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GRAND CHALLENGES OF PARTICLE PHYSICS
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Please ask questions during the lecture!
THE BENEFITS OF ASKING QUESTIONS
You will learn more.
The winter school will be more fun for you.
Great practice for the future.

You will stay awake ©



1923

100 YEARS AGO T T 1
WE THOUGH WE KNEW -.lm-

EVERYTHING ABOUT THE
UNIVERSE -.I-

Figure credit: practical-chemistry.com



Fundamental physics: present view of the laws of the Universe

Fundamental physics postulates
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ACCORDING TO-THE STANDARD MODEL
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WE DON’T KNOW WHAT MOST (95%) OF THE UNIVERSE IS!

“Normal” matter

Heavy Elements

Universe Mass -
Sl 0.03%

Composition

0.3%

| Free Hydrogen
and Helium

Dark Matter
23%

Dark Energy

NASA Figure 72%



2023: UNANSWERED QUESTIONS IN PARTICLE PHYSICS
What we do not know about fundamental particle and interactions

Why to introduce Beyond the Standard Model (BSM) physics?

1. Required by observations: Standard Model can not explain

Dark matter

Matter-antimatter asymmetry

Accelerate expansion of the Universe (dark energy/cosmological constant?)
Neutrino masses

2. “Unnatural” values of Standard Model parameters

Cosmological constant

Higgs mass

Strong CP angle (from neutron EDM)

Masses of quark/leptons & numbers of families

Constants of fundamental interactions (fine-structure constant, strong coupling constant)
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WHAT IS THE EXPERIMENTAL EVIDENCE FOR DARK MATTER?
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Expansion History of the Universe
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HIERARCHY PROBLEMS: WEAK SCALE

Why the Higgs field vacuum expectation value is so small, average value 246 GeV (really NOT
natural).

Natural: Universes will have the Higgs field “fully on” .Particles at Plank scale masses, turning into
black holes.

Natural: Higgs field is “off” - no masses.

The problem is that corrections to Higgs mass from even obvious loop with top quark results in
quadratic divergences (1/k?), putting the mass back to Plank scale. The main issue is that there are a
lot of corrections which are then very large but all nearly cancel out, which is very puzzling.

/7 N\
t -
H t‘{ }t H
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Solutions: supersymmetry, dynamical electroweak symmetry breaking (technicolor), little Higgs, twin
Higgs, dynamical explanation (relaxation),...



Relaxion’s physics

Graham, Kaplan & Rajendran (15)

¢ A dynamical solution/amelioration of the Higgs fine-tuning problem:

(o)
—
(i) Add a scalar (relaxion) Higgs dependent mass: (A? — g?¢?) H'H

(i) ¢ roles till u? changes sign = (H) # 0 = stops rolling.
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evolution g N
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ends \ /1 N\
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Slide credit: Gilad Perez



DYNAMICAL RELAXATION TO SOLVE THE HIERARCHY PROBLEM

« Does not required new physics at the TeV scale
 Introduces a relaxion
* It will couple to standard model via the Higgs

« Can not search for it with colliders but can with precision physics including clock
and fifth forces

» Relaxion can be ultralight
|t can be dark matter

Probing the Relaxed Relaxion at the Luminosity and Precision Frontiers, Abhishek Banerjee, Hyungjin Kim,
Oleksii Matsedonskyi, Gilad Perez, Marianna S. Safronova, J. High Energ. Phys. 2020, 153 (2020).



LIFE NEEDS VERY SPECIFIC FUNDAMENTAL CONSTANTS!

o e Phil Disley

If o is too big — small nuclei can not exist
Electric repulsion of the protons > strong nuclear binding force

a~1/10

will blow carbon apart

oa~1/137

Carbon-12



LIFE NEEDS VERY SPECIFIC FUNDAMENTAL CONSTANTS!

‘Be

‘He

a~1/137

Nuclear reaction in stars are particularly sensitive to .
If o« were different by 4%: no carbon produced by stars. No life.



LIFE NEEDS VERY SPECIFIC FUNDAMENTAL CONSTANTS!
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A
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, oton Y Gamma Ray

é Neutron

a~1/132

No carbon produced by stars:
No life in the Universe




2023: UNANSWERED QUESTIONS IN PARTICLE PHYSICS
Other open questions

« How to connect gravity and quantum mechanics?
 Is there a limit on macroscopic quantum suppositions? Is quantum mechanics linear?
» Does general relativity hold in extreme regimes?

