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1947

Nublear Capture of Mesons and the
Meson Decay

B. PONTECORVO

National Research Council, Chalk River Labomtory. Chalk Rwer
Ontarw, Canada

June 21, 1947

...Returning to the actual decay of the meson, an experi-
ment suggests itself which might answer the following

question: Is the electron emitted by the meson with a mean
life of about 2.2 microseconds accompanied by a photon of
about 50 Mev? This experiment is being attempted at the
present time, since it is felt that the available analysis!? of

the soft component in equilibrium with its primary meson
component 1s probably insufficient to decide definitely
whether the meson decays into either an electron plus
neutral particle(s) or electron plus photon.
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1947 Nut:lear Capture of Mesons and the
10 years after Meson Decay |

discovery of B. PONTECORVO
National Research Councitl, Chalk River Labomtory. Chalk Rwer

the muon Ontario, Canada
June 21, 1947

having been ...Returning to the actual decay of the meson, an experi-
distinguished ment suggests itself which might answer the following

from Yukawa's question: Is the electron emitted by the meson with a mean
U life of about 2.2 microseconds accompanied by a photon of

mesori about 50 Mev? This experiment is being attempted at the
(Conversi et al) present time, since it is felt that the available analysis!? of
“the soft component in equilibrium with its primary meson
component is probably insufficient to decide definitely
whether the meson decays into either an electron plus

neutral particle(s) or electron plus photon.

e \/Veak interaction universality from atomic e and p-capture

® discussion of whether muon decay involves “(3-decay”s:
u—e+v (with a single type of neutrino)
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Search for Gamma-Radiation in the 2.2-
Microsecond Meson Decay Process

E. P. Hincks AND B. PONTECORVO

National Research Council, Chalk River Laboratory,
Chalk River, Ontario, Canada

December 9, 1947
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Search for Gamma-Radiation in the 2.2-
Microsecond Meson Decay Process

E. P. Hincks AND B. PONTECORVO

National Research Council, Chalk River Laboratory,
Chalk River, Ontario, Canada

December 9, 1947

FIEVRE [ - RRRANGEMENT OF RPPRRRIUS

also similar investigations by Sard and Althaus [1948]
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1947 Search for Gamma-Radiation in the 2.2-
Microsecond Meson Decay Process

Studies of E. P. HINCKS AND B. PONTECORVO

fundamental National Research Council, Chalk River Laboraiory,
Chalk River, Ontario, Canada

properties of December 9, 1947
muon decay .

using
O(1000)
cosmic events

decay into
how many
particles, and
WisllelgRelgles

FIEVRE [ - RRRANGEMENT OF RPPRRRIUS

Demonstrated u — e + v is not a major component of u—decay
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Q12. Search for Improbable Meson Decays.* S. LLOKANA-
THAN AND J. STEINBERGER, Columbia University.—We have
searched unsuccessfully for two possible meson decay processes
with apparatus considerably more sensitive than has hereto-
fore been used. In order to detect the process u*—et-+7vy, o
mesons monitored by a counter telescope were allowed to come
to rest in a carbon target. Two detectors are placed at oppo-
site sides of the target, one sensitive to the 50-Mev electrons,
the other made sensitive to the v rays by means of § in. of Pb
converter. The system is calibrated by means of electrons
from normal p decay. We place an upper limit of 2 X107 8 for the
fraction of u mesons which decay in this way. In order to detect
the electrons in the process mt—e¢t-t», and to separate them
from the accompanying u-decay electrons, positive pions are
stopped in a thin polyethylene target. With a 4-counter tele-
scope, we measure the absorption spectrum in polyethylene
of all electrons emerging from the target, as well as that
fraction which comes not later than 5X1078 sec following a
pulse in a telescope in the incident beam. Comparison of the
two absorption curves makes it possible to distinguish the
70-Mev 7t —e™ electrons from the u-decay spectrum. We find

that the fraction of #'s decaying in this fashion is less than
51075,
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1 9 5 9 ELECTROMAGNETIC TRANSITIONS BETWEEN u MESON AND ELECTRON”™

S. WeinbergT
Columbia University, New York, New York

G. Feinberg#

Brookhaven National Laboratory, Upton, New York
(Received June 15, 1959)

The existence of the ordinary u decay,
L —-e+v+7, seems to prove that the muon and
electron do not differ in any quantum numbers.!
It follows that weak electromagnetic transitions
between muons and electrons could occur, if
there is a mechanism to produce them. For ex-
ample, one such mechanism would exist if the

1 decay was not caused by a direct Levy Fermi
interaction but instead involved a virtual charged
boson. This particular possibility seems ruled
out, since the predicted® rate for y —e +y would
be considerably greater than the upper limit set
by recent experiments.* The purpose of this
note is to discuss phenomenologically (without
attachment to any specific mechanism) other
kinds of electromagnetic transitions between
muon and electron that may be possible even if
L -e +7y is somehow suppressed.
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y

7

Fic. 1. Feynman diagrams for u—e-+v through an intermediate

boson, I labels the intermediate boson field, Feinberg, 1958
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also Salam,

Nishijima,

Schwinger

and others
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LAW OF CONSERVATION OF MUONS™

G. FeinbergT
Department of Physics, Columbia University, New York, New York

S. Weinberg
Department of Physics, University of California, Berkeley, California
(Received February 8, 1961)

The apparent absence of muon-electron transi-
tions without neutrinos, such as u—-e+y, u-3e,
and u +p->¢e +p, leads one to suspect that there
is a new conservation law forbidding them. Cal-
culations! of the rate of such processes, assum-
ing no such law exists, have indicated that it is
hard to understand their absence in an interme-
diate boson theory of weak interactions.... ‘

If we assume that yu -e¢~ transitions are for-
bidden by a selection rule, the nature of the
selection rule remains an open question. It has
been suggested® that an additive quantum num-
ber exists which is always conserved, and which*
is +1 for u~ and zero for ¢-. In order to make
this consistent with known weak interactions, it
is necessary to assume that there are two neu-
trinos, which are distinguished by their value of
this quantum number. The conservation law for-
bids all reactions in which any nonzero number
of muons change into electrons, without neutrinos.
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1962: The Second Neutrino Flavour
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FIG., 1. Plan view of AGS neutrino experiment,

Discovery of muon neutrinos at
Srooknaven
(Lederman, Schwartz, Steinberger)




Lepton Flavour Conservation to O(107°)

® Severe constraint on models of the weak
INteraction

® New conservation laws

® Forced lepton flavour conservation to be
written into SM
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1 9 5 5 Conservation of Heavy Particles and Generalized Gauge Transformations

T. D. LEE, Columbia University, New York, New York

AND

C O n S i d e r i n g e I e C t r i C C. N. YanG, I'nstilute for Advanced Study, Princeton, New Jersey
= (Received March 2, 1955)
charge conservation

as a model for (heavy)

partic|e number If we take the conservation of heavy particles to
. mean invariance under the transformation
conservation

The possibility of a heavy-particle gauge transformation is discussed.

