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This talk:
NP-HEP

MJRM: Scientist & “Ambassador”

interfrace : o

’—----

on

Fundamental symmetries
Baryogenesis

EW precision tests
Inter-frontier connections |

Early universe QFT
EW phase transition
Collider pheno & Higgs

 Global effort: ~ 20 researchers
» Foster scientific connections

« Science First! £l=F &— I




Goals for this Talk: What | Won’t Do

Give a comprehensive survey of BSM
searches at the high energy frontier

Chase anomalies: My, , (g-2),,, ...

Make explicit reference to all previous
BSM talks in this workshop



Goals for this Talk: What I’ll Try to Do

Contextualize the EIC electroweak and BSM
program with respect to HEP BSM searches

lllustrate inter-frontier connections between
the HEP and NP programs

Highlight developments, opportunities, and
challenges in two areas: EW precision tests
and searches for BSM lepton number
violation

Invite discussion, other ideas, and future
explorations



Disclaimer

 Apologies for omissions of references to
other important work

* Will not cover charged lepton flavor

violation =2 see excellent talks this
workshop



Il.

Ill.

V.

Outline

Questions & Frontiers

Electroweak precision tests: what are the
possible BSM “footprints” and what is the
relevant BSM mass scale ?

What is the scale of lepton number violation ?
Outlook
Back up slides for another day...

Where is the CP-violation needed to explain
the matter-antimatter asymmetry ?

Was there an electroweak phase transition ?



I. Questions & Frontiers
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Experimental Probes: Energy Frontier
LHC

International Linear Collider

Future Circular ete- & pp
CEPC-SppC Layout
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Future Colliders: CEPC

O The idea of CEPC was proposed in Sep. 2012, and quickly gained the
momentum in IHEP and in the world.

O The CEPC aims to start operation in 2030’s, as a Higgs (Z / W) factory in China.

a Torun at+/s ~ 240 GeV, above the ZH production threshold for 21 M Higgs; at
the Z pole for ~Tera Z; at the W*W- pair and then tt pair production thresholds.

O Higgs, EW, flavor physics & QCD, probes of physics BSM.
O Possible pp collider (SppC) of v/s ~ 50-100 TeV in the far future.
|
PO ten tial CEP c Si tes s CEPC Project Timeline 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037
Technical Design Report (TDR) 15th FY
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Future Colliders: FCC

comprehensive long-term program maximizing physics opportunities

European Strategy for
Particle Physics 2020

- stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities

« stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

* highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-
independent measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as

“‘energy upgrade” of FCC-ee)

« common civil engineering and technical infrastructures, building on and reusing CERN’s existing

infrastructure

« FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-

LHC
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Future Colliders: ILC & CLIC

Linear Colliders [ =y N
ILC & CLIC specs C ’ THE UNIVERSITY OF TOKYO

* Energy extendability to TeV scale lies in the heart of linear colliders: ILC focuses on V's from 250 GeV to 1
TeV; CLIC 380 GeV to 3 TeV; keeping options to run at Z-pole (“GigaZ”)

* Complementary approaches: “Warm” & “Cold” accelerating technologies; 72MeV/m @ CLIC380; 31.5MeV/
m @ ILC250

* Polarized beams: both offering 80% for electron; 30% for positron in ILC default design
b/ Compact Linear Collider (cuc)/
§ W 380 Gev - 11.4km (CLIC380)

B 15 Tev- 290k (CLIC1S00) gl
1 3.0 TeV - 50.1 km (CLIC3000)

ILC250 ~ 20km

* MEXT (represents Japanese government) didn’t approve the original Pre-Lab proposal [newsline
« Not entirely negative: pointed out what directions to move forward [“hosting is not the problem”, S.Asai]
* Support to carry out time-critical R&D that was in the Pre-Lab proposal

« A really encouraging sign from this April: a fact of 2 increase on KEK funding for ILC R&D by MEXT
¢ |LC Technology Network (ITN) is launched: memorandum between KEK & CERN signed
* Promotion under leadership by International Development Team (IDT), KEK and ILC-Japan

e
IDT Scope for ILC Realization

-success oriented and asuming no major incident-

Technology Network Construction Phase

Phase ~10 years for the construction and commissioning

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 °*-°°

4_ _

>

€ >
R&D and effort to gain a common  ILC preparation laboratory and
view and understanding. \\. intergovernmental discussion

Junping Tian, CEPC 2023, Nanjing
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Future Colliders: Specs

EPC

Detector

New Physics
~10 TeV.

[
v High Granularity

Particle Flow
High Precision
~1% v' Good Resolution

v Dark Matter

v Extended Higgs
v Composite Higgs
v Supersymmetry

. %
.0 Higgs: 1%-0.1% Reliable PID

v EW:0(102-103) 4
Vs current

Operation mode

Center-of-mass energy (GeV)
Operation time (year)
Instantaneous luminosity/IP (10**cm~=2s~1)

Integrated luminosity (ab—!, 2 IPs)

v Flavor
High Lumi.

> ~1034-36cm-2s-1
Z w Higgs
91 160 240 v Higgs: 20 ab! <=
2 1 10 7 748 100 ab-!
115 16.0 5.0 — 6 ab!
60 3.6 12 v Top: 1 ab!

Event yield (30 MW) 2.5x 102 1.0 x 108 2.5 x 10°

Event yield (50 MW) 4.0x 10'? 1.6 x 10® 4.0 x 10°
ILC LEP: 17 x 10°Z

n
91 GeV 250 GeV 350 GeV 500 GeV 1000 GeV

JL(ab7h) 0.1 2 0.2 4 8
duration (yr) 1.5 11 0.75 9 10
beam polarization (e~ /e™; %) 80/30 80/30 80/30 80/30 80/20
(LL, LR, RL, RR) (%) (10,40,40,10) (545455) (5,68,22,5) (10,40,40,10) (10,40,40,10)
Srsr (%) 10.8 11.7 12.0 12.4 13.0
dps (%) 0.16 2.6 1.9 45 10.5

[arXiv:2203.07622]

FCC-ee

double ring et*e- collider, with full-energy booster
2 or 4 interaction points

efficient L from Z to tt

thanks to twin-aperture magnets, high-Q SRF,
efficient RF power sources, top-up injection, etc.

