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Degrees from: 
University of 
California Santa 
Barbara… 
University of 
California Davis… 
University of 
California Irvine 

First postdoctoral 
fellowship at 
Berkeley Lab 
(paycheck from 
University of 
California Berkeley)

A brief academic history…
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“Symmetries, Dark Matter and Minicharged Particles”  
December 2019 PhD from University of California, Irvine

• Early Universe (~2 ns post-Big 
Bang) interactions:  




• Higgs field broke early symmetry 
structure down to Standard 

Model of today:  



• Past?


• Future?

SU(3)color ⊗ SU(2)L ⊗ U(1)Y

SU(3)color ⊗ U(1)EM

Standard Model of Particle Physics
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“Asymmetric Dark Matter & Baryogenesis from ”

Fornal et al. with JRW, PRD 2017

SU(2)ℓ

A Recipe for Beyond the Standard Model Physics 


• Begin with Standard Model: 



• Increase gauge symmetries in the early 
universe, either unify or enlarge: 




• Break it down to the SM with a new scalar field


• Sort through debris - search for dark matter, 
baryogenesis, dark energy, inflation…


• Our model:

SU(3)color ⊗ SU(2)L ⊗ U(1)Y

SU(3)color ⊗ SU(3)L′￼
⊗ U(1)Y

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ SU(2)ℓ

Past: Dark Matter & Beyond the Standard Model Physics
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• Gravity!  search for spin-2 gauge boson 

• Dark energy - expansion of universe speeds 
up - could be new fields/particles, or the 
Cosmological Constant 

• Matter/antimatter asymmetry  

• Neutrino masses  

• Dark matter - invisible matter with 
gravitational effects

Beyond the Standard Model (BSM) Motivation:
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“Millicharged scalar fields, massive photons and the breaking of 
”


JRW, PRD 2019
SU(3)color ⊗ U(1)EM

We know one spontaneous 
symmetry breaking occurred in the 

past, via the Higgs :





Will there be one in the future?


The Electric Higgs:

ϕH

SU(3)C ⊗ SU(2)L ⊗ U(1)Y → SU(3)C ⊗ U(1)EM

SU(3)color ⊗ U(1)EM + ΦEM

Future: Cosmological Fate of SU(3)color ⊗ U(1)EM
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FIG. 10: Constraints on fermion (left) and scalar (right) dark matter which carries both a QED millicharge
and additional charge under a gauged Lµ � L⌧ force. This combination of interactions is motivated by
the dark matter interpretation of the EDGES 21-cm excess, which requires the millicharge to explain the
anomaly and the additional force in order to generate the requisite DM fraction fDM ' 10�2 [118]. The
purple band represents parameter space which can explain the amplitude of the observed 21-cm absorption
feature. Future measurements at NA64 [119] and LDMX-M3 [6] are expected to be sensitive to this sce-
nario. In the green band, this model also resolves the (g � 2)µ anomaly [7, 108–110]. The shaded gray
region is constrained by the CCFR experiment [113, 114]. Both plots presented here are taken from [118].
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Demanding ⌦� = ⌦DM defines thermal relic density targets for each model in Eq. (38) (see Ref. [6]
for details). In Fig. 9, we present these thermal targets in the y � m� parameter space plotted
alongside constraints from the CCFR experiment [113, 114] and a green band within which Z 0

can resolve the (g � 2)µ anomaly [7, 108–110]. Also shown are projections for an LDMX-style
muon-beam missing-momentum experiment (labeled LDMX M3) from Ref. [6] and projections
from NA64 in a muon beam [119].

In Fig. 10, we also show the LDMX M3 projections for a variation of this scenario in which a
⇠ 10

�2 fraction of the DM carries both Lµ � L⌧ charge and a QED millicharge. This scenario is
motivated by the 3.8� anomaly in the observed 21 cm absorption feature reported by the EDGES
collaboration [120]. As reported in [121, 122], if MeV-scale DM with a millicharge scatters off
baryons at redshift z ⇠ 20, it can efficiently cool the hydrogen population and thereby enhance
the 21 cm absorption line. However, achieving the required ⇠ 10

�2
⌦DM abundance fraction of

these particles requires forces beyond the minimal millicharge interactions that cool the hydrogen.
In Ref. [118] it was found that the only viable scenarios in which this additional force yields
a predictive thermal target involve preferential couplings to the second and third SM fermion
generations. In Fig. 10, the black contours represent the fDM = const. parameter space for which
the Z 0-mediated interactions set a fixed DM fraction. Intriguingly, there is also parameter space
for which the EDGES favored region overlaps with the green band where the Z 0 also resolves the
persistent (g � 2)µ anomaly.

EDGES Millicharged Dark Matter 
Future Constraints from LDMX

arxiv:1807.01730: Berlin, Blinov, Krnjaic, Schuster & Toro 
“Dark Matter, Millicharges, Axion and Scalar Particles, Gauge Bosons, and Other New Physics with LDMX”  

  

 ΦEM electric charge : 10−1 >
q
e

> 10−7
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“QCD hidden-color Hexadiquark in the Core of Nuclei”

JRW, Stan Brodsky, et al. Nuc.Phys.A 2021

• Began with hexaquark dark matter 
candidate:  


• Dark matter out the window -  into the 
nucleus to solve the EMC effect (quark 

behavior in nuclei is mysterious).


•  First, 6-quark hidden-color state 
 in 


• Too massive - but we doubled it to avoid 
breaking Bose statistics & it fit perfectly 

in :

uuddss

uuuddd 2H

4He
ΨHexadiquark ∝ | [ud][ud][ud][ud][ud][ud]⟩

Quarks as Dark Matter, then Stuck in the Nucleus 
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Follow up: “Diquark induced short-range nucleon-nucleon correlations & the EMC effect”

JRW Nuc.Phys.A 2023 

Breaking of the fundamental assumption of Effective Field Theories (aka scale separation)…

u1 d1

u1d2
u2

d2

np SRC pair
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Fin! Grazie mille…
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