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Lecture 1: Flavour in the SM
» Flavour in the SM
» Quark Model History
» The CKM matrix
Lecture 2: Mixing and CP violation (Today)
> Neutral Meson Mixing (no CPV)
> B-meson production and experiments
» CP violation

Lecture 3: Measuring the CKM parameters

» Measuring CKM elements and phases
> Global CKM fits

» CPT and T-reversal

» Dipole moments

Lecture 4: Flavour Changing Neutral Currents

» Effective Theories
» New Physics in B mixing
» New Physics in rare b — s processes

» Lepton Flavour Violation
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» Last time we introduced the role of flavour in the SM

» We saw how measurements of meson decays led to the predictions and subsequent
discoveries of strange, charm, beauty and top decays

» We saw how various meson and baryon states are built out of the consitituent quarks

> We introduced the CKM matrix (much more on that in the next two lectures)

Homework from last time
Can you explain the 2:1 ratio:

op+p—d+at):olp+n—-d+a°)=2:1?

Homework for next time
Why is it that down type neutral mesons contain the anti-quark species but up type
contain the quark?
For example: But:
> B? = (bd), BY = (b,s), K° = (3d) » D° = (cu)

> B° = (bd), B; = (b,5), K" = (sd) > D° = (cu)
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» Recall the CKM matrix which governs quark weak transitions

CKM exhibits a clear hierarchy

Vua Vus Vb 1 0.2 0.004
V= Vea Ves Ve ~ 0.2 1 0.04
Via Vis Vi 0.008 0.04 1

experimentally
determined values

Commonly represented in the Wolfenstein parametrisation

Vud Vus Vub 1-— )\2/2 A A)\3 (p — ”7)
V=| Vea Ves Vo | = — 1-2\%/2 AN? +0(\")
Via Vis Vi AN —p—in) —AN? 1

4 O(1) real parameters (A, A, p, 17)
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» Wolfenstein parameterisation ensures that
p+in = —(VuaVap)/(VeaVer) (1)

is phase convention independent and CKM matrix written in (A, \, p, 7) is unitary to

all orders in A\
p=p(1=X/24...) and G=n1-X/2+...) 2)

» The amount of CP violation in the SM is equivalent to asking how big is 7 relative to
p.
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2. Neutral Meson Mixing (no CPV)
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Neutral Meson Mixing

» In 1987 the ARGUS experiment observed coherently produced B® — B° pairs and
observed them decaying to same sign leptons
» How is this possible?

> Semileptonic decays “tag” the flavour of the initial state
//#+ g
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’/\ b Pt <
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D+

d d

» The only explanation is that B°~B° can oscillate

» Rate of mixing is large — top quark must be heavy
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Neutral Meson Mixing

> In the SM occurs via box diagrams involving a charged current (Wi) interaction
P> Weak eigenstates are not the same as the physical mass eigenstates

» The particle and antiparticle flavour states (via CPT theorem) have equal and opposite
charge, identical mass and identical lifetimes
> But the mixed states (i.e. the physical B? and BY) can have Am, AT # 0

b . L . d b o < d
Lomet W
I ]
I 1

B° wE L B B uc,t A Yyt B
| |
| 1
| u,c,t | w-
—_— e —_—l e R
d b d b

» In the SM we have four possible neutral meson states

» KO0 DO RO Bg (mixing has been observed in all four)
> Although they all have rather different properties (as we will see in a second)
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Coupled meson systems

> A single particle system evolves according to the time-dependent Schrodinger equation

i) = wpx(0) = (M i3 ) M) )

» For neutral mesons, mixing leads to a coupled system
o (1B%) |B%) ( ) |B°)
= = =H| - M —i— 4
t <|B°> 1) 1B) “

. My — ZTll/Q Mo — iF12/2 ‘BO> (5)
My —il'15/2  May —il'22/2 | B%)

where
My = —A(B“ — B%) = (B|H(AB = 2)|B") (6)
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Coupled meson system

» To start with we will neglect CP-violation in mixing (approximately the case for all

four neutral meson species)

» Neglecting CP-violation, the physical states are an equal mixture of the flavour states

B% 4+ |B° B% —|B°
2 2
with mass and width differences
AT =Ty —T'p =2|T12|, AM = Mg — My = 2| M|

so that the physical system evolves as

o (1B ., (1BD _ (., T [IBD
"or <|B%>) - <|B%>> = (m-73) <|B%>> "

(M —il'p/2 0 |BY)
B < 0 My —iPH/2> (B%)) ®
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Time evolution

