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“One ring to rule them all, one ring to find them” ... - J.R.R.Tolkien

Muon collider: physics /|
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Muon collider physics

The essentials #3: compactness

1] O(10) TeV Energy small hybrid collider:

10 km 100 km 100 km
X
t . . . . 5 years 15 years 25 years
2] Luminosity growing with energy: R T
g qaf Slo—— ]
uColl -~ Heeeen - - - -
S el =MuC is an STCC = Space-Time-Compact Collider
« 08
ﬁ 0.7 | :
> 06 1
= 05 : = Goal of the tens:
%ﬁ 03|+ | 10 TeV, 10iab, 10 x smaller and O(10) x faster than the FCC
0.1 ' '

B UCLouvain fnrs IMCC - 11-14 Oct - CERN 8 Fabio Maltoni - Physics INEN
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Muon collider physics

The essentials

A O(10 TeV) muC is in the range of what could be
technically achievable. R&D is necessary.

*It would radically change the way we do collider physics,

opening the exploration of EW phenomena at higher scales I l l II I
through an hybrid direct/indirect approach in a clean

environment. e e

«Given what we know now from the LHC + what will learn
from HL-LHC what are the muC physics drivers?

B UCLouvain fan IMCC - 11-14 Oct - CERN 9 Fabio Maltoni - Physics INFN

Istituto Nazionale di Fisica Nucleare
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Physics Summary

Andrea Wulzer
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First Collaboration Meeting
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Dark Matter

[Xiaoran Zhao]

@ mono-X,di-X and DT for low mass region M, < \/75

NG
2

of Indirect probes are good at thresholds M, ~

and can probe high mass M, > Vs

Soft/collinear radiations shift NC to NC+CC

Hard radiations affect the dynamics and sensitivities

Statistic uncertainties in O(0.1 ~ 1%) level: need further
improvements on theoretical predictions(NLO+NLL or higher?)

3 TeV 10 TeV 30 TeV
DL | ePt—1 | SL(3) || DL | ePt—1 | SL(3) || DL | ePY—1 | SL(%)
b, — 0 || -0.46 | -0.37 | 0.25 ||-0.82 ] -0.56 | 0.33 || -1.23] -0.71 | 0.41
(p —qr |[-0.44 ] -0.36 | 025 [|-0.78 | -0.54 | 0.34 | -1.18 | -0.69 | 0.42 ( )
lp, —ep || -0.32 | -0.27 0.13 -0.56 | -0.43 0.17 -0.85 | -0.57 0.21 Note: we are Currenﬂy not

lp, - ugr || -0.27 | -0.24 0.11 -0.48 | -0.38 0.15 -0.72 | -0.51 0.18 able to make sufficientl
lp, —dp || -0.24 | -0.21 0.10 -0.43 | -0.35 0.13 -0.64 | -0.47 0.16 y

lr— 0, |[-032] -027 | 0.13 | -0.56 | -0.43 | 0.17 || -0.85 | -0.57 | 0.21 accurate predictions for this
‘r —qr || -0.30 | -0.26 0.12 -0.53 | -0.41 0.16 -0.79 | -0.55 0.21 Study (and many Others)

(g — 0 |[-017 | -0.16 | 0.07 || -0.30 | -0.26 | 0.09 | -0.46 | -0.37 | 0.12

lr > upg || -0.12 | -0.12 | 0.05 | 022 | -0.20 | 0.07 || -0.33 | -0.28 | 0.08 \ /

lr = dgr || -0.09 | -0.09 0.04 | -0.17 | -0.16 0.05 -0.25 | -0.22 0.06




AN “INTERPOLATOR” MODEL

given n the mass is predicted
mass of the DM

2107.09688 Bottaro, Buttazzo, Costa, RF, Panci, Redigblo, Vittorio
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weak charge of the DM sswemmmsmurmsmmmemmrrmmsmmme

If Dark Matter feels SM weak interactions we can use the general n-plet WIMP to measure how well we are able to test this

hypothesis and possibly discover or exclude one or several or the whole category of DM candidates.



DIRECT PRODUCTION

Summary of constraints (solid edge) and reaches (dashed edge)
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2009.11287, 2107.09688, 2205.04486
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MONO-X X=y, W, ...

Large y mass requires CoM energy!

