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Introduction

In the late 1960s, it was realized that the electromagnetic and
weak interactions were different aspects of the same force,
the Electroweak Interaction

Weinberg, Salam, and Glashow developed a model of this
interaction and predicted that the symmetry between the two
apparently different interactions would be clear at very large
momentum transfers (q > 10* GeV?)

At low energy, the mass difference between the photon and the
W+, W-, and Z° break the symmetry

The theory introduces one new arbitrary constant, commonly
expressed as sin?0,,
this constant must be measured, it is not given by the theory
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Divergences in the Weak Interactions

Early attempts to formulate an understanding of the weak
interaction were plagued with divergences in amplitudes at
high energy

Well-behaved theories must be renormalizable.

An example of the problem is in the Fermi theory of neutrino

scattering i, gt T
€ (4

do G?
dg? 7 |
/ cross section
( G? 5 2G*mE  G% increases
Oo(ve) = — = =3 with ener
10 I 4 nax T T gy
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Divergences in the Weak Interactions

Another way to look at this:

Wave theory yields a cross section for pointlike scattering (I=0):

Omax = TAZQ2L + 1)/(2s + 1) = wx?/2

G2
Since A = h/p”, cw(ve) = —ni =46%p2/n > Oy, for

p* > (7T/G*/§)l/2 ~ 300 GeV/c (M and p*are cms values)

Therefore the Fermi Theory predicts a cross section that
exceeds the Unitarity Limit at high energy

This “crisis” is resolved since the propagator replaces 62 with
6/ (1+q/My?)  when@>» My?2  oialve) = & Mw

T
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Introduction of Neutral Currents

The divergences are fixed by the finite mass of the W for
Ue + e— — e— + ve

but they persist for other processes. Consider vv — W+*W-

Ve w
We still need additional physics to :
control this cross section. This

diagram alone will diverge g we

3=

There are two possibilities:
1.) a neutral boson 2.) a new heavy lepton

v, w Ve w
” /
g g E*
there is no evidence
Ve wr Ve w'

for this solution
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Introduction of Neutral Currents

Another divergent process is

W™
¥
e

et w

e

Again this can be “saved” by heavy neutral currents

Which is exactly what Nature has chosen to do

g e
’ imi ‘ My ~ s ~ 100 GeV
The couplings g and e are similar if w2 e
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The Weinberg-Salam Model

The Electroweak Theory was proposed in the late 1960s by
Weinberg, Salam, and Glashow.

Four massless mediating bosons are postulated, arranged as a triplet
and a singlet as members of multiplets of “weak isospin” I
and “weak hypercharge” Y

W, = W0, W0, W0 I =1 triplet of SU(2)

B, I=0 (isoscalar) of U(1) group
of hypercharge

theory is referred to as SU(2) x U(1)

Higgs mechanism generates mass for three bosons leaving one
(the photon) massless
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The Weinberg-Salam Model

The Lagrangian energy density is
L = gJu : W;t oy g,J;i BN

J, is The weak isospin current of fermions
J,” is the weak hypercharge current

J}' S Jem J(3) Note — Many authors prefer the definition
W e T Y

JMY =2 (Juem - Ju((3) )

W and B are the boson fields, which transform into the
physical boson fields, the W =, Z , and A, (the photon)

other authors who prefer W+ = 1/4/2 [WO FeW, ]

W:\: = 1 [W[]) :|: l WQ)'] Note — this phase choice of Perkins is not that of many
u Jab [

8Z, + 8 Ay  —£'Z,+gA,

B, =
V&> +8* ‘ N
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The Weinberg-Salam Model

These definitions:

1 . . —
= IO 1 27405 Note — this phase choice of Perkins is not that of many
W;L — \/Z_IWL ) :L_‘ lW/,L ] <4‘ other authors who prefer W* = 1/4/2 [W,D FutW,@ ]
! /
3 _ 8Zu~+ 8 A _ —8'Z,t 84
Wﬂ, = —’2 2 B}l _— 2 ,2

produce the expected Lagrangian

L= gJﬂ : Wﬂ- + g,J:Bu

J7i
— (g /«/5)(]#“ Wh+J W)+ Jf) (W —¢'B,) + J™g'B,
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The Weinberg-Salam Model

L=

L = (g/V)U; W +Tw,) + J,‘f"( W — g Bu) + J"g'B,,

g
define 6y cos By

g'/g = tanby

Z

$Zut 84 oy p, - EZut i s

then (since W\’ =

Vo NFET
the Laqranqian becomes
f r W) A —— — 6w —=—(JO) —sin® O JS™) Z,, + g sin Ol IS A,
T ) 1
weak CC weak NC em NC

we recoghize the electron charge ¢ =|g sinfy
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Intermediate Boson Masses

The Fermi constant G is related to g and M, by:

G g?‘

V2 8Mj,

It then follows:

1/2 1/2
2512 2J2 37.4
Mwi — (g f) — < ¢ \/— - GeV

oYz
8G 8G sin” Oy sin By

Since we expected M, ~ 100 GeV,
this implies

sin 6y, ~ 0.4
or sin?6,, ~0.2

at this point, this is just a guess on sin? 6y,

J. Brau Physics 662, Chapter 8
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Intermediate Boson Masses

What about the Z mass?

We can invert the equations

w® — g2Z,+g'Ay B — —8'Z, + 8Ay
oo 2 2 # ) n”
ge+g Vil ol o
and find:

Z, = W) cosOw — B, siny
A = Wl‘f) sinfy + B, cos Oy
from these we obtain:
M; = M‘ZV cos? By + Mé sin” By — ZM;}W cos Oy sin Oy

M-

) 7 .9 2 2 2 '
; == /W{V sin” By + MI_:E cos” OBy + 2M;§‘W cOs By sin By

3 o) 2 . - 2 5 )
M3, = 0= (My — Mp)sin Oy cosy +M 3y, (cos? Oy — sin® Byy)
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Intermediate Boson Masses

So we have:

pl 9 ) . 2 o
M; = M‘ZV cos’ By + My sin’ By — 2M .y, cOs Oy sin Oy

(S

2 2 A 2 2 2 .
M, = 0= My sin” Oy + My cos” Oy + 2M g, cos Oy sin Oy

Y

5 5 oo B > ‘ . 2
M;), = 0= (M;; — My)sinby cosy —i—M;gW(cos2 Ow — sin“ Aw)

eliminating Mgy, we obtain:

My 73 Note: this is
§ = = — GeV )
cosBy  sin 20y tree level expression

For sin?6,, ~ 0.2, the Z mass should be about
10% larger than the W mass
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Intermediate Boson Masses

These predictions we have “derived” represent those of the
simplest model of EW symmetry breaking:

that is one involving one isospin doublet of

scalar Higgs particles

Many other models are possible. Some arrive at these same
predictions, some do not.

