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Introduction — CKM matrix

Cabibbo-Kobayashi-Maskawa (CKM) matrix
Vud Vus Vub
—information on the strength of flavour —
Vcd VCS Vcb
% changing charged weak decays
Via Vs Vip
Quark mixing matrix
\\// “ e / ) CKM matrix is NOT diagonal. Weak
T N
A N interaction may change quarks flavour

Y/ v , : ) 4 -
@ @ b between generation.




Introduction — CKM matrix

V v v Cabibbo-Kobayashi-Maskawa (CKM) matrix
ud us ub
V v V — information on the strength of flavour —
cd CS cb
changing charged weak decays
Via Vis  Vip
Quark mixing matrix
0.974 0.22 0003
CKM matrix is NOT diagonal. Weak
0.22 0.973 interaction may change quarks flavour

between generation.

oldbs 793 0.999




Introduction — CKM matrix

Bd triangle

It’s unitarity matrix : 25 Vi Vi = 0 V.V
VuaVup*+ VeaVep+ VeaVep = 0 . .
most interesting ones YAYA
cs ' ch
ViisVipt+ VesVop+ ViV, = 0 VvV Bs triangle
cs ' ch
—V,qV: VoVl AYA -
_ udV ub Bs ts Vth
cd¥ cb . . :
Wolfenstein parametrization
. 1 .
|Vud| |Vusl |Vub|e_ly 1_5/12 A AN (p—in)
— |V |74 V 1
| cdl | csl | cbl _2 1_5/12 A 22

Vigle ™ —|Visle™Ps Vil . _ ,
A1 —-—p—in) —-AA 1



Introduction — Type of decays

All decays (loop dominated):
* Big yield

* Big theoretical uncertainty

Tree decays:

 Small yield

* Small theoretical uncertainty
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Introduction — CKM matrix
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Introduction — CKM matrix

Tree-level measurements:

No loops!

No theoretical uncertainty

Sy /y < 1077

No New Physics contribution!

Trees:y = 72.172%
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Introduction — CKM matrix

Trees
Tree-level measurements: os E v il
N
L -
* Small decay rate (~1077) _3 E
* Many final states o2 E
" " fi _E
 Neutral particles (K2,y) L T T A
p

* Many decay channels, many 07— , gy All
06 B i Amy&Am, m_:
o : d K R is
observables os W\ 3
o % — E—-....' (@l alidl =008 _:
= 3 . J,'“i b g
Cay — +5.40 2 \ -
Trees:y =72.17¢23 N . Y
| 3
Dy — +1.0° ‘
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Introduction — B = DK decay

Motivation

B —» DK measurements

Discrepancies between indirect and direct

measurements may indicate new physics

The value of y can be determined by exploiting the

interference between favoured b — ¢ (Vcb) and

suppressed b = u (Vub) transition amplitudes




Introduction— B = DK decay

FAVORED SUPPRESSED
b-c D X e’
[Bi/BOJ {[F]DXJ

rBei(‘sB_Y)
b-u EX
SUPPRESSED FAVORED

Method X [Flp
BY/B* ADS (mixed K, (K7, K]
state)
BY/B* GLW (CP K,m KK, 7w,
eigenstate) TITTITTTT
BY Dalitz K (KK, nrt]
analysis
BY GGSZ K*0 (K hh]
BY /B TD K*t,K*°, | [hhh, hh]




Introduction — LHCb experiment Int. J. Mod. Phys. A 30, 1530022 (2015)

LHCb Spectrometer designed to study heavy flavour physics

 Covering the pseudorapidity range (2<n<5). e

TRACKING SYSTEM
* lIdentification: e(h — h)~90% ¢&,~97%

(low momentum)

* |Presolution: ag;p = 20 um

Ap

momentum resolution: . = 0.5 —-0.8 %
(for low momenta)

) RICH CALORIMETERS
mass resolution : c(mg_p,) = 22 MeV ‘ . :

PARTICLE IDENTIFICATION SYSTEM

time resolution 45 — 55 fs




Introduction — LHCb exper]ment Int. J. Mod. Phys. A 30, 1530022 (2015)

