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Introduction

‘ Flavour physics: The study of the properties of quarks and leptons
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Thought experiment

Suppose we came into contact with aliens \’
Communication via electromagnetic waves
No exchange of charged particles =y

Is it safe to meet face to face?

Particles and antiparticles annihilate when they interact
Is the definition of matter/antimatter just convention?
If so, then only a practical example can distinguish

Or is there a fundamental difference between matter and
antimatter that we can describe beforehand?
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UNI® Outline

Part |
1. Discrete symmetries
2. The CKM mechanism

3. B-physics experiments
- B-meson properties
- Belle Il and LHCb
4. Standard model measurements
- Ve and Vi,
- 03
5. Neutral meson mixing

- Phenomenology
- Experimental observables

6. Amg and Amy
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Part Il

1. CP violation in mixing
- A% and Agp

2. Time-dependent CP violation
- CP violation in decay
- Mixing-induced CP violation

3. sin 2¢

4. Amplitude analysis

5. ¢

6. Composite weak phases
- 02
7. Constraining the CKM matrix

- Statistical approaches
- New Physics in B-B mixing



U SC Discrete symmetries

Discrete symmetries are important fundamental questions about Nature
Parity, P Z (i?

VR -y

L 2

Is the event seen in the mirror allowed?

X

-
N

Time reversal, T'
X X

13 -t
4 2 -1, -1

Does the movie played backwards make sense?
Charge conjugation, C

Do particles and antiparticles have identical properties?
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UN@® Pion decay

In general, C is violated with P in the weak interaction
Py

+ + P + +
Y Q 7
Cl \ J/C
0 BI & _JEI,

(a) Dominant process for 7" decay, neutrino helicity is negative
But v, is always left-handed

(b) P-conjugate process forbidden because v, would be right-handed
(c) C-conjugate process also forbidden because 7, always right-handed
(d) CP-conjugate process has same decay rate as (a)

Combined CP symmetry is preserved
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UN@® Thought experiment

C and P maximally violated

Still cannot explain what a 77 is
If we say that 7" decays to a neutral with negative helicity
Then they will ask how the sign of helicity is defined

Left and right in helicity still convention

Not enough for C' to be violated

C and CP must be violated to distinguish matter from antimatter

Flavour Physics 1
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UNI® CP violation

PRL 88 (2002) 181601

Clearest evidence for CP violation 0
K3 = K; — wly

Charge asymmetry in K9 decays
Kg is a neutral particle

Well defined mass and lifetime Columbia 69 P o Ke3
There is no other particle with equal mass ! o ki3
0 . . g Columbia-Harvard

Therefore, K7 is its own antiparticle -Cern 70

Can decay as K — 7Te™ 7, or SLACT2 ]
Kg - 7r_e+y€ Princeton 73

the C-conjugate process Corn-Heidelberg 74 il

Consider decay rates
Cern-Heidelberg 74 Ho—

Momenta and spin of all particles in the final
state integrated out KTeV )
P eliminated from consideration

2500 3000 3500 4000
(109

C(n=1Ty) =T (rtl" 1)

Different decay rates violate CP, not just C'
A small CP asymmetry is observed o=

[(n=lTy)+T(r T~ 1)
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https://doi.org/10.1103/PhysRevLett.88.181601

SC The flavour creed

Our communication problem is solved with K — 7Ty,

The less frequent pion has the same charge as the proton \’
CP violation also important to understanding cosmology
The Standard Model of Particle Physics is incomplete
Predicts almost no visible matter right after the Big Bang

Cosmological observations show this is incorrect by O(10?)

Dark Energy
Accelerated Expansion
Afterglow Light

Pattern  Dark Ages Development of
380,000 yrs. / Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars.
about 400 million yrs.

Big Bang Expansion

13.7 billion years

There must be new sources of matter-antimatter asymmetry

Flavour Physics 1 10 / 56



UNI® CKM mechanism

Recall the charged-current Lagrangian of the weak interaction
ﬁéc X Ury dp W
Transform from the weak basis to the physical mass basis
Lg oc wpy (VIV)d, W
CKM matrix, Vogm = JVd

Describes strength of quark transitions mediated by W boson
.7
W

b A

i
To conserve overall probability, VCT‘KMVCKM =1

For 3 quark generations, independent parameters in 3 X 3 matrix
9 mixing angles, 9 complex phases — 3 mixing angles, 1 complex phase

(/Z’I\D,Cgc #+ L‘gc if Vokw is complex

Single complex phase in Vg the source of all CP violation in the SM
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UNI® CKM mechanism

