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Introductory Comments
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< Student background and preparatlon varies..

< Some of you perhaps already have been introduced to nuclear and particle
physics at an advanced level but not all of you...

< You have been getting an excellent set of pedagogical lectures

< As you complete doctoral research and move on, you will learn to cope with
imperfect knowledge on things unrelated to your own projects

Qualitative understanding (at a minimum) of the breadth of nuclear and
particle physics is critical to help select interesting problems to work on

< I am an experimentalist! I will focus on measurements, but theory is critical!
< ] will concentrate on the **big picture” in the BSM search subfield

< Necessary “general knowledge” when focused on other subfields (e.g. QCD)
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Rationale for Lecture Flow
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< As | will elaborate, Beyond the Standard Model (BSM) searches 1n

accelerator experiments are typically “parasitic” or “opportunistic’.

\/
X

In order to 1dentity opportunities in new machines (such as E1C), 1t 1s
important to know enough about BSM mitiatives worldwide so you dont
waste time looking at parameter space already ruled out by others.

\/
\ X4

T'herefore, in Lecture 1 will provide a broad overview ot the BSM
landscape relevant to potential E1G opportunities. Lecture 2 will focus on
reviewing these opportunities. As you will see 1n lecture 2, most ot the
1deas are nascent; you all can potentially pick up problems for further
study once you get beyond your PhD and start independent research
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Outline of Lecture 1

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Overview of the 4 Classes of Measurements (my classification)

Broad Context for the Experiments Pursued and the Tools

A Tour of the Most Important BSM Search Strategies

Connect to EIC right at the end and set up Lecture 2

Summary
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Fundamental Particles and Forces

The Standard Model of Strong and Electroweak Interactions
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matter constituents force carriers

FERMIONS spin =12, 32, 512, BOSONS spin-=0. 1. 2

Strong (color) spin =1
Flavor Mass Electric Approx
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Were there other superweak forces in the early universe? Example Particle
Was there a single unified superforce in the early universe? Physics Questions A rtificial |
| Do quarks and leptons have substructure? Sensiston
How do protons, neutrons and nuclei emerge from quarks and gluons? Example Nuclear P

| Are there fundamentally new emergent properties of protons and nuclei? Physics Questions

Lm FROAANRS Cal ™

éarc‘hes afthe EIC at High Luminositv: Lecture 1 — ————— e —Krishna Kumar_Februarv 2026



Glashow, Wel:;berg and Sl;zm.:S U2)LX UEI )yw
Electroweak Interactions

At the EIC, we plan to gain insights on QCD; we probe the nuclei via the electroweak interaction

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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One free parameter: weak mixing angle Ow Why is the weak boson scale 100 GeV? |
/ - -
- : Why are there 3 generations of particles? i
1 tan Oy = = Ay = BO COSHW+WO sin Oy i
g - - - 2 |
§ Z WO co8 By — BO sin Oy . How did matter come to dominate over anti-matter- |
e = g sin Oy

Were there as yet unobserved new forces in the

4 early universe? |
Is there a unifying framework to describe all _

forces?

Charged Current Neutral Current
Why are neutrinos so light?

Higgs Mechanism + Renormalizability Why is the top so heavy?

-

i =7 0 MO\ ° . . .
| sin® Oy, = (-) — 1 — ( W ) Any new machine could potentially provide
| %4 0

| 9 novel mszghts on fundamental questions
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BSM Searches must be as model-independent as possible

Comprehensive Experimental Strategy
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The High Energy Frontier: Collider Physics

The Cosmic Frontier: Particle, Nuclear and Gravitational Astrophysics

A comprehensive search for clues requires, in addition:

The Intensity/Precision Frontier

v Measurements of Neutrino Properties

v Direct and Indirect Searches for Dark Matter
v Searches for Violation of Accidental (?) Symmetries

v Precise Measurements of SM observables
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Observables at scales at or lower than the scale of EW Symmetry Breaking

Intensity Frontier Strategy
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| Dynamics in the ;
Early Universe

i E x [E/L:SM—I—AC5—I-A2£6—I— j

A (~TeV) @ SM amplitudes higher dimensional operators

Y precisely predicted can be systematically classified
Wi
(100 GeV)
>< e X Dark Sector

ngrtgsy : ’

| o @ (coupling) ;
M. Pospelov

M. Ramsey-Musolf

Discoveries and Insights about Big Questions

Measurements push several experimental parameters to the extreme such as
intensity, luminosity, volume, radio-purity, resolution, precision, accuracy....

