Flavor-violating new physics at the intensity frontier
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Going beyond the Standard Model with Muons
The “progress axes” for muon facilities

Intensity
Rare decay searches (Intensity & Precision)
Precision 16 13 | |
10" — 10"® muons in clean environments
Energy This talk: Five-track events at the Mu3e experiment
L This talk: Muon-induced baryon number violation at MuZ2e
Lifetime
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Lepton Flavor Beyond the Standard Model

Accidental symmetry in the Standard Model

U1y x U, X UL, XU, or - Ul X Uy X UL, _; X U,y oy

J. Heeck (arXiv:1610.07623)

Neutrino masses violate lepton flavor Lepton mixing

I/a — Dﬂ U D) %!
' / m - \
Lucky to have discovered this v
U, . /
“Earth-sized flavor interferometers” \
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Lepton Flavor Beyond the Standard Model

Accidental symmetry in the Standard Model

U1y x U, X UL, XU, or - Ul X Uy X UL, _; X U,y oy

J. Heeck (arXiv:1610.07623)

But in charged lepton sector, this is unobservable:

HJJ / B ) 3o mj [0-53
—> O ~Y ~Y
s ! 327 My,

Any measurement of a non-zero rate provides
unambiguous evidence for new physics.
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Lepton Flavor Beyond the Standard Model

Accidental symmetry in the Standard Model

U(1)p X U(1), X U(I)LM XU, oo Ull)gy X U()p_ X U(l)Le—L,,, X U(I)L6+LT_2Lﬂ

J. Heeck (arXiv:1610.07623)

Muons are the lamppost for this symmetry factor:

H — €y u — eee UA — eA
A(L,—L,) =2 ,Jy
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Going beyond the Standard Model
Muon facilities

Huge progress is coming. And soon!

L. Calibbi, G. Signorelli, arXiv:1709.00294

Reaction Present limit Expected Limit Experiment
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http://www.arxiv.org/abs/1709.00294
https://arxiv.org/abs/2210.04765

Going beyond the Standard Model
Effective Field Theories

Very useful for interpreting cLFV results
but not the only possibility.

Extract information on UV physics from
low-energy observables.

E. Fernandez-Martinez, X. Marcano D. Naredo-Tuero
arXiv:2403.09772
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Beyond Effective Field Theory

New physics exclusively at low scale? New physics exclusively at high scale?
|
Z(SM) += Z(new fields) ZL(SM) + = E@(SM)MH

|
- @(SM)4+H

1
Z(SM) += Z(new fields) +—0O(SM, new fields)*™ -

A\

E.g., axion-like-particles, d,a(uy"e), QCD Axions, Majorons, Flavons, etc

L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, 10.1007/JHEP09(2021)173

«=s M. Hostert 8


https://link.springer.com/article/10.1007/JHEP09(2021)173

New particle production in 1™ decays

Multi-electron final states at e Mube

MH, T. Menzo, M. Pospelov, J. Zupan, 10.1007/JHEP10(2023)006



https://arxiv.org/pdf/2306.15631.pdf

Light particle production at Mu3e 3
An overview

‘(1) u* — etX. ~— Peak in the Michel spectrum.

¢ Current limits: & < 107>
ut / Projected reach: & < 1078

..... AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
.« X L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, 10.1007/JHEP09(2021)173

See also u™ — eta(y* — eTe™) for low masses,
S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17915

"= M. Hostert
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https://arxiv.org/pdf/2311.17915.pdf
https://doi.org/10.11588/heidok.00024585
https://link.springer.com/article/10.1007/JHEP09(2021)173

Light particle production at Mu3e 2
An overview

(1) u™ — e* X, — Peak in the Michel spectrum.
Current limits: B < 107
ut / Projected reach: & < 1078

See also u™ — eTa(y* — e*e™) for low masses,

‘(2) ut — et (X - ete™) — Visible resonance

Current limits: 8 < 3 x 10712
§ +_/ Expected reach: & < 10712 or better

e
S
.

+
X ¢ J. Heeck, W. Rodejohann, 10.1016/j.physletb.2017.11.067
SINDRUM-I coll., 10.1016/0370-2693(86)90339-4

M. Hostert
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https://arxiv.org/pdf/2311.17915.pdf
https://doi.org/10.11588/heidok.00024585
https://link.springer.com/article/10.1007/JHEP09(2021)173
https://doi.org/10.1016/j.physletb.2017.11.067
https://doi.org/10.1016/0370-2693(86)90339-4

Light particle production at Mu3e 2
An overview

(Nu* — e+XinV — Peak in the Michel spectrum.

