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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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General formalism of non abelian gauge theories

®_(x): multiplet of fields (a=1,2,...,n)

Internal symmetry: o_,(x) —» @', (x) = U_, @ (x)
%

A=12....N @ d'=UdP internal: x unchanged

\ tA'
_ _ . generators
U = exp[iZisthe?] ~ 1 +i2,theh+ 0(e?) 5 ca. |gaarameters

Infinitesimal transformation

Generators may: commute abelian
not commute non abelian

[tA15] = IC g t* Casc: Structure constants

AeR define the group
Trt*® = 1/2 0,5 «—— depend on normalisation

in fund. repres.
A Bl $C — ;
G. Altarelli TrtAe%] ¢ I7CABC - con_1p|. :
antisymmetric



U= exp[iZAtAeA] Global symm.: A constant
Local or gauge symm.: eA= ¢A(X)

Consider a lagrangian density invariant under a global symmetry:
L[®, a”-:I:-] = L[ D, a”tI:-'] = L[U®D, a”UtI:-]

In general it is not invariant under gauge symmetry:
a”{UtI:-} = U{a”-:I:-}+{a”U}tI:-;-: U{a“t:[:-}

But L[®, D, @] is gauge invariant if (D, @) = U(D,®)

D, is the covariant derivative, a linear operator that
: . A A .
generallzes all — D” — a”+1g2}‘ V”(,t):a”+fg1*’”(x)

N . \ -
Def. v - z Ay gauge fields
A-1

SOIUtiOn: V'“ — UV”U_I -.i(f«‘”U]U_l
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This is how the gauge fields must transform



. A_A . S R QPPN |
D” = a”+1g2! V”{,t):a”JrIgV”{x) V W Lif”L _E(UML)L

Here is the proof that (D @) = U(D @)

(D, @) = (3, +igV,)®' =

=[a,+igUV U —(a 0)yu ue =

—Us ¢>+{/K¢:-+fgw O {/Mﬁ:-—

= U(o w’ *'gvl}@' U{Dp@) Electric charge

e
Note: The abelian case (QED) U=exp[iQe(x)]

1{ E : 1{ g QV — OV —Qvu—é-iQaus(x)g/i@é-ejx‘é

. g=¢e
finally:
1

G. Altarelli  Ordinary gauge invariance Vi =V —~-8 g(x)
for the photon : e M



Kinetic term for VApL
[D,.D]® =igF & From (D,®)'=U(D )®

one gets (F,,®)'=UF, &
F,,=UF U!" <«— orfF, /o'=UF U'UD

™~

Thus: Adjoint representation
Tr Fw' Fw'=Tr U FWU'] UFvU1=TrU'U FWFW= Tr FWFMV
Note: F =2,FA t* and

TrF  Fuv= 2, FA FBWTr tAtB=1/22 FA FAw
H—I
1/2 A8

Thus a gauge invariant lagrangian is given by:

G. Altarelli Ly =-1/2 TrF, F+ L[®, D @] Yang, Mills



[D,D]J®=igF, & =—=> [6,+igV, 0,+igV 1P =
ig{o,V,—o,V, +iglV, V 1}o

Fiw=0,V,=0,V, +ig[V, V]

or, from F =2,FA tA and [tAtB] =iCpptC

A

T

Bvl‘f:‘

v

A A
F 0,Vy—0,Vi ~8CapcV

Note the abelian limit

va - apvv_avvp
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The Electro-Weak Theory

At first sight unification of electromagnetism and of weak
interactions looks difficult:

* QED is a vector theory, charged weak currents are V-A,
neutral currents are a mixture of V and A
—— violation of C and P

« v is massless, W*, Z are very massive

In the SM the first problem is solved by making particles of
different chiralities to transform differently:

the SM is a “chiral” theory

The second problem leads to the concept of spontaneously
broken gauge symmetry and the Higgs mechanism.
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Chirality 1y : Dirac field

i 1—1’5 — 1+"r'5
Def.: .y, = — W v = vl = $—5
{ 1+?5 —— > o 1_?5
YR =5 YR = WRlYg = V5

V==Y, 1st=rs vst=1, {vsYsi=0

In the Bjorken-Drell basis: 7o = E 0}-?": O_G Y5 = {0 1}

0 -1 i 10
+= 1/2(1xys5) are projectors: (all entries are 2x2 matrices)
P.P.=P_; PP =P_;P,P=PP.=0;
P.+P =1

P, project over definite “chirality”. For a massless

fermion chirality = helicity
G. Altarelli



B T4y I —ve 147 l —vye,
v = W 7t 25)F( 7t 25)‘P

Two classes of Dirac matrices:

I'c=1, v5, 0, @ commute with v5

I::> 1;]__’(:,1_') — 1*1LFC1*1R—|— wRFCl'JL

\

e.g. @ mass term

PMy = p My p+ypMy; chirality flip

Ipo =Y VY5 © anticommute with ys

|::> 1?].—1‘&1*" = 'lf"L].—‘Al'lr"L + %1RFA;H1R
e.g. cov. derivative term /ch'irality no-flip

— .= — = — .= e 1
viDy = ypiDyp+ypiDyp (D =y D)



Note:
yMy = yyMyp+ypMyy

A mass term can be symmetric only if ¥, and W have
the same transformation properties.

A covariant derivative term can be symmetric also
if ¥, and W; have different transformation properties.

