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\ Abelian versus non-abelian gauge theories

_ 1
The (Yang-Mills) action Ly py = W(iv* D), — m)¥ — §F,LWFIW is invariant under

--------------------------

--------------------------

Abelian U(1) symmetry Non-abelian SU(N)
U(QIZ‘) _ 67Lq9(a¢) U(SIZ‘) _ ez’g@"’(x)T“
T°: N?-1 generators (NxN matrices) acting on
Au( ) = Aa T"
A ) = UA,UT

s ™
coupling constants /
infinitesimal
>WA4A Tr‘gns?‘or'rsngjrion U(x) = 1+igh"(2)T + O(6%)
\ A (z) — A% +8,0% — gf**epb AC

D,V = (8, 4+ igA,) D,V = (8, —igA®T)



\ The gauge symmetries of the Standard Model ]

= e —
Gauge Group U(l)y  (abelian)

/ . —|—’LYC\£Y
w =€ Tﬁ»
1
B//L = B'u — ?(%ozy

B,, = 0,B, — 9,B,
Dyr = (0, +ig'Y B,) ¥R

Gauge Group SU(2)r  acts on the two components of a doublet W y=(u,d) or (VL ,el)
ma . a _
\IJL — e_ZT o wL U= 1" T = 0%/2 Pauli matrices
_ (01 (01 (10
Ws, = 0,Wg—0,Wi+ge™WWe, a=1,...,3 =10 )2="t_; o)==y

Dypr, = (8, —igWiT) ¢,

Gauge Group SU(3). q=(91,92.93) (the three color degrees of freedom)

__sa aa e als PN} ) _ :
q— e iT« q [J = ¢~ T {Ta,Tb-‘ _ ZfabcTC (3x3) Gell-Man matrices
Gaa armarr—1 7 1 o 1 o0 0 —i o0 1 0
MT —>UGMT U ——8MUU A = 1 0 0 Ao = i 0 0 A3 = 0o -1
g 0 0 0 0 0 0 0 0

GZu:auGz_auGZ+gfachsta a=1,...,8 ( o o 1 ) ( 0o 0 —i ) ( 0

Ag = 0 0 0 Ay = 0 0 Ag =
1 0 0 7 0

Dyug = ((% - igGZT“) q



\ The gauge symmetries of the Standard Model 4
T ——
1

Gauge Group U(l)y  (abelian) /:'YM — \I/(’L’)/MDM . m)\If o §F/,L1/F'uy
I _ +:Y ay
vo=e 1 v all Standard Model fermions

Bl =B, — —/8 ay
g carry U(1) charge

B,, =90,B, —0,B,

Dr= (0, +ig'Y B,) ¥R

Gauge Group SU(2),

\PL _) B—ZTaOéawL U — e—iTaOéa
only left-handed fermions charged
Wa, = 8,8 — 8, W + g WIWE, a=1,....3 under it -> chiral interactions

W =(u.d) or (VL .eL)

Dyt = (0 — igWeT) yor
Gauge Group SU(3), 9=(q1.92.93)
g — e 17y U=¢ 1" all quarks transform under it

arma armar—1 1 1 -> vector-like interactions
GUT* — UGYT"U —;@LUU

a a a abc ~b e
G, = 0,G — 9,G% + gf**Gh G, a=1,...,8

D,g = (8u —19 GZTG) q



\ The lagrangian of the Standard Model ]

Leauge = 4GZVG““ Y- 4WﬁuW“” Y- ZB »B"" describe massless gauge bosons

describe massless fermions and their

Lrermion = Y 107" Dug + Y _ibry" Dyt + ) L ibny" Dyutor interactions with gauge bosons
quarks Y, Yr
N " Dutr=[0u+idYB] v
only left-handed all fermions carrying a U(1)y charge
fermions i.e. all Standard Model fermions

ives mass to EW 1, N
Litiggs = (Du®)! D@ + 1”70 — A ((I)T(D) —7 gauge bosons 327t T MWV

responsible for
g vy .Y g : — :
Dy = {% 5 (TEW 7T W) —igm W+ 2534 ® . covariant derivative of the Higgs electroweak

