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Some puzzles for physics beyond the Standard Model
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® Can not explain the

tiny neutrino mass,
which is evident
from the neutrino
oscillation data.

Can not explain
dark energy and
dark matter, which
contains 95% of our
universe.

Can not explain the
matter-antimatter
asymmetry in the
present universe.

.and soon ...
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Extend with the Right-handed Components of Neutrinos
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Since neutrinos are electrically neutral, they
can be Majorana in nature.

Seesaw mechanism is one where the
smallness of neutrino mass is explained by a
large scale.

The mass term can be written as

_ 1 —

LD %ML(’lZ)L)CibL + §MR(’$R)C’¢R + h.c.

The light neutrino has the basic structure
as:
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e The discovery of the right-handed components of neutrinos is essential to justify the
neutrino oscillation data.
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The discovery of the right-handed components of neutrinos is essential to justify the
neutrino oscillation data.

However, since the discovery of the Higgs boson in 2012, there have been no new
physics discoveries at the LHC or any other collider experiments.

Is the scale of new physics so high that it is beyond our current reach?

Do we need a very high-energy collider, such as the FCC-hh, despite the funding
problems?

What if we already have some signatures, but we are missing them, such as those from
long-lived particles?



Can we get Long Lived Particle (LLP) Signature?
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Can we get Long Lived Particle (LLP) Signature?

® Production vertex is different from the

) decay vertex.
Long-lived d
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Some Proposed LLP Detectors

hadronic decay

leptonic decay
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® MATHUSLA is proposed to be built 68
meters from the CMS interaction point in
the longitudinal direction, 60 meters in the
transverse direction.

® MATHUSLA should be able to search for
the long-lived particles with near-zero
backgrounds.

o MATHUSLA geometry: 25 x 100 x 100m?>.

Alpigiani et al. [arXiv:2009.01693 [physics.ins-det]]



Some Proposed LLP Detectors

hadronic decay

.\Itptonil: decay /. R\‘ .

| —
Scintillator =1 3
Surrounds g N S
detector o Jotties N © 3
Ar s
Surface

tral

E - leutral
ATLAS or CMS
8 bl 5 up

LHC beam pipe

100m

® MATHUSLA is proposed to be built 68
meters from the CMS interaction point in
the longitudinal direction, 60 meters in the
transverse direction.

® MATHUSLA should be able to search for
the long-lived particles with near-zero
backgrounds.

¢ MATHUSLA geometry: 25 x 100 x 100 m®.

Alpigiani et al. [arXiv:2009.01693 [physics.ins-det]]

i -4 s
FASERv pilot detector 3 .
ATLAS FASERv detector

charged particles (p<7 TeV) c‘““‘ﬁ\ Z5m
f\:‘:g::& fO,I’WaI'dJS(S
T . o HETtmo, dark photon — > FASERY
LHC magnets PSS >
p-p collision at IP  asom ~100 m of rock ) §f§

of ATLAS<

® FASER-II is proposed to be situated 480 m
east of ATLAS collision point.

® Detector length ~ 5m, radius ~ 1m.
® Projected luminosity 3ab~!.

® Angular acceptance, 6 < 0.0573°.

FASER Collaboration [arXiv:1901.04468 [hep-ex]]
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Example 1: Type-I Seesaw Model

Why displaced signature?

® Small Yukawa couplings.

What kind of signatures?
® Displaced leptons and jets.



Type-I Seesaw Model

H H ® This is the singlet fermionic extension to the Standard Model.
AN Np e ® The lagrangian corresponding to the singlet fermion is:
Yn QL L 1 - . .
My [’NR = ’LNR&NR — *NRMNNR — YNL¢NR +h.c.
~— 2 ——
L L kinetic term — Yukawa interactions

Majorana mass term
Considering Dirac mass as well as Majorana mass,

Lm, = 7(YNU)NRZ/L — éMNNRCNR + h.c.
7 1 - — 0 (YNU) VL
Lm, =3 (vi Nnr) ((YNU) My ) (Nﬁ) +hee.

—_—————

Mass matrix

mi

After diagonalisation D, = ( 0

0
m2), where, m1 2 = ‘% (MN FM3E +4(YNv)2>

Y202
— mi = J{\}N and,mgzMN



® Production cross-section of singlet right-handed neutrino at the collider is very small due to
mixing.
® Pair production is even more difficult.

