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Outline

» Motivation for heavy neutral leptons (HNLs)

> The effective field theory (EFT) of the Standard Model (SM)
extended with HNLs

» Experimental prospects at the high-luminosity LHC (HL-LHC)
> Sensitivity to 4-fermion pair-Np operators
> Sensitivity to 4-fermion single-Ny operators

» (Conclusions



Motivation: neutrino masses

In the SM neutrinos are massless
Neutrino oscillations show that (at least two) neutrinos have mass

Minimal renormalisable Lagrangian to accomodate neutrino masses:
Np, is right-handed (RH) neutrino; lepton number (LN) is conserved

Yy~10"" = m, =Y,v/\/2 ~001ev

Type | seesaw mechanism:

— ~ 1 — 1, — 0 mp, I/]f
.. =LHY N, + ~NgMNp +h.c. = = (7 Ng) w o )\ +h.c.
D

Np, is RH neutrino or heavy neutral lepton (HNL); LN is violated
mp = YNV/\/E <M = my=-mpbM 'm)}
Yy~1, M~10°Gev = m, ~001ev
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Motivation: neutrino masses

Huge range of values for M, including M < v 10°

Active-heavy neutrino mixing 1072

2 .

alN M M i
10

2 —11 . —14 . 3 i
Vo ~ 107 + 10 for M~ 1=+10" GeV 10712

2
m m,
m, = mp My ,uM_lT TNOOI eV and Voch (ﬁ) ~—~107%=
R H

for Yy~107, Mp~1+10°GeV, u~ 107 +107° GeV
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Effective field theory approach

Assume that
- the HNL mass m,, is below or around the weak scale v
- new physics exists at scale A > v

Then the most general description of physics at low energies is in terms of
the EFT of the SM extended with HNLs (NSMEFT)

L =Ly + i : Zd VO

Ad—4
d=5 I

@l(.d) are effective operators invariant under the SM gauge symmetry

Operators of d = 35 (all violate LN)

6,y = (LH) (H'L) Weinberg, PRL 43 (1979) 1566
@NNH = (V]%NR> (HTH> Aguila, Bar-Shalom, Soni, Wudka, 0806.0876
@NNB = (]VI,Ce G'WNR> BMV Aparici, Kim, Santamaria, Wudka, 0904.3244
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NSMEFT at dimension 6

Aguila, Bar-Shalom, Soni, Wudka, 0806.0876
Liao and Ma, 1612.04527

Higgs-N operators # (+h.c.) = 5 (9)
1H ONB = IO'“I/NRgBﬁLV ONW = ZO'NVNR O'If{W'L‘{V

OH | Opx = Nay" Np(HUDLH)  Onye = Navyter(H'iD, H)

3H Ornvg = LHNR(HTH)

4-fermions 11 (16) 2 (4)

v Onn = (N—R’MNR)(N—R’)”“NR) L ONNNN = (N—ENR)(N—ENR)

% Ocn = (€rVuer)(NrY*Ng)  Oun = (uryuur)(Npy*Ng) L& B Ogqin = (Q°€Q)(d;Ng)

Ouan = (drYudr)(NrRY*NRr)  Oaune = (dryuur)(Nry"er) Oudan = (ugdr)(dzNR)

LLRR | Opy = (Ly,L)(Ngv*Ngr)  Oqn = (Q7,Q)(Nr " Ng)

; OrNLe = (ZNR)G(ZG?R) OLNQd — (ZNR)E(@dR)

= Oragn = (Ldr)e(QNg) ne = 1 [3]: 29 [1614]
LRRL Oqunt = (Qug)(NgrL) operators including h.c.
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LRRL and LRLR

Bounds on 4-fermions for my < 0.1 GeV

Bounds on amer for A =1 TeV Bounds on Apin [TeV] for a =1

Alcaide, Banerjee, Chala, AT,
OiN T — (+inv 1905.11375
11 . . . ) .

