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Flavor physics

* Flavor structure/symmetry reveals fundamental laws of Nature

Why three generations? How anti-matter disappears ?
Do they behave equally?
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Three Generations of Matter

* Test of SM and probing BSM through precision measurements

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

» SM rare/forbidden decays: new interactions/particles




CKM mechanism

e CKM mechanism

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

VEIQM Three generations of quarks:

88 N Weak v" Unitary matrix

d’' Via  Vus Vb d v" 3 rotation angles

s l=| Vea Ves Ve S v" 1 phase: only known

b’ Vie Vis Vi b source of CPV in SM

Test of CKM mechanism: Overconstrain (3X3) CKM matrix with

 More than three quarks? independent measurement of each element
* Breaking of unitarity? Actually, CKM insufficient to explain baryon
* New source of CPV?

asymmetry in Universe, must there be new CPV



LHCb

* Dedicated flavor experiment for b, ¢ hadrons
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LHCDb data

« pp collisions at+/s = 7,8,13 TeV, [ L =9 fb~ 1!

» All species produced with large rates JHEP 05 (2017) 074
~ PRL 118 (2017) 052002
o(pp » bbX,LHCb, 13 TeV) =~ 0.14 mb PRD 100 (2019) 031102(R)

B*:B%:B%:A) ~ 4:4:1:2

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb
2017 (6.5+42.51 TeV): 1.71 /fb +/0.10 /fb
2016 (6.5 TeV): 1.67 /fb !
2015 (6.5 TeV): 0.33 /fb

. 2012 (4.0 TeV): 2.08 /fb

2011 (3.5 TeV): 1.11 /fb

2010 (3.5 TeV): 0.04 /fb
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CKM angle measurements
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The Unitarity Triangle
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Independent measurements of sides and angles, cross the same (p, 77) point?




Measurement of y

ey = arg[ M] ~ — arg l/,;;, measured via interference of b — ¢ and
VebVed
b — u tree-level diagrams
i b—-u
b—-c UK(*) .
: b ub u
W />/ s = D° (= f)
i w :
b - - B~
B~ Veo DO f) 0

u = u U —~ U
V., favored, A, « rpe~top V,,p suppressed, A, « rge ¥ +i9s

Decay rates: ['(B = fph®) « 12 + 12 + 2rgrpkp cos(8g + 8p + ) giving direct Acp
Kp: dilution for multibody D decays
* Independent measurements with various D modes

— PLB 253 (1991) 483 L
KK, mm (GLW) PLB 265 (1991) 172 LHCb combination:

Km, K3 (ADS)  PRL 78 (1997) 3257 y = (654735

Kshh (GPGGSZ)  PRD 68 (2003) 054018 Indirect constraints
_ Bs = DgK time dependent PLB253 (191483 pnricis. = (655111

JHEP 12 (2021) 141
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y with B > D (hih'_l_n' O)hi JHEP 07 (2022) 099 ::::.L‘I!HC?]

* Quasi-ADS modes B~ » D(K*n+m®)h~

Charm decay parameters 1y, 6p and kp from BESIII data

PRD 68 (2003) 033003
JHEP 05 (2021) 164
e Quasi-GLW modes B~ - D(K*K n®)h~, B~ > D(n*n n°)h~

Both CP-even and CP-odd of D decays, CP even fraction from CLEO-c data
PLB 747 (2015) 9; PLB 740 (2015) 1
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y with B - D(K*ntrtn~)ht

arX1v:2209.03692

UN TP
© &
PN LHCD
% —
2 ~
& 3 . L)
1598

* Phasespace split into 4 regions to improve D- D coherence, based on BESIII
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JHEP 05 (2021) 164

Acp 1n 4 regions

Al = —0.469 £ 0.088 £ 0.009
A2 = —0.852 £ 0.077 £ 0.012
A3 = —0.284 4+ 0.080 £ 0.009
A% = 40.107 £ 0.083 £ 0.009

y = (54.8783 + 0.6 1$7)
stat. Syst. I

Tk3m OK3r

Second most precise result
in a single channel
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New ) 4 combination LHCb-CONF-2022-003 %

e Simultaneous determination of ¥ and D°® mixing&CPV parameters

_ +3.5)° AM .
Y = (63-8—3.7 Xp = —— = (0.398f8_828 %
q 1_—'—|_ : | ! | ! £ [ ' i AI\?‘D
O Ly o ! _ Al'p _ +0.020
R LHCD- yp = =2 = (0.63628:90)%
— 0.8 _—- o October 2022 — 2I'p
5 Ls 1 Improved on yp w.r.t charm only results
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CPV 1n charmless decays

