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• enhanced in many theories beyond SM

Charged Lepton Flavor Violation (CLFV)

• contribution of neutrino mixing → very small

Br 𝜇 → 𝑒𝛾 ≲ 10−54

 cannot be observed

- A probe for new physics -

e.g. SUSY

• forbidden in SM

 Searches for CLFV can access

new physics

with little SM backgrounds.

 lepton flavor violation for charged lepton = CLFV

by current technology
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( 𝜇 → 𝑒𝛾, 𝜇 → 𝑒𝑒𝑒, 𝜏 → 𝑒𝛾,… )



Current Limits of CLFV processes
L. Calibbi & G. Signorelli, Riv. Nuovo Cim. 41, no. 2, 1 (2018).
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𝝁𝑵 𝒆𝑵 → 𝝉𝑿

Aktas et al., Eur. Phys. J. C 52, 833 (2007).

S.N. Gninenko et al., Mod. Phys. Lett. A 17, 1407 (2002).

M. Sher & I. Turan, Phys. Rev. D 69, 017302 (2004).

 Leptoquark search @ HERA (𝑒𝑝 collider)
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Advantages over the rare decay searches of 𝝉

Example of experiments

 CLFV process in lepton-nucleus(neucleon) scattering

 sensitive to 𝜏ℓ 𝑞𝑞 coupling

In this talk, let us consider the case

that the mediated scalar couples strongly to heavy quarks

 polarized beam to investigate detailed information of new physics

 high-intensity muon/electron beam

 sensitive to interactions which cannot be explored by tau decay (e.g. 𝜏𝜇𝑐𝑢)



𝝁𝑵 𝒆𝑵 → 𝝉𝑿 by higgs exchange

b-quarks in nucleon give significant contribution

• subprocess is ℓ𝑞 → 𝜏𝑞

previous work : S. Kanemura et al., Phys. Lett. B 607, 165 (2005).

• 4-Fermi CLFV int. induced by heavy higgs

𝜏ℓ𝑞𝑞

“threshold” of b-quark

• 5-flavor PDF

cross section

𝑑2𝜎ℓ𝑁→𝜏𝑋
𝑑𝑥𝑑𝑦

=

𝑞

𝑑2 ො𝜎ℓ𝑞→𝜏𝑞

𝑑𝑥𝑑𝑦
𝑓𝑞 𝑥, 𝑄2
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for 𝐸ℓ > 50GeV 



1. the cross section was estimated with bottom PDF

In the region near the “bottom threshold”, 5-flavor PDF is valid ?

• The final state must be 𝑏𝑏, due to bottom # conservation.

Questions for previous analysis

2. subprocesses were only reactions with quarks

If CLFV is induced by mediation of

the subprocess with gluon ( ℓ𝑔 → 𝜏𝑔 ) would be important.

• No need to create heavy states in the final state

• We cannot ignore phase space suppression by mass of final state.

𝜏𝑏 : 𝐸ℓ > 19GeV

threshold for fixed target experiment

𝜏𝑏𝑏 : 𝐸ℓ > 55GeV
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“particle which couples strongly to heavy quarks” (like higgs),

• subprocess : ℓ𝑏 → 𝜏𝑏



Subprocesses we consider

① ℓ𝑔 → 𝜏𝑞𝑞 ② ℓ𝑔 → 𝜏𝑔

1．explicitly treat 𝑞𝑞 as final state to consider the phase space suppression

more quantitative near 𝑞𝑞 threshold

2．include the new subprocess with gluon

enhancement of total cross section

ℓ𝑞 → 𝜏𝑞
previous work

our work
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initial parton

quark

gluon



𝑑2𝜎ℓ𝑝→𝜏𝑋
𝑞

𝑑𝑥𝑑𝑦
= න𝑄2+4𝑚𝑞

2

𝑄2
𝑥

1

𝑑𝜉
𝑑2𝜎ℓ𝑔→𝜏𝑞𝑞 𝜉

𝑑𝑥𝑑𝑦
𝑓𝑔 𝜉, 𝑄2

𝑤 : mass of 𝑞𝑞

𝑤2 > 𝑝𝑞 + 𝑝𝑞
2

𝜇 𝑒 𝜏

𝑆 𝑞
𝑞

𝑞

① ℓ𝒈 → 𝝉𝒒𝒒
instead of 𝑙𝑞 → 𝜏𝑞

CLFV coupling

QCD coupling (SM)

Yukawa coupling

 We can take into accout the “mass” of heavy quarks explicitly.

