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Hadronic b decays

In this talk, new results on
CR parity violation and QCD tests with multibody beauty decays
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e C Excellent lifetime resolution
W due to LARGE boost, ~0.03 Yz

C Large bb production cross section
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Beauty physics at hadron colliders : vertex reconstruction, pa_

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

C LHCb: dedicated flavour physics experiment
C Acceptance 1.9 <a <4.9,~4% of solid angle , but ~40% of beauty production x - section

RICH counters (K/U ID)
LHCDb 250 mrad

CMS

q—r‘ — o
" o =2

| Vertex LOcator

I ]“s‘.‘
e—E——=—— =S Calorimeters
Tracking

C Key detector systems for  hadronic final states: vertex reconstruction (VELO), particle
identification (RICHs),  trigger
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Vertex reconstruction in LHCb: VErtex LOcator -

JINST 8 (2013) P08002, JINST 9 (2014) P0O9007

W C 88 semi-circular microstrip Si sensors
C Double-sided, R and y layout

C 300pum thick n -on-n sensors, strip pitches
from 40 to 120 pm

C First active strip at 8.2mm from beam axis

cross section at y=0

SO A RN 0% AR TR ST stanu I O B B
S TEEEING TR P
C Excel_lent spatial resolution , down to 4um R New J. Phys. 15 (2013) 053021
for single tracks 2 [ “ e Tagged mixed
C Precise impact parameter measurement, = - NS o Tagged unmixed
Wp =116 + 23.4/pT [pum] E 4001~ VN g —— Fit mixed
C Precise primary vertex reconstruction, g R Fit unmixed
W, =13pum, W, = 69um for vertex of 25 tracks 3 -
s 200
C VELO provides excellent proper time ? -
resolution I
C Vertex resolution  allows to resolve fast (x~27) ()O T T T,
BSBS oscillations decay time [ps]
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Charged hadron ID in LHCb: Cherenkov light detectors

C 2 Ring Imaging Cherenkov Detectors ,
Cerenkov light recorded by HPD
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C Charged hadron ID, charmless 2 - body b- hadron decays 8 o
JHEP 10 (2012) 037 chdt ~0.37fb -2 < 150F
—~2400~ 3 F
O = - S 100F
S 2200¢ 77 B —K'r 3 f
o 2000 0 i & 50
= 1800 =B~ el
o = T BY=KK- o Ol
— 1600~ 3 0 53 54 55 56 5.7 58 5.9
; 1400 E ] BS—>I[+K_ pK™ Invarlant mass (GeV/c?)
2 = [ 1 Al—pK- — 240
= 1200 & b b
2 1000 - B Ao—p g 200
S 800F 1B —=3-body =
S — r——; g 160
O 600 i _._1 Comb. bkg S
400 7 /) g
200 NNGY//r ) 2z e i :: 80
0 R IR o - N 2
4. 1 52 53 54 51 H.6 57 5. s
w7 invariant| |ss (GeV/c?) 0,55 e
prt Invarlant mass (GeV/c?)

1000 Z 00

— - — :‘ 7

K E : o % C Lro—| 8

Sas005 BY & Ktx— |2 F \ BY — KTK~| S

® E ® 800 ‘ 3

G 3000 o e % i

™~ = g - o

o = 4

S S s0o[ S

s = > L = 400

gzooo:— = : g .

®1500F S 400 R

s = T B o 2000

1000 5 r

E - & 200 §

O s500p © C O 100
oé N = o 0 -t T 4 s Sl et e 0 \
5 6.1 52 53 54 55 58 5.7 & 5 51 52 53 54 55 58 5.7 58 5 51 52 53 54 55 58 57 5.8

K*1~ Invarlant mass (GeV/c?) K*K-Invarlant mass (GeV/c?) "1 Invarlant mass (GeV/c?)



Selected results on  hadronic b- decays since PIC 2017 0 B- factories

Search for the decay mode  B° Y pppp, arXiv:1803.10378

BABAR

Measurement of cos(2 @inB Y D® h® with D Y Kg U'U decays by a combined time - dependent Dalitz
plot analysis of BaBar and Belle data, arXiv:1804.06153

First evidence of cos(2@)>0 and resolution of the CKM unitarity triangle ambiguity by a time - dependent
Dalitz plot analysis of B® Y D® ho with D Y Kg UU decays, arXiv:1804.06152

Observation of B*Y p QKK and B*Y p O K*K* decays, arXiv:1807.10503

Evidence of charged 3 .(2930) and updated measurement of B°Y K° Q.* (30' at Belle, arXiv:1806.09182
Measurement of time - dependent CP asymmetriesin B° Y Kg & @decays, PRD 97 (2018) 092003
Observation of 3.(2930) © and updated measurement of B- Y K Q. (30' at Belle, EPJC 78 (2018) 252
Measurements of the absolute branching fractions of B*Y X, KrandB*Y D U, PRD 97 (2018) 012005
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Selected results on  hadronic b- decays since PIC 2017 - LHC

Measurement of production cross sections times branching fractionof B, Y J/d Utand B, Y J/ & K* inpp
collisions at & s =TeV, CMS - PAS- BPH- 13- 002

Observation of the B*,, Y BPK, decay and study of excited B ¢ mesons in pp collisions at & s =TeV, CMS-PAS-BPH-16-003