In most cases, observables explmt a symmetry prlnmple

—
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[ A & Masm] C; lgpsm, Ma/ M)

4 C(S) Cr(ﬁ) (6)
~ 5 i
1 Let = Lsym o® 4 E = 7+ .
i\ A -/ A
R — T —— R ———
Weinberg 1979, Grzadkowski-Iskrzynksi- Misiak-Rosiek 2010,
Wilczek-Zee 1979, Alonso, Jenkins, Manohar, Trott 2013

Buchmuller-Wyler 1986,

Effective FieldTheory (EFT)

General BSM EFT Framework

Describe new physics originating at A >> vey through local operators of increasing mass dimension

-—— - — ——

“Standard Model EFT” (SMEFT):

*  Build operators out of SM fields

*

*  Organize operators according to mass dimension
power counting in E/A, Mw/A |

p

Operators that violate approximate or exact
symmetries of the SM: mediate rare or

forbidden processes (proton decay, OV[33,
| EDMs, u—e, quark flavor violation, ...)

\_

\

Impose Lorentz + SM gauge symmetry

; Two Classes of Operators

. — L — D e B, e A . AT D Al s T

V. Cirigliano

K

Operators that give corrections to SM
“allowed” processes: probe them with
precision measurements (muon g-2,
weak decays, electron scattering ...)

\
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Connecting Scales ==
| To connect new physics to low-energy, use a tower of EFTs in which SMEFT is the SM-BSM link
= Matching
> : BSM theary
ki e / to SMEFT
A —
(> TeV)
‘
>’< /i\ SU(3)c x SU(2)w x U(1)y symmetry o it
, e ! matching
No B, L, CP, flavor within SM
Vew, Mw
>< /3\ SU(3)c x U(Il)em symmetr
- e ) Hadronic
Ay . matrix
(~GeV) Non-perturbative strong interactions elements
9 ote
Nuclear
KF. i ‘ 3 Y matrix
AEnucIear e
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Intense beams, ultra-high precision, exotic nuclei, table-top experiments, rare processes.... i

Tools to Probe BSM Phyvsics

| Intensity Frontier Experimental Facilities/Initiatives/Programs

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

« Electron Beams: charged current couplings, weak mixing angle, dark photons l
= Jefferson Lab, Mainz MESA '

i » Muons, Kaons, Pions: Lifetimes, Precision Bus, Flavor Unwersality, muon g-2, EDMs
{ = BNL, PSI, TRIUMF, FNAL, J-PARC

e Neutrino Beams: Oscillations, PMNS matrix, CP-violation
= fFermilab, KEK, CERN

'« Neutrons: Lifetime, Asymmetries, EDM
I = [ANSCE, NIST, SNS, other international labs..

 Underground Detectors: Direct Dark Dark Matter, Double-Beta Decay
= SURF, SNOLAB, LNGS, Jinping, KamioKa...

 Nuclei: Precision Weak Decays, Atomic Parity Violation, EDMs
= [RIB, ANL, TAMU, Tabletop...

The EIC can contrlbute and complement several of these topics
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Neutrinos
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| @’,ﬁﬂ T —=K=-6€; Q:T3+Y/2 A Model of Leptons (Steven Weinberg, 1967)

| Ve J/p,))-c:? Q=0 Ty Original formulation of the Standard Model: i
5 Y, - o e 1 v massless and no right-handed state

1 j’ ’K p R Right-handed neutrino has

| L no gauge interactions |

e L et

v oscillations: they are massive! There must be right-handed neutrino states |

Ly

L e

s e

| | . . de s he
|+ Dw-BG-Gev. *Why are neutrinos so light? ——V3
" l- ) 1+ it by l{;nnll.‘\.‘\ﬂ) - .What is the mass Scale? } 1 'Vo I H® o | [0
T A -Neutrino mass generation? M co  ue Te
'?:_: 0'6_ | 9 A r:, | = = o Neutrino miXing matrix l IIIIIIIIl IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIIII IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIIlI IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| [ LI
. £ 04 sit- | . _ . - ® g < 0 —
| CEE - *Neutrino CP violation @ < < Q ) 2
i Kamland '+ Are neutrinos Majorana ' —
20 30 40 I\IUF‘ S{L:n‘l\ié\') 80 90 10C partlcl es?
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of definite flavor