𝑔
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> 2𝑚𝑞
2



② ℓ𝒈 → 𝝉𝒈

𝜇 𝑒 𝜏

𝑆

CLFV coupling

Sgg coupling via quark loop

𝑑2𝜎ℓ𝑝→𝜏𝑋
𝑔

𝑑𝑥𝑑𝑦
=
𝑑2𝜎ℓ𝑔→𝜏𝑏𝑏 𝑥

𝑑𝑥𝑑𝑦
𝑓𝑔 𝑥, 𝑄2

new “gluon subprocess”
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• 𝑞2 < 0

• in addition to top contribution,

𝑔 𝑔

bottom & charm are also important
𝑡, 𝑏, 𝑐, …



Example 1 : 125GeV higgs LFV

𝜌𝜏𝑒
2 + 𝜌𝑒𝜏

2 < 2.3 × 10−3

𝜌𝜏𝜇
2
+ 𝜌𝜇𝜏

2
< 1.4 × 10−3𝐵𝑟 ℎ → 𝜏𝜇 < 2.5 × 10−3

𝐵𝑟 ℎ → 𝜏𝑒 < 6.1 × 10−3

CMS Collab., CMS-PAS-HIG-17-001.

 constraint by searches for rare decays of higgs
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ℒ𝐼 = ℒ𝐼
SM + ℒ𝐼

CLFV

ℒ𝐼
SM = −

𝑞

𝑚𝑞

𝑣
ℎ𝑞𝑞

ℒ𝐼
CLFV = −ℎ𝜏 𝜌𝑖𝜏𝑃𝐿 + 𝜌𝜏𝑖𝑃𝑅 ℓ𝑖 + H. c.



Cross section ( fixed target )

 ℓ𝑔 → 𝜏𝑔 is important for 𝐸ℓ < 1TeV
7.8 times larger (𝐸ℓ = 50GeV)

1.8 times larger (𝐸ℓ = 500GeV)

𝑌ℓ𝜏
2 + 𝑌𝜏ℓ

2 = 2.3 × 10−3

𝐸ℓ GeV

𝜎 fb

ILC : 𝐸𝑒 = 500GeV,𝑁𝑒 = 1022/year 𝒪 10 events/year

𝒆𝑵 → 𝝉𝑿

10( dentity of target ∼ 100g ⋅ cm−2 )



Example 2 : “heavy scalar” LFV

ℒ𝐼 = −𝜌 𝜏𝑒 𝑆 − 𝑦 𝑏𝑏 𝑆
𝜌, 𝑦 : couplings

𝑆 : scalar (mass : 𝑚𝑆)

ℒeff = 𝐶4𝐹 𝜏𝑒 𝑏𝑏 + 𝐶𝐺 𝜏𝑒 𝐺𝜇𝜈
𝑎 𝐺𝜇𝜈

𝑎

𝐶4𝐹 ∼
𝜌𝑦

𝑚𝑆
2 𝐶𝐺 ∼

𝛼𝑆
12𝜋𝑚𝑏

𝜌𝑦

𝑚𝑆
2

Toy model :

integrate out 𝑆

 𝐶𝐺 is limited by rare decay searches of 𝜏

𝐵𝑟 𝜏 → 𝑒𝜋+𝜋− < 2.3 × 10−8

cf. A. Celis, V. Cirigliano, E. Passemar, PRD89 095014 (2014).

