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Abstract. One of the most important questions in partidiyics is the nature of electroweak
symmetry breaking. This issue is one of the esslentionsiderations in Standard Model (SM),
which is yet, the most successfully developed thdorexplain the physics of the fundamental
particles and their interaction. The issue of thgio of the masses of the gauge bosons mediating
weak interaction is one of the most important umemed questions of the Standard Model.
Currently, it is widely believed that this questi@an be answered by invoking the Higgs
mechanism, which requires the onset gpontaneous symmetry breaking of the local gauge
symmetry and provides a mass generation mechamsinoth of the SU(2) weak gauge bosons
and the observed massive quarks and leptons. dtpkdicts the existence of a massive scalar
particle known as Higgs boson. The best experinhemtafication of the existence of the Higgs
Mechanism would be the discovery of its physicalBtectable manifestation, the Higgs boson.
One of the main physical goals of the experimernhatLHC is the search for the Higgs Particles.
Over a large fraction of the mass range the disgowEthe Standard Model Higgs boson will be
possible in two or more independent channels. dthieen also shown that, if discovered important
Higgs boson parameters like the mass and the watilbe measured. Together with measurements
of the production rates and some couplings anddbiag ratios they will provide useful constraints
on the Higgs couplings to fermions and bosons wimckurn can be used to test the Standard
Model predictions.
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1. Standard Model

One of the most important questions in particleguts/ is the nature of electroweak symmetry
breaking. This issue is one of the essential cl@mations in the Standard Model (SM), which is
yet, the most successfully developed theory toarghe physics of the fundamental particles and
their interaction. The current Standard Model idtlmun the success of three previous theories.

The first is Quantum Electrodynamics (QED), theotlyavhich describes the electromagnetic (EM)
interaction in terms of underlying U(1) gauge syetrm. The next one, underlying SM, is the
electroweak interaction theory guided by SWB)J1) symmetry, first proposed by Glashow,
Weinberg and Salam. This theory incorporates thecessful QED model and provides a
description of the weak force in terms of the exgeof massive vector bosons. The third theory
which makes up the Standard model is Quantum Chagnamics(QCD), guided by SU(3)
symmetry. This quantum field theory describes titeraction of quarks through the strong ‘color’
field.

1.1 U(1) Gauge Symmetry & QED
The notion of U(1) gauge symmetry is that thegfarmation

Y(x) - " (x) (1.1)

where,a(X) is the gauge parameter, must leave the Lagramditdre theory invariant. To comply
with this condition we need to introduce the conadovariant derivative

D,=0,-ieA, (1.2)
which transforms exactly the same way as do thésfiender consideration:

Dy - €YDy (1.3
Now, the bottom line is that demanding the locag#hinvariance we are forced to introduce a
vector field A, called the gauge field, which couples to Dirattipee (charge -e) and represent

nothing else, but the physical photon field. Clgaibne needs this new field, since changing the
phase locally will create a phase difference whwcluld be observable if not compensated in some
way.

Adding to the Lagrangian of the theory also theegponding kinetic term. The latter will lead to
the Lagrangian of QED

— — 1
L=zp(|y"6,,—m)zp+et//y“A,sz—ZFWF”“ (1.4)

Now, note that the addition ejzimzAﬂA” is prohibited by gauge invariance. The gauge @arti

photon must be massless.



1.2 Weak Interactions

The latter observation raises a serious probletmeife is an attempt to apply the same ideas for the
case of weak interactions. The major problem her¢hat the mediators of weak interactions

(W*,Zo) are observed to have masses on the orddi08BeV . Note here that we cannot add

terms describing masses of these gauge bosonsthiegeriolate gauge invariance. The ultimate
reason which makes us respect the gauge symmetipats otherwise we will encounter
unrenormalizable divergences which makes this thewaningless.