‘IDN'*:’EM"I&N: ’pP'—_}giﬂ\bP: (1)

Such a gauge transformation is formally completely
identical with the electromagnetic gauge transiorma-
tion. Invariance under such a transformation therefore
necessitates the existence of a neutral vector massless
field coupled to all heavy particles. A nucleon would
have a “heavy-particle charge’” of -7 in such a field
‘and an antinucleon would have a ‘“heavy-particle
charge” of —». The force between two massive bodies
therefore would contain a contribution from the
Coulomb-like repulsion between such ‘“heavy-particle
charges.”” The total force including the gravitational
attraction is:

Force= —G(M 1M/ R?)+n*(A4142/R?). (2)

Here My, M5, A, and As are the inertia masses and
mass numbers of the two bodies.

Phys. Rev. 98, 5 (1955)
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1955

Conservation of
electric charge is a
consequence of gauge
iINnvariance and a
massless gauge boson

Similar arguments for
particle number
conservation lead to a
repulsion between the
conserved particles

Gauge invariance cannot
explain "heavy particle”
number (baryon number,
lepton number etc)
conservation

Phys. Rev. 98, 5 (1955)

Yoshi.Uchida@imperial.ac.uk

Conservation of Heavy Particles and Generalized Gauge Transformations

T. D. LEE, Columbia University, New York, New York
AND

C. N. Yanag, I'nstitule for Advanced Siudy, Princeton, New Jersey
(Received March 2, 1955)

The possibility of a heavy-particle gauge transformation is discussed.

If we take the conservation of heavy particles to
mean invariance under the transformation

Yn—e Yy, Yp—eYp, (1)

Such a gauge transformation is formally completely
identical with the electromagnetic gauge transforma-
tion. Invariance under such a transformation therefore
necessitates the existence of a neutral vector massless
field coupled to all heavy particles. A nucleon would
have a “heavy-particle charge’” of -7 in such a field

‘and an antinucleon would have a ‘“heavy-particle

charge” of —». The force between two massive bodies
therefore would contain a contribution from the
Coulomb-like repulsion between such ‘“heavy-particle
charges.” The total force including the gravitational
attraction is:

Force= —G(M 1M,/ R*)+n*(A414:/R?). (2)

Here My, M,, Ay, and A, are the inertia masses and
mass numbers of the two bodies.
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Lepton Flavour Conservation
in the Standard Model

e In the Standard Model:

® | epton flavour is conserved absolutely

e hot through a fundamental principle, but
through the choice of fields

® an accidental symmetry

® Deviations from the SM can introduce
Lepton Flavour Violation
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Charged Lepton Flavour Violation
e Beyond-the-Standard Model Physics can cause CLFV
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Charged Lepton Flavour Violation
e Beyond-the-Standard Model Physics can cause CLFV

® cg. introduction of non-zero neutrino mass

x""\* ve

‘\/\/\QC\’L‘—)—‘ €
W

e put this is GIM-suppressed:

B(u—e+vy) = E
327 ms,
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Charged Lepton Flavour Violation
e Beyond-the-Standard Model Physics can cause CLFV

® cg. introduction of non-zero neutrino mass

x"\* ve
\
\

M

e put this is GIM-suppressed:

SiIl2 2913
0.15

B(p — e+7)~107°* x
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Charged Lepton Flavour Violation
e Beyond-the-Standard Model Physics can cause CLFV

® cg. introduction of non-zero neutrino mass

x""\* ve
\
\

M

e put this is GIM-suppressed:
m
B(p —e+v)~10"°4 (N = )
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Charged Lepton Flavour Violation
e Beyond-the-Standard Model Physics can cause CLFV

® cg. introduction of non-zero neutrino mass

X'---* ve
\
\

M

e put this is GIM-suppressed:

Tr
By — ~107°% [~ —£
(e — e+ ) ( SOm@>

o if CLFV seen, unambiguous signal for new physics
(beyond Dirac my > 0O)

e without such cancellations, CLFV signal can be much larger
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Charged Lepton Flavour Violation

e Forbidden entirely in SM
e BSM Physics can give rise to CLFV

® 2,g. massive neutrinos

® but CLFV suppressed to less than O(lO_SO)
e background-free for further new physics

® Majorana or Dirac? Lepton Number Violation?
® Seesaw mechanism?

® more generally, CLFV rates can be much larger

® highly-sensitive probes to BSM physics
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MEG and MEG-1I at PSI1

a search for the process
pt — et + v
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BINP, Novosibirsk,
JINR, Dubna

Univ.Tokyo, KEK

HY* L Waseda Univ.,
INFN + Univ. : & == oo S e R Kyushu Univ.
Pisa, Genova, . .
Pavia, Romal
& Lecce University of

California Irvine
UCI
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. Dmi
Signal and backgrounds ;. oyie.

