LECTURES ON
ELECTROWEAK

SYMMETRY BREAKING

Roberto Contino

Universita di Roma La Sapienza



Outline
I

® LECTURE 1 - Evidence for EWSB

" LECTURE 2 - The role of the Higgs boson

" LECTURE 3 - Higgs couplings: present status and

future strategies



e

Evidence for EWSB



We have discovered a zoo of particles, yet simple
rules govern their phenomenology:

Interactions and decays obey selection rules:
electromagnetic charge Q is always conserved

Spectrum degeneracy: particles organized in multiples
with same electromagnetic charge

We feel a long-range force:

U(1)q is o (= local) and the photon
is its carrier




In the spectrum of fundamental particles there are
also massive spin-1 fields: W=, Z°

W,z They can be thought of as the carriers
of the ElectroWeak force

It is natural to conjecture that: W and Z are the gauge fields of a

larger local SU(2).xU(1)y invariance



In the spectrum of fundamental particles there are
also massive spin-1 fields: W=, Z°

W,z They can be thought of as the carriers
of the ElectroWeak force

It is natural to conjecture that: W and Z are the gauge fields of a

larger local SU(2).xU(1)y invariance

Problem: W and Z are massive, and the EW force is not long-range

what is the origin of the W,Z mass ¢



It is known that a global symmetry G can be realized
in two ways in a quantum theory:

[1] A la Wigner [ Linear Realization ]

® vacuum is invariant under G transformations

Dy — g- Dy = Dy g=¢e“*cd
= physical states are classified in multiplets of G
" fields transform linearly under G
Y=gy
" at the classical level there exist conserved currents

9,J" =0

Example: U(1)q is linearly realized




[2] A la Nambu-Goldstone [ Non-Linear Realization ]

-
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= vacuum is NOT invariant under G transformations: there is

a whole set of degenerate, inequivalent vacua:

®(g) =g - Do

" physical states are NOT classified in multiplets of G
= fields transform non-linearly under G
v =Y F(g,v) Flg=1,¢)=1
= at the classical level there still exist conserved currents

" there exist massless scalar fields (Nambu-Goldstone

bosons)

the symmetry G is said to be spontaneously broken (or hidden)



Existence of massless scalar modes first noticed by Yoichiro Nambu

First original observation made in the context of the BCS theory of
superconductivity (1959):

[ Y. Nambu Phys. Rev. 117 (1959) 648 ]

Gauge invariance (hence the conservation of the electromagnetic current) is
maintained thanks to the existence of collective (long wave-length)

excitations

Nambu later applied the argument by analogy to the case of the
axial current in QCD (1960):

[ Y. Nambu Phys. Rev. Lett. 4 (1960) 380 ]

The conservation of the axial current JH = q)~#~° in QCD is compatible
with the nucleon mass if massless scalars exist. These are identified with the

pions.



Conservation of axial current previously proposed in analogy with the

conserved vector current hypothesis (CVC)

~ Gceost .
£AS 0 _ C\(;% C (J$+—Jﬁ+)zl7“Vl+h-C-

In modern notation: J5(z) = qg(a)y* —q(x)

wl
<]VA o ‘]V,A

inV’A



Conservation of axial current previously proposed in analogy with the

conserved vector current hypothesis (CVC)

Universality and CVC tested in allowed [ transitions

(0*—0") at zero-momentum transfer (only the vector
current contributes):

0 — N (p|JET |n) = ayy* gy (0)uy,

In modern notation: J5(z) = qg(a)y* —q(x)

pEt  rupl C T2
Jya=JdyaTtiya
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Conservation of axial current previously proposed in analogy with the
conserved vector current hypothesis (CVC)

_ G cos 0 .
[AS=0 _ _ C\(;Si (T =I5 Iy + he.
[
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Conservation of axial current previously proposed in analogy with the

conserved vector current hypothesis (CVC)

Gcos Oc _
L5570 = (J&T Z Iv*v; + h.c.
V2 / l

Lorentz invariance and CP conservation imply:

TET ) = T 2 51 (02 : UWQV
(p|J4 T In) = 1y |V ga(q?) + @7 ha(q®) +iy°

M(

)un
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Conservation of axial current previously proposed in analogy with the
conserved vector current hypothesis (CVC)

_ 0 _
£%%—O _ _GCOS C (J‘/j—i- Z h“w + h.c.
V2 z

Lorentz invariance and CP conservation imply:

175 ) = @, [wng(q% au (@) + i

From B decays at zero ga(0) =1.22
momentum transfer:
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Conservation of axial current previously proposed in analogy with the

conserved vector current hypothesis (CVC)

Gcos Oc -
L5570 = (J&T Z Iv*v; + h.c.
V2 / l

Lorentz invariance and CP conservation imply:

_ . anV
BT ) =y [199°00() + 0 hale) + 0° G )
From B decays at zero gA(O) — 1.99
momentum transfer:
Current conservation implies:
qu<p|Jg+\n> =0 —277%N9A(q2)—|—q2 hA(q2) =0
2mnga(0)

For g2 — ( this requires: hA(q2)
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Conservation of axial current previously proposed in analogy with the
conserved vector current hypothesis (CVC)

Gcos Oc _
L5570 = (J&T Z Iv*v; + h.c.
V2 // Z

Lorentz invariance and CP conservation imply:

_ . 50"q,
(p|l 4 " n) = 1, [7“759A(q2) +au7 hale’) +i7° 5 . fa(@®)| un
From B decays at zero gA(O) — 1.99
momentum transfer:
Current conservation implies:
qu<p|Jﬁ+\n> =0 _QmNgA(C]2)—|—q2 hA(q2) =0

Zm g
2 N A
U pole naturally provided by the
—

exchange of massless scalars

For q2 — () this requires:
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Nambu makes the hypothesis:

under strict axial current conservation there would be no

renormalization of g4(0) and the pion would be massless
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Nambu makes the hypothesis:

under strict axial current conservation there would be no

renormalization of g4(0) and the pion would be massless

b+
‘]A
The pole in axial matrix element al b : br —ig.
0 J/L _ nse 7r 1q-x
comes from the one-pion exchange: 0 A ™ (q)) = iq fre
|
5 Gr NN Jx n L7 D
hA(q ) ? q2 > l >
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Nambu makes the hypothesis:

under strict axial current conservation there would be no

renormalization of g4(0) and the pion would be massless

—+
‘]A
The pole in axial matrix element
comes from the one-pion exchange:
I
2 gﬂ'NNfﬂ' T L7 p
ha(q®) — 5 > l >
q
gr NN
Comparing with the current conservation result
ZmNgA (0)
2y _,
hA(q ) § 2
q
implies the : JrNN =

(g-nN = 13.5 from direct measurement)

(0174 |7"(q)) = iq" 0™ fre™"0

2myga(0) ~ 12.7

[
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In a subsequent calculation with Jona-Lasinio he showed that the
value g4(0) =1.22 can be computed in terms of the pion mass, as
they both come from the breaking of the axial symmetry and are

thus related

[ Y. Nambu, G. Jona-Lasinio Phys. Rev. 122 (1961) 345; 124 (1961) 246 ]

Nambu received the 2008 Nobel prize in Physics

“ ... for the discovery of the mechanism of spontaneous

broken symmetry in subatomic physics. ”
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In a subsequent calculation with Jona-Lasinio he showed that the
value g4(0) =1.22 can be computed in terms of the pion mass, as
they both come from the breaking of the axial symmetry and are

thus related

[ Y. Nambu, G. Jona-Lasinio Phys. Rev. 122 (1961) 345; 124 (1961) 246 ]

Nambu received the 2008 Nobel prize in Physics

“ ... for the discovery of the mechanism of spontaneous

broken symmetry in subatomic physics. ”

Evidence for hidden SU(2).xSU(2)r—SU(2)v symmetry:
[1] current conservation ———  Goldberger-Treiman relation

[2] existence of almost massless scalars: m, < m,
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In general: let G be the global symmetry group and H its largest
linearly-realized subgroup, so that:

vacuum is invariant under H

physical states fill multiplets of H
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In general: let G be the global symmetry group and H its largest
linearly-realized subgroup, so that:

vacuum is invariant under H

physical states fill multiplets of H

GOLDSTONE’S THEOREM [ ). Goldstone Nuovo Cimento 9 (1961) 154
J. Goldstone, A. Salam, S. Weinberg Phys. Rev. 127 (1962) 965 ]

