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<] Experimental probes

* Bound states: Static properties such as mass, spin, parity,
magnetic moments

* Particle decays: Allowed and forbidden decays /
Conservation laws

* Particle scattering: Production of new massive particles /
Study of particle interaction cross sections / High energies to
study short distances

Force Typical Lifetime [s] Typical cross-section [mb]
Strong 10-23 10
Electromagnetic 10~ 1072

Weak 1078 10713
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7] Fermi’s Golden Rule

* Particle decays and particle scattering are transitions
between quantum mechanical states
* In QM the transition rate between states i and j is:

s = 27 |Tril*p(E;)

where T, is the transition matrix element and p is the
density of states

LA-CoNGA physics iSUENA BIEN!



7] Decay rates

* Lifetime of a particle (average or mean)

* Decay rate (I'): probability per unit time that the particle of
interest will decay

* If we had N(t) particles, NI'dt particles would decay in the

next instant dt
dN = —I'N dt

* It follows that
N(t) = N(0)e

* We can see that the mean lifetime:

T=—=
r
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{7] Decay rates

* Lifetime of a particle (average or mean)

* Decay rate (I'): probability per unit time that the particle of
interest will decay

* Rate of decays

N _ IN(t
* Activity
A(t) = ‘d ‘ =IN(t)
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{P] Decay rates

* Particles can decay in several ways (decay modes, channels)

* The total decay rate is the sum of the individual decay rates
[=>T;
j

* Branching ratios: relative frequency of a particular decay
mode:

Y
BR(])=F

* Decaying states do not correspond to a single energy — they

have a width:

yields h
AET~h —— AE~—=hr
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Decaying states in QM

 For a decaying state the probability density must decay
eXponentlally: w(t) _ w(o)e—iEOte—t/%- ‘w(t)’2 _ ’¢(O)’2€_t/7

* The energies present in the wavefunction are given by the
Fourier transform of y(t):

:/ w(t)e"Etdt:/ ¢(O)e_t("E°+%)e"Etdt
0

—t (Ey— d _ "w(o) |
/ V(0 T (Eo— E) — 5=

* So the probability of finding a state with energy E:

¥(0)°

PE) = IF(E) =z gy
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3] Decay resonances

* The probability density function for finding the particle with
energy E is

p(E) =
(Eo —E)* + 1

* E is the energy of the system

* E, is the characteristic rest-mass of
the unstable particle

* The probability density function has :
a Lorentzian, peaked, line shape: 0.5/ i
Breit-Wigner

* Full-width at half max (FWHM) of S S ,
the peak equal to I': width EqTi2 E, EgtL72

* Long-lived particles: narrow width, well defined energies

Breit-Wigner shape
P(E)4 (aka Lorentzian)
1 :
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{>] Reactions and cross sections

* Cross section: “strength” of a particular interaction between

two particles
* Effective target area presented to the incoming particle, units:

barns (1 barn = 107%°m?)
* Interaction rate per target particle:

['=¢o

* ¢ 1s the flux: number of particles
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(} Scattering

* Consider a beam of N particles per unit time with area A
* The beam hits a target of n nuclei per unit volume and
thickness dx |
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<> Scattering

* Consider a beam of N particles per unit time with area A
* The beam hits a target of n nuclei per unit volume and
thickness dx |

* Number of target particles in area A:
Nr=n-A-dx
* Effective area of interaction:
oNr = onAdx

* Incident flux:
o=N/A

LA-CoNGA physics iSUENA BIEN!



