del & Beyond

- =

The Standard Mo

- ¥ .;.J‘..l.-r.
sy -;-. r-_'-."l el
- i
= e .w
¥ i 1=

el PR A John Ellis
M Not only the Higgs discovery — Rl
| though that is important!

- T:.U. LONDON G
B
e -

o ¥ o,

*“




Programme of Lectures

~« The road to the Higgs discovery
* Characterizing the new particle

* What else?
— Supersymmetry?

— Future accelerators?

— Cosmological inﬂation?
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The Standard Model |

= Cosmic DNA

The matter particles

9 i - neutring @ slecton

@ L - neutrin @ Fiuon
Q T - neutrino 0 tau

Where does

mass

come from‘?

Gravitation electromagnetism  weak nuclear force strong nuclear force |



Open Questions within & beyond
the Standard Model

- * What is the origin of particle masses?

due to a Higgs boson?

* Why so many types of matter particles? —&8§

t

* What is the dark matter in the Universe? —Z&

* Unification of fundamental forces?

| * Quantum theory of gravity?




To Higgs or not to Higgs?

* Need to discriminate between different types
of particles:

— Some have masses, some do not
— Masses of different particles are different

* In mathematical jargon, symmetry must be
broken: how?

— Break symmetry in equations?
— Or In solutions to symmetric equations?

~|* This 1s the route proposed by Higgs

— Is there another way?
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Where to Break the Symmetry?

* Throughout all space?
— Route proposed by Higgs et al.
— Universal Higgs field breaks symmetry

* Or at the edge of space?
— Break symmetry at the boundary?

* Not possible in 3-dimensional space
— No boundaries
— Postulate extra dimensions of space

| * Dafferent particles behave differently in the
| extra dimension(s)
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Standard Model Particles:
Years from Proposal to Discovery

Electron i |

Photon ! I

Muon l

Electron neutrino | I
Muon neutrino ! |
Down
Strange
Up
Charm
Tau

dottom

Gluon

W boson i

£ boson |

Top |
Tau neutrino i

HIGGS BOSON

Source: The Economist



Summary of the Standard Model

* Particles and SU(3) x SU(2) x U(1) quantum numbers:

Lr ( Ve ) j ( e ) j ( T ) (1,2,-1)
r \H Jp \T /g
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o () () (1), | ems
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* Lagrangian: ;, — _1 Fe Fer  gauge interactions
4 M .
. 7 matter fermions
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|D#O|2 o V(Q)

Yukawa interactions

Higgs potential
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Status of the Standard Model

* Perfect agreement with all confirmed
accelerator data

* Consistency with precision electroweak data
(LEP et al) only if there is a Higgs boson

* Agreement seems to require a relatively light
Higgs boson weighing < ~ 180 GeV

* Raises many unanswered questions

mass? flavour? unification?
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Precision Tests of the Standard Model

Lepton couplings
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Measurement Fit — |O™*-0")/o™*

0. 1.2.3
m,[GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023 24959
o [nb] 4154040037  41.478
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A(SLD)  0.1513+0.0021  0.1480
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The Standard Model Lagranglan

= Quiv"DiQr + qriv* Ditqr + Lrin* DLy + lpin* Dillg
Lo= —le..B“’” — l1%1/"[“;,T«’V“"“""“' v [Experiment: accuracy < %
Ly = (D;¢)/(D"¢) — V() No direct evidence
Ly = ysQrodqs + v.Qréqh + yrLrdly H until July 4, 2012
DL =0, — igWeT® —iYg'B, |
V(¢) = —pu’¢* + Ag*




The (G)AEBHGHKMP’tH Mechanism
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BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium

(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLE: AND GAUGE FIELDS

W. HIGGS

Fual fnstitute of Methemalical PLysies | Dnteersily of Eduinburph Se ollamd

Recelved 27 July 1964

VoLUuME 13, NUMBER 16 PHYSICAI. RE‘E’]EW LETTE

The only one

BROKEN SYMMETRIES AND THE MASSES OF GA .
who mentioned a
Peter W. Higgs

Tait Institute of Mathematical Physics, University of Edinburgh, .
131 Auoust 1964) massive scalar boson

