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FURTHER AWAY
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CKM UNITARITY TRIANGLES

Via Vea Vi Vida Vs Vb 100
VT V= VLTS th'ks Vtz Vcd Vcs Vcb = 010
b Vo Vi Viae@ Vis Vb 0 01

T |
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“THE” CKM UNITARITY TRIANGLE
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CP viOoLATION IN B — J/ipKJ
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BO cz‘/;s K(S) EO Vcbv* Ké)

d—»—d d—<¢—d
BY— JapKY B%— JipKQ
Amplitude oc V, V% Amplitude o< V3, V.
= Probability oc |V, V|2 => Probability oc |V}, V. |?

The amplitudes are different complex numbers, but the probabilities are the
same. Why is there CP violation?
Nik|hef
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e.g. [Nierste, arXiv:2510.11716]

NEUTRAL MESON MIXING

N o Weakly decaying neutral mesons will
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NEUTRAL

MESON MIXING

e.g. [Nierste, arXiv:2510.11716]
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CP viOoLATION IN B — J/ipKJ

BY— J/¢K§ can proceed directly or af-
ter oscillation. Amplitudes are

A(dir) o< V2V,
. * * * 0
A(oscil) oc Vg Vig Vi Vig Ven Vis B
A(tOt) X :b Vcs =+ th ttf th Vtif Vcb V:s
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[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

SANDA’S IDEA

The major differences between the K and B systems are
@ The mass eigenstates are close and thus the lifetimes are the same

© B have many many decay modes. Many.

In 1981 nothing of that
was known
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[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

SANDA’S IDEA

The idea is
BO—>f (T) rBO—>fCP(T) . .
B i (T) = = —{cpsin(25) sin(AmpgT),
—fep rB°—>fcp(T) o rBO*)fCP(T)
a) T T T b)
m CLEO 1
6 e*e”— hadrons

L

[Olsen, KM'50 proceedings, arXiv:2309.06042]
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[Sanda, Carter, PRL 45 (1980) 952] [Sanda, Carter, PRD 23 (1981) 1567]

SANDA’S IDEA

To be practical the idea needs
Q@ Lots of B:

Frapw < B(B® — JaK) B(Jjh — 767 )B(KS — 7™ ) (en) el =~ 1075

~10-3 ~10-1 ~10-1

© Large B mixing: Need a large m; to get rapid oscillations and a long lifetime,
i.e.V_, needs to be small and V,, even smaller.

@ The time sequence of the two B decays needs to be distinguished. At the 7°(4S)
vB = 0.062 and yBcT = 28 um. Not enough.

But three miracles occurred! [oisen, KM'50 proceedings, arXiv:2309.06042]
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

THREE MIRACLES

MIRACLE 1: B MIXING AT DESY
This implied that the top quark
mass was very Iarge. [ARGUS, PLB 192 (1987)

245]

Also, the large B lifetime implied a
small V_, and V) mac, pru 51 (1983) 1022)
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

THREE MIRACLES

MIRACLE 1: B MIXING AT DESY B —
Hper FCC-hhj
This implied that the top quark ~aof | 8 e e ]
2 CepC A
mass was very large. [ArRGus, PLB 102 (1987) £ 10°F P FoCes]
245] '”g 10 ACESRAeTevauon 3
e - . . Z 10k * SRcesg a Lraanlc b
Also, the large B lifetime implied a £ o Apggpgwgcvagznpmpmm
‘g SIsR & VEPPRRPS 4
small V_, and V) mac, pru 51 (1983) 1022) 2 0 (oA st ]
<
MIRACLE 2: LARGE (LUMI) ST ]
2 A(BX

Advances n beam dynamlcs a”owed 1Ul“‘)GO 1970 1‘;80 19‘90 2000 2010 2020 2030 2040 2050

for three orders of magnitude Year
improvements of eTe™ luminosities
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

THREE MIRACLES

MIRACLE 1: B MIXING AT DESY T
This implied that the top quark
mass was very Iarge. [ARGUS, PLB 192 (1987)

245]

~ 100z
Also, the large B lifetime implied a ———
small V_, and V) mac, pru 51 (1983) 1022)
MIRACLE 2: LARGE (LUMI) . -
Advances in beam dynamics allowed / m,»ZK
for three orders of magnitude A i
improvements of e e~ luminosities > K Asymmetic T(45)

MIRACLE 3: ASYMMETRIC B FACTORY
Pierre Oddone invents the
asymmetric B factory [oddone, econf

C870126 (1987) 423]
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[LHCb, EPJC 77 (2017) 238, arXiv:1610.06019]

FLAVOUR TAGGING AT THE LHC

SS pion
‘ SS proton
u g SS kaon (for B?) ’:
B() '
same side

opposite side

—> 0S kaon
/y c— S

b—c

0S electron

b— XI~ \. 0S muon

0S vertex charge
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FLAVOUR TAGGING

We start with a sample of N B and B mesons. We need flavour tagging to know their
flavour at origin.

N8 of those have a tagging decision, with = % The remaining N'*& — N are
not useful for CP violation but may be used for other observables.

The fraction of wrongly tagged B is w
Ng® = (1 — w)Ng + nwNg
Ng’g =n(1 —w)Ng+nwhp
The CP asymmetry is

tag  pjtag
AL :uza—zw)M > A _ Ames
meas NtBag + Ntag NB 4 Né true 1 — 2w
B
N——
=A
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FLAVOUR TAGGING

The CP asymmetry is

t t
ACP :M:(l_gw)w
meE T NgE 4 NSt Ng + Ng
N—_——

=Afe
A cP

To correctly measure it is necessary to know w.

The uncertainty is

P ACP
meas
> Atrue = 1— 2w

aace _ DA 1 JA-AZRR 1 [0 AR
e 12w 1-2w Ntag 1-2w nN
= ;AACP

true

Vil —2)

The effect of the imperfect tagging is the same as reducing the sample by a factor

nesr = 1(1 — 2w)?

CP violation in b-hadron decays: Experiments

Nik|hef
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FLAVOUR TAGGING

To correctly measure AP it is necessary to know w.

The wrong-tag fraction is calibrated on self-tagging control samples.

—~ ].0 1 1 I I T T
The measured CP = [ +  B°-B° yield asymmetry ]
. . Qo 3 Total fit
asymmetry (i.e. sin23) <

05]
is proportional to the [

oscillation amplitude. ool
A wrong value of r

\/7_](1 — 2w) directly _05_LHCb

translates into a bias. - 6 b1

[LHCb, PRL 132 (2024) 021801, [ B = (= 0 )KY(—min)
) R ) P I R SRS S I E——
arXiv:2309.09728] 0.0 2.5 5.0 75 10.0 125  15.0
t [ps]
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FLAVOUR TAGGING

ACP

To correctly measure it is necessary to know w.

The wrong-tag fraction is calibrated on self-tagging control samples. Here
BO—> J/’lﬁK*O(—> K+7r_) for BO—> J/ng [LHCb, PRL 115 (2015) 031601, arXiv:1503.07089]

2 3 BT
E 0.3 % 0.4 i (b) j
xn ER z
ED 0.1 @ 03 ]
£ 0 et ]
01 T 02 1
~—0.2 % r 1
-0.3 S 01fF ]
—0.4 [ ]
—05 PR R R R R
0.1 0.2 0.3 0.4
Predicted wrong tag prob. n
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[FIGURE-2020-002]

FLAVOUR TAGGING PERFORMANCE

Numbers from
LHCb B~ DD~
LHCb B° — D*D- [PRL 117 (2016) 261801, arXiv:1608.06620],
0s LHCb 5% - Jii LHCb B — JpK K™~
BaBar BY — ctK!*1® e [EPJC 79 (2019) 706, arXiv:1906.08356],
LHCb B® — JipKS
[PRL 115 (2015) 031601, arXiv:1503.07089)],

Belle BY — cTK(*10

Stag

5: 0.6
ATLAS B2 — Jhpo
S
= [ATLAS, arXiv:2001.07115],
% s CMS BY — Jbe
R Lo &' = 4 [PLB 757 (2016) 97],
BaBar B® — J/yk3
'ATLAS BY > Jr [PRD 79, 072009 (2009)],
0.2 .
, Belle sin 2¢1
// [NIM A533 (2004) 516].
0.0
0.0 01 02 03 04 0.5
Mistag fraction, w
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[Belle 11, EPJC 82 (2022), arXiv:2110.00790]

FLAVOUR TAGGING AT BELLE II {B

Belle I

Tagging power for neutral B mesons:
r Belle Il ¥
eef(FBDT) = (30.0 £ 1.2+ 0.4)% o8l J’ L dt = 62.8 fb? +x"
Nosl '
D f
11 0.4 §
— -Data
02 N "'?,' OMC
ol g
e b b b by
0 02 04 06 038 1
DrFBDT A
et | | Using BO — D(*)_h+
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[LHCb, Nature Phys. 18 (2022) 1, arXiv:2104.04421]

Amg WITH B2 — D 7"

— B - Dyt — BY - BY - D;nt — Untagged

¢ [ps]
380k B?— D7t in 6fb~! Run 2 data = Amy = 17.7656 4 0.0057 ps—*
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[OPAL, EPJC 5 (1998) 379, arXiv:hep-ex/9801022]

sin23 ~ 3.2 AT OPAL

LEP1 data (1990-94) used % [T T
o 24 B®— JipKQ with 60% E 10 3 ' (;?TJL/::Kt ]
purity 8L 1 = B'SJyK® 1

2 6 ! I background ]

o Tagging: jet charge of . ‘ 7
opposite jet, jet charge of , E 3 ]
0

Rk SRR O

0 . . .
B" jet, opposite side = K
Invariant mass (GeV/c")
vertex charge s 1 prTTTTT s 4 o
“os OPAL £ 35 | | OPAL |
. +1.8 06 F _o 4 ay f
Sin 2/3 - 3.2 —20 :l: 0.5 04 £ % o E 3 ;: E
02 F * ° e . 4 25 E
L T 1 2f E
02 F o, S 1 15
04 F . " . E 3
0.6 [ . 3 L
08 £ 4 05¢
E | | | I EL . Ll
L 2 4 s ! 0 2

reconstructed proper time (ps)
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[CDF, PRL 81 (1998) 5513, arXiv:hep-ex/9806025]

sin23 ~ 1.8 AT CDF

In 110pb~! 1992-96 data find 198 + 17
B — J/1/1K§
o Use same-side charge taggers (41 : B°,
—1: B%)

Asymmetry

@ Measure Dysin25 = 0.46 + 0.19

o Get dilution from simulation and check
on data Dy = 0.166 = 0.018 £ 0.01

¥sin20=18+11+03 ‘

0.1
BY/BY—> J/¥ K3 Proper Decay Length (em)
98 t(@)ct>0 42 £(b) ct > 200 um

L L
%6 =0 0 10 20 220 =10 0 10 20

My = (Men—Mo) /O
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QUANTUM ENTANGLEMENT

The B® and B° originate from a 7(4S) resonance.
They are produced in a quantum-entangled state of
a superposition of B® and BY. The flavour of the
one is only fixed once the other decays.

