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CLFV模型の探索
CLFV@Decays: 
τやμの稀崩壊の分岐比に上限 

CLFV探索@ep collider  
- 稀崩壊で探索できないCLFV相互作用を探索 
- ビーム強度×核子密度でイベント数を稼げる 
Model (independent), SMEFT Analysis: Gninenko, et al.(18), Sher, et al.
(04), Liao, et al.(16), Husek, et al.(21), Cirigliano et al.(21), Antusch et al.
(20). 
レプトクォーク・サーチ@HERA H1 Collaboration(07), 
Susy CLFV DIS: Kanemura-Kuno-Kuze-Ota(05) 
Higgs CLFV DIS: Takeuchi-Uesaka-Yamanaka(17) 

この発表では、上記のTakeuchi, et al. の解析を発展させて
レプトン核子散乱における  型のCLFVを同定するた
めの理論解析を行う

ℒ = τ̄eq̄q

CLFVの発見はNewPhysicsの存在を立証する

CLFVτ e

γ, Z, h,
μ+μ−, e+e−, π+π−, ⋯

I. INTRODUCTION

The observation of a Charged Lepton Flavor Violation (CLFV) signal requires a more
fundamental extension of the Standard Model (SM). Various new physics models—motivated
to account for the observational and theoretical issues of nature—not only allow for CLFV,
but predict rates that could be within experimental sensitivity [1, 2]. Upcoming experiments
will search for a variety of CLFV with sensitivities improved by several orders of magnitude
(Table I). If a CLFV signal is discovered or a new bound is achieved, to positively identify or
reject the report requires consistent results of other independent CLFV processes. michi: ?
A multitude of independent CLFV discriminates types of CLFV interactions and the models
behind it. This motivates us to pay attention to the new CLFV observables, e.g., [3–5]. One
also could search for CLFV in lepton nucleus scatterings, !iN → !jX.

TABLE I: Current bound and future sensitivity of leading CLFV processes.

process bound future sensitivity

µ → eγ 4.2× 10−13 [6] 6× 10−14 [7]

µ → 3e 1× 10−12 [8] 1× 10−16 [9]

µ → e conversion 7× 10−13 (Au) [10] 1× 10−16 (Al) [11, 12]

τ → eγ 3.3× 10−8 [13] 3× 10−9 [14]

τ → µγ 4.4× 10−8 [13] 1× 10−9 [14]

τ → 3e 2.7× 10−8 [15] 5× 10−10 [14]

τ → 3µ 2.1× 10−8 [15] 3× 10−10 [14]

τ− → e−π+π− 2.3× 10−8 [16] 5× 10−10 [14]

τ− → µ−π+π− 2.1× 10−8 [16] 4× 10−10 [14]

h → µe 6.1× 10−5 [17] XX × 10−X []

h → τe 4.7× 10−3 [18] XX × 10−X []

h → τµ 2.5× 10−3 [19] XX × 10−X []

The lepton-nucleus scattering experiments offer good prospects as a probe for the SM and
new physics (e.g., [20–29]), wherein both pile-up and QCD backgrounds are much smaller
than hadron colliders. The lepton-nucleus scatterings are studied with a variety of theoretical
backgrounds also in the context of CLFV [30–37].[YU: I added three references. Shouldn’t we
include Kanemura2005 and Takeuchi2017 here?] The HERA experiment searched for CLFV
signals and put the bounds on related parameters [38, 39]. Next generation experiments,
LHeC [40] and EIC [41], also aim to search for CLFV signals and will improve the bounds
by a few orders of magnitudes.

In the CLFV searches, fixed target lepton beam facilities are adequate for accumulating
a large number of events, and high-energy beam collisions are not always required because
CLFV final states open for no more than

√
s ! mµ or mτ . The event rate increases with

not only the target density, with but also beam intensities. It is planned to reach 1022

electrons/year at ILC [42], ∼ 1021 muons/year at neutrino factories [43], a 7TeV muon
beam with ∼ 1035cm−2s−1 at post-LHC [44], and so on. michi: better to show also in the
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ヘビークォクーに強く結合するスカラー模型

Lepton sector (CLFV) 

 

Quark sector(diagonal coupling) 

 

Loop induced 

ℒϕ = − ∑
i≠j

ρϕ
ij ℓ̄jPLℓiϕ + h . c .

ℒϕ = − ∑
q

ρϕ
qqq̄qϕ

ℒϕ
eff

(a)

g g

φ

q q

q

(b)

"i "j

φ

q, "

γ

γ

(c)

"i "j

φ

γ

FIG. 1: Example Feynman diagrams for effective CLFV couplings for (a) φGG operator, (b) two-

loop dipole operator (Barr-Zee diagram) and (c) one-loop dipole operator. In the diagram (c)

photon-line should be attached to the charged lepton lines.