For each broken generator there is a massless scalar
particle (Nambu-Goldstone boson) which is excited out
of the vacuum by the corresponding Noether current

vV T%eAlg(G/H)  Ix%/ (0|J¢r%) #0
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In general: let G be the global symmetry group and H its largest
linearly-realized subgroup, so that:

vacuum is invariant under H

physical states fill multiplets of H

GOLDSTONE’S THEOREM [ ). Goldstone Nuovo Cimento 9 (1961) 154
J. Goldstone, A. Salam, S. Weinberg Phys. Rev. 127 (1962) 965 ]

For each broken generator there is a massless scalar
particle (Nambu-Goldstone boson) which is excited out
of the vacuum by the corresponding Noether current

vV T%eAlg(G/H)  Ix%/ (0|J¢r%) #0

Is the local SU(2).xU(1)y spontaneously broken ¢

but: = what is the origin on the W,Z mass 2

" where are the massless NG bosons ¢



Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the
missing NG bosons can solve each other:



Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the
missing NG bosons can solve each other:

® Englert, Brout, PRL 13 (1964) 321, “Broken symmetry and the mass of gauge vector bosons”

q .“\ o'.'- q ‘\\ '."'

AAAANIBAAAN ‘\/V\A-———NW
“it is precisely these singularities [of the NG bosons] which (a) (b)
maintain the gauge invariance of the theory, despite the FIG. 1. Broken-symmetry diagram leading to a
fact that the vector meson acquires a mass ” mass for the gauge field. Short-dashed line, (p,);

long-dashed line, tpg propagator; wavy line, A, propa-
. 4 2 s
Etz:n;z (a) == (2r) teg‘” ()2, (b)— =(2r)lie 2(q“q,,/q’)
1
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Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the
missing NG bosons can solve each other:

® Englert, Brout, PRL 13 (1964) 321, “Broken symmetry and the mass of gauge vector bosons”

- 4 -

q “\ l" q \‘

,
.

ANAAAMI AN ‘\/V\A-___.(:\,\,.
“it is precisely these singularities [of the NG bosons] which (a) (b)
maintain the gauge invariance of the theory, despite the FIG. 1. Broken-symmetry diagram leading to a

mass for the gauge field. Short-dashed line, (¢ );
long-dashed line, ¢, propagator; wavy line, A, propa-
gatorz. (a)— (2!)‘t'e’g“ , (o, (b)— -(2n)'ie*(quq, /")
x{@, ).

fact that the vector meson acquires a mass ”

* Higgs, Phys. Lett. 12 (1964) 132, “Broken symmetries, massless particles and gauge fields”

the group as coefficients. Now the structure of
the Fourier transform of (A ' (x), @ ()] must

choice of Coulomb gauge to quantize a gauge theory be given by eq. (3). Applying eq. (5) to this com-

implies the existence of a time-like vector and thus mutator gives us as the Fourier transform of

invalidates Goldstone’s theorem based on manifest (k;g,:‘:.}’, '(:E)})]; (bz" n,‘.' )‘. Ve Save thes cardised

Lorentz covariance both Goldstone's zero-mass bosons and the
"spurion” state (at k, =0) proposed by Kiein
and Lee.

In a subsequent nole it will be shown, by con-
sidering some classical field theories which dis-
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Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the NG
bosons can solve each other:

" the NG boson are ‘eaten’ to form the longitudinal polarizations of

the massive vector bosons
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Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the NG
bosons can solve each other:

" the NG boson are ‘eaten’ to form the longitudinal polarizations of

the massive vector bosons

An abelian example (Stueckelberg trick):

b(z) = ex@)/1 b— g g=e*cU(l)
D,u¢:a,u¢+i614u¢ Ay — Ay +i0,0

The U(1) global invariance is broken in the vacuum <¢Tqﬁ> =1

x(x) is the associated (massless) Nambu-Goldstone boson



Spontaneously broken local symmetries: the Englert-Brout-Higgs mechanism

The problems of the mass and of the NG
bosons can solve each other:

" the NG boson are ‘eaten’ to form the longitudinal polarizations of

the massive vector bosons

An abelian example (Stueckelberg trick):

b(z) = ex@)/1 b— g g=e*cU(l)
D,u¢:a,u¢+i614u¢ Ay — Ay +i0,0

in the unitary

gavge x(z) = 0

[ = f2 (DN¢)T(DM¢) N — (ef)2 AMA’LL vector mass does
not break the
invariant under U(1) o local symmetry
local transformations maA = ef

