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Motivation

1. Anomalies in B meson decays:

RD =
Br(B → Dτν)

Br(B → Dlν)
RK =

Br(B → Kµµ)

Br(B → Kee)

RSM
D = 0.300± 0.010

Rexp
D = 0.388± 0.047

RSM
D∗ = 0.252± 0.005

Rexp
D∗ = 0.321± 0.021

RSM
K = 1.0003± 0.0001

RLHCb
K = 0.745± 0.090

0.074± 0.036

[LHCb, Phys. Rev. Lett. 113, 151601 (2014)]
[BaBar, Phys. Rev. D 88, no. 7, 072012 (2013)]
[Belle, Phys. Rev. D 92, no. 7, 072014 (2015)]
[LHCb, Phys. Rev. Lett. 115, no. 11, 111803 (2015)]

∼ 3.9σ ∼ 2.6σ

2. Unknown origin of neutrino masses

3. 750 GeV Diphoton Excess?
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Leptoquark mediators

Common solution: Leptoquarks!

RK : b → sll

b l−

Ṽi

s l+

RD : b → clν

b τ−

Ṽi

c ν

Mν :

νν

H

Ṽi
†

Ṽi

t t

[Freytsis, Ligeti, Ruderman, Phys. Rev. D 92, no. 5 (2015)]
[Fajfer, Kosnik, Phys. Lett. B 755, 270 (2016)]
[Barbieri, Isidori, Pattori, Senia, Eur. Phys. J. C 76 (2016]
[Calibbi, Crivellin, Ota, Phys. Rev. Lett. 115 (2015)]
[Hiller, Schmaltz, Phys. Rev. D 90, 054014 (2014)]

[. . . ]

LLQ = λLQγµLV0,µ + λRucγµLV †1/2,µ

Leptoquark V0 V1/2

(SU(3), SU(2)) (3, 1) (3, 2)
QEM

2
3

( 2
3
,− 1

3
)

L −1 1
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Neutrino masses

νν

H

Ṽi
†

Ṽi

t t

Leptoquark V0 V1/2

(SU(3),SU(2)) (3, 1) (3, 2)
QEM

2
3 ( 2

3 ,− 1
3 )

L −1 1

LLQ = λLuγµνV0,µ + λRucγµνV †1/2,µ , VLQ = hVHiτ2V
µ
1/2V

†
0µ ,

∆L = 2 ⇒ Majorana Mass!

Mν
ii′ =

3

16π2

∑
j=1,2

∑
q=u,c,t

mqB0(0,m2
q ,m

2
Vj

) sin 2α
[
λRqiλ

L
qi′ + λRqi′λ

L
qi

]

B0(0,m2
q ,m

2
Vj

) =
m2

q log(m2
q)−m2

Vj
log(m2

Vj
)

m2
q −m2

Vj

[Aristizabal Sierra, Hirsch, Kovalenko, Phys. Rev. D 77, 055011 (2008)]
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Neutrino masses

Heaviest neutrino mass:

mν2(3) ∝ mqsin 2α

(∑
i

λLqiλ
R
qi
−

(+)

√∑
i

(
λLqi

)2∑
i

(
λRqi

)2
)
, α ≈

hV vSM

m2
V1/2
−m2

V0

Options to generate light neutrino masses:

1 Leptoquarks couple only to light quarks ⇒ mq small

2 Tiny leptoquark mixing: Large ∆m2
V or small hV coupling

3 Suppress leptoquark couplings ⇒ λR,Lqi small

Here: Combination of 2 and 3
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Flavour Constraints

Modeling the leptoquark couplings (ε ≈ 0.2)

• RD : λLbτλ
L∗
cντ − λLbµλL∗cνµ ' (0.18± 0.04)

m2
V0

TeV2 ' ε
m2

V0

TeV2

[Freytsis, Ligeti, Ruderman, Phys. Rev. D 92, no. 5, 054018 (2015)]

• RK : λL∗se λ
L
be − λL∗sµλLbµ ' (1.8± 0.7) · 10−3 m2

V0

TeV2 ' ε4 m2
V0

TeV2

[Hiller, Schmaltz, Phys. Rev. D 90, 054014 (2014)]

• Kaon decays: |λLdµλL∗sµ| .
m2

V0

(183 TeV)2 ' ε7 m2
V0

TeV2

[Davidson, Bailey, Campbell, Z. Phys. C 61, 613 (1994)]

• µ→ eγ: |λLqeλLqµ| .
m2

V0

(34 TeV)2 ' ε4 m2
V0

TeV2

[MEG Collaboration, Phys. Rev. Lett. 110, 201801 (2013)]

⇒ Flavour data requires hierarchical
leptoquark patterns with large third
and tiny first generation couplings.

