Heavy neutral leptons and EFT

Martin Hirsch
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Neutrino oscillations

Normal ordering (NO) Inverted ordering (10)

More than
m < m < m3 my < m < nm»
>mg 2 0.06 eV SSme > 0.1eV 20 years after
m2 A A2 Super-K, 1998
I Vs Vs
2
) y 2 Am? and
1
Amgtm all 3 9”
Am2,.. measured with
v " high precision,
Am?2, but ...
vy S —
Ve Vy Vr
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Neutrino oscillations

Normal ordering (NO) Inverted ordering (10)

More than
m < mp < m3 my < m < mp
>mg 2 0.06 eV SSme > 0.1eV 20 years after
m2 A A2 Super-K, 1998
I V3 vy
Arrngol
1
Amitm
Amztm
A 4 y2
Am?2, but ...
E 2 S R
Ve Vy Vr
BUT, still unknown:;
Absolute mass scale? Upper limit: ~ 1 eV (KATRIN), ~ (0.1 — 0.2) eV (0v30)
Which hierarchy? ~ 2 o preference for NO
CP phase? Indication for § ~ (3/2)x? - But tension T2K/NOvA
Majorana OR Dirac? Unknown

IMEPNP Feb 8, 2022 - p.5/4¢



% Theoretical expectations

Majorana Neutrino mass Many possibilities exist!
See talk by K. Babu

Weinberg, 1979
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Theorefical expectations

Majorana Neutrino mass

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

> {
“classical” seesaw: Y ~ 1 / \
vy, v
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Theorefical expectations

Majorana Neutrino mass

(Yv)?
m, =~ Weinberg, 1979
A

Smallness of neutrino Mass (H) (H)
can be “explained” by: 'l‘\ ,"I'

/

= High scale: Large A ~ 10(14=15) GeV NooR

. o , / > <
classical” seesaw: Y ~ 1 / \
vy, vy,

OR:

= A~100GeVandyY ~ 106
“electro-weak scale” seesaw
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Theorefical expectations

Majorana Neutrino mass

(Yv)?
m, =~ Weinberg, 1979
A
Smallness of neutfrino Mass (H) (H)
can be “explained” by: + /+
\\ rVr II

= High scale: Large A ~ 10(14=15) GeV

\ /
“classical” seesaw: Y ~ 1 // =< \

OR:

= A ~ 100 GeVandY ~ 107° “Heavy neutral lepton”
“electro-weak scale” seesaw
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ﬁ 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

_ 9 T Ak W g L% Nk Py
L = 75 Ven,; oY PLNJWLM—I—2COSGW vavaNjNﬂ Pruv; Z,,

a?””]

= This £ (+mass): “"Minimal HNL"

= Supposedly V,, N, <1
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ﬁ 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

9

g = _
E — — Vo . l ,U,P NLL
Nj b S Y Ly + 2 cos Oy

V2 Z Van;V;Nij’Y“PLViZu,

a?””]

= This £ (+mass): “"Minimal HNL"

= Supposedly V,, N, <1
Note:

= this makes
= gives no explanation for mass of N
= Does not specify NV to be Majorana/Dirac
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i Effective field theory

2GeV m
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Effective field theory

E4 SMEFT:
Standard model symmetries
Ay —e iy
and standard model fields:
lRunning Lj, €R; Qi UR; deL-
+ H,Buv Wy, Guu
oy |y o My
Running
v
2GeV =™
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Effective field theory

E4 SMEFT:
Standard model symmetries
Ay —e iy
and standard model fields:
lRunning Lj, €R; Qi UR; dR,L-
+ H,Buv Wy, Guu
oy |y o My
RuAning Below myy:
LEFT
M Integrate out H, W, - - -
2GeV =-

IMEPNP Feb 8, 2022 - p.9/4¢



Effective field theory

E4 SMEFT:
Standard model symmetries
Ay —e iy
and standard model fields:
lRunning Lj, €R; Qi UR; dR,L-
+ H,Buv Wy, Guu
oy |y o My
Bl Below myy:
LEFT
M Integrate out H, W, - - -
2GeV =-
Add fermionic singlefs:

NRSMEFT + NgLEFT
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17

Minimal RNLS
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Bounds on HNLSs

10% T T\I‘Illlll i |||||||| I |!||||| T |:|||||| T |:|||||| l'\ll TTT |jE: ATre eT Oll
C . . | : 1