Written explicitly

Vud ‘Yu S Vub
Vekm = | Vea Ves Ve
Viae Vis V

Only 4/18 parameters are independent

Perform an expansion around Cabibbo angle, A = |V,5| = sinf¢ =~ 0.22

— 5N’ A AN(p—in)
VKM ™ )\ 1— 12 AN? + 0\
AN (1 —p—in) —AN? 1

More intuitive view of transition strengths
Likely transitions on the diagonal

4 independent parameters remain to be measured
‘/(tb - A)\Q
Vs = AX3(p +in), p and n parameterise CP violation
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UNI® Wolfenstein parametrisation

Parameters accessible depend on the decay process being studied

( 1-A%2 e y) §<l AN (p-in) §§<l\
d W, " ve s W, " vl b W, " Iz
n V"‘d P K Vis T B Vd; T
A r R r AR r
+ + ,
. N<V’§ . ijvﬁfiwé b §0/<V[
D K 7D Ve K B Yo D
AA(1-p-im) AR 1
b 7 d o, b 7 5
B wow B, B’ wow B t
\ d ! b s ! b Vie . )
Vm’ Vm'
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UN® Unitarity triangles
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UN® The unitarity triangle

Unitarity relation relevant to b-quark transitions

Vud Vus Vb 1 23
VC KM = ‘Y(( 1 ‘/(,s ‘/Cb ~ 0O )\ 2 A4
Via Vis Vi /\3

"/:/(] VJb + ‘:rl (;l; + I(l ‘/;5(; = 0
O(N?) O(N?) O(X?)
(287)]

(0,0) (1,0)
Similar lengths, O(A3) = large internal angles

Large CP violation effects expected with b-quark mediation
Great experimental environment to study CP-violating effects
Flavour Physics 1 15 / 56
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UN® B mesons

CKM physics and CP violation studies mostly revolve around B mesons

Antiparticle Particle Mass (GeV/c?)

BT: bu B~ bu 5.27934 +0.00012

BY: bd BY bd  5.27966 + 0.00012

BY: bs BY: b5 5.36692 + 0.00010
Bt, BY

B

Cornell Electron Storage Ring, USA Tevatron at Fermilab, USA

ete” — T(45) — BB

»

EVENTS /5 MeV
IS

[JB—=opom~
[l 8o—pomtar-
NE

B~ —D** -7

m
NN
i

5240
MASS (MeV)

Number/(15 MeV/c?)

Phys. Rev. Lett. 50 (1983) 881
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pp — bb

5.5
CDF, Phys. Rev. Lett. 71 (1993) 1685
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https://doi.org/10.1103/PhysRevLett.50.881
https://doi.org/10.1103/PhysRevLett.71.1685

UN® B mesons

Neutral B mesons can transform from particle to antiparticle, B <+ B
Antiparticle Particle Mass (GeV/c?) Mixing frequency (ps~!)

BT: bu B~ bu 5279344 0.00012 —
BY: bd 1_30: bd  5.27966 + 0.00012 0.5065 + 0.0019
BY: bs BY: b5 5.36692 4 0.00010 17.765 + 0.006
B" & B BY & B
Super pp Synchrotron, CERN Tevatron at Fermilab, USA
pp — bb pp — bb
T T T T oF
2 100 =47 E -
: ; IS, A
IS] 15 « %
z 1+ & g0 f
12 = '+da>\4r
1! ol —— cosine with A=1.28
0 0 0.65 0‘.1 0.‘15 0‘.2 0.‘25 0.‘3 0.‘35

Decay Time Modulo 2r/Am [ps]

X = Fraction of Wrong Sign
Beauty Hadron Decays

UAL, Phys. Lett. B186 (1987) 247  CDF, Phys. Rev. Lett. 97 (2006) 242003
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https://doi.org/10.1016/0370-2693(87)90288-7
https://doi.org/10.1103/PhysRevLett.97.242003

SC B meson production
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T resonances are bb bound states
T(15)-T(3S) too light
Y (4S) twice the B mass

BTB~ (~50%) BB (~ 50%)

Flavour Physics 1

pp — bb
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b
8 g
8 b
p p

7

P
Parton scattering

bb quark pair produced
Hadronise with other quark pairs

Many b-hadrons produced, eg BY
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U C B meson production

SrKEKB, Japan Large Hadron Collider, CERN
BB pairs at rest in Y(45) frame ~ Operating energy O(10 TeV)

