UV imprints on muon-
to-electron conversion

PHENO24
May 13", 2024

Tony Menzo

PhD candidate, University of Cincinnati

SMEFT
SU(S)C X SU(?)L X U(l)y

q_;SMEFT = {La Q7 l> U, d7 H7 Gv A7 Z? W}

WET
S(,rv<3>(' x U(1 JEM

(ﬁSMEFT = {l,v,q,G, A} 5-flavor i

'4 -
=+ m. =127 GeV
7 AxSB ~ 1 GeV

4-flavor !

NET

Aplanck ~ 101 GeV

AcLFv

AEW ~ 250 GeV
my = 172 GeV

mp = 4.18 GeV

+ my = 105 MeV

me = 0.5 MeV

Based on 2405.xxxxx with Wick Haxton, Evan Rule, Ken McElvain, and Jure Zupan



M—e

* Limits on 4 — e conversion have improved by roughly 12 orders
of magnitude over the last 75 years

Upcoming experiments:

Mu2e @ Fermilab, COMET @ J-PARC-Nu = Ne-
Projected sensitivity: CR(u~ Al — e~ Al) <1071% — 10717

B =2T B=1T

[T

Stopping target
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Trapped muon

H Trapped muons can:

1. Decay in orbit

2. Be captured by the nucleus

3.Convert to an electron

a) Mono-energetic electron signal (Ec = m)
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NMH = Ne-

* Natural hierarchy of dimensionless

scales (4, 2) e
Y= <§> > ‘?7N| > |77,u’ > |77T| Coulomb 90 ~ 0
CLFV
Coulomb
Di
(A,2) n
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NM"—> Ne

* Natural hierarchy of dimensionless

scales (4,2) e
~ 0.25 . S - S
qb 2 =02 =~0.05 . D 4~ Pi—Ps
E > |?7N| > |?7,LL’ > |?7T| Al Coulomb do ~ 0
Harmonic oscillator parameter CLFV

Leptonic momentum transfer b=1.85 fm

q~m, =1/1.86 fm oo (D

Pi
(A, 2) »
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Orver the next decade new p — ¢ conversion searches at Fermilab (Mu2e) and J-PARC {COMET,

an) DieeMle) are expected to advance limits on charged lepton flavor violation [CLFV) by more than
"‘-j four orders of magnitude. By considering the consequence of P and C'F on elastic u — ¢ convers
o and the structure of possible charge and current densities, we show that rates are governed by
(] nuclear responses and a single scale, g/mx, where g = m,, is the momentum transferred from the
. leptons to the nucleus. To relate this result to microscopic formulations of CLFV, we construct

in nonrelativistic effective theory (NRET) the CLFV nucleon-level interaction, pointing out the
relevance of the dimensionless scales y = ()2

| = |8.] = |t where b is the nuclear size,
iy and @, are the nucleon and muon intrinsic velocities, and @ is the target recoil velocity. We
discuss previous work, noting the lack of a systematic treatment of the various small parameters.
Because the parameter y is not small, a proper caleulation of g — & conversion requires a full
multipole expansion of the nuclear response functions, an apparently daunting task with Coulomb-
distorted electron partial waves. We demonstrate that the multipole expansion can be carried out
to high precision by introducing a simplifying local momentum gen for the electron. Previous work
has been limited to simple charge or spin interactions, thereby treating the nucleus effectively as
a point particle. We show that such formulations are not compatible with the general form of
the g —+ e conversion rate, failing to generate three of the six allowed nuclear response functions.
The inclusion of the nucleon velocity @y yields an NRET with 16 operators and a rate of the
general form. Consequently, in the current discovery era for CLFV, it provides the most sensible
starting point for experimental analysis, defining what can and cannot be determined about CLFV
from the highly exclusive process of u — ¢ conversion. Finally, we expand the NRET operator
basis to account for the effects of ©,, associated with the muon's lower component, generating
corrections to the CLFV coefficients of the point-muclens response functions. Using advanced shell-
model methods, we compute @ — e conversion rates for a series of experimental targets, deriving
bounds on the coefficients of the CLFV operators. These calculations are the first to include a
general hasis of CLFV operators, full evaluation of the associated nuclear response functions, and
an accurate treatment of electron and muon Coulomb effects. We discuss target selection as an
experimental “knob” that can be turned to probe the microscopic origins of CLFV. We describe
two types of coherence that enhance certain CLFV operators and selection rules that blind elastic
pu —+ e conversion to others. We discuss the matching of the NRET onto higher level effective field
theories, such as those constructed at the light quark level, noting opportunities to build on existing
work in direct detection of dark matter. We discuss the relation of @ — e conversion to g — ¢ + 7
and pu — 3e. showing how MEG IT and Mule results will complement those of Mu2e and COMET.
Finally we describe a accompanying script — in Mathematica and Python versions - that can be used
to compute g — e conversion rates in various nuclear targets for the full set of NRET operators.

