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Our goal: classification of the BSM extensions with VL
fermions and gauge unification
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Analysis strategy

KK, D.Kumar, arXiv: 1910.00847

Some previous work:
T. G. Rizzo, Phys. Rev. D45 (1992) 3903-3905

I n itial aSS u m pti 0 nS : B. Bhattacherjee, P. Byakti, A. Kushwaha, S. K.

Vempati, JHEP 05 (2018) 090

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

unification scale in the range 10™ - 10" GeV

SU(5)-like GUT gauge symmetry
perturbativity at the GUT scale
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Analysis strategy

Initial assumptions:

* NP = vector-like fermions (mass < 10 TeV)
* unification scale in the range 10" - 10" GeV
* SU(5)-like GUT gauge symmetry

« perturbativity at the GUT scale

'

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

KK, D.Kumar, arXiv: 1910.00847

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

color singlets : (1,1
(1,4,3), (1,4,-3),
color triplets : (3, 1, —%) \ (3, 1, %) , (3, 1, %
(3,2,-5),(83,-3),(3,3,-3).
color sextets : (6,1,—%).(6,1,—-2),(6,2,%).(6,2,2),
color octets : (8,1,0),(8,1,1), (8, 2, %) :

).(8,1,-2),(3,2,3),(3,2,2),] our fundamental

building blocks
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Analysis strategy

note: no unification with 1 VL rep

(see, ex. Bhattacherjee et al.
» JHEP 05 (2018) 90)

KK, D.Kumar, arXiv: 1910.00847

2VLrep: SM + N, x VL(R;) + N, x VL(R,)
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precise gauge unification (PGU) 9ij
SM: e=7% < 1(7 €= min(ela €2, 63)
MSSM: e=1% ¢ > 170 —
goodness of unification
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Summary of the results

Scenario Ry, Rr, N1 N
F1 (1,2,2) (6,1,%) | 12 2
F2 (1,2,1) (6,1,3) | 20 4
F3 (1,2,1) (6,1,3) | 22 4
F4 (1,2,1) (8,1,0) 8 1
F5 (1,2,1) (8,1,0) 12 2
F6 (1,2,2) (8,1,0) 14 2
F7 (1,3,0) (3,1,—-3) | 2 8
F8 (1,3,0) (3,1,—-3) | 3 12
F9 (1,3,0) (6,1,—2) | 3 2
F10 (1,4,5) (6,1,—-2) | 2 4
F11 (3,1,—-3) (3,2, %) 2 2
F12 (3,1,2) (3,2,%) 4 4
F13 (3,1,2) (3,2,2) | 6 6

Kamila Kowalska
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Probing the PGU models

GUT scale - Proton decay

1,2,1/2),,®(6,1,1/3
(1,2,1/2)s9(8,1.0); 10° (. . .)226(. ,)4 Scenario Rp, Rr, N1 No
. i e —fer—1+t——=+SK
>:% 8 F2 (1,2, %) (6,1, %) 20 4
3 5 P bRy Gy |2 ¢
= = T L <5) (O, L, U) [e] XL
s S 4] F5 (1,2,3) (8,1,0) 12 2
F6 (1,2,3) (8,1,0) 14 2
2t
F7 (1,3,0) (3,1,—%) 2 8
F8 (1,3,0) (8,1,-3) 3 12
Ao FGe e (2:8:0)-- - (6,25 -2) - B----2--- HK
F10 (1,4, %1) (6,1, —1§) 2 4
low moderate/high Fi1 | (3,1,-3) (325 | 2 2
F12 (3,1,2) (3,2,5) | 4 4
Mgur ~ 1015 GeV Mcut ~ 1016 — 1017 GeV F13 | (3,1,2) (3,24) | 6 6
EXCLUDED
* unification possible for a « compressed / hierarchical spectrum

wide range of masses

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

TSK > 1.6 x 103* years T;_IK > 2 x 10%° years
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(1,2,1/2)0®(8,1,1/3)4

Probing the PGU models

GUT scale - Proton decay
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Model Proton decay
Mpax  pfmax
F1 Excluded
F2 25 180
F3 350 200
unification scale decreases F4 Excluded
when VL mass increases F5 10 50
el F6 500 50
F7 20 100
F8 2% 10° 5x10°
F9 Excluded HK
F10 250 1000
F11 600 200
4 F12 | 6x 107 400
) x 2.0 x 10732 F13 - 2 x 106

masses
in TeV

upper bounds on VL mass

Mgyt = 10'° GeV — 7, = 1.3 x 10*' years
Mgyt = 101° GeV — Tp, = 1.3 X 10%° years
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Probing the PGU models

Mass hierarchy - running couplings, EW precision
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See M. Farina, G. Panico, D.
Pappadopulo, J. T. Ruderman,
R. Torre, A. Wulzer, PLB ‘17
for the FCC limits
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Probing the PGU models

Mass hierarchy - R hadrons, HSCP searches
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Phys. Rev. D99 no. 9, (2019) 092007
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Vacuum stability in PGUs

G. Degrassi, S. Di Vita, J. Elias-Mird, J. Espinosa, G. Giudice, G.
Isidori, A. Strumia, J. High Energ. Phys. 2012, 98 (2012)