{7] Scattering

* Consider a beam of N particles per unit time with area A
* The beam hits a target of n nuclel per unit volume and
thickness dx |

* Number of target particles in area A:
Nr=n-A-dx
* Effective area of interaction:
oNr = onAdx

* Incident flux:
o=N/A
* Number of particles scattered per unit time

N
—dN = ¢poNy = ZanAdx
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{7] Scattering

* Consider a beam of N particles per unit time with area A
* The beam hits a target of n nuclel per unit volume and
thickness dx |

* Number of target particles in area A:
Nr=n-A-dx
* Effective area of interaction:
oNr = onAdx

* Incident flux:

o=N/A
* So the cross section is proportional to the scattering rate:
—dN
0O =

nNdx
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Attenuation of a beam

Beam attenuation in a target of thickness L:
 Thick target onlL > 1:

jN dN fL ;
——— = | ondx
N, N 0

the beam attenuates exponentially

 Thin target onl < 1:
e "M ~1 — onlL
N = No(]. — O'nL)

 Mean free path between interactions: 1/on (also referred to
as Interaction length)
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{>] Differential cross section

* The angular distribution of the scattered
particles is not necessarily uniform

Beam " 3olid

> Target angle, dQ
* Number of particles scattered per unit time into d(} is
dN = dop Ny
* The differential cross-section:
do dN
dQ  dQ¢Ny

is the number of particles scattered per unit time and solid
angle, divided by the incident flux and by the number of target
nuclei defined by the beam area
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{»] Differential cross section

* The angular distribution of the scattered
particles is not necessarily uniform

Beam " 3olid

> Target angle, dQ
* Number of particles scattered per unit time into d{1 is
dN = dO'¢NT
* The differential cross-section:
do dN
dQ  dQ¢Ny

* Most experiments do not cover 47 solid angle, and in general

we measure do/df)
* Angular distributions provide more information than the total
cross-section about the mechanism of the interaction
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<> Scattering in QM

* Consider a beam of particles scattering from a fixed
potential V(r)

* The scattering rate is characterised by the interaction cross-
sectiono =1/¢

* We can calculate the cross section using Fermi’s golden rule
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<> Scattering in QM

* Consider a beam of particles scattering from a fixed
potential V(r)
* The scattering rate is characterised by the interaction cross-

sectiono =1/¢
* We can calculate the cross section using Fermi’s golden rule

* In first order perturbation theory, and using plane wave
solutions: (X, 1) = A pl(0X—ED

we need.:

- Wave function normalisation

- Matrix element in perturbation theory
- Incident flux

- Density of states
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<> Scattering in QM

* In first order perturbation theory, and using plane wave

solutions: WX, £) = Al (Px—ED)

- Wave function normalisation: Normalise wave-functions to
one particle in a box of side a

fafafa‘ﬁ*‘ﬁdxdydz:l
0 JO JO

A% =1/d°
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<> Scattering in QM

* In first order perturbation theory, and using plane wave
solutions: (X, 1) = A i (P X—ED)

- Wave function normalisation: Normalise wave-functions to
one particle in a box of side a

fafafa‘ﬁ*‘ﬁdxdydz: I
0 JO JO

A% =1/d°
- The matrix element contains the physics of the interaction.
In perturbation theory (first order):

Ty = (fIH|i)
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<> Scattering in QM

- Incident flux: consider a target of area A and a beam of
particles with velocity v. Any incident particle within a

volume vA will cross the target area every second

_vA B v
¢ = An—vn—a3
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<> Scattering in QM

- Density of states (or phase space): the normalisation of the
wave function implies periodic boundary conditions, which
implies the momentum components are quantised:

2
(P Py pz) = (ny, ny, nz);

each state in momentum space
occupies a cubic volume of

o\ (2n)?
a %
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<> Scattering in QM

- Density of states (or phase space): the number of states dn
with magnitude of momentum in the rangep — p + dpis
the volume (in momentum space) divided by the volume of

a single state:
Vv

(27)]

dn = 47p*dp x

N
AN

Px
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<> Scattering in QM

- Density of states (or phase space): the number of states dn
with magnitude of momentum in the rangep — p + dpis

the volume (in momentum space) divided by the volume of

a single state:

%

dn = 4np*dp x
n = 4xp-dp o)

and the density of states:

dn dn|dp
E = — = — | —
PE)Y=9E = b laE
dn 4nrp?

dp  (n)3
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{p] Scattering in QM

Putting everything together:
_r2nT le-p(E)
T ¢
Ty = <F1H 1>
= j "} N v dr

1)

-\r . NENF I
jA V() At r

1)
—

('B
XN

-
—~—

a)
w
Ny

N
9 )