Weak radiation yield the most
constraining channel “mono-W”

Roberto Franceschini - Physics at the high-energy muon collider
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VIRTUAL™ PRODUCTION
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Virtual or propagating DM affects SM production rates

up to 10+ TeV
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VIRTUAL™ PRODUCTION
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Virtual or propagating DM affects SM production rates

up to 100+ TeV
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RF, Xiaoran Zhao in progress
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PRELIMINARY

DM spin  |EW n-plet| M, (TeV) Avandan/My (00)ic"/(00)dme  AMy [MeV] ABX(AMP™)/M, AM_ [MeV]
2 0.58 +0.01 > Mp - 0.22 - 4.6x10* - 4.2 - 9600
Complex scalar 4 4984+ 0.05 > Mp 0.004 0.22 - 104 - 3.2 - 2000
6 349+05 ~6x 10 0.016 0.54 - 2300 - 280 - 660
8 88 + 2 2 x 104 0.12 0.89 - 1.2 x10° - 324 - 507
10 167 + 4 20 0.45 1.27 - 800 - 340 - 450
2 1.084+ 0.01 > Mp - 0.22 - 5000 2 x10° 4.8 - 7800
Dirac formion 4 4.8+ 0.1 ~ Mp 0.013 0.21 - 2200 x10° 3.6 - 2600
6 31.7+0.5 2x10* 0.057 0.51 - 510 x 10? 185 - 780
8 82 + 2 14 0.37 0.86 - 800 3000 290 - 550

PRELIMINARY

DM Spin EW n—plet MX (TeV) (O’U){;]Ofo (O’U)r{gg ALandau/MDM AU\//MDM
3 2.53 4+ 0.01 - 3 x 1037 4 x 10%4*
5 15.4 4+ 0.7 0.002 5 x 103° 2 % 10%4
7 54.2 + 3.1 0.022 2 % 10%° 2 % 10%4
Real scalar 5 o
9 117.8 + 15.4 0.088 3 % 10 2 % 10
11 199 + 42 0.25 20 3 x 10%*
13 338 + 102 0.6 3.5 3 x 10%*
3 2.86 + 0.01 - 3 x 1037 8 x 10%2*
5 13.6 + 0.8 0.003 3 x 107 5 x 102
, , 7 48.8 4+ 3.3 0.019 1 x 10% 4 % 107
Majorana fermion _
9 113 £ 15 0.07 30 3 x 10
11 202 + 43 0.2 6 3 x 107
13 324.6 + 94 0.5 2.6 3 x 107
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Monte Carlo Tools
[Mario Chiesa]

Conclusions

m only few MC event generators for high-energy p-colls available, generally
only at LO accuracy

m in principle it is possible to transpose all the technology developed for
high-precision generators for hadron colliders to the leptonic environment

m in practice, some new challenges arise, mainly connected to the large /s
and the large final-state multiplicities, Sudakov corrections

Mauro Chiesa MC challenges for the multi-TeV p-coll
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EW and QCD physics at the muon collider
[Yang Ma]
Improving understanding of partons in the proton

MuC is also a Vector Bosons Collider
(but also a muon collider: this is its dual nature)

Compare the “EW LHC” with LHC

PP VS i
1 df - 10t
Lyt wi :/ ?fWM (fyuf)fwh(gauf) 10°f
1 2 T ppes WeWp
10° il iy WoWop
Consider the two colliders in the same ring ol bt Wy
109}
\/guu — \/gpp .|
pp: WpWop
For2 — 1 processes, take a benchmark 101} |-
M 1 1015} o0t WoWa
\/; — — = — = 1017 i ; ; i
\/g 2 0.2 0.3 0.4 015 0.6 0.7 0.8
\/?

[2005.10289]

The ratio 1111/ pp is larger than 10*!

Istituto Nazionale di Fisica Nucleare
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The physics case of a very forward
muon detector

Maximilian Ruhdorfer
Cornell University

@ N Muon Collider Collaboration Meeting

ﬁlnternational OCtOber 12, 2022
UON Collider
Collaboration

Work In progress
with R. Masarotti, E. Salvioni and A. Wulzer
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This Talk

@ can be Dark Matter @ can be Dark Matter

1. Physics case for very forward muon detector (idealized)

Effective Interaction Strength

* Focus on scalar Higgs portal to invisible new physics

off (& 2
¢ can be part of the ) g2 Cd g 200 FJ? gt (£) .
.7 9 92 H
model that stabilizes 2 / |
‘ marginal portal derivative portal Collider
the Higgs mass
e Assume perfect resolution of MIM, ...
¢ can modify the Higgs 2. Realistic case study: invisible Higgs decays CC DS orgy
potential * Include accelerator and detector effects (beam energy spread,...)

