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1. Fields and symmetries servation of energy, linear momentum and angular momen-
] o tum are the consequence of the invariance under time transla-
1.1. Basics: Poincae symmetry tions, space translations and space rotations, respectively, all

of which are Poinca symmetries.

Given a lagrangian, one derives the equations of motion
Relativistic qguantum field theory (QFT) reconciles quantum(Euler-Lagrange equations), which describe the classical evo-
mechanics and special relativity [1-6]. Relativistic fields arelution of the fields. They are obtained from the principle of
irreducible representations (irreps) of the Poigagmoup, in- least acthn: _the field configuration must be a stationary point
cluding Lorentz transformations (space rotations and Lorent®f the actionj.e. 45 = 0. Then
boosts) and spacetime translations. Examples of field ir- 4 oL oL
reps are the scalaf(x), the four-vectoi/, (z) and the sym- 08 = /d IZ ((%M}' * a(augbi)é(@m"’))
metric tensorh,,, (), wherep, v € {0,1,2,3} are Lorentz ‘
indices. The Lorentz subgroup is locally isomorphic to _ /d%«Z (85 _ 9 oL )&b' —0 3)
SU(2)2SU(2) whose irreps are labeled by, j+) so it also - d¢ " ! ’

a(aﬂ¢i)
admits spinorial representations whekrecan be half-integer, . .
as for example the Weyl bispinor fields, (z) ~ (1/2,0) where we have used integration by parts and dropped the

and dp(z) ~ (0,1/2) that are two non-equivalent (conju- boundary term under the assumption that field variations van-

gated) representations of spin= 1/2 under rotations. The ish at |rf1f|n|ty. hﬂf‘ﬁg :‘2 must hold fdo_r any varllanorangbi, .
Dirac four-spinor field)(z) = ¢ (z) ®r(z) is areducible \(Allzeolg/l? or each field the corresponding equation of motion
representation of the Lorentz group containing left and right- ' oL or

handed chiralities, exchanged by a parity transformation. 96 NW =0. (4)

To describe the field dynamics one introduces the action

1.1.1. Guided by symmetry

For instance, in the case of a free Dirac field, the EoM is the
well-known Dirac equation,

(i —m)ep(z) =0, ®)

where the lagrangian (densitd)z) = L(¢:,0,.¢:) isalocal  whose general solution is
function of the fields and their derivatives, angdstands for e

any type of fields ¢, ¥, V,,, etc.). The action must be in-  (z) = / ‘719
variant under Poincértransformations according to the co- (2m)3\/2Ep

S[gu] = / Az £(65(x), () 1)

variance principle of special relativity. As an example, the (5) Cipr e (s) ip
lagrangian of a free Dirac fielg(z) is x ;:2 (a"’su (p)e Hop.s v (P)e ) - ©
Lo =(id —m)y, (2 with p? = E2 — |p|> = m?, whereu® (p) andv(®) (p) are

constant four-spinors of positive and negative energy, respec-

where~# are the Dirac or ‘gamma’ matriced, = ~~9, tivel i — 2 2 ifvi
e ke _ : HHs Z y (£Ep with E, = ++/|p|? + m?) verifying
(slash notation)) = 1~ is the Dirac adjoint and the con- P i

stantm is the Dirac mass. (p —mut(p) =0,
The lagrangian contains all the information about the par- () _ _

ticular theory under study. Following Noether’s (first) theo- (ptm)v=(p) =0, s=12 )

rem, any continuous global symmetry of the action is in cor-anday, s, by s are for the moment just complex coefficients

respondence with a conservation law. In particular, the conwith convenient normalizatiorts.
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1.1.2. Quantization 1.2. Global symmetries and gauge invariance

To quantize a classical theoayla canonical, we need to have 1.2.1. Internal symmetries and the gauge principle
a well-defined hamiltonian formulation of the theory. First

we compute the conjugate momenta of every fieldz) =  The free lagrangian

0L/9(0p¢;), then we perform the Legendre transform of the

lagrangian with respect to the velocitiés = dy¢; and fi-  The free lagrangian for the Dirac fiel@)(is invariant un-
nally we invert the definition of canonical momenta to ex-der spacetime (Poind@y symmetriesand also under ‘inter-
press the velocities in terms of them. The resulting object isial’ symmetries, acting only on the fields, not changing the
the hamiltonian (density), spacetime coordinates. They consistgtidbal U(1) phase

H(z) = Zﬂzéz — L(2). ®) transformations,

o : . P(x) = e (), (11)
Once the theory is written in terms of fields and conjugate

momenta, the canonical quantization proceeds as follows: where( andd are real constants. Then, as a consequence of
1. Promote the fields and canonical momentagerators ~ Noether's theorem, there must exist a divergentless current
acting on a certain Hilbert space. and a conserved charge associated to this continuos symme-

. o try,
2. Impose the canonicajuantization rules These are Y

either commutation or anticommutation relations be- )
tween the fields and their conjugate momenta at equal HJ"=0, 9,Q=0 with Q= /d?’l’ g% (12)
times. Which rules must be imposed depends on what
is the type of fields (bosonic or fermionic), and corre- The Noether’s current corresponding to the U(1) invariance
spond to those leading to a hamiltonian bounded fronof the lagrangian is
below, so for a consistent theory one cannot freely
choose. For instance, in the case of the Dirac fermion TH = Qv (13)
field we have to use anticommutators,

{apr ale} — {bpr, blfc,s} _ (QW)J&; (p— k)0s :g?(r;l(e)lr(]j gg:&]t;zté?, the conserved charge becomes an op

{aprsak,s} = {bprs bi,s} = 0. )
As a consequenceg, s, by s (and their hermitian Q= Q/dgﬂf XUSUCE
adjoints) become operators that annihilate (create) 5
fermionic modes of well-defined momentup mass - Q/ d p (af, sap.s — b bp.s) (14)
m and spin component on the Fock space of multi- (2m)3 e, VPR el
particle states that we call particles and antiparticles,
respectively. The vacuun@) is defined bya,, ;|0) =  where we have applied the normal ordering prescription for
bp s |0) = 0; the states with one particle or antiparticle fermionic operators. From this we can easily check that par-
(conveniently normalized) are given by ticles and antiparticles carry opposite charg&g:

ticl 2F, al .
one particle= paps|0) 0 GL,T 0) = +Q a;s 10y (particle),

one antiparticle= \/2E, bl _|0) , 10 o

p- _ o p.s 0) (10) Q b}, ,10) = —Q b, |0) (antiparticle) (15)
and general fermionic multiparticle states are of the

T T Lt T

form “pa,519pa2,so b4y.r1baz 7, - 10). Hence the.y (Gauge invariance dictates interactions
are antisymmetric under the exchange of any pair (or
symmetric if they were bosons) enforced by the quan-
tization rules. This is the spin-statistics connection.
Another consequence is causality: the commutation o

two fields at points separated by a spacelike interval.

t is evident that the free lagrangian is not invariant under
Ehase transformations whefe= 6(z), different for every
pacetime point,

3. Apply normal orderingto the hamiltonian (and any ob- () = e @), (16)
servable made of fields): move all creation operators to
the left of annihilation operators, adding a minus signln order to impose that physics is invariant under thiese
each time you exchange the position of any annihila-cal or gaugeU(1) transformations it is enough to perform the
tion or creation operator if they are fermionic. This minimal substitution
prescription subtracts the infinite contribution of the
vacuum to the expectation value of the observable. Oy — Dy =0, +1eQA,, 17)
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THE ELECTROWEAK STANDARD MODEL 3

that introduces gauge field4,, () transforming as
1
A (x) — Au(x) + gﬁuﬁ(x) . (18)

This basically ensures thak, ) — e~ D 4, soit trans-
forms the same ag, hence the name abvariant derivative

are given by a set of real and continuous paramei#t$ in
terms of N generator4 T, } that form the basis of the Lie al-
gebra of the group. The generatdrs of gauge groups are
hermitian if the transformation is unitary, and in general the
Lie algebra structure is totally determined by the commuta-
tors between the elements of the basis,

The outcome of this replacement is the generation of an

interaction betweegh and A,, given by the scalar product of

the conserved current) and the gauge field,
Ling = —eQ @VMwA,u = 76\7“"4# )

which is proportional to the coupling constan{a property
of the gauge field) and the conserved chapg@ property of

(19)

[Tav Tb] - ifabcTca (23)
with f.;. the structure constants characterizing the group.
The structure constants vanish if and only if the group is
abelian (recall the Baker-Campbell-Hausdorff formula).

The finite-dimensional irreducible representations of a

the fermion field). compact Lie group are unitary: thg0) are represented by

Finally, we have to provide dynamics for the vector field unitary d x d matricesU (@) that are expressed in terms of
we have introduced without spoiling gauge invariance. Thighe corresponding Lie algebra representatiof®f}. These
is achieved by adding the following kinetic term, matrices act on somédimensional vector space whose ele-

1 ments are called-multiplets,
Lo = —ZFWF’“’, (20)

whereF,, = 0,4, — 0, A, is a gauge invariant antisym- "1
metric tensor, that has the same form as the electromagnetic U(z) = U(0)¥(z), =1
tensor. In fact, applying the Euler-Lagrange equationstipr Y
to the full invariant lagrangiandy + Lint + L),

(24)

In our context, the multiplet components are fields.

Examples of Lie groups that often appear in quantum
. ) ) field theories are U(1) (abelian, withh = 1 generator)
one obtains precisely Maxwell's equatios, " = eJ",  anq SU), which is the group of x = unitary matrices
whereF*" is the electromagnetic field strength and the four-qo¢ it determinant (non-abelian, with = n2 — 1 gener-
current7* = (p, j) includes the electric charge-density and 5¢qrs). The unitary irreps of abelian groups, like U(1), are
charge-current in units @f. one-dimensional. Prominent irreps of Sigroups are the

‘We have seen that making local a global symmetry re«tnqamental representationd (= n) and the ‘adjoint rep-
quires the existence of interactions, of a type that is detefragentation’ ¢ = N). The elements of th&/-dimensional
mined by the symmetry. This way of introducing the interac-mayrices representing the generators in the adjoint represen-
tions is known as thgauge principle tation are(T}, )pe = —ifape, totally antisymmetric for SU().

A very important comment is here in order. We often call| g ;s priefly list the main properties of these groups.
gauge symmetrto a local transformation of the fields with

6 = 6(z) that leaves invariant the lagrangian. Although this
gauge invariance implies the existence of a global symmetry,
which can be properly called a ‘symmetry’, with physical
consequences like charge conservation, a local transforma-
tion isnot a symmetrgf our system, but eedundancyof our
description of physics: we can redefine fields at every pointof e SU(2). It has 3 generators. The structure constants are

»Cinv = E(llD - mW - iF,qul“j ) (21)

e U(1). The only generator is representated by a real
number @), that labels each one-dimensional repre-
sentation.

spacetime with no physical consequences. The gauge invari-
ance is necessary to have a local description of massless spin-
1 particles (two degrees of freedom) with four-vector fields,
which are Lorentz invariant objects with too many polariza-
tions. The gauge symmetry is more a gatrgedom

The gauge principle in non-abelian gauge theories

Next we will apply the gauge principle to a more general
symmetry group than just U(1). A general gauge symme-
try groupG is a compactV-dimensional Lie group, whose
elements

geG, g@) =T  4=1... N, (22)

fabe = €ape (Levi-Civita symbol). The generators in
the fundamental representatiah£ 2) can be chosen
T, = %aa, the 3 Pauli matrices. The adjoint represen-
tation has dimension 3.

