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Is CP violated only in the K° system?

O In 1964 was discovered the CP violation in the mixing of the neutral K system (people were invoking
a superweak interaction that intervenes in the transitions with AS=2).

Q1 The direct CP violation (with AS=1) was experimentally verified more than 30 years later.

U In 1973 Kobayashi and Maskawa made the hypothesis of the existence of 3 quark families in order

to accomodate a phase in the quark mixing matrix that would be responsible of the CP violation in
the weak interactions.

U In 1974 was discovered the quark c and in 1977 the quark b

U In the 80s start the search for the quark mixing in the B? system.

U In the late 90s start the search of the CP violation in the B? system.
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“short-distance” “long-distance”
(=virtual particle exchange) (=real particle exchange)

L Besides K9, other neutral mesons can “mix”:

1) Need to be neutral and have distinct anti- u € t d S b
particle (x) m % DO o J % A’U BO
2) Needs to have a non-zero lifetime — | 0 _ -0 e
= top is so heavy, it decays long before it can even (_ D A 2 : I\‘ X B”"
form a meson () t O O X b | BO Bq X

U That leaves four distinct cases ...
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B* ub % 5279 0 0 1 1.64x1012
BO db % 5279 0 0 1 1.52x1012
BOs sb 0 5366 -1 0 1 1.51x10712
B b 0 6275 0 1 1 0.51x10712
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Mixing: Kaons versus B mesons

®  The difference between K mixing and ‘the rest™: [,
I'yp =TI -1
® A large fraction of Kaon decays produce CP eigenstates:
e all decays without leptons are CP eigenstates..
e the CP even ones have more phase-space
®  Hence the lifetime difference (large 12!
® For B (and, to a somewhat lesser extent, B:), the

dominant decays are not CP eigenstates

®  hence Al'=0 (smallish), and 2 does not contribute
to BY mixing

® note:as a result labeling eigenstates as ‘S’hort and
‘Long doesn’t make sense -- hence the ‘H'eavy and
‘Light
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N.B. We get the coupling in every vertex through CKM matrix elements

5 Vb Vea d b Vb Via d
d b d Vad Vab b
_ ) o2 24 6
t—t: x m, V:thd x m; )\' G|M(VC|(M unitarity):
. ) .2 < m 2}\‘6 if u,c,t same mass, everything
c-c. %M \VepV et c cancels by construction!
- _ * * 6
c-t,c-t: «mmV,V, V.V, & mcm)» A=sin0
@
2
Dominated by top quark mass: Am, = 0.00002 - L ps_l
B . 2
GeV/c
reference: T8 ~1.5ps
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Integrated luminosity 1983-87: 103 pb'!

® Produce an bb bound state, Y(4S), in :

e*e” collisions:

® e*e — Y(4S) — B9BO

® and then observe:

B? — ;"pful

Di™ — ﬁwl—,
D° - Kiny
B} — D3 pfwve ﬂ
D;~—  D=° i
D — Kfnymg i
70 — py B

® measure that ~17% of B® and B®
mesons oscillate before they
decay

® T~ 1.5ps= Amd~ 0.5/ps,

First evidence of a really large top mass!
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ARGUS
(A Russian-German-United States-
Swedish Collaboration) ran at the
ete- collider DORIS Il at DESY.
Its aim was to explore properties of
c and b quarks.
Its construction started in 1979,
the detector was commissioned in
1982 and operated until 1992




Meson mixing: time dependence

Time evolution of particle given by Schrédinger-like equation:

0 i
im0} = H|¥) = (M — ST)|T)

>

U decay rate (=1/1)
(real part of potential (imaginary part of potential
— conserves probability) — allows decays to be included)
BO
For two-meson system, replace M, with 2x2 matrices: |¥) = (BO)

Z_Q B%  (My —iTy 0 BY
ot \B°) 0 My — 5192 ) \ B°
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Meson mixing: time dependence

”CPT theorem”: Mll = Mzz =M
Mg =l =T

0 (B _(M—3 0 B’
e \B) T\ 0 M —ir) \ B

But... particles mix between states by above processes... need off-diagonal elements

0 (B _( M-Il Mpy-—ily) (B
e \B°)~ My —iry, M-1% BO

= Flavour states are not eigenstates of Hamiltonian — no well defined mass or lifetime
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Meson mixing: time dependence

2 . s Orthogonality
= Flavour states are not eigenstates of Hamiltonian... [l

— 0 30
But... can express mass eigenstates in flavour basis: ‘BH) o plBO> T qlB_ )
|BL) = p|B") — q|B°)
Am=my—m

Define parameters:
AT=T,-T,

- 1 1Y —
Heavy and light eigenstates then Ey =M+%Am +%i(l - AT)
have energies: E,. =M-%Am + %i(l + AT)

So we can write time-dependent solutions |B(t)) = | B(0)) e-iEt
for stationary states:

|BH>e—z'(M+§Am+§(F—AF))t

m) -
IBL(t)) = |Bg)e i M—zamt3(T+AD):
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Meson mixing: time dependence

We care about time-dependence of flavor states B® and B°. Can determine this from:

|By) = p|B°) + q| B°) s |Bu(t)) = |BH) i(M+}Am+4(C-AT))t
|Br) = p|B") — q|B°) BL(t) = |Bp)e-iM-3am+i@+an)
BO at t=0 Bo(t)) = tB°+(g) _(t)|BO°

R |B™(t)) 9+(t)|B”) 4L (t)| B°)
algebra, we get: = = _
Bebra, we e Batt-0  |BO(t)) = (f]’) 9_(8)|B) + g, (6)| B%)

where g, (t) gives time dependence:

. | ATt AMt AT't | AMt
s —imt ,—1' /2t k » i .
g+ (t) e "™e -co::h 1 ¢85 isinh 7S ] ,
g_(t) = e ™ 1/2 | _ginh AIt cos Ag/ft + i cosh A4Ft sin A;\/[t
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Meson mixing: time dependence (examg

Take the simple case:

- We identify the production flavor of the meson as B°
- What is the probability of observing the meson as B as a function of time?

