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Kagoshima workshop on Particles, Fields and Strings 2023
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2/19 title speaker

chair: H. Otsuka
15:00-15:45 Search for lepton flavor violation from dark sector Takashi Shimomura (Miyazaki U. & Kyushu U.)
1545-16:30 | Sa—A =V L-RI2—FAZVLEBRTELSLT T L—N—ESR Yuichi Uesaka  (Kyushu Sangyo U.)
16:30-16:45 break

chair: S. Eijima
16:45-17:30 LI B OEERELEYIAT T I T (118 Yusuke Shimizu _ (Hiroshima U.)
17:30-17:40 &R EEHR Soma Onoda (Kyushu U.)
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2/20 title speaker
chair: O. Seto
9:00-9:45 Sterile neutrinos and non—standard interactions of neutrinos Osamu Yasuda (Tokyo Metropolitan U.)
9:45-10:30 Leptogenesis in gauged U(1) {L mu-L tau} model Shintaro Eijima (ICRR, U. Tokyo)
10:30—-11:00 break
chair: H. Suzuki
11:00-11:45 Modular symmetry in the string EFT Hajime Otsuka (Kyushu U.)
11:45-12:30 Flux compactification and the hierarchy problem Nobuhito Maru (NITEP/Osaka Metropolitan U.)
12:30-14:00 Lunch

chair: O. Yasuda
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14:00-14:45 B £h P % F L\ CP 3 12 7 381 5 161 | = Yosuke Takubo  (KEK)
14:45-15:30 Gradient flow exact renormalization group Hiroshi Suzuki (Kyushu U.)
15:30-16:00 break

chair: K. Nagao
16:00-16:20 Machine Learning Exploration of Quark and Lepton Flavor Structures Satsuki Nishimura (Kyushu U.)
16:20-16:40 IL—N—EETIELIEEYE Coh Miyao (Kyushu U)
16:40—-17:00 Fractional topological charge in lattice Abelian gauge theory Motokazu Abe (Kyushu U.)
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2/21 title speaker
chair: N. Maru
9:00-9:45 Tensions in cosmology and its implications for new physics Tomo Takahashi (Saga U.)
9:45-10:30 Early cosmology with ultra—relativistic bubble wall expansion Wen Yin (Tohoku U.)
10:30-11:00 break
chair: T. Takahashi
11:00-11:45 Probing axions with the measurements of photon’s birefringence Ippei Obata (IPMU, U. Tokyo)
11:45-12:30 [FIRE L END=EFHIHATESLIMN? Sugumi Kanno (Kyushu U.)
12:30-14:00 Lunch
14:00-16:00 Free discussion
2/22

chair: K. Tsumura

9:00-9:45 What can we learn from the direction of dark matter? Keiko Nagao (Okayama U. of Science)
9:45-10:30 Lepton flavor violation and DM constraints in a radiative seesaw model Osamu Seto (Hokkaido U.)
10:30-11:00 Break

chair: T. Shimomura

11:00-11:45

Link soliton in model with U(1) {B-L} and U(1) {PQ} symmetries

Yu Hamada

(KEK)

11:45-12:30

The origin of pseudo—Nambu—Goldstone Dark Matter

KoJi Tsumura

(Kyushu U.)
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Search for Lepton Flavor Violation at FASEF

Takashi Shimomura
(Miyazaki U. & Kyushu U.)

based on

“Search for lepton flavor violating decay at FASER”, JHEPO1 (2023)
“Electron beam dump constraints on light bosons with LFV coupling”, JHEP11 (2021)

“Dark photon from light scalar boson decays at FASER”, JHEPO6 (2021)

In collaboration with

Takeshi Araki (Ohu U.), Kento Asai (ICRR, Tokyo U.)
Hidetoshi Otono (Kyushu U.), Yosuke Takubo (KEK)

February 19th, 2023 @ Kagoshima workshop, particles, fields and strings 2023



Introduction

The Standard Model has been explaining almost all of experiments so far.

However, there exist problems that can not be answered by the SM,
* Phenomenology side:

* Neutrino mass and mixing/Lepton Flavor Violation

e Baryon asymmetry of the Universe

e Dark matter/Dark Energy

 Anomalous magnetic moment of the muon (electron?)
* Strong-CP problem

* etc...

* Theoretical side:
 Number of generations

* Origin of forces (gauge symmetry), including gravity
* Hierarchy from the Planck/GUT scale to the EW scale
* etc...



