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Synthesis of Light Elements (BBN)

Periodic table - chemist
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Big Bang Nucleosynthesis
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Rest of the elements have been
synthesised in stars




Constraints on anti-protons

Pure Background ~ anti-protons are
= Tixed Background produced in secondaries

PAMELA
AMS—02 1 Year, a = a(T)

pp = 3p+ D

DM+ DM — prim prim --- —p

Annihilating/decaying DM into
quarks and gauge bosons =>
hadroniation leads to anti-protons
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Annihilating/decaying DM into
leptons => electroweak

5 10 20 50 . . .
corrections yield anti-protons

Kinetic energy [Gev]

all observed anti-protons are our cosmic background



How do we generate
Baryon Asymmetry ?
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CMB & BBN

Baryon density Q, h2
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How to create baryon asymmetry
in the universe?

(1) Baryon number violation (particle physics)
(2) C & CP violation (particle physics)

(3) Departure from thermal equilibrium
(cosmology)

Suppose n =0, at T'<1 GeV :

(12, Ty
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~ (@) e~mp/T 10718 (for T ~ 20MeV)

it

[onn 2 nplo v) > H(T) ~ 1.66g: 2 (T2 /M,)



C & CP violation

Charge conjugation symmetry, and the product of charge conjugation
and parity are not exact symmetries of nature

Exact C symmetry: @ — [ =— i — [ (|Bs| = By|)
particle «» anti — particle

Exact CP symmetry:

CP invariance means time invariance due to CPT — theorem

i(rivpia SZ) . f(r'aj7pj7 8]) e f(rjv —Pj, _S]) g 7;(707'» —Pq, _Si)

Weak interactions break C and CP both, e.g. neutrino sector,
kaon sector



Out of Equilibrium Condition

(1) Expansion of the Universe I, ,.c.. < H(T) ~ 1.66g." (T2 /M,)
(2) First order Phase Transition

(3) Decay of any particle: Inflaton Reheating/Preheating/
Moduli late Decay, etc.

During reheating
or preheating one can
excite heavy states
( out of equilibrium ):

T x =>> m¢, Tf,ah

1st order 2nd order
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VOLUME 41, NUMBER 5 PHYSICAL REVIEW LETTERS 31 Jury 1978

Unified Gauge Theories and the Baryon Number of the Universe

Motohiko Yoshimura

Department of Physics, Tohoku University, Sendai 980, Japan
(Received 27 April 1978)

I suggest that the dominance of matter over antimatter in the present universe is a con-
sequence of baryon-number—nonconserving reactions in the very early fireball. Unified
guage theories of weak, electromagnetic, and strong interactions provide a basis for
such a conjecture and a computation in specific SU(5) models gives a small ratio of

baryon- to photon-number density in rough agreement with observation.

q

SU(5): Baryons and leptons are in same generation

C and CP are violated at one loop

Baryon numbers, B,, B

process | branching ratio B

Unfavored: Requires =y : 273
heavy gauge bosons : X — ql | —1/3

~2/3
Tyn ~ 10'° /ag GeV

1/3




Sphalerons

In the Standard Model, baryon and lepton number conservation are acciden-
tal symmetries. It was discovered by 't Hooft that non-perturbative effects can
violate B and L: via instantons.

Baryon and lepton number are defined as: B = / dzJy (z), £= / (o)

Four current associated to B & L are Ji=32 (ﬁz,,“:,m, = UL, VUL, — flz,,-“w/‘i,,-)

i

Z (71”*7'/1{1”- . ‘_(1‘,,'7'14»"(1‘4,) '

d

oMJ? =0, Oy =0

At the classical level, B and L are conserved:

For these two currents, the Adler-Bell-Jackiw triangular anomalies do not

cancel : B and L are anomalous at the quantum level
g e J 2 2

N¢: Number of fermion generation



N
AB+L)#0 AB—L)=0 Ouiprr = 16f2[gz’h(Fm,FW) ¢2B,, B"]

