AN Introduction to
«*“Flavour Physics

Part 2

Tom Blake

Warwick Week 2019



An Introduction to Flavour Physics

e What's covered in these lectures:
1. An introduction to flavour in the SM.
2. CP violation (part 1).

= Types of CP violation and neutral meson mixing.

3. CP violation (part 2).

4. Flavour changing neutral current processes.
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Recap: CKM matrix

e Standard form is to express the CKM matrix in terms of three
rotation matrices and one CP violating phase,

1 0 0 C13 0 8136_i513 C19 S19
Vekm = [0 cag So3 0 1 0 —S12 €12
0 —S923 (€23 —8136+Z513 0 C13 0 0

where

Ci5 — COS Qij and S5 — Sl Hz-j




Woltenstein parameterisation

e (Can also exploit the hierarchy of the CKM matrix to write

1— % A AN (p—in) 4
Vokm = —A — 2 A)N? + O(\%)
AN3(

1—p—1in) —AN 1

A~0.22, A~0.82, p~0.13, n>~0.35
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Woltenstein parameterisation

e (Can also exploit the hierarchy of the CKM matrix to write

CP violating phase
174 associlated with Vip

VekMm = AN + O\
1
(‘\
Bg system CP violating phase Bs system CP violating
enters at A3in mixing phases enters at A4in mixing

T. Blake



Woltenstein parameterisation

e (Can also exploit the hierarchy of the CKM matrix to write

s A AN (p—in)
Vekm = =y — 2 AN + O(X\*)
AN

37» p—in) —AN? 1

CP violation in charm is highly
suppressed (phase enters at A°)

o+ sensifivity to complex phases

requires tnferference

T. Blake



CP violation

* Three ways to observe CP violating effects:

1. Direct CP violation AB = /) + 1
A(B — f)

2.

3.

T. Blake



Direct CP violation
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Direct CP violation

* |fthere is only a single “path” to a final state 7, then cannot get
direct CP violation.

e Starting from A(B = f) — A, ' (O11¢1)

A(B — f) =Aqet01=%1)

« Gives A — AB — f)I? — |A(B
CTIAB S P2+ |AB

%

NE_g
)17

%

e Solution

= [ntroduce a second amplitude. Often realised by having
interfering tree and penguin amplitudes.

T. Blake




Direct CP violation

* |Introducing a second amplitude

.A(B — f) :Alei(él—mﬁl) Agei(52+¢2)
A(B N f) :Alei(51—¢1) 1 A2€i(52—¢2)

e The direct CP asymmetry is
—2A1Agsin(d; — 02) sin(¢p1 — ¢2)

which is non-zero only if the amplitudes have different weak and
strong phases.

T. Blake 10



CP violation in charmless B decays

 For direct CP violation we need
iInterference between
amplitudes with different weak
and strong phases.

 Weak phase differences can
come from from interference
between tree and penguin
processes with different
phases.

e Strong phase differences can
come from re-scattering of
final-state particles or regions
with interference between
iIntermediate resonances.

T. Blake

m2(K'n") [GeV?/c4]

Large asymmetry between 5+
and B~ decays in the region
where pK interferes with other

contributions in the Dalitz plot.
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Neutral meson mixing

Formalism and experimental results



Observation of B "mixing”™

« The ARGUS experiment observed that

pair of BYB" mesons could decay to a
final-state with like-sign leptons.

 How is this possible?

T Blake | -

13



Neutral meson mixing

 |n SM generate meson anti-

meson mixing via box diagrams b Vo Vigg=s.d
involving charged current t
Interaction. n

B, wow B,

* Weak eigenstates are not the . .
same as physical mass q Vi, Vip b
eigenstates of the system.

T Blake | N



CPLEAR

50.7 B
< B o O
* Produce pure beam of 06 | S ooe | v “
KO at production. Use 3 oo Ey b sl # | ﬁ
| P . 0.5 | Z ood B ww;&# +ﬁ¥+ﬁ#{#ﬁﬁ+ *ﬁ
semileptonic decays, o | 004 £ | ”
0 — p+ I -008 & T
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to tag the flavour at :
decay. 2 E
0.1 |
« Time evolution: b R Sy
. /2 B ¢ o 0% T Tesle
__—amqt —I'1t B - .
[K1(t) = e e (K1) 01 e
—imaot _—Tat/2 5 10 15 ’ 20
|K2 (t)> — e 2t 2 |K2> Neutral—kaon decay time [7¢]

e Atalatertime, t
UKo |Ko) = (K| K1) + (K5 Ky + (K| Ky) + (K3 Ky

— e 11t 4 o l2t 4 o(TitD)t/2 cos|(m1 — mo)t]
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Coupled meson systems

e Single particle system evolves according to the Schrédinger equation

1 M) = 1) = (M = i ) M)

* [For neutral mesons, mixing leads to a coupled system

() () - () (52)

