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@® Introduction

Introduction

Charged Lepton Flavor Violation (cLFV)
In the Standard Model (SM)

Charged lepton flavor violating (cLFV) M

processes occur through neutrino oscillation W S

Theoretical prediction :
2

3a m2 —m? _
Br(p — e7) = o |D Upillei == <107% 1y e
32 |4 M M?2 > > >
7T_ ’ 4 U.U”; V’i Uez’
Huge sap Li (‘77), Petcov (‘77), Sandra (‘77), Lee (‘77)
Experimental bound : It is impossible to detect
BR(p~ —e 7)) <4.2x1071 cLFV process

MEG Collaboration (2016)
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@® Introduction

Introduction

Charged Lepton Flavor Violation (cLFV)

Beyond the SM

Extra bosons = - Leptophilic scalar

- Extra gauge boson (ex: U(Dy,-1,) w
- Axion-like particle
 Dark Photon w/ dipole LFV coupling 4@_
; M €

Because of no suppression from GIM mechanism, branching
ratios of cLFV processes are not suppressed
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@® Introduction

Introduction

Charged Lepton Flavor Violation (cLFV)
Beyond the SM

Extra bosons ___ (We focus on light bosons]
L

New physics makes cLFV processes observable
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Introduction

@® Introduction

Constraints on cLFV

Ex) Leptophilic scalar model

LD Z ylLdlr + yhrder + YeLour
b=e,p,T

In light-mass & small-coupling region
(Mmy~0.01 -1 GeV & y,~1078 — 1075)

1, CLFV coupling can be as large as
CLFC one

2, New particles with CLFV coupling
are long-lived
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@® Introduction

Introduction

Constraints on cLFV

- CLFV interactions affect results of long-lived
particle search experiments?

- Long-lived particle search experiments can
detect CLFV decays ?
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Electron Beam Dump
Experiment

Based on T. Araki, KA, T. Shimomura, JHEP 11 (2021) 082, arXiv : 2107.07487 [hep-ph]
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e~ Beam Dump Experiment ® o~ beam dum;

Overview
Batell, Essig, Surujon, PRL113 (2014)

95 -

Beam of high-energy e~ is dumped into L
dense target P
High intensity -
- Production of large number of %85
new particles §
Detector is placed behind long shield [Target T
Low background s
- Most of background events are :
removed by shield N, ' 0 400
Sensitive to small coupling region .
- New particles should be long-lived Eliwon e :-—<=>§
Dirt Detector

to reach detector Beam  Target
LLP2024 @ U. of Tokyo (Jul 1, 2024)
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e~ Beam Dump Experiment ® o~ beam dum;

E137 experiment

Experiment parameters . Batell, Essig, Surujon, PRL113 (2014)
Beam : 20 GeV e~ beam .

~ 2x10%° EOT 5
Target : Aluminum beam dump ﬁ S;arget __~

Shielding : 179m ground (hill) s
Decay volume : 204m open air
Detector : EM calorimeter + MWPC

e—

Electron
Beam Target Dirt Detector
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e~ Beam Dump Experiment ® o~ beam dum;

New particle production

Target Batell, Essig, Surujon, PRL113 (2014)
e Al 6—
>Q )0<':!_
Electron €
Bey/\ Dirt Detector
Lagrangian Bremsstrahlung e
Coupling with electrons production e

LD gXeeXpévpe

New particles are produced through bremsstrahlung process
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e~ Beam Dump Experiment ® o~ beam dum;

New particle detection

Batell, Essig, Surujon, PRL113 (2014)

e Al e
>Q )0<':!_

Electron e

Beam Target Dirt //\
Lagrangian Detection -
Coupling with electrons M/< n

LD gXeeXpévpe X €
Decay into eTe™ pair Detection

After passing through shield, new particles decay into e*e™ pair
in decay volume and are detected
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e~ Beam Dump Experiment ® o~ beam dum;

