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|. LHCb experiment for heavy flavour physics

LHCb — single arm spectrometer
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Why spectrometer? The experiment — LHCb spectrometer lll
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e Detector in the forward region with excellent momentum and vertex resolutions

e Coverage is complementary to ATLAS and CMS (with some overlapping at low pseudorapidity)
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&“]M LHCb experiment for heavy flavour physics %

b
Parton.1\ Parton 2
LHCb experiment is dedicated for studying flavour physics at LHC. O - ;;. X 3

Especially CP violation and rare decays of beauty and charm mesons. P
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Physics program The experiment — LHCb spectrometer lll

Physics program: scar, HCAL

e CP Violation, o M3
Magnet __RICH2 M\ e o

 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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&“M LHCb spectrometer
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Beam pipe




Il. Heavy flavour physics

Discrete symetries C and P
Standard Model Flavours
Dirac equation

Three ways of CP Violation

B wnN e
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&“M Puzzles in modern physics

What is the Universe made of?
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!‘“M What is Flavour Physics? %

Just as ice cream has both
colour and flavour, so do
quarks!

(1:) CERNCOURIER

In 1971, at a Baskin-Robbins ice-cream store in Pasadena,
California, Murray Gell-Mann and his student Harald Fritzsch
came up with the term “flavour” to describe the different types
of quarks. From the three types known at the time — up, down

and strange — the list of quark flavours grew to six. A similar F_—FLEPTONS ™A
picture evolved for the leptons: the electron and the muon generstion qeneration qoaeration

were joined by the unexpected discovery of the tau lepton at ,ue Y v e A
SLAC in 1975 and completed with the three corresponding & o w =
neutrinos. These 12 elementary fermions are grouped into . . o
three generations of increasing mass. Camalich & Zupan 2019

doublets
®

Flavour physics refers to the study of the interactions
that distinguish between the fermion generations.

g two three

QUARKS

\ 3eﬂef¢t|°ﬂ ael’lel‘lf an aenerafl.ﬂﬂ
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https://cerncourier.com/a/the-flavour-of-new-physics/
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Matter-antimater difference

(9

A long, long time ago, in the early Universe, there were an equal number of baryons and antibaryons.....

High energy photons constantly produce protons and antiprotons which later annihilate:

Yyty=p+p

Then comes the time when temperature decreases and photons have not enough energy for particle creation.

As the Universe expanded the density of baryons and antibaryons decreased and annihilation was less and less

probable.

The number of baryons and antibaryons was equal and related to number of photons:

ng =ng~10"%n,

Meanwhile in the experiment...

... we observe that the Universe is dominated by baryons:

ng —ng~10"7n,

It means that in order to generate this asymmetry we
need to have 10° + 1 baryons annihilating with 10°
antibaryons (one baryon survives)
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CPV might help?
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Matter-antimater difference

Sakharov conditions for matter-antimatter asymmetry of
the universe (1967):

1. There must be a process that violates baryon
number conservation.

Proton — the lightest baryon should decay. So far
this is unobserved, the lifetimes of proton is greater
than 103> years.

2. Both C and CP symmetries should be violated.
P*DP
This the subject of the following story.

3. These two conditions must occur in a phase when
there was no thermal equilibrium.

Otherwise Nbaryons = Nbaryons

-~

HAPYUEHMUE cP-WHBAPUAHTHOCTH, C-ACUMMETPUSA
U BAPUOHHASI ACUMMETPUA BCEJEHHOU

A.X.Cazapos

Teopus pacmupsiomelca Becesennoft, npeanorarawmas csépxnioTHoe Ha-
4yaAbHOEe COCTOSHME BEMECTBA, NMO-BHAMMOMY, HCKAKUAET BO3MOXKHOCTh MaK-
pOCKONMKYECKOro pa3fie AeHHA BeleCcTBa U aHTUBeleCTBA, NOITOMY CAeayeT

Andrei Sakharov:

« father” of Soviet hydrogen bomb
* Dissident

* Nobel Peace Prize Winner
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(9

= Th ri rator i nitar erator that reverses the sign of spatial : :
€ parity operator is a unitary op & P Which clock violates P symmetry?

