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Schedule

1)
2)
3)
4)

11 Feb:
18 Feb:
25 Feb:

3 Mar:

Accelerators (Harry vd Graaf) + Special relativity (Niels Tuning)
Quantum Mechanics (Niels Tuning)

Interactions with Matter (Harry vd Graaf)

Lic__;ht detection (Harry vd Graaf)

5)

10 Mar:

Particles and cosmics (Niels Tuning)

6)
/)

17 Mar:
24 Mar:

break

8)
9)

21 Apr:
28 Apr:

10) 12 May
11) 19 May
12) 26 May

Astrophysics and Dark Matter (Ernst-Jan Buis)
Forces (Niels Tuning)

e*te” and ep scattering (Niels Tuning)
Gravitational Waves (Ernst-Jan Buis)
: Higgs and big picture (Niels Tuning)
: Charged particle detection (Martin Franse)

: Applications: experiments and medical (Martin Franse)

13) 2 Jun: Nikhef excursie
14) 8 Jun: CERN excursie
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1) Atom model, strong and weak force
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3) Hadrons

1) Isospin, strangeness
2) Quark model, GIM

4) Standard Model
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3) QCD

5) ete  and DIS

2000-2015 \/ 6) Higgs and CKM
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Thanks

e Ik ben schatplichtig aan:
— Dr. Ivo van Vulpen (UvA)
— Prof. dr. ir. Bob van Eijk (UT)
— Prof. dr. M. Merk (VU)
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Exercises Lecture 2: QM and Scattering

1 Celebrating Bohr

One of the “problems” that led to the birth of Quantum Mechanics was the fact that
electrons do not spiral onto the nucleus. Let’s briefly celebrate the 100" aniversary of

Bohr's atom model.

a) Consider the orbital momentum of the electron, L = mur, and the classic situation
of a stable orbit, a%32 = ™= Write the expression for L in terms of r (eliminating

v).

b) Niels Bohr stated in his paper (Phil.Mag 26, 1, 1913) that “for a system consisting

of a nucleus and an electron rotating round it, ... the angular momentum of the
electron round the nucleus is equal to h/2w”. What is then the radius of the orbit of
the electron? With Eyin = %m'v'2 and Epo = —=%_ what is the value for the total

energy of the orbiting electron?

a) v = \/(ageq,)/(mr) = L = mvr =  /ag.qmr

b) L = Jag.gymr = h = r = h*/(aq.q,m).
(I tried SI units: agq = k.qq = (9 x 10°Nm?/C?) x (1.6 x 10~19C)?)
r=h?/(ag.gym) = (10724)2/(9 x 109 x (1.6 x 107%)? x 107%) = 0.4 x 10~"m

_ — 99eq, Qqeqp __ Qqeq
Etot_Ekin+Epot_ ;,.p_ ip_ ;rp

m(agegp)®
eqp
Bt = ——=5p—.

[ tried natural units here:

By = —a?m/2) = —(1/137)2 x 0.5 MeV / 2 = -13.3 eV
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Exercises Lecture 2: QM and Scattering

2 Yukawa’s massive force carrier
Yukawa predicted a massive force carrier. Let’s find out the predicted mass.

a) The strong force acts only at the scale of the nucleus. The nucleus has a size of
~ 107®m. To what time-scale does this correspond?

b) To what energy scale, 1.e. mass scale, does this correspond?

a) T~ 10"m=t=r/c=10""/(3x 10°) =3 x 107** s.
b) E ~ h/t =6.6 x 107%2MeVs/(3 x 107%s) = 200 MeV.
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Exercises Lecture 2: QM and Scattering

3 Spinors

We saw that the requirement of a relativistically correct, but linear equation led to the
Dirac equation, (iy*d, —m)y = 0, with ¢ being a four component spinor.

a) HY = (d-p+ pm)y gives E? = p? + m? if the matrices anticommute, {a;, a;} =

a;a; + ooy = 0. Usually we use the v matrices, v = (8, 5d).
Show that inde sing the Pauli-Dirac representation,
1 0

. (07
() e (00)
a) Y17V2 = —7271 :

10 0 0 0001 0 0 0 1
e |01 00 oo1o0| [0 0 10
M=M= 00 -1 0 0100 | 0o =100
00 0 -1 1000 1 0 00
10 0 0 0 0 0 —i 0 00 —i
e, |01 00 00 i o0 | [0 o0i 0
REPR2T 0 0 —1 0 0 —i 0 0 | | o io o0
00 0 -1 i 0 0 0 i 00 0

i 0 0 0 i 0 0 0

o i 0 o0 o —=io o

MR=1 0 0 —i 0 PN=1 0 0 i 0

00 0 i 0 0 0 —i
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Exercises

(
(

where u4 and up are two-component objects. Let’s inspect this two-fold degeneracy, and
find the observable that distinguishes the two components.

plup = (E—m)uy (1)
Plua = (E+m)ug, (2)

Qi Q

b) Consider an electron with the momentum in the z-direction, p'= (0,0, p). What do
you find for - p’ 7

¢) What is the eigenvalue of $6

o - p for the eigenfunction

(1)

with p = p/|p] the vector in the direction of p with unit length. What does this
value correspond to, you think?

d) Suppose p can point in any direction, what is then the meaning of %5 p? What are
the possible eigenvalues?

