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Motivation

• Standard Model:
• Higgs particle found at the LHC in 2012
• no signal for New Physics as of 2018

• Dark Matter:
• if Standard Cosmological Model correct: 85% of mass missing
• only gravitational interaction observed
• no (in)direct detection signal
• nature of DM unknown – here we assume it is a WIMP

• Models:
• the IDM
• the 3HDM with two Inert and one Higgs doublets
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Inert Doublet Model

2-Higgs Doublet Model with an exact Z2 symmetry

ΦS =

(
G±

v+h+iG0
√
2

)
,ΦD =

(
H±
H+iA√

2

)
• ΦS is the SM–like Higgs doublet, gives us SM-like Higgs

• ΦD (inert doublet) has four additional scalars H, A, H±,

• a discrete Z2 symmetry:
ΦS is even: ΦS → ΦS (also SM→SM)

ΦD is odd: ΦD → −ΦD,

• Yukawa-type interactions only for Higgs doublet (ΦS):
ΦD does not interact with the SM fermions

• the lightest inert particle is stable: a natural candidate for DM

• we assume H is the DM particle

MH < MA, MH±
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Parameters

• After EWSB, the model contains seven free parameters

λ1,2,3,4,5,m
2
11,m

2
22

• λ1,m
2
11 fixed from the SM (v, Mh)

• left with five free parameters, which we take as:

• three inert scalar masses: MH , MA, MH±

• two couplings, λ2 and λ345 = λ3 + λ4 + λ5

• inert scalars’ couplings to γ, W± and Z determined by SM parameters
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Constraints on parameters

All relevant experimental and theoretical constraints lead to:

• STU: MA < MH± and MH± −MA . 100 GeV

• MH < MA < MH±

• relic density & W,Z widths & Higgs invisible decays: 45 GeV .MH

• exact relic density: 55 GeV .MH . 75 GeV and MH & 525 GeV

• λ2: no influence on tree-level DM annihilation, LHC physics

• λ345: very strong constraints from LHC & DD & relic density
→ λ345 ∼ O(10−3) if 100% DM

→ after that almost no influence on collider physics

• 20 low mass BPs and 20 high mass BPs

• see details in: Benchmarking the IDM, arXiv:1809.07712
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Testing IDM at DM experiments

Direct detection experiments (LUX, XENON, ...):

sensitive only to MH and λ345

No information about other masses!

We may be completely blind to the rest of the dark sector:

MH MA MH± λ345 ΩDMh
2 σDM,N [pb]

71.21 228.436 229.358 0.0023 0.11639 9.108e-12
71.24 289.42 305.317 -0.00238 0.12259 9.745e-12
71.33 354.408 366.476 -0.00234 0.11821 9.396e-12

from Tania’s scans

collider physics is sensitive to dark masses – complimentary approach
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IDM Benchmarks at CLIC

See Wojtek’s talk for details:

AH signature (µ+µ−) H+H− signature (µ±e∓)
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Relevant papers:
scan and constraints: Benchmarking the IDM, arXiv:1809.07712
CLIC analysis: Exploring Inert Scalars at CLIC, arXiv:1811.06952
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IDM at the LHC

Production mechanism at the LHC:
• gauge channels (electroweak parameters)

pp→ HA, H±H∓, AH+, HH+

• Higgs channel (Higgs-inert coupling, much smaller unless large λ345)

pp→ AA

Decays of heavy scalars:
• mass order MH < MA < MH±

• A→ ZH – basically 100%

• H± →W±H – dominant; for most benchmarks BR > 0.99

• H± →W±A – subdominant, relevant for BP2,3

1000 events expected for:

13 TeV (150 fb−1): σ = 7 fb, HL (3 ab−1): σ = 0.35 fb,
27 TeV (15 ab−1): σ = 0.07 fb
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from T. Robens, IDM benchmarks for the LHC at 13 and 27 TeV, WG3 extended scalars
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27 TeV vs 13 TeV
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Figure : Ratio of production cross sections for the four dominant production
channels at the 27 TeV HE-LHC and current center-of-mass energy of 13 TeV.
While in the low energy range, cross sections are enhanced roughly by a factor
. 3, for higher masses they can change by an order of magnitude.
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3HDM

