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The LHC D-day: Sep 10, 2008

Nigel S. Lockyer, Director of Canada's TRIUMF laboratory:

One short trip for a proton, but one giant leap for mankind!

300 journalists on site

3500 press cuttings on the day

the LHC featuring on the Google logo

450 television stations picked up the CERN broadcast signal

it was broadcast over 2100 times

the CERN websites over 100 million hits

CERN was the lead news story on television news, even

demoting the US elections to second place
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\The LHC is designed to discover the Higgs boson!"

ATLAS DETECTOR AND
PHYSICS PERFORMANCE
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 H  →  γ γ   +   WH, ttH (H  →  γ γ )
 WH, ttH (H  →  bb)
 H   →  ZZ(*)   →  4 l

 H   →  ZZ   →  llνν
 H   →  WW   →  lνjj

 H   →  WW(*)   →  lνlν

Total significance

 5 σ

 100 fb-1

 (no K-factors)
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What is the REAL question for the LHC?

ESB mechanism - the most pressing problem of the SM

masses of Z, W+, W�

spontaneous symmetry breaking

Higgs boson is not a MUST
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Particle world: Language

QFT = QM + STR + pointlike particles (interactions)

Lorentz symmetry:

representation spin

scalar 0
R-spinor 1/2
L-spinor 1/2
4-vektor 1
... ...

LAGRANGIAN - easy way to reect symmetries
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Particle world: Contents
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interactions
symmetries
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;! THEORY

single scalar �eld:
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L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles
interactions
symmetries

9=
;! THEORY

single scalar �eld:
LT: �! �

L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles

interactions
symmetries

9=
;! THEORY

single scalar �eld:
LT: �! �

L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles
interactions

symmetries

9=
;! THEORY

single scalar �eld:
LT: �! �

L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles
interactions
symmetries

9=
;! THEORY

single scalar �eld:
LT: �! �

L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles
interactions
symmetries

9=
;! THEORY

single scalar �eld:
LT: �! �

L =
1

2
(@��)(@

��)�
1

2
m2�2 + g�4 + : : :

M. Gintner SUPERSTAR in Particle Physics



The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

Particle world: Contents

EXPERIMENT!

8<
:

particles
interactions
symmetries

9=
;! THEORY

two scalar �elds:
LT: �i ! �i; i = 1; 2

L =
1

2
(@��i)(@

��i)�
1

2
m2
i�

2
i + gi�

4
i + g012�

2
1�

2
2 + : : :

experiment ) m1 = m2 � m, g1 = g2 = 2g12 � g :

� =

�
�1
�2

�
: L =

1

2
(@��

T )(@��)�
1

2
m2�T�+ g(�T�)2 + : : :

additional symmetry:

SO(2) : �! O�; OTO = I
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Spontaneous symmetry breaking

Assumptions:

L(�̂1; �̂2)

G is a symmetry of L

9U 2 G : �̂1 ! �̂2

U j0i = j0i ) m1 = m2

m1 6= m2 ) U j0i 6= j0i

if U j0i 6= j0i: G is broken spontaneously

Goldstone theorem:

SSB: G! H ) the # of Goldstone Bosons = dimG� dimH
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Spontaneous symmetry breaking: Example

SO(3) Lagrangian:

L = L(�1; �2; �| {z }
�

)

the lowest energy con�guration:

�21 + �22 + �2 = v2

the vacuum choice:

�vac � (0; 0; v)

reparameterization:

�(x) = v + h(x)

0

π

π2

1

σ

v

v

v

m�1 = m�2 = 0; mh 6= 0
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Gauge symmetry

gauge symmetry of L0: SU(2)L � U(1)Y

) massless A;W�; Z

... + parity violation ) massless fermions
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The Superstar Story
SM of elweak interactions

Hunting for the Higgs
Alternatives

c'mon, get real !!!

Troubles:

the real masses 6=
symm(L0)

missing gauge boson
d.o.f.'s

symm(vac) =
symm(L0)

Any suggestions?

1 spoil the gauge symmetry

2 SSB

L = L0 + LSSB
SU(2)L � U(1)Y � symmL � G
U(1)em � symm(vac) � H
Goldstone bosons must donate
the missing d.o.f.'s (Higgs
mechanism)
dimG� dimH = 3
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Troubles:

the real masses 6=
symm(L0)

missing gauge boson
d.o.f.'s

symm(vac) =
symm(L0)

Any suggestions?

