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Disclaimers:

• I am leaving important things out!
• I may not know the answers to questions on specifics!

...you will hear more from experts at this school



Outline

The Standard Model:  what is it?

Why do we love it?

Why are we angry with it?

What are we going to do about it?

Several examples of opportunities!



"The Standard Model": What Is It?



"The Standard Model": What Is It?
Let's turn to Wikipedia...



"The Standard Model": What Is It?



Lagrangian Formulation of the SM

coffee mug version

The big picture idea that an experimentalist remembers from grad school:
• Write down the Lagrangian
• Apply the Euler-Lagrange equations
• Get the equations of motion of all the known particles (e.g. Dirac equation)
• Symmetries lead to gauge fields associated with interactions
• A scalar massive Higgs is needed for electroweak symmetry breaking,

gives particles their masses
• There are 19 parameters determined by experiment

the forces
how the forces act on particles

how the particles get their masses
lets the Higgs do its job



The Standard Model Lagrangian

From Symmetry
magazine

long version

gluons (color charge)

interactions between
bosons  (photons, W±, Z, H)

interactions between
matter and the weak force,
and interactions
with the Higgs

``ghosts" (artifacts in 
field theory formulation)



Wikipedia



Why Do We Love the Standard Model?

"....the Standard Model is believed to be theoretically self-
consistent[note 1] and has demonstrated huge successes in 
providing experimental predictions "

Next sentence of the Wikipedia article:

• mathematically self-consistent
• actually pretty concise
• based on symmetry principles

It works amazingly well for
describing a vast range of 
strong and electroweak phenomena!

DALL-E-Mini
"kitten next
to black coffee
mug"

https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Experimental_prediction


Jesse Thaler's talk at Snowmass CSS

Lots of warm fuzzy stories of predictions → discoveries 



Example

https://www.roma1.infn.it/exp/atlas/research/physics-analysis/standard-model/

Fantastic agreement over huge range of production cross-section scales



Root defaults         

Referee #2

The Standard Model

Indico 

Top 3 on the upgrade list

(US HEP version, pre-covid) 

The other Frontiers         

But physicists are still grumpy...



Why are we angry with the Standard Model?

• Awkwardness:
it's not simple and 
aesthetically pleasing (enough)
... too fine-tuned...

• Insufficiency:
it doesn't explain everything!
...doesn't cover vast categories

observed phenomena

Categories of grumpiness*...

We're greedy for comprehensive simplicity!

DALL-E-Mini
"a very ugly and
awkward old car"

DALL-E Mini
"too many clowns
in the clown car"
[the least creepy output]

*not completely distinct categories



Awkwardness/aesthetics issues...
• still quite a lot of parameters... where do they come from?
• why three families? what's the origin of flavor?
• "hierarchy problem"  
• "strong CP problem"
• energy scale where all forces are unified? [+gravity...]

fine-tuning issues

J. Thaler, 
CSS 2022

There are some popular, testable solutions to some of these...



Major observed phenomena the SM fails to describe:
• neutrino mass and oscillations
• baryon asymmetry of the Universe
• dark matter
• dark energy
• acausal density fluctuations
• (quantum) gravity

J. Thaler, 
CSS 2022 Lots of ideas for these too! 



...and yet... the SM has been irritatingly robust, so far*, 
against experimental tests in its domain of applicability**

*there are some chinks in the armor
**not a tautology... lots of testable BSM ideas in this domain

DALL-E-Mini
"irritatingly robust
clown car"



So, What are We Going to Do About This?

Think of the problem in terms of
puzzles and surprises! 

BSM has to be there, somewhere...
we need to go prospecting for it!



Keep pushing on the precision!

Approaches

Keep looking!
improve the predictions
and figure out the best
places to look

Improve the tools!



Pay Attention to Anomalies!
"Round about the accredited and orderly facts of every science there ever floats a 
sort of dust-cloud of exceptional observations, of occurrences minute and irregular 
and seldom met with, which it always proves more easy to ignore than to attend 
to... Anyone will renovate his science who will steadily look after the 
irregular phenomena, and when science is renewed, its new formulas often 
have more of the voice of the exceptions in them than of what were 
supposed to be the rules.”

William James, 19th century philosopher of science

...need to watch out for
fool's gold...

Still true, but these days, we're all over the anomalies...