New particle production

Target Batell, Essig, Surujon, PRL113 (2014)
e~ Al e
>Q= > ot
Electron M"‘
Bey/\ Dirt Detector
L agrangian Bremsstrahlung f
Coupling with e & u production e

LD gxenXpey’p

Possibly LFV interactions contribute to bremsstrahlung production
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e~ Beam Dump Experiment ® o~ beam dum;

New particle detection

Target Batell, Essig, Surujon, PRL113 (2014)
e Al 6_
>Q= > ot
Electron M"’
Beam Target Dirt /
Lagrangian Detection _
] _ 9Xep &
Coupling with e & u ’\/\/< n
_ M
LD gxenX 7 1t A | |
Decay into u*te™ pair Detection

LFV decay can be searched by beam dump experiment
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e~ Beam Dump Experiment ® o~ beam dum;

F137 experiment

Unfortunately, E137 experiment can
detect only electron

We have explored constraints on LFV couplings
of new particles by E137 experiment
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Calculation
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Calculation

@ Calculation

Number of signals

T —

e Al
Electron
Beam  Target

Dirt

(# of signal detection)

= (# of proc
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Detector

uced new particle) x (Acceptance)
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Calculation

# of produced new particle

€ beam

@ Calculation

(# of produced new particle) .

= (Luminosity) X (Production cross section)

—

Dependent on beam Dependent on particle species
and beam dump
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Calculation

@ Calculation

Number of signals

shield Decay volume Detector
Beam dump
e e e —— ?:’II’;de_t ______
e beam \»
(Acceptance)

= (Probability of decaying in decay volume) x (Angular cut)
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Calculation

@ Calculation

Number of signals

J T
shield D I
Beam dump FeSH NSRS %
e beam

(Acceptance) Lin Lgn —|- Ldec

= (Probability of decay in decay volume)
New particles reach decay volume and are detected by decay into visible particles
Probability of decay between Ly, ~ Lo, + Lgec

Pioe = / %e_z/lx — o~ Len/lx (1 _ e—Ldec/lX) [ x : Decay length

[ x in laboratory frame
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Calculation

@ Calculation

Number of signals

shield Decay volume Detector

Beam dump
e beam ﬁ

(Acceptance) \:\> o
_ (Angular cut)

Produced particles have angles with respect to initial particles

For large angle (deviation from beam axis 7 1), visible particles in decay
volume do not hit detector

Angular cut : @(Tdet — 71)
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Calculation

@ Calculation

Number of signal events

e Al 6
> Q== > om——t=—0
Electron €

Beam Target Dirt Detector

(# of events) = (# of produced Z’) x (Acceptance)

Navo X Eo—my Ey Tsh
— N, 0 > / dEx / dE, / dt
A l=e,p ¥ ™MX 0

Ex+my

1 dabrems

% E. dz

Ie(EOa E67 t)

Ex

Coupling to SM J —— # of production J Acceptance (Iifetime)j

# of signals is defined by competition of two effects
(belt-shaped sensitivity region)

e~ Lan/Lx (1 — e‘Ldec/Lx)] Br(X —ete)



Result
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Result

Production through LFV coupling @ Result

For By = F. (x=1), Production cross section
AOrems a2y§e€5¢ L1 10-;- S Ee=$§§g§
2 -0 | e
dx 27T 2m? :gg
2 2 S 1070) —
da%li\rgs -~ Ozzng 55 > Hmaer gm-n;_ L ]‘
dx 27 ¢ 2mi B 10712}
H S g8 T IIIIIIIIIIIII I -
P
1045%‘ TSl
0 produ_ctlo_n throgg.h LFV (078 iy > 4,
coupling is negligible m, (GeV)
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Result

Constraint on LFV coupling

Scalar-type int.