Oan monojet Figure from J. Alcaide’s PhD thesis

Otlx}\f monojet
OézlfNe £+ Emiss
0&1:}3\{ T+ Episs miss

ulNe _)
OduNe t — bl+4inv pp f + ET

OZ':I;V 7 — f4inv ATLAS, 1706.04786

O;IIV I]lul‘u»j«‘t
0;}3 " T — £41Inv . miss ]
03\;&: T — {+inv pp — ] + ET (moanet)
OfNee T — £+ CMS, 1712.02345

3ii —
OtNt"e T — £41nv
02‘3}1\?& T — £41nv
OpN ee r—s f+inv T iy =310 1) x 1073 Gev
Oill E+ F_

£dgN T Hmiass
OBy t —» bl+inv T iy = (4.03£0.02) x 1071 Gev
OZ};N T+ Episs
olel'qd T — f+inv pDG, Rpp 2018
O}qu t — b(+ill\"
0311v1 T+ E

qd miss .
oLk, E+E t - bl +1nv
oL, T+ Emiss Alcaide, Banerjee, Chala, AT,
Ogune t —s bl+iny 1905.11375
| N A AR A R X I T T T T T T
101 10° 10 00 05 10 15 20 25 3.0 7



Long-lived HNLs

102

Figure from

Abada, Bernal, Losada, Marcano,
1807.10024

10~10 —————— ——
1071 100 101

HNLs can be long-lived particles (LLPS)

HNL decay width calculation:
Atre, Han, Pascoli, Zhang, 0901.3589
Bondarenko, Boyarsky, Gorbunov, Ruchayskiy, 1805.08567
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Experimental prospects at HL-LHC

ATLAS and CMS
ct S O(1m)
Nearly 47 coverage
Backgrounds

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
Arsenii Titov (IFIC, Valencia) FPCapri2022



FASER: ForwArd Search ExpeRiment

Cylinder withr = 10cmandZ = 1.5m Installed
ct ~ 480 m ' Starts data taking this year!

Boosted cross section
47/10° coverage

a— Intersection
s D
P TA D1 TAN D2 < Intersection ; Arc ‘
*—I T = — e i
: farlocatiorq
-+ttt —+—+—+—++—t—t+—+—+—+—1—»
0 100 . 200 ' 300 400 L[m]

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
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CODEX-b: COmpact Detector for EXotics at LHCb

Boxof I0mX I10m X 10m
cT ~ 25 m

475/10? coverage

>
Lower luminosity Sy
&
O/

--
--
-
-
-
-
------
-
--
-
--
-
-

-
-
-
------
-
-
-

Feng, et al 1710.09387

5m

CODEX-b

Gligorov et al 1708.09395

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
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MATHUSLA: MAssive Timing Hodoscope for Ultra Stable neutralL pArticles

Box of 100m X 100 m X 25 m
ct ~ O(100m)

47/25 coverage

FASER

Feng, et al 1710.09387

CODEX-b

Gligorov et al 1708.09395

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
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ANUBIS: AN Underground Belayed In-Shaft search experiment

FASER

Feng, et al 1710.09387

5m

Cylinder withr =9 mand 2 =56 m v om ]
ct ~ few 10 m CODEX-b

47/50 coverage Gligorov et al 1708.09395

Bauer, OB, Lee, Ohm 1909.13022

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
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4-fermion pair-N, operators

Name Structure ny =1lny =3
Oan | (dry*dR) (NrY.NR) 9 81
Oun | (@rY"ur) (NrY.NR) 9 81
Ogn | (@7"Q) (NrY.NR) 9 81
Ocn | (erY*er) (NrRYuNR) 9 81
OnnN | (NrYuNr) (NrYuNr)| 1 36
OLN (ZV“L) (NiR%,NR) 9 81
Examples of UV completions
LQ state| SU(3)c SU(2)r, U(1)y |Coupling|Operator
Sy 3 1 —1/3| gan Oan
Su 3 1 2/3|  Ggun Oun
So 3 2 1/6 | gonN Ogn

ng = ngd_RNESd + gueu_Relng + gQLQGLCSd + h.c.

gSQ - gQNQNRSQ + gde_RLESQ + h.c.

