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コンテンツ
DISでCLFVをスタディーする動機 

CLFVを媒介するスカラー粒子 

DIS： の終状態運動量分布 

ヘビークォークPDF（ACOTスキーム） 

における相互作用と質量の測定

e−N → τX

eg → τg



動機：コライダーでCLFVスタディー

μ− e−

γ(*)

μ− e−

N N′￼

Radiative decay: μ → eγ(*)

Muon-electron conversion: 
 μ−N → e−N

ファクトリー実験による新物理の探索

隠された相互作用が知りたい 

CLFV媒介粒子の正体は？

μ− e−?

?μ− e−

CLFV DISの先行研究: Kanemura-Kuno-Kuze-Ota (2005), Takeuchi-Uesaka-Yamanaka(2017) 

動機：コライダー実験ならば、発見だけでなく媒介粒子の質量や相互作
用を調べることができるだろう。



スカラー粒子が媒介するCLFV

ℒϕ = − ∑
ij

(ρϕ
ij ℓ̄jPLℓiϕ+h.c.) − ∑

q

ρϕ
qqq̄Γϕqϕ

CLFV媒介粒子として質量 の（擬)スカラー粒子を考えるmϕ

クォークに関してはdiagonal 
Γϕ = I, γ5

CLFVの相互作用

などの非対角項から生じCLFVを調べる。簡単化のためにクォークセクタ
ーはダイアゴナルを仮定する。粒子は全て質量固有状態で書かれている。　
ρϕ

μe, ρϕ
τe

モデルを突き詰めて解析すれば、より正確なステイトメント(結論)が得られる
が、一般性を失う傾向にあると思う。またmodel independentな解析をしようと
すれば、4F相互作用のように高いスケールを仮定しがちで、それもある意味バ
イアスがあるように感じる。



ループ相互作用

expectation value of the SM Higgs boson. Here ωφ is the ratio to the yukawa coupling
of the SM Higgs boson. ωφ = 1 corresponds to CLFV mediator for which the coupling
strength ρφqq is the same as SM Higgs boson.

• The coupling only for one heavy flavor quark is switched on;

ρφcc →= 0, ρφbb = ρφtt = 0 [c-only scenario],

ρφbb →= 0, ρφcc = ρφtt = 0 [b-only scenario],

ρφtt →= 0, ρφcc = ρφbb = 0 [t-only scenario].

B. Loop induced interactions

The leading interaction of the CLFV mediator and gluons is generated by Feynmann
diagrams where the heavy quarks run in the triangle-loop as depicted in Fig. 1 (a). The
loop-induced interaction is effectively written as follows: For the scalar field φS,

LSgg = gSgg φS G
a
µνG

aµν ,

gSgg =
∑

q=c,b,t

αsρSqq
8πmq

τq
[
1 + (1− τq) f (τq)

]
,

(2)

and for the pseudo-scalar field φP ,

LPgg = gPgg φP Ga
µνG̃

aµν ,

gPgg =
∑

q=c,b,t

αsρPqq
8πmq

τqf (τq) ,
(3)

where Ga
µν is the gluon field strength, and G̃a

µν = (1/2) ερσµνGaρσ is its dual tensor. Here
αs = g2s/4π represents the fine structure constant of QCD. The effective couplings gSgg, gPgg

are written as functions of τq = 4m2
q/q

2, where q2 represents the squared momentum of
scalar or pseudo-scalar field. The function f (τ) is given as

f (τ) = −1

4
log2

[
− 1 +

√
1− τ

1−
√
1− τ

]
(τ < 0). (4)
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FIG. 1: Feynman diagrams of the loop-induced couplings for (a) φgg operator (b) two-loop dipole

operator (BZ diagram).

5

ℒϕgg = gϕggϕGa
μνGaμν

ℒD = −
1
v ∑

ij
(Dijℓ̄j σμνPLℓi+h.c.) Fμν

フェルミオン・ループによる 

グルーオンとの3点結合

Barr-Zee ダイアグラム 

のダイポール相互作用 
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(擬スカラーの場合： )ϕS ⟶ ϕP, Gaμν ⟶ G̃ aμν

CLFV (擬)スカラーを導入し、考えているプロセスに寄与しそうな 
ループダイアグラムも考慮することにする



CLFV Deep Inelastic Scattering
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Figure 1. The CLFV lepton-nucleon scattering induced by t-channel exchange of the (pseudo-)scalar
mediator. The initial and final lepton momenta are ki and kj , respectively, and the nucleon
momentum is P .

The amplitude, where the CLFV mediator φ is exchanged in t-channel, is factorized into
leptonic and hadronic amplitudes. The cross section σ consists of the leptonic and hadronic
parts, which are respectively denoted by Lφ and Fφ, and is written in the following form:

dσ

dxdy
(ℓiN → ℓjX) =

y
∣∣∣ρφ

qq

∣∣∣
2
Lφ(Q2)Fφ(x,Q2)

16π
(
Q2 +m2

φ

)2 , (2.2)

where mφ is a mediator mass, and the dimensionless variables x, y are defined by

x = Q2

2P · q , y = 2P · q
2P · ki

, (2.3)

with Q2 = −q2 = xy(s − m2
N ). Here s = (P + ki)2 is the collision energy squared of the

initial lepton-nucleon system, and mN is the nucleon mass.
The leptonic part is given by

Lφ =
(
|ρφ

ij |
2 + |ρφ

ji|
2)(Q2 +m2

i +m2
j

)
+ 4Re

(
ρφ
ijρ

φ
ji

)
mimj , (2.4)

with mi(j) being the initial (final) lepton mass, and the hadronic part is called structure
function written in a convolution form as

Fφ(x,Q2) =
∑

k

∫ 1

0

dξ

ξ
Cφ, k

(
x

ξ

)
fk/N (ξ, µ2

f ), (2.5)

where k ∈ {g, q, q̄} is a parton which contributes to the process φk → X. The Cφ,k is a
coefficient function calculable in perturbative QCD, while the parton distribution function
(PDF) fk/N (x, µ2

f ) is a nonperturbative object which describes a probability of parton
k having momentum fraction ξ inside the nucleon N at a factorization scale µ2

f . The
µf -dependence is governed by renormalization group equation, so called Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation [57, 58]:

µ2
f

∂

∂µ2
f

fk/N (ξ, µ2
f ) =

∑

l

αs(µ2
f )

2π

∫ 1

ξ

dη

η
Pkl

(
ξ

η

)
fl/N (ξ, µ2

f ) +O(α2
s), (2.6)

where l runs over possible quark flavors and gluon, and Pkl is a splitting function at one-loop
level. Conventionally the factorization scale is chosen as µ2

f ∼ Q2 to be the same order as
the hard scale in the process. For the heavy quark production, there are two hard scales
Q2,m2

q in the process, and we will adopt a more refined scale setting (see eq. (2.26)).

– 4 –

x =
Q2

2P ⋅ q

Q2 = − (ki − kj)2

s = (P + ki)2

W2 = (P + q)2 ≈ ( 1
x

− 1) Q2

{
Independent kinematical variables

独立な運動学的変数は3つ: 　( onshellの2→2散乱ではs,t,uの内

の2つが独立であるが、DISではXの質量 がカイネマティカル変数に
追加され、独立変数は3つ)

s, Q2, x

W2



パートンとの衝突
dσ

dxdQ2
= ∑

k=u,d,⋯,g
∫

1

0
dξ

d ̂σ
dxdQ2

fk/N(ξ, μ2
f )

Higgs-induced dipole operators [72, 73]. The future bound on ω̄heµ is similarly derived from
the designed sensitivity of MEG II experiment BR(µ → eγ) < 6 × 10→14 [33], which is
translated as ω̄heµ < 5.7 × 10→7. In general the bounds on ω̄hij is stronger than the bounds
listed in Table II when we substitute mφ = 125 GeV and the SM quark Yukawa couplings.
(Move the explanation of the indirect bound to the caption of Table III?)

For the dipole operators, the most stringent limits are derived from the experimen-
tal searches for the radiative CLFV decays #i → #jγ. The branching ratio is given by
BR (#i → #jγ) = (m3

i /4πv
2Γ"i)D̄

2
ij, where Γ"i is the total decay width of the lepton #i

and D̄ij ≡
√
|Dji|2 + |Dij|2. Null results of the current experimental searches for these

channels set the upper limits on the branching ratios: BR (µ→ eγ) < 4.2 × 10→13 [71],
BR (τ → eγ) < 3.3 × 10→8 [39], and BR (τ → µγ) < 4.2 × 10→8 [74]. The correspond-
ing future designed sensitivities by experiments are BR(µ → eγ) < 6 × 10→14 [33],
BR (τ → eγ) < 9.0 × 10→9 [75], and BR (τ → µγ) < 6.9 × 10→9 [75]. These bounds on
the branching ratios are interpreted as the limits on D̄ij and summarized in Table IV.

