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PARTICLE PHYSICS aud THE EARLY UMIVERSE

\)Ulflyl m cosvwo(o@\// chold we be wlesested i the detals of the partide physice  dynamics
which happen of 5 very microscopical Scale 7

-2

T
= t ~ (He\/) Sec.

Al early tames in the age of the Universe correspond ht%h temperalures, that s high
mean edergies of the wicroscop(c degrees of freedam i the thermal bath

To undersfaud the evolution of the ~ Universe, therefore,  we weed to  know whicl
are the relevaut degrees of freedom af eah energy scale and which are the procesces
thal dllow the different species fo  rewmat  (or wot) m  thermal equ (chrivm.

i Tadiat{on » -2
Aomivaljon —b sz—f & 946 @ |
it

Porticle physics i« the sfudy of e o(7mau4£cs of such vm'cro;w;:{ca/ dof al the
differeal enerqy  scales.

ﬁ‘Oﬁmlm of the Jectwres
o |utroduction to the Standard Model

o Neuvlrivo oleco(./[;lm%

o Dark  walter freere out

° Bar7ogzw esis

Nisceamee. W these Llecture h=colgzp=1  aud often  2=1 ]



WArMNG- Up

e s Tr~ilf uw kK 7 16V 440 <407 T
e\l e Tole! 1eV e 4606 K (~10'K)
The center of mass energy of the (HC has been 8 TeV |nafew vears it will
become ¢ TeV
1 Tel = 4o GeVl

. Exera’se '7: COW||>ufe wm Ioulé ‘Hle ewerg\/ o{ a 7T€V /Drofow awa( COWIPGFZ_ if
weth  the kinetic eneryy of an eUe:\/day object
No the sawme for 410° profons  (the mmberof profons w each bunch af LHC).

f——t

Qow (wnportouf scales
Tow = 2735K  ~ 0226+107 &V
w, ~ eV~ a0t K

Ea'l‘am ~ 10 6\/ ~ '405 K - - - - T ==
| What is the mass of a 1
W, >~ 0577 ME\/ (Wlﬂ ~ 106 M€V> ; Profcm n %ra\ms? |

V\/L,[rcl 125 Me\/ — U(d(/lfesf Ladrons

Wi-W, ~ 9395-9282 > 13 M\ T~ qce

W ~ 4 Gel/ Up fo here if's physics thal WE KNOW often with a ver
i good degree of clccuracy,
Coene ~ 10 GeV
: / ﬁ_/

fy ~ 710" Ge/ \@ .

» These ore more speculative (deas, even thogh
Ceor ~ 10 Gel/ well wotwated

M, ~ 10" Gel



CTANDARD  Monéc

ne afyl/lamg of the M/JichSCoF(ca( degrees of {reedoM ot the enerqies tested up lo dule (s
described i the -frameuuom of @uawfuwl er(o( Theor7_
It s an iwfr(w;icaf(y quamftsﬁc gw_oi relafwistic descriptiom_

S~f  vec = QM
§>>1;| L, Vsc = SR

% S~% & vee = QFT

To each degree of freedom (s assocaled a feldl  Q(x*), the excilations of such feeld are
the particles.

The {ields are dhasacteraed by their representation under the Loreuts qrovp (SP('M) ;

o SCALARS -spm O
A real scalar field has 1 dof. A compler one has two

» FCRMIONS - spm % - v
Fermims are characterized 137 the cﬁtm[f[\/ : Ajm Tsﬂr (\}{,\—K_) ® (V, \\K&)
Cody chivality las 2 diod (the field + its amfiparﬂgla). "
A wassive {ermion (vlovl-Hajoram) needs to  have both dinlities : ¢ dof

e \/CCTORS - <spin 1
The dof of a_z;ecfar field “2dod i wassless — needs gawge twarauce
\u[x) are descrised by Ehe 2 dof b wassive

polarczation veTor €,
Symmetries

A syctem has a symmelry if  theve exst a Ganstorwat (on which (eaves i wichauged
A QFT las a sy if 3 a transforwetion of the fields which  [oaves the {wd‘iom( [wTecara(
{cfaggz'az({y: the acf(ow) invarianl

To each continuvus S\/mwlefl\/ if's aSSociaTQv( a couserved curreut (MO(ZT/“LIU I’iheorewl).

