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0 Global gauge invariance:  |\W(x) — ¥'(x) =e’%" - W(x)  mmp| Charge Q s conserved

O Let’s do a transformation where A is a function of the space-time point x:
P(x) > ¥'(x) =™ . y(x)
P(x) > P'(x) ="M P(x)

A = A(X)

O Dirac Lagrangian of a free particle: |[ = iquﬂaﬂ\P — myYY¥Y

O This Lagrangian is not invariant for a local gauge transformation:

> massterm: | MPY = MP(x) e X . e Op(x) = mpy, = | OK

T igA(Xx) —_
> Kinetic term: 8#111 — 6NLP N 8# (e LP(X))

— e .5 W(x) + iq - €MN¥(x)-8,A(X)

» oY # (’5#‘1" Local gauge invariance is not preserved
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Covariant derivative

[ To preserve the local invariance we introduce the covariant derivative:

D, =0,+igA, (x) (minimal substitution)

A, is a vector field (the photon field) which, under the gauge transformation, becomes:

A (x)—> A (x)-0,A(X)

0 The covariant derivative is invariant under a gauge transformation: D 't — D#‘P' = e'qA(X)DﬂLP

QProof: D, = (0, +igA,(x))¥(x) > (2, +igA,(x) - g0, A(x)) € ¥(x)=

= €79 W(x) + W‘P(X) +
+igA () - €™ P(x) - iW‘P(X) =

= €7 (a, +igA,(x))¥(x) = €D W(x)
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QED Lagrangian

L =i¥Yy"D ¥ - my¥

U This is invariant for a local gauge transformation:

e.m. interaction

J* = g¥Py*V¥:
corrente e.m.

L =i%y" (0, +IigA,)¥ - mPY =

= i¥y"0,¥ -mP¥Y —-gA ¥y"¥ = L. - JA,

O For completeness we have to add to the Lagrangian the kinetc term for A ;:

1 ; _
I_free(fotone) = —ZFM/F” [,:yv =5 8ﬂAV - 8VAﬂ]

Q If the photon were massive, we should add to the Lagrangian a mass term like this one:

lmZA A
2 u

which would violate the local gauge invariance. A#A” - (A# — G#A) (A” — 8”A) * A#A”
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SU(2) symmetry and Yang-Mills field

[ Let’s take the following doublet: Y= [ 1] Y, e ¥, Dirac spinors

U We can write the Lagrangianas: | = i‘?y”@ﬂ‘l’ - myY ¥ = (‘T’l \?2)

U Let the Lagrangian be invariant for a (infinitesimal) logal gauge transformation:

LP(X)e[l—ig]\(x)-f}‘l’(x) f:(I1 U ) Isospin operators [Ii , IJ.] = ‘91jka

O Let’s introduce the covariant derivative: Du = 8u+ igl - Wﬂ (x)

(g=coupling constant)

[ The vector fields W, transform as: Wﬂ(x) — W# (x) - au A(X) + gA(Xx) x I/|7u (x)

U The kinetic termis: || (W):—%W W [W —oW -9 W —gW ><V|7:|

[ Also here the W must be massless

Gauge bosons self-coupling
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Glashow-Weinberg-Salam Model

: v U
Weak Isospin | Le} e ( j cu, ; d
L L

U In the SM the particles are classified as: doublet . "
. 1 I I, Q Y
d Glashow introduced the weak hypercharge: | Q=I, + > Y . ;
Ve 2 2 ¢ L
- 1 1
O The weak isospin doublet can be rotated in the space SU(2), and the & 2z -2 !
Lagrangian must stay unchanged. € 0o o 1 -2
O Moreover the Lagrangian must be invariant under U(1), transformation. u, % % % %
d'L % % % %
Symmetry Group of the Model » SU(2), ®U(1), Uy o o 2 *
d', o 0 % %
O Free Lagrangian of the Model: |, = quLy/“ﬁu\PL + i‘?Ry"@#‘PR
SU(2) o
 Infinitesimal gauge o () {1—i9—'x(x)~Y}w 0| [A(): vector in the weak
transformations: \PL(X) - |:1 — e I]\PL(X) 2' isospin space
‘PR(x) — lI’R(x) ¥ (X) > {1—/'%/1(@-4%()()
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GWS Lagrangian

Q Covariant derivative: | D =0 + igl - WH(X) + i%Y B,

SU(2), u(1),

. v 0, A A v W —»Ww

O gauge bosons must transform accordingly: W, =W, +9, A0+ gAlx) =W, w7
B — B B — B +9 A(x)

u u Iz o u
. . - 1 1 17 1LV 1 Ny
O kinetic term of the vector boson: |[L_ w5 =——W -W" -—B B
ree 4 uv 4 uv

U The complete Lagrangian is:

_ ) - . g' _ ) g' -
L=Y¥y" {/ay— gl -Wﬂ(x)—;Y-Bﬂ}PL + ¥ " [l@y—;Y-Bﬂ}‘PR +L_(W,B)

N.B. we don’t have mass terms for the gauge bosons because they break the local gauge symmetry

