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Introduction Example: The 4321-Model Final Remarks

Motivation

The Standard Model of Particle Physics

Weak bosons mix the different gener-
ations of quarks via the CKM matrix,
but this does not happen for leptons.
This property of the model is known
as lepton flavor universality (LFU).

However, recent measurements of the R(D)
and R(D∗) ratios show a deviation from the
SM predictions. This could be a hint of lepton
flavor violation (LFV) and then new physics
beyond the SM.
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Introduction Example: The 4321-Model Final Remarks

Motivation

Large Hadron Collider

Feasibility Studies is needed.

Take Care on the dependence
on the different parameters.

Take care on the content of
particles.

Take care of the signal
composition.

Take care on interference
effects.
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BSM Signatures

BSM Signatures on the Di-Tau Channel at the LHC
LFV and τ lepton as window to new physics

In the different models, we can have different production mechanisms.
For example, resonant ones
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Different Models could have one or several contributions to the di-tau
channel, and the interference between them could be relevant.
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Interference Phenomena in the SM

Interference Phenomena in the SM
Photon and Z-boson interference, q̄q −→ τ+τ−

The squared matrix element can be written as

|M|2 =
∣∣Mγ∗ +MZ

∣∣2
=

∣∣Mγ∗
∣∣2 + |MZ|2 + 2Re

(
M∗

γ∗MZ
)
.

For the case qRq̄L −→ τ+L τ
−
R , the amplitudes are∣∣Mγ∗

∣∣2 = e4
[

Q(f)Q(q)
]2

[1 + cos θ]2

|MZ|2 =
s2g4

Z

[
g(f)

R g(q)
R

]2

(
s − m2

Z
)2

+ (mZΓZ)
2
[1 + cos θ]2

M∗
γ∗MZ =

g2
Ze2Q(f)Q(q)g(f)

R g(q)
R(

s − m2
Z + iΓZmZ

) s (1 + cos θ)2

s

Re

(
s

(s−m2
Z+iΓZmZ)

)

m2
Z

Always that you have two or more contributions to a process, the
interference between near to the resonances could be relevant.
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The model

Example: The Vector Leptoquark Model

DOI: 10.1140/epjc/s10052-023-12177-4,
ARXIV: 2307.11070 [hep-ph].
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Introduction Example: The 4321-Model Final Remarks

The model

Example: The Vector Leptoquark Model

A leptoquark is defined as a particle with
a vertex that mix vectors and quarks.

If U1 is a vector leptoquark that preserves
the chirality on the vertex, we expect an
interaction term like

∼ Uµ
1 q̄LγµℓL,

and these allows a similar interaction
term for the right handed currents

∼ Uµ
1 d̄RγµeR.

Where the SM charges for the leptoquark, in the Y = 2(Q − T3) convention, are

q̄L ℓ
j
L q̄LγµℓL Uµ

1
U(1) −1/3 −1 −4/3 +4/3

SU(2) 2 2 1 1
SU(3) 3 1 3 3

Then, the leptoquark U1 ∼ (3C, 1I, 4/3Y), and its covariant derivative is

DµUν =

(
∂µ + igsTaGa

µ + i
2
3

g′Bµ

)
Uν .
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Introduction Example: The 4321-Model Final Remarks

The model

The Vector Leptoquark Lagrangian

The full Lagrangian for the vector leptoquark is

LU =−
1
2

U†
µνUµν + M2

UU†
µUµ

− igs (1 − κc)U†
µTaUνGµν

a −
2i
3

g′ (1 − κY)U†
µUνBµν

+
gU√

2

[
Uµ

1

(
β

ij
L q̄i

Lγµej
L + β

ij
Rd̄i

Rγµej
R

)
+ h.c.

]
where Uµν = DµUν −DνUµ, Dµ = ∂µ − igsGa

µTa − i 2
3 gYBµ, and the couplings βL

and βR are complex 3 × 3 matrices in flavor space.