The eigenvalue -1/2 is the z-component of the spin.

d) %5 - p is the spin component in the direction of motion.
Possible eigenvalue: £1/2.

trn-n(1)-4(2)
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Exercises Lecture 2: QM and Scattering

e) Let’s consider the operator

What are its eigenvalues for

1 2
NN e
B B

where:

1 . 1 0 3.5 0
-(3) o emen(3) (1) o2

(Hint: rotate your frame such that p points along the z-axis, such that you only
need to worry about ps.)

e) Positive and negative helicity:

1 0 0 O 1
(1)
—’.A (1): O3 0 Uy _ 0O —1 0 0 0 _ (1)
(2-p)u ( 0 o3 ) ( ) ) 00 1 0 p./(E +m) u
0 0 0 -1 0
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Exercises Lecture 2: QM and Scattering

4 Rutherford scattering

We calculate the distribution of scattering angles for charged particles on a charged tar-
get, like alpha particles scattering off gold nuclei as done by Ernest Rutherford in 1913.

Express r in terms of b.

a) The incoming particle arrives with an impact parameter b, and initial velocity vy.

The angular momentum of the initial state is L = mbuvy, whereas the angular
mentum somewhere after the scatter can be given by L = mrvy, = mrd¢/dr
Express r in terms of b.

Before 1 = mvyb

After: L=mr ﬁ A
dt

de/dt r

d¢

L = mvgb = mr—r —

dt

r* = byg

do/dt

Niels Tuning (12)



Exercises Lecture 2: QM and Scattering

b) The force perpendicular to the direction of the incoming particle is given by F, =
mdvy,/dt, and F, = F'sin ¢ = (Z1Za/r?) sin ¢.
Give the expression for dv,/dt, as a function of b (using the result from a).

¢) We now multiply both sides with dt, and perform the integral from the start until
the end, so the velocity on the left-hand side ranges from v, = 0 to v, = vysin,
and the angle on the right-hand side ranges from ¢ =0 to ¢ = 6.

Show that
sin(0/2) _ ZiZral )
cos(0/2)  mwi b tan(%w) _ sin
1+cosz
b)
d AV AV d
F, = m% = F'sing = 1T—22ozsingb = szasingbd—f

vo sin 6 7.7 cos 0
/ dv, = 1720 / dcos0
0 C

mbvy  Jeos
AV
vosinf = 1—2a<COS¢9+1)
mbuyg
sin 0 A4
cosf —1  mbv?
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Exercises Lecture 2: QM and Scattering

SID(Q/Z) . Z1Z2041

cos(6/2) muv3 b

d) For a given surface (ring) of possible incoming particles, do = bdbd¢, the particle
is scattered in a certain solid angle df) = sin 68dfd¢. Show that the expression for
the differential cross section is given by,

do b db <Z122C¥)2 1

dQ  sinfdo  \ mu? 4sin* 2
v 7,
3]
2 cot— dcot—
l ZZ)a | 2 2
= || === :
mv, smé  dé
\2
B ZlZza] 1
=| ——
mv; .4 6
0 4s1n S
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b)

Rutherford

>

3d: incoming particle “sees” surface do, and scatters off

solid angle dQ

Conservation of angular momentum:

Force:

dv

Vv .
m——= Fy =Fsm¢=

dt

Z,Z,

2
7

(4

sin ¢

vy ZiZra . d¢

dt

sm ¢ —
mvob dt

Vo siné

coséd

ZZ
J‘dv},: 1222 jdcosq‘)

mvoyb
0 COSTT
=(cosO + 1)
G mv 2
cot—= 0 p
2 Z,Z,a

‘q Aq 1 9oe[doy

=
Z.
=
g
=
(@]
o
=
7]
%
o
=
=)
=

Before I = m\'ob
iy | ¥

After: L=mr —¢ A
dt

b db

siné dé

: cotg a’coté d)
2 2

B l Z,Z,a
. mv; | sin@ do

"

(Z2Z,a ] 1

2
Lomy,

.40
4sin” —
3
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Exercises Lecture 2: QM and Scattering

do B b @ . (2122(1)2 1
dQ  sinfdf \ muv? / 4sin

N [|D

e) Use the 4-vectors p; = (F, 0,0, mvy) and p, = (F,0, mvgsin 0, muvg cos @) for the in-
coming and outgoing particle, respectively, and express the differential cross section
in terms of the 4-momentum transfer ¢ = p, — p;, instead of 6.

c
) do Z1Zsa\2 1 L 2 | -
0 = ( — ) — 7 = (277’IZIZQ<'1)“( - 5 .3 0)
dQ) mug 4 sin ) 4mvg sin 3
A)
0 B
—q2 = — 0 L = (r‘m‘(]’)")(siu") f+(1—cos 9)2) — 2(77’11'0')2(1—(‘05 f) = 4m>2v? sin? g
—mug sin ‘ e ' : ‘ 0 2

mug(1 — cosB)

b) nR2=60mb=60x 103 x 107 ®m2 =6 x 103" m? = R~ 107" m.

So, the total proton-proton cross section 1s similar to the surface of the proton.

Niels Tuning (16)



Exercises Lecture 2: QM and Scattering

5 Cross section

Let’s juggle a bit with cross sections and luminosities.

a) The total cross section for proton-proton scattering at the LHC is about oy, =
60mb. To what surface does this cross section correspond? (1 barn = 107*m?.)
What is the size of an object with similar surface?

b) The cross section for Higgs production at the LHC is approximately o,, .pix =
30pb. The “luminosity” is the number of particles produced for a given cross-
section, and is an important characteristic of the performance of an accelerator. How
many Higgs particles are then produced for a total luminosity of £, = 10 fb=1?

¢) The “instantaneous” luminosity at the LHC is about L,y = 10**s~lem=2.

many Higgs particles are thus produced per hour?

How

d) Compare the total proton-proton cross section with the cross section for Higgs pro-
duction. In what fraction of the proton-proton collisions is a Higgs particle pro-
duced?

b) 7R? =60mb =60 x 102 x 107 ®m? =6 x 107*m’ = R~ 107 m.

