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Particle Physics in one page

The gauge sector   (1)

The flavour sector   (2)

The EWSB sector   (3)

The ν-mass sector   (4)
(if Majorana)

+|Dµh|2−V (h)

+NiMi jNj

L∼SM =−1
4

Fa
µνFaµν + iψ̄ #Dψ

+ψiλi jψ jh+h.c.

What could replace current Page 1?



The central question of particle physics

What is the next relevant symmetry 
in particle physics, if any?

1897 1925 1973

e
ν

1932

?

(The key to the economy of equations)



Have symmetries exhausted their role?

1. Unification:

2. Supersymmetry:

3 possible directions:

3. Strings:

e ẽ

e ν u d

X(σ,τ)⊂ (e,ν,u,d, . . .)
not mutually exclusive

αS(MZ)

sin2θW



The Gauge Sector
 Test proton decay 

 

In suspersymmetry:

τp

B(p→ K+ + ν̄)
≈ 1032÷36 years

τp

B(p→ e+ + π0)
= 1036±2 years

⇐ see lecture 11 by GV



Proton Decay

Future: Megaton Detector (x 10 years):

Present knowledge (SK):

Theory:

≥ 5 ·1033 years ≥ 6.7 ·1032 years

≈ 1035 years ≈ 2 ·1034 years

≈ 2 ·1034 years ≈ 2 ·1034 years

Future: Liquid Argon 100 kTon (x 10 years):

?

? ?

Not a easy task, to say the least

τp

B(p→ e+ + π0)
= 1036±2 years

τp

B(p→ K+ + ν̄)
≈ 1032÷36 years



The Flavour Precision Tests 

⇒⇒

(       = of special interest for the future)⇒

sd

ds

ujui

Figure 6: A quark diagram contributing to the sd̄ → s̄d transition.

Observable elementary process exp. error theor. error

εK s̄d → d̄s 1% 10 ÷ 15%
K+ → π+ν̄ν s → d ν̄ν 70% 3%
K0 → π0ν̄ν s → d ν̄ν 1%

∆mBd b̄d → d̄b 1% 25%
ACP (Bd → ΨKS) b̄d → d̄b 5% < 1%

Bd → Xs + γ b → s + γ 10% 5 ÷ 10%
Bd → Xs + l̄l b → s + l̄l 25% 10 ÷ 15%
Bd → Xd + γ b → d + γ 10 ÷ 15%

Bd → l̄l bd̄ → l̄l 10%
Bd → Xd + l̄l b → d + l̄l 10 ÷ 15%

∆mBs b̄s → s̄b < 1% 25%
ACP (Bs → Ψφ) b̄s → s̄b 1%

Bs → l̄l bs̄ → l̄l 10%

Table 3: List of calculable Flavour Changing Neutral Current processes. The blank boxes are
because of absence of data so far.

by computer calculations of QCD on a lattice. A more serious difficulty is when the transition in
question is not even reliably calculable at the quark level.

To illustrate this kind of problems, consider the Flavour Changing Neutral Current transition
sd̄ → s̄d with a change of two units of strangeness, or ∆S = 2. This transition gives rise to the
mixing between the K0 and the K̄0 (or to the measured mass splitting between the neutral-kaon
mass-eigenstates) as well as to the first measured CP violation effect, always in the neutral kaon
system (See the next Lecture). At the quark level it is approximately induced by the loop diagram
of Fig. ??. The approximation is in the fact that this diagram must be dressed by gluon exchanges
among the quark lines with a strong coupling constant gS that is perturbative only if the typical
momentum flowing in the loop is large enough relative to a typical hadronic scale. This becomes
therefore the key question to examine.