P(B® —B°) = | (B°(t)|B%)|? B0 = 2018+ () 0-015

Bot)) = (f—;)g_<t)|B°>+g+<t>|é°>

= P(BO—BY) = |g(t)(BO1B%) + (p/a)*e-(1)*(B0[BY) 2
=) =1
(orthonormal basis) (orthonormal basis)
= |p/al*|e-(t)]?

Plug in g_(t)
from last slide

% |p/g|2e™ [cosh(AI't/Z) - cos(Amt)]
/

Exponential decay Oscillation with
with lifetime 1/T angular frequency Am
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Meson mixing: four different systems

K° mixing B% mixing
» Discovered implicitly in 1950s * Discovered in 1987 by Argus experiment
(K% and K clearly different particles)

Am =T : oscillations visible Am =T : oscillations visible

AT large : eventually pure K,° AT << T : small lifetime difference
state with equal mix of K and K°

KO_’KO

Neutral beauty

0.5+ Neutral kaons (K°)
mesons (B9)

0 1 2 3 4 5 6
Lifetime units

4 5 6
Lifetime units
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Meson mixing: four different systems

D% mixing

B, mixing « Al #0 discovered by Belle/Babar/LHCb
* Discovered in 2006 by CDF experiment in 2007-2013
* In 2021: Am measured >50 from zero
Am >> T : fast oscillations!
AT << T : small lifetime difference Am <<
Al << T
21T Very slow oscillations, invisible on
& T = A this scale!
Bs° — Bso
0.5H ! 0 0
0 o 0 0.5 — D i D
Bs’ = By
Neutral beauty-strange
mesons (B,?) Neutral charm
mesons (D°)
0 1 2 3 4 5 6 ol DD |

0 1 2 3 4 5 6
Lifetime units

Lifetime units
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Meson mixin

o: kaon experiments

Production: pp — KoK~ (KOr-K*)

Decay (e.g.): KO — metv,

<(50.7 :

0.6 |

Identify final and initial
kaon flavour states an
The CPLEAR experiment used the antiproton beam of the 0.4
LEAR facility - Low-Energy Antiproton Ring which operated at CERN
from 1982 to 1996 — to produce neutral kaons through proton-antiproton 0.3
annihilation at rest in order to study CP, T and CPT violation
in the neutral kaon system.
At long decay times, only K,° 0.1
remains - equal probability to ok
decay as K° or K9 -
-0.1
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CPLEAR Experiment
(results from 1998)

http://weblib.cern.ch/record/368703
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Meson mixing: beauty experiments

Same principles used for studies of B® and B.° mixing
= need to ‘tag’ flavour at production and decay

B.? case special due to very
fast oscillations — need
detector with very precise
time reconstruction

LHCb designed to have
excellent time resolution

= could have seen oscillations
up to Am, = 60ps?
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— BY - D;nt = BY - D;n" =— Untagged

Decays / (0.04 ps)

Am, = (17.7656 % 0.0057) ps™
(0.03% precision!)

Ll Ll L L) L) 1 ¥ L) L
’ T T T T T T T T T

Nature Phys. 18 (2022) 1

https://inspirehep.net/literature/1857623
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CP Violation in the Standard Model

CP-Violation in the Renormalizable Theory
of Weak Interaction

CP violation experimentally
verified in weak interaction,
but couldn’t fit into existing Makoto KOBAYASHI and Toshihide MASKAWA
theory...
Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

KM realised that we need 3 generations to allow CP violation...
Cabibbo Kobayashi Maskawa (CKM)

Cabibbo
d cosf. sinf. ||d d Vie Vs V| [d]
[s'] - [—sin@c cosOc}[s] :> 1=V Ve Va S
'] Ve Vis V] Lb
1 (real) parameter: mixing angle 6, 4 parameters: 3 real mixing angles

1 complex phase!
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CKM Structure

Current experimental status: http://pdg.lbl.eov/2016/reviews/rpp2016-rev-ckm-matrix.pdf
Vud|  |[Vaus| |Vl 0.9743470:00011 1 99506 + 0.00050 0.00357 + 0.00015
0.00012
Vea| |Vis| |V| | = |0.2249240.00050 0.9735140.00013  0.0411 + 0.0013
Vial Vsl [Vasl 0.0087570:00032  0.0403+0.0013  0.99915 =+ 0.00005

Magnitudes |V;;|2 appear in probabilities (=rates) of decays.

' B :
Magnitudes have suggestive pattern s =
No known reason!

R R " [= Ves =
Transitions within same generation : “Cabibbo Favoured” (CF) |
Processes with 1 (2) off-diagonal elements : " - Vo
“Singly (doubly) Cabibbo Suppressed” (SCS / DCS) Al
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CKM and CP Violation
CP operator W \ W+

= complex conjugation of amplitudes

b

With 3 generations, CKM elements
Vj; can be complex

A universe with 2 (or 1) generations Can be different!

could not have CP violation this way!