O sae=I0)
Chiral U(1)gyr, Anomaly ———

Change in B and L are related to change in Topological charge: Chern Simons number
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3272
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1
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4 thermal activation (1) = 3272
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> Quantum Tunneling low-T’

A(B + L) # 0 process {

> Thermal Activation high-T

2/ 2
tunnel. prob. ~ e 27instanion = =87 /92 ~ =164 « 1

no proton-decay problem




Sphaleron: High temperature effects

\ T <T., — I ~ Be Bern/T

T>T., = I ~rlayT)?
1074 < k<1071

gogﬁguration : F sph 4 Mp 12
P < : T3 > H — T < OKWP ~ 10 GeV

Sphaleron transitions are active:

T. ~ 100 GeV < T < 10 GeV

vacuum

ON ANOMALOUS ELECTROWEAK BARYON-NUMBER NON-CONSERVATION
IN THE EARLY UNIVERSE

V.A. KUZMIN, V.A. RUBAKOV
Institute for Nuclear Research of the Academy of Sciences of the USSR, Moscow, USSR

and

this means that 1f the pnimordial baryon asymmetry
M.E. SHAPOSHNIKOV ' 1s generated by the (B — L) conserving processes (which
International Centre for Theoretical Physics, Trieste, Italy is the case in the minimal SU(5) model [22]),1t1s

completely washed out by the moment of the electro-
Recewved 8 February 1985 weak phase transition.

We esumate the rate of the anomalous electroweak baryon-number non-conserving processes in the cosmic plasma and find
that 1t exceeds the expansion rate of the umverse at 7' > (a few)x 102 GeV We studv whether these nrocesses wash out the



Quark number density

Sphalerons

_B—L+B+L
92 9

B

B (B — L)pm’mordial # 0 7 S Tc

(B+ L) # 0 at EW Transition

Left handed quark asymmetry
intfo Baryon asymmeitry




Sphalerons: conversion of B-L to B asymmetry

N
I 1 L
(1) Thermal eqwllbrlum, ng —npg = gg T? Z(Qy,@i + flo; + ;)

=1

weak plasma, Chemical potential:

| Ny

np—np = 6 g T’ Z(2II’L£-1‘. + :U"Bi)
=1

(2) 12 fermion interactions
induced by sphalerons:

(3) SU(3) instantons lead to interactions
between LH and RH quarks:

)

(4) Total hypercharge must vanish D (Hay + 2t = pra, = pre, = pre, + 1) =0
in the plasma:
(5) Yukawa interactions
are in thermal
equilibrium: He; — HH — He; = 0




Sphalerons: conversion of B-L to B asymmetry

All chemical potentials can be expressed in terms of [/;

= 28/79 in Standard Model with 3 generations




First order phase transition
at the EW scale within Standard Model

moving bubble wall

* Sufficient CP violation
* Strong 1st order phase transition
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First order phase transition at the EW scale
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Current Status

FS;;) < H(Tc)

SM

AMr(Te)  my,
my = V2 g < 46 GeV

mp, > 73GeV = PT disappears (crossover)

CP asymmetry is too small
(CKM)

NMSSM ?
Some of the conditions can be
relaxed, specially 1st order
transition is relatively easy

Many Bosons, especially Stops
Large cubic coefficient, Strong 1st order
phase transition, many sources of CP
violations

BUT

RH stop < 125 GeV, LH stop > 6.5
TeV (to avoid color-breaking phase
transition) in MSSM

Carena, Nardini, Quiros, Wagner, 2008




ELECTROWEAK BARYON NUMBER NON-CONSERVATION IN THE
EARLY UNIVERSE AND IN HIGH ENERGY COLLISIONS

V. A. Rubakov®! and M. E. Shaposhnikov®#?

& Institute for Nuclear Research of the Russian Academy of Sciences,
60-th October Anniversary Prospect 7a, Moscow 117312, Russia

