CP Violation In Heavy Flavour Physics
—

Agnieszka Obtakowska-Mucha, Tomasz Szumlak
AGH UST Krakow

AGH-UST Krakéw
2021



Short recap | (CP symmetry in KY mesons)

1. K°(5d) and K°(sd) are the eigenstates of the strong interactions but they are not eigenstates of the weak
interactions.

HStronglK()) = ’mK0|KO)
B B Mygo = Mgo ~ 498 MeV
HStronglK()) = m§0|KO)

2. The linear combinations of K° and K°:

1 _
IK?) = 7 (K®) — 1K)

{ K and K are eigenstates of CP operator
K9) = —(IK°) + |K®))

3. Kaons are produced as eigenstates of strong Hamiltonian but propagate through time as eigenstates of weak one.

4. But - since |KJ) is a mixture of |K°) and |K°) states, even starting from pure |[K°) (or |K?)) state we end up with a
mixture of states of different strangeness (this so-called , flavour oscillations”)

—(IK?) + KD)) K0) = —%(w{’) — |K2))

O:
K =7 7
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Short recap Il (CP Violation in K® mesons) |

1. If CP symmetry holds for weak interactions, then K10 must decay to two pions and K7f’ must decay to three pions.
2. You are not surprised to know that a decay Ky — n° + 7% and K - ™ + 7~ has been observed.
3. So a new combination:

1
IKS) = NeearD: (1K) + €lK7)) K =

e T = (1K2) + i)

= K and K) are eigenstates of CP operator, whereas K. and K, are not.
= KJ and K are states with definite lifetimes y(I')s ; and distinct mass m(M)s;

= ¢ isasmall number describing the degree of CPV, K is almost K, K is K.
= Only 0.2% of K, violates CP! Very tiny effect!
* This type of CPV is called ,,indirect”

4. Solving the Schrodinger time dependent equation for a two-body system, we could calculate the probability of flavour
oscillation phenomena.

5. Now: are there any other systems that could show us: ™ a flavour oscillation,
=  CZPV in much higher degree?
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Time evolution of neutral mesons |

1. Inthe absence of mixing, meson K° can decay into all, allowed by energy-momentum conservation, states.
2. The exponential decay law leads to the time dependence of the wave function:

— time evolution of a stable state with massm, m = E

r
K°(D)) = |KO) e 7 emimt_

total width such that probability of finding an
undecayed meson at time t is:

which satisfy the equation: p ; (KO(£)|K)|? = e Tt
i [K°©) = (m - =T [K°(®)

-
H

3. If K° can convert into K9 through second order mixing diagram, the time evolution of a neutral meson must include
both K° and K©:

|K0(t)> — e iHt |K0(t — 0)) — e iHt

1
V2
o ar (T
= \/—gle_l(ms_Ts)t |KQ) + o~i(m—3t)e |K£)‘ = .= .= ..

(IK3) + 1K2)) =

[P(t)) = a(t)|K0> + b(t)|ﬁ> so let’s be more general:

AGH UST Krakow CPV in Heavv Flavour Phvsics



Time evolution of neutral mesons lﬂ

1. Assume that we have two neutral meson states: P° and P° (they can be K°, D, B°) with an internal quantum number F
such that AF = 0 for strong and ELM interaction, but AF +# 0 for weak interactions.

only the coefficients are time-dependent,

W(t)) = a(t)|P°) + a(t)|P°) states- are not

»
»

2. The state obeys Schrodinger equation with total (effective) Hamiltonian (compare with the previous lecture):

.d ra ay _ i \/a

la (b) = Herr (b) = (M - EF) (b) time evolution of coefficients only,
H is not hermitian,

H =Hy,+ Hy

3. M and I' are 2 X 2 Hermitian matrices (mass and decay)

. we need to solve the eigenvalue problem for this system:
l
M M12) — ( I F12) e diagonalise H matrix,

}[ = ( * ~ *
ert M1 M 2 \I7; r * find eigenvectors and eigenvalues (try this!)