¢ Current limits: B < 107>
ut / Projected reach: & < 1078

See also u™ — eTa(y* — e*e™) for low masses,

‘(2) ut — et (X - ete™) — Visible resonance

¢ Current limits: B < 3 x 10712
ut / Expected reach: B < 1071 or better

Projected reach: 8 < 1072 — 10711,

B. Echenard, R. Essig, Y.M. Zhong, 10.1007/JHEP01(2015)113

’ 1%
¢ AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
et S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17913

?;‘"3"_
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https://doi.org/10.1016/0370-2693(86)90339-4
https://arxiv.org/pdf/2311.17915.pdf
https://doi.org/10.11588/heidok.00024585
https://link.springer.com/article/10.1007/JHEP09(2021)173
https://doi.org/10.1007/JHEP01(2015)113
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Light particle production at Mu3e 2
An overview

@) ut - et (X - ete"ete™) — This talk

Projected reach: & < 10712 — 10714

Cascade of 2-body decays.

Also, the first study of SM five-track rate.

MH, T. Menzo, M. Pospelov, J. Zupan, 10.1007/JHEP10(2023)006

‘(1) ut — e+XinV — Peak in the Michel spectrum.

¢ Current limits: B < 107>
ut / Projected reach: & < 1078

AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, 10.1007/JHEP09(2021)173

See also u™ — eta(y* — e*e™) for low masses,
S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17915

‘(2) ut — et (X - ete™) — Visible resonance

¢ Current limits: B < 3 x 10712
ut / Expected reach: B < 1071 or better

‘ € J. Heeck, W. Rodejohann, 10.1016/j.physletb.2017.11.067

SINDRUM-| coll., 10.1016/0370-2693(86)90339-4

‘(3) ut — etvv(X — ete™) — Visible resonance + missing E

+

ut Projected reach: 8 < 1077 — 10711,

, B. Echenard, R. Essig, Y.M. Zhong, 10.1007/JHEP01(2015)113
AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
et S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17913

= M. Hostert
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https://arxiv.org/pdf/2311.17915.pdf
https://doi.org/10.11588/heidok.00024585
https://link.springer.com/article/10.1007/JHEP09(2021)173
https://doi.org/10.1007/JHEP01(2015)113
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Light particle production at Mu3e 3

An overview

@) ut = et (X - ete"ete™) — This talk

e+
pr / et

Projected reach: & < 10712 — 10714

< .- Cascade of 2-body decays.

Also, the first study of SM five-track rate.

MH, T. Menzo, M. Pospeloy, J. Zupan, 10.1007/JHEP10(2023)006

‘(1) ut — e+XinV — Peak in the Michel spectrum.

‘(5) Other modes (not studied)

Flavor-preserving version of (4).

Neutrino portal to (3) and (4). Sensitive to mixing of
the heavy “dark” neutrino NV to electron and muon.

¢ Current limits: & < 107>
ut / Projected reach: & < 1078

AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, 10.1007/JHEP09(2021)173

See also u™ — eta(y* — e*e™) for low masses,
S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17915

‘(2) ut — et (X - ete™) — Visible resonance

¢ Current limits: B < 3 x 10712
ut / Expected reach: B < 1071 or better

¢ J. Heeck, W. Rodejohann, 10.1016/j.physletb.2017.11.067
SINDRUM-I coll., 10.1016/0370-2693(86)90339-4

ut Projected reach: 8 < 1077 — 10711,

, y B. Echenard, R. Essig, Y.M. Zhong, 10.1007/JHEP01(2015)113
: AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
et S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17913

(= M. Hostert
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Light particle production at Mu3e 3
An overview

4 ut = et (X = ete"eTe™) — Two visible resonances

Projected reach: & < 10712 — 10714
Cascade of 2-body decays.

Also, the first study of SM five-track rate.

MH, T. Menzo, M. Pospelov, J. Zupan, 10.1007/JHEP10(2023)006

‘(1) u* — etX. ~— Peak in the Michel spectrum.

