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Search for BSM particles (heavy)
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

ATL-PHYS-PUB-2022-034
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Search for BSM particles (light)
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Figure 5: Left: 95% CL upper limits on (�/�SM)⇥BR(H ! aa)⇥ BR(a ! ��) with ±1� and
±2� uncertainty bands from the resonance search hypothesis tests, accounting for statistical
and systematic uncertainties from simulated signal samples [71]. Right: Detailed bounds in the
(ma, ga�) plane from all existing accelerator and collider ALP searches for massesma ⇡ 1 MeV–
3 TeV. The LHC constraints summarized in this work are indicated by the area in red (p-p)
and violet (Pb-Pb collisions).

ma ⇡ 1 GeV can only be accessed via collider experiments (except for extremely weakly cou-
pled ones, with ga� < 10�6 TeV�1, excluded by cosmological observations), with the LEP and
Tevatron data providing the best limits up toma ⇡ 100, 300 GeV before the LHC started oper-
ation 10 years ago. Searches at the CERN LHC for ALPs decaying into two photons, a ! ��,
have been summarized, focusing on scenarii with dominant a-� couplings. Di↵erent channels
have been scrutrinized including exclusive and inclusive diphoton production in proton-proton
and lead-lead collisions, pp, PbPb ! a ! �� (+X), as well as exotic Z and Higgs boson de-
cays, pp ! Z,H ! a� ! 3� and pp ! H ! aa ! 4�. The limits in the ALP-photon coupling
vs. ALP mass plane (ma, ga�) derived from the LHC data extend by one-order-of-magnitude
the range of preceding bounds in both mass (from ma ⇡ 400 GeV previously at Tevatron,
up to 2.6 TeV now) and in ga� for masses ma ⇡ 100 GeV (from ga� = 0.5 TeV�1 previously
at LEP, down to 0.05 TeV�1 now). Exclusive diphoton searches in PbPb collisions provide
now the best ALP exclusion limits for masses ma ⇡ 5–100 GeV, whereas the other channels
are the most competitive ones over ma ⇡ 100 GeV–2.6 TeV. ALP searches in exotic Z boson
decays have been also exploited to set bounds in the ma ⇡ 10–70 GeV range, with specific
assumptions about the relationship between the C�� and C�Z coupling operators. Searches
for exotic 3- and 4-photon Higgs boson decays through intermediate ALPs provide also strong
constraints on new dimension-6 and -7 operators. Although the latter cannot be recast into
bounds in the standard (ma, ga�) plane, the study of several couplings simultaneously is crucial
to identify the most interesting regions in ALP parameter space.

The LHC constraints summarized here are indicated by the red (for p-p collisions) and
violet (for Pb-Pb collisions) areas in Fig. 5 (right), compared to previous fixed-target and
collider results. In the next 15 years, the currently uncovered (white) areas in this plot will be
probed by many di↵erent experiments. The now “empty” region ma ⇡ 50 MeV–5 GeV will
be accessible to various future experiments both descending along the vertical ga� axis alone,
such as Belle-II with 50 ab�1 (improving its current limits at ga� ⇡ 1 TeV�1 by two orders
of magnitude, over ma ⇡ 0.2–8 GeV) [69] and GlueX (50 times better than the local PrimEx
limit today of ga� ⇡ 1 TeV�1, over ma ⇡ 50–500 MeV) [40], or extending the beam-dump
“wedge” in both ga� and ma directions at new CERN experiments searching for long-lived
particles such as e.g. SHiP [72], FASER [73], and MATHUSLA [74].

The full completion of the LHC physics program will provide about 10 and 100 times more
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Current status
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Model !, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Figure 5: Left: 95% CL upper limits on (�/�SM)⇥BR(H ! aa)⇥ BR(a ! ��) with ±1� and
±2� uncertainty bands from the resonance search hypothesis tests, accounting for statistical
and systematic uncertainties from simulated signal samples [71]. Right: Detailed bounds in the
(ma, ga�) plane from all existing accelerator and collider ALP searches for massesma ⇡ 1 MeV–
3 TeV. The LHC constraints summarized in this work are indicated by the area in red (p-p)
and violet (Pb-Pb collisions).

ma ⇡ 1 GeV can only be accessed via collider experiments (except for extremely weakly cou-
pled ones, with ga� < 10�6 TeV�1, excluded by cosmological observations), with the LEP and
Tevatron data providing the best limits up toma ⇡ 100, 300 GeV before the LHC started oper-
ation 10 years ago. Searches at the CERN LHC for ALPs decaying into two photons, a ! ��,
have been summarized, focusing on scenarii with dominant a-� couplings. Di↵erent channels
have been scrutrinized including exclusive and inclusive diphoton production in proton-proton
and lead-lead collisions, pp, PbPb ! a ! �� (+X), as well as exotic Z and Higgs boson de-
cays, pp ! Z,H ! a� ! 3� and pp ! H ! aa ! 4�. The limits in the ALP-photon coupling
vs. ALP mass plane (ma, ga�) derived from the LHC data extend by one-order-of-magnitude
the range of preceding bounds in both mass (from ma ⇡ 400 GeV previously at Tevatron,
up to 2.6 TeV now) and in ga� for masses ma ⇡ 100 GeV (from ga� = 0.5 TeV�1 previously
at LEP, down to 0.05 TeV�1 now). Exclusive diphoton searches in PbPb collisions provide
now the best ALP exclusion limits for masses ma ⇡ 5–100 GeV, whereas the other channels
are the most competitive ones over ma ⇡ 100 GeV–2.6 TeV. ALP searches in exotic Z boson
decays have been also exploited to set bounds in the ma ⇡ 10–70 GeV range, with specific
assumptions about the relationship between the C�� and C�Z coupling operators. Searches
for exotic 3- and 4-photon Higgs boson decays through intermediate ALPs provide also strong
constraints on new dimension-6 and -7 operators. Although the latter cannot be recast into
bounds in the standard (ma, ga�) plane, the study of several couplings simultaneously is crucial
to identify the most interesting regions in ALP parameter space.

The LHC constraints summarized here are indicated by the red (for p-p collisions) and
violet (for Pb-Pb collisions) areas in Fig. 5 (right), compared to previous fixed-target and
collider results. In the next 15 years, the currently uncovered (white) areas in this plot will be
probed by many di↵erent experiments. The now “empty” region ma ⇡ 50 MeV–5 GeV will
be accessible to various future experiments both descending along the vertical ga� axis alone,
such as Belle-II with 50 ab�1 (improving its current limits at ga� ⇡ 1 TeV�1 by two orders
of magnitude, over ma ⇡ 0.2–8 GeV) [69] and GlueX (50 times better than the local PrimEx
limit today of ga� ⇡ 1 TeV�1, over ma ⇡ 50–500 MeV) [40], or extending the beam-dump
“wedge” in both ga� and ma directions at new CERN experiments searching for long-lived
particles such as e.g. SHiP [72], FASER [73], and MATHUSLA [74].

The full completion of the LHC physics program will provide about 10 and 100 times more
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BSM particles →decoupled from the SM?

(1) too heavy

(2) light but tiny coupling
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Introduction

dark matter in the universe


→ direct evidence of physics 
beyond the SM
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Introduction

However…


no DM signature has been found 
yet at 


colliders 


direct detections


indirect detections 

6

arXiv: 2207.03764

why is DM not observed at those experiments, 
although it is found in astronomical observations?

図 1.1: LZによる暗黒物質核子散乱断面積の制限 [3]

　
横軸は暗黒物質の質量、縦軸は暗黒物質と核子の散乱断面積を示しており、黒の実線より上が実
験により排除される領域である。グラフより、暗黒物質の質量が約 20～30 GeVのところで制限が
最も厳しくなっており、暗黒物質と核子の散乱断面積は約 10−47cm2 よりも小さな値を取らなけれ
ばならないことが分かる。暗黒物質を説明する模型を構築する際には、このような実験からの厳し
い制限と整合させることが大きな課題となる。

1.3 多重臨界点原理
標準模型に含まれるパラメーターの値は理論的に導くことはできず、実験結果と整合するように
決定されるものである。そこで、パラメーターの値を決定する理論的根拠として提案された原理が
多重臨界点原理 (Multi-critical Point Principle, 以下 MPP)である。多重臨界点原理とは、「理論
のパラメーターは、複数存在するポテンシャルの極値のうちいくつかの極値が縮退するパラメー
ター空間上の点、すなわち多重臨界点のひとつに選ばれる」という原理である。
標準模型において、ヒッグス・ポテンシャルは電弱スケールに極値を持つが、1 ループの量子
効果を考慮すると高いエネルギースケールにも極値が存在する可能性が指摘されていた。ここで、

7
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図 1.1: LZによる暗黒物質核子散乱断面積の制限 [3]

　
横軸は暗黒物質の質量、縦軸は暗黒物質と核子の散乱断面積を示しており、黒の実線より上が実
験により排除される領域である。グラフより、暗黒物質の質量が約 20～30 GeVのところで制限が
最も厳しくなっており、暗黒物質と核子の散乱断面積は約 10−47cm2 よりも小さな値を取らなけれ
ばならないことが分かる。暗黒物質を説明する模型を構築する際には、このような実験からの厳し
い制限と整合させることが大きな課題となる。

