Experimental tests of
charged Lepton Flavor Violation (cLFV)
with | beams
as one of the precision frontiers

A.M. Baldini
Ferrara , scuola N. Cabeo
May 24th 2013




C
History of LFV experiments
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Muon decay at rest
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First experiment: B.Pontecorvo and E.P.Hincks, PR 73 (1948) 257
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The
S apparatus
H'.I; . used by
Pontecorvo
and Hincks
in 1948

BR <10% (90% CL)




The following experiments were performed with n* beams

B T+ ~100 MeV/c

target

O Needs a thick target (n

straggling)
Degrader
dN increases with P,
Ap L
P AP, =——P_  (p = curvature radius in B)
o,




Frankel et al., PRL 8(1962) 123

T |
Calculated pulse-height spectrum
I4 | for p—ey l-’)'
Observed: all 167 events (-é-scale)
121 ! 1 Observed : 26 events collinear to
10,6 dog
» 10)
c
201 = = Expected spectrum
s 8 : for p-—-—e+y
“— I
? :
— 6 l !
® ]
€ 4 |
y - ray ) Electron 5 B
detector detector <
2 L.
o=
0 25 - 50

Electron pulse height (Mev)

BR <107°(90% CL)




Surface muon beams: monochromatic low momentum muons

(P, ~29 MeV/c) can be stopped in thin targets).

€

c
Thin target

Multiple scattering limits the
angular precision of the
measurement




BR limit (90% C.L.)
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2 different kinds of v's: Lederman, Schwartz, Steinberger (driven
by the absence of u—ey) 6.Danby et al., PRL 9(1962) 36.




*The Standard Model (SM) of Particle Physics was
built (also) on the basis of the absence of u—ey

* In the SM the difference between quarks and
leptons (f.w.c the flavor conservation) is due to the
zero mass of neutrinos

- u—ey was however continued to be considered as "a
natural theoretical possibility”: Bjorken, Lane and
Weinberg PRD 16(1977) 1474.

* Recently: v oscillations (CKM €=> PMNS) ...
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u—ey rate in the standard model
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Br(j*eY)

GUTs: quarks and leptons are deeply connected

e SUSY SU(S) predictions

Lepton Flavour Violation (LFV) induced by finite slepton mixing through radiative
corrections

The mixing could be large due to the top-quark mass
BRp—ey)=10"+10" in SU(5) (larger by ~30 order of magnitudes than SM predictions)

fr iM=2.4 p=0 W, =50GeV

C T T = clear evidence for physics beyond the SM
" : R. Barbieri e L.J.Hall, PL. B338(1994)212.
g R. Barbieri ef al.,Nucl. Phys. B445(1995) 215
i J.Hisano et al., PL. B391(1997) 341
10 T
Analisi combinate degli esperimenti a LEP
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« SO(10) predicts evén larger BR |
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G. Isidori — Flavour Physics beyond the Standard Model

PSI, 22™ Feb. 2012

In non-GUT theories we can arbitrarily suppress LFV rates by lowering M (or the

normalization of ¥_). This is not possible in GUT frameworks =2 contribution from

quark Yukawas which are M -independent
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. new physics |/
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Normalization
depending on M

See-Saw model
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M, independent
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/ In GUT theories with new
particles carrying
lepton-flavor at the TeV scale
(e.g. the sleptons in the MSSM)

MEG has high chances to see p—ev

\

\ (but remember that T ~ A%) _/




Surface muon beams

f[%ard VAY P, ~29MeV /c
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- Spectrometer

F
cleaning stage !y

590 MeV o .
proton 1.4MW _— S;Z:‘ln:;ansmﬂ E51
i Z-version

beam egrader ! o

ASC—

The layout of mES

- 17 from decay at rest of n* on the target surface (the p range is
approx. .1 gr/cm3): are totally polarized