Arsenii Titov (IFIC, Valencia)

FPCapri2022

- HNLs are pair produced
via pair-Np operators

* Lightest HNL cannot decay
via these operators;
It decays via mixing

N ly
VaN
W+ u
d
2
C 8
gN gN
2 2 ’ CI s Wy
A 2qu

14



4-fermion pair-N, operators

Examples of HNL pair production cross section for O (g;v = \/5 = cc}]{, = 1)

104 [ [ | I I I | I I I | I I I | I I I 102_ I IIIIIII| I IIIIIII| I III||||| I I_
103 my = 10 GeV | X
= my = 500 GeV = 107 =
=107 my = 1000GeV - T
ZQ: 0! Dirac Zm
= 1 . = 10~
= \ Majorana = 10 mpo =2 TeV
T 100 \\\\\\\ T 10_2 | MLy = 5TeV
§ I N N \&_/ ; mrg = 8TeV
e e ° 10— Dirac
o2 eI 1074 ——- Majorana
| | | | | | | | | | | | | | | I~I~~~I"" [ T 111071 [ 1 IIIIII| [ IIIIII| I‘\
2 4 6 8 10 10° 10 10° 10°
mrg [TeV] my [GeV]
2 2 2
_ _ Con 4my 1 dmy
op(dd - NN) = —~ I+—(1-
027 A+ Ky Ky
3/2
_ Cn 4mg .
oy(dd - NN) = Ve ] ——— = suppression for my 2 100 GeV
T )
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4-termion pair-Ny operators: results

‘%/[_agorana HNL, ey /A = con /N = eiy/N =1/(2 TeV)?

— | T
10" &8 NoN—a A=2TeV -

‘ eN‘2
=
o

AL3X: 250 fb~! MAPP1: 30 fb”’
. 0—18 | | ANUBIS:3ab™!  MAPP2: 300 fb'

. ~—90| | CODEX-b: 300 1t \\

__O — ATLAS: 300 fb~!

I 0—22 | | FASER2: 3ab’! ATLAS: 3 ab™’ _
i O L L

Lol Lol L | BN
10! 10V 10° 10° 10°
my |GeV]
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4-termion pair-Ny operators: results

Majorana HNL, can/ N = con /N =c, /A2 = 1/(7 Te\/)
10~ .

A T' | |

) - B
- 0—16 1

1 — | AL3X:250 fb! MAPP1: 30 fb -

1 0—18 | | ANUBIS:3ab’  MAPP2: 300 fb

. 0—20 CODEX-b: 300 fb™ \

ATLAS: 300 ™’

()" 22.| FASER2:3ab”  ATLAS:3ab” |
10_24 L] o o o -
T—l 100 101 102 103

my |GeV]
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4-termion pair-Ny operators: results

Majorana HNL, el /A% = clly /A2 = clly /A2 = 1/(13 TeV)

1088 N EEEEEE [ERRRERRRRRSS A =13 TeV-

‘ eN‘2
=
o

1n—16
10 AL3X: 250 b’ MAPP1: 30 fb™' n
10~ 18] | anuBIS:3ab™  MAPP2: 300 b7 > |

CODEX-b: 300 fb!

10721 i
- ATLAS: 300 b

:_()_22 | | FASER2:3ab”'  ATLAS:3ab”’ _
10_24 | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | |
107! 10" 10! 107 10°

my |GeV]
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4-fermion pair-N, operators: results

Dirac HNL, ¢gy = cpy = ¢,

1 2 -5 —17
[ ]
T T T T T T T T T T T T ||||.'||||
B AL3X: 250 fb™' MAPP1: 30 fb™' ! N
B ANUBIS: 3 ab™’ 7
B CODEX-b: 300 fb™’ ' |
- ATLAS: 300 fb~! v .
FASER2: 3 ab™’ ATLAS: 3 ab™!
| ’//’ s\\ 1
// \\\
| | ,‘71,: \\\
7 N mmTS \
> ’z"< / \ ,/ \\\ \

D) 101 — / ,’l /)\ )\, N ‘\ —
E - / SN SN N _
| I — " II II \,, \ \\ \\ —]

L H H / /X‘ \ \ \ _
< ) 7N ‘\ v L
L oo \ VT
- 1! ” / \ “- v —
\ TIPSO \ N
— lll' ,'I/'I N \ \ V4
il /I \\ \ ‘| LV
A SRR VY
— | Al S \ V-
W S \ 1
/ll 1 " (| \ v 1
S |
L / ‘" ! \ \ 1 11
iy S 'l
II II :/l ‘\“ ‘l “\
A, PN ! 1 H
4 Vi I / \ “ 1 1 \ 1
/! /I 1' I/ \ A “I \ \ !
7 1
100 i/ LA A | AR WATAvimEIn Ch o Yy Loy
107! 10" 10! 10°

