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CKM matrix and « with B — pm decays

Quarks in the Standard Model

@ In the Standard Model, we find six quarks coming in three
generations:

u t
d s

@ These are the mass eigenstates composing the hadrons
(valence quarks), except for the top quark which weakly
decays before hadronizing

@ As the weak interaction eigenstates are different from the
mass eigenstates, the W bosons couple quarks of different
generations
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CKM matrix and « with B — pm decays

CKM matrix

@ The transformation from the mass eigenstates basis (g) to the
weak interaction one (¢') can be represented by a 3 x 3
unitary matrix, the Cabbibo-Kobayashi-Maskawa matrix:

d’ Vid
s’ = Vcd
b/ th

The weak coupling between
two mass eigenstates (if) then
depends on the matrix element
Vjj of the CKM matrix.
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CKM matrix and o with — pm decays

Unitary Triangle

@ Unitarity implies that the matrix elements satisfy
> ViV =6k Vi k=123
J
@ We are particularly interested in one of those relations

VCd V:b + th V;kb + Vud VLTb — 0

AN

The representation of this relation in

the complex plane is a triangle. The V, Vi VaVis

angle a is related with CP violation Vao/ o & N VaaVer

in B mesons: no CP violation would

mean a flat triangle, i.e. a = 7. B v R

0 "1 oP
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CKM matrix and « with B — pm decays

Constraints on the unitary triangle

15 o B R
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CKM matrix and « with B — pm decays

b — u transitions

@ To measure o we have to use decays involving b — u transitions:

o = arg [ =V Vi
Viud Vip

@ In these processes the main contributions come from diagrams at
tree level of weak origin and penguin diagrams involving QCD and
weak factors:
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CKM matrix and « with B — pm decays

Decay channels

@ The channels involving b — u transitions are B® — 7w, B® — pr
and B® — pp (branching ratios between 7 - 107 and 2.4 - 1075)
@ We focus on B — pr — w7~ 70 which should lead to the best
experimental sensitivity
@ We will see in the following slides:
e how the decay amplitudes can be written in terms of «,
e how the phase space can be expressed,
e how the time evolution of a |B® > state can be written
according to B® — B® mixing,
e and finally how to extract a.

Analysis of the charmless decay BY — p7 in the LHCb experiment Diego Roa 8



CKM matrix and o with — pm decays

Decay amplitude

@ We can express the total amplitude of B® — 7t7 70 as the
combination of the amplitudes of B® — 77=0p=+0

@ Factorizing the penguin and tree parts, the amplitudes can be
expressed as _ ' )
AN =V VT — VViP

wen

where “j" represents the decay to p*7~, p~nt or pOn°

@ In terms of «
A =e T/ — P
@ Isospin decomposition leads to

_% (P+— + P_+> — POO
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CKM matrix and « with B — pm decays

B® — 37 amplitude

@ The total amplitude Az, of the BY — 3 decay is
As =) FIN

@ The factors f/ account both for pure form factors and the
angular distributions associated to the spin of the p vector
meson

@ This point is very important and determines the way «a will be
extracted
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CKM matrix and « with B — pm decays

Parametrization of the phase space

@ Initially, there are 12 degrees of freedom corresponding to the
4-momentums of the 3 pions

@ 4-momentum conservation between the initial B meson and
the decay products imposes 4 relations

@ The nature of the decay products being known, their invariant
masses give 3 more relations

@ As the B meson is a scalar, the orientation of the decay plane
is isotropic and any choice of the 3 Euler angles is equivalent

@ The phase space can then be represented by only 2
parameters:

+ 2 — 2

S =My0, S = Mo

and the factors f/ can be expressed as functions of st and s~
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CKM matrix and « with B — pm decays

B° — BY mixing

@ We can describe the B? system by the flavour eigenstates
|B® >= |bd > and |B® >= |bd > that can be written as
linear combinations of the mass eigenstates:

B> = p|B® > +q|B° >
|By > = p|B°> —q|B°>

with [p|* +[q|* =1
@ The time evolution of a \BO > state, prepared as such at
t = 0, is given by (the formula for BO(t) is similar)

