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Introduction to Long-Lived Particles

m Despite being massively successful, the Standard Model (SM) leaves much to be desired, including
explanations for Dark Matter (DM), neutrino mass, and many more.

m No conclusive evidence for new particles Beyond the SM yet: with searches for prompt physics objects.

m Long-lived particles (LLP) may open new avenues for BSM searches.
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Introduction to Long-Lived Particles

m Despite being massively successful, the Standard Model (SM) leaves much to be desired, including
explanations for Dark Matter (DM), neutrino mass, and many more.

m No conclusive evidence for new particles Beyond the SM yet: with searches for prompt physics objects.

m Long-lived particles (LLP) may open new avenues for BSM searches.

m Production vertex is different from the decay
vertex.

Long-lived

m L =T o g?|M|?®, which can be small due to:

m small couplings
Beam 1

m heavy intermediary particles

m limited phase space due to compressed spectrum
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LLP signatures: what and where to look for?

m Most signatures can be detected in the

. — BSM o A .
HSCP displaced — lepton existing/conventional detectors like CMS and
dilepton = quark jet ATLAS
— anything m For longer lifetimes, dedicated detectors like
disappearing displaced MATHUSLA and FASER can be ha ndy.
track lepton
-l eptonic decay hadronic decay
\ / X \\ 1
TS 7sd ! L
- = R4 Surrounds R &
i~ N \\ detector Air IE 3
displaced : R displaced Surface
- ] -
dijet ' ‘\ photon
i ; ATLAS or CMS
: oo LHC beam pipe
' 1
displaced v displaced 68 m 100 m
vertex conversion

[https:/ /tikz.net/bsm_longlived] [Alpigiani et al, 2009.01693 [physics.ins-det]]

We will deal with three different Fermionic LLP scenarios in this talk.

For a scalar LLP analysis, please attend Snehashis’ talk.
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Type-l Seesaw + U(1)p_1, extension of SM
Apart from the SM particles we consider,

u three RHNs (Ng, ) to cancel the B — L gauge anomaly,

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

Q

uRr, dr

Ngr

m one U(1)p—_1 gauge boson Zg_1p,

B—L | 0| 1/3

1/3

-1

m one SM singlet B — L charged complex scalar x,
Important terms in Yukawa Lagrangian:

Ly D = (Yn)ij Li ®(Nr); — (An)ij x(NR)Y (NR), -

Dirac mass term Majorana mass term

P. Bandyopadhyay, E. J. Chun, CS; JHEP 02 (2023) 103
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Type-l Seesaw + U(1)p_1, extension of SM

Apart from the SM particles we consider, B — L charge for all the particles in the model:

m three RHNs (Ng.) to cancel the B — L gauge anomaly,
(Nr.) Q L | ur,dr | er | Nr

m one U(1)p—_1 gauge boson Zg_1p, 5-1L 0 1/3 1 1/3 1 1

m one SM singlet B — L charged complex scalar x,
Important terms in Yukawa Lagrangian:

Ly D = (Yn)ij Li ®(Nr); — (An)ij x(NR)Y (NR), -

Dirac mass term Majorana mass term

m Mass of the Zp_, is generated due to spontaneous symmetry breaking of the B — L gauge symmetry:

UBL
MZB—L = 29BLVBL, where, < x >= —

V2

m Majorana masses of RHNs can also be generated spontaneously via the breaking of U (1) g_ 1, gauge symmetry:

UBL
V2
m Light SM neutrino masses are generated by Type-l seesaw mechanism when @ gets vev:
Yf,v2 v
my = where, < & >= —
Y oMy V2

P. Bandyopadhyay, E. J. Chun, CS; JHEP 02 (2023) 103
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Collider Signatures: Type-l Seesaw in B — L Scenario

® RHN can be pair produced via Zp_ 1, gauge boson
in Drell-Yan process.

m Rest mass decay length

contours in meter unit.
1500

: Z " 2 m Boost effect can enhance
B-L o
£ 1000 the decay Iengt7|_1 as,
= Ly =crBy=72
q N

m Decay vertex position with
the boost effect:
’ P
v =v+

500
m RHNs decay through Zv, hv and WE¢F, with the
2
decay widths, T4 = ThY = i1V =~ Y[\éZZN

1.x107° 1.x10°  1.x10®  1.x107 1.x10°
Yn

[P. Bandyopadhyay, E. J. Chun, C. Sen; JHEP 02 (2023) 103]
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Collider Signatures: Type-l Seesaw in B — L Scenario

® RHN can be pair produced via Zp_ 1, gauge boson
in Drell-Yan process.

q N
Zp-L

q N

= RHNs decay through Zv, hv and WE£F | with the

2
; Zv s Thy s 17WE o YN MN
decay widths, I'{¥ = T\ = 5’0" =

1500

1000

My in GeV

500

1.x10%  1.x107  1.x10°

Y

1.x107%  1.x10°

Most dominant final states come from the N — WE¢F mode.

m For lower masses and higher boost, W-jets are collimated to one (fat) jet.
m Lower masses: 2¢ + 25 (also contributed from N — Zv). Higher masses: 2¢ 4 4j.

