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A very brief introduction to the Standard Model (1)

* Relativistic quantum mechanics (Dirac, Weyl)

(4778, — =0

gamma matrices /
wavefunction as a 4-component spinor
(spin-up, spin-down, particle, antiparticle)

relativistic differential
operator mass of corresponding

particle

“It seems to be one of the fundamental features of nature that fundamental physical laws

are described in terms of a mathematical theory of great beauty and power.”
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A very brief introduction to the Standard Model (2)

Quantum field theory (Feynman, Schwinger, Tomonaga)
with non-Abelian gauge fields (Yang, Mills)

Ui U = 2wy

gauge transformation under which /

theory should be invariant . multiplet of (almost)
coupling constant identical spinors

generators of relevant group
e.g. Pauli matrices for SU(2)



A very brief introduction to the Standard Model (2)

* Quantum field theory (Feynman, Schwinger, Tomonaga)
with non-Abelian gauge fields (Yang, Mills)

U U = 2wy

/ multiplet of (almost
gauge transformation_unde_r which / / ideﬁtical s(pinors )

theory should be invariant counling constant
covariant Ping generators of relevant group
derivative / e.g. Pauli matrices for SU(2)

DN = (9“ I ?/ WM(KL gauge boson fields 4




A very brief introduction to the Standard Model (3)

* The Standard Model gauge group (Gell-Mann,
Zweig, Weinberg, Glashow, Salam)

SU(3). X SU(2) x U(1)y
7 s ™~

three copies (“colours”) of weak hypercharge governs
each fermion that interacts strength of (Abelian) U(1)
with the QCD gauge group two copies (“weak isospin”) of interaction

each fermion that interacts
with the SU(2) gauge group



A very brief introduction to the Standard Model (3)

* The Standard Model gauge group (Gell-Mann,
Zweig, Weinberg, Glashow, Salam)

SU(3). X SU(2) x U(1)y
7 s ™~

three copies (“colours”) of weak hypercharge governs
each fermion that interacts strength of (Abelian) U(1)
with the QCD gauge group two copies (“weak isospin”) of interaction

each fermion that interacts
with the SU(2) gauge group

SU(2). acts only on left-handed chiral component! (Parity violation: Lee, Yang, Wu)
Mass terms couple left- and right-handed components - only massless particles!



A very brief introduction to the Standard Model (4)

* Electroweak symmetry breaking (wWeinberg,

Glashow, Salam, Higgs, Brout, Englert, etc.) ‘f
g ‘
Z:; \%\\ | v'

V(¢) = 120" ¢+ A(¢'0)’
e

4‘ AM&& ////
Higgs field
(actually a complex scalar doublet)
At low energies the SU(2). x U(1)y electroweak symmetry is broken

— Explains gauge boson masses and differences in charged current and
neutral current weak interaction strengths

— Fermion masses arise through “Yukawa” interactions with Higgs field 7
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First generation
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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Muons were discovered in 1936 from studies of cosmic radiation

B S—

< Who ordered tha@

Radius of curvature of charged particle in
magnetic field « charge/mass

Isidor | Rabi 13
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Flavour physics

Flavour (particle physics)

From Wikipedia, the free encyclopedia

In particle physics, flavour or flavor is a quanturm number of elementary particles. In
gquantum chromodynamics, flavour is a global symmetry. In the electroweak theory, on the
other hand, this symmetry is broken, and flavour-changing processes exist, such as quark
decay or neutrino oscillations.

“The term flavor was first used in particle
physics in the context of the quark model of
hadrons. It was coined in 1971 by Murray
Gell-Mann and his student at the time,
Harald Fritzsch, at a Baskin-Robbins ice-
cream store in Pasadena. Just as ice cream

has both color and flavor so do quarks.”

RMP 81 (2009) 1887

Flavour in particle physics
Flavour quantum numbers:

« Baryon number. 8
& Lepton number: L
& Strangeness: S5
« Charm: C
« Bofttomness: B
e Topness: T
e |sospinlorls
o Weakisospin: Tor Ta
& Electric charge: Q@
e A-charge: X
Combinations:
« Hypercharge: ¥
o ¥Y=(B+5+C+B+T)
e ¥=2(Q-13)
e Weak hypercharge: ¥y
o Yyy=2(Q2-T3)
o X+2¥y=5(B-L)
Flavour mixing

o CKM matrix
s PMMNS matrix 14
e Flavour complementarity



Mysteries of flavour physics

* Why so many fermions?
* What explains
- the mixing patterns?

