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1947

Nuclear Capture of Mesons and the
Meson Decay

B. PONTECORVO

National Research Council, Chalk River Laboratory, Chalk River,
Ontario, 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 is 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 Nutlear Capture of Mesons and the

10 years after Meson Decay

discovery of B. PONTECORVO

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

June 21, 1947

having been ...Returning to the actual decay of the meson, an experi-
distinguished ment. sug%est; itlself whiclf mélgillt ?nswer the. i;)llowing
/ question : Is the electron emitted by the meson with a mean
from Yukawa's life of about 2.2 microseconds accompanied by a photon of
meson 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.

¢ Weak interaction universality from atomic € and u-capture
® discussion of whether muon decay involves “(3-decay”s:
u—e+rv (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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Q12. Search for Improbable Meson Decays.* S. LOXKANA-
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 ut—et+v, mt
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 ¥ rays by means of } in. of Pb
converter. The system is calibrated by means of electrons
from normal u decay. We place an upper limit of 21075 for the
fraction of p mesons which decay in this way. T 1 1
mEen o e o e



ELECTROMAGNETIC TRANSITIONS BETWEEN z MESON AND ELECTRON*

8. Weinberg'
Columbia University, New York, New York

G. Feinbergl
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 Tevy Fermi
interaction but instead involved a virtual charged
boson. This particular possibility seems ruled
out, since the predicted® rate for p -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
U —-e +7y is somehow suppressed.

F16. 1. Feynman diagrams for u—e¢++y through an intermediate

boson. I' labels the intermediate boson field, Fe]ﬂberg, 1958
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Lepton Flavour Conservation to O(107°)

® Severe constraint on models of the weak
interaction

e 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. Lk, Columbia University, New York, New York
AND

Considering electric
charge conservation
as amodel for (heavy)

partiCIE number If we take the conservation of heavy particles to

conservation

C. N. VANc, Tnstitute for Advanced Study, Princeton, New Jersey
(Received March 2, 1955)

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

mean invariance under the transformation
yy—ey, Yp—e yp, (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 (MlAMQ/Ri) +712 (A 1A 2‘/RQ>. (2)

Here M,, M,, A;, and As are the inertia masses and

mass numbers of the two bodies.
Phys. Rev. 98, 5 (1955)
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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

CO nservation O f C. N. Yaxc, Institute for Advanced Study, Princeton, New Jersey
electric charge is a
consequence of gauge
invariance and a If we take the conservation of heavy particles to

massless gauge boson

(Received March 2, 1955)

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

mean invariance under the transformation
yy—ey, Yp—e yp, (1)

Similar arguments for o
. Such a gauge transformation is formally completely
particle number identical with the electromagnetic gauge transforma-

conservation lead to a tion. Invariance under such a transformation therefore

necessitates the existence of a neutral vector massless

repU|S|0n between the field coupled to all heavy particles. A nucleon would
conserved par—tides have a ‘“heavy-particle charge” of +# in such a field
and an antinucleon would have a ‘“heavy-particle

i i charge” of —#. The force between two massive bodies

Gauge Ir-lV?'rlance therefore would contain a contribution from the
cannot eXpIaln heavy Coulomb-like repulsion between such ‘“heavy-particle
particle" number charges.” The total force including the gravitational

attraction is:
(baryon number, lepton Forcem —GUM M/ R+ (A 14/ R? 2
e etc) orce= —G (M Ms/R>)+n*(414/R?). (2)

conservation Here M1, M,, A;, and As are the inertia masses and
mass numbers of the two bodies.
Phys. Rev. 98, 5 (1955)
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Lepton Flavour Conservation
in the Standard Model

e In the Standard Model:

e | epton flavour is conserved absolutely

e not 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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Muonic CLFV

Before MEG (ca. 2002)
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MEG at PSI
The MEG experiment for y—ey search
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MEG at PSI

From CLFV203, Lecce

® In 2013, . e
data- Conclusions %

takin ) Related posters
g ® First p—ey search with O(10"3) sensitivity |, e -

was about o Sensitivity : 7.7x108 in polarized muon decay with MEG" by Y. Uchiyama

to come ) R&D on the drift chamber for MEG upgrade by L. Gall et al

to an end ® No excess was found Active target for MEG upgrade by A. Papa etal

® 4 times stringent new limit : @ 90% C.L.

® Data taking will be done until summer 2013
® Double the statistics

® Expected sensitivity :

® Upgrade proposal was accepted, and R&D ongoing
® More intense beam, double the efficiency and half the resolutions.

® Expected sensitivity : in 3 years starting from 2016

CLFV2013 49

: Status and Upgrades
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MEG at PSI

Cecilia Voena

® In 2013,
data-
taking
was about
to come
to an end

® Final
results
released
this year

- Non planar, non negligible target

Improvements in the analysis vs last publication

Comparison 2009-2011
vs last publication ok

deformation observed
- taken into account in the
likelihhod analysis R
- 13% worse sensitivity o
deformation measured by 3D scanner

- Photons from e+ annihilations inside

Pun51624, Event 06

DC were identified & removed

- background rejection~2%
- signal inefficiency~1%

- Revised the algorithm to recover

missing first turn of positron in the DC
- Signal efficiency improved by 4%

Some difficulties; much to learn from their experience
CLFV 2016: Charlottesville, Virginia—Conference Summary 5 Yoshi.Uchida@imperial.ac.uk



MEG at PSI

Cecilia Voena
® In 2013, Unblinding the full data set: likelihood fit
data-
taking
was about
to come
to an end

The best fitted likelihood function (projection) is shown
"Signal" is magnified for illustrative purposes

® Final e d Total
x Accidental
results ) . Radiative
released " , Stgnal

this year

NO SIGNAL
N_..= 7684 + 103
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MEG at PSI

Cecilia Voena

® In 2013, BR(u—ey) limit result
data-
taking BR (u—ey) < 4.3x 10-13at 90% C.L.

was about
to come submitted to EPJC

to an end

Final
results
released
this year timing sideband

- 20092011
- 20122013
— 20092013

| h ., .
10 T ‘
E -10 -5 [ 5 10
Upper limit Branching Ratio

1 S U

Note: Upper limit from frequentistic procedure a la
Feldman-Cousins
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Muonic CLFV

After MEG (2016)
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MEG at PSI

Cecilia Voena

® In 2013, Next: MEG upgrade: MEG-I
data- . .
- Extending the search of p—ey is complementary to New
taking Physics searches at the high energy frontier
was about Y 9 9y
to come Liquid Xenon Gamma-ray Detector
to an end
q COBRA
® Final Superconducting
results o
released optimized to
. enhance
this year v 4 sensitivity
(accidental
® MEG-II - P background
) e, prop. to 12 )
Upgrade Drift Chamber ' '
to start
taking ue
data soon Positron Timing Counter  /
Radiative Deéay Counter
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MEG at PSI

Cecilia Voena

® In 2013, MEG-II goals
data-
taking . Beam rate ~7x107 p/s

was about
to come . Final sensitivity: 4x10-14

to an end

T T T

90% C.L. MG 3011 — 50 Discovery

— 30 Discovery
\}
—90% C.L. Exclusion

Branching ratio

FI I’]a| PDF parameters Present MEG  Upgrade scenario
results

released
thlS year e vertex (mm) Z/ ¥(core) 24/12 16

y energy (%) (w <2em)/(w >2cm) 2.4/1.7 11

MEG-II ¥ position (mm) u/v/w 5/5/6 26

y-¢* timing (ps) 122 84
Upgrade Efficiency (%)
to start e

Y

taking
data soon

* energy (keV) 306 (core) 130

¢
" 8 (mrad) 9.4 53
¢

* ¢ (mrad) 8.7 3.7
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MEG at PSI

Cecilia Voena

® In 2013,
data-
taking
was about
to come
to an end

® Final
results
released
this year

® MEG-II
Upgrade
to start
taking
data soon

MEG-II schedule

Successfull pre-engineering run in late 2015

Engineering run foreseen at end of 2016 with several parts
of the MEG-II detector

Expect full detector ready and run in 2017

2013 2014 2015 2016 2017 2018 2019

i ogton B [ [ e

Note: this schedule assume exclusive use of PiE5 beam line by MEG-II
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Suppression of Muon CLFV Originating from
Massive Neutrinos

SUPPFeS?‘?” Of In the standard model with tiny neutrino masses
CLFV originating ~

y
from m, # 0O:
® from small
neutrino
masses?

my, My,

nd

. m;, 5

BR(p — ey) ~ —£& < 1077
IT!“v

Charged lepton flavor violation, u—er, is induced,
but very tiny

Kazuhiro Tobe
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Suppression of Muon CLFV Originating from
Massive Neutrinos

Suppression of
CLFV originating
from m, # 0O:

Flavor changing effects in SM

Couplings of Brout—Englert—Higgs boson h to fermions:

® from small =Y (™),
neutrino fmeur e
maSseS? Flavor violation in SM only for quarks via CKM matrix (charged
currents), lepton flavor is conserved.
® or GIM Even non-zero neutrino masses typically only induce tiny LFV. E.g. light
mechanism? Dirac neutrinos:

LFV = new physics!

Julian Heeck (ULB) Flavor violation in multi-Higgs-doublet models 4/38
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Suppression of Muon CLFV Originating from
Massive Neutrinos

Suppression of

. . ?
CLFV originating WHY SO SENSITIVE?
from my ;é 0: ¢ the flavor structure in the SM is special
® from small ® gauge invariance = lepton universality in couplings to Z, y
) ® GIM cancellation leads to very suppressed FCNCs in the vSM
neutrino
5 * LFV established in neutrino oscillations = ¢LFV generated at
Masses: least at loop level
® or GIM o due to GIM mechanism vanishingly small

mechanism?

CLFV, June 20 2016
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Suppression of Muon CLFV Originating from
Massive Neutrinos

Suppression of
CLFV originating TAKE HOME MESSAGE #1
from m, # 0O:

e there is complementarity between cLFV

® from small and high pr searches for New Physics
A e they measure orthogonal properties
masses? sk avo Gelon Shadmi. 110
® or GIM

mechanism?
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Suppression of Muon CLFV
¢ Beyond-the-Standard Model Physics can cause CLFV

e ¢.g. introduction of non-zero neutrino mass

®-QV
’\\ ¢

e
%
e but this is GIM-suppressed:

Sil’]2 2913

Br(u — ~ 107
r(u — ey) ~ 107" x TN
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Suppression of Muon CLFV
¢ Beyond-the-Standard Model Physics can cause CLFV

e ¢.g. introduction of non-zero neutrino mass

®-QV
’\\ ¢

WL

e but this is GIM-suppressed:

m
Br(u — ~ 107 [~ =2
r(u — ey) ( 30%)

CLFV 2016: Charlottesville, Virginia—Conference Summary 9 Yoshi.Uchida@imperial.ac.uk



® Muon Experiments
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September)
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Muon-to-Electron Conversion

e Search for the process
— e +N(AZ)

mono-energetic electron
(Ee <105 MeV )

e Time available after formation of muonic atom:
up to about 1 microsecond (Z-dependent)

[ ] Ee =
— Ebind — Erecoil

signal region

e observed signal is
smeared because of
detector effects

| |
L !

105

104
Yoshi.Uchida@imperial.ac.uk Electron Energy [MeV]
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*
19 5 5 Electrons from Muon Capture

J. STEINBERGER AND HARrRY B. WoLFE
Columbia University, New York, New York

(Received August 31, 1955)

We have searched for the process u=+p—p+¢~ or u=+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 ~5X107* for the relative rate of this process to that
for the usual nuclear capture reaction.

CARBON ABSORBER
TO DEGRADE BEAM ENERGY % BEAM DEFINING

GOUNTERS T T T T T T

LEAD AND IRON SHIELD

SPECTRUM MODIFIED
Loz = BY ENERGY LOSS IN

% Z 7] Feu Tarcer
o i
A 4 Q l 1 1 L 1 1L L 1
. - -POLYETHYLENE ABSORBER e Y
DETECTOR COUNTERS TARGET

105 MEV
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Muonic CLFV

Today

90% C.L.
upper limit on
branching ratios
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Z-Dependence of Bound Muon Lifetime

Z-dependence
of the bound
muon lifetime

® Competing
effects on
bound
muon
lifetime

CLFV 2016: Charlottesville, Virginia—Conference Summary

Muon Lifetime

(o]
Olncreases with Z
©Bound muon
momentum increases
= Time dilation
o
Olncoherent = Grows
linearly with Z
OEventually muon
completely contained
in nucleus = levels

out

The COMET Experiment, 2 June 2016

3
]
E
K
o

Lifetime of Muonic Atom for Different Materials

Approx. COMET
Beam Flash Duration

40 50
Atomic Number, Z

Based on parametrisation in Geant4 v10.2 g

<
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Z-Dependence of Bound Muon Lifetime

Z-dependence
of the bound
muon lifetime

® Competing
effects on
bound
muon
lifetime

® Becomes
very short
above, say,
Titanium or
Iron
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Muon Lifetime

(o]
O|ncreases with Z
©Bound muon
momentum increases
= Time dilation

Olncoherent = Grows
linearly with Z

OEventually muon
completely contained
in nucleus = levels
out

The COMET Experiment, 2 June 2016

3
]
E
K
o

Lifetime of Muonic Atom for Different Materials

Approx. COMET
Beam Flash Duration

40 50
Atomic Number, Z

Based on parametrisation in Geant4 v10.2 g

<

14 Ben Krikler: bek07@imperial.ac.uk ﬂi]
18 Yoshi.Uchida@imperial.ac.uk



Z-Dependence of Muon-to-Electron
Conversion

Z-Dependence
of Muon-to-
Electron
Conversion

® differs
according
to type of
New
Physics
interac-
tion

CLFV 2016: Charlottesville, Virginia—Conference Summary

Relative
dependences
of the muon-
to-electron
conversion
branching
ratio on the
target
nucleus

For different
nuclei,
different

size of nucleus,
radius of orbit,
u- and d-quark

composition

Al

—— Dipole
—— Scalar
—— Vector(®

Ti Vector(2) Pb

20 40
Z of Target

60 80
Nucleus

hys. Rev. D 80, 013002 (2009)
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for
data- CLFY CLFV2016
taking B d Charlottesville
next year \

Sédrch for Muon to Electron Conversion
at J-PARC MLF

The Current Status of DeeMe Experiment

Yohei Nakatsugawa
KEK IMSS

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for "
e DeeMe Collaboration
taking
next year M.Aoki ), D.Bryman @), Y.Furuya ), M.Ike;

shi ¥, S.Makimur:

H.Nishiguchi ), T.Numao ®
Y.Seiya ¥, K.Shimomura &1, P.Str: , N.Teshima &), N.D.Thong @,
b, K.Yamamoto ), K.Yamamoto ), M.Yoshii ¢, K. Yoshimura ¢

(1) Osaka University
(2) UBC
(3) Osaka City University
(4) KEK Accelerator
(5) KEK IMSS
(6) JAEA
(7) KEK IPNS
(8) TRIUMF
(9) Okayama University
(10) PSIL
(11) J-PARC Center

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for .. .
BT Principle of Experiment
taking Concept of DeeMe
next year » 71~ Production

vinflight m—— u-
3 Muonic Atom Formation

Proton @ u-e Conversion

Production
Target

Secondary Beamline

)
= - stopping target - NO 7~ decay volume
NO additional stopping target
utilize muonic atoms
formed in the production target 4= conventional p—e search

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for S .
BT Principle of Experiment
taking Concept of DeeMe
next year

» 71~ Production
vinflight m—— u~
3 Muonic Atom Formation

Proton @ u-e Conversion

Production

Target [Signal _|

Secondary Beamline

- Fully utilizing existing facility (high quality beam from RCS, muon target, etc)

... Early realization of the experiment

new physics result in timely manner

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for :
e H Line
taking Frontend devices in H Line were placed.
next year T |

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for :
JET H Line
taking
next year i i 7 * Beamline shield is designed

based on Full M.C. simulation of dose
g PHITS by N. Kawamura(KEK IMSS).

