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The LHC

Einstein: beam energy to particle mass E = mc?

— smash 4 TeV protons onto 4 TeV protons [energy unit GeV: proton mass]
produce anything that interacts with quarks and gluons
search for it in decay products
repeat every 25-50 ns

— huge detectors, actual data, commuting to CERN — experiment
field theory, strong opinions, working in villas — theory
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life as an experimentalist life as a theorist




Higgs Physics The LHC

Tilman Plehn
Weak interaction Einstein: beam energy to particle mass E = mc?
Higgs boson — smash 4 TeV protons onto 4 TeV protons  (energy unit GeV: proton mass]
(e produce anything that interacts with quarks and gluons
Discovery search for it in decay products
Properties repeat every 25-50 ns
Problem — huge detectors, actual data, commuting to CERN — experiment

field theory, strong opinions, working in villas — theory

life as an experimentalist life as a theorist
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Weak interaction

Massive interaction particles: bosons

— Fermi 1934: weak interactions n — pe~ 7el
point-like (2 — 2) amplitude A o« GFE?
probability/ unitarity violation (£ < 600 Gev]
pre-80s effective theory
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Massive interaction particles: bosons

— Fermi 1934: weak interactions (1 — pe~ 7el
point-like (2 — 2) amplitude A o« GFE?
probability/ unitarity violation (£ < 600 Gev]
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— Yukawa 1935: massive particles
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Massive interaction particles: bosons

— Fermi 1934: weak interactions (1 — pe~ 7el
point-like (2 — 2) amplitude A o« GFE?
probability/ unitarity violation (£ < 600 Gev]
pre-80s effective theory

— Yukawa 1935: massive particles
Fermi’s theory for E < M

unitary fermion amplitude A oc g?E2/(E? — M?) 7
unitarity violation in WW — WW (£ < 1.27ev) %
pre-2012 effective theory ‘

— Higgs 1964: spontaneous symmetry breaking
unitary through Higgs particle
particle masses allowed
fundamental weak-scale scalar
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Weak interaction

Massive interaction particles: bosons

Fermi 1934: weak interactions (n — pe~ el
point-like (2 — 2) amplitude A o« GFE?
probability/ unitarity violation (£ < 600 Gev]
pre-80s effective theory

Yukawa 1935: massive particles
Fermi’s theory for E < M
unitary fermion amplitude A oc g?E2/(E? — M?)
unitarity violation in WW — WW (£ < 1.27ev)
pre-2012 effective theory

Higgs 1964: spontaneous symmetry breaking
unitary through Higgs particle
particle masses allowed
fundamental weak-scale scalar

't Hooft & Veltman 1971: renormalizability
no 1/M couplings allowed
theory valid to high energy
Standard Model with Higgs fundamental
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Higgs boson

Lagrangians with famous problems

- Lag rangian from 2nd year phySiCS [Hamiltonian with wrong sign between potential and kinetic term]
— QED plus massive scalar field (r,, = 8,4, — 9,441

1 Lo 1
L:—ZFWF“ +§(5H¢)2—§mi¢2

— symmetries of Lagrangian = symmetries of theory
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Lagrangians with famous problems

Lag rangian from 2nd year phySiCS [Hamiltonian with wrong sign between potential and kinetic term]
QED plus massive scalar field (F., = 9,4, — 8,4,]

1 Lo 1
L:—ZFWF“ +§(5H¢)2—§mi¢2

symmetries of Lagrangian = symmetries of theory

spontaneous symmetry breaking

symmetric Lagrangian with non-symmetric vacuum: (¢) = v = 246 GeV
problem 1: Goldstone’s theorem

breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2
Higgs-related papers [aiso Brout & Englert; Guralnik, Hagen, Kibble]
— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 Ocroner 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note' it was shown that the Gold- about the “vacuum” solution ¢,(x) =0, @,(x) = ¢,
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of a“‘a“(:.vl)-wo,q“} =0, (2a)

symmetry under an internal Lie group occurs
contain zero-mass particles. fails if and only if
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Lagrangians with famous problems
— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars
— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2
Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