>2.5 ab1 / IP with ~0.5x10¢ H / IP (3y)
>75 abl / IP with ~2x1012Z / IP (4y)

CLIC

380 GeV 1.5TeV 3 TeV
JL (ab) 1 25 5
Ple-e+;%) | 80/0 80/0 80/0
(LRRL | (50,50) | (80,20) | (80,20)
[arXiv:2203.07622]
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«—— Ljfetime Frontier ——

Frontiers

HEP : New (heavy) particles

I. Rare/ forbidden processes

3. Light & weakly coupled Origin of neutrino mass

/ I \ Absolute v mass,

p-decay OVBB Vv oscillations, v scattering,,
sterile v,...
L/ Charged LFV N g

Baryon asymmetry e eoT) Nature of dark matter
(violation of B, L, CP) ~ Light & weakly interacting particles
Quark FCNC

7
EDMs, ..., PV electron scattering, /
n-n oscillations Muon g-2, B-decays, ...
\ v Searches for dark

bosons, axions, ALPs,

Are there new forces, /

weaker than the weak force?

V. Cirigliano, this workshop

HEP : H & Z factories

Historical artifact: US HEP
vision =2 still useful mnemonic 15



A New LHC Emphasis: Lifetime Frontier
New physics X at the LHC

The overwhelming
majority of the work of
the LHC experiments
in Run 1

Outer edge

of detector

James Beacham [Ohio State] LHC LLP Workshop — Trieste 18 October 2017 8




A New HEP Emphasis: Lifetime Frontier
New physics X at the LHC

The overwhelming
majority of the work of

: the LHC experiments
in Run 1T

A relatively few
Intrepid explorers
doing inventive things
with long-lived
particle signatures

Outer edge
of detector

James Beacham [Ohio State] LHC LLP Workshop — Trieste 18 October 2017 8




Why Should BSM LLP’s Exist ?

Large scale hierarchies & broken symmetries

M  Heavy (off shell) mediator:
CT «— Wy ) T 1 Hidden valley
Mx ——  Compressed spectrum :
CT — Ay Stealth SUSY
( CT )-1 gy << 1 * Broken symmetry:
RPV SUSY
« Scale ratio: Ng, Zp

18
MJRM, LLP Workshop, Trieste 2017



A New HEP Emphasis: Lifetime Frontier
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Energy Frontier: LHC

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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LAS: Heavy BSM (prompt)

August 2023
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arXiv:1403.5294 —
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CMS: Heavy BSM (prompt)

oD, gt my =500 oY

S5 SUSY G, my= 1300 GV
SPIRSUSY (HSCPL. f = .. = 1600 G
HGHSS (HSCP) ang= 10, >0, i = 247 GaY
Stopped : ot mi=T00GaY
Stopped 4 gad =0, my = 1300 GeV
Stopped J. GG i) fy = 0.1, m; =940 GeV
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e At e g 515G
G0 ora X i = 2000 GeY, m= 100 GeV
ot or by, X +7in®, mim 1100 GeV, myg= 1000 GeV g

—aa

HZoZo0.1%), Zorph, my = 125 GeV, me =20 GeV
HZoZo0.1%), Zorhi15T%), my =125 Ge., me= 5 GeV
H-XK(10%) X, my =125 GV, mc = 20 GeV.
HXK(0.03%), X~ my = 125 GV, my =30 GeV.

X %% % x % x

8rKQCD, i =5 GV, my, = 1200 GeV

Overview of CMS long-lived particle searches

CMS Preliminary

“EFFEFCICUCCEFUESUGE GUUFYF ¥FULE GUXEVLFLLGGEERY.

March 2023
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001-12m

220508582 (Displace
112,13769 (Displaced dimuon using scouting)

spiscea eptons)
201201581 Dislaced ot
211015216 (Dispaced jets+2 [ 000i-0288m.
210701538 Hadronic decaysin CSCs) [ GG
2107.0183 (LLP decays in€5C3)

1101069 Emrging ot + o)

107 107 107 107 10 10°

Selection of limits,

€t [m]

5% CL. (theory

The y-axis tick labels indicate the studied long-lived particle.

CMS: LLP



Precision tests:
muon g-2, PV ee...
Fundamental
symmetry tests (CP,
Lepton number...)
Neutrino properties
Flavor physics

Frontiers
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HEP : New (heavy) particles
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Precision tests:
muon g-2, PV ee...
Fundamental
symmetry tests (CP,
Lepton number...)
Neutrino properties
Flavor physics

Frontiers

V(®)
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HEP : New (heavy) particles
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 Atomic, Molecular,
Optical

« Condensed Matter
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Frontiers
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Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter
2. Unification & gravity

3. Weak scale stability
very 4. Neutrinos

Disc?

New particle searches:
does the observed BSM
‘species” fit the footprints ?

Fundamental symmetry & precsion
tests: draw inferences about BSM
scenarios from a variety of
measurements



Precision ~ BSM Mass Scale

Precision ~ Mass Scale

M=m d0~2x107°

2 u
A" (M ‘
6NEW = OSM z; ﬁ dexP~ 1 x 102
Loop effect M=My &~107
Interpretability
= o e e e

« Comparison of a variety of observables

» Special cases: SM-forbidden or suppressed processes

A <1 TeV (loop) Above example

O new ~ C (MW/A)2
A~10 TeV (tree)

25



Nuclear Physics Connections

Lepton
number

CP&T

V=1

lowed B ¢

= s -
é é @ &W Precision

neutrinoless B 9
Fundamental symmetries & Muon g-2, PV
neutrinos: “Intensity Frontier” ee, ,Bdec;y... o




More Matter than Antimatter ?

Paradigmatic inter-frontier challenge

27



Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

* B violation (sphalerons) 0 Q

« C & CP violation A Q
» Qut-of-equilibrium or

CPT violation A Q

28
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Fermion Masses & Baryon Asymmetry
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Cosmic History
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Frontiers
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Il. Electroweak Precision Tests
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High Energy EW Precision

LEP: 17 x 10°Z

Support
Arches

Magnet Iron
and Warm Iron
Calorimeter

SLC: 0.6 x 10°Z

Magnet Coi
Liquid Argon
Calarimater
Movesble Door
Luminosity Manilor
Cerenkov Ring
Imaging Dotector

33



High Energy EW Precision

—LEP1, SLD data
-LEP2 (prel.), pp data

68% CL

80.40

80.39

80.38

80.37

Mw [GeV]

80.36

80.35

m; [GeV]

" 200

Z Pole

2005

rerreeny I T I oy rrm————g—
; 500
E_ 2023 PD G - 300
200
3 : S
~ - @
F ] O 100
E 3 T
E =
= 3 50
30
- 20
E EEE direct (10)
E mmmm  indirect (1 0) 10
- mmmm  all data (90%)
i" 1 L L 1L 1

170 171 172 173 174 175 176 177 178 179 180

m, [GeV]

