


CP violation - introduction

e Non-invariance of fundamental interactions under the combined action of charge
CcO njugatlon (C) and parlty (P) tran Sform atlon S vaouam::f:i?variance,casymmeny,andbaryonasymmenyonheuniverse

e (One of four) necessary condition for the dynamical
generation of the baryon asymmetry in the Universe

* The Standard Model includes CP violation through (the single) irreducible phase of the
unitary 3x3 CKM matrix

e Unitarity of the matrix can be expressed in terms of Unitarity Triangles (UTs)

o All with equal area Aa, proportional to CP violation. In particular for the third generation:

A=(f_3,?])

ViaVap + VedVep + VigVip = 0

C=(0,0) B=(1,0)
* in the SM the UT must respect constraints so that all measurements of sides and angles
converge in the same apex (0, 7))



CP violation milestones

1964: J. H. Christenson, J. W. Cronin, V. L. Fitch, and R.
Turlay: Evidence for the 2rt Decay of the Kg Meson

1999: KTeV Collaboration: Observation of
Direct CP Violation in Ks:| - rut Decays

2001: NA48 Collaboration: A precise measurement of
the direct CP violation parameter Re(e’/¢)
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e 2004: BABAR Collaboration: Direct CP Violating
Asymmetry inBY — KT7~ decays
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e« 2004: Belle Collaboration: Evidence for Direct CP Violation
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inBY — K7~ Decays |
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« 2019: LHCb Collaboration: Observation of CP
violation in Charm Decays

20/10/2021

- 2001: BABAR Collaboration: Observation of CP
Violation in the B® Meson System

« 2001: Belle Collaboration: Observation of Large CP
Violation in the Neutral B Meson System

70
60
s
50
N £
~ E 40
A 30|
20| A 20
10E S | 10
e .
025 0 025
AE (Ge'

I i
52 522 524 526 528 25.3
mg (GeV/c™)

2013: LHCb Collaboration: First observation of CP
violation in the Decays of BY Mesons
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Past, present, and future (of the UT)

BABAR PHYSICS BOOK, 1998
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Past,

present, and future (of the UT)

BABAR PHYSICS BOOK, 1998

2019
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Facilities for CP violation physics
The glorious past

\ \ ]
—] Tsukuba-san
Y(1S) (38 g
res) | OV E
Sy Y T ‘ R
. s —
* ARGUS A CLEO v (USB <> DHHM E ~premer L'k
¢ Crystal Ball A CLEO II SP O LENA .
| | | | ‘ | | | ‘ | | | ‘ m
9.5 10 10.5 11

Vs [GeV]

Total ~470fb-1 e+e- , asymmetric beam ~870fb-1
energies, (mainly) Y(4S)

L [ [ [ [ [ [ [ [ [ [
- KE KB + PE P_I I Nobel prize to KM

1600 Decisive confirmation of CKM picture

—
Evidence of D?-DP mixing

PRL 98 211803 \

Evidence of B2 7 v
PRL 97 251802 -

ERJ: ¢

T E The Physics of the
Excess in R(D o s
PRL 109 101802 —| B Factories

Z(4430)
PRL 100 142001

Difference in Agp(B2K )

Observation of b=>dy
PRL 96 221601 >

Integrated Luminosity in fp~1

800 btw. B® and B*
Nature 452 332
Direct CP violation in B> 7* 7~ N
600 PRL 93 021601 Direct CP violation in B=2>2K
C ‘— PRL 93 131801,
- Observation of CP violation PRL 93 191802

400 [Fn B mixing system

PRL 87 091801, <——— X(3872)
PRL 87 091802 N

PRL 91 262001

200 — S~ Observation of B=2>K* I |-
- | | | | PRL91IZG1601 | | | |
0 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year
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Present

LHCb Run I+II detector [2010-18]
Tracking efjf./:\%%, dp/p ~ 0.5%

_
T res.: 45 fs for

- Restart data taking in 2022 with upgraded detector

(x 5 data sample?)