III. CROSS SECTION FORMULA

We formulate the cross section of CLFV DIS at fixed-target experiments based on QCD
parton model picture. In Fig.4 an example diagram is shown for such a process, where the

ki

kj

q ≡ ki − kj

P
ξP

ℓi

ℓj

N X

FIG. 4: An example diagram of CLFV in lepton-nucleon scattering. The initial and final lepton

momenta are ki and kj , respectively, and the nucleon momentum is P . A parton inside nucleon

with momentum ξP is scattered by a CLFV mediator which carries a momentum q = ki − kj .

initial lepton #i and a parton coming from a nucleon are scattered by exchanging CLFV
mediator. The momenta of the initial lepton and parton are respectively defined by ki and
ξP , where P is the momentum of the nucleon. The final states are lepton #j(j %= i) with
momentum kj and a hadronic system X.

The cross section σH for the lepton-nucleon scattering #iN → #jX is given by a convolu-
tion of partonic cross section σ̂ with parton distribution function (PDF) as

[
dσ

dxdy

]
(#iN → #jXH) =

∫
dξ
∑

k

[
dσ̂

dxdy

]
(#ik → #jX) fk/N(ξ, µ

2
f ), (6)

where fk/N(ξ, µ2
f ) is the PDF for a parton k ∈ {g, q, q̄, ql, q̄l}, describing a probability of

parton k having momentum fraction ξ inside the nucleon N at a factorization scale µf . The
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ξ は核子中のパートン  

のモメンタムフラクション
(u, d, ⋯, g)

heavy quarks are denoted by q and the light quarks by ql. The differential cross section is
written in terms of dimensionless variables x, y which are defined by

x =
Q2

2P · q , y =
2P · q
2P · ki

, (7)

with Q2 = →q2. The range of x, y and their derivations are given in Appendix A in Ref. [59].
The parton level DIS kinematics for massive final states is useful for displaying the final
lepton momentum distributions. In the present work we use CT14 LO PDFs [76] for proton

u
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FIG. 5: Parton distribution functions xfi(x,Q) for proton at Q = 10GeV (left) and Q = 100GeV

(right) for the CT14 LO PDFs [76]. [update necessary.]

and neutron. In Fig. 5 the proton PDF sets are shown as functions of x at µf = 10GeV
(left) and Q = 100GeV (right), for example. For neutron PDF fk/n we use the isospin
symmetry: Since the isospin is a good symmetry between proton and neutron PDFs, one
observes that fu/p ≈ fd/n, fd/p ≈ fu/n and similar relations for anti-quarks. There is also an
approximate relations that fu/p ∼ 2fd/p, which conforms constituent quark model picture
that quark contents of proton and neutron are uud and ddu, respectively. The PDF for the
heavy quarks and gluons are equal for proton and neutron.

In the following we will calculate each partonic cross section ω̂ for three CLFV partonic
processes (i) "ig → "jg, (ii) "iql → "jql, and (iii) "ig → "jqq̄. Though our cross section
formula for the last process is valid for the top quark production, it becomes relevant only at
high energy s > 4m2

t . We do not pursue phenomenological analysis for top quark production
in the present article.

The first partonic process induced by φ = S, P is lepton-gluon scattering "ig → "jg. The
scattering amplitude is given by

∫
d4xd4y 〈"jg|T

[
Lφ(x)LφGG(y)

]
|"ig〉. The corresponding

Feynman diagram is shown by the left one in Fig. 6 and the partonic cross section is given
by

[
dω̂

dxdy

]
("ig → "jg) ≃

dω̂φ
g

dxdy
=

|gφgg|2

8π

yQ2Lφ
ij

(Q2 +m 2
φ)

2
δ(x→ ξ), (8)
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プロトン中のパートン： 

　 とその反粒子 

エネルギースケール 依存 

Heavy quarkは で同じ

u, d, s, c, b, g

(μf )

q, q̄

パートン分布関数( をプロット)xf(x)



パートン散乱のカイネマティックス

ξP

q = ki − kj

p′￼2 = (q + ξP) = Q2 ( ξ
x

− 1)

ξ = (1 +
m2

q

Q2 ) x

e−(ki) τ−(kj)

Bjorken x  とモメンタムフラクション(x = Q2/2P ⋅ q)

x = ξ (DISでよく使う仮定)

mq = 0



CLFV DISの終状態レプトン分布

e N

τ

ハドロンの残骸X

kz
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g
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FIG. 6: Partonic processes (i) !ig → !jg (left), (ii) !iq → !jq (center), (iii) !ig → !jqq̄ (right). The

cross vertices in (i) and (ii) are loop-induced CLFV effective couplings LφGG and Lφ
D, respectively.

where Lφ
ij is a leptonic part of the cross section defined by

Lφ
ij =

(
|ωφij|2 + |ωφji|2

) (
Q2 +m2

i +m2
j

)
+ 4Re

(
ωφijω

φ
ji

)
mimj, (9)

with the initial (final) lepton mass mi(j). The delta function in Eq. (8) arises from the
massless condition of the gluon with a momentum p→g = q + ξP in the final state: δ(p→ 2g ) =
δ(ξ − x)/(2P · q). There is a kinematical difference between scalar and pseudo-scalar cross
sections through the q2-dependence of the effective coupling gφgg.

The second process (center diagram of Fig. 6) is $iql → $jql, which is induced by the
photonic dipole interaction LD indicated by a cross vertex. For this process, we take into
account only light quarks (ql = u, d, s). The partonic cross section is given by

[
dσ̂

dxdy

]
($iql → $jql) ≡

dσ̂D
ql

dxdy

=
αe2ql
v2

{(∣∣Dij

∣∣2 +
∣∣Dji

∣∣2
)[2(1− y)

y
+

m2
i −m2

j

Q2
(2− y)

+

(
m2

i −m2
j

Q2

)2

y

]
+ 2Re (DijDji)

(
mimj

Q2

)
2y

}
δ(ξ − x), (10)

where α ≈ 1/137 is the QED fine-structure constant and eql is the QED charge, normalized
to positron charge, of quark ql (e.g. eu = +2/3). In the above formula, the quark masses are
neglected, while the initial and final lepton masses are retained. The delta function δ(ξ−x)
arises due to a massless quark in the final state. (To be more detailed) We take into account
the contributions of anti-quarks in calculation of the hadronic cross section. The anti-quark
contribution is formulated similarly to Eq. 10.

The third process is heavy quark production in the right diagram of Fig.6. To be concrete
we assume that the heavy quark q is bottom and charm quarks, which are heavier than the
nucleon. 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 quark-mediator interaction of

Lφ. The process is $ig
φ→ $jqq̄ and the partonic cross section is given by

[
dσ̂

dxdy

](
g$i

φ→ $jqq̄
)
≡

dσ̂φ
g→qq

dxdy
=

y|ωφqq|2

16π

Lφ
ijW

φ
qq

(Q2 +m2
φ)

2
, (11)
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cross vertices in (i) and (ii) are loop-induced CLFV effective couplings LφGG and Lφ
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FIG. 9: τ momentum distributions for the beam energy Ee = 100GeV and scalar mediator of

mS = 100GeV. The regions where Q < 1.3GeV or W < 1.4GeV are not shown because our DIS

calculation based on the parton picture is not applicable. [p→ k, take out the title and ”ACOT”.

Put an explanation on the heavy quark produciton(ACOT) in the main text. ]

In Fig. 9 we show the ω -momentum distributions in the (kZ , kT ) plane for Ee = 100 GeV.
The contours labeled by 20%, 40%, 60%, 80% enclose the areas for percentage of cross
sections normalized to the total one for each process. In each panel, the shaded region
contains 99% of the total cross section of each process. The integrated cross section for each
process is are also shown. Here we choose the quark interaction pattern of ρqq = mq/v in
this subsection.

The distribution for eg → ωbb̄ channel (upper-left panel) shows a very different distribu-
tion from others, which is shrunk into a smaller region. It is due to the suppressed physical

χ-region. In our calculation, χ-rescaling prescription, χ =

(
1 +

4m2
q

Q2

)
x, is applied for

the finite quark mass effects [79]. For Ee = 100 GeV, the typical Q is a few GeV, and is
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Dipole-photon exchange Gluon scattering Heavy quark (bb) production

Heavy quark (cc) production

,Ee = 100 GeV, mϕ = 100 GeV, ρϕ
qq = mq/v (ρϕ

τe = 1)

運動量分布でプロセスを知ることができる 

運動量分布の特徴量から、スカラーの質量
やクォークとの結合定数を測ることができ
るだろう
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with the initial (final) lepton mass mi(j). The delta function in Eq. (8) arises from the
massless condition of the gluon with a momentum p→g = q + ξP in the final state: δ(p→ 2g ) =
δ(ξ − x)/(2P · q). There is a kinematical difference between scalar and pseudo-scalar cross
sections through the q2-dependence of the effective coupling gφgg.