FIG. 2: The effective couplings of mediator and gluons as a function of momentum transfer Q2 =

−q2 for scalar (left) and pseudo-scalar (right). Three patterns of quark-mediator interaction are

considered: (a) SM Yukawa ρφqq = mq/v (solid), (b) ρcc = 1, and ρbb = ρtt = 0 (dotted), (c)

ρbb = 1, and ρcc = ρtt = 0 (dash-dotted).

where Ga
µν is the gluon field strength, and the dual tensor defined by G̃a

µν = (1/2) ερσµνGaρσ.
Here αs = g2s/4π, and τq = 4m2

q/q
2, where q2 represents the squared momentum of (pseudo-)

scalar field. The function f (τ) is given as

f (τ) = −1

4
log2

[
− 1 +

√
1− τ

1−
√
1− τ

]
(τ < 0). (7)

Figure 2 shows the Q-dependence (Q =
√
−q2) of gSgg and gPgg. Solid lines are each flavor

contribution in which the quark-mediator interaction is identical with the SM Higgs one, i.e.,
ρφqq = mq/v, and thick solid line is the sum of these contributions. Here v = (

√
2GF )−1/2 ≈

246GeV is the vacuum expectation value of the SM Higgs boson. The behavior of low-
Q limit of the coupling constant can be understood from that f(τ) ≈ 1

τ + 1
3τ2 + O(τ−3),

which leads limτ→−∞ τ [1 + (1− τ) f(τ)] = 2/3 and limτ→−∞ τf(τ) = 1. Note that f (τ)
has no imaginary part in the deep inelastic region where q2 < 0 for the t-channel scattering
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ヘビークォーク 
強く結合↔ ρϕ

qq ∝ yq

Model Lagrangian
!i !j

φ

N

g

qh

q̄h

N

φ

g

g

"i "j

N

!i !j

γ

ql
ql

eff

eff

DIS subprocess
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CLFV@レプトン核子散乱

Q2 = − q2, x =
P ⋅ q
P ⋅ ke

e τ

N
X

q = ke − kτ

d2σ
dxdQ2

(eN → τN) =
Q2

16π(xs)2

Lϕ(Q2) Fϕ(x, Q2)
(Q2 + m2

ϕ)2

#event
year

∼ 6 × 108 × ( σ
1fb )

e-intensity=   

target mass=  

1022/year

100g/cm3

レプトン部分:   

ハドロン部分:  (構造関数)

Lϕ

Fϕ
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今回のトーク：ヘビー・クォークに強く結合するCLFVス
カラー相互作用, 特に  の計算手法について報告す
る。 でチャーム生成も同様に計算可能。

eN → τbb̄
b ↔ c

!i !j

φ

N

g

qh

q̄hb

b̄

グルーオン・モード

N

φ

g

g

"i "j

b, b̄

bエキサイテーション・モード

Questions 
1. ヘビークォーク質量(⇆湯川結合定数)の取り扱いはどうする？ 
2. 核子中(PDF)にヘビークォークが存在するのか？ 
　　　　ACOT-scheme: Aivazis-Collins-Olness-Tung(1994)5



ACOT scheme 
(物理描像)

!i !j

φ

N

g

qh

q̄hb

b̄

N

φ

g

g

"i "j

b, b̄

1) 小さなfactorization scale  に
おいて、ヘビークォークがデカップルした定ネ
エルギー有効理論がある 

：核子中にヘビー・クォー
クは存在しないので、ヘビークォクはhard 
scatteringで生成される(図１） 

3) では、ヘビークォークもzero-
mass的にQCD radiationを介してlight-
quark/gluonと混合(図２） 

4) ヘビークォーク質量に起因する大きな対数補正
(collinear singularity)を、足し上

げるスキームとして、ヘビークォークPDFを導
入（図３）：導入されたヘビークォークPDFは

 でDGLAP方程式に従い発展する。
が理論

μf ≃ Q ≤ 𝒪(mq)

ℒ(nf = 4; q = u, d, s, c)

μf ≃ Q ≫ mq

αs ln(Q2/m2
q)

Q2 ≫ m2
q

ℒ(nf = 5; q = u, d, s, c, b)

N

ℓi ℓj

b

b̄
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図２
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Heavy quark production via g->qq

β = 1 −
4m2

q

sqq

Yet the heavy quark can be produced in pair with its anti-quark via a gluon splitting g → qq̄
and subsequently q or q̄ is scattered by φ = S, P via the quark-mediator interaction of Lφ.
In Fig. 3 an example Feynman diagram is shown for such a process.

FIG. 3: A Feynman diagram for the heavy quark pair production in the CLFV lepton-nucleon

scattering.