Peter Krizan, Ljubljana 4

20/10/2021

facilities for CP violation physics

e Id: 90%
e — h: 5%

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

EM Calorimeter
Csl(Tl), waveform sampling electronics

Il Detector [735 collaborators. 101 institutes.
electrons (7 GeV) 23 nations] Particle Identification

Bg —J 2/)¢> Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forwar d)
Muon Id: 97% ;Ilea?;:glgit;(l::?E:EPFET)+
v ™ — W 1_3% 4 layers Si double sided strip DSSD \
p_> <« P 30 positrons (4 GeV)
Central Drift Chamber
A Smaller cell size, long lever arm
% Belle Il TDR, arXiv:1011.0352
L Kaon Id: 95%
™ — K: 5% .
- At SuperKEKB B (and charm, tau...) -factory, aiming at
* pp collisions at LHC in forward region with large boost factor 30 increase in specific luminosity
- Excellent performance for B and D physics, can also - simple trigger and event environment with B anti-B pairs
measure baryons produced in a coherent QM state with no additional
- o(bb) = 250-500 pb — ~9 fb-1 collected to date particles.

- excellent neutrals and electron reconstruction, hermetic
- o(bb) =1.1 nb — ~200fb-' collected to date

- General purpose detectors at LHC not designed for
the intensity frontier

- Excellent performance
- o(bb) = 250-500 ub — ~200fb-! collected by each.
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Measurements of B/d1

BO—J/wK O provides the most precise determination of sin(2¢1)

— theoretically clean(*) (tree-level), experimentally clear, first evidence
of CP violation in the B system in the B factory era

reference to other determinations of sin(2¢1) (or nsSs), dominated by
loop diagrams and therefore sensitive to possible NP effects

Present status _ Sm(zﬁ) = Sln(2(|)1) H

BaBar : : i 0.69 = 0.03 + 0.01
PRD 79 (2009) :072009 : '

Babar x || ., 06020522 0.04=007
PRD 80 %0005) 112001 |
BaBar JAp (hadronlc) Ks 1,56 = 0.42 = 0.21

0.67 = 0.02 = 0.01

—_—_—

PRL 108 (2012) 171802 | "

ALEPH : o ao . 084%%.0.16
PLB 492, 259 (2000) ' T !

OPAL i 5 o 3.20 7380 + 0.50,
EPJ C5, 379 (1998) ; gk *
CDF - A 0.79 *34
PRD 61, 072005 (2000) —

LHCb : L 0.76 = 0.03
JHEP 11 (2017;) 170 ; o

bellecos ! : N 057=058=0.06
PRL 108 (2012) 171801 o B

Average § | ( 0.70 + 0.02 ’
HFLAV i : |

-2 -1 0 1 2 3

— The B'—J/wK0analysis uses several key features (track and neutral

reconstruction, vertexing, flavour tagging) of many analyses in the
Belle Il program: a good benchmark to gauge the performance.

20/10/2021 G. Finocchiaro - CPV experimental review
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(*) long distance penguin
effects can be disentangled
eg with J/pm© and J/prt+
decays
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Early TD measurements in B® — J/¢Kg 34.6 fo-!

BELLE2-NOTE-PL-2020-011 D
/O

Belle I

=
AN
o

60

' Belle Il (Preliminary)
50 [L dt=34.6 fb~?

;Boaj/w(lZ)Kg(T[*'T[_) t E’(c)ag
40

Belle Il (Preliminary)
" [Ldt=34.6 fo~?

=
N
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o
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| —— Combined
F === B J/p(t)K(n* ™)
MW Background

30|

(00}
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Candidates / (0.002 GeV/c?)

Asymmetry Candidates / (1 ps)

105— - ¢ Data
: I L *2 4 *2 2
0F 40_‘ Mbc - \/Ebeamc — PBC
0.5F I
[ 20_—
0.0:~ I : ¢
—0.5F 8.20 521 5.22 523 5.24 5.25 526 5.27 5.28 5.29
L I NIRRT S MeclGeV/c?]
At [ps]

AC’P = léa’g(l — 2”LU) X R(At)

= sin(2¢1 )sin(AmgAt) (1 — 2w) @ R(At) (1 —2w) ® R(A?)
determined with high-statistics
BY — Dn sample

S =0.55+0.21 4 0.04 | |
Paper on flavor tagging submitted

e Presently no sensitivity on direct CPV to EPJC arXiv:2110.00790 [hep-ex]
* Result consistent with WA er= (30.0+£1.2+0.4)%
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https://arxiv.org/abs/2110.00790

BY = J/YK?