> Theory Division, CERN, CH-1211 Geneva 23, Switzerland
Abstract

We review recent progress in the study of the anomalous baryon number non-conservation
at high temperatures and in high energy collisions. Recent results on high temperature phase
transitions are described, and applications to electroweak baryogenesis are considered. The
current status of the problem of electroweak instanton-like processes at high energies ic antlinad

hep-ph/9603208v2 10 Apr 1996

> This paper is written on the occasion of Sakharov’s 75th anniversary and will MSSM ELECTROWEZhttp://arxiv.org/abs/1207.6330v2 LHC DATA
'>'2 memorial volume of Uspekhi (Usp. Fiz. Nauk, volume 166, No 5, May 1996).
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M. Carena®, G. Nardini®, M. Quirés®, C.E.M. Wagner **

2 Theoretical Physics Department, Fermilab, P.O. Bor 500, Batavia, IL 60510
b Fakultit fir Physik, Universitdt Bielefeld, D-33615 Biclefeld, Germany
“IFAE and Institucid Catelana de Recerca i@ Estudis Avangats (ICREA)
Universitat Auténoma de Barcelona 08193 Bellaterra, Barcelona (Spain)

iHEP Division, Argonne National Laboratory, Argonne, IL 60439
“EFI, KICP and Physics Deparment, Univ. of Chicago, Chicago, IL 60637

ABSTRACT

Electroweak baryogenesis is an attractive scenario for the generation of the baryon
asymmetry of the universe as its realization depends on the presence at the weak
scale of new particles which may be searched for at high energy colliders. In the

2 MSSM it may only be realized in the presence of light stops, and with moderate or
R QV| ews & small mixing between the left- and right-handed components. Consistency with the
observed Higegs mass around 125 GeV demands the heavier stop mass to be much
larger than the weak scale. Moreover the lighter stop leads to an increase of the
gluon-gluon fusion Higgs production cross section which seems to be in contradic-
tion with indications from current LHC data. We show that this tension may be

arXiv:1207.6330v2 [hep-ph] 30 Jan 2013

recent activities,

considerably relaxed in the presence of a light neutralino with a mass lower than
- about 60 GeV, satisfying all present experimental constraints, In such a case the

f h Higgs may have a significant invisible decay width and the stop decays through a
a n d re Fe re n Ces e re' n three or four body decay channel, including a bottom quark and the lightest neu-
tralino in the final state. All these properties make this scenario testable at a high
luminesity LHC.




Dynamical generation of baryon number

6
V(¢) = m2laf? + Mgt 6" ) + L
CP is invariant: ¢ <> ¢*
Initial condition can break CP
¢ S i¢07 ¢ =0
A
b = —~sin(mt +6;). k=1,R
mt

npg = 2(¢10r — PrdI) = 21:;3]% sin(dy — 0g)

Affleck + Dine (84)



Affleck-Dine Baryogenesis
w=Xy2 =P V = [Y|*+4]XI? |Y|?2

The scalar potential vanishes along |YI|=0.

Affleck + Dine (84)
Dine, Randall, Thomas (95,96)

Quantum fluctuations can take large VEVs
along flat direction : it does not cost in energy



Affleck-Dine Baryogenesis/Leptogenesis

In the SSM, there are many flat directions composed
of squarks and/or sleptons. (e.g. udd, eLL)

5 2
V(g) = E ZZ + % » 3 (Z b; (tA),-,-qu)

) A

(F-term) (D-term)

Along a flat directions the scalar potential
vanishes in the global SUSY limit at the level
of renormalizable operators.



V(®)

Affleck-Dine Baryogenesis

G e e.g.) W = (LH,)?, (udd)?, (eLL)?

due to
inflaton

Stabilises the potential



Affleck-Dine Baryogenesis

V(®) =

due to |
inflaton

soft mass

| ":"40r"cfor
vanai

¢~ (Hj Mn—3)1:/(@—2) ;

e.g) ¢~ 10" GeV for
n=4, H =102 GeV, M = Mp
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The AD field starts to oscillate.
Kicked into the phase direction due
to the B-number violating term.