Now, some examples of exciting 
prospecting expeditions!
... [stealing heavily from Snowmass CSS!],

• neutrinos
• dark matter
• Hubble tension
• flavor

picking a 
few you'll hear
about later in
the schooli



Neutrino Mass and Oscillations
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Flavor states related to mass states by a unitary mixing matrix

participate in 
weak interactions

eigenstates of free
Hamiltonian

unitary mixing
matrix

|�f � =
N�

i=1

U�
fi|�i�

If mixing matrix is 
not diagonal, 
get flavor oscillations
as neutrinos propagate
(essentially, interference
between mass states)

We know that neutrinos have mass because they change flavor



Parameterize mixing matrix U as
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(2 mass di�erences
+ absolute scale)

3 mixing angles ⇤23, ⇤12, ⇤13

1 CP phase ⇥
(2 Majorana phases) �1, �2

signs of the
mass differences
matter

The three-flavor neutrino paradigm



atmospheric

beams

solar

reactor
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signal with
“wild” neutrinos...

confirmed with
“tame” ones...

We now have clean flavor-transition signals in two 2-flavor sectors



The three-flavor picture fits the data well
Global three-flavor fits to all data

Esteban et al., arXiv:2007.14792,  10.1007/JHEP09(2020)178

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP09%25282020%2529178&v=bf1421f0


What do we not know about the 
three-flavor paradigm?

Is q23
non-negligibly
greater
or smaller
than 45 deg?



What do we not know about the 
three-flavor paradigm?

Is q23
non-negligibly
greater
or smaller
than 45 deg?

sign of Dm2

unknown
(ordering
of masses)



What do we not know about the 
three-flavor paradigm?

poor 
knowledge*

Is q23
non-negligibly
greater
or smaller
than 45 deg?

sign of Dm2

unknown
(ordering
of masses)

*maybe related to baryon asymmetry of the Universe?



Past                                                    Current                                                      Future

K2K
KEK to Kamioka

MINOS
FNAL to Soudan

CNGS
CERN to LNGS

NOnA
FNAL to Ash River

T2K
J-PARC to Kamioka

(+)

Long-baseline neutrino oscillation experiments 
will address these questions



Next-generation long-baseline beam experiments

• 295-km baseline
• 260k (188k) ton mass 

water Cherenkov detector
• First data in 2027

Hyper-Kamiokande

• 1300-km baseline
• 4 10-kton LArTPC modules
• 4850-ft depth
• Phase 2 "Module of Opportunity" 

for 3&4

Hyper-Kamiokande DUNE/LBNF

Multi-purpose detectors, broad physics programs in both cases,
including astrophysical neutrinos (over a range of energies)



Neutrino mass is zero in the SM...  

not for neutrinos

From André de Gouvêa



From André de Gouvêa

Need more experimental information!



Are neutrinos  Majorana or Dirac?

Need to know this to know how to describe neutrino mass

e.g. "see-saw" mechanism Þ Majorana n
... may be helpful also for leptogenesis...

4 states2 statesn = n n ¹ n



Best (only?) experimental strategy: look for
neutrinoless double beta decay

2.01.51.00.50.0
Sum Energy for the Two Electrons (MeV)

 Two Neutrino Spectrum
 Zero Neutrino Spectrum

1% resolution
G(2 n) = 100 *  G(0 n)

S. Elliott

2nbb
(SM 2nd
order
weak
process

0nbb

Only possible
for Majorana n
(...or exotic physics)

Observable: 
peak in the 
two-electron 
spectrum 
corresponding to
n-less final state

in isotopes for
which it is energetically 
possible and which don’t 
single  b-decay

How can we tell if neutrinos are Majorana or Dirac?



The NLDBD T-Shirt Plot

<Meff>2 = |S Uei
2 Mi |2

absolute 
mass scale 
constrains in 
this direction

If neutrinos are Majorana, experimental results must fall in the shaded regions
Extent of the regions determined by uncertainties on Majorana phases 

and mixing matrix elements  

Normal 
ordering

Inverted
ordering

Quasi-
degenerate



The “Brute Force”
Approach

The “Peak-Squeezer” 
Approach

The “Final-State
Judgement”

Approach

General NLDBD experiment strategies

KamLAND-Zen
(136Xe)

SNO+
(130Te)

CUORICINO/
CUORE
(130Te)

EXO
(136Xe)

CUPID
(82Se)

CUPID
-Mo
(100Mo)

MAJORANA
(76Ge) NEMO/

SuperNEMO
(various/82Se)

GERDA (76Ge)

AMORE (100Mo)



The “Brute Force”
Approach

The “Peak-Squeezer” 
Approach

The “Final-State
Judgement”

Approach

General NLDBD experiment strategies

+more future ideas...

