D2, and one of each of 13F3, 13D1, 33S1, 31S0, 23P2, 13F2,83

13D3 and 13F4 states, labeled here with their intrinsic quantum numbers n2S+1L
J

(n -84

radial quantum number, S - total spin of the valence quarks, L - orbital angular momentum85

3

preliminary

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019 (preliminary)

Q: Can data be described with only conventional (K*+ → ϕ K+) 
resonances only?

A: No, based on amplitude 
fit with all known or  
expected kinematically 
allowed kaon resonances.
(p < 10−7)

=> Exotics must be present.
What are they?

Method: add combinations of (X → J/ψ ϕ), (Z → J/ψ K+) 
resonances, refit data, see what's necessary to describe it.

PRD 32 (1985) 189-231
[Godfrey & Isgur]

http://dx.doi.org/10.1103/PhysRevD.32.189
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LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019 (preliminary)

Best model requires (X → J/ψ ϕ) but not (Z → J/ψ K+) states.

Table 3: Results for significances, masses, widths and fit fractions of the components included in
the default amplitude model. The first (second) errors are statistical (systematic). Errors on f

L

and f? are statistical only. Possible interpretations in terms of kaon excitation levels are given,
with notation n2S+1L

J

, together with the masses predicted in the Godfrey-Isgur model [50].
Comparisons with the previously experimentally observed kaon excitations [34] and X ! J/ �
structures are also given.
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ave. Table 1 4146.9±2.3 17.8±6.8
X(4274) 6.0� 4273.3±8.3 +17.2

� 3.6

56±11 + 8

�11

7.1±2.5 +3.5

�2.4

CDF [27] 4274.4 +8.4

�6.7

± 1.9 32 +22

�15

± 8
CMS [24] 4313.8±5.3±7.3 38 +30

�15

± 16
All X(0+) 28± 5 +7

�7

NR
J/ �

6.4� 46±11 +11

�21

X(4500) 6.1� 4506±11 +12

�15

92±21 +21

�20

6.6±2.4 +3.5

�2.3

X(4700) 5.6� 4704±10 +14

�24

120±31 +42

�33

12± 5 + 9

� 5

29

JPC

1++ (5.7σ)

1++ (5.8σ)

0++ (4.0σ)

0++ (4.5σ)

Additional X states: significance < 2σ
Additional Z states: significance ≤ 3.1σ

Disclaimer: absence of evidence 
is not evidence of absence.

preliminary
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In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c

, irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�
p invariant mass m

Kp

as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P

+
c

state, and when that was not su�cient we included a second state. The
two P

+
c

states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity J

P values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both m

Kp

and the peaking structure in m

J/ p

are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) m
Kp

and (b) m
J/ p

for the reduced ⇤

⇤ model with two P

+
c

states
(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the P

c

(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the P

c

(4380)+ state. Each ⇤

⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

Λb → J/ψ p (K/π)−
•Λb → J/ψ p K− studied previously: two Pc+ → J/ψ p

• Today: CS mode, Λb → J/ψ p π−

• No guarantees, but worth a look!

• Also sensitive to Zc− → J/ψ π−

22

LHCb-PAPER-2016-015 (preliminary)

PRL 115 (2015) 072001 
[LHCb-PAPER-2015-029]

Pc(4380)+

Pc(4450)+

⇤0
b ! J/ pK�
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Figure 4: Invariant mass spectrum of J/ K

�
p combinations, with the total fit, signal and

background components shown as solid (blue), solid (red) and dashed lines, respectively.

⇤

0
b

decay phase space. Backgrounds from ⌅

b

decays cannot contribute significantly to
our sample. We choose a relatively tight cut on the BDTG output variable that leaves
26 007±166 signal candidates containing 5.4% background within ±15 MeV (±2 �) of the
J/ K

�
p mass peak, as determined by the unbinned extended likelihood fit shown in Fig. 4.

