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Muon Collider potential
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luminosity ‘ 1810% em=s™  210=cm™=s The Muon Collider combines the precision of a lepton
)2 collider with the energy reach of a hadron collider,

yielding an unprecedented physics potential
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https://arxiv.org/abs/1901.06150

Two machines in one

Muon annihilation
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=1 Energy frontier
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Vector Boson Fusion

= Precision frontier
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Low energy ete TeV-scale ete
factories (FCC-ee, factories (CLIC, LHC: few 107
CEPC, ILC, CLIC380) ILC1000) HL-LHC: few 108 FCC-hh few 1010

L
H\ 1 09 1 :)10 # Higgses

Muon collider: 100-108
clean environment: Higgs BR measured with 103 precision

large QCD backgrounds:
only rare modes accessible
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https://arxiv.org/abs/2203.07261

Dark sectors

vector portal

pseudo-scalar portal

neutrino portal

scalar portal
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Vector portal: dark photon
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Bellell, 50 ab~1
LHCb Run3, 25 b1
LHCb Runé, 300 fb~!

e | CF 250 GeV 3 ab~!

LCF 550 GeV 8 ab~!

LCF 1000 GeV 8 ab~1
FCC-ee Combined (90 up to 365 GeV)
MuC 3 TeV, 0.9 ab~!

MuC 10 TeV, 10 ab~!

MuC 3 TeV VBE, 0.9 ab™!
MuC 10 TeV VBE, 10 ab~!
FPE 3 ab~!

FASER 3 ab~1

NA62, 1018 PoT

NA64, 5 x 1012 EoT

SHiP, 15 years

SHIFT

LHeC, N=10exp. A" decays
DarkQuest Phase-I
DarkQuest Phase-II



V e Ct o r p o rt a I Vector portals at futaurr>§i -

Ling = gz 3N Z'* + gp JRORZH

1. Dark photon 2.L,-L. gauge bosons
JuM is the EM current M = [y, — TV, T+ VYV — ViV Vy
The dark photon kinematically mixes The boson couples to muonic and tauonic
with SM bosons with parameter € number with parameter g,
Ling = jz’wgw + gp ]Ilzarkz'u The muon collider offers muon specific

opportunities

The second parameter is the dark
photon mass M

M, K M, gz = €€
ee
Mz, > MZ 9z1 = "2
Cw
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Production Decay

—1 Associated production -1 Visible
e/u 0% 9z1 > 9p

The dark sector is too heavy
Lothe dark photon decays exclusively to SM

e/In A Signature: muon pairs
- Z-Bremsstrahlung =1 |nvisible
K K 9z < 9p
7 A 7 Signature: missing energy

I I
This channel benefits from forward detector 2.5 < |n| < 7
placed beyond the detector shielding and the accelerator
components
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1. Associated production + invisible decay

Background: yv;v; 1072 10-3
2
s—M
E, = —— 100 10-¢
2+/s : :
3 S g
10
|MZeco" — M,,| < 1 TeV ~lo 107 Vs =3TeV e V8 =10TeV
W My =50 GeV s W My = 50GeV
S My = 600 GeV 10 S My = 600GeV
107° s SM B SM
0 500 1000 1500 2000 2500 0 2000 4000 6000 8000
. . . M%eICOIl. MI'G’OOD.
2. Z-Bremsstrahlung + invisible decay
Background: p*u~v,v, utuTy Ve 0TeY
0 Mz = 50GeV
2 L Mz = 600GeV
MIMz, = (pi — Put — pﬂ_) =Rl =
"d% i
MIM is impractical due to LS
« finite energy resolution
* beam energy spread
0 50 100 150 200 0 1000 2000 3000 4000 5000

MIM

L, pR*exploited i
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Dark Photon Invisible decays

- EW precision tests
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The forward detector leads to a mild improvement for light dark photon masses
Mild improvement with collider energy is due to Bremsstrahlung
Sensitivity of muon collider is limited by luminosity (FCC-ee can probe a a large new portion of parameter space)
Muon collider is the perfect machine for Z' direct coupled to muons
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3. Associated production + visible decay 4. Z-Bremsstrahlung + visible decay

Final state; muon pairs
Background:uTu~y

Dark Photon Visible decays L, — L; Visible decays

LHC Dilepton

.
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---------
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o Mild improvements for the dark photon
o A large new parameter space can be extensively explored for L-L,
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Dark sectors
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Pseudoscalar portal: Axion-Like Particles

10_2 :
- \ ! J Fcc-PbPb
i \ /

Bellell, 20 ab~!
Bellell, 50 ab~1
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ALICE 5.52 TeV, 35 nb~!
ALICE5.52 TeV, 35 nb™!