λL '

 ε6 ε4 ε3

ε4 ε3 ε
ε3 ε 1


and mV0

' 1 TeV
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Flavour model

• Hierarchical patterns can be modeled well with a
Froggatt-Nielsen mechanism

⇒ All fields charged under additional U(1) symmetry

⇒ Couplings suppressed by flavon insertions

• Other criteria: Realistic fermion masses, CKM mixing,...

Field Q1 Q2 Q3 d s b u c t
Q(U(1)FN) 3 2 0 4 3 3 5 2 0

Field L1 L2 L3 V0 H
Q(U(1)FN) qτ + 3 qτ + 1 qτ −qτ 0

Field e µ τ V †
1/2

η

Q(U(1)FN) qτ − 6 qτ − 4 qτ − 3 qτ -1

LLQ = λLQγµLV0,µ + λRucγµLV †
1/2,µ

, VLQ = hVHiτ2V
µ
1/2

V †0µ

→ λLQγµLV0,µ

(
〈η〉
Λ

)
︸ ︷︷ ︸

ε

|−qQ+qL+qV |
+ λRucγµLV †

1/2,µ

(
〈η〉
Λ

)
︸ ︷︷ ︸

ε

|qu+qL−qV |
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Flavour model

Resulting leptoquark patterns:

λRV1/2
'

 ε|8+2qτ | ε|6+2qτ | ε|5+2qτ |

ε|5+2qτ | ε|3+2qτ | ε|2+2qτ |

ε|3+2qτ | ε|1+2qτ | ε|2qτ |

 ,

eg., for qτ = 5:

λLV0
'

 ε6 ε4 ε3

ε5 ε3 ε2

ε3 ε 1


︸ ︷︷ ︸

Explains RD and RK (with mV0
∼ 1 TeV)

, λRV1/2
'

 ε18 ε16 ε15

ε15 ε13 ε12

ε13 ε11 ε10


︸ ︷︷ ︸

irrelevant for B decays

⇒ Neutrino masses mν ∼ λLqiλRqi suppressed by small λR couplings.
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Back to neutrino masses

mν ∼ a · ε10 , with a ≈ 3

16π2
mt

hV vSM

∆m2
V

log

[
m2

V1/2

m2
V0

]

mν for mV0 = 1 TeV and hV = 1, 0.5, 0.2 TeV:
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mV1�2@TeVD

m
Ν
@eV

D
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Diphoton Excess

Vector leptoquarks can also explain the diphoton excess!

LVχ = κViχV
†
µ,iV

µ
i + h.c. ,

Ṽi

g

g

χ
Ṽi

χg

g

γ

χ
Ṽi

γ

Ṽi
γ

γ

χ

• Vector loop function |A1| � |A1/2| � |A0| can nicely explain
large diphoton cross section without many additional
particles...

• ... however only narrow width.

• Gluon fusion dominant because of small λql couplings

Erik Schumacher, TU Dortmund — Common origin of flavour anomalies and neutrino masses — Slide 10/12



Diphoton Excess
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Model:

σγγ ∝ |4κV0/m
2
V0

+ 5κV1/2
/m2

V1/2
|2

Signal region:

σATLAS = (10± 3) fb

σCMS = (6± 3) fb

Observation: Data best explained
by mV0 ≈ 1 TeV and mV1/2

& 5 TeV
if κVi ≈ mVi
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Summary

• Two leptoquarks with a ∆L = 2 leptoquark-Higgs coupling
generate neutrino masses on one-loop level

• One of these leptoquarks can also explain deviations in B
meson flavour data if MV ∼ 1 TeV

• Suitable coupling matrices can be modeled with a
Froggatt-Nielsen symmetry

• Vector leptoquarks could additionally explain the 750 GeV
diphoton excess

• All constraints combined point to a combination of one light
(∼ 1 TeV) and one heavy leptoquark (∼ 30 TeV)

