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Future LLP experiments
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Majorana neutrinos

Majorana Neutrino mass

Weinberg, 1979

Smallness of neutrino Mmass
can be “explained” by:

= High scale: Large A
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E ‘Classical” Seesaw

Majorana Neutrino mass

(Yv)?
m, =~ Weinberg, 1979
A
(H') (H)
Smallness of neutrino mass + +
can be “explained” by: o /
\ ‘ !
= High scale: Large A S
“classical” seesaw: /
A~ 100415 GeV, Y ~ 1 v v
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EW-scale Seesaw?

Majorana Neutrino mass

(Yv)?
m, =~ Weinberg, 1979
A
(H') (H)
Smallness of neutrino mass + +
can be “explained” by: o /
\ ‘ !
= High scale: Large A S
“classical” seesaw: /
A~ 100415 GeV, Y ~ 1 v v

OR:

= A~100GeVandY ~ 106
“electro-weak scale” seesaw:
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EW-scale Seesaw?

Majorana Neutrino mass

Smallness of neutrino Mmass
can be “explained” by:

= High scale: Large A
“classical” seesaw:
A~ 10014-15) GeV, Y ~ 1

OR:

= A~100GeVandyY ~ 106

“electro-weak scale” seesaw:

(Yv)?
A
(H) (H)
+ ks
N >< \

"Heavy neutral lepton”

Weinberg, 1979
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Decay lengfh HNLs

Type-l seesaw:

R=1, Mg, = 1 TeV, v-b.f.p.

10° ~-
N \\s m, =1eV
106F \ \, —— m, =005eV
\\ N e m, =106V
104}
E o7}
~
Q
10°¢
1072}
10—4 . . . I )
1 5 10 50 100 500
Mnpnt [GeV]

= Smallness of neutrino mass automatically
guarantees Ny with O(10) GeV is long-lived
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Decay length HNLs

Type-l seesaw: Inverse seesaw:
R=l, Mg, =1TeV, v-b.fp. R=l,, Mg,, =1TeV, m, =0.05eV
108 108 —
N \\s m, =1eV ,u=1C11‘eV
10°F N\, — — m,=005eV 100 .. | T p=10"" GeV
\\ N e m, =106V
10%F 104}
E 102} g 102}
~
© S
10°F 10°F
1072 102}
1074 : : : = ‘ 10—4 ‘ ‘ ‘ ‘ NN\
1 5 10 50 100 500 1 2 5 10 20 50

My [GeV] Munt [GeV]

Ngr-S: quasi-Dirac neutrino

= Smallness of neutrino mass automatically
guarantees Ny with O(10) GeV is long-lived

= Inverse seesaw has larger x-section and smaller
decay length than type-|

SUSY-23, July, 2023 - p.9/40



E LNV at LHC?

= quasi-Dirac neutrinos N — N will occur, define:

R” — #same—sign ll+jets
#opposite—sign ll+jets  Anamiati et al., 2016
~ _Am?
— Am?Z242T2
= For (Dirac) neutrino: (R;; =0)
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LNV at LHC?

= quasi-Dirac neutrinos N — N will occur, define:

Ry — #same—sign ll+jets
Il — Fopposite—sign ll+jets
~ _Am?
— Am?Z242T2
= For (Dirac) neutrino: (R;; =0)

= Taking info account decoherence/damping:

Anamiati et al., 2016

Ry 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
N | | | | | Antusch et al,
LB 2307.06208
10-8 see talk by
10~ S. Antusch
10°°
107°

0

10-° Linear seesaw Inverse seesaw

—— Normal 5x 107 2eV

- - - Inverted
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Forecast searches
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Plot from:

Helo et al.; 1803.02212
and

Hirsch & Wang 2001.04750

LBNE; 1307.7335

SHIP; 1504.04855,
1810.03636

CodexB; 1708.09395
FASER; 1708.09389
NA62; 1801.04207

MATHUSLA; 1806.07396
; 1810.03636
ANUBIS; 1909.13022
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E Forecast searches

1073
4l SHiP LHC displaced
1077 =-o- MALTiAlIJESLA vertex search
1 0_5 Displaced LHC forecast for
L = 3/ab:;
~ 107 | Cottin et al.;
3 107 : PRD98 (2018) 035012
108 . R. Beltrdn et al.;
; l JHEPO1 (2022) 044
107° :

N N 1

1010} ’ \*-"
— ' ' ' : : Complementary
01 02 05 1 2 5 10 20 30 to far detectors!