Z2-symmetric 3HDM:

φ1 =

(
H+

1
H1+iA1√

2

)
, φ2 =

(
H+

2
H2+iA2√

2

)
, φ3 =

(
G+

v+h+iG0
√

2

)
,

φ1 → −φ1, φ2 → −φ1, φ3 → φ3

Potential (many free parameters):

V3HDM = V0 + VZ2 ,

V0 = −µ2
1(φ†1φ1)− µ2

2(φ†2φ2)− µ2
3(φ†3φ3)

+λ11(φ†1φ1)2 + λ22(φ†2φ2)2 + λ33(φ†3φ3)2

+λ12(φ†1φ1)(φ†2φ2) + λ23(φ†2φ2)(φ†3φ3) + λ31(φ†3φ3)(φ†1φ1)

+λ′12(φ†1φ2)(φ†2φ1) + λ′23(φ†2φ3)(φ†3φ2) + λ′31(φ†3φ1)(φ†1φ3),

VZ2 = −µ2
12(φ†1φ2) + λ1(φ†1φ2)2 + λ2(φ†2φ3)2 + λ3(φ†3φ1)2 + h.c.

Certain parameters can be complex even with Z2 symmetry.
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Physical states

• SM-like Higgs particle from φ3:

Mh = 125.1 GeV

• 4 charged inert scalars S±1 , S
±
2(

S±1
S±2

)
=

(
cosαc sinαc

− sinαc cosαc

)(
H±1
H±2

)
• 4 neutral scalars

→ complex parameters in V: λ2(φ†2φ3)2 + λ3(φ†3φ1)2 + h.c.

→ neutral states with mixed CP:
S1

S2

S3

S4

 = Rij


H1

H2

A1

A2
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Production of inert scalars at the LHC

• gauge channels (EW parameters + rotation matrix)

pp→ S1S2, S1S3, S1S4, S2S3, S2S4, S3S4

pp→ S+
1,2S

−
1,2, S

+
1,2S1,2,3,4

• more channels than in the IDM

pp→ HA,H±H∓, AH+, HH+

• more channels than in the CPC 3HDM

pp→ H1A1, H2A2, H1A2, H2A1

pp→ H±1,2H
∓
1,2, A1,2H

+
1,2, H1,2H

+
1,2

• Higgs channels (Higgs-inert couplings)

pp→ h→ SiSi, i = 2, 3, 4

pp→ h→ SiSj , i 6= j
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Example – Benchmark A

• agreement with all constraints

• relatively uniform distribution of masses with medium ∆M :

MS1=72.33 GeV, MS2=103.31 GeV, MS3=129.467 GeV,

MS4=155.178 GeV, M
S±
1

=106.235 GeV, M
S±
2

=157.588 GeV

• Higgs-inert couplings:

ghS1S1 = −0.002, ghS1S2 = 0.0012, ghS1S3 = 0.0011, ghS1S4 = 0.012

→ definitely not negligible wrt to ghS1S1

• Z-inert couplings:

gZS1S2 = 0.366, gZS1S3 = 0.0397, gZS1S4 = −0.04

gZS2S3 = −0.04, gZS2S4 = −0.0397, gZS3S4 = 0.366

• expected change in cross-section wrt to the IDM/CPC 3HDM

• other features?
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Conclusions

for the IDM:

• promising production cross-sections for inert scalars in the IDM for
future runs

• 19 BPs can be properly investigated at the current LHC run

• HL-LHC (3 ab−1) – access to masses up to 500 GeV

• HE-LHC – all BPs and HPs accessible

• can we really identify it as the IDM signal?

for the 3HDM:

• many more channels – different signatures?

• work in progress – but can we see any CP effects?
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