Search for CPVin charmless 2- body Q, decays, arXiv:1807.06544 LI‘I CI\Q
Observation of B, Y D0 ¥ and search forB °Y DO ¥ decays, arXiv:1807.01892 m
Observation of the decay B, ¥ Q, K* K, arXiv:1806.10576

Observation of the decay @, Y 8(2S) pU, JHEP 1808 (2018) 131

Measurement of the CKM angle & using B* Y DK* withD Y K U'U, K (K*K decays, arXiv:1806.01202
Measurement of CP asymmetries in 2 - body B s dmeson decays to charged pions and kaons, PRD 98 (2018) 032004
Search for CPV using triple product asymmetries in QA pK U'U, QA pKK'K, 3,A pKK U, JHEP 08 (2018) 039
Measurement of CP violation in B°® Y DU decays, JHEP 1806 (2018) 084

Observation of the decay Q,° Y Q. ppU, PLB 784 (2018) 101

Measurement of the CP asymmetry in B- Y Dy D% and B- Y D- D° decays, JHEP 1805 (2018) 160

Amplitude analysis of the decay BO v KsU*U and first observation of the CP asymmetry in BO Y K*(892) -U*, PRL 120
(2018) 261801

First measurement of the CP - violating phase §.99 in B, Y (K*U )(K U*) decays, JHEP 1803 (2018) 140
Measurement of CP asymmetry in B, Y DK decays, JHEP 1803 (2018) 059

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

First observartion of B*Y D.*K*K decays and a search for B*Y D,V decays, JHEP 1801 (2018) 131

Measurement of branching fractions of charmless 4-body Q, and 3, decays, JHEP 1802 (2018) 098

Measurement of CP observables in B* Y DK** decays using 2-body and 4-body D final states, JHEP 1711 (2017) 156
Measurement of CP violationin BY J/ 0 K;andB Y 0(2S) K, decays, JHEP 1711 (2017) 170

First observartion of the rare purely baryonic decay B° Y pp, PRL 119 (2017) 232001

Measurement of CP observablesin B* Y D® K* and Bt Y D® Ut decays, PLB 777 (2018) 16

Updated branching fraction measurements of B Y Kgh*h-@ecays, JHEP 1711 (2017) 027

Study of charmonium production in b - hadron decays and first evidence for decay B, Y ¥y § YJEPJC 77 (2017) 609
Search for CPVin Q, A pU U'U decays, Nature 13 (2017) 391




Bruno Touschek

“Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18




Cabibbo- Kobayashi- Maskawa matrix in Wolfenstein parametrization

C Mass eigenstates related to weak eigenstates via  CKM mixing matrix

C 3 generations A 4 parameters ( 3 real parameters and 1 complex phase  ):|,A,r , h
d S b
~ N
u 1-1 22 | Al 3(r-ih) b —=— c,u
Vub’Vcb

C - | 1-1 2/2 Al 2

_ +0.0009
A =0.2257 0.0010

e ~+0.031
p - 0.131)_00016

= 10.015

_ +0.021
A=08147003)

=~ 10" I C Single complex parameter in the CKM
d c tt B matrix responsible for CPV
’ I A strong predictive power !
I C B- physics solely capable to determine

CKM mixing parameters of 3 " quark

generation andfor CPVupto 13 o5 43



CP symmetry violation

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

Non- zero & in CKM matrix C CP symmetry violation :

Transition amplitude

Transition amplitude
between i and j anti -quarks : Vij*

between i and j quarks : V;
. W-

7’
7

b - u b
Vub

Irreducible phase C V*,,. V,,
C matter behaves differently from anti -matter

l.e. CP symmetry violation
however, not visible when considering | V, |?

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 !
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CPV: Unitarity triangles _

(!
C Unitarity ofthe CKM matrix: VV* =V ¥ = A 9relations Z Vi Vi = 0ij,
k=1

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

(a) .
x{ldvus

VoV

Vig Vs

% * * 5
Vuqus+Vchcs+VV:0 ?\‘7\’7\‘

td ts

VUL Vud T Vcb Vcd + th th =0 @
Vu*s Vub + Vc: Vcb + \/t: th m
* 3 3 3
Vud th + Vus Vts + Vuthb o 0\ ?:?\é}; (c) "{sﬂg

td Vcd + Vt: Vcs+V*V =0 ?\4?\: Vus"‘ﬁ%'_

£
tb “cb \,TCS\{:b

* * * 5
Vud Vcd + Vus Vcs + Vuchb =0 A A

IArea of each UT = J/2 I Jarlskog invariant:
I J 1 C,C5G;5,5;55ind :(3.115 N0.093) x 10 I
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CPV: The Unitarity triangle -

Vu*qud + v;bvcd +\7tb\/td <

* 3 - . *x 3 * 3 - .-
Vud Vub =N ( r )’{ Vcd Vcb = -A th th = A (1 - It )’i
— V.V, — — a /? &@|Vv — V.V, — — 1|V 11V,
C=-wb =//° ¥ &gl aspr) [AB=U /0 £ ) A |29~
Vchcb f 2 _2_ Vcb A ’n) Vcd cb _\/( ) / Vcb /‘ \/ts

(bA u transitions) _
pH”

| ' (B mixing)