. ‘ Amt Amt\ =
|BO(t) >= e Mo x {cos <£n> |B° > —HSsin (;) |B° >}

with: m = (MH + ML)/2, Am=My— M, and I = (I'H + I'L)/2
assuming: Al = Al —Tp << T and Am
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CKM matrix and o with — pm decays

Amplitude distribution

The decay amplitude distribution as a function of phase space and
proper time can be expressed as (here for an initial BO)

e*rt/2c05(¥)A3ﬂ(s+, s7)

A
p

M(t, st s7)
)Az:(sT,57)

MonteCarlo Dalitz Plot for By to 1" 7t 1
10°

@ The distribution as a function of
(s*; s7) is called a Dalitz plot

@ The strategy to extract « is to fit
the time dependent Dalitz plot
obtained on flavour tagged (initial
B or initial B%) decays
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CKM matrix and o with — pm decays

Example of time dependent Dalitz plots

Example of Dalitz plots for an initial B® and various ranges of
proper time:

.
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Experimental context

The Large Hadron Collider

CERN
=7 ATLAS ALICE
| Point T = Point 2

@ pp collisions

@ \/s=7TeV

e 1.1 fb~! recorded in
LHCb in 2011
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Experimental context

The LHCb Experiment

LHCb is a single arm spectrometer covering
the region between 1.9 < n < 4.9

puon
: pDIPS ns
+ra ck\“[?s = ecal Sratio
Satio .

Trigge’
Tracker

bb mostly produced close to the
beam pipe
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Experimental context

Trigger

A very efficient trigger is required: even if the bb cross section is high at
the LHC (o5 ~ 300 ub at /s =7 TeV), the rate of background events
is much higher (ojne; ~ 60 mb); in addition, the branching ratios of
channels of interest are small (Br(B° — 37) = 2.4 x 1079%).

@ LO uses custom electronics: fully synchronous

40 MHz (12 MHz visible interactions)

TR I (40 MHz), 4 s i
5% = , 4 us fixed latency
# IHEAE _ _ _
Mz e High pr candidates from calorimeters
1 I | (hadron, e, v) and from muon system
_ = (u, di-p); veto high occupancy events
i Global reconstruction | (Global Events Cuts)
.E" & E Inclusive selections
B i @ High Level Trigger (HLT) uses a farm of
2.kn, about 2000 CPUs
Storage: Event size ~40kB ° HI_T]_ N fast tracklng

o HLT2 — full event reconstruction
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Experimental context

Key elements

The following are key elements
for the extraction of « fitting
the time dependent Dalitz plot
of flavour tagged B® — pr
decays:

e 70 reconstruction

@ Kaon identification
@ Propertime measurement
°

Flavour tagging
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Experimental context

0

7 reconstruction

o 70 mostly decays in two photons (99% of the cases)

@ In LHCb, photons are reconstructed as calorimeter clusters
made of 3 x 3 calorimeter cells

o 70 can be merged or resolved, i.e. whether or not the clusters

of the 2 photons overlap

x10°

E LHCb
350F-Preliminary
E Vs =7TevData

~7y invariant mass for 250
resolved 70 (first 3 nb™1)
— o =17.25 MeV/c? o

= Ne

Hoauss = (134.94 + 0.01) MeV/c?
Ogauss = (7:25 £ 0.02) MeVic?

uss = (1643.4 £ 8.8) 10°

SSFTY FETTY FTRTY FTOTE FRRT1 PR A FYOTY AU |

N
a
=]
T[T T T TTTT[ 17T
| T T T T

1 1 1
150 200 250
yy invariant mass (MeV/c?)

a
=}
=
o
s}
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Experimental context

