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Role of flavour physics

s Key open HEP questions
o Why antimatter disappear?

o Any BSM physics and what is
the form?

= Precision study of flavour and CP violation can probe BSM physics

o Looking for new sources of CP violation
m Precision flavour measurements to overconstrain CKM matrix
o Looking for new phenomena in rare or forbidden decays
s Flavour changing neutral current
s Lepton flavour universality violation
m Lepton flavour number violation



Experiments for HFP eois i

lower BKG, BB(DD) production in pair (can measure
absolute BF, or polarization via quantum correlation),
advantages in (semi)leptonic and neutral channels...
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Hadron collider: Large cross-section
LHCDb: dedicated detector for flavour physics




CKM matrix




Precision measurement of CKM elements
-- Test EW theory

CKM matrix elements are fundamental SM parameters that
describe the mixing of quark fields due to weak interaction.

Three generations of quark? ‘
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Unitary matrix?

B factories + LHCb +
LQCD
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Expected precision < 2% at BESIII

* A precise test of SM model
* New physics beyond SM?

* Precision measurement of CKM matrix elements




CKM

= Test of Unitarity by measuring
o Angles (CP violating) and
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Vub/Veb

= Vyu/Vep is fundamental input to constrain SM

Im

= Measure differential

decay rates of: @ w, clizg);

\ B— 71w, p7T, pp Bo Bo

(1 - 22/2)(pm) mixing

o Inclusive semileptonic
decays: theoretically clean

o Exclusive (semi)leptonic
decays: theoretical
uncertainties

y= arg|: Vud\/ub :l o= arg|: th\/tb } IB — arg|: Ed&ﬂb
s Large tenson between A% VidVan s
inclusive and exclusive

determinations



Vub/vcb in Bg —> K_I,l-l-v” PRL 126 (2021) 081804

= Measure Rgp = BF(BY -» K u*v,)/BF(BY - D;u*v,) %
BSO _>Ds_ﬂ+V/,L

B - K~ ut*v, low ¢* BY - K~u*v, high q?
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= Determine |Vy,/Vep| through Rgr = |Vyy,/Vey|*(FFk /FFp )

Low ¢2: LCSR FF = 4.14 + 0.38 ps~? LHCb
o2 Gow) = 0.061 £ 0.004 B osin T | R Kt R0
B! > Kutv, ~e— LQCD (MILC2019)
High g2: LQCD FFy = 3.32 + 0.46 ps~? N o el Lot Gemazns
v (high) = 0.095 + 0.008 . jz;m(PDG) I
O

|Vub |/| Vcbl



InCIUSive B — Xu’g-l_v PRD 104 (2021) 012008

D
] Fu" Be"e dataset 71 1fb-1 _ /_iv Can fully assign each final @

-

B V— state particle to either the
O, BELLE

Y (48) tag or signal side

o Hadronic tagging with
Neural Networks ( e~ 0.25%) ol, &

— Allows to reconstruct X,

M ial BF i B 1 G V CLEO (E) §
0 easure partia IN Ef > ev, Ao .
BELLE sim. ann. (mx, Q) :
and convert to 1V, _ 45250474025 023 —
AB(B = X, (T 1) BELLE (E,) |
|Vub‘ = ~ 495 046 +0.16-0.21 e
75 - A'(B — X, (" v)) BABAR (E) :
3.96 +0.10 0.17 o
BELLE m,.q- 1L, (E>1) ' .
X 1 '
== Background 200 ' ‘ ' ' ' 4.15 + 024 +0.08 - 0.09 —— This work
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4000 [ 1 Data B 150k ) I Data ] 430 £020 + o 20-0.21 —
g w% MC uncertainty s w7 MC uncertainty BABAR (m <1.7) :
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~ O
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B = 3 2 4 6
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Vub/VCb pUZZIQ

b— ulv

b— clv

(p.1)

m Tension between inclusive and exclusive determinations
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Inclusive: high background
|Vup| = (4.19 £ 0.17)x1073

|Va,| = (42.19 + 0.78)x1073
Exclusive: need LQCD inputs
|Vyp| = (3.51 4+ 0.12)x1073

|Vs,| = (39.10 + 0.50)x1073
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Extraction of V)| e

Take fp'P as input : * Input f+ =249.9+ 0.5 MeV
|Veq]=(0.221040.0058+0.0047) (u*v mode) from LQCD calculations
LN B O B N I Y I L I B B ""1J""|llll L
CKMFitter PTEP2020(2020)083C01 0.9732010.00011 )
HFLAV1S8 EPJC81(2021)226 0.969+0.010 °
SMfit PDG18 0.22438+0.00044 ]
CLEO PRD79(2009)052002, T,v 0.981+0.044+0.021 [}
o CLEO PRD80(2009)112004, T v 1.001+0.052+0.019 e
PDG PDG18, D"ty 0.214+0.003:0.009 == CLEO PRD79(2009)052001, T_v 1.079+0.068+0.016 o
BaBar PRD82(2010)091103, t, v 0.953+0.033+0.047  HeH
F_— Belle JHEP09(2013)139, T, .v 1.017+0.019+0.028 ot
CLEO PRD78,052003,D">uv, t v 0.218+0.009+0.003  ==tem BESIII 0.482 fb"  PRD94(2016)072004, v SISO
CLEO PRD79(2009)052001, v 1.000+0.04010.016 (]
+ BaBar PRD82(2010)091103, pv 1.032+0.03310.029 e
BESIII PRL123,211802 ,D'>wv - 0.237£0.024:0.012 R Belle JHEP09(2013)139, pv 0.969+0.026:0.019 ol
BESIII 3.19 fb!  PRL122(2019)071802, pv 0.985+0.014+0.014 ol
v AR K Wmstvorsodmosmatontm oD o sl ol o NN, S——
BESHI PRD89,051104, b v 0.2210:0.0058:0.0047  =ae BESIII 6.32 fb'l arXiv:2102.11734 [hep-ex], uv  0.973+0.012+0.015 ol
BES]_II 6.32 fb'l arXiv:2102.11734 [hep-ex], T,v 0.972+0.02310.016 ol
BESIII Expected (20fb™), D*>uv  0.2210+0.0021:0.0017 = BESIII 6.32 fp!  2rXiv:2105.07178 [hep-ex], 7,V 0.980+0.02310.019 1o
BESIII 6.32 fb'l arXiv:2106.02218 [hep-ex], T.v 0.978+0.009+0.012 ]
BESIII uv 3.19 b + v 6.32 b 0.979+0.007+0.008 e Combined
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 l 1 | l 1 1 l | 1 1 1 1 | 1 . | " { I g f \ N I . ; l ) I . \
0 005 01 015 02 025 1 0 )
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Most precise measurement




