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Create rich physics from small: Collider
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The Nobel Prize in Physics
2013

\

Photo: A. Mahmoud

Peter W. Higgs

Photo: A, Mahmoud
Francois Englert

Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Frangois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider”

Large Hadron Collider: ALICE, ATLAS, CMS, LHCb
O(1000) person experiments
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B Large Hadron Collider (LHC)
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SLC: 1987/9 ~ 1998
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Comparison of Particle Colliders

To reach higher and higher collision energies, scientists have built and proposed larger and larger machines.

arXiv: 1705.02011
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The updated strategy for particle physics in Europe recommends pursuing
an electron-positron Higgs factory as the highest-priority.



https://arxiv.org/pdf/1705.02011.pdf
https://cds.cern.ch/record/2720129/files/Update%20European%20Strategy.pdf

Muon Collider interest Revived upon Muon
Anomalies: lepton unitarity, muon g-2, w mass.

Pros:

e Clean environment as electron collider

e Synchrotron radiation is smaller than electron
0(10°8)

e High energy as Hadron collider

Limits:

e Muon is unstable particle, lifetime at rest only 2.2
us, high quality beam source is challenging (both
on lumi and emittance)

e Beam-induced background is challenging

9
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W boson mass measures higher than expected pp.125.136,& 170



http://hst-archive.web.cern.ch/archiv/HST2000/teaching/expt/muoncalc/lifecalc.htm

proton driver front end cooling acceleration
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SC linac
buncher
combiner
capture sol.
decay channel
buncher
phase rotator
6D cooling
merge
6D cooling
final cooling

accelerators:
linacs, RLA or FFAG, RCS

accumulator
MW-class target
charge separato

initial 6D cooling

collider ring

Muon lonisation Cooling
Experiment (MICE)

nature > articles > article

nature

Low EMmittance Muon positron linac positron acceleration

Accelerator (LEMMA): ring

1011 y pairs/sec from e*e~
interactions. The small production
emittance allows lower overall charge |——
in the collider rings — hence, lower
backgrounds in a collider detector
and a higher potential centre-of-mass
energy while mitigating neutrino
radiation from muon decays.

| —
positron linac

100 KW
target
=
isochronous
rings

accelerators:
linacs, RLA or FFAG, RCS

collider ring

Ecom:

10s of TeV

Article | Open Access | Published: 05 February 2020

Demonstration of cooling by the Muon
Ionization Cooling Experiment

MICE collaboration

Nature 578, 53-59(2020) | Cite this article
12k Accesses | 7 Citations | 277 Altmetric | Metrics

Tertiary production from protons on target: p + target— n/K -
typically P, =100 MeV/c (r, K rest frame)

whatever is the boost P; will stay in Lab frame

- very high emittance at production - cooling needed
production Rate > 10'3u/sec N,= 2-1012/bunch

MAP

from direct W pair production:
muons produced from e*e=dp*W at Vs around the p*u threshold
(Vs = 0.212GeV) in asymmetric collisions (to collect u*and )
e*e  annihilation: e+ beam on target

- cooled muon beam with low emittance at production
Goal: production Rate = 10! u/sec N, = 6-10°/bunch

EMMA

10

Protons on target

LEMMA (MAP)
Physical process ete-— pu” p N— aX, KX— u X’
Luminosity [cms!] ~5x1034 21035
en [um-rad] 0.04 25
Rate N /s 0.9x10" 1013
N, /bunch 6x10° 2x1012
AE/E [%] 0,07 0.1
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illustration of the model built for the
MARS15 simulation in a range of
+100 m around the interaction point.
It includes the machine components
in the tunnel and the ILC 4th concept
detector with the CMS-type tracker
upgraded for the High-Luminosity
LHC phase. The shielding nozzles
are represented in yellow inside
the detector, which is used to
suppress the BIB. Link

Zoomin in the IP ragion, tracker of
charged particle from muon decay.


https://arxiv.org/pdf/1905.03725.pdf

DAY p'u” = v H(-bb) <R

2020 JINST 15 P05001 e

-----

Calorimeter

Vs = 1.5 TeV

s

o . « We studied the pp - vv H( - bb) production at a MC

o The goal is to determine the sensitivity to the cross section
oo ll measurement and to the Hbb couping determination

u - * In the full simulation (Geant4) we used the detector developed by the
MAP collaboration — not optimized for the full event reconstruction 7

