hadrons and strong interaction




Warm-up question 1

At an e+ e- collider we want to study the nature of hadrons.

Which statements are correct?

A) We will not observe any jets because leptons do not interact strongly.

B) If we chose a clever combination of detectors and magnetic fields,
we can measure the isospin of particles

C) The standard model assumes an SU(3) flavour symmetry for the strong interaction.

D) The SU(3) flavour symmetry is an approximate symmetry only since the masses
of Kaons are different from those of pions.




Where are we now?

"

nuclear physics

interaction with matter
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From hadrons to multiplets
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How it started: Isospin symmetry

Observation 1:

Apart from electric charge,
p+ and n are very similar

= invent isospin doublet \
11 11
n=|33) 0=|5-3)

Observation 2: n” o~

Found 3 light mesons with similar masses!

Historic approach:

Try to classify all new strongly interacting particles
might help to see the order behind this zoo.

/1

= |Isospin triplet 1?

First hints about quarks!

|p) = |uud) |7y = |ud)

= fits also to the four A baryons!

(isospin-quartet with isospin 3/2)

11
) = 5’5>

1 1
0=15-3)

But lighter than nucleons.
So fewer quarks?

Next Problem: New hadrons found, with higher mass
and “untypical” behaviour
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Murray Gell-Mann -

Complete the quark flavour symmetry the master of classification!

» Invent additional quantum number:

Example: “Strangeness”
The scalar Meson Octet - Striking discovery of u,d,s flavour symmetry and
s quark model was result of clever combinatorics!
ke 1 oK
q @ o
- a0l at Meaning today:
° .E | J y
.,77' I3 « We know even 3 more, heavier quarks
?s » Flavour symmetry mainly historically important
K- ® ® 0
« Standard Model: SU(3) color symmetry for
strong interaction
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Exam questions

a) QCD: QCD has an SU(3)¢c symmetry. The 3 stands for a local symmetry between:
A) the 3 colours (r,g,b)
B) the three generations (u, c, t)
C) the 3 lightest quarks (u, d, s)
D) neutrons, protons and electrons

b) Colour: Physical gluons form:

A
B

) a colour singlet

) an anti-colour sextet

C) a colour and anti-colour octet
)

D) no colour representation - gluons are colourless.
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Exam questions

a) QCD: QCD has an SU(3)¢c symmetry. The 3 stands for a local symmetry between:
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B) the three generations (u, c, t)
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Aspects of Clebsch-Gordan Coefficients

added state
Ji J

2

1
1/2X1/2 e 1_OIT
+1/2+1/2| 1] O 0
+1/2 -1/2(1/2 1/2} 1
-1/2 +1/2(1/2-1/2}-1
2 states ——p |-1/2-1/2| 1

... help us to add two angular momentum states up

Example:

S <

|1,0>=%(| T+En)

mp  mp
4 states X 2 states_2 5 for J=2
Secret trick: 3/2x1/2 |o 7« 3 for J=1
- 3 [+372 +172[ 1] +1  +1 {
. Ji=x3 J=2 3/2-1/211/4 374 2 1 \
We can directly read from Z® 2=5@3 /2 /2l3a-1/4 0 o
CGC, how many multiplets 1 o SIS B
the addition of two states causes. 2=3 172 -1/2| 3/4 1/4 2
-3/2 +1/2| 1/4-3/4}-2
|-3/2-1/2] 1
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some hadrons we should know...

valence mass
quarks (MeV/c2)
+
P

n udd

Mesons

~ 500

I3

strangeness

main decay channel
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some hadrons we should know...

valence mass

quarks (MeV/c2) Is strangeness | main decay channel
- ——— ,—ﬁ-@_j, - : =
r* uud 1/2 -
~ 940 L pt+e +10,

no | udd 12

Mesons

K* us ~ 500 1/2 1 u+uy,
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e+ [ e- colliders

