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Motivation

The Standard Model is very successful. . .

. . . but incomplete

In particular neutrinos are massive

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

• in SM+mν suppressed by unitarity, A ∼ GFm
2
ν ' 10−26

• many neutrino mass models have large charged LFV

due to non-unitarity or new contributions,

e.g. inverse seesaw, radiative mass models

• could be completely unrelated to neutrino mass, e.g. SUSY
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Colliders

ATLAS/CMS

each O(140) fb−1

Ellis 1810.11263

e.g. CEPC quotes

CEPC 1811.10545

106 Higgs bosons

1012 Z bosons

LEP: O(107)Z bosons
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Z boson decays



cLFV Z boson decays

Z
→
eµ

Z
→
eτ

Z
→
µτ
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(Z
→
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)
CEPC current

Z → eµ: ATLAS 1408.5774, CMS EXO-13-005

Z → `τ : DELPHI (µτ), OPAL (eτ)

ATLAS, 13 TeV, 36.1 fb−1
1804.09568

almost same sensitivity for µτ

See also poster on Z → τ` at ATLAS by Ann-Kathrin Perrevoort

No tree-level FCNC in SM

induced at 1 loop in SM +mν

Z

`−1

`+
2

W

W

ν ∝ GFm
2
ν

16π2 ' 10−28

Observation clear sign of new physics

e.g. due to a leptoquark

Z

`−1

`+
2

q

q′

φ

today typically less stringent as low-energy

precision experiments

but will be more interesting with new Z

boson factory

or if there is a signal to disentangle physics
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Higgs boson decay



cLFV Higgs decay

Dimension-6 SMEFT operators Grzadkowski et al 1008.4884

L =
[
Yij +

cij
Λ2

(H†H)
]
L̄iPR`jH+h.c .→

[
mij

v
+

cij√
2

v2

Λ2

]
h ¯̀

iPR`j+h.c .

9 Results

The best-fit branching ratios and upper limits are computed under the assumption of B(H → µτ) = 0
for the H → eτ search and B(H → eτ) = 0 for the H → µτ search, respectively. The best-fit values of
the LFV Higgs boson branching ratios are equal to 0.15+0.18

−0.17% and −0.22 ± 0.19% for the H → eτ and
H → µτ search, respectively. In the absence of any significant excess, upper limits on the LFV branching
ratios are set for a Higgs boson with mH = 125GeV. The observed (median expected) 95% CL upper limits
are 0.47% (0.34+0.13

−0.10 %) and 0.28% (0.37+0.14
−0.10 %) for the H → eτ and H → µτ searches, respectively.

These limits are significantly lower than the corresponding Run 1 limits of Refs. [7, 8]. The breakdown of
contributions from different signal regions is shown in Fig. 4.
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Figure 4: 95% CL upper limits on the LFV branching ratios of the Higgs boson, H → eτ (left) and H → µτ (right).
Best-fit values of the branching ratios (µ̂) are also given, in %. The limits are computed under the assumption that
either B(H → µτ) = 0 (left) or B(H → eτ) = 0 (right). Results of the fit when only the data of an individual
channel or of an individual category are used, are also shown; in these cases the signal and control regions from all
other channels/categories are removed from the fit.

The branching ratio of the LFV Higgs decay is related to the non-diagonal Yukawa coupling matrix
elements [84] by the formula

√
|Ỳ τ |2 + |Yτ` |2 = 8π

mH

B(H → `τ)
1 − B(H → `τ) ΓH (SM), (1)

where ΓH (SM) stands for the Higgs boson width as predicted by the Standard Model. Thus, the
observed limits on the branching ratio correspond to the following limits on the matrix elements:√
|Yτe |2 + |Yeτ |2 < 0.00197, and

√
|Yτµ |2 + |Yµτ |2 < 0.00152. Figure 5 shows the limits on the individual

matrix elements Yτ` and Ỳ τ together with the limits from the ATLAS Run 1 analysis and from τ → `γ

searches [84, 85].
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cLFV Higgs decay cont.
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Figure 5: Upper limits on the absolute value of the couplings Yτ` and Ỳ τ together with the limits from the ATLAS
Run 1 analysis (light grey line) and the most stringent indirect limits from τ → `γ searches (dark purple region).
Indicated are also limits corresponding to different branching ratios (0.01%, 0.1%, 1%, 10% and 50%) and the
naturalness limit (denoted n.l.) |Yτ`Ỳ τ | . mτm`

v [84] where v is the vacuum expectation value of the Higgs field.

