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Introduction
e0

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).
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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).

electron

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
oe

Motivation

Large Hadron Collider

proton 1 proton2 m Feasibility Studies is needed.

m Take Care on the dependence
on the different parameters.

m Take care on the content of
particles.

m Take care of the signal
composition.

m Take care on interference
effects.
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Introduction
L]

BSM Signatures

BSM Signatures on the Di-Tau Channel at the LHC

LFV and 7 lepton as window to new physics

In the different models, we can have different production mechanisms.
For example, resonant ones

b T g T
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or non-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, g — 717~

q A
The squared matrix element can be written as
2
M2 = [Mye + M|
” N . Z/y
= [My |+ [Mz]* +2Re (ML Mz) .
q r
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Interference Phenomena in the SM

Interference Phenomena in the SM

Photon and Z-boson interference, g — 717~

q A
The squared matrix element can be written as
2
M2 = [Mye + M|
” N . Z/y
« "+ I Mz|” +2Re (M.Y*Mz) .
q r

For the case qrj, — 7;' 7 , the amplitudes are

2
|M,7* |2 =¢ [QU)Q(‘?)] [1 —+ cos 9]2 Re ((sfmé‘jir‘zmz)>
I
|M IZ gZ [gl(if)gl(?q ] |
Z> =

[1 4 cos 6] ‘
(s— m%)2 + (mzTz)?

S
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M My w (1 +cos€)2 :
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(s —m% +iTzmy) |
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Interference Phenomena in the SM

Interference Phenomena in the SM

Photon and Z-boson interference, g — 717~

The squared matrix element can be written as

MP = [ My + My [

For the case qrj, — 7;' 7 , the amplitudes are

2
(M- [ = et [QVQD] [1 + cos
() o @)
s°87 18RS
|IMz? = z [ZR R ] s [ + cos 0]
(s —m%)" + (mzlz)
gZEZQ(f)Q(q)g(f) (9)
MMy = S22 2 SRER (1 4 cos0)

(s —m%+ ll"zmz)

[P+ Mz +2Re (M2 My) .

q -
q "

s
Re ( (sfméﬁ»ir‘zmz))
|

N

2
mz

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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Example: The 4321-Model
@000

The model

Example: The Vector Leptoquark Model
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Example: The 4321-Model
[o] lele}

The model

Example: The Vector Leptoquark Model

A leptoquark is defined as a particle with  If U is a vector leptoquark that preserves
a vertex that mix vectors and quarks. the chirality on the vertex, we expect an
interaction term like
q ~ U gryule,
L and these allows a similar interaction
Q / term for the right handed currents
- - . )
~ U{L dR’Y}LeR-

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

qL O | Gyt | UL
U [ =13 [ —1 | —4/3 [ 74/3
sUR) | 2 2 1 1

SU3) | 3 1 3 3

Then, the leptoquark U; ~ (3¢, 1;,4/3y), and its covariant derivative is

. 2
DU, = (B,L +igs TGy, + zgg’Bu) u,.

F.Rodriguez C. Uniandes Ditaus - COMHEP 2024 December 4, 2024

8/16



Example: The 4321-Model
[e]e] Teo}

The model

The Vector Leptoquark Lagrangian

The full Lagrangian for the vector leptoquark is
1
Ly =— Eujwuw + MU U
0i
— igs (1 — ree) UL T*ULGE” — ig’ (1 — ry) U}, UL, BH

+ % [u# ( ZLj‘ilﬂue/ +,3Rdee’ ) t+ he ]

where U, = DU, — DyUy, Dy = 9y — igsG?T* — iZgyB,,, and the couplings A,
and Sg are complex 3 x 3 matrices in flavor space.
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Example: The 4321-Model
[e]e] Teo}

The model

The Vector Leptoquark Lagrangian

The full Lagrangian for the vector leptoquark is
1
Ly=-— Eujwuw + MU U
. _ + ny o & / _ T nz
—igs (1 — Ke) UMT"LI,,GH g 1 - ky) uju.,B
8u

+ 7 [U“ ( ILJ‘TL%ﬁ/ +/3RdR7ue] ) + hc. ]

where U, = DU, — DyUy, Dy = 9y — igsG?T* — iZgyB,,, and the couplings A,
and Sg are complex 3 x 3 matrices in flavor space.

