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Lemma :

For euery beavtiful thesry
there Oxists at ceast oMe

“gpoecas” Enpersmental test.

The Qatter C§ SUpposed, to be able

to vercfy whether one (s deaing

wCth a csata"s/a,ctor)/ “effectcve”

descréption or with somethcng
«more. «.

D @@@@ nitiomn

A beautiPut theery s o7e
thet Mmaxces definite ynambiguons
P‘a“@dic‘fﬁ@"e ¢hat car be

eyperimentally tested
™ orovendd € reprogends”)



i ,

& ~

Leystrative example s
QED and the awen's (G=2)

The maln featvres of the theory
are supposed to he know#.
The redevant couréc’ng = o (0)
LS def/ned, and measyred (ﬂrom
a previovs Zndependesl expercment
(e,g. Thomson scattem"ng/or Ha dl...
r other ~ 2zero momemtym transfer
measvre me'nt,s,)‘ The's fa‘xes ol (o) :

Qg O(fO) = A
{3%. 0359979(32)

lhe muoms Cg-—?_) LS de.ﬁfc'ne:d (,fr'om:
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E xperdment (CERN 4472) . |
(T.3a1LEY et at ; FTH ‘FHRLE)/+E PUCASSO.,

au = 4 465. 337 (12) 40
op- = A 465 944 (44) 10°

_a
5@ 5S : O = {. 165 824 (~40) 19

Theory (T KINOSHITA ... ENILESSLY )
QED: (e, m )
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Summéin g up the avalgabte =

QED (= &eptons) contributlons
ngeS

" a/fsp ,
4. 4 64447 «

N{EUUU o<

o

~ B0 &«

1070, 4 465 847 (00
{0 a/fkp - 4 4165 924 (1)

O»ne stls8 meeds some ~ 70-§0
1072 pieces v

QED o(G Uné’/—ol(eéy ZM(H)caﬂg&revl |
L_ucm‘fz!y ( hadrons contrsbite |



Ma¢°’n hadronsc contrlbutlonm -

q
= Olx?)

- (_K KV"' ¢“t}.'—r
9 ~—~ =%k~
plpa) Al |

(2.}

. lnd
s, Hed ~ j d (F. T Ty

Had . 09 —__'qu
R TTet) = k° ( Zw Tt dE
1y t(t-<Y

T TTH) = R = Tt —had)
7y (€€ p0n)

Therefore
2l
G = oL | dt f) Ris
2 3" J f )
‘M‘u ,
X(f = olc\' X(“‘*) — NS 4/6 t e
X 4—[4-—klt/4n; 4¢ +-20

(very Jow-energy par’t_up - f‘bﬁe
Entegrand domimales)



3 " MADRONIC CONTRIBUTIONS TO THE ANSISALOUS . ..

TABMLE WL “#bhu““.ﬂ“““

). The first ervor is coatinetenl and the emuad s qyutomatis.

Contributing prossss
and nesgy sangs Contribution 0 10", Refustus
.’_.c*- S00.I%1. 13X 15.0) 14,290,004
(Am, g £.9976 GeV)

?' KA. TSNP »

(dm, g Ve g10 Qe
A QINLEHLIN »

(dm, g Vs 2.0 QaV) .

Fr 1y S.6UTLEDS b
i) LANIINES) ”
#3790} Qinend) »