16
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The non-abelian case:

Consider the field

how to rewrite the W,Z mass terms in a
manifestly SU(2).xU(1)y invariant way

Y (x) =exp (20"x"(x)/v) ( 2x2 matrix )
a=1,2,3
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The non-abelian case:

Consider the field

Under SU(2)xU(T1)y:

how to rewrite the W,Z mass terms in a
manifestly SU(2).xU(1)y invariant way

Y(x) = exp (10X (x)/v) ( 2x2 matrix )
a=1,2,3
YUY U;L/ ( SU(2)L acts on the left,

U(1)y acts on the right )
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The non-abelian case:

Consider the field Y(x) =exp (ic*x"(x)/v) ( 2x2 matrix )
a=1,2,3
Under SU(2)ixU(1)y: > — Urp X U;L, ( SU(2). acts on the left,

U(1)v acts on the right)

UL(z) = exp(iaf(z)o®/2)

=
O
|

exp(i oy (x)o /2)

The vacuum <Z> — ] spontaneously breaks SU(2)xU(1)y—U(1)a

The x“(x) are the (three) associated Nambu-Goldstone bosons.

(Q =151 +Y)
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The x“(x) transform:

under SU(2)xU(T)y

ex: under SU(2).
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The x“(x) transform:

under SU(2)xU(T)y

ex: under SU(2). X ¢ =x (1 + % a-x cot(%)) + %a cot(%) + O(a?)
sin (%) — sin (%) [1 + %o‘z X Cot(%)] + O(a?)
X" =x"/IX|
under the unbroken U(1)q subgroup:
Up = Uy = exp(iac®/2) = Ug
N = Ug X /v U5t = ¢t UaxollUg' /2 (V&) =Uq (X 6)U5"
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The x“(x) transform:

under SU(2)xU(1)y

ex: under SU(2). ¢ =x (1 + % a-y cot(%)) + %a cot(%) + O(a?)
sin (%) — sin (%) [1 + %o‘z X Cot(%)] + O(a?)
X" =x"/IX|
under the unbroken U(1)q subgroup:
Up = Uy = exp(iac®/2) = Ug
N = Ug X /v U5t = ¢t UaxollUg' /2 (V&) =Uq (X 6)U5"
Notice: the field Y. transforms linearly, but it is subject to the non-

linear constraint 213 = 1
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It is natural then to define the covariant derivative:

DS =0,% - igg% WS +igi & %BM
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It is natural then to define the covariant derivative:

DS =0,% - igg% WS +igi & %BM

There are two kinetic terms invariant under SU(2).xU(1)y local transformations:

2
Lonass = UZTI' [(DMZ)T (D“Z)} + %%2 Tr[S1D,% 0%



It is natural then to define the covariant derivative:

DS =0,% - igg% WS +igi & %BM

There are two kinetic terms invariant under SU(2).xU(1)y local transformations:

2
Lonass = UZTI' {(DME)T (D“Z)} + %%2 Tr[S1D,% 0%

1
= m3y W:W“_ + §m2Z Z, 2"

in the unitary 2
gavge y(z) = 0
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It is natural then to define the covariant derivative:

DS =0,% - igg% WS +igi & %BM
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2

Lonass = UZTI' {(DMZ)T (D“Z)} + %%2 Tr[S1D,% 0%

1
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in the unitary 5 2 )
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Mz = 2(91 +93)(1 +ar)
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It is natural then to define the covariant derivative:

DS =0,% - igg% WS +igi & %BM

There are two kinetic terms invariant under SU(2).xU(1)y local transformations:

2

Lonass = UZTI' {(DMZ)T (D“Z)} + %%2 Te[2D,% 0%

1
= m3y W;W“_ + §m2Z Z, 2"

in the unitary 5 2 )
gauge y(x) =0 My, = 71 92
v, 2
Mz = 2(91 +93)(1 +ar)
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2
Lonass = UZTr [(Dﬂz)T (DMZ)} + %Tv? T[2' D, % 0]

2

UZTr [(@ME)T (aﬂz)}

if gauging is switched off the first term has
a larger SU(2).xSU(2)r global symmetry:

> — Ux UL U, € SU(2);.
Ur € SU(Q)R
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2
Lonass = UZTr [(Dﬂz)T (D“Z)} + %Tv? T[2' D, % 0]

2

UZTr {(%E)T (aﬂz)}

if gauging is switched off the first term has
a larger SU(2).xSU(2)r global symmetry:

> — Ux UL U, € SU(2);.