* Construction of beamline shield
will start soon.

current status of the Exp. Hall

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for

JET Detector
taking 4 ‘ - MWPC
next year i \ = 300 mm X 300 mm = wire pitch = 0.7 mm

= cathode strip

x: 3mm width w=)  Flash ADC readout
y: 15mm width

3 mm cathode strips
HYV Switching
: [ = ~10us
3 mm ¢ mm \ I

= anode = ~1500 V Delayed electron signal
7N\

3mm
| Ar + C,H, -switch the voltage
for potential wire

~1500V | ¢—) () V
*usual - after prompt burst Tme

T protection ~delayed signal
ng the burst, detection
no space charge creation

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for . s g
AT Silicon Carbide Muon Production Target
taking

SiC target ~ 6 times higher physics sensitivity than current carbide target

next year ?
Graphite (C) 0.08
Silicon Carbide (SiC) 0.46

Rotating SiC target compared with graphite ...
10 times strength ‘ ﬁ 80 times thermal stress

8 times larger risk under beam irr:

= SiC target is under development.
> increase disk partition z
current design
= - lower thermal stress
l | and thermal difference.
prototype of [ Y i ) |
SiC rotating target | § ~/ ! " > additional SiC
> ~ -> stop more T, pt

beam

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for
BT Summary & Prospects
taking
next year DeeMe . p — e conversion search at J-PARC MLF

+ Sensitivity : 1.2 ¥ 10-3 for C target, 2.1 X 10" for SiC target
A new beamline (H Line) is under construction,

The spectrometer magnet is ready.

* test operation, field magnet, Opera-3d

HV-Switchin MWPC was developed.

= AIlMWPC’s will be ready soon.
After-Proton measured

SiC muon production target under development

DeeMe will start data taking soon after H Line completed (Japan FY 2016).

YYohei Nakatsugawa
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DeeMe at J-PARC

Muon-to-Electron Conversion Experiment

® Aiming for
BT Summary & Prospects
taking
next year DeeMe . p — e conversion search at J-PARC MLF
® The “Dark - Sensitivity : 1.2 X 103 for C target, 2.1 X 104 for SiC target
e ar
H (0] rse" A new beamline (H Line) is under construction.
experi-
ment! The spectrometer magnet is ready.

* test operation, field magnet, Opera-3d

HV-Switchin MWPC was developed.

= AIlMWPC’s will be ready soon.
After-Proton measured

SiC muon production target under development

DeeMe will start data taking soon after H Line completed (Japan FY 2016).

YYohei Nakatsugawa
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MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

® Collaborations COMET Collaboration

The COMET Callaboration

® much larger than previous
generation

International collaboration
composed of 175+

researchers of 33 institutes [§
from 15 countries

Mu2e collaboration

COMET: Yuki Fujii

Mu2E: Andrei Gaponenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

® COMET: Dedicated beam time
needed

® 56 kW proton beam

® Mu2E: Can run alongside other
experiments (neutrino etc.)

® 38 kW beam

A single beam buncl

the delivery ring at a COMET: Yuki Fujii

time

Revolution period is
1695 ns

Resonant extractions

i “peels” a fraction of
pellvE g bunch each turn

e 0a
, )A/ Extracted beam:
A SR ~ 2 x 5
o) e~2x 10

1 ! Muon Campus

Materials and Life Science
Experimental Facility

Nuc
Transmutation
(Phase 2)

3 GeV Rapid Cycle

Synch. (25 Hz, 1MW) MR Synchrotron

(0.75 MW)*

l J-PARC = Japan Proton Accelerator Research Complex

hin Joint Project between KEK and JAEA *design value 8

the

Mu2E: Andrei Gaponenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

Share fundamental principles
(descended from MELC proposal
ca. 1990)

tron Spectrometer

verview of Mu2
Overview o uze setup - Alming O(10-7) sensitivity
- 10,000 times better than the current limit
+ C-shaped |r transport solenoid
Production - For suppress beam BG
- Additional C-shaped e- spectrometer

Solenoid (PS) B - Suppress DIO+beam BG
Detector Solenoid (DS) =2
” jii @ CLFV2016

COMET: Yuki Fujii

® COMET: Two “C-shaped”
solenoids

® Mu2E: One “S-shaped” solenoid

gio
Transport Solenoid (TS) Uniform Field 1T

Graded B for most of length
Not shown: Cosmic Ray Veto, ExtMon, Stopping Target Monitor

Mu2E: Andrei Gapanenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

® Mu2E: Pure curved solenoids

® COM ET CLl rVed SOlen0|dS Wlth I Muon transported in a curved solenoid w/ a dipole field L i
Superimposed Vertical B_ﬁeld 2 ’I::Cdsjnc;aﬁlg’:s which can produce high momentum
- Momentum and charge selection
I Muons stopped inside the series of thln alummum disks
- Stopping rate fur p/m are ~5x10 /'3x10 /POT

ing distribution
n the target plane

Charge selection

noid
Collimators | coil to generate dipole field

‘ Keep the vertical position

of low momentum muons |

Detector solenoid COMET: Yuki Fuijii

Bent solenoid:
charge separation out
of plane [Jackson]

Production solenoid

Mu2E: Andrei Gapanenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

® Mu2E: Pure curved solenoids

® COMET: Curved solenoids with
superimposed vertical B-field

® allows momentum of
central trajectory to be
tuned st
- Adjustable dipole field allow us to:

+ Optimize the acceptance for 105MeV/c electrons

- Reduce the hit rate from lower momentum
electrons if it's high
Y. Fujii @ CLFV2016

Charge selection

Detector solenoid COMET: Yuki Fuijii

Bent solenoid:
charge separation out
of plane [Jackson]

Production solenoid

Mu2E: Andrei Gapanenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

ovet R&D and Construction Status

one

* 6,~150um obtained —+ o ~180keV/c

- Operation in vacuum performed in success

: All Phase-l straw tubes have been built already

lal Less than 200um |58
= o everywhere

More MuZ2e prototypes. . .

Transport solenoid

COMET: Yuki

Fujii

3x3 Csl crystals matrix

Mu2E: Andrei Gapanenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

COMET Hall

April 201

+ COMET hall
- Construction completed in
last year
+ High-p/COMET beam line
- Construction and
Engineering design ongoing
13
COMET: Yuki Fuiji

Civil construction

Mu2E: Andrei Gapanenko



MuZ2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

® Unique to COMET: two-phase
construction

® In Phase-I

® study “first half” of novel
curved solenoid beam line

® also perform CLFV physics

with “CyDet"

Detector Construction I

AT | ‘ - Construct the first C > muon transport solenoid
T ( dJunel® | : It + Perform th with a sensitivity of 10" using CyDet

10
COMET: Yuki Fuji

1 PR e ‘ ® Phase-I facility/detector
Dec. 2015 ~ /solenoid/electronics/software
- CDC construction completed e ; construction advanced

this month

® “StrECAL” observes beam
directly, and acts as Phase-I1
detector prototype

+ All wires are fine
+ Inner wall installed
« Leak check has just begun
« Cosmic-ray test will be done soon




Mu2E at Fermilab and COMET at J-PARC

Muon-to-Electron Conversion Experiments

Similar ultimate sensitivities
Summary

® COMET Phase-II: Aim to reach g 6
& COMET searches for p-e conversion with S.E.S of 3x10 ~ (2.6x10 ) in

full sensitivity before Mu2E Phase-l (Phase-ll) @J-PARC
€ Phase-Il S.E.S. with 1 year DAQ is comparable to that of Mu2e
€ Alot of studies are intensively ongoing
* Recent Highlights
> Completion of CDC construction
* StrawECAL combined test
Daisy chain for EROS/ROESTI
> Beam test for Diamond detector
Large scale MC production
Conclusion > Revisited Phase-|| study with updated magnetic fields / geometry /
software
€ Data taking will start in 2018/2019 for Phase-|
€ Phase-ll can be a few years after Phase-| depending on the budget
€ Almost all R&Ds for Phase-Il will be completed in Phase-|

Mu2e will test the physics of flavor and generations.
Excellent physics potential
> Aim for 4 orders of magnitude improvement:
Rue =~ 2.5 x 10~ single event sensitivity Y. Fujii @ CLFV2016
at =~ 0.5 events background OMET: Yuki Fujii

» Mass scale reach far beyond direct production at colliders b a
» x 10 improvement over current uN — eN measurement o M UZE Alm to reaCh fU”

Building construction is almost finished sensitivity before COMET
Detectors are in advanced prototyping stage Phase-11
Solenoids are on schedule for data taking in 2021

Mu2e had a successful CD-3 review last week. CD-3 gives
the Project authority to construct the entire detector. The
Project is fully funded.

More information: ht tp://muZe.fnal.gov




Muonic CLFV

Today @ 1 %eJrfY
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Decay of Muons Bound to Nuclei

Important
background to
muon-to-
electron
conversion

Decay of a bound muon

Robert Szafron
UNIVERSITY OF

& AT BERTA

CLFV2016
June 20-22, 2016
Charlottesville

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to
muon-to- QED pQCD
electron corrections to methods
. Heavy quarks free muon
conversion physics Region

expansion

o Endpoint
Shape function expansion

Schwinger
background field
method Bound muon fragggi;;tioﬂ

spectrum function

Ultrasoft Leading

corrections X logarithms 4
-- g SCET &
Numerical QCD factorization

NRQED Dirac Equation theorems
PNRQED solution

Robert Szafron

CLFV 2016: Charlottesville, Virginia—Conference Summary 18 Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to

cicc ) DIO spectrum regions

conversion

eBackground for the
conversion experiments

*Will be measured in
conversion experiments

sMeasured by the TWIST
experiment in 2009
eMuon motion dominates

18

Robert Szafron

CLFV 2016: Charlottesville, Virginia—Conference Summary 18 Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to . .
muor-to- Vacuum polarization

conversion Za o
" - +ZO’17VVU(T:7-’7C¢)
r s

Electron loop generates
long distance potential oo 1

. >
and this leads to large Me muZa
logarithmic corrections Correction  iom size

range

Zamy, e,y

Me

In

m
In —*

e

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to
muon-to-

electron Soft-Collinear Factorization

conversion
@ =@Q)——_ © el

~N, Y

dl'ey dl'vo _
= & Dt
dE,  dE, °7*

with the perturbative fragmentation function

7772
De(z) = 86(1 — z) + 2% In (m;) PO @)+ ...

31

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to :
o A Correction to the DIO spectrum
electron
conversion

® VP
vacuum
polarisa-
tion
correction
LL: leading
logarith-
mic
correction

=
2
3t
&
z
3
O

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important ) .
e %' Endpoint region

electron v Polarizati ] e, 1
o T acuum Polarization correction

is very important!
® VP:

vacuum =]
polarisa- —

tion s S

correction

LL: leading
logarith-
mic
correction

Correction

2 1
E, [MeV]

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Decay of Muons Bound to Nuclei

Important
background to

muon-to- Summary

electron If you want to discover New Physics, first
COMYErSIolT you have to understand the Standard Model

® Can we

help,

experi- DIO spectrum —

mentally? a quantity that is
changing by more
than 16 orders is
calculated O
including the
leading
corrections

1074

)8,

uoiBbal umounun

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Cautionary Tales

LFV Experiments Limit Goal; “Comments”
Reached (Result/Goal)

Badertscher et al. 1982 p->e | 7x10°-

TRIUMF TPC 4.6x10°12 Data collection took 5x
Ahmad et al. 1987 @) as long as originally

guessed

(1 month!)
SINDRUM II 7x10°18 107147 (1987) >, Flux lower by 10; pion
Bertl et al. 2006 Au 3x10-14(1998) suppression device

“anni P didn’t work;
p->e ‘engineering ST
T (=60) unanticipated high

electron bkg.; shorter
running.

MEGA 1.2x10™ 0.9->4x1013 Death by a thousand
Ahmed et al. 2002 “engineering” blows to acceptance

p->ey (133-35)

u->e

D. Bryman CLFYV, Lecce, ltaly

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Case Study I: MEGA at LAMPF

TABLE VIIL The contributions to the background sensitivity «

TABLE VIL The contributions to the signal sensitivity of the  the MEGA experiment at the design stage and after a comple
MEGA experiment at the design stage and after a complete analysis  analysis of the data

of the data.

Degradation

Degradation  Quantity Designed  Achieved factor

Quantity Designed Achieved factor

R, (MHz) 30.0 15.0 0.5

N,, (90% C.L)
Q4w

€
€,
N;

0.42
0.95
0.051

3.6x 101

=51

0.53
0.024
1.2x 10"

Total factor

t,, (ns) 0.8 1.6 20

E, (MeV)
E, (MeV)
By (deg)
6, (deg)
Bv

1.5
1.6
3.6

Phys.Rev. D65 (2002) 112002

D.Bryman CLFV, Lecce, Italy

Total factor

CLFV 2016: Charlottesville, Virginia—Conference Summary

Yoshi.Uchida@imperial.ac



Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Case study Il: SINDRUM Il PSI

SINDRUM Il
. SNBAUM I — Proposed 108 stops; (muE1) beam was
‘ only 107

Designed “PMC” to kill pions; simulated;
swamped unexpectedly by electrons;
solenoid took years longer to obtain.
Eventually went to very low momentum
(50 MeV/c) killing pions by range; pion
background persisted.
Final result obtained in a couple of
months; group had dispersed....” could
have done better”....