- It is then possible to focalize and stop an intense p beam in a thin
target
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Momentum scan of the weS beam at PSI
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- R, = 10°s™ with a 10% e* contamination which can be eliminated by means

of an elctrostatic separator

- 3 orders of magnitude higher than the previous muon stop rates + thin target
______________________________________________________________________________________________________________________________________________|
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PAUL SCHERRER INSTITUT

— Target-E design
motor Drive shaft
R—— TARGET CONE
! Mean diameter: 450 mm
] z Graphite density: 1.8 g/lcm?
E 7/ Operating Temperature: 1700 K
¥ \§ Irradiation damage rate: 0.1 dpa/Ah
N ii.: Rotational Speed: 1 Turn/s
N vy Target thickness: 60 / 40 mm
N ! 10 / 7 glem?
- i Beam loss: 18/ 12 %
________ 1 8 \ Power deposition: 30/ 20 kW/mA

SPOKES

T L I"
—_:-'1:\5_
L TmEEs

To enable the thermal expansion

of the target cone
.!u
| BALL BEARINGS *)
Silicon nitride balls, coated with
Detail .Y" MoS2
Rings and cage silver coated

*) GMN, Nurnberg, Germany

muSR Workshop at FNAL Oct 17-19, 2012, Daniela Kiselev, Paul Scherrer Institut
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PAUL SCHERRER IRSTITUT

51

Life time of the ball bearings

current [A]

average

240

250

—u— steel

—®— SiN- own production
—ah— SiN- GMN not good
—w— SIN- GMN damaged

260

LI S RS D LERSE| FRREL B SR L, e |
02 04 06 08 10 12 14 16 1,8 20 22
proton current [mA]

bad bearing
~ interlock at 5 A
newbearing | = =40 Nm
\;f :
270 days

muSR Workshop at FNAL Qct 17-19, 2012, Daniela Kiselev, Paul Scherrer Institut

17




Signal and background

signal background
u—evy accidental
L—>evv
physical (L—>eyvyv
o .LTJ’__Y___F L—>eyvy { ee => vy
SV el —ely
Bey = 180° ’ e’ J‘*_ _y_ - ) ./ v
Ee = Ey= 52.8 MeV et 1N\
Te=Ty === >
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The sensitivity is limited by the accidental background

Nsig "";L +Mohys.s, & ‘Qu s Mocen, ‘q?

The n. of acc. backg events (h,.., ) depends quadratically on the muon
rateand on how well we measure the experimental quantities: e-y relative
timing and angle, positron and photon energy

Effective BRback (ny,./Ru T)

BR.. = R % At xAG:x AE,xA\E?

Integral on the detector
resolutions of the Michel and
radiative decay spectra
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Required Performances

BR (u—ey) = 1013 reachable

BRacc.b. = 2 10-1* and BRphys.b. = 0.1 BRacc.b. with the following

resolutions
FWHM
e e
Exp./Lab Year | AEJE. | AE,/E, | At Af,., Stop rate Duty BR

(%) (%) | (n8) | (mrad) (s cyce.(%) | (90% CL)

SIN 1977 8.7 9.3 I.4 - 5x 10° 100 3.6x 107

TRIUMF 1977 10 8.7 6.7 - 2x 1P 100 I x 10°%
LANL 1979 8.8 8 1.9 37 24 x 107 6.4 1.7 x 1010
Crystal Box | 1986 8 8 1.3 87 4x 10° (6..9) 49 x 1K1
MEGA 1999 1.2 4.5 1.6 17 2.5x 10# (6..7) 1.2 x 10°1
MEG 2009 0.8 4 (.15 19 2.5x 107 100 | x 10713

20

Need of a DC muon beam




MEG detector PSI in Switzerland

im

COBRA Magnet
Drift chamber

- - L

Liquid Xenon |

Scintillation Detector | _
e Liquid Xe e.m. detector —(
* Magnetic spectrometer — D, Eur. Phys. ). C, 73 (2013) 2365 _
* Timing counter — 1,