The combinatorial background is modeled with an exponential function and the ⇤0
b

signal
shape is parameterized by a double-sided Hypatia function [24], where the signal radiative
tail parameters are fixed to values obtained from simulation. For subsequent analysis we
constrain the J/ K

�
p four-vectors to give the ⇤0

b

invariant mass and the ⇤0
b

momentum
vector to be aligned with the measured direction from the primary to the ⇤0

b

vertices [25].
In Fig. 5 we show the “Dalitz” plot [26] using the K

�
p and J/ p invariant masses-

squared as independent variables. A distinct vertical band is observed in the K�
p invariant

mass distribution near 2.3 GeV2 corresponding to the ⇤(1520) resonance. There is also a
distinct horizontal band near 19.5 GeV2. As we see structures in both K

�
p and J/ p mass

distributions we perform a full amplitude analysis, using the available angular variables
in addition to the mass distributions, in order to determine the resonances present. No
structure is seen in the J/ K

� invariant mass.
We consider the two interfering processes shown in Fig. 1, which produce two distinct

decay sequences: ⇤0
b

! J/ ⇤

⇤, ⇤⇤ ! K

�
p and ⇤0

b

! P

+
c

K

�, P+
c

! J/ p, with J/ !
µ

+
µ

� in both cases. We use the helicity formalism [27] in which each sequential decay
A ! B C contributes to the amplitude a term

HA!BC

�B ,�C
D

JA
�A,�B��C

(�
B

, ✓

A

, 0)⇤R
A

(m
BC

) = HA!BC

�B ,�C
e

i�A �B
d

JA
�A,�B��C

(✓
A

)R
A

(m
BC

), (1)

where � is the quantum number related to the projection of the spin of the particle onto
its momentum vector (helicity) and HA!BC

�B ,�C
are complex helicity-coupling amplitudes

4

PRL 115 (2015) 072001  [LHCb-PAPER-2015-029]

26k signal (CF)
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Figure 1: Invariant mass spectrum for the selected ⇤0
b

! J/ p⇡

� candidates.

from conventional nucleon excitations (denoted as N⇤) produced via �I = 0 in the ⇤0
b

44

decays are expected to dominate over � excitations which require �I = 1, where I is45

isospin. The decay matrix elements for the two interfering decay chains, ⇤0
b

! J/ N

⇤,46

N

⇤ ! p⇡

� and ⇤0
b

! P

+
c

⇡

�, P+
c

! J/ p with J/ ! µ

+
µ

� in both cases, are identical47

to those used in the ⇤0
b

! J/ pK

� analysis [4], with the K

� replaced by the ⇡�, as48

well as the ⇤⇤ by the N

⇤. The additional decay chain, ⇤0
b

! Z

�
c

p, Z�
c

! J/ ⇡

�, is49

also included and discussed in detail in the supplemental material. Helicity couplings,50

describing dynamics of the decays, are expressed in terms of LS couplings which is a51

convenient way to implement parity conservation in strong decays and allows for reduction52

of the number of free parameters by excluding high L values (L is decay angular orbital53

momentum, and S is the sum of spins of the decay products) for phase-space suppressed54

decays.55

Table 1 lists the N

⇤ resonances considered to construct the amplitude model of p⇡�
56

contributions. There are 15 well established N

⇤ resonances (three- or four-star rating [10]).57

The high-mass and high-spin states (9/2 and 11/2) are not included, since they require58

L � 3 in the ⇤0
b

decays and therefore are unlikely to be produced near the upper kinematic59

limit of the m

p⇡

. Theoretical models of baryon resonances predict a much larger number60

of higher mass states [15], possibly because of experimental di�culties in identifying61

broad resonances and insu�cient statistics at high masses in scattering experiments. The62

possibility of high-mass low-spin N

⇤ states is explored by including two very significant, but63

unconfirmed, resonances claimed by the BESIII collaboration in  (2S) ! pp̄⇡

0 decays [16]:64

1/2+ N(2300) and 5/2� N(2570). A non-resonant J

P = 1/2� p⇡

� S-wave component65

is also included. Two models, labeled as “reduced” (RM) and “extended” (EM), are66

considered and di↵er by the number of resonances and of LS couplings included in the fit67

as listed in Table 1. The reduced model, used for the nominal fit fraction results, includes68

only the resonances and L couplings that give significant contributions. The systematic69

2

1.9k signal (CS)

preliminary

⇤0
b ! J/ pK�

⇤0
b ! J/ p⇡�

http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1507.03414
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Figure 2: The data and fit projections onto m
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. The N

⇤-only fit is based on the extended N

⇤

model, while the other fit is based on the restricted model. Individual fit components are shown
only for the default fit which includes all three exotic resonances. The background is subtracted
using the sPlot technique.
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Figure 3: The data and fit projections onto m

