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Introduction
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The Standard Model of Particle Physics

1. describes nature in a economic and elegant way
(spontaneously broken) local gauge symmetry

2. validated over a wide variety of scales
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Introduction
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ATLAS collaboration, ‘14 CMS collaboration, ‘14

® Higgs boson discovered at the LHC Run |
my =125.25+0.17 last free parameter in SM!

® s the SM the final theory of nature?
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Higgs couplings and electroweak symmetry breaking
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1. is the Higgs the SM Higgs? What drives Electroweak Symmetry Breaking?
* couplings to gauge-bosons, 3" generation fermions are SM-like

e first hints of coupling to 2°¢ generation

_e measuring h*, PW* W~ and h*ZZ important for EWSB mechanism
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The matter-antimatter asymmetry

Why No Antimatter?

see J. Singh’s lecture

2. why is there more matter than antimatter?

Sakharov conditions A. Sakharov, ‘67

® C and CP violation
® baryon number violation
® deviation from thermal equilibrium
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The matter-antimatter asymmetry

Why No Antimatter?

see J. Singh’s lecture

2. why is there more matter than antimatter?

Sakharov conditions A. Sakharov, ‘67

¢ C and CP violation X yes, but not enough
* baryon number violation v
e deviation from thermal equilibrium notfor my, = 125 GeV
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The nature of massive neutrinos
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3. what are the mass and nature of neutrinos?
® are neutrinos Dirac or Majorana particles?
® is there a relation between neutrinos and baryogenesis?
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https://inspirehep.net/literature/870962

Finding BSM: the energy frontier

ATLAS Heavy Particle Searches” - 95% CL Upper Exclusion Limits ATLAS Preliminary
s Jrd= (a5 -139) oV

1. smash protons as hard as you can, and see what comes out
® create new particles

[ ><
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Finding BSM: the energy frontier

Standard Model Total Production Cross Section Measurements

Status: October 2023

Theory

e
W

1. smash protons as hard as you can, and see what comes out
® create new particles
* and/or study their effects on rare processes
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Finding BSM: the precision frontier

Majorana
demonstrator

2. search for tiny indirect effects in processes with no (or very precisely known) SM background

¢ electric dipole moments ® muon and electron g — 2
® neutrinoless double S decay ® B and kaon physics
® |epton flavor violation u — ey ® precision § decays

=
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Finding BSM: The precision frontier

proton decay | ‘ ' : _//;\ IC*

0vBA | " L O

] neutral meson mixing | -

O = (Q/Assm) €'/e] B
hadronic EDMs | CP |-

eEDM - |

muon g — 2 | -

3 decays - LHC reach -

PVES - n

|
0 2 4 6 8 10 12 14 16

|og(/\BSM/GeV)
competitive/complementary to energy frontier
1. observables w. SM background

need precise SM background to claim discovery

2. observables w/o (w. negligible) SM background (usually violating SM symmetries)
need precision to extract microscopic symmetry violation params (6, mgg,. . .)

most of these probes use nuclei as targets!
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A few sensitive nuclear observables: neutrinoless double beta decay

Double Beta-Disintegration § -0
M. GouPPERT-MAVER, The Johns Hopkins University 7
(Received May 20, 1935) § -65
From the Fermi theory of 8-disi ion the p ility of si emission of two 4
electrons (and two neutrinos) has been calculated. The result is that this process occurs suffi- = -7
ciently rarely to allow a half-life of over 10'7 years for a nucleus, even if its isobar of atomic
number different by 2 were more stable by 20 times the electron mass.
=75
28 29 30 31 32 33 34 35 36 37 38 39
z
H ’
® Double beta decay is a rare doubly weak process see B. Jones’ lectures
® |epton-number-conserving 2v channel
76 76 - — = = 2v 21
35Ge —34 Se + € € Dele T1/2:1.9 x 10 yr

rarest observed nuclear process
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A few sensitive nuclear observables: neutrinoless double beta decay