Highly predictive (= good theory!)
* Can make many independent measurements of V;; from different systems
* Test if these are self-consistent

Next job: measure the magnitudes and phases of these complex parameters V;;
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CKM parameterization: ‘PDG’

Decompose into three rotation matrices: Cjj = cosB;;
—16
1 0 0 Gy 0 &€ Gy Sy 0
VCKM =10 Cys So3 0 . il 0 —S810 Cqo 0
2
b =8, € \—8:" 0 €4 0 0 1
—1d
C12C3 o S12C13 " S13€
— | _ _ i _ )
— S12Ca3 612523313?(s C12Cy3 = S128935,3€ o S23C13
(] (2
S12523 7 €13C535,3€ —C13833 7 512C935,3€ Cy3C3
Parameters:
e 3rotation angles 0,,,043,0,3 Observed hierarchy motivates an
* CP-violating phase & alternative parameterisation...
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CKM parameterization: Wolfenstein

1—\?/2 A AN (p —in)
Y 1-22/2 AN
AN (1 —p—in) —AN 1
Expand CKM matrix elements in s
powers of A = 0.22 Sioan
(i.e.sinB,)

10,000 E

Here shown to order A3

1000 |

Parameters: A, A, Quantify CP 100
violation i

10f
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O
0(1)

-1/3e

Charge

1
+2/3 e

>
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o the CKM mechanism

Semileptonic

(or leptonic) B meson decays
B- decays Kaon decays to light mesons
‘ [ d ‘ I [ us I \ B meson decays to
Semileptonic V I | V charm mesons
Charm meson CS Cb

decays

\th\ IVZSI IthI

B.° mlxmg BO mlxmg top decays

Often require theory inputs to relate
hadron measurements to quark-level CKM

Claudio Luci — Collider Particle Physics — Chapter 11 25



CKM matrix and CP Violation

]
d Vid Vus Vuo || d Weak interactions eigenstates are not
s'|=| Ved Ves Ve || S equal to strong interactions eigenstates

b' Vid Vie Vin ILDb

U Let’s write the CKM matrix in the Wolfstein formulation, useful to describe the CP violation in the B system
(there is a phase only between the third and the first family):

Vub
—M
d 1-42/2 A AV (p—in)) (d :
s | = ) 1-22/2 AR s| + ot |A=sing,
b’ AVPA-p—-in) -AX° 1 b
. Y,
Y
Vig

V4 and V, provide the weak phase necessary to have CP violation in the B mesons decays.
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of the matrix:

I"'rud |.2 -1- |1'Cd| 2 -+ n'td |2 =1 ‘/fu.d ‘/us /'ub
Vio P+ [Ves 2+ Ve = 1 RO
”,.rubl?. + “'cblz + |th|2 —1 td ts 't

The 6 complex “Unitarity Triangles” involve different physics processes ‘s triangle: KO

=
VA Vad + VaVaa 4 ViVia =0 O+ 0N +0\%) =0 S e o ,.mg,e B0
ViVid +VaVea +VitVia =0 OX) + 0N+ 0N\ =0 ’ / I
VoVue +V i Ve + Vi Vie =0 O + O\ + O(\2) =
B N \ ‘bs’ trnngle Bs
AAAAAAAAAAAAAAAAAA —
V ud1 + V u\1 ' + V ub1 ch — =0 I relative size of CP-violating effects

VudVii + VusVis + ViV = 0
These relations can be represented
as a triangle in a complex plane

VedVig + VesVie + Ve Vi = 0
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Unitarity triangle

O Let’s take the triangle involving By mesons: V.v.,+V.,V,+V,V.,=0

VedVy,
. . ﬂ=¢1=arg<-— ‘)
VuaV w ViV Vid

a=¢2:arg<~ Wthb),

Pr=a
Q3=Y Q=P

Vch*cb

2
|
<
w
|
o
=]
0g
N
I
N
SH
N3
N———

It is convenient to normalize all unitarity triangle sides to the base of the triangle (V4V* s = AN3).
In the plane (p,n) the triangle becomes:

Another way to verify the CP violation in

the B system is to verify that the area of
this triangle is different from zero.

For instance by measuring the angle B
(0,0) (1,0)

~
rd

p

By measuring in an independent way all sides and angles of the triangle, we can check experimentally if the triangle
“closes”. If this were not the case then it would be the evidence of new physics not foreseen by the Standard Model.
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1.5 IIITIIIIIIII

excluded area has CL > 0.95 ]

Top quark just discovered
= CKM constraint can be derived fromB®
meson mixing measurements (AM)

0.5 [

First constraints on |V,| from
LEP, ARGUS, CLEO experiments 1= 00

. . -0.5
Minimum number of measurements

needed to locate apex, and large
uncertainties — no measurements of 1.0
angles

1995

_1.5 lllllllllillll a5 2] = P
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
Lots of work ahead! Sets the stage for the next phase in flavour physics...

The era of the B factories!



Timeline of b experiments

1980 Symmetric e*e™ collider experiments: “Cleopatra” and “Caesar”
* CLEO experiments (CESR, Cornell, USA), 1980 — 2008
0(10%) - ARGUS (DORIS Il storage ring, DESY, Hamburg), 1982 — 1992
BB/day e LEP experiments (CERN), 1989 — 2000 “A Russian-German-United States-
ALEPH, DELPHI, OPAL, L3 Swedish Collaboration”

Asymmetric B-factories (1999-2011):
2000 . saﬁar l((F;E(P-II ring, SLAC, Stanford)
0(107) o elle (KEK, Japan)

BB/da -
fday Run Il experiments (pp @ 2 TeV) at Fermilab, Chicago

and D0 (2001 - 2011)

v
LHC experiments, CERN, 2009 — (pp @ 7-14 TeV):

* LHCb dedicated to flavour physics
* ATLAS and CMS also doing B physics

2020

0(109)
BB/day
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B factories versus hadron colliders

B Factories

Belle (1999-2010)
BaBar (1999-2008)

Hadron colliders

Tevatron (<2 TeV, 1983-2011)
LHC (<14 TeV, 2008-)

Collision
environment

Flavour tagging
(initial B® or B?)

