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FLAVOUR PHENOMENOLOGY




WHY IS IT IMPORTANT?

m Flavour physics is the study of the different types of quark flavours, their
spectrum and their interactions (transitions among them).

m Flavour-violating and CP-violating processes allow us to test high energy physics
since they are strongly suppressed and governed by quantum fluctuations.

» Unveiling New Physics effects
» Constraining NP models.




m Tests not limited by available energy by available precision (both in experiment
and theory)

Experiment = (Known factors) x (Vogas) X (matrix elements)

Lattice QCD

m Hadronic matrix elements: They encode the non-perturbative QCD interactions
responsible for the hadronization of quarks/antiquarks into hadrons. We can
parameterize those in terms of decay constants, form factors, bag parameters...




CKM MATRIX

Interaction eigenvectors are not the same as mass eigenvector but they can be related
by a change of basis.
dL == de/L urp = SU’U,IL y

Thus, the Flavour Changing Charged Currents (FCCC):
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where V = SUSJ; is the so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix.
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UNITARITY

m Since the CKM Matrix comes from the multiplication of two change of basis
matrices, it needs to be unitary.

It is important to determine each of them independently to test unitarity.
The first row:

Vea|® + |Vus|? + [Vip|? — 1 = —0.0021(2)y;,, (6)v,, - (1)

m This is a 3o deviation that could be a signal of New Physics effects.




HOw TO DETERMINE |V|

m One interesting element is |V;|, some loop observables are very sensitive to |Vg|.
For example, for the SM prediction of e, the parameter of indirect CP violation
for kaons, |Vcb| is the dominant error.

m Another reason to study this specific parameter is because there is an on-going
tension in its determination.

Inclusive determinations Exclusive determination
V| = (42.240.8) x 1073 |Vep| = (39.36 & 0.68) x 103

There exists a 3 o tension between these two values.




We will focus on the exclusive determination using the semileptonic decay:

The differential decay width can be expressed in terms of some form factors as:

dr G2 M3, m2\°
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This expression needs to be compared with experimental data in order to extract the
|Vep| value.

(2)




BGL PARAMETRIZATION

m We are going to use the BGL parametrization for the form factors:

1

Hi(w) = MB\/?f(w) F Vw? — 1Mp/rg(w),
How) = = F1(w).

Hs(w) = yv/ (w? = DrF(w),

m These can be computed using Lattice QCD




In order to compute the form factors, we are going to do first a z-expansion, where we
do a conformal mapping from w to a new variable z:

Vet 1-+2
C VwF1+42

The maximum value for z is 2,4 = 0.056 so we can do a power expansion on this
parameter. Thus:
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Now we can use Lattice QCD in order to find the value of the expansion’s coefficients.

The FNAL-MILC collaboration obtained:

ao  0.0330(12) by 0.01229(23)
a;  —0.155(55) by —0.003(12)
az  —0.12(98) b,  0.07(53)
co 0.002059(38)  do  0.0509(15)
¢ —0.0058(25)  dy —0.327(67)
c;  —0.013(91) dy  —0.03(96)

Using these values we can reconstruct the theoretical expression for the decay width
and, comparing them with the experimental data, we can obtain the V| value.

arXiv: 2105.14019
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TWwO DIFFERENT DETERMINATIONS

G. Martinelli et al

m Bin by bin determination.

FNAL-MILC
m Global fit in the entire energy range.
m V| = (38.76 £0.75) x 1073

m Compatible with past exclusive
determinations.

Unitarity imposed by hand
|Vep| = (41.3 £1.7) x 1073

m Seem to resolve the tension with
inclusive determinations.

arXw: 2109.15248

arXiv: 2105.14019
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Average of Average of

exclusive inclusive
determinations determinations
G. Martinelli et al o
This work
without o
correlations
FNAL-MILC —
This work e ]
0.039 0.040 0.041 0.042 0.043 0.044
Vcb




OBSERVABLES

m Apart from determining some parameters of the SM we can also use the
theoretical expression for the decay width to study some observables that can be
compared with experimental data.

m One of them is the so-called Forward Backward Asymmetry which is defined as:

Wmax d2r Wmax d’r
fwmin fO dwd cos 6, fwmm f 1 dwdcos 6,

fwmax f dT
et 1 dwdcosf,

Arp =
m The SM prediction is:

AFB(teo) = 0251(17)