( | Vil | Vs )
Vekm =
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Charmless b-hadron decays

* Tree b — u and penguin b — d(s) diagrams: comparable magnitude and large

weak phases =2 expecting direct CPV

b -
Vub
-
d, s T d, s

* Large asymmetry detected

Acp(BY » K~nt) = +0.236 + 0.017

Acp(B® » K*tm™) = —0.0824 + 0.0047

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

Roughly described by models: pQCD, QCDF, SR ... &
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CPV in B* - hihJh3 in Run2

arXiv:2206.07622

Acp = +0.011 + 0.002 + 0.003 + 0.003  Acp = —0.037 £ 0.002 + 0.002 £ 0.003
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Large localized CPV: patterns
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Localized CPVZ dynamics arXiv:2206.07622

« Acp arise dueto m*m~ <> KK~ rescattering
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Localized CPV: dynamics

arXiv:2206.07622

* Acp In charmonium region
» Interference of b — ccd with non-resonant?
» Significant contribution of b — dcc¢ penguins?
> S-wave DD < w¥r~ rescattering?

4 <m?(hth)pw < 15 GeV?
4 < m?(h*h™ )pigh < 16 GeV?
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What we are doing now?

* Higher-Order Corrections Lectures (2021.12.16)

» QCDF Two-loop calculations are almost completed
M.Beneke, et.al, X-Q LI (CCNU)
» PQCD One-loop calculations are partly completed
H-N Li, Z-] Xiao (NJNU), C-D Lu (IHEP), Y L(YTU)

* Higher-Power Corrections

» Form Factor
Y-M Wang (NKU), Y-L Shen (OU), C-D Lu (IHEP)
> light-Meson Distribution Amplitudes
A. Khodjamirian, X-G Wu(CQU), S Cheng (HNU)
» Heavy-Meson Distribution Amplitudes
Y-M Wang(NKU), W WANG(SJTU),..
* Application

Z-J Xiao (NJNU), C-D Lu (IHEP), W Wang (SJTU), Y-D Yang (CCNU), X-
H Guo, F-S Yu (LZU), Q Chang (HNNU) Y L(YTU),...

Stolen from Ying LI in “Flavor Physics

36
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Flavor anomalies
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Lepton flavor universality (LFU)

* Three lepton generations couple to EW bosons couple 1dentically
But not in new physics
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* Experimental hints of LFU violation : .
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R(AY) from A — Att™ v,

PRL 128 (2022) 191803 t&Y;

« First observation of A} —» At~ v, decays
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More anomalies in SL decays
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= All semi-leptonic BF’s lower than SM expectations at low g2 (~| to 40)
[comparison limited due to large theory uncertainties from form factors]

More on LHCb anomalies by Jibo HE [14:00, Fri.] »




Charm physics
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Direct CPV 1n charm decays

* First charm CPV observed by LHCb in 2019
AARp = Acp(KTK™) — Acp(n*m™) = (—15.4 + 2.9)x10~*

* New measurement of time-integrated CP asymmetry

0 (t)
Agp K*K™) = al%l{ + KK ——AYp  arXivi2209.03179
Tp

=[6.8 + 5.4(stat) + 1.6(syst)]x107*

To obtain: E 0.006 :_ sona Prev10us LHCb average LHCb
- == New LHCb average ]
a%K — (77 + 57) X 10_4 0004t No direct CPV w‘ E
d . —4 B e “’“":,;{»"' ]
al = (23.2+6.1)x10 ook E

: : . 0 0f- +
First evidence of CPV in D" — L T ]
ntm~ decays (3.80) 0002 .l E
contours hold 68% 95% CL ]
_ I BT B I
0.004 —O 004 —0 002 O 0. 002 0.004

d
aK—K+
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D° mixing parameters PRL 127 (2021) 111501

» D — D mixing to form mass eigenstates |D; ,) = p|D°) + q|D°)
Observables: xp = AM/T, yp = AT/2T, lq/pl. ¢y = arg(qAs/pAy)