. : aVv 1
npL= i@ G —99)  ru+dHmay=2p1m| TPl 2p

—Im [(auH + A)¢"]
P

nB.L 1 TR " (t )N'B n—2 TR (
s 4 MZH(to)? %P6 —3) M2m,

1 TeV

L —10
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Xﬁ( my )(109GeV)

Mn 3)2/(n—2)
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A mini review on Affleck-Dine baryogenesis

Rouzbeh Allahverdi' and Anupam Mazumdar®

' Department of Physics and Astronomy, University of New Mexico,
Albuguerque, NM 87131, USA

? Consortium for Fundamental Physics, Lancaster University, LA1 4YB, UK
E-mail: rouzbeh@unm.edu and a.mazumdar@lancaster.ac.uk

New Journal of Physics 14 (2012) 125013 (14pp)
Received 31 May 2012

Published 18 December 2012

Online at http://www.njp.org/
doi:10.1088/1367-2630/14/12/125013

Abstract. The Affleck-Dine mechanism is an attractive scenario for generating
the observed baryon asymmetry of the universe utilizing flat directions in the
scalar potential of supersymmetric theories. In this mini review, we describe
this mechanism in its original version, its explicit realization within the minimal
supersymmetric standard model and its variants. We discuss the formation of a
condensate along the flat directions in the inflationary era, its post-inflationary
evolution leading to baryogenesis and its fate. In some cases the condensate may
fragment into non-topological solitons, known as Q-balls, during its evolution.
In models of gravity-mediated supersymmetry breaking, the (0-balls can be long-
lived, in which case their decay will be the source of all baryons and dark matter
in the form of the lightest supersymmetric particle. In models of gauge-mediated
supersymmetry breaking, the (-balls can be absolutely stable and form dark
matter that can be searched for directly.

Reviews &

recent activities,

and references therein

REVIEWS OF MODERN PHYSICS, VOLUME 76, JANUARY 2004

Origin of the matter-antimatter asymmetry

Michael Dine
Santa Cruz Institute for Particle Physics, Santa Cruz, California 95064, USA

Alexander Kusenko

Department of Physics and Astronomy, University of California, Los Angeles,
California 90095-1547, USA

and RIKEN BNL Research Center, Brookhaven National Laboratory,

Upton, New York 11973, USA

(Published 16 December 2003)

Although the origin of matter-antimatter asymmetry remains unknown, continuing advances in theory
and improved experimental limits have ruled out some scenarios for baryogenesis, for example,
sphaleron baryogenesis at the electroweak phase transition in the Standard Model. At the same time,
the success of cosmological inflation and the prospects for discovering supersymmetry at the Large
Hadron Collider have put some other models in sharper focus. We review the current state of our
understanding of baryogenesis with emphasis on those scenarios that we consider most plausible.

H_ Available online at www.sciencedirect.com
'°""°'@°""°" PHYSICS REPORTS
ELSEVIER Physics Reports 380 (2003) 99-234

www.elsevier.com/locate/physrep

Cosmological consequences of MSSM flat directions

Kari Engvist*™*, Anupam Mazumdar®'
“Department of Physical Sciences, University of Helsinki, P.O. Box 64, FIN-00i4, Helsinki, Finland
*Helsinki Institute of Physics, University of Helsinki, P.O. Box 9, FIN-ONI4 Helsinki, Finland
“The Abdus Salam International Centre for Theoretical Physics, Strada Costiera-11, 34100 Trieste, Italy

Accepted | March 2003
editor: M.P. Kamionkowsk:

Abstract

We review the cosmological implications of the flat directions of the minimally supersymmetric standard
model (MSSM). We describe how field condensates are created along the flat directions because of inflationary
fluctuations. The post-inflationary dynamical evolution of the field condensate can charge up the condensate
with B or L in a process known as Affleck-Dine baryogenesis. Condensate fluctuations can give rise to
both adiabatic and isocurvature density perturbations and could be observable in future cosmic microwave
experiments. In many cases the condensate is however not the state of lowest energy but fragments, with many
interesting cosmological consequences. Fragmentation is triggered by inflation-induced perturbations and the
condensate lumps will eventually form non-topological solitons, known as (-balls. Their properties depend
on how supersymmetry breaking is transmitted to the MSSM: if by gravity, then the Q-balls are semi-stable
but long-lived and can be the source of all the baryons and LSP dark matter; if by gauge interactions, the



“Baryogenesis Without Grand Unification”, Phys.Lett.B174:45,1986,
by Fukugita and Yanagida.
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Y — e U(1) symmetry

Q) =0, U(1l)em does not

impose v to be Dirac

e, b, q,--- are Dirac,

because Q. # 0

Majorana v: v =1v
(Lepton number violated)

Diracv: v #Uv
(Exact lepton number symmetry)

Neutrinoless double beta decay : Majorana
Neutrino: (4,72) —» (A, Z+2)+ e + e (allowed)

The rate of 0v2f depends crucially
on the spectrum. If neutrinos are
degenerate or inverse hierarchical,
0v2p could be observed in the next
generation of experiments (CUORE,
GERDA...)

]<meve>\ (eV)

Zesid Bahcall, Murayama
1 Pena-Garay

& 00— 10¢ Years

m (eV)



Neutrino mass constraints

SNO, BOREXino

Solar
Ve — Uy, Vr

Super-Kamiokande
GALLEX/GNO, SAGE
Homestake, Kamiokande

VLBL Reactor

_ . (KamLAND)
v. disappearance

Super-Kamiokande
Kamiokande, IMB
MACRO, Soudan-2

Atmospheric
V) — Vs

LBL Accelerator
v, disappearance

LBL Accelerator
Vy — VUr

(K2K, MINOS, T2K)

(Opera)

LBL Accelerator
Uy —> Ve

LBL Reactor
ve disappearance

(T2K, MINOS)

Daya Bay, RENO
Double Chooz

(

» —

\

> —

> —
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Ami ~ 7.6 x 107> eV?

sin ¥s ~ 0.30

Ama ~ 2.4 x 1077 eV?

sin? 9 ~ 0.50

2
AmA

sin® 913 ~ 0.023

Tritium beta decay : m,_ <2 eV (95%C.L.)

m Ve Vy Vr m?
—i 22
9!
Am? Am3
V9
| gl V3
Normal Spectrum Inverted Spectrum
I | I 1
4.8 |- Planck+WP+high -
Planck+WP+highL+BAO

40

o
=
3.2

(OvBp3) experiments : m,, < 0.34 —0.78 (95%C.L.)

24

1.0

Cosmology:




Origin of Neutrino masses

(fermion singlets) (scalar triplets) (fermion triplets)



Gell-Mann, Ramond, Slansky; Yanagida; Glashow; Mohapatra, Senjanovi¢

V€7 V,UJ V’T) Vo 1yikls. 2, it 0 G B EEn]

s M,
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Thermal Leptogensis

Ln=YNHL+ MNN

Wash out Sphalerons

1

8

Tt = (N, = [H) 4+ T'(N, — I°H¢) = —(h,h!) 11 M,

['(N, — LH) —T(N, — I°H®)
: — ()
['(N, — LH) + (N, — lcH®) No CP asymmetry

€1 —




Thermal Leptogensis

_ D(Ni = IH) ~T(Ny — I°H) =5 Yukawa has o be
F(ir\rl — IH) N C C Complex

M?
M

1+ x
Vertex correction : flz) =z [1 — (14 2x)In ( : )]

£

Wavefunction renormalisation :
calculable only when

M, — My >,



Departure from thermal equilibrium

Neq ) Evolve the number
density in a co-moving volume

= H_S (Scattering rate)
z

alNg 1

— —€1D(NN1 o Nﬁ%) e WNB_L Competition between

decay, inverse decay,
scattering and washout

IE:
Jilos— H—M,; (Washout rate) effects

dz



Decay parame’rer

... Effective
o FDllT—O N (hh )11]\11 - (hht)uj\[l B 77?1 1_ .
“Hlrw | Lo PXE  snloeg P m. N e