Production o(B)

B hadron boost

B hadrons created

Claudio Luci — Collider Particle Physics — Chapter 11

Asymmetric ete"—Y(45S)

Clean! Pure BB event v/

Excellent v/
(30% ‘tagging power’)

1nb

Small (By = 0.5)

B*B~ (50%), BB (50%)

pporpp (alsoions...)

Messy! Proton remnants give
background particles

Challenging
(~5%)

~100-500 pb

Large (By = 100)

B* (40%), B° (40%), B® (10%) +/
b baryons (10%)
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How to measure CP Violation in the B??

U Let’s recall the technique that was used to measure CP violation in the K° system:

1. We get a pure K, beam (this is possible due to huge difference in lifetime between the two CP K, and K,,
so we only need a long decay tunnel to get rid of the K; component)
2. We look for K, decays in the “wrong” CP eigenstate.

Q The same technique can not be used to study CP violation in the B? system, because the lifetime of the two

CP eigenstates is about the same; so there is no way to separate the two components “by waiting long
enough”.

Q So we need another “trick”. CP violation is due to a phase in the CKM matrix and the only way to measure a

phase is through an interference phenomenon. We need to find observables that are sensitive to the CP
violating phase.

Claudio Luci — Collider Particle Physics — Chapter 11
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How to measure a, B and y?

Observables are rates, i.e. |A|?2 = not sensitive to phases |Aei®|2= A2

Need two ampllFL.ldes with Filfferent phases |ALeit + Ajeidz|2= A2 + A2 + 2A,A,c08(56)
—then rate sensitive to their difference...

8b=0.-9,
Unitarity triangle angles are phase differences between B = ¢ =arg (—V”’—cb)
ViaViy
CKM elements Mgl
e.g. B is angle between VVp* and VgV * a = ¢p=arg (—ﬁ)
ua ¥ yb
top quark — must LR e )
be in loop!
Need >1 amplitudes to reach same final state (interference)
One of these must include a top quark loop... B? mixing?

N.B. any ""new” particles could run in the loop
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Condition for CP violation

Consider a process with two interfering amplitudes — can it violate CP symmetry?

Amplitude A = A,ei®1 + A,ei2 \ Amplitude A* = A;e71¢1 + A,e 192
. . CP . ,
Rate = |A,ei® + A,ei?¢’|2 Rate = |Ae ¢ + A,e"i?’|2
= A2+ A,2 + 2A,A,cos(6d) = A2+ A,2 + 2A,A,cos(-60)
= A2 + A2 + 2A,A,cos(69)

No! Obvious in Argand diagram... \

N\

&

N\

There is a second condition to allow CP violation...
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Condition for CP violation

There is a second condition to allow CP violation...

Different strong phase (i.e. CP conserving — no sign change) between amplitudes

A= Alei¢1eiK1+ Azei¢2eiK2 \ A= Ale‘icbleiKl + Aze‘i¢2eiK2
P
Rate C Rate
= A2+ A2 + 2A,A,c0s(6¢ + OK) = A2+ A2 + 2A,A,cos(6¢ - 6k)

\ \
) \
\ — p—
\} Al
\
\

A+ A
1_'_/'142 2 A—Yz
SRS S
Ay
CP violation! Difference in rates: T(i—f) - [(i—F) = -4A,A, sin(6) sin(5k)
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CP violation in the B? mesons

L We have three mechanism that can give rise to CP violation in the BO system:

1.  CPviolation purely in mixing:

5,)=ri5) 5)
,)=#l5)45)

if ‘B #1 = CPisviolated in mixing

q

this is the main effect in the K° system but it is expected to be very small in the B decays

2. CPviolation in decay (often referred to as direct CP violation)

AI= IAll X1=|A1|
pae T ey W e W
. - 3 A
1 \_/f CP 1 S —1#1 = CPisviol.
\_—/ f
A=A, €0 et A, =A]Fed

3. CPviolation in the interference between decays of mixed and unmixed mesons (the final state is a CP eigenstate).

A

Af
/'_\A /—\
B, - lelCP | & e
glp g e /
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CP violation in the interference

U In order to measure the phase difference we use as interference phenomenon the B? decay in a final state f that
is a CP eigenstate, that can proceed through two channels:

> the direct decay of B in the state f;
> first the mixing B%—anti B?, then the decay of the anti B? in the state f:

no mixing ‘

U In this case the two amplitudes do interfere with each other;

U N.B. we can also have direct CP violation if the two decay amplitudes of the B? and of the anti-B? in the same
state f are different.
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CP violation in the interference

Consider the process B — B? — f¢, g+(t) A¢
We have seen that, for B? at time t=0 @ - @

(a/p) &-(t) A
[B(t)) = g+(t)|B°>+(%> g-(t)|B°) \@/

] = )
= Total amplitude = Ay, |g+(t) + = ! Afcp —(t)] where Ak = (fcpiB)o)
(fer [ BO(t)) - PZfcr =

: _ 9 Afecp

= Aserl9r(®) + Aor 9-(1)] Mor = 04,

Now plug-in g.(t) terms and take the squared module to get the rate ...

