Field Theory & EW Standard Model

Lecture 11

Andrej Arbuzov
JINR, Dubna, Russia

The 2017 European School on High Energy Physics
Evora, Portugal, 6 - 19 September 2017

/127



Outline

Lecture 1: Introduction and QFT

Lecture 2: Construction of the SM

» The Fermi model

v

Electroweak gauge interactions
The Higgs mechanism (brief)

v

v

Electroweak sector of the SM
Generation of fermion masses

v

v

Axial anomaly
» Parameters of the SM

Lecture 3: Phenomenology of the SM



The Fermi Model (I)
To describe g-decays n — p + e~ + ve Enrico Fermi suggested in
1933 a simple model:

L[n[ = GWn’yP\Up . Wy'YpWe +hC
—_—— ——

In 1957 R. Marshak & G. Sudarshan;
R. Feynman & M. Gell-Mann
modified the model:
GFermi
L ermi —
" V2

_ 1- R
Jy = weva%w,,e + IIJWPT%WW + (V= A pucteons + h.C.

Judf

Explicit V-A (Vector minus Axial-vector) form of weak interactions
means the 100% violation of parity

N.B.1. The CP symmetry is still preserved

N.B.2. Fermi constructed his model in analogy to QED



The Fermi Model (Il)
The modern form of the model includes 3 generations:

GFermi - — — Vel = = 1 d/[
Lrermi = —— (€L Ty T/_)’yp VL | - (u,c . t)) Vu’yp Vol sp | +--.
V2 v b
L L
{q'} are eigenstates of strong interactions,
{q} are eigenstates of the weak ones.

Matrixes Vy , describe quark mixing (see lect. by M. Beneke):

d a Vud Vus Vub
s|=VWyx| ], VJ Vo = Vekm = Vea Vos Vo
b b’ Vie Vis Wb

N.B.1. In the SM the mixing matrixes are unitary: \/,-T Vi=1

N.B.2. Vcxm contains 4 independent parameters: 3 angles and 1
phase

QUESTION: What is mixed by Vcxwm? E.g. what is mixed by the V4
element of Vegm?



The Fermi Model (lll)

The Fermi model describes g-decays and the muon decay
i — e+ Ve + v, with high precision

BUT!
1. The model is nonrenormalizable, remind that [Gre;mi] = —2

2. Unitarity is violated: consider e.g. ev, scattering

G2,
Coul(6Ve — 6ve) ~ s, S = (Pe+Pu,)’
While the unitarity condition for /'™ partial wave in the scattering
theory requires that

4m(2/+1)
o< ——
s
For I = 1 we reach the unitarity limit at
2
So = ™3 09 10° Gev?
GFermi

So at energies above ~ 10° GeV the model is completely senseless
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Weak interactions
The modern point of view: any (?) renormalizable model which
preserves unitarity is a Yang-Mills (non-abelian) gauge model

Let’s try to construct it for description of weak interactions

The 1st hint: introduce a massive vector W boson v~ _y—" 1
Lint - _gW(Ja Woz + J(Ty W(I)

Then the scattering amplitude takes the form e

J, 9o~ Kaks /Mg Ji

T = i(27r) gW 2 M2

where k is the W boson momentum.
If |k| < My we reproduce the Fermi model with

GFermi _ g_gv
vz M

However such a way to introduce interactions again leads to a
nonrenormalizable model. ..



Electroweak gauge interactions (l)

The minimal way to introduce electromagnetic and weak interactions
as gauge ones is to take the group

SuU(2) ® U(1)

U(1) is the same as gives conservation of charge in QED
= hypercharge Y. U(1) gauge symmetry provides interactions of
fermions with a massless vector (photon-like) field B,

SU(2) is the same as used for spin-1/2 = weak isospin I.
Three vector Yang-Mills massless bosons appear: W2, a=1,2,3.

w3
N.B.1. Introduction of the third (electro)weak boson is unavoidable,

even so that we had no any experimental evidence of weak neutral
currents. QUESTION: Why?

N.B.2. The resulting model is renormalizable and unitary, but it
doesn’t describe the reality. Why?