So, the total proton-proton cross section is similar to the surface of the proton.

c) N=0 XLy =30x 10712 x 10 x 10* = 3 x 10°.
However, we will see that not all Higgs particles are detected. Only a fraction of
the Higgs particles decay to a final state that is easy to detect. Furthermore, out of
the visible final states, a fraction passes the selection criteria.

d) N=0 X Lins =30x107""m? x 10¥ s 'm2=0.3s"1 =~ 1000 h—1.

e) This 1s a very small number, compared to the fact that about 20 proton-proton
collisions occur every 25 ns: 1 out of 3 x 10 pp collisions produces a Higgs particle.

ng (17)



Lecture 1: Standard Model & Relativity

e Standard Model Lagrangian

e Standard Model Particles
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Lecture 1: Accelerators & Relativity

e Theory of relativity

— Lorentz transformations (“boost”)

— Calculate energy in collissions 2 = 5(2* - 32" )
1*1:-‘(‘1'1—31"0‘ '352
B 5 ' met 1
- = x ~N =
2 3 _ .1‘3 1-3
4-vector calculus 2°
1
r“:rq (,u:012))
2
put’ = (E/c)* = |p* = (E* = &|p°) /¢* = (moc?) /c? 23
High energies needed to make (new) particles
my Mo 8 — (p1 + P, )3 _ Qm;’ 4+ Q(E'? 4 p-'.? )

=2m’ + 2B +2(E* —m® ) = 4E




Lecture 2: Quantum Mechanics & Scattering

e Schrodinger equation

- Time-dependence of wave function

e Klein-Gordon equation

— Relativistic equation of motion of scalar particles

» Dirac equation

— Relativistically correct, and linear

— Equation of motion for spin-1/2 particles

Prediction of anti-matter

P
E=—
2m
l— UV = — w
ot 2m
E? =5 +m?
i

“o2’

! 72 2
h=-—-N"o+m~ o

(Y0, —m) v = 0
C.| [
_| ¥
LA VA
2

Niels Tuning (20)




Lecture 2: Quantum Mechanics & Scattering

e Scattering Theory

— (Relative) probability for certain process to happen

L)

Classic Scattering amplitude in
Quantum Field Theory

— Cross section

do .
E — D((.q ([))

e Fermi’s Golden Rule

X 27
transition rate = - M|? X (phase space)
- Decay: “decay width” r a—b+c
— Scattering: “cross section” o a+tb—oc+d

Niels Tuning (21)



Resonances




Quantum mechanical description of decay

State with energy E, (iw) and lifetime ©

To allow for decay, we need to change the time-dependence:

U(t) = Woe B0l mm U(t) = Ue Fole3r

M\A/\N\AAA/\/\/\/\AA,> U0 = Ui Wge™ -

LA

I

What is the wavefunction in terms of energy (instead of time) ?
» Infinite sum of flat waves, each with own energy

> Fourier transformation:

1

i((EO —E)—;F)

flw)=F(E) = / Woe HFoTam) il —p,
0




Resonance

(. N

Breit-Wigner

Probability to find particle with
energy E:

1 P /2
(Ep — E)? 4 1172

FE) F(E) = VoW

& E;I72 E, EjfI/2 J

Resonance-structure contains information on:
= Mass

= Lifetime

= Decay possibilities




Rutherford

» 3d: incoming particle “sees” surface do, and scatters off
solid angle dQ

» Calculate: d—G:D(_(?. q)) do :|b db d¢|
- dQ =|sin 6 d6 dg|

) do _[' Z,Z,a J 1
‘4 . dQ [ my ) 4qp 8
b
P >
: I \ 2
......... do | 2mZ{Z,«
dQ) q 2
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ring Theor m T {
Scattering Theory o) — 60— ™ [ T o) i
2rh°J |r—71|
Let’s try some potentials Nae 16y — M [ iKa-Kp) Ty ) g3,
Y P fH(ka, k) = 577 /e V(r') d%
e Yukawa: V(r) = Z1Zye* . || do 2= m? [4%212962]2
(Pion exchange)| =7 ° dQ (27h%)2 | ¢ + a2
2| | a 2 [4nZ1Zse*]’ AV
e Coulomb: vy L LZee?| S0 [ 21 Zge ] _ [ L 2_629]
(Elastic scattering) ' (I) - r dQ  (27h7) q 2muv? sin” §
(Resonances) df?
. 21 +1)? = ‘
. , RA(1+ 1 _ ( 4 os 0)[2
Vers =V(r) + % k2 (E,—E)?+ FT filcos?)
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Well-known resonances

ete—R— efe

80 1
242 Eventsﬂ

70| SPECTROMETER

B At normal current
60 [J-10% current

EVENTS /25 MeV

-

O [mb]

10

e*te cross-section

% T UL | T T T 1 T T 17 ?
3 F ]
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Outline for today

e Resonances

e Quarkmodel
— Strangeness

— Color

e Symmetries
- Isospin
- Adding spin

— Clebsch Gordan coefficients

Niels Tuning (28)



Lecture 1: Standard Model & Relativity

e Standard Model Lagrangian

e Standard Model Particles
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Particles

e Quarks and leptons...:

Boso adro rmions
WP&c;tog(; Mesons Baryons Leptons
Gl,uon’ ’ (pions, (proton, (electron,
Higgs , kaons, ...) neutron, ...) neutrino, ...)

Made u[:gf Quarks
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Particles...
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The number of ‘elementary’

particles
| 1 | | I | |
L = Chemical E
: Elements 1932:  1936:  1947: 7
o> u electron electron electron_|
T B proton proton  proton -=
= B neutron neutron neutron |
% muon muon
= ion -
b P
5 Sulfur, Salt
% B .
-E | —
o i N
[ i N
=
a - Earth B
Air S ]
Fire Electron
Water Proton &
1 | 1 | | | | | 2
1000 O 1000 1500 1800 1950 1980 2000 2020
BC AC




= 1932
= 1947

» S50, things seemed under control!?