Lepton Flavor Violation

> Neutrino oscillation showed that lepton flavor is not conserved in
neutral lepton sector

WAV
VAYSAY NIAV/AY I

> Lepton Flavor Violation (LFV) can occur in charged lepton sector (CLFV).

e CLFV can be induced from v mixing
Br(u — ey) ~ O(107%)

* No symmetries forbid CLFV.

Sizable CLFV is a clear signature of the BSM



Lepton Flavor Violation

Constraints on CLFV

Calibbi and Signorelli, Riv.Nuovo Cim. 41 (2018)

Reaction Present limit C.L. Experiment Year Reference
ut — ety <42 %1071 90% MEG at PSI 2016 49
ut —ete e <1.0x 1072 90% SINDRUM 1988 50
1~ Ti— e Ti® <6.1x10713 90% SINDRUM II 1998 51]
1~ Pb— e Pb® < 4.6 x 1071 90% SINDRUM II 1996 52]
" Au— e Au® <7.0x10713 90% SINDRUM II 2006 54
1~ Ti— etCa* @ <3.6x10"1 90% SINDRUM II 1998 53]
ute” — pu et <83 x10H 90% SINDRUM 1999 55]
T — ey <3.3x107° 90% BaBar 2010 56
T — <4.4x107° 90% BaBar 2010 56
T — eee <2.7x107°® 90% Belle 2010 57]
T — WL <21x107° 90% Belle 2010 57

CLFV is much suppressed/weak.
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Lepton Flavor Violation

> LFV will be induced through the generation of neutrino mass.

Many mechanisms
* Dirac neutrino (via Higgs mechanism)

e Seesaw mechanism (type-I, Il, lll, inverse, linear, etc)
* Two Higgs doublet models (type-l, I, X(leptophilic), Y)
* Radiative seesaw (too many variants)

o Flavor symmetry (gauged L, — Lﬁ)

11
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Lepton Flavor Violation

> LFV will be induced through the generation of neutrino mass.

Many mechanisms
* Dirac neutrino (via Higgs mechanism)

* Seesaw mechanism (type-l, Il, lll, inverse, linear, etc)
* Two Higgs doublet models (type-l, I, X(leptophilic), Y)
* Radiative seesaw (too many variants)

o Flavor symmetry (gauged L, — Lﬁ)

Interaction types of LFV depend on mechanisms/models,
e Scalar int. (multi-higgs)
* Pseudo-Scalar int. (multi-higgs)
* \lector int. (flavored gauge symmetry)
* Dipole int. (flavored gauged symmetry)

15



Dark Matter

Ver (km/s)

The existence of dark matter (DM) has been well established through

gravitational effects.

Rotation curves of galaxies

T I T T 17

zw LI L] I L\l T ] ] I T T T T _' T L
NGC 3198
160 |- L E PR E o
halo
100
so |
H disk
o 1 l 1 1 L1 l 1 1 1 l 11 1 LI 1
0 10 20 30 40
Radius (kpc)

50

The bullet cluster

* The DM occupies 24% of the total
energy density of the Universe.

* The ordinary matter is just 4.6%.

* The DM has not been directly observed yet.

Cosmic microwave background

Atoms
Dark
4.6% Energy
Dark 71.4%
Matter
24%
WMAP

TODAY
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DM candidates

» Dark matter should be massive, electrically/color neutral and
stable or long-lived particles.

> There are many candidates, via thermal or non-thermal productions.

* Weakly Interacting Massive Particles (WIMPSs)
* Axion or Axion-Like-Particles (ALPSs)

* Pseudo-Nambu-Goldstone particles

e Sterile neutrinos

* Dark Photon

e Gravitino

17



DM constraints

S| DM-nucleon cross section [cm?]

1073¢

10—38 J

10—40 |

10—46 J

10—48 J

107°°

10°
PDG, 2021
NEWS-G (20];74) _10—2
DAMIC (2017)
: L10-4
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DarkSide-50 (2018) 1106
XENON1T (2019) \ cuperCOMS (2017)
__——5EAP-3600 (2019) y
SN 110
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_10—10
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: : : 0—14
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Light Mediator

Lee-Weinberg bound
(WIMP=Weakly Interacting Massive Particle)

|
|
Light DM - : WIMPs
|
1073 p 10°

: PDG, 2021
E 10-38 NEWS-G (2017) 102 %
> DAMIC (2017) =
C _ _
6 1074 cpMsLite (2018) -107* .S
) O
g 3
g 10-42 DarkSide-50 (2:)18) 11076 @
3 XENON1T (2019) DMS (2017) o
o ' s
(s 107441 1 1108 (-
S ' D
Q 1 PandaX-Il (2017) IS
O 1 5
g 10—46 I '10_10 g
z' Neutrino coheren! scattering XENONI1T (2018) %
()

—48 1 -12 =
1
1
10729 : ’ , . _14
10° 10! 102 10él

m, (GeV)

* When the DM annihilates through the weak int, its mass must
be > 2 GeV to avoid overproduction. Lee and Weinberg, PRL 39 (1977)

* Introducing a new light force mediator, the DM can annihilate
efficiently. Then, the DM can be lighter than 2 GeV.  Boem and Fayet,

Pospelov, et al
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Dark Sector Model

Non-observation of BSM leads to the idea of “dark sector (NP sector)”,
which almost decouples from the SM sector.