¥ Art AMt ATt | AMt
. 9i(f) = ™ cosh cos — isinh —sin y
Reminder: 4
g_(t) = e imte~T/2 [— sinh A—If— cos —-A;/“ + 1 cosh Aft sin A;\It]
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CP violation in the interference

4 )
BO at t=0: M(B(t) =@ f) x et
x [ cosh(Art/2) + Adr cos(Amt) + Aar sinh(Art/2) + AT sin(Amt) ]

Boatt=0: [(B(t) = f)oxe™
x [ cosh(Art/2) = Adr cos(Amt) + A,y sinh(Alt/2) = AT sin(Amt) ]

% »
where: . P chp
fep = EAfcp
Az = Cop = 1ol Asr = mc%) A% = Sep = &?\‘:”3
L+ 1+ Al 1+ Ao
CPV in decay CP conserving part CPV in interference

between mixing & decay
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CP violation in the interference

7 A
BY at t=0: MB(t) = f)oxe't

x [ CW) + Awt) + Ayr SiphfAArt/2) + AT sin(Amt) |

BO at t=0: I'(E(t) = floceTt

x [ CM) - AMW‘() + Apr siphflilt/2) - ATix sin(Amt) |

_ y

XFor BO case, Al small — can be neglected...

XFor ‘golden mode’ B® — J/ K°: No direct CPV (A% =0)

and AT = -sin(2p)

0.0) T 1.0)
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CP violation in the interference

f k.
B? at t=0: MB(t) @ f)xe™ x[1-sin(2B) sin(Amt) ]

BO at t=0: r(B(t) = f) e x[1+sin(2B) sin(Amt) ]

= By time-dependent analysis, can extract B from amplitude of oscillations

= Even cleaner using CP asymmetry:

r(t) [BO—=J/WKs] - I(t) [BO—J/WKSO] - —sin(2B)sin(Amt) Hence,

m “Golden mode”

But note: asymmetry integrates to zero over time
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Golden channel: B— J/¥ Ks

B = =g (-3
Why is Amix = —sin(2p) for B® — J/{ K? =TT Ve
. 2 3(A ;
(1) remember: Aly = S, = (—CPZ) so this is satisfied if Acp =—-e2F
1+ A

= —cos(2P) - i sin(2p)

Vip*Vig
VipVig*

(2) remember:  Af.p

|Bi) = p|B°) + 4| BY)
|Br) = p|B°) — q|B°)

Claudio Luci — Collider Particle Physics — Chapter 11
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Golden channel: B— J/¥ Ks

e )
Why is Amix = —sin(2p) for B® — J/{ Ks? L=V
. 2 3(A "
(1) remember: A7y = Sg = 235(e) so this is satisfied if Acp = -e2f
1+ [Ace| = -cos(2B) - i sin(2B)

(2) remember:  Ap,p, =

y i

x (Ks°1K°)

x (Ks°| K?)

d
W- Ve
\\<. *
@ cchs

W’ VCS

ol

Vcb

Vcb*vcs

ol

>
® ®
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Golden channel: B— J/¥ Ks

= = _ vcdv(;l;)
Why is Amix = —sin(2B) for B — J/i Ks0? P = arg( VeaV,

2 S(ke)
1+ Ao

(1) remember: A%y = S, = so this is satisfied if Acp = —e2P

= -cos(2B) - i sin(2B)

(2) remember:

d < d
4
s
b _
Veo c *
@ Vcbvcs
c

e —
B = ch W Vcd J
* s W\/ V *V
Vb & cd Ves
£ Y* Nc
d —p > s VeVes*
Ved wt Vs
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Golden channel: B— J/¥ Ks

= ormue(-1a2)
Why is Amix = —sin(2p) for B® = J/ K:°? : ViaVy,
. 2 3(A "
(1) remember: A7y = Sg = LC’;) so this is satisfied if Acp = -e2f
1+ A = -cos(2B) - i sin(2B)
A Vo*Via Ve VE* - Ve®V
(2) remember:  Af,, = 92fcr . 2 t* — nCPVCT/é
DAtsn VioVia* Voo *¥os caVd*

Vib*Via  VeoVes™

_ Cancel terms, and
== = 0
thth* Vcb*Vcd Nep = 1 for J/l<|)|<5

_VCbVCd* Vip*Vid
VibVia®*  Veb™Ved

Rearrange

Claudio Luci — Collider Particle Physics — Chapter 11 46



Golden channel: B— J/¥ Ks

B = ¢1=arg (—w)
Why is AT = —sin(2[3) for B® = J/{ K0? ViaViy
- Vcd"&;)
Bom [L——==CY
= Ae ( ViaV,
. 2 3(A :
(1) remember: A7y = S = ;C"z) so this is satisfied if p = —e~2P
1+ |7‘CP| = —cos(2B) - i sin(2B)
A Vi*Vig  VeoVes* = Vea*V
(2) remember:  Af., = 4L cr = - : *cs Ncp — f:
p Af CP VipVig Veb™ Ves Vchcs

* *
_ Vie®™Vid  VebVed Cancel terms, and

) thvtd* Vcb*Vcd Nep = -1 for J/lIJKSO
= _Vcchd* Vio*Vig Rearrange
VibVid* | | Veo*Ved
= [AeiB]* = [—AeiB]'l

= Ae-B = A 1gHB = Mpykso=-€2F  QED

(Quod Erat Demonstrandum)
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CP violation measurement

U Measure the asymmetry:

D(B° — J/yKs) —T(B° = J/¢Ks)

Acp = I(B° = J/4Kg) + [(B° — J/4Ks)

= sin (2/3) sin (Amt)

U Final state is very easy to identify and reconstruct.

U Problem: how to identify the initial meson? That is, if it is a Bor a B0?