Lscalar = Z yKECbER + yéﬂaﬁbﬂR + yLe;TLqﬁeR + h.c.
{=ie; T

O Larger LFV/LFC ratio

Larger ute™ coupling

V
S

Shorter decay length for mgy > me +my,

& smaller BR(¢ — eTe™)

Sensitivity region is covered with
constraints from @t — €@

g P
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@® Result
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Result

Constraint on LFV coupling @ Result
] B | I IIIIQL; I [ \\I\’ \ ]
Scalar-type int. - | .
_ - NS
Lscalar = Z yefL(MR‘l‘yéN@QbﬂR‘l‘yLeﬁTLCbeR‘l‘h-c- E A e,f\// E
{=ie; T 10_65_ - P
It E137 experiment could detect muon, < - o i

1077

signal : ¢ — ee O — ee, L, el

| |||H||

~~~~~

‘f

=
'_~.~. ‘ l: 0
I PO \ 1 |
= T =
— 1 + pf e 5 -
[ \ _
B { T S - 100 ]

perhaps detect LFV decay 1055 -,

e~ beam dump with muon detector can
search unexplored LFV coupling and

mg [GGV]

Kento ASAI (ICRR, U. Tokyo)  Search for LFV decay at lepton beam dump experiment LLP2024 @ U. of Tokyo (Jul 1, 2024)



@® Introduction

Question

Production through LFV coupling

¢ oroduction through LFV Production cross section
coupling is negligible :gj: e
100}
3100 =1
S 10}
. 5 1012
¢ production by muon beam R e
through LFV bremsstrahlung 1Mo
. -15 [ ~
s larger than LFC one ? ot
1073 102 10 10° 10
. m, (GeV)
Muon beam dump experiment oI
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Question

@® Introduction

Bremsstrahlung cross section

do/dx [GeV 2]

Electron beam dump

— r=1
10—10,
— CLFC eZ-eZ9)
---- CLFV (eZ-uZ¢)
Q13 e
E. =20GeV
o et e o

Muon beam dump

----------------------------- €T = ]_

e 10—10k

>

8 —— CLFC (uZ-uZo)

x ---- CLFV (uZ~eZe)

_8 10—13k

E,, =20GeV
T e )
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@® Introduction

Question

Bremsstrahlung cross section

Electron beam dump Muon beam dump
— =1 521
_ 10-10 ] N:_| 1010, \“‘
: High energy muon beam % lFC Gzonza)
5 can search heavy ¢ % - CLFV (kZ-eZ¢)
RPTECISE '8 107
CLFV bremsstrahlung production is important

107 at muon beam dump 10

LLP2024 @ U. of Tokyo (Jul 1, 2024)
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| FV decay search
@ muon beam dump

Based on T. Araki, KA, T. Shimomura, ongoing
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u Beam Dump Experiment ® J beam dump

Experimental setup

C. Cesarotti, S. Homiller, R. K. Mishra, M. Reece,

Experiment parameters SRL 150 (2023) 7 071803
Beam : 1.5 TeV u beam Lo Lo o Law
=108, 1022 MOT " S
=
A

Target : Liquid water, 10m

<

Shielding : 10m active shield

(magnetic field applied) We follow the setup

Decay volume : 100m in the above PRL paper

Detector : EM calorimeter + muon detector, 2m radius

LLP2024 @ U. of Tokyo (Jul 1, 2024)
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https://doi.org/10.1103/PhysRevLett.130.071803

Calculation

@ Calculation

Number of signal events

(# of events) = (# of produced Z’) x (Acceptance)

Navo X Eo—my Tsn
0 Z / dEx / dE, / di
E X -I—mg 0

1 dabrems

IC(EO7E€7 t)E d:L‘

e~ Lan/Lx (1 — e‘Ldec/Lx)] Br(X —ete)

Ex
Ee

9=

Novo X Eo—my Eo Tsn
IM(E()yElLL)t) :NM 1 0 Z/ dEx/ dEMA dt

(=epu Y MX Ex+my
=0(E,, — Ey) : g o
for thin beam dump-—x VM(EO’E“’t'>E U;;ems ) e~Lsn/Lx (1 _e—Ldec/Lx)} Br(X — e*uF)
e o E)e(
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Result

Sensitivity to LFV coupling ® Result

Scalar-type int.
Lscalar = ye,uq¢,uR =+ yeuﬁqbeR + H.c.