The corresponding hadronic part Fφ which contributes to the "iN → "jqq̄X is given by

FM
φ (x,Q2) =

∫ 1

0

dξ

ξ
CM

φ,g

(
x

ξ
,
Q2

m2
q

)
fg/N(ξ, µ

2
f ), (12)

where CM
φ,g is a heavy quark contribution to the coefficient function. The superscript M

indicates that the quantity is computed in massive scheme, where the heavy quark mass is
retained in the computation:

CM
S,g

(
x

ξ
,
Q2

m2
q

)
=

αs

2π

TF

(Q2 + w2)2
Θ
(
w2 − 4m2

q

){
2Kw2(Q2 + 4m2

q)

+

[
Q2(Q2 + 4m2

q) + (w2 − 4m2
q)

2

]
ln

1 +K

1−K

}
, (13)

CM
P,g

(
x

ξ
,
Q2

m2
q

)
=

αs

2π

TF

(Q2 + w2)2
Θ
(
w2 − 4m2

q

){
2Kw2Q2

+

[
Q2(Q2 + 4m2

q) + w4

]
ln

1 +K

1−K

}
, (14)

with TF = 1/2 and Θ(x) being the Heaviside step function. The K =
√
1− 4m2

q/w
2 is the

speed of the heavy quark in the center-of-mass frame of the produced heavy quark pair with
w2 = (q + ξP )2 = Q2(ξ/x− 1) being the invariant mass of qq̄. Thus, the step function can
be rewritten as Θ(w2 − 4m2

q) = Θ (ξ − χ) with

χ ≡
(
1 +

4m2
q

Q2

)
x. (15)

The appearance of χ, not x, is an important mass effect due to the threshold of pair pro-
duction of qq̄. This leads χ-rescaling prescription [48, 49] based on an idea of so-called
slow-rescaling [53], which will be discussed later.
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FM(x, Q2) = ∫
1

0

dξ
ξ

CM
g ( x

ξ
,

Q2

m2
q ) fg/N(x, μ2

f )

CM
g ( x

ξ
,

Q2

m2
q ) =

αsTF

2π {A + B ln
1 + β
1 − β }Θ(w2 − 4m2

q)

⟶ ( αs

2π ) ln
Q2

m2
q {TF[( x

ξ )
2

+ (1 −
x
ξ )

2

]}
mq → 0

FM(x, Q2) = CM
g (x) ⊗ fg/N(x)

⟶ CM0
q (x) ⊗ [( αs

2π ) ln ( Q2

m2
q ) Pqg(x) ⊗ fg/N(x, Q2)] CM0

q (x) =
1
2

δ(1 − x)

2

q

q
ϕ高エネルギー極限(=massless limit)の構造

g→qのsplitting function Pqg(x /ξ)



PDF evolution1 AP

d

d ln(Q2)

(
q

g

)
=

αs

2π

(
Pqq Pqg

Pgq Pgg

)
⊗
(
q

g

)
(1)

q(x,Q2) = q(x,m2
q) +

αs

2π
ln

Q2

m2
q

{
Pqq ⊗ q + Pqg ⊗ g

}
+O(α2

s) (2)

1

1 AP

d

d ln(Q2)

(
q

g

)
=

αs

2π

(
Pqq Pqg

Pgq Pgg

)
⊗
(
q

g

)
(1)

q(x,Q2) = q(x,m2
q) +

αs

2π
ln

Q2

m2
q

{
Pqq ⊗ q + Pqg ⊗ g

}
+O(α2

s) (2)

1

FM(x, Q2) = CM
g (x) ⊗ fg/N(x)

⟶ CM0
q (x) ⊗ [( αs

2π ) ln ( Q2

m2
q ) Pqg(x) ⊗ fg/N(x, Q2)]

高エネルギー極限(=massless limit)の構造

DGLAP方程式

q = fq/N

g = fg/N

= CM0
q (x) ⊗ fq/N

!i !j

φ

N

g

qh

q̄h

N

ℓi ℓj

b

b̄



スカラー構造関数 in (LO)ACOT

2

+ -

⊗ fg/N(x, Q)FACOT
ϕ (x, Q2) =

⊗ fb/N(x, Q) ⊗ fg/N(x, Q)
2

2

Defined object

fb/N,Q2 = fb/N(x, m2
b) +

αs

2π
ln (Q2/m2

q) Pbg ⊗ fg/N + ⋯

The first term is 0: no intrinsic bottom 

＊第２項と第３項の和は摂動論的にはゼロであるが  で値を持つQ2 ≫ m2
q

Bottom PDF (Theory)
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構造関数の振る舞い

computation, on the threshold behavior of the structure functions. We take into account
such improvements here.

The first such effect is one by so-called χ-rescaling prescription[48, 49]. The χ-rescaling
prescription aims to incorporate threshold kinematics of the heavy quark production into
the massless structure function (ZM) and the massless limit (M0) of the massive structure
function using χ(x,Q2) introduced in Eq.(15) instead of x variable. This defines structure
functions in ZM-χ and M0-χ schemes:

F ZM-χ
φ (x,Q2) =

1

2

[
fq/N(χ(x,Q

2), µ2
f ) + fq̄/N(χ(x,Q

2), µ2
f )
]
, (23)

FM0-χ
φ (x,Q2) =

αs

2π
ln

(
µ2
f

m2
q

)∫ 1

χ(x,Q2)

dξ

ξ
Pqg

(
χ(x,Q2)

ξ

)
fg/N(ξ, µ

2
f ). (24)

The subtraction term with χ-rescaling is similarly defined by F sub-χ
φ (x,Q2) = FM0-χ

