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@]}! LHCb experiment for heavy flavour physics %

LHCb experiment is dedicated for studying flavour physics at LHC. @ - - X @
Especially CP violation and rare decays of beauty and charm mesons. ./b"
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@M What is Flavour Physics? %

CD CERNCOURIER

In 1971, at a Baskin-Robbins ice-cream store in Pasadena,
California, Murray Gell-Mann and his student Harald Fritzsch

Just as ice cream has both
color and flavour, so do

came up with the term “flavour” to describe the different types quarks!
of quarks. From the three types known at the time — up, down
and strange — the list of quark flavours grew to six. A similar r LEPTONS ™
picture evolved for the leptons: the electron and the muon gererstion gencration  generation
one wo reé
were joined by the unexpected discovery of the tau lepton at W V.. AU e A
SLAC in 1975 and completed with the three corresponding 5 /e & =
neutrinos. These 12 elementary fermions are grouped into @ . ' or
three generations of increasing mass. Camalich & Zupan 2019
(0 @
= 2,
Flavour physics refers to the study of the interactions ki @ (s
that distinguish between the fermion generations. S SO S O Movper
o0 two three
\ QUARKS
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https://cerncourier.com/a/the-flavour-of-new-physics/
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Heavy flavour physics

Heavy flavour physics deals with change of quarks’ flavour.
Especially heavy quarks: @ because they are heavy!

Charm

Transitions between quarks are described by a (famous) CKM matrix:

WEAK
interactions!

d S b
d' Vud Vus Vub d g A
s' | = Vcd Vcs Vcb S . . O )
b’ th VtS th b c W . . ‘e d - s - b - -\
NG J _ = _
% v t . . Y n —és._ﬂ g K=" |B -ﬁf’;’
CKM \ J ; ;
V elements: . - B
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e are described within the Standard Model, Iy K D
. : . | B W
are obtained experimentally ! ¢ B MB” B,B—d B, t \‘(\
b _J
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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:

Yty=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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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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Which clock violates P symmetry?

mmm Parity Operator P

AGH

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 DD NOT S T A A
B OPERATING PROPERL\VY. | - |
P neutrino P

nded

The parity operator is a unitary operator that reverses the sign of spatial

A
’{Ii‘ \

7
l/‘

T

0 vy g )1

W
/f

Left-handed

a'’
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mmm Charge C and combined CP Symmetry %

AGH

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

= 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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!”M CP Violation (in decay) %

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f

2. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

B~ - KKK~ Huge direct CP violation in decay amplitudes BT - KTKTK~
seen in B/B* decays

X1'03" H"\“"I“'”J_““ ““I“"""'J_"" U O
o T LACE E i i
[ ~B-K KK | p=
10} B[N Combinatorial ] é ;_:
T —B-4-body | ST
v BFomt KK 59
] —BSKintn =2
=,
S

S o B N o

5.1 52 53 54 55 5.1 52 53 54 55
mK K'K) [GeV/i2]  m(KKK) [GeV/c]

Candidates / (0.01 GeV/c?)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112004

@M CP Violation (in decay) %

1. One of the simplest way to discover CPV is to compare the decay rates I'(P — f) with I'(P) — f

2. If we define the asymmetry between CP conjugated decays, for charged and neutral mesons:

B~ - KKK~ Huge direct CP violation in decay amplitudes BT - KTKTK~
seen in B/B* decays

s Can you find the quark " _\\K
_/C ~ . transitions (change of flavour)? s
I .

V. and V. B

This shows the connection between ,simple”
counting of decays and the Standard Model
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@M CP violation in mixing %

= Weak interactions makes possible the change of quark flavour. RO w et w. ot 70
i 1
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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!”M CP violation - all ways %
P P _
l. CP violation in decay (direct CP Violation) _’<: f _< f

Il. CP violation in mixing (indirect CP Violation)

P p p T _
O—e s O+ 7

lll. CP violation in interference between mixing and decay
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Heavy flavour physics - parameters %
We have two aims: either confirm Standard Model or/and find evidences of
Physics Beyond the SM Vua  Vus Vup
Vekm = Vea Ves Vep
Decay rates are used for absolute BR measurements and observation of CPV Via Vis Vi
in decays
CKM matrix elements are obtained with: 1 1 137
decay rates measurement Vekm = | =1 — 21°e9 1 A2
angles.... e~ —Ae™"s 1

Vekm €lements are complex numbers (absolute value and phase) Jun

proportional to the transition amplitude between quarks

VuaViptVeaViep+VigVy =0

CKM matrix must be unitary, so we have conditions on its parameters:
VuaVip+ VeaVep* VeaVip = 0

VusVab* VesVept VisVi, = 0 (+ 4 more)
and can be represented as triangles:

V::rd Vidg + VHUS Vis + V:Jb Vie = 0
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@M Precise determination of the B_.°-B.° oscillation frequency %

Visual example of the quantum-mechanical nature of our universe

S b
ATt ;
P(t)~e T [cosh( 5 ) + C cos(Am, t)] B w w OB
t
b S

dancer oscillating in front of CP violating mirror. In a

Ams = 17.7683 £ 0-0051(5tat) * O-OOBZ(SySt) pS_l given time slot the image in the mirror is different
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mmm First observation of the mass difference between 8 June 2021 %
Aor neutral charm mesons arXiv:2106.03744

