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Charges of Standard Model Fields
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\ Left-handed versus right-handed spinors ]
e —

Nature is symmetric under the group of Lorentz transformations, rotations, and
translations which all together form the Poincaré group.

Particles are classified by spin: scalars, fermionic spinors, vector bosons.
They correspond to irreducible representations of the Poincaré group

Spinors are of two types: the fundamental (left-handed) and the anti-
fundamental (right-handed). The chirality of a spin 1/2 field refers to
whether it is in the fundamental or the anti-fundamental and is therefore
a label associated with a representation of the Lorentz group

Weyl spinors

\IJL]

Dirac spinor U — [
Vp



\ Chirality versus helicity /

helicity is a physical quantity: it is the projection of the spin onto the direction of motion

= &=

-> ->
right-handed left-handed

for a massless particle: chirality= helicity
SU(2)

(thus we call the fundamental spinors the left-handed spinors and the anti-
fundamental spinors the right-handed spinors)

The Standard model is a chiral theory: the left-handed and right-handed spinors not only
transform differently under the Lorentz group but also under the EW gauge group

SU(2).*U(1)

The left-handed fields are denoted Q=(uL, d.) and L=(nu., e.) while the right-handed
fields are denotedu d and e.



\ Fermion masses !
R —

Lorentz invariant: J‘/f [] [/jz[/jR [] W;V/L
-> Dirac mass L= mEézeR L] e;eL[

-> violates EW gauge symmetry

How do a left-handed and right-handed particle of different quantum
nhumbers become a single massive particle?

The key is the gauge invariant Yukawa interaction:

1)) 1] ] 1))

Once the Higgs condenses, these couplings become the mass of the SM fermions



\ The CKM matrix !

Both up and down-type quarks acquire mass matrices

Mu — Yu?}, Md — Yd”U.

Need to be diagonalized with four independent unitary rotations:

MM, = V,,D2V] . M, M} =V, D3V .

MiMy =V, D3V} MM} =V, D3V .
m, 0 0 mg 0 0
mass eigen values: D, = 0 m. 0 f, Dyg=|1 0 my 0
0 0 my 0O 0 my

u_L and d_L live in a doublet. There is no basis in which both components are in a
mass eigenstate.

- ULi _ (VUL )Zju?'jy
o= () = (i)

-> Cabbibo-Kobayashi-Maskawa mixing matrix of the Standard Model Verxu =V, Va,



\ The hierarchy problem !

As soon as we introduce a fundamental scalar field in the theory (the Higgs),
this generates a puzzle: the so-called “hierarchy problem”.

= the fact that the Higgs self-energy receives radiative contributions that are quadratically divergent.

'k 1 d*k k2 ) / k1 A2
/ (2m)3 k2 — m? oc A? / (27)% (k2 — m?2)? o A 2m) k2 — m? x

W L
( ) f““\;
\ / D
= ! "' | S ! Higher |
..... Q- = - I AT s oo S - igher loops
\\4,,./4 ] Smaller Yukawa
3A?

(Zm%{/ +m% 4+ mi — 4m%) ~ —(0.23 A)?

strong sensitivity on high energy unknown physics

S22

A, the maximum mass scale
that the theory describes

To stabilise the Higgs mass at the EW scale
against the Planck scale, we need to adjust
the parameter of the Higgs potential at a
ey level of 10732,

¥/1995



\ History repeats itself? !
e ——

There are examples in physics where unexpected and precise parameter
cancellations were actually the signal of the existence of new particles.

For instance, the electron self energy has a power divergence that can be cured
only by the introduction of the positron.

Similarly, the extreme sensitivity of the Higgs self energy with respect to physics
at high momentum can be naturally reduced by introducing new symmetries and new
degrees of freedom, such as supersymmetry, or extra spacial dimensions or
additional global symmeftries.



