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2012. julius 4. Felfedezték a Higgs-bozont!
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2012. julius 4. Felfedezték a Higgs-bozont!

In summary

We have observed a new
boson with a mass of
125.3 £ 0.6 GeV
at
4.9 o significance !

Vilagszenzacio!

Az eredeti bejelentés legrovidebb formaja

(?:Zé Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo 3
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2012. julius 4. Felfedezték a Higgs-bozont!

b Summary. |

= e have been able to analyse very quickly the full data set collected in 2011 and
to present here a comprehensive set of preliminary resalts

0

V 4

«  Final results and submission of papers are expected around the end of January
inew addibonal chamnels, refined analyses)

* e have reached the expected sensitivity (around or better than 1xSM) in
the full mass range of cur current exploration (115GeV-800 GeV).

*» e have established new 85% CL exclusion limits: 127GeV-800GeV.

« We are not able to exciude the presence of the SM Higgs below 12TGeV sance

~we gbserve in gur data a modest excess of events between 115 and 12TGeV

that appears. quite consistenly, in five independent channeis.

The excess is most compatible with a SM Higgs hypothesis in the vicinity

of 124 GeV and below. but the statistical significance (2.6 local and 1.9g

global after correcting for the LEE in the low mass reglon) is not large

enough to say anything conclusive.

» As of foday what we see is consistent erher with a background fluctuation or with
the presence of the SM Higgs boson

= Refined analyses and addibonal data in 2012 will definstely give an answer
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Az eredeti bejelentés kissé hosszabb formaja
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2012. szeptember 12.

megjelent a tudomanyos cikk a felfedezésrol

Physics Letters B

Volume 716, Issue 1, 17 September 2012, Pages 3061

Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC =
Universally Awvailable

This paper is dedicated to the memory of our colleagues who worked on CMS but have since passed away. In recognition of

their many contributions to the achievement of this obsenvation.

CMS Collaboration*

CERNM, Switzerland
L] r
fejlec

(utana jon a tobb mint 2000 szerz6 felsorolasa)
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2012. szeptember 12.

megjelent a tudomanyos cikk a felfedezésrol

http:/fdx_ doi.org/10.1016/).physletb.2012.08.021, How to Cite or Link Lising DO
4 Permissions & Reprints

Abstract

Results are presented from searches for the standard model Higgs boson in proton—proton collisions at

JE:? and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb~1 at 7 TeV and 5.3 fb~1 at 8 TeV. The search is
performed in five decay modes: yy, ZZ, W"W~, 71, and pj. An excess of events is observed above the
expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson of
that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the best
mass resolution, yyand ZZ; afitto these signals gives a mass of 125.320.4(stat.)+0.5(syst.) GeV. The decay
totwo photons indicates that the new particle is a boson with spin different from one.

Keywords

CMS5; Physics; Higgs

rovid kivonat

Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo
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2012. szeptember 12.

megjelent a tudomanyos cikk a felfedezésrol

8. Conclusions

Results are presented from searches for the standard model Higgs boson in proton—proton collisions at
JE =7 and 8 TeV in the CMS experiment at the LHC, using data samples corresponding to integrated
luminosities of upto 5.1fb~1at 7 TeV and 5.2 fb~1 at 8 TeV. The search is performed in five decay modes: yy;
ZZ, W'W~, "1, and pp. An excess of events is observed above the expected background, with a local
significance of 5.0g, ata mass near 125 GeV, signalling the production of a new particle. The expected local
significance for a standard model Higgs boson of that mass is 5.8 The global pvalue in the search range of
115-130({110-145) GeV corresponds to 4.6 g(4.50). The excess is most significant in the two decay modes
with the best mass resolution, pyand 22, and afitto these signals gives a mass of 125.3120.4(stat.)£0.5(syst.)
GeV. The decay to two photons indicates that the new particle is a boson with spin different from one. The
< ithin uncertainties, with expectatio
boson. The colleCuon of turther data will enable a more rigorous test of this conclusion and an investgation of
whetherthe properties of the new particle imply physics beyond the standard model.

kovetkeztetések

Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo
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2012. julius 4. szenzacioja:

(majdnem biztos, hogy) felfedezték a Higgs-bozont!
felfedezték a Higgs-

_ ) felfedeztéek a Higgs-mezot!
Leggyakoribb szovegek:

- ez a részecskefizika Standard modelljének utolsé hianyzo épitékockaja

- a Higgs-részecske specialis szerepet jatszik a részecskék vilagaban, mert
6 adja a tomeget a tobbi részecskének
Egyeb gyakori szOvegek:
- a Higgs-részecske tomege 125 GeV (a proton tomegének 125-szerese)

- a Higgs-részecske nagyon rovid ideig létezik, nem is lattak, csak a
kozvetett nyomokbdl kovetkeztettek a letezésére

- még nem biztos a dolog, tovabbi mérésekre van szilkség

- lehet, hogy nem is egy, hanem tobb részecskét talaltak, vajon csak az
egyik a Higgs, vagy mindegyik az?

- Peter Higgs mar tobb mint 50 éve megjosolta a részecske létezéset

X ws: Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo 7



2012. julius 4. szenzacioja:

(majdnem biztos, hogy) felfedezték a Higgs-bozont!
felfedezték a Higgs-
Felmeriilé kérdések: felfedezték a Higgs-mezot!

- mi az a Standard modell, és miért jatszik benne olyan fontos szerepet
a Higgs-bozon?
- mi a viszony a Higgs-mez6, a Higgs-részecske és a Higgs-bozon kozott?

- ha ez a részecske mindeniutt ott van (hiszen 6 adja a tomeget minden
mas részecskének), miért kellett 50 évig varni a felfedezésére?

- ha csak nagyon rovid ideig létezik, hogy lehet ott mindig és mindenutt
(hogy 6 adhassa a tomeget minden mas részecskének)?

- ha 6 adja a tdmeget minden mas részecskének, akkor neki honnan
van a 125 GeV-nyi tomege? Adott maganak is?

- miert kell tomeget ADNI a részecskének? Nincs nekik?
- egyaltalan: hogyan lehet tomeget ADNI a részecskének?
- tulajdonképpen mi a csuda az a TOMEG?