62.8 fb-
* Belle Il can reconstruct K° L MEesons -
. . ()
* K’ s reconstructed from neutral energy deposits in the =
KLM and ECL sub-detectors <
* Multivariate selector to optimise efficiency and purity %
10° F if
—~ 10* Belle Il simulation — All K, candidates
5 — True K candidates
oS
= 10°F
(70)]
=
> 10?2 b
Lu —
>
(O]
10 | =
Co b b b b b b b b o
O 01 02 03 04 05 06 07 08 09 1 i\',
klongID 2
S
Nug (uFp™) = 267 % 21(stat) i
Ngg (eTe™) = 226 £ 20(stat)

 Efficiency and purity consistent with Belle

D
(e

Belle I

arXiv:2106.13547 [hep-ex]

80: |
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yew CPV phases in B—s penguin decays

« In the SM the same value for “sin23” is expected for the b — ccs,
b — ccd,b — s5s,b — dds modes, but different BSM contributions
can produce different asymmetries

o)<
[

« b— s5s modes (with different degrees) show the best experimental
and theoretical sensitivity

« Improvements of theoretical prediction also needed

Belle Il - Preliminary

40

B (=, K, J a2z
. . , —~ 35 FLg>07
BY — n/ K0is the golden channel for the detection of NP in N
penguin-dominated decay modes S o5} = s
Lo F ---- Continuum
Main challenge is the control of “continuum” background T 20 peaking
: , , : : : C : o 15F
Dedicated multivariate signal/continuum discriminator, included € |
in the final ML fit G sl i gt
%2 sas 524 sz 528 53
M, [GeV/c?]
i Belle Il - Preliminary
i E_ER;())Y_] 7(—>nwnn)KS o281
. ¢ Data
T L — Fit
g 20 _ — Signal
~ L ---- Continuum
10 4\9 15 - 2 Peaking
[ L
Belle Il competitive due to neutrals in the final state g “°f
BF results consistent with the WA S¢(n K)=0.63+0.06 o
Event yield almost double than in Belle 0= 4

Eventually, a factor ~5 improvement in B/¢1 expected from Belle ||
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¢s from BY — J/v¢ — ptu~ K™K~ at ATLAS and CMS

VesVy
¢s = —2fs = —2arg (— Vt—l,tl’j) In the SM : ds=-37.9"04 mrad

ATLAS: 80.5fb-1@ 13 TeV — Eur. Phys. J C 81, 342 (2021)
CMS: 96.4fb-1 @ 13 TeV — Phys. Lett. B 816 (2021) 136188

CMS 96.4 fo'' (13 TeV)
Event Selection S0 LE°
Trigger: J/ from 2 OS muon tracks (+ additional muon fao T
~106cands 1222_ ' ~105cands
tO tag the BS ﬂaVOUI’ Iﬂ CMS) 500%— \ j
Bs flavour tag with OS semileptonic decays z _§§j§wz@;w*j:ﬁ*:i%ﬁ*jfw%

MY KK ) (GeV)

poweraras=(1.75+0.01)%  powercms=(10.5+0.1)%

CMS 96.4 fb (13 TeV)

- VV decay ==> complex angular analysis to disentangle
the CP-even and CP-odd components

- 6-D (3 angles, decay time, ws, decay time error)
maximum-likelihood fit to extract q53

20/10/2021 G. Finocchiaro - CPV experimental review 11/26



Status of ¢©s measurements
ATLAS CMS

¢s = -—0.087 +0.036 (stat.)+0.021 (syst.)rad
= —114
AT, = 0.0657 +0.0043 (stat.) + 0.0037 (syst.) ps~" Ps 50 (stat) + 10 (syst) mrad, 3
[, = 0.6703+0.0014 (stat.) +0.0018 (syst.) ps~' ALy = 0.114 4 0.014 (stat) + 0.007 (syst) ps

HFLAV combined result ¢ = —0.050 4= 0.019

- Still statistically dominated
» Consistent with standard model and no CPV
» Several Run2 analyses ongoing ==> expect improvement of precision

12



2-body or quasi-2- body
charmless B decays (and & / 02)
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D

</[O
62.8 fo- Towards o at Belle I
P2 = o = arg [—ViaViy [ Vua Vi)

Unique Belle |l capability to study all the B — zx, pp partner decays to determine a.

