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Belle II

LHCb

• pp collision @ LHC.

• Forward detector optimized for 

b and c studies. 
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SuperKEKB and Belle II

• Luminosity 4.7×1034 cm−2 s−1  

achieved (Jun. 2022): 

✓ World record (~ 2 of KEKB)

✓ Aiming one order higher.

• 424 fb−1 of data accumulated so far.

✓ Similar to BaBar data set.

✓ Belle: 1 ab−1 in 11 years.

✓ Belle II target: 50 ab−1 .

Belle II

SuperKEKB

nano beam

• e+e− collider (4 GeV e+ + 7 GeV e−) at KEK.

✓ e+e− → (4S) → BB

• Run1 Operation 2019-2022.

• Long shutdown (LS) 1 from summer 2022 

to fully install the pixel detector (PXD).

• Run2 Operation starts from Jan. 2024.

Energy scan 

data above 

(4S) is 

taken for 

bottomonium 

study.
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CP Violation and KM theory

• CP violation: a key for the matter-antimatter asymmetry.

• Kobayashi-Maskawa theory (1973)

✓ CP violation in the Standard Model (SM)

✓ Complex phase in the quark mixing matrix

From the unitarity of the matrix:

VudVub* + VcdVcb* + VtdVtb* = 0
1 = 

2 = 

3 = 

• Triangles in the complex plane.

• Other triangles exist.

CKM (Cabibbo-Kobayashi-Maskawa) Matrix
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CP Violation in B Meson

Mixing-induced CP asymmetry of B mesons
B0

B0

fCP

• B0 and B0 decay to a common CP eigenstate fCP.

• CP violation appears as a decay time difference.

(B0(t) → fCP) − (B0(t) → fCP)
ACP(t) =

= S sin(mt) − C cos(mt)

(B0(t) → fCP) + (B0(t) → fCP)

S : mixing induced CPV

C : direct CPV (=−A)S = − sin(21) for B → J/ KS

Flavor-tag

(B0 or B0 ?)
eeff ~30%

~ 130m

e− e+

t=0 z
KS

J/
fCP

=0.287

B0 B0

t ~ z/c

measure position instead of time

1 = 
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Unitarity Triangle

Observation CP violation in B mesons (2001): BaBar and Belle

2008 Nobel Prize

2003 2021

sin(2) = 0.687 ± 0.028 ± 0.012    (BaBar [PRD79, 072009 (2009)])

sin(21) = 0.667 ± 0.023 ± 0.012   (Belle [PRL108, 171802 (2012)]) 

?

• Precise measurement of the Unitarity Triangle → Test of the SM

✓ “Over-constrain” the triangle.

✓ Still room of New Physics effects.

1 = 

2 = 

3 = 
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Summary and preliminary HFLAV 2023 combinations
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Run2

HFLAV_2023_PRELIMINARY
GammaCombo

contours hold 39%, 87% CL

Plot W IP

• This measurement is the most precise single measurement of
sin(2β)sin(2β)sin(2β) to date

• The statistical sensitivity is still the lim iting sensitivity

V. Jevtic, P. Li sin 2β and φs June 9, 2023 19 / 39

sin(2) at LHCb
[arXiv:2309.09728]• New result from LHCb using Run2 data (6 fb−1).

• B → J/ (→ +−, e+e−) KS, (2S) (→ +−) KS.  

S(KS) = 0.717 ± 0.013 ± 0.008

C(KS) = 0.008 ± 0.012 ± 0.003 

Combined with Run1: S(KS) = 0.724 ± 0.014

C(KS) = 0.004 ± 0.012

Most precise result.

statistics dominated
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CPV in B0 → ’KS at Belle II

b→c (B → J/ K0) b→s (B → ’K0)
• b→s penguin process: sensitive to NP

• S = − sin(21) in the SM, but NP contribution 

can modify S.

• The theoretical uncertainty depends on the 

final states. ’K0 is one of the cleanest modes.

• B → ’KS from Belle II with 362 fb−1
[EPS2023]

S = 0.67 ± 0.10 ± 0.04

C = −0.19 ± 0.08 ± 0.03

829±35 signal events

387 M BB

467 M

772 M

(B → ’KL or →+−0 modes 

are not included yet)

S(’KS)
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CPV in B0 → KS
0 at Belle II

• SM electroweak is purely left-handed.

✓ Photon from b→s is almost left-handed.

✓ Right-handed current is a signature of NP.