1.3 多重臨界点原理
標準模型に含まれるパラメーターの値は理論的に導くことはできず、実験結果と整合するように
決定されるものである。そこで、パラメーターの値を決定する理論的根拠として提案された原理が
多重臨界点原理 (Multi-critical Point Principle, 以下 MPP)である。多重臨界点原理とは、「理論
のパラメーターは、複数存在するポテンシャルの極値のうちいくつかの極値が縮退するパラメー
ター空間上の点、すなわち多重臨界点のひとつに選ばれる」という原理である。
標準模型において、ヒッグス・ポテンシャルは電弱スケールに極値を持つが、1 ループの量子
効果を考慮すると高いエネルギースケールにも極値が存在する可能性が指摘されていた。ここで、
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
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partial data

√
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full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Figure 5: Left: 95% CL upper limits on (�/�SM)⇥BR(H ! aa)⇥ BR(a ! ��) with ±1� and
±2� uncertainty bands from the resonance search hypothesis tests, accounting for statistical
and systematic uncertainties from simulated signal samples [71]. Right: Detailed bounds in the
(ma, ga�) plane from all existing accelerator and collider ALP searches for massesma ⇡ 1 MeV–
3 TeV. The LHC constraints summarized in this work are indicated by the area in red (p-p)
and violet (Pb-Pb collisions).

ma ⇡ 1 GeV can only be accessed via collider experiments (except for extremely weakly cou-
pled ones, with ga� < 10�6 TeV�1, excluded by cosmological observations), with the LEP and
Tevatron data providing the best limits up toma ⇡ 100, 300 GeV before the LHC started oper-
ation 10 years ago. Searches at the CERN LHC for ALPs decaying into two photons, a ! ��,
have been summarized, focusing on scenarii with dominant a-� couplings. Di↵erent channels
have been scrutrinized including exclusive and inclusive diphoton production in proton-proton
and lead-lead collisions, pp, PbPb ! a ! �� (+X), as well as exotic Z and Higgs boson de-
cays, pp ! Z,H ! a� ! 3� and pp ! H ! aa ! 4�. The limits in the ALP-photon coupling
vs. ALP mass plane (ma, ga�) derived from the LHC data extend by one-order-of-magnitude
the range of preceding bounds in both mass (from ma ⇡ 400 GeV previously at Tevatron,
up to 2.6 TeV now) and in ga� for masses ma ⇡ 100 GeV (from ga� = 0.5 TeV�1 previously
at LEP, down to 0.05 TeV�1 now). Exclusive diphoton searches in PbPb collisions provide
now the best ALP exclusion limits for masses ma ⇡ 5–100 GeV, whereas the other channels
are the most competitive ones over ma ⇡ 100 GeV–2.6 TeV. ALP searches in exotic Z boson
decays have been also exploited to set bounds in the ma ⇡ 10–70 GeV range, with specific
assumptions about the relationship between the C�� and C�Z coupling operators. Searches
for exotic 3- and 4-photon Higgs boson decays through intermediate ALPs provide also strong
constraints on new dimension-6 and -7 operators. Although the latter cannot be recast into
bounds in the standard (ma, ga�) plane, the study of several couplings simultaneously is crucial
to identify the most interesting regions in ALP parameter space.

The LHC constraints summarized here are indicated by the red (for p-p collisions) and
violet (for Pb-Pb collisions) areas in Fig. 5 (right), compared to previous fixed-target and
collider results. In the next 15 years, the currently uncovered (white) areas in this plot will be
probed by many di↵erent experiments. The now “empty” region ma ⇡ 50 MeV–5 GeV will
be accessible to various future experiments both descending along the vertical ga� axis alone,
such as Belle-II with 50 ab�1 (improving its current limits at ga� ⇡ 1 TeV�1 by two orders
of magnitude, over ma ⇡ 0.2–8 GeV) [69] and GlueX (50 times better than the local PrimEx
limit today of ga� ⇡ 1 TeV�1, over ma ⇡ 50–500 MeV) [40], or extending the beam-dump
“wedge” in both ga� and ma directions at new CERN experiments searching for long-lived
particles such as e.g. SHiP [72], FASER [73], and MATHUSLA [74].

The full completion of the LHC physics program will provide about 10 and 100 times more
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図 1.1: LZによる暗黒物質核子散乱断面積の制限 [3]

　
横軸は暗黒物質の質量、縦軸は暗黒物質と核子の散乱断面積を示しており、黒の実線より上が実
験により排除される領域である。グラフより、暗黒物質の質量が約 20～30 GeVのところで制限が
最も厳しくなっており、暗黒物質と核子の散乱断面積は約 10−47cm2 よりも小さな値を取らなけれ
ばならないことが分かる。暗黒物質を説明する模型を構築する際には、このような実験からの厳し
い制限と整合させることが大きな課題となる。

1.3 多重臨界点原理
標準模型に含まれるパラメーターの値は理論的に導くことはできず、実験結果と整合するように
決定されるものである。そこで、パラメーターの値を決定する理論的根拠として提案された原理が
多重臨界点原理 (Multi-critical Point Principle, 以下 MPP)である。多重臨界点原理とは、「理論
のパラメーターは、複数存在するポテンシャルの極値のうちいくつかの極値が縮退するパラメー
ター空間上の点、すなわち多重臨界点のひとつに選ばれる」という原理である。
標準模型において、ヒッグス・ポテンシャルは電弱スケールに極値を持つが、1 ループの量子
効果を考慮すると高いエネルギースケールにも極値が存在する可能性が指摘されていた。ここで、
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 139 n = 6 1910.084479.4 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH → #νbb model B 1 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.3 TeVW′ mass
HVT Z ′ → ZH → ##/ννbb model B 0,2 e, µ 1-2 b, 1-0 j Yes 139 gV = 3 2207.002303.2 TeVZ′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass
VLL τ′ → Zτ/Hτ multi-channel ≥1 j Yes 139 SU(2) doublet ATLAS-CONF-2022-044898 GeVτ′ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 139 1910.04473.2 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 139 DY production, |q| = 5e ATLAS-CONF-2022-0341.59 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass
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√
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√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: July 2022
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L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

Figure 5: Left: 95% CL upper limits on (�/�SM)⇥BR(H ! aa)⇥ BR(a ! ��) with ±1� and
±2� uncertainty bands from the resonance search hypothesis tests, accounting for statistical
and systematic uncertainties from simulated signal samples [71]. Right: Detailed bounds in the
(ma, ga�) plane from all existing accelerator and collider ALP searches for massesma ⇡ 1 MeV–
3 TeV. The LHC constraints summarized in this work are indicated by the area in red (p-p)
and violet (Pb-Pb collisions).

ma ⇡ 1 GeV can only be accessed via collider experiments (except for extremely weakly cou-
pled ones, with ga� < 10�6 TeV�1, excluded by cosmological observations), with the LEP and
Tevatron data providing the best limits up toma ⇡ 100, 300 GeV before the LHC started oper-
ation 10 years ago. Searches at the CERN LHC for ALPs decaying into two photons, a ! ��,
have been summarized, focusing on scenarii with dominant a-� couplings. Di↵erent channels
have been scrutrinized including exclusive and inclusive diphoton production in proton-proton
and lead-lead collisions, pp, PbPb ! a ! �� (+X), as well as exotic Z and Higgs boson de-
cays, pp ! Z,H ! a� ! 3� and pp ! H ! aa ! 4�. The limits in the ALP-photon coupling
vs. ALP mass plane (ma, ga�) derived from the LHC data extend by one-order-of-magnitude
the range of preceding bounds in both mass (from ma ⇡ 400 GeV previously at Tevatron,
up to 2.6 TeV now) and in ga� for masses ma ⇡ 100 GeV (from ga� = 0.5 TeV�1 previously
at LEP, down to 0.05 TeV�1 now). Exclusive diphoton searches in PbPb collisions provide
now the best ALP exclusion limits for masses ma ⇡ 5–100 GeV, whereas the other channels
are the most competitive ones over ma ⇡ 100 GeV–2.6 TeV. ALP searches in exotic Z boson
decays have been also exploited to set bounds in the ma ⇡ 10–70 GeV range, with specific
assumptions about the relationship between the C�� and C�Z coupling operators. Searches
for exotic 3- and 4-photon Higgs boson decays through intermediate ALPs provide also strong
constraints on new dimension-6 and -7 operators. Although the latter cannot be recast into
bounds in the standard (ma, ga�) plane, the study of several couplings simultaneously is crucial
to identify the most interesting regions in ALP parameter space.

The LHC constraints summarized here are indicated by the red (for p-p collisions) and
violet (for Pb-Pb collisions) areas in Fig. 5 (right), compared to previous fixed-target and
collider results. In the next 15 years, the currently uncovered (white) areas in this plot will be
probed by many di↵erent experiments. The now “empty” region ma ⇡ 50 MeV–5 GeV will
be accessible to various future experiments both descending along the vertical ga� axis alone,
such as Belle-II with 50 ab�1 (improving its current limits at ga� ⇡ 1 TeV�1 by two orders
of magnitude, over ma ⇡ 0.2–8 GeV) [69] and GlueX (50 times better than the local PrimEx
limit today of ga� ⇡ 1 TeV�1, over ma ⇡ 50–500 MeV) [40], or extending the beam-dump
“wedge” in both ga� and ma directions at new CERN experiments searching for long-lived
particles such as e.g. SHiP [72], FASER [73], and MATHUSLA [74].