The second process (center diagram of Fig. 6) is $iql → $jql, which is induced by the
photonic dipole interaction LD indicated by a cross vertex. For this process, we take into
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where α ≈ 1/137 is the QED fine-structure constant and eql is the QED charge, normalized
to positron charge, of quark ql (e.g. eu = +2/3). In the above formula, the quark masses are
neglected, while the initial and final lepton masses are retained. The delta function δ(ξ−x)
arises due to a massless quark in the final state. (To be more detailed) We take into account
the contributions of anti-quarks in calculation of the hadronic cross section. The anti-quark
contribution is formulated similarly to Eq. 10.
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sections through the q2-dependence of the effective coupling gφgg.

The second process (center diagram of Fig. 6) is $iql → $jql, which is induced by the
photonic dipole interaction LD indicated by a cross vertex. For this process, we take into
account only light quarks (ql = u, d, s). The partonic cross section is given by

[
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+
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where α ≈ 1/137 is the QED fine-structure constant and eql is the QED charge, normalized
to positron charge, of quark ql (e.g. eu = +2/3). In the above formula, the quark masses are
neglected, while the initial and final lepton masses are retained. The delta function δ(ξ−x)
arises due to a massless quark in the final state. (To be more detailed) We take into account
the contributions of anti-quarks in calculation of the hadronic cross section. The anti-quark
contribution is formulated similarly to Eq. 10.

The third process is heavy quark production in the right diagram of Fig.6. To be concrete
we assume that the heavy quark q is bottom and charm quarks, which are heavier than the
nucleon. 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 quark-mediator interaction of

Lφ. The process is $ig
φ→ $jqq̄ and the partonic cross section is given by

[
dσ̂

dxdy

](
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2
, (11)

11

CLFVのコンテキストではあまり重要ではないのかも知れな
いが、計算していて気になることがある。それは次の疑問
『核子中に質量5GeVのbクォークが存在するのか？』
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5 Summary

In this article, we have considered a scenario where a CLFV (pseudo-)scalar mediator
couples dominantly to heavy quarks and studied the CLFV DIS associated with heavy
quark productions ℓiN → ℓjqq̄X (q = b, c). The CLFV DIS cross sections are written
in terms of the leptonic and the hadronic parts. We have computed the heavy quark
contributions to the structure function in the SACOT-χ(thr), M, ZM-χ(thr), and M0-χ(thr)
schemes and presented their results. We have examined three improvements for the threshold
behavior of the structure function: the χ-rescaling, choice of factorization scale µf , and
inclusion of the threshold factor Sthr. To our best knowledge the present article is the first
application of the SACOT-χ(thr) scheme for the CLFV DIS associated with heavy quark
productions. We have shown that only the SACOT-χ(thr) scheme provides a reliable theory
prediction for the CLFV DIS cross section in the wide kinematical region and in the full
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Fig. 2. 𝜔-dependence of the mediator-gluon coupling for scalar (left panel) and pseudoscalar (right panel) cases. The solid line corresponds to 𝜀-like scenario 
with 𝜗𝜛 = 1, while the dotted, dashed and dot-dashed lines represent the 𝜚-only, 𝜍-only and 𝜑-only scenarios with coupling constants 𝛻𝜛(𝜚) = 1, 𝛻𝜛(𝜍) = 1 and 𝛻𝜛(𝜑) = 1, 
respectively.

𝜕ℵℶ (𝜕ℵ) ω 1 for the pseudoscalar coupling as 𝜔2  0. Therefore, the 
mediator-gluon coupling at low 𝜔 (𝜔 ℷ 2ℸ𝜚 ) can be approximated as
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, (9)

with 𝜚𝜛 = 2
3  and 1 for the scalar and pseudoscalar cases, respectively. 

Thus, each quark contribution a!ects only the overall normalization of 
⊳𝜛⊳⊳ , and low-energy measurements, such as 𝜕  21+1ε and 𝜕  210, of 
this coupling cannot resolve the individual quark contributions to the 
mediator-gluon interaction.

When 𝜔 3 ℸℵ , the loop function can be approximated as ℶ (𝜕ℵ) ω
ε 1

4 ln
2 𝜔2

ℸ2
ℵ
. The leading high-𝜔 behavior of the mediator-gluon coupling 

in the ℵ-only scenario is then given by
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where the strong coupling constant ⊲0(4) is evaluated at the scale 4 = 𝜔.
Using Eqs. (9) and (10), the 𝜔-dependence of the mediator-gluon 

coupling can be understood. Assuming a quark mass hierarchy ℸ𝜚 ℷ
ℸ𝜍 ℷ ℸ𝜑 for simplicity, the 𝜔-dependence of ⊳𝜛⊳⊳ in the 𝜀-like scenario 
can be approximated as
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This result shows that a measurement of the 𝜔-dependence of ⊳𝜛⊳⊳ can 
reveal the pattern of heavy-quark couplings to the mediator as a function 
of the energy scale 𝜔.

3.  Cross section

As shown in Fig. 1, we assign momenta 67 and 68 to the initial- and 
"nal-state leptons, respectively, and express the gluon momentum inside 
the nucleon as 9. , where 9 is the momentum fraction and .  (. 2 ω 0) is 
the nucleon momentum. The hadronic cross section , for lepton-nucleon 
scattering ⋛7<  ⋛8ℏ (where ℏ denotes the hadronic system in the "nal 
state) is given by the convolution of the partonic cross section >, with 
parton distribution function (PDF) as
)

⋆,
⋆≨⋆𝐴

⦅

⦆

⋛7<  ⋛8ℏ
[

=
∱

1

0
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⦅

⦆

⋛7⊳  ⋛8⊳
[

ℶ⊳ϑ< (9,4ℶ ), (12)

where ≨ = 𝜔2ϑ(2. ⋜ ℵ) and 𝐴 = . ⋜ ℵϑ. ⋜ 67, and ℵ = 67 ε 6ℶ  with 𝜔2 =
εℵ2. The function ℶ⊳ϑ< (9,4ℶ ) is the gluon PDF, which describes the prob-
ability that a gluon carries a momentum fraction 9 inside the nucleon at 
the factorization scale 4ℶ .

With the mediator-gluon interactions of Eqs. (4) and (5), one can 
then calculate the partonic cross section for the process ⋛7⊳  ⋛8⊳. To 
analyze 𝜔-dependence of the cross section, it is convenient to consider 
the di!erential cross section with respect to 𝜔. By performing a vari-
able transformation from 𝐴 to 𝜔 and integrating over ≨, one obtains the 
di!erential cross section as
)

⋆,
⋆𝜔
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with 0 = (. + 67)2. The function ∲⊳ is the inverse moment of the gluon 
PDF, de"ned by

∲⊳(𝜔2) =
∱

1
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≨ε2ℶ⊳ϑ< (≨,𝜔)⋆≨, (14)

where ≨min = 𝜔2ϑ0, and the factorization scale 4ℶ  is set equal to 𝜔. The 
leptonic part 𝐵𝜛

78 is given by

𝐵𝜛
78 =

❳

]𝛻𝜛78 ]
2 + ]𝛻𝜛87]

2
/❳

𝜔2 + ℸ2
7 + ℸ2

8

/

+ 4Re
❳

𝛻𝜛78𝛻
𝜛
87

/

ℸ7ℸ8 , (15)

and arises from the CLFV mediator-lepton interaction given in Eq.  (1).

4.  Sensitivity to quark coupling scenarios

We analyze the CLFV cross sections for electron-proton scattering, 
2.  𝜕ℏ, mediated by the partonic subprocess 2⊳  𝜕⊳. The heavy 
quark masses are taken to be the same as those in Section 2. The 𝜕-lepton 
mass is set to ℸ𝜕 = 1.78GeV, and the electron mass is neglected. In this 
section, we focus on the case where the mediator is a scalar (𝜛 = 𝜛𝐶 ), 
while the pseudoscalar case can be treated in a similar manner. The 
CLFV coupling is chosen to match the projected experimental sensitiv-
ity for the branching ratio Br(𝜕  21+1ε) = 5 ϖ 10ε10 [44]. According 
to the calculation of low-energy CLFV decay rates1 based on Ref. [45], 
the magnitudes of the coupling constants corresponding to the expected 

1 Translating the result of Ref. [45] into our notation, the branching ra-
tios for the processes arising from mediator-gluon interactions are given by 
Br(𝜕  21+1ε) = 2.6 ϖ 105 ϖ 𝐷𝜛𝐶

[GeV6] and Br(𝜕  2𝐸ϱ) = 2.9 ϖ 106𝐷𝜛.
[GeV6]
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Fig. 2. 𝜔-dependence of the mediator-gluon coupling for scalar (left panel) and pseudoscalar (right panel) cases. The solid line corresponds to 𝜀-like scenario 
with 𝜗𝜛 = 1, while the dotted, dashed and dot-dashed lines represent the 𝜚-only, 𝜍-only and 𝜑-only scenarios with coupling constants 𝛻𝜛(𝜚) = 1, 𝛻𝜛(𝜍) = 1 and 𝛻𝜛(𝜑) = 1, 
respectively.