B? mixing phase ¢,

= Mixing induced CPV phase of B,:

¢bs = oy — 2¢p
$D

Direct decay
B° fep
W andldeyv
=0
—¢p

oM B

m Value is precisely predicted
M= _2p. = —-36.5713 mrad

¢,: sensitive to new physics in BY mixing.

Golden channel: B? - J/y¢p(—» K*K™)
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World average

Some tensons between measurements

HFLAV

DO 8 fb_l [ PpG2021 |

CMS 116.1 fb™?

CDF 9.6 fb~!

LHCb 4.9 fb~1

Combined”
I's errors scaled by 2.5
AT errors scaled by 1.77

ATLAS 99.7 fb~1

» 5 HFLAV Tm
= DS 8 0.16
LY 0.13 68% CL contours E‘n
= (Alog £ = 1.15) < 0.14]
0.11 CMS 116.1 fb~1 0.121
0.101
CDF 9.6 fb~!
0.09 008
LHCb 4.9 fb~! —
0.07
ATLAS 99.7 fb~1 0.04
05 . . . . 0.02
00375 0.3 0.1 0.1 03 0.640
&s[rad]

Collab. Decay Modes ¢, (mrad)

LHCb, EPJC 80 (2020) 601
ATLAS, EPJC 81 (2021) 342
CMS, PLB 816 (2021) 136188

ATLAS J/WK+K-

CMS JJWKYK-

LHCb J/WKYK™, J/pr*n~, DS Dy
HFLAV Above+CDF+D0

SM prediction from CKMfitter

0.680
Fs[ps™]

0.650 0.660 0.670

—87 + 41 0.0657 + 0.0057
—21 £+ 45 0.1032 £ 0.0106
—42 + 25 0.0813 + 0.0048
—50+ 19 0.082 + 0.005
—-37+1 0.091 £+ 0.013
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LHC: pushing the frontier

And significant improvements in y

l—— ; B->D(K3m)K
g f LHCD e
X m arXiv:2110.02350
] B->D(Km)K
- LHCb: B,~D.K
1 y=(65.473% B->D(KK)K*
| . B->D(KK
oo Previous WA: (ki)
0.2 B . B->D(mm)K*
i y = (73.5731
0 B->D(K;hh)K
50 60 70 80 90
o
7 [°]
When LHC started Current status
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(ST ) — - 1= 0.0 oo AN e GNP Tl il -
Y [ o ]
-0} 05
-10F 10 &
= % i Y solw/'cos 2§<0 - -CﬁM sol. Wees2p<0
L “Beauty 09 : (excl. at CL > 0.95) L Summer19 : (excl at CL> 0.95)
_1 -5 L 111 1 I 111 1 I 11 1 1 | 1 11 1 | 11 11 \\ | T _15 LA I 1 l 11 1 1 l v [l B | l 11 1 JJ_LI 11 ]
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........

A.~> DKp

B->D(Km)K mrt

B->D(K*K)K

B,~>D(Kmr)d

B->D(4n)K

: , B->D(Km)K*

B->D(Kn) it

B->D(KK)K

B->D(rmm)K
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Anomalies

i
/ |
|

75



FCNC b - s¢™ ¢~ decays

= FCNC b — s¢*¢~ decays described by effective Hamiltonian
4G
V2

New physics can affect Wilson coefficients C; and/or add new operators 0;
s Sensitivity to Wilson coefficients

b W- S b S B?s) = l+l_
[Cloa CS7 CP}

b— slTl™
|:C7)C97CIO:|

% K 6
VirVis 2. Ci 0; + _Oj( )

2
ANP

H=-—

7: photon penguin; 9,10: EW penguin; S,P: ( pseudo- ) scalar penguin
= Theoretically clean probes of NP
o Pure leptonic decays

o Special angular observables

o Ratio between e/u/t
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b —» su™u~ branching fractions

Bt = K+H+ﬂ_ JHEP 06(2014)133 arXiv: 2105.14007

By — ¢utu~

ENLCSR Lattice —e-Data x 10
+ _— O E I> 2- «. +Larttice)
use the J/y - u™p S gl ] & g o
- - o ] ol " SM (Lattice
channels for normalization  x 12 s I
= 2 GEL =
= + e a
< & § sf +”*"
M) S O =
) & oF '
s Measured values 3 S e e R
- 2 [GeV?/c4] ¢ [GeV/ ¢
consistently below SM 1 RS
- - _ JHEP 04(2017)142 _ Phys.Lett.B 753 (2016) 424
BO — *0 ,, + 0 *0 +
predictions B BY oKt ron aren
5 I LHCb 5 E?satn: LCSR )
Caveat: significant theory L mﬂ % 1 7 “FOD s L) N
: o ] S
. s f : 5
uncertainties from S = ) 3
. 0.05f -
hadronic form factors \ l -
O LB
¢ [GeV¥c*] NS
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Lepton flavour universality test

BB ->KYuptu~) B(B-K®utu)/B(B - K®OJ/p(- ptp7))
K~ B(B > KMete~)  B(B - K®Mete )/B(B » KOJ/p(- e*e))

= Ry =1.000 + 0.001 in the SM, with uncertainties related to form
factors largely cancelled

= Experimental challenge: electron reconstruction
s Double ratio technique

Magnet

T p
. Y

Ey \ ‘
E,

Electron Bremstrahlungs recovery
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Lepton flavour universality test

= Several anomalies in b - s¢*¢~ decays emerged over the past decade:

