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€ Motivation
& Future colliders

@ Search for CLFV with the Z’ model in future lepton

colliders

@ Search for R-parity Violation induced CLFV at

future lepton colliders

¢ Summary
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(Neutrino Flavor Violation is observed !

€ Models may enhance LFV
effects up to a detectable level,
such as leptoquark, Compositeness,
Supersymmetry, Heavy Z' and
Anomalous boson Coupling model.

Motivation

@ Since LFV decay is forbidden in the SM, the observation of any
LFV decay would be a signal of new physics beyond SM.

@ In SM, Lepton Flavour is conserved for zero degenerate v
masses and now we have clear indication that vs have finite mass.

Supersymmetry Compositeness Leptoquark
M.~ =
rate ~ 10-1° A, ~ 3000 TeV 3000 (Aud):fd)"? TeVic?
W e W o d
% g ks >< LQ
q . q q q d ® e
Heavy Z'

Heavy Neutrinos Second Higgs Doublet
g(H,c) ~ 10%g(H,,)

Anomal. Z Coupling
M,. = 3000 TeV/c?

N 3 e i . a
M HO e u @ e
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11 g e t t vZ,Z A
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Motivation

In the charged lepton sector, LFV is heavily suppressed i121 the Standard Model.

3a . AmE
BRU—en =55 ), Uil yga| < 7
; w

i=2,3 R €
" e 14 174
¢ Current limits: L :
Neutrinoless muon decay
® B(ut - ety)<3.1x10713 @ 90% C.L. MEGII ¥ ~ —
® B(tt - e*y)<3.3x1078 @ 90% C.L. BABAR Current
- <3.3x10~ L. .
@ =emy) ° best limit
® B(u-3e)<1.0x1072 @90% C.L. SINDRUM 1
. — — w 107F WR emm== Cosmic ray muon
F -7 . = =< oy
® B(Z - e*pu¥)<7.5x1077 @ 95% CL. ATLAS @ Mu2e and COMET will search E 0 f e b Accelerator ! Z - 3’(7
® B(¢p - etu™)<2x107 @ 90% CL. SND piN—eN 10° - L4 'i, . muon s uN —eN
Improve the current limit by a factor of 10* 7 i ;" x100 per
® B(J/ - etr¥)<7.1x1078 @ 90% C.L. BESIII Next goal <6x10°17 (90%C.L.) - % \‘\q\ecade
- . @ MEGII and Mu3e has similar e vYe o o
® B(J/p - e*put)<4.5x107° @ 90% C.L. BESIII _ o ALK LN
beam requirements. - - R,
Intensity 0(10% muon/s), low 107 = ¥ AMEG Upgrade
momentum p = 28 MeV/c 1078 = P
MEGII was started in 2021 and will 117 [ Bt Tonsocer MR OONEE 2
continue to run until 2026 aiming at a N Pontlecorvol in 19417 | | | | Prje X, PO
19[IIIIIIIIIIIII[IIIIII]IIIIIIIIIIIIIII[
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Future Collider integrated luminosity [, ~ 10 ab™

Circular Electron Positron Collider (CE C)
CEPC Site Selections

Huanghe Company particitated

Muon Collider

Proton Driver Front End Cooling Acceleration Collider Ring
m [ | 1_
\ 3 o — e [ ES—E o s g 2 a0 1)
1) Qinhuangdao, Hebei Province (Completed in 2014) \ ® g g 2 g% S5 8lg § £ 2 £
= S 22 S o ' S g
2) Huangling, Shanxi Province (Completed in 2017) 4 o 2 5 § §3§ = é g 8 £ 8 S 8
— - Q " Q —
3) Shenshan, Guangdong Province(Completed in 2016) g © 988 El= §° 8 25 8 2 | Accelerators:
e S B < S o =228 = | Linacs, RLA or FFAG, RCS
4) Baoding (Xiong an), Hebei Province (Started in August 2017) = = O
5) Huzhou, Zhejiang Province (Started in March 2018) Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
6) Chuangchun, Jilin Province (Started in May 2018) Accﬁlerator (LEMMA): Ring
RO . o i : 10" p pairs/sec from .
7) Changsha, Hunan Province (Started in Dec. 2018) N L L Ecom:
_ N _ o o M production emittance allows lower o —— 10s of TeV
{a r‘ge SCale. h'gk energy P"\HSIC.S experlmen:ta{ FaClllty overall charge in the collider rings “1 Positron Linac ba ( St
perform high-precision detection of the Higgs boson ~ hence, lower backgrounds in a 55" 358
collider detector and a higher g g S & — -
potential CoM energy due to S Accelerators: i £
neutrino radiation. § Linacs, RLA or FFAG, RCS
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Search for CLFV with the Z

mooel tn future Lepton colliders




7’ model for CLFV

@ A new U(1) gauge symmetry Z’

