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Standard Model Limitations

@ The Standard Model (SM) is remarkably successful but has open questions:

o Origin of neutrino masses
o Nature of parity violation
o Possibility of lepton flavor violation (LFV)

@ Neutrino oscillations = neutrinos have mass
@ In SM extended with neutrino masses:

o LFV processes like it — ev are highly suppressed
e LFV Higgs decays (LFVHD) provide important probes

o Current ATLAS bounds:[8]

o BR(h— er) < 0.20%
o BR(h— pr) < 0.18%
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DLRSM: Gauge and Matter Content

Gauge Group: SU(2);, ® SU(2)r ® U(1)g—1[1, 2]

Fermion Content: Scalar Content:

u 1 ¢~ (2,2,0) (bidoublet) (5)
= df) ~(2:13) (1) Xt~ (21,1) (left doublet) (6)
uR) ~ (1,2, %) @) xr ~ (1,2,1) (right doublet) @)

I/L> ~(2,1,-1) (3) Symmetry Breaking;:

. @ Two-stage breaking

VR) ~(1,2,-1) (4) @ (xr) = vg (new scale)
o (d) gives EW scale
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Gauge Sector: W, W', Z, and Z' Bosons

Neutral Gauge Bosons:
e Basis: (W2, W2, B,)

R> Pu
Charged Gauge Bosons: ° Diagonalizationugives: A Z Z
o Mass matrix for WLj,:R: @ Physical relations:
SR gk W3, = Aysinfy — Z,, cos Oy (11)
Mlz/vi = ( 7g§k1k2 gz(kfikzz)) (8) WSR = Ausinfyw + Z,sinfy tanfy  (12)
Lo /) )
@ Mixing angle: sin& ~ % o cosOw

@ Physical states:

Masses (limit k; = 0, k1 < vg):
2k ko

+ _ gt +
WH - W,uL + V2 W[}.R (9) ) g2k12
2kRk my, ~ 2 (14)
gt 1K2 \ +
W, =Wi— T,%W“L (10) , g2v3
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Scalar Sector and Higgs Spectrum

1 . . 2
V (X1, xR, @) = — 12 Tr ot o 4 )y (Trof o) + 0, TroTooio + s (Tr o1d + Trq>Tq>)
1 . L \2 e 1 L
+5M (Trqﬂcb —Tr ¢T¢) + 25 Trol0d1d 4 g [TrchdD(DT(D + he }
t )2 fo) toot
- Nz (XLXL + XRXR> + p1 ((XLXL> + <XRXR> ) + P2X, XLXRXR
+a;Trofo (XLXL + XRXR) + ap (X£¢¢TXL + xR ¢T¢XR)
+ a3 (X{‘?’&’ XL + XR‘DT‘DXR)

Physical Higgs States:

VEVs:
S . o SM-like Higgs h (125 GeV)
° {xr) =75 (xi) = @ Heavy CP-even: H? iwth i =1,2,3
o (®) = diag(ki, k2)/V2 o CP-odd: A%,

@ ky = 0 in minimal case
2

Charged: HfR
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Neutrino Mass Generation

_ . _ _ 1—
—Ly =Lir Y,'jq)TLjL + Lip Y,'jq)TLjL + SiYijL)ZZLijL + S,C Y,'J'R)?;-\,LJ'R + 55::#,151 + h.c.
Left-Right Symmetry:
YL:YR7 Y:YTa S}:?Tv /J/:/J’T
1 ~ , 1
mD:—<k1Y+k2Y>, szvaYL, Mp =

V2

Neutrino Mass Matrix (v, = 0):
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The Minimal Case: Diagonal Yukawa Structure

Simplifying Assumptions[7]:
e Diagonal Yukawa matrices: Y = Y9128 = diag(Yy, Ya, Y3) Diagonalization Structure:
o Left-right symmetry: Yr =Y

U =UsUnld, O
Light neutrino mass matrix: cU* —isSy s.Ch
k2 B _ = 0 iCN SN (20)
m, & 5 YT Y u(Yg) Y =€ (17) —s.U* —icSy c.Cp
R
where € = "j—; Mixing Parameters:
Heavy neutrino masses: M-
_ i S = ———— (21)
My~ Mo, — (18) N
M ~ Mp, + % (19)
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Process: 1 — ey

@ Mediated by neutrinos n;, charged scalar H,:?IE and W, W' bosons

Amplitude:
A(p — ey) = ee;,be(pe)lic"” qu (ALPL + ArPR)]up(py) (22)
Branching Ratio:

_ M(p— ev)
BR(n = e7) = Mp— ey)+T(p— ev,ve) (23)

Current Limit: BR(u — ey) < 4.2 x 10713 (MEG Collaboration)[9]
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One-Loop LFVHD Calculation

One-loop topologies: One-Loop Topologies

@ Triangle diagrams (two types: one and two fermions in
the loop)

|
kE—p1 d

o Bubble diagrams

Amplitude:
.A(h — gaéb) = L_la(pa)[ALPL + ARPR]Vb(Pb) (24)

Exact calculation:
o Finite results (divergences cancel)
@ Numerical evaluation with LoopTools

@ All loop contributions included H,

F(h — Eaéb)
BR(h — €aly) =
( 2 ol 1 T (h — C,0p)
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Computational Framework

Tools Used:

@ SARAH: Model implementation Key Parameters:

@ SPheno: Spectrum calculation numerically  vg: Right-handed scale

© MCMC: Parameter space scan (hep-aid @ Yg: Right-handed Yukawa couplings
library)

@ LoopTools: One-loop integrals (Python Constraints Applied:
wrapper) o Higgs mass: m, = 125.1 + 2.4 GeV

o Python scientific libraries: NumPy, o Perturbativity: |Yg| < V47
Matplotlib
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Scalar potential parameter Space

Parameter Space lysi: vs

12 Excluded

g o Higgs Mass Constraint:

o MCMC scan identifies
viable regions

@ Scalar potential
parameters constrained

@ Multiple solutions possible

8000

Key Observations:

@ Viable parameter space
exists

6000

my, [GeV]

@ Multiple benchmark
points

20001 -

T 200 4o o sbo 100 120 140 p 7 : 3 o = I
my, [GeV] A As
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Perturbativity Constraints on Yz

Impact of Perturbativity on Heavy Neutrino Masses

VR = 10 TeV

Perturbativity Bound for (vz = 10000 GeV)

VR = 5 TeV

Perturbativity Bound for (vz = 5000 GeV)
0 -
10 S 3:;!!‘
__ 107!
S
o
i
B
102
. + Outside Perturbativiy Bound (1375 points) o Outside Perturbativity Bound (838 points)
Min s = 323e-03 - . Min s = 4.73e-03
T Min M =101 - Min M =422
0 20000 40000 000 80000 100000 0 20000 40000 60000 80000 100000
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o Perturbativity bound: |Yg| < 67
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1 — ey Branching Ratios

Degenerate Heavy Neutrino Masses:

Branching Ratio Br(u— ey) vs Yg

1073 Yp=0.1 o= — va=10%GeV
10-11 — Yr=1 —— vg=10"*GeV
= 10-%
107 Ya=10 —— Vg=10°GeV
1 my >4.5TeV _
. w 1o =107 GeV
ppp—— =
[¥] L 1p-52
T T
3 1075 __3__ 10-57
o e
o 10-% «@ 10-92
10~ 10-67
10777 10-72
101 10 10 107 109 101 10— 102 10-2 1ot To0 10 102
ve [GeV] Yr [GeV]
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LFVHD Branching Ratios

Degenerate Heavy Neutrino Masses:

Ml_ = M* = MD = YRVR

1

10-22 — Yp=18 — Yp=10"2 o] T 10°
o-
— Yr=1 mw > 4.5 Tev — vp=10*
_ — Yp=10"1 — =107
10-% 107 o= yy=10%®
: —28 ":-
310 3 1073
T T
£ 103 =
E E 10-33
m m
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Summary and Conclusions

@ Theoretical Framework:

o DLRSM + Inverse Seesaw provides natural LFV mechanism
e More economical than triplet LRSM

@ Technical Achievements:

o Complete one-loop calculation of LFVHD
e Exact form factors (finite results)
o Extendible parameter space analysis

@ Phenomenological Results:

o BR(h — pr) (below current bounds)
o Viable parameter space with my = 125 GeV

o Computational Achievements:
o New SARAH model files for DLRSM + ISS, available on DLRSM GitHub
o Integrated SARAH, SPheno, hep-aid for parameter scans
o LFVXD package for future studies, available on LFVXD GitHub with LoopTools (Python wrapper)
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https://github.com/moiseszeleny/DLRSM
https://github.com/moiseszeleny/LFVXD

Future Directions

Theoretical Extensions:
@ Include ko 0, v #0
o Consider g1 # gr
@ Extended scalar potential

@ Other LFV processes Model Building:

. . @ Connection to dark matter
Phenomenological Studies:

. . @ Baryogenesis mechanisms
@ Collider signatures Yo&

@ Direct heavy neutrino searches

@ EDM constraints

@ Precision EW tests

The DLRSM with ISS provides a rich framework for exploring physics beyond the Standard
Model!
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Thank You!

Questions?

M. Zeleny-Mora, R. Gaitin-Lozano, R. Martinez

"Lepton Flavor Violating Higgs Decays in a Minimal Doublet Left-Right Symmetric Model with an
Inverse Seesaw”
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Backup: Yukawa Lagrangian

Complete Yukawa Lagrangian:

- - —= —c 1_c
~Ly =L Y@Ly + TrYy® Ly + SV X Ly + S; YirXgLig + 59i 1S +h.c. (26)

Left-Right Symmetry Constraints:

Y, = Yg, y = YT, y = YT, p=pl (27)

Field Definitions:
o X =iooX* with X = 1, xr
0 5¢=CS' and & = 0,00
oY, \7, Y., Yr: 3 x 3 Yukawa coupling matrices

@ u: Majorana mass matrix for fermionic singlets S;
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Backup: Higgs-Neutrino and Charged Scalar Interactions

SM Higgs interactions with leptons and neutrinos:

2 _
—Ehgg = kimghs’wfé
1

1 sm— * *
—Lpnn = VTR (T + i) P+ (T + T5) Pr]
Charged scalar interactions:
V2 o,
_ﬁili :k—IGL Z,’ (TRL,jiPR - m(iQL,’jPL) n;j
V2 .
- LR (@m0

2
+ kiHEE,- (KijPL — my;QR,ijPr) nj + h.c.
1

Key matrices:
o[ =Gr ~ UngUL (LFV couplings)
/
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