All these decay products are displaced.

[P. Bandyopadhyay, E. J. Chun, C. Sen; JHEP 02 (2023) 103]

m Rest mass decay length
contours in meter unit.

m Boost effect can enhance
the decay length as,
Ly =crBy=72
m Decay vertex position with
the boost effect:
v =v+4 IB,
m
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Collider reach of the Type-| displaced decay parameter space
m Reach plots for 14 TeV LHC

Yisu10 22 14 TeV @ 3000 o™ post ovs
s s 14 TeV @ 1000 o' ATLAS
> MATHUSLA
°
=
£ 7]
6 \ @ 14 TeV, 3000 16!
\ Moy 210 My
5 N
600 900 1200 1500 8 9 5 10 50 100 500 1000 5000
My in GeV/ Mz, inTeV My in GeV
m Reach plots for 100 TeV FCC-hh
Yy=5x10"° . »
—] ------ 100TeV @ 30 ab™! 10 1R FCC-hh reference detector 102 HRINS FCC-hh reference detector
T MATHUSLA 104 T MATHUSLA
6|
- 10°?| - 10
==~ 3 > 107
e P
10710 107
@100Tov, 30 a0 10| @0Tev 00
Mz =10 x My Mzy,=5TeV
i 1012 10-14
1000 2000 3000 4000 5 10 15 20 25 30 35 40 45 1 10 100 1000 10
My in GeV Mz, in TeV My in GeV

P. Bandyopadhyay, E. J. Chun, CS; JHEP 02 (2023) 103
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Successive Displaced Decays in Type-lll Seesaw

NO
m The SU(2) triplet fermion, Np = (

V2Nt
V2N~

NO ) with zero hypercharge is added with the SM.
m The Lagrangian corresponding to the triplet fermion is:

Ly, = To(Ng&Ng) — ~MyTx [NgNg] — Yy (¢TNRL + ZNR¢).
; ey m Heavy charged fermion (N¥) decays to Z¢E, he*
a 2 i e, and W*u, with the decay widths,
oo oo o 2
H Mt ¥ 'w*//—/ - 2t ~71ht, ~ }FWV ~ Yn My
5" et 5" NEZINE T 9T NE T Tgon
m\m 10 m Another decay mode is dominant for lower Yukawa:
- — 2 1,2 3.2 5
e, e, T(NE o NOr¥) = et
T AM
My in GeV My in GeV [Cirelli et al, Nucl. Phys. B 753 (2006) 178-194]

CS, P. Bandyopadhyay, S. Dutta, Aleesha KT; Eur.Phys.J.C 82 (2022) 3, 230
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Successive Displaced Decays in Type-lll Seesaw

m The SU(2) triplet fermion, Np = (

0 +
_ , with zero ercharge I1s added with the .
\/éVN ﬂ]JVVO ith zero hypercharge is added with the SM
m The Lagrangian corresponding to the triplet fermion is:
Ly, = To(Ng&Ng) — ~MyTx [NgNg] — Yy (éTTRL + ZNRQB).
; ey m Heavy charged fermion (N¥) decays to Z¢E, he*
a 2 i e, and W*u, with the decay widths,
oot o0n o 2
¥ Nt ¥ W’/v_/// Ze he 1w, . Yy Mn
5 o 5 o £ T =TI = -T =~ .
e 10 oty e 10 z Nt Nt ) NE 397
“"\W 10 m Another decay mode is dominant for lower Yukawa:
Vi = 5x107 Vi = 51070 2 y2 13 f2 2
I e e o M e e TA R
My in GeV My in GeV [Cirelli et al, Nucl. Phys. B 753 (2006) 178-194]
b
i ‘,<_ m First recoil: Decay length of N+ is O(5 )cm.
."" b
N m Second recoil: Decay length of NO depends on Y.
N+ /LN“
orem 7 Tl
7l’+

A displaced double recoil is predicted.
CS, P. Bandyopadhyay, S. Dutta, Aleesha KT; Eur.Phys.J.C 82 (2022) 3, 230
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Collider Reach for Displaced Higgs boson

] ! 10¢ ! f m Decay length increases due to the boost
[
1000) o effect as the centre-of-mass energy
| THUSLA .
' MATHUSLA 1000 ] increases from LHC @14 TeV to
g 100} EousTATEV ATUAS! 2 Ecu=100 TeV FCC-hh @100 TeV.
z Yy=5x10"° ' : 2 100F y,5e10-10 ATLAS!
CcMs | I
P! |
10— Li@ee P 10} — L @BP1 ' m Boost effect is more in the longitudinal
— L ;@BP1 ' — L,@BP1 ! . .
e P e | direction compared to the transverse
. 1 L
By 1 10 100 0.1 1 10 100 1000 one.
L[m] Lm]