Decay time difference important 103 larger than bb threshold

~ 1 ps too short to measure Partons with significantly different
Use asymmetric beam energies momentum fractions can produce
BB pairs boosted bb greatly boosted along beamline
Measure separation instead Measure distance from interaction
~ 0.1 mm easily measured ~ 10 mm very easily measured

Add / modify RF systems
for higher beam current

Flavour Physics 1 20 / 56



SC Belle Il detector

Hermetic detector

K, and muon detector:
Resistive Plate Counter (barrel)

\’/////7‘?,": llator + WLSF + MPPC (end-caps)
=

EM Calorimeter:

Csl(Tl), waveform sal \X\\\\\\\\

electrons
(7GeV)

pagation counter (barrel)
Ng Aerogel RICH (fwd)

’ . o

e - 4

7
Vertex Detector//////% £ P&Sgng;s

2 layers DEPFET + 4 &g
layers DSSD

”

D
Do

Belle I

Central Drift Chamber
He(50%):C2Hs(50%), small cells, long
lever arm, fast electronics
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LHCb detector

Forward spectrometer

LHCDb Detector .
Weight: 5,600 tonnes Electr_omagnetlc
Height: 10 m Calorimeter

ength: 20 m

RICH1

Vertex
Locator

Muon
Stations

Tracking

Station )
Hadronic

Calorimeter

Dipole
Magnet

Tracking
Stations

Flavour Physics 1



UNI® Detector performance

UNIVERSID:

Belle I LH

Belle Il Online luminosity Exp: 7-26 - All runs LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023

@)
o

1 2023 B8 TV 037>
Integrated luminosity 5 C 2022 (6.6 TeV: 062 o P

m Recorded Daily = L 2018 (65 TaVy: 219 /b
- B 400 = 001 2017 (654251 TeV): 1.71 b+ 0.10 b Vi
L 2.5 e [ L pacorgeq dt = 427.79[fo] - - C 2016 (6.5 TeV): 167 1
e p 3 2015 (65 TeV): 033 0
: EoBf| i mmmen i
z = 20.008 2011 (35 Tevy 111 5
g 20 2002 E F 2010 (35 TaVy: 004 /o I
£ s 3 I |
z 15 H ;‘ 0,006
i B Rt 1
B ‘ 200 % § r LS1 / LS2
g 5 o C
£ 10 & ©0.004 2
g < T
c T °
= ° o ,
] w0 2
8 o5 - Fo02

gL g
€ L
R,

0
TTTTTITT
2010 20112012 2013 2014 2015 20162017 2018 2019 2020 2021 2022 2023

e

Peak luminosity Levelled luminosity
L =4.71x 10%* cmn—2s~! L£=2x10%2 cm 25!
Data recorded Data recorded

428 fb~' (Belle: 832 fb™1) Run 1: 3 fb~' Run 2: 6 fb~!
Ny ~ 107 Ny ~ 1012

Cross section of bb production in pp collisions ~ O(10°) greater
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SC Detector comparison

Both approaches come with complementary strengths
Hadronic environment
The hadronic background in pp collisions is extremely messy

Several trigger levels dedicated to specific topologies required to clean up
Electromagnetic calorimetry with e~ or v remains relatively inefficient

In ete™ collisions, there is 1 lossless trigger for all B decays
Overwhelming advantage in N,; pairs at LHCb rapidly diminished
N,; can be calculated precisely for eTe™

LHCb cannot measure absolute branching fractions
b-hadron production
eTe™ limited to BT, B at Y(4S), but can produce B? at T(55)
pp leads to every b-hadron, including extras like B and Ag
b-hadron boost
For pp, much larger boost means superior charged PID and time resolution
Belle-Il has better coverage, but cannot resolve B%-B? oscillations
Beam energy

Known CMS energy of ete™ allows reconstruction of undetectable K, v
Partial reconstruction sometimes viable at LHCb

Flavour Physics 1 24 / 56



Future prospects

vy}

o

o
—
T
@)
o

Run 2 Run 3 Rund Run5 _ Run6

— Lpencrane)
—Int. L[ab- 1] 50

2
®

2

Int. luminosity [fb™]

S
T[T T

Peak Luminosity [x10°°cm s™']
w
8
[,.qeh i
Inst. luminosity [10* cm2s]
©

0 0
2019 2024 2029 2034

o
S
5

2020 Year ZUIBO 20'40
Target peak luminosity Target levelled luminosity
L=06x10% cm2s7! L=15x10% ecm=2s7!

Data target Data target
50 ab™! Run 6: 300 fb™!
Both experiments looking to increase data sample sizes by O(10?)

