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Standard Model in a Nutshell
Discovery of W and Z boson

Precision tests of the Z sector
Precision test of the W sector

Radiative corrections and prediction of the
Higgs mass

Higgs searches
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S — v, Exchange only

------- No ZW™ W~ vertex

—— All three diagrams

Why do we need electroweak unification?

Divergence of the e+e- — WW cross-section

- acounting only for v and y exchange
Indicated the existance of a further exchange boson.




Isospin lowering and rising currents
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0. Standard Model in a Nutshell

- - weak isospin: T, T,
V vV V. LH weak iso- I
Wi

e U
- - - spin doublets
e \H ) \T )
en Ui T RH singlets
Symmetry:

Additional field W?® which corresponds to the 3@ isospin operator 2.
WS¢ only couples to the particles of the weak isospin doublet!

In addition we have two more fields:

* Photon y which couples to the LH and RH fermions with same strength.
« Zboson which couples to LH and RH fermions with different couplings g,

and gg

How can we associate the observed fields to W37?



—> Additional gauge field B

Gauge field B couples to hyper-charge: Y = 2 [Q-T,]

couples to LH and RH fermions

~ il . W'
igJ, -W
Corresponding to J*and J3 there are fields
+ 1 1 — 11172 3
W W,+iw;) and W,
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r
~_] gJ: . B* g, g’ are coupling
constants.
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Leptons

Electroweak quantum numbers
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While the charged boson fields W* correspond to the observed
W bosons, the neutral fields B and W? only correspond to
linear combinations of the observed photon and Z boson:

A

M

Z,

B,= A,cosf, —Z,sing,

W) =A,sing, +Z,cosé,

B,cos 6, +W; sing, «—— massless photon
. 3 .
-B,sing, +W,cosl, «—— massive Z boson
g , siné
9- = -

" cosd), g oS0,

The weak mixing angle 6, (Weinberg angle) follows from coupling constants:

Coupling to the
photon field ~e




Feynman rules

V, Vertex
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Propagator
(unitary gauge)
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Assuming
universality
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1. Discovery of the W and Z boson

1983 at CERN SppS accelerator,
Vs~540 GeV, UA-1/2 experiments

1.1 Boson production in pp interactions

p p
D p
pp >W > (v, + X pp —>Z —>ff+X

1onb ¥ ow (@2)

Similar to Drell-Yan: (photon instead of W)

inb + -

§=x,X,s mit <xq> ~0.12

0.tnb §=(x,) §~0.014s = (65 GeV)’
— Cross section is small !
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1.2 Event signature: pp —» 27 — ff + X
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1.3 Event signature: pp > W — (v, + X

Undetected v;:

Missing momentum

p > p

High-energy lepton:

/ Large transverse
. momentum p,

How can the W mass be reconstructed ?

W—eVv

._-—'—_‘—'A_-———'——__-_‘ |
—Missing p vecto,rl\

Py 1 GeV/t

Fig. J6b. The same as picture (a), except that now only particles with py>l GeVie and
calorimerers with E,~»1 GeV are shown.



W mass measurement

In the W rest frame:
_ MW

2

‘:6&|= lau

* Trans. Movement of the W
» Finite W decay width

« W decay notisotropic

In the lab system:

W system boosted only
along z axis

* pr distribution is conserved:
maximum py= M, /2
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Jacobian Peak

Assume isotropic decay of the W boson in its CM system:

(Not really correct: W boson has spin=1 — decay is not isotropic!)

dcosé y
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dp, \dcoso )|\ dp, ) M, | 4
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15 E; (GeV)
Run Number: 154817, Event Number: 968871 T E, ()= 45GeV E_ (e*) = 40GeV

A AT LAS Date: 2010-05-09 09:41:40 CEST n (€)=021 n (") = -0.38
M_= 89 GeV

EXPERIMENT Z>ee candidate in 7 TeV collisions




NN | ‘ LA  [Run Number: 152409, Event Number: 596680
. , 3, Date: 2010-04-05 06:54:50 CEST