T. Blake



Coupled meson systems

 Neglecting CP violation, the physical states are an equal admixture of
the weak eignenstates,

BY) +|B%)
V2

with mass and width differences

_|BY) —|BY)

’BL> — 9 ’BH> — \/5

AT =T'y = T'y| =2|"2| , AM = My — My, = 2| M5

such that the system evolves as
.0 (|Br) \BL>) ( .F) <|BL>)
N I _ ~ — (M ==
"o <|BH>> & <\BH> "2 ) \|Bu)

_ (M — i 0 BL)
0 My — i+ ) \|Bn)

T. Blake



lTime evolution

* Solving the Schrédinger equation for the time evolution of the system
an initially pure flavour eigenstate evolves as

B(t)) = e~ MM 2(a(t)| BY) + B(t)| BY))

ATt Amt . AT't\ | Amit
a(t) = cosh cos | —— — ¢ sinh — ) sin | ——

4
B(t) = —sinh (Tt> COS (Tmt> + 7 cosh (—4 t) sin (_;n )

T. Blake



Observation of B mixing

 Neutral B meson mixing observed by the
ARGUS experiment in 1987.

« Coherent pairs of BY BY produced.
Observed decay to same sign leptons.

= Evidence for mixing.
e Rate of mixing is large.

= Top quark must be heavy.

T Blake - | B

19



lTime evolution

 Time evolution is very different

for different neutral meson

systems.

P(X°(0) — X°(1))

P(X°(0) — X°(t))

From [arXiv:1209.5806]

't

T. Blake
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lTime evolution

Nice demonstration
of this oscillation
performed for the
Bs system by LHCb
using BY) - D 7™
decays.

(Tagging flavour at
production and
looking at flavour at
decay)

# candidates / 0.2 ps

400

200

— Fit mixed

— Fit unmixed

e Tagged mixed
e Tagged unmixed

3 4
decay time [ps]

Amplitude of the oscillation is damped
by the experiments ability to correctly

“tag” the flavour of the Bs at
production.

T. Blake
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B meson production
Production and flavour tagging



B-factories at Y(4S5)

m/K, detector

EM calorimeter

PEP-II
Rings ™
Positrons =

Low Energy Ring
BABAR Detector

Electrons

High Energy Ring No\e Drift Chamber

 Asymmetric e- e+ colliders:
= PEP-|| at SLAC is 9 GeV on 3.1 GeV
= KEKB at KEK is 8 GeV on 3.5 GeV

* Produces a coherent BYBY or BT B~ system that is moving in
lab-frame (needed for decay time measurements).

T Blake | 23




b-production at the LHC

T. Blake

LHC is predominantly a
gluon collider.

b-quarks produced in the
forward direction with large
boost = forward geometry
of LHCDb.

Large boost and excellent
vertexing makes decay time
measurements much easier
at the LHC — can resolve
the fast Bs oscillations.

S S0 O

S O

S S0 O
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| HCb experiment

LHCDb is a dedicated
for experiment b- and
It C-Nadron studies in

el the forward direction
at the LHC.

Muon system

Tracking system

bb production predominantly in
same direction and at small angles
to the beam line (collisions between
one hard and one soft parton).

T Blake - T 25




| HC experiments

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 um) ~16m* ~66M channels ' o
Overallength 287 m Mt (8180 ) -200m? -3 s ere are also signitican
Magnetic field  :3.8T

p—

SUPERCONDUCTING SOLENOID

e e sy 100 contributions from ATLAS and

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

o 408 Cahode Sip A s e Chamber CMS to he avy flavour
Siconseps -16m’ 137,000 chnnc measurements
FORWARD CALOKIMETER | (Iarge rate : but Imited hadron | D)

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

25m

Tile calorimeters

LAr hadronic end-cap and

) forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

T Blake | 26



Flavour tagging at the LHC

Tag flavour of B at production
using same sign kaon (Bs) or
pion (BP)

SS kaon/pion

same side
opposite side

c—s
e A e \‘ 0S kaon
b— Xl
\. 0S muon
OS vertex charge OS electron

or flavour of B using the flavour of the other B in the event
T. Blake | 27




Neutral meson mixing

Formalism and experimental results



CP violation?