At multi-TeV, a muon collider is basically a W+W-

collider (VBS type): it will be possible to produce ink
high yields of single H, HH and HHH events. T

T ’



https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf
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Two b-tagged jets with p_>40 GeV,
In|<2.5 are selected

Physics backgrounds

Process
puruT >y Z > qq
W =y 2y [Z — g3 +X
urum =y Zy = qqy

section and Hbb coupling
2020 JINST 15 P05001

<R

Istituto Nazionale di Fiska Necleare

As a conservative approach we applied the efficiencies obtained
at Vs = 1.5 TeV to the 3.0 and 10 TeV case — BUT the BIB yield is
expected to be lower at higher energies.

We assumed 4 Snowmass years of data taking, at the luminosities
expected by MAP.

* Cross section sensitivity obtained with A(;T ~ “NN+ 4
s Taken from
« Hbb coupling sensitivity 28#b _ 1 (A_‘T) O [l S CLIC
$Hpp 2\ @ g_f;_v;f.w. expectation
Vs | A | e T Linw | o | N B | 4z | Bk
[TeV] | [%] | [%] | [em™s7!] | [ab~'] | [fb] (%] | [%]
1.5 35 | 15 [ 1.25-10%* | 0.5 |203| 5500 |6700 | 2.0 1.9
30 | 37 | 15 | 44-10% 1.3 | 324 | 33000 | 7700 | 0.60 | 1.0
10 [ 39|16 | 2-10% 8.0 | 549 | 270000 | 4400 | 0.20 | 0.91

At 3 TeV the Hbb coupling sensitivity is compatible with the
one expected by CLIC, but very conservative assumptions

have been done! Lorenzo Sestini

@ICHEP2020,
link
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https://indico.cern.ch/event/868940/contributions/3813545/attachments/2083147/3499196/higgs_mc_ichep.pdf
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e I
_ T . T T g 100 ] | ] | {
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s
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~ SunYat-Sen University, MengLu 14



https://arxiv.org/abs/2109.01265
https://arxiv.org/abs/2107.13581
https://arxiv.org/abs/2107.13581
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https://ipac2022.vrws.de/talks/tuizsp2 talk.pdf
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https://ipac2022.vrws.de/talks/tuizsp2_talk.pdf

V B. J. King hep-ex/0005007
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NuTeV

Neutrino-Nucleon Scattering . > Oy,
NuMAX \

NuSOnG ¢

FIGURE 1. The decays of muons in a muon collider will produce a disk of neutrinos emanating

Neutrino Scatterlng on Glass out tangentially from the collider ring. The neutrinos from decays in straight sections will line
nuSTORM up into beams suitable for experiments. The MURINEs will be sited in the center of the most
"Neutrinos from STORed intense beam and as close as is feasible to the production straight section.

Muons," ...for neutrino B2 hFITinsCIS, (B R B Hhead-ontiEigiE

oscillation searches

~ SunYat-Sen University, MengLu 16 .~ menglu@cernch



http://arxiv.org/abs/hep-ex/0110059
http://arxiv.org/abs/1803.07431
http://arxiv.org/abs/0803.0354
http://arxiv.org/abs/1206.0294
https://arxiv.org/abs/hep-ex/0005007
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line, is used to focus the neutrino
beam.

Link

shield

; D


https://arxiv.org/pdf/2204.11871.pdf
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Neutrino annihilation VeV — 27 ,ZH
could be served as a VeVe — Vel H,

vector boson collider. Vele = VeVolL , VVeWW,
Vele — VelVeZH . vev.HH.

Vele — €~ WHW+.

Simplest neutrino mass origination:
dimension-5 Weinberg operator, which lead
Majorana neutrino masses and introduce
lepton number violation. So we can use
vvHH (t-channel Majorana neutrino) to study
the BSM.

Ls = (C4/A) [ L] [Le-2],

mee = CEw? /A

’ D
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e+ vm

W+

ve mu+

If pT(outgoing muon) > 40 GeV
the cross sections with MW = 80.4 (80.41)
are 166.2 (167.6) pb.