AL

€7’ a neutral vector boson with the same / all, (1 4s Y )

couplings to fermion-antifermion as the Z, but 23‘}%

Zl

with a larger mass. V| 222 ¢ W
€ May interact with different particles and 2452 ¢ W 35w T 9 Sw
produce different decay modes New physics 21" (1 ‘3‘ %V + g )

SwCi

€ May lead to the development of new
a: the fine structure constant

My,: the mass of 7’
¢, : the cosine of the weak mixing angle

@ Searching for Z’ LHC, CERN, FNAL... Sy + the sine of the weak mixing angle

technologies, such as higher-energy particle
accelerators and more sensitive detectors.
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7' model for CLFV

@ 11 to e conversion ®u -e7y ®u see et

u,d u,d ;
ZI
z H >
> > > 4 e
W e
7

W e
’ »

27T2FcaptureZR M%/ 1 1

- GERaPmRzZiIF(QI2 M3 Sﬁﬁ(sﬁ,—%)z - [(22+N)(———SW)+(Z+2N)(—%+§55|/)]2

G the Fermi constant, «: the fine structure constant, /., re * NUClear muon capture rate,
Zesf, Fpinuclear parameters, Z:the atomic number, /:the number of neutrons in the nucleus,

Sy : the sine of the weak mixing angle, M,: the mass of Z), my: the muon mass
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7' model for CLFV
oy ey

z _ Tusey _48a 4 (c2 _ 1\° .2 Mj
% BR(,U - e]/) — Tyevy T SW (SW 2) /}'\eu Mg(
7’7
u't g % s “u_ — e e e+ 7' — e/— U Coupling
v 2
_ Tuoeee _ 4 92% Mz |ca 2 _ 1Y
i BR(u — eee) = o 4 - Agy vE) [SW + (SW 2)
W / Ot ouy
= 2 4
48« 1 M
z- Z< : BR(x = py) = 2 iy (Sf = 3) Mo iz BR(x = )
P s .
e P bl b Z K- coupling
// 2
. BR(z > lll) = 422, M[g2 o (2 _1V’] ppR
/z (v~ W) = 4N 2|+ (SF —3) | BRG— o)
- > a: the fine structure constant, M, : the Z boson mass,
‘ 2< - M,,: the mass of Z', S, : the sine of the weak mixing angle
l+
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ATLAS CLFV Z' decay result
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® The ATLAS cross-section

times branching ratio limits
(solid lines) compared with
similar limits from low-

energy experiments
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® CEPC:ee — ey, ee - et

Signal process
I+ it

€ Muon collider: uu — eu, up = Ut

@ Only one CLFV coupling A;;(i # j) is assumed to be non-zero
-
[+

[ while the diagonal couplings 4;;(i = j) are always set as 1.

[+ @ Using @Madgraph, @Pythia8 and @Delphes to generate.

>WZ$<
:Z @ Table shows an example of the background corresponding to the

signal process.

‘. /] —
[ [ process Cross section(pb)

ee > ey 4.04+10-°

>‘€€ )\eu )‘67' ee > WW, W — eV, w — UV 0.395

)\z'j = >‘M€ >\,u,,u )\,u,T ee = TT,T = evV,T = UVV 0.241
Ao )\’T,Ll, Arr ee = hvv,h = 7,7 = evv/uvy 1.13+10-4
ee > hvv,h > ww,w - ev/uv 3.93%10-6
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Further cuts

= E
< 0.8 ——ee > ey, lumi=5ab’

