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Weak Interactions

Like QED and QCD, the weak interaction is mediated by spin-1 (vector) particle
exchange.

Any fermion (quark, lepton) may emit or absorb a
W-boson.
* To conserve electric charge that fermion must

* To conserve lepton number €<>Ve, L<>Vy, T<>Vr
* To conserve baryon number (d, s, b) < (u, c, 1)

* W boson mass = 80.385 GeV

—

change flavor! W >
e

‘\v
1
——
Any fermion (quark, lepton) may emit or absorb a 7
Z-boson.
* That fermion will remain the same flavor. R
* Very similar to QED, but neutrinos can interact with
a Z boson too. )
e

e 7 boson mass = 91.1876 GeV
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QFT Feynman Rules

W /Z Propagators: H vV

NNNS

The form of the propagator tells us a lot about the structure of the interaction

We need to generalize the photon propagator
2
q

in order to account for the mass, M, of the intermediate vector bosons.

This problem is more subtle than it looks. We will use the so-called unitary

gauge propagator: . . quqy
L (Guv — 377

q2 — M?2

April 5, 2017 Physics 493/803



Weak Boson Propagators

W /Z Bosons: Photons:
. q qu .
—1 (g;w — 2 ) t9uv
2
g — M? q

. qdudv
2 7ty | —° (9 — %75)
M X g (Jl) q2 L M2 (J2>
em——— — -:u-*-r-

Differences:
1) For q<M, the weak boson propagator leads to a much smaller matrix element

than the QED matrix element.
 This is indistinguishable from a smaller coupling constant!

2) The weak boson propagator has a pole at g=M, causing the matrix element to
blow up. We refer to this as “on resonance” particle production.

3) For g>>M, the QED and QFD propagators look very similar. A consequence is
that Z bosons and photons have similar contributions to many processes.
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Charged Current Vertex

The WZ* bosons mediate charged current (CC) weak interactions.
They couple to leptons via:

Ve

S (1 =) w

E_
* The coupling constant is specific to the weak force and we’ll calculate

this later on.
* We'll also come back to Z bosons and quarks soon.

Notice that this interaction mixes vector and axial vector terms. We call this a
(V-A) interaction and it leads to parity violation.

* (V-A) = “V minus A”
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Back to Gamma Matrices

We had 3 conditions, including an anti-commutation relation.
Can’t do this with numbers since they commute (AB=BA always) but we can
do it with matrices (which do not, in general, commute).

(V)2 =1 ()2 =—-1 {v",9"} ="y + """ =0 For pzv

Dirac’s clever idea was to let Y represent a set of 4x4 matrices

10 0 O 0 0 0 1
o |01 0 o0 . | o 0 10
T=1 00 -1 o0 T 0 -1 0 0
00 0 -1 1 0 0 0
0 0 0 —i 0 01 0
2_00’&0 3_000—1
=1 0 i 0 0 T 1.0 0 0
i 0 0 0 0 1.0 0
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v°: The Black Sheep of the Family

Define an additional Y-matrix by 75 = f[:fyof')/lf)/2f)/3
b ————
. [0 1
In the Bjorken and Drell representation: vo =
1 0
s

Note:
(Y°)?=1and anti-commutes with every other Y:

{(Y*,7°} =0 = Hy° = Py

e — SRS
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Bilinear Covariants

There are 16 possible products of the form W'iy;j. These 16 products can be
grouped together into bilinear covariants:

Py Scalar 1 component
VYo Pseudoscalar 1 component
vy Vector 4 components

Yy Axial Vector 4 components
YotVqyp | Antisymmetric tensor | 6 components

2
Note that:|  oH? = 5 [fy”,fyy]
BRSRRRpm——T————
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Bilinear Covariants: Why??

We now have a simple basis set { 1, YH, Y>, YHY>, OHV } for any 4x4 matrix,
therefore we can always simplify more complicated combinations of Y matrices.

The tensorial and parity character of each bilinear is evident. This makes it
easy to see why the QED interaction Lagrangian

_ /M

eA, YyH

leads to a parity-conserving electromagnetic force mediated by
a vector (spin-1) boson.

To describe the parity-violating weak interaction, we could (and willl) mix vector
and axial interactions.

