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Motivation The method The extension Results

Motivation

Some probes of physics beyond the Standard Model (SM) are:

Low-energy physics.

Rare semileptonic decays: Flavor-changing neutral currents (FCNCs)

The colaborations BaBaR, Belle and LHCb have found some anomalies
in1:

RK =
Γ
(
B̄ → K̄µ+µ−

)
Γ
(
B̄ → K̄e+e−

) = 0.745+0.090
−0.074 ± 0.036

differs

2.6σ RK = 1± O
(

10−4
)

RD(∗) =
Γ
(
B̄ → D(∗)τ ν̄

)
Γ
(
B̄ → D(∗)`ν̄

) , ` = e, µ
differs

3.5σ

Some models can explain this excess by adding new particles with masses
near the TeV scale.

1B. Bhattacharya, et al., Phys. Rev 742, (2015) 370.

2 / 11

Functional methods in an extension of the Standard Model with Leptoquarks



Motivation The method The extension Results

Motivation

Some probes of physics beyond the Standard Model (SM) are:

Low-energy physics.

Rare semileptonic decays: Flavor-changing neutral currents (FCNCs)

The colaborations BaBaR, Belle and LHCb have found some anomalies
in1:

RK =
Γ
(
B̄ → K̄µ+µ−

)
Γ
(
B̄ → K̄e+e−

) = 0.745+0.090
−0.074 ± 0.036

differs

2.6σ RK = 1± O
(

10−4
)

RD(∗) =
Γ
(
B̄ → D(∗)τ ν̄

)
Γ
(
B̄ → D(∗)`ν̄

) , ` = e, µ
differs

3.5σ

Some models can explain this excess by adding new particles with masses
near the TeV scale.

1B. Bhattacharya, et al., Phys. Rev 742, (2015) 370.

2 / 11

Functional methods in an extension of the Standard Model with Leptoquarks



Motivation The method The extension Results

Motivation

Some probes of physics beyond the Standard Model (SM) are:

Low-energy physics.

Rare semileptonic decays: Flavor-changing neutral currents (FCNCs)

The colaborations BaBaR, Belle and LHCb have found some anomalies
in1:

RK =
Γ
(
B̄ → K̄µ+µ−

)
Γ
(
B̄ → K̄e+e−

) = 0.745+0.090
−0.074 ± 0.036

differs

2.6σ RK = 1± O
(

10−4
)

RD(∗) =
Γ
(
B̄ → D(∗)τ ν̄

)
Γ
(
B̄ → D(∗)`ν̄

) , ` = e, µ
differs

3.5σ

Some models can explain this excess by adding new particles with masses
near the TeV scale.

1B. Bhattacharya, et al., Phys. Rev 742, (2015) 370.

2 / 11

Functional methods in an extension of the Standard Model with Leptoquarks



Motivation The method The extension Results

Leptoquarks

Properties

Electric and color charges.

Baryonic and leptonic numbers.

Scalar Leptoquark and vector Leptoquark.

Used at:

Grand Unification based on SU(5) and SU(10).

Supersymetric models.

Extended Technicolor Model∼ TeV scale.

Figure: Leptoquark
(B. Diaz et al., 2017)

This difference of scales lead us to work with Effective Field Theories.
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Motivation The method The extension Results

Treatment of EFTs

There are two techniques to obtain the Wilson coeficients of an EFT:

Feynman diagrams → Green
Functions

Functional integration

We don’t need:

* Feynman diagrams

* Symmetry factors

* Green Functions

This method uses the technique Expansion by Regions in which we
obtain the contribution of each region of the integrand.
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Motivation The method The extension Results

How does this method work?2

1 Split the fields η of the Lagrangian in: η = (ηH ηL) and make the change:
η → η̂ + η. The Lagrangian is equal to:

L = Ltree(η̂) + L(η2) +O(η3), (1)

where L(η2) =
1

2
η†Oη

2 The contributions of the hard region are obtained from:
∼
∆H = −D̂2 −m2

H − U and ∆̃H = ∆H − XLH ∆−1
L XLH (2)

where you must expand in Neuman series

∆−1
L =

∞∑
n=0

(−1)n
(

∆̃−1
L XL

)n

∆̃−1
L −→ ∆L = ∆̃L + XL (3)

3 Finally, the effective action is calculated as

SH =
i

2
tr

∫
ddx

∫
ddp

(2π)d

(
p2 −m2

H − 2ipD̂ − D̂2 − U(x , ∂x + ip)
)

(4)

2J. Fuentes-Martin, 2016
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Motivation The method The extension Results

Extension with a scalar Leptoquark

The general Lagrangian with a Leptoquark that transforms (3, 1)− 1
3

under the SM gauge group is 3:

L =LSM + (Dµφ)†Dµφ−M2|φ|2 − ghφ|Φ|2|φ|2 −
κ

2
|φ|4

+ λL
ps Q

α
p

c
iτ2Lsφ

∗
α + λR

ps u
α
p

c
esφ
∗
α + h.c (5)

where the covariant derivative is

(Dµφ)α =

(
δαβ ∂µ + δαβ

1

3
ig ′Bµ − igc G

A
µT

A
αβ

)
φβ . (6)

The EOM for the Leptoquark is:

φ =
1

M2

(
λL

psQ
α
p

c
iτ2Ls + λR

ps u
α
p

c
es

)
. (7)

3Bauer et al., 2016.
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Motivation The method The extension Results

Tree level

Integrating out the heavy fields, we obtain the Low-energy Lagrangian as:

Lφ =
1

2M2

[
1

2
λL

psλ
L †
rq Q

(3)
lq −

1

2
λL

psλ
L †
rq Q

(1)
lq − λ

R
psλ

R †
rq Qeu +

(
λR

psλ
L †
rq Q

(1)
lequ + h.c

)]
,

where the six- dimension operators set is

Qeu ≡
(

uαq γµuαLp

)
(ērγ

µeLs ) , Q
(1)
lequ ≡

(
Qα

qm uαLp

)
εkm

(
L̄rk eRs

)
,

Q
(3)
lq ≡

(
Qα

q γµτ
I Qα

Rp

)(
L̄rγ

µτ I LRs

)
, Q

(1)
lq ≡

(
Qα

qi γµ Qα
Rpi

) (
L̄rj γµLRsj

)
.

λL∗
cτλ

L∗
vντ
≈ 0.35M̂2

φ λL∗
cτλ

L∗
vντ
≈ 0.35M̂2

φ

7 / 11

Functional methods in an extension of the Standard Model with Leptoquarks



Motivation The method The extension Results

Tree level
Integrating out the heavy fields, we obtain the Low-energy Lagrangian as:

Lφ =
1

2M2

[
1

2
λL

psλ
L †
rq Q

(3)
lq −

1

2
λL

psλ
L †
rq Q

(1)
lq − λ

R
psλ

R †
rq Qeu +

(
λR

psλ
L †
rq Q

(1)
lequ + h.c

)]
,

where the six- dimension operators set is

Qeu ≡
(

uαq γµuαLp

)
(ērγ
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Figure: Tree level diagrams contributing to rare decays (Bauer, 2016)
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Motivation The method The extension Results

1-loop (Some results)

Heavy fluctuations: ∆H =

(
∆φ∗φ X †φφ
Xφφ ∆ᵀ

φ∗φ

)
Light fluctuations

∆L =



∆Φ∗Φ X †ΦΦ (Xν
AΦ)† XψΦ −Xᵀ

ψΦ∗

XΦΦ ∆ᵀ
Φ∗Φ (Xν

AΦ)ᵀ XψΦ∗ −Xᵀ
ψΦ

Xµ
AΦ (Xµ

AΦ)∗ ∆µν
A X

µ

ψA
−(Xµ

ψA
)ᵀ

XψΦ XψΦ∗ Xν
ψA

∆ψψ 0

−X
ᵀ
ψΦ∗ −X

ᵀ
ψΦ

−(X
ν
ψA)ᵀ 0 −∆ᵀ

ψψ



Mixing fluctuations

XLH =


XΦφ XΦ∗φ

(XΦφ)∗ (XΦ∗φ)∗

Xµ
Aφ (Xµ

Aφ)∗

Xψφ 0

0 −X
ᵀ
ψφ



Example for one fluctuation:

Deriving the cuadratic term for the interaction Higgs-Higgs:

∆Φ∗Φ = −D̂2 −M2
Φ − ghφ

(
φ̂†φ̂

)
− λΦ̂Φ̂† − λ

(
Φ̂†Φ̂

)
. (8)

Expanding the operator, i.e, replacing ∂ → ∂x + ip:

∆Φ∗Φ(x , ∂x + ip) = p2 −m2
Φ − 2ipD̂ − D̂2 − λ

(
Φ̂†Φ̂

)
− λΦ̂Φ̂†, (9)

Obtaining the inverse, expanding p,M ∼ ζ

∆Φ∗Φ(x , ∂x + ip)−1 =
1

p2
+

1

p4

(
m2

Φ + Ω
)

+ 2i
pµ

p4
D̂µ − 4

pµpν

p6
D̂µD̂ν + · · ·
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Finally...

We obtain relevant terms like:

1

(p2 −m2
φ)p2

[
λL∗

rq yuy
ᵀ
u λ

L†
rq CL̄PRuγ0PLL

†Qc + ...
]

(10)

where we can induce the FCNCs at the processes:

Figure: Loop contributions to b → sµ+µ− (Bauer, 2016).
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Conclusions

1 The functional integration offers us a great simplification to calculate the
EFTs couplings. Furthermore, this systematic procedure can help us to
obtain contributions easier than the conventional methods.

2 The Leptoquarks can explain the observed desviations by the BaBaR,
Belle and LHCb collaborations.
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Obrigada!
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