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CKM mixing matrix

> Origin of CPV in SM: nonzero CKM weak phase (1 = 0 in Wolfenstein parameterization)
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> CPV provided by the SM is short by 101° to explain the Baryon
Asymmetry in the Universe



Unitarity triangles

> Test unitarity by measuring sides (rates, B) mixing) and angles (CP

asymmetries)
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Three types of CPV

QP in decay y Z A}%ri’em
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At least two interfering amplitudes with
different strong and different weak phases

GP in MIixXing  (“indirect ¢A”)
P)=p|P°)+q|P°

‘1> p‘ 0>+CIO> a/p|2
P)=p|P')-q|P") # 1

2P in interference between mixing and decay (“Mixing induced goP”)
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CPV in charmless B decays
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Charmless B decays

> Mediated by b - u tree and b — d(s) penguin diagrams

with comparable magnitude and large weak phases

> Expecting direct CPV

d,s d,s



> Quasi-two-body B — PV decays: B —» R(— h{h})h3

B — PV decays with Run 2 data

Phys. Rev. D94 (2016) 054028

> A new method: resonances with masses below or around 1 GeV/c?

B* - K*rtn~ | B¥f - K*KTK~

B* - n*KTK~

B
B-I—

Purity 0.91

< 1400F

243 960
240 884

L L B B L O S SLAN
F(a) LHCb Bi—>,cl(770)b:l'lii +B* 3

59 fy! gmdr=10  gZmar-09  , p- E

p;=149+04 p,=146x04

A P B N i s vl A
6 8 10 12 14 16 18 20
mATT), gh[GeV2/c4]

Fr 1T T T T T T T T T T T T T T T T T T g
£ () LHCb B - kx892 nt | g :
E 5-9 fb-l xffndf= 11 F2indf= 14 <}Bi _f

p;=239+07 p,=228%07

L T B
6 8 10 12 14 16
mAm) [GeVEied]

Candidates / (1.0 GeV¥/c%)

Candidates / (0.5 GeV?*/ ¢#)

800

2 o
(=] [=]
S &

T T T T

[
[=]
(=

T T T

p;=97%03 p;=130+03

A BN B B
16 18 20 22

m2(K*) [GeVH et

LI B B B PN L B
120(d) 1 Heb Bf 5 K*(892° K* |, g+
1003_ 50yl gmar=08  gndr=09 {%B*_f

pI=08%01 p;=08+01

P IR B
20 22

L]
24

m2AKYK) [GeV¥ et

B* — rrta-
159673 1o
176 345 14380
0.96 0.88
12002—'('135 LﬁCb R S e +IB+ —
1000 S5O fbl gna-os  dma-0s 4 gy

17161
21178
0.76

N
50 fp! xmdr=06 ¥2ndf = 0.5 +B"

p;=2377+49 p;=236.1+48

III|IIII|IIII|IIII — IIII|IIII|IIII|III
11.5 12 125 13 135 14 145 15 155 16
(KK ) [GeV?/c4]

|_|_III|III|III|III|III|III|III

arXiv:2206.02038



B — PV decays with Run 2 data

Decay channel This work Previous measurements
BE —(p(770)° — 7t~ )wE —0.004 4+ 0.017 £ 0.009 +0.007 £ 0.011 4+ 0.016 (LHCb [20,21])
BT —(p(770)° = T )K* +0.150 £ 0.019 £ 0.011| +0.44 £ 0.10 £ 0.04 (BaBar [28])

+0.30 + 0.11 £ 0.02 (Belle [22])

BE ('K *(802)° — K*rF)rt  —0.015 + 0.021 £ 0.012

+0.032 + 0.052 £+ 0.011 (BaBar [28])
—0.149 + 0.064 £ 0.020 (Belle [22])

B (K *(802)° = KEaF)K+  40.007 £ 0.054 + 0.032

+0.123 + 0.087 + 0.045 (LHCb [19])

BE —(¢(1020) » K+K—)K*  40.004 £ 0.014 =+ 0.007

+0.128 + 0.044 £+ 0.013 (BaBar [26])

arXiv:2206.02038

» A new method, without the need for amplitude analyses
> For BT - p(770)K*: 6.80 differs from 0

> For the other channels, A;p ~ 0 (CPT symmetry)

> More precise than the previous results
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Three-body charmless B decay

> Localised A p In B - 3w, 3K, KKnt, Kntw

% 4s5F ' < F 0.6 = B ' ]
T wE %100 < 25F | Luch  (€) 3
3 E (a) LHCD S 80 0.4 o - .
© 3sE S cofs O 20F | -
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= 30 = 20 02 = ]
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0 5 10 15 mX(mn),  [GeV?/ct]

Phys. Rev. Lett. 112 (2014) 011801 m2. ... [GeV?/c?]