The SM messenger Dark Sect
are Seetor *portal = A D[

particles (NP Sector)

portal to
dark sector

singlet under the SM symm.

> No direct interactions exist between the SM and dark particles.
» Messenger particle (portal) connects two sectors.

Dark Sector
> “Dark Particles” are model(problem)-dependent.

> “Portal-SM Interactions” are rather model-independent.

20



Portals

There are 4 possible portals invariant under the SM symmetries,

e Vector Portal : €B,,, A" » Scalar Portal 1 (1S + X' S?)|H|?
SM (B: U(1)y gauge boson) H N H .S
6 \\\ l’l' \\\\Alzl
A/ ,,. """ S ,,‘\
s Z ,/" ,’, \‘\
H -, S
SM o H S
gauge kinetic mixing T2y
H -=----- ®------ S scalar mixing
__ . a 1%
e Fermion Portal : YNLHN  Axion Portal : f_FWF
a
L
\.YN SM gauge boson
- > N f—].
H /, \\\\

right-handed neutrino
21



Energy Scale

gA

coupling const.

heavy particles &
similar force strength
to the SM

M > O(1) TeV
g~

LEP, Tevatron,
Belle, BaBar, LHC, etc LHC, HL-LHC

high energy frontier

The SM

Excluded

M « O(10) GeV
high intensity frontier g <1

> M
mass scale
light particles & feeble force

or Long-Lived Particles (LLP)
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Introduction

Experiments to search for light and feebly interacting particles

LHC Codex-b, 2203.07316
* FASER (dark photon/higgs, etc) ;
e CODEX-b g LHC coverage
« MATHUSLA %2 (ATLAS, CMS, LHCb)
» FACET e 2
s
Collider g Forward Transverse
= (FASER, LHCb, (CODEX-b, MATHUSLA, ...)
 Belle-1l (dark photon) V2 NAG2, ...)
* NA62 (heavy neutral lepton) = SCHEMATIC
1

° NA64 (dark phOton) eliglhter ~ cC, lbb, TT h: t

* SHIP (hidden particles)
 DUNE (heavy neutral lepton, trident)

heavier —

vE

Good time to consider light and feebly int. physics
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Vector Portals

* Dark photon (vector portal)

S

A2
~N
~
s
SN
~

L \s SN \‘ 4
Dark ’ “ o w«,&__’*
VEPP3%:--:
10_45 IlI E14 s\ ‘\

_ LHCbD* -ty
- \|
B Orsay

--- ”] I:

oo i)

N W i

ASER
10_65
- u70
FASER2
10-7L E137
LSND v
10_85 T ~.-l-" [N ] TR T T I B B
102 10! 1 10
]V[Aj [(;G\/]
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Vector Portals

* Inelastic dark matter via vector mediator (portal)

Fermionic iDM, m,,=3m;, A=0.05, ap=0.1 m, . m,

1071 g

10_25,

€ 107k

LSND scatt.

1074¢

1075

2:mA.:rr1¢=1.():1.2:2.1:4.()

Belle-11 20 fb™! — - —. ;

1 0 0.01
mi [GGV]

0.1

my. (GeV)

]
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What | want to do

> Feebly interacting particles or dark sectors appeared in low (light) scale
are motivated by dark matter.

> High intensity experiments to search for BSM are running and proposed.

| want to study

» \What mechanisms/models can be incorporated in dark sector?
(origin of dark particles & neutrino mass)

» How small are CLFVs in such models?
(typical patterns from symmetry?)

When you are interested in, let’s discuss and collaborate!

26



What | want to do

Before building models,
> |Is it possible to search for CLFV at experiments like FASER?
> If possible, how small can CLFV be?

Todays talk
> Show the sensitivity plot to CLFV coupling at FASER?2
> Assuming some underlying model

> Focusing on the production from scalar bosons which generate
masses and flavor violations.

