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Role of flavour physics
n Key open HEP questions

q Why antimatter disappear?
q Any BSM physics and what is 

the form?

n Precision study of flavour and CP violation can probe BSM physics
q Looking for new sources of CP violation

n Precision flavour measurements to overconstrain CKM matrix
q Looking for new phenomena in rare or forbidden decays

n Flavour changing neutral current
n Lepton flavour universality violation
n Lepton flavour number violation
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LHCb experiment

3

p p

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

n LHCb is a dedicated flavour physics experiment at the LHC
q >104× larger 𝑏 production rate than the B factories @ U(4S)
q Access to all b-hadrons: 𝐵!, 𝐵", 𝐵#", 𝐵$!, b-baryons

n Can also study hadron spectroscopy and exotic states
n Acceptance optimised for forward 𝒃"𝒃 production

Dp/p=0.4-0.6%
e(µ→µ)~95%, e(p→µ)~1%
e(K→K)~95%, e(p→K)~5%
e(e→e)~90%, misID~5%

Run-1 (2011-12)：3.0 fb-1
Run-2 (2015-18)：6.0 fb-1

𝑏

#𝑏



CKM matrix 
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CKM mechanism
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Test of CKM unitarity is a key test of SM:
• New physics (NP) beyond SM?
• More than three quarks?
• New source of CPV?

CKM matrix elements are fundamental SM parameters
• Only known source for CPV in SM 
• But insufficient to explain baryon asymmetry in Universe 

𝑑
𝑠
𝑏

𝑑′
𝑠′
𝑏′

=

Weak Higgs
𝑉!"#

ü Unitary matrix
ü 3 rotation angles
ü 1 phase

Three generations of quarks:



How to measure
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a

B ⟶ pp, rp, rr

B ⟶DK
B ⟶yKS

-eibs|Vts|

db triangle

n Test of Unitarity by measuring 
q Angles (CP violating) and 

sides (CP conserving)

6



CKM unitarity triangle
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n All measurements are consistent with CKM unitarity
n More precision measurements needed



Loop vs tree to probe NP
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n CKM triangle determined from loop processes
n Compared with tree-level determination for 𝜸
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Measurement of 𝜸
n 𝜸 = 𝐚𝐫𝐠 − 𝑽𝒖𝒃

∗ 𝑽𝒖𝒅
𝑽𝒄𝒃
∗ 𝑽𝒄𝒅

≈ −𝐚𝐫𝐠𝑽𝒖𝒃 measured via interference of 𝒃 → 𝒄 and 𝒃 →
𝒖 tree-level diagrams

n Independent measurements
with various 𝑫 modes

𝑽𝒄𝒃 favored,𝓐𝒄 ∝ 𝒓𝑫𝒆'𝒊𝜹𝑫 𝑽𝒖𝒃 suppressed,𝓐𝒖 ∝ 𝒓𝑩𝒆'𝒊𝜸,𝒊𝜹𝑩

Decay rates: 𝚪 𝑩± → 𝒇𝑫𝒉± ∝ 𝒓𝑩𝟐 + 𝒓𝑫𝟐 + 𝟐𝒓𝑩𝒓𝑫𝜿𝑫 𝐜𝐨𝐬 𝜹𝑩 + 𝜹𝑫 ± 𝜸

𝒃 → 𝒄 𝒃 → 𝒖

→ 𝒇

→ 𝒇

giving direct 𝑨𝑪𝑷

PRL 78 (1997) 3257

PRD 68 (2003) 054018

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

𝑲𝝅,𝑲𝟑𝝅 (ADS)

𝑲𝑺𝒉𝒉 (GPGGSZ)

𝑩𝒔 → 𝑫𝒔𝑲 time dependent

𝒇𝑫 =

𝑲 ∗

𝑲 ∗

PLB 253 (1991) 483

Coherent factor 𝜿𝑫: dilution for multibody 𝑫 decays
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𝜸 with 𝑩± → 𝑫 𝒉±𝒉"∓𝝅𝟎 𝒉±
n Quasi-ADS modes 𝑩) → 𝑫 𝑲±𝝅∓𝝅𝟎 𝒉)

n Quasi-GLW modes 𝑩) → 𝑫 𝑲-𝑲)𝝅𝟎 𝒉), 𝑩) → 𝑫 𝝅-𝝅)𝝅𝟎 𝒉)