The full completion of the LHC physics program will provide about 10 and 100 times more

8

BSM particles →decoupled from the SM?

(1) too heavy

(2) light but tiny coupling

(3) accessible, but…



/37
G.C.Cho 

Introduction

Suppression mechanisms of DM-
quark scattering 

fermion DM + pseudo scalar portal model 

Ipek, McKeen, Nelson (2014) 


Escudero, Berlin, Hooper, Lin (2016) 


Abe, Fujiwara, Hisano (2019) 


pseudo Nambu-Goldstone DM

Gross, Lebedev, Toma (2017)


pNG DM with degenerate scalars

Abe, GCC, Mawatari (2021)
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arXiv: 2207.03764図 1.1: LZによる暗黒物質核子散乱断面積の制限 [3]

　
横軸は暗黒物質の質量、縦軸は暗黒物質と核子の散乱断面積を示しており、黒の実線より上が実
験により排除される領域である。グラフより、暗黒物質の質量が約 20～30 GeVのところで制限が
最も厳しくなっており、暗黒物質と核子の散乱断面積は約 10−47cm2 よりも小さな値を取らなけれ
ばならないことが分かる。暗黒物質を説明する模型を構築する際には、このような実験からの厳し
い制限と整合させることが大きな課題となる。

1.3 多重臨界点原理
標準模型に含まれるパラメーターの値は理論的に導くことはできず、実験結果と整合するように
決定されるものである。そこで、パラメーターの値を決定する理論的根拠として提案された原理が
多重臨界点原理 (Multi-critical Point Principle, 以下 MPP)である。多重臨界点原理とは、「理論
のパラメーターは、複数存在するポテンシャルの極値のうちいくつかの極値が縮退するパラメー
ター空間上の点、すなわち多重臨界点のひとつに選ばれる」という原理である。
標準模型において、ヒッグス・ポテンシャルは電弱スケールに極値を持つが、1 ループの量子
効果を考慮すると高いエネルギースケールにも極値が存在する可能性が指摘されていた。ここで、

7

(coupling vanishes at low E. )
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Abstract

The Standard Model (SM) of particle physics involves quarks, leptons, gauge bosons and

the Higgs boson. Although predictions of the SM are consistent with almost all results

of various experiments, there are some insoluble problems such as the existence of dark

matter (DM). DM, which plays an important role in the galaxy formation and evolution,

have not been found directly yet. The helpful observations for understanding DM are the

DM relic abundance and the cross section of the DM-nucleon scattering. The former, the

relic abundance is the amount of the DM in the present universe. At the early universe,

which was extremely hot and dense, all particles were in the thermal equilibrium state.

With the expansion of the universe, DM is not created from the pair annihilation of light

particles. As a result the DM was decoupled from the thermal equilibrium state and its

number density was frozen. This ditermines the current relic abundance. In other words,

the relic density is given by cross sections of DM pair annihilation, σvrel. With regard to the

latter, the DM direct-detection experiments are carried out using a huge tank containing,

for example, liquid xenon in the underground. The recoil energy of target nuclei scattered

by the DM is the signal in this experiment. According to the XENON1T experiment in

Italy, which is one of the DM direct-detection experiments, the upper limit of the scattering

cross section of DM and nucleon is approximately σSI ∼ 10−46 cm2 when mχ ∼ 100 GeV,

which is restriction on the models including DM.

In this thesis, I study an extension of the SM with a complex scalar field S. In this model,

it is supposed that the scalar field S is a singlet under the SM gauge symmetry. The scalar

potential of S and H is given by

V =
m2

2
|H|2 + λ

4
|H|4 + δ2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4 +

(
a1S +

b1
4
S2 + c.c.

)
,

where the system is assumed to be invariant under a global U(1): S → eiφS (φ = const),

and also allowed the soft breaking terms of S and the quadratic term of S. Assuming that

vacuum expectation values of the scalar fields H and S are v and vS respectively, the scalar

fields H and S are decomposed as

H =
1√
2



 0

v + h



 , S = (vS + s+ iχ)/
√
2,
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global U(1) and soft breaking terms

(minimal set of operators to realize pNG DM w/o domain wall)

Barger etal, arXiv:0811.0393

DM

SM + complex S (CxSM)

(DM stability ↔ CP sym.)

(pNG DM: )S → − S
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Singlet scalar extension of the SM

ͷ΋ͱͰෆมͱͳΔʢେҬతରশੑΛ࣋ͭʣ͜ͱΛཁ੥͠ɼϙςϯγϟϧͷ߲Λݶఆͨ͠ɿ

V =
m2
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|H|4 + δ2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4. (3.4)
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∂V

∂H
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∂V

∂S
, (3.6)
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√
2
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2
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√
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2vS

. (3.10)
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mass matrix (h, s)
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DM relic abundance and the cross section of the DM-nucleon scattering. The former, the

relic abundance is the amount of the DM in the present universe. At the early universe,

which was extremely hot and dense, all particles were in the thermal equilibrium state.

With the expansion of the universe, DM is not created from the pair annihilation of light

particles. As a result the DM was decoupled from the thermal equilibrium state and its

number density was frozen. This ditermines the current relic abundance. In other words,

the relic density is given by cross sections of DM pair annihilation, σvrel. With regard to the

latter, the DM direct-detection experiments are carried out using a huge tank containing,

for example, liquid xenon in the underground. The recoil energy of target nuclei scattered

by the DM is the signal in this experiment. According to the XENON1T experiment in

Italy, which is one of the DM direct-detection experiments, the upper limit of the scattering

cross section of DM and nucleon is approximately σSI ∼ 10−46 cm2 when mχ ∼ 100 GeV,

which is restriction on the models including DM.

In this thesis, I study an extension of the SM with a complex scalar field S. In this model,

it is supposed that the scalar field S is a singlet under the SM gauge symmetry. The scalar
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,

where the system is assumed to be invariant under a global U(1): S → eiφS (φ = const),

and also allowed the soft breaking terms of S and the quadratic term of S. Assuming that

vacuum expectation values of the scalar fields H and S are v and vS respectively, the scalar
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H =
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(DM)
mh1 � m(125)@LHC
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where ⇤2 is defined as
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The mass eigenstates (h1, h2) are defined by using the orthogonal matrix O
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◆
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h
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◆
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. (7)

Then, the mass eigenvalues (mh1 ,mh2) and the mixing angle ↵ are given by
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Since the global U(1) symmetry is softly broken, the CP-odd scalar � has a mass m� as

m2
� = �b1 �

p
2
a1
vS

. (10)

The CP symmetry of the scalar potential (1) forbids the pseudoscalar � to decay into the CP-

even scalars so that � could be identified as a DM particle.

We give the interaction Lagrangians which are necessary to our study below. The scalar-

trilinear interactions for � and h1 or h2 are given by

LS = � 1

2vS

( 
m2

h1
+

p
2a1
vS

!
sin↵h1�

2 +

 
m2

h2
+

p
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vS

!
cos↵h2�

2

)
. (11)

The Yukawa interactions of a fermion f and the CP-even scalar h1 or h2 are given by

LY = �
mf

v
f̄f (h1 cos↵� h2 sin↵) , (12)

where mf denotes the mass of the fermion f .

Here, we summarize the theoretical constraints on the model parameters. In the scalar

potential, the quartic couplings � and d2 are required to satisfy the following conditions from

the perturbative unitarity [19]

� <
16⇡

3
, d2 <

16⇡

3
. (13)

Also the stability condition of the scalar potential is given by [7]

�

 
d2 �

2
p
2a1
v3
S

!
> �22 . (14)

We finally summarize the model parameters which will be used in the following analyses.

There are seven parameters in the scalar potential and two VEVs. Since there are two minimiza-

tion conditions on the scalar potential in eqs. (3) and (4), the number of the model parameters

4
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2 + gh2��h2�
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a la GIM mechanism

degenerate scalar scenario
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Bounds on degenerate scalar scenario
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Figure 2: Spin-independent DM–nucleon scattering cross section as a function of mh2 for the
DM mass fixed at 200, 600 and 1000 GeV from the left to right panels, respectively.

where t ≡ (p1 − p2)2, and p1 (p2) is the momentum of quark q in the initial (final) state. Since

the momentum transfer t in the process is very small with respect to the mass of the scalars

mh1,2 , the sum of the two amplitudes can be written as
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)
}
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The first term in the curly braces in r.h.s is negligible when t # 0 as shown in ref. [6]. The

second term, on the other hand, vanishes when the two scalars are degenerate (mh1 = mh2). The

cancellation of the two amplitudes in the degenerate limit is virtue of the orthogonal condition

of the matrix O in eq. (7), OikOjk = δij . Constraints on this model from the direct detection

experiments, therefore, are weaken when the mass of the CP-even scalar h2 is close to the mass

of h1, mh1 # 125 GeV. This motivates us to study phenomenological consequences of such a

degenerate-scalar scenario in the pseudoscalar DM model. We note that in the mh1 ≈ mh2 case

the two amplitudes in eqs. (23) and (24) are cancel even not for low energy. This fact is relevant

to understand the DM relic density in this model, which will be discussed later.