Unlike at the LHC, the clock only starts at the time
the other B decays.

=?» The difference in flight time is relevant

@ This difference can be negative, if the S|gnal B
decays before the tag B.

N/\/‘/f A )
e ———SYUS) FE
Y B°
! ! ! ! L L L h
6-4-20 246 7
X% ™, K+
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FLIGHT DISTANCE AND BEAM ENERGIES {B

BELLE

10
9— The more distance you
/ want the more asymmetric
87 beam energies you need
':;' 7 —— high-energy beam
i 6 low-energy beam
" —— DBaBar, Belle II
R 54 —— Belle
4 —4
3 —4
2 T | | T
0 100 200 300 400 500

Average flight [pm]
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BABAR
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[Belle, NIM A479 (2002) 117]

THE BELLE EXPERIMENT
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https://inspirehep.net/record/541364

[PTEP 2019 (2019) 123C01, arXiv:1808.10567]

BeELLE II

KL and muon detector:
Resistive Plate Counter (barrel)
WLSF + MPPC (end-caps)

EM Calorimeter:
Csl(Tl), waveform samp
Pure Cs| + waveform sa

electron (7GeV)

Beryllium beam pipe
2cm diameter y,

- Sy

Vertex Detector //
2 layers DEPFET + 4 layers

N
1 - \%»\\ positron (4GeV)
Central Drift Cham TN
He(50%):C2Hs(50%), Small cells, long=s

lever arm, fast electronics
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http://arxiv.org/abs/1808.10567

[Belle 1l, PTEP 2019 (2019) 123C01, arXiv:1808.10567]

BEAM-CONSTRAINED OBSERVABLES $

Belle I

For B mesons the production process is e"e™ — 7(4S) — BB followed by B— XYZ

The reconstructed mass of the XYZ system must be equal to mg and the energy in
the rest frame to £, = 1/s.

The second constraint is used by defining

B 2pgp2005t —s

AE = Eg — Eyeam = WA

with p, the four-momenta of the B and e*e™ systems.

The B mass is also more precisely determined by replacing the measured B energy by
the known beam energy

My = V El;keam - P%~
(mgs in BaBar).

A well-reconstructed B should have (Mpc, AE) = (Mg, 0)
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[Belle II, PTEP 2019 (2019) 123C01, arXiv:1808.10567]

BEAM-CONSTRAINED OBSERVABLES {B

Belle I

—
<) N
% [[Belle, JHEP 03 (2021) 105, arXiv:1908.01848] ‘>\-’
= [ © 50
< 40+ =
T 40
(2]
I 7 Q40
(7] L [+2]
(] 30 Q
= ®
S =30
w r n
20F 2 20
[ c
L w ",
10 10

- e
i ! I
oy -
a3,
iy,
.
fray)

0 0 | i |,
-0.1-0.05 0 0.05 0.1 0.15 0.2 0.25 52 522 524 526 528 53

I
" s
LT S
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§ § 2plépboost — 5 "
AE:EBiEbeang—\/g:mB’ Mbc:mzo
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[BaBar, PRL 87 (2001) 091801, arXiv:hep-ex/0107013]

OBSERVATION OF CP VIOLATION IN B° g

Using 32 million BB pairs, BaBar get

:B = XK ]

sin28 =0.59 + 0.14 £ 0.05 0 b e

50 | B0 tags

with B? decays to JiKY, ¥(2S)KS, xc1KS Of ,,//R&\g‘ | ]
(CP-odd, 803 events, 80% pure), JAK? (CP- o5t G

even) and J/K*O(KIn®) (mixture). o M

o 320
B
Zu0f
o E
E 160
ERdS
&

P

52 522 524 526 528 53

meg (GeVic))
- 100 B
o} 4 Daw )
=
0 JAKY signal MC
£ O Background
‘
5 0 5
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[Belle, PRL 87 (2001) 091802, arXiv:hep-ex/0107061]

OBSERVATION OF CP VIOLATION IN B°

Using 31 million BB pairs, Belle get = b (@) Combined
sin28 = 0.99 + 0.14 + 0.06 g
: -
with B? decays to J/¢Ké), Q,[)(2S)Ké), XclKé), E ® (@K G-
ncKQ (CP-odd, 747 events, 92% pure) and 0 4
JKY (CP-even, 569 events, 61% pure). T4
_+_ q&= +1 E (©) JyK, (&=+1)
020 ML+ b= L
>
2 010 E (d) Non-CP sample
0.00g=="— 0 4 8 h
At (ps) 8 b 4 8
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[Belle, PRL 108 (2012) 171802, arXiv:1201.4643]

LEGACY sin2(

3 2 400
2 250 2 350
@ 200 3 300
[ £ 250
5 150 5 200
100 150
100
50 50
.0 Legacy measurement .0
508 4 using B— JWKQ, &8
£ 04f 0 £ 04f
+
Fozp /Tt ‘* B— ¢(2S%KS and 7 o.2+ H
0 T'_ | B— J/wKL 0
0.2 } 0.2F
0.4 0.4} 4
0.6} 0.6[
6420 2 4 6 6420 2 4 6
At (ps) At (ps)

sin23 = 0.667 +0.023 £ 0.012 Af = 0.006 + 0.016 = 0.012
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sin2/3 WITH

Simultaneous fit of 306k B — J/y(— putpu~)K2
(82%) 43k BO— (2S)(— ptp )K? (12%)
and 24k B%— Jay(— ete

2015-18 data.

B®— JaK?

B® — 4 (25)K?

B®— Jip K3

Run 2 :

Nik|hef
Patrick Koppenburg

BY— J/ihK?

:S= 0.716 = 0.015 £ 0.007
C= 10.010+0.014 £ 0.003
:S= 0.649 +0.053 +0.018

C = —0.088 £ 0.048 £ 0.005

S= 0.754£0.037 £0.008
C= 0.042 £ 0.034 £+ 0.008
S= 0.717£0.013 £ 0.008
C = 0.008 £+ 0.012 £ 0.003

CP violation in b-hadron decays: Experiments

T)KS (6%) using

[LHCb, PRL 132 (2024) 021801, arXiv:2309.09728]
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[LHCb,

sin23 WITH B®— J/pKS

Simultaneous fit of 306k B — J/y(— putpu~)K2
(82%) 43k BO— (2S)(— ptp )K? (12%)
and 24k B— Jip(— ete )K? (6%) using
2015-18 data.

Run2:S5= 0.717 £ 0.013 £ 0.008
C = 0.008 +0.012 £ 0.003
Run1:S= 0.731 £0.045+0.020
C = —0.038 + 0.032 £ 0.005

[PRL 115 (2015) 031601]

0.726 £0.014
0.010 £0.012

Run 1&2: S =
C—
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PRL 132 (2024) 021801, arXiv:2309.09728]

sin(2B) = sin(2¢,) FZ¥A
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[Jure Zupan, arXiv:1903.05062]
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[Jure Zupan, arXiv:1903.05062]
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063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

v FROM B°— Dh witn LHCB+BESIII BESTI ﬁﬁﬁé

Interference of BT — DO(K{nTn™)K™T
and Bt — DO(K{rt7~)K* gives access
to vy = arg(—V,, Vi, /V.4V5) (BPGGSZ
method).

m2 [GeV¥ct)
@(m2, m2) [rad]

Needs the strong phase of D— K77,
which varies over the Dalitz plane.

The same works for KOKTK~ (lower

Stats) . m2 [GeV¥et]
* —_ —_
ub u DO Vus § K+
C % u
— V _ —_ Veb _
b cs S C | —
BT KTt B+ DO
u > u > u
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063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

v FROM B°— Dh witn LHCB+BESIII B'ES]]I ﬁﬁﬁé

Interference of BT — DO(K{nTn™)K™T
and Bt — DO(K{rt7~)K* gives access
to vy = arg(—V,, Vi, /V.4V5) (BPGGSZ
method).

Needs the strong phase of D— K{r "7
which varies over the Dalitz plane.