D. Bryman CLFYV, Lecce, ltaly
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Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Remarks: How to lose a factor 10 (100...)
in a LFV experiment?

Tension between needing high rates and high sensitivities.

Optimistic resolutions — excessive rates or beam
contamination?

Optimistic acceptances — extra losses due to cuts?

Missing background sources e.g. due to high energy
production or multiple low probability events ...

Cosmic rays and other effects?
Fill in your own....

D. Bryman CLFYV, Lecce, ltaly
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Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Useful Advanced Measurements for y-e Conversion Experiments
*Extinction rate

eParticle fluxes (e,u,7,K,p...)at detector (Comet phase I)

*p and n rates from g Capture (in the works at PSI)

*Cosmic rays — could be done in a test setup?

*Radiative pion capture —> 100MeVelectrons ?

* Pbar background rate —> 100MeVelectrons ?

General questions for high sensitivity g#-e Conversion Experiments

eWhat are the uncertainties and risk factors in the background, acceptance estimates ?
eHow are the backgrounds to be measured during the experiment ?

eHow is a blind analysis to be done ?

eWhat would make a believable signal ?

D. Bryman CLFYV, Lecce, ltaly
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Mu2E Posters

No. | Name Topic
1 | Boi, Steven Impact from Beam Induced Radiation Back-
grounds on the Cosmic Ray Veto Detector at
the Mu2e Experiment
5 | Ehrlich, Ralf Cosmic Ray Background in the Mu2e Cosmic
Ray Veto
7 | Frank, Martin Mu2e Cosmic Ray Veto Test Beam Results
9 | Jenkins, Merrill The Mu2e Cosmic Ray Veto
12 | Oksuzian, Yuri Wavelength-Shifting Fiber Performance for
the Mu2e Cosmic Ray Veto
18 | Uzunyan, Sergey Radiation Damage Tests of Silicon Photo-
Multipliers (SiPMs) for the Cosmic Ray Veto
System of the Mu2e Experiment
2 | Bono, Jason The Mu2e Tracker
4 | Edmonds, Andrew An 8-Straw Prototype Tracker for Mu2e
10 | Kargiantoulakis, Front-End Electronics for the Mu2e Tracker
Manolis
13 | Palladino, Normalization System for the Mu2e Experi-
Anthony ment; The Stopping-Target Monitor
15 | Sarra, Ivano New Tests with the New Large Area SiPMs for
the Muc2e Calorimeter
CLFV 2016: Charlottesville, Virginia—Conference Summary 20 Yoshi.Uchida@imperial.ac.uk



Other Posters

11

14

16
v
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Name
Chiarello, Gianluigi

Fael, Matteo

Glaser, Charles

Le, Trinh
Quirk, John

Shrestha, Shruti
Teshima, Natsuko

Topic

The Full Stereo Drift Chamber for the MEG 11
Upgrade

NLO Corrections to u — eviry and u — eeevv
Decays in the SM

PEN: A Precision Analysis inthe 1 — e + v
Branching Ratio

CLFV from the Perspective of a Neutrino
Mass Model

Results and Outlook of the Aluminum Capture
Experiment

Electronics for the Cosmic Ray Veto
Development of High-rate Tolerant HV-
Switching Multi-Wire Proportional Chamber
and its Readout Electronics for DeeMe
Experiment



Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Useful Advanced Measurements for y-e Conversion Experiments
*Extinction rate

eParticle fluxes (e,u,7,K,p...)at detector (Comet phase I)

*p and n rates from g Capture (in the works at PSI)

*Cosmic rays — could be done in a test setup?

*Radiative pion capture —> 100MeVelectrons ?

* Pbar background rate —> 100MeVelectrons ?

General questions for high sensitivity g#-e Conversion Experiments

eWhat are the uncertainties and risk factors in the background, acceptance estimates ?
eHow are the backgrounds to be measured during the experiment ?

eHow is a blind analysis to be done ?

eWhat would make a believable signal ?

D. Bryman CLFYV, Lecce, ltaly
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Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Useful Advanced Measurements for y-e Conversion Experiments
*Extinction rate

eParticle fluxes (e,u,7,K,p...)at detector (Comet phase I)

*p and n rates from g Capture (in the works at PSI)

*Cosmic rays — could be done in a test setup?

*Radiative pion capture —> 100MeVelectrons ?

* Pbar background rate —> 100MeVelectrons ?

General questions for high sensitivity g#-e Conversion Experiments

eWhat are the uncertainties and risk factors in the background, acceptance estimates ?
eHow are the backgrounds to be measured during the experiment ?

eHow is a blind analysis to be done ?

eWhat would make a believable signal ?

More on this later...

D. Bryman CLFYV, Lecce, ltaly
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics
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Charged
Lepton
Flavour
Violation
in Muons

® Previous p — 3e
results were in
1998
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upper limit on
branching ratios
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Mu3E at PSI

The Mu3e Experiment

Dorothea vom Bruch
for the Mu3e Collaboration

2" International Conference on Charged Lepton Flavor Violation
Charlottesville, VA

Emmy
Noether-

JG|U Programm N
DFG 5

Dorothea vom Bruch

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Mu3E at PSI

! ) v
Institutions

UNIVERSITE
DE GENEVE

. . UNIVERSITAT
University of Geneva ] 3| | HEIDELBERG

ZUKUNFT
SEIT 1386

Heidelberg University

Karlsruhe Institute of Technology A\‘(IT

Karlsruher Institut fiir Technologie JG | U

Mainz University
PAUL SCHERRER INSTITUT ~ sorannes GUTENBERG

Paul Scherrer Institut [;B] UNIVERSITAT Manz

ETH Zurich

University of Zurich i ita mzari(,‘h

June 21st, 2016 D. vom Bruch, Mu3e

Dorothea vom Bruch
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Mu3E at PSI

Detector Concept

N

- = S
X s
| e
-

7“‘ -
| =

June 21st, 2016 D. vom Bruch, Mu3e

CLFV 2016: Charlottesville, Virginia—Conference Summary
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Mu3E at PSI

® Continued

R&D of 50 i

micron- Mupix Protoype
thick

digital- * Mupix7: latest prototype
readout Thinned to 50 pm

silicon pixel 32 x 40 pixel matrix
Sensors

Pixel size: 103 pm x 80 pm

3.2 x 3.2 mm?

* Readout electronics on chip

* Fast LVDS link: 1.25 Gbit/s

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued

R&D of 50
micron-
thick
digital-
readout
silicon pixel
sensors

Mupix7/: Efficiency

Mupix7, 730 mV threshold, HV = -40 V

4

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued
R&D of 50
micron-
thick
digital-
readout
silicon pixel
sensors * First large chip

- Study long rows and columns
+ Digital and analog part as in Mupix7
* All pads on one side - integration into modules

* To be submitted this summer

June 21st, 2016 D. vom Bruch, Mu3e

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.a



Mu3E at PSI

® Continued

R&D of 50 - . : 5

micron- SC|nt|l.|.at|ng Fibers

thl(_:k * 2 or 3 layers of scintillating fibers

digital-

readout * Two types of prototypes, 250 pm diameter:

silicon pixel - Round

Sensors — Square

= Read out by Silicon Photomultipliers (SiPMs
® Fast y 'S pl SiPMs)

scintillating TG

fibres Thickness < 0.1 % radiation length per layer

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued
R&D of 50
micron-
thick
digital-
readout
silicon pixel
sensors

® Fast
scintillating
fibres

® Further

advanced
R&D

Mupix:

June 21st, 2016

Mechanics

50 pm silicon

~ 50 pm flexprint: Kapton, aluminum,
copper

25 pm Kapton foil

- (0.1 %) radiation length

D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued

R&D of 50
micron-
thick
digital-
readout
silicon pixel
sensors Flow container

Cooling with Gaseous Helium

Heatable module prototypes

Temperature sensors

(] Fast Local and global helium flow
scintillating
fibres

® Further
advanced
R&D

[ 5 10 15 2 25
Postion [em]

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued
R&D of 50 . .
A Vibration Measurement
thick
digital-

" Max. observed amplitudh
Measurement of flow-induced vibrations = DAVZ:ZSE ::El:tm:
readout with Michelson interferometer
silicon pixel

sensors

Amplitude [pm]

Fast

scintillating Laser ]

fibres B L e B z:f:,
splitter Photo diode 18 20 24 26

Further Local He flow velocity [m/s]

% Oscilloscope

advanced

R&D error 1
Mirror 2
(vibrating)

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued
R&D of 50
e Readout Scheme
thick
digital-
readout
silicon pixel
sensors

2928 Pixel Sensors ~ 3072 Fibre Readout Channels

(1eubew apisur)
Ppus-u0I4

Fast
scintillating
fibres

16 Gbit/s
link each

Further g

Switching

advanced Board
R&D e FPGA: Field-Programmable Gate Array

each
Data Miass
Collection Storage
Server

June 21st, 2016 D. vom Bruch, Mu3e

Gbit Ethernet GPU: Graphics Processing Unit

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Mu3E at PSI

® Continued

R&D of 50 : .
micron- Online Filter Farm
thick
digital-
readout Triggerless readout -
silicon pixel 50 Gbit/s data rate @ 10° muons/s
SENsors Online data reduction
® Fast DAQ PCs with GPUs and FPGAs
intillatin
il(l:) SRR Online track and vertex reconstruction i
res o TR
102 track fits/s achieved ),;”“-”MWL
® Further _
advanced Data reduction by factor ~1000
R&D - Store < 100 MB/s

June 21st, 2016 D. vom Bruch, Mu3e
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Mu3E at PSI

® Continued

R&D of 50
micron-
thick
digital-
readout
silicon pixel
Sensors Minimum material budget

Summary

Search for u* - e*e‘e*with a sensitivity in branching ratio of 10-1¢

High rates up to 10° muons/s

@® Fast Pixel, fiber and tile prototypes meet the requirements

scintillating Magnet will be delivered in 2017
fibres

® Further

advanced
R&D

® Turning on
in near
future

Commissioning in 2017

June 21st, 2016 D. vom Bruch, Mu3e
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



Physics Reach of Experiments

Graphical
representations of
physics reach of
experiments (even if
somewhat
over-simplified) can
be useful...
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Physics Reach of Experiments

G ra ph |Ca| Soudan Frejus Super-K Hyper-K
) o . .
representations of S il S
physics reach of p fipped SUG)
SUSY SO(10)

experiments (even if non-SUSY 0(10) Gezso - 5001
somewhat ) et KO o —— A

A . ) (] ——
over-simplified) can ) DUNE (40 k)

be useful... g * *

Hyper-K
non-minimal SUSY SU(5)

p KT
® Proton decay SUSY S0(10)

10%
/B (years)

DUNE CDR
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Physics Reach of Experiments

Graphical
representations of
physics reach of
experiments (even if
somewhat
over-simplified) can
be useful...

® Proton decay

® EDMs

l}
)
°
2
=
w
=
S
=
=
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>
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-
=
=
3]
)
=
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S
)
&0
=
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 S——neutron

¥ ‘\\

N
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S
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Physics Reach of Experiments

I

® Proton decay
® EDMs

7

Graphical 1020 |\ Electro- -
representations of magnetic 2
physics reach of 1022 § ;
experiments (even if =
somewhat E
over-simplified) can =
be useful... 2
=
=]
-]
iL‘
g
&

 S——neutron

¥ ‘\\

N
) Standard Model
S
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Physics Reach of Experiments

ACL?EO
1997 /@

Graphical
representations of
physics reach of
experiments (even if
somewhat
over-simplified) can

M~
< !
>

Achievable BR

~
S,
4

B factories
(Belle, BaBar)
o 2006 e ToUY

u T—uUn
Al | & ToUU

be useful..

® Proton decay :
® EDMs SUSY+SO(10)
® CLFV

SUSY~+Higgs

mSUGRA+seesaw |

SM+seesaw Super B factory

107
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Luminosity (ab™)
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Physics Reach of Experiments

Graphical

representations of
physics reach of
experiments (even if
somewhat
over-simplified) can
be useful...

® Proton decay
® EDMs
® CLFV

1t — e conversion in the nuclear field

... sensitive to both photonic
and non-photonic processes

CLFV 2016: Charlottesville, Virginia—Conference Summary a7/

Sensitivity to Reaction Mechanism

photonic non-photonic

Yohei Nakatsugawa

Yoshi.Uchida@imperial.ac.uk



Physics Reach of Experiments

Graphical
representations of
physics reach of
experiments (even if
somewhat
over-simplified) can
be useful...

® Proton decay

® EDMs
® CLEV Mu2e should

also observe

CLFV. Ratio

discriminates
models.

Andrei Gaponenko

Mu2e may
still observe
CLFV.

It has
sensitivity to
models that
MEG does
not.

CLFV 2016: Charlottesville, Virginia—Conference Summary

2/

MuZ2e in different scenarios

Does
LHC observe
BSM?

MuZ2e signal Mu2e may
rate tells us still observe
about the CLFV. It has
flavor sensitivity to
structure of scales that
the new LHC does
sector. not.