Mune [GeV]
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b Forecast searches

-3

10 — Displaced LHC
_4—— CMS arXiv :2201.05578 LHC displaced
10 vertex search
10-5F forecast for
L = 3/ab:

-6
N 10 Cofttin et al.;
>Z¢5 107 PRD98 (2018) 035012
1078 Experimental search result:
CMS
107° JHEP 07 (2022) 081
10 . based on:
R £ = 138/fb
01 02 05 1 2 5 10 20 50
MunL [GeV]

SUSY-23, July, 2023 - p.13/40



17

Np and EFT

SUSY-23, July, 2023 — p.14/40



h Effective field theory and Np

Since no new physics has been seen at LHC:

CA?
Ad—4

LsmerT = L& + D Ok
k
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E Effective field theory and Np

Since no new physics has been seen at LHC:

LsmerT = L& + D Ok
2

Nd—4

= At d = 5in SMEFT only one operator: Weinberg operator with 6 complex
parameters for 3 generations of leptons
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Effective field theory and Np

Since no new physics has been seen at LHC:

LsmerT = L& + D Ok
2

Nd—4

= At d = 5in SMEFT only one operator: Weinberg operator with 6 complex
parameters for 3 generations of leptons

= At d = 6 already more than O(50) operators, with 2499 independent
parameters Grzadkowski et al., 2010
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Effective field theory and Np

Since no new physics has been seen at LHC:

O

Coveerr = L5+ 3 27
k

= At d = 5in SMEFT only one operator: Weinberg operator with 6 complex
parameters for 3 generations of leptons

= At d = 6 already more than O(50) operators, with 2499 independent
parameters Grzadkowski et al., 2010

= Add one (three) "light” Ny to the SM particle content

d nny = 1 nnN = 3
5 5 18 d=5: A. Aparici et al., 2009
d=6: F. del Aguila et al., 2009
6 29 1614 .
d=7/: Lico and Ma, 2017
7| 80 4206 Up to d=9: Li et al., 2021
8 323 20400
9 | 1358 | 243944

SUSY-23, July, 2023 - p.15/40



Effective field theory and Np

Since no new physics has been seen at LHC:

O

Coveerr = L5+ 3 27
k

= At d = 5in SMEFT only one operator: Weinberg operator with 6 complex
parameters for 3 generations of leptons

= At d = 6 already more than O(50) operators, with 2499 independent
parameters Grzadkowski et al., 2010

= Add one (three) "light” Ny to the SM particle content

) 2 18 d=5: A. Aparici et al., 2009
6 20 1614 d=6: F. del Aguila et al., 2009
Most rel t
<:for?_iprfg\iag, d=7/: Lico and Ma, 2017
! >0 4200 dfermi | Up to d=9: Li et al., 2021
8 323 20400 -Tfermion OpPsS
9 1358 243944
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Which EFT?

EA
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2GeV m

Matching - @
1F§unning
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Running
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Which EFT?

EA

Matchi
A -& = >@ SMEFT / NSMEFT:

lH . Standard model symmetries
unning

and SM field content + N g
oy o oo My

Running

v

2GeV m
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Which EFT?