= q N



® Production cross-section of singlet right-handed neutrino at the collider is very small due to
mixing.

® Pair production is even more difficult.

q = q N
w* Z
q N P N
Solution!!

Extend the Standard Model gauge group with a U(1)p—r symmetry.
The right-handed neutrinos are charged under this gauge group.



Type-I Seesaw model with B — L gauge symmetry

Apart from the SM particles we consider,
® three RHNs (Ng,) to cancel the B — L gauge anomaly,
® one U(1)p—r gauge boson Zgpr,
® one SM singlet B — L charged complex scalar x,

B — L charge for all the particles in the model:

o | Q L | ur,dr | er | Ng,
B-L|0|1/3]| 1| 1/3 | 1| -1 2




Important Terms in Lagrangian

The covariant derivative form:

DH = 8# -+ igz T Wﬁ +ig1YB# -+ igBL Ye_1 BL

The scalar potential:

V(®,x) = ma(®®) +mix|” + A (@T®)% + Aa|x|* + As(DTD)[x[*.

The Yukawa terms of the Lagrangian:

Ly =Y Q, ®(ur); — Yij Q; ®(dr); — Y5 Li ®(er); — (Yn)ij Li ®(Nr); — (An)ij; X(N&){ (N&); -

Dirac mass term Majorana mass term

Basso et al. [Phys.Rev.D 80 (2009) 055030]



Mass Generations After Spontaneous Symmetry Breaking

® Mass of the Zp_1, is generated due to spontaneous symmetry breaking of the B — L gauge
symmetry:
Mz, ;. =29BLVBL, where, <y >=

UBL

V2

® Majorana masses of RHNs also come from here:
My = AN

VUBL
V2

® Light SM neutrino masses are generated by Type-I seesaw mechanism when ¢ gets vev:

. Yiv?
T 2MnN’

where, < ® >=

v

Sl



Production and Decay Modes of RHNs

)
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q N
Zp_1 N () /() NJ "
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® The RHNs can be pair produced via Zp_p.
® RHNs decay through Zv, hv and W*¢T, with the decay widths,

<
=

Zv e o L ~
ry’ :F}ﬁfu I §FYVVZ =~

® The ratio of Wi7 Z and h mode is 2:1:1 for My 2 400 GeV.

YZ My
647

Strumia et al. [Phys.Rev.D78:(2008)]



Rest Mass Decay Lengths

2000
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1000

My in GeV
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110 1.x10° 1.x10® 1.x107 1.x10®
Yn

® Rest mass decay length (c7o in meter) contours in the My versus Yn plane.

e For My ~1 TeV, Yn need to be 5 x 10719 to reach in MATHUSLA.

Priyotosh Bandyopadhyay, Eung Jin Chun, CS
[JHEP 02 (2023) 103]



Boosted Displaced Decays

Boost effect can enhance the decay length as,

L, =ctfBy
TP
m

Decay vertex position with the boost effect:
v =wv+ E.
m

7 gives the distribution, boost effect comes from Z.

TPT

The transverse decay length: L, = =",

The longitudinal decay length: L =

TPz
m "



Two Scenarios for Collider Study



Scenario-1

® Three degenerate right-handed neutrinos, where all of them has same mass Mx.

® Considering the Casas-Ibarra parametrization, we can reconstruct their Yukawa matrix given
the active neutrino mass matrix compatible with the neutrino oscillation data.



Scenario-1

® Three degenerate right-handed neutrinos, where all of them has same mass Mx.

® Considering the Casas-Ibarra parametrization, we can reconstruct their Yukawa matrix given
the active neutrino mass matrix compatible with the neutrino oscillation data.

BP1 BP2 BP3

My 10 GeV 60 GeV 100 GeV

Yy | 81x1078 | 1.98 x 1077 | 2.56 x 10”7

cTo 193.00 m 3.96m 0.02m




Scenario-2

According to neutrino oscillation data, mass square difference for normal ordering is,

Am3, =mi —m? ~ 742 x 107 °eV? and Am3; =m3 —m? ~ 251 x 10 2 eVZ.

One of the right-handed neutrinos decouples from the observed neutrino mass generations,
with the possibility of much smaller Yukawa coupling.

The other two right-handed neutrinos can explain light neutrino masses.

Yukawa couplings can be treated as a free parameter.



Displaced Decays: Scenario-1
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® For My =10GeV and Yy ~ 8.1 x 1078, most of the events fall outside the reach of CMS,
ATLAS or MATHUSLA detectors.

