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Fundamental Symmetries



The Standard Model

• A quantum field theory with particular 
symmetries. 

• No gravity, neutrino masses and oscillations, 
dark matter 

• Otherwise, the ultimate description of every 
physical phenomenon thus far observed!

Nuclear Scale 
(1 to 10)×10–15m

Atomic Scale 
(25 to 250)×10–12m

Proton / Neutron Scale 
1×10–15m

DESY

Lepton number 
is conserved!

Baryon number 
is conserved.

CC BY 3.0 Wikipedia users MissMJ, Nasfarley88, et al.
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Symmetries ↔ Conserved Quantites

neutron

proton

electron

antineutrino

Baryon number B

Lepton number L

n → p + e⁻ + ν̅
B 1 = 1 + 0 + 0
L 0 = 0 + 1 + (-1)
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Symmetries of the 
Standard Model

• Time invariance 

• Rotational invariance 

• Translational invariance 

• P: Parity 

• C: Charge conjugation 

• T: Time reversal 

•  

• Baryon, Lepton number conservation

SU(3) × SU(2) × U(1)

continuous 
spacetime 
symmetries 

accidental symmetries? 
gauge symmetry 

discrete 
spacetime 

symmetries? 
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Parity



Case study: Parity (mid-1950s)

• Measurements showed θ and τ had 
indistinguishable mass, lifetimes, ... 

• But pions  had negative parity, so θ+ and 
τ+ must have opposite parity, because 
parity is conserved. 

• So what could explain the degeneracy?

π

θ+ → π+ + π0

τ+ → π+ + π+ + π−
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Case study: Parity
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P P≠

Chien-shiung Wu (1912-1997) 
Smithsonian Institution

MC Escher

https://en.wikipedia.org/wiki/Wu_experiment#/media/File:Chien-shiung_Wu_(1912-1997)_C.jpg


Case study: Parity
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Chien-shiung Wu (1912-1997) 
Smithsonian Institution

60Co

e– preferentially come out away from ⃗J

⃗J ∼ ⃗r × ⃗p

https://en.wikipedia.org/wiki/Wu_experiment#/media/File:Chien-shiung_Wu_(1912-1997)_C.jpg


Left is alright

neutron

proton

electron

antineutrino

proton

big mess
 of quar

ks 
and

 glue

ν̅

e–

W–

The weak force only talks to left-handed fermions!

GoToStCroix.com
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Case study: Parity
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Chien-shiung Wu (1912-1997) 
Smithsonian Institution

60Co

e– preferentially come out away from ⃗J

⃗J ∼ ⃗r × ⃗p

https://en.wikipedia.org/wiki/Wu_experiment#/media/File:Chien-shiung_Wu_(1912-1997)_C.jpg


The New York Times 
Times Machine, Wednesday, January 16, 1957
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https://timesmachine.nytimes.com/timesmachine/1957/01/16/issue.html
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15



CC BY 3.0 Wikipedia users MissMJ, Nasfarley88, et al.

Symmetries of the 
Standard Model

• Time invariance 

• Rotational invariance 

• Translational invariance 

• P: Parity 

• C: Charge conjugation 

• T: Time reversal 

•  

• Baryon, Lepton number conservation

SU(3) × SU(2) × U(1)

spacetime 
symmetries 

accidental symmetries? 
gauge symmetry 

discrete 
symmetries? 
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Mysterious Mesons

Electromagnetism Weak Strong
C Charge ✓ ✗     . ✓
P Parity ✓ ✗ θ-τ ✓
T Time Reversal ✓ ✗ KK̅ ✓
L Lepton number ✓ ✓
B Baryon number ✓ ✓ ✓
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Left is alright

neutron

proton

electron

antineutrino

proton

big mess
 of quar

ks 
and

 glue

ν̅

e–

W–

GoToStCroix.com

Measure gA  experimentally Compute gA  from the SM
18
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Lattice QCD
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Z =

Z
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=

Z
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Lattice QCD

space

time

lattice
finite volume
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LQCD = �1

