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CKM measurements at the B factories
Using CPV measurements with B mesons, Belle and Babar experimentally established the
CKM structure of the Standard Model.
After 20 years of Flavour Physics at the B factories and the LHC, CKM triangle known to good
precision, but still space for O(15%) New Physics contribution.
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Belle Il will collect a dataset ~ 50x the size of Belle’'s and will be able to improve CKM
measurements significantly.

Today: recent Belle and Belle || measurements related to the angle ¢; (/3), accessible with
time-dependent (TD) analyses
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CP violation in interference between mixing and decay

3

CKM parameter ¢, is accessible using B° decays to certain CP-eigenstates fcp:

fcp

A
Pmix
Y

-0,

B

BO

—0 i
Measure asymmetry between number of B® — fcp and B — fcp decays as a function of the
B decay time t.

B(B® — fep)(t) — B(B® — fep)(t)

B(B” = fep)(t) + B(B® — fp)(t)
Will discuss two types of TD measurements with different purposes:

Acp(t) = = Ssin(Amgyt) + Acos(Amgyt)

With tree level decays: e.g. B® — J/1/Ks to measure ¢; precisely

= inSM, A=0and S =sin2¢;

With penguin decays: e.g. B® — ¢Ks or B® — 1/ Ks. Rare, so sensitive to NP

= A, S could be significantly shifted from SM expectation
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Time-dependent CP violation at the B factories

e

» Only two Bs are produced in eTe™ collisions and fly along the slide boost direction;
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Time-dependent CP violation at the B factories

e

» Only two Bs are produced in eTe™ collisions and fly along the slide boost direction;
» When the tag B decays, the signal B has opposite flavour;

» Time between flavour tagging and decay determined from the distance between tag and
signal vertices.
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The Belle and Belle |l detectors

Although all sub-detectors underwent a major upgrade switching from Belle to Belle Il, the

general layout of the detectors look similar:

KL and muon detector
Resistive Plato Counter (barrel outer ayers)
dlator + WLSF + MPPC

EM Calorimeter
Csi(T), waveform sampiing electronics

= 2 y Particle Identification
electrons (7 GeV) = 3 Time-of-Propagation counter (barrel)
= Prox. focusing Aerogel RICH (for ward)

Vertex Detector
2 layers Si Pixels (DEPFET) + A
4layers Si double sided strip DSSD

positrons (4 GeV)

Central Drift Chamber
‘Smaller cell size, long lever am
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Tracking: drift chamber

Vertexing: 4 layer silicon strip
detector (+ 2 layer pixel at Belle II)

PID: EM calorimeter (also for 7%/

detection), Cherenkov counters (also
TOF at Belle), and dE /dx from drift
chamber;

/Ky : outer part of the detector to

differentiate p's and K} 's.
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Outline

Between 1999 and 2010, the Belle detector collected 711 fb~! of data at the T(4S) resonance
= 772 mio BB pairs
Using the full Belle dataset, get

sin2¢; = 0.667 =+ 0.023 & 0.012 (PRL108(2012)171802)

Final aim at Belle II: reduce uncertainty by factor ~ 5 to reach ~ 0.5% precision. Systematic
uncertainties will have to be tackled!

Today, one recent Belle measurement:

> BY = KsKsKs TD analysis;
After that: highlights from Belle Il in the preparation for precision time-dependent
measurements.
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https://arxiv.org/abs/1201.4643

Belle

B® — KsKsKs TD analysis
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B® — KsKsKs: purpose and selection
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Purpose:
B® — KsKsKs is mediated by a penguin transition
= rare and sensitive to NP.
In SM, expect:
» A =0 as tree diagram negligible wrt penguin;
> S = —sin(2¢;) ~ —0.70 (opposite of B® — J/9Ks).

Reconstruction and selection:

Reconstruct Ks — wtn~ and use Neural Network (NN) to

suppress bkg with 777~ not from Ks.

Remaining bkg: almost exclusively continuum ete™ — qg (
u,d, c,s)
= train an event-shape based NN to suppress it.

Main idea: In CoM, qq is jet-like and BB spherical.