‘(5) Other modes (not studied)

T U,
. /4+
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A /
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A’ Ye
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Flavor-preserving version of (4).

e

Neutrino portal to (3) and (4). Sensitive to mixing of
the heavy “dark” neutrino NV to electron and muon.

n
.. e
X ™ B
e
A
e +

¢ Current limits: & < 107>
ut / Projected reach: & < 1078

"n, AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
o X L. Calibbi, D. Redigolo, R. Ziegler, J. Zupan, 10.1007/JHEP09(2021)173

See also u™ — eta(y* — eTe™) for low masses,
S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17915

‘(2) ut — et (X - ete™) — Visible resonance

¢ Current limits: B < 3 x 10712
ut / Expected reach: B < 1071 or better

J. Heeck, W. Rodejohann, 10.1016/j.physletb.2017.11.067
SINDRUM-I coll., 10.1016/0370-2693(86)90339-4

Projected reach: 8 < 1077 — 10711,

B. Echenard, R. Essig, Y.M. Zhong, 10.1007/JHEP01(2015)113
AK. Perrevoort (Ph.D. thesis), 10.11588/heidok.00024585
S. Knapen, T. Opferkuch, D. Redigolo, arXiv:2311.17913
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Rare muon decays at Mu3e

Higgsed U(1), — more is different

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Higgsed dark U(1) ;: dark photon (y,) gets a mass from the dark Higgs (/2,), and kinetically
mixes with hypercharge:

E
gKin :) - _F;[in'uU
2CW

If my, > 2m7,d > 4m,, dark Higgs decays to four leptons in cascades of 2-body decays.

Simple and well-motivated model — multiplication of leptons comes “for free.”

hd €+
Yd /
“as '\/\/ \ .
Yd e N

& M. Hostert 16
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Rare muon decays at Mu3e

Higgsed U(1), — more is different

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

90% CL limit on B(K* — 7+de) Higgsed dark U(1) ;: dark photon (y,) gets a mass from the dark Higgs (/2,), and kinetically

= mixes with hypercharge:
= [ . € d
\% 300__ ‘ gKIH :) —_— _F//UJBMU
SN ‘ 2Cy
250_ S107 If my, > 2m, > 4m,, dark Higgs decays to four leptons in cascades of 2-body decays.
200}%
150?. ——— : Simple and well-motivated model — multiplication of leptons comes “for free.”
: 109
100 i 10
AT T T T N N N Searches at kaon, e+e- colliders, and LHC target
20 40 60 80 100 120 140 160 | | | | hd €+
m, | MeV the coupling of /1, with the Higgs and &, which can be small. o Nycij /
Recently targeted by a new five-track search at NAG2. _ N \ e~
K* = 2t(h, — 77, — 2(ete™)) Consider now new operators e
with cLFV couplings to leptons. ‘ €
-

& M. Hostert 17


https://arxiv.org/pdf/2306.15631.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.015017
https://doi.org/10.1016/j.physletb.2023.138193

Rare muon decays at Mu3e

Higgsed U(1),

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Lowest-dimension operators in the “h, - EFT” that violate flavor:

-----
- .~

A . M, \' Heavy new particles ) , . e
\~ l '¢ ~ 7 d — — _ _ _ eu EW"d
_________ (A ~ 107 GeV) Zerv 2 —; (YeﬂLﬂHeR + YﬂeLeH//tR> e hy (ye,,tﬂLeR + y,,teeLﬂR>, Ve = VaA?

In mass basis, SM Higgs continues to have diagonal couplings, but dark Higgs does not.

‘s m " .."
S P fm, —m, > my, >2m, > 4m,: hy o N e
-=F- d Va €
2m Muon d a a 2-bod + 5 eh,, ultimatel fd e
e uon decays via a 2-body process = — eng , ultimately ot
leading to a total of five tracks at the end of the cascade. |

& M. Hostert 18
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Rare muon decays at Mu3e

Higgsed U(1),

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Lowest-dimension operators in the “/i; - EFT” that violate flavor*:

______
o s

.’ *.  Heavy new particles
A ' MXi ! Y
RSN [t g (A ~ 1()15 Gev) <gCLF\/ D) @ (YeﬂzﬂHeR + YﬂezeH//tR) g hd (ye,uﬁLeR + y,ueELMR)v ye,u — eMVEW
A Uttyg \V2A

In mass basis, SM Higgs continues to have diagonal couplings, but dark Higgs does not.