> the matter-antimatter
asymmetries (CP violation)?

* Are there connections
between quarks and leptons?

Fermions Bosons
(“matter”) (“forces”)
Quarks g799999
uwi cec ti Y
X 7+
ddd s 0 { MATTER } 3
Leptons ANTIMATTER 7
e [T
Ve VILL VTt H

15



Quark (and lepton) mixing

* Quarks acquire mass after electroweak symmetry breaking

— Separate 3x3 mass matrices for “up-type” and “down-type” quarks
(weak isospin +%2 or —%2)

* Eigenstates of these matrices different for weak interactions
and Yukawa interactions

- Require diagonalisation matrix to convert between bases

* Diagonalisation different for “up-type” and “down-type” quarks
- Relative misalignment: CKM matrix (Cabibbo, Kobayashi, Maskawa)

16



CP violation

* Concluding words of Dirac’s 1933 Nobel lecture

“If we accept the view of complete symmetry between positive and negative electric
charge so far as concerns the fundamental laws of Nature, we must regard it rather
as an accident that the Earth (and presumably the whole solar system), contains a
preponderance of negative electrons and positive protons. It is quite possible that
for some of the stars it is the other way about, these stars being built up mainly of
positrons and negative protons. In fact, there may be half the stars of each kind.
The two kinds of stars would both show exactly the same spectra, and there would
be no way of distinguishing them by present astronomical methods.”

* In fact there are no “anti-stars” because there is not complete
symmetry between matter and antimatter — CP violation

17



The CKM matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
th Vts th

* A 3x3 unitary matrix

- Encodes relative misalignment of mass and flavour bases that arises in the Standard Model
following electroweak symmetry breaking (Higgs mechanism)

* Described by 4 real parameters — allows CP violation (KM: Prog.Theor.Phys. 49 (1973) 652)
e Highly predictive

- Describes phenomena at energies from nuclear 3 decay to top quark decays

Particularly interesting to study the b quark ...
which means studies of b hadrons (important role of QCD) |,


https://doi.org/10.1143/PTP.49.652

The flavour ;ep'© scope

* Flavour physics provides a wide range of Standard Model tests
— Genuine potential for discovery of physics beyond

e SM structure is distinctive, and need not be replicated BSM
— Absence of tree-level flavour-changing neutral currents
- V-A structure of the charged current
— Universality of couplings to different leptons

* Quark mixing (CKM matrix) described by only 4 parameters
- Highly overconstrained - allows powerful consistency tests

 Sensitivity limited by precision
- For theoretically clean channels, this means data sample size

iHeartCraftyThings.com

19



Seeing and inferring

* Weak decays of b hadrons involve virtual mediators

* We only “see” the final state particles
— but can “infer” information about the mediators
- advantage: not limited by energy of collisions
- loop processes particularly interesting due to SM structure

* Formally, use effective field theory

b Vib t Vtz s

o
vy
(7]
(=)
o]




Seeing and inferring

* Weak decays of b hadrons involve virtual mediators

* We only “see” the final state particles

- but can “infer” information about the mediators

- advantage: not limited by energy of collisions

- loop processes particularly interesting due to SM structure

* Formally, use effective field theory

@ could be at O(10 TeV)
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Loop diagrams for discovery

* Contributions from virtual particles in loops allow to probe far
beyond the energy frontier

* History shows this approach to be a powerful discovery tool
* Interplay with high-pr experiments:
— NP discovered: probe the couplings

— NP not discovered: explore high energy parameter space

NP

0 0 22



LHCDb experiment at CERN

LHCb MC
Vs =8 TeV

0, [rad] ™2



LHCb experiment at CERN

Proton proton
collisions occur
inside
vertex detector

B particles
produced in
forward
direction

These decay
rapidly to
particles that
traverse
the detector

ring-imaging y
Cherenkov detectors calorimeters
(for measuring (for measuring energy)
speed) —

positive pion photon HEGAOH

|I\Ih‘

pipe for
protons from
Large Hadron

Collider

ma

NE -

N
e

/ I 2T
vertex detector

(for locating
particle decays) / ; I

,/ electron/

: /
\ negative f}, neutron

‘-\ kaon .f(

tracking detector
(for measuring position) muon detector
(for identifying muons

and antimuons)