B — V7Y very challenging because four y'’s.

Train BDT to suppress background photons.
Then 3D fit of AE-Mpc-continuum suppression BDT.
Unique Belle Il reach.

BB’ — n°7") = [0.987555(stat) + 0.27(syst)] X 107°

[arXiv:2107.02373]

B* = p*pl: m-only final state, large background because

of o mass width. Additional challenge of angular analysis — = Total i

6D fit including helicity angles. — Sigpaivns
0 0.049 =

fi(B™ = pTp”) =0.9367,; (stat) = 0.021(syst) = Contineum

BB — pTpY) =[20.6 + 3.2(stat) = 4.0(syst)] x 107°

[arXiv:2109.11456]

20% precision improvement wrt Belle on the same lumi!
Wrt BaBar's best (scaled): better on BF, same on fL.

On track to measure the CKM angle a at Belle

14


https://arxiv.org/abs/2107.02373
https://arxiv.org/abs/2109.11456

Charmless 2-body decays and the K-rT puzzle

» Long-standing significant difference in the direct CP
asymmetriesin BY - K+*nr—and BT — K+tx" decays:

AAcp = 0.124 + 0.021

- At tree level, only the spectator quark differs (but loop diagrams do
contribute)

- Large hadronic uncertainties

- ...which can be strongly reduced with suitable combinations of BF

and CPV asymmetries
M. Gronau, Phys.Lett. B627 (2005) 82

B(K°7™) 7go B(K*T7°%) 7x0 B(K°7?)

— 2 0.0
B(K+7T_) TR+ B(K+7T_)TB+ AK " B(K—'_?T_)

IKT(' — AK+7T_ —|‘ AKOW+

 This isospin sum rule provides a stringent null test sensitive to
potential NP effects.

15



Measurement of CP violation in BT — K" decays %

6 fo-T PRL 126 (2021) 091802

4000 __4000F T RN T
< 3500 < 3500 SATT
. : > . —4— Data ]
Small CPV predicted by SM 2 3000 2 3000} R
- Effects of loop diagrams potentially larger = 2500 = 2500F e
\ ~ = - Peaking Partial Reco. ]
- Challenging measurement at a hadron PR PR Cpm
. £ 1500F 2 1500F
collider % 1000 % 1000F =
S 500 S soof ™ AN
i+ 0 K+ 0 A B o A K 0=2500 3000 3500 6000 0=500 2000 3500 6000
A CP :AI‘ AW — pI‘Od det m(K*1") [MeV/&] m(K1°) [MeV/c?]
AK T 0

raw

@ AYPET A i — Agee Acp(BY = K+2°) = 0.025 £ 0.015 4 0.006 == 0.003

From PDG Most precise measurement to date

+ Use B — J/v KT control sample to determine
other experimental asymmetries
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091802

Candidates per 3 MeV/c?

Candidates per 3 MeV/c?

D

BY — K%Y and the KT puzzle <&
62.8 fb-1

Precision of the Isospin sum rule is limited by A o0
arXiv:2104.14871 [hep-ex]

Channel unique to Belle

[ Belle Il (preliminary) e Data, B’ tags - [ Belle Il (preliminary) e Data, B’ tags 4
:det::Z.sfb_‘ i :‘;tifi’t(gﬂo § 10?det=z2.8fb_1 ’ :;gtilﬁ;(g,,o AKOT('O — —0401_842(Stat) :I: ()OZL(S}/‘SJD)7 and
5 I Commmonigons | & °F 2 Commam o
15 0 3 sl ) —
" B tags | M B(B" — K7°) = [8.5T ' (stat) 4+ 1.2(syst)] x 107°
5 * 8 2
%2:4 525 52 527 528 ":45.29‘ B 90:.3 —To?'/‘/‘_o‘.{ o “ o1 oz 03
M, [GeV/c? AE [GeV] ' '
In agreement with previous measurements
[ Bellell (preliminary) e Data, 501393 % 12: Belle Il (preliminary) e Data, Botags
B =628 10" — Total fit E 1oL t 628 — Totalfit . . ' .
B g P Expect with more data to significantly contribute
s to the precision of the isospin sum rule
S bt M determination
o T SU LT
M, [GeV/cg]l3 o h A AE [GeV]A3

Projected sensitivity of Ixr

Belle II (Preliminary)

