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Motivation

LHC results of Higgs discovery and measurement
of physical properties.

First evidence of existence of a scalar particle
with SM Higgs boson properties

Into the era of precision Higgs physics

No new elementary particles discovered with m
~ 1TeV

New physics via higher dimension operators
or very weak interactions.



What is the NP scale?

Energy ranges that have been covered by
accelerator experiments seem to imply the NP is
weakly coupled (or phase space suppressed).

Accelerator Produced
Detection

Search for very
weakly coupled NP,
and including for ngi
long P
lived particles. G



The basics and some history.....

Studying weak interaction with neutrinos......
Two neutrino types...

I =5 x 1012 protons/sec

Pontecorvo 1959

Schwartz 1960 I/10 pions produced at target, E > 2 GeV, 2
Danby et al 1962 steradians

/7 /, . - S

r'w —b4 cT=7.8m>=d=111m
Y/ {rdet i
p—=[] X §\§ / 5
targer ISV 10% of pions decay
PP Nqux = 10-9 I

FIG. 1. Proposed experimental arrangement.

# events ~ 1 per hour

Led to first neutrino beam and discovery



Why

eavy Neutral Leptons ?

 Neutrino masses

* Leptogenesis

 Dark matter candidate
 Neutrino anomalies

However, it is completely unknown:
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tau :
electron sterile muon - oerile | heutri sterile
neutrino neutring | "€YMA0 neytring neutrino

e  u | 7

electron muon tau

Leptons

arXiv:1301.5516

Naturally introduces Yukawa-type couplings,
Connect HNLs with Higgs physics

If the neutrino mass mechanism involves HNL what is the

correct model?

Are there additional interactions of the HNL?

What is the nature of the HNL: Dirac or Majorana?

What is the HNL mass scale?

mN ~ eV. for oscillation anomalies

mN ~ keV for warm dark matter

mN ~ MeV- GeV in deviations of SM

mN ~ GeV-TeV for BAU




Minimal neutrino mass models

—LDirac = Vpmyvp + h.c. < L®PA\vp+h.c.

Higgs

Dirac particles

m, ~ AU

—LMajorana = Vrmyv; + h.c. <+ L® o ®L® 4 h.c.

Majorana particles Higgs Higgs




Minimal neutrino mass models

, h
YNaVh
(Mp)na = N —>—== =Y
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Diagonalisation of the mass matrix may result in mixing: VL e = E Uz‘,EVz' + E VE,ij
l mass.? mass. 7
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Type | Seesaw/Inverse Seesaw Mechanism

L N H L, +hc+ ...

where H = io2H* and L. are SM lepton doublets.
Type | Seesaw
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Neutrino mass models - continued

Alternatively, consider a simple model with Dirac neutrinos and extra
symmetries to decouple v, and N and still have non-zero masses.

Introduce the following fields: HNL given by (N,, Ng) a right handed
neutrino vk, and a complex scalar singlet.

arXiv:1411.5042

E B yI/LﬁNR + QNLXVR _|_ MNLNR arXiv:1606.04543

Neutrino mass matrix M = 0 mi
p, M

‘Can make mixing V to be zero taking m, = 0.

Phenomenologically we will just take a model independent approach such that the mixing matrix,
Yukawa coupling and the mass as independent parameters




Long lived Particles

cr (m)

1040

Displaced vertices in collider detectors  *°

1

Longer lived LLPs use dedicated
detectors

10—20

q prompt

10~

[ X\ ]

arxiv.org/pdf/1903.04497

e Calculate the decay

W2
% rate of the LLPs, I'
q N Ew=)
: q/by -
PHOTP‘}' ; e Corresponding
displaced\ g /v lifetimes as a

function of coupling

and mass.