COBRA spectrometer

« Constant bending radius independent of emission angles

Gradient field Uniform field

W

* Low energy positrons quickly swept out

Gradient field Uniform field

N
;ﬁ\/\ —
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2.7t Liquid xenon gamma-ray detector B’%

® v measurement with high resolutions

and efficiency in a large acceptance
® Pileup elimination in offline analysis

- ® 900L hquid xenon
@ ® 846 2" PMTs (Hamamatsu)

® Submerged in Liguid

Resolution
fliciency

® y energy, position, and timing
reconstruction
® Mernts
® High light output(80% of Mal)
® Fast timing response(45ns)
® Heavy(3g/cm?)
® Challenges

® Low temperature(160K)
® 200W pulse tubs cryocooler
® Short scintillation wavelength (175nm)

® (Gas/liquid purification

24



/11 radiative decay
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Calibration and monitoring %
1 PMT | 1 Energy | Time I

AmBe (4.4MeV) -
LED Meutron capture (SMeV) B(p.v) (4.4+11.7 MeV)

Alpha source (5.5 MeV) Li(p,y)Be (17.6 MeV) ml—e*ey (55-83 MeV)
0=y (55, 83 MeV) Muon radiative decay

Cosmic ray (160 MeV)

Process Energy (MeV) Frequency
Charge exchange x~p—nn 54.9,82.9 yearly
=ty
Charge exchange T p—ny 129.0 yearly
Radiative ™ decay T — e vy 52.83 endpoint weekly
Proton accelerator Li(p, ¥17.6014.5 ) Be 14.8, 17.6 weekly
NB(p, yaay116)2C 44,116 weekly
Nuclear reaction *ENi(n, yo ) Ni 4.0 daily
AmBe source YBe(o g, 1) 2C, 4.4 daily

lll_-:* — 12 Cyaa
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LXe Energy(MeV)

!
o]

40

20

[.Xe vs Nal

o

20 40 60 80 100 120
Nal Energy{MeV)

T p— ™n — Yyn

Sl T

B
£
&
M
E'.,l M
!
6% b
95 MeV | ~
- I;! el !;.' I':‘G J;! 130
Opening angle

27




Energy resolution %

Resolution map

Measured using 55 MeV CEX gamma rays

YV {em)

Typical 55 MeV CEX spectrum

s :

i 4
Y E R TR

FWHM, =542 001 %

e =

Mumsber of events R0 hle V)

Lower tail aue to
® Energy deposit in material before entering
LXe (Magnet, cryostat, PMT holder etc.)

® Enerqgy escape from LXe

' Average resolutions | S e T A
i 1.7% (depth>2cm), 2.4% (depth<2cm Osilion and dep
| o (dep ) 8 (dop . ) dependences are measured
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Linearity

16/Feb/2011
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Energy Scale Stability

® Absolute scale calibration

® 55 MeV CEX gamma

Before correction

e CW data (use

d for correction)

o BG data (not used for correction)

v

TR o R
Sl : {
® Time variation corrected using ?E!*“é 2009 | 2010 2011
B : e
® 17.6 MeV CW gamma w— i-n.“' g, Aot |
| gou| J s
® 9 MeV Ni-n gamma | s
® 4.4 MeV AmBe gamma wn i
"":FL.-. T - T Wik Uan 1Sdel Mideg | DGcp D0
® Cosmic ray peak -3
2 months
® Checked using background gamma | |After correction
spectrum during physics run e (—
. #2009 2010 2011
E g
glﬂ" ;EI.UI; il |
: L T S PRI R et LY
HE 7 |RMS < 0.2% |
Eackgrnund ‘-"t’ 1 I | | | i IS T TR NN TSN TN [ T T —— | B -
speﬂtrum Ii!—'—ﬁ “ae B3 T W%ep kel Whin 15wl 24y FITLE LR

E. iMeVi



Target alignment
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______________________________________________________________________________________________________________________________________________|
e Blind analysis

¢ Optimization of analysis and BG E
study are done in sidebands ;

1’