4. CPT Theorem imposes that mass and width of particle P and antiparticle PO are the same, so: H{4 = Hyy
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Time evolution of neutral mesons

5. First some commonly used definitions:

E; , are eigenvalue that we have after solving the characteristic equation (H matrix should be diagonal):

IH—EI|=0 -
i 2 i i Mz =ME—-
Am =m, —my
o i, y Am\ - AT

1= M =5 = 2 | ¢ 2 AT

F1’2=Fi—

o Ly _ A\ _ (AT 2

2 =M =(MT o)~ T AT =T, —T

and eigenvector equation of the form:

U{—ED(£;)=O

gives the relations:

<

My, — 2 I,
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Time evolution of neutral mesons |

7. The eigenstates of effective Hamiltonian written in the form:
IPy) = plP®) + q|P°)
|P,) = pIP°) — q|P°)

p and g are complex numbers satisfying: |p|? + |q]? = 1 (for K and Ky : p = q =

(compare with K and K as a mixture of K° and K°)

|~

2
8. Solving Schrodinger equation we see time evolution of the eigenstates (tutorial):
iF_l)t

IPL(0)) =[Py e M2

P, () =|P,) e (M2

These relations show that the original P° meson after some time can either convert to PO or decay.
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Time evolution of neutral mesons |

9. Finally the time evolution of weak eigenstates as a combination of flavour eigenstates:

(| 0 = 0 2 _0\ . i . [ g
POO) = F@IP) + o F-OIP) | o %[e_mmi-irl)t 4 o-itma—5ro)] “’f@@ @“@w!
—a =5\, P
Po(t)) = f.(O|PY) +=F_(t)|P°

[PP®) = £.®[P°) + 5 f-©1P°) g0

2 1 —1 1 l 2
If(®)] :Z[ T1t 4 =2t 4 De™ cos(Amt)] I:ZF1+F2
2

]

10. The time evolution of mixing probabilities, i.e. the interference term

probability that having started the observation with a P°
meson, after some time t we still have P° (or it has oscillated| P(P° — P%;t) = |(P°|P°(¢t))|? = |f+(t)|2

to E):

P(P° - PO;t) = |(PO|P°(1))|? ‘ f- (t)

. J

Let’s look closer at the parameters of flavour oscillations:
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Time evolution of neutral mesons |

11. We can find four P? -type mesons and investigate their flavour oscillations:

d s b b W Vi d
P 0 0 —
d i K b Bo u,c,t u,c,t OBO
s|K° x B, | w2 owt o, 1

u ¢t b W Vo 5
ul|l x DY o N I R _
D0« o BS u,c,t u,c,t OBS
t | © X s 72 W b

< < <
» ds,b u
|Am| |AT|
Two parameters determine period of oscillations compared to lifetime: x = ? y = ? '
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Time evolution of neutral mesons @!
2 =
= BO meson Bs meson  D%mesons: very, very slowly
08 e KO .
08 A, = 0.507 £ 0,004 ps-  Am,=17.719 0,043 ps™ K% mesons:  very slowly
0s |  X=0.770%0.008 0.6 X, = 26.6310.18 « B, mesons: slowly
y = 0.007 os « B mesons: fast!
02 The frequency of B®, — anti-BO, oscillations is the highest.

X On average, a B9, meson changes its flavour 9 times
%1 2 3 45 67 8 910 % 123456 7 8 8 10 between production and decay

proper time (ps) , proper time (ps)
55 1 fo 0 =1
K" meson §
08 "\ 0.8 0 ue:
“\ D® meson given a P9, at t=0,
0.6 "\ 0.6 X = 0.0074 the probability of

y = 0.0048 finding a P? at t.

0.4 X \
Red: @%@@% )
0.2 given a P?, at t=0, @«

the probability of

U:) 10000 20000 30000 40000 50000 %23 4 5 & 7 8 § 10 ﬁndingaF’Obaratt.
proper time (ps) proper time (ps)
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Summary of oscillations @]!!

1. Experimental puzzle with strange time life of a new particle has been solved by
introducing weak decays of strange mesons.

2. Since they are produced in strong interactions and decay through weak, a second
order box process occurs and is a way for flavour oscillations.

