Searches for charged lepton flavour violation
at colliders

Michael A. Schmidt
18 September 2019

Quy Nhon, Vietnam

L=}
based on work in collaboration with g

Yi Cai 1510.02486
Yi Cai, German Valencia 1802.09822 UNSW

Tong Li 1809.07924, 1907.06963 SYDNEY


http://www.arxiv.org/abs/1510.02486
http://www.arxiv.org/abs/1802.09822
http://www.arxiv.org/abs/1809.07924
http://www.arxiv.org/abs/1907.06963

The Standard Model is very successful. . .


http://www.arxiv.org/abs/1706.08524

Motivation

The Standard Model is very successful. . .

... but incomplete
In particular neutrinos are massive

many different possibilities — SE€ cai. Herero-Garcia, M5, Vicente, Volkas 1706.08524


http://www.arxiv.org/abs/1706.08524




Motivation

The Standard Model is very successful. ..

... but incomplete
In particular neutrinos are massive
many different possibilities — S€e cai Herrero-Garcia, s, Vicente, Volkas 1706.08524

— need way to discriminate models

Lepton flavour is not conserved
— Flavour changing processes are a sensitive probe


http://www.arxiv.org/abs/1706.08524

Motivation

The Standard Model is very successful. ..

... but incomplete

In particular neutrinos are massive

many different possibilities — S€e cai Herrero-Garcia, s, Vicente, Volkas 1706.08524
— need way to discriminate models

Lepton flavour is not conserved
— Flavour changing processes are a sensitive probe
e in SM+m, suppressed by unitarity, A ~ Gpm? ~ 1072
e many neutrino mass models have large charged LFV
due to non-unitarity or new contributions,
e.g. inverse seesaw, radiative mass models
e could be completely unrelated to neutrino mass, e.g. SUSY


http://www.arxiv.org/abs/1706.08524
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Can high-energy colliders compete with the intensity frontier?



cLFV in scattering processes: overview

LHC: qg,gg — ¢V
Future lepton colliders: eTe™ — ¢/

Future lepton colliders: eTe™ — 00 + X

Conclusions



LHC: gg,gg — /'



Relevant effective Operators [Cai, MS 1510.02486]

D6 Operators with 2 Quarks and 2 Leptons

Buchmiiller, Wyler NPB268(1986)621; Grzadkowski et al 1008.4884; Carpentier, Davidson 1008.0280; Petrov,Zhuridov 1308.6561

Vector
o)) = ([nl)(@Q) QY = (L' L)@y Q)
Qeu = (Ly,0)(Ty" u) Qe = (Py,l)(dr"d)
Qi = (Ly,L)(@"u) Qs = (Ly,.L)(dy"d)
Qqe = (@7, Q)(E7"0)

m
Scalar Qledq = (L*€)(d Q%) Qselgu = (L*0)enp(Q°u)

Tensor 0¥ — (LY 0)eas(QP o u)

lequ
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D8 Operators with 2 Gluons and 2 Leptons
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cLFV at the Large Hadron Collider (LHC) [Cai, MS 1510.02486]

Processes at LHC: pp — Lilj + jets

g q
q l; q l; g 0 g q
q
>< q % 0
q
q ¢ q ¢ 17 q 4

Signal: opposite-sign different flavour pair of leptons

Several existing searches:

e ATLAS 7 TeV: LFV heavy neutral particle decay to ep atias 11035550

e CMS 8 TeV: LFV heavy neutral particle decay to ey cwvs-pas-exo-13-002

e ATLAS 7 TeV: LFV in eu continuum in R SUSYarias 1205 0725

e ATLAS 8 TeV: LFV heavy neutral particle decayatias 1503.04430

e CMS 8 TeV: LFV heavy neutral particle decay to e cwms 1604.05239

e ATLAS 13 TeV, 3.2 fb~!: LFV heavy neutral particle decay atias 1607.08079
e ATLAS 13 TeV, 36.1 fb—! arias 1807.06573
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|nteresting ATLAS searches [Cai, MS 1510.02486]

Recast limits of most sensitive previous searches

ATLAS 1503.04430

ATLAS 1205.0725

8 TeV
20.3 b1
e, eT, ut

inclusive

including arbitrary number of jets

7 TeV
2.1 b1
ep
exclusive

separated by number of jets
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|nteresting ATLAS searches [Cai, MS 1510.02486]