The AF = 2 and constrains on lepton flavor violating processes indicates an structure

as
0 0 A
a={ 0 o 88 |, pr=dig(0,0,5)
0 522 5L3
If U; has a gauge origin ;. = ky = 0. We choose U(2) in quark and 1eptons space, in a

way that you have an hierarchy,

B < 182 |82 < 18] |87 = O).
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Example: The 4321-Model
oooe

The model

Feasibility Studies Workflow

—_—
‘ Lagrangian \
'4 FeynRules

| Feynman Rules > UFO

'4 MadGraph

%

4 MadGraph

Parton Events > LHE

'4 Pythia

Hadron Shower HepMC

'4 Delphes

Detector Events RootFile

Y4 PyRroot

Event Selection Pandas Dataframe

W4 XGB Classifier

Signal-Background

Discrimination & 0

" ROOT fit/ROOT STaTs

‘ Significance Values
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Example: The 4321-Model
L le]

Sensitivity Reach of the Uy Leptoquark

Sensitivity Reach of the U; Leptoquark

meT __ |- miss =i
ST¢ = |Pr +Z,‘pr

by,  M=15TeV,g =18, B =-1, Vs =13 TeV 35 nonres Vs =13 TeV, L = 137 fb™%, B = 0
1E —ti  —stop VV —V-Hets 1oRp®
=
E dLQ  sLQ Mnon-res - Combined 1
B
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— o
- S|
L -15
- 2
= S
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o
L~ -
o - -3
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S_‘I\{[ET [TeV] My [TeV]

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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Example: The 4321-Model
oe

Sensitivity Reach of the Uy Leptoquark

Take care, you could need a Z’' boson

Defining
qrr 0 0 0 éra
S L, 7S a9 o 0 0 0 d4a
uM =08 | = L~ U M T the, TE= (g o o 87
17 0 0 0 O
we have six generators T with closure relation,
1 0 0 0
a o 01 0 0
DM T =8T1=o o 1 o
« 0 0 0 -3

So, the gauge group with this leptoquark must include a U(1)p_; symmetry.
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Sensitivity Reach of the Uy Leptoquark

Take care, you could need a Z’' boson

Defining
qrr 0 0 0 éra
S L, 7S a9 o 0 0 0 d4a
uM =08 | = L~ U M T the, TE= (g o o 87
17 0 0 0 O
we have six generators T with closure relation,
1 0 0 0
a o 01 0 0
DM T =8T1=o o 1 o
« 0 0 0 -3

So, the gauge group with this leptoquark must include a U(1)p_; symmetry.
The generator Tp_, is associated with the U(1)p_;, symmetry with a Z’ boson.

Ling ~ Z}, (5™ (3Tp-1)u™)
~ Zy, ([Guyrqr — 38y*Lr) -
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Example: The 4321-Model
oe

Sensitivity Reach of the Uy Leptoquark

Take care, you could need a Z’' boson

Defining
qrr 0 0 0 éra
S L, o 0 0 0 d4a
v = ZLi = L~ U9 Tl +hes TE= g o o g
17 0 0 0 O
we have six generators T with closure relation,
1 0 0 0
a o 01 0 0
DM T =8T1=o o 1 o
« 0 0 0 -3

So, the gauge group with this leptoquark must include a U(1)p_; symmetry.
The generator Tp_, is associated with the U(1)p_;, symmetry with a Z’ boson.

Ling ~ Z}, (5™ (3Tp-1)u™)
Z:L (qL’YHQL — 32L'Y”£L) .
so, the full Lagrangian for the Z’ boson is

1 1
Lzt == 122" + EMé,ZLZ’“

+ Zg\ZfZ/H (C‘;J%VMQIL + CgﬁEWM + Cl]dR’Yu BCUZL’YN 3@’ eR’YMeI )

F. Rodriguez C. Uniandes Ditaus - COMHEP 2024 December 4, 2024 12 /16



Example: The 4321-Model

Interference with a Z’ vector boson

Interference with a Z’ vector boson

Non-Resonant Production (leptoquarks) Resonant Production (neutral bosons)

b T b T
Uy
Z/ SO
E 7-+ l~) T+
1 1
My, ~ PR B — (1) Mgz ~ D, B —— 2
t— my, +imy, Iy, § —m3, +imgs Ty

the interference has the form
mLQmZ/I‘LQFZ/ — (t — m%Q)(s — mé,)

[(t - m%Q)z + m%QF%Q] [(s - m%')z + m%,l“%,]

~
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Interference with a Z’ vector boson

Example: The 4321-Model

Interference with a Z’ vector boson

d
% |:¢7LQ+Z’ — (O'LQ + O’Z/)i|

(5=13TeV, B =0,M = V32m,, Vs =13 TeV, Br = 0, Mz =v3/2My

828U mpomz Lol — (t — m%Q)(s —m2,)

s [ =R mgrio] [ - m2 )2 4+ 2]

— gy=1.0,g=0.0
9u=1.0,9=1.0

1072 4 — 9u=10,9r=2.0
— gu=1.0,g=3.0
— gu=10,9=3.5

Ik

g-l, ;“Nf
1Y

ey

!
N}
ik

9,=10,9,=10
—My=10Tev
— My =15Tev
— My =20Tev
— My =25TevV

M, =30TeV

10—5 4

olid ol i o on 1.0 15 210 2.‘5 310 35

1 15 2 25 3
My [Tev]
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Interference with a Z’ vector boson

Example: The 4321-Model

Effects on the Sensitivity reach

3.5

VS =13 TeV, L = 137 b2, Mz = V3/2My

TeV, L =137 fb~1,Br =0

dLQ

— dLQ
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Final Remarks
L]

Final Remarks

m 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.

m 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.

m 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.

m 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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