] 2 14 —— up—ew, lumi=4ab’
_ < | = : : :
0.7F N i — wn ‘USll’lg eu, et, utimvariant mass
" ; 0.8 —— hvivl,h—11
0.6 —— hvivl,h—»ww L —— hvivl,h—>ww .
. e 1 ——— to separate the signal and the
“E 0.6_—
045 CEPC -l Muon Collider 6TeV backgrounds.
0.3F 0.4
02k o Collider Cuts
P R q m,, > 220 GeV
% 5 100 150 200 rf;’:g (Ge\%’o %7000 2000 3000 4000 5000 6000 700&30((&(3)&())00 CEPC m,, > 160 GeV
- = 1 ) : -1
<-001.:; ::VTNH et, lumi=5ab 3 1:— :m—) ut, lumi = 4 ab 6TeV Muon M,y > 5.2 TeV
A8 i —— wwvivl
g:: :::IVI’h—m 0'8:: v Collider my, > 4 TeV
012" CEPC 06
0.1 [l Muon Collider 6TeV 14TeV Muon m,,, > 10TeV
222: F 0'4:_ Collider m,, > 9.5 TeV
0.041 Gosld o o
0.02 ‘ L ki i Optimized by maximizing the
% B0 00 150 200 me;z(é(ge\'/) %~ 1000 2000 3000 4000 5000 6000 7%?2 (éog\c;) FoM ( \/::l—_b)
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Analysis framework

@ After all selections, get binned histograms on the final state lepton py distributions

@ Per-event weight to account for the cross-section difference: n;, = oxL/Nx

@ Defined the negative log likelihood test statistics Z: \ 0x: Cross section
L : luminosity

7=y

Ny : events generated

Zi = Z[Tli — bi + blln(bl/nl)] 95% C.L. Exclusion

i: the bin number, s:the beyond SM signal, 5/:the SM background

n = s + b : the total yields containing both signal and background

@ The Z statistic subjects to a y?distribution with 1 degree of freedom.
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Current and prospect limits Using the Z' model formula, these upper limits
can be converted into coupling upper limits

® B(u~ - e y)<3.1x10713 @ 90% C.L. MEGII

®B(u N - e N)<7.0x10713 @ 90% C.L. Mu2e
®B(u —eete)<1.0x1072 @ 90% C.L. Mu3e

® B(t~ - e ¥)<3.3x107% @ 90% C.L. BABAR

®B(u - e y)<6.0x107* @ 90% C.L. MEGII
® B(uN -» e"N)<3.0x10"Y” @ 90% C.L. COMET
® B(u"N - e N)<8.0x10™1” @ 90% C.L. Mu2e

® B(t™ - uy)<4.2x1078 @ 90% C.L. Belle ¢ B(u” > e eteT)<1.0x107'° @ 90% C.L. Mu3e

|

|

|

|

|

|

|

|

|

®B(1™ - e ete )<2.7x1078 @ 90% C.L. Belle I ®B(rT - ey)<9.0x107°, B(r” - u7y)<6.9x107°
|
®B(t” > u putu)<2.1x1078 @ 90% C.L. Belle | B(t~ » e ete)<4.7x10710 B(r~ » u~utu™)<3.6x10710

|
| B(t~ » pu ete™)<2.9%x1071% B(t™ » e utu~)<4.5x10710
|
|
|
|
|
|

@ 909% C.L. Bellell

®B(t” > uete)<1.8x1078 @ 90% C.L. Belle
®B(t” »e utu)<2.7x1078 @ 90% C.L. Belle

O2p'3® F0'L i 0'F0's p's 02 TO02 00 111@&1#& !!xz"!"’x‘“iwzci“ B
PO 302003 0L gy B R KR

% F P°1s° IV° T lhh INEE
5| . o
prospect 3 wg - mIT FORT T
© F o " - o o 3
e = - .....I " g 0=
E 10'65— - =m —EICLEO
______ — E v 3
-1 - * PR ® i E v BaBar
“9 107" gty ¥ LYy . v " v = Y ¥ || » Belle
I "2 E & A 2 v VAvX Aa 2 o : A ."Avg‘LHCb
I L A T e A e S (S e 7. .5
5 10°F 5 E
o E 3
I Q r 1 Bellell
current 5 o0
- 10°g E
| ($) F E
o\o10—10IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
| 8 > Hg':_r;;oxnxw._,_aa Y RS 22 00’2202 kR BRMRRI Rk M e <<
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Upper limit on CEPC

@ The curves are plotted as functions of M,, from the cross-section times branching ratio limits.

