2 | 30 : ) LA-UR-24-28908

ER, Haxton, & McElvain, PRL 130, 131901 (2023 ~N

Haxton, ER, McElvain, & Ramsey-Musolf, PRC 107, 035504 (2023) ‘:Q Los Alamos
. ¥ NATIONAL LABORATORY

Haxton, McElvain, Menzo, ER, & Zupan, hep-ph/2406.13818

Effective Theory Predictions
for Conversion
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Theory Predicts: BR(u* - e*y) ~ 10~

Feinberg, Phys. Rev. 110, 1482 (1958)

Nevis Cyclotron: BR(ut —» ety) <2 x107°

Lokanathan & Steinberger, Phys. Rev. 98, 240 (A) (1955)
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2 Neutrino Hypothesis
Pontecorvo, Zh. Eksp. Teor. Fiz. 37, 1751-1757 (1959).
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Lokanathan & Steinberger, Phys. Rev. 98, 240 (A) (1955)
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2 Neutrino Hypothesis
Pontecorvo, Zh. Eksp. Teor. Fiz. 37, 1751-1757 (1959).
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Theory Predicts: BR(u* - e*y) ~ 107* K

Feinberg, Phys. Rev. 110, 1482 (1958)

Nevis Cyclotron: BR(ut —» ety) <2 x107°

Lokanathan & Steinberger, Phys. Rev. 98, 240 (A) (1955)
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W |44 (I
BR (MW)
fo—— e ¢
v, Ve

Super-K, SNO
* Neutrino flavor oscillations — lepton flavor not conserved

* Charged lepton flavor violation (CLFV) extremely suppressed
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2 Neutrino Hypothesis
Pontecorvo, Zh. Eksp. Teor. Fiz. 37, 1751-1757 (1959).
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Theory Predicts: BR(u* - e*y) ~ 10~

Feinberg, Phys. Rev. 110, 1482 (1958)

Nevis Cyclotron: BR(ut —» ety) <2 x107°

Lokanathan & Steinberger, Phys. Rev. 98, 240 (A) (1955)

4

i 4
m
%% %% BR ~ <_V>

My, ~

o ——C - ¢

vy, Ve
Super-K, SNO
CLFV limits constrain BSM theories

Neutrino flavor oscillations — lepton flavor not conserved
Charged lepton flavor violation (CLFV) extremely suppressed
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Collider Constraints Stopped Muon Constraints

Process | orumt o oxperment W process | BRLmi_ |t | Experiment

Z > et 50x 107% 95%  ATLAS ut - ety 42 %1071  90%  MEG+MEGII
7 — ut 6.5x107® 95%  ATLAS ut - ete e 1.0x 10712 90%  SINDRUM
Z - ep 7.5x1077  95%  ATLAS 4=+ Cu—e” +Cu 1.6x10™8  90%  SINDRUM Il
h > et 22%x1073 95%  CMS =+ 3%S - e + 345 7x1071  90%  SIN

h - ut 1.5x1073 95% CMS u~+Pb—>e” +Pb 46x 10711 90%  SINDRUM II
h - eu 6.1 x 107> 95%  ATLAS u~+Ti—>e +Ti 6.1x 10713 90%  SINDRUM II
B+ o K*y~r* 28%x10-5 90%  BaBar u-+Au—e +Au  7.0x107"° 90%  SINDRUMII
Bt - Kteut 6.4x 107° 90%  LHCb it o ety 6% 10~  90% MEG I

Dt - Ktetu~ 7.5%x 1078 90%  LHCb it S eteet 4x10-16  90%  Mule

T ey 33x107® 90%  BaBar U=+ Al > e + Al 8x 10"  90%  Mu2e

T ouYy 42x107% 90%  Belle U+ Al - e” + Al 7x10717  90%  COMET

T~ > e ete” 2.7x107% 90%  Belle
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|
brocess  LonumilcL | oxperiment JRL

h - eu 6.1 x 107> 95%  ATLAS
u~+Al - e + Al 8x 10717 90% Mu2e
h
i Yue e AN
- - /
T / T
| 2 ¢
| Yue s
I ()
h : Y -
| < i
i .
_ ! _ N/\ N ~
q q I
(==l
b I | ‘;T (o | '8
| — e provides better constraint 10-*10-10~°107310~*10~ %10 %10~ 10"
thanh — eu,u = ey, u — 3e | Vel
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Harnik Kopp Zupan 1209.1397
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Muon captured
in 1s orbital

