


Yoshitaka Kuno
Department of Physics
Osaka University

2019 Joint workshop of

TYL /FJPPL and FKPPL
Jeju, Korea
May 10th, 2018




Yoshitaka Kuno
Department of Physics
Osaka University

2019 Joint workshop of
TYL /FJPPL and FKPPL
Jeju, Korea

May 10th, 2018

Outline

* Aim
* People

- Highlights
- Plan 2019-2020



na

Osaka University

® French side ¢ Japanese side
e Sacha DAVIDSON (LUPM) ¢ Yoshitaka KUNO (Osaka)
e Ana M. TEIXEIRA (LPC) e Joe SATO (Saitama)
e Albert SAPORTA (IPNL) e Masato Yamanaka (Osaka
e Chandan HAITI (LPC) City)

e Jonathan KRIEWALD (LPC) * Yuichi Uesaka (Saitama)



Thanks

We thank the committee for
the budget that our French
team obtained in 2018.



Thanks

We thank the committee for
the budget that our French
team obtained in 2018.

Ana Teixeira visited Saitama U., J-PARC
and Osaka U. to discuss the next projects.



Osaka University



Charged Lepton Flavour Violation (CLFV)
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(CLFV = charged lepton flavour violation)
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Neutral &Jown ﬂavour violation has been observed.

quum mixing in the SM has been known.



Neutral &Jown ﬂavour violation has been observed.

quum mixing in the SM has been known.

Why CLFV ?
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SM neutrinos

W

2
my, 2

My

B(p — ey) = |Z (Vans)y, (Vans)

327

S.T. Petcov, Sov.d. Nucl. Phys. 25 (1977) 340



SM neutrinos
W
BR~O(10-%4)

2
my, 2

My

B(p — ey) = |Z (Vans)y, (Vans)

327

S.T. Petcov, Sov.d. Nucl. Phys. 25 (1977) 340



SM neutrinos
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Effective Field Theory Approach

C (d) /N Is the energy scale of new physics
Z eff = Z sm T Z Ad—4 CW is the coupling constant.
d>4
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Effective Field Theory Approach

C (d) /\ Is the energy scale of new physics
Z eff = Z sm T Z Ad—4 CW is the coupling constant.

ad>4
from BR(u—ey)<4.2x10-13
C® Cco_
—50° > 20" s OF,, = A~ 6(10% TeV

Future planned improvements by an additional factor of 10,000
would probe A ~ O(10% TeV

sensitive to high energy scale that accelerators cannot reach!
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EFT approach for y—e conversion
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EFT approach for p—e conversion '

w +qg—re +q

contact interaction dipole interaction
q q
wo e~
\_/

(eI'Pypu)(qlq) , q € {u,d, s}
I'={I,~vs,7v,7Ys 0}
S, PV AT dipole (D)



»C,uA—mA (Aea:pt) — Z {m,u (CDLﬁgaB,uLFaB + CDRQO-&B,URFQB)

dipole
scalar 2

pseudo-scalar

vector C ey P+ O ey Pap) Ny N

axial-vector DN ey Py + O %wpw) Nryovs N

\ . N N I o
(derivative) CN M ey Pry+ CoNl }{EVQPRM) i(N 9o, ¥5N)

tensor G}ZYLN)EUO‘BPLM + 5;]’\IRN)EUO‘5PRM) NoagN + h.c.




»C,uA—mA (Aea:pt) —

scalar
pseudo-scalar

VEeCtor
axial-vector
(derivative)
tensor

Z [mu (CDL@UO‘BMLFM T CDR@U&B/‘RFaB)
dipole

O ey Pru + Cyy RN)évO‘PRu) Nvo.N
C(NLN)EVO‘PLWL C( ey P u) Nvavs N

Cher 1Y Po+ O jE7* Pr u) i(N 9 45N)

C'(NLN)EUO‘BP W+ C(NRN)an‘ﬁpRu) NoosN + h.c.}

22 coeff. = 2 (dipole) + 2 (left/right) x 2 (proton/neutron) x 5 (interaction)




with Z penguin

NS @]

vector interaction
(with photon -

. left-right models
charge radius)