The strong phase is measured with BESIII
data using quantum-correlated D mesons.
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Patrick Koppenburg CP violation in b-hadron decays: Experiments

Candidates / (0.001 GeV/c2)
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F [ Continuum
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E .
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063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

v FROM B°— Dh witn LHCB+BESIII B'ES]]I ﬁﬁﬁé

Interference of BT — DO(K{nTn~)K™T o T
< 1200 3 Data LHCb 5
and Bt — DO(K{rt7~)K* gives access 2 1o _BfLD,c S
—— B*sDrt ]
to v = arg(—V,4Vy/Vea Vi) (BPGGSZ 3 w0 o i e
2 600 [_] Combinatorial E
methOd) % 00 Total ]
=
Needs the strong phase of D— K77, g
. . . 0
which varies over the Dalitz plane. PO DR MeVie 50

0
LHCb (c)| 10

The strong phase is measured with BESIII
. 9fh!
data using quantum-correlated D mesons. -
© 10"
This information is then used with B decays 3 =
from LHCb Run 3 data. i 107 =
S

miop [GeVZe']
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063, in preparation, to be submitted to XXXX] [BESIII & LHCb, LHCb-PAPER-2025-064, in preparation, to be submitted to XXXX]

v FROM B°— Dh witn LHCB+BESIII BESTT ﬁﬁﬁ@

Interference of BT — DO(K{nTn™)K™T
and Bt — DO(K{rt7~)K* gives access
to vy = arg(—V,4V,/ Ve Ve) (BPGGSZ
method).

Needs the strong phase of D— K77,
which varies over the Dalitz plane.

The strong phase is measured with BESIII
data using quantum-correlated D mesons.

This information is then used with B decays
from LHCb Run 3 data.

Yielding v = (71.3 + 5.0)°, in the first
LHCb+BESIII publications

Nik[hef

1 LHCb 9 fb!

BESIII 8 fb~!

2y B~
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[LHCb, LHCb-CONF-2025-003]

v COMBINATION MATRIX

Time-integrated measurements
Final states Dh* D*On* DK3r+ DK*m~ | DK*n~n~ | DK**
hh~ [9fb~1] [9fb~ 1 [5fb~1] [ofb~ | B (@]
htr—ata~ | [3fb7Y[9fb7Y] [9fb~ 1] [5fb~1] [9fb~ 1]
hth=mtr [9fb~1] [9fb~ 1]
hth=n° [9fb~1]
KOh*h~ [9fb~l[6fb1] | [9fb1][9fb~1] [9fb~1 [9fb1
KOK+m— [9fb~1]

Time-dependent measurements

Final states D¥r* BY— DFK* | DFK*ntr™
KEhth= B N/A N/A
hEhFrE N/A [9fb~ 1] [9fb~ 1]

Click on lumi to get reference. Last updated with [Lrcs-conr202s.0031. Items in red or red (Run 3) are not yet
included in latest v combination [LHcb-conF-2025-003].
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https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2025-003
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2020-036&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2020-036&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2017-030&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2023-040&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2015-020&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-023&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2016-003&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2022-017&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2019-021&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2017-030&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2023-040&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2025-019&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-023&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2021-036&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2020-019&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2026-010&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2023-012&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2023-029&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2023-009&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-023&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2019-044&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2018-009&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2024-020&ui-citation-summary=true
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20rn%20LHCb-PAPER-2020-030&ui-citation-summary=true
https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2025-003
https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-CONF-2025-003

[LHCb, JHEP 03 (2025) 139, arXiv:2412.14074]

t# B0 D;KY % BY - D;K* % Untagged Dy K+
Y BY - DfK- % BY— DfK- '+ Untagged Df K~

Nik[hef

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [37/ 73]


http://arxiv.org/abs/2412.14074

2025 v COMBINATION

[LHCb, LHCb-CONF-2025-003]
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CKM FIT CONSTRAINTS

(BRI B
[‘excluded g has CL > 0.5

[Jure Zupan, arXiv:1903.05062]
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[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]

CP VIOLATION IN B— hth™

o 8000y o~ 8000p T e
% 7000 L;Cb 7 % 7000 ﬂ LHCb 3
3 6000 Doatal.gfb — 8 g0 ! Daal.9fb E
S 5000 - LT S 5000 - [ ek
= 4000 Wk o =000 BE -k S
g 2000 [ 3-Body bkg. — g 2000- [ 3-5ody bkg :
© 1000 Comb.bkg. —  © 1000 Comb.bkg.
® 52 54 56 58 6 62 ® 52 54 56 58 6 62
m(K ~77%) [GeV/c? m(K *17) [GeV/c?

Large CP violation in charmless BY and BY decays (seen in [pre 110 (2013) 221601])
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CP VIOLATION IN B%— 7t~

e e
BY— wtm~ BY— n—rt
Amplitude o< V.V, Amplitude o< V.V,
= Vil Viple™™ = Vsl Visle™
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CP VIOLATION IN B%— 7t~

B — ntp— B r—nt
Amplitude o< Vjj Vi Amplitude ox V,, Vi
= |Vl Vigle™? = |Vipl| Vigle™?
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CP VIOLATION IN B%— 7t~

Vud E 7T+
u

b = d
g Vi ©Via ” }”+
ub —|—
BO

Bo{g - Z}W_

B — w7~ measures v + 3, or T — v — f3 = «, assuming unitarity.
=» depending on how New Physics enters, you may or may not be sensitive
to it.

X But in any case it is very difficult to estimate hadronic uncertainties in
these b— u transitions

= Check out “B%— K~ 7t puzzle
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[Jure Zupan, arXiv:1903.05062]

CKM FIT CONSTRAINTS
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[excluded g has CL > 0.85
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[LHCb, Nature Phys. 18 (2022) 1, arXiv:2104.04421]

Amg WITH B2 — D 7"

— B - Dyt — BY - BY - D;nt — Untagged

¢ [ps]
380k B?— D7t in 6fb~! Run 2 data = Amy = 17.7656 4 0.0057 ps—*
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[Jure Zupan, arXiv:1903.05062]
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[BaBar, PRD 95, 072001 (2017), arXiv:1611.05624]

INCLUSIVE V;, e
Inclusive b— uev result by BaBar. g 2;7
o Full reco tag on other B %go.7§

o OFF 7(4S) data subtracted from ON ~=°2=  /
data 04t
=>» Excess of electrons beyond b— cev 03
kinematical endpoint (2.3 GeV). zi:
R R

Electron Momentum (GeV/c!

T

e

(a)

Neyents /(50MeV/c)
3

OFF data

T T T T g

Eononssonoosonassncassng,, (b)
cev MC

ON-GFF,data

T A

3.5

Electron Momentum (GeV/c)
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INCLUSIVE V,;,

Inclusive b— uev result by BaBar.

o Full reco tag on other B
e OFF 1(4S) data subtracted from ON
data
=» Excess of electrons beyond b— cev
kinematical endpoint (2.3 GeV).

o Result depends on model. BaBar
favour GGOU model {Hep 908 10, 058 (2007)]

[BaBar, PRD 95, 072001 (2017), arXiv:1611.05624]

o

[

B(10
SO [T T[T T PR e T T T
Su—

L L L L L L L
1 1.2 14 16 18 2 22 24 26 28
Electron Momentum (GeV/c)

& 5:
= |V, =(40£0.2)x1073 closerto 2 asf
the mean of exclusive and inclusive .5 a6 ®)

Also new exclusive V,, using D decays :':?

to constrain form factors [proor 052022 (2015), .4; +

arXiv:1412.5502] . 3.8; +
365
3.4
DN DGE BLNP GGOU
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[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]

SIMULTANEOUS INCLUSIVE AND EXCLUSIVE |V/,|

Use same selection — T 2500

f B—> E d 350 | M=? Nre =1 Nz =2 Np= =3 High My

or ey an
< [ 77 MG unc. X?Indf = 12.6/(24-3) .

b— ufv and deter-  $°%°[ 7% b 2000 =

H H (O] . 8-ty oy g

mine |V, | simulta-  ~ 20 f= e , ¢
— er B-Xylv ~

neously for both. v 200 | = Background ]
= : $
150 | 1000
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50 |
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http://arxiv.org/abs/2303.17309

[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]
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[Belle, PRL 131 (2023) 211801, arXiv:2303.17309]

SIMULTANEOUS INCLUSIVE AND EXCLUSIVE |V/,|
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= (3.90 +0.20 £ 0.32 + 0.09) x 103
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:D a4 F = ExcusivelV,| Inclusve E
c : IV : GGOU 3
> a2f VoVl Moo 3
4 |:| Average F 3
E T 3
38F =
36 =
34F 3
32F _:
3E HFLAV_ B
28 E E
“E I L L e

36 40 42 a4
V| [107]

(3.43+0.12) x 1073 (3%)
|Viplexel = (39.77 £ 0.46) x 107> (1%)
( )

4.06 +0.16) x 107°  (3%)
|Vplina = (41.97 £ 0.48) x 10~ 3 (1%)

[HFlav, arXiv:2411.18639]

Discrepancy between exclu-
sive and inclusive V,, (18%)
and V_, (5.5%) determinations.
Both more than 30.

e |V, is a crucial
ingredient in many SM
predictions.

X Use of exclusive value
would lead to large
tensions in AF =2

@ In the meantime use
V_,-free quantities as
B(BY— ™)/ AM;
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CKM UNITARITY TRIANGLES

Via Vea Vi Vida Vs Vb 100
VT V= VLTS th'ks Vtz Vcd Vcs Vcb = 010
b Vo Vi Viae@ Vis Vb 0 01

You can multiply any row with any (other) column and get a triangle
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NEUTRAL MESON MIXING

e.g. [Nierste, arXiv:2510.11716]

1.0
------ B"all
] —— B not oscillated
0.6 —— B oscillated
5 \
[a' X
0.4
0.2 S
0.0 : : | :
0 2 4 8 10

6
Time [ps]

BY all

—— B not oscillated

——  BY oscillated

T T T
0 2 1 6 8 10

Time [ps]
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Weakly decaying neutral mesons will
exhibit mixing. The two flavour eigen-
tates P and P will mix into a heavy
Py and a light P state

|PLH) = p|P) iq’p>-

They will oscillate between P and P
and decay following the lifetimes of
PH and P|_.

