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Standard Model® of Particle Physics
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*) S. L. Glashow, A. Salam and S. Weinberg, 1967/8



Timeline of Particle Discoveries
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Experimental SM Tests (selection)

1967/8 Standard Model, S. L. Glashow, A. Salam and S. Weinberg

1971
1973

1973
1974
1975
1979
1983
1989
1995
1996
2001

2009

Renormalizability of non-abelian gauge theories, G. 't Hooft and M. Veltman

Asymptotic freedom of QCD, D. Gross, D. Politzer and F. Wilzcek;
Explaination of CP violation: 3 quark generation, M.Kobayashi, T.Maskawa

Discovery of Neutral Currents: ,Z-Boson exchange® (Gargamelle, CERN)
Discovery of the 4" quark (SLAC / BNL) — ,November Revolution”
Discovery of the Tau-Lepton

Discovery of the gluon (DESY)

Observation of W and Z bosons (UA1/2, CERN)

Start of LEP I: Precision Z-physics measurement of radiative corrections
Discovery of the Top-Quark at TEVATRON

Start of LEP II: W Pair production and Higgs search (until Nov 2000)

Start of TEVATRON Run II:
Precision measurement of Top-Quark and W-Boson properties, B physics

Start of LHC = Discovery of the Higgs boson, New Physics?



Discovery of Tau-Lepton

Unexpected, although 3 generation predicted by Kobayashi and Maskawa

Evidence for Anomalous Lepton Production in e*-¢~ Annihilation*

M. L. Perl, G. S. Abrams, A. M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
J. T. Dakin,{ G. J. Feldman, C. E. Friedberg, D. Fryberger, G. Goldhaber, G. Hanson,
F. B. Heile, B. Jean-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Liike,}
B. A. Lulu, V. Liith, D. Lyon, C. C. Morehouse, J. M. Paterson,
F. M. Pierre,§ T. P. Pun, P. A, Rapidis, B. Richter,
B. Sadoulet, R. ¥, Schwitters, W. Tanenbaum,
G. H. Trilling, F. Vannucci,l J. S. Whitaker,
F. C. Winkelmann, and J. E. Wiss
Lawrence Berkeley Laboratory and Depariment of Physics, University of California, Berkeley, California 94720,
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 18 August 1975)

We have found events of the form e* +¢ —e* +u* + missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center~of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra
require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

of the detector, or particles very difficult to de
tect such as neutrons, K;° mesons, or neutrinos.
Most of these events are observed at center-of-
mass energies at, or above, 4 GeV, These events
were found using the Stanford Linear Accelerator
Center-Lawrence Berkeley Laboratory (SLAC

We have found 64 events of the form
e*+e " —e*+ '+ 2 2 undetected particles 1)

for which we have no conventional explanation
The undetected particles are charged particles
or photons which escape the 2.67 sr solid angle

1489

MARK | (SLAC), 1975, M.Perl et al.
Nobel Prize 1995 for M.Perl

ned at £, GeV, which meet the criteria |p,
- .65 GeV/c, |p,[>0.65 GeV/e, and(§oyy > 20°] Events
are classified according to the number Ny of photons
detected, the total charge, and the nature of the parti-
cles. All particles not identified as e or u are called
k for hadron.

TABLE 1. Distribution of 513 two~-prong events, ob-

~_ Ny 0 1 >1 0 1 1
Particle;\\\ Total charge =0 Total charge =22
e-e 40 111 55 0 i 0
e-u 24 8 8 0 0 3
Lt 16 15 8 0 0 0
e-h 20 21 32 2 3 3
u-h 17 4 31 4 0 5
h=h 14 10 30 10 4 8

Y, - Explanation:

e'e" > 77T



Discovery of Neutral Currents (1973)

Gargamelle, CERN
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Discovery of Zand W Boson (1983)
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Electroweak radiative corrections

Neutral B meson mixing:

N u,c,t
0 S 50
By W B,
bﬂ ——<
u,c,t

Unmixed: B°B® — ¢+~
Mixed: B°B? — ¢*/*

—0—0 __t Same
BB —> /77 charge

Observed in 1987 by the
ARGUS collaboration.

From the observation ARGUS concluded that m, > 50 GeV.



Large Electron Positron Collider

Test of electroweak theory using Z and W bosons.

u

Electron Positron Annihilation: LEP-I: Vs~ 90 GeV (1989-1995)

LEP-II: Vs = 160...207 GeV (1996-2000)
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LEP I. Z-Boson Factory

4 experiments: ALEPH, DELPHI, L3, OPAL

Numhber of Events

A D L O | LEP
o8 | 186
i 70 59 88| 294
8T 64 T9| 296
202 137 127 191 | 657
66 54 81| 291
334343 497[ 1724
Table 1.2: The g7 and £/~ event statistics, in units of 107, used for Z analyses by the experi-
ments ALEPH (A), DELPHI (D), L3 (L) and OPAL (O).

