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What are Exotic Particles?

Exotic particles are predicted in Beyond Standard Model theories.

ATLAS and CMS search for exotic particles at Large Hadron
Collider. The search Categories are:

® Higgs Physics, Standard Model, Top Quark
® Supersymmetry, Heavy lon
® Higgs and Diboson searches (Exotic Higgs: H, HT, HT*)

Models: MSSM, 2HDM, 2HDM+S, GM Model etc

Exotic higgs decay into diboson (VV), Vh, hh, aa leading to
the final states with lepton, jets, radiation and MET.

® Exotic searches:

Multicharged Particles (MCP), Leptoquarks, DM searches,
LLP, W', Z’, Vectorlike Quark, Vectorlike Lepton...
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ATLAS Heavy Particle Searches*

Non SUSY Collider Searches

Status: July 2022
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Alternative Signatures

Simple/phenomenological extensions of SM:

® SM + Exotic Scalar (Singlet/Doublet/Triplet)
® SM + Exotic Fermion (Vectorlike/Multicharged multiplets)
LHC is pushing the exotic particles (X) beyond 1 TeV !!

Assumptions: X decays to the the SM particles directly.

X — SM SM

BUT X = YY,Y = SM SM is also possible.

e |f Exotic particles (X, Y) both exist in a Model

® If interaction among X and Y are allowed by the theory

Models: Seesaw-like(1204.6599), LRSM(1403.4902), Little Higgs(2007.15626),
Composite Higgs(1506.01961), GUT (0608183)
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Search for Exotic Fermions Decaying in Exotic Scalars

(X = YY,Y = SM SM|

X = X (Fermion multiplet) Y = & (Scalar multiplet)

M2>M¢

Based on:
NK,V. Sahdev, Phys.Rev.D 105 (2022) 11, 115016
NK, T. Nomura and H. Okada, Eur. Phys. J. C 80, no.8, 801 (2020)
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Search for Exotic/Heavy Fermions

Large fermionic multiplets are essential to satisfy small neutrino
masses (type-lll seesaw), muon (g-2). In these models, the allowed
decays are:

Y0 = Zv/Hy/W*T
Y+ — HIT/ZIF /Wty
The observed limit on My from multilepton searches is ~ 900GeV.

ATLAS:Eur. Phys. J. C 82 (2022) 988

Our Model: Fermion multiplet (X) + Scalar multiplet (®)
Address EW constrains, DM, flavor anomalies and muon (g-2).

Yy - &= SM

Signatures rich with multiple jets and leptons.
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Model

Fermion and Scalar multiplets: arXiv:1204.6599,1708.03204
Y= (3,0 5,,5,7)  (1,5,0)
&= (¢, 01, 0°% b3) (1,4,1/2)

Gauge interaction: The production and decay of the fermion and
scalar multiplets to the gauge bosons are given by the Lagrangian

Lgauge = LrRY"ID, IR + | D, P2

Yukawa interaction: Interaction between ¥ and ¢

—Ly = (yg),','[L,. HeR,. + (yl,),-j[ZL,@Z,@] + (MR)i[i/C?,ZR,-] + h.c.,

\Mz > My, AM =100 GeV, y, = 0.1\
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Production of the Quintuplet Fermions

The production cross section of ¥~ is very small compared to
the production of X TTX~~. Hence no good S/B ratio T 7% .

At ILC we study

Cross-section (pb)
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BR (=%)

Decay of the Quintuplet Fermions
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Decay of the Scalars

o3 — Wz
(Z):t:t N W:twﬂ:
O - wrw-

Channel B:
Yty — ¢>2+V Gy U — W+Zv W~=Zi — (Itjj) (I"jj) + MET

The decay of Z to jets is preferred due to large Branching Ratio
compared to the leptonic decay modes. Leptons are well isolated
from the jets, and the dilepton invariant mass is chosen to be
grater than 100 GeV.

Mulltijet states are hard to probe at LHC due to large QCD
background. ILC is better to study the multijet final states.

The largest contribution of SM background comes from tt+ jets.
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Result
NK,V. Sahdev, Phys.Rev.D 105 (2022) 11, 115016
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(Left) Four body invariant mass My, (lljj) for My = 600 GeV (right) in channel
(£7€7) + 4 jets.(right) 50 discovery and 95% exclusion plot. Channel(A): One lepton
(£%) + 4 jets. Channel(B): Opposite sign lepton pair (£t£7) + 4 jets.

Y+ shows a great discovery potential 1 TeV and 1.5 TeV ILC
which is other wise not possible to observe at 13/14 TeV LHC via
alternative decay modes.
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Search for Exotic Scalars Decaying in Exotic Fermions
X=YY,Y —-SM SM
X=¢oY=%

Based on:
Ongoing work, A. Chakraborty, NK, V. Sahdev
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Same Model

Fermion and Scalar multiplets: arXiv:1204.6599,1708.03204
Y= (35,055, 5,7)  (1,5,0)
&= (¢, 01, 0% b3) (1,4,1/2)

Gauge interaction: The production and decay of the fermion and
scalar multiplets to the gauge bosons are given by the Lagrangian

Lgauge = LrRY"ID, IR + |D, P4

Yukawa interaction: Interaction between ¥ and ¢

—Ly = (yo)iiLi,Her, + ()i[L, ®4XR ] + (MR)i[£ Zr] + hoc.,

Mz < My, AM =100 GeV, y, = 0.1
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Production cross section of the scalar multiplets at 14 TeV LHC
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Decay of the Exotic Scalars
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Note that the decay modes of the two singly charged scalars are

different.