® For My = 60GeV and Yn ~ 1.98 x 1077, there can be adequate number of events in each of
the three detectors.

® For My = 100GeV and Y ~ 2.56 x 1077, the maximum displacement is around 4 meter,
hence, all of the events are inside CMS or ATLAS.



Parameter Region: Mz, , versus My plane

14 TeV @ 3000 fb'
14 TeV @ 1000 fb~"

100 150 200 250
My in GeV

® The regions are obtained from the most dominant final states: 2¢ 4+ 25 (dark shaded region),
20 4 45 (light shaded region).

® We only consider the events that are displaced and can be detected in either of the detectors
CMS, ATLAS and MATHUSLA.

® Reach is ~ 300 GeV in My plane and ~ 6.8 TeV in Mz, , plane for 14 TeV collider with
3000 fb~! luminosity.
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Displaced Decays: Scenario-2
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¢ Choice of Yukawa coupling is a free parameter, we consider Yy =5 x 1072,

® For My = 60 GeV, the events are outside the reach of any of the three detectors.

® We can get the events inside MATHUSLA for My = 100 GeV.



Mz, inTeV

Yy=5x10"°

14 TeV @ 3000 fb~"
14 TeV @ 1000 fbo~"
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Mz, =10 x My 1012 Mz, =5TeV.
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® Reach is ~ 1.35 TeV in My plane and ~ 7.5 TeV in Mz,_, plane for 14 TeV collider with

3000 fb™! luminosity = Choice of the small Yukawa couplings increases the parameter
space compared to scenario-1.

® MATHUSLA is sensitive for lower Yukawa couplings.

® The maximum Yukawa coupling of O(10™*) can be probed in this case for 14 TeV collider
with My ~ 25 GeV via displaced vertex.



Example 2: Type-III Seesaw Model
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Why displaced signature?
® Small Yukawa couplings.

® Compressed mass spectrum between the charged and neutral component.



Example 2: Type-1IT Seesaw Model

Why displaced signature?
® Small Yukawa couplings.

® Compressed mass spectrum between the charged and neutral component.

What kind of signatures?
® Disappearing charged tracks.
® Displaced leptons and jets.



Type-IIT Seesaw Model

) ® The SU(2) triplet fermion (Ng) with zero hypercharge is added
My with the Standard Model.

® Npg has one pair of charged fermion (N j:) and one neutral component (N°),

Nt N- N°

NO ONT
Ngr = (x/ﬁ]\F \(NO ) 3 +1 -1 0
Y 0 0 0

® The Lagrangian corresponding to the triplet fermion is:
- 1 e .
Lxp = Tr(NeDNR) = ;MxTr [NaNe] — Yn (6'NaL + INeg).

® The neutral component (N®) behaves like a majorana fermion and generates the small
neutrino mass.



Branching Ratio depending on Yukawa Couplings

¢ Heavy charged fermion (N%) decays to Z¢*, h¢* and W¥v, with the decay widths,

Ze . Rl
I'yv= :FNizir

1

1 whv

0t
Ny e

Fz

Yy =5x107

107 10
N vy

500

1000
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2
Wv YN MN
Nt = ——5
32m
1 +
N r*
Nie've
Nutvy
why
Fz
Yy, = 5%107"°
500 1000 1500 2000
My in GeV

e Another decay mode possible considering the loop generated mass of N* and N,

I(N* - N9%#*) =

™

2G2V2 AM3 f2 L m2
AM?2’

® This branching ratio is very small (< 1%) for Yy ~ 5 x 1077,

® For My ~1TeV and Yy ~ 5 x 10710, Br(N* — NO7z%) is 97.5%.



Successive Displaced Decays

b
h <b
N° v
Nt / LN“
OFom) e
ﬂ.+

¢ Lower Yukawa couplings, i.e. Y <5 x 1078, the decay mode of N* — 7t N° dominates.
® First recoil: Decay length of N* is O(5 )cm.

e Second recoil: Decay length of N° depends on Yy .

Priyotosh Bandyopadhyay, Saunak Dutta, Aleesha K T, CS
[Eur.Phys.J.C 82 (2022) 3, 230]



Displaced Decay @14 TeV collider
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Lower the Yukawa couplings, longer the decay lengths.

10 100

For larger Yukawa couplings, Y ~ 5 x 1077, decay is within CMS/ ATLAS.

