Rescuing bileptons
from Landau pole

SAPIENZA

UNIVERSITA DI ROMA

INFN

Istituto Nazionale di Fisica Nucleare

Giovanna Paola Perdona

Sapienza Universita di Roma,
INFN Sezione di Roma.

Based on arXiv:2505.15785
with Stefano Morisi (Unina), Giulia Ricciardi (Unina)

New Frontiers in Theoretical Physics — XXXVIII Convegno Nazionale di Fisica Teorica



Theissue

A class of minimal 331 Extensions of the
Standard Model predicts a new doubly-
charged gauge boson, the Bilepton.

These extensions

 sufferfrom a Landau pole at the TeV
scale,

* impose stringent bounds on the
bilepton’s mass

What’s the plan?

* Exploring extensions of minimal 331
aimed at shifting the pole at higher
energies

* C(Classifying potentially viable models
based on the associated energy ranges
of the bilepton mass.
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Overview
SUc(g) X SUL(Q) X Uy(l) — SU(;'(3) X SUL(?)) X Ux(l)

£331 = ﬁstrong +i Z &L,j’YMDS\?Vly‘wL,j + Z(Dﬁigbj‘)*D”qu o V((b) + Yukawa
J J

D3 — gt — g W*HT* —igx X B, 1.

Quarks | Leptons Quarks | Leptons
Ur, 149 Uy, vy
dL EL dL fL
Dy, Fr,
Requires one spontaneous symmetry breaking Requires two spontaneous symmetry breakings
SU(3) x SUL(2) x Uy (1) = SUc(3) X Uen (1) = one scalar doublet SU=(3) x SUL(3) x Ux (1) = SUc(3) x SUL(2) x Uy (1) = SUc(3) X Uem(1)

= at least two scalar triplets

gauge bosons = 3 + 1 gauge bosons = 8 + 1
massive massless massive massless
+ + + +
W»u s 2y Ay Vv,u SZM’W’WerYu - Ay
Gell-Mann Nishijima relation: Q = T35 + % Gell-Mann—Nishijima relation: @Q = T3+ 7 + X
Y
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£331 = ﬁstrong +i Z &L,j’YMDS\?Vly‘wL,j + Z(Dﬁigbj‘)*D”qu o V((b) + Yukawa
J J

D3 — gt — g W*HT* —igx X B, 1.

Quarks | Leptons Quarks | Leptons
ur, v, ur, VL
dL EL dL fL
Dy, Er,
Requires one spontanecous symmetry breaking Requires two spontaneous symmetry breakings
SU(;(3) X SUL(Q) X Uy(l) — SUC(3) X Uem(l) = one scalar doublet SUc(S) X SUL(3) X Ux(l) — SUc(?)) X SUL(Z) X Uy(].) — SUO(3) X Uem(l)

= at least two scalar triplets

gauge bosons = 3 + 1 gauge bosons = 8 + 1
massive massless massive massless
+ + + +
W»u s 2y Ay Vv,u vZWW’/uZ’wYﬂ- - Ay
Gell-Mann Nishijima relation: Q = T35 + % Gell-Mann—Nishijima relation: @Q = T3+ 7 + X
1 Y

ﬁ=iﬁ,iﬁ 5 =BT+ X
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Minimal 331 Extension (8 = V3)