0.30
I, = —0.114+0.13 Belle+BaBar+LHCb+Belle II Winter 2021
0.25 1
=== Projected uncertainty without Belle II
> —— Projected uncertainty with Belle 11
= 0.20
2
=
Z 0151
O
»n
lg 0.10
< 0.
0.05 1
0.00 - T T .
2021 2022 2026 2030

Year 17
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Measurement of CKM angle v/ ¢s
¢3 = v = arg [—VuaV,p/VeaVa)

* Only CKM angle originated to very good extent by tree diagrams
- Precisely calculable in the SM

- benchmark for NP searches

* Present status:

Direct measurement ¢3 = (6641_:;%1)0 hflav.web.cern.ch Color-favored

Color-suppressed

. 0.9 | |
From UT constraints ~ ¢3 = (65.7792)° ckmfitter.in2p3.fr

Most precise @3 measurements obtained with Dalitz plot method

- Interference of self-conjugate multi-body final states: D(K2h™h™)  [Phys Rev D 68, 054018]
* Sensitivity to @3 from different Dalitz plot distributions of B+ and B-

 Dalitz structure contains strong phases of D decays

oP ?,Z) K~

Asuppr-[B‘eﬁK_] — TBei(5B—¢3) / \

Afavor.[B—_>D0K—] [KO +’7T_]DK_

rp amplitude ratio 8 -strong-phase difference \
DOK—/S D

[CLEO/BESIII]

19


http://ckmfitter.in2p3.fr
http://hflav.web.cern.ch

Measurement of CKM angle v/¢swith B — DK decays %

arXiv:2010.08483
JHEP 02 (2021) 169

9 fo-1(7,8,13 TeV)
Model-independent analysis:

* Strong-phase difference between the D decay amplitudes .., BES il measurement
in the Dalitz plot from CLEO and BES Ill combined data [Phys. Rev. Lett. 124 (2020) 24, 241802

* Use non uniform bins to optimise the sensitivity to vy.
0.84 LHCb B* - DK*
] LHCb - Bin-by-bin
N§ 500 - — o i lJfT asymmetries of B+
> 400 1 B° :D*ﬂ(—> D[rF)K* 2 04 candidates
« » 2 1 Bl B* - D*(— D[r°)K* >@
Global” fittomsto 7 3w o ﬁﬁ{*(;{fmmi 3
, , 5 , 7 DInK* |
characterise the signalz e A 7
candidates S o T o S
0
5200 5400 5600 5800 Y= (6871?%)0
m(DK¥) [MeV/c?] DK:l: 0 o Effective bin 4
rg = 0.0904"5 0075

.J 1 _ I I I [ ]
S i
T oslh LHCb -
0.6~ .
041" 68.3% :
02 .

- 95.5%, . i
NEasy” = em—

50 60 70 80 90

y [
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Measurement of CKM angle v/¢swith B — DK decays %

arXiv:2010.08483
JHEP 02 (2021) 169

9 fo-1(7,8,13 TeV)
Model-independent analysis:

* Strong-phase difference between the D decay amplitudes .., BES il measurement
in the Dalitz plot from CLEO and BES Ill combined data [Phys. Rev. Lett. 124 (2020) 24, 241802

* Use non uniform bins to optimise the sensitivity to vy.
0.s4 LHCb B* — DK*
600 ] LHCh SR Bin-by-bin
N§ 500 1 — Bt oKt lJfT asymmetries; of B=
2 100 - B9 & D (o DIEF)KE i 0.4 - candidates
y o % . - Bi — D*(— D[x°)K* =
Global” fit to ms to z 300 ;:gﬂ(;{fmm* =
characterise the signalig 200 - g
candidates S 0 + oa =
0
5200 5400 5600 5800 Y= (6871@%)0
m(DK*) [MeV/c?] Effective bin ¢
ooqp | | | — LHCb-CONF-2021-001
@) - 1 lp . .
T L LHCb | 3 T ] New method to combine gamma
0.8 - T osh E and measurements of charm-mixing
B ] Tt parameters (in LHCb)
0.6 — B
: oo « 151 observables, 52 parameters
V4L 683% 7 04 (65 4138 o
02F . sk ] Y "t —4.2
[ 95:5%4 o e ] : —
ol ol ‘ — « Most precise determination from a
50 60 70 30 90 40 50 60 70 80 90 . ]
v [°] v [°] single experiment
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: D D
Measurement of CKM angle/¢s with B — DK decays +