[} é_
g= c’:ll’ga\/“‘l'vUb 8— atarbeli

CVedYeb gr
(bA u phasg

lldronic b decays

AV, O

a h
b= arga?/—t 2 3= atarasz.i_
C chcb 9 C 1- f)

a + b + g — (Ebmixing phase)
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BuildingUT fromb -decays and BB mi xi ng ¢
€ and kaon CPV ¢

a UTsit Am,
1 B summer16 Am,
. CPC fit s
0.5
L V.
i Vos
0 b
-0.5
]
[ 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1l 1 1 I 1 1
i -0.5 0 0.5 1

é n-alegenerated triangle A CPV!
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Measur

ements of:

. e +cosh+ +a+g+2b+gJ

1=
1

0.5

1 -05 0 0.5 1
P

-mic b decays

} =0.153N0.013
d = 0.343N0.011

~3% precision !

C ALL the measurements
are (sofar) consi st

ent

€ but progress furt

C Over-constrain UT, check that UT
closes

C Compare measurements involving
(angles) to decay -probability
measurements (sides)

C Compare CPV in tree-mediated

processes to CPV in processes
involving loops

CPV

o 1]



Evolution of the UT constraints

1.5|III|IIII|I

™ | excluded area has CL > 0.95 |,

1.0 Amy

IIllIIlI

05—

= 0.0 —------ e

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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MM Bruno Touschek
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CP violation in B mesons
CP-conjugated [ A =A(B - f)
amplitudes : Af =AB - f—)

Starting from the time evolution of the B 0 and B © mesons
time -dependent rates of an initially pure flavor state :

2

(fH[B°®) =|A B.) /3 (O ana |(F|H]B°D)) ‘g A" lod) /gr)f

g+(t) = ,.—n,m.rs—?zf.'f'i'?" [(mhAi;;f(_':HArj;;;f -i:—iil!ll‘ltni&ﬂll-—\”;“ﬂ. _q <f |H| B_O > 4 ATf
g-(t) = t'_”i'””_"%” [—ﬂillllA];IfrL'l.}HA;:Hf + i u_mhA[‘H!xini,:m} f P <f | Hl BO > Pp Af
and after some trigonometry and assuming no CPV in mixing (| q/ p|l=1)
2
L o1+ [ _1- 7]
(f|H B°(t)>2 =gt \@ff%@ Grcos( m) S sin( mt)p & 1+|/,F
_ L1+, f _2im[/]
(fH[B @) =e " \@f\z—‘zf‘ g Gcos( mp) Ssin( mt)p > 1|1
f

Cl b2 firecd ir ect CP

. _ ~ | Inall cases two different paths
Gl lafpp# b= 11CP vEIRtiow inorlixat 1 b Ryiffeleft strlBHg ¥nld feik phases)

Q Im[l,] # D: CPV in thednterference to achieve final state.
SB 18



CPV in B- mixing
C CRuviolating asymmetry from comparing mixing probabilities

(B, — [)-T(BY —» ) Ar,

q
a tan ef)
st T (b’?) » f) (B? )~ f) &m(s) 12
“@0.01 =t
] L
C SM predictions: < >§5"[}{ S%:_;ux
s _ 97 . -5 d — (_, . -4 "
a$, = (2.2+0.27)-107° a% = (-4.7+0.6)-10 ~ e/ Theory x 10
PRD 83 (2011) 036004 0 I
---...World average
C Two major techniques : same-sign dilepton i
asymmetry and untagged time -dependent .
asymmetry -0.01
C Measurements of ad, and as, compatible - Dw o] BD{,‘/L 5 x
with SM predictions AL
p -002* § l Eg'ilﬂl‘
o
HFLAV g B factory
L _PDG 2018 ;'_3 average
-0.02 -0.01 0 0. 01 0.02

AgL(BY)
C No significant CPV in B - mixing observed so far
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¢

Direct CPV

Direct CPV in B, Y KU decays

Interference between  bA u tree
and bA s(d) penguin diagrams

SM prediction in a model - independent way :

A — Acp(B° - K+77) N B(BY - K—rT) Td

- Acp(BY - K—7t)  B(B° - Ktrn—) 7,

measurement external values SM H.J.Lipkin, PLB 621 (2005) 126
. _ _ PRD 98 (2018) 032004

First evidence of direct CPV A BaBar 2004 = 0.5¢

PRL 93 (2004) 131801 ‘g 045 LHCb

LHCb measured time - dependent asymmetries : é’? 8;5

Afp = —0.084£0.004 £0.003] 1

AB = 0.213£0.015+0.007] —oaf

-02}

Using also HFLAV arXix:1612.07233 and JHEP 1304 (2013) 001 —0.3F
A= —0.11+0.04 £ 0.03 D I
_ _ _ T2 4 6 8 10 12
Compatible with SM expectation Decay time [ps]
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CPV in the interference: sin2b measurem_

SN Z o] f
B A J/ oK the angle & CP violation in the ; f
: interference  between
¢ Common CReigenstate mixing and decay: 5o
- decay - -
b ~ c Il Canonical plots, B-factories in 2007
— o C [ 1
B < o g Belle |g °f B*OIrK Belle &
a H KO ; 150 Preiiminary ; 150;“3'}“53 Preliminary
ﬁ 100 g 100
- mixing - G so0 & sof
b Vio W Vg o d ° °t
> 0.5 = 0.5f
< 0.5 < 0.8