Inconsistent truncations plague
previous treatments (see
2208.07945 for more details)

General treatment results in 11
allowed nuclear response
functions

v:2208.07945v3 [nucl-th] 1 Apr
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* CP constraints on elastic -
scattering reduce this to 8 L NTRODUCTION yone the sandard model (5] This has motivated

a series uf experimental rl[l\ ances that, in sum, have
improved limits on g — ¢ conversion rates by =12
orders of magnitude over the past 75 years [8].

Muon-to-electron conversion, in which a mnon
bound to a nucleus converts to a mono-encrgetic
outgoing electron, ocenrs at an observable level only The experimental attributes of g — ¢ conver-
if there are new sources of flavor violation, beyond  sion are guite attractive. Intense mmon beams ex-
those responsible for pentring mixine [1-41. It has ist. with rates on tareet of = 10" /s exnected in the
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Nuclear-level effective theory

 CLFV'ing single-nucleon operators

D d

g -
lq oL,
|g]’

O =1 1y,
O3 =1 iG - [Un X dN],
O5 =7 - (i§ X Uy),
O7 =1L N - 0N,
Qg =ar-(ig X an),
On =1iq-or 1n,
13 = 0L (ig x [ty x dN]),

015:ié-5Li@-[ﬁNx5N],
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Uy, Uﬂ'

0L =1y 4G - Un,

Oy =7r- 0N,

O¢ =iq-0L 14 ON,
Og =01, - Un,

O10 =1y iqG- o,
012:5L'[5NX5N],
Oy =1iq -0 Uy - ON,

, . A —_ oA —_—
Ol =1G 0L 14 - UN.

Non-relativistic effective theory:

> Z TO# +

7=0,1 =1

NRET
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The rate

* The conversion rate: O(y)

q T e 7! 77!
(p—e) = o 1 -|—cj/M ‘@’513&(0)‘ Z { MW (gest)
+ RZ’Z’ szzf(qeff) -+ RET’E”W Nzu(qeff)

TT*

T 1'%
RMM = €11 T 110171

TT* T‘T*

Zfz/ = C4C4 —+ CQCQ ,

'TT

sy = (¢ — c5) (cf — &)™+ clociy
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The rate
*All nuclear responses allowed

e The conversion rate: O(Un) bysymmetries are generated

+ Mr 7=0,17/=0,1

G2 q2 = ~ ’ ’ ~ ’ ’ ~ ' ’
w= 28 _di_ pZaz 303 [Rg;M Wi (Gert) + RErs Wlsn(qerr) + RErsy ngz,(qeﬁ)]

2
q ~ i ! ~ / i ~ i /
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N
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v = Releier ™ — (¢], — ¢1:) C
7_7_/_ TT/*+ S ?1\,4 [I?»l (/12 15) €11
s = C4Cy CoCq RWA = ¢lel* +egegt
/ ! AN ! pTT ~Trm'% | T %
S = (CZ — cg) (CZ — Cg ) + c1oClo Ris = Re[05/04 + EE ]
R g = ClaCly + Ci3Cis’
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Nuclear response hierarchy