GLOBAL SYMMCTRIES : the parameler of the transforuation is a constout.
Ul) symmeTry
—» — _ ~, Conservation of charye
eloctron %4 e_t-g,( :’T’[ sz\J(’QAh’ Vv —Wl\y’\|f — s (wariaut and [epfon wonbe
LOCAL syMHETRIES — GAUGE  SYMMETRIES

The parameler s o LOCAL function of the spacelime posction b —s o [x7).

s no-more wvariant.  To wake ¢ cnvaroml we need to add a wassless spin-1 field -
the \\Phofou” /4,,,/ and Frowofe the derivatie to o COVARIANT one : DM‘D bﬂa)fﬁ-(e,ﬁ],,

s .
L= T D-w)y -LEF



£7ku4efrtes cau also be “won abelian” for exauple SU) :

oli Matrices

b
Take Je SUR) U[X): BXP[LgoL“(x) G“)

Q-UKQ  Q—-UnA ad UkUk=1

n ths case one needs T add 2 gavge bosous  (one for each oeneralor) \X/: (%)

SH (auge Symwelries
SUB). o M

Color
“stiong wteractions’ Electrowenk  |uteractions

SUR), -Quanted Crrododgnarics — QL CD

SUBR) s 8 generalors = 8 qauge bosons &:z g lvous

v,

Quasks  are i the fwdomentd representation of SUR): 2 \-y,_ \‘;
i - (ra

%_5[ E) A i[—ierewafhri[ m‘ﬁj compitat \‘g

(raurae Courﬁwé %g

Cvery pammeter i a QFT
ReMOrmcLLi?aJC(on (rroup

evolves with f['le energy. i N
Evolut ion

JQFEMJS o the learacferfsfic
energy i the process considered. .' I
foo b

eAf hi(d& emercd7z Hae ﬁlaeor\/ s \x/eakfy cou's{ad; %s & 4

o At emrgies  E g Ngep ~ GVl g, becomes very strowg, the theory becomes non-pertorbative

The OVI{7' OLS*/Mchthc ctates are COLOR SINELET  |bouwud sfates of d&= CONFINEMENT
quarks, antiquarks aud gluns:  HADRONS

€

Here JQSCrc'Pfiow i Cerms of CON FINCMENT
quoTKs and CO(U(MS (6057 ?
/\@cb ) 7@@,@2}}@ G ~kr
r whent
Here description w terw of ” 0 CmgaGel

hadrons  (defficult) q 9 9 q



SUR), U(“IJ\/ - Clectroweak Symmetry

\

2 %ewemfors: 7 T %ememfm

a
\X/I) , (1=‘1,2/2. B,U

HypereHaRGE

These are \X/eak(\/ foUP(ed mteracftows al a(( ewergtes_

The vacww s net  invariaut under these trawsformations © the symwelry (g
spoufaueously brogen —the only remaining onbrocen symmelyy s the electromaguelc Uy

é{ecfr(( C[’lar%e; Q: _0;_3 +\/ em.

2

5 0

The Hoygs lawes « non-zero vacwm expectation value H=( E ) = Hloy =
y_
v=266 Gel

2

Eloctroweax  cymmely  breaking  (EWsB)

SuR), ><UH)y — UM),

W Bf—42 A
42 4 o
Hqgg g('gamsmfeg

" WM,S B0 el

VVlﬂ-:O
| E(@memtar\/ Farticles
spin 7%
CU), SUR), U(’l)7 — Q=T+Y

qUGU'kS ¢

u, C[_ L - 2/5

("(L) (SL> (LL) - 2 % -7z

MR C@ t@ % '/l Z/g 2/5 A“ fh@ hdJTOWS are

Wade of these

OIR Se bp 3 1 _7/; -7 particles :

leptons Fsofau, hevtron, pionc

kaons , efc.