" IPREFEE R ——— ra——— PR e
75 5 25 0 25 5 % 75 5 26 0 25 6 7.5
.. .. Dt(ps
C Decay + B-mixing + K-mixing (b Dt(ps)
sin(2f) = sin(2¢,) Y b—ces C,, Y
— PRELIMINARY S— PRELIMINARY
I m éCF(J/ 6 KS) = é’CF(‘]/ 6 KS) S| n 2 Q BaBar ., o:.rm £0.032+£0.018 BaBar - 0.049 £ 0.022 £ 0.017
hep-ex/0703021 hep-ex/0703021 H
Belle i N , 0.642 £ 0.031 +0.017 Belle —E'H -0.018 £0.021 £ 0.014
PRL 98 (2007) 031802 PRL g8 (2007) 031802 H
Average 0.678 £ 0.026 Average 0.012+0.020
HFAG HFAG
0.5 0.6 0.7 0.8 012 -0.1 -0.08 -0.06 -0.04 -0.02 [ 0.02 004 0.06 0.08 01

0.678 °0.026 0.002 °0.020
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C Uncertainty of the

sin2b measurements

sin(2B) = sin(29,) L=V

LHCDb result
with 3 fb -1 competitive with Belle
and BaBar results

Indirect
UTFit 5,6
SiN2 jngirecy = 0-724 N 0.028
compatible witht he average of
direct sin2@ measurements

sin2@ prediction from

Two solutions of
SiN2GeLavy = 0.699 N0.017

Morion d 2018
PRELIMINARY
T

Hadronic b decays

@ = (22.2 NO.7)°
@, = (67.8 N0.7)°

032 6

02 04 06 08 1 [3

C Ambiguity on the UT apex position resolved by B

PRELIMINARY

BaBar . : | 0.69 +0.03 + 0.01
PRD 79 (2009) 1072009 ;

BaBar y . 0.69+0.52+0.04+0.07
PRD 80 %00093 112001 TN R

BaBar J/y (hadronic) K, : 1,56 +0.42 +0.21
PRD 69 (2004):052001 = 5

Belle , : | 0.67 £0.02 + 0.01
PRL 108 (2012) 171802 ! |

ALEPH ; i N 0.84 "985 +0.16
PLB 492, 259 (2000) : T

OPAL : 3.20 330 + 0.50,
EPJ C5, 379 (1998) 5 *
CDF : N 0.79 *044
PRD 61, 072005 (2000) : x

LHCb i : " 0.76 £0.03
JHEP 11 (2017) 170 :

Belle5S : ; N 0.57 £0.58 +0.06
PRL 108 (2012) 171801 *

Average | : . 0.70 £0.02
HFLAV i . | .
-2 -1 0 1 2 3

- factories
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cos2b in B° A D®he withD A KU'U by atime - dependent Dalitz plot analysis
oy ) = - » arXiv:1804.06152
Y BABAR Lo arxiv:1804.06153

C Multi -body final states to resolve trigonometric amgiguity 1.24x 10 9 BB pairs
C B° A D®he decay mediated by tree -level colour suppressed b A cud tree amplitude
C Following D A K U'U  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

C Study time evolution At

of B° A [KsUtU ]phe multibody final 0B ; ;
state 5 { [Apo|* + [Apol”]
C Low branching fractions, BR z~0(10-4) —q (| Apo|* — | Apo]?) cos(AmgAt)
and BR,~0(10-2); decay model over N i o
Dalitz plot phase space A challenging + 2qnpo (=1)7 Im (e AD”AEO) Sm(AmdAﬂ}
analysis ‘ Y /
C D A KU'U amplitude analysis with Im (AD(')A%U> cos 23
Belle data — Re (Apo A%(,) sin 23

C Time- dependent Dalitz - plot
analysis using combined BaBar and
Belle data
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. >
BABAR ¥=

arXiv:1804.06152
arXiv:1804.06153

1.24x 10 9 BB pairs

C Results of amplitude
analysis using Belle data
3.0

K*(1680)"

1430)~

2.5 dles &
K3(1430)"
K*(1410)"
K;(1430)7

K*(892)*

K*(892)

O'%.O 0.5 1.0

0 15 ‘)2.'04
M- (GeV?/c?)

-1ic b decays

Resonance Amplitude Phase (deg) Fit Fraction (%)
K2p(770)" 1 (fixed) 0 (fixed) 20.4
K2w(782) 0.0388 + 0.0005 120.7 £ 0.7 0.5
K2 fa(1270) 1.43 £0.03 —-36.3+ 1.1 0.8
K%p(1450)° 2.85+0.10 102.1+1.9 0.6
K*(892) =t 1.720 + 0.006 136.8 £+ 0.2 59.9
K3(1430)~ =+ 1.27 £ 0.02 —44.1+0.8 1.3
K*(1680) =+ 3.31+£0.20 —118.2+3.1 0.5
K*(1410) 7" 0.29 + 0.03 99.4+5.5 0.1
K*(892)*x~ 0.164 £ 0.003 —422+0.9 0.6
K3(1430) m~ 0.10 + 0.01 —80.6+ 7.6 < 0.1
K*(1410) 7~ 0.21 +0.02 150.2 + 5.3 < 0.1