U
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Decay in Orbit (DIO)

Muon captured
in 1s orbital

U
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Decay in Orbit (DIO)
‘\ e
Muon captured _ ©
in 1s orbital Ve
I’l Vu \
Standard u Capture

®
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Decay in Orbit (DIO)

N

Muon captured

in 1s orbital Ve
I’l Vu \
Standard u Capture

®

CLFV u — e Conversion

e
®)
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|
| Decay in Orbit (DIO)
| _ DIO Spectrum (Background)
\ e o Figure: Czarnecki, Garcia i Tormo, & Marciano, Phys. Rev. D 84, 013006 (2011)
Muon captured | _
in 1s orbital | Ve 4
- 1077
| -~
I Standard u Capture Lo 1075
> :
I vV / %
U v
| S |= 102
| — s
|
1| CLFV u — e Conversion 10710} °,
|
| e
@) ! \ . \ ! . \ . ! . . \ ! \ . . ! . \ \ !
| 0 20 40 60 80 100
I E, MeV)
|
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Muon captured
in 1s orbital

U

Decay in Orbit (DIO)

N

Ve

Standard u Capture

®

CLFV u — e Conversion

e
®)

Vp —~—

(MeV~h

| dr
I, dE,
=

1074

—
o

lofléé

1078}

DIO Spectrum (Background)

Figure: Czarnecki, Garcia i Tormo, & Marciano, Phys. Rev. D 84, 013006 (2011)

E .. —?
L]
L]
[ ]
i ol
I 1 L I L | L L I 1 I L L | L I I 1 -
20 40 60 80 100
Ee (MeV) CLFV signal:
E. =m, — B,

** Assuming nucleus remains in ground state **
“Elastic conversion”

August 20, 2024 | XVIth Quark Confinement | Evan Rule



|
| Decay in Orbit (DIO)
| _ DIO Spectrum (Background)
\ eO Figure: Czarnecki, Garcia i Tormo, & Marciano, Phys. Rev. D 84, 013006 (2011)
Muon captured | _
in 1s orbital I Ve
/’t : vu \
| -
I Standard u Capture L
]
I v / %
U v
l % '_Lg 10712? ... :
| — |f | e ||
I [
1| CLFV u — e Conversion 10716} °l:
|
| e
| L L L | L L L | L L L | L L L | L L L | q
| 0 20 40 60 80 100
| E, (MeV) CLFV signal:
I E, ~m, — B,
** Assuming nucleus remains in ground state **
M=+ A,2) - e +(42) “Elastic conversion”

BR(u™+(4,2)»e +(4,2)) =

r(u— +(A4,2) > v +(4,Z - 1))
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Figure: Mu2e collaboration, arXiv:1501.05241

Proton Beam

Production Solenoid Detector Solenoid

Production Target

Muon 27
Stopping Target Al
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Figure: Mu2e collaboration, arXiv:1501.05241

Proton Beam

Production Solenoid Detector Solenoid

Production Target

Muon 27A1

Advantages

Huge Intensity: 1018 muons captured over lifetime
Clean CLFV signal, free of standard-model

backgrounds
Target can be varied to obtain complementary

constraints

August 20, 2024 | XVIth Quark Confinement | Evan Rule



Figure: Mu2e collaboration, arXiv:1501.05241

Proton Beam

Production Solenoid/ Detector Solenoid
g . ransport Solenoid P \

Calorimeter

Tracker

Muon 27
Stopping Target Al

Advantages Challenges
Huge Intensity: 1018 muons captured over lifetime * CLFV physics filtered by nuclear physics
Clean CLFV signal, free of standard-model * Nuclear ground state restricts operators that contribute
backgrounds e Parity P and time-reversal T symmetries
Target can be varied to obtain complementary * Large scale separation between experiments and UV theories

constraints
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Figure: Mu2e collaboration, arXiv:1501.05241

Proton Beam

Production Solenoid/ Detector Solenoid
- 3 ansport Solenoid P\,

Calorimeter

Tracker

Muon 27
Stopping Target Al

Advantages Challenges
Huge Intensity: 1018 muons captured over lifetime * CLFV physics filtered by nuclear physics
Clean CLFV signal, free of standard-model * Nuclear ground state restricts operators that contribute
backgrounds e Parity P and time-reversal T symmetries
Target can be varied to obtain complementary * Large scale separation between experiments and UV theories

constraints

Positive signal is evidence of new physics
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Figure: Mu2e collaboration, arXiv:1501.05241