We can limit the possible such alternative models since
a factor p can be different from 1 in other models, and

Data to date indicates p = 1, consistent with the simplest model,
as well as some others (eg. SUSY with two doublets)
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Electroweak Couplings of Leptons and Quarks

The Standard Model assigns leptons to a left-handed doublet
and a right-handed singlet in weak isospin

Ve I:%, I_;:—-}—-L-. Q:O
VL = ( ) | : ¥ =2
e = e o 5 -
L I =5, I 5. 0 y - Q i I3
Yr = (e7)g I=0, Q=-1, Y =—1
(3) . em M? ry = tg Q
the coupling to the Z is (J“" —sin“ Oy J ) prefer Y = 2(Q-ly)
- e .9,
so & = 13— Qsin" by, gr = —Qsin” Oy

this means the vector and axial vector couplings to the Z are:
cyv=8L+gr=1—20 sin” Gy, ca = 8L — 8gr = I3
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Electroweak Couplings of Leptons and Quarks

Quarks are also assigned to left-handed doublets
and right-handed singlets in weak isospin

/ (U l:{; Iz:+% Q:2/3 y 16
Vi = ) =

d/, =3 L=-31 Q=-/3 Y=Q-I;

Yr=(d)r = Q= -1/3 Y = -1/3 Many authors
prefer Y = 2(Q-l5)
As with the leptons, we have:
gL = 13 . Q sin” Gy, ER — —Q s1n” Gy
and
. D
cy =81 +8r =13 — 20 sin" Oy, ca=8L—8r =13
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Electroweak Couplings of Leptons and Quarks

So, in summary, we now have:

2

Fermion 2cy 2
l’e, l"l.l R l"‘( ] :
. . )
& Jby T —1 4+ 4 sin” Oy —
W.C,1 | — ‘2 sin? Ew
1 5in® 0

({. S. ,) e —i“ —1- ln (-“; —

J. Brau Physics 662, Chapter 8

17




Electroweak Couplings of Leptons and Quarks

Now suppose sin?6,, ~0.23 (as it is)

Fermion 2cy 2C A
Ve Vi, Vg l =1 ]
e, T —1 + 4sin? Ow =-0.08 — |
TR | — % sin“ Oy = 0.39 l
d.s.b —1 + $sin” Oy =-0.69 =1
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Electroweak Couplings of Leptons and Quarks

Slnz BW ~ 0.23

Fermion

g, = 2(cy + c,) gr = 2(cy - c,u)

Ve, Vys Vi 0.5 0
&5 kT -0.27 0.23
U, Ct 0.35 -0.15
i, 5,8 -0.42 0.08
g = I3 - Q sin® By
gr = - Q sin® By
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Review of the Weinberg-Salam Model

L=

L=gl), -W,+ g'J,{B,l gl/g = tan Oy

g . : em
vﬁ —+J+w’)+—abgwgm”—qmﬁewg?ﬁz#4-gmnah& Ay
) ) 1
weak CC weak NC em NC

€ =\|2 sin Qw

1/2 1/2
"D 232 37.4
MWﬂ: _ (g \/—> = ( € f ) — = Gev

8G sin® Oy sin By

M= 75
le) = L = — GeV
COS HW Sin 29w
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Electroweak Couplings of Leptons and Quarks

Slnz BW ~ 0.23

Fermion

gL= Cv * Cu 9r = Cv ~ Cy
Ve, Vys Vi 0.5 0
&5 kT -0.27 0.23
ih,e,1 0.35 -0.15
d,s, b -0.42 0.08
g = I3 - Q sin® By
gr = - Q sin® By
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Couplings of Leptons and Quarks

(q — — kg 2 < €em A cm
L = E(Jﬂ W/T + J: Wﬂ ) -+ oy (J/(l?) _ gin? HWJH )Z“ + g sin HWJ,L Ay
| |
photon | W+, W- | Z0
Fermion g=™  g="; : L R : 9L B 9r
Ve Uy vy 0 o , 1 0 , 05 0
et -1 -1 41 0 4 -027 023
| |
u,c,l 067 067 1+ 1 O 1 035 -0.15
| |
d,s,b -0.33 -0.33 : 1 O : -0.42 0.08
| |
xe = gsinfy | xg/v2 | x g / cos By,
1= e V2sinby1 = e / cos By, sinby,
| |
sin¢6,, ~ 0.23 sin6,, ~ 0.48 cos 6, ~ 0.88
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Neutrino Scattering via Z Exchange

The value of sin®6,, can be measured in neutrino scattering

Recall the charged current cross sections:

o G2s
d—v(vec’ —> Vee)|ce = == (LL - LL)

o -y Y = E,/E,
E(f’ee —> Vee)|cc = 7(1 — }’)2 (RL — RL)
The neutral current cross-section will be:

do G’s 2 2 ?

