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1960- L’'INIZIO DELLA STORIA...

[ primi tentativi: le interazioni deboli e elettromagnetiche possono essere

J. Schwinger; 1958; A.Salam and J.
Ward; 1961;S. Glashow; 1961

E evidente che associare i bosoni vettori a una simmetria di gauge esatta non

descritte da una teoria di gauge generalizzata (con 4 mediatori)

¢ una strada percorribile:

- le masse dei nuovi bosoni vettori sono nulle (come per il fotone),
'interazione mediata ¢ a lungo raggio

Per le interazioni deboli la simmetria di gauge deve essere rotta

Tuttavia una rottura esplicita ottenuta introducendo nella teoria i termini di
massa necessari (o la conservazione parziale) non é soddisfacente:

- la teoria risultante in generale non & rinormalizzabile ovvero la sua
predittivita e limitata



ROTTURA SPONTANEA DI SIMMETRIA

Negli stessi anni la rottura spontanea di simmetria viene introdotta nella teoria delle
particelle elementari: una simmetria continua puo essere rotta dinamicamente da

un campo scalare complesso con un potenziale opportuno.

Il potenziale a sombrero ¢ simmetrico per rotazioni

V(D) = A(e|* — v*)?
- c’é un continuo di minimi legati
dalla trasformazione di simmetria

- il minimo selezionato rompe la simmetria

- le oscillazioni del campo intorno al minimo Y. Nambu; 1960
J. Goldstone; 1961

corrispondono a un modo massivo e uno a massa nulla, conseguenza del
teorema di Goldstone: per ogni simmetria rotta appare un bosone a massa nulla

Si pensava che una teoria di gauge rotta spontaneamente fosse rinormalizzabile,
ma che fare dei bosoni di Goldstone?




I L M E C C AN I S M O D I H I G G S P. Higgs; F. Englert and R. Brout; G.S. Guralnik,

. . ) . . C.R.Hagen, and TW.B. Kibble; 1964
Nel caso di rottura spontanea di una simmetria di gauge le

cose vanno diversamente...
1 .
L=—"F"E, + (0" - iqgA")p|* = V(o)

- il bosone di Goldstone non ¢ fisico: puo essere
eliminato con una trasformazione di gauge

- il corrispondente grado di liberta scalare fornisce la
polarizzazione longitudinale al bosone vettore A#
che prende una massam = qv

@(x) = e®DH () +v)
Grazie a questo meccanismo ¢ possibile scrivere una teoria di gauge:

. spontaneamente rotta ovvero rinormalizzabile

- con bosoni vettori massivi e quindi con interazioni a corto raggio

- senza particelle scalari a massa nulla - i bosoni di Goldstone

. con un bosone scalare massivo fisico: il bosone di Higes
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Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and In their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. Howewver, this raises the
specter of unwanted massless Goldstone bosons.
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions Is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.” The model may
be renormalizable.

‘We will restrict our attention to symmetry
groups that connect the observed electron-type
leptons only with each other, i.e., not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

L![’stlw;ﬂ(?) w,

S T I B 2
2=t K -0 K oA xE )40 B o B R -

and on a right-handed singlet
R=[H{1-yg)le. 2)

The largest group that leaves invarlant the kine-
matic terms —LyPBPL RyF‘-BuR of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons, As far
as we know, two of these symmetries are en-
tirely unbroken: the charge @ « Ta-Np—3iNp,
and the electron number N=Ng+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass,® and there is no
massless particle coupled to N,* so we must
form our gauge group out of the electronic iso-
spm T and the electronic hyperchange ¥=Ng
+ 2NL

Therefore, we shall eonstruet our Lagrang-
ian out of L '.md R, plus gauge fields Au and
By, coupled to T and ¥, plus a spin-zere dou-
blet

@°
#=( g 3)

whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
Iy renormalizable Lagrangian which is invar-
jant under T and ¥ gauge transformations is

T TTRE 3 SU
ig'B WR-Ly" (¢ igl l“ iig'B )L

—‘Ieuqo-i.rip de +iég'3“q’r2-r;e(icpﬁ - waLJ-Mlgcp'qa whie'o?.

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L and

@ fields to make the vacuum expectation value d=

1264

&0"} real.

The “physical” ¢ fields are then @
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=@ AT gz =" )
The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and @, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,”
=0 the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace @ ev-
erywhere by its vacuum expectation value

@=a(}). ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

“peglia e )

_lhi A a ‘B -
1A (g u e uP AG Ze. (T) |

i ® g M
W A
Wz Y t1+y5Jv M+l{.c.+t T, ,,},,,mf eAp

A e g7t

We see immediately that the electron mass
i8 AG,. The charged spin-1 field is

W =274 1iqd ® 8
i {’ pt u? (8)

and has mass
My =i )

The neutral spin-1 fields of definite mass are

We see that the rationalized eleetric charge |
is

e=gg' /(g +g7)* (15)

and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NE=g/BM P =1 /207, (16)

HNote that then the e-@ coupling constant is
G =M A=2VM G i=2.0Tx107%,

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives
Mg >Myy and Mz =80 BeV.

The only unequivocal new predictions made

7H={3' *8’“]"”’(344””.?’3“}; (10)
ﬁ“=(x"‘+g”i‘“’(—g’:4“‘+gﬁﬂl- (11}
Their masses are
=gt g, (12)
M,=0, (13}
S0 Au is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is
") u
8‘“*‘}?" )&'y ey }'52+Vy (1+75}u:|2p. {14)
by this model have to do with the couplings
of the neutral intermediate meson £, . If Z;

does not couple to hadrons then the best place
to look for effects of Z 18 in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is

| (3g7-g") ]
TW (1+?5}V12[ga+g,a}ﬁf e +dmt s

If g=¢ then g g', and this is just the usual
=¥ scattering matrix element times an extra
factor §. I g~e¢ then g=g', and the vector

interaction is multiplied by a factor - rath-
er than 2. Of courge our model has too many
arbitrary features for these predictions to be

1265

taken very seriously, but it 1s worth keeping
in mind that the standard caleulation® of the
electron-neutring eross section may well be
WEONg.
Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of 3# and By to the hadrons ?

I am grateful to the Physics Department of
MIT for thelr hospitality, and to K. A, Johnson
for a valuable discussion.

*This work is supported in part through funds pro-
vided by the U. 8. Alomic Energy Commission under
Contract No, AT{30-1)2088),

fon leave [rom the Univeraity of California, Berke-
ley, California.