 Measurement using bin flip method with D® - K¢m*m~ decays

PRD 99 (2019) 012007
0 2 2 _ _ D¢ .2 . 2 q : D2 0.2
AP (ngnJr,ngn_, t) = g.,(t;x,y)A” (m,m2) + 9~ (t; x,y)A” (m%,ms)
= + » Dalitz density varies with decay time t
T £ » Model independent approach: ratios
O i g . .
23 % between two symmetric bins
1! . Q46SL
155 2 - 0-46:‘+ Bin 1
T < :
: 0.455F I S
i | $
: 0456 . . . L
Ny . > 4 6 s U/t
L b . —3
05 1 15 2 25 3 r = (3.9870353) x 107°

m? [GeV ] y = ( 4.61“5’1 ) x 10-3 First time for x # 0
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Update with SL decays ArXiv:2208.06512

e BoD'(Kdn*tnHu X z = (4.01 £0.49) x 1073
Average: (55+1.3)x107°
y=( b. 3 ) X
;>\ 0} I T T i
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Ycp — yé{ff n DO two-body decays PRD 105 (2022) 092013

_ D(D°=f)+T(D°~f)

* Yep = -~ — 1: measuring CP averaged (effective) decay width
T(D%>f)+T(DY>f —
+ yop — yEF = e O TDEOE) 4y, (14 (Rir)
I'(D9>K—m)+I'(D°—>K*m~)
— t- +. - / DCS
* Forf =K'K and™m —£~06(V = [==(t=0) =~ 6%

SO Average KYK~ andw¥m™:

& [ —
Vep — Ven = (6.96 + 0.26 + 0.13)x1073
0335 - E791 1999 H—I-—H | 7.32 £28.90  10.30

[ FOCUS 2000 1 3420 +13.90 + 7.40
- CLE02002| H————H ' ' -12.00 £ 25.00 + 14.00
0.33 Belle 2009 H~H | 1.45+6.10 520
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. c 5 —a—H F—— [ -19.65+13.00+7.
0 A Y e qo e neneee  Improved by X4
R(t) [0'¢ e_(:)/CP_pr )t/TDO ,_,_,2 LHCb 2019 H H 566+ 1.33+0.94
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4 r 6 fb-! o Ve
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50 0 50 100
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: Improve 0yp by X2: yp = (6.46f8:§‘51')><10 3
0325 ————t
0 2 4 6

vy, More on LHCb Charm by Liang SUN [14:20, Sat.},




Hadron spectroscopy
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List of new hadrons keep growing

11.0 1 . .
10.5 60 new hadrons at LHCb
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List of new hadrons keep growing

arXi1v:2210.10346 ——

S T arXivi2212.02716 T[S arXiv:2216.02716 ~ 7|5 1%0p weoe -
D 100 - LHCb 1H 1 160:— 9 fb! —Nomlnal fit
3 . t i | CED %0 S + — Baseline fit ;
§ 80 ] 2 g % 1205_ + P¢S(4338)0 E
= E l 1| Ze0 <, F ]
> > S 100F Background 4
g o0f 50(2900)0 i ] % S C + + 1 1
S I = g sop ity E
2 40 = ~ 60F .
S S 40f :
20 3 f E
? ] 350)‘ 20F E
''''''''''' . th ] e | o P A e e
07752 24 26 28 30 32 34 07922 24 26 28 30 32 34 4.2 4.25 4.3 4.35
MD; 77) (GeV) || M(D+7r+)(GeV)r 0 m(J/yA) [GeV]
G > 55(6097)- B, (6063)"
> e |~
a N7 T
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20 Nonresonant D} D; 1 E + '+' . ’l> ongow ] \\. T2,0(2900)°
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E A\ \\\‘\\\\\E\\\\\\\\\\\\ . 20|23
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More on LHCDb hadrons by Yiming LI [14:20, Sun.]
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LHCDb upgrade(d)



Long term plan beyond 2035
Peak lumi ~ 4x1032 cm-1s-1 Peak lumi ~ 2x1033 cm-1s-1 Peak lumi ~ 2x1034 cm-1s-1
[L£~9fbl [ £ ~50fbl [ £~ 300fbt
~ 1pp/Event ~ 5 pp/Event ~ 50 pp/Event
l Belle II starts 25 fb1collected in Run3  HL-LHC |
» © A S 0)‘ Q Ny v o) ™ ‘o‘ © A ‘b‘ O QO N v Vo) ™ e
P ISP TP I T IFTILISST S