Q Test of LFU in A) — pK~¢*¢~ with Run1+2016 data

Ry(0.1 < g% < 6.0 GeV?) = 0.867017 +0.05 JHEP 05 (2020) 040

: 0 *0 p+ p— wui %
A Test of LFU in BY - K*Y¢*¢~ with Run1 data JHEP 08 (2017) 055

Ry+0(0.045 < g2 < 1.1 GeV?) = 0.66133% + 0.05 (2.1-2.30 from SM)
Rgo(1.1 < q* <6.0GeV?) =0.691037 + 0.05 (2.4-2.5¢ from SM)

A Test of LFU in BT - K*¢*¢~ with full Run1+Run2 sample

BaBar: Phys. Rev. D86 (2012) 032012

Belle: JHEP 03 (2021) 10

5

R (11 < g2 < 6.0 GeV?) = 084624843 44413 T

(3.10 from SM)

arXiv:2105.14007

BaBar
0.1 < g><8.12 GeV¥c*

Belle
1.0< g2 < 6.0 GeV¥/c*

LHCb 9 fb!
1.1< g2 <6.0 GeV¥/c*

0.5 1

1.5
RK
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Candidates / (21 MeV/c?)

Candidates / (65 MeV/c?)

Results from K? channels

O New result with full Run1+Run2 sample
Ryo(1.1 < ¢* < 6.0 GeV?) = 0.661043 X003

Rg++(0.045 < g% < 6.0 GeV?) = 0.7013:15 *3:04

LHCb-PAPER-2021-038
LHCD
\ ] L)

(1. 50 from SM) m

(1. 40 from SM)

= T i T : i T T 3 {\{': F T T T : k ' T
80 3 LHCb § Data9fb™ E > itk LHCb § Data9fb’! R T —
=0 E — Total E é') - — Total ; T el
N O 0 (1 - = — [ e e + ;SO 1.1 <q><60GeVYct
wld B = Kyt E S g0l B"> K "utu N
3 Comb. Back. E ~ N Comb. Back.
50 = = § - RKu Belle
i E 1 & O B 0.045 < g2 < 1.1 GeV%/c*
4 - N=115+15 1 2 N=221+17
30F 4 & 40 b R0 Belle
H E i 1.0 < ¢*><6.0GeVY/ct
20§ ] 5 B
108 e ‘ . Ry LHCb 9 fb*
0 Foecl® L L ey " L | L 0 L L eey | L h I 045 2 | 2/ .4
5200 5400 5600 5200 5400 5600 0045 < ¢ <60 GeV'e
Obpigi 2 0 + = 2: &
m(Kg pr ) [MeV/c?] m(Kg w* ) [MeVic?] R LHCb9 fb!
- — - I = : L1<q*<60 GeV?/ct
s LHCb  § Data9fb =0 LHCb § Data9fb? E 0 1 > 3
- - — Total ﬁ 60 — Total — Phys. Rev. Lett. 126 (2021) 161801, JHEP 03 (2021) 105 R K®
1 Y B> Klete 2  BEAl e B* > K *eve ]
Comb. Back. ] E 2 Comb. Back. ]
15 BB K)ntn 4 2 40F BB > K" ntn 3
C 0 + 0 7 el E + .. ¥ ] = . . -
: =B S AACKREE B =B > Jw(e’e) K™ Caution: Needs Belle2/CMS confirmation and
10F Part. Reco. K - s E Part. Reco. K J . - .
- 1 © ok : = Looking forward to LHCDb’s electron efficiency
a E - E - g +,— S
SE 1 10f J 3 validation from ¢ - e"e  /p > u
0 el e . . 0 B T - e
5000 5500 6000 5000 5500 6000
m(. Kfe*e‘) [MeV/c?] m(. K;)n'*e*e*) [MeV/c?]
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Ry, and Rp-

= Measured by BarBar, Belle and LHCb

= Tension between measurements and

SM predictions
B(B - D(*)tV,)

R, =
p®) = BB - DIV

o vt |
! ! 33 ! R —— ———
BaBar 2012, had. tag : : SRS : : P
0.440 £0.058 +0.042 : : Belle 2015, had. tag_ : ; *
H : 0.29: 8+ 0.015 ! q ()
Belle 2015, had. tag : : Belle 2017, (hadronic tau) ' _ : ~
0.375 £0.064 £0.026 "'_‘—._ 0.270 £ 0.035 + 0.027 H d H Df( 04
! : HCb 2015 : :
Belle 2019, sl. tag ) ' (lxltlz(nh; m[n\:'.' +0.030 0 C
V(s [ P S— | H
0.307 £0.037 £0.016 : ! LHCb 2018, (hadronic tau) | :
n ! : 0.283 +0.019 + 0.029 R ——
verage : : - : :
0339 £0.030 | ma—— 6585 200185 014 P ————— 035
SM Prediction : : Average :
0.298 +0.003 » : 0.295£0014 . '—i—':
: : SM Prediction i :
EPIC 80 (2020) 2, 74 i ; 8252 0.005 -+ 0.3
0.297 £0.003 - : EPJC 80 (2020) 2, 74 ;
PRD 94 (2016) 094008 : ; 0.250 £ 0.003 -
2016) ! : . !
: PLB 275 (2019) 386 0
0299 £0.003 T i 0.254 £ 0.007 —-— 0.25
b § 0.2
PR ! ; mm,
P « >
! | L i Hal | 1 L 1 ! | 1 L L 1 ! |
0.2 0.4 0.2 03
1.40 R(D) 2.90 R(D*)

-4 Bigi 16, Gambino 19
<+ Bordone 19

B T I T T T T I T T T T I T T T T I T T T ]
H HFLAV sz = 1.0 contours ]

—
[ LHCbI15 ]
E e BaBarl2 -
— 30 / -]
C LHCb18 y ) 3
B = Average 1
E . il
— Cllc 1 9\“\\— " Bellel5 _]
C Bellel7 World Average 7]

R(D) = 0.339%0.026 £ 0.014
R(D*) =0.295+0.010+0.010
=-0.38

p
P(r) = 28%

0.2 0.3 0.4

3.40

0.5

=z
&

(with R, &R+ correlation considered)
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B — D*lv angular analysis —
/O