1 spoil the gauge symmetry

2 SSB

L = L0 + LSSB
SU(2)L � U(1)Y � symmL � G
U(1)em � symm(vac) � H
Goldstone bosons must donate
the missing d.o.f.'s (Higgs
mechanism)
dimG� dimH = 3
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The SM Higgs boson

LSSB(�), �(x) /

�
0
v

�
+

�
�2(x) + i�1(x)
h(x)� i�3(x)

�

SU(2)L � SU(2)R ! SU(2)V

m�1 = m�2 = m�3 = 0 ) d.o.f.'s for massive W�; Z

mh 6= 0 (free parameter)

masses: W�; Z, fermions

gauge symmetry preserved

SM is renormalizable
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...not discovered yet

direct search

indirect limits

�2(~p) =
nX

k=1

[X
(exp)
k �X

(th)
k (~p)]2

�2k
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The Higgs mass limits

direct lower limit:

mH > 114 GeV

indirect limit:

mH = 87+36
�27 GeV

direct + indirect:

mH < 160 GeV @ 95% C.L.

\theory " limit:

125 GeV < mH < 175 GeV

0

1

2

3

4

5

6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV
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mH limits from various observables

MH   [GeV]

March 2008

*preliminary

ΓZΓZ
σhadσ0

RlR0

AfbA0,l

Al(Pτ)Al(Pτ)
RbR0

RcR0

AfbA0,b

AfbA0,c

AbAb
AcAc
Al(SLD)Al(SLD)
sin2θeffsin2θlept(Qfb)
mW*mW
ΓW*ΓW

QW(Cs)QW(Cs)
sin2θ−−(e−e−)sin2θMS
sin2θW(νN)sin2θW(νN)
gL(νN)g2

gR(νN)g2

0

24

10 10 2 10 3

Higgs mass values extracted from
di�erent EW observables. The

average is shown as a green band.

�t of all SM observables: 15%

�t of the SM observables most
sensitive to MH : < 2%
[P.Gambino, Proceedings of the EPS 2007

Conference at Manchester]

LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG/plots/winter2007/
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mH vs. Mass of Top Quark

direct CDF/D0 measurement:

mt = 172:6� 1:4 GeV

EW precision data (w/o direct
Tevatron measurements):

mt = 178:9+11:7
�8:6 GeV

the overall SM �t down to 15%

(�2=dof = 18=13)

160

180

200

10 10 2 10 3

mH  [GeV]
m

t  
[G

eV
]

Excluded

High Q2 except mt
68% CL

mt (Tevatron)

March 2008

LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG/plots/winter2008/
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mH vs. Mass of W boson

direct measurement:

Mworld
W = 80:398� 0:025 GeV

EW precision data (Z-peak + mt

measurements):

MW = 80:361� 0:020 GeV

+

mH < direct limit 80.3

80.4

80.5

10 10 2 10 3

mH  [GeV]

m
W

  [
G

eV
]

Excluded

High Q2 except mW/ΓW
68% CL

mW (LEP2, Tevatron)

March 2008

LEP Electroweak Working Group, http://lepewwg.web.cern.ch/LEPEWWG/plots/winter2008/
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Troubles with the Higgs

higher-order corrections to Higgs mass:

m2 = m2
0 + �m2 � (102GeV)2

�m2 � gM2

8�2

if M �MPlanck � 1017MW :

��� m2

0

�m2

��� � 1�O(10�32)

! �ne-tuning problem
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What is the Higgs for, anyway?

not necessary for ESB

unitarizes the SM amplitudes

(other new particles can do the same)
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Alternatives to SM Higgs

SUSY $ Technicolor

many Higgs bosons $ no Higgs bosons

new particles (fermions, spin-1 bosons)

recent ideas:

little Higgs models

Gauge-Higgs uni�cation

...
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What one can expect...

di�erent models ! similar new particles at low energy

ESB sector:

non-linear sigma-model
3 scalar �elds (Goldstone bosons)
SU(2)L � SU(2)R global symmetry
SU(2)L � U(1)Y -gauged

new particle(s) to unitarize amplitudes � 1 TeV
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don't worry, because...

...the truth is out there
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