Overview of the SM

Lecture I: the SM tapestry

* Particles as Quantum Fields

* Particle zoo vs symmetry

* Gauge invariance and particle interactions

* The origin of mass: Spontaneous Symmetry breaking
* The flavour of the SM

Lecture II: the SM swiss watch

* Observables and field correlation functions
* How we calculate ? Perturbation Theory and beyond
w—==p * Precision tests of the SM (LEP-TEVATRON-B factories)

Lecture III: the open-ended SM

* The SM at the LHC: Higgs physics
* Open questions



EW precision tests

In the 90s LEP/SLD and Tevatron tested the SM at few per mille level!

e+e- colliders LEP1 (s=90GeV), LEP2 (200GeV)

p pbar collider s=2 TeV




EW precision tests

/
Need tfo fix the free parameters of the SM: (g, (, ( , U, Mh

a~t = 137.035999074(44) -> (g-2)e
Gr = 1.1663787(6) x 107°GeV  -> Muon lifetime
Mz =91.1876(21)GeV -> Z-pole mass (LEP)



EW precision tests

/
Need to fix the free parameters of the SM: (g, (, (G , U, Mh

ot = 137.035999074(44) > (g-2)e

Mz = 91,1876(21)G6V -> Z-pole mass (LEP)
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EW precision tests

Need one loop corrections: also virtual effects of heavy particles
enter
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LEP
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LEP: 3 flavours/families
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Thanks fo the lightest of neutrinos we know that no new heavier families will

show up



LEP: gauge boson selfcouplings
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TEVATRON
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TEVATRON: top quark

b Jet

Neutrino

Muon

antiproton
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Measurement Fit  10™Meas_Q'/gmeas

0 2 3
m,[GeV] 91.1875=0.0021 91.1874 f O, —OR
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o [nb]  41.540=0.037  41.478 O, + O0OR
R, 20.767 + 0.025  20.742
AY 0.01714 = 0.00095 0.01645
A(P)) 0.1465 = 0.0032  0.1481 fl dcos -2 _ ff’ dcos -3¢
.Af _ 0 dcos 6 1 dcosf
R, 0.21629 = 0.00066 0.21579 FB 1 doy
R, 0.1721 £0.0030  0.1723 J=y deosb55t
AYP 0.0992 = 0.0016  0.1038
A2° 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’67(Q,) 0.2324 =0.0012  0.2314
m, [GeV] 80.385=0.015  80.377
r,[GeV]  2.085=0.042 2.092
m,[GeV]  173.20 = 0.90 173.26

March 2012 () 1 2 é



Higgs mass before the discovery
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Flavour Precision Physics

|Vud| ‘Vus‘ ‘Vub|2 \
Nuclear § decay K—nlv, K,m —-1lv B — nlv
|V ‘ — ‘/cdl ‘Vcs‘ ‘chb|2
CKM D —rwlv,vd—cX D-— Klv, Wr—=¢s B— Dlv,b— clv
|Vid] |Vis Vs
\ loops loops pp = tb+ X /

Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics

One example: a precise determination of [Vus|/|Vud| comes from comparing
K, pi leptonic decays: Pion decay
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requires a non-perturbative evaluation

Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics
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Extract precision physics from hadronic observables is a major achievement!



Flavour Precision Physics

Phases of CKM: only one for three families.

We can formulate the criterium for CP violation in the quark sector in ferms
of a basis independent invariant:

Im {det[Yqu YY) ]} £ 0

Jarkskog 85

Im[‘/;] ZZW/{W;] — jzeilmejkn

In terms of the usual parametrization:

) .
J = C12C23C13512523513 sin 0



Unitarity Triangles
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Lecture III: the SM open end

* The SM at the LHC: Higgs physics
* Open questions in the SM



Unitarity & effective theories

Violates unitarity at large energies:

2
G%s

T

o(ve — ve) =

Something must pop up when we approach the unitarity bound:
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s > (1 TeV)?



Unitarity & effective theories

The W, Z restore unitarity:

2 2
O-V€—>V€ O( GF MW




WW scattering and Higgs mass

Without the Higgs:

0
an ~
0 32 v?

Unitarity violated

s > (1.7 TeV)?



WW scattering and Higgs mass

Without the Higgs:

+ M ::,Ij; Unitarity restored if:

mp < 800 GeV

JgWWH — gMW WWH couplings exactly as in the SM!



The missing piece showed up...
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Higgs couplings

No more freedom, after the higgs mass is known all higgs couplings are fixed

Gauge Fields )
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Any change would bring unitarity violations back- > New physics



o(pp — H+X) [pb]

Higgs @LHC
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We are testing a top loop effect!