: L Lo . T R JHEPO5 (2009) 030
100 AR . | T T &
E.'. 187 ‘\ \ ! I | I ‘ \.I \E
B M Re -. ’\ . I ‘ ‘I \1
- . \,'\I I I | I | 4
2 . . I L
10°E \-/\ I | l O :
B *H \\ ! : AN \\\ A
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BUE N
= n I NTIA Fermi,, .
B .i. -\ —
10 /'\ E
e *. . I
C Borexino \
10°E n-->ev/\—E
E ouBp E
.6_ _
10 E 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| 1 IIIIII:l.A 1 ||||||1:'
10° 10”7 10° 10° 10" 10° 107

m, (GeV)

= Mostly “kink” searches
= 0v B3 applies only for Majorana HNL
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i HNL production

N, ¥

Example:

1

0.100

0.010

BR(D->X+N)

0.001

0.0 0.5 1.0 15 2.0

munL[GeV]

= Branching ratio for Vv, =1

= Formgnr ~ [0.1,5] GeV HNL from meson decays

N, ¥

—— D'-e+N

- — - D'5>K%e+N
------ D*->K”+e+N
—-—. D*5>m%+e+N
- — - D°5K*+e+N
------ D°sK*+e+N

—.—. D> +e+N
Ds—e+N
- — - Ds»n+N

Bondarenko et al,
JHEP11 (2018) 032
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Bounds on HNLSs

100% ror T T E Atre et al,
10tE i JHEPO5 (2009) 030
- I
10_2 E_I K-->ev ’,,'_E'
10'3;—! ’/'?
3 L3 U713
LF: Ps191 ~———rm—— =7 ]
N 10 EN ’ E!
_g E - \. / E
Z 10-5: \’ ~\. _ -_D%Pﬂl_ 7 ?:
10°E -
- " OvBB ]
10°E. E
]_0'8;g E;
10‘9: | | | 11 III| | | ‘I 11 III| 1 1 1 | | III| 1 1 1 L1 III:
0.01 0.1 10 100

1
m, (GeV)

= 0v (33 applies only for Majorana HNL
= LEP (DELPHI, L3) searched for Z° — v N
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i Seesaw type-l again

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

(H) (H)
4 ¥
M — ( 0 mp ) \\\ VR II
mp My ><
1745 149
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i Seesaw type-l again

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

(H) (H)
4 ¥
M — ( 0 mp ) \\\ VR II
mp My ><
1745 149

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

o mp)? ()
YT My My
() g1, o (YL v) m,
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i Seesaw type-l again

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

(H) (H)
4 ¥
M — ( 0 mp ) \\\ VR II
mp My ><
1745 149

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

o mp)? ()
YT My My
() g1, o (YL v) m,
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Decay length seesaw-|

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

1079
m,=1eV
10 — — m, =0.05eV
1077} - e— - m,=103¢eV
N
N
01 N
" S
§ ~N
— 10712} \\
N \\~ ~N
N, \\
~13] \\~ ~ ]
10 \\~ \\
\\~
\\~
10714} - N, ‘
1 5 10 50 100 500
Mt [GeV]
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Decay length seesaw-|

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

1079
m,=1eV
— — m, =0.05eV
10~10} e m, =106V
N
\\
~ 10714 N
= N
—L 10712 ~
A ~. N~
~\~ \\\
10713 L ~d
10714} - .
1 5 10 50 100 500
Mt [GeV]
R=l, Mg,, =1TeV, v-b.fp.
108 <;
N \\s m, =1eV
106F N N — — m,=005eV
\\ \\ -—-m,=103¢eV
Neutrino decay width calculation from:; 104}
Atre et al. E L
JHEP 0905 (2009) 030 5
and 10%
Bondarenko et al. 10-2|
1805.08567 .
1 5 10 50 100 500
My, [GeV]
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Decay length seesaw-|

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

1079
m,=1eV
10 — — m, =0.05eV
1077} - m,=103eV
NG
~N
10~} \\
N N
= N
=) \\
107124 ~N
W ~. N
SN, S
—13| SN, ~ |
10 ~. \\
\\~
\\~
10_14 3 ‘ ‘ ‘ \‘\~ ‘
1 5 10 50 100 500
Mt [GeV]

Neutrino decay width calculation from:;

Atre et al.

JHEP 0905 (2009) 030
and

Bondarenko et al.
1805.08567

ct[m]

Note: Small mixing implies
small production
x-section @ LHC!