JHEP 07 (2022) 099

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

Charm decay parameters 𝑟1, 𝛿1 and 𝜅1 from BESIII data

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

JHEP 05 (2021) 164

𝛾 = 56)*+,-. ∘

𝛿0 = 122)-1,*+ ∘

𝑟0 = 9.3)2.+,*.2 ×10)-

𝐵" → 𝐾#𝜋"𝜋$ 𝐾" 𝐵# → 𝐾"𝜋#𝜋$ 𝐾# 𝐴45 = −0.38 ± 0.12 ± 0.02

Combination

PRD 68 (2003) 033003
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𝜸 with 𝑩± → 𝑫 𝑲±𝝅∓𝝅%𝝅& 𝒉±
n Phasespace split into 4 regions to improve 𝐷- 7𝐷 coherence, based on

BESIII

arXiv:2209.03692

JHEP 05 (2021) 164

𝐷 → 𝐾#𝜋"𝜋#𝜋"

𝐷 → 𝐾"𝜋#𝜋#𝜋" 𝐴46 in 4 regions

𝛾 = 54.8)7.8,9.2 ± 0.6 )..1
,9.: ∘

stat. syst.

𝑟"1; , 𝛿"1;

Second most precise result
in a single channel
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When LHC started Current status 

And significant improvements in 𝜸

LHCb: 

𝜸 = 𝟔𝟑. 𝟖!𝟑.𝟕%𝟑.𝟓 °

Previous WA: 

𝜸 = 𝟕𝟑. 𝟓!𝟓.𝟏%𝟒.𝟐 °

LHCb-CONF-2022-003

LHCb: pushing the frontier
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Charm physics
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Direct CPV in charm decays
n First charm CPV observed by LHCb in 2019 PRL 122 (2019) 211803

𝚫𝑨𝑪𝑷𝑫
𝟎
= 𝑨𝑪𝑷 𝑲,𝑲' − 𝑨𝑪𝑷 𝝅,𝝅' = −𝟏𝟓. 𝟒 ± 𝟐. 𝟗 ×𝟏𝟎'𝟒

𝐷2
7𝐷2

• New measurement of time-integrated CP asymmetry

𝑨𝑪𝑷𝑫
𝟎
𝑲,𝑲) = 𝒂𝑲𝑲𝒅 +

𝒕 𝑲𝑲

𝝉𝑫
𝚫𝒀𝑲𝑲 arXiv:2209.03179

= 𝟔. 𝟖 ± 𝟓. 𝟒 𝒔𝒕𝒂𝒕 ± 𝟏. 𝟔 𝒔𝒚𝒔𝒕 ×𝟏𝟎)𝟒

𝑎""? = 7.7 ± 5.7 ×10).
𝑎;;? = 23.2 ± 6.1 ×10).

First evidence of CPV in 𝑫𝟎 →
𝝅,𝝅) decays (𝟑. 𝟖𝝈)

To obtain:
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n After many effort, 𝑫𝟎-7𝑫𝟎 oscillation was observed
n But mass difference and CP-violation poorly known

n Mainly used for new physics search

%|𝑫𝟏,𝟐 = 𝒑 %|𝑫𝟎 ± 𝒒 %|"𝑫𝟎
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𝑫𝟎 − )𝑫𝟎 mixing 

𝒚 = 𝚪𝟏)𝚪𝟐
𝟐𝚪

= 𝟎. 𝟔𝟖)𝟎.𝟎𝟕,𝟎.𝟎𝟔 % ≠ 𝟎

𝒙 = 𝐦𝟏)𝐦𝟐
𝚪

= 𝟎. 𝟑𝟕 ± 𝟎. 𝟏𝟐 %

World average (WA)