Proton Beam

Production Solenoid/ Detector Solenoid
— % ransport Solenoid e

Tracker

Muon 27
Stopping Target Al

Advantages Challenges
Huge Intensity: 1018 muons captured over lifetime * CLFV physics filtered by nuclear physics
Clean CLFV signal, free of standard-model * Nuclear ground state restricts operators that contribute
backgrounds e Parity P and time-reversal T symmetries
Target can be varied to obtain complementary * Large scale separation between experiments and UV theories

constraints

Positive signal is evidence of new physics

Can we learn anything else about the underlying mechanism?
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Mz, My, My, 1

August 20, 2024 | XVIth Quark Confinement | Evan Rule



——————————————————— Ll e e I e |

A SMEFT WET

Jenkins, Manohar, & Trott, JHEP 10 (2013) 087 Jenkins, Manohar, & Stoffer, JHEP 03 (2018) 016
Jenkins, Manohar, & Trott, JHEP 01 (2014) 035 Dekens & Stoffer, JHEP 10 (2019) 197

Alonso, Jenkins, Manohar, & Trott, JHEP 04 (2014) 159
Brivio & Trott, Phys. Rept. 793 (2019) 1-98

mz, mW, mh, mf
Wilson: Aebischer, Kumar, & Straub, Eur. Phys. J. C 78 (2018) 1026

DsixTools: Celis, Fuentes-Martin, Vicente, and Virto, Eur. Phys. J. C 77 (2017)

I
|
I
|
|
Codes :
|
mb Fuentes-Martin, Ruiz-Femenia, Vicente & Virto, Eur. Phys. J. C 81 (2021) I

|

I

|
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Our Focus

Quarks — Nucleons

Nucleons — Nuclei

BR(u+A-e+ A
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Our Focus

Quarks — Nucleons

Nucleons — Nuclei

BR(u+A-e+A)
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 CLFV lepton currents: muon, electron

* Lightquarks:g =u,d,s

 Massless gauge bosons: gluon, photon



D = 5 (2 Operators)

H \

D = 6 (10 Operators)

K e

D = 7 (16 Operators)

o e 8

d, on leptons

q q
I e~ 4
FF or FF
Y Y
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d, required to generate all 16
NRET operators

GG generated by coupling
to heavy c, b, t quarks



WET
* 28 Operators
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UV Theories

Experiments



v

|
|
WET : . e
* 28 Operators :
:
|
|

Form-factor matching + non-relativistic expansion

Examples:

q

q

q

(N'|mqqq|N) = F"™ (q?) wyuy ~ K" (q%) N'1yN

! ai N —/ N . q
(N'|mqdivsalN) = B (a®) Txivsuy ~ B (¢?) i —

* Form factors evaluated at g* = —mj

-

N

q Y

‘ N,O_ZNN
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UV Theories

Experiments



WET
* 28 Operators

NRET

1

oy - indep.

oy - dep.

vy - indep. vy - dep.
01! 011 02' 051 08) 016
04' 061 09' 010 03' 071 012' 0131 0141 015
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UV Theories
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Experiments



WET
* 28 Operators

NRET

vy - indep. vy - dep.
oy - indep. 01, 011 03, 05, Og, O16
oy - dep. 04, Og, Og, 019 O3, 07, 012, 013,014, 015

Nuclear embedding

* Choose particular nuclear target
* Selection rules: angular momentum, parity, time-reversal

August 20, 2024 | XVIth Quark Confinement | Evan Rule

UV Theories

e o e” 1o e I e
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~
’ q q ¥ gl g 9

"o

Experiments



WET
* 28 Operators

NRET

I
1
Nuclear ET (elastic) !
* 8Responses !
|

I

¥

oy - indep. 01, 011

oy - dep. O4, Og, Og, 019

vy - indep.
oy - indep. Wy
oy - dep. Wsr W

vy - dep.
02) 051 081 016
O3, 07, 013, 013, 014, O15

vy - dep.
Wa
WEIS’ ch” (WMcb” WAZ’)

UV Theories

u e”  p e w e
q q o' v 9 9

"o

Experiments



WET
* 28 Operators

NRET

I
1
Nuclear ET (elastic) !
* 8Responses !
|

I

~

oy - indep.

oy - dep.

oy - indep.

oy - dep.