EA

Matchi
A -& = >@ SMEFT / NSMEFT:

lH . Standard model symmetries
unning

and SM field content + N g
oy o oo My

Running

Below m¢/myy:
LEFT / NgLEFT
v Integrate out ¢, H, - - -

2GeV m
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d = 6 operators in NpSMEFT

List of d = 6 4-fermion operators with one or two Ng:

Name Structure ny=11| ny=3
Oan (ﬂv“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrvuNRr) 9 81
Ogn (@"Q) (NrYuNR) 9 81
Ocn | (erY*er) (NrVuNR) 9 81
OLN (Z"}/HL) (N—R’YLLNR) Q 81
Name Structure (+ h.c.) ny=1 ] ny=3
Oaune | (drv*ur) (Npyuer) | 54 162
OLNQd (ZNR) € (@dR) o4 162
OLdQN (ZdR) € (@NR) 54 162
OLNLe (ZNR) € (ZGR) 54 ]62
OQuNL Qu R) (N—RL) 54 162
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d = 6 operators in NpSMEFT

List of d = 6 4-fermion operators with one or two Ng:

Name Structure ny=11| ny=3
Oan (@’Y“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrvuNRr) 9 81
Ogn (@"Q) (NrYuNR) 9 81
Ocn | (erY*er) (NrVuNR) 9 81
OLN (Z"}/ML) (N—R’YLLNR) Q 81
Name Structure (+ h.c.) ny=1 ] ny=3
Oaune | (drv*ur) (Npyuer) | 54 162
OLNQd (ZNR) € (@dR) o4 162
OLdQN (ZdR) € (@NR) 54 162
OLNLe (ZNR) € (ZGR) 54 162
OQuNL Qu R) (N—RL) 54 162

Lightest Nr can
not decay via
N g pair operators!

= N decay
via mixing

= N decay
via operator
(eqsily)
dominates!
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Cross sections

Example cross sections for production via mixing and
single Ngr operator, example Ogune: Beltran et al., 2021

Minimal HNL: oM oc [V, xr |2
NRSMEFT: € o (1/A)%

O'(pp—> NR+Z+) [fb]
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Cross sections

Example cross sections for production via mixing and

single Ngr operator, example Ogune: Beltran et al., 2021
102F :

B Minimal HNL: o™ o |V, x |2
S ot} NRSMEFT: 6©  (1/A)*
T

= 10t

N

I

= 10 Below roughly my ~ 30 GeV

A=25TeV & |Vony|? ~ 1077

But ...

v [GeV] Cross section from mixing drops
LG — Vel =107 = = |Venl" = 2077 exponentially for my > my,
— A=2[TeV] ------ A=5[TeV] — — A =10 [TeV]
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E Forecast: Single-Np

A [TeV]

10'-

A [TeV]

240

CLNQd = 1|

D11 |
CLdON —

:1:

10°

50

Beltran et al., 2021

Production cross section:

a(pp—>N—|—li)ocﬁ

Decay length:

4
CTOCA—5
mn

No displaced vertex
formy > 50 GeV
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Forecast: Pair-Nr operators

Example reach for operator Oy n Cottin et al., 2021
Majorana HNL, cjr /A% = 1/(2 TeV)?

1072 x
e N\ -
1070 SR . .
107° " -
10710 4
(@] _
—= 10 12 —
—14
=~ 10 =
T 10—16
AL3X: 250 fb~! MAPP1: 30 fb~' ]
10~ 18| | ANUBIS:3ab™"  MAPP2: 300 b ]
—90 CODEX-b: 300 fb~"
10 — ATLAS: 300 fb~' 7
10—22 | | FASER2:3ab”’  ATLAS:3ab™’ B
_24 Il Il llllH‘ Il Il llllH‘ Il Il llllH‘ Il Il llllH‘ Il Il
10 —1 0 1 2 3
10 10 10 10 10
my |GeV]

= Assumption: only Nx pair operators, decay via mixing

= Mixing as small as (and smaller!) than naive seesaw
expectation can be probed!

