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Lecture 1

Particle Physics from RG flow perspective



Effective Field Theory Paradigm

Whatever the description of physics at some high energy scale Auyy is
(strings, discrete space-time, ...)

It long wavelength excitations exist

* Jow energy dynamics is described by an eftective field theory
= by solving an RG flow

* All structure present at UV scale decouples except for a finite
number of relevant parameters
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1. Decoupling of structure
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Can classify parameters according to their RG scaling L = Z A; O;

_/_ irrelevant do —4 > 0
_f relevant do —4 < 0
_f— marginal do —4 = 0
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4 RG flow towards IR == infinite set of irrelevants is filtered out

4 IR physics described by finitely many relevant plus marginal couplings
W

renormalizable

4 occurence of accidental symmetries

4+ analogy with multipole expansion: every cow is spherical in first approx
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2. The Origin of Mass Hierarchies
(naturalness)
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RG picture for the origin of A,

A1y IR RG scale where
/ A rr 7~ ‘distance’ from UV point
Uy becomes O(1)
>
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RG picture for the origin of A,

A1 4 IR

m/

Ex

® scalar mass ANp) = —

* QCD coupling \(u) = QZSTM )
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RG scale where

A rr 7~ ‘distance’ from UV point

becomes O(1)

u>m - A<1

w~m — A~1

w = AQCD — A1

,uNAQCD — A~ ]



Un-natural hierarchy

Ao (D5 4 —do = 0(1) > 0

A2
L; Aa(p) = Aa(Au) (AM)
o

No hierarchy unless an UV parameter is tuned Ao (A UV) < 1

o

I

)

Ex: critical phenomena in thermal physics Ao (AUV) X (T — TC)
Need lab technician to turn the knob and tune temperature
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Natural hierarchy
infinite bierarchy A,p = O

+ all coupling are irrelevant = always flow to fixed point

+ Ex: photons and phonons

C“Il)\g
dln p

dynamical hierarchy =

marginally relevant coupling

Ao
L(__ <y 1
> < Ao runs slowly =) exits fixed pointat A, < Ay
> <
> <
. Y~ A2
"ﬁ " * Yang Mills theory
e Superconductor (BCS) A, = AUve_l/)‘Q(AUV)
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hierarchy from symmetry: All relevant couplings explicitly break some symmetry

4+ Couplings associated to broken symmetries can be conceivably be made
naturally small, for instance through further dynamical hierarchies

4+ No need to turn the knob like for critical phenomena

Quantum

ChromoDynamics Mauark chiral symmetry

Supersymmetric

Standard Model Msparticies supersymmetry
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Illustration: hierarchy from marginally relevant coupling

for € < 1 aslight tuning A, ~ 0.1 generates an exponential hierarchy
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The Standard Model and the Hierarchy Paradox
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b L HH
uv
+ f\";“FFFkFg - L Fiou B G +
uv
_I_

A, > TeV (pointlike limit ) nicely accounts for ‘what we see’
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+0G,,G"

l)i;j
+ A—LZ-LJ-HH

uv

Ckl pp BRSS9 RS B d>4
T qe b + = Fiop FGHY A

uv

_I_

A, > TeV (pointlike limit ) nicely accounts for ‘what we see’
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+cA2 H'H

+0G,,,G*

b,
+ LLLHH
Uuv
Skl pp P, + S B BGRY d>4
+ A2 i Ll T A iOpvd’; T
Uuv

_|_

A, > TeV (pointlike limit ) nicely accounts for ‘what we see’
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6&% T+ AUV \/§
<O

EA +ceN? H'H

< ~ ~
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b,
+ LLLHH
Uuv
Skl pp P, + S B BGRY d>4
+ A2 i Ll T A iOpvd’; T
Uuv

_I_

A, > TeV (pointlike limit ) nicely accounts for ‘what we see’
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Hierarchy see-saw

Standard Model up to some A% > 1TeV

A2 H'H

yij HF;F;
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Hierarchy see-saw

Standard Model up to some A% > 1TeV

A2 H'H

yij HF;F;
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Hierarchy see-saw

Standard Model up to some A% > 1TeV
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Natural SM : Az S 1TeV
_ 1 B
AZUV HTH y’l,] HFZFJ A%V FiF;FpFp + ...