U Solution: asymmetric B factory

> Babar experiment at SLAC (California)

Pier Oddone, father of
> Belle experiment at KEK (Japan)

asymmetric e*e~ colliders

Claudio Luci — Collider Particle Physics — Chapter 11 48



symmetric B Factori




L PEP
ow nergr

T n? &eV]

Morth Damping
an%
[1.15 GeV]
S-gun
'—*L’_ : .
7':':();:/ tnag FEP Il Hgh Erergy Bypass (HEE)
g::;l Damping S“"e"_’:;‘;gc?;p . PEF Il —
(115 GeV] PEP || Low Enargy Bypass (LEB) hgﬁ(:gr
Sactor-4 PEP I [9 GeV]
e* injectcr
- 3km -
25 - T T T | kbbb A T T T T ]
= : Y(1S) b > , = ]
g ol e'e -»Y(4S)— BB 1 = 9GeVe on3.1GeVet
é 2 +' \0 B B~ production threshold
= 15¢ ! ]
5'-5‘ i [ B 25 ] 3 =
2 [ 1y 123 | = Y(4S) boost in lab frame
T w0f !} PS Y(35) ]
', - ; ! ; \ : = 2] —
xa | = Pr=055
E * T a{‘ \ "oﬁ. easm, ....u...,ﬂ"“‘"‘—f»._;_ s
g.u 9.:16 w.loo 10.02 wf.u 1of37 ‘10154 1ofss 10.62 1999-2008: 514 fb-!
Mass (GeV/cT)

A A~ YAAT



Quantum entanglement in Y(4S)—>B%B° deca

T(4S) s BOBO With Z = 1
1 0 0

Spin =

Strong interaction: CP  and flavor beauty number are conserved
= Must have one b and one anti-b quarks in final state

a

— b
| Bohys Bonys) = |BrLBp) + 7 \BuBL)

V2 V2

Time evolution given by mass eigenstates

|B o  BOwai b1 t2) = a €M 1er 2| By By) + b e -11eM 2| By B )

phys* phys»

Bose-Einstein Statistics requires wave function |W>to be symmetric at all times
|\P> - I\Pﬁavor>|\]!spa(:e>
L=-1 implies asymmetric spatial wave function

We need a=-b which means a B® and a B® meson at all times until one of them
decays!

=« Example of Einstein-Podolsky-Rosen Paradox

Claudio Luci — Collider Particle Physics — Chapter 11
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Quantum correlation at Y(4S
&) RO T (4s) B0

De— :

Loy
9 tla\At tag tag

— — C

= Decay of first B (B?) at time t,,, ensures the other B is BO
»« End of Quantum entanglement ! Defines a ref. time (clock)

= Att > t,, B° has some probability to oscillate into BO before it decays at time
tq., into a flavor specific state

= Two possibilities in the Y(4S) event depending on whether the 2"d B oscillated
or not:

no oscillation/mixing = BO B in final state

oscillation/mixing = BY BY in final state
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BY and B? mesons

I~ — B° y y E 0<0= B’
- \N,\, kaons
W- .-~ O >0= B’
b _.-"' c B” O kaons

=
— — Lepton Tag = Kaon Tag
d d d
= Kinematic Tag

Ty
¥ Lo nh * ’(ll
1% R
G =
=% - = < N D
50 PT Cu
B’ P
d " ‘: —

L.
>

o]

ol )

o=l

Y

D*
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In

PEP-2 (SLAC)
E-=9GeV E. =3.1GeV 5
Vs = 10.58 GeV =
(B7)r@s) = 0.56 ttng >

(4S8

rec = flav, flav, CP

= D*7nt ; Exclusive
ff.lav =i Tr, ,, / B Meson_
fer = JW K., JWK), ... Reconstruction
— Vertexing &
tag = B°, B Time Difference

fB" — X0ty XKt X Determination At = A z/c{BY)rus)
‘ | | . (Az) g = 260 pm
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Different detectors, same ideas:
* Vertex + tracking detectors

e Particle ID

e Calorimetry

BaBar: on PEP-Il @ SLAC, USA
9 GeVe < 3.1GeVet*
433 fb~1(1999 - 2008)

b muon
-
detector

EM calorimeter
— S

o S
e(‘tror, (7"68.{/); - “ :

beryllium___
beam pipe

vertex detector g
2 layers DEPFET ¢
4 layers DSSD

central
drift chamber

Belle: on KEKB accelerator (Japan)
8GeVe «—35GeVet
711fb1 (1999 - 2010) BELLE




K- tags initial flavor as B®

= Signal must be B? at “t=0"

BO — J/LIJ Kso

L L» 1801
Tl







6‘+€’_ — T(—lS) — Brethag

Bug — 0EX
5. 90 ks e PRl J W T
e - B tagged Lepton tag |
S 20 -
—
w2
2
E of
60
N — g —— 4 et
. B tagged sin(2B)=0.79+0.1 |
+ —;
: !
0 -
-5 0
caveat: these plots made on a dataset of 100 million Y(4S) decays... At (pS)
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First Babar result

CP violation in B system!