In the region My < M, ¢1 is fermiophilic and fermiophobic
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both but ¢, is mostly fermiophilic.
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Decay of the Quintuplet Fermions
Quintuplet fermions decay via the following modes dominantly:

YO — ~wt
DI VAS
TEE o WEE

y» = 1 and for Mg > My, following fermiophilic modes modes
will be the dominating ones:

pp — o7¢7 — TTv T (60%)

pp — ¢Tér — T X017 (40%)
pp — ¢3¢, — TTTIT T TIT(80%)
pp— ¢ T — TTTU T TT5(80%)
pp— ¢t Tgy — TTTUETTIT(80%)

We are looking at multilepton channels with W tagging.
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Production of Vectorlike Leptons via the Leptoquarks

XY SM,Y - SM SM|

X =Leptoquark (S1), Y =VLL (')
(Ongoing work: NK,T. Mandal, S.Mitra, R.Sharma)
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Standard Searches of Vectorlike Leptons (VLL)

e Vectorlike leptons decay directly to SM particles.

e Singlet VLL (7'): Only EW pair production possible. Hence
the signal cross section is very small. High luminosity required
for discovery and exclusion. (NK,S. Martin arXiv: 1510.03456)

Decay: 7 — Wv, 7/ — Z7, 7 — Ht

® Doublet VLL (7/,v'): Offers better discovery prospects. But,
VLL coupling to third-generation SM leptons are excluded in
the mass range from 130 GeV to 900 GeV at the 95% CL.
Decay: 7’ — Z7, 7 — HTt

® Only EW couplings contribute in the production cross section
of VLL. Higher Luminosity required at LHC. arXiv 1905.00498

Time to look for alternative scenarios!!
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Production of VLL via the Leptoquarks (LQ)

LQ are color triplet bosons (scalar or vector), carry L quantum
number. Leptoquark — (lepton) (quark). Higher crosssection
at LHC.

In Pati Salam, the SM fermions being SO(4) singlets, do not
couple with the LQ, instead they talk to the Vectorlike

fermions, and they decay to the SM particles.
Leptoquark — (VLL) (quark), VLL — (SM) (SM)

For the LQ’s, the production cross section is very large
compared to VLL. LHC limits on LQ is above 1 TeV.

Single production mode wins over pair production as large
mass of LQ due to the phase space suppression in the pair
production.
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Minimal Model
Scalar LQ S = (3,1,1/3) , VLL Singlet 7/ = (1,1,1)

** Remember that the Singlet 7/ suffers from low cross section

Yukawa Lagrangian,
—Ly =a L Hrgr + § L HTh 4+~ 7|7k + h.c. (1)
Interaction Term:
Lint C y,'JL'@LCi’aswabLJ,.’b + y,-JL-U,g,-51 eRj + AR, G5 S17k

For simplicity we choose y,.JL. to be zero, that is no direct coupling
of the LQ with SM particles.

['int C SR()\57_/L7,C?51’7'1R + )\57_/5,%517'1;? + )\ﬁ_/ E,%SlTlR)—‘r (2)

CR(ALII?T, 17,%517'2/? + )\57_/(._‘,%517'2,1? + /\ﬁ_/ l_‘ﬁsszR) (3)
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Feynman Diagrams of the LQ Production

Contribution of A is non negligible in the NLO production cross-section.

(arXiv 1503.04689)
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For
the

Cross Section{pb)

Large LQ mass, if A ~ 0.5, single production modes dominate

Production Cross-section of S; Leptoquark

pair production.

Different Production Channels at coupling lambda = 2.0
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Potential Channels at LHC and future colliders

For Singlet VLL, BR (7" — Wv) = 50%
Main Signal at LHC: MET + 2 jets + 2 W Bosons.

® MET + > 2 jets

MET + 2 jets + 2 Leptons

MET + 4 jets + 1 Lepton

MET + 2 jets + 2 Fatjets (Jw)

e MET + 2 jets + 1 Fatjet (Jw) + 1 lepton

Multijet signatures for LQ mass less than 1 TeV can be studied at
Linear Colliders as well.

The inclusion of the single production mode changes the bound on
the LQ mass, also it impacts the search for the VLL.
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Conclusion

Alternative decay modes of exotic particles may lead to the
discovery of new particles which are otherwise excluded by
CMS and ATLAS.

Simplified assumptions are necessary but might overlook
important channels to search the exotic particles at the
colliders.

Linear colliders such as ILC gives more control over multijet
backgrounds. Muon colliders are also great alternative for the
alternative channels.

Models with both fermionic and scalar multiplets can address
the DM relic.

—Next talk on Boosted Dark matter by Soumya and talk in
the parallel session by Arindam.
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¢ SM Backgrounds: Inclusive production of di-boson (WW,

Collider analysis:

ZZ), tf, tV, Triboson (VWW=ZZZ, ZWW) and HZ.

® The jets are reconstructed in FastJet with distance parameter
R = 0.4 using anti-K; algorithm. Delphes ILD detector

(arXiv: 1306.6329) card for detector simulation.

Selections

(A) (6F) + 4 jets

(B) (¢T47) + 4 jets

S1

p7(¢) > 10 GeV
n|(¢) <25

AR(L,0/)) > 0.4

pr(j) > 20 GeV

pr(¢) > 10 GeV

In|(¢) < 2.5
AR((,0) > 0.4

pr(j) > 20 GeV

Inl(j) < 5.0 Inl(j) < 5.0
AR’jj > 0.4 ARjj > 0.4
S2 AR(¢,j) > 1.5 AR(4,j) > 15

M(e+,07) > 100 GeV
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