SU(3). It has 8 generators. The totally antisymmet-
ric structure constants are given liyss = 1, fi58 =

fors = V/3/2, fiar = fise = foae = foar = faas =
—fs¢7 = 1/2 and the others not related to these by
permuting indices are zero. The generators in the fun-
damental representation can be choggn= (1/2)\,,

the 8 Gell-Mann matrices. The adjoint representation
has dimension 8.
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4 JOE I. ILLANA

Consider now the free lagrangian for a fermion multiplet, These are a generalization 6f,, to the non-abelian case.
o They transform in the adjoint representation of the gauge
Lo = V(i) —m)¥, (25)  group, - .
W, = UW,, U, (33)

Note that, besides the kinetic term8yy; contains cubic
and quartic self-interactions of gauge fields completely de-

U(z) — U0)¥(z). (26) termined by the gauge group properties:

invariant under anV-dimensional Lie groupG of global
transformations,

1
We can get a lagrangian invariant under local (gauge) trans-  Liin = —Z(%Wﬁ —O,W3) ("W — "W ),
formationsf = 6(x) by substituting the covariant derivative

1
- —~ Lcubic == *7gfabc (a Wya - 8uWa)WbNWCV,
0, — D, =0, —igW,, W,=T,W*, (27) 2 ! "

mo

_ 1 2 a b c dv
where one gauge field/;} (x) per generatof,, has been in- Lauartic = 19 Jave feae WyW WERWEE, (34)

troduced, transforming as The self-couplings of gauge fields in non-abelian theories

— — i have profound consequences. For instance, in quantum chro-
W () = UW,(2)UT — g(auU)UT - (28) " modynamics where gluons interact with each other, it is the
main reason for confinement.
The first term implements the global transformation of a mul-
tiplet of N vector fields in the adjoint representation and thel.2.2. Quantization of gauge theories

second accounts for the local dependence with the spacetime _ _ .
pointz. ThenD, ¥ — UD,V, transforming the same as So far we have discussed only classical gauge theories. If we
just as we need. The choice of sign for the coupljrig the ~ NOwW try to guantize the theory we encounter a problem: the

covariant derivative is conventional. propagator of the gauge field does not exist! The (Feynman)
The new lagrangian contains interactions of fermions inPropagator is the basic correlator of the quantum field theory.
U with every e Itis a Green’s function for the free equation of motion. For a
scalar field,
Eint = g@’y“Ta\IJ VV;Z =g j(;LWS (29) d4 1
" J p 1 (L
D ) = ip-(z—y) 35
F(x y) / (27'(')4 p2 _ m2 ¥ iEe ) ( )

where eacl7} is the Noether’s current associated to the in-

variance of the lagrangian under the symmetry generated big indeed a Green'’s function (the analogue to the inverse) of

T,. The strength of the interaction of gauge fiéld; to two  the Klein-Gordon operator

fermion fieldse; and+; of the d-multiplet is proportional ) .4

to the couplingg and is given by the elemert’},),; of the (Lz + m”)Dp(z —y) = —i6" (z — y), (36)

corresponding generator in that representation. The fermion .
. . _0r in momentum space,

charges under grou@¥ are eigenvalues of the generators in

the given representation. Fermion singlets belong to the triv- i

ial one-dimensional representation with = 0 and hence do Dr(p) = p2 —m?2 +ie’ (37)
not couple to gauge fields. - L
The next step is to add kinetic terms for the gauge fieldsSIm”arly‘ the propagator of a fermion field,
respecting the gauge invariance. Interestingly, this cannot be i d*p i ip-(z—y)
done without introducing at the same time interactions amon rlz —y) = (10, + m)/ Qi —m2tie. ’
the gauge fields when the symmetry is non-abelian. The min- (38)
imal choice is the Yang-Mills lagrangian, is a Green’s function of the Dirac operator,
1 o - 1 1 — — = ig4 —
Lo = =g T { W W} = —qWiwee, (30 @, ~m)Sp(c—y) =il =p), ()
or in momentum space,
where .
~ 1
~ —~ —~ S =—. 40
W, = TWe, = D,W, — D,W, T 0
- l%wu _ &/Wu _ ig[w,“ W, (31) However, the propagator of a gauge field cannot be defined.
For the simpler non-abelian case (Maxwell’s lagrangian) the
from which one derives the field strengths: equation of motion is
a a a c HY — HY — OHo¥ =
We, = 8, W2 — 0,Wi+ gfucWWE.  (32) M = [g""0 - 0"9"]A, = 0. (41)
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The Green'’s function should be the inverse of the differentialThis is merely a computational trick. The FP ghosts are
operator in brackets, but this operator is not invertible be-unphysical, anticommuting scalar fields that only appear in
cause—k%g"v + kME is singular (it has a zero eigenvalue, loops as virtual particles, never as external legs of Feynman
with eigenvectork,). The origin of this problem is gauge diagrams. They are produced in pairs and are needed in order
invariance. The usual solution consists of modifying the la-to preserve the gauge symmetry at the quantum level. This
grangian adding a gauge-fixing terth= Lg + Lar, where  procedure ensures that we do not count field configurations of

in the so called?; gauges Wi which are pure gauge, nor count separately fields which
1 differ only by a gauge transformation.
Lorp = ——(0"A,)?. (42) We finally know how to build the lagrangian of a quantum
2 gauge field theory. Provided a gauge symmetry group and
The Euler-Lagrange equation of the modified lagrangian ignatter fields transforming in given group representations, the
then covariant derivatives specify the form of the interactions me-
{gwg — <1 — 1> 5;»31/} A, =0. (43) diated by the gauge fields encoded in a gauge invariant piece
Liny, that has to be supplemented by gauge-fixing terms and,
The propagator can now be computed in momentum space hif/the symmetry group is non-abelian, by interactions with
inverting—k2g"” + (1 — £~ 1)kHEY, unphysical Faddeev-Popov ghosts,
~ i kuky .
Dy (k) = 2 +ie {_guu +(1- 5)22:| ) (44) Liny + LaF + LFp. (48)

However, mass terms for the gauge fields break explicitly

where we have introduced the usual Feynmgmescription. dlhe gauge invariance. In fact the Proca lagrangian
e-

Propagators are not physical observables, so the gauge
pendence with the parametgrs not worrisome; it will can-

cel out in physical amplitudes. Particular cases of interest are
the Landau gauge (= 0) and the 't Hooft-Feynman gauge
(¢ = 1). The latter has a simpler form, very helpful for loop

1 1
L=—FuF" + §MQAHA“, (49)

is not invariant under U(1) gauge transformation8/if 0,
which on the other hand allows to define the propagator,

calculations.
This procedure can be more easily justified in functional - i kR kY
guantization. The gauge invariance of Maxwell's lagrangian Dy (k) = M2 tie (—guv + Mg) (50)

under field transformation& 8) implies thatA,, provides a
redundant description of the electromagnetic field, becausghis is a serious issue if we wish to describe the fundamental
any four-vector in the same ‘gauge orbit’' leads to the saménteractions inspired by the gauge principle, since in particu-
physics. As a consequence, we would be overcounting (infilar weak interactions are mediated by massive gauge bosons.
nite) equivalent configurations in the path integral, that lead$-ortunately, there is a way to cope with massive gauge medi-
to divergent Green’s functions. To prevent this we impose ators without spoiling the nice properties of the gauge sym-
gauge condition, a8” A, = 0, and integrate only over one metry, as we will see in next section.
representative of each equivalence class. One can see that for
an abelian gauge theory, like quantum electrodynamics, thi$.3. Spontaneous symmetry breaking
constraint amounts to adding the gauge-fixing te4g).( )

However, in a non-abelian theory, like the electroweakl-3:1. Discrete symmetry

standard model or quantum chromodynamics, a SImIIIarIn order to understand the basic ideas behind the spontaneous

gauge-fixing, symmetry breaking, let us first consider a real scalar field

N ¢(x) with lagrangian

Lar = — Z f(ﬁﬂwﬁ)z, (45) . . )

= L=50,0)(0"0)-V(9), V(¢) = 5u*¢*+ 70" (51)
is not enough. One also needs to add interactions with auxil-
iary fields called Faddeev-Popov ghostg(z) = 1,...,N,  This lagrangian is. invgriapt u_nder a discréie symmetry
as many as gauge group generators, ¢ — —¢. The hamiltonian is given by

_ adi 1 .
Lrp = (9"¢) (D )avcs H= 50"+ (Vo)) +V(9), (52)
= (auéa)(auca - gfabchVVﬁ), (46)

where the constanjg® and )\ are real so that the hamiltonian
where we have introduced the covariant derivative in the adis real/hermitian, and > 0 to ensure there exists a ground
joint representation, state. We distinguish two cases depending on the sigit of
adj  adirre T (Fig. 1). The interesting case jg < 0 for which the mini-
D =0, —igTe Wi, (T8%)ap = —ifave - (47)  mum is not zero and degenerater v = ++/—pu2/\.
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<Y

——

a) ¢ b)

FIGURE 1. Potential symmetric under — —¢ for 2 > 0 a) andu? < 0 b).

For a quantum field the configuration of minimum energyWe may choose € R without loss of generality/. In terms
must be interpreted as the expectation value (VEV) of theof the quantum fluctuations,
field in the ground state, the vacuum. Butif ¢ |0) = v # 0
we have a problem, becau® must be annihilated by any
annihilation operatod,, in ¢, a requirement for the construc-

o) = %[v + n(z) + ix(@)),

tion of the Fock space of its multiparticle states. Therefore, (0710 = (0 x [0) = 0 57)
we must perform a redefinition ’
o(z) = v+ n(z) (53) the lagrangian reads

with 7(z) the field describing the quantum fluctuations, _ 1 " 1 B N 202

(0|7 10y = 0. Then, at the quantum level, the same system is £ (Gum)(9Fm) + 2(6”)()((9 X) = A

described by the following lagrangian in termsigf): Cwn(P +x3) — 2(772 )+ %‘“4' (58)
L= 1(8#77)(8“77) —2?n? = op? — é7]4 + 1)\1}4 , (54)

2 4 4 Observe that the quantum lagrangi&fy, x) is no longer in-
wheren has a mass/2\v2. Note that theZ, symmetry of the variant undefU(1). The spontaneou; breaking of this sym-
original lagrangian is broken, or hidden to be more preciseMetry Ieaves.one massless scalar figldwhereas) has a
We say that the symmetry is ‘spontaneously’ broken becaus@ass proportional to the VEVq,, = v2A v.
it is due to a non-invariant vacuum, not to an external agent. In order to understand what are the consequences of the
One may think that(n) exhibits an ‘explicit’ breaking of the  spontaneous breaking we will explore next the case of a
symmetry. However this is not the case: the fact that the cogroup with more symmetries. Take &0)(3) triplet of real
efficients of terms)2, ,® andy* are not independent (they are scalar fields,®(z), whose self-interactions are given by a
determined by just two parametepsandv) is a remnant of ~ Similar mexican hat potential,
the original symmetry. The last constant term can be omitted
as it has no effect on the field dynamics. V((P)

1.3.2. Continuous global symmetry
Consider now a complex scalar fieldx) with lagrangian
L= (0,9)"(9"9) = V(9),
V(g) = 1?¢To+ MoT9), (55)

which is invariant under globdll(1) transformationsp —

e @, For\ > 0, u®> < 0 (Fig. 2) the potential has a ' Im((l))
mexican hat shape with a degenerate minimum,
P . Re(¢)
_ v _ 5
{0l¢l0) = V2 o] = A (56) " Ficure 2. Mexican hat potential.

Supl. Rev. Mex. Fis3 020721



THE ELECTROWEAK STANDARD MODEL 7

1.3.3. Gauge symmetry

L= %(aﬂcbf(af@) — Elﬂqﬁcb —

5 A (¢Tq>)2_ (59) Take the simplest/(1) gauge invariant lagrangian for a com-

4 plex scalar fieldp(x):
This theory is invariant under glob80(3) transformations 1
® — e 9. For\ > 0, u? < 0 the triplet acquires a £ = =7 Flu F" + (D)1 (D 9) — 26T — MoT¢)?
VEV
<0‘ ) |O> — 2= _M2/)" (60) DM = 8u + 1eQA“, (66)

We express the quantum field@ér) = (¢1(z), ¢2(z), v+  which is invariant under the tansformations

<p3(x))T and define the complex combinatiop =
(1/V2)(¢1 + ip2). Then, the lagrangian can be rewritten
as

() = e o(x)

1
' Ay(z) — Ay(x) + gauﬁ(x). (67)
L= (0,0)1(0"p) + = (0 OMp3) — M2l
() (0"¢) 2( up3) (0" ps) = X"y If A > 0 andu? < 0 the potential has a mexican hat shape

A 1 with a minimum at(0| ¢ |0) = v/v/2 where|v| = /—pu2/\.
Fo a2 fo ot 022 4 : i
— M2+ e)es — L (20Te+e5)" + AT (B1)  \we will choosev € R* as before. Then we write

which is not symmetric unde$O(3) but is invariant under ) = 1 v+ n(z) + iv(z 68
the U(1) transformation olz) ﬂ[ (@) +ix(@)] (68)
o e Q0 (Qisarbitrary, o33 (Q=0) wheren and y are two real fields with null VEVs that de-

(62) scribe particle excitations. In terms of these quantum fields

In other words, the groufO(3) has broken spontaneously the lagrangian reads

into aU(1) subgroup. Since there aBe— 1 = 2 broken , 1 1
generators, 2 real scalar fields (or, equivalently, one complex £ = = Fuv ™" + 5(8,m)(9"n) + 5 (9,x)(9"X)
scalary) remain massless, while the other scalar gets a mass

proportional to the VEV: — %% = don(n® + x*) — %(772 +x3)? + i)\v“
My, =My, =0 (my=0), my, =V2 2. (63) + eQuA, 0" x + eQA, (no*x — x0"n)