Mp
- Equilibrium
neutrino mass

Reaction rates of various parameters

10 107 10° 10’ 10° 2
10° 10° il
e e e 0t - eV
10° 10°
10’ 10'
'0° . 10° 179 T4
e e H(T) = 1.66g./° =
10° 10° P
10° 10°
10° = ) 10"
10° JH(z= 10° M, =10 eV, m; =10 ° eV,
10° | 10°
107 = Sy 107 2 2 Dl
e W oy 7 = \/myl s e o == (.05 eV

10° 1077

-10 -10
107 — _ 10
10

Out of Equilibrium :
e~ Ml, TAT/Ll Sl

Buchmuller, Bari, Plumacher (2004)



Evolution of B-L

For different initial conditions : zero initial abundance, and
thermal abundance

Yukawa interactions are
e strong enough to bring the heavy
neutrinos in thermal equilibrium

M GeV, @l = 10° eV,

T \/m?/l + m?2, + m?; = 0.05 eV

g — 10"

—3 —10
Observed asymmetry: g ~ 10> X Np_ ~ 10
Buchmuller, Bari,
Plumacher (2004



Key conditions

(%) Initial abundanc.e of N}Q gy s NJZQ _ 3/4
right handed neutrinos:

T 0 =
(2) DeCOY Pardme'l'el‘: e — [3(2 = OO) — ﬁ* (3) CcP asymme-l-ryz &

K <l & > 1

Far out of

Strong washout
equilibrium, z >> 1

regime: final
B-L asymmetry

Weakmra. is independent

regime : initial B-L of the initial
asymmetry is not condition
washed out

Buchmuller, Bari, Plumacher (2004)



Beyond Vanilla Thermal
Leptogensis

Flavour effects in Retonant

heavy RH neutrino Yen-thermel
: Enhancements of leptogenesis
sector, and in lepton CP phase:
T One can realize .\ Dirac
leptogenesis close leptogenesis

to TeV scale

S. Davidson, E. Nardi and Y.Nir, Phys. Rept. 466, 105 (2008)[arXiv:
0802.2962 [hep-ph]]

A. Pilaftsis and T.E.J.Underwood,Electroweak-scale resonant
leptogenesis,’ 'Phys.Rev.D 72, 113001 (2005) [hep-ph/0506107].

W. Buchmuller, P. Di Bari and M. Plumacher, "Leptogenesis for
pedestrians,’' Annals Phys.315, 305 (2005)[hep-ph/0401240].



Thermal Le Pfog eﬂSiS Davidson+Ibarra (02), Buchmuller, et.al (03), Hambye , et.al. (03)
CP Asymmetry For My s > M : Upper bound on €

€ — 136 ]\{}_IW;IQ/S f(ml/ia ml)

. . 3 Mim,
Hierarchical: my1 = 0 = €= 5 s

Degenerate: mys =my; — €=10

"= Fa@=m) <1

Efficiency parameter
B PN NI

/7 \ V. \
((p) ((p) (p (p

Light Neutrino Masses L—changing 2—2 Scattering
mi < 3; Y55 /M; o o 2| 25 Yi /M5

e Require that AL = 2 washout effects are not too strong:

M1 ZJ 109 GeV (:> TRH Z 109 GGV) m?2 +m2 + m? < (0.15 eV)?