LHCb Run Il Tri ' '
un Il Trigger Some details: Trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz 4 ps to make a decision

readout, high Ev/Pr signatures
| 1 ' collision every 25ns - pipe line

J\

miuon detector & ECAL

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

VELO & T1-T3

Buffer events to disk, perform online

detector calibration and alignment

J \

Full offline-like event selection, mixture
of inclusive and exclusive triggers

> 1 Ir

12.5 kHz (0.6 GB/s) to storage

- Full information & final decision




Introduction — LHCb exper]ment Int. J. Mod. Phys. A 30, 1530022 (2015)
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Introduction — LHCb experiment

Data:
Run 1:

2011-2013

Luminosity: 3 fb~1

Vs =7—8TeV

Run 2:
2015-2018

Luminosity: ~ 5 fb~1

Vs =13 TeV

Integrated Recorded Luminosity (1/fb)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

LHCb Integrated Recorded Luminosity in pp, 2010-2017

. 2017 (6.5+2.51 TeV}: 1.71 /b + 0.10 /fb : 201 2
....... . EGIE [EE Te'|lll|':|: 1_6?_|Ilfh s emssssamssmssessmssssssssssssessassamslatsassnsannann T ——_—
2015 (6.5 TeV): 0.33 /b

"""" ® 2012 (4.0 TeV): 2.08 /fb 2016 4000

....... . 2011 (3.5 TeV): 1.11 /b

...........................................

ar © May = au Sep " Nov
Month of year

2011-2017:7 fb~1



Introduction — Multibody decay analysis method

F'y ° A
MVA methods o |°® .o
® ®
® ..
oo [°3 o
One dimension selection mightbe | _ e o °S o
@
ineffective. = u >
1D 2D 3D
, , ¢ Boosted Decision Trees
Why not try multivariate approach?
e Neural Networks
Function (classifier) will divide object to class , o
e Fischer Discriminants
>_

In HEP: Signal and Background

e Rectangular cut

Proper training: Representative sample

SAOHL3IN VAN

e |ikelihood Estimator

eSupport Vector Machines



Introduction — Multibody decay analysis method

Boosted Decision Tree

x; <Dy
Ks
X, <D, X, <Dj

. [ D, L

Tree-level structer of classifier . ‘ |
/ D _____________________________3 Ks K,

Leaves (at the bottom) — class ® 0 ¢ % ® 1o«

. K, K, Ks K, K Dl [')4 >
Values — regression tree
| Input variable: KSO_Etha |

0.2
0.1

their importance

2 0.9

fé B 0.8

Boosting: training of trees on iz ¥
15 Z s

misclassified events by enhancing 15 7 oa
1& 0.3

500 1000 1500 2000 2500
gamma_PT

4.5 | 5
KS0_Etha

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%




Introduction — Multibody decay analysis method

Verification — Confusion Matrix & ROC curve Predicted: | Predicted:
N NO YES
True Positives (TP) vs True Negatives (TN) Actual:
NO TN FP
False Positives (FP) vs False Negatives (FN) Actual:
VES FN TP
Metrics _ TP+TN
Accuracy acc = N
Misclassification rate mcl = FP;FN

Specificity sp = ;—N
B

- TP
Precision p = —

1 1
AUC=1 v AUC=0.8 v AUC=0.5 nS

AUC=1 —— perfect classification
— — SE—— AUC = 1-0.5—> effective classification
AUC=0.5 — " random classification




RESULTS

B — DK decay




GLW Method Phys. Lett. B265 (1991) 172

BT - pOkg*

Gronau-London-Wyler method - D decays to CP-eigenstates

DO K~
D° - KK /nm, DY - K% K. w ... b c
Observables:
— N0 =\ _n(R+ N0 o+
* CPasymmetries:  A.p= N(B”>DcpK”)—N(B">DcpK™) _
N(B—-DOK-)+N(B+->DOK) B KK /nt X
21 sin(8g) sin(y) .
= i(6pty)
Acp 1+r4+2rg cos(S5p) cos(y) B¢
b-u DO K-

S N(B~ - D%K™)+ N(B* » D%K™)
* Partial widths: GLW ™ N(B- - D9K-) + N(B+ - DOK+)

Reiw = 1+ 1 + 215 cos(8g) cos(y)

—» CP|hh) = +|hh)




Phys. Lett. B760 (2016)

The GLW measurement using Run 1 & Run 2 data. B* - DY(KK)K*

Candidates / ( 10 MeV/c?)