© ©
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The two possible microphysics scenarios

I. The SM is the correct descriptionup to A, > TeV
* B, L and Flavor: beautifully in accord with observation

* Hierarchy remains a mystery, probably hinting that the question was not
correctly posed
* anthropic principle
e failure of effective field theory ideology (UV/IR connection)

I1. The SM is not the correct description already at Ay ~ 1TeV

* In the correct theory the hierarchy problem does not even arise (naturalness)
* What about B, L and Flavor?  In practically all known models not nearly as
nice as in SM
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At > TeV the SM with elementary Higgs is

approximately a free massless field theory

= approximately Conformal Field Theory

What other options for the UV asymptotics of particle physics?

* weakly coupled natural completion : Supersymmetry

e strongly coupled CFT

* scale but not conformally invariant QFT= SFT p
e theory with (approximate) RG cycles
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An example of a strongly coupled CFT:
Modern Composite Higgs Models

Holdom ’86

Randall, Sundrum 99
Luty-Okui o4
Agashe, Contino, Pomarol o4
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(General Model Structure

strongly coupled weakly coupled
CET Standard
Model

H = composite

operator

A, = 1TeV
Effective Standard Model
with light pseudo-Nambu-Goldstone h-scalar
Manton 79

Hosotani ’83
Georgi, Kaplan ’84
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Two Ways to Flavor

Bilinear: ETC, conformalTC

Dimopoulos, Susskind
Holdom

Luty, Okui

Linear: partial compositeness
D.B. Kaplan

Huber
RS with bulk fermions
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% Wishes ...

1 _ Ko -
HFF A FFFF
Flavor A A2

wish dm as close to 1 as possible

Hierarchy ¢ (Apy)> *H'H A = dim(H"H)

wish A>4-¢
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dim(HTH)
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Flavor from partial compositeness

£Yukawa T E(ZQL\IJQ _I_ euuL\Iju _I_ 6ddL\de

€q Iy P
Y, ~ €,€,9x
L. Y;jmezegg*
J
E'U/
7 D €¢> €us» €4~ dimensionless
v~ g :
2 all other flavor couplings decouple when A, — 00

* Problems of composite Higgs greatly alleviated, but not eliminated
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Flavor from partial compositeness

1 1 (4 1 (/ (/ 1 J1 (/ — —
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Flavor from partial compositeness

£Yukawa — 6(JQL\IJQ _|_ euquju _I_ 6dCZL\]:jd i
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Flavor transitions controlled by selection rules

AF=2

bt

AF=1

>QQ‘Q,Q,Q,Q,
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R Bounds & an intriguing hint
avidson, Isidori, Uhlig ’o7 i . »
Csaki, Falkowski, Weiler "8 Keren-Zur, Lodone, Nardecchia, Pappadopulo, RR, Vecchi ‘12

€k m, < 10 TeV
€'/e, b— sy m, 2 j—p x (10 — 15) TeV
T
d, m, 2 Z—; % (20 — 40) TeV

It taken seriously ...

CP violation in D decays g
~ 9
ACLCP — OKK — Qpqp — —(0.33i0.12)% mp o 47‘(‘ . 10 Tev
e connection with weak scale not perfect tuning
mn \2 (10TeV\”
0.1 ( )
& 125 GeV ( mp )

*Not crazy at all to see deviation in D’s first

ed,, should be next
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= ey

MEG: Br(u — e y) <24 x 1012 m, = 150 TeV

Partial compositeness clearly cannot be the full story

Must assume strong sector possesses some flavor symmetry

Uex UM ux (1<

Range of

possibilities edi, Weiler "1

‘ Barbieri et al. ’12

SUB) x SUB) x ...
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