(\)p,) (VM) LV@) g 9 1 @] ao

eL /ML TL 2z _7

6’2 /uf‘ Afa 7 /f -1 -1
This classifcateon of guarks  oud leptons s vepeale) w 32 %eweraﬂowg of heavier “Copies’
§PM 0

Hugge

| 9l 4/2 h—- Q=0
R

Ot/t(f elemen (ary sealar



INTERACTION S

Gavge uteract cans

v A
) v
FERMION - FERMION- GAUGC BoSoN >“N“ ~ 9
"
vy

COUP{@S ¢ Qalge Eosov\ O]L o %aUgje g\/wuvmefry Y
\sU'u{'Iq two —[—ervm(om; u the some refresevﬂ‘afiom
(fuudamental) ~of the <ame  cymmelny grovp

Exaupl s . .
9 e Y e i}
Ef GT J ga_ J

2 Fermions  dud Hl%& (\/umm memdﬂ'av.g)

2 and ¢ SUR), aud SUR) Pouge bosous

2

~ g ~ 9
Other wteractins with Higgs aud game bosons (o ouly Higgs)

Propa ¢a10pS

Cach  oferwal (e counts g5

q . “
VAVAVAVA VAN
ok qz_ l/\/sz

L



PHRTICLE Spectrum of THE SM

c
—F’_E— 1—}_3 G’EV tOF
2 —— 125 eV Higgs
1076V 15w 51 Gl > Tason Nobe - For enerqies & 16el

B0 eV W boson the 'J/‘UVI(,{OLMGA\fd( of@grees 07( {reav(avw are
not the hodras  hut  quarks aud gluws

[l

b 4,5 &V Lattow
(4 n, [2 ‘16—@\/ VL@UJD'OVL H&JTOV\S

U 3 Gl
‘/I G@V T C 1/,3 eV chorm — PTOTOV\

I
+

I

T .
z + o Me\l wwon 7S MoV pions
10 HB\/ —5’1?5 HeV/ ctrange quark m

51/,9— g2 Me\/ dowk, up qdar}(j

1H€\/ _-—-e—ofs H@,\/ electron o _._l
&er((ge: I
Compote the relativistic dot of the
SM at an energy: |

Ve Vet | C= 1TeV
2 Tt pevlrmos . e
/15\/ -IH [ : e =5 Mel \J
F8 (g o) e
Tl’le ol/l{y F(AMM@)(CI'S O+‘ 'H/IZ fh€017 are ! \_‘ - - — = — — -
\ §G‘kQ :
* Jauge (aup(c'wcds %, 9, ‘Z)’ | Nedtréuo wasses dre ol |
. Hi%s vev. aud avto-urferacliar - ) L w, \ wWecess of the SM as
e Quary awd (afvfaw Wiesses  aul aw CFT: _
WiKivgs | i 5 7T (QL H)[QL L{) [

(— — -

OFQM PFOMQWQ O)[ the SM

* w“f U« MH? =D HIGRMZCW PRO[;L(-‘H

o Orgum of {laver 4
“YpPe \f e e (

o Dark Matter gf"fp ?;“;MLDOCS" bew - physics

o Cosmological  constanl

e garyogevles(g

o |nflation



Departures from Thermal Equilibrw

Tha UVLL\M[SZ LI(AS d( the sfrucfuras we obserwe flmvtl(s to Jepartt}res ‘FI'DWI Z,%erwta«( e7uL libriw.
Otherwise (s state could be SpquL(ea( oM(y 137 it ‘LLe\MFerdtUre T
We defse T as the tewperalre of photons w the thermal bath - T=T,

Theredore a spece wust be  capled to thf‘ows o maufou fewol & :  (+) & Y'Y , or Lo
another specte which i Turm s sfravua[y covp led To Pbafovlg ey Vi e =¥y

The tey to wderslaud how and when o specie clecouples from the thermal bath 1o to

a

cowmpare the wteraction rale [ with  the eXpanSton rate H—E-
¥ the wteracfious amovey parfices are ™ fast enough” (with respect Yo the Cypical timescale of expausion
v o~ H ) thew Hle g,oeaes are COUPM sf‘rowo[y with eacl ther and {a (oW fogd‘her the dleo-easlwz@
fempemﬁ/re This hapfews i+ >4

How this happens @ defail s described by the Roltrwmann equation, For the woment we cn
conince oursees  thit & wust be o with a simple  computation

a/fhg is often the case

Lefs ascune that — T(T)= LT (rer(e) - )
® constaut
' T 2

The womber of uteractions from a time T To T—soo (s giem 137:

[= ]

N = | I ot - SF ()olT' STH;"”_H&}

We see that for  ws2 (a; it m oall cases of [mf‘eresf) from the Time t when
FE)<HIt) | Ny<t = the Farfw{ doesat  inferact Hor the rest of the hisfory of
the Umvme

a2




Neufrtmo JSQCOUPHM%

(ﬂft té\M erafures T< 50 MeV  the Yelattwﬂflc £/=e(les <till Prfsemf m  the F(aSlMa ore
e'e, Ue,,z Y = g,-2 +Z(gxz+4) 4

