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Mass vs BEH Mechanism

The BEH Mechanism

Higgs boson production and decays
Pre-LHC Higgs Searches at Colliders
Building Blocks for a Discovery

Higgs Discovery (Golden Channels)

Higgs JPC

. “This could be the discovery of the century. Depending,
Other (Silver) Channels of course, on how far down it goes.”

Disclaimer: completely unbalanced
set of results from CMS and ATLAS
No attempt to have the latest results everywhere



Other (Silver) Channels
Detailed study on Couplings
Higgs width

Invisibly decaying Higgs
Higgs and Vacuum Stability
Hierarchy Problem & SUSY
Search for other Higgs

What to expect in the future ?
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Only 2% of the proton mass is
form Of energy due to quarks...most of it is

QCD confinement energy
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Lesson O

Do not go around saying:

“The Higgs mechanism explains the
origin of the mass in the Universe...”

It is simply incorrect...
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Z boson

EWK Symmetry Breaking

BHE mechanism makes the small range and
weak interaction (massive Ws and Z)

Same time allows for fermion masses

91.2 GeV/c?

0 Z°




A world without mass ?

91.2 GeV/c?

0 Z°

80.4 GeV/c?

Without giving masses to fermions
it would be impossible to form stables atoms

Light W ? > Faster reactions and a Cold Universe



How to include the mass ?

My

These terms are not allowed by gauge invariance
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The BEH Mechanism

SU2), x U(l)y =U)yy

Introduce one complex scalar dolublet of SU(2);, with Y =1/2:

0
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¢ = ( ! ) ¢« L|= (D"¢)' Dy — p*¢'¢ — N(¢'¢)?
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where D¢ = (9, —igA;T* —1g'YyB,), (T14=0%/2, a=1,2,3).

The SM symmetry is spontaneously broken when (¢) is chosen to be (e.g.):

o 12 1/2
) with v = ( f\ ) (n? <0, A > 0)

The gauge boson mass terms arise from:
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The BEH Mechanism

And correspond to the weak gauge bosons:

e
1

while the linear combination orthogonal to Zﬂ remains massless and

0
Z n

(QA?I - g’Bu.) — | Mz = g + g/2 v

corresponds to the photon field:
1
9>+ 9

(QA + gBy)

)

the W and Z masses are related by: | Mw = Mz cos @,

cos 0, =




The BEH Mechanism =Es

The scalar sector becomes more transparent in the unitary gauge:

i
v

, evX(Z)T 0 SU©2) 1 0
d(r) = —— — o(z) = —
V2 v+ H(x) 2\ v+ H(x)

after which the Lagrangian becomes

£:u%fhmMH3—iH4:—%M%HQ— %mmﬂﬂ—%xH4

e

Three degrees of freedom, the xy*(x) Goldstone bosons, have been
reabsorbed into the longitudinal components of the W) * and Z, 0 weak

gauge bosons. One real scalar field remains:

the Higgs boson, H, with mass | M = —2u? = 2\v?

and self-couplings:
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The BEH Mechanism =

From (D*¢)'D,¢ — Higgs-Gauge boson couplings:

7l U
v v LH
“L M2 % ! M2
LV s _ LV
TFS\LT" = 2=ty F =22
RN
v VY ‘H
: The entire Higgs sector depends on only two parameters, e.g.

My and v

v measured in p-decay:
v = (V2GFr)™1/? = 246 GeV

SM Higgs Physics depends on Mg




Consistency of Gauge Interactions
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W *W, - 2> W, *W, " scattering

To restore unitarity one needs to post
a Higgs boson with mass below 800 GeV

Otherwise new physics should come
at the TeV scale to rescue us
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Fermion Masses

Mass / Weak Scale
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Why such a mass hierarchy ?

Mass <0
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Higgs Couplings to SM

Couplings proportional to masses of particles
-=> This determines the phenomenology
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Higgs Production (LHC)

\s=14 TeV
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Hi '
ggs Production (LHC) For a Higgs of 125 GeV
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Higgs Program in a Glance

Channel
categories
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Beat t h e 5 PP/pp cross sections
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Want a Nobel?...find a resonance =58
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The Golden Channels

Irreducible background from di-photons

Vs=7 TeV

Higgs decay to photons R0=0,4, E»]l-mx=3 GeV

solid: NLO, dashed: LO VWA

qq =y

do/dm,, [fb/GeV]
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....and background from y+jets and jet-jet
with jets faking photon signals....
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A resonance out of a huge non-resonant background
Key: good photon energy/momentum reconstruction




ylden Channels
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Very clean and high-resolution channel

Background dominated by
Diboson (ZZ*) w/wo resolved Zs

with contributions from
other processes (Z+jets) and top
production with jets faking leptons

(few events piling up in a given mass will be

enough to claim discovery)



Pre-LHC Higgs Results

Electroweak Fits
Tevatron Searches
Searches at LEP



Absolute limits on Higgs from LEP

LEP : e+ e- collider @ CERN : up to 210 GeV
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A hard decision was taken to stop LEP and allow for the LHC
program to start .. Quite the right decision.. we know now
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Electroweak Fits