Before turning into numerical studies, we note that the scattering between DM and quarks

at 1-loop level in the minimal model of [6] has been studied in refs. [9, 10, 15]. Although the

cancellation of the amplitudes at the low-energy limit does not hold any more at 1-loop level,

the contributions are small enough to be neglected. Especially, for the mh1 ≈ mh2 case, those

contributions are strongly suppressed [9], which can be applied for our degenerate scenario even

at 1-loop level.

In the following numerical studies, we implemented the pseudoscalar DM model (i.e. the

CxSM) as theUFO format [20] by using FeynRules v2.3 [21], and used it inMadDM v3.0 [22–

24] to compute the DM–nucleon scattering cross section and the relic density of DM.

In Fig. 2, we show the spin-independent cross section for the scattering between the DM and

a nucleon σp
SI as a function of mh2 . Three figures correspond to the DM mass mχ = 200 GeV
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17Figure 5: DM relic density on themχ–vs (top), mχ– 3
√
a1 (middle), and vs– 3

√
a1 (bottom) planes.

∆m = mh2 −mh1 is fixed at 1 GeV for all the panels, while the other parameter, a1 (top), vs
(middle), and mχ (bottom), is taken as the low to high scale from the left to right panels. Gray
shaded regions denote the region excluded by the XENON1T direct detection experiment.

From the first row in Fig. 5, we see that the relic density Ωχh2 could be large as vS increases,

while small as a1 increases. This can be explained as follows. The dominant annihilation

processes are χχ → hihj (i, j = 1, 2) since the processes for other final states (qq, "", V V ) are

strongly suppressed by the same mechanism with the case of the DM–quark scattering χq → χq,

where q, " and V stand for quarks, leptons and vector bosons, respectively. The scalar trilinear

interactions for h1-χ-χ and h2-χ-χ in eq. (11) are proportional to a ratio a1/vS . Therefore, larger

vS suppresses the annihilation rate of the DM, while for larger a1 the scalar trilinear interactions

become stronger and the annihilation of the DM pair is enhanced. The similar behaviors can

be observed in the second and third rows, i.e. on the different parameter planes.

One can see a strip in some particular parameter regions, where the relic density suddenly

becomes large, e.g. for mχ = 300 − 400 GeV on the top–right panel in Fig. 5. This can be

explained by the suppression of the annihilation cross section due to a non-trivial cancellation
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h1, h2

A typical DM signature at colliders is missing energy from DM production. In the pseu-

doscalar DM model, the DM χ (the CP-odd scalar) only couples to the CP-even scalars h1 and

h2 (the SM-like 125 GeV Higgs boson and the other scalar). Therefore, unless mχ > mh1,2/2,

the h1,2 productions followed by their decays into a pair of χ can lead to such missing-energy

signature. Especially, the degenerate-scalar case can be observed as invisible Higgs decay. We

note that in such a case it is very difficult to distinguish the model from a simpler Higgs portal

DM model, where DM only couples to the single SM-like Higgs boson. In the following, however,

we will show that it is possible to examine the degenerate-scalar scenario using the process other

than the invisible decay.

In order to test a degenerate-scalar scenario, instead of the missing-energy signature, here

we focus on degenerate scalar productions at the ILC [27], and investigate how well we can

distinguish the degenerate states from the single state of mh = 125 GeV in the SM. We note

that, at the Large Hadron Collider (LHC), by using the high resolution of the diphoton channel

of the Higgs boson decays, the mass difference between the two degenerate states ∆m ! 3 GeV

is disfavored at the 2σ level from the LHC Run-I data [28]. Although no such specific analyses

can be found in refs. [29, 30] with the LHC Run-II data, we expect a better resolution. The

phenomenological studies on mass-degenerate Higgs bosons are also found in, e.g., refs. [31–34].

The main target of the ILC at
√
s = 250 GeV (ILC250) is Higgs boson production associated

with a Z boson [35]. The mass of the Higgs boson is precisely determined by the recoil mass

technique in the process [17]

e+e− → h1,2Z → h1,2#
+#−, (26)

where the Higgs mass is reconstructed from # = e or µ as

m2
recoil = (

√
s− E"")

2 − |$p""|2. (27)

The recoil mass is independent of how the degenerate scalars decay, and hence this analysis

is independent of the mass hierarchy between the DM and the degenerate scalars. We note

that, different from processes where the DM involves such as DM–nucleon scattering and DM

annihilation, there is no cancellation between the two amplitudes mediated by h1 and h2 in the

SM-like processes. 3 In the following, we parameterize the mass difference of the two scalars as

mh1,h2 =
(
125± ∆m

2

)
GeV. (28)

Figure 7 shows recoil mass distributions with a muon-pair final state in the pseudoscalar

DM model with nearly degenerate scalars for various ∆m denoted by different colors. For

simulation, using the same CxSM UFO model as in the DM computations, we employed Mad-

Graph5 aMC@NLO v2.7.3 [36] with Pythia 8.2 [37] for event generation and Delphes

3Even when the h1,2 → χχ decays are allowed in the process (26), unless the mass difference is smaller than
the widths of h1,2, no cancellation happens.
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Figure 7: Recoil mass distributions for various ∆m for e+e− → h1,2Z, Z → µ+µ− at
√
s =

250 GeV, where the generic ILC detector is assumed.

v3.4.2 [38] to take into account detector effects. We used the ILCDelphes card: a Delphes

model describing a parametrized generic ILC detector [39,40] based on two types of detectors pro-

posed for the ILC [41], SiD (Silicon Detector) [42] and ILD (International Large Detector) [43].

The total cross section for the signal, i.e. the sum of the two resonances, is independent of

∆m, while the relative strengths for the two resonances depend on the mixing angle α. Here,

as before, we assume α = π/4, i.e. the two resonances have the same signal strengths.

In Fig. 7, for ∆m = 1.0 GeV, we can clearly observe two peaks. For ∆m < 0.5 GeV, on

the other hand, we no longer observe two peaks, instead see a broader peak than for the single

resonance case denoted by a dotted curve (∆m = 0). We note that, as expected, the results

strongly depend on the resolution of muon momenta determined by detectors.4

In order to assess the minimal luminosity to exclude or discover such a degenerate-scalar

scenario, we perform tests of significance with the χ2 function defined as

χ2 =
N∑

i=1

(ni − ni
SM)2

ni
SM

, (29)

where ni is the number of events in the i-th bin expected in our pseudoscalar DM model, and

ni
SM is the corresponding prediction in the SM. As the background in the recoil mass distribution

is estimated well in ref. [17], we simply take the SM Higgs signal as our zero hypothesis. We

fix the total number of events at a certain integrated luminosity by the total cross section 10 fb

(= σ(e+e− → hZ) × B(Z → µ+µ−)) for mh = 125 GeV at
√
s = 250 GeV with the planned

beam polarization P (e−, e+) = (−0.8, 0.3) [35]. We require at least ten events in each bin to

count as the degree of freedom for the χ2 calculation in eq. (29).

4In the early stage of this work, we performed two detector simulations, SiD and ILD, implemented as a
Delphes detector card in the previous ILC study [44]. The resolution of the recoil mass spectrum, i.e. the muon
resolution, for SiD (ILD) is slightly worse (better) than that for the generic ILC detector.
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A typical DM signature at colliders is missing energy from DM production. In the pseu-

doscalar DM model, the DM χ (the CP-odd scalar) only couples to the CP-even scalars h1 and

h2 (the SM-like 125 GeV Higgs boson and the other scalar). Therefore, unless mχ > mh1,2/2,

the h1,2 productions followed by their decays into a pair of χ can lead to such missing-energy

signature. Especially, the degenerate-scalar case can be observed as invisible Higgs decay. We

note that in such a case it is very difficult to distinguish the model from a simpler Higgs portal

DM model, where DM only couples to the single SM-like Higgs boson. In the following, however,

we will show that it is possible to examine the degenerate-scalar scenario using the process other

than the invisible decay.

In order to test a degenerate-scalar scenario, instead of the missing-energy signature, here

we focus on degenerate scalar productions at the ILC [27], and investigate how well we can

distinguish the degenerate states from the single state of mh = 125 GeV in the SM. We note

that, at the Large Hadron Collider (LHC), by using the high resolution of the diphoton channel

of the Higgs boson decays, the mass difference between the two degenerate states ∆m ! 3 GeV

is disfavored at the 2σ level from the LHC Run-I data [28]. Although no such specific analyses

can be found in refs. [29, 30] with the LHC Run-II data, we expect a better resolution. The

phenomenological studies on mass-degenerate Higgs bosons are also found in, e.g., refs. [31–34].