4
F 2 +  ̄(i /D +m) 
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Lattice QCD

space

time

Probability

{U1, U2, U3, . . . , UN}
Markov Chain Monte Carlo

<latexit sha1_base64="RqhjZfgdcvNhghVMbqgRcoRT8q4="></latexit>

LQCD = �1

4
F 2 +  ̄(i /D +m) 

<latexit sha1_base64="SPxwjvVF2g+npcdVw2WaipzK3gU=">AAACLXicbVDNS8MwHE03P2b92ubRS3AInkYrMj0OvXiSCe4D1jHSNN3CkrYmqThK/xWvevOv8SCIV/8N064Ht/kg8HgvL79fnhsxKpVlfRql8sbm1nZlx9zd2z84rNbqPRnGApMuDlkoBi6ShNGAdBVVjAwiQRB3Gem7s5vM7z8RIWkYPKh5REYcTQLqU4yUlsbVuuMLhBM7TRz5KFRyl6bjasNqWjngOrEL0gAFOuOaUXa8EMecBAozJGWChKKYkdR0YkkihGdoQoaaBogTOUrytVN4qhUP+qHQJ1AwV/8mEtflKYRLEuJSzrmrwxypqVz1MvE/bxgr/2qU0CCKFQnwYrYfM6hCmNUCPSoIVmyuCcKC6vUhniJdjdLlLU2R+odT4qWm6eTPJVwHQpnVZq+WtE5650271WzdXzTa10WBFXAMTsAZsMElaINb0AFdgMEzeAGv4M14Nz6ML+N7cbVkFJkjsATj5xd0MKh1</latexit>

1p
N

with uncertainties 
scaling like 
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Analogy with Experiment

Events Measurements

Detector AnalysisNature

Configurations Measurements

Observable AnalysisMonte Carlo

✓ Statistical errors are improved with run time (budget) 
✓ Systematic errors are understood + controlled 
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LQCD Systematics

continuum limit physical quark masses infinite volume limit
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High performance computing to the rescue!

SIERRA

OLCF

LLNL JUWELS
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How do the weak interactions trickle up?

neutron

proton

electron

antineutrino

proton

big mess
 of quar

ks 
and

 glue

ν̅

e–

W–

Use the Standard Model to predict the nucleon axial coupling gA

24

so measurements can tell us if there's something more.



gAQCD = 1.271(13)
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1.10

1.15
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g A

model average gLQCD
A (≤º , a = 0)

gPDG
A = 1.2723(23)

gA(≤º , a ' 0.15 fm)
gA(≤º , a ' 0.12 fm)
gA(≤º , a ' 0.09 fm)

a ' 0.15 fm
a ' 0.12 fm
a ' 0.09 fm

Nature 558:91-94, 2018 arXiv:1805.12130

1.10 1.15 1.20 1.25 1.30 1.35

gA

PDG17
this work

CLS17
ETMC17

PNDME16
ETMC15

†RQCD14

QCDSF13

†QCDSF13

CLS12
LHPC05

• New methods 

• Performant code 

• Cutting-edge supercomputers
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Better, faster, stronger

0.00 0.05 0.10 0.15 0.20 0.25 0.30
≤º = mº/(4ºFº)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average
gLQCD

A (≤º, a = 0)

gPDG
A = 1.2723(23)

gA(≤º, a ' 0.15 fm)

gA(≤º, a ' 0.12 fm)

gA(≤º, a ' 0.09 fm)

a ' 0.15 fm

a ' 0.12 fm

a ' 0.09 fm

• In 2.5 weekends on Sierra we accomplished 
more than 5 times as much as a year on Titan 

• New machines are disruptively faster. 

• The golden age of lattice QCD is just around 
the corner here!

5x stats, 50%  
uncertainty reduction

previously infeasible

quite useful

SIERRA26
LLNL



The hunt for new physics
Alioli, Cirigliano, Dekens, de Vries, Mereghetti JHEP 1705 (2017) 086 arXiv:1703.04751
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Semileptonic decays

WH, S =14 TeV
n→pe-ν

gAQCD=1.27±0.05 gAQCD=1.271(13)

°0.04 °0.02 0.00 0.02 0.04
ªud

°0.04
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±V
ud

unitarity

µWH = 1.0 ± 0.1

0+ ! 0+, º ! µ∫

WH,
p

S = 14 TeV
n ! pe°∫̄

New CKM-like 
physics

New right-handed currents
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Fundamental Symmetries

Electromagnetism Weak Strong
C Charge ✓ ✗     . ✓
P Parity ✓ ✗ θ-τ ✓
T Time Reversal ✓ ✗ KK̅ ✓
L Lepton number ✓ ✓
B Baryon number ✓ ✓ ✓
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EFTs + Fundamental Symmetry



The Standard Model

• A quantum field theory with particular 
symmetries. 

• No gravity, neutrino masses + oscillations, 
dark matter 

• Otherwise, the ultimate description of every 
physical phenomenon thus far observed!