3 “'wa Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo 8



2012. julius 4. szenzacioja:

(majdnem biztos, hogy) felfedezték a Higgs-bozont!
felfedezték a Higgs-
Felmeriilé kérdések: felfedezték a Higgs-mezot!

- mi az a Standard modell, és miért jatszik benne olyan for*-  zerepet
a Higgs-bozon? P
o\

- mi a viszony a Higgs-mezé, a Higgs-rész=- , se\k‘ kozott?
- ha ez a reszecske mindenutt ott ’e( s<t minden
mas részecskének), mis \ap 6@5 -uedezésére?

- ha csak nagyon r~ , \ ‘37' ‘37' e\o <t ott mindig és mindenutt
(hogy 6 - .+ mas részecskéenek)?
207 0\ %

-ha # e 5 ..aS részecskének, akkor neki honnan
.sinege? Adott maganak is?

- miér. 4,<C ADNI a részecskének? Nincs nekik?
- egyalt ..an: hogyan lehet tomeget ADNI a részecskének?
- tulajdonképpen mi a csuda az a TOMEG?

‘@ Az atomoktdl a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezd 8



2012. julius 4. szenzacioja:

(majdnem biztos, hogy) felfedezték a Higgs-bozont!
felfedezték a Higgs-
Felmeriilé kérdések: felfedezték a Higgs-mezot!

- mi az a Standard modell, és miért jatszik benne olyan fonis
a Higgs-bozon?
- mi a viszony a Higgs-mez6, a Higgs-része- , £\ (O 0z0tt?

- ha ez a részecske mindeniitt ott *
mas részecskének), mis-- \a g O -unedezésére?
()

- ha csak nagyon r~ ,,\ 2 1 (%) o ~ <t ott mindig és mindenutt
(hogy 6 =~ __a = 37’ D& . mas részecskének)?

zerepet

, s<t minden

- ha J* ..as részecskének, akkor neki honnan
.sinege? Adott maganak is?
- miér. ,<( ADNI a részecskének? Nincs nekik?

- egyaligan: hogyan lehet tomeget ADNI a részecskének?
- tulajdonképpen mi a csuda az a TOMEG?
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2012. julius 4. szenzacioja:

(majdnem biztos, hogy) felfedezték a Higgs-bozont!
felfedezték a Higgs-
Felmeriilé kérdések: felfedezték a Higgs-mezot!

- mi az a Standard modell, és miért jatszik benne olyan for*-  zerepet
a Higgs-bozon?

- mi a viszony a Higgs-mezé, a Higgs-rész=- , se\(“e kozott?

- ha ez a részecske mindenutt otf ** X len
mas részecskének), mis- \.av\ke .L (0\ v adas

- ha csak nagyon r~ \k ‘31' ‘ “\’\ (es e(\ e 4 €S mindenutt

(hogy 6 - \(“ "(\ -skeének)?
-ha # e g\] Q Q cﬂ&k akkor neki honnan
\l ,a maganak is?
- miér. ‘a\| scecskének? Nincs nekik?

- egyalt 'o\\ (4 .<net tomeget ADNI a részecskének?
- tulajdo. ¥ _pen mi a csuda az a TOMEG?
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M=m+gH Ertsiik meg a ,.témegadast” matek nélkiil!

M,=m, + g, H, M,=m,+g,H, M;=m; +g; H,

yd | .
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M=m+gH

& | Peter Higgs modositasai

mozgas kozben nem
valtozik a tomeg
PAR R E (o] QT SR Gl ET SRR Emlékeztets: A kvantum-mezéelmélet
(QFT) matematikaja

miikédik a QFT matekija! a nulla nyugalmi tomegii részecskéket
! (és csak azokat)

tudja jol leirni.

1/ a viz mindenhol egyforma meélysegii

Az atomoktdl a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mez6 28



Hogy lehetne kimutatni a lathatatlan ,,Higgs-tenger” létezését?
Utkoztessiink két hajét nagy energiaval!

Q.
O /o

gapps S
N

NS
(ez az igazi helyzet)

v==@ Az atomoktél a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo 30



Hogy lehetne kimutatni a lathatatlan ,,Higgs-tenger” létezését?
Utkoztessiink két hajét nagy energiaval!

M, M,

Q.
O /O

>

)
4 A k
o S,
N ‘0‘//

ezt tapasztaljuk

Szotar: atenger vize - a Higgs mezé
a tenger fodrozdédasa - a Higgs részecske

a partra csapo hullamok - a detektalt masodlagos részecskek

aog::) Az atomoktdl a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mez6 30



Hogy lehetne kimutatni a lathatatlan ,,Higgs-mez6” létezését?
Utkoztessiink két protont nagy energiaval!

Ez tortént a genfi CERN I W
LHC nevii gyorsitéjaban: 5 \oY

dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo 31



ugyanez, részecskefizikus titkosirassal,
a Feynman-diagramok nyelvén

foton

Higgs-bozon
top-kvark
vagy W-bozon
hurok
top-kvark
hurok
Az atomoktol a csillagokig 100. dgy 2012. 09.13. A tomeg eredete és a Higgs-mezo
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2013. oktober 8.  Fjzikai Nobel-dij:

s S R

Peter Higgs (1929 -) Francois Englert (1932 - )

.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”

vz=@ Az atomoktdl a csillagokig dgy 2013.10.10. Fizikai Nobel-dij 2013 a Higgs-mezoért 1



2013. oktober 8.  Fjzikai Nobel-dij:

e o

Peter Higgs (1929 -) Francois Englert (1932 - ) Robert Brout (1928 - 2011 )

.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”
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2013. oktober 8.  Fjzikai Nobel-dij:

e o

Peter Higgs (1929 -) Francois Englert (1932 - ) Robert Brout (1928 - 2011 )

»-egy olyan mechanizmus elméleti felfedezéséért, amely
hozzajarult a szubatomi részecskék tomege eredetének
megértéséhez, és amelyet igazolt az elmélet altal megjésolt
alapveté részecskének az ATLAS és a CMS kisérletek altali
felfedezése a CERN Nagy Hadronlitk6ztetéjében”

&%ﬁ' Az atomoktol a csillagokig dgy 2013.10.10. Fizikai Nobel-dij 2013 a Higgs-mezoért 1



Nem a méret szamit...