Double Beta-Disintegration

M. Gorprurt-MavER, The Jokns Hophins University
(Received May 20, 1935)

From the Fermi theory of f-disi ion the probability of si emission of two

electrons (and two neutrinos) has been calculated. The result is that this process occurs suffi- -70
ciently rarely to allow a hali-life of over 107 years for a nucleus, even if its isobar of atomic A s
number different by 2 were more stable by 20 times the electron mass. Ge
-75 —=Se

28 29 30 31 32 33 34 35 3 37 38 39
z

® Double beta decay is a rare doubly weak process see B. Jones’ lectures
® |epton-number-conserving 2v channel

15Ge »28 Se + e~ e ele Tf =19 x 10% yr
rarest observed nuclear process
® if neutrinos are Majorana, a lepton-number-violating Ov channel becomes possible
$8Ge >3 Se+ e e” T > 1.8 x 10%yr

BSM physics!
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Neutrinoless double beta decay

10°

mgp = 3 Ugm;

mgg 99.73% discovery sensitivity [meV]

10 minimum: 18.4 % 1.3 m:
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1 future
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10° 104 10° 10°
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arXiv:2212.11099

M. Agostini, G. Benato, J. Detwiler, J. Menendez, F. Vissani ‘22

® Ov3j3 experiments have the best chance to reveal the neutrinos’ Majorana nature
® next-generation tonne-scale experiments will improve existing bounds by 1-2 orders of magnitude
_*® and rule out the inverted ordering (in minimal scenario)

(>
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https://arxiv.org/abs/2212.11099
https://inspirehep.net/literature/2027983

Neutrinoless Double Beta Decay
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M. Agostini, G. Benato, J. Detwiler, J. Menendez, F. Vissani ‘22

® observation clear signal of BSM physics but interpretation needs theory!
e E.g. in “standard scenario”, rate is prop. to the neutrino Majorana mass x nuclear matrix element

Mo > Usm; x MO
i

need to get hadronic and nuclear physics right
to extract neutrino mass & interplay with oscillation experiments
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Electric dipole moments

® signal of T and P violation ( CP) see J. Singh’s lectures
® insensitive to CP violation in the SM
® BSM CP violation needed for baryogenesis

neutron Onlgy ~ 107 % ecm < |dh]exp < 1.8 - 107 ecm
M. Pospelov and A. Ritz, ‘05; C. Y. Seng, ‘14; nEDM Collaboration, ‘20

= large window & strong motivations for new physics!
‘&9 LA-UR-24-27605 712412023 13


https://ceem.indiana.edu/events/nnpss/program2.html
https://inspirehep.net/literature/681325
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Electric dipole moments

@ nEDM
@ PEDM, dEDM
@ uEDM
ThO, HfF
@ Hg, Xe, Ra

® large worldwide experimental program

de <4.0-10"% ecm dv  <1.8-107% ecm
Chasp, < 1.2- 107® ecm d‘99Hg <6.2-107% ecm

® orders of magnitude improvements & new systems in next generation

(>~
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EDMs and BSM physics

Neutron quark EDM
z .
g —)  Non-zero EDM in any system
P, *H, *He £ . .
] will be revolutionary
Diamagnetic 2 .
atoms: 2 gluon chromo-EDM 3
Hg, Xe, Ra & 2
] =
Paramagnetic 2 E
Tl,Cs § nsa
B g
Molecules: 3| lepton-quark operators E
YbF, PbO, HfF* l (4
Leptons ‘l lepton EDM |—>

thanks to J. de Vries

eV MeV GeV TeV?

o different systems crucial to pinpoint BSM
® need atomic, nuclear, hadronic theory to identify CPV at quark level
_* need to correlate with flavor physics and LHC to identify BSM

(]
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Precision 3 decay

10¢ 140 18Ne22, zesl 30g 34Ar 38 42Tj 46Cr S0Fe S4Nj e b e
A 34 o B oy Stansice . 62Ga . 0™ — 0™ transitions

