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JUNO Collaboration / JGU-Mainz

normal hierarchy (NH)

Decades of evidence of
neutrino oscillations
and masses

inverted hierarchy (IH)

m2

Homestake, SuperK, SNO, KamLAND,
Daya Bay, RENO, Double Chooz, MINOS, T2K,
NOVA, IceCube ...


http://www.staff.uni-mainz.de/wurmm/juno.html

¢ How to introduce neutrino masses?

Weinberg 1979

Y _ .
® Lowest order using only SM fields, introduce d=5 Weinberg operator Y (LHLCH),

¢ SU(2) indices can be contracted in multiple ways — hinting at different UV physics

¢ Seesaws Type I,II,IIIMG 1998

¢ Type | Seesaw — Weinberg operator descended from integrating out heavy sterile

Majorana Neutrinos, A = my Minkowski 1977, Gell-Mann et al. 1979, Yanagida 1979,
Mohapatra et al. 1980

R . Y2V2
SM Neutrino Mass m,, ~
My
¢ Mixing with SM Neutrinos V ~ —7Y ~
My My



Snowmass Energy Frontier: 2211.11084
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Skrinsky et al. 1981, Neuffer 1983,
. . Neuffer 1987, Barger et al. 1995,
¢ Intensity and Energy Frontier e s isss sorge o

al. 1997, Ankenbrandt et al. 1999

¢ Reduced Synchrotron Radiation
(m,/m,)* =~ (207)™

¢ Negligible Beamstrahlung

¢ Muon is itself fundamental — less
suppressed by PDF
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. Kilian et al. 0708.4233, Moretti et al. hep-ph/
¢ Events generated using WHIZARD 3 oot

¢ |ncludes Initial State Radiation (ISR)

® New to WHIZARD 3 — p; recoil from ISR

Degrande et al. 1108.2040, Alloul et al.

1 1310.1921, Alva et al. 1411.7305,
¢ USIng the FeynRUIeS HeavyN mOdeIS Degrande et al. 1602.06957, Atre et al.

0901.3589, Pascoli et al. 1812.08750

® Generated using |V, | = 0.002
¢ HNLs decayed on-shell, using Narrow Width Approximation

¢ Consider two collider benchmarks \/E = 3 (10) TeV with
L=1(0) ab™!



¢ Effective Lagrangian

T 3 3
—Lint, EW =%W“+ > ( > Upnm VPl + Y Vi N PLf)

f=e “m=1 m=1
g Ly 3 i
+2(:os Ow 4 yj ( yj UpmPmy" Prve + Z W%Nﬁz’Y“PLW) + h.c.
l=e *m=1 m=1

¢ Neutrino Mixing

3 3
Ve, = Z UrmVmrL + Z ‘/ﬁm’Nrgz'L

m=1 m/=1

® New Vertices




¢ .—Dominant above Z-pole

q
Signal: u*tu~ — N(qqf)v

/ Assumptions

¢ Only one contributing HNL
49 & |V, |=0]V,|=|V,|l=|V]
* Iy < my

€ Masses between 200 GeV and 9.5 TeV

V 10
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o /|Vil* (pb)

o(pb) for utpu~ — N(qgf*)v, /s = 3 TeV
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o /|Vi|? (pb)

o(pb) for utu~ — N(qgl*)v, /s = 10 TeV
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Process Generator Level Cuts Method
_|_ —
prpT — qqby
1 4 4 ME + 1
0 qqll Mgq00 > 10 GeV, pry > 4 GeV, |ng| < 8, go > 4 GeV + ISR
+ —
pwruT — qqllvy
M, 40 GeV 4 GeV, 8, 4 GeV | ME + ISR
U+N_ — qqllly qq,t¢ > ev, Prye > eV, |ne| <8, g > € +
vy — qqlv Mgy, > 10 GeV, g, < 4 GeV EPA
yut — qqf My, > 10 GeV, g, <4 GeV, 3° < 0, < 177° EPA + ISR