The history of attempts to unify weak and electro=
magnetic interactions is very long, and will not be re-
viewed here. Possibly the earliest reference is E. Fer-

1266

mi, Z. Physik 88, 161 (1034). A mode] similar to ours
wits diseussed by 8. Glashow, Nucl. Phys. 22, 579
(1061); the ehief difference is thal Glashow introduces
symmetry-hreaking terms into the Lagrangian, and
therefore geta leas definite prediotions.

7. Goldstone, Nuovo Clmento 19, 154 (1861); J. Geld-
stone, A. Salam, and 8. Weinberg, Phys. Rev. 127,

265 (1862),

P W, Higgs, Fhys. Letters 12, 132 {1964), Phys.
Hev. Letters 13, 508 (1964), and Phys. Rev. 146, 1156
{1966); F. Englert and R. Brout, Phys, Rev, Letters
13, 821 (1864); . 8. Guralnik, C. R. Hagen, and T, W,
E. Kibble, Phys. Rev. Lettera 13, 585 (1864),

4See particularly T. W. B. Kibble, Phys. Rev. 155,
1554 (1967}, A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is juat the bare mass, while the
Ay meaon ploks up an extra contribution from the spon-
taneous breaking of chiral symmetry. See 5. Weinberg,
Phys, Rev. Letters 18, 507 (1967), especially footnote
T; J. Schwinger, Ph_'rs Letters 248, 473 {1957].

8, Glashow, H. o and 8, i + Phys. Rev.
Lattera 19, 139 (19671, Eq. (13) &t seq,

*T. D. Lee and . N. Yang, Phys, Hev. 88, 101 (1855),

*This is the same sort of transformation as that
which eliminates the ivitive ¥ ings in the
o model; see 8, Weinberyg, Phys, Hev, Letters 18, 188
(1867). The ¥ reappears with derivative coupling be-
cause the atrong-interaction Lagrangian ia not invari-
ant under chiral gauge transformation.

"For a similar argument applied to the ¢ meson, see
w=m'berg Ref. 6.

n. P, Feynman and M. Gell-Mann, Phys. Rev. 108,
193 (1957),
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diate weak interactions. What could be more
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the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and In their couplings. We
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by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
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ken by the vacuum. Howewver, this raises the
specter of unwanted massless Goldstone bosons.
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions Is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.” The model may
be renormalizable.

‘We will restrict our attention to symmetry
groups that conneet the ohserved electron-type
leptons only with each other, i.e., not with
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or hadrons. The symmetries then act on a left-
handed doutek

L=[§u+y,zl(?) w,

S T I B 2
2=t K -0 K oA xE )40 B o B R -

The largest group that leaves invarlant the kine-
matic terms —LyPBPL RyF‘BuR of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons, As far
as we know, two of these symmetries are en-
tirely unbroken: the charge @ « Ta-Np—3iNp,
and the electron number N=Ng+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass,® and there is no
massless particle coupled to N,* so we must
form our gauge group out of the electronic iso-
spm T and the electronic hyperchange ¥=Ng
+ 2N)_‘,

Therefore, we shall construet our Lagrang-
ian out of L '.md R, plus gauge fields Au and
By, coupled to T and ¥, plus a spin-zero dou-
blet

¢=(§i) 3)

whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
Iy renormalizable Lagrangian which is invar-
jant under T and ¥ gauge transformations is

it _r* TR il
ig'B JR-Ly" (e ig l“ iig'B )L

—‘Iepqo-i.rrﬁp de +iég'3“¢r2-r:e(2cpﬁ 4waLJ-M13cp'qa whie'o?.

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L an:l

@ fields to make the vacuum expectation value d=

1264

&0"} real.

The “physical” ¢ fields are then @
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of 0 of

=% e" T 0= - . )
The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical eoupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which

We see immediately that the electron mass
i8 AG,. The charged spin-1 field is

W =274 1iqd ® 8
i (“+ u: ()

and has mass

1= e (@)

The neutral spin-1 fields of definite mass are

eliminates ¢~ and @, everywhere® without chang- Z ={g2+g?) "W gA 4 g'B ), {10)
ing anything else. We will see that G, is very K K H
small, and in any case M, might be very large,” e .
so the ¢, couplings will also be disregarded ‘n“ =g +2") (_gl‘q'“ +gBH]' 1)
in the following.
The effect of all this is just to replace @ ev- Their massea are
erywhere by its vacuum expectation value
/1

(@ =x(y). ® =i g, (12)
The first four terms in £ remain intact, while
the rest of the Lagrangian becomes M_A:O, (13)

—Bxglia (PR
H L s0 Ay, is to be identified as the photon field.
—ix¥gA Tig'B FoAG Fe. (T) The interaction between leptons and spin-1
- 4 ‘ | mesons is
i w i
mé’y (L +y5]vWH+H.c.+w+d},,,§y“eAp
(x‘+ e - u
[(R“ﬂ‘*ﬁ! )&'y e—gy }'52+V>- (1+75}u:|2p. {14)
We see that the rationalized eleetric charge |
is by this model have to do with the couplings
of the neutral intermediate meson £, . If Z;

e=gg' /g vg” )M (15)

and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NT=22/8MF = 1/20. (16)

HNote that then the e-@ coupling constant is
G =M A=2VM G i=2.0Tx107%,

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives
Mg >Myy and Mz =80 BeV.

The only unequivocal new predictions made

does not couple to hadrons then the best place
to look for effects of Z“ is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is

| (3g7-g") ]
TW (1+?5}V12[ga+g,a}ﬁ Yo imt 75

If g=¢ then g g', and this is just the usual
=¥ scattering matrix element times an extra
factor §. I g~e¢ then g=g', and the vector
interaction is multiplied by a factor - rath-
er than 2. Of courge our model has too many
arbitrary features for these predictions to be
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taken very seriously, but it 1s worth keeping
in mind that the standard caleulation® of the
electron-neutring eross section may well be
WIONg

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of 3# and By to the hadrons ?

I am grateful to the Physics Department of
MIT for thelr hospitality, and to K. A, Johnson
for a valuable discussion.

*This work is supported in part through funds pro-
vided by the U. 8. Alomic Energy Commission under
Contract No, AT{30-1)2088),

fon leave [rom the Univeraity of California, Berke-
ley, California.