‘s m " .."
S P fm, —m, > my, >2m, > 4m,: hy o N e
-=F- d Va €
2m Muon d a a 2-bod + 5 eh,, ultimatel fd e
e uon decays via a 2-body process = — eng , ultimately ot
leading to a total of five tracks at the end of the cascade. |

& M. Hostert “Eg., U(l),=U(l), _; and | Q(hy)| =1 19
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Rare muon decays at Mu3e

Mu3e at PSI

Aiming for B(ut — eteTe™) < 10710 1
(4 orders of magnitude improvement on current limits).

About 10% muons/s from 2.4 mA proton beam,
Low pion contamination, < 2 X 10~ fraction,
Each layer has about ~ 0.1% radiation length.
B =1 T magnetic field

AN

Phase-l: > 2 x 10" u* decays
Phase-Il: > 5% 10'® u* decays

\\
/: 1.0 ns \

| \
\
\

SN

30 MeV e*/e™ deflected by about 2°

in 1 % of radiation length due to multiple scattering.

20



Rare muon decays at Mu3e

A theorist’'s fast MC for the detector

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

r¢) view of Mu3e
1) Generating muon decays with MadGraph5 v3.5.0 and

Scikit-HEP phase-space package

t = 0.0 ns

28 ladders .
2) Place muons on surface of Mylar target.” 7
) y J Pixelated | 24 Iadders\/ e
_ _ _ _ _ _ scintillator y 7
3) Draw helical trajectories with B = 1 T, smearing |p,| with  1ayers 10 ladders —_/
energy-dependent Gaussians.* 8 ladders ~/

4) Signal selection based on # of hits on scintillator layers.

70 um Mylar target (decays on the surface)

M. Hostert * Technical design of the phase | Mu3e experiment arXiv:2009.11690 21
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Rare muon decays at Mu3e

A theorist’'s fast MC for the detector

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

r¢) view of Mu3e
1) Generating muon decays with MadGraph5 v3.5.0 and

Scikit-HEP phase-space package

2) Place muons on surface of Mylar target.”

3) Draw helical trajectories with B = 1 T, smearing |p,| with
energy-dependent Gaussians.”

4) Signal selection based on # of hits on scintillator layers.

70 um Mylar target (decays on the surface)

10 20 0 2 40 ~20 ~10 0 i) 20

@ M. Hostert * Technical design of the phase | Mu3e experiment arXiv:2009.11690 22
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Rare muon decays at Mu3e

A theorist’'s fast MC for the detector

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

r¢) view of Mu3e
1) Generating muon decays with MadGraph5 v3.5.0 and

Scikit-HEP phase-space package — e

( 2.0 ns

2) Place muons on surface of Mylar target.”

3) Draw helical trajectories with B = 1 T, smearing |p,| with
energy-dependent Gaussians.”

Short-tracks

-

4) Signal selection based on # of hits on scintillator layers.

-— “".’/ {,-"

‘‘‘‘‘‘

70 um Mylar target (decays on the surface)

0.6 Long-tracks

M. Hostert * Technical design of the phase | Mu3e experiment arXiv:2009.11690 23
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Rare muon decays at Mu3e

The Standard Model rate

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

From MadGraph5 v3.5.0, we can calculate the total rate: e
Leading order in G and o — negligible MC stats error o™

RBut — eteteete ) ~3.9x 1071

but this is not all observable. Some simple truth-level cuts illustrate the challenge: et

€

B (/ﬁ — etete ete v | allp it > 10 MeV> =(1.4+0.1)x107'% |
€= 1 of 84 diagrams

The smallest decay rate measurement for fundamental particles involving 2nd and 3rd generation?

& M. Hostert 24
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Rare muon decays at Mu3e

The Standard Model rate

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

From MadGraph5 v3.5.0, we can calculate the total rate: e
Leading order in G and o — negligible MC stats error o™

RBut — eteteete ) ~3.9x 1071

but this is not all observable. Some simple truth-level cuts illustrate the challenge: et

€

B (/ﬁ — etete ete v | allp it > 10 MeV> =(1.4+0.1)x107'%

e 1 of 84 diagrams

The smallest decay rate measurement for fundamental particles involving 2nd and 3rd generation?