108

105}

104}

10%f

100}

1072}

107*

VRi

R=l, Mg, =1TeV, v-b.fp.
N\,
N, m, =1eV
AN — — m, =0.05eV
A
Nt - e m, =106V

5 10
Mint [GeV]
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Where fto look for LLPs?

MATHUSLA

FASER

Feng, et al 1710.09387

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, - - -

IMEPNP Feb 8, 2022 - p.16/4«



Forecast searches

103 Plot from:
Lsile Helo et al.; 1803.02212
10—4 CodexB Clﬂd
o Hirsch & Wang 2001.04750

10—5 MATHUSLA
- LBNE; 1307.7335
N SHiP; 1504.04855,
I 107 1810.03636
- o CodexB; 1708.09395
FASER: 1708.09389
1079 NA62; 1801.04207
10-10} MATHUSLA; 1806.07396
— £ 1810.03636

0102 05 1 2 5 10 20 50

ANUBIS; 1909.13022
Mine [GeV]
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i Forecast searches

|VaN|2

1071

1072}

107%
10719

01 0.2 05 1

SHIP
LBNE
———— MATHUSLA
Displaced LHC

2 5 10 20 &0

nm,KBeV]

LHC displaced
vertex search
forecast for

L = 3/ab:

Cottin et al.;
PRD98 (2018) 035012

Complementary
to far detectors!
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111,

NrSMEFT



Effective field theory

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

LsMEFT = LsM + ) Ok
k

Ad—4

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

= d is The dimension of O,
= 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
irelevant phenomenologically
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Effective field theory

Basic idea of EFT:

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

LsMEFT = LsM + ) Ok
k

Ad—4

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

= d is The dimension of O,
= 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
irelevant 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:

LsMEFT = LsM + ) Ok
k

Ad—4

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

= d is The dimension of O,
= 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
irelevant 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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ﬁ N»SMEFT

Huge progress in construction of operator basis in recent years:

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

d=7: Liao 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 Ny

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

6 29 1614
/ 80 4206
8 323 20400
9 1358 243944
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ﬁ N»SMEFT

Huge progress in construction of operator basis in recent years:

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

d=7: Liao 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 Ny

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 package!)
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i d = 5 operafors in NpSMEFT

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

Ow = 2(LgH)(HLg)

= After EWSB: Majorana neutrino mass!
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ﬁ d = 5 operafors in NpSMEFT

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

Ow = 22 (T&H)(HLp)

= After EWSB: Majorana neutrino mass!

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

Ong o (HTH)(N—}:{NR) + h.cC.

Onp (N—I%U'LWNR)BW/ + h.c.

= Ow ., Ong and O g Vviolate lepton number by AL = 2
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ﬁ d = 6 operafors in NpSMEFT

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

Name Structure ny=1| ny =3
Oan (%’Y“dfﬂ) (NrVuNRr) ? 31

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

Oan | (@"Q) (VawuNr) | 9 81

Ocn (erv*er) (NrRYuNR) 9 81

OLN (f’y“L) (N_R’YMNR) % 81

ONN | (NrvuNRr) (NrVuNR) 1 36
Name Structure (+ h.c.) ny=1| ny=
Oaune | (dav*ur) (Npyuer) +he. | 54 162
OLNQd (LNR) € (QdRr) +h.c. 54 162
OLdQN (Ldr) € (QNg) +h.c. 54 162
OLNLe (ZNR) € (feR) +h.c. 54 162
OQuNTL Qur) (NrL) +h.c. 54 162
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d = 6 operafors in NpSMEFT

2 2 _ _

Name v<DH ny=11| ny=3 Operators
ONHD, (NrY*Ng) (HiD,H) ] 18 involving
ONeHD,, (N_R’y““eR) (ﬁITz’DMH) + h.c. 2 18 Higgses

Name U2HX ny=11] ny=3
O NHB (ZO"U“VNR)I:IBMV+h.C. 2 18
OLNHW (ZU'U“VNR) I:I(EWMV) +h.cC. 2 18
Name U2 H3 ny=11| ny=3
OrLNH (ZNR) I:I(HTH) +h.cC. 2 18
Name AB=AL=1 ny=11| ny=3
OQqan | €ijeper(QYCQY)(dRCNR) +h.c. 2 108 Operators
O epar (UP.CdL)(d7.CNg) + h.C. 7 162 violating

ddN par(URrCdR)(dRCNR) Bor L

Name AL =14 ny=11] ny =3

OnnnN | (NSNR)(NSNR) +he. 0 12
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i NpLEFT