φ (x,Q2).
With these structure functions SACOT-χ scheme is also defined as

F SACOT-χ
φ (x,Q2) ≡ FM

φ

(
x,Q2

)
+
[
F ZM-χ
φ

(
x,Q2

)
− F sub-χ

φ (x,Q2)
]
. (25)

The second improvement is a choice of the factorization scale µ2
f . In the traditional DIS

analysis the scale choice µ2
f = Q2 is commonly used assuming Q2 # m2

q. However we are
interested in not only high-Q2 but also the threshold region of the heavy quark production,
especially the contribution from the gluon fusion of Fig. 3, for which Q2 can be the same
order with m2

q or even smaller than m2
q. For such a case, the scale choice µ2

f = Q2 is not
suitable, and one needs to take a proper physical scale of the process. To ensure that the
factorization scale does not become too low, we take the scale as µ2

f = µ2
Q with

µ2
Q = Q2

[
c (1− zm)

n Θ(1− zm) + zm
]
, (26)

where zm = m2
q/Q

2, n = 2 and c = 0.5 are chosen following Ref.[42].

The SACOT-χ structure function interpolates between massive FM
φ and massless F ZM-χ

φ

structure functions. Ideally F SACOT-χ
φ is supposed to reduce to the massive one in the

low-Q2 region, while in the high-Q2 region to the massless one. This expectation holds
parametrically at each order in expansion in powers of αs, but numerically it can happen
that the F SACOT-χ

φ does not converge well to FM
φ near the heavy quark threshold Q2 ∼ m2

q.

If the cancellation between F ZM-χ
φ and F sub-χ

φ in low-Q2 region is not effective, it must be

due to unsuppressed higher-order terms in powers of αs resummed into F ZM-χ
φ . Namely the

terms F ZM-χ
φ − F sub-χ

φ = O(αk
sL

k) (k ≥ 2) are too large in the region where the massless

approximation is not trustable. Easy solution to avoid this trouble is to suppress the F ZM-χ
φ −

F sub-χ
φ in low-Q2 region by hand. Thus we define improved structure functions for ZM-χ and

M0-χ schemes:

F ZM-χ
φ,thr

(
x,Q2

)
= F ZM-χ

φ

(
x,Q2

)
Sthr(m

2
q/Q

2), (27)

FM0-χ
φ,thr

(
x,Q2

)
= F subχ

φ,thr

(
x,Q2

)
= FM0-χ

φ (x,Q2)Sthr(m
2
q/Q

2), (28)

where Sthr(m2
q/Q

2) is a function which suppress the structure functions in ZM-χ and M0-χ
schemes forcing them to smoothly match with correct threshold behavior. The functional
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FM : ヘビー・クォクの質量効果を含むMassiveスキーム  
    → 閾値付近  の振る舞いを正しく記述する 

FZM ：Zero-Massスキーム：ZM計算だが、DGLAPのexact解を 
使って質量発散対数を足し上げる 
　→  高エネルギー  (質量０極限)を正しく記述する 

Fsub ：subtraction項 
　→ Massive とZM スキームの重複するログ項を摂動の各オーダーで 
　　引き算する 

Q2 ≃ m2
q

Q2 ≫ m2
q

ACOTは, におけるMスキームと のZMスキームを内挿するスキームQ ∼ mq Q ≫ mq

; LO ∼ O(αs)

; LL ∼ O(αsL)n

;  LO ∼ O(αs)
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断面積とACOTスキーム
dσ
dQ

=
1

m4
ϕ

Wϕ(m2
ϕ, Q2)M̃ϕ(s, Q2)

Wϕ(m2
ϕ, Q2) = (

m2
ϕ

Q2 + m2
ϕ )

2

M̃ϕ(s, Q2) =
Q3(Q2 + m2

τ )
8πs2 ∫

dx
x2

Fϕ(x, Q2)

CLFV mediator質量の依存性を決めるWeighting factor 

QCDのダイナミックスの寄与を決める逆モーメント関数

（  をカットオフする）Q2 ≥ m2
ϕ



断面積のスカラー質量依存性but there is still sizable corrections from the components M and sub-χ(thr) to match
with the value of the SACOT-χ(thr) scheme cross section.
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FIG. 17: The total cross sections m4
S σq are plotted as functions of mS . The results for bottom

quark (q = b) and charm quark (q = c) are shown respectively in the upper and lower rows, and

the beam energies are Ee = 200GeV and Ee = 1TeV in the left and right columns.

For comparison among the components of SACOT-χ(thr) cross section in a wide range
of the collision energy, the total cross sections are plotted in Fig. 18 as functions of

√
s for

bottom and charm quark productions. Numerical values for the cross sections in the SACOT-
χ(thr) scheme and its components are listed in Table II. Concerning to the collision energy
dependences following features can be observed from the plots:

• For the bottom quark production the dominance of the M scheme contribution holds
for the small scalar mass mS = 10GeV in all the range of

√
s. But for the large scalar

mass mS = 105 GeV the ZM-χ(thr) contribution becomes the dominant component
for

√
s ! 100GeV (Ee ! 5TeV). In large

√
s limit for the case of mS = 105 GeV the

cross sections in M and ZM-χ(thr) schemes coincide each other above
√
s ≈ 1TeV.