» Allowing for CP violation, M2 # M{;, and I'15 #1I'7,
* The physical states are combinations

BL) = p|B%) + ¢q|B®) , |Bu) = p|B°) — q|B°)

pl* +1q)” =1
e The states have mass and width differences

|AF’ ~ Q‘Flg‘ COS¢ . AM ~ Q‘Mlz‘ ] ¢ — arg(—Mlg/Flg)

T. Blake
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Neutral kaon system

* Ignoring CP violation, the two physical states in the neutral kaon
system are
_|KY) - |KY) _|KY) + |KY)

|K1> = \/§ and |K2> — \/i

under Parity and Charge Conjugation

PIK®) = —|K°) , C|K®)=|K%) and CP|K®)=—|K")

* [or the physical states
P‘K1,2> — —|K1,2> , C‘K1,2> = ::|K1,2> and CP‘K1,2> = ——’K1,2>

.e. they are P, C and CP eigenstates as well.

T. Blake



Neutral kaon system

 What does this tell us about their decays?

W+W_

e P11 C=+1and CP = +1 } shorter lived K

W+W_WO

- P=-1C=+1andCP = -1 } longer lived Kz

* Ko decays to 3m but the 2m decay would be forbidden if CP is
conserved.

T. Blake
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CP violation in kaon system

* Two possible explanations for CP violation in the kaon system, the
Ks and KL are not pure K1 and Kz states ( p # ¢q )

KS) =

V14 [e]?

K) =

V14 [e]?
decays to 3m decays to 2m
el ~ 2 x 1073

e (Can also have CP violation in the decay (discussed in lecture 3).

T Blake | 32




Mass and width differences

large Am
and Al

-0.02-0.015 -0.01-0.005 0 0.005 0.01 0.015 0.02 -0 8 6 -4 -2 0 2 4 6 8 10
s-1

moderate Am
and small Al'

T. Blake

la/p| ~ 1 for every meson system

small Am
and Al

B:\‘Iarge Am and
" | moderate Al'
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CP violation

* Three types of CP violation

1. Direct CP violation A(B — f)
B 71

2. Mixing induced CP violation

T IR

3. CP violation in the interference B
- (qA( %f)> £

between mixing and decay ]_?A(B = f)

T Blake | 34




CP violation

 Three ways to observe CP
~violating effects:

I charged

{ 1. Direct CP violation and neutral

mesons/baryons

| 2. Mixing induced CP violation

neutral
mesons

3. CP violation in the interference
- between mixing and decay

T. Blake

35



CP violation and mixing

* Need two interfering contributions,

eg interference between decays to a common final state, with and
without mixing.

 Experimental complication: BO
= Need to "tag” the flavour of 4 m
the B at production.
¢mix fCP

50 _—®d
Bq cC

T. Blake
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lTime evolution

direct CP violation

A _ 2
Ay = 141 _ 1=y

— =L — C =
p Ay l 1+’>‘f’2

S —————

1+ |A¢|? AT 1 —|A¢)?
LB — f]=|A¢]?e " ( _HQ f cosh Tt + As| cos AMt
known to be Batt =0 AT

—ReA ¢ sinh 5 t —ImA ¢ sin AMt)

_ 1+ [ X¢|? AT 1 — [ Xe|?
LB — f] = |As|Pe ! ( +|2 f cosh Tt - A cos AMt
known to be BYatt =0
. A .
—Re)\f sinh 775 + __m)\f sin AMt

T Blake | 37



lTime evolution

BY system Al' ~ 0O

14+ |Af|? 1 —|Af|?

