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In this talk, new results on 

CP- parity violation and QCD tests with multibody beauty decays

Hadronic b decays
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Ç Clean environment

Ç Excellent 
performance           
for modes with 
neutrals/neutrinos

Ç Lower boost, poorer 
lifetime resolution 

Ç Large combinatorial 
backgrounds

Ç Decays with neutrals 
and missing particles   
more difficult

e+e- colliders

Hadron colliders

Ç Excellent lifetime resolution 
due to LARGE boost, ~0.03 ŶB

Ç Large bb production cross section

General purpose experiments

4 x 10 12 bb
ώLdt ~ 9 fb - 1

ώLdt ~ 550 fb - 1

0.7 x 10 9 bb 1.2 x 10 9 bb
ώLdt ~ 1 ab - 1

ώLdt ~ 164 fb - 1
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ÇKey detector systems for hadronic final states: vertex reconstruction (VELO), particle 
identification (RICHs), trigger 

Ç LHCb: dedicated flavour physics experiment 

ÇAcceptance 1.9 < ȁ< 4.9, ~4% of solid angle , but ~40% of beauty production x - section

JINST 8 (2013) P08002, INT.J.MOD.PHYS.A30 (2015) 1530022

CMS LHCb

Vertex LOcator

p p

RICH counters (K/ÙID)

Muon
System

250 mrad

Calorimeters

10 mrad

Tracking

Beauty physics at hadron colliders : vertex reconstruction, particle ID, trigger
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Ç 88 semi-circular microstrip Si sensors

Ç Double-sided, R and ŷ layout

Ç 300 µm thick n -on-n sensors, strip pitches 
from 40 to 120 µm

Ç First active strip at 8.2mm from beam axis

JINST 8 (2013) P08002, JINST 9 (2014) P09007

Vertex reconstruction in LHCb: VErtex LOcator

New J. Phys. 15 (2013) 053021

Ç Vertex resolution allows to resolve fast (x~27) 
BsBs oscillations 

Ç VELO provides excellent proper time 
resolution 

Ç Excellent spatial resolution , down to 4µm
for single tracks

Ç Precise impact parameter measurement, 
ŵIP = 11.6 + 23 .4/ pT [µm]

Ç Precise primary vertex reconstruction, 
ŵx,y = 13µm, ŵz = 69µm for vertex of 25 tracks
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Charged hadron ID in LHCb: Cherenkov light detectors 

JHEP 10 (2012) 037

Ç Charged hadron ID, charmless 2 - body b- hadron decays
ώLdt ~ 0.37 fb - 1

Ç 2 Ring Imaging Cherenkov Detectors , 
Cerenkov light recorded by HPD
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Selected results on hadronic b- decays since PIC 2017 ðB- factories

Observation of B+Ÿ p ǬK+K- and B+Ÿ p ǬK+K+ decays, arXiv:1807.10503

Evidence of charged ǯc(2930) and updated measurement of B0 Ÿ K0 Ǭc
+Ǭc

- at Belle, arXiv:1806.09182

Measurement of time - dependent CP asymmetries in B0 Ÿ KS ȁǿdecays, PRD 97 (2018) 092003

Observation of ǯc(2930) 0 and updated measurement of B- Ÿ K- Ǭc
+Ǭc

- at Belle, EPJC 78 (2018) 252

Measurements of the absolute branching fractions of B+Ÿ Xcc K+ and B+Ÿ D*0 Ù+, PRD 97 (2018) 012005

Measurement of cos(2 Ǿ) in B Ÿ D(*) h0 with D Ÿ KS Ù
+Ù- decays by a combined time - dependent Dalitz

plot analysis of BaBar and Belle data, arXiv:1804.06153

First evidence of cos(2Ǿ)>0 and resolution of the CKM unitarity triangle ambiguity by a time - dependent 
Dalitz plot analysis of B 0 Ÿ D(*) h0 with D Ÿ KS Ù

+Ù- decays, arXiv:1804.06152

Search for the decay mode B0 Ÿ pppp, arXiv:1803.10378
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Selected results on hadronic b- decays since PIC 2017 - LHC