Decay products can reach to MATHUSLA for Yy ~ 5 x 10719, even in 14 TeV collider.



Parameter Regions for LHC

1078
" oo Reachat LHC
1077 T [———1Reach at MATHUSLA
@14 TeV, 3000 fb™
8|
2 10 |
107%F
10—10_ )
900 1200 1500 1800 2100 2400
My in GeV

® The regions are in Yy versus My plane, that can be probed at LHC

® The regions contain at least one displaced Higgs boson reconstructed from di-b-jet invariant
mass.

® Yukawa couplings > 1079 is out of the reach of MATHUSLA.



Example 3: Inert Higgs Doublet Model (IDM) + SU(2) Triplet, Z5 odd
Vector Like Lepton (VLL)
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Why displaced signature?
® Compressed mass spectrum between the Z2 odd scalar and fermionic sector.

® Small Yukawa coupling between these two sectors.



Example 3: Inert Higgs Doublet Model (IDM) + SU(2) Triplet, Z, odd
Vector Like Lepton (VLL)

Why displaced signature?
® Compressed mass spectrum between the Z2 odd scalar and fermionic sector.

® Small Yukawa coupling between these two sectors.

What kind of signatures?

® Displaced multi-lepton final states.



The Model

® We extend the SM with an SU(2), scalar doublet ®>, and an vector-like SU(2) triplet
fermion N with Y = 1, both are odd under Z5 symmetry.

Gauge charges

Description Field definition
SUB)c | SU2)L | U)y | Z2
. N— NO
Vectorlike N — V2 1 3 1 _
lepton (VLL) N _N—
V2
P1 = (¢ o) 1 2 12 | +
Scalars
@2 = (¢35 ¢3)" 1 2 12 | -

® Scalar potential:

Vicalar = —ma, @] @1 — m3, ®®s + M\ (2]®1)° + o (@1 P2)° + A3 (] 1) (] o)

(D] Do) (h01) + [A5(<1>1<1>2)2 + h.c]

® 72 odd scalar doublet couples with VLL as

My —— _
Lvir D {fTNNLNR + yNL;NR@Q} + h.c.



Physical masses of the particles

® &, does not get vev being an Z> odd particle.

® The physical scalar masses after electroweak symmetry breaking are:

Mﬁ = 2)\1’02
1
M?.IO/AO = méQ + 5/02)‘L/S
1
Mfli = m?% + 51)2)\3,

Where, AL/S = A3 + M\ £ 2)5.



Physical masses of the particles

®5 does not get vev being an Z3 odd particle.

The physical scalar masses after electroweak symmetry breaking are:

Mﬁ = 2)\11}2
1
M?.IO/AO = méz + 5/02)‘L/S
1
Mpse = m31>2 + 5’02)\3,

Where, AL/S’ = A3 + M\ £ 2)5.
Masses of each components of N are degenerate at the tree level, and they are equal to My

At one-loop level, mass splitting occurs as:

AMys yo = 22MN {(S%V +1)G (%—IZV) e (%—i)] ,

4
as M M
AMpy++no = 247TN |:4s%,vg (M—f]>] .

2

2 /
where, G(z) = £ |22° Inz — 22 + (2 + 2)V2? — 4 ln(w)} .
For My > 400 GeV, AMy+yo ~ 500MeV, AMy+s o ~ 1.4GeV.

Nucl.Phys.B 753 (2006) 178-194



Dark Matter Relic Density

Annihilation modes of Zs particles: ®3®2 - SM SM  and N N — SM SM.
Co-annihilation modes of Z2 particles: N ®3 — SM SM.

Co-scattering of Zo particles: 2 $3 <> N N.

Late decay effect: N — ®5 SM.

A0 wt/z
N e A" Wiz
e Py
P L
’ PL\’L ~:ﬁ1 Observed relic
A w-/z A0 W1z density
i .
0o N ! :
U Wz A £ A NE
N+/NO NF \\‘yv&:vx / 2
o \ 100 200 500 1000 2000
N0 o WHZ NEE wE .

* A Mo in GeV

The observed relic of Qh? = 0.1199 + 0.0027.

A lower mass region satisfying relic around 70 GeV is due to the annihilation via s-channel
Higgs boson exchange.