𝜕ℵℶ (𝜕ℵ) ω 1 for the pseudoscalar coupling as 𝜔2  0. Therefore, the 
mediator-gluon coupling at low 𝜔 (𝜔 ℷ 2ℸ𝜚 ) can be approximated as
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with 𝜚𝜛 = 2
3  and 1 for the scalar and pseudoscalar cases, respectively. 

Thus, each quark contribution a!ects only the overall normalization of 
⊳𝜛⊳⊳ , and low-energy measurements, such as 𝜕  21+1ε and 𝜕  210, of 
this coupling cannot resolve the individual quark contributions to the 
mediator-gluon interaction.

When 𝜔 3 ℸℵ , the loop function can be approximated as ℶ (𝜕ℵ) ω
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where the strong coupling constant ⊲0(4) is evaluated at the scale 4 = 𝜔.
Using Eqs. (9) and (10), the 𝜔-dependence of the mediator-gluon 

coupling can be understood. Assuming a quark mass hierarchy ℸ𝜚 ℷ
ℸ𝜍 ℷ ℸ𝜑 for simplicity, the 𝜔-dependence of ⊳𝜛⊳⊳ in the 𝜀-like scenario 
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This result shows that a measurement of the 𝜔-dependence of ⊳𝜛⊳⊳ can 
reveal the pattern of heavy-quark couplings to the mediator as a function 
of the energy scale 𝜔.

3.  Cross section

As shown in Fig. 1, we assign momenta 67 and 68 to the initial- and 
"nal-state leptons, respectively, and express the gluon momentum inside 
the nucleon as 9. , where 9 is the momentum fraction and .  (. 2 ω 0) is 
the nucleon momentum. The hadronic cross section , for lepton-nucleon 
scattering ⋛7<  ⋛8ℏ (where ℏ denotes the hadronic system in the "nal 
state) is given by the convolution of the partonic cross section >, with 
parton distribution function (PDF) as
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where ≨ = 𝜔2ϑ(2. ⋜ ℵ) and 𝐴 = . ⋜ ℵϑ. ⋜ 67, and ℵ = 67 ε 6ℶ  with 𝜔2 =
εℵ2. The function ℶ⊳ϑ< (9,4ℶ ) is the gluon PDF, which describes the prob-
ability that a gluon carries a momentum fraction 9 inside the nucleon at 
the factorization scale 4ℶ .

With the mediator-gluon interactions of Eqs. (4) and (5), one can 
then calculate the partonic cross section for the process ⋛7⊳  ⋛8⊳. To 
analyze 𝜔-dependence of the cross section, it is convenient to consider 
the di!erential cross section with respect to 𝜔. By performing a vari-
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and arises from the CLFV mediator-lepton interaction given in Eq.  (1).

4.  Sensitivity to quark coupling scenarios

We analyze the CLFV cross sections for electron-proton scattering, 
2.  𝜕ℏ, mediated by the partonic subprocess 2⊳  𝜕⊳. The heavy 
quark masses are taken to be the same as those in Section 2. The 𝜕-lepton 
mass is set to ℸ𝜕 = 1.78GeV, and the electron mass is neglected. In this 
section, we focus on the case where the mediator is a scalar (𝜛 = 𝜛𝐶 ), 
while the pseudoscalar case can be treated in a similar manner. The 
CLFV coupling is chosen to match the projected experimental sensitiv-
ity for the branching ratio Br(𝜕  21+1ε) = 5 ϖ 10ε10 [44]. According 
to the calculation of low-energy CLFV decay rates1 based on Ref. [45], 
the magnitudes of the coupling constants corresponding to the expected 

1 Translating the result of Ref. [45] into our notation, the branching ra-
tios for the processes arising from mediator-gluon interactions are given by 
Br(𝜕  21+1ε) = 2.6 ϖ 105 ϖ 𝐷𝜛𝐶
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Fig. 2. 𝜔-dependence of the mediator-gluon coupling for scalar (left panel) and pseudoscalar (right panel) cases. The solid line corresponds to 𝜀-like scenario 
with 𝜗𝜛 = 1, while the dotted, dashed and dot-dashed lines represent the 𝜚-only, 𝜍-only and 𝜑-only scenarios with coupling constants 𝛻𝜛(𝜚) = 1, 𝛻𝜛(𝜍) = 1 and 𝛻𝜛(𝜑) = 1, 
respectively.

𝜕ℵℶ (𝜕ℵ) ω 1 for the pseudoscalar coupling as 𝜔2  0. Therefore, the 
mediator-gluon coupling at low 𝜔 (𝜔 ℷ 2ℸ𝜚 ) can be approximated as

⊳𝜛⊳⊳(0) =
⊲0𝜚𝜛
81
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ℸ𝜑

⌈

, (9)

with 𝜚𝜛 = 2
3  and 1 for the scalar and pseudoscalar cases, respectively. 

Thus, each quark contribution a!ects only the overall normalization of 
⊳𝜛⊳⊳ , and low-energy measurements, such as 𝜕  21+1ε and 𝜕  210, of 
this coupling cannot resolve the individual quark contributions to the 
mediator-gluon interaction.

When 𝜔 3 ℸℵ , the loop function can be approximated as ℶ (𝜕ℵ) ω
ε 1

4 ln
2 𝜔2

ℸ2
ℵ
. The leading high-𝜔 behavior of the mediator-gluon coupling 

in the ℵ-only scenario is then given by
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(2ℸℵ ℷ 𝜔), (10)

where the strong coupling constant ⊲0(4) is evaluated at the scale 4 = 𝜔.
Using Eqs. (9) and (10), the 𝜔-dependence of the mediator-gluon 

coupling can be understood. Assuming a quark mass hierarchy ℸ𝜚 ℷ
ℸ𝜍 ℷ ℸ𝜑 for simplicity, the 𝜔-dependence of ⊳𝜛⊳⊳ in the 𝜀-like scenario 
can be approximated as
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. (11)

This result shows that a measurement of the 𝜔-dependence of ⊳𝜛⊳⊳ can 
reveal the pattern of heavy-quark couplings to the mediator as a function 
of the energy scale 𝜔.

3.  Cross section

As shown in Fig. 1, we assign momenta 67 and 68 to the initial- and 
"nal-state leptons, respectively, and express the gluon momentum inside 
the nucleon as 9. , where 9 is the momentum fraction and .  (. 2 ω 0) is 
the nucleon momentum. The hadronic cross section , for lepton-nucleon 
scattering ⋛7<  ⋛8ℏ (where ℏ denotes the hadronic system in the "nal 
state) is given by the convolution of the partonic cross section >, with 
parton distribution function (PDF) as
)

⋆,
⋆≨⋆𝐴

⦅

⦆

⋛7<  ⋛8ℏ
[

=
∱

1

0
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)
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⦅

⦆

⋛7⊳  ⋛8⊳
[

ℶ⊳ϑ< (9,4ℶ ), (12)

where ≨ = 𝜔2ϑ(2. ⋜ ℵ) and 𝐴 = . ⋜ ℵϑ. ⋜ 67, and ℵ = 67 ε 6ℶ  with 𝜔2 =
εℵ2. The function ℶ⊳ϑ< (9,4ℶ ) is the gluon PDF, which describes the prob-
ability that a gluon carries a momentum fraction 9 inside the nucleon at 
the factorization scale 4ℶ .

With the mediator-gluon interactions of Eqs. (4) and (5), one can 
then calculate the partonic cross section for the process ⋛7⊳  ⋛8⊳. To 
analyze 𝜔-dependence of the cross section, it is convenient to consider 
the di!erential cross section with respect to 𝜔. By performing a vari-
able transformation from 𝐴 to 𝜔 and integrating over ≨, one obtains the 
di!erential cross section as
)

⋆,
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4102
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with 0 = (. + 67)2. The function ∲⊳ is the inverse moment of the gluon 
PDF, de"ned by

∲⊳(𝜔2) =
∱

1

≨min
≨ε2ℶ⊳ϑ< (≨,𝜔)⋆≨, (14)

where ≨min = 𝜔2ϑ0, and the factorization scale 4ℶ  is set equal to 𝜔. The 
leptonic part 𝐵𝜛

78 is given by
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/

ℸ7ℸ8 , (15)

and arises from the CLFV mediator-lepton interaction given in Eq.  (1).