Gauge anomaly cancellation: Nc? — 9 Nf — 1 NE _ 0 NE _3
NF =N, = Ng
q 9
3
N3 — 2Np — NE Q | SULB3) | Ux(1)
9 3 Quarks L | u;, | 2/3
* Asymptotic freedom: do |-1/3] 3 | 13 0 150,08 U~
33 D | -4/3 Quarks [t |, o _2{?‘% _21/;}%
nquark — 3NF < - ATF = 31 4; /5 CL Qf/? “U}l‘.'-U:..'gi _4/% 1 _4.f‘%
) _ o ‘ ) by -1/3 -1/3
s, |-1/3] 3 -1/3 , 2/3 5/3
D2 | -4/3 Ty 5/3 5/3
Y H3: y 1/
+ SSB:  SUL(3) x Ux(1) == SUL(2) x Uy (1) b |13
—ty, | 2/3 3 2/3 Sealar | SUL(3) | Ux(1)
. X 3 +1
* Bilepton: T | 5/3 p 3 0
tons / —] ] 3 —1
0 arXiv:2312.02287 | Meptonsl| & | —1
2L . -vi| 0 3 0
=(0] - myx~u % > 1.3 TeV at 90% C.L |
U j?‘ +
>
L3310 ~ U 2 3850 GeV Table 1: Matter content of minimal 331 model with f = \/§
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3
N3 — 2NF o NE . Q | SULB3) | Ux(1)
9 3 Quarks L | wy, | 2/3
* Asymptotic freedom: do |-1/3| 3 | -1/3 - (/Q SUL03) ux/(n
. narks R | g, cp 2/3 2/3
33 _ bi |_4/ i dp,se | —1/3 -1/3
nquark — 3NF < ? j\‘IF = 31 4; /5 CL 21";3 U};)"Ui :i:{!: 1 :;-l:;‘:
sy, |-1 /3 3 -1/3 r:: 2/3 5/3
D? | -4/3 Ty 5/3 5/3
y 13" v Iy
» SSB:  SUL(3) x Ux(1) 225 SUL(2) x Uy (1) b | 1/3
—,, | 2/3 3 2/3 Sealar | SUL(3) | Ux(1)
i - . X 3 +1
* Bilepton: 7. | 5/3 E 3 0
0 arXiv:2312.02287 | LeptonsL| b | 1 ==
2L _ —f 0 3 0
=10 - my~u % > 1.3 TeV at 90% C.L ;’ 1
U j;_-‘ +
NG
L3310 ~ U 2 3850 GeV Table 1: Matter content of minimal 331 model with f = \/§
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+ SSB:  SUL(3) x Ux(1) == SUL(2) x Uy (1) b |13
—ty, | 2/3 3 2/3 Sealar | SUL(3) | Ux(1)
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2L _ -4 0 3 0
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Minimal 331 Extension (f

* One-loop renormalization: 10 :
() = ——20)____ o(a) 0% |
1 — 2iavi(po) log (fﬂ) :
10"} 5
2 1 11 =~ i
bi=3 >, TLL)+3 Y ML) - 5C 8 02| ;
fermions sealars o ;
g .
=11
+ Below fi53;: SM or 2HDM? 10
-SM pas1 S pssr = 3620 GeV 107%F
OHDM 331 < pax = 3908 GeV  — 3850 GeV S pag S 3908 GeV —— . A
10 10
 Matching condition: Haa1(GeV)

Fig.1: Running of ay *on the energy scale p331. The
dot-dashed and continuous lines correspond
respectively to the cases where one and two Higgs

H=Ha31 doublets. The vertical dashed line represents the
Landau pole at 3908 GeV.
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Minimal 331 Extension (8 = V3)

* One-loop renormalization: 100F
=
ai(p) = —— ilio) +0(e;) 80}
1 — Stay(pp) log (fﬁ)
60
b, — 2 > T(TT)+1ZTr(TT) e
i — o Nigly P ala) — - .
3 : 3 3 2 40+ !
ff:"f"]’”.'ﬂ()”.ﬁ 3(:!’1.-!!1'!".‘)' . =
%!
' '
* Below u33;: SM or 2HDM? 20¢ : _
-SM pas1 S pssrs = 3620 GeV 0
o | | &
2HDM 331 S st = 3908 GeV 3850 GeV < sz < 3908 GeV M s .
10° 10° 10° 10°
 Matching condition: H(GeV)

Fig.2: Running of & 'with the energy scale p.
The vertical dashed line is the arbitrary 331

1 1 /1 5 1
QQL(H:;:H) = g30(M331) » N (—2 - -62_2) breaking scale p334.

=331
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Extension of scalar sector: Multi-Higgs

* Neutral X-charge bosons help!

N, N 13 N
'f T = ? £ I = —3 —r — e — p
3% + 6 Jar, + 6 f}x 22, f}gL 5 6
* Many Higgs picture:
Criticalvalue for N, <18 - Ny =1 + N, <19
Ny 3 6 9 12 15 18
pEE(GeV) | 4.2-10% | 5.5-10° | 7.4-10% | 1.1-10* | 1.6 - 10? | 2.6 - 10

e Caseofinterest: Ny =6

Es — SU(2) x SU(6) — SU.(3) x SUL(3) x U(1

Colourless representations:
6,84 O (1,3)(Z)

)

SU(6) > SUc(3) x SU(3) x U(1)

50000

A0000F

a1 (GeV)

20000¢

10000

30000F

15

20

Fig.3: Maximal value of the 331 breaking scale
as a function of the number of Higgs doublets.

22/05/2025 10



Extension of scalar sector: Multi-Higgs

* Neutral X-charge bosons help!

