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WHO ORDERED THAT?!
* A surprising discovery

In 1936, Anderson & Neddermeyer used a
cloud chamber and found a () charged = &= e

particle in the cosmicray: m_ < M <m
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* Pair production from y*

* Highly 10nizing: a slow-motion M ~ 200 me_r _ LA

* Decaying to electron with a lifetime v S A

T~2x%10°%s o SR

* Highly penetrating: no strong interactions, |\l
thus NOT Yukawa's “meson” to mediate

p’, 12 strong nuclear force. L

“Who ordered THAT ?!”
-- I. I. Rab1 (1944 Nobel Laureate)



* The “usher” for particle physics:

€( ))
-- there are two “mesons’ !

In 1948, Lattes et al. used a photographic emulsion detector,

: : - + +
observing two charged particles: TU™ =2 L 2 et

electron .%a

muon

A pion
The discovery of p* led to another discovery of ™!
-- both particles named by Lattes.

The 1t are the Yukawa mesons

mediating the strong force!

(Yukawa, 1949)
(Powell, 1950)



* Parity violation in muon decay
Following Prof. C.S.Wu'’s experiment in 3-decay:
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Phys. Rev. 105, 1413 (1957)

J:5 J=4 Jz=1

——

BOCO 5 GONi* o (e )L + (E)R

Neutrons and ™ decays involve the weak nuclear force:

[Lederman et al. & Friedman et al. v« . =22 |
- . . N, - —( D>
made 1t with polarized muons: ve <y~ - A
dN, 1 5

o ocl—l—ﬁe-ﬁuwl—§cosﬁe

Phys. Rev. 105, 1415 (1957);
Phys. Rev. 106, 1290 (1957)




* Heavy Quark Onia:

“Llederman’s shoulder”: “Oops-leon”
1968-1969@BNL di-muon expt:  (Leon Lederman, 1976)

ushered the J/1)(cc) Discovery the Y(bb)=>p* p- Discovery
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Fig. 1 - Dimuon yield from the 1968 BNL experiment. Source: J. (1 9 7 6) Aok LoEk

H. Christenson, et al. (1970). Observation of massive muon pairs
in hadron collisions. Physical Review Letters, 25(21), 1523.



e Two flavors of neutrinos:

[Lederman-Schwartz-Steinberger made the v, beam!
(1988)

U

™ > ut+v > v+ N uT+ N
And there “v” 1s NOT v_!
Phys. Rev. Lett. 9, 36 (1962)
(1). Muon flavor identitied =2 flavor physics, before Cablbbo 7
--- Two-neutrino mixing by S. Sakata: Prog. Theor. Phys. 28 (1962) 870.
(2). Neutrino beam and scattering opens a new avenue

* Neutrino Deeply Inelastic Scattering
In addition to e + N - ¢* 4 hadrons :

FE(z) = 22 F¢(x —:UZ )]

Discovery of “weak neutral current
T eth L) v, + hadrons

(DIS, 1990)

Precisions: FY(z)=2zF(z —xz a(z)], FY(z)=2[d(z) - u(z)]
s(x)— s(x), Vcd, Ve sl
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(1995)

* Who ordered That? A Tri-peat

THE SEARCH FOR MUON-ELECTRON DIFFERENCES

AND MUON-PROTON DEEP INELASTIC SCATTERING*

Martin L. Perl THE DISCOVERY OF THE TAU LEPTON"

Stanford Linear Accelerator Center (197 5)

. ) ) ) MARTIN L. PERL
Stanford University, Stanford, ¢
© ! SILY 5 © California Stanford Linear Accelerator Center

Stanford University, Stanford, California 94309

Consequently, that led to yet another discovery:
DONuT experiment @ FNAL (2000) detected the v,

—> three generations of leptons completed!

- 2022 Panofsky Prize!

