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Flavor physics
• Flavor structure/symmetry reveals fundamental laws of Nature

2

Why three generations? How anti-matter disappears ?
Do they behave equally?

• Test of SM and probing BSM through precision measurements

Ø CP violation: test CKM mechanism and search for new sources

Ø SM rare/forbidden decays: new interactions/particles



CKM mechanism
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• CKM mechanism

Quark eigenstates interacting with Higgs different from eigenstates
interacting with 𝑊 bosons

ü Unitary matrix
ü 3 rotation angles
ü 1 phase: only known

source of CPV in SM

Three generations of quarks:

• More than three quarks?
• Breaking of unitarity?
• New source of CPV?

Overconstrain (3×3) CKM matrix with
independent measurement of each element

Actually, CKM insufficient to explain baryon
asymmetry in Universe, must there be new CPV

𝑑
𝑠
𝑏

𝑑′
𝑠′
𝑏′

=

Higgs Weak
𝑉!"#

Test of CKM mechanism:



LHCb
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JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

• Dedicated flavor experiment for 𝑏, 𝑐 hadrons

%𝐵$ → 𝐽/𝜓𝐾%$

𝐵& → 𝐷$𝑙𝑋 tagging

ü Excellent vertexing
𝜎!~45 fs

ü Hadron PID
𝜖 𝐾 → 𝐾 , 𝜖 𝑝 → 𝑝 > 90%

ü Momentum resolution
𝛿𝑚"→$%/𝑚" ∼ 0.005

LHCb



LHCb data
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• 𝑝𝑝 collisions at 𝑠 = 7, 8, 13 TeV, ∫ ℒ = 9 :b'(

• All species produced with large rates

𝑩!: 𝑩𝟎: 𝑩𝒔𝟎: 𝜦𝒃𝟎 ≈ 𝟒: 𝟒: 𝟏: 𝟐

JHEP 05 (2017) 074
PRL 118 (2017) 052002
PRD 100 (2019) 031102(R)𝜎 𝑝𝑝 → 𝑏8𝑏𝑋, LHCb, 13 TeV ≈ 0.14 mb
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CKM angle measurements



The Unitarity Triangle
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Measurement of 𝛾

• 𝛾 = arg − )!"
∗ )!$
)%"
∗ )%$

≈ − arg 𝑉+, measured via interference of 𝑏 → 𝑐 and
𝑏 → 𝑢 tree-level diagrams
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𝑉'( favored,𝒜' ∝ 𝑟)𝑒*+,' 𝑉-( suppressed,𝒜- ∝ 𝑟"𝑒*+./+,(

Decay rates: Γ 𝐵± → 𝑓)ℎ± ∝ 𝑟"1 + 𝑟)1 + 2𝑟"𝑟)𝜅) cos 𝛿" + 𝛿) ± 𝛾

𝑏 → 𝑐 𝑏 → 𝑢

→ 𝒇

→ 𝒇

giving direct 𝐴/0

• Independent measurements with various 𝐷 modes

PRL 78 (1997) 3257

PRD 68 (2003) 054018

𝐾𝐾, 𝜋𝜋 (GLW) PLB 253 (1991) 483
PLB 265 (1991) 172

𝐾𝜋, 𝐾3𝜋 (ADS)

𝐾2ℎℎ (GPGGSZ)

𝐵3 → 𝐷3𝐾 time dependent

𝑓1 =

𝐾 ∗

𝐾 ∗

PLB 253 (1991) 483

LHCb combination:
𝛾 = 65.4'*.3&4.5 ∘

JHEP 12 (2021) 141

Indirect constraints
𝛾/789:;;<= = 65.5'3.>&(.( ∘

𝜅): dilution for multibody 𝐷 decays



𝛾 with 𝐵± → 𝐷 ℎ±ℎ"∓𝜋$ ℎ±

• Quasi-ADS modes 𝐵' → 𝐷 𝐾±𝜋∓𝜋$ ℎ'

• Quasi-GLW modes 𝐵' → 𝐷 𝐾&𝐾'𝜋$ ℎ', 𝐵' → 𝐷 𝜋&𝜋'𝜋$ ℎ'
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JHEP 07 (2022) 099

