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Important Experiments

- Wu-Experiment (1957): radioactive decay of Co®°

+ Goldhaber-Experiment (1958): radioactive decay of Eu>?
- Muon Decay: Michel spectrum

-+ Pion Decay: branching ratios

> Nuclear Beta Decays

> Neutrino-Nucleon Scattering (neutrino < antineutrino)

Schoning/Rodejohann 2 Standard Model of Particle Physics SS 2013



n—p+e +7,+ 782 keV C,=cos©. A=782keV

nd u mass eigenstates are not weak eigenstates
neutron decay is not a simple d — u decay (quarks are not free)
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Structure?

Gamov Teller transition

vector
Momentum coupling

i R

helicity 0* -1 +1 helicity 0O -1 +1
n P e Vv n P e Vv

axialvector
Momentum coupling 2

the relative contribution of VV and A couplings in nuclear decays?

e a more general Lagrangian:

G C 4

L= (ay(1=ay)p) (v y.(1-y)e) B,

The strength of the axial-coupling is related to the neutron lifetime!
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n—p+e + U+ 782 keV

ce method
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CERAMIC

INSULATOR

MAGNETIC
FIELD CORS

TRAPPING
ELECTROOES

MAGNETIC
FIELD COILS

FROTONM
COUNTER

NEUTRON
BEAM
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alpha, triton
detector

B=46T - proton
S detector

-
neutron beam

mirror trap electrodes  door closed

‘ deposit 800 v) (+800 V)

J. Byrne et al., Phys. Rev. Lett. 65,289 (1990)
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Neutron lifetime through time — e
------------------------------------------------------------ 905 - QO UCH storage methed
| m Inbeam-decay method
900+ - —| average (PDG2008) _

l—‘h
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o

o
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it
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885.7x0
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Neutron Life Time [s]

Average lifetime in seconds

i

Q00 H-------memmeee i 1 B

i 1 i 1 i 1 i 1 ; |
1990 1985 2000 2005 2010
Year
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Year

ignificant tensions between
experiments!

=885.7 s

n

o= <4 = 1.2694+0.0028
Cy
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pﬂ:z%?;ﬂdfuldﬂ—ﬂwthul)—ﬂuldeﬁ

+utdldt)+ldlutdt)+ldtutdl)
+ldtdlut)+lutdtdl)+|ldldtu?)) .

vector/axial-vector contributions gives:

e -
S
ween experiment > . ;
spin flip
ion due to ;
istic corrections L% \W-

glected sea quarks in the neutron n

QCD corrections QCD corrections

modify axial-coupling
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pﬂ:z%?;ﬂdfuldﬂ—ﬂwthul)—ﬂuldeﬁ

+utdldt)+ldlutdt)+ldtutdl)
+ldtdlut)+lutdtdl)+|ldldtu?)) .

vector/axial-vector contributions gives:

e

. u v
ween experiment . ;
. spin flip
lon due to: R
gluon |‘ ........ =

istic corrections
glected sea quarks in the neutron d
QCD corrections

QCD corrections
modify axial-coupling
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Overview Weak Decay Processes

Weak decays of quarks and leptons (fermions)
w >e v,v, leptonic decay
n=>pe v, semileptonic decays
A 2> pe v, semileptonic decays (AS=1)
A>pr hadronic weak decays (AS=1)
Q »gW-  heavy quark decays (AC=1, AB=1, AT=1)

W-Boson decays: Charged currents can mediate

W1 v, interactions between different
W a5 lepton and quark generations
19 (mixing)
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D-mesons
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I‘och?mt5
m,~172GeV

Lifetime t ~ 10 s

________

......
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t

d’|; |s']y b7,
Cpr tr
SR by

ons couple only on fermions with weak isospin!
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eriments
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Weak Scattering Experiments

Question:

What is the difference between:
A) scattering experiments in classical mechanics
5) weak scattering experiments?

Answer:

Despite the fact that a__=1/127 is much smaller
than a __ ~1/30 electromagnetic interactions
(A) is much more dangerous than (B) weak interactions

Video of a classical scattering experiment
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file:///home/schoning/heidelberg/lehre/SM13/Material/Stupid.mp4

raction

eak if o ~1/30 is
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ction

ifa, _~1/30is

weak

weak |IA

1. Coupling e (~0.3) g (~0.65) (e,g=V4na)
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raction

eak if @, ~1/30 is

weak |IA
1. Coupling g (=~0.65) (e,g=v4ma)
g AR w v 2 low . my
2. PrOpagator g :_q (2] /mW engrgy lg2
q —my, my,
Q2:1 eV’ : | 0.64-10%
Q’=1 MeV® Ratio(elm./weak) ?)/(m_z) 0.64-10"
Q2:1 T€V2 w 0.64‘10_2
m,, ~ 80 GeV

Schoning/Rodejohann
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Strength of Weak Interaction

At high mass scales E~100 GeV the weak interaction is
stronger than the electromagnetic interaction

Neutrino-nucleon scattering experiments require neutrino beams
of about E ~100 GeV to test weak interactions at reasonable

rates ¢ ~ O(1pb) because of the propagator effect
e v
\\
O(Vue Suv,) oc Grs
"

v n

neutrino-electron scattering

Schoning/Rodejohann 22 Standard Model of Particle Physics SS 2013



FluBmonitore

Egafils‘tunnel Myonschirm Neutrino-

4G0 m Detektor

M™ = u*+v, (M*=g% KT
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LAST (2 PLANES
OF THE
TARGET CALORIMETER