The two examples we have just analyzed illustrate the 1(er)2A#A“+1(eQ)2A#A/‘(772 + 2un4+x?). (69)
Goldstone’s theorerfv,8], the number of massless particles 2
(Nambu-Goldstone bosoris equal to the number of sponta- Several comments are in order at this point:
neously broken generators of the symmetry. It is not difficult
to understand what is behind this result. By definition of a ® As expected, one of the scalar fielgsjs massless (the

symmetry, if the hamiltonian is invariant under the gragip Goldstone boson field) and the other one has a mass
we have my = V2Av. The global symmetry has broken spon-
[T,,H =0, a=1,...,N. (64) taneously. We cannot say that the gauge symmetry has
broken, because it is not really a symmetry, as we have
And by definition of the vacuum state, discussed before.
H|0)=0 = H(T,|0)) =T,H|0)=0. (65) e The gauge fieldi,, acquires a mas¥/4 = |eQu|, pro-
portional to the VEV ofp.
Therefore:
_ e Thereis a cross term, 0" x that mixes4,, andy, pro-

e If |0) is such thafl, |0) = 0 for all generators, there ducing kinetic terms that are neither diagonal nor in-
is a non-degenerate minimunthe vacuum, that will vertible. Therefore, it is premature to infer the masses
remain invariant. of A,, andy until we have made sense of this term.

e But if |0) is such thatT,, |0) # 0 for some (broken) o We still have to add a gauge-fixing terfit;.

generators’, there is a degenerate minimum: for any
choice frue vacuum) we will have 1T 0" 10) # |0) The cross term can be removed and the gauge fixed at the

so it will not remain invariant, In this case there are Same time by introducing the following gauge-fixing la-

excitations from|0) to e=i7%" |0) (flat directions of ~ 9rangian:
the potential) that cost no energy, so they correspond 1 )
to massless particles (the Goldstone bosons). Lar = —2*5(3;114” —&EMax)*, (70)
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8 JOE I. ILLANA

which in particular adds a term to the kinetic mixing above = The existence of Higgs bosons is the smoking gun con-
yielding an irrelevant total derivativé/ 40, (A*x), that can  firming that this mechanism is responsible for the mass of

be ignored. Therefore the gauge bosons associated to broken symmetries. One of-
1 B 1 ) ten says that the would-be Goldstone bosons are ‘eaten up’
L4 Lar = = FuF™ + S M3A, A" — 2*5(3;»14“) by the gauge bosons that ‘get fat’ by acquiring a mass. But

) ) keep in mind that the would-be Goldstone bosons only disap-
+ = (0,)(0") — ing‘Xz + interactions (71)  pear completely in the unitary gauge{ oc), even though

2 _ _ they are unphysical in any gauge.

The resulting propagators df,, andy are, respectively: Notice also that the number of degrees of freedom (dof)
~ i Kk, of the physical spectrum remains the same. In the case of
Dy (k) = 75 7 oo\ 9wt (1-8)5 _ 2 | the U(1) gauge invariance we have discussed, before sponta-

k% — M3 +ie k% — &M _
. neous symmetry breakingi{ > 0) there are 2 scalars and
D(k) = ! (72)  one massless gauge boson with 2 polarizatians { + 2 =

k2 — M3 +ie 4 dof). After spontaneous symmetry breaking (< 0) one
This confirms that the interaction of,, with ¢ has provided ~of the scalars is physical but the other one is not, and the
the gauge boson with a mass proportionalttop |0). Notice ~ massive gauge boson has 3 polarizatidns ( + 3 = 4 dof).
also thaty has a gauge-dependent mass, an indication that it Remember that for loop calculations the 't Hooft-
is not ‘physical’. Feynman gaugeH, gauge with¢ = 1) is more convenient

We can better understand the consequences of the spobecause the gauge boson propagators are simpler. However,
taneous breaking of the symmetry in the context of a gaugee aware that in this gauge the Goldstone bosons must be in-
theory if we use a more transparent parametrization of theluded, in internal lines only.

quantum fluctuations af. Let us now define For completeness, let us mention that, if the gauge group
_ Qe L is non-abelian, the (unphysical) Faddeev-Popov ghosts asso-
oz) =e ﬁ(v +n(@), ciated to the gauge boson of broken symmetries acquire a
gauge-dependent mass. In a gen&abauge the FP propa-
(01910} = (0] ¢[0) = 0. (73 gatoris i
Thanks to the gauge symmetry, the fi€lz) can now be ~ i6ap
eliminated gauged awayby exploiting the gauge freedom Day(k) = k2 — €, M2, +ie (77)

to choose the phasaf ¢ at every point of spacetime,
@) = X G (0) = (ot ). (79

The resulting lagrangian is

Finally, it is very important to underline that gauge theo-
ries with spontaneous symmetry breaking are renormalizable
[16]. This means that the ultraviolet divergences appearing
at loop level can be absorbed by an appropriate redefinition

L= —EFWF’“’ + 1(%’7)(3”77) of the parameters and fields in the classical lagrangian. Since
4 2 there are a finite number of them, they can all be fixed by the
— o = orP — A o+ 1 At measurement of just a few observables, so these theories are
4 4 predictive.

+ %(er)QAMA“ + %(eQ)QAMA#(zm +n%). (75)

Observe that we obtain again the same masses- v2Av 2. The standard model

and M4 = |eQu|. Of course, since the gauge has been

‘fixed’, there is no need to add Aqr. Actually this cor- 2.1. Gauge group and field representations
responds to choosing the so-callanitary gauge(R: gauge

with £ — o), in which only the physical fields appear: The Standard Model (SM) [17-22] is a gauge theory based on
~ i Kk, the symmetry group:
D, (k) — m (—g,“, + M2 ) ,

_ SU3). ®SU(2), ® U(l)y — SU3). ®U(1)g, (78)
D(k) — 0. (76)
The results above are a manifestation of Rmut- Where the electroweak symmetry is spontaneously broken to

Englert-Higgs mechanisii®-15]. Thegauge bosonassoci-  the electromagnetic symmetry by the Brout-Englert-Higgs
ated with the spontaneously broken generators become ma§echanism.

sive, the correspondingould-be Goldstone bosom@se un- The SM particle content, in Table I, consists of three
physical (they can be absorbed), and the remaining massiveplicas (families or generations) of spiri2 fermions that
scalars (iggs bosongare physical. constitute matter, a set 8f 3+ 1 = 12 gauge vector bosons
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THE ELECTROWEAK STANDARD MODEL 9

tric chargeg) are associated to the only electroweak symme-
TABLE |. SM particle content: 3 fermion families of 2 quarks in 3 try generator that remains unbroken, the sum of3bi¢2)
colors and 2 leptons, 12 gauge bosons and one Higgs boson. Thereak isospinds and theU(1)y hyperchargey’, leading to

electric chargeg) of quarks or leptons of the same family differ in quantum electrodynami¢®ED).
one unit.

2.2. Electroweak interactions

Fermions | Il ] Q
spini Quarks  f wuy cee tit 2 2.2.1. One generation of quarks or leptons
/ : _1
! did  ses  bb 3 Consider two massless fermion fieldéz) and f'(z) with
Leptons _ f Ve Ve ¥r 0 electric charge®); = Q; + 1 and assume their chiral com-
f e M T -1 ponents lay in the following SU(2)®U(1)y representations:
Bosons responsible for 1L
spin 1 8 gluons strong interaction v = <f’L> ~(2,9),
j: . .
vz weak interaction Vo= fr~ Ly, 3=k~ Ly (79)
¥ em interaction

spin0 | Higgs | origin of mass wherefr,, = Pr.r f With Pg, 1, = (1/2)(1 £ 5)f the chi-
ral proyectors, and likewise fofy ;. Their free lagrangian,
invariant under global transformations, is

TABLE Il. Gauge group representations of left-handed and right- o _ _

handed fermion fields und&U(3). ® SU(2), ® U(1)y. They LY =101901 + i, Py + i3 Pi)s. (80)
are the same for each family of quarks or leptons (universal). The

electric charges) are fixed by theSU(2), weak isospirils and ~ T0 make it invariant under gauge transformations,
theU(1)y hypercharg& . Right-handed neutrinos are sterile (sin- .

glets) and were absent in the original SM with massless neutrinos. Uy (x) = Up(x)e P00 (2),

a(z) = e P Dyy(a),

Multiplets | I I _
Y3 (x) > e (), (81)
ur crL tr
Quarks 823 ( ) ( > ( ) _
dr, 5L br whereUy, (x) = exp{—iT;a‘(x)} andT; = 0,/2, one has to
(3.1,2) UR CR tr substitute the corresponding covariant derivatives,
3,1, -4 dr SR br — . = O i
. » » » Dy = (O —igWy +ig'n B, W, = W,
Leptons (2, —3) < eL) ( ”L> < TL) L,
er KL TL Dytps = (0, +ig'y2 B,.) Y2,
1,1, -1 .
GL-) e pn i Dybs = (D + ig'yB,) s, (82)
1,1,0) Vep Vg Vrg

where we have introduced two couplingsandg’, one for

mediating the fundamental interactions (as many as generaach group factor, and four gauge field§), (x), W2 (z),
tors of the gauge group) and one Higgs boson, remnant dﬂfj(x) andB,,(z), transforming as*
the Higgs scalar field that triggers the electroweak symme- )
try preaking (EWSB) giving rise to the masses of elementary W#(l’) — UL(x)WH(x)Uz(w) _ l(aﬂUL(x))Ui(x)
particles. g

The SM is a chiral theory: left and right-handed com- 1
ponents of the fermion fields lay in different representa- By (z) = By(z) + gaﬂﬁ(x)' (83)
tions of the gauge group, as shown in Table II. Strong and
electroweak interactions can be studied separately and hay&enL}. is replaced byC -, which contains charge conjuga-
very different properties. The former, specified $%(3).,  tion (C) and parity ¢) violating interactions. Furthermore,
are dubbedjuantum chromodynami¢§QCD) because they ©One has to add the Yang-Mills lagrangian
are only experienced by particles with ‘color’ charges, that 1 1
is quarks (color triplets) and gluons. The electroweak in- Lyn = —iW,L,W”” - ZB‘”’BW’ (84)
teractions, described by the grodJ(2); ® U(1)y, af-
fect any type (flavor) of fermions depending on their with W, = 9,W} — 9,W} + ge;; WiWF and B, =
weak isospin and hyperchargguantum flavordynami¢s 0, B, — 0, B,,, which includes kinetic terms for every vector
Left/right-handed fermions are isospin doublets/singlets, refield and self-interactions for the gauge fieldsSaf(2)., a
spectively, and have also different hypercharges. The elegion-abelian symmetry.

Supl. Rev. Mex. Fis3 020721



10 JOSE I. ILLANA

ET dL simultaneously. Since botiV? and B,, are neutral, one in-
troduces the following orthogonal combinations,
g " ()= W)
B‘u SW Cw AM
VL ur wheresy = sinfy, cw = cosfy andfyy is the weak
mixing or Weinberg angl&. Then
VL ur, 5
Lne =Y " {—9Tssw + g'yjew] A,
W W j=1
+ [9Tsew — g'yjsw] Zu 3y, (90)
eL d L

whereTs = (1/2)o5 (T5 = 0) is here the third weak isospin
component of the doublet (singlet), and we have introduced
Y = ¥, to alleviate the notation. To maké,, the photon

Note that mass terms for the fermions are incompatibldield is now enough to establish the relations:
with the symmetry because left and right-handed components

do not transform the same und$f(2), ® U(1)y and
=, = - This is the celebrateglectroweak unificatigrconnecting the
mff=mffr+ frfr) (85) couplingsg of SU(2);, andg’ of U(1)y to the electromag-
Mass terms for the gauge bosons are not allowed either. Bothtic couplinge = 99'/v/9* + g% of U(1)q. The electric
problems will be solved later. Let us discuss first the differencharges off and f/” are embedded in the operators
types of interactions that have been generated. Q; 0
Ql = ( /) ) Q2 = Qfa Q?) = Qf’7 (92)

0 Qf

FIGURE 3. Weak charged current interactions.

e=gsw=gcw, Q=T3+Y. (91)

Charged current interactions

. o . ) so the hyperchages are given in terms of electric charges and
The off-diagonal part of the terg W, ¥, in Lp, with weak isospin as shown in Table II;

—~ 1( w3 ﬂwj)

1 1
V[/N:5 \/§W# —Wi’ (86) y1—Qf—§—Qf/+§, Y2 =Qf, ys=Qp. (93)

gives rise to interactions (Fig. 3) involving, andf; andthe ~ASaconsequencéxc = Lqrp +L{c contains the electro-
complex weak fieldV,, = (1/v2)(W! + i) magnetic interactions mediated by the photon field (Fig. 4a),
- M w/