Search for CPV in charmless 2- body Ǭb decays, arXiv:1807.06544

Observation of BsŸ D*0 ŷand search for B 0 Ÿ D0 ŷdecays, arXiv:1807.01892

Observation of the decay Bs Ÿ Ȍc2 K
+ K- , arXiv:1806.10576

Observation of the decay Ǭb Ÿ ȍ(2S) pÙ-, JHEP 1808 (2018) 131

Measurement of the CKM angle ǿusing B± Ÿ DK± with D Ÿ KSÙ
+Ù- , K SK+K- decays, arXiv:1806.01202

Measurement of CP asymmetries in 2 - body B (s)ðmeson decays to charged pions and kaons , PRD 98 (2018) 032004

Search for CPV using triple product asymmetries in ǬbĄ pK-Ù+Ù- , ǬbĄ pK- K+K- , ǯbĄ pK- K-Ù+, JHEP 08 (2018) 039

Measurement of CP violation in B 0 Ÿ DÙdecays, JHEP 1806 (2018) 084

Observation of the decay Ǭb
0 ŸǬc

+ ppÙ-, PLB 784 (2018) 101

Measurement of the CP asymmetry in B- Ÿ Ds
- D0 and B- Ÿ D- D0 decays, JHEP 1805 (2018) 160

Amplitude analysis of the decay B0 Ÿ KSÙ
+Ù- and first observation of the CP asymmetry in B0 Ÿ K*(892) -Ù+, PRL 120  

(2018) 261801

First measurement of the CP - violating phase ŷs
dd in Bs Ÿ (K+Ù- )(K-Ù+) decays, JHEP 1803 (2018) 140 

Measurement of CP asymmetry in BsŸ DsK decays, JHEP 1803 (2018) 059

Search for B c decays to two charm mesons, Nucl . Phys. B930 (2018) 563

First observartion of B+Ÿ Ds
+ K+K- decays and a search for B+Ÿ Ds

+ŷdecays, JHEP 1801 (2018) 131

Measurement of branching fractions of charmless 4-body Ǭb and ǯb decays, JHEP 1802 (2018) 098

Measurement of CP observables in B ± Ÿ DK*± decays using 2-body and 4-body D final states, JHEP 1711 (2017) 156

Measurement of CP violation in BŸ J/ ȍKs and BŸ ȍ(2S) Ks decays, JHEP 1711 (2017) 170

First observartion of the rare purely baryonic decay B0 Ÿ pp, PRL 119 (2017) 232001 

Measurement of CP observables in B ± Ÿ D(*) K± and B± Ÿ D(*) Ù± decays, PLB 777 (2018) 16

Updated branching fraction measurements of B (s) Ÿ KS h
+hõ- decays, JHEP 1711 (2017) 027

Study of charmonium production in b - hadron decays and first evidence for decay Bs Ÿ ŷŷŷ, EPJC 77 (2017) 609

Search for CPV in Ǭb Ą pÙ-Ù+Ù- decays, Nature 13 (2017) 391

Measurement of production cross sections times branching fraction of Bc Ÿ J/ ȍÙ+ and Bc Ÿ J/ ȍK+ in pp 
collisions at ãs=7 TeV, CMS - PAS- BPH- 13- 002

Observation of the B*
s2 Ÿ B0Ks decay and study of excited B s mesons in pp collisions at ãs=8 TeV, CMS-PAS-BPH-16-003
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CP- parity violation in Stardard Model

Bruno Touschek
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1-l2/2 l

-l 1-l2/2

u

c

d s b

A l3(1-r-ih) -Al2t

d, s
b

d, s b

V td ,Vts

B Oscillations

A l3(r-ih)

Al2

1

V tb

c,u

B decays

b

Vub,Vcb

Ç Mass eigenstates related to weak eigenstates via CKM mixing matrix 
Ç 3 generations Ą 4 parameters ( 3 real parameters and 1 complex phase ): l, A,r, h

t t

Cabibbo- Kobayashi- Maskawa matrix in Wolfenstein parametrization

Ç Single complex parameter in the CKM 
matrix responsible for CPV 

Ą strong predictive power !