Based on a simple counting experiment,
a 10 MeV accuracy on MW can be
achieved with an integrated luminosity of
only 0.1 fb-1.



e A novel kind of collider from 0 -> 1
o low to high collision energy

o linear/circular/hybrid

o various beam combinations:

ey, e'y , e'p’,e’y”, polarization

e An important intermediate step

©)
O

between e-e and mu-mu
Robust under muon beam induced
background

e Rich physics with economical budget

O

©)
O
©)

Charged Lepton Flavor violation
Higgs precision measurement
majorana neutrino, heavy lepton
~ 1-2 billion $ in total

Flexibility to extend to various options!

20


https://arxiv.org/pdf/2010.15144.pdf
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NEWS

DIGEST

cosmic mactowave background

Data fromthe Square Kilometre
Array, which may begin
construction tn Sow
Australia as early as this ye,
could allow the detection of GWs
All.‘l frequencies inthe MHz and
iz regime, far beyond the reach
GO, VIRGO or KAGRA, write
the pair

caand

of the spectrum of iron - the
rarest and heaviest cosmic ray
erised so far -
unexpectedly resembles the Light
elements more than the heavier
ones (Phys. Rev Lett. 126 041304).
"Iron is an atomic-rumber
frortier thae won't be crossed

for years to come,” said AMS-02
spokesperson 1 Ting.

which cannoet reconcile recens
measurements of neutron-rich
32had been thought tobe
a “magic" number of neutrons
tha completes a nuclear

shell and results in aslimmer
nucleus with agreater binding
energy than its neighbours.
However, researchers using the
Collinear Resonance lonisation
Spectroscopy apparatus found

BASE's jack Dewin alongside the Industrial innovation Smowmass postponed thae potassium-52, which has
experiment’s supercanductingmagnet.  DESY virtually kicked-off anew  The summer study of the 2021 33 neutrons, was not observably

Unorthodox ALP antenna
The Baryon Antibaryon

“innovation factory™ late last
year, allowing detailed planning
for the building

astructure

Snowmass exercise has been
postponed one year to july 2022,
duetotheon, ® COVID-%
andemic. The community

fater than the supposedly
magic potassium-5t, which
boasts x ons and 32

Novel collider concept

Peking University physicists
urge the community to consider
the merits of a novel electron-

muon collider (arXiv:2010.15144).

Collisions between different
species of lepton could reduce
physics backgrounds for studies

“;Ibax
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.II
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EEEI’J&?&
(arXiv:201 0.15144) o A A

MRBFRIXHE, ATEED

HAJE, Ma] Ll (SE#Fh)

Symmesry prcx.rrrm BASE) to begin. The facility will P at. Phys. doi:0.1018/
collaboraion at CERN's offer laboratories and spaces ercise, which will plot acourse -020-01136-5)
Antiproton Decelerator has for start-ups, scientists and S particle physics overthe

demonstrated aningenicusnew  established corporations, in coming decade, was originally Rival probes approach Mars

o search for axion-like
particles (ALPs, see p2S). The
team locked for unexpacted
electrical signals in doughnut-
shaped superconducting

coils that are usually usad to
precisely measure the oscillxion
frequencies of individual trapped
antipeotons. Faint signals, which
might easily be mistaken for
noise, cou fact be caused by
ALPs interacting with the strong
magne d of the Penning
trap. The aboration set a new
upper laboratory limit far the
coupling between photons and
ALPs wizhin a narrow mass range
arcund 2.79 neV, demonstrating
the feasibility ing Penning
traps to search for cold dark
matter (Phys Rev. Leer. 126 041301)

Daxk-agedeuchn

h.‘_'.r proposed us
tﬁlﬂ:co;}r:to dete:

the pe’xcd n :h:' early universe
between xoms forming and
stars igniting (Phys. Rev. Lett. 126
021104). As aresulk of embedding
classical electrodynamics in
general relxivistic spacetime,

it is expected that GWs canbe
converted into photons in the
presence of magnetic fields,
leading to adistortion of the

CERN COURIER  MARCH WPRIL

the hope of building strong ties
between research and mz:u::x_v.

aimed for
Bahrenfeld, a new district &
Hamtu" Germany \\h‘rc
the fac
also home to DESY ‘s .L'Ll RA L
synchrotron X-ray source.