— L =—eQsfY"f A, — f 94
Lr D Lec = %fm“ﬁWJ +he qup = —eQs M f AL+ (f—f) (94

V2 and weak neutral current interactions mediated by the Z bo-
_ 9 Z . mt field (Fig. 4b
= 1- Wi +h.e. 87)  sonfield (Fig. 4b),
5 \/ifv( ¥5) W, (87) ’ g
- Lic =efy* (vy — Z, + ", 95
Note thatiV,, also denotedV,”, annihilatedV~ bosons and No = efv"(vy —ars)f 2, (f= 1) (93)
createsV + bosons, wheredd/’/, also denoted/’", does the  with
opposite.
_n-2psy T
Uf = a

. . B f =5 _ (96)
Neutral current interactions 2swew 2swew

The diagonal part Oﬁﬁw”wﬂﬁ and the remaining terms, whereTy" refers to the eigenvalue @ that corresponds to
fr. Note that left-handed neutrinog have only weak inter-

Lr D Lnc = 59017 o5V W) — ¢ (11 U170y actions, while right-handed; would be sterile, hence absent
_ _ in the original SM with massless neutrinos.
+ Y27 b2 + y33v"1b3) By, (88)

describe interactions with the vector boson figid$ andB,, f f
that do not change fermion charge. We are tempted to iden-7 z
f b) f=uduve

tify B,, with the photon field4,, of QED but for that purpose

.. . . =u,d,e
both chiralities of each fermion should couple proportional 2

to the fermion electric charge. However, this is not possiblericure 4. Electromagnetic and weak neutral current interactions.
because it would requirg; = y2 = ys andg'y; = eQ;
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THE ELECTROWEAK STANDARD MODEL 11

W W to break spontaneously three out of the four generators of
SU@2)r®U)y, 11, T, T3, Y, preserving the combination
Y V4 @ = T3 + Y unbroken, so that the photon remains massless.
This cannot be achieved by just introducing one complex
W W scalar field. A complex Higgs doublet 817(2) with the ap-

propriate hypercharge will do the work,

+
o= (%), wem=2(0). e
W W W Z
N wherewv/+/2 is the Higgs vacuum expectation value, mini-
mum of the mexican hat potentitl(®),
4% w W ﬂq/v Z V(@) = pPefe + A(eT)? (100)
andu? = —\v? < 0. The Higgs lagrangian is gauge invari-
W Y W Y ant thanks to the covariant derivatives, that lead to interac-
tions with the gauge fields:
“?/,/‘ Lo = (D,®) Dr® — V (@),
W zZ W i

D,® = (8, —igW,, +ig'vaB,)®. (101)

FIGURE 6. Quartic gauge boson interactions. By assigning a hypercharga, — 1/2 to the Higgs doublet

one gets a generator that annihilates the vacuum (associated

Gauge boson self-interactions to the photon field) and three that do not (associated to the
massive vector fields), as we wanted:

After some algebra, from the Yang-Mills lagrangi®@4l) and

the field redefinitions89), one may derive cubic interactions (Ts +Y)[0) = Q (0) _o,

among the gauge boson fields (Fig. 5), v

i 11,75, T5 — Y} 1|0 0. 102
EYN{D»C{; _ 7IZCW {W“VWJZ,,fWJ,,W“ZV { 1 2,43 }‘ > 7& ( )
: v ) ; In the unitary gauge one parametrizes the three would-be-
—WW,Z"} +ie{W" W A, Goldstone fields irb(z) as spacetime-dependent phases that
B WJVW“ A _ WJWV ) ©7) can be absorbed (gauged away) thanks to the gauge freedom,
with FHV = a,uAu - ayAu,, Z/,Ll/ = a[LZV - aVZ’LLy W/,u/ = q)(l‘) =exp {179 (l‘)} — < H >
9, W, — d,W,, and quartic interactions (Fig. 6), 2v V2 \v+ H(z)
e? t 2 bt y — exp {fiﬂﬂi(x)} <I)(:z:):L ( 0 ) . (103)
LD Li=—5 o {wiwe)’ —wiwriw,w | 20 /2 \v+H(z)
2.2 Only the Higgs fieldH (x) is physical. The three degrees of
W rwitwrez zv t o v itudi
- {(wiwrz,zv —wiz'w,z"} freedom apparently lost become the extra (longitudinal) po-
w larizations ofi’* and Z that are massive particles of spin 1
e2ew after the EWSB. Replacing EdL@3) in (101) one gets the
T K v_ywitozu v_ T Am v L
+ S {(2WWHZ, A" =W ZHW, A =W AW, 27} gauge boson mass terms:
— 2 {WIWHA,AY — W AW, AV} . (98) 2,2 2,2
{ ! l } Cch,CM:g: WJW”-&-%Z Z,Z"
Note that gauge boson self-interactions involve an even num- ‘w
i i . 1
ber of W and there is no vertex with onlyor Z My = Myey = Sov. (104)

2.2.2. Electroweak symmetry breaking: Higgs sector and ) ) )

a consequence of the custodial symmetry, a residual global
The weak gauge bosonB/* and Z, are massive. To pro- SU(2) symmetry of V(®) after EWSB when® is a com-
vide them with masses without explicitly breaking gauge in-plex Higgs doublet. The p parameter measures the relative
variance one resorts to the Higgs mechanism, that allowstrength of neutral-current to charged-current interactions,

Supl. Rev. Mex. Fis3 020721



12 JOSE I. ILLANA

+H H < +H The omitted terms include trilinear (SSS, SSV, SVV) and
L’ ’ s e ‘ quadrilinear (SSSS, SSVV) interactions of vector (V) and
H---< ".; scalar (S) fields involving would-be-Goldstone bosons, that
Y 7 N can be easily derived.
A H H* ’ S H In order to define propagators and remove the cross terms
W,ﬁ“fjﬁ, WJ@%*, Z,,0*x an appropriate gauge-fixing la-
FIGURE 7. Higgs boson self-interactions. grangian must be added,
1 1
W 4 Loy = _g(auA#)z - @(QLZ“ — {ZMZ)()Q
— = = 1 . _
H H — 0 WH + i My o |2, (109)
Sw
W Then one finds a massless photon propagator, massive prop-
H W agators for the weak gauge bosons and propagators for the
e Hs, Z unphysical would-be Goldstone bosons, whose masses are
AN Y gauge dependent:
4 ’
’ , ~ i k.k,
H’, W H’, 7 Dgu(k): M{—glw—‘-(l—fv) IkQ ] ,
FIGURE 8. Higgs-gauge boson interactions. nZ _ i _ _ kuky
Dﬂu(k) ]{iQ—M%+l€|: g#u+(1 gZ)kZ—sz% )
but the tree-level relatiop = 1 is slightly broken by quan- ; ko k
tum corrections (see.g.[2]). ﬁV‘l’/(k) e [_g 41— gw)ﬂl’} 7
In the unitary gauge, where only physical fields are man- ! k? — M, + ie g k? — Sw M,
ifest, apart from the gauge boson mass terms, the Higgs Ia-X i
grangian contains the (physical) Higgs kinetic terms, its self- DX(k) = k2 — ;M2 +ie’
interactions (Fig. 7) and the Higgs-gauge boson interactions .
Fig. 8)v D2 (k) = ! : 110
Lo=Lyg~+Ly+Lav, . .
) ) These propagators are much simpler in the 't Hooft-Feynman
Lo = lauHa“H—lM?{HQ—%H‘%—%H“, gauge, wherg, = ¢, = &y = 1, which is particularly
2 2 2v 8v? useful for loop calculations.

2 1 m 2 H2
Ly + Lypv = My WiW 1+5H+v72

1., 2 H?
+2MZZMZ“{1+WH+U2}, (105)
where
My =/ —2u2 =Vv2\v. (106)

However, it is often more convenient to usg gauges,
where the Higgs doublet is parametrized as

) 5 (2)
O(z) = (\}E[v + H(z) + IX(I)]) ’

and¢~(z) = [¢7 (z)]'. Then the Higgs lagrangian reads

(107)

Lo=Lyg+Ly+ Lyyve

F@u)(0"67) + 3 (0,00(0"Y)

+ 1My (W,0" ¢t = WioHe™) + Mg Z,0"x + ...

(108)

Last but not least, the electroweak symmetry group is
non-abelian, so Faddeev-Popov ghosts must be introduced,
one perSU(2) generator, in order to restore the gauge invari-
ance of the theory at the quantum level. After the EWSB they
do not only couple to th8U(2) gauge fields but also to the
Higgs doublet,

Lrp = (0"2)(0uci — geijrc; W)

+ ghost interactions witld. (111)

These auxiliary fields;(z) (i = 1,2, 3) are usually written
in terms of combinations associated to the ordinary weak and
electromagnetic vector fields,

Cy =

%(uﬁ- - U_) )
(112)

1
1= —(uy +u),
vz

C3 =Cw Uz — SW U~y .

For completeness, the full expression of the Faddeev-Popov
lagrangian is as follows:
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Lop = (0,,)(0"w,) + (0,72) (0 uz) + (0,10 us) + (0,7-)(0"u_) +iel(@"T 4 Juy, — (97 )u_]A,

— W @y — (0" )2, — 1e[(0"Ts sy — (09 Ju_ )W+ (09 Jug — (94U )u W]
Sw 1% Sw 1
(DT Yy — (DY Wi — (0T Yz — (09T Wi — €2 M Tz — My T
_ _ 1 _
_ fWMI%V u_u_ — €€ZMZUZ |:23WCW Uy — E (¢+u7 + d) ’U,+):|

- 1 : + Civ — Siy
— e§wMwuy E(H+1X)U+—¢ Uy— 5 — Uz

28ch

_ 1 . _ el —s¥,
—elwMwu_ | — (H—-ix)u——¢~ | uy———uz || . (113)

25w 2swew

From the kinetic terms one can directly see that ghost prop-
agators contain gauge-dependent masses that coincide w‘th
those of the partner gauge boson fields in the 't Hooft-

Feynman gauge, 2.2.4. Additional generations: fermion mixings
Buw(k) _ i 5uz(k) _ i We know of 3 generations of quarks and leptons in nature.
k2 +ig’ k? — &z M2 +ie’ They are identical copies with the same properties under
_ ; SU(2), ® U(1), differing only in their masses. If one takes
D"* (k) = (114)  n generations and defineg, d!, v/, ¢! as the fields cor-

2 _ 2 L
W2 = Gw My i responding to the&-th generation, where the superindéx
The interaction terms include trilinear (UUV) and quadrilin- (Standing for ‘interaction’ basis) was omitted so far, the most
ear (SUU) interactions of vector (V) and unphysical ghostgeneral gauge-invariant Yukawa lagrangian is

fields (U).
Ly=- { (@, d,) @ al
2.2.3. Yukawa interactions: fermion masses ; Lo s
Masses for quarks and leptons are also needed, without spoil- + (ﬂfL afL) 3 /\Z(-;J)Ufzz
ing the gauge symmetry. For that purpesmtherinteraction )
is introduced that couples the Higgs douhibetb the fermion + (p{L g{L) i) AS)GJIR
fields preserving th€U(2);, ® U(1)y symmetry. Since the
left-handed components make a doublet and the right-handed + (W, ely) o )\E;)VfR} +hec. (117)
ones are singlets, this can be achieved with the following '

Yukawa interactions:
Here,/\l(.j), Al(.;.‘), )\Ej) (andAE}’) if present) arex x n Yukawa

Ly =X (up dp) ®dg—\, (T dp) Pug matrices in flavor space. After EWSB this lagrangian con-

~ tains the following terms im-dimensional matrix form:
— e (PL éL) Per—A\, (PL éL) dvgr + h.c, (115)
H\ (=1

where® = io»®* has the appropriate quantum numbers for Ly > - (1 T U) {dL Mg dj + 1z M, ug
interactions involving up-type fermion singlets. The neutrino
Yukawa coupling was not introduced in the original SM with
massless neutrinos, but we keep it for further reference. Af\'/vhere the various mass matrices have the f6Mf). . —
ter the EWSB, fermions acquire masses proportional to th f

e i
. . (f)
corresponding Yukawa couplings, A v/V?2.