Masses above 1.4 TeV are ruled out being overabundant.
Planck collaboration, Astron. Astrophys. 641 (2020) A6



Dark Matter Direct Detection

10712

0.50
== LUX: 2022)
—— Neutrino fioor (2021)

&

0.01

600 800 1000
My (GeV)

00

® Spin-independent scattering cross-section depends on the Higgs portal coupling as

Xsfa M,

TSU= UM (M, + Mayo)?

® The most stringent upper bound on Higgs portal coupling is from LUX-ZEPLIN experiment,
excludes |Ag| > 0.5 for M40 > 500 GeV.

® |A\s| < 0.01 is excluded by neutrino floor bound.
PandaX-4T collaboration, Phys. Rev. Lett. 127 (2021) 261802

LZ collaboration, Phys.Rev.Lett. 131 (2023) 4, 041002
APPEC committee report, Rept. Prog. Phys. 85 no. 5, (2022) 056201



Dark Matter Indirect Detection

s 68% Containment

95% Containment

— Observed (HE.SS.)

10721 10722
4p| FEMMI-LAT (2016) s 68% Containment HE.S.S. (2022)
107 pMDM - Wi w- 95% Containment 10723{DM DM » W* W~
103 — Observed (Fermi-LAT) T
mE 10-24
15
£
A 10~
3
2
10725
10-27
200 400 600 800 1000 1200 1400 200 400

Myo in GeV

¢ The dominant annihilation modes of A° are W*rWT and ZZ.

600 800 1000 1200 1400
My in GeV

<ov>inem’s™

10722
1 0723
1072
1072

1026

HES.S. (2022) s 68% Containment
DM DM -»ZZ 1 95% Containment

—— Observed (H.E.SS)

~

1027/

BP1

200 400 600 800 1000 1200 1400
Myo in GeV

® Fermi-LAT and HESS detect high energy photons that can come from dark matter halos

annihilating into WEWT or ZZ.

H.E.S.S. collaboration, Phys. Rev. Lett. 129 (2022) 111101
MAGIC, Fermi-LAT collaboration, JCAP 02 (2016) 039



Benchmark Points

ap | Mao | Myo | Mys | Myo | My- | My— Tu
(GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV)
BP1 71.57 | 117.16 | 84.76 98.25 98.61 99.28 4.2 x107°
BP2 | 587.6 589.4 588.2 595.5 595.9 596.8 1.1 x1077
BP3 | 1000.0 | 1010.5 | 1001.0 | 1010.5 | 1011.0 | 1011.9 | 5.4x10°"7

® All of the benchmark points are satisfied by correct relic abundance, direct and indirect
detection constraints.

® All of them lead to displaced decays of the VLLs.
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VLL and IDM Interplay

— Y,
Yy
Ya, (pure IDM)

Qpranenh®

BP2
My = 587.61 GeV
M,

= 595.48 GeV
[As] = 0.03
Yy=110x10""

Tyo = 3.94 x 10717 GeV

14
10 1

i 10% 10°

Mpy/T

10"

10-1

10712

1071

— Ya,
Yy
Yy, (pure IDM)

Qpranenh?

000.0 GeV/
1010.48 GeV/

My
[As] = 0.04
Yy =54x10"7

Tyo = 6.24 x 10716 GeV

14
107!

" 107 10° 107
Mpn/T

® The yield of A° suffers a dip for more co-annihilation due to compressed spectra.

® Number density of A® increases when N decays off completely.

® Pure Inert doublet scalar shows overabundant, but the interplay (co-annihilation and decay)

of N sector can bring back the DM yield in correct ballpark.




Effect of mass gap and Yukawa couplings

My = 1TeV, [Ag| = 0.04

Mo = 587 GeV, |As| = 0.03

16

ont
Dptancl?®

0.8

06 0.6

104 0.4

60 90 120
Myo — My (GeV) Myo — My (GeV)

® Lower the Yukawa couplings: less co-annihilation + very late decay of the fermions.
® Higher the mass splitting: less phase space for co-annihilation.
=—> enhancement of dark matter number density leads to overabundance.

® Higher the DM mass, lesser the annihilation = more compressed spectrum and higher
Yukawa couplings for obtaining correct relic.
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Collider Signature: Production and Decay of N*+
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Collider Signature: Production

Ve
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Z/y
N
Y e_
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and Decay of N**

® The decay width of N**:

Vi My+s (1_ M}, >2.
32m M;%,ii

Pyttt pgtor =
® Small Yn and compressed mass
spectrum lead to small decay

width = larger decay length.