Vorume 13, Numser 16 PHYSICAL REVIEW LETTERS 19 Ocroner 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
- - (Received 31 August 1964)

A detailed discussion of these questions will be
presented elsewhere. d- about the “vacuum” solution ¢,(x) =0, @,(x) = ¢

It is worth noting that an essential feature of
the type of theory which has been described in .
this note is the prediction of incomplete multi- v if
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.”

a“{a“(_wl)-rqu A‘}:o, (2a)

'P. W. Higgs, to be published.
%J. Goldstone, Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev.

107 OB I3OLer
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

1964: combining two problems to one predictive solution
1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

S S ry Breakdown without Massless Bosons*

Perer W. Hicest
Department of Physics, University of North Carolina, Chapd Hill, North Carolina
(Received 27 December 1965)

We examine a simple relativistic theory of two scalar fields, first discussed by Goldstone, in which as a
result of spontaneous breakdown of U (1) symmetry one of the scalar bosons is massless, in conformity with
the Goldstone theorem. When the symmetry group of the Lagrangian is extended from global to local U (1)
transformations by the introduction of coupling with a vector gauge ficld, the Goldstone boson becomes the
longitudinal state of a massive vector boson whose transverse states are the quanta of the transverse gauge
field. A of the model it yped in which the major features of these phenomena are
present in zero order, Transition amplitudes for decay and scattering processes are evaluated in lowest order,
and it is shown that they may be obtained more directly from an equivalent Lagrangian in which the original
symmetry is no longer manifest. Whea the system is coupled to other systems in a U(1) invariaat La-
grangian, the other systems display an induced symmetry breakdown, associated with a partially conserved
current which interacts with itself via the massive vector boson.

L INTRODUCTION

‘HE idea that the apparently approximate nature

of the internal symmetries of elementary-particle

physics is the result of asymmetries in the stable solu-

tions of exactly symmcmc dynamical equations, rather
than an indi in the 4

appear have been used by Coleman and Glashow® to
account for the observed pattern of deviations from
SU(3) symmetry.

The study of field theoretical models which display
spontaneous breakdown of symmetry under an internal
Lie group was initiated by Nambu, who had noticed*
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Lagrangians with famous problems
— problem 1: Goldstone’s theorem

breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories

massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution

— 1966: original Higgs phenomenology

PHYSICAL REVIEW

< <

VOLUME 145, NUMBER 4 27 MAY 1966

without Massless Bosons*

Ty

Perer W. Hicest

Department of Physics, University of North Carolina, Chapd Hill, North Carolina

II. THE MODEL
The Lagrangian density from which we shall work
is given by®
£=—1g"g FoF w—1g"V 8.V 20
+imie D~} (@), (1)
In Eq. (1) the metric tensor g”=—1 (u=»=0),
+1 (u=»#0) or 0 (u¥»), Greek indices run from 0

to 3 and Latin indices from 1 to 2. The U(1)-covariant
derivatives F, and V&, are given by

Fp=0,4,—d4,,

(Received 27 December 1965)
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‘symmetry one of the scalar bosons is massless, in conformity with
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Lagrangians with famous problems
— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology

PHYSICAL REVIEW VOLUME 145, NUMBER 4 27 MAY 1966

S S Rrealkd,

Yy without M:

Bosons*

Perer W. Hicest
Department of Physics, University of North Carolina, Chapd Hill, North Carolina

e ton o et mateate i. Decay of a Scalar Boson into Two

II. THE MODEL Vector Bosons
The Lagrangian density from which we shall v  The process occurs in first order (four of the five
is given by® cubic vertices contribute), provided that me> 2m,. Let
. # be the incoming and £;, k2 the outgoing momenta.
=—18g"FoF »—1g"V 8.V, 80 Then