Naively expect uncertainties to drop by factor of 10
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The smallest CKM element
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V., theory

|Vey|: Base of Unitarity Triangle

I z
BB DD
u,d u,d

Generally measured from semileptonic B — D™+, decays
Only 1 CKM element participates

For cleanest B — DIt y, from heavy-quark effective theory (HQET)

dl GZm3 -2
= ZED (g mp) (= 1Y 2 G () Vi

M. Neubert, Phys. Lett. B264 (1991) 455

new = 1.0066 + 0.0050: Small electroweak, electromagnetic correction

G(w): Form factor depending on the recoil energy, w = pp - pp

Flavour Physics 1 27 / 56


https://doi.org/10.1016/0370-2693(91)90377-3

V., theory

Phenomenological parameterisation (CLN)
G(w) =G)[1 —8p?z + (51p* — 10)2? — (252p” — 84)27]
. Caprini, L. Lellouch and M. Neubert, Nucl. Phys. B530 (1998) 153
z: Linear transform of w, z =0 atw =1
p”: Slope at at w = 1, free parameter of the model
G(1): Form factor at zero recoil w = 1, predicted to high precision

G(1) = 1.0541 + 0.0083, Lattice QCD
Fermilab Lattice, MILC Collaborations, Phys. Rev. D 92 (2015) 034506

s

%357::‘?@
i Measured dI"/dw fit with CLN model
53 Belle, Phys. Rev. D 93 (2016) 032006

1 11 12 13 14 15 16
w

V. measured by extrapolating differential decay rate to w = 1
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https://doi.org/10.1016/S0550-3213%2898%2900350-2
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1103/PhysRevD.93.032006
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ALEPH
3619+9.38+683

CLEO
4417 £5.68 £ 3.46

BELLE
4183+060+1.20

BABAR global fit
4255+ 0.71+2.06

BABAR tagged
4254+171£1.26

Aver
41.53+044 +0.88

HFLAV

Xéldof = 4.6/ 8 (CL =80.00%)

&

10 20

BABAR global fit

BABAR tagged

HFLAV

‘g‘ Ax’=1
|‘:| L
N |
= |
8 46
a L
" O [
A4
gL
| . = |
BELLE
mn 42—
i 40 AVERAGE
! ! ! aal . L
30 20 50 8 1

., GO V| [107

Including excited B — D™ %y, results

Flavour Physics 1
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Vi theory

Similarly for V;, semileptonic decays such as B — wl"y; can be studied
However, semileptonic decays are 3-body decays at minimum

Input from theory to model decay rates as functions of the hadron recoil
Experimental uncertainty still dominant, but unclear if this will hold

b T+

B+ ......... V_V: J: _______
Ve
v

u T
BT — 71, annihilation has no hadrons in the final state
Theoretically cleaner

n n GZmpm2Tp m2\ > 9 9
B(BT = 1y, = B 1—— ) f5e|Val
T mp

fp+ = 189.4 £ 1.4 MeV [FLAG]: B decay constant from lattice QCD

Theory uncertainty in B — wl*1; decays around 4 times larger
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UN® B - 1 results

Belle Collaboration, Phys. Rev. Lett. 110 (2013) 131801
Difficult signal reconstruction
Final state contains 2-3 neutrinos depending on how the 7 decays
However, Belle produces 2 B mesons with known CMS energy
Fully reconstruct accompanying Br,g in common channels

s 1200 Account for all particles
Q r . .
¢ 100 Signal and tag sides
8 8o~ :
p=Jde: Should be nothing left
E 60; Look at energy in calorimeter, Fgcr,
§ 40? Signal peaks at 0
w 20%, .
Ot ke ‘ Dashed red: Signal
0 02 04 06 08 1

12 _
Egc, (GeV) Dotted blue: Background

B(Bt — tu,) = [0.727037 (stat) £ 0.11 (syst)] x 1074
30 significance
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|Vun/Ves| average

— 48—
9 4 6:_ Exclusive |V | Ax? = 1.0 contours =
:_Q 4.4 - Exclusive |V | IRZIJ:S(\;ZOU =
>: i c NIV IV |- global fit 3
'45 [ HFLAV Average 3
38F =
36F =
34F =
32F =
3F HFLAV &=
: 3
2.8 P(X)=89%
=TI U N U N RS SRR R

36 38 40 42 44
Vol [107]
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Ve
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U SC @3 theory

Consider Bt — DK™ decays

Neutral D represents D° or D°
D decays to the same final state, D° — f and D% — f