The amplitude corresponding to the diagram of Fig. ?? with the external momenta set to zero
is given by

M =
ig4

2

∫
d4k

(2π)4
DµνDσρ(d̄LγµSγρsL)(d̄LγνSγσsL) (5.13)
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⇒

⇐ see my seminars 1,2



My own favorite test of Flavour Physics

BR(µ→ e+ γ) < 1.2 ·10−11Current limit

µ→ e+ γ

An experiment, MEG, just starting at PSI
aiming at a factor of 100 better sensitivity

Two good reasons to believe in it:
1. Unification
2. Neutrino oscillations

MEG

5

COnstant Bending RAdius (COBRA) spectrometer

Gradient field Uniform field

• Constant bending radius independent of emission angles

• High pT positrons quickly swept out 

Gradient field Uniform field

• Bc = 1.26T  current = 359A

• Five coils with three different diameters

• Compensation coils to suppress the stray field around the LXe

detector

• High-strength aluminum stabilized superconductor

!thin magnet (1.46 cm Aluminum, 0.2 X0)

Ready: at PSI !!

(not only the LHC)

MEG

1

µ!e" search at PSI: SUGRA indications

• SUSY SU(5) predictions

BR (µ!e") # 10-14 ÷ 10-13

• SUSY SO(10) predictions

BRSO(10) # 100 BRSU(5)
R. Barbieri et al., Phys. Lett. B338(1994) 212

R. Barbieri et al., Nucl. Phys. B445(1995) 215

LFV induced by  slepton mixing

Our goal

Experimental limit

combined LEP results favour tan$>10

-54
10R ! in the Standard Model !!

Not in the SM!

⇐ see my seminar 1



1.  Three DIRAC neutrinos Mij = 0

⇒ Lepton number is exactly conserved, like Baryon number                 
⇒ Neutrinos are Dirac spinors (                ), like charged fermions                 νL,νR ≡ NC

L (ν−mass) = Liλνi jNjv+NiMi jNjν - Masses

⇒ A basic asymmetry between neutrinos and charged fermions                 
2.  Three MAJORANA neutrinos |Mij| >> |λνi j|v

⇒ Lepton number badly broken

3.  More than three light neutrinos |Mij|∼| λνi j|v
⇒ Not incompatible with current observations                 

To decide between 1,2,3 at least as important 

(the 4th line of page 1)

as completing the “standard” picture

⇐ see seminars by FF



Riccardo Barbieri ElectroWeak Interactions: Theory 200410

only if Majorana, since L violated!
3.           - decay (Z,A)→ (Z+2,A)+2eββ0ν

mee = c213(c
2
12m1+ s12e2iαm2)+ s213m3e

2iβ

σth(Mnucl) = O(Mnucl)

A ∝ ΣiV 2eimiMnucl ≡ meeMnucl

T1/2 ∝
1

|mee|2|Mnucl|2

Currently: a claimed observation at    0.17eV < |mee| < 2.0eV

A way to decide

n p

n p

e

e
xν

⇐ see seminars by FF



mee(eV )

mee = ΣiV 2eimi

The experimental prospects in
Neutrino-less double-beta decay

Exp.s promise 
a few x 10 meV

98 Chapter 8. Non-oscillation experiments
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), mνe ≡ (m · m†)1/2

ee probed by β-decay
(fig. 8.5b), |mee| probed by 0ν2β (fig. 8.5c). ∆m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and ∆m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.3. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

(b) The second concept, proposed in 1967 by Fiorini et al. [16], aims at collecting the ionization
charge produced by the electrons, with MeV-scale energy. Experiments using 76Ge yield
the best existing limit (from HM and IGEX [16]). This technique is seriously considered for
future steps (GERDA, Majorana, GEM proposals).

(c) Fiorini et al. push the bolometer concept with tellurium: its isotope of interest has a large
isotopic fraction in nature. This produced the next better result (from Cuoricino, to be
enlarged to CUORE).

Many other experiments and proposals are based on (various combinations of) these concepts and
other important considerations (background control, isotopic enrichment, double tag, etc.). The
so called “pulse shape discrimination” is a good example of how the background can be reduced
in 76Ge detectors; in the terminology above, it might be classified as a rough “electron tracking”.
E.g. background from γ radiation deposits monochromatic energy in the crystal, producing a line
in the energy spectrum, at energies that can be dangerously close to the 0ν2β line. However, the
energy is deposited in a wider area (since the daughter γ from e+ annihilation is able to spread
the energy around), and the electric pulse from charge collection has on average a different time
structure. In this way, HM reduced the background by a factor O(2) (IGEX also employs the
same technique).

normal

inverted

significant (although 
maybe not enough)

Γ(2β0ν) ∝ |mee|2

⇐ see seminars by FF



The Large Hadron Collider: where will it lead us?