The mass difference determines the frequency of D° < D° neutral charm meson oscillations

2 2
CPV in the decay D-a<f ™ 5_@(? |
Occurs if |A/|” # | Az]° | - | |

how to distinguish D° — x4 0.+ sign of this pionis a

0 0.+ .— 0 04— D™ - D%nm

<D KT from D0 ??? D™ > K'n™m > _ TAG indicating the
| | D*~ - D~ flavour of D-meson

m;—m, =64x10"%eV

m; —my _
0—=3><10 15
DYmass
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https://arxiv.org/abs/2106.03744
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Heavy flavour physics — spectroscopy
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mmm The Ultimate Quest to find New Physics %

AGH
B - ptp~
e Purely leptonic flavour-changing neutral current mediated decay

* In SM tree diagrams are not possible, only pinguins and boxes

e Clean probe of new physics

-9
(.’\.: = | ! ! ! ! | ! ! - ’l‘\07 XIQ T I T [ T T l T I
L or LHCb Preliminary —e— Data . R |
7 40 F 9 ! Y Total = 5 0.6 - Preliminary LHC]:Z N
E . BDT 20.5 = Bou ] I et
2 10 — B'suu - OT 0.5~
N — Bl-u'uy ] Q i
-  HEN - B—h'h . EOA |
§ 20 Xy,—huv, - B
_g ______ By . 03—
;_s ------ Combinatorial ] B
i)% 10 - 02—
O . T T 1.1 *
C 1 . : L L 1 L L L L . ] R
5000 5500 6000 09 1
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+ =\ +0.37 -9
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mmm The Ultimate Quest to find New Physics LHCH-PAPER. 221001 e %

23 March 2021

AGH Nature Physics
e I T
L] . W— W— W_
Lepton universality g< "'9L< g< b s
Ve Uy Uy ¢ e
* SM couplings of charged leptons to gauge bosons are identical . .
* Very clean and precise measurement at electron collider e —
2 5F LHCb B SM predicion
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evidence of LFU violation at 3.10
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https://arxiv.org/abs/2103.11769
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Flavour physics — how we do the measurement? %

>
(o)
=

Point of creation and decay — primary and

secondary vertex. "V”W" li8

= Tracing detector with sensors as close as

possible to the proton interaction point. =——" /=;f=j='% ﬂ_,:.__;,___;%;;

= Distance between PV and SV is converted into

cime of Ife. T

~100um |7 Pointing
/ \\ Angle
\\ '-\_
i — DO reconstructed
\ =¥ e SR momentum
\ / n - p
‘\ /‘ do e i S \
s D°ﬂ|ghtl|ne
. P secondary
! I'y vertex vertex
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@M Measurement of the momentum %

= Momentum p measured with the radius of curvature in a magnetic field

tracking PID muon detection

. -
s "W
LT

cceptance
limit

a

incident magnet calorimeter
beam (dipole)
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Mmm Identification — %

AGH vy

= We can identify stable particle, i.e. particles that do not decay in the detector volume, like T, K, p, e, u
= Particles can have the same charge, spin and other properties.
= To distinguish them, one can use:

v’ Particle mass — different particles have different mass. RICH — Ring Imaging Cherenkov radiation
v’ Lifetime - different particles have different lifetimes.

v" Type of interaction with matter.

\\\\\\

N \'g\ \\\

NO Y

i
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@]}! Energy measurement %

= Electromagnetic calorimeter used for the measurement of electron and photon energy
= Hadron calorimeter — helps to distinguish hadrons

| Oy |
i
- ——

|
|
|
/

|

i

— =gn
/| |
——l

/
/
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!”M Mass and life-time distribution — selection and fitting
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Future of Heavy flavour physics —

J

Upgrades

Run V-V
(2025-28, >30)

Run | Run I
(2010-12) (2015-18)

Integrated 3 fpl 8 ol 23 fbL 150 fb-L
Luminosity
Energy s 7.8 TeV 13TeV 14 TeV 14 TeV

Upgrade of LHCb during LSZ

LHCb up to 2018 2 8 fb1 @ 13 TeV:

= find or rule out the evidences of New
Physics and sources of flavour
symmetry breaking

= searches of rare decays and exotic
states,

= physics in the forward region.
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LHCb Upgrade + HL LHC 250 fbt @
14 TeV.:

= increase precision on quark flavour
observables,

= aim — experimental sensitivities
comparable to theoretical
uncertainties,



@M Summary

There is the Large Hadron Collider that accelerates and collides
high-energy protons.

LHCb spectrometer is designed to study quark transitions in weak

interaction to explain matter-antimatter asymmetry and search for
New Physics evidences.

= So - let’s do what we came here for!

“.?*.“ . - ; Ny | "
.nowy budynek! < %y TS

o

Budynek Wydziatu
Fizykii Informatyki Stosowanej mmm
AGH

ﬂ https://www.facebook.com/fizagh/
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https://www.facebook.com/fizagh/

Mmm Track reconstruction™ %

AGH

* see additional slides!
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