Flavor physics in the SM and beyond

Lecture |: Concepts of Quark Flavor Physics

Lecture |l: E ffective Weak Hamiltonians

Lecture Ill: Connecting UV Physics to Experiments

- Running couplings and modern view on QFT

- Standard Model as an effective bPeld theory (SMEFT)
 Flavor sources beyond the SM

- Emergence of a bigger picture?



Construction of e ffective Lagrangians (summary)

Integrating out heavy particles in the generating functional is
Impractical in all but the simplest cases

Practical procedure:

- write down complete set (basis) of operators { Oi} at given
dimension &, which respect all symmetries of problem at hand

- 1If UV theory is known: determine their Wilson coefficients {gi}

(often called Cj) at! ~M from perturbative matching procedure;
else: treat these as free parameters

- evolve the coefficients down to ! ~E (energy of experiment),
—> thereby resuming large logs ! [! s In(M/E )]" to all orders of
perturbation theory

- determine low-energy matrix elements !f | O; () |[I"using a
nonperturbative approach (lattice QCD)
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Wilson coefficients as running couplings

Often the belds ! y correspond to heavy particles, whose e ffects

become unimportant at low energies

But the frequency decomposition implies that high-energy

excitations of massless particles  (such as gauge bosons) are

also integrated out from the low-energy e ffective theory

Consider now the situation where we lower the cuto ff A
without crossing the threshold for a heavy particle that
could be integrated out:

- the structure of the operators Qi in the effective
Lagrangian remains the same

* hence, the effect of lowering the cuto ff must be entirely
absorbed into the values of the coupling constants Qi
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Wilson coefficients as running couplings

Follows that g = g (M) are running, pu-dependent parameters!

Their scale dependence is calculable in perturbation theory and
governed by renormalization-group equations (RGESs):

v % gi (1) = Tji (as) g (1)

]
=

P
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Wilson coefficients as running couplings

Derivation of the RGE:

a 10,010 (1] =

u ddp g Oi(u) =" g.(u) u ddu O (1)

d
i i Oi(p) =-T0;(p) lcompleteness of basis]

d
ud—ugi(u)!u +ag(W!'i O(=0

d
oo g;(p) +gi(u) iy =0 [independence of basis operators]
v
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Wilson coefficients as running couplings

Follows that g = g (M) are running, pu-dependent parameters!

Their scale dependence is calculable in perturbation theory and
governed by renormalization-group equations (RGESs):

v % gi (1) = Tji (as) g (1)

Solving this equation allows us to evolve (OrunO) the —
coefficients from the high scale (! ~mw in the SM,

I ~Mnp In the presence of new physics) down to the

low scales ! ~Eexp relevant to [3avor experiments!

P

At this low scale, the operator matrix elements are
evaluated using some nonperturbative approach
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Modern view on quantum Peld theory

Very likely, all QFTs are low-energy effective theories of some
more fundamental theory:

* low-energy physics depends on the short-distance
dynamics of the fundamental theory only through a small
number of running, relevant and marginal couplings, and
possibly through some irrelevant couplings if our
measurements are sufficiently precise

» this Pnite number of couplings can be renormalized (i.e.,
InPnities can be removed consistently) using a Pnite number
of experimental data

- old textbook criterion of OrenormalizabilityO isautomatically
fulPlled by any effective beld theory
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Modern view on quantum Peld theory

Very likely, all QFTs are low-energy effective theories of some
more fundamental theory:

- contrary to the old paradigm of strictly forbidding non-
renormalizable interactions, we always expect them to be

present and give rise to small effects, which may or may not
be observable at a given level of accuracy

- this provides an Oindirect wayO to search for hints of physics
beyond the (current) Standard Model:

low-energy, high-precision measurements
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Modern view on quantum Peld theory

While OirrelevantO operators are particularly interesting, relevant
(Osuper-renormalizableO) interactions cause problems!

Consider, e.g., the mass term m<!  in scalar beld theory
Dimensional analysis suggests that m* ~ M “ ~ 1 &,

But then a light scalar particle should not be present in the low-
energy effective theory:

Hierarchy problem! @ .....................

The same argument applies for all mass terms
In any QFT (and likewise for the cosmological
constant)

\§
Victor Weisskopf
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Modern view on quantum Peld theory

|deally, EFTs should be natural in the sense that all mass terms
are forbidden by (exact or broken) symmetries!

Indeed:

- gauge invariance: forbids mass terms for gauge belds
(photons and gluons in the Standard Model)

- chiral symmetry: forbids mass terms for fermions (all matter
Pelds in the Standard Model)

Explains why the SM Is a chiral gauge theory !