= my Up to TeV could be probed!
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4F operators in NypLEFT

d = 6 operators with pairs of Ng:

Name Structure ny=11| ny=3
Oc‘i/jVRR (EvudR) (NR’}//’LNR) 9 81

Q O (wrvuur) (NrRY*NR) 4 36

- Ozl/]’\%R (dL’Y,udL) (NR"}/'“NR) Q 8]
o™ | @zvuur) (Ngy*Nr) 4 36
OS5 FE (drdr) (NGNR) 18 108
Ogj’vRR (dLaM,,dR) (N_IC%O"MVNR) 0 54

% OS5I (@zur) (NG NR) 8 48
oL\ (@pouur) (NGo* NRg) 0 24
O LE (drdr) (NgNR) 18 108

= For single Nr operators, see:;
R. Beltrdn et al., 2210.02461 and De Vries et al., 2010.07305

lepton number
conserved

lepton number
violated
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b Mesons atf LHC

Meson production at LHC for £ = 3/ab:

DO D* DT BO B* BO
4.12 x 1016 | 2.16 x 1016 | 7.02 x 101® | 1.58 x 101® | 1.58 x 10'® | 2.73 x 1014

SUSY-23, July, 2023 - p.22/40



Mesons atf LHC

Meson production at LHC for £ = 3/ab:

DO D* DT BO B* BO
4.12 x 1016 | 2.16 x 1016 | 7.02 x 101® | 1.58 x 101® | 1.58 x 10'® | 2.73 x 1014

Meson decay via N LEFT operators:

N

N, v

For example: B - NN Bt - atNN
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——

Projected sensitivities

10—4C

—u (’I}{?E =10"3v"2 (LNC)

1075 e
10—6 o

10—15 &

T

05 1.0 15 20 25 3.0
my |GeV]

b—d cgj\,ﬁi =10"3v~2 (LNC)

W\

015 1j0 1j5 2f0 215 3.0
my [GGV}

AL3X: 250 fb!
ANUBIS: 3 ab™!
CODEX-b: 300 fb~!
FACET: 3 ab~!
FASER: 150 fb—!
FASER2: 3 ab~!
MAPP1: 30 tb~!
MAPP2: 300 fb™!
MATHUSLA: 3 ab™!

3-dimensional
parameter space
fix, as example:
c=1073/v?
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——

Projected sensitivities

Beltran et al, 2022
Example LNC operator:

i Vin|2=10"7 b—d chyy (LNC)
103 — B® = 7%, inv.
102 _— AL3X: 250 fb~!
10t —_— ANUBIS: 3 ab™!
100 _— CODEX-b: 300 fb~?
E 107t —_— FACET: 3 ab!
"o 1072 N T — e ———————  TASER: 150 b
1073 ——————  TFASER2: 3ab!
10744 ‘ L MAPP1: 30 fb~!
10751 —— MAPP2: 300 fb!
1076 — e 1 — MATHUSLA: 3 ab™
0.5 1.0 15 20 2.5 3.0 05 1.0 1.5 2.0 25 3.0
my [GeV] my [GeV]

= Rough estimate, LNC scales as 1/A?:

c~1074(107°) — A~ 100(300) TeV
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——

Projected sensitivities

Beltran et al, 2022
Example LNV operator:

i Vin|2 =107 - b—d ciyy (LNV)
103 103 F— B® — inv.

102 102 AL3X: 250 fb!
101 10 ANUBIS: 3 ab™!

& 109 o 10° CODEX-b: 300 fb!

E 10~! E 107! FACET: 3 ab™!

o L R e o 1072 —_— FASER: 150 fb~!
103 1 1034 FASER2: 3 ab~!
10— 10~4 MAPP1: 30 fb~!
105 1 _ 105 - | - MAPP2: 300 fb!
o6l | L T 106, —+ MATHUSLA: 3 ab~!

05 1.0 15 20 25 3.0 0.5 1.0 1.5 20 25 3.0
my [GeV] my [GeV]

= Rough estimate, LNV scales as 1/A3:

c~1074(107%) — A~ 10(21)TeV
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LLL.