qu > m’u - me L 10-51 /'@/0
Sensitivity region is below Mu-Mu £
oscillation bound

1074+

1078+

me < m,U' — Me 3 event curve
: —Nyor=10"8 |
Bound on Br(u — eg)is stronger T Nuor=1022
Muon beam dump experiment can search ~ [ ¥ o
] ] 0.05 0.10 0.50 1 5 10

unexplored parameter region of CLFV interaction my [GeV]
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O Lepton beam dump experiments have sensitivity to light new
physics interacting very weakly

(O In such small coupling regions, licht BSM particle is long-lived
and can escape from current LFV constraints

(O We considered scalar-type LFV interaction and are studying
sensitivity to LFV interaction (¢ = eu decay) by muon beam dump
experiment

Thank you for your attention |
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Appendix
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@® Introduction

Introduction
Constraints on cLFV
cLFV process Exp. limiton BR  Future prospect
p— eeel| e 1.0 x 10712 ~ 10~ 1¢
X e SINDRUM Collaboration Mu3e Collaboration (2013)
. (1988)
p— ey AT 42 %1078 ~ 6 x 1071

C ; > MEG Collaboration MEGII Collaboration (2018)
M e (2016)

2 e _
[,u — GX] % ~ 107°
TWIST Collaboration
X (2015)
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@® Introduction

Introduction
Constraints on cLFV
cLFV process Exp. limiton BR  Future prospect
uN — eN| > 7x107" (A 7 % 107 [Phase-I]
....... \ (s;y(g)g){ul\/l Il Collaboration 26 x :_0_17 [Phase -II]
| | (AD)
R COMET Collaboration (2020)
Mu PN Mu = _ Oscillation probability B
" 83x107 M1 O(10~)
(B = 0.1 Tesla)
ut o+ MACS Experiment J. Tang et al., MACE working
(1999) group collaboration (2021)
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Calculation

@ Calculation

Luminosity

€ beam

(# of produced new particle) .

= (Luminosity)

|| _

(# of incident particles into beam dump) nN = pshNavo /A ~ 6 x 10?2
X (# density of target particles in beam dump )‘/
X (Track length of shower particles)

N, = 1.86 x 10%"
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Calculation

@ Calculation

Track length From Sakaki san’s slide
- Integral of particle fluence over beam  peam e e target
dump volume '@Wr
- Used Tsai's formula
[Y.-S. Tsai, PRD 34 (1986) 1326] Letectron = -y
Lpositron =
Ly= N\, + N\,

X (Track length of shower particles)
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Calculation

Production cross section

€ beam

@ Calculation

(# of produced new particle)

Z/
(Production cross section) d\’\‘\ﬁ

Bremsstrahlung process
do(e(p) + Z(F;) — e(p') + Z(Py) + X (k))
dE xdcosOx >
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Calculation

Production cross section

@ Calculation

Weizsacker-Williams approximation C. F. von Weizsécker (1934);
- Approximation for simplifying phase space integral E.J. Williams (1935)
- Electromagnetic field generated by fast moving charged particle is

nearly transverse . h
— can be approximated by real photon cf) 2-to-2 scattering
q° = —2p’p° (1 — cos ) ~ 0

J
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Calculation

@ Calculation

Production cross section

Weizsacker-Williams approximation
do(e(p) + Z(P;) — e(p') + Z(Pr) + X(k)) _ af EoxBx do(e(p) +v(q) — e(p’) + X (k))

dx dcos Oy T 1l—=x dx dcosfx

I e
i L

where
Ey : beamenergy ©=FEx/Ey Bx= \/1 — m% /E?
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Calculation

