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This (.acdrawgtam/ os well as the Maxuell's equalions of wolion, are wwariant of Wwe redefine

/é\fﬁbc) — /“r,ﬁbcj+§),,w(x)  where wly) s an arkibrary wction of the posifion

This gavge uvalcance i crucd and  Jixes how the ewm field wteracts with  other

fields.
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The equaﬁavl of wokion s the Klew- (rordon equation - {J] +le) i) = o

im (s sywmwetric under the fransformation - Pl - @'.w(p{;gj/ Lp+(;c)—b e‘iwnef{;() with W= coust
This s o cd(oba{ U{“!) trauss. (Or a  SO@2) rofation (cﬂ(;ql Lpz{sL)))

We  wout this Sx/wwefr7 to ke local: w—s wly .
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SPONTANEOUS  BREAKING OF A SYMMETRy

A Syvmwfry s spoulaneously broken when the dyuamics of the system s symmelric
but the groud clate (s wot.

Hawilfouian

For exowple o feromagret The Jywamgtcs of spu wteractions and wagnelic fields ~ hove
votational  SO(2) invariance.  |nstead the grouwd slale lbus o preferred dlirechion.

Let vs cousider o classical scalar field  (complex] - Q) = & g6+ (40)
L = im—\/(tﬂn(ﬂ) = Th Lagmw%ial/l has To he Herwmitian

We Tags the Sfaa'a( cuse -
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Now this is the gromd stale, <o we need to expand the fields growd thes
pomt To oblam the physical degross of freedom
Let's faramefrife ¢ 05
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With  this paraw etrization
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Now we have 2 veal dof - one wessie aud ove wassless.

Nawmbyu- Gold<stone theorem

Every systew with a spoutaneovsly bioken continvos — symwetry will have o wisslese
wode .




Hices Mecuanisy
Let's  now ?Uf toge{“ller the two theories studied <o far -

Ui gauye élnaary of a cowplex ccalar {(e(o(.
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Ve caw before that the %roumJ ctate s of }cpjzu—%qéo - So we weed Bo expaud

around  this  vacwum

Lp(ﬁ): eiT (\\réh{)()) The Fofemﬁa( 15 as Le{OT@r W, DZIW/ Wg=0

Lets ludy the kwetic tew  Fust of all (ofs use gauge wvarionce To rewove T
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e fomd o wass ferw for Al (s hAA aud hh AA waeracfiows)
The wassve A as 2 dof - it ate the ) to be its (ougudmal polorizalion

Note: the wass of A s Frofoﬂltaw( to its coupling with Y
The FroPOrTLomaU’L/ tuctor is the vocum espectation \/a(%)e %7[ (j) v



CLECTROWEAK  SYMMETRy  DBREAKING

Let's  cousider ouly the dlectioweox gouge f\/wvwefrf o oup (@Cb doesu't P{“V ouy tole
or ths discussion) |n particular we ouly veed to study the Higgs sector
P , Y y 19

n
G, = SUE), o Uk, =[5 ~ 2,

\/= - g H'H + A (H]LH)2 , w0
Wikl this Faf@lﬂiq( <]H]>:]/2£;5U1§ = V=lpm ~ 246 Gell

Gauge boson wasses

Ac we did Be{ore, ye parameliize H= exp (Lr%f*%ﬂ) 1[(\3%@ J" . Paoli Malrices
L= (BAHY(NH) , bMH=(D,.—L3%l\)U; -1yl B,,)H
We 4o the Umfarf Gadge, where Ty=0 = Hs= (\_g_ln)

o=t
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ts o watter of u[gdam fo show that the Ht%s kil Term  become -
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Elewmentary ferwmion wasses

bivac-f\/pe {ermom masses  arise Frow L o-wm A% :—W[’\-‘T/LW@_‘_ W@WLJ-

1 the SM  sud terms are Forbidden by gavge (variance simce (e}t aud rdﬂhf—hawded’
fermons are w different representalions of the Quge  grop.

However we cou write Nuawa wteractions mudving also the  Higgys

Cousider Hfor example the election.
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Again, the electron wass s proportional to the electram-Higys couplg and To
the 1—(%5 vacuym  expectation valve.
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The formion which s coupled wost  strongly fo fhe Higys & the heaviest one: the Top.