coordinates: PO R
PY(r)=¥(-7r)

= |n daily life we see no difference between ,,our world” and world in the mirror.
= |nthe world of particles — the difference is HUUGE!
THE MIRROR DID ROT SE€m T 4 !
BE OPERATING PROPERC\Y. : ’ :
P neutrino | P
|
_ — |

nded

%

U

F

Parity Operator P

p-
(o)}
o

Left-handed
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mmm Charge C and combined CP Symmetry %

AGH

N C
= Charge conjugation C is a unitary operator that changes particle to antiparticle:
C|r% = +|n°)
El)/) = —|y> positive charge negative charge
Cle™) = |e*)

= Before weak interaction were studied, one cannot say in which side of
the mirror lived or whether he/she was build of matter or antimatter.

=  We call this ,Strong and electromagnetic interactions conserve Cand P
symmetry, but weak interaction does not”.

= Let’s combine C and P together and see if neutrino is OK now:
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Dirac equation lll

= Dirac (1928) formulated the alternative wave equation for relativistic particles as simple ,,square root” of the Klein-Gordon (K-G) )

. ) . Oi = . — 2
equation: (l)/ at+l)/ % m)I/J 0 —a—l,U+|72‘1U:m2‘P

or in shorter notation:

(iyl‘a” — m)([) =0 Dirac Equation in the covariant form

where: y* = (y°, 1,72, v?) are unknown coefficients to be defined.... 5 0 d 0 0 0
“= gxk ~ \ot’ax’ dy’ 0z

= To find how the y* should look like, first multiply the Dirac equation by its conjugate equation:
-I-_.Oi_.e. _ Oi .—>. _ _
Y ( by o~y Y m)(ty at+L)/ \Y m)l/)—O
what should restore the K-G equation.

= This leads to the conditions on the y*:

¥*)?=1,1,v=0,1,23 Four orthogonal solutions to the free particle Dirac equation:
2 _ o iEp_a.2

(y') =-1,i=123 Y; = u;(E,p)e {E-PX)

yHhyV +yVyH =0foru # v,

or in terms of anticommutation relation: {y*,y" } = 2g*¥

AGH UST Krakow CPV in Heavy Flavour Physics



Dirac equation — solutions for moving particles

AGH UST Krakow

1 0 D,

... Where: Px — IDy
29 p 1ip L E—-m
_ z _ | Ex "ty Px +ip _ —p
M=l E+m U2 E+m Uz = Z‘—my Uy = E—Zm
px+lpy —Pz 1 0
E+m E+m 0 1
Y Y

electron with energy
E = +y/m? + p?

Y =uy,(p") e~ HEL-P%)

pt= (E,p)

Now we can take F-S interpretation of antiparticles as particles with positive energy (propagating backwards in time), and

change the negative energy solutions u5 4 to represent positive antiparticle (positron) spinors v, :
vi(E,B) e VE-PD) = o, (—E, —p)e {CELHPD) =y, (—F —p)elEt-7%)
v, (E, D) e lEt-PD) = y (—F, —p)e {CEHPD) = 4, (—E, _ﬁ)ei(Et—ﬁ-f)

The 1 and v are solutions of: E = +y{m? +p?

(iy*p, —m)u =0 and (iy*p, + m)v =0

CPV in Heavy Flavour Physics

reversing the sign
of Eandp




mmm Heavy flavour physics — 2 generation

AGH

Stany, ktére biorg udziat w stabych oddziatywaniach sg ortogonalnymi kombinacjami standéw o

okreslonym zapachu, czyli:
oddz. stabe ,widzg” zamiast kwarka d — jego stan bedgcy kombinacjg d i s:

d’ d s
W — W W
u u u
(d’) o ( cosf@,. sinf, ) (d) d' = dcosB, + ssinf, 0. — 130
! o —sin 6 6 S ' = — dsi c
S sinf,. cosdl. s’ = scosB, — dsinf,.
W oddziatywaniach stabych czesciej wystepuja cztony z cos 6., s’ S d
cztony proporcjonalne do sin 6, sg ttumione. . ] ]
Y proporcj ¢S4 W W W

ol
o
o
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mmm Heavy flavour physics — 2 generation

AGH

Kaon decay — change of generation — change of flavour! " , W+

&»
M. Thomson

S }f
Decay of D mesons:
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Heavy flavour physics — 3 generations

Heavy flavour physics deals with change of quarks’ flavour.