* New BGs become important

3 Maximilian Ruhdorfer (Cornell)
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@ can be Dark Matter

¢ can be part of the
model that stabilizes
the Higgs mass

¢ can modify the Higgs
potential
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@ can be Dark Matter

Effective Interaction Strength

Jeft (E) 0?
t 72
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Direct Detection >
Energy

Goldstone bosons tend to not

be stable, e.g. 7’ — yy

Stability of @ is unwarranted
unless a symmetry is imposed
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A realistic benchmark: invisible Higgs decays

e At FCC-hh:

BR(h — inv) <2.5-10~*

FCC Collaboration ‘19
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e Cuton MIM, M,,,, Anu,, Er,min(E,-,E +)
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e Sensitivity to BR(# — inv) with all effects combined
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In the end, everything is parton, i.e. need the full SM PDFs.
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Inclusive jet distributions ata10 TeV muon collider Copious q/g-jets within

Important guidelines for future analysis acceptance.
10! — 10— Concrete impaCt in
N 100 ¢ E*——gg-—>j)(a .
T [ :3‘;:% | analyses, 1.e. h or
-2 ST A
2" X resonance searches, yet
s |f to be evaluated.
“ 05|
1076
We expect

» Jet production dominates over W W production until p7 > 60 GeV;
» W production takes over around energy ~ 200 GeV.

The SM EW sector, as well as any possible BSM, can only be seen in the high pr (&) range. CINFN
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The EW parton luminosities of All SM particles are potentially

a30TeV mupn collider “partons” inside the muon.
1.5 3.0 V§ [TeV] 15 3 .
ot Y , S The rates are of course crucial, e.g.
00 Z7/2 J5=30 TeV | finding a lepton inside a quark is as

likely as finding a quark inside a lepton

3 f j
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Admir Greljo | LFUV at MuC

Motivation

e [he LHCb anomaliesin b — su™u~ decays remind us that
— New Physics might take an exotic form —
an option we should embrace given the present status of the field.

e Several anomalous observables: BRs, angular distributions, LFUV ratios.

see LHCDb Implications next week

e (Coherent explanation by a short-distance bsuu contact interaction
- @(IO_S)GF — the violation of perturbative unitarity < 100 TeV

e New mass threshold in the vicinity of colliders?

® [oday: Azatov, Garosl, AG, Marzocca, Salko, Trifinopoulos; 2205.13552

Complementary high-p, searches at future colliders:

FCC-hh versus MuC
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Dark matter at the muon colliders

Xiaoran Zhaol
In collaboration with R. Franceschini

Based on arXiv:22xx.XxXxXxXX
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Indirect probes

@ Direct production is limited by M < g

@ Indirect probes through loop corrections: no such limit!

Xiaoran Zhao (Roma Tre) Dark matter at the muon colliders October 12, 2022 8/18
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All fermionic dark matter
candidates withn <5

(M < 15 TeV) can be

excluded for some center-of-

mass energy at or below 14
TeV
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Searching for New Physics at
High-Energy Future Muon Colliders

Cari Cesarotti, MIT CTP Fellow
IMCC CERN Meeting
Oct 13, 2022

H
(2104.05720) w/ P. Asadi, R. Capdevilla, S. Homiller
(2202.12302) w/ S. Homiller, R. Mishra, M. Reece
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Future multi-TeV uC provides a
complementary physics program
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A beam dump experiment at the yC allows us to
push into both the energy and the intensity

frontier
Can probe NP scenarios with:

e Very weak couplings

e Couplings to 2nd gen. leptons

e Masses S 100 GeV < Liar S Lgy, S¢ Ligec S
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2202.12302 CC, S. Homiller, R. Mishra, M. Reece
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“dark photon” search here means:

Beam Dump Setup

“shine through wall” experiment,
also known as

< Liay e Ly o Lgec . thick target” beam dump visible

search
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Possible intermediate steps towards a Muon collider
from neutrino neutrino/lepton, electron muon to muon muon collisions?

AN
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Qiang Li, Peking University 2022/10/12

arXiv:2205.15350, arXiv:2204.11871, arXiv:2201.07808, arXiv:2109.01265, arXiv:2107.13581, arXiv:2010.15144 1




Possible intermediate steps towards a Muon collider Qiang Li @

LI 40/52-D01 - Salle Dirac, CERN 08:30 - 09:00

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Muon Collider: intermediate steps?

link 19. Alain Blondel: alain.blondel@cern.ch question general but triggered by Steve Ritz.
S Establish the list of questions that are of great importance and should be answered
across frontiers/experiments/facilities. Here is a question that | think if of key importance

Matt Strassler | June 10, 2022 at 6:22 PM | Reply and is addressed in many ‘frontiers’ without being sufficiently asked as a unique
question for which the various groups would gain to reflect in common:
- given that neutrinos have masses, the question of existence and masses of right
before one has funding, and one cannot get funding without a clear handed neutrinos (or their alternatives) should have a common discussion,
formalism, expectations, visible consequences and what other problems they
might solve, while understanding the possibilities, from the minimal one to those
more complicated. This is certainly the most likely new physics there is, and it seems
That will be an electron positron machine of some type, unless the to naturally result from the present discoveries. It was evident from the presentations
ambitious muon collider project can demonstrate enough likelihood today that this question appears in the neutrino frontier, rare processes, cosmic and
energy frontier as well as instrumentation, and in Hitoshi's presentation, and yet there is

not a uniform language or momentum to look for it in all possible ways — so it remains
| that it can be justified as well. (Meanwhile other colliders somewhat confidential.