CLFV 2016

Yoshi.Uchida@imperial.ac.uk



Physics Reach of Experiments

Graphical
representations of SENSITIVITY
physics reach of
experiments (even if ® cLFV very high reach in NP scale
somewhat ® depends on the chiral / Lorentz structure of NP operators
e mpllﬁed) - ® several low eng. measrm.nts = nontrivial info. about NP
ver—
W Current W Future
be useful... —
Neutrinos (LNV)
® Proton decay LPV (maons)
Quark FENC
® EDMs o
&
cc @
® CLFV «n

ccEn
NC (Moller)
NC (eq)

J. Zups Ciriglian
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Physics Reach of Experiments

Graphical
reprgsentatlons of SENSITIVITY
physics reach of
experi ments (even if ® cLFV very high reach in NP scale
somewhat ® depends on the chiral / Lorentz structure of NP operators
e mpll = d) - ® several low eng. measrm.nts = nontrivial info. about NP
ver—
W Current W Future
Neutrinos (LNV)
® Proton decay LFV (moons) |
Quark Fene |
eoms [ENERSEReE e
® EDMs (s s |
® CLFV &t —
® Perhaps an 5 ]
area which SR
can b S I £ QYR
imprOVed J: Zupi Cirigliano, Ramsey-Musol{ 1304.0017
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



NA48/2 and NAG2

@® Kaon decays
very sensitive
to deviations
from SM

NAG2

Searching for new physics at
Kaon experiments at CERN

Chris Parkinson be
CLFV 2016
21t June 2016

Chris Parkinson
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NA48/2 and NAG2

® Kaon decays
very sensitive
to deviations
from SM

The NA48/2 and NAG62 detector

Muon detector
Charged hodoscope with iron filter

Momentum select

Vacuum Decay Volume ||
100m long
Target

Spectrometer immersed
in Helium gas
with dipole magnet

Hadron calorimeter

Chris Parkinson
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NA48/2 and NAG2

® Kaon decays
very sensitive
to deviations
from SM

@® Beam config-
urations
differ Momentum select
between
NA48 and
NABG2 Rk

The NA48/2 and NAG62 detector

Muon detector
Charged hodoscope with iron filter

Vacuum Decay Volume ||
100m long
Target

Spectrometer immersed
in Helium gas
with dipole magnet

Hadron calorimeter

Chris Parkinson
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NA48/2 and NAG2

® Kaon decays The NAG2 detector

very sensitive
to deviations

from SM

New muon

Y T NA62 CHOD detector with
Beam config
TERRS iron filter
differ Momentum select \
between
NA48 and
|

NABG2 Rk

Vacuum Decay
Volume

65m long
Target

CEDAR/KTAG: Measure Kaon time

GTK: Measure Kaon momentum .
EM calorimeter

12x photon vetoes New spectrometer,
now in vacuum,
with

5 New hadron calorimeter
stronger py kick

Chris Parkinson
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NA48/2 and NAG2

- VEEnCEEIE Search for lepton number violation

very sensitive
to deviations
from SM « The NA48/2 data contains ~3.5k K*—m*p*p candid

. —Trutp candidates [PLB697 (2011) 107]
Beam config- « The same data can be used to search for the K*—pu*u*rc (LNV) decay
urations
differ .
between 3 : [ —
NA48 and ) [Cue Ko
NAB2Rk oK rrey

NA48/2 data
continues to
be analysed

—— Data

.
W wc oy

Eniries/(0.5 MeVic)

' ol L
500 510 480 470 480 430 500 510
M’y ), Mevic? Mpept), MoVic

T—
l Nitt:.mto.w =) BR(Kionfpfpt )<8.6x10-1 [90% CL] ]
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NA48/2 and NAG2

@® Kaon decays
very sensitive

to deviations * No local significance greater than 36 = no hint of the dark photon
from SM
® Beam config- 3 UL on BR(—yA) at 90% CL |
urations & BR(A' »e‘e)=1 assumed
differ = * plot contains published limits up to 2015
between B
NA48 and J
NAG2R s
5
® NA48/2 data 3

continues to
be analysed

20 40 60 80 100 1 29
m,, (MeV/c?)

* NA48/2 constraints exclude dark
photon explanation of the (g-2),,
discrepancy

PLB 746 5) 178-185]

Chris Parkinson
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NA48/2 and NAG2

@® Kaon decays

+ .
e K* tagging — CEDAR/KTAG
to deviations Kaons are tagged with the CEDAR/KTAG system L Corein

° o™ 2 CEDAR - collects Cherenkov light with fixed diaphragm ‘
Bea'.“ e LR KTAG - 8-fold PMT array with o, =80 ps
urations ]
differ Nominal Kaon rate = 45 MHz
between
NA48 and
NAB2R

® NA48/2 data
continues to
be analysed

® NAG2
undergoing
commission-
ing

Chris Parkinson
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NA48/2 and NAG2

@® Kaon decays
very sensitive
to deviations
from SM

@® Beam config-
urations
differ
between
NA48 and
NAG2Rk

® NA48/2 data
continues to
be analysed

® NAG2
undergoing
commission-
ing

CLFV 2016: Charlottesville, Virginia—Conference Summary 29 Yoshi.Uchida@imperial.ac.uk

STRAW spectrometer

Position and momentum of r* measured by the STRAW spectrometer

Straw tubes operated in vacuum — very low material budget

| N2 | NAG2RK | NAG2
Spectrometer thickness, X, 2.8% 2.8% 1.8%
Spectrometer P; kick, MeV 120 265 270
M(K=>x'xt*x) resolution, MeV 1.7 1.2 0.8
o,/p = 0.32% & 0.008% p [GeV/c]

— Comparable momentum resolution to muons in LHCb [LHCb muons 2015]

(Straw production facilities now used for COMET)



NA48/2 and NAG2

@® Kaon decays
very sensitive
to deviations o
from SM « Construction complete: Summer 2014

+ Pilot physics run: October — December 2014

* Detector commissioning: June — November 2015

@® Beam config-
urations
differ
between
NA48 and
NAG2R«

® NA48/2 data
continues to
be analysed

® NAG2
undergoing
commission-
ing

Chris Parkinson
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NA48/2 and NAG2

Kaon decays The NAG2 LO Trigger in 2016

very sensitive
to deviations The lowest-level of the NAB2 trigger system (LO) is implemented in hardware,
from SM based on FPGA technology

Beam config-
urations
differ A multiple track trigger (MT) can be built requiring signals in 10 RICH PMTs and
between two (NA62)CHOD quadrants

NA48 and Dielectron trigger: multiple track + more than 10GeV of energy in the LKr
NAG2Rk Dimuon trigger: multiple track + signals in two MUV3 tiles

NA48/2 data trigger: multiple track + more than 10GeV of energy in the
continues to LKr and signal in one MUV3 tile (selects K*->npe decays)

be analysed
NAG2
undergoing In simulations the total rate from the above L0 triggers ~ few 100 kHz, which is
commission- sufficiently low to run in parallel to the K*—m*wv trigger

ing Validation of the trigger rates with data is currently underway

Dedicated
CLFV trigger
established

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperiala



NA48/2 and NAG2

Kaon decays PhySiCS prospeCtS

very sensitive
to deviations
from SM

Beam config-
urations

« Searches for K*-»mpe have potential to probe to 1012
Mode UL at 90% CL Experiment Reference
differ Kt = atute 1.3 X 10~ 1 E777/E865 PRD 72 (2005) 012005

s+ Fyi—adk 5 —10
between ﬁw : Z—Z+2+ ;g >>: ig,m E865 PRL 85 (2000) 2877
NA48 and .

NAGB2R «

NA48/2 data g YA (x10°
continues to \ !
be analysed

Sensitivity to dark photons with K"%“.
LFV couplings, masses from Ae'e

NAG2 100 to 350 MeV
undergoing

commission- _ .
ing ! / b
Dedicated g ] ‘\\\
CLFV trigger
established 50 0 as0
. my, (Mev/c’)

forthcoming

ts at CERN
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong-—2

CLFV 2016: Charlottesville, Virginia—Conference Summary 31

Current experimental limits on aj]

@ Most precise measurement performed at BNL (1999-2001)
@ Accuracy of ~0.5 ppm

as™? = 116 592 089 (0.54)5¢(0.33)5y(0.63)¢or x 1071

@ Uncertainty is dominated by statistics

330
Js —

BN @ Measurement differs from
theory by ~3.5¢

Pialics FNAL expected

HLMNT AL

Aqgffed) = (287 + 80)

I N T T RS SN ST S SO S S
-400 -200 0

x10™"

a -a (BNL)
" 13

Joe Price

Yoshi.Uchida@imperial.ac.uk



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New The size of anomaly

== da, = (26.1+8.0) x 1071

® Muong -2 ] o
is comparable to the electroweak contribution

ayV = (154£0.1) x 107"

we expect new particles with EW scale mass

—— strong constraints from EW precision data
—— good target at near future experiments

We may be able to discover the new physics
before new experiment or/and new (improved) calculation for muon g-2.

So, we should study it NOW!

Kazuhiro Tobe
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on i 4
BSM Physics—other Anticipated improvements to SM
observables may be
giving us hints of New
Physics

HVP can be tied to

experimental data from e*e"

® Muong -2 collisions

@ New data expected from
SND, CMD-3. BES-III, Belle-
Il...

e'a data estimate

Continuously updating SM
prediction
Alternative lattice
calculation agrees with this
prediction
65 70 75

@ Hadronic light by light must be calculated by theory - lattice
@ Factor of 2 improvement in SM calculation expected by end of

data taking

Joe Price
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong-—2

CLFV 2016: Charlottesville, Virginia—Conference Summary 31 Yoshi.Uchida@imperial.ac.uk

a, sensitive to new physics
Discrepancy shows no signs of going away with improved theory
Main experimental improvement from increased stats
@ Expecting 21 times more data ~ 1.5 x 10" muons
@ Available due to improved facilities at FNAL
Additional improvements in experimental uncertainties

@ Improved uniformity in B field, calibration procedures, ...
@ New calorimeters, trackers, kickers, ...
Data taking starts in summer 2017

Joe Price



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be

a . LHCb and B factories measured several key b — s modes.
giving us hints of New Agreement with the SMis less than perfect.
Physics

Recap of flavor anomalie:

BR(B'9 K )y, o o " Whereas the SM predicts unity |

. Muon g e 2 BR(B2K ti‘.‘,h‘ - . within O(10-4)

® B-systems
BR(B'2K uu),q = (1.1¢

Note

The electron channel would be an
obvious culprit (brems + low stats)

[Bobeth, Hiller, van Dyk (2012)]

But there is no disagreement

+  Disagreement s rather in muons,
agroes with the SM that are among the most reliable

BR(B'K'ee), objects within LHCb

(within large errors)

0+@+@ —> Ihereseemstobe BSMLANU
and the effect is in j, not ee

D. Guadagnol, Lepton universality
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other

observables may be
g | Vi ng us h | nt (S Of NeW The R, pattern, with data in the muon channel lower than the SM prediction, is supported by
= LHCb measurements of another b-to-s transition: B, — @ ul
Physics
® Muong -2

® B-systems

* ltoccurs in the same kinematic range as R, namely m?_ € [1, 6] GeV?

= Itwas initially found in 1/fb of LHCb data, then confirmed by a full Run-1 analysis (3/ft)

D. Guadagnoli, Lepton universality
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other B~ K* py angular analysis
observables may be Ihe Deanomay
giving us hints of New

Ph YS ics One can then construct observables with limited sensitivity to form factors.

LHCb can perform a fully angular analysis of the decay products in B — K* iy

. One of such “clean” observables is called P';
Muon g — 2

® B-systems

- * Caveat:
i this obs needs be taken cum grano salis

$M from DMV )
e g = What cancels is the dependence on the

large-m, form factors.
~ Debate on the role of
« Subleading terms in 1/m,
« ¢t loops and their resummation

Tension seen in P in || 3

[4.0,6.0] and [6.0,8.0] GeVZc* show deviations of [ See:

Naive combination results in a significance of 3.7c Jager & Martin-Camalich, PRD 2018 J
Compatible with 1fb~! measurement Ciuchini et al., 1512.07157

D. Guadagnoli, Lepton universality
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New The above said, this anomaly remains interesting:
Physics

® Muong -2

anomaly: continued

*  Itoccurs in the same kinematic range as R, namely m,, € [1, 6] GeV®

= ltwas initially found in 1/fb of LHCb data, then confirmed by a full Run-1 analysis (3/fb)

® B-systems

*  And it was recently confirmed by Belle ! [1604.04042]

+ Conclusion:
IFit's nev
show

angu

Run Il will tell for sure

D. Guadagnoli, Lepton universality
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics
® Muong -2

® B-systems

Theory prediction now very solid
= “large-AT effect
- soft-photon corr's

= NLO EW & NNLO QCD corr's

= current error

Exp error will go to:

BR(B,»uu)
BR(B,»unt

~ 59

0.77+0.20

BR(B,*pu),

[LHCb&CMS full-Run

BR(B,?uu 3.65+0.23)x 107"
o [C. Bobeth et al., PRL 14]

All (known) theory systematics included.

[K. De Bruyn etal., PRL 12]

[Buras, Girrbach, DG, Isidori, EPJC 12]

CLFV 2016: Charlottesville, Virginia—Conference Summary

[Bobeth, Gorbah
Hermann, Misial

mou, PRD 14;
inhauser, JHEP 13]

~10% by end of Run Il

w/ LHCb upgrade

D. Guadagnoli, Lepton universality

31 Yoshi.Uchida@imperial.ac.uk



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other More discrepancies
observables may be DS decavs
giving us hints of New
Physics

® Muong-—2 : {

crepancy found

There are long-standing discrepancies in b — ¢ transitions as well.

aBar ir
. — R(D) and R(D*)
B-systems ooy (
0.252 + 0.003 —
0232 £ 0.024 £ 0018 s BABAR, had
2015: Belle finds a
@ R(D*)

e elle. had.-tag (711 fb] au)

Belle, hac
025 0015 — PRO'SE, 072013 (2015)
30w

0.336 +0.027 +0.080 ’ 103 2015)

0302 £ 0.030 + 0,011 B, gt lopt.Jng [111 04

R(D*) state-of-the-art, as of Moriond 2016 (Goldenzweig, Belle)

D. Guadagnoli, Lepton universality
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong -2

® B-systems

CLFV 2016: Charlottesville

Conclusions

In flavor physics there are by now several persistent discrepancies with respect to the SM.

Their most convincing aspects are the following:

- Experiments: Results are consistent between LHCb and B factories.

n Data: Deviations concern two independent sets of data: b — s and b —

n Data vs. theory: Discrepancies go in a consistent direction.

A BSM explanation is already possible within an EFT approach.

Early to draw conclusions. But Run Il will provide a definite answer

Timely to propose further tests. One promising direction is that of LFV.
Plenty of channels, many of which largely untested.

D. Guadagnol, Lepton universafity

Virginia—Conference Summary 31 Yoshi.Uchida@imperial.ac.uk




Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New -1 ATLAS
Physics = ' . BR(h — ur) =

® Muong -2 g

® B-systems

® Higgs decays
consistent with CMS

CMS best fit;

[
miMC IGeV]

™

2.4 0 excess

Hint for new physics!

Kazuhiro Tobe
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong -2
® B-systems CLFV, muon g'2 and EDM in a
® Higgs decays general two Higgs doublet model

(both Higgs doublets couple to all fermions)

Kazuhiro Tobe
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Current Anomalies

Direct searches for
CLFV are providing

strong constraints on Summary

BSM Physics—other . . .

observables may be % Experimental and theoretical studies for flavor are
giving us hints of New important to understand a mystery of flavor in the SM.
Physics % Searches for CLFV (EDM) will be sensitive to (well-

® Muong -2 motivated) new physics models around TeV scale.