10000 C
= = = R : z
In collisions of e+ and e- new particles i
| resonances can be directly produced. i
1000 F
First colliders measured Iy
* new quarks
* number of colors (homework) o L
o (4]
« coupling strength o, (N3jet/N2zjet)
Y
hadron jets o
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. 5t
3-jet event ar b
2L
1
L1 1 L1l 1 Lol
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Estimate the number of colors: 15 [GeV]
+ -—
o(e"e” — hadrons) 5
R = = NcolorZ‘iQi
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Exam question

d) 3-jet events: At an electron-positron collider, the ratio of the 3-jet to 2-jet event rate
can be used to measure:
A) the EM coupling a(q)
B) the number of neutrino flavours N,
)
)

C
D) the gluon splitting g—bb rate

the strong coupling a(q)
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Exam question

d) 3-jet events: At an electron-positron collider, the ratio of the 3-jet to 2-jet event rate
can be used to measure:

A) the EM coupling a(q)

B) the number of neutrino flavours N,

a the strong coupling a(q)
D) the gluon splitting g—bb rate
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Proton colliders

Proton collisions are far more difficult to analyse: =
e various partons can collide at once %

* lots of gluons in initial and final states ;

2

= Jets everywhere! E

main process accompanied by additional jets

Parton distribution functions

1.2
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Inv. mass =93.2 GeV/c? |

CMS Experiment at LHC, CERN
! Run 133874, Event 21466935
} Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

CMS Experiment at LHC, CERN
Run 135149, Event 125426133
- ' Lumi section: 1345
Event displays at LHC = wm
Muon p=67.3,50.6 GeV/c

Electron p ;= 35.6 GeV/c
ME; = 36.9 GeV

l/ N t
My =71.1GeV/c? ‘ h%\« '

()

event includes 2u + hadrons

muons: penetrate to outer layers

electrons: bend strongly in trackers + energy in calorimeter

3
© hadrons: particle jets!

Event includes e + v neutrinos: missing energy

gammas: energy in calorimeter, no trace in tracker
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Event displays - activity

Which process matches the event display on the left?

i

L

a) Z — ee
b) ZZ — 4u
e) W—- v

h) Cosmic muon
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Event displays - activity

Which process matches the event display on the left?

i

b) ZZ — 4u
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Event displays - activity

Which process matches the event display on the left?

CMS Experiment at LHC, CERN
Run 133877, Event 28405693
' Lumi section: 387 ==
| sat Apr 24 2010, 14:00:54 CEST / N
. W /4 N
/ \
\\\

Electrons p;=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c?

a) Z — ee
b) ZZ — 4pu
e) W—- v

h) Cosmic muon
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Event displays - activity

Which process matches the event display on the left?

CMS Experiment at LHC, CERN
Run 133877, Event 28405693
'/ Lumi section: 387
Ve Sat Apr 24 2010, 14:00:54 CEST
. W

Electrons p;=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

a) Z — ee
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Event displays - activity

Which process matches the event display on the left?

Data recorded Fri Oct 29 08.32 00 2010 EEST

—
‘ CMS Experimont at LHC, CERN
CMS (' RunEvent 149291/ 606116830

Lum cocton 678
\\ Orbi/Crossing 151288006 / 1368

\ a) Z — ee
b) ZZ — 4u

e) W—- v

h) Cosmic muon

(4)
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Event displays - activity

Which process matches the event display on the left?

CMS Experiment at LHC, CERN
Data recorded Fri Oct 29 0832 00 2010 FEST
C RunEvent 149291/ 606116830
¥ Lum secton 578
‘\ Orbiv'Crossing 151288006 / 1368

C

(4)
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Warm-up question 1

At an e+ e- collider we want to study the nature of hadrons.

Which statements are correct?

A) We will not observe any jets because leptons do not interact strongly.

B) If we chose a clever combination of detectors and magnetic fields,
we can measure the isospin of particles

C) The standard model assumes an SU(3) flavour symmetry for the strong interaction.

D) The flavour SU(3) flavour symmetry is an approximate symmetry only since the masses
of Kaons are different from those of pions.
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