10 Conclusions

Direct searches for H → eτ and H → µτ are performed with the pp collisions recorded by the ATLAS
detector at the LHC corresponding to an integrated luminosity of 36.1 fb−1 at a centre-of-mass energy of√

s = 13 TeV. No significant excess was observed above the expected background from SM processes. The
observed (expected) 95% CL upper limits on the branching ratios of H → eτ and H → µτ are 0.47%
(0.34+0.13

−0.10 %) and 0.28% (0.37+0.14
−0.10 %), respectively. These limits represent an improvement by a factor 2

(5) over the corresponding Run 1 limits for the H → eτ (H → µτ) decay.
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General (type-III) 2 Higgs doublet model

EFT

L =

[
mi

v
δij +

cij√
2

v 2

Λ2

]
h ¯̀

iPR`j

two neutral CP even Higgs

Φi = (vi + φi )/
√

2
v2

v1
= tβ

SM Higgs: h = −sαφ1 + cαφ2

with Yukawa couplings

Yij = − sα
cβ

mi

v
δij +

cos(β − α)

cβ

√
mimj

v
χ`ij

Not suppressed by v 2/Λ2 → large contribution

BR(h→ µτ) ∝
(
|χ`23|2 + |χ`32|2

)
cos2(β−α)(1+tan2 β)

Benbrik, Chen, Nomura 1511.08544

EWPO

Higgs decay channels
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Example: Zee model

• Non-zero neutrino masses

• generated at loop level Zee 1980

• Simplest model with 2 Higgs doublets and

charged singlet scalar h+

L
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-10 -8 -6 -4 -2
log10(Br(h→ τe))

-8

-6

-4

-2

lo
g 1

0
(B
r(
h
→

τ
µ

))

2σ region

1σ region

Normal ordering
m1 < m2 < m3

-10 -8 -6 -4 -2
log10(Br(h→ τe))

-8

-6

-4

-2

lo
g 1

0
(B
r(
h
→

τ
µ

))

2σ region

1σ region

Inverted ordering
m3 < m1 < m2

Herrero-Garcia et al 1701.05345

[see Herrero-Garcia et al 1605.06091 for Higgs cLFV in other neutrino mass models] 9
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Future lepton collider
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Top-quark decay



cLFV top-quark [Davidson et al 1507.07163]

described by D6 operators with 1 top quark and 2 charged leptons

L = 2
√

2GF

∑
i εiOi

e.g. OAV
LL,RR,LR,RL = (¯̀

iγ
αPX `j)(ūqγαPY t)

Davidson et al 1507.07163

• HERA σ(e±p → e±t + X ) ≤ 0.3pb

• K → eµ, µ→ eγ

• radiative corrections

eµ op’s: most |ε| . O(10−3 − 10−2), some O(1)

τ` op’s O(1− 100) |εutS+P,L| ≤ 0.03
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cLFV top-quark [Davidson et al 1507.07163]

described by D6 operators with 1 top quark and 2 charged leptons

L = 2
√

2GF

∑
i εiOi

e.g. OAV
LL,RR,LR,RL = (¯̀

iγ
αPX `j)(ūqγαPY t)
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eµ op’s: most |ε| . O(10−3 − 10−2), some O(1)

τ` op’s O(1− 100) |εutS+P,L| ≤ 0.03

single top quark production (more diag’s)
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cLFV top quark decay: top-quark pair production

Davidson et al 1507.07163
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Figure 2: Distributions of the four variables with the largest separation, entering the BDT in the signal region: (a)
the opposite-sign same-flavour dilepton invariant mass, set to zero when no opposite-sign same-flavour dilepton
pair is present, (b) the reconstructed mass of the cLFV top quark, the pT of (c) the electron and of (d) the muon
associated to the cLFV top quark. All the backgrounds (filled histograms) are normalised to their prediction, while
the signal (overlaid line) normalisation corresponds to B(t → ``′q) = 3 × 10−4. Data (black points) are compared
to the sum of backgrounds in the upper panel, while the ratio is shown in the lower panel. All sources of systematic
uncertainty (described in Section 8) are included. The first and last bins in each distribution include the under- and
overflows, respectively.
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9 Results

The full BDT shape is used as input for a binned maximum-likelihood fit used to test for the presence
of signal events. The fit is performed using the profile likelihood technique [71], where systematic
uncertainties are encoded as nuisance parameters and are allowed to vary in the fit according to log-
normal (for normalisation uncertainties) or Gaussian (for shape uncertainties) probability density penalty
functions. For each systematic uncertainty, the components (shape or normalisation) corresponding to a
negligible (<0.1%) background variation are dropped.

The data is found to be compatible with the absence of the signal. A background-only fit has been
performed on data and is displayed in Figures 3 and 4 and in Table 3. The fit constrains the uncertainties
on the background pulling slightly up the non-prompt lepton background, decreasing the W Z yield by
20% and increasing the Z Z yield by 20%. The amount of data in the last two bins of the BDT distribution
is slightly larger than the prediction (by a factor 1.2 – 1.4 prior to the background-only fit), well within
the uncertainties (0.90σ significance).
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Figure 3: (a) BDT discriminant distribution before the fit (pre-fit) with the signal including and excluding τ leptons
(Signal τ-veto) in the cLFV vertex overlaid. The signals are normalised according to Equation (2), with branching
ratios B(t → `±`′∓q) = 3 × 10−4 and B(t → eµq) = 1 × 10−4. All sources of systematic uncertainty (described in
Section 8) are included. (b) BDT discriminant distribution after a background-only fit (post-fit). Data (black points)
are compared to the sum of backgrounds in the upper panel, while the ratio is shown in the lower panel.
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ATLAS-CONF-2018-044

BR(t → ``′ + q) = 10−4

cross section

σ = 2σtt̄ BR(t → `νb)

×BR(t → `±`′∓q)

BR(t → `±`′∓ + q)