1072

Orlft

‘ ‘ data from J. C. Towner and |. S. Hardy, ‘20

10-3 ‘
10-4 I § I .
6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38
z
o Jifetime measured with better than 0.1% accuracy in several systems see A. Holley’s lectures
1 G?:l Vua’|2
— =L = F(14+ AL +6R)(1 +ns — &
P log2 2(1+ AR+ 0R)(1 + dns — 8¢)
® allow to extract the V,4 CKM element with high accuracy

= provided we can control % level electromagnetic corrections (AK, 8h, ONs, Oc)
‘g LA-UR-24-27605 7/24/2023 16
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Precision 3 decay

0.951 0.951
0.950- 1 0.950
3

= 0.949

0.949 !
-

0.948 0.948

0t ~0* neutron decay K-niv

0.0020 0.0020
0.0015 0.0015
0.0010 0.0010
0.0005 0.0005
0.0000 -—-l 1 IS PN
= Radiative = Experiment

= Nuclear Lattice

¢ SM predicts the CKM mixing matrix to be unitary: | Vyq|* + | Vus|® + |Vis|* = 1
® extraction of V4 and Vs from nuclear 5 decays, K and = decays require theory input
® with current experiment and theory
A = |Vigl? + | Visl® + [V |* — 1= ~(15£5) - 107*
~ 3o deviation, new physics at the 10 TeV scale?
dominated by theory errors! need nuclear theory to claim BSM physics ...
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Precision 3 decay

2.0
s Decay correlations and spectral shape
Sk ()] Eo02)dEAQ02,
3IS1.0
= Pe'Pv m
= EE(L"’—E,)?dE,ngdﬂ,f{ 1+a +b—
0.5 (2m)® E.E, E,
. prv (pe-i)(p.-i>][1(1+1)—3<(1~i)‘z>]
0.0 7 —
063 3E.E, E.E, J(27—1)
. D1 v ppXp,
50.02 - A4 B4 D “ @
s J E, E, E.E,
© 0.01
0.00 53 07 3 08 To J. D. Jackson, S. B. Treiman, and H. W. Wyld, ‘57
&
® |owest-order th. uncertainties drops out in pure Fermi/Gamow-Teller decays e.g. ®He — SLi

acr :—1/3+O(Ee/mN)+(’)(a), bar :0+O(Ee/mN)+(’)(a)
o permille level spectral measurements probe non V-A currents at the ~ 10 TeV scale

g ET

bgsy = — + bsm

~.® but need to control radiative and recoil corrections
o LA-UR-24-27605 7/24/2023 18


https://inspirehep.net/literature/47960

Nuclear Physics for Physics Beyond the Standard Model

N

N 1+

ViMw =~ >< SMEFT operators
Ay ./ >< SU(3)c x U(1)em Operators
I :>< Chiral Effective Theory

strong nuclear interactions

E @ —_— @ Many body

LA-UR-24-27605 7/24/2023 | 19
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Why Effective Field Theories?

a. At high energy, Q > 2 GeV
® parametrize BSM physics without relying on explicit models
“bottom-up” approach, data will tell us the right model

® well developed tools (renormalization group equation, matching) to connect observables at the
electroweak scale with the precision frontier.

b. At the transition between perturbative and nonperturbative QCD, Q ~ 1-2 GeV
® construct and organize hadronic interactions compatible with QCD symmetries
e determination of EFT couplings requires nonperturbative techniques

strong connection with Lattice QCD

c. Inthe nuclear regime, Q < 0.5 GeV
® ab initio methods achieved great progress and can reach regions unimaginable 10 yrs ago
® can be coupled with nuclear interactions and BSM operators from EFT

EFTs as bridge to transfer info from pQCD/LQCD into many-body calculations
and provide fully ab initio predictions for BSM probes

o 7o 7
o LA-UR-24-27605 7/24/2023 | 20



Effective Field Theories for Nuclear Physics

2020 -

N=82

02010
02012 H. Hergert, ‘20
52014
=2016
52018
2020

E— e ——
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78 82 86 90 94
N

progress in ab initio many-body methods

e use nucleon degrees of freedom,

e have nuclear interactions valid across the nuclear landscape,

e solve the nuclear many-body problem with controlled and improvable approximations

=
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What is an Effective Field Theory?