1

SNumber of cvents £00EN eV

T
&5

I_lul i e .45. FEE -5‘.“. -m 5‘.5‘.| I .m
E; IMev]

iI
o'
_-gﬂ
=
7
Z

i?':' . Teyresolution
L SR e —
E 13
b
-
At ~ 130 ps
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Physics Analysis in MEG

* Maximum likelihood analysis to extract Nsigral
» Observables: Ey, Ee, Tey, Bey, Pey
* PDFs are formed mostly from data.
» Signal: Measured resolutions
e Accidental BG : Measured spectrum in sidebands
* RMD: Theoretical spectrum smeared by detector resolutions
¢ Different likelihood analyses performed to check systematics

¢« PDF: Event-by-event PDF, different PDFs according to tracking quality,
averaged PDF

e Statistical approach: Frequentist, Bayesian

N,
NNovs exp~ "2¢ [ Ny Nrwmp Ngg
L(Ngig, N N, = —£g R+ ——B
{ sigs LYRMD: BG) Nub.s! ;E!: [ N + N + N ]
PDF= Probabilty / / /
Distribution Function Signal PDF RMD PDF BG PDF
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2009-2011 Fit Result Sigr By

BG

Unbinned likelihood fitting on 5 dimension observable data
Total dotted line * 90% UL

Fowiwd s { 58 prant |
Fowmd = 4 i WY )

Fouir ks {824 Wi )

44

. = L] £r L] .
Time (nsec) (zamma Energy (MeV)

T 3

;I ;I-ﬂ]

z % 1

P L _

£ 2 " NSIQ - _0-44‘4‘8-1.9
0 Nace =2413.6 £ 37
- Nevp = 167.5 £ 24

_“"_'.G:"-:L VL - N B
Bi{mrad) o(mrad) errors : MINOS 1.6450
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2009-2011 data %

F 53!_ T I .;-.I | | 1 C‘c;-:} ":
§ [ 0.0 3
= s : iy
E, | ] 3¢
34 - &
= 7 [
L m.j I
_I: @
52 7 B 2|
, o g 220
SO =
' . 0° 00
43 ..: g T et Ei N T _zh ] . 'mn-
a0 51 53 54 55 56 -1 -0.9995 -0.999 -0.9985
§iL ey cos O,y
| No excess: Nsigna best fit is -ﬂ.4+‘*-3.1.91
contour : signal PDF (39.3, 74.2, 86.5 %) errors : MINOS 1.6450 9 9
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Previous limit : 2.4x10-12 (MEG, 2011)

2009-2011 result

Confidence level Likelihood
E ] - ! L] ! ! ] ! 1 ! T ¥ ! E ]" — | T T T T L L T .1
- - 9 o =
3 E 9E E
3 4 8 -
3 £ I 3
3 EL
3 i  sE: -
3
3 E ¥ A 2009-2010
E 2= o : - 2011 =
= |2 \ — 2009-2011 3
1 1 1 L I 1 L L 1 : E ; . ‘-I",\..- g 3 i 1 " E
10 15 07 3 3
Number ol signals Branching ratio

normalization : 7.77x10712

E'B < ST"‘: = J: @ 90% G L l arXiv:1303.0754 [hep-ex]
A accepted by Phys. Rev. Lett,

Dataset Be, x 102 Bog x 10" Sy x 1012

Systematic uncertainties (in total 1% in UL)

2009-2010 0.09 1.3 1.3 :

: * relative angle offsets

2011 —(.35 0.67 1.1 i iati R ks bl
2009-201 1 _0.06 057 07T correlanons in e observables
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Expected final sensitivity 9%

Data taking will be done until Summer 2013
Since 2012, 15% higher beam rate is used ~ Observed limits and sensitivity

