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Introduction

Wikipedia

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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• Higgs boson discovered at the LHC Run I

mH = 125.25± 0.17 last free parameter in SM!

• is 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, 3rd generation fermions are SM-like
• first hints of coupling to 2nd generation
• measuring h3, h2W +W− and h2ZZ important for EWSB mechanism
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The matter-antimatter asymmetry

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

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

Sakharov conditions
× yes, but not enough

X

× not for mH = 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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Finding BSM: the energy frontier
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass
SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT W ′ →WZ → ℓν ℓ′ℓ′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass
HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ

CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) − 2 j − 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.0 TeVmZ′
Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036800 GeVma

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass
Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass
Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu

3 → bτ) = 1 2303.012941.49 TeVLQu
3

mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. ATLAS-CONF-2022-0522.0 TeVLQV
3

mass

Vector LQ 3rd gen 2 e,µ, τ ≥1 b Yes 139 B(LQV
3 → bτ) = 1, Y-M coupl. 2303.012941.96 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet 2210.154131.46 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass
VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass
VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass
VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet 2303.05441898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 139 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j − 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass
Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 139 DY production 2211.075051.08 TeVH±± mass
Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass
Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2023

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).

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 energy frontier
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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
• neutrinoless double β decay
• lepton flavor violation µ→ eγ

• muon and electron g − 2
• B and kaon physics
• precision β decays
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Finding BSM: The precision frontier
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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 (θ̄, mββ ,. . .)

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

n p

n p
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76Ge 76Se

• Double beta decay is a rare doubly weak process see B. Jones’ lectures
• lepton-number-conserving 2ν channel

76
32Ge→76

34 Se + e−e−ν̄eν̄e T 2ν
1/2 = 1.9 × 1021 yr

rarest observed nuclear process

• if neutrinos are Majorana, a lepton-number-violating 0ν channel becomes possible
76
32Ge→76

34 Se + e−e− T 0ν
1/2 > 1.8 × 1026 yr

BSM physics!
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A few sensitive nuclear observables: neutrinoless double beta decay
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• Double beta decay is a rare doubly weak process see B. Jones’ lectures
• lepton-number-conserving 2ν channel
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32Ge→76

34 Se + e−e−ν̄eν̄e T 2ν
1/2 = 1.9 × 1021 yr

rarest observed nuclear process
• if neutrinos are Majorana, a lepton-number-violating 0ν channel becomes possible
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BSM physics!
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Neutrinoless double beta decay

mββ =
∑

U2
ei mi

arXiv:2212.11099 M. Agostini, G. Benato, J. Detwiler, J. Menendez, F. Vissani ‘22

• 0νββ 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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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.g. in “standard scenario”, rate is prop. to the neutrino Majorana mass × nuclear matrix element

Γ ∝
∑

i

U2
ei mi ×M0ν

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

γ

n nΣ−
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W

H = −dnS · E

• 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 dn|SM ∼ 10−32 e cm � |dn|exp < 1.8 · 10−26 e cm

M. Pospelov and A. Ritz, ‘05; C. Y. Seng, ‘14; nEDM Collaboration, ‘20

large window & strong motivations for new physics!
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Electric dipole moments
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• large worldwide experimental program

de < 4.0 · 10−30 e cm dn < 1.8 · 10−26 e cm Λnaive ∼ 10-100 TeV
d225Ra < 1.2 · 10−23 e cm d199Hg < 6.2 · 10−30 e cm

• orders of magnitude improvements & new systems in next generation
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EDMs and BSM physics

eV MeV GeV TeV?

thanks to J. de Vries

Non-zero EDM in any system
will be revolutionary

• 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 β decay
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26Al 34Cl 38K 42Sc 46V 50Mn54Co 62Ga 74Rb 0+ → 0+ transitions

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

• lifetime measured with better than 0.1% accuracy in several systems see A. Holley’s lectures

1
ft

=
G2

F |Vud |2m5
e

π3 log 2
(1 + ∆V

R )(1 + δ′R)(1 + δNS − δC)