We don’thave mYWY because PV = ¥, ¥, + ¥, ¥,
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A@? Lagrangian

JZ 2 ;
Q Scalar field Lagrangian: | = %(6ﬂ(p) (8“(0) - %ngoz m) 0,0°¢p+mg=0 [Eq.of motion]
(spin O particle of mass m)
’ “ " I 1 1 5 5 1 . 4 |uandA are constant,
U Let’s add “something” to the Lagrangian: | = 5 (@qo) (au¢) -5 120% - Z/I(p ith 12 <0 A0

N.B. if i*> < 0, then -1 1’¢? can not be the mass term

O to note: the Lagrangian has reflection symmetry (¢ 2 -¢):

to note: The calculation of scattering amplitudes with the technique of Feynman diagrams is a
perturbative method where the fields are treated as fluctuations around a state of minimum
enerqgy: the ground state (vacuum, ¢ = 0).

In the present case ¢ = 0 is not the ground state.
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Spontaneous breaking of a discrete symmetr

dWe consider the Lagrangian as a kinetic term 7 - %(aﬂ(p)(aﬂgp) minus a potential energy term V equal to:
1 1
vV — = R0+ = A0t
(p)=Sme" +, 10 o =0;
 The minimum of th tential corr nd to: Vv _ 2 /12—0/ I
e minimum of the potential correspond to: g—go(,u + (/))— —slp=tv ; v= -
V}’
We choose the minimum ¢ = v as the NB. b2 >0
ground state and introduce the field y(x)
o 7 p(X) =V + x(X) .

_ 2 _ [5,2 N.B. One could also choose
m, = V2av? = \/ 2 to develop ¢ (x) around -v

1 2 2 s 1. . 1, .,
L==(0 o'y)—Av —AVy  —=Ay +—=AV
2 ( uz)( Z) Al ;‘g 4 ﬁZ 4 £
| \ / \

mass term it is a constant

self-interaction

Although the Lagrangian has reflection symmetry, the ground state does not have this symmetry, and
when we choose one we break the symmetry. This is the spontaneous symmetry breaking.
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Spontaneous breaking

1 .
O Complex scalar field: ¢ = ﬁ(% + ’(Pz)

of a continuous symmetr

L =(0,0) (¢"0) - 20’0~ 2(p'0)

1 1

=) L=5(0.0) +5(00) ‘%“2 (¢! +¢§)‘%1(¢f +o3)

Viguo) =342 (o +0}) + 3 (o} + i)

U The Lagrangian is invariant under U(1):

e« o og . . 2 2 2 . —
U The minimum condition occurs on the circle: |¢; +¢, =V~ |, V= /|-—

0 We choose the following minimum around which do the perturbative expansion:

(Dl(X) =V + Z1(X)
n(0= 500 | =P
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V(g @,)

o(x) = %(v s () + i)
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Goldstone theorem

0 After the choice of the minimum, the Lagrangian becomes:

1 , 1 .
L=[Lo)era) -2z | { S em)en) Py

1 1 =0
{lv(;@+;(1;(22)+Z),(;(14+;(;+2112122)} Zﬂ“‘/‘ m}(2
0 The third term represents self-interactions:
e 4 N e \ 4 /
T A2 VA GA x| |2 N |2
X1 — X < ><
?51‘ x> /951 11\ /Zz Zz\ 711 Zz\ Vg 0,)

0 The second term represents a scalar field with zero mass (Goldstone boson):

0 You can "move" along the minimum without "wasting" energy.

Goldstone's theorem: the spontaneous breaking of a continuous
symmetry generates one (or more) scalar bosons with zero mass.
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Brout-Englert-Higgs mechanism

0 The Higgs mechanism (for short) corresponds to the spontaneous symmetry breaking of a Lagrangian
which is invariant under a local gauge transformation.

» Goldstone’s theorem + gauge bosons

U Let us consider the Lagrangian Ad* with the covariant derivative:

2=(0,-igA) ¢ (6" +igA")p - 126’ — A (9’0 - %FWF’” 0= %(% +ip,)

O which is invariant under the gauge transformation U (1): (X)) — ¢'(x) =€) . »(x)

U If u2 <0 the field @ must be developed around a minimum different from ¢ = 0, for example:

¢, (X) =V + 1,(X) |::> o(X) = %(v b i)

@,(X) = x,(X)

Actually the mechanism could be also called Englert-Brout-Higgs—Guralnik—Hagen—Kibble mechanism since
there were three independent papers in 1964. In what follows we will call it Higgs mechanism for short.
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The Higgs mechanism

[ The Lagrangian becomes:

L: E(a"}{l)(aﬂ%)_ ,1\/2;(12}{%(8#%2)(3%2)}

1 2022 v u 1 uv R R
+§q v AﬂA —qvAH "1, +ZF”VF + interaction terms

(] Let's analyze the Lagrangian:
- scalar field y, with mass m, = \/2/17
- a massless Goldstone boson y,
- the gauge boson A# has got a mass term m  =qv
U However, the term A 0“7, , which seems to allow

the gauge boson A, to transform into x, as it
propagates, casts doubt on this interpretation:

Au V)
NNNNS® —>
spin 1 spin O
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Degree of freedom of the Lagrangian

0O Before spontaneous symmetry breaking:
> 2 real scalar fields ¢$1 and ¢2,
> 2 helicity states of Au (spin 1, zero mass)

— 4 degree of freedom .