IVMJ‘/{ Y O(AQ) >> {WZIZI WEUZH, g;ﬁ- W(I)H(I)H} >> { quf WAA, T(‘f,;ﬁ- WOO

N mN N
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Nuclear response hierarchy

Qe ‘ qC qC
VVJ(\)JOM ~ O(AQ) > {WEIZI WEIIE!! mH W(I)H(I)H} > {mﬁ WAA? mH Wg?@’}
N 1 N N

*Can become semi-coherent in some nuclei with half-
filled shells (e.g. Al, Cu)

WP > q/my Waons > ¢2/ma Wao
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Nuclear response hierarchy

Qe ‘ qC qC
VVJ(\)JOM ~ O(AQ) > {WEIZI WEHEH mﬁ W(I)H(I)H} > {mﬁ WAA? mH Wg?@’}
N 1 N N

*Can become semi-coherent in some nuclei with half-
filled shells (e.g. Al, Cu)

00 00 2 2 00
LLM =>> Q/mN LL(I)”M >>q /mN W s
Where does the UV physics sit?

< RxW,  R(c)
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EFT tower

* WET

WET Z C (d) Q
Qi) = (Evam)(@1°q).
Q) = (&7a) (31754 Q4q
Q) = (en)(dq)
Q%) = (en)(qivsa) .
Q) = (20 1)(170s4) 0, =

* We work to dim-7
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WET

H-flavor

4-flavor

Yo ¥s ) (@7 4) NET | T

€Yo Y51) (@Y V59) -

eivs i) (ivsq) +

= (¢
(
= (eiysp)(dq)
= (
= (e

EioPy510)(Goapq) -
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my = 172 GeV
mp = 4.18 GeV
me = 1.27 GeV
AxSB ~ 1 GeV
my, = 105 MeV
me = 0.5 MeV
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EFT tower

* Matching between
WET and NRET WET T - Apw ~ 250 GeV
(hadronization) ' - my = 172 GeV

1
5-flavor !

T

= My — 4.18 GeV
T
AxS o Ge

L m, = 105 MeV

- me. = 0.5 MeV
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EFT tﬂwer (N'|gy*qlN) = | F{/N (q2)y : EN (o gy | uy

2mpy
1
. (N'|gy"y5q|N) = wy [Fﬁm(qz)'r”vs -5 F;%{N(qz)%q”} uN
* Matching between N medal V) = FY () Y
WET and NRET T R M TENEN
s (N'|mqinsql N) = FE™ (¢%) tlyinsun
(hadronization) oo i
(N'| 5= GGl IN) = FE (¢%)
° Parameterize with o, os bowa vy - e )i
8 2 G
nuclear form factors g o .
(N'lgo"q|N) = iy | FEg (¢) 0 = 5V B (aP)

v ~q/N
) q[ﬂki]sz?“?/g (qz) un ,
m}N

a | )
<N"EFM F|N) = F,;N(qz) wyuy

«Q VT ) —! -
(N’\(%—WF'u F.|N) = Fg{N(qz)u}ng,uN.
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EFT tower

* Matching between
WET and NRET
(hadronization)

* Matching
expressions —
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A

o
MuonBrldge [ 0 G

> } User
Three components: M.ON BRIDGe
T Acrrv J
1. Elastic - one body density ~ *"""" ’
matrices
2. Mu2e_NRET - Computes .
M—>e conversion rate — v T Apw ~ 250 GeV -
; =+ my =172 GeV
3. MuonConverter - e
matches WET to NRET and L1 m =418 Gev J
facilitates interface with } MuonConverter)
NET + Asp~1GeV )

existing EFT software

+ m, =105 MeV } Mu2e NRET } MuonBridge

=+ me = 0.5 MeV J
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Mu

Three

1. Elas]
matri

2. Mu2
M—>€

3. Muo
matc
facili
exist

1—ero" upFu 2 = (eryapr)(ary ur)