&

R, =3 \ . 'l“‘.u
Byron Lundberg ~ Kimio Niwa Regina Rameika Vittorio Paolone



Muons as sources ot atmospheric v,

Gl Yy,
,ui Fai T i I oS
The Super-K / SNO experiments provided

very precise measurements of neutrino oscillations
among 3-flavors & 2 mass differences

me 4 M
A Y n=3 A

Vv n=2
[ Y n=1

Flavor States ’
my - E—— -, (2015:
solar~7x10™2eV? 1d
. s |, McDonald &
atmospheric A ! 5
~2x1073eV? Kajita)
atmospheric
m, - - E— ~2x107%eV?
solar~7x10™2eV?
m, - ™, |,
1 2 3 (%) ;
? ?
0 " 0

Mass States
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* Muons for discovery @ Colliders

Muons are the most penetrating particle, thus most “visible”

at the LHC: W=, Z, top ...
CMS: “Compact Muon Solenoid”

Wy HDCC
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(2013)
The Higgs boson discovery:
CMS Preliminary 138 fb™' (13 TeV)
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CONTINUING EXPLORATIONS
FNAL: “the muon campus”

The muon anomalous magnetic moment Fermilab Muon Department
Dirac: -_MN€ &
g=2 - _@st

quantum effects

(@
S
g (+27T)

— 2(1 + 0.00116)

vl

S
/\ (m,/m)2~42,000

adapted from J. Mo ientific Seminar, 10 Aug 202

< 5.00 > s
Ein _ ¢ Current bound:
(2023) M
< i > B(n=2ey)< 4x10-19
® —eo—+
- ete- ermilab+ 4
T.Sl.Mv'\é:)tgol):la\LZr " (2|o;3)BNL o (mN/ MW)

——— . 1017 W's data

SM: Lattice HVP

BM\(/;O(:ZZ%I)I;HJ. Nudws Sample to Come!
[+ CMD-37_ >
229 Also: COMET @ J-PARC;
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 10 AICELP @ PSI

a,x10° - 1165900



* Paul Sherrer Institute (PSI), e . .
Laboratory for Particle Physics g= 23 "\ i es

AlCap: p-e conversion

FAST: muon lifetime

Lambshift in muonic hydrogen hysis leades
MEG: n > ey @ 10-14 level in Switzerland

W3e: tlavor violating decay
- Mass: muonium transition
MUSE: p-proton scattering
PIONEER: pion decays

Of particular interest, ALL.=2 transition:
test neutrino Majorana nature *“ Y(’
p~ +N(AZ)—wet +N'(A,Z-2) id

(referred to as u~ — e™) _ Xv=v
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* Lepton Flavor non-universality

|

Meson’s 2-body decays scale with m*

b f,fﬁm”(l—
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Meson's 3-body decays, like the B—decay,

are flavor-universal in the SM:

+
v y

-

-”
-
-

-
-
-
-

= Universality in A,7),B meson decays has been a sensitive test

to the SM, and possible new physics BSM.

For reference on tlavor anomalies, e.g., e-Print: 1704.05435
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https://arxiv.org/abs/1704.05435

* Nu-Storm @ FNAL / PIP-I1

: Target
Neutrino Beam Muon Decay Ring 0©_

g ﬁ}
Figure 1

Schematic layout of the nuSTORM facility

nuSTORM'’s physics program: Three themes

The physics program for the nuSTORM facility encompasses three central themes.

1. The neutrino beams produced at the nuSTORM facility will enable short-baseline
(SBL) oscillation searches for light-sterile neutrinos with unprecedented sensitivity
over a wide parameter space and, if sterile neutrinos are discovered, offers the oppor-
tunity to carry out an extremely comprehensive study of their properties.

2. These same beams may be exploited to make detailed studies of neutrino-nucleus scat-

tering over the neutrino-energy range of interest to present and future long-baseline
(LBL) neutrino oscillation experiments such as T2HK (7), LBNE (8) and LBNO (9).

3. The storage ring itself, and the muon beam it contains, can be used to carry out a R&D
program that can facilitate the implementation of the next step in the incremental
development of muon accelerators for particle physics.

13



SBNE: Short-Baseline Neutrino Experiments

Short-Baseline Neutrino Program at Fermilab

Target SBND MicroBooNE ICARUS
112 t active 89 t active 476 t active

* Pioneer the Liquid Argon TPC technology
e Resolve LSND / MiniBoolNE anomalies

* Search for (light) new physics

14



* LBNE: Long-Baseline Neutrino Experiments
DUNE: Deep Underground Neutrino Experiment,

“ s ) . .
the “ultimate” neutrino experiment

PARTICLE
DETECTOR (upgrade;

v
Sy
\EXISTING PROTON UNDERGROUND

ACCELERATOR PARTICLE

DETECTOR (upgrade)

Neutrinos can travel long distances through rock and other matter without a scratch. The LBNE
neutrino beam will travel 800 miles straight through the earth from Batavia, lllinois, to the Sanford
Lab in Lead, South Dakota—no tunnel necessary. The trip will take less than one-hundredth of a
second, enough time for some of the muon neutrinos to transform into electron neutrinos and tau

neutrinos. Scientists call this process neutrino oscillation.