• allow to extract the Vud CKM element with high accuracy
provided we can control % level electromagnetic corrections (∆V

R , δ′R , δNS, δC)
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Precision β decay
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• SM predicts the CKM mixing matrix to be unitary: |Vud |2 + |Vus|2 + |Vub|2 = 1
• extraction of Vud and Vus from nuclear β decays, K and π decays require theory input
• with current experiment and theory

∆ = |Vud |2 + |Vus|2 + |Vub|2 − 1 = −(15± 5) · 10−4

∼ 3σ deviation, new physics at the 10 TeV scale?
dominated by theory errors! need nuclear theory to claim BSM physics . . .
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Precision β decay
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J. D. Jackson, S. B. Treiman, and H. W. Wyld, ‘57

Decay correlations and spectral shape

• lowest-order th. uncertainties drops out in pure Fermi/Gamow-Teller decays e.g. 6He→ 6Li

aGT = −1/3 +O (Ee/mN) +O(α), bGT = 0 +O (Ee/mN) +O(α)

• permille level spectral measurements probe non V-A currents at the ∼ 10 TeV scale

bBSM = −8
gT εT

gA
+ bSM

• but need to control radiative and recoil corrections
LA-UR-24-27605 7/24/2023 | 18
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Nuclear Physics for Physics Beyond the Standard Model

new physics Λ� v

SMEFT operators

SU(3)c × U(1)em operators

Chiral Effective Theory

Many body
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non perturbative QCD

strong nuclear interactions

LA-UR-24-27605 7/24/2023 | 19



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
• determination of EFT couplings requires nonperturbative techniques

strong connection with Lattice QCD

c. In the 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

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



Effective Field Theories for Nuclear Physics

H. Hergert, ‘20

progress in ab initio many-body methods
• use nucleon degrees of freedom,
• have nuclear interactions valid across the nuclear landscape,
• 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

2. identify symmetries of the theory

3. write all the possible interactions allowed by symmetries

everything that is not forbidden is allowed!

4. an organizing principle (power counting)

expand in ratio of scales Q/Λ� 1
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Effective Field Theories for BSM Physics: the Standard Model

new physics Λ� v

SMEFT operators
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EFTs for BSM physics: the SM

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 � mH ∼ 100 GeV
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EFTs for BSM physics: the SM

2. symmetries: SU(2)L ×U(1)Y ×SU(3)c gauge symmetry, spontaneously broken to U(1)em ×SU(3)c

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

a. to explain µ and β decays, left- and right-handed particles are different under the weak interactions
• left-handed particles come in pairs, which mix under a gauge transformation

qL =

(
uL

dL

)
, `L =

(
νL

eL

)
;

• right-handed particles, uR , dR and eR are singlet under SU(2) (notice, no νR !)
• L- and R-handed particles are assigned a U(1) “hypercharge”, related to the electric charge

yq =
1
6
, y` = −1

2
, yu =

2
3
, yd = −1

3
, ye = −1, Qψ =

τ3

2
+ yψ

• under a SUL(2)× UY (1) transformation, parametrized by the angles αi (x) and β(x)

q′L(x) = exp i
(
α(x) · τ

2
+ yqβ(x)

)
qL(x), u′R(x) = eiyuβ(x)uR(x), d ′R(x) = eiydβ(x)dR(x).

where τ are the Pauli matrices acting on weak isospin space
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EFTs for BSM physics: the SM

2. symmetries: SU(2)L ×U(1)Y ×SU(3)c gauge symmetry, spontaneously broken to U(1)em ×SU(3)c

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

a. to explain µ and β decays, left- and right-handed particles are different under the weak interactions
• left-handed particles come in pairs, which mix under a gauge transformation

qL =

(
uL

dL

)
, `L =

(
νL

eL

)
;

• right-handed particles, uR , dR and eR are singlet under SU(2) (notice, no νR !)
• L- and R-handed particles are assigned a U(1) “hypercharge”, related to the electric charge

yq =
1
6
, y` = −1

2
, yu =

2
3
, yd = −1

3
, ye = −1, Qψ =

τ3

2
+ yψ

• under a SUL(2)× UY (1) transformation, parametrized by the angles αi (x) and β(x)

q′L(x) = exp i
(
α(x) · τ

2
+ yqβ(x)