I S O S NN Y ) B

e Starts to accumulate data for Run3

Runs 1 and 2
40 MHz 1.1 MH
2, (G 125 KHz (0.6 GBJs)

pp Detector QEEUNEICY Events on disk

collisions readout
Upgrade I (being installed)
40 MHz N HLT 100 kHz (2-5 GB/s)
PP Detector  (SSeaTetes Events on disk
collisions  readout
All electronics upgraded to send every hit to
flexible software trigger (GPUs + CPUs)

CERN-LHCC-2012-007

Increase granularity and longevity of 3 new trackers

Muon stations \\\ ‘\'\
Calorimeters Mg M5

HCALpp M3
ECAL

Magnet ICH2

Locator /|

5x higher inst. lumi. to 2 X 1033 cm-2s~1,

5 visible interactions/crossing




LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2022

2022 (6.8 TeV): 0.82 /fb
2018 (6.5 TeV): 2.19 /fb
2017 (6.542.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fo
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

2

x1

...................................................................................

\

This 1s Run3

(1/tb)
o

Ity

....................................................................................

0.008

0.006 |-l

- s /7 s2
0.004 _ ............... .............. ............... .............. ........... ............... .............. ............... ..............

0.002 o

Integrated Recorded Luminos

o AN R S N S S N

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year
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LHCb upgrades

Table 10.1: Summary of prospects for future measurements of selected flavour observables. The projected LHCD sensitivities take no account of potent

detector improvements, apart from in the trigger. Unless indicated otherwise the Belle-IT sensitivies are taken from Ref. [568].

Observable Current LHCbH LHCb 2025 Belle 11 Upgrade II GPDs Phase 11
EW Penguins

Rk (1 < ¢® < 6GeV3c?) 0.1 [255] 0.022 0.036 0.006

Rk (1 < ¢* < 6GeVict) 0.1 [254] 0.029 0.032 0.008 -
Ry, Rpk, Ry 0.07, 0.04, 0.11 - 0.02, 0.01, 0.03 =
CKM tests

v, with BY — DY K~ (1) [123] 4° e

7, all modes (X29)" [162] 1.5° 1.5° 0.35°

sin 23, with B — J/¢K? 0.04 [569] 0.011 0.005 0.003

¢s, with BY — J/1¢ 49 mrad [32] 14 mrad 4 mrad 22 mrad [570]
¢s, with BY — DI D7 170 mrad [37] 35 mrad 9 mrad

2%, with BY — ¢¢ 150 mrad [571] 60 mrad 17 mrad Under study [572]
ay 33 x 1074 [193] 10 x 10~ - dx 104 -

* CKM tests: match precision from indirect determination
0y, ~ 4 mrad, o, ~ 0.35° 0Osinzg ~ 0.003

b — ¢l LUV studies

R(D*) 9% [199,202]
R(J/) 25% [202]
Charm

AA('p(I{I{ = 7T’/T)

Ar (= zsin @)

zsin¢ from D° - K+n~

x sin ¢ from multibody decays

8.5 x 10~ [574]
2.8 > 10~% [222]
13 x 1074 [210)

3 %}
8%

1% s 1072
4.3 x 107°
3.2 5 10-4
(K3m) 4.0 x 107°

2% 1%

2%

54 1 3.0 x 1075
3.5 x 10~° 1.0 x 10~°
4.6 x 1074 8.0 x 10~°

(K977m) 1.2 x 1074 (K3w) 8.0 x 1076
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Summary

 Studies of flavor towards new physics

* LHCb: a wide range of flavor physics, new results since HFCPV2021
» Precision measurement of CKM matrix: y < 4°
» CPV in bottom hadrons: pattern in B — 3h decays
> Flavor symmetries among leptons: R(A})
» Charm mixing and CPV: precision on xp, ¥p, evidence of Agp(mtn™) # 0
» Hadron structure: more exotic hadrons

« LHCD plans for upgrade from 10 fb~! to 300 fb~?!