PRD 99, 012007 (2019)Bin-Flip with 𝑫𝟎 → 𝑲𝒔
𝟎𝝅%𝝅&

n “Bin-Flip” method: yield ratio between –b and b bin as a function of time
q Most detector effects cancel
q Fix 𝑿𝒃 = (𝑪𝒃, 𝑺𝒃) parameters from CLEO+BESIII
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𝒛𝑪𝑷 ± 𝜟𝒛 ≡ − 𝒒/𝒑 ±𝟏 𝒚 + 𝒊𝒙
𝒙𝑪𝑷 ≡ −𝐈𝐦 𝒛𝑪𝑷
𝒚𝑪𝑷 ≡ −𝐑𝐞 𝒛𝑪𝑷
𝚫𝒙 ≡ −𝑰𝒎 𝚫𝒛
𝚫𝒚 ≡ −𝐑𝐞 𝚫𝒛
If CP-conservation, q/p=1
𝚫𝐱 = 𝚫𝐲 = 𝚫𝐳 = 𝟎
𝒙𝑪𝑷 = 𝐱 𝒚𝑪𝑷 = 𝐲

Fit parameters: 
4 mixing+CPV + 𝑟*



𝑥/0 = 0

Yield ratio of -b and b

Results with prompt 𝑫𝟎 and WA
n Bin-Flip method
n First measurement of 𝒙 > 𝟎 for 7𝝈
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30.6M signal events
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Huge impact on WA of 𝒙 and CPV ! 

CPV well constrained

Before AfterPRD 99, 012007 (2019)

PRL 127 (2021) 111801



Update with SL decays
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arXiv:2208.06512

• N𝐵 → 𝐷2 𝐾H2𝜋,𝜋) 𝜇)𝑋

No sign of CPV

Average:

Average:

18

3.7M signal events



Hadron spectroscopy

19



List of new hadrons keep growing

20
New naming conventions:
arXiv:2206.15233
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List of new hadrons keep growing
arXiv:2212.02716 arXiv:2216.02716

arXiv:2210.15153 arXiv:2210.10346

𝑋 3960 [𝑐 ̅𝑐𝑠𝑠̅]
𝑃$%& 4338 ' [𝑐 ̅𝑐𝑢𝑑𝑠]

𝑇(%̅'* 2900 ++ [𝑐𝑠̅𝑢𝑑̅]
𝑇(%̅'* 2900 ' [𝑐𝑠̅ Z𝑢𝑑]

1st observation of a doubly charged 
tetraquark candidate

1st observation of a pentaquark  
candidate with strangeness
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Zcs [𝒄"𝒄𝒖"𝒔] states
n Charged Zcs states observed at BESIII and LHCb:
𝒁𝒄𝒔(𝟑𝟗𝟖𝟓), 𝒁𝒄𝒔(𝟒𝟎𝟎𝟎), 𝒁𝒄𝒔(𝟒𝟐𝟐𝟎)

n 𝒁𝒄𝒔(𝟑𝟗𝟖𝟓), 𝒁𝒄𝒔 𝟒𝟎𝟎𝟎 have 
similar mass but very 
different widths

n BESIII also find an evidence for
the neutral isospin partner

>5.3 𝝈

BESIII, PRL 126 (2021) 102001

𝑒!𝑒" → 𝐾#$(𝐷%"𝐷∗! + 𝐷%∗"𝐷!)
BESIII, PRL 129 (2022) 112003

LHCb, PRL127 (2021) 082001

𝑒!𝑒" → 𝐾!(𝐷%"𝐷∗$ + 𝐷%∗"𝐷$)

Mass [MeV]      width [MeV]



𝑻𝝍𝒔𝟏𝜽 𝟒𝟎𝟎𝟎 𝟎 in 𝑩𝟎 → 𝑱/𝝍𝝓𝑲𝑺
𝟎

n Simultaneous fit to 𝑩𝟎 → 𝑱/𝝍𝝓𝑲𝑺
and 𝑩- → 𝑱/𝝍𝝓𝑲-, assuming 
isospin symmetry for all the 
intermediate states, except for 
the charged and neutral 
𝑻𝝍𝒔𝟏𝜽 (4000) states 

n Consistent with being isospin partners: 𝚫𝒎 = −𝟏𝟐. 𝟏)𝟏𝟎.𝟐)𝟒.𝟐-𝟏𝟏.𝟏-𝟔.𝟎 MeV
n Significance is 𝟒. 𝟎𝝈 without isospin symmetry for 𝑻𝝍𝒔𝟏𝜽 (4000), while 𝟓. 𝟒𝝈 with 

isospin symmetry constrain

23

𝐵! → 𝐽/𝜓𝜙𝐾!