(indirect Higgs Mass constrains)

=144 GeV
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CERN (Geneva) LHC across the France-Switzerland border







LHCConstyructlon




LHC will run for 15 years..
A total of 6 10'5 collisions

LHC - B CERN
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ATLAS

e (relevant to photon ID)

(R =1082 mm

Inner Detector - Barrel (B)&End-cap (E) in 2T solenoidal
magnetic field:

* Track reconstruction up to |n|<2.47;

* Conversion verticies reconstruction;

* e/y and e/rt* separation;

rL PRt * Pixel: (B) 3 layers +(E) 2x3 disks 0,,~10 pm, 6,~115 pm;
gy B e * Semi Conductor Tracker: (B) 4 layers +(E) 2x9 disks
R =371 mm 0,,~17 pm, 6,~580 pm;
LR =299 mm * Transition Radiation Tracker: (B) 73 layers +(E) 2x160
layers 0,~130 pm;

Cells in Layer 3

R =122.5 mm
Pixels { R = 88.5 mm Ad~An = 0.0245%0.05
wAn = 45«

R = 50.5 mm
R=0mm

LAr lead sampling calorimeter with an
‘accordion’ geometry.
* 3 longitudinal layers with cell of AnxAeg:

* 1stlayer (0.003+0.006)x0.1;

* 2" ayer 0.025x0.025;

* 3 ]ayer 0.050x0.025.
* Presampler for |n|<1.8 AnxA@~0.025x0.1.
* Barrel-end-cap crack |n|=1.37+1.52. " I
* o(E)/E=(10-17%)(n)/VE(GeV) @ (1.2:1.8%). I/

Stnp celis in Layer 3

S Colls in PS
Ad=an = 0.025%0.1



WATLAS

1 EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC




@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




LHC Performance (2010-2018)

Spectacular LHC performance
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Multiple Interactions

:E&PHT&NSI Up to 60 interactions / crossing
(requires enormous efforts to

understand the reconstruction
of the physics objects...)

ATLAS Online, 13 TeV JLdt=132.7 fo

2015: <u>=134
2016: <pu> = 25.1
2017: <u>=37.8
2018: <u>=37.3
Total: <u> = 33.9

Recorded Luminosity [pb "7/0.1]

Z = uu events with
20 interactions on top

Mean Number of Interactions per Crossing



Building Blocks
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X/X,

AX/X,

Building Blocks
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® Corrected MC

Building Blocks
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Fractional JES uncertainty
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SM Physics

Selected results on
jets, photons, W/Z+jets, Top quark,
Dibosons....

Just to illustrate the Glory of the SM
(processes relevant for searches later on...)
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. As by July 2014
SM Cross Section Summary

Standard Model Total Production Cross Section Measurements
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As by July 2018

SM Cross Section Summary

Standard Model Production Cross Section Measurements

Status: July 2018
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Towards the discovery

Notes on statistics
The discovery channels



Notes on Statistical Significance
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£(0,6(0))

Only background ?

2y = A(0,0) =

Z(4,0)

g, =—2InA,

I”

Test of “null” hypothesis of no signal

If a real signal appears ... p, 2 0
(once p,< 2.87 x 107 > Discovery)



In the case of very small

signals (limited sensitivity)

the use of p, to exclude signals
can lead to false exclusions if the

data fluctuates down....

In these cases it is better to use
CLs ... which is conservative in the
exclusion

If CLs < 0.05 = excluded at 95% CL

CL,

(do not exclude your signal...)
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Expected for
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Building up the peaks..

Higgs decay to photons
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Higgs decay to photons

As in Moriond 2013
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A mass peak in the vicinity of 125 GeV
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A mass peak in the vicinity of 125 GeV






"The ATLAS and CMS collaborations, for the discovery of a Higgs boson, as predicted
by the Brout-Englert-Higgs mechanism
and to
Michel Della Negra, Peter Jenni, and Tejinder Virdee, for their pioneering and
outstanding leadership roles in the making of the ATLAS and CMS experiments”

..... it was announced during the LHCP Conference in Barcelona, May 17t 2013...



8th Oct. 2013 ,ﬁ'&% The Nobel Prize in Physics 2013
¥ Francois Englert, Peter Higgs

The Nobel Prize in
Physics 2013

Francois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider"




‘g:'*:# Fundacion S.A.R. el I’n}n"ipe de Asturias
%:.xé Principe de Asturias ECTHe d 00

de la Fundacion

© INVESTIGACION
CIENTIFICA Y TECNICA

Peter Higgs, Francois
Englert y el CERN

“...acuerda por unanimidad conceder el

de forma conjunta a los fisicos Peter Higgs (Reino Unido) y
Francois Englert (Bélgica) y a la institucion internacional CERN,
el Laboratorio Europeo de Fisica de Particulas, por la prediccion
teorica y deteccion experimental del Boson de Higgs.”

Oviedo, 29 de Mayo de 2013



Higgs at the PDG

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.Ibl.gov)

In the following HO refers to the signal that has been discovered in
the Higgs searches. Whereas the observed signal is labeled as a spin
0 particle and is called a Higgs Boson, the detailed properties of HO
and its role in the context of electroweak symmetry breaking need to
be further clarified. These issues are addressed by the measurements
listed below.