When looking for neutrino-less channels, this SM rate will not be an issue. Missing energy cuts are very effective:
missing

B <,u+ — etete eTe v | EMC. <20 MeV) =(8.9+0.3)x 1071

missing

B <,u+ — etete ete v | ERC. < 10 MeV) =(1.1£02)x 1071

& M. Hostert 25
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Rare muon decays at Mu3e

Neutrinoless five-track events
MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

mp, = 90 MeV
1012 < m~, = 10 MeV m~, = 30 MeV
: m~, = 20 MeV m., = 40 MeV
1071 5
Double bump hunt e 5
<
g _
-
—reco % 10_14_5
meyfﬁe_ = ]
O
ot 1071 -

| _
e 10 20 30 40

m 4" /MeV

ete

|\_ We find: o, /m,y, = 2.3%

& M. Hostert 26
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Rare muon decays at Mu3e

Neutrinoless five-track events
MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Meg = mhd/3

h,—reco
2et2e~

 —

N
—_
(\)

. mp, = 45 MeV mp, = (5 MeV
: mp, = 60 MeV mp, = 90 MeV

Double bump hunt

 —
N
—_
o8
|

differential B
ek
S
N

QR
+
 —
N
—_
ot
1

40 50 60 70 80 90 100
mhd—reCO/Mev

2et2e—

o aQ
I
}—\
S
p—
o)
]

h,—reco
‘\e+ 2et2e~
_ We find: o, /my, = 2.3% and o, [mp, = 1.5%
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Rare muon decays at Mu3e

Signal selection for new physics
MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Short-tracks: > 4 hits

10—
M, = 30 MeV and my, = 90 MeV By, nvsics = 10777 3™ 2e” 2v
et 2e”
+9¢~ — All
10—10 §6+ ;6_ 5 N , 3eT 2¢e” 2u (Nshort = 5) _—I_I_I_I_I_SNI rate
194 - —— —
e e ( Sh_ort ) 10—11 _ 36—|— 26_ (Nshort — 5)
1011 [LLLLL (NGiort = 2) & (Emiss < 10 MeV)
SM rate Q New Physics

I e e = B
= = 10713 -
= 10~13 e g
= Y| (- &jqjg
—
%’ 1014 =zwzmz]l  New Physics =
e

—15
101 10 OO RRRRRRER R
SM rate w/ 5 short-tracks
10—16 k
10_17 10_17 | | | |
) ] A - 0 20 40 60 80 100
Number of short tracks Emissing / MeV
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Rare muon decays at Mu3e

Backgrounds
MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

Five-track SM decay is not going to be a show-stopper.

The most worrisome backgrounds, however, will arise from accidentals. €

. ut — eteTe v in coincidence with u* — e L, where one of the positrons
produces a Bhabha electron.

Before any kinematical cuts, we estimate this rate to be around

target
3 out of 10> muon decays with a stopped muon rate of 10° u/s. arge

It would also be interesting to investigate four-track events with only 2(¢ "¢™).
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Rare muon decays @ Mu3e

U(1), with charged Lepton Flavor Violation

MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

ap =a/10 e=10""

Calorimetric search for £, ~ m,
10710 - /

B(u — ehg) < 4 x 107° (Poutissou et al 1974)

Conservatively showing
corresponding reach of

1 decay out of 10'* muons,
after signal selection.

10—12 -
10-13 _ New physics scale as high as:
1014 A < 107 GeV if secluded
5 10 15 20 25 30 35 40 45 A < 10" GeV if leptophilic
m.,,/MeV
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Extracting more energy out of ;1 capture

Muon-induced baryon number violation
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MuZ2e on it — e conversion

Mono-energetic conversion electrons

- Proton Beam 0

Detector Solenoid __

Production Solenoid e

~ -, Transport Solenoid

- -4‘,‘,“.‘.’.‘dﬁsiﬁ! c.—- — 4= ?&: /

g
—

Production Target Calorimeter

Tracker

Muon
Stopping Target

~20m
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MuZ2e on it — e conversion

Mono-energetic conversion electrons

H e
:‘E Z_ | mi+mf
‘e [ E (max) = e 52.8 MeV
= FFree muon decay 2m,
> | .y,
— 1L
s ROy
2 % 0
< | 27A| 27|\/|g
=3 A0
= Conversion Electron: £, ~ 104.9 MeV
e -
- (
3 0 Can we overshoot this value with new physics?
: 1 L L 1 1 L L | A L l L L 1
0 20 40 60 80 10 A - :
enuine source of £, > E___in muon capture
Electron Momentum (MeVi/c) d € cap P

can arise iIf we destroy a baryon.
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New light particles
at Mu2e/COMET

Soft spectrum
under u DIO

Electron energy

ok, =E,-—m,

B conservation

LF Conserving

Heavy Neutral Leptons
OE,./,- <0

Dark Photons
OE,.;,- <0
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New light particles
at Mu2e/COMET