)y

| The neutrinos v

(W —ev, oruv, ortv,)

{ are superpositions of the mass eigenstates:
- K

T
Neutrino of flavor [

0=8 @ ore

LNeutrino of definite mass m,
Unitary Leptonic Mixing Matrix

-
A I—sm 0,5

V3 fh

7
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Ame, ...
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(Mass) Am2,,

v
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Long-baseline neutrino oscillation experiments

KEK to Kamioka

250 km, 5 kW

K. Scholberg

Long Baseline Neutrino Physics

Future

New Neutrinio Bear : ;?émugb. 5

-

FNAL to Soudan 810 km, 400-900+ kW
734 km, 400+ kW . Br

1300 km, 2-2.4 MW tunable

J-PARC to Kamioka
295 km, 750 kW
(1.3 MW)

[

= LT

8

O o ey

?"":.'v-“-'gl- ?K;v ""i_‘
(AR [rrweny | gy
A T 4

o S
{2 2000 SHI RN W 65 K aomss

»»»»» A AS Pe

CERN to LNGS
730 km, 400 kW

J-PARC to Kamioka
295 km, 380-830 kW =>1 MW

+ ESSvSB
+ farther future

nu factories...
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Coherent Neutrino Scattering (CELNS) =%

Outgoing neutrino
Detector recoiling nucleus from elastic neutrino scattering " /\ A

! Large number of experiments pursuing both accelerator and reactor-based measurements over a
| range of nuclei

New exploration of few 10’s of MeV inelastic neutrino scattering: relevance for axial-current

Absolute Neutrino Mass

| Precision measurements of the end points in the beta decay spectrum to look for a deviation from
zero mass (just momentum conservation)

Karlsruhe Tritium Neutrino Experiment (KATRIN) completion (late 2020’s) ~ 200 meV, the next
frontier is ~ 40 meV with Project-8 (mid-2030s)

Complementary efforts (163Ho, ultra-low-Q processes) for cross-checks and sterile neutrinos

The most compelling direction motivated by neutrino mass is the following...

‘LBSIVFSearches af the EIC at High Liuminositv: Lecture ' T4 ' ‘ —RKrishna Kumar. Februarv 2026



—— - - — e~ . — o m— -

Conservation Law Detour |

| An Exact Symmetry implies a Conservation Law

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 3

Baryon Number
Pp—> e’ 1r° Proton Decay

e Only B-L strictly conserved in the Standard Model l
i 8 + O 0 =orbidden if B is conserveq ¢ BFL 1S Violated due to anomalies

! e No fundamental reason to expect B and L to be

| M— W' = N X pyinot M7X - -
= W 310 40 g conserved (assuming only 4 forces in Nature)

Introduce Lepton Number:
(—e‘ = LV@ = Le"z = :’-’c: +1

his is encoded into the Standard Model Feynman Rules

Neutrinos only interact via the weak
iNnteraction, which Is parity-violating
Me-T" Y, =V, -, Yo — M¥

Lepton Number Conservation not required

What if CHIRALITY is the
key rather Lepton Number?
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In 1937, Majorana discovered that a simple modification to
Dirac’s equation leads to the possibility to describe electrically The question conceptually is:

‘ ' IN- ' ' ' | ayser
| neutral, massive spin-1/2 fermions with real fields! r m_‘]/ Kayser ‘85 1 Lo‘__]REN =

A neutrino can therefore be its own anti-particle r“'—‘A/ '
V. &> y Majorana Neutrino

L 1 .1. L is violated I PT I L—J L-—-—J

Dirac Majorana

- L o .