Recast limits of most sensitive previous searches

ATLAS 1503.04430 ATLAS 1205.0725

8 TeV 7 TeV
20.3 fb! 2.1 fb1
el, er, ut el
inclusive exclusive
including arbitrary number of jets  separated by number of jets

Projection to 14 TeV

e Assume 300 fb—1

e Follow searching strategy of exclusive 7 TeV search
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ATLAS SearChES [Cai, MS 1510.02486]
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ATLAS SearChES [Cai, MS 1510.02486]

3 s el - 98 Bav)
8 e _[Ld\:ZHb M:g;al Background
& |y o
hay B Fake Background
o« 10° Diboson
€
5
o 10
1

S1sf

2

= e

Sos "

&77°0"700 200 300 400 500 600 700 800 9001000

mg, [GeV!

ATLAS 7TeV 1205.0725

Events / 20 GeV
e
1)

Data/SM
o

ATUAS
=8TeV, 203"

T T T
« Data 7' (0.75 TeV)

¥ @ Tev) Moetiake
Bz-w @i
[Mothers Total SM

ey

e Main backgrounds: tt, WW, Z/v* — 77
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~
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= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV
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ATLAS SearChES [Cai, MS 1510.02486]
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e Main backgrounds: tt, WW, Z/y* — 77~ "Terrmess
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV

e Modelling of main background agrees with ATLAS
e Fake background estimated from data

= Use background from ATLAS publications
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Precision Experiments [Cai, MS 1510.02486]
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cLFV at hadron colliders: quarks

_ — _ _ — Cai, MS 1510.02486
uu, dd, §s, cc, bb
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cLFV at hadron colliders: quarks

_ — _ _ — Cai, MS 1510.02486
uu, dd, §s, cc, bb
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LHC more interesting for vector operators with right-handed quark

currents due to weaker constraints from intensity frontier

[(_M/u PR Q] [Z’V/l PR,LK]
11
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cLFV at the Large Hadron Collider (LHC)' gluons [Cai, MS, Valencia 1802.00822]

Processes at LHC: pp — Lil;
g 0
Signal:
_ opposite-sign different flavour pair of leptons
g ¢

Most sensitive searches

ATLAS 1607.08079 CMS-PAS-EXO-16-058 1802.01122

13 TeV 13 TeV

32fb! 35.9 fb~*
el, eT, uT en

inclusive inclusive

newer ATLAS search: 13 TeV, 36.1 fb—! 1807.06573
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EFT scattering amplitudes

~ S s—oo
A2
= Violation of perturbative unitarity

A(s)

12
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cLFV at the Large Hadron Collider (LHC)' gluons [Cai, MS, Valencia 1802.00822]

Processes at LHC: pp — Lil;
g ¢
Signal:
opposite-sign different flavour pair of leptons
g 7
Most sensitive searches Solutions:
ATLAS 1607.08079 CMS-PAS-EXO-16-058 1802.01122 ° UV—compIete models/simplified mode|s
13 TeV 13 TeV e apply unitarization procedure, e.g.
—1 —1 . . . .
321fb 35.9 tb K-matrix unitarization
ep, €T, uT eu Wigner 1964; Wigner, Eisenbud 1947; Gupta 1950
inclusive inclusive Recent application to monojets: Bell, Busoni, Kobakhidze, Long, MS 1606.02722

newer ATLAS search: 13 TeV, 36.1 fb—! 1807.06573

) i e couplings — form factor
EFT scattering amplitudes

Baur, Zeppenfeld hep-ph/9309227

S s—oo

= Violation of perturbative unitarity
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cLFV at hadron colliders: gluo
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Future lepton colliders: ete™ — (/'




Bileptons - seven SimpliﬁEd models [Li.MS 1809.07924]

AL=0

complex scalar H, ~ (2, 1)

L= yzuHQZ,PRZJ + h.c.