The main target of the ILC at
√
s = 250 GeV (ILC250) is Higgs boson production associated

with a Z boson [35]. The mass of the Higgs boson is precisely determined by the recoil mass

technique in the process [17]

e+e− → h1,2Z → h1,2#
+#−, (26)

where the Higgs mass is reconstructed from # = e or µ as

m2
recoil = (
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2 − |$p""|2. (27)

The recoil mass is independent of how the degenerate scalars decay, and hence this analysis

is independent of the mass hierarchy between the DM and the degenerate scalars. We note

that, different from processes where the DM involves such as DM–nucleon scattering and DM

annihilation, there is no cancellation between the two amplitudes mediated by h1 and h2 in the

SM-like processes. 3 In the following, we parameterize the mass difference of the two scalars as

mh1,h2 =
(
125± ∆m

2

)
GeV. (28)

Figure 7 shows recoil mass distributions with a muon-pair final state in the pseudoscalar

DM model with nearly degenerate scalars for various ∆m denoted by different colors. For

simulation, using the same CxSM UFO model as in the DM computations, we employed Mad-

Graph5 aMC@NLO v2.7.3 [36] with Pythia 8.2 [37] for event generation and Delphes

3Even when the h1,2 → χχ decays are allowed in the process (26), unless the mass difference is smaller than
the widths of h1,2, no cancellation happens.
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doscalar DM model, the DM χ (the CP-odd scalar) only couples to the CP-even scalars h1 and
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note that in such a case it is very difficult to distinguish the model from a simpler Higgs portal

DM model, where DM only couples to the single SM-like Higgs boson. In the following, however,

we will show that it is possible to examine the degenerate-scalar scenario using the process other

than the invisible decay.

In order to test a degenerate-scalar scenario, instead of the missing-energy signature, here

we focus on degenerate scalar productions at the ILC [27], and investigate how well we can
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that, at the Large Hadron Collider (LHC), by using the high resolution of the diphoton channel
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is disfavored at the 2σ level from the LHC Run-I data [28]. Although no such specific analyses

can be found in refs. [29, 30] with the LHC Run-II data, we expect a better resolution. The

phenomenological studies on mass-degenerate Higgs bosons are also found in, e.g., refs. [31–34].

The main target of the ILC at
√
s = 250 GeV (ILC250) is Higgs boson production associated

with a Z boson [35]. The mass of the Higgs boson is precisely determined by the recoil mass

technique in the process [17]

e+e− → h1,2Z → h1,2#
+#−, (26)

where the Higgs mass is reconstructed from # = e or µ as

m2
recoil = (

√
s− E"")

2 − |$p""|2. (27)

The recoil mass is independent of how the degenerate scalars decay, and hence this analysis

is independent of the mass hierarchy between the DM and the degenerate scalars. We note

that, different from processes where the DM involves such as DM–nucleon scattering and DM

annihilation, there is no cancellation between the two amplitudes mediated by h1 and h2 in the

SM-like processes. 3 In the following, we parameterize the mass difference of the two scalars as

mh1,h2 =
(
125± ∆m

2

)
GeV. (28)

Figure 7 shows recoil mass distributions with a muon-pair final state in the pseudoscalar

DM model with nearly degenerate scalars for various ∆m denoted by different colors. For

simulation, using the same CxSM UFO model as in the DM computations, we employed Mad-

Graph5 aMC@NLO v2.7.3 [36] with Pythia 8.2 [37] for event generation and Delphes

3Even when the h1,2 → χχ decays are allowed in the process (26), unless the mass difference is smaller than
the widths of h1,2, no cancellation happens.
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Figure 7: Recoil mass distributions for various ∆m for e+e− → h1,2Z, Z → µ+µ− at
√
s =

250 GeV, where the generic ILC detector is assumed.

v3.4.2 [38] to take into account detector effects. We used the ILCDelphes card: a Delphes

model describing a parametrized generic ILC detector [39,40] based on two types of detectors pro-

posed for the ILC [41], SiD (Silicon Detector) [42] and ILD (International Large Detector) [43].

The total cross section for the signal, i.e. the sum of the two resonances, is independent of

∆m, while the relative strengths for the two resonances depend on the mixing angle α. Here,

as before, we assume α = π/4, i.e. the two resonances have the same signal strengths.

In Fig. 7, for ∆m = 1.0 GeV, we can clearly observe two peaks. For ∆m < 0.5 GeV, on

the other hand, we no longer observe two peaks, instead see a broader peak than for the single

resonance case denoted by a dotted curve (∆m = 0). We note that, as expected, the results

strongly depend on the resolution of muon momenta determined by detectors.4

In order to assess the minimal luminosity to exclude or discover such a degenerate-scalar

scenario, we perform tests of significance with the χ2 function defined as

χ2 =
N∑

i=1

(ni − ni
SM)2

ni
SM

, (29)

where ni is the number of events in the i-th bin expected in our pseudoscalar DM model, and

ni
SM is the corresponding prediction in the SM. As the background in the recoil mass distribution

is estimated well in ref. [17], we simply take the SM Higgs signal as our zero hypothesis. We

fix the total number of events at a certain integrated luminosity by the total cross section 10 fb

(= σ(e+e− → hZ) × B(Z → µ+µ−)) for mh = 125 GeV at
√
s = 250 GeV with the planned

beam polarization P (e−, e+) = (−0.8, 0.3) [35]. We require at least ten events in each bin to

count as the degree of freedom for the χ2 calculation in eq. (29).

4In the early stage of this work, we performed two detector simulations, SiD and ILD, implemented as a
Delphes detector card in the previous ILC study [44]. The resolution of the recoil mass spectrum, i.e. the muon
resolution, for SiD (ILD) is slightly worse (better) than that for the generic ILC detector.
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doscalar DM model, the DM χ (the CP-odd scalar) only couples to the CP-even scalars h1 and

h2 (the SM-like 125 GeV Higgs boson and the other scalar). Therefore, unless mχ > mh1,2/2,

the h1,2 productions followed by their decays into a pair of χ can lead to such missing-energy

signature. Especially, the degenerate-scalar case can be observed as invisible Higgs decay. We

note that in such a case it is very difficult to distinguish the model from a simpler Higgs portal

DM model, where DM only couples to the single SM-like Higgs boson. In the following, however,

we will show that it is possible to examine the degenerate-scalar scenario using the process other

than the invisible decay.

In order to test a degenerate-scalar scenario, instead of the missing-energy signature, here

we focus on degenerate scalar productions at the ILC [27], and investigate how well we can

distinguish the degenerate states from the single state of mh = 125 GeV in the SM. We note

that, at the Large Hadron Collider (LHC), by using the high resolution of the diphoton channel

of the Higgs boson decays, the mass difference between the two degenerate states ∆m ! 3 GeV

is disfavored at the 2σ level from the LHC Run-I data [28]. Although no such specific analyses

can be found in refs. [29, 30] with the LHC Run-II data, we expect a better resolution. The

phenomenological studies on mass-degenerate Higgs bosons are also found in, e.g., refs. [31–34].

The main target of the ILC at
√
s = 250 GeV (ILC250) is Higgs boson production associated

with a Z boson [35]. The mass of the Higgs boson is precisely determined by the recoil mass

technique in the process [17]

e+e− → h1,2Z → h1,2#
+#−, (26)

where the Higgs mass is reconstructed from # = e or µ as
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The recoil mass is independent of how the degenerate scalars decay, and hence this analysis

is independent of the mass hierarchy between the DM and the degenerate scalars. We note

that, different from processes where the DM involves such as DM–nucleon scattering and DM

annihilation, there is no cancellation between the two amplitudes mediated by h1 and h2 in the

SM-like processes. 3 In the following, we parameterize the mass difference of the two scalars as

mh1,h2 =
(
125± ∆m

2

)
GeV. (28)

Figure 7 shows recoil mass distributions with a muon-pair final state in the pseudoscalar

DM model with nearly degenerate scalars for various ∆m denoted by different colors. For

simulation, using the same CxSM UFO model as in the DM computations, we employed Mad-

Graph5 aMC@NLO v2.7.3 [36] with Pythia 8.2 [37] for event generation and Delphes

3Even when the h1,2 → χχ decays are allowed in the process (26), unless the mass difference is smaller than
the widths of h1,2, no cancellation happens.
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Figure 7: Recoil mass distributions for various ∆m for e+e− → h1,2Z, Z → µ+µ− at
√
s =

250 GeV, where the generic ILC detector is assumed.

v3.4.2 [38] to take into account detector effects. We used the ILCDelphes card: a Delphes

model describing a parametrized generic ILC detector [39,40] based on two types of detectors pro-

posed for the ILC [41], SiD (Silicon Detector) [42] and ILD (International Large Detector) [43].

The total cross section for the signal, i.e. the sum of the two resonances, is independent of

∆m, while the relative strengths for the two resonances depend on the mixing angle α. Here,

as before, we assume α = π/4, i.e. the two resonances have the same signal strengths.

In Fig. 7, for ∆m = 1.0 GeV, we can clearly observe two peaks. For ∆m < 0.5 GeV, on

the other hand, we no longer observe two peaks, instead see a broader peak than for the single

resonance case denoted by a dotted curve (∆m = 0). We note that, as expected, the results

strongly depend on the resolution of muon momenta determined by detectors.4

In order to assess the minimal luminosity to exclude or discover such a degenerate-scalar

scenario, we perform tests of significance with the χ2 function defined as

χ2 =
N∑

i=1

(ni − ni
SM)2

ni
SM

, (29)

where ni is the number of events in the i-th bin expected in our pseudoscalar DM model, and

ni
SM is the corresponding prediction in the SM. As the background in the recoil mass distribution

is estimated well in ref. [17], we simply take the SM Higgs signal as our zero hypothesis. We

fix the total number of events at a certain integrated luminosity by the total cross section 10 fb

(= σ(e+e− → hZ) × B(Z → µ+µ−)) for mh = 125 GeV at
√
s = 250 GeV with the planned

beam polarization P (e−, e+) = (−0.8, 0.3) [35]. We require at least ten events in each bin to

count as the degree of freedom for the χ2 calculation in eq. (29).