J/ p

for (a) all events and (b) the m

p⇡

> 1.8 GeV
region. See the legend and caption of Fig. 2 for the description.

the fit, the possible Z

c

(4430)� contribution [13, 21, 22] has only 0.6 � significance. The128

uncertainty due to relative tracking e�ciency to model the acceptance is negligible, and129

cancels out in the relative branching fraction measurements.130

5

Λb → J/ψ p π−
• Similar approach to B+→ J/ψ ϕ K+ discussed before

•Null hypothesis: only N*− → p π− resonances

• Limited stats => focus only on known Pc, Zc states

23

LHCb-PAPER-2016-015 (preliminary)
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uncertainty due to relative tracking e�ciency to model the acceptance is negligible, and129

cancels out in the relative branching fraction measurements.130
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N* only
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Λb → J/ψ p π−
• Full model fits the data better than N*-only model

•Full model = ∑N* + Pc(4380)+ + Pc(4450)+ + Zc(4200)−

• "Better" = 3.1σ compared to N*-only model

• Therefore: evidence for presence of exotic hadrons 
in this Λb decay mode too.

• But: not enough stats yet to say which ones
• Individual contributions not significant

• Interference makes it tricky to disentangle them

• Bottom line: consistent with (Λb → J/ψ p K−) but 
not an independent 5σ confirmation yet.

24

LHCb-PAPER-2016-015 (preliminary)
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Less new, still exciting

25
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Table 1: The signal yields for B0

s

! �µ+µ� decays, as well as the di↵erential branching fraction
relative to the normalisation mode and the absolute di↵erential branching fraction, in bins of q2.
The given uncertainties are (from left to right) statistical, systematic, and the uncertainty on the
branching fraction of the normalisation mode.

q2 bin [GeV2/c4] N
�µµ

dB(B0
s!�µµ)

B(B0
s!J/ �)dq

2 [10�5GeV�2c4] dB(B0
s!�µ

+
µ

�
)

dq

2 [10�8GeV�2c4]

0.1 < q2 < 2.0 85+11

�10

5.44+0.68

�0.64

± 0.13 5.85+0.73

�0.69

± 0.14± 0.44

2.0 < q2 < 5.0 60+10

�9

2.38+0.39

�0.37

± 0.06 2.56+0.42

�0.39

± 0.06± 0.19

5.0 < q2 < 8.0 83+12

�11

2.98+0.41

�0.39

± 0.07 3.21+0.44

�0.42

± 0.08± 0.24

11.0 < q2 < 12.5 70+10

�10

4.37+0.64

�0.61

± 0.14 4.71+0.69

�0.65

± 0.15± 0.36

15.0 < q2 < 17.0 83+10

�10

4.20+0.53

�0.50

± 0.11 4.52+0.57

�0.54

± 0.12± 0.34

17.0 < q2 < 19.0 54+8

�7

3.68+0.53

�0.50

± 0.13 3.96+0.57

�0.54

± 0.14± 0.30

1.0 < q2 < 6.0 101+13

�12

2.40+0.30

�0.29

± 0.07 2.58+0.33

�0.31

± 0.08± 0.19

15.0 < q2 < 19.0 136+13

�13

3.75+0.37

�0.35

± 0.12 4.04+0.39

�0.38

± 0.13± 0.30
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Figure 4: Di↵erential branching fraction of the decay B0

s

! �µ+µ�, overlaid with SM predic-
tions [4,5] indicated by blue shaded boxes. The vetoes excluding the charmonium resonances are
indicated by grey areas.

measurement is evaluated by varying the Wilson coe�cient C
9

used in the generation
of simulated signal events. By allowing a New Physics contribution of �1.5, which is
motivated by the global fit results in Ref. [38], the resulting systematic uncertainty is

7

Angular analyses of rare decays

26
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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JHEP 02 (2016) 104 [LHCb-PAPER-2015-051]

Overall: 3.4σ
Local: 2.8, 3.0σ

B0 ! K⇤0µ+µ�

JHEP 09 (2015) 179 [LHCb-PAPER-2015-023]