Kaon identification

@ Kaon identification is
essential to distinguish

similar decays such as g ' : ' ; ]
0 J{ 0 S 12 |I;H(I3_b_ K'— K': (98.34 + 0.26)%
- 2 1. reliminary K (18.39+ 0.03)% 3
BO — K+7r 71;) and e £ amrovou 7' K'E(18.39£0.03)%
B° - ntn w Rl E
.. e . . 0.8 t i
@ This identification is o5 I
mainly made by RICH s .1.3
detectors ' ok +{*++ :
0.2 ¥R -
. . i W ]

o Calibration samples: o e
20 40 60 80 100
o K from ¢ S KtK— Momentum (MeV/c)

o 7w from K, — 7mr

@ Plots for dLL(K —7) >0
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Selection of B® — pr decays

B® — pm topology

We are looking for:
& @ Decay products from a B meson:

@ Well reconstructed tracks: relatively high pr because of the
7% with low track x2/ndof high B mass
@ Tracks not coming from the @ Decay from a B meson: high flight
primary vertex: 7% with distance, 3-body invariant mass in
large IP significance the B® mass range
@ Tracks coming from the B° N -
T wp T P
decay vertex: end vertex VAN o
with low x? e e : B'P
0 , _ 0 TP
@ B coming from the primary ~ B'w Secondary
vertex: low IP significance, .- Vertex
|OW HD/RA Primary TC+]p eDlRA

Vertex
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Selection of B® — pr decays

Event selection

@ The total sample of LHCb is so BIG. It is divided in groups
depending on each set of channels (stripping)

@ The cut based selection is driven by the stripping selection we
designed to select B® — hhn© final states

@ This stripping selection grants access to Bg and B? decays to
arr?, Krr® and KK7°

@ no Kaon identification cut applied to the tracks, large B mass
window

We will now discuss briefly the stripping and trigger selections
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Selection of B® — pr decays

[llustration of stripping cuts

BYPT Merged

Mc10 BB

Stripp13b Minbia:

— wmc signal

cut

| | | T TR L
2000 4000 6000 8000 10000 12000 14000 16000 1800
pT

0 26000
MeVic

minGe) 1P X2 Merged

— wc signal

Mc10 BB
Stripp13b Minbias|

cut

BY PT Resolved

Mc10 BB

Stripp13b Minbias

— MC signal

min(ie) IP X2 Resolved

cut

2000
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Diego Roa

px



Selection of B® — pr decays

Stripping selection for B — hhm®

T cuts

pr > 500 MeV/c p > 5000 MeV /c
Track x? probability > 107° [ IP x? >25

70 cuts

pr >1500 MeV /c (Resolved), 2500 MeV /c (Merged)
CL(y*) and CL(7?) > 0.2 (Resolved 7° only)

BO cuts

pr > 2500 MeV /c (Resolved), 3000 MeV /¢ (Resolved)
End vertex x2 probability > 1073 [ IP x> < 9
Opira < 10 mrad Flight distance X2 > 64
4200 < mpo < 6400 MeV /c?
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Selection of B® — pr decays

Trigger selection: LO and HLT1

LO and HLT1 selections based on standard trigger lines

LO: hadron, v and electron lines are the most relevant ones

e HLT1
e HItlTrack: single detached high momentum track
(IPx? cut ~ 36; pr cut ~ 1.5 GeV /c)
e HItlTrack + Photon: looser momentum cuts on the single
detached high momentum track in the case of a LO photon
trigger (pr cut ~ 0.8 GeV/c)

@ To reduce the background, with a very limited loss on signal
efficiency, we require that the 77~ 7% combination selected
offline is enough to fire the HLT1 trigger
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Selection of B® — pr decays

Trigger selection: HLT?2

@ HLT2 selection relies on both a standard trigger line
(HIt2Topo2Body) and a dedicated line we designed to
improve the trigger efficiency (HIt2B2HHPI0)

@ The purpose of the HIt2Topo2Body line is to trigger on
3-body decays for which only two tracks have been
reconstructed in the HLT2
(3'4 particle = neutral or low momentum track)

@ The HIt2B2HHPIO line implements in the HLT2 similar cuts
to the ones we use for the B® — hhx¥ stripping selection

@ To reduce the background, with a very small cost on signal
efficiency, we require that the 77~ 7% combination selected
offline is enough to fire at least one of these 2 HLT2 lines
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Selection of B® — pr decays