CKM 2021
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PRD103,032003(2021)
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https://arxiv.org/abs/2011.00793

B® — KsKsKs: fit for signal fraction PRD103,032003(2021)
Perform 3D fit to extract signal/bkg fractions:
1) Energy difference AE = E*(B°) — Ecys/2
= Width dominated by momentum resolution
2) beam energy-constrained mass My = \/(Ecwms/2)? — p*(B°)?
= Width dominated by beam energy resolution

3) qq Neural Network output.
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el
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AE (GeV) M, (GeV/c?) Transformed NN output

Fit finds 258 &+ 17 signal candidates with purity = 74% in the signal region
(Mbe > 5.27 GeV and |AE| < 0.1 GeV).
These events are then then used for the TD fit...
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https://arxiv.org/abs/2011.00793

Experimental effects in time-dependent measurements
When measuring the CP asymmetry, have to take into account two experimental effects:
» asymmetry is diluted by the wrong-tag-fraction w,
> At distribution smeared out by resolution function R

w and some of the resolution function parameters are extracted by performing a
time-dependent measurement of the mixing probability using abundant B® — D~ h* decays as
flavour specific signal:

0.45

0.40 ?fl[:e IISSO\Qﬁfu;at\on 4 BB
t= - .
3 B°B°/B°B®
—_ 0.35 B°-»D-(K*n—m~)n* 1
2030
o,
0.25F
7]
£ a0l MC Truth
@ 0.
>
W 0.15F
s D
0.10 |
0.05 .

00050 75 50 -25 00 2.5 5.0 7.5 10.0
At [ps]

10 CKM 2021 Thibaud Humair



Experimental effects in time-dependent measurements
When measuring the CP asymmetry, have to take into account two experimental effects:
» asymmetry is diluted by the wrong-tag-fraction w,
> At distribution smeared out by resolution function R

w and some of the resolution function parameters are extracted by performing a
time-dependent measurement of the mixing probability using abundant B® — D~ h* decays as

flavour specific signal:

Belle Il Simulation 4 BB

[ [Ldt=500fb- —
B°B°/B°B®

— 0.30FB°»D~(K*n~n~)n* 4

© 0.25}

w = 20%

# Events [
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B® — KsKsKs: time-dependent fit PRD103,032003(2021)

At Belle, B fly ~ 200 ym and Ks ~ 1 cm, so: * 74\
1. Use only Ks from two pions with hits in the vertex
detector;
2. Use constraint that B° flies along the boost Ai* Xi\

direction.
f ’BD
&

S = -0.71 £ 0.23(stat.) £ 0.05 (syst.), 2 J
A= 0.12+0.16 (stat.) + 0.05 (syst.). ot 5

60

Events / (2 ps)

Time dependent fit returns:

Result compatible with SM expectation and 2.5 o away
from “no CPV" hypothesis.

= large room for improvement with this mode and other
penguin modes with Belle Il in future os

Decay rate asymmetry
°
&
i
1

At (ps)
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https://arxiv.org/abs/2011.00793

Belle Il

Recent results and prospects
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Achieving high luminosity at Belle Il

Upgraded collider SuperKEKB provide very high luminosity to Belle Il using so-called

nano-beam scheme.
Belle Belle 11

Final Belle Il goal wrt Belle:

» 30x peak luminosity 3

(6 x 103 cm—2s71);
» 50X integrated luminosity >
(50 ab™1). ~5mm
0x =9 pm, o, = 50 nm
So far achieved:

» Peak luminosity:
3.1 x 103* cm~2s~1, world record!

» Integrated luminosity recorded between February 2019 and November 2021:
220 fb (~ 30% of Belle)

Higher luminosity means higher beam background =- Sub-detectors were upgraded from Belle
to cope with that (some more detail later in the talk)

13 CKM 2021 Thibaud Humair



Boost and At precision

14

New beam scheme means Belle Il has a reduced boost wrt Belle:

= added a two-layer pixel detector directly around the beam pipe
(radius =

By =0.43 —s By = 0.29

1.4 cm) to recover precision on At.

Pixels (and not strips) used because of high bkg close to beam.