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P. W. HIGGS
Taif Metitule of Mathematical Physics, University of Edinburgh, Scotland

Received 27 July 1064

Recently a number of le have discussed
the Goldstone theorem 1,2); that any eolution of a
Lorentz-invariant theory which viclates an inter-
nal symmetry operation of that theory must con=-
tain 2 massless scalar particle. Klein and Lee 3)
showed that this theorem does not necessarily ap-
ply in non-relativistic theories and implied that
their considerations would apply equally wsu to
Lorentz-invariant fleld thearies. Gilbert 4}, how-

Volume 12, mumber 2

ever, gave a proof that the fallure of the Goldstone
theorem in the nonrelativistic case is of a type
which cannot exist when Lorentz invarlance is im-
posed on & theory. The purpose of this note 18 to
show that Gllbert's argument falls for an impor-
tant ¢class of field theorles, that in which the con-
sarved currents are coupled to gauge fields.
Following the procedure used by Gllbert 4‘, let
us conalder a theory of two hermitian scalar fislds

PHYSICE LETTERS 15 September 1964

@1(a), @4(x) which is invariant under the phase
transformation

P1=@reosa+ppelne,
&)
@y - 8in @ + ppcod o .

Then there is a conserved current ju such that
1S @ jolahy @100 = paloh )

We assume that the Lagrangian is guch that sym-
metry ls broken by the nonvanishing of the vacuum
expectation value of ¢3. Goldstone's theorem is
proved by showing that the Fourler transform of
([f utx), ®1(] contains a term

Zri{wglelighey 8(k2), where k , is the momentum,
as a consequence of Lorentz-covariance, the con-
servation law and 'iq (2).

Kletn and Lee 3) avolded this result in the non-
relativistic case by showing that the most general
form of this Fourier transform is now, in Gilbert's
notation,

F.T. = k062, nk) +ny pak2, k) li!:!,:':'.lli‘1 [k)s.
where n,,, which may be taken as (1, 0, 0, 0}, ¢
picks au‘i[a special Lorentz frame. The conver-

sation law then reduces eq. (3) to the less general
form

F.T. = by 6(2)pg(nk) + [#2n,, - ke, (nk)Jog (K2, nk)

+Cgn, 8 . ()]
It turns out, on applying eq. (2}, that all three
terms in eq. (4) can contribute to {wg). Thus the
Goldstone theorem falls if py = 0, which s pos-
slble only if the other terms exist. Gllbert's re-
mark that no special timelike vector n 4 18 avail-
able in a Lorentz-covariant theory appears to rule
out this possibility in such a theory.

There is however a class of relativistic field
theories in which a vector "y does indeed play a
part. This s the class of gauge theories, where
an auxillary unit timelike vector my must be in-

troduced In order to define a radiation gauge in
which the veetor gauge fields are well defined
operators. Such theories are nevertheless Lo-
rentz-covariant, as has been shown by
Schwinger 5), (This has, of course, long been
known of the simplest such theory, quantum elec-
trodynamics.) There seems to be no reason why
the vectors , should not appear in the Fourier
transform under consideration.

It is characteristic of gauge theories that the
conservation laws hold in the strong sense, asa
consequence of field egquations of the form

jh=a, P HY,

Fut =y Ay -3,A". (8)
Except in the case of abelian gauge theories, the
flelds Ay', Fyy," are not simply the gauge field
variables Ay, F,, but contain additional terms
with combinations of the structure constants of
the group as coefficients. Now the structure of
the Fourier transform of i{[A ' (x), ¢ (¥)]} must
be given by eq. (3). Applying eq. (5) to this com-
mutator gives us as the Fourier transform of
1[iul=), 1] the single term
[k2ny, - ey (nR)] P02, nk). We have thus exorcised
both Goldstone's zero-mass bosons and the
"'spurion” state (at k, =0) proposed by Klein
and Lea.

In & subsequent note it will be shown, by con-
sidering some classical field theories which dis-
play broken symmetries, that the introduction of
gauge fields may be expected to produce gualita-
tive changes in the nature of the particles de-
seribed by such theories after gquantization,
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the Goldstone theorem 1,2); that any eolution of a
Lorentz-invariant theory which viclates an inter-
nal symmetry operation of that theory must con=-
tain 2 massless scalar particle. Kleln and Lee ¥
showed that this theorem does not necessarily ap-
ply in non-relativistic theories and implied that
their considerations would apply equally wsu to
Lorentz-invariant fleld thearies. Gilbert 4}, how-
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ever, gave a proof that the fallure of the Goldstone
theorem in the nonrelativistic case is of a type
which cannot exist when Lorentz invarlance is im-
posed on & theory. The purpose of this note 18 to
show that Gllbert's argument falls for an impor-
tant ¢class of field theorles, that in which the con-
sarved currents are coupled to gauge fields.
Following the procedure used by Gllbert 4‘, let
us conalder a theory of two hermitian scalar fislds

15 September 1964

@1(a), @4(x) which is invariant under the phase
transformation

P1=@reosa+ppelne,
&)
@y - 8in @ + ppcod o .

Then there is a conserved current ju such that
1S @ jolahy @100 = paloh )

We assume that the Lagrangian is guch that sym-
metry ls broken by the nonvanishing of the vacuum
expectation value of ¢3. Goldstone's theorem is
proved by showing that the Fourler transform of
([f utx), ®1(] contains a term

Zri{wglelighey 8(k2), where k , is the momentum,
as a consequence of Lorentz-covariance, the con-
servation law and 'iq (2).

Kletn and Lee 3) avolded this result in the non-
relativistic case by showing that the most general
form of this Fourier transform is now, in Gilbert's
notation,

F.T. = k062, nk) +ny pak2, k) li!:!,:':'.lli‘1 [k)s.
where n,,, which may be taken as (1, 0, 0, 0}, ¢
picks au‘i[a special Lorentz frame. The conver-

sation law then reduces eq. (3) to the less general
form

F.T. = by 6(2)pg(nk) + [#2n,, - ke, (nk)Jog (K2, nk)

+Cgn, 8 . ()]
It turns out, on applying eq. (2}, that all three
terms in eq. (4) can contribute to {wg). Thus the
Goldstone theorem falls if py = 0, which s pos-
slble only if the other terms exist. Gllbert's re-
mark that no special timelike vector n 4 18 avail-
able in a Lorentz-covariant theory appears to rule
out this possibility in such a theory.