HLT?2 line dedicated to B — hhx®

7T:t cuts

pt > 500 MeV/c p > 5000 MeV /c
Track x?/ndof < 2.4 | IP x*> > 9
Distance of closest approach of the 2 tracks < 0.2 mm

70 cut: pr > 1500 MeV /c (Resolved), 2500 MeV /c (Merged)

BO cuts

p1 > 2500 MeV /c (Resolved), 3000 MeV /c (Merged)
End vertex x> <10 | IP x® < 25
Opira < 16 mrad Flight distance X2 > 100

4200 < mpgo < 6400 MeV /c?
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Selection of B® — pr decays

Additional cuts for B® — pr study

@ The two tracks are associated to pions: dLL(K — 7)< 0 for
both tracks

o The B decay go through the intermediate p resonance:
400 < m™Mn < 1200 MeV /c? with m™" the minimum
invariant mass among m,+,0, M;— 0 and M+ -

e 4300 < mgo < 6300 MeV /c?
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Selection of B® — pr decays

Results for 2010 data (~ 35pb~1)

@ In order to analyze the 2010 o

data, the stripped data was wof- w

further purify using a N

Multivariate Analysis: Fisher, =

Neural Network and Boosted [ s

Decision Tree methods were B Mass using Merged 7° o

tried s
@ Those expected significance .

should increase by at least a “

factor 5 over the 2011 data =

sample (1.1/b~1) The o

B® — nt =m0 should clearly be i s S

observable

B® Mass using Resolved 7°
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D% — K~ ntx0 studies

7% and ~ Confidance Level

@ The confidance level is defined for photons and 7. It is a tool
to distinguish good neutral particles from background.

@ It uses information from the SPD, Preshower and ECAL
clusters and the possible matching between those clusters and
tracks.
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D% — K~ ntx0 studies

D° — K—nt7® control sample

D° — K 1t 1€ with merged i® ULd[:GlOpb‘

W = 9514702 35071

o Br(D® — K—nt70) ~ 14%

@ Similar stripping selection e
@ Good resolutions in D° mass o P
o Resolved 7°: about 14 MeV /c? o nﬂwmf‘,nﬂm[wm,w

o Merged 7°: about 30 MeV /c?

@ This sample is being used to study
photon and pi0 identification with
very high statistics

ToR767 = 20678
023

, 00063
W= 1864223 0.089
0=0,18,= 17391013
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D% — K~ ntx0 studies

Conclusions

@ The B® — pr decay should allow to precisely measure the
angle « of the unitary triangle in LHCb

The extraction of « will be done through a Dalitz time
dependent analysis of flavoured tagged decays

Trigger and stripping selections have been implemented

We benefit from a nice D° — K~ 770 control sample

We have 1.1 fb~! of recorded data waiting to be analyzed
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D% — K~ ntx0 studies

THANK YOU
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D% — K~ ntx0 studies

Propertime measurement

@ The measurement of the propertime is of major importance
for a lot of analyses in LHCb

o It has been used for instance to extract the bb cross section
using J/1 — pp events

- Pseudo-propertime

defined as:
b= (2176 —2Pv)xXM;,y,
7 = /.

J Iy candidates per 0.1 ps

- oyp =288+ 4+ 48 ub

@ The propertime resolution is around 40 to 50 fs depending on
the final state
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D% — K~ ntx0 studies

Flavour tagging

Flavour tagging is the identification of the initial state (t = 0) of
the B meson (B or B)

e Opposite side tagging: identifies the flavour of the partner
b-hadron (bb pair produced at t = 0)
o Lepton tagging: b — /=X (warning: b — cX — ITX')
o Vertex charge tagging: Bt = bu / B~ = b
o Kaon tagging: b — cX — sX' (Kt =5u / K~ = si)

@ Same side tagging: b .
fragmentation track close to the S:d}Bs-'d
B meson (

e Kaon in the case of B_S: E-"J}K%_
K+ for BY / K~ for B? u ‘
e Pion in the case of B(Od):
7t for B(Od) / w~ for B(Od) u
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D% — K~ ntx0 studies