Signal p+ decay at rest 180° /
+
52.8 MeV (half of M,) (Ey,Ex) - ©
L

Back-to-back (Bey,Pey)

Timing coincidence (Tey)

Radiative muon decay

Accidental background (dominant) Ut — etvvy

Michel decay e + randomy Timing coincident, not back-to back,

Random timing, angle, E < 52.8MeV E <52 8MeV

“+A \H+A

V
2 4
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Angela Papa
Eur. Phys. J. C (2013) 73:2365

Experimental set-up

1m

COBRA Magnet

\ Drift chamber

|

Muon Beam

resolutions Stopping Target

=
L—"

[ ]

chamber

Liquid Xenon )
Scintillation Detector

10
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MEG Dmitry Grigoriev
Layout of the experiment

MEG Beam Transport System P =

_ Steering
C?Illmator Magne COBRA
& — System + D | Insertion
E - steering geg:ade_r . ' Goes
| System in ' l ' y
Wien Filter magnet y _ : ! F
beam vacuum ; |
SN B T riplet 11 1 U v TC = T e
| . T
- : L e A iy i To
' R, . | | Cockcroft-
Scale ~1 m Waltpn
« ¥ accelerator
{
|
| (7 Al
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MEG: :
Dmitry Grigoriev Beam line

* High-intensity DC surface muon beam - tES+MEG | -
= capable of>108 u*/s at 28 MeV/c(optimal rate 3x10//s

« “pure” muon beam - Wien filter(ExB)+Collimator system
o = u-e separation at collimator >7.5¢ (12 cm) Y

« Small beam-spot + high transmission -BTS
= focus enhancement, beam o~10 mm at target
= second focus at centre BTS — degrader 300 um

* Thin stopping target + minimal scattering — end-caps collimator

=18mg/cm+ CH, target at 70°+He COBRA environment
+ remote Target & End-cap insertion system

Seporotor Scon Slits 100

; P00 2 — — .!_.._..._{,.._.._...J__..._.._..=_..._..__..._

A ___1 N ._..i_..._.._i.._
: = f;ra.?4i2£+c~5/ |
W . T——

P2 335
bt

{185,

500 (N 500 1000 1500 2000 2500
Sepd v Dac




MEG: Dmitry Grigoriev

Results /P“b“shed

Phy. Rev. Lett. 110, 201801 (2013)

Data taking finished at 31.08.2013
Statistics is doubled compare to published

= w

200942010 17.5

Sensitivity, x1013 Br, Upper limit (CL

90%), x10'13

13

2011 18.5 11 6,/
2009+2010+2011 36.0 7.7 5.7 (20 times better
All data (expected) ~80 ~5 than MEGA)

Final result of analysis is expected by the end of 2015
with the improved analysis. The data are reprocessed now.
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MEG: Dmitry Grigoriev
Improvement of the analysis

* Event reconstruction algorithm.
 (Calibration procedures.

 Background rejection techniques.

— recover positron tracks which cross the target twice
(missing turn analysis)

— ldentity background y-rays generated when a positron
annihilates with an electron on some detector material
(annihilation-in-flight (AIF) analysis)

— refine the alignment procedure of the target and drift

chamber system.
About half the total dataset being analysed now;

the collaboration is making sure they do it right
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| Angela Papa
The MEGII experiment

e An upgrade of MEG, aiming at a sensitivity improvement of one order of
magnitude (down to 5 x 10-1%) approved by PSI and funding agencies is
ongoing

2013 2014 2015 2016 2017 2018 2019

| | |
B - | e [ e
Higher beam intensity

Larger LXe volume
/j
| . '

with finer photon
[ 2. @B Unique-volume )_
v

detector granularity
Drift Chamber

4. |

Pixelated TC --. - \
5. \\/
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- MEGILI:
How the sensitivy can be pushead CIOWIq?AngeIa Papa

® More sensitive to the signal...

1
5 SES=
'cjcfg @X T X Ag X €(e*) x € (gamma) x €(TRG) x g(sel)
? xS & *Cfa\ « o
C @ SN G O 5O
O &0 O o fa.'(\o 68\6. (\0\\ o (\0\3
C © @00\\)\ » (Q)zOO@Q\ é&o\@ 665&0\@

* More effective on rejecting the background...

P

C

O

S

8 Baoc ~ R X AEe X KAEgamma)% X ATegamma X KAeegammaF]

O © <

= SN S ™ o

e ((\6(\ Yo N X \Q Q‘e ‘(\Q) ?‘e \)\(aS

D QO A AR\ A o e
O O \ (o) W\

I @3 (P ( OV ( o0V

Yoshi.Uchida@imperial.ac.uk Charged Lepton Flavour Violation: Experiment—NuFact 2015



MEGII:

R&D In collaboration with Hamamatsu:  angela Papa
VUV-sensitive SIPM (MPPC using Hamamatsu convention)

For the LXe photon calorimeter
To replace 2-inch PMTs used by MEG

Yoshi.Uchida@imperial.ac.uk

We have successfully developed VUV-MPPGCrin collaborationywith
Hamamatsu Photonics. K.K.

® Sensitive to VUV-light ® Large area (12x12 mm?)
— Protection coating is removed, = signal tail become long dugyto

VUV-transparent quartz window large capacitance.
is used for protection. — Reducergapacitance by

connecting 4dachips in seriess
Ceramic

¢ Quartz window (~0.5 mm)
" ' '
"' - 50 i m pitch piIeI
- - 4 independent chips

vench resister " EE

. - meta

| ™

« |
‘ [ ‘ ] 2-segments
3 - 4-segments

S

2mm " MPPC  2.5mm
Hamamatsu S10943-3186(X)
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o MEGII: Angela Papa
The upgraded Liguid Xenon calorimeter (in

numbers)

v (mm) 5 2.4
v (mm) 5 29
w (mm) 6 3.1
E, (w<2em) 24% 1.1%
E, (W>2em) 1.7%  1.0%
t.. (ps) 67 60

Position resolution

e
3

Photon collection [%)]
witon resolution fmm|

1"

! . o 15 20
Conversion depth [cm|)
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MEGII: Anhgela Papa

Resolution vs. Number of Hits (expected rate)

A new re-designed spectrometer: the s+
pixelized Timing Counter (in numbers) A

T Expectation

®  RC analysis

=

x
=

i W RC Independent analysis

Resolution (psec

Timing resolution:
35 ps at the MEGI| rate
conditions

—

1]
G
E "
=
=
.
3
=]
i
o
e

\\ iIiE ?J'

\ orMo_tt scat..e:
*'\\ \ ,‘___ 7

———Sg- 0T 6
LY
b
- |
’..
L
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| MEGII: Angela Papa
The new re-designed spectrometer: the single

volume chamber (in numbers)
e Positron momentum and direction measurement

e Unique volume gas chamber

e Single hit resolution 5¢ =+ 100 pminr (250 NM) e, &

e Momentum resolutipn ~130 KeV (310 KeV)
e Angular resolutionf~5 mrad (8-11 mrad)
e Trasparency towards TC ~80 % (40%)

e Target (default solution)

e [hinner passive targdt 140 um (205 uny

Z(cm)

Front End Electronics:
3dB bandwidth

around 1GHz 17
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MEGII: Angela Papa