' 0.0027
∑

X ,Y |εXY |2

Main backgrounds:

• tt̄ with non-prompt lepton

• Z+ jets

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

observed [expected] limit

BR(t → ``′q) < 1.86[1.36+0.61
−0.37]× 10−5

BR(t → eµq) < 6.6[4.8+2.1
−1.4]× 10−5

→ |ε| . 0.1, more stringent for t → τ + X

low-energy lim’s stronger for most eµ op’s: εLL,RL,

εS±P,R , εT ,R 12

http://www.arxiv.org/abs/1507.07163


Heavy resonance decay



Heavy resonance: Z ′, RPV SUSY ν̃τ , quantum black hole
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Heavy resonance: Z ′, RPV SUSY ν̃τ cont.
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Scattering at the LHC



Relevant effective operators [Cai, MS 1510.02486]

D6 Operators with 2 Quarks and 2 Leptons
Buchmüller, Wyler NPB268(1986)621; Grzadkowski et al 1008.4884; Carpentier, Davidson 1008.0280; Petrov,Zhuridov 1308.6561

Vector

Q(1)
lq = (L̄γµL)(Q̄γµQ) Q(3)

lq = (L̄γµτ
IL)(Q̄γµτ IQ)

Qeu = (¯̀γµ`)(ūγµu) Qed = (¯̀γµ`)(d̄γµd)

Qlu = (L̄γµL)(ūγµu) Qld = (L̄γµL)(d̄γµd)

Qqe = (Q̄γµQ)(¯̀γµ`)

Scalar Qledq = (L̄α`)(d̄Qα) Q(1)
lequ = (L̄α`)εαβ(Q̄βu)

with same-flavour quark

Tensor Q(3)
lequ = (L̄ασµν`)εαβ(Q̄βσµνu)

D8 Operators with 2 Gluons and 2 Leptons

Oij
X = αsG

a
µνG

aµν (ēRiLj · φ∗ + h.c .) O′ijX = i αsG
a
µνG̃

aµν (ēRiLj · φ∗ − h.c .)

Ōij
X = i αsG

a
µνG

aµν (ēRiLj · φ∗ − h.c .) Ō′ijX = αsG
a
µνG̃

aµν (ēRiLj · φ∗ + h.c .)

Oij
Y = i αsG

a
µρG

a
σνη

ρσL̄iγ
µDνLj Oij

Z = i αsG
a
µρG

a
σνη

ρσ ēRiγ
µDνeRj
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aµν (ēRiLj · φ∗ + h.c .) O′ijX = i αsG
a
µνG̃
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Precision Experiments [Cai, MS 1510.02486]

µ− e−

N N

µ− e conversion in nuclei

τ−

`−

M0

τ → `M0

τ−

`−

M+

M−

τ → `M+M−

`−j

`+
i

M0

M0 → `+
i `
−
j

ν

`+
i

M+

M+ → `+
i ν
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cLFV at the Large Hadron Collider (LHC) [Cai, MS 1510.02486]

Processes at LHC: pp → `i`j + jets

q

q

`i

`j

q

q

`i

`j

g

g

q

q

`i

`j

q
g

q

q

`i

`j

q

Signal: opposite-sign different flavour pair of leptons

Several existing searches:

• ATLAS 7 TeV: LFV heavy neutral particle decay to eµ ATLAS 1103.5559

• CMS 8 TeV: LFV heavy neutral particle decay to eµ CMS-PAS-EXO-13-002

• ATLAS 7 TeV: LFV in eµ continuum in�R SUSYATLAS 1205.0725

• ATLAS 8 TeV: LFV heavy neutral particle decayATLAS 1503.04430

• CMS 8 TeV: LFV heavy neutral particle decay to eµ CMS 1604.05239

• ATLAS 13 TeV, 3.2 fb−1: LFV heavy neutral particle decay ATLAS 1607.08079

• ATLAS 13 TeV, 36.1 fb−1
ATLAS 1807.06573
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Interesting 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−1 2.1 fb−1

eµ, eτ , µτ eµ

inclusive exclusive

including arbitrary number of jets separated by number of jets

Projection to 14 TeV

• Assuming 300 fb−1

• Follow searching strategy of exclusive 7 TeV search
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ATLAS Searches [Cai, MS 1510.02486]
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cLFV at hadron colliders: quarks

ēµ µ̄e ēττ̄ e µ̄τ τ̄µ
10−1

100

101

102

103

Λ
[T

eV
]

ūu, d̄d, s̄s, c̄c, b̄b
τ → `M

τ → `f0

µ− e
M → `ν

LHC8
LHC14

Cai, MS 1510.02486

Qledq = (L̄α`)(d̄Qα) , Q(1)
lequ = (L̄α`)εαβ(Q̄βu)

LHC more interesting for vector operators with right-handed quark

currents due to weaker constraints from intensity frontier

[q̄γµPRq][¯̀γµPR,L`]
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cLFV at hadron colliders: quarks
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cLFV at the Large Hadron Collider (LHC): gluons [Cai, MS, Valencia 1802.09822]

Processes at LHC: pp → `i`j
g

g

`i

¯̀
j

Signal:

opposite-sign different flavour pair of leptons

Most sensitive searches

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

13 TeV 13 TeV

3.2 fb−1 35.9 fb−1

eµ, eτ , µτ eµ

inclusive inclusive

newer ATLAS search: 13 TeV, 36.1 fb−1 1807.06573

EFT scattering amplitudes

A(s) ' s

Λ2

s→∞−→ ∞

Solutions:

• UV-complete models/simplified models

• apply unitarization procedure, e.g.

