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What is muon conversion?

l. 2. 3
Slow muons are A ground state The bound
captured muonic atom is state decays.

formed.



What is muon conversion?

What is muon

conversion? o In generaI:

Description

« MSSM bias:




Free muon decay
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POSITRON MOMENTUM MeV/c

The positron has a maximum energy of 56 MeV.

* Muon conversion will have an electron with a momentum

PO ?f;‘e';sF;RL of nearly all of the muon’s rest mass, typically ~104 MeV.



What is muon
conversion?

Muon decay

Porter and
Primakoff, Phys. Rev.
83, 849 (1951)

Muon decay in orbit
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» Standard model decay of a muonic atom is the

most prominent background.
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Experimental status

What is muon
conversion?

Main observable:
F(MN — eN)
(uN —v,N')

BR(uN —¢N) =

Status

Current limit;
BR(UN —eN) <6.1x107"

o (SINDRUM )
<10~

Future BR projections:

BR(uN — eN)=> under 107'°  (MECO)
BR(uN —eN) = 1071% (PRIME)

If muon conversion occurs at BR = 101, MECO wiill see 5

events with a background of 0.45 for 107 s (117 days).



MECO

What is muon
conversion?

MECO Sensitivity & Background yos

Status

Expected Sensitivity Expected Background

Contributions Factor Source Events

Running time (s) 107 u decay in orbit m
Proton flux (Hz) <0.006

Radiative p deca < 0.005
u reaching stopping target 0.0043
per incident proton €am €

u decay in flight

toppi babilit .
u stopping probability 0.58 w decay in flight m

u capture probability
Fraction of u capture in “
detection time window
Electron trigger efficiency m

Fitting and selection Total Background 0.45
criteria efficiency

single Event Sensitivity R, =2x10""7

Michael Hebert, UC Irvine Status and Perspeciives of MECO, the Muon io Electron Conversion Exp. June 10, 2003



Relationship to u—ey

What is muon

conversion? * Experimental status:
— Current: BR(u—=ey)=12x10""" (MEGA)
ey _ Future: BR(u—>ey)=4.5x10"" (MEG 2005)

 Conventional wisdom:

BR(uN —> eN) = BR(’;S: ) (for 7A)

* MEG may be equivalent to a MECO-like
experiment with:

BR(uN —>eN)=1.2x10""° (for Z7Al)



Theoretical motivation

What is muon

conversion? * Lepton flavor violation (LFV) is an accidental symmetry of

the standard model.

* LFV may occur in:

Motivation . .
— Gauge hierarchy solutions:

« MSSM

* Dynamical symmetry breaking

* Extra dimensions

 Little Higgs

* Non-minimal Higgs representations
— Gauge unification
— Neutrino physics
— Flavor models

— String models



Case: generation dependent Z’s

* String models:
Case: Z

Motivation — Chouhuri, Chung, Lykken, Hockney

— Cleaver, Faraggi, Nanopoulos, ter Veldhuis

* Dynamical symmetry breaking models:
— Malkawi, Tait, Yuan
— Chivukula, Simmons, Terning
* Typically, charge assignments are identical for 2

generations, but different for | generation.



Defining a Z° model

e Assume a conservative model:
Case: Z

o — No supersymmetry
— Negligible Z-Z’ mixing

— Negligible phenomenology exotic fermions and scalars
— Purely vectorial couplings

— All Yukawa unitary transformations are 1, ; except:
e [J! parameterized
* U"=Vm

— Charge assighnments -1, -1, +1 for leptons in the Z’

gauge basis.



The origin of LFV

* After rotation to the mass basis:
Case: Z

I I ity .
Origin of LFV Qyy = q33 d11 ) Uiz Uy, (i # 7)

* Muon conversion and u—ey:
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Muon g-2 for reference

Case: Z

Muon g-2

e The muon g-2 compatible parameter space lies in:

gx — gy = mxy ~ 1 TeV

Siﬁi = Var = 28TeV<my<4.8TeV
W

-1 O(10) ©(107>)
Q' = 0.1tol 0.4to1l
0.1to1l



Branching ratio predictions

4 ] 2 4
BR =3 2x10‘“(gX) ( iy ) (1 Tev)
Case: Z ) gy
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Large LFV Z° masses and small charges are accessible to MECO and PRIME.
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* Using the muon g-2 compatible parameter space (Q';, = 10~), muon
conversion has probed to 2 TeV.