E(Vee — Vee)INC = 7 [g[‘ -I—gR(l — V) ]

1. 2 L= L LR —LR SL= I3~ QSin2 (‘)W
ao 13 > ) ' < . 2 A
d_}’(vee — vee)lne = 7 [gi -+ g‘}(l — y)2] gr = —Qsin By

RR — RR RL — RL
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Neutrino Scattering via Z Exchange

Scattering from quarks

' d
gL = I3 — Qsin’ Oy 1/,-2/,5in20,, -1/, +1/, sin20,,
gr = —Qsin’ Oy -2/, sin%0,, + 1/, 8in%0y,
do G2s
&y QT Qe = T[g’ + gx(1 — y)?]
do G?s
4y " QT @ Ne = T[gRJrg (1 —y)*]
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Neutrino Scattering via Z Exchange
Blue Cart ' . Neutral Current Event
2/ ll:; 4/;/," - _ ; i 3
I,'- {,: iﬂﬁ,‘ "?{, 7 Tt CalorlmeterScintillator—Drift Chamber) - o
e '5“""‘;';‘ lt,\{(i i
P Toroid
ﬁg {(Muon Spectrometer)

Hadron

Shower

vN
o"N(NC) 1 20
R=—F——" 2 O o — sintd
g T OB g SR

-4—————— = EwentLength
1
Energy |
27

_ Charged Current Event
.. ‘I thl“lkﬂh-‘ntlh _—
7 o"V(NC) 1 oo 1 20 i
S e =i Qll'l = Slll
a"N(CC) ~ 2 W o

Hadron
N Showrer
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Neutrino Scattering via Z Exchange

Since My, and M; are related through the value of sin6,,

M. is very precisely known from LEP,

one can compare the sin?6,, measurement of neutrino scattering
to the direct My, measurements

My in20. = 2 /.2
Mzﬂ p— OI" S|n e - 1 = M /M
. W W Z
COS (9w
W-Boson Mass [GeV]
TEVATRON +e— 80.420 + 0.031
LEP2 —u 80.376 + 0.033
Average ==  80.399 + 0.023
%*/DoF: 0.9 /1
NuTeV A 80.136 + 0.084
LEP1/SLD —A— 80.362 + 0.032
LEP1/SLD/m, -A= 80.363 + 0.020
80 80.2 80.4 80.6
mW [Gev] July 2011

Physics 662, Chapter 8
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Asymmetries in the Scattering
of Polarized Electrons by Deuterons

An experiment at SLAC in 1978 confirmed the neutral current
measurements in neutrino scattering, and provided a measurement
of the weak mixing angle
e_R,L + dunpolar'ized —e + X
In the scattering of electrons from deuterons, y exchange
dominates, but a small contribution from Z° exchange results
in a parity-nonconserving asymmetry between right- and lef+-
handed electrons:

OR — O Gq* 137 x 1072 g*

/-\ o — Spath c=x.

) ,
Or + oL e’ 4 M;’,,

~ 107%* (g° in GeV?)
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Asymmetries in the Scattering
of Polarized Electrons by Deuterons

»

Aerial View of SLAC

Beam ( }——
| - ’ Polarimeter
Linear accelerato monitors

16-22 GeV/c electrons . Q

Detector
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of Polarized Electrons by Deuterons

Asymmetries in the Scattering

Asymmetry with unpolarized source:

A=(-25x22)x107

Variation of the electron beam polarization

A

o/ (1P1G*). GeV ™2

—10}

9prcccssion —

1
16.2

20

o T

o/1P.

Aon
o

10\ /
\\§z/

-20

with g-2 precession

Physics 662, Chapter 8

Ey
—
mec*

g — 2
- Preria
5 )bd

Electron beam dependence is consistent
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Asymmetries in the Scattering
of Polarized Electrons by Deuterons

Final result showed clear asymmetry:
A/q? = -(9.5+1.6) x 10° (GeV/c)?

A was measured as a function of y = (E, -E) / E,,
the fractional electron energy loss

A 9G +al—(1-—>')2}
=5 = a 2 . >
> 20427a | L+ -y)
ap=1-— m sin” By, | > = | — 4sin? Ow

The observed asymmetries gave:

sin’ Oy = 0.22 +0.02

J. Brau Physics 662, Chapter 8 30




Observations on
the Z Resonance

”)_m -

LEP and SLC have produced the
Z0 in electron-positron collisions
and measured the properties.

<D
Fal
C

T

10736 < 1 pb ) 47{(12
a(point) = 3 N\
RAY

87.0
:%nh AN

1073

1 1 1 1

1 10 102 10°
Vs = cms energy, GeV
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Observations on the Z Resonance

SLC at SLAC LEP at CERN
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Observations on the Z Resonance

Key measurement of the Z° at SLC and LEP

Z,mass

line shape

branching ratios to leptons and quarks

angular asymmetries

cross-section asymmetries with longitudinally polarized beams

SLC Experiments
Mark IT (initial)
SLD (replaced Mark II)

LEP Experiments
ALEPH
DELPHI
L3
OPAL

J. Brau Physics 662, Chapter 8
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Observations on the Z Resonance

DELPHI at LEP

Forward Chamber A Barrel Muon Chambers

Forward RICH / Barrel Hadron Calorimeter
Forward Chamber B A / / Scintillators
L2 , / y 7
. ‘ » sees ‘ / X / < = o~ .
Forward EM (.alonmc.lcr\ . /auag) A / ,/ /Supeuonduc!mg Coil
Forward Hadron Calorimeter \(/7\“ f/ TN ¢

A\J

\?
‘ ¥
: N \ LN
Forward Hodoscope | 13 \ \
T \ \ |
N |\ h

Forward Muon Chambers \'\fff_i j"‘\H

N
\

High Density Projection Chamber

_Outer Detector

Surround Muon Chambers

S }//Ban'cl RICH

“ Small Angle Tile Calorimeter

', Beam Pipe
\
N Vertex Detector
3= \Inner Detector
\Time Projection Chamber
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Observations on the Z Resonance

e B BT UL A Al oh ol ol Pl s
M ’ ’

SLD at SLC' .