- No experimental observation precludes this possibility

The most pragmatic approach to discover the Majorana nature of neutrinos is

to search for Lepton Number Violation (LNV)
Practically: discover Neutrinoless Double-Beta Decay (0Ovf33)

If L-violation is observed unambiguously, it implies that there exists a way to
convert an anti-neutrino to a neutrino, a Majorana mass amplitude
A hew heavy scale for physms beyond the SM

———— —
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A free neutron, or a
neutron inside a nucleus

— . —

Lepton Number Conserving tandard Model Process

Double-Beta Decay

First direct observation by

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Nuclear Double-Beta
Decay with the emission of
two betas and neutrinos

Suggested by Maria

000000

Two neutrons convert
to two protons and four leptons.

Goeppert-Mayer in 1935!

Double-beta decay:
a second-order process only detectable if first

order beta decay is energetically forbidden

136
56 Ba

Candidate nuclei
with Q>2 MeV

aarches af the EIC at High Cuminosity: Lecture Te—— T

2n
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Moe, Elliott, and Hahn
in 190Mo (1988)

>

Candidate

Q Abund.
(MeV) (%)

W-

i — . ———— . L — D~ s

48Ca—48T]|

4.271

0.187

76(3e—76Se

2.040

7.8

82Se 82Ky

2.995

9.2

96/r—96Mo

3.350

2.8

100\lo— 100Ry

3.034

9.6

110Pd—110Cd

2.013

11.8

116Cd—116Sn

2.802

7.5

124G — 124Te

2.228

5.64

130Te = 130X e

2.533

34.5

136 Xe@ — 136Bg

2.479

8.9

150Nd—150Sm

3.367

5.6

e ——

———

“Krishna Kumar. Februarv 2026

R i A e S B L D S e b e




_———— o m— — o

s

—

o —

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ

Neutrinoless Double-Beta Decay

/e

= g N(Z,A)
Uy EHO-CULy U, S Need both helicities,
lepton number S0 v, must be massive “Neutrino mass mechanism™ for
— double beta decay
x10-2 N 509 : 7
2.0 40 | =
e W~ o=
Lepton number changes by two units: AL=2 o L ey =
: : . go 0.9 y ; . 3 g 1.10
For light neutrinos, this cross- 3 vo- i
section is unobservaply small =
0.5 /
.: 2% energy re:éQ_l_‘ution O /\
0.0 : T T 1 \.l == T
0.0 0.2 0.4 0.6 0.8 1.0

K_/Q

) e e e

amplitude ~ m(v)/E(v), }i
E(v) ~ 100 MeV g

N(Z+2.A)
T e
N’

If observed, it would |
unambiguously signal
that Lepton Number Is
NOT a conserved
quantity, and that
neutrinos are Majorana
particles i.e. their own
anti-particles
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Typical 2v55 half-life is very long: == G?'V( 0 Z)\ M

second-order weak process T
2
Atomic mass affected by nuclear pairing term: 1 0
even A nuclei occupy 2 parabolas, ~10 years
even-even below odd-odd G

Choose nuclei where single beta decay forbidden
but double-beta decay is possible

_ ] PMNS Matrix
For light neutrino exchange NS

All 3 neutrinos will contribute: 7 ~ m—(m,\= Y U.m,

-

Mgg ~ 1 eV = T4 ~ 1024 years
Mmgg ~ 0.1 eV = T1o ~ 1026 years
mgg ~ 0.01 eV = T12 ~ 1028 years

A potential 0v55 half-life will be even longer!

Transition Probability
I =G(Q,2)M(A,Z)n|

ot (Q~m,) Phase Space GNGFg m?
Q Factor

M(A,Z)  Nuclear Matrix Element
7] Particle Physics of the Black Box

But a large number of BSM theories give rise
to effective higher dimensional operators that
can dramatically change the predicted half-life

1
1015 GeV multi-TeV

BOM Saarchos atthe EIC at Hiah Lominaaite Lacima 1 ——— —— T
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Slide courtesy: Dave Moore