For completeness, operators in Ny LEFT up to d=6:

Dipole On, =vpo"" NA,,
] O%E = (NyN) (N4 )
= 04" = @) W N) O = (@Ryan)(Ny“N)
0‘””*‘ (dr7udr)(Nv"N) Oty = (@rvudr) (@™ N)
L ORF = T (NrN) O = @) (N4*N)
= Oli$R @) (F9AN)  ORE = @yde)(N4#N)
Ovin = (@ryude) (@rY"N)
ORF — (L N)(TLN)
v 0= (@en)N)  OR™ = (€zowen)(@Lo* N)
= On"=@ur)7IN)  O" = (@o.ur) (7o N)
O = (dedp)(TIN) O™ = (d1ojudr) (Lot N)
OSER = (@rdp)@N) Ol = (@5o,,dr)(ego™ N)
= 0% = (erer)(TLN) O™ = (@Rur) (TLN)
R ONR = ([@gdy)(mEN)  OSER = (mmdy)(ezN)

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

For completeness, operators in Ny LEFT up to d=6:

Dipole Owny= Tro™ NAy
M ONRE = (Ny,N) (N~ N)
Z  OW" = (Emnen) N1 N) O = () T
O = (dr7udr)(Ny*N) Oy = (@ryudr) @Ry N)
v O = @) (Ny'N) - O™ = (eryuer)(N"N)
5 OR" = @) (Ny'N)  OR" = [@rvdi)(Ny*N)
OLsen = (@rvudp) (@Y N)
OXR? = (7LN) (7 N)
- O = (ezer)N) O = (erojwer) Wro™ N)
= On"=@ur)7IN)  O" = (@o.ur) (7o N)
Oan' = (dedr)TIN)  Ogy™ = (dL0udr) (VLo N)
0o = (urdg)(erN) Ol = (ugo,,dg)(ego™ N)
= O™ = (ereL) (TIN) O™ = (WruL) (TEN)
= On" = (drdy)(VLN) Osin = (Trdp)(eLN)

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

One-loop matching
NRrSMEFT <+ NgrLEFT

Recall:
For E ~ M(mesons)
need to use NrLEFT
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i Limits on NpSMEFT?

At d = 5 there are two new operators: A. Aparici et. al,
o PRD 80 (2009) 013010
Onu o< (HTH)(NENR)
L see also
Onp < (NgoH" Ng) By L. Duarte et al.,
PRD 92 (2015) 093002
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Limits on NrSMEFT?

At d = 5 there are two new operators: A. Aparici et. al,
- PRD 80 (2009) 013010

Onu o< (HTH)(NENR)
L see also
Onp o< (NjoH” Ng) By L. Duarte et al.,
PRD 92 (2015) 093002

= Oy g, aofter EWSB contribution to:
- 2
MRNﬁNRH(MR—I— CX )N%NR

= On . Invisible Higgs decay, rough estfimate: Experimental limits

CMS

A > 20\/cTeV  (formy — 0) S AILAS

IMEPNP Feb 8, 2022 - p.26/4¢



Limits on NrSMEFT?

At d = 5 there are two new operators: A. Aparici et. al,

L PRD 80 (2009) 013010

Onu o< (HTH)(NENR)
L see also
Onp x (Ngo""NRr)Buw L. Duarte et al.,

PRD 92 (2015) 093002
= Oy g, aofter EWSB contribution to:

MrNENR — (Mg +

cv?
A

NS NR

= On . Invisible Higgs decay, rough estfimate: Experimental limits
CMS

A > 20/cTeV  (formpy — 0) S ATLAS

= Onp Ng: magnetic moments

= Onp Ng: NRj — Ng, + v decays , very stringent limit from RG cooling:
A >4 x 10° TeV for my < 10 keV
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Limits on NrSMEFT?

At d = 5 there are two new operators: A. Aparici et. al,

L PRD 80 (2009) 013010

Onu o< (HTH)(NENR)
L see also
Onp x (Ngo""NRr)Buw L. Duarte et al.,

PRD 92 (2015) 093002
= Oy g, aofter EWSB contribution to:

MrNENR — (Mg +

cv?
A

NS NR

= On . Invisible Higgs decay, rough estfimate: Experimental limits
CMS

A > 20/cTeV  (formpy — 0) S ATLAS

= Onp Ng: magnetic moments

= Onp Ng: NRj — Ng, + v decays , very stringent limit from RG cooling:
A >4 x 10° TeV for my < 10 keV

= If both Ony and On g Butterworth et. al,
new contibutfion to h — ~~ PRD 100 (2019) 115019
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Limits on NrSMEFT?