0 After spontaneous symmetry breaking:
> 2 real scalar fields ¢$1 and ¢2,
> 3 helicity states of Ap (spin 1, with mass)

— 5 degree of freedom .

B | IT DOESN'T WORK.

To find the way out of this problem, it must be
remembered that it is always possible to do a local

gauge transformation
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e transformation

Q Let's change the parameterization of ¢(x) using the "module" and the "phase":

.0(x)

p(X) = %[VJFH(x)] e v H(x) and 6(x) are real fields

0 We make a gauge transformation in order to eliminate the field 6(x):

9'(x) = e"p(x) - H'(x) = H(x)
= [v+H'(X)] eiw = e[y + H(x)] eig(VX) 0'(x) = 0(x) +qv - A(x)

0 If we choose: |A(x) = —ie(x) I:> 0'(x) =0 (unitarity gauge) 0'(x) = %[V+H(X)}

U The Goldstone boson connects the various vacuum states that are degenerate in energy. With
the gauge transformation we have "removed" this unwanted degree of freedom and the field ¢
has become real.

With the new parameterization the field 6 should not appear explicitly in the Lagrangian.
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The Higgs boson

U Let’s check the degree of freedom of the transformed Lagragian:

O In the new unitarity gauge we have: 0'(X) = %[V FH(X)] 5 A(X) = A(X) +%8#6’(X)

1 2 i | L o s 2 L 5 viy2
L:[z(ﬁﬂH) — AV*H }+§qvAﬂA +SqAAH

I +q*vA A'H — A2vH® - LYyT %FWF“” LRIV

U The Lagrangian does not depend on 0 as we expected: the Goldstone boson has
disappeared. It was "eaten" by the gauge boson which gained weight and gained mass:

The Lagrangian now describes a scalar boson H (Higgs) and a vector gauge boson A, of mass respectively:

m, = 21?2 m, =qv

U The other terms of the Lagrangian describe the interactions between fields and self-interactions:

N.B. this is the Abelian Higgs mechanism, ie valid for a commutative symmetry group.
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Higgs mechanism and Yang-Mills fields

L =(0,0) (0"0) - k20’0~ A(p"0)

U The Lagrangian is invariant under a global transform

dWe study the spontaneous symmetry breaking for the (non-Abelian) SU(2) X U(1) group. We start
from the following Lagrangian and study SU(2):

1

2

iAT

P(X) = ¢'(x) = ™ ¢(X)

() > ¢'(x) = [1+iA(x) - T |p(x)

ation of SU(2):

U In order for it to be so also for a local transformation, the covariant derivative must be introduced:

D =9+ igl - I/I7u(x) W (x) - W, (x) -9, A(x) + gA(x) x W (x)

U The Lagrangian can be written as:

L= (8#g0+igf-l/l7ﬂ¢)+(8“go+igf-|/l7#(p)—(
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Higgs mechanism and Yang-Mills fields

=0, 4167 W) (3,010l Wg)-(wo'o-2lo'ef )31,

U Let us consider the case p? <0 and A> 0. The minimum of the potential is for:

2 2

oo MV
YT T2
+ * % qp # % 1 V2
09 =(, %)(;j_%(ﬂﬁ%% :E(%Z + 03 +¢§+(p§):?
b

2

O We choose a minimum thus breaking the symmetry of the ground state: (©, =@, =9, =0 | ¢, =V

1(0
O The vacuum ground state we have chosen is: |%, = ﬁﬁ‘/)

1 We make the perturbative expansion around this state, choosing an appropriate gauge in order to have:

(x)—i[o ]
A= J2 v + H(x)

N.B. in this way three scalar fields have been eliminated from the gauge transformation leaving only one field: H(x)
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Higgs mechanism and Yang-Mills fields

L We can rewrite the Lagrangian in terms of the Higgs field H:

L= E(a#H)2 _ AVZHZ} ¥ %[(W: e (we) (g )2}

+ higher order terms + kinetic term for the W

O This Lagrangian describes a mass scalar Higgs field: |m, = V2Av* = «/(—2#2) = 77?7 GeV

[ and three massive gauge bosons of mass: |, = 1gv

2

U The three gauge bosons “swallowed" the three Goldstone fields, gaining mass.

It is necessary to extend these concepts to the entire SU(2) X U(1) symmetry
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SU(2), x U(1), and Higgs field

0 Electroweak Lagrangian invariant under gauge transformation:

_ . L g' _ ) g' _
L=Y¥y" {/aﬂ— gl -Wy(x)—?Y-Bﬂ}‘PL + Wy {/ay—?Y-B’J‘PR +L_ (W,B)

U We introduce four real scalar fields ¢, into the Lagrangian:

L =(D,p) (D) - 1Pp'p - A (gf(p)z D, =0,+igl -W (x)+ i%'v ‘B,

 We are interested in the case where p2 <0 and A> 0.