DUNE wnll pursue major science goals:
* Leptonic CP violation, precision measurements of 6,5, Am?,;
e Dark matter searches

3

* Proton decay

* Supernova, formation of neutron star/black holes

15



MUONS BEYOND HEP

* Muonic atom for precision physics

- Electron ““:
400.® Muon 5 ‘ ’ |
i

1o |

€ 097 |2014 | ‘

P 1 -

: i
1 uHCREMA 2013

Proton

P

roton

TER |

1 Nature 09250: July 8, 2010

0.7 3

" Muonic
Hydrogen Hydrogen

| | | I | | I I |
1980 1985 1990 1995 2000 2005 2010 2015 2020
date (year)

* rp=(am)!:rp()=rp(e)/207=2.2x10° nm

* Wavetunction overlap: (m,/m_)°~10” stronger

* Lamb shift: 10° larger ey ] o
Very sensitive to probe |
the proton size/properties: PSI, CREMA  »,,-4Z
Best precision for the helium nucleus size: \ .
ro = 1.67824(13)exp (82)heo fM.  PSI: Nature 589, 527(2012) ' P

1S
16 1/2



SuS: Swiss Muon Source

USR - Muon Spin Rotation, Relaxation or Resonance: A research tool using muons as sensitive
local magnetic probes in matter.

Research at the LMU focuses mainly on magnetic properties of materials and on positive
muons or muonium (bound state of a positive muon and an electron) as light protons or hy-
drogen substitutes in matter.

Worldwide unique: The Low-Energy Muon Beam and pSR Spectrometer for the study of thin
films, layers and surfaces, the possibility to perform high-field uSR with a field up to 9.5 Tesla,
and the Extraction of Muons On Request for high frequency resolution and slow relaxation
measurements.

17



e Muons for matenal science: KEK

& : : .
M S L Institute of Materials Structure Science

High Energy Accelerator Research Organization,KEK

e Muon Science Laboratory

One important experimental technique which the team uses is called Muon Spin Rotation /
Relaxation / Resonance (u SR). 4 SR is used to map magnetic fields inside matter on a nanometer
scale by means of muons shot into samples. Using this technique, scientists can examine the
magnetic properties of materials. For example, they can examine the magnetic flux through type-
Il superconductors, and [determine][simulate][?] the location of the trace amounts of hydrogen
atoms contained in some materials. Other examples include studies of muon-catalyzed fusion and
the non-destructive analysis of the interior of solids, which takes advantage of the fact that
negatively charged muons behave as heavy electrons.

Transmission Muon Microscope

TMM @ KEK =
Advantages of TMM T

versus an electron microscope

Electron image Electron image <
(Sliced sample) (Bulk sample \‘; 9.

Muon image (Bulk sample)

3D image

18



* Muon Tomography: Cosmic muons

Atmospheric muon flux ~ 200/m?/s

Muons are penetrating!

nature

(November 2, 2017, and update Jan. 2023)

Cosmic-ray particles reveal secret chamber in
Egypt's Great Pyramid

A previously unknown chamber has been found in

the largest of the pyramids in Giza, Egypt. Credit:

Tomasz Tomaszewski/VISUM creativ/eyevine

MUONS CASCADING

19
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A MUON COLLIDER
Who Ordered That Collider?

Although sharing the same EW Iinteractions,
it isn't another electron:

my ~ 207 me
T(u — evevy) = 2.2 us
¢ =660 m.

It is these features: heavy mass, short lifetime
that dictate the physics.

