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Abstract

We are exploring the phenomenology of multi-charged fermions and scalars in
the framework of a radiative neutrino mass generation model. In particularly,
we are interested in the collider signatures of this model at the LHC with

p
s =

13 TeV. We have studied the production, decays and possible signatures of these
multi-charged fermions and scalars at the LHC experiment and suggested re-
quired luminosities to discover them. Apart from the Drell-Yan pair produc-
tion, we have also studied photo-production of these particles.

Model

Symmetry Group: SU (3)C ×SU (2)L ×U (1)Y

Particle⇒ E++ k++ Φ3
2
Φ5

2

SU (3)C 1 1 1 1
SU (2)L 1 1 2 2
U (1)Y 2 2 3/2 5/2

Yukawa lagrangian:

LY = mαβ

E E++
α E++

β
+ yαβ5

2

LαL.Φ∗
5
2

E++
βR +

yαβ3
2

LαLΦ3
2
(E++

βL )c + f αβκ eαRk−−(eβR)c +h.c.
α,β ∈ 1,2,3 are generation indices.

Scalar Potential:

V =µ(H T .Φ3
2
)k−−+µ′(H †Φ5

2
)k−−+

λ(H T .Φ3
2
)(H TΦ∗

5
2

)+ c.c
Physical states after mixing of doubly charged Higgs bosons (after EWSB):
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Oab is the mixing matrix.
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1-loop Feynman Diagrams ν-mass bound

E−−

k−−
φ−−

3
2

φ−−
5
2

µ µ′< H > < H >

νLνL y 3
2

y 5
2

E−−

φ−−
3
2

φ−−
5
2

λ< H > < H >

νL νLy 3
2

y 5
2

0

50

100

150

200

250

300

10−5 10−4 10−3 10−2 10−1 100

µ
[G
eV

]

λ

f = 10−4

f = 2 × 10−4

f = 10−3

1

f = y 5
2

= y 3
2

Total pair production of fermions
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• The total cross-section is shown along with the ratio of contributions from photo-proction
and Drell-Yan production channels (inlet left panel).

• Being the doubly charged of E++ make Photo-production significant.

• Photo-production is significant contributor and at higher mass values the dominant one
(right panel).

• The grey solid line (left panel) correspond to the ATLAS observed 95% CL cross-section
upper limit (σ95 Obs ) on long-lived doubly-charged particles.

Decay of doubly charged fermions

• The decay branching ratios of E++ to possible decay modes shown for a par-
ticular choice of parameters.

• Parameters µ, µ′ and λ play vital role in decays of E++’s through mixing of
the doubly charged scalars .

• Decay to same sign di-leptons is among important decay channels of E++’s.

• For E++
a being lighter than multi-charged scalars,only 3-body decay is kine-

matically possible.

• Total decay width of E++, ΓT OT has also shown in the inlet
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Parameter Scan for Signatures

•ΓT OT is suppressed but not enough to ensure displaced vertex or highly
ionizing tracks.

• 3-body decay lengths depend on Yukawa couplings and mixing among
doubly charged scalars which are controlled by µ,µ′ and λ.

• fk −µ parameter space scanned to acertain the regions for differnt kind
of signatures.
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For mE= 800 GeV, m5/2(3/2)= 1.2(1.4) TeV, mk =1.5 TeV, y5/2(3/2) = 2×10−4 and
λ= 0.005.

Multi-lepton signal search

• We searched in: P P → E++ E−− → 4-lepton + missing transverse en-
ergy signal channel.
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• For prompt decay of E++, the ATLAS search [Phys. Rev. D 98 (2018)
032009], 36.1 fb1 data of the 13 TeV LHC excludes mE below 870 GeV.

• The discovery reach of the LHC with 3000 fb1 integrated luminosity and
13 TeV center of mass energy, is estimated to be mE = 1800 (1600) GeV
at 3σ and 5σ significance.
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Total pair production of scalars
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• Photo-production contributes significantly in total production cross-
section.

• Ordering in values of σpr od for H++
a depends upon hyper-charges.

• For low mixing, H++
1 'φ++

5
2

, H++
2 'φ++

3
2

and H++
3 ' k++.

Decay of doubly charged scalars

• The decay Branching Ratios are showm( total decay width ΓT OT

in inlets (Top plots)).
• Parameters µ, µ′ and λ play vital role in decays of H++

a ’s through
mixing.

• Decay to same sign dileptons is among the important decay
channels of H++

a ’s.
• Decay to same sign dileptons is depends on fκ.