Similarly d = 6 operators involving Higgses:

Onup,: (NrY*Nr) (HViD,H)
ONeHD,,: (Nry*egr) (HiD, H)
Ornup: (Lo Ng) HB,,
Ornuw: (Lo* Ng) H(GWo)

= Onmp,: Invisible Z9 decay, Z° — NN

= Ornvun. Onnaw: Invisible Z9 decay, Z0 — N

= Ornup. Ornvgw: Nr — v+ v decay

= O ngw: SM charged current modified, W= decays

Butterworth et. al,
PRD 100 (2019) 118019
L. Duarte et al.,

PRD 92 (2015) 093002
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Limits on NrSMEFT?

Similarly d = 6 operators involving Higgses:

Onup,: (NrY*Nr) (HViD,H)
ONeHD,,: (Nry*egr) (HiD, H)
Ornup: (Lo Ng) HB,,
Ornuw: (Lo* Ng) H(GWo)

= Onmp,: Invisible Z9 decay, Z° — NN

= Ornvun. Onnaw: Invisible Z9 decay, Z0 — N

= Ornup. Ornvgw: Nr — v+ v decay

= O ngw: SM charged current modified, W= decays

= Also ONGHDM, ... contribute to anomalous magnetic
moment of SM leptons. Solution to Aa,,?

Butterworth et. al,
PRD 100 (2019) 118019
L. Duarte et al.,

PRD 92 (2015) 093002

V. Cirigliano et al.
JHEP 08 (2021) 103
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Limits on NrSMEFT?

Similarly d = 6 operators involving Higgses:

Onup,: (NrY*Nr) (HViD,H)
ONeHD,,: (Nry*egr) (HiD, H)
Ornup: (Lo Ng) HB,,
Ornuw: (Lo* Ng) H(GWo)

= Onmp,: Invisible Z9 decay, Z° — NN

= Ornvun. Onnaw: Invisible Z9 decay, Z0 — N

= Ornup. Ornvgw: Nr — v+ v decay

= O ngw: SM charged current modified, W= decays

= Also ONGHDM, ... contribute to anomalous magnetic
moment of SM leptons. Solution to Aa,,?

OLNH: (ZNR) I:I(HTH)

= Higher order confributfion to Yukawa, Y,
= Again, invisible Higgs decay

Butterworth et. al,
PRD 100 (2019) 118019
L. Duarte et al.,

PRD 92 (2015) 093002

V. Cirigliano et al.
JHEP 08 (2021) 103
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i AF operators in NrSMEFT

O [fb]

10° ¢

— Oy or Oy,=1, LHC

: . : . i O,=1,LHC —3
&—s (i or Olgr=1,LHC
3 ¢+ O=1,LHC E
— Oy or Olyp=1, Tevatron
- - = =1, Tevatron E
hhhhhh o Olgp or Olgy=1, Tevatron
;5:‘;
e '
E \\ ]
AN
L \‘ \ -
3 o\
XN
L)
)
] , W E
Sy i “‘.‘ i
R 7
N
iy )
| LN i
0 200 400 600 800 1000
M [GeV]

F del Aguila et al.,
PLB 670 (2009) 399
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4F operators in NpSMEFT

— Oy or Oy,=1, LHC

F del Aguila et al.,
PLB 670 (2009) 399

5 T
10 : . T T T T T Oly=1,LHC —-§
&—o () or Olgy=1, LHC

4
10 3 ¢+ (=1, LHC E

— Oy or Olyp=1, Tevatron

10‘3 ; R~ - = =1, Tevatron _
ﬁﬁﬁﬁﬁﬁﬁﬁ 0 Olgp or Olgp=1, Tevatron STO b | e
) .
10 - o~ 3
g 10" o, :
© : N E
, ]
10' £ \,-:‘\
"
107 ¢ b~‘:\
Lk rather weak limits,
10° ¢ \ 't despite large X-secftions
oy
107 . L , , L A
0 200 400 600 800 1000

Example: Ogune: pp — Ne
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% B in NgSMEFT

Proton decay as test?