Iy
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<> Scattering in QM

Putting everything together:

o r 2nTfp(E)

¢ ¢
T, L )jc"'i"Fv<f)C|8F
\/2
- % ' JE)= dn | P
? \/ ’ dp ‘dEl
= dapyv E
) P
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< - i} 12
dr jc rviyde| b e
dﬂ_ (ZTl) Vo

If v~c~1, p~E, Born approximation:

2
dO' _ E2 f _lC_I’fV - d3—>
a - eoz|) e Ve
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Yukawa potential

* Consider relativistic elastic scattering from a Yukawa
potential

—mr

ge

V(r) =

r
: " 00 2m ™
* Our matrix element then: / e TV () P = / / / V(r)e =% 12 sin 6 df dep dr
. JO JA0) JA0)

00 {1
= / / 27V (1r) e 12 A (cos 0) dr
Jo J-
fe'e)

where we chose the z-axis = / 27V (r) (%) r¥dr
alon r: - - B ‘X" e~ mr eldr _ o—iqr 5.
g q. 1 = —(r COS v = /“ 2myg . < Zar ) r? dr

00 Ml _ o—iqr
:/ 2rge " [ ———— ) dr
Jo uq

00 ¢
_ / 277(/ ((‘ r(m u/)_(‘ r(mlu/)) dr
0

1q
2mg 1 | 2mg  2iq
- iq (m —ig  m+ iq) - sz + ¢?
dmyg

m? + ¢?
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Yukawa potential

* Consider relativistic elastic scattering from a Yukawa
potential

—mr

V(i) =9

.
: L] (s 2 ™
e  QOur matrix element then: /(\_i,,.,.'v(,f)d;,,,q: / / / V() 60 12 gin 0 40 dor

Fl
/ / 27V (1r) e 12 A (cos 0) dr

where we chose the z-axis = / 27V (r) (%) r2dr
a.].OIlg' r. q—’,,:’ — —qr COos 0 _ /“ omg® : <(» a I_q,( a )7'2([1.

0o . (\l{I,' — (\ l'l’.
= / 2rge ™ (—) dr
2 2 Jo Lq
00 ¢
16ﬂ' g _ / 277(/ ((‘ r(m-—iq) e r(m+iq) ) dr
0

| M;|? = b
v 2 2\2 21y 1 1 2rg  2iq
(m —I_ q ) g \m— g Com o+ ig)  iqg m?®+ ¢?
__4mg
Com2 42
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* Consider relativistic elastic scattering from a Coulomb

potential . 70
V(r)=——
.
1672 7%a*
’Mif’2 — d 4 -
q

(m = 0 and g = Za in the Yukawa potential)
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* Consider relativistic elastic scattering from a Coulomb
potential o

1672220

| Mi|* = )

(m = 0 and g = Za in the Yukawa potential)

qd =pr—Dpi

0
G1° = 21pI*(1 — cos 0) = 4E*sin?5
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* Consider relativistic elastic scattering from a Coulomb
potential

Ae
V(i) = -2
(==
, 167272
|M1f| — q4

the differential cross section then:

do 2K , E% 16m%Z%a?
a0 - ez M= G 9
16E4 sin47
do 7% a?
df AE? sin4g

2
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Gelger-Marsden experiment

* Fixed target experiment
 Alpha particles shot at a target
* Metal foil as target (Au and Aqg)

cross seclion = are of ring of radius b
and width db

|
|

10° T T
+
do‘ Geiger and Marsden
© Ag
dQ . a-panlclann{+Au
q° ~ 0.1 GeV?
10° ey

\QED

'l"ey are scattered into a larger ) 5 Qco
ring on a sphere with the 4 8 \ ¢
scattering nucleus in its center T
Solid angle of the \\ = ] N
entire ring : By o
| +
2rRan(QIRAD - ‘ AP . - : -
dQ=TRERI > o G (0)dO solid angle o 10 \
R small area: 3
d@R s D Rd b . .
d€) =" ];‘_» ke .\ln[Hk!'f)t/(p @ CERN pp collider \—Q—
' GG scattering AN
¢? ~ 2000 GeV? "*\_._\._ o
1 | | S b2
0.001 0.01 0.1 1

