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The Higgs Boson @ LHC - (Run 1)
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ATLAS and CMS, JHEP 08 (2016) 045
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The Higgs Boson @ LHC - (Run 2)

ATLAS and CMS (Sopczak), PoS FFK2019 (2020) 006
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https://doi.org/10.22323/1.353.0006


Still Need for...

...BSM Physics
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Simple SM Extension
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SM + Complex Triplet
Scalar Sector

Φ =
( φ+

Φ0

)
T = 1√2

(
t0

√
2 t+

1√
2 t−2 −t0

)

Massive Vector Bosons
mW = 1

2g2
√

v2 +4v2T mZ = 1
2
√(g21 +g22

)v
⇓

vT <∼ 5 GeV
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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 ]
+λHT2 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

m2
aP = κHT v2

2vT
−4m′2T −λ(2)

HT v
2− (4λ(2)

T +λ(3)
T )v2

T ← pure state
m2

h±T = κHT
(

v2

2vT
+2vT

)

m2
h±P = κHT v2

2vT
−4m′2T −λ(2)

HT v
2− (2λ(2)

T +λ(3)
T + λT ′

2 )v2
T ← pure state

m2
hD = λHv2−2κHT vT +2

(λHT +2λ(2)
HT −2λH

)
v2
T

m2
hT = κHT

2vT
(
v2 +4v2

T
)+
(

4λH −2λHT −4λ(2)
HT +λT + λT ′

2 +2(λ(2)
T +λ(3)

T )
)
v2
T
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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 aPW±h∓P , aPaPhD/T , ... (purity must be conserved in each vertex)
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pNG Dark Matter: other Examples
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Why pNG Dark Matter?
Tree-level amplitude for χN → χN

f

χ χ

h1/h2

f̄

Aff ∝ sinθ cosθ
(

m2
h2

t−m2
h2

− m2
h1

t−m2
h1

)
∼ sinθ cosθ t m

2
h2
−m2

h1

m2
h1
m2

h2

∼ 0

cancellation spoiled at loop level and/or with higher-order breaking terms

XENON collaboration, JCAP 11 (2020) 031
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Why pNG Dark Matter?

XENON collaboration, JCAP 11 (2020) 031
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Phenomenology of cTSM
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Dark Matter Phenomenology: Relic Density and Direct Detection
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generated with MadDM

mhD = 125.18±0.16 GeV |RS11| ≥ 99/100
µγγ = ΓSM

h→γγ/ΓΦ→γγ −→ µATLASγγ = 0.99+0.15−0.14 , µCMSγγ = 1.10+0.20−0.18
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https://launchpad.net/maddm
https://doi.org/10.1103/PhysRevD.98.052005
https://doi.org/10.1007/JHEP11(2018)185


Long-Lived Charged Particle
Pure charged Higgs h±P only possible decay is

h±P → aP (W±)∗
with

dΓ
dx1dx2

(h±P → aPW ∗±→ aPff ′) = 9
8π3G

2
F m4

W mh±P FaPW±(x1,x2)
⇓

τh±P = O(1015)GeV−1 = O(1)m
h±P is a long-lived state

Beacham, Exploring the Lifetime Frontier at the LHC and Beyond
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Long-Lived Charged Particle
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Generic Process at µ Collider
Different class of processes are relevant at different √s

√
s <∼ 5 TeV
s-channel

√
s >∼ 5 TeV

VBF

µ−

t̄µ+

V 0

t

σ ∼ 1
s

µ−

t̄

ν̄µ

νµ

W

µ+

W

H

t

σ ∼ 1
M2 logn

√
s

M
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Lepton vs. Hadron Colliders
ΦW+λ1W

−λ2
(τ,µf ) =

∫ 1

τ
dξ
ξ fWλ1 /µ (ξ,µf ) fWλ2 /µ

(τ
ξ ,µf

)
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cTSM @ multi-TeV µ Collider

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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cTSM @ multi-TeV µ Collider
Production modes

