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For New Physics



More/quite advanced

 How well we know the CKM
matrix ?

« what do we learn from this
knowledge ?




The quarks ¢ b and t were discovered in an indirect
way by using rare decays, and more precisely FCNC, such as

K°= upu, K, =2 nm and B oscillations

~1970 charm quark from FCNC and GIM-mechanism K2= ppu
~1973 3™ generation from CP violation in kaon (g,) KM-mechanism

~1990 heavy top from B oscillations Amg




The Quantum path

The indirect searches
look for “New Physics”
through virtual effects from new particles in loop
corrections
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Fermi
Effective Theory
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Experimentally from muon decay GF =

The effective coupling constant GF is expressed
as the SM « fundamental » coupling constant g
divided by the mass of the propagator M, squared
(consequence of Dim=6 operators [4legs])

[ | I I I | ] | | ] | ] |
In this specific case we know

-~ from SM e =g sin(6y) The weak interaction is not weak because of g<<e
—~ Experimentally ~ M,,~80 GeV but because of the large value for the W mass




Effective Flavour Theory to New Flavour Physics :
A game of scale and coupling

AB—9 5 ‘D "couplings
H Z — Fl’?\-; Loop factors
=1 Propagator=scale
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o 'Qﬁ (Griv*ar;) @it ar), Q1 = (@riv"ar;)(Griv"ar;)
Within the SM, only the (QRzQLJ)(QRzQLg) Qo = (Griqr;)(Griqr;)

operator Q, is present (QquLJ TRy Q3 = (Qﬁiqgj)(tﬁﬂ%j)
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-> the effective flavour-violating coupling C’s

In explicit models
A ~ mass of virtual particle (Fermi theory : M,,)
loop coupling x flavour coupling ( fm) x «a, *x CKM)



Example for B oscillations (FCNC-AB=2)

FCNC porcesses are ideal place to look for NP effects because they are suppressed
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The measurements (in this case Amy)
are modified wrt the predictions of the SM by the presence of BSM particles.

modifications are important if couplings are larger and/or NP masses are i

in SM

When | squared |
have the m? at
the numerator
and M,* at
denominator.
IMPORTANT

at the end the
dimension is 1/E2

the language of
The EFT, the operators

have dimension 6
2> 1/A2

ghter



Pictorially Flavour Physics

It is a game of couplings and scales

A -

This is the basic region because it
IS important to have precise
measurements

Coupling
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Each of the angles of the unitarity triangle is the relative phase of
two adjacent sides ([a part for possible extra m and minus sign)

C=10.0h

B=i1.h

The reason of making the arg of the ratio of two legs is simple

x=[ey=yle”  x/y=(x|/[ype?
—» arg(x/y)=(H— )  Sotherelative phase
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More explicitely with two examples :

s Rates of semileptonic decays of B’ :’
Provide information e

on Vub (Vcb) b r__T_'E | 2
.ﬁi:rh

If we can access to the imaginary part of
the ampliutude involving Vub —>_access to y angle =

V|
y= al( ( = atan
Cd Cb p Ef.v" .5 ‘ 0.5 1 5
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To better understand how to access the angle y

CP-conjugated [ A = A(B ) A = FEoN)-Te—1) |[Al-Af
amplitudes - | A = A(B - ) ERCES IS CE NN

If A:is just given by one amplitude A, =0
CP violation requires at least two amplitudes

NOW suppose that you find a decay where Vub transitions are involved such that we
have two possible amplitudes

—
/E b S
W _ _
b 3¢ u B t%/ 3
B_ Vub TEO _u _u TEO
_u u
Af = |Vub| e v +a N . I
— ' (weak phase) iy > -iy ACP - y .

Ar = |Vl &7 +a
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s« B’ BYOscillations
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An example on how to fit the UT parameters and fit new physics
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Global Fit within the SM p = 0.159 £ 0.009

=" 42

1
0.8

0.6

ﬁ — 0.353 £0.008

2~ [UT, fl:

L

mmmmmm
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SM fit

. = 0.2250 * 0.0006
am, A= 0.827 +0.008

All the constraints
Look compatibles !

