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LHCb overview Sajan Easo

1. Introduction

The LHCb detector [5] is a single-arm forward spectrometer covering the pseudo rapidity
range 2 < 1 < 5 and is designed for the study of particles containing b or ¢ quarks. The main goal
of the experiment is to look for signals beyond the standard model in particle physics. It also makes
various measurements related to electroweak physics and QCD.

At LHC the production of bb is peaked in the forward and backward directions. LHCb mea-
surements show that
o(pp) =59.94+2.7 mb [1] and that
o(pp — bbX) = (75.34+5.4 (stat) £13.0(syst))ub for2 <1 < 6 [2]
o(pp — ccX) = (1419 £ 12(stat)£116(syst)£65(frag)) ub for 2.0< n < 4.5 and Pr< 8 GeV/c. [3]

This results in a large production of b-hadrons and c-hadrons whose decays can be studied
in LHCb. In 2011 LHCb collected 1 fb~! of data and in 2012 it collected 2 fb~! of data. It was
designed to collect the data at a luminosity of 2 x 103> cm~2s~!, but the average luminosity in 2011
was 3.2 x 10¥%2cm™2s~! and that in 2012 was 3.9 x 1032cm~2s~!. This resulted in detector occu-
pancies larger than those foreseen from the design, but the data were taken successfully without
jeopardizing the physics output.

The analysis of the data from LHCb are aimed at multiple objectives. One is to measure CP
violation in different channels and look for any inconsistencies that may give a hint on the exis-
tence new physics. Another objective is to search for rare decays and from the different branching
fractions and other parameters obtained, look for signals of new physics. In this paper, recent re-
sults from the CP violation in B-decays and D-decays are quoted. The results from rare decays are
covered in another paper [4] presented at this conference.

In this paper, in section 2 a brief description of the LHCDb detector is given. In section 3 the
results on mixing and CP-violation from B-decays are presented and in section 4 the results on
mixing and CP-violation from the charm decays are quoted.

2. LHCDb Detector

The detector includes a high-precision tracking system consisting of a silicon-strip vertex de-
tector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of
a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined tracking system provides a momentum
measurement with relative uncertainty that varies from 0.4% at 5GeV /c to 0.6% at 100GeV /c,
and impact parameter resolution of 20um for tracks with large transverse momentum. Differ-
ent types of charged hadrons are distinguished by information from two ring-imaging Cherenkov
detectors [6]. Photon, electron and hadron candidates are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and multi-
wire proportional chambers [7]. The trigger [8] consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which applies a full event
reconstruction.
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Figure 1: Left: Invariant mass of the BY — J/wKTK~ channel. The mass resolution obtained here is
6 MeV/c. Right: Decay time distribution of B — J/wK*K~ candidates. The decay model has a delta
function for prompt J/y component and two exponential functions for the J/y from the B decay, all of
which are convoluted with the resolution in data. The resolution measured from the prompt J/y component
is 45 fs.

2.1 Performance of the vertex detector

Typical primary vertex resolutions measured for 25 tracks are 16 microns and 76 microns in
the directions transverse and longitudinal to the beam direction respectively. Figure 1 shows the
invariant mass and decay time of B, reconstructed in the B — J/wK*K~ channel. This shows a
mass resolution of 6MeV /c? and a decay time resolution of 45 fs. Here the decay time resolution
is obtained from the prompt J/y background. These indicate the excellent vertex resolutions
provided by the vertex detector.

2.2 Performance of the Cherenkov detectors

The Particle identification (PID) performance [6] of the two Cherenkov detectors are verified
using calibration samples where the PID of the particles are determined from the decay kinematics,
independent of the information from the RICH. Figure 2 show the kaon identification efficiency as a
function of the momentum of the particle for two different cuts of the log-likelihood algorithm used
for the PID. The probability to misidentify a pion as kaon is also plotted in this figure. Excellent
PID performance can be seen in this figure, for most of the momentum range 1-100 GeV/c.

3. Results on mixing and CP violation in B-Decays

3.1 B; mixing

This is determined in the channel By — Dy where [9] the D, decays into any of the 5 de-
cay modes D; — ¢(K*K)n~ ,D; — K**(K*n")K~, D, — K*K 7~ (non-resonant) , D, —
K ntm~ and D; — - " w~ . From 34000 candidate events selected from the 2011 data, the B
decay time is fitted to a probability density function (PDF) which is a convolution of a theoretical
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Figure 2: PID performance of the RICH from calibration data. The red points are the kaon identification
efficiency and the black points are the probability to misidentify a pion as a kaon. The red empty circles
and black empty squares are the efficiency and the misidentification probability for a looser cut of the PID
algorithm.
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Figure 3: B, decay time in the channel B — D7 . The red points are for the candidates which are tagged as
oscillated (mixed) and the blue points are for the candidates which are tagged as not oscillated (unmixed).

distribution based on the B, decay width, decay time resolution function, decay time acceptance
function and the information from flavour tagging. Figure 3 shows the B decay time distributions
for the events where the By was tagged as oscillated and for the events where the B; was tagged
as not oscillated, before decaying. The mixing frequency measured is 17.668 & 0.023(star) +
0.006(syst) ps~!. This is the most precise measurement of this quantity to date.