SLD
Support
Arches
Magnet Coil
Magnet Iron Liquid Argon
and Warm Iron Calorimeter
Calorimeter

Moveable Door
Luminosity Manitor

Cerenkov Ring
Imaging Detector

Vertex
Detector b-83
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Observations on the Z Resonance

SLD at SLC

Run 33544, EVENT 6476
27-APR-1996 06:05
Source: Run Data Fol: K Run 33544, EVENT 6476
Trigger: Energy CDC Hadron 27-7PR-1996 06:05
Eeam Croeeing 1215252296 Source: Fun Data pol: R
Trigger: Energy CDC Hadron
Beam Croeeing 1215252296
I3
>
X
o
o
A
’ w
Mt %5
o ,
* i 5% ¥
-
¥
H .
e 3 x & >
. »
158
+ *- + :
P
Fo : +
& o
» »
Ly o
o ] +
4
¥,
o r =
+
catiagrers
o 04000 o.5%00 1300
{ 4 i 4 7 ' 7
Z . b t t t t t t
cantinaters
B 4foo &.000
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Observations on the Z Resonance

Mass of the Z°

Mass of the Z Boson

Experiment

ALEPH :
L3 E
OPAL 1
commeon error i

*.
91182 91187 91192
M, [MeV]

J. Brau

Physics 662, Chapter 8

M, [MeV]
81189.3 + 3.1

91189.4+ 3.0
911853 +29

¥°/dof = 2.2/3

911875+ 2.1
1.7
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Observations on the Z Resonance

Total and partial widths of the Z°

r.I/4

_ Anx*(2J +1)

(2s +1)2  [(E — Eg)? +T'2/4]
Mip , , 5
[(partial) = —2=(c5 + c5)F
671 /2 ( )
ZO —> U\j, F=1
Z8-5 171, F = (14 3a/4r)
7% 00, F =3(+a5/m)
J. Brau

Physics 662, Chapter 8

o, nb

30

20

10

1 1 1 il 1 1 | 1 1

88 90 92 94 96

cms energy, GeV

'y = 0.166 GeV
r; =0.084 GeV
F,“; = Fa; = 0.29 GeV

ch;' == rs.s_' — rbl; = 0.38 GeV
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Observations on the Z Resonance

Total and partial widths of the Z°
30+
[y = 0.166 GeV )
= 20 -
[; = 0.084 GeV
Fuﬁ = FCE =10.29 Ge¥ IOF
rd(] = r;g = rbl__) =1.38 GeV 0 L 1 1 L1 1 1 ] 1 |

88 90 92 94 96

cms energy, GeV

[Mioral (calculated) = 2.49 GeV

N, = 2.99 + 0.02

[ st (Observed) = 2.50 GeV
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Observations on the Z Resonance

Forward-backward Asymmetries

Even well below the Z° resonance et e=wi* -
the interference between photon 4, V&~ 345 GeV
exchange and Z° exchance results QED + WEAK

in a forward backward asymmetry

e L
4
5
et wt

e W interference of Z°
Z()
0 ; : .
. X 1.0 -05 0 0.5 1.0
‘ 2 cos 6

f ~ a0,/ A’ ~ 65/(4na) ~ 104s  (interference)
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Observations on the Z Resonance

Forward-backward Asymmetries

the asymmetry below the Z
do/dS2 = (Cla/dQ)QED + (do /d2)intert. + (do/d§2)weak

) i) T

a’/s Gs/a (a¥s) G?s
h B F — B N Gs AFB _ 3(.‘3‘ Gs
P F+B T « 421 «

Dependence is on c,, and therefore
is not sensitive to sin® 6,
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Observations on the Z Resonance

Forward-backward Asymmetries

on the Z° resonance

A%, = 3/4 A0, AO,

40 2 Cyta 2 (I, - 2Qsin260,,) I, 4 o 20-4sin’6,)
(-'%/ o (‘,24 (I5 - 2Qsin?6,y)? + I3? © 1+(1-4sin’6,)’

Fermion AO, ACp,

Ve, Vyy Ve 1 0.12

& bt T 0.16 002

u, c,t 0.67 0.08

d,s,b 0.93 0.11
J. Brau Physics 662, Chapter 8 42



Observations on the Z Resonance

Left-right and Polarization Asymmetries  SLD at SLC

0 01, _ OR == AO . . 0
Ajp = = A, Az is a direct measurement of A,

éhuirmionic ?&C Spin Rotator \//,3
7
o L SLD
/7
un

Pol. /g_/

G
J. Brau Physics 662, Chapter 8 43




Observations on the Z Resonance

Actually we don’ t+ measure
A rdirectly,

AmeasLR = Pe ALR = Pe Ae

so we must know P,

_ _2(1-4sin"g,)
 1+(1-4sin’6,)’

ALR = 01513 * 0.0021

Sin20,,,¢ = 0.23098 = 0.00026

J. Brau

SLD at SLC

§32nm
Frequency Doubled
AG Laser

Mirror
Box "
e \
<l= Circular Polarizer
Y

Focusing
and
¥ Steering Lens

Mirror Box

Vi (preserves circular
polarization)

N Compton
# Back Scattered e~

Laser Beam " P
Analyzer and Dump/
"Compton |P"

Analyzing 7 e =
Bend Magnet ~» Detector
Polarized Gamma__7* \ Quartz Fiber
Counter ‘/_ Calorimeter
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Observations on the Z Resonance

Summary A e 0.23099 = 0.00053

A(P) E 0.23159 = 0.00041

0,b
A, —v— 0.23221 + 0.00029
A 1o 0.23220 = 0.00081
Qy” v 0.2324 = 0.0012
Average 4 0.23153 = 0.00016

10 - x’ld.0f:11.8/5

~
>
®
Q)
hd

I
£ 102, 8 Ac'®) = 0.02758 + 0.00035

- Vi EEms=178.0 = 4.3 GeV
0.23 O.2I3Z 0.2134

. 2 lept
SN0 ¢
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Fits to the Standard Model
and Radiative Corrections

The Standard Model can only be tested precisely after the
effects of radiative corrections have been accounted for

Initial state radiation of real photons prior to .
collision distorts the Breit-Wigner resonance shape /A\

e

Other corrections:
- virtual photon emission = running of ogy s : Y

- also, virtual gluon emission e
- loop diagrams of virtual top quark and Higgs

H

I Sffvg
w*( > TowE

J. Brau Physics 662, Chapter 8
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Fits to the Standard Model
and Radiative Corrections