• No mixed-induced CP violation in the SM in b→s.

✓ B0 and B0 do not decay to the common final state.

✓ (More correctly) S ~ −2(ms/mb)sin(21)

• New Belle II result with 362 fb−1.

• B vertex from KS only.

• Two M(K) regions: K* [0.8,1.0] 

GeV and the rest of [0.6,1.8] GeV.

yield

Most precise measurements to date.

[EPS2023]
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Bs → J/ 

• s can be measured in mixing-induced CP 

violation in Bs decays like Bs → J/ .

VusVub* + VcsVcb* + VtsVtb* = 0

Another combination of the unitarity of the 

CKM matrix makes a squashed triangle.

Bs
0

Bs
0

fCP

s

mix

d

−d

s = mix − 2 d = − 2 s (in SM)
+0.9
−0.6s = −36.8        mrad (SM)

HFLAV 2021

• Excellent time resolution (<100fs) necessary 

because of fast Bs oscillation 

• Flavor tagging

• Two vectors in the final state.

✓ Use angular distributions to extract the 

CP eigenstate.
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Bs → J/  at LHCb
[arXiv:2309.09728]New result from LHCb using Run2 data (6 fb−1).

+0.0013
−0.0015

s = −0.039±0.022±0.006  rad

|| = 1.001±0.011±0.005

s−d = −0.0056            ±0.0014

s = 0.0845±0.0044±0.0024
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 / 3

•  / 3 can be measured using the interference B → D K 

and B → D K.

✓ Other modes like B → D K*, B → D  etc. are fine. 

B−

D0 K−

D0 K−

f

• Only tree contributions: theoretically clean.

• Several decay modes (final states) possible to extract  / 3. 

• Amplitude ratio rB and strong phase B are mode-dependent.

✓ sensitivity depends on the decay modes.

color favored color suppressed
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 / 3

• GLW (Gronau-London-Wyler)

✓ B±→ D0
CP K±

✓ Use CP eigenstate of D meson.

• ADS (Atwood-Dunietz-Soni)

✓ Enhancement of CP violation by using doubly Cabibbo suppressed decays.

• BPGGSZ (Bondar-Poluektov-Giri-Grossmann-Soffer-Zupan)

✓ 3 (or multi-) body final state.

✓ Different amplitude and strong phase in different region of Dalitz plot.

• GLS (Grossmann-Ligeti-Soffer)

✓ Singly Cabibbo suppressed D decay (KSK)

[PLB 253 (1991) 483, PLB 265 (1991) 172]

[PRL 78, 3357 (1997), PRD 63. 036005 (2001)]

[PRD 68. 054018 (2003)]

[PRD 67. 071301 (R) (2003)]

Note) D decay parameters (information on the strong phase) are necessary 

inputs from CLEO-c, BESIII. 

Need improvements by BESIII for more precise measurement of  / 3.
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LHCb Combined  (=3)

• A few more new results came this year (not included above)

✓ e.g., B0 → D K* with D → KSh+h− [arXiv:2309.05514].

Global fit by CKM fitter 

• Leading the  measurement.

• Initial goal of 4 measurement achieved.

[LHCb-CONF-2022-003]

 = (63.8        )+3.5
−3.7

 = (65.5        )+1.1
−2.7

 = (49       )+22
−19
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Belle + Belle II Combined 3 (=) 

Belle II: new results with Belle + Belle II combined analysis.

• Example: B±→DCPK± with DCP→K+K−, KS
0 (GLW method)

• CP-odd KS
0 : unique to Belle (II)

• Belle 711 fb−1 + Belle II 189 fb−1

• Some constraint on 3 .

Combined with other results.

[arXiv:2308.05048]

Likelihood fit with 60 input observables and 16 

auxiliary inputs (external D-decay parameters).

Consistent with WA.

[CKM2023]

Prospect: 1.5 at 50 ab−1 [arXiv:2203.11349]

3 = (78.6±7.3)

B→D
B→DK
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Other Measurements

Many topics cannot be covered in this talk

• Bd and Bs mixing

✓ Measurements by LHCb

• |Vub| and |Vcb| from semi-leptonic B decays

✓ Recent progress in Belle, Belle II

• Measurement of 2 / 

• s from loop diagram

• ….

and

• Direct CP violations in charmless B decays

✓ B → K sum rule IK
• CP asymmetry in charm

✓ ACP(D0→K−K+)

✓ ACP in multi-body D0 decays

• ….