-E L T 1] L] I T 1] L] L I 1] L] L] L} I L] L L}
ED?E}?-E?; 11359n5itivity = i : nh:;i ﬁ ML?{E;?: 1
SR =L B8 R ‘qxp:r:lt }
= il Median I:i-:nﬂuwt}'}:
Expected 2009-2013 sensitivity 10 B Medinslo
~5x1(0-13 = X e Median + 20 N
. - [ — An discovery (MC i
double the statistiecs = | iscovery (MC)
dEbRILE
k factor & -
=SEST (x1072
8 : } 10
6 E
4 ¥
|1 I A A T T N T N RN N T T B O A
2 L 100 200 300
Accumulated DA() days
0

2009 2010 20112012+2013
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MEG upgrade

1. 5\
~ ; S/ Z 4.
[ —
Upgraded ‘-------]
MEG 6.8 .
L
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Expected performance and Sensitivity Y
.E _"'!"""l"'i"'
— Z i e st — S0 Discovery i
PDF parameters Present MEG  Upgrade scenario T .
|- IS U — R Y —— |
e™ energy (ke'V) 306 {core) 130 E ' :
e* & (mrad) 9.4 53 E 1r'2 e T 0% Gl Bxclusion
c* ¢ (mrad) 57 17 =
e* vertex (mm} Z/ ¥{core) 24/1.2 1.6 /0.7
¥ energy (%) (w <2cmpi(w »=2cm) 24/1.7 1.171.0
¥ position {mm) w)/v/w 5/5/6 2672275
¥-e* timing (ps)  frr. 4
Efficiency (%) “]-I_’r
— 5 =
¥ &1 &0
5 40 58 |
i Lpﬂt‘ﬂdfd‘llhirllﬂs‘-f&ri-
) PR EPPEG. PIL LAWT | P
| Sensitivity in three years : ~5x10-'4 0 20 40 60 80 100
; 7 weeks
R.Sawada MEQG : Status and Upgrades CLFV2013 48
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L'—e'e'e”

signal background
1L — eee accidental
L—>evy
E/*' correlated L—>evyv
o (prompt) S ——
TG e‘e” —e'e
L—>eeevyv )
Vv V
= - + E‘_"' + ®
£p;=0 _ e u .Z/ e 1t N\
Vertex V/ \ e
EEE. =m, € \' E"'./V
| e % Y

te+ = te+ = te-
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.~ Accidental Background
/’@ g

» Combination of positrons from ordinary
muon decay with electrons from:

e+ - photan conversion,

- Bhabha scattering,

- Mis-reconstruction

+ Need very good timing, vertex and
momentum resolution

41



ut—etete : SINDRUM I

M magnet coils — — beam counter l
Present limit B(u—3e ) < 1x10-12  Mhodosoene -, \\ / target ™
U.Bellgardt et al. Nucl.Phys. B299(1988)1 - MWPG{: | - Hocel.

Proposal at PSI to reach 101 in a
first phase and 10-1 in a later one

SINDRUM I parameters
— beam intensity 6x10° ut/s R S e
— W' momentum 25 MeV/c z im
— magnetic field 0.33T
— acceptance 24%
— momentum resolution 10% FWHM
— vertex resolution 2 mm? FWHM
— timing resolution ~ns
— target length 220 mm
— target density 11 mg/cm?

42
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- Muon rates in excess of
10"%s in acceptance

10°/s needed for
U->eeeat 107¢

- Not before 2017

Same beam as
MEG for the first

phase

L.
: :zﬁ'/g/% A

.- \ B, .\.-'.."\
b S, -!hﬂuaﬂs
LA ,l!cn K .
4; Muan Beamtellar
=
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Recurl pixel layers /_\ /\
il e

i

&
—_—
——
————= uBeam Target ¢
i

Scintillating fibres

~

\/ Outer pixel layers

/%%/ Detector Design
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+ 50 um silicon pixel detectors (HV-MAPS)

+ 25 pm Kapton™ flexprint with aluminium
traces

+ 25 pm Kapton™ frame as support

+ Less than 1%o of a radiation length per
layer

Severe cooling
problems




/@/ Simulated Performance

-10
10 - U= eeevy generated
1‘.::'.11 UL = eeevy simulated
Signal BF 107
1012 e Signal BF 107
----------- - Signal BF 10°'%
10713 - Signal BF 107°
--=:= Signal BF 10
1014 Signal BF 1077

. )
Q 9 9 Q
> % & o

10°° - =

107°

PRI SR T R T N SR R N
101 102 103 104 105 106
Reconstructed Mass [MeV/c?]