The Brout-Englert-Higgs mechanism (I)
See also lect. by S. Dawson

So, we need to generate masses for gauge bosons without explicit
breaking the gauge symmetry

Let’s consider the simple abelian U(1) symmetry for interaction of a
charged scalar field ¢ with a vector field A,,:

L = 0,9 0up — V(p) — 4F5V + ie(p* — 0,0 )AL + EALALO P
If V() = V(e* - ), Lis invariant with respect to local transformations

iew(X)

p— Wy ot e Mgt AL AL+ Duw(x)
In polar coordinates ¢ = o(x)e?®), p* = a(x)e—"G(X) =

]
L =0,00,0+ e%q? (A, — 53#9)( 3 .0) = V(o p) — —F?

=B, =B,
N.B.1. It was just a change of variables, note that F,,,.(A) = F,.(B)

N.B.2. 6(x) is completely swallowed by B,
QUESTION: But which set of variables is physical?



The Brout-Englert-Higgs mechanism (ll)

Brout & Englert, and Higgs (following Ginzburg & Landau) suggested
to take the scalar potential in the form

V(e*p) = Me™p)? + mPo*p

For A > 0 and m* < 0 we get the shape of a “Mexican hat”

Re(4)

N.B. V(p*p) = V(0?), while §(x) corresponds to the rotational

symmetry of the potential

av(o)
do

and oo = /— 2= is the global minimum

=0 = there are two critical points: ¢ = 0 (local maximum)




The Brout-Englert-Higgs mechanism (lil)

We have to shift to the minimum: o(x) — A(x) + oo =
1
L = d,hd,h+ énB,B, +2e?00hB,B, + €°0§B,B, — V(h) — ZFEW

We see that field B,, got a mass:
5 e>m?

mg = 2608 = — >0

So, we generated a mass term for the vector field without putting it
into the Lagrangian by hand. That is the core of the
Brout-Englert-Higgs mechanism.

N.B. o9 = v is the vacuum expectation value of o(x),

1

v = (0|c|0), V=—
(0/o0) %

a3x o(x)
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The Brout-Englert-Higgs mechanism (1V)

Look now at the potential (keep in mind m? = —2\v?)

V(h) = Mh+v)*+mP(h+v)?
= \I* 4 4AvR® + 2 (BAVE 4+ mP) +h (43 + 2mPv) +av?h + mPy2

2m2=4\v? =0

So the scalar field h has a normal (m? > 0) mass term.

N.B.1. The number of degrees of freedom is conserved: 2+2 = 1+3
N.B.2. The field §(x) is a Goldstone boson, my = 0

N.B.3. Tachyons ¢ are not observable

N.B.4. The constant term Av* + m?v? doesn'’t affect equations of
motion, but contributes to the Universe energy density

pl;lal%gs ~ -108 GeV4 055pFrrledman ~ 10~ 47 GeV4
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Remarks on the Brout-Englert-Higgs mechanism

The U(1) = O(2) rotational symmetry of the Higgs potential is broken
spontaneously by the choice of a zero-angle axis

The shift B, (x) = A.(x) — 0,6(x)/e is nothing else, but a gauge
transformation, so the physics is not affected

The gauge symmetry is broken only fictitiously: it continues working
after the change of variables but in a non-trivial way

N.B. Spontaneous breaking of the gauge symmetry is just a common
notation, in fact, gauge (local) symmetries can not be broken
spontaneously: Theorem by S. Elitzur [PRD ’1975] (see discussion in
L. Faddeev et al. JHEP’2008)
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BET mechanism in the SM (1)

To generate masses for 3 vector bosons we need at least 3
goldstones. The minimal possibility is to introduce one complex
scalar doublet field:

d) * *
¢E<¢;)’ of = (o] @)
Then the following Lagrangian is SU(2) ® U(1) invariant
1 1
Z ZB;U/B/LV
B. =9,B,—0,B,, W3, =0,WZ—0,W?+ ge® WIW¢

L = (D,®)!(D,®) — m*oTd — \(dTd)? — ~ W3 W2, —

L
D,® = 0,0 +igWi 5o+ ég’B,ﬂ), Do = ...