K-matrix unitarization

Wigner 1964; Wigner, Eisenbud 1947; Gupta 1950

Recent application to monojets: Bell, Busoni, Kobakhidze, Long, MS 1606.02722

• couplings → form factor

Baur, Zeppenfeld hep-ph/9309227

C → C

1 + ŝ
Λ2⇒ Violation of perturbative unitarity

21
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cLFV at the Large Hadron Collider (LHC): gluons [Cai, MS, Valencia 1802.09822]

Processes at LHC: pp → `i`j
g

g

`i

¯̀
j

Signal:

opposite-sign different flavour pair of leptons

Most sensitive searches

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

13 TeV 13 TeV

3.2 fb−1 35.9 fb−1

eµ, eτ , µτ eµ

inclusive inclusive

newer ATLAS search: 13 TeV, 36.1 fb−1 1807.06573

EFT scattering amplitudes

A(s) ' s

Λ2

s→∞−→ ∞

Solutions:
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Wigner 1964; Wigner, Eisenbud 1947; Gupta 1950
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Λ2⇒ Violation of perturbative unitarity

21

http://www.arxiv.org/abs/1802.09822
http://www.arxiv.org/abs/1607.08079
http://www.arxiv.org/abs/1802.01122
http://www.arxiv.org/abs/1807.06573
http://www.arxiv.org/abs/1606.02722
http://www.arxiv.org/abs/hep-ph/9309227


cLFV at hadron colliders: gluons
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Oij
X = αsG

a
µνG

aµν
(
ēRiLj · φ∗ + L̄j · φeRi

)
O′ijX = i αsG

a
µνG̃

aµν
(
ēRiLj · φ∗ − L̄j · φeRi

)
Ōij

X = i αsG
a
µνG

aµν
(
ēRiLj · φ∗ − L̄j · φeRi

)
Ō′ijX = αsG
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aµν
(
ēRiLj · φ∗ + L̄j · φeRi

)
Oij

Y = i αsG
a
µρG
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σνη

ρσL̄iγ
µDνLj

Oij
Z = i αsG

a
µρG

a
σνη

ρσ ēRiγ
µDνeRj

See also Bhattacharya et al 1802.06082 for a related analysis
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Bileptons - seven simplified models [Li,MS 1809.07924]

∆L = 0
complex scalar H2 ∼ (2, 1

2 )

L = y ij
2 H2L̄iPR`j + h.c .

LH singlet vector H1 ∼ (1, 0)

L = y ij
1 H1µL̄iγ

µPLLj

LH triplet vector H3 ∼ (3, 0)

L = y ij
3 L̄iγ

µ~σ · H3µPLLj

right-handed vector H ′1 ∼ (1, 0)

L = y ′ij1 H ′1µ ¯̀
iγ

µPR`j

∆L = 2
right-handed scalar ∆1 ∼ (1, 2)

L = λij1 ∆1`
T
i CPR`j + h.c .

left-handed scalar ∆3 ∼ (3, 1)

L = − λ
ij
3√
2
LTi Ciσ2~σ · ~∆3PLLj + h.c .

vector ∆2 ∼ (2, 3
2 )

L = λij2 ∆2µαL
T
iβγ

µPR`jεαβ + h.c .

assumption: real and symmetric

Yukawa coupling matrices

related work: Dev, Mohapatra, Zhang 1711.08430, also 1712.03642, 1803.11167
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Existing (low-energy) precision constraints [Li,MS 1809.07924]

• LFV trilepton decays, `→ `1
¯̀
2

¯̀
3

• Muonium antimuonium conversion,

µ+e− → µ−e+

• anomalous magnetic (and electric) dipole

moments, a`

• LEP/LHC searches

• lepton flavour non-universality, `→ `′νν̄

`−

`−1

`+
2

`−3

H0
2

µ+

e−

µ−

e+

H0
2

`− `′−
`′′−

H0
2

γ

e+

e−

`+

`−
H0

2

`

ν

ν̄

`′

h+
2

Future sensitivity improvements at e.g. Belle 2, Mu3E, . . .

24

http://www.arxiv.org/abs/1809.07924


Existing (low-energy) precision constraints [Li,MS 1809.07924]

• LFV trilepton decays, `→ `1
¯̀
2

¯̀
3

• Muonium antimuonium conversion,

µ+e− → µ−e+

• anomalous magnetic (and electric) dipole

moments, a`

• LEP/LHC searches

• lepton flavour non-universality, `→ `′νν̄

`−

`−1

`+
2

`−3

H0
2

µ+

e−

µ−

e+

H0
2

`− `′−
`′′−

H0
2

γ

e+

e−

`+

`−
H0

2

`

ν

ν̄

`′

h+
2

Future sensitivity improvements at e.g. Belle 2, Mu3E, . . .

