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1. Is the observed 125 GeV boson alone, or is it a member of an 

extended scalar sector?

2. May the extra scalar bosons be the lightest new particles?

3. Sketch a search strategy for the extra states

7. Supersymmetry: at least 2 doublets Hu, Hd.

• Direct searches:

• Precision measurements of the couplings of the 
125 GeV (standard-like) boson hLHC

pp → hLHC +X
decay products

One or more scalar bosons?



Softly broken SUSY: quadratic UV corrections to the scalar 
mass cancel, only logarithmic above the s-particle scale.

‣ Is a “natural” supersymmetric spectrum still allowed? 

Natural spectrum:                       light!t̃L,R, g̃, H̃u,d

A natural supersymmetric spectrum

1.510.50 TeV

higgsinos

mZ

other scalar bosons?

wino, bino

gluino

stop, sbottom
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‣ Adds an extra contribution to the tree-level scalar mass
                                                     allows for lighter stops

‣ Alleviates fine-tuning in v for          and moderate          :

m2
hh = m2

Zc
2
2β +∆2

t + λ2v2s22β ⇒

λ � 1 tanβ

dv2

dm2
Hu

���
NMSSM

� κ

λ3
cot 2β,

dv2

dm2
Hu

���
MSSM

� 4

g2

(a) (b)

Figure 1: Scatter plots of (a) the tree-level derivative |dv2/dm2
Hu

|, and (b) the lightest stop mass

m
t̃1
, as a function of the Higgs-singlet coupling λ. In (a) the black, orange, yellow points correspond

to Λmess = 20, 100, 1000TeV, respectively. All points in (b) have Λmess = 20TeV and a tuning in

the Higgs VEV better than 5%. In (b) the green points have a combined tuning (cf. sec. 4.2) better

than 5%, i.e. ΣhΣv < 20, for the blue points it is between 1% and 5%, while for the red points it is

worse than 1%. The derivative dv2/dm2
Hu

is suppressed for larger values of λ, allowing for m
t̃1

to

become as large as 2.5TeV for a combined tuning better than 1%. All points satisfy the constraints

discussed in sec. 5.

mass (and thus mh,eff ∼ 126GeV), a larger coupling λ does therefore not allow a larger dimen-

sionful parameter mh,eff in the potential and should accordingly not alleviate the fine-tuning in the

decoupling limit.

We believe that loop corrections from the Higgs-singlet sector may play an important role

in this context. Indeed, once the VEV and mass in Eq. (4.8) are fixed, the effective quartic

coupling λeff is fixed as well. This means that, at large λ, an accidental cancellation between

the λ-contribution to λeff and the loop corrections has to occur in order to bring λeff down to

the required value. We will discuss this tuning (which can be phrased as a tuning in the Higgs

mass) in some detail in the next section. Given that corrections from the (s)top sector raise the

quartic coupling (or, equivalently, raise the Higgs mass), these corrections can not be responsible

for this cancellation. The contribution from the Higgs-singlet sector, on the other hand, can lower

the quartic coupling (or, equivalently, lower the Higgs mass) [2]. We therefore expect that these

corrections may counteract the suppression of the derivative dv2/dm2
Hu

at large λ in the decoupling

limit. Let us emphasize, however, that most of our points clearly deviate from this limit, where the

potential and thus the effect of large λ is more complicated. In addition, the presence of additional

(s)particles with masses O(v) can lead to important non-trivial VEV-dependent contributions from

the Coleman-Weinberg potential to Eq. (4.8) even when the Higgs couples very SM-like. In any

case, it may be worthwhile in the future to include the contributions from the Higgs-singlet sector

to the Coleman-Weinberg potential in the calculation of the fine-tuning measure.

12

better than 5% combined fine-
tuning and
in the scale-invariant NMSSM

Λmess ≈ 20TeV

mt̃1 � 1.2TeV

mg̃ � 3TeV

Gherghetta et al. ‘12Example:

Hall et al. ‘11

               NMSSM: W ⊃ λSHuHd
Fayet ’75

...

coefficient of quadratic
correction to v



• No CPV in the scalar sector

• Neglect loop effects from sparticles other than

H = (Hd, Hu, S)
T = R

12
α R

23
γ R

13
σ (h3, h1, h2)

T
≡ RHphys

Assume:

∆t
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Parameter space in a general NMSSM
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(α, γ, σ) = α, γ, σ(m2
i
,m2

H± , λ, tanβ,∆t)
6 independent parameters

3 relations

3 mixing angles



‣ Take

‣ No SUSY loops or invisible decays, e.g.

