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A short course on the EW Theory

We start from the basic principles and formalism
(a fast recall).
Then we go to present status and challenges

Content

« Formalism of gauge theories

« The SU(2)xU(1) symmetric lagrangian
« The symmetry breaking sector

* Beyond tree level

* Precision tests

 Problems of the SM

« Beyond the SM
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Spontaneous Symmetry Breaking

Borrowed from the theory of phase transitions:

Ferromagnet (Landau-Ginzburg, classical)

At zero magnetic field B

2
F = F(M.T) = Fo(T)+ suX (DA + i’y +..
22 2 4 )
A/
Free / Temperature M small

energy  Magnetisation (analogue of renorm.ty)
_ _ _ _ MT)0: stability
F 1s rotation invariant.

Minimum condition: g_f;r =0 —>[uz(T)+l{T)M2]H =0

Two cases:
@ w(T) >0 u2(T) < 0
Solution: M,=0 Solution: My2= —u2/A

G. Altarelli »
" Critical temperature T.: u?(To) =0



@ v () >0 12(T) <0

Solution: M,=0 Solution: M 2= —u?/A

1

Here the
actual symm.
Is rotation
around z

T A line of m
Unique minimum: no SSB

The symmetry is brokeNh when
| the system chooses one
G. Altarelli - - - -

particular minimum point



Goldstone Theorem: When SSB of a continous symmetry

occurs there is a zero mass mode in the spectrum with

the quantum numbers of the broken generator.

D;(x) —» P'j(x) = U; @;(x) 0, ~ iZertALi~ iet;o,
. . tA: generators

U= exp[letAeA] ~ 1+ IZAtA8A+ 0(&?) ¢A: parameters

Hami_ltonian — I - ‘a”d)‘i V()

density
¢%: minimum of H (note constant: no gradients)
. oV .
minimum —» - =0
ﬂlq)r _
=0
symmetry —» 3V — oV 0, = i;..q;. =0
d¢; Jo; 7o
another derivative at 2y
the minimum —> i3 i
IPEOB; | o




2
a“vVv 0 B 2 0 B MZ—% B
III | | — M IIII | | — I — D
000, =0 ”d)d' ki ”d)d' { ¢ﬂ}

This is an eigenvalue equation for the (mass)2 matrix M2:

All generators leave
¢ (“the vacuum”) inv.

symmetry

Either (Iq:.o) = 0 forall th =

— Non vanishin
Or for some tA “q’ﬂ) =0 = eigenvector ofgl\/l2 with

zero eigenvalue
Goldstone boson

For each broken generator tA, there is a GB with the
quantum numbers of tA
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SSB: quantum versus classical

For finite § d.o.f. quantum effects remove degeneracy

e.g. Schroedinger eqn.: V(x) = - u2x2+Ax4
Eigenvectors:

<HV[+> = <|V|-> = a V = [a b] ~ [+>%]>
<HV[->=<|V+>=Db b a]— Eigenvalues:
b~ exp[-dh] (tunnel) =azxb ?

Vacuum Is unique!
While, for d.of. and volume

|

T : ; <V|HlV>=9,,
\ S Hv== 0
_g.d +

and vacuum is degenerate

Also, classical potential corrected by quantum effects
Vg ~ -u2d2+ A4 + yd4(logd2/u? + ¢) +...

G. Altarelli Classical Quantum corr's
tree level loop expansion



SSB in gauge theories: Higgs mechanism

In general SSB ====p Goldstone bosons with quantum
numbers of broken generators tA :

2
0"V
Mii:

2+AdPH0 — tAPO not O

In gauge theory with Higgs mechanism

Symmetry broken by vacuum expectation values (vev) of
Higgs field (scalar fields otherwise Lorentz also broken)

——> No physical Goldstone bosons. Become 3rd
helicity state of gauge bosons with tA quantum
numb'’s that take mass

The Higgs potential has an orbit of minima, and the
Higgs fields, like magnetisation, take a particular direction

G. Altarelli  ymmetry restauration possible at high T (early Universe)



“wrong” sign

Simplest abelian U(1) model (Higgs) ‘/

1.2 : 271 2.2 1 4
L = _EIFH""-I_ ‘{SH—IE’A”N}‘ ‘|‘§H |¢'| —21?"—|¢|
Invariant under (U = exp[iQeg(x)]): {Au = A=A +0 ¢
2 (Q9=0) p=¢' ="My
0O v | 0
f ¢ = BoANR (real 0) (¢ = constant=<0|¢|0>)
one must shift (small oscill.s about field=0):
xX)+v . 1
¢(x) = F‘("jﬁ expliex,(x)/ 2] A=A+ ;6‘”}{(1}
(<0|p|0>= <0|%|0>=0)
1.2 122.2 12 2.2 2 2
L = _EIFP"*’JFEE V A“+§£ P A“+ e pI*A”-I-LF{p)
G. Altarelli mass term  NO %(X), A, massive

