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 Sensitive to BSM!

Complementary to rare b and s deays.

Chek for theoretial tools.
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Branhing Frations

High preision experiments:

(LHCb, CMS, BaBar, Belle II, CLEO-, BESIII, ...)

Non-resonant [LHCb 2013℄ :

B(D+ → π+µ+µ−) < 7.3× 10−8
�CL=90%

Stefan de Boer CHARM 2015



Outline Framework Phenomenology Conlusion and Outlook

Branhing Frations

High preision experiments:

(LHCb, CMS, BaBar, Belle II, CLEO-, BESIII, ...)

Non-resonant [LHCb 2013℄ :

B(D+ → π+µ+µ−) < 7.3× 10−8
�CL=90%

Theoretial status:

Bnr,SM

D+→π+µµ
= 6 · 10−12

[Fajfer et al., 2005℄

Bnr,SM

D+→π+µµ
= [4.59, 8.04] · 10−10

[Wang et al., 2014℄

Stefan de Boer CHARM 2015



Outline Framework Phenomenology Conlusion and Outlook

Branhing Frations

Theoretial status:

Bnr,SM

D+→π+µµ
= 6 · 10−12

[Fajfer et al., 2005℄

Bnr,SM

D+→π+µµ
= [4.59, 8.04] · 10−10

[Wang et al., 2014℄

Bnr,SM

D+→X+
u ee

= 2 · 10−8
[Burdman et al., 2002℄

Bnr,SM

D+→X+
u ee

= 6.0 · 10−10
[Fajfer et al., 2002, 2005℄

Also: [Paul et al., 2011℄

Stefan de Boer CHARM 2015



Outline Framework Phenomenology Conlusion and Outlook

Branhing Frations

Theoretial status:

Bnr,SM

D+→π+µµ
= 6 · 10−12

[Fajfer et al., 2005℄

Bnr,SM

D+→π+µµ
= [4.59, 8.04] · 10−10

[Wang et al., 2014℄

Bnr,SM

D+→X+
u ee

= 2 · 10−8
[Burdman et al., 2002℄

Bnr,SM

D+→X+
u ee

= 6.0 · 10−10
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E�etive Lagrangian

L
e�

= L
QCD×QED|{q:mq<µ,ℓ} + Lweak

e�

:

Lweak

e�

|µ∼mW
=
4GF√

2

∑

q∈{d,s,b}

VcqV
∗
uq

×
(

C1(µ)Q
(q)
1 (µ) + C2(µ)Q

(q)
2 (µ)

)

Q
(q)
1 = (uLγµ1

T aqL)(qLγ
µ1T acL) ,

Q
(q)
2 = (uLγµ1

qL)(qLγ
µ1cL)
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NNLO QCD Calulation in a Nutshell

Wilson oe�ients:

• µ ∼ mW : Math SM onto e�etive theory.

[In ollaboration with Dirk Seidel.℄

[hep-ph/9910220℄, [hep-ph/0411071℄, [hep-ph/0504194℄, [hep-ph/0612329℄
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• µ ∼ mW → µ ∼ mb: Resum logarithms to all orders via

Renormalization Group Equations.

• µ ∼ mb: Integrate b-quark ( additional operators

Q3−6 ∼
c u

∑
q

, Q7,8 ∼ c u

γ,g

, Q9,10 ∼
c u

ℓ ℓ

).

• µ ∼ mb → µ ∼ mc: Sale via RGE.

[In ollaboration with Dirk Seidel.℄

[hep-ph/9910220℄, [hep-ph/0411071℄, [hep-ph/0504194℄, [hep-ph/0612329℄
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NNLO QCD Calulation in a Nutshell

Matrix elements at µ ∼ mc :

•
Relate 〈Q1−6,8〉 ∼ 〈Q7,9,10〉 perturbatively.

[hep-ph/9603417℄, [hep-ph/0306079℄, [arXiv:0810.4077℄

[hep-ph/0008255℄, [arXiv:1111.2558℄, [arXiv:1412.7515℄
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NNLO QCD Calulation in a Nutshell

Matrix elements at µ ∼ mc :

•
Relate 〈Q1−6,8〉 ∼ 〈Q7,9,10〉 perturbatively.

•
Fatorize leptoni and hadroni urrents.

•
Parametrize hadroni 〈Q7,9,10〉 via form fators.

•
Relate form fators within heavy quark e�etive theory.

•
Parametrize form fator (f+) via z-expansion

(parameters �tted via D → πℓνℓ).

