Heavy Neutral Leptons as long-lived particles
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h Theoretical expectations

Majorana Neutrino mass Many possibilities exist!

Weinberg, 1979
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Theoretfical expectations

Majorana Neutrino mass

(Yv)?
m, =~ Weinberg, 1979
A
Smallness of neutrino mass (H) (H)
can be “explained” by: -l—\ /+
/
= High scale: Large A ~ 10(14-15) GeV Voo

> /
“classical” seesaw: Y ~ 1 / \
vy, vy,
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Theoretfical expectations

Majorana Neutrino mass

(Yv)”
m, =~ Weinberg, 1979
A

Smallness of neutrino mass (H) <fl_l>
can be “explained” by: 'l'\ .
= High scale: Large A ~ 10(14~1%) GeV '\ ;? K

“classical” seesaw: Y ~ 1 / \

vy, vy,

OR:

= A~100GeVandY ~ 106
“electro-weak scale” seesaw
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Theoretfical expectations

Majorana Neutrino mass

(Yv)’
m, =~ Weinberg, 1979
A
Smallness of neutrino Mass (H) <fl_l>
can be “explained” by: 'l'\ /
/
= High scale: Large A ~ 101415 GeV '\ ;? N
“classical” seesaw: Y ~ 1 / \
vy, vy,
OR:
= A~ 100GeVandY ~ 10~° “Heavy neutral lepton”

“electro-weak scale” seesaw
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From the experimental point of view a HNL is simply a heavy fermion singlet with

suppressed charged (CC) and neutral current (NC) interactions are

g —
L = 75 Van, laY" PLN;W L, 20080W D VaiVan, Njy* PLviZy,
’7.7

= This £ (+mass): “Minimal HNL"

= From phenomenology V,, N; <1
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E Ny or HNL?

From the experimental point of view a HNL is simply a heavy fermion singlet with
suppressed charged (CC) and neutral current (NC) interactions are

g —
L = 75 Van, laY" PLN;W L, 20080W D VaiVan, Njy* PLviZy,
’7.7

= This £ (+mass): “"Minimal HNL"

= From phenomenology V,, N; <1
Note:

= This makes

= Gives no explanation for mass of N

=
= Does not give relation to m,,
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Minimal HNLS
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E Seesaw type-l - again

In one generation notation, in the basis (v, v§):

(H) (H)
t ¥
M — ( 0 mp ) \\\ VR II
mp My ><
149 vy,
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E Seesaw type-l - again

In one generation notation, in the basis (v, v§): ()

(H)
} ¥
M — ( 0 mp ) \\\ VR II

VL VL

Formp < My, eigenvalue and heavy-light mixing given by:

o _mp)? (%)’
YT My My
() g1, o (YL v) my

XX
Mg Mg
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b Seesaw type-l - again

In one generation notation, in the basis (v, v§): ()
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Decay length seesaw-|

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

1079
m,=1eV
10 —— m,=0.05eV
10 - - m,=10"3eV
N
~N
10—11 \\
N N
5 N
= 10-12} \\
N SN, N
N, S
~13 \\~ ~N
107! ~. \\*
\\~
\\~
107 N,
1 5 10 50 100 500
My, [GeV]
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Decay length seesaw-|

R=l, Mg, = 1 TeV, v-b.f.p.
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108~
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Neutrino decay width calculation from:; 104}
Atre et al. R
JHEP 0905 (2009) 030 (arXiv:0901.3589) 5
and 10%
Bondarenko et al. 10-2}
JHEP 11 (2018) 032 (arXiv:1805.08567) N |
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FLASY-22, Lisbon, 27. June 2022 - p.9/34



Decay length seesaw-|

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

_9 . . . .
v m, =16V Note: Small mixing implies
10-10 o smaill production
\\\ x-section @ LHC!
N 10—11 ~ ]
e \\ VRi
=] Y
; 10_12"\ \\
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1 5 10 50 100 500
Mhunt [GeV]

FLASY-22, Lisbon, 27. June 2022 - p.9/34



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!
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ct! lnverse seesaw
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ct! lnverse seesaw
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Where to look for LLPs?

MATHUSLA

i
FASER

Feng, et al 1710.09387

CODEX-b

Gligorov et al 1708.09395

Bauer, OB, Lee, Ohm 1909.13022

Many proposals in the past few years. In addition:
+ Dune (ND), AL3X, SHIP NA62, - - -
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Forecast searches

1073
1074
1075 F
1075k

107"}
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CodexB
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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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b Forecast searches

107"
102} SHiP LHC displaced
. HENE vertex search
10 DMAITHUSLL:C forecast for
10—4 isplaced L= S/Ob:
~ 1070 Cottin et al.;
f‘ 10-5 PRD98 (2018) 035012
107”7
1078
Complementary
107° to far detectors!
10710
0.1 02 05 1 2 5 10 20 50

my [GGV]
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LLL.