MORAL: Ur € SU(2)R

The pattern of global non-linearly realized symmetry is

complete analogy with chiral symmetry in QCD !
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2
Lonass = var [(DMZ)T (DMZ)} + %Tv? T[2' D, % 0]

o

UZTr [(@ME)T (aﬂz)}

if gauging is switched off the first term has
a larger SU(2).xSU(2)r global symmetry:

> — Ux UL U, € SU(2);.

MORAL: Ur € SUQ2)R

" The pattern of global non-linearly realized symmetry is SU(2) xSU(2)r—SU(2)v

—— complete analogy with chiral symmetry in QCD !

" the vacuum preserves a global SU(2)y ‘custodial’ symmetry

5 physical states come in multiplets of SU(2)v

——» the NG bosons Xa form a triplet of SU(2)v My = M4 for g1 =0



2
Lonass = UZTr {(DMZ)T (D“Z)} T %Tv? T[S D, % 6%

2

UZTr {(%E)T (aﬂz)}

if gauging is switched off the first term has
a larger SU(2).xSU(2)r global symmetry:

> — Ux UL U, € SU(2);.
Ur € SU(Q)R

-----------------------------------

EWSB sector

A}IV\/\N\N

SU(2)xU(1)y . SU(2)xSU(2)r—SU(2)v

v X

-----------------------------------
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The EW effective Lagrangian:

3

1 1 1 . N .

Lo=—7BuB" — JWa, W — 3G, + 3 (§ipel) + 0 ipu))
j=1

u, ()
U2 —'- v (-) _(.) A..uR
L 7 o —(2 7 1)
Lunass = 7 Tr [(DME) (D 2)] o E-:,-: @ d\x o +he.
1, (¥

there’s no “explicit breaking” of gauge symmetry: SU(2).xU(1)y local
invariance is manifest in the Lagrangian

custodial SU(2)v explicitly broken only by g, A0 X\, # A4
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The EW effective Lagrangian:

3

1 1 1 s N .

Lo=—7BuB" — JWa, W — 3G, + 3 (§ipel) + 0 ipu))
j=1

u. ()
v? : v () Fi)yso [ NidUR
_ M _ T
Lunass = 7 Tr [(DME) (D 2)] 7 E'j:(uL 4y o +he.
1, (¥

there’s no “explicit breaking” of gauge symmetry: SU(2).xU(1)y local
invariance is manifest in the Lagrangian

custodial SU(2)v explicitly broken only by g, A0 X\, # A4

... but if ‘breaking of gauge invariance’ is not the issue, why the above
Lagrangian is not a complete description of Nature ¢
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the Lagrangian L,.ss gives an effective description (it is not
renormalizable) valid below some cutoff scale:

2

L (0,2)(0,%) = % (0,x)? + 6% (0ux™) = (x*0ux")°| + O(°)
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the Lagrangian L,.ss gives an effective description (it is not
renormalizable) valid below some cutoff scale:

v? 1 1 2
T 02 (0,2) = 5 @) + = [ (“9x™) = ("9ux") | + O)
X+ A Re X+
s AXTXT = X"XT) = = (s +1)
X X
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the Lagrangian L,.ss gives an effective description (it is not
renormalizable) valid below some cutoff scale:

v? 1 1 2
T 02 (0,2) = 5 @) + = [ (“9x™) = ("9ux") | + O)
X+ A Re X+
N d L L 1
S AXTXT = XX ) = 5 (s +1)
X~ X

strength of the interaction grows

with energy ¢(E)* = (E /v)?
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the Lagrangian L,.ss gives an effective description (it is not
renormalizable) valid below some cutoff scale:

v? 1 1 2
T 02 (0,2) = 5 @) + = [ (“9x™) = ("9ux") | + O)
X+ A Re X+
N d L L 1
S AXTXT = XX ) = 5 (s +1)
X~ X

strength of the interaction grows

with energy ¢(E)* = (E /v)?