Modes (p) 77 + & et KT+ [ Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-10%* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-103° > 3-1034
Oau)(@r) v v v
O@Q)(ue) — v —
Owa) @) v v v
O@rQ)(@*L) — — v
O(du) (ue) — v —
O0odN v — v
OuddN v — v
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% B in NgSMEFT

Proton decay as test?

Modes (p)  #7 +F et Kt 4+ [ Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-10%* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-103° > 3-1034
Oau)(@r) v v v
O@Q)(ue) — v —
Owa) @) v v v
O(@7Q)(Q7L) — — v Very strong limits
O (du) (ue) — v — (for my < 1 GeV)
OQQdN v — v A > 10(14-15) GeV
OuddN v — v
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% B in NgSMEFT

Proton decay as test?

Modes (p)  #7 +F et Kt 4+ [ Hirsch, Helo & Ota
Current (yrs) 3.9-1032 1.6-10%* 5.9.1033 JHEPO6 (2018) 047
Future (yrs) 1.2-103° > 3-1034
Oau)(@r) v v v
O@Q)(ue) — v —
Owa) @) v v v
O(@7Q)(Q7L) — — v Very strong limits
O (du) (ue) — v — (for my < 1 GeV)
OQQdN v — v A > 10(14-15) GeV
OuddN v — v

Finally, four L&opero’r_or:
ONNNN = (NENR)(NSNg)?? No paper?
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Ovp6 decay

Pd&s et al.
- FoF

Ampg’ruccllf fgr éZ-’ }4). —(Z+£2,A)+eTe PLBB453 (1999) 194
can be divigeaq INTo:. PLB498 (2001) 35

d u

o

o e

d u

(a) (c)
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Ov(B3 decay

Pdas et al.
- R FeF

Ampgfucjlj? fgr éZ-’ }4). (Zx2,A)+eTe PLBB453 (1999) 194
can be divigeaq INTo:. PLB498 (2001) 35

d u

o

o ¢

d u

(c)

= In NrLEFT long range contribution d = 6 operator,

but in NxSMEFT due to d = 7 operator(s) Helo, Hirsch & Ota
JHEPO6 (2016) 006

A = gerp(17 —180) TeV (depending on operator)

= Recently reanalized in W. Dekens et al., JHEP 08 (2021) 128
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V.

Future prospects: LLPS



ﬁ d = 6 operafors in NpSMEFT

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

Name Structure ny=1| ny=3
Oan (@’Y“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrYuNR) 9 81
Oan | (@"Q) (NawNe) | 9 8!
Oen | (er7*er) (NrVuNR) 9 81
OLN (f’y“L) (N_R'yMNR) Q 81
Name Structure (+ h.c.) ny=1| ny=3
Oaune | (dav*ur) (Npyuer) | 54 162
OLNQd (LNR) € (Qdr) 54 162
OLdoN (Ldr) € (QNR) 54 162
OLNLe (LNg) e (Ler) 54 162
OounL Qug) (NgL) 54 162
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ﬁ d = 6 operafors in NpSMEFT

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

Name Structure ny=1| ny=3
Oan (@’Y“dR) (NrYuNR) ? 31
Oun | (@rY"ur) (NrYuNR) 9 81
Oan | (@"Q) (NawNe) | 9 8!
Oen | (er7*er) (NrVuNR) 9 81
OLN (f’y“L) (N_R'yMNR) Q 81
Name Structure (+ h.c.) ny=1| ny=3
Oaune | (dav*ur) (Npyuer) | 54 162
OLNQd (LNR) € (Qdr) 54 162
OLdoN (Ldr) € (QNR) 54 162
OLNLe (LNg) e (Ler) 54 162
OounL Qug) (NgL) 54 162

Lightest N can
not decay vid
N g pair operators!

= Npr decay
via mixing

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

Example cross sections for pair Ni operator Oy

gy = V2 (&) =1 gin =V2 (&) ¢y =1
104 L L LA AL B L 102 :__I___I__'_'_I_I_Il|____|___|_l_l_l_l”| R tl
my=10GV || T =
10° : — 10t = —
— my = 500 GeV =
= 2 o | _ 0
10 my = 1000 GeV — 10°E= _
(e | &
= LQ =
= 10 NRO Zod 107 - L _
= o= mLQ—/\—QTev
T 10 l 1021 | mrg=A=5Tev
. o & | | me=a=sTV
e 100~ T b 1077 LQ
1072 10-4 === NRO
| | | | | | | | | | | | | | | | | | I B N W | I ||IIIII| | IIIIIII|
2 4 6 8 10 10° 10! 102 10°
mrg = A [Te\/] my [GE&V]