Summary

e MEG completed successfully

e data sample 2009-2011: best upper limit of any particle decay
B(u" — ¢ v) < 5.7x10°1®

e data sample 2009-2013: final result just around the corner

* MEGII preparation in good shape
 improved sensitivity by a factor of 10 reaching 5 x 10-14

e Unique DC mue@n beam at PS!
e high intensiti\O(10%) muon*/s
e feasibility studi®g ongoing to inctrease it, aiming at\O(10'°) muon*/s
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Muon-to-Electron Conversion

Mule (Fermilab)
COMET (J-PARC)
DeeMee (J-PARC)
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Muon-to-Electron Conversion
® Search for the process

— e + N(A,Z)
mono-energetic electron

(E. <105 MeV )

® [ime available after formation of muonic atom:
up to about 1 microsecond (Z-dependent)

L Ee —
— Ebind — Erecoil
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Muon-to-Electron Conversion
® Search for the process

— e + N(A,Z)

mono-energetic electron
(E. <105 MeV )

® [ime available after formation of muonic atom:
up to about 1 microsecond (Z-dependent)

— Ebind — Erecoil

signal region

® observed signal is
smeared because of
detector effects

Yoshi.Uchida@imperial.ac.uk Electron Energy [MeV]

105
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1894 ACADEMIE DES SCIENCES.
: Solent N* et N~ les nombres de mésons u. de chaque signe arrétés et n+ et n”
les nombres de mésons émettant un électron visible.

La proportion N./N du nombre de mésons négatifs émettant un électron est
égale a

N.
‘N T

_n- N+
N-

¥ [ ]

g ooo photo

Soit A, la pr 1 probabilité

de capture s

LAY - I ‘“l' L] T e

7+ est la vie moyenne du méson y. positif et 7 est la vie moyenne apparente du
méson . négatif & I'arrét dans I'élément considéré. =~ a éié mesuré par
Harrisson et al. (*) dans le cuivre et I'antimoine :

Toe=—1,22.10"7= 0,14 s, Tspb==10,9. 107 0,06 s.

Assimilant 'antimoine (Z = 51) a Iétain (Z = H0) nous trouvons :

- lg‘ u v £ . ?lf"
- — _+ 'u i ) — ﬂ -—I—-— n
Cuilvre : le 1?_&4“541 Etain : le }1‘}—4:34—44'
Ces résultats montrent que les I'E&thﬂlls (II) sont 1nterdites CH] tres lIIlPI'{I'-

bables devant les réactions (I).
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19 5 5 Electrons from Muon Capture®

J. STEINBERGER AND HARrRrRY B. WOLFE
Columbia University, New York, New York

(Received August 31, 1955)

We have searched for the process y=+p—p-+e~ or uy=+n—n-+te for u mesons stopped in a Cu target.
Scintillation counters were employed to detect the electrons from the process. No counts attributable to the

electrons were obtained and we place an upper limit of ~5X 107 for the relative rate of this process to that
for the usual nuclear capture reaction.

CARBON ABSORBER
TO DEGRADE BEAM ENERGY

BEAM DEFINING

COUNTERS I T | | 1 t 1 [ I
| PIE)
CAPTURE

TR AR AOCHK KK A KA XX e ELECTRON 7
KRR HRRLLHIRIREKK .
s BN
.$:¢:‘:’0‘0’0’0‘0‘0‘0‘0’0’0’0’:’:’:‘:’:’:‘:’: ";’:A\ .:.0 Q SPECTRUM MODIFIED
‘;"'”""”"’.”’0""’"”’0’.’* ‘\_“.‘h‘." g N BY ENERGY LOSS IN -

7 - 7 ’7/ . ,’00"3\ 1'Cu TARGET

1= | |

| _
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Search for Lepton-Flavor-Violating Rare Muon Processes “MELC"
proposal

R. M. Djilkibaev” and V. M. Lobashev™"

Institute for Nuclear Research, Russian Academy of Sciences,
pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia

Received March 26, 2010; in final form, July 12,2010

Abstract—A new approach to seeking three lepton-ilavor-violating rare muon processes (p — e conver-
sion, . — e+, and p — 3e) on the basis of a single experimental facility is proposed. This approach

makes it possible to improve the sensitivity level of relevant experiments by factors of 10°, 600, and 300 for,
respectively, the first, the second, and the third of the above processesin relation to the existing experimental
level. The approach is based on employing a pulsed proton beam and on combining a muon source and
the detector part of the facility into a unified magnetic system featuring a nonuniform field. A new detector
design involving separate units and making it possible to study all three muonic processes at a single facility
that admits a simple rearrangement of the detectors used is discussed.

Prot r
su:-r?lrgg Eaam-
Y, formation
| system

~

system

Detector J

from
1980s

Fig. 1. Central horizontal cut of the MELC facility: (/) proton target, (2) superconductor solenoid, () shield of the solenoid, ()
steel yoke, (5) transport solenoid and collimator, (6) detector target, (7) coordinate detector, (&) calorimeter, and (9) detector

shield and beam trap.
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Proton Beam: Timing

O Pulsed beam removes beam-related backgrounds

O Need pulse timing > muon lifetime in aluminium
O Muon lifetime on Aluminium: 864 ns

O As few protons between pulses as possible:

O Extinction factor:
N(Protons between pulse)

N(Protons in bunch)

Extinction =

0 100 200 300 400 500 600 700 800 900 1000
Time (ns)

B Proton pulse

B Prompt particles . “12
Have achieved 10

at 8 GeV beam energy

m Background electrons
7] Signal electrons

Measured Extinction

Detector
Active

Number of Particles

240 260
RF voltage (kV)
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Proton Beam: Timing

O Pulsed beam removes beam-related backgrounds

O Need pulse timing > muon lifetime in aluminium
O Muon lifetime on Aluminium: 864 ns

O As few protons between pulses as possible:

O Extinction factor:
N(Protons between pulse)

N(Protons in bunch)

Extinction =

0 100 200 300 400 500 600 700 800 900 1000
Time (ns)

B Proton pulse

B Prompt particles : “12
Have achieved 10

at 8 GeV beam energy

Background electrons

1 Signal electrons

Measured Extinction

Detector
Active

Number of Particles

240 260
RF voltage (kV)
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Primary proton
beam pulse