= Interpretation to Belle data [PRD 100 (2019) 052007] BELLE
= One dimensional fit to B - D*e(u)v angular variables to test LFU

1 dr® 1 7 1 ~n\ 3cos20, — 1
< doosty = 3 T AR cosbe 5 (1-3(F(7)) T
1 dr®

3 , 3
== (1 = (Fg))> sin®0p + 5 <F£e)> cos’0p,

~

'(®) dcosfp

1 dT® 1 L2
r® dy 27 3«

= A 40 tension between fit result & SM prediction arXiv: 2104.02094

0.06

2
(Sée)) cos2x + o (Sée)) sin 2,

SM

004 T bestit point e : * Most of the tension arises from muon mode

Belle 2018

0.02

o 0.00 ] ‘ X < A#B >SM= 0198 i 0012
5 1)) < A% >q= 0.2300 + 0.0059

—0.02

—0.04

* Indicate a potential interest of angular
analysis of b — clv process

—0.06

_().08 T T T T T T
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10

AApp



Charm mixing

23



World average (WA)

D° — D° mixing

;.\2 1/ loner 2020 | CPV allowed
= After many effort, D°-D° oscillation was observed .
= But mass difference and CP-violation poorly known °° & i
0.4
¢ > > > u _ 0.2:
d, 5,0 |D1,2> = p|D0> s CI|DO> 0E §io
I—T. 02 0o
d, 5, Y= 12F2 N (0.68i8:89)% =0 0.2;—|02H0H|02|H04|H0608”‘.‘?0
u c X = ml;mz =(0.371+0.12)% 2 40@ .x;(::/:)
:,:", 30 »ICHEP2020 ‘Zg
- - 2 50
= Mainly used for new physics search g
g0
107 — 1073 (short distance) oi
Expect in SM: 2l = [y| ~ 10~3 —10~2 (long distance) ‘1°§
—20;
® If obtain |x[>>|y| or CPV = New Physics -0
-40

04 -03 -02 01 0 0.1 02 03 0.4
Ig/pl-1
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D? —» K{n*mr~ decays for mixing measurement

\S]
N |98
R

m2 [GeV* 4
INI T T I. 11T T

= Different decays identified through Dalitz plot

DCS _ _
{ « DY =2 KT = Kento

mix, Ro CF — —
- D 5 D0 L KT — Kt

Signal per (4.5 MeV?/c*y

s
9
T T 171

CF — —
2 « D° S Kt = Knto
CP —
« DY =5 KEp° — K2t

[a—y
L L

Interference bwt resonances probes x and y !

0.5 1 15 2 29 3

m2 [GeV?/c*]

2

R(D°(t) = f) = |Afl°

T LINE + [yRe(N) + aTm(W](T) + (2% + ) (T2}

P
q

Two methods:
(1) Amplitude model fit to the Dalitz-plot and t

L.M.Zhang et. al. (Belle) PRL 99 (2007) 131803
T.Peng et. al. (Belle) PRD 89, 091103 (2014)

(2) “Bin-flip” method
R.Aaij et. al. (LHCb) PRL 127 (2021) 111801



D? —» K{n*mr~ decays for mixing measurement

ﬁfz 3__'|""|""|""
o _
= Different decays identified through Dalitz plot & 2t ’
D® 25, k*tr— 5 Kot E 2- +b
.{ PO [ D c, K*+——>Kg :
1.5
DO N —>Kg :
D% 55 K300 — Kot IF
0y
05 1 15 2 25 3

Interference bwt resonances probes x and y

m?2 [GeV?/c4]

2

R(D°(t) — f) e Tt {|>\|2 + [yRe(N\) + zIm(\)](Tt) + %(xQ + y2)(ft)2}

Two methods:
(1) Amplitude model fit to the Dalitz-plot and t

L.M.Zhang et. al. (Belle) PRL 99 (2007) 131803
T.Peng et. al. (Belle) PRD 89, 091103 (2014)

(2) “Bin-flip” method
R.Aaij et. al. (LHCb) PRL 127 (2021) 111801

el \S BN VSRR S Y e . e

Absolute bin index b
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= Bin-Flip method rrb 99, 012007 (2019)
s First measurement of x > 0 for 70

LHCD
% L)

Result and WA

PRL 127 (2021) 111801

Xcp = (3.97+£0.46+0.29) x 10~3
Yop = (4.59+1.204+0.85) x 103

30.6M signal events

Yield ratio of -band b

Huge impact on WA of x and CPV !

-t 4
A Before  orvames Arer orvatoned
1| crarm 2021 | —

‘@) . (o)
%ii""'*\.. : : O
) 2/,

y (%)
y (%)

1 2021 |

0.4" 0.4/
: iV :
0.2 0.2
L [] 76 | r [ ] 10|
o 20 or 20
L 30 L 30
-0.2 40 -0.2 40
; L L1 L1 L1 Lol Lol L1 ‘. 5 o ; I L1 11 Lol I — I — - . 5 o
02 0 02 04 06 08 1 02 0 02 04 06 08 1
X (%) x (%)
= 40 Wioc| '@ 40 mio
$ 20 3 20
b CHARM 2021 30 ‘6’ 2021 30
9 30| 40 ) 30 - 40
k=2 H50 E 20 - B50
a 20- B o 20
Chl: 0 Chl
S & 9 T .
< 10 ||#y g 10
o 7 o (3 )
~10- ~10- =
-20- -20-
-30 -30 i L
- CPV well constraine
-40k | —40LC |
~04 -03 02 01 0 01 02 03 04 -04 03 02 01 0 01 02 03 04
1g/pl-1 lg/pl-1
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Quantum entangled D°D° Strong  BESTI