The cuteractions ¢hal  can Keep navtrites i therwal equf((ériunm wth  the therwal bath are:

VY s e’ . Veove
SH wteractious

>, ZK s

The wlerwedate “wig gly” line represents the propagalor of the gage boson.
[ts  confribotion Co thg awlls(tude_ (S :

=> I the Yypical emergy of the scaflerug s E Wy,

H/Ia(/\ We  calt exPamA the pro ator for SWm“ q Keepriny c)m{y
carly o e N i bhe Leadingbermt "

vertex
Gt %10 eV
p— ><Mw F
E UllWlQMSlOVlM( ana,\/S(Q
«

[ﬂ E7, [6:1-¢
aug{ ovf[7 refevamf eneryy
Scale is the tewp T

T‘/lz Crosg §a_cftow J}L Hfi& process \S(/L(,( }DL

[M=<ov>n ~ G T g Vs
F"’H 2 | : ) %7/2 MV
o gn 12 G M
M

RBelow Ta4 MV nevbrevos decouFle from the plasws aud their temperatore will decrease  as

Tv 4 A as o free Sfreuwi/zg relabivis fic spea'é'.

T¢

1 MoV




el oYy still hafpews

At Trwm, zos HeV, electrons become won relativistic. YY e ic now forbidden [(ouu £)

The eloctron nomber dowsity decreases expouentially the electrons que their eutropy to  pholons
. TJ%
g () onl 4

To Se wfm‘ I/Ial:pehs Ta rhofaws We  Use EWfPOPy cowseruafion:

ples) %o [if T
Rerore electrons become vm-relativistic, the erop; of the species i th. eq (ei J} 3/} “

22

5<% 31) T, L)iw“'z _ Fser 2134 _ 1

—

OT)etre o z 4

_—

IVL this fe_rt‘ao/ when e* hecome ym relativistic [, dereases  wore S(adu(y e "

Whea Hus Yiwme ende  the behavior will 90 back Yo Ta,oka"

Neotrwlos mﬂ‘eacf are q[redJy afaoup(eal <0 H@Y a’ow? receL\e ‘HILS emfmﬁz M)eofton For flﬂem
([1- [O“T)bei-vrz: (CL’T)

V/apler ¥ Jhetore




Barzvmswn  Equation

Let's suppose. we wont to study the dbundaice of 4 spce 17 i,
Also  the orly process which offects its abmdwme s H+2 23 +¢

d’p n IAang)ngws aud LSofraFm
V= %S(ZFF ﬁ(E,f} o Sfacefrwle

- a8l £16 [1£]- CT7,]

A\/wawu‘csL/ > lwferactious

Ligyville o?eraJrar
lassicall, — rod K= JT 2
C&SS[C@“/. "F=ﬂ’('\f12f) LMR_ 5\{?+J—{"VX +J:t—‘7v

Collision  operatar

n 2 o )
. _ 4 Y g ¥

The LHS of Rolt 2wonr's eg 15 aJr(‘Gr < gg{d;r ;

‘AV{ Jy K Y arg (1 K I, 4Ty 2 of
H(ZTrg fﬁzm“H{?ﬂEvKFDTT I, - H[zr]‘g X T
5 d e
=, +2Hw, _aﬁ{ ) «
+: B
F

The RHS s, for  H2=245 : T
S;‘;;;cm ST &LNAL £.5, Getdbat)-JAL, it bk et)f -
% [2T)" SQ(KI—KF)

° Are IS set df COUPM) IVlJ(earaf-Farﬁa[ JiHer(’,mfm( ECNainVlS

SIMPUEICATIONS

e ‘J:c)r eﬂc fraCeIS Wwe Vle(’t/{ fo Col/lS(a/er gn7 o j\ew SFZCLES
CP CO(/lSer\/ﬂfLon [ T CGVIS?.NMhOVL) }/A( }/4}2 J/4)2

Neglet  Bose enhancewent | Fermi /;ocklwg
ktl/(e{(c ec]ut(grLUW\ S:od'ferm@s (tkz T1+2 &24+3 efe  are a{uoa7s mpio( rl/l3 (s Lt@)/ fh{s

enfores  f, to Toke the Jorm  of  Bowe/Ferwi distribitions -
The aw(7 variafles Which evolve are
%=