LH singlet vector H; ~ (1,0)
L=ylH, Ly"PL
LH triplet vector Hz ~ (3,0)
L=yILy"G - Hs,PLL;
right-handed vector H; ~ (1,0)
related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803 11167

L= y{ij H{HZ;’}/”PRZJ‘

14
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LH singlet vector H; ~ (1,0)

L=ylH, Ly"PL

LH triplet vector Hz ~ (3,0)

L=yJ[y"& - Ha,PLLy

right-handed vector Hj ~ (1

L= yl'JHlME'y Prl;

,0)

AL =2
right-handed scalar A; ~ (1,2)

L =N AT CPrl; + h.c.

left-handed scalar Az ~ (3,1)

/\

L= , CIO’2C7 A3PLL + h.c.
\/7

vector Ay ~ (2, 3)

L= )\2A2“0L ~+* PRK €ap + h.c.

related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803.11167
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Bileptons - seven SimplifiEd models [Li.MS 1809.07924]

AL=0

complex scalar H, ~ (2, 1)

L= yzuHQZ,PRZJ + h.c.

LH singlet vector H; ~ (1,0)

L=ylH, Ly"PL

LH triplet vector Hz ~ (3,0)
L=yILy"G - Hs,PLL;

right-handed vector H; ~ (1,0)

L= yl'JHlME'y Prl;

AL =2
right-handed scalar A; ~ (1,2)

L =N AT CPrl; + h.c.

left-handed scalar Az ~ (3,1)

/\
L= , CIO’2C7 A3PLL + h.c.
\/7
vector Ay ~ (2, 3)
L= )‘2A2N0L1[3’7 PRﬁjeaﬁ + h.c.
assumption: CP conservation,

symmetric Yukawa couplings (H», A>)

related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803.11167

14


http://www.arxiv.org/abs/1809.07924
http://www.arxiv.org/abs/1711.08430
http://www.arxiv.org/abs/1712.03642
http://www.arxiv.org/abs/1803.11167

EXiSting (|0w—energy) prECiSion constraints [Li,MS 1809.07924 1907.06963]

e LFV trilepton decays, ¢ — (10203

e Muonium antimuonium conversion,
pureT — puet

e anomalous magnetic dipole moments, ay
e LEP/LHC searches
e lepton flavour non-universality, £ — (/v

e electroweak precision observables

15
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EXiSting (|0w—energy) prECiSion constraints [Li,MS 1809.07924 1907.06963]

. - = I
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H “/—{—q
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e e’
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i
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14
N /_’_/ Y
e electroweak precision observables ' v 4
B v

Future sensitivity improvements at e.g. Belle 2, Mu3E, ...
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Off-shell production H].[L: e*ef — [Li.MS 1809.07924]

L= Y{jHly,Zi’Y"PLLj

::)'”vf\‘<:: ¢ ::t:z::t: a
Hy

Hy o o

e~ s

Basic cuts: pr > 10 GeV and |n| < 2.5

Four collider configurations:
CEPC: 5 ab™?! at 240 GeV
FCC-ee: 16 ab™! at 240 GeV
ILC500: 4 ab™?! at 500 GeV
CLIC: 5 ab™! at 3 TeV
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T efficiency not included in figure

60% 7 eff. = 77% sensitivity reduction for 1 7
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Hl,u‘: e+ef — /l‘iT¥ [Li,MS 1809.07924]
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Hl,u‘: e+ef — /l‘iT¥ [Li,MS 1809.07924]
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Same—sign |ept0n collider - Al: e e — /A [Li.MS 1809.07924]
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Future lepton colliders:
ete” - W+ X




On-shell production H2: ete” — ei T+ h2 do [LiMS 1907.06963]
P /

L =yl Hoo L¥PrYj + h.c.

ha/az
et e et
A
et v/Z
%K/ R ,

ha/a» e

Cuts: pr > 10 GeV and |n| < 2.5
100% h/a reconstruction efficiency

Five collider configurations:

CEPC: 5 ab™?! at 240 GeV

FCC-ee: 16 ab™! at 240 GeV

ILC (500 GeV): 4 ab™! at 500 GeV
ILC (1TeV): 1 ab ! at 1 TeV
CLIC: 5 ab™! at 3 TeV

0001f ILC (500 GeV)
—ILC (1 TeV)
_cLic
10_45 10 50 100 500 1000
my, (GeV)

7 efficiency not included in figure
60% 7 eff. = 77% sensitivity reduction for 1 7
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On-shell production H2: ete” — ei T+ h2 do [LiMS 1907.06963]
P /