B(u— e;Z) /| B(u— e;Al)

dipole interaction | SUSY-GUT

| @A

scalar interaction | SUSY seesaw

S
\( normalised at Al ]

20 40 60
Z

80

R. Kitano, M. Koike and Y. Okada, Phys.Rev. D66 (2002) 096002; D76 (2007) 059902

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80, 013002 (2009)
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Spin-independent and Spin-dependent ¢

u—e Conversion ™
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Spin-independent and Spin-dependent ¢
u—e Conversion i Py

Spin-independent
p-e Conversion
(coherent)

Pseudo-
scaler
INnteraction

Spin-dependent
pu-e Conversion
(incoherent)

tensor

axlial vector

INteraction INnteraction

analogy to WINP searches
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PHYSICS LETTERS B

1 Physics Letters B

ER www.elsevier.com/locate/physletb

Spin-dependent ;& — e conversion

@ CrossMark

Vincenzo Cirigliano?, Sacha Davidson ”*, Yoshitaka Kuno ¢

4 Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
b IPNL, CNRS/IN2P3, Université Lyon 1, Univ. Lyon, 69622 Villeurbanne, France
¢ Department of Physics, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan

ARTICLE INFO ABSTRACT
Article history: The experimental sensitivity to  — e conversion on nuclei is expected to improve by four orders
Received 16 March 2017 of magnitude in coming years. We consider the impact of u — e flavour-changing tensor and axial-

Received in revised form 6 May 2017
Accepted 19 May 2017

Available online 22 May 2017

Editor: J. Hisano

vector four-fermion operators which couple to the spin of nucleons. Such operators, which have not
previously been considered, contribute to  — e conversion in three ways: in nuclei with spin they
mediate a spin-dependent transition; in all nuclei they contribute to the coherent (A%-enhanced) spin-
independent conversion via finite recoil effects and via loop mixing with dipole, scalar, and vector
operators. We estimate the spin-dependent rate in Aluminium (the target of the upcoming COMET and
Mu2e experiments), show that the loop effects give the greatest sensitivity to tensor and axial-vector
operators involving first-generation quarks, and discuss the complementarity of the spin-dependent and
independent contributions to u — e conversion.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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“Spin-dependent” u — e conversion on light nuclei

Sacha Davidson'2--2, Yoshitaka Kuno®*, Albert Saporta'-?-3
I IPNL, CNRS/IN2P3, 4 Rue E. Fermi, 69622 Villeurbanne Cedex, France

2 Université Claude Bernard Lyon 1, Villeurbanne, France
3 Université de Lyon, 69622 Lyon, France

4 Department of Physics, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan

Received: 25 October 2017 / Accepted: 23 January 2018 / Published online: 6 February 2018

© The Author(s) 2018. This article is an open access publication

Abstract The experimental sensitivity to @ — e conver-
sion will improve by four or more orders of magnitude in
coming years, making it interesting to consider the “spin-
dependent” (SD) contribution to the rate. This process does
not benefit from the atomic-number-squared enhancement
of the spin-independent (SI) contribution, but probes dif-
ferent operators. We give details of our recent estimate of
the spin-dependent rate, expressed as a function of opera-

the u 1s captured by a nucleus, and can convert to an electron
while in orbit. The COMET [7] and MuZ2e [8] experiments,
currently under construction, plan to improve the sensitiv-
ity by four orders of magnitude, reaching a branching ratio
~ 10716, The PRISM/PRIME proposal [9] aims to probe
~ 10718, These exceptional improvements in experimental
sensitivity motivate our interest in subdominant contributions
to u — e conversion.
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¢ Describes the details of the spin-dependent (SD)
calculation with prospects for disentangling SD from S
processes by changing targets.