6

1 Aoy, = |
51 — 0.02758+0.00035 N

1 WR: - 0.02749+0.00012 ]
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High Energy EW Precision

2023 PDG

Quantity Value Standard Model ( Pull
my [GeV] 172.83 + 0.59 173.13 + 0.56 5
My [GeV] 125.30 +0.13 125.30 +0.13 0.0
I'y [MeV] 3.2+241 4.12+0.05 —0.4
Mw [GeV] 80.387 + 0.016 80.360 =+ 0.006 1.7
80.376 + 0.033 0.5

80.366 + 0.017 0.4

Iy [GeV] 2.046 + 0.049 2.089 + 0.001 —0.9
2.195 + 0.083 1.3

B(W — hadrons) 0.6736 + 0.0018 0.6751 + 0.0001 —0.8
giF —0.040 + 0.015 —0.0397 + 0.0001 0.0
g% —0.507 & 0.014 —0.5064 0.0
Qw (e) —0.0403 + 0.0053 —0.0473 + 0.0002 1.3
Qw(p) 0.0719 + 0.0045 0.0709 + 0.0002 0.2
Qw (Cs) —72.82 4 0.42 —73.24 +0.01 1.0
Qw (T —~116.4 + 3.6 —116.90 + 0.02 0.1
§2(eDIS) 0.2299 + 0.0043 0.23122 + 0.00004 —-0.3
7r [fs] 290.75 + 0.36 288.90 + 2.24 0.8
Hgu—2-2 (4510.88 + 0.60) x 1077 (4508.61 + 0.03) x 1072 3.8
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High Energy EW Precision

2023 PDG

LEP: 17 x 10° Z

Quantity Value Standard Model Pull
M [GeV] 91.1876 + 0.0021 91.1882 + 0.0020 —0
Iy [GeV] 2.4955 + 0.0023 2.4941 + 0.0009 0.6
Ohaa [nb] 41.481 +0.033 41.482 + 0.008 0.0
R, 20.804 = 0.050 20.736 + 0.010 1.4
R, 20.784 + 0.034 20.736 + 0.010 1.4
R, 20.764 + 0.045 20.781 + 0.010 —0.4
R, 0.21629 =+ 0.00066 0.21582 + 0.00002 0.7
R, 0.1721 + 0.0030 0.17221 + 0.00003 0.0
AL 0.0145 + 0.0025 0.01617 = 0.00007 —0.7
AL 0.0169 + 0.0013 0.6
ALD 0.0188 + 0.0017 1.5
ALD 0.0996 + 0.0016 0.1029 + 0.0002 —2.0
A9 0.0707 4 0.0035 0.0735 + 0.0002 ~0.8
AL 0.0976 & 0.0114 0.1030 + 0.0002 —0.4
52 0.2324 + 0.0012 0.23155 + 0.00004 0.7
0.23148 + 0.00033 ~0.2
0.23129 + 0.00033 ~0.8
A, 0.15138 + 0.00216 0.1468 + 0.0003 2.1
0.1544 + 0.0060 1.3
0.1498 + 0.0049 0.6
A, 0.142 4+ 0.015 —0.3
A, 0.136 + 0.015 —0.7
0.1439 + 0.0043 —0.7
Ay 0.923 + 0.020 0.9347 ~0.6
A 0.670 + 0.027 0.6677  0.0001 0.1
A 0.895 + 0.091 0.9356 —0.4
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High Energy EW Precision

=

20 23 P DG Quantity Value Standard Model
My [GeV] 91.1876 + 0.0021 91.1882 + 0.0020

Iz [GeV] 2.4955 + 0.0023 2.4941 + 0.0009 0.6
Ohad [nb] 41.481 +0.033 41.482 + 0.008 0.0
R, 20.804 + 0.050 20.736 + 0.010 1.4
R 20.784 + 0.034 20.736 + 0.010 1.4
LE P . 1 7 X 1 06 Z R: 20.764 + 0.045 20.781 + 0.010 —0.4
R, 0.21629 + 0.00066 0.21582 + 0.00002 0.7
R, 0.1721 + 0.0030 0.17221 + 0.00003 0.0
AL 0.0145 + 0.0025 0.01617 + 0.00007 —0.7
AL 0.0169 + 0.0013 0.6
9 0.0188 + 0.0017 1.5
SMEFT L=Lsy+ Z \[)C)(}z 0 ~ Cz% 0.0996 + 0.0016 0.1029 + 0.0002 -2.0
i M 0.0707 + 0.0035 0.0735 + 0.0002 -0.8
Apy 0.0976 + 0.0114 0.1030 + 0.0002 —0.4
<2 0.2324 + 0.0012 0.23155 + 0.00004 0.7
Dimensions six mp = 115 GeV 0.23148 £ 0.00033 —0.2
operators c;=—1 ¢ =+1 0.23129 £ 0.00033 —0.8
W‘ 0.15:38 +0.00216 0.1468 + 0.0003 2.1
O = DA i :
Opr = 3(LymL)? 7.9 6.1 L2 4001 o3
wr = i(H'D,mH)(Ly,7L) 8.4 8.8 0136 < 0,015 o
Oug = i(H'DymH ) (@7 Q) 6.6 6.8 ' ' 07
Ouyr = z'.(HTD,,H)(L wL) 7.3 9.2 0.6
Ong = iHDH)(@,Q) o8 3 - “Little Hierarchy Problem” .
Oyrp = z(HTDyH)(E E) 8.2 7.7 04
Oyv = (H'D,H)(U~,U) 24 3.3 — =

Oup = i(H'D,H)(Dn #D) 2.1 2.5 BSM phySiCS @ M~ 10 TeV ?

M,y : Barbieri & Strumia ‘00
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High Energy EW Precision

2023 PDG

LEP: 17 x 10° Z

Future e*e-:
few x 10127

~ 300 x better
stat precision

Quantity Value Standard Model Pull
My [GeV] 91.1876 + 0.0021 91.1882 + 0.0020 —0
Iy [GeV] 2.4955 + 0.0023 2.4941 + 0.0009 0.6
Ohaa [nb] 41.481 +0.033 41.482 + 0.008 0.0
R, 20.804 £ 0.050 20.736 £ 0.010 1.4
R, 20.784 + 0.034 20.736 + 0.010 1.4
R, 20.764 + 0.045 20.781 + 0.010 —0.4
R, 0.21629 =+ 0.00066 0.21582 4 0.00002 0.7
R, 0.1721 + 0.0030 0.17221 + 0.00003 0.0
AL 0.0145 + 0.0025 0.01617 % 0.00007 —0.7
AL 0.0169 + 0.0013 0.6
ALD 0.0188 + 0.0017 1.5
ALY 0.0996 + 0.0016 0.1029 + 0.0002 ~2.0
A9 0.0707 + 0.0035 0.0735 + 0.0002 —0.8
AL 0.0976 + 0.0114 0.1030 + 0.0002 —0.4
&2 0.2324 + 0.0012 0.23155 + 0.00004 0.7
0.23148 + 0.00033 ~0.2
0.23129 + 0.00033 ~0.8
A, 0.15138 + 0.00216 0.1468 + 0.0003 2.1
0.1544 + 0.0060 1.3
0.1498 + 0.0049 0.6
A, 0.142 +0.015 ~0.3
A, 0.136 + 0.015 —0.7
0.1439 + 0.0043 —0.7
A, 0.923 + 0.020 0.9347 ~0.6
A 0.670 + 0.027 0.6677  0.0001 0.1
A 0.895 + 0.091 0.9356 —0.4
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Low Energy: PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