3. So neutral mesons behave like coupled damped pendulum.

4. This also holds for other neutral mesons.

5. In addition a CP violating decays were discovered in kaons decays.

So now, the question is: how to connect mixing (flavour oscillations) with CP violation?
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Types of CP Violation

|. CP violation in decay (direct CP Violation)

P‘<'f ?I:VT

Il. CP violation in mixing (indirect CP Violation)

p p p _
O 0<f O <f

ry
lll. CP violation in interference between mixing and decay

LO<: f _‘<? 3

P O P ¢ P ® P < -
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CP Violation in decay (direct)

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f
2. Thisis a method for direct CPV in decay amplitudes, when two amplitudes with different phases interfere.
3. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

r{p - f}—r{pP - f}
r{P - f}+r{P - f}

Acp air =

. 2
where: F(P 5 f) o |Af|
3. Amplitude Ag:

* isdefined as a matrix element that describes the transition between state P and f, such that P — f depends on:
A; = (f|H|P)and P - f on: Af = (f|H|P)
* is a complex number that can be written as a value A and phase: Ay = A e'? e

* Usually the amplitude Af has a strong phase & that is invariant under CP transformation and weak phase ¢ that
changes sign under CP.
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Essence of amplitude interference

A = (ﬁnalHjinitia,l)@ A; = A
J— +. Weak : L Wea.
= ‘Aj‘e *3 — ‘Aj‘e_“bj «

P(‘L — f) = ‘Al +Ag‘2

= A1 + 2141|4205 62 Y | 4o]?

P
<

In case of only one decay amplitude — the
decay rates are equal:

re-f)=rP-yp
and no CP violation occurs.
For two amplitudes the decay rates may

differ and the asymmetry is sensitive to
relative phase

— 2 2
A:|Af| — 4]
—_— 2 2
|Ar | + |Af]
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CP Violation in decay

4. Final state f can be CP eigenstate or not CP eigenstate. In the former additional amplitudes are written: A_f and Af

5. The phase of the amplitude emerges only if we could find two different amplitudes that lead to the same final
state, and:

e their amplitudes had both different strong and weak phases,

* then we would see evidence for direct CP violation (in decay) and decay rates will be different :

F(P—>f)¢1‘(l_>—>f)

* most general form of asymmetry:

) 2 , .
P el T 21411 14;sin(8, — &) sin(¢s — §2)
|A_f|2 4+ |Af|2 |A11% + 14312 + |A4] |42 cos(61 — 8,) cos(py — ¢3)
_ J
Y

amplitude interference!
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CP Violation in decay

6. We can also write a couple of asymmetries in a different form, e.g.:
A = ABB™ ~ f) = Ay €1 ¢i®1 4 4, ei92 152

7 = /T(B"‘ - f) — Al e_id’l €i61+A2 e—iqbz ei62

2 — 12 _ , _
4" = 47" = 21411 14, sin(81 — 6,) sin(¢y — ¢2) Ir(P-f)=IP-F)
* or (if there are more amplitudes leading to the state f) we can express this by: mﬁ@%
oW ¢
— S
if CP is NOT conserved: Z A.e'% '
A i if CP is conserved:
f|_ l 1
—| = I = A
4 ZAl.e e Ji=1
i Ag
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CPV in decay ()

E|-

g Think about experimental challenges!
E: L e combinatorics,
B+, BO * tagging,
$ 0 | o
B+, B TR * probability....
L, d » U, d U, d u, d 1
c d
g ud
70 _ 0
. ) gd "
b d, s
1, § +, K+
wt, K
u u - u

It is very common in flavour physics that simple ideas (CPV in differences in
decay rates) are the most difficult for experiment.
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CPV in decay @]!!

BT - K K'K™ Huge direct CP violation in decay amplitudes seen in B//B* decays B~ - K KtK~

= iode]

an a 24
L L8 = Model < 22 A
-~ 1.6 we B K T 3 }m 2 w B KKRE 4
{_5 1.4 - Combinatorial{ (5 :g -« Combinatorial
= 1.2 = B-s4-hody 1 =4 —B—a-1-bud}'_
= B-n(pK { < |2 | = BmKK
~ (1.8} =B-nirn 4 ~ 1 = B K tn
g 05 g 08
é 0.4 3 08

7 = o
':'==I Dra + e ; — ) . 5. U‘S = - o h“ > ; o
o 51 532 33 54 55 51 532 33 54 355 © 531 52 33 54 55 51 52 33 534 A5

m(K ©'n ) [GeV/e?] m(K'n'n) [GeV/e?] m(K K'K ) [GeV/c?] m(K'K'K ) [GeV/c?)