+imi DD~} f} (@)
e ) e "”"' il . (“) M= ifeLa* (k) (—ika,)* (k) 0% (ko) (— ks, )6* (k1))
n Eq. e metric tensor g¥=— =yp: —e(ip)[a**(k)* (& 5 (ks)o* (b
+1 (u=»#0) or 0 (u¥»), Greek indices run fro '('P_)g:,,,(,,’zrk ();z;igka)—(;?oég(gj)é'(k )}
to 3 and Latin indices from 1 to 2. The U(1)-covar 1%L o L 25
derivatives F,, and V@, are given by By using Eq. (15), conservation of momentum, and

— _ the transversality (k.b*(k)=0) of the vector wave
Fo=0,4,—84,, functions we reduce this to the form
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Lagrangians with famous problems
— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— 1976 etc: collider phenomenology

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

Received 7 November 1975

A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass
is similar to that of the pion, the Higgs boson may be visible in the reactions = “p — Hn or
4p — Hp near threshold. If its mass is <300 MeV, the Higgs boson may be present in the
decays of kaons with a branching ratio O(10-7), or in the decays of one of the new par-
ticles: 3.7 = 3.1 + H with a branching ratio O(10=2). If its mass is <4 GeV. the Higss
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories

massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs-related Papers [also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— 1976 etc: collider phenomenology

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva

334 J. Ellis et al, | Higgs boson

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.

Higgs

1s such as

mass of

[ its mass
p—+Hnor
ntin the

aeccays 01 Kaons witn a Drancning ratio Uiiv "), or in e aecays of one o1 e new par-
ticles: 3.7 = 3.1 + H with a branching ratio O(10=2). If its mass is <4 GeV. the Higss
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs—related Papers |[also Brout & Englert; Guralnik, Hagen, Kibble]

— 1964: combining two problems to one predictive solution
— 1966: original Higgs phenomenology
— 1976 etc: collider phenomenology

= Higgs boson predicted from mathematical field theory
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs field vs Higgs particle

— fundamental SM gauge symmetry SU(2); x U(1)y ’
observed unbroken: electromagnetism U(1)q ﬂ
>
— forbidden by SU(2), but allowed by U(1)q: r )
weak gauge boson masses my 7 v

fermion masses of kind m; g
=- masses proportional to expectation value of Higgs field (¢) = v = 246 GeV
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem

breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars

— problem 2: massive gauge theories

massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

Higgs field vs Higgs particle

— fundamental SM gauge symmetry SU(2); x U(1)y ’
observed unbroken: electromagnetism U(1)q ﬂ
>
forbidden by SU(2), but allowed by U(1)q: r )
weak gauge boson masses my 7 v

fermion masses of kind m; g
masses proportional to expectation value of Higgs field (¢) = v = 246 GeV

complex SU(2) doublet ¢:
3 Goldstone modes eaten as longitudinal W and Z
4th physical mode (¢) = (v+ H) = v

Higgs particle H coupling proportional to masses
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Lagrangians with famous problems

— problem 1: Goldstone’s theorem
breaking SU(2); x U(1)y — U(1)q produces 3 massless scalars
— problem 2: massive gauge theories
massless gauge bosons have 2 polarizations, massive have 3, and 3 # 2

In terms of Higgs potential

V =i?p® + Ag|*

. 4
minimumat ¢ = —

V2

oV s 5 v2

= 2\ =

ol " +2\8° = 5
" v+ H
excitation = —

=z
82
m?, :a—H\g =2x\2

minimum
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Things you never dared to ask...

- Nevems =0 - E ['cross section [fb] times luminosity [1/fb]']

— signal: everything new, exciting and rare
background: yesterday’s signal

— Standard Model w/o Higgs: background theory
QCD: evil background theory

— jet: everything except for leptons/photons
crucial: what makes a jet 1q,9,6, 7, W, H, 1l

— always statistics: o5 ~ 1070y

= discovery #o ~ Ng/+\/Ng > 5 [background fake probability py < 5.8 x 10~7]
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LHC

Things you never dared to ask...