The history of attempts to unify weak and electro=
magnetic interactions is very long, and will not be re-
viewed here. Possibly the earliest reference is E. Fer-

mi, Z. Physik 88, 161 (1034). A mode] similar to ours
wits diseussed by 8. Glashow, Nucl. Phys. 22, 579
(1061); the ehief difference is thal Glashow introduces
symmetry-hreaking terms into the Lagrangian, and
therefore geta leas definite prediotions.

7. Goldstone, Nuovo Clmento 19, 154 (1861); J. Geld-
stone, A. Salam, and 8. Weinberg, Phys. Rev. 127,

265 (18620,

Ip. W, Higgs, Phys. Letters 12, 132 (1964), Phys.
Hev. Letters 13, 508 (1964), and Phys. Rev. 146, 1156
{1966); F. Englert and R. Brout, Phys, Rev, Letters
13, 821 (1864); . 8. Guralnik, C. R. Hagen, and T, W,
E. Kibble, Phys. RHev. Letteras 13, 585 (1864),

4See particularly T. W. B. Kibble, Phys. Rev. 155,
1554 (1967}, A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is juat the bare mass, while the
Ay meson ploks up an extea contribution from the spon-
taneous breaking of chiral symmetry. See 5. Weinberg,
FPhys. Rev. Letters 18, 507 (1967}, especially footnote
T; J. Schwinger, Ph_'rs Letters 248, 473 U.BB?],

8, Glashow, H. o and 8, i + Phys. Rev.
Lattera 19, 139 (19671, Eq. (13) &t seq,

*T. D. Lee and . N. Yang, Phys, Hev. 88, 101 (1855),

*This is the same sort of transformation as that
which eliminates the ivative ¥ couplings in the
o model; see 8, Weinberyg, Phys, Hev, Letters 18, 188
(1867). The ¥ reappears with derivative coupling be-
cause the atrong-interaction Lagrangian ia not invari-
ant under chiral gauge transformation.

"For a similar argument applied to the ¢ meson, see
Wrm'berg Ref. 6.

n. P, Feynman and M. Gell-Mann, Phys. Rev. 108,
193 (1957),

Tutti gli ingredienti del Modello Standard:

* i campi di materia fermionici
* il doppietto left-handed

* il singoletto right-handed
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The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical eoupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and @, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,”
=0 the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace @ ev-
erywhere by its vacuum expectation value

@=a(}). ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes
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We see immediately that the electron mass
i8 AG,. The charged spin-1 field is

W27V 1y 2 8
i 1 pt u? (8)
and has mass
1= e ()
The neutral spin-1 fields of definite mass are
7n={8’ +8’°]"”’(3A”’+£’Buh (10)
A W= _grq A
“=(x"‘+g )T 31‘1“ +gBH]' (11}
Their masses are
=2l g, 1z
M, =0, (13}

S0 A” is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is

R‘ﬂﬂfg )&y“s—!"yp}'se+w“(1+?5}ﬂ]zp. (14)

We see that the rationalized eleetric charge |
is
e=gg'/(g® +g?)* (18)

and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NT=22/8MF = 1/20. (16)

HNote that then the e-@ coupling constant is
G =M A=2VM G i=2.0Tx107%,

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives

by this model have to do with the couplings

of the neutral intermediate meson £, . If Z;
does not couple to hadrons then the best place
to look for effects of Z; is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is

| (3g7-g") ]
TW (1+?5}V12[ga+g,a}ﬁ Yo imt 75

If g=¢ then g g', and this is just the usual
€-v geattering matrix element times an extra
factor §. I g~e¢ then g=g', and the vector

interaction is multiplied by a factor - rath-

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L an:l
@ fields to make the vacuum expectation value A= &a“} real. The “physical” ¢ fields are then @
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er than 2. Of courge our model has too many
arbitrary features for these predictions to be

Mg >Myy and Mz =80 BeV.
The only unequivocal new predictions made
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taken very seriously, but it 1s worth keeping
in mind that the standard caleulation® of the
electron-neutring eross section may well be
WIONg

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of 3# and By to the hadrons ?

I am grateful to the Physics Department of
MIT for thelr hospitality, and to K. A, Johnson
for a valuable discussion.

*This work is supported in part through funds pro-
vided by the U. 8. Alomic Energy Commission under
Contract No, AT{30-1)2088),

fon leave [rom the Univeraity of California, Berke-
ley, California.
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mi, Z. Physik 88, 161 (1034). A mode] similar to ours
wits diseussed by 8. Glashow, Nucl. Phys. 22, 579
(1061); the ehief difference is thal Glashow introduces
symmetry-hreaking terms into the Lagrangian, and
therefore geta leas definite prediotions.

7. Goldstone, Nuovo Clmento 19, 154 (1861); J. Geld-
stone, A. Salam, and 8. Weinberg, Phys. Rev. 127,

265 (18620,

Ip. W, Higgs, Phys. Letters 12, 132 (1964), Phys.
Hev. Letters 13, 508 (1964), and Phys. Rev. 146, 1156
{1966); F. Englert and R. Brout, Phys, Rev, Letters
13, 821 (1864); . 8. Guralnik, C. R. Hagen, and T, W,
E. Kibble, Phys. RHev. Letteras 13, 585 (1864),
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1554 (1967}, A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is juat the bare mass, while the
Ay meson ploks up an extea contribution from the spon-
taneous breaking of chiral symmetry. See 5. Weinberg,
FPhys. Rev. Letters 18, 507 (1967}, especially footnote
T; J. Schwinger, Ph_'rs Letters 248, 473 U.BB?],
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(1867). The ¥ reappears with derivative coupling be-
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ant under chiral gauge transformation.

"For a similar argument applied to the ¢ meson, see
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Tutti gli ingredienti del Modello Standard:

* i campi di materia fermionici
* il doppietto left-handed
* il singoletto right-handed

* il gruppo di gauge SU(2), x U(l)y
* 4 bosoni vettori A, e B,
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Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and In their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. Howewver, this raises the

specter of unwanted massless Goldstone bosons,

This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions Is spontaneously broken,

but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.” The model may
be renormalizable.