There is however a class of relativistic field
theories in which a vector "y does indeed play a
part. This s the class of gauge theories, where
an auxillary unit timelike vector my must be in-

troduced In order to define a radiation gauge in
which the veetor gauge fields are well defined
operators. Such theories are nevertheless Lo-
rentz-covariant, as has been shown by
Schwinger 5), (This has, of course, long been
known of the simplest such theory, quantum elec-
trodynamics.) There seems to be no reason why
the vectors , should not appear in the Fourier
transform under consideration.

It is characteristic of gauge theories that the
conservation laws hold in the strong sense, asa
consequence of field egquations of the form

jh=a, P HY,

Fut =y Ay -3,A". (8)
Except in the case of abelian gauge theories, the
flelds Ay', Fyy," are not simply the gauge field
variables Ay, F,, but contain additional terms
with combinations of the structure constants of
the group as coefficients. Now the structure of
the Fourier transform of i{[A ' (x), ¢ (¥)]} must
be given by eq. (3). Applying eq. (5) to this com-
mutator gives us as the Fourier transform of
i F r

& single term

Fon,, - ey, (nk)] p(R2, nk). We have thus exorcised
both Goldstone's zero-mass bosons and the
sgurion” state (at &, =0) proposed by Klein

and Lew

In & subsequent note it will be shown, by con-
sidering some classical field theories which dis-
play broken symmetries, that the introduction of
gauge fields may be expected to produce qualita-
tive changes in the nature of the particles de=
seribed by such theories after gquantization,
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Tn o recest note’ i was shown that the Gold-
stone theorem,® that Lorentz -covariant Field
theories in which spontanesus breakdown of
symmetry ander an internal Lie group occurs
contain zero-mass particles, fails i and anly if
the conserved currents assoclated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note Ls b report Ul
a8 a consequence of this coupling, the spin-onme
quanta of some of the gauge felds acqulre mass,
the longitudinal degrees of freadom of these par-
ticles (which would be absent if their mass were
zerol go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
Lhe Pelalivistie analog of e plasmon phenome-
o to which Anderson® kas drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nil plasmon modes of finite mase when the gas
is charged.

The simplest theory which exhibits this be-
RA¥IGT 15 a4 gauge-invariant version o @ model
used by Goldstone® himself: Two real® scalar
Tields e iy and a real veclor Field )'lh interact
threnngh the Tagrangian density

L= —;tvallz—;tv%]a

2 2, 4 e
Vigy #oy 0=4F  F7, (1)
where

p, =8
v#ul hu71 ""“u"z'

vhwz - a#$°2 fn}l“n,?!,
F =8 4 =i 4 ,

H¥Y v ovou

# 15 a dimensionless coupling congtant, and the
metric is taken as =+++, L b5 invariant under
simultanecus gauge transformations of the first
kind @n i, £ iy and of the second kind on Au.

Let us suppose that Volw,') =0, 1 (e, =0 then
spontaneous breakdown of U1 symmetry occurs,
Compider the squatiens [derived from {10 by
treating gy, Ay, and 4 ) as small quantities |
governing the propagation of small oscillations

08

about the "wacoum® solutlon @) =0, plvd = s

L }a

8 {a#tml]-eaooau, a, (2a}

{8 =y Vel ag) = (2t}
npr”"-.w-nw“(awt:—-pua e {2¢)

Enquation {2h) describes waves whose quanta have
(bare} mass 21" (@Y Egs. (2a) and {2c}
may be transiormed, by the introduction of new
variables

4 - -
Bﬂ_'q'h {ﬂu?ql d'ulfﬂ.mlj.
G =8 B -8B =F | (3
[T T T TR TR S
into the form

2 o2
o a0, 5 6™ ety Tt -0, 14
a o

Equation {4} describes vector waves whose quanta
have {bare} mass ¢4y, In the absence of the gauge
field coupling (e = 0] the situation is ouvite didffer-
ent; Equations (2a) and {2c) describe zero-mass
acalar and vector bosons, respectively, In pass-
ing, we note that the right-hand aide of {2e} is
JUST the LINeAr approximaion e conserved
eurrent: Tt is linear in the vector potential,
gauge invarlance belng maintained by the pres-
ence of the gradient term?

When one considers theoretical models in
which gpontaneous bréakdown of Symmetry under
a semisimple group occurs, one encounters a
variety of pogsible siluations corresponding to
the various distinet irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the sdjoinl representa-
ticn.? The medel of the most immediate intor
est e that in which the scalar fields form an
actet under SU(3): Here one finds the posaibil-
ity of two nonvanishing vacuum expectation val-
wes, which may be chosen to be the two ¥ =0,

Iy« 0 members of the octet.” There are lwo
massive scalar bosons with just these quantum
numixray the remaining six componenta of the
scalar ootet combine with the corresponding
components of the gauge-field octet to desoribe
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massive vector bosons, There are two /=4
vector doublets, degenerate in mass between

¥ =+1 but with an electromagnetic mass split-
ting between Iy =24, and the [, =21 components
of a ¥=0, [=1 triplet whose mass is enlirely
electromagnetic, The two ¥ =0, /=0 gauge
fields remain massless: This is assoclated
with the residual unbroken symmetry under the
Abeltan group generated by 1 oand L. It may be
axpected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break ¥ conservation, one
of these gouge fields will acquire mass, leaving
the photon as the only massless vecltor particle.
A detailed discussion of these guestions will be
presented elsewhere.

Tt is worth noting that an essential feature of
the tvpe of theory which has been described in
thie note is the prediction of incomplete multi=
plets of scalar and vector bosone. It is to be
expected that this feature will appear alao in
theories in which the symmetry-break scalar
fields are not elementary dynamic variables but
billnear combinations of Fermi flelds.”