- Nevems =c-L [‘cross section [fb] times luminosity [1/fb]']

— signal: everything new, exciting and rare
background: yesterday’s signal

— Standard Model w/o Higgs: background theory
QCD: evil background theory

— jet: everything except for leptons/photons
crucial: what makes a jet 1q,9,6, 7, W, H, 1]

— always statistics: o,z ~ 1070y

= discovery #o ~ Ng/+/Ng > 5 [background fake probability gy < 5.8 x 10~7]




HoesPvses — Higgs searches

Tilman Plehn
Weak interaction Higgs decays easy
Rldosesen — weak-scale scalar coupling proportional to mass
Lﬂc — off-shell decays below threshold
E:Z::Zs — decay to v via W and top loop
Problem '

500 1000

M, [GeV]

& suzesighting of a higgs.. Peer Higgy
Fis

on the shotes ofthe Fixth of Fouxth
by Frof ] D Jackson, Juky 1960
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Higgs searches

Higgs decays easy

— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to vy~ via W and top loop

= my = 125 GeV would be perfect

& suzesighting of a higgs.. Peer Higgy
Fis

on the shotes ofthe Fixth of Fouxth
by Frof ] D Jackson, Juky 1960
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Higgs searches

Higgs decays easy

— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to v+ via W and top loop

= my = 125 GeV would be perfect

Higgs production hard  [7-8 Tev, 5-15/fb]

— no tree-level coupling to proton constituents
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Higgs searches

Higgs decays easy
— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to v+ via W and top loop
= my = 125 GeV would be perfect

Higgs production hard  [7-8 Tev, 5-15/fb]

— no tree-level coupling to proton constituents

Who built this gluon—gluon collider with experiments excellent at photon
reconstruction to find a particle which couples to mass???
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Higgs searches

Higgs decays easy

— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to v+ via W and top loop

= my = 125 GeV would be perfect

Higgs production hard  [7-8 Tev, 5-15/fb]

— no tree-level coupling to proton constituents
— help from quantum effects

gluon fusion production loop induced [ ~ 15000 fo]
weak boson fusion production with jets [+ ~ 1200 )
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Higgs searches

Higgs decays easy
— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to v+ via W and top loop
= my = 125 GeV would be perfect

Higgs production hard  (7-8 Tev, 5-15/fb]

— no tree-level coupling to proton constituents
— help from quantum effects
gluon fusion production loop induced [ ~ 15000 fo]
weak boson fusion production with jets [+ ~ 1200 )
— easy channels for 2011-2012

pp — H — ZZ — 4¢ fully reconstructed
pp — H — v~ fully reconstructed
pp — H— WW — (¢~ p)(¢tv) large BR
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Higgs searches

Higgs decays easy

— weak-scale scalar coupling proportional to mass
— off-shell decays below threshold
— decay to v~ via W and top loop

= my = 125 GeV would be perfect

Higgs production hard  (7-8 Tev, 5-15/fb]

— no tree-level coupling to proton constituents
— help from quantum effects
gluon fusion production loop induced [ ~ 15000 fo]
weak boson fusion production with jets [+ ~ 1200 )
— easy channels for 2011-2012

pp — H— ZZ — 4¢ fully reconstructed

pp — H — v~ fully reconstructed

pp — H— WW — (¢~ o)(¢tv) large BR
— harder channels from 2012

pp — H — 77 plus jets
pp — ZH — (¢+¢~)(bb) boosted
etc...
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4th of JU|y fireworks [together over 100 subchannels]

— ‘silver channel’ H — vy

local significance 4.50 (ATLAS), 4.1 (CMS)

%7000 E cus Preliminary —4— SIB Weighted Data
~ o Lmt SeB i
’(2180 g ;;1:\\;;:; ;: Bkg Fit Component
©1600 ' =
© 20
1400
v,
glzoo
100
T 80
} ]
5 60
T 40
=
200F
b I 1
0 120 140
m,, (GeV)
cMs ]

s=7TeV,L=511fb"
§=8TeV,L=531b"