Sensitivity

Many factors affect signatures, exploit all
detector components......

e.g. forct =A5 cm, <By>~ 30

e.g. for ct = 50 cm, <By> ~ 30
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Also will depend essentially
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LLP Production and Decay

Colliders: LLP Production |Colliders: LLP decay modes and

sighatures

Heavy resonance

e Diphoton OR single photon
e Hadronic

® Semi-leptonic

® Leptonic

® Flavored leptonic

® Invisible decay

Pair Production

Parent decay

Higgs decay
Charged current Lo e Intermediate lifetimes
wwcmeme | NEW ODJeCts not suitable to standard defs and ‘

algorithms g _—

----triggering!!! Examples: Sl B
long lived particles in SM ' L - 'e:m’

Unconventional backgrounds parides romousideofcolisor |+,
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Requiring more data-driven/Al techniques e

A = mesons

m = baryons
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The basics for HNL in type | SM + N
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The basics for HNL in type | SM + N

'y x G%m2y Z ’VEN’Z

Width t=e, u, T
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The basics for HNL in SM + N

Width

Production

Decay

Length




Signatures

q q 51
- 4 W
q " ! o
N 2 N 2
W;r-“:' J ﬁ:t[ ) €3
j 1/
Dilepton + 2 jets No invariant N mass
Invariant mass of N Sensitive to low N

Mostly sensitive to large my

LNV and LNC, depending on OS and SS of the two higher
p; leptons



Experimental Results



Pushing the experimental frontiers

Collider constraints are usually shown in V? — my plane

« Below Kaon mass

« Kaon decays

. e.g. NAG2 ~ 100MeV ~ 1GeV ~ 10GeV ~TeV My
« Below B or D masses
- Heavy flavour decays s JO~L |~ o m = o
 e.g.Belle, LHCb
« Below W, Z masses ~1079F----------

* Displaced and prompt searches ., 19—6 }--------- .

e e.g.LEP, LHC ~ 10-8 F/— i

- Above W,Z masses \; K decays

) D [?écays . Wi/ZYDgcays VBS
» Decays to on shell bosons |V|2 B Décays

® e.g. LHC https://warwick.ac.uk/fac/sci/physics/research/epp/events/seminars/hnl_seminar_warwick g bird.pdf



Current Bounds

E. FERNANDEZ ET AL
2304.06772
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LHC Results: Prompt HNL A

LAS, CMS searches
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=l ATLAS ttbar analysis...
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' HC delivery for 13.6 TeV with an integrated
uminosity of 195 fb!

I I I I I I I I I I

140— ATLAS Online Luminosity
2011 pp Vs=7TeV
—— 2012 pp Vs =8TeV
120 2015pp Vs=13TeV
— 2016 pp Vs =13 TeV
—— 2017 pp Vs =13TeV
— 2018 pp Vs =13 TeV
— 2022 pp s =13.6 TeV
2023 pp Vs =13.6 TeV
2024 pp Vs =13.6 TeV

Qo
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Still only about
10% of data that will be
produced.
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Key parameter is theintegrated luminosity N, .. = o (L dt




Higgs production

ttH  (1%)
ggF (87%) VBF (7%) ] tH (0.05%)
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tb/ch  Dr===== H
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g q’ H
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Cross-section normalized to SM value




I\/Iass measurement Run |

@my =125

T 7 1
ATLAS and CMS —e— Total Stat. I | Syst. G
LHC Run 1 ‘I'n::'cafl Stat. Syst. ewﬁ/v 2 Z(y
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ATLAS H—=ZZ —=4] - i 124.51+ 0.52 ( = 0.52 = 0.04) GeV [ 9 (0)
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Run Il Probe Yukawa couplings

Cross section 4 X higher @ 13 TeV wrt 8 TeV

vev

m,,

10

RS
vev

Ke

1072

107

107
> 1.4

KgOr x

0.8

T roT T TTTTT
ATLAS Run 2
i Ke =K

K. is a free parameter

SM prediction

Quarks

2018 : direct observation of top quark
Yukawa

2020: evidence for muon Yukawa

2022:: hints of Higgs responsible for
c-quark mass

Increasing precision way above
expectation
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Future Experiments and Colliders

FASER/FASE
HL-LHC| |R-2

Mixing with electrons: NA62-dump, NA62 K+ decays, FASER,
PIONEER, SHADOWS, DarkQuest, SHiP, DUNE, T2K, Hyper-K

FCC-ee

FCC-hh | |Codex-b

CEPC
CLIC Mathusla

Mixing with muons: NA62-dump, NA62 K+ decays, FASER,
DarkQuest, SHADOWS, PIONEER, SHiP, DUNE, Hyper-K

milliQan
NA62
SeaQuest
SHIP
DUNE-ND

Mixing with taus: NA62-dump, FASER, SHADOWS, DUNE,
DarkQuest, and SHiP
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=
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1 e e crcesseseentenensersnnieaseesssesssesasasaeinenessaassinend T T B SR, —
= 1 1 L TP el | =
100 150 200 250 300 350 400
Vs [GeV]
Working point Z, years 1-2 Z, later WW, years 1-2 WW, later ZH 17
Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (1034 cm™2s71) 70 140 10 20 5.0 0.75  1.20
Lumi/year (ab™ 1) 34 68 4.8 9.6 2.4 036  0.58
Run time (year) 2 2 2 - 3 1 4
1.45 x 10% ZH 1.9 x 106 tt
Number of events 6 x 1012 Z 2.4 x 108 WW - +330kZH