4.  Sensitivity to quark coupling scenarios

We analyze the CLFV cross sections for electron-proton scattering, 
2.  𝜕ℏ, mediated by the partonic subprocess 2⊳  𝜕⊳. The heavy 
quark masses are taken to be the same as those in Section 2. The 𝜕-lepton 
mass is set to ℸ𝜕 = 1.78GeV, and the electron mass is neglected. In this 
section, we focus on the case where the mediator is a scalar (𝜛 = 𝜛𝐶 ), 
while the pseudoscalar case can be treated in a similar manner. The 
CLFV coupling is chosen to match the projected experimental sensitiv-
ity for the branching ratio Br(𝜕  21+1ε) = 5 ϖ 10ε10 [44]. According 
to the calculation of low-energy CLFV decay rates1 based on Ref. [45], 
the magnitudes of the coupling constants corresponding to the expected 

1 Translating the result of Ref. [45] into our notation, the branching ra-
tios for the processes arising from mediator-gluon interactions are given by 
Br(𝜕  21+1ε) = 2.6 ϖ 105 ϖ 𝐷𝜛𝐶

[GeV6] and Br(𝜕  2𝐸ϱ) = 2.9 ϖ 106𝐷𝜛.
[GeV6]
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Fig. 3. Di!erential cross sections for the process 𝜔𝜀  𝜗𝜀 as functions of 𝜛, 
shown for electron beam energies of 𝜚𝜔 = 100GeV (top panel), 1TeV (middle 
panel) and 10TeV (bottom panel). The CLFV coupling 𝜍𝜑𝜗𝜔 is set to match the 
projected sensitivity of BR(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10 at a future experiment. Solid 
(dashed) curves correspond to 𝜕-like (ℵ-only) scenario, with mediator masses of 
ℶℷ = 10GeV (red), 100GeV (black), and 1TeV (blue). (For interpretation of the 
references to color in this "gure legend, the reader is referred to the web version 
of this article.)

sensitivity are estimated for the 𝜕-like and ℵ-only scenarios as follows:
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where 𝜍𝜑𝜗𝜔 =
{

⌋𝜍𝜑𝜗𝜔⌋2 + ⌋𝜍𝜑𝜔𝜗 ⌋2. We note that in each scenario the coupling 
is taken to be proportional to ℶ2

𝜑 in order to keep the CLFV decay rates 
"xed.

In Fig. 3, the di!erential cross section for electron-proton scatter-
ing via the partonic process 𝜔𝜀  𝜗𝜀 is shown. We use the CT14 LO 

Fig. 4. Di!erential cross section ⊳⊲
⊳𝜛

 evaluated at the peak position 𝜛ϑ varying 
the value of ℸ0 from 0 to 2 with an increment of 0.2. The electron beam energy is 
taken to be 𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel) and 10TeV (bottom 
panel). The scalar mass is set to ℶℷ = 10GeV (red), 100GeV (blue) and 1TeV 
(black). (For interpretation of the references to color in this "gure legend, the 
reader is referred to the web version of this article.)

PDF set [46] for the proton. The electron beam energy is taken to be 
𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel), and 10TeV (bottom 
panel). The solid lines represent the cross sections for the 𝜕-like scenario, 
while the dashed lines correspond to the ℵ-only scenario. The scalar me-
diator mass is varied as ℶ𝜑 = 10GeV (red), 100GeV (black), and 1TeV 
(blue). All the lines converge around 𝜛 ϖ 1GeV because the couplings 
are chosen according to the Eqs. (16) and (17) to reproduce the same 
branching ratio Br(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10, which is determined using 
the e!ective gluon-gluon mediator coupling at 𝜛 ϖ 1GeV.

In Fig. 3, the relative size of the di!erential cross section in the 
ℵ-only scenario with respect to that in the 𝜕-like scenario is greater 
than unity for 𝜛 1 20GeV, but falls below unity for 𝜛 2 20GeV. The 

Physics�Letters�B�871��������140022�

4�

Y. Kiyo, M. Takeuchi, Y. Uesaka et al.

Fig. 3. Di!erential cross sections for the process 𝜔𝜀  𝜗𝜀 as functions of 𝜛, 
shown for electron beam energies of 𝜚𝜔 = 100GeV (top panel), 1TeV (middle 
panel) and 10TeV (bottom panel). The CLFV coupling 𝜍𝜑𝜗𝜔 is set to match the 
projected sensitivity of BR(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10 at a future experiment. Solid 
(dashed) curves correspond to 𝜕-like (ℵ-only) scenario, with mediator masses of 
ℶℷ = 10GeV (red), 100GeV (black), and 1TeV (blue). (For interpretation of the 
references to color in this "gure legend, the reader is referred to the web version 
of this article.)
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𝜑 in order to keep the CLFV decay rates 
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In Fig. 3, the di!erential cross section for electron-proton scatter-
ing via the partonic process 𝜔𝜀  𝜗𝜀 is shown. We use the CT14 LO 
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the value of ℸ0 from 0 to 2 with an increment of 0.2. The electron beam energy is 
taken to be 𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel) and 10TeV (bottom 
panel). The scalar mass is set to ℶℷ = 10GeV (red), 100GeV (blue) and 1TeV 
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reader is referred to the web version of this article.)

PDF set [46] for the proton. The electron beam energy is taken to be 
𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel), and 10TeV (bottom 
panel). The solid lines represent the cross sections for the 𝜕-like scenario, 
while the dashed lines correspond to the ℵ-only scenario. The scalar me-
diator mass is varied as ℶ𝜑 = 10GeV (red), 100GeV (black), and 1TeV 
(blue). All the lines converge around 𝜛 ϖ 1GeV because the couplings 
are chosen according to the Eqs. (16) and (17) to reproduce the same 
branching ratio Br(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10, which is determined using 
the e!ective gluon-gluon mediator coupling at 𝜛 ϖ 1GeV.

In Fig. 3, the relative size of the di!erential cross section in the 
ℵ-only scenario with respect to that in the 𝜕-like scenario is greater 
than unity for 𝜛 1 20GeV, but falls below unity for 𝜛 2 20GeV. The 
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Fig. 3. Di!erential cross sections for the process 𝜔𝜀  𝜗𝜀 as functions of 𝜛, 
shown for electron beam energies of 𝜚𝜔 = 100GeV (top panel), 1TeV (middle 
panel) and 10TeV (bottom panel). The CLFV coupling 𝜍𝜑𝜗𝜔 is set to match the 
projected sensitivity of BR(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10 at a future experiment. Solid 
(dashed) curves correspond to 𝜕-like (ℵ-only) scenario, with mediator masses of 
ℶℷ = 10GeV (red), 100GeV (black), and 1TeV (blue). (For interpretation of the 
references to color in this "gure legend, the reader is referred to the web version 
of this article.)

sensitivity are estimated for the 𝜕-like and ℵ-only scenarios as follows:
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⌋𝜍𝜑𝜗𝜔⌋2 + ⌋𝜍𝜑𝜔𝜗 ⌋2. We note that in each scenario the coupling 
is taken to be proportional to ℶ2

𝜑 in order to keep the CLFV decay rates 
"xed.

In Fig. 3, the di!erential cross section for electron-proton scatter-
ing via the partonic process 𝜔𝜀  𝜗𝜀 is shown. We use the CT14 LO 
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the value of ℸ0 from 0 to 2 with an increment of 0.2. The electron beam energy is 
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PDF set [46] for the proton. The electron beam energy is taken to be 
𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel), and 10TeV (bottom 
panel). The solid lines represent the cross sections for the 𝜕-like scenario, 
while the dashed lines correspond to the ℵ-only scenario. The scalar me-
diator mass is varied as ℶ𝜑 = 10GeV (red), 100GeV (black), and 1TeV 
(blue). All the lines converge around 𝜛 ϖ 1GeV because the couplings 
are chosen according to the Eqs. (16) and (17) to reproduce the same 
branching ratio Br(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10, which is determined using 
the e!ective gluon-gluon mediator coupling at 𝜛 ϖ 1GeV.

In Fig. 3, the relative size of the di!erential cross section in the 
ℵ-only scenario with respect to that in the 𝜕-like scenario is greater 
than unity for 𝜛 1 20GeV, but falls below unity for 𝜛 2 20GeV. The 
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Fig. 3. Di!erential cross sections for the process 𝜔𝜀  𝜗𝜀 as functions of 𝜛, 
shown for electron beam energies of 𝜚𝜔 = 100GeV (top panel), 1TeV (middle 
panel) and 10TeV (bottom panel). The CLFV coupling 𝜍𝜑𝜗𝜔 is set to match the 
projected sensitivity of BR(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10 at a future experiment. Solid 
(dashed) curves correspond to 𝜕-like (ℵ-only) scenario, with mediator masses of 
ℶℷ = 10GeV (red), 100GeV (black), and 1TeV (blue). (For interpretation of the 
references to color in this "gure legend, the reader is referred to the web version 
of this article.)
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panel). The solid lines represent the cross sections for the 𝜕-like scenario, 
while the dashed lines correspond to the ℵ-only scenario. The scalar me-
diator mass is varied as ℶ𝜑 = 10GeV (red), 100GeV (black), and 1TeV 
(blue). All the lines converge around 𝜛 ϖ 1GeV because the couplings 
are chosen according to the Eqs. (16) and (17) to reproduce the same 
branching ratio Br(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10, which is determined using 
the e!ective gluon-gluon mediator coupling at 𝜛 ϖ 1GeV.