1-
H charged under SU(2) xU(L)y [ Ymmerry

breaking!
Lyukawa = — VI L® lg —Y3Q® dg — Y, Q@ ug + hoc. —>» gives mass to fermions
SUB) x SUR2), xU((l)y — SU3) x U(1)em
8 massless 3 massive gauge bosons 8 massless 1 massless photon f)/
gluons W* W- Zo gluons

remaining unbroken symmetry
The W and Z bosons interact with the Higgs medium, the y doesn't. 5



1 1 1
£gauge — _—Ga Ga’w/ — —Wa Wa’LLV — ZBMVB’LW

4 K 4 B
SU(3)e SU(2)r U(1)y
G4, = 0,G% — 0,G% + gf " GLGS, We, = 0,W — 0,Wi + ge™™ WiWy, By = 0By — 0, By,
in mass eigen state basis
Wi:W;}:FiW/% ZM:WECOSHW—FBMSinQW
K V2 A, = —Wﬁ’ sin Oy + B, cos Oy
cosOw = g/\/ g + g2 sin Oy = 9// V g%+ g
p,C Wa_ Wa_
Ips three gauge q PN 4 7z
ree gaug NG L4, S~
P2 boson vertex kA 7
/pvl + W+
I, a v, b Wy B
J— + —
Wt W W W
o,d psc N N\
o~ s four gauge A, A, Z, Z,
! boson vertex Wi Wy o Wi Wy
P, P2 N N
a bb no such N N
interactions A, Z, W W

for photon! 6



(The Standard Model. / Purticle Pém

- one century to develop it
- fested with impressive precision

FO rces - accounts for all data in experimental particle physics
HERA
Y ) * H1e" ||:Nc guu]n E
SU(3)exSU(2).xU(1)y % 10 L o ZEUS e*p NC 99-00 ]
= g — SMe*p NC (CTEQBD) 3
g 1¢ e E
E o ‘electromdgpetism i
4 " neutral
- current 3
10 *Fweak force Y
G H1 e*p CC 94-00 i
€ o' TEEERD harged
B flavour 107k current
: +h.c. sector s
=X L;./B)L 10_?; .
neutrino mass L B
T %’ ‘6 X’ ¢ 1"'\‘(' MIJ NJ sector ° ° O @ev?)
e ; - - - L .. (if Majorana) EW unification
2o V@)
"Taaniguumnns
d The Higgs was the only remaining unobserved piece

and is a portal to new physics hidden sectors

(spontaneous) electroweak
symmetry breaking sector




The (adhoc) Higgs Mechanism (a model without dynamics)

EW symmetry breaking is described by the condensation of a scalar field

Vig)vt Y _ _
0.02 O
0.01 / ®=1v Pz
i ‘ ‘ ‘ ‘ ¢ (GeV) _ -
00 150 200 250 /300 Higgs boson:
—0.01 Background  excitation
—0.02 ! VG'U?, nggs of the hlggs
: medium medium

The Higgs selects a vacuum state by developing a non zero background
value. When it does so, it gives mass to SM particles it couples to.

2 A
V(®) = %CDT(I) +Sofe

Why is u° negative ?

the puzzle: | we do not know what makes the Higgs condensate.

We ARRANGE the Higgs potential so that the Higgs condensates but this

is just a parametrization that we are unable to explain dynamically.
8



Historically
F 6/”/7@(/ %/ (paper rejected by Nature: declared too speculative )

n = n e
n L D+e + e
L = Gr(np)(vee)

*
o

.
.
.
] .
........
L] .
"""""
-------
-------------
-----------------------

9 O no continuous limit
A x GrE O inconsistent above 300 GeV

Gnge tfeery

microscopic theory
(exchange of a massive spin 1 particle)

.
o*
.
.