9 =
\Whj do we have guc|/l a J;icd h['erarcbly of \/Uka_\)(/a_sz FLAVOUR PRORLEM

@ﬁ R~ ) %e: %J}_ ~ /}O_s S 'H/IZ SI/l/IaIUﬂ,SZ one.



Hierarcuy  Proriem

The Staudord Model s o theoy with 2 scales: Ny avd v

In rea[tf7/ one shadd add oudther scole - the energy ot  which the SHM ceases To  be
valid  because Ssowe new degree of Freedam of thal scale veeds To be cousidered

This  scae is the cutoft of the theory . A

There are oty hints that  poiut o “new phy sics” Nare Matter,  ueutrinvg wasses
Sfrom% QCd Prob/am/ gavge couplivg, unifccalion and, {ma“yl the Wecessity of a 6060/7
of Quantum Gravity at the Planck scal M,

/\QCD 5 a o(yhamfcaf{y geverated  scale  through the energy depeudence of the Stroug
coupling g (6). [t s walurally much  swaller than the Planck mass -

gT*
Nooew = N op(- %2(/\1) . bt Sy

0

Vs related fo o scale wserted 67« hand o the f'/le@r7: U—:/u/fi_
W the SM thee s no dynawical wechancsm  to explain UJ/Iy ve A

TLIé FVOL{GM s even olaeFar t’?l’lam fbliS. At fha quamfbvvl (Que(/ —Huc‘fuaf(omg fem{ fo
Push the EW scale vp to the cloff scae A
t
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Lets Take for exawnr(a /\NMH. The LHS & ~ 10" GV The loop correction
w the RHS s of order ~ 40 GeV®  Therefore the “hare” paramefer 2 has To
he Tuned To  one FMT am 407 o covcel this lwge counlribution.

A

Five Tuming”

The problem is evan wore cleep  thon this. Any heany degree of freedom in the gl
energy theory would tad To push p* fo that scale. ¢ Wetkbery formulation

. oud even MORE deep. Techuical waluraluess ('t Hooff)
A paroweler of the theory is feclnm'ca((y nalural [Frofecf‘éd Prow big quantom corrections) i the
theory gains o new sywmely when ths paramefer s set To zero.

Cxawple: Lerwnon woasses are natural because the theary Qows chiral sywiuelry when
m=0. Analogusly, o veclor wass s walvral becouse i Wy=0 oue has gouge
SYMW]Q“y



Am{orgﬁ (fmw\ A Powarol )

L(am Fermion ‘w Li%hf“/vec(or @ LUZJW[USC(L(UJ‘ //)//
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I we woul our theory o he wnafoml, the ouly wlotion  concewved so far 15 To hove
new degrees of freedom af a sale A% (1;7#)2 o~ Tel without  wboducng vew
Unnalurally  swall Pamwlefers_

We need /\M, ~ TeV  LHC Crergy |l

How do Reyoud the Staudasd Model  theories solve this Frolj(emz

SUPERSYMMETRY  extends spcetime symwelries (Poweare grovp) To include also fermionic
generalors  (appoximutively, it odds a ferwiouic dimension).

The effect of this i that To each hosowic degree of freedom wust correspoud o fermionic
dof oud viceversa. The new particles thaf wwst he nbroduced ave cdled  SUPCRPARTAERS.

b the lwnl i whid  SUSY is ynbrores porticles aud  aubiparticles would  have the some
wass. Therefore | the Higgs wass is protected by the fact that the Higgsino (s spartuer) is
natura Uy (ighf :

2 : _ Y& N
Mt ar /\5“57‘
= To be nafurd, the svperpurtuers
Viove fo be wear the TeV.

COMPOSITE W/66S  Assume that  the Hi%g i a coWIro:n(e state of wmore
fumdd\M@Mfa( consti tueuts ((ikz the Plon (s a (o\m(:of/'fe stale of quarks owd al/lft'quar(s) of
o NEW  strougly covpled theory af the TeV: A, ~ TeV

For onergios 2 TeV  the Higys doeswl aaist amywore but
We veed To describe the physics w tews of the (stil
uninoum) degrees of freedom.

We expect To see resovouces at the TeV scae w thic
case.