128 fo-1(Belle ll) + 711 fo-1 (Belle)
* LHCb dominates the scene, but Belle || can contribute, particularly

in modes with neutrals in the final state To be submitted to JHEP
- Good K /m separation is important to suppress the dominant B — D7 decays

100

50
e,

0E ‘

° i i ' ' New BES Il measurement os strong DO phase differences
First analysis using the combined Belle and Belle || data sets Phys. Rov. Loft. 124 (2020) 24, 541802
* Model-independent method 4 -
I elie
z.: :22%: Belle Il B - DKy g _:-\_ L=711 fb—1
e 300? +gatj o % % 2k
§ b i | 8 o7 | B* _s DK*

Pull

Belle Il signal-enhanced -
projections in the ST e 5 0% o7 0%

0+ n e Knn KIKK
D[KST‘- Q0 ]h ﬂnal State ;.: g Belle Il B — D(Kwm)K _4_8 ‘ ;é ‘ ‘_4‘ ‘ ;é ‘ ‘Q‘ ‘ ‘2‘ ‘ 4 6 8 _2 0
= 3 Bin
i ‘z ..:0.1".-:):)5.”. o.- -..o.o; : “0-1”"0.1.5 : ) -20. ‘.0.1. 0.2".03"0.:1 0.5."0.6.-0..7.. o-;..o'g .1 CI) 1 ! Belle + Belle Il
—= w o o TSR e 0 07 57 0 2 o8l
Combined results: 0.6|
68(°) 124.8 & 12.9 (stat.) &= 0.5 (syst.) + 1.7 (ext. input)  ¢3 = (77.31735 £4.1+4.3)° 041 68.3%
0K 0.129 4+ 0.024 (stat.) - 0.001 (syst.) == 0.002 (ext. input) 75 = 0.145+0.030 % 0.010 + 0.011 02 \
¢3(°) 78.4 £+ 11.4 (stat.) = 0.5 (syst.) &= 1.0 (ext. input) op = (129.9 +£15.0 £ 3.8 £4.7)° 0g "56 00150

1 ¢, []

Significant improvement wrt the published Belle result [Phys. Rev. D 85 112014
(2012)] due to the analysis method, and more precise strong-phase inputs
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”y from TD analysis of BY — DFh=n=7TF decays %

arXiv:2011.12041

» e . } D; 977,813 1eV) JHEP 03 (2021) 137
B {i :} D- B {i Z} Ktntn

« Interference of mixing and decay to the same final state

« Several final states contributing: complicated model-independent 5D amplitude analysis
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- The fit measuresy — 23; use LHCb measurement of 34 as external input to extract 7Y
« Alternative model-dependent analysis integrating over the 5D phase space. Results in excellent agreement
« 4.4/4.6 sigma evidence for mixing-induced CPV, and (dis)agree with the 7Y WA by 2.2/1.6 sigma.

dent

i Parameter Model-independent Model-depen

|

| 0.47+008 002 0.56 & 0.05 % 0.04 + 0.07
K 0.88 012 +001 0.72 £ 0.04 £ 0.06 £ 0.04
5 [°] —6 719 13 —144+ 10 + 4 %5

42+ 10 £ 4 =£5

-2 a2t
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https://link.springer.com/article/10.1007/JHEP03(2021)137

Observation of CP violation in Do decays 44, 13 TeV) %

Two possible flavour tags:

prompt
D*t - DOt

semileptonic

B - D%*X

1Y o)
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PRL 122, 211803 (2019)

A (f)= T 2 TD 1) | '
T T s H+TD > f)
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In AA,, production and reconstruction asymmetries cancel out

Compatlble with previous LHCb results and the WA

Combination (including Run1+Run2)
of prompt and semileptonic events:

AAqp = (—15.4+2.9)x107*

A(r)

(D)
= (—15.7£2.9) x 1074

Aadlr ~ AACP"_ AF

5.30 significance for direct CPV!



Measurement of CP violation inD? — K2K¢ decays

- Need to study CPV in additional D0 decay channels

- No tree-level amplitude in SM (only annihilation &
penguin)

- Effects of non-SM loop diagrams potentially large

I'(D° —» K2K2) —T(DY — KQK?)
(D’ —» K¢K?) + (DY — K2KQ)

A (KYKS) =

Flavour tag from the soft pion charge in D** — DYr+
decays.

