Lecture 2

The Electroweak Standard Model



The Standard Model

* The SM Is a gauge theory. All interactions are described by

Gsm = SU(3)e x SU2)r xU(1)y
—— —— —  —

Strong Electroweak

» Built with the input from experimental observations

- Some fermions feel the strong interactions (quarks). l.e. they transform under SU(3).
(For more on the strong interactions see Guilia Zanderighi’s lectures)

» All SM fermions transform under the electroweak gauge group SU(2);, x U(1)y



Building The Electroweak Standard Model (see 11.L20)

» Charged Weak Interactions:
-Experienced only by left handed fermions (Maximal Parity Violation).

- Evidence from [3 decay, i — € V,Ve , 1=~ decay, ...

Fermi description ﬁFermi — G—\/g (/_LL%LVL) (éLv“Ve)

Vv
7

H- - H-
suggests . <" > -
"_"e




* Neutral weak interactions (1972): first observed in v /N scattering

- Suggests a new neutral massive gauge boson / 0

- Also violates parity. But NOT maximally

» Electromagnetism: QED describes a massless gauge boson (as required by gauge invariance!)

-Photon couples vectorially. l.e. parity is conserved

In Sum:

- We need 4 gauge bosons
- 3 of them are massive in contradiction with gauge invariance
- The massive gauge bosons violate parity, 2 of them maximally

- Gauge theory must leave the photon massless, QED parity conserving.

*Get W* fromSU(2)r

“Try" SU(2)r xU(1)y

-Mix U(1)y with remaining generator of SU(2)r

to get photon and Z°
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The Electroweak Gauge Theory

Under the gauge transformations  SU(2); x U(1)y fermions transform as

@DL (CC) N eiaa(m)% eiﬁ(fb)wa wL (QC) i DMDL(Q?) — (a,u L igAZta . ZQ/szLBM)wL($)
Yr(x) — etB(T)Yy Yr(x) = D,r(z) = (0, —ig'Yy, B.)Yr(x)
Here:

c%(a=1,2,3) are the Pauli matrices (2 x generators of SU(2))

Yy, and Yy, are the "hypercharges" of the LH and RH fermions under
g,g arethe SU(2), and U(1)y gauge couplings
Al (x)(a=1,2,3)the SU(2); and B,(x) the U(1)y gauge bosons

a“(r) and B(x) arbitrary gauge parameters



Fermion representation in SU(2)

LH fermions are in the fundamental representation of SU(2)

— all LH fermions come in doublets since the SU(2); covariant derivative is 2x2 matrix
(Dp)ijj(x)

Ex: LH lepton doublet L = ( Jer > LH quark doublet @ = ( Zi >

€r

The hypercharges Yr and Y, apply to the doublets themselves

RH fermions are singlets of SU(2).

Ex: ep with Y..,ur with Y,,  etc.



Gauge Bosons

1 1
Lo = _ZFZVFCLMV . ZBW/BMV

Fy, = 0, A} — 0, A + ge®" " A A7 B,, = 8,B, — 9,8,

Gauge invariance forbids mass terms for the EW gauge bosons

E.g. 401" = g(@) (43(0)#7) g'(x) = (@u(a)) ' (2)

= M3.A2A% notgauge invariant = Mae =0

Similarly for B,

Gauge invariance forbids non zero values of My~ and My



Gauge Invariance and Fermion Masses

* Fermion mass term violates chirality

my PP = my YrYr + h.c,

‘But vY; and vgr transform differently under SU(2)r x U(1)y

— QZLTﬁR is not gauge invariant and M, = 0

Gauge invariance forbids non zero values of fermion masses



The Mass Problem in the Electroweak SM

* It Is possible to have gauge boson and fermion masses still respecting gauge invariance

* This is achieved by Spontaneous Symmetry Breaking of the gauge symmetry

- This does not constitute explicit breaking of the SU(2)r, x U(1)y symmetry

To get to what we need (The Anderson-Brout-Englert-Higgs Mechanism) we first need to understand

» Goldstone’s Theorem and the Spontaneous Breaking of a global symmetry (See I1.L9)

* Then study the special case of a gauge symmetry (11.L13)



Spontaneous Symmetry Breaking (1.L9)

* SSB refers to the situation when the ground state of the theory DOES NOT have the same symmetries

that the system has in general (e.g. symmetries in the Lagrangian)

Example: Scalar Theory wit a Global U(1) Symmetry

A
L= 20,6700+ om?6"6 — 7 (6°9)°

Invariant under  ¢(z) — e ¢(z) , o*(z) — e @ with ¢ a real constant

The potential

_ 1 2 % |)\ * 0 2
V——§m¢¢. 4(¢¢)

has a non trivial minimum at (0" )y = T =2

A
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But we need to pick (0|¢|0) Inthe complex plane

Isit () =v or (@) =1iv or <¢>=\;}§ | Z\Q/% ?