LA L L L L L L LA L L L L L L L L L] RV BBSS R b M A B B b b B b b LR L e ]

photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary
Ploneering electron-quark PV DIS experiment SLAC E122

joncert do
Pioneering \@

g : do
Nuclear Studies (1998-2010) O
| 10*E : S.M. Study (2003-2012) é\é\O(\ > S tate— (0 ﬁ th e—art.' ,
i - ® Future ©@ N |
| s il é\(\gQ . El 2, ﬁ\\* » sub-part per billion statistical |
0@’0 D R reach and systematic control
C (\ _\ Al -B ? 9!’ N - -
- \ SAMPL -1 fD oY Y« sub-1% normalization control
,-\>10‘6§_ Go_ Y ¢, ‘»’
> E 3 ~
< B ’He ’ F) °
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: o +" BSM | e Strange Quark Form Factors
102 > ‘z‘fﬁ * Neutron skin of a heavy nucleus
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- , ¥
107 GLER ® Nowel Probes of Nucleon Structure
E (7 e MESK P L7 efferson Lab D| e Electroweak Structure Functions at the EIC
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Low Energy: PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

LA L L L L L L LA L L L L L L L L L] RV BBSS R b M A B B b b B b b LR L e ]

photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary
Ploneering electron-quark PV DIS experiment SLAC E122

joncert do
Pioneering \@

g . g
|0 L e % State-of-the-art: |
| i R (},Q@ S » sub-part per billion statistical |
It 3 reach and systematic control
= 104,; » sub-1% normalization control
£
=i _ Physics Topics
- * Strange Quark Form Factors
102 * Neutron skin of a heavy nucleus
- ® Indirect Searches for New Interactions
10° ;_ ® Novel Probes of Nucleon Structure
= | o Electroweak Structure Functions at the EIC
g0 L = = —1 ® Charge Lepton Flavor Violation at the EIC
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High Energy — Low Energy Interplay

0.245

MOLLER Experiment

0.240 F

RGE Running
e Particle Threshold
Measurements

—
____________________________ s 2
<D
Exp’t precision (goal) T
= -
0.245
measurements B
+ proposed / S =
. I -
P;o 235 WPV / eDIS
»
= : ILHC
0230 I MOLLER =y ¥
Mainz-P2 T '\ D)
MOLLER: improve Qw(e) by a factor of 5
0225F d | | I 1 d d E
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
F,rl(-r and Bmusu,\n\[usulf (2004) u [GeV]
&rlvr and Ferro-Hernandez (2018)

Qweak‘;
APV

PP EEPEPRTTTY EEPIPTTTTY BT RPN

SLAC E158

N

~

Tevatron
2023 PDG
1 10! 102 103 104
u [GeV]

41



Deviations: BSM ‘Footprints ”

SUSY
3 : 2o Z f
e X f

Radiative Corrections

d o
q
7\'/1j1>— _Qljl
- d
RPV

Z' Bosons Leptoquarks
e>rw?\;vw<f q>_ - ¢
e f . < q

Semi-leptonic only

Doubly Charged Scalars

Moller only o o
\ A=
i — ——{ iy
e e
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wo-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant
(a)

(c)

PHYSICAL REVIEW LETTERS 126, 131801 (2021)

Parity-Violating Mgller Scattering at Next-to-Next-to-Leading Order:
Closed Fermion Loops

>M@ ()
Yong Du M Ayres Freitas,>" Hiren H. Patel,** and Michael J. Rzunsé:y-Musolf“5"Q
'Ambherst Center for Fundamental Interactions, Physics Department, University of Massachusetts Amherst,
Ambherst, Massachusetts 01003 USA
2Pill:burgh Particle Physics Astrophysics and Cosmology Center (PITT-PACC), Department of Physics and Astronomy,
University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
3Dep(lr/men/ of Physics and Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064, USA
4Txung—D{m Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
SKellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125 USA 4 3

® (Received 17 January 2020; revised 22 July 2020; accepted 23 February 2021; published 29 March 2021)




Two-Loop EW Radiative Corrections

————————————————————————————-

! 5(Qew) ==+2.1 % (stat.) + 1.1 % (syst) Exp’t precision (goal) M probe !
Quantity Contribution (x107%) i % shift *
1 — 4sin? Oy +74.4 ';
AQ5y (1.1) —29.0 L -39%
AQw (1.,0) + 3.1 'i + 4%
AQiy (2.2) — 2.127555 -44%
AQ (2,1) + 16525 607 L1+ 3.4%
AQW (2.0) + 0.18 (estimate) i 1 1/-04%,; Safe!
/\ # of closed * Relative to preceding order
Loop order fermion loops

Du, Freitas, Patel, MURM PRL 126 (2021)
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PV Moller Scattering

Search for additional neutral weak force that is
inaccessible to the Large Hadron Collider

. -
g 01' ; /T:\\\G
= ’ 8 . ,.\\\\ ]
4 1=} P ;“\‘?‘" ]
24O Dev, MJRM, Zhang]
/,o
w02t 2 PRD 98 (2018) 5
- - parity—violating case
R ——— .

LR Symmetric Model Mgz [TeV]

0242 Mdark 7 = 100 MeV _
" Maark 7 = 200 MeV ]
0240 Qweak (first) e ]
- 0238
o
> 0.236
T [
£ I
702340
0232 :
r MESA
I Qweak i
0.230 i "Anticipated sensitivities" SLAC |
Dé_lg’k Z,—2 -l 0 I Davouttias 3
Log, Q[GeV] et al (2012)
Dark Sector: Z’

"

fe_ah &
upd?