The Loop diagrams affect the W and Z differently, leading
to an effect on the ratio of the neutral- o charged-current

I H
couplings ( m
2
2 MW ?‘O—- - 4
7() e ~
= P COS~ Qw '
M2
sin’ Oy =1 — ‘;
M

sin’ By (eff) ~~ sin? Gy (1 + cot® Oy Ap)

Now the measured value of sin?6,, will depend on the input
parameters of the model

Normally we can take My My, a, ag as known and allow
variation in m, and m,
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Fits to the Standard Model
and Radiative Corrections

»  Fitted values of sin®0,,,¢ as a function of the top
quark mass, for M., = 300 GeV (1996)

0.240
iy = 17636
% 0.235 ¢
>
k=
# 0.230
22 1 : : - -
0 55() 100 150 200 250 300
m,, GeV
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Fits to the Standard Model
and Radiative Corrections

sin%0y,.¢+ and p as a
function of the top
quark mass (m,) and

the Higgs mass (m,).

The ellipse
represents the
measurements

J. Brau

0.233 T

:‘, %0.232 -
=)
QY]

c

)

0.231 -

I I I T 1 I ] 1 I I I
_ Im=178.0 + 4.3 GeV

m,=114...1000 GeV

my
?Au My
—_— . 68%CL
1 1.002 1.004 1.006
P
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Fits to the Standard Model
and Radiative Corrections

Sin®0y,.¢+ as a
function of the top
quark mass (m,), the
Higgs mass (my, and
the W mass (M,,.

The ellipse
represents the
measurements

J. brau

0.233

?, %0.232 -
=)
AN

c

n

0.231

1 T L I I I 1 I I
tl m=178.0 + 4.3 GeV
m,=114...1000 GeV

2008 plot
2011 result:
Mw = 80.399 = 0,023 \)

? Ag m, |

68% CL

1 I

'80 802 804
My [GeV]

80.6
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Fits to

the Standard Model

and Radiative
Corrections

J. Brau

Measurement Fit — 1Q™eas_QM|/gmeas

0 2 3
m,[GeV] 91.1875x0.0021 91.1874
r,[GeV]  24952:0.0023 2.4959
ob. [Nb]  41.540+0.037  41.478
R, 20.767 + 0.025  20.742
AL 0.01714 = 0.00095 0.01646
A(P,) 0.1465 = 0.0032  0.1482
R, 0.21629 = 0.00066 0.21579
R, 0.1721 £0.0030  0.1722
A2P 0.0992 = 0.0016  0.1039
o 0.0707 = 0.0035  0.0743
A, 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668
A(SLD) 0.1513+0.0021  0.1482
sin07'(Q,) 0.2324 +0.0012  0.2314
m, [GeV] 80.399=0.023  80.378
r,[GeV]  2.085=0.042 2.092
m,[GeV]  173.20 = 0.90 173.27

July 2011 0 1 2 3




Fits to the Standard Model
and Radiative Corrections

80.5 March 201I2 :

[JLHC excluded
| —LEP2 and Tevatron
1 -~ LEP1 and SLD
68% CL

........

J. Brau

195

200

160

March 2012

— High Q° except m,
68% CL

Exclqde.dl _

10 10° 10

m, [GeV]
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Fits to the Standard Model
and Radiative Corrections

Fit  |O™es_Qft|/gmeas

Measurement
0 2 3

m,[GeV] 91.1875x0.0021 91.1874
I,[GeV]  2.4952:0.0023 2.4959
obs[Nb]  41.540+£0.037  41.478
R, 20.767 £0.025  20.742
A 0.01714 + 0.00095 0.01646

A(P.) 0.1465 = 0.0032  0.1482

R, 0.21629 = 0.00066 0.21579

R, 0.1721+0.0030  0.1722

AL° 0.0992 = 0.0016  0.1039

A%° 0.0707 = 0.0035  0.0743

A, 0.923 = 0.020 0.935

A, 0.670 = 0.027 0.668

A(SLD) 0.1513+0.0021  0.1482

sin®0°?(Q,) 0.2324 +0.0012  0.2314

m, [GeV] 80.399=0.023  80.378

r,[Gev]  2.085 = 0.042 2.092

m,[GeV]  173.20 = 0.90 173.27

2

July 2011

J. Brau

6 March 2012 .

m, . = 152 G?V

1 \: AQ® -
5 _ '.. had :' N
y — 0.02750+0.00033 3
I % L -+ 0.02749:0.00010
4 % % e incl. low Q° data
2
1 -
|LEP LHC
0 excluded excluded
40 200
m,, [GeV]
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Theoretical Estimation of the Radiative Corrections

PHYSICAL REVIEW D VOLUME 46, NUMBER 1 1 JULY 1992

Estimation of oblique electroweak corrections

Michael E. Peskin and Tatsu Takeuchi

./ \
T S
N
/><<
vacuum polarizations S G
(oblique corrections) vertex corrections and box diagrams

(direct corrections)

Radiative corrections due to physics beyond the standard model
appear dominantly through vacuum polarizations (oblique corrections)
vertex corrections and box diagrams (direct corrections) can be neglected
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Theoretical Estimation of the Radiative Corrections

PHYSICAL REVIEW D VOLUME 46, NUMBER 1 1 JULY 1992

Estimation of oblique electroweak corrections

Michael E. Peskin and Tatsu Takeuchi
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
(Received 9 December 1991)

We review the general analysis of the contributions of electroweak vacuum-polarization diagrams to
precision experiments. We first review the representation of these contributions by three parameters S,
T, and U and discuss the assumptions involved in this reduction. We then discuss the contributions to
these parameters from various models of new physics. We show that S can be computed by a dispersion
relation, and we use this technique to estimate S in technicolor models of the Higgs sector. We discuss
the reliability and the gauge invariance of this estimate. Finally, we present the limits on S and T im-
posed by current experimental results.