27
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2. Interaction Lagrangian
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Interaction Lagrangians

CLFEV only in e-y sector

The FASER detector will identify e and u but be difficult for 7.

Four types of CLFV interactions

Scalar boson : Scalar(¢)- and Pseudoscalar(a)- type
Leptophilic Higgs doublet: £ = yYasladls + h.c.
V lo = Vails
Yukawa type CLFV int. £ = V'y,zVi;pl; + h.c.

0
0 | vi,
~1

U(1) dark photon model: No tree-level but loop-induced
CLFV couplings to the SM particles

Vector boson : Vector(Z')- and Dipole(A’)-type

o O O
o = O

L, — L, gauge symmetry: L =gz Z LAV (

30



Scalar-type int.

O _ L L
Lscalar = 7(]5 Z myefof + (yeueL¢NR + YpeLPER + h.c.)
CLFC int. CLFV int.

Ong - mixing with the SM higgs ~ Yeupe : CLFV coupling
m; : mass of the SM fermions

Pseudoscalar-type int.

Opa FaP S P * 2w P
‘Cpseudoscalar — T (Z Crr f7 75]0 + Cepn €Y V54 =+ Ce,u,lKY 756)
CLFC int. CLFV int.
A : a cutoff scale Co, : CLFV coupling

Csr » GLFG coupling

31



Vector-type int.

Lyector = Gz Z[')(s2 evPe + c? uyPp + sc yPe + sc evP )
CLFC int. CLFV int.
+92 Z,(—TY°T + VY v — U Prr)

g, : gauge coupling s =sinf, c =cosf
@ : LFV mixing

Dipole-type Int.

/

1 u
. - po / — __po = PO /
Ldipole = > K_E Lelo LA, —2 (toP%e +€eo’ 1) A,
T CLFC int. CLFV int.

M : CLFC dipole coupling  u’ : CLFV dipole coupling

32



3. FASEF

 experiment

33



Feng, Galon, Kling, Trojanowski, PRD97 (2018)

FASER expe riment “The FPF at HL-LHC”, arXiv:2203.05090

> ForwArd Search ExpeRiment (FASER) at LHC, starting from 2022.
> Detector is placed 480m downstream from the ATLAS interaction point.

» Search for long lived particles such as dark photon, dark Higgs,
Axion-like particle, etc.

Takubo, PPP2020 at YITP Kyoto LHC tunnel

| 480m l

| | e -
S ) ..—-——-—-" —_—
! o) LLP el fseaseaseeas
{ = X ;
| "'\
— r" .

U

Scintillator veto  Decay Volume Tracking Energy measurement

Transfer line

» CLFV decays of LLP will be identified.

e separation of ey with opposite charges.
e two tracks with the same momentum, originated from the same vertex.
* half of energy deposit compared to the total energy of two tracks.

34



FASER 2 detector

> Upgrade of the FASER detector is also planned at High-Luminosity LHC.
> The detector will be enlarged to increase statistics hundred times larger

than FASER.
, integrated
length of decay volume radius Ium%osity
Lnin (m) Linax (m) R (m) L (ab™1)
FASER 478.5 480 0.1 0.15
FASER 2 475 480 1.0 3.0

[LOI: 1811.10243, TP: 1812.09139]
ECAL
FASERV 2m long 1/
[1908.02310] spectrometer A\

1.5 mlong

e

emulsion+target

scintillators

FASER main detector

decay volume

magnets

0.6T permanent

3 tracking stations

1m

Pl -
w »

35



4. Production of light bosons
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Production of scalar boson

> The scalar bosons ¢ can be produced from meson decays via the mixing
with the SM Higgs boson.

» The pseudoscalar boson a also can be produced via the direct coupling.

b,s h b,s Q\\ s,d

s,d
>k .
0 ¢ L a

> Numbers of B and K meson are 101°> and 1017 for the HL-LHC case.

> The branching ratio Br(K — ¢) is 10-3 times smaller than Br(B — ¢).

B meson is a main source of the scalar boson

37



Production of scalar boson

> The scalar bosons ¢ can be produced from meson decays via the mixing
with the SM Higgs boson.

» The pseudoscalar boson a also can be produced via the direct coupling.

b,s h b,s Q\\ s,d

s,d
>k .
0 ¢ . a

N\

Branching ratio of B decay

o\ 2
my 2
Br(B — qub) ~ 5.7 <1 — ,m2> thb
b

mg mi 3 4v2cft
Br(B—)XSa,): 3.111— 2 +3.7(1— > X

38



Production of vector boson

> The vector bosons Z" and A’ can not be produced from meson decays due to
no direct couplings to quarks.