The EFT paradigm
1. focus relevant scales & degrees of freedom

‘@ LA-UR-24-27605 7/24/2023 | 22



What is an Effective Field Theory?

The EFT paradigm
1. focus relevant scales & degrees of freedom
2. identify symmetries of the theory

3. write all the possible interactions allowed by symmetries
everything that is not forbidden is allowed!

[ ><
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What is an Effective Field Theory?

The EFT paradigm

1

2.
3.

. focus relevant scales & degrees of freedom

identify symmetries of the theory

write all the possible interactions

allowed by symmetries

everything that is not forbidden is allowed!

4. an organizing principle (power counting)

LA-UR-24-27605

expand in ratio of scales Q/A <« 1
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Effective Field Theories for BSM Physics: the Standard Model

A N new physics A > v

v, My >< SMEFT operators

My

E

7/24/2023 | 22
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EFTs for BSM physics: the SM

WD @ @ |
up charm top gluon Hliggs
DO ®| @
down strange bottom photon
.0 V| @ @
electron muon tau Zboson
Do e Ly T W
S0 || ndui®ho || nelftho | | Wooson
1. degrees of freedom and scales
a. three generations of massive quarks and leptons
b. two massless gauge bosons (photon and gluons)
c. two massive gauge bosons (Z and W) and one massive scalar (H) with mass ~ 100 GeV
[ ]

LHC suggests there is a mass gap mx > my ~ 100 GeV

[ ><
‘g LA-UR-24-27605 7/24/2023 | 23



EFTs for BSM physics: the SM
2. symmetries: SU(2), x U(1)y x SU(3). gauge symmetry, spontaneously broken to U(1)em X SU(3)¢

S. Weinberg, ‘67, A. Salam, ‘67
see S. Weinberg’s reminiscences.

()
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EFTs for BSM physics: the SM

2. symmetries: SU(2), x U(1)y x SU(3). gauge symmetry, spontaneously broken to U(1)em X SU(3)¢

S. Weinberg, ‘67, A. Salam, ‘67
see S. Weinberg’s reminiscences.

a. to explain p and g decays, left- and right-handed particles are different under the weak interactions
® |eft-handed particles come in pairs, which mix under a gauge transformation

_( _( v,
a=(g) «=(a)

® right-handed particles, ug, dr and eg are singlet under SU(2) (notice, no vg!)
® |- and R-handed particles are assigned a U(1) “hypercharge”, related to the electric charge
1 1 2 1 T3

YQ:é: yl:_§7 yU:§7 yd:_§7 }’e:—17 o’ll’ 2 +.y’¢’

()
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EFTs for BSM physics: the SM

2. symmetries: SU(2), x U(1)y x SU(3). gauge symmetry, spontaneously broken to U(1)em X SU(3)¢

S. Weinberg, ‘67, A. Salam, ‘67
see S. Weinberg’s reminiscences.

a. to explain p and g decays, left- and right-handed particles are different under the weak interactions
® |eft-handed particles come in pairs, which mix under a gauge transformation

_( _( v,
a=(g) «=(a)

® right-handed particles, ug, dr and eg are singlet under SU(2) (notice, no vg!)
® |- and R-handed particles are assigned a U(1) “hypercharge”, related to the electric charge
1 1 2 1 T3

YQ:é: yl:_§7 yU:§7 yd:_§7 }’e:—17 Q’ll’ 2 +.y’¢’

® under a SU.(2) x Uy(1) transformation, parametrized by the angles «;(x) and 3(x)

T

GL(x) = expi (@(x) 7 +¥aB(0)) au(x).  Ua(x) =" Dur(x), da(x) = € Vda(x).