¢ T measures the difference between the new physics contributions of neutral and charged current processes at low
energies (i.e., sensitive to isospin violation).

e S (S+U) describes new physics contributions to neutral (charged) current processes at different energy scales.

e U is only constrained by the W boson mass and its total width. In addition U is generally small in new physics

models. Therefore, the STU parameter space can often be projected down to a two-dimensional parameter space
in which the experimental constraints are easy to visualise.
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Theoretical Estimation of the Radiative Corrections

Peskin/Takeuchi input:

M, = 150 GeV
my = 1000 GeV
e? = 47/129
sin%@,, = .2337
o = 0.12

My _ -3 ~3
. =0.8787—(3.15X107°)S +(4.86 X 107 °)T
Z

+(3.70x 103U ,
[;=2.484—(9.58X107%)S +(2.615X 10" )T (GeV) ,
,+,-=0.0835—(1.91X10"*)S+(7.83X10™4)T

(GeV) ,
r,,=0.2962—(1.92X 107§ +(3.67X 10" )T (GeV),

uu

,;=0.3823—(1.72X107)S +(4.20X 107 )T (GeV)
I,;=0.3779—(1.72X107%)S +(4.20X 10" *)T (GeV)
Thaa=1.7348—(9.00X 107 *)S +(1.993 X 10™3)T
(GeV) ,
Rz =Thaa/T}+,
=20.78—(5.99X1072)S +(4.24X 10" 3T,
s2(m2)=0.2337+(3.59X107)S —(2.54 X107 )T,
Ajg=—P,=0.1297—(2.82X 107 2)S +(2.00X 10" 3T,
ALy =0.0848—(1.97X 10 2)S+(1.40X 10" )T ,
At =0.0126—(6.72X107°)S +(4.76 X107 °)T ,
g7 =0.3001—(2.67X107%)S+(6.53X 10T,
g3 =0.0302+(9.17X10"*)S —(1.94X 10" 4T ,
R,=0.3126—(2.32X 10" %)S +(6.46 X 10~ )T
(r=0.383),
R_=0.3824—(2.77X107 )5S +(6.03Xx107*'T
(r=0.371),
Qu(iPCs)=—73.31—0.7908 —0.011T ,
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Theoretical Estimation of the Radiative Corrections

Peskin/Takeuchi input:
M, = 150 GeV, m, = 1000 GeV, e? = 4x/129, sin%,, = .23, a, = 0.12

s2(m2)=0.2337+(3.59X 1078 —(2.54 X107 )T

T=92.0-393.7s2+1.41S
= 393.7 (0.2337 —s2) + 1.41S

My -3 -3
—;1—-—0.8787—(3.15X10 “)S +(4.86 X10 )T
Z

+(3.70X 107U ,

T=-180.8 + 205.8 m,/ m, + 0.65 S
= 205.8 (m,/ m,—0.8787) +0.65S
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Theoretical Estimation of the Radiative Corrections

: L S B A B
http://arxiv.org/pdf/ | . y
hep-ex/0509008v3.pdf | Preliminary sin“e.r; B g

168 % CL W
05 - U=0

_ A i
: %’ L]
= 0-. //i}A\
: ' N Tm,

_0_5_- -

[Im=172.7 2.9 GeV

_ m,= 114...1000 GeV

-1 B R R o (T A T P
-1 -0.5 0 0.5 1

S
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Theoretical Estimation of the Radiative Corrections

http://arxiv.org/pdf/
hep-ex/0509008v3.pdf

J. Brau

Q4 ———————— PSS
| CIm=172.7 £ 2.9 GeV A
m,,= 114...1000 GeV / %‘\\\\\\\\
H "«\\\\\f \‘\\\‘r,s
02_ U=0 \‘\\i\\\\\\\\ -

68 % CL |

Physics 662, Chapter 8
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Theoretical Estimation of the Radiative Corrections

I— 0-5 :I | L I LI L I | L I | L I | L I 1T 11 I | L I | L I LI I:
- [€] fitter [sufs http://gfitter.desy.de/Oblique_Parameters/ -

04 — preliminary ]
0.3 — —
02 = 2010 =
0.1 —
0 —
01F M, < [114,1000] GeV =
= \\ M, = 173.3+ 1.1 GeV =
0.2 =
-0.3 —68%, 95%, 99% CL fit contours —
— (MH=120 GeV, U:O) ]

_0.4 _I L1 1 I L1 1 1 I L1 1 1 I L1 11 I L1 1 1 I L1 11 I L1 1 1 I L1 11 I L1 1 I_l
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 04 0.

S
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Theoretical Estimation of the Radiative Corrections

F 0-5 :I | I | L | | I I LU ! I 1T 111 I LI L I LI I LU I | _I__
- (€] fitter SBM,i ‘| http:/dfitter.desy.de/Oblique_Parameters/{ -
0-4 [ preliminary i —]
= | I
0.3 — 2 —
[ © ]
= 51 3
0.2 ;_ 2010 (§ _;
— < -
01— S =
R e =
-0.1 — =
-0.2 3
-0.3 —68%, 95%, 99% CL fit contours |: -
- (M =120 GeV, U=0) E Littlest Higgs =
_0-4 _I L1 1 I L1 1 1 I L1 11 I L1 11 I L1 1 1 I L1 1 I L1 11 I L1 11 I L1 11 1-
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
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W Pair Production

In 1996, the energy of LEP at CERN was increased above the
W pair production threshold to begin the LEP2 program

; -
Each of these processes (b) M
is individually divergent e - " W

with s |

et Wt e W=
(c) Z
When combined, with the e+>NW<W+

couplings given by the
Standard Model, the total cross section remains finite,
and falls as In(s)/s
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W Pair Production

08/07/2001

""" [pb]

LEP Preliminary
s —v*4* The angular distributions
e
i > are a good test of the
Standard Model, and are in
;o good agreement
= = '
- u) -
RacoonWW / YESWW 1.14 S0 - OpAL T
e no ZWW vertex (Gentle 2.1) "é
= 5 ------ only v_ exchange (Gentle 2.1) 5
*
1 | | | 1 | | | 1 1 | | | 1 | | 1 | 1 | | 1 I | | 1 1
160 170 180 190 200 210