Coherent picture of
FCNC and CPV
processes in SM

CKM matrix is the dominant source of

flavour mixing and CP violation

ol v

What does it imply ?
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—@@ Loon artons The nice compatibility translates into%... | .
& C ~0xAC >inalimitonA =
Upper limit on C, namely the value of AC

AF=2 . . . o
G- @) @era, %~ o) anan) transalte in lower limit T
Within the SM, only the | g, = (qriqe )(fmq) Q5 = (qLiqr;)(dLin;) b
operator Q, is present | o, (qm D@t 9= @) @) A > 1 / VAC 2 B T e T
9 = (araes)@uitns). rG)
Q5 (1 ) (@5s05)-

Unitarity triangle beyond the SM

Generic Flavor Structure The power of exploration
Generic: 107 Re(Ck) Re(Cp) C, to NP scale
C(A) = a/A? Tm(Ck) Im(Cp) Cp, goes like square root of
E~1 arbitra'ly the precision on C
| pI:Iase 105 mesasurment
o ~ 1 for S
strongly e

|
coupled NP 5103"‘———————————— > 1000 TeV !

10!

101
Cl Cg Cg C4 C5

for lower bound for loop-mediated contributions, simply multiply by a. (~ 0.1) or by o (= 0.03).

In the most generic and strong interacting NP model
particles with mass less than 1000 TeV would have
caused discrepencies on the UT fits




Scenario in which NP mimic the flavours properties (CKM) of the SM

Unitarity triangle beyond the SM

. NMFV
10
Re(Cx) B2(Cp) % UTg¢| [NMFV:
Im(C Im(C —
03 (Ck) (Cp) Cpg, s C(A) = X I_FSM|/A2,
Fi~|Fsy|, arbitrary
phase
< 107 o ~ 1 for
2 strongly
e coupled NP
S 10 TeV! < =20k = e e N . — B . N _ -
109
1
1 Cq Co Cs Cy Cs

for lower bound for loop-mediated contributions, simply multiply by o, (~ 0.1) or by aw (~ 0.03).

In case of a, the limit is already A > 300 GeV !

Particles with mass less than 300 GeV would have caused discrepencies on the UT fits
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1990-now - a huge number of precise measurements

'm:-:;fe,;; Discovery : absence of
e New Particles up to the
~4xE|ectroweak Scale !
0.6:—¢/B
> ....and at much larger
ot ) scale (>TeV) for some

New physics model

charm quark from FCNC and GIM-mechanism K°=> pu

3" generation from CP violation in kaon (gx) KM-mechanism

heavy top from B oscillations Amg

success of the description of FCNC and CPV in SM
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ol = arXivhep-ph/0501199
o.;: h’,n.d" _____ AM,
o.sf AW,
ozE'UTr.';: e '-o'.s%L \ : o - '/g/o.ls g
p
p=0.196 + 0.045 ~ 23%
7= 0.347 £ 0.025 ~ 7%
e L LI e L LT L L e L e L CLEE LR EELEEEE : 0.159 + 0.009 ~ 5.6%

To this end: increasing the
precision on both the
theoretical and experimental
: sides is fundamental !

L EEEE NN NI EEEEE NN EEEE NS NN EEEEEEEEEEENEEEEEEEENENEEEEEEEE [

0.353 £ 0.008 ~ 2.2%

In 20 years we improve the precision by about a factor 4
which means we pushed our exploration by a factor 2 for the NP scale.
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FLAVOUR PHYSICS IS AN EXPLORATORY PHYSICS !
IT ALLOWS TO EXPLORE SCALE FAR BEYOND THE
REACH OF THE DIRECT SEARCH

SPAN FROM ELECTROWEAK SCALE TO
SEVERAL TEV (up to 1000TeV) !

FOR some scenario we still need to improve the
precision by a factor 10 to reach the TeV scale !

Where do we expect the scale of New Physics??

This IS THE QUESTION !
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The problem of particle physics today is :
where is the NP scale A ~0.5, 1...1015 TeV

1 10° ? ¢ MWIMP 10 1019E (G evg

2 2
V(p) = —pgd'd + A(d'9) -
15 is the bare mass parameter
At tree level, after electroweak symmetry breaking: .- ’{}’
2 _ 2 -
mi = 2\v 5 {3

_______________________________
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The Higgs mass is particularly sensitive to ultraviolet physics because radiative
corrections generate quadratic contributions. At one loop, the correction to the Higgs
mass parameter can be schematically written as

AZ

Sm2 ~
MH ™ Tgr2

where A represents the energy scale up to which the theory is valid. If new particles

with mass M couple to the Higgs field, their contribution is typically of the form

92

2
1672 M,

dm3y ~

showing that heavy states induce large corrections proportional to their squared
masses. The physical Higgs mass is obtained after renormalization as

2 2 2
mi = m%jn + dmyy, my = 2Av” + omy.

where mp  is the bare mass parameter and (Sm%{ represents the radiative correction.