In Fig. 3, the relative size of the di!erential cross section in the 
ℵ-only scenario with respect to that in the 𝜕-like scenario is greater 
than unity for 𝜛 1 20GeV, but falls below unity for 𝜛 2 20GeV. The 
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Fig. 3. Di!erential cross sections for the process 𝜔𝜀  𝜗𝜀 as functions of 𝜛, 
shown for electron beam energies of 𝜚𝜔 = 100GeV (top panel), 1TeV (middle 
panel) and 10TeV (bottom panel). The CLFV coupling 𝜍𝜑𝜗𝜔 is set to match the 
projected sensitivity of BR(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10 at a future experiment. Solid 
(dashed) curves correspond to 𝜕-like (ℵ-only) scenario, with mediator masses of 
ℶℷ = 10GeV (red), 100GeV (black), and 1TeV (blue). (For interpretation of the 
references to color in this "gure legend, the reader is referred to the web version 
of this article.)
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Fig. 4. Di!erential cross section ⊳⊲
⊳𝜛

 evaluated at the peak position 𝜛ϑ varying 
the value of ℸ0 from 0 to 2 with an increment of 0.2. The electron beam energy is 
taken to be 𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel) and 10TeV (bottom 
panel). The scalar mass is set to ℶℷ = 10GeV (red), 100GeV (blue) and 1TeV 
(black). (For interpretation of the references to color in this "gure legend, the 
reader is referred to the web version of this article.)

PDF set [46] for the proton. The electron beam energy is taken to be 
𝜚𝜔 = 100GeV (top panel), 1TeV (middle panel), and 10TeV (bottom 
panel). The solid lines represent the cross sections for the 𝜕-like scenario, 
while the dashed lines correspond to the ℵ-only scenario. The scalar me-
diator mass is varied as ℶ𝜑 = 10GeV (red), 100GeV (black), and 1TeV 
(blue). All the lines converge around 𝜛 ϖ 1GeV because the couplings 
are chosen according to the Eqs. (16) and (17) to reproduce the same 
branching ratio Br(𝜗  𝜔𝛻+𝛻ω) = 5 ε 10ω10, which is determined using 
the e!ective gluon-gluon mediator coupling at 𝜛 ϖ 1GeV.

In Fig. 3, the relative size of the di!erential cross section in the 
ℵ-only scenario with respect to that in the 𝜕-like scenario is greater 
than unity for 𝜛 1 20GeV, but falls below unity for 𝜛 2 20GeV. The 
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Table 1 
The di!erential cross section 𝜔𝜀

𝜔𝜗
 evaluated at the peak position 𝜗 = 𝜗ω for 𝜛-like and 𝜚-only scenarios. 

The model parameters for mediator-quark coupling and the CLFV interaction are taken as 𝜍𝜑 = 1, 
𝛻𝜑(𝜚) = 1 and 𝜕𝛻𝜑ℵℶ = 1.
   ℷℵ ℸ⊳ [GeV] 𝜛-like 𝜚-only

 𝜗ω [GeV] 𝜔𝜀𝜛

𝜔𝜗
[fbεGeV] 𝜗ω [GeV] 𝜔𝜀𝜚

𝜔𝜗
[fbεGeV] 

 10  4.08 2.01 ϑ 10ϖ1  4.24 2.65 ϑ 10ϖ2  
 100GeV 102  4.78 2.85 ϑ 10ϖ5  4.88 3.86 ϑ 10ϖ6  
 103  4.78 2.87 ϑ 10ϖ9  4.88 3.88 ϑ 10ϖ10  
 10  5.60  1.41  5.83 1.95 ϑ 10ϖ1  
 1TeV 102  10.6 3.29 ϑ 10ϖ4  9.95 4.61 ϑ 10ϖ5  
 103  10.8 3.36 ϑ 10ϖ8  10.1 4.71 ϑ 10ϖ9  
 10  7.24  5.71  7.39 8.05 ϑ 10ϖ1  
 10TeV 102  22.0 2.80 ϑ 10ϖ3  15.4 3.27 ϑ 10ϖ4  
 103  26.8 3.13 ϑ 10ϖ7  16.3 3.44 ϑ 10ϖ8  

ratio of the di!erential cross section in the 𝜚-only scenario to that 
in the 𝜛-like scenario becomes the ratio of the coupling constants: 
(𝛻𝜚-onlyℶℵ ⊲𝜚-only𝜑⊲⊲ (𝜗))2ε(𝛻𝜛-likeℶℵ ⊲𝜛-like𝜑⊲⊲ (𝜗))2. This ratio increases and peaks at 
𝜗 = 8GeV, because in the low 𝜗 region the e!ective coupling in the 
𝜛-like scenario drops more rapidly than that in the 𝜚-only scenario due 
to the fast decrease of the charm-quark contribution. Then it keeps de-
creasing as a function of 𝜗, crossing unity at 𝜗 ϱ 20GeV, where the 
e!ective coupling in the 𝜛-like scenario becomes larger than that of 𝜚-
only scenario.

In the top panel (ℷℵ = 100GeV), when the scalar mass is as low as 
10GeV, the cross section varies with the scalar mass in both scenarios. 
In contrast, when the scalar mass is large compared to the typical 𝜗
values, which are of order 𝜗 ς

⌋

20ℷℵ1 ∱ 14GeV for ℷℵ = 100GeV
and the nucleon mass 0 ϱ 1GeV, the cross section becomes only weakly 
dependent on the scalar mass. As a result, the cross sections for ℸ⊳ =
100GeV and ℸ⊳ = 1TeV are degenerate in both scenarios. This behavior 
can be understood from the relative propagator factor 1ε(1 +𝜗2εℸ2

⊳ )
2, 

which leads to stronger suppression at high 𝜗 for smaller scalar masses.
At this beam energy, the peak position of the cross section, de-

noted as 𝜗 = 𝜗ω, is nearly identical between the two scenarios (𝜗ω =
4 ς 5GeV), but 𝜛-like scenario gives a slightly smaller value. This is be-
cause charm-quark contribution in the 𝜛-like scenario decreases rapidly 
with increasing 𝜗, shiftig the peak position 𝜗ω to a lower value. In both 
scenarios, the peak position 𝜗ω shifts to smaller values for smaller ℸ⊳ , 
as the propagator suppression becomes more signi"cant at high 𝜗 for 
lighter mediators.

In the middle panel (ℷℵ = 1TeV), slight di!erences between ℸ⊳ =
100GeV and ℸ⊳ = 1TeV begin to appear in the 𝜛-like and the 𝜚-only 
scenarios. At this beam energy, the peak position of the cross section for 
the light scalar mass ℸ⊳ = 10GeV is around 𝜗ω ς 6GeV for both scenar-
ios, while for intermediate and heavy scalar masses (ℸ⊳ = 100GeV to 
1TeV) the peak shifts to higher values of 𝜗ω ς 10GeV. As is shown in 
Fig. 2, for the same scalar mass ℸ⊳ = 10GeV the peak position 𝜗ω for 
the 𝜛-like scenario is smaller compared with that for the 𝜚-only scenario 
due to the rapid drop of the charm-quark contribution. On the other 
hand, for ℸ⊳ = 100 GeV and 1 TeV, the peak position 𝜗ω for the 𝜛-like 
scenario gives a larger value compared with the 𝜚-only scenario, since 
the peak position is already around 𝜗ω ς 10 GeV and the e!ect of the 
lasting top-quark contribution is more important.

In the bottom panel (ℷℵ = 10TeV) the magnitude of the cross sec-
tion strongly depends on the mediator mass ℸ⊳ . In addition, for heavy 
mediator masses, the peak position of the cross section becomes sensi-
tive to the di!erence between the 𝜛-like and 𝜚-only scenarios through 
the di!erence of the top-quark contribution, which is a notable feature 
at this beam energy. For instance, the peak position for ℸ⊳ = 100GeV 
(1TeV) is 𝜗ω ς 22GeV (27GeV) in the 𝜛-like scenario, and 𝜗ω ς 15GeV 
(16GeV) in the 𝜚-only scenario.

Table 1 summarizes the peak positions 𝜗ω and the correspond-
ing magnitude of the di!erential cross sections at these peak posi-
tions for the 𝜛-like and 𝜚-only scenarios, with electron beam energies 
ℷℵ = 100GeV, 1TeV, and 10TeV, and scalar mediator masses ℸ⊳ = 10, 
102, and 103 GeV. In the table, the CLFV coupling is "xed to 𝛻𝜑ℶℵ = 1, 
with 𝜍𝜑 = 1 and 𝛻𝜑(𝜚) = 1.2 For ℷℵ = 100GeV and 1TeV, the peak po-
sitions in the two scenarios are close to each other. However at ℷℵ =
10TeV, the di!erence becomes noticeable: 𝜗ω

⌈𝜛-like ϖ𝜗ω
⌈𝜚-only ς 7GeV 

for ℸ𝜑 = 100GeV, and 𝜗ω
⌈𝜛-like ϖ𝜗ω

⌈𝜚-only ς 10GeV for ℸ𝜑 = 1TeV. This 
di!erence originates from the 𝜗-dependence of the mediator-gluon cou-
pling ⊲𝜑⊲⊲(𝜗), as shown in Eqs. (10) and (11).