Thank you!
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Backup
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RK

HQEFT: Heff = −4
GF√

2
VtbV

∗
ts

αe

4π

∑
i

CiOi

Operators: Ol
9 = [sγµPLb]

[
lγµl

]
, Ol

10 = [sγµPLb]
[
lγµγ5l

]
Wilson-Coefficients: C l

9 = −C l
10 =

π

αe

λLsl
∗
λLbl

VtbV ∗ts

√
2

2m2
V0
GF

RK data implies 0.7 . Re [X e − Xµ] . 1.5 with X l = 2C l
9

X e − Xµ =
π√

2αeGFVtbV ∗tsm
2
V0

(
λL∗se λ

L
be − λL∗sµλLbµ

)
⇒ λL∗se λ

L
be − λL∗sµλLbµ ' (1.8± 0.7) · 10−3

m2
V0

TeV2
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RD

Operator: OV = [cγµPLb] [lγµνl ]

Wilson-Coefficient: C cb
L,lν =

1

2
√

2GFVcbm2
V0

λLblλ
L∗
cν

⇒ Explaining RD requires large leptoquark couplings to third
generation fermions:

λLbτλ
L∗
cντ − λLbµλL∗cνµ ' (0.18± 0.04)

m2
V0

TeV2
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Flavour model masses and mixings

The mass matrices have a hierarchical structure, therefore, also the
corresponding mixing is hierarchical:

Mu '

 ε8 ε5 ε3

ε7 ε4 ε2

ε5 ε2 1

 , Md '

 ε7 ε6 ε6

ε6 ε5 ε5

ε4 ε3 ε3

 ,

Ml '

 ε9 ε7 ε6

ε7 ε5 ε4

ε6 ε4 ε3

 .

V L
u,d '

 1 ε ε3

ε 1 ε2

ε3 ε2 1

 , V L,R
l '

 1 ε2 ε3

ε2 1 ε
ε3 ε 1

 ,

V R
u '

 1 ε3 ε5

ε3 1 ε2

ε5 ε2 1

 , V R
d '

 1 ε ε
ε 1 1
ε 1 1

 .

Because of the hierarchical mixing, the leptoquark patterns
involving down-type quarks and charged leptons do not change
under transformation into mass bases.
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Matrices in mass bases

λ̃Ldl = V L
d λ

L
V0
V L†
l , λ̃Luν = V L

u λ
L
V0
V L†
ν ,

λ̃Rul = V R
u λ

R
V1/2

V L†
l , λ̃Ruν = V R

u λ
R
V1/2

V L†
ν .

Since charged lepton mixing is small, neutrino mixing has to be
large to account for the large PMNS mixing angles:

V L†
ν ∼

 1 1 ε
1 1 1
ε 1 1

 The rotation by Vν affects the
leptoquark pattern λuν , increasing
the first generation couplings.

λ̃Luν '

 ε4 ε3 ε3

ε3 ε2 ε2

ε 1 1

 , λ̃Ldl '

 ε6 ε4 ε3

ε5 ε3 ε2

ε3 ε 1


⇒
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Leptoquark mixing

Leptoquark potential and mass matrices:

V (Vi ,H) = hVHiτ2V
µ
1/2

V †0µ − (m2
Vi
− gVi

H†H)V †i,µV
µ
i .

M2
2/3 =

(
m2

V0
− gV0

v2
SM hV vSM

hV vSM m2
V1/2
− gV1/2

v2
SM

)
,

M2
−1/3 = m2

V1/2
− gV1/2

v2
SM .

Mixing depends on hV and leptoquark masses(
Ṽ0

Ṽ1/2

)
= R

(
V0

V1/2

)
, R =

(
cosα − sinα
sinα cosα

)
with tan 2α =

2hV vSM

m2
V1/2
−m2

V0

=
2hV vSM

∆m2
V

,

Coupling hV is bounded from above by perturbativity of the theory

hV ≤ m′V0
m′V1/2

/vSM with m′Vi
≡
√

m2
Vi
− gVi

v2
SM .
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Diphoton excess

Total cross section:

σ(pp → χ→ γγ) =
π2

8s

Γ(χ→ γγ)

Γtot

Γ(χ→ gg)

mχ
fgg (m2

χ/s)

Γgg =
α2
sm

3
χK

gg

128π3

∣∣∣∣∣∑
i

κVi
A1(τVi

)

m2
Vi

∣∣∣∣∣
2

, Γγγ =
α2
em

3
χ

256π3

∣∣∣∣∣∑
i

κVi
NcQ2

Vi
A1(τVi

)

m2
Vi

∣∣∣∣∣
2

.