B

AR
.I‘:I;i::h-ll;!1||ll:|l:ﬁ:;1 Ithi. r | lI.
| .IIE:,:.':lliﬁl'J|:)| } i
L L
PROPORTIONAL wy
TUBES V/
- TOROIDAL
— IRON MAGNETS
SCINTILLATORS
IRON FRAME

COlL

I"ig. 1. Partial view of the fine-grain calorimeter and the muon spectrometer. Each subunit is composed of a marble plate of
3 X 3 m? surface area and 8 cm thickness, a layer of 20 scintillators 15 em wide and 3 m long, and a layer of 128 proportional
drift tubes 3 cm wide and 4 m long. The calorimeter is surrounded by a frame of magnetized steel and followed by four toroidal
iron magnets of 3.7 m diameter, each 75 cm thick.
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LAST 12 PLANES
OF THE
TARGET CALORMETER

Why marble? R

Sy,
-

PROPORTIONAL 1 X
TUBES ~——_i .

MARBL f ———

P

SCINTILLATORS =

iron magnets of 3.7 m diameter, each 75 cm thick

25

ig. 1. Partial view of the fine-grain calorimeter and the muon spe.

drift tubes 3 cm wide and 4 m long. The calorimeter is surrounded by a

wCal(Co,) isan iso-sc';é‘lar;‘t_a‘rget (same amount of d and u quarks)

TOROIDAL
IRON MAGNETS

\ RON FRAME

ach subunit 18 composed of a marble plate ol
a 2 g ] i 1 " e - - i
3} X 3m* surface area and 8 cm thickness, a layer of 20 scintillators 15 em wide and 3 m long, and a layer of 128 proportional

of magnetized steel and tollowed by four toroidal
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1ARMII Detector
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on Scattering

u
> {
W
V d
u

neutrino-nucleon scattering

no-Nucleon:

f G,
vu=dud)= th > ..... <
4
W
V u

antineutrino-nucleon scattering
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(Anti-) Neutrino-Nucleon Scattering

Neutrino-Nucleon: n u
y, N 2

do

d > D J=0
e O u) = P 4
v, / \ d
neutrino-nucleon scattering
Anti-Neutrino-Nucleon: w d

do va
o — 7 N
dg o d)= i > <
W
V u

antineutrino-nucleon scattering
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(Anti-) Neutrino-Nucleon Scattering

Neutrino-Nucleon: n u
y, N 2

do

d > D J=0
e O u) = P 4
v, / \ d
neutrino-nucleon scattering
Anti-Neutrino-Nucleon: w d

do( %) = G, \ /
TG Va2 u g y J=1
v / \ u

antineutrino-nucleon scattering
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(Anti-) Neutrino-Nucleon Scattering

Neutrino-Nucleon: u \ / u

isoscalar target

Anti-Neutrino-Nucleon: il

ﬂ(v u->u" d) - G; t \ / -

70V w 4 -\-A;-- J=1
2

i TS / A N\NY

d—Q(v“N_)MJrX) oC >

2
S i : :
4m antineutrino-nucleon scattering

tls=(1—cos8”) =(1—y)
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Lorentz Invariant Kinematics of the
Deep Inelastic Scattering Process

The virtuality of the exchanged
photon is given by:

neutrino

0°=—-q¢ = —(p-p') , 0
1 positron
g 4
sin" 0/2
W-boson

Relative energy loss (inelasticity): =

P e~

v 4 p ;
nucleon

relative fraction of parton momentum:
2 /)
g _ 0O
2q P Sy

X =—

withcms energy: § = 2pP
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e equations due to x-dependence!
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H1 and ZEUS HERA I+II Combined PDF Fit

xf

4l xg (x 0.05)
ly by 20!

ey

- xS (x 0.05)

Q*=10 GeV?

—— HERAPDF1.5 (prel.)

B exp. uncert.
E model uncert.

- parametrization uncert.
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July 2010

HERA Structure Functions Working Group

nificant component from sea quarks!



n Scattering

t+
<

><
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F, — oF = 4z d(x)
F;_;- + $F3 = 4ru(z)

szp = 2z [u(z) + d(z)]
e Fy? = 2z [u(z) — d(z)]

F;" =2z [d(z) + u(=))]
cFY™ = 2z [d(z) — u(z)].

d’a
dzdy

F(x)

1.4

1.2

1.0

1 '|' T '|' L)
10 < Q2 < 30 (GeV?)
l le

o

;

= CDHS X107
~ CCFRR < 0.90
s EMC X 18/5

* BFP

X 0.95 X 18/5

o COH3S X107
« CCFRR X 0.90

4§’ «COHS X 1.07

Gz (787 ITAT | 17 L
4:‘5{[F21 +zF| + [ ¥ 2Fy J(1-y)°}.

z (u(z) + d(z)) = % (F2Y 4 zF¥N)

z (@(z) + d(z)) = % (2N — 2 F2N)
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=007
(% 3.2)

x=0.10
(% 2.5)

x=0,14
{x 2.0}

x=10,18
# (% 1.6}

WW x=0.2025

g *(x13)

W(ﬁﬂ.ﬂ%ﬁ
T 3 :N:}.

eofey A= 0.35

o =Tefy

e-b SEAC
p-D BCDMS

p-D NMC 90 GeV
v 3t-D NMC 280 GeV

e p-C BCDMS
+ v-FeCCFR

10 20 50 100 200
Q2 (GeVD)

Standard Model of Particle Physics SS 2013



Q2= 15 GeV2

(%) = 2dy(x) |

B YWAZ2I1 neu
@ WA?]
& WAZS5
+¢ CDHS

esult: d /u, — 0 if x— 1
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