Type Il Seesaw: H**
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High Energy — Low Energy Interplay

0.245

0.240 F

RGE Running
e Particle Threshold
Measurements

SLAC E158

0.235

sin26(u)

EIC Prospective

.25y~ =y
| —— ep:5GeVx100GeV 368"
| —— ep: 10 GeV x 100 GeV 44.6 & Projection
- —%— ep: 10 GeV x 275 GeV 100 fb”' EIC/ECCE Preliminary
0.245[ —— e 18 Govx275Gev 154 1"
——t— YRref:100fb"'ep+ 10fo"eD
— B SLAC-E158
o 0.24
< B
cg B IAPV Qweak I
c 0.235} ot
;= -
B LEP1
§ LHC
0.23- I MOLLER ALe
| ip2 : SoLID Tevatron
0.225’”1' gy giog Foagegs g O g el s 450 §
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Log10 Q [GeV]

M. Nycz, this meeting
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> <—
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102 107! 1 10! 10? 10° 104
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The Competition : “Short Term”

Ultra-Precise Weak Mixing Angle

Make a “cut” on measurements with uncertainty ~ 0.0003X or better

CMS is getting ready to
release their 13 TeV data
Expected uncertainty: 0.00024

This would be an extraordinary
achievement!

Special thanks to Arie Bodek

Ultimate sensitivity at LHC

Exp. sin® 9{}’}' Ref.
LEP+SLD:AZ;  0.2322120.00029 b-quarks
SLD:A; 0.23098+0.00026 light-quarks
*Tevatron 0.23148+0.00033 PRD 2016 light-quarks
ATLAS 8 TeV  0.23140+0.00036 unpublished light-quarks
920.2 fh-! ATL-CONF-2018-037 -

tneory  sin? Oy (my )y = 0.23122(4)
expt. $in2 Oy (m,)ys = 0.23116(13)

There are plans to improve on the above by a factor of 2, but only after the HL-LHC upgrade

Window for MOLLER and P2 to contribute!

Combined would be 0.00020, but must achieve the final result by 2030...

Must try to get to design goals!

K. Kumar, this meeting

47



The Competition : Longer Term

2023 PDG

LEP: 17 x 10° Z

Future e*e-:
few x 10127

Ca ye
1 or- S M A,
I/)e OA T

~ 300 x better
stat precision

Quantity Value Standard Model Pull
My [GeV] 91.1876 + 0.0021 91.1882 £ 0.0020 ~0.3
Iy [GeV] 2.4955 + 0.0023 2.4941 £ 0.0009 0.6
Ohad [nb] 41.481 +0.033 41.482 + 0.008 0.0
R, 20.804 £ 0.050 20.736 £ 0.010 1.4
R, 20.784 4 0.034 20.736 % 0.010 1.4
R, 20.764 4 0.045 20.781 % 0.010 —0.4
R, 0.21629 4 0.00066 0.21582 4 0.00002 0.7
R, 0.1721 % 0.0030 0.17221 + 0.00003 0.0
AL 0.0145 + 0.0025 0.01617 % 0.00007 —0.7
AL 0.0169 + 0.0013 0.6
ALD 0.0188 + 0.0017 1.5
ALY 0.0996 + 0.0016 0.1029 + 0.0002 ~2.0
A9 0.0707 + 0.0035 0.0735 + 0.0002 —0.8
AL 0.0976 + 0.0114 0.1030 + 0.0002 —0.4
a2 0.2324 + 0.0012 0.23155 + 0.00004 0.7
0.23148 + 0.00033 ~0.2

0.23129 + 0.00033 ~0.8

A, 0.15138 4 0.00216 0.1468 = 0.0003 2.1
0.1544 % 0.0060 1.3

0.1498 + 0.0049 0.6

0.142 +0.015 ~0.3

0.136 £ 0.015 —0.7

0.1439 + 0.0043 —0.7

f{y ChH 3/, 0.923 + 0.020 0.9347 —0.6
A // €199 670 +0.027 0.6677 % 0.0001 0.1
Ay &+ 0.001 0.9356 —0.4
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The Competition : Longer Term

100
[ current scale
Oﬁ Z-pOIe: I CEPC w/o theo uncert
80 - future e+e- B CEPC w/ theo uncert\

Missing \
./ Yoy

P

Oﬁ Oﬁ Ole Oee Oliq O/Z. Olu OId Oqe Oeu Oed

(b)
40 A >‘O’OV< M ©
( (d)
hep-ex/0509008 20
Z10° H- /I/ d " d d
Sg:lo% 3t e‘e"—hadrons E O

D6 four-fermion Operators

Shao-Feng Ge, MJRM, Zhuo-Ni Qian, Jia Zhou -
2024.NNNN [hep-ph]



Ill. What is the LN Violation Mass Scale ?
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SM: B+L Not Conserved

2Np

B+L Anomal pyB+lL — ZF
omaly Oy 3272

% {92W5V/va/a . g/2Bwj§/ﬂ/}

1

B+L
Jﬂ

VAN

.




SM B+L Violation & Sphalerons

2N N / _
B+L Anomaly 8MJ/?+L - 327:; x {gzwﬁuwwja -9 2BMVBM }
B+L |
E | m E Jy " .
SR /®\fL o A
.| II 'I IIY : g g | > < I
*[— ?* W W i § 4 'g ke V.
A N\
A A Wi
Sphaleron
Configuration Anomaly 21 A (B+L) oc NE
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SM B+L Violation & Sphalerons

ON — , -
B+L Anomaly o IEHE = L {Pwawree - g2B,, B
J B+L ‘
E T-E y7i "
S AN m ! '
Ii, 'Il II wl x1
o ] | g g | > < I
o *[_ :)_*_ \ W W : v \ W "
y i N
2’ A U \'“
Sphaleron
Configuration | | Anomaly 2| A(B+L) oc N
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Additional LN Violation: Questions

. Are there additional sources of LN violation at the
classical (Lagrangian) level?

« [fso, what is the associated LNV mass scale ?

What is the sensitivity of ton-scale Ovfpp-decay
searches under various LNV scenarios ?

. What are the inter-frontier implications?

P RN

Origin of m,,  Cosmology: v Pheno Colliders

- BAU * OvBf decay
* 2m, * My
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LNV Physics: Where Does it Live ?

SUSY, see-saw, BSM

Higgs sector...

Mass Scale

Sterile v's, axions,

BSM ? dark U(1)...

Coupling

Is the BSM LNV scale (associated with m,) far
above Eys ? Near Ey s ? Well below Es ?
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Lepton Number: v Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.

Dirac Majorana
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ovpp-Decay: LNV? Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.
Dirac Majorana
e e

A(Z, N) A(Z+2, N-2)

18



ovpp-Decay: LNV? Mass Term?

Loass = yl_LFIVR + h.c.