- Supersymmetry: would link the masses of scalars and
fermions and, in combination with chiral symmetry, forbid
mass terms for scalar belds (solves the hierarchy problem)
E but nature does not seem to care!?
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Standard Model of Elementary Particles

three generations of matter
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Standard Model as an effective beld theory

Interesting insights can be gained by considering the Standard
Model (SM) as a low-energy effective theory of some more
fundamental theory (supersymmetry, extra dimensions, GUT, ...)

We denote the scale of New Physics by M; this could be as
large as 1016 GeV for some applications, but as small as 103 GeV
for others

The SM Lagrangian should then be extended to an e ffective
Lagrangian, which besides the SM terms contains additional,
Irrelevant operators

These operators must respect the symmetries of the SM
(gauge invariance, Lorentz symmetry, CPT) but are otherwise
unrestricted
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Standard Model as an effective peld theory

The EFT extension of the SM is called OSMEFTO:

Higgs mass (hierarchy problem) |

C05mOlOgicallconstant | renormalingle quantum field theories
J/
Lopr = O M* 4 M2 0= 157 0=
i
1 1 )
+ =Y V0" 4 N0

neutrino masses
(see-saw mechanism)

possible effects of new physics ,
proton decay, flavor physics, ...

MLt M2 LaT
/l‘ o
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Standard Model as an effective beld theory

We will discuss a couple of interesting aspects of SM physics
from the perspective of this construction:

- weak interactions at low energies
* neutrino masses and the see-saw mechanism

 baryon and lepton number conservation
(accidental symmetries)

 proton decay

* [3avor sources beyond the SM
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Weak interactions at low energies

FermiOs description of the weak interactions is a prime example
of an effective beld theory, which has provided brst evidence for
the scale of electroweak symmetry breaking

Since the leading operators in the low-energy effective theory
have dimension 6, it follows that the corresponding couplings
are irrelevant and proportional to M w2, indeed:

Ge _ 9

V2  8My,
The strong suppression of these contributions at low energies
explains why we refer to these interactions as the weak

Interactions , even though the relevant gauge couplings are as
large as the electromagnetic coupling constant
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Neutrino masses and the see-saw mechanism

The discovery of non-zero neutrino masses Is often described
as a departure from the SM

But this is no longer true if we consider the SM as an e ffective
low-energy theory

Without a right-handed neutrino  (which indeed is not part of
the SM), it is impossible to write a neutrino mass term at the
level of relevant or marginal operators

However, it Is possible to write a gauge-invariant neutrino mass
term at the level of irrelevant operators of dimension 5:

[Lneutrino mass — Mgrﬂ-" C.!:_IL }
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Neutrino masses and the see-saw mechanism

After electroweak symmetry breaking, this gives rise to a
Majorana mass term of the form:

2
vqg .
[ £neutrino mass — Vi V[TC Vr, }

The SM as an effective beld theory predicts that neutrinos
should be massive, with m; ! v*/M suppressed by the
fundamental scale of some BSM physics

Experiments hint at the fact that the fundamental scale relevant
for the generation of neutrino masses may be very heavy,

[M! 1014Gev]

which is not far from the scale of grand unibcation
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Neutrino masses and the see-saw mechanism

Extensions of the SM containing heavy,
right-handed neutrinos (with masses that
are naturally of order M) provide explicit
examples of fundamental theories which
yield such a Majorana mass term when

the heavy, right-handed neutrinos are
Integrated out (see-saw mechanism)
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Baryon and lepton number conservation

In the construction of the SM, the conservation of baryon and
lepton number is not iImposed as a condition

There are no corresponding U(1) symmetries of the Lagrangian

How can we understand that we have not seen any hints of
baryon- or lepton-number violating processes?

The answer Is that it iIs Impossible to construct any relevant or
marginal operators that would respect the gauge symmetries of
the SM and violate baryon or lepton number!

Hence, at the level of renormalizable interactions, baryon- and
lepton-number conservation are accidental symmetries of the
SM, but we do not expect them to be fundamental symmetries
of nature
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Proton decay

Suppose you know the gauge symmetry SU(3)c®SU(2) ®U(1) of
the SM but nothing else (no GUTs). What could you say about
proton decay?

The effective Lagrangian must contain at least three quark
pelds (change baryon number by 1 unit) and one lepton Peld
(change lepton number by 1 unit)

Hence: g

£pr0ton decay ' W qqq!
Since the lowest-dimension operators have dimension 6
(corresponding to v; = —2), the proton can be made su fficiently

long-lived by raising the fundamental scale M into the 1016 GeV
range
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Proton decay

Now imagine that you do not know about the existence of
guarksbut you do know about protons and pions

Then an effective Lagrangian giving proton decay could be:

Lproton decay ! g! Ige P

This is a marginal operator, and hence proton decay would not
be suppressed by any large mass scale!