TP W, Higgs, to be poblished.
1. Goldstone, Nuovo Cimento 19, 154 [1061);
J, Goldstons, A, Salam, and 2, Weinberg, Phys. Rev,
7, A6 (1962},
= W. Anderson, Phys, Hew, 130, 439 {1963},

In the present nowe the model is discussed maisly in
classival beris; nothing 5 proved obout the quantizod
theory. It #hould be onderstood, therefors, that the
conclusions which are presented concerning the masaes
al particles are conjectures based on the quantization
of lingarized classical field equations . Howaver, @8-
sentlally the same conclusions have béen resched -
dependently by F. Englert and B, Brout, Phyg. Rev,
Letiers 13, 321 {1864): These nuthors disoiss the
same madel quantum mechanivally in lowest arder
perturbatian theory about the sell-consistant vacuum.,

bin the theory of supercanductivity such a term arises
fram collective excitations of the Fermi gas.

*see, Tor axample, B, L. Glashow and M. Gell-Mann,
Arm. Fhys. IN. Y.} 15, £37 (13610,

TThese are just the parameters which, if the scalar
octet interacts with haryons and mesons, lead to the
Gell=-Mann=Okaho and electromognetic mass splittings:
s §. Coleman ard 5. L. Glashow, Phys. Rev. 134,
BETE (1964),

"rentative proposals that incomplete SUI3) octets of
scalar particles exist have been mode by a numbec of
people. Such aréle, ns an isclsted ¥ =41, -4 =iate,
was proposed for the « meson (725 MeV) by Y. Nambu
andd. J. Sakural, Phys. Rev, Letters 11, 42 {1963},
More rocently the poesibility that the o mason {3356
MaVh may be the ¥ =1 =0 member of an ineomplate
octet kas been considared by L. ™. Brown, Phys. Rev.
Leitars 13, 42 (19641,

Hn the theory of supereonductivity the sealor fields
are assoclated with fermion palrs; the doubly charged
excitation responsible for the quantization of mag-
metie flux 5 then the surviving member of a U1} doub-
lat.
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Tn o recest note’ i was shown that the Gold-
stone theorem,® that Lorentz -covariant Field
theories in which spontanesus breakdown of
symmetry ander an internal Lie group occurs
contain zero-mass particles, fails i and anly if
the conserved currents assoclated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note Ls b report Ul
a8 a consequence of this coupling, the spin-onme
quanta of some of the gauge felds acqulre mass,
the longitudinal degrees of freadom of these par-
ticles (which would be absent if their mass were
zerol go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
Lhe Pelalivistie analog of e plasmon phenome-
o to which Anderson® kas drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nil plasmon modes of finite mase when the gas
is charged.

The simplest theory which exhibits this be-
RA¥IGT 15 a4 gauge-invariant version o @ model
used by Goldstone® himself: Two real® scalar
Tields e iy and a real veclor Field )'lh interact
threnngh the Tagrangian density

L= —;tvallz—;tv%]a

2 2, 4 e
Vigy #oy 0=4F  F7, (1)
where

p, =8
v#ul hu71 ""“u"z'

v g, -a :
w2t ey

F =8 4 =i 4 ,
H¥Y v ovou

# 15 a dimensionless coupling congtant, and the
metric is taken as =+++, L is invariant under
simultanecus gauge transformations of the first
kind @n i, £ iy and of the second kind on Au.

Let us suppose that Volw,') =0, 1 (e, =0 then
spontaneous breakdown of U1 symmetry occurs,
Compider the squatiens [derived from {10 by
treating gy, Ay, and 4 ) as small quantities |
governing the propagation of small oscillations

Bl

about the "wacoum® solutlon @) =0, plvd = s

L }a

8 {a#tml]-eaooau, a, (2a}

{8 =y Vel ag) = (2t}
npr”"-.w-nw“(awt:—-pua e {2¢)

Enquation {2h) describes waves whose quanta have
(bare} mass 21" (@Y Egs. (2a) and {2c}
may be transiormed, by the introduction of new
variables

a4 o -
Bﬂ_'q'h {ﬂu?ql d'ulfﬂ.mlj.
G =8 RB-3E =F 3]
TIC R T T TR TR )
ince the orm
8 B4 e0, & 6™ eelp ta¥ 0. 14
m i 0

Equation {4} describes vector waves whose quanta
have {bare} mass ¢4y, In the absence of the gauge
field coupling (e = 0] the situation is ouvite didffer-
ent; Equations (2a) and {2c) describe zero-mass
acalar and vector bosons, respectively, In pass-
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massive vector bosons, There are two /=4
vector doublets, degenerate in mass between

¥ =+1 but with an electromagnetic mass split-
ting between Iy =24, and the [, =21 components
of a ¥=0, [=1 triplet whose mass is enlirely
electromagnetic, The two ¥ =0, /=0 gauge
fields remain massless: This is assoclated
with the residual unbroken symmetry under the
Abeltan group generated by 1 oand L. It may be
axpected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break ¥ conservation, one
of these gouge fields will acquire mass, leaving
the photon as the only massless vecltor particle.
A detailed discussion of these guestions will be
presented elsewhere.

Tt is worth noting that an essential feature of
the tvpe of theory which has been described in
thie note is the prediction of incomplete multi=
plets of scalar and vector bosone. It is to be
expected that this feature will appear alao in
theories in which the symmetry-break scalar
fields are not elementary dynamic variables but
billnear combinations of Fermi flelds.”

TP W, Higgs, to be poblished.
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classival beris; nothing 5 proved obout the quantizod
theory. It #hould be onderstood, therefors, that the
conclusions which are presented concerning the masaes
al particles are conjectures based on the quantization
of lingarized classical field equations . Howaver, @8-
sentlally the same conclusions have béen resched -
dependently by F. Englert and B, Brout, Phyg. Rev,
Letiers 13, 321 {1864): These nuthors disoiss the
same madel quantum mechanivally in lowest arder
perturbatian theory about the sell-consistant vacuum.,

bin the theory of supercanductivity such a term arises
fram collective excitations of the Fermi gas.