U We follow Weinberg and arrange the four ¢, fields in a weak isospin doublet with weak hypercharge Y=1

°) 2

@
L We choose the minimum of the potential such that ¢, = %[8) and develop ¢(x) around this point.

@ 1 (o +ip, »" ha carica elettrica Q=1
" ¢ tig, e ¢’ ha Q=0

O With an appropriate choice of the gauge we have: |¢o(x) = %[0 H( )J
V + (X

Claudio Luci — Collider Particle Physics — Chapter 3
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SU(2), x U(1), and Higgs field

O The Lagrangian becomes: |1 = B(aﬂH)z - leHZ} + %[Wﬂlwlu + W#ZWZu] + %z(gwi _ g'Bﬂ)(gW3ﬂ _ g'Bu)

+ higher order terms + kinetic terms for the W and B

J From here we see that the W' and W ? fields have a “conventional” mass term m,, = %gv
while the W2 and B, fields are mixed.

1 We need to rotate these two fields so that the mass term is diagonal in the new two fields A, and Z;;:

e T~
-g9 ] [WB’”j Mass matrix. It must be diagonalized. One of the

2

W s 9

8 “\-gg' g"“ )\ B* two eigenvalues is zero.
V[ o103\ 11A/3 AL 12 Q2 V2 3 a V¥ 11A/3 2
g(g (Wﬂ) - 2gg WuB +g Bujzg-(gwu -g Bﬂ) +O-(g Wu +gBﬂ)
g'w,; +gB gw? -g'B 1 '
A”:( \/g;+g'2ﬂ) L Z":( »\/_cjz+g'2ﬂ) me = ge e
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le

1 We introduce the Weinberg angle (i.e. Weak angle) defined as:

g

= =tang, ; s

g ,92 +g|2
i 8

A, = cosg,B, +sing W,

A 3

- Z,=-sing,B, +cosqg,W,

mW —
O Remembering that: m - %gv and m, = %V\/gz +g" ‘ m—z = C0s g,

=Cosg, ; =sing,,

U The spontaneous breaking of the SU(2), X U(1), symmetry gave rise to the following mass spectrum:

1 Higgs boson, m,, = 22 = \/—Zyz
1 0
2 charged boson W*, m , = %gv N.B. Qgp, = (I3 * EYJ(VJ =0
|T‘W
1 neutral boson Z, m, = cos 0 The charge of the minimum we have chosen is zero, therefore the
w symmetry U(1)e™ is not broken and the photon remains massless
1 massless neutral boson (photon)
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Gauge Bosons Mass

2
[ From the analysis of the neutrino-electron scattering we obtain the relationship: g _ G
8my, 2
1
. 1 pr—

O Given that: m, = =gv # v

w -

2 (6V2) v, e

[ The vacuum expectation value depends only on the Fermi constant: W

vt _ ! ~ 246 GeV e Ve

-5 )
\/(G\/i) \/(6-1.17-10 Gev2) T i D Te o 1
M=|Z=u,y" u ~=u,y, ——u
\/Ee 2 v, M.,zv—qzx/i‘/e” 2 e
: 2 Gr- _
[ As we will see, this relation holds: g-sin 9W=e {a = j_} M = ﬁ[upy”(l - 75)Un:||:ue7,u(1* ys)uv}
T
1
| sinG,, must be determined experimentally. The first measurement was made with the
:> my, = G¥2 ) sin g, deep inelastic scattering of neutrinos in the 1970s.

sing, ~0.23 = m, ~80 GeV ; m, ~90 GeV

N.B. The mass of the Higgs boson is not predicted by the Standard Model because it depends on the
unknown parameter A which appears in the potential V().

Claudio Luci — Collider Particle Physics — Chapter 3 23



Fermions mass

0 The fermion mass term -mee cannot be explicitly put in the Lagrangian because it breaks the
SU(2),XU (1)y symmetry (it mixes lefthanded and righthanded components):

-mée = -méB(l -7°)+ %(1 + 75)}e=-m(éReL +&,e,)

[ Ly H (1=1, Y=1)
v
0 We remind that: |v, 5 5 -1 L ej €, e, (I=;,Y=-1)
e, 1 1 -1 ©
L2 2 e, (1=0, Y=-2)
= 0 0 -2

The Higgs boson has the right quantum numbers to couple to e and eg.