Ç B- physics solely capable to determine 
CKM mixing parameters of 3 rd quark 
generation and for CPV up to l3
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Non- zero ȁ in CKM matrix Č CP symmetry violation :

Transition amplitude 
between i and j quarks : Vij

b u

W -

Vub

W+

V* ub

b u

Transition amplitude
between i and j anti -quarks : Vij

*

Irreducible phase  Č V* ub V̧ub

Č matter behaves differently from anti -matter

i.e. CP symmetry violation

however, not visible when considering | Vub | 2

Original idea in: M.Kobayashi and T.Maskawa, Prog. Theor . Phys. 49 (1973) 652

3 family flavour mixing in quark sector needed for CP violation .

Before the discovery of the charm quark !

CP symmetry violation

Ç CP symmetry describes the invariance under charge conjugation C and parity operation P



SB  12Hadronic b decays PIC 2018 , Bogotá, 11 - 15.09.18

Ç Unitarity of the CKM matrix :                              Ą 9 relations 
À À 1V V V V= =

Ç The non-diagonal elements of the matrix products correspond to 6 triangle equations :

c

CPV: Unitarity triangles

( )2 5

12 23 13 12 23 13sin 3.0 0.3 10J c c c s s s d -¹ = ° ³

Area of each UT = |J|/2 Jarlskog invariant:

(3.115 Ñ0.093) x 10-5
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* 3 ( )ud ubV V A il r h= +
* 3
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(bĄu transitions) (B mixing)

(bĄu phase) (B mixing phase)

CPV: The Unitarity triangle
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Building UT from b - decays and BB mixing é 

é non- degenerated triangle Ą CPV !

é and kaon CPV é 
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Measurements of: 

Dmd,Dms,Vub,Vcb,ek + cos2b+ b+a+g + 2b+g

ɟ= 0.153 Ñ0.013

ɖ= 0.343 Ñ0.011

~3% precision !

Ç ALL the measurements  

are (so far) consistent é

é but progress further : 

Ç Over -constrain UT, check that UT 
closes

Ç Compare measurements involving CPV 
(angles) to decay -probability 
measurements (sides)

Ç Compare CPV in tree-mediated 
processes to CPV in processes 
involving loops
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Evolution of the UT constraints

1995

2016
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CP- parity violation studies with B mesons

Bruno Touschek
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and after some trigonometry and assuming no CPV in mixing (| q / p| = 1) 

2 2 20( ) ( ) ( )f ff H B t A g t g tl
+ -

= Ö +

Starting from the time evolution of the B 0 and B 0 mesons 
time -dependent rates of an initially pure flavor state :
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Ç |lf|
2 Í 1: direct CP 

Ç |q/p| 2 Í 1: CP violation in mixing

Ç Im [lf] Í 0: CPV in the interference
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CP violation in B mesons

CP-conjugated 

amplitudes :
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In all cases two different paths 
(different strong and weak phases) 
to achieve final state.
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CPV in B- mixing

Ç CP-violating asymmetry from comparing mixing probabilities

Ç No significant CPV in B - mixing observed so far

Ç SM predictions: 

Ç Two major techniques : same-sign dilepton
asymmetry and untagged time -dependent 
asymmetry

Ç Measurements of ad
sl and as

sl compatible 
with SM predictions

PRD 83 (2011) 036004

B
-

fa
ct

o
ri
e

s
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Direct CPV

Ç Direct CPV in B (s) Ÿ KÙdecays

Ç Interference between bĄu tree 
and bĄs(d) penguin diagrams

Ç Compatible with SM expectation

Ç SM prediction in a model - independent way :

H.J.Lipkin, PLB 621 (2005) 126measurement external values

Ç First evidence of direct CPV Ą BaBar 2004
PRL 93 (2004) 131801

Ç LHCb measured time - dependent asymmetries :

PRD 98 (2018) 032004

Ç Using also HFLAV arXix:1612.07233 and JHEP 1304 (2013) 001 :
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CPV in the interference: sin2bmeasurement

Dt(ps) Dt(ps)

535M

0.678 0.026° 0.002 0.020°

Canonical plots, B-factories in 2007

CP violation in the 
interference between
mixing and decay:

B Ą J/ ȍKs: the angle Ǿ

d b

db

t,c,u

W
-

W
+

t, c, u

c

c

s

d

J/y

K0

Vtb Vtd

Vtd Vtb

B0
d

d

b

- decay -

- mixing -

Ç Common CP eigenstate

Ç Decay + B-mixing + K-mixing 

Im ȅCP(J/ ȍKs) = ȁCP(J/ ȍKs) sin2Ǿ



SB  22Hadronic b decays PIC 2018 , Bogotá, 11 - 15.09.18

sin2bmeasurements

Ç Uncertainty of the LHCb result 
with 3 fb -1 competitive with Belle 
and BaBar results

Ç Indirect sin2Ǿprediction from 
UTFit 2016

sin2Ǿ(indirect) = 0.724 Ñ0.028  
compatible with t he average of 
direct sin2Ǿmeasurements 

Ç Two solutions of 
sin2Ǿ(HFLAV) = 0.699 Ñ0.017  

Ǿ1 = (22.2 Ñ0.7) o

Ǿ2 = (67.8 Ñ0.7) o

Ç Ambiguity on the UT apex position resolved by B - factories arXiv:1804.06152

arXiv:1804.06153
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cos2bin Bo
Ą D(*) ho with D Ą KSÙ

+Ù- by a time - dependent Dalitz plot analysis

Ç Multi -body final states to resolve trigonometric amgiguity 

Ç Bo
Ą D(*) ho decay mediated by tree -level colour suppressed b Ącud tree amplitude 

arXiv:1804.06152

1.24 x 10 9 BB pairs

arXiv:1804.06153

Ç Following D Ą KSÙ
+Ù- exhibits complex interference structures recieving resonant and 

non-resonant contributions from variety of intermediate CP eigenstates ; information on 
relative strong phase over the 3 -body Dalitz plot phase space needed

Ç Study time evolution 
of Bo

Ą [KSÙ
+Ù- ]Dho multibody final 

state 

Ç Low branching fractions, BR B~O(10-4) 
and BRD~O(10-2); decay model over 
Dalitz plot phase space Ą challenging 
analysis 

Ç D Ą KSÙ
+Ù- amplitude analysis with 

Belle data 

Ç Time- dependent Dalitz - plot 
analysis using combined BaBar and 
Belle data
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cos2bin Bo
Ą D(*) ho with D Ą KSÙ

+Ù- by a time - dependent Dalitz plot analysis

Ç Results of amplitude 
analysis using Belle data

arXiv:1804.06152

1.24 x 10 9 BB pairs

arXiv:1804.06153
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cos2bin Bo
Ą D(*) ho with D Ą KSÙ

+Ù- by a time - dependent Dalitz plot analysis

arXiv:1804.06152

1.24 x 10 9 BB pairs

arXiv:1804.06153

sin2b= 0.80 Ñ0.14 Ñ0.06 Ñ0.03 model 

cos2b = 0.91 Ñ0.22 Ñ0.09 Ñ0.07 model

b = (22.5 Ñ4.4 Ñ1.2 Ñ0.6 model )
o

Ç The results agree with more precise
measurements with bĄccs transitions

Ç Background subtracted using sPlot

Ç ȁ= 0 o excluded at 5.1ů, observation     
of CPV in Bo

Ą D(*) ho

Ç Yields and asymmetries for ȉ(770) and 
K*(892) regions of Dalitz plot regions

Ç cos2ȁ>0 at 3.7 ů, b2 excluded at 7.3ů, 
thus resolving ambiguity on the UT apex position
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Tree :

Penguin :
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Unitarity :

l4

Ý

?

Comparison of sin(2b) measurements from tree and penguin diagrams

~

sin(2b) charmonium tree  = sin(2b) s- penguin
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Why penguin ?

Comparison of sin(2b) measurements from tree and penguin diagrams
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Penguin :

Comparison of sin(2b) measurements from tree and penguin diagrams

Penguin :

, x ?
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Penguin :

Comparison of sin(2b) measurements from tree and penguin diagrams

Penguin :

, x ?
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Penguin :

Comparison of sin(2b) measurements from tree and penguin diagrams

Penguin :

, x ?