- MuC 3TeV,0.9ab~!
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Pseudoscalar portal: ALP | g s

Effective Field Theory (dim=5) with new a o
Leff D —CB_B B wv CWEZ VVMLV Wl'ﬂv

physics scale f, = ALP decay constant f
Wilson coefficients Cy and Cg extracted Jary = 4 —(s%Cw + ¢4 CB),  Gayz = éswcw(Cw — Cp),
measuring two of these four couplings J:f J; At high-energy colliders these

_ 4, 2
9azz = f—(CWCW + swCB), gaww = 7 Cw, couplings are not suppressed

a

Decay and production channel 10°

m, < 1 MeV or small coupling — long lived

Mono-y or mono-Z 10

Yayy [TeV™]

m, > 100 MeV — prompt
non resonant VBS = ALP exchanged offshell 100} e
« light-by-light scattering
 EW scattering

long- ||ved
10!

107 1.0'2 ‘ ‘ T ‘110'I
m, [GeV]
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Mono photon production

Background: yv;¥; or y£*t£~ (with leptons out of acceptance)

€+

E :E :\; m
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(~ v(l™)

2

(0" — v +inv Otte-—ya = 768 3295, + Bgerer2(cly — 328%4,)3 + 9372268‘? i 2C%V2_ 21)3
: : \ swew (s — M2) styci (s — Mz)
| dominant at _ _ ! ,
e low energies at high energies also Gayz s measured
st 1 ALP cross section has a minimal
dependence on the collision energy

107!

Cw/fa =Cpg/fs =1TeV™L.
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10*
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Mono Z production Z leptonic decay
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Z hadronic decay Collider e
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Scattering ) L §
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Neutrino portal: Heavy Neutral

101

MuC 10TeV

FCC-ee (displaced ujj)
FCC-ee (displ theo full det)

European Strategy;

for Particle Physics

llllllll | liJlIi!J 1 llllllll | | I T |

101
my [GeV]

102 10°

Lepton

HL-LHC 14 TeV 3 ab~!

HL-LHC 14 TeV 3 ab~!

LHCb 14 TeV 0.3 ab™!

ANUBIS 14 TeV 3 ab™!

CODEX-b 14 TeV 0.3 ab~!

FASER2 14 TeV 3 ab~!

PREFACE 13.6 TeV 0.3 ab™!

SHIP, 15y, 6 x 10%° PoT
ProtoDUNE@SPS, 5y, 1.8 x 10%° PoT
DUNE (ND), 7y, 7.7 x 10?1 PoT
Hyper-K (ND280), 10y, 10%? PoT
FCC-ee Z-pole 200 ab—1, 6 x 1012 Z
FCC-ee Z-pole 200 ab~1, 6 x 1012 Z
=~ FCC-ee Z-pole, 200 ab=16 x 1012 Z
=== LCF 250 GeV (H decays) 2 ab~!
m=s= LCF 250 GeV 0.9 ab~!

=== LCF 500 GeV 1.6 ab~!

= LCF 1000 GeV 3.2 ab™!

==s= LCF 250 GeV, beam dump, 10y, 4 x 102 EoT
= LCF 1000 GeV, beam dump, 10y, 4 x 10* EoT
=ssns LCF Z-pole 30 fb=1,10° Z

= FCC-hh 85 TeV 30 ab~!

----- mid-y@FCC-hh 85 TeV 30 ab~!

s MuC 3 TeV1ab-!

104 — MuC 10 Tev 10 ab~1
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E U = U =0] i S C3Te
L K A . i - ’/
102 3 3 '."% 3 *_:1" 1=~ "MuC 10 eV
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my [GeV]

HL-LHC 14 TeV 3 ab™!

HL-LHC 14 TeV 3 ab~!

SHIP, 15y, 6 x 10%° PoT

LHeC, N=3 events, 1.3 TeV 1 ab~!