Dirac

Impact of observation

Total lepton number not
conserved aft classical level

New mass scale in nature@

Key ingredient for standard
baryogenesis via leptogenesis

Lo =C/y§CHHTL e

Majorana

A(Z,N)

A(Z+2, N-2)

18




ovpp-Decay: LNV? Mass Term?

Loass = yl_LFIVR + h.c.

Dirac

Impact of observation

Total lepton number not
conserved aft classical level

New mass scale in nature@

Key ingredient for standard
baryogenesis via leptogenesis

Lo =C/y§CHHTL e

Majorana

A(Z, N) A(Z+2, N-2)
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NLDBD Experimental Horizons

Thanks: J. Wilkerson
OvpBp decay Experiments - Major Efforts Underway

mass
Collaboration  Isotope Technique (OvBB Status
GERDA Il Ge-76 Point contact Ge in LAr 31 kg Complete
MAJORANA :
DEMONSTRATOR Ge-76 Point contact Ge 25 kg Complete
LEGEND-200 Ge-76 Point contact with active veto ~200 kg  Operating (142kg)
LEGEND-1000  Ge-76 Point contact with active veto  ~ ton R&D

CDEX-300v Ge-76 Point contact with active veto  >225 kg Construction

J.F. Wilkerson | OvBB Experiments | Oct. 20, 2023

CUORE Te-130 TeO2 Bolometer 206 kg Operating
SNO+ Te-130 0.3% "*Te suspended in Scint 160 kg Constr./Commish
CUPID Mo-100  MoOs meter & scint. ~ton R&D

EX0200 Xe-136 Xe liquid TPC 79 kg Complete
nEXO Xe-136 Xe liquid TPC ~ton R&D

Ka’“L(f'fI;"ze" Xe-136 2.7% in liquid scint. 400 kg Complete

_KamLAND2Zen Xe-136 _Improved light coll, disc _ 800kg ___ Operating
NEXT Xe-136 High pressure Xe TPC ~ton Const. NEXT-100

__PandaX - 4T Xe-nat  High pressure Xe TPC 325kg Operating

KamLAND Zen PandaX-Ill

* Global effort to deply “ton scale” expt’s
- 100 x better lifetime sensitivity

« Top priority for U.S. nuclear science o



ovpp-Decay: LNV? Mass Term?

— A y _
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Wtey.,
: e,
Impact of observation 7
- - (S)
What's . . 79
» Total lepton number not .
inside ?

conserved at classical level

 New mass scale in nature, A

« Key ingredient for standard

baryogenesis via leptogenesis
A(Z,N) A(Z+2, N-2)
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LNV Mass Scale & 0Ovpp-Decay

AZN) — BB — A(Z+2, N-2) + e e

Physics

« 3 light neutrinos only : source of neutrino
mass at the very high see-saw scale

« 3 light neutrinos with TeV scale LNV

« > 3light neutrinos

How can we determine the
underlying LNV physics?
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LNV Mass Scale & 0Ovpp-Decay

AZN) — BB — A(Z+2, N-2) + e e

Physics

« 3 light neutrinos only : source of neutrino
mass at the very high see-saw scale

« 3 light neutrinos with TeV scale LNV

« > 3light neutrinos

The “Standard Mechanism”
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ovpp-Decay: LNV? Mass Term?

Lo = yLHvE + hec. o %ECHHTL + he.
Dirac Majorana

“Standard” Mechanism

» Light Majorana mass generated
at the conventional see-saw
scale: A~ 1072—- 107° GeV

« 3 light Majorana neutrinos
mediate decay process

A(Z, N) A(Z+2, N-2)
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ovpp-Decay: “Standard” Mechanism

Three active light neutrinos

1p

KamLAND-Zen
10 Sttty

102 Lo o e
Ton scale -

Effective DBD neutrino mass (eV)

(m,)’ m— —
: 2 Inverted Normal
(Am"),
(m1)24 - o i e e col
10° 10 10" 10"
s . K
- - Am.lﬂn
o Lightest neutrino mass (eV) — = a,
| Y
Heavy Majorana Ng S —
2 (Am’), |
(m)’s ‘— 4 - (m )’




Neutrinos and the Origin of Matter

Heavy neutrinos decay out of equilibrium
In early universe

Majorana neutrinos can decay to particles
and antiparticles

Rates can be slightly different (CP violation)

(N —(H) # T'(N — (H*)

Resulting excess of leptons over anti-leptons
partially converted into excess of quarks over
anti-quarks by Standard Model sphalerons
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LNV Mass Scale & 0Ovpp-Decay

A(ZN) —

Underlying s A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw

3 light neutrinos with TeV scale LNV

> 3 light neutrinos
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ovpp-Decay: LNV? Mass Term?

Loass = yl_}f[VR + h.c.

Dirac

TeV LNV Mechanism

 Majorana mass generated at
the TeV scale

 [ow-Sscale see-saw
 Radiative m,

s myn << 0.07 eV but 0vpp-signal

accessible with tonne-scale
exp’ts due to heavy Majorana
particle exchange

Lo =2 I°HHTL + h.c.

A
Majorana
e e
F
i
B | ! B

A(Z,N)

A(Z+2, N-2)
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Energy Scale (GeV)

Low Scale LNV & Leptogenesis

1012

103

102
107

Qo

ﬁf‘

LNV

<-—‘I'_ Standard thermal lepto

<«——— Electroweak sphalerons

_ 5 is. Deppisch et
<—r Fast AL = 2 int: erase L al 14, 15

<—r Electroweak symmetry breaking

The observation of TeV (and
below) scale LNV could be fatal
to the leptogenesis paradigm
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Leptogenesis & TeV Scale LNV: Example

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models
(but no Z, symmetry)

_ - S: (1, 2, 72)
Lint = 1097d*S; + g,€VL;FS; + H.c. = (1,0, 0) Majorana
00 myo = 101 GeV, e = 1
10—1-; Yg, washed out
10—2—; :
- Y <y
S .
10_4-5
10—5—;
106—;/

. 70
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Low Scale LNV Probes

New scalars (type Il see saw)
New LNV interactions (hadron collider)

Heavy neutral leptons (sterile v...)
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BSM LNV: Questions

. Are there additional sources of LNV at the
classical (Lagrangian) level?

« [fso, what is the associated LNV mass scale ?

What is the sensitivity of ton-scale Ovfpp-decay
searches under various LNV scenarios ?

. What are the inter-frontier implications?