Phys. Rev. D90 (2014) 112004

Prog. Part. Nucl. Phys. 114 (2020) 103808

> Originating from long-distance hadronic interactions

O f0(500) — p(770)
Onmr— KK

arXiv:2209.02348 Phys. Rev. D 105, 093007(2022)
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https://arxiv.org/abs/2209.02348

Candidates / (0.01 GeV/c?)

Three-body charmless B decay with Run 2 data
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> Significant A.p: B —» 3m, 3K for the first time arXiv:2206.07622

» Confirmed high localised A.p
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Search for CPV using TPA

> Triple products in A, rest frame
T = motion reversal operator

Csp =Dp - (Ph- X Pr+) o sind
Cy =D+ (e X Dh-) o sin®
> T — odd asymmetries:
Ny (Cz > 0) = Npo(Cz < 0)

As =
—_ N7o(=Cz > 0) = Nz (—=C7 < 0)
T Nap(—=Cs > 0) + Npp(—Cz < 0)

P-violating observable: gf-0dd —

13



Candidates / (3.8 MeV/c?)

Candidates / (3.8 MeV/c?)

CPV in B - ppK*n~ with Run 1&2
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Measurement asymmetries in phase space regions

> Two different schemes to avoid possible biases
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CPV In charm
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CPV In charm decays, # events we need?

CPVin SMis small : # events
B meson : O(1) discovered (2001) 103
K meson : 0(103) discovered (1964) 106
D meson : 0(104) discovered(2019) 108

> First observation of CP violation in charm decays in 2019

AAcp = (—15.4+2.9) x 10~%. Phys. Rev. Lett. 122 (2019) 211803

> Search new sources of CP violation beyond the SM in
charm sector

17



The time-integrated A¢.p in D® - K*K~ with Run 2 data

> The time-integrated A.p

Acp(f) = L4 [LD° = 1)) = T(D° = )(1)]
PETT [t e(t) [T(D° — f)(t) + T(D° — £)(1)]

> DY from D** - DOx?

> "“tagging” pion to identify the flavor of the D°

N (D*+ — D°+) — N (D*~ — D)

N (D*+ — DO7+) + N (D*= — DO%~)
A(KTKY) = Acp(K™K™T) + Ap(D"") + Ap(m,),

> D' and D} to get 4,(D**) - 0(1079)

Cp+ : Acp(K™K™)
Cpt : Acp(K~K™)

A(KTK™) =

?

)
AKKT) — A(K~nt) + A(¢rT) — A(KPK ) + A(K").

AK"KY) — A(K 7)) + A(K nnt) — A(K°n 1) + A(K),

18



The time-integrated Acp in D® - KT K~ with Run 2 data
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Candidates / (2 MeV)

Measurement of Agp in D(S) - n(n")m™ with Run 2 data

N(D
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N{D+—+jw)+JVUT‘—+f—y

» D, - ¢m* to get AP(D(S)
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~ AP(DE) = 1) + APY(DE) + AT (f),

arXiv:2204.12228
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» Consistent with the absence of CPV

» The most precise to date for these decays
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Summary and prospects

» There i1s no sign of CP violation beyond the SM source yet

O Charmless B decays: two-body, three-body and four-body decay

O Search CPV in charm: D - K*K~, D{;, - n(n")m*

> Opportunities with Run 3&4 (50 fb~1)

O Higher precision in benchmark measurements: y, 8, ¢, Acp, ...

O Wider scope for exploitation: CPV in baryon decays, CPV in rare decays,...
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Measurements of y angle
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How to measure y angle

> The least known CKM variable; Access via b-——u and b-—c interference

b .. u b - -.__, C .

'l ) :.. ) .l
Vo g D' @ :'.}-'cb

Clean test of standard model

A(b = u)/A(b — ¢) = rpe’EE?
> Sensitive channels with small BFs: need to combine many channels

M. Gronau and D. Wyler, Phys. Lett. B 253 (1991) 483

GLW: D=CP elgenstates, C.8. KK9 nn M.Gronau and D. London, Phys. Lett. B 265 (1991) 172
. . D. Atwood, I. Dunietz and A. Soni,
ADS: D = quasi-flavour-specific states e.g. Kn Phys. Rev. Lett. 78 (1997) 3257

. — : . A. Giri, Y. Grossman, A. Soffer and J
GGSZ: D = self-conjugate multi(3)-body states e.g. Kstm ;| " pivs Rev. D6s (2003) 05401¢

Y. Grossman, Z. Ligeti

GLS: ADS variant with singly Cabbibo-suppresed decay D—KsKm and A. Soffer. Phys. Rev.
D67 (2003) 071301
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Candidates / {

andidates / (10 MeV /e?)

Three-body D decays B* —» Dh* with Run 1&2 data
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andidates / (10 MeV /e?)
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Candidates / (10 MeV,

Three-body D decays B* —» Dh* with Run 1&2 data
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Three-body D decays B* —» Dh* with Run 1&2 data
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Three-body D decays B* —» Dh* with Run 1&2 data
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