Both CP-even and CP-odd of 𝐷 decays, CP even fraction from CLEO-c data

Charm decay parameters 𝑟), 𝛿) and 𝜅) from BESIII data

PLB 747 (2015) 9; PLB 740 (2015) 1

JHEP 05 (2021) 164

𝛾 = 56'(A&3* ∘

𝛿B = 122'34&(A ∘

𝑟B = 9.3'$.A&(.$ ×10'3

𝐵' → 𝐾(𝜋'𝜋) 𝐾' 𝐵( → 𝐾'𝜋(𝜋) 𝐾( 𝐴/0 = −0.38 ± 0.12 ± 0.02

Combination

PRD 68 (2003) 033003



𝛾 with 𝐵± → 𝐷 𝐾±𝜋∓𝜋%𝜋& ℎ±

• Phasespace split into 4 regions to improve 𝐷- [𝐷 coherence, based on BESIII
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arXiv:2209.03692

JHEP 05 (2021) 164

𝐷 → 𝐾(𝜋'𝜋(𝜋'

𝐷 → 𝐾'𝜋(𝜋(𝜋' 𝐴/C in 4 regions

𝛾 = 54.8'D.5&E.$ ± 0.6 '*.4
&E.> ∘

stat. syst.

𝑟"4F , 𝛿"4F

Second most precise result
in a single channel



New 𝛾 combination
• Simultaneous determination of 𝛾 and 𝐷$ mixing&CPV parameters
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LHCb-CONF-2022-003

𝑥1 =
G#*
#*

= 0.398'$.$*A&$.$D$ %

𝑦1 =
GH+
3H+

= 0.636'$.$(A&$.$3$ %

𝛾 = 63.8'4.>&4.D ∘

Improved on 𝑦1 w.r.t charm only results

More on 𝛾 from LHCb by Shunan ZHANG [9:20, Sat.]
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CPV in charmless decays



Charmless 𝑏-hadron decays
• Tree 𝑏 → 𝑢 and penguin 𝑏 → 𝑑(𝑠) diagrams: comparable magnitude and large

weak phases à expecting direct CPV
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𝑉+,∗

𝑉JK∗

𝐴/0 𝐵L$ → 𝐾'𝜋& = +0.236 ± 0.017

𝐴/0 𝐵$ → 𝐾&𝜋' = −0.0824 ± 0.0047

• Large asymmetry detected

JHEP 03 (2021) 075
PRL 126 (2021) 091802

Patterns of CPV in 3-body PHSP

PRD 90 (2014) 12004Roughly described by models: pQCD, QCDF, SR …



CPV in 𝐵± → ℎ'
±ℎ(∓ℎ)

± in Run2
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arXiv:2206.07622

𝐵± → 𝐾±𝜋&𝜋' 𝐵± → 𝐾±𝐾&𝐾'

𝐵± → 𝜋±𝜋&𝜋' 𝐵± → 𝜋±𝐾&𝐾'

𝐴45 = +0.011 ± 0.002 ± 0.003 ± 0.003 𝐴45 = −0.037 ± 0.002 ± 0.002 ± 0.003

𝐴45 = +0.080 ± 0.004 ± 0.003 ± 0.003 𝐴45 = −0.114 ± 0.007 ± 0.003 ± 0.003

Global CPV
2.4𝜎 8.5𝜎

14.1𝜎 13.6𝜎



Large localized CPV: patterns
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𝐵± → 𝐾±𝜋/𝜋*

𝐵± → 𝐾±𝐾/𝐾*

𝐵± → 𝜋±𝜋/𝜋*

𝐵± → 𝜋±𝐾/𝐾*

arXiv:2206.07622



Localized CPV: dynamics
• 𝐴/0 arise due to 𝜋&𝜋' ⟷ 𝐾&𝐾' rescattering
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1 < 𝑚1 ℎ/ℎ* 678 < 2.25 GeV2

Sign change

arXiv:2206.07622



Localized CPV: dynamics
• 𝐴/0 in charmonium region

Ø Interference of 𝑏 → 𝑐 ̅𝑐𝑑 with non-resonant?
ØSignificant contribution of 𝑏 → 𝑑𝑐 ̅𝑐 penguins?
ØS-wave 𝐷d𝐷 ⟷ 𝜋/𝜋* rescattering?
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4 < 𝑚1 ℎ/ℎ* 678 < 15 GeV2

4 < 𝑚1 ℎ/ℎ* 9:;9 < 16 GeV2

arXiv:2206.07622

More on CPV from LHCb by Jiesheng YU [9:00, Sat.]
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Stolen from Ying LI in “Flavor Physics
Lectures (2021.12.16)”
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Flavor anomalies