This choice is SSB. Once made it is not invariant!

Let us parametrize @(x) as:

o(x) = [v + h(z)] @/
Complex scalar field in terms of 2 real scalars: h(x) and 7(z)
We choose (¢(z)) =v and have (0|h(x)|0) =0 (0|7 (z2)]|0) =0

1 A
77(33) will not appear in the potential | = —§m2¢*¢ | 1 (¢*¢)2
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Re-writing the Lagrangian in terms of h(x) and W(LE) ;

1

1
,C — §8Mh8“h i

0, mo" T — m?h® 4+ interactions

with my, = vV2m m. = 0

Goldstone’s Theorem : Spontaneous Breaking of a continuous symmetry results in massless states.

Here:

m(x) is a Nambu-Goldstone Boson (NGB)
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Spontaneous Breaking of a Gauge Symmetry .13

What happens if the symmetry is gauged instead of global ?

We consider L = %(Dmb)*DMQb — V(Cb*@ i

F,, F"”

with D, ¢ = (QL + ieAu)¢

invariant under the local U(1) transformations

b(z) = €@ () Au() = Au(z) — “0,0(x)

€

Same potential V' = —%m2¢*¢ | i\ (¢%)° with the same minimumat ~ (¢(x)) = v

Expanding around the ground state with  ¢(z) = [v 4+ h(x))] eim@)/v 2 UZAMAM = M3 A, A"
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Gauge Boson Mass

1

1 1 1
L = §(DM¢)*DM¢—|— e = §8Mh6’“h |

26’M7T6’“7T | ZBQUQAMA“ +evA,0'T+ ...

i MA:«EU

But what about the term mixing the gauge boson with the NGB ? AVAVAVAVAVL"

This mixes the polarization of Au(ez) with O 7 i.e. the momentum p*

The polarization that mixes must be longitudinal! The gauge boson is not only transverse anymore!

Massless gauge boson = 2 transverse polarizations

Massive gauge boson = 2 transverse + 1 longitudinal (provided by the mixing with the NGB! )
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Unitary Gauge:

We can choose a gauge with only gauge bosons and NO NGB!

Since
6(@) = [v + h(@)] ")/

we can get rid of w(x) by

d(z) = ¢ (z) = W p(x) = e E V()

Rewrite the lagrangian with this field ¢’ () = [v + h(x)] from the beginning

1
Or (Exercise) use A, (x) — A, (x) + —09,7(x) on the previous L
ev

Result: no NGB. Only h(x) and A, (z) with 3 polarizations
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Some Comments:

» This Is the Anderson-Brout-Englert-Higgs Mechanism

* The lagrangian never changes. SSB means that the ground state does not have the same symmetries

asﬁ

» But the symmetries are a property of L, so symmetry IS NOT BROKEN. Just hidden by a change of
variables. In particular currents are still conserved

0,J" =

» This model was first used by P. Anderson to describe superconductivity (1958).
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The ABEH Mechanism in the Electroweak Standard Model (See I1.L19 and L.20)

Back to the EW gauge theory SU(2);, x U(1)y

To implement the desired spontaneous symmetry breaking we introduce a scalar field.

Sincewe want SU(2);, x U(l)y — U(1)gm i.e. 3 massive gauge bosons (photon stays massless)

—> We need 3 NGBs to “turn into” longitudinal polarizations

We introduce the SU(2);, doublet

H — ( 2 ) with U(1)y hypercharge Yg — 1
¢ 2

Here ¢+ and ¢O are complex scalar fields

® contains 4 real degrees of freedom: 3 NGBs and one massive real scalar (Higgs boson)
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The Electroweak lagrangian (ignoring fermions for now):

1
L= (D,®)' D'e — V(@®) — JFp, P -

1 |74
;B B

with D, ®(x) = ((‘% — ig Al (z)t* — ig’BM(ZC)Yq)> P (x)

and the potential V' (®'®) = —m?(®T®) + )\(CIDT(I))Q

has a non trivial minimum

2 2
T U
(PTD) = =
2 2
0
In the unitary gauge, we can write the Higgs doublet as CID(X) — v+ h(x)
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Gauge Boson Masses

The mass terms for the gauge bosons can be obtained as

[ mass = Dyu!! " DMII"

Y

1 ! v o v pu O
=50 v) gAit*+ gV B, gAM’+gY B ©

1 ve?
L mass = 5 - g*ALAM + PASAH + g°ASAM + g°BB" I 2ggA>BH

1 2
I { Apl and Apl OK

But A} and B, mix

19



Charged Sector

1 v p 2
W | A“#_'A
: 2
2\ 2
W _ g-Vv !
Lmass A WJW g
Neutral Sector
1 v?2 |
i = STAL B

Diagonalize the 2x2 matrix — M 72 =



Neutral Sector (cont.)