Again for m? < 0 there is a non-trivial minimum of the Higgs potential
and a non-zero vev of a component, e.g. (0|$2(0) =7n/v2

In accord with the Goldstone theorem, three massless bosons
appear. The global SU(2) x SU(2) symmetry of the Higgs sector is
reduced to the custodial SU(2) symmetry
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EW bosons (I)

The gauge bosons of the SU(2) ® U(1) group can be represented as

1 iN/2 1 iN/2
Wi W

Wi =—+—7—+, . = ;
g V2 ! V2

W? and B, are both neutral and have the same quantum numbers =
they can mix. In a quantum world, “can” means “do”

0 _ 3
VV,u_VV/u

B,

W2 = cosfy Z, +sinby A,

B, = —sinfy Z, +cosb, A,
where 6, is the weak mixing angle, introduced first by Glashow,
0w is called also the Weinberg angle

Remind that we have to choose variables which correspond to
observables

N.B. Sheldon Glashow, Abdus Salam, and Steven Weinberg got the
Nobel Prize in 1979, before the discovery of Z and W bosons in 1983
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EW bosons (ll)

q>zi< Wa(X) + W1 (x) >’ ol —

V2 \ n+oa(x)+ig(x)

Fields W4 » and £ become massless Goldstone bosons. We hide
them into the vector fields:

2

- 2 gn
W= W+ o0V = My =3

/
Z, = LWO—LB,

V&R +97? "+
m/g?+9g°

2
The photon field appears massless by construction

0ué

= MZ:

Looking at the mixing we get
g My

cosf, =
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EW bosons (lll)
Non-abelian
W2, = 0, W2 — 9, W3 + ge® W2 WS

nv

leads to triple and quartic self-interactions of the primary W2 bosons,
since

1
L:_ZVVEVVVEV_F

N.B.1. Interactions of B, and W2 were not there.

But after the spontaneous breaking of the O(4) symmetry, and the
consequent change of the basis {W?,B,} — {Z,, A, }, we get

5

interactions of charged massive Wj bosons with photons =

/
e:L =gsinf,

V@2 +9g°

N.B.2. The value of the W boson charge (+e) is known from g
decays. The very construction of the SM requires phenomenological
input. Not everything comes out automatically from symmetry

principles etc.
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SU(2), group

We have chosen the SU(2) ® U(1) symmetry group. To account for
parity violation in weak decays, we assume different behavior of left
and right fermions under SU(2), transformations:

left doublets e ) (Y + 2 generations
€ /L d/,

right singlets  eg, Ug, dgr, (Ve,r) + 2 generations

The fermion Lagrangian is constructed with the help of covariant
derivatives:

i [— —
‘C(\U) = Z |:§ <\ULA/0¢DO¢\UL - DawLA/a\UL)
v

| [— _
+§ <\URA/aDa\UR - DawRA/a\UR)]

D, =0,v, + 9 ’g WPV, — igiB,V,
D,\Vg=0,Vp— lngaWH

N.B. All interactions of SM fermions with vector bosons are here. But

g1,2 have to be fixed yet.
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Interactions of fermions with EW bosons (1)
Fermions have weak isospins and hypercharges:

. 1 2g1
e <2’ g )
20
Ve <0’ g )
Looking at interactions of e with A, in L(V) we fix its hypercharges:
1
o (3 1)
eR: <0, —2)

The Gell-Mann—Nishijima formula works for all fermions:

Y

= I —

Q 3 + 5

where Q is the electric charge, I is the weak isospin projection, and
Y is the hypercharge
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Interactions of fermions with EW bosons (ll)

Interactions of leptons with W+ and Z bosons:
9 - - 92, |
E/ = _EeL’}/ﬂye,L W# + h.C. — m |:Ve’L’}/‘uVe’L
_ . 1— . 1
+&v, (—(1 —2sin?6y) 275 +25sin 6, 1;75)8]

g M2 . gz\/§ . 62\/§ . ye’
2\/5, W 8GFermi SGFermi Sin2 9W \/EGFermi Sin2 ew

jng

That gives My = 222 GeV, remind Mz = 2.

N.B. The Higgs boson vev is directly related to the Fermi coupling
constant
V= (\/EGFermi)71/2 ~ 246.22 GeV

QUESTION: Why the SM neutral weak currents do not change
flavour (at the tree level)?
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Self-interactions of EW bosons

w w w e w! V2
v ﬁ: E
W W W W ¥.2

Non-abelian symmetry of Yang-Mills fields generates self-interactions

{(QL W, —o,W )Wtz — (0.W, —o,WHW,Z,

w0,z -0.2)

e? L A
£4~—m{(WJWH) — WJWJWV WV]
2
_ 927‘_3023 b {W:{ W, 2,2, - WiZ,W, z,,}
sin“ 6,
€2 cos? 6, _ _ _
T {2 WIW,Z,A, — WiZW, A, — WAW, Zy]