5 metres

neutrino

Muons penetrate
detector & reach

muon counters

Electrons
deposit
all their energy
in calorimeter
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Quantum oscillations

b Vb t Vts S
5 W ¢ Vie b

To measure rate of this process in which a B ° meson “oscillates” into B ° (or vice

versa) need to B
« Measure flavour (B(S)0 or B(S)O) at production
* “flavour tagging” from properties of other particles produced at same time
* Measure flavour at decay
- use flavour-specific decay like B » D_Tt*
* Measure time between production and decay
e A7 = BVC At By are Lorentz boost factors

27



B.° mixing rate
Nature Phys. 18 (2022) 1

. e 0 — —_— 0 0 — —_—

Clear difference between cases where By —» Dgnt — By — By — Dym*  — Untagged
flavour is same or different between
production and decay

Bs° oscillates much faster than it decays!
* experimental challenge to resolve
oscillations overcome

Period of oscillation related to mass
difference (Am,)

Measurement consistent with Standard t [ps]

Model prediction Am_ = 17.7683 + 0.0051 + 0.0032 ps-!
28


https://doi.org/10.1038/s41567-021-01394-x

Quantum oscillations, with CP violation

* For a B meson known to be 1) B° or 2) B%at time t=0,

then at later time t:
<phys fep(t)) oc e '[1—=(Ssin(Amt)—Ccos(Amt))

[(B),.—fep(t)ce [1+(Ssin(Amt)—Ccos(Amt))|

BO'-~~ 2
N H"“'*mﬁxmx _ 23 (?\CP) . 1_ ?\CP _ Cl K
1 AT~ 5= 2 C= 2 Nep =
p 1+ A% 142, pA
_—CP 0 — ol —
i For B® = J/IY Ks, S = sin(2B), C=0
NPB 193 (1981) 85 29
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Ved Veb
=o)Lt
| Ve |

1(B° = 1.52 ps

Range of plot
covers ten B°
lifetimes!

sin(2f3) from B° - J/PYKs

AP+ T

LHCb

B'—=¢(—= U)KY(— nrr™)

o 4 8

ETE

.H..

t [ps]

sin(2B) = 0.717 £ 0.013 (stat) £ 0.008 (syst)

LHCb-PAPER-2023-013
arxiv:2309.09728
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https://arxiv.org/abs/2309.09728

rou e y from B - DK

* v plays a unique role in flavour physics
the only CP violating parameter that can be measured
through tree decays

* A benchmark Standard Model reference point
doubly important after New Physics is observed

U b T
LS -
T
b | L S
5 ) N

KT

£

=i

require a final state common to both D° and D° 3!



T e y from B*~ - DK*-

Neutral D meson JHEP 04 (2021) 081

different admixture of % Lioh | 2, LHC
D and D° depending = Sifb? CRR N 90
. o 150 - 150 !A_..,w
on final state SN, O - - —— —| - L T
1001 1004
£ £
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H H < 0 < . NS 4
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4 9 fh-1 e 9 fh-!
E 4000 E 4000
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control systematics = =
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The CKM description of CP violation

arxiv:2206.07501

T T ‘ T T T
HFLAV &
g
f el S
: 1-_summe|'22 Amd
— : Am
| [ v Am,  °
0.8_— //
0.6:— /
Vies S
P 02 / d | N
Decay-time dependent asymmetry in B® - J/(K?® - 4 Veo
0 Lo P S T I | ' | |
Partial rate asymmetries in B*~ —. DK*- e 0 W2 04 05 DB 7 1-%

All constraints from different measurements overlap!

arXiv:2212.03894
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https://arxiv.org/abs/2212.03894
https://arxiv.org/abs/2206.07501
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Testing the SM with highly suppressed B - u*u-

correspond to 68%, 95%, 99% CL regions
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See also CMS PL B842 (2023) 137955

PRL 128 (2022) 041801

b s

Z[]
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S I
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and ATLAS JHEP 04 (2019) 098


https://doi.org/10.1103/PhysRevLett.128.041801
http://dx.doi.org/10.1016/j.physletb.2023.137955
https://link.springer.com/article/10.1007/JHEP04(2019)098

LHCDb Upgrade |

VELO pixels & thinned RF foill
- better vertex resolution
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Pixel VELO

Identification of displaced vertices crucial to identify B decays at hadron colliders
Commissioning ongoing!
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Data processing at 30 MHz