(VyHp) £ (P yPy)
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Spatial Reflection: Parity

Spherical polar co-ordinates:

X =r sind cos¢ oS T
Y =r sinf sing
Z =r cosH

rsinBcos¢

In these co-ordinates, r - - r implies: rsin@sing

—r — T X
= 6 — J‘E—G v———*Y-—
¢ — w+

It can be shown f\or the spherical harmonics function that
PY'm(6,9) = (-1)' Y'm(6,9)
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Intrinsic Parity (P)

The behavior of a state under a coordinate transformation r > -r

Y
Particles have intrinsic parity, & it's conserved! S{'t)

Particles are in definite eigenstates of the
parity operator: -r 3 r

PW(rt) = PW(-rt) AR

 Pow(rt) = W(rt)

P2W(rt) = PPW(-rt) = P2 W(r,)

P2=1, P= +l
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Parity: Putting it Together

Particles and bounds states can thus be in complicated parity eigenstates
Eigenstates of intrinsic parity

Eigenstates of angular momentum parity

Parity Transformations

Pi(a) = Pa(—l)ew(a) Scalar P(s) = s

Pseudoscalar P(p) = -p

Vector P(v) = -v
Pseudovector P(a) =a
1 1+ or axial vector
N(938): I(JP)==(= ) torexial vecton
22
. J=S+1L
N(1520): I(J7)=5(5 ) |[L—S|<J<L+S

W—-W M
February 2, 2015 Physics 493 13




Parity Violation?

The first indication for parity violation
: K decays (final states have opposite parities) K — nn, K — man

The experiment performed by Wu and co-workers (1957)

60Co — ®Ni + e- + v,

1. Place a sample of 6°Co
inside a magnetic solenoid
at a temperature of 0.01K

( °Co polarized along
the magnetic field )

2. Observe beta-rays by
changing the direction
of the magnetic field

3. beta-asymmetry observed
indicates parity violation
( if P conserved,
no correlation between
electron spin and momentum)

February 2, 2015

electons ——— O

ensemble of —
spin-aligned
60Co nuclei

mirror image

Q

Q
f
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QFD Matrix Elements

Consider electron-neutrino scattering. For now we’ll study the t-channel diagram.
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QFD Matrix Elements

e Pi P3

QED Lepton Scattering: . ¢
92
o r_ _
M = —j[UeVaue][uMVBuﬂ] W z v C W
Pl P3
QCD Quark Scattering: B
2 g2 '
M= — 5 q_;[ﬂu'yuuu][ﬂd,}/,uud] d l;j v,b ZM d
R e e

QFD Lepton-Neutrino Scattering:

2 2

9w ((Gur — Qu@e /My - 5 _ 5

M= - ] ( @2 — M2, ) @ (1 =) uel[tey" (1 —7°)uy ]

L —— —
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Electron-Neutrino Scattering

Example worked in class.

April 5, 2017 Physics 493/803

17



Electron-Neutrino Scattering

2
_ _ 1 g2E)
g€ Ve = € V) = (w
8w \ M3z,
_ _ 2ma’ B
gle Ve = € V) = 17
W
W —w
L o 47T042m
ole pu~ —e pu )= T
W ‘w
2 dra’
o(ud — ud) = 5 gjs

IRt e
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Muon Decay

Example worked in class.

April 5, 2017 Physics 493/803

19



Differential Muon Decay Rate

Starting from the in-class example

<|M|2> P
dr', 5— dEo
(4m)4m, Ej
4 3 my, /2
d
= ( Juw ) My 2p4/ ' Es(my — 2E3) dEo
47I'MW E4 m“/2—E4
_ ( Juw )4 my, d>pa (muEz B 2EZ’>
47 My IEZ 2 3
L eem——r— TS ———

Writing the volume integral in spherical coordinates and integrating over angles, we get:

4 2 3
w E?2 2E
47 My 2 3
dly (gw )4 m? E? (1 4E>
dE \Mw /) 2(4rm)3 3my
RS ————
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Electron spectrum from muon decay

0.05

AP/dE

.045 —— Radiative corrections

----- No radiative corrections

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005
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Energy (MeV)