= Ok, the muon was a bit of a mystery...

= Rabi: “Who ordered that?”




Quark model




Discovery strange particles

Discovery strange

particles

e




Discovery strange particles

e Why were these particles called strange?

» Large production cross section (10-27 cm?2)

> Long lifetime (corresponding to process with cross section 10-40 cm?2)

7
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Discovery strange particles

e Why were these particles called strange?
» Large production cross section (10-27 cm?2)

> Long lifetime (corresponding to process with cross section 10-49 cm?2)

e Associated production!

Niels Tuning (37)



Discovery strange particles

Why were these particles called strange?
Large production cross section (10-27 cm?2)

Long lifetime (corresponding to process with cross section 10-40 cm?2)

Associated production!
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Discovery strange particles

e Why were these particles called strange?
» Large production cross section (10-27 cm?2)

> Long lifetime (corresponding to process with cross section 10-49 cm?2)

e Associated production!

New quantum number:
» Strangeness, S

» Conserved in the strong
interaction, AS=0
» Particles with S=+1 and

S=-1 simultaneously
produced

> Not conserved in
individual decay, AS=1
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Discovery strange particles

e Why were these particles called strange?
» Large production cross section (10-27 cm?2)

> Long lifetime (corresponding to process with cross section 10-49 cm?2)

Production:

e Associated production! | T p—KAY

New quantum number: ) e Decay:

o ) 0 o+
» Strangeness, S K> mn

A’ —7p

» Conserved in the strong
interaction, AS=0
Particles with S=+1 and

S=-1 simultaneously
produced

> Not conserved in
individual decay, AS=1
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Intermezzo: conserved quantities

What is conserved in interactions?
— Decays & Scattering

» Energy, momentum

> Electric charge

» Total angular momentum (not just spin)

Strangeness?
Baryon number
Lepton flavour
Colour?

Parity?

CP?

Niels Tuning (41)



Kinematics

Specific (m,=m,=m):

before
4 N
® (55 = (11,000
pupt = M?
N J

m; m,
M

after
4 )
e (E£,p) = (vVp? +m?2,0,0,p)
“® (5 =P +m200,-p)
o pup” = 4(p° + m?) /

What is the energy of final-state particles?

M2 = 4(p? + m?) = oM \/

4m?

-

1__




Kinematics ® — e . e
m1 Y mz

Specific: (m,=m,=m)

1
By =M pr=o ML= 3

What if masses of final-state particles differ, m;=m, ?

General:

3, P2=7




Strange particles

@o)‘o
>
,\\0)
o
Mesons &
Particle | Mass S
KO 497.7 +1
K+ 493.6 +1
K- 493.6 -1
KO 497.7 -1

/

\

w0

wn

()]

C

()]

(@)

(o

©

Baryons N

Particle Mass S
>+ 1189.4 -1
>0 1192.6 -1
> 1197.4 -1
AO 1115.6 -1
=0 1314.9 -2
=" 1321.3 -2

Corresponding anti-baryons have positive Strangeness

What is different...?



e Will Lamb:

“The finder of a new particle used to be awarded the Nobel Prize, but
such a discovery now ought to be punished with a $10,000 fine.”

e Enrico Fermi:

“If I could remember the names of all these particles, I'd be a botanist.”

e Wolfgang Pauli:

“Had I foreseen that, I would have gone into botany."
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The number of ‘elementary’ particles

Chemical
Elements

100 _
“Particle

Z00"

Sulfur, Salt

—

Different Kinds of Basic Matter

10 — p
: Quarks i
| Earth Leptons i
| Air S !
Fire Electron
Water Proton &
1 | | | | | | | | -
1000 0 1000 1500 1800 1900 1950 1980 2000 2020

BC AC




Strange particles

The 8 lightest strange baryons: baryon octet

Particle Mass S

n 938.3 0o

P 939.6 0

>+t 1189.4 -1

>0 1192.6 -1

3 1197.4 -1

A° 1115.6 -1

=0 1314.9 -2

B" 1321.3 -2

Breakthrough in 1961 (Murray Gell-Mann): “The eight-fold way” (Nobel prize 1969)
Also works for: Eight lightest mesons - meson octet

Other baryons - baryon decuplet




Strange particles

The Noble Eightfold Path is one of the principal

The 8 lightest strange baryons: baryon octet | teachings of the Buddha, who described it as the

way leading to the cessation of suffering and the
achievement of self-awakening.

Particle Mass S

n 938.3 0

p 939.6 0

>+t 1189.4 -1

30 1192.6 -1

3" 1197.4 -1

A° 1115.6 -1

=0 1314.9 -2

O 1321.3 -2

Breakthrough in 1961 (Murray Gell-Mann): “ * (Nobel prize 1969)
Also works for: Eight lightest mesons - meson octet

Other baryons - baryon decuplet




Strange particles

The 8 lightest strange baryons: baryon octet

strangeness:

Particle Mass > S=0 i,
n 938.3 0

-
p 939.6 0
= 1189.4 -1 s=zl 2
30 1192.6 -1

>
" 1197.4 -1
A0 1115.6 1| §=—2
=0 1314.9 2 |

>
Oy 1321.3 -2 q = —1 q': 0
Breakthrough in 1961 (Murray Gell-Mann): “The eight-fold way” (Nobel prize 1969)
Also works for: Eight lightest mesons - meson octet

Other baryons - baryon decuplet




iscovery of Q-

D

Not all multiplets complete...

A++

A—i—

A()

1232 MeV

1385 MeV

1533 MeV

Mann and Zweig predicted the Q-

Gell-

its properties

and i



iscovery of Q-
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Not all multiplets complete...