B0
s ! �µ+µ�

Local: 3.3σ

JHEP 06 (2015) 115 [LHCb-PAPER-2015-009]
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Figure 8: Measured values of (left) the leptonic and (right) the hadronic forward-backward
asymmetries in bins of q2. Data points are only shown for q2 intervals where a statistically
significant signal yield is found, see text for details. The (red) triangle represents the values for
the 15 < q2 < 20 GeV2/c4 interval. Standard Model predictions are obtained from Ref. [17].
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L

. The shaded
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range. The best fit
point is given by the (blue) star.

interval 15 < q2 < 20 GeV2/c4) as a two-dimensional 68 % confidence level (CL) region,
where the likelihood-ratio ordering method is applied by varying both observables and
therefore taking correlations into account. Confidence regions for the other q2 intervals
are shown in Fig. 10, see Appendix.
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the predictions in the low-q2 region.

Table 4: Measured di↵erential branching fraction of ⇤0

b

! ⇤µ+µ�, where the uncertainties
are statistical, systematic and due to the uncertainty on the normalisation mode, ⇤0

b

! J/ ⇤,
respectively.

q2 interval [ GeV2/c4 ] dB(⇤0

b

! ⇤µ+µ�)/dq2 · 10�7[( GeV2/c4)�1]

0.1 – 2.0 0.36 +0.12

� 0.11

+0.02

� 0.02

± 0.07

2.0 – 4.0 0.11 +0.12

� 0.09

+0.01

� 0.01

± 0.02

4.0 – 6.0 0.02 +0.09

� 0.00

+0.01

� 0.01

± 0.01

6.0 – 8.0 0.25 +0.12

� 0.11

+0.01

� 0.01

± 0.05

11.0 – 12.5 0.75 +0.15

� 0.14

+0.03

� 0.05

± 0.15

15.0 – 16.0 1.12 +0.19

� 0.18

+0.05

� 0.05

± 0.23

16.0 – 18.0 1.22 +0.14

� 0.14

+0.03

� 0.06

± 0.25

18.0 – 20.0 1.24 +0.14

� 0.14

+0.06

� 0.05

± 0.26

1.1 – 6.0 0.09 +0.06

� 0.05

+0.01

� 0.01

± 0.02

15.0 – 20.0 1.20 +0.09

� 0.09

+0.02

� 0.04

± 0.25
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Figure 5: Measured ⇤0

b

! ⇤µ+µ� branching fraction as a function of q2 with the predictions of
the SM [15] superimposed. The inner error bars on data points represent the total uncertainty
on the relative branching fraction (statistical and systematic); the outer error bar also includes
the uncertainties from the branching fraction of the normalisation mode.
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⇤0
b ! ⇤µ+µ�

leptonic

hadronic

http://arxiv.org/abs/1512.04442
http://arxiv.org/abs/1506.08777
http://arxiv.org/abs/1503.07138
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RK (B+ ! K+µ+µ�/B+ ! K+e+e�)
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PRL 113 (2014) 151601 [LHCb-PAPER-2014-024]

RK: 2.6σ

Lepton universality?
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CKM physics
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Measurement of the CKM angle �
from a combination of B ! DK

analyses

The LHCb collaboration †

Abstract

A combination is made of tree-level measurements of the CKM angle � from
B ! DK decays at LHCb. The results are obtained from time-integrated anal-
yses of B+ ! DK

+, B0 ! DK

⇤0 and B

+ ! DK

+

⇡

+

⇡

� decays, where the D

meson decays into K

+
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�, ⇡+
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�, K±
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⌥
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⇡

� and ⇡

+

⇡

�
⇡

+

⇡

� final states. In addition, results
obtained from a time-dependent analysis of B0

s ! D

⌥
s K

± decays are included. The
combination gives a best fit value of � = 70.9� and confidence intervals are set using
a frequentist procedure: � 2 [62.4, 78.0]� at 68% CL and � 2 [51.0, 85.0]� at 95% CL,
where all values are modulo 180�. Using the best fit value and the 68% CL interval,
� is measured to be

� = (70.9+7.1
�8.5)

�
,

where the quoted uncertainty is the statistical and systematic combined. This is the
most precise single-experiment measurement of the CKM angle � to date.

c� CERN on behalf of the LHCb collaboration, license CC-BY-4.0.