L We add to the Lagrangian the ("Yukawa") term invariant under gauge transformations:

=g [ngeR + éRgZL} where L= (Ve} ;op= (go;j
_~ = e

- V4
N K B :
(Ve eL)((pO)e R=(Ve¢> e, +Epe R) de = coupling constant

Claudio Luci — Collider Particle Physics — Chapter 3
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O After spontaneous symmetry breaking, the Lagrangian becomes: 1 0
g g V= 2\V+H
V = - — —
L= —ﬁ[eReL + &6, |- T; (&6, +E,6; |H
g v A A
m, = f/z mass term Coupling of the electron with the Higgs boson

=

L =-mee - [n‘:e j eeH|| N.B. The coupling constant is proportional to the mass of the fermion

[ To generate the masses of the "up" quarks, a conjugated Higgs doublet is introduced:

<ﬁ=io¢*=i[¢oj _ L(VJFHJ
T 2l J2{ 0

L= _ngq¢dR - gqu(Z)uR + hermitian conjugate |L, = (“l

= |t~ -mdd - m g 2 |t - % |

Claudio Luci — Collider Particle Physics — Chapter 3
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lete Electroweak La

U Electroweak Lagrangian invariant under gauge transformation:

_ . - g' _ ) g' —
L=Y y* {/ay— gl -Wﬂ(x)—;Y-Bﬂ}‘PL +W " {/aﬂ—?Y-BJ‘PR +L_(W,B)

L We add to the Lagrangian four real scalar fields @; to give mass to the gauge bosons through the
mechanism of spontaneous symmetry breaking:

L =(D,p) (D"0)~ 20’0~ 2(p"0)

J We add to the Lagrangian an interaction between the fermions and the ¢ field to give mass to the
fermions:

L=-g, [[q)eR + éRQBL] L= —ngqgodR - gqugbuR + herm. con.

What is this ¢ field? | DON'T KNOW!
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Gauge Bosons Couplings




W coupling

U The (charged) W couples with particles of the doublet producing both of them (channel s)
or inducing a transition in the other particle (channel t).

Ve € > u v, VM Ve V“J Vf}

— _ € 7 T
V W — é N B L L L

e e S W* (oppure W) u Cj (t

e_ g B <> dl Sl bl
7 — — L L L

(s channel) em vV, T & DU +v,
(t channel)

U N.B. In the s channel the charge of the W boson is unique because the two vertices are temporally separated, while in
the t channel they are not (the time order product automatically takes this into account), so you can have the exchange
of a W* or of W™. For the purposes of the calculation, the thing is perfectly analogous.

(] The W is coupled to a charged current because there is a transition between the two states of the weak isospin
doublet, the electric charge of which differs by one.

(] The matrix element can be written as: M = 9 (J“ )+ 7 1 g (]’“‘)
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Weak Charged Current

(J Charge-raising weak current of electrons and quarks:

5

5,
¥ =a(n)yr —L u(e) ¥ =t(u)y” “Tyu(d')

O As we can see, the charge-raising weak current has the form:

u(e)

J; =U(Ve)7/# 5

+ Ve
w T -

e
U The operator V2 (1-y®) is the projector of the left-handed chiral state for particles and of the right-handed chiral
state for antiparticles, which coincide with the states having negative and positive helicity for particles of zero mass:

.5 5 .5 5
127/ us=u, ; UL:01+27 ; 127 V=V, ; VR=\71+27
U We also remind you that : 1-y° 1+ 1-p
T T T

Claudio Luci — Collider Particle Physics — Chapter 3 29



Weak Charged Current

1 The charge-raising weak current can also be written as:

5 N.B. Indichiamo con

1+ 1-py _ L
€=v7.€ v ed e gli spinori.

J;:v > Y >

we have thus obtained a purely vector current which only couples to the
left-handed components of the particles.

O We now write the charge-lowering weak current:

W~ ¢
_ = 1-y
t Jﬂ ), =ey, > e >

Ve

N.B. we denote the spinors by the name of the particle without distinguishing between u and v

; . em. _ = - = =
O We recall the electromagnetic current: Fm =-gye-= _<eR7#eR i ed/yeL)

A vector current does not mix left-handed and right-handed states
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Weak Charged Current

( In a compact way, the two raising and lowering weak charged currents can be written as follows:

Ve _ _ 5 N 1 i n 01 . _ 0O 0 £+ = +
z{} i Z=(% &) i o =5(otio) o =[O Oj ;o =(1 O] m) J =200

[ If we now require that the weak interactions be invariant under rotations in the space of the weak isospin, it is
necessary to introduce a third current of isospin that conserves the charge:

1 1_ 1 _ s (1 0
Jz = /’{Ly,u EszL = EVLj/#VL —EeL]/ﬂeL o = [0 _1)

[ This current cannot be directly associated with the weak neutral current (exchange of the Z) because J,2 couples only
to the left-handed components, while the Z also couples to the right-handed ones.

[ To try to solve the problem Glashow proposed to deal simultaneously with electromagnetic interactions (which are
described by a neutral current) and weak interactions.

31
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Weak Neutral Current

UlIn 1961 Glashow suggested the introduction of a weak hypercharge current:

J' =¥yY¥

7

where the weak hypercharge Y is connected to the third component of the weak isospin through a relationship
similar to that of Gell-Mann Nishijima:

1 em 3 1
Q:I3+§Y # Jﬂ :J,U+§J,Z

[ The e.m. current is a combination of the weak hypercharge current and the third component of the weak
isospin current.