Cosmic rays get weirder
Results from the Alpha Magnetic
Spectrometer (AMS-02) onthe
International Space Station have
thrown up ancther surprise that
may shed l3ght on the pro
tha create and accelerate cosmic

Cesses

rays. Last year, the collaboration

TheAMS-o2detector

divided by charge) dependence of
the primary-cosmic-r1ay spectra
of light elements (hel , carbon
and axygen) and heavy elements
(neon, m.:g_n::’.lum.:zm sSHu
Anewly published measuremens

planned for this summes. First
convenad in X982 inthe Colorado
mountain rescet of the same
name, SnOWmass stu ave
been produced on numerous
occasions throughout the years
cently in 2013. More

ters of intent - an
large rumber - have
already been submitted scross
10 “Snowmass frontiess",
fromthe energy fromtier to

Novel collider co
Peking Universiz
urge the community to consider
the merits of a novel electron-
muon collider (arXiv:2010.5144).
Collisions between different

ies of lepton could reduce
ics backgrounds for studies
of ch arged-lepton flavour
violation and Higgs-boson
properties, and the asymmeric
naure of the collisions could

be usad to control troublesome
backgrounds caused by muon
decays inside the accelerator,
argue the authors. The preprint
tron and
muon beams 1n;x:ull','. and
upgrades culminas —‘1g_ ina
TeV'-scale muon-muon collider

proposes 10 GeV

32is not a magic number
Astudy at N's ISOLDE faciliey
has exposed shortcomings

in the best nuclear models

As the Courier were to press,
probes from the Unzed Arab
Emirates (UAE), Ch

Thefirst imageofMars sent by China's
Tiamwen-1probe

were approaching the Red Planet
- atestament to the growing
desire of many nations to develop
space technology and explore
the solar system. The L
Hope - the Arab world's fir:
interplanetary spacecraft - will
remain in orbit and make the
first map of Mars’ surprisingly
sparse amosphere. China's
Tigmwen-1 will study the planet
for several monehs before
amndcr.nc(t'mal y
ythe

second nxtion inthe worldto
successfully land a roboe vehicle
on ancther world, after the US
The US rover Perseverance will
descend to the planet’'s surface in
search of signs of habxability and
evidence of microbial life

of charged-lepton flavour
violation and Higgs-boson
properties, and the asymmetric
nature of the collisions could
be used to control troublesome
backgrounds caused by muon
decays inside the accelerator,
argue the authors. The preprint
proposes 10 GeV electron and
muon beams initially, and
upgrades culminatingina
TeV-scale muon-muon collider.
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https://arxiv.org/pdf/2010.15144.pdf

emu Collider
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e A vector boson scattering/fusion machine mu-mu collider
e No s-channel SM background

~ SunYat-Sen University, MengLu 22 .~ menglu@cernch




(Benchmark\G | e- mu-+ COM Comments

eV)

A 10 10 20 Lepton Flavor Violation

B 50 50 100 Lepton Flavor Violation

C 20 200 126.5 H->emu

D 50 1000 447 .21 LFV, Higgs, Top H ~60fb
E 100 1000 632.46 LFV, Higgs, Top H ~115fb
F 100 3000 1095.4 Higgs Top H ~300fb

Mostly background free, or at most from VBS processes, e.g.emu>vv/Z
Higgs xsec~210fb at CEPC@250GeV.
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- e e
o =o(vvH) - BR(H — bb) = HWWJHbb

by

do/dmyy, (fb/GeV)
K

—_
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L SSDUNES R 2
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1 ' L4

0.4}

0.2}

iy ) 0 il v Togea o R
0'00 20 40 60 80 100

120 140
mbb(GeV)

2 o\ 2
AgHbb 1 Ao £ Ag}i}% Ao vN + B
= — — — — : —_— ,
JHbb 2 \ o JHWwW o N
I'u

TABLE I: Summary of the parameters used in the estimation
of the Higgs boson coupling to b-quarks in different collision
schemes. The uncertainty on giww / 'y is set to 3% in all
collision schemes. /s = 447.2(1095.3) GeV corresponds to a
50(100) GeV electron beam and a 1(3) TeV muon beam. The
ISR effect is not included as its effect is validated to be small.