A++
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1232 MeV

1385 MeV

1533 MeV
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Gell-Mann and Zweig predicted the Q-
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Discovery of Q-

Not all multiplets complete...

A++

1232 MeV

1385 MeV

1533 MeV

1680 MeV

Gell-Mann and Zweig predicted the Q-

... and its properties

Discovered in 1964:
K- +p=2>Q +K'+K°

| LA




Discovery of Q-

Not all multiplets complete...

A++
1232 MeV

1385 MeV

1533 MeV

1680 MeV

Gell-Mann and Zweig predicted the Q-
... and its properties

Discovered in 1964:

K- +p=2>Q +K'+K°

R
-
-
-




Quark model

Gell-Mann en Zweig (1964):

“ All multiplet patterns can be explained if you assume hadrons are

composite particles built from more elementary constituents: quarks”

=First quark model:
3 types: up, down en strange (and anti-quarks)

o Baryons.: 3 quarks 26 S 3+3
= Mesons: 2 quarks
6 " mesonen \
7t =ud KT =us
- = O . .
up down  strange m=ud K" =ds
\ v ; baryonen
q:+2 q:_l p =uud n =udd
3 3 2= uus A= uds

=0 =yss

N -
~~~~~~




Quark model

e Mesons:
— Octet

e Baryons:
— Octet

— Decuplet

K (3d)

/ 7" (du)

KY l:':fh )

§=—2

q=0

Niels Tuning (55)



New last year: Q. (css)

e Just discovered 5 excited (ccs) states

e Still active research!

Candidates/1 MeV

PR I T T SN AN ST SO SR AT S ST SR S
2440 2460 2480 2500 Spectrum =" sideband
m(pK 7") [MeV]

1. Reconstruct =_* = csu state 2. Combine =_* with K™:
80000 T > - — T 1 T T T 1 ] O| ; T —
I o i St d QP2 K
S 400F rong decay: Q. K
I ~ - LHCb 1
60000 > i . ’
- Q i narrow QX states | ]
[ < 300 | Q2 = css state
40000 o . _
_ § I 1
- 2001 v
20000 I W
0 100F B

3000 3100 3200 3300
m(Z, K ) [MeV]



The number of ‘elementary’ particles

Chemical
Elements

100
Subatomic
Particles

Sulfur, Salt

Different Kinds of Basic Matter

10 — .
: Quarks i
| Earth Leptons i
| Air S !
Fire Electron
Water Proton &
1 | | | | | | | | S
1000 © 1000 1500 1800 1900 1950 1980 2000 2020

BC AC




“Problems”

1) Are quarks ‘real’ or a mathematical tric?

2) How can a baryon exist, like A** with (ututut), given
the Pauli exclusion principle?

Niels Tuning (58)



“Problem” of quark model

Q2 m@ Intrinsic spin: |;’+g>: Mt = symmetric
s!

ﬂ quarks: |sss) = symmetric

N—

3 3

m(uﬁ Intrinsic spin: 1375/ = 11T = symmetric
++ D

A %ﬂ quarks: |yuu) = symmetric

N—

J=3/2, ie. fermion, ie. obey Fermi-Dirac statistics: anti-symmetric wavefunction

New quantum number: color!

LN




The Particle Zoo Mass

Force carier: vy <1x 1078 eV
Leptons: €%, T7,0,,0,,,0; ~0 - 1.8 GeV
Mesons: mt,nl, K KK, p* p0,p- 0.1-1 GeV

Baryons: P, ALET X YO ATT AT AV AL QL 1-few GeV

PDGLive

http://pdg-lbl.gOV/ : Q'Coogle

particle data group

pdgLive | Summary Tables | Reviews, Tables, Plots | Particle Listings ‘
from the 2010 Review of Particle Physics.
Please use this CITATION: K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).
Switch to alternative version
GAUGE & HIGGS BOSONS
Reviews on Gauge & Higgs Bosons Reviews on Leptons Reviews on Quarks
y eurT Light quarks (u, d, s)
gluon Heavy Charged Lepton c
graviton Neutrino Properties b
w Number of Neutrino Types t
z Double B-Decay b
Higgs Bosons Neutrino Mixing {
Heavy Bosons Heavy Neutral Leptons Eree quark
Axions
Reviews on Mesons Reviews on Baryons Reviews on Other Searches
Light Unflavored N Baryons Magnetic Monopole
Further States A Baryons Supersymmetric Particles
Strange Exotic Baryons Technicolor
Charmed A Baryons Quark and Lepton Compositeness
Charmed, Strange  Baryons Extra Dimensions
Bottom = Baryons WIMPs
Bottom, Strange 0 Baryons
Bottom, Charmed Charmed Baryons
cc Doubly-Charmed Reviews on Conservation Laws
bb Bottom Baryons Discrete Space-Time Symm.
Non qq Candidates Number Conservation Laws




Protons and neutrons

Proton and neutron identical under strong interaction

®@ €©

proton neutron

m, =938.272 MeV m,=939.565 MeV

N J
Y

?

o

—

Nucleon
+ internal degree of freedom
to distinguish the two




Multiplets

Pattern (mass degeneracy) suggest internal degree of freedom

Baryon decuplet

m = 1232 MeV

m = 1385 MeV

m = 1530 MeV

m=1672 MeV



Eightfold way

e Introduction of quarks

— Strangeness