® B-systems % In the LHC era, the interplay between LHC physics
and flavor physics will be important since it provides

® Higgs decays ) T ) .
interesting ideas for new physics sometimes.

% General 2HDM with u-T flavor violation can explain
both CMS excess in h—u T and muon g-2 anomaly.
The rate of T— u r can be within the reach of the
future B factory. The precision measurement of T
decay will also provide a crucial test of this scenario.
Furthermore, unknown flavor structure in this model

will provide a rich flavor phenomenology.

Kazuhiro Tobe
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong-—2 b2 et

Dark Matter Evidence

® B-systems . R
® Higgs decays : M3 rotetion curve
® Dark Matter

Identity of dark matter?
What is its mass”?
Possible interactions?

Mu-Chun Chen
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong -2

® B-systems

® Higgs decays

® Dark Matter

Flavored Dark Matter

+ Dark matter come in multiple copies
+ Non-trivial flavor structure in couplings to quarks and leptons
+ distinct signatures
+ FCNC constraints
+ universal couplings
+ minimal flavor violation  Batell, Pradler, Spannowsky (2011)
- beyond MFV: “dark minimal flavor violation” Agrawal, Blanke, Gemmler (2014)
- dark matter coupling: only new source of flavor violation
« implemented in quark sector

« lepton sector unexplored = this work

Mu-Chun Chen
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Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics
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Muon g — 2
B-systems
Higgs decays
Dark Matter

Beyond Minimal Flavor Violation

@um’k F/awr:./ DM" G’&F ¥ ‘S‘u(_g)x Agrawal, Blanke, Gemmler (2014)
DM: Dirac Fymiom XL~ 3 o SUB
mediator: Scalar ;6 ~ | of SUB)y
coupling: A de X ¢, A~ (3,3) of suExsuE,

CDV\S‘H'M»'\"S + mesoh- antimeasn M&ﬂg,
K, B decays,

MCC, Huang, Takhistov (2015)

[.c{vn Flavived DM C7J,_,: x SUBx
PM:  Divae fermon X~ 3 of SUB)y
mediator + Scalan ¢ ~ | of SUB)y
dpupln‘j_ i n ELX # 7 A~ (3/5) D‘F S“(’)EX SKB);
Conshrimts : clFy processes (m~es, - )

Mu-Chun Chen



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong-—2

The Model - Lagrangian

Bt UIE ity 3 il W6 B
= (A, &0 b <)

® B-systems
® Higgs decays

® Dark Matter —_ (QA)Y(DA?S )——m; ¢+ﬁ

violating

interactions| 4 AH()(¢+¢)(H+H) = 71# (¢+¢)z_

Mu-Chun Chen
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be

Constraints: cLFV

giving us hints of New 1 c‘uwen_} exp fimit
Physics )
® Muong—2 \ Oy (/ch) < 5%x/0
® B-systems : (MEG 8 PSI, for CL)
® Higgs decays " ]
® Dark Matter 87‘//‘4"62})“ -—ZLI[Z(’,I*“’ 7\'19 F(ﬁ:ﬂ
Gy Lr s
Must obey B
constraints from X= ( . fU 25 X‘)
CLFV, Muon g — 2, ot e e 2
Relic abundance, ( ‘) ( >( ) 2
DM direct 9
detection, AMS, =
Fermi-LAT
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on

BSM Physics—other Summary

observables may be

giving us hints of New + Lepton Flavored DM: beyond MFV with SU(3)x

PhVSiCS + Contrast to quark flavored DM case: no automatic stabilizing symmetry

® Muon ¢ + Most stringent constraints from cLFV processes

+ Interesting collider signatures

B-systems

[ ]

i - UV Theory of (BIMFV?
® Higgs decays v
o

Dark Matter <
S BMFV, A
‘© — = ey
2 G-
Must obey g e
constraints from | WS a2ty
Fermi-LAT [¢*7](y) c
CLFV, Muon g — 2, ety 5
j LT 5
Relic abundance, C 800 O ©
DM direct m, [GeVic?] ?
detection, AMS, =
Fermi-LAT
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong -2
B-systems
Higgs decays

Dark Matter

Naturalness

University of
J Zurich™

Lepton Flavor Violation
in Composite Higgs Models

Andrea Pattori

CLFV 2016 conference
Charlottesville (VA), 06.20.2016
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on the first Technicolor theories
BSM Physics—other
observables may be

. . . [Weinberg, "
giving us hints of New Tecnicolor (TC) theories [Sussk
Physics £
trong TC sector
® Muong-—2 Q:CD S gC
® B-systems
@ f : confinement
Higgs decays ey i v restore
® Dark Matter EW scale omposite resonances— W-W scattering
; — unitarity
® Naturalness

i confinement
v
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

enter the Composite Higgs

[Dimopoulos, Susskind, '79]

+ Composite Higgs (CH) models 7155 a0)

E QCD Strong TC sector
® Muong—2 ) 3
® B-systems
® Higgs decays iconﬂnement
~TeV H .

H - Higgs
® Dark Matter EW scale p — Lo
® Naturalness

ryons and mesor
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on conclusions
BSM Physics—other
observables may be

giving us hints of New » Composite Higgs models are appealing proposals
Physics » natural solution to the hierarchy problem

® Muon 5 » Partial Compositeness address the flavor puzzle(s)

g—
® B-systems * At present days RS-GIM mechanism is challenged by CLFV
® Higgs decays » Anarchic scenarios gets serious bounds
» Flavor symmetries are a not-so-easy way out
® Dark Matter
® Naturalness * The simplified approach gives a different perspective

» Interesting insights in the flavor structure of these scenarios
» Viable models have specific LFV patterns

CLFV 2016: Charlottesville, Virginia—Conference Summary 31 Yoshi.Uchida@imperial.ac.uk



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

® Muong-—2
B-systems
Higgs decays

Dark Matter

Naturalness

Flavor violation in multi-Higgs-doublet models

Julian Heeck

2nd International Conference on Charged Lepton Flavor Violation

June 20, 2016

Based on work with Andreas Crivellin, Giancarlo D'Ambrosio, Peter Stoffer,
Martin Holthausen, Werner Rodejohann, and Yusuke Shimizu.

rurmmemq\
nS UNIVERSITE LIBRE DE BRUXELLES
Intractions
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

Two-Higgs-Doublet Model (2HDM)

Simple extension of SM: add one more scalar doublet.?
Arises often in BSM, e.g. SUSY, axion models.
New physical scalars: H, A, HT.

® Muon g—2 p= M2, /M3 cos? Oy, =1 at tree level; (#1)/(d;) =ta
o B-systems Brings additional CP violation (useful for baryogenesis).
i Generally induces flavor-changing processes (both quarks and
® Higgs decays leptons), e.g.
® Dark Matter bo — Lg, h— . Z = L0
® Naturalness o Limits up to my y > 103-10° TeV for O(1) ep or ds couplings.

Why flavor-changing?

2| ee, 1073; extensive review of 2HDM in Branco et al, arXiv:1106.0034.
3Davidson, Grenier, 2010; Blankenburg, Ellis, Isidori; Harnik, Kopp, Zupan, 2012.

Julian Heeck (ULB) Flavor violation in multi-Higgs-doublet models 5/38

CLFV 2016: Charlottesville, Virginia—Conference Summary 31 Yoshi.Uchida@imperial.ac.uk



Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics
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Muon g — 2
B-systems
Higgs decays
Dark Matter

Naturalness

Gauged U(1);,—,, flavor symmetry

L, — L; well known symmetry:

o Current j}, = iYalt — T¥aT + PuYaPLvy — UxYaPLv;.

@ Anomaly free in SM.2°

o Light Z’ could resolve (g — 2),, anomaly.?*

@ Good zeroth order approximation to neutrino mixing with
quasi-degenerate masses (my 23 ~ 1eV and 3

My = Upnins diag(ma, ma, ms) Ufans

.96 —0.20 —-0.22
o~ . 011 —0.97 | eV ~
. . —0.07

@ L, —L; gives o3 = 7/4 and b33 = 22

20He, Joshi, Lew, Volkas, PRD 1991; Foot, MPLA 1991.

?!Baek et al, PRD 2001; Altmannshofer et al, PRL 2014; Baek, 1510.02168.

22Binetruy, Lavignac, Petcov, Ramond, NPB 1997; Bell, Volkas, PRD 2001;
Choubey, Rodejohann, EPJC 2005.

Julian Heeck (ULB)

Flavor violation in multi-Higgs-doublet models 16/38




Current Anomalies

Direct searches for
CLFV are providing
strong constraints on
BSM Physics—other
observables may be
giving us hints of New
Physics

Muon g — 2

B-systems

[

® Higgs decays
® Dark Matter
@

Naturalness

L,— L ina2HDM

@ 2HDM: ®; ~ —2, ®3 ~ 0 under U(I)L“,,_7.23
@ Plus scalar singlet S ~ 1 and three vg ~ (0,1, —1) for seesaw.
@ S — (S) generates AMpg for valid PMNS, Mz. /g’ = (S), and
S2ldy - m2,ol 0,
= small VEV (&) induced! (< large tan 3 region.)

@ Lepton Yukawa couplings:2*

Ve, = diag(ye, Y y7) , Yo,

= Gauge symmetry sets all other LFV couplings zero!

Coupling hur now generated by scalar mixing and lepton mixing.

23).H., Rodejohann, PRD 2011, see Dutta, Joshipura, Vijaykumar, PRD 1994, for L, — Ly, 1.

24) H., Holthausen, Rodejohann, Shimizu, NPB (2015), 1412.3671.
Julian Heeck (ULB)

Flavor violation in multi-Higgs-doublet models 17/38
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Current Anomalies

Direct searches for
CLFV are providing

strong constraints on
BSM Physics—other
observables may be
giving us hints of New

Summary

Physics General nHDM perfect environment for flavor:
° Flavor non-universality & violation.
Muon g — 2 Potentially large h — £;7; & ¢; — ¢j.
® B-systems Light A/H could solve (g — 2),..
H* could solve R(D()).

® Higgs decays

99 Y Controlled flavor violation via U(1)":
® Dark Matter @ Z' could solve b — s anomalies.
&) T @ Light Z’ could induce ¢ — £;Z'.

Wait for new data physics.
Julian Heeck (ULB) | Flavor vioation in mlti-Higgs doubiet models
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Current Anomalies

Direct searches for
CLFV are providing
strong constraints on

BSM Physics—other Proton Structure from the

PecigEbiegigy by Measurement of 2S-2P Transition

giving us hints of New . .

Physics Frequencies of Muonic Hydrogen
® Muon g—2 Aldo Antognini,™?* Frangois Nez,> Karsten Schuhmann,’* Fernando D. Amaro,’

Francois Biraben,? Jodo M. R. Cardoso,’ Daniel S. Covita,>® Andreas Dax,” Satish Dhawan,’

B-systems Marc Diepold,* Luis M. P. Fernandes,® Adolf Giesen,** Andrea L. Gouvea,® Thomas Graf,®
i Theodor W. Hinsch,™® Paul Indelicato,® Lucile Julien,® Cheng-Yang Kao,*® Paul Knowles,**
Higgs decays Franz Kottmann,? Eric-Olivier Le Bigot,® Yi-Wei Liu,*® José A. M. Lopes,” Livia Ludhova,**
Cristina M. B. Monteiro,” Frangoise Mulhauser,** Tobias Nebel,* Paul Rabinowitz,'2
Dark Matter Joaquim M. F. dos Santos,® Lukas A. Schaller,** Catherine Schwob,’ David Taqqu,**

Jodo F. C. A. Veloso,® Jan Vogelsang,* Randolf Pohl*

Naturalness
) Accurate knowledge of the charge and Zemach radii of the proton is essential, not only for
Proton radius.... understanding its structure but also as input for tests of bound-state quantum electrodynamics and
its predictions for the energy levels of hydrogen. These radii may be extracted from the laser
spectroscopy of muonic hydrogen (up, that is, a proton orbited by a muon). We measured the
transition frequency in pp to be 54611.16(1.05) gigahertz (numbers in parentheses
indicate one standard deviation of uncertainty) and reevaluated the 257;'-2P%72 transition
frequency, yielding 49881.35(65) gigahertz. From the measurements, we determined the Zemach
radius, r; = 1,082(37) femtometers, and the magnetic radius, ry = 0.87(6) femtometer, of the
proton. We also extracted the charge radius, re = 0.84087(39) femtometer, with an order of
magnitude more precision than the 2010-CODATA value and at 7o variance with respect to it, thus
reinforcing the proton radius puzzle.

Science 25 January 2013: Vol. 339 no. 6118 pp. 417-420 DOI: 10.1126/science.123

7o deviation—only mentioned in passing!
CLFV 2016: Charlottesville, Virginia—Conference Summary 31 Yoshi.Uchida@imperial.ac.uk



® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



Latest Updates from Collider Experiments

Selected results

Events with p and T decaying hadronically or leptonically.
Use t kinematics and missing E; vector to correct for undetected v using Missing

Mass Calculator (MMC). A0 Combined, post fit
ATLAS

Two signal regions: one dominated by
Z/yx — 11 at lower pt mass and one
dominated by W + jets at higher mass.

n~
@

F=8TeV [Lat=2031"

N

@
T

o
) ARASERRREREENL

=
©
S
o
-
9
[
o
>
1]

Require moderate missing E; to
suppress Z/yx — pp.

BR (H—ut) < 1.43% (95% CL)

Theory: BR < ~10% from
T pyand (g-2),,,

150

miMC [GeV]
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Latest Updates from Collider Experiments

Selected results

® ATLAS

Fit to background + signal.

~
[=]
[=3

Z - eelpn -7
oot mow WEZox - BR (Z - ep) < 7.5 x 107 (95% CL)
ultjef
- \El)vwbosun LEP: BR< 1.7 x 106 (95% CL)
I Top
¢ Data

—z-a o Limit inferred from
- B - eee: BR< 1012

@
o
o

g ATLAS " e G stat. error

o
o
O

>
[}
[}
[
2
| s
[}
>
[im]

v

F e S
0 75 80 85 90 95 100 105 110
Mg, [GeV]
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Latest Updates from Collider Experiments

Selected results

® ATLAS

PP W1V = (Rpp)v
Use Boosted Decision Tree based on E;™*, muon momenta, track
and vertex quality, W kinematics, etc.