4In the early stage of this work, we performed two detector simulations, SiD and ILD, implemented as a
Delphes detector card in the previous ILC study [44]. The resolution of the recoil mass spectrum, i.e. the muon
resolution, for SiD (ILD) is slightly worse (better) than that for the generic ILC detector.

13

w/  (# of events in the i-th bin) ni ≥ 10

bin size (small)(large)Figure 8: p-value for the distinction of the degenerate mass spectra as a function of the
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Figure 8 (left) shows p-value calculated from the χ2 for the distinction of the degenerate mass

spectra of various ∆m as a function of the integrated luminosity L up to 2 ab−1 planned at the

ILC250, where we take N = 25 bins in the 120–130 GeV range, i.e. ∆mbin = 0.4 GeV. We find

that, e.g. the scenario with ∆m < 0.3 GeV is excluded (discovered) with L ∼ 30 fb−1(240 fb−1),

while that with ∆m < 0.2 GeV is L ∼ 520 fb−1(1300 fb−1).

We also investigate the effect of the bin size on the distinction; from the left to right panels,

we take the number of bins in the 120–130 GeV range as N = 25, 50 and 100, i.e. ∆mbin =

0.4, 0.2, 0.1 GeV, respectively. Even for ∆mbin > ∆m, we expect a sensitivity to exclude

or discover the degenerate-scalar scenario within the planned integrated luminosity 2 ab−1 if

∆m > 0.2 GeV. A better sensitivity can be expected with more optimized analyses, and more

dedicated studies such as including the background and the systematic errors should be reported

elsewhere.

5 Summary

In this paper, we have studied a pseudoscalar DM model arising from the CxSM. The scalar

potential we adopted in our study is most general and renormalizable, in which the global

symmetry is softly broken by the operators up to the mass dimension two so that it is not suffered

from the domain-wall problem as different from the minimal pseudo Nambu–Goldstone DM

model. We showed that the DM–nucleon scattering amplitudes mediated by two scalar particles

h1 and h2 are cancelled when the masses of two scalars are degenerate, and investigated the

allowed model parameter space of the degenerate scenario under the direct detection experiments

and the measurements of the relic density of the DM.

In addition, we discussed a possibility to verify such a degenerate-scalar scenario by using

the recoil mass technique at the ILC. The recoil mass is independent of how the degenerate

scalars decay, and hence the analysis is independent of the mass hierarchy between the DM and
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Figure 8: p-value for the distinction of the degenerate mass spectra as a function of the
integrated luminosity for various ∆m with the generic ILC detector. From the left to right
panels, the size of bins in the 120–130 GeV range is taken as 0.4, 0.2, and 0.1 GeV, respectively.
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that, e.g. the scenario with ∆m < 0.3 GeV is excluded (discovered) with L ∼ 30 fb−1(240 fb−1),
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1 Froggatt and Nielsen (1996)

The authors of ref. [1] have discussed the SM Higgs potential requiring two conditions:

1. There are two degenerate minima in the effective potential of the SM:

Veff(φ) = µ2(φ)φ2 +
λ(φ)

8
φ4 (1)

Veff(〈φ〉1) = Veff(〈φ〉2) (2)

2. The field value of the Higgs field φ at the second minimum is of order to the Plank

scale:

〈φ〉2 = O(Mpl). (3)

Since the energy density at φ = 〈φ〉1 is O(MEW)4 # 〈φ〉42 = O(M4
pl), we have to require

that the energy density at the 2nd minima should be (effectively) zero. It means that the

quartic coupling at φ = 〈φ〉2 must vanish. The quadratic term of the effective potential can

be neglected as compared to the quartic term since the value of the scalar field at the 2nd

minimum is large enough (〈φ〉2 $ O(Mpl)). Then, at near the 2nd minimum, the effective

potential is given by

Veff(φ) ≈
λ(φ)

8
φ4. (4)

At the minimum, the derivative of the effective potential should be zero, i.e.

0 =
dVeff(φ)

dφ

∣∣∣∣
〈φ〉2

=

[
1

8

dλ(φ)

dφ
· φ4 +

1

8
λ(φ) · 4φ3

]

〈φ〉2

≈ 1

8
· φdλ(φ)

dφ
· φ3

∣∣∣∣
〈φ〉2

=
1

8
βλφ

3

∣∣∣∣
〈φ〉2

. (5)

Therefore βλ = 0 at φ = 〈φ〉2 is a consequence of the MPP.

2 MPP at tree level

The authors in ref. [2] have studied an application of MPP to the SM extensions with an addi-

tional scalar field and discussed the relations among the model parameters requiring different

vacua yield degenerate energy densities.

2
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Abstract

The Standard Model (SM) of particle physics involves quarks, leptons, gauge bosons and

the Higgs boson. Although predictions of the SM are consistent with almost all results

of various experiments, there are some insoluble problems such as the existence of dark

matter (DM). DM, which plays an important role in the galaxy formation and evolution,

have not been found directly yet. The helpful observations for understanding DM are the

DM relic abundance and the cross section of the DM-nucleon scattering. The former, the

relic abundance is the amount of the DM in the present universe. At the early universe,

which was extremely hot and dense, all particles were in the thermal equilibrium state.

With the expansion of the universe, DM is not created from the pair annihilation of light

particles. As a result the DM was decoupled from the thermal equilibrium state and its

number density was frozen. This ditermines the current relic abundance. In other words,

the relic density is given by cross sections of DM pair annihilation, σvrel. With regard to the

latter, the DM direct-detection experiments are carried out using a huge tank containing,

for example, liquid xenon in the underground. The recoil energy of target nuclei scattered

by the DM is the signal in this experiment. According to the XENON1T experiment in

Italy, which is one of the DM direct-detection experiments, the upper limit of the scattering

cross section of DM and nucleon is approximately σSI ∼ 10−46 cm2 when mχ ∼ 100 GeV,

which is restriction on the models including DM.

In this thesis, I study an extension of the SM with a complex scalar field S. In this model,

it is supposed that the scalar field S is a singlet under the SM gauge symmetry. The scalar

potential of S and H is given by

V =
m2

2
|H|2 + λ

4
|H|4 + δ2

2
|H|2|S|2 + b2

2
|S|2 + d2

4
|S|4 +

(
a1S +

b1
4
S2 + c.c.

)
,

where the system is assumed to be invariant under a global U(1): S → eiφS (φ = const),

and also allowed the soft breaking terms of S and the quadratic term of S. Assuming that

vacuum expectation values of the scalar fields H and S are v and vS respectively, the scalar

fields H and S are decomposed as

H =
1√
2



 0

v + h



 , S = (vS + s+ iχ)/
√
2,
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FIG. 1. The potential di↵erence for vS = 0.1 � 1 GeV (a) and vS = 100 � 1000 GeV (b) in the

degenerate scalar scenario. The color bar represents the change in a1.

To begin, we qualitatively discuss the model parameters of the CxSM required by the

tree-level MPP. It is easy to see that one needs vS 6= v0S to degenerate two vacua because the

first term of the r.h.s. in (30) is nonzero and negative (see, Eq. (13)). Two VEVs, vS and v0S,

are derived by tadpole conditions (5) and (6), respectively, the di↵erence being the presence

�2 (16) which represents the doublet-singlet mixing. Therefore, �2 and vS � v0S should be

sizable to cancel with the first term in (30), to achieve �V0 = 0.

From Eq. (16), we find that vS should be small to make �2 sizable whether we adopt the

degenerate scalar scenario. In the degenerate scalar scenario, the mass di↵erence (m2
h1
�m2

h2

in (16) ) is small, so a large �2 is possible by requiring small vS. In non-degenerate case

(mh1 6= mh2), the couplings of h1 with mh1 = 125 GeV to the SM particles given by

multiplying cos↵ to the SM Higgs couplings. Taking account of the Higgs search experiments

at the LHC, cos↵ should be close to 1, i.e., sin 2↵ in (16) must be small. Therefore vS in

the denominator in (16) should also be small to make �2 sizable.

We quantitatively discuss the parameter space in the CxSM with degenerate scalars

chosen by applying the tree-level MPP. A case where two scalars are not degenerate is also

studied for comparison. In the following numerical study, we set m� = 62.5 GeV as a

reference. We note that the DM mass makes almost no contribution to �V0 since only b1

is an output parameter of DM mass m� (12) while the potential di↵erence �V0 depends on

b1 + b2 which does not include b1 term as found in Eq. (14).

First, we consider the degenerate scalar scenario. The second Higgs mass mh2 is set to

124 GeV. As mentioned in Section II, when the masses of two Higgs bosons are degenerate,

9

particles are those with the SM Higgs boson multiplied by cos↵ (� sin↵). For example,

decay rates from h1 and h2 to the SM particle X is expressed as follows;

�h1!XX = cos2 ↵ �SM
h!XX(mh1), (27)

�h2!XX = sin2 ↵ �SM
h!XX(mh2), (28)

where �SM
h!XX(mh1(2)

) is the Higgs partial decay width in the SM as a function of mh1(2)
.