Concerning mass limits and cross section limits that have been ob-
tained in the searches for neutral and charged Higgs bosons, see
the sections “Searches for Neutral Higgs Bosons” and “Searches for

Charged Higgs Bosons (Hi and Hii)”, respectively.

H® MASS
A combination of the results from ATLAS and CMS, where a recent unpublished result
from CMS is used, yields an average value of 125.6 0.3 GeV, see the review on “Status
of Higgs Boson Physics.”

VALUE (GeV) DOCUMENT ID TECN  COMMENT
125.7+0.4 OUR AVERAGE

125.5+0.27 02 2 AAD 13AK ATLS pp, 7 and 8 TeV

125.8+0.4+0.4 3 CHATRCHYAN13J CMS pp, 7 and 8 TeV




Higgs at the PDG (as by 2016)

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.Ibl.gov)

AlTLAS ~—Total [ | Stat. only

Run 1: Vs = 7-8 TeV, 25 fb”, Run 2: s = 13 TeV, 36.1 fb™ Total  (Stat. only)

|
Run 1 H—4l | . ' 124.51+ 0.52 ( + 0.52) GeV

Run1H—yy ' 1 126.02 + 0.51 ( £ 0.43) GeV
Run 2 H—4l 124.79 + 0.37 ( £ 0.36) GeV

Run 2 H—yy : : ' 124.93 + 0.40 ( +0.21) GeV

Run 1+2 H—4l ——— 124.71+ 0.30 ( + 0.30) GeV

Run 142 H—yy ' 125.32 + 0.35 ( +0.19) GeV

Run 1 Combined ' 125.38 + 0.41 ( £0.37) GeV

Run 2 Combined 124.86 + 0.27 ( £ 0.18) GeV

ATLAS + CMS Run 1

| | | | | | | | | | |
123 124 128
m,, [GeV]




EWK fits vs nggs
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EWK fits vs Higgs

Indirect determination of M,, using
measured Higgs mass as input leads to

Ay?

M,, (indirect) = 80.359 +- 0.011 GeV

— Better than direct measurement §
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Room for improvement in M, measurement
(sensitive via loops to presence of new physics)
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Phys. Lett. B 726 (2013), pp. 120
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Phys. Lett. B 726 (2013), pp. 120
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Other (Silver) Channels

H > WW-
H 21t
WH and ZH (H - bb)
ttH



Higgs Program in a Glance

Channel
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H=>1t

Analysis in mutiple channels with Considering lepton-lepton,
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Other (Silver) Channels
Detailed study on Couplings
Higgs width

Invisibly decaying Higgs
Higgs and Vacuum Stability
Hierarchy Problem & SUSY
Search for other Higgs

What to expect in the future ?

Part |l
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Higgs Mechanism
(Abelian Case)



Spontaneous Breaking of a Gauge Symmetry

Abelian Higgs mechanisim: one vector field A#(x) and one complex

scalar field ¢(z):

L=Ls+L,

where

L= —FWEy =~ (0" A" — 0" A*)(0,A, — 0,4,)

and (DF=0" 4 igA")
L4 = (D#¢)"Dué =V (9) = (D"$)" Dy — 6" ¢ — A(¢°9)°

L invariant under local phase transformation, or local U(1) symmetry:

o(z) — e Dg(z)
At (z) — A“(a:)—l—éa"a(a:)

Mass term for A* breaks the U(1) gauge invariance.



Can we build a gauge mvariant massive theory? Yes.

Consider the potential of the scalar field:
V(¢) = p?¢* ¢ + A(6*9)*

where A >0 (to be bounded from below), and observe that:

1?2 >0 [ = unique minimum:

"¢ =0




e 112>0 — electrodynamics of a massless photon and a massive scalar

field of mass p (g=—e).

e 12 <0 — when we choose a minimum, the original U(1) symmetry
is spontaneously broken or hidden.

2N1/2
%:(—“—) =Y 4(@) = do + = (b(a) + ida(2))

») ~ % 7
Y
1 1
L=—7F" Fu + 292v2A"A + = ((9"(131) + 127 + = (3”(}52) + guA, "o+ ...
N —— e’ —,-z \_V_/
massive vector field massive scalar field Goldstone boson

Sicdle remark: The ¢ field actually generates the correct transverse

structure for the mass term of the (now massive) A field propagator:

(A" (k) AY (—k)) = k2__22 (qu _ ’92’;") L.



More convenient parameterization (unitary gauge):

z-x(vﬂ:) ’
6@) = o+ H() T3 \}§(v+H<x>)

The x(z) degree of freedom (Goldstone boson) is rotated away using gauge

invariance, while the original Lagrangian becomes:

g% 1
L= Lo+ - AVA, + 5 (#HOH + 2 °H) + ..

which describes now the dynamics of a system made of:

e a massive vector field A* with m2 = g%v?;

e a real scalar field H of mass m% =—2u?=2Mv?: the Higgs field.

4

Total number of degrees of freedom 1s balanced