Lepton number 
is conserved!

Baryon number 
is conserved.

CC BY 3.0 Wikipedia users MissMJ, Nasfarley88, et al.

But what comes next?
30



Beyond the Standard Model?

Colgate-Palmolive

Technicolor Group Getty Images iStock / Alexandrum 79

DC Comics

Jeff Kinney

Francisco de Goya
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https://www.istockphoto.com/photo/clew-of-green-thread-for-knitting-isolated-on-white-background-gm918294950-252607538
https://commons.wikimedia.org/wiki/File:Superman_shield.svg
https://en.wikipedia.org/wiki/Francisco_de_Goya


• We can summarize BSM models by the 
effects they have on the Standard Model 

• The most obvious new effects will be ones 
where 'fundamental' symmetries are violated! 

• Experiments search for these + can't get 
confused because the SM background is 0!

Standard Model as an EFT

'Separation of scales'

Nuclear Scale 
(1 to 10)×10–15m

Atomic Scale 
(25 to 250)×10–12m

Proton / Neutron Scale 
1×10–15m

DESY

Molecular ScaleMaterials Scale 
Human Scale32



Standard Model as an EFT

Nuclear Scale 
(1 to 10)×10–15m

Atomic Scale 
(25 to 250)×10–12m

Proton / Neutron Scale 
1×10–15m

DESY

What if...?
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Hunting Lepton Number Violation

SNO+ 

     130Te

136Xe 

nEXO

130Te 

CUORE
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Double β Decay and Lepton Number Violation

Goeppert Mayer 1935
nobelprize.org

35

http://nobelprize.org


Double β Decay and Lepton Number Violation

Goeppert Mayer 1935
nobelprize.org

ν̄

ν̄

e–

e–
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Double β Decay and Lepton Number Violation

Goeppert Mayer 1935
nobelprize.org

Majorana 1937
radiortm.it

Furry 1939
alchetron.com

e–

e–
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Nuclear Laboratory

Ni
28
Cu
29

Zn
30
Ga
31
Ge
32

As
33
Se
34

Br
35

Kr
36
Rb
37

Sr
38

Y
39
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• Energetically impossible to have a 
single decay, but possible to have 
two simultaneous decays. 

• Energy of the leptons sums to Q.
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Decay Rates

Q
Eββ

C
ou
nt

τ~1021-22 yr

τ~1025+ yr
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Neutrinoless Double Beta Decay 0νββ

down 
quark

down 
quark

up 
quark

up 
quark

W–W–

2 electrons

gA gAlight ν
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Neutrinoless Double Beta Decay 0νββ

Heavy 
BSM physics

down 
quark

down 
quark

up 
quark

up 
quark 2 electrons duu

dud

uud

dud

e–
e–

e–
e–

p p

nn

π–

π+
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Nuclear Laboratories

u

d

u

d

e–
e–

Experiments

New Physics

e– e–

W– W–νR

uu

dd

Calculations

Constraints
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Technicolor Group

Getty Images iStock / Alexandrum 79

DC Comics

Nuclear Laboratories

u

d

u

d

e–
e–

Experiments

Calculations

Constraints
41

https://www.istockphoto.com/photo/clew-of-green-thread-for-knitting-isolated-on-white-background-gm918294950-252607538
https://commons.wikimedia.org/wiki/File:Superman_shield.svg


Add fundamental-symmetry-violating terms to the SM

u

d

u

d

e–
e–

Experiments

Calculations

Constraints

SM EFT
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Simplify, simplify, simplify!

e–
e–

p p

nn

π–

π+
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e–

e–

π–

π+

!These are the simplest hadronic matrix 
elements, computationally. 

!They're also the most important for 
short-distance 0νββ! 

!My algorithm unlocked continuum, 
physical-point, infinite-volume results in the 
very first publication!

π–

π+

Prézeau, Ramsey-Musolf, Vogel PRD68 (2003) 034016 hep-ph/0303205

Nicholson EB et al., PRL 121:172501 (2018) arXiv:1805.02634



0νββ π– → π+ ee Transition
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Add fundamental-symmetry-violating terms to the SM
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u

d

u

d

e–
e–

Experiments

Calculations

Constraints

SM EFT



Recap



Jeff Kinney

Effective Field Theory: 
include violations of 'fundamental' SM symmetries in a controlled way
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u

d

u

d

e–
e–

Experiments

Calculations

Constraints

SM EFT

Understanding Experiments Requires Understanding the SM
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Understanding the SM Requires LQCD
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