CS, P. Bandyopadhyay, S. Dutta, Aleesha KT; Eur.Phys.J.C 82 (2022) 3, 230
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Collider Reach for Displaced Higgs boson

[
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CS, P. Bandyopadhyay, S. Dutta, Aleesha KT; Eur.Phys.J.C 82 (2022) 3, 230

m Decay length increases due to the boost

effect as the centre-of-mass energy
increases from LHC @14 TeV to
FCC-hh @100 TeV.

Boost effect is more in the longitudinal
direction compared to the transverse
one.

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.

8 /20



Extension with Non-zero Hyper-charged SU(2) Triplet Fermions

Gauge charges m Cannot write a Majorana
u
Description Field definition & & mass term fOI’ Y=-1
SUB)c | SU2)L | UQ)y | Z2 triplet fermion: hence,
] N— NO assigned vector-like.
| V:Cto(r\h/ll(_eL) N = V2 N 1 3 -1 — m For the vector-like fermions,
epron N~ - the left- and right- handed
— (T HO\T components transforms the
Scalars ®1 = (¢1 ) ! 2 1/2 + same way, making the mass
Py = (¢3— #PT 1 2 1/2 — term invariant, independent

of the Higgs field.
m Scalar potential:

Vecalar = —m, 11— m3, @105 + M1 (@] ®1)% + Mo (@] B2)% + X3 (@] 81) (2] o)
+ A0 (@] 2)(@101) + [A5(@]®2)? + hoc]
m Z2 odd scalar doublet couples with VLL as

My _
Lypr D {—TNNLNR + yNL‘ZNRCDZ} + he

m Non-Majorana with Y # 0: NO couples to Z boson, which forbids fermionic and multi-component DM,
owing to large DM-neucleon cross-sections.

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109
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Interplay between IDM and VLL and Boltzmann equations

Convention: Sector 0: SM particles;  Sector 1: IDM [A?, HO, HE];  Sector 2: Inert VLL [N9, N, N¥+]

Pair-annihilation Co-annihilation Co-scattering Decay effect
0
A0 wt/z A®-----1 = 0 Nt /,A
{ NF N&fv< Nﬁ/NO#x\
A“/ w-/z NEE —— w* e O e fv
q 2
dYs 1 s(M,o) 2 eq\2 )

d; ST @ HOMM) (ov)1100 (Y<1>2 - (Ysy) ) — (ov)22n | Ya, (qu)2

z PNoayx v

e €
+ [ owhizan | (Ye, Yiv = YEIVET) | + —Ore) e
2

dy, s(M (Yes)?
TxN == I%H((T’:;)) |: (ov)2200 (Yfz - (Yf/q)z) +  (ov)2211 <Y§2 Yg (Yiq)z)

z PNoayx yea

+  (ov)1200 (Yq) YN — quyeq> - | YN — Y& N
2 27N H(M 40) 2ygd

A Dy

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109
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Interplay between IDM and

VLL

m Consider the following mass spectrum for the study of interplay:

M 40 M 0 M+ M o My — My —— Yy QR2
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
1000.0 | 1010.5 | 1001.0 | 1010.5 1011.0 1011.9 5.4x10°7 0.121
— Ye,
. Y
10 ! Y3, (pure IDM)
_ 10y
BP3
M 40 = 1000.0 GeV
108 My = 1010.48 GeV
As|=004
Yy =54x1077
Tyo = 6.24 x 10716 GeV
107 107 10 107
Mpy/T

m The yield of A° suffers a dip for more co-annihilation due

to compressed spectra.

u Number density of A? increases when N decays off

completely.

m 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.

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109

11 /20



Interplay between IDM and VLL

m Consider the following mass spectrum for the study of interplay:

Mo | Myo | Myx | Myo | My_ | My __
(GeV) (GeV) (GeV) (GeV) (GeV)

1000.0 1010.5 1001.0 1010.5 1011.0 1011.9 5.4x1077 0.121

Yn Qn?

— Ve, Moo= 1TeV, |Ag] = 0.04

,,,,, Yy
o

Ya, (pure IDM)

Qprnanh? v

1012

g
.
)
|
.
LT S N !
)
BP3 1
. M = 1000.0 GeV 5 nm r
10 My 1010.48 GeV 1 08
M
x 1077 !
\ .24 x 10716 GeV 1 0o
107 igr 7 T or :
Mpy/T 5 5w S © |
m The yield of A° suffers a dip for more co-annihilation due ’ o

Myo — My (GeV)
to compressed spectra.

m Lower the Yukawa couplings: less co-annihilation + very

. 0.
m Number density of A" increases when N decays off late decay of the fermions.

completely.

m Higher the mass splitting: less phase space for
co-annihilation, that leads to overabundance of DM
number density.

m 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.

