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Some key developments of recent past (∼ 15 years)*

* incomplete list

• Neutrino mixing parameter θ13 measurement (Daya Bay, Reno)

• Higgs discovery at the LHC (ATLAS, CMS)

• IceCube observation of astrophysical neutrinos up to ∼ 103 TeV

• LIGO-Virgo detection of gravitational waves

• Multi-messenger astronomy (binary neutron star merger)

• Event Horizon Telescope imaging of supermassive black holes (M87*, SgrA*)

• Evidence for stochastic gravitational wave background

- Pulsar timing measurements (NANOGrav, EPTA, Parkes, CPTA,...)

• . . .
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Despite all that,

prior fundamental theories

have not changed!

State of the art:

• Gravity: still General Relativity (> 100 years!)

• Subatomic phenomena: Standard Model

- There are some, often modest and transient, anomalies.
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Empty

SM and GR remain consistent with �settled" tests

However, we are not done!
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The Case for New Physics

• Despite great success of SM+GR, new physics is needed

• There is strong experimental evidence for this inference:

⋆ Neutrino �avor oscillations → mν <∼ 0.1 eV

• Much lighter than other fermions (me/mν >∼ 106)

• Adding right-handed neutrinos (of a broad range of masses) can explain this

⋆ Cosmology

• What is accelerating cosmic expansion? (dark energy; may be vacuum energy)

• What is holding galaxies together? (dark matter; no match for in the SM)

• What caused ordinary matter asymmetry? (requires new physics)
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95% of the Universe is unknown to us!

Planck
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There are also theoretical hints:

- Why is gravity so weak?

• Hierarchy between Planck scale and Higgs mass:
M2

H

M2
Pl

∼ 10−34

• Why is MH stable against quantum corrections ∼ O(MPl)?

- Why is CP violation so suppressed in strong interactions (�strong CP problem")?

• Neutron electric dipole moment <∼ 10−26 e.cm; could have been O(1010) times larger

- Why . . . ?

Aside:

CP: Charge conjugation (particle ↔ antiparticle) � Parity (mirror)

• Violated by SM weak interactions

• SM CPV: insu�cient to account for ordinary matter
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Why is there stu� around us?

• ∼ 5% of cosmic energy budget is ordinary matter

- Atoms: protons, neutrons, . . .

• Not known how atoms have survived the Big Bang

NASA

• We need a baryon asymmetry nB/nγ ∼ 10−9

- Otherwise primordial matter and anti-matter annihilation would have left far too little

- We also do not see any appreciable cosmic relic anti-matter

• This requires a baryogenesis mechanism, subject to Sakharov conditions:

(i) Baryon number violation A. Sakharov, 1967

(ii) C and CP violation

(iii) Departure from equilibrium

• In general, SM either lacks the ingredients or comes up short

⇒ Need new physics!
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Dark matter (DM)
• Robust evidence from cosmology and astrophysics

• Rotation curves of galaxies, CMB, Bullet Cluster, lensing, . . .

Mario De Leo, CC BY-SA 4.0, via Wikimedia Commons

• ∼ 27% of energy density

Planck Collaboration; 1807.06209
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• Dark Matter: unknown substance

• Feeble interactions with atoms, photons

• Self-interactions not strong (σ <∼ 1 barn)

• Not explained in SM

• So far, evidence only from gravity e�ects

• Possible mass scale: 10−22 eV <∼ MDM <∼ 1055 eV 77 orders of magnitude!

• Lower bound: ultralight bosons (�Fuzzy DM," must �t within galactic structures)
Hu, Barkana, Gruzinov, 2000

• Upper bound: possibly primordial black holes (sub-solar mass) Hawking, 1971

- Formed in the early (t ≪ ps) Universe from over-densities

E.g., Green and Kavanagh, J.Phys.G 48 (2021) 4, 043001
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Weak Scale DM

• Weakly interacting massive particles (WIMPs): longtime targets

• Motivation: extensions of SM Higgs sector

• Hierarchy problem (natural solution): Mnew >∼ MH ≈ 125 GeV (weak scale)

• Thermal relic density: annihilation, �freeze-out"

- ρWIMP ∝ 1/σann

- σann ∼ g4/M2

- g ∼ gweak, M >∼ weak scale → ρWIMP ∼ ρobsDM ⇒ �WIMP Miracle"

J. Aalbers et al., LUX-ZEPLIN (LZ) Collab., PRL 135 (2025) 1, 011802
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• New physics: apparently not close to MH (sample below)
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD QBH 1 e, µ 1 j − 165 n = 6 2604.194959.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.6 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass
Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass
Bulk RS gKK → tt 1-2e, µ ≥1 b, ≥1 J/4 j Yes 140 Γ/m = 30% 2512.178564.1 TeVgKK mass
2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.4 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass
SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass
SSM W ′ → τν 1 τ − Yes 139 2402.165765.0 TeVW′ mass
SSM W ′ → tb 0-1 e, µ 0-1 b, ≥1 JYes(1ℓ) 139 2308.085214.6 TeVW′