—~E2<1— 4E) (B <mu/2)

3my,
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Electron spectrum from muon decay

T T T T I T T T T
b~ TpIT -
(a) . !
| 1 i
15 x 10> —
o F _
>
L
s — —
wn
N L —
©0
d —
&
& L joxi03 —
o fa———6.62 KGAUSS ——I»|
E L _
g
‘: B jm—75.35 K GAUSS —»| -
o —
[+
@
2+ —
o]
Zz |-sxi03 —
- ]
- _
47
| 1 1 1 | 1 1 1 1 i k
0 10 20 30 40 50

POSITRON MOMENTUM MeV/c

Tu g2 (1_ 4E) (B < mu/2)

3my,
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Muon Decay Rate

Integrating over the electron energy, we (finally) obtain the muon decay rate:

4 2 m,, /2
m p 4F
r, = (-2 . / E?(1- dE
MW 2(471’)3 0 3mu

|
N
= |
=g
N~
S
~
AN
58
w
N\
W=
OO‘tsc,o
N~

|
(-
7 N\
)
E
[IRN
S
ot

very close to reality!

1 614473 [ M 4 This calculation yields 2.15 Msec,
%%
Jw Texp = 2.197 Msec

k
:
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The Fermi Coupling Constant

- 2 2
In the I|m|’r. of ¢© < My, our results always depend | 6144r® [ My \
on the ratio of gy and Mw, and not the two W=7 T 8

Juw

determine Gr from this equation:

7!
constants separately.
v2g2,
We define the Fermi coupling constant, Gr, by: Gr = 32
%%
PR
19273
This allows us to write the muon lifetime as: Ty = W
F ™o
PRy
Using 7 d my, tuall _ —
#Ing T AT Mu, W ACThaTY Gp = 1.16637(1) x 107° GeV~?

et

April 5, 2017 Physics 493/803
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The “Weak” Interaction??

How “weak” is the Weak interaction?
With the muon lifetime measurement giving us

- V2¢2

— = 1.1 107° —2
8MV2V 66 X 107° GeV

Gr

we can use the W mass measurement and Mw= 80.4 GeV to determine gy.

guw = 0.69 = Oy = — = —

This indicates that the weak interaction is inherently stronger than the
electromagnetic interaction! It is only the suppression factor E2 /M2

%%
that makes the weak force seem so feeble.

April 5, 2017 Physics 493/803
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Quarks in Weak Interactions

For leptons, the W boson couples within a particular generation:

Ve | vy, Vs
W W-

6\/ 9/ T

Things are more complicated for quarks, as the W boson couplings can mix generations:
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Quark Interactions

A lepton-quark symmetry, if valid, would assume each quark and lepton generation
should have identical weak coupling constants.

v, ooy, a U d u d ¢ s C 5
gw gw 8ud 8ud 8es 8cs
w* w* w* w*
W:t Wi
*

*_*—

Jw = Yerv = Gud = Yes

R e e

*

But in a simple scheme like this, certain decays would be forbidden. Consider K and
pion decays to muons. We observe both (!l), though the K- decays are suppressed.

K~ (us) > p+1v, T (ud) = p+ v,
April 5, 2017 Physics 493/803 27




Quark Mixing

This can be explained by “Quark Flavor Mixing”.
Basic idea: quark flavor/mass eigenstates are not weak eigenstates. The
weak eigenstates are linear combinations of flavor eigenstates.

d \ cosf. sinf, d
s’ —sinf,. cos6. s

90 . referred to as the Cabibbo angle, after it’s proposer.

PR

=dcosf. +ssinb. g, =g, cosb, = g, Sinf,

April 5, 2017 Physics 493/803 -
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The Cabibbo Angle

View this as a basic modification to the vertex factor, not the coupling strength.

i d
w 1%
—_%g_nyu(l — ~v5)sinfc _—z@fy“(l — ~v°)coslc
K~ —p~ +v,) sin*6, 0.05
X ~ ——
I'm= —upu=+v,) cos?f. 0.95

Note: The choice of down-type quarks for the mixing is arbitrary. We could just as easily
have chosen the up-type quarks with the same results.
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The CKM Matrix

This idea, as applied to the K/pi mystery, predicted the existence of a fourth
quark: the charm quark.
The charm quark was duly discovered shortly thereafter.