In the SM the symmetry group is SU(2)XU(1), but all ¥,
are SU(2) doublets and all W are SU(2) singlets.

|:”:| ' HR: dR |:vi| ’ vR (?): ER
dlr elr
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The Standard Electro-Weak Theory L=1L

Glashow, Weinberg, Salam

symm + I-Higgs

Ls,mm (introduced by Glashow in ‘61 for leptons) is a gauge

theory for massless fermions based on SU(2)XU,(1)
3

1 A _Auv 1 TAY — . — .=
Lsy.rn..rn. ~ T 4 E vaF _ZprvB + wriDyp+wpiDyp
A=1

* There is a ¥, ; term for each quark or lepton multiplet

o A A, ., ]

A . A . A B _..C
* Fm, = a”WV —avW“ —gEABCW” W,
Embedding of the
* pr - U”B\,—ﬂ B electric charge in SU(2)XU(1)
[tAtB]=lepptC Levi-Civita _ A, Yp o _ 3. Yp
“— SU(2) Q=11+ =g+

Tr tAtB=1/2 6B fixes norm of g,g’



All ¥, are weak isospin doublets
All ¥, are weak isospin singlets

t3,

+1/2

-1/2

+1/2
-1/2
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Yi

1/3
1/3

Q=t3+Y/2
Y Q
2/3
-1/3
4/3 2/3
-2/3 -1/3
0]
-1
-2 -1



Gauge couplings to fermions
A A L]

(O Charged Currents

1 .2 1 ....2 I S —
1...1 2. .2 it + 1t W —iW 't W W
(t W + £ W) = of - +he]l= g +
: Y Y A Th
1 ....2
+ 1 2 —+ +
t =t +it we = W =iW
2

Putting together L and R:

+ +
3"-_I’"i"u IL _ 1_?54_ IR _ 1+?5
S22 2 2

As t*,=0 for quarks and leptons, CC are pure V-A

P W; + h.c.
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7 — }.*(1—]’5) 1 — (1—”';’5)

g v,y e ey, v
L Zﬁ qg_m%v I Zﬁ e

negligible/ ¥ we anticipate the W mass

2
Svy L=yguer (L-v5)v, = v y"(1-ys)wer,(1-vs5)v,

Smﬂ, 42

Relation with old Fermi theory GF 32
(tree level) > — =

G=1.16639(1).10% GeV? 2 Sm%{;
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Neutral Currents . .
O Relation with y and Z:

gI3W3 + g'EB W3 =sin6,, Aﬁicos@v\,zpL Def. of
2 B =cos0y A - sindy Z, SinB,,

Photon couplings: pure vector, ~Q

. . 3, Y
A, multiplies:  gsinBy, - + g'cosOy; - 5

Since (t>+Y/2),x=Q for gsin6,=g'coso,=e or g'/g = tgoy,
we obtain:

Y 1— Y 1+
_ 3 L Vs 3 R 15 _ L
Py [(fp+ 5 ——= + (gt ) —5—IpA'= E’WTLIQWAI
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Neutral Currents . .
O Relation with y and Z:

gI3W3 + g'EB W3 =sin6,, Aﬁicos@v\,zpL Def. of
2 B =cos0y A - sindy Z, SinB,,

Z couplings are now fixed:

. g . 3 :
gcosBy, - 3‘5 —g'siBy; - }E = (gcosBy, + g'sinBy)t —g'sinby, - O

/ v\glfivll EIW

Q_t3 . EDSBW
B g 3 .2
— 1~ — ) oo,
cosB W{ Cstn W )
1 —v 1+
g — 3 5, .3 5 . 2 I

Finally:
cosB
44

— 3 3 . 2 — I
8 Gy L1 (1 —y5) + fp(1 +v5)-20sin "0y Iy Z" = 2m§aw"’""u["']"’z

2¢cos EIW




As for CC we can derive the effective 4-fermion interaction
at low energies

f f 2 |
— — |
S — v [y M Ty
f 7 f' 4cos By q —my
. Gp  ¢*
At g><<m;?, recalling that —~ = =
f2 Sy,
2
My B o |
Ly = ~2Gp ———— v [ Jv v [ Iy
M7COs By,
T P

We shall see that p,=1 to a very good approximation.
Thus the intensities of NC and CC processes are comparable

G. Altarelli



3- and 4-gauge 1 : A pApv ] v
" Ls}’mm -~ E Fqu _ZIBLWB +
couplings " .

A=1
A A A B...C _
Fuv - SMLVV _avlwp _gEABCLVp va BPV B SI‘B‘*’_S"BP
3
R 1 A LA 1 A B vC
3-gauge coupling: -7 E F F =2 Z'agEABCa“WvWI W
A=1
W « 1,2 -> W+
must be
Y.L €123 3L
W Only W5 not B!
. 3 —c1
(obvious) W
g ww = 8C0sBy, = ecotgh,y e e
larger by factor ~1.83
(larger by ) ZW "

4-gauge coupling: %lgEW’EWS(W“EWVC_W{lCWvE)



3-gauge coupling: The SM prediction is very special

In general, assuming em gauge invariance and CP there are
6 parameters (5 for P and C conservation) for (y,Z)WW

SM
ik ] W magnetic moment: e/2m,,(1+k +A.)
}\Y" 7\Zz 0 W electric quad. mom: -e/my? (k-A)
ng(fZ) O

Data are obtained from cross-section and distributions for
ete-->W*W-at LEP —>»

The 4-gauge coupling is for LHC, NLC

e+ W+ P
G. Altarelli E'EW' P




ete -> WHW-

>
&

Vv
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