Events per muon decay and 0.1 MeV
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LL"—e” conversion

signal main backgrounds

u(AZ)—>e(AZ)
DIO (Decay In Orbit)

u(AZ)—>evv(AZ)

(AZ)
+ e - ...
= L RPC
n(AZ)— 7 (AZ-1)
EE = mM — EB Beam related background
~100 MeV |

48



10° SINDRUM 11 run2000: pe conversion an gald
_E-: -"\-'_.‘ .nl_'_". | l_l
?I} 1Il."-.. | +I”:. .I"’L+ beam 10 , :
", 7 i el
E .‘+ 4 [}-u- ] L | 10 B s
o . 5 . h 10
™ . l'*_ 10
o~ 1U l\". N 10 7
E 'l.l_' D . ' ! ! -
4 10 '
& '."u.' 50 ) 22 3 ) 4 5 6 7 8 9 10 11 12
42 I " momenum (MeW/ic) mm CH2
E ".. Fig. 1. Fraction of pions and muons with a momentum of
e ) . y 52 MeV /c that cross a CHs moderator as a function of the mod-
o 10 2> 4 LT DE am erator thickness. GEANT [23] simulation
1 " q '
5
measurements D o< (E—EO) T suppressed by means
II'!IF}H'I'I. circles: T baam e f-l_ beam - Of a moderator
10 full circles: i beams ’ :
simulations "'“
corntinuous lines: Wla)s

allowed v modes

WAL — e v Al

1 1 - p ey .
histogram: :

ue conversion at B=10"" _ SN

— P 2 A

7S 80 B85S 20 895 100 105
e momentum (MeVic)
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The Mu2e Experiment
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The Mu2e Experiment (5.

Protons

Production Detector

Transport
/  Solenoid

Selection &
Collimator

-y

-
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Timing (with Al target)
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Cosmic Ray Backgrounds

e Cosmic rays can
produce e- that
fake the signal

* Dedicated
Cosmic Ray Veto
(CRV) detector

e Overlapping
scintillation counters

e 99.99% efficiency

* Rejection also from
tracker, calorimeter

David Brown. Lawrence Berkeley Mational Lab il mule conversion at FMAL CLFY, Lecce, 2013

53




MuZ2e Signal Sensitivity

Full G4 detector simulation, background overlay, reconstruction
Reconstructed e Momentum
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Starting in 2016
Measurement in 2017
S.ES=3x10"
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Search for y-e conversion process with a

Study the backgrounds for Phase-l|

Phase-l Detector

A cylindrical drift chamber (CDC) for the

L-e conversion search

A prototype ECAL and straw tube tracker

for the background studies
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Starting in 2020
Measurement in 2022
S.ES=3x10"

COMET (Phase-ll)

Production

Pion Capture Section
Has a high (5T) magnetic field to collect the low
momentum, backwards travelling pions

Target

Fions

Electron Spectrometer

Allows us to momentum and charge
select the 105 MeV electrons
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Muon Transport Section
Long enough so that pions decay to
muons

select particles
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Proton Beam Acceleration

Bucket A

Linac
400
MeV
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mass scale A (TeV)

u—eyVvs u—e and u—3e

Effective lagrangian

T I-# K

= g0y Y +——
Levrv (% + 1)AZ ROt K+ D2

Hr¥uer eyte
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* Precision really plays a major role in cLFV experiments !

* It may be that u=»ey has met the current technological
limits

* possible big improvements can be foreseen especially for
w=>»e conversion

 we hope to be more lucky in the near future
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