‘We will restrict our attention to symmetry
groups that conneet the ohserved electron-type
leptons only with each other, i.e., not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doulds

1 7.8
o, B -a B )RRy -

(2)

The largest group that leaves invarlant the kine-
matic terms —LyPBPL RyF‘BuR of the Lagrang-
ian consists of the electronic isospin T acting

on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons, As far

as we know, two of these symmetries are en-
tirely unbroken: the charge @ « Ta-Np—3iNp,
and the electron number N=Ng+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass !

form our gauge group out of the electronic iso-
spm T and the electronic hyperchange ¥=Ng
+ 2NI.

ian out of L '.md R, plus gauge fields Au and
By, coupled to T and ¥, plus a spin-zere dou-
blet

¢=(§i) 3)

whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
Iy renormalizable Lagrangian which is invar-
jant under T and ¥ gauge transformations is

it _r* TR il
ig'B JR-Ly" (e ig l“ iig'B )L
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AVE ZEID VACUUM eXpec-
tation value to a11 orders of perturbation the-
ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical eoupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and @, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,”
=0 the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace @ ev-
erywhere by its vacuum expectation value

@=a(}). ®

The first four terms in £ remain intact, while
the rest of the Lagrangian becomes

“peglia e )

_lhi A a ‘B -
1A (g u e uP AG Ze. (T) |

i ® g M
W A
Wz Y t1+y5]v H+H'c'+f T, ,,]_,,J)f eAp

A e g7t

We see immediately that the electron mass
i8 AG,. The charged spin-1 field is

W =274 1iqd ® 8
i (“+ u: ()

and has mass

1= e (@)

The neutral spin-1 fields of definite mass are

We see that the rationalized eleetric charge |
is
e=gg'/(g® +g?)* (18)

and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NT=22/8MF = 1/20. (16)

HNote that then the e-@ coupling constant is
G =M A=2VM G i=2.0Tx107%,

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives

Z, =8 g? T gA Beg'B ), o)
A W= _grq A
Jl=(J!"“+g 1T =g +gB“]. (11}
Their masses are
=gt g, (12)
M,=0, (13}
S0 A” is to be identified as the photon field.
The interaction between leptons and spin-1
mesons is
") u
R‘ﬂ‘*ﬁ! )&'y ey }'52+V>- (1+75}u:|2p. {14)
by this model have to do with the couplings
of the neutral intermediate meson £, . If Z;

does not couple to hadrons then the best place
to look for effects of Z“ is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is

| (3g7-g") ]
TW (1+?5}V12[ga+g,a}ﬁ Yo imt 75

If g=¢ then g g', and this is just the usual
€-v geattering matrix element times an extra
factor §. I g~e¢ then g=g', and the vector

interaction is multiplied by a factor - rath-

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L an:l
@ fields to make the vacuum expectation value A= &a“} real. The “physical” ¢ fields are then @
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arbitrary features for these predictions to be
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taken very seriously, but it 1s worth keeping
in mind that the standard caleulation® of the
electron-neutring eross section may well be
WIONg

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of 3# and By to the hadrons ?

I am grateful to the Physics Department of
MIT for thelr hospitality, and to K. A, Johnson
for a valuable discussion.
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vided by the U. 8. Alomic Energy Commission under
Contract No, AT{30-1)2088),
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The history of attempts to unify weak and electro=
magnetic interactions is very long, and will not be re-
viewed here. Possibly the earliest reference is E. Fer-

mi, Z. Physik 88, 161 (1034). A mode] similar to ours
wits diseussed by 8. Glashow, Nucl. Phys. 22, 579
(1061); the ehief difference is thal Glashow introduces
symmetry-hreaking terms into the Lagrangian, and
therefore geta leas definite prediotions.
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4See particularly T. W. B. Kibble, Phys. Rev. 155,
1554 (1967}, A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is juat the bare mass, while the
Ay meson ploks up an extea contribution from the spon-
taneous breaking of chiral symmetry. See 5. Weinberg,
FPhys. Rev. Letters 18, 507 (1967}, especially footnote
T; J. Schwinger, Ph_'rs Letters 248, 473 U.BB?],

8, Glashow, H. o and 8, i + Phys. Rev.
Lattera 19, 139 (19671, Eq. (13) &t seq,
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o model; see 8, Weinberyg, Phys, Hev, Letters 18, 188
(1867). The ¥ reappears with derivative coupling be-
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ant under chiral gauge transformation.

"For a similar argument applied to the ¢ meson, see
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193 (1957),

Tuttl gli mgredlentl del Modello Standard:
i campi di materia fermionici
* il doppietto left-handed
* il singoletto right-handed
* il gruppo di gauge SU(2), x U(l)y
* 4 bosoni vettori A e B,

* il doppietto di Higgs
el bosone§ I Higgs
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into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and In their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. Howewver, this raises the

specter of unwanted massless Goldstone bosons,

This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions Is spontaneously broken,

but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.” The model may
be renormalizable.

‘We will restrict our attention to symmetry
groups that conneet the ohserved electron-type
leptons only with each other, i.e., not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doulds
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The largest group that leaves invarlant the kine-
matic terms —LyPBPL RyF‘BuR of the Lagrang-
ian consists of the electronic isospin T acting

on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons, As far

as we know, two of these symmetries are en-
tirely unbroken: the charge @ « Ta-Np—3iNp,
and the electron number N=Ng+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass !

form our gauge group out of the electronic iso-
spm T and the electronic hyperchange ¥=Ng
+ 2NI.

ian out of L '.md R, plus gauge fields Au and
By, coupled to T and ¥, plus a spin-zere dou-
blet

¢=(§i) 3)

whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
Iy renormalizable Lagrangian which is invar-
jant under T and ¥ gauge transformations is
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ig'B JR-Ly" (e ig l“ iig'B )L

—‘Iepqo-i.rrﬁp de +iég'3“¢r2-r:e(2cpﬁ 4waLJ-M13cp'qa whie'o?.

20 NOVEMEER 1967

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L an:l
@ fields to make the vacuum expectation value A= &a“} real. The “physical” ¢ fields are then @
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tation value to a11 orders of perturbation the-
ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical eoupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and @, everywhere® without chang-
ing anything else. We will see that G, is very
small, and in any case M, might be very large,”
=0 the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace @ ev-
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We see immediately that the electron mass
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The charged spin-1 field is
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and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NT=22/8MF = 1/20. (16)

HNote that then the e-@ coupling constant is
G =M A=2VM G i=2.0Tx107%,

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives
Mg >Myy and Mz =80 BeV.