Thus the M and sub-χ(thr) terms cancels each other and the SACOT-χ(thr) scheme
cross section is approximated by the ZM-χ(thr) cross section for

√
s ! 1TeV, i.e.

σSACOT-χ
thr,b # σZM-χ

thr,b for mS = 105 GeV and
√
s ! 1TeV.

• For the charm quark production for small scalar mass mS = 10GeV, there is no
unique component which dominates the cross section in all the energy range, and all

27



断面積公式

FIG. 13: Same as Fig. 11, but for the charm quark productions: mS = 10GeV (left column) and

mS = 105GeV (right column) for Ee = 200GeV and Ee = 1TeV in the two rows.

C. SACOT-χ: Q-distribution

Here we rewrite the cross section as
dσ

dQ
=

1

m4
φ

Wφ(m
2
φ, Q

2)M̃φ(s,Q
2), (37)

M̃φ(s,Q
2) =

(Q2)
3
2 (Q2 +m2

τ )

8πs2
Mφ(s,Q

2), (38)

Wφ(m
2
φ, Q

2) =

(
m2

φ

Q2 +m2
φ

)2

, (39)

where we have introduced a modified inverse moment M̃ and a weighting factor Wφ. The
mediator mass can be set to mφ = mS. Note that the product of Wφ and M̃φ gives dσ/dQ
not dσ/dQ2 (up to m4

φ). The inverse moment M̃φ(s,Q2) is more adequate than the structure
function to see which region of Q contributes to the cross section.

In Fig. 15, the inverse moments M̃φ(s,Q2) are plotted as functions of Q for the bottom
and charm quark productions in upper and lower rows, respectively. The results for Ee =
200GeV and Ee = 1TeV are shown in the left and right columns, respectively. In the plots
one can see the following features of the inverse moment:

• The support of the M scheme inverse moment starts at low Q: the curve of the M̃φ

in the M scheme rises from 0 at Q ∼ 2GeV (Q ∼ 1GeV) for the bottom (charm)
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FIG. 15: The inverse moment M̃φ(s,Q2) for each component of the SACOT-χ(thr), and the

weighting factor Wφ(m2
S , Q

2) for mS = 10GeV and mS = 50GeV. For visualization the weighting

factor normalized to appropriate values are plotted. The results for bottom quark (q = b) and

charm quark (q = c) are shown respectively in the upper and lower rows, and the beam energies

are Ee = 200GeV and Ee = 1TeV in the left and right columns.

it corresponds approximately to a case of the large-mS limit. In the plots we observe the
following:

• For the bottom quark production, the supports of the cross sections of M and ZM-
χ(thr) schemes start respectively at Q ∼ 2GeV and Q ∼ 6GeV. The contribution
from the region RQ = {Q| 2GeV ≤ Q ≤ 6GeV} to the M scheme cross section is given
by σM(RR) =

∫
RQ

(dσM/dQ)dQ and it is large, while the contribution from the same

region to ZM-χ(thr) is σZM-χ(RQ) = 0. This yields significantly large contribution
exclusively to the M scheme cross section, leading the dominance of the M component
in the SACOT-χ(thr) cross section for Ee = 200GeV and Ee = 1TeV. The difference
(σZM-χ

φ,thr − σM0-χ
φ,thr ) is approximately 0 except the case of mS = 50GeV for Ee = 1TeV.

The effect of the Q2 evolution of the bottom PDF to the SACOT-χ(thr) cross section
is negligible for mS = 10GeV irrespective of the beam energy, and it is moderate for
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FIG. 15: The inverse moment M̃φ(s,Q2) for each component of the SACOT-χ(thr), and the

weighting factor Wφ(m2
S , Q

2) for mS = 10GeV and mS = 50GeV. For visualization the weighting

factor normalized to appropriate values are plotted. The results for bottom quark (q = b) and

charm quark (q = c) are shown respectively in the upper and lower rows, and the beam energies

are Ee = 200GeV and Ee = 1TeV in the left and right columns.

it corresponds approximately to a case of the large-mS limit. In the plots we observe the
following:

• For the bottom quark production, the supports of the cross sections of M and ZM-
χ(thr) schemes start respectively at Q ∼ 2GeV and Q ∼ 6GeV. The contribution
from the region RQ = {Q| 2GeV ≤ Q ≤ 6GeV} to the M scheme cross section is given
by σM(RR) =

∫
RQ

(dσM/dQ)dQ and it is large, while the contribution from the same

region to ZM-χ(thr) is σZM-χ(RQ) = 0. This yields significantly large contribution
exclusively to the M scheme cross section, leading the dominance of the M component
in the SACOT-χ(thr) cross section for Ee = 200GeV and Ee = 1TeV. The difference
(σZM-χ

φ,thr − σM0-χ
φ,thr ) is approximately 0 except the case of mS = 50GeV for Ee = 1TeV.

