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Flavour

Flavour related questions

•
Hierar
hy of fermion masses/Yukawas?

•
Flavour mixing/CP violation solely due to CKM?

•
(Di�erent) stru
tures in CKM and PMNS?

•
Lepton Non-Universality (LNU) in R(K), R(D∗)?
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Flavour

Flavour related questions

•
Hierar
hy of fermion masses/Yukawas?

•
Flavour mixing/CP violation solely due to CKM?

•
(Di�erent) stru
tures in CKM and PMNS?

•
Lepton Non-Universality (LNU) in R(K), R(D∗)?

and answers via?

•
Lepton Flavour Violating (LFV) de
ays.

•
Link SM-anomalies in b-physi
s to 
harm Flavour Changing

Neutral Currents (FCNC).

•
Quark � lepton interfa
e.
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Present Status on Charm FCNCs

High pre
ision experiments at

LHCb, BaBar, Belle II, CLEO-
, BESIII, ...

Most stringent limit to date

Bnr(D+ → π+µ+µ−) < 7.3 × 10−8
�CL=90% [LHCb 2013℄.

Rare in the SM due to GIM suppression.

Pre
ise measurements of D0 → π+π−µ+µ−
and

D0 → K+K−µ+µ−
are possible [LHCb 2015℄, [Cappiello et al. 2013℄.
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Present Status on Charm FCNCs

High pre
ision experiments at

LHCb, BaBar, Belle II, CLEO-
, BESIII, ...

Most stringent limit to date

Bnr(D+ → π+µ+µ−) < 7.3 × 10−8
�CL=90% [LHCb 2013℄.

Rare in the SM due to GIM suppression.

Pre
ise measurements of D0 → π+π−µ+µ−
and

D0 → K+K−µ+µ−
are possible [LHCb 2015℄, [Cappiello et al. 2013℄.

Ask for/Probe 
onvergen
e of 
al
ulations by means of Λ
QCD

/mc.

Two orders of magnitude di�eren
e in 
al
ulations of the bran
hing

ratios [Burdman et al. 2002℄, [Fajfer et al. 2003℄, [Paul et al. 2011℄

is resolved, this talk [SdB, B. Müller, D. Seidel to appear, DO-TH 15/11, QFET-2015-27℄.
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and this Talk

Study c → ull′ transitions

•
in the SM (l = l′).

•
and BSM sensitivity model-independently.

•
within Leptoquark models supplemented by �avour patterns.

How mu
h beauty is in rare charm de
ays?
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(N)NLO Cal
ulation

[SdB, B. Müller, D. Seidel to appear, DO-TH 15/11, QFET-2015-27℄

Mat
hing at µW (P1,2: W -indu
ed 
urrent-
urrent operators)

Lweak

e�

∣

∣

µW≥µ>µb
=

4GF√
2

∑

q=d,s,b

V ∗
cqVuq

×
(

C̃1(µ)P
(q)
1 (µ) + C̃2(µ)P

(q)
2 (µ)

)

and mat
hing at µb (P3−10: b-indu
ed penguin operators)

Lweak

e�

∣

∣

∣

∣

µb>µ≥µc

=
4GF√

2

∑

q=d,s

V ∗
cqVuq

×
(

C̃1(µ)P
(q)
1 (µ) + C̃2(µ)P

(q)
2 (µ) +

10
∑

i=3

C̃i(µ)Pi(µ)

)

.
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SM Wilson Coe�
ients at µc = mc

j = 1 j = 2 j = 7 j = 8 j = 9

C̃
(0)
j -1.0275 1.0925 0 0 -0.0030

(αs/(4π)) C̃
(1)
j 0.3214 -0.0549 0.0035 -0.0019 -0.0064

(αs/(4π))
2 C̃

(2)
j 0.0766 -0.0037 0.0002 -0.0003 -0.0037

C̃j -0.6295 1.0339 0.0037 -0.0022 -0.0131

Table: Additionally, C̃3 = −0.0080, C̃4 = −0.0924, C̃5 = 0.0005,
C̃6 = 0.0012 and C̃10 = 0.