Due to start operating in 
a few months from now

The very first exploration 
of a crucial energy scale

In all of particle physics, 
as known today: ΛQCD, G−1/2F



1. Higgs-less: a “conservative” view

3. Dark Matter
4. The Planck/Fermi hierarchy ⇔ extraD

A road map to follow the LHC data

a. Supersymmetry

c. Gauge symmetry in extraD
b. Goldstone symmetry

a. Gravity weak by flux in extraD
b.                       as a red shift effectG−1/2

F /MPl
c. Symmetry breaking by boundary conditions

2. The “naturalness” problem
of the Fermi scale

⇐ see lecture 10 by GV

⇐ see lecture 9 by GV

⇐ see my seminar 4

⇐ see my seminar 4



Examples of supersymmetry signals
⇒ gluino/stop decays 

⇒ ew gauge/higgs-ino decays 

pp→ t̃ t̃→ tt̄ +ET/
t +χ0

pp→ g̃g̃→ 2t 2t̄ +ET
t̃ t̄

t +χ0

/

pp→ χ±1 χ0
2→ 3leptons+ET

ll̄ +χ0

lν+χ0

/



A simulated event at the Large Hadron Collider

A candidate for 
Dark Matter



The matter/energy components of the 
universe

with the most abundant ones of unknown nature



Calculating the relic abundance of a

Suppose you have a stable particle  χ
that decouples from the hot primordial plasma by χχ →ff 

with a cross section σ. Then, for its relic density Ω

fraction of the DM, but again with a spectrum visible at the LHC.

However, the experimental observation of Split Supersymmetry with a well-tempered

neutralino for dark matter would be very striking. Even in the minimal version of Split

Supersymmetry with anomaly mediated gaugino masses and scalars in the range between

102 − 103 TeV, there would be evidence for an enormous tuning for electroweak symmetry

breaking of about 1 part in ∼ 106. This would already represent a severe blow against

naturalness, only further augmented by the additional tuning required for getting the correct

dark-matter abundance. Fortunately, the LHC will soon begin to tell us what path Nature

has chosen – and whether the weak scale will represent the triumphant return or final downfall

of naturalness.

Appendix A

In this appendix we give the analytic expressions for annihilation and coannihilation pro-

cesses relevant to the cases of pure states and well-tempered neutralinos, in the limit in

which MW is much smaller than the gaugino and Higgsino masses.

The relic abundance is given by

Ωh2 =
688π5/2T 3

γ (n + 1)xn+1
f

99
√

5g∗(H0/h)2M3
Plσ

=
8.7 × 10−11 GeV−2(n + 1)xn+1

f√
g∗σ

, (36)

where g∗ is the number of degrees of freedom at freeze-out, H0 is the present Hubble constant

and Tγ is the CMB temperature. Here σ is related to the thermal-averaged non-relativistic

annihilation cross section by

〈σv〉 = σx−n, x =
mχ

T
, (37)

and the freeze-out temperature Tf (xf = mχ/Tf) is

xf = X −
(

n +
1

2

)

log X, X = 25 + log

[

(n + 1)
g

√
g∗

mχσ 6.4 × 106 GeV

]

, (38)

where g = 2 are the neutralino degrees of freedom and mχ is its mass.

When N states with mass mi (m1 being the lightest) and equal number of degrees of

freedom participate in the coannihilation process, one defines [6] an effective cross section

σeff in terms of the thermal-averaged cross sections for the individual χiχj annihilations,

〈σijv〉 = σijx
−n (39)

20

≈ 0.2
pb
σ

and σ ≈ pb is a typical weak interaction cross section 
mχ ≈ G−1/2

Ffor a particle of mass

⇒ Perhaps DM is made of WIMPS

against the observed

Suppose you have a stable particle  χ

1 The Supersymmetric Dark Matter Impasse

The natural prediction of thermal-relic dark matter is usually considered as one of the most

attractive features of models with low-energy supersymmetry. Indeed a stable, neutral,

colourless, weakly-interacting particle with Fermi-scale mass leads to a present dark-matter

density in rough agreement with observations [1, 2]

ΩDMh2 = 0.113 ± 0.009, (1)

quite independently of any detail of the cosmological evolution at temperatures higher than

the freeze-out temperature Tf ∼ 1–100GeV. Low-energy supersymmetry with conserved

R-parity gives a satisfactory theoretical framework for the existence of such a particle [3].