If no new physics comes in before then, the scattering of NG bosons becomes

at energy scales F ~ A, = 47v
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The

relates the scattering of NG bosons to that of longitudinal vector bosons

ViV — ViVl vV =W, ¥at high energies  E > myy,




Evidence for EWSB
N

The evidence for a spontaneously-broken SU(2).xU(1)y gauge
symmetry is founded on the following facts:
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The evidence for a spontaneously-broken SU(2).xU(1)y gauge
symmetry is founded on the following facts:

| 1] the transverse W;{, Zg interact weakly: g12 < 47
l this in turn implies

| 2] there exists an energy window my < E < 4mmy /g

in which the EW effective theory applies
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Evidence for EWSB
N

The evidence for a spontaneously-broken SU(2).xU(1)y gauge
symmetry is founded on the following facts:

| 1] the transverse W;{, ZZ interact weakly: g12 < 47
l this in turn implies

| 2] there exists an energy window my < E < 4mmy /g

in which the EW effective theory applies

| 3] the transverse WMT, ZZ are elementary up to

energies ¥ > 4t my /g

25
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Evidence for EWSB




Evidence for EWSB
N

Energy

_____________________ AS — 47"' mv/g - scale at which VL ~ X e.ven’rually
become strongly interacting
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Evidence for EWSB
N

Energy

Auv

_____________________ AS — 47"' mv/g - scale at which VL ~ X e.ven’rually
become strongly interacting

domain of validity of the
effective theory

v

my

26



Evidence for EWSB
N

Energy

A ' transverse modes must remain elementary up
uv to (much) higher scales (shorter distances)

_____________________ A, =A4n mV/g - scale at which Vi ~x e.ven'ruqlly
become strongly interacting

domain of validity of the
effective theory

my

26



Evidence for EWSB
N

Energy
t A ' transverse modes must remain elementary up
uv to (much) higher scales (shorter distances)
_ scale at which /; ~ y eventually
--------------------- As =4dnmy /g ¢em L~XE¢®
4 become strongly interacting
domain of validity of the
effective theory
- my,
NOTICE: the longitudinal polarizations need not be elementary

(i.e. they can be composites of some new dynamics)

26




Evidence for EWSB
N

Energy
t AUV ' transverse modes must remain elementary up
to (much) higher scales (shorter distances)
- scale at which /7 ~ y eventuall
--------------------- AS—47TmV/ghb L~Xe /
4 ecome strongly interacting
- to keep the theory perturbative new physics must come
in before A to regulate the scattering amplitudes
domain of validity of the
effective theory
- my,
NOTICE: the longitudinal polarizations need not be elementary

(i.e. they can be composites of some new dynamics)

26




Evidence for EWSB

Elementary nature of W,Z tested at LEP, Tevatron and LHC through

Triple Gauge Couplings (TGC)

> 95% CL limits from WZ production
||||||||||||||||||||||||||||||
 / ATLAS —— ATLAS, Vs =7 TeV
B 467", A= B
< ~—— ATLAS, Vs = 7 TeV
— 4617, A=2TeV
A91Z s aieirnl - = - CDF, Vs = 1.96 TeV
710", A=2TeV
B — DO,Vs=1.96TeV |
4117, A=2TeV
1L =ecot Oy [glz MWL WY —WEW™Y) + kg WIW, ZH —
"2 S
A2t oy — i + 17— A 1Y Ay + — B
DWW 20 | e WEWI A 4 e W W ) )
%4 W
AKZ R e e R -
I e e o — —————— -
95% CL limits ATLAS LEP
L1 | | L1 1 | L1 | : 11 1 | L1 | | 11 1 | L1 | | |
[from WW] A, =Az [-0.079,0.077] [-0.059, 0.026] -06 -04 -02 0 02 04 06 0.8
[from WZ] Az | [-0.046, 0.047] —
57 [from WY] >\’Y [-0.060, 0.0460] —



Evidence for EWSB

No evidence so far of compositeness or
“structure” for the transverse modes

Ay + 11— c
Or = W, W P e, W, Wy,
-
eAz + g1CWW B

28



Evidence for EWSB
—
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mw A
My =~ X —
cws 9
I

if new physics arises

at the 1-loop level




Evidence for EWSB
—

No evidence so far of compositeness or
“structure” for the transverse modes

E2 g2Cw3 Eabc We Wb We
Ng(1+CW3 2 ) m%V SR
m
%%

if no “structure’ appears at m,,

intferaction becomes strong at e Ag LEP + Tevatron + LHC
41 m >
E~my =As | e W ASN4T6V
w39 L Cw3