LB — f] = |As|*e ! ( ; + cos AMt
— ImA ¢ sin AMt)
_ 2 1 — 2
LB — f] = |As|Pe ! <1 —HQ)\f‘ - As| cos AMt
+ ImA ¢ sin AMt)

T Blake | 38



lTime evolution

no tagging of the flavour

0B - f] = 4% (

L+ Mf‘Q cosh gt
2

AT
—Re)\f Sinh Tt >

1 2 AT
il ‘)\f’ cosh —t
2 2

0B - f] = 47 (

AT’
_Re)\f sinh Tt )

l.e. onlx see sum of two contributions.
1. Blake 39




lTime evolution

Al and Am small (D system)

1 2 1 — 2
2 2
—Re)\f %t —Im)\f Amt )
n e (1A L —[Af[°
'l B _ A 2 I't _
B )= agPe ™ (25 2

—Re)\f %t +Im)\f Amt )

T. Blake | 40



B and fs

Experimental results

41



Golden mode

* Look at tree level b — ccs decays
to a common final state.

* Higher order, penguin diagrams,

have (mostly) the same weak EO
phase.
= No direct CP violation. Just
sensitive to CP violation in
mixing.
BO

T. Blake

C
b J /1
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Golden mode

* Look attree level b — ccs decays to a
common final state.

* Higher order, penguin diagrams, have
(mostly) the same weak phase.

= No direct CP violation (CP violation in

the decay).
= Sensitive to CP violation in mixing.
* Mixing phaseis ¢ _ Vi ViaVii Via _
p |VigViaVipVia
* Therefore C'~0 S~ —ncpsin2p

T. Blake

q

b %b . V;; q — 87d
t
wowW B,
- :t_ -+
q Vi Viv b
2i 3
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Time dependent CP violation in BY system

* Time dependent CP violation with AI' ~ 0

I'[BY = f](t) oc e (1 4+ Ssin(Amt) — C cos(Amt))

I[BY = f](t) oc e 't (1 — Ssin(Amt) + C cos(Amt))

where i a2
q

S_le(ﬂ) o1 lva

— —2 _ —

qA A

L+ |24 L+ |3

T. Blake
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Golden mode
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http://arxiv.org/abs/0902.1708
http://arxiv.org/abs/1201.4643

Golden mode

« The angle gis very

precisely known from
measurements at the
B-factories.

T. Blake

sm(ZB) =sin(2,) SEAS

PRELIMINARY

BaBar : 0.69 +0.03 + 0.01
PRD 79 (2009)3072009
BaBar y ~ 0.69+0.52 +0.04 +0.07

PRD 80 ‘é 05)'1 12001

BaBar Jhy (hadronic) Kg
PRD 69 (2004) 052001

Belle :
PRL 108 (201 2) 171802

ALEPH ;
PLB 492, 259 (2000)

OPAL ,
EPJ C5, 379 (1998)

CDF
PRD 61, 072005 (2000)

LHCDb :
PLB 721 (2013} 24

Belle5S : :
PRL 108 (2012) 171801 :

Average
H FAG

" 15:,56 +0.42 +0.21

0.67 +0.02+0.01

0.84 *{52+0.16

3.20 *180 + 0.50,

0.79 04

0.73+0.07 £0.04

0.57+0.58 + 0.06

0.68 +0.02

-2 -1 0 1 2 3




_bsmixing phase

e (Can also look at equivalent processes in the Bs system,

= Sensitive to the Bs mixing phase, ¢s = 203s.

» Cleanest experimental signature is BY — J/i) ¢
= 4 charged particles in the final state.

 However, now have a pseudoscalar B meson decaying to two vector (J
= 1) particles.

= The final state is a mix of CP-odd and CP-even.

= Need to perform a time-dependent angular analysis to separate the
CP-odd and CP-even components and determine ¢s.

T. Blake | 47




_bsmixing phase

e P — VVdecay has a final
state that is a mixture of CP
odd and CP even.

e Separated using angular
information.

« Analyse decay in terms of polarisation of the ¢ meson, which can be

longitudinally polarised or transversely polarised (there two transverse
states with different CP).

T. Blake | N
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CP even

CP odd
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P HFLAV
=0 D0 8 fb
z 68% CL contours

0.12 (Alog £ =1.15)

CMS 19.7 fb !
0.10 ?
CDF 9.6 fb !
Cowmbined
008 Cb 4.9 fb !
0.06
04 02 00 02 04
¢5"" [rad]

CP violating phase is small for fast Bs oscillations (consistent with SM)

T. Blake o



Charm mixing
and CP violation

Experimental results

51



Charm mixing

e (Can probe mixing in Charm using “wrong sign” D decays.