S/B Weighted Events / (1.67 GeV)

Faea sgnal
a sunig

pr—

m,, (GeV)



IS Fes Higgs discovery
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e et 4th of JU|y fireworks [together over 100 subchannels] ‘_:G :g “'dm Ha‘w e)‘(pec(e‘d P, 'ATLAS Proliminan
Higgs boson ‘i ) § oreret
— ‘silver channel’ H — v
LHC R . = = 20
_ local significance 4.5¢ (ATLAS), 4.1 (CMS' Mmooz o
Discovery S— rData 2011 /s =7TeV. o
5 3
Properties - Exp. 2011 \ det =481
Obs."201. Data 20127/ =8 TeV' o
Problem Exp. 2012 5
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110 115 120 125 130 135 140 145 15

my [GeV]



Higgs Physics

Tilman Plehn

Weak interaction
Higgs boson
LHC

Discovery
Properties

Problem

Higgs discovery

4th of JU|y fireworks [together over 100 subchannels]

— ‘silver channel’ H — v

local significance 4.50 (ATLAS), 4.1c (CMS)
— ‘golden channel’ H — ZZ — 4¢

local significance 3.40 (ATLAS), 3.20 (CMS)

Events/5 GeV

Events/5 GeV

ig:;iground 770 ATLAS Preliminary

B orcgnnegi H-22' w40
[ Signal (=150 Gev)  fLdt = 5.9 fb"
-Slgnal(mH=190GeV) Vs=8TeV
w4 Syst.Unc!

100 150 200 250
m, [GeV]
* Data -
B Background 22 ATLAS Prellmlnary

Background Z+jets, tt
E Slgngl (m IZSJ GeV) H%ZZ 6411‘
[ Signal (m'=150 Gev) [Ldt=5.8 fb"
[ Signal (m =190GeV) (s=8TeV
w2 Systunc.”

100 150 200

250
m, [GeV]
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Higgs discovery

4th of JU|y fireworks [together over 100 subchannels]

— ‘silver channel’ H — v

local significance 4.50 (ATLAS), 4.1c (CMS)
— ‘golden channel’ H — ZZ — 4¢

local significance 3.40 (ATLAS), 3.20 (CMS)

10°

—— Obs. combined ATLAS Preliminary 3§
Exp. combined o
Obs. 2011 H>2Z"~4l
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Problem local significance 3.4 (ATLAS), 3.20 (CMS)
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= Rolf Heuer: ‘We have it’
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Observation of a new boson at a mass of 125GeV with the

CMS experiment at the LHC CERN-PH-EP-2012-218

‘Submitted to: Physics Letters B

The CMS Collaboratiorl*!

Observation of a New Particle in the Search for the Standard
Model Higgs Boson with the ATLAS Detector at the LHC

31 Jul 2012

31 Jul 2012

The ATLAS Collaboration
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Open questions

1. What is the ‘Higgs’ Lagrangian?

— psychologically: looked for Higgs, so found a Higgs
— CP-even spin-0 scalar expected
spin-1 vector unlikely
spin-2 graviton unexpected
2. What are the coupling values?

— ‘coupling’ after fixing operator basis
— Standard Model Higgs or else?

3. What can we expect?

— weak boson fusion analyses still weak
— VH and {tH production missing
— self coupling accessible?

4. What does all this tell us?

— models predicting weak-scale new physics?
— renormalization group based Hail-Mary passes?
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Couplings

Standard-Model-inspired model

— assume: narrow CP-even scalar
Standard Model operators
couplings proportional to masses?