- Isospin

e Introduction of quantum numbers

d u s
— electric charge -1 2 1
Q g 3 + 3 3
| — isospin 1 1 0
P 2 2
|, — isospin z-component —% +é 0
S — strangeness 0 0 —1

. ————— e ———— - ——— =

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we a,ssagn to the triplet t the followmg
properties: spin 3, z = -3, and t;_aryorll numberl
We then refer to the members u3, d-3, and s~3 of
the triplet as "quarks" 8) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(@qa), (@qqqd), etc., while mesons are made out
of (qq), (@qdaq), ete. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

- 8.9 .0 1 fr.1a

Figure 1.1: Murray Gell-Mann suggested in 1964
that the proton consists of three “quarks” ® [1].

M. Gell-Mann, A schematic model of baryons and mesons. Phys. Lett.
8, 214 (1964).
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Tetra- and pentaquarks ??

e Tetraquark discovered in 2003
- X(3872)

— Also charged cc and bb states...

B — X(3872)K* decays, where X(3872) = w o~ J/¢ and J/p — ut .

e Pentaquark discovered in 2016
~ P_*(4450)

4 SV 10" )
(b) v SIK

b C P+
A u———— _T—Cp'C
d —— —>—d

c

\_ A} — PFK=, P — 4p, b — puTp~ decay sequence

Niels Tuning (64)



Timeline

e Active research...:

Niels Tuning (65)



Nieuws Cultuur & Leven JEVOll(Sl(l'ﬂllt
IN THE NEWS Wetenschap

® SCIENCE TECH @ SPACE MENS ® SHOP @ WINNEN

deeltje ontdekt dankzij afgedankteversneller?

() TOMNEPALL KEULEN - 20 FEBRUARI 2618

CERN ontdekt familie vreemde
zware deeltjes

13 januari 2017 13:22

2 05 &

LIVE: Het Journaal 1

% VIDEOZONE LIVE CENTER

BINNENLAND ~ BUITENLAND ~ ECONOMIE AP~ CULTUUR & MEDIA ~ 00K DAT Ni K! l K De wereld van wetenschap & technologie
=alWwew=w

LHC ontdekt een nieuwe klasse van deeltjes: de
pentaquark
0000

@ SCIENCE TECH ® SPACE MENS @ SHOP @ WINNEN

iedenis ¥

aetis et hele gesch\egfhe
e deze studie oF 0l
o BBC et ikt © 9;

, je dan
7in gewee
i\uc\ua\'\es war ‘
LHC-experiment vindt geen bewijs voor tetraquark

@) IEAN-PAUTKEDLEN - 14 MAART 2016

Een pentaguark, met 5 sterk verbonden quarks (llustratie: LHCb/Daniel Dominguez)

18/01/2017 — Physics at Veldhoven [2 / 33]



hydro-

t Ialn” - molecular triguark
. diquarks
charmonium

>300 papers citing the result, with many possible interpretations.
% Patrick Koppenburg Pentaquarks at hadron colliders 18/01/2017 — Physics at Veldhoven [26 / 33]



Symmetries




Conserved quantities

Time dependence of observable U: (Hamilton formalism:
d
h—W = HUY
d d T
— = —(V\U||¥
—(U) = S(v|U]w)
oV oU ov
= <0—|U\‘If>+<\lf!—|\lf> (U] -)
1
= —h<H\P\UI‘P> <\P\—|‘If> A{U|UIH )
= V— |V
<[ H) + Iat! )

If U commutes with H, [U H]=0
(and if U does not depend on time, dU/dt=0)

Then U is conserved: d/dt<U> = 0

U conserved = U generates a symmetry of the system

Niels Tuning (69)



Other symmetries:

Transformation Conserved quantity

Translation (space) Momentum
Translation (time) Energy

Rotation (space) Orbital momentum
Rotation (iso-spin) [so-spin




Quantum mechanics: orbital momentum

S S S . 0 s,
L=r X P = —Zﬁ(?“ X V) L, = —ih <y&—za—y> =YP> = 2Py T o - N
o 0
L, 1h (z 9y w&z) 2Py — TP = /.
o o\ A\ y,
L, = —ih (xa—y - ya—x) = TPy — YDa
[[Lx, L, =ihL, J L, and L, cannot be known simultaneously [[x,pw] I ]
Sequence matters!
[[L2 Li] = OJ L2 and L, (i=x,y,z) can be known simultaneously
Can both be used to label states

[[LZ,H] =[L_,H]=0 J Provided V = V(r), ie not 8 dependent
L2 and L, label eigenstates




Quantum mechanics: orbital momentum

L2 = B+ 1) s ey
spherical
L.f" = h~hmf" harmonics &

' -

m=-l-1+1, .., 0, .., 1-1, |

—____—_ e

________ 21 ___-
pifferent notation: /- __ .\ /. T~
LAlm)y = RAQ+DLm) | [ . N2
L.l,m) = ‘m|ll,m) | e ==
________________________ 2T
L, \

- e e = = = .

~ -
e e o = =



Quantum mechanics: (intrinsic) spin

Spin is characterized by: - total spin S A
- Spin projection S,

! Rotations: SO(3) group l o ‘i
| Internal symmetry: SU(2) group | similar i
150,85, = ihs. | [[82,8:] =0 <—|

Spin is quantized, Eigenfunctions |s,m>:

just as orbital momentum

S = 0%12 S%ls,ms) = h’s(s+1)|s,ms)

Sz — _S, -5 + 1, couy S — 1, S SZ|S7m3> — hm8|87ms>




spin-2 particles

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

1
9’

v S I