The latter issue of the origin of the masses ofglugge bosons mediating weak interaction is one of
the most important unanswered questions of thedatdnModel . Currently, it is widely believed
that this question can be answered by invokingHiggis mechanism , which requires the onset of
spontaneous symmetry breaking of the local gauge symmetry and provides a mas®rgéon
mechanism for both of the SU(2) weak gauge bosondgte observed massive quarks and leptons.
It also predicts the existence of a massive scpéaticle known as Higgs boson. The best
experimental verification of the existence of tHiggs Mechanism would be the discovery of its
physically detectable manifestation, the Higgs Inoso

2. Spontaneous Symmetry Breaking

Before going into more rigor formalism of the netiof spontaneous symmetry breaking and Higgs
mechanism let us give the following simple examgdlepontaneous symmetry breaking which is
rather intuitive though. Consider a knitting neealtel compress it with force F along its axis, the
obvious solution is that it stays in the verticahfiguration. However, if the force gets too lathe
needle will jump into a bent position. It does thecause the energy in this state is lower than in
the metastable state, where it stays aligned dlumgertical axis. The cylindrical symmetry of the
system around the vertical axis is apparently bndiethe buckling of the needle. But the needle
can buckle in any direction in the horizontal plaeaching a ground state with the same energy, so
it is not possible to predict which way it will go.
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2.1 The Higgs Mechanism
Now, let us present more formal discussion of theegation of the mass for the gauge bosons by

spontaneous symmetry breaking, as opposed to guitiim by hand. As an example consider the
Lagranguian for the complex scalar field.

L=(0,¢)0,9) -~ ¢ =A@ ¢f (1.5)

which is apparently invariant under global U(1) gh&ransformation. We will assume thiat 0
and u° <0.

Vi)

Reexpress the Lagrangian in the form
1 1 1 1
L :E(aﬂﬂ)z +E(6ﬂ¢5)2 _—2,U2(¢12+€022) _—4/‘ B+ ° (1.6)

Now it is obvoius that the minimum of the potengalergy corresponds to the circle of radius v,
such that

2
F+@=v? with v2=—”7 (1.7)

We translate the fielgp to minimum energy position, which without lossgeierality can be taken
as pointg =v, @ =0. We expand L about the vacuum in terms of figgdand & by substituting

@A(X) =\/%[V+/7(X)+i<‘(x)] (1.8)



into (1.11) and obtain

L' :%(0/15)2+_;(a#/7)2+,u2/72+cont& cubic_ terms (1.9)

The third term has the form of a mass teﬂ% mpn? for the 7-field. Thus, they mass is

m, =\/-247 . The first term inL' represents the kinetic energy of thefield, but there is no

corresponding mass term fér. That is, the theory contains also the massledarscwhich is

known as Goldstone boson. Thus, we have encourggpeablem in attempting to generate a
massive gauge boson, we see that a spontaneookbnbgauge theory appears to be troubled with
its own massless scalar particle. The potentighéntangent directiod is flat, implying a massless
mode, putting in other words there is no resistdaa@xcitation along the& direction. This is a
simple example of the Goldstone theorem which stiitat massless scalars occur whenever a
continuous symmetry of physical system is spontasigdoroken. In the ferromagnet example
discussed in class the analogue of the Goldstoserbis the long-range spin waves which are
oscillations of the spin alignment.

To summarize, we note that the particle spectrurh’ cdippears to be a massless Goldsténa

massive scalag, and more crucially a massive vect®y. More precisely from the expression for
L' we can read off

m:- =0, m=v2Av’, m,=ev (1.10)

We have dynamically generated a mass for the gieldge but we still have the problem of the
occurrence of the massless Goldstone boson.

However, there is a crucial thing to note. By ggimass t&\,, we have clearly raised the

polarization degrees of freedom from two to thréecause it can now have longitudinal
polarization. Physically this is something that @wkonot occur since simple translation of field
variables should not create a new degree of freeddm implication is that not all the fields
presented in L' correspond to distinct physicatiplas. In order to understand which of the fields
is unphysical we need to make use of our freedogaafe transformation so that we can eliminate
the “unphysical” field from the Lagrangian by mearfigoing into a suitable gauge.

Let us substitute a different set of real fidids7, A, where

v~ \/% (v+h()e”

1
A - Aﬂ+aaﬂ9

(1.11)



into the expression of the Lagrangian. We interatiyrchosed(x) so that fieldh(x) is real. Upon
the latter substitution one will come up with
L"=2(0,h)? -Avh?+ Led?A?- Avh*- T avh ¢
2 2 4
1 1 (1.12)
+§e2Ajh2 +ve2Aﬂ2h—Z F,F*

The Goldstone boson actually does not appear ithdary. That is, the apparent extra degree of
freedom is spurious, because it corresponds orlyetdreedom to make a gauge transformation.
The Lagrangian describes just two interacting nvassarticles, a vector gauge bosan and a

massive scalah, which is called #diggs particle. The unwanted massless goldstone boson has
been turned into the badly needed longitudinalnodéion of the massive gauge particle. This is
called théHiggs Mechanism.

