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àpotentially valid up to an exponentially high scale,
perhaps to the Planck scale!
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With the Higgs discovery, completion of the SM:
• A relativistic & quantum-mechanical
• Perturbative & unitary 
• Renormalizable & ultra-violet (UV) complete 

The Standard Model:
Triumph in science!
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The Standard Model:
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Dark energy or !? 
Dark Matter? 

Cosmic inflation?

B-asymmetry? 
CP violation? 

M! ? Scale hierarchy …
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Prelude : Collider needs
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Prelude : Collider needs

Snowmass 2021 Energy Frontier Vision
https://snowmass21.org/
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Introduction to EIC
The Electron-Ion Collider (EIC) at BNL

• CM energies: 20 – 100 (140) GeV
• Luminosity: 1033-34 /cm2/s (10-100 fb-1/yr, 10 -1000 times of HERA)

• Polarized electron ~ 70%; light A ~ 70%
• Range of nuclear targets: proton/deuteron/gold/uranium

See, Silvia Dalla Torre talk; arXiv:1212.1701, 2103.05419
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Detector capacity 
• Multi-purpose detector(s)
• Good hermitic coverage of electron/hadron endcaps
• Good tracking/calorimeters resolutions

http://www.eicug.org/web/sites/default/files/EIC_HANDBOOK_v1.2.pdf
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The primary physics goal of EIC 
• 3D tomographic imaging of parton structure
• Precise determination of quark/gluon momentum 

distributions & contributions to proton spin
• Exploration of novel phases of nuclear matter at high 

densities

arXiv:1212.1701, 2103.05419, 2305.14572; Snowmass White paper: 2203.13199

Other physics opportunities 
• Precision EW physics: coupling constants 
• Fundamental symmetries: parity, flavor, etc. 
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BSM physics @ EIC

arXiv:1212.1701, 2203.13199

Although lower energies than HERA & LHC, 
there are many BSM scenarios accessible 

• Lepto-quarks:

• Squarks from R-parity violation:

• Light neutral gauge boson: “Dark force”

• Light neutral fermion: “sterile neutrino”
• … … 

Instead, I will take a “signature driven” approach …
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(1). Precision measurements 
of neutral  currents

e p à e’ X  

+

SM NC:

BSM Effective Field Theory (EFT) at dim-6:
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• Weak mixing angle & parity violation
    EIC sensitivity in unique energy region

Y.X.Zhao, A.Deshpande et al., arXiv:1612.06927

à sin2!w
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• Light Z’ contribution to parity violation
H. Davoudiasl, H. Lee, W. Marciano, arXiv:1203.2947v3
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• Complementary SMEFT 

R. Boughezal et al., arXiv:2204.07557; Snowmass White Paper: arXiv:2203.13199
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(2). Lepton flavor violation
e p à " X,  # X  

BSM flavor physics is of high importance!
• SUSY – RPv
• GUTs SU(5), SO(10)
• Lepto-quarks in E6 etc.
• Left-right symmetric models 
• Randall-Sundrum, extra-dim

M. Gonderinger, M. Ramsey-Musolf, arXiv:1006.5063

Heavy flavor still viable,
beyond HERA reach, thanks to high lumi EIC.
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(3). Exotic lepton pair signal

e p à e X + e+e- , $+$- 
Production of dark photon/dark force

Current bounds 
& sensitivity:

Snowmass White Paper: 
arXiv:2203.13199
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(4). Lepton-number violation

Minkowski ’77; Yanagita ’79; Gell-Mann ’79 … 

+ (1/2)MMNT N

• “Seesaw” spirit:  light % < -- > heavy N
• Lepton-number violation by 2 units
     à most wanted: 0%2& decay:

4

The See-Saw Mechanism
• SM neutrino masses can come from RH neutrinos, N

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

• N can be light, but we expect it to be (very) weakly coupled!

• For fixed         and mν ~ 0.1 eV, we havehHi MN ⇠ GeV

✓
y2

10�14

◆

L = y L̄HN +
MN

2
N̄

c
N

• With additional symmetries, coupling can be much larger

Minkowski, 1977; Yanagida, 1979; Mohapatra and Senjanovic, 1980; …

Mohapatra and Valle, 1986; Casas and Ibarra, 2001; Shaposhnikov, 2006; …

“Heavy Neutral Lepton” (HNL) as a prototype: 
Type-I Seesaw for neutrino mass
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Production e- p à N X:    Decay N à l± W∓ , % Z 

• N - % mixing effects in NC and CC:

! ~ O(a few fb) @ U2~10-4 

B. Batell, T. Ghosh, T. Han, K. Xie, 
arXiv:2210.09287 
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(mm)

B. Batell, T. Ghosh, T. Han, K. Xie, arXiv:2210.09287 

N à l± W∓ , % Z:  Majorana or Dirac 
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• N prompt decay signal:

Acceptance cuts:
e- p à N(e+ jj’) + j (Majorana 'L=2)

Though NO SM background for e+,
e- may fake e+ as backgrnd!
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e- p à N(e+ $- %) + j   (Majorana 'L=2)

backgrnd

signal
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e- p à N(e- $+ %) + j   (Dirac-like 'L=0)

More SM backgrounds to e-
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Bounds from “Physics Beyond Colliders” report, arXiv:1901.09966

Summary for the prompt decay search

ß  W threshold

EIC: N à l± W∓ , LHC: DY W∓ à N l±
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• Long-lived particle N (LLP)

Assuming the detector coverage:  r = 0.4 m,  l = 1.2 m 
and displaced impact parameter: dT = 2 (20) mm 

Displaced decay

Invisible decay
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Summary for LLP decays: 
N à e± $∓ %,  e± jj’  



27

Summary plot for both prompt & LLPs

B. Batell, T. Ghosh, T. Han, K. Xie, arXiv:2210.09287 
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N very long-lived, invisible passing through the detection:
e- p à missing N + j: Mono-jet events

No shape difference, rely on event counting … 
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Summary 
• EIC will open up a new QCD frontier

• EIC also has potential to seek for BSM new physics,
complementary to HERA & LHC

Snowmass White paper: arXiv:2203.13199
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Summary 
• EIC will open up a new QCD frontier

• EIC also has potential to seek for BSM new physics,
complementary to HERA & LHC

Snowmass White paper: arXiv:2203.13199

• We studied HNL signals:
B. Batell, T. Ghosh, T.H., K. Xie, arXiv:2210.09287 

Prompt decay signal: MN ~1 – 100 GeV, U2
eN ~10-3

Displaced vertex signal: MN ~O(few GeV), U2
eN ~10-5

Invisible decay mono-jet signal:  2! sensitivity
Exciting journey ahead!
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