L =yl Hoo L¥PrYj + h.c.
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et e ot e
A
et v/Z
e ,

ha/a» e

Cuts: pr > 10 GeV and || < 2.5 — FCC-ee

10% h/a reconstruction efficiency ILC (500 GeV)
—ILC (1 TeV)

Five collider configurations: — CLic

CEPC: 5 ab™?! at 240 GeV 107535 50 100 500 1000

FCC-ee: 16 ab™! at 240 GeV my, (GeV)

ILC (500 GeV): 4 ab™! at 500 GeV
ILC (1TeV): 1 ab ! at 1 TeV
CLIC: 5 ab™! at 3 TeV

7 efficiency not included in figure
60% T eff. = 77% sensitivity reduction for 1 7
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On-shell production H1‘3#‘: ete” — (0T + H1’3 [Li,MS 1907.06963]
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Conclusions




Conclusions

colliders complementary way to search for charged LFV

1 <> e flavour: stringent limits from low-energy precision exp.
T <+ £ flavour complementary sensitivity at colliders

colliders test more Lorentz structures

best for operators which are difficult to constrain at low energy

current limits

i, MS, Valencia 1802.09622

cLFV Higgs decay

ur
H

B

iil

er
*
g

e

c

. I
+ + + + + + f— A [TeV]
o1 os 1 15 : 25 3
L n(e7)

cLFV top decay cLFV scattering with initial state gluons
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Neutrino masses

Classification in terms of effective AL = 2 operators

Babu, Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344 Bonnet, Hernandez, Ota, Winter 0907.3143

Systematic construction of models
Angel, Rodd, Volkas 1212.5862; Cai, Clarke, MS, Volkas 1308.0463; Gargalionis, Volkas (in prep)
Bonnet, Hirsch, Ota, Winter 1204.5862; Aristizabal Sierra, Degee, Dorame, Hirsch 1411.7038; Cepedello, Fonseca, Hirsch 1807.00629
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Neutrino masses

Classification in terms of effective AL = 2 operators

Babu, Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344 Bonnet, Hernandez, Ota, Winter 0907.3143

— no information on AL = 0 processes

Systematic construction of models
Angel, Rodd, Volkas 1212.5862; Cai, Clarke, MS, Volkas 1308.0463; Gargalionis, Volkas (in prep)
Bonnet, Hirsch, Ota, Winter 1204.5862; Aristizabal Sierra, Degee, Dorame, Hirsch 1411.7038; Cepedello, Fonseca, Hirsch 1807.00629

Volkas (NuFact 2019): "exploding! AL = 2 operators” ..."” 1000s of models”

— too many models!
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Neutrino masses

Classification in terms of effective AL = 2 operators

Babu, Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344 Bonnet, Hernandez, Ota, Winter 0907.3143

— no information on AL = 0 processes

Systematic construction of models
Angel, Rodd, Volkas 1212.5862; Cai, Clarke, MS, Volkas 1308.0463; Gargalionis, Volkas (in prep)
Bonnet, Hirsch, Ota, Winter 1204.5862; Aristizabal Sierra, Degee, Dorame, Hirsch 1411.7038; Cepedello, Fonseca, Hirsch 1807.00629

Volkas (NuFact 2019): "exploding! AL = 2 operators” ..."1000s of models”

— too many models!

Hybrid scheme terero carcia, ms 19031055
e SM + one particle with L # 0 and renormalizable AL = 0 op.
e add AL = 2 operator with this particle
e neutrino masses in terms of both operators

e [-conserving pheno in terms of AL = 0 operator
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Searches for cLFV in decays of Z and Higgs boson

CMS 36.0 b (13 TeV)

CEPCHEcurrent
10-3
N
0
< 10—6
/]\
N
& 1079 1
10712 T T T :I‘l}-({;c
;( Q,Qi ;( Q/& 7‘ Qx'( ‘oj W CEPC(FCC-ee)
1 2"
Z — e[L: ATLAS 1408.5774, CMS EXO-13-005 "“0:
Z — f7: DELPHI (ur), OPAL (er) T

ATLAS, 13 TeV, 36.1 fb™! 1500.00568

almost same sensitivity for ur
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Searches for cLFV in decays of Z and Higgs boson

36.0 1™ (13 Tev)
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Searches for cLFV in decays of top and heavy resonance