Interference environment between the dominant b — cus with the

corresponding doubly-Cabibbo and colour-suppressed b — ucs

Ap+ x AD(J + 1*3(27536+i¢3AD()
s
‘/Ll.T - ‘{l;
K* b
WS u n W
b = T B*
. Vch —0 V(‘x
B

u u u

rp: Strong ratio of colour-suppressed to colour-favoured amplitudes

|

S

u

K+

0p: Strong phase difference between both diagrams, blind to flavour

Strong parameters blind to flavour, ie. the B charge

Sensitivity to 2¢3 comes from the inclusion of B~ decays

Flavour Physics 1



Pollution of experimental measurement arises from electroweak processes

t.c,u
b — W, Z
b R N R c
w
u b,s,d C u S

Irreducible theory error calculated to be |§¢3|/¢3 < O(1077)
J. Brod and J. Zupan, JHEP 01 (2014) 051

Well beyond reach of any currently planned future experiment

Improving the experimental ¢3 measurement will always be relevant

3 approaches to ¢3 depending on the D — f decay
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https://doi.org/10.1007/JHEP01%282014%29051

UN® GLW method

The original method
M. Gronau and D. London, Phys. Lett. B253 (1991) 483
M. Gronau and D. Wyler, Phys. Lett. B265 (1991) 172

D decays to a CP eigenstate, Dep — KTK~—, nhn~

0,49 DK™
7 UV \
CP-even D¢p: 0p

B* (K*K,m*m)K*

\ / CP-odd Dcp: 6 — 0p+m
DK*

Rcp: Sum of B~ and BT rates normalised by a flavour-specific D decay

F(Bi — DcpKi) + F(BjL — DCPK+)
[(B- — DV[K-n+]K-) + [(B+ — DO[K+r-]K+)

N N
= 14754275 cos d gcos ¢3

Acp: B~ and BT decay rate asymmetry

F(Bi — DCPK7> — F(BjL — DCPK+) - 27 ;3 sin 0 psin b3
F(Bi — DCPKf) + P(.B+ — DCPK+) N ch
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https://doi.org/10.1016/0370-2693(91)91756-L
https://doi.org/10.1016/0370-2693(91)90034-N

GLW results

Method can be adapted for excited D and K states of Bt — DK™
R p Averages @ A .p Averages @

PRELIMINARY PRELIMINARY
i [ BaBar —h— 11810.08 £0.05 4. BaBar i e 025+0.06 £0.02
& iBelle *- 1.13+0.16 £ 0.08 S Bele i 0.06+0.14 +0.05
o CDF [—he—— 1304024 +0.12 «v: CDF
o LHCb & 0.95+0.01 +0.01 i LHCb
O i Average u 0.96 + 0.01 Average
LiBaBar T e 1074008 £0.04 BaBar T -0.09+0.07 £0.02°
« | Belle . 1174014 £0.14 Belle -0.1240.14£0.05
.. GiAverage b 1.09£0.08 Average _ RO
&0 Babar 2 1.31+0.13£0.03 BaBar -0.11£0. X
5 Belle 1.41+0.25+0.06 Belle -0.20+0.22 +0.04
w i LHCb I 1.05+0.02 +0.03 LHCb -0.1240.02 +0.01
o Average : 1.08 +0.03 Average
CETTEYBaBar T 0801210004 & BaBar T ;
T iBele 1.1540.31£0.12 S Belle 0.13 £0.30 £0.08
o LHCb 0.95 +0.06 +0.07 g LHCD 0.12£0.05+90.03
. biAverage 101007 | Gy Average i . 0.10£0.05
% BaBar AT O+ H BaBar
o LHCb KK 1.2240.09£0.01 <. LHCb KK
¥ iLHCbrn 1.0840.14£0.03 X i LHCban
o B Average ... 122x007 | | O & Average
T BaBar 10340272013 < BaBar
g% 1 Average L. 108£030 1 | 4% Average
@ P LHCb KK 1.04+0.07 +0.03 <& LHCb KK X
5 LHCb nn 1.0340.11£0.04 E: LHCbmn -0.05+0.10 £0.01
xo' Average . 1.04+£0.06 X Average -0.05 +10.05
04 b2 o 02 04 0§ 1.8 2 22 24 o

GLW approach to ¢3 dominated by LHCb
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UN® ADS method

Enhancing sensitivity to ¢3
D. Atwood, I. Dunietz and A. Soni, Phys. Rev. Lett. 78 (1997) 3257