Determining the peak position in CLFV DIS experiments may allow 
one to extract information about the coupling between the mediator 
and heavy quarks, which arises through one-loop triangle diagrams, as 
given in Eqs. (6) and (7). This approach of probing the 𝜗-dependence 
in high-𝜗 DIS experiments provides a promising means to access model 
details that cannot be determined from low-energy CLFV searches, such 
as the ℶ-decay experiments.

To further demonstrate the sensitivity of the cross section to the 
mediator-quark coupling, we introduce an alternative coupling scenario:

𝛻𝜑22 =
ℸ2
3
, 𝛻𝜑𝜚𝜚 =

ℸ𝜚
3
, 𝛻𝜑44 = 𝜍𝜑

4
ℸ4
3
, (18)

where 𝜍𝜑
4  parametrizes the enhancement factor of the mediator’s cou-

pling to the top quark, and 𝜍𝜑
4 = 1 corresponds to the 𝜛-like scenario. 

Fig. 4 shows how the peak position 𝜗ω and the magnitude of the cross 
section at the peak vary as 𝜍𝜑

4  is increased from 0 to 2 in increments 
of 0.2. Here, the CLFV coupling constant is "xed to 𝛻ℶℵ = 1. The top, 
middle, and bottom panels correspond to the electron beam energies of 
ℷℵ = 100GeV, 1TeV, and 10TeV, respectively. The red, blue, and black 
markers indicate the scalar masses of ℸ⊳ = 10GeV, 100GeV, and 1TeV, 
respectively. A clear sensitivity of the peak position 𝜗ω to the mediator-
top-quark coupling 𝜍𝜑

4  is observed. In the top panel (ℷℵ = 100GeV), peak 
position 𝜗ω changes by only about 0.3GeV as 𝜍𝜑

4  varied from 0 to 2 for 
all ℸ⊳ = 10, 100 GeV, and 1 TeV. In the bottom panel (ℷℵ = 10TeV), the 
peak position 𝜗ω varies from 14 to 34 GeV for ℸ⊳ = 1 TeV while the 
shift of 𝜗ω is smaller for ℸ⊳ = 10 GeV. In general, increasing the beam 
energy enhances the sensitivity of the coupling owing to the broader 
𝜗2 coverage, although this improvement is less pronounced for lighter 
mediator masses.

2 To obtain the cross section values shown in Fig. 3, multiply the values in 
Table 1 by ⌈𝜍𝜑𝛻𝜑ℶℵ⌈

2 or ⌈𝛻𝜑(𝜚)𝛻𝜑ℶℵ⌈2, as given respectively in Eqs. (16) and (17).
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サマリー

の計算ではクォーク質量の効果を取り込ん
で計算：信頼できる断面積にはACOT-schemeを用いる 

における相互作用と質量の測定にはQ分布を用
い、ピークと断面積の絶対値からスカラーとヘビークォー
クの結合定数のシナリオを確認できることを示した 

  DIS( )で終状態 レプトン運動量分布を調べる
ことでモデルの詳細に迫ることができる

e−g → τ−bb̄

eg → τg

e−N → τ−X τ

CLFV scalar mediatorを仮定し、DISにおけるCLFV　
結合定数のシナリ決定可能性について調べた：



作成途中の資料
メモ



Effective couplings
Y. Kiyo, M. Takeuchi, Y. Uesaka et al.

Fig. 2. 𝜔-dependence of the mediator-gluon coupling for scalar (left panel) and pseudoscalar (right panel) cases. The solid line corresponds to 𝜀-like scenario 
with 𝜗𝜛 = 1, while the dotted, dashed and dot-dashed lines represent the 𝜚-only, 𝜍-only and 𝜑-only scenarios with coupling constants 𝛻𝜛(𝜚) = 1, 𝛻𝜛(𝜍) = 1 and 𝛻𝜛(𝜑) = 1, 
respectively.

𝜕ℵℶ (𝜕ℵ) ω 1 for the pseudoscalar coupling as 𝜔2  0. Therefore, the 
mediator-gluon coupling at low 𝜔 (𝜔 ℷ 2ℸ𝜚 ) can be approximated as

⊳𝜛⊳⊳(0) =
⊲0𝜚𝜛
81

⌋

𝛻𝜛𝜚𝜚
ℸ𝜚

+
𝛻𝜛𝜍𝜍
ℸ𝜍

+
𝛻𝜛𝜑𝜑
ℸ𝜑

⌈

, (9)

with 𝜚𝜛 = 2
3  and 1 for the scalar and pseudoscalar cases, respectively. 

Thus, each quark contribution a!ects only the overall normalization of 
⊳𝜛⊳⊳ , and low-energy measurements, such as 𝜕  21+1ε and 𝜕  210, of 
this coupling cannot resolve the individual quark contributions to the 
mediator-gluon interaction.

When 𝜔 3 ℸℵ , the loop function can be approximated as ℶ (𝜕ℵ) ω
ε 1

4 ln
2 𝜔2

ℸ2
ℵ
. The leading high-𝜔 behavior of the mediator-gluon coupling 

in the ℵ-only scenario is then given by

⊳ℵ-only𝜛⊳⊳ (𝜔) ω
⊲0(𝜔)
81

⌉

{

{

}

𝛻𝜛(ℵ)
ℸℵ

⦃

⦄

⦄

⟨

ℸ2
ℵ

𝜔2 ln2
⌋

𝜔2

ℸ2
ℵ

⌈

(2ℸℵ ℷ 𝜔), (10)

where the strong coupling constant ⊲0(4) is evaluated at the scale 4 = 𝜔.
Using Eqs. (9) and (10), the 𝜔-dependence of the mediator-gluon 

coupling can be understood. Assuming a quark mass hierarchy ℸ𝜚 ℷ
ℸ𝜍 ℷ ℸ𝜑 for simplicity, the 𝜔-dependence of ⊳𝜛⊳⊳ in the 𝜀-like scenario 
can be approximated as

⊳𝜀-like𝜛⊳⊳ (𝜔) ω
⊲0(𝜔)𝜗𝜛

815

⟩

⟪

⟪

⟫

⟪

⟪

❲

2𝜚𝜛 + ℸ2
𝜚

𝜔2 ln2
❳

𝜔2

ℸ2
𝜚

/

(2ℸ𝜚 ℷ 𝜔 ℷ 2ℸ𝜍)

𝜚𝜛 + ℸ2
𝜍

𝜔2 ln2
\

𝜔2

ℸ2
𝜍

(

(2ℸ𝜍 ℷ 𝜔 ℷ 2ℸ𝜑)

ℸ2
𝜑

𝜔2 ln2
\

𝜔2

ℸ2
𝜑

(

(2ℸ𝜑 ℷ 𝜔)

. (11)

This result shows that a measurement of the 𝜔-dependence of ⊳𝜛⊳⊳ can 
reveal the pattern of heavy-quark couplings to the mediator as a function 
of the energy scale 𝜔.

3.  Cross section

As shown in Fig. 1, we assign momenta 67 and 68 to the initial- and 
"nal-state leptons, respectively, and express the gluon momentum inside 
the nucleon as 9. , where 9 is the momentum fraction and .  (. 2 ω 0) is 
the nucleon momentum. The hadronic cross section , for lepton-nucleon 
scattering ⋛7<  ⋛8ℏ (where ℏ denotes the hadronic system in the "nal 
state) is given by the convolution of the partonic cross section >, with 
parton distribution function (PDF) as
)

⋆,
⋆≨⋆𝐴

⦅

⦆

⋛7<  ⋛8ℏ
[

=
∱

1

0
⋆9

)

⋆ >,
⋆≨⋆𝐴

⦅

⦆

⋛7⊳  ⋛8⊳
[

ℶ⊳ϑ< (9,4ℶ ), (12)

where ≨ = 𝜔2ϑ(2. ⋜ ℵ) and 𝐴 = . ⋜ ℵϑ. ⋜ 67, and ℵ = 67 ε 6ℶ  with 𝜔2 =
εℵ2. The function ℶ⊳ϑ< (9,4ℶ ) is the gluon PDF, which describes the prob-
ability that a gluon carries a momentum fraction 9 inside the nucleon at 
the factorization scale 4ℶ .