NrSMEFT and LLPs

G. Cofttin et al., JHEPO? (2021) 039 (arXiv:2105.13851)
R. Beltran et al., JHEPO1 (2022) 044 (arXiv:2110.15096)
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Effective field theory

Basic idea of EFT:

New physics exists, but the mass scale involved is /s < A:

LsmerT = Lsm + ) Ok
k

Nd—4

= “Integrating out” the heavy resonances "generates” a tower of operators

= d is The dimension of Oy,
= A is the energy scale of new physics
= the Wilson coefficient, free parameters in SMEFT

= Since suppressed by higher powers of A larger d operators become quickly
irrelevant phenomenologically

FLASY-22, Lisbon, 27. June 2022 - p.16/34



Effective field theory

Basic idea of EFT;
New physics exists, but the mass scale involved is /s < A:

LsmerT = Lsm + ) Ok
k

Nd—4

= “Integrating out” the heavy resonances "generates” a tower of operators

= d is The dimension of Oy,
= A is the energy scale of new physics
= the Wilson coefficient, free parameters in SMEFT

= Since suppressed by higher powers of A larger d operators become quickly
irrelevant phenomenologically

= 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

Basic idea of EFT;
New physics exists, but the mass scale involved is /s < A:

LsmerT = Lsm + ) Ok
k

Nd—4

= “Integrating out” the heavy resonances "generates” a tower of operators

= d is The dimension of Oy,
= A is the energy scale of new physics
= the Wilson coefficient, free parameters in SMEFT

= Since suppressed by higher powers of A larger d operators become quickly
irrelevant phenomenologically

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

= At d = 6 SMEFT has already more than O(50) operators, with
2499 independent parameters (3 generations)
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NrSMEFT

Huge progress in consfruction of operator basis in recent years:

d=5: A. Aparici et al., PRD 80 (2009) 013010
d=6: F. del Aguila et al., PLB 670 (2009) 399

d=7/: Lico and Ma, PRD 96, 015012 (2017)
Up to d=9: Li et al, JHEP11(2021)003

Table: Number of parameters as function of d,
counting only new operators with at least one Ng

d|ny=1]| ny =3
5 2 18

6 29 1614
/ 80 4206
8 323 20400
9 1358 243944
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NrSMEFT

Huge progress in consfruction of operator basis in recent years:

d=5: A. Aparici et al., PRD 80 (2009) 013010
d=6: F. del Aguila et al., PLB 670 (2009) 399

d=7/: Lico and Ma, PRD 96, 015012 (2017)
Up to d=9: Li et al, JHEP11(2021)003

Table: Number of parameters as function of d,
counting only new operators with at least one Ng

d|ny=1]| ny =3
5 2 18

6 29 1614
/ 80 4206
8 323 20400
9 1358 243944

Want to check yourself?

R.M. Fonseca,
Comput.Phys.
Commun. 267
(2021) 108085

(Mathematica packagel)
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d = 6 operators in NpSMEFT

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

Name Structure ny=11] ny =3
Oan (ﬂ’Y”@%) (NrYuNRr) ? 31

Oun | (@rY"ur) (NrYuNR) 9 81

Ogn (@Qv*Q) (NrYuNR) ? 31

Ocn (erv*er) (NrRYuNR) 9 81

OLN (Z'y“L) (N—R’YMNR) Q 81

OnN | (NrvuNgr) (NrRVuNR) 1 36
Name Structure (+ h.c.) ny=1| ny =
OduNe (E'y“’uR) (N—RfyueR) +h.c. 54 162
OLNQd (LNR) € (Qdg) +h.c. 54 162
OLdoN (Ldr) € (QNR) +h.c. 54 162
OLNLe (ZNR) € (ZGR) +h.c. o4 162
OQuNL Qugr) (NgL) +h.c. 54 162
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b NLEFT

Operators in NrLEFT up to d=6:

Dipole Ony =vpot NA,,
. Onn" = (N7, N)(N~*N)
= OW" = @Emuen) N"N) O = (@ryur)(N7"N) M. Chala & A. Titov
O™ = @) Ny'N) _ OLER = (@) ey N) JHEP 05 (2020) 159
v O =) (Ny'N) O™ = (eryer)(N*N)
S OR = @) (VN) OGP = [@ryudi)(Ny*N)
Opicn = (Wry,dL) @Ry N)
OVR" = (ZEN)(TLN)
. ONT = (ezern)VLN) O™ = (€Lower) Lo N)
= OW"=@ur)7IN) O™ = (@ouur) (@ N)
O = ([dedr)(WLN)  O4™ = (drowwdr)(Eo* N)
Opien = @rdp)(€LN)  Oyicy = (Wroudg)(€go™ N)
= Ox" = (erer) WL N) O™ = (WruL) (TLN)
= Ou" = (drdr)(7LN) OSLR = (wrd,)(@LN)
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E NLEFT

Operators in NrLEFT up to d=6:

Dipole Ony = Vo NA,,
o3 ORnT = (N7, N)(Ny“N)
Z  OR™ = (Emuen)(N1"N) OL":\’?‘R = (@) (Ny"N) M. Chala & A. Titov
OVRR (d— d}?) (N’}/’”’N) Ordfg (uH'Yde)( pN) JHEP 05 (2020) ]39
w O" =) (Ny*N) - O™ = (@per) (N*N) TR
— ree-lievel marcning o
= O (@) (FN)  ORR = (@) (yN) 9
V.IR _ — i NrSMEFT <+ NgLEFT
OudeN - (uL’YJ-‘rdL)(eR’Y N)
OSER — (7 N)(7LN)

SRR __ — - T.RR _ 5 Recall;
= Cor ™ =\RRa)nll) Cai =\Sjpite)ir ) For E ~ M(mesons)
— S,RR — e —_ o
& Ouv" = @ur)TLN)  Ouy"™ = (@owur)(ZEo" N) need to use NiLEFT

OWE = (dpdp)WIN) O™ = (dojwdr)(@Lo* N)
Opien = @rdp)(€LN)  Oyicy = (Wroudg)(€go™ N)
%" Oox" = (ereL)(VLN) Ouv' = (WguL)(VLN)
& O™ = (dpdy) (VL N) Opn = (Rdy) (@ N)
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h NLEFT

Operators in NrLEFT up to d=6:

Dipole Ony = Vo NA,,
o ORRT = (NuN)(N~#N)
Z  OR™ = (Emuen)(N1"N) O = () (T4
OVR = (Aryudr) (Nv*N)  OLER = (Wryudr) @@y N)
. O =) (N'N) O = @en)(NyN)
S O = @) (FyN) O = duyd)(NV#N)
Oviin = (Trvuds) (@RY*N)
OYER — (G N)(7LN)
w OX"=(@Emern)N) O = (€zouwer)@Lo" N)
= ON" = (@ur)(7IN) 0115?1* (W0 ur) 7L N)
Ot = (dedr)(IN) O = (dpojwdr) (VLo N)
O3 = (ugdg)(erN) ODAY = (po,,dg) (Lo N)
°§ O™ = (€rer)(TLN) O = (@RuL) (TLN)
= O = (dpdp)(LN) Ofin = (Wrdy)(FLN)

M. Chala & A. Titov
JHEP 05 (2020) 139

Tree-level matching of
NRSMEFT <+ NgLEFT

Recall:
For E ~ M(mesons)
need to use NpLEFT

See talk by:
R. Beltran
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d = 6 operators in NpSMEFT

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

Name Structure ny=1]| ny=3
Oan (ﬂv“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrvuNRr) 9 81
Ogn (@Qv"*Q) (NrvuNR) ? 31
Ocn | (erY*er) (NrVuNR) 9 81
OLN (Z’y“L) (N—R’yMNR) Q 81
Name Structure (+ h.c.) ny=1| ny=3
OduNe (@'YMUR) (NrYpeR) o4 162
OLNQd (LNR) € (QdRr) 54 162
OLdoN (Ldr) € (QNR) 54 162
OLNLe (LNR) € (Ler) 54 162
OQuNL Qugr) (NgL) 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=1]| ny=3
Oan (ﬂv“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrvuNRr) 9 81
Ogn (@Qv"*Q) (NrvuNR) ? 31
Ocn | (erY*er) (NrVuNR) 9 81
OLN (Z’y“L) (N—R’yMNR) Q 81
Name Structure (+ h.c.) ny=1| ny=3
OduNe (@'YMUR) (NrYpeR) o4 162
OLNQd (LNR) € (QdRr) 54 162
OLdoN (Ldr) € (QNR) 54 162
OLNLe (LNR) € (Ler) 54 162
OQuNL Qugr) (NgL) 54 162

Lightest Nz can
not decay via
Npg pair operators!

= N decay
via mixing

= N decay
via operator
(eqsily)
dominates!