(same number of d.o.f.})



1 2 1 2 —
L = _EIFW+ (8, —ieA, )¢+ ol lltbl

o(x) = F’“’jﬁ expliex(x)/ /2]

I = _lpz 121:;12 % pA +ep1A +L(p}

4 w3

L(p)—l 2 (p(.]f)z-l-l) 4?», (p{x)4+1}

Expanding:
L,(p) = 5p gt =M Tt %Pz[iuz—%pzﬁ... = —%pzl_lz-l—...

1

G. Altarelli The p mass has the right sign!



The Higgs mechanism was discovered in condensed matter
physics. e.g.: Superconductor in Landau-Ginzburg approx’n
Free ener Wrong sign
N 1,2 12 ,. - /z 4
F = Fo+ 5B + - |(V-2ieA)§| —alo|”+plo|

|o]?: Cooper pair density (e-e-: charge -2e and mass 2m)

“Wrong” sign of a leads to ¢ not 0 at minimum ?

® No propagation of massless phonons (v =k v)

e Mass term for A -> exponential decrease of B
Inside the superconductor
(Meissner effect)

G. Altarelli



L= Lsymm + LHiggs In general ¢ = ¢' (several multiplets)

o ¥
Ligiees = (D, ®)T(D"4) ~V(61¢) ~ [¥Tppé+he.]

d

T 4 :2- . - 41
VieTd) = n oTo+A(pTd)

2 No more than quartic
for renormalisation

Only weak-isospin doublet Higgs ¢ contribute to
fermion masses (y, doublets, 1y singlets)

All non trivial repres.s break SU(2)xU(1) and
give masses to W*and Z

Minimal model: only one Higgs ¢ doublet
G. Altarelli



singlet
: _ A
Fermion masses: [wyTwpe+ he ]

¥ 4
doublet doublet

With one Higgs doublet: gfl_pﬂlpﬁd) —> Mg = gV

A

Ugly: each mass one new
coupling

Large mass ratios (m,/m, m,/m,...) imply large
coupling ratios

Fermion masses demand a more fundamental theory
(at Mp,?)
G. Altarelli



Gauge Boson Masses Liges = {DLI¢}T(D*‘¢)+..._

" | A-A Y ou Recall:

¢ = au T f-ggf WH +1g EB ¢ W =cyZ+s,,A
B= -syZ+c¢,,,A
tg@W=SW/CW=g’/gI

Zero photon mass -> Q unbroken

Qv=(t3+Y/2)v=0: only neutral — €.§ for a doublet:
components of ¢ have vevO oY O
o« mo,W AW = g%\l y| W Wt o
H AJE 3 @ t+\,|2=v2
1 2 3, Iy |? t3v|2=v2/4
¢ iJWZZ”Z” = ‘Ili_g-:wa‘ _E'EWE;JU Z”Z”: | /

Qu=0—2 (o1 g5 )1V Z 74 = () |y Z 2"
Ew 8w
M \ Cy/ M

G. Altarelli Thus, for one doublet ¢: m%,,; = %gzvz = micnszﬂw




2
My

For doublet ¢: po= 55— =1 (Tree level)
MzCos By,
1 +- -+ 2 33 2
EE{:I b+t >V E{I(HI)—I r>vy
In general: py = * 3 - —

2 33 2
2<t t :}F(P EZ-::I t :}vq}

o

In general, at tree level, p, =1 + Ap,. In the SM with
radiative corrections: pc,; = (1 + Apsy) Po

Exp. puts a strong bound @ 3Gme
on Ap,: Apsyr =
pO 8:“:2/\.&

(po)EXp = 1.0004+0.0006 Eyp—.
(m.~115 GeV) PDG'03 | Note: v=2=/2Gg12~174 Ge\g/
@ 2 122 Gr
v' and =

- Mar = =
G. Altarelli W 23 2 31’”%{;