Harder spectrum
above u DIO

Electron energy
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Dark particle production in /4t — € conversion

Borrowing energy from the proton |
P. Fox, MH, T. Menzo, M. Pospelov, J. Zupan (in progress)

Consider new dark particles y,, y{, and y,. Schematically: R(p~p" = v(xz = x1(A" = ete7))) =3 x 107+

1.0 .
o , . m; = 940 MeV I ap=10"',e=10""
Z > G, (i)(Pxy) + A, (8p7ar*x + eely) = 1 my = 900 MeV | Gup = (3x10° TeV)?
o 0.8 [ m; =880 MeV i ma = 1030 MeV
= my = 835 MeV L mar =45 MeV
-~ | cT4r = 180 mm
A1 T 06- i

= <4—! conversion e~
< i
= 0.4 - i
)= |
Eﬂ |
= 0.2 - |
Tj |

0.0 - | | | | | : | |

0 20 40 60 80 100 120 140 160 180

E .+ /MeV
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Challenge 1) Proton decay

Suppression by fine tuning the spectrum
P. Fox, MH, T. Menzo, M. Pospelov, J. Zupan (in progress)

Proton decay is suppressed by “off-shellness” and the small O-value.

pT = (;ﬁ* — e+1/1/)()(§ = x1(A" > e7e7))v

. 1N14
Evenif 7, ~ 10%? years, not excluded as protons decay to very soft tracks. *~812 o 0le— 10
1012 - p=01,¢e=
1010 - Gup = (1 x 10° TeV)~?
N o mo = 1020 MeV
N O } m 4 = 20 MeV
> 100 - . N =
o 1nd | A N X g
s 08 & 3 1IN
~ ]_02 = *g *g *X §
l\& 100 i +:3. +3. +:. %}
1024 T T T IS
10744 = & = 2,
+ - - 1- Q =my, —ma — My — M,
p Al E 3°
~ 2 -
N
.| g 1-
( @E
N——— O _ » 1 ] ' | _ » 1 _ . | — | | |
00 820 840 860 880 900 920 940

Proton decay to 7 particles via off-shell ,u+ and y, (possibly A m, /MeV
/N
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Challenge 2) Neutron stars

Muon capture leads to a new equilibrium

P. Fox, MH, T. Menzo, M. Pospelov, J. Zupan (in progress)

The core of a Neutron Star may have as much as 5 % of
its particle number in muons.

The muons in the Neutron Star will destroy protons/neutrons

This process happens “fast” in the history of the star

Lab Ny S 1
“ET(0)] T 109 s

NS _ ~
L=t oxixe = (Oupv)np = T

A new equilibrium is then found and the pressure drops.

To support observed mass-radius relations,
¥, particles must have self-interactions.

Atmosphere

Inner crust:
nuclei + neutrons + e Outer crust:

"pasta’’ structures " nuclei+ e

Inner core:

Meson condensates ?
" Outerlcore: __ Hyperons ?
Uniform nuc ear matter Quarks ?

n+p+e + |

& M. Hostert
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Thank you for listening!

Matheus Hostert (mhostert@g.harvard.edu

Charged Lepton Flavor Violation is exotic enough and we are looking for it hard enough
that new particles, light or heavy, may be first discovered through their flavor-violating couplings.

1) Suggested an additional muon decay target for Mu3e: ;1 — Se¢ within and beyond the SM.

2) Sensitivity to new physics scale can be as strong as A ~ 107/10"° GeV.

3) Measurement of the SM rate is more challenging, but may not be impossible.

4) New speculations for ;1 — e: tap into baryonic energy reservoir in muon capture

5) Experimental implication: spectrum of ¢~ as well as e™ with higher energy endpoint.
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Rare muon decays at Mu3e

Relaxing requirements to just 2 electrons?
MH, T. Menzo, M. Pospelov, J. Zupan, JHEP 10 (2023) 006

107
B 3¢ 2¢ 2v (Nshort = 3, Nhors = 2)
0 ] 3€+ 2e 2v (Nshort — 47 Nseh_ort — 2)
10 ) 3€+ 2e 2v (Nshort — 5)
(2eT 1e” 2v) x 10~*
\e) . 3eT 2e” 2 _—I_I_I_'—I_I_
— 10 - |
0413
: ILL
)
T
&5 10—13 -
j®
10—15 _
10—17 I

30 100

Emissing /Mev
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