. L -

5000 5200 5400 5600 5800

5000 5200 5400 5600 5800
m(Dh™) [MeV/c2]




ADS Method Phys. Rev. Lett. 78 (1997) 3257

BT - DOkt

. . 0 b ¢ DO K_ rDei(aDiV)
Atwood, Dunietz, Soni method: D* —» K1t
* B favoured decay and D suppressed Decay
B suppressed decay and D favoured decay
Larger interference effects as both { B~ J { Ktn~ X J
amplitudes are of similar sizes. rpei(@sty)
N(B™ = [K*n]p0K™) — N(B* = [K"m*]p0K™") b o 50 -

Arp =
P NGB~ - [Ktn]poK™) + N(BT = [K~1t+]poK™)

_ 2rgrp sin(ég+d4) sin(y)
[K /[ ]DO P — 1+r§ +rlz)+2rBrD cos(8g+d4) cos(y)

R _ N(B™=[K*m~] 0K )+N(B*=>[K~n*] oK)
ADS ™ N(B=—[Kk—m+] oK~ )+N(Bt>[Ktn~],0K")

Rips = 1+ 12 + 1% + 2rg rpcos(6z + 84) cos(y)




Phys. Lett. B760 (2016)

The ADS measurement using an Run 1 & Run 2 data.

B favoured X D favoured amplitudes

~ 3000F = =
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1 M 1
5400 5500
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Phys. Lett. B760 (2016)

The ADS measurement using an Run 1 & Run 2 data.

favoured X suppressed amplitudes

100

50

Events / ( 10 MeV/c? )

400

2002

= sery/ A0
5100 5200 5300 5400 5500
m(Dh") [MeV/e?]



GGSZ Method

Bt  pogt Giri, Grossman, Soffer, Zupan Method

DY K~ rpel(épty)
. 0 0 b-c

D decays to 3 body final states DY = K¢ n

D - KOKK
Dalitz Plot encodes all the kinematic

[ B~ J { K'n™ X J
information of the decay ,
rBel(5Biy)
Each point on the Dalitz plot represents a different
b-u DO K~

value of rp and dp

D Dalitz plot from B decay will be a superposition of DY DO

e Differences between B* and B~ are related to rg §g and y

this method requires a good understanding of strong phases in the Dalitz plane (from CLEO)

A model dependent scenario with 1 and dp




GGSZ Method JHEP 10 (2014) 097

==== Part. reco.
==== Part. reco.

N
(-

BT - DOK*
D° - Kdnn D° - KIKK
{ - | | | FT T ! !
= 200F ] = )
=
> LHCD > LHCb
=
= 150 N . = _ |
= - — DK*
~ — D :_-_:" — )7t
5 100FY |t Combinatorial | 2 B
= ¢ L BT O Jyy o Combinatorial
= e
& =
~ &

5400 5600 3800
m(DK™) [MeV/c?

3200

-

m(DK*) [MeV/c?

00

rg = 0.08013917 ¥y =(62%13)° &5 =(134%1%)°



B® - D K*°

JHEP 08 (2016) 137

B° - D°K* DO - Kdnm

Model - dependent observation
GGSZ analysis measurement using

Run 1 & Run 2 data.

y = (80*21)
re =0.39 + 0.13

Candidates / [18 MeV]

r—l
—
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=
s
)
@

1N T el Lo 4

’ + A _, * '_ !
I .
5000 5200

I 1 I | |
a‘ — B'— DK*
J[ ----- B/— DK*’
Combinatorial

v Bl DFKA

- Bl— D*K*
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BO » p K*O JHEP 06 (2016) 131

B° - D°K™  D® > KOnm, DO - KOKK

Interference of two suppressed amplitudes (comparable in magnitudes)

-_______4_______{/V|
B° i
o V..