+e] M. ef+7) M, vj;, + he.}, (118)

Their diagonalization determines the (physical)
mass eigenfields;, u;, e;, v; in terms of interaction eigen-

1 = _ _ _ fields df, u!, e, v!, respectively, the latter having well-
Ly D ——F=@+H){Aadd+ X +A + A S2 g T S Vg )
¥ \/§<v ) {A u T Ae €€ v} defined flavor. EaciM; can be written as
v
= —_— p— p— T
= mi=Ns (116) M;=H;U; =V MV, U

_ _ _ T2 vt 2
recalling thatf f = f.fr + frfL. & MM =Hj =V M}V, (119)

Supl. Rev. Mex. Fis3 020721



14 JOSE I. ILLANA

with H, = 1/MfMT a hermitian positive definite ma-
trix and U, unitary. H, can be diagonalized by a uni-

ur CL t
tary matrix V, and the resulting\1 ,; is diagonal and pos- w AN __,.wL
itive deflnlte In the physical basis, where mass matri- Vf‘/ 1{11;5.\ I
ces are diagonalM,; = diag(mg, ms, mp,...), M s “bL

. SL
diag(my, me, me,...), M, = dlag(me,m#,mﬂ ce )

M, = diag(my,,my,,my,,...), one finds that fermion Fgure 9. weak charged currents change quark family propor-
couplings to the Higgs are proportional to fermion masses, tjonally to the CKM matrix element¥;;

Ly D - (1 + v) {ded+UMuu Thanks to these flavor changes in charged currents,
FCNC will appear at the loop level but they are then sup-
+eM e+ M, v}, (120)  pressed (GIM mechanism [25]).
Replacing now interaction with mass eigenfields, Note that ifu; or d; had degenerate masses, which is not
dr =V, dl _ I the case, one could choo¥&, = V, by field redefinitions
L =Vadp, u, =V, ug,

and quark families would not mix. Masses and mixings are
e, =V.el, v =V, vl observable, but the matrix elements\f, andV 4 are not.

Applying the same reasoning, in a lepton sector with
massless neutrinos there is no lepton mixing.

er =Vl ek, vr =V, U, vk, (121) At this point, it is important to discuss how many of the
mixing parameters we have introduced are physical. The
number of real parameters of a genetak n unitary ma-

I
same form, becaus8, f{ = F,f, andfrfh = Fafe iy like the CKM, isn? — — a(n — 1)/2 moduli + n(n +

implying that there are no flavor changing neutral currentsl)/2 phases However, some phases are unphysical since

(FCNC) at tree level. However, the operators involved ing, hey can be absorbed by field phase-redefinitions,
charged current interaction terms are not necessarily drago—

nal in the basis of mass eigenfields. For instance, in the quark
sector,

dr = Vi, d;, ugr =V, U, ul,

it is apparent that neutral current mteractrons will keep the

up — ey,
wldl =u,V,Vid, =u,Vd,. (122) dj — e d; = Vi — Ve (=), (124)
. . o T . . .
The unitary matrixV = V, V, is the Cabibbo-Kobayashi- - rherefore, after removingn— 1 phases, the number of phys-

Maskawa (CKM) mixing matrix [23, 24] accounting for ;. parameters i§1—1)2 = n(n—1)/2 moduli+(n—1)(n—
quark flavor misalignment and inducing inter-family transi- 2)/2 phasesin particular, for the case of = 2 generations,

tions (Fig. 9), there is only 1 parameter, the Cabibbo artigle
CCC—\/»ZUL/Y Vij dr; Wi+ hee. :
7 V= coe 0c sinfg . (125)
—sinfc  cosfc

2%5 S (1 —5) Vi dy W) +hee. (123)
gl For the actual case of = 3 generations, there are 3 angles
| and 1 phase. In the so-called standard parametrization,

Vus Vus Vup 1 0 0 c13 0 s13¢79\ [ c12 s12 0
V=V Ves Ve | =10 coz 523 0 1 0 —s12 12 0
Via Vis Vg 0 —s23 23/ \—s13¢? 0 ¢13 0 01
—is
C12€13 512€13 s13€
o is i
=| —s12c23—C12523513€"° 12023 —S125823513€"°  S23C13 | (126)

5 5
812823~ C12C23513€"°  —C12523—812C23513€°  C23C13

with ¢;; = cosf;; > 0, 535 = sinf;; > 0 < j = 1,2,3) and0 < ¢ < 27. The complex phaseé is the only source of
CP violation in the SM lagrangian, requiring the existence of at least three generations of quarks. Since quarks are confined in
hadrons by the strong interaction, the values of the CKM parameters are obtained from a variety of hadronic weak decays [26],

912 = 90 ~ 130, 923 ~ 2.30, 013 ~ 0.20, 0 ~ 68°. (127)

Interestingly, any CP-violating observable must be proportional to the Jarlskog invariant [27] giter(By Vi, V; ij) =
sz » Eikm€5in (Phase-convention independent). In the standard parametrization; s o3¢ 512523513 sin d. The empiri-
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THE ELECTROWEAK STANDARD MODEL 15

cal value ofJ ~ 3 x 10~° is small compared with its math- The oscillation phenomenon occurs because the mass dif-
ematical maximum of /(61/3) ~ 0.1, showing that CP vio- ferences among the various light mass eigenstates are so
lation is suppressed in the quark sector. small that thecoherent superposition, in Eq. (128 can be

As already mentioned, if neutrinos were massless therproduced or detected in a charged current interaction with
would be no lepton mixing. However, the observed phe-+the corresponding leptan, (e, u, 7), as in Fig. 10. Then the
nomenon of neutrino oscillation requires that neutrinos haverobability that a (relativistic) neutrino in a quantum state of
non-degenerate masses (though very light) and mix. A podlavor « is detected as a flavgr after traveling (in vacuum) a
sible minimal extension of the original SM consists of in- distancel. = t is given by (see Fig. 11)
troducing gauge-singlet neutrinog with just Yukawa cou- )
plings to the Higgs and the lepton doublet, like the other |Va;t>:ZUaie—iEit ), B~ B+ mi
fermions, as was suggested in E¢ELS) and (17). This - 2FE
vSM [28] is however not very satisfactory: in order to get

neutrino masses:,, < 0.1 eV one needs tiny Yukawa cou- = (V8) Vaj tZZU}}iUme_iEi’t
plings A\, = v2m, /v < 1072, which apart from being i
unnatural would predict untestable phenomenology. Alter- = P(va— vg; L) =| (v3) va: L|?

natively, one can exploit that neutrinos agecialbecause,

in contrast to the other fermions, neutrinogy be their . . ,Amfj

own antiparticle (Majorana fermions). Then neutrinos can _ZUﬁiUmUﬁjUaieXP “'5E - (129)
have gauge invariant (but lepton number violating) Majo- Y

rana mass termsi(z), in addition to the usual Dirac mass whereFE ~ p is the momentum of the relativistic neutrino of
terms (np) from Yukawa interactions with the Higgs dou- massm;, andAm2, = m?2 — m§ Charged lepton flavors do

blet, opening the possibility of new mechanisms for the gennot oscillate because\m2,| < Am2, [35], so they can be
eration of masses and mixings. Particularly interesting is th@gken as mass eigenstatés. g

type-1 seesaw mechanism [29, 30] that explains why the ac- | the standard parametrization, the PMNS matrix reads
tive neutrinos are so light by introducing gauge singl¥is

with very large Majorana mass termsp > 10'4 GeV and

Dirac massesnp ~ v/v/2 ~ 100 GeV: the resulting mass

eigenstates comprise light Majorana neutrinos that are very Vo, = Z sziViL
approximatelyy = vy + v¢, of massesn, ~ m?%/mg, i

and super heavy ones, nealy = N + Ng, of masses W

my = mpg, With negligible light-heavy mixings of order

mp/mpg ~ /m,/my. Majorana fields are self-conjugate

(v = v°), so their chiral components are related. Further- Cul,

more, if neutrinos are Majorana particles resulting from ther,gyre 10. A neutrino flavor eigenstate,, produced/detected
admixture of active and singlet neutrinos, only the activetogether with a charged leptan,, is a coherent superposition of
components would experience charged current interactionsnass eigenstates, hence the flavor oscillates as it propagates.
and there would be FCNC at tree level in the neutrino sector
involving both chiral components (see for instance Ref. [31]).

As a consequence the intergenerational lepton mixings in 1.0
clude additional CP phases that now cannot be absorbed be

cause itis no longer possible to perform neutrino field phase- 0.8
redefinitions. In any case, global fits to neutrino oscillations

are compatible with 3 generations of active neutrino flavors E 0.6
vor (o = e, u, 7) that are an admixture of 3 light neutrino C%

mass-eigenstates;, (i = 1, 2, 3), S 04
-
[a W

var = »_ Ugiti, (128) -

7 :

where the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) ma-

trix U [32-34] is the unitary mixing matriv} in Eq. (121), 00
or perhaps, if neutrinos are Majorana patrticles, the nearly uni-

tary 3 x 3 block of a larger unitary matrix diagonalizing the
Majorana neutrino mass matrix that includes both light andFIGURE 11. Vacuum oscillation probabilities for an initial using
heavy species. experimental inputsl31).

0 5000 10000 15000 20000 25000 30000 35000
L/E [km/GeV]
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—io

U, Ug Ugs C12€13 $12€13 S13€ 1 0 0
U=[U, U, Ugs | = —si2co3 125235136  cracaz —s12823513€0  sazci3 0 eie=/2 0 , (130)
U U Ug 812823~ C12C23513€"°  —C12823— S12¢23513¢"°  Co3C13 0 0 elos/2
where additional phases,;, a3; are needed if neutrinos are
Majorana particles, as mentioned above, and the rest are anal-
ogous to the CKM mixing parameters, though they have dif-
ferent values. Neutrino mass differences and mixing param-
eters are constrained by a good number of oscillation exper-£yy = —iecyyy
iments using solar, atmospheric, accelerator and reactor neu- ; ; ;
. v v v
trinos [36], X (WHWIV,-W] WHVY—WIW, V)

Lyyvy = e eyvyy

Am2, ~7.5x107°eV?  |Am2,| ~2.5x 107% eV?
EWIWHrVVY-WIVEW, VY -WIVEW,VY)

X

012 = 0@ ~ 340, 023 = F)atm ~ 490, 913 ~ 8°. (131) PN

Lssy = —iecssy $9,¢' VH,
The best fit value of the Dirac phasedepends on the sign £ — ccopy 6 VAV i’
of Amj3,, that is whether the ordering of neutrino masses
is normal (NO) or inverted (10). Currently a CP-conserving Lssvv = € cssvy ¢¢'VF V)
valued ~ 180° is favored by NO but an almost maximal Loce — 1
CP-violatings ~ 280° is favored by 0. Note that oscilla- 555 = eC555 99/,
tions are not sensitive to Majorana phases as is apparent fronCgsgs = €2 cgg55 0d' ¢ ¢, (133)
Eq. (129. A type of experiments that can elucidate whether
neutrinos are Dirac or Majorana fermions would be the obWhere gr, = gv + ga, cLr = gs £ QP, ¢3u ¢ =

servation of neutrinoless double-beta decays [37]. 09" — ( u¢)¢’ andV, € {4,, Z;m W, Wi}, Applying
the general Feynman rules for the computation of Green func-

tions or scattering amplitudes, the different types of interac-
tion vertices read (momenta are taken incoming):

[FFV,.] =iev*(9.PL + grPr),
[FFS] = ie(crPr + crPr),
The full lagrangian of the electroweak SM is [V (k1) (k2)V,(k3)] = iecvyy|gu (ke — k1),

2.3. Electroweak phenomenology

2.3.1. Feynman rules for all vertices

+ Gup(ks — k) + gup(k1 — k3)u ],

[V,uvuvpva] = ie? CVVVV[2g;wgpcr

Lew =L+ Lym+ Lo + Ly + Lar + Lep. (132)

It provides a number of interactions for fermions (F), vec-
tor bosons (V) and scalar particles (S), including the physical
Higgs and unphysical, would-be Goldstone bosons. And it [S(p)S(P')V ] = iecssv (pu — P),);
also involves unphysical Faddeev-Popov ghost fields (U) that
are auxiliary, anticommuting scalar fields. All these interac-
tions can be cast into the following set of Lorentz-invariant [SSV,V,] = ie? cgsvy G
lagrangians, written for convenience in terms of generic cou-
plings normalized to appropriate powers of the electromag-

— Gup9ve — g;wgup]y

[SVMVZ,] =ie CSvVvGuvs

[SSS]: ie CsSSsS,

netic couplinge, [SSSS]= ie? c5555- (134)
r = The interactions for [UUYV,] and [SUU] are analogous to
Frv = 97" (9v = 947%5)0; Vi those of [SSV,V, ] and [SSS], respectively. Tables Ill, IV, V,
= e, (9P + grPr)Y; Vi, VI and VI collect the va_\lues of all these ge_zneric couplings_ in
_ the electroweak SM, with massless neutrinos. The couplings
Lrps = e;(gs — gpys)Y; ¢ for would-be Goldstone bosons and Faddeev-Popov ghosts
— ¢ D,(cLPL + crPR)Y; in [SSVV], [SSS], [SUUU], [SSSS] and [UUVV] are omit-

ted. All vertices can be generated by the computer package
FeynArtg[38], that uses the same sign conventions.
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THE ELECTROWEAK STANDARD MODEL 17

TABLE Ill. Fermion-vector boson vertices. Heg@ = vy £ ay
with vf = (TgfL — QQfS?/V)/(QSchw) andaf = TBfL /Qchw.