Here we want to argue that, although dark matter was certainly a natural prediction

of supersymmetry in the pre-LEP epoch, it is generically no longer true, at a quantitative

level, after LEP data are taken into account. To illustrate the problem, let us consider

the supersymmetric extension of the Standard Model with minimal field content, and with

general soft terms. An acceptable thermal dark-matter candidate is obtained in the case in

which a neutralino is the lightest supersymmetric particle (LSP). As LEP data are forcing

the soft terms to be typically larger than MZ , a description of the neutralino in terms of

current eigenstates is becoming increasingly appropriate. We will then start our discussion

with the case in which the neutralino is pure Bino, Wino or Higgsino and later generalize to

mixed states.

1.1 Bino

The Bino is a gauge singlet whose annihilation in the early universe occurs through squark

and slepton exchange. Since sleptons are usually lighter than squarks and right-handed

sleptons have the largest hypercharge, the Bino annihilation cross section and its contribution

to the present Ω are well approximated by

〈σB̃v〉 =
3g4 tan4 θW r(1 + r2)

2πm2
ẽR

x(1 + r)4
, x ≡

M1

T
, r ≡

M2
1

m2
ẽR

, (2)

ΩB̃h2 = 1.3 × 10−2
(

mẽR

100GeV

)2 (1 + r)4

r(1 + r2)

(

1 + 0.07 log

√
r100GeV

mẽR

)

. (3)

Here M1 is the Bino mass and mẽR
is the mass of any of the three degenerate right-handed

sleptons. The value of ΩB̃h2 as a function of M1 is shown in fig. 1 for M1/mẽR
varying

between 0.9 and 0.3. For r very close to 1, co-annihilation becomes important, and eq. (3)

1

⇐

⇐

Weakly Interacting Massive Particle



Direct DM detection versus LHC
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Figure 11: Production cross section in fb for the three-lepton signal ν1ν1W±Z, sampled across the
allowed parameter space. The point analyzed in the text has σ ∼ 95 fb and is indicated by the arrow.

these backgrounds in the region of interest. The tt̄ background can be measured in the semi-

leptonic channel while the ZZ and WZ backgrounds will be measured in the fully leptonic

channel.

From Table 3 we see that after an integrated luminosity of 100 fb−1 the significance

(S/
√

B) is roughly 4.8. We have checked that in the case of the signal the efficiencies are

similar for the e+e− + /ET final state so the inclusion of the electron final state could raise

the significance by a factor of ∼
√

2. Despite the significance being fairly large in the two

lepton channel the signal and background are similarly distributed making it hard to easily

separate them. In Fig. 10 we plot the distribution of HT after all the cuts are imposed for

the background and signal. As can be seen from Fig. 9 the point analyzed here is optimistic,

for a more average point the signal could be substantially reduced making discovery in this

channel impossible.

5.5 Three leptons

We now focus on the associated production of a heavy charged lepton with a heavy neutrino

qq̄′ → E±ν2,3 → W±Zν1ν1. Since it is a Drell–Yan process with quite heavy final states

(
√

ŝ ! 500GeV) the production cross section is smaller than in the previous cases, typically

of the order of 10–100 fb. In particular the distribution of the cross section σ(p p → W±Zν1ν1)

over the allowed parameter space is shown in Fig. 11. The presence of both a W and a Z leads

to richer final states and this might help in reducing the SM backgrounds. The subsequent

decay of the gauge bosons will give final states with 3 leptons + /ET , 2 leptons + 2 jets