KamLAND-Zen
(136Xe)

SNO+
(130Te)

CUORICINO/
CUORE
(130Te) EXO

/nEXO
(136Xe)

CUPID
(82Se)

CUPID
-Mo
(100Mo)

LEGEND
(76Ge)

MAJORANA
(76Ge) NEMO/

SuperNEMO
(various/82Se)

NEXT
(136Xe)

JUNO-bb
(136Xe, 130Te )

GERDA (76Ge)

AMORE (100Mo)



All this is in the context of the 3-flavor paradigm...

There are already some slightly 
uncomfortable data that don’t fit this paradigm...
(but don't really hang together in any consistent model)

DALL-E-Mini
"uncomfortable data"



Anomalies in neutrino physics... 

LSND @ LANL (~30 MeV, 30 m)
�̄µ � �̄eExcess of  ne interpreted as 

MiniBooNE @ FNAL (n,n ~1 GeV, 0.5 km)
- unexplained >3 s excess for E < 475 MeV in neutrinos

"low-energy excess" inconsistent w/ LSND oscillation
- no excess for E > 475 MeV in neutrinos

(inconsistent w/ LSND oscillation)
- small excess for E < 475 MeV in antinus

"Reactor flux anomaly"
deficit of reactor antinue absolute flux
wrt calculation [resolved?]

J. Kopp, Nu2022

"Reactor spectral anomaly"
a wiggle, but in only one expt...

"Gallium anomaly"
~3s deficit of nue flux from 51-Cr source in Ga



New states?  Other new physics?

Nuggets or fool's gold?  

We should continue to listen
to the "voice of the exceptions"... 

Need more data...!



Next example... Dark Matter

Many, many ideas 
for what this is...  

There is definitely extra
stuff out there that
interacts gravitationally... 
what is it?



Aaron Chou, CSS



Aaron Chou, CSS



Aaron Chou, CSS



Aaron Chou, CSS



Aaron Chou, CSS



Aaron Chou, CSS

include complementary
dark sector searches at
colliders/beams!



Next example: Hubble Tension



A different "Standard Model" in cosmology
LCDM model
6 independent parameters
+ additional fixed parameters
+ GR

Observables:
• Cosmic microwave bg
• Large-scale structure
• Accelerating expansion

(SNae,etc.)
• Abundances of light elements

Cosmologists are
grumpy about this
model too...