The ∆F = 2 and constrains on lepton flavor violating processes indicates an structure
as

βL =

 0 0 β13
L

0 0 β23
L

0 β32
L β33

L

 , βR = diag
(

0, 0, β33
R

)
If U1 has a gauge origin κc = κY = 0. We choose U(2) in quark and leptons space, in a
way that you have an hierarchy,

∣∣β31
L

∣∣ ≪ ∣∣β23
L

∣∣ , ∣∣β32
L

∣∣ ≪ ∣∣β33
R

∣∣ , ∣∣β33
L

∣∣ = O(1).
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The model

Feasibility Studies Workflow
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Sensitivity Reach of the U1 Leptoquark

Sensitivity Reach of the U1 Leptoquark
SmeT

T =
∣∣∣⃗p miss

T

∣∣∣ + ∑
i

∣∣∣⃗p i
T

∣∣∣

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
 [TeV]MET

T S

4−10

3−10

2−10

1−10

1

A
.U

 = 13 TeVs = -1, 
R

β = 1.8, 
U

= 1.5 TeV, gUMlτhτb

tt stop VV V+jets

sLQdLQ Combinednon-res

Non-resonant production is highly dependent on the couplings, so it
dominates the regions of high coupling constants at all masses.
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Sensitivity Reach of the U1 Leptoquark

Take care, you could need a Z′ boson

Defining

ψSM
L =

qLr
qLg
qLb
ℓL

 =⇒ Lint ∼ Uµ
1αψ̄

SM
L γµTα

+ψ
SM
L + h.c., Tα

+ =

0 0 0 δrα
0 0 0 δgα
0 0 0 δbα
0 0 0 0

 ,

we have six generators Tα
± with closure relation,

∑
α

[
Tα
+,T

α
−
]
= 3TB−L =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −3

 .

So, the gauge group with this leptoquark must include a U(1)B−L symmetry.

The generator TB−L is associated with the U(1)B−L symmetry with a Z′ boson.

Lint ∼ Z′
µ

(
ψ̄SM

L γµ(3TB−L)ψ
SM
L

)
∼ Z′

µ

(
q̄Lγ

µqL − 3ℓ̄Lγ
µℓL

)
.

so, the full Lagrangian for the Z′ boson is

LZ′ =−
1
4

Z′
µνZ′µν +

1
2

M2
Z′Z′

µZ′µ

+
gZ′

2
√

6
Z′µ

(
ζ

ij
q q̄i

Lγµqj
L + ζ

ij
u ūi

Rγµuj
R + ζ

ij
d d̄i

Rγµdj
R − 3ζ ij

ℓ ℓ̄
i
Lγµℓ

j
L − 3ζ ij

e ēi
Rγµej

R

)
,
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Interference with a Z′ vector boson

Interference with a Z′ vector boson

Non-Resonant Production (leptoquarks)

U1

b̃

b

τ+

τ−

MU1 ∼
1

t − m2
U1

+ imU1ΓU1

, (1)

Resonant Production (neutral bosons)

Z ′

b̃

b

τ+

τ−

MZ′ ∼
1

s − m2
Z′ + imZ′ΓZ′

, (2)

so

the interference has the form

∼
mLQmZ′ΓLQΓZ′ − (t − m2

LQ)(s − m2
Z′ )[

(t − m2
LQ)

2 + m2
LQΓ

2
LQ

] [
(s − m2

Z′ )2 + m2
Z′Γ

2
Z′
] .
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Interference with a Z′ vector boson

Interference with a Z′ vector boson

d
dm

[
σLQ+Z′ −

(
σLQ + σZ′

)]
∼

gz′gU

s

mLQmZ′ΓLQΓZ′ − (t − m2
LQ)(s − m2

Z′ )[
(t − m2

LQ)
2 + m2

LQΓ
2
LQ

] [
(s − m2

Z′ )2 + m2
Z′Γ

2
Z′
] .

0.5 1 1.5 2 2.5 3 3.5 4 4.5

 [TeV]ττ m

40−

30−

20−

10−

0

10

20
3−10×

 R
K

I 
[A

.U
]
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Z'

 = 1.0, g
U

g

 = 1.0 TeV UM

 = 1.5 TeV UM

 = 2.0 TeV UM

 = 2.5 TeV UM

 = 3.0 TeV UM

U M3/2= 
Z'

 = 0, M
R

β = 13 TeV, s
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Interference with a Z′ vector boson

Effects on the Sensitivity reach
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Final Remarks

We showed that LFV could be a window to new physics that could be explored at
the LHC in searches with final states with tau leptons.

It is necessary to consider possible interferences when looking for excesses in the
ditaus channel that can significantly affect the sensitivity of the different
parameter spaces.

Different models, in particular gauge models, have compressed mass sectors of
newly physical particles that can be extremely susceptible to interference in
different production mechanisms.

Fingerprints in the two-taus channel can inherit information from the spin of the
new physics mediator, so polarization studies of each model and the associated
interference effects may also be relevant.
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