> IASAUARMEASA AASA RRAR T % ATLAS-CONF-2018-044
8 900 ATLAS Preliminary % Data CNoneamp 8 s-Co 018-0
8 fs=13Tev, 798" Wz Wz 8
S 800E- Signal region Woters 7, Uncenainty <
£ — Signal £
I &
. 7
Davidson et al 1507.07163 . .
, 1
cross section 0 o< Yy y |exy]| F F
’ 307206080 100 120 140 160 180 200

Main backgrounds: oLFV elctron p, GeV]
e tf with non-prompt lepton
o 7+ jets

Multi-variate analysis w/ 13 var's using BDT
observed limit

BR(t — (l'[e]q) < 1.86[6.6] x 1075

— |e| £ 0.1, more stringent for t — 7 4+ X
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Searches for cLFV in decays of top and heavy resonance
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Main backgrounds:
e tf with non-prompt lepton

o 7+ jets

Multi-variate analysis w/ 13 var's using BDT

observed limit

BR(t — ¢0'[ep]q) < 1.86[6.6] x 107°

— |e| < 0.1, more stringent for t — 7+ X
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Scalar Operators

Qg = ([°0)(dQ%) Q) = ([*0)eas(Q"u)
Relevant Wilson coefficients =%9 of SM EFT
(1)
— L= U kk (Qledq)u kk += —U kk (Q/equ> i Kk +h.c..
Effective four fermion Lagrangian

Lar = =i, k/(VLIERJ)(deULI) += =ij, k/(éLIERJ)(dedLI)

+ =5 (il (dukurr) + =% (PLitry) (Akurr) -

27



Scalar Operators

Qledq = (L"0)(dQ) QY = ([°0)eap(Q°u)
Relevant Wilson coefficients =% of SM EFT
_ — 1
- L= :3',kk (Qledq),-j,kk + =ik <Q563u>ij Kk +he. .
Effective four fermion Lagrangian
Lar = Egi/(DLiij)(JRkUL/) + E,{J\{C{(/(ZLiéRj)(JdeLI)
+ E;JC-ff(/(ﬁLiﬁRj)(aLkURl) + Z5% (OLilRy) (AL urr) -

Thus the most general four fermion coefficients are

—Nd __ —d —Cd —d
—ij,kl — Uu’ Vlk —ij,kk —ij,kl — u’ Vlk —i'j kk
=Nu __ Uk \ yux —u —=Cu vk | yd* =u
—ij,kl — —U Vk/ —ij, Il —ij,kl — U Vk/ —i'j

In general there is quark flavour violation.
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Scalar Operators

Qg = (L°0(dQ%) Ol = ([*N)eas(Q”u)
Relevant Wilson coefficients =49 of SM EFT

_ (1)
L= U kk (Qledq)u kk + _U kk (Q/equ> i kk + h.c..

Effective four fermion Lagrangian
Lo = Egi/(ﬂLigRj)(JRkULl) + ES{C{(/(ZLigRj)(JdeLI)
+ =5 % (PLilry) (dicurr) + Z%(PLilry) (kv -

Choose basis in which charged lepton mass matrix is diagonal as

=N?
well as =i kk

=Nd __ —d =Cd __ g *
Sk = Ok=ij ki Z5% = Ui Vi 2%,
—=Nu __ —u =Cu __ yy*
—ij,kl — _6k/—ij,kk —ij,kl — Ui Vk/ _I_] I

= No tree-level FCNC processes.
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Scalar Operators

Qg = (L°0(dQ%) Ol = ([*N)eas(Q”u)
Relevant Wilson coefficients =49 of SM EFT

_ (1)
L= U kk (Qledq)u kk + _U kk (Q/equ> i kk + h.c..

Effective four fermion Lagrangian
Lo = Egi/(ﬂLigRj)(JRkULl) + ES{C{(/(ZLigRj)(JdeLI)
+ =5 % (PLilry) (dicurr) + Z%(PLilry) (kv -

Choose basis in which charged lepton mass matrix is diagonal as

=N?
well as =i kk

=Nd =Cd *
—ij,kl — 5/(/—1] kk —ij,kl — U Vk/ I_j kk
= — p =Cu __ y*
—ij,k/ - _6k/—ij,kk —ij,kl — Ui Vk/ _I_] /]

= No tree-level FCNC processes.