® Displaced four-lepton final state.



Displaced decay length distribution of N+

® The decay width and rest mass decay length off N*F for three benchmark points:

Nii

0 / Ldt

n

°N

log

BP1 BP2 BP3
Yy =4.2x107° Yy =11x10"" Yy =54x1077
Tiot (GeV) c7o (m) Tiot (GeV) cto (m) Tiot (GeV) cto (m)
127 x 1078 | 155.42 | 5.92 x 1077 3.33 1.34 x 107%° 0.15

® The decay length distribution considering the boost effect:
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Various Production Modes and Number of Events with 2-Displaced Leptons

Z/y

q

N++/N+

N-— /N~

q

wt

N:l::l:/N:t

NF/NO

® The electrons, produced displaced, can be identified by reconstructing the tracker hits at

CMS/ATLAS ECal.

Final States:

Centre of mass energies at

. . . BPs 14 TeV 27 TeV 100 TeV
2 displaced leptons + 0 jet with
CMS | ATLAS CMS | ATLAS || FCC-hh detector

>20GeV &

PTe = © BP1 | 1108.2 2112.5 2107.0 3831.5 40162.2
ka2 2 10 GGV

pr,. > 10GeV BP2 | 647.3 1068.5 2300.2 | 3927.4 28388.6
1.2 BP3 329.7 329.7 2113.5 2113.5 11401.5




Example 4: Inert Triplet Model (ITM) at Muon Collider



Example 4: Inert Triplet Model (ITM) at Muon Collider

What kind of signatures?

® Disappearing charged track(s) + forward muon(s).



Example 4: Inert Triplet Model (ITM) at Muon Collider

What kind of signatures?

® Disappearing charged track(s) + forward muon(s).

Cause of this unique signature

® Compressed mass spectrum between the charged and neutral component.



The Model
Extend the Standard Model scalar with an SU(2) triplet having zero hypercharge.

FoL( T VarY
T2 \Verm  —1° )¢

The scalar potential:
0.T) <ot it (7)o of (1) e () 7 (7).

T is odd under a discrete symmetry, all the SM fields are even = T° does not get a vev.
After EWSB, scalar mass spectrum: M;% = 2/\h1)2, M%o = M%i = %)\htv2 + ,uQT.

At tree-level, T° and T* are degenerate; at one-loop level, M+ — Mo ~ 166 MeV.

TY is the lightest inert particle = dark matter candidate!

Small mass splitting leads to long lifetimes = displaced decays. Rest mass decay length ~
5.7 cm.

Decay branching ratios:
0(T* - T°7%) Br~97.7%,
D(T* = T e*v.) Br~ 2%,
N(T* - T°u*v,) Br~0.25%,

Cirelli et al, Nucl. Phys. B 753 (2006) 178-194



Constrains from Dark Matter (DM) Experiments

® DM Relic Density
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® DM Relic Density
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Constrains from Dark Matter (DM) Experiments
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Constrains from Dark Matter (DM) Experiments

® DM Relic Density
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® DM Relic Density

Constrains from Dark Matter (DM) Experiments

Ant

CDM relic density
(Planck 2018)

L _—
0.1 02 03 0.4 05 06 0.7 08 09 1.0

500 1000

1500 2000
Mo in GeV

® DM Indirect Detection

(GannV)ww in cm®s™!

107,

1072

102

102

10777

2500

3000

DM halo profiles
........ Einasto2
—— NFW

------ Einasto

© Observed relic + DD
© Underabundance + DD

100 200

500
My in GeV

® DM Direct Detection

Ant
« Obsarved et ’
09
08
o7
os
0s
os
Pt
LUX-ZEPLIN (2022) 03
0.2
200 500 1000 2000 01
Myo in GeV
® Benchmarks for collider study
Dou
s
1.0
0.8] o 00
0.8
0.6 07
< 0.6
0.4]
0.5
02 Bp2 04
0.3
1000 1500 2000

Mys in GeV



Why a muon collider?

Production rates of TeV scale particles are very small at the 14 TeV LHC, as well as a 27
TeV upgrade.

Muons are fundamental particles: all of the centre-of-mass energy is available for collision.
Less background from QCD processes: hadronically clean environment: higher precision.
Aimed to be a high-precision, high-luminosity discovery machine for BSM particles.