H: physical Higgs field

Higgs couplings
) o _ Note: normalisation
N 0 Charged auq;’ra”q;

o) = | D= | iy
¢'B(I) v jﬁ) Neutral 1-:':‘IULJE'-.EIIULI:F
I _ _ "Recall:
D% = a;u+"3}£’ﬂwi?+"3'}§73”]¢ 2 122 2 2
- My = ig V' = m,cos ElW
L
LHfggs - {Dl_ld)}T{Dl ¢I:| + e, = %a”Ha”H-l-L{H, W, Z)
2 2 2

o
—=W, FTW'H = gmyW TW'H

1 _fﬁﬂ
Fermions (after diag.) >“““W“

| . omy H .1/4.1/2 _
G. Altarelli f Vg J‘RTHE GF IHf'leL'leR

ZU

S

42 4 ZA/FEW \ SCW



Higgs width and branching ratios

! 1 it _
(Al E —_ ]
£ Ebb N/ e el WW
T{H) [GeV] o B
. ol _
10 = = ﬁ i s -
' o T
. = f
T |
| u . m II
. II __
1 —
1 —
Ll - E II ]
: —
! _
i
| —
AR b 3 .'II
f My 16V
L 1 L | A

| L
200 300 500
mo [GeV]

0,in]
L] / LT A w11 Timl

Iy ~few MeV near the LEP limit,
~few GeV for intermediate mass, ~1/2(m,)3

(I'y, myin TeV) for heavy mass.



Note

* In spite of mp~m_and colour, B(H->tt) ~ 3B(H->cc)
Due to QCD running masses m_-> m_.m,) ~ 0.6 GeV

® In spite of m; >m,,, B(H->WW)~3-4 B(H->tt) for heavy H

Due to behaviour of W polarization sums
(k+k’)2=mH2

. . / k k o/ Ly "a /M { M
A* A Bu* Bv [ puovl( o v k H) B H
;;;EH €ve ¢ n ‘ glw—'_ 2 ‘ ‘ § 7 2 | ‘m ‘ ‘m ‘ +3
\ My / \ My / W/ W/
and I'(H->tt) ~p,3 (P-wave), T (H->WW) ~
2 2
B g t 3
Bi>=1-4m;?/m,? Ly = NC32:E[IHHJ Py
gz My - _1 4111%;’, . My 14
I I = _ + _
G. Altarelli W 64“[”*WJ ﬁﬁf”fﬂ 7 ["”HJ
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Quarks and leptons exist in different flavours

within one family and across families

Huuv, cccvu .frrv,c

ddd e 5585 u bbb T

At tree level only charged-current weak int's change flavour

.

<_
\
1

4

e Y K
= = = |
q g q C|,| = C|,| C|,|,V = C|,|,V C|,| [ C|,|
Z Z Z
QCD QED Neutral curr.s Higgs
G. Altarelli GIM needed only 1 Higgs

per charge sector



Fermion masses LHiggs = -y I'ypé+hel]

\ Yukawa
matrix

Only Higgs doublets ¢ can contribute

Masses arise when ¢ is replaced by its vev v f more doublets

- g X
ﬂ{f'l_l" — "l.l"LJfff'll"R + T'Il'R*-Il!’ffl_'ll'll M —_ FV (=erlvl)

By separate rotations of the L and R fields one can make

M, real and diagonal: Ut qUg=URgU*g=1
Pdias = Uy,
Pr4128 = Uy

M commutes with Q ——>  Separate rotations for
up, down, ch. leptons, v's

==> [Myg = UM Ug = U*M*U,

e.g Uu ., Ud ; etc
G. Altarelli ' '



Left-doublets

CKM Matrix . - [u~[cl][t] 3

dl
“@LLW

. d|]s b’
/ W-eigenstates _
d’ d Vud Vus Vub (d] mass
[ 5'] — VCKM > — Vcd Vcs Vcb S / eigenstates
b’ b - th VtS th -~ \ b y

Vo unitary (change of basis): V*V=VV+=1
Neutral current diagonal in both bases:
(H'E’,B’)[S] — s, b) V+V [f]

' b’ 1 b
© An equal number
- - - - of up and down
d’d’+S’S’+ b'b’ = dd + SS + bb needed

Glashow-lliopoulos-Maiani ‘70
G. Altarelli



The neutral current couplings are:

— 3 . 2

COS EIW

\ zero for q&l
For GIM to work all states with equal Q must have
the same t3, and t3;

was not true in old Cabibbo theory: d=cos0.d+ sinOs
(u,do), doublet , s singlet Sc= -sinf.d+cos0s

@ In the t3 part there is d.d. but not s.s. and the
FC terms cosO.sin6.(ds+sd) are present

The charged current couplings are:

Sy (1-yg)d- W, — Vegy = Uf Uf

2.2

G. Altarelli o _ _ — ., u.
Note: kinetic terms diagonal in both bases  uprv o,y + ...



More Higgs doublets?
Beware of FCNC, e. g. d

S

To avoid FCNC (and CP viol) in the Higgs sector you need
to have at most 1 Higgs for u-type quarks,

1 Higgs for d-type quarks, 1 Higgs for e-type leptons,

(1 Higgs for v-type leptons)

In fact diagonalisation of masses M=I"v'+ I'2v2+ ...
guarantees diagonalisation of couplings T''¢'+ I'2¢2+...
only for a single term (then masses and couplings are
proportional)

For example, in SUSY models there are H" and Hd that give mass to
t>=+1/2 and t3=-1/2 states, respectively.