Andrew, these are very serious concerns too. But one cannot move

argument as to why funding should be provided. At higher energy,

the only clear arguments, right now, are for a Higgs/top factory.

of success and

at lower energy but very high luminosity might be pursued.)

Seattle Snowmass Summer Meeting 2022

e “...enough intermediate physics goals (e.g. neutrino beams)”
e neutrino mass ...“This is certainly the most likely new physics
there is...”
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widely distributed in Energy
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V.V,
v.v, — L1 .ZH
V.V, — V.V H.

Neutrino Collider? S'BR

R ~ km

Straight Section vV, = VoV LL . V. V. WW,
Velle — VollelH . VoV.HH.
shield
v, " I r4i T
/ | | | . Vele > € e WTWT,
muon decay I Neutrino (anti-)neutrino collisions 14
\“W v.v, — HH
vV, — L4 . ZH
A small modulation of the muon decay Vi, =2 — . VeV, — VoV H.

angle through vertical bending, symbolized
by the squiggly line, may be used to focus
the neutrino beam.

Vol — Vol LZ . V. V. WW,

Vollo — VolloZH . V. V. HH.

Question: ?/fbin 1-10 years Vele — €€ WTWT, )
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Neutrino Collision Processes
neutrino Collider SM and BSM (Heavy Majorana)
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NUMBER BREAKING

L — violation (11.0) @tleast2) o X

(1,1,0) (at least 2+1)

L — not accidental rrsiestdore 202 e

b.v.9) u\i\;/f\f- !
2 /\\ /: y
i=7 (Ll2) \PHoH)'S™ ) ;O\ TR
A3 J 4 1 J J 1 1 Vv

L — gauged, SSB

SUB)® SUR), ® SUR);, ® U(1)y_;
(1,2,1,1),(1,1,2,1),(1,2,2,1), (1,1,1,2),
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R ~ km

Inspired by
recent CDF W
mass anomaly

shield
M
'// )
muon decay g The instantaneous luminosity of a neutrino lepton col-
& JZf r lider would be limited by two main factors: 1) the inten-
IAASMALAARAAAAAASAAAAS " o crFR Y »-q--- - i - . : ;
v sity of the neutrino beam compared with the incoming

muon beam is suppressed by roughly L;/L. ~ 0.1, i.e.,
the fraction of the collider ring circumference occupied
by the production straight section [22], 2) the neutrino

Similar d&SIQn, but with only beam spread, which may still be kept at 10 to 100 microns

one sided neutrino beam, at the interaction point, by applying a small modulation

01-1/ftbin 10 yea rs? on muon decay angle through vertical bending to achieve
more focused neutrino beam [24]. 20
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Larger MW —

Higher incoming neutrino Energy —

Larger outgoing Muon Energy (More boosted)

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.

fiducial rate measurement

6clc =70 - 10~ yields
omy,/my, = 1.2 - 1074

evidently the fiducial
region of phase-space has a

sensitivity to myy
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Robustness on W mass precision

S 101F | | ‘ | 7 We varied the incoming muon and electron
G | beam energy by 0.5 GeV and 10 MeV,
uﬁ} | respectively, which are quite conservative
S 100} 1 following previous refs.
©
Muw = 80.2GeV We found that the cross sections changed
10-'H{ —+ Mw=804GeV by about 0.6 pb for both variations.
: —+— Mw=280.6GeV
= By =1000.5GeV This uncertainty could be mitigated by
10-2H using the shape of the outgoing muon
- el ks ieinis.] TR nergy, by scanning different incoming beam
A AR DA DA energies, or by calibrating
‘~°"*'*"*"'""'"“‘“"'“""'"'ffj*:':'i¢°¥$“ the incoming muon beam energy with the

electron decay products.

L . L) - VR CE, ] 108 el |
0 100 200 300 400 500
ECUPUGeV]
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More Physics from neutrino-lepton collisions

eTeT — ZO(*), e —yse D,,,,e_ — 17“6_,

Ut — \-’\-"“(*), Uslh P Vell: 5 Vsl —¥ 8 M.

Anomalous Zvv couplings

leptoquark

€+
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emu collider processes
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