Lepton flavor universality (LFU)
• Three lepton generations couple to EW bosons couple identically
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𝑅 𝐻' = ℬ ="→=%!>?)
ℬ ="→=%@>?*

• Experimental hints of LFU violation
𝑅A+ =

ℬ ="→A+@,@-

ℬ ="→A+B,B-

Nature Physics 18 (2022) 277

But not in new physics



𝑅 Λ*% from Λ+$ → Λ*%𝜏&𝜈̅,
• First observation of Λ,$ → ΛM&𝜏'𝜈̅N decays

21

PRL 128 (2022) 191803

BDT>0.66 𝑅 ΛM& = 0.242 ± 0.076

Consistent with SM prediction
𝑅CD Λ'/ = 0.340 ± 0.004

[Only Run1 data]



More anomalies in SL decays

22More on LHCb anomalies by Jibo HE [14:00, Fri.]
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Charm physics



Direct CPV in charm decays
• First charm CPV observed by LHCb in 2019
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PRL 122 (2019) 211803

Δ𝐴45)
.
= 𝐴45 𝐾/𝐾* − 𝐴45 𝜋/𝜋* = −15.4 ± 2.9 ×10*E

𝐷$
[𝐷$

• New measurement of time-integrated CP asymmetry

𝐴/01
,
𝐾&𝐾' = 𝑎""O +

𝑡 ""

𝜏1
Δ𝑌"" arXiv:2209.03179

= 6.8 ± 5.4 stat ± 1.6 syst ×10'*

𝑎""O = 7.7 ± 5.7 ×10'*
𝑎FFO = 23.2 ± 6.1 ×10'*

First evidence of CPV in 𝐷$ →
𝜋&𝜋' decays (3.8𝜎)

To obtain:



𝐷$ mixing parameters
• 𝐷$ − [𝐷$ mixing to form mass eigenstates 𝐷(,3 = 𝑝 𝐷$ ± 𝑞 [𝐷$
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PRL 127 (2021) 111801

Observables: 𝑥1 ≡ Δ𝑀/Γ, 𝑦1 ≡ ΔΓ/2Γ, 𝑞/𝑝 , 𝜙Q ≡ arg 𝑞𝐴̅Q/𝑝𝐴Q

• Measurement using bin flip method with 𝐷$ → 𝐾%$𝜋&𝜋' decays

−𝑏

+𝑏

𝒜1, 𝑚"-
,F.

3 , 𝑚"-
,F/

3 , 𝑡 = 𝑔& 𝑡; 𝑥, 𝑦 𝒜1, 𝑚&
3 , 𝑚'

3 + K
R
𝑔' 𝑡; 𝑥, 𝑦 𝒜 S1, 𝑚&

3 , 𝑚'
3

PRD 99 (2019) 012007

Ø Dalitz density varies with decay time 𝑡
Ø Model independent approach: ratios

between two symmetric bins

𝑡/𝜏1

Bin 1

First time for 𝑥 ≠ 0

−𝑖

+𝑖



Update with SL decays
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arXiv:2208.06512

• %𝐵 → 𝐷$ 𝐾L$𝜋&𝜋' 𝜇'𝑋

No sign of CPV

Average:

Average:



𝑦-. − 𝑦-./0 in 𝐷$ two-body decays

• 𝑦/0 =
TH 1,→Q &TH S1,→Q

3H
− 1: measuring CP averaged (effective) decay width

• 𝑦/0 − 𝑦/0"F =
TH 1,→Q &TH S1,→Q

TH 1,→"/F &TH S1,→".F/
− 1 ≈ 𝑦1 1 + 𝑅"F

27

PRD 105 (2022) 092013

=
ΔΓ
Γ
≈ 0.6% = U/V

/9
𝑡 = 0 ≈ 6%• For 𝑓 = 𝐾&𝐾' and 𝜋&𝜋'

Average 𝐾&𝐾' and 𝜋&𝜋':
𝑦!C − 𝑦/0"F = 6.96 ± 0.26 ± 0.13 ×10'4

𝑅(𝑡) ∝ 𝑒* F/0*F/0
12 G/!'.