BO oscillation

o Tagging efficiency = €;55
@ Dilution: D =1 — 2w where w is the wrong tagging probability
o Effective statistics after tagging: Negr = Niotas X €tag D?

o First signal of flavour oscillation
observed for BO — D*_Iu,"'y“ gozi I\}ggl;:_:;iminafy

o Data sample of 1.9 pb~* iy

o "Out of the box" tagging 2
algorithm: €4, D? ~ 2% g
(“already” 60% of expected o _}(%
nominal performance) o2l

o Amy = 3.8+0.5 MeV/c? L B e e

(PDG: 3.34 +0.03 MeV/c?)

Analysis of the charmless decay BY — p7 in the LHCb experiment Diego Roa 36



D% — K~ ntx0 studies

Computation of expected signal yield

@ The number of signal events is given by:
S=2x0,5 x f(b— B%) x Br(B® — 31) X €101 X /Ldt
@ ¢;or accounts for all the efficiencies:

€tot = €gen X €sel X €GEC X Etrig

@ Some numbers

o5 = 292 ub f(b— B%) =0.41
Br(B® — 37) =2.4107> | [Ldt =33 pb !
€gen = 15.8% (acceptance) | egec = 60%
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D% — K~ ntx0 studies

Global Event Cuts (GEC)

@ High occupancy events are more zozzi "y bbh
et 5

difficult to reconstruct and take more 2000 (

time in the HLT 2500l

@ They are vetoed using the numbers of 1000

SPD hits and the clusters in the 5001
trackers % 500 1000 1500 2000
SPD hits in b events at mu=2
22000 _ 3500 _
2000 bb 3000 ﬁ bb
1800
1600 2500
1400 20001
1200- |
1000 1500, \
800- r
6007 1000,
400 500{
200 n: 1 1
% 500 1000 1500 2000 ° 500 1000 1500 2000

SPD hits in b events at mu=1 SPD hits in b events at mu=2.5
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D% — K~ ntx0 studies

Efficiencies

number of events generated in the acceptance

€ =
gen number of events generated
number of events selected
€ =
¢/ = humber of events generated in the acceptance
number of events selected passing the trigger
€trig =

number of events selected

Efficiency | Merged Resolved
€sel 6.1x1073 | 5.2x103
Etrig 0.43 0.25
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D% — K~ ntx0 studies

Background and signal expectations

FSToBackground 2

r o e

: v

@ To estimate the background i o
contribution in the signal region = Sepeiy osmoor oo

(5000 < mgo < 5600 MeV /c?), the
data are fitted by an exponential

@ This leads to the following
expectations

20f

004800 5000 5200 5400 5600 5800 6000

70 type | S B |S/B|S/VS+B
Merged | 47 | 901 | 0.05 1.51
Resolved | 23 | 1015 | 0.02 0.73

@ To improve those performances we use a multivariate analysis
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D% — K~ ntx0 studies

Multivariate analysis

@ Multivariate classifiers combine correlated input
variables into a discriminant output

e We use TMVA (Toolkit for MultiVariate Analysis)
which provides a ROOT-integrated environment
and implements a variety of multivariate
clasification algorithms through a common
interface

@ The results of two classifiers are reported here:

@ Fisher: projection of the data over the hyperplane of best
separation

e Multi-Layer-Perceptron (MLP): artificial neural network
interconecting layers of artificial neurons through non-linear
functions
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D% — K~ ntx0 studies

Training method

@ Signal sample: MC events passing the offline selection as well
as the trigger requirements and in the mass window
5000 < mgo < 5600

@ Background sample: data events passing the offline selection
as well as the trigger requirements and in the mass windows
4300 < mgo < 5000 or 5600 < mgo < 6300 MeV /c?