~

/
i
o
m

S~ = (<N =
R .F X10%E
3 1e S ey IR < B -
(<10'1é— I A — - a 10__
02 PR Ry
3L/ . 15
10 T R =
10—4 ‘, / / il - - - :/
sf/ g 107
107 & ¢ i e
6l S o[l
107 E ey h—>eyMEGI i e -~ 1-evyBellell 50 ab”
py; U - eee w3 EiSEIMUSS 1073L — -1eee ~ - 1->eeeBelell 50 ab"
E e -~ uN - e N COMET/Mu2e : 3
10"'9:1 1 1 I 1 1 1 A}llT)nel L L L l 1 1 1 l 1 1 1 l 1 1 1 l 1 - __Tﬁeuu _—TﬁeuuBe"ellsoab
‘ 1 1 1 I | 1 | I 1 1 1 141 | 1 I 1 1 | | | 1 1 I 1 | | I 1

4
6o 2 4 6 &8 10 1134“1:\,)100 2 4 6 8 10 12 14
.

M, (TeV)
€ Compared with the ATLAS experiment, current low-energy experiments (dashed lines) and

future experiments (dash-dotted lines) .
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Upper limit on MuonC

@ The curves are plotted as functions of M,, from the cross-section times branching ratio limits.

5= b =10%g )
S s ~ i
X - X - P oy AT e
g' = ; 10_ il - /,—/:::—/—”"//
-:- = / s /ﬁ/ £33 S A
o[ e /f/ B s PEL o
10 2? 15—’!// i S I
1 0_3 :g j :./ :
10-5 &/ B R & e T —— Muon Collider 14 TeV
H - ——ATLAS13TeV  — Muon Colider 6 TeV —AlLASESTeV  ———MunnColidert IeY
10_5?, ey e L —> @y MEG I — T NY ----1— W vyBelle Il 50 ab
§ — - u —eee - - pu—-eeeMule — T UUN —'~-‘C—>|,l|J.|.LBe||e||503b:11
1077 & . —-uN-eN - wN— e N COMET/Muge —-t—>pee -1 peeBelells0ab
0 2 4 6 8 10 12 14 4 6 8 10 12 14
M, (TeV) M, (TeV)

@ For ut channel, the two coupling limits in this work are the most stringent when the
mass of Z' is greater than 1.5 TeV.
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Search for R-parity Violation tnduced

CLFV at future Lepton colliders




R-parit
O

Standard particles SUSY particles
_ . — . 258 ( 3B+L ,
R-parity (—1)= (=1) . ° = e
SeiE, BETH, LBTH .- . 4.+ 489
FHEERBESFESBMLTIE
R ER \JJ\) \.)
\.,e} E} t),_ )
‘ RPV CLFV -T'-ﬁ EE% Quarks ‘ Leptons 0 Force particles Squarks+ ) Sleptons (W jl_JSY force particles
l [
1 2
Ly =[— 2/\ka (Vlele]L]‘l‘l Llkrvin + Gpoiplin — (i < J)> A
— )‘ij (VzLdde]L + d LdkRVzL + dkR RdyL a I
[T [T
—liLdkRujL = @delez’L = dZleRUjL) =1 hi6: 7
v: R, IwBEF, ud ETER, BRSRKREXNIRETFS - I~
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Signal and Background process

Signal process background process
ee — efl WW,Hvv(H — 77), Hvov(H - WW), 77
ee — eT WW Hvo(H — 77), 77
ee — UT WW, Hvo(H — 77), 77

L —> el WW, WWvo, Hvov(H — 77), Hvo(H - WW), 77
[ — et WW WWvr, Hvv(H — 77), Hvo(H - WW), 77
WL —> T WW, WWvo, Hvv(H — 77), Hvov(H - WW), 77

@ For uu — ey, shows the
WW background and 77 background.

@ Using @Madgraph, @Pythia8 and
@Delphes to generate the processes
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Further cuts
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Upper limit on CEPC

:
”””” = s
—— CEPC 240 GeV 1072 ;‘// // —— CEPC 240 GeV 10 ;? / // —— CEPC 240 GeV
1 — eee SINDRUM 10_3;// — - 1 — eee Belle 10°3 ;// — - 17— pee Bell
— - u — eee Mu3e §/ — - 1 eeeBelle Il, 50 ab™' E/ — - 1 — pee Bell Il, 50 ab™
ol b b Ly 1 a4l b by b e by L I Lo by v b v b by by e
6 8 10 12_ 14 10 107~
M. (Tev) 0 2 4 6 8 10 12 W, (']r‘:r:V) 0 2 4 6 8 10 12 M, (jFiV)
ee - eu ee — et ee > Ut
[Az11A312], [As11A321], [A211A212] [A211A213], [A211A231], [A311A313] [ A211A232], [A311A323]

€ Compared with the SINDRUM, Mu3e, Belle and Belle2 experiment .
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Upper limit on MounC

@ The curves are plotted as functions of M5 from the cross-section times branching ratio limits.