&N i
e T 3 ) = T aud p
If dso  amhilations were i th eg  then M= chewmical fafenl‘m(, aud Moty =y
Cp

° Bdse/ Ferm dictribitions  —» Moyl | Boltamann ‘H[,'f) e T




Lime

\

S

Tka Bolt amaun eq. {or v @xFaMc/(wg Umuersz (S

neg Iﬁdwy Rose  euhan comait

# . _
o dw) - T e Slpgg) AT { R fo-f ] <o bl

(2

/
C/ m W EC;HENMA E{hfﬁrfuiﬂ . N0 = 4 g JP
wmdglnenTa t

l:gor[flt;{a; Ma:fhz oMoy Wa&z Space wawentu F‘M@;;A;“ !

n,of
o It there are w0 collisions [ [A]=0) =b OICT((—):O + |1, « a®
&M
« For sumplicity e approximate fiveT e’

-Er&)T (MstMe)/ T (Mt )/T /(
X 1T

{ﬁﬁf { %z

-G/
o \XJQ Vdﬁ%@ /Mi — W, = 9, 6 g[er € . M/ 0

(o)
Beﬁma the Qqu([{briuw\ |/1[ = g Wi

° F(wa[(yl define

U >= WTI_ Tl— S(;FZC (le)‘i qu(ﬁmf’:—l):‘hﬂ) }/4}

-(G+&)/T

We cau vow write the  Boltzmau equalion as -

o
9 (410 Al Vi, ¥
o g wt) = vy <ov> { e - et




A

= [1} 0 M W W-q Vl
o g w )= Wy <ovy {vn':’swg"‘ R wiz”}
/

Z v
The HS & of order The RHS & of order
NV_éﬂL~VLqH ~VL,F, where

0 |v1f€racfiom
P = O rate

o s H Aor the equilly &0 bld,  the RHS  wosl concel

Chewical( M\ . n _ _ o .
Equt((lortumn W?)Wg) z Wﬁ;' Vl[i) = “)L 2 G are wm et'1Va[([JJqu,. s W, ~ Vlf}VlL”

[For 7]

[e{s oy gfectd([ée {o U/I@ case

Y +7—(<ﬁ F+F \W‘(lzre F/F are W ecfu{{{én'um

A $S LmMy

o
a> 3¢ [, a}) = -<d\r>{ - gV e iz

B@f('m \37‘5%1 %@'3%(%1 SCL5): S g’x +a’_5%3<%[50}) = 5(07(
N
Y, = - S<OUD [\g; 'W)Z/
Wkl P : .
T H:E:“% (Tot a )

—_

NO\SU We chawae variahle t s X =

o Xy sg,x<w>[(‘h) _q _

I][ E»H af high T>7w17( = Léf;’ As T JroPs, W decrenses a5 [t Tg
f Tew, — W4 (va) exp Mx/l) = expowemf(aﬂy Suppressed.
SO/ ol some femrerckture TF (XF) the Sfea'e wll reach a rec(jn'me ,ﬂm.
Nefue the FrEc2E 00T tewperalue  To for %) as  [%)=HIx,)

cFor xe X = Y= Y

oy
o Tor X» X =b %x(x)'x %?(XF) — CONSTANI ‘»AE; Ix o)



wa?

b— IVL equi(('érr'ul/v\

S g M
1 l ”QO%T
HOT ReLics
%7(4 ,-f X &Y
se) o J7 T g
_f—f— 2T s 2
| S= P a-(T) T
w= o = g= % Joouds  Wearl T
T> e 5 depenas  Weakly on
| ~
%eq > 028 9%(1_)
After freeze-aut ) QO% b
WK Xe ] = Y (%) 2 028 C;d;[m bz

Relic abundance of wevtrings -

TF v M — XFN & A

] Wl
Today Ev“ 07 el « m, ~ Ofev) g T
= gc‘lj = My W = Wy %V(X""‘”) $° = W, % [X;) s S°¥ 2000

°f? Y 32
sz:—ag’"“ L, 028 %2 300 i Wy

fot — 035 (105 10 k)~ 91eV
\)%;(ﬂHeV)