é with my compliments to the Microsoft/Linux battle é
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Measurement of time - dependent CP asymmetry in Bo
Ą KSȁǿ

Ç Bo
Ą KSȁǿdominated by EM penguin diagram , search for new 

physics contribution in the penguin loop

Ç Left -handed photon, right -handed contribution suppressed by ms/ mb

Ç Measure photon polarization via time - dependent CPV study

Ç Mixing induced CPV generated by interference between B 0 and B0 decays: 

S~ -2 ȀCP (ms/m b) sin 2Ǿ= -0.02 ȀCP

PRD 97 (2018) 092003

0.77 x 10 9 BB pairs

Ç Proper time difference 

Ç Neural -network based selection

Ç Helicity angle and mass distributions 
from studying B+

Ą K+ȁǿ

Ç Signal extracted from 3D unbinned
maximum- likelihood fit
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Measurement of time - dependent CP asymmetry in Bo
Ą KSȁǿ

Ç Fit to the æt distribution in the signal 
region

PRD 97 (2018) 092003

0.77 x 10 9 BB pairs

Ç Result consistent with no asymmetry hypothesis
within 2ŵand with SM predictions

Ç Improved precision with Belle II

Ç Measure S and A parameters and establish 
confidence levels

2ŵ
3ŵ

1ŵ
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sin(2Ǿ) from 
charmonium (J/ Ƿ)K0

No contradiction between 
sin2Ǿfrom bĄccs and bĄqqs

Comparison of sin(2Ǿ) measurements from tree and penguin diagrams
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Ç Similar to B 0 system, interference of mixing and decay gives access to CPV phase 
of Bs mixing  ŷs=- 2Ǿs (neglecting penguin contribution)

Ç Measured via Bs Ą J/ ȍŷ, J/ ȍK+K-, J/ ȍÙ+Ù- by CDF and D0, LHCb, ATLAS and CMS

Ç Time-dependent flavour -tagged angular anaysis

Ç ŷs and æůs from maximum likelihood fit

Ç Distinguish CP aigenstates

ŷs Ą K+K-, in P wave Ą CP-even, CP-odd 

ŷs Ą K+K-, in S wave Ą CP-odd 

depending on relative orbital 
momentum of J/ ȍand ŷ

helicity angles  Ý = (Ȃŀ, ȂK, ŷh)

ŀ+

ŀ-

Ȃŀ
ŷh

y
x

z

K+

K-

Bs

ȂK
KK ŀŀ

űs and æůs measurements



SB  35Hadronic b decays PIC 2018 , Bogotá, 11 - 15.09.18

JHEP 1708 (2017) 037

Ç LHCb average with Run I data       
of Bs Ą J/ ȍŷ, J/ ȍK+K- , J/ ȍÙ+Ù-

Ç Time- dependent flavour tagged angular anaysis 

Ç Event-by-event decay time resolution

CP- even
CP- odd
S- wave

űs and æůs measurements

PRL 114 (2015) 041801Ç Time-dependent flavour tagged angular anaysis
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űs and æůs summary

HFLAV average for ŷs
cc and æůs

ATLAS PLB 757 (2016) 97 

CMS JHEP 1608 (2016) 147

LHCb JHEP 1708 (2017) 037

Ç Precision on ŷs of 33 mrad with Run I LHC data 

Ç Good agreement with SM expectations
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Ç Decay first observed by LHCb

Ç Decay dominated by a gluonic penguin 
diagram (complementary to measurements 
with EW penguins)

Measurement of ŷs in Bs Ą (K+Ù- )(K-Ù+)

JHEP 1803 (2018) 140

ώLdt = 3.0 fb - 1 at ãs=7 and 8 TeVPLB 709 (2012) 50, update JHEP 1507 (2015) 166

F
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im

e
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co

m
p

o
n

e
n
ts Ç 19 amplitudes

ů~ ǳe- ůst [aij cosh (½æůst ) + bij sinh (½æůst ) + cij cosh (½æmst ) + dij sinh (½æmst )]

Ç Time- dependent amplitude analysis
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Ç BDT-based selection, signal weights using sPlots technique

Measurement of ŷs in Bs Ą (K+Ù- )(K-Ù+)

JHEP 1803 (2018) 140

ώLdt = 3.0 fb - 1 at ãs=7 and 8 TeV

Ç B-yields extraction

Ç (K+Ù-) invariant masses after applying 
signal weights
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Ç Amplitudes depend on 
masses and angles 

Measurement of ŷs in Bs Ą (K+Ù- )(K-Ù+)