[hep-ph/9603417℄, [hep-ph/0306079℄, [arXiv:0810.4077℄

[hep-ph/0008255℄, [arXiv:1111.2558℄, [arXiv:1412.7515℄
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Branhing Frations

Ours (preliminary) :
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u ee

≈ 1 · 10−9
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u µµ

≈ 2 · 10−10
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Deay Distribution (preliminary)

Ours:

Bnr,SM

D+→π+µµ
|q≥1.25GeV ≈ 7.5 · 10−13 +15%

−14%(m̄s)
+138%
−46% (µc)

+27%
−20%(f+)
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BSM: Leptoquarks

Salar (3,3,-1/3) leptoquark: λS3
(QT

Liτ2~τLL) · ~S3
† ⊂ LLQ

Vetor (3,1,-5/3) leptoquark: λṼ1
q̄RγµℓR(Ṽ

µ
1 )† ⊂ LLQ
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BSM: Leptoquarks

Salar (3,3,-1/3) leptoquark: λS3
(QT

Liτ2~τLL) · ~S3
† ⊂ LLQ

Vetor (3,1,-5/3) leptoquark: λṼ1
q̄RγµℓR(Ṽ

µ
1 )† ⊂ LLQ

Constrain masses via ollider experiments: M & 1TeV

Constrain ouplings via B(D+ → π+e±µ∓), B(D0 → µ+µ−),
B(D0 → µ±e∓), xD, yD, atomi parity violation ...

Apply hierarhial �avor pattern for S3 [de Medeiros Varzielas and Hiller, 2015℄ .
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BSM: Leptoquarks (preliminary)

BS3

D+→π+ll
|q≥1.25GeV ≈ 2.4 · 10−10

BṼ1

D+→π+ll
|q≥1.25GeV ≈ 1.4 · 10−8
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Conlusion

Bnr,exp(D+ → π+µ+µ−) . 10−8

Bnr,SM

D+→π+µµ
∼ 10−12

 Any signal is BSM physis!? Sensitivity to leptoquarks!?

Stefan de Boer CHARM 2015



Outline Framework Phenomenology Conlusion and Outlook

Conlusion

Bnr,exp(D+ → π+µ+µ−) . 10−8

Bnr,SM

D+→π+µµ
∼ 10−12

 Any signal is BSM physis!? Sensitivity to leptoquarks!?

Outlook

•
Extend this study.

• D → ρℓℓ, Λc → pℓℓ, ...

•
Look forward to experiments :)

•
Let me know of your ideas!
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E�etive Lagrangian

L
e�

= L
QCD×QED|{q:mq<µ,ℓ} + Lweak

e�

Lweak

e�

|mW≥µ>mb
=

4GF√
2

∑

q∈{d,s,b}

VcqV
∗
uq

×
(

C1(µ)Q
(q)
1 (µ) + C2(µ)Q

(q)
2 (µ)

)

Lweak

e�

|mb>µ≥mc =
4GF√

2

∑

q∈{d,s}

VcqV
∗
uq

×
(

C1(µ)Q
(q)
1 (µ) + C2(µ)Q

(q)
2 (µ)−

10
∑

i=3

Ci(µ)Qi(µ)

)

Stefan de Boer CHARM 2015



Outline Framework Phenomenology Conlusion and Outlook

SM dim 6 Operator Basis

Q
(q)
1,2 = (uLγµ1

T aqL)(qLγ
µ1T acL)

Q3,4 = (uLγµ1
T acL)

∑

{q:mq<µ}

(qγµ1T aq)

Q5,6 = (uLγµ1
γµ2

γµ3
T acL)

∑

{q:mq<µ}

(qγµ1γµ2γµ3T aq)

Q7 =
e

g2
mc(uLσ

µ1µ2cR)Fµ1µ2

Q8 =
1

g
mc(uLσ

µ1µ2T acR)G
a
µ1µ2

Q9,10 =
e2

g2
(uLγµ1

cL)
(

ℓγµ1γ5ℓ
)
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Branhing Fration

Theoretial status:

Bnr,SM

D+→π+µµ
|q≥1.25GeV = [1.18, 2.08] · 10−10

[Wang et al., 2014℄

No sale unertainties.
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S3 Flavor Pattern

[de Medeiros Varzielas and Hiller, 2015℄ :

λ[ρκ] ∼ λ0





ρdκ ρd ρd
ρκ ρ ρ
κ 1 1





ρd . 0.02 , κ . 0.5 , 10−4 . ρ . 1 , κ/ρ . 0.5 , ρd/ρ . 1.6

|λ2
0ρρd| onstraint via rare Kaon deay and |λ2

0ρ||1− κ2| �xed by

means of RK .
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