Arrival time distribution
for secondary beam at
the muon stopping target

——— Search window

0 200/ 400 600 800 1000 1200 w400 1600 1800 2000
time (ns)

Muon occupancy in

the stopping target Adjust the live window to “walit

out” the prompt backgrounds
from plons and beam particles

Viadimir Nagaslaev (Thursday) for

MuZ2e accelerator details
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Proton Beam: Timing

O Pulsed beam removes beam-related backgrounds

O Need pulse timing > muon lifetime in aluminium
O Muon lifetime on Aluminium: 864 ns

O As few protons between pulses as possible:

O Extinction factor:
N(Protons between pulse)

N(Protons in bunch)

Extinction =

400 500 600 700 800 900 1000
Time (ns)

B Proton pulse

B Prompt particles

m Background electrons
] Signal electrons

Measured Extinction

Number of Particles

240 260
RF voltage (kV)
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I

Have achieved 10714

at 8 GeV beam energy

| IIIIII[

Measured Extinction
=

b

]
—h
—

T T TTTT

Synchrotron Fast Extraction
Abort Line: extinction through
1013 _Intentional mis—injection .

140 160 180 200 220 240 260
RF voltage (kV)

RF voltage (kV)

I IIIIII|
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Production Solenoid

gl
e
—
e

e e = —
_—"-‘” \%
'. \‘ ‘/

Production Target

2.5T

4.5T

. T Pion Capture
Neutrino Factory-style \\n o
Superconducting Production
Pion-Capture Solenoids



The production solenoid produces a

backward beam to reduce backgrounds
Proton beam pipe  Water MuZle:

BronzePieces

Kevin
To Extinction Lvnch
Monitor
-~ Protons
To Beam | ToO TI’aI’ISDOI’t
Stop NI I Solenoid
: A
45T Production Targe! 2.5T vacuum Liner
QuterS.S shell
The graded field acts as
The tungsten a “mirror” for charged
production target particles, increasing the
S about the size of flux of muons into the TS
a pencill
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COMET Beam Line: Ye Yang (Thursday)

Capture Solenoid
Shielding for a
56 kW beam

Radiation Pea ' ,-=" Proton

#l!h
Tungsten Target

////
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Proton Bez

. - Transport Solenoid
g-'

Pion Decay and
Muon Transport



The transport solenoid sign selects charged Mu2e:
particles Kevin Lynch

The curved transport
solenoid separates charged
particles in the non-bend
direction.

Collimators in the
central straight section
reject most wrong sign

- particles, and can be

rotated to change sign
for calibration runs.
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Muon Beam: Bent Solenoid Drifts

* Uniform B field Circular motion
* Linear field lines | ) about field lines

f -\ * Radial gradient in magnetic field

(\Q\\\\A\A * Cylindrical field lines

\) 1 l+§t
\?) DO(qB(p pzp)

1 Circular motion about
) a drifting centre.

p(cosé’ |
2

cos 6

The COMET Experiment, 10 Aug 2015 Ben Krikler: bekO7@imperial.ac.uk
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MUSIC Facility at Osaka

l

. Pion capture solenoid
| Max.Bsol: 35T

iy _. -Muon transport solenoid
Beal: 2.0 T

-,

' el N
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Muon Beam: Bent Solenoid Drifts

—~
=
>
5
=)
=
=
-
O
=
&
>

20 : 20
Y (cm) Y (cm)

At entrance to bent solenoid After 90° of bent solenoid

O Drift due to bent solenoid: position and momentum correlated
O Vertical dipole field applied

O Tuned to maintain nominal momentum on axis
O Collimators select for charge and momentum

See talk by Yang
Ye on Thursday

The COMET Experiment, 10 Aug 2015 12 Ben Krikler: bekO7@imperial.ac.uk
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Bent Solenoid Drifts

D
-
Momentum (Mev/c)

Momentum (Mev/
N y

J
-

20 - - | 20
Y (cm) Y (cm)

At entrance to bent solenoid After 90° of bent solenoid

O Drift due to bent solenoid: position and momentum correlated
O Vertical dipole field applied

O Tuned to maintain nominal momentum on axis
O Collimators select for charge and momentum

Different design choice to Mucle

See talk by Yang
Ye on Thursday

The COMET Experiment, 10 Aug 2015 12 Ben Krikler: bekO7@imperial.ac.uk
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Detector Solenoid




. MuZle: Kevin Lynch
The detector solenoid forms the heart of the

experiment

Neutron Proton absorbers
absorber

Calorimeter Beam Stop

The electron tracker Is a
low mass straw tube
design with 18 planes of
tubes transverse to the
secondary beam

Yoshi.Uchida@imperial.ac.uk Charged Lepton Flavour Violation: Experiment—NuFact 2015



. MuZe: Kevin Lynch
The detector solenoid forms the heart of the

experiment

Neutron Proton absorbers
absorber

S =
===

Jrapp

—
”E e
Y L

Muon Beam

Beam Stop

The calorimeter Is a two
layer, annular crystal
calorimeter
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We are making significant progress on R&D and
prototypes in preparation for CD3c review in 2016
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Groundbreaking &
April 18, 2015,

Final floor pour
on July 28, 2015
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CD-1 CD-3a  CD-2/3b CD-3c

| |

| | | | |
Superconductor )
R&D Fabricate and QA Superconductor

Solenoid Design

QA

Detector

s Hall
rk Telp

‘ Solenoid Infrastructure I

MuZ2e has a technically limited schedule that will
lead to data very early in the 2020s

Project Complete

Solenoid
Installation and
Commissioning

!
KPPs satished

R

Cosmic Detector

Tests

Beamline

Beam line
OImn ONIr :

FY1/ FY1G

Yoshi.Uchida@imperial.ac.uk

FY19

FY20

FY21

Produced: February 2015
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COMET: Phase-lIl

Protons Pion Ca ptu re
H Section

Production
Target

Stopping
Jarget

e
e
@

Signal and DIO (BR=3 x 10'°)
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e
—
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Section
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COMET: Phase-l| COMET: Ben Krikler

Pion Capture
Section

A
"1 r =
Production

Target
Goals of Phase-l

® Understand production system

® Understand bent solenoid dynamics
® Prototype the detector
@

1-e conversion search at: 3 x 107 1°

StrECAL

ARAARAAAARE A
e L

Detector
Section

6 Aug 2015 18 Ben Krikler: bekO7 @imperial.ac.uk
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Straw Tracker

O Phase-| Straw Design
O Based on NA62 Straws
with single seam weld
G.20 micron aluminised mylar
O 9.8 mm diameter tubes

O Phase-l| pessibilities:
O 5 mm diameter

O 12 micron Al-mylar

O Status
O Phase-| production finished (2500 straws)
O Aging tests, resolution studies underway

The COMET Experiment, 10 Aug 2015 i) Ben Krikler: bekO7 @imperial.ac.uk
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E C A L StrECAL Trigger and Energy Measurement for PID

Event Sample (105 MeV/c runs)

— i i | Renmy === =

0 4000

LYSO is clearer than GSO.
(Amp. gain 1/4 in LYSO runs to compensate light yield difference.)