The effect of the Q2 evolution of the bottom PDF to the SACOT-χ(thr) cross section
is negligible for mS = 10GeV irrespective of the beam energy, and it is moderate for
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eP→τcc (ms=10GeV)

FIG. 18: The components M, ZM-χ, and M0-χ normalized to the SACOT-χ as functions of the

collision energy
√
s: the ticks of upper horizontal axis indicate the corresponding beam energy Ee.

The cross sections for the bottom and charm quark production are shown in the upper and lower

rows. The scalar masses are mS = 10GeV and mS = 105GeV respectively in the left and right

columns.

the components M, ZM-χ(thr), and sub-χ(thr) are equally important for the total cross
section σSACOT-χ

thr,c . On the other hand, for the large scalar mass mS = 105 GeV, the
ZM-χ cross section describes the SACOT-χ(thr) cross section well for all the energy
range except

√
s ! 100GeV. Starting at

√
s ∼ 100GeV the M and sub-χ(thr) cross

sections coincide so that they cancel each other in the SACOT-χ(thr) cross section,
i.e. σSACOT-χ

thr,c # σZM-χ
thr,c for mS = 105 GeV.

28

eP→τcc (ms=105GeV)

eP→τbb (ms=105GeV)eP→τbb (ms=10GeV)
M dominance

ZM



Phenomenology
FIG. 11: The τ -momentum distribution in CLFV DIS associated with bottom quark production

in SACOT-χ (thr) scheme. The threshold factor Sthr is implemented. The results for the scalar

masses mS = 10GeV and mS = 105GeV are presented in the left and right columns, and the

results for the initial electron beam energies Ee = 200GeV and Ee = 1TeV are presented in the

tow rows.

but the SACOT-χ cross section is nearly the same irrespective of inclusion of the threshold
factor. It is because the contributions of ZM-χ(thr) and M0-χ(thr) are the same size and
cancel each other in the combination of

[
F ZM-χ
φ,thr − F sub-χ

φ,thr

]
of the SACOT-χ(thr) scheme.

In Fig. 12 we show the τ -momentum distribution of the components for the bottom quark
production at Ee = 1TeV, but without the threshold factor Sthr. The upper and lower rows
are the results for mS = 10GeV and mS = 105 GeV respectively, and the first column is
the result of M scheme, and the second and third columns are the results of the ZM-χ
and M0-χ schemes respectively. It turns out that the largest contribution is coming from
the massive scheme cross section, These observations lead that the massive scheme cross
section is effective and nearly equal to the SACOT-χ(thr) in the range of collision energy
up to Ee = 1TeV. Effectiveness of massive scheme cross section in a wider range of collision
energy will be discussed later (see Figs.18).

In Fig. 13 the τ -momentum distribution in CLFV DIS associated with charm quark pro-
duction is shown for Ee = 200GeV and Ee = 1TeV. The distribution is more concentrated
in the high-pZ region compared to one of the bottom quark production because the charm
quark (mc = 1.3GeV) is more relativistic than the bottom quark (mb = 4.75GeV). The
size of scalar mass affects the normalization and also the shape of the cross section. The

20

FIG. 18: Comparison among the components of SACOT-χ for CLFV DIS cross section associated

with heavy quark production. The results for the M, ZM-χ, and M0-χ schemes normalized to

SACOT-χ are plotted as function of collision energy
√
s: ticks of the upper horizontal axis indicate

the value of Ee. The scalar masses are mS = 10GeV and mS = 105GeV respectively in the left

and right columns.
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τの運動量分布(固定ターゲート実験)

21

Ee = 200 GeV
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断面積は で振る舞う
が、分布の形状はスカラー粒子
の質量に感度あり 
 → ongoing work
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CLFV DIS:プロセス依存性
(a) eg → τg(h − like); ms = 10 GeV, Ee = 100 GeV
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(c) eg → τbb̄; ms = 10 GeV, Ee = 100 GeV
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(e) eql → τql; ms = 10 GeV, Ee = 100 GeV
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τレプトンの運動量分布はCLFV相互作用のタイプに感度あり

Dipole mode Gluon mode Heavy quark production 
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case, and misleads unrealistic distributions of final τ momentum.
The heavy flavor PDF begins to be reliable at a collision energy, and the scale of energy

depends on the mediator mass. Finally we leave the interpretation for this mediator mass
dependence. The leading subprocess in low collision energy,

√
s ! 100GeV, is the gluon-

initiated ones eg → τqq̄. The heavy flavor excitations eq → τq are activated at a high
collision energy Eexcit

e . When the mediator mass is much larger than the collision energy,
e.g., cases in right panels in Fig. 13, dσ̂/dxdQ2 ∝ 1/M4, and theQ2 integral is regarded as the
summation of each Q2 block with an equal-weight. The large Q2 makes valid the description
using heavy flavor PDFs, and the subprocess eq → τq dominates the heavy flavor production
in high collision energy. On the other hand, when the mediator mass is lighter or comparable
with the collision energy, e.g., cases in left panels in Fig. 13, dσ̂/dxdQ2 ∝ 1/Q4, and the
small Q2 part governs the Q2 integral. Due to the insufficiency of large Q2 fraction, the
heavy flavor PDF is not activated, and the contribution of heavy flavor excitation remains
small even in high energy. Thus the ACOT scheme is indispensable for analyzing the CLFV
DIS via a massive mediator.