Curvedt bond - W, £93 eV



Colp Reties

QO% \3'7( Q

‘V\ ths case

3
. M_J)’? (%) o g & 5% e
Yer (4= 2 9 (N expl- 7 v ot 2K €

it has o x- o(epemdzmce to cownpufe Xe
one shald salve the Bolfanam e numercally

gim,o((}(d method:
nix, HI 2
o) * [T - 5 = 2 B9 s T
D4k - g s = () et S 6" ot s o7 ST
T AL o) <ovy, Sl T %) <ovon
To wow To we esfiwate: 3
_ Wy Te |? W % Tp
Ne, (X) <GV = 3 ?) EXF[-TJ<CU'> ~ 46 g*z 3

\y/c assume  that

M Wll
003y K ¢— <UU‘>TF does ot n(ereml on Tr

<1 W|
L Wiy ) 2 VT
= ——TFTF 4 % <o’\f>

W, 10, Mo,
= T ° Qosz+§ﬂog 7?:1 »Q%KT;—QO%{QQ%KJ'F elc.
For exalMF L&f& faze g~2, 9 ~ 60
Wi X 2 2- 107 o
T T 2% QO% 100 Gel/ = S ~ <OV,
Y JJL L6U> Maea;es/ _Qx decrea ses and  vicevessa.
167=2 o’
/ zqpe
« For D h~qgs (bM cLLUMufan(a) =P <oV>n~ 2907 s ~ 1 ph
\X“MP MIRACLE It s anw CW f\/Pe of cross section {or  my ~ CW scale ”
¢ o2 oo el ) o s
<GU>N8?WI_,% C~O{’f) = U>2 ( W ) 2270 om s
For exawple, the W froJucfiow cross section of the LHC o ]
:«z borm = 407" ow® ;

leu, ~ 30 r’L
CApb =107 om



BARVO6ENESYS

Tham (s an evideql as7/|/v|mafr7 hotween woifter oud aubmatter
ln CoSmic Foky S d)ﬁ/d)P ~ -’10“f awf a[( 13 are a(couvnte‘?{ -for L,7

prH —=sp s+

—> No Fr(wdr\/ amf('Wlaﬁ@r " fh@ %a(axiﬁs_

N spacial cegregation hefween watfer awd  watfer: sie we don't see any  J-rays from such
amibilation, the dowain should be higyer  than the observed Universe.

)]L there was a Symmfv W, = Vg and t‘/letr e\JOLUf{rM wos H/l@rwu(, \y/['mf would he therr
abyudance |

2
ThZV decoople af T~ <>, ~ v‘;l_lg ~ H =4 9 %;—

:D%Q’(ﬂ = T;gzzMeV
F

Yo ~ 10 = |nstead wow e = < _?B 10 j Mrs‘

= The aryww’efw n &/Z MUST  have harfewed RCPORE  this

epocl,

(H ear[7 fiM/leS/ the awmoumlt 0]( aS7W|M€1Lr7 wes  Vvery swall:
Far T>> 1 GeU VLZ o
- -10
M= Wi £ 610

To credte sui oty baryonic asymmelty  we veed either asymmelric midial conditions or

the asyminelry has o be generated - BapyocCaCss 2 NECCSSaRy  mgrededs
Sakuaroy ConpiTions

Baryon Nomber the SM s inuriout wder the following  transformation
of the quarks

= _ — -k —
9—=¢ 9, 49, ¢ 9

wlere o s constaut  and g, are all the quarks
The cowserved Charae assoctated to this S\/mvmetr\/ (s
the }gar\/on number -
N, - 2N,
2

= 1
3
LQP‘fOM MUW(LJQ_J'; As E@{om Lot {oy Lar(‘oms (51/4/ f(), [t con be defived for eoch
%ZMmt(OVl SQFGTC{JM(V'- L@ = ,\Ja+Mve ‘NE - Mve / L/JI )L't*
The sogle lepton nombers L, are vidated by uetrino mixing.

\)e Q\_}/‘ e{‘C...
\\f\Ja cau daf(w the tofa[ (a(:tom VIquLU L:Le 1-L/.,.+L,t,_
This & vidated i nevtrinos are Majoraa  parlecles
= experamental Sewsch for  wevbrindless dovble belo decay

Vi1 PP tese” & Vidates /




Sakuarov Connitions

Bapyon Nuweee  viocation &

OEVLOUS if we slort Jowa. BB cyumetric wital condibion, we weedd B aud B
VLO(QT(M% Frocesszs fo creafe o baryon  asymmelry

Coumple: (X —=vY+&) 40 (BK)=2()=0)

o £ and CP [-T) Vioumion ¢ & &f

P parity X—a—S'i/ tot = V-V L —L

C: Cl/las%z com;u%afton exchauge of ,:ar’[[cas and awf:mrﬁc[es
cP CPT
P_"—P

T lme twersion: € —-t.