02272 LYSO Crystals
O Dimensions: 2x2x12 cm

O Status:
O Crystal purchasing on-going
O Test bench being built
O Beam tests for resolution studies,
PID and DAQ underway
O Calibration system being designed

The COMET Experiment, 10 Aug 2015 20 Ben Krikler: bekO7 @imperial.ac.uk
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Cyllndrlcal Drift Chamber (CDC)

O 20 layers with alternating stereo angles of +4°
O Sense wires: Gold plated tungsten, 25 um
O Field wires: Pure Aluminium, 120 pm
O Between 800 and 1200 wires per layer

#=\ O Status:

N O Wire stringing:
O 150 days total b
O 40% complete Vg

——
g 7
== b

e

Iy, —
T

30 32 34 36 38 40 42 44 46

The COMET Experiment, 10 Aug 2015 22 Ben Krikler: bekO7 @imperial.ac.uk
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Schedule COMET: Ben Krikler

The COMET Experiment, 10 Aug 2015 Ben Krikler: bekO7@imperial.ac.uk
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In Summary MuZle: Kevin Lynch

Within the next 10 years, Mu2e will either
unambiguously discover cLFV or push the
limit on muon conversion by four orders of
magnitude.

For more Information
‘MuZ2e Homepage: http://mu2e.fnal.gov
*Technical Design Report: http://arxiv.org/abs/1501.05241

Contact:

Doug Glenzinski, douglasg@fnal.gov,
or

Jim Miller, miller@bu.edu.

Yoshi.Uchida@imperial.ac.uk Charged Lepton Flavour Violation: Experiment—NuFact 2015




Summ ary COMET: Ben Krikler

COMET Phase-l
2018

Muon—-to—-electron Sensitivity < 3 X 10_15
110 days

conversion is a Strong PfObe 3.2 kW proton beam
of new physics

COMET Phase-ll
2021
Sensitivity < 3 X 1017

COMET's staged approach and

unique design makes it highly 1 Year

it : 56 kW proton b
sensitive to this process <W proton beam

_ The future:
Development and construction @ prrism/PRIME

are well under way Sensitivity < 107+
See talk by J. Pasternak

The COMET Experiment, 10 Aug 2015 29 Ben Krikler: bekO7@imperial.ac.uk
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PRISM FFAG

PRISM - Phase Rotated Intense Slow Muon beam

High Energy
Advanced Phase

Narrow Energy =
Spread Incoming Proton
P
Pion Production Target
Low Energy . and Capture Solenoid
Dzlayed Phase I
Muon Transport
Phase Phase Channel

Phase Muon Stopping

Rotation Electron
Spectrometer

=
- -
- -
| =
= =
=

rl‘:HHHDHHDHHUDHHUHHUUHH&EHEEE:E::@] 2
&

Detector

Einlenold PRISM RING
PRISM: P
* |t is the next generation muon to electron{, ’
conversion experiment based on an FFAG <~
(Fixed Field Alternating Gradient) ring,
* |t allows to create a high quality muon beam by:L"'
- reducing the muon beam energy spread
by RF phase rotation,
- purifying the muon beam in the storage ring.
* It will have single event sensitivity — 3x10%°
* Design details are being addressed by the Task Force
led by Jaroslaw Pasternak (contact him for more details).

Alternative E .
ring designed”™ 2|\
by Task Force

Jaroslaw Pasternak (Thursday)
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Masaharu Aoki

DeeMe: Search for py-e Conversion

. IMSS/Muon PAC: Stage-2 Approved

in-flight 771-— - e  J-PARC/RCS: High-Power High-Purity Pulsed

®Muonic Atom Formation Proton Beam.

@ u-e Conversion ProdUction.Target as p-stopping target.
H-Line/MLF: Largé=Acceptance Beam line.

State-of-the-Art MWPCTechnology

S.E.S. — BR~5 x 10°1°
(8 x 107 sec of data taking with SiCtarget)

Production Stawt the physics run with graphite target
Target SES. —1x101 (2 x 107 sec)
Aiming toystart the engineering run in 2016¢

® 11~ Production

Secondary Beamline

/ﬁproton beam \

Magnet leased from

o ,
Capture Solenoid Spectrometer Magnet TRILIMF
HS1A,B,C (PACMAN)

Transport Solenoid
Tracker

(4 MWPC's)
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Masaharu Aoki

MWPC Development

1000

Raw Waveform

.
il il
i (el S ',\_-_J‘

\ Baseline-subtracted Waveform
| 1_* tJMM‘F\w—“M-u

Prototype 1 @2012

0725000 25500 26000 26500 27000 27500 28000 28500 29000

Time [ns)

Prototype 2 @2014
Preamps @ 2015
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DeeMee: Masaharu Aoki

Potential-Wire Voltage Switching MWPC

Anode wire: 1150V Anode wire: 1150V

Potential wire: OV Potential wire: 1000V
Cathode Plane (0V)

Anode Wire
(1150V)

Expected gas gain:~102 Expected gas gain:~7

otential Wire

Electric field
contour

Cathode Plane

Electric field
Profile

JPS Meeting 28/March/2014 @ Tokai University Shonan Campus 8
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Mu3e at PSI

a search for the process
p"‘ —>eT +e +eT
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Mu3e: Roman Gredig

The Mu3e Experiment

— Mu3e is a dedicated experiment searching for uy* — e"e"e™

— aimed sensitivity B(u — eee) < 10~ '°

— stopped muons per second: 10°

— main background: p — eeever,, with B = 3.4 - 10> and accidentals

BG: Internal Conversion BG: Accidental

ool g N
Y & r

b \

/V ) | B
el »