Year
1990/91
1992
1993
1994
1995
Total

433 357 416 454 | 1660
633 697 678 733 | 274l
630 682 646 649 | 2607
1640 1310 1359 1601 | 5910
730 639 526 639 )] 2579
4071 3705 3625 4096




Resonance Shape
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40 2
! L3 O 1990-92 ! L3 O 1990-92
® 1995 ® [995

G [nb]
G [nb]

1.01F LOSE
k= } 4 s
g ! * 3 ;i g ! }
099 -_ [ I [ [ [ I [ [ [ I [ [ [ I 1 095 -_ L I L L L I L [ [ I [ [ [ I [
88 90 92 94 88 90 92 04
Vs [GeV] Vs [GeV]

Resonance looks the same, independent of final state: Propagator the same



Z Boson Properties
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SM Test In e+e- Annihilation
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LEP 200: W Pair Production
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W Mass Measurement at LEP
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Sensitivity to Higher Order Corrections
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Top Mass from Radiative Corrections

2 2 2
Ar(mt,MH):—saCO_S40W mtz - 11.052 In Mg +..
16zsin* g, My 48zsin“g, My,
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The measurement of the Do L 750404
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Prediction of m,by LEP before the
discovery of the top at TEVATRON.




Higgs Mass from Radiative Corrections

... using all available electro-weak data

3acos’ g, m? 11 M2
Ar(MMy) = — o= S T =2 e
16zsin” 6, My, 48zsin“6, My
) 6 July 2010 m, . =158 Ga¥
Fits to electro-weak data: | W ° '
_ . L Ao -
my = 89 +35-26 GeV 5 1% —D.{JEa;EBi{J.GDGBE N
] % L - 0.02749+0.00012
mH < 158 Gev (95% CL) 4 % »es incl. low Q° data _
W 3 |
Assumption for fit: < |
* SM including Higgs 2 -
 No confirmation of Higgs 1 _ |
mechanism 0 | Excluded 4 F"reliminary-
— 1 .
Higgs seems to be light! 30 100 300



TEVATRON

PP Collider with ¥s=1.96 TeV

Run 234888 Evt 15296627 Sat Aug 2°0#8724 2007
ET scale: 2 GeV -
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Top Quark Discovery at TEVATRON
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Precision Top Mass Measurement

b jet
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Higgs Search at TEVATRON

q H b jet
R -HE-¢ b jet
g L q wi\; q R (;}/[\‘I
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Cross Section (pb)
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~1 Higgs event every 102 events

Many decay channels!



Higgs Search at TEVATRON

Tevatron Run IT Preliminary, L < 8.2 fb™
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Quark Mixing and CP Violation
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CKM mechanism explains CP violation and predicts large effect in B decays
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Strong Interaction

Discovery of the gluon (1979) Running of o
04
o LEP
4Q) o PETRA
A TRISTAN
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2272 QCD o (Mz) = 0.1183 £0.0027
1 10 100
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... and asymptotic freedom



Large Hadron Collider




Large Hadron Collider

Design:

Proton — Proton Pakete:

s 5) TeV JE. 2835 x 2835 (1404 x 1404)

&.“: « s ‘”‘es .

0

1011 Protonen / Paket

Proton Crossing-Rate: 40 MHz

Kollisionen:; 108 bis 10° Hz

29



Large Hadron Collider
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pp event in LHCDb

Run 79646 Event 143858637

23.9.2010 19:49:24




CMS event with 13 pp interactions
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EXPERIMENT

Run 166466 Event 26227945
Time 2010-10-07 22:16:39 UTC
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ATLAS Highest Mass Di-jet Event

mjj = 4.0 TeV
P — (p:1yt) = (510 GeV, -1.9)
(p+2,y2) = (510 GeV, 2.2)

-




=k

Top Pair Production Cross Section [pb]

10

CMS Preliminary

Top Quark Physics

g

® CMS combined (36 pb™)
® ATLAS combined (35 pb™)
< CDF
O DO

Approx. NNLO QCD (pp)
PN scale unc.
- NLO QCD (pp)
Approx. NNLO QCD (pF)

scale unc.