(for maybe different reasons?)l





A. Riess, PPC2022"Hubble Tension"



Moresco et al. (2022), open wCDM with systematics: 67.8-7.2
+8.7

Moresco et al. (2022), flat ΛCDM with systematics: 66.5 ± 5.4

Hotokezaka et al. (2019): 70.3-5.0
+5.3

Mukherjee et al. (2019), GW170817+VLBI: 68.3-4.5
+4.6

Mukherjee et al. (2020), GW170817+ZTF: 67.6-4.2
+4.3

Gayathri et al. (2020), GW190521+GW170817: 73.4-10.7
+6.9

Palmese et al. (2021), GW170817: 72.77-7.55
+11

Abbott et al. (2021), GWTC–3: 68-8.0
+12.0

Mukherjee et al. (2022), GW170817+GWTC–3: 67-3.8
+6.3

Wong et al. (2019), H0LiCOW 2019: 73.3-1.8
+1.7

Shajib et al. (2019), STRIDES: 74.2-3.0
+2.7

Liao et al. (2019): 72.2 ± 2.1
Liao et al. (2020): 72.8-1.7

+1.6
Qi et al. (2020): 73.6-1.6

+1.8
Millon et al. (2020), TDCOSMO: 74.2 ± 1.6

Yang, Birrer, Hu (2020): 73.65-2.26
+1.95

Birrer et al. (2020), TDCOSMO+SLACS: 67.4-3.2
+4.1

Birrer et al. (2020), TDCOSMO: 74.5-6.1
+5.6

Denzel et al. (2021): 71.8-3.3
+3.9

Wang, Meng (2017): 76.12-3.44
+3.47

Fernandez Arenas et al. (2018): 71.0 ± 3.5

Schombert, McGaugh, Lelli (2020): 75.1 ± 2.8
Kourkchi et al. (2020): 76.0 ± 2.6

Pesce et al. (2020): 73.9 ± 3.0

de Jaeger et al. (2020): 75.8-4.9
+5.2

de Jaeger et al. (2022): 75.4-3.7
+3.8

Cantiello et al. (2018): 71.9 ± 7.1
Khetan et al. (2020) w/ LMC DEB: 71.1 ± 4.1

Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 ± 2.5

Huang et al. (2019): 73.3 ± 4.0

Yuan et al. (2019): 72.4 ± 2.0
Reid, Pesce, Riess (2019), SH0ES: 71.1 ± 1.99

Freedman et al. (2020): 69.6 ± 1.9
Soltis, Casertano, Riess (2020): 72.1 ± 2.0
Kim, Kang, Lee, Jang (2021): 69.5 ± 4.2

Freedman (2021): 69.8 ± 1.7
Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5 ± 1.8

Jones et al. (2022): 72.4 ± 3.3
Dhawan et al. (2022): 76.94 ± 6.4

Camarena, Marra (2019): 75.4 ± 1.7
Riess et al. (2019), R19: 74.03 ± 1.42

Breuval et al. (2020): 72.8 ± 2.7
Riess et al. (2020), R20: 73.2 ± 1.3

Camarena, Marra (2021): 74.30 ± 1.45
Riess et al. (2022), R22: 73.04 ± 1.04

Farren et al. (2021): 69.5-3.5
+3.0

Philcox et al. (2020), Pl (k)+CMB lensing: 70.6-5.0
+3.7

Baxter et al. (2020): 73.5 ± 5.3

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 ± 0.97
Ivanov et al. (2020), BOSS+BBN: 67.9 ± 1.1

Colas et al. (2020), BOSS DR12+BBN: 68.7 ± 1.5
D' Amico et al. (2020), BOSS DR12+BBN: 68.5 ± 2.2

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31-0.86
+0.83

Chen et al. (2021), P+BAO+BBN: 69.23±0.77
Zhang et al. (2021), BOSS correlation function+BAO+BBN: 68.19±0.99

Hinshaw et al. (2013), WMAP9: 70.0 ± 2.2
Henning et al. (2018), SPT: 71.3 ± 2.1

Zhang, Huang (2019), WMAP9+BAO: 68.36-0.52
+0.53

Aiola et al. (2020), WMAP9+ACT: 67.6 ± 1.1
Aiola et al. (2020), ACT: 67.9 ± 1.5
Dutcher et al. (2021), SPT: 68.8 ± 1.5

Ade et al. (2016), Planck 2015, H0 = 67.27 ± 0.66
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 ± 0.54

Aghanim et al. (2020), Planck 2018: 67.27 ± 0.60
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 ± 1.8

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 ± 0.5

Cosmic chronometers

GW relatedGW related

Lensing related,mass model dependent

HII galaxy

Tully Fisher

Masers

SNII

SBF

SNIa-Miras

SNIa-TRGBSNIa-TRGB

SNIa-Cepheid

LSS teq standard ruler

CMB lensing

No CMB, with BBN

CMB without Planck

CMB with Planck

H0 �km s-1 Mpc-1�

Indirect

Direct

60 65 70 75 80 85

Cosmology Intertwined: A Review of the Particle Physics, 
Astrophysics, and Cosmology Associated with the Cosmological Tensions and Anomalies
arXiv:2203.06142v3

CMB with Planck
CMB without Planck

No CMB, with BBN
CMB lensing

LSS teq standard ruler

SNIa- Cepheid

SNIa- TRGB
SNIa- Miras

SBF
SNII

Masers
Tully Fisher

HII galaxy

Lensing related,
mass model dependent

GW related
Cosmic chronometers

Indirect

Direct

https://arxiv.org/abs/2203.06142


Cosmology Intertwined: A Review of the Particle Physics, 
Astrophysics, and Cosmology Associated with the Cosmological Tensions and Anomalies
arXiv:2203.06142v3

0.747
0.7

Kazantzidis and Perivolaropoulos (2018)
Benisty (2021)

RSD
RSD

0.793
0.785

0.749

Ade et al. (2016d)
Salvati et al. (2018)
Bocquet et al. (2019)