> Solving the Schrddinger equation gives the time evolution of a pure state |B°) or
|B°) at time t =0

IB°(t)) = g+ (1)|B°) + %g_<t>|E°>
1B°(t)) = g+(1)|B°) + gg,(t)|30> (9)

where

; ATt Amt ATt Amt
__—iMt _—TI't/2 i .
g+(t) =e e [ cosh (—4 ) cos <—2 ) i sinh (—4 ) sin (—2 )]
g-(t) = e~ tMto=Tt/2 [— sinh (—Aft) cos <7A72nt> + i cosh (—Aft> sin (L;nt)] (10)

and M = (ML +MH)/2 and I' = (FL+FH)/2

» No CP-violation in mixing means that |p/q| = 1 (and thus we have equal admixtures)
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Time evolution

> Using Eq. (10) flavour remains unchanged (+) or will oscillate (—) with probability

lg=(®)|* = e;l“t [cosh (%) + cos(Amt)} (11)
» With no CP violation in the mixing, the time-integrated mixing probability is
[ lg-(&)Pdt _ 24y (12)
[lg-@®)12dt+ [|ge(®)[2dt — 2(2z? +1)
where Am AT
T =4 and y= 5T (13)

» The four different neutral meson species which mix have very different values of (z,y)
and therefore very different looking time evolution properties

M. Kenzie 13 / 41



Neutral Meson Mixing

-t ATt
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Neutral Meson Mi

» Mass and width differences of the neutral meson mixing systems

M. Kenzie
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Neutral Meson Mixing

» Very nice demonstration of the BY oscillation from the LHCb experiment

» Seen in BY —D; 7t decays
» Tag the flavour of the initial state at production and compare to the flavour at decay

(the Dy w™ final state tags the decaying flavour)

» Why is this so different from the plot on the previous slide (damped oscillation and
turn on at low values)?

— B - Dynt — BY— D7t — Untagged

2000 Ft

1000 F

Decays / (0.04 ps)



http://arxiv.org/abs/2104.04421
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3. B-meson production and experiments
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B-factories at the Y

+

» Asymmetric eTe” colliders

> Produce excited T(45S) resonance (10.58 GeV) which decays strongly and produces a
coherent pair of B°B° (50%) or BY B~ pair (50%) moving in the lab frame
» BaBar produced ~ 500M BB pairs in ~ 530fb~! of data from 9 GeV and 3.1 GeV
beams at SLAC
> Belle produced ~ 770M BB pairs in ~ 710fb~! of data from 8 GeV and 3.5 GeV
beams at KEK
> Belle-1l expected to produce up to ~ 50B BB pairs in ~ 50ab~! of data

> Very clean environments but notice that the BY is not in range of the Y(45)
resonance. This requires specific running at the T(55).

» In comparison to LHCb, BB pairs are not produced at high boost which makes
resolution of BY oscillations impossible at B-factories
» Because B mesons are produced in pairs from a known resonance you get very high
flavour tagging power and very good resolution for missing energy (i.e. final state

neutrals)

» For Belle-1l to acheieve desired luminosity requires incredible squeezing of the beam
(target is 8 x 10%°cm™2s™! which is 40 x Belle)
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Belle-11 Experiment

M. Kenzie

K _and muon detector (KLM):\
R-P'Cq(barrel outer layers),

7 )S_cd_tﬂlllator + WLSF + SiPM

EM Calorimeter (ECLY):
Csl(TI), waveformysamplifig;

Vertex detector (VXD):
2 layers DEPFET pixels,
4 layers double-sided
silicon strip detectors

N Particle Identification:
7| Prox.focusing Aerogel RICH

Particle Identification:
Time-of-Propagation counter

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

19 / 41



B-production at the LHC

. . . b OO0 ———— b
» The LHC is predominantly a gluon collider
» b-quarks are produced in pairs and =
predominantly in the forward region with a
very large boost

(=l
f=a)

» Hence the very forward geometry of LHCb

» The very large boost and very high quality

vertexing makes decay time measurements 3

oo o

much easier

> Can resolve the very rapid BY oscillations

LHCb MC

{s=14Tev

6, [rad] 2
w2
0, [rad]
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The LHCb detector

: HCAL \
IP resolution p resolution SPD/PS M3

~ 200pm ~ 0.5% RICH2 M1 M2 g
3

T
2\T1

——

RICH] . .
NS T Copius production

e * of BT, B’, B, A}
(100K bb/s) -

[
T resolution Particle ID: ¢(K) ~ 95%
~ 45 fs = = Mis-ID: p(m — K) ~ 5% [ ]
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The LHCb upgrades
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» COVID has pushed back future schedule by (at least) one year