» New physics?
Peak lumi ~ 4x1032 cmls-1| Peak lumi ~ 2x1033 cm-1s-1 Peak lumi ~ 2x1034 cm-ls-1
[L£~9fbl [L£~50fbt [ £ ~300fb1
~ 1pp/Event ~ 5 pp/Event ~ 50 pp/Event

Belle II starts 25 fb1 collected in Run3 HL-LHC
» © A S ‘ QO Ny v o) ™ ‘o‘ © A ‘b‘ O Q N A% Ye) ™ ™
N & & & & YV v v v v % v v v v » o) » o) %) )
FFTFFT ST SFLS TS

---------------------
I S O S N Y [ B

Don’t miss other LHCDb talks for details
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backups
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Three types of CPV

* Mixing G <
P(By - By) # P(Bs - BY)
Off shell Arg(M,,) # Arg(T’;;) On shell

S b

* Decay % .
— U b d,s

P(B ~ f) #P(B - f) ;/4 ,

W+ is g U

At least two interfering amplitudes with b— = .
different strong and different weak phases - i - N

T - P |

* Mixing and decay b e . .
P(B—)E—)f)i?(é—)B—)f) B we,t A yauct

Different weak phases in mixing and decay f

} Iy
. : 0 f < VW,
Constraining CKM matrix B:{ % | cbVes

elements in SM and probing NP R e S} 0 or f
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CPV 1n charmless decays

( | Vil | Vs )
Vekm =

—| Ve - Vs : | Veb |
Vale ™ —|Visle™> |Vl
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CPV in B?

— KTK™ decays

JHEP 03 (2021) 075

Mass distribution

055,

ORI
W[

4 5 6 5. 8 6 62
m(K "K 7) [GeV/c?]

Cp+x- = 0.164 + 0.034 + 0.14

5K+ - =0.123 £ 0.034 + 0.15 [ Laob *

ARL = —0.83 + 0.05 + 0.09 |

: |

\/ Coe-t Sha-+ (ARR) = 0.9340.08 o 2 gty wm vicomans
201 00 ogKK 0.2 0.3

Decay time distribution

;\ :I T | T I 1T ‘ T | T T I T [: ,;)\ r
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< 4000 Wk o = 1000
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5 20001 B3 Body bkg. — j
8 - g 400
© 1000 Comb. bkg. ~00f

LI L B B B B A

LHCb .
{ Daa19m!
i —BoKk

— B’ KK

1 2 3 4
Decay time [ps]

Time dependent asymmetry

Asymmetry

0.1

g
o
S

S
St

|||||||\II||I||I|||||||I||I|||||I|_|_
- LHCb -
- 191! ]
— K *K ~ sample %
_ OS tagging i}

IIII‘IIIII

II]I‘IIII'I[I

o
o

/-\o—

—

O_
H_

0.2 0.25 0.3 0.35

t- tO) mod (277/Am,) [ps]

Consistent with Run I results
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JHEP 03 (2021) 075

Direct CPV 1n B - K system

PRL 126 (2021) 091802 &

e Isospin symmetry implies Acp(B® » K*n™) =~ Acp(BT » K*Tn0)
Experiment: AAgn # 0 at 5.50 so called “Kn” puzzle

e New measurements

~ T T T T T T T Sq000E T T TR &4000E T T LACE T S
§14OOOE LHCb 7,4+ T §3500 A = ssoof\ K0 SAm ]
$120001— } DaaTom® - Q7 2 T4 paa E
et F 1 =3000F = 3000 — Signal 3
810000 — I:I B’ K- ] % = K Combinatorial ]
= = n 2500 . —2500F = \ ... Partial Reco. E
Z 8000} | PSS -1 - E ~ ) . ]
~ L S ] ©22000F ©22000F Peaking Partial Reco._:
w2 - 0 + — . [ o Q + 0 q
& 6000 B,—K K", ] = - = F -+ Bt > '
,.8 = BO_)7[+7[— ] :'9( 1500 F :'9 1500 -
r— e T - . =
g 40001 B 3-Body bkg. £ 1000 £ 1000}
© 2000 Comb. bkg. = O 500k © soof

O 1 ] P r tigeeaa |

oF , > o
4500 5000 5500 6000

0 C 1 1 L
4500 5000 5500 6000 0
m(K~rt) [MeV/c?]

m(K*7°) [MeV/c?]