Second layer partially installed. One layer is currently enough as

the machine needs time to ramp up to the nominal luminosity.
Simulation studies show the precision on At should be comparable to that of Belle:

#events [a.u.]
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Time-dependent mixing result BELLE2-NOTE-PL-2020-011
Using 34.6 fb~* Belle Il performed mixing frequency measurement using B® — Dt

1000
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goo| JLdt=34610 [Ldt=34.6 fo=! R0 2050
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v o ul o o
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At [ps]

Amy = (0.531 + 0.046 (stat.) + 0.013 (syst.)) ps—*
Compatible with PDG: Amg = (0.5065 + 0.0019) ps—!.
CKM 2021
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https://docs.belle2.org/record/2024

Time-dependent CP-violation result BELLE2-NOTE-PL-2020-011

Using the same data, Belle Il performed the first Time-Dependent analysis using B — J/9Ks.

[
&
o

—~ o 60
NU Belle Il (Preliminary) Belle 11 (Preliminary) BO
< 120 = -1 —
> [Ldt=34.6fb @ 50 L [Ldt=34.6fo? t tag
© 100} 3 BO = Jy(en)K(m* 1t~ t B,
S —— Combined g 40
S B Bk ) "
Z 60l M Background 40_'., 30F
0 ¢ Data ©
£ 40 2 20}
g 2
'r% 20 T 19
o ] PR PEY a_aby o 4 ¢ o
320 5.21 5.22 523 524 525 526 527 528 5.29 >
My [GeV/c?] g
(]
1S
£
>
e
<

At [ps]

sin(2¢1) = 0.55 + 0.21 (stat.) £ 0.04 (syst.)

Good early demonstration that Belle Il can perform TD analyses.
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https://docs.belle2.org/record/2024

Belle Il data taken so far
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It's just the beginning!

Not yet enough data to be competitive with
Belle with ¢;-related measurement, but getting
ready for precision measurements.
Outline of the rest of the talk:

» Flavour tagger performance;

» D lifetime measurement;

» BY — J/¢K| reconstruction;

» B% — 1’ Ks branching fraction.
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Flavour tagger performance
Flavour tagger performance characterised by

> wrong tag fraction w;
> effective efficiency ceff = €rag - (1 — 2w)2.
w is measured with 2019 data, time-integrated:

» Reconstruct signal in flavour specific
B — D™~ pt final states;

» Measure asymmetry between
mixed /unmixed events:

N(BB) — N(BB, BB)
N(BB) + N(BB, BB)

= (1-2w)(1-2xq)

(x4 mixing prob from PDG)

Find eef compatible with Belle:

Belle: eer = (30.1 £0.4)%,  Belle Il: e = (30.0 £1.3)%

Algorithm being improved at the moment.
18 CKM 2021
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https://arxiv.org/abs/2110.00790

D lifetime: beam spot constraint
Measurement of D® and D* lifetimes performed with 72 fb~* data.
Not B physics, but high precision test of Belle Il capabilities to perform time-dependent
measurements.

D decay time computed from distance between beam spot and D decay vertex:

DO

Compute D decay time from its momentum g and flight vector d:

P
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D lifetime: result PRL127,211801(2021)

Result is the most precise measurement of D° and ~ 10* Do Bellell
D™ lifetimes: 10° [ra=721
102 ¢+ Data
7(D%) = 4105+ 1.1(stat.) £ 0.8(syst.)fs, 2 —Fit
7(DV) = 1030.4+4.7(stat.) + 3.1 (syst.)fs. & Ll 4w Background
8
, &
This precise result gives confidence about Belle Il 3 |
performance in: 3
10
1. Vertex detector and tracking;
10
2. Beam spot size measurement
(using ee — ppu events); 1 St |
3. Detector alignment. 2 02 Dec‘,:,yﬂmf[psl 8 10 1
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https://arxiv.org/abs/2108.03216

K, detection and B® — J/y K|

21

Measuring sin(2¢41) not only with B® — J/¢Ks but also B® — J/1K has two advantages:
1. Boost statistics: double the number of signal events (albeit with less good purity)

2. Will help for systematics: B® — J/19Ks is CP-odd and B® — J/ K, is CP-even. This can
help reduce systematic related to the CP violation on the tag side.

The KLong and Muon (KLM) Detector System

At Belle and Belle Il, use KLM detector to detect K|,
i.e. alternance of iron plates and flat detectors.

At Belle, detectors were gas based (RPCs).