\ Classical/Quantum Electromagnetism & Antimatter !

an electron makes an electric field which carries an energy

1 Pe—m— electric charge

Aey 1o € classical size of the electron

AE’Coulomb —

and interacts back to the electron and contributes to its mass dmc?® = A FEcouomb
2

e
13
Te ~ ~ 10 m
0Mm ~ M ° ™ Aregm.c?

The electron repels itself due to its charge, how to keep electric charge in a small pack?
-.IIIIII-..'-.--........-.....llllllllllllllllllllqleCTr‘on POinT Iike!

antimatter comes to rescue the 19th century “electron crisis”"

2
1 e e

AFE =

 dreg Te Y . 1 e2
M e AE _ .
e~ ‘ . e Ameg Te

A h
AFE = 3—am602 log
41

TeMeC

e

new states ® softer UV behavior, small correction to the mass 9



\ The hierarchy problem: What is keeping the Higgs boson light? !
R ————————————————————————————

we need new degrees of freedom to cancel A divergences
and ensure the stability of the weak scale

a problem that arises for any elementary SCALAR particle

does not arise for fermions (protected by chiral symmetry) or
gauge bosons (protected by the gauge symmetry)

What is cancelling the divergent diagrams?

2 2
:I.L !i: --_Q“.. % é 6 MH ) A

Ty T L

A light Higgs calls for New Physics at the TeV scale

the “hierarchy problem”: the main motivation for building the LHC



Addressing the hler'ar'chy problem
( 6mh‘1—loop ~ yt AZV )

with a new symme’rry

etry . gilonsS
Supersy™™ Extra dimMen
fermion vector

U — e p Ay — Ay + 00

W massless: A, massless:

protected by protected by
chiral symmetry gauge invariance

SUsY,

P <=5 H In b dimensions: H=As

scalar

H— H+0

H massless:
protected by a
global symmetry



(ST

Supersymmetry can solve the "big" hierarchy and naturalness is preserved up to
very high scales if superparticle masses are at the weak scale




\ An elegant solution to the hierarchy pb: Supersymmetry !

2 categories of particles:

Fermions |

fermions repel
each other

[Enrico Fermi 1901-1954]

Bosons e

bosons can pile up

[Satyendra Bose 1894-1974]



http://en.wikipedia.org/wiki/Satyendra_Nath_Bose
http://en.wikipedia.org/wiki/Satyendra_Nath_Bose
http://en.wikipedia.org/wiki/Enrico_Fermi
http://en.wikipedia.org/wiki/Enrico_Fermi

String Theory

unnification of the Standard Model forces with gravity

(Hair)
(observable universe) (Earth) _35
10~10m 10~ "m g
FUNDAMEMNTAL STRING
N
( /

particle "1"

Atom Nucleus
electrons + nucleus quarks (Super)String

EMERGY



Extra Dimensions

String theories are (well) defined only in spacetime with 10 or 11 dimensions
These extra dimensions are assumed to be curled up




JWM<E:JV Good reason for unification : 0. —Ty+Y
| Anomaly cancellation in the Standard Model | “¢ ~ ° i

Bt = 8,0" = 0,07 =0
Y rTeTR{TE T} =0

@ SU(N)-G?: Tg =1, s0 need Y TrTA =0, trivial for N > 1
o UML)y Srormions ¥ = (+1/6) 23+ (~2/3) - 34 (+1/3) - 3
+(—1/2) -2+ 1 = 0! Quarks and leptons cancel separately.

@ SU(3)3 automatic: QCD is vectorlike (# of 3 = # of 3)
© SU(2)3 automatic: £ > oubters 1r 0{08,0¢} = 268¢Tr oA =0
0 U(l)%( Zfermions Y3 —

(+1/6)°-2-3+(=2/3)> -3+ (+1/3)*-3+(=1/2)°*-24+13=0

@ Cancellation between quarks and leptons in each generation!