Experimental Experimental
value for e value for p

&= SM prediction

0.19 0.20 0.21 0.22 0.23 0.24 0.25 0.26 0.27
Afs




Another observable is R(D™)) which is related to lepton universality. It is defined as:

B(B - DWru,)

R(D™) = {=
( ) B(B — D(*)él/g) ) €, W,
where
WMax, £ d]:‘
B(B — D™iy,) = TB/ dw—
1 d(JJ

R(D*)®) =0.265(13)  R(D*)® = 0.266(13)

The experimental value R(D*)exp = 0.295 4 0.010 £ 0.010 = 0.295 £ 0.014. There used
to be a 30 tension when this observable was computed along R(D), but the
computations where revisited recently and the tension was resolved.




QCD AT LOW ENERGIES




LATTICE SETUP

s FNAL/MILC collaboration has generated data to calculate decay constants fg,
and hadron masses m,, for:

» 6 different values of a.
» Several values of the valence quark masses m,, m, € [~ my, ~ mg]
» Physical and unphysical values of the light (m; = m,, = my) and strange quark

masses.




m Perform a NNLO (2-loops) ChPT analysis of the data to:

» Extrapolate (or interpolate) the data to the physical point (physical masses,
continuum limit, infinite volume limit ...) to calculate the decay constants fr, [k,

and fr/fx.
DK = () WVasl? 12
D(rt — lve(y)) - |‘/ud‘2f772r v
fr, frx —|—F(K — él/),r(ﬂ' — 61/) = |Vus‘7 ‘Vud| (4)

Test first-row CKM unitarity and tensions in the extraction of V.

» Extract the ChPT LECs (low energy constants) that enter in the ChPT calculation
of decay constants and meson masses.

> Test the dependence on m3°® of M?2.




STRONG CP PROBLEM

m When studying the QCD vacuum, we need to introduce the 6 term in order to
take into account its non-trivial structure:

1 _
[ v
Lo 169G,WG (5)

m This term violates CP in QCD.

m The instanton contribution, GG, is giving mass to the 1/, that is why it is much
heavier than the 7.

m This term contributes to the neutron dipole moment. Experimental results
constrict 6 to be smaller than 10710,

m This is introducing a fine-tuning problem into the theory of QCD. If we have
something really small, we would think that there is a symmetry that is
producing such a small number (making that to be 0).



SOLUTIONS

m Several solutions have been proposed.

m One of the most popular ones, is to introduce a new hypothetical particle called
the Axion.

m However there is one solution within the SM.

Massless Solution ‘ (6)

m If m, = 0, the 6 term can be removed by doing a U(1) rotation u — eia'y5u, which
makes 0 — 0 + «.




m We know that the experimental quark mass is not zero, so this has to be ruled out
from the very begining. However, note that there are two contributions to the
experimental mass:

mqms

(7)

Muyexp = My + A
instaton

m [f the topological contribution is big enough, we can set m, = 0 solving the strong
CP problem. This mass contribution is the one related to the Higgs condensate,
proportional to the Yukawa couplings.




m An estimation to the topological contribution can be estimated by studying how

the pion mass varies with m:°.

Mf = B1(my + mq) + Bami®(my + mg) + higher orders , (8)

where m,, is the mass from the coupling to the Higgs (the one we need to be zero
to solve the strong CP problem).

m The goal is to check whether the topological contribution mgms/Ainstanton can
mimic the effect of m, to reproduce my, ezp.

mdms/Ainstanton < ﬁdems ~ Blmu,ewp — 52/61 ~ 5Gev_1 . (9)




m Funckle et al. computed an estimation to the topological contribution by
assuming equal and fixed masses of the light quarks, and varying the mg in the
chiral limit:

B2 _ Mg,l - ME,Q (10)
b1 ms,le,Q - ms,QMil M. 50
m They found:
/82 o —1
ﬁ— = 0.63(39)GeV (11)
1

m Low enough to rule out massless solution but with high error.

arXiv: 2111.00288




m We want to improve this measurement.

m We can do that by using FNAL/MILC data to perform a fit to the NNLO chiral

expressions, for different values of both the m$°* and the valence quark masses.
m This fit would give us a value for the expansion coefficients 81 and [s.

m Then we can relate them with the Low Energy Constants of ChPT.

_ 16By

B1= By, P2 = W(QLES — Ly) (12)




Thank you for your attention!




	Flavour Phenomenology
	QCD at low energies