Flavour Tagging at the LHC
SS pion
‘ SS proton
SS kaon (for BY)

B[)

o—

o s />‘ 0S kaon
b—c —
b— X1~ \)‘ 0S muon

0S electron

0S vertex charge
0S Charm
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Dalitz plot formalism

» For a nice overview of this, take a look at Sec. 2 of [arXiv:1711.09854]
» Provides a nice method and visualisation of 3-body decays, e.g. B -+ XY Z

» The n-body decay rate is

2r)4
at = B P as(pr i, ) (15)
» So for a 3-body decay
1 1 ——=2. 4 2
= ————+ 1
(27‘(‘)3 32M3 |M‘ dmlgdmgg, ( 6)

» Note how 3-body phase-space is flat in the Dalitz plot
» Resonances appear as bands in the Dalitz plot where The number of “lobes” in the
Dalitz plot is related to the particle spin

» Spin-0 “scalar” contributions have 1 lobe
> have 2 lobes
> Spin-2 “tensor” contributions have 3 lobes
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http://arxiv.org/abs/1711.09854

Dalitz plot formalism

» Example shown for a B® -D°K 7t decay
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4. CP violation
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Measuring CP violation

1. Need at least two interfering amplitudes
2. Need two phase differences between them

> One CP conserving (“strong”) phase difference (4)
> One CP violating (“weak”) phase difference (¢)

» |f there is only a single path to a final state, f, then we cannot get direct CP violation
» If there is only one path we can write the amplitudes for decay as

AB = f) = A, et01t91)

A(B N f) _ Alei(51—¢1)

» Which gives an asymmetry of

Aoy = B DE—IAB - P
AB = DIP+ [AB = /)P

» In order to observe CP-violation we need a second amplitude.

» This is often realised by having interefering tree and penguin amplitudes

M. Kenzie 27 / 41



Measuring iolation

» We measure quark couplings which have a complex phase

» This is only visible when there are two amplitudes

matter anti-matter
P Tk
= >

+ AN W
pid W o=t W
> Below we represent two amplitudes (red and blue) with the same magnitude =1

> The strong phase difference is, § = 7/2
»> The weak phase difference is, ¢ = w/4

1—cos(8 + ¢) 1+ cos(6 + ¢)

F(B — f) = |A1 + Azei(5+¢)|2 F(B — fT) = |A1 + Azei(6_¢)|2



Measuring (direct) CP-violation

» Introducing the second amplitude we now have
A(B = f) = A1/ 4 4,1 02102) (18)
A(B N f) _ Alei(51f¢1) +A26i(527¢2) (19)

» Which gives an asymmetry of

L _AB = PR-lAB - pP (20)
|A(B = [ + [AB — f)I?
_ 4A1A2 sin((51 — 52) sin(¢1 - (]52) (21)
2A2 +2A2 + 4A1 A3 cos(61 — 82) cos(p1 — P2)
2r sin(0) sin(¢)
= (22)
1+ 72+ 2rcos(d) cos(¢)
where r = Al/AQ, 6= (51 — (52 and (Z) = (251 — (Z)Q
» This is only non-zero if the amplitudes have different weak and strong phases
» This is CP-violation in decay (often called “direct” CP violation).
» This is the only possible route of CP violation for a charged initial state
> We will see now that for a neutral initial state there are other ways of realising CP

violation
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Classification of CP violation

> First let's consider a generalised form of a neutral meson, X°, decaying to a final

state, f

» There are four possible amplitudes to consider
Ap = (f1X7) Ap = (f1X7)
Aj = (F1X%) Ap = (f1X°)
> Define a complex parameter, Ay (not the Wolfenstein parameter, \)

T VI Ap =

1
f_pAf’ >\f, f )\f

hSHIES
IL‘ |
sl Tl
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Classification of CP violation

Can realise CP violation in three ways:

1. CP violation in decay
» For a charged initial state this is only the type possible

X = H#AD(X° = f) = ‘%‘7&1 (23)
f
2. CP violation in mixing
rx°— X% £0(X° - X°) = m #1 (24)

3. CP violation in the interference between mixing and decay

X% = f)#0(X° = X = f) = arg(\f) =| arg ( %) #0 (25)

» We just saw an example of CP violation in decay
> Let's extend our formalism of neutral mixing, Egs. (9-13), to include CP violation
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Neutral meson mixing with violation