Model - independent observation

e Uses measured épfrom CLEO — experiment

* Independent of the D decay model.

e Sensitivity to ¥ obtained by comparing the distribution of events in D and D° Dalitz plots

reconstructed in each flavour (K*Y decay is self-tagging)




JHEP 06 (2016) 131

an C | : 1 ' i ‘_-':I"‘ 3[]- | ' | =
2 gok LHCb 4 = LHCb
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= —B! - m | & —B! - DK

=) ~BS DK | = B = D ”J‘T :

= —B“%Dp” 7 10 —B" = Dp"

2 Bt - DK* 1 2 Bt — DK* |
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= _-_ g = S, .

ﬁ " fos- ; 1 - | ﬁ [I' 2 ] . +

5400 5600 5800 5200 5400 5600 3800
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The three-body self-conjugate decays D —» KSOm*m~ and D — KSOK+K_
designated collectivelyas D —» K hth~are accessible to both DO and DO.



BY - p K*O JHEP 06 (2016) 131

Model - independent observation

y = (71+20)
rzo = 0.56 + 0.17
§g0 = (204131Y°

Model - dependent observation with the SAME data
y = (80*31)

Results are consistent within the limits




Phys. Rev. D 92, 112005 (2015)

B->DX; X =K nrnt D°- KK, Kn, nn

* First ADS and GLW analyses B—>[Kn] Knn: B —>[K n] Knﬂ:
&-\ LEEE [ A <<,-‘ T L
RS —+— data 2
Run 1 & Run 2 data (3 fb?) > LHCb : Total POF > LHCb _"—?Zt;.pnp
2 a00f- B B-D*Kn'n 1 2o} i B B-D'K'nx* N
N 2 . 5070, DK refl]  © . 50, D'RVK” ret.
* ysensitivity similar to the = B B Coen | = B 5D wocrefl. ]
@ 300/~ [ Comb bkg 1 @300 -Cf’mb bkg =
n 01+ = — — Signal = — — Signal
B* —- DK™ decays. = 2
& 200 & 200
(®) O
* Dilution of interference due to _ :
100 100
the variation of the strong :
phase calculated in a model- =T MeV/c?] - 5300 5“°°Mass Mav/e?

dependent way by a full ]
y = (74133) at68.3% CL

amplitude analysis.



Time — dependent method - BY —» DI K=

: : V.
Time — dependent observation b__ Vi ¢ ts
y angle extraction from B, W~ W+
B® — BY meson oscillation )

Vis t Vib

Requires tagging the initial BY flavour
Requires a time-dependent analysis to observe the meson oscillations
The time-dependent decay rates :

o—Tst

2 2

Tgo_r(t) = |Af| (1 + |/1f| ) > (cosh Agst + D¢ sinh Agst + Cr cos Amgt — S sin Amst)
o 21rp Ksin(8§ — (y — 2B5)) c— 1—1pk
r- 1+715 / 1+ K



LHCb-PAPER-2017-047 — Submitted to JHEP

Time — dependent observation

Df - hhh

Several experimental aspects

need to be taken into account :

* Finite decay-time resolution
* Decay-time acceptance
* Background

e Tagging efficiency

y = (128117

2

Candidates / ( 0.1 ps)
<

=1

[
(]

A mi K(D: K_)

LHCb
—+ Data E
— B> D/ w
— acceptance

5 10 15
(B! D, ") [ps]

0.4f LHCb

of -

~02f .

~0.4F .

s PR | PR L | I L P B L
0 0.1 0.2 0.3
#(B’— D, K~) modulo (27t/Am,) [ps]

r1?1200 .

% 1000
800+
6001
400

I
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28t by b b

it bt i f

LN L B B B
LHCh —+ Da»
—— Total fit -

4444444 Signal B! — D{K*
3 By DSFK™
B B! - D;" (7*,p%)
B B) - D' (K*,x%)
C 1A, > D p

B A A K ]
I Combinatorial

o, W

g g #nﬁ fﬁ i
op T T Y

i
Ry T

5300

5400 5500 5600 5700 5800
m(D~K*) [MeV/c?]