In some sense, we see that the longevity of the proton provides
a hint for a substructure of the proton: replacing a fundamental
Peld by a composite of several belds raises the dimension of
the operators and hence gives rise to additional suppression
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Proton decay

The same trick can be applied to other Pne-tuning problems

For example, the hierarchy problem can be solved by supposing
that the Higgs boson is not an elementary scalar  particle but
Instead a composite of a pair of elementary fermions

If this is the case, then the Higgs mass term corresponds to a
four-fermion operator, which is irrelevant

This is the main idea of composite-Higgs theories
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Flavor sources beyond the SM



Hints from the B-meson Ravor anomalies

Addressing the anomalies requires new heavy particles with
masses in the one-few TeV range

Global bts to Wilson coefficients prefer new physics in left-
handed quark and (to a lesser extent) lepton currents
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[Altmannshofer, Nies, Stangl, Straub 2017]

[see also: Capdevila, Crivelin, Descotes-Genon, Matias, Virto 2017; Hurth, Mahmoudi, Neshatpour 2016;
Ciuchini, Coutinho, Fedele, Franco, Paul, Silvestrini, Valli 2017; E]
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Hints from the B-meson Ravor anomalies

Addressing the anomalies requires new heavy particles with
masses in the one-few TeV range

Global bts to Wilson coefficients prefer new physics in left-
handed quark and (to a lesser extent) lepton currents
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Hints from the B-meson Ravor anomalies

Addressing the anomalies requires new heavy particles with
masses in the one-few TeV range

UV theory describing these particles must respect the gauge
structure of the SM, and hence the effective weak Hamiltonian
describing their effects should be SU(2); ® U(1)y invariant

This implies interesting relations between operators describing
different processes !

Most general new physics coupling to left-handed quark and

lepton currents:
1 |
e = 50 Cr (@7 # QLR 0L + Cs (@1 Q(LE" L])

Contributes to both b! ¢!* gand b! s!' I*transitions!
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Hints from the B-meson Ravor anomalies

Interesting framework for addressing all Ravor anomalies:

[Buttazzo, Greljo, Isidori, Marzocca 2017]

« assume new physics couples only to left-handed currents

 hypothesis that NP couples primarily to 3 rd generation
fermions explains enhancement of 4! ¢!'Bover b! sp™p~
and absence of anomalies in K, ', " decays (clashow, Guadagnoli, Lane 2014]

 Impose [3avor structure governed by minimally broken
U(Z)q X U(Z) Ravor Symmetry: [Barbieri, Isidori, Jones-Perez, Lodone, Straub 2011]

SN v/ 'S VN N v2 FD VR WA/

o p

Possible mediators could be colorless new vector bosons or
scalar/vector leptoquarks
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Hints from the B-meson Ravor anomalies

Smoking-gun signature: strong enhancementof B! K1 *1”
branching ratio by orders of magnitude

700,

600}

B'B - K!"#VV"%SM

[Buttazzo, Greljo, Isidori, Marzocca 2017]
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Emergence of a bigger picture?

Required new particles in few TeV range, precisely where we
(now) expect a solution to the hierarchy problem!

Leptoquarks can arise from GUTSs, neutrino mass models, SUSY
models, or as pPNGBs [Popov, White 2016]

E.g. composite-Higgs models with partial fermion compositeness

[Buttazzo, Greljo, Isidori, Marzocca 2016 E]

- address hierarchy and Ravor problems at ~10 TeV, light scalar
leptoquarks (~TeV) as pNGBs

- Interesting challenges for model building
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Emergence of a bigger picture?

Flavor data may teach us an important lesson:

- complementarity of di fferent belds
* Iintimate connection between Ravor and high-p T physics

Imagine the LHC legacy:

- discovery of the Higgs boson (2012)
- discovery of lepton-f3avor non-universality (20197?)
- discovery of the predicted leptoquarks/vector bosons (202?77?)

- emergence of a consistent, unibed theory of 3avor and
electroweak symmetry breaking (207??)
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Last words E

If conbrmed, the B-meson R3avor anomalies are perhaps the most
Important discovery in particle physics since the discovery of the
weak gauge bosons:

* point to existence of new heavy particles in few-TeV range

 possibly, these might be connected to a fundamental theory of
electroweak symmetry breaking and [3avor

« strong physics case for future high-energy colliders

We live in exciting times!
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