24

http://www.arxiv.org/abs/1809.07924


Existing (low-energy) precision constraints [Li,MS 1809.07924]

• LFV trilepton decays, `→ `1
¯̀
2

¯̀
3

• Muonium antimuonium conversion,

µ+e− → µ−e+

• anomalous magnetic (and electric) dipole

moments, a`

• LEP/LHC searches

• lepton flavour non-universality, `→ `′νν̄

`−

`−1

`+
2

`−3

H0
2

µ+

e−

µ−

e+

H0
2

`− `′−
`′′−

H0
2

γ

e+

e−

`+

`−
H0

2

`

ν

ν̄

`′

h+
2

Future sensitivity improvements at e.g. Belle 2, Mu3E, . . .

24

http://www.arxiv.org/abs/1809.07924


Off-shell production H1µ: e+e− → e±µ∓(e±τ∓) [Li,MS 1809.07924]

L = y ij1 H1µL̄iγ
µPLLj

e+

e−

e−

`+

H1

e+

e−

`+

e−
H1

Basic cuts: pT > 10 GeV and |η| < 2.5

Four collider configurations:

CEPC: 5 ab−1 at 240 GeV

FCC-ee: 16 ab−1 at 240 GeV

ILC500: 4 ab−1 at 500 GeV

CLIC: 5 ab−1 at 3 TeV
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τ efficiency not included in figure

60% τ eff. ⇒ 77% sensitivity reduction for 1 τ
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H1µ: e+e− → µ±τ∓ [Li,MS 1809.07924]
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H1µ: e+e− → µ±τ∓ [Li,MS 1809.07924]
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Same-sign lepton collider - ∆1: e−e− → `−`′− [Li,MS 1809.07924]
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On-shell production H1µ: e+e− → e±µ∓(e±τ∓) + H1 [Li,MS in preparation]

L =y ij1 H1µL̄iγ
µPLLj

+ y ij3 L̄iγ
µ~σ · H3µPLLj
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Cuts: pT > 10 GeV and |η| < 2.5

Five collider configurations:

CEPC: 5 ab−1 at 240 GeV

FCC-ee: 16 ab−1 at 240 GeV

ILC (500 GeV): 4 ab−1 at 500 GeV
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CLIC: 5 ab−1 at 3 TeV
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Conclusions

colliders complementary way to search for charged LFV

µ↔ e flavour: stringent limits from low-energy precision exp.

τ ↔ ` flavour complementary sensitivity at colliders

colliders test more Lorentz structures

best for operators which are difficult to constrain at low energy
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Figure 5: Upper limits on the absolute value of the couplings Yτ` and Ỳ τ together with the limits from the ATLAS
Run 1 analysis (light grey line) and the most stringent indirect limits from τ → `γ searches (dark purple region).
Indicated are also limits corresponding to different branching ratios (0.01%, 0.1%, 1%, 10% and 50%) and the
naturalness limit (denoted n.l.) |Yτ`Ỳ τ | . mτm`

v [84] where v is the vacuum expectation value of the Higgs field.

10 Conclusions

Direct searches for H → eτ and H → µτ are performed with the pp collisions recorded by the ATLAS
detector at the LHC corresponding to an integrated luminosity of 36.1 fb−1 at a centre-of-mass energy of√

s = 13 TeV. No significant excess was observed above the expected background from SM processes. The
observed (expected) 95% CL upper limits on the branching ratios of H → eτ and H → µτ are 0.47%
(0.34+0.13

−0.10 %) and 0.28% (0.37+0.14
−0.10 %), respectively. These limits represent an improvement by a factor 2

(5) over the corresponding Run 1 limits for the H → eτ (H → µτ) decay.
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OX , ŌX 1.230.900.43
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cLFV scattering with initial state gluons
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Scalar Operators

Qledq = (L̄α`)(d̄Qα) Q(1)
lequ = (L̄α`)εαβ(Q̄βu)

Relevant Wilson coefficients Ξu,d of SM EFT

− L = Ξd
ij ,kk (Qledq)ij ,kk + Ξu

ij ,kk

(
Q(1)

lequ

)
ij ,kk

+ h.c. .

Effective four fermion Lagrangian

L4f = ΞCd
ij ,kl(ν̄Li`Rj)(d̄RkuLl) + ΞNd

ij ,kl(¯̀
Li`Rj)(d̄RkdLl)

+ ΞCu
ij ,kl(ν̄Li`Rj)(d̄LkuRl) + ΞNu

ij ,kl(¯̀
Li`Rj)(ūLkuRl) .

We do not consider top quark because of different phenomenology.
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Effective four fermion Lagrangian

L4f = ΞCd
ij ,kl(ν̄Li`Rj)(d̄RkuLl) + ΞNd

ij ,kl(¯̀
Li`Rj)(d̄RkdLl)

+ ΞCu
ij ,kl(ν̄Li`Rj)(d̄LkuRl) + ΞNu

ij ,kl(¯̀
Li`Rj)(ūLkuRl) .