041 061 09' 010

vy - dep.
02' 051 08) 016
03' 071 012' 0131 0141 015

no e u e
q q v ol

UV Theories

e e
g g9

"o

vy - indep. vy - dep.
Wu Wa
Wsr Wyr Wg Werr (Wyer Wasr)

8 Constraints from experiments
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Experiments



WET
* 28 Operators

NRET

I
1
Nuclear ET (elastic) !
* 6Responses !
|

I

¥

oy - indep. 01, 011

oy - dep. O4, Og, Og, 019

vy - indep.
oy - indep. Wy
oy - dep. Wsr W

vy - dep.

’%) 051 08"616

03;18771 012) 013"@14' 015

vy - dep.
Wa

WEIS’ ch” (WMcb” WAZ’)

UV Theories

u e”  p e w e
q q vy Y g g

"o

N N

Excluded by nuclear
selection rules

R =

Experiments




Velocity-independent

Isoscalar
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500 00 ]
, WM (Gefr) _—
400
300
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04 00
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Velocity-dependent
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Velocity-independent Velocity-dependent

Isoscalar Isovector Isoscalar Isovector
600 Cohereng Scharge i | 0007 — 0.0030 -
e i 0.006 q 0.0025 2
500 00 g 11 — deff ' deff 11
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UV Theories

S
D=7

R4
~

5(6 . e 7 5(7
@ oo w & @ @
WET
e 5(6 5 5 3 5(7 5(7 5(7 5(7
D @ @ @ @ @ @
J
o & cy % NRET
§

Response functions

77! o 7!
MM EIE}' EHEH (D”(p”

_/

Experiments
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- — .
All D < 7 WET operators map to at least one leading-order response function UV Theories

G
D=5 D=6 D=7
405 5(6 (6 ; ; A7) (7
e Cit . Con ey ey : Cizg Clog
WET
5(6 5(6 5(6 5(6 A A > 5(7 5(7 5(7
Cly Gy Gy Ol & @ & @ . @
J
et & cy 2 NRET
N
Response functions
! 77! 7! 7!
MM E!Ea" EHEH @H’@H )

Experiments
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MuonBridge Code

Haxton, McElvain, Menzo, ER, & Zupan, 2406.13818
https://github.com/Berkeley-Electroweak-Physics/MuonBridge MUON BRIDGe

User-specified UV Theory

mz,mw, Mp, Mt wilson

DsixTools
mp
A\
A
M i
Ay ~1GeV MuonBridge
fEisstic

qn~my

> Mu2e NRET
[l
v

l L(p—e)

U — e conversion rate
in chosen nuclear target

Python + Mathematica Tools for u — e Conversion
e Connects arbitrary UV physics to experiment

Useful for theorists: model building, sensitivity

studies
m ‘"" I ||.I||||\”‘

Useful for experimentalists: constraints, design,
isotope selection



https://github.com/Berkeley-Electroweak-Physics/MuonBridge
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I
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I
I
I
|
I
|
I
|
I
|
I
|
I
/s

2 \
= } &upan, 2406.13818

Iowea\—‘Physics/MuonBridge MUON BRIDGe

I Ad
\
tica Tools for u — e Conversion
\ : :
| rary UV physics to experiment

| \
I \
= jorists: mode*{ouilding, sensitivity
D
= \
- \
- = = = = = == =
=
]
=

T T O T —— — —
§  ———————
o
™) - e |
U ——

2135

| ggfedq

r_——Il——l——l—l—_——_-___l

isotope selection



https://github.com/Berkeley-Electroweak-Physics/MuonBridge

https://github.com/Berkeley-Electroweak-Physics/MuonBridge

. . . M.ON BRIDGe
 Complete effective theory description from UV to experiments

* Nuclear ET identifies six CLFV response functions + two interference terms (FUlUY theon]

probed by elastic u — e conversion -

* Publicly-available Python & Mathematica codes for u — e effective theory

y,

m(.‘

A;t’ ~ 1 GeV
ER, Haxton, and McElvain, Phys. Rev. Lett. 130, 131901 (2023) -
Haxton, ER, McElvain, and Ramsey-Musolf, Phys. Rev. C 107, 035504 (2023)
Haxton, McElvain, Menzo, ER, & Zupan, hep-ph/2406.13818 g~m
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https://github.com/Berkeley-Electroweak-Physics/MuonBridge