FLASY-22, Lisbon, 27. June 2022 - 0.20/34



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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Cross sections

Example cross sections for single N operators:

Vs=14TeV, A=5TeV, [|V.y[?=107°

10
10" \
- | \ \
é \
< 107
+
? N mixing
1072
g: OudeN
\E/ 1073 OQUN L
OgarLn
-4
L Oonid
10’ 10° 10°

my [Ge\ﬂ

= Total o(pp — NrNR)ox A—*

= my dependence determined only by kinematics, i.e.

sizeable x-sections up fo my ~ 1 TeV (and above)

= "N mixing” - cross section via charged current
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Cross sections

Example cross sections for single N operators:

Vs=14TeV, A=5TeV, [|V.y[?=107°

10
1 \ Recall:
10" - .
\ O.MIX % |V€N|2
— 1t \
= —— Mix @
— e | o <o
= 107 (|Ven|2=10—7) (A=5 TeV)
+
? N mixing
1072
Ouden
& uael
)
\E/ 1073 OQUNL
. OgarLn
L Oonid
10 10' 10° 10°

my [Ge\ﬂ

= Total o(pp — NrNR)ox A—*

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

= "N mixing” - cross section via charged current
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Forecast searches

Example reach for operator O n
Majorana HNL, cjh /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!

Note the axis!
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Forecast searches

Ven]?

Von |

Majorana HNL, ciy /A% = 1/(2 TeV)?

107 — oo -
1 S S SO
10”6 R _
1078 -
10~ 0 Type-| Se B
1 O_ 12 | esawtargel region —
—14
1077+ =
—16
10 [ AL3X: 250 fb~! MAPP1: 30 fb~' B
10~ 18] | anusis:3ab  mAPP2: 300 17 |
20 CODEX-b: 300 fb~'
10 — | FASER: 150" ATLAS: 300 fb™' 1
22 FASER2: 3 ab™" ATLAS: 3 ab™' B
107+
24 | \\\\\H‘ \\\HH‘ | \\HH‘ \\\HH‘ L1
1 1071 10° 10 10 10°

my [Ge\/]

Only Oun

Magorana HNL, ¢l /A? = QN/A2 el /A? =1/(2 TeV)?

10~
10 RS R N _
10~ SR _
1078 -
10710 -
1071 -
107" -
—16
10 AL3X: 2500~ MAPP1:30 fb™’ B
10—18 || anuBIS:3ab™’  MAPP2: 300 b |
N CODEX=b: 300 fb™"
10 — | FASER 150" ATLAS: 300 fb™! =
10—22 | | FASER2:3ab™" ATLAS: 3ab™! B
10_24_ | | \\HH‘O | \\\\H‘l | \\\\\\‘2 | | \\\\\\‘3 | | |
107! 10 10 10 10

N [GeV]

Oan + Oun +OgnN
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Forecast searches

Majorana HNL, cby /A% = 1/(7 TeV)?

10_2 TTT T T T
”ﬁﬁﬁiﬁ:ﬁﬁﬁﬁﬁﬁﬁfﬁ,f:ﬁ:ﬁﬁﬁﬁﬁf:ﬁﬁﬁ:ﬁﬁﬁﬁf | _ Only OdN
10”6 R |
=8| = -
iy : AN=T7TeV
C\‘_ —12
Z ]_O 4 ]
=107t .
10_ 16 AL3X: 250 fb~! MAPP1: 30 fb~' B
107181 | Awuis:3ab  warPz 00 N B
90 CODEX-b: 300 fb~'
10 — | FASER: 150" ATLAS: 300 fb™' 1
10~ 22| | FASERz:3ab”'  ATLAS:3ab”’ |
10 24 | | \\\H\‘ | \\HH‘ | \\HH‘ | \\HH‘ L1
1071 10° 10 10 10°
my [Ge\/]

Magorana HNL, ¢l /A? = QN/A2 el /A? = 1/(7 TeV)?

10~
T - N 1 Oan +Oun + Ogn
10~ SR _
107°- -
2 1012 |
% —14
= 10 -
10~ 10 AL3X: 250 fb~' MAPP1: 30 fb~' B
10718 ANUBIS: 3ab™  MAPP2: 300 b _
_og| | copex-b:s00 >
10 FASER: 150" ATLAS: 300 fbo~' 1
10—22 FASER2:3ab™!  ATLAS:3ab™’ N
10_24 | | \\\\H‘ | \\\\\\‘ | \\\\\\‘ | \\\\H‘ |
107 10" 10" 107 10°
N [GeV] FLASY-22, Lisbon, 27. June 2022 — p.25/34




Forecast searches

Ven]?

Von]?