*see, Tor axample, B, L. Glashow and M. Gell-Mann,
Arm. Fhys. IN. Y.} 15, £37 (13610,

TThese are just the parameters which, if the scalar
octet interacts with haryons and mesons, lead to the
Gell=-Mann=Okaho and electromognetic mass splittings:
s §. Coleman ard 5. L. Glashow, Phys. Rev. 134,
BETE (1964),

"rentative proposals that incomplete SUI3) octets of
scalar particles exist have been mode by a numbec of
people. Such aréle, ns an isclsted ¥ =41, -4 =iate,
was proposed for the « meson (725 MeV) by Y. Nambu
andd. J. Sakural, Phys. Rev, Letters 11, 42 {1963},
More rocently the poesibility that the o mason {3356
MaVh may be the ¥ =1 =0 member of an ineomplate
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Leitars 13, 42 (19641,

Hn the theory of supereonductivity the sealor fields
are assoclated with fermion palrs; the doubly charged
excitation responsible for the quantization of mag-
metie flux 5 then the surviving member of a U1} doub-
lat.

ing, we note that the right-hand aide of {2e} is
JUST the LINeAr approximaion e conserved
eurrent: Tt is linear in the vector potential,
gauge invarlance belng maintained by the pres-
ence of the gradient term?

When one considers theoretical models in
which gpontaneous bréakdown of Symmetry under
a semisimple group occurs, one encounters a
variety of pogsible siluations corresponding to
the various distinet irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the sdjoinl representa-
ticn.? The medel of the most immediate intor
est I that in which the scalar fields form an
actet under SU(3); Here one finds the posaibil-

o W] '|'|g
%5, which may be chosen to be the two ¥ =10,
Iy« 0 members of the octet.” There are lwo
massive scalar bosons with just these quantum
beray the remuining six componentas of th
sealar o il TN
components of the gauge-field octet to desoribe
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1t ia of interest to inquire whether gauge
wector mesons acquire mass through interac-
Hen'; by 2 gauge vector meson we mean 3

Mills field® with the
of 2 Lie group from global to local symmatry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conccrved currenta.) In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
sum is degenerate with respect to a compact
Lie groug.

Theories with degenerate vacuum (broken
aymmetry) have been the subject of intensive
atudy since thelr inception by Hambu,4™® A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend Lo restore the symmetry.”® We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.

We shall first (reat (e case where me orig-
inal fields are a aet of bosons ¢4 Which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
#idered as a rather general phenomenological
model. As such, we shall net study the par-
ticular mechanism by which the symmetry is
Droken DUt EImply ASSume that Such 3 mecn-
anism exists, A calculatlon performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled te cur-
renta that "rotate® the original racuum are the
ones which acquire mass [see Eq. (8]].

We shall then examine a particular model
based on chirality invariance which may have a
more fundamental significance, Here we begin
with a chirality-invariant Lagranglan and intro
duce both vector and peeudovector gauge fields
thereby guarantesing livar b wider beth joc
phase and local y,-phase transformations. In
this model the gauge fields themselves may b
the y, invariance leading to a mass for the orig
inal Fermi field. We shall show in this case
that the pseudovector field acquires mass.

In the last paragraph we alietch a slmple
argument which Tenders these resulls reason-
able.

{1} Lest the simplicity of the argument be
shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformatio
of a charged boson; we then present the genera
ization to an arbitrary compact Lie group,

The interaction between the ¢ and the Ay
fields is

Hy  ieA #G“s‘-@"\ﬂiﬁﬂ'ﬁﬂyﬂ N
where g =g, +ig,) T, We shall break the
symmetry by flcing (¢} 0 in the vacuum, with
the phase chosen for convenlence such that
doh = g%} = () VEL

We shall assume that the application of the
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theorem of Goldstone, Salam, and Weinberg'
is straightforward and thus that the propagator
of the field p,, which is “orthogonal” to ¢,
has & pole at g=0 which is not isolated.

We caleulate the vacuum polarization loop

, for the field A in lowest order pertur-
bation theory about the self-consistent vacuum.
We take into consideration only the broken-sym-
metry diagrams (Fig. 1}, The conventional
terms do not lead to & mase in this approxi-
mation if gauge invariance is carefully main-
tatmed, Ome evaluates directly

“,-wl'-” = l!n)"!p’[ggv{wi?_l@ KLt
Here we have used for the progagator of gy
the value [£/4261]/g%; the fact that the re-
normalization constant is 1 is consistent with
our approximation.” We then note that Eq. {2}
bath maintaing gauge invariance (0 g =0}
and canses the A, field to acquire & mass

B = et (3)

We have not yet constricted a prosf in arbi-
trary order; however, the similar appearance of
higher order graphs leads one to surmise the
general truth of the theorem.

Consider now, in general, a set of boson-{ield
operators i, (which we may slways choose Lo be
Hermitian) and the associated Yang-Mills field
Ag, ;- The Lagrangian is invariant under the
transfor mation*®

R T s

w4, "D, e e 3 € e), (4)

ack’ b w

where ¢p, are the structare constants of a com-
pact Lie group and T 4y the antisymmetric
generators of the group in the representation de-
fined by the wg.

Suppose that in the varoum {eg.)e 0 for some
B, Then the propagator of Dg pTq 4894

lak [\

FIG. 1. Broken-symmetry disgram leading to s
magg for the pauge field. Short-dashed line. (p));
long-dashed line, ¢, propagator; wary line. 4, propa-
gator. (a) = (2t Ly (=~ - (Enitietlag, 0
iR,
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slppe) s, in the lowest order,

i
['[2.:0_‘] P %. .

!
Toam™
o

=y
“LiE)

With & the coupling constant of the Yang-M
field, the same calculation as before yield:

a 42 .
n,, )= -iten) 57wl T o)
2
ey, =09,/

giving a value for the mass

(2) Congider the interaction Hamiltonian
H == VB —ed; ’
™ T \ﬂ’u\’l“h

where Au and B, are veclor and pseudoves
gauge fields, The vector fleld causes attra
whereas the pseudovector leads to repulsio
tween particle and antiparticle. For a sull
cholee of € and ¢ there exists, as in Johnsc
model ' a broken-symmetry solution corre
ing Lo an arbitrary mass s for the § fleld {
the scale of the problem. Thue the fermior
propagator S{p) is

F7Hph =yp =B (p) < pp[1-Eo{ p7} |-, p%),
with

LipY+0
m[1-Bgin® }=E m™) = 0.

W define the gavage-invariant current J
using Johnson's method!®:

-nlim e+ dly vl
(= "

Wix) = expl-i _ff,nﬂj_,wldv"rshtx].