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109 11720



Collider Signatures: Displaced decay of N**

Ve

o+
\/ m The decay width of N+=*:
[ AO
2
V2 My++ M3,
Pytt gt = 1-— .
- 327 M3,y

m Small Y and compressed mass spectrum lead to
small decay width = larger decay length.

m Hadronically quiet, displaced multi-lepton final
states, with leptons as soft as > 5 GeV.

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109 ,
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Collider Signatures: Displaced decay of N++

Ve

o+
\/ m The decay width of N+=*:
[ Aﬂ
2
V2 My++ M3,
Pytt gt = 1-— .
- 327 M3,y

m Small Y and compressed mass spectrum lead to
small decay width = larger decay length.

m Hadronically quiet, displaced multi-lepton final
states, with leptons as soft as > 5 GeV.

10
B My ++ = 1012 GeV and the corresponding Yukawa coupling § 1000
Yy =5.4x1077. = o
m Total decay width: 'y = 1.34 X 1071 Gev. ‘;
m Rest mass decay length: ¢79 = 15cm T
@BP3
m Boost effect enhances the decay length; the maximum reach is Lepanen-
around 10m in a 100 TeV FCC-hh. 1 10 100 1000

Decay length of N**( in cm)

P. Bandyopadhyay, M. Frank, S. Parashar, CS; JHEP 03 (2024) 109
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Conclusions

m Displaced decays can be used as non-standard searches to probe new physics scenarios.

m Displace decays of neutral fermions, i.e. N in case of Type-l Seesaw, and charged fermions
in case of Type-lll Seesaw and VLL can probe the models for the unexplored territory.

m Lower Yukawa couplings and compressed mass spectrum can alter the DM phenomenology
as well as can give displaced final state signatures at the colliders.

m Two successive displacements (double recoil) can be observed for triplet extension of SM in
case of lower Yukawa couplings (Yy < 107%).

m O(100) m decay lengths can be probed inside MATHUSLA detector.
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Backup Slides
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One generation of RHN with low Yukawa

From the neutrino oscillation data,
Am3; =m2 —m3 ~ 7.42 x 1075 eV?
Suppose for one generation of RHN (V1) the Yukawa coupling is very small, i.e. Yy, =5 X 1010,
Hence, the SM neutrino mass,
2 .2
_ Yva
2M N,

=756 x 1077 eV, if Mn, = 1TeV

mi
This makes, ma = 8.6 x 10~ 3 eV. The corresponding Yukawa coupling, YN, =75 X 10~7, which fails to give

displaced signature.

Similarly from Amgl = mg - m% ~2.51 x 1073 eV?2, one can calculate Yn, = 1.3 x 10-6.
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Displaced decay of RHNs

w*(2)

¥ (v)

(6%) /q(q)

v(€7)/4' ()

N
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Mz, , bound

oB [fb]

10

0.100

0.010

0.001

Expected bound from ATLAS
-------- Expected limit at ['/m=10%
————— Expected limit at [/m=0%

UDp-L

Mgz, , [TeV]
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Benchmarks for IDM4-VLL

BP MAn MHn MHi MND MNf MNf, Y
(GeV) | (GeV) | (GeV) | (GeV) | (GeV) (GeV)

BP1 71.57 117.16 84.76 98.25 98.61 99.28 4.2 x1079

BP2 | 587.6 589.4 588.2 595.5 595.9 506.8 1.1 x10~7

BP3 | 1000.0 | 1010.5 | 1001.0 | 1010.5 | 1011.0 1011.9 5.4x10~7

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

constraints.

m All of them lead to displaced decays of the VLLs.
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Displaced Decay of N*+ in IDM+VLL

m The decay width and rest mass decay length off N£= for three benchmark points:

BP1

Yy =42 %1072

BP2

Yy =1.1x10"7

BP3

Yy =54 %107

NEE Ttot (Ge\/)

et (m)

Tt (GeV)

cto (m)

Lot (GeV)

erp (m)

1.27 x 10718

155.42

5.92 x 10717

3.33

1.34 x 10715

0.15

m The decay length distribution considering the boost effect:

100 1000 10 10°

Decay length of N*%( in m)

0.1

1 10

100

Decay length of N**( in m)

1

m BP2: 3 in the HSCP region, a comparative study in detail can be done.

m BP3: Too heavy, decays before ECal.

@sP3
PR N*N—
1

10 100 1000

Decay length of N**( in cm)

BP1: B not low enough to be an HSCP. comparatively harder leptons. May reach MATHUSLA.
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