N N, 13 N,
by =T+, by=-3+-L, bx=22, by=-—— 4 —F
6 6 2 6
107"}
* Many Higgs picture:
Critical value for N, <18 - Ny =1 + N, < 19 .
Ny 3 6 9 12 15 18 -
P (GeV) | 4.2-10% | 5.5-10° | 7.4-10° | 1.1-10* | 1.6 - 10* | 2.6 - 10* 102l
0
e Caseofinterest: Ny =6 3850 3900 3950 4000
Es — SU(2) x SU(6) = SUL(3) x SUL(3) x U(1) HGeV)

Fig.4: Comparison of minimal (continuous)

with the multi-Higgs case with
Colourless representations: ~ SU(6) D SUc(3) x SU(3) x U(1) Np = 4 (dashed line).

6,84 O (1,3)(2)
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Extension of scalar sector: Sextet

* Mass term for neutrinos through type |l seesaw
-in SM we need SU; (2) triplet:

Ly =Y9Le,SL;
« 6rep.ofSU,(3) » 32P1

VE A 0 A (I)”

A~ V2ATT @

=

oo d- \/@ ol

* Assumptions on masses: heavy singlet

107" P

-H:II—E L

ay (paan}

3500 4000 4500 5000 5500
H3z1(GeV)

Fig.5: : Running of ax lwith the energy

scale 331 in the sextet extension for different
values of the mass of the doubletand triplet:
electroweak scale (dashed line), 600 GeV

(continuous line).

1D_E"
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N}=2 N?=2 N}=2 N} =2

4th Family Extension “’

Q | SULE) | Ux(1) | Up(1)

COmarks L . 2/3 /6
* Exclusion of SM4: arXiv:1005.3505 il Il I Bl B
DL |43 4/3
er | 2/3 1/6
s |-1/3| 3 /3 | 16
. . . 02|43 -4/3 @ | SUL3) | Ux(l)
* With Two Higgs Doublets things change! b | -1/3 o | [@eER e 25 _z{?%
(e.g. arXiv:1205.5580, arXiv:1208.3195) —tw | 23] 3| 2| /s Dl [~4/3| 1| -ap
T! | 53 5/3 b, by | —1/3 —1/3
tnty | 2/3 2/3
¥, |-1/3 1/6 ThTh | 6/3 5%
, . o Leptons R | v, vun 0 0
—t, | 2/3 1 2/3 1/6G g | 1 q
T2 | 5/3 53 Ep Ep | -2 1 -2
. —— - eVl | 0 0
* Experimental bounds (VLQ) Leptons L | vz | 0 12 oty | -1 1
e | -1 3 a | e EpEp | 1 L
EL | 2 2
1 o Tz | [Beatar ST [ Ox()
-m_, > 700GeV,m,, > 1390 + 1570 GeV (CMS) - X 3| i
T b pe | 1| 3 a4 | e p 3 0
52 9 9 1] 3 -1
T —1 -142
-m, > 715 + 950 GeV,m,, > 1000 + 2000 GeV (ATLAS) B0 I R R
E} 1 1
| -1 1/2
| 0 ] 0 1/2
E; i1 i1

22/05/2025 13


https://arxiv.org/abs/1005.3505
https://arxiv.org/abs/1205.5580
https://arxiv.org/abs/1208.3195

4th Family Extension N} =2,N}=2,N} =2,N

* Exclusion of SM4: arXiv:1005.3505 1
107 =
* With Two Higgs Doublets things change! —_—
(e.g. arXiv:1205.5580, arXiv:1208.3195) E%: 10724
5
 Experimental bounds (VLQ) 102l |
-m_ > 700 GeV,m,, > 1390 + 1570 GeV (CMS) 4500 4000 AE00  E000  EE00

T

Lz31(GeV)

- My > 715 + 950 GeV, my,: > 1000 + 2000 GeV (ATLAS) Fig.6: Running of ay 'with the energy scale p33;, 4th
family model for different values of the mass scale

myp: 1500GeV (blue continuous), 1000GeV (red
continuous), 800GeV (dashed), 600GeV (dot-dashed)

and 400GeV (dotted).
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4th Family Extension =2, N;

* Exclusion of SM4: arXiv:1005.3505
107" e —
* With Two Higgs Doublets things change! _
(e.g. arXiv:1205.5580, arXiv:1208.3195) £ 102l
5
 Experimental bounds (VLQ) e | |
-m_ > 700 GeV, my,, > 1390 + 1570 GeV (CMS) 4500 4000 AE0D EI.{;D[i —Zzoo

T

P31 (GeV)

"My > 715 + 950 GeV, My > 1000 + 2000 GeV (ATLAS) Fig.7: Running of ay 'with the energy scale p334, 4th
family model + sextet with myp ~ 1500 GeV.