E., [GeV]
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W Pair Production

The angular distributions are a good test of the Standard
Model, and are in good agreement

~
(—J
(—]
|
@)
0
>
—

Events/bin

=10 - )
A a) (W — 1lv)., B
[ 4 =
< B fa o}
@ @
o | o
....... n
= T R et o ., L. —— =
S - —— S —— - = . e Sl R
b ﬁ 1 1 1l I 1 1 1 I 1 1.l b 0 1 1.l l 11 1 I | l 1 1 1l
= 0 =
-1 0.5 0 0.5 1 -1 -0.5 (1 0.5 1
cosgw cosew
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Z Pair Production

08/07/2001
s LEP Preliminary
+2.0% uncertainty
YESZZ
= ZZTO
)
NE LT
o
L
0.5
1 Il 1 | | | | | | | | | | 1 I 1 1 1 1
170 180 190 200
E., [GeV]
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

The open issue of Electroweak symmetry breaking is:
How is the symmetry broken?
In other words, how do we move from the underlying Lagrangian:

L = ngl . \V“ T g,J/rBu

to one in which the EM field remains massless and the weak neutral
current acquires mass

The standard model solution to this problem is the local gauge
symmetry, and the Higgs mechanism
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

The Higgs mechanism was invented to explain how the symmetry
could be broken, endow the weak bosons with mass, and preserve
the massless photon

One problem was that the Weinberg-Salam model is dealing with
massless bosons. Arbitrarily adding mass for the W and Z spouls

»

gauge invariance and leads to divergences e —>

Can some underlying principle do it naturally? ¢
- The Higgs mechanism

Suppose there is a scalar field filling space that is self interacting.
- The most general Lagrangian for this field is

L =3(0.9)° — 51°¢* — 110"

kinetic / \

| self-
mass . .
energy interaction
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

1 /¢ 2 | ) 1 4
L =35(0,0)" — 510" — ;A
Consider the minimum in the potential energy of the Lagrangian:
1. .2
V= su¢? + (2o’

minimum ot OV/3¢p = o’ + 1) =0

depends on sigh of u?
u2s> 0 ¢ = ¢min When ¢ =0

2
u2<0 ¢ = dmin When ¢ = Lv = i\/—f—

non-zero vacuum expectation value
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

' . 2 1 ..2.59 1 4
/1.2>O' n><0 L il i(aﬂ¢) = i/’l' ¢ = Ik(p

V= 5u°¢* + 1Ag?

* For u2<0 there are two
minima: +v and -v

\ ) +  Expand the field about

\ / the minimum v (or -v)
01— e . b = v+ o(x)
V\/ *  Now the Lagrangian
- / energy density becomes
L = 3(3,0)* — A0’
by randomly choosing +v or -v we have - ()WU3 + %104) -+ constant
Spontaneous Symmetry Breaking since w2 = -Av2
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

L = 1(3,0)° — »?0” — (Ao’ + ;Ao?) + constant

kinetic
energy

TN

self-
| mass | hew |

interaction

Look at the mass term
- formis 1/, (mass)? (field)?
- so (mass)2is 2Av?

— 112
m=V2?=.-2u%* since v=d=, —i—

What about the masses of the gauge bosons (W*, W-, and Z°)?

J. Brau Physics 662, Chapter 8
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

Local gauge invariance in QED makes the interaction (or the
Langrangian energy density) invariant under arbitrary local phase
transformations and introduces the EM field:

U (x) = %y (x)

if the field is also transformed

Auv = Au ¢ 8/.19(/\')

This occurs automatically, if the derivative 9, in the Lagrangian is
replaced by a covariant derivative:

D,=09d,—ieA,

So this is the well-known local gauge symmetry in QED, U(1);
what about SU(2)xU(1)?
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

Consider the gauge symmetries of the weak hypercharge [U(1)] and
the weak isospin [SU(2)] interactions

Weak hypercharge behaves under gauge transformations as
electric charge since both are U(1)

Weak isospin will be invariant under a rotation in weak isospin space

:'gr-A o
Yy —e W (recall UQQ): Y (x) — 'l (x) )
A is an arbitrary vector in isospin space
1 0
0 -1

T,=/01 T,=10 - T,
10 L 0
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

«  With weak isospin invariant under a rotation in weak isospin space
o
U — et

To preserve the interaction we must intfroduce a massless isovector
field, W, containing charged and neutral components

This leads to the covariant derivative of SU(2)

. Warning — this i
D/_( — Jk = Igt/z -Wu <4‘ diffe?entf?othZrlfins QED
D,=09,—1eA,
A,u.. — A/_l + 8“9(1)

W,—>W,+0,A—gAXW,

73
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

Adding the weak hypercharge [U(1)] leads to the covariant derivative
DH — au = I.(gr/z-w# —- ig,YB“

This covariant derivative can now be substituted into the Lagrangian
. 1.7 2 | ) 1 4
L =33.9)" — 31°¢* — 114
| 2 | | 4
L = §(Du¢) — S HP" — AP

Expand the first term and the following terms are found

1/2(9V/2)2 WM+WM_ = MW = (9v/2) Note - ¥, =1/2
1/8(V)2 (92"'9’ 2) ZMZ = MZ - 1/2 \" \/QTQ’Z v = 246 GeV
0 AMZ = MY =0 Homework assignment:

show these M, and M,
relationships result
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

The Electroweak field Lagrangian terms:
L=gl,-W,+8J,B,

The Higgs field Lagrangian terms:
1 /¢ 2 |
L = §(du¢) — 3 M

The covariant derivative:

9

242 %szi

D,=0,—iguv2W, —ig'YB,

The Higgs Lagrangian becomes:

' \T | 2 g7 (2 a2
£y =(D,®) (D, @) p?dTd —A(dTd)" -

Note — in this
formulation, the factor
of 2 has been
embedded in the
definition of @ .