U The weak hypercharge Y is the generator of the symmetry of the U(1), group, therefore the unification of the weak
interactions and the electromagnetic interactions revealed the existence of a larger symmetry group:

SU(2), ®U(Q1),
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Quantum numbers

[ The quantum numbers of the first family of particles are:

I I, Q Y Y=2(Q-1I)
1 1
1% S S 0 -1
¢ 2 2 N.B. Members of the same doublet have the same hypercharge.
e, % - % -1 1
e o 0 . P The hypercharge current can be written as:
1 1 2 1
U 2 2 3 3 '=23"-23 =
1 1 1 1 1 “ g # .
s 2 2 3 £ == (eR7yeR +eL7/yeL)_(‘7L7/,uVL _eLV,,eL) =
2 4
u = = — _
L = 2. (&v,e) 51 (7r,)
dro o -3 -3 ~N 7/
hypercharge

% .(5'R y,d 'R) i+ %(ULQ/ﬂUL +d', y,d 'L)

1 For quarks we have: vy 4 /_
J,u = § . (UR}/,uUR) —
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The interaction in the Standard Model

U To preserve the gauge invariance of the SU(2), x U(1)y symmetry of the GWS model, it is necessary to introduce 3
vector bosons W associated with the weak isospin and a vector boson B associated with hypercharge.

LThe interaction has the form: _iigj WH + lg']Y -B’“‘)
u 2 u

g and g 'are two Coup”ng constants ju e Wﬂ: vettori nello SpaZiO dell'iSOSpin debole

O In terms of charged currents J* = J' +/J?> we have:

= H+
=
=

jﬂ -\Tvﬂ = JWH + W2 + T3 » W o= L JW" + LJ;WM— + P

poou \/E \/5

O where: | yu _ L(Wul . I-Wuz)

V2

W#* descrivono bosoni carichi massivi W*, mentre W*> e B* sono campi neutri

Claudio Luci — Collider Particle Physics — Chapter 3 34



The interaction in the Standard Model

U In the GWS model the SU(2), x U(1), symmetry is "broken" and the neutral fields mix to give rise to a massless
combination (the photon) and a massive combination (the 2)

A, = cos@,B, +sing,W> — W, =sing,A, +cos§,Z,

Zﬂ = —Sin QWBﬂ + COS (9WW5 B# = COosS QWAﬂ —-sin eWZﬂ

6, : angolo di Weinberg (angolo weak)

1 In terms of the A, and Z fields, the neutral current interaction becomes:

Y

g we e lgy e =il gsing. P+ g'cosa, 2 | an i 9 7
g# +zg s = IgSanﬂ-l-gCOSWZ /gCOSWﬂ

0 =F JY
-dg sm&W?“ Vi

[ The first term can be identified with electromagnetic interaction:

=7 Ny
2 H

-ierm - A¥ We also remind you that: jem
Y7,

(] The two expressions are consistent if: g sin HW =g 'cos 6’W —e ‘ e = 99

Jg%+ g
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Weinberg Angle

U The weak mixing angle directly depends on the coupling constants of SU(2), x U(1),

. , g
gsing, =g'cosg, =e |:> tand, =~

U The GWS model does not predict the value of 8,, to be measured.
U Of course, for the model to be valid, all electroweak phenomena must be described from a single angle 6,,.
U Many of the experimental tests of the model consisted of measuring the angle 8,, and comparing these values.

But ... BE CAREFULL

U There are two definitions of the Weinberg angle:

masse: m,, =m, cosd,| accoppiamenti: gsing, =g'cosg, =e

(J At the “tree” level (fundamental level) the two definitions coincide, but the radiative corrections modify the
two expressions in a different way, therefore it is necessary to specify the renormalization scheme adopted.
(This caused a few additional minor problems in Lep's time).

Claudio Luci — Collider Particle Physics — Chapter 3 36




Z interaction: neutral current

U Let's go back to the interaction term of the Z:

: N 4
— (g coS HWJj —g'sing, 7“] Z{  furthermore JZ:ZJim_ZJi

» - —i[gcos Ou T - g'sing,, (I - Jjj)]Z“ =-i[gcosq,J} - g'sing,J" +g'sing,J> | Z* =

_ilg cos’ 6, B sin® 4, Fm g sin® 4, P |z _
cosg, “ cosg, “ cosg, “

) sing,
ricorda: g'= W
< 9=9 cos ¢9W>

H g 3 12 em [ g N.C.
=—/ J’ —sin“g,J" |2/ = ——] 2"
cos@W[ “ = cosé, “

U We have obtained a neutral current that couples with the Z:

N.C. _ 73 R oy em
J u _;,J u SIn HWJ u * It couples to both lefthanded and righthanded (charged) states
7

It couples to lefthanded states only

U The Z couples to both left-handed and right-handed states. The coupling depends on the quantum numbers of
the particles involved.