Thus the most general four fermion coefficients are

ΞNd
ij ,kl = U`∗

ii ′ V
d
lk Ξd

ij ,kk ΞCd
ij ,kl = Uν∗

ii ′ V
u
lk Ξd

i ′j ,kk

ΞNu
ij ,kl = −U`∗

ii ′ V
u∗
kl Ξu

ij ,ll ΞCu
ij ,kl = Uν∗

ii ′ V
d∗
kl Ξu

i ′j ,ll

In general there is quark flavour violation.

We do not consider top quark because of different phenomenology.
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Scalar Operators

Qledq = (L̄α`)(d̄Qα) Q(1)
lequ = (L̄α`)εαβ(Q̄βu)

Relevant Wilson coefficients Ξu,d of SM EFT

− L = Ξd
ij ,kk (Qledq)ij ,kk + Ξu

ij ,kk

(
Q(1)

lequ

)
ij ,kk

+ h.c. .

Effective four fermion Lagrangian

L4f = ΞCd
ij ,kl(ν̄Li`Rj)(d̄RkuLl) + ΞNd

ij ,kl(¯̀
Li`Rj)(d̄RkdLl)

+ ΞCu
ij ,kl(ν̄Li`Rj)(d̄LkuRl) + ΞNu

ij ,kl(¯̀
Li`Rj)(ūLkuRl) .

Choose basis in which charged lepton mass matrix is diagonal as

well as ΞN?
ij ,kk

ΞNd
ij ,kl = δklΞ

d
ij ,kk ΞCd

ij ,kl = U∗ii ′ V
∗
kl Ξd

i ′j ,kk

ΞNu
ij ,kl = −δklΞu

ij ,kk ΞCu
ij ,kl = U∗ii ′ V

∗
kl Ξu

i ′j ,ll

⇒ No tree-level FCNC processes.

We do not consider top quark because of different phenomenology.
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lequ = (L̄α`)εαβ(Q̄βu)

Relevant Wilson coefficients Ξu,d of SM EFT

− L = Ξd
ij ,kk (Qledq)ij ,kk + Ξu

ij ,kk

(
Q(1)

lequ

)
ij ,kk

+ h.c. .

Effective four fermion Lagrangian

L4f = ΞCd
ij ,kl(ν̄Li`Rj)(d̄RkuLl) + ΞNd

ij ,kl(¯̀
Li`Rj)(d̄RkdLl)

+ ΞCu
ij ,kl(ν̄Li`Rj)(d̄LkuRl) + ΞNu

ij ,kl(¯̀
Li`Rj)(ūLkuRl) .

Choose basis in which charged lepton mass matrix is diagonal as

well as ΞN?
ij ,kk

ΞNd
ij ,kl = δklΞ

d
ij ,kk ΞCd

ij ,kl = U∗ii ′ V
∗
kl Ξd

i ′j ,kk

ΞNu
ij ,kl = −δklΞu

ij ,kk ΞCu
ij ,kl = U∗ii ′ V

∗
kl Ξu

i ′j ,ll

⇒ No tree-level FCNC processes.

We do not consider top quark because of different phenomenology.
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Renormalization Group Corrections

• Main effect are QCD corrections

q q

q

q

`i

`j

• Following the standard discussion at NLO

Buchalla,Buras, Lautenbacher hep-ph/9512380

Ξ(µ) = Ξ(µ0)

(
αs(µ)

αs(µ0)

) γ0
2β0

with coefficients

β0 = 11− 2nF/3 and γ0 = 6C2(3) = 8

• Wilson coefficients become larger at smaller scales.

⇒ Increases reach of precision experiments
32
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Precision Experiments

µ− e−

N N

µ− e conversion in nuclei

τ−

`−

M0

τ → `M0

`−j

`+
i

M0

M0 → `+
i `
−
j

ν

`+
i

M+

M+ → `+
i ν

33



µ− e Conversion

• Agnostic about mediation mechanism

• Following discussion in

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

µ− e−

N N

Dimensionless µ− e conversion rate

R
(A,Z)
µe ≡ Γ(µ− + (A,Z )→ e− + (A,Z ))

Γ(µ− + (A,Z )→ νµ + (A,Z − 1))

with muon conversion rate

Γ(µ−+(A,Z )→ e−+(A,Z )) =
∣∣∣ΞNu,Nd

ij ,kl

∣∣∣2×F×peEe (Mp +Mn)2

2π

F depends on mediation mechanism

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

Strongest limit for first generation quarks,

but non-negligible for other quarks if pure direct nuclear mediation
34
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ūu 1100 [870] 2100 [1700] 760 [610]

d̄d 1100 [930] 2200 [1900] 780 [680]

s̄s 480 [-] 950 [-] 340 [-]

c̄c 150 [-] 290 [-] 110 [-]

b̄b 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
34

http://www.arxiv.org/abs/1303.0596


µ− e Conversion

• Agnostic about mediation mechanism

• Following discussion in

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

µ− e−

N N

48Ti 197Au 208Pb

Rmax
µe 4.3× 10−11 7.0× 10−13 4.6× 10−11
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LFV Semileptonic τ Decays

• Only light quarks u,d,s

• Weak dependence on phase

• f0: ϕm parameterises quark content

• Quark FCNC parameterised by λ

Ξu
ij,kl = λΞu

ij,llVkl Ξd
ij,kl = λΞd

ij,kkVkl

τ−

`−

M0

decay Brmax
i cutoff scale Λ [TeV]