The only unequivocal new predictions made

by this model have to do with the couplings

of the neutral intermediate meson £, . If Z;
does not couple to hadrons then the best place
to look for effects of Z; is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is
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arbitrary features for these predictions to be
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be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
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theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
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Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and In their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. Howewver, this raises the
specter of unwanted massless Goldstone bosons.
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions Is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields.” The model may
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on L, plus the numbers Ny, Ng of left- and
right-handed electron-type leptons, As far

as we know, two of these symmetries are en-
tirely unbroken: the charge @ « Ta-Np—3iNp,
and the electron number N=Ng+Np. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass !

form our gauge group out of the electronic iso-
spm T and the electronic hyperchange ¥=Ng
+ 2NI.

ian out of L '.md R, plus gauge fields Au and
By, coupled to T and ¥, plus a spin-zere dou-
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whose vacuum expectation value will break T
and ¥ and give the electron its mass. The on-
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ory Lells us that A*=M */2h, and therefore the
field ©, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone

We see immediately that the electron mass
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(6) =2l g, (12)
The first four terms in £ remain intact, while
the rest of the Lagrangian becomes M_A:O, (13)
“hglia PP A 7Rl -
H L s0 Ay, is to be identified as the photon field.
-gﬂg.qu’ 4 g'Bu P-,\Gea'g_ (7 The interaction between leptons and spin-1
| mesons is
ﬁf—e’y“tl +y5]vWH+H.c.+WW§y“eﬂp
HE g e g, R i
r [( = )&'y e—gy }'52 + 1y (1+75}y:|2 (14)

We see that the rationalized eleetric charge
is

e=gg' /g vg” )M (15)

and, assuming that W“ couples as usual to had-
rons and muons, the uswal coupling constant
of weak interactions is given by

G NT=22/8MF = 1/20.

(16)

The coupling of ¢, to muons is stronger by a
factor My /Mg, but still very weak. Note al-
so that (14) gives g and g larger than ¢, so
{18) tells us that My > 40 BeV, while (12) gives
Mg >Myy and Mz =80 BeV.

The only unequivocal new predictions made

by this model have to do with the couplings

of the neutral intermediate meson £, . If Z;
does not couple to hadrons then the best place
to look for effects of Z; is in electron-neutron
scattering. Applying a Fierz transformation
to the W-exchange terms, the total effective
e- interaction is

| (3g7-g") ]
TW (1+?5}V12[ga+g,a}ﬁ Yo imt 75

If g=¢ then g g', and this is just the usual
=¥ scattering matrix element times an extra
factor §. I g~e¢ then g=g', and the vector
interaction is multiplied by a factor - rath-
er than 2. Of courge our model has too many
arbitrary features for these predictions to be
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taken very seriously, but it 1s worth keeping
in mind that the standard caleulation® of the
electron-neutring eross section may well be
WIONg

Is this model renormalizable? We usually
do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our £ and Wy, mesons get
their mass from the spontanecus breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
50 the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of 3# and By to the hadrons ?

I am grateful to the Physics Department of
MIT for thelr hospitality, and to K. A, Johnson
for a valuable discussion.

*This work is supported in part through funds pro-
vided by the U. 8. Alomic Energy Commission under
Contract No, AT{30-1)2088),

fon leave [rom the Univeraity of California, Berke-
ley, California.

The history of attempts to unify weak and electro=
magnetic interactions is very long, and will not be re-
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wits diseussed by 8. Glashow, Nucl. Phys. 22, 579
(1061); the ehief difference is thal Glashow introduces
symmetry-hreaking terms into the Lagrangian, and
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{1966); F. Englert and R. Brout, Phys, Rev, Letters
13, 821 (1864); . 8. Guralnik, C. R. Hagen, and T, W,
E. Kibble, Phys. RHev. Letteras 13, 585 (1864),

4See particularly T. W. B. Kibble, Phys. Rev. 155,
1554 (1967}, A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is juat the bare mass, while the
Ay meson ploks up an extea contribution from the spon-
taneous breaking of chiral symmetry. See 5. Weinberg,
FPhys. Rev. Letters 18, 507 (1967}, especially footnote
T; J. Schwinger, Ph_'rs Letters 248, 473 U.BB?],

8, Glashow, H. o and 8, i + Phys. Rev.
Lattera 19, 139 (19671, Eq. (13) &t seq,

*T. D. Lee and . N. Yang, Phys, Hev. 88, 101 (1855),

*This is the same sort of transformation as that
which eliminates the ivative ¥ couplings in the
o model; see 8, Weinberyg, Phys, Hev, Letters 18, 188
(1867). The ¥ reappears with derivative coupling be-
cause the atrong-interaction Lagrangian ia not invari-
ant under chiral gauge transformation.

"For a similar argument applied to the ¢ meson, see
Wrm'berg Ref. 6.

n. P, Feynman and M. Gell-Mann, Phys. Rev. 108,
193 (1957),

Tuttl gli mgredlentl del Modello Standard:
i campi di materia fermionici
* il doppietto left-handed
* il singoletto right-handed
* il gruppo di gauge SU(2), x U(l)y
* 4 bosoni vettori A e B,

* il doppietto di Hi
* il bosone

<§ gH |ggs

* rottura spontanea a U(l)q
e Higgs veev.= (V26 ) 1/2 = 246 GeV

* 3 bosoni vettori W*

u € Z, con m#0 +y

e corrente debole neutra

* interazione di Yukawa

*  masse dei fermioni
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1973: correnti neutre a Gargamelle (CERN)
1974: quark charm a SLAC/BNL
1975: leptone tau a SLAC
1977: quark bottom a E288 (FNAL)
1983: bosoni W e Z al SPS (CERN)

o

S

1995’ quark top al Tevatron (FNAL) 4 E.lf’f:}SWITZERLAND
2000: neutrino tau a DONUT (FNAL)
1989-2000: EWPOs a LEP (CERN)

...manca solo il bosone di Higgs FRANCE



sz

LA PARTICELLA MANCANTE

- Le osservabili di precisione a LEP verificano il

Modello Standard a livello quantistico trovando un
accordo eccellente

- Le correzioni radiative sono (poco) sensibili anche al

6 H

E (5)
5- Aty g = —

— 0.02758+0.00035

1 R S 0.02749+0.00012
4- s« incl. low Q? data N
3 -
. -
. -
o | Excluded S,

e L
30 100

300

bosone di Higgs: si trova una

indicazione di Higgs leggero in
tensione con la ricerca diretta

- LEP si conclude nel 2000
con un eccesso di eventi in
4 jets compatibile con un
bosone di Higgs a circa 115

GeV...