The B? goes considerably faster than
the B?
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NEUTRAL MESON MIXING
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e.g. [Nierste, arXiv:2510.11716]

BY and K° systems are even more
special: they have a significant decay
width difference, resulting in different
decay times for the heavy (long-lived)
and light (short-lived) states.

Ber,: CP = 41, lighter and
shorter-lived (1.42 ps)

Bsy: CP = —1, heavier and
longer-lived (1.62 ps)
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[LHCb, JHEP 05 (2024) 253, arXiv:2310.12649]
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[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]

s IN B — JWpKTK™

o 10 ‘ . B — Jip(utp~)p(KTK™) is the golden
2 ELHCbRun2 6fb?
g o " — Joafi channel to measure s, the phase between

E i .. —
8 w0l ---- Background b— cgs and B? mixing followed by b— c@s:
g 103% / \\ 3
- // \ ] @ The signal is very clean. Most
° P__i~ N ] backgrounds are peaking: B° is vetoed,

e e A9 is subtracted using simulation.
ev/c
=» 350800 + 700 B? in 2015-18 data

N§ 7 Bhabvie @ Three polarisation states in the P— VV
5 100007 ] process, plus an S-wave contribution
o
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R L m(K*K")
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[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]
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[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]

s IN B — JWpKTK™
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[LHCb, PRL 132 (2024) 051802, arXiv:2308.01468]

s IN B — JWpKTK™
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ps = 0.049 +0.019
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ws AT THE LHC

omas Jakoubek, private communication

T
Vs=7,8and 13 TeV |
68% CL contours

NEW
[ cMs, uwK'K, 116.1 b

AL [ps]

LHCb, J/yK'K~, 4.9 o [«——SM

LHCb, all channels, 4.9 fo'

[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]

/7\ B"—D,D,, Jjvn
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1.5312 = 0.0048 ps
The LHCb and ATLAS values of I'; differ by 3.80 (Poc1s: 1.50040.004 ps).
Al at CMS and ATLAS also differ by 40

1.522 £ 0.005 ps
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[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]

ws AT THE LHC

omas Jakoubek, private communication 1.0

N T T [Lenz, Piscopo, Rusov, JHEP 01 (2023) 004]
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[ATLAS, EPJC 81 (2021) 342] [LHCb, PRL 132 (2024) 051802, arXiv:2308.01468] [CMS, arXiv:2412.19952]

THE LHC

[N. Ellis, Nucl.Phys.Proc.Suppl. 93 (2001) 31]

ATLAS | CMS [ LHCb
AT, (ATJT=0.15input) | 12% |8% |[9%
T, 0.7% |0.5% | 0.6%
All 0.8% |0.6%|0.7%
Ay 3% 2% |2%
8(s) (x5 =20) 0.03 0.014]0.02
8(0) (xg = 40) 005 [0.03 [0.03

Table 1. Estimated precision of parameters
determined from fit to B — J/y¢ data (3 years
ATLAS/CMS, 5 years LHCb).

| N |
©s —0.087 £ 0.037 £ 0.021 rad —0.074 + 0.023 rad —0.080 = 0.032 rad
AT, | 0.0657 & 0.0043 4 0.0037 ps~* 0.0780 = 0.0045 ps—! 0.0784 =+ 0.0062 ps—!
Is 0.6703 + 0.0014 + 0.0018 ps~1 0.6570 4 0.0023 ps~!
>, 1.4930 + 0.0046 ps 1.522 4 0.005 ps 1.5312 + 0.0048 ps
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[LHCb, PRL 131 (2023) 171802, arXiv:2304.06198]
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[ATLAS, Belle II, CMS, LHCb, arXiv:2503.24346]
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[de Blas et al., arXiv:2511.03883]
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[de Blas et al., arXiv:2511.03883]
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[de Blas et al., arXiv:2511.03883]
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ments due
to V,

Puavysics BRIEFING BOOK — FLAVOUR

[de Blas et al., arXiv:2511.03883]

20505
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€I

LHCb 300fb "]
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& E T T LI
9 46F Exdlusive V| 68% CL contours E
:D a4 F = ExcusivelV,| Inclusve E
c : IV : GGOU 3
> a2f VoVl Moo 3
4 |:| Average F 3
E T 3
38F =
36 =
34F 3
32F _:
3E HFLAV_ B
28 E E
“E I L L e

36 40 42 a4
V| [107]

(3.43+0.12) x 1073 (3%)
|Viplexel = (39.77 £ 0.46) x 107> (1%)
( )

4.06 +0.16) x 107°  (3%)
|Vplina = (41.97 £ 0.48) x 10~ 3 (1%)

[HFlav, arXiv:2411.18639]

Discrepancy between exclu-
sive and inclusive V,, (18%)
and V_, (5.5%) determinations.
Both more than 30.

e |V, is a crucial
ingredient in many SM
predictions.

X Use of exclusive value
would lead to large
tensions in AF =2

@ In the meantime use
V_,-free quantities as
B(BY— ™)/ AM;
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[de Blas et al. |

CKM rrOM WW A

Assuming O(108) WW pairs, which ~ Number of correctly tagged jets W
comes as a by-product of large ZH(H)  (before other efficiencies) based on
samples, or from dedicated W W runs,  [Lian et al, ariv:2310.03440]

vV 3.18 x 107 3.2x10

Vi 2 ud
Bj = > Vil v PBhad V, | 1.70 x 1072 3.4 x 10°
I=uc; m=ds,b | Vim V., | 450 x 107 1.2 x 102

us
V,, and V_, are feasible. The others Veg | 170 x 1072 3.5 x 10°

u

have too high backgrounds from mis- Ve | 317x 1071 1.3 x 107
ID. V., | 5.90x 107* 3.3 x 10*

Present precision on |V |: 0.6%; on
|Vp|: 1% with 5% discrepancy.

Nik[hef
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[de Blas et al. |

CKM rrOM WW y

Assuming O(10%) WW pairs, which
comes as a by-product of large ZH(H)
samples, or from dedicated W W runs,
one measures

T T T T T

—— 5.6ab~" at 230 GeV

500 8 ab~! at 550 GeV

—— 20 ab~! at 160 GeV
|Vi|**! uncertainty

|Vis| discrepancy

\Zi5

B —
/ ZI:U,C; m=d,s,b ’V/m’2

Bhad

Total uncertainty on |V;| [%]

[ N |
European Strategyj

0 | | | | |
.1 0.2 0.5 1.0 2.0 5.0
Uncertainty on tagging efficiency [%]

The precision is systematically limited
by the knowledge of the jet flavour-
tagging efficiency, which is calibrated

from Z events. Typical jet-tagging efficiencies (Z to tag a [-jet as g-jet

b s c u d g

.. b
Present precision on |V__|I: 0.6%: on ;0.8 0000 0003 0.0005 0.0005 0.007
P [Vesl: 0.6%; 5 JJO02) 0008 08 001 001 001

|Vpl: 1% with 5% discrepancy. & 001 09 [EOE o3 03 02

[Robson, Leonidopoulos, de Blas, Koppenburg, List, Maltoni et al., arXiv:2506.15390]
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[ATLAS, arXiv:2603.16414]

|V_,| FROM TOP

Using tt events from Run 2 with t— bW™ and W™ — bc on one side and
W~ — £77 on the other.

2
2
[ ATLAS . l?a(a [l single top
. - o Il ERWes
V.| = (50F11) x 1073 vseisTov ot B B
cb — 14 ¢ region, PostH fiyg-0vc 77/ Uncertainty
[ty -o+light
[
Vs .
+ ) : -
V| & W g P
b a 1.057— y% 7 2 » »
§ 100 A ///c / // //%///i///
P g b ]
090k . . ]
|‘/tb| w- R =1 p =050 Hive= 150 ]
2 160 == P =100 —— gy, =119 (best fit) —|
35 r ] <
0= § s S ———————
g ° ' M L
770,
7 - Low Medium High

NN output
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[de Blas et al., arXiv:2511.03883]
0.7

C2050s
0.6f
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" LHCb 300fb ']
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FCC-ee 6x 1()127
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[Robson, Leonidopoulos, de Blas, Koppenburg, List, Maltoni et al., arXiv:2506.15390]

V., FROM TOP QUARK DECAYS £ )
tz V;fs _ §
< S
BY ¢ B
t ’ t
S ” b t*
Vvts tb 5 +
W

— B - D;rt — B?— BY— D;nt — Untagged

Usually V,, from BY mixing = 2.2%
precision, but assume no new physics

Study was done assuming 2M tt pairs.
Observation of t — sW is possible with
15% precision on BF

4 PreCiSiOn on Vts: 31% [Giappichini

_[Nature Phys. 18 (2022) 1, arXiv:2104.04421] t [ps] et al., 2025]
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Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [71/ 73]



http://arxiv.org/abs/2506.15390
http://arxiv.org/abs/2104.04421
http://dx.doi.org/10.17181/4z9vr-jtm22
http://dx.doi.org/10.17181/4z9vr-jtm22

[ESPPU input, arXiv:2504.21417]

CKM MATRIX ELEMENTS (&)
ooo2l X+ e X A 10TeV muon collider would produce 108 W
so0s0 S bosons, similar to FCC or LC, giving access to |V, |

and | VCS| [Marzocca, Szewc, Tammaro, JHEP 11 (2024) 017], hoWeVer
00038 9

without a Z run for calibration.
0.0036 \\ //
— The 7. and v, from the straight sections can inter-

=
=

0.0034

NI o sty act with a 1 ton target as v,p— p~ X and alike.
0.038 0.039 0.040 0.041 0.042 0043 .
Vel The number of DIS events N2 and the ratios
0226 Vo X + Tepoe'X
T n.e
0225 ////7/\\% R;U':e _ NC,b
s N \) c,b T pgHE
Zoa _ ) //// incl.
omfaa get |V,| and |V,,| to 0.1% and 0.5% precision.
. Similarly, for the Cabibbo anomaly, |V, | and |V,
0.

to 3 x 107 and 0.2% precision.