20



* Advantages of a muon collider
* Much less synchrotron radiation energy loss than e's:
4 Lo
AT e C
m
which would allow a smaller and a circular machine:
LHC

PP
(1.5 TeV)

ILC (’_(_(5 TeV)

CLIC eTe™ (3TeV)

5 Mu-Mu (3-10TeV)
10 km -

* Unlike the proton as a composite particle,
Ecy efficient in prrp annihilation
* Much smaller beam-energy spread:
AE/E ~ 0.01% - 0.001%

21




* Disadvantages of a muon collider

* Production: Protons on target = pions = muons:
Require sophisticated scheme for n capture & transport

“Never play with an unstable thing!”
* Very short lifetime: in micro-second,

Muons cooling in (x,p) 6-dimensions

— Dithicult to make quality beams and a high luminosity
[Note: E, ~1 TeV > y ~ 10 2 y7 = 0.02 s > d=6,000 km |
* Beam Induced Backgrounds (BIB)

from the decays 1n the ring at the interacting point,

| Note: o (total)~100 mb; o, (total)~100 nb|

* Neutrino beam dump (environmental hazard)
o, ~ GF2 E? > Shielding?

22



The recent excitement: the “Muon Shot”

Muon Accelerator Project (MAP)

https://arxiv.org/abs/1907.08562, J.P. Delahauge et al., arXiv:1901.06150/

g = == Truth MICE prelimina ry
. o . . . 2 — . ) ISIS Cycle 2017/03
Proton Driver Front End Cooling Acceleration ColliderRing |2 *: | W simuaton | o g
E 195 é Data MAUS v3.2.0
m (Ié : |
X 19
e E
__mm e — =) 1 85
= = C | 3§ E
[ [ v_— v a (@] .E + 00 =
3 g g 2 |PgesgEloC ® 2 £ “E
£ o S 35 [Fel < 9|8 8 35 S © 1,75
> 2 5 £ [35022558 588 8
0 n =
A a o E-l—'>~ Q ) (@] c = (@] = — =
§ © ‘1’§8 _‘Cm" 5 o 3 2s S 2 | Accelerators: oA =
(O] — — * —
o © . 1.65—
< § Qo = S - Linacs, RLA or FFAG, RCS =
16—
1 IllllllllllllllJ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I L1
SCIENTIFIC T“"'E:iri PARTICLE PHYSICS 14 15 16 17 18 19 207["1]

AMFPICAN & : .«
~ " #Particle Physicists Dream of a Muon USandEurope
(K Coll i der Theinternational journal of science /18 January 2024 Sh Oul d t e am up

WHYS - .
PARIR( IEANE on muon collider

| \
TA"'Ié;G) After years spent languishing in obscurity, proposals for a muon collider are regaining

\(\)yFR p | momentum among particle physicists
A J : A feasibility study for amuon smasherin
' the United States could be an affordable
_ \ By Daniel Garisto on August 28, 2023 way to maintain particle-physics unity.

U.S. P5 (Particle Physics Project Prioritization Panel)
The path to 10 TeV pCM (partonic c.m. energy):

Aithough we do not know if a muon collider is ultimately feasible, the road toward it leads from
current Fermilab strengths and capabilities to a series of proton beam improvements and neutrino

beam facilities, each producing world-class science while performing criti uon
collider. At the end of the path is an unparalleled global facility on US soi_This is our Muon Shot.



https://arxiv.org/abs/1907.08562

Collider benchmark points:

e The Higgs factory: Parameter Units Higgs
CoM Energy TeV 0.126
Eem =my Avg. Luminosity 10°*cm=2s™!  0.008
L~1 fb'l/yr Beam Energy Spread Yo 0.004
AE. -5 MeV  Higgs Production/107 sec 13’500
o Circumference km 0.3

e Mult-TeV colliders:

Lumi-scaling scheme: 0 1, ~ const.

) : | ab'! /yr
time 10TeV

The conceirvable choices:

Ecm = 3 TeV - 14 TeV

Furopean Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.

24




Ideal, concervable case: —  Brit-Wigner
(A=5MeV, T, =42 MeV)

[—
-

Overlap

-
o0

S
o)

<
N

dO‘/ TmaxdV 8 AL/ LyaxdV s
-
b

0.0L
125.94 125.96 125.98 126.00 126.02 126.04 126.06

Vs (GeV)
An optimal fitting would reveal I', 2 O(3.5% )

25



A MULTI-TEV MUON COLLIDER

Exciting energy-frontier!