Match Cabibbo-favoured B decay with Cabbibo-suppressed D decay

S

‘/Ll.Y K + E ‘{l;‘) E
D()
W+ u W+ C
b . 4 B*
Vch —0 V(‘x
B* D 5
K+
u u u u
Vs +
s u
. Vi
K I
u W3 Vi
C d c - s
- v
D * D’ K
u u u u
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https://doi.org/10.1103/PhysRevLett.78.3257

UN® ADS method

Larger asymmetries at the cost of additional D hadronic parameters

Cabibbo favoured Cabibbo-suppressed
i(o +¢) ry e Sy VDOK \
(K mHK* BY (K*m)K*

ié‘[)

R+ : Ratio of Cabibbo-suppressed to favoured decay rates for B+

['(B* — DgypK¥) TR+ 7%+ 2rprpcos(dp + 0p & ¢3)
F(Bi — DFaVKi) 1 + 7’2,7‘%) + 2rprp COS(()‘U —0p £ ¢3)

R+Ry R R
9 ) ADS_Rf‘FRjL
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U SC ADS results

I\/Iethod can be

Can also be adapted for B — D7
R, s Averages @

PRELIMINARY

A, ps Averages

adapted for excited D and K states of BT — DK™

Moriond 2022
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ADS approach again dominated by LHCb
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UN® BPGGSZ method

Earller approaches to measure ¢3 considered 2-body D decays
Experimentally much simpler to work with, but suppressed
B(Dep — KYK~) ~ 4 %1073
B(Dsyp — K+n~) ~ 2 x 1074

What about B(D — Kdrtr~) ~ 3%?
|A(BY - DKM)|? =
44]’7() /l])(l

. (GeVich)

o 25

051

3
... (GeVarc?) m2, . (GeVa/c?)
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UN® BPGGSZ method

GLW and ADS approaches also suffer from insufficient degrees of
freedom to constrain ¢3
GLW: F(Bi) — B, (51; and ¢3

ADS: F(Bifav), F(B;lp) —7Tp, 0B, rp, Op and ¢3

External input incurs additional theory error

Alternatively, harness 3-body decays such as D — Kgﬂ+7T_

GLW-like GLW- and ADS-like analysis
/\ Proceeds via excited 777~ and
. K*77F intermediate states
D K& Admixture of broad overlapping
w resonant states across phase space
Amplitude Ap, known without
ADS like ambiguity through interference
Measures I'( B¥) as each point in phase space (mi(gﬁ, migr)

rz, 0 and ¢3 independent of phase space, sufficient degrees of freedom



UN® BPGGSZ method

D ecay amplitude Ap, can be determined in 2 ways
1. Unbinned model-dependent amplitude analysis

Unacceptable additional bias incurred through model systematic uncertainty
2. Binned model-independent amplitude analysis
A. Bondar and A. Poluektov, Eur. Phys. J. C55 (2008) 51

A. Giri, Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 68 (2003) 054018
Harness quantum-correlated ete™ — 9(3770) — D°DY decays
Data from legacy CLEO (USA) and BESIII (China) experiments
Gives average strong phase in each bin of D decay phase space, 6p

Binning scheme CP-violating asymmetry due to impact of ¢3

0.84 LHCb B* » DK*

JHEP 02 (20R1) 169

ﬂ
)

0.6 4

0.4

0.2

| bin number |

0.0 4w+ RO PN AR S

(NZ, = N£)/(N=, + N,

= N ow e o

—0.24

-8-7-6-5-4-3-2-112345678-2-112
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https://doi.org/10.1140/epjc/s10052-008-0600-z
https://doi.org/10.1103/PhysRevD.68.054018
https://doi.org/10.1007/JHEP02(2021)169

U SC @3 average

DE COM

Constraint dominated by BPGGSZ approach

Other approaches involving BY and BY decays also possible
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UNI® Neutral meson mixing

There is no symmetry that forbids neutral meson mixing
Arises because flavour eigenstates are not the physical mass eigenstates

Express light (L) and heavy (H) eigenstates in terms of flavour states

|BL.u) = p|B%) + ¢|B°)

Effective Hamiltonian of 2-state system in flavour basis

) ]WH —iF11/2 ]W’lg —irlg/Q
H=M--T= . :
2 (]Vfg] - ZFQ]/Q AfQQ - ZP22/2

M is the Hermitian mass matrix, My = M,

I' is the Hermitian decay matrix, I'y1 = I']y

5T is the anti-Hermitian part

Flavour not conserved in weak interaction due to particle decay
CPT Conserved, Afu = Afgg =1m, Fll = FQQ =TI