. Vaal
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* Now the the golden era of CPV in the quark sector
* We will either pinpoint to high precision
e Or find cracks in the CKM paradigm

'ty

-—



https://bsky.app/profile/koppenburg.ch
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[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]

CP VIOLATION IN B— hth™

ol S R R R R RREC Il L " Sans RARD RARSRARE RARERRRC
§ 7000 LFCb 7 % 7000 ﬂ LHCb 3
3 6000 Doatal.gfb — 8 g0 ! Daal.9fb E
S 5000 - LT S 5000 - [ ek
= 4000 Wk o =000 BE -k S
g 2000 [ 3-Body bkg. — g 2000- [ 3-5ody bkg :
© 1000 Comb.bkg. —  © 1000 Comb.bkg.
5 52 54 56 58 6 6.2 ® 52 54 56 58 6 62
m(K ~77%) [GeV/c? m(K *17) [GeV/c?

Large CP violation in charmless BY and BY decays (seen in [pre 110 (2013) 221601])
Nik|[hef
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60 atLAS S aa

[ Higgs (m, = 125.09 GeV)
. 2z
goH> 22 >4 eV, WY 4
13TeV, 36.1 fb" . Zijets,

% Uncentainty

Events / 2.5 GeV

140 160
mslonslravned [GeV]
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FURTHER AWAY
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FURTHER AWAY

— B » Dyt = BY — BY - Dynt = Untagged

]
ot
f=
S

2000

1500 ff

Decays / (0.04 ps)

1000
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CP VIOLATION TIMELINE
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CP VIOLATION TIMELINE

CKM matrix
Kobayashi, Maskawa

PTP 49 (1973) 652

| | |
1957 1964 1973 2013 2019
| | |

@ It took nine years to get from CP violation to understanding CP violation
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CP VIOLATION TIMELINE

CKM matrix
Kobayashi, Maskawa
PTP 49 (1973) 652

| |
1957 1964 1973 2013 2019 2025
|

@ It took nine years to get from CP violation to understanding CP violation

o But what happened in the next 28 years?
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Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.

_When we apply the renormalizable theory of weak interaction® to the hadron
S‘,Nulf.jf: Wotic Kvip eGR4
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[Olsen, KM'50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE KM MATRIX

Pages 1-5 were null results and Kobayashi
and Maskawa were disappointed. Then,
while Maskawa was taking his after-dinner
bath, he mentally went through the calcu-
lation described in the previous paragraph,
except this time for a six-quark scenario
with a 3 x 3 flavour-mixing rotation matrix

in three dimensions. [oisen]
Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [79/ 73]
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[Niu, Mikumo, Maeda, Prog.Theor.Phys. 46 (1971) 1644]

FIRST OBSERVATION OF CHARM?

See one event “6B-23" with two

particles decaying likely to 797 X Pro} ve
and 7%p (?). Mass is around 2 GeV .
and 7 ~ 3 x 107145,
138em
Kobayashi and Maskawa were
QWare [Maki, Maskawa, PTP 46 (1971) 1647] )t m
B8
Ardem
—_— r
10pm f
L
|
IR 1 4
c' € [ o
Fig. 3(¢). Z projection. Fig. 3(a).
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Patrick Koppenburg

CP-Violation in the Renormalizable Theory of Weak Interaction 65T
Next we consider a 6-plet model, another interesting model of CPviolation
Suppose that Eplet with charges (Q, ~1,0-1,0-1) is decomposed into
SUnws(2) multiplets a5 2+2+2 and 1+1-+1+1+1+1 for left and right com.
ponents, respectively. Just as the case of (4,C), we have a similar expression
for the charged weak current with a 33 instead of 22 unitary matrix in Eq,
(5). As was pointed out, in this case we cannot sbsorb all phases of matrix
elements into the phase convention and can take, for example, the following
expression:

cosh, —sing, cos, —sinysin 0,

sind,sind, cos 0 sin 0, con 0+ cos fysin 0" cos , sin 0y sin 0, —cos 0, sin 0"

a3
Then, we have CPiolating effecs through the interference among these different
current components. An interesting feature of this model is that the CPviolating
effects of lowest arder appear only in 4870 nonleptonic processes and in the
semileptonic decay of neutral strange mesons (we are not concerned with higher
states with the new quantum mumber) and not in the other semileptonic, 450

non.leptonic and pure.leptonic processes

So far we have considered only the straightforward extensions of the original
Weinberg's model. However, other schemes of underlying gauge groups and/or
scalar fields are possible. Georgi and Glashow's model" is one of them. We
can easily see that CPriolation i incorporated into their model without introduc-
ing any other fields than (many) new fields which they have introduced already.

Reterences
1) S. Weinberg, Phys. Rev. Letiers 10
9 Jaw, RIFP-145 -
B Lo 12 0550 960, 505,
. € R Hagen s P L 13 4580, 6.

0 . Grot i 5. T leoms Fhy. Rev Lt 3 0075,

[Olsen, KM'50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE KM MATRIX

Eureka! With six quarks there is room
for a CP-violating phase!
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[Olsen, KM'50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE KM MATRIX

cos 0, —sin 6, cos 05 —sin ¢, sin 0;
sin @, cos 0, cos 6, cos 0, cos 0; —sin 0, sin 0s¢*® cos 0, cos 6, sin Os -+ sin 6, cos O™

sin@;sin@; cos B, sin O, cos ;4 cos 0, sin B:e®*  cos 6, sin B, sin O; — cos 0, sin G

should be
a cos
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[Olsen, KM'50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE KM MATRIX

#2 The observation that in a six quark scheme a model of CP violation of this type can be constructed has already appeared in the
cc s cs literature, ref. [5]. After completing the paper, I learned that some of the arguments presented here have been independently
_ discussed by S. Pakvasa and H. Sugawara, Hawaii preprint UH-511-204-75, Sept. 1975.

” "

Us=|-sc"¢'—s"s'z ' -85’ 'c' +c's'z

L s —es'st e s o Maiani found the CKM matrix again in
1975 after the charm observation Maiani, PLB 62
(1976) 183]

M. Kobayashi and K. Masi(aw:i, Prog. Theor. Phys. 49,
652 (1973).

In 1976 Pakvasa and Sugawara
(Hawaii) cite it and have another
form of the matrix (with a different
typo). They also mistype Maskawa's

initial. [pro 14 (1 - o oo
tia [ (1976) 305 (7] Kobay.xshn .md K Maskawa Progr Theor. Phys 49 (1973) 652.

This typo is then repeated by Ellis,
Gaillard, Nanopoulos [nps 109 (1976) 213]

Nangiie
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[Olsen, KM'50 proceedings, arXiv:2309.06042] [Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE KM MATRIX

cos 0, —sin 0, cos 0, —sin 6, sin 6,
sin @, cos 0, cos 6, cos 0, cos 0; —sin 0, sin 0s¢*® cos 0, cos 6, sin Os -+ sin 6, cos O™

sin@;sin@; cos B, sin O, cos ;4 cos 0, sin B:e®*  cos 6, sin B, sin O; — cos 0, sin G

If the phase is the only CP-violating phase
affecting quarks this picture should be consistent

at all levels of precision

=>» Let’s check!
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[Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE CKM MATRIX

Nik[hef
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[Kobayashi, Maskawa, Progr. Theo. Phys. 49 (1973) 652]

THE CKM MATRIX

1 023 10°*

_ =~ | —-0.23 1 0.04
The Higgs and the 10-3 —0.04 1

W disagree on

what a quark is!
Niwef
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN

ACCEPTANCE

MASS AND MOMENTUM RESOLUTION
IMPACT PARAMETER AND TIME RESOLUTION
PARTICLE IDENTIFICATION
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: ACCEPTANCE

ACCEPTANCE: Light particles tend to be closer to the beam pipe. It's
cheaper to instrument the forward region than 4.

In Vs > n(X)
mx

For Higgs at 13.6 TeV it's 4.7 while for B it's 7.9.

cmMs 48.1 pb (13 TeV)
F10F - : : -
= CIE I
gl . 15 T T T T
2 st 12 eofF =ront (b
X b 1 s
L S A . s 0F +Data E
N &M\ N\ < eof E
& 1| —+—pmamarevpbiocey —H— 1 7 sf + 3
B rowerer 11 wf —+= 3
A I 18 oF E
[ ot s cen W\ 15 wf g
I i) | 1f LHCb13Tev 3
6 0.‘5 % |.5 2 2.‘5 0 é :‘4 4; .5
0% n
[CMS, PLB 771 (2017) 435] [PRL 118 (2017) 052002, arXiv:1612.05140]
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: ACCEPTANCE

ACCEPTANCE: Forward

BOC mrad

COBEX LOI LHCC-93-50 (1993)
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022, arXiv:1412.6352] [De Bruyn, 2015]
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the BY and B°.

T T > g T T T L B
F LHCb —e— Data % ATLAS ®  2015-2016 data
40F, 9fbt — Tou e 160 s=13Tev, 2631 Total fit
o BDT 205 == B-uw % 14[104163<BDT <=1 — - Continuum background
e B:«u*u’ g 1 b — W X background
— B~ !f*/—"V IJ>J - Peaking background

S By - B

N
(=]

Xy—huv,

------ Combinatorial

Candidates/ ( 27.5 MeV/c?)
w
o

=
o

TETT[TTTT T
——
o))
ARARNRARNRRRARD:

+

I unn 2umens NN NRNE RENY DI SEEE FERE

0 .
L 1 T T o S OOt I )
5000 5500 50 %806 ~EG00 5200 5400 5600 5800
M,y [Mevic? Dimuon invariant mass [MeV]
[PRL 128 (2022) 041801, arXiv:2108.09284] [ATLAS, JHEP 04 (2019) 098]
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the BY and B°.