Complementarity with an NLC

Case: Z i1

LLEEN ] B

Complementarity
with an NLC
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*The linear collider observable is o(ete—u* ).



Case: MSSM with a flavor U(1)

Focus on the case of 1 heavy U(1) with lepton-flavor

Case: MSSMwitha  ViOlation only
flavor U(1)
O el Ingredients for an example model:

= | he supermultiplets are:
X vector flavor U(1)x

S+, S_ chiral charged under X
on chiral MSSM

» Include a superpotential to give 5L and S_ vevs.

W D 525252



The scalar potential

* | he scalar potential:
Case: MSSM with a

flaver U(1) F-terms: F' = —0W /0,

Scalar potential 5
VD ;f',;—%(Ii‘f+|2|5‘—|4 + [S+1%1S-1%)
D-terms: D = —g(iT?)
V D L(S42 = |S_[2 4 Qiot ;)3
Soft terms:

V D my2|S4|2 + mo2|S_]2 4 5252 52

21ip



Scale of the 7

Case: MSSM with a
flavor U(1)

* 2nd derivatives of V'

Scale

= -mﬁ_ + m? < 0.

A large Yukawa coupling to some
chiral multiplet can do this.

* | he D-terms are almost flat:
= (S412) & (IS_1?) = B [1 4 /1 - 6X2(m3 + m?) /a?]

No unnatural parameters required.



The LFV D-term

case MssMwicha  * Minimize the potential:
flavor U(I)

- (Dy)
= (1542) = (15213 = — 2 & —5z(m3 —m2)
LFV D-term (Dyx) and the scalar vevs are related.

* 10 see flavor violation, replace the scalars by their
Vevs.

LD =%{IS41? = (I5-1?) + Qi ¢))?
— ‘&mf} — %Q”(Mﬁ_ — TTIE_)

No boson mass! No gauge coupling!
Apply to slepton sector.



The muon conversion amplitudes

Case: MSSM with a
flavor U(1)

*MuUonN conversion
%y

v
Amplitudes ....X?f :I';‘
: T
ﬁ(_guj’ € ﬁ:z__i
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Case: MSSM with a
flavor U(I)

Branching ratio
predictions

Branching ratio predictions
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Case: MSSM with
seesaw

Origin of LFV

Case: MSSM with seesaw

The origin of LFV in the MSSM with seesaw:

1
W ey, LH,+vpy,LH, + EVRmRVR

At some scale, only 2 of the 3 matrices can be

simultaneously diagonalized.

Suppose y, and m,, are diagonalized at the

Majorana scale.

. d R
Off-diagonal slepton masses: Em% YvYv

RG flow down to the low scale induces LFV.



Seesaw parameters

* |f we measure all
— Neutrino masses (6)
Case: MSSM with

ey — Mixings and phases (6)

Parameters — ...then there are still 6 unknown parameters.

* Formulate the unknowns into a complex
orthogonal matrix R that relates all input

parameters. i.e.,

yv<H2> = \JmgR\/m; Uixs

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)



Case: MSSM with
seesaw

Reducing
parameters

Casas and Ibarra,

Nucl. Phys. B,
618, 171 (2001)

Reducing parameters

* Motivated guesses:

Light neutrinos: hierarchical, inverted, or nearly

degenerate!

Heavy neutrinos: hierarchical, inverted, or

degenerate!
R taken to be real.

mSUGRA input parameters.



Subcase: all neutrino masses hierarchical

m; = diag(O, \/Amszol, \/ mﬁtm)

Case: MSSM with mp = dlag(o’ 0, mpg 3)

seesaw

* Only elements R;, and R;; show up in BR(u—ey).