Summary of Past and Present Projects

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Bl Sl

Parameter space vs. mass of lightest v: Sensitivity of upcoming experiments: al
3 | %) S 76Ge | |
F 10 'E' E 103 E ,D‘QQV,\\ +O:LQ QQ -Ia
: > & \%o@ ¢ d/_\” OOQS’Q 100Mo o
: = R S ORI ¢ S 130Te | &
| = ¢ ot W N 136xa| O
l n > K o €| o
I§= 10° - S 107 5 & - \900 =
0 1
= > : S
| = > & &
= Q 4
gy C>) -,
E 101 = @ 1 06
— 5 Normal n 10° = QP
] orderina (NO) O :
i o :
23 BB Completed O
=2 Running =
100 = 100 U :
_ ngl pcoming v
-1 nO AL a2 103 L I L
10 10 10 10 10 103 104 105

Lightest v mass, mmin [MeV] sensitive exposure [mol yr]

Unfortunately, US nuclear physics funding uncertainties make it
unlikely that all upcomlng experiments will be done in the next decade
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NEXO: Liquid Xe Time Projection Chamber

Scintillation

liquid 136Xe TPC

LEGEND

76Ge crystals +
liquid Ar scint.

lonization

CUPID
Li2190MoO4
scint. crystals
bolometer

T o O O T O VA0 T N O N VO O VO VN O VN R PO O VO TN VO TR VO O O 0N VO TN VO O TN TN O O O V0N TN VRN V0N O O O O VO O VRN TN TR T O D OO OO T T T
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Slide courtesy: Vincenzo Cirigliano

Ton Scale Experimental Proposals

The emerging ton-scale program consists of three experiments using three different isotopes and fielding
very different experimental technologies: CUPID (1°°“Mo), LEGEND-=-1000 (’°Ge), and nEXO ('36Xe).

These three experiments have undergone a US DOE portfolio review and are ready to start construction

Phonons

Time scale to complete

all 3 experiments is
highly uncertain

‘BSM Searches at the EIC af"Fqu Luminositv: Lecture
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Charged Lepton Flavor Violation (CLFV)

| Is lepton flavor conservation exact? No! Neutrino Oscillations!
e v’'s have mass! individual lepton flavors are not conserved SM BR:
. . : -54
* Therefore Lepton Flavor Violation occurs in Charged Leptons too # . 10-54!

! Slepton mixing
in SUSY  ~-

BR(y — ey) ~ 107" ' tiny standard model branching fraction

Major experimental searches are ongoing; mass
reach depends on flux and sensitivity of technique

uorz— ey, etee, KL—pue, ...

Need very high fluxes for required statistical reach

New high intensity kaon & muon beams and high
luminosity e+e- colliders all over the world

Tau Decays at e+e- colliders

‘BSM Searches af the EIC aT'FITdh CUminositv: Leciure ' 09 ' “Krishna Kmé’f’.'Februar 2026
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- MEG I, finished first run
I _BR(u" — e™y) <3.1x 107" @ 90% CL
_expect & 4.2 X 10~ after a few years

ou™ — 3e (PSI)
- Mu3e experiment (Hesketh et al., 2204.00001)
_SESof2x 1071

e ol o

u- N — e N (FNAL, J-PARC)

_ Mu2e, COMET (both ~ (6 — 8) X 10~ @ 90% CL
around end of decade
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Slide courtesy: Bob Bernstein

CLFV Initiatives

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

T processes also suppressed in Standard Model
but less:

Y TR _
—

| ee., Shrock
Phys.Rev.D16:1444 1977
I/
s<
é
/%\
>/ NS
Pham., hep-ph/9810484

\_ e y
Good News: Bad News:
Beyond SM rates can be v's hard to produce:
orders of magnitude larger ~1010 ¢7/yr vs >1011 u/sec in
than in associated muon upcoming muon experiments
decays

- Rough analogy to neutrinos: muon CLFV is “0,,” ;
anything involving the 7 is in the @, or 0, sector

* Colliders can also probe CLFV-violating Higgs decays

‘LBSIVFSearches af the EIC at High Liuminositv: Lecture
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Mu2e at FNAL Overview

| |25m of solenoids designed to maximize captured muons and remove backgrounds (1020 stopped w/sec)

—— - - w—

Slide courtesy: Brendan Casey

Protons enter here, hit
target, make pions

SO

.....