2.93fb~'@E,,, = 3.773 GeV
ete” - Y(3770) - DD

phase measurements

= Important for measurements of y angle and D? — D° mixing

=D - Kg/Ln+1t‘

Constraint ony

PRL 124 (2020)241802 oo
measurement ~ 0.9
T T O 3 T T = F
CP-even vs. K§n'm : CP-odd vs. K$n'm 1k 1k
% T 5 | osf 05fF
3 3 i
e = & of & ofF
s 5 ] ;
0.5F 0.5F
1 [}"\]P(—/—/O\) \I 1 -1 :‘ 1
1 2 3 1 2 3 k. 1 1 1 1 1
My, (GeV?/c) My, (GeV?/c) 1 05 0 05 1
; : g
0 — =t ot -t 0
uD — K¢, K*K~ PRD102(2020)052008 D> Kn'n'n andK n'm
B e e 1.5 U JHEP 2021 (5) (2021) 164
T ZStatistical ! ' @) ! I statistical ) 350F ] 350
— Total 4| Total Eo\ :
b W00E 00F BESII
; E 2
0.5 . 0.5} 2 1Ay =2.30
: 2503 ' zso; B Ax?-6.18
» 0f . »w Of S 200 i: 200 Il A7°=11.83
: : e 150i xioo 150E
-0.5 0.5} E F CLEO-c
1001~ 100 — Ax?=2.30
-1 — CLEO-c -1 _ CLEO-c g F - Ax%=6.18
* BaBar Model * BaBar Model 50 50F — Ay?=11.83
I} ! L L I -1.5L0 ! ! ] I 1 1 Fo/ F
15 -1 05 0 05 1 15 15 -1 05 0 05 1 15 bl b b L L, bbb o b b Lo o,
) 0 0.1 02 03 04 0506 07 08 09 1 0 0102 03 04 0506 07 08 09 1

C

Constraint on y measurement ~ 1.3°

C

RK37t

RKTU[')

Constraint on y measurement ~ 6°
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Hadron spectroscopy

SN
N




Candidates / 2 MeV

20

New conventional hadrons

PRL126 (2021) 122002

~
=]

T 1

60

Candidates / (20 MeV)
S & &

—
=)

- LHCb | (Ial) I

—— Data
— Fit ]
----- 50(2590) 3

e}

PRL 126 (2021) 252003

CMS

140 b (13 TeV)

N

i Data g, — J='K-

— Fit
— Signal |

40 60 80 100
M(E; x* ) - M(ES) - 2m°PC [MeV]

Number of candidates / 10 MeV

32 34
Mppr [GEV]

Candidates / ( 6 MeV )

EPJC 81 (2021) 601

700
600 |
500 F
400 AT
300 F
200
100

M(B*K™) — M(B) [MeV]

_ ’; 90 :— " I 4 L . I . = I
D = ata LHCb
I LHCb . F:'t'a"t é) S0E i"?o:al fit A 6 fb
| — Signal = 70 B ~ . | E'
100 — Background = & 5_ -------- Z,(6327) * * i E
§ E - 2,(6333) +
—g 50 E_ == Combinatorial i
5 40f ‘ H
50 S‘ 30;— {
20 + ‘H’ ¥ E,(6327)0
| oY T UL E(6333)°
0 400 800 800 é)300 6320 6340 6360

m(AYK~7+) [MeV]
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Hidden-charm tetra(penta)-quarks

Yield/(6 MeV)

—
o

PRL 127 (2021) 082001

PRL 126 (2021) 102001

BESII

[
1%}
L L

> 700F ko 40 s
E 600 B 35F Vs =4.681GeV ata
= 500 ot 230 (a) Z (3985)* OReIE.
= =5 e Z,,(3985)
2 400 < 2 4 . D*(2600)°D*°
= 300 220 l | LLL' 1
E ha I AR L ST non-Res.
O 200 S10F | \! 1T |[lulolam t 1T, | % D, D’
100 w 5 . comb.BKG
0 04 405 44 415
m,,, k- [GeV] RM(K*) (GeV/c?) D
arXiv:2105.06605 <[>
arXiv:2108.04720 - .1 ]
Science Bulletin 66 (2021) 1278 N —— 40 R1:3921.3 MeV >I M — 40144 + 41 + 0.5 MeV
N — %60_- P.(4337)" ST I > I'=6+16+12MeV
LHCb [___.:]g;j:a —_ ) - LHS": %30 o ’ i Local: 3.00; Global: 2.8¢0
R Fit without P, _ 51 = B :
L mp->22GeV| | T 1 400 + il 1 w ]
% P(4459)° 3 | [Tl 2201 .
] - B (] B ]
g < 201 1 = [ ]
|JLH, ,,,,,, I = 0 1 MMof g
1t T 5 N L A— - ]
F——FF AAAREE: § A S =S ' ]
A .414 - .425. ‘4|5. . 4.1 4.2 4 oY B mn OEN
' ' ' V4 1 4.2
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m(J/y p) [GeV]
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39 4 7y
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T (ccud)

arXiv:2109.01056, arXiv:2109.01038

O Significant peak in the D°D%r™ mass
Q Slightly below the D**D? threshold:
Q Consist with decay via an off-shell D**

3
S

D
S

W
S

—

Yield/ (500 keV/c?)

N
S

N
S

d

T

b.

total

D**+DP thresho
————D*D7 thresho

[S—
S

W
S
TTTT[TTTT[TTTT[TTTTTTTT [T TTTT[TTTT
] l l I I l I

Hi

S

+ |
|
= 3 - — | 1 l' | f | | t I | T |

1
———
|

Hi

3.88

o0 [TT
|

3. 3.89

| 3.9
[GeV/c?]

TR 2 e e A
& R
= r LHCb
% 30:_ dmp + <0 9fb71 _:
(==} - 4
N - d: =]
= 251 &I Tf — DD ]
o) E ==== background
> 20F ‘ -
—) 1S5 =
+ ﬂﬂ ¥
sE Tt i 1
o e
2.004 2.006 2.008 2.01
Mpo+ [GCV/Cz]

Unitarized Breit-Wigner function (more appropriate close to threshold)

Parameter  Value

N 186 + 24

dmy —359 4 40 keV/c?

