FYST17 LECTURE 1

The Standard Model

Recommended reading: chap 1



Today will be about reminders mostly

1)  Mini-quiz

2) Standard model constituents, short overview
3) 4 vectors and kinematics

4)  Feynman diagrams

5) More on hadrons



Q1: If a process can process through all
three Iinteractions, which interaction Is the
most likely:

A) Strong
B) Weak
C) Electromagnetic



.
Q2: Which quantity Is Lorentz
Invariant?

A) The total energy
B) The 4 momentum P

C) The 4 momentum squared P?
D) The total sum of 4 momentum




.
Q3: Which process Is not allowed?

A)TF —> 1t + v,
B)m® >y +y
COKf - +put+v,



.
Q4. Which is an allowed Feynman

diagram?
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The Standard Model in one slide
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Existence of Higgs boson
to give mass to the other
particles

2. and 3. generation unstable
Decay via weak interaction



2
OK, two slides

- Quarks and gluons interact strongly — color charge
- Electrically charged particles interact via EM interactions
- All fermions have a weak charge as well

0.5

Coupling constants are not actually

A A Deep Inelastic Scattering
oe c¢te Annihilation

constant. The strong force exhibits ~ *{ o Hadron Collisions

= ® Heavy Quarkonia

asymptotic freedom and confinement
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The weak and electromagnetic forces
described in the Electroweak theory

(Higgs boson is crucial to explain the |
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R I
Reminder on units

Units and dimensions

<+ Particle energy is measured in electron-volts:
1eV=1602x 10717

# 1 eV is energy of an electron upon passing a voltage of 1 Volt.
F1keV=10"eV: 1 MeV=10%eV: 1 GeV =10 eV

<+ The reduced Planck constant and the speed of light.
H=h/2n =6582 x10Z MeV s
c=29979 x 108 m/s

and the “conversion constanft’ is:
He=197327 x 1017 Mev m

<+ For simplicity, natural units are used:
=1 and c=1

thus the unit of mass is e\/c?, and the unit of momentum is e\V/c



4 vectors reminders

- In natural units: x = (t, %), p = (E, p), a = (a,, 3)

- Often written as: A* = (A,, A) contravariant
B, = (B, -B) covariant

- Product: Ae B=A*B, =A B*=A,B;— (A ® B)

Important Lorentz invariant: A= =A  A#
[Prove this if you haven’t!]

- Invariant mass: P> =EE® — (p ® p) = E? —p? =m?



The Lorentz transformation

In 4-vector notation the space-time rotations can be written
as:

x'*= AL, xV where

'y —vb 00
A=Y v 00
0 0 10
0 0 01

Check these results for the 4-momentum! (See first pages
In chapters 2.4 & 6.1)

Why Is Lorentz invariance important?



Let’s try an example



Feynman diagram reminders

To calculate probabilities/ cross sections:

P(process) = | My + M, + ...+ My|?
Each matrix element is calculated from a Feynman diagram
Each vertex contribute factor o coupling constant

For instance EM lowest contribution Is two vertices —
factor a gy oc 1/137 =

diagrams with many vertices less important

This Is the assumption behind Feynman calculus!

It is true for EM and weak interactions but not always for
strong interactions (confinement at low energies)



Example building blocks with e+, e- and vy
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These are all virtual , energy conservation doesn't apply



<+ A real process demands energy conservation, is a combination of
virtual processes:

(b)

e

Figure 6: Electron-electron scattering, single photon exchange

“* Any real process receives contributions from all the possible virtual
processes:

&

Figure 7: Two-photon exchange contribution



S, t and u variables

* In particle scattering/annihilation there are three particularly useful
Lorentz Invariant quantities: s,tand u 1 - .

* Consider the scattering process 1 +2 — 3+ 4

* (Simple) Feynman diagrams can be categorised according to the four-momentum
of the exchanged particle

b1 p3
>V\N\< Y
- P4 >
e )2) e
s-channel t-channel u-channel

*Can define three kinematic variables: s,t and u from the following four vector
scalar products (squared four-momentum of exchanged particle)

s = (pl ‘|‘p2)27 [ = (pl _p3)27 U= (pl —P4)2
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S, t and u variables

* In particle scattering/annihilation there are three particularly useful
Lorentz Invariant quantities: s,tand u 1 - .