DUNE (ND), 7y, 7.7 x 10*! PoT

Hyper-K (ND280), 10y, 102 PoT

FCC-ee Z-pole 200 ab~1, 6 x 1012 Z

FCC-ee Z-pole 200 ab~1, 6 x 1012 Z

LCF 250 GeV (H decays) 2 ab~!

LCF 250 GeV 0.9 ab™!

LCF 500 GeV 1.6 ab™!

LCF 1000 GeV 3.2 ab—1

LCEF 250 GeV, beam dump, 10y, 4 x 102 EoT
LCE 1000 GeV, beam dump, 10y, 4 x 102 EoT
LCF Z-pole 30 fb=1,10° Z

FCC-hh 85 TeV 30 ab~!

MuC 3 TeV 1 ab~1

MuC 10 TeV 10 ab~1
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Neutrino portal: HNL e e e

Mass: my > 0(100 GeV)

. mp
Type-1 linear seesaw model M. = ( 0 mD) my =m, =mpsiné sinf = e
v mp My N
L, > —A,LAN - "N NCN + h.c. my = My
[U,|? = (sin 6)*
. _ pflavor e eflavor
u~(p1) Nu(k1) Decay: hadronic W + lepton sl sk
— = T >
w*(p2) De/r(k2) < 020f < 0.10f
— 5] r ] r
7w 7 '% 0.15¢ % |
— E 0.0 £ oosf
1 Z 005t z
/,L+(p2) ﬁu(kg) H (pl) Ne/T(kl) ()_()(): . ) 0_00.
. 0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
t-channel 1/s suppression missing pr(GeV) missing pr(GeV)

Muon Collider is advantageous for
the muon-flavour HNL production
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e/t flavor

g OVBF 2 S 92 S S
' —3TeV ———— X ajy—5 log® ——log —5-
Os-channel my myy my
=
&
S
Uy|? (w. conj. channel? TeV
Type Signal process o/|Uul (w. conj. channel’) Pre-selection cut (PSC) | Included @3 Te
my = 1TeV
t-channel ptp~ — Ny 43.5 pb PSC Yes
VBF ptp~ — ptp~ Ny, ~ 1pb — No
Uu|* (w. conj. channel
Type Signal process o/|UW[" (w. conj. channel) Pre-selection cut (PSC) | Included @10 TeV
my = 1TeV
t-channel ptp~ — Nuvy 20.28 pb PSC Yes
VBF ptp™ — pt ™ Ny, ~ 1pb — No
VBF ptp~ — v, N, ~ 0.1pb — No

PSC=preselection cut pr(p™) >20GeV, [p(u~)| < 2.5
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Analysis steps

1. Central hadronic W selection because forward are not efficiently detected
2. Mass window for the invariant mass of the HNL decay product system: my + 5%my
3. Customized and optimized cuts on missing transverse momentum and E(W)

Muon-flavored HNL @3 TeV

| 0GB oo TGN 8] e 0GB
L 4 L (7] L
g 0.15} —S ] £ o10f £ of
() [ 5 0.08f % oosf
E 010} E 06| £
oot L < [ ® i
§ 00s| g 0.04f g oosf
7z : Z 0.02f Z ool
0.00L ' T 0.00L : oot
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400 0 100 20 300
missing pr(GeV) E(W)(GeV) pr(W)(GeV)
okl my=1500GeV B ] 05¢ my=1500 GeV —B ] op - e=1500GeV - B
‘2 ] "g : — S ] Z 0.105 — S
o S 0.4:' — 8 : ]
0.>) Q>) [ 3 oosf
'§ '§ 03f - -
o < 0. = .
£ E | £ ool
=) S | 5
0 200 400 600 800 1000 00™=100 600 800 1000 1200 1400 a0 20 400 500 200 —
missing pr(GeV) E(W)(GeV) pr(W)(GeV)
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102 FCC-hh  ...... 5
HL-LHC _—7— etV i
107 & FUUTTTRRTTEEITEEE L
o 10F T amEman, MuC 3 TeV _
3 --eo- - N RS ’
E 107 & i?‘?‘; ——_— ‘\ I' £
. =g o = o -
Cea, ~~~ I |
107 1rec ’ e __-"T
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For muon-flavored HNL, Muon Collider can probe |Uﬂ|2dovvn to 0(1077) due to t-channel enhancement
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Conclusions

The Muon Collider represents a promising machine for the future
The study of dark sectors can profit from it

The main advantages lie in

o muon specific opportumhes

Thank you for your attention
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