We do not consider top quark because of different phenomenology. o7



Renormalization Group Corrections

e Main effect are QCD corrections q ¢

q - - q q ¢

e Following the standard discussion at NLO

Buchalla,Buras, Lautenbacher hep-ph/9512380

= = o) (200

as(fo)

with coefficients

fo=11—-2ng/3 and 79 =6C(3)=38

28
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Renormalization Group Corrections

e Main effect are QCD corrections q ¢

q q q ¢

e Following the standard discussion at NLO

Buchalla,Buras, Lautenbacher hep-ph/9512380

=0 = =) (200

as(fo)

with coefficients
fo=11—-2ng/3 and 79 =6C(3)=38

e Wilson coefficients become larger at smaller scales.

= Increases reach of precision experiments
28
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Precision Experiments

7

o e g

N

1 — e conversion in nuclei

MO

e

N

-
o
MO
T — IMO
¢F
M+
v
Mt — €fu
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i — e Conversion
e Agnostic about mediation mechanism K
e Following discussion in
N N

Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596

Dimensionless p — e conversion rate

paz) _ T +(AZ) = e +(AZ))
KT T+ (AZ) 2 v+ (AZ 1)

with muon conversion rate

peEe (Mp + M,)?
21

M(n+A.2) = e +(A.2) = =5

2
’ X F X
JF depends on mediation mechanism

No dependence on phase of = if there is only one operator.

30
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i — e Conversion

e Agnostic about mediation mechanism K €
e Following discussion in
N N
Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596
48Ti 197Au 208Pb

Rre* 43x1071 7.0x1072 4.6x 10

Gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 [-]
cc 150 [-] 290 [-] 110 [-]
bb 84 [] 170 [] 61 []

Direct nuclear mediation [Meson mediation]
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i — e Conversion

e Agnostic about mediation mechanism K

e Following discussion in
N N

Gonzalez, Gutsche, Helo, Kovalenko, Lyubovitskij, Schmidt 1303.0596

48Ti 197Au 208Pb

Rre* 43x1071 70x1072 46x 101

Gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 [-]
cc 150 [-] 290 [-] 110 [-]
bb 84 [] 170 [] 61 []

Direct nuclear mediation [Meson mediation]
Strongest limit for first generation quarks,
but non-negligible for other quarks if pure direct nuclear mediation
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LFV Semileptonic 7 Decays

e Only light quarks u,d,s =
e Weak dependence on phase
for @ teri k content T
® fo: wm parameterises quark conten
e Quark FCNC parameterised by A
MO
A L V/ —=d _ /\:d V.
Sk = A=V i = A=j ek Vi
decay Brj* cutoff scale A [TeV]
=u =d =d
= Zijdd Ziiss

T~ = e 7 8.0 x 10~8 10 10 -

T e 9.2x10°8 34 34 7.9

e 1.6 x 1077 42 42 12

™ — e K2 2.6 x 1078 - 7.8V 7.8V

77 — e (£(980) — wtr) 3.2x 1078 13 v/sinom 13 v/sinm 16 ,/cos o,

T~ = p 70 1.1x 1077 9.0 - 9.6 9.0 - 9.6 -

TT = uTn 6.5 x 1078 36 — 38 36 — 38 8.4 -89

T —=un 1.3x 1077 42 — 46 42 — 46 12-13

™ = K2 2.3 %1078 s (7.8 -8.3) VA (7.8 —8.3) VA

77 = (£(980) = wtwT) 3.4x 1078 (12 -14)\sing, (12— 14)\/sing, (15— 16),/cosom
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Leptonic Neutral Meson Decays M° — ¢

Quark FCNC parameterised by A or
=g = AZE,V =4 g = A= L,V
ij kI ij Il VK ij kI ij kk Ykl
MO
For A\ = 0 only constraints from #°, n(’) decays
G
decay Bri"* cutoff scale A [TeV]
=u =d =d =u =d
—ij,uu —ij,dd —ij,ss —ij,cc —ij,bb
70 — pte~ 38x10710 22 2.2 S S =
w0 = et 34x1079 1.2 1.2 - - -
70 = pute +pu~et 36x10710 26 2.6 - - -
n—ute  +puet 6 x 1076 0.52 0.52 0.12 - -
n — eu 47x107* 0.091  0.091  0.026 = =
K? — ety 4.7 x 10712 - 86V 86V - -
DO — etuF 26x1077 6.4V = . 6.4\ =
B — ety T 2.8 x107° - 10V - - 6.6 VA
BO — e*r¥ 2.8 x107° = 097V - - 0.62vx
BO — pytr¥ 2.2 x 1072 - 0.18VA - - 0.12vVX