@ SU(3)%-U(1)y: D quarks ¥ = 0 (just like gravitational anomaly)
Q SU(2)%-U(1)y:

¢ P doublets Y Tr{0%, 0} 0¢ Pgouplets ¥ = (+1/6) - 3+ (—1/2) =0

@ Cancellation between quarks and leptons again!

Highly non-trivial cancellation and suggestive
connection between quarks and leptons

The Standard Model as a remnant of a Grand Unified Theory ?

There are gauge groups for which the anomalies
automatically cancel, e.g. SO(10) 16



Good reason for unification IT :
Charge quantization (e =13 +Y

How come is the electric charge quantized?

e Eigen values of the generators of the abelian U(1) are continuous
e.g. in the symmetry of translational invariance of time,
there is no restriction in the (energy) eigen values.

e Eigen values of the generators of a simple non-abelian group are discrete

e.g. in SO(3) rotations, the eigen values of the third component of angular
momentum can take only integers or 1/2 integers values. In SU(5), since
the electric charge is one of the generators, its eigen values are discrete

and hence quantized.

simple unification group -> charge quantization

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

SU(3)c><SU(2)L><U(1)v C SU(5) SM matter content fits nicely into SU(5)

W : relation between color SU(3) and electric charge.

Quarks carry 1/3 of the lepton charge because they have 3 colors.
The SU(5) theory provides a rationale basis for understanding
particle charges and the weak hypercharge assignment in the SM 17



\ Evolution of coupling constants !

R —
CW SCCS. the forces depend on distances

QWM SLCS the charges depend on distances

The electromagnetic coupling decreases

Y Y at large distances.
WQJW Charge screening (vacuum polarization)
virtual ; due to virtual fermion-antifermion pairs
particles

The vacuum behaves as a polarized dielectric medium

excess of negative
charges around the

ositron: screenin
p 9 18



\ An opposite effect for the strong coupling !
R ——

because of the non-abelian nature of the underlying SU(3) gauge symmetry:
the gauge boson self-interactions generate an anti-screening effect
through gauge boson loops. This effect is larger than the one from fermion
loops --> the strong coupling decreases at short distances

Jog o 1IN, N |
Slog T Blas) = = (_ — Sf) os/!' whendA
as = g, [4m property of ‘asymptotic freedom’ 2l

quarks behave as free particles when the energy becomes very large



\ Evolution of gauge couplings

The evolution of gauge couplings is controlled do(p) _ Ba(w))
by the renormalization group equations dlogp
da(p) — —b
At loop: = = — o 3
one loop B(a) Tz~ on a® + O(a”)
So couplings vary logarithmically 11 N biy o
as a function of the energy scale: a(p)  alu) 2 & m
| |
2 ) —
o = g; /47‘(‘ i =5U(3),5U(2),U(1)

b@' : defined by the particle content

we observe different couplings
but it looks like a low energy *
artefact ol

‘0““5““1‘0““1‘5“‘
log,,[1/GeV] 20




Good reason for unification

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

""""""""""""""""""" SU(5) adjoint rep.
ur, _ _
QL = ( ) = (3,2)1/6, uRr = (3,1)_9/3, di =1(3,1)1/3, SU(2) ‘
dr, | SU(3)
49
L = = (1,2)_1/2, 6(}:2: (1,1)1
er
1/2 1/2| ;
2= 3t Bz | A= (@ P ), 2= f2 S ST
5=L+d% —1/3
0=06x5a=061_; 3+:2), 5+ g additional U(1) factor that
10 = uS, + Qp + ¢ commutes with SU(3)*SU(2)
— YR R
1
0 " -t | =y —dy : Tr(TaTb) — §5ab
- 0 w! -y ~db 192 / 3 / oy
Vo = 75| _u® - 0 |- -a | gs1"" =g¥Y g5\l g =9 95 =9 = 9s
u) uz u3 0 -~ - S
\ 4 & & [ 0 <Sin29w:§@_@ 2|




