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µ Collider: Interest is Growing...
" 2104.05720 - Cari’s talk

" 2104.03267
" 2102.08386
" 2101.10469
" 2101.04956
" 2012.14818
" 2012.03928
" 2012.02769

" 2011.03055
" 2009.11287
" 2008.12204
" 2007.15684
" 2007.14300
" 2006.16277
" 2003.13628
" 1910.04170

...definitely a non-exhaustive list... 5 / 38
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Generic Process at µ Collider
Different class of processes are relevant at different √s
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s- and t-channles are sensitive to different (new) physics 6 / 38



SM+BSM @ µ Collider

7 / 38



µ Collider: SM Processes
solid lines

VBF ≡ µ+µ−→ Xνµν̄µ
dashed lines

s-channel ≡ µ+µ−→ X
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heavier final state → larger √s for t-channel to win
possible exceptions, e.g. HZZ vs HWW , ZZZ vs WWZ
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BSM @ High-Energy Lepton Collider
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D.Buttazzo, D.Redigolo, F.Sala and A.Tesi
JHEP 11 (2018), 144

Only Low-Energy Results
(√s ≤ 3 TeV)
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Which BSM Model?
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VBF for various BSM Models
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results are qualitatively similar for
SM+Singlet, 2HDM, GM Model, VLQ Models,

MSSM, Heavy Neutrino Models, etc.
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VBF for various BSM Models
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New Physics Reach (via VBF) @ µ Collider
L ≡ #events

σ
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Luminosity required for 25 events, with assumed zero background

solid lines→√s = 14 TeV
dashed lines→√s = 30 TeV
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pNG Dark Matter
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SM + Complex Triplet

Scalar Sector
Φ =
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generated with MadDM
more details about triplet extension(s) in Priyotosh’s talk 14 / 38
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Dark Matter and Collider Phenomenology

µ−

ν̄µ/µ+

νµ/µ−

V ′

µ+

V

S

B′B′

S is a scalar boson, B′ can be either a scalar or a massive vector boson, V ,V ′ are
vector bosons
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Dark Matter and Collider Phenomenology
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background is VBFW +W− or VBFW±Z or VBFW +W−Zwith
MW +W− = mhT or MW±Z = mh±T

exclusion plot
from VBF production of hT
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EVA implementation in MadGraph5_aMC@NLO
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EVA approximation
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MadGraph5_aMC@NLO and µ Collider

Generating processes at a µ Collider in MadGraph5_aMC@NLO (e.g. top
pair-production)

4 mu+ mu- > mu+ mu- t t~ , mu+ mu- > vm vm~ t t~

4 a a > t t~ with lpp 4: photon from muon

4 w+ w- > t t~ , w from muon - soon
4 z z > t t~ , z from muon - soon
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Gauge Vector Bosons as Partons
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from 2→ n +2 to 2→ n
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WARNING: preliminary results!
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Conclusions
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" THEO and EXP interest in multi-TeV µ collider
" for SM and/or BSM µ collider at very-high energies is a vector bosons

collider (µµ → X =⇒ V V ′→ X )
" EVA implementation in MadGraph5_aMC@NLO: to be released soon
" EVA in MonteCarlo ⇒ detailed studies of high-multiplicity final states

(cross-sections, distributions, ...)
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µ
thanks
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Backup Slides
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µ Collider: Pros and Cons

µ vs. e
(circular collider)

Pros � Cons �

4 reduced synchrotron radiation
4 increased L

4 cool physics

8 µ decay
8 ν radiation
8 lots of R&D (true cons?)
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EPA
Neutral VBF production of tt̄
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with massive µ one can go to pl
T → 0

PRELIMINARY RESULTS
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SM + Singlet

L = LSM + 1
2∂µσ ∂µσ −

1
2m2σ σ2− λσ4! σ4− κσ2 σ2 Φ†Φ.
〈σ〉= vs

λhhh =−3m2
h

v vs
(vs cos3θ+ v sin3θ)

λsss = 3m2
s

v vs
(v cos3θ− vs sin3θ)

λhss =− (m2
h +2m2

s )
2v vs

sin2θ(v cosθ+ vs sinθ)
λhhs = (2m2

h +m2
s )

2v vs
sin2θ(vs cosθ− v sinθ)
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SM + Singlet: Inert Pair Production vs. Loop Corrections

δgh =− κ2σv2
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Heinemann,Nir, Phys.Usp. 62 (2019) no.9, 920-930

s-channel VBF
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SM + Complex Triplet: Scalar Spectrum
V = V1 +V2

V1 = µ2Φ†Φ+ λH
2 Φ†ΦΦ†Φ+m2

T tr[T †T ]+ λT
2 tr[T †T ]tr[T †T ]+ λT ′

2 tr[T †T T †T ]
+λHT

2 Φ†Φtr[T †T ]+κHT (tr[Φ†TΦ]+h.c.)

V2 = (
m′2T tr[T T ]+ λ(2)

T
2 tr[T T T T ]+ λ(3)

T
2 tr[T †T T T ]

+λ
(2)
HT
2 Φ†Φtr[T T ])+h.c.
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SM + Complex Triplet: Scalar Spectrum
After EWSB
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Physical Pseudoscalar: Features
aP is a pure pseudoscalar state

⇓
no interaction with fermions (triplet!)

⇓
no loop-level coupling with massless

gauge bosons

pseudoscalar nature
⇓

no interaction with massive gauge
bosons

⇓
pNG Dark Matter candidate

3-point vertices are aP W±h∓P , aP aP hD/T , ... (purity must be conserved in each vertex)
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CTSM: Mass Matrices

MS =
( λHv2 (λHT +2λ(2)
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CTSM at Hadron Colliders
Production modes

σ [fb]√
s = 14 TeV √

s = 100 TeV
BP1 BP2 BP1 BP2

p p→ hT 6.7 ·10−7 2.7 ·10−5 8.4 ·10−5 3.2 ·10−3

p p→ h±T 8.2 ·10−7 3.2 ·10−5 9.5 ·10−5 3.5 ·10−3

p p→ hT hT 2.3 ·10−7 1.6 ·10−8 4.3 ·10−4 2.7 ·10−5

p p→ aP aP 2.2 ·10−7 1.1 ·10−9 4.2 ·10−4 1.8 ·10−6

p p→ h+
T h−T 3.9 ·10−3 4.9 ·10−3 1.3 ·100 · 1.4 ·100

p p→ h+
P h−P 3.9 ·10−3 4.9 ·10−3 1.3 ·100 · 1.4 ·100

p p→ hD hT 1.5 ·10−5 5.4 ·10−4 5.1 ·10−3 1.8 ·10−1

p p→ hD h±T 1.7 ·10−6 6.7 ·10−5 1.1 ·10−4 4.1 ·10−3

p p→ hT Z 1.3 ·10−6 5.0 ·10−5 1.0 ·10−4 3.7 ·10−3

p p→ hT W± 1.9 ·10−6 7.3 ·10−5 1.2 ·10−4 4.3 ·10−3

p p→ h±T Z 1.9 ·10−6 7.5 ·10−5 1.2 ·10−4 4.4 ·10−3

p p→ h+
T W− 2.4 ·10−5 9.1 ·10−4 4.2 ·10−2 1.5 ·100

p p→ hT p p′ 3.1 ·10−7 1.4 ·10−5 7.9 ·10−5 3.9 ·10−3

p p→ h±T p p′ 3.6 ·10−7 1.4 ·10−5 8.5 ·10−5 3.1 ·10−3
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