100 o

Phys.Rev.D90(2014)112004,

ﬁ': {4{“ = Maode]

E; 500 K ‘::‘; e B KK

- e B-—"lr[:']'rn . -
5 é."{ . o Combinatorial ;
— 400 cCombinatorial] = By —-body

= . 1 < — B-4-body

S 300 B-4-body S | BOKKK
‘.-‘1 : '“Br—'-l‘;.i'ﬂ"ll_ .,_|_‘ -BT FKTTL.;H_
%200 2

= o

= =

= =

= =

o | o

- ]

051 52 53 54 55 5.1 52 53 54 55 51 52 53 54 55 51 52 53 54 55 3.0 fbl
mint ) |GeV/c?] m(r''n) [GeV/c? m(m KK ) [GeV/c?] m(rt' K'K ) [GeV/e?] )
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CP Violation in mixing

1. CP Violation in mixing (indirect CP violation) based on the spontaneous oscillations of a particle into antiparticle
(mixing).

Mass eigenstates are different from CP eigenstates.
Only for neutral mesons! See kaons section.

Mixing does not necessarily mean C2 violation, but can provide additional amplitude that can interfere.

Mixing rate for P? — PO is different from P9 — PO.
If the weak states of neutral meson are: m
|P;) = p|P°) + q|P°
! P d ) mixing

|P,) = pIP°) — q|P°) BO

o ok w N

the CP symmetry is violated if:

2 . [y * very small effect,
ql My, — 2 I * hard to measure because of hadronic uncertainties,
E B M i r =11, so far no evidences of CPV in mixing
12 — 7112
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CP Violation in interference lll

C?P violation in interference between direct amplitude and amplitude after mixing.
Only for neutral mesons.

Some definitions:

As = (f|H|P°) Ag
A; = (f|H|P°) A7 = (f|H|P)

o 06 (o o

CPisconservedif: 1 =land 1 =1

Try to calculate time dependent rates:

= (FHIPPO)N T = |(F|H[PO ()] ‘\ o
r: = |(FIH|P°)|*  Tr= (F|H|POo)|’ IP°(8)) = £, ()| P°) +%f_(t)|ﬁ)

And asymmetry (time dependent!)

r{p(t) - f} - r{P@) - f}
r{p) - f} + r{P - f}

Acp(t) =

AGH UST Krakow
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CPV — how to measure? The experiment — LHCb spectrometer lll

Physics program: scar, HCAL

e CP Violation, lblL M3
Magnet RICH2 M1 M2
T3

M4 M3

 Rare B decays,
B decays to charmonium and open charm,
e Charmless B decays,
 Semileptonic B decays,

e Charm physics P
B hadron and quarkonia

e QCD, electroweak, exotica ...

Tracking:
Silicon & Straw tubes
Magnetic field

Vertexing: RICH performance: Calorimeters:
High precision silicon Cherenkov radiation. Electromagnetic &
detectors (10um position Measures velocity, combine with Hadronic calorimeters
resolution) very close to momentum to get mass - Critical (with muons) for triggering
collision point Particle identification in p range 1-100 GeV
7z, K ID efficiency > 90%, misID<~10%
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L 0 0 I
Mixing of B~ and Bg meson Il
AGH
1. Like neutral kaon system, neutral B mesons may also oscillate: (B_O - db) b u,c,t d}s
0 =db
2. The top quark transition has the dominant amplitude: B W W+
B = sb
A x z all pair of quarks Ay;A; — =
pair of q pidjp BO = ds _ - _
d.,. 1.C.t b
B® = db BY = db BY = sb B? = ds
illati Am Am
Oscillations parameter o = Md . 0.72 2, = Ms ~ 24
I, [
~ .10-13 ~ -1
Large mass difference Amg ~ 3_'31 10 GeV Ams ~ 17.8 ps
~ 0.5 ps
. . . AFd -3 Al_‘S
Small lifetime difference Xqg=—=—=~5-10 Xg = T ~ 0.1
d S
%— sensitivity to weak q _ VeV B q _ VsV -5 q |Mj,
phase P VoV P VoV p M
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Mixing of B® and B¢ meson