Traditional HEP trigger model:
— select interesting events with loose criteria for
later offline analysis

At high luminosity, every pp bunch-crossing
contains a potentially interesting event

Need a new paradigm

— full software trigger

— first level trigger (HLT1) implemented in GPUs
— offline quality reconstruction: calibration and
alignment performed before HLT2

— select relevant information in each event to
store for offline analysis

n.b:
data rate from LHCb detector (32 Th/s)
global internet traffic 2022 (997 Th/s)

32Tb/s

Comput.Softw.Big Sci. 6 (2022) 1

200G 1B

100GbE

10GbE

: 173
Event Builder
servers
Three TELL40

readout boards
per EB server



https://doi.org/10.1007/s41781-021-00070-2

Peak luminosity [10** cm2s]

Why stop there?

Run 1 Run 2 Run 3 Run 4 Run5 Run6
16
e i 5 . A M A
14 | - - - - 300 ﬁ
12 oy
actual / 250 '»
L ] o
g . LHCb Upgrade Il needed / w4 -
8 to fully exploit HL-LHC / -
150 —
6 ©
LHCb Upgrade | / - 2
4 will get us here \ / S
= Q
2 o e °c o3 - 50 o
e S— S
0 s 1 . . - 2 1 ., . . . 1 » 1 3 0
2010 2015 2020 2025 2030 2035 2040

Year
38



Crucial to use
precision timing

information to
separate primary
vertices in same pp
bunch crossing
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Need for radiation
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significant challenge
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Unprecedented data
rates to be processed
in real time
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http://cdsweb.cern.ch/record/2776420

The need for timing

Run 3: pile-up ~5

, Y (mm)

8850288

, Y (mm)

W= =
8800088
T

Upgrade II: pile-up ~40

z (mm)

High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly

40




The need for timing
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High LHC luminosity achieved by increasing number of pp interactions per bunch crossing
Large detector occupancies — many possible fake combinations

But LHC bunches are long (~50 mm); collisions in each bunch crossing occur over ~0.2 ns
Detection with ~20 ps resolution per track gives new handle to associate hits correctly
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LHCb Upgrade Il physics impact

LHCB-TDR-023

Observable Current LHCb Upgrade I Upgrade II
(up to 9~ (23fb71)  (50fbY)  (300fb71)
CKM tests
~v (B — DK, etc.) 4° 1.5° 1° 0.35°
s (BY — Jfpe) 32 mrad 14 mrad 10 mrad 4mrad
Visl /| V| (A — pp~ D, ete.) 6% 3% 2% 1%
ad (B — D~ ptw,) 36 x 1071 §x 107 5x107t  2x107?
a¥ (BY — D} ptv,) 33 x 1074 W0x107*  7x107*  3x10™*
Charm
AAcp (D —» KYK-,7tx~) 29 x 10~ 13x107°  8x107% 3.3x107°
Ar (D° = KK~ ntr™) 11 x 10™ 5x 107°  32x107° 1.2x107°
Az (D° = Kdntn) 18 x 10~ 6.3 x107° 41x107° 1.6x107°
Rare Decays
B(B" — utp™)/B(B? = ptp~) 69% 41% 27% 1%
S.UJJ (BE: — ,u.ﬂu.’) — — — 0.2
AR (B0 5 K*octe) 0.10 0.060 0.043 0.016
Al (B0 5 K*0¢ter) 0.10 0.060 0.043 0.016
AST(BY = ¢) o 0.124 0.083 0.033
Sy, (BY — ¢7) 0.32 0.093 0.062 0.025
s (A) = A7) o 0.148 0.097 0.038
Lepton Universality Tests
Ri (Bt = K+etim) 0.044 0.025 0.017 0.007
R+ (B — K*0¢ti7) 0.12 0.034 0.022 0.009
R(D*) (B® = D* 1*y) 0.026 0.007 0.005 0.002
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http://cdsweb.cern.ch/record/2776420

Summary

Flavour physics provides a powerful zeptoscope to probe the smallest
scales

- complementary to Higgs physics and high energy probes

LHCb experiment has achieved incredible successes, exploiting huge bb
production rate in LHC collisions

— some tensions with SM predictions to be understood
Exciting prospects for 2020s with LHCb Upgrade |

Developing technology for LHCb Upgrade Il to operate throughout 2030s
— unigue potential to test the Standard Model with many discovery opportunities
- | hope some of you will come and join us in this adventure
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