9] 3 x 10* GeV (fixed)

32


http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038

n _ —
T¢c (ccud)  arxiv:2109.01056, arxiv:2109.01038

Q Consist with J = 1" isoscalar o 140p—— e 100 . ————
9120:_ LHCb 1= 90F LHCb 3
Cht + 9fb™" 1% gof 4+ data 9fb~! 3
S 100F ata 18 708 [ TL-»DDR0
Q Contribute to D°D° and 2 e A - 2 B2 1oy
DOD+ . . . <ot & 1 505_ ----  background _E
(rr/y is missing) T ok < % total :
>~ r >~ 40t E
me 0- f
i 205 B
Q No peaks in D*D%n* and D*D* 0 B AL 0 :
C. . WO M B L SR M E L. .
=> TC'E"' not found MY 3.74 3.[75 e 0 3.74 3.75[G e
] . Mpopo GeV/e Mp+po eV/e
=> Support that T, is an isoscalar » o o
. . T
' = 100
o F
= 80F
Zw
40
201
o

Answer: To find the predicted deep-bounded bbud ?
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Future

2018 2021 2025 2027 2030
220fb-! 50 ab-!

Belle 11

~55x10° BB pairs

T B ~50 b 300 fb-
| 1
LHCb [ Upqul-rlfdbe . ] Phase I [ Phase 1b Upgrade J Phase 1b SSSf:di
~3x10" bb pairs (proposed)

BES 111

Continue to run for 5-10 years
Increase E.,=> 5.6 GeV

Prepare Construction? STCF?
Em = 2-7 GeV

Lpea=0.5~1.0 x1033/ecm?s




Summary

CP violation in quark sector is measured with higher precision and broadly consistent
with the CKM picture

Hint of leptonic CP violation at T2K experiment

A few anomalies in b - s¢* ¢~ transitions persist, such as hints of LFUV

Any connection with the anomaly in muon g-2?
Many new type of exotic hadrons are observed, molecule vs tightly bounded?

Exciting opportunities expected with Belle-ll, BESIIl and upgraded LHCb detector

(50 fb~1), its phase-2 upgrade (300 fb~—1), and ATLAS & CMS B physics programs at
HL-LHC
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Data taking plans at BES-Ill and Belle-ll

BES III Belle 11
10 : 70
Energy Current data Expected final data —L_ Before IR upgrade [ —Int. Luminosity
B —— - After IR upgrade 60
1.8- 2.0 GeV N/A 0.1 (fine scan) = T 8 || e T PORE
e 50 3
2.0- 3.1 GeV Fine scan (20 energy points)  Complete scan (additional points) z m§ — ?_'
1 . - RF | Ja0 §
¥(3686) peak 4.0 fb 4.5 fb (3.0 billion) - = I;F’(g‘c';”) | )
g 2 i | 30 &
¥(3770) peak 29fb" 20.0 fb ' g8 2
-1 o s E L]0 =
4.180 GeV 321 6 fb = 2 } 10._.
3
40-46Gev 16.0fb ' atdifferent /s 30 fb ' at different /s = . (Tenive) 1 :
4.6-4.9 GeV 6.3 fb-1 15 fb~" at different V5 20191 20211 20231 20251 2027/1 202911 2031/1
4.74 GeV 0.15 fb! 1.0fb"
491 GeV 0.2 fb 1.0fb " Current data (around Y (4.5)): 220 fb™
15 for! % :
4.95 GeV 0.151b UL Required data: 50 ab™

*The blue texts indicate the newly taking data after 2019.
[See also BESIII white paper: CPC 44 (2020) 4, 040001]



LHC Run 3 data-taking plan

0 LHC Run3: Recommissioning with beam @ 5th May, 2022, End @ Dec, 2024

2019 2020

FIMAM3]3]AJS[OIN]D{ 3 [FIMAM3[3]AS[OIND
[ LLLCET LT
[ Long Shutdown 2 (LSZ)J

IR R NN

2021 2022 2023 2024 2025 2026

[AM3[3]AJs[oIND]3[FIMAMI[3]ATs[o[N[D{ 3 [FIMAMI3 [3]A[S[oIN[D{ 3 [FIMAM]3[3]A[S[OIN[D 3 FMAM|J|J[A\S|OiNiDJiFiMiA}MiJiJiAESHNiDJ
Long Shutdown 3 (LS3)

ARNNARNNARNNARANAREY

2027

FIMAM|J|J|A[SION|D]

=
=
=
=

" Run 3 ‘

B - |

Shutdown/Technical stop
Protons physics
Ions

d LHCDb:

Best run parameters for Run3

Beam energy [TeV]

Commissioning with beam CO”|S|OnS at
FEREE RS RN IP1/5(ATLAS/CMS) & 2736/2736 & 2250/2376
_ 33 -1 -2
O £ =2x10"’s"cm IP2/IP8 (ALICE/LHCb)
Q Full software trigger and read-out system @ 40 MHz Bunch length [ns] 1.2 1.2 1.2
O New tracking detectors Bunch charge [10"] 1.4 1.8 1.8
. Time in pp[108 s]* ~6
O Data-taking plan PPL10°s]
Time in PbPb [108 s]* ~1.2
' Interleaved . ; Al
recommissioning w/ F(;rstt pthi.SICS @ ;L:(l ll%gg(:it:mtgkggm at LHCb lumi* [fb] <10 <10 <10
beams (~8 weeks) ok onal bI _
. w/ full machine operational stability CMS/ATLAS lumi* [fb'1] <70 <100 <100
NEING GIECKOL LHC Intensity ramp-up Full PbPb
X u
::g/eesrg I(i:rlr?i?:c(ij, up to ~1200b X data-taking * From LHC Programme Coordination (LPC)
| | | | j | | | | | . |
| | i | | | | t | 1 >
Jan A Feb  March April May  June July August Sept Oct Nov Dec