Centre of mass energies and luminosities goal:

® 3TeV — 1ab~!
® 6TeV — 4 ab~!
® 10TeV — 10 ab—!



Why a muon collider?

® Production rates of TeV scale particles are very small at the 14 TeV LHC, as well as a 27
TeV upgrade.

® Muons are fundamental particles: all of the centre-of-mass energy is available for collision.
® Less background from QCD processes: hadronically clean environment: higher precision.

® Aimed to be a high-precision, high-luminosity discovery machine for BSM particles.
® Centre of mass energies and luminosities goal:

® 3TeV — 1ab~!
® 6TeV — 4 ab~!
® 10TeV — 10 ab—!

Muon collider detector

® Less SM QCD backgrounds, but muon collider suffers from Beam Induced Backgrounds
(BIB): soft photons, leptons and charged hadrons coming from beam muons decaying in flight.

® BIB is mostly in the forward directions with |n| > 2.5 : Tungsten nozzles to be installed so
they can be absorbed.Tracking system and calorimeter coverage upto |n| < 2.5 only.

® VBF spectator muons are high-energy and highly forward: can pass through nozzles, can be
detected at dedicated forward muon facility.

Simulated Detector Performance at the Muon Collider, International Muon Collider Collaboration, arXiv: 2203.07964 [hep-ex]



Production of ITM scalars from VBF at a muon collider
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e At higher energies, muon colliders are essentially vector boson fusion (VBF) machines, as
cross-sections grow o log™(s/Mg).
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Numbers of events
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Final States for Model Signatures
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Displaced decay of TT — 7T T° gives very
soft pions: difficult to detect due to BIB.

Invisible decay product — Disappearing
charged tracks (DCTs) for T+

High-energy VBF muons with high
pseudorapidity: Forward muons : can be
tagged

VBF spectator neutrinos are not detectable.

Tﬁ:TOMi’uo



Numbers of events

Number of events

Signal Kinematics

(VXD barrell|

— BP1
— BP2
/5 =10 TeV — BP3

W - T

IT barrell

Signal criteria for displaced charged tracks:
® 0.7rad < 6 < 2.44rad (barrell).
® 5.1 cm < decay radius < 148.1 cm.

OT barrell
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40000/
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10000

Signal criteria for Forward muons (ur):
° 2.5< |y <7.0.
® pur > 300GeV.

—6 —4 -2 0 2 4 3

muon 7 distribution

We simulate the events with Delphes muon collider card.



Discovery Projections at 10 TeV Muon Collider
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Conclusions

Type-1 and -IIT seesaw models could be interesting in searching for LLPs.

The parameter space, that can be sensitive to CMS, ATLAS and MATHUSLA via LLP
searches are discussed.

Two successive displacements can be observed for triplet extension of SM in case of lower
Yukawa couplings (Yy < 1078).

We study the interplay between the Z> odd Higgs doublet scalar and the SU(2) triplet vector
like lepton, where a compressed spectrum in the dark sector, and small Yukawa couplings
lead to interplay between the VLL and the IDM in obtaining the correct relic.

The same factors lead to displaced multi-lepton signatures at the colliders.

The Inert Triplet Model is a simple scalar extension providing a DM candidate, where the
compressed mass spectrum leads to disappearing charged track signatures at the colliders.

The triplet scalars can be efficiently produced from VBF at a muon collider.

Final states of 1-2 DCTs 4 1-2 Forward Muons can effectively probe the model over a
TeV-scale mass range allowed by DM experiments.
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Boltzmann equations

dY 40 1 s(M 4o0) 2 eqy2 2 » (Y30)?
I = — ﬁm <J’U>1100 (YAo — (YAg) ) -+ <O’U>1122 YAo — Yo (Y]%%)Q

(1

r Y4
+ (o0)1200 (Va0 Yiyo — YOV | 4 T N0oAlw (YNO —Y,0 N") ,

H(Myo) Yid
Do _ 1 5(Mao) 2 2 2 (Vi
== SH Y20 - (Vih)?) - vz, yz, o)
dr 22 H(MAO) <U'U>2200( NO ( No) ) <O’U>1122 A0 NO (Y:]%)Z
(2)
eqy e xFNO A0y Ye%
+ (o) (Voo Yoo = VIVER) | = 2525 (Yo = Vo v )

We denote the scalar dark sector with 1 = [AO7 H° H jE], the fermionic dark sector with
2 = [N° N*, N**] and with 0 = all SM particles.