CLFV 2016: Charlottesville, Virginia—Conference Summary 33 Yoshi.Uchida@imperial.ac.uk



Latest Updates from Collider Experiments

Selected results

High Pt, back-to-back,
opposite sign, different
flavor.

¥

ATLAS Simulation
— Neutrina comscisd

~ Uncorscted

Everts 20 Gov
]

Assume neutrino in same [ e
direction as 1.

%0000 500 800 7000 1200 1400 1600
Mass (Gov]

3 10 FATLAS 07503
Fie-8Tev. 203" o
104

Woves  STowsm -

Events /20 GeV.

50 80 1000 1200 S0
L 600 800 1000 1200
Dilepton Mass [GeV] Dilepton Mass [GeV]

8001000 1200
Dilepton Mass [GeV]
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Latest Updates from Collider Experiments

Selected results

13-TeV analysis. Similar to 8-TeV ep search.
Look for high p; e and p of opposite sign. N
Quantum Black Holes (QBH) might be produced in y Expected 2 2
theories with large extra dimensions and are expected " Oesenedimt

-~ QBH ADD et
to not conserve lepton flavor. QBH RS nat
W S .
1ol ATLAS Preliminary Y el
wh 1e-13Tev, 32" =
Mutiget & Waiels
3 brllyan e
T2V

Prefiminary
10 1s=13Tev, 3210

10

T

.-~ GEHRS2TeV
10 == Systematcs

O -

M, [TeV]
-+ Expociad kit
Expociod & 1o
Expecied £ 20

— Observed limit

oal s vl ookl sl o o v v o 1t

Ty

10" ATLAS Preliminary
E s-1aTev,32m
Ezoen

g
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Latest Updates from Collider Experiments

Selected results

® ATLAS

ATLAS has searched for lepton flavor violation in the 8-TeV and
13-TeV data via

— decays of Standard-Model particles (Z, H)

— decays of possible new particles (V, Z’, ¥)

— decays of Quantum Black Holes.

T
ATLAS Online Luminosity [§=13TeV
[ LHE Delivered

[] ATLAS Recorded

-~

No excess over the Standard
Model expectations is seen.

w
w o

.. . Total Delivered: 347 fb”!
Limits are placed on various Total Recorded: 283 1o’
production and decay

mechanisms.

LHC is running at 13 TeV, and
we look forward to studying
the increased data sets.

()

e
2
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<]
£
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3 25
e
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e
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Latest Updates from Collider Experiments

Selected results

Y AT LAS Universitit Hamburg

® CMS
Z—pe: Results

0° CMS _preliminary

Events / 3.00 GeV

4 Daa
Signal, B(Z- en)=ba0% | Zoy
I o, tw

Misidentified leptons

>
©
Q
=)
S
o
~
2
c
9]
>
1]

No significant excess has been observed.

Limit:
Expected: B(Z—pe) <6.7-107
Observed: B(Z—pe) < -107

110 H — <175-107
e e LEP: B(Z—pe) <7.5-10

Daniel Troendle, Uni Hamburg, troendlei@cem.ch CMS-PAS-EX0O-13-005 i
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Latest Updates from Collider Experiments

Selected results

El Universitat Hamburg

® ATLAS o casoun 1 e s

Best Fit B(H—ut)=0.84+0.39%

Search for H_>HT Excess_: ~2.46 excess

197 15 (8 TeV)

iz, 0Jets

" g fce
o fo

B, Odets
0.0 2%

>
>
]
S
&
=
3
>
)
g
5
53
=
o
+
9
B

w1 det

i, 2Jets

148 (s

Hore
o 92 o i

=N .
Mlu’t [GeV -15-1-060 05 115 2 25
Best fit to B(H—11), %

17

Daniel Troendle, Uni Hamburg, troendle:@cem.ch Phys. Left, B 749 (2015) 337
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Latest Updates from Collider Experiments

Selected results

>
m Uni itit Hamb
® ATLAS 00 s | 0 e | ot

® CMS

Search for H—pt @ 13TeV!

Repetition of 8TeV H—put analysis: no change of
strategy and kinematic cuts e, g O dets

i . 458 (o) N e
Slight excess of 8TeV analysis could not be Lo o
confirmed so far, but also not excluded! u;:,;;m:\ [0 = 1 std deviation
Updated B(H—p1) Limit: B(H—p1)<1.2% e [+ 2 suadeviaton
observed (1.62% expected) 040 ()

7.71% (o0e)

231" (13TeV)
T

BTev [Py, Lot 738 2019371
PrySan r—
w1 det

436% (oxp)
204% (obs)

pz,, 2 Jets

731% (o)

Events /15 GoV
Events /20 Gev

8997 (obs)

Hopt
62% (ex0)
20% (obs)

1T jii { e TR 0 S0l s a0
I FESSRAREEEAS s b 95% CL Limit on Br(H—p1), %

WO 0 0 am LA o a3
colnear M) (oY) aolingar M) (0o

Daniel Troendle, Uni Hamburg, troendlei@cem.ch CMS-PAS-HIG-16-005 e

“Statistically-limited; can still hope!”
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Latest Updates from Collider Experiments

Selected results

® ATLAS e et
® CMS Search for high mass resonances in the
ep final states at 13 TeV
2.7 7' (13 TeV)
or non-resonant Quantum-B! S 3 ’
(QBH) could decay into ep pairs (+others g
models). £
Daniel Troendle, Uni Hamburg, troendlei@cem.ch
CLFV 2016: Charlottesville, Virginia—Conference Summary 33
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Latest Updates from Collider Experiments

Selected results

>
m Uni itit Hamb
® ATLAS 00 s | 0 e | ot

® CMS

Search for Heavy Majorana Neutrinos
9_  Search Strategy:
e Two tight leptons with same sign(e*e*, " n*.e*p*)
® Mass dependent cust:
©  Low mass my <90 GeV: MET<30 GeV , m
(U1jj)<200 GeV, m(jj)<120 GeV
o High mass m> 90 GeV: MET<35 GeV, m
()=m., +30 GeV

19.7 16" (8 TeV) 197157 (8 TeV)

Wi maon bt
w

b oan

Events/50 GeV

=100 Gov, ¥ = 0001
1300 Gow, V- 005

Entries / 20 GeV

5100 200 300 400 500 600 700 500 8001000

b ) om0 s w5 o T o0 a0 o
uiydjj invariant mass (GeV) eyt invariant mass (GeV) e'ejjinvariant mass (GeV)

« 5 JHEP 04 (2016} 1 33
Daniel Troendle, Uni Hamburg, troendlei@cem.ch oft. B 748 (2015) 144

“Do you see a signal?”
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Latest Updates from Collider Experiments

Selected results

>
m Uni itit Hamb
® ATLAS 00 s | 0 e | ot

® CMS

Conclusion

e Strong portfolio of CLFV searches in CMS
e New Physics models on CLFV tested up to

multi-TeV scale already
e [HC Run-II: expect more interesting updates by
the end of the year!

http://ems-results.web.cern.ch/cms-results/public-results/publications/

Danicl Troendle, Uni Hamburg, troendle@cem.ch
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Latest Updates from Collider Experiments

Selected results

university of

® ATLAS A groningen
® CMS
® | HCb

Gerco Onderwater HC
on behalf of the LHCb collaboration %

cLFV2016, Charlottesville VA, USA, 20-22 June 2016
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Latest Updates from Collider Experiments

Selected results

university of faculty of mathematics van swinderen institute for HC,
iy / groningen / and natural sciences /pnrtvrll'phye\n\nndy‘mvlty i
® ATLAS bl

24143

® CMS R |

esult P(0,,(X) <6]8)

P02 A

. LHCb m:“ for all &

- Robust analysis method

- Statistics limited

No significant evidence for excess of events

5

B(T- - p—p+p-) < 4.6 x 10-8
@ 90% C.L.
Belle 2.1x 10-8@ 90% C.L.

BaBar 3.3 x 10-8 @ 90% C.L.

@Run2: LHCb may overtake Belle 6 8 10
.. which will then be overtaken by Belle-II B(r—p ) [x 107

Gerco Onderwater, cLFV2016
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Latest Updates from Collider Experiments

Selected results

university of faculty of mathematics van swinderen institute for HC.
E groningen / and natural sciences / particle physics and gravity A
® ATLAS <
30143
® CMS Resul '
esult P(0,,(X) <0]6) _
® |LHCb 7)(%:(“ a0 < o forall ¢
-Robust analysis method
-Statistics limited
No significant evidence for excess of events

e 10 T T T

-l
B(DO — ep) < 1.3 x 10-8 i’ B e

[ exeedCis i 10
@ 90% C.L. ' [T

20x improvement over previous result
Effectively deal with backgrounds
Bremsstrahlung complicates analysis
Difficult to do at ete- colliders

4 6 x10*
B(D" - ¢ uh)

Gerco Onderwater, cLFV2016 PLB 754 (2016) 167
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Latest Updates from Collider Experiments

Selected results

o ATLAS - Wi
® CMS
® | HCb
wies for
runitt
oppPor

T detection

Gerco Onderwater, cLFV2016
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Latest Updates from Collider Experiments

Selected results

Eé university of e
® ATLAS A b /
® CMS

Possibly interesting channels
® | HCb

Y(nS) - e/pT

Benefit from B° = D**Tv_

Gerco Onderwater, cLFV2016 Phys. Rev. Lett. 115, 111803 (2015)
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Latest Updates from Collider Experiments

Selected results

ur - .
" g university of / ey
L] groningen

® ATLAS
® CMS

Take away message
® | HCb

LHCb : diverse program studying flavor physics with all
three quark & lepton generations

With LHC Run-I data LHCb sharpened limits for many
LFV, LNV, and BNV channels

No significant deviations from SM seen
Demonstrated sensitive BSM searches @ hadron collider

Many more options around, lots of additional data
expected in Run-Il (just restarted) & Run-IlI

Gerco Onderwater, cLFV2016
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Latest Updates from Collider Experiments

Selected results

Dl D
® ATLAS <D<
BELLE Belle I

® CMS
® LHCb ) : Indian Institute of Technology Guwahati

"l'o m\D\O*
® Belle &
Belle I

Charged Lepton Flavor Violation at Belle & Belle Il

Bipul Bhuyan
(On behalf of the Belle and Belle Il Collaborations)

2d International Conference on CLFV 2016
University of Virginia, Charlottesville
June 22, 2016
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Latest Updates from Collider Experiments

Selected results

® ATLAS T— 4 h h’ Results

PS CMS : (a r'—ou'?'gn' - - (b) r'—vu:_x;x'_ 02 [ (cH'ﬂu'!(_'K:. . L (@ T-u'nK
3
® | HCb

® Belle &
Belle I

M, (Gev/c) M, (Gev/c’) Mo (GeV/c)

Eo(d) Top'KK ] (&) Toun'K MTpK'n

5 e SR
8 18 15
M (GEV/CH) M (GeV/c) M (GEV/EY)

* Inthe signal region: 1 event in p* v mand pw nt* K (consistent
with expected background). 0 events in other modes.

Bipul Bhuyan | 2nd International Conference on CLFV 2016 2106/16
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Latest Updates from Collider Experiments

Selected results

® ATLAS T—ly
® CMS “‘BI’!T-)H y)<4.5x.10'3
® | HCb

® Belle &
Belle I

@Br(rsey)<12x16°?
01 .

0

=

A E(GeV)

S
Y

03

0.4
1.75 = 1.65 7 1.75 . 1.8 L85
Min (GeVic?) Mg, (GeVic)
Observed 94 (23) events in the Observed 55 (13) events in the
5 0 (30) regions. 5 0 (30) regions.
Expected: 88.4 +7.4 (15+3.1) Expected: 42.8 +3.7 (8.1 + 1.6)

)
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Latest Updates from Collider Experiments

Selected results

® ATLAS T — MY y : Updated Analysis

Blinded region

® CMS 50-“‘5 . S\gnaIMd
® | HCb < 0.01 .
Full data sample from Belle: 0.005/
® Belle & 980 fb!.

Belle II ~6.5% signal selection
efficiency
Expected background: 115 + 11
About a factor of 1.5 increase
in sensitivity.

0035 Lt a S otia b
1.741.751.761.771.781.791.81.811.82
M, (GeVic?)

Preliminary results

Bipul Bhuyan | 2nd International Conference on CLFV 2016
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Latest Updates from Collider Expe

Selected results

® ATLAS Summary of tau LFV searches at B-factories.

® CMS
® LHCb

® Belle &
Belle I

P 18° v Ihh VRN HFAG-Tau

T
1

T
TR

T

|

v
Is

nul

B NN E RN IR RA N (AR IS RSN N S SN NS R AN .
SRR TR PP 88 vonana ki kKRR i X < eeieiin

14
>
3
°
e
>
=
8
2
E
3
Q
a
=)
=
O
N
Q
&

48 decay modes studied — Updated Belle results on | y to be
released soon.

Bipul Bhuyan | 2nd International Conference on CLFV 2016

Look forward to T — p + 7y results

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Latest Updates from Collider Experiments

Selected results

ATLAS

L cLFV and New Physics
e Searches at BESIII

Belle &
Belle I

BES III Dayong Wang
dayong.wang@pku.edu.cn
(for BESIII Collabora'rlon)

CLFV2016@UVA, Jun 22 2016
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Latest Updates from Collider Experiments

Selected results

i BESTT BESIII data samples

CMS ~05B 1(3686) events ~ 24xCLEO-c
LHCb ~13B [/ events ~ 21xBESII

Belle & ~29/fb  ¥(3770) ~ 3.5xCLEO-c
Belle 1T ~5/fb  XYZ states above 4 GeV Unique

BES III » 20 points for R &QCD Scan: i
500/pb finished in May 1st, 2015 "*
+ Y(2175) resonance: 100 /pb: 7
finished in June 15, 2015
2016: just finish 3/fb Ds data at
4170 MeV ~ 5 XCLEO-c

Luminosity (pb'j
.

~ other data sets: tau, A, resonance ;=55 u iz i i
scan and continuum, etc. Ecm (GeV)

Dayong Wang
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Latest Updates from Collider Experiments

Selected results

® ATLAS BGSI[[ Motivation for J/iy — ep

® CMS With finite neutrino masses included, Lepton Flavor
Violation (LFV) is allowed, but the smallness of the

® [HCb mass leads to the predicted branching fraction well

® Belle & beyond current experimental sensitivity.

Belle II However, there are various theoretical models such

as SUSY may enhance LFV effects up to a

® BES III detectable level.

Any detection of a LFV decay indicates the existence
of new physics.