38
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vy = yyY(2S) at Belle

980 fb~1!
L L
= First measurement on yy—yy(25) a0k Pr[eliminary
= Ry near 3.92 GeV /c?: 4.00, good candidate of X(3915)/Z(3930 «, | R,:3921.3 MeV /c%- :
2. : S = I » M =40144+41+0.5MeV/c
m R, near 4.01 GeV /c“: New state! 230 > T'=6+164 12 MeV
o Study on look-elsewhere effect show a global significance of 2.8 E - i )L(OC;“’ 3.00; Global: 2.80
. =’ B 2 ¢
o The predicted 2** partner of X(3872) ? e $20F =
=0 cC — T
e+ 2i+’3++ g : :
LIJ - .
Resonant parameters J=0 ‘ J=2 —= Ch' 1 0 — ]
M, 3021.3 £ 2.4+ 1.6 : - -
I 0.0+5.3+2.0 [ p Tl ]
I"}L 11.5 e. sl g Y sse st i i e na il
P B(R = 10(25)) | 82423409 | 1.640.5+02 lisi v 3.8 3.9 4.1 4.2
Mo 10144 £4.14£05 Ty collisions M(yy(2S)) (GeV )
I. 6+ 16+ 12
I‘L'ZL 30.3 F.K. GUO, PRD88, 054007 (201 3)
Ty B(Ra — v15(28)) 534+27+25 | 11405405 S
rULB(R) N (‘)b')) 12.8 26 Ve 1(JFC) States Thresholds ~ Masses (A = 0.5 GeV)  Masses (A = 1 GeV) [\}\usurements
My (3015 3918.4 (fixed) Coxy 0O(177) 7';(1)13* — D*D) 3875.87 3871.68 (input) 3871.68 (input) 3871.68 + 0.17 (34]
Iy 3015 20 (fixed) 02°%) D*D* 4017.3 4012+ 401273
T B(X(3915) = 7¢4(285)) | 109431+ 1.2 | 2.240.6 +0.2
M 73030 — 3922.2 (fixed)
I z(3930) — 35 (fixed) -
., B(Z(3930) — v1:(285)) — 2.440.7+0.4 X.L. Wang, B.S. Gao, W.J. Zhu, et al., Belle Collaboration,

arXiv:2105.06605
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Km puzzle confirmed

0 Anomaly in CP asymmetries of B - Knt decays

AAcp(Km) = Acp(KT1°) — Acp(K ™) = 0.124 + 0.021

PRL 126 (2021) 091802

AAcp(Km) = 0 expected based on isospin symmetry. 5.5¢ discrepancy!

O Most precise Acp(K*7?) with LHCb Run2 data

£54000

o 3500f
= 3000
o -
C2500F*,
$2000F
S 1500F
£ 1000¢
500
0:

dida

C

4500 5000

TTre| el
5590 6000
m(K*1") [MeV/c?]

—4— Data
— Signal -
Combinatorial
------ Partial Reco. 1
Peaking Partial Reco. ]
- B" > ]

iy

0=7500 5000

P | —l ]
5500 6000
m(K™1t’) [MeV/c?]

Acp(K*m?) = 0.025 £+ 0.015 + 0.006 + 0.003

WA: Acp(K+7°) = 0.040 + 0.021 =) Acp(K*7®) = 0.031 + 0.013

AAcp(Km) = 0.115 + 0.014 (80 from zero)
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CPV in Bg — K+K_ JHEP 03 (2021) 075

Candidates / (0.004 GeV/c?)

O Flavour-tagged time-dependent analysis with 2015+2016 data

Fgoor(t) —TgoLr(t) —Crcos(Amgt) + Spsin(Amgt)

Acp(t) = =
['5o t) + I'no t Al'.t . ALt
Bg —>f( ) Bs —>f( ) cosh (=) + A%sinh (==
2 f 2
[ N N L LR AL ';; 1600F T U AL S A I B > 0l————T———7 T T3
- LHCb -~ o LHCb ] S - LHCb -
6000F P bawron'd = a2 g 2 008 -1 :
: waimhy g 1400 { Daa19! E 0.06F 1.91b :
i ] Z - ] 7 C K~ ]
S000¢ [ ]s-xx- ] = 1200F kx4 £ ooaf KK sample
C 1 © C ‘ ] C
4000: . B'>K*r- 1 >= 1000¢ { — B’ KK~ E 0'02:
- i ] - ] OB L AT
- A-pk-, ] 800F 3 .
3000: B*->K*K ", ] 600: 1 —0.02F
B B>k~ ] C 7 C
2000 . 3Body bkg. ] - ] —0.04F
: . 400F - 1
C 1 - 1 —0.06 .
1000 Comb. bkg. 200F . ~0.08F .
() SrE—— ...'|...r..1- -...I....l....l....l: _0_1:...,|....|....|..:
3 9.2 5.4 5.6 5.8 1 2 = 4 0 0.1 0.2 0.3
m(K*K") [GeV/c?] Decay time [ps] (t-t,) mod (27r/Amy) [ps]

Skk = 0.123 + 0.034 £ 0.015
— 0.164 + 0.034 + 0.014 First observation of time-dependent

Ckk S e
CP violation in B decays!

A%k = —0.83 £ 0.05 £ 0.09
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LHCD

[y

B! —» ¢utu~ angular analysis

O Untagged angular observables

d3(T +T)

9

1
dT +1)

/dq? dcos ) dcos Ok dgb

327

arXiv:2107.13428

[ (1 — Fy)sin? g (1+ 1 5 cos 20;)

+ F1, cos HK(l — cos20;) + S3 sin? O sin® 6; cos 2¢
~+ Sy sin 20 sin 20; cos ¢ + As sin 20 sin 0; cos ¢

+ %Agﬁ sin? O cos ) + S7 sin 20k sin 0] sin 10)

+ Agsin 20 sin 26; sin ¢ + Ag sin’  sin? 6 sin 2¢} ,

 Results in general consistent with SM expectations

CP average: F;, S3,54, S
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Angular analysis: B? - K*%u*tu~

+1(1 — Fy) sin® O cos 26,

— F}, cos? O cos 26, @sinQ O sin? 6, cos 2¢

in 20 sin 26, cos ¢ +@in 20 sin 0; cos ¢

—|—§@ sin? @ cos —|—@in 20§ sin 0; sin ¢

5in 20 sin 26; sin ¢ +(So $in? Ox sin? 6; sin 2¢
]