Photon-induced QED cross sections

l t a’ 2, Q7
arge rates O fusion ™ m—2 log (W)
j
Quarks/gluons come into the picture via SM DGLAP:
o fr Bpp:- 022 07 2Np Pt ) Jfir
_,’_/ - d (fU\ ( 0 Py O 2NuPu’y 2NuPug\ (fU\
,k_)r’wl ’/,Q e QQ o= 0= =08y 2Nde’Y 2Ndeg ® | /o
Q‘,:"; y Poe Pyu Pya - Pyy 0 Iy
= ng) \ 0 FPgu Pyga 0 Pyg ) \fg)

1~ : the valance.
ZR, ZL, vr, and B,W:t’gi LO SEa.

Quarks: NLO; gluons: NNLO.

TH, Yang Ma, Keping Xie,
arXiv:2007.14300
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“ WP » »
* “Semi-inclusive” processes

Just like 1n hadronic collisions:
p - =2 exclusive particles + remnants

VBF

............................... ] ”+”_

10_2',,,I,,,,_,,,I,,,,.,,,,.,,anr_‘mihila’cions
5 10 15 20 o5 30

Costantini, F. Maltoni, et al., arXiv:2005.30289; Y. Ma et al., arXiv:2007.14300



* Underlying sub-processes:

1072 ‘ L
’ utpT — tt, \/s=14 TeV
— Wi Wp,
_ —WrWrp,
o 107 VBF 7z
WoWy, gg :Z[iTMVYT |
.......... Wy : 1074+ ”+”-anni :
,,,,,,,,,,,,,, ) B N
““““““““““““““““““ 10 109 10"
25 30 myz [TeV]
26 ‘ ‘
. : ; annil
Partonic contributions “f“ IZT’ZV” Hl Z%%ﬁ
— Wi Wip,
0.3 - —%JFZ, 7
& —uptp”
u*u- Collider -- 4, VBF
—| b
€ y”»
Buy one, get one free”:
0.1
Annihilation + VBF
O-4 -é 0 2

Yt




Precision Higgs physics

10M H, 600K HH @ 10 TeV
Muon Collider Forum Report: https://arxiv.org/abs/2209.01318

Muon Collider Higgs Precision Projections (SMEFT)

B HL-LHC i 3 TeV uC 10 TeV uC

10-1 B 10 TeV + 125 GeV uC  Wi/wo I'y free | |
a ' |
S
.z
QO
S ,
a, 10

1073 i \

o 6gHW gl ogZr og% oglh ogss oghh ogT ogy 5FH

K= ~ O(W*/M?*) =sub % 2 M > 2 TeV

gsm
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https://arxiv.org/abs/2209.01318

Higgs pair production & triple coupling:

B 4UL-LHC

M 1cs500/C°
CLIC3000
FCC-ee
FCC-hh
110TeV

SM Higgs boson pair production at the LHC 50

SM Higgs boson pair production (gluon-gluon fusion - ggF):

BT ---h

A
000 ---h
Higgs-fermion Yukawa coupling

—dictate EW phase transition & impact

40 —

~~ B
§ -
~ 30

= -

=
< u
~—

EZO
< L
o u

Higgs boson self—coupllng

68% CL

10

on early universe cosmology!

Vs (lumi.) 3TeV (1 ab™1) | 6 (4) | 10 (10) | 14 (20) | 30 (90) || Comparison
WWH (Ary) 0.26% 0.12% | 0.073% | 0.050% | 0.023% | 0.1% [4]]
A/VE, (TeV) 47 i ) 11 16 | (68% C.L.)
ZZH (Dryz) 1.4% 0.80% | 0.61% | 0.46% | 0.21% | 0.13% [17]
A/V/E, (TeV) 2.1 O D 3.6 5.3 ~
WWHH (Arw,) 5.3% 13% | 0.62% | 0.41% | 0.20%

A/VE, (TeV) 1.1 P e 3.8 5.5 || (68% C.L.)
HHH (Arg) 25% 10% | 56% | 3.9% | 2.0%\]| 5% [22, 23]
A/VE, (TeV) 0.49 Do s 1.0 1.2 1.7 W(68% C.L,

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

D. Buttazzo, D. Redogolo, F. Sala, arXiv:1807.04743;
TH, D. Lig0l. Low, X. Wang, arXiv:2008.12204



Search Method

strong production
high mass splitting
stop 2-body

weak production
small mass splitting
Higgsino

AM=5 GeV

Pushing the “Naturalness” limit

The searches for top quark partners

(most wanted 1n “naturalness”);

& gluinos, gauginos ...