𝜌𝑦

𝑚𝑆
2 < 1.8 × 10−6 [GeV−2]
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Cross section ( fixed target )

𝐸ℓ GeV

𝜎 fb

ILC : 𝐸𝑒 = 250GeV,𝑁𝑒 = 1022/year
𝒪 105 events/year

𝒆𝑵 → 𝝉𝑿 :

( density of target ∼ 100g ⋅ cm−2 )

𝜌𝑦

𝑚𝑆
2 = 1.8 × 10−6 [GeV−2]
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Preliminary
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Momentum distribution of emitted 𝝉

𝐸𝑒 = 100GeV

Preliminary

𝑑2𝜎 𝑒𝑔 → 𝜏𝑏𝑏

𝑑𝑝𝑥𝑑𝑝𝑦

N

ℓ
𝜏

𝑝𝑥

𝑝𝑦

𝑝𝑥 [GeV]

𝑝𝑦 [GeV] [GeV −2]

Preliminary

𝑝𝑥 [GeV]

𝑝𝑦 [GeV]

𝑑2𝜎 𝑒𝑔 → 𝜏𝑔

𝑑𝑝𝑥𝑑𝑝𝑦
[GeV −2]

① ℓ𝑔 → 𝜏𝑏𝑏 ② ℓ𝑔 → 𝜏𝑔



• newly consider gluon subprocess

• explicitly consider the mass of a quark-pair in the final state

 gluon subprocess is dominant for 𝐸ℓ ≲ 1TeV

Conclusion

 ℓ𝑁 → 𝜏𝑋 process

 one of the promising candidates to study CLFV including tau

 corrections for previous calculation

• Here, assuming CLFV yukawa of a scalar,

 future experiments (e.g. ILC) can search for CLFV with tau !
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the cross section is estimated.

① ℓ𝑔 → 𝜏𝑞𝑞 ② ℓ𝑔 → 𝜏𝑔ℓ𝑞 → 𝜏𝑞



Backup



Comparison of ℓ𝒈 → 𝝉𝒒𝒒 & ℓ𝒒 → 𝝉𝒒

𝑠 GeV

𝜎 fb

ℓ𝒃 → 𝝉𝒃 + ℓ𝒃 → 𝝉𝒃

ℓ𝒄 → 𝝉𝒄 + ℓ𝒄 → 𝝉𝒄
ℓ𝒈 → 𝝉𝒃𝒃

ℓ𝒈 → 𝝉𝒄𝒄

𝑌ℓ𝜏
2 + 𝑌𝜏ℓ

2 = 2.3 × 10−3

more quantitative near the threshold

taking into account phase space suppression in the final state



ℒ𝐶𝐿𝐹𝑉
ℎ = −ℎℓ𝑗 𝑌𝑖𝑗𝑃𝐿 + 𝑌𝑗𝑖𝑃𝑅 ℓ𝑖

Higgs CLFV

𝑌𝜇𝑒
2
+ 𝑌𝑒𝜇

2
< 2.1 × 10−6

𝑌𝜏𝑒
2 + 𝑌𝑒𝜏

2 < 2.3 × 10−3

𝑌𝜏𝜇
2
+ 𝑌𝜇𝜏

2
< 1.4 × 10−3

( CLFV = lepton flavor violation in charged lepton sector )

𝜇 → 𝑒𝛾 :

𝐵𝑟 ℎ → 𝜇±𝑒∓ < 3.5 × 10−4 𝑌𝜇𝑒
2
+ 𝑌𝑒𝜇

2
< 5.4 × 10−4

𝐵𝑟 ℎ → 𝜏𝜇 < 2.5 × 10−3

𝐵𝑟 ℎ → 𝜏𝑒 < 6.1 × 10−3

V. Khachatryan et al. [CMS Collab.], Phys. Lett. B 763, 472 (2016).

CMS Collab., CMS-PAS-HIG-17-001.