We now understand that all three quark generations mix with one another.
Described by the Cabibbo, Kobayashi, Masukawa (CKM) matrix.

(e (v, V.. v, ,_)\ n

wd

! S be 7 4
S =1V cd Ves ¥ cb

S
V') \Via Vis Vi) \b) u -

[l

0.22522 £ 0.00061 0.97343 = 0.00015  0.0414 £ 0.0012

0.008861 000035 0.040570-0015  0.99914 + 0.00005

C
0.97427 £ 0.00014 0.22536 = 0.00061 0.00355 = 0.00015
Vekm =

—0.00032 — t

»

April 5, 2017 Physics 493/803
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The CKM Matrix
yau Vid Vus V, b\ n

. — 7 7 7
s Ved Vs Vi

\bC/ \‘Qd Vis LQb/ \b/
b\/t b\/c b\/u
8 8 8

Ve =Va Vir =V Ver =V
Vertex Factor: 2\/_ ( — 7 )qu’ <‘M‘ > X ’anqa‘ |Vqu ‘
——— == — R ——_—= e
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W Boson Matrix Elements

w
QFD Lepton-Neutrino Scattering: e Ve
S ——
2 2
G (G — G/ M\ 5 _ 5
M - 8 ( q2 _ MT%V ) [U’V’y'u(l — )%][%7“(1 — 7 )U,/]
e I —
da db
%%
QFD Quark-Quark Scattering: de qd
— e
2 2
'QUJ‘QJfV;d Guv — ququ M _ _
M= - : 2 : é W) [aey™ (1 — ) ua) [@ay™ (1 — ) ue)
8 q —MW
S ——— —————eeeeemec
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Neutral Weak Interactions

* In the 1960s, there was no compelling experimental
evidence for neutral weak currents.

* Theoretically, Fermi’s four-fermion theory of the
weak interaction suggested charged weak currents,
but there was no neutral current analogue.

* Why, then, would we want to invent a particle
without any experimental or theoretical justification?

* |t turns out there was a subtle theoretical justification
based on considering what happens at very high
energies

The problem arises when you consider the following
diagram. The probability for the ee > WW process
to occur surpasses unity if we assume that the it
proceeds in this way.

April 5, 2017 Physics 493/803
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Neutral Weak Interactions

In order to make the weak interaction self consistent, we require two additional
contributions to the ee > WW scattering process:

© AL e W
Y. Z
v +
+
ot w et W

o —

Eventually, experimental evidence showed
that the violation of unitarity didn’t occur.

The day was saved!

E—

cle’e >W'W(y)) [pb]

But we require a Z boson to allow this
cancellation to happen.

Vs > 189 GeV: preliminary

EP 7
20 .
. .-/// +
R g
] I} }
101 _.;' .
] _f ® Data
JI
&’ - —-- no ZWW vertex 1
,-’} ---- Vv, exchange
0 I ! ¥ T Y T T T
160 170 180 190 200
Vs [GeV]
— ——

April 5, 2017

Physics 493/803

34



The Weak Mixing Angle

The W and Z bosons are closely related, but not identical.
They are both massive, spin-1 bosons.
They both couple to weak hypercharge.
And their properties are linked via the Weak Mixing Angle.

We will explore the origin of the weak mixing angle later, but for now we can
introduce the relationships. For starters,

My = M4 cosf,,

where 0y is the weak mixing angle, also known as the Weinberg angle. This
“mixing” arises from the Glashow-Weinberg-Salam (GWS) theory.

Experimentally, we’ve found:

sin® 6, (Mz) = 0.23120(15)
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The Weak Mixing Angle

The W and Z bosons are closely related, but not identical.
They are both massive, spin-1 bosons.
They both couple to weak hypercharge.
And their properties are linked via the Weak Mixing Angle.

The vertex factor for interactions with the Z boson will involve a coupling
constant gw. Just as the W and Z masses are related by the Weinberg angle,

so are the coupling constants:
J> = Gu/ CcOs Oy,

It gets better. Both gwand gz are related to the QED coupling constant g:

ge g = Ue
sin 6, “ sinf,, cosfy,

Guw —

This is why the weak force is inherently stronger than the electromagnetic
force.