Rpand LLPs
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R-parity violating SUSY

R-parity violating superpotential:

Wg,= + AijkiiﬁjEA'kC‘i_)‘fijkf’inﬁg

P

= Nijk A;jk and ¢; violate lepton number

= A;’jk violate baryon number

= lepton number and baryon number violation can not be present
at the same time because proton decays
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R-parity violating SUSY

R-parity violating superpotential:

Wg,= + )\ijkiiﬁjEA'kC"i_)‘;jkiinﬁg

P

= Nijk A;jk and ¢; violate lepton number

= A;’jk violate baryon number

= lepton number and baryon number violation can not be present
at the same time because proton decays

= LNV leads to Magjorana neutrino masses
= bilinear terms: Tree-level masses
= frilinear terms: 1-loop masses
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R-parity violating SUSY

R-parity violating superpotential:

Wg,= + )\ijkiiﬁjEA'lg"i_)‘fijki’inﬁg

P

= Nijk A;jk and ¢; violate lepton number

= Ag’jk violate baryon number

= lepton number and baryon number violation can not be present
at the same time because proton decays

= LNV leads to Magjorana neutrino masses
= bilinear terms: Tree-level masses
= frilinear terms: 1-loop masses

= bilinear terms leads to mixing x° — v: x° decays x° - W=*IT etc

= For light x and heavy sleptons/squarks /» terms lead to
effective operators involving x° (similar NgSMEFT)

= Light ¥ will be LLP!
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Forecast for Rp - |

— If x© lighter than Z0: Dercks et al., 2018

BR(Z — 2“‘“) =105
== lresenTRPV Elmitfurn '—\ZEU%E%

10° 108 108 10
myo in MeV mygo in MeV

= Br(Z% — 2x9) tfreated as free parameter

= Note y-axis given in GeV—2

— Could probe tiny i pcouplings for light x°

SUSY-23, July, 2023 - p.28/40



Forecast for Rp - Il

= If x© lighter than typical meson masses:

10-°
10-6
107

—14

1071 10~ 10 10 9 108 10~7 105 10°°

—14
107110710 10-9 10 107 100 107
Xg in QeV~?

J

P (2" %},ﬁ \q
(EEKET
1
TIev, ~ ~.
N S f
5 TV \\\ ~ "~ 7
f g ;
i /
\ v )r.\'
\\ \ /\l“‘——/ﬁ
=
—— ANUBIS, 3 ab™* ey
MAPPI, 30 fb ! \\‘\4

— MAPP2, 300 b1

— AL3X, 250 fb !

— CODEX-b, 300 b~

= FASER2, 3 ab~'
MATHUSLA, 3 ab™

—— SHiP, 2 x 10% POT

M\ ;
A2 in GeV 2
m".’

=k
R
QQ\
—— ANUBIS, 3 ab ! \
MAPP1, 30 fb! \L\ \“\ .

- MAPP2, 300 fb '
—_— AL3X, 250 fb~"

—— CODEX-b, 300 fb™*

—— FASER2, 3ab™!
MATHUSLA, 3 ab"
—— SHiP, 2 x 10%° pOT

14/

Dreiner et al., 2020

Plofs assume: m, 0 = 3 GeV
Two different A;j p 70
Sensitivity depends on choice of A;j ,

Just an example choice:
(lower pIoT)

131 + BT et + X
112. X —~ K~ +et
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Conclusions

= Renewed interest in long-lived particles (dark matter & neutrinos)

= Many new proposals to look for LLPs at LHC: ATLAS/CMS (1), MATHUSLA,
FASER, CODEX-b, ANUBIS - - -

= If EW scale Ng exists, it should be long-lived

= or improvement of existing limits by
several orders of magnitfude

= NrSMEFT ( ) operators can be probed up fo A < (10 — 20) TeV
( )

= For pair-Nr operators, can probe tiny mixing angles!

= For light neutralino tiny i/p couplings can be probed
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Backup
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:
ctyee=l = p5M 4 Y, THNR + My NgNg + h.c.

= Np interacts with SM particles only via mixing
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:
ctyee=l = p5M 4 Y, THNR + My NgNg + h.c.