V. CLFV DIS IN EXAMPLE SCENARIOS

We display the discovery feasibility of CLFV DIS events, and discuss the disentanglement
of CLFV scenarios each other based on two representative scenarios;

Scenario I The scalar mediator ofmS = 125GeV whose interaction is identical with the SM
Higgs one except for the CLFV interaction. The most stringent bound on the CLFV
coupling comes from the Higgs CLFV searches at the LHC, ρ̄hτe < 2.0×10−3 [61], as seen
in Table II, which in turn induces the bound on the dipole coupling, D̄τe < 1.0×10−8,
which is stronger than the direct bound seen in Table III.

Scenario II The scalar mediator couples with b quark only and ms = 10GeV. The most
stringent bound on the combination |ρSbb|ρ̄Sτe comes from the search for a CLFV decay
τ → eπ+π−, and |ρSbb|ρ̄Sτe < 1.3 × 10−4 [58, 64], which in turn induces the bound on
the dipole coupling, D̄τe < 6.9× 10−10.

The cross section of CLFV DIS eN → τX is shown in Fig. 14. The maximally allowed
CLFV couplings are taken in each scenario. Contributions of each subprocess are also
shown to highlight the difference of energy dependence; eg → τg (dashed), and eql → τql
via the dipole operator (three-dot chain). Dotted (dash-dotted) line represents bottom
(charm) productions, which consists of the ACOT three contributions, (eg → τqq̄) + (eq →
τq) − (sub.term). Note that “eq → τq” implicitly involves its anti-quark contribution,
eq̄ → τ q̄.

The leading channel is eg → τg at low beam energy (Ee ! 1TeV in scenario I and
Ee ! 250GeV in scenario II). This stems from the large gluon PDF and no phase space
suppression, and hence is a universal feature wherein the mediator dominantly couples with
heavy flavors [16]. The heavy flavor excitations begin to be sizable contributions far above
the threshold. It is necessary and important to analyze the distributions of final lepton
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Example scenario@ ILC upgrade op. Ee=500GeV

SM Higgs CLFV 
ms=125 GeV

coupling: b-only 
ms=10 GeV

イベント数

O(10event/year) O(105event/year)

#event
year

∼ 6 × 108 × ( σ
1fb ) e-intensity=  , target mass=  1022/year 100g/cm3



サマリー
•ヘビークォークに強くカップルするCLFV・スカラー相互作用のモデル
を調べた 

• ヘビークォクーの質量効果をシステマティックに取り入れたACOTス
キームはCLFV DISにおいて特にパワフルである。 

• コライダー実験におけるCLFV探索は、稀崩壊実験と相補的である：
CLFV DIS(eN→τX)における終状態τレプトンの運動量分布の解析は
CLFV相互作用/スカラー質量の詳細を解き明かすのに重要である。 

→トークでは、プレリミナリーな結果も発表したが、サブプロセス
のフルアナリシスは現在進行中です



Backup

with Eτ = (1− y)Ee. Then the τ -momentum distribution at the nucleon rest frame is given
by

d 2σ

dpT dpZ
(#iN → #jX) =

[
2pT

Eτy(s−m2
N)

]
d2σ

dxdy
(#iN → #jX), (11)

where a Jacobian factor is multiplied in the right-hand side of Eq. (11) to convert the inde-
pendent variables from (x, y) to (pT , pZ). In Fig. 2 the physical region of the τ -momentum
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FIG. 2: The physical region of the τ -momentum for the process eN → τX in a fixed target

experiment. The electron beam energy is Ee = 200GeV(left panel)/1TeV(right panel). The

contour lines of fixed x (black lines) and fixed Q (dashed blue lines) are plotted in the momentum

space (pz, pT ).

(pZ , pT ) is plotted for the beam energies Ee = 200GeV and 1TeV respectively in the left
and right panels. The black lines are the contours for x = 0.1, 0.2, · · · , 1.0 from smaller to
larger arcs, and the blue dashed lines are the contours for Q values indicated in the plots.
For CLFV signal searches in the fixed target experiments it is of great importance to have
a reliable theory prediction that covers all the physical regions of Fig. 2.

C. Heavy quark contribution to structure function

In the following, we consider the heavy quark production via the CLFV scalar and pseu-
doscalar interactions. To be concrete we assume that the heavy quark q is bottom or charm
quark, which is much heavier than the nucleon, and treat other lighter quarks as massless.
Formulae derived here can be also applied to top quark, but the threshold of top quark pair
production is too high, and we do not discuss its phenomenology in the present article. The
heavy quark mass is so large that its intrinsic partonic content inside the nucleon is zero.
Yet the heavy quark can be produced in pair with its anti-quark via a gluon splitting g → qq̄
and subsequently q or q̄ is scattered by φ = S, P via the quark-mediator interaction of Lφ.
In Fig. 3 an example Feynman diagram is shown for such a process.