C̃1 and C̃2 partially 
an
el in e�e
tive Wilson 
oe�
ients.
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Non-resonant SM Bran
hing Ratios

E�e
tive GIM suppression in non-resonant de
ays, e.g.

q2-bin B(D+ → π+µ+µ−)SM
nr

90% CL limit

full q2 3.7 · 10−12 (±3,+16
−15 ,±1,+4

−1 ,
+158
−1 ,+16

−12 ) 7.3 · 10−8

low q2 7.4 · 10−13 (±4,+23
−21 ,

+10
−11 ,

+11
−1 ,+238

−23 ,+6
−5 ) 2.0 · 10−8

high q2 7.4 · 10−13 (±6,+15
−14 ,±6,+2

−1 ,
+136
−45 ,+27

−20 ) 2.6 · 10−8

Table: Full q2: (2mµ)
2 ≤ q2 ≤ (mD+ −mπ+)2 , low q2:

0.2502GeV2 ≤ q2 ≤ 0.5252GeV2
and high q2: q2 ≥ 1.252 GeV2

.

Non-negligible un
ertainties are labelled as (mc, ms, µW , µb, µc, f+)
[%℄, where µc is varied as mc/

√
2 ≤ µc ≤

√
2mc.
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and Resonant Modes

Figure: The solid blue 
urve is the non-resonant SM predi
tion at

µc = mc and the lighter blue band its µc-un
ertainty. The orange band

represents the pure resonant modes modelled via a Breit-Wigner shape to

�t the data and varying the relative strong phases. The dashed bla
k line

denotes the 90% CL experimental upper limit.
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Lorentz Stru
tures

Lweak

e�

(µ ∼ mc) =
4GF√

2
αe

4π

∑

i C
(l)
i Q

(l)
i ,

Q
(l)
9 = (ūγµPLc)

(

l̄γµl
)

, Q
(l)′
9 = (ūγµPRc)

(

l̄γµl
)

,

Q
(l)
10 = (ūγµPLc)

(

l̄γµγ5l
)

, Q
(l)′
10 = (ūγµPRc)

(

l̄γµγ5l
)

,

Q
(l)
S = (ūPRc)

(

l̄l
)

, Q
(l)′
S = (ūPLc)

(

l̄l
)

,

Q
(l)
P = (ūPRc)

(

l̄γ5l
)

, Q
(l)′
P = (ūPLc)

(

l̄γ5l
)

,

Q
(l)
T =

1

2
(ūσµνc)

(

l̄σµν l
)

, Q
(l)
T5 =

1

2
(ūσµνc)

(

l̄σµνγ5l
)

and analogue for LFV de
ays.

D → Pll and D0 → ll are 
orrelated via C
(′)
10 and C

(′)
S,P .
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Window in Bran
hing Ratio

Figure: The solid blue 
urve is the non-resonant SM predi
tion at

µc = mc and the lighter blue band its µc-un
ertainty, the dashed bla
k

line denotes the 90% CL experimental upper limit and the orange band

represents the resonant modes. The additional 
urves show

|C9| = |C10| = 0.6 (dot-dashed 
yan 
urve) and C
(′)
i = 0.05 (dotted

purple 
urve).
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Null Tests of SM

1
Γ

dΓ
d cos θ = 3

4 (1− FH)(1 − cos2 θ) +AFB cos θ + 1
2FH

(θ is the angle between l− and D in dilepton 
enter-of-mass frame).

At high q2 (q2 ≥ 1.25GeV2
)

|AFB(D
+ → π+µ+µ−)| . 0.6 ,

FH(D+ → π+µ+µ−) . 1.5 .

LFV and dineutrino modes are 
lose to their experimental limits

B(D+ → π+e±µ∓) . 3 · 10−6
[BaBar 2011℄,

B(D+ → π+νν̄) ∼ 10−5
sensitivity at BESIII.

LNU [Fajfer et al. 2015℄ and CP-asymmetries, in Leptoquark models.
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Leptoquark Models

Bottom-up approa
h (LLQ ⊃)

(

λS1LQ
T
Liτ2LL + λS1RqRlR

)

S†
1 + ...+ λV3Q̄Lγµ~τLL ·

(

~V3
µ
)†

.

•
Collider experiments set M & 1TeV.

•
Couplings to quark doublets 
onstrained by rare kaon de
ays.

•
Couplings to ele
trons and muons 
onstrained by µ → eγ and

µ− e 
onversion in nu
lei.

•
Update and extend 
harm (up) 
onstraints of [Davidson et al. 1994℄.

SM-anomalies in R(K) and R(D∗) 
ould be softened by S1 [Bauer et

al. 2015℄ and V3 [Fajfer et al. 2015℄.
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Flavour Patterns

Inspired by Frogatt-Nielsen U(1) (quarks, rows) and A4 (leptons,


olumns) symmetries [de Medeiros Varzielas et al. 2015℄

λi,ii,iii ∼





ρdκ ρd ρd
ρκ ρ ρ
κ 1 1



 ,





0 ∗ 0
0 ∗ 0
0 ∗ 0



 ,





∗ 0 0
0 ∗ 0
0 ∗ 0



 ...