H/z/y

«AM%ZAJ}\/\MW\/WW\/\/\/\/\,
: WA/\%&?Z/MY
w
b

:: o

Measurement Pull Pull
3210123
m,[GeV] 91.1875+0.0021 .05
I,[GeV]  2.4952+0.0023  -.42
Opy [Pl 41.540£0.037  1.62
R, 20.767+£0.025  1.07
AY 0.01714+£0.00095 .75
A, 0.1498£0.0048 .38
A, 0.1439+0.0042  -.97
sin®elP" 0.2321£0.0010 .70
R, 0.21653£0.00069  1.09
R, 0.1709£0.0034  -.40
A 0.0990 +0.0020  -2.38
AYS 0.0689+0.0035 -1.51
A, 0.922 + 0.023 -.55
A, 0.631+£0.026  -1.43
sin“el?"  0.23098 £0.00026 -1.61
sin’e,, 0.2255+0.0021  1.20
my [GeV]  80.452 +0.062 81
m, [GeV] 174.3+5.1 -01
Ao (m,)  0.02804 +0.00065 -.29

3-2-10123
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2012: LA SCOPERTA A LHC e '
.
3
- - 8
07 10°k ATLAS Preliminary | 2011 +2012 Data = 8 107 ATLAS Preliminary | 2011+2012Data |
g 10 —o0bs. V8=7TeV: [Ldt-4648f" 3 8 L —Obs. 6=7TeV: JLdt= 46481 1
H  10F - Exp. V§=8TeV: |Ldt=5859f" 3 2 8 ..pp Ys=8TeV: |Ldt=5.85.91b" |
1 5::._ eprnaaang . ; O I:% r e ]
1075 1o 05 6 .
R e — e Gl R 00 e eI s
lgj: """""""""""""""""""" fromsm | 1% Ap b S ™ from SM 4
10;F Higgsat [Tao | T | Higgsat |7
M ¥ i 9 |Vean ___________ -; C | givenm,, 4 T T - 0
07f ol T A . - Z Compatibility with SM Higgs boson
107 E R, W SR T SR ssakey
109F =60 oY S R i in di
““110 115 120 125 130 135 140 145 150 10 115 120 125 130 135 140 145 150 event ylelds In dlﬁerent mOdeS (2)
my, [GeV] m, [GeV] z
? = 125 GeV CMS Preliminz I
Maximum excess observed at my = 126.5 GeV 3 o . \5:773\?[":':?& [m,=125GeV]  CMS Preliminary
\s=8TeV.L=53 5" Vs=7TeV,L=51 fb::
Local significance (including energy-scale systematics) m 2 -8 leviL=oai
Probability of background up-fluctuation -7 H—bb
y of background up-f b
Expected from SM Higgs m,=126.5 § Mo
3 Hspy -— VBF tagged —-
Global significance: 4.1-4.3 g (for LEE over 110-600 or 110-150 GeV) § s W VH tagged —-
. . . . oL . : - iH tagged | ————m————
Osservato il decadimento di una particella compatibile = "=* X ... ... R IO, [
8 -3 2 -1 0 1 2 3 4 5 3 -2 A 1.2 3 4 5
con il bosone di Higgs del Modello Standard:si chiude Best it /g Best it oosm

» Eventyieldsin different decay modes are self-consistent
» Eventyields in different production topologies are self-consistent

con pieno successo un capitolo durato oltre 40 anni!

ily 4 2012 The



Top pole mass M, in GeV

Higgs
potential

IL VUOTO E METASTABILE

vacuum

?
Metastable

* Assunzione: Modello Standard valido fino alla scala di Plank Higs \\/
e
. i - - - - i - - - - - - - - - - ] ]80 VIO — + +
0081 M, = 17;{:“(])1.28012‘/ (gray)
@3(My) = 0.1184 = 0.0007(red
178 =z 0.06 - A;:l=)125.7lt 0.3 GeV (bl(ue))
% 0.04
> .g
{"5 176 g omf
= &
- = 0.00
= =
§ 174 - - —oml  TTe-aJMp=0Ti
= M, = 174.9 Ge
o 0040
8. 10210 10° 105 100 102 10" 10'° 10'8 10%°
o 172 RGE scale p in GeV
ﬁ 101000 | -
: 1o bands in ]
e :: M,=125.7+0.3 GeV
170 .- e a0 |
L. i (red dotted)
"::» 10900 - z ‘f\“
168 :
0 50 100 150 200 120 122 124 126 128 130 132 £ o
Higgs pole mass M), in GeV Higgs pole mass M;, in GeV ol
D. Buttazzo et al.; 2013 :
171 172 173 174 175 176

Pole top mass M, in GeV



neutrinos de se pe

IL PROSSIMO CAPITOLO... Sl we  ce 1o

_—_—3

ce e Te
[l Modello Standard: 3 ) 3 = © =~
: : : L < < < < <
- non include l'interazione gravitazionale courtesy of H. Murayama
Energy Length
W eV T - non ha una scala di massa naturale (problema della gerarchia)
< Planck scale+»t 10" cm
e N S - non spiega lo struttura di sapore dei fermioni (masse, mixing, CPV)
10 Gev + = . . .
= 107 em - non fornisce un candidato per la materia oscura
10" GeV 3 b
eV E
| B - non spiega |'asimmetria barionica nell’'universo
g +10* cm
10 GeV+ o
+10-" cm .
051 ealscalo IL MODELLO STANDARD NON E
’ T+10-%cm
GeV+---protan mass -»
TUTTA LA STORIA
l(l‘;/lli;av\g T=-electron mass .-0 e
109 GeV+ y
{keV)

qualche tensione gia osservata? (g-2),, anomalie nel B, ...



QUANTO E STANDARD IL BOSONE DI HIGGS?

Il bosone di Higgs del Modello Standard ha molte caratteristiche peculiari:
. ¢ 'unico campo di materia bosonico
- ¢ 'unico campo scalare

- introduce nuove interazioni non di gauge attraverso gli
accoppiamenti di Yukawa ai fermioni

- tutti gli accoppiamenti sono proporzionali

alle masse
Vv 0 o ) N - rompe la simmetria di sapore
::14:\ >’“‘ .- - non introduce sorgenti addizionali
g /;f’ ' ol i di violazione di CP nei suoi accoppiamenti

E UNICO SCALARE? E ELEMENTARE?
HA ACCOPPIAMENTI STANDARD?