)
qL(x), u′R(x) = eiyuβ(x)uR(x), d ′R(x) = eiydβ(x)dR(x).

where τ are the Pauli matrices acting on weak isospin space
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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 Wµ

i and Bµ

W′µ(x) · τ
2

= exp
(

iα(x) · τ
2

)(
Wµ(x) · τ

2
+

i
g
∂µ

)
exp

(
−iα(x) · τ

2

)
B′µ(x) = exp (iβ(x))

(
Bµ(x) +

i
g′
∂µ

)
exp (−iβ(x)) ,

• and the covariant derivatives and “field strengths”

DµψL =
[
∂µ − igWµ ·

τ

2
− ig′yψL Bµ

]
ψL DµψR =

[
∂µ − ig′yψR Bµ

]
ψR

Wµν ·
τ

2
= (∂µWν − ∂νWµ) · τ

2
− ig

[
Wµ ·

τ

2
,Wν ·

τ

2

]
Bµν = ∂µBν − ∂νBµ.

• These allow to build gauge covariant objects. Show that:

[DµψL]′ (x) = exp i
(
α(x) · τ

2
+ yψLβ(x)

)
DµψL(x), [DµψR]′ (x) = eiyψR

β(x)DµψR(x)[
W′µν ·

τ

2

]
(x) = eiα(x)· τ2

[
Wµν ·

τ

2

]
(x)e−iα(x)· τ2 , B′µν(x) = Bµν(x)
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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

L = q̄LiγµDµqL + ūR iγµDµuR + d̄R iγµDµdR −
1
4

Wµν ·Wµν − 1
4

BµνBµν

+ Cqu q̄LqLūRuR + Cqd q̄LqLd̄RdR + CW (Wµν ×Wνρ) ·Wµ
ρ . . .

4. power counting
• in general

L = L(4) +
∑

C(5)
k O

(5)
k +

∑
j

C(6)
j O

(6)
j + . . .

• for L to have dimension 4, coefficients of d-dimensional operators have dimension of [M]d−4

• d > 4 operators arise from particles not in the theory,
• if their masses M � mW , operators of the lowest dimension are the most important

and we can expand observables in powers of mW/M
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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(4) = q̄LiγµDµqL + ¯̀LiγµDµ`L + ūR iγµDµuR + d̄R iγµDµdR + ēR iγµDµeR

− 1
4

GaµνGa
µν −

1
4

Wµν ·Wµν − 1
4

BµνBµν + θ̄
g2

s

64π2 ε
µνρσGa

µνGa
ρσ,

• inducing kinetic terms for quarks, leptons and gauge bosons, and a CP-odd QCD θ term,
• the three gauge couplings g, g′ and gs determine all the interactons,
• all particles in this theory are massless, as mass terms

mu ūLuR , md d̄LdR , m2
W Wµ ·Wµ

break SU(2)L × U(1)Y gauge invariance not quite the right theory yet...

• we have not used our scalar!
Introduce a complex scalar ϕ, which is doublet under SU(2)L and has hypercharge yϕ = 1/2

ϕ =

(
ϕ+

ϕ0

)
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Electroweak symmetry breaking

• up to dim-4, in the scalar sector we can write

Lϕ = (Dµϕ)† Dµϕ− V (ϕ†ϕ)

V (ϕ†ϕ) = −µ2ϕ†ϕ+
λ

2
(ϕ†ϕ)2

• µ 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 = −Ydδ
jk q̄ j

Lϕ
k dR − Yuε

jk q̄ j
L(ϕk )†uR − Yeε

jk ¯̀j
L(ϕk )†eR

• Yd , Yu and Ye are dimensionless 3× 3 complex matrices

show that LY is gauge invariant
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Electroweak symmetry breaking