.erre G883{3NS) »
Bashgrenad
PACME S ad o 385(28K31) n»
L1y 5" o
ete” moty 29M0IX <81) ®
«mugs’ P1] Q [ )
PRI 47 & 432(32X46) NI
(1.08¢ V2 ‘l.. o™
etem =K, 0.90(47X ) ¥ V)
(. uu;f ‘l-ll GV}
e te" wogp OININ D) 143
(. "s/.' £3.2073 GeV)
e*e”wete s O.N(TX 10) 41
(. a;ﬁ ;:.m Gev)
ete- =K oK e® LIAPN <9) “
(L4135 Vs <105 QeV)
ete —owte— e 22.9%9X .00} ]
(0.99< Vs <2.05 GeV)
ete - —gte vty 14.00(33X1.12) b VIF )
(0.986 < V7 <2.05 GeV)
. "a'-‘-’g’l'c‘!' 1LINN18) 43
(1455 V2 105 GeV)
PRI Nt LYS(1SN21) M.
(1.382 g Vs £1.05 GeV)
PR e S0 48)1.000 ]
(L4 gV £2.08 QeW)
ete-—weteetewte” SAN4NID) b H
(1.43g V7 <2.03 OaW
e*e=— mere_then twe hadeem LANBINA.3Y) 2
(1085 Vs <3.13 OW)
a%e¢~ —» hodvum
(3.13g Vs <1.8 GaV) I9SUITHLTT 1]
(1.8< Vs <30.8 OaV) 4IN24NIS) L7
(Vs 220.8 OsV L ¥ )
(Asymptatis fresdom with & quarhe}
Tomal

The
of thuse ervors will give & valus of showt 34

“mh“.“#“.hmu

Table M. The swtal contribution from this dageam
tal| b given by (1. e




Numerc"caz_l@y :

¢t}

-
Oppt = [74 £ (2232] 40

Therejore:
iOQEaﬁg t 0-/::4.4 1=4.465 918(03)
q u}o
10 a; -1 165 924(10)

(extrawcopper from 'Z,W,a;:ua-?-)
= OK. (folf QED.

—[;/o A m por‘tamt facfs:

_tad

I)The cortri bl lon frofmﬂ— =>
Vi had C£s essentlad (~7 times
garger tham the expercmenlad error)

D The domcinant {theoreticad error
comes  from the experimenial error
N gy ey ~En the P regiom.




Can the measurement of ap .
lse coMsL doved a "pfedk’ dévc" m?

Not (Qor the moment (bt a
spectacuvlar red vct Con Of the
exr:erc'me'ntal error, and a
cvitable reductlon o(? the
theoretdcql one {oe'rhaps )

The cnterpretotion  wwld have beer

d, coﬁ QTQM{'-' "(.pf had’rofns C C‘fn partc’cvlag,
7 = W+(m ) ha.d 'Yto’t yet ’oeen Known.

— — -
% Stell, ome can say that 3 (GHRELY

f(’-tho. consc"ste'nc.)/ hetweem GED
and  the  muon's (,g—fZ) requcres
- the exdstence sz\fa coupZe Of'?(uarks'
(pC’onsJ oJ/ "e(ﬁfecf-c’v@ " mass -ajeu/

— " "
VaT em,. and of a "loop" terma mpgys

—



Ao (ehass) W@ houe Simisae
tests J’@TP the

Mené mas Standard Modos ?
(MEM)

To answer the que.stﬁon, a (quiek )
review of the malnm properties
of the MSM [fs mecessary.



i pe I8 aT tree Levesy

The MSM s a renormadlzabse

quantum Jcead theory o stromg
and edectrowear Snteractions

who se l_aira'njf’a'n £s Snoardant
wit h res,oect To Locafd gauge

transYormat fons beéo'nga'ng to

the group S(g(z)c X SQ(z)L x Uy
QA 3 -

(2 Tl (2 gmly iy
u _ e az4 e J* e

where Ta, Tj and Y qre the generdtor
of SU(B)HSU(Z),?)UUJ/ and

_@EI;L +.>§_.

The partlcde content of the
moded CLs the joé&owing:



93 famiéies an éefi— handed | .,‘
and YZgh‘t— handed {ep’tons :(ﬁ,ai;_‘-a

L, -

Vel =& Taz+4/2 = )
Ll = Ian=-42

COLOR= Q.
er (T3 =0, Y=-2),n0 W& .

93 Xamlzées oJ’ lef‘t—-ha/nded.
and right- handed quarks:
QL =

U | = Tau=+42
dL = Ty=-12
u-‘R/ d'g (I3L=O/' )/:3&) ...3@)

COLOR="3¢

=e>)/=.é-..