\/ P2+ p2+ m? \/ P2+ m2 \/ PR+ m?

Px _ Pa + pp cos
0 0 0
Pz 0 ppsin 6

where p, defines the x direction and y is at an angle 6. This leads to

m= \/mg—i—mf,—2p‘_,,pbcosé?+2\/m§—i—pg\/mi—i—pf7

m2 + p?
om 1( m—l)bcose om

— = l sind
00 mpapb

apa:;

Pa—F——
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the BY and B°.

m = \/m§+m%—2papbcosc9—|—2\/m§+p§\/m[2,+l?t2,

om 1 \/m3 + p2

= — | pa—— — ppcosh

a
OPs M\ \/m3+ p3

Plugging in p, = pp = 30GeV gets § = g1 LHCb —
0.18 for BY — ptp~ g, Wias
o 30 BY-BO separation =» < 30 MeV ok af 3
resolution & :

@ which translates into < 0.55% p o . ‘ E
resolution. 10 0 p[GeV/g]Oo
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the B? and B°.
-» Need dp/p ~ 0.5%
@ In a dipole field the momentum is obtained from the angle of the
track before and after the magnet
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the B? and B°.

-» Need 6p/p ~ 0.5%
@ In a dipole field the momentum is obtained from the angle of the

track before and after the magnet
Ap=pAty  tr=k/l, » T2k
p I
Many handles

@ Hit resolution = o/,

Momentum Kick _-
1AtT

© Tracking volume I,

L ,

[T \ \ —= @ Bfield, and

VELO T TL T2 T3 Q@ level-arm z = Aty = %

Legacy LHCb: o), ~ 200 um, I, ~2m, [ Bdl, =4 Tm
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the B? and B°.
-» Need 6p/p ~ 0.5%
@ In a dipole field the momentum is obtained from the angle of the
track before and after the magnet
¢ In the upgraded LHCb the SciFi provides 100 um resolution

[LHCb-DP-2022-002, arXiv:2305.10515]

4 T T - 2,

2 afF d 3 =12 : : 3
5] fwm“‘w*“ﬂ 3 S E
s P 1< =11 LHCb —t——
E 08 12 e + 3
s [ LHCb simulation 2 W Q. ++ E
0.6 4 =z ) o 3
2o} S— g L
P p, distribution o 0.7 E
£ 041 T 1 ® o 3
m [ Long, fromB,2<n<5 % g 3
02f 12 0. 3
[ 3* 0. 3

0 ‘ ‘ 03 . .

0 2000 4000 (Mev] 100 200 300

. Pr p [GeV/c]
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: p RESOLUTION

MASS RESOLUTION: Better resolution translates into better S-B
discrimination. But at the minimum we want to resolve the BY and B°.

m= \/mg+m%—2papbc059+2\/m§+p§\/m%+P;2,

Let's now assume p; > m; and 0 is small

0
m =~ \/papp\/2(1 — cosb) ~ \/papp 5
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LIFETIMES AND WIDTHS OF SELECTED PARTICLES

Breit-Wigner width [MeV]
106 109

103 10° 1073 10712 10715
ot e hadrons
H .
105 4 z o exotic hadrons
w % leptons
bosons
e top
S 10 Y149 Y(15)
O] 10 oTcece ° .
= T.1(4430)+ Pee(4400)7 of
f— © ° o ol
) To xa(3872) ¥
bt D(2317)° oL WP
= 107 Mo :A.K* o? o
? o oK7ek?
n® ot
102 5 ° o
ct[m]: 10715 10712 107° 107 1073 10° 10°
10723 10-20 107V 1074 10-1 108 1073
Lifetime 1 [s]
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. o [LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, 2.63 2] [De Bruin W
LHCb DETECTOR DESIGN: IMPACT PARAM T]Wﬁﬁﬁ@

Impact parameter is
critical to remove back-
ground from prompt
tracks

Hick
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, 1412.6352] [De Bruin 4o
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B |
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g_ { Bkg-subtracted data  J
—Fit ]
ground from prompt & o iy socas |
tracks B ]

150 200
TIP(DS) [um]

g

E LHCb

T
LHCb simulation prompt p 10" Epre (5 = 110Gev -
E V N~

pHe VS = 11076ev detached p
- x| from material

- —rmne KT

Candidates per 0.33
g
Candidates per 0.33
g
T

g

(R AR e

o
)

=g

&
&
IS
b
°

30/03/2026 — Topical lectures [90/ 73]


http://arxiv.org/abs/1412.6352
https://cds.cern.ch/record/2048174

[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: IMPACT PARAMETER ﬁﬁﬁ@

IP resolution depends on “track resolution” and “PV resolution”, which depends
on "“track resolution” for N tracks.

PV resolution [um]

c)

40: T T T T T ] E F
35 -x 4 57
30;_ _; % u..mE
25;_ _; E 0.12;
20;— —z D.Ii
15 3 oosf
10F : oosf
5 LHCb E i

C: 1 1 1 1 1 T .02

10 20 30 40 50 60 E
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n
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MC primary vertex multiplicity
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: IMPACT PARAMETER ﬁﬁﬁ@
IP is the length of the IP vector. Let's look at the x component
IP, = x — xpy — (Z = va)tx

where t, is the slope of the track in x

2 2 2 2 2 vy Y
o1p, = Ox + Oxpy ] tXUZpV + (Z e ZPV) O,

The last term dominates due to multiple

scattering.
(z—zpy) x 1/t (Geometry) PPt
or x1/p (Mult. Scat.) F\I'P
11,01
tp pr
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: IMPACT PARAMETER ﬁﬁﬁ@

IP is the length of the IP vector. Let's look at the x component
1Py = x — xpy — (Z — va)tx

where t, is the slope of the track in x

2 2 2 2 2 2
O1p, = Ox + UXPV == tXUZpV =F (Z _— va) O,
The last term dominates due to multiple E "9t LHCh E
scattering. g -
[

(z—zpy) x 1/t (Geometry) o
orx1/p (Mult. Scat.) —TPTPRE

111 .

0.5 1 15

= — 2 25 . 3
t p Jogn :IJpT [GeV=(]
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: DECAY TIME

One infers the decay time t of a given candidate particle from the measured
flight distance /

ct =l

It follows a decaying exponential. The lifetime 7 of a particle is the average
decay time.

Nik[hef
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: DECAY TIME

One infers the decay time t of a given candidate particle from the measured
flight distance /

ct =l

A better time resolution helps for measuring decay times, but is crucial for
resolving oscillations

------ B all
@ The Bg sets the 0'8\4 \ —— BY not oscillated
strongest constraints 0.6l [ —— B! oscillated
o Am; =17.8ps~!
= 1/Am; =56fs
e We did not know this
in 2000 =» LHCb is
overdesigned for time

NiRThef resolution.
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[LHCb, Int. J. Mod. Phys. A 30 (2015) 1530022, arXiv:1412.6352] [De Bruyn, 2015]

LHCb DETECTOR DESIGN: DECAY TIME

One infers the decay time t of a given candidate particle from the measured
flight distance /

ct =l

2 2
2 '”) 2 <t> 2
o =|— | o7+ o
‘ <p ! p) P

The resolution o, relates to that on IP and PV. At low p multiple scattering

dominates. At high p the opening angle is small and detector resolution
matters most.

The resolution is

gl£ ‘ ‘ ‘ b Eﬁ i) j " p < Tagged mixed
5 g LHC 5 g0 LHC - pd o Tagged unmixed
R R — = 400 — Fit mixed
8 e0 8 60 £ - Fit unmixed
B S 2w 2
) Eaaae 40 § 200
30 30F
20 + 2011 20E— + 2011
10 2012 10 2012
\ \ \ N L )
% 100 200 300 400 500 0 20 60 0 0 3 4
p[GeV ¢ o, [fs] decay time [ps]
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[Lippmann, NIM A666 (2012) 148, arXiv:1101.3276]

PID

Detector design is im- innermost layer ————» outermost layer

tracking electromagnetic hadronic muon
system _calorimeter _calorimeter  system

posed by physics. Not
much of a choice here.

photons
_—

electrons
_—

muons
_—

rotons

aons
pions
—_—

neutrons
0
I<L

C. Lippmann - 2003
Nik[hef
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THE LHCb DETECTOR

VELO TRACKER MAGNET TRACKER
Nik[hef
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THE LHCb DETECTOR

E!
2

L

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2
Nik[hef
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THE LHCb DETECTOR

Photon

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2 ECAL
Nik[hef
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THE LHCb DETECTOR

Electron

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2 ECAL HCAL MUON DETECTOR
Nik[hef
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THE LHCb DETECTOR

Neutral and charged hadron

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2 ECAL HCAL
Nik[hef
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THE LHCb DETECTOR

Muon _

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2 MUON DETECTOR
Nik[hef
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THE LHCb DETECTOR

Photon, Electron, Neutral and charged hadron, Muon =

VELO RICH-1 TRACKER MAGNET TRACKER RICH-2 ECAL HCAL MUON DETECTOR
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[ATLAS-CONF-2019-048]

Pce STATES AT ATLAS
¥k

> L L e e s e s < T T T

2 CATLAS Preliminary -+ Data > F
§ 1200[V5= 7, 8 TeV; 49, 206 fb* % Q:jﬁsﬁ w1 2 7000 E LHCb

= C [ combinatorial BG_ < ~
% 1000 B,k Z 6000 E
> [ Bl . - JipKK ] -
o I B B, - iy 1 £ 5000
800~ Ee.oym - o E
L ] D 4000
600"y . E
L' b 3000
oo E 2000
200:7 p 1000 ;—

ob Peteapeses; s D *

ijw K)*"[i " 0 5500 5600 5700
. P, K) [Ge!
m,, wKp [MeV]

With Run 1 data, ATLAS find 2270 + 300 /12—> JpK~ decays
o With Run 1 data (3fb™!), LHCb see 26 000 4 170 with hardly any

backgrou Nd [LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]
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CHERENKOV

_ Patrick Koppenburg

[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

c
v=—
n
=» Like boom of a supersonic

aircraft.


http://dx.doi.org/10.3367/UFNr.0093.196710n.0385

[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

CHERENKOV

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

c
v=—
n
=>» Like boom of a supersonic

aircraft.
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CHERENKOV

NikJhef

Patrick Koppenburg

[Cherenkov, Dokl.Akad.Nauk SSSR 2 (1934) 8, 451]

Cherenkov radiation is emitted by
charged particles crossing a transpar-
ent medium at a speed higher than the
speed of light in that medium.

c
v=—
n
=>» Like boom of a supersonic

aircraft.
® The emission angle depends on
the speed of the particle.

