The Standard Model as an Eftective Field Theory



SM is defined by its gauge symmetry and its field content

gauge fields SU(3) x SU(2) x U(1l)y x diffs
Higgs field H = (1,2,1)
SpinOI‘S qL ] UR ] dR ] éL ] GR X 3 families
(3,2,1/3) (3,1,4/3) (3,1,—-2/3) (1,2,—-1) (1,1,-2)
—

Write most general EFT lagrangian as expansion in

inverse powers of microphysics cut-oft A, =1/a
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A, > TeV (pointlike limit ) nicely accounts for ‘what we see’
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Ayv > mpy
Ay new physics
Standard
Model
mp = \/ca Apy weak scale

some basic features of physical reality beautifully explained

by the magic of Lg—4



The magic of Lj—4
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e can always redefine Y, to make it diagonal

U()z, xU(1)z, xU(1)z, xU(1)s and massless v’s emerge just accidentally

but in nice qualitative agreement with observations
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Data seem to speak for a qualitatively different origin for the v mass



The next order in the 1/A,, expansion offers indeed such source

U U

bij ‘
AUV

Li—s = (7C0 Ho H,y

taking grossly ~ m, ~ 0.1eV »  Ayy ~ 107 GeV X [by

for |b;j| =O(1) this is not too far from unification scale



U(l)L X U(l)L2 X U(l)L3 X U(l)B

4 baryon number conserved: the proton is stable (...and life possible)

proton lifetime from SuperKamiokande Collab.

T(p = etn?) > 1.6 x 10°* yrs 90% C'L

4 individual lepton number conserved

p— ey
Ex. ME '
T — Uy i x. MEG experiment

T e ete Br(p — evy) < 42x 107"

90% C'L



but all these effects are generated by terms in  Lg

I{’U,’U, € o (8
Le D - (UR CdﬁR) (uy, Cer) € o B+L violation: proton decay
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The remarkable ‘lavor’ of L, (GIM mechanism)

Y, = D,
g | Yo = V Dy D, = diag(yu, Ye, Yt)
Y’L] i H_i_uj _|_ YZJ q’b Hd] avor rotations
u QL R d L R _‘_ Dd — diag(yda Ys, yb)
Y, = V'D,
Yo = Dy

Flavor violation purely in the interplay between u- and d-type quarks

If either Dy or Dg degenerate, then V can be eliminated

free: none

Flavor Changing Neutral Currents loop: depend on the mass (differences)

in the other charge sector



CP violation

® V £ V™ only source of CP violation
® |/ physical up to quark phase rotations ik _y i(07—05) 175k

® truly physical CP violation Jijre = Im {Vz j Vk*j Vie Vi }

2-families Jijke =0

. ° . . . '* p— . . 4
unitarity V%J vk 5Jk 3-families Jijre =J 1#k, jF£L

@ Jarlskog invariant J = Im {VogV;i Vi Vi Y < [VigVs| < 3 x107°

® if any two quarks of the same charge degenerate, J unphysical



Consequences



Ex: K K— mixing

J
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Electric dipole moments
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Electric dipole moments
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Electric dipole moments

state with definite (U(J)|D|U(J)) = ¢ (U(J)|J|U(J))
J-J=750+1) \ v v
T-even Toodd T-odd
~vanish; d CPT
non-vanishing edm %  brokenT ==mp broken CP
® ncutron dn < 10_26 ecm  nEDM 2020
Experimentally

® clectron de < 10_29ecm ACME 2018



L, contribution to edms: J and QCD vacuum angle 6,1

down quark edm
as (Qw\2 mg m; —34
dg ~ e — > ; J ~ 10 e cm
4w/ m2, ms,
Czarnecki, Krause 1997

electron edm
d, ~ 107°%ecm
S

Khriplovich, Pospelov 1991
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While Lg contributes to all these processes at tree level

Ayv > VRe(cas—,) x 10° GeV

Cas—o , =
Lg D X; (dy*s)?

uv

A,y > \/Im(cASZQ) x 107 GeV

Cele

A2

Uuv

Le D (ZLO-MGRH) B,uu A,y > \/Im(ce) x 10° GeV



QCD vacuum angle Ocep > neutron edm

dy, ~ Oocp x 1071%ecm

Oocn S 1071

hard to understand given CP violation in CKM
seems just small by accident

This is the Strong CP Problem



The Strong CP problem looks like a stain on the magic of L4

However this stain is remarkably mitigated by the existence of a dynamical
solution, entailing the existence of an ultralight scalar, the axion, and

compatible with a fundamental new physics scale f, many orders of

magnitude above the weak scale (f, ~ 101 — 10> GeV)



More magic of L4 : custodial symmetry

HT SU(2 A
H — ( T ) H Y% oH
H = (ReH", ImH"', Re H°, Im H°) 40t OM4) ~ SU2)L xSU((2)g
H* HT O(4) . .
¢ = < [ S ) ® — UL@U]];

D,® = 0,® + igo T/ W' ® — igy ®T}B,

1 ; m? ' A F 12
LHiggS — §TI'(DM@ DM@) — 7TI'(@ @) — Z [TI'(@ @)}

@ hypercharge Y acts like T3 » gy explicitly breaks SU(2)p — U(1)y

‘ 0(4) is only broken by hypercharge and other small effects



b — O'(I)[A]Jf is a residual approx symmetry: SU(2). (custodial)



d — UdUT is a residual approx symmetry: SU(2). (custodial)

(W,, W7, W;)  formatripletunder  SU(2),

2
92
L _ Y (W ow2 owP o 9
ma 4 ( % I v M )
2 2
v m
2 F [ 2 2 %
144 - — g —
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‘ SU(2)c s also an accidental symmetry

L0706 = %(HTDMH)(HTD“H) == 5p ~ -

Electroweak Precision Tests ~3
0ppsm S 10 A 2 10T
(LEP/SLC/Tevatron) » Pos » 0 TeV



* It is remarkable how the hypothesis A, > 1TeV, the desert,
very simply explains many structural aspects of particle

physics

* This encourages us to try and understand how can m;; be
naturally made hierarchically separated from A,



* It is remarkable how the hypothesis A, > 1TeV, the desert,
very simply explains many structural aspects of particle

physics

* This encourages us to try and understand how can m;; be
naturally made hierarchically separated from A,

... to our great frustration we find we cannot |
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= c2 Ay, >

Ayy =102 GeV = ¢y ~ 104"

How plausible is such a tremendously small ¢ ?
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It seem we have a problem understanding mpyg < Ayy
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Notice dmi; ~ y—tz A2 fully fixed by symmetries

8T
higher dilatation
SpiIl Symm
symm
. _ )
very much like the frequency of pendulum W = C T

Galileo would surely have gasped had he found c=10"2Y




But why didn’t our ancestors worrv about the electron mass?
y y



But why didn’t our ancestors worry about the electron mass?

....well, actually at a certain point they did

o e
naive classical picture of electron - ) | E ~ =
o2 R—0
relativity m = E ~ — > OO
R
puzzle solved \\
by QED — -
62 @2
Ame — A A — O



The reason for this cancellation is chiral symmetry

Y, — Yy e

| 2 d4
10 A N € P
Vi = Unc e ™ e oy / (1%)?

m. — m, e*2?

Fermion mass is only multiplicatively renormalized
no additive, possibly large, contribution
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And what about the photon?

Shouldn’t we worry for the origin of his vanishing mass?



And what about the photon?

Shouldn’t we worry for the origin of his vanishing mass?

No!
as long as 2 # 3
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