2 EXPERIMENT

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -0.42

E ™ = 26 GeV

u a >W" > e’ V, Anti-quarks from the seal 12



Z and W production at LHC

v

, ' CMS preliminary - CMS preliminary
10‘.r 36pb’ at \s=7TeV E 36pb’ at \s=7TeV 3
2 s |
O 10° )
o~
- 10 -
c10° i
S ~ Moriond 2011
: Bl ¢ 10
5
c 1
5
=~ 0
-5 s 1 P
50 100 150 200
Miu*u) 1GeVl Mie'e) IGeV] _
CMS preliminary CMS preliminary
36 pb’ at\s=7TeV 10° 36pb’ at \s=7TeV
> 10*
o~ 10°
@
&10°
>
()
° 10
[V
L2
§ 4
c
e Instead of E_;
. E. (ie. E
5 » 1 . R A u L 5 . b use '-e-
= gbfw‘.‘wﬁww*w & g 000’. 0% g0 o’c‘o‘oo“.".'.ooo.o‘o‘ T( UT)
: ) ' . . E

0 50 100 50 200 0 20 20 0 0 700
g, [GeV] : Er [GeV]



Are more W* or W- produced at the LHC (pp)?
Are more W* or W- produced at the Tevatron (pp)?

Are more W* or W- produced at LEP (e*e™)?



W-boson production at LHC

Valence quark +
sea quark W+ W-

u V| U V|

valence quark ratio u/d = 2 = more W* than W-

ATLAS 2010:

[nb] Data

W* | 6.25740.017(sta)£0.152(sys)+0.213(lum)+0.188(acc)

W- | 4.149£0.014(sta)+0.102(sys)+0.141(lum)+0.124(acc)
W | 10.391£0.022(sta)+0.238(sys)+0.353(lum)+0.312(acc)




1.4 Production of Z and W bosons in e*e- annihilation
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2. Precision tests of the Z sector (LEP and SLC)

Standard Model
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Cross section for e’ e > y/Z > ff
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Z propagator considering a
finite Z width (real particle)
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At the Z-pole VsxM, — Z contribution is dominant
— interference vanishes

2 2

An “ 1(99)? + (99)21(g8)? + (g14)?]

Ott ¥ Oz = :
? 3s 16sin* g, cos* g,

Forward-backward asymmetry

O O
A,r:5 e B
; | Or+0
B, (1+cos® 0) +§-A Ccosd ith < o
7 FB with 1(0)
cosé 3 do
OF(g) = j — dcosé
€ O Y I t S
Ay =3 9v9a . 9v9n

(9v)° +(g3)® (g0) +(g4)



T o’ € c -
Oz = é:lgs 16 sin? 0, cos? Oy, [(95)% + (92)°1lgy)? + (94)°] (s—M3)2+(MzTz)?

Breit-Wigner Resonance is very general described:

Feru S

o(s) = 12m 5" —mmyeanzre

Cross sections and width can be calculated within the Standard Model,
If all parameters are known:

Ff — 12 sinQC;SVé[iOSQ O [(g‘f/)2 + (g:];)Q]

Iz =2T BR(Z — ii) = i




2.2 Measurement of the Z lineshape
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Leads to a deformation of the resonance: large (30%) effect !




e' e — hadrons e'e > uu
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Resonance shape is the same, independent of final state: Propagator the same!
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Z line shape parameters (LEP average)

M, = 91.1876£0.0021 GeV 23 ppm ()

I, = 24952+0.0023 GeV  ~+0.09 %

M. =1.7458+0.0027 GeV

I, = 0.08392 + 0.00012 GeV 3 leptons are treated

[ =0.08399 + 0.00018 GeV

independently

l"t =0.08408 + 0.00022 GeV >, test of |epton
. universality
[ = 24952 +0.0023 GeV :
_ ! Assuming lepton
['hag =1.7444 + 0.0022 GeV universality: I'y = I' =T,
g =0.083985 £ 0.000086 GeV (predicted by SM: g, and g,

are the same)

*) error of the LEP energy determination: +1.7 MeV (19 ppm)

http://lepewwqg.web.cern.ch/

(Summer 2005)



Beam Energy (MeV)

LEP energy calibration: Hunting for ppm effects

Changes of the circumference of the LEP

ring changes the energy of the electrons
and thus the CM energy (shifts M) :

* tide effects

« water level in lake Geneva
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Effect of the French “Train a Grande Vitesse” (TGV)

l November 17th 1995
' ' | y d T

Vagabonding currents from trains

Earth current
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In conclusion: Measurements at the ppm level are difficult to
perform. Many effects must be considered!