3.2 CP asymmetry in charmless B-decays
3.2.1 CPasymmetry in B - K*7~ and B — K 7"

One can measure direct CP violation in the channel B — KT~ and B, — K~ " [10] since
their decay amplitudes have contributions from tree and penguin diagrams. This measurement is
sensitive to the phase of the CKM element V,;, and the CKM angle y. In 2011, LHCDb collected
41420 candidates in the B — K+ 7z~ channel and 1065 candidates in the B, — K~ 7" channel.
While selecting events in these channels, results from the particle identification was crucial in or-
der identify the kaons and pions in the final states. The raw asymmetry determined contains the true
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Figure 4: (a) Invariant mass reconstructed for B — K77 in the Dalitz region 0.8 < m2 < 0.66GeV?/c*,
and m,%ﬂ < 15GeV? / ¢*. (b) Invariant mass reconstructed for Bt — KKK in the Dalitz region 1.2 < mi Klow <
2.0GeV2/c4 and m%g{high < 15GeV2/c4. For both (a) and (b) , the plot on the left is for B~ decay modes and
the plot on the right is for B* decay modes.

CP asymmetry along with the instrumental and production asymmetries. The instrumental asym-
metry is determined from D* control samples in data and the production asymmetry is determined
from time dependent decay rate spectra of B” and B;. The CP asymmetries obtained are quoted
below.

Acp(B® — KT1t~) = —0.080 4+ 0.007(stat) + 0.003(syst)

Acp(Bs — K~ m") = 0.27+0.04(stat) +0.01(syst)

This is the first measurement of the direct CP violation in B, system. For the B° system, this is the
most precise measurement to date. All these measurements are in agreement with the correspond-
ing predictions from the standard model. The methods developed for this measurement were also
used for measuring CP asymmetry in B¥ — K77 and BT — KKK channels.

3.2.2 CP asymmetry in the B" — K77 and Bt — KKK channels

Using the 2011 data, LHCb measured the CP asymmetry in the Bt — Kaw and B¥ — KKK

channels. The CP asymmetries obtained are quoted below [11].

Acp(BT — Krm) = 0.03240.008(stat) +0.004(syst) +0.007

Acp(BT — KKK) = —0.043 £0.009(stat) +0.003(syst) +0.007

Here the last term is from the systematic uncertainty related to the CP asymmetry in B¥ — J/wK*
that was used as a control channel for this measurement.

This analysis was further refined by making these measurements in bins of the background sub-
tracted Dalitz plot [11]. Using this it was found that for the B" — K77 channel, in the region 0.8 <
m2, < 0.66GeV?/c*, and m?, < 15GeV?/c* the CP asymmetry is 0.678 4-0.078 4-0.032 4-0.007
which is a 8 ¢ measurement. Similarly in the Bt — KKK channel, in a limited region of the Dalitz
space (1.2 < my,,, < 2.0GeV?/c* and mi ., < 15GeV? /c* where mi g, < Migpign) » the CP
asymmetry is measured to be —0.226 +0.020 £+ 0.004 4+ 0.007. This is a 10.5 ¢ measurement of
CP asymmetry. For these channels, the reconstructed invariant mass of the B* and that of the B~
in the selected Dalitz region can be seen in Figure 4. In this figure, the difference in yields between
the B™ and B, resulting from the corresponding CP asymmetry can be clearly seen.
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Figure 5: Two-dimensional profile likelihood in the (Ar,, s ) plane for the B, — J/wK*K~ data. Only
the statistical uncertainty is included. The standard model prediction of ( AI'y = 0.082 #+0.021ps~! and
¢y = —0.036 0.002 rad ) is shown as the black point with error bar.