OH@L(M[M% o &/E asyw\mdric )(ima( slafe
C and CP  gre hoth vioﬁafea(/
oither  C or CP

AV\ Loreuty — twariant  QFT s avaranl wnder the jomt CPT  transformation.
Th[; is ot a problem since T is violabed by the expansion of ¥he  Universe.

C:M\MF{@: F(Y >\/+B) + P( >’+ )  C vildion

F(X—a\ﬂ%)# 7) B) & CP violation

7(FOWI 18 Symwwfrrc one 15 }Dafscéfi, On (7(—
Since Suc[f a Sfcﬂle (S Vlaf mvarmmf UW{ZF

0 Bafarfur@ ‘J~TOW| Ehormal equi(iéﬂ'um

. therwal [ e /445 - Mg (L7 BtB> ¥ ¥ and %,:o) and

/M,;:O Eecowse
B s wl conseried.

Moreover W = Wy &7 CPT  wvariance  => fgcfg =D V=13



TM& gtavla{arJ Noo(é( a(am Saf{s-{-iﬂs a({ 3 Col/la{if(.ows:

s % :4) The wodern view of the SM is Lo cousider & as an Cffective Field Theosy
valid only for ewergies  smaller than some Wigh scak A
Cffeds of the “wew physics” at that scale are described by “lhigher dimeusimal
opemfors": terws i with  Cuorgy dimension > ¢ (remember that [,;(’1:@):

CFT e d=6+n
L -3, + z %0

For EM\MFIQ the Permi iteraction s such ou o]:erzﬂ(or with n=20  awl A= my
w the codext of uuclear physcs

For the SM for u=t there is ouly one operator : ?ea S‘ﬁc‘“’. wecdonic
N 1 = | ne it 2 or wneulrig MZQSMS
Nides L — 7O - 7 y H)(HQJ > F U kucf;x'

L and B aye At d=6  there are Moy oFeraTors which  violate B

gﬁcﬁgﬂg({uﬁ/weﬁms The Fﬂﬁf/r\iln/limfj(oﬁgeger/\c/h -for FFO'(‘DVI glp_cg\/ F‘/f o bound

o .
v e’ U
like Ferm( - P A i
wieraction P _/\zm i o
(V]

y ) roton
Pwe'T’ & Dec&\/

2) Moreover, won perturbative witeractions of the SUR), o sywmelty

t Hooft — [Lwdc«\/dom? vioroﬂ‘? B and L (bt couserve E—L). Ths  may
be  wmportant a{vng the Clectrowesk Phase Trousition (the epoch  when
T~ GeV) and the Unverse passed from o SUR) xUH), Symmelric phate
To the Sromfo«meoudf broken P[;ase.

o ¢ -~ Weay wteractions  vidate C maximally  because oltsfmgu(gb the L and R
chiralities. ):W!(L S, W\/R—C—»T(/L]

o CP (P is vidded /37 o complex phase w some parswelers of the theory
(Cajniébol l(oLox\/a;Lu'/ Maskawo thmg V\Ac}frt\kj_ This  shows Up 1 Some Tore
Proce sses.

® B@{Dar\(ures from therwal ec/uiﬁlzrfum, as we saw, are easy to obfam wthe histor
of the Unverse.  For example the Cectroweou Phase Crausition (G\WPQT) could

7

be such a d@Parfure {j( 4 was fusf ordes  one



Eleclroweak Raryogenesys

Thg e(gctm\u;mz mstantons (wlfu‘c& violde B aud L) are tuwueﬁ(iwa processes ﬂ/\wugh o
pafeutial barrer befween  qauge configuralions with diflerat topology Swee if's o
tuweling, s ouplitde s expouenlially suppressed.  Also, RB-L (s couserved

_gm2
e '~ & g™
'lwsfuvftom\’
P \\ Howe\;er/ b T i high euagh (Tg 200 Ge\/) there s
\ W eugh energy Lo pass OVER tThe barrior
i Sphal eron |