Average mass and decay width
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UNI® Neutral meson mixing

Off-diagonal terms represent mixing

Dispersive (off-shell) Absorptive (on-shell)
Vlzztx V;b
d,s t b T
i ds : =0 =0
BY, WMy W B, BY, B,,
b 7 Pods [
Vlb Vl';,rx
Virtual intermediate states Real intermediate states

777,—711“/2 ]\412—7:F12/2
H = . .
My —il9/2  m—il'/2

Obtain physical eigenstates

Solve the time-dependent Schrodinger equation

w2 (50)-m(30)
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UNI® Neutral meson mixing

D|agnalise Hamiltonian to obtain eigenvalues for physical mass states
Ay = HE/Hi2Ho
Equate directly to Hamiltonian eigenvalues for the mass basis
Mg =mp g — il g/2=m—iI'/24(Am — iAL'/2)/2
where Am =mpy —myp and A =T —T'y
From this, relations between the mass and flavour eigenstates are derived
(Am —iAT/2)? = 4(Myy — il12/2) (M7, — il'}5/2)

= | (Am)? — (AT/2)* = 4|M15|* — |T'12|* and AmAT = 4R(M;oT%,)
The eigenvectors of the Hamiltonian for the physical mass states are

|Bru) = \/Hi2Hy | B®) & Hy | B®)
cf |Bru)=p|B®) +q|B%

g (M= iT]/2 _ Am 4 iAT)2
p ]\/112 — iP12/2 2]\/.[12 — irlg
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UNI® Neutral meson mixing

Solving time-dependent Schrodinger equation now trivial

I'pu
5 |BrL,#)

d
7377'$|BL,H (t) =mpu—i

= ’BL,H(t» _ e’””L-r”te’FL‘”t/Q\BL,H>
Substitute |Br g) = p|BY) &+ q|B°) and invert
Gives expressions for the time-evolution of the flavour states

IB(t)) = g+ ()| B) + gg,(tm

1B(t)) = g+ ()| B) + gg,(tm

where gy = 5(e—nnHte—FHt/Z 4+ 6—'LmLt€—FLt/2)
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UNI® Neutral meson mixing

Consider decay into CP-conjugate final state, f
(=) (=)

Static decay amplitude, A = (f|B)

Time dependent decay rate given by

T(t) = |(/1B(1))?

—t/T

e ATt 2R(A\cp) . . ATt
= cosh — sinh
AT 2 |)\CP|2 +1 2
Aepl? — 1 2S(Acp)

— 5 COS Amt + ——————sin Amt
‘)\CP‘Q—FI ‘)\CP‘Q—&—I

Lifetime, 7 = 1/I

Physical observables are decay time t and flavour of the neutral B decay
Time-dependent decay rates differ only if CP-violation parameter not 1

qA

Ao EpA
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U SC Time-dependent analysis

DE

Belle 11

Az = At - By
Two B mesons must be produced, partially reconstruct B,g as well
Measure difference At instead, resolution oa; ~ O(1) ps cf Tg ~ 1.5 ps
Bg oscillates ~ 20 ps~1, insufficient resolution to resolve
No knowledge of absolute position in detector, no efficiency effects

2 4000 e
LHCb s LHCb
o Sh v
Measure flight length from primary vertex, L £ a0 b
t= Tn’BL/IﬁB‘ § L
ot ~ O(1/Amy) ps, negligible otherwise o
Heavily impacted by efficiency effects S s
Lifetime bias most critical to study B e e B RNCENE

1B~ D, ) ps]
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Az =~ At - By
Exploits C' = —1 eigenvalue of Y(4S), B’-B oscillations are correlated
Search for flavours-specific signatures on the tag side eg lepton charge
Tagging efficiency: €iag = 31.7 £ 0.4%

SS Kaon

LHCb v S Kaon NNet Slenal Decay
S8 Proton
SS Pion BDT

Opposite side similar to Belle Il J é

Same side cascade down to Biig

SS Pion

Same Side
. . - 772200
Much more difficult environment ° Opposite Side o @
. . ) - c—s jw 0S K. NNet
Highly signal-dependent B (e
P 0 \bAXl"
€ 3 )
tag 3-8% 08 Vertex Cha,ge\x. 0S Muon
0S Charm 0S Electron
51 / 56
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— 1
Am ] Am,
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Frequency of B-B oscillations
Amg/Amyg =~ | M, /M3,