Bree — J / ‘L‘y"]\’S

220 events

1 98% signal purity!
1 3.3% mistag rate!
] 20% better At resolution!
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BP°B° mixing: first BaBar result

N (unmized) — N (mized)

A At) =
sy (%) N (unmized) + N (mized)

TTT T T T LI B R B R S LA

| Unmixed Events

~ (1 —2(w)) x cos (AmgAt)

a 3
<+ 11 : '
S " g | | BABAR {
L%’ 10 : 0.5 N —
! ~H{H{{‘{TH+ 0 _‘r
Mixed Events 1 W
105
29.7 fbl
1 h 1o 5 10 15 20
15 20 IAtl (ps)
At (ps)

Am, = 0.516 + 0.016 (stat) + 0.010 (syst) ps
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hep-ex/0112044
Published in PRL
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Golden mode results

Ba Ba r https://arxiv.org/abs/0902.1708

l"l lllllllllllllll

N JTEn

b o
"_J‘

5 . 2 @) -
- -y 0 ol
= 400 - *B lags n =-l 5
- L o o, f ]
- . “B tags 13
= 20 ~r
S R i
= e -
3 04 3 (h)—E
g 02k m =
P =~ o
Z oF 3
2 02F W Ig_
o =3 -
04 . > -
2 300 (© 3
s el “n lags w
S 200 . =
E °F’ tags 3
s 100 o
:g.
2
=1
<
3
-4
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Events /0.5 ps

Asymmetry

Belle

https://arxiv.org/abs/1201.4643

350
300
250
200
150
100

50

Events /0.5 ps

0.6

04F w0
“B" tags
0.2 ﬂ

02 F

-0.6 |

i 1 i 1 i i

Asymmetry

At(ps)

6 -4-202 46

6 -4-2 02 46
At (ps)

= Clear CP-asymmetry! Measure sin(2p)

Actually use many different channels
(both CP-odd and CP-even, ns=+1)
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Summary table

Claudio Luci

sin(2P) =

sm(2¢l) L=

PRELIMINARY
BaBar : ] : 0.69 + 0.03 + 0.01
PRD 79 r2009> 072009 ;
BaBar y_, 0.69 +0.52 +0.04 + 0.07
PRD 80 42009*; 112001 : y :
BaBar J/y (hadronic) K. : : 1,56 +0.42 + 0.21
Resu_lts on ) PRD 69 (2004):052001 :
previous slide Belle : : 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 1
ALEPH : - . 0.84'15:+0.16
PLB 492, 259 (2000) T ¢
OPAL : 5. 3.20 *390 + 0.50,
EPJ C5, 379 (1998) I ¢ G
CDF i 0,79 124!
PRD 61, 072005 (2000) —— -
LHCb 0.76 + 0.03
LHCb now __ JHEP 11 (2017) 170 i
4 8 Belle5S : : 0.57 + 0.58 + 0.06
competitive with PRL 108 (2012) 171801 Y
B-factories! Average : : 0.70 + 0.02
HFLA
9 1 0 1 2 3

— Collider Particle Physics — Chapter 11
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CP asymmetry and sin2f

).‘

B
1.‘.
Moriond 2018
i H PRELIMINARY
MIX = —IN(213) 070 kedommecy e
| ATix = =sin(2B) o.70 =
4+ N 1 10
I ] a
| | =
I [ 10
I 1 =
1 1 s
1 } 1 » o g
x2 x 3x/2 2r X E
{= |
1<
1%
lo
13
‘wX
1 i g
Two-fold ambiguity on B, but R
second solution ruled-out by Ly \
other inputs %2 0 02 04 06 08 1 p
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Several independent measurements, including some ones about K° system, are consistent
with the “same” vertex of the triangle = no hints of new physics beyond SM

(p r]) the magnitudes and EK...

0-7 | T T T | | T T T I T T 4'-, ‘|‘ T T T I T T T 1
-8 ! A ;ﬁf EE‘E! -
0.6 —_? : Amd M&ﬂ SK fitter
© : FPCP 10 =]
: (:'/)> ! ,"' . l{ :
g ! 4 4 -

- |8 -
04 =% =
= EUS -
0.3 o
0.2 —]




2009

1-5IlllIlllllllll.'lllll»llllllllll

1995

1.5!]1[]!1!('11

: excluded area has CL > 0.95 : excluded area has CL > 0.95 :
C C Y % p
1.0 — 1.0 — —
0.5 05—
¢ ey
1= 0.0 | = oo
- | o
05— -0.5 —
1.0 1.0 - Vv &
_ il % : liw/cos2p<0
B 1995 ' = 2009 ' ¥ ?:gd?\a%.l.so.ss) B
—llllllllllllll -I|||Il||l|Ill'lllllllll"”tl\.l.\);lll-

-1.5

. 5
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p p




On the Eve of LHC

2009

P ] T
All constraints consistent with single [ y %‘& ]
point for apex 1.0 - ' am, 3 Amg&Am,
. " sin2p :
Direct measurements of angles: 0.5 - -
- ]
B =(21.15+0.90)° e -
+44 IS 0.0 B
a=(89.0_4:2 ° :(X. J
- +22 Yo i
y=(73 13%) 05 &
-1.0 :— € {
= Need to improve y measurement! - Em oy -h
o 2009 : (excl, at CL > 0.95) —
L | I ) Y | l | S V! | l | B2 By ] § l | - | L1 L I | ]
-1.5
Brings us to the LHC era of flavour 10 05 0.0 0.5 1.0 1.5 2.0

p
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15

T 1T 171 | 71 l, I Yok

excluded area has CL>0.95 ,% N
— ' %. —
B Y B i
1.0 - o - —
i SR & AM i
- S s
- sin2p_ N
0.5 — ' —
IS 0.0 — —
-0.5 — —
1.0 Y Ry _|
o sol.w/cos2f <0
- EPS 15 . (excl. at CL> 0.95) —

_1.5 [ VA ] I | I S | l | NS I A | l 11 1 1 I (Y | I w11

-1.0 -0.5 0.0 0.5 1.0 1.5

2015

LI I | 1T 17T 1T 17T 7T 1T 11

D
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2.0

2019

1.5 71 T T T T T DTS | T T 7 T T 7
: excluded area has CL>0.95 | % :
- v % i

N
1or %_wmeAm, & Amg
[ Singp, "
0.5 .- ~
IS 0.0 -
: <
0.5 — :_\\; =5
1.0 - Y 'k
E= % sol. w/cos 28 <0
P Summer 19 ; (excl. at CL> 0.95) —
1.5 Coa v vy v bv v v v b by g oBIGN T
-1.0 -0.5 0.0 0.5 1.0 15 2.0
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Will collect 40x more data than Belle
(already a world record luminosity!)