JHEP 1803 (2018) 140

ώLdt = 3.0 fb - 1 at ãs=7 and 8 TeV

PRD 90 (2014) 052011

ŷs
dd = - 0.10 ± 0.13 ± 0.14 

Ç Projections
of decay -time -
dependent, 
flavour -tagged 
fit to the sPlot
weighted data

K+Ù- K-Ù+

Ç Consistent with SM prediction, Bs Ą ŷŷ measurement and ŷs
cc = -0.021 ± 0.031

HFLAV 
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Flavour transitions probe high mass scales in quantum loops (e.g. FCNC) 

Standard Model scale and couplings
(CKM matrix elements ):

New Physics scale and 
coupling:

  

A f
i
­ f

j
+ X( ) = A

0

c
SM

M
W

2
+

c
NP

L
NP

2

è

ê

é
é

ø

ú

ù
ù

NP

SM

+BB mixing: 

Probing new physics with b - decay loop diagrams



SB  41Hadronic b decays PIC 2018 , Bogotá, 11 - 15.09.18

Ç For NP in æB=2 transitions : 

Bd sector Bs sector 

Ç No sign of NP at the 10% - 20% level é  

Probing new physics with b - decay loop diagrams
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Angle ǿfrom B ĄDK decays

Ç BĄDK decays probe angle ǿ

B-

B-

K-

K-
D0

D0

Ą f D

Ą f D

Vcb

Vub

suppressed
favoured

Ç Interference since both D0 and D0 decay       

to a common final state f D

Ç Parameters: weak phase ǿ, relative strong 

phases and magnitude ratios of the amplitudes 

(ųB, r B) and (ųD, r D)

Ç SM benchmark since tree - mediated process

B

D0K

D0K

f DK

r DeiųD

r Bei(ųB- ǿ)

Asuppressed

A favoured
= r Bei(ųB- ǿ)

Ç Measure asymmetries and average partial decay rate ratios Ą fit for ǿ, r B, ųB

Ç Methods of ǿextraction depending on f D: 

GLW (Gronau, London, Wyler) ðsuppressed CP eigenstate (K+K-, Ù+Ù-, KSÙ
0)

ADS (Atwood, Dunietz , Soni) ðinterference of suppressed B / favoured D and   
favoured B / doubly suppressed D decays ( K-Ù+, K+Ù-) 

GGSZ (Giri , Grossman, Sofer , Zupan) ðinterference on Dalitz plot for multibody f D

(KS Ù
+Ù-, KS K+K-)
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Angle ǿfrom B ĄDK decays

Ç GGSZ ðinterference of suppressed and favoured B decays 
followed by D decays Ą amplitude and phase variations 
across the Dalitz plane 

PRD 82 (2010) 112006

B-B+

arXiv:1806.01202

ώLdt = 2.0 fb - 1 at ãs=13 TeV 

Ç Study CP-violating observables 

Ç Measure B+ and B- yields and 
calculate asymmetries in bins 
across the Dalitz plane 

Ç Use external (CLEO -c) strong 
phase measurement

Ç Compare yield differences in 
Dalitz plane bins

No CPV
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Angle ǿfrom B ĄDK decays

Ç Most precise determination of ǿfrom a single analysis 

Ç These results are consistent with the LHCb results from run I, 
and the two results are combined

Ç The CP-observables are measured to be 

Ç These values are translated to 

arXiv:1806.01202

ώLdt = 2.0 fb - 1 at ãs=13 TeV 

JHEP 1410 (2014) 097
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Angle ǿfrom LHCb measurements

LHCb- CONF- 2018 - 002

BS decays

B0 decays

B+ decays

Combination

Ç Combine 16 measurements to obtain global LHCb average

Ç Determine ǿ, hadronic amplitude ratio and phase difference

Ç To achieve optimal sensitivity, use 94 observables with a likelihood ansatz for the 
combination
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Ç Combine measurements from different experiments 

Ç Uncertainties on the averages are dominated by the LHCb results

World average of angle ǿmeasurements

Ç HFLAV average: 

ǿHFLAV = (73.5      ) o+ 4.2
- 5.1

ǿprediction = (65.3 ± 2.0) o

Ç Indirect prediction 
from Utfit 2016: 

Ç Direct and indirect 
determination yield 
compatible ǿvalues