3.3 CP violation in B — J/WwK*K and B, — J/yn*n~

In these channels CP violation occurs due to the interference between the mixing and decay
into the same final state. Using the whole data set from 2011, LHCb measured [12] the mixing
phase (¢;), the mean width (I';) and the width difference (Al'). The mixing phase (¢;) is potentially
sensitive to physics beyond the standard model. The B, — J/wK ™K~ proceeds via By — J/y¢,
¢ — K"K~ (P wave) and the non-resonant S-wave. The P-wave is a mixture of CP even and CP
odd and the S wave is purely CP odd. These are disentangled using the distribution of decay angles
of the final state particles, defined in the helicity basis. The corresponding decay rate equations
have a total of 10 terms. In the case of By — J/ynrx, the decay is mainly S wave and the decay
rate equation has only 1 term. A maximum likelihood fit is made to the mass and the decay time to
extract @, I'y and Al';. As an example, in Figure 1 the distributions of the invariant mass and the
decay time are shown. The result of the fit for By — J/WwK K~ can be seen in the plane of AT’y and
¢, in Figure 5. The results obtained after combining the two channels are quoted below.

¢s = 0.01 £0.07(star) £0.01(syst)rad
[y = 0.661 +0.004(stat) £ 0.006(syst) ps !

ATy = 0.106 £ 0.011(stat) £0.007 (syst) ps~"

These are compatible with the expectations from standard model and are the most precise
measurement of these parameters to date.

3.4 Measurement of CKM angle y
3.4.1 ADS and GLW methods

LHCb plans to use different methods to measure y using the 2011 and 2012 data. In the
charged B decays, for example in BY — DK and Bt — DK™ for the case where the D° decays
into a CP eigenstate (K"K~ or 777 ~), the GLW [13] method is used. For the same B" decay,
for the case where the D° decays into K* 7~ or K~z ", the ADS [14] method is used. When using
these methods with the different decay mode combinations and charge conjugate states, there are
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Figure 6: Left : Dalitz plot for the decay Bt — DK+ where D — K,n*w~. Right: Dalitz plot for the
decay B~ — DK~ where D° — K,nt 7.

16 data samples to fit for 13 observables. So far with the 2011 data, only the CP asymmetries and
the ratios of partial widths between different modes are measured. These asymmetries are related
to the angle v as indicated in [13] and [14].

Using the ADS mode, the CP asymmetry observed is at the 2.4 ¢ level in BT — DOzt and is at
4.0 o level in Bt — DOK. Using the GLW method in different modes, a combined CP asymmetry
at 4.5 o level is observed [15]. Similar measurements are made also in the suppressed ADS mode
B"™ — D(nKnrm)h where h=K or & [16].

3.4.2 GCSZ method

In the channel Bt — DK+ where D° — K,nt ™ or D° — K,K*K~, the GGSZ method [17]
is used which makes use of a binned Dalitz analysis. In this method for each Dalitz bin ( m%g o
m%(Y ,—) the amplitude is expressed in terms of the CKM angle 7, the relative strong phase § and the
relative amplitude rp as described in [18]. Mass fits are made to the candidates in each Dalitz bin
to extract the observables, x4+ = rgcos(8s + ) and y+ = rgsin(8g + ¥). The Dalitz plots obtained
for the B* — DK* where D — K,n" 7, is shown in Figure 6. The results obtained [17] are
xy =(—8.743.1+£1.64+0.6)x 1072, x_ = (534+3.2+£0.940.9)x 1072, y, = (0.1+3.6 1.4+
1.9) x 102 andy_ = (9.943.6+2.2+1.6) x 1072, In these results, the last term is the error on
the strong phase measurement obtained from the CLEO experiment.

3.4.3 Combined measurement of y

LHCb combined the results from all different methods into a log-likelihood fit to extract the .
Figure 7 shows the plot of Gamma obtained from this procedure. The current value of y obtained
from this procedure [19] is y = (67 £ 12)°@68% CL.

3
c’]
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Figure 7: CKM angle 7y after the combined fit

4. Results on CP violation and mixing in charm decays

4.1 AAcp measurement

The decay time dependent CP asymmetry Acp(f,t) for D° decaying into a CP eigenstate f is
defined as o
A 1) = L W)=f)=TD()=f))
cr(f:1) = (oot~ pyrr—1) . _
This can be approximated to first order as Acp(f,t) = alis + (< t > /T)ai"d

Here alit is the direct CP asymmetry, a4 is the indirect CP asymmetry and 7 is the D° lifetime.

In the channel D* — D°x followed by D — f where f=(K*K~ or 77~ ), the difference in time
integrated CP asymmetry can be written as

Mcp = AZLKTK™) —Adr(ntn )+ (A<t > /T)al"s

The measured asymmetry is A4, = Acp + Ap + Ap

Here the production asymmetry ( Ap) and the detection asymmetry (Ap ) cancels out when AAcp
is calculated. Using the data from 2011, LHCb measured the AAcp in Prompt D* decays [20] and
semi-leptonic B-decays [21].