Higgs @LHC

What we look for
are the decay products

Several channels significant, various
degree of difficulty
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S/(S+B) weighted events / GeV

The Higgs resonance

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
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N

125.36 GeV))

Signal yield (o/og,,m;

The O* Higgs resonance
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Higgs couplings
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The origin of mass

A or (g/2v)"?
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Triviality vs Stability
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Stability

Degrassi et al

'gv

Top pole mass M, in GeV
8
‘Top pole mass M; in GeV

= ILC/TLEP

'8"

124 126 128
Higgs pole mass M, in GeV

Higgs pole mass M, in GeV

Living in a meta-stable world...

(the cutoff cannot be really taken all the way to infinity...)



SM valid theory until the Planck scale...




The SM is not complete

(experiment dixit)

> Neutrinos have a mass !
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Massive Dirac neutrinos & SSB ?
55 0'2¢*a 5: (1727_%)7 <5> — <§>

Massive Dirac neutrino

—E,,[,,),Lirac =Y, L 5 vr +h.c— SSB — YVﬂLLVR + h.c.
—~ ~~ V2
(1,1,0) (1,1,0)

Higgs

V,'R VjL



Massive Majorana neutrinos & SSB ?

b=’ G2, (3)=(2)

Massive Majorana neutrino

,02

—pMajorana _ T CHTLT + h.e. — SSB — oz?ﬂLCﬂ}f + h.c.

Weinbergs operator
Higgs Higgs 9

mV:Q{_
2

Y
A

Implies the existence of a new physics scale unrelated to v !



Majorana neutrinos imply a new Standard Model

SM

Higgs Higgs

— vSM ?

Unitarity violations!




The SM is not complete

(experiment dixit)

The SM can not complete:

> Neutrinos have a mass !!

» We cannot explain the content of the
Universel!




The SM is not complete

(experiment dixit)

» Neutrinos have a mass !!

» Dark matter

(caveat: maybe our lack of understanding of gravity)

> Baryons in the Universe

(caveat: primordial asymmetry)



The SM can not complete

(desiderium)

» Hierarchy problem

> Gauge unification: quark/lepton
symmetry, em charge quantization

> Flavour Puzzle



Hierarchy Problem

This is a well-defined problem if and only if there is new physics M >> v

There is a dimensionfull coupling in the SM

V(p) = —p*9'd + A(¢'¢)’ u? <->m,?2

--—H ------ H I 2
Q m%—i—clg M?log(M?/Q?)

t 7-‘-2
IR
H t( }t H
________\M/_ _______ 2 2V2
MZ = 202 + L5 A+ 3 (A — yP) log (m2/p?)] + -+

(4m)>

Need to finetune the renormalized mass: not natural



The SM can not complete
(desiderata)

» Hierarchy problem

> Gauge unification: quark/lepton
symmetry, em charge quantization



SM gauge group: particles

SU3) x SU((2) x U(1)y

(1,2)_r (32) | (LD B2 1)
eR u}é d'y
MR Cg:g SR
TR tiR bR
t
Quark/lepton ) Parity

symmetry ?

Flavour symmetry ?



SM gauge group: interactions
SU(3) X xU(1)y
1 PP
Gle=1,.., B

y 0

Gauge unification ?

Sl
50
40
30 ‘
20

10 |

0




The motivation for SUSY

No quadratic corrections to the Higgs mass: cancellation between particles
and SUSY partners.

Gauge unification

-3 -3
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The SM can not complete
(desiderata)

» Hierarchy problem

» Gauge unification: quark/lepton
symmetry

> Flavour Puzzle



Flavour Puzzle

Where do these “random” looking numbers come from ?

dre s pe

(large angle MSW) u-e c® ‘e
ViT®eV,8V;3 ce ue Te
s 2 = 5 B 8 3
< < < < < <

0.2252 4 0.00065 0.97344 +0.00016  (41.27}1) x 1073

0.97427 +0.00015  0.22534 +0.0065 (3.51 + 0.15) x 103
[V |ckm =
(8.671029) x 1073 (40.47%1) x 1073 0.99914613-09002L

0.205 — 0.543 0.416 — 0.730 0.579 — 0.808

0.795 — 0.846 0.513 — 0.585 0.126 — 0,178
Ul =
0.215 — 0.548 0.409 — 0.725 0.567 — 0.800



SM as an effective field theory

Weinberg; Buchmuller, Wyler;...

If A>> v low-energy effects should be well described by an effective field
theory:

L= ESM+Z Od5+Z'BZOd6

O built from SM fields satisfying the gauge symmetries

d=5: only one: neutrino mass !
d=6: > 80 !

Fora, B = O(1): A > few TeV
A 2 0O(1000TeV) FCNC



SM Nobel tapestry