P N

Origin of m, Cosmology: FSNN: Colliders
- BAU * OvBf decay
. Zm, .,

e Gravwaves °* Vv OSC
« PVee... 72



LNV: Scalar Fields & m,

Ovpp Decay, PV ee 2 e e, e'e > e’'e & pp collisions

dy

MmLRSM type Il Seesaw: 6 —-

§=035, My, =7TeV (NH)

dy

_‘5?.73_ < | I
: Eab: Moller .- T '
¢ ' Mg [TeV]
> Ky < G. Li, MJRM, S. Urrutia-Quiroga, J.C. Vasquez
CEPC ot
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BSM LNV: ovpp-Decay & pp Colliders

p%ﬁﬁgﬂ%% + h.c.
epton

Majorana

pp Collisions

A(Z, N) A(Z+2, N-2)

Numerous studies: another talk... r



TeV-Scale LNV: lepto, Ovpp-Decay & Colliders

The “O2 Model”: similar ingredients as in scotogenic neutrino mass models

(but no Z, symmetry)
- - s: (1,2 %)
[':INT = 0 Qld Si + g€ LIFS; + H.c. F: (1’ 0’ O) Majorana
myo = 1019GeV, e =1 10° et R 10° mr s LSV, B/ s
100 3 7 .\'\. ]
10—1-; : Yg, washed out 7 7
2] : \.\"»,
le y- ) : ¥ ~ °
A ;4" % bs /’//'
_ 1073 eg/”.;e YB < YBgO ) 10 OVﬂﬂ'decay 10
105 - l07310 8 1072 ; o 100 . 10 1072 ; o 10

1077

10~ /

Y. Survives

Comparing Ovpp-decay, collider, & cosmo

Collider — Ovpp3— overlap: < TeV
scale LNV “smoking gun”
75
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LLP Searches for LNV

10° 5

101

L7

myo = 101 GeV, e =1

Ys, washed out

Simplified Model

logy0(9:90)

|
| — ATLAS/ICMS |
- —————— 4 lon—scale

) 3
1 /@y, obs
103 4 (obs)
s O Yme Yo <Yy
10—4 _§ 3
105 -
106
10~7 _ T T "'.'"I UBEALL BELELALLL BELELRLLLL LAY
/(k /b /"D /by /Ib /q’ /\‘
NN N N
g>

Yg. Ssurvives

ms=1TeV, gg=10"

KamlLand-Zen

—- - — \ \

| — MATHUStA——

I — KamLAND-Zen

LHC long-lived
particle searches

50 100 150 200 250
mg [GeV]

G. Li, MURM, S. Su,
J.C. Vasquez 22
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BSM LNV: Questions

. Are there additional sources of LNV at the
classical (Lagrangian) level?

« [fso, what is the associated LNV mass scale ?

What is the sensitivity of ton-scale Ovfpp-decay
searches under various LNV scenarios ?

. What are the inter-frontier implications?

SN O\

Origin of m, Cosmology: FSNN: Colliders
- BAU * OvBf decay
. Zm, .,

e Gravwaves °* Vv OSC
« PVee... v



2m,, from Cosmo: Ovpp-Decay Implications

Three active light neutrinos: j‘“j:_mt T p—
conventional see-saw .
z | . . o X
» l
A& |
£ I
v ]
N |
@ 5 : Cosmo current
2 -
S _
S £ ;
S E
= =/ = . Ton scale
3 L= =
GQJ -2 5— /
10 =7 -+ ,g/ N
% - E =/ ]
Q — E =/
® T fE'I %{.
2 = El =|
O = El E|
O ] o( 1 =| E|
2 = .\ El =
LLI 3: ge “am E | ;ll
13 W*ﬂ’i" ekl
0 10~ 10 © 10
‘a“" \: \’“q bm n/ eV Miat / €V <mg> / eV
(< \e
\“\QQ\\ “"Qa Cosmo next gen
AR 78




Minimal LR Symmetric Model: Ovpp-Decay

Long range chiral enhancement

e There are the following contributions (ontop | -----‘I
of the usual light neutrino contribution) : LR contribution
LL or RR d e ———— !

28

— v — _ W
U/ _ R
T er M'K%l SuR /@‘ e e, L

N ¥ ~ ——- -
—— _ SO - T o
- c
ZQ.W 3 WL, R N R, L
%—-———l—_— SN
N 3 4 L, R
N U N
S U
RR contribution Suppressed by heavy L / R L—/ K.
6%t masses and LFV constraints (Tello and The Blue contributions are
Senjanovic. ArXiv: 1011.3522)
Si = 1 by small heavy-light

ATLAS limit ~ 800 GeV) (arXlv: 1710.09748)

79
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Minimal LR Symmetric Model: Ovpp-Decay

Long range chiral enhancement

® There are the following contributions (on top
of the usual light neutrino contribution)

LL or RR
J w L “
p— A/ R
We - o
‘t&g\ M’Ké SL,K /
N A~ — T T
o—— C’K _

[
o
|
N o
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M5yl in eV

TeV-Scale LNV: Ovpp-Decay & > m,

EFT: Long range ;1_7,__.71;3

Minimal LR Symmetry N A
1 '1{'& | p @t 26_P4
N I

0.100}

L1 1 a1l

— Short range only
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44444
e
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TeV-Scale LNV: Ovpp-Decay & > m,

EFT: Long range

Minimal LR Symmetry \

M5yl in eV

1} ELINH

0.100 ¢
i&—— Short range only
0.010¢-~ SheE = el e ¥
r W, o FF ;3' ) > N . . : 4 II:
spaasic? o T Expected limit | = ]
Y Pl ¥ 8 ¥ Y ¥ ‘ |
' o — i ' |
Observation of Ovpp decay + NH from ,'_E_)_” T
OSCI”ationS + tig hter aStrO 2 mV bounds ' :g Left-Right Symmetry and Leading Contributions to Neutrinoless Double Beta Decay
- TeV scale (and below) LNV e
l.o
i F ! 1 : 1 ! 1 i'l |
0.06 0.08 0.10 0.12
>m,ineV

~ Cosmo next gen
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TeV-Scale LNV: Ovpp-Decay & > m,

EFT: Long range n_, 57

= ql*ﬂ'— e~
Minimal LR Symmetry \ i

& Short range only
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PHYSICAL REVIEW LETTERS 126, 151801 (2021)

oscillations + tighter astro 2’ m, bounds
- TeV scale (and below) LNV

Left-Right Symmetry and Leading Contributions to Neutrinoless Double Beta Decay
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More Than 3 Light Neutrinos: MeV-GeV

mLRSM Simplified Model
(C T )
I my [GeV] 1 1
00of bot 01 1 |
L4 | -
105 0.100
>
— o RS
5 28 = -
=10 < =00 |-
) o T
g £
:;:102‘ 0.001
g KamLAND-Zen
m =03
m §=0
102t m standard 107 .
. ) ) ) ) 0.06 0.08 0.10 0.12 0.14
10 10° 10 0.001 0010 0100 1 S m, ineV
my [eV]
Current X m,,
exclusion