Improved by ×4

Improve 𝛿𝑦1 by ×2: 𝑦1 = 6.46'$.3D&$.3* ×10'4

More on LHCb Charm by Liang SUN [14:20, Sat.]
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Hadron spectroscopy



List of new hadrons keep growing

29

New naming conventions:
arXiv:2206.15233



List of new hadrons keep growing
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arXiv:2212.02716 arXiv:2216.02716

arXiv:2210.15153

arXiv:2210.10346

LHCb-PAPER-2020-040

𝑇35̅67 4000 8

𝑋(3960)

𝑃359 4338 8

𝑇:5̅8; 2900 <<𝑇:5̅8; 2900 8

More on LHCb hadrons by Yiming LI [14:20, Sun.]
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LHCb upgrade(d)



Long term plan beyond 2035
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• Starts to accumulate data for Run3
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This is Run3



LHCb upgrades

34

• CKM tests: match precision from indirect determination
σnc ∼ 4 mrad,  σo ∼ 0.35°, σpqrst ∼ 0.003



Summary
• Studies of flavor towards new physics
• LHCb: a wide range of flavor physics, new results since HFCPV2021

ØPrecision measurement of CKM matrix: 𝛾 < 4∘

ØCPV in bottom hadrons: pattern in 𝐵 → 3ℎ decays
ØFlavor symmetries among leptons: 𝑅 Λ'/

ØCharm mixing and CPV: precision on 𝑥), 𝑦), evidence of 𝐴JK 𝜋/𝜋* ≠ 0
ØHadron structure: more exotic hadrons

• LHCb plans for upgrade from 10 fb'( to 300 fb'(
ØNew physics?

35
Don’t miss other LHCb talks for details
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backups



Three types of CPV
• Mixing

37

𝒫 8𝐵3L → 𝐵3L ≠ 𝒫 𝐵3L → 8𝐵3L

• Decay
𝒫 𝐵 → 𝑓 ≠ 𝒫 8𝐵 → ̅𝑓

At least two interfering amplitudes with
different strong and different weak phases

• Mixing and decay

𝒫 𝐵 → 8𝐵 → 𝑓 ≠ 𝒫 8𝐵 → 𝐵 → ̅𝑓

Different weak phases in mixing and decay
∝ 𝑉G(∗ 𝑉G3 1

∝ 𝑉'(∗ 𝑉'3Constraining CKM matrix
elements in SM and probing NP

Off shell Arg 𝑀N1 ≠ Arg ΓN1 On shell
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CPV in charmless decays



CPV in 𝐵1$ → 𝐾%𝐾& decays
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JHEP 03 (2021) 075 

Time dependent asymmetryMass distribution

𝐶"."/ = 0.164 ± 0.034 ± 0.14
𝑆"."/ = 0.123 ± 0.034 ± 0.15
𝐴""GH = −0.83 ± 0.05 ± 0.09

Consistent with Run I results

𝐶$,$-
1 + 𝑆$,$-

1 + 𝐴$$OP
1 = 0.93 ± 0.08

Decay time distribution



Direct CPV in 𝐵 → 𝐾𝜋 system
• Isospin symmetry implies 𝐴/0 𝐵$ → 𝐾&𝜋' ≈ 𝐴/0 𝐵& → 𝐾&𝜋$

40

JHEP 03 (2021) 075 
PRL 126 (2021) 091802

𝐾±𝜋∓ 𝐾&𝜋$ 𝐾'𝜋$

Experiment: Δ𝐴/0"F ≠ 0 at 5.5𝜎 so called “𝐾𝜋” puzzle
• New measurements

𝐴/0 𝐵& → 𝐾&𝜋$ = +0.025 ± 0.015 ± 0.006 ± 0.003
𝐴/0 𝐵$ → 𝐾&𝜋' = −0.0824 ± 0.0033 ± 0.0033
New value of Δ𝐴/0"F = 0.115 ± 0.014, nonzero at > 8𝜎

𝐴/0 𝐵L$ → 𝐾'𝜋& = 0.236 ± 0.013 ± 0.011Measurement of

Δ ≡ Q/0 ".→$,%-

Q/0 "+.→$-%,
+ ℬ "+.→$-%,

ℬ "→$,%-
P+
P$
= −0.085 ± 0.043, nonzero at 2𝜎



Direct CPV in 𝐵% → 𝜋%𝜋&𝜋%

• CPV observed in phase space of 𝐵 → ℎℎℎ decays,
better understanding with Dalitz plot analysis
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PRL 124 (2020) 031081
PRD 101 (2020) 012006