@ Calculation

Production cross section

Weizsacker-Williams approximation
do(e(p) + Z(P;) — e(p') + Z(Pr) + X(k)) _ af EoxBx do(e(p) +v(q) — e(p’) + X (k))

dx dcos Oy T 1l—=x dx dcosfx

where

effective photon flux

bmax t_tmin
g:/ At = G (1)

tmin

2

t = —q general electron form factor
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Calculation

@ Calculation

Production cross section

Improved Weizsacker-Williams approximation K. J. Kim & Y.-S. Tsai (1973)
do(e(p) + Z(P;) = e(p’) + Z(Py) + X(k)) _ of EyzfSx do(e(p) +v(q) — e(p’) + X(k))

dx dcos Oy T 1l—=x dx dcosfx

where

effective photon flux

bmax t— tmin mg{ L — tmin
£ = / dt 2 Go (t) ~~ / dt G (t)
(

m% /2Ex)? 2

tmin

Integral interval is independent of © and Oy
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Calculation

@ Calculation

Production cross section

Weizsacker-Williams approximation

do(e(p) + Z(FP;) — e(p') + Z(Pr) + X (k))  af EoxBx do(e(p) +v(q) — e(p’) + X (k))

dx dcos Oy T 1l—=x dx dcosfx

I e
i L

beamenergy r=FEx/FEy Bx = \/1 — m4 /E?
tmax - m1n m‘QX t— tmin
¢ — / Galt) = /( i Ga(1)

m%c/QEx)Q t2

where

Production cross section can be calculated more simply
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Calculation

@ Calculation

Number of signals

shield Decay volume Detector

Beam dump
e beam , }
|

1

We approximate that only Z" are produced with non-zero angle |
0, =0, Ox #£0, 0 =0
/\
g /
N Y\/\/\/\/\/\/\A::> / i

e beam Vv VVVVV VN

vy

{
|

EM shower
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Calculation

@ Calculation

Number of signals

shield Decay volume Detector

Beam dump
e beam ﬁ

We approximate that only Z" are produced with non-zero angle |

96207 HX#Ov Hf:O
/d@edHXdHf(# OfZ/) X Piec @(rdet _ TJ_)

e - —
:/ d0x (#0f Z') X Pioc 0y dependent
0
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Calculation

@ Calculation

Number of signal events

e Al : :
,.é. Production cross section \
Electron dabrems . a§ EOxﬂX dascat
Beam  Target de 7w l—2z dx
do-scat _ /9X d@ dO'scat
(# of events) = (# of produc dx . * drdcosflyx
NavoXo with tan 9%&){ = Tq t/(L LT+ Ld )
= N, A Z C S ec /
{=e,u
I.(E,, E. —Lsh/Lx (1 _ ,—Ldec/Lx + -
X | I.(Eo, ’t)Ee do |,z e (1—e )] Br(X —e"e)
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Constraint on LFV coupling
U(1).,-r, model

Lyector = 9'Z,(s* ey’e + ¢ I+ sc iy’e + sc ey p)

+ 9 Z(—TVT + 0 v — Uy 10-6

O Large mixing angle >
Larger ete™ coupling
(More Z' production & signals)
Larger ute™ coupling
(More Z' production ?
& Stronger constraint from u — eee)

1077

O For # > 0.4rad , E137 experiment can give  '%.0 0.1 1

stronger bound on LFV coupling than u - e

| lllHIl

| IIIHI\
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Appendix

Constraint on LFV coupling

@® Appendix

] ] o [ [ |||\‘§ [ I T \H| ]
dipole-type int. oo .
Ldipole = % > pelo™ LA, + % (Bo?e + €0’ p) A, ! P

b=e,u,T 104 =

O Larger LFV/LFC ratio '% ] -
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Appendix

Scattering cross section ® Aonendin
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pseudoscalar int.
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vector int.
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Ay =2 —Te =12 =19 — 17 + 6/Tory + 2rery dipole int.
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