PONANEOUS VBEAKDOWN OF STRONG INTERACTION SYMMETRY AND THE

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES* R
G. 8. Guralnik,7 C. R. Hagen,i and T. W. B. Kibble A A, MIGDAL=

Department of Physics, Imperial College, London, England

(Recelved 12 October 1964)
The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




The Englert-Brout-Higgs
Mechanism

Vacuum expectation value of scalar field
Englert & Brout: June 26" 1964
First Higgs paper: July 27" 1964

Pointed out loophole in argument of Gilbert if
gauge theory described in Coulomb gauge

Accepted by Physics Letters

Second Higgs paper with explicit example sent on |
July 31% 1964 to Physics Letters, rejected!

Revised version (Aug. 31% 1964) accepted by PRL |
Guralnik, Hagen & Kibble (Oct. 12" 1964) |




But the Higgs Boson

Guralnik, Hagen & Kibble

Englert &

hich -
'was partially solved Ind

bs 3 resembla : cory *¥
(2b) o ur starting point is the ordinary =
e mayEmics of massless spin-zero particles, [

(2¢) characterized by the Lagrangian

(2a) " We consider, as oug

It is worth noting that an essential fea‘ture .of &= —%F“p{a A -84 )+ i-F'u'yF
the type of theory which has been described in [T s
this note is the prediction of incomplete multi-
plets of_ scalar and vector bosons.® It is_ to be g + 'J‘Plﬂ' @ + %qﬂ' “q} +ie ﬂﬁﬂpqqﬂﬂ .
; = - " H H

-

4 With no loss of generality, we can take n,=0,

Also ~ and find |
Goldstone 1n

— 17k -
N " " % ; b g & where the superscript T denotes the trdnsverse %
9 . - q SN ': i ".'-‘w.* o part. The two degrees of freedom of fd‘i- com- |

» (a) (b) | bine with @, to form the three cs:rmp_ﬂnents Gf a ”’0

¥ FIG. 1. Broken-symmetry diagram leading to a - i s
',‘ mass for the gauge field. Short-dashed line, {p,); e '_,.:’
~ long-dashed line, ¢, propagator; wavy line, 4, propa- o T
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The Higgs Mechanism

Postulated effective nggs potentlal ]
V [r-‘ —J{._f r} ' + )\,[u r}]

Minimum energy at non-zero value:

1 0 [ 2
On == Ul == T ' . / _:“
b 0[]0 _ (H) 0=\
Components of nggs field: o) = —=(v+ o(a))e"

E._' -

 massless, o massive: m2 = 2% = 2\

Couple to fermions: on-zero masses: M, = y;

Fj{f

After gauging: Mw =5
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Abelian Higgs Mechanism

* Lagrangian
N+ | o 1 , o
L= (Duo) (D'o) —V(|¢]) — G Fw ™. Dy =0y —icA,
* Gauge transformation ¢'(z) = ¢ ¢(z) = ") g ()
1.
AL(;{:) A, (x) + Ef)ﬁﬂ*(;lf)

* Choose a(x)=—0(x). &'(x)=n(x)

* Rewrite Lagrangian: £ = |(0 — ieAj)n|* = V(n) — F,, F " |5

L= (O —iedl)(v+ FH) = 1F, F™ =V

7
1 ! /v 2 2 Al Al 1 2 2 2

= —EFWF +ovte” A AT + 5[(0”1?) —myH®| + ---
massive A-field, m s ~ ev neutral scalar, m gy 75 0




NambuEB, H, GHK and Higgs

Spontaneous symmetry breaking: massless Nambu-
Goldstone boson ‘eaten’ by massless gauge boson




Masses for SM Gauge Bosons

, 1 1
L= _1 {W.twr”'iw — —F,uuF'“H

where G.. =0.W, -0, W: +igeWiw}r F,, = 9, W}

* Kinetic term for Higgs field:
| Lo= —|E’F¢r,-"}|2 D,=9,—1igo; I-T-"; —ig Y B,

|* Expanding around vacuum: ¢ =< 0/6[0 > +

* Kinetic terms for SU(2) and U(1) gauge bosons:

9, '}i _




Higgs Boson Couplings




Why a Higgs Boson 1s Needed

* Trouble with WW scattering: M ~ E’

— =» uncontrollable infinities in loop diagrams

WiWip — Wi Wy,

can be cancelled by

_|_

with HWW couplings M=~ —~ ( +

| Similar for fermions

~ - ., scalar exchange
My = S ” + SV, 4 W W
" W RPN B - . ¥
Mg = e —— . + | H
+ -
2 E> e S
JHHHTGV"‘C'(U for E
22 s
= —g é2 + O(1) for £ — oo -M M \ + '.]I“(I_"ﬁ'
12 12
M2 M3 M3
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A Phenomenologlcal Proﬁle
of the Higgs Boson

* First attempt at systematic survey
A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

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

A
l.' !' "l'n ddi

Eecejved 7 Moveinbey 1975

A discussion is given of the production, decay and observability of the scalar Higps
boson H expected in gauge theornes of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of

bl

We should perhaps finish with an apology and a caution. We apologize to ex- e
| | perimentalists for having no idea what is the mass ot 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.
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A Preview of the Higgs Boson (@ LHC

vs (TeV)

l
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Constraints on Higgs Mass

Electroweak observables sensitive via quantum loop
corrections: | a

My sin? By = mf, cos? By sin? By = — (1 + Ar)
] vV 2GE
Sensitivity to top, Higgs masses:
.:_.[:'1 ) — o -
LT F 2 \.,-“’2'::_7 T g, 11 ﬂfi .
— =1 — f m2,(=—In— +...), My >> my
KT\ 2 167r= 3 msy

Compare with lower limit from direct search at LEP:
m, > 114 GeV

and exclusion around (160, 170 GeV) at TeVatron
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The State of the Higgs: July 2011

6 July 2011 R

Direct search limit from LEP:

vi Al =

(3)

m, > 114.4 GeV 1 Wistem i
4 - nol low Q®data  ff ; —
Electroweak fit sensitivetom, - )
<
(Nowm, =173.1+1.3 GeV) . !
Best-fit value for Higgs mass: " -
0 Exclludledl | I"'-f:_l.,
m, = 94", GeV 30 100
o M., [GeV]
95% confidence-level upper limit:

m, < 161 GeV

Tevatron exclusion:
m, < 156 GeV or> 177 GeV




2011: Combining Information from
Previous Direct Searches and quirect Da

20

r
= |
= 7

—— Fit including theory errors
---- Fit excluding theory errors




A la recherche

i Higgs Production at the
Higgs perdu ... LHC

3

LHC HIGGESE K5 WS 2092
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— t,thd  w----- H - ~
— — =

6(pp — H+X) [pb]
o

=%

-

M, [GeV]

Many production modes measurable if M, ~ 125 GeV ot



oo =»Higgs Production at the LHC
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- ||||||| de Florian and Grazzini

sr: Anastasiou, Boughezal, Petriello and Sioeckli
.................................................

.................................................
100 150 200 250 300 350 400 450 500 3550 600 100 150 200 250 300 350 400 450 500 550 600

M, [GeV] M, [GeV]

o Calculated at Next-to-next-leading order
(NNLO) including leading higher-order logs
(NNLL)

| » Good agreement between theoretical groups

e Significant risefrom 7to 14 TeV




Higgs Decay Branching Ratios

* Couplings proportional to masses (?)

a

90000000008
f
L H B
t 5 107 |
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q ' @ 102 | |
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* Important.couplings through léops:
—(gluon + gluon — Higgs —{ vy
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{c) CERN. All rights reserved.
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(s=7TeV | Ldt=005f" Apr24, 2011

Events / 5 GeV

ATLAS Preliminary
H—zZ"' 4l channel

[ Signal (m =125 GeV)
I Background 22"

I Background Z+jets, tt
—4— Data

Data - Background

7300 350 400 450 500
M, [GeV]




Unofficial Combination of Higgs Data

1o - 10ifb 0610312013

Is this the

w i |||“|“‘|‘|‘“||||“

-' ‘-"' w' e T

No Higgs here!

300 400 600
nggs boson mass Gia‘wl'h:2
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