2.2 Electroweak Symmetry Breaking

Finally, let us formulate the Higgs mechanism sat theW* and Z, become massive and photon
remains massless. For that start off with the foithg, SU(2x U(1) gauge invariant Lagrangian

Lz‘(iaﬂ—gT mvﬂ—g'%BﬂM -V (¢) (1.13)

where thegare real scalar fields which belong to SW(P)1) multiplets.

Arrange the fields as follows:

(0:(40*] i @ =laria)/V2

1.14
4 ?=(a+ig)/V2 .

Now, to generate gauge boson masses we introdgoss iotentiaV (w) with 4° <0, andA >0.

Choose the vacuum state to be
= \/I 0 (1.15)
% 2\v '

To identify the boson masses substitute (1.15)timcexpression for Lagrangian (1.13). The term
of interest will then be:
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(1.16)
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where we took into account the fact thit = (Wl$iW2)/\/§. Upon the comparison of the first

term with the mass term expected for charged ghogenM, W'W~ we have

M,, =%vg (2.17)

The remaining term is off diagonal.

%[gz (W;)Z —299'\N#3B” + 9'28!12} :_;VZ[QW;_ g’Bﬂ]

+O[ gW; + gBﬂ]2

(1.18)

Transform into basis of physical fields, and A, to diagonalize the mass matrix so that (1.18)
must be identified with

Imzzz e Ivzaz (1.19)
2 2
Then, on normalization we have
A = gW, +gB,
[42 + o2 M,=0
93 g' with 1 — (1.20)



Reexpressing the results in the notation widelyepted in HEP community

9 -tang, (1.21)
g

Therefore,

A, =cosf,B, + sing,W;

_ (1.22)
Z,=-sin§,B, + co®,W;

So that we arrive at

II\\/IAW =cosq, (1.23)

z

One can show that within the Weinberg-Salam model

M, = :,)’7'3 GeV
sing,,

MZ =.74—.66€V
sin 24,

(1.24)

The experimental discovery of the W and z bosone Hzeen made at CERN in 1983 jop

collider.
Experimental data suggest the following estimabesife W and Z boson masses

M,, =81+ XseV

(1.25)

M, =93+ 2GeV
Summarizing we saw that the Higgs mechanism hasntgabssible to avoid massless particles.
The basic problem is not just to generate masséstobincorporate the mass of the weak boson
while still preserving the renormalizability of tiieeory. Generically, there is nothing to prevest u
from brutally breaking the gauge symmetry by insgrexplicit gauge mass terms into Lagrangian,
but the resulting theory losses all predictive powe a spontaneously broken gauge theory, the
symmetry is in a sense still present it is meradiglan by our choice of ground state.



3. Discovery potential of the ATLAS detector for tle Higgs boson.

One of the main physical goals of the experimentH€C is the discovery of the mechanism
responsible for the electroweak symmetry breakling experimental observation of one or several
Higgs bosons will be fundamental for better underding of the electroweak symmetry-breaking
mechanism.

The Higgs boson mass is not theoretically predidiedm unitarity arguments an upper limit of ~1
TeV can be derived. The requirements of the stgbiif the electroweak vacuum and the
perturbative validity of the Standard Model allotwsset upper and lower bounds depending on the
cutoff value chosen for the energy scAleup to which the Standard Model is assumed to bd.va
Such analysis exist at he two-loop level for batw land upper Higgs mass bounds. If the cutoff
value is chosen at the Planck mass, which meansthaew physics appears up to that scale, the

Higgs-boson mass is required to be in the rangec¥BP<180 GeV. Experimentally, constraints

on the Standard Model Higgs-boson mass are deduedtly from searches at LEP, which lead
toM, >114.45eV .

+ If SMis valid up to the plank scale ~10'® GeV then M, is in a limited

range:
130 GeV/c® < My < 180 GeV/c?