N.B. The Z couples only to lefthanded neutrinos
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C, and C, determination

U The weak current can be written in terms of the axial and vector couplings:

f
— 1
N.C. f f 5
Jﬂ (f) = Uf}/# §<Cv — CA]/ )Uf JZC
[ per le correnti cariche ¢, =c, =1] 3

U The coupling of Z with ff can be written:

_,'L[ﬁ_sinzgwjem}zﬂz_i g .y 1_7/51'3—Qsin2¢9v,, u,-Z"
cosg, - “ “ cosg, 4| 2

UThe vectorial and axial couplings are given by the coefficients of the terms:

- — s
Uy Ue € Uy, U

then we have: |c, = I/ -2Q"sin’g, e «c,=1I,

N.B. Neutral current is not of the V-A type, so the Z couples with both left-handed and right-handed particles.
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C, and C, couplings

f f f f
L Q@ ¢ ¢ c, = Il -2Q"sin* g,
1 1 1
Ve 2 0 7 7 c =1If
e, 1 1 L - +2sin’ @ . ;
L "2 "2 T2 : :
) 5 ) L a4 ! the righthanded neutrino has both ¢, and c, equal to
u s 3 2 235N Y zero, so it does not appear in the table.
dl 1 1 1 1 2 2
L2 "3 "z "Zzt3sn b
_ S
€ o0 -1 0 2sin 0, In the C,/ coupling we have sin?8,y, which is the
U, o % 0 _ gsmz 9, quantity that is measured experimentally
d, o -3 o Zsin’ g,

U In the couplings of right-handed particles there is no axial term because these particles interact only
through the electromagnetic interaction which is vectorial.

U Radiative corrections modify these couplings at the percent level. At Lep the Z couplings were measured
with an error of this order of magnitude and it was therefore possible to verify the precision of the

radiative corrections of the Standard Model.
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to lefthanded and righthanded states

O The W couples only to the left-handed states due to the factor (1-y°)/2

O The Z couples to both left-handed and right-handed states because its coupling is of the type (c,-c,y°)/2

_ 1
JNC(F) =Ty, E(CC - Chr® )

U Neutral current can also be expressed in terms of coupling with left-handed and right-handed states:

TEF) = L7, U+ Oy, uf]  Lots assume: [, 9,9, ; ¢,=9,9,

5

‘ %(C‘C—C’C‘75>:%|:QL+gR_(gL_gR)75:|:gL1_27/ +gR1+27/

5

= |9, = A= 1[-Qsin*G, |g, = 4= Q'sing,

U From here we see again that the neutrino has no right-handed coupling since its charge Q is zero.
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Relationship between G, and neutral current

U From the comparison of Fermi's theory with the GWS model for charged currents (see muon decay) we find the relation:

2 lLl- V[Ll

G g cC (9 J 1 [9 +J
= _‘7‘/[ = Jﬂ J
N 8Mv2v - g% << M? I:> 27 m\Z

|4

e e

O In a process with neutral current where g? << M,?, we can write:

NC g el e g> 1
a0 J _ 9 jNCu » aNC _ JNC JNCp
[COSQW ]Mz [COSQW } cos? g, M2 *

O A parameter p is introduced which takes into account the relative intensity of weak neutral and charged currents,
linked to the mass of the bosons:

Mg, In the SM, at the tree level (fundamental level), p = 1. Radiative corrections, or the
M2 cos” ¢, | | presence of new physics, change this relationship.

U Therefore, usually the amplitude of neutral currents is written as follows, where the Fermi constant is used:

NC 4G2 JNC JNCu

27
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¥ f

O Electromagnetic interactions: VWWWC .
7 —ieQer"| vertex
o e
J Weak charged interactions: |,/ Ve W~ I= sing,,
- — = - ==
«—  vertex 7
-g—,u + e . g 1 Ve_'i_ﬂ
=L e |- W i Y uL(q1 .5 / e 1%
\/5("/_7 L) 7 I\/zy 2( y) 2(L7 L)
O Weak neutral interactions: ¢ g s, g [~ 1., .
> —i cosa, | 2 -sin®q,J" | Z =—/m{ufyﬂz( " —cly )uf}Z
e \
_ 9 7”1(c\’;—c§\75) vertex
f cosq, 2 I

cy and c, determine the intensity of the coupling of the Z with the fermions.
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QCD and the Standard Model

0 The QCD is analogous to QED but with the U(1).,, group replaced by SU(3)¢

0 The main difference between QED and QCD comes from the fact that the former is Abelian while the
latter is not: the generators of SU(3)c; do not commute and this leads to self-interactions between the
gluons.

U The Lagrangian for free quarks may be written as:

&L = Z '];gi)’“aul//: - Z mqtﬁ,’;w‘{. The indices j and k refer to colour (j,k:1,2,3)
q q

L We proceed as we did for QED: we require the Lagrangian to be invariant under a local gauge
transformation, we introduce a covariant derivative with 8 gauge bosons (gluons) and we add to the
Lagrangian the kinetic term for the gluons

U Here are the diagrams of the quark-gluon interaction and gluons self interactions:

S lrrrrrTn< wrrrmg‘:g; % gs = strong coupling constant
q g
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lete La gian of the Standard Model

- 1 . 1 lra pv
L = _4Wuv W — 4BuvBuv _ 4Gqua “~

{Wi, Z°, y and gluon kinetic
Gluon fields

energies and self-interactions
. Ey“ (iau — %gt W uw %g’ YBM)L {fermion kinetic energies and their
4 E’V (i au _ % g YBu) R interactions with W*, Z% and y