J. De Vries, G. Li, MURM,

G. Li, MURM, J. C.
J. C. Vasquez 22
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TeVLNV: LLP & 2 m,

70 i S + % .
On'SheII W 9 % \ Li,,:si)osjfb-1
i 60 | o | &\ t5=0.3
Ne 2eejj 2 B
=% Bl W \ L
é 400 s £=30% 3\
‘EZ' 30 ,/’::_~E\=4.88% \\\\ 02&
::\E = 1%\‘\‘ \\: d ;;%0 mm
20 i \ H ‘ ]
1 r‘ 1 I: A ]
: 10 -,_,) ,f,/” d= 200 |
L 4=300m
/| e
5 10 15 20 25
My HL-LHC I -
e
gx << 1 <My) >> 1 ATLAS/CMS weLTeV]

Improvement in efficiency 2>
extend beyond current DBD reach

G. Li, MJURM, J.C. Vasquez, 22



Light v: Lepton Collider Probes

ete 2Z20>NN

Lepton FB Asymmetry

— vy
0.15 ————
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0.05F

-0.05F

S010F T ]

-0.150———
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M. Drewes 2210.17110 (mini-review)
Blondel, de Gouvea, Kayser 2105.06576
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Light v: Lepton Collider Probes

ete 2Z° 3NN vs e*e>Z°>NN
Displaced decays (LLPs)

INobs & UéleyLa [exp(—lo/AAr) — exp(—ll//\g\r)] €af,

. . LLP LNV Observability
lNMajorana =2X lND/rac .
Expt ™. -
10-3 exc, /USion \\ LNV suppresse
N R, <1/3
1076 "\\ \\\\
- ) o \\\ _ #LNV decays
= Ry>1/3 ~_| " #NCdecays
1079 N
= _ILI\I‘V-gfn erically observable “
/ N . SN
incompatible TN TN
5 i1 ~15 e s R £
Active-HNL Mixing 10 ; 10 100 1000
M. Drewes 2210.17110 (mini-review) MGeV]

Blondel, de Gouvea, Kayser 2105.06576

87



W Pair Production
LNV + CPV

Br({*¢— — ptut45) — Br({T0— — p—p—4j)

Acp = Br({+{— — ptptdj)+ Br({Hl— — p—p—4j)
| g o N
-
), 15
< e
. 10
| my =15 GeV
) 0.4 0.6 0.8 1.0 1.2 1.4 1.6
h=Am/T'N,




BSM LNV: Questions

. Are there additional sources of LNV at the
classical (Lagrangian) level?

« [fso, what is the associated LNV mass scale ?

What is the sensitivity of ton-scale Ovfpp-decay
searches under various LNV scenarios ?

. What are the inter-frontier implications?

SN O\

Origin of m, Cosmology: FSNN: Colliders
- BAU * OvBf decay
. Zm, .,

e Gravwaves °* Vv OSC
« PVee... &2



Spontaneous LNV: Higgs, GW, Collider

LHC + Higgs

The EW scale: BSM factories

Higgs & more Collider

Signatures

Models

™~

Spontaneous LNV >
phase transition ?

Phase

Transitions

Complementary
probes

LISA, Taiji,
Tianqin
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Characteristic Strain

10
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10

10

10
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-24

-26

Gravitational Waves

stochasic iy A. Addazi, SPCS 2023
ackgroung
eLISA

Massive binaries

Resolvable galactic

binaries LIGO

Taiji, Tianqgin
similar Extreme mas
ratio inspirals

Type IA
supernovae

aLIGO

Core collapse

T around EW supernovae
T -10000 EW
10 -1° 10 -8 10 ¢ 10 4 10 2 10 © 10 2 10 ¢ 10 ©

Frequency / Hz
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Characteristic Strain

10

10

10

10

10

10

10

10

-12

-14

-16

-18

-20

-22

-24

-26

LNV Scalar Field & GW

Stochastic
background

Example: Majoron models 2>
spontaneous LN violation & m,,
L:,TIS = y,’;jfifIVRj + yzjﬁﬁiuRja +h.c.,

LS = y,ﬂjfiﬁuRj + ny‘fuRja + Aijngj +h.c.,

LEIS = y,ijzif]VRj + yéjS'ija + y,'fjﬁﬁiugja* + Aiij{iSj + h.c.

A. Marciano: SPCS 2023 + refs

assive binaries

Resolvable 4
binaries

ratio inspirals

LIGO

ﬁ((t/
L/ﬂllGo
N

Core collapse

T around EW supernovae
T2 DE0-10000 EW
10 10 10 8 10 ¢ 10 4 10 2 10° 10 2 10 ¢ 10 ¢

Frequency / Hz

Phase transition associated with spontaneous

LNV -2 non-astrophysical GW source
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10

Characteristic Strain
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-24

-26

LNV Scalar Field & GW

Example: Majoron models 2>
spontaneous LN violation & m,,

Stochastic

background Ly’ = yl’;jfi[]ij + y;jﬁﬁi"Rj" +h.c.,

LS =y Hup; + y9 Sfvrjo + A9SES; +hee.,

LS =y Liflvr; + y ¢80 + yy vivrjo™ + A7, S + hc.

A. Marciano: SPCS 2023 + refs

assive binaries
Resolvable Malactic
binaries LiGo
o L/MO
N

[
|
|
| 1
: : Core collapse
T arqund EW : supernovae
! 1 T2 0g0-10000 EW
1 |
t ¥
10 -1 10 8 10 10 10 2 ,’ 10° 10 2 10 4 10 ¢

/:,:;:e::;r"z ?3\

EWPT laboratory for GW micro-physics: colliders can probe
particle physics responsible for non-astro GW sources > test
our framework for GW microphysics at other scales
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IV. Outlook - A

 There exists a rich complementarity involving
the intensity, high energy, lifetime, and
cosmic frontiers

 For EW precision BSM probes, it’s all about
the error bars - challenge for EIC

NP fundamental symmetry tests poised to
discover BSM footprints, while BSM searches
at the high energy, lifetime, and cosmic
frontiers could discover the underlying
dynamics (LNV as a “poster child” )
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1V. Outlook - B

What are the EIC implications ?

EIC EW precision tests as a BSM probe:

may have limited impact

EIC fundamental symmetry tests:
competition for lepton number, baryon
number, CP is tough but charged lepton
flavor violation is a unique opportunity

« Gonderinger, MJURM, JHEP 11 (2010) 045

« Cirigliano, Fuyuto, Lee, Mereghetti, Yan, JHEP 03 (2021) 256
» Talks in this workshop
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