AGH
1. The weak B-meson states are a combination of flavour states:
B,) = p|B°) + q|B°) |By) = p|B°) — q|BY)
2. In terms of the CKM elements q/p is given by:
. here d is replaced by s in case of B J q_ VisVin —i2Bs
q _ [I;tdl‘;t*b P VeVis
p tbVtd _ E _ _ W _
b—————>——35 — NN
so now the physical states are written as: B’ W§ W§ B’ B’ £l £ B’
|B,) = 1/V2[|B®) + e~128|B0)] s b SV D

|By) = 1/V2 [|B®) — e~28|BO)]

the eigenstates of the effective Hamiltonian, with definite mass and lifetime, are mixtures of the flavour eigenstates
and S is also called the B? mixing phase
3. The states B; and By are lighter and heavier state, with almost identical lifetimes: [} =[; =T

4. The mass difference Am between them is greater then in kaons.
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Mixing of B® and B¢ meson I

5. If we write the flavour states as a combination of weak states:

|B®) = 1/V2[|B,) + |By)]

then the wavefunction evolves according to the time dependence of physical states:

|B()) = 1/V2{a(t)|B;) + b(t)|By)} -

where time dependence of coefficients is:
. i .
a(t) = e~ ML=t b(t) = e—i(mH—%F)t

Now substitute a(t) and b(t) and |BL'H) into time-dependent wave function.

Do not forget to express mass states as a combination of flavour states....

|BL) = 1/V2[|B%) + e~2f|B0)]
|By) = 1/V2 [|B®) — e~28|BO)]
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Mixing of B® and B¢ meson I

6. Now substitute a(t) and b(t) and |BL,H) into time-dependent wave function:

|B(t)) = 1/v2{a(t)|B,) + b(t)|By)} |B) = 1/V2[|B°) + e~F|BY)]

|By) = 1/V2 [|B) — e~28|BO)]
_ e—i(mL—%F)t _ e—i(mH—%l")t

... and calculate the probabilities of the state to stayasa |B?)
P(B°(t = 0) - B%t) = (B°(¢)|B%)|? =..=..= eIt cos? <— t)

7. The same calculation can be done for B

do It
N
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Mixing of B® and B¢ meson I

. — -1
BaBar: Am = 0.511 £ 0.007 ps LHCb: Amg = 17.768 + 0.023 ps ™

é | | =04
E | -
z | '_ =
o ~ ] 0.2
LI‘I"-.. 4-’ \.‘ I.-"l L
" 1»1‘} HJ 1 0.2
| V% o1 02 03

t modulo (2x/ Am) [ ps ]

Al(ps) Bg N D§n+
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Golden channel for sin 2[5

1. The process B® — J /1 K is called the ,,golden mode” for measurement of the £ angle:
a) clean theoretical description,
b) clean experimental signature,
c) large (for a B meson) branching fraction of order ~104.

2. This is a process with interference of amplitudes with and without mixing:

Amplitude 1 Amplitude 2
d KS d U,C,t b b J/T,IJ'
% WA
‘E i ﬁ) U _: El El K .
I/ - > (9=2p)

3. The 8 angle sensitivity comes from the B° & BO mixing due to the £ — d and t — d transitions.
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Golden channel for sin 25 I

I
4. We need to calculate the asymmetry of the type: | 4, (¢) = —Ff
_I_
f

2
and remember that decay rate depends on (see lect 4): T'(B = f) o< |As|" = |41 + 4,7

Amplitude 1 Amplitude 2

I/

b 50 d i
34 /

2

I'{B-J/Y K} —T'{B - ]/¢ Ks} _
I'{B—J/Y K} +T'{B—]/¢ Ks}

—sin 2f sin Amt

[B—J/Y Ks) =

. Amt Amt
Ae~tmt-Tt <cos - +e @ sin T)

Acp(t) =
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Experimental challenges for mixing

1. Need to determine:
a) Flavour at production < tagging

b) Flavour at decay, from final state
opposite side | same side (vertexing)

c) B decay length

opposite |~
side lepton 5 =+ Decay mode
E;(?'Tematiun tags b flavor
= K" at decay
D meson |
B jet B hadron @ &~ """~~~ "
e B,
Dilution D = 1 — 2w Collision Point L . typically 1 mm
w = mistag probability Creation ofbb ™ e
g = efficiency - ct=Ly P:

gD? = effective tagging power
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Time dependent BY — DK