le £3 |

Q0 =
5 TR -,
_\ ) 1\_/2 /"
.~ o +
“ /I\ - I
! — [ QN “
I . i S “
“ AIG s | |
“ Q —~ _
_, @3S =

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



spin-2 particles

Complex numbers

{0

eneral !
\__(‘? ___________ L |a|? prob for S, = +%h

IB|2 prob for S, = - %h

ho(01 ho(0 —i h(10
w=alio) w=3(070) ==2d)

Pauli matrices: any complex 2x2 matrix can be written as: A = aog,;+bo,+c0o;

———————————————

7
—— o — ———_—_ "



Isospin




Protons and neutrons

Proton and neutron identical under strong interaction

®@ €©

proton neutron

m, =938.272 MeV m,=939.565 MeV

N J
Y

?

o

—

Nucleon
+ internal degree of freedom
to distinguish the two




Protons and neutrons: Isospin

Proton and neutron identical under strong interaction

® @

proton neutron

m, =938.272 MeV m,=939.565 MeV

\ J
Y
(oz) m Introduce new quantum number: isospin
b — | Proton and neutron (‘nucleons’): 1 en I,
Nucleon 1 +1> |1 1>
: = |z, +z)enn=|-,—2) i
+ internal degree of . P= gt ron=—r 2. 20 1
freedom

Isospin ‘'up’  Isospin ‘down’



Possible states for given value of the Isospin

1 3
I = 0,-,1,2, ...
727 727
I, = —I,—IT+1,.,I—11




Possible states for given value of the Isospin

1 3
I = 0,-,1,2, ...
727 727
I, = —I,—IT+1,.,I—11

4 N N : ~
T 5 Iz-+3;2

1 {1 =+1/2 2 B I =+1/2

L. 5{12=-1/z l,=1- ;Z: _3 lo =57 I,= -1/2
N J AN = -3/2




Possible states for given value of the Isospin

1 3
I 07271757'
I, = —I,—IT+1,..1—1,1
4 N N -

1 =41 L =+3/2
1| L=+1/2 1/ 0 [ _ 3] L=+1/2
2| ,=-1/2 L.=1 o1 “ 2| 1L,=-1/2

N J U ‘ J U .= -3/2
A4+ Q )
proton © |1,+1> 7" O [1,+1) A+ O 2L
2779 0 12773
11 7’ Q |1,0) 0 301
neutron ® 55 r @11 A O 153
| 4 Q 53

m, ~ 939 MeV m,_ ~ 140 MeV m, ~ 1232 MeV



Baryon decuplet



Adding spin




Quantum mechanica: adding spin

|S;,M;> + |s,,mM,> > |s,m>

1) Conditions:

- S, add up

m=m, +m,

S=/s.-s,|, |s,-s,|+1,..,5,+S,-1 s ,+S - )

[ 51821, 51052 1772 =, J - S can vary between difference
and sum

2) Notation:
[somy = Y Cpbsms | |s1,ma)|sa,mo)
mi1+mo=m

|—> C: Clebsch-Gordan coefficient



Adding spin of two spin-2 particles

® -}
1 1
D s=13-3




Adding spin of two spin-2 particles

@ o-15+p

D s-15-3
(1) SR,
e V;( @D+DD)| o | *
@) T@OD-O@)| o | o
(3) D D -1 | 1




Adding spin of two spin-Y2 particles

P ol il 202 =3@1

e 2 2
1 1
J‘ B_|§7_§>

[ |1,+1) = 4 @@ A
S=1 ;-sr;li{)i:etric) 1150 = \/g(@ @_l_@ @)
-y = MDD )
s=0 e g 1100 - [H(OO-QD)




Adding spin of two spin-12

1 1

@ Oé—’§,_|_§>

1 1

D s=13.-3
1,41 =

Triplet 3

(symmetric) 1, 0) =
_|1,-1) =

Singlet
(anti-symmetric) { 0, 0) =

particles

2®2=3D1

4 aDa@)
%[@(1)5(2) + B(1)a(2)]
\_ 5(1)3(2) y




Quantum mechanics: adding spin

[s,my =" ) Cptuels1,ma)|sa, my)

mi1+ma=m

|—> Clebsch-Gordan coefficient

Specific: adding spin of two spin-1/2 particles:

+

2
_e

YL | L+ = @
— 22 Triplet 1
@ 5ol yy  foymmewio O (@
— 27 2 J17_1> _ m
\_
Singlet L
(anti-symmetric) {'O’ 0) = ;L‘/E(Q)

2 (B

(2
8




Why is \1,o>:%m+m> and not [1.0) = | th - 1) ?

)
S%|s.my) = h28(8+1)5,ms>}

S.|s,ms) = hmg|s,mg)

S-[t) = (S-DT+T(5-1)
= () T+1 ()
= AT+ 1)

Griffiths Par 4.4.3




Clebsch-Gordan coefficients

Coefficients can be used “both ways”:

31 35 1 R 111
1) add s 1 Y LAY LN LY LI
) [2‘2”1‘0) 55t Bl g ﬁ'z“z) ]

|s;,m;> + |s;,mM,> > |sm>

2) decay hﬁi.o) = \/;2. D1, —1) + -\/§|2.0}\1.0) - \/22.1)1.1}]

|s,m> > |s;,m;> + |s,,Mm,>




Clebsch-Gordan coefficients

A) Find out yourself (doable, but bit messy...)

/

le,mg,m - § (2] + 1)(] +]1 _]2)'<] _jl +]2>'(]1 'I']? 'I'])
81,8248 m)m1+m2 (]1+]2+]+1)!

~

X/ +m)!G = m)! iy = ma)! -+ ma)!(ia = ma)!(ja + mo)!
_1k
\_ " ; Kl(j1+ g2 = 5 = k)!(r = ma = k) (ja +ma = k)!(j = Ja +my = k)!(j = j1 —ma + k)!/
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35. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND d FUNCTIONS
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35. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

S

AND d FUNCTIONS
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Example: np scattering

1) t'p— n'p
= =32

= =>» Pure [ =3/2!
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o] Lo

2) Tp—wp
= [ =372
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3/2
+3/2