® From the speed and the
momentum one can work out the
mass. Hence the identity!


http://dx.doi.org/10.3367/UFNr.0093.196710n.0385

[FIGURE-2024-031]
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https://lbfence.cern.ch/alcm/figure/details/3983
http://arxiv.org/abs/2205.13400
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LHCb UPGRAI

SciFi
Tracker
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LHCb UPGRAD

2023 %

Removed M1 and

New \le agnet ICH2 . = [

) ixel uT Tracker
RGP
U’

New RICH optics and

ik ar
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g

- -,,You need at I ast two
dlfferent CI-:”I dd phases
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CP VIOLATION

Particles: Vud N
ud
W= w+
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CP VIOLATION

Particles:

Antiparticles:

Nik[hef
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AoV 4 Ao V*
CPV?

al
N

CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [102/ 73]



CP VIOLATION

Particles:
Vud Uikd
W- w+
P ]Vud|2 P x |V:d\2

CPV?
d u

Antiparticles:
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[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]

CP VIOLATION IN B— hth™

ol S R R R R RREC Il L " Sans RARD RARSRARE RARERRRC
§ 7000 LFCb 7 % 7000 ﬂ LHCb 3
3 6000 Doatal.gfb — 8 g0 ! Daal.9fb E
S 5000 - LT S 5000 - [ ek
= 4000 Wk o =000 BE -k S
g 2000 [ 3-Body bkg. — g 2000- [ 3-5ody bkg :
© 1000 Comb.bkg. —  © 1000 Comb.bkg.
5 52 54 56 58 6 6.2 ® 52 54 56 58 6 62
m(K ~77%) [GeV/c? m(K *17) [GeV/c?

Large CP violation in charmless BY and BY decays (seen in [pre 110 (2013) 221601])
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CP VIOLATION IN B%— K7~

Vus s VJS &
) K+ e
. ub u Vub u
plmm =i it
BY— K*tn~ B~ K=t
Amplitude o< V5,V Amplitude o< V,;, Vi,
=» Probability oc |V, V,q|? =» Probability oc |V, Vi |?

The amplitudes are different complex numbers, but the probabilities are the
same. Why is there CP violation?
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CP VIOLATION IN B%— K7~

(=l

t}; ‘/ts }K+

IS

BO

Q. g
—
>]\

d >

B Ktn—

Amplitude o< V}}, Vi,
= Probability oc |V} V|2
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CP VIOLATION IN B%— K7~

E.x
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[
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o
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|
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CP VIOLATION IN B%— K7~

BO—>K+7T_: A x :bvus+ ;;)Vts - 'DOC| LTqus—i_ tivts|2
B— K mt: Ao Vi + ViV = Poc |V, Ve + V,, Vi

*
S}
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CP VIOLATION IN B%— K7~

BO_> K+7T— P AX LTbVLIS + ;;)Vts 2 Px | LTqus—i_ tivts|2

B K nt: Acc Vi Vi + Vi Vi = Poc |V, Vi + Vi, Vi

P o | Vi Vsl + Ve Vs |? + 2| Vi, Vis | Vi Vis | cos(+6r + +6p)

P x | :b Vus|2 + | :b Vts|2 + 2| :bvusH Likbvtsl COS(_(ST + _5P)
That’s the same thing. Still no CPV!
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CP VIOLATION IN B%— K7~

* W
Vs s
_ (K™ bmem |
Vub U | tb ts HK
EO
50) b —» > -
B {d « d T _ f}ﬂ
d—»—d
B Ktn™: Ax eTViV, +e9TVEV,, > P [TV, + eP ViV, 2
B K—nt: ﬂoce’¢Tvubv;S+e¢Pvtbvts 2> P |V Vi + PV, V|2

Poc|ei¢TV:qus|2+|ei¢P t*l()Vts|2+2| " VusH *Vtslcos(¢T+5T+¢P+6P)
P oc €77 Vi Vi 2 + 1€/ Vi Vi |2 4 2| Vi Vi | Vi Vi | cos(¢7 — I + ¢p — 6p)
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With CP-even phases it works!
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CP VIOLATION IN B%— K7~

us _

K Va, ©Va E}K

=0 b
ak -
CPV needs interference of at least

By K+n two diagrams. with different A oitp :ths|2
5 CP-odd and different CP-even , )
B"— K 7T+ ub V:s + eI¢P th Vt*s|

phases

P o |€9T Vi Vil? + 1777 Vi Vig? + 2| Vi3, Vil Vi Vis| cos(r + 61 + ép + 6p)
ﬁ“leiq}TVJqus'z—’_lei(ﬁP tzvts|2+2| :bvusH :bvts|cos(¢T_5T+¢P_5P)

With CP-even phases it works!
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[LHCb, JHEP 03 (2021) 075, arXiv:2012.05319]

CP VIOLATION IN B— hth™
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Large CP violation in charmless BY and BY decays (seen in [pre 110 (2013) 221601])
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OBSERVATION OF CPV IN BARYON DECAYS

LHCDb detector
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OBSERVATION OF CPV IN BARYON DECAYS
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CPV INTRO

Flavour Physics is a complicated part of the SM

® |t's certainly a complex part of the SM
Many imaginary phases
Different bases to express quark states (Higgs disagrees with W)
Oscillations, mass eigenstates with different lifetimes and masses
Many particles involved, K, B, J/i, ...
Loads of decay modes (PDG'24 lists 586 for B°)

Historical development not most pedagogical

Useless jargon: “direct”, “indirect” CPV etc.
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[Cohen, Kaplan, Nelson, PLB 263 (1991) 86 ]

SAKHAROV CONDITIONS

Size of the critical bubble:

Higgs phase R -1
~ \aw Tc
Higgs phase ( )

symmetric 1-,c ~J 100 Gev

phase

Bubble size at percolation:

~ 10—% cm.

Higgs phase
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[Cohen, Kaplan, Nelson, PLB 263 (1991) 86 ]

SAKHAROV CONDITIONS

1. Symmetric phase: {(¢T¢) ~ 2. Higgs phase: (¢T¢) # 0
0 — fermions are almost mass- — fermions are massive and
less and B-nonconservation is  B-nonconservation is exponen-

rapid. tially suppressed.

U

Fermions interact in a CP-violating way (reflected and transmitted) with

the surface of the bubble i

Baryon asymmetry of the Universe after EW phase transition.
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[Dittmaier, 2023]

THE SM HicGS LAGRANGIAN

9 _
Lhiggs = |DS°  +(pdjud+hec)—  V(¢'9)
—— ——
gauge interactions, Yukawa Higgs potential,
HWW, HZZ interactions, HfF, HHH, HHHH
couplings well CKM, CPV, couplings, not yet
tested after LHC studied since 2018 tested
“5th force” “6th force”
Puzzles:

YUKAWA PART: flavour puzzle, no obvious symmetry, only source of CPV

HIGGS POTENTIAL: V = Vo — (v + H)? + Mv + H)*
1 relates to the hierarchy problem, A to the metastability of the Universe,
V to the fine-tuning of the cosmological constant
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Kinetic

+ L +L

Higgs Yukawa

Recap

Kinetic

N3

Y (ul,dl), ¢0 dl +

=£ uly W, dy, +

I

»

_l ¥ + 1
d,y W u, +

ﬁ

Diagonalize Yukawa matrix Yj

Patrick Koppenburg

Mass terms
Quarks rotate
Off diagonal terms in charged current couplings
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

CKM PARAMETRISATIONS

The first parametrisations of the CKM matrix were done before the elements
were measured.

Harari set requirements [Harari, Leurer, PLB 181 (1986) 123]

@ There should be a simple relation between the most directly measurable
matrix elements Vj; and the quark mixing angles.

© The matrix elements above the diagonal, which correspond to
kinematically allowed decay processes that are directly measurable,
should have the simplest possible expressions.

© If possible, the CP violating phase should be linked to only one angle,
and preferably the sine of that angle.