FFV fifiv fifiZ wid; W vie, W
: 1 1
—Qy, 55 16ij —=—Vi ——0;
gL Qr;6ij 94 044 s J Vs J
gr —Qr0i; gl 0 0
TABLE |IV. Fermion-scalar vertices.
FFS fifiH Fifix wid;p*
0 L my o _iT?fL my, P L ma, o,
28W MW B SWwW MW * \/ESW MW *
. 1 my, iT5" my, 5. 1 md;
R 28W MW J SWwW MW I ﬂsw MW "
FFS viejp 2121
c 0 __ 1 M
" \/§SW MW *
c — I Tne i 0
" \/iSW MW Y

TABLE V. Gauge boson self-interaction vertices.

VVV WHW =~ WW~-z
W
cvvv -1 —
Sw
VVVV wWrtwtrw-w- Wtrw-zZ
. N _civ
vVvvv S%/V 3‘2/V
VVVV W“‘W‘vZ W+W_77
W
CYVVY — -1
Sw
TABLE VI. Scalar-vector boson vertices.
SSV xHZ pEoTy oot Z
i 7 2
Cssv _ F1 ‘w — Sw
QSWCW ZSWCW
SSV THW* PpTXWE
. 1 I
S5V 2SW 2SW
Ssv GTHWT PTYWE
. 1 I
S5V 2sw 2sw
SWV HZZ  HWtW~  ¢*WTy  ¢otTWTZ
My My My sw
csvv 5 —Mw -
chW Sw cw
SSVvvV HHWYTW ™ HHZZ
) T T
ssvv 252, 252, ¢k

TABLE VII. Scalar-vector boson vertices.

SSS HHH SSSS HHHH
. A __3Mj
sss 2Mw sw 88 AMG, sy
2.3.2. Input parameters

The electroweak gauge group introduces two couplings,
esw andg’ = ecy (or « andfyy ). The electroweak symme-
try breaking is parametrized by two moyg? = —\v? and
A (or My and My). And the gauge-invariant Yukawa in-
teractions of the Higgs doublet with fermions introduce most
of the free parameters of the SM: 3 charged-lepton masses,
6 quark masses and 4 quark mixings. Therefore the elec-
troweak lagrangian132) depends on 17 parametéfs.A
practical set is:

62 1 ]\/[W

= — Mw = — M, = ——
« 4777 w 291), zZ CV[/’

My =v2 v, mp=A—=, Uckn.  (135)

V2
Fortunately this not so small number of free parameters can
be determined from very many different experiments, so
the model is overconstrained and its predictions and self-
consistency can be checked. It is only after the Higgs boson
was discovered that all parameters have been measured. We
present below what are the current experimental values of the
most ‘influential’ parameters, and in the next section we elab-
orate on how this information is extracted from processes at
increasing energy scales.

e Fine structure constantThe asymptotic value of the
runninga at zero momentum transfer can be estimated
by several independent methods. One of the most pre-
cise determinations is based on the very accurate mea-
surement of the electron anomalous magnetic moment
(ge) in @ quantum cyclotron at Harvard, that is com-
pared with a very accurate QED theoretical calcula-
tion [39],

[ge] o ' =137.035999 150 (33). (136)

This is compatible with the value of that can be mea-
sured directly using the quantum Hall effect with larger
uncertainty. Even more precise are other recent mea-
surements based on photon recoil in atom interferom-
etry with Cesium [40] and Rubidium [41], that are at
present in conflict with one another,

[Cs] o' =137.035999046 (27),

[Rb] o' =137.035999206 (11). (137)

e Weak boson massesthe SM predictsMy, < My
(104 in agreement with measurements. The weak
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gauge bosons were discovered at thpSSpollider By uo vy

(CERN) in 1983 [42-45]. Today the weak bo- e

son masses are known with a precision of 0.1 per & W e~

mille or better form combined measurements at the

ete™ colliders LEP (CERN) and SLC (SLAC), and - 7
e e

at the hadron colliders Tevatron (Fermilab) and LHC
(CERN). The current world averages [26] are FIGURE 13. Muon decay in the 4-Fermi model (left) and tree-level
contribution in the SM (right).
My = 80.379 £+ 0.012 GeV [LEP2/Tevatron/LHC]
and antineutrinos in neutrino-electron scattering, and from
Mz = 91.1876 £ 0.0021 GeV [LEP1/SLC] (138)  {he ratios of neutral to charged current cross-sections
oS /oSS in neutrino-nucleon scattering at CERN and Fer-
e Top quark massThe top is the only quark that is not milab.
confined in hadrons because being so heavy itweakly The weak mixing angle can also be obtained from the
decays into & boson and & quark before hadroniz- |eft-right asymmetry (parity violation) in the cross-sections
ing. It was discovered at the Tevatron in 1995 [46,47].f polarized electrons off nucleonsg . N — eX, and from
Direct measurements of the kinematics téfevents tiny parity violating effects induced by the weak interactions
are sensitive to what is usually interpreted as the polgetween electrons and quarks in heavy atoms (atomic parity
mass. The current average [26] is: violation), due toZ boson exchange, that grow with roughly
the third power of the atomic number.
my = 17276+ 0.30 GeV  [Tevatron/LHC] (139) Valuable information comes from the measurement of the
. i . muon lifetime. The muon decay [51], together with the beta
* Higgs boson masshe Higgs boson was discovered at yecay in Cobalt [52], provided the first confirmation of the
the LHC in 2012 [48,49] and its mass is already knownyis|ation of parity shortly after the seminal work of Yang and
at the permille level [26], Lee [53] in 1956. The procegs — e7.v, proceeds at tree
level in the SM through the exchange dflfaboson with very
low momentum transfer{¢*> = Q> < m’ < Mjy,), and
. can be described by the effective 4-Fermi theory (proposed
2.3.3. Observables and experiments to explain the3 decay in 1934 [54]) (Fig. 13),

Low energy observables

My =125.25+0.17GeV [LHC].  (140)

. AGp __

iM=—i \/g (&Y VL) (TLvpm)
At low momentum transfe)? < M2 one can already get
relevant information about the electroweak interactions. For ie
example, the weak neutral currents were discovered by the = (\/5

: . : o Sw

observation of the elastic neutrino-electron scattering in the _ _ _ _
CERN bubble chamber detector Gargamelle in 1973 [50from which the Fermi constar¥» can be derived in terms
(Fig. 12). The source of muon neutrinos, of energies lesof parameters of the fundamental theory,

2 .
_ —19p5 __ 5§
eY’vy w45 vY’puL,  (141)
) q* — My,

than 10 GeV, was a proton beam of 26 GeV from the PS a o
accelerator. This was the confirmation of a cornerstone of kg 22 M2 (142)
the SM that won Glashow, Salam and Weinberg their Nobel V2 Sww
prize, even before the)” and theZ were found inpp colli-  The muon lifetimer = T~ is the inverse of its total decay
sions at a center-of-mass energy of 540 GeV ten years latgf;igth viii
At present, very accurate measurements of the weak mixing
anglefy, come from the ratio of cross-sections, . /o, . Of o G%mi 2, 9
H " * F - (me/m ) 9
neutrinos 19273 "
flx)=1—-8z+82% —z* —122%Inx, (143)
Yy Yy where f(m?/m2) = 0.99981295 is a kinematic factor from
phase space integration. The Fermi constant is measured very
F precisely from the muon lifetime at PSI in Villigen [26],
B B Gr =1.1663787(6) x 107° GeV 2. (144)
e e
It provides the value of the Higgs VEV (electroweak scale),
FIGURE 12. Weak neutral currents (left) discovered in the CERN _ ( B )*1/2 ~ o4 v 14
bubble chamber detector Gargamelle (right). v fGF 6 Ge (145)
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and constrains the produtf?, s#,, which implies

iyes

> To do'
V2Grst, ~ V2GF

@ =
+ 2(5? — 1)Ga(s) + 2035 cos 0G3(s)},

providing a lower limit of the weak boson masses, before = 0202 +2 R.

their discovery. On the other hand, since we have now in- 1(8) = Qe +2QcQvevyRexz(s)

dependent measurements@f-, «, My, and M, one can + (02 + a2) (v + a})Ixz(s)]?

attempt a first consistency check of the model by comparing Gols) = (02 + a2)a2 9

the value ofG - in (144) with the prediction using thaee- 2(s) = (ve +ac)aglxz(s)[",

levelexpression142) andsi, = 1 — My, /M7, G3(s)=2QcQracasRexz(s)+4vevsacap|xz(s)|?, (148)

M2 > M3E, = ~ (37.4 GeV)?,

(146)

2
ch%ﬁf{ [1+ cos® 6+ (1 — ﬁ?) sin® 0] G4 (s)

yiye; _ .
Gr= V2(1 — M2, M2\ M2, 1125 x 107°.  (147)  whereyz(s) = s/(s — M2 +iM,T' ;) contains theZ prop-
(1 — My, /Mz) My, agator including an imaginary part relevant in the vicinity

The glaring discrepancy will disappear when quantum corof the resonanceN/ = 1 (3) for f = lepton (quark).y

rections are included (see Sec. 2.3.4). anday are the vector and axial-vector coupling6) and
By = /1 — 4m3/sis the final fermion velocity in the center
Fermion-pair production in ée~ colliders of mass frame (the electron mass can be safely neglected).

Leot llid id | . t to studv th The contribution of each diagram and their interference is
epton COTICErs provide a cean.enwronmerl 0 study N€yident and the parity violation due to theexchange mani-
electroweak interactions. In particular, thge~ annihila-

N . : ; Lo fests itself as a forward-backward asymmetry: the term pro-
tion into a fermion-antifermion pair is given, at tree level, by

. portional tocos 6 involving both vector and axial vector cou-
the_ exchange of a photon andZabqson n thes—channel. Plings. Integrating over the solid angle, the total cross-section
At increasing center-of-mass energies the cross-section falls
like 1/s dominated by the virtual photon exchange while the 2ra’?

7 exchange becomes more important until it reaches a max- o(s) = N/ 3s B
imum right ats = M2 where it presents a resonance peak
(Fig. 14) ’ P i < [(3- )G1(5) ~ 3(1 - B)Ga(s)] . (149)

It is a good exercise to try and reproduce the differen- . ' . ) . :
tial cross—sgection forte— — f}/ (in the cF:)ase of unpolarized gives the profile of Fig. (14). The (inclusive) hadronic cross-
fermions) section is obtained by summing over all quark flavors above

threshold at a given energy, essentially five in the displayed
+ range.

— v, Z Z pole observables

o

—
=]

T T e On the resonance peak £ M?2) the Z propagator becomes
] purely imaginary, the interference of the photon ahax-
change diagrams vanishes and the cross-section is dominated
e'e —hadrons E by the weak interaction (the QED contribution is suppressed
] by a factor(I'z/Mz)? < 1073). This was the energy do-
main of the first phase (1989-1995) of the circutdre™
collider LEP at CERN and the linear collider SLC (1992-
1998) at SLAC. The former collected 17 milligh decays at
center-of-mass energies within plus or minus 3 GeV ofZhe
. pole, and the latter only 600 thousand but with a longitudi-
[ kbxe TRETAN - SI.C ] nally polarized electron beam. Atthese colliders very precise
10 E_”‘;"'” LEPI TEPTI ] measurements of various pole observables have been per-
S D N e W ! ! NI formed. These include th& massiMz, the total widthl'z,
' and partial widthd ¢, for Z — ff. ltis customary to intro-

—
<
-

Cross-section (ph)

Centre-of-mass energy (GeV)

duce
FIGURE 14. Top: Tree-level contributions to fermion-pair produc-
tion inete™ collisions. Bottom: Hadronic cross-section as a func- o0 =192 Le+e-Thad
tion of the center-of-mass energy. The solid line is the SM predic- had = Mire
tion, and the points are the experimental measurements at different I I
colliders, whose energy ranges are also indicated. From Ref. [55]. R, = had —p _ 44 (150)

" Tpre-' 7 Thad
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wherel = e, u, 7, ¢ = borcandl'y,, is the partial width  underestimated [56]. The new analysis of thdineshape
into hadrongX The effects of the photon-exchange diagramfit, reducingoy,.q while slightly increasing”z, yields the re-
are subtracted ia(, ;. Very useful constraints follow from sult N, = 2.9963 + 0.0074, hence putting an end to ti2e
various Z pole (forward-backward and left-right) asymme- tension with the SM.