Snowmass 2021: Energy Frontier Collider Sensitivities

000000000000 O0O0ODO0OO
0000000000 0DO0CQO0OO0OO mUC1OTeV

|||||||||||||||||||||||

HLALHC
LSS LSS S L S I
ololulp CULUIE,: EUTSY e = LHC Limits
ooooo°oal)°o°o°o°o°o°o°o°o°°°°°o°o muC 10 TeV 7 Range of estimates
HL-LHC ]
"/ / Fcc gauginos
CLIC 3 TeV

AAAAAAAAAAAAAA

0 2 4 6 8 10 12
Mass Reach [TeV]
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- Higgs mass fine-tune: ém;/m; ~

Thus, m_, > 8 TeV =2 10 fine-tune!

stop

31
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e WIMP Dark Matter

(a conservative SUSY scenario)

Consider the “minimal EW dark matter”: an EW multi-plet
* The hghtest neutral component as DM

* Interactions well defined = pure gauge

* Mass upper limit predicted = thermal relic abundance

Model Therm.
(color,n,Y) target

(1,2,1/2) Dirac 1.1 TeV
1,3,0) | Majorana | 2.8 TeV Cirelli, Fornengo and Strumia:
Dirac 2.0 TeV  hep-ph/0512090, 0903.3381;

)

) | Majorana | 14 TeV TH, Z. Liu, L.T. Wang, X. Wang:
1,5,¢€) Dirac 6.6 TeV arXiv:2009.11287
)

)

Majorana | 23 TeV
Dirac 16 TeV

32



WIMP Dark Matter

Covering the thermal target

Higgsino 2 o Reach

Indirect
SPPC 125 TeV

3 SPPC 75 TeV
FCChh 100 TeV
FCCeh

>  HL-LHC
MuonC 14 TeV

3» MuonC 10 TeV
MuonC 3 TeV

CLIC 3 TeV

T T

2
geff

Mot < 1.8 TeV
DM “Y\03

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Ey

CLIC 1.5 TeV

CLIC 0.38 TeV

' ] Precision measurement

ILC 1 TeV

ILC 0.5 TeV

FCC —ee
CEPC

Thermal target

01

02 05 1 2
m,(TeV)

wino 2 o Reach

Direct
Indirect

SPPC 125 TeV
SPPC 75 TeV

FCChh 100 TeV
FCCeh
HL-LHC

MuonC 14 TeV
MuonC 10 TeV
MuonC 3 TeV

T T T T

B X+MET inclusive

Disappearing track

CLIC 3 TeV

Kinematic limit, 0.5 X Eqy

CLIC 1.5 TeV

CLIC 0.38 TeV

" | Precision measurement

ILC 1 TeV

ILC 0.5 TeV

FCC—ee

CEPC

01

TH, Z. Lau, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351

Thermal target
| L . —— L " 1

05 1 5 10
m, (TeV)
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Summary: “Who ordered That?”

The muon is such a pleasant surprise Nature offers us!
* Leads to many discoveries

* Provides deeper understanding of Nature

* Continues to play a key role in going forward

Far reaching scope: |

all involves with

Higgs
Neutrinos
Dark Matter
Cosm. Accel
The Unknown

h S Muon program: Mu2e, Muon g-2 v
muon P ySICS )
HL-LHC v v v
LBNF + PIP-II v v
ILc, Higgs factory v v v
NuSTORM v
MAP, Muon collider v v v v

Muon physics has taken many spot-lights
in contemporary HEP!
Look forward to more surprises with muons!
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[.ots of recent works!

-- my apologies not to cover properly

D. Buttazzo, D. Redogolo, F. Sala, arXiv:1807.04743 (VBF to Higgs)
A. Costantini, F. Malton, et al., arXiv:2005.10289 (VBF to NP)
M. Chiesa, F. Maltoni, L.. Mantani, B. Mele, F. Piccinini, and X. Zhao,
arXi1v:2005.10289 (SM Higgs)
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