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Attractive features of scalar singlet models
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Among the simplest extensions of the SM but yet they can:

Provide dark matter candidates
Silveira, Zee Phys.Lett., B161:136, 1985.

Improve stability of SM @ high energies
for a recent study with a complex singlet see

R. Costa, A. Morais, MOPS, R. Santos, Phys.Rev. D92 (2015) 2, 025024

Help explain the baryon asymmetry of the Universe
S. Profumo, M. J. Ramsey-Musolf, G. Shaughnessy, JHEP, 0708:010, 2007

Rich phenomenology with Higgs-to-Higgs decays

LHC run 2→ start probing Higgs self couplings
⇒ opportunity also to probe extended Higgs sectors
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CxSM: minimal model with dark matter + new Higgs(s)
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SM plus S = (S + iA)/
√

2, with residual Z2 symmetry A→ −A

V = m2

2 H†H + λ
4 (H†H)2+ δ2

2 H†H|S|2+b2
2 |S|2+d2

4 |S|4+
(

b1
4 S2 + a1S + c.c.

)

Z2 phase (vS 6= 0, vA = 0): 2 Higgs mix + 1 dark h1
h2

hDM

 =

 cosα − sinα 0
sinα cosα 0

0 0 1

 h
s
A


��Z2 phase (vS 6= 0, vA 6= 0): 3 Higgs mix h1

h2
h3

 =

 R1h R1S R1A
R2h R2S R2A
R3h R3S R3A

 h
s
a


Many OBSs related to SM up to κa factors (Ex. σa

σSM
∝ κ2

a)
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RxSM: A simple model with dark matter OR new Higgs
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New Higgs production and decays
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κ2
i

In singlet models, various LO (in EW corrections) observables,
related to SM by a factor of κ2:

Production cross sections:

σi = κ2
i σSM

Decay widths to SM particles:

Γi = κ2
i ΓSM

Total decay width:

Γtotal
i = κ2

i Γtotal
SM +

∑
jk

Γi→jk
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Some remarks on the NMSSM
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In the NMSSM a singlet superfield (Ŝ) is introduced to
(dynamically) solve the µ-problem. Then

(H1,H2,H3)T = RS(hd ,hu,hs)T

(A1,A2,G)T = RPRG(ad ,au,as)T

Why compare with NMSSM?

Singlet creates a 3× 3 CP-even sector

CP-odd sector introduces more cases

Constrained by SUSY relations but more parameters

A2 → A1 + H1 , A2 → A1 + H2
H2,3 → H1 + H1 , H3 → H1 + H2 , H3 → H2H2
H1,2,3 → A1A1 .
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Phenomenological constraints
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A. Djouadi, J. Kalinowski, M. Spira, Comput.Phys.Commun., 108:56-74, 1998.

http://people.web.psi.ch/spira/hdecay/

sHDECAY: Implemented the 4 models in a modified HDECAY
with higher order EW corrections off

www.itp.kit.edu/~maggie/sHDECAY

Pheno constraints (CxSM & RxSM) imposed in ScannerS:
scanners.hepforge.org

Electroweak precision observables – STU

Collider bounds (LEP, Tevatron, LHC) HiggsBounds

Used ATLAS+CMS global signal rate µh125 = 1.09± 0.11

Dark matter relic density below Planck measurement &
bounds from LUX on σSI (micrOMEGAs)

NMSSM: Similar constraints imposed. Used a sample from
S.F. King, M. Muhlleitner, R. Nevzorov, K. Walz, Phys.Rev., D90(9):095014, 2014

www.itp.kit.edu/~maggie/sHDECAY
scanners.hepforge.org
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Chain decay contributions to the signal strength
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µT
h125
≡ µh125 + µC

h125

= σNew(h125)BRNew(h125→XSM)
σSM(h125)BRSM(h125→XSM) +

∑
i
σNew(hi )
σSM(h125)

Nhi ,h125
BRNew(h125→XSM)
BRSM(h125→XSM)



Large chain decays @ LHC2: CxSM-broken h1 ≡ h125
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CxSM – broken phase – h125 ≡ h1

mh3(GeV)

µ
C h
1
2
5
/µ

T h
1
2
5

3σ
2σ
1σ

uuu

CxSM – broken phase – h125 ≡ h1

mh2(GeV)
µ
C h
1
2
5
/µ

T h
1
2
5

3σ
2σ
1σ

uuu

Tail on the right due to STU

LHC Run 1 still allows scenarios with large chain decays

Up to ∼ 6% (∼ 12%) at 2σ (3σ)