+ /ET or 1 lepton (+ 2 jets) + /ET . We do not consider here the case of one lepton and

missing transverse energy since it has already been studied in the previous sections, while the

– 22 –

 [GeV]
T

H
100 200 300 400 500 600 700 800

-1
E

v
e

n
ts

 /
 b

in
 /

 1
0

0
 f

b

0

2

4

6

8

10

12

14

 [GeV]
T

H
100 200 300 400 500 600 700 800

-1
E

v
e

n
ts

 /
 b

in
 /

 1
0

0
 f

b

0

2

4

6

8

10

12

14
tt 

0Z±W
Signal

Figure 13: Number of events after 100 fb−1 for signal and backgrounds as a function of the scalar
sum of visible energy HT .

• Small hadronic activity: less than 3 jets in the event.

• Dilepton separation: the OS SF leptons should have ∆R < 2.3.

• the minimum of the invariant masses of the same sign leptons or the unpaired lepton

with the highest-pT jet should not be greater than 60GeV.

The last cut is motivated by strategies to measure the top mass in the leptonic channel which

use the kinematic variable [34]:

m2
t = m2

W + 2
〈m2

lb〉
1 − 〈cos(θlb)〉

(5.2)

where mlb is the invariant mass of the lepton and the b-jet from the same side of the event

and θlb is their opening angle in the W rest frame. For our case one has also to keep in mind

that tt̄ is a background for the trilepton signal when one of the leptons is faked by a jet. This

cut has the effect of reducing the tt̄ background by an additional factor of a few.

Moreover the leptons in the signal tend to be isolated and there is no heavy flavor involved

in the process, so isolation cuts and b-jet vetoes can be further used to reduce the background,

especially the tt̄ one. Finally the Z in the signal will generically be more boosted than in the

SM diboson case, so the opening angle of the dilepton pair will be smaller for the signal than

for the background.

The cut efficiencies for signal and backgrounds are shown in Table 4. The backgrounds

can be drastically reduced to a rate comparable to the signal. However the cuts have the

effect of also reducing the signal by more than an order of magnitude. The cross sections

– 25 –

pp→ E±ν2,3→W±Zν1ν1→ 3l +ET/

Figure 6: Cross sections for spin-independent dark matter searches. The green region is our parameter
space for mH = 500 GeV. For a Higgs mass of 400 GeV, the predicted cross section is increased by
a factor of about 2.5. The upper solid black curve is the present CDMS exclusion limit [23] and the
lower solid curve is the XENON limit [24]. The upper dashed curve is the projected CDMS II limit
from the 2007 run. The lower dashed curve is the projected bound from the first 25 kg-phase of the
planned SuperCDMS experiment. The black points represent our LHC phenomenology points from
Table 1.

where, using values for the parameters ∆q(p,n) to be found in e.g. [20–22],

ap = 0.705V11 (4.12)

an = −0.555V11. (4.13)

Thus, we find that

σp " 1.77 × 10−37 V 2
11 cm2 (4.14)

σn " 1.10 × 10−37 V 2
11 cm2. (4.15)

Experimental searches

We now use the results (4.8, 4.14, 4.15) of the previous two subsections to see what are

the current constraints on our model coming from the experimental searches. The two

strongest existing bounds on spin-independent WIMP–nucleon scattering are currently from

the XENON [24] and CDMS [23] experiments. For spin-dependent scattering the bounds

are somewhat weaker; the strongest bound on WIMP–neutron scattering is from CDMS [25],

while the strongest bounds on WIMP–proton scattering4 come from two experiments: the
4One can derive an indirect bound from SuperK data by searching for neutrinos coming from come from

annihilation of gravitationally trapped WIMPs. This bound has been derived in [26] in the case of SUSY

models, and we leave for future study the same analysis for our model.

– 13 –

expected signal



The ambition and the complexity of 
the task require a multiform approach

What for the 
next page 1?

top-down:
Unification

side-wise:
Astro-Particle +

Cosmology

bottom-up:
a natural 

Fermi scale

(Not a) Conclusion

1. Quantum Mechanics
2. General Relativity
3. The Standard Model
4. The cosmological Model