Neutral eigenstates

A, ! | ! ‘A3 + gB i
92 + g2 JAp ™ 9B
1 1 3 ) I #
Z, ! | T gA, " gBy
It Is useful to define 0
coslw ! 7t g2
Z, _ cosly
So that Au — sin!W

21




Gauge Couplings of Fermions

Come from the covariant derivatives

Charged Couplings

| ig!Aﬁt1+ Aﬁtzn = | i%. V\Zﬂ
Ex: Lepton LH doublet L, = B L
L = (Be, ﬂ_)"”-gz - V\% V\g‘+
= %' @, Mo W e "H, W
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Neutral Couplings

| " | " 243 in!2
L . gt gy,
gt AL igY By Ly = igsiny lt3+;(! L¢Au! i o g!ZL
= Qi
€= g sin!y isthe QED gauge coupling
- 1U2+Y 0
Q) .= t3 + Yy, = 0 L 12+ Y, IS the charge operator
| o
EX.: Lepton LH doublet
] Q!eL:1/2+Y|_:O
I_ — .e!l‘ | Y|_ — 1‘
eL Qe!:!1/2+Y|_:!1 2

L

Prediction of couplings of L to Z,,

23



For the RH leptons we have Q. =Yy =11 and Q.=Y. =0

Imposing the known photon couplings we fix the hypercharges of fermions

This becomes a prediction for the couplings of the Z,

The Z;, couplings to a fermion (LH or RH) are given by

igcoslwt®! g'sintwY Zy" =li—— 31 sinfly Q Z,"
cos! w

Justset t2 =0 for RH fermions

24



Z 1 couplings to leptons

Z 1 couplings to quarks

g 1
cos'yy 2
9 |} in?l
cos! . 2+S|n W
J | qin? |
CoS! w oSINT Ty
g 1 .5 2
— 1 sin“lyw =
cosly 2 W3
g 1+ o1
l —+sin“!lyw =
cos! w 2 W3
g i 2
I sin“ lyw =
cos! w W3
9 . 1
SIN“ Ty =
cos! w W3
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Fermion Masses

Although the fermion mass operator ¥ | r + h.C. is not invariant under

R L GO L A CON I

N = A COR L S

The operator of Yukawa interaction with the Higgs doublet !ﬂL ] R
transforms as G 11l 1Lt Vi Y +Yig)h(x)

and is gauge invariant, provided that

1Y)

20



Since

0
(X)) = vyh(x)
2

This operator results in both fermion masses and the interactions of fermions with the Higgs boson h(X)

Electron Mass

| e@! er +h.cC. | e Is the electron Yukawa coupling
O
L v+!h(x) ' 2 5 .C.
2

The electron mass is

27



As a consequence fermions couple with the Higgs boson with coupling strength

M h(x)¥ 1 g +h.c
V

Similarly for down-type quarks

—

| d q ! dg +h.cC. is gauge invariant  (Yq = é,YdR

= mdﬂdR + !Hd h(X)(ﬂ_dR +h.cC.

and |

28



For the up-type quark we need to define

v+..h£x) "

1
)= iz =" T 8 with Y= 5
0
This is stillan SU(2)L doublet So the operator
: 2
| u @ I Urp + N .C. is gauge invariant since YUIR — é

Then this results In

29



Fermion Mixing 3 generations of fermions i,j=1,2,3

_ i : ] | "
! LHF — !lJJ q ; !_UR,j + !CJI q,i!dR,j + !é q_,i! R,

With the 3x3 Yukawa matrices ! 'd | g and | g generally complex and non diagonal

Mass matrices in the gauge basis are complex non diagonal !

MU = 1! sz same for M(Ij and M/

Need to diagonalize mass matrices

m, O 0 . . .
MSIiag. -" 0 m. 0 9%, Rotate the fermions (unitary transformations)

0 0 my to the so called mass basis
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Quark Mixing

— o iy ' ] A4

Define the unitary quark transformations
u. ! S up Ur ! Sg UR
d ! S’d dr ! Sg dr

such that

(SI) MuSk =M™ (S{) MgSg = Mg™®

Important consequences:
» Absence of Flavor Changing Neutral Currents at tree level: from the unitarity of the S matrices

* CKM in charged currents

31



Charge Current and Cabibbo-Kobayashi-Maskawa Mixing

—_ g I | + ||g d ' . +
Lch. = szﬂl | d +h.C. | —é((SE) SL)ij WIL! “dJL W“ + N .C.
VCKI\/I | (S|l_J ) SE ' Quark generations mix in the charged currents
u U U
E.Q.
g Vid Viss Vip
d s b

VCKI\/I Contains one non trivial CP violating phase

ofor more on Flavor and CP Violation see lectures by Matthias Neubert

of-or the case in the lepton sector see lectures by Renata Funchal
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