†Conference report prepared for the Rencontres de Moriond Electroweak, 12th–19th March 2016,
La Thuile. Contact authors: Matthew Kenzie (matthew.william.kenzie@cern.ch), Mark Whitehead
(mark.peter.whitehead@cern.ch).
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due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0

b

! pµ�⌫
µ

) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support

Rε

3
 1

0
×

|  
L ub

|V

0.4− 0.2− 0 0.2 0.42

3

4

5

6

7

8
inclusive

νlπ→B
 (LHCb)νµp→bΛ

combined

Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.
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and the presence of secondary D0 mesons from b-hadron decays. Given the dependence
of �A

CP

on the direct and indirect CP asymmetries (Eq. 3) and the measured value of
�hti/⌧ , the contribution from indirect CP violation is suppressed and �A

CP

is primarily
sensitive to direct CP violation. Assuming that indirect CP violation is independent of
the D0 final state, and combining the measurement reported in this Letter with those
reported in Ref. [28] and with the LHCb measurements of indirect CP asymmetries
(A� ' �aind

CP

) [44,45] and y
CP

[46], the values of the direct and indirect CP asymmetries
are found to be aind

CP

= (0.058 ± 0.044)% and �adir
CP

= (�0.061 ± 0.076)%. Results are
summarized in the (�adir

CP

, aind
CP

) plane shown in Fig. 2. The result is consistent with the
hypothesis of CP symmetry with a p-value of 0.32.
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Figure 2: Contour plot of �a

dir
CP

versus aind
CP

. The point at (0,0) denotes the hypothesis of no CP

violation. The solid bands represent the measurements in Refs. [28, 44, 45] and the one reported
in this Letter. The value of y

CP

is taken from Ref. [46]. The contour lines shows the 68%, 95%
and 99% confidence-level intervals from the combination.

In summary, the di↵erence of time-integrated CP asymmetries between D0 !K�K+

and D0 !⇡�⇡+ decays is measured using pp collision data corresponding to an integrated
luminosity of 3.0 fb�1. The final result is

�A
CP

= (�0.10± 0.08 (stat)± 0.03 (syst))%,

which supersedes the previous result obtained using the same decay channels based on
an integrated luminosity of 0.6 fb�1 [21]. This is the most precise measurement of a
time-integrated CP asymmetry in the charm sector from a single experiment.
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Figure 3: Distribution of �m along with the results of the fit described in the text.

one candidate, chosen at random, is retained in each event. In each of these cross-checks,
the variation in fit results is consistent with statistical fluctuations.

Several sources of systematic e↵ects are considered and are summarised in Table 1.
Other than the first two systematic uncertainties described below, all are determined
by making variations to the baseline selection or fit procedure, repeating the analysis,
and taking the maximum change in �m or �. A small correction (16 keV, estimated with
pseudoexperiments) to � is required due to the systematic underestimation of the width
in a fit with limited yield; an uncertainty of the same size is assigned. This correction is
already included in the value of � quoted earlier. The limited size of the sample of simulated
events leads to uncertainties on the resolution function parameters. These uncertainties
are propagated to the final results using the full covariance matrix. We assign a systematic
uncertainty for a particular class of events with multiple ⌅⇤0

b

candidates in which the ⌅�
b

or ⌅0
c

baryon is misreconstructed. This uncertainty is determined by applying a limited
multiple candidate rejection procedure in which only one ⌅0

b

candidate is accepted per
event (but may be combined with multiple pions). The robustness of the resolution model
is verified with control samples of ⌅ 0�

b

! ⌅0
b

⇡� (see Ref. [16]) and D⇤+ ! D0⇡+; based
on these tests, the uncertainty is assessed by increasing the ⌅⇤0

b

resolution width by 11%.
This is the dominant uncertainty on �. An alternative background description is used in

5

JHEP 1605 (2016) 161 [LHCb-PAPER-2016-010]

D0 ! K+K�, ⇡+⇡�

⌅⇤0
b ! ⌅�

b ⇡
+

)2 c
C

an
di

da
te

s 
/ (

 1
 M

eV
/

0

20

40

60

80

100

120

140

160

180 Claimed X(5568) state

Combinatorial

LHCb Preliminary (a)

Pu
ll 

-4
-2
0
2
4

]2c) [MeV/±πs
0m(B

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700

)2 c
C

an
di

da
te

s 
/ (

 1
 M

eV
/

0

10

20

30

40

50

60

70 Claimed X(5568) state

Combinatorial

LHCb Preliminary (b)

Pu
ll 

-4
-2
0
2
4

]2c) [MeV/±πs
0m(B

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700

Figure 2: Results of the fit to the Q value distribution, shifted to display the B0
s⇡

± invariant
mass, for B0

s⇡
± candidates (both B0

s modes combined) with minimum B0
s pT of (top) 5GeV/c

and (bottom) 10GeV/c. The pull distributions, shown underneath the main figures, show good
agreement between the fit functions and the data.