Ξu
ij ,uu Ξd

ij ,dd Ξd
ij ,ss

τ− → e−π0 8.0× 10−8 10 10 -

τ− → e−η 9.2× 10−8 34 34 7.9

τ− → e−η′ 1.6× 10−7 42 42 12

τ− → e−K 0
S 2.6× 10−8 - 7.8

√
λ 7.8

√
λ

τ− → e−(f0(980)→ π+π−) 3.2× 10−8 13
√

sinϕm 13
√

sinϕm 16
√

cosϕm

τ− → µ−π0 1.1× 10−7 9.0− 9.6 9.0− 9.6 -

τ− → µ−η 6.5× 10−8 36− 38 36− 38 8.4− 8.9

τ− → µ−η′ 1.3× 10−7 42− 46 42− 46 12− 13

τ− → µ−K 0
S 2.3× 10−8 - (7.8− 8.3)

√
λ (7.8− 8.3)

√
λ

τ− → µ−(f0(980)→ π+π−) 3.4× 10−8 (12− 14)
√

sinϕm (12− 14)
√

sinϕm (15− 16)
√

cosϕm
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Leptonic Neutral Meson Decays M0 → `+
i `
−
j

Quark FCNC parameterised by λ

Ξu
ij,kl = λΞu

ij,llVkl Ξd
ij,kl = λΞd

ij,kkVkl

For λ = 0 only constraints from π0, η(′) decays

decay Brmax
i cutoff scale Λ [TeV]

Ξu
ij ,uu Ξd

ij ,dd Ξd
ij ,ss Ξu

ij ,cc Ξd
ij ,bb

π0 → µ+e− 3.8× 10−10 2.2 2.2 - - -

π0 → µ−e+ 3.4× 10−9 1.2 1.2 - - -

π0 → µ+e− + µ−e+ 3.6× 10−10 2.6 2.6 - - -

η → µ+e− + µ−e+ 6× 10−6 0.52 0.52 0.12 - -

η′ → eµ 4.7× 10−4 0.091 0.091 0.026 - -

K 0
L → e±µ∓ 4.7× 10−12 - 86

√
λ 86

√
λ - -

D0 → e±µ∓ 2.6× 10−7 6.4
√
λ - - 6.4

√
λ -

B0 → e±µ∓ 2.8× 10−9 - 10
√
λ - - 6.6

√
λ

B0 → e±τ∓ 2.8× 10−5 - 0.97
√
λ - - 0.62

√
λ

B0 → µ±τ∓ 2.2× 10−2 - 0.18
√
λ - - 0.12

√
λ

`−j

`+
i

M0
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Leptonic Charged Meson Decays M+ → `+
i ν

• RM = Br(M+→e+ν)
Br(M+→µ+ν)

• Theoretical error for Rπ (RK ) about 5%

• Improvement by factor 20 (2) possible

••X indicates constraints

• Second index of Λ corresponds to charged lepton

decay constraint cutoff scale Λ [TeV] Wilson coefficients

Λµe,eµ,eτ Λτe,τµ,µτ Ξu
ij ,uu Ξd

ij ,dd Ξd
ij ,ss Ξu

ij ,cc Ξd
ij ,bb

Rπ Rexp
π ± 5% 25− 280 25− 260 •X •X - - -

RK Rexp
K ± 5% 24− 160 24− 150 X - •X - -

Br(D+ → e+ν) < 8.8× 10−6 2.8− 2.9 2.9 - X - X -

Br(D+
s → e+ν) < 8.3× 10−5 3.2− 3.3 3.2− 3.3 - - X •X -

Br(B+ → e+ν) < 9.8× 10−7 2.0 2.0 X - - - •X
Br(π+ → µ+ν) Brexp ± 5% 1.9− 7.4 1.9− 9.4 •X •X - - -

Br(K+ → µ+ν) Brexp ± 5% 1.7− 5.8 1.7− 7.4 X - •X - -

Br(D+ → µ+ν) (3.82± 0.33)× 10−4 1.1− 2.7 1.1− 3.4 - X - X -

Br(D+
s → µ+ν) (5.56± 0.25)× 10−3 1.3− 4.3 1.3− 5.3 - - X •X -

Br(B+ → µ+ν) < 1.0× 10−6 1.9− 2.7 1.7− 3.0 X - - - •X
Br(D+ → τ+ν) < 1.2× 10−3 0.21− 0.78 0.23− 0.73 - •X - X -