0 - ' ' i lly challenging:
Bs N DsK This family of processes are very experimentally challenging

Primmary vertex *X B
bt

e six hadrons in the final state — very good PID and mass resolution

* high-P; tracks and displaced vertices - efficient trigger
* efficient tagging and good tagging power (small mistag rate)

e good decay-time resolution
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CP Violation in interference |

Bg R Dj(*)Ki(*) Time dependent

1. Interference between mixing and direct decay, large effect
because decays are not colour suppressed,

2. Sensitive to (y + ¢,), strong phase §,
3. Need to measure 4 time dependent decay rates o <
" BY Ve
3 LHCh —+ data s
S 10 — S >
:5 B e, e B Dt l_‘BSO—>f (t)
gt oers B o DI pY) —Tst
5 LY iR i Al 2 o\ e 'S Al'.t Al'.t
S il Wl Canbimtoral = |Af| (1 + |/1f| ) > <coshTS + D¢ sinhTS + Cr cos Amgt — S¢sin Am5t>
o : ":"'"":*.T;:;E:_-.
L s W‘\\ D « cos(8 — (y — 2B5)) S¢ o« sin(8 — (y — 2Bs))
? R .\'.\"'r. : .bL‘ il \T\ I | AP
{2}_ ;i 1} ___H . T
2 i__ _,I i _F.... o { B — First measurement with this
& 8§ A b b technique, 1fb!

(B — DIK") [ps]
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Time dependent BY - DK I

AGH
1. B? and B_g decay to the same final state. [Vial [Vaus| Vuple™
Verkm = _lvcdl |Vcs| |Vcb|
% Veale™#  —|V,sletPs Vep|
| /P we_
Vub W ‘E I D; _ V:b W S I K*+
Eﬂ[ b €. B [ b )
S § _.\u | S _’_\\ E | ,
1 *+ I DS
S Kk S |

2. B? and BYcan oscillate into one another.

3. So we have interference between two processes:

#®)  (bi

—2Bs(f 5]
VB! | 4
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. 0 —
Time dependent By —» D K iy
We have some experience in decay rate equation...
The probability of B meson decay to final state f is given by the Fermi golden rule: @ DIK
Co_r ()~ [(FITIBY (D)2 —2Bs(( ]
<V B! 14
and we can try to calculate it...
2 —Tst ATt ATt
o ((t) = |Af| ( |/1f| ) coshT + Dy sth + Cr cos Amt — Sy sin Amgt
2 —Tst
2 |p 2\ € st AF t AF t
Fgg_,f(t) = |Af| — (1 + |/1f| ) > (coshT + Dy sth — Cr cos Amgt + Sf sin Amgt >
2
2Rel 1-|a 2ImAy
1+ || 1+ || L+ || O
e loTh gy A= (7T

AGH UST Krakow
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Time dependent BY — DK

These relations should lead to the distribution like this:

1

— B.(t) = By
ﬂ ---Bs(t) — By |

06 ff i

r{B(t) - f} — r{B(t) - f}

Acp(t) = r{B(t) - f} + I[{B(t) > f)

04

o2 Fl [ 4t

: E3
HIR TN AR
1 B I 1V y\A
I RN ¥V o\
RN R R D O ERH I C A T ¥ 4\ -
H 1! H 2! S AL AR TN 5 s
0 ¥ I | k r;

0] 1 ) ) 2' T 3~ " J4~ -5
t (ps)

... but various detector effects have a major impact on time dependent decay rates:
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Time dependent BY — D} K detector effects
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Time dependent BY — D} K detector effects I

Roofit simulation of 10 years of LHCb data taking for this process....
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Mistag & dilution |

BO(At) BO(At) Acp(At) = (1-2w) sin(2p) sin(AmAt)
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BO(At) BO(AL) Acp(At) = (1-2w) sin(2P) sin(Am,At)
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One more thing... |

The last subject to discus is CP Violation in the Standard Model (CKM matrix and Unitary Triangles)
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