Experimentally, when two scalars are degenerate (mh1 ' mh2), it is hard to distinguish the

production and decay processes of h2 from those of h1 so that the sum of two processes by

h1 and h2 is to be observed, i.e.,

�h1!XX + �h2!XX ' �SM
h!XX(mh), (29)

holds for any ↵. Therefore, the signal strength of Higgs bosons in the CxSM is identical to

that in the SM in the degenerate limit of two scalars.

III. TREE-LEVEL MPP AND EWPT IN THE CXSM

We apply the tree-level MPP to the CxSM whose the tree-level scalar potential is given

by Eq. (1). Note that since vS is nonzero due to a1 6= 0, there are two possible vacua;

the electroweak vacuum (v, vS) and the singlet vacuum (0, v0S). We consider the case where

these two vacua are degenerate. The di↵erence between the energy densities at these vacua

is expressed as

�V0 ⌘ V0(v, vS)� V0(0, v
0
S)

=
m2

8
v2 +

3
p
2a1
4

(vS � v0S) +
b1 + b2

8
(v2S � v02S ). (30)

When a1 = 0, �V0 is evaluated as

�V0 =
m2

8
v2 +

b1 + b2
8

(v2S � v02S )

/ �
1

�d2 � �22

1

d2
⇥ [�2 (b2 + b1)� d2b2]

2 < 0. (31)

Since the denominator in (31) is positive due to (21) with a1 = 0, �V0 is always negative

when the global U(1) symmetry is softly broken via only S2 term, i.e., there are no degenerate

vacua in this case [25]. This result is altered by introducing the linear term of S to the scalar

potential, as shown in the following.
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FIG. 1. The potential di↵erence for vS = 0.1 � 1 GeV (a) and vS = 100 � 1000 GeV (b) in the

degenerate scalar scenario. The color bar represents the change in a1.

To begin, we qualitatively discuss the model parameters of the CxSM required by the

tree-level MPP. It is easy to see that one needs vS 6= v0S to degenerate two vacua because the

first term of the r.h.s. in (30) is nonzero and negative (see, Eq. (13)). Two VEVs, vS and v0S,

are derived by tadpole conditions (5) and (6), respectively, the di↵erence being the presence

�2 (16) which represents the doublet-singlet mixing. Therefore, �2 and vS � v0S should be

sizable to cancel with the first term in (30), to achieve �V0 = 0.

From Eq. (16), we find that vS should be small to make �2 sizable whether we adopt the

degenerate scalar scenario. In the degenerate scalar scenario, the mass di↵erence (m2
h1
�m2

h2

in (16) ) is small, so a large �2 is possible by requiring small vS. In non-degenerate case

(mh1 6= mh2), the couplings of h1 with mh1 = 125 GeV to the SM particles given by

multiplying cos↵ to the SM Higgs couplings. Taking account of the Higgs search experiments

at the LHC, cos↵ should be close to 1, i.e., sin 2↵ in (16) must be small. Therefore vS in

the denominator in (16) should also be small to make �2 sizable.

We quantitatively discuss the parameter space in the CxSM with degenerate scalars

chosen by applying the tree-level MPP. A case where two scalars are not degenerate is also

studied for comparison. In the following numerical study, we set m� = 62.5 GeV as a

reference. We note that the DM mass makes almost no contribution to �V0 since only b1

is an output parameter of DM mass m� (12) while the potential di↵erence �V0 depends on

b1 + b2 which does not include b1 term as found in Eq. (14).

First, we consider the degenerate scalar scenario. The second Higgs mass mh2 is set to

124 GeV. As mentioned in Section II, when the masses of two Higgs bosons are degenerate,

9

particles are those with the SM Higgs boson multiplied by cos↵ (� sin↵). For example,

decay rates from h1 and h2 to the SM particle X is expressed as follows;

�h1!XX = cos2 ↵ �SM
h!XX(mh1), (27)

�h2!XX = sin2 ↵ �SM
h!XX(mh2), (28)

where �SM
h!XX(mh1(2)

) is the Higgs partial decay width in the SM as a function of mh1(2)
.

Experimentally, when two scalars are degenerate (mh1 ' mh2), it is hard to distinguish the

production and decay processes of h2 from those of h1 so that the sum of two processes by

h1 and h2 is to be observed, i.e.,

�h1!XX + �h2!XX ' �SM
h!XX(mh), (29)

holds for any ↵. Therefore, the signal strength of Higgs bosons in the CxSM is identical to

that in the SM in the degenerate limit of two scalars.

III. TREE-LEVEL MPP AND EWPT IN THE CXSM

We apply the tree-level MPP to the CxSM whose the tree-level scalar potential is given

by Eq. (1). Note that since vS is nonzero due to a1 6= 0, there are two possible vacua;

the electroweak vacuum (v, vS) and the singlet vacuum (0, v0S). We consider the case where

these two vacua are degenerate. The di↵erence between the energy densities at these vacua

is expressed as

�V0 ⌘ V0(v, vS)� V0(0, v
0
S)

=
m2

8
v2 +

3
p
2a1
4

(vS � v0S) +
b1 + b2

8
(v2S � v02S ). (30)

When a1 = 0, �V0 is evaluated as

�V0 =
m2

8
v2 +

b1 + b2
8

(v2S � v02S )

/ �
1

�d2 � �22

1

d2
⇥ [�2 (b2 + b1)� d2b2]

2 < 0. (31)

Since the denominator in (31) is positive due to (21) with a1 = 0, �V0 is always negative

when the global U(1) symmetry is softly broken via only S2 term, i.e., there are no degenerate

vacua in this case [25]. This result is altered by introducing the linear term of S to the scalar

potential, as shown in the following.

8

For compatibility of 1st order EWPT and tree-level MPP → Idegewa’s talk
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*3generation → unitarity of CKM matrix
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�LYukawa = Ch1ff L Rh1 + Ch2ff L Rh2 + h.c.
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cancellation@t → 0
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Ch1�� = Ch�� cos↵+ Cs�� sin↵

Ch2�� = �Ch�� sin↵+ Cs�� cos↵

A condition to cancel two amplitude in the degenerate limit of h1 and h2 masses is

1

m2
h1

Ch1χχCh1ff +
1

m2
h2

Ch2χχCh2ff = 0 @mh1 = mh2 . (20)

Taking account of (14), the sum rule (20) is expressed as

1

m2
h1

Ch1χχ cosα− 1

m2
h2

Ch2χχ sinα = 0 @mh1 = mh2 . (21)

Then, it is necessary to be

Ch1χχ = I(mh1 ,mh2) sinα = Chχχ cosα+ Csχχ sinα, (22)

Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).

It may be reasonable to assume the following relations

Chχχ =
A

vs
(Chs +∆h), Csχχ =

A

vs
(Css +∆s), (24)

since couplings Chχχ and Csχχ have the mass dimension D = 1, while Chs and Css have D = 2.

A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as

Ch1χχ = Chχχ cosα+ Csχχ sinα

=
A

vs
(Chs +∆h) cosα+

A

vs
(Css +∆s) sinα

=
A

vs
(Chs cosα+ Css sinα+∆h cosα+∆s sinα)

=
A

vs
(Ch1h1 sinα+∆h cosα+∆s sinα)

=
A

vs
{(Ch1h1 +∆s) sinα+∆h cosα}

=
A

vs

{(
m2

h1
+∆s

)
sinα+∆h cosα

}
(25)

Ch2χχ = −Chχχ sinα+ Csχχ cosα

= −A

vs
(Chs +∆h) sinα+

A

vs
(Css +∆s) cosα

=
A

vs

{(
m2

h2
+∆s

)
cosα−∆h sinα

}
. (26)

Therefore, (21) can be expressed as

Ch1χχ

m2
h1

cosα−
Ch2χχ

m2
h2

sinα =
A

vs

[
sinα cosα

{
m2

h1
+∆s

m2
h1

−
m2

h2
+∆s

m2
h2

}
+∆h

(
cos2 α

m2
h1

+
sin2 α

m2
h2

)]
.

(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).

4

(H − S mixing)
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A condition to cancel two amplitude in the degenerate limit of h1 and h2 masses is

1

m2
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Ch1χχCh1ff +
1

m2
h2

Ch2χχCh2ff = 0 @mh1 = mh2 . (20)

Taking account of (14), the sum rule (20) is expressed as

1
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m2
h2

Ch2χχ sinα = 0 @mh1 = mh2 . (21)
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Ch1χχ = I(mh1 ,mh2) sinα = Chχχ cosα+ Csχχ sinα, (22)

Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).

It may be reasonable to assume the following relations

Chχχ =
A

vs
(Chs +∆h), Csχχ =

A

vs
(Css +∆s), (24)

since couplings Chχχ and Csχχ have the mass dimension D = 1, while Chs and Css have D = 2.