J. Brau Physics 662, Chapter 8
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

- \T/ \ 2t PRV
Ly =(Dy®) (Dyd)-p-d'd —i(D'D)
The Higgs field is now a doublet since D, is.
+ - 7 n
D = (PO :é[(pl KP]
¢ N2 [Pz TPy

The minimum in the potential occurs at:

dVv ? PR

. -=0 = “4+2AD D=0
o), =2
: /min 2A

O'D =1 (o] + 93 +03 +¢3)

J. Brau Physics 662, Chapter 8
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

.

£y = ('D“(bj)f(Dudi) ~ W'D —A(D D) b = {q = +[¢1 . j-%]

The minimum: we choose @, =@, = ¢4 =0

0 P | .
D pin = %I: :| (,_d) (D_,)mm __i= k /3

N Vv

Expand around the minimum:

SoY,=Q-1;=1/2

0
O=— .
V2 [1‘ + H(x )]

W (v+ H)

1 1— wlv+ia
—_ [N

D (b - .X"!E ) \ i

b

J. Brau Physics 662, Chapter 8

(E)u - i%(gcosew + g'sinby ) Z, )(v + Hf)-

Note — this expression uses the
convention
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

(D,0) (0,8)- w000’

=10,HMH 2vH + B2\

2 ‘3 2 : }» {
BY e oawR Ly
4 4

£q

Identify the Z and W mass fterms:

- \1/2
2 2
HZ'll = Mmy = %(g“ +g’") v o= 1 g_ v
E = cosb,,
My
w' u W’,—“ = ”I\V = %g'\ — ’”Z e “_’
| cosb,,

y R | 2
~1 mgH~ = my = —2U1°
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

1/(gv/2)2 W W - = M, = (gv/2)
1/g(v)? (9%+g’ 2) ZMZ = Mz =1/, v Vg?+g’?
0 AMZ = Mv =0
v = 246 GeV how Mo ot S iold this

J. Brau Physics 662, Chapter 8
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Spontaneous Symmetry Breaking
and the Higgs Mechanism

The Higgs mechanism also endows the fermions with mass

The full Lagrangian has terms coupling all the fermions to the Higgs
field

L=m;e€ -meeH
v
H_J

Yukawa coupling

electron: m./v =2 x 106 | The size of the top quark mass
€ seems much more natural than

top quark: m./v=0.7 the mass of the lighter fermions
given the value of v = 246 GeV
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Higgs Couplings

A. Djouadi / Physics Reports 457 (2008) 1-216

- bb"

0.1}

0.01 F

0.001F -

:’ \
/ \
/ \
! \
l, .
Lt —
E —I‘\
~ 7
L. ]

Ly
y/ \
S
|

0.0001 L—L S '
100 130 160 200 300 500 700

My [GeV]
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Higgs Production and Detection

The isospin doublet of scalar Higgs particles in the minimal
Standard Model yields one real particle to be found

Four real components of the new fields are reduced to one when
three are “eaten” by the massless W and Z to produce W and Z
mass

I Y=Q- I3
o*|_ | (9 + i9,)/V2 +'/ +'/5
¢? (s + idp)NV2 -1/, +1/,

The mass of the remaining physical neutral boson is unknown

Limits on the mass can be determined

J. Brau Physics 662, Chapter 8
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Higgs Production and Detection

Upper limit on the Higgs mass
consider [’y ~ GM?_,

The Higgs must be weakly coupled = I'}, < M,

My < G < (105 GeV)2 ~ 300 GeV
We also have a unitarity limit on WW scattering

My < 8nvV2/3)V?G7 V2 ~ 1 TeV
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Higgs Production and Detection at LEP

The Higgs boson might be produced in an electron-positron collider

_ 7
ete” — HOZC

HY > bb, 7. ...

7% QQH— Y,

““H

The Higgs couples proportionally o mass, so it should decay
preferentially to the heaviest possible quark or lepton

In an electron-positron collider, the Higgs signal would show up
dramatically recoiling from a Z decay
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Higgs Production and Detection at LEP

Events / 3 GeV/c’

LEP results

U8 =200-210 GeVy

4 LEP tight
[] vackgrouna

B 17 Signal

(m, =115 GeV)

! 108 CeV

L
S L 4

M, > 114 GeV/c?
(95% CL)

20 40 6l ‘ S0

o0 120

Reconstructed Mass m |Ce\"/cz|

J. Brau
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Higgs Production and Detection

Following LEP, the Higgs search moved to
- Fermilab TeVatron Collider
- and to the Large Hadron Collider at CERN

Hadron colliders

TTITIY) .
t Q—e Q
Y  Weiemeeewens H V.’,.(.Z.) ....... H
W(Z)
Q Q' Y

J. Brau Physics 662, Chapter 8
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Hadron Collider Cross sections

SM Higgs production
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Hadron Collider Cross sections

5 SM Higgs production
].0 - ! I I ! | ! I I ! | I I ! ! I I ! ! =
= LHCH
Glfb] | i
10 4 - i
10 3E i
- qq — Wh _
L bb—h -
5
10 %L i
E gb—qth — hep-ph/0612172. -
B . _ qq — Zh — B
TeV4LHC Higgs working group —
| | | | | | | | | | | 1 | | |
100 200 300 400
m, [GeV
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Light Scalars Are Unnatural

* Higgs mass grows with cut-off, A

. . nggs !

OM? = 4{ A’ 6M2+3M2+M2 12M2)

2

=—( A 200 GeV)

0.7TeV

M = 200 GeV requires large cancellations

J. Brau Physics 662, Chapter 8

89



SUSY...Our favorite model*

Quadratic divergences cancelled automatically if
SUSY particles at TeV scale

» Cancellation result of supersymmetry, so happens
at every order

M,” ~(.)G.N (M -M.")

% Inspires: 18,115 papers with title
supersymmetry or supersymmetric!
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Higgs Production and Detection

SUSY Higgs

Single Higgs doublet is replaced with two Higgs doublets

8 fields (4 complex) provide 3 “eaten” fields to endow mass to W,Z
and leave 5 Higgs fields

Two vev's -V, v

tan B =v/v
Two scalar (CP even) neutral particles: ho HO
One pseudoscalar (CP odd) neutral A0
Two charged scalars H* H-
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