2 — —
—e [W: W, AA, — WHAW, Au]
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Faddeev-Popov ghosts of EW bosons

SU(2) is non-abelian = 3 ghosts: ca(x), a=1,2,3
C_X*—i—X’ C_X*—X*
1= \/§ ) 2 — \/§ )
ﬁgh = 8M&i(8uci — Q€ijkCj W:) + int. with ¢
Mgp, int. with H

c; = Yzcos0, — Yasinty,

kinetic + int. with W2
Propagators of the ghost fields read:
5 D) = s Dx(k) =
T kxR T e gMEr i TN T k=g MR, + 10

Dy. (k)

where ¢; are gauge fixing parameters

N.B. Masses of ghosts Y,,, Yz, and X= coincide with the ones of
photon, Z, and W+, respectively. That is important for gauge
invariance of total amplitudes.
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Generation of fermion masses (l)

We observe massive fermions, but the SU(2), gauge symmetry
forbids fermion mass terms, since

_ 1 _1- 1 1- o
m\IJ\IJ_m<\IJ J;”ﬂw 2”’)( ‘;75w+ 275w)_m(wL\uR+wR\uL)

while ¥, and Vg are transformed in different ways under SU(2),

The SM solution is to introduce Yukawa interactions:

- + _ 0
Ly = —ys(O,dL) ( io ) dr — yu(U,dy) ( _(b(b_ ) Ug
- + _ 0%
—yi(wLl) < (Zo ) Ir =y (o0l ( _(‘qu, ) Vg + h.c.
N.B.1. Ly is SU(2), invariant

N.B.2. Neutrino masses can be generated in the same way as the
up-quark ones

QUESTION: Why do we need “h.c.” in Ly?
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Generation of fermion masses (ll)

Spontaneous breaking of the global SU(2) x SU(2) symmetry in the
Higgs sector provides in £y mass terms for fermions and Yukawa
interactions of fermions with the Higgs boson:

_v+H

Ly = NG [yd8d+yuflu+y,7l+yy17u}
i
my = —V
f \/é

N.B1. ;=099 > ye~3-107% > y,(?)
N.B.2. Coupling of the Higgs boson to a fermion is proportional to m
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Yukawa matrixes

Quarks can mix and Yukawa interactions are not necessarily diagonal
neither in the basis of the weak interaction eigenstates, nor in the
basis of the strong ones.

In the eigenstate basis of a given interaction for the case of three
generations, the Yukawa coupling constants are 3 x 3 matrixes:

3 - + (OF3
Ly=-3 {(UdejL) [(io))’,k dkr + < ¢¢ >y]k uk,q]

J k=1

+ H0%
+(ih) K(ZO ) Vi b + (_@@) yj(k’/)”kﬂ] } +h.c.

where indexes j and k mark the generation number

N.B.1. Charged lepton mixing is formally allowed, but not (yet)
observed

N.B.2. PMNS mixing matrix for neutrinos can be embedded in the SM
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The SM Lagrangian (on a T-shirt)

Look once more at the SM Lagrangian
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Parameters in the SM

Let us count:

> + 3 gauge charges (g1, g2, Js)
+ 2 parameters in the Higgs potential

+ 9 Yukawa couplings for charged fermions
+ 4 parameters in the CKM matrix
+ 1 strong CP phase in QCD (¢ ~ 0)

v

v

v

v

So the canonical SM contains 19 free parameters
+ 4 (or 67) parameters of the PMNS matrix

+ 3 Yukawa couplings for neutrinos

N.B.1. gs <> Aqcp, but Aqcp is notin Lacp

N.B.2. There is only one dimensionful parameter in the SM.
QUESTION: What is it?
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Interactions in the SM

How to count them?
— number of different vertexes in Feynman rules?

— number of particles which mediate interactions?

— number of coupling constants?
C I
r *MJW

_a D \(¢ |

The key point is to exploit symmetries. ..

Let us count couplings:

» + 3 gauge charges (g1, go, Js)
» + 1 self-coupling A in the Higgs potential

» + 9 Yukawa couplings for charged fermions

So the canonical SM contains 5 types of interactions

N.B. We can not say that any of them is more fundamental than
others
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