_ where T are the Pauli matrices acting on weak isospin space
‘:9 LA-UR-24-27605 7/24/2023 | 24


https://inspirehep.net/literature/51188
https://inspirehep.net/literature/53083
https://inspirehep.net/literature/1705780

EFTs for BSM physics: the SM

3. construct all interactions allowed by symmetry
® to be able to construct gauge invariant interactions, introduce the gauge fields W/* and B

Wi = (12 5) (Wit + g o (i) )
B.(x) = exp (iB(x)) (Bu(x + 8#> exp (—iB(x)),

® and the covariant derivatives and “field strengths”

Dyt = [0 — igWoi - 5 — ig'vu,Bu| e Dutbn = [0 — gy Bu] vm
T T T
W, - 5= (OuW, — 3, W ) —ig |:WM : vau : 5] By, = 0uB, — 0,B,.
® These allow to build gauge covariant objects. Show that:
[Dute] (x) = expi (@(x) - 5 + v, 8(x)) Duton(x),  [Dutial’ (x) = €5 D,sa(x)
Wi 3] 00 = & (W, 7] (e E, Bl () = Buu ()

%S ;
Q LA-UR-24-27605 7/24/2023 25



EFTs for BSM physics: the SM

® covariant derivatives and field strengths provide the basic building blocks to construct gauge
invariant operators

¢ the Lagrangian of the theory will contain Lorentz-scalar, gauge-invariant operators

"W owe e,

+ Cqu8L9LURUR + C49GLqLdrdR + Cw (Wyw x WYP) - W .

L = quiv"D.qu + Ugiv" Duug + daiv' D, dr —

4. power counting

® in general
g _ r@ (5) (5) (6) (6)
L=L +§ C. Oy +E C/. 07 +...
)

e for £ to have dimension 4, coefficients of d-dimensional operators have dimension of [M]?~*
® d > 4 operators arise from particles not in the theory,

o if their masses M > myy, operators of the lowest dimension are the most important
and we can expand observables in powers of my /M

[ ><
‘Q LA-UR-24-27605 7/24/2023
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EFTs for BSM physics: the SM

® with the ingredient discussed so far, the complete list of dim-4 operators is
L% = Guin"D,.qu + P1in" Dy + Upin" Dyur + drin' D,dr + &rin*Dyer

1 v 1 v n g vpo
AW W B BW+0$5“ G, G,
® inducing kinetic terms for quarks, leptons and gauge bosons, and a CP-odd QCD 6 term,
¢ the three gauge couplings g, g’ and gs determine all the interactons,

e all particles in this theory are massless, as mass terms

— %G””Gﬁu —

- o 2
myl Ug, myd, dg, myW* - W,

break SU(2), x U(1)y gauge invariance

[ ><
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EFTs for BSM physics: the SM

® with the ingredient discussed so far, the complete list of dim-4 operators is
L% = Guin"D,.qu + P1in" Dy + Upin" Dyur + drin' D,dr + &rin*Dyer
1 v 1 v 1 v n g2 vpo
— ZG"”“ Gi, — ZW‘“’ - WHY — ZB“ B.. +0—64;25“ P7GE,Gays

® inducing kinetic terms for quarks, leptons and gauge bosons, and a CP-odd QCD 6 term,
the three gauge couplings g, 9’ and gs determine all the interactons,

e all particles in this theory are massless, as mass terms
muDLuH, mdc_ILdH, mﬁ,W“ . Wu
break SU(2), x U(1)y gauge invariance

* we have not used our scalar!
Introduce a complex scalar ¢, which is doublet under SU(2), and has hypercharge y, = 1/2

(%)

[ ><
‘Q LA-UR-24-27605 7/24/2023
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Electroweak symmetry breaking

® up to dim-4, in the scalar sector we can write
L, = (Dup) Dup = V(e'p)
V(e'e) = —1pTo + %(«p%)z
® . is the only dimensionful parameter in the theory
will set the scale of EW physics

in addition, we can write down scalar-fermion “Yukawa” interactions

Ly = —Ya8 gl " dr — Yue (") ur — Yo (") R

Yy, Yu and Y. are dimensionless 3 x 3 complex matrices

show that Ly is gauge invariant

[ ><
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Electroweak symmetry breaking

N — lo'e]"

® To generate fermion/boson masses EW symmetry “spontaneously broken”
i.e. the ground state of the theory breaks the symmetry

e if 4 > 0and X > 0, the minimum of the Higgs potential is at

2 2
(plo) =3 X

® which, if we don’t want the vacuum to spontaneously break charge, can be realized by

w=25(2).