/__r_,_.

Ln each famidy), quarcs are
requested to macke

- g

Y—t-»-

2 WNgeos A4 4 4 3[ 2 -4 42 4]
/. [ L 3 3 3 3 -
Q:_ Cr L J’ " ‘.

’ o b de Ve de
= .%o aveld amomadles )




f) .{{_2. Gaug& \Zector. bO.SOn.S‘: l %
3 g!UOHS = SU3)c
3 Ws py) Su2).
4 3 = U('f)y

to ,oroduce gauge--c‘nuurc'ame_

Woth  a), ), o) one covdd maxe a
gauge—é"fnman'awt theory of ma.ssLess
geptons, quarks, gauge- bosons.

= Ma,gc‘c_,tra'cK;to Entrocduce

D) a S dovbdel of compdex (Hizgs)

scadar Ydedds

aLPT
P =%

=y Tay=+
= Ta=+42 - yzi
—_.-:;131,.:"4/2-




| he Troke .O! the HZggs C‘OUB&Et
cn the MSM Zs 4hat of’ Santa K4aus:

£t @Zu@: #1ass te whowoyer
asxs Yo Lt ...

(to the charged deptans, Lo the quarks,
to three mol cofored gauge bosons)

O%d  Lefyes AL E8e 1hesd e sopeth
(the géuo'ns( the photan( the Meutrc"nos(?l)

The's spevatLaon requsres The
imuZtamean s pr‘ese'nce

and coltnbirvatSom) of two ditenct

H
.
a’?-/‘."k“." .
Vi - -t oray N

1) The sponta neous symmetry breaxing

o) The Hzfggs mechanlsm



| he spemtameus symmelry (breanén

Thes happe'ns when a symmetry OOP the
LagrangZan £s mob a S)/’mmetr‘y
o(f the minZmum emergy state(‘vacwn,

(c’.e. mo “lk/{(c]ﬂcr-—f)’pe " Symmelyy )

Oad ctassicad exampte: ferromagﬂe‘tc’ﬂ
near the Curle temperature ..

For cgose to . ome (Ganburg-LandaU

oxpands the (free emergy £n powers of

the magﬂetization A%

uM) e (M) V(M)

VIH) = o (T) MM + ot (B M) (a0
(rolatllonas Znvrariamce)

X4 = 3((7_-'7;) (o{>o)

¢ . > i
M[-'!’!. _é)_!i\{_/ - 0 = .M (0(.4_,-#' 20(1 MM):.O
I ‘

=
o ol (15T o M=O ot fnu
x <0 (T<Te)= M= V:_ee_ (o rob. i
(_z R ~ 2oty
(6V>0.)( &0 [0y #107)
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Tn QF T, one has the Goddstone theorem,ﬁ

Spontaneous breakdown of a geobas
combimuous symmetry mpdles the
ex/stence of masdess spindess
parlicles .

(trve to aléx orders of perfurb. theory)
4 Ex

Uz ¢ (edement of sym groop)

Ule># loy = ab deast one Aiio>#G
Tn correspondence to that A -
i ﬂd => 47# = 401[9‘1/ {JA]‘_IO->%O
and there exsts a massdess physicad
state |y such that( A A ) d¥ T (x54)
<Ol Jo (o) I Ma> £ O (= spindess)
<0l ¢;_(o)|ma>49(= i v )
Q‘ZS 0, Loj [ ﬂm/ ?,L]_ = 4 t):j ﬂbj
al dLeas! one & must exist such that
<Ol gitollO> = U £ 0.

e it g T



RMA@ H ( Xor‘ g_é_g_hg_é cont. s ym'm)g

To every generator of the symm. ‘
grovp that does not ann’lhisate
the wvacuum there correspomnds

a massdess spt’nd.e.ss particse
(Goddstome bosom).

Thes Cs a physicad state

(~ the plom /m the o= moded ...)