0.10 ———TT—T—
NNLO
- M, = 125 GeV
30 bands in
-~ M, =173.1 £0.7 GeV
S 006r @,(M,) = 0.1184 + 0.0007
2 oo SM vacuum is
- metastable
B o000 CONG - M = 1710 GeV
002} . -;'_‘éi(j:,jz‘)é 0163
sl M,=1753GeV ]
. 10? ‘ 1(‘14 I 166 ‘ 1(‘)3 ‘10‘10 I 1(;12‘ 1(;14 I 10"6 I 1(;13 ‘ 1020
RGE scale pin GeV
no BSM Yukawa interactions
vacuum gets stabilized
0.20 KK, Rizzo, Sessolo, in preparation
(1,2,1/2)108(6,1,1/3), F2 ]
0.15¢
-‘\\
0.10r \\
0.05} ]
VL max 1]
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SMo T
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stability can be restored in BSM

—

ex. with VL fermions

Gopalakrishna, Velusamy, PRD 99 (2019),
Arsenault et al. PRD 107 (2023), Hiller et al.
arXiv: 2401.08811, Adhikary et al. ArXiv:
2406.16050... many more

3
167° B(A) = 240% + §g§*f+CAy%5M — 6y, —Bypsu + f(g9v, 92, A)

with BSM Yukawa interactions

vacuum gets destabilized

KK, Rizzo, Sessolo, in preparation

0.10
F2 (11211.-"2}10@{81111;3)2:
My, maximal ]
0.05 -
@’ 0.00
= Mgy =
0.05F
Upper bound on
the BSM Yukawas oL B
~0.1-0.3 0.0 . 0.3 04
V(M)
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Other scalars?

N SU(): Lyux = Y35 X 10 x By + Y, 10 X 10 x 5y  Higgs doublet

| color triplet
Scalars can emerge naturally in GUTs

* SU(5)
24,75D (1,1)p = singlet S

* SU(6) (and larger)
EYuk — Y15 15 x 15 Xﬁ.5@ + Y6 15 % 6 ><<6hr2> —p 2HDM

SU(6) — SU(5) x U(1)s

6=1_s1+5; -——p singlet S + U(1)’

Complementary signals with scalars?

Kamila Kowalska National Centre for Nuclear Research, Warsaw



Other scalars?

INSUB): Lyux = Yy B x 10 X By 4+ Y, 10 x 10 x 5y  Higos doublet

| color triplet
Scalars can emerge naturally in GUTs

. SU(5)
24,75>(1,1)9 = singletS

* SU(6) (and larger)
Lyvue = Yi5 15 x 15 x 1551 £ Y515 x § x 62— 2HDM
SU(6) — SU(5) x U(1)5

6=1_x+5 -—p singlet S + U(1)

Complementary signals with scalars?

First order phase transition... Gravitational waves...

Kamila Kowalska National Centre for Nuclear Research, Warsaw
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Gravitational waves from FOPT

Bubbles of broken phase nucleation Collision of bubbles wall
O |
[ T>Tc
f"! e A O\ \@wo )
False / il
A |
*’4/ e 5 \ (@)=0 / Mmoo
s  Baten o e (Gravitational waves
!31}(._, jf‘f}g e T<Tc./| heat _
. __/QY - K. Hashino,
True talk at the YITP, Kyoto, 2021
GW signal
Linde '81, '83, Turner et al. '92-'94; Guth et
al. '80, '81, Caprini et al. '07-'09,
()] Hindmarsh et al. '13-'17, Ellis et al. '18 ...
Latent heat o g many more
Nucleation speed B/H* £
| @©
frequency

-« <opvev>
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Gravitational waves in PGUs

U(L)x-U(L)sL

singlet scalar + U(1)x

Ellis et al. JCAP 06 (2019), Jinno, Takimoto
PRD 95 (2017), Okada, Seto PRD 98
(2018), Marzo et al. EPJC 79 (2019),

scalar pOtentiaI Hasegawa et al. PRD 99 (2019), Haba,
V(H,S) = A\ (HTH)” + X5 (S19)” + s (HTH) (S15) Yoea RO 101 (2020).-
. Qs =2, ¢=V2Re(S)
symmetry breaking through CW: strenght of the GW signal
1 o 9 given by gx
V(p) = Z>\2(t) ot + 19872 [20A5(t) + 96 g% ()] ¢* (_E + In E) ’ -CW;I\Z/I,aLZ(l)(,) ;{.ﬂl:/l/arizola, V.Vaskonen, 1811.11169

PGU: unification condition fixes gx at every scale 3
=
KK, Rizzo, Sessolo, in preparation :%
L2f (2121086113, VL not charged under U(1)x =
Lo} ™ = KK, Rizzo, Sessolo, in preparation
08 L =0 iR 'J'Eg'ii[].-": ; 0.1 0z 03 04 05
0.6~ -8r £ 1 W * G
0ab — : " LISA SoF ihcicos ] 851
=t = —10f ; : L 4
0.2f - =1 i ; L ]
................ T e, —lar 3 a6 ] -
O s 20 S5 10 =5 0 = Fuas ] GW signal
Log[ /10" GeV] 0 ~14] B o RS “Nys =W GeV fixed for each
= 16} R e 20 g, = PGU model
[ =10°GeV /uiis [V
g> e RN . YA
-6 -4 -2 0 2 4

Kamila Kowalska

Log,,(f/[Hz])
National Centre for Nuclear Research, Warsaw 13



Conclusions

Only a few models with VL fermions allow for precise gauge
coupling unifcation.

Upper bounds on VL masses from proton decay.

Upper bounds on the BSM Yukawa couplings from the EW
vacuum stability.

Possible discrminative power in gravitational waves for
scenarios with an extra gauge U(1)x.

Kamila Kowalska National Centre for Nuclear Research, Warsaw
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