* Inspired by SO(10), the largest neutrino Yukawa

Subcase: all
neutrino masses

hierarchical IS equal to yt(mGUT)'

* This leaves only one parameter R;,/R;; = tan0, in:
/C2C3 —C183 — §157C3 §1853 —C1572C3 \

R = C2S3 C1C3 — S1S2S3 —S1C3 — C152S3

Casas and Ibarra,
Nucl. Phys. B,

618, 171 (2001) \ SH $1C» C1C»r /




The u—ey branching ratio

* Leading log approximation:

3 2

(04
Case: MSSM with BR(M —e€ V) =1 3
seesaw 647 mi

(3m(2) + Ag)ln MGut

2
m R ‘

‘(yiyv)zl tan”

* Note the dependences.

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)



Branching ratio predictions

A =0, M,=250 GeV, tanf=3, >0

1D_3 T T T T

Case: MSSM with 1]]",:—:!":":': S500GeV
seesaw

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra, )
Nucl. Phys. B, 10
618, 171 (2001) ﬁ




Implications for Yukawa textures

* Cancellations arise in (y, 'y, ),

* Possibly natural, 6, ~ 0.

Case: MSSM with
seesaw

* This results in:

(0 0 0)
“neuting masses y, «|0 0 O
hierarchical \O 1 1/

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)



Case: MSSM with
seesaw

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)

Branching ratio predictions

(w1

10

A =250 GeV, M,=250 GeV, tanp=3, pu=0

m, =100, 300, 500 GeV




Case: MSSM with
seesaw

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)

Branching ratio predictions

107

OHE

10

M,=250 GeV, tanfi=3, u=0

m,

ﬂ:=25[3 GeV

W T MEGA(19%9)
e MEG (2005),
0 B0 1000 2000 2500

* Scalars must be very light or very heavy.



Case: MSSM with
seesaw

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)
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Branching ratio predictions

A =250 GeV, M =250 GeV, m =100 GeV, tanf=3, u=>0

MEGA (1999)




Case: MSSM with
seesaw

Subcase: all
neutrino masses
hierarchical

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)

BR{ Ty

10

10

10

10"

ord

T—>uy at the LHC

A =250 GeV, M_=250 GeV, tanP=3, j1>0

current limit

. m=100, 300, 500 GeV




Subcase: degenerate Majorana masses

e Recall: yV<H,9> = \/ER\/HTLUK/INS

* Here, real R drops out of y, y,.
Case: MSSM with

<eesaw M::‘SD GV, tanﬁzﬂ, =0
10%
10%*
=
Subcase: E .
degenerate = 10
Majorana masses &
s
A =250 GeV
e LA MEG (2005)
A=D
Casas and Ibarra,
Nucl. Phys. B, 4o . | , ! . ! .
618, 171 (2001) 100 200 300 400 500



Subcase: light and heavy masses degenerate

Recall: v< > \/miRR\/miLUMNS

e mssuwin © Perfect degeneracy: yoy, <1

seesaw Am

21 mi
Same results as previous subcase, but rates

2ol

Small differences: (yvyv)

reduced by a factor of 10-%

Subcase: light and
heavy masses
degenerate

Casas and Ibarra,
Nucl. Phys. B,
618, 171 (2001)



Summary

Observable LFV is likely in motivated extensions of the standard
model.

MEG (2005), MECO (2008?), and PRIME (2008?) have
unprecedented potential to observe muon LFV.

For Z’s:

— Muon conversion will probe high boson masses and small
couplings.
— Linear colliders can probe the diagonal charges of light Z’s.
For supersymmetric high scale flavor U(l)’s:
— Observable LFV persists through D-terms.

— No decoupling solution possible if supersymmetry dominates
muon g-2.

For mSUGRA with seesaw:

— Muon conversion and u—ey, can help reconstruct the high
scale neutrino parameters.

— In the case of hierarchical neutrino masses, if MEG does not
see u—ey then the LHC should see t—uy.

— MEG, MECO, and PRIME should probe most of the
interesting parameter space of this scenario.