+ If there is new physics ~1 TeV:
50 GeV/c® < My < 800 GeV/c’

ISM Higgs Sector no longer meaningful for this A
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In supersymmetric theories, the Higgs sector isrektd to contain at least two doublets of scalar
fields. In the minimal version, the so-called MS®&Mde, there are five physical Higgs particles:
two CP-even Higgs bosorts and H , one CP-odd Higgs boson A, and two charged Higgehs

H*. Two parameters, which are generally chosen tvheand tanf3, the ratio between the
vacuum expectation value of the two Higgs doubldsermine the structure of the Higgs sector at
tree level. However, large radiative correctiorfe@fthe Higgs masses and couplings. The lightest
neutral scalar Higgs boson masls, , is theoretically constrained to be smaller thd66GeV .



* Precision Electroweak measurements are indirectly sensitive to the Higgs mass
through radiative corrections .
L S H

i ’r'_—'-‘\\
2 wvuv\‘}wx'lrvvvvx, AAAAARAN A Mg
WWW\/\O/WVWW 0 X Mt A b v A O o ln( MW)

b LEP Electroweak Working Group (Summer 2006)

6 Mg = 166 GeY

—LEP1 and SLD ' E

80.54 - LEP2 and Tevatron (prel.) 5 _: —

68% CL - 0.0274940.00012 .

= 4 » inel. low @° data il

= ]

] M2 a2l |
= 80.4 L5 3

; B

= 2 Al

80.3 1 19 .

4 200 : | Excluded _ Preliminary

150 175 200 30 300

m, [GeV] Experimental data favors m [GeV]
a light Higgs

+ Present limit from direct searches performed at LEP

My > 114.4 GeV/c®,CL = 95%

— 25 [} D, T TTT TTT | TTT | TTT | T |7 — 50 r s T g e G e e T T T T ]

< | O S & :

= 20 ALEPH 7 = 40 — LEP-

— 5= — — = —

< e, ] Nk -

15 - = C ]

- 8 20 - e

10 - = L ]

B ] 10 - -

& s & B E

n ] 0 )

0 F - § ]

B il -10 : i

B 7 r ——— Observed ,,-" il

S5 - — D T Expected for backgronnd =

L . a . B sk Expeeted for signal plus background B

.10 T A O O O O O O O O MR 230 :||\|\|||||\|||r'"\||w||||||||||:
100 102 104 106 108 110 112 114 116 118 120 - 106 108 110 112 114 116 118 120

my(GeV/c?) my,(GeV/c?)



Let us present the performance of the ATLAS detertcsearch for the Standard Model Higgs
boson and for signals of electroweak symmetry brggg&ummarized in the following plots.

Higgs Discovery Final States
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Over a large fraction of the mass range the disgowEthe Standard Model Higgs boson will be
possible in two or more independent channels. dthie®en also shown that, if discovered important
Higgs boson parameters like the mass and the watilbe measured. Together with measurements
of the production rates and some couplings anddbiag ratios they will provide useful constraints
on the Higgs couplings to fermions and bosons wimckurn can be used to test the Standard
Model predictions.

In the absence of scalar Higgs boson, the pringgabe for the mechanism of electroweak
symmetry breaking will be gauge boson scatteringiglt energies. It has been shown that ATLAS
will be sensitive to presence of resonances, sadch theWZ system, up to masses around1.5TeV.
Nonresonant processes, such as in W&V" production, will require a few years of high
luminosity running and good understanding of thdeaxlying backgrounds.



4. Conclusions

The official commissioning of the LHC and ATLAS expment starts Fall 2007, when a large
range of physics opportunities arise, among whrehtlae origin of mass at the electroweak scale,
possible access to Supersymmetric particles, isaltd the riddle of antimatter and many others.
Nature has given answers to all of these problemg hgo and it is just up to us to find out what
the reality is. Currently we are armed with a pdwletheory, corroborated with a number of
experimental results, which also provides us wittdrtions to investigate at the LHC, leaving the
major conclusions up to the future.

Most importantly though, as history has shown, treatest advances in science are often
unexpected. Although there is a deep understanofivghat we hope to find at the LHC, nature
may well have surprises in store. One thing isabertthe LHC will change our view of the
Universe.
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