Mass projections and CP

𝑆-wave

𝑓1(1270)
Components and quasi-
two-body 𝐴/0



𝑆 − 𝑃 wave interference
• Evaluation of strong phase in Breit-Wigner with energy 𝑠

42

Below 𝜌 770 ) mass Above 𝜌 770 ) mass

𝐴/0 ∝ cos 𝜃× 𝑚%
3 − 𝑆 × 𝑚C

3 − 𝑆 + ⋯

𝐴45 in bins of helicity angle

PRL 124 (2020) 031081
PRD 101 (2020) 012006



Direct CPV in 𝐵% → 𝜋%𝐾&𝐾%

• Amplitude model: large S-wave contribution, modeled by non-resonant single pole
and 𝜋/𝜋* → 𝐾/𝐾* rescattering
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PRL 123 (2019) 231802

Quasi-two-body 𝐴/0𝐵!

𝐵%

Mass and fit projections

Large asymmetry observed for rescattering in region 0.95 < 𝑚$,$- < 1.42 GeV
A45 = −66 ± 4 ± 2 %
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CPV in beauty baryons

A new terrain for CPV and CKM matrix



Summary
• New results on mixing parameters, direct CPV in 𝑏 → 𝐷 and charmless decays

Δ𝑀0 = 17.7656 ± 0.0057 ps'1, 𝜙0 = −42 ± 25 mrad, 𝛾 = 65.4'2.4(5.6 ∘, 𝐴89 ℎℎ(ℎ) …
Even new ones are coming with full run 1+ run 2data

• No CPV in beauty baryons observed, but started to be sensitive at % level
• The future:

45

And baryon CPV



LHCb上味物理中的反常 何吉波

Hadron spectroscopy and exotics at LHCb 张黎明

gamma measurements at LHCb 张舒楠

Recent charm physics results at LHCb 孙亮

Recent CPV measurements at LHCb 俞洁晟

46



Backup slides
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CKM matrix up to 𝜆2
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LHCb
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JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

𝒑𝒑 collision

• Dedicated flavor experiment for 𝑏, 𝑐 hadrons

Muon identification
• 𝜖 𝜇 → 𝜇 ~97%
•MisID rate 𝜋 → 𝜇 ~1 − 3%

Vertex reconstruction
• 𝜎:;~20 µm
• 𝜎<~45 fs w.r.t. 𝜏= ≈ 1.5 ps

Hadron identification
• 𝜖 𝐾 → 𝐾 , 𝜖 𝑝 → 𝑝 > 90%
•MisID rate 𝜋 → 𝐾/𝑝 < 5%

Track reconstruction
• 𝜖 Tracking ~96%
• ⁄𝛿𝑝 𝑝~0.5%-1% (5-200 GeV)
• 𝜖 𝑚>/@ ≈ 15 MeV



New 𝛾 combination
• More plots

50

LHCb-CONF-2022-003
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Mixing and CPV



Δ𝑀1 of 𝐵1$ − 5𝐵1$ oscillation
Time dependent rate of flavor specific decays
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JHEP 03 (2021) 137 

𝐵0 → 𝐷0±𝜋∓

Degraded by initial 𝑏-flavor tagging: 𝜖 1 − 𝜔 1 ∼ 6%

LHCb average: Δ𝑀L = 17.7656 ± 0.0057 ps'( Prediction: 18.4'(.3&$.> ps'(

𝐵0 → 𝐷0±𝜋∓𝜋±𝜋∓

Giving most precise
single measurement

arXiv:2104.04421

Lattice and sum rule



𝐵1$ mixing angle 𝜙1 = −2𝛽1344

• 𝜙L sensitive to new physics, SM
prediction: 𝜙L = −37 ± 1 mrad

• Time dependent CP asymmetry:

53

𝐴/0 𝑡 =
HCDE,→G

J 'HDE,→G
J

HCDE,→G
J &HDE,→G

J
∝ −𝜂Q sin 𝜙L sin Δ𝑀L𝑡 𝑓: common final state

• LHCb combination of five
measurements

𝜙L = −42 ± 25 mrad
ΔΓL = 0.0813 ± 0.0048 ps'(

EPJC 79 (2019) 706

Consistent with SM, but need to
gain experimental precision

New world average (PDG 2021):
𝜙3 = −50 ± 19 mrad



U-spin symmetry
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𝐷$ → 𝐾5$𝜋%𝜋& Dalitz binning
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