IK = −0.03 ± 0.13 ± 0.04

[arXiv:2310.06381 (accepted at PRD)]

[arXiv:2310.19397]

[JHEP09(2023)129]

consistent with 

CP symmetry

[PRL 131, 

091802]

http://arxiv.org/abs/2310.06381
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Prospects

SlideManuel Franco Sevilla Recent hig hlig hts from LHCb

Conclusions

35

LHCb had enormously successful Runs 1 and  2  
 Very b road  p rog ram  

 Flavor physics, heavy ions, fixed targ et, electroweak 

Upg rade I installed → major p roject on budg et 
 Aiming  to finish commissioning  this year 

Clear case for Upg rade II to fully exp lo it HL-LHC 
 Comp lementing  ATLAS/CM S in the search for d iscoveries

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

9 fb-1 Goal: 50 fb-1

Upgrade I
Goal: 300 fb-1

Upgrade IIUpgrade Ib

Stay tuned for more exciting  results and  
Thank you for your attention!

LHCb
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Further improvements (higher 

precisions, studies of new modes, 

observables) are expected with more 

than one order larger data samples.

• LHCb (9 fb−1 → 300 fb−1)

✓ precision of  : 4 → 0.35

✓ precision of s (from Bs → J/ ):

22 mrad → 4 mrad

• Belle II (1 ab−1 → 50 ab−1)

✓ precision of S(’KS) : 0.08 → 0.015

[LHCb-PUB-2022-012, arXiv:2203.11349]

50 ab−1
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Summary and Conclusion

?

?

• Precise measurements of Unitarity Triangle provides an 

interesting test for New Physics.

• LHCb has been improving the measurements.

• Belle II started and has joined the game.

✓ Unique measurements for some modes. 

• Consistent with the SM or not ?

[PTEP (2019) 123C01

(arXiv:1808.10567)]

consistent

inconsistent
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Backup
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SuperKEKB and Belle II

e+e− → (4S) → BB

• Belle II experiment at KEK: flavor physics experiment, successor of Belle. 

• SuperKEKB asymmetric electron-positron collider: 4 GeV e+ + 7 GeV e−.

• Nano beam scheme to achieve high luminosity.

• General purpose Belle II detector: 4 coverage

✓ Key components: vertex detector, particle identification.

Belle II

SuperKEKB

Linac

3km

Mt. Tsukuba
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CPV in B0 → J/KS at Belle II



Nov. 29,  2023
Quark Flavor Physics Experiments:

CP Violation
S. Nishida (KEK) ICFA Seminar 2023

22

GFlaT: GNN Flavor Tagger
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CPV in b→s at Belle II
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Belle + Belle II Combined 3 (=) 

• B±→DK±, D± with D→KSK±    (GLS method)

• Belle 711 fb−1 + Belle II 362 fb−1

• The results alone do not determine 3,

Combined with other results.

B→D
B→DK

[JHEP09(2023)146]
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B → K (sum-rule)

• Rare decay, but relatively high branching fraction (~10−5)

• Tree diagram (with Vub) + penguin diagram

✓ Direct CP violation is possible (observed)

• The sum-rule provides precise prediction of the relation of 

the branching fractions and ACP. 

B → K

[M.Gronau, PLB627 (2005) 82]

• IK is predicted to be 0 within 1%

• Belle II can measure all the observables.
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B → K (sum-rule) from Belle II

B0 → K+−

from the time-integrated analysis. This is 

combined with the time-dependent analysis.IK = −0.03 ± 0.13 ± 0.04

• Consistent with the SM prediction (null).

• Competitive with world average (−0.13 ± 0.11)

even with smaller dataset 

than Belle

B(B0→K+−) = (20.67 ± 0.37 ± 0.62) 10−6

ACP(B0→K+−) = −0.072 ± 0.019 ± 0.007

B(B0→K00) = (10.40 ± 0.66 ± 0.60) 10−6

ACP(B0→K00 ) = −0.06 ± 0.15 ± 0.04

B0 → K00

[arXiv:2310.06381 (accepted at PRD)]
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Physics at Belle II

• Clean environment 

(e+e− collider) : 

advantage for the 

final states with 

neutral particles and 

missing particles.

✓ e.g. B+ → K+

• Intensity frontier experiment: Search for New Physics with precise measurements.

• Rich physics programs with B, charm, .
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LS1 @ SuperKEKB, Belle II

2022-2023
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LS1 @ SuperKEKB, Belle II
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