2

Cinilab=Y] V/5[GeV] AZ[%] 2t (7] Atsn (%)
Int o 9 QHI}V\V 2 9Hbb 2
H
05 447 .2 2.5 3 2.0
1095.4 1.4 1.7
15 447 .2 1.4 3 1.7
1095.4 0.8 1.6
20 447 .2 | I 3 1.6
1095.4 0.7 1.6

The measured precision of gHbb in the electron-muon collider can reach to a few
percent level with order ab-1 of data and is dominated by the uncertainty on gHWW.
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6 km size; 6 km size;

2-3 km size; ~10 billion RMB 10-20 billion
<1 km size; 9 billion RMB RME
1 billion RMB
linear ep
—
>
O(10)GeV 0(50-100)GeV ele >
ele mu collision 0(1) TeV m
. 0(50-100)GeV ele 0(1-3) TeV mu
O(1-3) TeV mu O(1-3) TeV mu

LFV, Higgs, majorana neutrino ....
~10-20 billion RMB in total to reach physics hopefully ~ CEPC + half-SPPC

~ SunYat-Sen University, MengLu 25 .~ menglu@cernch




An neutrino-neutron collider is quite sensitive to neutrino
physics
o Several days of run to observe neutrino annihilation

An neutrino-lepton collider is quite sensitive to W mass
o 10MeV accuracy with 0.1/1b!

An electron-muon collider is sensitive to CLFV and Higgs

Phyvsics s _,
’ DREAM BIG
START SMALL

These colliders are both novel ideas in themselves, and may
also be useful intermediate steps, with less muon cooling
required, towards the muon-muon collider.




Additional slides




m CEPC250 GeV at 5 ab™" wi/wo HL-LHC

= LHC300/3000 fb™'

Precision of Higgs couplingmeasurement(Contrained Fit)
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Anticipated accuracy on Higgs
properties at CEPC and at LHC/HL-LHC

Challenging yet

exciting tasks on
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L N beaml N beam?2

L= frep

dro,o,

where fiep is the rate of collisions and is typically 100 kHz (40 MHz) for lepton colliders (hadron colliders), and
Npeam1.2 are the number of particles in each bunch which can be taken as ~ 1011—1012, 0, and o, are the beam sizes.

Take the LHC as an example, with fiep, = 40MHz, 0, = 16 microns, and Npeam1,2 = 10+, one can get L = 167
2™,
As for TeV muon colliders, with f.., = 100KHz, 0, , < 10 microns, and Npeam1 2 = 1012, then £ = 10%3-103%

cm_zs_l.

As for the neutrino neutrino collisions discussed above, there are further suppression factors from linear over arc
ratio (L?/L? ~ 1/100) with the exact value depending on the realistic design, and the neutrino heam spread which can
be around 1000 microns for L; ~ 10 to 100 meters. Taking all these into account, a realistic instantaneous luminosity
for neutrino neutrino collisions can reach around £ = 10%® cm=2s~! level. Although it is a small number, however,

to reach the discovery threshold of neutrino antineutrino annihilation process vev, — Z, a tiny integrated luminosity
of about 10~° fh~! is needed, i.e., several days of data taking.

IE R PR F B RRT LU R A MR ! SRR BT R SR AT U .

~ SunYat-Sen University, MengLu 29 .~ menglu@cernch
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We varied the incoming muon
and electron

beam energy by 0.5 GeV and 10
MeV, respectively, which are quite
conservative following previous
refs.

We found that the cross sections
changed by about 0.6 pb for
both variations.

This uncertainty could be
mitigated by

using the shape of the outgoing
muon energy, by scanning
different incoming beam energies,
or by calibrating

the incoming muon beam energy
with the electron decay products.



Discovery of Charged Lepton Flavor Violation is New
Physics! violation of a (so-far) conservation law.

Compositeness Leptoquark

Mg =
3000 (A 4Aeq)"2 TeV/c?

n e 'y © d
q q d C e

Heavy Z'
Anomal. Z Coupling

) M., = 3000 TeV/c?