[φ†φ]1/2

V

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

• if µ > 0 and λ > 0, the minimum of the Higgs potential is at

〈ϕ†ϕ〉 =
v2

2
=
µ2

λ

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

〈ϕ〉 =
1√
2

(
0
v

)
,
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Electroweak symmetry breaking
• Expanding around the vev

(Dµϕ)† Dµϕ = −
1
2

(gv
2

)2
(W 1µW 1

µ + W 2µW 2
µ) +

(√
g2 + g′2v

2

)2(
gW 3

µ − g′Bµ√
g2 + g′2

)(
gW 3µ − g′Bµ√

g2 + g′2

)
• two charged massive bosons

W±µ =
W 1
µ ∓ iW 2

µ√
2

, mW =
gv
2

• one neutral massive boson

Zµ =
gW 3µ − g′Bµ√

g2 + g′2
= cw W 3µ − sw Bµ, mZ =

gv
2cw

• one neutral massless boson
Aµ = sw W 3µ + cw Bµ, mγ = 0

• similar, expanding the scalar potential, one can find

mH =
√
λv

• where we introduced the Weinberg angle

cw = cos θw =
g√

g2 + g′2
, sw = sin θw =

g′√
g2 + g′2

,
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Couplings to fermions

• the coupling to the massless boson

L ⊃ gg′ 2√
g2 + g′

[
q̄Lγ

µ
(τ3

2
+ yq

)
qL + yu ūRγ

µuR + yd d̄Rγ
µdR

]
Aµ

which justifies
gg′√

g2 + g′ 2
≡ e, Qψ ≡

τ3

2
+ yψ.

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

L ⊃ g√
2

(
ūLγ

µdLW +
µ + d̄Lγ

µuLW−µ
)

+
g√
2

(
ν̄Lγ

µeLW +
µ + ēLγ

µνLW−µ
)

• the coupling to the Z is more messy

L ⊃ g
cw

[
q̄Lγ

µ
(τ3

2
−Qqs2

w

)
qL −Qus2

w ūRγ
µuR −Qd s2

w d̄Rγ
µdR

]
Zµ

• the couplings are diagonal in generation space

4 indep. parameters, v , e, sw and λ determine (almost...) everything
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Fermion masses and the CKM matrix

• in the Higgs-scalar sector

LY → −
v
√

2

[
d̄LYd dR + ūLYuuR + ēLYeeR

]
+ h.c.

give rise to quark and charged-leptons masses
• Yu , Yd and Ye are generic 3× 3 complex matrices, don’t need to be diagonal
• by rotating the quark and charged lepton fields with unitary matrices

u′L,R = Uu
L,RuL,R , d ′L,R = Ud

L,RdL,R , e′L,R = Ue
L,ReL,R ,

the mass term can be diagonalized, with real and positive eigenvalues

v√
2

[
Uu

L
]† YuUu

R = diag(mu,mc ,mt ),
v√
2

[
Ud

L

]†
Yd Ud

R = diag(md ,ms,mb)

• the right-handed matrices Uu,d,e
R disappear from every term in L. E.g.

d̄Rγ
µdRZµ → d̄ ′R

[
Ud

R

]†
γµUd

Rd ′R = d̄ ′Rγ
µd ′RZµ

RH neutral current interactions are the same in “weak” and “mass” basis
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Fermion masses and the CKM matrix
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µd ′RZµ

RH neutral current interactions are the same in “weak” and “mass” basis
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Fermion masses and the CKM matrix

• the left-handed matrices Uu,d,e
L drop out of the Z and A couplings

at tree level, SM has no flavor-changing neutral currents
e.g. d̄γµs Zµ, b̄γµs Aµ, . . .