tries,
4f _ olcos0>0) —o(cos§ <0) _ 3 fﬂ W boson production
B 5(cos > 0) +o(cosf <0) 414+ PA,
oL — OR LEP2 (1996-2000) operated at higher center-of-mass ener-
App = ——— = A.P,, (151) . . . . : .
oL +0oRr gies (Fig. 14) to studyV-pair production (Fig. 16), and in

part also to search (unsuccessfully) for the Higgs boson [57].
Particularly important was the exploration of thg+ W~
2uray threshold (161 GeV), where the dependence of the cross-
(152)  section with the mass is large, that allowed to determine
My, very precisely. At higher energies (172 to 209 GeV)
By measuring theZ pole observabledl60) one can esti- this dependence is much weaker aficbhosons were directly
mate theZ invisible width,I'y =Tz — e+~ — [+, —  reconstructed and their mass determined from the invariant
I';+,- —T'had, that can be used to deduce the number of lightmass of the decay products. LEP2 was also the first to probe
neutrino speciesV, = T /T, from the partial width to  the triple gauge couplingd’ W~ andWW Z, predicted by
neutrinos predicted by the SM. The overall scale of fhe the non-abelian gauge symmetry (Fig. 16), another milestone
lineshape is fixed by the peak cross-sectigpy, whose ex-  of the SM.
perimental value is extracted from the number of observed |y hadron colliders, on-sheli’ bosons are tagged by

hadronic events given the collider |Umin05ity, that in turn iStheir decay into Charged |eptons with h|gh transverse momen-
measured from the rate ef e~ — e*e™ events atlow an-  um (Fig. 17). The values of thé” mass from Tevatron and

gle provided the (accurate enough) theoretical prediction of HC are compatible with the measurements from LEP2 and
the Bhabha scattering cross-section. The combination of thgave at present very similar precision.

measurements made by the four LEP experiments (Fig. 15)
led to N, = 2.9840 + 0.0082 [55], two standard deviations
away from 3.0, the number of fermion generations in the SM.

whereP, is the initial electron polarization and

AfE 3 3 -
vf+af

Very recently the prediction for the Bhabha cross-section was et WJ J¢<:; e™ —“—'\’V\N“/\'l
found to be overestimated, and consequently the luminosity >W ~ . Ve
- ¥, Z ™" = e i
o Wk, B TRl
=
= 2v
= | — 30 :
& 30| ALEPH IR\ 8 'LEP
- DELPHI I\ z 1
L3 e |
- OPAL
20_ : oh T+
:+ average measurement : "4+
error bars increased
by factor 10 10+ 7
10 \ g uTEmmSa,
i //;," = 4 _....only v, exchange (Gentle)
: rd (g . ‘
_// 160 180 200
O L | - L L L | L L L | L . L |

Vs (GeV)

86 88 90 92 o4

E_, [GeV] FIGURE 16. Top: Tree-level contributions te"e™ — WHw .
Bottom: Measurements of thB/-pair production cross-section
FIGURE 15. Measurements of the hadron production cross-sectionat LEP2, compared to theoretical predictions (takihfy =
around theZ resonance (lineshape) at LEP. The curves indicate 80.35 GeV) including all diagrams (cyan), removing tb8V W
the predicted cross-section for two, three and four neutrino specievertex (red), and assuming only the exchange (blue). From
with SM couplings and negligible mass. From Ref. [55]. Ref. [57].

Supl. Rev. Mex. Fis3 020721



THE ELECTROWEAK STANDARD MODEL 21

|ggF] [VBE] [VH]
PR w,z 4 d
P 9 000000 Wz g w7
e vv\NRJ Wz - f/
= w 9 W0 CNH a 7
P, P S
. . [ttH] [tHq]
FIGURE 17. W production and top-quark production at hadron col- 5 j i
. 9 O t q 7 q q
liders. S
[Sg— u? H U%,,,H
9 ooooort—— * b > tob t
Top quark production
[HH]
Top quarks are produced in hadron colliders dominantly in q H g "
pairs through the strong processgs — tt (Fig. 17) and i b ﬂ?\:}>f14,,,
gg — tt at leading order. At Tevatromg, /s = 1.96 TeV) g _H g H

85% of the producction cross-section is frap annihila-

tion, while at LHC pp) about 90% (/s — 7 TeV) or 80% FIGURE 18. Leading-order diagrams for Higgs production mecha-

- . . nisms at hadron colliders: gluon fusion [ggF], vector boson fusion
(v/s = 14 TeV) comes from from gluon fusion. Single-top [VBF], Higgs-strahlung [VH], associated with a pair of top quarks

quarks are also produced in electroweak proceggess tb,  [yH] or a single top quark [tH] and Higgs boson pair production
gb — q't, bg — Wt, with somewhat smaller cross-sections. [HH]. From Ref. [26].

The top-quark mass is kinematically reconstructed from in-
variant mass distributions of the final states in different deca
channels.

e.g.ete™ — WTW™) and scalar-exchange diagrams of the
iggs type are includede(g. WTW~— — WTW™). After
its long awaited discovery, the predicted properties of the SM
Higgs boson production Higgs boson [60] can finally be checked against experiment.
The main production mechanisms at the Tevattand
The Higgs boson is the smoking gun providing evidencethe LHC are gluon fusion, weak-boson fusion, associated
that the spontaneous breaking of the electroweak symmetmroduction with a gauge boson, and associated production
doesgenerate the masses of weak bosons and fermions. Théth a pair of top quarks or with a single top quark (see
Higgs mechanism is essential not only because the renoFig. 18). The Higgs boson pair production in the SM is more
malizability of the SM is then guaranteed [16], a require-rare but very important because it allows to check the trilinear
ment that is nowadays not considered so crucial as in forHiggs boson self-coupling. The production cross-sections in
mer times [58], but also because it ensures the unitarity opp collisions at LHC energies and the branching ratios for
the model [59]: the scattering amplitudes have a good behavthe decay of a Higgs boson with a mass around 125 GeV
ior at high energy because of ‘miraculous’ cancellations thaare shown in Fig. 19. The Higgs boson is mostly produced
follow when the electroweak boson self-interactions are oby gluon fusion (gluons are the most abundant parton in the
the Yang-Mills form? as prescribed by the gauge symmetry proton at lowx ~ My /+/s) mediated by a top-quark loop

—y
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FIGURE 19. Higgs boson production cross-sections as a function of the LHC center of mass energy (left) and Higgs boson branching ratios
for the mass range around 125 GeV (right). From Ref. [61].
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FIGURE 20. Left: Invariant diphoton mass distribution observed by ATLAS [64]. Right: invariant distribution from CMS [65]. They
exhibit clear signals off — vy andH — ZZ* — 41, respectively, allowing to measure the Higgs boson mass.

359" (13 TeV)

ATLAS i Total [ 1Stat. == Syst. 11" SM e Observed
Vs=13TeV,245-798 "' CMS — g interval
m, =125.08GeV, |y | <25 vy .
P =116 T 77 : e
Total Stat. Syst. o Ww| i
: o T —-—
T = 096 o ( L
zz: =) 1ibe T bb | B *
9F \ww = 108 osm (: L o
o= 0% 3% (1 T i}
comb. = 104 oo o 27| T
f— 1ag 138 > WWwW | —e—
TT| ——
VBF 3
b i —
Sz —
WWwW | —
bb ——
"
VH T ZZF SErnEe
N WW | —
bb ——
v [ —
ftH+tH 7§ -
____________________________________________ i WW | ——
3: TT L o e
T N E N R S B B bb |, | e sl | . ! \
) 0 2 4 6 8 -4 -2 0 2 4 6 8 lgf

o x BR normalized to SM

FIGURE 21. Combined measurements of the signal strengths for the five main production and five main decay modes. The hatched combi-
nations require more data. From Ref. [26].

(whose heavy mass enhances the effective coupling). The The Higgs event rates are proportional to the production
dominant decay channel i# — bb (about 58%) but it cross-sections times the branching ratios (BR). Experimental
suffers from large backgrounds. Less probable Are— results are often normalized to the SM predictions and ex-
ZZ*, WW=* (with one of the gauge bosons off-shell) and pressed in terms of signal strengfias= (¢ X BR)ops/(0 %

H — ~v but they provide cleaner signals and played an im-BR)gy;. Figure 21 shows that data are in fair agreement with
portant role in the Higgs discovery. In fact, the decay intopredictions for a good number of channels and production
bb has been discovered (significance ab®was recently as  mechanisms.

2018 [62]. At the other end, there is ‘evidence’ for the

L As for the tests of Higgs couplings, recall that in the
channel (significance aboge) from 2020 [63]. g9 ping

SM the Yukawa coupling between the Higgs boson and the

fermions is proportional to the fermion mass (), while
The current average value of the Higgs boson mass comeake coupling to weak bosons is proportional to the square

from the combination of mass measurements inftheand  of the vector boson massesi(;). Then one may define

Z Z channels (Fig. 20). yr = kpmp /v for fermions andyy = /Ky my /v for weak
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FIGURE 23. One-loop corrections to the muon decay amplitude.
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FIGURE 22. Best fit estimates for the Higgs coupling strengths to = 1 /j'/ /{A/,A‘ = .
fermions and gauge bosons. From Ref. [63]. //f‘ ____________ -// / _
% zawe A 4 4 ,
bosons where: and xy are coupling strengths that mea- | 777 / { 4 //
sure the ratio of observations to SM predictions. The Higgs ~ 80-3m,, [G/EV] /Ao Yy 7
couplings to fermions and gauge bosons have been probet 17 S 3@@ 600 100/0 .
over more that three orders of magnitude with no significant 155 175 195
deviations from the SM (Fig. 22).
m, [GeV]
2.3.4. Precise determination of parameters FIGURE 24. Indirect constraints onMy and m: from

Experimental precision requires accurate theoretical predicLEPl/ SLC data (dashed contour) and direct measurements from

i that based lculati b dthe t level LEP2/Tevatron data (solid contour). Also shown is the relation be-
lons, that are based on calculations beyon € tree-1evel apyeen both masses and the Higgs mass (solid lines), the region al-

proximation. The trouble is that the computation of loop cor- | eq by direct Higgs searches (dark green bands) and the region

rections is laborious and plagued of infinities which involvesgycjyded by the LHC right before the Higgs boson discovery. From
the extra complication of renormalization. Ref. [57].

A good example of the need for quantum corrections is
the derivation of the Fermi constant from the measuremenftandle to constrain yet unknown parameters from the value

of the muon lifetime that follows from the identification of others. As an example, in Fig. 24 by the LEP Electroweak
o Working Group [57] shows the comparison of indirect and
Gr = (14 Ar[m¢, Mg]), (153)  direct constraints oy andm, from LEP and Tevatron

2(1 — M2, /M2)M?2
v w/Mz)Myy together with the region of Higgs masses consistent with pre-
where Ar depends on the masses and couplings of virtuatision tests before the Higgs boson was found at the LHC.
particles exchanged in the the loop as in Fig. 23. This correc-  Another example is the corrections to vector and axial-

tion will fill the gap between144) and (147). vector couplings fronZ pole observables,
Actually, since the muon lifetime is measured more pre- ; ;

cisely thanMyy, the W mass can be independently obtained vy — i = vy + Agl, ay — ¢y = ay + Agly, (155)

from the expression afr in Eq. (153 that implies ) ) .
that lead to a fermion-dependent effective weak mixing angle

M2 given by
MI%I/(aaGF7MZamt7MH):2Z<1 1
sin? Gefff = 107 1-— Re(g{,/gﬁ)
f
Ao
4+, /1 - —[1+A , M , 154 —
\/ \/§GFM§[ r(my H)]) (154) = 2 (1+ Axl), (156)

introducing a correlation betweeWy,, m; and Mg, given WhereAmé is the quantum correction in tHdS renormal-
o, Gr and M. This correlation has historically served as a ization scheme and?, = 1— (M3, /M%) is the tree-level

Supl. Rev. Mex. Fis3 020721



24 JOSE I. ILLANA
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FIGURE 25. Contribution of several orders of radiative corrections 175 180 185 190 195 200 205 210 215
to the effective leptonic weak mixing anglm? ej;g’t as a function a x10° - 1165900
of the Higgs mass. The tree-level valsg = 1 — M§, /M2 ~ .
0.2290 is below the range shown. The yellow band is the exper- FIGURE 26. Experimental values o, from Brookhaven, Fer-
imental accuracy at the timejn? eifﬁpt = 0.23147 £ 0.000017. milab and combined average. The inner tick marks indicate the
From Ref. [66]. statistical contribution to the total uncertainties. The recommended

value for the standard model prediction [68] is also shown.
value. As shown in Fig. 25, the effective leptonic weak
mixing angle has been measured with high precision and densions in rare flavor-changing neutral currents and in tree-
least two-loop calculations are needed [66] to get a predictiofevel semileptonic decays that constitute the so-called flavor
compatible with experiment, already pointing to a light Higgsanomalies in B-physics (see [71] for a recent review). They
mass (the remaining theoretical uncertainty from unknowrhave been observed in measurements of branching fractions
higher-order corrections was estimated totliex 10~?). and angular observables, as well as in lepton flavor universal-
There are also experiments and observables testing thty tests. A good example of the latter is the measurement by

flavor structure of the SM, either flavor-conserving, like LHCb [70] of the ratio
dipole moments, or flavor-changing, like;, — X+ and
many other hadron and lepton decays. They are very sen- p _ BR(BT — K*p*p™) 0.846+0.044