[ ><
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Electroweak symmetry breaking

® Expanding around the vev

2
1 V2 . Vg2 + g2v gWi —g'B gwWsr — g'Br
(D)t Dt = -3 (%) (W”LW;—&— w2 WE)+ ( g9°+g > < 0 M

2 Ve )\ Ve

two charged massive bosons

Wi:7W‘1¥,W5 mW:ﬂ
12 \@ ’ 2
® one neutral massive boson
3,LL _ A~ R& v
ZH:M:CwWSM—SwBH, mZ:L
/gz + g2 2Cw
® one neutral massless boson
A, =susW¥ +¢,B", m,=0
e similar, expanding the scalar potential, one can find
my = \/XV
® where we introduced the Weinberg angle
9 . g
Cw = cosfy = ——, Sw =sinfy = ——,
! Vet VRN
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Couplings to fermions

® the coupling to the massless boson

/2

r 99

37
JF g

[EJL’Y“ (? + yq) qr + yulry"up + YdaR’YHdR} Au

which justifies

99 _ T3
— 2 =e  Qy=—_2+yy.
/gz +g/2 4 2 ¥

® the couplings to the W remain simple, and purely left-handed

LD % (U W + diy" u W, ) + % (T el W, + ey v W)

® the coupling to the Z is more messy

LD Cg [(_]L’V'u (g — Qqsﬁ,) qL — QUSEVDR’Y“UH — QdSﬁ,a,q’y#dR] ZN

w

e the couplings are diagonal in generation space
4 indep. parameters, v, e, s, and A determine (almost...) everything

[ ><
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Fermion masses and the CKM matrix

® in the Higgs-scalar sector

Ly — — [Er’L Yqdr + U Yuug + € Yee,:,] + h.c.

v
V2
give rise to quark and charged-leptons masses
® Y, Ysand Ye are generic 3 x 3 complex matrices, don’t need to be diagonal

® by rotating the quark and charged lepton fields with unitary matrices
u,p = UlguLR, d g = U{ pdyp, e.,r = U reLnr,
the mass term can be diagonalized, with real and positive eigenvalues
"4 "4

[UK}T YUUIL:II = diag(mU7 mC7 mf)7 \/é

T
|UE] YaUR = diag(ma, ms, my)

Sl

() X
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Fermion masses and the CKM matrix

® in the Higgs-scalar sector

Ly — — [Er’L Yqdr + U Yuug + € Yee,q] + h.c.

v
V2
give rise to quark and charged-leptons masses
® Y, Ysand Ye are generic 3 x 3 complex matrices, don’t need to be diagonal
® by rotating the quark and charged lepton fields with unitary matrices
ui.p = Ul pULR, dl.r = U?pdir, el.r= Ul reLn,
the mass term can be diagonalized, with real and positive eigenvalues
"4 "4

V2 V2

¢ the right-handed matrices U,ﬁj.’d’e disappear from every termin L. E.g.

;
[U8]" Y, U = diag(my, me, my), [Uf] Y, U = diag(ma, ms, my)
3 n - dT ppd gt A Ay

drY"drZ, — dr [UH} Y Urdr = dry" drZ,

RH neutral current interactions are the same in “weak” and “mass” basis

() 76
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Fermion masses and the CKM matrix

o the left-handed matrices UL“"d’e drop out of the Z and A couplings

at tree level, SM has no flavor-changing neutral currents
e.g. dy'sZ,, by*sA,, ...