With the mediator-gluon interactions of Eqs. (4) and (5), one can 
then calculate the partonic cross section for the process ⋛7⊳  ⋛8⊳. To 
analyze 𝜔-dependence of the cross section, it is convenient to consider 
the di!erential cross section with respect to 𝜔. By performing a vari-
able transformation from 𝐴 to 𝜔 and integrating over ≨, one obtains the 
di!erential cross section as
)

⋆,
⋆𝜔

⦅

(⋛7<  ⋛8ℏ) =
]⊳𝜛⊳⊳(𝜔)]2

4102
𝜔5𝐵𝜛

78

(𝜔2 + ℸ2
𝜛)2

ϖ∲⊳(𝜔2), (13)

with 0 = (. + 67)2. The function ∲⊳ is the inverse moment of the gluon 
PDF, de"ned by

∲⊳(𝜔2) =
∱

1

≨min
≨ε2ℶ⊳ϑ< (≨,𝜔)⋆≨, (14)

where ≨min = 𝜔2ϑ0, and the factorization scale 4ℶ  is set equal to 𝜔. The 
leptonic part 𝐵𝜛

78 is given by

𝐵𝜛
78 =

❳

]𝛻𝜛78 ]
2 + ]𝛻𝜛87]

2
/❳

𝜔2 + ℸ2
7 + ℸ2

8

/

+ 4Re
❳

𝛻𝜛78𝛻
𝜛
87

/

ℸ7ℸ8 , (15)

and arises from the CLFV mediator-lepton interaction given in Eq.  (1).

4.  Sensitivity to quark coupling scenarios

We analyze the CLFV cross sections for electron-proton scattering, 
2.  𝜕ℏ, mediated by the partonic subprocess 2⊳  𝜕⊳. The heavy 
quark masses are taken to be the same as those in Section 2. The 𝜕-lepton 
mass is set to ℸ𝜕 = 1.78GeV, and the electron mass is neglected. In this 
section, we focus on the case where the mediator is a scalar (𝜛 = 𝜛𝐶 ), 
while the pseudoscalar case can be treated in a similar manner. The 
CLFV coupling is chosen to match the projected experimental sensitiv-
ity for the branching ratio Br(𝜕  21+1ε) = 5 ϖ 10ε10 [44]. According 
to the calculation of low-energy CLFV decay rates1 based on Ref. [45], 
the magnitudes of the coupling constants corresponding to the expected 

1 Translating the result of Ref. [45] into our notation, the branching ra-
tios for the processes arising from mediator-gluon interactions are given by 
Br(𝜕  21+1ε) = 2.6 ϖ 105 ϖ 𝐷𝜛𝐶

[GeV6] and Br(𝜕  2𝐸ϱ) = 2.9 ϖ 106𝐷𝜛.
[GeV6]

with 𝐷𝜛ℏ
∳
⟦

⟦

⟦

𝛻𝜛ℏ𝜕2
ℸ2
𝜛

⟧

ℵ
𝛻𝜛ℏℵℵ
ℸℵ

⟦

⟦

⟦

2
.
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FIG. 2: Q-dependence of the loop-induced mediator-gluon coupling for scalar (left) and pseudo-

scalar (right). Three patterns of quark-mediator interaction are considered: (a) h-like scenario

with κφ = 1 (solid), (b) c-only scenario with ρφcc = 1 (dotted), (c) b-only scenario with ρφbb = 1

(dash-dotted). [In the figure, super-script of ρφff is missing.]
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FIG. 3: The CLFV dipole couplings for a scalar mediator (left) and for a pseudo-scalar mediator

(right). The CLFV coupling is set to ρφij = 1. Two patterns for the quark couplings are displayed:

(a) the sum of BZ contributions of c, b, t for ρφqq = mq/v (thick solid) (b) the BZ contribution of

each quark flavor [ρφtt = 1 (dash-dotted), ρφbb = 1 (three-dot chain), ρφcc = 1 (dotted)].

In our phenomenological analysis for CLFV DIS, the momentum q of (pseudo-)scalar field
is space-like and ωq < 0. Figure 2 shows the Q-dependence (Q =

√
→q2) of gSgg and gPgg.

Each flavor contribution in h-like scenario is shown by a solid line taking κφ = 1, and the
sum is shown in the thick solid line. Each flavor contribution in c(b)-only scenario is shown
by the dotted (dash-dotted) line. The behavior of low-Q limit of the effective couplings can
be understood from that f(ω) ≈ 1

τ + 1
3τ2 + O(ω→3), which leads ω [1 + (1→ ω) f(ω)] ≈ 2/3

as ωq → 0 for scalar coupling, and ωf(ω) ≈ 1 as ωq → 0 for pseudo-scalar coupling. Note
that f (ω) has no imaginary part for q2 < 0 in DIS process where the CLFV mediator φ is
exchanged in the t-channel Feynmann diagram.
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トータルイベントレート
A. h-like scenario

σ
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N

→
τ
X

)
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FIG. 16: Cross sections at fixed target facilities of beam energy Ee. The mediator is h-like scalar,

which has the quark interaction same with the SM Higgs. We take maximally allowed CLFV

couplings; ρ̄hτe = 1.4→ 10→3, which induces D̄τe = 9.5→ 10→9.

The first scenario we consider is the case that the SM Higgs boson acts as the CLFV
mediator. In this scenario, only ωhij (i, j = e, µ, τ ) are the model parameters. The bounds
on the CLFV couplings come from the Higgs CLFV searches at the LHC, for example,
ω̄hτe < 1.4 → 10→3 [46], as seen in Table III. This upper bound is in turn translated to the
induced dipole coupling, D̄τe = 9.5 → 10→9, which is below the direct bound on the dipole
operator given in Table IV. The cross section of eN → τX at fixed target facilities is
calculated as a function of beam energy for ω̄hτe = 1.4 → 10→3 (Fig. 16). The breakdown of
the subprocess contributions is shown to highlight the different energy dependence; eg → τg
(dot-dashed), eg → τbb̄ (three-dot chained), eg → τcc̄ (dotted), and eql → τql via the dipole
operator (dashed). Note that “eq → τq” implicitly involves its anti-quark contribution,
eq̄ → τ q̄. The eg → τg is the leading or the subleading channel at Ee ! 600GeV. This stems
from the large gluon PDF and no phase space suppression. The heavy flavor excitations begin
to be sizable contributions far above the threshold. Light flavor productions via the photonic
dipole are negligible. As discussed in Sec. IV, this channel could be leading for much heavier
mediator. It is necessary and important to analyze the distributions of the final lepton and
the hadronic flavor tag taking these energy dependences into account. Such an analysis
precisely relates each channel with other CLFVs (e.g., µ→ e conversion in nuclei, τ → eππ,
and so on), and determines the CLFV parameters.

The number of the CLFV DIS events per year at the fixed target facilities is evaluated

24

h-like scenario

as [54]

NCLFV → 6× 10→16Ne

(ωeN→τX

1 fb

)( Tm

1 g cm→2

)
, (20)

where Ne is the electron intensity per year, and Tm is the target mass. Assuming the
specifications of the upgrade option at the ILC (Ee = 500GeV, Tm = 100 g cm→2, Ne =
1022/year), NCLFV = O(10) events/year is expected. For the beam energy of Ee = 5TeV at
PWFA [], for the same target and the intensity with the ILC, expected number of events is
NCLFV = O(102) events/year.

B. b-only scenario
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FIG. 17: Same as Fig. 16, but the CLFV mediator of mS = 10GeV couples with b-quark only.

(update–2021.11.14) [probably already updated. 2024.09.26]

The second scenario we consider is the case that the scalar mediator with ms = 10GeV
couples only with b quarks. The search for the CLFV decay τ → eπ+π→ provides the most
stringent bound on the relevant CLFV coupling, |ρSbb|ρ̄Sτe < 1.3 × 10→5 [43, 61], which is
translated to the dipole coupling, D̄τe = 6.9 × 10→10, and which is well below the current
direct bound. 2

Figure 17 shows the cross section of eN → τX as a function of the beam energy at fixed
target facilities with the maximally allowed CLFV coupling |ρSbb|ρ̄Sτe = 1.3 × 10→5. We see
eg → τg is the leading contribution below Ee ! 250 GeV. Assuming Tm = 100 g cm→2 and
Ne = 1022/year, expected number of the CLFV DIS events is NCLFV = O(105) events/year

2 For this scenario, we don’t interpret the bound |ρSbb|ρ̄Sτe < 0.8× 10−5 given in Table II since it is derived

for decoupled mediators. If we take the value, it corresponds to D̄τe = 1.3 × 10−10, which is still below

the current direct bound on the dipole operator.
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b-only scenario

許される最大の結合定数を用いると, h-like scenarioでは , 

b-only scenarioでは   

 (I LC 500 GeV)

NCLFV = 𝒪(10)/year

NCLFV = 𝒪(105)/year

Tm = 100 gcm−2, Ne = 1022/year

NCLFV ≃ 6 × 10−16Ne ( σeN→τX

1 fb ) ( Tm

1 g/cm2 )