Leptonic Charged Meson Decays M+ — (v

e Ry — Br(Mt —etv) g;l—
M = Br(Mt—utv)
e Theoretical error for R, (Rk) about 5%
+
e Improvement by factor 20 (2) possible M
) . indicates constraints
) 1

e Second index of A corresponds to charged lepton

decay constraint cutoff scale A [TeV] Wilson coefficients
A Merppr = =94 =0, =, =4
ue.eq,eT Te,T T am ij,dd ij,ss ij,cc ij,bb

Re R £5% 25-280 25-260 @ @ - - -
Rk RE® +5% 24-160  24—150 v - [ ) - -
Br(D* — etr) <88x107° 2.8-29 2.9 - v - v -
Br(D} — etr) <83x107° 32-33  32-33 - - v -
Br(Bt — etr) <9.8x1077 2.0 2.0 v - - - @
Br(rt — ptv)  Bro® +£5% 19-74 19-94 @ @ - - -
Br(K* — utv) Bro® +£5% 17-58 17-74 - [ ) - -
Br(D* — utv) (3.824033)x10™* 1.1-27 11-34 - v - v -
Br(Df — utv) (5.564+0.25)x 1073 13-43 13-53 - - v @ =
Br(BT — ptv) <1.0x107° 19-27 17-30 v - - - [ ]
Br(D* — 7tv) <12x1073 0.21-0.78 023-073 - @ - v =
Br(Df — rtv) (554+0.24)x1072 033-12 033-11 - - ® O -
Br(Bt —» 7tv) (1.14+0.27)x107* 049-13 049-12 @ - = - @




SM Background

T T T
« Data 7' (0.75 TeV)

> 5 T
S 10°EATLAS b
e s <aaere: FVs=8TeV,20.3 1" —¥ (1 Tev) [lJetfak
3 ATLAS v Slanal (=35 BaV) & 10 L .; E “E ) =ﬁe ake
Ot g I Ldt=2.110 m:gypal Sackaround 2 E [Mothers Total SM
] iy o 5 10°k e
Ny B Fake Background & E "
0 10? Diboson £ e
< 10°F]
z :
@ 10 106!
S1sf E
2 E e
= e EL LA, | L =
= ' =
0.
A 0 100200 300 400 500 600 700 800 9001000 @ 2
Mo, [GeV g e
e 200 400 600 800 1000 1200
ATLAS 7TeV 1205.0725 Dilepton Mass [GeV]

ATLAS 8TeV 1503.04430

e Main backgrounds: tt, WW, Z/v* — 77
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV
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SM Background

> : .
8 10°=ATLAS « Data Z'(0.75 TeVy
e AR A o [Vs=8Tev,203fb? —¥ (1Tev) MJetfake
3 ATLAS v Signal (- 95 BeV) & 10k . Wi
O 10° B #5 Total Background ~ E
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Q W2y e 3 10°H] e
N M Fake Background o E U
0 10? Diboson £ e
€ 1075
Q E
& 10 108 +i
1 1k == E
35 A o |
@» 107 =
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Me, [GeV] g iy
e 200 400 600 800 1000 1200
ATLAS 7TeV 1205.0725 Dilepton Mass [GeV]

e Main backgrounds: tt, WW, Z/y* — 77~ "Terrmess
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

= Efficiently reduced in exclusive 7 TeV analysis
by rejecting jets and E’T""SS < 20 GeV

e Modelling of main background agrees with ATLAS
e Fake background estimated from data

= Use background from ATLAS publications "
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Selection Criteria

Same selection criteria as in ATLAS 7 and 8 TeV analyses.

oppositely charged leptons

Electrons: Er > 25 GeV, |n| < 1.37 or 1.52 < |n| < 2.47, tight
identification criteria

Muons: pr > 25 GeV, |n| < 2.4
Tau: Er > 25 GeV, 0.03 < |n| < 2.47

Lepton isolation: scalar sum of lepton pr within cone of AR = 0.2(0.4)
is less than 10% (6%) of lepton pr for 7 (8) TeV search