S 52 5.4 56 58 6 62
m(K 7 7) [GeV/c2]

Acp(BT - K*n%) = +0.025 + 0.015 + 0.006 + 0.003
Acp(B® » K*m~) = —0.0824 + 0.0033 + 0.0033

New value of AA¢E = 0.115 + 0.014, nonzero at > 8¢

Measurement of Acp(BE - K nt) = 0.236 + 0.013 + 0.011

Acp(BO—K*n™)
Acp(B-K—1t)

B(BY->K~ 1) I'

A B(B-»K*m~) I'y

= —0.085 + 0.043, nonzero at 20
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Direct CPVinBY - n n?t

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

* CPV observed in phase space of B — hhh decays,
better understanding with Dalitz plot analysis

N
A*(mis, ma3) = Z C}ij(m%?n M)

Candidates / (0.025 GeV/c?

Asymmetry / (0.025 GeV/c?)
|

<= 1600

Mass projectio

j=1

-—-— |sobar
K-Matrix
QMl
B +
Combinatorial

sy K ntnm

(x10) |
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Miow [GGV/CQ]

ns and CP

— 900+ . : . g .

N{ gk Isobar —— BT s K*xtx~ (x10)

> | K-Matrix Combinatorial

& 700 ami + Data 5 1

g 600 HH'{-:J;«

S 5000 4 i

~ LHCb Lit t +F |

™~ 400! _,H"H+ #ﬁ%'*'ﬂ-}ji } +i‘4

4 o fHg f]_—i‘ T +

2 3000 (b) g | HH 4

= .

S 200 4 Mok

c o

8 1004 L
r |
0
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% 0.4l LHCb I(S-(:\A;trrix -+ Data

O

8 o2 { JI,J[HJ[JJF +H

R T L

S p It ++ mid

3 Uk if

5. i H
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2

<< -0.4
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Mhigh [GGV/C2 ]

45F
40 - (a) LHCb

m, . high [GeV*c4]

L 06

ISAIIIIOIIIIS

m2, . [GeVZc]

Components and quasi-

two-body Acp

Component [sobar

p(770)° +07+ 1.1+ 06+ 1.5

w(782) —48+ 65+ 13+ 35
CHA210) 468+ 61+ 15+ 10>

p(1450)° —-129+ 33+ 3.6+£35.7

p3(1690)° —80.1+11.4+78+24.1

S-wave +144+ 18+ 10+ 19D
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PRL 124 (2020) 031081
PRD 101 (2020) 012006

S — P wave interference

e Evaluation of strong phase in Breit-Wigner with energy /s

Acp  cos Bx(m2 — S)x(mz — §) + -

Acp 1n bins of helicity angle

0
Below p(770)° mass Above P(770) mass

1.0
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Direct CPVin Bt - nTK K™

PRL 123 (2019) 231802

* Amplitude model: large S-wave contribution, modeled by non-resonant single pole
and mtm~ —» K*YK ™ rescattering

Entries / (0.0675 GeV*/ ¢%)

Entries / (0.0675 GeV?/c%)

Large asymmetry observed for rescattering in region 0.95 < my+,- < 1.42 GeV

60

40

]
(=]

~F1

(=]

100

80

60

40

20

Mass and fit projections

LHCb A B'tData

B+

B* Model

-

Quasi-two-body Acp

2
2 2/ .4
/ \ mK_K+ [GeV</ ¢4

V B Data

Contribution  Fit Fraction(%) Acp(%)
K*(892)° 75406405 +123+ 87+ 4.5
K (1430)° 45+07+1.2 +104+149+ 88
Single pole  323+15+4.1 —10.7+ 53+ 3.5
p(1450)°  30.7£1.2+0.9 —-109+ 44+ 24
f2(1270) 75+08+£0.7 +26.7+£102+ 4.8
w 164+08+1.0 —66.4 w
$(1020) 03+£014+01 +9.84+43.6+26.6

3
m%mr [GeV?/c?]
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CPV 1n beauty baryons

A new terrain for CPV and CKM matrix
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Summary

* New results on mixing parameters, direct CPV in b = D and charmless decays
AM, = 17.7656 + 0.0057 ps~ %, ¢, = —42 + 25 mrad,y = (65.4135)°, Acp(hh(h))...
Even new ones are coming with full run 1+ run 2data
* No CPV 1n beauty baryons observed, but started to be sensitive at % level
* The future:

= 1000 A
5 51 X% " LHChH & [LHCB-PUB-2018-009] arXiV:1808.08865
—
E +  World Average & LHCD
S R 100+
S@? _____
1 3
% 107 . B > w@es)e %
x BY— D;D! y
+ BY— J/YK* K~ high mass 4
¥ 1 v B> Jfyrm * . ..
« B Jjuo <3rn;rad assuming similar
/- e Blallces pertormance
01 [ LHCB-PUB-201 8-009] arXiV:1808.08865 —-—= ¢, central value [CKMFitter Summer 2016]
1 ' ' ' 0.1 . — -
5 a o e 5 2350 300
Integrated Luminosity [fb™!] Integrated Luminosity [fb~!]
And baryon CPV
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41.5*

Lch

LHCh b WA 3 A 1) S

Hadron spectroscopy and exotics at LHCb
gamma measurements at LHCb

Recent charm physics results at LHCb

Recent CPV measurements at LHCb

A 55 3¢
TREE I
5K &7 1
e

AT %
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Backup slides
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. o\ LHCh
CKM matrix up to A° A VRO
( 1,2 144 3 o))
Verr = Vs Vos V| = =2+ 2A%[1 =200 +in)] 1 —242—22%1 + 44 AN? |+ 0605
CKM ) ) 3
Vi Vi Vi A= =D +im] AR+ LA =2p+in] 1-2A%S
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LHCb

* Dedicated flavor experiment for b, ¢ hadrons

e« Tagged mixed
o Tagged unmixed

Muon identification
ce(u - w)~97%
. M1sID rate (m - u)~1 — 3%

Vertex reconstruction
O Op~ 2 O l,lm

candidates / (0.1 ps)

N, |10

5
14
£
Y
°
c
<
N
2
£
8
2
o

Track reconstruction | |
| * e(Tracking)~96% Il ¥ | — . ] .
e 50/ ~0.5%-1% (5-200 GeV) Hadron identification Mo (GeVi9)
S e | *e(K > K),e(p > p) >90%
C E(m]/lp) =~ 15 MCV ,(15) .
* MisID rate (mr —» K/p) < 5%

Candidates/(6.0 MeV;




New y combination

LHCb-CONF-2022-003

g ] + O. 12 T T T | T | T [ T or_| 1 50 T | T | | [ T [ T
EE‘Q LHCb-PAPER-2021-033 LHCb — LHCb-PAPER-2021-033 LHCbH
=~ | e | LHCb-CONF-2022-003 Preliminary E # | e | LHCb-CONF-2022-003 Preliminary
0.11 — «Q 140 —
0.09 — 120+ |
A T T S R SR A T R B R B
0'0%0 55 60 65 70 75 080 1 1050 55 60 65 70 75 080
Y [°] v [°]
'—01 I I 1 1 1 I 1 T 1 I 1 T 1 I 1 | |O—| 1 0 B I I I I 1 1 1 1 | ]
X 0.6 - LHCb 4 < - 7871 LHCb Beauty and Charm  [LHCb
| 5 Preliminary 1 < i Preliminary 7]
k October 2022 B October 2022 N
<k Sp -
3 04 __ ] :
02 = Uy y
Uy No CPV ’ S ~
i [ LHCb Beauty and Charm | - .
-O '2 [ | L 1 L | L L 1 L L 1 L L L ] - 1 O [ PR T T T T T WO WO WO N WO WO WO WO N W SR NI | l_
-0.2 0 0.2 . 0.4 -0.1 0.05 0 0.05 0.1
al. o (%] a/pl — 1 .




Mixing and CPV

( | Vid| | Vis| |Vule™"
Vekm = | —| Ve Ve | Veo|
Wel V@™ Vi
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AM; of B — BY oscillation

Time dependent rate of flavor specific decays
P(t) ~e "t [cosh (AFst

Degraded by initial b-flavor tagging: €(1 — w)? ~ 6%

—1 if mixing occurs
) + C - cos Amst)] C= { 5

1 if not mixed

A [y - | 1] £ 03% —+ Data + T
3 2000 F At : E 0.2 \ R ; Bs - Dsm
o i ‘ I 1 S - 1
~ ' ‘ - 1- 7 0.1F ]
~ N, = ¥ 4 ] < 4 . . .
£ Looo| N R A . | 0.0F i (G1ving most precise
S [ A . —0.1F : -
QL ) $ — Untagged LHCb i o ]
8 o g~ Onsea LHC ol \\\,/LHCP _; single measurement
0-_ 1 | . i \-“ ] —0.3 ;- 1 ++++| 6fb| _z .
P S 00 ol o2 s arXiv:2104.04421
t [ps] t modulo 27/ Am [ps]
_ ————t . 05—
51600 LHCb 7 Fo4 LHCb 3
S 1400 B Dt 03¢5 - t F_+ F
<1200 —FB:Di;Z;— E 2 B > Dsn
S 1000 B “E
> 800
600
200! ' JHEP 03 (2021) 137
200 . 4E
T 2 3 4 5 0T —"%1r 02 03
t [ps] t modulo (27z/ Amy) [ps]

