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Motivation

Vector-like fermions (VLF) studied in various contexts:
e EW vacuum stability
® Higgs pair production
e clectroweak phase transition (EWPT) and baryogenesis

dark matter

® gauge couplings unification

This work - theoretical constraints on models with VLF!
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Introducing: vector-like fermions # 1
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Table: Vector-like fermions extending the SM field content. The superscripts d and s denote
SU(2) doublets and singlets, respectively.
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Introducing: vector-like fermions # 2
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where:

b = 0™,
and physical masses of VLF given by:

1
Mr, = 5 (MFd + MFs + \/(MFd — Mg=)? + 2VZYI%> ’

1
Mr, = 5 <MFd + Mps — \/(MFd — Mps)? + 2v2y,%-> :
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Theoretical constraints
1. Stability of the vacuum up to the cut-off scale A:

Ap) >0 for p<A. (1)
2. Perturbativity of the model couplings up to the scale A:
ki(p) < 4w for p <A, (2)

where Rj = ()‘7yt'21g127g227g327y[%a)\H57 )\5)
3. Stability of the perturbative expansion up to the scale A:

Ki(#)Z—Ioop - I‘L,‘(,u)l-loop
/ii(,ul)l-loop

<A for p<A, (3)

where 1- and 2-loop subscripts indicate inclusion of only 1-loop or 1- and 2-loop
contributions to the RGEs, and A is a maximal allowed value of the relative

difference between the contributions.
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VLF and EW vacuum stability
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Figure: Running of A in the SM extended by VLFs with Mg =1 TeV and varying VLF Yukawa
coupling y.
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VLF and EW vacuum stability

Scenario SM+VLF
ymax (Mg =1TeV) | ymax (Mg =10 TeV)
nQ = ny =np = 1 0.55 0.63
ng = ny = 1, np = 0 0.65 0.74
ng = ng = ny = 1 0.65 0.79
ng = nyn = ]_, nyn = 0 0.76 0.92

Table: Maximal values of VLF Yukawa couplings allowed by the conditions (1, 2, 3) up to the
scale A = 100 TeV with A = 0.4 for two chosen values of ME.

® VLF Yukawas strongly constrained by the EW vacuum stability condition!
® y < 1 implies quite limited impact on phenomenology (di-Higgs, EWPT,...)

Solution: stabilize the EW vacuum by introducing scalar!
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Introducing: real scalar S (with Z; symmetry)

1 1 1
V(®,S) = Vou(®) + 5”2 S?+ SAHs o 52 + s S4,
with:
Vop(®) = —p2dTd + \(dTd)?,

and:
G+

1 (0
¢:<1(v+H+iG°)>’ <¢>:ﬂ(v>’
M? = 2)\v? = 242,
I\/I%zu%—i—)\;./svz.

S
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Scalar singlet parameter space # 1
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Figure: Left panel: Running of Higgs quartic coupling A at 2-loop in the SM extended by real
scalar S for chosen values of As and Ays couplings. Right panel: Parameter space of the SM
extended by real singlet allowed by the perturbativity constraints up to A = 100, 1000 TeV with
varying Ms = 1,5 TeV and A = 0.4.
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Scalar singlet parameter space # 2

max
HS
As | Ms =1TeV [ Ms =5 TeV
A =100 TeV
0 3.87 5.39
1 2.93 4.86
A = 1000 TeV
As | Ms=1TeV | Mg =5 TeV
2.76 3.50
1 0.97 2.36

Table: Maximal allowed values of Ays in the SM extended by real singlet satisfying
perturbativity conditions with A = 0.4 for selected values of A and Ms.
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VLF, scalar S and running of \ # 1
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Figure: Running of A in a combined model for Ms = 1 TeV and Mg =1 TeV.