ATLAS Collaboration, Nature 607, 52 (2022)
CMS Collaboration, Nature 607, 60 (2022)

10 ANNI DOPO

ATLAS —e— Total
R . R . . H 7Z* 4| Stat. Only
- 30x eventi di Higgs rispetto al campione della scoperta oo, e mEeew
4e |—m—|| 124.51+0.73 (+0.73 Stat.)
- incertezze teoriche e sperimentali quasi dimezzate 2o — .
rispetto al Run 1 2o »—ln—a 125014029 (029 Sta)|
_4u I—l|—| 124.93 +0.29 (£0.28 Stat;
- migliorate le tecniche di analisi oo L .
. o “R12!—l[-—l """"""" 12494 +0.18 (£0.17 Stat)
Proprieta del bosone di Higgs R T S T S T S T A
m,,[GeV]
- misura della massa al 1.4%o0 ous ‘
potei 88 ia o ol LS ony
. Total (Stat. Only)
e Misura della 1arghezza Run 1 Hoyy —— 124.70i0.t34(it(;.31)<y3ev
— + 2 '4 SM — Run 1 H— ZZ— 4l —— 125.59 + 0.46 ( £ 0.42) GeV
FH o 3.2_1.7 Mev (FH a 4.14 i 0.02 Me\/) Run 1 Combined —— 125.07 £ 0.28 ( + 0.26) GeV
o Spln e parlté ‘201‘6|;|ay'~{ o = “125.‘78i0.26(1r‘0.1‘8)GeV

. b . 1 O+ 1 1 . . 2016 H— ZZ— 4l -——|- 125.26 + 0.21 ( + 0.19) GeV
Compat1 1le con uno stato , €SClIUSE 1€ lpOtQSI 2016 Combined L 12546 5016 (£.0.13) GeV
dispin 1e2 e & mwmionomer

11 | 11 1 1 \ 11 | 11 1 1 ) | L1 1 | 11 1 1 ‘ L1 1 | 11
122 123 124 125 126 127 128 129
m,, (GeV)




tH

ttH

ggF + bbH
VBF

WH

ZH

approssimazione di risonanza stretta:
rate ~ ¢ di produzione x BR del decadimento

espressi in termini di signal strength u;r =—s—
0; BRf
consistente con il Modello Standard
_ | 1.0540.06 ATLAS
1.002 + 0.057 CMS
}+| Data (total uncertainty) [E] Systematic uncertainty [l SM pradiction 5 0 5 10
:’,;_l “ w4 | T{ﬁl_ | lATLAs
23 T }_‘_‘ T —eh
' ; a4 ’
H . - £
» (7 o e . e )
| HP | | | | | | |_§I_| | | |

| |
1 2 1 2 3 4 o 1 2 1 2 3 o 1 2 0123 4
bb ww T ZZ ¥y jrn

ATLAS Collaboration, Nature 607, 52 (2022)

CMS Collaboration, Nature 607, 60 (2022)

10 ANNI DOPO: SIGNAL STRENGTH
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ATLAS Collaboration, Nature 607, 52 (2022)
CMS Collaboration, Nature 607, 60 (2022)

10 ANNI DOPO: ACCOPPIAMENTI

Higgs boson production modes Higgs boson decay channels
a b c g h
g Tonnun q— N q. ~H v f
t,b =z N e
: V2 Ky
Koy T S 1 [ Y O SO
tb “-—H - - —H H .
V<
tb = .
9 ToTTTD q g - f
d e f j -
g 'r‘liff'.:'i”.'ﬁ':r . tb q ’ q thb h
t.b = Kip
- Wy ok - H--- t,b
5 L8
e th
g ,n"-"AJ' 3L t.b b t AL ‘:f
k I o
N - H OGO — q-— - - q
tb ° tb K z ’ B q K T
H v Kk, K ~H v Gk - H -H
t.b . K, t,b K . )
,"’ L 5 .\.5":'\' ~H -~ H - H
t‘h K tb ¥ 2 r -’ y ’ »
g-ooo “H 9 -oooow q- -9 q- —Aq q- —9q

K framework: Kry = gry/ gﬂg + assunzioni sulla nuova fisica
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ATLAS Collaboration, Nature 607, 52 (2022)
CMS Collaboration, Nature 607, 60 (2022)

10 ANNI DOPO: ACCOPPIAMENTI

. gli accoppiamenti sono in accordo con il Modello
K =K
+ 5, isa:tree parameter Standard entro ~5'30%

CMS
100 = E T T T T T T 3
= — SM prediction z_*% 3 w Z 3
- -~ 12F " R E
S W . B R R SE I LS
o ATLAS ~ -Seiicto ATLAS =~ osf e e |3
= / 11817 11 Observed 95% CL 06 E 3
= / 1.10:7 L SM prediction " E E
- ~ E 04t . . . E
— // 1.05 20FE Y T T !IJ .
e /(“f/) O 15k 08 w3
- T Leptons Quarks 095 -
gl coan AR
. - c 05| Loss Loss ]
ok, o oo | :
= osc - of — —
- Force carriers  Higgs boson e T e T e e s 20 t b E
[ CMS C L ]
| K [+ R |[|] - ek
104:_ c_ i + Discovery + LHCRun1 == This paper i E I E
Bl oo ol Lol Lol [ Lsl  TeemCL ==x95%CL ¢ smHges | e 10 pmommmmmomooooo - - oo -l - {I}'_'m 13
1.4 ) i 05 F Loes {m . =
B : N 0 E . . . 3
l2r o 4 14f T n ' 3
L S e L 12E 105 :I.Da 3
1.0k I = I i 10 -~ - |00-I]}—— —————————————————— H.00 I}]— 3
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L 05— — = [ E
08 _ L i 0.4 ;_ (-0.90 jo_m _;
ol Lo vl ! Ll Lol ! ] 8 g 0.2;—% E
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10 ANNI DOPO: IL TERMINE QUARTIC

|

it

bb bb

bb 1t

|
Combined

3 | | | |
\){\’l« &é P —e— Observed
» )
Q@Q‘ &Q\@Q & ---- Median expected
@,@5\’ I 68% expected

|:| 95% expected

ATLAS Collaboration, Nature 607, 52 (2022)
CMS Collaboration, Nature 607, 60 (2022)

resta da misurare I'accoppiamento
A del termine H* del potenziale di
Higgs

posti limiti su superiori sui processi
di produzione di 2 bosoni di Higgs
limiti sul parametro K, =A/Agy