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-1 +1/2| 1/3-2/3}-3/2
[-1-172] 1

What is relative cross section to make the I=3/2 resonance?
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Example: np scattering

Compare A resonance
in elastic scattering:

Dnp— n'p
2)Tp— Tp

-
o
[N}

Cross section (mb)

-
o

| _—_ . LR KN SR

ola p = & =" p)~200mb|

SN NE [T

10°
40

1 10
2 3 4 5
L1 I I

30
I I I

102 —

T T Tl
2

TTTT T L
3 4 5 6 78910
Center of mass energy (GeV)

L
40 50 60

-
o

Cross section (mb)

| s e s e s

[N O | A R

i.........J.....J....l..J..I..I.J.li..........L.....l...l..J..J.J.J.J.}.........J.....J...J...l..l..l.l.L

(&) _

; p_/_‘.-i-

’

Tcpeiastlc ---------------
B ]hﬁ“l by oty t

1 IIIIIII| 1 IIIIIII| 1 I I

107

1 10

10°
Laboratory beam momentum (GeV/c)



Group theory

3®3 =8@1

e Mesons:
- 2 quarks, with 3 possible flavours: u, d, s

— 32 =9 possibilities =8 + 1

S Octet
'3
K (5d) K™ (su)
s=1
S Singlet
% ?
\ s
Y |
\ \
s \ | h
—0 X \
S = * N\ o8 % - Is || — -—— - I
m” (ud) \\\ \‘F” :‘T\“(\ (Ju]
‘\ AY §
\\
‘l
% \ S
s=—1 q=1
K™ (us) WKY (ds)
q=—1 q=0
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Group theory

e Mesons:

- 2 quarks, with 3 possible flavours: u, d, s

— 32 =9 possibilities =8 + 1

3®3 =8@1

S
- +
a ds us K K
o | ud ud |
-1 ~ - ulfy
us ds K K
| 1 | I I | | I
1 I/ ) -l 0 / B

S Singlet
4
'
n
L 2 - I3
! =g cos@ — 1)y sinb
f =18 sinf + (:0597
1 _
g = —(uu + dd — 2s5
\@( )
: ! (uii + dd + s5)
1 = —(utt + dd + s3
V3




Group theory

e Baryons: 3¥3®3=10,®3, @3, D1,

— 3 quarks, with 3 possible flavours: u, d, s
— 33 =27 possibilities =10+ 8 + 8 + 1

'l//sym ?z/janti—sym (1 <> 2) z/janti—sym (2 < 3

{ : ! fud-du)d { I-d —‘_ dfud-du) —‘_ ufud-du)
ddd — (ddu+dud+udd) ——(vud+udu+duu) wuu 72 (ud-du)c VlT(“‘ -duJu v2 V2
@ L@ i@ O C @@ @ Q
o e ,.' "-. 1, ',' b .
‘- , . I d \ R — [ (ud-du)+d{us-su)-u{ds-sd)]
,." (dds-dsd+sdd) e (utts+pSu+su) 7 [2(ud-du)s+ (us-su)d- (ds~sd)uf viz's : & dialintl
e o O '- ; ©
L (uds+usd+dus+d 1#sdu) / b
S (UWASFUSAF AUS+ ASU A SUdF-Sdu) ¢ P
. R 1 R ’ p — dfds-sd)* S u(us-si
V‘f'—/dh-ﬁd‘)ll \[T(“N-'w Ju Je d(ds-sd) ‘.‘ Ry u(us-su)
{ . , ‘ ) " 1 /. . T i Ny [d(us-su)+u ('(I.s‘-.s‘(l,}',':
 (dss+sds+ssd) . o = (USS+SUS+3s5u) =l (us-su Jd+ ( (!.’--M{HIJ v ‘
V3 . o v3 Y 2 . . )
o @ e} , 99— 9
$58 L (ds-sd)s ~ (us-su)s J2 8(ds-sd) J2 s(us-su)
V2 V2 ‘ ’

1
e (uds-usd+dsu-dus+sud-sdu)
G
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Group theory
303®3=10,®B8,, B, DI,

e Baryons:
— 3 quarks, with 3 possible flavours: u, d, s

- 33 =27 possibilities =10+ 8 + 8 + 1

z/jsym z/janti—sym (1 <> 2) l/janli—sym (2 <= 3)
n P

A N AT AT s=0
EO
s =—1 > . ¥t
A
qg=1
s = —2 » "
= h
q=-—1 qg=—1 q=0
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What did we learn about quarks

Quarks:

e Associate production, but long lifetime: strangeness

e Many (degenerate) particles: isospin
e Pauli exclusion principle: color
d u S
Q — electric charge —% +% —%
| — isospin % é 0
|, — isospin z-component —é —i—% 0
S — strangeness 0 0 —1
e How they combine into hadrons: multiplets
e How to add (iso)spin: Clebsch-Gordan
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Plan

Theory Next-next Detection and sensor techn.
. : Niels
2) Niels 2) Niels 7) + 10)
Quantum | | Quantum ;
Mechanics Field Theor :
Y i5)+8) |
i Particles 3) Harry 4) Harry
Next Relativistictn || baht
teractions 6) + 9)
with Matter -
1) Harry 11) +12 II\E/Irnst_than
Fundamental 6) Ernst-Jan Accelerators ) + ) artl
Physics Martin
Astrophysics 1) & )
Charged Excursions
Particles
............................... Experiments
1) Niels 9) Ernst-Jan 9) Ernst-Jan 9) Ernst-Jan
Special General : Gravity ———— | Optics
Relativity Relativity : :
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Plan

1900-1940

1945-1965

1965-1975

1975-2000

1) Intro: Standard Model & Relativity
2) Basis

1) Atom model, strong and weak force

2) Scattering theory
3) Hadrons

1) Isospin, strangeness
2) Quark model, GIM

4) Standard Model
1) QED
2) Parity, neutrinos, weak inteaction
3) QCD

5) ete  and DIS

2000-2015 \/ 6) Higgs and CKM

V

11 Feb

18 Feb

10 Mar

24 Mar

21 Apr

12 May
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