April 5, 2017 Physics 493/803
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Feynman Rules for the Z

The Z boson propagator looks —q Guy — e
just like that of the W boson: Ky Mz
_ 2
M7
m

The Z bosons mediate neutral current (NC) weak interactions. They couple to
fermions via the following vertex factor:

== (ev — can’) 4

e e

April 5, 2017 Physics 493/803
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W vs Z: Vertex Factors

iy

et e f_

== (ev — ca®)

e — e

April 5, 2017 Physics 493/803
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Fermion Couplings to the Z

The vector and axial couplings ¢v and ¢4 are specified by the GWS model:

f Cvy CA ;
Uy —|—% +% 70
— 1 . 2 1
du +_ — —Sin2 9'w +% —zgz L
—Z=qt(cv — cay’)
qd —% + %Sin2 Ow —% B—_— ——

The Z boson does not change the lepton or quark flavor. The SM has no
flavor-changing neutral currents (FCNC) at tree level.
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Gauge Boson Self Couplings

Just as we saw with gluons in QCD, the electroweak bosons carry (weak interaction)
charge and can interact with each other:

W W X

where (X,Y) can be (Y,Y), (Y,Z), (W,W) or (Z,Z).
Consult Appendix D of Griffiths for the appropriate vertex factors.

April 5, 2017 Physics 493/803 40



Photon vs Z boson

The Z boson couples to every charged fermion, just like the photon
does.

Z|y=>ff

This made it difficult to detect the Z boson because at low energies, the QED effects
dominate. Nevertheless, there are always small weak effects in otherwise
electromagnetic systems (e.g. atomic parity violation).

Unlike the photon, the Z boson also couples to neutrinos.

/ —Uvv

Neutrino experiments are never easy, but at least they allow us to isolate the weak
interaction.

April 5, 2017 Physics 493/803
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Photon vs Z boson: Example

We first considered this interaction in the context of extending QED in order to
predict hadron production rates. Now we would like to see how the Z-mediated

s-channel diagram compares to the corresponding Y-mediated diagram:

e" f e™ f

€ f e~ f
+ - 4+, — O‘Zmﬂ- + - 0 +,,— 29

og(eTe —>7%,u,u):3E2 olete” = Z" = putu) =71
e e e s
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The Scattering Amplitude

The amplitude is:

—9 —_i gu_g% ]
M - Z[M( ;gzyu(c{/—cfﬂzs))%} (“ MZ>

- —19 v( € e
< Jon (T - ) )

R — S —————
e" f
ZO
e J

At low energies, q2 < M% , and we would eventually find that, up to some
factors of Cy, Ca, and sin? 6, the Z-mediated diagram would be like the QED
diagram only with (¢ replaced by G E>.
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The Scattering Amplitude

|f q2 is not small, we can no longer simplify the Z-propagator term.
Keeping the full propagator we have:

_ gz [— we S A5 } _quq'/
M A(q2 — M2) Uy (cy — a3 (gl“/ M%)
X 02" (¢ = €¢a7°)ua

Assuming that we can neglect all fermion masses:

0uqy = (P1 + p2) (D1 + D2)0
Y (quqn )y = (P1 + p2)(P1 + P2)
@4(151 + P2)(P1 + P2)vz = (Us Pr1 X + -+ + X povz)

——tsetssmsssmemmEATSTT T
Eecall the Dirac Eqn: Thus, for massless = 0
u(ﬁ _ m) — () (ﬁ —+ m)v =0 fermions: Y
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The Scattering Amplitude

9
_ 9- - f f_5
M = [ww“(c — Ly )’Ug]
( _ M2) |%4 A
< [Tvalcy — )]
= St

<|M|2> - [8(q2g—§M%)r It [VM(Cf —CA’Y *Vbsy” ( C§175)¢4]

x Tr [yu(c — a7 )hww(c§ — ca®)pa]
L ee———— T ——

The traces are best evaluated by first bringing the ¢y and ca terms together:

(CV — CA’Y5)¢3’Y V(CV — CA’Y5) — (CV — CA75)21?537V
= (¢ + cA)bsy” — 2cveay’ sy’
et e t————————
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The Scattering Amplitude

A bit more algebra and one can show that after taking the traces, writing the
momenta in terms of £/ and Sln 0, and then using Fermi's Golden Rule, that the
cross section for Z-mediated eTe”™ — ff is

o 1 52212 ’ 2 2 e \2 e \2
o = 3 (T ) (7 + I + ()

As it stands, it looks like this cross section blows up when E = M, /2. This is
much more serious than the infinite cross section for Rutherford scattering
because this divergence can be traced all the way back to the amplitude.

2
_ 9 y f f 5 dudv

x 027" (¢ — ¢547°)ua
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An Aside....

Let’s consider branching fractions for weak boson decays, W and Z.

Following the book or in-
class derivation for 2-
particle decays (1—2,3):

The branching fraction is the
ratio of the partial decay rate
for a given final state to the

total decay rate for the particle.

In the limit that differences in
kinematics don’t matter (ie, all
decay products have the same
mass, etc) we have:

S |p

]:'1 _
8mhmic

M|

Fab
> T

BR(X — ab) =

‘Mab‘Q

BR(X — ab) = SSIM, 2

April 5, 2017
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An Aside....

In the limit that differences in
2
M|

kinematics don’t matter (ie, all ; L
decay products have the same BR(X ab) o E : |M . ’2
)

mass, etc) we have:
e e eet—

MW — )|* < g2

I\ |2 2 2
MW = qq')|” o< gy |Vag'|
0.97427 4 0.00014 0.22536 4+ 0.00061 0.00355 %= 0.00015

Vokm = | 0.2252240.00061 0.97343 +0.00015  0.0414 + 0.0012
0.0088619-00035  0.0405T00012  0.99914 + 0.00005

In the approximation that Vab~1, then we

just need to count up the ways a W boson L

can decay: eV, MV, TV, (ud, cs)x3 = 9 total BR( [ [ — a’b) — 1/9
x3 for color states!

TR S ———————
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An Aside....

In the limit that differences in

2
kinematics don’t matter (ie, all . ‘Ma,b’
decay products have the same BR(X — ab) o Z |M , ’2
mass, etc) we have: ¢
L ——
M(Z = fHP xgule)?? + ()’ S v |«
— e [, | 1 | 12
¢~ | -1 +2sin6, | -1
= (Cf 2 + (Cf )2 +1 — 2sin?6,, | +2
BR(Z — ff) = V) ") il et Sl
Z,L-(C%/)Q T (67;4)2 qd —% -+ %31n29w —%
L ——
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An Aside... | s cy ca
vy +3 +3
r (C\f/)2 _I_ (C;];)Z 1 - 2 1
BR(Z — ff) = — — 0~ | -1 +2sin%0, | -1
()2 + () o
T e ———RE qu | +3— 3800y | +3
qd —%+%Sin29w —%
N=Flavors x
Fermion Colors F=cy? + cx? NxF BR
Neutrino 3 0.5 1.5 0.205
Charged 3 0.251 0.75 0.103
Lepton
Up-type 2x3 0.287 1.72 0.236
Quark
Down-type 3x3 0.370 3.33 0.456
Quark

Total: 7.30
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Unstable Particles

1 ggE ’ 2 2 e \2 e \2
o = 3 (qmmmgm) () + () + @)

The source of the “Z pole” problem is that the kinematics are such that is
a physically allowable process even without a subsequent decay to f f.

To fix this we need to modify the Z-propagator in order to account for the
instability of the Z boson. Here’s what we do:
1. We recall the familiar configuration-space wavefunction of a stable particle:

U(r,t) = (r)e
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Unstable Particles

1. We recall the familiar configuration-space wavefunction of a stable particle:

U(r,t) = 9(r)e”!