7w~ S-wave Parameters 10.0
By 85+0.5 68.5+3.4
Ba 122+ 0.3 240+ 1.4
Ba 202+ 1.6 —0.1+25
Ba 10.8£0.5 —51.9+24

pront 8.0+0.4 —126.0 2.5

B 26.3+ 1.6 —152.3 £ 3.0
I 33.0+ 1.8 —93.2+3.1

i 26.2+1.3 —121.4+2.7
ghrod —0.07 (fixed)

Km S-wave Parameters
K3(1430) w* 2.36 + 0.06 99.4 + 1.7 7.0
K3(1430) m— 0.11 £+ 0.01 162.3 £ 6.6 < 0.1
M (1430)% (GeV/c?) 1.441 + 0.002
[z 1a30)+ (GeV) 0.193 + 0.004
F +0.96 £ 0.07
R 1 (fixed)

a +0.113 £ 0.006
r —338+1.8
o5 (deg) 0.1+0.3
o (deg) —109.7 £ 2.6

K*(892)" Parameters

1\1,\'.(592): (CO\IY/CQ)
' e s92)+ (GeV)

0.8937 + 0.0001
0.0472 = 0.0001




cos2b in B° A D®he withD A KU'U by atime - dependent Dalitz plot analysis

> F
o - OELLE

C Yields and asymmetries for i1(770) and
K*(892) regions of Dalitz plot regions

» [K§x'm

arXiv:1804.06152
arXiv:1804.06153

1.24x10 9 BB pairs

C Background subtracted using sPlot

10

(a) BABAR B | A" with (b) BAB®R B = [Kin*n¥]}; h° with
; < 150 MeV /¢ Mo (aooit Mpo_«| < T5MeV/E3
- M, f 150 MeV K
@ Unmixed event
e (B"BY)
— Mixed event
(B°BY/B m% \
wv / \
‘é 10 \
4
& Jl}\
e =
e L
g 0 =
E 1.0
> 0.5 —+— m
w ——
-: 0.0 /\# | 1 — I < \
5 hp_ L
o ().
= —1.0
e
L%" 101 (c) Belle B — [Kix'w |5 h” with | (d) Belle B° — [K2x*n¥]}; h® with
M ) -1 Mrin-| < 150 MeV /e Mkeamys = Mgtge| < 75MeV/
L Unmixed event
a ')"“_+"I’i'- 1) +1 +(Z§ n)
L2 b zr gal 3 Mixed event
2 G ame (1 2 (B°BY/B"B) \
m 20 \
= \ \
[ \
> $
: \ A
10 —$— i b 3
> - wf | Pl [ il .
e T - 3 =
< () I (
E 1.0
a~ 0.! ==, o= jﬁ:’*
.g 0.0 - l {
T _o5 _+_ + —4— *
s.— 0.
e —1.0 ’
& B —6 —4 =2 0 2 4 6 =B/ =6 4 2 0 2 4 6
0 At (ps) At (ps)

Hadronic b decays

C cos2a >0 at3.7 U, b, excluded at 7.3,
thus resolving ambiguity on the UT apex position

sin2b =0.80 NO0.14 N0.06 NO0.03 4
cos2b =0.91 NO0.22 N0.09 NO.07 ,yqe
b =225 N4.4 N1.2 NO.6 ,y40)°

The results agree with more precise

measurements with bA ccs transitions

of CPVin B® A D®ho°

Ul

P

a =0 ° excluded at 5.10, observation

PRELIMINARY
T

1 F
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06 -

04 -

02 r
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. L . . L
0.2 04 06 08 1 p
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Comparison of sin(2b) measurements from tree and pen_

Tree : ,& o\ ©
c Im /T yKE =/""im avtbvti %@ghg%%nz t
ViV V.V, =
b S B° mixing K° mixing
BY ] K’, K™
d d
Penguin : im /7 KY = //im %\% % /sin2

CVib Vtd csVed ~
- b M s -

u,ct . oM Unitarity : + VCS VC,O + Vts th =0
8

- |4 . * * .
Y Vcs Vcb + Vts th - 0

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

PIC 2018 , - - 15.09.18




Comparison of sin(2b) measurements from tre_

Why penguin ?

u,ct oM’

“Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18



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

Penguin : Penguin :
- b M S - - b M S -
u,ct _ @1 u,c’:;t _ o’
_ s _ y X s
BC _ Bg ]
S RO S RO
- d d - - d d -
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Comparison of sin(2b) measurements from tree_

Penguin : Penguin :
b Mg, s b Mg, s
u,ct _ @1 u,c,t _ o’
a | = o S
S }_(0 S RO
- d d - - d d -

“Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18



Comparison of sin(2b) measurements from tree and _

Penguin : Penguin :
- b M S - - b M S -
u,ct _ @1 u,c;t _ o’
B9 ° B o °
d - d -
S }_(0 S RU
- d d - - d d -

€ with my compliments to

“Hadronic b decays PIC 2018 , BOGOtA, 11 - 15.09.18 S8 30



,:B Measurement of time - dependent CP asymmetryin B° A Ksa ¢

OFELLE

¢

¢

O 0O

O O

PRD 97 (2018) 092003

B° A Kga gdominated by EM penguin diagram, search for new 0.77 x10° BB pairs

physics contribution in the penguin loop
Left -handed photon, right -handed contribution suppressed by m./ m,
Measure photon polarization viatime - dependent CPV study
Mixing induced CPV generated by interference between B © and BO decays:

S~ -2 Acp(mJm ) sin 23=-0.02 A,
Proper time difference

(_|‘A[|//TBO

P(At) = e {1 + q[Ssin(AmgAt) + Acos(AmgAt)]}
"B Af = (;1‘9(: _ ;taig)/‘j)r:’(' = Az/fr:(

. —_ —~ 90
Neural -network based selection > © g
.. L > =

Helicity angle and mass distributions © 2 70
from studying B* A K'a & 3 & &
c = 50
Signal extracted from 3D unbinned 1% % 40
maximum- likelihood fit o 30
20
10

Olllllllllllll‘l!lll 0\r|f||\T|||||||||

04 -02 0 02 04 52 522 524 526 5.28

AE [GeV] Mpc[GeV/c?]
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,:B Measurement of time - dependent CP asymmetry in B°_

PRD 97 (2018) 092003
0.77 x 10 ° BB pairs

C Fittothe aet distribution in the signal ’g 20p —
. 'Y - ——q=+1
region > 15— ——q=—T1
> C
L S /
0 C anst d{, =-

£ 08"
e 04 |
E )E —\\ —
7) 045

C Measure S and A parameters and establish g 0'8; El‘—\:l_

confidence levels S 08 6 450 2 4 6 8 10
At [ps]
. . << [
S =—1.32x0.77(stat.) & 0.36(syst.) :
A= —0.48 £ 0.41(stat.) = 0.07(syst.) | ost // ----------- -
0 N
Loy 7
' w !
C Result consistent with no asymmetry hypothesis O5r | \/ .
within 2w and with  SM predictions A NPt et
C Improved precision with Belle I 15405 0 05 S

“Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18




Comparison of sin(29) measurements from tree and pe_
. eff
sin(2B) = si n(20; )@

b—ccs World Average H- 069 i 0.02

t‘IJ K° Ave rage b e ! 0. ?‘4 *g ]}1

n K”  Average —*—t 0.63 ¢ 0.06

Kg Kg Kg Auerage b il *D.?Eiﬂ.m

K Average ! * ' {]5?+D 17

p°Kg  Average * : 0. 54 *8 ;?

® Kq Average : T D ?1 + D 21

s Ave rage ’ * ’ 0. 59 +8 }g

- No contradiction between
K K K° Average - - 0. sg +0.09 sin2@from bA ccCs and bA qqgs

f

nK

0.2 0.4 0.6 T\ 0.8 1

sin(2@) from
charmonium (J/ P)KO°

PIC 2018 , - - 15.09.18




(i, and a(, measurements

C Similar to B 2 system, interference of mixing and decay gives accessto ~ CPV phase
of By mixing Y.=- 2@ (neglecting penguin contribution)

C Measured via B, A J/ 0 ¥ J/ 6 KK, J/ & U'U by CDF and DO, LHCb, ATLAS and CMS

(= |
I
S

Time-dependent flavour -tagged angular anaysis

{0

¥, and & from maximum likelihood fit

)

Distinguish CPaigenstates

)

V. A KK, in P waveA CReven, CRodd
¥y A KK,in S wave A CRodd
depending on relative orbital

helicity angles Y =(A,, A, V,)

o A Y oo+
momentum of J/ 0 and y K- . e
M B, I _— "  Z\
&

Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18 SB 34



LHCh (i, and a(, measurements

G Time-dependent flavour tagged angular anaysis PRL 114 (2015) 041801

S LHCb

3500
3000

o

= 2500

& 2000

<

= 1500

k=

S 1000
500

10°F C Time- dependent flavour tagged angular anaysis

C Event-by-event decay time resolution

p—
]
()

[
=
(3]

T T

10

E CR odd
E
E S-wave "~

Candidates / (0.2 ps)

[u—

5 0 0y = 1 £ 37mrad
Decay time [ps] o
Al = 0.973 £+ 0.013

—_
o
R

C LHCb average with Run | data
of BA J/ 0 YJ 0 KK,J o UU [I'y = 0.6588 4+ 0.0022 £+ ().()()151);@_1

JHEP 1708 (2017) 037 | AL, = 0.0813 4 0.0073 £ 0.0036 ps™*
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HFLAV average for §.°¢ and ae(

T
4 014 pogrpt [
g 68% CL contours
0.12 (Alog £ =1.15)
CMS 19.7 fb 1
0.10 Combined CDF 9.6 fb-!
0.08 O

ATLAS  PLB 757 (2016) 97
CMS JHEP 1608 (2016) 147
LHCD JHEP 1708 (2017) 037

04 = 02 w00 02 d;'
¢ [rad]

LHCb 3 fb~!