If the S.PO’"t.bY‘OKGﬂ syfm'metr'y 55 a
(4ocat) gauge 5ymmetr>;/thf5 £S5 mo
Longer trve Simce the

‘-LZ’CH_S phemomemon  appears.




The ng pherememom,

This Zs typiead o(f spontaneousdy
brokem gavge symmetré’es.

S(impéest exampde - an Abedlam
U4) gauge theory

= (D ¢) ) 7' T x T BN Y

Du =(% -9 An), T 0A-9h
(- ¢' -e""‘""qs_ _____ )(e'_(ﬁd___gdc,,)
The pcﬁcm‘f/a//[(j'? 4’]

IR X */(M) A0

jor  pt< G has a minimym ab

¥ —-

1§l = v/z |, VU= VZ%

A, ()

> >
Ty / 14l

£0! ¢ 10> U/NZ




Normad chocce : (= @-w; g2/ ‘ di
colpuloy e U <ol 10> =0.
Then . “shchted'fz'eads Gi = di—<olfie

be = 4 v . = 4
The Lagramgﬁ'a« becomes :
L R LAY
- 2% I""+ VJ(QMJ LR

—qu i [gﬂ/ud)l ]
+ Q%LHF Q/x

P ————
TN e e r———

—> 43&' LS massfess (expected)
4. = mi = -2u* (0] .

E/A has acqué ‘rod a mass Mg= la=gv
a very d dz,sturbc'ng term ~ A" ‘}é.
has appeareci

_.%UQ/‘E)L(P,‘ .




The déstu rbz,'»ng term ~ 9’3,4{;
can be removed ZJ’ chf Os washed out
( drastic soduvtlom).

Th's cam be dome parametn’?c’ng
the dﬂa’ac(cls‘ as

’Cp(x)a _J_,rf quxJﬂl’] e
(’Y]”EPH 5‘”’#)
amd performing a gavge transf

A f(t)/ U

| "y ,f()‘)ﬁf
(t/ (), ) S # = __}_,, [?‘{C«\'?—f U'J
N u"‘i"
T ) o= 4 4

that (f[xe,s the cholce of the gavge
(= Unltary gauge) |
Tm this qavge we aqre &eft wlth :

Ome masscve scadar v - " Myz-2
Ome masscve gb. Bu, ’1/‘1"?:’(9]6)7" 4

no more ¢, (‘eaten* by B.).



“The (poor) #r! s called
“would-be qO?dstone boson

N.B. ng;er : has beem " swallowed"

the overall number of clegrees ofﬂac(m
does mol change .

A scalar has désappeared (A%;J)
DG = degree /fmclm

A vecter hacs acqu(rec( a'mass-ﬂ)

= A Mmew he7(Cc‘“6>/ (A%"*A)

Cverall ANG = U /@K




Th triee can be genem?{eecly%\
te « sétvadicon wlth a Zarger‘ S
mom abe?c"q'n gag,ie grOUP h/(o'él?;___A_]_"
generators [T, Ty]= ¢ e e
and eq (?er'm(ons sttt ng ('n
crreducchle  repre sentatéons o /
the CJVOUP. Ome then (ntroduces
o cevtacn “H("ggs multc"p?e{; §
(e a certalm (rred. vepr. of the {muf,)

o

Hat  contacns m  real fcelc 3

(mz N)

" hen ( Lheorem | :

T0 M<N & the mumber of

“I " h
‘broxen g]e'ner-atu's , 1 >0,
4'-41,../‘1

M Wil also__be the mumber orf

"woquI--be ‘ Gc-Zc{stone bosons) Jto be "eafenl
lf)y ’che Covresr)om.r,(r.'ng M gavge beyons

fe maKe them masscve.




Questdon :

What has all thés to do with the
SM (sShimdard Model ) 2

T answer {the question, ome
shovld Cqu[cx?./) qo back to the

(."Befme Standard Model ™)

(.for mast oj the avddence
{
BSM «~ Falecrdc o...)

l'\é Y. .