= Total o(pp — NrNpg)oc A—4

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

= "LQ" - full calculation with leptogquark model, "NRO” calculation in EFT limit
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Cross sections

Example cross sections for single Nr operators:

Vs=14TeV, A=5TeV, [Vy|*?=107°

102

10"} \
= \ B
— e |
=< 107"
i

w > N mixing

210 Ouden
% 1073 OQuNL

Ogarn
107 OonNLd
e
my [GeV]

= Total o(pp — NrNR)ox A—4

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

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

Example cross sections for single Nr operators:

Vs=14TeV, A=5TeV, [Vy|*?=107°
10?

1 \ Recall:
10'f .
\ O.MIX o ‘VeNP
= B o <o
= 107" (|Ven|2=10—7) (A=5 TeV)
+
? N mixing
1072
€)ooy
o, udeN
=8
\E)/ 1073 OQuNL
. Ogarn
18 OonNLd
10 10’ 107 10°

my [GeV]

= Total o(pp — NrNR)ox A—4

= my dependence determined only by kinematics, i.e.
sizeable x-sections up to 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, cih /A% = 1/(2 TeV)?

1072 x
'R N .
1070 SR . .
_8 ””” — )
10 B Note the axis!
10—10 ]
(@] —
—= 10 12 —
—14
=~ 10 =
T 10—16
AL3X: 250 fb™! MAPP1: 30 fb™! ]
10~ 18] | anuBIS:3ab™"  MAPP2: 300 fb B
~90 CODEX-b: 300 b
10 — ATLAS: 300 fb™! —]
1 0—22 | | FASER2:3ab”’  ATLAS:3ab™’ |
_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 [GGV]

= Assumption: only N 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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Forecast searches

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

1072 —
":::""’""L"f,:f:ﬁﬁ:f}::::::f | | _ Only OdN
106 SRS NN _ A _|_ v
1078 N 7 - p—
o = ! 2 le
o 10—12 _
=
SN :
~ 1071k &
AL3X: 250 fb="  MAPP1: 30 fb™!
10~ 18| | anuBIS:3ab"  MAPP2: 300 b7 |
90 CODEX-b: 300 fb™'
10 — | FASER 15017 ATLAS: 300 fb~! ]
10—22 | | FASER2:3ab™’  ATLAS:3ab™’ ]
10_24 Il Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il L
1071 10" 10t 10 10°

my [GeV]

1%4§gorana HNL, el /A? = CSN/AQ = cll /AT =1/(2 TeV)?

T T LI \H‘ T T T
| s o N RRnny RERREREER
N e NS 4 Oan +Oun +0OgnN
10~ 0 SR _
107°F S -
~ _19 Type-| Seesay target rep
_Z 10 L region _]
—14
107 -
18 [ AL3X: 250 fb™" MAPP1: 30 fb™! B
107 | ANUBIS:3ab™  MAPP2:300 b |
90 CODEX=b: 300 fbo~"
10 | FASER:- 1501 ATLAS: 300 fb! m
1 0—22 | | FASER2:3ab™"  ATLAS:3ab™’ B
_24 | | \\\\H‘ | \\\\H‘ | \\HH‘ | | \\\\H‘ | | 1
10 —1 0 1 2 3
10 10 10 10 10

my [GeV] IMEPNP, Feb 8, 2022 — p.36/4



Forecast searches

Ven]?

Ven]?

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

1072 ‘ ——
10 S e .
100 SR ) f
107° - -
1071 Type-s e ]
10~ 12| SaW target regiq,, N
—14
10~ .
—16
10 ™| AL3X:250fb""  MAPP1:30 " n
10~ 18| | anuBIS:3ab"  MAPP2: 300 b7 B
—920 CODEX-b: 300 fb™!
10 — | FASER 15017 ATLAS: 300 fb~! ]
10—22 | | FASER2:3ab™’  ATLAS:3ab™’ ]
_24 Il Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il L
10 —1 0 1 2 3
10 10 10 10 10
my [GeV]

Only Oun

1%4§gorana HNL, el /A? = CSN/AQ = cl /A7 =1/(7 TeV)?