Loop functions for Spin 0, 1/2 and 1:

A1(τ) =
1

τ2

[
2τ2 + 3τ + 3(2τ − 1) arcsin2√τ

]
, τVi

= m2
χ/(4m2

Vi
) < 1

A0(τ) = −
1

τ2

[
τ − arcsin2√τ

]
, A1/2(τ) =

2

τ2

[
τ + (τ − 1) arcsin2√τ

]
,

Assuming mVi ranging from ∼ 0.8 TeV to 50 TeV:

|A1(τ)|
|A0(τ)|

≈ 20 ,
|A1(τ)|
|A1/2(τ)|

≈ 5
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Diphoton excess

Gluon luminosity function

fgg =

∫ 1

m2
χ/s

fg (x)fg (m2
χ/(xs))

dx

x
= 2141.7 ,

At κVi = 4
3mVi , mV0 = 1 TeV and mV1/2

= 20 TeV we have

Γgg

mχ
' 2 · 10−4 ,

Γγγ
mχ
' 8 · 10−7 , σγγ ' 4 fb .

⇒ Cannot explain wide width observed by ATLAS
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Diphoton excess
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• Red area
excluded by
diboson
searches

• Blue area
corresponds to
σγγ ∈
(3, 13) fb

• κVi ∝ mVi

explains data
well
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Numerical example
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mV0 = 1 TeV

mV1/2
= 30 TeV

hV = 0.2 TeV

κVi =
4/3 mVi

mν
3≈ 0.06 eV

σγγ≈ 4.0 fb
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Scalar leptoquarks

Different leptoquarks, same principle:

Leptoquark (SU(3),SU(2))U(1)Y QEM B L
S1/2 (3, 2)1/6 (−1/3, 2/3) 1/3 −1
S1 (3, 3)−1/3 (2/3,−1/3,−4/3) 1/3 1

b e−

S̃i

s e+ νν

H

S̃i
†

S̃i

b b

(a) (b)

LLQ = λRS1/2
dPLLS1/2

+ λLS1
QcPLiτ2S

†
1L

VLQ⊃ hSHiτ2S1S
†
1/2
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Scalar leptoquarks

Inverse hierarchical couplings:

Field Q1 Q2 Q3 d s b u c t
Q(U(1)FN) -2 -1 0 9 6 3 10 5 0

Field L1 L2 L3 S1

Q(U(1)FN) −qτ − 1 −qτ −qτ qτ − 1
Field e µ τ S1/2

Q(U(1)FN) qτ + 10 qτ + 5 qτ + 3 11− qτ

For qτ = 6:

λLS1
'

 ε4 ε3 ε3

ε3 ε2 ε2

ε2 ε ε

 , λRS1/2
'

 ε3 ε2 ε2

ε6 ε5 ε5

ε9 ε8 ε8

 ,

⇒ Light and heavy down-type quarks contribute equally to neutrino
masses since mqλ

R
qiλ

L
qi ′ ≈ mbε

9, ms ≈ mbε
2 and md ≈ mbε

4.
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Scalar leptoquarks

Notes:

• Since S1 couples also to down-type quarks and neutrinos, RD

cannot be explained without exceeding limits of B → Kνν
(RD requires large λbτλcν ≈ ε, which implies also λbνλsν ≈ ε)

• The inverse hierarchical patterns can induce notable effects in
0νββ decay if simultaneously the leptoquark mixing is large

[Hirsch, Klapdor-Kleingrothaus, Kovalenko, Phys. Lett. B 378, (1996)]

C [νPRe
c ] [uPRd ] , with C = λLS1

λRS1/2

R11R12

M2
S1

+
R21R22

M2
S1/2


T 0νββ

1/2
(76Ge) > 2.1× 1025 yr , T 0νββ

1/2
(76Ge) ≈

2.5× 1021 yr

(cosα sinα)2

M4
S1/2

M4
S1

∆M4
S (TeV)4

[GERDA, Phys. Rev.Lett. 111, no. 12, 122503 (2013)]
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