The LFV decay have been searched in lepton decay,
pseudoscalar meson decay and vector meson decay.
It is equally important to search it in heavy
quarkonium decays.

Dayong Wang
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Latest Updates from Collider Experiments

Selected results

J/Ip — eu: Unblinded Data
ATLAS BGSI[[ i aﬁd Results
CMS
LHCb 04F

0.35f
Belle & E 0.93 < B,i./+/5 < 1.10 and |25]/4/5 < 0.1

03
Belle IT g

0.25:
BES III D oak

0.45f

|Zp|/ /s £ 20 and E,;/\/s + 20

0.1

Among 225M .
Jly, 4 events in 0.05F a
the signal box I

1

ufs 0.7
E.i./\/s
B/ — epn) < 1.6 X 1077 (90% C.L.)

2016/6/22 cFLV2016 Dayong Wang
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Latest Updates from Collider Experiments

Selected results

N BGS]I[ Y(18,28) > e 1/ut Iyetlyut

CcMs Ereliminam 19.7fb", (s =8 TeV
CMS

e, .0 Jets
e
PRt

LHCb Could non-trivial Yukawa Coupling be w1
a new interaction? omyn |

pr, 2 dels

Belle & =>Flavor Changing rates be enhanced =%+
Belle II e, 0 dets

o087 38%

BR(h — 7%uT) < 1.57% (95% C.L.)
BES III ‘yru‘ g 3.6 x 10—3

BR(h— %) =089 100 %(2.460) |

-1.5 -1 -0.56 0‘,5 ‘1 1.5 2 2t
[yrul ~ 2.7 x 1073 Best Fit to Br(h—-ut), %
_ —3
~ JYrY, = 2.48 x 10

2016/6/22 cFLV2016 Dayong Wang
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Latest Updates from Collider Experiments

Selected results

ATLAS BGSI[[ Rare Decays to probe NP

Y
Br(J/y — De'v, +ce) <1.3x107°

CMS Rare Charmonia Decays
Semileptonic weak decays
LHCb Two-body weak hadronic decays
Belle & C/P violation decays Br(J/y —>D°K")<25x 104:
Invisible decays Br(J/y = y)<27x10°
Belle I LFV, INV, BNV decays Br(J/y — ) <1.4x10°°
BES III Rare Charm decays 5 >

¢ LNV :c—>up‘p’ forbidden in SM

¥ Majorana neutrino; ~ 10372 level, PRD64 (2001) 114009
v May be greatly enhanced: ~10°™¢ with EPJC71 (2011) 1715)

Br(J !y - De'v, +cc) <1.8x107°
Br(J/y —D; p*)<1.3x107

d
(a) D" K" ¢t ¢t - (CF)
* FCNC : c=>up'p highly suppressed in SM by GIM mechanism BF,;~109 [PRo64

H.R. Dong, F. Fengand H.B. Li, Chin, Phys. C 39 013101 (2015)

(2001)114009] while can be enhanced by physics BSM [PRO 76 (2007) 074010]
* Rare FCNC: D%->yy

2016/6/22 cFLV2016

Dayong Wang
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Latest Updates from Collider Experiments

Selected results

AS BGS]I[ DO->yy Results

C M S Major background DY=>a’z" is
2.9 fo" y(3770) determined in data with similar
double-tag method.
LHCb .
Belle &

Belle I
BES III

2.9 fo' y(3770)

5 8 8

Number events.015 GeV
-]

-]

Number of events®0.001 GeV/c?

o B

M5 1855 1885 1875 1885
M (GeVic?)

B(D°—m9mm%)=(8.24+0.21+0.30)x 10~
2-D fit to AE in both tag side and yy sides
to determine D°->yy yield.

B(D°—yy)<3.8x1076
consistent with BaBar result,
will update with a 4X larger sample.
PRDSI, 112015 (2015)

Dayong Wang

Number of events/0.002 GeV

2016/6/22 cFLV2016
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Latest Updates from Collider Experiments

Selected results

® ATLAS _ BESIII ISR search results

. CMS KLOE 2013
® | HCb

® Belle &
Belle I

® BES III

Preliminary

104¢
102 10"

, 10
m,. [GeV/c?]

Some searches with meson decays are also going on with
BESIII data, but less competitive

2016/6/22 cFLV2016 Dayong Wang
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PEN/PIENU

PEN/PIENU: is g, = g4 ?

anew round of B;_,,, measurements

Andries van der Schaaf
Physik-Institut Zurich University

P

2nd International Conference on Charged Lepton Flavor Violation
University of Virginia, Charlottesville, USA
20-22 June 2016

Yoshi.Uchida@imperial.ac.uk
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PEN/PIENU

citement and creativity by model builders after this LHCb result

LHCb (b)

5600

Dilepton inv:

T(BY — K*pfi) /T(B* — K*ee) = 0.7451 3920 (stat)£0.036(syst)

a2.60 deviation!

CLFV 2016: Charlottesville, Virginia—Conference Summary 34 Yoshi.Uchida@imperial.ac.uk



PEN/PIENU

® PIENU at the 7 = ev experiments
TRIUMF 22 PIENU

e

Nal(Tl) diameter and
depth: 48 cm

U nibved apart Connieciad BINA'
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PEN/PIENU

® PIENU at
TRIUMF

® PEN at
PSI

CLFV 2016: Charlottesville, Virginia—Conference Summary 34 Yoshi.Uchida@imperial.ac.uk



PEN/PIENU

® PIENU at a first result from PIENU
TRIUMF 8 a first result from PIENU

® PEN at Based on = 10% of all recorded data.
PSI 0.5 x 10° 71 — ev events enter the time analysis.

107

(b)

Sum of backgrounds

Tt
Sum of backgrounds

- @DIF

00 200 300 400 500 600 ‘300 -200 <100 0 100 200 300 400 500 600
Decay Time [ns] Decay Time [ns]

Decay-time analysis of events with e energy below (a) or above (b) 52 MeV

At this cut the tail-fraction amounts to 3.16 +0.12%

1992 TRIUMF result: = (1.2265 £ 0.0034(stat)£0.0044(syst)) x 10~*
1993 PSI result: = (1.2350 4 0.0035(stat)-:0.0036(syst)) x 10~
combined: = (1.2312 £ 0.0035) x 10~*
2015 TRIUMF result'?: = (1.2344 & 0.0023(stat)£0.0019(syst)) x 1074
new average: = (1.2329 4 0.0019) x 10~*

102, Aguilar-Are
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PEN/PIENU

® PIENU at Outlosk
TRIUMF 9 Outlook

® PEN at PEN finished data-taking five years ago and has been studying these data in great detail ever
PSI since. Energy, time and geometry calibrations are done and most features observed are
understood and reproduced by simulation.
P Y

The question remains when one might expect to “open the box” and finish the project by
publishing the branching ratio. Unfortunately, that question can’t be answered for sure but it
should happen within the next year.

It is likely that PIENU will be finished by then as well so a significant reduction in the
experimantal error of the world avarage can be anticipated.

Charostanile | PEN/PIENU: i 5, = g 7

CLFV 2016: Charlottesville, Virginia—Conference Summary Yoshi.Uchida@imperial.ac.uk



Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in
neutrinos Sterile Neutrinos and cLFV

® Sterile
neutrinos

Laboratoire de Physique Corpusculaire, LPC - Clermont

2" International Conference on Charged Lepton Flavor Violation

CLEDN » Charlottesville, 20 June 2016

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos

are closely
related—and » Flavour violation in charged lepton sector:
plenty of BSM Are neutral and charged LFV related?
behaviour in Does cLFV arise from v-mass mechanism? Or entirely different nature?
neutrinos
P Steril » Two approaches to address these questions: Effective (model-independent)
erile
neutrinos (well-motivated) New Physics models

» LFV in models of New Physics
Flavour violating extensions of the SM: Little Higgs, extra dimensions, general SUSY, ...
Models of neutrino mass generation: Low-scale seesaws, SUSY seesaw,

Hints of an organising principle - LFV and symmetries: LR models, GUTs, ...

» cLFV arising in SM “minimally” extended via

Anna Teixeira

CLFV 2016: Charlottesville, Virginia—Conference Summary 35 Yoshi.Uchida@imperial.ac.uk



Connection with Neutrinos

Charged leptons
and neutrinos
are closely

» Sterile fermions: under SU(3),xSU(2)LxU(1)y
related—and
plenty of BSM Interactions with SM fields: through mixings with active neutrinos
behaviour in No bound on the number of sterile states, no limit on their mass scale(s)
neutrinos Present in several theoretical models accounting for ¥ masses and mixings
® Sterile
neutrinos » Interest & phenomenological implications - strongly dependent on their mass!

4+ extra neutrinos suggested by short baseline » oscillation anomalies

+> warm dark matter candidates; explain pulsar velocities (kicks)

[: 4+ experimental testability! (and BAU, DM, m.. generation...)

(direct and indirect effects, both at the high-intensity and high-energy frontiers)

4+ theoretical appeal: standard seesaw, BAU, GUTs

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM

» Numerous SM extensions aiming at accounting for

behaviour in ~ Right-handed neutrinos (low scale seesaws: type |, YMSM, ...)
T 7 242
neutrinos Copst = =Y'LoHen —Y* Uiy — 106 Muvh =S m, ~ 55
® Sterile ~» Other neutral fermions (vr + extra sterile states in Inverse Seesaw, ...)
neutrinos

_ 242
v 1 fa 1, e v Y2
Liss = =Y"TrRHL — MpR X — 5ux X + ERVRVR =>my ~ e g

= Neutrino oscillation data; leptogenesis; DM (?); very rich phenomenology

» Simplified “toy models” for phenomenological analyses:

“ad-hoc” construction (no specific assumption on mechanism of mass generation)

encodes the effects of IV additional sterile states in a single one

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and

3 active neutrinos +

interaction basis «~ physical basis

plenty of BSM
behaviour in

neutrinos » Active-sterile mixing U, :
@® Sterile rectangular matrix < U = U
neutrinos » Left-handed lepton mixing Upmins:

3 sub-block, non-unitary!

w1 M Ussea = diag(mu,

Muy)

val
nr = (VLe, YLy, VLr,V5)
ng = Usxa ¥i

“Majorana mass”: L n {C‘Mn L

Ua Ues Ues

Upa Uys

Ua Uss

irameters: 4 masses [3 light (mostly active) + 1 heavier (mostly sterile) states]

6 mixing angles [0:5

3, & 0;4] and 6 phases [(3 Dirac and 3 Majorana)]

Modified charged (W*) and neutral (Z°) current interactions:

CLFV 2016: Charlottesville, Virginia—Conference Summary

Uai

iy [PL (UtU)y; — P (U*U);,} v

35

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos

Bl CIOSGIV » Leptonic CP violation: electric dipole moments
related—and

plenty of BSM : » Majorana (and Dirac) phases = lepton EDMs
behaviour in - - .
trinos » Non-vanishing contributions: at least two sterile v
neu
® Sterile > |d.|/e > 107% cm for m,, ; ~ [100 GeV, 100 TeV]
neutrinos

[Abada and Toma, '15]

» Lepton number violation: 0v2f decays

» v: can strongly impact predictions for |m..|

= augmented ranges for effective mass (/0 and NO)

» Observation of 0v27 signal in future experiments

does not imply Inverted Ordering for light vs

[Abada, De Romeri and AMT, '14; ...; Giunti et al, '15 +]

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and Radiative decays: £; — €5y
plenty of BSM » Consider p — ey :
behaviour in
neutrinos

® Sterile
neutrinos

» For my = 10 GeV sizable v¢ contributions

my (GeV)

3 body decays £; —+ 3¢; vs cLFV Z decays at FCC-ee

» Dominated by Z penguin contributions
341" toy model

» Allows to probe g — 7 cLFV beyond SuperB reacl

» Complementarity probes of

at low- and high energies! (and in LNV...)

Anna Teixeira

CLFV 2016: Charlottesville, Virginia—Conference Summary 35 Yoshi.Uchida@imperial.ac.uk



Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM

» pTeT —e’e” [Koike et al, '10]

Initial 1~ and e™: 1s state bound in Coulomb field of the muonic atom’s nucleus

behaviour in » Coulomb interaction increases overlap between
neutrinos U, - and ¥,.- wave functions
® Sterile
neutrinos

» Clean experimental signature: back-to-back electrons, E - =~ m

larger phase space than pu — 3e

» Rate strongly enhanced in large Z atoms
/o2 (Z-1)° [Uesaka et al, '15-'16]

Consider experimental setups for Pb, U 1?

Experimental status: New observable!

Hopefully included in Physics programmes of COMET & Mu2e (?)

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos

are closely » At high energies (FCC-ee): BR(Z — 7p)

related—and allows to probe p1 — 7 cLFV beyond SuperB reach

plenty_ of B_SM » Rich low-energy phenomenology (cLFV, LFU, ...)

behaviour in For Mg Z Aew: within exp reach

neutrinos NA62, Mu2e, COMET, FCC...

® Sterile
) (3.3) ISS realisation [Abada, De Romeri and AMT, '15]
neutrinos
» Sizeable values for the different observables!
Within reach of high-intensity facilities and colliders =

CLFV 2016: Charlottesville, Virginia—Conference Summary 35

[Abada et al, '15]

BR(t - x )

Log BR(pe — ee)

Anna Teixeira

Yoshi.Uchida@imperial.ac.uk



Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in

» Lepton flavour violation and New Physics
can provide (indirect) information on the underlying NP model
Numerous observables currently being searched for!