A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as

Ch1χχ = Chχχ cosα+ Csχχ sinα

=
A

vs
(Chs +∆h) cosα+

A

vs
(Css +∆s) sinα

=
A

vs
(Chs cosα+ Css sinα+∆h cosα+∆s sinα)

=
A

vs
(Ch1h1 sinα+∆h cosα+∆s sinα)

=
A

vs
{(Ch1h1 +∆s) sinα+∆h cosα}

=
A

vs

{(
m2

h1
+∆s

)
sinα+∆h cosα

}
(25)

Ch2χχ = −Chχχ sinα+ Csχχ cosα

= −A

vs
(Chs +∆h) sinα+

A

vs
(Css +∆s) cosα

=
A

vs

{(
m2

h2
+∆s

)
cosα−∆h sinα

}
. (26)

Therefore, (21) can be expressed as

Ch1χχ

m2
h1

cosα−
Ch2χχ

m2
h2

sinα =
A

vs

[
sinα cosα

{
m2

h1
+∆s

m2
h1

−
m2

h2
+∆s

m2
h2

}
+∆h

(
cos2 α

m2
h1

+
sin2 α

m2
h2

)]
.

(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).
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(H − S mixing)
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Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).
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vs
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A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as
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=
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vs
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vs
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vs
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=
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vs
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=
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vs
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=
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vs

{(
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)
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(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).
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= 0 if �h = 0 at mh1 = mh2

mixing term of  and  is importantH S

(In addition,  is necessary in the pNG-DM model)Δs = 0
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mixing term of  and  is importantH S
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A condition to cancel two amplitude in the degenerate limit of h1 and h2 masses is

1

m2
h1

Ch1χχCh1ff +
1

m2
h2

Ch2χχCh2ff = 0 @mh1 = mh2 . (20)

Taking account of (14), the sum rule (20) is expressed as

1

m2
h1

Ch1χχ cosα− 1

m2
h2

Ch2χχ sinα = 0 @mh1 = mh2 . (21)

Then, it is necessary to be

Ch1χχ = I(mh1 ,mh2) sinα = Chχχ cosα+ Csχχ sinα, (22)

Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).

It may be reasonable to assume the following relations

Chχχ =
A

vs
(Chs +∆h), Csχχ =

A

vs
(Css +∆s), (24)

since couplings Chχχ and Csχχ have the mass dimension D = 1, while Chs and Css have D = 2.

A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as

Ch1χχ = Chχχ cosα+ Csχχ sinα

=
A

vs
(Chs +∆h) cosα+

A

vs
(Css +∆s) sinα

=
A

vs
(Chs cosα+ Css sinα+∆h cosα+∆s sinα)

=
A

vs
(Ch1h1 sinα+∆h cosα+∆s sinα)

=
A

vs
{(Ch1h1 +∆s) sinα+∆h cosα}

=
A

vs

{(
m2

h1
+∆s

)
sinα+∆h cosα

}
(25)

Ch2χχ = −Chχχ sinα+ Csχχ cosα

= −A

vs
(Chs +∆h) sinα+

A

vs
(Css +∆s) cosα

=
A

vs

{(
m2

h2
+∆s

)
cosα−∆h sinα

}
. (26)

Therefore, (21) can be expressed as

Ch1χχ

m2
h1

cosα−
Ch2χχ

m2
h2

sinα =
A

vs

[
sinα cosα

{
m2

h1
+∆s

m2
h1

−
m2

h2
+∆s

m2
h2

}
+∆h

(
cos2 α

m2
h1

+
sin2 α

m2
h2

)]
.

(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).

4

(H − S mixing)

In our case
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most general scalar potential
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A condition to cancel two amplitude in the degenerate limit of h1 and h2 masses is

1

m2
h1

Ch1χχCh1ff +
1

m2
h2

Ch2χχCh2ff = 0 @mh1 = mh2 . (20)

Taking account of (14), the sum rule (20) is expressed as

1

m2
h1

Ch1χχ cosα− 1

m2
h2

Ch2χχ sinα = 0 @mh1 = mh2 . (21)

Then, it is necessary to be

Ch1χχ = I(mh1 ,mh2) sinα = Chχχ cosα+ Csχχ sinα, (22)

Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).

It may be reasonable to assume the following relations

Chχχ =
A

vs
(Chs +∆h), Csχχ =

A

vs
(Css +∆s), (24)

since couplings Chχχ and Csχχ have the mass dimension D = 1, while Chs and Css have D = 2.

A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as

Ch1χχ = Chχχ cosα+ Csχχ sinα

=
A

vs
(Chs +∆h) cosα+

A

vs
(Css +∆s) sinα

=
A

vs
(Chs cosα+ Css sinα+∆h cosα+∆s sinα)

=
A

vs
(Ch1h1 sinα+∆h cosα+∆s sinα)

=
A

vs
{(Ch1h1 +∆s) sinα+∆h cosα}

=
A

vs

{(
m2

h1
+∆s

)
sinα+∆h cosα

}
(25)

Ch2χχ = −Chχχ sinα+ Csχχ cosα

= −A

vs
(Chs +∆h) sinα+

A

vs
(Css +∆s) cosα

=
A

vs

{(
m2

h2
+∆s

)
cosα−∆h sinα

}
. (26)

Therefore, (21) can be expressed as

Ch1χχ

m2
h1

cosα−
Ch2χχ

m2
h2

sinα =
A

vs

[
sinα cosα

{
m2

h1
+∆s

m2
h1

−
m2

h2
+∆s

m2
h2

}
+∆h

(
cos2 α

m2
h1

+
sin2 α

m2
h2

)]
.

(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).

4

(H − S mixing)

<latexit sha1_base64="xJcqoP6SrjX/RU7qKxK581minB8="></latexit>

�h 6= 0 unless �1 = �3 = 0 or �1 = �2 = 0

soft breaking terms
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A condition to cancel two amplitude in the degenerate limit of h1 and h2 masses is

1

m2
h1

Ch1χχCh1ff +
1

m2
h2

Ch2χχCh2ff = 0 @mh1 = mh2 . (20)

Taking account of (14), the sum rule (20) is expressed as

1

m2
h1

Ch1χχ cosα− 1

m2
h2

Ch2χχ sinα = 0 @mh1 = mh2 . (21)

Then, it is necessary to be

Ch1χχ = I(mh1 ,mh2) sinα = Chχχ cosα+ Csχχ sinα, (22)

Ch2χχ = J(mh1 ,mh2) cosα = −Chχχ sinα+ Csχχ cosα, (23)

where I(a, b) and J(a, b) are certain functions of a and b, and I(a, b) = J(a, b) when a = b. For

the last expression in each equation, see (16).

It may be reasonable to assume the following relations

Chχχ =
A

vs
(Chs +∆h), Csχχ =

A

vs
(Css +∆s), (24)

since couplings Chχχ and Csχχ have the mass dimension D = 1, while Chs and Css have D = 2.

A coefficients A is dimensionless. Taking account of (9) and (10), Ch1χχ and Ch2χχ are rewritten

as

Ch1χχ = Chχχ cosα+ Csχχ sinα

=
A

vs
(Chs +∆h) cosα+

A

vs
(Css +∆s) sinα

=
A

vs
(Chs cosα+ Css sinα+∆h cosα+∆s sinα)

=
A

vs
(Ch1h1 sinα+∆h cosα+∆s sinα)

=
A

vs
{(Ch1h1 +∆s) sinα+∆h cosα}

=
A

vs

{(
m2

h1
+∆s

)
sinα+∆h cosα

}
(25)

Ch2χχ = −Chχχ sinα+ Csχχ cosα

= −A

vs
(Chs +∆h) sinα+

A

vs
(Css +∆s) cosα

=
A

vs

{(
m2

h2
+∆s

)
cosα−∆h sinα

}
. (26)

Therefore, (21) can be expressed as

Ch1χχ

m2
h1

cosα−
Ch2χχ

m2
h2

sinα =
A

vs

[
sinα cosα

{
m2

h1
+∆s

m2
h1

−
m2

h2
+∆s

m2
h2

}
+∆h

(
cos2 α

m2
h1

+
sin2 α

m2
h2

)]
.

(27)

Therefore, the cancellation of two amplitudes at the degenerate mass limit (mh1 = mh2) requires

∆h = 0 (28)

in (24).

4

(H − S mixing)

the degenerate scalar scenario works only for limited H-S mixing 
term (not in general)
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Does cancellation of DM-quark amplitudes still work beyond the 
leading order?


cf. pNG DM models → suppression mechanism does not work at 1-loop level 
Azevedo etal, 1810.06105 
Ishiwata, Toma, 1810.08139 
Alanne etal, 2008.09605 
Glaus etal, 2008.12985 
Abe, Hamada, 2205.11919


no renormalization is required (at degenerate limit)


finite contribution?
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Figure 6. One-loop diagrams with internal h1,2 propagator corrections
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Figure 7. One-loop diagrams with vertices AAh1 and AAh2 corrections

where we have kept the same external A momentum, p, which implies that the limit of

zero momentum transfer was assumed.

The remaining one-loop contributions are shown in Figs. 6 and 7. The reducible

contributions to the vertices AAh1 and AAh2 due to the internal h1,2 propagator corrections

are given by
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Summary

degenerate scalar scenario → an alternative of “Nightmare 
scenario”@LHC besides super-heavy particles/ultra-weak int.


DM-quark scattering amplitudes are cancelled when 


recoil mass dist. @ILC w/  → chance to test a degenerate scalar 
scenario w/ 


degenerate scalar scenario restricts soft breaking terms w/ 


cancellation of DM-quark amplitudes in the degenerate scalar 
scenario@1-loop level?

mh1
∼ mh2

2 𝖺𝖻−1

Δm ≥ 0.2 𝖦𝖾𝖵

𝖣 ≥ 3

37
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