Farticles hitting the ring between
b and b+db are scattered by an
- angle between @ and B+d0

sin’ %
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Resonant scattering

 Some particle interactions o (bjw

Example — n+23°U

[

| I I

occur via an intermediate 100

resonant state which then 10

decays ‘ -
a+b-0-c+d 1 eV

theory @ oxd
VINGIvV
Tfi:<f|V|i)+Z<f| DIV

e

LA-CoNGA physics

1 keV
 The matrix element is given by second order perturbation

1 MeV
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] Resonant scattering

I i T | I 1 I I

 Some particle interactions o (bjw |
Example — n+23°U

occur via an intermediate 100

resonant state which then 10

decays : S | |
a+b->0->c+d 1 eV 1 keV 1 MeV

 The matrix element is given by second order perturbation

theory ore
VIHIvV
Tri = (fIV]iy + Z (fl I'Jz%l . i)
J#i l J

* Two stage picture:
Production: a+b >0 Decay: 0 - c+d

LA-CoNGA physics iSUENA BIEN!



I i T | I 1 I I

Example — n+23°U

Some particle interactions o (bjw

occur via an intermediate 100

resonant state which then 10

decays : S | |
a+b->0->c+d 1 eV 1 keV 1 MeV

The matrix element is given by second order perturbation

theory  ord
VIHIvV
Tri = (fIV]iy + Z (fl I'Jz%l . i)
J#i l J

Two stage picture:
Production: a+b >0 Decay: O - c+d

Near the resonance (E~Ey~M,) — 2nd order effects are large
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] Resonant scattering

I i T | I 1 I I

Example — n+23°U

* Some particle interactions o (bjw

occur via an intermediate 100

resonant state which then 10

decays : S | |
a+b->0->c+d 1 eV 1 keV 1 MeV

 The matrix element is given by second order perturbation

theory N
. SIVIDGIVID
Ty = (fIVI]i) +

* Near the resonance (E~Ey~mp) — 2nd order effects are large
 To account for the fact that O is unstable:

W o e—imt N W o e—imte—Ft/Z
m-om-—1il/2
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3?] Resonant scattering

* Some particle interactions o (bjw

I 1 I I

Example — n+23°U

occur via an intermediate 100

resonant state which then 10

decays ‘ -
a+b-0-c+d 1 eV

1 keV 1 MeV

 The matrix element is given by second order perturbation

theory

. SIVIPIVIED
Ty = (fIV]i) +
;4 E - E

 The matrix element squared is then:

2
2 |Tol| 1Toil?
| o 2

(E—-Eo)* +—

| Ty

LA-CoNGA physics
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<> Resonant scattering

I i T | I 1 I I

* Some particle interactions o (bjw |
Example — n+23°U

occur via an intermediate 100

resonant state which then 10

decays : S | |
a+b->0->c+d 1 eV 1 keV 1 MeV

e So we have for the cross section:
n Fo-ilosy

PE(E — Eo)? +
this is the Breit-Wigner cross section

0O = FZ

4
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Resonant scattering

I i T | I 1 I I

Example — n+23°U

* Some particle interactions o (bjw

occur via an intermediate 100

resonant state which then 10

decays : S | |
a+b->0->c+d 1 eV 1 keV 1 MeV

e So we have for the cross section:
n Fo-ilosy

Pi(E — B,)? +

this is the Breit-Wigner cross section

p? is calculated in the centre-of-mass frame

E is the centre-of-mass energy,

E, is the rest mass of the resonance

[0, are partial widths and I' the full width of the resonance

o =

4
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<> Resonant scattering

 We should also include information about spin:
gmn l_‘0—>i1_‘0—> f

o =

2
PEE - Eo)? + 5
. . . 2]o+1
with: I = @t +D)

is the ratio of the number of spin states for the resonant state
to the total number of spin states for the a + b system

 Itis the probability that a + b collide in the correct spin state
to form the resonance O
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Resonant scattering