T m dpact/ old(er) {veo(:le st

reme mbher that:



Once upon a téme, Lhere was

the "“Ferm! ’choory ) oof
weak cnteractlons, where ~
everythc"n q was explalned by
the Lagrangiam :

L..FCX) =-__G_f_ [j;(:r) _J—‘f(xl-r "IC]
V=

wlth the cfﬂargecl weak currenl:

/A P

]

aml €q. 7,(’, = '@d&a-ou;)iu;tm

(_‘\ .fO"'“ fermrfon - c"nfe ractc'on -=>><)
(purelzﬁ 7-¢f‘t-— hanclec! oper»mc"on.s}
% & Q:;}z/j_) ?{f )




“The cov l[ng constan‘t@-»@a/as%

deOPcnecl grom the measured
o ey.v. muon Ze‘fetcmea .,

..J—— = Q Me .|—Q(¢)]
= O

2/: ieOPch f:ﬁ)zn oJ!:G )»1,.

vhere Q) és a (small) mawnjmtff
R.C. (radlative correction) fhat

C‘PSCN bes the e! ect f{he last
3 dlagrams. (.- 2@ Yklily)

nb'marccaZ?y one has :
Cn = 4663»?9 (22) 10 "Gl
wlth JC ~ 2. »(O

/L
(mo‘t as qoor{ as Joz(a) 240 ftﬂl.

=

-—



An  {ém presscve  mumber od?
weark ¢ntevactfons he'no'me'na_
W as cowecﬁly clescrebed by the
Ferme  charged current Lagrang(bn,
Hrom the very begt"m('ng‘fhou(c]h, thes
was a (ffecﬁec( hy two major cleseases:

T
i
PR 33 3
R i
PRRRFLEN
W
e

:D | ack O(P renormaldzabe, c’t)/:
e

| -2
Gr has dlmenscom [mass]
=) fmeam"ngZes.s at hégher orders

( NO M)

ﬂ \VColatécn 0 unfﬁarc‘f)/ :
alread V at ~ Bory Zet/e’z, (ﬁor
0 / 7]
cevbacn ‘processes, hégh energy v 34D,
Cg Ve uve -
7‘[6)2—;—-20 G;:S (s= 7 Me E\,’- )

Bt v 2= A = Lmet (5L =30l

"-f;f'fﬂ.w‘l‘u’ ' /S ‘{[_Onw ontrev dbn.... 1} \I/I—‘




The  massive W/ alternabive ®

Am  Cmmedlate f:emptaic"on would

have been thal o f ‘méhat ("ng/ the
éPa'mc‘Zfar GED treqbment by

‘ntvo ducen 9 a cha rgecL masscve
fﬁeZ d k//a (lya).

“The Yerm¢ c'nﬁemc(ic’on " would

then become

L6 =g [ T W he]

[ T« same as begfore) \
T heés  would reproduce Che Zow-eﬂﬂy/

(= 2evo  momentum bramsfer) predéctions
of the Ferm¢ Lagrangcan Y-

¢ _

( T ilh/* = ><5F ) @f H’I(/"‘y“e%)

9 E%f: A L
DM V2

et e o . "8




However : even ¢ 9 CLfmen.r(?mZeS‘”

the I/ propagator s ‘
A/uv (k) = ) [9/,- 09‘;(.,/ M]

K2 Mw*
that  behaves /e a constant when e

— agatn, NON RENORMALIZLE.

—

CaZSo/ Um'éaw'{s)/ Vt’olafic“on remacns
e W = W),

= A Ppaye fnﬁf_y , Mw 0 ( vequered.
oy b)/ {:._he' prevdous arr7vmenf
Gr/lz ="g”7/°!u?!r}) Ca’casfvoph("c‘

U»n?ess a ﬁrc"a()/ a y s (?ound
0 (f ('nﬁroducc'ng qavge boson masses
wc'f hout C{efé Vo /c'fng réner maz (‘Mb{ Z/ﬁ}/

((?OV tho, A/uv (wlv — ﬂﬁ" O.V.)
s
= Sponﬂan-eous Sym. hrea xlng ???