Jets reconstructed anti-kr algorithm with radius parameter 0.4

7 TeV analysis: jets rejected if pr > 30 GeV or EP™ < 25 GeV
Invariant mass of lepton pair: > 100(200) GeV in 7(8) TeV analysis
azimuthal angle difference A¢ > 3(2.7) in 7 (8) TeV analysis

14 TeV projection

Same as 7 TeV exclusive analysis and pr(£) > 300 GeV and EF™ < 20 GeV
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Limits from LHC on Cutoff Scale in TeV

it _ _ _
_ eu er nT
4q
7TeV 8TeV 14 TeV 8 TeV 8 TeV
iu 2.6 2.9 8.9 2.4 2.2
dd 2.3 23 8.0 2.1 1.9
5s 1.1 1.4 4.0 095 0.88
cc 0.97 1.3 3.6 082 0.78
bb 0.74 1.0 2.7 063 061

e 8 TeV analysis gives only a slight improvement compared to 7 TeV
despite 10 times more data because of large background

e o7 and u7 limits weaker than ep because of low 7-tagging rate and

higher fake background

e 14 TeV projection: same search strategy as 7 TeV exclusive search
36



cLFV D8 operator with 2 gluons and 2 leptons

process exp. limit ‘ operator A [TeV]
eu

Br(p~ 38Ti — e~ 25Ti) <43x10712 | O, (?X 2.11

Br(n~ H5Au— e 1%Au) <7x1078 | Ox, Ox 254
et

Br(rt — etntn™) <23x107% | Ox, Ox 042

Br(t— = e KTK™) <34x107% | Ox, Ox 037

Br(r~ — e 1) <9.2x107% | 0%, O)  0.40

Br(r— — e77/) <1.6x1077 | Ok, O) 044
WT

Br(r— — p~7wt7n7) <21x10°% | Ox, Ox 043

Br(t— — pu~KtK™) <44x10°% | Ox, Ox 036

Br(r™ — pn) <65x107% | 04, 0) 042

Br(r— — u7 1) <13x1077 | 0%, O) 046
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Hi: etem — efpuF(e*r™
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7 efficiency not included in figure

60% T eff. = 77% (60%) sensitivity reduction for 1 (2) 7 leptons

L= ylHy, iy Pt

et e~
H1
e A
et A
Hy
e~ e~

same result for
right-handed Hj,
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Hy: eTe™ — efuT(e*rT)
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Hi, Ho: ete™ — ptr¥

+
et B
>X 0<
e~ Tt
rel. couplings S
ee  UT 2 3 2 3
|y y | 1 * wm,ﬂ (Gev) © © m‘,zlzﬂmaz (Gev)

— CEPC
— FCCee

_ ILC500 — cepc
e P B e
. — ac
rel. couplings . )
e A . 0 : . .
‘ye#yﬂ" 10 10° 10° 10 10 10°
m,, (Gev) m,,=m,, (GeV)

40



Ay, Dy ete — 010

et —«—9>— (= relevant couplings

XA eeyel ey er
o o+ |AS€AE| and [ASHNET|

)

o
o

T

—— CEPC
—— FCC-ee

ILC500
— CLIC

b

o
o

T

o
o

Agee Ay, [hyee A el Ihyon Ager]
IA,ee A?_e‘u|, IAjee )\ir\, [A e )\;,_E_T\

[N
o
&
=
o

T

10 10

10
m,, (GeV)

41



e > > — [~
:XO ) ’yeeyeﬂ‘ and |yeyeT|

e~ —pb—o—p— //

— CEPC, FCC-ee

S RAEE AL e U e S R

T

10
m,, (GeV)

relevant couplings




Ay, Doy eme” =070

relevant couplings

s IAeeAe!| and [A\eeNHT]

e~ /A

2 -2
0 T 0 T
f — cEPC, FcC-ee
E CEPC, FC — CEPC, FCC-ee
g TLC500 3 1LC500
0 f— cLc E| 0 f— cLc El

o
A

o
A

Ihgee Agehl, Igee A el [hgee A
Ihgee Aggt, Ihgee Aerl, Ihgse Al

T

-
o
n

T

10
m,, (GeV) m,, (GeV)

43



	LHC: q, gg 
	Future lepton colliders: e+ e- 
	Future lepton colliders: e+ e- +X
	Conclusions
	Other searches