Langenfeld, Mach, Uwer, Phys. Rev. DBO (2009) 054008
METW 2008 MNLD PDF

2 3 4 5 6 Fi 8
\s [TeV]

al/pb

10°

10

q q

t channel
(c=62pb @7 TeV)

t-channel single top guark production

|| CM3 Preliminary, 359 pb™
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Higgs Physics at LHC
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Events/GeV

Relevant Higgs Decay Channels
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ATLAS Higgs Sensitivity
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Precision Flavor Physics

B. < B, oscillation CP Violation in B, — Jhyo
Fosk T g e ]
0.6F- 3 SI: ////\\\
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CP violating CKM phase:

¢, € [-2.7, -0.5] rad at 68% CL
¢, € [-3.5, 0.2] rad at 95% CL

Standard Model prediction: ¢, = 0.036

Am = 17.63 £+ 0.11 (stat) + 0.04 (syst) ps



Shortcomings of the Standard Model

Experimental findings

« Neutrino masses and mixing
« Baryogenesis (matter anti-matter symmetry)

 Dark matter

Conceptual problems

« Quadratic divergences in radiative Higgs mass corrections:
Jfine tuning” problem

 Origine of the three generations l
« Explanation of masses There must be
new physics

 Origin of gauge symmetries / quantum numbers beyond the

* Unification with gravity Standard Model




Physics Beyond the Standard Model?

Moglicher Sensationsfund -
Forscher ratseln Uber neue Naturkraft

In der Physik bahnt sich eine Sensation an:
Forscher haben maoglicherweise eine bisher
unbekannte Grundkraft der Natur entdeckt.
Sollten sich die Daten aus einem US-
Teilchenbeschleuniger bestéatigen, ware es
wohl die wichtigste physikalische Ent-
deckung der vergangenen Jahrzehnte.

Spiegel Online, 7. April 2011
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Events/(8 GeV/c?)

Events/(8 GeV/c?)

CDF - Invariant di-jet mass

CDF Collaboration arXiv:1104.0699
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Events: W + jet jet

!

(lepton + &)

M; = inv. mass (jet jet)

v? (full range) = 77/84
v? (120-160GeV) = 26/20

Adding a gaussian:

¥2 (full range) = 57/81
v? (120-160GeV) = 11/20

“3.26" peak

Not compatible with
SM W+H production






Summary

Measurement Fit — |O™®_QM|/gMmee

0 1 .2 3
mz [GeV] 91.1875+0.0021 91.1875
I,[GeV]  24952+0.0023  2.4957
Gpag IND] 41540+ 0.037  41.477
R 20.767 £0.025  20.744
AY 0.01714 £ 0.00095 0.01645
R, 0.21629 + 0.00066 0.21586
R, 0.1721£0.0030  0.1722
ASP 0.0992+0.0016  0.1038
AL 0.0707 £ 0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 £ 0.027 0.668
A/(SLD) 0.1513+0.0021  0.1481
m, [GeV] 80.398+0.025  80.374
I, [GeV] 2.140 £ 0.060 2.091
m, [GeV] 1709+ 1.8 171.3




Measurement Fit — |OM®_QM|gMmea
) 1.2 3
my [GeV] 91.1875+0.0021 91.1875
I,[GeV]  24952+0.0023  2.4957
Gpag INbl  41.540+£0.037  41.477
R, 20.767 £0.025  20.744
A 0.01714 £ 0.00095 0.01645
A(P) 0.1465+0.0082  0.1481
R, 0.21629 = 0.00066 0.21586
R, 0.1721£0.0030  0.1722
AP 0.0992+0.0016  0.1038
AYC 0.0707 £0.0035  0.0742
A, 0.923 £ 0.020 0.935
A, 0.670 £ 0.027 0.668
A/(SLD) 0.1513£0.0021  0.1481
sin®0(Q,) 0.2324£0.0012  0.2314
my [GeV] 80.398:0.025  80.374
Iy [GeVl  2.140 + 0.060 2.091
m, [GeV] 1709+ 1.8 171.3
0 2

1 —LEP1 and SLD

LEP2 and Tevatron (prel.)
68% CL
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scan over
SUSY masses
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Beispiel: Masse des W-Bosons:

1/2 .
NVfrr — 1&
J'Iv" ( \,fQGF ) sin 6"“-' v‘ 1@

"

Beitrag aus

W+ : W Wt wW*

b

» Auch Teilchen mit Massen hoher als Vs
laufen in den Loops (virtuell ).
» Fermionschleifen dominiert von Top

Quark
B 3acq fnlz 11a Mlzl
At M) == 15:51;@ 48*@ |

» Strahlungskorrekturen sind fiir alle
Observablen relevant (auch Z-Pol)

3acos’ g, m? 11

Strahlungskorrekturen

M

» “indirekte Bestimmung”
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» Globale Anpasstung d
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Z line shape parameters (LEP average)

M, = 91.1876+0.0021 GeV 423 ppm (%

r, = 24952+0.0023 GeV - +0.09 %

Thag = 1.7458+0.0027 GeV

I,  =008392+000012GeV b 3leptons are treated

r,  =0.08399+0.00018 GeV independently

I, =0.08408+0.00022 GeV I test of lepton
§ universality

r, = 24952+0.0023 GeV

Assuming lepton

[ha =1.7444 £0.0022  GeV ! universality: I'o = I' =L,

I, =0.083985 £ 0.000086 GeV |

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

http://lepewwqg.web.cern.ch/
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W Mass: Prediction versus Measurement
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