3 — (erYapr)(dry*de) 4 — (ervapr)(SLy"sL)

5 — (ervair) (Ury*ur) 6 — (ErYapr)(dry*dr)
7= (erYattr)(Sr7"sr) 8 = (€rYapr) (Wry ur)

9 = (erYapr)(dry*dr) 10 — (€Lvar)(5rY"sR)
11 — (ervapr)(aryur) 12 = (Ervapr)(dry*dr)
13 = (ervapr)(507%sL) 14 — (eppr)(Urur)
15— (eLpr)(drdL) 16 — (erper)(Srsi)

17— (evpr)(igur) 18 — (eLpr)(drdr)

19— (erpr)(5z5r) 20 — (620 pg)(iLoasur)

(

21 — (0" pp)(droasdr) 22 — (€00 ur)(5L0upsR)
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A2 =10710GeV 2

“1q1.1233"

max(WET) = 1.19¢ — 11

22

dos

WET (JMS-3)
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Usage

In practice the code can be used in ~2 ways

1. Bottom-up analyses where 4 — e is investigated in the context of an
EFT

{01,02, . } — F(,uN — GN)

2. Top-down analyses where an explicit UV model is matched onto the
SMEFT and run down to the nuclear scale

MUV(AUV7 (13’ EUV) — F(,uN — GN)

Tony Menzo (U. Cincinnati) UV imprints on muon-to-electron conversion
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Bottom-up

* Single dim-6 SMEFT
operator bounds (with
one-loop running down
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Top-down

* Consider the following leptoquark model

I b IR ] )
LD —yst umR3e™ LY’ + y5it er RS * QY + h.c., u(d) ¢
1 \/
Match onto SMEFT@ ¢C,, = —Wy%y%*, .
N = Mua: 1212 LQ |
L LR« LR RS/S(R2/3)Y
Cge = ~ 92 Y22 Y21 2 2
2212 mLQ :
1
oD _ o0 _ _ yLltxy RLx
Lequ lequ 2 22¢ Y2141 »
1991 1ot szQ
1)* 3)* 1 LR, RL _
Clge;u — ZOﬁ(e;u - 9172 Y24i2Y2 145 o U(d)
214i 2144 mro
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Top-down

*Preliminary

® 10° - =~ 82%
R ~ 16%
s
O
LD ?\ 1072
Ne)
[N
8 10—4_
Matg N
AN=n 2=
B 1076 4
)
=
SFEQ 10—8_.
10—10

27A1
mLg = 10* TeV
LR.RL LR,RL
Yros1 = Ynse =01, y

= 0.81%  0.58% ~ 0.55%

LR.RL A
13,31,23,32,33 — 0.0

I‘ocZRxW
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Top-down

« Consider

LD _ygz% E%RCQL

Match onto SME
N\ = my:
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*Preliminary

27 Al

— — — —
jaw] [N EEN (@)

log([00 oo/ ([O0T11 + 2[00 ]01))

co
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Conclusions

MUON BRIDGe
* Presented a very flexible EFT framework for

computing h—>e conversion rates within UV
theories.

— Consistent nuclear physics truncation with a
complete treatment of the nucleon and muon
velocity operators (tensor-current interactions
are important)

* Facilitated by a soon-to-be open-source software
MuonBridge (available in Python and Mathematica)
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M—e

* The Standard Model (SM) has an accidental global flavor symmetry
U(l)e xU(1), xU(1),

« Because m, # 0 charged-lepton-flavor violation (CLFV) can
occur at one-loop

~

3o

BR(p — ey) = m|

UisUgsAm3y + Uy Ul Ams, 2

€L ~ 107%4

Bottom line: Observing CLFV = new physics
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Exoticpu — e

In the space of all UV models, CLFV is common. For heavy new physics:
* “Photonic” — e.g. SUSY, heavy steriles, ... <+ “Contact” -e.g.Z' leptoquarks, ...