= Tagging the flavour of the D at production using D*+ decays.

e Ratio of wrong-to-right sign decays:

Nws
R(t ~ R
(1) = NRs ’ +l ' l '

interference miXing

T. Blake

52



Mixing formalism

* Ratio of wrong-to-right sign decays:

Nws l ll '
R(t ~ R
() Nrs d T+

interference miXing

 Uses a slightly different notation to before:

Am AT

s Y

'\ cosd sind T
y )  \ —sind cosd Y

strong phase difference
between WS and RS

T Blake | 53




Charm mixing

X107

7 5 =
] ata E

: : : : 6.5 F — Mixing fit ‘:

e (@radient with proper time arises from D S :
6 -~ No-mixing fit £

mixing/interference.

e Can exclude no mixing hypothesis at =5 :
more than 5e. Rl T E

4 2

35 LHCb _

3 L . -

0 2 4 6 = 20
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Charm mixing

e (Can exclude no mixing hypothesis at more than 5e.

y (%)

CPYV allowed

NO Mixing SN NN NN S B wovet SR

illlilllilllillli|||i||.50
02 0 02 04 06 08 1

X (%

T. Blake



Charm CP violation

 No evidence (yet) for CP violation in mixing in D mesons.

T T Bio
Moriond 2019 | 20
“ 30

N
o

W
o

Arg(g/p) [degrees]
N
o

-t
o

Consistent with
a/p| = 1 and
Arg(a/p) =0

-04 -03 -0.2 -01 O 01 02 03 0.4

lg/pl-1

T. Blake
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Charm CP violation

e Direct CP violationin DY — z#t7— and D° - KT K~

« Tag the initial flavour of the D using D** — Dz and D*~ — Dz~
decays or semileptonic B meson decays.

* Resulting asymmetry:

physical production
asymrTetry asym lmetry

Araw(f) = Acp(f) + Ap(f) + Ap(tag) + Ap(D)

N

detection
asymmetries

 (Can cancel many experimental uncertainties by measuring

AAcp = Araw (KK) — Araw () = Acp(KK) — Acp(m)

T. Blake



AAcp

x10°
S T 1hoe ] SR THCE
<= 6000F
+ Atthe LHC we are able to % ool M 14M -~
record huge samples of D ;40005_ Moo we
meson decays. = 3000k o e
gg 2000;- E
e |HCb measures: 5 f
é§ 10005- j
— (_ —4 AN _ , S
AACP _( 15'5:|:2’9) x 10 %005 2010 2015 2020 %005 2010 2015 2020
m(D°7*) [MeV/c?] m(D°7) [MeV/c?]
* First observation of CP ~ <10
violation in charm decays >
at 5.3c. >
g
g
@)

O1800 1850 1500
m(D") [MeV/c?] m(D°) [MeV/c2]

T Blake | 58




Recap a

 |n this lecture we discussed:
= The three different types of CP violation:
1. Direct CP violation,

2. CP violation in mixing,

3. CP violation in interference between mixing and decay.
= Mixing in the K, BY, Bs and DV systems.
= The CKM angle .

T. Blake
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—lavour specific decays

* Probe CP violation through “wrong flavour” decays to a flavour
specific final state, e.g. semileptonic decays where the charge of
the lepton identifies the flavour of the B.

I'M—-M-— f]-TM M —f

Afs = —— ; : — =
UM M f]+T[M — M — f
AT
~ N tan ¢ e.g Mat production
and M at decay

T Blake | 61




—lavour specific decays

* |n practice easier not to tag the flavour at production and then to
look at the time dependence of the flavour specitic asymmetry

Oty / COSAMt\
ags(t) = zf : ATt

\ cosh 5 /

washed out In time
iIntegrated asymmetry by
the fast Bs oscillation.

T Blake | 62




As\

e Results consistent with SM

Asis,) consistent with SM

?  — L I l || 1 1 Ll l L l L} L} ' I i .
SV Standard Model | .
) O- f\\‘o : -
\ HFAG Spring '14+
DO like-sign result = - =
in tension with SM L 3 N | i
PN % > ' _
DF= O ! —
2r & 3 | i
- g LHCb DX ——— -
- - DO D®wx : . —
3 A BaBarD'lv ; ~
- BaBaru .- -
B Belleu - . _
-4 1 L 1 l 1 1 1 1 ' 1 1 1 1 I Ii | | 1 l 1 1
-3 -2 -1 0 1
ag [%]
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