¢ /.{ |

c e .
= | - | -

= e -

\
[ L v €
o . v 7y
Y5 =0 — Y05 #0 — non common vertex
— common vertex — common vertex — not in coincidence
— p < 53 MeV
Aug. 11,2015 R. Gredig, NuFact15 Rio Page 4
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Charged
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Violation
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upper limit on

branching ratios
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Muon Beam at PSI

& e = P

.~ - ©(10"8)Muons/sat
Mu3e

Aug. 11,2015 R. Gredig, NuFact15 Rio

Mu3e: Roman Gredig

muon beamline at PSI
low energy DC beams

mE5 beamline: ~10° 28 MeV/c
surface muons

— shared with MEG
— works for Phase | — approved

HIMB:

High intensity muon beam
study ongoing

needed for Phase ||
Mu3e: ~10° p™ /s

PSI Goal: ~10"° u'* /s

Yoshi.Uchida@imperial.ac.uk
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Mu3e: Roman Gredig
® MEG s here

— muon beamline at PSI

Muon Beam at PSI

— low energy DC beams

— 7E5 beamline: ~10° 28 MeV/c
surface muons

— shared with MEG
— works for Phase | — approved

— HIMB:
High intensity muon beam
study ongoing
needed for Phase ||
Mu3e: ~10° p™ /s
PSI Goal: ~10"° u'* /s

& e = P

o regtet hme
S ©(10**8) Muons/sat
Mu3e

Aug. 11,2015 R. Gredig, NuFact15 Rio
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Mu3e: Roman Gredig
® MEG s here

— muon beamline at PSI

Muon Beam at PSI

— low energy DC beams

— 7E5 beamline: ~10° 28 MeV/c
surface muons

— shared with MEG
— works for Phase | — approved

— HIMB:
High intensity muon beam
study ongoing
needed for Phase ||
Mu3e: ~10° p™ /s
PSI Goal: ~10"° u'* /s

Aug. 11,2015 R. Gredig, NuFact15 Rio
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Detector Concept Mu3e: Roman Gredig

— Phase Ib: muon stopping ~ 10° p* /s (2017)

— central module upgraded with 250 um diameter scintillation fibres
(three layers)

— two additional recurl modules including pixel and scintillation tiles
= better timing

Recurl pixel layers /\ A
yd e

Scintillator tiles

Inner pixel layers
A\ /

M Beam Target é 17 cm

/

YYYYY

Scintillating fibres

Y / v
\ / Outer pixel layers
\/ 36 cm -

Aug. 11,2015 R. Gredig, NuFact15 Rio Page 9
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Monolithic Active Pixel Sensors Mu3e:
Roman Gredig

Pixel g::gse Source Peri P h €I'Y Baseline
sensor amplifer 12X MuPix currently in its 7th generation:
\ I: Amplifier I;mparator
e / H ~ > Readout} — MUPiX 2
— | 4 : :
Testpuki | T — 30 x 39 um? pixel size
Nk — 1.8 x 1.2mm= active area
 Amplfcaton Accapling - Digial ouput — proof of concept
Bl | AN A — MuPix 3 and 4
5F — 80 x 92 um? pixel size
S 2s00] ( — 2.9 x 3.2mm? active area
s T | — MuPix 6
2 20001 ” 0=16.6 ns
: — same geometry
1500 — e
: — second amplifier added
10001 MuPix 7
soof — still small scale prototype
e — full digital readout + fast serial link

-400 200 400

Difference betweenotrigger and timestamp [ns] NeXt VerS|On may be ﬁnal
Less than 50 microns thick,
Aug. 11,2015 R. Gredig, NuFactis Rio 2 X 2 cm® area with 80 micron pixels
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Scintillating Fibres Mu3e:
Roman Gredig

three layers of ~ 1500 fibres with a diameter of 250 pm
produced as 16 mm wide modules with a length of 30 cm

read out on both ends with silicon photomultiplier arrays and custom
ASIC (STIC chip)

(either columns wise or individual with fanout)

time resolution goal: <1ns

two fibre types under investigation:

— round double cladding fibres
— squared double cladding fibres

Aug. 11,2015 R. Gredig, NuFact15 Rio
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Mu3e:

Summary and Outlook _
Roman Gredig

new experiment for the search of u — eee with sensitivitiy < 10~ '°

staged approach and modular prigcCiple

— Phase la: Sensitivity B(n — eeg) < 10— 14 (20 )

6
— Phase Ib: Sensitivity B(p — ee&) < 10~ 1° (2017)
9

— Phase Il : Sensitivity B(p — eeel\< ‘0—16 (2019)
thin active pixel sensors: HV-MAPS

precise timing: O(100 ps)

high momentum resolution: ~0.5MeV/c

triggerless readout

Aug. 11,2015 R. Gredig, NuFact15 Rio Page 19
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CLFV at Colliders

BELLE/BELLE-II

CMS
ATLAS
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CLFV tau decays BELLE: Claudia Cecchi

T 2photon process
v f=leptons,quarks

signal side > }f
%H

| Neutrinos in both sides
Missing energy in signal side

o | radiative Bhabha process
v.y tagside *\L'

+ - —
Neutrino(s) in tag side X A € e~ / €
Particle ID e ’x‘ e 3 ¥
/ e a-
47'( i many
J \ tracks
e+
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Claudia Cecchi s

Conclusions

Tau lepton is a good probe for NP searches like LFV
B factories produced a huge data sample O(10°) tau pairs

BELLE:
* 48 LFV decay modes have been investigated 100x sensitive results
w.r.t. CLEO
*+ 90% C.L. Upper Limits have been set in O(10-8)
* T >uy/ey will be updated with the full data set

BELLEII:

« machine upgrade is finished and detector upgrade is ongoing smoothly
* detector improvement will play a key role in background elimination and
reduction of systematic effects

* start of full physics 2018, reach 50 ab-! by 2023-2024
* LFV will be probed up to O(10-° - 10-19)

LHCb can investigate some modes: sensitivity comparable to B factories

Heal'l'h?/ competition with LHCb is very important to go forward

3/12/1 ecchi 20
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LFV in Higgs decays CMS: Alexander Nehrkorn

Search Strategy for H—opre and H ‘

: Select different - ' Use kinematic |
productlon mechanlsms '. | | varlables

== e A gt Vi

Lepton Categorize: Background
selection Niet=0, 1 or 2 suppression 197 10 (8 TeV)