Especially heavy quarks: because they are heavy!

d’ Vud Vus Vub d 4 d S b h
s' | = Vcd Vcs Vcb S . . = )
b’ th VtS th b c B . o
N ~ J
| S ]
VCKM \ . J

Veky elements:
are described within the Standard Model,

e are obtained experimentally !
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WEAK
interactions!

' d B s - b f_'\
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The CKM Matrix

1. Intwo generation system (1964) — one angle — no CP violation

2. Third generation proposed by Kobayashi & Maskawa (1973) opened the
Pandora’s box of new ideas how to measure CPV.

3. Many possible parametrizations:

a) original K-M: s; = sind; ; s; = cosV;

b) Standard representation (PDG proposal):

1 0 0 ey
O Cog Sog 0

0 —sp3 Co3)|

(
C12C13
iS
—S12Co3 — C12S03513€
iS
| S12523 —C12€23513€

AGH UST Krakow

—
0 5136° \(C12 Sy2 O
1 O —812 C12 0 —
-513° 0 ¢3 JL O 0 1
8\
S12C23 5136
i
C12C23 — 5125235138 S23C43
i
—C12523 = 512C23513¢ S23C43 |

)] [Vaa Vas Vi | [Id)
S = [Vea Ves V| |I8)
) Via Vie V| [ 1)
\ /)
- e _
Cy -$1C3 -5153

SiCo  C1CoC3- S0Sq€°  C1CoS3+ SoC5e™

S1Sp  CySL3 + '1”1‘25:3"‘5'15j C1SoS53 - '5‘2036"5

The CKM matrix is described by three
rotation angles and a complex phase.

CPV in Heavv Flavour Phvsics




CKM matrix parametrization lll

4. Wolfenstein parametrization (1983):

a)
b)
c)
d)

e)

f)

AGH UST Krakow

matrix elements are expanded in terms of sin¥; = 4;
from kaons sector we have I, = 1 = 0.22,and V,,; = (1 — 12/2)
from B-lifetime: V., = 0.04 — 0.006 = AA?

') Via Vus Vi ||| |d)
S 3 | Vea Ves Ve ||| I8)
1) Vie Vis Vi ||| |b)

let’s keep V,,4, Vs, Vi real —expressed in term of four real parameters : 1,4, p,n

the only complex components are in V,;, and V;;, third row/column are of order smaller (CPV

effects) A13 (0 — in)

For the CP violation — one phase should be measurable, so 17 cannot be zero

( 2’2
2
—A

A2 (1-p—in)

1

A2
A Aﬁg(p—lnﬂng)

A
—=—inAj
5 M A

— AN

A (1+mA%)
1

CPV in Heavv Flavour Phvsics



Higher order in CKM

5. Higher order in Wolfenstein parametrization:
2 4 \
42 j AR (p — i)
215 1 &2 1 A 4 2 0( 46
A=A (p+in—3) 1—5—(§+§)1 AL +O(1°)
2
A&3[1—(p+fr1)(1—L)] —AAS-AAt(p+in-3) 1-1A22%

|

)

')
)

|

Via
Ved
Via

Vs
Ves
Vis

Vi
Veb
Viy

|

J
V,s|e s

f and B are weak phases in B? and Bg mixing,

B and y are the CKM angles (see next slides).

They are ones of the most important observables in experimental heavy flavour physics

AGH UST Krakow
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Unitarity of CKM matrix L@]!!
The CKM matrix is unitary Vegy * = VCKMJr — this give us 12 orthogonality 1-22/2 A Als(p-in)
conditions: 2 1-32/2 A)2
Vid- + Vsl + Vbl =1 VigVed *VusVes +VpVep =0 AL (1-p-im)  -AN 1 )
VmF+W$F+WmF=1 VidVid +VusVis +VpVip =0
Vid® +Visl” +IVal* = 1 VeaVia+VesVis Voo Vio =0