— couplings from production & decay combinations

99 — H

— qqH
gg . %7./ — Grx = ix (14 Ax)

qq — VH

— H — bb

H— ZZ
H— Ww
H— v~
H — ~y
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Standard-Model-inspired model

t
— assume: narrow CP-even scalar bt
Standard Model operators > w2

couplings proportional to masses?
— couplings from production & decay combinations

H— z2Z
g9 — H
qq — qqH -~ How
gg — ttH gHxx = Gixx (1 + Ax) A - -~
a9’ — VH H— "1
H — ~v

= almost too exactly the prediction of 1964

2 m‘ L=4.6-5.1(7 TeV)+12-21(8 TeV) fb™', 68% CL: ATLAS + CMS
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Problem with scalars

Theory perspective

massless SU(3) and U(1) gauge bosons
massive W, Z bosons

— weak-scale Higgs scalar
generation mixing of massive quarks and leptons
- Lagrangian £ D> —m2, W, W+ — mgUV + gHWW
= renormalizable < valid to high scales < fundamental
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Problem with scalars

Theory perspective

massless SU(3) and U(1) gauge bosons
massive W, Z bosons

— weak-scale Higgs scalar

generation mixing of massive quarks and leptons
- Lagrangian £ D> —m2, W, W+ — mgUV + gHWW
= renormalizable < valid to high scales < fundamental

Experimental perspective

dark matter? [solid evidence for low—scale new physics]

quark mixing — flavor physics?  [new operators above 10% Gev?]

neutrino masses and mixing?  [see-saw at 10! Gev?)

matter—antimatter asymmetry? [universe mostly matter?]
— gauge coupling unification?  [experimental fact]

gravity missing?  [negiigible at LHC]
= plenty of new physics scales
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Problem with scalars

— Heisenberg: quantum corrections to Higgs mass...

[AtAE < 1]

Ararrarrasaas
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M Q ,,,,,,
Problem with scalars

— Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster
g2 3 A2

2 2 2 2 2 2
my, — my — @) 2 8, [m,_,-~-2mw-~-mZ 4mr] +

- HIggS mass pulled to cut-off A > 126 GeV [where Higgs at A does not work]
— hierarchy problem — Higgs scalar needing stabilization?
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Problem with scalars

ROSES
Problem with scalars t

— Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster
gz 3 A2

2 2 2 2
@)y 2 msv [m,_,+2mW+mz—4mt]+~~~

> )
my — My —

HIggS mass pulled to cut-off A > 126 GeV [where Higgs at A does not work]
hierarchy problem — Higgs scalar needing stabilization?
= still no idea where the Higgs field comes from

A detailed discussion of these questions will be
presented elsewhere.

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.”

'P. W. Higgs, to be published.

%J. Gold: , Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev.
127, 965 (1962).

P. W. Anderson, Phys. Rev. 130, 439 (1963).
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Problem with scalars t

— Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster

2 2
3 A
g ——[mz,_,+2m2W+m§—4mt2]+~~

2 2
mgy — mg —
H Mo (4m)? 2 mB,

- nggS mass pulled to cut-off A > 126 GeV [where Higgs at A does not work]
— hierarchy problem — Higgs scalar needing stabilization?
= still no idea where the Higgs field comes from

My LHC wish list
— fundamental Higgs?
— new physics stabilizing Higgs mass?
— dark matter candidate?
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Problem with scalars

Problem with scalars t

— Heisenberg: quantum corrections to Higgs mass
lead to effective theory desaster

2 2
3 A
g ——[mz,_,+2mzw+m§—4mt2]+~~

2 2
mgy — mg —
H Mo (4m)? 2 mB,

- HIggS mass pulled to cut-off A > 126 GeV [where Higgs at A does not work]
— hierarchy problem — Higgs scalar needing stabilization?
= still no idea where the Higgs field comes from

My LHC wish list

— fundamental Higgs?

new physics stabilizing Higgs mass?
dark matter candidate?
— or Something totaIIy different? [Uli Baur: always new physics at new scales]




Exciting times...

...for LHC physicists

— Higgs discovery after almost 50 years  waiting since Fermi]
— detailed studies just starting
— many new channels at 13 TeV

=- new ideas in high demand

Lectures on LHC Physics, arXiv:0910.4182 updated under www . thphys.uni-heidelberg.de/~plehn/
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