‘e
‘e
‘e

2
Gr = V29 exp: mw=80.4 GeV
Sm%[/ © g ~0.6, ie, same order as e=0.3
unification EM & weak interactions
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€ We have quantized free fields

€ We have introduced interactions

(particle creation and annihilation can only
take place in theory with interactions)

We now would like o compute probability of
processes like for instance a two-body decay
a->c+d or a two-body reaction a+b->c+d

"S-matrix approach”-> calculate probability of
Transition between two asymptotic states



\ The S-matrix ]
T —
We consider a state |a>(+) which at an initial time tiis labelled |a>.
Similarly we consider a state |b>(t) which at a final time t¢is labelled |b>

At tfthe state |a>(1) as evolved as e_ZH(tf_ti) ‘CL >
where H is the hamiltonian of the theory

The amplitude for the process in which the initial state |a>
evolves into the final state |b> is given by

./\/l —ZH(tf —1; )

the final state is a set of The initial state is either a one-
well-separated particles par‘rlcle (decay) or two well-

long after the interaction separaTed particles (scattering),

evolution operator long before interaction happens

"S-matrix”
la> and |b> are both described by free fields
The probability of the process is given by |M |2

and that can be linked to a transition rate per volume unit as measured by an experiment
12



\ Link to observables
T —

@ cross section: reaction rate per target particle per unit incident flux
[1/time]
[1/(time length?)]

--> has units of a surface
measured in multiples of 1 barn= 1

0~ %4 cm?

typical relevant LHC cross sections ~ in pb

1 picobarn= 1 pb= 10-3%¢m?

@ Decay width (inverse of lifetime of a particle) =transition rate

has dimension [1/time]

Example: decay width of EW gauge bosons
"%

I X ‘M‘Z ‘/coupling

scales as the square of the coupling constant



\ Z couplings to fermions |

The coupling of Z ’rolany fermion is proportional fo  [3 — sin? Oy ()

where  [o — +— is z-component of weak isospin and Q is electric charge
2 2 sin2 = 0.231
wL I3 —sin? 6y Q sin” Oy ¢
4 7 >«//vn A
L M

)

for the quarks:

ur,  Iz3=+41/2  Q=+2/3
UR I3 =0 Q=+2/3
drp, Is3=-1/2 Q=-1/3
dn =0 Q=—-1/3

and similarly for c,s, and b (t is too
heavy for the Z to decay into it)

for the leptons:
er, Is = —1/2 Q=—1
€ER Ig =0 Q = —1
VeL ]3 :—|—1/2 Q:O

and similarly for U, T, V,,, Ut



\ Branching fractions for Z decay I

for the quarks: for the IepTons
ur, I3 = —|—1/2 Q=—|—2/3 €r, I3 = 1/ Q=-1
UR I3 =0 Q:‘|‘2/3 CR 13:0 Q:—l
dr, Iz=-1/2 Q=-1/3 Ve, Is = +1/2 Q=0
dpn =0 Q=—1/3
and similarly for c,s, and b (1 is too and similarly for Vs Ty Vyy Vr

heavy for the Z o decay into it)
The decay rate is proportional to the square of the coupling constant [3 — Sin HWQ

Ol
Also, for quarks, there is an additional factor (1 + 2—) where o = g; /4m = 0.118
due to the additional gluon emission m

B(Z —wete”)=B(Z —efe;)+ B(Z — efep)

I'(Z —efe;
B(Z = eper) = > F(é—> eLte'Ll) tiparticl
all particles pariicie, antipariic 6) gluon s

N\NNN

Z

Nall

B(Z = vv) =B(Z = veve) + B(Z = v,v,, + B(Z — v,1;) q
= 3B(Z — v.v.) = 20%
B(Z —ete )=B(Z—=u"pu )=B(Z —1t777)=3.33%
B(Z — all hadrons) = 3 x [B(Z — uii) + B(Z — dd) + B(Z — s5)
+B(Z — cc) + B(Z — bb)] = 69.9% 15



\ Branching fractions for W decay |

T —
— — — — ] — ] —
W= —e U, p v, 7 Ur,du,sc.
BR(W™ - e v,) =BRW™ — uv,)=BRW™ — 17 1,)

1
34 6(14 ay/7)

— 0.108,

6(1 + ag/m)
3+ 6(1 4 ay/m)

BR(W™ — hadrons) = = 0.675.



\ The Standard Model

SU@| 2 | 1