 Are fundamental constants actually constant? Postulates of modern fundamental
 Are the.re V|ola.1t|ons of Einstein equivalence principle? physics, experiments verify only to
v Universality of free fall a certain precision

v Position invariance
v Local Lorentz invariance

» Are there violations of fundamental symmetries?
v' CPT (charge, parity, time)
v' Permutation symmetry for identical particles
v" The spin-statistics connection

* New particles (many not contribute much for dark matter)?

* New fundamental interactions?

« Experimental/observational anomalies (could be SM): EDGES 21 cm anomaly, Hubble
constant, too early quasars, muon g-2, gravitational constant G, neutron lifetime, neutrino
experiment anomalies, many others



EXPERIMENTAL/ OBSERVATIONAL ANOMALIES

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”

http://engent.blogspot.com




THE PROTON RADIUS PUZZLE

http://www.ust.edu.tw/



FINITE RADIUS OF THE PROTON - H ENERGY LEVEL SHIFTS
Measurement of transitions - measure nuclear size

Ey 1. Measure the transition energies
r )
> between different levels
P 57 — 2. Calculate all corrections to these
/< energies (need to calculated QED really well)
V~-1/r :
S / 3. Extract the corrections to the
energies due to a proton radius
~ (Zo) Ry? [F(0)[?
Finite size correction: time spent 4. Extract the rms radius
‘ inside the nucleus -
5. Repeat for many transitions and

|

average

John Arrington, Argonne National Laboratory



THE PROTON RADIUS PUZZLE

- Electron

Proton

Muonic
Hydrogen Hydrogen

Probability for a lepton to be inside the proton « to its mass cubed,
(207)3=8 869 743 enhancement for a muon !

http://www.ust.edu.tw/



PROTON RADIUS PUZZLE

T

Electron-proton scatteri ng{ : .

o i Hydrogen spectroscopy

— CODATA (2010)

bt

} Muonic hydrogen spectroscopy
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Root-mean-square proton charge radius (femtometers)

Science 339, 405 (2013)




CLOSE UP: HYDROGEN SPECTROSCOPY
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PROTON RADIUS PUZZLE RESOLVED
New hydrogen measurements redone

e Electron-proton scattering  ® Ordinary-hydrogen spectroscopy ® Muonic-hydrogen spectroscopy
CODATA 2018 | CODATA 2014

1
2019 Xiong et al.
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= ]
2018
; ®
- 2017
2013
: L ]
2010
2010
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Proton radius (fm)

https://www.nature.com/articles/d41586-019-03364-z



Muon g-2 puzzle
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Review: Nuclear Physics B 975, 115675, 2022




(G - Geopataz014) GoobATA2014 X 10° Measuring gravitational constant G

-/00 -600 -500 -400 -300 -200 -100 0 100 200
LA B LA B B S E A A R A S RN AL LA BN BN AL B A R
Newman et al., Phil. Trans. R. Soc. A 372, 20140025 (2014). o
i Rosi et al., Nature 510, 518 (2014). } L T || atom interferometer |
i Quinn et al., Phil. Trans. R. Soc. A, 372,2014032 2014). | e i
i Parks & Faller, Phys. Rev. Lert. 105, 110801 (2010). F=— @ | 2 pendulum ]
i Tu et al., Phys. Rev. D 82, 022001 (2010). o4 | |
i Schlamminger ef al., Phys. Rev. D 74, 082001 (2006). I-I—I beam balance |
i Armstrong & Fitzgerald, Phys. Rev. Letr. 91, 201101 (2003). |—G——4 ------ ]
i Kleinevol3, PhD thesis Universitit Wuppertal (2002). } I— { 2 pendulum |
i Quinn et al., Phys. Rev. Ler. 87, 111101 2001). | — )
i Gundlach & Merkowitz, Phys. Rev. Lett. 85,2869 2000). | I-e-| i
i Luo et al., Phys. Rev. D 59, 042001 (1998). | & . | )
i Bagley & Luther, Phys. Rev. Leit. 78, 3047 (1997). — C 7777777777 ! | )
i Karagioz & Izmailov, Izmeritel. Tekh. 10, 3 (1996). | = . )
- Luther & Towler, Phys. Rev. Lett. 48, 121 (1982). —— o— T | i
......... I B P PR | RN B

6.670 6.671 6.672 6.673 6.674 6.675
G/ (10‘11 m> kg"1 3‘2)

Measurements of the gravitational constant G. The points denoted with open circles were measured using a torsion balance, the
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In the Realm of the Hubble tension — a Review of
Solutions, E. Di Valentino et al., Class. Quantum Grav. 38,
153001 (2021), arXiv:2103.01183

The simplest ACDM model provides a good fit to a
large span of cosmological data but harbors large
areas of phenomenology and ignorance. With the
improvement of the number and the accuracy of
observations, discrepancies among key
cosmological parameters of the model have
emerged.