This gives for the polarization tensor of th

Robert Brout
(1928 - 2011)

pasudovector fleld

i

=g J—Tr{.ﬁ‘[p Wi (o=leip v da)

xS{p+ iq];vkvs
—s[mias"tm.-‘cysl_Lsta'n-u}w‘p. (10

where the vertex function I, 5=y, 5+ A, g satis-
fies the Ward identity®

g4, gle—daip + fa) 'zlﬂ—‘!qus‘ysz{ﬂ*h]. {11}
which for low ¢ reads
- -z :
9,F,5 70,7751 -Ca 375
- a5 fap®
zitavp”][y‘\ka}tazzm b Q12

The singularity in the longitudinal I' g vertex
due to the broken-symmetry term 2E.p, in the
Ward identity leads to a nonvanishing gauge-
tnvartant 1, g} tn the Hemit 4 — 0, while the
usual spuricus “photon mass” drops because of
the second term in (10). The mass of the pseudo-
vector [ield is roughly 7'm” as can be checked by
inserting into (10) the lowest approximation for
5 consistant with the Ward identity.

Thus, in this case the general feature of the
phenomenological boson system survives. We
would like Lo emphasize that here the aymmelry
is broken through the gauge fields themselves,
One might hope that such a feature is quite gen-
eral and s possibly instrumental in the realiza-
thon of Sakurai’s program.?

(3) We present below a simple argument which
indicates why the gauge vector field need not
have zerc mass in the presence of broken sym-
meiry. Let us recall that these fields were in-

troduced in the [irat place in order to extend the
symmetry groug to transformations which were
different at varlous space-time points. Thus one
expects that when the group transformations be-
come homogeneous in space-time, that is g0,
no dynamical manifestation of these fields should
appear. This meane that it should cost no energy
to create & Yang-Mills quantum at g -0 and thus
the mass 15 zero. However, if we break gauge
invartance of the first kind and still maintain
gauge invarlance of the second kind this reason-
ing is obvicusly incorrecl. Indeed, in Fig. 1,
one sees that the A | propagator connects to in-
termediate states, which are “rotated” vacua.
This is seen most clearly by writing (.} = {[@w, ]
where § is the group generator., This effect can-
not vanish in the limit g -0,
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Nem a méret szamit...

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES®
G. 8. Guralnik,¥ C. R, Hagen, ! and T. W. B, Kibble

Bepartment af Physics, Imperial Gollege, Lendon, Engtand
[Reeived 12 Detobar 1964]

In all of th& fairly numercus attempts to dnle to troduction ef veclor gauge fields and th
Tield theary quent of manilest
broken eymm«ry, Galdstone's remarkable thp- of course, represents a departure fron
orem' has played an important role. This theo= sumptions of the theorem, and a limita
rém, briefly stated, asserts that if there exists. its applicability which in no way reflect
a canacrved aperator §) auch that geaeral validity uf te proul.
In this note we shall show, within the
L, A (x)]= Et i (=),

work of a simple soluble field theory, t
posgible consistently to break a symme
the sense that Tt jpil Ag 0} 0} withe
ing that A{y) excité a zero-mass partic
:lm. result might suggest a general pro
e elimination ol unwanted mass v
1l bee seen that this has been accom
by giving up the global conservation law

and if it is possible consistently to take Et‘uk
% (01AgIO3r 0, then A;(x] has a zero-mass par=
tiele in it spﬁclnm’l, It has more recently been
oheorved that the assumed Lerents invarisnce
essential to the proof* may allow one the bape of ,1
avolding such massless particles through the in-

Gerald Stanford
Guralnik (1936 -)

Négy alapvet6 cikk 1964-bal

VoLums 13, Nusnzz 20

PHYSICAL REVIEW LETTERS

16 Novemug 15

VOLUME [3, NumBER 200

PHYSICAL REVIEW LETTERS

16 NovEsmER 1964

implied by invariance under & local gauge group.
The consequent time dependence of the genera-
tore ¢ destroys the usual global operator rules
of quantum feld theory (while leaving the local
algebra unchanged), in such & way as to preclude
the posaibility of applying the Goldstone theorem.
It 18 clear that such a modilication of the tasic
operator relations is w far more drastic step
than that taken in the wsual broken-symmetry
theories b which o degenerate vacuot ia the
sole symmelry-breaking agent, and the opera-
tor algebra possesses the full symmetry, How-
ever, aince superconductivity appears to display
a similar behavior, the possibility of breaking
such global conservation laws must not be lightly
digcarded.

Mormally, the time independence of

4 =[d% j "G 1)

is asserted to be & consequence of the lecal con-
servation law a  f* - 0. However, the relation

P —_—
auLn||;{ iX?,AJ[I'”IUJ—O
implies that
FLEICITA ].Aj{x'T]:Df = const

aaly if the contributions {rom spatial infinity
vanish. This, of course, is always the case in
a fully causal theory whose commutators vanish
outslde the light cone, I, however, the theory
i not manifestly nmrulanl {e g. n«imhun-@uge
mies),
which must be imposed with caut:on Since @
congequently may not be time Independent, 1t
will ned necessarily generate local gauge trans-
formations upon A (') for =% 45" despite the
existence of the differential conservalion laws
a it =0,

The phenomencn described here has previously
bean abgerved by Zumime® in the radiation-gauge
formulation of two-dimensional clectrodynumics
where the usual electric charge eannot be con-
served. The same effect 15 not present in the
Lorents pauge where zero-mass excitations
which preserve clnrse conservation are found to
ooecur. (These correspond tn gauge parts rather
than physical particles.) We skall, however, al-
Low the possibility of the breakdown of such glob-
al consorvation laws, and seek solutions of our
moxdel congletent Oﬁly with the differential con-
servation laws.

We consider, as our example, a theory which

Gab

Carl Richard

Hagen (1937 -)

waa partially solved by Englert and Brout,* and
bears some resemblance to the classical thear,
of Higgs." Our starting point is the ordinary
electrodynamics of massless spin-zero particl
characterized by the Lagrangian

p==3F e A =n A )+RFPUF
Woe v (1)

H n i
st R g +ig A,
@ iwv“ oF A,

where @ is a two-component Hermilian field,
and g L5 the Paull matrix o,. The broken-sym-
metry condition

i i | O} =n=(:;}

will be imposed by approximating ic oot god
in the Lagrangian by plind . The resulting
equations of motion,

PRV E R

nyr'”"-w“rf.