Curved transport solenoid provides sigh and momentum selection
and avoids line of sight from production target to detector

Muons stop on
aluminum target

30.04 -
| Graded solenoid directs i di = PR
High momentum I Graded solenoid directs Foos B
- Ow momentum electrons to the detector £ ©
Backgrounds exit : . S o w) |55
particles into transport g0 =
out the front . o
solenoid 5 501
“Hollow” tracker has low acceptance for SM
decays and high acceptance for signal % 50 ' 100
o - | B Electron Energ (MeV)
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MEG-II
' Data on tape

Liquid xenon photon detector
(LXe)

COBRA

sw«cxou“mo g

Pocefated trmung counter
(pTC)

Muon stopping target

Cyfndncal dnift chamber

Radiative decay counter (COCH)
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CLFYV across Energy Scales

PRV TON R O PO O VON TION ORI O R R V0N O VO VRN VO R S0 N O 0N TN TN TON VO TN U O O 0N VRN V0N 0N VO VO O O TN O TON VRN TN 0N O O O 0N TN TN VO TR T D OO T TR DT D

E ® Decays of |, T (and mesons)

4 )

w—sey, p—eee, w(AZ)—e(AZ) M,—M, U — €a

T — (7, T—)[/aggg/g, T—>lY Y =P, S V. PP, ..

---------------------

[(p=+(Z,A)=e +(Z,4))

B—e=
T T+ (ZA) = v+ (2 1L A))

.....................

Modified from
Calibbi-Signorelli
1709.00294

-------------------------------------------------------------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------

...........................................................................

i g )
1 B i A — i Ongoing / planned \

.................................................................................................................................................

----------- e A MEGHI DeeMee
b | @ Mu3e

o] —— | B Q) Mu2e, COMET

17 IIIIillllilllliIlllillllillllillllillllillll. M2_||
10_1 940 1950 1960 1970 1980 1990 2000 2010 2020 20% Lk

Yeaeﬁ B AMF - PRISM J

‘BSM Searches at the EIC at High Luminositv: Leciure ' O ' —RKrishna Kumar. Februarv 2026



CLFYV across Energy Scales
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The renormalizable field theories such as the ones that describe strong and electroweak
interactions conserve CPT: e.g. masses and lifetimes of particle and anti-particle
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| CP violation therefore implies T violation |
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EDMs: Connecting Theory
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EDM Summary/Future

§ Result 95% u.l.
Paramagnetic systems
Xe™ dy=(0.7+14)x 107 3.1 x107*? ecm
§ Cs dy =(-1.8+6.9) x 107* 1.4 x 1072 ecm
d,=(-1.5+5.7) x 1072 1.2 x 107® ecm
! Cy= ( o = = 9.8) x 14~° 2x 10
| 0, = (3 +13) x 10-8 2.6 x 10~ uy R,
it Tl dy = (-4.0+4.3) x 1072 1.1 x 107%* ecm
d,=(69+74)x107% 1.9 x 10727 ecm
YoF d, =(-24+59)x 1028 1.2 x 107%7 ecm
ThO d, = (-2.14+4.5)x107% 9.7 x 107* ecm
Cs = (~1.3 +3.0) x 10~ 6.4 x 10~
HfFt d, =(09+7.9)x107% 1.6 x 10728 ecm
f Diamagnetic systems
e dy =1(22£3.1)x 107 7.4 x 10739 ecm
129Xe dy = (0.7 +3.3) x 1077 6.6 x 10727 ecm
22Ra  dy = (4 +6) x 102 1.4 x 107> ecm
TIF d=(-17+29)x 1072 6.5 x 107% ecm
n o d,—=(-021+1.82)x102  3.6x102 ecm
Particle systems
U d, = (0.0£0.9) x 107" 1.8 x 107 ecm
T Re(d,)=(1.15+£1.70)x 10717 3.9x 1077 ecm
A dy = (-3.0+7.4) x 107V 1.6 x 1071 ecm
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Courtesy: D Kawall and J. Singh i

The best limit on atomic EDM:

EDM(**Hg) < 0.74x10-%° e-cm (95% C.L.)
PRL T16:161601 (2016)
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* Planned and ongoing CP-violation search experiments
using '¥Xe atoms, #*°Ra atoms, 1°YbOH molecules, s
and 2%TIF molecules are poised to match or exceed the |
new physics sensitivity of the state-of-the-art 1?Hg
EDM experiment by about an order of magnitude.