Br(D+
s → τ+ν) (5.54± 0.24)× 10−2 0.33− 1.2 0.33− 1.1 - - •X •X -

Br(B+ → τ+ν) (1.14± 0.27)× 10−4 0.49− 1.3 0.49− 1.2 •X - - - •X

ν

`+
i

M+
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SM Background
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D
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ATLAS 8TeV 1503.04430• Main backgrounds: tt̄, WW , Z/γ∗ → ττ

also W /Z plus jets, WZ/ZZ , single top and W /Z + γ

⇒ Efficiently reduced in exclusive 7 TeV analysis

by rejecting jets and Emiss
T < 20 GeV

• Modelling of main background agrees with ATLAS

• Fake background estimated from data

⇒ Use background from ATLAS publications
38

http://www.arxiv.org/abs/1205.0725
http://www.arxiv.org/abs/1503.04430


SM Background

0 100 200 300 400 500 600 700 800 900 1000

 E
v
e

n
ts

 /
 2

5
 G

e
V

1

10

210

310

0 100 200 300 400 500 600 700 800 900 1000

 E
v
e

n
ts

 /
 2

5
 G

e
V

1

10

210

310

= 95 GeV)
t
~Signal (m

Total Background

Top

τ τ →* γZ/

Fake Background

Diboson

ATLAS

­1
 Ldt = 2.1 fb∫

 [GeV]µe m
0 100 200 300 400 500 600 700 800 9001000D

a
ta

 /
 S

M

0.5

1

1.5

ATLAS 7TeV 1205.0725

E
ve

nt
s 

/ 2
0 

G
eV

1−10

1

10

210

310

410

510 Data

 (1 TeV)τν∼

ττ →Z 

Others

Z' (0.75 TeV)

Jet fake

tt

Total SM

-1 = 8 TeV, 20.3 fbs

ATLAS

µe

Dilepton Mass [GeV]
0 200 400 600 800 1000 1200

D
at

a/
S

M

1
2

ATLAS 8TeV 1503.04430• Main backgrounds: tt̄, WW , Z/γ∗ → ττ

also W /Z plus jets, WZ/ZZ , single top and W /Z + γ

⇒ Efficiently reduced in exclusive 7 TeV analysis

by rejecting jets and Emiss
T < 20 GeV

• Modelling of main background agrees with ATLAS

• Fake background estimated from data

⇒ Use background from ATLAS publications
38

http://www.arxiv.org/abs/1205.0725
http://www.arxiv.org/abs/1503.04430


Selection Criteria

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

• oppositely charged leptons

• Electrons: ET > 25 GeV, |η| < 1.37 or 1.52 < |η| < 2.47, tight

identification criteria

• Muons: pT > 25 GeV, |η| < 2.4

• Tau: ET > 25 GeV, 0.03 < |η| < 2.47

• Lepton isolation: scalar sum of lepton pT within cone of ∆R = 0.2(0.4)

is less than 10% (6%) of lepton pT for 7 (8) TeV search

• Jets reconstructed anti-kT algorithm with radius parameter 0.4

• 7 TeV analysis: jets rejected if pT > 30 GeV or Emiss
T < 25 GeV

• Invariant mass of lepton pair: > 100(200) GeV in 7(8) TeV analysis

• azimuthal angle difference ∆φ > 3(2.7) in 7 (8) TeV analysis

14 TeV projection

Same as 7 TeV exclusive analysis and pT (`) > 300 GeV and Emiss
T < 20 GeV
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Limits from LHC on Cutoff Scale in TeV

H
HHH

HHHq̄q

¯̀
i`j

ēµ ēτ µ̄τ

7 TeV 8 TeV 14 TeV 8 TeV 8 TeV

ūu 2.6 2.9 8.9 2.4 2.2

d̄d 2.3 2.3 8.0 2.1 1.9

s̄s 1.1 1.4 4.0 0.95 0.88

c̄c 0.97 1.3 3.6 0.82 0.78

b̄b 0.74 1.0 2.7 0.63 0.61

• 8 TeV analysis gives only a slight improvement compared to 7 TeV

despite 10 times more data because of large background

• eτ and µτ limits weaker than eµ because of low τ -tagging rate and

higher fake background

• 14 TeV projection: same search strategy as 7 TeV exclusive search
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cLFV D8 operator with 2 gluons and 2 leptons

process exp. limit operator Λ [TeV]

eµ

Br(µ− 48
22Ti→ e− 48

22Ti) < 4.3× 10−12 OX , ŌX 2.11

Br(µ− 197
79Au→ e− 197

79Au) < 7× 10−13 OX , ŌX 2.54

eτ

Br(τ+ → e+π+π−) < 2.3× 10−8 OX , ŌX 0.42

Br(τ− → e−K+K−) < 3.4× 10−8 OX , ŌX 0.37

Br(τ− → e−η) < 9.2× 10−8 O′X , Ō′X 0.40

Br(τ− → e−η′) < 1.6× 10−7 O′X , Ō′X 0.44

µτ

Br(τ− → µ−π+π−) < 2.1× 10−8 OX , ŌX 0.43

Br(τ− → µ−K+K−) < 4.4× 10−8 OX , ŌX 0.36

Br(τ− → µ−η) < 6.5× 10−8 O′X , Ō′X 0.42

Br(τ− → µ−η′) < 1.3× 10−7 O′X , Ō′X 0.46
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H1µ: e+e− → e±µ∓(e±τ∓)
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same result for

right-handed H ′1µ

τ efficiency not included in figure
60% τ eff. ⇒ 77% (60%) sensitivity reduction for 1 (2) τ leptons
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H2: e+e− → e±µ∓(e±τ∓)
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H1µ,H2: e+e− → µ±τ∓
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τ∓
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rel. couplings
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∆1, ∆2µ: e+e− → `+`′−
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H1µ, H2: e−e− → `−`′−
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∆1, ∆2µ: e−e− → `−`′−
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