(transverse modes are composite)
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Evidence for EWSB
N

Stronger bounds on “structure’ scale M, come
from modifications to the vector propagator

Ex: S-parameter ag Tr [WMV 3 J3Bw/ ZT] D ’Y;U/Z,uv ( Z-photon mixing )

NVRNVWW  ~ (919207 + ag E?)
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Evidence for EWSB
N

Stronger bounds on “structure’ scale M, come
from modifications to the vector propagator

Ex: S-parameter ag Tr [WMV D J3Bw/ ZT] D ’Y;U/Z,uv ( Z-photon mixing )
, | 2' LEP
NV~ (g1g2v7 + ag E?)
92 _ m%/v —3
| | _aS(mZ)_ 5 52)(10
l g1 e

. g 1
O(1) correction at F ~ e — =m, > T
(1) WAl s = my 2 1.8TeV
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A counter-example: the p in QCD

the p is a spin-1 triplet of SU(2)v with mass m, = 770 MeV
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A counter-example: the p in QCD

= the p is a spin-1 triplet of SU(2)v with mass m, = 770 MeV

= could the p be the gauge field of a larger spontaneously-
broken global symmetry SU(2).xSU(2)uxSU(2)r—SU(2)v ¢

Pu dim[SU(2)3] - dim[SU(2)] = 6
é 3 NG bosons eaten to give mass to P
SU(2)ixSU(2)HxSU(2)r

3 NG bosons remain in the spectrum = the pions

The gauged SU(2)+ group was dubbed the Hidden Local Symmetry

Sakurai, Currents and Mesons, 1969
Schwinger, PRL 24B (1967) 473

Wess, Zumino, Phys. Rev. 163, (1967) 1727
Weinberg, Phys. Rev. 166 (1968) 1568
Bando, et al., PRL 54 (1985) 1215
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A counter-example: the p in QCD

Things which do not work:

1
the p is not weakly coupled: ¢g,rr = 6.04 ~ 5(4#)

there is no separation of scales

scale at which pt
becomes strongly interacting

_____________________ As =4mm,/gprr = 1.6 GeV

Amfr, =1.2GeV —— -mmmmmeeeeeee
scale at which 7T m, = 0.77 GeV
become strongly
interacting
Now we know that: both longitudinal and transverse polarizations of p (as

well as the pions) are composites of the QCD dynamics

AQC’D ~ 47‘(‘f7T ~ 47T777J,0/gp7T7T ~ 1GeV
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A counter-example: the p in QCD

Things which do not work:

1
the p is not weakly coupled: g, =6.04 ~ 5(4#)

there is no separation of scales

scale at which pt
become strongly interacting

_____________________ As =4mm,/gprr = 1.6 GeV

A fr =1.2GeV — ---mmmmmmmeeees

scale at which 7T m, = 0.77 GeV

become strongly

interacting

o 7T—|_\ / 7T+
In fact: 7T scattering grows strong up to the cutoff \\ R

scale 47w f,. and no light new physics comes in \),/
before to regulate the energy behavior of the ol N
scattering amplitude 7T_'/ . _—



A counter-example: the p in QCD

Things which do not work:

1
the p is not weakly coupled: g, =6.04 ~ 5(4#)

there is no separation of scales

scale at which pt
become strongly interacting

_____________________ As =4mm,/gprr = 1.6 GeV

Amfr, =1.2GeV —— -mmmmmeeeeeee
scale at which 7T m, = 0.77 GeV
become strongly
interacting
Hence: there is no energy region in which the theory has a

(non-linearly realized) SU(2).xSU(2)uxSU(2)r = SU(2)v
symmetry and the p can be considered a gauge field



Weak or Strong EWSB ¢

To summarize:

" There is convincing evidence (from LEP, Tevatron and LHC) that the transverse
W and Z polarizations are elementary up to energies much higher than the

EW scale, hence of a non-linear realization SU(2)xU(1)y—U(1)q of the

electroweak symmetry
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Weak or Strong EWSB ¢

To summarize:

" There is convincing evidence (from LEP, Tevatron and LHC) that the transverse
W and Z polarizations are elementary up to energies much higher than the

EW scale, hence of a non-linear realization SU(2)xU(1)y—U(1)q of the

electroweak symmetry

The question to address is now the following:

" |s the EWSB strong (as for the chiral symmetry in QCD) or weak ¢
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