R
mass

HVT W ′ →WZ model B 0-2 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass
HVT W ′ →WZ → ℓν ℓ′ℓ′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 2207.03925340 GeVW′ mass
HVT Z ′ →WW model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146363.9 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 139 m(NR) < 1 TeV, gL = gR 2304.095536.4 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.6 TeVΛ

Axial-vector med. (Dirac DM) − 2 j − 139 gq=0.25, gχ=1, m(χ)=10 TeV ATL-PHYS-PUB-2022-0363.8 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.0 TeVmZ′

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV 2306.00641800 GeVma

Scalar LQ 1st gen 1 e ≥1 j Yes 140,55 B(S̃1 → je) = 1, λje = 1 2507.036503.4 TeVLQ1 mass
Scalar LQ 2nd gen 1 µ ≥1 j Yes 140,55 B(S̃1 → jµ) = 1, λjµ = 2.5 2507.036503.4 TeVLQ2 mass
Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu

3 → tν) = 1 2004.140601.2 TeVLQ3 mass
Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd

3 → tτ) = 1 2101.115821.4 TeVLQ3 mass
Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd

3 → bν) = 1 2101.125271.3 TeVLQ3 mass
Scalar LQ 3rd gen ≥2 e,µ,τ − − 140 B(S̃1 → bτ) = 1, λbτ = 2.5 2503.198362.1 TeVLQ3 mass
Scalar LQ mix gen 1 e ≥1 j, ≥1 j, ≥1 b − 140,55 B(S̃1 → be) = 1, λbe = 2.5 2507.036502.6 TeVLQmix mass
Vector LQ mix gen multi-channel ≥1 j, ≥1 b Yes 139 B(Ũ1 → tµ) = 1, Y-M coupl. 2306.176422.0 TeVLQ3 mass
Vector LQ mix gen 1 e, µ ≥4 j, ≥1 b Yes 139 B(Ũ1 → bµ) = 0.5, Y-M coupl. 2210.045172.0 TeVLQ3 mass
Vector LQ 3rd gen multi-channel − Yes 139 B(Ũ1 → bτ) = 0.5, λbτ = 2.5 2503.198362.5 TeVLQ3 mass
Vector LQ mix gen 1τ 1 b Yes 140 B(U1 → bτ) = 0.25, λcν = 2.5 CERN-EP-2026-1363.0 TeVLQmix mass
Vector LQ 3rd gen multi-channel ≥1 j, ≥1 b − 139 B(Ũ1 → tτ) = 1, Y-M coupl. 2401.119281.8 TeVLQ3 mass

VLQ TT → Ht/Zt + X 1e,µ ≥5 j, ≥2 b Yes 139 SU(2) doublet CERN-EP-2026-1311.6 TeVT mass
VLQ XX →Wt/Zb + X multi-channel 139 SU(2) doublet (X T) 2212.052631.5 TeVX mass
VLQ T → Ht/Zt multi-channel Yes 139 SU(2) singlet, ΓT /mT= 20% 2408.087892.0 TeVT mass
VLQ Y →Wb 1 e,µ ≥1 j, ≥1 b − 139 B(Y →Wb)= 1, ΓY /mY = 20% 2506.155152.3 TeVY mass
VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, ΓB/mB= 20% 2308.025951.8 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet 2303.05441898 GeVτ′ mass
VLL µ′ → Zµ/Hµ multi-channel − − 140 SU(2) doublet 2411.071431.3 TeVµ′ mass
VLL e′ → Ze/He multi-channel − − 140 SU(2) doublet 2411.071431.2 TeVe′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass
Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass
Excited quark b∗ → bg − 1 b, 1 j − 139 Λ = m(b∗) 1910.084473.2 TeVb∗ mass
Excited lepton τ∗ 2 τ ≥2 j − 139 Λ = 4.6 TeV 2303.094444.6 TeVτ∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j/1 J − 139 m(WR ) = 4.8 TeV, gL = gR 2304.095533.6 TeVNR mass
Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 139 DY production 2211.075051.1 TeVH±± mass
Multi-charged particles − − − 139 DY + γγ fusion, |q| = 6e 2303.136131.6 TeVmulti-charged particle mass
Magnetic monopoles − − − 138 γγ fusion, |g | = 1gD , spin 1/2 2308.048353.6 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 13 TeV

partial data

√
s = 13 TeV
full data

√
s = 13.6 TeV

partial data

√
s = 13, 13.6 TeV

combined data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: Spring 2026

ATLAS Preliminary∫
L dt = (3.6 – 195) fb−1

√
s = 13, 13.6 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
†Small-radius (large-radius) jets are denoted by the letter j (J).
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Dark Sectors