* Consider the scattering process 1 +2 — 3+ 4

* (Simple) Feynman diagrams can be categorised according to the four-momentum
of the exchanged particle

s-channel t-channel u-channel

*Can define three kinematic variables: s,t and u from the following fo .
scalar products (squared four-momentum of exchanged particle) Wh at 1S

s=(p1+p2)* t=(p1—p3)* u=(p1—ps)?*| s+t+u =7

S is often called the center-of-mass energy s = E2,




On the path from diagrams to physics

Or matrix element to observables
Phase space describes #states/ unit energy:
Decay width I" of process : (from Fermi’s golden rule)
dl' = 2| M?|x d o,
Rates depend on MATRIX ELEMENT and DENSITY OF STATES

Don’t forget relativistic conditions!

Turns out all 2-body decays can
be written on the form:




Composite particles: Hadrons

Baryons qqg: p, n, A, Z+ (Uus)
Mesons qq: n0, n+, K-, B
Lifetimes: Depends on mechanism:

Strong decay = short lifetime ~ 1023 s
EM decay = 1016 - 1021 s }

These are sometimes
called "long-lived”

Weak decay = 10" - 103 s
Only stable hadron is the proton

Strange hadrons:
For instance A, K-, 2+ first discovered in cosmic rays

New guantum number strangeness S (S=+1 for s) conserved in
EM and strong interactions




S
Heavy hadrons

”Charmed” hadrons: First seen as resonances, J/y, Y

But also as D mesons: D*(1869) = cd; D% (1865) =cu
D-(1869) = dc; D%(1865) = uc

And D baryons, for instance A + etc

“Beauty” hadrons

B mesons such_as bb, Bt=ub , B,+=cb efc

B baryons such as A, (5461) = udb etc

BUT NO TOP HADRONS

(one can still define a ’truth” quantum number)

How do we know If we have found all the hadrons?



Multiplets
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What about light flavor symmetries?

No up or down quantum number — instead isospin:

Nuclear force is =

~ ~ == h _
mneutron mproton and Vpp Vnp Vnn Ccharge

independent

If we could turn off electric charge we would not be able to
distinguish!

The strong forces experienced by n and p identical

Heisenberg proposed them as two states of single particle,
the nucleon:

p=(g)in=(3)



Analogous to spin angular momentum:
p=|"% Y2> Tisospin up”
n=|%-%> "isospin down”

These form isospin doublet with total | = %2 and third
component I3 =+

Physics (i.e. strong force) invariant under rotation in
"Isospin space” assuming equal masses

Isospin conserved in all strong interactions




Spectroscopy

For combination of heavy quarks, the g — g system is
essentially non-relativisic (m; > Ej;y)

Quarkonium (c¢ , bb) analogous to hydrogen atom with
several energy levels

Energy level diagram

Important difference L8 1 3 E & E
the quarkonium system —
IS dominated by the " o ow

STRONG force Em1.5eV

n=3
n=2

(note that vertical scale 1s distorted)

n=1

971372006 Physics 13 - Fall 2001 - 5

GoldsteinPhysics 13 - Fall 04 - GR.
B Sy e Y2008 Rarv R Gald«~tain Ph D



Quarkonia

Looks like several particles with different masses but
same quark content
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M miss(GEV/C?)
Just starting to measure experimentally the mixed systems

cb, cb (weakly produced)



Quarkonia spectroscopy
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Resonances

Unstable particles with very short lifetimes 1013 — 1024 s

This could for instance be strong decay of excited state
down to a ground state (that then decays weakly)

Key feature: we only detect these by their decay products
T+p—> N+ X

L, A+B

A typical way to detect these are using the invariant mass:
Mg = (Es+Ep)°—(pa +pp)°
This will show a mass peak distribution




Resonance peak shapes are approximated by the Breit-Wigner
formula:

N(W) = K (103)

 (W-Wy)2+T2/4

Figure 93:. Breit-Wigner shape

Mean value of the Breit-Wigner shape is the mass of a resonance: M=W,

I' is the width of a resonance, and it has the meaning of inverse mean lifetime of
particle atrest: I'=1/1



Exceptions: X(3872)

Discovered by the Belle experiment in 2003.

Still doesn’t fit in «0>
= ook | | | CMS \5=7TeV -

E - I 10<p_<50GeV iagiflfb -

LHCb measured: % sl | M=t BT M.
— - gigna —

JPC =1+t % i " o | -
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D°-D*° “molecule”  Diquark-diantiquark



Pentaquarks!