Standard Model beta functions

SOl 2 h
b= gTQ(Spin—l) — §T2(chiral spin-1/2) — §T2(complex spin-0)

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

universal contribution coming from
complete SU(5) representations

from (4NF/3 in SM in 4NF/3 ¥3/2 in susy)
gauge
bosons \ /
So in the SM: 53:1_31XNC‘E%XNf(%X2+%X1+%X1)E=7
11 .'2-.-.-1.-.-.-.-‘-.--1--1 19
b2EXZ—"§XNJ0(§X3+§X1>':—§X§—E
g T e X :3/5
" _:3XNf<<g>2><2><Nc+(_—>2><Nc+<—>2><Nc+(_—)2><2+<1>2>'
—1.(1)-2::2-:- -—-4—1"-—-;-;)1-_- ;); ;-§-_- I
32 6 510

Higgs 22



Only the Higgs and the SM gauge bosons can affect the relative running

In the MSSM, extra contributions from the higgsinos and gauginos

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

| 2 1 1
b= ng(Spin—l) — ng(Chiral spin-1/2) — ng(compleX spin-0)
SM 1 s
L Tr(T*(R)T°(R)) = T5(R)0*  T(fund) = 5 Ty(adj) =N

vector superfield

Weyl spin-1/2
real spin-1
in same representation V of gauge group

chiral superfield

complex spin-0
Weyl spin-1/2

in same representation R of gauge group

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

Co 11
'h= gTz(vector) — —Ty(vector) — —Ts(chiral) — -T»(chiral) = 3T5(vector) — T(chiral) .
I . '
S——— gauginos_ ... _! scalars ... ‘
g QL U D
1 1 1 i
bSU(3):3><3—(§><2><3+§><1><3+§><1><3) :@
wW*, z QL L H, Hd
b =3x2-— 1><3><3+1><1><3 - —1
SU@ — 2 2 2 2
Qr U D L E H, Hq

1\° 2\? 1\? 1\? 2 2 | 33
by——<<6> 3><2><3+<—3> 3><3+<3) 3><3+<—2) 2x3—|—(1)2x3>_<;> xz_(;) X2= =11 e— 12 =

23



\ Comparison

e —

1-loop evolution of gauge couplings

SM

logo[1/GeV]

‘10‘

log;o[1/GeV]

‘15‘

24



\ Proton decay |

T —
Baryon number is violated via the exchange of GUT gauge bosons with
GUT scale mass resulting in effective interactions suppressed by 1 / MéUT

The dominant decay mode is P — ety

€ u’
The proton lifetime is given by: x
Mour\* [ 1/35 \° 24
— moe’) & x 4.4 x 10
o= (555 (o o SN
Experimental constraints lead to: 7, > 5.3 X 10 yr d uf
QGUT 12 *
N 15
ie  Mgur > (1/35> X 6 x 10 GeV | .,
Ve v
W~ ¢ " .

beta decay .



\ The Dark Matter of the universe !

Some invisible transparent matter (that does not interact with photons) which
presence is deduced through its gravitational effects

N C——
R } 15% baryonic matter (1% in stars, 14% in gas)

85% dark unknown matter

energy density of the universe stored in dark matter ~ 25 %

Qom=
PM= “total energy density of the universe

Qdark energy ~ 70 %
QSM= ~ b c,/o

26



Dark matter can't be explained by the Standard Model

Matter

R,

S

=3

L

5 4

Q

* WVellulVr

T IT IIT
3 families of matter

contribution to the energy
budget of the universe

Particle Q type
Baryons 4-5% | cold
Neutrinos <2 % hot
Dark matter | 20 - 26 % | cold

Forces

|
force mediators

Generation

l 1l Il

Spin ¥z
Fermions

charged/unstable

baryonic

massless

radjus of circle is
proportional fo the mass

w
- h
g
Spin 1 Spin 0

Gauge Bosons  Higgs Boson



Comoving Number Density

The relic abundance of a stable particle follows from the generic
thermal freeze-out mechanism in the expanding universe