U SC Amg/Amyg theory

Flavour eigenstates are not the same as the mass eigenstates

Neutral meson mixing B(, o B(, < In consequence

Mass difference sets the oscillation frequency

Amg s = mi} - mis = 2R(4/ Hfé’ng’S)

(/ s12
rd,s ‘ ‘ 2 ,d,s
~ 2|]Wd’|<1 — L2 sin? ¢y + ...
12 ] J[([ 5‘2 12
Note that |95 /M %52 ~ O(my/my)*
Amgy ~ 2|M%

Dispersive “off-shell” contributions dominate mixing

Vr;,t.r th
ds | t b
B Lw w ”
b i ds
Vo Va

td,ts
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Amg/Amyg theory

Calculation of Amg ¢ fairly complicated
Theory uncertainties much greater than experimental uncertainties

Situation improves with the ratio

Amd N2 _2112 2 1 _ 2 mp /]%} ﬁB
=[(1- A2|14+ 02 (= — —Ba e Tl
Am. (1= p)" + 7] +AT s, 12, By,

|V;fd/‘/ts|2

Cancellation of all short-distance QCD effects
Non-perturbative effects of the bound quarks
B decay constants: fp,

Quark confinement bag model factors: B,;d”
Calculated within Lattice QCD, HQET sum rule

/%, Bs,
) ~
'/Bd BB:/
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https://doi.org/10.1007/JHEP05%282019%29034

UN® Amg/Amy results

For flavour-specific decay B — f or B — f, two rates can be measured
B— f: TUnmix (t) oc e Tt[cosh(AT't/2)+ cos(Amt))
B — B — f: Tix(t) o< e T[cosh(AT't/2)— cos(Amt)]
Flavour-tagging algorithm to check if B or B correctly matches f or f
FUnmix (f) B 1—‘Mix (t)

Decay rate asymmetry, = cos(Amt
Y Y Y FUmnix (t) + FMix (t) ( )
Amy Amyg
B —» DW=yty, X  [EPJC]  BY— Dymt [Nature]

— B — Dyt — BY— BY - D;rt — Untagged

AR
o

.5} LHCb ++ \ﬁ

-05F (@ T (b
05| ] ‘ ‘
+ +
Oww
-05f (o) 1@
5 10 5 10

tlps]
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UN® Amg/Amg average

UNIVERSIDA
NT

Amd Ams

, ; , , T
4
Gy | B+ 0.446.£0.026:£0.019 ps CDF2 hadrssemilept l 17.77£0.10 £ 0.07 ps™
DELPHI " . 0.519 40,018 +0.011 ps™ (1)
@ "’““‘“I"i) 0408 40028 £0.028 pe’ LHCh DD " )_._{ 17.63+0.11 £ 0.02 ps™
@analysey | F—— 4332002820038 ps (0.036 fby ' 2010)
OPAL - 0.479 £0.018 £0.015 ps™ LHCb Dy X 17.93+0.22+£0.15 S'l
(5 analyses) P \ (10! Ruﬁ D P
0.495 0033 40027 ps” Y
LHCb D' b 17.768 +0.023 + 0.006 ps
DO - 0.506 +0.020 +0.016 ps™ (L0 ﬂ) Run 1)
(1 analyss) ) " LHCh JyK'K® 17.694 % 0.041 £ 0.011 ps”
BABAR * .506 £0.006 +0. 1 W -692 20041 0.011 ps
(4 analyses) fof 0506000600045 (30191 Runs 142) 4
(3 malyses) el 0.509.0.004:20.005 ps”! L Cvsan . 17517555 +0.03 ps”
: § 0.5062 £0.0019 +0.0010 ps™ 964" Run2)
(4 analyses) LHCh Dx'7 7' i 17.757 +0.007 £ 0.008 ps”
, ©fh ! Runs 1+2)
Averaﬁe of above H 0.5065 +0.0019 ps™ 4
after adjustments LHCb D,z § 17.768 + 0.005 = 0.003 ps
CLEO+ARGUS - 0.498 +0.032 ps™ 6fbh Run 2)
(14 measurements) m
World sverage ¥ 0.5065 +0.0019 ps™ Average 17.765 +0.006 ps™
FDG 2022 T BRI I R B |
L L L L
o Toas o5 s 174 176 178 18 182
HFLAYV average 4 Heavy Flavour 1
without adjustments Am, (ps™) Averaging Group Am, (ps™)

Amg = 0.5065 £ 0.0019 ps—* Amg = 17.765 + 0.006 ps~*

Amy

—— = 0.02851 4+ 0.00011
Amyg

Experimental uncertainty 0.4%, while theory at 0.6%
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