Large chain decays @ LHC2: CxSM-broken h2 ≡ h125
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CxSM – broken phase – h125 ≡ h2

mh3(GeV)

µ
C h
1
2
5
/µ

T h
1
2
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3σ
2σ
1σ

uuu

CxSM – broken phase – h125 ≡ h2

mh1(GeV)
µ
C h
1
2
5
/µ

T h
1
2
5

3σ
2σ
1σ

uuu

LHC Run 1 allows scenarios with smaller chain decays

But still up to ∼ 2% (∼ 6%) for the 2σ (3σ)

Due to one less channel contributing + different kinematics



Large chain decays @ LHC2: CxSM-dark vs RxSM
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CxSM – dark matter phase – h125 ≡ h1

mh2(GeV)

µ
C h
1
2
5
/µ

T h
1
2
5

3σ
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1σ

uuu

RxSM – broken phase – h125 ≡ h1

mh2(GeV)
µ
C h
1
2
5
/µ

T h
1
2
5

3σ
2σ
1σ

uuu

Models much more similar

LHC Run 1 allows scenarios with even larger chain decays

Up to ∼ 7%− 9% (∼ 15%− 17%) for the 2σ (3σ)
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The Four cases
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Aim: Find differences between NMSSM & CxSM-broken
Φ

h
125

h
125

Φ

h
125 ϕ

ϕϕ

h
125

Φ

ϕϕ

1 Φ→ h125 + h125

Example: h3 → h1 + h1, h1 ≡ h125 ; (. . .)

Inconclusive

2 Φ→ h125 + ϕ

Example: h3 → h125 + h2; A2 → h125 + A1 ; (. . .)

Interesting case!

3 h125 → ϕi + ϕj

Example: h3 ≡ h125 → h1 + h1; (. . .)

Inconclusive

4 Φ→ ϕ+ ϕ

Example: h3 → h1 + h1, h2 ≡ h125; (. . .)

Inconclusive
Strategy for plots: Focus on (representative) 4b final state
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CxSM-broken vs NMSSM: Case 2 & h1 ≡ h125
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broken CxSM vs NMSSM: mϕ > mh125
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NMSSM points can go up by up to 2 orders of magnitude
compared to CxSM-broken

This also happens in the next-to-lightest scenario



CxSM-broken vs NMSSM: Case 2 & h2 ≡ h125
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Remarks on benchmarks – Properties
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Leading principles (whenever possible!):

Cover kinematically interesting situations

Maximize the visiblility of the new scalars (i.e. maximize
chain decay cross-sections)

Stability up to a large cutoff scale

In CxSM-dark, ΩAh2 explains Planck measurement

Points submitted to “WG3: Extended scalars benchmarking” for
YR4.

https://indico.cern.ch/event/443289/

https://indico.cern.ch/event/443289/


Remarks on benchmarks – CxSM-broken
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Remarks on benchmarks – CxSM-dark
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Remarks on benchmarks – RxSM-dark
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Conclusions
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1 CxSM and RxSM still allow large chain decay scenarios at
LHC run 2, which can be up to ∼ 16% of the direct rate

2 The NMSSM can be distinguished from CxSM-broken
using Φ→ h125 + ϕ alone.

3 Other channels do not allow to draw a similar conclusion
so straightforwardly

4 Benchmark scenarios exist such that:
All singlet scalars will be found in the next run
Stability up to a high scale
Explain dark matter observables (in dark phase)

THANK YOU!
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Differences among singlet models: Case 1 vs Case 3
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CxSM vs RxSM
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RxSM vs CxSM vs NMSSM

mϕ(GeV)

σ
(h

1
2
5
)B

R
(h

1
2
5
→
ϕ

+
ϕ
→
bb̄
bb̄

)
[f

b
]

broken RxSM
dark matter CxSM

broken CxSM

uuu

Light Higgs→ not much difference (see scale next slides)

Heavy Higgs→ higher for 2× 2 mix, CxSM-dark & RxSM
(checked in NMSSM comparison)

We can focus on CxSM-broken to compare with NMSSM



Scan boxes NMSSM
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−Lmass = m2
Hu
|Hu|2 + m2

Hd
|Hd |2 + m2

S|S|2

+ m2
Q̃3
|Q̃2

3 |+ m2
t̃R
|̃t2

R|+ m2
b̃R
|b̃2

R|+ m2
L̃3
|L̃2

3|+ m2
τ̃R
|τ̃2

R| .

