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b → sµ+µ− anomalies I

B̄d → K̄∗0µ+µ−

angular observable P ′

5

LHCb: 2.8σ in [4, 6]
3.0σ in [6, 8]

Belle: 2.6σ in [4, 8]

Atlas: 2.4σ in [4, 6]

CMS: consistent with SM
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LHCb: 2.2σ in [2, 5]
2.2σ in [5, 8]



b → sµ+µ− anomalies II: LFUV

RK(∗) =
Br(B → K(∗)µ+µ−)

Br(B → K(∗)e+e−)

◮ clean SM prediction RK(∗) = 1
◮ measure lepton-flavour universality violation

LHCb: 2.6σ in [1.0, 6.0] LHCb: 2.3σ in [0.045, 1.1]
2.6σ in [1.1, 6.0]

Belle: P ′ ℓ
5 (ℓ = µ, e)

muons: 2.6σ electrons:1.1σ → LFUV?



What is behind the anomalies?

none of the anomalies is significant as individual observable ...

but ...

all anomalies related to the

same quark-level transition

b → sℓ+ℓ−
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Possible explanations:
◮ underestimated form factor uncertainties?
◮ effect from non-perturbative charm loops?
◮ new physics (Z ′-models, lepto-quarks, ...)?

explanation RK(∗) P ′

5 Bs → φµ+µ−

form factors X X X

charm loop X X X

new physics X X X



New physics generating b → sµ+µ−

◮ tree-level new-physics contributions

s

b̄

µ−

µ+

Z′

Z ′ models
Buras,De Fazio,Girrbach;

Altmannshofer,Gori,Pospelov,Yavin;
Crivellin,D’Ambrosio,Heeck; ...

s

b̄

µ−

µ+

Π

lepto-quarks
Hiller,Schmaltz;

Bečirević,Košnik,Fajfer;
Gripaios,Nardecchia,Renner; ...

◮ loop-level new-physics contributions

Φ

Φ

ΨQ Ψℓ

b̄

s

µ+

µ−

box contributions
Gripaios,Nardecchia,Renner;

Bauer,Neubert;
Arnan,Crivellin,LH,Mescia ...



b → sµ+µ− and (g − 2)µ

Simultaneous solution requires loop-contribution to b → sµ+µ−

◮ Z ′ penguin contribution: [Bélanger,Delaunay,Westhoff’15]

Z ′

bL

sL

Q
L, χ

φ

φ∗

φ∗

φ
µL

µL γ/Z

µL µLL−

χ

yy∗

◮ Box contribution: this talk
[Gripaios,Nardecchia,Renner’15; Arnan,Crivellin,LH,Mescia’16]

b L̄

s̄ LΨ

Ψ

ΦQ Φℓ

µ µ̄

Ψ(L)

Φ(ℓ)

γ



Minimal scenario

◮ Three new particles:

◮ one vector-like fermion Ψ
◮ two scalars ΦQ, Φℓ

(or vice versa)
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◮ scenario with left-handed couplings ΓL
b , ΓL

s , ΓL
µ allows for good

description of b → sℓ+ℓ− data:
µL µR

qL CNP

9
= −CNP

10
(4.6σ) CNP

9 = CNP
10 (1.0σ)

qR CNP
9′

= −CNP
10′

(0.6σ) CNP
9′

= CNP
10′

(0.1σ)

in our analysis: CNP
9 = −CNP

10 ∈ [−0.97,−0.37] (2σ)

new global-fit result (incl. RK∗ ): [−0.87,−0.36] (2σ)
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10′

(0.1σ)

in our analysis: CNP
9 = −CNP

10 ∈ [−0.97,−0.37] (2σ)
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◮ Consider SU(2), SU(3) representations present in SM:

SU (2) ΦQ Φℓ Ψ

I 2 2 1
II 1 1 2
III 3 3 2
IV 2 2 3
V 3 1 2
V I 1 3 2

SU (3) ΦQ Φℓ Ψ

A 3 1 1
B 1 3̄ 3
C 3 8 8
D 8 3̄ 3



Characteristics of minimal scenario

◮ no additional sources of SU(2)L-breaking:

◮ Z-penguin contribution to b → sℓ+ℓ− irrelevant

(m2
b/m

2
Z suppression compared to box contributions)

◮ corrections to Z → µ+µ− proportional to m2
Z/m

2
NP

:

1-2 orders of magn. below the sensitivity of LEP for

mNP & 1TeV

◮ constraints from b → sγ less important than Bs − B̄s mixing

◮ Collider signatures:

similar to sbottom and neutralino searches
→ masses & 1TeV still viable with current Atlas/CMS data

◮ Contributions to flavour physics

Bs − B̄s mixing b → sµ+µ− (g − 2)µ

box: (Γ∗

bΓs)
2 box: (Γ∗

bΓs)|Γµ|
2 penguin: |Γµ|

2

penguin: (Γ∗

bΓs)e
2



(g − 2)µ

◮ 2.7σ tension between experiment and SM:

∆aµ = aexpµ − aSMµ = (236± 87)× 10−11

◮ NP contribution (mΨ(ℓ)
≈ mΦ(ℓ)

)
µ µ̄

Ψ(L)

Φ(ℓ)

γ

∆aµ = (5.8×10−12) ξaµ
|Γµ|

2

(

1TeV

mΨ

)2

ξaµ
: gauge group factor



(g − 2)µ

◮ 2.7σ tension between experiment and SM:

∆aµ = aexpµ − aSMµ = (236± 87)× 10−11

◮ NP contribution (mΨ(ℓ)
≈ mΦ(ℓ)

)
µ µ̄

Ψ(L)

Φ(ℓ)