 Addition of scalar sextet
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Results and summary

* Minimal 331 extension predicts Bileptons
* Bilepton’s mass has an experimental lower bound of ~ 1.3 TeV
» Below SSB scale: 2HDM — exihbits a Landau Pole at ~ 4 Tel/

» Stringent bounds on bilepton’s mass 3850 GeV < 331 < 3908 GeV (throughmy ~ g, %)

e To overcome these limitations we consider extensions of the scalar and fermionic sectors of minimal 331.

» By adding a scalar sextet of SU; (3) we obtain a Majorana mass term for neutrinos
» Inthe Multi-Higgs case we study a case which could stem from a GUT (E)

» Addition of a sequential fourth family at ~ 1.5 TeV is compatible with available experimental bounds

by —bar | fmax (GeV) | my (GeV)
331 minimal 7 3 3908 1270
Sextet 49/6 | 13/6 | 4531 1472
Ny =6 47/6 | 13/6 | 5500 1788
4th fam. (mnp ~ 1500 GeV) 83/9 | 5/3 4400 1430
4th fam. + sextet (myp ~ 1500 GeV) | 187/18 | 5/6 4919 1599
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Results and summary

* Minimal 331 extension predicts Bileptons

* Bilepton’s mass has an experimental lower bound of ~ 1.3 TeV

> Below SSB scale: 2HDM — exihbits a Landau Pole at ~ 4 TeV

» Stringent bounds on bilepton’s mass 3850 GeV < 331 < 3908 GeV (throughmy ~ g, %)

* To overcome these limitations we consider extensions of the scalar and fermionic sectors of minimal 331.
» By adding a scalar sextet of SU; (3) we obtain a Majorana mass term for neutrinos
» Inthe Multi-Higgs case we study a case which could stem from a GUT (E)
» Addition of a sequential fourth family at ~ 1.5 TeV is compatible with available experimental bounds

by —bar | fmax (GeV) | my (GeV)
331 minimal 7 3 3908 1270
Sextet 49/6 | 13/6 | 4531 1472
Ny =6 47/6 | 13/6 | 5500 1788
4th fam. (mnp ~ 1500 GeV) 83/9 | 5/3 4400 1430
4th fam. + sextet (myp ~ 1500 GeV) | 187/18 | 5/6 4919 1599

Thankyou:)
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Back Up
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Scalar potential Yukawa

V=mip'p+msnn+mix x +V2fompnx

d A d A
+1(p"p)* + La(n' ) + 3 (x" x)° Lyur = A oQipdar + A3 ,Q31 do R
+App pnn+dup px x +dunnx x FN Qi g+ N Q3p tare

+lop nn p+LBp X X P+ x XN, J A J A
+ /\-i.jQiX']j,R + }\:3,3(2:3')( Ir + h.c.

FCNC at tree level

'CZ-' _ -],“-Zf,u- ‘.

a a
J, =ury, D"E a Urpup +dg o Ig a Vidy .
b b
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Why B = /3 ?

anuge bosons € L

. Wi+ zW, V2W V2Y 2y
W, =WiT" = ﬁmg —Wﬁ+%wf vave
\/§Yu v ‘/ﬁvu v _ﬁwu
TR o R
W,u, = E(W‘u’ :F'LW#), (SM)
1
tQy _ 4 _ -yx/5
YEQY = E(WM FiWy,),
1
Qv _ 6 —— 1177
VM Vo E(WN’ :FZWM)

QW, =[Q,W,] =[T? + BT + X,W,] = QwW,.

0 1 Ly g3
Qw = -1 0 -14pL
1 V3 1 V3
—3 = B% 3-B% 0

2G5 € 7 = P = (2n—|—1)/\f3 n € 7.

*

g; = 9,

From spontaneous symmetry breaking

SU:(3) x SUL(3) x Ux (1) = SUc(3) x SUL(2) x Uy (1)

gx 6 sin” Oy gy

. with sin? 6y =

9L \/1—(1+¢%)gn2&y

0
X R = |l < o

gsr, SiIl QW

At tree level

18] < cosOy = W 183
mz

!
B

- /6::t'\/§7:|:\/§ 20
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