−Ltril = λAλHuHdS+
1
3
κAκS3+htAtQ̃3Hu t̃c

R−hbAbQ̃3Hd b̃c
R−hτAτ L̃3Hd τ̃

c
R+h.c.

−Lgauginos =
1
2

[
M1B̃B̃ + M2

3∑
a=1

W̃ aW̃a + M3

8∑
a=1

G̃aG̃a + h.c.
]
.

1 ≤ tanβ ≤ 30 , 0 ≤ λ ≤ 0.7 , −0.7 ≤ κ ≤ 0.7 ,

−2 TeV ≤ Aλ ≤ 2 TeV , −2 TeV ≤ Aκ ≤ 2 TeV , −1 TeV ≤ µeff ≤ 1 TeV .

−2 TeV ≤ AU ,AD,AL ≤ 2 TeV .

600 GeV ≤ Mt̃R
= MQ̃3

≤ 3 TeV , 600 GeV ≤ Mτ̃R = ML̃3
≤ 3 TeV

,Mb̃R
= 3 TeV , MũR ,c̃R

= Md̃R ,s̃R
= MQ̃1,2

= MẽR ,µ̃R
= ML̃1,2

= 3 TeV .

100 GeV ≤ M1 ≤ 1 TeV , 200 GeV ≤ M2 ≤ 1 TeV , 1.3 TeV ≤ M3 ≤ 3 TeV .



Scan boxes CxSM-broken
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Input parameter
Broken phase
Min Max

mh125 (GeV) 125.1 125.1
mhother (GeV) 30 1000

v (GeV) 246.22 246.22
vS (GeV) 1 1000

α1 −π/2 π/2
α2 −π/2 π/2
α3 −π/2 π/2



Scan boxes CxSM-dark
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Input parameter
Dark phase

Min Max
mh125 (GeV) 125.1 125.1
mhother (GeV) 30 1000

mA (GeV) 30 1000
v (GeV) 246.22 246.22

vS (GeV) 1 1000
α1 −π/2 π/2

a1(GeV3) −108 0



Scan boxes - RxSM
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Scan parameter
Broken phase
Min Max

mh125 (GeV) 125.1 125.1
mh(other)

(GeV) 30 1000
v (GeV) 246.22 246.22

vS (GeV) 1 1000
α −π/2 π/2



Stability conditions under RGE evolution
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Stability conditions (imposed also in evolution):
Boundedness from below: λ > 0 ∧ d2 > 0 ∧ δ2 > −

√
λd2

Perturbative unitarity:{
|λ| , |d2| , |δ2| ,

∣∣∣∣32λ+ d2 ±
√(3

2λ+ d2
)2

+ d2
2

∣∣∣∣} ≤ 16π

SM seems to be metastable @ 2-loops!
G. Degrassi et al, JHEP 1208 (2012) 098
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RGE stability bands – No phenomenology

1
2 00000Marco O. P. Sampaio
.

1
2 gravitation.web.ua.pt/msampaio
.

1
2 University of Aveiro
.

Dark matter phase

mHnew(GeV)

λ
log10(

µ
GeV ) Dark matter phase

mHnew(GeV)

κ
H

1
2
6

log10(
µ

GeV )

Broken phase

mHlight
(GeV)

κ
H

1
2
6

log10(
µ

GeV ) Broken phase

mHheavy
(GeV)

κ
H

1
2
6

log10(
µ

GeV )

Vacuum stability
consequences

Lower bound on new
visible scalar mass

If new Higgs found
lighter than ' 140 GeV
dark matter phase disfavoured! Lower bound for heaviest

new visible scalar
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RGE stability – Combined with phenomenology
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Results for h125 chain production: parameter space
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MicrOmegas – relic density & direct detection
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Implemented micrOMEGAS interface⇒ present relic density
Involves:

Creating LanHep model file
Link and compile micrOMEGAS routines with ScannerS

Physical idea:
Only 1 dark A out of equilibrium
A non-relativistic (CDM)
relic number density nA governed by the Boltzmann eq.

dnA

dt
+ 3H nA = −〈σA|v |〉

(
n2

A − (nEQ
A )

2)
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