@ To make sure there is no over training, each of those two
samples is divided into a training sample (half of the
statistics) and a test sample (other half of the statistics)
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D% — K~ ntx0 studies

Variables used in TMVA

Small set of variables providing good discrimination between signal
and background:

o max [pr(n"), pr(7™)]

e min [pr(7t), pr(7™)] —logio[End vertex x? prob.(B?)]
o /IPx2 of the 7+ IPx2(B?)
with max pr Opira

o /IPy?2 of the 7*

/Flight distance y2(B?)
with min pr min [+ L Beo, pa—L Paos pos L Beo]
0
e pr(m”) cos[max(0,+pgo, Or—po, Or0p0)] in the
@ min [CL(»!), CL(¥?)] BO rest frame
(resolved 7 only)
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0 — K~ nt 0 studies

Some distributions

NB°FD x2 Merged S Angle By,q, Merged EP—

0.045] 0.09
omE —— MC Signal 005; = MC Signal
0.035 0. 07;
0.03 0.06F
0.025) 0,05;
0eH 0,04;
0015 o. 032—
001} 0.02F
0.01fy
L L L Il L L h-
10 20 30 40 50 60 70 80 90 100 1 2 3 4 5 6 9 1
mRadians
\4) ° FD x2 Resolved — Real Background Angle Byq, Resolved — Real Background
0.045 0.1
— e signal — v signal

Lo 00T
6 7 8 9 1

0
mRadians

,4
~
w
=
@
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D% — K~ ntx0 studies

Choise of the cut on the discriminant

The criteria used was to select the 3:: . '

cut that gives the best expected ) i3 7 “ MMIM’WI

significance (S/v'S + B) £ HM i MH“
e

[ TMVA response for classifier: Fisher | é

3 e[ Sighar T T T T N B —5

g » m Background E Discriminant (Fisher)

-

The best expected significances
we obtained are

08|

06

°-“§ 79 type | Fisher | MLP
Merged 3.0 2.6

- T 1 18 Resolved 1.4 1.3

Fisher response

02f

L
U/O-flow (S,B): (0.0,
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D% — K~ ntx0 studies

Merged 70 results

B B_Mass
Fisher Entries 636 F h I
c @ Fisher results
70| RMS 4147
X2/ ndf 3572/34 _
Prob 03875 ° Sexp == 39
60 Nsgna 43.7+24.4
H m, 5126+ 61.7 ) Bexp = 108 + 1]_
50— Otuss 10835709
£ NormEXp  2.557e+06+ 1.820e+06 . —
40:7 SlopeExp _ -0.002444 + 0.000156 ° Sflt - 437 :I: 244
o + o (S+ B)ops =120
£ B_Mass
20 Entries 754
E Mean 4817
10 RMS 4575
£ X2/ ndf 5277135
B te 4 H Prob ocariz
0 4400 4600 4800 5000 5200 5400 5600 5800 6000 6200 Nsgra 49.15£15.43
o +
Bd Mass (MeV) m 5185+ 22.6
s 68.53£20.77
50 NormEXp  6.347e+05+ 3.440e+05
SlopeExp _-0.002116+ 0.000115

@ MLP results .

S

S

® Sep =35 3
o Beyp =142+11 @
o S; =492+ 154 e |
° (5 + B)obs — 156 0 4400 4600 4800 5000 5200 5400 5600 SSO%dBV\lI)Iggs (6’;29/)
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D% — K~

Resolved 70 results

50

40

at 70 studies

t B_Mass
Fisher Entries 514
F Mean 4765
RMS 4359
X2/ ndf 24.66/34
Prob 08798
Neignar 14.89+7.97
m, 5312+ 328
Ogauss 44.9+205
NormEXp 1.009e+06 £ 6.491e+05
SlopeExp__ 0002282+ 0.000137
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Analysis of the charmless decay BY — p7 in the LHCb experiment

Sexp = 14
Bexp =98 £ 10

S+ =13.0x7.0
(5 -+ B)obs =61
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@ Fisher results

Sexp = 14
Bexp =89 £ 11

S =15.0+£8.0
(S -+ B)obs =82

e
Entries 422
E Mean 4780
RMS 4616
X2/ ndf 3088/33
Prob 05729
Nsignai 12,99+ 6.95
m, 5322+ 25.6
Oauss 39:138
NOTMEXP  5.427e+05 £ 4.762¢+05
SlopeExp _-0.002196 + 0.000187
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