Supersymmetry
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A, ~ 3000 TeV

q

Heavy Neutrinos Second Higgs Doublet

|UunUanl? ~ 8x1012 g(H,e) ~ 10%g(H
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CLFV2019 : The 3rd International Conference on Charged Lepton Flavor

CLFV2019

Violation

90% C.L. Limit

History of CLFV experiments with muons
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https://arxiv.org/abs/1801.04688



https://arxiv.org/abs/1801.04688
https://conference-indico.kek.jp/event/70/timetable/?view=standard

Ly = _Ye;telﬂRH — Y;te}l—LeRH — Yer€  TRH — YeeTrerH — Yyr}l—LTRH — Yr;thﬂRH

mu-

e+

diagram 1 QCD=0, QED=2

T(H — £°P) = —(|Yppge|* + | Yeugs|*)

- T'(H — (%¢F)
N F(H = f“fﬁ) + I'gpm

CEPC Projection:Br(H — eu) < 1.2 x 107°

Current best limit from ATLAS: Br(H — eu) < 6.2 x 107°

el Collider

10*
eu-> H - bb
sl e,
el eu~> H - bb with ISR | 5
e €U €U Z, Z > bb

.........................................................................................................................................

.....................................................................................

...................................................................................................................................

1 125 1 1 1 1 1 1 26
C.0.M(GeV)

Model implemented in
MG, w or wo ISR;

Signal at peak ~
5.3pb, while bkg
~0.1fb

A simple estimation
gives 100 times better
limit than ATLAS, with
only 1/fb.


https://github.com/qliphy/MGISR/tree/mg266emu
https://arxiv.org/pdf/2010.15144.pdf

Total Project Cost (TPC) model in US accounting (EU accounting might be 2-3 times lower):

“c1vil construction”,

29  ¢¢

accelerator components

29 ¢¢
b

TPC = ax(Length/10km)"? + Bx(Energy/TeV)"? +

yx(Power/100MW)"? | (1)

1TeV Muon beam:

2B$*(4km/10km)*0.5+2B$*(2)10.5+2B$*(100MW/100MW)0.5

~6B%

(3TeV Muon ~8B %)

If 3 times larger

2B$% in total

Note:

electron part cost is relatively small
0O(100)GeV e-mu collider cost much
less

site power infrastructure”

GAMMA-RAY COLLIDERS AND
MUON COLLIDERS

"[he physics of beams is a - High-energy physicists have learned much

discipline that has devel-
oped over the last 70 years,
concerning itself with the
manipulation and accelera-
tion of beams of particles and
light. Starting with electro-
static accelerators and ad-
vancing through cyclotrons
and synchrotrons, this sci-
ence has become ever more
sophisticated. Nuclear phys-
ics exploits it nowadavs in

from colliders with beams of protons,
antiprotons, electrons and positrons.
Now it seems both feasible and useful
to build gamma-gamma and
muon-muon colliders.

Andrew M. Sessler

These exotic collider
ideas were first put forward
in Russia more than 20 years
ago: Muon colliders were
proposed by Gersh Budker,
Alexander Skrinsky and Va-
sily Parkhomchuk, and
gamma-ray colliders were
proposed a few years later
by Valery Telnov and Ilya
Ginzburg. More recently
these ideas have been picked
up and significantly ad-

Physics Today 51, 3. 48 (1998)

"But the result might well be a
machine that is less expensive
than an ee linear collider with

the same final energy, though
a TeV muon collider would still
be a billion-dollar
undertaking.”


https://physicstoday.scitation.org/doi/pdf/10.1063/1.882185
https://arxiv.org/pdf/1705.02011.pdf

B Luminosities at Neutrino Experiments

For a cylindrical experimental target extending out from the beam center to an
angle 6, = 1/~,, the luminosity, £, is proportional to the product of the mass
depth of the target, [, and the number of muon decays per second in the beam
production straight section, according to:

Llem 257! = Navo X fss X ny [s71] x {[g.cm™?], (3)

where fg is the fraction of the collider ring circumference occupied by the production
straight section, n, is the rate at which each sign of muons is injected into the
collider ring (assuming they all circulate until decay rather than being eventually
extracted and dumped) and the appropriate units are given in square brackets in
this equation and all later equations in this paper. The proportionality constant
is Avagadro’s number, N, = 6.022 x 10%?, since exactly one neutrino per muon
1s emitted on average into the boosted forward hemisphere, i.e. each muon decay
produces two neutrinos and half of them travel forwards in the muon rest frame.



https://arxiv.org/abs/hep-ex/0005007