VudVis+VeaVes +VigVis=0
ViaVip+VegVip+VigVip = 0
Vusvsz + Vcsvzb + Vts Vfb =0

VmF+WmF+Wﬂ2=7
VwF+WmF+Wﬁ2:1

Vub‘g T ‘Vcb‘z + ‘th‘g =1

The orthogonality conditions can be regarded as a triangle condition —
CKM matrix elements are complex numbers, so their sum is simply a sum
of three vectors:

Ved V:':b
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Unitarity of CKM matrix lll

But most of them have magnitudes of very different size and are currently useless 1-22/2 Y A)3(p-in)
from experimental point of view : Y 1-32/2 A)2

Vi Ved+VisVes+V i Vep=0 A A& A° | Ar3(1-p-in)  -AN 1
ViVig+VisVis +VigVip=0 A3 2528

ViVig+VesVis Vi V=0 1% 22 22
VuaVis +VedVis+VigVis=0 A& 1
VigVip +VeaVipg +VigVip =0 2325 3%
VsV +VesVipg + ViV =0 A A% 22

The most attractive are two triangles:

Vudvzb +Vc:dVZb + Vm‘V:b =0 V;d Vig + VES Vis + VLb Vib = 0

AGH UST Krakow CPV in Heavv Flavour Phvsics



Unitarity of CKM matrix lll“lll
AGH
But still two promising left: 1-32/2 2 Ahs(p-in)
Y 1-22/2 A)?
AL’(1-p-in)  -AN° 1 |
VigVig+VisVis +VipVip =0 23,23 A°

[ VuaVip +VeadVip +VigVy =0 23 ?»3, A3 ] ,The” unitary triangle!

Using Wolfenstein parametrization, we can draw them on complex plane :

: i (p.m)
VuaVup = A)‘S(l — )‘2/2)(9 + in) if sides are divided by V4V, P
VeaVip, = —AA3 the UT looks like that:

ViaVip = AA(1— @ — in) 0 l
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The unitary triangle lll

—

Try your vector algebra... "y =
" ° us EXP @ (p-inp

VudVup = AT(1 = 2/2) o + im) Vo | =] oo Can>

VeaVip = A1 — 0 — in) Vi | @ @

VeaVep = —A2° ) )
Im + higher order... 0(1%)

n(1-22/2)

# * e VCdV(;kb
[ VudViyp VeV tVidViy = O] a = arg| —

1o
. l V..le ik I ViV,

Vudvzjb
; . Y = are (_ VudV{Lkb>
< 5 Vcdvcb B Re VCch*b
p(1-15/2) 1
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And another unitarity triangle lll

and more complex example... r- B

VupVi, = A23 (0 + in) Vea Ves Va| =

VuaVig = A23(1 - 22/2)(1 — ¢ — in) g -- w | @ )

VusVis = —AA

+ higher order... 0(1%)

n [ ViaVid tVusVistV Vi =0 ] —iAx
adding the term O (1*) precise
7 VgV ta in V4 slightly tilts the A gia;trj;\e/;ntehr;:?
I 12 |Vts'|€_4iﬁs]
| /—.-r--- | &Y | )
P (1-22/24p2?)
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Time evolution of neutral mesons (K° story) lll

1. 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
.~ O _ _ 0
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)) =

so let’s be more general:  ||YP(t)) = a(t)IKO) + b(t)|ﬁ)
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Time evolution of neutral mesons lll

1. The eigenstates of effective Hamiltonian (weak) written in the form:
|P;) = p|P®) + q|P°)
|P,) = plP°) — q|P°)

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

[\.>|”k
—

2. Solving Schrodinger equation we see time evolution of the eigenstates:
_ifm. L1
IPy(0)) =IPy) e (M=)t

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 lll

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_uml-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)] 1::11"'13
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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&“M CP violation in mixing %

= Weak interactions makes possible the change of quark flavour. RO w et w. ot 70
. . ey . 1 E it
This rule can do some magic transition from matter to antimatter:

= We found that having started the !
observation with a P meson, after b
some time t we can have P? (P° has ~
oscillated to ﬁ)! w Bg
= SM and Vg provide us with the .

parameters of oscillations

K’ - K°

x=-0.95
y=0.99
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