/v o+
A A &
[ 2 \
. .
\ J
‘\'\ *,
\+)

e We can use measurements of cross sections to infer other
information

e Total cross section:

Utot=zﬂ(i_>f)
f

o _ygm Fooil
tot — 2
pl (E—Ep)? + I;L
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Resonant scattering

e We can use measurements of cross sections to infer other
information

e Total cross section:

Utot=20(i_’f)
f

gn l_‘0—>il_‘
Otot = 2 FZ
l (E EO)Z 4
e Elastic cross section:
Oy =0(i = 1)
g l_‘0—>il_‘0—>i
g = 02

Pl (E—Ep)? + o
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/v o+
A A &
[ = \
* N
\ J
‘\'\ *,
\+)

Resonant scattering

e We can use measurements of cross sections to infer other
information

* On peak resonance (E = Ej)

gan Tooilo-r
Opeak = ~ 3 2
4t T 5 [ ' 4
gam looil oo gat .
el = = BR(i)*
Opeak—el piz [2 piz (i)
ginlo; gim
tot = = ——BR
Opeak—tot piz T piz (i)
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Resonances (nuclear physics)

V/: * o\
1+ J *\
P \
A "
| /
\.\ 1y
L

63
63
p+5Cu Zn +n

64 *
30241

o+ S Ni —

“Cu+n+p

“27n +2n

* Production independent of
decay
* We can see the 3 resonances
from the 2 production
mechanisms
* Notation in nuclear physics:
a+B->c+D=B(ac)D

05T

proton energy, MeV

cu’(p,n)za’}/] .. | '--Q:x
|II .';:. Ilf. Il'. f
II I.-" Ill II' |

0.4 F

o 5 ? 1 3 1"'| 21 25 29 33
:a Gl | i
& (g _Nl {c,pn)Cu
:l. b3 [ Ix."':.- '-I"-.'I‘ .-""‘I
L8] H-q_-'.".'-"'. ) . Il'l
4 0.a ."I ! =
7] u) ¢ W

I Bl 5 f LR

4] N | ( ﬂ ) Zﬂ l |I |'I I.l I'l

w I T' " 0 'Il'I ll" ;

8 .-_.-I‘.' l I' I|'|l :!Il

L |'II 'IL ll::‘.

0ak n'[ ! : %

.'i:ha ".,I; III Nl (cr, 211)211':".—;'

'IIII “<" °+
[} II| S “ o
1 il -]
i S
o 'il---uf
g 12 ll- 20 24 E28 32 36 40

c. particle energy, MeV
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L

e Z boson at LEP
myz = 91.1875 £ 0.0021 GeV

— i B S T 1
= | J
L [ ‘0'?-\ -------------------- 2
2 40 /i _
= ALEPH PR
© DELPHI P
L3 foh A
30 | OPAL Iy NG 4
i/
! :
! :
| / :
20 = K' E -
I / :
L ¢ measurements, error bars /
| increased by factor 10 /
10 |~ —— o from fit // ]
--- QED unfolded . y
g : i
L e o wvMy 1
86 88 920 92 94
E_[GeV]
cm
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Resonances (particle physics)

10°

L L N N B LR B T
E + - =
- e e —hadrons E
| CESR ]
E DORIS | E
: PEP
i PETRA — !
| KEKB TRISTAN - ST.C

PEP-II o
] 1 ! l IllEP|I 1 LEP I|I E
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass energy (GeV)

* Total decay width
['7 =2.4952 + 0.0023 GeV

Peak cross section
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- 7 p scattering: Resonance at p}2°~0.3 GeV, E., = 1.25 GeV.
O-peak—tot — 72mb! O-peak_el — 28mb- Fil‘ld g andjo (]p e

1
EI]TL' — O)

6 7 8 910 20 30 40
L1 1 |
|

| L
| | | 1
20 30 40 50 60

.................................................................................................................

.
4 i i
' i 3
..............................................................................................................................
i H
. tfccccccnnncccnnnccnnncscnnnccnnne st H
' bl N

total :

Cross section (mb)
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7
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