To have departure frow therwol og  we woul the Hectiowear phase traustion to he a first
order owve

as T \/
decy TT—»
N 2“4 osder -

£ order V1

/ o
tuwv\e[(iu% smgath
<l—[>:oW b= On the walls of the hobble we dowt e
therwal equnlibrim.
o ¢Hyso 15 To have Sutfucient bar\/ogmesis the walls

veed to be Ehick emouyh

HO\SUEUEF there ore  Cwo Frol;(ewzg:

e ll/l H/Ie gM t[/le P[’IQS& frumg(tiom LS Vlof Sfrovnca emough_
(OVIQ needs W, & 60 Ge\/)

o The weaswed CP violation s too small & produce the ohcerved asymmeliy

I exteusions of the SM (e SUSY) this s lll an open possibility



High scale  baryogenesis

Graud  Unification Theores (GUT} are exteusions of the SM w whidh the the

Gavge groups Unify o simgle  simple grovp , for example G, = SU(S) or SOf10)
at o scale /\(rur ~ 0" GeV.

Cq - SUs) —» SUR)® SUR), ® Uh),

These  theories describe - gauge complings  wuification at Nor  quantivation of quarks and (eptan
clflar%{;s aud thecr SN 9aug? represevlfuhows neobrivo  wasses [sea—saw/J % and / => p deasy
and relafous amony quark and (eptn  wasses. Hmewer they can offer o wechamism {or
Jatlr\/ogevnenﬁ

Decoy of heawy particles

Cousider o haauy (Wy ~ Neur 10 el partide X whidh  can decay o two  choumels
with differant valies of B, therehy violatug B conseruation

%=1 (B3 o @ Xoql (B

‘tdk f_ af

Ry CPT wvariswe Wye-Wg aud also the deay rates [ =T,

Note- Rroudiiny rfios  are dofied as  BR. = E“ dhere (s @ specific decoy  Chowmel

fssuwe %Pj =r — PBRI-4-r = Bacavse LZ RP. =+
BR=F = BRI=4-F

it C aud CP e violated then — re7
I ovasage, the weon vl baryon wimbes produced 137 the decay of X,S( (s
AN (E> t (4-1) (-15) NBgx = F(—-Zg) +[4—F) L%)

It the wilal couditions are Sylmtwefr(c m X >< the nef DB thal we produce
by the decay of o X X pair (s

|

E:BBerBB;:



FiwaU\// We  lead onFarf.Ure from  therwal egui(brivm . |n fact i thermal eqv((ién'um, Ehe
terse  processes Would re-create as wany XX partides o5 hod decaved, reabsoshing the net
baryon  asywmelry,

We wad: 2, 5>H = otherwise X wald ke cosmologically  uns(able
Tew, =b Mths way theoe ts nit enough energy o fmluca agein X, X.

The it ﬂflerm( aéumd(;‘m(@ O{\ X/% W pqt/({(%r{'uw (S the <ame -
Vl.x = Vlz = l/l}, & fIf T>7W|X
%
FOT Ty Wy =iz & (VVIxTJZ EXF(—M%) «n, & anthilatim (s thHiciﬂﬂL hecavse Ny hy

s
e, = [~ ol Mg T
lhvcm decry (s sall becawe i

thoe S o energy.

o [f L« H (4=*> ¥, > t) ther for Tom, XX are ~ stable and do o
decrense i mwber = equilibrom s ust wanfacmed aud XX become overabuudant.
This s the deparfice from thermol equili briom

When XX decoy (at w~t e [ ~H) they are wich overabundant.
Ne=Ny ~ 1,
o To Moe wsT, ot [1=H we heed
AWy ~ % o ~(9‘— vwxM,,L)}Z

X HPL
= | Wk 2 $Fd My ~ (4—‘2{—) 10" Gc\/j ~ GUT

o Cach decay produes om asymmefry £ So, the wel baryauc deusity after
all XX decayed will be
Mg = EVx ~ €y ~ £, S

o |t thee will be vo wore B oreradion, the relation will vewoin valid alweys
- particular, now -

<A Mo £ _(oF)t L6107
Wy S I« B

ths s o gulbe vafual vlve for € becase CP & wealy vidated oud because
this  con omiy oppess in secoud  ovder w T:erTurlsaﬁiom theorf_