» Allowing for CP violation, M12 # M{5 and 'z # T'7,
The physical states can now be unequal mixtures of the weak states
|BL) = p|B°) + q|B°)
|B) = p|B°) — q| B”) (26)
where
pI* + 1> =1
» The states now have mass and width differences

|AL| & 2|T12| cos(), |AM| =~ 2[Miz|, ¢ = arg(—Miz2/T2) (27)

> We'll see some examples of this later

Now to equip ourselves with the formalism for a generalised meson decay
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Generalised Meson Decay Formalism

The probability that state X° at time ¢ decays to f at time ¢

» contains terms for CPV in decay, mixing and the interference between the two

P oo s(t) = (lg+ @)+ lg- ]+ ERe Dot Mg-0]])  (28)

|Ay|?
Txo7(t) =

[lo- P+ [P (lo= (0] + 2Re Drpo= (9™ (1]])  (29)

Q3 hSAES]

(lo-OP)+ [ lg= (O] + ERe Do+ g™ O]])  (30)

(
(
I
(

(lo=®P] + [17¢P)[la= (0] + 2Re Drpot (Ba-(1]])  (31)

where the mixing probabilities are as before

g2 (D)2 = e;n {cosh (%) + cos(Amt)] (32)

o Tt
gig = 5 {sinh (%) + isin(Amt)] (33)
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Generalised Meson Decay Formalism

» From the above we get the “master equations” for neutral meson decay

—Tt [
Fxo¢(t) = |As|? (1+ \Af|2)eT cosh(3 AT't) 4+ Cy cos(Amt)

+ Dy sinh(3 AT't) — Sy sin(Amt) (34)
p 2 e—Ft r )
F)?o%f(t) =|A;s? . 1+ |2 3 cosh(2ATt) — Cy cos(Amt)
+ Dy sinh(2 ATt) 4+ Sy sin(Amt) (35)
where
1-— ‘Af|2 27?,6()\f) 2Im()\f)
Cr = —_— = —=, Sy = ————= 36
IV s WA A R VIE %)

> and equivalents for the CP conjugate final state f
» The time-dependent CP asymmetry is (for non-CP-eigenstates there are two)
Pxop(t) =Tgo, () 2C cos(Amt) — 2S¢ sin(Amt)
Acp(t

T Txons (D) +Txo_,(t) | 2cosh(3ATt) + 2Dy sinh($ATL't)

(37)
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Specific Meson Formalism

> In the B® system AT ~ 0

—il't
Cxons® =P (@t P + Oy cos(Amt)

— St sin(Amt)] (38)

Do, (1) = A 3

P 5 e il
6‘(1+|)\f| ) [ — Cy cos(Amt)

+ Sy sin(Amt)] (39)
» The time-dependent CP asymmetry is

Fxoﬁf(t)-l—l_‘)?oﬂf(t

Acp(t) ; = [ Cy cos(Amt) — Sy sin(Amt) ] (40)
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Specific Meson Formalism

» In the D° system Am and AT are both small

e—iFt
Cxos®@ =P @+ 1 e
+ Df%APt — SrAmt ] (41)
—iI't
P e
o,y = A |2+ ) S5 o e

+ Dy 3 ATt + SfAmt ] (42)

» The time-dependent CP asymmetry is

A (t) - FXOHf(t) - F)?O_”(t) o Cf . SfAmt (43)
T Tyl )+ Tgo_, (1) | 1+ LDsATE
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Specific Meson Decay Formalism

> With no tagging of flavour we see no asymmetry (just get the sum)

—irt
Txos(t) = |Af‘2 (14 |)\f|2)e [cosh(%AFt)
+ Dy sinh(3AT't) ] (44)
.| L e
F)?0_>f(t) = |Ay] 6‘(1+ Ar|) 3 [cosh(%AFt)
+ Dy sinh(3 AT't) ] (45)

» The time-dependent CP asymmetry is

Acp(t) = =(0]) (46)

o Fxoﬁf(t) +F}?0af(t)
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CP violation status

K° K+ A% DO D+ pf af BY Bt BY A
CP violation in mixing e - X - - - X - X -
CP violation in interference v - - X - - - woo- woo-
CP violation in decay o X X WX X X WV

KEY:
vV Strong evidence (> 50)

v Some evidence (> 30)
X Not seen
- Not possible
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5. Recap
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Recap

In this lecture we have covered
> Neutral Meson Mixing (without CPV)
» Time evolution of coupled systems
» Differences in mixing parameters between neutral meson states
» B-meson production and experiments / techniques
> B-factories and Belle 2
> LHCb
> Flavour Tagging
> Dalitz analysis
» CP violation

» CP violation types
> The “master” equations for generalised meson decays
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End of Lecture 2
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