.. . . K —_\ Y —0.041 > (161)
sitive to new physics through loop corrections. As already BR(Bt — Ktete™)

mentioned, the extremely precise measurement of the elec- o
tron anomalous magnetic moment= (g, — 2)/2 that is abouBo from the SM prediction1.00 + 0.01, pro-

viding evidence for the violation of lepton universality in
adP = 0.001 159 652 182 032 (720), (157) these decays. This tension, that was not significant in pre-
vious measurements at BaBar (SLAC) and Belle (KEK), has
is used to estimate the fine structure constainom the QED  survived and even grown with increasing statistics at LHCb
prediction at 5 loops [39]. On the other hand, the anomalougrig. 27). More data from LHCb and the forthcoming Belle
magnetic moment of the muon was measured at Brookhaven experiment [72] will establish whether this anomaly must
with very high precision [67] be taken seriously.

as™® = 116592089 (63) x 10~ [BNL], (158)
2.3.5. Global fits

but it does not match the SM prediction, a puzzle that has sur-
vived for almost two decades. The most recent calculation byAs we have seen, precision measurements test the SM at the

the Muong — 2 Theory Initiative [68] yields guantum level, which allows to perform consistency checks
. T among the results. The global fits consist of finding the values
a, =116591810(43) x 107, (159)  of a set of input parameters that minimize tffeaccounting

Ccexp  SM T - for the deviation between a number of precision observables
that givesny® —a;, ™ = 279.(76) x 107, E?‘3'7U deviation. _.and their SM predictions. The predictions are given by theo-
\_/ery recently a new experiment at Fermilab has released Retical expressions that are functions of the input parameters.
first results [69], The precision observables are sometimes more appropriately
aSP = 116592061 (41) 1011 [FNAL], (160) named ‘pseudo-observables’ be.cause they are not diregtly ex-
perimental observables but derived quantities depending on
compatible with the previous measurements and increasinie order of perturbation theory and on the choice of renor-
the discrepancy td.2o (Fig. 26). This is nowadays consid- malization scheme.
ered a compelling evidence of physics beyond the SM. The latest electroweak global fit by Gfitter [73], using
Another playground where precision physics has revealethe observables/y;, My, T, Mz, Tz, 00, 1, Re.c0 AYs,
departures from the SM predictionshidiadron decays, with A‘Q’B", Aﬁé’, Ay, Ag, Ay, sin? 0%, me, my, my, (M%) and
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-8 Measuremen [eX fitter )0 . - -
“r”w s Y e e v global SM fit with and without the\/z measurement (blue and
" o My s grey bands). Bottom: Contours of 68% and 95% confidence level
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‘;::“ 1: Iz e narrower blue and larger grey allowed regions are the results of
lep. =T G0 .. . . .
o 0o g ; the fit including and excluding th&/; measurement, respectively.
i‘fiﬁi 01 A% 1 From Ref. [73].
A -2.1 A(LEP) £
sinef@_) 07 A(SLD) -: ) ) ) )
- h o1 sl —t in units of the experimental uncertainty. There are some ten-
0c sin’@h;" (Tevt.) —— . . .
i - oo T sions but none abod. The right panel of Fig. 28 shows the
FB - . .
A 00 = difference between the global fit results (orange bars) as well
3 B o ast . as the input measurements (data points) with the indirect de-
< . Re » . . . . . .
R ] o7 " — terminations (blue bars). The indirect determinations are the
o (NE; e aom h—— best fit values without using the constraint from the corre-
had - had 7 : . . . . .
o) ‘ 13 w0 |l — sponding input measurement. This illustrates the impact of
22 a0 123 =8 2l 0 Y 2 indirect uncertainties on total uncertainties. Finally, the top

(0, — Omeas) / Omeas ©, e O 5,

panel of Fig. 29 shows that the global fit to the SM prefers a
FIGURE 28. Left: Comparing fit results with direct measurements. somewhat lighter Higgs boson. The bottom panel is an up-
Right: Comparing fit results (orange bars) with indirect determina- dated version of the confidence level profiledf;, versus
tions (blue bars) and direct measurements (data points). The tota},, in Fig. 24 where thé/; measurement at LHC is included
error is the error of the direct measurement added in quadraturén the fit or not (blue or grey contour). The good agreement
with the error from the indirect determination. From Ref. [73]. of both contours with the direct measurements (green bands

9 2 _and ellipse for two degrees of freedom) is the ultimate con-
as(M7), converges to &;,;, = 18.6 for 15 degrees of free firmation of the consistency of the SM.

dom (number of fit observables minus number of free param-

eters). This corresponds topavalue of 0.23. Thep-value

tests the likelihood of the null-hypothesis, the probability of 3, Concluding remarks

obtaining data equal or less compatible with the theory, so the

lower the better. The Standard Model of the electroweak and strong interac-
It is also interesting to compare the fit results with the in-tions of particle physics is a relativistic quantum field theory

put measurements [73]. The left panel of Fig. 28 shows théased on a gauge symmetry that is spontaneously broken by

deviations between global fit values and direct measurementhe Brout-Englert-Higgs mechanism. As a consequence it is
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renormalizable and fully predictive. It has been confirmedp(A..t) has to be chosen so that a very fine-tuned cance-

by a plethora of low and high energy experiments with re-lation with the correction of more than 120 digits will be

markable accuracy, at the level of quantum corrections, witlrequired. Even if new physics were behind the corner, say

(almost) no significant deviations. Acwt ~ 1 TeV, the fine-tuning would be of about 60 dig-
However, in spite of its tremendous success, the SMts. Althoughpo(Acyt) has no physical meaning and can be

leaves fundamental questions unanswered: why three gechosen at will, this level of fine-tuning is considered very un-

erations? what is the reason for the observed pattern of quaratural.

and lepton masses and mixings? And more importantly, there  Another naturalness problem of the SM has to do with the

are several hints for physics beyond. Some are phenomengenormalization of the mass of scalar fields. The corrections

logical and others more conceptual. Perhaps the most confo the mass squared of a scalar field, like the Higgs, diverge

pelling is the muon magnetic dipole moment, whose veryquadratically with the cutoff,

precise measurement is still challenging the SM prediction

after many years of efforts both from the experimental and M2~ (M%) (Aeut) + ¢ A2, (163)

the theory side. There is also a bunch of flavor anomalies in

B physics that are gaining evidence. The neutrino sector igq is in contrast to the masses of fermion or gauge fields
without doubt the Achilles heel of the model, that has already, ,, jse corrections grow only logarithmically with the cut-

required an extension to accommodate neutrino masses aBft pecause they are a protected by a symmetry (they would

mixings in order to explain the flavor oscillations. The POSSi-ha massless if chiral or gauge symmetries were unbroken).
bility that neutrinos are Majorana fermions, theoretically welllf we take A, ~ Mp then a cancellation of 34 digits is
cu

motivated and under intense experimental exploration, WOUIqleeded to match the observed Higgs mi&s ~ 125 GeV.

open the window to Ieptorj number violation and, linked toHowever, this hierarchy problem is different from the cos-
this, would suggest the existence of extra neutrinos at ave%ological constant problem, because it could be solved if

heavy scale th?} might contribute to solve the baryon asymg,q 0" \vere new physics not far above the electroweak scale
metry problemi* [74] through leptogenesis [75]. Another (at Ay; ~ 1 TeV for example) as in the case of supersym-

pro'?'em ?S dark_mattgr. If i_t is composed of hyIOOthemalmetric extensions of the SM [81], or if the ‘true’ Planck scale
particles interacting with ordinary matter only through grav-is iz

! h q i i did p ~ 1 TeV as in the case of models with extra dimen-
ity [76], the SM 0es not provide any gpproprlate candidatej, g [82,83]. Unfortunately there is no experimental clue of
although there are interesting alternatives [77]. Nonetheles%:ny of them
it is very suggestive that the most_popular SOI.Ut'On to the In the absence of signals from a better fundamental theory
strong CP problem (the Peccei-Quinn mechanism [78]) in- .
hat can tie up the loose ends of the SM, we can always con-
troduces a new global anomalous symmetry spontaneous@ o
. S ider the SM as a low-energy effective field theory [84, 85]
broken at low energies giving rise to a pseudo-Goldstone bo- . . :
. : : . ?SMEFT) valid up to some energy scale, like the 4-Fermi
son, the axion, considered a viable candidate for dark matter; . ; .
) ., model is a good effective theory fé# << My, . The effective
Of course the SM cannot be the ‘theory of everything’, . .
: . ; o . ; lagrangian can be written as
since it does not include the gravitational interaction that
governs the universe dynamics at large scales. But it has
something to say about the value of the vacuum energy den- L= Loy +
sity, pvae, that is related to the cosmological constant by
QA = pvac/pe Wherep. = 3HZ /(87G ) is the critical den-
sity of the universe. The cosmologic_al constant is the simwhereLgy is the renormalizable part of the lagrangian, that
plest form of dark energy [79] so far indistinguishable fromwe had so far identified with the SM. The new physics is
the more general quintessence. According to current cogsarametrized by a set of higher dimensional (Lorentz and
mological measurements of the cosmic expansion accelergauge invariant) operato@f” made of SM fields, where
tion [80], 24 ~ 0.7, that impliespyac ~ (2 x 107> €V)®. In ;, > 4 is the canonical dimensionxp is the new physics
the SM, as in any quantum field theory, the values of quantiscale, such as the mass of a new particle. Their effects are
ties like the masses, couplings or the cosmological constarjuppressed byE/Axp)”~* with respect to the SM opera-
cannot be predicted. They are fixed by the renormalizatioors whereF is any low energy scale or mass, so the higher
procedure: the bare parameters are chosen so that they cafe dimension of the operator the smaller its contribution at
cel the d_|vergent cqrrectlons and Ieaye us with the desiregbw energies. Therefore, given a finite experimental preci-
renormalized quantity. The computation of the vacuum ensjon we only need operators up to certain dimension and,
ergy density yields a result that diverges quartically with thesince there are a finite number of these, their coefficients
cutoff (physics scale up to which the theory is meaningful), can be renormalized. The lack of predictivity on the (re-
) maining) coefficients above some order is irrelevant. This
is why the SMEFT, though ‘non-renormalizable’, is perfectly
If we assume no new physics until the Planck scalg,( ~ acceptable to describe physics beldwp and is used as a
Mp ~ 10' GeV), where gravity becomes relevant, thenvery powerful framework [86].

CZ('") Ogn)

Sy (164)
ANP4

,m

Pvac = Po (Acut) + CAgut' (162
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1.

1.

V1.

VL.

. Natural unitsh = ¢ = 1 are used throughout this course. 7.

If we take any complex valug|e'™ the conclusions will be
the same for redefined fieldg, — (ncosa — xsin«) and

x — (nsina + x cos ). 8.

The signs ofy andg’ are conventional, with no effect on phys-
ical observables.

The so-called Weinberg angle was actually introduced by -

S. L. Glashow [17].

For instance, if the symmetry breaking is triggered by a com-{
plex Higgs triplet one gets = 1/2.

An additional constant terrfil /4)\v* = —po has been omit-

ted. Itis irrelevant for the field dynamics but provides a (nega-11.

tive) contribution to the vacuum energy density. See discussion
in Sec. 3.

If light neutrino masses and mixings are included, add 3 morel2.

masses and 4 (or 6 for the Majorana case) parameters in the
PMNS matrix.

The procesg. — ev.v, is by far the dominant decay chan- 13.

nel. The decayg: — eTevyete” andpy — eDev,y with
branching ratios- 10~° and10~8, respectively, must be taken
into account when accuracy requires it.

The three measured values f&, are consistent with lepton
universality.

Note the steep growth of the e~ — WTW ™ cross-section
in Fig. 16 when the gauge self-interactions are ignored.

Tevatron did not have enough statistical significance to claim
‘discovery’ of the Higgs boson.

The SM violates the conservation of baryon number non-
perturbatively, thanks to a global U(1) anomaly, but in an
amount that is not enough to explain the matter-antimatter
asymmetry of the universe.
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