= very intensive worldwide experimental programme

neutrinos
. » Extending the SM with sterile fermions
® Sterile ) ) )
. Theoretically and phenomenologically motivated; impact on many observables!
neutrinos

actively searched for at high energy, high intensity and in cosmology

» Sterile neutrinos and cLFV
Sizable contributions to many observables (some leading to stringent constraints)
including BR(¢: — €;77). BR(é: — 3¢;), CR(z — e, N) and BR(p e~ —¢e7¢7)

= potentially within experimental reach

Analysis carried for simple “341 toy model” and mechanisms of v mass generation

low-scale type |, Inverse Seesaw, yMSM

Interplay at high-intensity & high-energy: probe the

Anna Teixeira
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Connection with Neutrinos

Charged leptons
and neutrinos

are closely :
related—and Seesaw Models, CLFV and Leptogenesis
plenty of BSM

behaviour in
neutrinos

® Sterile
neutrinos

Emiliano Molinaro

® Scesaw
mechanism

CP3QOrigins

Cosi article Physics

CLFV 2016, 20-22 June
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in

neutrinos
® Sterile
neutrinos

CLFV 2016: Charlottesville, Virginia—Conference Summary 35 Yoshi.Uchida@imperial.ac.uk

Seesaw
mechanism

Origin of neutrino mass and mixing

‘Why do neutrinos have a non-zero tiny ma
Symmetry principles give us an answer, even if the dynamics involved is not under:

Electroweak Theory + Quantum Chromodynamics:

e Lorentz in’
¢ Gauge invar 2)xU(1)
* Renormalizability

The Standard Model is not sufficiently “complicated” to violate baryon and lepton number
conservation (except f y quantum effects unobservable at the temperature of the present universe)

W alizability requirement and in all the possible interaction
operators which a 0 uge and Lorentz s; s (effective field theories).
In this case we introduce new scales in the theory

When we do experiments to detect neutrino oscillations or proton decay, what we are
mea g are the non-renormalizable effective interactions added to the renormalizable part
of the Standard Model

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21




Connection with Neutrinos

Charged leptons
and neutrinos
are closely

Low energy effects of RH neutrinos

related—and m, ~ —mp M1 I!I{) mp ~ Av
plenty of BSM
behaviour in naively for M = ] ~mp =10~ G A 1076
neutrinos low energy effects very suppressed:
® Sterile » tiny EDMs
el » tl.ny lcpt.un_mdl.?tlvc qc .
» tiny deviations from EW precision observables
® Scesaw » production ction at collider
mechanism

energy observables requires large Yukawa couplings. Again naively,
A s M=1TeV = m,=0.1GeV

is it possible to have seesaw models at low scale consistent with light neutrino

masses and sizeable Yukawa couplings ?

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and Sizable couplings of RH neutrinos to Standard Model leptons
plenty of BSM
behaviour in

RH neutrinos and large Yukawa couplings

Lagrangian mass terms:

* 1 “Cc *
neutrinos , MD )i VaR — 3 v (M) ver + hec.
® Sterile M =V*NIV', i1 ), R* ~ mpM~!
neutrinos

® Scesaw
mechanism

Ty VL Yo (RV )or (1 — 7s)

gMy.

I e (RV )k (1 +5) N h + hee.

effects are parametrized by (RV')

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in
neutrinos

® Sterile

neutrinos

® Scesaw
mechanism

RH neutrinos and large Yukawa couplings

the flavour structure of the neutrino Yukawa couplings is fixed by neutrino
oscillation data and RV can be calculated in terms of few paramete
e maximum Yukawa coupling: y
e RH neutrino masses: M; an
e a phase: w
Upmns

ms (U RN S e
o3 + i/ ma/maUsa
mg+mg \ 3TV 2/m3Ua

M, m P v
M, +11‘U(1 V nm+3mw (Uas +iv "’2’/”’3“"2)

pseudo-Dirac heavy
neutrino state Mi~M>

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM

Charged lepton flavour violation

Standard contribution

no, Sanda, 7

- . & —54
behaviour in <10
neutrinos

® Sterile
neutrinos
® Seesaw New contribution
mechanism Y ) R
BR(u—e+7) 7;‘ |©5,10a1* |G(MT /M) — G(0))|
€ No GIM suppression, observable effects!
Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in

Charged lepton flavour violation

M; = 100 GeV

Inverted Hierarchy

M; = 1000 GeV

Inveried Hierarchy

neutrinos
® Sterile &
neutrinos Z
® Scesaw
mechanism CR(Ti) ~ 1
I(RV), 1 I(RV), 4]
(RV)ox(1 = ~5) Nk W* + h.c.,
N g 17 \ AL e i
Lye = e VL Yo (RV )i (1 = v5) Np Z% + h.c.
‘Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons
and neutrinos
are closely
related—and
plenty of BSM
behaviour in
neutrinos

® Sterile
neutrinos

Charged lepton flavour violation

® Scesaw
mechanism

1000
6 (0.5) for My = 100 (1000) GeV
.03 for My > 100 GeV

conversion ratio highly affected by My!

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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Connection with Neutrinos

Charged leptons

and neutrinos Summary and outlook

are closely A minimal extension of the Standard Model, which provides a mechanism for the
related—and generation of neutrino masses and mixing, consists of adding singlet RH neutrinos
plenty. of B_SM The RH neutrino mass introduces a new scale in the theory, which can be of
behaviour in the same order as or smaller than the EW symmetry breaking scale
neutrinos
® Sterile « It is possible to probe the mechanism of neutrino mass generation with experiments
tri at the energy and intensity frontiers
neutrinos
°® < Baryon asymmetry can originate only from New Physics in the lepton sector:
Seesaw leptogenesis mechanism
mechanism

«» Baryogenesis can be achieved from CP violating oscillations of (sterile) RH neutrinos
with masses in the GeV range. Theory possibly testable in laboratory experiments:

Any experiment that improves the present bounds has the potential to discover GeV
RH neutrinos responsible for baryogenesis and neutrino masses

¢ Low scale seesaw scenarios can also predict production of keV sterile neutrino dark
matter in the early Universe (a smoking signature is monochromatic X-ray line)

Emiliano Molinaro (CP3-Origins) Seesaw Models, CLFV and Leptogenesis CLFV2016, June 21
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Useful Advanced Measurements for y-e Conversion Experiments
*Extinction rate

eParticle fluxes (e,u,7,K,p...)at detector (Comet phase I)

*p and n rates from g Capture (in the works at PSI)

*Cosmic rays — could be done in a test setup?

*Radiative pion capture —> 100MeVelectrons ?

* Pbar background rate —> 100MeVelectrons ?

General questions for high sensitivity g#-e Conversion Experiments

eWhat are the uncertainties and risk factors in the background, acceptance estimates ?
eHow are the backgrounds to be measured during the experiment ?

eHow is a blind analysis to be done ?

eWhat would make a believable signal ?

D. Bryman CLFYV, Lecce, ltaly
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Cautionary Tales in Muon CLFV Experiments
From CLFV2013 Summary Talk

Useful Advanced Measurements for y-e Conversion Experiments
*Extinction rate

eParticle fluxes (e,u,7,K,p...)at detector (Comet phase I)

*p and n rates from g Capture (in the works at PSI)

*Cosmic rays — could be done in a test setup?

*Radiative pion capture —> 100MeVelectrons ?

* Pbar background rate —> 100MeVelectrons ?

General questions for high sensitivity g#-e Conversion Experiments

eWhat are the uncertainties and risk factors in the background, acceptance estimates ?
eHow are the backgrounds to be measured during the experiment ?

eHow is a blind analysis to be done ?

eWhat would make a believable signal ?

Back to this...

D. Bryman CLFYV, Lecce, ltaly
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Statistics in CLFV Experiments

Use of statistical concepts
important:

® Single event sensitivities
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Statistics in CLFV Experiments

Use of statistical concepts
important:

Single event sensitivities

Average 90% C.L. limit
from null-hypothesis

Blind analysis methods

Combining experimental
results

Parameter
fitting/hypothesis testing

Machine learning
methods

Indications /
Observations / Discovery
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Statistics in CLFV Experiments

Use of statistical concepts
important:

® Single event sensitivities DIO Spectrum

® Average 90% C.L. limit
from null-hypothesis e Free muon

® Blind analysis methods

® Combining experimental

Conversion
results I Tl

® Parameter
fitting/hypothesis testing

® Machine learning
methods

Rabert Szafron

® Indications / Not a problem if your data is like this...

Observations / Discovery
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Statistics in CLFV Experiments

Use of statistical concepts
important:

® Single event sensitivities DIO Spectrum

® Average 90% C.L. limit
from null-hypothesis > Free muon

® Blind analysis methods

® Combining experimental

Conversion
results I Tl

® Parameter
fitting/hypothesis testing

® Machine learning
methods

Rabert Szafron

® Indications / Not a problem if your data is like this...

Observations / Discovery

(advert to follow)
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Advert: PhyStat-nu

® First workshop

held a few He olleqe
weeks ago in ¢ »
Japan O O o
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Advert: PhyStat-nu

® First workshop
held a few
weeks ago in

Japan PhyStat-v will address statistical issues in the broad

range of modern neutrino physics, including making

measurements of model parameters, setting limits,
discovery criteria, discrete choice of models, Bayesian
vs. frequentist inference, and combining experiments.

Two workshops are planned for 2016: this
workshop at the Kavli Institute for the Physics and
Mathematics of the Universe in Kashiwa, Japan in
May, and a second workshop at Fermilab in the autumn.

These workshops will consist of invited and
contributed talks, and poster and discussion sessions,
and will bring together experts in the analysis of
neutrino data with experts in statistics to explore the
statistical issues in neutrino physics.

PhyStat-» IPMU Workshop Introduction 30 May 2016 2 YoshiUchida@imperial.ac.uk
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Advert: PhyStat-nu

® First workshop

held a few Invited Experts

weeks ago in 7*7'
Louis Bob

Japan Lyons Cousmsm "

Shiro

Sara
Algeri e. Ikeda % i
-

oy I
sy
Michael y David

Betancourt | Van Dyk | A

Physicists and statisticians who are here to offer thelr
expertise to the field of neutrinos

PhyStat-» IPMU Workshop Introduction 30 May 2016 5 YoshiUchida@imperial.ac.uk
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Advert: PhyStat-nu

® First workshop
held a few
weeks ago in
BETSEN O O

® Currently
writing up a
summary
document

® Seccond
workshop at

ermilab 19-21
Fermilab 19— RINA 0 ) OR OF
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Advert: PhyStat-nu

® First workshop
held a few
weeks ago in
BETSEN O O

® Currently
writing up a
summary
document

® Seccond
workshop at

Fermilab 19-21 R

® Organised by
Tom Junk

® Highly
recommended U Ud ntific Org
for CLFV 10 D16 AN
people
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® Muon Experiments

w—>e+y
From the beginnings of CLFV
MEG at PSI
Suppression of Muonic CLFV

Muon-to-Electron Conversion
Z-Dependence
Next Generation of Experiments
Decay of Muons Bound to Nuclei
Cautionary Tales

uw— 3e
Physics Reach of Experiments

® Other Experiments
NA48/2 and NAG2
Current Anomalies in Data
Collider Experiments

@® The Connection with Neutrinos

® Closing Remarks
Statistics in CLFV Physics and PhyStat-v (next at Fermilab in
September)
The First Signs of BSM Physics



Recognising the First Signs of BSM Physics
From the 2nd Neutrino conference in 1974, in Pennsylvania:

® The Solar Neutrino talk:

The 37Ar production rates for the standard model and the low Z
model are 5.6 + 1.8 SNU and 1.4 * 0.35 SNU, respectively. Taking

Davis's resultl without run 27 to be 0.2 + 0.8 SNU I find that the
discrepancy between the experiment and the standard model to be 2.7g¢
and while the discrepancy with the low Z model is L.lg.

(R.K. Ulrik)
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Recognising the First Signs of BSM Physics
From the 2nd Neutrino conference in 1974, in Pennsylvania:

® The Solar Neutrino talk:

The 37Ar production rates for the standard model and the low Z
model are 5.6 + 1.8 SNU and 1.4 * 0.35 SNU, respectively. Taking

Davis's resultl without run 27 to be 0.2 + 0.8 SNU I find that the
discrepancy between the experiment and the standard model to be 2.7g¢
and while the discrepancy with the low Z model is L.lg.

(R.K. Ulrik)
® The Conference Summary:

I see no reason to include the solar neutrino problem in here
because it is only 1-1/2 standard deviations off of some solar models

and the principle is, you don't make a new theory because of 1-1/2
standard deviations.
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Recognising the First Signs of BSM Physics
From the 2nd Neutrino conference in 1974, in Pennsylvania:

® The Solar Neutrino talk:

The 37Ar production rates for the standard model and the low Z
model are 5.6 + 1.8 SNU and 1.4 * 0.35 SNU, respectively. Taking

Davis's resultl without run 27 to be 0.2 + 0.8 SNU I find that the
discrepancy between the experiment and the standard model to be 2.7g¢
and while the discrepancy with the low Z model is L.lg.

(R.K. Ulrik)
® The Conference Summary:

I see no reason to include the solar neutrino problem in here
because it is only 1-1/2 standard deviations off of some solar models

and the principle is, you don't make a new theory because of 1-1/2
standard deviations.

(R.P. Feynman)
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—

® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—
® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis
e The emphasis can change significantly—
e |arge fraction of work presented here was published after CLFV2013

at CLFV2013 (and twice in the programme)
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—

® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis

e T[he emphasis can change significantly—

e |arge fraction of work presented here was Juhh shed after CLEV2013

e "'SUSY" or "Supersymmetry” appeared 94 separate times on the slides
at CLFV2013 (and twice in the programme)

e 47 separate times on the slides this year, and not at all in the

programme...
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—
® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis
e The emphasis can change significantly—
Large fraction of work presented here was published after CLFV2013
"SUSY" or "Supersymmetry” appeared 94 separate times on the slides
at CLFV2013 (and twice in the programme)
e 47 separate times on the slides this year, and not at all in the
programme...
® Experiment: p — e + 4, muon-to-electron conversion, u — 3e,
Kaons, p-p and et-e~ colliders, EDMs

e new experiments and results soon—very exciting times ahead!
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—

® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis

e The emphasis can change significantly—

e |arge fraction of work presented here was published after CLFV2013
e "SUSY" or "Supersymmetry” appeared 94 separate times on the slides

at CLFV2013 (and twice in the programme)
e 47 separate times on the slides this year, and not at all in the
programme...

® Experiment: p — e + 4, muon-to-electron conversion, u — 3e,
Kaons, p-p and et-e~ colliders, EDMs

e new experiments and results soon—very exciting times ahead!

And now, time for a Symmetry Break! ...
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Conclusion

® Charged Lepton Flavour Violation is a hugely sensitive physics
observable that we must pursue vigorously

® Multi-pronged approach—

® Theory: multi-Higgs-doublet, composite Higgs, sterile neutrinos,
dark matter, lepton (non-)universality, seesaw, leptogenesis
e The emphasis can change significantly—
e |arge fraction of work presented here was published after CLFV2013
e "SUSY" or "Supersymmetry” appeared 94 separate times on the slides
at CLFV2013 (and twice in the programme)
e 47 separate times on the slides this year, and not at all in the
programme...
® Experiment: p — e + 4, muon-to-electron conversion, u — 3e,
Kaons, p-p and et-e~ colliders, EDMs

e new experiments and results soon—very exciting times ahead!

And now, time for a Symmetry Break! ...

1 those not present at the Provost's Welcome Talk may not recognise this expression
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