¢ ME — Full Matrix Element

® ¢, — Momentum Transfer

¢ |SR — Initial State

Radiation

¢ EPA — Equivalent Photon

¢ ¢,— EPA Upper Cutoff

Approxi mation Budnevetal 1975

® EPA Lower Cutoff at m,
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Process Generator Level Cuts Method
putuT — qqly
puruT — qqll
utp~ — qqllvy
ut = — qqllly
vy — qqlv Mgy, > 10 GeV, g, < 4 GeV EPA

yut — qqf My, > 10 GeV, g, <4 GeV, 3° < 0, < 177° EPA + ISR

Mgyq00 > 10 GeV, pry >4 GeV, || < 8, g0 >4 GeV | ME + ISR

Mq00 > 40 GeV, pry >4 GeV, || <8, g >4 GeV | ME + ISR

¢ ME — Full Matrix Element
¢ 4, — Momentum Transfer

¢ |SR — Initial State
Radiation ¢ ¢, — EPA Upper Cutoff

¢ EPA — Equivalent Photon ® EPA Lower Cutoff at 1
Approximation Budnevetal 1975 )
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Process Generator Level Cuts Method
_|_ —
prpT — qqby
4 4 ME + 1
T S gqll Mgq00 > 10 GeV, pry > 4 GeV, |ng| < 8, go > 4 GeV + ISR
+ —_
pwruT — qqllvy
M 40 GeV, 4 GeV, 8, 4 GeV | ME + ISR
U+N_ — qqllly . qq.t¢ > ev, Prye > € |"7£| <3, q > € +
vy = qqlv  ——F My, > 10 GeV, g, < 4 GeV EPA
yut — qqf My, > 10 GeV, g, <4 GeV, 3° < 0, < 177° EPA + ISR

¢ ME — Full Matrix Element

¢ 4, — Momentum Transfer

¢ |SR — Initial State

Radiation ¢ ¢, — EPA Upper Cutoff

¢ EPA — Equivalent Photon ¢ EPA Lower Cutoff at m,

Approxi mation Budnevetal 1975
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Bierlich et al. 2203.11601

¢ After PYTHIA 8 showering, detector
response simulated using DELPHES 3 >3, Sl

¢ Fast, modular simulation build on “cards”
¢ \We use the included Muon Collider Card

¢ Hybrid of FCC-hh and CLIC detector cards

Selvaggi 2020 Roloff et. al 2018
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¢ Atleast 1isolated 7 = e, 4 candidate N
q
¢ pT,f > 0.5 GeV 44
N 4
¢ ZPT/pr < 0.2 within cone of
£E
AR = 0.1

¢ If > 17, choose largest p;,

14



Boronat et al. 1404.4294

¢ Reconstruct jet system J using VLC algorithm /

N
¢ Two options, dependent on W boosting
q
. | | 44
¢ Single fat jet, J = Jsqt, with
R=12,p=y=1.0 y 4

® Two narrow jets J = j; + J, , with
R=02,p=y=1.0

¢ |f both reconstructed, choose method with
invariant mass closest to my,

¢ Keep all jet information for use in BDT

15



¢ Reconstructed events pass preselection if:

¢ pT,f,J > 100 GeV

¢ Final HNL candidate is combination of
Jand ¢

16



Reconstruction Efficiency (%)

Efficiency for u*p~ — N(qql*)v, /s = 3 TeV
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17



) Reconstruction

HKUST
Collider COM Energy | +/s =3 TeV Vs =10 TeV
Integrated Luminosity | L =1 ab™! L =10 ab™!
Process o (pb) | Nevents | Eff. (%) | 0 (pb) | Nevents Eff. (%)
utu~ — qqlv 6.025 263400 | 4.373 9.534 932800 0.9784
ut = — qqbl 2.842 | 12160 | 0.4278 | 3.784 | 32090 0.0846
utu= — qqllvy 0.02255 | 3201 14.20 0.07968 | 85100 10.68
utu~ — qqllly 0.3133 90090 28.76 3.207 14950000 | 47.63
vy — qqlv 0.1589 5068 3.190 0.4274 113600 2.608
uE — qqf 3.811 | 11390 | 0.2986 | 0.5823 | 21360 0.3668

SM Background Yield and Total Reconstruction + Preselection
Efficiency

18




Vs =3TeV: L =1 ab™! V5 =10 TeV; L =10 ab™!
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Events/50 GeV

Vs =3 TeV; my =1.0 TeV
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¢ Three class Boosted Decision Tree (BDT) analysis to
separate background from signal (Majorana vs Dirac vs

SM Background)

Chen et al. 1603.02754
¢ Python implementation of XGBoost
¢ Supervised learning

€ Collection of decision trees

¢ Loss function using gradient descent

¢ Outputs probabilities: Py, P, P},

21



¢ |epton

* Pre» Ny E,, Charge, and Flavor
¢ W-Jets

4 pT,WJ’ ;/]WJ’ Gnd MW]