For the D* analysis one can define the parameter
om=m(h™h n") —m(h"h~) —m(h"™) where m is the mass and h=K or 7 . This parameter is
plotted in Figure 8 for the events after the selection. The KK and #7z mass obtained from the
semileptonic analysis after the selections are shown in Figure 9. These figures show that clean
signals were obtained for both these channels. From the D* analysis, LHCb measured
A<t> — [11.940.13(stat) £ 0.17(syst )| %
AAcp = [—0.34 £0.15(stat) +0.10(syst )| %

From the the semi-leptonic analysis LHCb measured 4</= = [0.018 40.002(star ) +-0.007 (syst )]
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from the 77 sample
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Figure 9: The reconstructed D mass from the semi-leptonic B decays. Left: Invariant mass of the KK
system . Right : Invariant mass of the 77 system

AAcp = [0.49£0.30(star) £0.14(syst)| %
The difference between these two results is 2.2 ¢ and their weighted average is AAcp = (—0.15+
0.16)%. These results do not confirm evidence for direct CP violation in charm decays.

4.2 Charm mixing

Using the data from 2011, LHCb observed D° — DO oscillations by studying the time-dependent
ratio of D° — K*7n~ to DY — K~ 7t decay rates [22] . The D° flavour at production is deter-
mined using the charge of the soft (low-momentum) pion 7+ in the D** — Dz decay. The
D*t — D%(— K—m*)z* channel is dominated by a Cabibbo favoured (CF) amplitude and has a
contribution from the mixing followed by double Cabibbo suppressed (DCS) amplitude. This chan-
nel is labeled as the right-sign (RS) events. The D*+* — D°(— K+~ )n* includes contributions
from DCS amplitude and from mixing followed by Cabibbo favoured amplitude. This channel is
labeled as the wrong-sign (WS) events. The mixing is characterized by two parameters, the mass
difference ( dm) and the width difference (A') between the two mass eigenstates of DO. These are
expressed in terms of the parameters x,y where x = dm/I" and y = AI'/2I". In the limit of small
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Figure 10: The reconstructed mass of the D7 system. Left: For the RS events, Right: For the WS events

mixing (|x|,|y| << 1) and assuming negligible CP violation, the time dependent ratio (R) of WS
to RS decay rate is appro/ximated by the following equation. [22].

R(t) = Rp+ /Ry £+ 77 (42

here % is the decay time expressed in units of the D° lifetime 7. Also, X = xcosd + ysin5,y’ =
ycosd — xsind where 0 is the strong phase difference between the DCS and CF amplitudes. The
Rp is the ratio of the DCS to CF decay rates. Figure10 shows the invariant mass of the D°x for the
RS and WS events. The background in the WS events is dominated by (D° + random 7) combina-
tions. The data is divided into 13 bins of (t/7) and the ratio (R) = WS/RS is determined for each
bin and a ¥ minimization is used to extract the parameters (RD,x/2 and ylz). Figure 11 shows the
result of this fitting for mixing and no-mixing hypothesis. The no-mixing hypothesis is excluded
at 9.1 o. For the mixing hypothesis, the parameters obtained are listed below.

Rp=(3.5240.15) x 1073

y =(7.2+2.4)x1073

x2=(—0.09+0.13) x 1073

These are the most precise measurements of these quantities to date.

5. Prospects for LHCb upgrade

It is planned that, from 2019 onwards the luminosity in LHCb will increase up to 2.0 x 1033cm2s~!
at a collision energy of 14 TeV. With this LHCb is expected to collect a total of 50 fb~! data over
several years, which would enable it to make measurements in different channels to reach sensitivi-

ties better than theoretical uncertainties. There is a large list of physics channels that can be studied

10
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Figure 12: Trigger yield versus luminosity from current LHCb. At high luminosity, the leptonic trigger
yield is not saturated, bu the hadronic triggers are saturated.

using the data from the upgraded detector and they give sensitivity to several key observables [23].
The current trigger scheme in LHCb has two limitations at these high luminosities. The front-end
readout time is only about 1 MHz and the limited discrimination power of the hadronic trigger
causes the trigger yield to saturate at high luminosities. This can be seen from Figure 12 where the
trigger yields at different luminosities are plotted.

The proposed solution [24] for this limitation is to read out the whole detector at 40 MHz and

11
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use only software triggers. This requires an upgrade of the readout of all the detectors in LHCb.
In addition to this, the vertex detector will use silicon pixel technology and the RICH detector will
use new versions of multianode photomultipliers. The downstream tracking system is expected to
use scintillation fibre technology.

6. Summary

The results from the data in 2011-12 show that the performances of the LHCb detectors were
excellent during this period. LHCb has published several physics analysis results, some of which
are described in this paper. In addition to the testing of the standard model with unprecedented
precision, LHCb has started to search for new physics. It has excellent prospects to enhance its
discovery potential in the coming years. An active upgrade program to run at the high luminosities
from 2019, has started in LHCb.
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