Lattice and sum rule

LHCD average: AM; = 17.7656 + 0.0057 ps~1 Prediction: 18.47%7 ps~?
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B? mixing angle ¢, = —2B8M

* s s§n§itive to new physics, SM | Vi | Vis| |Viple™"
prediction: ¢, = —37 £ 1 mrad Vekm = | —|Ved| . |Vcs| 23
, Vigle ™ —~[Vie™) [Vl
* Time dependent CP asymmetry:
Fﬁg—)f(t)_FBg—)f(t) . .
Acp(t) = = - X —1¢ sin ¢ sin(AMt) f: common final state
§g—>f(t)+ Bg—>f(t)
EPJC 79 (2019) 706
« LHCb combination of five Ta — LHCb
measurements : I 3 Spring 2019
< Bain J/yntn1 4.9 fbt

¢s = —42 + 25 mrad .
AT, = 0.0813 + 0.0048 ps™1 .10

New world average (PDG 2021): o0.0s!
¢s = —50 £ 19 mrad

JIWK K~ 4.9

0.06

Consistent with SM, but need to 0.4 0.2 -0.0 0.2 0.4

gain experimental precision ¢ [rad]
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U-spin symmetry

0 CP asymmetries of partial decay widths in
B* — h*h*h~ decays related to U-spin symmetry

Phys. Lett. B824 (2022) 136824

Strangeness

Phys. Lett. B726 (2013) 337

Phys. Lett. B564 (2003) 90

0 Theoretical prediction:

Q=-1 Q=0 Q=+1
AT (B* —» z*K*K") B AT'(B* - #tz*tn™) B
AI'(B* - K*ntn—) B AI'(B* - KEK+K") B Phys. Rev. D102 (2020) 112010
Y
_ L pn _ Acp(B* = hithyh3)B(B™ — hihihy)
AT o hs) = TChi hithi) = D hs ) = :
7(BY)
Results:
AL(B* - 7*K*K7) _ AcpB” » m"K'K)BB* - 2'K'K) _ 554018
AT(B* > K*z*n)  Acp(B* — K*ntr)B(B* — Krrtn)
AT(B* - n%n*n)  Acp(B* - n*n*n ) BB* - nintn”
B> > aa'n)  AcpB” 2> mn a )RBBT - aaw) = —1.06 = 0.08

AT(Bt » K*K+K-)  Acp(B* > KEK+K-)B(B+ —» K+K+K-)
In agreement with the predictions

54



DY - KQmtm~ Dalitz binning

S, 3F N LU B B UL BLELELEL
S § s 3 8
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1.5} — - E S
i 10 g[) 1'5: g 4 <
1: A 1B j.3
r - 1 b
0-5-1 : 1 0.5:_1 ] ! ! 1 jll
0.5 1 1.5 2 2.9 3 051152253
m3 [GeVZ/ c’] ' . m? [GeVz/ (eail
1 1
g T T (t*); Re (2¢p — AZ°) + 4 (%) |zcp £ Az|* + /ro(t); Re [X; (zop £ Az)]
Rb. i~
J 1 1 ’
1+ i (t*); Re (28p — AZ®) + 1y 1 (), |2cp & Az|” + /To(t); Re [Xp(2cp £ A2)]
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The rates of the decay processes are parametrized in different ways

by CKM matrix elements

4 N A 2

Vud Vus Vub _ 2
Vekm = | Ve Vs Voo |7 P i
Via Vis Vi

L

Overconstraint the CKM elements precisely is one of the key goal of

the Flavour Physics

® 4 parameters: 4, 4, p,n
® 3 angles
® 1 complex phase

® parameters are obtained and tested
wrt data (rich pheno and large mass range):
Nucleons, K, D, B¢, and top quark physics

~
u " L
< é_ _<.£__ —
VCKM —le DQWV DQ}V(\/D/

+0(1%

Unitarity triangle in the (p,77) complex plane

@, 1)
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