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Particle Physics: SR+QM
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The Standard Model
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Electroweak Unification
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The Mystery of Mass
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The Higgs
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—A.A. Michelson, 1894

8



• The origin of mass? • The nature of dark matter?

• The nature of 
dark energy?

• Matter/antimatter 
asymmetry?

• Unification of forces?

• Generational structure of fermions?

• Cosmic inflation?

• Neutrino mass?• Strong CP?
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The Origin of Mass
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What is the origin of mass?
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V (h) ⇠ c2h
2 + c3h

3 + c4h
4 + . . .

<latexit sha1_base64="GUGthSmY7xopOd8oyt4ML0eyyR8=">AAACFnicdZDLSgMxFIbP1Futt1GXboJFqIhl2o7Y7opuXFawF2jHkkkzbWjmQpIRSulTuPFV3LhQxK24821MpxW8/hD4+M85nJzfjTiTyrLejdTC4tLySno1s7a+sbllbu80ZBgLQusk5KFouVhSzgJaV0xx2ooExb7LadMdnk/rzRsqJAuDKzWKqOPjfsA8RrDSVtc8buQGh6gjmY9It4gG10V0pKmkqZSQrcnW1OmFSnbNrJWvlO1ypYh+QyFvJcrCXLWu+abnSOzTQBGOpWwXrEg5YywUI5xOMp1Y0giTIe7TtsYA+1Q64+SsCTrQTg95odAvUChxv06MsS/lyHd1p4/VQP6sTc2/au1YeWVnzIIoVjQgs0VezJEK0TQj1GOCEsVHGjARTP8VkQEWmCidZEaH8Hkp+h8axXzBzp9c2tnq2TyONOzBPuSgAKdQhQuoQR0I3MI9PMKTcWc8GM/Gy6w1ZcxnduGbjNcPrBKbYg==</latexit>

Predicted by the Standard ModelMass (measured)



What is the origin of mass?
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LHC (now)V (h) ⇠ c2h
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Predicted by the Standard ModelMass (measured)



The birth of the 
Universe?
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Time (~decreasing temperature)
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The death of the Universe?
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1307.3536

(Not to scale!)



The Scale Itself?

�EC =
1

4⇡"0

e2

re
(mec

2)obs = (mec
2)bare +�EC

Experimentally

If so, implies

Alternately, the physical theory could change on much longer scales…

An analogy from electromagnetism:

re . 10�18 cm ) �EC & 100GeV

0.511 = �99999.489 + 100000.000MeV
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What sets the scale of the potential and hence particle masses?

Incalculable in the SM & profoundly sensitive to short-range physics.

⇒



The Scale Itself?
Weisskopf: Naively, quantum mechanics only makes the problem worse.

2re
Quantum fluctuations of the electric field within the “volume” 

 of the electron:  with mean frequency ∼ r3
e | ⃗E |2 ∼

hc
r4

e
ν ∼

c
re

Induces electron to vibrate w/ amplitude   and energy x ∼
e | ⃗E |
mν2

E ∼
e2 | ⃗E |2

mν2
∼

e2h
mcr2

e

Seven orders of magnitude larger than the classical problem!
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The Scale Itself?
Weisskopf (1939): Compute the self-energy including the positron

�t ⇠ ~/�E ⇠ ~/(2mec
2)

d ⇠ c�t ⇠ 200⇥ 10�13 cm�E = �EC + . . . �E = ��EC + . . .
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Dirac (1928/29): There is a new state in the relativistic quantum theory



The Scale Itself?

Assuming SM is valid down to some length scale rnew ⌘ ~c
⇤

then we have

The Higgs boson is an 
apparently elementary scalar w/ 
self-energy due to its couplings 

to Standard Model particles

�m2
H

=
⇤2

16⇡2
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Given the scale of the Higgs potential, expect new physics at TeV energies.
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The Other Origin of Mass

31%
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Glue Energy Quark Energy 

Trace Anomaly

Quark Mass
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The nature of dark matter?
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The Quantum Tools 
for Discovery
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Colliders for Discovery
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LHC: 14 TeV pp 
(1.5-2.3 TeV pCM)



Colliders for Discovery
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LHC: 14 TeV pp 
(1.5-2.3 TeV pCM)

FCC-hh: 100 TeV pp (5-17 TeV pCM)  



Colliders for Discovery
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LHC: 14 TeV pp 
(1.5-2.3 TeV pCM)

C: 10 TeV μ μ+μ−

FCC-hh: 100 TeV pp (5-17 TeV pCM)  



Colliders for Discovery
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LHC: 14 TeV pp 
(1.5-2.3 TeV pCM)

C: 10 TeV μ μ+μ−

FCC-hh: 100 TeV pp (5-17 TeV pCM)  



The Quantum Muon
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[Han, Ma, Xie, 2007.14300]

x ⇠ 1
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Muon annihilation 
deploys the entire 

energy of the collider 

Vector boson fusion 
leverages the muon’s 
virtual boson content



10 TeV Cμ
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The Origin of Mass

LHC (now)

✓Whether this is how the universe began. 
✓ Whether (if ever) this is how the universe will end. 

? ✓

Sufficient to determine:

✓What sets the scale 
(if generic)
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Quantum Computation for QCD
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[Y. Y. Atas et al., Nat. Commun. 12, 6499 (2021)] [A. Ciavarella, N. Klco, and M. J. Savage, 
Phys.Rev.D 103, 094501 (2021)]
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Quantum Sensing for DM



Clocks & cold atoms (scalar DM)

Nuclear spins (axions)

Lumped resonators (axions)

Photon upconverters (axions)

Qubits & Rydberg atoms (axions)

Nanowires (dark photons)

LHe & GaAs (light DM)

NV Centers (WIMP 
dir. detection)
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• The origin of mass? • The nature of dark matter?

• The nature of 
dark energy?

• Matter/antimatter 
asymmetry?

• Unification of forces?

• Generational structure of fermions?

• Cosmic inflation?

• Neutrino mass?• Strong CP?
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