S b 5 4L Em— %
107" L > g g S 1E
&g : &ﬁ —1E &ﬁ af
Lol <10k El¥
- 10_2:5/ 10‘2:5/
-3 = =/
107¢ 10‘35’7 10‘357
- i i
104E 104‘%L 10*‘;L
= 3 -5
1055 —— Muon Collider 14 TeV 10°F — Muon Collider 14 TeV 10°g i
- 10°® L —— Muon Collider 6 TeV 10°L —— Muon Collider 6 TeV
6 —— Muon Collider 6 TeV % —— -1 upe Bell E — =T pup Bell i
10 L 107E | I [ — - 17— ppe Bell Il, 50 ab™ 107 . , | ., "t~ uuuBelll, 50ab"
0 2 4 6 8 10 12 14 I Y A I VT 0o 2 4 6 8 10 12 14
M; (TeV) M. (TeV) M; (TeV)
up — ep : up — et v Uy = Ut
[Az12A322, [As21A322], [A121A122] [A122A131], |As22A313] [ A122A123], [A122A132], [A322A323]

€ Compared with the Belle and Belle2 experiment .
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@ The observation of any CLFV process would be a clear signal of new physics beyond

the SM.

@ Perform a detailed comparative study on CLFV searches ata 6 (14) TeV scale muon

collider and a 240 GeV electron-positron collider.

@ The 7 related CLFV coupling strength will be significantly improved.
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Back up

GZm} a 1.27Am?
[(u— ey) ~ ——= ( ) sin?20sin? ( )

19273 21 Mg,
u—decay y —vertex J — oscillation
2 2
2 GmeL ( 3a ) Am33513C13523 M €
19273 321 Mg,

with A~1073eV2, My,~0(10*Y)eV ~ 0(107°%)
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Preliminary selection and efficiency

@ u tracking efficiency

@ The events are required to satisfy

the requirements of lepton flavor Collider Conditions Efficiency

and charge conservation, i.e., CEPC 01<nl<3 100%
ete™ — ety all signal and nl >3 O
background events are required to Inl <2.0,05 <pr<1Gev o
have one e™ and one u™. Muon Inl < 2.0, pr> 1 GeV o
20<|n] <25, 05<pr<1GeV 90%

@ ¢y final states: Collider 2.0 < [n] < 2.5, pr>1GeV 95
In| > 2.5 0%

pr> 10 GeV, |n| < 2.5

@ 1 tagging efficiency

@ Final state containing t:
Collider Efficiency

pr> 20GeV,|n| <5 CEPC 40%
Muon Collider 80%

pr : the transverse momentum, |77| : the pseudo-rapidity
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CEPC

Background process

process Cross section(pb)

ee > el 4.04*10-°
ee > WW, W — ev,w — UV 0.395
ee - TT,T = eVV,T = Uvv 0.241
ee > hvv,h - 11,7 > evv/uvv 1.13%«10-*
ee > hvv,h > ww,w - ev/uv 3.93x10-6
ee - et 6.94x10-5
ee > WW,w — evV,w — TV 3.733
ee > TT,T > UVV 0.658
ee > hvv,h - 17,7 > uwy 4.28+10-3

@ Control T decay to ¢ in MG5, and control
another 7 to hadrons in Pythia8.

@ For the 7 final state, only the hadronized T is
considered, the cross section needs to X 60%.

Jingshu Li1

process

Muon Collider

Cross section(pb)

uu — eu (14TeV collider) 3.38+104
UL = WWVV, W — eV, W — UV 0.013
UL = WW, W = eV, W — [V 7.71%104
Uy = TT,T = evV, T = Uvv 3.20%10-°
up = hvv, h - 11,7 > evv/uvv 2.22+10-3
up = hvv, h - ww, w - ev/uv 7.68%10-°
puu — ut (6TeV collider) 0.042
UL = WWVV, W = TV, W = UV 6.47x10-3
UL = WW, W = TV, W = UV 3.40+10-3
Uy = TT, T = Uvv 9.81%10-4
up = hvv, h - 17,7 > uvv 2.28+10-3
up = hvv, h - ww,w - tv/uv 2.92+10-°
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