 0

 0.2

 0.4

 0.6

 0.8

 1

 500  750  1000  1250  1500  1750  2000

 B
ra

nc
hi

ng
 R

at
io

 

 mH1  [GeV]

φ+W+

E++ ν
e+e+

H2
++ Z

H2
++ h

 0

 0.2

 0.4

 0.6

 0.8

 1

 500  750  1000  1250  1500  1750  2000

 B
ra

nc
hi

ng
 R

at
io

 

 mH3  [GeV]

φ+W+

φ3+W-

e+e+

H1
++ Z

H2
++ Z

H1
++ h

H2
++ h

10-11

10-8

10-5

 800  1200  1600  2000

Γ T
O

T
 [

G
eV

]

mH1
 [GeV]

10-4

10-2

 800  1200  1600  2000

Γ T
O

T
 [

G
eV

]

mH3
 [GeV]

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 500  750  1000  1250  1500  1750  2000

 B
ra

nc
hi

ng
 R

at
io

 

 mH2  [GeV]

φ3+W+

E++ ν
l+l+

H2
++ Z

H2
++ h

φ+(eνe+ud)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1  3  5  7  9

 B
ra

nc
hi

ng
 R

at
io

 

103fk

µ=0.1 GeV, l+l+

µ=1.0 GeV, l+l+

µ=0.1 GeV, φ+(eνe+ud)
µ=1.0 GeV, φ+(eνe+ud)

Decay of tripply charged scalars

• Decay to same sign dileptons with a same charged W boson is among
important decay channels of φ3+.

• Yukawa coupling fκ also plays a vital role.
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Multi-lepton signal search

• We searched for collider signatures in 4lepton + /ET signal channel.

• This channel is selected due to its suppressed SM background after im-
plementation of ATLAS search [Phys. Rev. D 98 (2018)032009].

• pp →φs φ
†
s ′ → 4lepton + /ET .

•φs and φs ′ ∈φ3±,φ±, H±±
1 , H±±

2 .

• where φs is the lighest among all scalars and fermion.

Results:

• The mass exclusion bounds are shown in left panel plot.

• The discovery reach of the LHC with 3000 fb−1 integrated luminosity
and 13 TeV center of mass energy is shown in right panel.
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Search for the doubly-charged scalars

• To constrain the parameter space, we used the existing LHC searches for a H++
a

decaying into a pair of same-sign dileptons (SSD)( Eur. Phys.J.C 78 (2018) 199
[1710.09748]).

• The branching ratios of the SSD decays of H++
a depend on the choice of fκ and µ.

• Being the lightest, H++
a , dominantly decays into l+l+ for larger fκ and µ.

• The model predictions for H++
a pair-production cross-sections for Scenario I(a =

2), II(a = 1) and III(a = 3) as a function of mHa
for different values of µ and fκ.

• Scenario I→(m3
2
<< m5

2(k), mE ∼ 2.5 TeV), II→(m5
2
<< m3

2(k), mE ∼ 2.5 TeV) and
III→(mk << m3(5)

2
, mE ∼ 2.5 TeV).
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• Larger µ and fκ correspond to larger BR for H++
a → l+l+ and hence, stronger bound

on mHa
from the ATLAS search for the SSD invariant mass peak.

• Lower bounds on mH1
(left panel) and mH2

(right panel) as a function of µ and fκ.

 2

 3

 4

 5

 6

 2  4  6  8  10

10
2  f

k

µ [GeV] 

1126 1093 1065 1037 1010 986 965 942 908 891

1103 1065 1027 994 965 929 895 879 865 853

1084 1037 994 959 908 883 865 850 838 828

1065 1010 965 908 879 859 843 830 819 811

1046 986 929 883 859 841 826 815 806 799

1027 965 895 865 843 826 814 804 797 792

1010 942 878 850 830 815 804 796 791 787

994 908 865 838 819 806 797 791 786 783

979 891 853 828 811 799 792 787 783 780

965 878 843 819 804 794 788 783 780 778

 800

 850

 900

 950

 1000

 1050

 1100

m
H

1 [
G

eV
]

 2

 3

 4

 5

 6

 3  4  5  6  7

10
3  f

k

µ [GeV] 

0 0 0 0 0 0 0

0 0 0 0 0

0 0 0

0 0

0

0

381 426 461

417 464 512 563 594

392 455 516 573 605 621 634

397 470 549 597 619 635 647 660

360 462 552 603 625 642 656 669 680

429 527 600 626 645 661 674 685 693

313 479 582 621 643 662 676 687 695 701

411 536 610 637 658 675 688 696 703 709

449 578 626 649 671 686 696 703 709 714

488 604 639 663 681 693 702 709 714 717

 350

 400

 450

 500

 550

 600

 650

 700

m
H

2 [
G

eV
]

References

• (1) F. Bonnet, M. Hirsch, T. Ota and W. Winter, Systematic study of the d=5 Weinberg operator at one-loop order, JHEP
07 (2012) 153 [1204.5862].

• (2) K. Cheung and H. Okada, A testable radiative neutrino mass model with multi-charged particles, Phys. Lett. B 774
(2017) 446 [1708.06111].

• (3)ATLAS collaboration, Search for heavy long-lived multicharged particles in proton-proton collisions at
p

s = 13 TeV
using the ATLAS detector, Phys. Rev. D99 (2019) 052003[1812.03673].

• (4) ATLAS collaboration, Search for supersymmetry in events with four or more leptons in
p

s = 13 TeV pp collisions
with ATLAS, Phys. Rev. D 98 (2018) 032009 [1804.03602].

• (5)Avnish, Kirtiman Ghosh, arXive: 2007.01766 [ph].

avnish@iopb.res.in