• but not from the charged-currents

(ūLγ
µdL + ν̄Lγ

µeL) W +
µ →

(
ū′Lγ

µ [Uu
L
]† Ud

L d ′L + ν̄Lγ
µUe

L e′L
)

W +
µ

• since in the minimal SM there is no neutrino Yukawa term, Ue
L can be absorbed in the νL field

all leptonic interactions are diagonal in the mass basis! E.g. no e-νµ interactions

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

[
Uu

L
]† Ud

L ≡ VCKM =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


• VCKM is a 3× 3 unitary matrix, parameterized by 3 real numbers and a complex phase
• the “Jarlskog invariant” J is a measure of CP-violation in the SM C. Jarlskog

J = Im[Vud VtsV ∗usV ∗td ]
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ū′Lγ

µ [Uu
L
]† Ud

L d ′L + ν̄Lγ
µUe

L e′L
)

W +
µ

• since in the minimal SM there is no neutrino Yukawa term, Ue
L can be absorbed in the νL field

all leptonic interactions are diagonal in the mass basis! E.g. no e-νµ interactions

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

[
Uu

L
]† Ud

L ≡ VCKM =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


• VCKM is a 3× 3 unitary matrix, parameterized by 3 real numbers and a complex phase
• the “Jarlskog invariant” J is a measure of CP-violation in the SM C. Jarlskog

J = Im[Vud VtsV ∗usV ∗td ]

LA-UR-24-27605 7/24/2023 | 33

https://inspirehep.net/literature/216470


Determination of the CKM elements

γ

γ

α

α

d
m∆

K
ε

K
ε

sm∆ & 
d

m∆

ub
V

βsin 2

 < 0βsol. w/ cos 2

α

βγ

ρ

1.0 0.5 0.0 0.5 1.0 1.5 2.0

η

1.5

1.0

0.5

0.0

0.5

1.0

1.5

excluded area has CL > 0.99

VCKM =

 1− λ2/2 λ Aλ3(ρ̄− i η̄)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ̄− i η̄) −Aλ2 1



J = A2λ6η̄

• the CKM matrix is fairly hierarchical see PDG CKM review

|VCKM| =

 0.97435± 0.00016 0.22501± 0.00068 0.003732+0.000090
−0.000085

0.22487± 0.00068 0.97349± 0.00016 0.04183+0.00079
−0.00069

0.00858+0.00019
−0.00017 0.04111+0.00077

−0.00068 0.999118+0.000029
−0.000034


• CP-violation is small J ∼ 3.12 · 10−5
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SM summary

LSM = q̄LiγµDµqL + ¯̀LiγµDµ`L + ūR iγµDµuR + d̄R iγµDµdR + ēR iγµDµeR

− 1
4

GaµνGa
µν −

1
4

Wµν ·Wµν − 1
4

BµνBµν + (Dµϕ)† Dµϕ− V (ϕ†ϕ)

− Ydδ
jk q̄ j

Lϕ
k dR − Yuε

jk q̄ j
L(ϕk )†uR − Yeε

jk ¯̀j
L(ϕk )†eR + θ̄

g2
s

64π2 ε
µνρσGa

µνGa
ρσ,

• the gauge symmetry of the SM imposes several constraints which can be looked for in the lab

relations between mZ and mW , 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 Yu,d and θ̄

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 θ̄
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SM Summary

LSM = q̄LiγµDµqL + ¯̀LiγµDµ`L + ūR iγµDµuR + d̄R iγµDµdR + ēR iγµDµeR

− 1
4

GaµνGa
µν −

1
4

Wµν ·Wµν − 1
4

BµνBµν + (Dµϕ)† Dµϕ− V (ϕ†ϕ)

− Ydδ
jk q̄ j

Lϕ
k dR − Yuε

jk q̄ j
L(ϕk )†uR − Yeε

jk ¯̀j
L(ϕk )†eR + θ̄

g2
s

64π2 ε
µνρσGa

µνGa
ρσ,

• for low-energy processes, CP is basically conserved
no EDM, no baryogenesis

3. quark flavor: no flavor changing neutral currents at tree level
K -K̄ oscillations, B-B̄ oscillations, B → Xsγ, K → πνν

suppressed by loop factors and masses or CKM factors
4. L and B: lepton and baryon number are conserved (in perturbation theory)

no 0νββ, no proton decay
5. lepton flavor is conserved

no e→ τ , e→ µ, µ→ τ transitions
6. neutrinos are massless
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