B (X(5568) ! B0
s⇡

±) in the LHCb acceptance. The relative e�ciency ✏rel(X) = ✏(X)
✏(B0

s )
is

determined from simulation and accounts for the reconstruction and selection e�ciency of
the companion pion as well as the requirement that is within the LHCb acceptance. A
correction, determined from data, is applied to ✏rel(X) to account for the e�ciency of the
requirement on the number of tracks associated with the primary vertex, which is applied
for the B0

s⇡
± sample and not for the B0

s sample. The quantities used to evaluate ⇢LHCb
X

5
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Monday, Performance: Real-time physics: novel concepts for trigger, calibration & alignment, and data processing with LHCb (Lucia Grillo)
Tuesday, QCD: QCD Results from LHCb (Giovanni Passaleva)
Tuesday, Heavy Ion: First LHCb Results from pA and PbPb collisions (Laure Marie Massacrier)
Thursday, Heavy Flavour: New results in semileptonic beauty decays with LHCb (Laurent Dufour)
Thursday, Heavy Flavour: New results in LU/LFV tests with LHCb (Jessica Prisciandaro)
Thursday, Electroweak: Vector Boson studies in LHCb (including AFB results from all experiments) (Murilo Santana Rangel)
Friday, Heavy Flavour: HF Production results at 13 TeV with LHCb (Max Neuner)
Friday, Heavy Flavour: New results in beauty and charm spectroscopy with LHCb (Roberta Cardinale)
Friday, Exotics & Dark Matter: Searches for exotic new physics with LHCb (Bartlomiej Rachwal)
Friday, Heavy Flavour: CPV in beauty decays with LHCb (Frank Meier)
Friday, Heavy Flavour: CPV in charm decays with LHCb (Denis Derkach)
Saturday, Plenary: LHCb upgrade plans & potential (Alessandro Cardini)

Monday, QCD: Impact of LHC measurements on parton density functions (Katharina Mueller)
Monday, Outreach: LHC Masterclasses. Bringing Particle Physics into the Classroom: Present and Future (Vladimir Gligorov)
Tuesday, Plenary: Vector boson (plus jets) physics in pp collisions at the LHC (Murilo Santana Rangel)
Friday, Upgrade (LHC & experiments): Flavour at HL-LHC (Giovanni Punzi)
Friday, Plenary: Heavy flavour production and spectroscopy at the LHC (Michal Kreps)
Friday, Plenary: CP violation, mixing and semileptonic decays in beauty and charm at the LHC (Matthew David Needham)
Friday, Plenary: Rare decays of flavoured mesons at the LHC (Albert Puig Navarro)
Friday, Exotics & Dark Matter: Searches for heavy neutrinos, LFV (Raja Nandakumar)

... heavy ion physics, forward electroweak, QCD, lifetimes, more 
charm, more spectroscopy, dark matter, more everything!
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Forthcoming attractions

• Very excited about Run 2. Will these hints hold up?

• Testing ideas for trigger and DAQ ahead of upgrade

• Approved upgrade: Lots and lots of work to do
• ... so we can raise lumi and trigger efficiency

•Complete overhaul of tracking systems

• Further ahead: preparing for success
•Thinking about a possible far-future upgrade

• Once more unto the breach!
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→ see talks by Alessandro 
Cardini, Giovanni Punzi
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The LHCb experiment has collected large samples of 
heavy flavoured hadrons during Run 1, corresponding to an 
integrated luminosity of 3.0/fb at pp centre-of-mass 
energies of 7 and 8 TeV. Data-taking at a CM energy of 13 
TeV has now begun. The current status of LHCb after the 
2016 restart will be presented. Key results from LHCb will 
be summarised, with emphasis on the most recent.