Study 1) 
ouplings to quark singlets and 2) 
ouplings to quark

doublets.
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Bran
hing Ratios

B(D+ → π+µ+µ−) B(D0 → µ+µ−)
i) SM-like SM-like

ii.1) . 7 · 10−8
(2 · 10−8

) . 3 · 10−9

ii.2) SM-like . 4 · 10−13

iii.1) SM-like SM-like

iii.2) SM-like SM-like

exp. < 7.3 · 10−8
(2.6 · 10−8

) < 6.2 · 10−9

Table: Bran
hing ratios on the full q2-range (high q2-range) for di�erent

lasses of leptoquark 
ouplings. All c → ue+e− bran
hing ratios are

�SM-like� in the models studied. Additionally,

B(D0 → τ±e∓) ∼ 5 · 10−9 × |Wilson 
oe�
ient|2.
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Bran
hing Ratios

B(D+ → π+e±µ∓) B(D0 → µ±e∓) B(D+ → π+νν̄)

i) . 2 · 10−13 . 7 · 10−15 . 3 · 10−13

ii.1) 0 0 . 8 · 10−8

ii.2) 0 0 . 4 · 10−12

iii.1) . 2 · 10−6 . 4 · 10−8 . 2 · 10−6

iii.2) . 8 · 10−15 . 2 · 10−16 . 9 · 10−15

exp. . 3 · 10−6 < 1.5 · 10−8
(pre.) ∼ 10−5

, Fran
es
o's talk
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CP Asymmetries

ACP ∼ Im[V ∗
cdVud∆

∗
9]Im[cd]f++Im[V ∗

csVus∆
∗
9]Im[cs]f++(SM ≃ 0)

∆9 = CBSM
9 +C ′

9, cd,s =
4π
αs
2C

e�(d,s)
7 fT

mc

mD
+CR

9 |ρ,φ f+
V ∗

c(d,s)
Vu(d,s)

.

Figure: ACP normalized to the shown bins for 
ase ii.2) around φ (left

plot) and at high q2 (right plot). From yellow (upper 
urves above φ) to
red (lower 
urves above φ) ea
h bun
h represents δφ = π/2, π, 0, 3/2π.

Probe Q9 ∼ ūcll independent of strong phases of φ and small C9

as linked to K/B physi
s at high q2.
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Con
lusion

(N)NLO 
al
ulation of the non-resonant SM c → ull bran
hing
ratios to resolve dis
repan
ies in the literature.

BSM sensitivity in rare 
harm de
ays via

• B(D+ → π+µ+µ−) above the resonan
es.

•
angular observables.

•
CP asymmetries.

•
dineutrino and LFV modes.

Leptoquark models link kaon/bottom physi
s (LNU) and dire
t

sear
hes as a bottom-up approa
h.

BSM physi
s depend on �avour patterns and vi
e versa.
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C9 and Bran
hing Ratios in the Literature

S
ales are not 
onsistently fa
torized, e.g. [Burdman et al. 2002℄, [Paul et al.

2011℄, [Wang et al. 2015℄

C9(µW ) =
∑

q=d,s,b V
∗
cqVuqC

(q)
9,IL ≃ −0.29,

C
(q)
9,IL ∼

c u

ℓ

ℓ

q

yields dis
repan
ies in bran
hing ratios

Bnr,SM

D+→π+µµ
= 6 · 10−12

[Fajfer et al. 2006℄,

Bnr,SM

D+→π+µµ
= [4.59, 8.04] · 10−10

[Wang et al. 2015℄.
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SM Operator Basis

P
(q)
1,2 = (ūLγµ1T

aqL)(q̄Lγ
µ1T acL) ,

P3,4 = (ūLγµ1T
acL)

∑

{q:mq<µ}
(q̄γµ1T aq) ,

P5,6 = (ūLγµ1γµ2γµ3T
acL)

∑

{q:mq<µ}
(q̄γµ1γµ2γµ3T aq) ,

P7 =
e

g2
mc(ūLσ

µ1µ2cR)Fµ1µ2 ,

P8 =
1

g
mc(ūLσ

µ1µ2T acR)G
a
µ1µ2

,

P9,10 =
e2

g2
(ūLγµ1cL)

(

l̄γµ1γ5l
)

.
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