K"
o
s

I

§

A mi x(D

—T 71

LHCb

PR | P L | I L PR B L
0.1 0.2 0.3
#(B*— D7 K*) modulo (27t/Am,) [ps]

One fit with plenty of parameters



Combining y at LHCb

T T

Only B — DK decays :
B* - DY(KK)K?* - GLW
B* - DY(Km)K? - ADS
B° - DK*® GGSz ©
+5.1
— y=(76
BY - DSi K*TD

B~ - Dh m~nt GLW/ADS

and more..

__/



Ssummary

B decay D decay Type L Ref.
B DKt D — hh GLW/ADS 3fb~!  [arXiv:1603.08993]
B* — DK* D — hrmm GLW/ADS 3fb~!  [arXiv:1603.08903]
s | BY = DK* D — hhr® GLW/ADS 3fb~!  [arXiv:1504.05442]
2 | B — DK* D — KShh GGSZ 3fb~!  [arXiv:1405.2797]
= B* — DK D — KeKm GLS 3fb~!  [arXiv:1402.2982]
O B — DYK*° D — Km ADS 3fb~!  [arXiv:1407.3186]
= Bt —- DK*wmm D — hh GLW/ADS 3fb~!  [arXiv:1505.07044]
B? — DFK* D — hhh TD 1fb~!  [arXiv:1407.6127] *
B°— D°K*m~ D — hh GLW-Dalitz 3fb~!  [arXiv:1602.03455]
B° — D°K*O D — Kdnm GGSZ 3fb—!  [arXiv:1604.01525]
Decay Parameters Source Ref.
D"-D° mixing HFIAv - [arXiv:1412.7515]
P D — Krnm (8p, kp, D) CLEO+LHCb - [arXiv:1602.07430] *
2 | D— wwnw (F*) CLEO - [arXiv:1504.05878]
£ D — Knn® (dp, kp, 0)  CLEO+LHCb - [arXiv:1602.07430]
> | D— hhn® (F*) CLEO - [arXiv:1504.05878]
= D — KSK= (dp. Kp) CLEO - [arXiv:1203.3804] *
z D — KSKm (rp) CLEO 2 [arXiv:1203.3804]
< | D— KK (rp) LHCb : [arXiv:1509.06628]
B° — D°K""° (kg, Rg, Ag) LHCb = [arXiv:1602.03455]
BY — DK™ (ds) LHCb - [arXiv:1411.3104]
Combination: [arXiv:1611.03076]




y angle measurements precision: *" Fo T QL A
a5 Rl . e

oo ICHEP 18 —

o ?; sin 2B O N—_— =
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QUESTIONS?
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LHCb — Upgrade

The LHCb Experiment in 2018 t:ﬁﬁlﬁﬁﬁ,’i

LHC — LS2 2018-2019 -> 50 fb-1! TR =l LHCB-TDR-015

\ 4

1693 mm

UTbX

2 JEC/\LJ L HCAL

= MUON
Tim Head (EPFL) February 2

2015 8
UTaU

Beam-pipe hole

FFEFLFFELETT

1505 mm | 10 full modules 2 central modules




B meson oscillation

Perfect reconstruction

Proper time (ps)

Perfect reconstruction
+ flavour tagging

0 1 2 3 4
Proper time (ps)

Perfect reconstruction
+ flavour tagging

400 |

200 |

Proper time (ps)

1000 |
800

600

Events

400 |

200 |

Perfect reconstruction
+ flavour tagging

+ background
+ acceptance

Proper time (ps)

Perfect reconstruction
+ flavour tagging

+ background

l'ﬁlﬁl' lﬂ"'ﬂ**ﬂ- A

2 3 4 5
Proper time (ps)




B meson oscillation

Opis parametréow

o tagged mixed

(7p)]
o _ o
CC\SI i o tagged unmixed Ap =(fITIBS) , A7 = (f|T|Bs)
00 — — fit mixed
== _ _ _
2 — fit unmixed Ap ={fITIBY) AF = (f|T|B?)
© _
._'g . _2Redy _ 2Rels
E
(e 2 = 2
8 o- B N G 1
1 1 -
S 0 1 9 3 A + |2¢] + |2¢|
decay time (ps) i
Y + |/1f|2 1 |/Tf|2



Future
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