CC Planck tSZ
CC Planck tSZ
CC SPT tSZ

0.77
0.831

0.79
0.65

0.78

Mantz et al. (2015)
Pacaud et al. (2018)
Costanzi et al. (2019)
Abbott et al. (2020d)
Lesci et al. (2021)

CC ROSAT (WtG)
CC XMM-XXL
CC SDSS-DR8
CC DES-Y1
CC AMICO KiDS-DR3

0.784
0.73

0.703
0.729
0.736
0.72
0.751

Krolewski et al. (2021)
White et al. (2022)
Ivanov et al. (2020)
Tröster et al. (2020)
Chen et al. (2021)
Ivanov et al. (2021)
Philcox et al. (2021)

GC+CMBL unWISE+Planck
GC+CMBL DELS+Planck
GC BOSS galaxy power spectrum
GC BOSS DR12
GC BOSS power spectra
GC BOSS+eBOSS
GC BOSS DR12 bispectrum

0.8
0.728

0.773
0.776

0.742
0.766
0.7781
0.795

van Uitert et al. (2018)
Tröster et al. (2020)
Abbott et al. (2018d)
Abbott et al. (2021)
Joudaki et al. (2018)
Heymans et al. (2021)
García-García et al. (2021)
Miyatake et al. (2022)

WL+GC KiDS+GAMA 3x2pt
WL+GC KiDS+VIKING-450+BOSS
WL+GC DES-Y1 3×2pt
WL+GC DES-Y3 3×2pt
WL+GC KiDS-450 3×2pt
WL+GC KiDS-1000 3×2pt
WL+GC+CMBL KiDS+DES+eBOSS+Planck
WL+GC HSC+BOSS

0.74
0.78
0.804

0.782
0.759
0.745

0.651
0.737

0.716
0.762
0.755
0.759

Joudaki et al. (2017)
Hikage et al. (2019)
Hamana et al. (2020)
Troxel et al. (2018)
Amon et al. and Secco et al. (2021)
Hildebrandt et al. (2017)
Kohlinger et al. (2017)
Hildebrandt et al. (2020)
Wright et al. (2020)
Joudaki et al. (2020)
Asgari et al. (2020)
Asgari et al. (2021)

WL CFHTLenS
WL HSC-pseudo-Cl
WL HSC-TPCF
WL DES-Y1
WL DES-Y3
WL KiDS-450
WL KiDS-450
WL KiDS+VIKING-450
WL KiDS+VIKING-450
WL KiDS+VIKING+DES-Y1
WL KiDS+VIKING+DES-Y1
WL KiDS-1000

0.84
0.832
0.834

Aiola et al. (2020)
Aghanim et al. (2020d)
Aghanim et al. (2020d)

CMB ACT+WMAP
CMB Planck TT,TE,EE+lowE+lensing
CMB Planck TT,TE,EE+lowE

Early Universe

Late Universe

0.2 0.4 0.6 0.8 1.0 1.2

S8��8 �m /0.3

Also tension
in S8, parameter
related to
smoothness
of the matter
distribution

https://arxiv.org/abs/2203.06142


Clearly something is not working in cosmology...
• Systematics?
• Modified gravity?
• Different cosmological models?
• BSM particle physics?

Need more data!
Figuring out what dark matter is would help...
More info from new observatories

M. Soares-Santos, CSS



Last example: flavor weirdness 

Phillip Urquijo, CSS 



Many experiments going after flavor questions

Phillip Urquijo, CSS 



Phillip Urquijo, CSS 

Anomalies in decays to leptons

B. Kiburg



The muon g-2 anomaly
Count decays of
stored polarized muons,
compare to precise prediction

B. Kiburg

Mistake somewhere?
New light boson that couples
preferentially to µ's? ...?



Vince Cirigliano, CSS

Lots more opportunities...



And more...

Vince Cirigliano, CSS



And more...Multi-Messenger Astrophysics

Shunsaku Horiuchi, 
Snowmass Neutrino Colloquium

IceCube-Gen2
ARA, RNO-G



And don't forget the tools!

Ian Shipsey, CSS



Where will the answers come from?

They may be surprises!Ian Shipsey, CSS



How to find your golden opportunities?

Theorists: 
• Think creatively!
• Develop new theoretical tools!
• Talk with experimentalists!

Experimentalists: 
• Keep measuring!
• Develop new experimental tools!
• Talk with theorists!

Both:
• Keep exploring!
• Talk with non-particle-physicists!
• Keep your eyes open and ready for surprises!



Enjoy the school!