New physics

N
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Upcoming experiments

* Mu = E Gamma (MEG) @ PSI - y — ey
Projected: BR(ILﬁ N e+7) < 6 x 10— 14
* Mu3e @PSI-pu — eee

Projected: BR(pu ™ — eTe e™) < 1071°
* Mu2e @ Fermilab, COMET @ J-PARC - Nu — Ne

Projected: CR(u~ Al — ¢~ Al) £107'% — 10717

Tony Menzo (U. Cincinnati) UV imprints on muon-to-electron conversion
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Upcoming experiments

['(p — e) I'(u — e) G%m?
CR = BR ~ F'% 1016
C(up — ev)’ ['(p — evy) L = evv) Tgays 10 MeV
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Upcoming experiments
* Mu — E Gamma (MEG) @ PSI -y — ey
Projected: BR(u™ — ) <6 x 1071 (I(n — ¢) $107% GeV)
* Mu3e @ PSI -y — eee
Projected: BR(u™ — eTe et) <1071° (D(n—e) £ 107% GeV)
* Mu2e @ Fermilab, COMET @ J-PARC - Nu — Ne
Projected: CR(p~ Al = e~ Al) <1071 — 1071 (D( — €) £ 10730 GeV)
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Upcoming experiments
* Mu — E Gamma (MEG) @ PSI -y — ey
Projected: BR(u™ — ™) <6 x 1071 (I'(n — ¢) £ 107 Hz)
* Mu3e @ PSI -y — eee
Projected: BR(u™ — eTe et) <1071% (I'(k—e) £ 107" Hy)
* Mu2e @ Fermilab, COMET @ J-PARC - Nu — Ne
Projected: CR(p." Al = e  Al) <1071 — 10717 (D(p — e) <107 Hz)
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A

T Aplanck ~ 10" GeV
. o 1A
e Consider a series of EFTs SMEFT
SU(3)C X SU(Q)L X U(l)y
* EFT tower ingredients S = B ARG AT
1. Scales (Az ) f— + Apw ~ 250 GeV
2. Fields (52 ) SUB)e x U(Leu T 72 Gev
Bsnmrr = {l,v,q,G, A} Sflavor
3. Interactions ({O}; ) Lt s Gey
o ' -+ me.=1.27 GeV
4. Matching conditions c; ({c"V}) e T A ~ 1 GeV
4 m, =105 MeV
=+ me = 0.5 MeV
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EFT tower

* SMEFT operators Q.

Tony Menzo (U. Cincinnati)

B

Ejk(g u):

Qep: (¢'0) (L2ery), (#'¢) (Ciure),
Qv (B eryr oWl (Lo ) oW
Qep:  (ba0™er)eBu,  (lio™ ur)eBu,
Y (el D) (fayty),

Q%+ (¢ D) (ErrrTe)

Qe : (¢'i Do) (ipy*rler),

QW (") (av"q).

QY (L) (g rla),

Qeu : (ErY"er) (try"ur),

Qed (Erv"er) (dry"dr),

Quu (€ay"t1) (upy*ug),

Qe : (€oy*01) (dpy"dR),

Qe : (av"q) (krY"eR).
Qtedq (2er)(drq), (ﬁﬂﬁ)(dh’@
Quer:  Ber)ein(dw).  (Bur)
leu’ (P;U#VFH) ik (q a"u),
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(Eonr)en(d o),
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EFT tower

SMEFT
SMEFT-WET SU@)o x SUQ)z x U(1)y
matChing Ssvprr = {L, Q,1,u,d, H,G, A, Z,W}

*Very well-developed
literature related to
running and matching for
both EFTs, e.g. 1308.2627, 5U(3)c x U(1)su
1310.4838, 1312.2014, Ssvprr = {Lv, ¢, G, A} 5-flavor |

1709.04486, 1711.05270 ;

4
4-flavor |
v

Implemented in efficient public software

UV imprints on muon-to-electron conversion

+ AcLrv

T T AR 7T

= mt:17

- my = 4.18 GeV
- me = 1.27 GeV
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