0

CMsS 138 fb' (13 TeV)

Ky=kyy=ky=1 —— Observed ~  ----- Median expected ]
£ Theory prediction BB 68% CL expected |
————— 95% CL expected ]
2 N N
. 0°f \ E
B \
G
€ N
g 10%F N §
2 N
; \ \
: N
\ \
10—‘|‘.|..|§.m ! .um.%l L1
-8 -4 -2 0 2 4 6 8 10
K
T T T T I T T T I L § T T

I T T T T I
ATLAS Preliminar
Vs =13 TeV, 126—139 fb-'

- — H Ky only
L Observed

= HH Ky only
— HH + H K), only

HH + H K, only: HH + H Kk, generic

95%: K € [-0.4,6.3]
HH + H K, generic:
95%: K, € [-1.3,6.1]

1 1 1

I 1 ) "
-5 0 5 10 1€

ATLAS-CONF-2022-050 Ka



de Blas et al., arXiv:1905.03764
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2020 update of the European strategy for particle physics

- v I D
e completamento del progetto Hi-Lumi LHC CRECRECRTR | NENNTN NETHE 4
* studio di un futuro collider adronico al CERN con un o - i I A I I N
energia di almeno100 TeV e con una factory ete™ di « -l ........ . 3
fisica del Higgs e elettrodebole come possible prima fase s - w 0o [l
e una Higgs factory ete™ ¢ il prossimo collider a pitt alta * - S .. e -. = ..
. DERY K-_H. - 10 . 1.0 1. 10 . 1.1 2
priorita

Kz - LI 2.1 15 25 . 1.1 20 1.8 1.7 2.4 .

BW””IHIIIIIHNI :
CECENCEENSCEEENCEENNCENNNCEE - - S EE - 0 - DS

CEPC 240 GeV

ve. 100 N R S E

FCC-ee z w 240 GeV 350-365 GeV (*) |k | = 1 applied for hadron colliders  (**) Not requiring |kv| <1  (*) Not measured in HLEC-
cuc 380 GeV 1.5TeV 3TeV

wec S Sensibilita nel k framework ai collider futuri
FCC-eh/hh 20/ab per exp. in 25 years

HE-LHC 10/ab per exp. in 20 years

SPPC 20/ab in 25 years

HL-LHC 3/ab



[L BOSONE DI HIGGS A FCC

NG 240 GeV 365 GeV
Int. Luminosity 5ab! 1.5 ab™"
Channel ZH WWH ZH WWH
H— any +0.5 +0.9

H— bb 0.3 +3.1 +0.5 +0.9
H— cc +2.2 +6.5 +10
H— gg +1.9 +3.5 +4.5
H— WHW~ +1.2 +2.6 +3.0
H— 77 +4.4 +12 +10
H— 7777 +0.9 +1.8 +8
H— vy +9.0 +18 +22
H— pp~ +19 +40

H— invisible < 0.3 < 0.6

FUTURE
CIRCULAR
COLLIDER

FCC-ee e FCC-hh sono complementari

G. Bernardi et al., arXiv:2203.06520

Non solo kappa:

* OMpy~tew MeV | 81y /Ty~tew %

* accoppiamento di Ye

* decadimenti esotici

Collider HL-LHC | FCC-ee240—365 FCC-ee FCC-INT FCC-INT
+ HL-LHC + HL-LHC
Int. Lumi (ab™ ) 3 5+024+15 - 30 —
Years 10 34+ 1+4 - 25 -~
guzz (%) 1.5 0.18 0.17 0.17 0.16
gaww (%) 1.7 0.44 0.41 0.20 0.19
grbb (70) 5.1 0.69 0.64 0.48 0.48
Grce (%) SM 1.3 1.3 0.96 0.96
Grige (%) 2.5 1.0 0.89 0.52 0.5
gurr (%) 1.9 0.74 0.66 0.49 0.46
gupp (%) 4.4 8.9 3.9 0.43 0.43
grq~ (%) 1.8 3.9 1.3 0.32 0.32
guzy (%) 11. — 10. 0.71 0.7
gute (%) 3.4 3.1 1.0 0.95
guun (%) 50. 44, 33. 3-4 3-4
Iy (%) SM 1.1 1.1 0.91 0.91
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Oltre a partecipare attivamente ai
gruppi di lavoro internazionali,
abbiamo lanciato iniziative nazionali a
supporto della fisica di FCC e alla
ricerca e sviluppo per i nuovi
acceleratori (magneti HTS, muon

collider, ...)

Roma
21-22 marzo 2022

Scientific program
committee

F. Bedeschi, M. Boscolo, P. Campana,
M. Cobal, C. Meroni, A. Nisati,
A. Quaranta, L. Rossi, R. Tenchini, A. Zoccoli

FUTURE
o CIRCULAR INFN
https://agenda.infn.it/event/29752/ COLLIDER R
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Kw (%) Kz (%) Ke (%) Kz (%) Kp (%)

| | || . I
| | | | | |
| I . I N
. [ s | I [ .
Free Ky Free Ky
| Rl 1 N ol <1 | ] I
I I I I
DO 04 08 1.2 1.6 20 00 04 08 1.2 1.6 2.0 0 1 2 3 4 0.0 04 08 1.2 1.6 20 00 06 1.2 1.8 24 3.0
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| . . n |
I ] . ]
I I e I I
Dl I I I | I
I e e I
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DO 06 1.2 1.8 24 30 000408 1.2 16 20 0006 1.2 1.8 24 3.0 0 1 2 3 4 5 0.0 2.5 50 75100
Briy (< %, 95% C.L.)  Bryy (< %, 95% C.L. .
inv (< % ) Bl ( ) Higgs@FC WG Kappa-3, May 2019
'ﬁ"’ = B FCC-ee+FCC-eh+FCC-hh I CLICsy
- . Bl FCC-eesss+FCC-eenyy ILCspp+ILCasp+ILCasp
I ] _ pmm FCC-eeaqq ILCasp
I I hlw h,l s CEPC B LHeC ([kv| < 1)
| — [E— B CLIC300+CLIC s0+CLICssg  mmm HE-LHC ([xy| < 1)
I CLIC; sop+CLIC 340 HL-LHC (|xy | < 1)
nn []4 ﬂB 12 ]ﬁ 2{} ﬂ 1 2 3 4 All future colliders combined with HL-LHC
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SMEFT ND (%) not measured at HL-LHC