𝐵$ → 𝐽/𝜓𝜙𝐾#

arXiv:2301.04899

𝑱𝑷 Mass (MeV/𝒄𝟐) Width (MeV)  Fit fraction 

𝑇)%*
+ 4000 $ → 𝐽/𝜓𝐾#$ 1! 3991.3"*$.-"*../!**./!0.1 104.8"21.3"23.3!24.3!*/.* 7.9 ± 2.5"2.0!3.$

𝑍56! /𝑇)%*+ 4000 ! → 𝐽/𝜓𝐾! 1! 4003 ± 6"*-!- 131 ± 15 ± 26 9.4 ± 2.1 ± 3.4



Possible emergence of two SU(3) 
flavour tetrquark nonets

Two multiplets could exist in both molecular and compact tetrquark models, 
however not all of the states exist in the molecular model 24

!!"(3985)# !!"(3985)$

!!(3900)$!!(3900)%

!!"(3985)% !̅!"(3985)#

!!&!(xxxx)!!&(xxxx)

!!(3900)#

Observed

Evidence

Missing

𝑱𝑷(𝑪) = 𝟏-())

!!"(4000)# !!"(4000)$

!!"(4000)% !̅!"(4000)#

'(4140)'(3872)

!!(3872)%

!!(3872)#

!!(3872)$

𝑱𝑷(𝑪) = 𝟏-(-)
arXiv:2103.08331
arXiv:2111.08650
arXiv:2207.08563

arXiv:2211.07217



LHCb upgrade(d)
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Long term plan beyond 2035
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• Starts to accumulate data for Run3
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This is Run3
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LHCb upgrades

• CKM tests: match precision from indirect determination
σR[ ∼ 4 mrad,  σS ∼ 0.35°, σTUVWX ∼ 0.003
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Summary
n Studies of flavor towards new physics
n LHCb: a wide range of flavor physics

q Precision measurement of CKM matrix: 𝛾 < 4∘

q Charm mixing and CPV: precision on 𝑥Z, 𝑦Z, evidence of 𝐴[\ 𝜋-𝜋) ≠ 0
q Hadron structure: more exotic hadrons

n LHCb plans for upgrade from 9 𝐟𝐛)𝟏 to 300 𝐟𝐛)𝟏

q New physics?

29



Backup



New 𝜸 combination
n Simultaneous determination of 𝜸 and 𝑫𝟎 mixing&CPV parameters

LHCb-CONF-2022-003

𝑥\ =
]#+
#+

= 0.398)2.2.+,2.272 %

𝑦\ =
]^,
-^,

= 0.636)2.2*+,2.2-2 %

𝛾 = 63.8)1.:,1.7 ∘

Improved on 𝑦\ w.r.t charm only results



𝐕𝐮𝐛/𝐕𝐜𝐛
n 𝐕𝐮𝐛/𝐕𝐜𝐛 is fundamental input to constrain SM

n Measure differential 
decay rates of:
q Inclusive semileptonic

decays: theoretically clean
q Exclusive (semi)leptonic

decays: theoretical 
uncertainties

n Large tenson between 
inclusive and exclusive 
determinations

32

1

(1 − #!/2)((, *)

a

B ⟶ pp, rp, rr

B ⟶DK
B ⟶yKS



n Tension between inclusive and exclusive determinations

b→ ulν

• Inclusive: high background 
V12 = 4.19 ± 0.17 ×10"3

V42 = 42.19 ± 0.78 ×10"3

• Exclusive: need LQCD inputs 
V12 = 3.51 ± 0.12 ×10"3

V42 = 39.10 ± 0.50 ×10"3

b→ clν

𝐕𝐮𝐛/𝐕𝐜𝐛 puzzle
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互补与协同

STCF
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