2. Since the particle is stable, the probability of finding the particle somewhere is
always equal to 1 since the wavefunction is normalized:

P(t) = /|xp|2 Pr = 1

April 5, 2017 Physics 493/803
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Unstable Particles

3. If the particle is unstable, we expect the probability of finding the particle to
fall off with time according to the decay rate [’

P(t) = / 1U)? dPr = e 1

4. In the particle rest frame, this means that

U(r,t) = P(r)e M2

5. We then apply the substitution M — M — il'/2 to the propagator of an
unstable particle and assume that I' is sufficiently small that we can neglect

the T"?term:
1 1
—7 ,
P — M 2 — (M —iT/2)?
N 1
- q2 = M?+iMT
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Back to the Z Peak

With the modification to the Z propagator,

1 1
%
q2—M% q2—M%—|—z'MZFZ

the cross section takes the form

(2E)* — MZ]* + (MzT'z)?

This is known as a Breit-Wigner resonance. Both the height and width of the
resonance peak are determined by the decay width1'z.
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Breit-Wigner Resonance

P(E)A

r . T

Mm——= M Mi—5-
11000 —— R
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/Z Boson Peak Measurement

Measurement of the eTe™ — ,u‘l',u_ Cross 2

section with center-of-momentum energies i L3 O 1990-92

near the Z mass. L et o ') m 1993
Why is this measurement not ideal to LS : :zz:'

determine the Z decay width (I'£)?
While QED dominates at low energies

oz o E\
0'7_ MZ

M

The Z-mediated process dominates at the
peak, but there is still a small photon
contamination.
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—on—

-

9 095 . 1 v v 1
Oz 1 (Mg 88 90 92 94
- —3\T., ) ~ 200 Vs [GeV]
g ~ YA

April 5, 2017 Physics 493/803



Z Peak Using Neutrinos

Ghad [llb]
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| ¢ average measurements,
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The Z can decay into neutrinos with each neutrino species contributing to the total width.

Thus a measurement of the Z width to neutrinos tells us about the number of

neutrino generations.
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The Z Peak at LEP

Precise measurements of electroweak parameters (Myy,M , and sin? 0.) also
shed light on other Standard Model parameters such as 71+ and 71V f7 .

In the early days at LEP (started in 1989), a number of unusual systematic effects
needed to be accounted for in order to measure these parameters accurately:

1. Tidal distortions of the ring

2. Water levels in nearby Lake Geneva

3. Correlations with the TGV
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LEP Ring Tidal Distortions

L S20 20 (BB B UGN DA TR LG [ GNN NN DEN [RD LS JP0 SN TN SN SN AOH PSR MR

November ll'h. 1992
5 - N

-

-

AE [MeV]

Change in total beam energy (MeV)
due to the moon’s tidal force acting on

. H PR Sy (N M (S SRS ol Shi MY TR M UMY P GAE WIZ WEL (B B UM Y| NI TRy Y

the LEP collider ring. 2300 300  7:00 11:00 1500 19:00 23:.00 300

Total beam energy is ~100 GeV

o— T O T Ll ] L ] L4 ' LS l r 3 rT LA ]' L l L4 l LS ] L I L]
° . 7 -
(100,000 MeV), making this a = August 29”1993 1 October 11", 1993
0.005% effect. m 5[ 5 i j
< .

0

.
+ g
e of J
5 -t .
- + -
IR G SO BT O HOW PO RS IS D WO R (7

EEEEEEEEEEEEE B E
- M Vi~ A = M € = N T N w & x

- - e s TR = T~ B S |
Daytime

April 5, 2017 Physics £




Water Level in Lake Geneva

Lake Level (m)
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LEP Ring Distortions due to Lake Levels

Change in total beam energy
(MeV) due to the upper crust
position shift as a function of lake
mass.
Total beam energy is ~100
GeV (100,000 MeV),
making this a 0.02% effect.
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LEP/CERN/TGV Train Map
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TGV Train Current Effect

Top: TGV rail voltage drop as current is
sourced to ground.

Middle: Change in LEP beam pipe voltage.

Bottom: NMR measurement of LEP ring
dipole magnet field.
Change in field leads to change in
radius & thus beam energy. A
~0.007% effect.
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Recap / Up Next

This time:

Quantum Flavor Dynamics
Charged Currents
QFD Feynman Rules
Weak Decays
Neutral Currents

Next time:
EW Unification
Solving the chiral problem

EW fields
The Higgs boson
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