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● Motivation

● Unification with vector-like fermions
● analysis strategy
● precise gauge unification (PGU) scenarios

● Phenomenology and experimental tests
● long-lived particle searches
● electroweak precision tests
● running couplings

● Conclusions and outlook
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Unification leads the way 
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Unification - the new old story 

GUT ?

Standard Model + NP

NP needed

Standard Model

Our goal: classification of the SM extensions with unification
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Analysis strategy 

● NP = vector-like fermions (mass < 10 TeV)

● unification scale in the range 1015 - 1018 GeV

● SU(5)-like GUT gauge symmetry

● negligible Yukawa interactions

Initial assumptions:

Some previous work:

T. G. Rizzo, Phys. Rev. D45 (1992) 3903–3905

B. Bhattacherjee, P. Byakti, A. Kushwaha, S. K. 
Vempati, JHEP 05 (2018) 090
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Analysis strategy 

our fundamental 
building blocks

Initial assumptions:

24 distinct representations of SU(3)xSU(2)xU(1)

● NP = vector-like fermions (mass < 10 TeV)

● unification scale in the range 1015 - 1018 GeV

● SU(5)-like GUT gauge symmetry

● negligible Yukawa interactions

Some previous work:

T. G. Rizzo, Phys. Rev. D45 (1992) 3903–3905

B. Bhattacherjee, P. Byakti, A. Kushwaha, S. K. 
Vempati, JHEP 05 (2018) 090

proton decay  (more about it later...)

long-lived particles
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Analysis strategy 

SM + N1 x VL(R1) + N2 x VL(R2)

M1 ≠ M2  in  0.2 – 10 TeV

precise gauge unification (PGU)

goodness of unification
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7 PGU models

276 initial models
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Properties of the PGU scenarios 

1) unification scale

low 

● unification possible for a 
wide range of masses

● excluded or to be excluded by 
the proton decay 
measurements at SK/HK
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Properties of the PGU scenarios 

1) unification scale

low 

● unification possible for a 
wide range of masses

● excluded or to be excluded by 
the proton decay 
measurements at SK/HK

moderate/high 

EXCLUDED
● compressed / hierarchical spectrum
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Properties of the PGU scenarios 

1) unification scale

PGU

There is an upper bound on VL 
masses at O(10) - O(1000) TeV (HK)

moderate/high 



17.12.2019, Dortmund Kamila Kowalska

Properties of the PGU scenarios 

● beyond the reach of the LHC 
and precision tests... 

2) mass hierarchy

not constrained

● ...but tested by proton-decay 



17.12.2019, Dortmund Kamila Kowalska

Properties of the PGU scenarios 

● enhanced sensitivity to the 
color-based searches

● beyond the reach of the LHC 
and precision tests... 

2) mass hierarchy

light color 

● ...but tested by proton-decay 

not constrained



17.12.2019, Dortmund Kamila Kowalska

Properties of the PGU scenarios 

● enhanced sensitivity to the 
color-based searches

● beyond the reach of the LHC 
and precision tests... 

2) mass hierarchy

light color heavy color 

● ...but tested by proton-decay 

● enhanced sensitivity to the 
EW-based searches

not constrained



17.12.2019, Dortmund Kamila Kowalska

Properties of the PGU scenarios 

● enhanced sensitivity to the 
color-based searches

● beyond the reach of the LHC 
and precision tests... 

LHC LLP searches + precision tests

2) mass hierarchy

light color heavy color 

● ...but tested by proton-decay 

● enhanced sensitivity to the 
EW-based searches

not constrained
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LLP searches 

Light colored particles

● direct bound on M2 at ~ 1.7 TeV 
● indirect bound on M1 at ~ 6.0 TeV 

ATLAS
Phys. Rev. D99 no. 9, (2019) 092007

CMS
Phys. Rev. D94 no. 11, (2016) 112004

R-hadrons
● excluded up to 10 TeV

Enhanced sensitivity to the R-hadron searches 
             due to PGU mass hierarchy
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LLP searches 

Heavy colored particles

● direct bound on M1 at ~ 0.8 TeV 
● indirect bound on M2 at ~ 3- 6 TeV 

ATLAS
Phys. Rev. D99 no. 9, (2019) 092007

CMS
Phys. Rev. D94 no. 11, (2016) 112004

lepton-like

Enhanced sensitivity to the lepton-like particle   
      searches due to PGU mass hierarchy
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LLP searches 

Heavy colored particles

● direct bound on M1 at ~ 0.8 TeV 
● indirect bound on M2 at ~ 3- 6 TeV 

ATLAS
Phys. Rev. D99 no. 9, (2019) 092007

CMS
Phys. Rev. D94 no. 11, (2016) 112004

lepton-like

Enhanced sensitivity to the lepton-like particle   
      searches due to PGU mass hierarchy

Results depend on the assumption 
of the negligible Yukawas
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Running of the strong coupling 

Light colored particles

● weaker than LLP bounds, but...
● model independent once the SU(3) charges are set

CMS
JHEP 03 (2017) 156

lower bound on the VL mass

NP
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EW precision tests 

Heavy colored particles

● model independent once EW charges are set 
● may become competitive with the HSCP 

searches at the HL LHC 

M. Farina, G. Panico, D. Pappadopulo, J. T. Ruderman, R. Torre, and A. Wulzer
Phys. Lett. B772 (2017) 210–215

oblique parameters modify Z and W propagators

projected limits on W and Y

DY cross section modified as
W, Z

one-loop 
beta-function
coeff.
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● Precise unification of the gauge couplings strongly constrains 

the allowed VL fermion spectra.

● There is an interdependence between the PGU condition and 

susceptibility to experimental tests.

● Due to complementarity of various experimental strategies a 

large part of the PGU parameter space can be tested. 

● LLP searches offer a perfect tool to experimentally test the 

PGU scenarios.

Conclusions
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