σ [fb]√
s = 14 TeV √

s = 30 TeV
BP1 BP2 BP1 BP2

µ+µ− → hT νµ ν̄µ 1.8 ·10−2 6.2 ·10−1 2.9 ·10−2 9.6 ·10−1

µ+µ− → h+
T µ− ν̄µ 5.3 ·10−3 1.8 ·10−1 8.4 ·10−3 2.8 ·10−1

µ+µ− → hT hT νµ ν̄µ 1.9 ·10−2 2.0 ·10−2 4.8 ·10−2 5.1 ·10−2

µ+µ− → aP aP νµ ν̄µ 1.8 ·10−2 2.0 ·10−2 4.7 ·10−2 5.0 ·10−2

µ+µ− → h+
T h−T νµ ν̄µ 1.3 ·10−2 1.4 ·10−2 3.4 ·10−2 3.6 ·10−2

µ+µ− → h+
P h−P νµ ν̄µ 1.3 ·10−2 1.4 ·10−2 3.4 ·10−2 3.6 ·10−2

µ+µ− → hD hT νµ ν̄µ 1.6 ·10−4 5.7 ·10−3 3.7 ·10−4 1.3 ·10−2

µ+µ− → hD h+
T µ− ν̄µ 4.8 ·10−5 1.6 ·10−3 1.1 ·10−4 3.8 ·10−3

µ+µ− → hT Z νµ ν̄µ 7.7 ·10−4 2.6 ·10−2 1.7 ·10−3 5.6 ·10−2

µ+µ− → hT W+µ− ν̄µ 4.1 ·10−4 1.4 ·10−2 1.0 ·10−3 3.4 ·10−2

µ+µ− → h+
T Z µ− ν̄µ 1.4 ·10−4 4.8 ·10−3 3.6 ·10−4 1.2 ·10−2

µ+µ− → h+
T W− νµ ν̄µ 9.7·10−4 3.2 ·10−2 1.9 ·10−3 6.1 ·10−2

generated with MadGraph5_aMC@NLO
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cTSM @ multi-TeV µ Collider
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Conclusions
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" astonishing tests of the SM at the LHC but....BSM is still needed
" simple extensions of the SM scalar sector can address DM pheno
" interplay between collider and cosmological experiments
" multi-TeV µ-collider is suitable for both precision AND discovery
" multi-Higgs model can shed light on EWSB
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Thanks
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Backup Slides
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SM + Singlet

L = LSM + 1
2∂µσ ∂µσ −

1
2m

2σ 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

16π2m2
h


1−4m2

S

tan−1
√

m2
h(4m2

S−m2
h)√

m2
h (4m2

S −m2
h)




Heinemann,Nir, Phys.Usp. 62 (2019) no.9, 920-930

s-channel VBF
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https://iopscience.iop.org/article/10.3367/UFNe.2019.05.038568


2HDM
V = µ1Φ†1 Φ1 +µ2Φ†2 Φ2 +(µ3Φ†1 Φ2 +H.c.)+λ1

(Φ†1 Φ1
)2 +λ2

(Φ†2 Φ2
)2

+λ3
(Φ†1 Φ1

)(Φ†2 Φ2
)+λ4

(Φ†1 Φ2
)(Φ†2 Φ1

)+
(
λ5
(Φ†1 Φ2

)2 +H.c.
)

+Φ†1 Φ1
(λ6

(Φ†1 Φ2
)+H.c.)+Φ†2 Φ2

(λ7
(Φ†1 Φ2

)+H.c.)

Φ1 ≡
( −ih+

1
h0

1+ia1+v√
2

)
and Φ2 ≡

(
h+

2
h0

2+ia2√
2

)

(
h0

1
h0

2

)
=
(

cosθ sinθ
−sinθ cosθ

)(
h
H

)

where h is identified as the observed, SM-like Higgs boson with mh ≈ 125 GeV
and H is heavier with mH >mh
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GM Model

Φ =
( φ0∗ φ+
−φ+∗ φ0

)
, X =


 χ0∗ ξ+ χ++
−χ+∗ ξ0 χ+
χ++∗ −ξ+∗ χ0




V (Φ,X ) = µ2
2

2 Tr(Φ†Φ)+ µ2
3

2 Tr(X†X )+λ1[Tr(Φ†Φ)]2 +λ2Tr(Φ†Φ)Tr(X†X )
+λ3Tr(X†XX†X )+λ4[Tr(X†X )]2−λ5Tr(Φ†τaΦτb)Tr(X† taXtb)
−M1Tr(Φ†τaΦτb)(UXU† )ab−M2Tr(X† taXtb)(UXU† )ab

Custodial Limit
〈χ0〉= 〈ξ0〉 ≡ vX

(√2GF )−1 = v2φ+8v2
X
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cTSM @ 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

generated with MadGraph5_aMC@NLO
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µ Collider
Proton Driver Acceleration Collider Ring
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ 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 CoM energy due to 

neutrino radiation.