(couplings)

 current constraint

for branching ratio

 constraint by other searches ( assuming that CLFV is induced by only yukawa with SM higgs )

𝑌𝜏𝑒
2 + 𝑌𝑒𝜏

2 < 1.4 × 10−2𝜏 → 𝑒𝛾 :

𝑌𝜇𝑒
2
+ 𝑌𝑒𝜇

2
< 1.6 × 10−2𝜏 → 𝜇𝛾 :

stronger limit than higgs rare decay’s

When ℎ → 𝜏ℓ is observed,

we have any ways to crosscheck?

relatively small



1. calculation of cross section of subprocess ො𝜎

𝜉 : momentum fraction

ℓ 𝑝𝑙

𝑔 𝜉𝑃
ො𝜎 𝜉

𝜏 𝑝𝜏

𝑔, 𝑞𝑞 𝑝𝑓

2. integration weighted by PDF

𝑑2𝜎ℓ𝑁→𝜏𝑋
𝑑𝑥𝑑𝑦

=
𝑋

න
𝜉min

1

𝑑𝜉
𝑑2 ො𝜎ℓ𝑔→𝜏 𝑋 𝜉

𝑑𝑥𝑑𝑦
𝑓𝑔 𝜉, 𝑄2

𝑓𝑔 : グルーオンPDF

𝑥 : Bjorken variable

Way to calculate the cross section

𝑦 : inelaticity

𝑁 𝑃

𝑋 1 − 𝜉 𝑃

( the ranges of 𝑥, 𝑦 are restricted by 𝜏 mass )
C.H. Albright, C. Jarlskog, Nucl. Phys. B 84, 467 (1975).



Relation between 𝒙 & 𝝃

𝑝𝑓
2 = 𝑝𝑖 + 𝑞 2

𝑞

𝑝𝑖 = 𝜉𝑃

𝑝𝑓

= 2𝜉𝑃 ⋅ 𝑞 − 𝑄2

by momentum conservation

𝜉 = 𝑥 if 𝑝𝑓
2 = 0

𝜉 =
𝑄2 + 𝑝𝑓

2

𝑄2
𝑥 𝑥 =

𝑄2

2𝑃 ⋅ 𝑞

case of one parton in the final state :



𝑡, 𝑏, …

𝑡, 𝑏, …

𝑡, 𝑏, …

ℎ

 higgs couples to gluon via quark loop
𝑞

𝑔ℎ𝑔𝑔 =
𝛼𝑠
8𝜋𝑣



𝑖=𝑡,𝑏,…

𝑐
𝑞2

4𝑚𝑖
2

Re 𝑐 𝑡

Im 𝑐 𝑡

• Here, the region of 𝑞2 < 0 is needed.

𝑡

Higgs-glu-glu coupling

ℒℎ𝑔𝑔
𝑒𝑓𝑓

= 𝑔ℎ𝑔𝑔ℎ𝐺𝜇𝜈
𝑎 𝐺𝑎𝜇𝜈

𝑐 𝑡 =
1

𝑡
1 −

1

4
1 −

1

𝑡
log2 −

1 + 1 − 1/𝑡

1 − 1 − 1/𝑡

※ bottom & charm contribution is important as well as top

e.g.) 𝑄2 = −𝑞2 = 10GeV 2



𝑖=𝑡,𝑏,…

𝑐
𝑞2

4𝑚𝑖
2 ≃ 0.67 + 0.53 + 0.24 + ⋯

top bottom charm



Cross section ( ℓ𝒑 collider )

 𝑡𝑡 channel is important in the high energy region

𝜌ℓ𝜏
2 + 𝜌𝜏ℓ

2 = 2.4 × 10−3



For experimental searches

1. fixed target experiment

2. collider experiment

𝑁 ≃ 6 × 10−16 ⋅ 𝑁ℓ
𝜎

1fb

𝑇𝑚
1g ⋅ cm−2

event number 𝑁 per year

𝑁ℓ : produced number of ℓ per year

𝑇𝑚 : mass of target per cm2 ∼ 100g ⋅ cm−2

ILC (PWFA) : 𝐸𝑒 = 500GeV 5TeV , 𝑁𝑒 = 1022/year 𝒪 10 𝒪 103 events/year
𝒆𝑵 → 𝝉𝑿

TLHeC (VHE-TLHeC) : 𝑠 ≃ 1.3 3.5 TeV

𝒆𝒑 → 𝝉𝑿

Luminocity ≃ 𝒪 103 fb−1/year

𝒪 100 events

𝝁𝑵 → 𝝉𝑿

neutrino factory : 𝐸𝜇 = 𝒪 100 GeV, 𝑁𝜇 = 1020/year 𝒪 10−1 events/year