Further extending VLF model by S helps with stability
but we run to problems with perturbativity!
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VLF(1 1
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VLF, scalar § and running of \ # 2

9
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VLF parameter space # 2

SM+VLF SM+S+VLF
Scenario YMAX Anis | ymax Anis | ymax
Mr=1TeV | Mg =10 TeV Mr =1 TeV Mr =10 TeV
ng=ny=np=1 0.55 0.63 [2.56,2.87] | 0.74 | [3.05,3.21] | 0.89
ne=ny=1np=0 0.65 0.74 [2.78,3.16] | 0.90 | [3.05,3.43] | 1.07
nL=ng=ny=1 0.65 0.79 [3.04,3.07] | 092 | [3.01,3.48] | 1.15
n=ny=1ny=0 0.76 0.92 [3.15,3.23] | 1.10 | [3.11,3.52] | 1.39

Table: Maximal values of VLF Yukawa couplings allowed by the conditions (1, 2, 3) up to the
scale A =100 TeV with A = 0.4 alongside corresponding ranges of Ays in the combined VLF

+ scalar model for Ms =1 TeV, As = 0 and two chosen values of Mg.
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Phenomenology - double Higgs production
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Figure: Diagrams contributing to the double Higgs production via gluon fusion. Internal
fermion lines indicated by @ can be either SM quarks or VLQ multiplets. Black dot indicates
triple Higgs coupling As.
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Double Higgs production - triple Higgs coupling

A3 = Ao + ANV + ANPM

3,tree

SM 2 sm . 3M¢
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15/23



Double Higgs production - triple Higgs coupling & S
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Figure: Parameter space of the SM extended by real singlet allowed by the perturbativity
constraints up to A = 10,100,1000 TeV with A = 0.4 - regions below red-dashed, blue-solid
and green-dot-dashed lines with relative triple Higgs coupling enhancement indicated by
different colors.
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Double Higgs production - VLQ loop contribution

M+X - -
KX~ O'gSgF+ (pp — final) — agsé\,”:(pp — final)
Ina

I

agg’\é(pp — final)

SM-+VLQ YMAX \ Kl
Mg =1 TeV

ng=ny=np=1 0.65 | +8.4%
ng=ny=1np=0 0.9 +8.2%

Table: Maximal enhancement of the double Higgs production cross section coming from VLQ
box and triangle loop gluon fusion diagrams.

Increasing n doesn’t lead to significant enhancement!
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VLF and electroweak phase transition

Veg(H, S, T) = Vo(H, S) + Vew(H, S) + Vr(H, S, T).

Strong 1st order EWPT:

= VC(T:C) > (0.6 = 1.0).

For VLF parameter values allowed by the conditions considered in this work we have:

Esm ~ EsmyviF,  §smM+s N ESMStVLF-

Negligible impact of VLF on the EWPT!
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S and electroweak phase transition
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Figure: Parameter space of the SM extended by a real singlet scalar. The 1-step region is
presented on the left plot as the shaded region below the blue line. The red line indicates
maximal values of A\ys allowed by the perturbativity constraints. The allowed 2-step EWPT
parameters are presented on the right plot as the red region with As = 1. The red line indicates
maximal values allowed by the perturbativity constraints up to A = 100 TeV with A = 0.4.
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VLF and gauge couplings unification # 1
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Figure: Energy scales 1 at which pairs of running gauge couplings have equal values. The
evolution of the gauge couplings was obtained with 2-loop RGEs in the SM extended by VLFs

for Mg =1 TeV and varying number of VLF multiplet families.
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VLF and gauge couplings unification # 2
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Figure: Energy scales 1 at which pairs of running gauge couplings have equal values. The
evolution of the gauge couplings was obtained with 2-loop RGEs in the SM extended by VLFs
for Mg =1 TeV and varying number of VLF multiplet families.
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Conclusions

VLF parameter space strongly limited due to the stability constraints,
S parameter space limited due to the perturbativity constraints,
combining VLF and S extends allowed VLF parameter space, but only by =~ 40%,

limited impact of VLF on phenomenology,
examples of:

® double Higgs production,

e EWPT,

with some observable impact on gauge couplings unification.
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