Although renormalization allows the quadratic divergences to be absorbed into the
bare parameter, a very large correction would require a delicate cancellation between
mir o and 5m§f in order to reproduce the observed Higgs mass. This sensitivity to

high-energy scales is known as the hierarchy or naturalness problem.
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Fermions: protection from chiral symmetry

For a fermion with mass my, radiative corrections to the fermion mass have the schematic

5 L
My 167r2mf 8 m? ’

¢ g is the coupling constant,

form

where:

e A is the ultraviolet cutoff scale,

* Myis the fermion mass.

The crucial point is that the correction is proportional to the fermion mass itself:

omy o my.
Therefore, in the limit
my — 0,
we also have
dmy — 0.

This is a consequence of chiral symmetry: when the fermion mass vanishes, the theory
gains an additional symmetry, which prevents quantum corrections from generating a

large fermion mass term. The renormalized mass is given by
M phys = My + omy,

but since the correction is proportional to m, a small fermion mass remains naturally
small.
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Gauge bosons: protection from gauge symmetry

For a gauge boson, a mass term would have the form

1
Lo = 5myVuV*.

Such a term is forbidden by gauge invariance for an unbroken gauge theory. The radiative

corrections to the gauge boson mass have the schematic structure
2 2
2 g 2 A

so that

Jm‘{?,v — 0 for my — 0.

This protection arises from gauge symmetry, which constrains the form of the gauge

boson self-energy.

For massive gauge bosons in the Standard Model (W= and Z), the mass is generated

through the Higgs mechanism, but gauge symmetry still controls the structure of radiative

corrections.
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smr~ 9 mitog (X A =10 GeV
F7 1622 ™ %8 \ 2 - ev
me = 0.511 MeV = 5.11 x 10 * GeV.
AQ (1010)2
log| — | =log [ ——2——
8 (mZ) o8 ((5.11 X 10-4)2)
~ log(4 x 10%°) ~ 61.

Sme ~ %(5.11 x 1074)(61) GeV.

2 58x10°t
dr — ’

dm, ~ 5.8 x 1074 x 61 x 5.11 x 10 GeV,
dm, ~ 1.8 x 1075 GeV.

1.8 x 10 ° GeV = 18 keV.

om, ~ 18 keV
m, = 511 keV.

om,

~3_4% me ~ 0035,
correction !

A2
1672

dmiy ~

Unlike fermions and gauge bosons, in the limit
myg —+ 0

the Standard Model does not acquire a new symmetry capable of protecting the Higgs
mass. Therefore, the Higgs mass is highly sensitive to high-energy physics.

dmy ~ 10° GeV

mH = 125 GeV

~107%
correction !

The quadratic sensitivity of the Higgs mass to
heavy states implies that new physics at very high
scales tends to drive the Higgs mass parameter
towards those scales, making the small
electroweak scale unnatural without a protective
mechanism.
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...Indeed historically we have always followed the two ways...

“Quantum path”
//

Crucial : Luminosity

RS

Lool‘< for discrepancy wrt SM on many
different measurements

| |
SN THE ENERGY FRONTIER @ Super B factory |
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BACKUP



Why Do Quantum Corrections Depend on the Energy Scale? To explain

Because of the virtual particle !' Vacuum fluctuation AE-At~h. This means that
higher-energy virtual particles can exist for shorter times, but they still
contribute to physical processes.

When you compute quantum corrections to a physical parameter (like the Higgs
mass), you must sum over all possible virtual fluctuations, from very low
energy up to some high-energy cutoff

A
dm?* ~ / (function of energy) dE
0

guantum corrections naturally depend on how high in energy you go — that's
why there's energy-scale dependence

This leads to the concept of renormalization: fundamental parameters of the
theory (mass, charge, couplings) depend on the energy scale at which you're
probing the system.

For example, the electric charge of the electron effectively increases at higher
energies. That's because at shorter distances (or higher energies), gquantum
fluctuations "screen" less of the charge.

This energy dependence is governed by renormalization group (RG)
equations.
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To explain

Even though the SM is renormalizable, some of the renormalized quantities,

like the Higgs mass, are sensitive to the cutoff scale:

» The renormalization doesn't prevent large corrections to the Higgs mass
from high-energy physics.

» This creates the hierarchy problem, or the problem of naturalness.

So the SM is mathematically consistent and renormalizable — but it
still has deep physical problems that suggest it’s incomplete.

So What's is the trick ?

> Renormalizability means we can cancel infinities — not that the
resulting finite values are naturally small or stable.

> If the quantum corrections are huge (e.g., from A~101% GeV), then the
bare Higgs mass must be chosen with extreme nrecision to cancel
those corrections and get the observed mass: mj,(phys) = mj,(bare) + émj;

> To get the observed mH=125 GeV the bare mass must almost exactly
cancel the large loop corrections.

—>This is called fine-tuning and is/could be considered unnatural.
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