My [GGV]
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4-fermion single-N, operators

Name Structure (+ h.c.) ny=1|ny=3 « Both HNL production
Owne | @rr*ur) Nryeer) | 54 162 and Qecay can be
Orxon (INR) € (Qdz) < 169 dominated by the operator
OLdQN (ZdR) € @NR) 54 162
OouNL (@’U,R) (FRL) 54 162
OrNLe (ZNR) € (ZQR) 54 162
Examples of UV completions
Heavy scalar SU3)e SU(2), U(l)y | Operator | Matching relation N
CduNe 9dN Gue
Leptoquark Sy 3 1 —1/3 OguNe A2 Qm%d
‘ CLIQN _ 9dLIQN
Leptoquark Sg 3 2 1/6 | Oragn A2 = m%Q
OLnod CLNQd _ 9LNYQd
A2 2
Inert doublet ® 1 2 1/2 e
o CQuNL _ 9QuJLN
QuNL A2 2
®
Arsenii Titov (IFIC, Valencia) FPCapri2022
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4-fermion single-N, operators

Example of HNL single production cross sections

102

V§=14TeV, A=5TeV, |Von|>=107°
\ Figure from R. Beltrans master thesis
1 1 2
\ \ Gle X |VeN|
\ —_
6% x A4
N mixing
Ouch
=31 OQuNL
Ogarn
| OgneLd
10 BT T
my [GeV]
Partial decay width of HNL
5
: My -
['(N — £qq’) = o Jo=1@) for O ,,n. (8 remaining operators)
£5512 23 A
Arsenii Titov (IFIC, Valencia) FPCapri2022 21



4-ferm|on smgle-NR operators results

(u d) e (u d) T ATLAS 3 ab~!
R _ 10t i
g: i
<
10"
— 101 ] - 10" i
< Cinve=11] = 218 —1 ]
cinga =1 CINGd =
100 A5 - x x —— oo 1 1 —
5 10 20 50 5! 10 20 50
my [GeV] my [GeV]

Assumption: both HNL production and decay are dominated by the operator

(fulfilled everywhere in the plots if |V, |* < 107°)
Arsenii Titov (IFIC, Valencia) FPCapri2022 22




Conclusions

> Neutrino masses may be pointing to the existence of HNLs
» HNLs may be long-lived

> Interesting experimental prospects at the HL-LHC
with ATLAS/CMS and future detectors:
AL3X, ANUBIS, CODEX-b, FASER, MATHUSLA and MoEDAL-MAPP

> NSMEFT represents an excellent physics case!

» New physics scales in excesses of 20 TeV could be probed at the HL-LHC



Backup slides
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Minimal 3+1 scenario

ATLAS: 300 fb~*

ATLAS: 300 fb!

ATLAS: 3000 b ATLAS: 3000 fbh*
10_10 . : : : - I I 10_10 I ! ! | L |
5 10 20 5 10 20
my [GeV] my [GeV]
1074
0 Update of cottin, Helo, Hirsch, 1806.05191
1079
= 7
£ 10
107°
10~ ATLAS: 300 fb~! |
ATLAS: 3000 b
1071 e x
5 10 20
my [Ge\/]
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Other experiments

AL3X: A Laboratory for Long-Lived eXotics
@QALICE

Cylinder with0.85 m<r<S5Smand?Z = 12m
ct~ 10m

MoEDAL-MAPP: MoEDAL’s Apparatus for Penetrating Particles
(MoEDAL: Monopole and Exotics Detector at the LHC)
@LHCDb

MAPP1: ~ 130 m3
MAPP2: ~ 430 m3
ct~50m



HNL production in meson decays

HNLs with m,, < 5 GeV can be produced in meson decays

LV - “Charged current” single-Ny operators
De Vries et al., 2010.07305

LV - “Neutral current” pair- and single-Np

operators
Beltran et al., 22XX.YYYY
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