The corresponding hadronic part Fφ which contributes to the #iN → #jqq̄X is given by

FM
φ (x,Q2) =

∫ 1

0

dξ

ξ
CM

φ,g

(
x

ξ
,
Q2

m2
q

)
fg/N(ξ, µ

2
f ), (12)
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τの運動量分布(eP→τbbX)
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Ee = 200 GeV Ee = 1 TeV

q = b, mS = 10 GeV q = b, mS = 10 GeV



運動量分布(ZM schemes)

FIG. 9: Same as Fig. 8, but heavy quark is charm quark (q = c): ZM-x (left column) and ZM-χ

(right column) for Ee = 200GeV and Ee = 1GeV in the two rows.

are plotted respectively in the upper and lower rows, where each cross section is normalized
to the value of SACOT-χ(thr). The left and right columns are two cases of scalar mass,
mS = 10GeV and 105 GeV, respectively. Numerical values of the cross sections are listed in
Table I. In the plots we observe the following:

• For the bottom quark production the curves of M scheme are close to the one of
SACOT-χ(thr), i.e. σM

b /σSACOT-χ
thr,b ∼ 1. The cross section in the ZM-χ scheme for the

small scalar mass mS = 10GeV is quite off from that of SACOT-χ(thr) irrespective
of the collision energy: σZM-χ

b /σSACOT-χ
thr,b ! 0.5. For the case of the large scalar mass

mS = 105 GeV, the ZM-χ and ZM-x curves are gradually approaching to the SACOT-
χ , and around

√
s ∼ 103 GeV they meet at one point. Notably, the curve of the

ZM-x scheme for the bottom production is far off from that of SACOT-χ(thr) in low
collision energy.

• Even for the charm quark production, inadequacy of the ZM-x scheme in low collision
energy is the same as the case of bottom quark, but the behaviors of the cross sections
in the M and ZM-χ schemes are quite different. Specifics of the charm cross sections
are as follows. For the small scalar mass mS = 10GeV the M scheme curve grows
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eP→τcc(M/ZM/sub)
 Ee=1TeV, ms=10/105GeV

FIG. 14: Same as Fig. 12, but for the charm quark productions. The results for the M, ZM-χ, and

M0-χ are shown in the three columns, and the results for mS = 10GeV and mS = 105GeV are

shown in the two rows.

C. SACOT-χ: Q-distribution

Here we rewrite the cross section as

dσ

dQ
=

1

m4
φ

Wφ(m
2
φ, Q

2)M̃φ(s,Q
2), (37)

M̃φ(s,Q
2) =

(Q2)
3
2 (Q2 +m2

τ )

8πs2
Mφ(s,Q

2), (38)

Wφ(m
2
φ, Q

2) =

(
m2

φ

Q2 +m2
φ

)2

, (39)

where we have introduced a modified inverse moment M̃ and a weighting factor Wφ. The
mediator mass can be set to mφ = mS. Note that the product of Wφ and M̃φ gives dσ/dQ
not dσ/dQ2 (up to m4

φ). The inverse moment M̃φ(s,Q2) is more adequate than the structure
function to see which region of Q contributes to the cross section.

In Fig. 15, the inverse moments M̃φ(s,Q2) are plotted as functions of Q for the bottom
and charm quark productions in upper and lower rows, respectively. The results for Ee =
200GeV and Ee = 1TeV are shown in the left and right columns, respectively. In the plots
one can see the following features of the inverse moment:

• The support of the M scheme inverse moment starts at low Q: the curve of the M̃φ
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eP→τcc(ACOT)
ACOT:  Ee , msの変化

FIG. 13: Same as Fig. 11, but for the charm quark productions: mS = 10GeV (left column) and

mS = 105GeV (right column) for Ee = 200GeV and Ee = 1TeV in the two rows.

where the first/second/third number in the square parenthesis represents the M/ZM-χ/M0-
χ contribution with (without) the threshold factor for (i) Ee = 200GeV, mS = 10GeV, (ii)
Ee = 1TeV, mS = 10GeV, (iii) Ee = 200GeV, mS = 105 GeV, and (iv) Ee = 1TeV, mS =
105 GeV. In the components of SACOT-χ(thr) cross section, the rates of M and ZM-χ(thr)
cross sections are the same size. For the charm quark production, dominance of only one
component does not hold for Ee = 200GeV and Ee = 1TeV.

It should be remembered that we have fixed the CLFV couplings by Eq. (34), which
control the overall normalization of the cross section. Thus it is of great importance to
find a sensitivity to the scalar mass in the shape of the distribution, which can be utilized
for a detailed study to discriminate the structure of the CLFV interactions, namely for the
separation of effects of coupling constants and of scalar mass.
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