• With lack of evidence for new physics near weak scale (MH), alternatives to
WIMPs have been put forth in recent years

• DM could be light (m <∼ GeV), not associated with EW symmetry breaking
(EWSB)

• DM may reside in a separate sector with its own forces

• Analogy with SM, the �visible sector"

• Visible and dark sectors connected by feeble interactions (typically expected)

• Mediators could be light, accessible to low energy experiments (
√
s ≪ 100 GeV)

Absent any strong hints, one should leverage every available tool
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The Electron-Ion Collider
2103.05419, EIC Yellow Report

• A future collider, the only one to be built in the coming decade (site: BNL)

• New frontier in studying hadronic systems: spin composition of nucleons,....

• Large
√
s, luminosity

- Ee = 5,10 (18) GeV (original design), 41 GeV, 100-275 GeV hadrons (p to U)

- ∼ 100 fb−1 per nucleon possible

• Polarization: ∼ 70% for e and p beams

• Large nuclei (high Z): e.g. gold, lead

John Lajoie; talk at DIS2026

What can we learn about new physics at the EIC?
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EIC and New Physics

• We will consider two large classes of beyond SM (BSM) physics∗:

(I) Heavy physics, indirect signals

(II) Light physics, perhaps from dark/hidden sectors, direct signals

• Class (I) signals generally require precision

- Could be formulated in the language of SM e�ective �eld theory (SMEFT)

- Beam polarization can be leveraged

• Class (II) physics could lead to direct detection of new particles

- A variety of models

- Access to new states around the GeV scale

- Large atomic number ions can provide Z2 enhanced coherent cross sections

* These lectures: only a sample of possibilities; unfortunately many interesting works not covered
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Heavy New Physic and SMEFT

• Physics above weak scale, may be accessible to LHC, future colliders

• Integrate out heavy states → higher-dimension operators (point-like interactions)

• BSM encoded in SMEFT: Λ > ⟨H⟩ scale of new physics

L = LSM + c15
HLHL

Λ
+

∑
i

ci6
Oi

Λ2
+ . . .

• Wilson coe�cients cid; operators Oi of dimension d ≥ 5, made of SM �elds

• First correction, dim-5: can yield (Majorana) neutrino masses

- Lepton number violating �Weinberg operator"

Example:

• c15 ∼ 1 and Λ ∼ 1014 GeV ∗

HLHL

Λ
→

⟨H⟩L⟨H⟩L
Λ

→ mνν̄
cν ⇒ mν ∼ 0.1 eV

* However, it could be that c15 ≪ 1 (weakly coupled new physics) and Λ ≪ 1014 GeV

15



Direct Detection of New GeV Scale Physics

• Dark vector bosons

• Simplest case: dark U(1)d, analogue of visible electromagnetism

• Dark photon (kinetic mixing) and dark Z (mass mixing)

- Coupled to SM via a small mixing parameter

• Gauge bosons with tiny gauge couplings: e.g. Le − Lτ ,. . . (anomaly free)

• Dark fermions

• Heavy neutral leptons (right-handed neutrinos)

- Akin to those from seesaw mechanism for generating mν ̸= 0

• Dark scalars

• Axion-like particles (ALPs), analogues of QCD pions (pseudo-scalars)

- Like pions, manifestations of spontaneously broken approximate global symmetries

- QCD pions: broken chiral symmetry (approximate due to small quark masses)

- ALPs can arise in a variety of models, naturally �light" (massless for exact symmetries)

• Could be a regular scalar, a �dark Higgs"
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Dark Photon

• Kinetic mixing: Zdµ of U(1)d and Bµ of SM U(1)Y Holdom, 1986

Lgauge = −
1

4
BµνB

µν +
1

2

ε

cos θW
BµνZ

µν
d −

1

4
ZdµνZ

µν
d

Xµν = ∂µXν − ∂νXµ

• May be loop induced: ε ∼ egd/(4π)2 <∼ 10−3 γ Zd

F

• Remove cross term, via �eld rede�nition

• Bµ → Bµ + ε
cos θW

Zdµ

• Z-Zd mass matrix digonalization

• After rede�nition, Zd couples to EM current Jµ
em =

∑
f Qf f̄γ

µf + · · ·

Lint = −e ε Jµ
emZdµ

• Like a photon, but ε-suppressed couplings: �dark" photon

• Neutral current coupling suppressed further by O(mZd
/mZ) ≪ 1
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Next time, we will discuss how the EIC can shed light on potential
new physics, originating from heavy or light states, using a few illus-
trative examples.
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