- The "old” story:
- Proposed states with 5quarks (or 4q, 1q)

- Discovered (?) 2003 by LEPS experiment:

* ®+ (uudds) , mass = 1,54 GeV.
- Not very significant, little statistics

Over the next few years several other low statistics
experiments report that they also see it!

By 2006: High statistics collider searches for pentaquarks at
LEP & Belle. These experiments see NOTHING
— the pentaquark is dead ?




The 2015 pentaquark "accident”

* LHCb collaboration publishes in Phys.Rev.Letters
(arXiv:1507:03414) July 2015: "Observation of J/psi
p resonances consistent with pentaquarks”
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* Proposed state would be uudcc




Best fit to data involves two new states with
masses

- P.+(4050) mass =4449.8 + 1.7 £ 2.5 MeV
- P.+(4380) mass = 4380 + 8 + 29(Mek

> I =0 |St tical taint
Liooof- mema moal ystematical uncertainty
© [ @ total fit
> [ — background Statistical uncertainty |
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4001 and other_ gk Significances 9-15 ¢
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200-— .
- e g 2016 analysis
0 AR —— confirms this



s
How do they know?

That it is a new resonance particle (and not just a proton
and a J/gp?)
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One of the tests:

0.1F

0.05F

: _ A resonant particle
P.(4450) . | should follow a circle

in an Argand diagram

( F. Halzen and P. Minkowski,
nuclear physics B, vol 14 Issue
3(1969) p 522-530)
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And more new pentaquarks in 2019!

m(P_.*(4312)) = 4311.9+0.7+6.8/-0.6 MeV, I = 9.84+2.7+3.7/-4.5 MeV
+—=0 m(P_.*(4440)) = 4440.3+1.3+4.1/-4.7 MeV, I = 20.6+4.9+8.7/-10.1 MeV

ZgD m(P_*(4457)) = 4457.340.6+4.1/-1.7 MeV, T = 6.4+2.0+5.7/-1.9 MeV
1200 ,
——data LHCb Discovery of a new narrow pentaquark
. . + .
1000 — total fit preliminary particle, Pc(4312.) , decay{lng toal//y
— background and a proton, with a statistical

significance of 7.3 o!!
800

Weighted-candidates/(2 MeV)

The P_(4450)* pentaquark structure
previously reported by LHCb is also

- w confirmed, but a more complex structure
consisting of two narrow overlapping

600

P.(4440)"

Pc('ﬂl‘a‘jﬁ)+ peaks, P(4440)* and P_(4457)*
200 ’ (The two-peak structure has statistical
\ significance of 5.4 6 compared to a
L1 I . 11 I I\"""'-L-I-._I_I_I_I_I | I | . M4
306 4250 4300 4350 4400 4450 4500 4550 agoo Single-peak hypothesis).
m e [MeV]

https://arxiv.org/abs/1904.03947


http://lhcb-public.web.cern.ch/lhcb-public/Welcome.html#Penta

TOp quarks Top quark decays

Only seen in hadron collisions so far Top Pair Branching Fractions

"alljets" 46%

Pair production: qq and gg fusion
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Single production: Drell-Yan and Wg fusion
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Top quark properties

I [V R R A AR AR AN The LHC is a top factory:
e - ATLAS -¢- Data ..
2 Fs-13Tev,36.1 1" M i (1, =0.84) Precision measurements of
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LU - ll95°/oexcl.
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Leptonic top Q
Top charge asymmetry?

Definitions Q

Asymmetry defined for ee=>uu

_ N(cosf = 0) - N(cost <0)
~ N(cos@ > 0)+ N(cos@ <0)

In proton-antiproton collisions 82y

= Ayisinvariant to boosts along z-axis Ay =¥, = ¥; = (Vi — Yiadromic) HE

Cx Hadronic top

Asymmetry based on Ay is the same in A= N(Ay >0) -N(Ay <0)

lab and tt rest frame B N(Ay = 0)+ N(Ay <0) . Bac Top -
. ﬁsvmmet? based on rapidity of lepton

from ecay " — '

] [epttfmglesmmemedmthagood A! = N(q'l}{ = D) N{q{}j {GJ

precision N(g,y, =0)+N(g,y, <0) I -
CDF, 53 1" 153:1.&*:::
Tevatron eXperimentS Saw |arger asymmetry than
H———e———

expected (top quarks prefer the proton beam oo e o

direction) which could indicated new physics

8. Fridone, BUA. Welbas JHEP 08,000 2002)

Unfortunately not confirmed by the LHC experiments o 10 20 30