Majorana HNL, cji /A% = 1/(13 TeV)?
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Forecast searches

A [TeV]

Sensitivity reach (ATLAS) for single Nr operators:

T
101j Ju 101?
iy L
5
10° 10°
my [GeV]
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é
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/ 7
1 =
100 L\\_—/ Il ‘ Il Il I Il
5 10 20 50

my [GeV]
= A up to (25-27) TeV could be probed!

= mp reach up to ~ 55 GeV
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Conclusions

= No definite sign of new physics at the LHC (so farl)

= Many new experimental proposals for LLP searches

= HNLs from neutrino mass models automatically long-lived
= Effective field theory has become very popular: SMEFT
= NrSMEFT includes fermionic singlets

= If NrSMEFT operators exist with A < (10 — 20) TeV very promising!
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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
£BSM = pTypel 4 guiENESLq + hee. + mi6[SLal”

If S1.q is too heavy to be produced at the LHC, “infegrate out” St.q:
g e
3 (WRNR)(Npur) + -

EBSM — cType—I i

= LDl (@) (N Ni) +

= O, n.ad = 6 four-fermion operafor is generated
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E d = 5 operators in NpSMEFT

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

Ow = 2 (L& H)(HL)

= After EWSB: Majorana neutrino mass!
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E d = 5 operators in NpSMEFT

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

Ow = 2 (L& H)(HL)

= After EWSB: Majorana neutrino mass!

Adding n = 3 neutral singlets, Nr allows to add fwo more operators with 12 and
6 parameters:

Onpg (HTH)(N—I%NR) + h.c.

OnB x (N—EO'“VNR)BMV + h.c.

= Ow., Ong and O g violate lepton number by AL = 2
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d = 6 operators in NpSMEFT

2 2 _ _

Name v“DH ny=11] ny =3 Operators
ONHD, (NrY*Ng) (HiD,H) ] 18 involving
ON@HD“ (N_Rfy“eR) (I:ITiD,uH) + h.c. 2 18 Higgses

Name U2HX ny=1| ny=3
OrLNHB (ZO‘“VNR) I:IBW/ + h.c. 2 18
OrLNHW (ZO’“VNR) IjI(EWW/) +h.c. 2 18
Name U2H3 ny=1| ny=3
OrLNH (ZNR) f{(HTH) +h.c. 2 18
Name AB=AL=1 ny=11] ny =3
OQQdN eijepqr(Q?;C'Q?)(d%CNR) + h.c. 2 108 Operc’rors

jolating

O epgr (U2, Cd%)(d7%CNRg) + h.C. 2 162 Vio

ddN par (URrCdR)(dRCNR) Borl

Name AL =4 ny=1| ny=3

ONNnN | (NSNR)(NSNR) +h.e. 0 12
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B in NpSMEFT

Proton decay as test?

Modes (p) 7t + 1 et Kt +1 Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-103* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-10%° > 3.10%

O(au)(QL) v v v
OQQ)(ue) — v —
Q) QL) v v v
O@7Q)(QrL) — — v
O(du) (ue) — v —
O00dN v — v
OuddN v — v
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B in NpSMEFT

Proton decay as test?

Modes (p) 77 + et Kt+1 Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-103* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-10%° > 3.103%4
O(du)(QL) v v v
O@a)(ue) — v —
Oa)@r) v v v
Or)@7L) o o v Very strong limits
O(du)(ue) - v — (formy < 1GeV)
OQQdN v — v A Z 10(14_15) GeV
OuddN v — v
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B in NySMEFT

Proton decay as test?

Modes (p)  nt +F et Kt + [ Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-103* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-10%° > 3.10%
O(du)(QL) v v v
O@a)(ue) — v —
Oa)@r) v v v
Oera)@7L) o o v Very strong limits
O(du) (ue) — v — (formy < 1 GeV)
O0odN v — v A > 10(14=15) GeV
OuddN v — v

Finally, four LNV operafor:
ONNNN = (NgNR)(NgNR)OO No paper’?
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OvpB decay

reroitude for (7. 4 o - Pdas et al.
mpk;udlelgrél,T)ﬁ( ,A) +ete PLBB453 (1999) 194
can be divided into: PLB498 (2001) 35

d u

.

o €

d u

(c)
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Ovp B decay

Amplitude for (Z,A) - (Z + 2, A) + eTeT

can be divided info:

= In NrLEFT long range contribution d = 6 operator,
but in NgSMEFT due to d = 7 operator(s)

Pd&s et al.
PLBB453 (1999) 194
PLB498 (2001) 35

(c)

Helo, Hirsch & Ota
JHEPQO6 (2016) 006

A > gers(17 —180) TeV (depending on operator)
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