> Symmetry-breaking scalar bosons are expected to exist because
the gauge bosons are massive.

The gauge boson can be produced through the decay of this scalar boson

/ A/
B// o 2 FASER
> < P
Z' (A)

%

= N

Branching ratio of B decay

g% m? m? 2m2,\ " 4m?
T(p—>GG)=C"6C[24 2 (1— f) \/1— = (G=Z,A)

8T My 4m‘é my,

The gauge bosons are dominantly produced due to longitudinal mode
enhancement

39



4. Sensitivity Region at FASEF

No 95% C.L. region were found for FASER
due to the detector size and luminosity.

N

40



Scalar-type int.

6 _
Lscalar = % Z mff¢f + (yeuaqbﬂ'R + yuemqbeR + h-C-)

Ve = Yy @nd real)

10-35 — ™
lt | \ IA\
E 41 | \ A i
_ 10 it Tana :
© P\ ]
= CG ¢ ‘ .
I:I t (AN 'l .
| =, i".' AN |
_ ) 10 Y A\\ il 1 5%x107°
------L"as----.\."=--r.’.------- ------
E Yoy = 5*100 — - — |
1079L LUt . i Yeu = 1:183 """ 1
BB CL. 10°F 95% C.L. YeH 08
10-10_""' ' T S N R L . [ ! . ..ye.p'...l . L]
10" 10° 10 10°
my [GeV] my [GeV]

» total decay width o 6,

* shorter-lived (decay into 2 mesons)

IN heavy mass region
41



Pseudoscalar-type int.

Bpa £AP S~/ P * <= P
‘Cpseudoscalar — T (Z cfff7 '75f + Cepn €Y Vs + Ce“,UfY 756)
(cffis common)
E137
-2 -2
T 0T Sy t Il
103L107 106 i y 103L
E -6 ci/ A =1*%10° -----. : :
. 1074 107k c://\ = 1*10-; —_—— _ 104L
' : Leo.  CplN=2¥108 —— 1 :
E 105} AN 1 > 10
- 10°F . 9. 106}
< :
~, 107} 1 = 107}
=3 F ~~~ \\\ | ] = -
S 0% e it © 109
10_9';‘ 95% C.L. kinematicall thresr;z)rci """ ' ? 10-9;E
10_102 o | folr p.ro.dl.Jc.:t.K.)ln fromlB dleclayl i 10_102 Ce
1071 10°
m, [GeV]

* longer-lived than scalar boson
(decay into 2 mesons is forbidden)



Vector-type int.

Lvector — gZ'Z (S

Ohy = 10, my =2 GeV

2.5

g7 =2.0%0° —-—
E137 gz = 1.0¥106 <= ---
ol 07 = 1.0107 e
gz =2.5%108 —— ="
® 1.5 .
=
=
L1 -
D
0.5F i
95% C.L.
O L

e decay length of ¢ and Z' o g2,

=P g is restricted

10'55....

+92' Z,(=TY°T + VY v, — UeYPur)

vPe + ¢ Ty p + sc ryPe + sc ey )

Ohp = 104, my =2 GeV

| o
U — 3e
QLFV = 7[/4 GLFVZT[/4 E
9|_|:V=0.2—'— .
OLFVZO.l""
GLFVZO.O6——- =

L]
----

95% C.L. -

100
mz [G EV]




Dipole-type int

Ldipole —

Ohy = 104, my =2 GeV

/

Z peloP LA % (mo*°e+eo’pu) A,

E e, L, T

Ohy = 10, my =2 GeV, g =107

1078 —r —_— 1073 ——
: do > 3e
104 N 1074F 1077
_ 10_5 E l! ! . 10-5E 95/) Cl_g
Y, g ET e 'S, 10} §
v 10 ! O R: ;
(D 10" -7 .9. 10 3 3
8: 3
= — 10 -=—E ;
10-8 10_9 137 o
Op = 1¥107° e '=‘ o= S e
109 or=raoi—— N 9% CLI gq0f 12107 0
10_10 32-23*10-9 ——— (ﬂ ﬂl ﬂ) 10_11 EIO ° 1073 u=0.0 —3
1071 100 101 109
ma' [GeV] may' [GeV]
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Summary

> We have studied the possibility of searching for CLFV decays of
light bosons at FASER.

* Scalar, Pseudoscalar, Vector and Dipole type interactions were
considered.

* The decay of the bosons into ey was analyzed at FASER/FASER2.
* FASER 2 is sensitive to small CLFV coupling unexplored yet.
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Back-Up Slides
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Vector-type int.
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Dipole-type int.
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