G. Altarelli



Counting Parameters in V,

Assume there are N down quarks: D' =V D, V ~ NxN unitary matrix

V ~ NxN —— N2 complex numbers ., N2 real parameters
unitary matrix - N2 unitary conditions

Freedom of phase def.: TOTAL:

2N quarks -> 2N - 1 relative phases N2-(2N-1)=(N-1)2
(currents YW insensitive to overall phase) physical parameters

cfr: a NxN orthogonal matrix has N(N-1)/2 parameters
00™=0T0=1 > N2-N(N+1)/2=N(N-1)/2

N (N-1)2 N(N-1)/2 angles phases
2 1 1 1(60) 0
3 4 3 3 1
4 9 6 6 3

G. Altarelli



A phase in Vo,, = CP Violation
h.c.

ULYMVCKMDLWM + BLYM\I+CKMULV\I+M «—
Parity: Py, P! = Pyy,
Charge conj.: Cy,C!' = C T (—
Time Rev.: Ty, T- 1= TKy,

1: creates f, ann.z
W :ann. f, creates f

Complex conj. of c-numbers: T antiunitary
TeyT1=c*TyT"! [x,p]=ih

(CPYUY,V ckm DWWt (CP)! = BLYMVTCKM U W=t

If V is real then VI=V+ and CP invariance holds,
otherwise is violated. Note CPT always holds:

(CPT)ULYMVCKMDLWM(CPT 1= _LYM\I+CKMULV\I+M

G. Altarelli ) .. : :
Any Lorentz inv, hermitian, local L is CPT inv.



A simple example

Three charged scalar fields A, B, C for the decay A -> B+C

All products are

L = AAB*C* + h.c. = MAB+C+ + A*A+BC
normal-ordered

(CP)L (CP)-'=AA*BC + AN*AB*C+*  (Under CP A<-> A+ etc)

(TCP)L (TCP)-! = A*A+BC + AAB+C*

TCP is always true while CP invariance holds for A real

G. Altarelli



1 0O C,; O s,;e® Ci2 S12 0
V= 0 Cy3 553 0 1 O S12 G, O -

o ; : is
Maiani 0 523 C23 S13€' 0
S;,=SIN0
_-6
Ci3Cip; Cy3Sy,  Syz€”
eee eee C'|3 523
Ci3Cy3

Wolfenstein parametrisation:

[ 1-A\2/2 A
vV~ oy 1-32/2
L AN (T-p-in) - AN?

Ciz 0

O 1
PDG'02

s,,~ 0.2196+0.0026
S,s~ (41.2£2.0)10°3
5,5~ (3.6£0.7)10-3

S12= A
S,z = AN?

S35 €10= AA3(p-in)

AL (p-im) |
AN\?

1 4

A = 0.85%+0.05

G. Altarelli

(p%4+1?)1/2=0.40%0.08

+ o(A\%)



More precisely S, =

r 12 14 {42
Ves = 1= 5% — 2t (1 +447),

| 1
Vib=1—=A°AY, Vea= A+ AN 1 = 2(0 +in)],

T >
Vs = A+ 00N, V= AN (o —in). V= AN + O(N\¥),

Vie = —AN + %A}ﬁu —2(p+in)),  Via=AN(1—0—in)

G. Altarelli



Unitarity Triangles VV+=1->V, V¥, =4,
For example: V. ,V* ,=0 >
a —» d S b

AN3(1-p-in) - AN+ AN3(p+im) =0

Can be drawn as a triangle (other 5 triangles are either
. equivalent [V_,V*_4] or too flat)
VioV*ub VidV"'ud Al have same area ~J

| In SM all CP violation
ViV s is proportional to ?

2+Area = J = nA2)6 ~ 11(0.85)2(0.224)6 ~ 1 9- 10°5

J ~ s, S5 5,35INd Jarlskog

G. Altarelli : :
Note: Viy=[Vi4le™P, Vp=[Vyple™



Lubicz, Durham ‘03, hep-ph/0307195

p=p(1-22/2) = 0.178+0.046
M =mn(1-222) = 0.341£0.028
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