Backup slides
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Flavor-violating ALPs

Fuyuto & Mereghetti, arXiv:2307:13076

] a — ] a —
L2 D —leTmﬂaW,uysu — l]Tmue(”eu + aeuys),u
a a

r'e ~

/ 0\
UL -

I

|

& ,
N N N :

Coherent Spin-dependent

(M) (z)')

T T 1 T T T [ T T T ]
10° = ey = Ve = Gy = 1 =
1055— =

; E BR(u—-evy) E
O 41 il
° UE =
. — i BR(u — ¢ ; Ti) 3
S [~ B
Tk | E
Kt rtut —‘E-----:::'-,-‘«:: _______________ 0
102 H et el T —
S ' Ky spe e 7T_ _—’,UeE
R TR Y NN N NN M N NN (NN NN NN NN N N A

200 400 600 800 1000

m, [MeV]

) . aAEM 2
* Coherent dipole is suppressed by = (ﬁ)

* Spin-dependent process dominates
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Building blocks:

= A 4 -> -
1L; 1Ni 4, VN, 0, On

16 Single-nucleon CLFV operators 2 nuclear charges, 3 nuclear currents
01= 1L1]\L 07 — 1L ﬁN' O_ZN
O11 =1iq -0, 1y O14 =14 - 0, Vy - Oy
04:5L'5N 0§=1Llﬁ‘5N 03:1Liq\'(ﬁNXO_ZN)
O¢ = iq -0, 1q - Oy Os =0y, - (ig X vy) O1, = 0y, - (Vy X o)
- " A - _ = 4 / 2 . A - -
09 = 0y, - (i X ay) Og =0 " Uy O13 = 0y, - [i§ x (Vy X ay)]
A = !/ - A - A 4 A - A - -
O10 =1,1q - oy O16 =14 - 01,14 Uy O15 = iq - 01, iq - (Vy X ay)
16 .
~ Unknown ¢;’s contain all CLFV physics
. TN.+7 [
Leff \/EGFZ z ¢ Oit  Target-independent

i=17=0,1



Figure: Kitano, Koike, & Okada, Phys Rev. D66 096002 (2002)

2.5 RARLERRRR RARAREL T AR AARALAARAAAR M AARAAAARL AR AL AR MR IRARRARLLL ]
—+— dipole L ‘_gi & ]
—--x--- gcalar F i"ﬁ\ y !
..... — ¥ A ]
R 2 F vector [ \",f ’=. :
il : ¥ 5 % RN 4 X ]
Dipole: J : \ 5 % iy ]
. Cpgmy, €6Pu F;, é 1.5 F
AZ u 5
q : ]
Scalar: @2 1t ]
1 i :
(@) — - r
e z Cso Grmym, qq eP,u é %
q 0.5 X ]
Vector: :
lzc(q)Gmm quey u 0: ......... Laseriness Dakeiveca: Laaaxacais FPPPOR TRETPPPPD PPPIPRITS PRPITPTT Lazaaceass PPEPPIET
A2 Foua v O 10 20 30 40 50 60 70 80 90 100
Z

Nuclear operator: isoscalar charge monopole My(q)
« Rate enhanced by A?

Nuclear matrix elements constrained by electron scattering, TN scattering, pionic atomes,...



CP-even Rayleigh Operator

14

FopF%F

€

Forward Limitg — 0

a
N . EM Y
Y (0) = — =My,

EP(0) = 4.7(2.6) x 1077 GeV
F*(0) = 1.5(0.5) x 107° GeV

Isoscalar magnetic polarizability 8, + £,
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Walker-Loud, Carlson, & Miller, PRL 108, 232301 (2012)
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CP-odd Rayleigh Operator

14

FopFoP

€

Forward Limitg — 0

Elastic contribution in Born approx.

;?(0) = 3.83(3) x 107° GeV
7(0) = =3.9(7) x 1077 GeV

Spin-dependent forward double-
virtual Compton Scattering

N N

Lensky et al., Phys. Rev. D 95, 074001
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