0.06 ATLAS 19.2 fb !

C Precision on y . of 33 mrad with Run | LHC data

C Goodagreement with SM  expectations

“Hadronic b decays PIC 2018 , Bogota, 11 - 15.09.18



LHCD Measurement of ¥, in By A (K+L})(K'_

C Decay first observed by LHCb J"”fp 18~03 (2018) 140
PLB 709 (2012) 50, update JHEP 1507 (2015) 166 chdt = 3.0 fo-*at &s=7and8 TeV

C Decay dominated by a gluonic penguin
diagram (complementary to measurements b

. : N
with EW penguins) B |

\Us

C Time- dependent amplitude analysis

G ~ dze s [a; cosh (Yee(t) + b; sinh (Yee(t) + c; cosh (Yeemt) + d; sinh (Yeemdt)]

Decay Mode 71 72 Allowed values Number of

1% of h amplitudes (; 19 amplitudes
é BY - (Ktn )5 (K =), scalar-scalar 0 0 0 1

é. BY - (K*m _)E‘,K (892)° scalar-vector 0 1 0 1

S BY — K*(892)Y(K—=); vector-scalar 1 0 0 1
§—> B? — (K*tn7 ) K3 (1430 scalar-tensor 0 2 0 1

E — | BY — K;(1430)" ( nt)y  tensor-scalar 2 0 0 1

% B® — K*(892)°K*(892)°  vector-vector 1 1 0, |, L 3

o —> B’ -+ K* (892)°A2(1430)° vector-tensor 1 2 0, ], L 3

= — | BY - K3(1430)°K*(892)"  tensor-vector 2 1 0,1, L 3

%) _

| — | BY = K3(1430)°K3(1430)° tensor-tensor 2 2 0, |11, Ly, [l2. Lo 5




LHCD
. L)

C BDT-based selection, signal weights using sPlots technique

=) =)
[3%] (%)

e
o

Illll‘

Candidates / ( 8 MeV/c?)

Measurement of

L

I I

1 1 lllllll 1 1 illllll

5000

L | L
5200

5400 5600 5800
m(Kl K~ 1) [MeV/c?]

— 1600

= 1500

>

L 1400

= 1300

—

lE 1200

N 1100

£ 1000
900
800

Fu .

e

LHCb }—

80

1000

1200 1400 1600
m(K ™) [MeV/c?]

¥sin By A (K'U )(K U
JHEP 1803 (2018) 140

thdt = 3.0 fb-1at as=7and8 TeV

C B-yields extraction

Channel Yield Yield in Signal Region
BY — (K*n~)(K—=%) 6080 + 83 6004
B » (Ktn ) (K—nt) 1013 + 49 103
B’ - (Ktn ) (K~ K*) 281 + 47 1
BY - (K+t7~)(K-K™) 8+ 3 4
B = (Kt~ )(n—nt) 57+ 13 33
A) — (pr~)(K—=t) 14 + 10 13
Partially reconstructed 2580 + 151 0
Combinatorial 2810 + 214 372

20 «» N ) i

18 &c; C (K*U) invariant masses after applying

16 3 signal weights
2

14 g

12 ;

10%

8 b

6 O

L B

2

0

SB

38



% Measurement of ¥, in By A (K+L})(K'O_

C Amplitudes depend on

JHEP 1803 (2018) 140
hdt = 3.0 fb-1at ds=7and 8 TeV

masses and angles \ %

C Projections g 200
of decay -time-  Z1000
dependent, <00
flavour -tagged co0
fit to the sPlot

400

weighted data

(]
[=]
o

Weighted candidates / ( 34 M
o

+

[

7

—+ D LHCb 1f  # LHCb °
Total PDF . I ]
ss KU - Ky o
——— SV+VS qF B
— W JL - -
——— ST+TS E E

1000 1200 1400 16C 800 1000 1200 1400 1600

300
m(K* ) [MeV/c?] m(K %) [MeV/c?]
§99 =-010 £ 013 + 0.14

C Consistent with SM prediction,

-onic b decays

B. A ¥ ymeasurementand . =-0.021 + 0.031
PRD 90 (2014) 052011 HFLAV
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Probing new physics with b - decay loop diagrams

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

Standard Model scale and couplings

(CKM matrix elements): ‘ ‘

ec %
BB mixing: A é;S\/I -+ l.\]
O /7 I\/I2 L 2 \
@ W NP H
New Physics scale and b . d b :g = d
coupling: ' : S
a . b F] d__1b 3
NP g g

Hadronic b decays PIC 2018 [SEGEEEENER- 15.09.18 SB 40



Probing new physics with b - decay loop diagra_

For NP in a&eB=2 transitions
¢ AmS® = Cg,Am"

sin 26°F = sin(265 + 20,)

ﬂ,exp:uSM_q#Ed!

(BglHE'| By)

Cp, e*%Bs =

L (BY|Hz'| BY)

Am®P = Cg Am™M

= (B — ¢8,),

B, sector B, sector
— 15 — 20
OI—l : o|_| B
o : o =F '\, 7
< ok UTs o 1sF UTji
C summer16 - summer16
- 10
s NP fit . NP fit
_ sE
; . @
_5:_ S
- -10F
-10f E
: -151
-15-IIIIIIIIIIIIIIIIIIIIIIIIIIIII _20:IlllllIIIllIIIIIllIIIIlIIIIIIllIIIIIllI
06 08 1 12 14 16 1-80 2 0 02 04 06 08 1 1.2 1.4 16 18 2
B, Cg.