+((i0, — 397 W, — 39'YB,) 0o|* — V(9)

masses and couplings of the
W, Z° v and Higgs boson

E R LoR + H itian coniu ate) fermion masses and coup-
o miti
(LR + 9,508 + Tr 8 lings to the Higgs boson

i3 %gs(‘/;é.'yﬂ)\'_‘;kd’: )G {quark—gluon couplings

0 L= left-handed fermion doublet, R=right-handed singlet; ¢ the Higgs doublet and its conjugate;
Y= quark colour field.
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L We collect together some relations between the parameters of the Standard Model SU(3). x SU(2), x U(1),:

G = g g = e(sin By,) ! "= e(cos Oy) !
J2  smd, W = %
e 1 2 2
dn 137 4 100 4 30
2
a3 =25 204 -0.1.
4r

0 These 'constants' depend on a characteristic momentum Q (or, equivalently, a distance 1/Q) of
the interaction.

O The values quoted for a, a,, and a, are for Q of the order of a few GeV while for a; we give the
variation over the range 1-100 GeV.
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Running of o,

U In classical electromagnetism the potential energy of an electron in the field generated by the same electron
(self-energy) is equal to:

2
U 1 € The potential energy goes to infinity when r goes to zero.

- 472'50 r

U The self-interaction in the field theory is described as photons that are emitted and then are absorbed again by

the same charge: e
Sy 4
¥, £
>

> > Vacuum S
% &§ ‘ polarization @zy “\"§$

e- e

Ill

U The positron is “attracted” by the electron and it will “screen” the charge of the electron in a such a way that its

effective value diminishes.

U The more you go into the positron “cloud” the lesser will be the shielding effect, so the electron effective
charge increases.
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Running of o

(] Let’s consider the interaction

between two electrons:

The interaction is modified
by the vacuum polarization

e e-

U A consequence of the vacuum polarization is that the charge of the electron becomes a function of the energy of
the “probe” (that is of the other electron). The positrons “screen” the charge e’; the nearer we get to the charge
the lesser the “screening” is and the effective charge “increase”.

o
-._GC-")AK
ks High energy
% probe
s \,—
i®)]
Q
?
3
=
1/137

o(@?)= a(s?) .

2
1- agﬁ; )Iog ﬂz

low energy - - « vacuum polarization »
probe -y T+ -
=+ C% +, -
-t T
+ T @
NG +/-
g probe
— a(mz) L
distance Z) 128
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The Nobel Prize in Physics 2004

"for the discovery of asymptatic freedom in the theory of the strong
interaction”

photo PREB
David J. Gross H. David Politzer Frank Wilczek
@ 1/3 of the prize @ 1/3 of the prize @ 1/3 of the prize

USA USA USA

Kavli Institute for California Institute Massachusetts
Theoretical Physics, of Technology Institute of
University of Pasadena, CA, USA Technology (MIT)
California Cambridge, MA,
Santa Barbara, CA, USA

USA

b, 1941 b. 1949 b, 1951

Actually it was found before

by ‘t Hooft and also by Parisi but
unfortunately (for them) they
didn’t publish it.




Running of a

U Let’s consider the strong interaction between two quarks:

The production of virtual qg pair in the gluon propagator produces the same
screening effect of the colour charge as in QED, hence the charge should
diminish at the increase of the distance (that is at low momentum transfer).

But since the gluons are “coloured” they exist q q
also diagrams like this one that modify the
interaction and produce an effect of
“antiscreening’
: q q

[ a fermions loop has opposite sign with respect to a bosons loop]
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Running of a

U The effect of the gluon self-interaction is such that:

Confinament barrier og>1

as(Q?) 2
A as (QQ) = i QQ
(33-2f)log (zj
A
Asymptotic f = number of quarks with 4m2<Q2
freedom A= scale (~200 MeV with f=4)
1fm R The anti-screening effect is also present
distance in the SU(2), since Z and W
have self-interactions too.
Q2~ A? strong coupling —) Mh
Q?>> A2 weak coupling —) perturbation approach

At high momentum transfer (that is at small distances) ag is small and we can do QCD calculation with the
perturbative method. At low momentum transfer the constant is big and we can not use the perturbative method.
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Running

B ol 1 = Va,
SM 50
50 .
40
10 1/a;
30 »
20
20
10 10
1/ay
0 ‘ 0 0 5 10 15
0 5 10 l105 101, Q
log Q g
U The running of the coupling constants has been U This plot shows the running of the gauge couplings within the
experimentally confirmed in the accessible energy MSSM. Since the particle content with Supersymmetry (SUSY)
range, but the more interesting thing here is that one is different, the slope of the curves changes. Interestingly, the
can extrapolate the curves far beyond where we can result is that the gauge couplings meet almost exactly (within the
test them experimentally. One sees then that these errorbars) in one point, somewhere around 1076 GeV, usually
couplings form a triangle somewhere around 1076 GeV. referred to as the GUT scale (which isn't too far off the Plank

Scale (107 GeV).
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End of chapter 3
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