- Form factors cancel at leading order: P; = S; /\/ Fi.(1—-Fy)
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(&% Update on B® - K*%u*tpu- oRL 125 2020 011802

O Tension of P with SM seen in Run 1 result persists with new data

_____________[Run1_|Runt+2016

40<q?><6.0GeV? 280 2.50
6.0 < g? <8.0GeV?> 3.00 2.90

- 77 ] R I S R
r LHCbRun 1+2016 {1 = 0 LHCbRun1+2016 7]
0.8 ﬁ% SM from ASZB . i SM from ASZB |, | W
0.6F i I @_4_ ]
0 +—@
0.4 il .
[+ 2 7
021 L & s
C -0.51 i
..................
% 0 5 10 15
q* [GeV¥ 4] q* [GeV¥/cH
I I A PR A U . T L e e e U '
“ sk 4 a1 4
. LHCb Run 1 + 2016 LHCb Run 1 +2016
: SM from ASZB i [ SM from DHMV ]
s ]
I ]
c -
B -] B
-0.5F . E
| S S T TR (T SR SR T | T S S e AN WU SRS W N S w—r S S N S T S | T
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P, comparison

o (V) T | T T T T [ T T T I
R 1 O ATLAS  JHEP 10 (2018) 047
Vv Belle PRL 118 (2017) 111801
PLB 781 (2018) 517
0.5 K ® | HCDb PRL 125 (2020) 011802
i —— SM JHEP 09 (2010) 089
- . JHEP 12 (2014) 125
X |—l—|
00 H —— Z g =
5 = r\l .
_1 B 1 1 1 l_l _d | hh.ﬁ | 1 1 | 1 | |

0 5 10 15
2 1GeV?/ 4
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LI!CI\? B+ RN K*+M+ﬂ_ PRL 126 (2021) 161802

Q First analysis of B* —» K**u*u~ using full Run1+Run2 sample

P:: pattern consistent with that seen in B® - K*0utu~
P, = %AFB/(l — F): tension of 3.00 with SM in 6.0 < g? < 8.0 GeV?

1.5 ————— . 1.5 ————— .
. ] . LHCb ]
7] + Data gfb_l 7
1 SM from DHMV
5 ] 77/ SM from ASZB -
§ —e—
51 LHCb - _ 1
: — Data 9fb™! 1 f
4k SM from DHMV R
L 777, SM from ASZB
Lo "> "0 1 Mo/ 0 15
7 [GeV¥ q¢* [GeV?/c']
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Improvement on Amg  wxeoioe

Amd
; S 5 LHCb ]
Wi 3 o] e
% . |
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"'g 102 Al AV i A i ey e (o dr ey (ALl A
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= Run2 analysis of B? - D;n™*
= LHCb combination — B0 s Dt = B Den* — Untagged

-7 T T T T T T T T T T T

Average [ LHCh
Dyrt 6

Dyrtrta™ 9t

Dint 1
JIKYK= 27
JYK K3
1764 1766 1768 17.70 17.72 1774 17.76  17.78
Am, [ps7Y
Amg = 17.7656 + 0.0057 ps~1 tlps)

ATt
2

P(t) ~ e Ist [cosh( ) + cos(AmSt)]

SM prediction: Amg = 18.41%7 ps~1
Luzio, Kirk, Lenz, JHEP 12 (2019) 009
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Time-dependent flavour tagged analysis

hap(®) = et 0B D) (singysin(am, )
t) = — sin(Am.t

“P O+ ® :
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osvertexcharge @ ose X ~200 um  G,lp~04%
N(signal) Luminosity tagging power
(fb')
ATLAS 453570 80.5 1.75% 70 fs new Inner B-Layers
improve oy
CMS 48500 96.4 ~10% (in muon  75fs new DNN OS muon
tagger) tagger
LHCb 117 000 1.9 4.73% 45 fs excellent K/m separation &

vertex reconstruction 4



B! - J /3¢ analyses

LHCb, EPJC 80 (2020) 601
ATLAS, EPJC 81 (2021) 342
CMS, PLB 816 (2021) 136188

n Signal reconstruction & selection
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B I n - FI I p PRD 99, 012007 (2019)

= “Bin-Flip” method: time-dependent yield ratio between —b and b bin
o Most detector effects cancel
o Fix Xy, = (Cp, Sp) parameters from CLEO+BES results

ﬂ': 3_'I""I""I""I""I""I = <t2> <t2> 9
T - 8 _qg L Tt 3 L Re(22p — A2?%) + ) L zop £ Az|” + /ro(t); Re[ X (2cp £ A2)]
© - —b 7 £ R, ~ 5 5 .
25 = J 4y, £2).
% 6 -_?) 1+ < 4>] Re(z2p — A2?) + rb< 4>‘7 |zep £ Az]? + VTo(t)j Re[ Xy (zep £ Az)]
2F +b 5 %
1sf 4 % zcp + Az = —(q/p)* (¥ + ix)
E 8 Fit parameters: Xcp = —Im(zcp)
: 2 4 mixing+CPV + 1, Ycp = —Re(zcp)
05F 1 Ax = —Im(Az)
R Ay = —Re(Az)
m?2 [GeV?/c4] If CP-conservation, g/p=1
Ax =Ay=Az =0
Xcp =X Yep =Y
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Charged Higgs

HANS5 UM FE

Clear BSM
Clear BSM

D - invisible :
Touy  SinBy  thefinal state
Model-independent Do = K_gn*'rt' Zc(3900) —)’. é 121;. P T T T
Absolute branching fractions

Quantum correlated D°D°

0 0t —
SR s i bos/dy bouly
Only charged particles  go yiyino kM a, B Vs V,
in the final state I
and lifetime .
CPVin rlifetime B - Doy Y(65)
D® - eu D° = h*h™ _
0 oo Charged Higgs
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N BY mixing Bokl \ 5o KKK Y(5S)
HE and lifetime B - D'ty B - K%

B-K'nn® p hvv, Tv

a
* Dol Charged Higgs

T - hadrons

Neutral particlesin T = Vv

CPVin charm 51(1: V.q  Polarized beam
J/(ce) » Wts  J/¥ — hadrons
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