® but not from the charged-currents
(@, + 7y e) Wy — (Tl [UF]" Ufof + iy Ul ) W
® since in the minimal SM there is no neutrino Yukawa term, U can be absorbed in the v, field
all leptonic interactions are diagonal in the mass basis! E.g. no e-v, interactions

[ ><
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Fermion masses and the CKM matrix

o the left-handed matrices UL“"d’e drop out of the Z and A couplings

at tree level, SM has no flavor-changing neutral currents
e.g. dy'sZ,, by*sA,, ...

but not from the charged-currents
(@, + 7y e) Wy — (Tl [UF]" Ufof + iy Ul ) W
® since in the minimal SM there is no neutrino Yukawa term, U can be absorbed in the v, field
all leptonic interactions are diagonal in the mass basis! E.g. no e-v, interactions

in the quark sector, this defines the Cabibbo-Kobayashi-Maskawa (CKM) matrix

Vud Vus Vub
[UHTUfE Vekm = Voo Ves Vo

Vie Vis Vi
® Vekw is a 3 x 3 unitary matrix, parameterized by 3 real numbers and a complex phase
e the “Jarlskog invariant” J is a measure of CP-violation in the SM C. Jarlskog

J= Im[ Via Vis VJS Vtt‘l]

[ ><
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Determination of the CKM elements

B o e e |

‘excluded area has CL > 099

sin2p.

0.5

Vekm =

-0.5

€k

Y sol. w/ c0s 28 <0

o b e b b e Py
-0.5 0.0 0.5 1.0 1.5 2.0

P
* the CKM matrix is fairly hierarchical
0.97435 £ 0.00016
0.22487 + 0.00068
0.00858*3%0%9
e CP-violation is small J ~ 3.12-107°
LA-UR-24-27605

P L

[VexkMm| =

0.22501 £ 0.00068
0.97349 £ 0.00016
0.0411 1+0400077

1-22/2 A AN (5 — iff)
Y 1-)2)2 AN?
A1 —p—if)  —AN? 1
J = A\

see PDG CKM review
-+0.000090
0'003732&? 000085
0.041 8318"888839
Tooo0es  0-9991187 0 o05a
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SM summary

Lsy = quiy" Duqu + 20iy" Dty + Upiy" DyuUp + drin* D,.dr + @riv' Dyer

1 v 1 v 1 v
— 2 GG — g W W — 2B By + (Dup)' Dup — V(¢'9)

— Yl dn — Yu G () R — Yok B (") Ten + G%SMUPU G, G,

® the gauge symmetry of the SM imposes several constraints which can be looked for in the lab
relations between mz and my, CKM unitarity, high-energy behavior of WW production, . ..

Concerning discrete symmetries:
1. P & C (exchange L into R): broken by W and Z gauge interactions

small at low energy only cause mw,z > mp, me
2. CP:broken by Y, s and 8

no CP-violation if all quarks are massless

® using the freedom to redefine the fields, in the SM it boils down to 2 params, J and §

() s
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SM Summary

ESM = (_JLI.’VM Dqu + ZLI.’}/”D;LZL + I._IRI"}/MDHUR + aﬁi'y”DMdR + éRi'y”DHeR

1

4
. . s . Prop— —_ 2

— Yu0"q/ o dr — Yue G/ (") ur — Ye P (") eR + 9%5“”“’ G.. G5y,

1 LV v 1 LV
- ZGal G — 7 W - WH — ZBI B, + (DH‘P)T Due — V(SDTQO)

e for low-energy processes, CP is basically conserved
no EDM, no baryogenesis
3. quark flavor: no flavor changing neutral currents at tree level
K-K oscillations, B-B oscillations, B — X5y, K — mvv
suppressed by loop factors and masses or CKM factors
4. L and B: lepton and baryon number are conserved (in perturbation theory)
no OvBg3, no proton decay

5. lepton flavor is conserved
noe— 7, e— u, p— 7 transitions

_6. neutrinos are massless
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