* Ej1,2
¢ HNL

¢ pryand p_y

¢ Geometry

¢ AR, W)) and | ¢, — ¢y |

22



Vs =3 TeV; my =1.0 TeV
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10*

Events/25 GeV

Events/0.1

Vs =3 TeV; my =1.0 TeV
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Vs =3 TeV: my =1 TeV /s =3 ’Ii‘eV; my =1 TeV
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10714
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1064

FCC-hh

LHC prompt

ILC1000

CLIC3000

102

Milightest = 0 GeV

—— Thermal initial conditions
— Vanishing initial conditions

103
mpy (GGV)
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--&--  pC 10 TeV Majorana 10 ab~*
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Vs =3 TeV; my =1 TeV
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1.5 — 1=0.0
2 — 1=0.5
| Vbﬂ | at 95% 1 r=1.0
Limit |
~ -
|
=075
0.5
0.25
O R R % - S S TS -
T
Vs =3 TeV; my =1 TeV
L5k 1o Uncertainty
2 ’ — r=0.0
|Vf| at b x =05
o 12sf =10
95% CI Limit
)
— 0.75}
0.5F
0.25} |
8 R} R R ¥

/s =10 TeV; my =3 TeV

1.75

1.75
1o Uncertainty
15 r=0.0
r=0.5
r=1.0
1.25
™ 1
I
—
~0.75
0.5
0.25
025 05 075 1 125 15
r
175 Vs =10 TeV; my =3 TeV
1o Uncertainty
1‘5_ —— I‘=0.0
— 1=0.5
— 1r=1.0
1.25F
N 1
[
Z 075+
0.5F
0.25F
025 05 125 15

1.75

r = ny/(ny, + np)

27



¢ The origin of neutrino masses is a fundamental question in BSM Physics

¢ Future muon collider would be an EW Intensity and Energy Frontier, promising
environment for BSM physics searches

¢ Find exclusion limits for HNL-SM mixing to be as low as G(107%)

¢ Discrimination potential between Majorana and Dirac for large range of mixing
values

¢ Further Work:
¢ Include couplings to Taus
¢ Non-uniform mixing
¢ Include beam spectra

¢ Other production channels and observables (Double VBF, SS dilepton...)

28



Backup



¢ Muon is unstable — lifetime of 2 us Delahaye et al. 1308.0494

Delahaye et al. 1502.01647, Dyne

¢ How to produce and store? et al. 2015, Long et al. 2007.15684 MICE Collaboration 1806.01807,
1806.04409, 1907.08562

¢ Muon Accelerator Program (MAP, USA) + Muon lonization Cooling Experiment (MICE, UK)
¢ MAP — Proton beam on high-Z target creates pions, which decay to muons
¢ MICE — Reduces muon phase space
¢ Currently favored
¢ Low Emittance Muon Accelerator (LEMMA)  Antonelli et al. 1509.04454
¢ Positron on fixed-target beam to produce muons at threshold
¢ |Long lifetime, low emittance
¢ Low luminosity

¢ Unfavored

30



Snowmass Muon Collider Forum Report: 2209.01318

>10 TeV cantre-of-mass enargy
circumference

~10 km

Parameter Unit Higgs Factory 3 TeV 10 TeV
COM Beam Energy TeV 0.126 3 10
Collider Ring Circumference km 0.3 4.5 10
Interaction Regions 1 2 2
Est. Integ. Luminosity ab~1/year 0.002 0.4 4
Peak Luminosity 1034 cm—2 57! 0.01 1.8 20
% st —

- P
> v o
-t L

https://muoncollider.web.cern.ch/
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2025

2030

Snowmass Muon Collider Forum Report: 2209.01318

2035

Iﬁ

HL-LHC |
i Construction

LBNF/DUNE

---_-------------

MuColl

Pre-CDR Stage

Operation

E-------------*-------

Construction

Demo/TDR Stage

US/Eur

ope
engage
in ILC

)

ILCin
US/Europe,

feasibility

CEPC, C3,
HELEN,...

i Future Collider Decision Tree

—

FCC proceeds at CERN;
US pursues MuColl

ERN/MuColl in US
Linear Collider in US/ MuColl at CERN

OR Linear Collider at
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