 Several next generation CP-violation search schemes
using pear-shaped nuclei inside of molecules are
currently being developed and have new physics

sensitivities that are several orders of magnitude
beyond the state-of-the-art ”?Hg EDM experiment.

To go past 10-28 e cm for the neutron and 10-39 for nuclei
will need new ideas and upgrades in the 2030s
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Dark Matter

Galaxy rotation curves

Galaxy clusters and
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Cosmic microwave
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Courtesy: D. McKeen

Dark Matter: Large Parameter Space
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Thermally produced dark matter /'®
A particle with weak scale mass and @ U;( : @

weak coupling can obtain the correct
dark matter density: WIMP Miracle \\@

@ [ [ ] 2” 2 v2
Attractive solution to simultaneously solve E < AN x
dark matter particle origin and puzzles recoil = m

. : N
regarding electroweak symmetry breaking
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Ongoing Program
Direct production: LHC

Direct Detection: LZ, ADMX-G2, DarkSide-20k,
XENONNT, SuperCDMS

Spin-dependent and Ultra-Heavy: IceCube

Next Phase

Support for one G3 experiment capable of
completely reaching the “neutrino fog”

Will require upgrade of SURF to site in the US

Dark Matter-nucleon gg; [cm?]

WIMP Search Status

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Courtesy: D. McKeen

10 100 1000  10*
Dark Matter Mass [GeV/c?]

The next phase will require require multiple countries to band together to consolidate funding
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f Light Mediator: Dark Boons

Dark Matter connected to SM particles via a “portal”

Courtesy: D. McKeen
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New Physms via SMEFT

pics Relevant to EI1C
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1 1 S
4 Violation of Lepton Number Kfé)ls = A5 9
* Neutrinoless Double-Beta Decay, muon and tau appearance at the EIC ¢V multi-TeV

4 Violation of Time Reversal Symmetry 100s of TeV
% Non-zero Electric Dipole Moment of the Electron, T-odd observables at the EIC |
4 Violation of Charged Lepton Flavor 100s of TeV 1z Le
* muon-to-electron conversion, tau appearance at the EIC
4 Flavor changing neutral currents H0s ot e¥
* Rare pion and kaon decays, direct leptoquark production at EIC
4 Flavor conserving neutral currents
10s of TeV

% Precision weak mixing angle measurements, at low energy and EIC
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Neutral and Charged Current Structure Functions

Complementary probe of BSM 6-D operators: address flat directions in global SMEFT analysis
Unpolarized and Polarized pdfs

Weak Mixing Angle: both proton and deuteron

Charged current measurements complementary to precision weak decays

Charged Lepton Flavor Violation

Tau appearance: strive for zero background
Complementary lepton number search

Other BSM Topics

Inclusive and semi-inclusive single spin asymmetries
Axion-like particle searches relevant to dark matter models

July 2025
T-odd observables — .
e https://indico.ctnssbu.physics.sunysb.edu/event/

i SCATChES at the EIC 341 /timetable/#20250722.detailed
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Tomorrow’s lecture

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Lepton-Nucleon Deep Inelastic Electroweak Scattering
g Weak Neutral Current Interactions and the Weak Mixing Angle

Neutral Current Structure Function Reach

| A Menu of BSM Signatures at the EIC
One Detailed Example: Charged Lepton Flavor Violation Search

Summary and Outlook
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BSM @ EIC Summary
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Intensity Frontier

Absent direct particle discovery at the LHC, indirect BSM searches become central.
In fact one could argue that certainly LHCb and even ATLAS and CMS are now
Intensity Frontier experiments!

Electron lon Collider

Any new machine accessing new territory in intensity, luminosity, spin and center of
mass energy space must be thoroughly explored for potential new BSM sensitivity

- L -

First ideas (Neutral currents, CLFV) have percolated for more than a decade
New ideas are continuing to come in...

Sharpen the Science Case

It Is now time to push the ideas that survive “on mass-shell”

Continue to explore new ideas while keeping a close eye on the rest of the BSM
landscape
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