Two parametrisations achieved this: Chau-Keung [chau, keung, PRL 53 (1984) 1802] and
Wolfenstein [wolfenstein, PRL 51 (1983) 1945].
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

CKM PARAMETRISATIONS

The Chau-Keung parametrisation is exactly unitary (chau, Keung, PRL 53 (1984) 1802]

6>3 about d”’ 613 about s’ (incl. §) 012 about b
1 0 0 C13 0 5136_"(s cip si2 O
Vekm = |0 3 53 0 1 0 —s12 c2 O
0 —S523 (23 —513(-1'“S 0 C13 0 0 1
c12€13 $12€13 size”’
_ i i6
= | —s12¢23 — c12523513€’ C12€23 — S12523513€' $23€13
s s
512523 — C12C23513€" —C12523 — S12023513€" 3C13

This is the PDG parametrisation. We now have pog

012 = 13.09° £ 0.03° 03 = 2.32° £ 0.04°
013 = 0.207° £0.007° ¢ = 68.53° + 0.51°.
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

CKM PARAMETRISATIONS

The Wolfenstein parametrisation is approximate

1-1x2 A AN3(p — in)
Vokm = —A -1 AN? + O\,
AN(1—p—in) —AN 1

with A = sinflg and A ~ 0.8 accounts for the suppression between V_, and V_,.
Using the Buras convention [Buras et al, PRD 50 (1994) 3433, arXiv:hep-ph/9403384]

V,
)\ = S12 = —l us|
| Vud|2 =+ | Vus|2
v, :
AN = sp3 = )\| | AN (p — in) = si3e’ = V.
|Vis|

Vb is the same as in the Chau and Keung parameterizations, and the higher corrections
to Vs and Vg start at O(A\") and O()\8), respectively.
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[Olsen, KM'50 proceedings, arXiv:2309.06042]

CKM PARAMETRISATIONS

The Wolfenstein parametrisation is approximate

1-1x2 A AN3(p — in)
Vokm = —A -1 AN? + O\,
AN(1—p—in) —AN 1

BUraS [Buras et al, PRD 50 (1994) 3433, arXiv:hep-ph/9403384] a|SO deﬁnes

Vid V:b - A2 4 — A2 4
Veg Vo, p=p1=75)+0() and 7=n-=)+00)

p+if=—

and we have ppg|

A = 0.22650 + 0.00048 A =0.790 © 9%

p=01417331% 7 =0.357 +0.011

Nik[hef

Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [111/ 73]


http://arxiv.org/abs/2309.06042
http://arxiv.org/abs/hep-ph/9403384
http://pdg.lbl.gov/

[Jarlskog, Phys.Rev.Lett. 55 (1985) 1039]

JARLSKOG INVARIANT

The total amount of CP violation is

J PuPd
~— M12
3x10-% S~—~—

1014

with J ~ \0A%n ~ 3 x 107° the double of the area of the unitarity triangles,

Py = (mg — mg)(m — mZ)(m} — m()
Py = (m2 — mg)(m} — mZ)(m} — mj)

and M ~ 100 GeV the EW scale.
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“THE” CKM UNITARITY TRIANGLES

Im Via Vu‘;; + Vg VCL + Vu VL; =0 Im Vi Vuti wh Vtsvn.; + Vi Vu:a =0
; I P
I
n-212) ; L.
AL T A
;\1\/ | h‘}f"é" She
::t\'/xu | 5y
\-:/FT. ! 5 Ly |
! e i .
L ‘ T e
0 72 T et
‘ p(l-212) . P U=2224p2%
|Vidl | Vis] Vbl
Verm = | — |Vl ” Vel |Veb|
|Vigle™  —| Vts|e P |Vl
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FLAVOUR TAGGING

We start with a sample of N B and B mesons. We need flavour tagging to know their
flavour at origin.

N8 of those have a tagging decision, with = % The remaining N'*& — N are
not useful for CP violation but may be used for other observables.

The fraction of wrongly tagged B is w
Ng® = (1 — w)Ng + nwNg
Ng’g =n(1 —w)Ng+nwhp
The CP asymmetry is

tag  pjtag
AL :uza—zw)M > A _ Ames
meas NtBag + Ntag NB 4 Né true 1 — 2w
B
N——
=A
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FLAVOUR TAGGING

The CP asymmetry is

t t
ACP :M:(l_gw)w
meE T NgE 4 NSt Ng + Ng
N—_——

=Afe
A cP

To correctly measure it is necessary to know w.

The uncertainty is

P ACP
meas
> Atrue = 1— 2w

aace _ DA 1 JA-AZRR 1 [0 AR
e 12w 1-2w Ntag 1-2w nN
= ;AACP

true

Vil —2)

The effect of the imperfect tagging is the same as reducing the sample by a factor

nesr = 1(1 — 2w)?

CP violation in b-hadron decays: Experiments
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FLAVOUR TAGGING

To correctly measure AP it is necessary to know w.

The wrong-tag fraction is calibrated on self-tagging control samples.

—~ ].0 1 1 I I T T
The measured CP = [ +  B°-B° yield asymmetry ]
. . Qo 3 Total fit
asymmetry (i.e. sin23) <

05]
is proportional to the [

oscillation amplitude. ool
A wrong value of r

\/7_](1 — 2w) directly _05_LHCb

translates into a bias. - 6 b1

[LHCb, PRL 132 (2024) 021801, [ B = (= 0 )KY(—min)
) R ) P I R SRS S I E——
arXiv:2309.09728] 0.0 2.5 5.0 75 10.0 125  15.0
t [ps]
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FLAVOUR TAGGING

ACP

To correctly measure it is necessary to know w.

The wrong-tag fraction is calibrated on self-tagging control samples. Here
BO—> J/’l/JK*O(—> K+7r_) for BO—> J/ng [LHCb, PRL 115 (2015) 031601, arXiv:1503.07089]

2 3 BT
E 0.3 % 0.4 () j
xn ER z
ED 0.1 @ 03 ]
£ 0 et ]
01 T 02 1
0.2 % r 1
-0.3 S 01fF ]
—0.4 [ ]
—05 PR R R R R
0.1 0.2 0.3 0.4
Predicted wrong tag prob. n
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[Belle 11, EPJC 82 (2022), arXiv:2110.00790]

FLAVOUR TAGGING AT BELLE II {B

Belle I

Tagging power for neutral B mesons:
r Belle Il ¥
eef(FBDT) = (30.0 £ 1.2+ 0.4)% 0.8 J’L dt = 62.8 fo +x"
. [ é""‘
Nosl g
D f
11 0.4F §
— -Data
02 N "'?,' OMC
ol g
e b b b by
0 02 04 06 038 1
DrFBDT A
et | | Using BO — D(*)_h+
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[FIGURE-2020-002]

FLAVOUR TAGGING PERFORMANCE

Belle B® — ctK*1? =
r %

LHCb B® — DD~
Event 3313283251
- Run 182420
LHCb BY — Jiber Fri, 26 Aug 2016 17:06:57

BaBar BY — cgK!*1®

o
2
&
T
ke
5
D
"Bp
&
=

02
Mistag fraction,
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MIXING

e.g. [Nierste, arXiv:2510.11716]
a p—
e = oo (3]
M 0
H = ( 0 M )

Look at P=proton and P= antiproton. Nothing happens. a=1,b=0
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e.g. [Nierste, arXiv:2510.11716]

MIXING

w . _ a(t
i = Hi with 6(e) = a() |P) + b(t) | P) = ( bgtg )

(5 8)-(09)

Same for P=neutron. Except it decays.

S (1a0)R + 1b(0)F) =~ (a0 ()" ) ( 0t ) ( :

—~
~ ~
S N
SN—
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e.g. [Nierste, arXiv:2510.11716]

MIXING

8 . =\ ( a(t)
g =H with o(t) = a(t)[P) + b(t) |P) = ( b(t)

H = M M12 B L r |_12

A\ My, M 2\ T, T

The P=B° (bd) and the B® (bd) mix, because
“everything not forbidden is compulsory” [Gell-Mann].

My, catches off-shell diagrams, like boxes. 15 is generated by physical states
to which both B% and B decay, like 7+ 7.

u,c,t

Nik|hef
Patrick Koppenburg CP violation in b-hadron decays: Experiments 30/03/2026 — Topical lectures [117/ 73]


http://arxiv.org/abs/2510.11716

e.g. [Nierste, arXiv:2510.11716]

MIXING
.0 M— il Mp— il
ot ( M =35l M—3

> [P)=p|P*)—q|P")  |P)=p|P°)+q|P")
with masses and widths
mH—éFl:M—RF—éF—IF
j i

m2+éF2:M+RF—§F+IF

with F = \/<M12 — ér12> <Mik2 — érf2>
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e.g. [Nierste, arXiv:2510.11716]

MIXING
.0 M— il Mp— il
ot ( M =35l M—3

> [P)=p|P*)—q|P")  |P)=p|P°)+q|P")

with masses and widths differences

Am = 212\/(/\/112 _ érm) (Mfz — érE)
AT = 41\/<M12 _ éru) (M{‘z . érb)

The two mass eigenstates have different masses and lifetimes. Am is the
oscillation frequency.
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[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

LONG B LIFETIME MEASURED AT PEP

WEIGHTS
N
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75 = (1.8 +0.6 = 0.4) ps

[MARK, PRL 51 (1983) 1316] (now 1.5 pS)

That's a factor three more than the ¢
lifetime, which was a big surprise.
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EVENTS
n
(o]
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[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

LONG B LIFETIME MEASURED AT PEP

(c) 0 | |
) 5 10 15 20
n Te (IO’|3 sec)

7 = (1.20 T332 +0.30) ps

| I

-0 05 0 05 10 15
IMPACT PARAMETER  (mm) MARK, PRL 51 (1983) 1316] (now 1.5 ps)
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[MAC, PRL 51 (1983) 1022] [MARK, PRL 51 (1983) 1316]

LONG B LIFETIME MEASURED AT PEP

The textbook expression of the muon lifetime adapted for b—> ¢ transitions

reads > 5 4
1 GEm3ic
rb = T_b = |Vcb|219F2—ﬂ_gh7(2quarks X 3colours + 3leptons)7

[Olsen, KM'50 proceedings, arXiv:2309.06042]
with

Tp = (1.8 +0.6 £+ 0.4) PS  [MAC, PRL 51 (1983) 1022]

7 = (1.20 * 83‘2 +0.30) ps  [MARK, PRL 51 (1983) 1316]
you get

|Vep| >~ 0.04 (now 0.04053)
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[Kwok, Polonsky, Lukashenko,Aebischer, Kilminster, arXiv:2506.08089]
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access to CP -sensitive
observables previously
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beyond experimental g R(6Cs)
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