® detalled estimation in light nuclel
e comparison of different targets

e different isotopes with spin-zero and spin-non-zero
¢ [eptoquark models
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Selecting ;. — e conversion targets to distinguish lepton L)
flavour-changing operators e

Sacha Davidson ®*, Yoshitaka KunoP?, Masato Yamanaka ¢

4 LUPM, CNRS, Université Montpellier, Place Eugene Bataillon, F-34095 Montpellier, Cedex 5, France
b Department of Physics, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan
¢ Department of Science and Technology, Kyushu Sangyo University, Fukuoka 813-8503, Japan

ARTICLE INFO ABSTRACT

Article history: The experimental sensitivity to u — e conversion on nuclei is set to improve by four orders of
Received 11 October 2018 magnitude in coming years. However, various operator coefficients add coherently in the amplitude
Received in revised form 20 January 2019 for u — e conversion, weighted by nucleus-dependent functions, and therefore in the event of a
Q\C/giall;f)elg iglggrelga;jai?lﬁy 2019 detection, identifying the relevant new physics scenarios could be difficult. Using a representation of
Editor: J. Hisano the nuclear targets as vectors in coefficient space, whose components are the weighting functions, we
quantify the expectation that different nuclear targets could give different constraints. We show that
all but two combinations of the 10 Spin-Independent (SI) coefficients could be constrained by future
measurements, but discriminating among the axial, tensor and pseudoscalar operators that contribute
to the Spin-Dependent (SD) process would require dedicated nuclear calculations. We anticipate that
. — e conversion could constrain 10 to 14 combinations of coefficients; if © — ey and w — eee constrain
eight more, that leaves 60 to 64 “flat directions” in the basis of QED x QCD-invariant operators which

describe pu — e flavour change below myy.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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® prospects to constrain and identify different spin-
independent (Sl) coefficients which interfere in the
amplitude

e results: three targets (2 light, 1 heavy) could constrain 6 of
the 8 Scalar and Vector processes.



EFT for y—e Conversion
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[f,u,A—mA (Ae:r;pt)

scalar
pseudo-scalar

vector
axial-vector
(derivative)
tensor

Z [mu (Cprero*’ urFap + Cprero™’ urFap
N=p,n

(CSyNePop+ CLyNePru) NN
BNy OLYePan) NrsN

N‘(/]EN)EVO‘PLM + (j*x(/]\éN)évo‘PRu) Ny N

~ ~ S o
Cur1ey* Ppp+Che J)QEW‘*PR@ {(N 0o y5N)

NN)_

(5 ,%]YLN)EVO‘PLM + éfév )évo‘PRu) Ny s N
(éz(pjiN)EJO‘BPLu + /Cv'r}’R eao‘ﬁPR,u) NoasN + h.c.

)
dipole




EFT fOr ”_}e ConverSion ‘ N Osaka University

4G
Lonsea(Deapt) = —7;’ 3 [mﬂ (Cprero®® upFap + Corero® prFag)
[ — dipole
scalar + (CHNVePup+ LN ePrp) NN
pseudo-scalar + (C e+ ChePru) Nys N
vector + (N‘(/]\IQN)EWO‘PL,LL + ,CV"(/]\;%N)EWO‘PRH) N~ N
axial-vector  +(C{ ey P+ CN ey Prp) Nyars N
\ \ — — I e
(derlvatlve) + (C’g\;{\[ I)/E’}/QPL,LL + C'g\éi\f ])géwo‘PR,u) i(N Oy v5N)
tensor + (O 20 P+ CFYeo P ) NowgN + hee.

let us make an argument simplified...

5 coeff. - dipole, scalar (p), vector (p), scalar (n), vector (n)



Vector presentation * ¢
in multi-dimension space (5-dim.) )
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BR = B,|

Cp = (Cp.r,CF,,C¥L, CYL, C8R) new physics

D n n

TZ’ v s vl gl )> nuclear form factor
Nuclear form factors, including
overwrap of muon wave function and nucleus

calculated by nuclear physics
(estimated by WINP searches)




Misalignment is needed.... o,.'

target (1) target (2)




Misalignment is needed.... o,.l

misalignment of target
vectors provide
more information on couplings

target (1) target (2)




Spin dependent p-e conversion

(Model Independent) - second preprint

Lead Titanium

Copper
Gold

Aluminium

solid lines : existing data



Spin dependent p-e conversion

(Model Independent) - second preprint
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Figure 2: Angle 6 between a target vector (eg dashed red = Aluminium) and other targets labelled by Z. The angle is
obtained as in eqn (9), with all the dipole coefficients set to zero. The solid lines represent the targets for which there
is currently data (see table 1). From smallest to largest value of 6 at large Z, they are: thick green = Lead, thick blue
— Gold, black = Copper, thin green = Titanium, dashed red = Aluminium, and thin blue is Sulfur. We assume that
two targets can probe different coefficients if their misalignment angle is 6 2 0.2 radians (or 0.1).