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o 0 .
- - -
1078 - -
107 o Type-I s ]
10_12 L esawtarget region _
10—14 | N
107101 s
AL3X: 250 fb™" MAPP1: 30 fb™! \
10—18 || ANUBIS:3ab"  MAPP2: 300 b~ |
. CODEX-b: 300 fb™"
20
10 | FASER:- 1501 ATLAS: 300 fb! m
1 0—22 | | FASER2:3ab™"  ATLAS:3ab™’ B
10_24 | | \\\\H‘ | \\\\H‘ | \\\\\\‘2 | \\\\H‘ | 1
1071 10 10t 10 10°

my [GeV|

Oan + Oun + OgnN

A=7TeV
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Forecast searches

Majorana HNL, cgh/A? = 1/(13 TeV)?

—2
—77————77————77—‘L——77—————7—————J‘ —————————————— “ ‘ ‘ ‘ “‘H‘ ‘ ‘ ‘ Only OdN
e .
- = . ‘,J .
N N : A=13TeV
. 10_12* Type-.'SEQSE,WT&r . \ |
10712 N .
Sl -
10 161 AL3X: 250 b~ MAPP1: 30 fb~" ]
10~ 18| | anuBIS:3ab"  MAPP2: 300 b7 |
20 CODEX-b: 300 fb™!
10 — | FASER 15017 ATLAS: 300 fb~! ]
10~ 22| | FASER2:3ab™"  ATLAS:3ab”! B
10 24 Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il \\\\H‘ Il Il L
10 10" 10 10 10°

N [Ge\/]

M@jzorana HNL, ¢l /A? = QN/A2 clly /A% =1/(13 TeV)?
| Oun+Oun+ 0N

107191 \\ —
AL3X: 250 b MAPP1: 30 fb™"
10~ 18| | aNuBIS:3ab™"  MAPP2: 300 > |
90 CODEX-b: 300 fb™'
10 | FASER- 1501 ATLAS: 300 o' m
10 —22| | FASER2:3ab™'  ATLAS:3ab’’! B
10_24 1\ | \\HH‘O | \\HH‘]- | \\\\\\‘2 | \\HH‘S | |
10~ 10 10 10 10
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Forecast searches

Sensitivity reach (ATLAS) for single Nr operators:

10" 10"

A [TeV]

ATV

10° 10°

10'-

A [TeV]

, 7 |

10° L\\/_// | w w I
5 10 20 50
my [GeV]

= A up to (25-27) TeV could be probed!

= mpy reach up to ~ 55 GeV
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Conclusions

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

= Effective field theory has become very popular: SMEFT

= NRrSMEFT includes fermionic singlets

= If NrSMEFT operators exist with A < (10 — 20) TeV very promising!

= Other SMEFTs? SNirSMEFT? Belanger et al,
PRD104 (2021) 055047
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Backup
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i Beyond minimal seesaw

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

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

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

= Ng interacts with SM particles only via mixing

= Many BSM models contain new particles

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

£BSM — pType—I + gﬁNﬁSLQ + h.c. + m%Q‘SLQ‘Q
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Beyond minimal seesaw

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

= Ng interacts with SM particles only via mixing

= Many BSM models contain new particles

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

£BSM — pType—I + gﬁNI%SLQ + h.c. + m%Q‘SLQ‘Q

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

2

£BSM — EType—I i 92 (EN%)(N_]%UR) + ...

mi o

= LDl @y un) (N Ni) +

= O,n.,ad = 6 four-fermion operator is generated
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Inverse seesaw

Inverse seesaw, basis (vr,,vg, SG):

Mohapatra &

0 m5L 0 Valle, 1986
My, = mp 0 MR
0 M%; 7
“Inverse” seesaw, because:
iy, = Vem, Ve = Vimb.(ME) " u.(Mg) " t.mpVyE
N N 1

= - 3 light eigenvalues: m,
= - (3+3) heavy (nearly diagonal) eigenvalues : M+ = Mg+ip,  Quasi-Dirac!

Smallness of m, due to nearly conserved L!
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i ct! lnverse seesaw
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ct! lnverse seesaw

R
\ I/
\ I/
\ VR S S Vp 1
\ /
S Upi oc L o [T
MR M MR R K
vy, vy
R=l,, Mgr,, =1TeV, m, =0.05eV
108
u=1GeV
_____ = 107" GeV
105} 5 °

2 | []cxll2
CcT [m]

10712¢
1075 107% 1073 102 107! 100 1

u [GeV]

2 5 10 20 50
Munt [GeV] IMEPNP. Feb 8, 2022 — p.44/4:
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