AP(KAK?) = (=3.1+1.2+04+0.2)%

e Most precise measurement to date — an
essential step to find CPV in the charm
mixing

e Belle Il will have also a good handle on this
decay
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L031102
http://cds.cern.ch/record/2752245

Observation of mass difference in D° — K¢n™n~decays %

- Flavour tag is given by the soft pion charge of D** — D%;’E
- Bin flip technique used in the Dalitz plot

- Simultaneous decay-time and Dalitz plot analysis
- Key point in the analysis is control of detector
acceptance and efficiency

1
5410 PRL 127, 111801 (2021)
x10°

Phys. Rev. D 99, 012007 45T L
w  af | LHCb E
% 3_55_ —-Data 5.4 fb'l—i
E 3F — Fit 3
- c ]
5 2.5F .Background E
e - 3
g % E
<
o
g
O
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Results:
x = (3.981029) x 1073,

y = (4.6117) x 1073,

lg/p| = 0.996 £ 0.052,
¢ = 005684

Errors on x, y ¢ improved a factor 2
wrt previous HFLAV World Average!
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https://link.aps.org/doi/10.1103/PhysRevLett.127.111801
https://link.aps.org/doi/10.1103/PhysRevD.99.012007

Summary and outlook

A plethora of interesting new CPV results published recently
LHCb plays the leading role now with its excellent performance

ATLAS and CMS are contributing as well. More will come with the
iIncreased Run3 luminosity

SuperKEKB and Belle Il are picking up pace, with the unique features of
an e+e- collider

Expect a new exciting era of new discoveries in a friendly competition
and complementarity among ATLAS, Belle Il, CMS, and LHCb

26



Additional material
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What we know, what we don’t know

* SM supported by all experimental evidence at the current level of precision and

energies

— although discrepancies, or “tensions” do exist

R(D*)

0.35

0.3

0.25

0.2

e However, the SM does not explain several fundamental questions

— hierarchy of fermion masses, n. of generations, neutrino masses, matter-antimatter asymmetry,

T I T T T T
[ HFLAV average Ay? = 1.0 contours

LHCb15

LHCHI8

BaBarl2

RS CRREE

- Bellel5

B Belely, — -

Bellel7

. + Average of SM predictions HFLAV &
- R(D) = 0.299 x 0003 .
R(D*) =0.258 = 0.005 P(XZ) =27% :
L I L L I L L L L I L L L L I L L L
0.2 0.3 04 0.5
R(D)

hierarchy of CKM matrix elements

Several (NP) scenarios, with new particles and interactions, which can be investigated at the

“energy” or at the “intensity” frontier.
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Complementarity with LHCb

goal ~50 (phase 1)

30%




Belle || performance: neutral reconstruction
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Belle Il 2019 preliminary

BELLE2-NOTE-PL-2019-019

BELLE2-NOTE-PL-2020-003
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Belle I performance: vertex reconstruction

» resolution improvement visible at r < 0:

D o K xT and D™ — K ntnt

Bellell
D** - Dz} — f
Belle D° = Kr | G. Casarosa @ ICHEP 2020
BABAR
In spite of the reduced boost,
\ resolution is better than Belle
and BABAR

« Incidentally, the best determination of the D0 and D+ lifetimes, consistent with the previous WA
(DY) = 410.54 1.1 (stat) & 0.8 (syst) fs
7(DT) = 1030.4 4+ 4.7 (stat) & 3.1 (syst) fs

« A demonstration of the vertex capabilities and understanding of systematics, key ingredients
toward future time-dependent measurements
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Belle |l performance: tagging

« Key ingredient to time-dependent CPV analyses

arXiv:2110.00790[ hep-ex],
submitted to EPJC

« One of the two B mesons is fully reconstructed, the other (“tag”) is built with the remaining tracks/neutral
objects. Two multivariate algorithms are used to determine the event flavour, combining information from
charged leptons, charged kaons/pions, KS, A...

— Category-based FBDT
— Deep-learning Neural Network

— 7 categories, with different efficiencies (€) and purities (w).
. Calibrated with B — D™ h™ events
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