J. P. Delahaye et al., arXiv:1901.06150

Muon Accelerator Program
map.fnal.gov

Low EMittance Muon Accelerator
web.infn.it/LEMMA

New results on µ cooling by MICE collaboration
Nature 508(2020)53
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http://arxiv.org/abs/arXiv:1901.06150
https://map.fnal.gov/
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https://www.nature.com/articles/s41586-020-1958-9


µ Collider: Interest is Growing...
" 2101.10334
" 2101.04956
" 2012.03928
" 2011.03055
" 2008.12204
" 2007.14300
" 2003.13628

" 2101.10469
" 2012.14818
" 2012.02769
" 2009.11287
" 2007.15684
" 2006.16277
" 1910.04170

...definitely a non-exhaustive list...
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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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µ Collider: SM Processes
VBF≡W+W−→ X s− ch.≡ µ+µ−→ X

σ [fb]
√
s = 1 TeV √

s = 3 TeV √
s = 14 TeV √

s = 30 TeV
VBF s-ch. VBF s-ch. VBF s-ch. VBF s-ch

tt̄ 4.3·10−1 1.7·102 5.1·100 1.9·101 2.1·101 8.8·10−1 3.1·101 1.9·10−1

tt̄Z 1.6·10−3 4.6·100 1.1·10−1 1.6·100 1.3·100 1.8·10−1 2.8·100 5.4·10−2

tt̄H 2.0·10−4 2.0·100 1.3·10−2 4.1·10−1 1.5·10−1 3.0·10−2 3.1·10−1 7.9·10−3

tt̄WW 4.8·10−6 1.4·10−1 2.8·10−3 3.4·10−1 1.1·10−1 1.3·10−1 3.0·10−1 5.8·10−2

tt̄ZZ 2.3·10−6 3.8·10−2 1.4·10−3 5.1·10−2 5.8·10−2 1.3·10−2 1.7·10−1 5.4·10−3

tt̄HZ 7.1·10−7 3.6·10−2 3.5·10−4 3.0·10−2 1.0·10−2 5.3·10−3 2.7·10−2 1.9·10−3

tt̄HH 7.2·10−8 1.4·10−2 3.4·10−5 6.1·10−3 6.4·10−4 5.4·10−4 1.6·10−3 1.5·10−4

tt̄tt̄ (i) 5.1·10−8 5.4·10−4 6.8·10−5 6.7·10−3 1.1·10−3 2.5·10−3 2.1·10−3 1.0·10−3

H 2.1·102 - 5.0·102 - 9.4·102 - 1.2·103 -
HH 7.4·10−2 - 8.2·10−1 - 4.4·100 - 7.4·100 -
HHH 3.7·10−6 - 3.0·10−4 - 7.1·10−3 - 1.9·10−2 -
HZ 1.2·100 1.3·101 9.8·100 1.4·100 4.5·101 6.3·10−2 7.4·101 1.4·10−2

HHZ 1.5·10−4 1.2·10−1 9.4·10−3 3.3·10−2 1.4·10−1 3.7·10−3 3.3·10−1 1.1·10−3

HHHZ 1.5·10−8 4.1·10−4 4.7·10−6 1.6·10−4 1.9·10−4 1.6·10−5 5.1·10−4 5.4·10−6

HWW 8.9·10−3 3.8·100 3.0·10−1 1.1·100 3.4·100 1.3·10−1 7.6·100 4.1·10−2

HHWW 7.2·10−7 1.3·10−2 2.3·10−4 1.1·10−2 9.1·10−3 2.8·10−3 2.9·10−2 1.2·10−3

HZZ 2.7·10−3 3.2·10−1 1.2·10−1 8.2·10−2 1.6·100 8.8·10−3 3.7·100 2.5·10−3

HHZZ 2.4·10−7 1.5·10−3 9.1·10−5 9.8·10−4 3.9·10−3 2.5·10−4 1.2·10−2 9.5·10−5

WW 1.6·101 2.7·103 1.2·102 4.7·102 5.3·102 3.2·101 8.5·102 8.3·100

ZZ 6.4·100 1.5·102 5.6·101 2.6·101 2.6·102 1.8·100 4.2·102 4.6·10−1

WWZ 1.1·10−1 5.9·101 4.1·100 3.3·101 5.0·101 6.3·100 1.0·102 2.3·100

ZZZ 2.3·10−2 9.3·10−1 9.6·10−1 3.5·10−1 1.2·101 5.4·10−2 2.7·101 1.9·10−2

generated with MadGraph5_aMC@NLO
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µ Collider: SM Processes
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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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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
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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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