® Data
[ | Bkgd. uncertainty
B smH
[ ]Z>w
I other
Ittt
[ | MisiD'd <, e,

LFV Higgs, (B=0.84%)

Determine

>
®
S
)
&
S
@
c
o
>
L
o
2
£
D
D
=
o
+
2
S
w

Determine [imit

<_
on B(H—uT)

200 300

M(wr)_, [GeV]

Recent Results on Lepton Flavor Violation from CMS | Alexander Nehrkorn |

NuFact15 | 11.08.2015 :
Physics
Institute 1l B
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Summary CMS: Alexander Nehrkorn

* H—pr:
- 2.40 deviation from SM observed B(H — pur) < 1.51%
- Limits on branching fraction & LFV Yukawa couplings set:

VIYir2 4 Y2 < 361073

* Heavy states:
- Model-independent analysis

* T sneutrino: m < 1.28 (2.11) TeV for A132 = 1311 = 0.01 (1132 = 0.05, A311 = 0.1)
* QBHs: m <1.99 - 3.63 TeV for Nextradim. =0 - 6
« Z'/a’: no sensitivity, yet

Z—e:.
- Obtained most stringent direct limit on branching fraction: B(Z — epu) <7.3-1077

19.7 o' (8 TeV)

5 CMS Preliminary

10
10°

10*

Events / 10 GeV
Events / 3.00 GeV

10°E

S/(S+B) Weighted Events / 20 GeV

-3
200 400 600 800 1000 1200 1400 1600
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— IIT¥I_._H=:
! '++H>:

==
| - f Tu' 15 SETT o U N T T
200 300 2o o ) ’ 100 110 120
M(Mr)nn| [GeV] E 0 N ANy /NN ann 1nnn 1200 1400 1800 mel,l, (Gev)

T

—
\

Data/Bkg.

[ — ) T

Recent Results on Lepton Flavor Violation from CMS | Alexander Nehrkorn |

NuFact15 | 11.08.2015 :
Physics
Institute lliB
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ATLAS: Craig Blocker

Events with u and hadronically decaying . \ﬂ‘
Use T kinematics and missing Et to correct for undetected v. ﬂﬁ" R

Combinéd, post fit

1O
w

ATLAS Preliminary —— Data2012,201b" .
Ut events e H{125) - tu (BR=0.77% }H
had ]

{s=8TeV J-Ldt=20.3 o

Two signal regions
SR1: m, (u, E;™¥) > 40 GeV and
m. (T,.4 E;™') < 40 GeV
SR2: m; (u, E;™*) < 30 GeV and
m. (T, .4 E;') < 60 GeV

W + jets (OS-SS)

B same Sign

Events /10 GeV

Dominant backgrounds are Z/y* — 1t (SR2)
and W + jets (SR1)

I[I|[II]|I|I[|II|I‘|III‘|IIII)(
—k

BR < 1.85% (95% CL)

Theory: BR < ~10% from
T -> uy and (g-2), .

C)IIIIII] lIII|IIl||I
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ATLAS: Craig Blocker

* ATLAS has searched for lepton flavor violation in the 8-TeV data
via
— decays of Standard-Model particles (Z, H)
— decays of possible new particles (v, Z’, ¥)

— decays of Quantum Black Holes.

No excess over the Standard Model expectations is seen.

Limits are placed on various production and decay mechanisms.

We look forward to analyzing the 13-TeV data currently being
taken.
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The
Current
State of
Muon
Flavour
Violation

Searches

90% C.L.
upper limit on

branching ratios
Yoshi.Uchida@imperial.ac.uk
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Future L
Muon .y
Flavour
Violation 107>
Searches sy
1071
101>
COMET, MU2E
1075 PRISM
90% C.L.

upper limit on

branching ratios
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Experimental
Limits on Lepton
Flavour Violation

90% C.L.
upper limits on
branching ratios

Reaction Present limit
ut — ety < 5.7x 10713
nt —etete < 1.0 x 1071°
wTi—e Ti <6.1x1071
W Au —e Au <7 x 1071

ntem — et <83 x107H
T — €7 <33x10°°
T — (1Y < 4.4 %1078
T — JLJLfL < 2.1x10°8
T — eee < 2.7 x107°
Y — pe < 3.8 x 1071
KE — L€ < 4.7 x 10712
KT —atute < 1.3 x10~H
KE — WOH,JFQ_ <7.6x10~H
7V — e < 1.7 x 107"

7Y — te < 9.8 x 107°

7Y — 11 < 1.2x 1077




Complementarity of CLFV Channels

® [he various CLFV channels complement
each other

e CLFV muons and tau decays

e different muon-to-electron conversion
nuclei

® CLFV decays of heavier particles
® mesons, vector bosons, Higgses....

® [ he relative rates can tell us the nature
of the BSM physics
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Relative |
dependences 4}
of the muon- |
to-electron |
conversion 3

branching |
ratio on the | -
target 27 A‘ /\
nucleus | | 1 ‘/ N \ "
For different ; Dipole
nuclei, I Scalar
different of Vector(v)
size of nucleus, Vector(Z)
radius of orbit, ()'_ | AI | T' | o ,PI,D '
u- and d-quark 20 4() 60 80

composition

Z of Target Nucleus




Summary

e Charged lepton flavour violation is a powerful probe
for physics beyond the Standard Model

® Numerous experiments to come online in next few
vears

® challenging experiments resulting in much innovation,
from beam lines to detectors

® significant improvements and discovery potential

® many technical connections to neutrino experiments
® pion production and capture, manipulation of intense
muon fluxes, intense proton and muon beam
diagnostics, novel detector systems, daq, software
and computing

® [he big discovery which transforms CLFV may be just
round the corner, just like with neutrinos in the 1990s....
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Forthcoming CLFV Talks This Week
® [hursday Plenary, 10am:

e “Connections between g-2, EDMs,

CLFV and LHC (Theory Overview)” Paride Paradisi
e [hursday WGs 3_Q4

e °30pm: “PRISM"” Jaroslaw Pasternak
e °53pm: “Mu2E (beam line)” Vladimir Nagaslaev
e 3.38pm: “Muon beam line for COMET" Ye Yang

e Also many closely-related topics in
immediately following this plenary session
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