Neutrino decoupling

et o gt e Ve, € +V, > +Vey € + V. —> € + U,

w_T2%  Neutrinos decouple : 'y, ~ (cepne) ~ H(T)

T~ (9(1)@;2/3]\4%3 ~ 1.5MeV

v, & v,y decouple earlier
Note: T'~ m, ~ 0.5 MeV

3
(E) (gv +gei> o silige % T, ~ (2.73 K/1.4) ~ 1.95 K
gu

photons: g, = 2 (2 spin states);

2
p=gugsT" = —T4 > gz+— > gi]

neutrinos: g, = 6 (6 flavors); i _bosons z—fermions

electrons: g, = 2 (2 spin states); 70

O =2+ = (6+2+2) =2+ — =2+ 8.75 = 10.75.
positrons: g, = 2 (2 spin states); 8

P 4 4/321 T
| —T1 12 | = —T%3.36
] 307 +(11) 4 30 13-36]

t=fermions



Big Bang Nucleosynthesis

Weak interactions & nuclear reactions in an expanding universe

Nucleosynthesis p + 6_ > T + Ve

as the Universe cools, protons and neutrons can fuse to form heavier r 7 ) -+
atomic nuclei p + Ve n + €

n < p+e +U
['~<olv| >nan,T)

ny — Ny,

: Baryon Asymmetry
Ty

n=2.68 x 107> (Qph?)

if TS O
if T >0 me  LaB(l -~ (T/0.8 MeV)’

O ~ 1.293 MeV

Yp(*He) ~ 2X,, ~ 0.22




Sources of Baryogenesis

Asymmetry in Asymmetry in

baryonic sector \ leptonic sector
Asymmetry (Lept is)
10" GeV in both e

¥ Conversion into EW Accu
baryonic

. 100 GeV
asymmetry

|1 MeV

Observed baryonic abundance



Thermal histor

Thermodynamics of ultra-relativistic plasma:

Number density: n = -5(—22 g (T)T 3

m? 4
Energy density: p=3p f;o 309(T)T

Entropy density:
g'(T) = go(T) + 395(T)
9(T) = go(T) + 594(T)

0
3M?

Entropy Conservation :

T ~ 200 GeV  all present

T ~ 100 GeV  EW transition
T <170 GeV  top-annihilation
T < 80 GeV W=, Z° HO

T < 4 GeV  bottom

T < 1 GeV  charm, 7~

T ~ 150 MeV  QCD transition
T <100 MeV 7=, 7%, pu~

T < 500 keV e~ annihilation

= 6b < g

of the universe

degrees of freedom

150 MeV

quark-hadron (de) -
confinement transition -
(favoured value)

in

p

d
%(Sag) e 07

106.75 History of g (T)

(no effect)

96.25

86.25

75.75

61.75

17.25 (u,d,g— 70, 37 — 3)
10.75 e, v, 7, v left

(7.25) 2+ 5.25(4/11)%/3 = 3.36

-2 10!
T (GeV)




mass -
charge -

spin =

2
<
O
=
o
LLd
—l

=2.3 MeV/c*

W

up
=4 8 MeV/c?
-1/3
1/2
down

0.511 MeV/c?

-1

12 %
electron

<2.2 eVic?

0
12 vﬁ

electron
neutrino

=1.275 GeV/c?
c
charm

=95 MeV/c?

-1/3 S
112 /

strange
105.7 MeV/c?

- B

muon
<0.17 MeV/c*

0 -Dll
1/2 L

muon
neutrino

Standard Model

=173.07 GeV/c*

213

112 L
top

=4 18 GeV/c?

-1/3

- B
bottom

1.777 GeVic?

<15.5 MeV/c*

0

4

tau
neutrino

=126 GeV/c*

0
0

photon

91.2 GeVic?

L@

Z boson

80.4 GeVi/c*

+1
1

W bosoU

GAUGE BOSONS

H | T Theory

Deep Inelastic Scattering
e*e” Annihilation
Hadron Collisions
Heavy Quarkonia

Higgs
bogcgm

A ot s(Mz)
{ 251 MeV === 0.1215

QCD

o) 213 MeV — 0.1184
s

178 MeV — = 0.1153

High Energy —
Symmetric \ ,
Local maxima )
No mass /\ '

Low Energy

Assymetric

Lecal minimum
~ Mass

If Bo > 0 we have a(p?) — 0 for u? — co & Asymptotic Freedom