γ

∆aµ = (5.8×10−12) ξaµ
|Γµ|

2

(

1TeV

mΨ

)2

ξaµ
: gauge group factor

◮ maximum enhancement: ξmax
aµ

= 24

for Ψ = (8, 2), Φℓ = (8, 1), hypercharges |X| ≤ 1

⇒ |Γµ| ≥ 2.1
mΨ

TeV
(2σ)

◮ reduction of tension in (g − 2)µ below 2σ requires |Γµ| ≥ 2
→ large but still viable (Landau-pole at & 103 TeV for |Γµ| ≤ 2.4)



µ → eγ

◮ non-vanishing Γe would generate µ → eγ
→ correlated with (g − 2)µ

Br (µ → eγ) = αQEDmµτµ

∣

∣

∣

∣

Γe

Γµ

∣

∣

∣

∣

2

∆aµ

◮ experimental constraints at 2σ:

∆aexp
µ = 61× 10−11, Brexp (µ → eγ) ≤ 4.2× 10−13

⇒ |Γe/Γµ| < 2× 10−5

◮ bound on |Γe| consistent with Γe ∼ 0

→ coherent with R
(∗)
K



Constraints from Bs − Bs mixing

◮ moderate constraints on Z ′ models

s

b̄

b

s̄

Z′

Γsb

MZ′

× Γsb

MZ′

µ−

µ+

s

b̄

Z′

Γsb

MZ′

× Γµµ

MZ′

Γµµ

MZ′

&
0.3

1TeV



Constraints from Bs − Bs mixing

◮ moderate constraints on Z ′ models

s

b̄

b

s̄

Z′

Γsb

MZ′

× Γsb

MZ′

µ−

µ+

s

b̄

Z′

Γsb

MZ′

× Γµµ

MZ′

Γµµ

MZ′

&
0.3

1TeV

◮ tight constraints on models with box-contributions

Φ
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ΨQ ΨQ

b̄

s

s̄

b

Γ∗

sΓb

MΨ

√
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&
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Constraints from Bs − Bs mixing

◮ with Fermilab,MILC’16 lattice results:

R∆Bs
=

∆M exp
Bs

∆MSM
Bs

− 1 = −0.09± 0.08

→ experiment slightly below SM prediction

◮ NP contribution positive for real couplings Γb, Γs

→ tight constraints
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◮ with Fermilab,MILC’16 lattice results:

R∆Bs
=

∆M exp
Bs

∆MSM
Bs

− 1 = −0.09± 0.08

→ experiment slightly below SM prediction

◮ NP contribution positive for real couplings Γb, Γs

→ tight constraints

◮ consequence for b → sµ+µ−:

|Cbox
9 | = |Cbox

10 | = 1
3
ξbox9 |Γ∗

sΓb| |Γµ|2 × (1TeV/mΨ)

≤ 0.05
ξbox

9√
ξBB̄

|Γµ|2 × (1TeV/mΨ)

◮ size of Γµ needed to solve b → sℓ+ℓ− anomalies:

less dependent on reps. of new particles:

(

ξbox

9√
ξBB̄

)

max

≈ 1.7

→ |Γµ| ≥ 2.1
mΨ

TeV
(2σ)



D − D mixing

◮ SU(2)L symmetry: ΓL
d,s,b linked to ΓL

u,c,t by CKM rotation

Γu = VusΓs + VubΓb ≈ VusΓs

Γc = VcsΓs + VcbΓb ≈ Γs

→ contribution to D − D̄ mixing generated

◮ Bs − B̄s mixing: ∝ |Γb|2 |Γs|2

D − D̄ mixing: ∝ |Vus|2 |Γs|4

◮ fulfill Bs − B̄s mixing constraint with

|Γb| = O(1), |Γs| ≪ |Γb|
→ D − D̄ mixing constraint also fulfilled



Relaxing the Bs − Bs bound for box diagrams

consider Majorana fermions in box:
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A-I: Majorana singlets
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≈ mΨ ≡ m

→ avoids Bs −Bs mixing bound

b → sµ+µ−: avoid cancellation
→ assume mΦℓ

& 1.5m



Majorana case

Ψ = (1, 1), ΦQ = (3, 2), Φℓ = (1, 2); mΨ ∼ mΦQ
, mΦℓ

∼ 2mΨ

◮ absence of bound from Bs − B̄s mixing for mΨ = mΦQ
allows

solution of b → sℓ+ℓ− anomalies at 2σ-level for

|Γb| = |Γs| = |Γµ| & 1.6

◮ For mΦQ
. mΨ a negative contribution to Bs − B̄s mixing is

generated, as preferred by current lattice data

1σ
2σ
3σ

cv

0.90 0.92 0.94 0.96 0.98 1.00
-0.5

-0.4

-0.3

-0.2

-0.1

0.0

mΦQ/mΨ

ΔM BsNP
/ΔM B

s
S
M

1σ−, 2σ−, 3σ−ranges

from b → sℓ+ℓ−

mΦℓ
= 2mΨ = 2TeV, Γµ = 2



Conclusions

◮ we have studied box cotributions to b → sµ+µ− from one

aditional fermion and two additional scalars (one additional

scalar and two additional fermions) for various representations

◮ left-handed couplings to the SM fermions lead to the scenario

C9 = −C10, capable of solving the b → sµ+µ− anomalies

◮ both the b → sµ+µ− anomalies and (g − 2)µ can be solved

simultaneously for a rather large coupling to muons:

|Γµ| & 2 for new particle masses at the TeV scale

◮ for b → sµ+µ− the requirement of large Γµ results from the tight

Bs − B̄s mixing bounds, which can be relaxed in scenarios with

Majorana fermions