C NosignofNPatthe10% -20% | evel &




Angle ¢ from B A DK decays

C BA DK decays probe angle &

- I suppressed
favoured ! - - o
/.;/ S K_ VUb \\\ — DO A fD
Y, B- " ”
b - cb - c < s _
B DO A f, K
m - W u = u
C Interference since both  D° and D° decay (g 9 DOK
. r g€
to a common final state f B \

C Parameters: weak phase g, relative strong B fpK
phases and magnitude ratios of the amplitudes AD
(Ug, r'g) and (Up, rp) DK P

C SM benchmark since tree - mediated process Asuppressed —r _elus9

Afavoured °

Measure asymmetries and average partial decay rate ratios A fitfor @, rg Ug

)

C Methods of @ extraction depending onf:
GLW (Gronau, London, Wyler) & suppressed CPeigenstate (KK, UtU, KU°)

ADS (Atwood, Dunietz, Soni) d interference of suppressed B/ favoured D and
favoured B/ doubly suppressed D decays ( K U, K*U)

GGSZ (Giri, Grossman, Sofer , Zupan) d interference on Dalitz plot for multibody f,

(Ks UU, Kg K'KY)
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&Clg] Angle ¢ from B A DK decays

C GGSZ dinterference of suppressed and favoured B decays .

followed by D decays A amplitude and phase variations hdt=2.0fb -tat as=1:
across the Dalitz plane

arXiv:1806.01202

C Measure B* and B yields and :éf 3r LHCbH |
calculate asymmetries in bins % I ]
across the Dalitz plane = o )

C Use external (CLEO -c) strong czw I
phase measurement ag I

PRD 82 (2010) 112006 I 7

C Compare yield differences in o -

Dalitz plane bins B M T S

O A — — — mXKom*) [GeVc*] mX(K) [GeVc?]

' 40f

= 20f

No CPV
-—

Of+
-20F
—40f

C Study CP-violating observables

ry = rpcos(op £ )

/

Y+ = rpsin(og £+ )

K"K

—60F

0
S

K
Sl bl

_8(}_JJ1t Ll J—— L
8765432112234 5¢%6 778 -2-1

Effective bin number
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LHCD Angle ¢ from B A DK decays _
Bty

arXiv:1806.01202
thdt=2.0fb -lat &s =13

C The CP-observables are measured to be
r_=( 90+£1.7+0.7+0.4) x 1072

y_ = ( 214+224+054+1.1) x 1072
=(=7.7+£1.94+0.74+04) x 1072
— / —2 o o
=(—1.0£194+04+0.9) x 10 v = 87° “_Lﬂo (+i;i;o) |
C These values are translated to rp = 0.087 X013 (Fo.027)

0.
0.
§p = 101°*i10 (133.) -

C Most precise determination of @ from a single analysis

C These results are consistent with the LHCDb results from runl, JHEP 1410 (2014) 097
and the two results are combined

= 02 : . . — 180 .
= [ JRunl -
F 3015 & 2016 data LHCb 1 & LHCb |
[[-:z] Combined result |
0.15+ —
120 — —
o+1()° +19° 0.1 j ) . i |
+0.011 /+0.022 i I I ]
7B—0080 0011( 023) 0,05 | I e Ruml ]
Sn = 110° T10° (+19°) o i — %&ﬁbﬁ;ﬂfﬁ? ]
B — —10° 20°) - - , | . I , 4 0 . l \ 1 \
0 60 120 180 0 60 120 180
o (e
Y [°] v [°]
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rLHCD

O 0O 0

combination

Angle g from LHCb measurem_

LHCDb- CONF- 2018 - 002

I-CL

0.8 iBS decays
[ B® decays
0.6 -B* decays
[ Combination
0.4

0.2

0 50

LHCb -

Preliminary _ |

100 150
v [°]

7= (T4.0755)°

-1ic b decays

Combine 16 measurements to obtain global LHCb average

Determine g, hadronic amplitude ratio and phase difference
To achieve optimal sensitivity, use 94 observables with a likelihood

ansatz for the

BT - DK* D — hth~ GLW Run 1 & 2
BT — DK* D — hth~ ADS Run 1
BT — DK* D — hta ata~ GLW/ADS Runl
B" — DK* D — hth x" GLW/ADS Run 1
B" - DK* D — KYhth™ GGSZ Run 1
B* = DK* D — K%%*h~  GGSZ Run 2
Bt — DK* D — KKtn— GLS Run 1
BT — D*K* D — hth™ GLW Run 1 & 2
BT — DK** D — hth™ GLW/ADS Run 1 & 2
BT = DK** D — htr-rtr~ GLW/ADS Runl & 2
BT — DK*gtn~ D — hth™ GLW/ADS Runl
B - DK™ D— Ktn~ ADS Run 1
B — DK*7n~ D — hth™ GLW-Dalitz Run 1
B’ — DK*° D — Kirtn~ GGSZ Run 1
BY - DFK* Df = hth-=t 1TD Run 1
B’ D¥r* D*— K*z~zt TD Run 1

PIC 2018 - 15.09.18
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World average of angle g measurements

C Combine measurements from different experiments
C Uncertainties on the averages are dominated by the = LHCb results

C HFLAV average:
) B + 4.2
Buray = (735 1_1 ©

C Indirect prediction
from Utfit 2016:

épredic:tion :(65-3 t 2-0)0

C Direct and indirect
determination yield
compatible & values
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