Major accelerator and detector
upgrades to reach 50 ab™

First physics run with complete detector
started in March 2019

60
Belle Il (Preliminary)

0
50} JLdt=34.6 b~ t By
B = J/p(tHK(n* 11~ { B

4 0 ‘ lﬂ(]
30 i// k\ l\
20 // \h K

o NS

A§ymmetry Candidates / (1 ps)

=4 Belle Il Detector

KL and muon detector;

<o

Belle IT e Resistive Plate Counter (barrel)

: cintillator + .\(VlSF + MPPC (end-caps)

EM Calorimeter: = N N
Csl(T1), waveform sam
Pure Csl + waveform sa

gation counter (barrel)

electron (7GeV) Aerogel RICH (fwd)

Beryllium beam pipe
2cm diameter

Vertex Detector
2 layers DEPFET +4
positron (4GeV)

Central Drift Chamberi>

He(50%):C2Hs(50%), Small cells, Iong:
lever arm, fast electronics

Already surpassing original Belle precision
in several areas (with fraction of data)

Complementary to LHCb programme



LHCb Upgrade (2022-2040

We are
here

Ny

QO >
&

R R R R G A
--------- -----------
I T TN Y [0 N [ I

Install LHCb ' Some additions and Install LHCb Upgrade Il
Upgrade | - improvements | Take advantage of HL-LHC
Upgrade-li
L=2%x103cm2s1 (5x) L=1.5x%103cm2s1 (7.5%)
5.5 visible interactions / crossing 41 visible interactions / crossing
Accumulate 50 fb~! total Accumulate 300 fb! total

Freshly installed!! Design & R&D phase
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Direct CP violation

B.R.(BO N f) - B.R.(BO >f )

e |f the decay amplitudes contains a phase that changes sign under CP transformation, then:

A=|Ale’ ¢ S5 A A|e™”

e but this is not sufficient to have CP violation because:
AA=Ale™|Ale®*=A"A=|A|e’|A|e™ = A

e In order to have CP violation we must have:
a) two amplitudes;
b) two phases (weak phase, strong phase);

c) only one phase change sign under CP (weak phase).

A=A + A, =| A4 | e+ | 4, | A=A+ A4, =| A |e™e®+ |4,

AAA L +| 4 [ +2] 4 | 4, Ros(, + by ) e—
A A=A+ 4 [ +2]4 |4 los(d, =) €|

The I of the two processes depend on
the phases, that are different
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Penguin pollution

Beyond tree-level...

o
< {
& * <

-+
=
a
ol o wl o
o
= o
=
2 | (®
2 | ®
=\

Tree

Can have penguin diagrams with different weak phase

For B — J/U KS0, tree-level process dominates
= penguin can be ignored (<1% effect)

With sufficient experimental precision, these penguin
contributions must be included.

Penguin contribution could be enhanced having other particles, besides W, running in the loop
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Direct CP violation: I(B°—> f) # (B’ f

needs (at least!) 2 interfering amplitudes

B > K1t

Amplitude | Amplitudes 2,3 and 4...
S
Tree _ K- Penguin W ’ K-
U T
__b b
0 U o U —
B 7 3 wt + BOE - t d' Vud Vus Vb d
— s'|=| Ved Ves Vb S
l A/‘XX -b'_ VTrI Vtc Vrh
Aﬁ—)K_ﬂ"*' = VubV* (T + P — Pt) + VcbV* (P — Pt) 1—A%/2 A AN (p —in)
O /\4 v O /\2 -A 1—22/2 AN?
= = 3(1 —p—3 A2
) relative phase: Y AN (1 —p—in) AN 1

potentially ~equal amplitudes with both
different strong and weak phases !

3 (B f) # I( B® F)

Now the otherwise dominant tree
diagram is suppressed by A?!
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Observation of direct CP V. in B 2 Kt*

A _ F(E — K m™) — I'B — K*r™) First evidence from BaBar
) .A"-‘—?._—i— — — = =
s I'B— K~nt) + I'(B — K+7~)
n. =1606=51 ~ n(B°—=K*77)=910
A =-0.133+0.030+0.009 ~ n(B° =K 7" )=696
%’400— a) B'—K*m I §400” " L BABAR
—S - : =
2 200+ B— K-+ - 1, 420, SYST. )
2 g P e ey g included
5 >
iz 8- = 200- background |
groun
=y 0'1:- 4 BABAR subtracted
é o1— — :
7y - signal enhanced
*-ouf e O 1 .

52 522 524 526 5.28 ’5.3 -0.1 0 0.1
me. (GeV/c") AE (GeV)
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Top and B Physics
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https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25

We are again in the precision era

Lord Kelvin at British Association for the Advancement of Science in 1900:

“There is nothing new to be discovered in physics now.

All that remains is more and more precise measurements.”

(actually Kelvin never pronounced this sentence. Something similar was said by Michelson six years earlier)

Collider Particle Physics is following the road pointed by ”Kelvin/Michelson” in the hope to be wrong as well.
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