At Belle Il, RPCs would not be able to withstand high
flux of neutrons from the beam.

= In the inner layers of the barrel and in the endcaps,
RPCs replaced by scintillators.

= important to test Belle Il capabilities to reconstruct Kis.
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B® — J /1K reconstruction arXiv:2106.13547

Compute B® — J/9 K| candidates’ energy using known - s}"::;‘::?w

beam energy and position of the K cluster in the KLM. £ | R

In 62.8 o~ of Belle Il data, find: 2w + ﬁ
N(B® — J/1(up)KL) = 267 + 21 (stat.) 4 28 (peaking bkg), hdi AR
N(B® — J/v(ee)K.) = 226 + 20 (stat.) + 31 (peaking bkg). N b e

Yields and purities comparable to Belle. é of Jrocezan’

Work ongoing to: < o
» Boost statistics including neutral clusters from the calo; & wf * ?‘LWQW

0F [ [

» Include this mode to the TD measurement of sin2¢;. ettt

AE [MeV]
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https://arxiv.org/pdf/2106.13547.pdf

B% — 1n'Ks: aim and selection arXiv:2104.06224
B® — 1'Ks is penguin-dominated and sensitive to NP. Neutrals in final state make it
challenging at the LHC.

= TD analysis with this mode is a high priority at Belle II.

So far, measured branching fraction with 62.8 fb~* of data.

[Ldt=9.2 fb~? off-resonance Belle Il - Preliminary

1400
B> n'(-»py)Ks [ ccbar
0 uubar
B ssbar
B ddbar
E taupair
[ Signal
t Data

1200

Reconstruct  — n(yy)ntm~ and ' — p%y. 8,0l
Train a BDT based on event shape variables

to suppress continuum background.

-3
=3
S

o
=}
S

Candidates /(0.08)

= BDT validated using off-resonance data

200 |

= Remaining data/MC differences
accounted for as systematic .
uncertainties.

i

oo
10} TRARERNR gttt it ” f H

4 -3 -2 -1 0 1 2 3
CSVar
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https://arxiv.org/abs/2104.06224v3

B® — 1'Ks: branching fraction

arXiv:2104.06224
Extract signal yield with a 3D fit to M., AE, BDT output:

Belle II - Preliminary

Belle Il - Preliminar,
B (- YK,

Belle Il - Preliminar
T
4 Data Ld=62.8 b Ldt=62.8 fb" [ B ~n(=prK, Ldt=62.8 fb
R ] o ] j
o i > 60 + Data # Data
S 60 (] — o 80 —
v s Fit n Fit
2 5 50 Bsigna o B
n ignal S Signal
10 S ~---Continuum — 60 ~+--Continuum
o 40 = W Peaking > N Peaking
o 30 ety > 0 g 40
z < >
§ 20 T 20 i}
S o 20
w10 10
0 0 0 L L
52 5.22 5.24 5.26 5.28 5.3 -0.2 -0.1 0 0.1 0.2 -4 4
M, [GeVic?] AE [GeV] CS,

var

The signal yield per fb~! is larger than a previous Belle analysis (PRL97-061802(2006)), thanks
to improved continuum suppression.

PID and tracking efficiencies are extracted using control modes.
Branching fraction result:

B(B® — 7/ K®) = (63.4 + 3.4 (stat.) + 3.2 (syst.)) x 107°
Dominant systematics come from the peaking background and BDT calibration.

Next step: time-dependent CPV analysis!
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https://arxiv.org/abs/2104.06224v3
https://arxiv.org/abs/hep-ex/0603001

Conclusion and outlook

With its 711 fb~! dataset, Belle has had a very rich program related to mixing-induced CPV,
» Recent result: time-dependent CP violation analysis with B® — KsKsKG.

After collecting 220 bt of data, Belle Il has shown:
» Ability to perform complete time-dependent CPV analyses;
» Good vertex resolution and ability to measure D lifetime;
» Good flavour tagging performance;

» Good performance with neutrals and re-discovery of penguin modes.

Plan for the direct future at Belle II:
» Measurement of B lifetime and mixing frequency;
= already statistically limited, so good check of time-dependent machinery;
» Time-dependent analyses with penguin and charmless modes;
» Measurement of sin2¢; with B — J/1Ks and related modes.
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