u-e-—e-e- has the
anatlilly @ =W overwrap of y-and e
which is proportional to
/3. (almost compatible

M € —> &€ Inmuonic atom
to yr—etete)

electron 1S orbit Experimentally a pair of
2 e-and e in the final

muon 1S orbk -, ]
state iIs measured.

e QOriginal idea
M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010)

® Study of contact interaction with different Z targets
Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D93 (2016) 076006

e Study of long-distance dipole interaction with different Z targets
Y. Uesaka, YK, J. Sato, 1. Sato and M. Yamanaka, Phys. Rev. D97 (2018) 015017

® One more paper under preparation.
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(3+1) model (3+2) model

T

CR(u-e, Al) +

IBR(uwe —ee, Al OTHER BOUNDS

M4 : HNL mass ms : HNL mass

Cyan points : -+ & =& + e colored points : Br(u-+ e- e + )
blue points : y-+ Al e + Al

A. Abada, V. De Romeri, A.M. Teixeira, JHEP 02 (2016) 083)
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Abstract

The search for charged lepton flavour violation (CLFV) has enormous discovery potential in
probing new physics Beyond the Standard Model (BSM). The observation of a CLEV transition
would be an undeniable sign of the presence of BSM physics which goes beyond non-zero masses
for neutrinos. Furthermore, CLFV measurements can provide a way to distinguish between
different BSM models, which may not be possible through other means. So far muonic CLFV
processes have the best experimental sensitivity because of the huge number of muons which
can be produced at several facilities world-wide, and in the near future, new muon beam-lines
will be built, leading to increases in beam intensity by several orders of magnitude. Among
the muonic CLFV processes, 1 — e conversion is one of the most important processes, having
several advantages compared to other such processes.

We describe the COMET experiment, which is searching for u — e conversion in a muonic
atom at the J-PARC proton accelerator laboratory in Japan. The COMET experiment has
taken a staged approach; the first stage, COMET Phase-I, is currently under construction
at J-PARC, and is aiming at a factor 100 improvement over the current limit. The second
stage, COMET Phase-II is seeking another 100 improvement (a total of 10,000), allowing a
single event sensitivity (SES) of 2.6 x 10717 with 2 x 107 seconds of data-taking. Further
improvements by one order of magnitude, which arise from refinements to the experimental

design and operation, are being considered whilst staying within the originally-assumed beam

power and beam time. Such a sensitivity could be translated into probing many new physics

constructions up to O(10%) TeV energy scales, which would go far beyond the level that can be
reached directly by collider experiments. The search for CLFV p — e conversion is thus highly
complementary to BSM searches at the LHC.

Lcontact person: kuno@phys.sci.osala-u.ac.jp.
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New Projects '

® more projects under disucssions
erates in polarised targets ?7?

e coherency Iin different interactions 7?7
¢ cxotic muon CLFV processes ?7



New Projects (2)



New Projects (2) '

e Review article on CLFV in progress

e Ana Teixeira (LPC), Asmaa Abada (U. Paris Sud), Lorenzo Calibbi
(ITP) and YK



Budget Request Summary OS.'

® French side
¢ Travel support of one researcher, 10 days
e Request to IN2P3 for 2500 euros

e Japanese side
e Travel support of one researcher, 10 days (for young researcher)
e Request to KEK for 200 k Japanese yen
e Additional request to Osaka University for 100 k Japanese yen



Conclusion '

Osaka University

e This project forms some framework

to strengthen the collaboration
petween French and Japanese
ohysicists interested in charged
epton flavor violation.

¢ Face-to-face meeting provide open
discussion to create innovative idea.

e |n 2018-2019, studies of uy—e
conversion (in particular spin-
dependent) were carried out.

¢ |n 2019-2020, we are planning to do
more works related to CLFV in the
collaboration between French and
Japanese physicists.
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petween French and Japanese
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epton flavor violation.

¢ Face-to-face meeting provide open
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dependent) were carried out.
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Thank you for
your attention!