: 9 i annlhllahon
n+ 3Hn = —{(ov)(n® —n2) i freese-out : rate of
universe / particle
i B iy P | T T
oo f——X : \ I
X | H~ Y2~ T'=nov
: N\ 3 M
o ! P
lf)“.r ] ]
10 L -~ —* ncreasing <o,v> J .
gpxX = fJf’ .1 Thermal relic: Qom « 1/Tam
10 "! \\ ‘
10 ' \ Y ! = O-ani = 1 Fﬁ
lCI '! " 5 59 % 13
10 ’! \ (3) | 1
o TR, S—. O ~ &2/m?
e} . XX & ff 4 = m ~ 100 GeV
10 N, 1
10 { B , The "WIMP miracle”
10 -" ‘

OQpm=

x=m/T (time =) O anni

— a particle with a typical EW-scale cross section

0ami ® 1 pb leads to the correct dark matter abundance. 28



Producing Dark Matter at LHC = "Missing Energy” events

—> <
7 TeV 7 TeV

hadr$ni C
etvs .
q=—— what is seen
— —_— in the detector
e+
\Z< leptons
e Missing
T/ 5 energy from
st > | "' dark 'matter | i
QT E [Tk o — SMBG E
Missing energy = f | e “ g .
v L U7 > Aw 1
' = 10 /4// o * singletop 3
candidate a F U . :
o [ Her - -
= | Tk ATLAS
- 1= g T _¢_ _
W iy % R ;
L

0 00 600 700 800

'900 1000

Missing E_ [GeV]29



WIMP flux on Ear"rh: ~ 10° cm32s-! (for a 100 GeV WIMP)

O Nucleus 3
even though WIMPs are weakly mteractm? this flux is large enough so that av...............0
po'ren'rlally measurable fraction will elastically scatter off nuclei .
Vo solar motion 4 WIMP-wind
)

X p
30 km/s y \%‘
Earth

>
230 km/s \
Nuclear recoils
Single scatters Annual rate variation
X vic =7 x 104 ~ few % effect Diurnal directional modulation:
Er ~ 10 keV ~ 50% effect

for example, "EDELWEISS":
Tunnel routier de Fréjus Pointe du Fr

FRANCE ITALIE

30



- WIMP indirect detection

y / Gamma-rays
=2
o
X W/Ziq .\
WIMP Dark Va
Matter Particles > ViV
Ecm~100GeV T+ W u
X W*/Z/q et
/ - Neutrinos
\&
"
VuVe
o

+ a few p/p, d/d
Anti-matter

31



Indirect DeTec’rion%

Search for neutrinos in the South Pole
In the Mediterranean

Search for antiprotons in space




Indirect DeTec’rion%

and in space

33



Matter Anti-madfer zzjwmef‘jﬂ 7/ Zwé universe.

characterized in terms of the nB - nE

— -10
baryon to photon ratio N = ~6.10
Ty

How much nucleons would there be in a symmetric universe?
................................................... nucleon and anti-nucleon densities are maintained by annihilation processes
The great annihilation be’rween n+n—mTH+T—7+y+..

hucleons & anti-nucleons

SRR Wthh become 3/2 —mn /T /. 2 )
F (g T N ~Y H ~U >|<f[’
ineffective when (mN ) € /mﬁ vY /mPl

corresponding to a freeze-out temperature Tr~ 20 MeV

__________________________

nN _
In absence of ~ 7 % 1020
an asymme’rr'y 3

and there are no am‘ubaryons
-> need to invoke an initial asymmetry

—
w
~—~
-
PRSI DU T T ——

=
A -
=

10 000 000 001 10 000 000 000
Matter Anti-matter

-
0
2 Lol vsnd suud

The Standard Model is unable to explain this aymmetry. (us) 34