Famgtpema®,
i

] =

¥

are essentially those of the Brout-Englerl modi
and can be solved in elther the radiation” or
Lorentz gauge. The Lorentz-gauge lormulation
however, suffers from Lhe [act thal the usual
canonical quantization is inconsistent with the
{teld equations. (The quantization of A, leads |
an indelinite metric for one component of 4.}
Since we choose Lo view the theory as being ime
bedded as a linear approximation in the full
theory of electrodynamics, these equations wil]
hawve significance oaly in the radiation gauge.

With no loss of generality, we can take n,=
and find

(=i, 0
—i%py =0,
2__ 2,7

(-2 m Mk -0,
where the superscript T denotes the transverst
part. The two degrees of freedom of A
bing with ¢, to form the three components of a
massive vector field, While one sees by inspe:
tion that there s 2 massless particle in the the
ory, it is easily seen that it is completely de-
coupled from the other (massive) excitations,

and hag nothing to do with the Goldstone theorem.

It is now straightforward to demonstrate the
fallure of the conservation law of electric charge.
If there exists a conserved charge 4, then the
relation expressing ¢ as the generator of rota-
tions in charge space is

(@ wlx)j=equix).
Our broken Symmetry réguirement is then
01, @y ) 10} = =iy

wr, interms of the soluble model considered
here,

om0, e, gy )1 O = =i,

From the result

(00, e L) 0 = 2 8 T gty ),
ane ig led bo the consistency condition

my expl=imy g =gl = myy

which is clearly incompatible with a nontrivial
Ty- Thus we have a direct demonstration of the
fallure of & to perform its usual function as a
conserved Beﬂeﬁiﬁr of rotations in tlﬂl‘se sSpace.
It is well ko mention here that this result not

only does not contradict, but is actually re-
quired by, the field equations, which imply

(3" v, ") = 0,

It is also remarkable that if 4, 15 given any
bare mass, the entire theory becomes mani-
testly covariant, amd § is consequently con-
served. Goldstone's theorem can therefore as-
sert the existence of & massless particle. One
indeed finds that in that case ¢, has only Zero-
mass excitations.

In summary then, we have established that it
may be possible consistently to break a symme-
try by requiring thal the vacuum expectation
value of a field operator be nonvanishing without
generating aero-mass particles. I the theary
lacks manifest covariance it may happen that
what should be the generators of the theory fail
to be time-indepondent, despite the existence of
4 local congervation law. Thue the abaence of
massless bosons is a consequence of the inap-
plicability of Goldstones thearem rather than a
contradiction of it Preliminary investigations
indicate that superconductivity displays an anal-
ogous behavior,
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Torténeti vazlat

kvantummechanika: 1923 - 25

relativisztikus kvantummechanika:
1925 - 29

kvantum-elektrodinamika (QED):
1928 - 39

haborus megszakitas (1939 — 46)

kvantumelektrodinamika (QED):
donto attorés 1949 — 51
(Nobel-dij: 1965)

az atomi elektronhéj elmélete

alkalmazasok:

kvantumkémia
szilardtestfizika
plazmafizika
magfizika
részecskefizika

atommagok + uj elemi részecskék

az uj elemi részecskék kisérleti
vizsgalata + egyedi elméletek

IGENY egy altalanosabb kvantummezé-elmélet (QFT) irant

a kvantum-elektrodinamika altalanositasa:
Yang--Mills-elmélet 1952

a szimmetriak sikeres leirasa

DE csak nulla nyugalmi
tomegi részecskék lépnek fel!

egyes elemirészecske-
kolcsonhatasok sikeres leirasa

DE fellépnek soha nem latott,
nulla nyugalmi tdmegii részecskék
(Goldstone-bozonok) is

i‘/‘é'; Az atomoktdl a csillagokig dgy 2013.10.10.
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a kvantum-elektrodinamika altalanositasa:

Yang--Mills-elmélet 1952 egyes elemirészecske-

kolcsonhatasok sikeres leirasa

a szimmetriak sikeres leirasa
DE fellépnek soha nem latott,

DE csak nulla nyugalmi nulla nyugalmi témegii részecskék
tomegii részecskék Iépnek fel! (Goldstone-bozonok) is

Hazasitsuk 6ssze a kétféle,

Higgs, Englert es Brout, 1964: 1«7 segekkel kiizdé elméletet!

Eltiinnek a nehézségek: a nulla nyugalmi tdmegii
részecskék helyett tomegesek lépnek fel --
és a szimmetria is megmarad!

Ez az 6tlet az alapja az 1973-ra Az Osszes ismert
kikristalyosodo részecskefizikai szereplo,
részecskefizikai Standard Modellnek jelenseg, folyamat sikeres (es
igen konzervativ) leirasa
uj folyamatok, reszecskek aj folyamatok, részecskék kisérleti
megjoslasa igazolasa (sok Nobel-dij)

a matematikai konzisztencia
(renormalhatosag) igazolasa (Nobel-dij 1999)

A
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Ez az otlet az alapja az 1973-ra
kikristalyosodo
részecskefizikai Standard Modelinek

Mar csak az egyik alapveté
szerepld, a Higgs altal megjosolt
skalar bozon hianyzott...

Osszeallt a kirakos jaték,
a Standard Modell...

Az Osszes ismert
részecskefizikai szerepld,
jelenség, folyamat sikeres (és
igen konzervativ) leirasa

2012-ben az LHC-ben ezt is
felfedezték...

==@ Az atomoktdl a csillagokig dgy 2013.10. 10.
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A Standard Modell:

kész, komplett épitékocka
a jové még nagyobb
rejtvényeinek kirakasahoz

(kvantumgravitacio, sotét
anyag, stb...)

wzz@ Az atomoktol a csillagokig dgy 2013.10. 10. Fizikai Nobel-dij 2013 a Higgs-mezoért
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Englert és Higgs elsé talalkozasa 2012-ben a CERN-ben,
a Higgs-bozon felfedezése utan
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Koszonom a figyelmet!