The most statistically significant tension is the 4c to
66 disagreement between predictions of the
Hubble constant, H,, made by the early time
probes in concert with the “vanilla" ACDM
Cosmological model, and a number of late time,
model-independent determinations of H, from local
measurements of distances and redshifts.

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Pogosian et al. (2020), eBOSS+Planck OmH?: 69.6 1.8
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

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

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 = 1.5

Alola et al, (2020), ACT: 67.9 = 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 1.1
Zhang, Huang (2019), WMAP9-+BAO: 68.36033
Hinshaw et al. (2013), WMAP: 70.0 % 2.3

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 = 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9+1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 £ 0.97

Pi(k) + CMB lensing
Philcox et al. (2020), P;(k)+CMB lensing: 70.6+3]

Ho
[km s~ Mpc~!]

Indirect

Cepheids — SNIa

Riess et al. (2020), R20: 73.2 £ 1.3

Breuval et al. (2020): 72.8 £2.7

Riess et al. (2019), R19: 74.0 £ 1.4

Camarena, Marra (2019): 75.4

Burns et al. (2018): 73.

Dhawan, Jha, Leibundgut (2017), NIR: 72.
Follin, Knox (2017): 73.

Feeney, Mortlock, Dalmasso (2017): 73.
Riess et al. (2016), R16: 73.2 +

Cardona, Kunz, Pettorino (2016), HPs: 73.8 +2.1
Freedman et al. (2012): 74.3+2.1

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 +2.0
Freedman et al. (2020): 69.6 + 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 1.9
Freedman et al. (2019): 69.8 + 1.9

Yuan et al. (2019): 72.4 £2.0

Jang, Lee (2017): 71.2+£2.5

Miras — SNla
Huang et al. (2019): 73.3+4.0
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+ 1 H
[RENTS
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Masers
Pesce et al. (2020): 73.9+3.0

Tully - Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 £2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 +4.1

SNII
de Jaeger et al. (2020): 75.8+33

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8%;9

Birrer et al. (2020), TDCOSMO+SLACS: 67.4:4}, TDCOSMO: 74 52¢
Yang, Birrer, Hu (2020): Hp = 73.65+13

Millon et al. (2020), TDCOSMO: 742 + 18

Baxter et al. (2020): 73.5%5.3

Qi et al. (2020): 73.6+12

Liao et al. (2020): 72.8%}

Liao et al. (2019): 72.2 £ 2

Shajib et al. (2019), STRIDES: 74.2:%,

Wong et al. (2019), HOLICOW 2019: 7337

Birrer et al. (2018), HOLICOW 2018: 72.57%"

Bonvin et al. (2016), HOLICOW 2016: 71.97%

Optimistic average

Di Valentino (2021): 72.94 +0.75

Ultra — conservative, no Cepheids, no lensing
DiValentino (2021): 72.7 £ 1.1
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GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4:?-59_}
Mukherjee et al. (2020), GW170817+ZTF: 67.675
Mukherjee et al. (2019), GW170817+VLBI: 68.3+3"

Abbott et al. (2017), GW170817: 70.0':}%% =k

Direct
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THE EDGES RESULT (H 21CM LINE ANOMALY)

Nature 555, 67 (2018)

After stars formed in the early Universe, their ultraviolet light is
expected, eventually, to have penetrated the primordial hydrogen
gas and altered the excitation state of its 21-centimetre hyperfine
line.

This alteration would cause the gas to absorb photons from the
cosmic microwave background, producing a spectral distortion that
should be observable today at radio frequencies of less than 200
megaheriz.

The best-fitting amplitude of the profile is more than a factor of two
greater than the largest predictions, so either the primordial gas
was much colder than expected or the background radiation
temperature was hotter than expected.

Review: arXiv:1907.13384
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