= Np interacts with SM particles only via mixing

= Many BSM models contain new particles

A (particularly) simple example: Type-l seesaw + Leptoquark

£B3M — plype=l L mNESLq + hc. + m%Q’SLQ|2
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Beyond minimal seesaw

Lagrangian of the minimal seesaw model:
ctyee=l = p5M 4 Y, THNR + My NgNg + h.c.

= Np interacts with SM particles only via mixing

= Many BSM models contain new particles

A (particularly) simple example: Type-l seesaw + Leptoquark

£B3M — plype=l L mNESLq + hc. + m%QlSLQ\Q

If S1.q is too heavy to be produced at the LHC, “infegrate out” St.q:

2
g - .
5— (URNR)(Ngur) + - -

EBSM — cType—I i

= LDl (@) (N Ni) +

= O, n.ad = 6 four-fermion operafor is generated
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Inverse seesagw

Inverse seesaw, basis (v, v%, SG):

Mohapatra &

Valle, 1986
M, = mp 0 MR
0 ML u
“Inverse” seesaw, because:
i, =Vem, Ve = VimE5.(ME) " u.(Mg) " tmpVyE
- N 1
My = (MR—F{mD.mg,MRl}):l:g,uv
= - 3 light eigenvalues: m,,
= - (3+3) heavy (nearly diagonal) eigenvalues : M+ = Mg+ipu,  Quasi-Dirac!

Smallness of m, due to nearly conserved L!

SUSY-23, July, 2023 - p.33/40



ct! lnverse seesaw
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ct! lnverse seesaw

2 | Unl?

vy,

vy,

1010}

10712}

107

107 10°% 102 107! 100
u [GeV]

CcT [m]

mD 2
MR> M
mp my
Mpr & %

R=1,, Mg, =1 TeV, m, = 0.05 eV

108

106}

u=1GeV
_____ H= 10_1 GeV

2 5
Munt [GeV]
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Cross sections

Example cross sections for pair Ny operator O n:

a(pp — N RN_R) [fb]

gav = V2 (&) iy =1

T | T T | L ' 1T T 717 T T

mpy = 10 GeV
my = 500 GeV
my = 1000 GeV
LQ
NRO

~
~
~
~
~
~
~
>~
=~
=

2 4 6 8
mrg = A [TeV]

= Total o(pp = NrNR)x A—*

10

a(pp — NRN_R) [fh]

gav =V2 (&) cy=1

102_ T RRRL RRRL T
10— \ -
100 _
-1
10 IR mrg = A =2TeV ]
10—2 | mpg=A=5TeV

L mrg = A =8TeV
1073~ LQ
1074 === NRO

I I B I I |IIIII| | | IIIIII|
10° 10 10 10
my [GeV]

= my dependence determined only by kinematics, i.e.
sizeable x-sections up to mpy ~ 1 TeV (and above)

= "LQ" - full calculation with leptoquark model, "NRO” calculation in EFT limit
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Forecast searches

Ven]?

Von |

Majorana HNL, ciy /A% = 1/(2 TeV)?
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Magorana HNL, ¢l /A? = QN/A2 el /A? =1/(2 TeV)?
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Forecast searches

Majorana HNL, cby /A% = 1/(7 TeV)?
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Magorana HNL, ¢l /A? = QN/A2 el /A? = 1/(7 TeV)?
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Forecast searches

Ven]?

Von]?

Majorana HNL, cji /A% = 1/(13 TeV)?
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Brs for meson decays

One example operator only:

—3
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my [GeV]

= Case LNC, operator 0 index “31"

= At small m 3-body decays can dominate,
due to helicity suppression in 2-body decay
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Brs for meson decays

One example operator only:

m

-3
10 ?IllllIII|IIII|IIII|IIII|III
1045 b—d e =10""v"2 (LNV)
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=

= Case LNV, operator Ogj’\?R, index "31”

= 2-body decay dominates

B > K04+ N+ N
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