45k WW - H +80kWW — H

https://indico.cern.ch/event/1307378/contributions/5720989/attachments/2789031/4879011/Grojean.pdf



FASER/FASER2

Inelastic cross section producing for 150 fb-1

Ny ~23x 10", N, ~25x10", Np=~1.1x10"”, and Np=~7.1x 10"

[FASER-2| | Larger detector for total integrated luminosity of 3 ab™!
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Only Yukawa coupling: Litetime + BR

Take mixing to zero. Only have the Yukawa coupling, what are the experimental
constraints and sensitivity?

| HNL Production through Higgs decays |
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Bernal, Deka, Losada 2023 N



/ero mixing: Lifetime+ BR
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HL-LHC Results — no mixing
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H* b-quark pair + MET

Main Backgrounds: v

h — bb, tt + jets, and bb + jets



VLLP Results — no mixing

q

FASER-2 A=10m R=1m
Probability of HNL decay inside the detector
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LHC Sensitivity — no mixing
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HL-LHC and FCC-ee with no mixing

Vs =240 GeV, L =7.2ab7 L.

Zero mixing case
100 ].U” El“l
' —e— FCC-ee H pole, 10 ab™!
10-2 _:f;‘ e --m-- FCC-ee H pole, 35 ab 1 _
i 1079 e FCCce ZH (240 GeV). 7.2 ab! /
=8
— J_ ]
f“;} et 10
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10_10 T T T T T T ]-U_H |
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No major improvement in sensitivity with FCC-ee in this case.

No major improvement on H pole




Yukawa + Non-zero mixing: Lifetimes
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Yukawas + Non-zero mixing: Lifetimes

i my = 2 GeV yii my = 5 GeV
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Vs=14 TeV and £ = 3 ab™!

HL-LHC results with active-sterile mixing

| Prompt |
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FASER-2 A=10m R=1m "
Probability of HNL decay inside the detector
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FCC with active-sterile mixing: prompt

Z pole
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ZH production

FOCZH prompt, my = 20 GeV

FCCZH prompt, mpy = 45 GeV
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FCC results with active-sterile mixing

Z pole

Displaced vertex
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FCC results with active-sterile mixing

Combined Z+H @ 240 GeV center of mass energy

Displaced vertex
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FCC-ee with active-sterile mixing

Addition of t channel W exchange,

Gives enhancement for the electron channel
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FCC-ee

https://indico.cern.ch/event/1307378/contributions/5720989/attachments/2789031/4879011/Grojean.pdf

Direct observation
in Z decays
from LH-RH mixinc
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Conclusions

1. There are compelling motivations for HNLs to solve fundamental questions
related to neutrino masses, matter-antimatter asymmetry, etc.

2. Intheregime of HNLs MeV-TeV a clear and more complete picture of experiments
(running or proposed) can further explore in depth parameter space.

3. Inthe case of no active-sterile mixing there is not much of an increase in
sensitivity from Higgs physics processes in the production and decay of HNLs
when comparing HL-LHC and FCC.

4. We've shown when you are directly sensitive to the HNL Yukawa. As soon as non-
zero mixing is turned on it quickly dominates the sensitivity of the NP search.

5. With FCC a much increased sensitivity to active-sterile mixing is obtained at the Z
pole.

6. Current and future constraints on the Higgs width provide the most relevant
constraints on the HNL Yukawa coupling in particular for the case of zero mixing.
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Turn on mixing: Recasting previous

H =
. Recast for DELPHI Recast for most stringent limits on mixing
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Experiment final states
NuTeV Production through W (looks at electrons or muons from HNL)
DELPHI Production through Z (looks at jets coming from HNL)
CMS22 Production through W (looks at electrons or muons from HNL) [90]
CMS24 Production through W (looks at electrons, muons or taus from HNL) [136]