Modified scalar couplings
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Two limiting cases

S decoupled
(both MSSM and NMSSM)

H decoupled
(NMSSM only)

h3

H = sβHd − cβHu

h = cβHd + sβHu h1≡ hLHC

h3

h

H

hLHC

h hLHC

h
hLHC

S

S

h2

h2



Two limiting cases

S decoupled
(both MSSM and NMSSM)

H decoupled
(NMSSM only)

h3
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Singlet decoupled

0.6

0.7 0.8
100

2 4 6 8 10
0

20

40

60

80

100

120

tan Β

m
h 3
�GeV

�

0.6 0.7 0.8 0.9 1 1.1 1.2 1.4 1.6
1.8

200

300

400

2 4 6 8 10
150

200

250

300

350

400

450

500

tan Β

m
h 3
�GeV

�
unphysical

unphysical

excluded at 95% CL by
hLHC couplingsmh3 < mh1 mh3 > mh1

Only δ nonzero      3 independent parameters:⇒

M2
3 � M1,2v γ, σ → 0and

∆t ≈ 75GeV
µAt � �m2

t̃ �

mH±

λ

sin2 δ =
m2

hh −m2
h1

m2
h3

−m2
h1

where m2
hh = m2

Zc
2
2β +∆2

t + v2λ2

δ, λ,mH±(mh3 , tanβ,∆t)



S decoupled:  h3 production and decays
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‣ Small values of λ:  h3 decays mainly into fermions                 ~ MSSM(bb̄, τ τ̄ , tt̄)

h3 → bb̄



A projection from the measurements
of the signal strengths of hLHC
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Now

on the mixing angles(ATLAS and CMS preliminary)
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A projection from the measurements
of the signal strengths of hLHC

LHC14 at 300 fb-1 with ATLAS/CMS projected errors
(assuming SM central values)
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A projection from the measurements
of the signal strengths of hLHC

LHC14 at 300 fb-1 with ATLAS/CMS projected errors
(assuming SM central values)
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The MSSM for comparison

Limit λ    0 with S decoupled
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LHC14
The MSSM for comparison

Limit λ    0 with S decoupled
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Doublet decoupled

One relation less w.r.t. S decoupled case: one more free parameter.

m2
A � λ2v2 δ, σ → 0and
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H decoupled: direct searches mh1 < mh2

λ = 0.8
BR(h2 → h1h1)

Small cross-section, but... may be observableh2 → h1h1 → bb̄bb̄
(no big improvement on sin2 γ at 14 TeV)

Other relevant decay mode into a vector boson pair

σ(gg → h2) at LHC14
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H decoupled: direct searches mh1 < mh2

BR(h2 → h1h1)

Small cross-section, but... may be observableh2 → h1h1 → bb̄bb̄
(no big improvement on sin2 γ at 14 TeV)

Other relevant decay mode into a vector boson pair

σ(gg → h2) at LHC14
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H decoupled: modified h13 coupling

mh1 < mh2
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(There is a dependence on the parameters of the S potential...)



What if hLHC is not the lightest one?
mh1 > mh2

‣ In MSSM and S-decoupled very disfavored by light H±

‣ H decoupled (small and large λ)

λ = 0.1, ∆t = 85GeV
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All the signals scale like                                     , difficult search at the LHCµi(h2) = sin2 γ µi(hSM)

excluded by hLHC couplings

excluded by LEP
searches h2 → bb̄



‣ 3-state mixing: μ’s are different than in the SM, search for
               may be possible.

What if hLHC is not the lightest one?

h2 → γγ
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see also Badziak et al. ‘13
Badziak’s talk



Conclusions and outlook

• NMSSM insisting on physical parameters, 2 limiting cases.

• Fit of Higgs couplings still allows for light h2, h3 (not in MSSM)

‣ almost entire parameter space covered by LHC14 in S 
decoupled and MSSM (not in H decoupled),

‣ no substantial changes to the fit in full 3-state mixing case.

• Discovery looks challenging:  need improved collider studies

‣                  if H decoupled,

‣                if S decoupled ( ~ MSSM).

• Still possible that mh2 < mh1 (or mh3 < mh1).

Are there extra scalar bosons? How to answer this question in natural SUSY?

h3 → ff̄

h2 → h1h1



Backup



• Milder bounds when both    and    are different from zero

• If also           , h2 and h3 are not decoupled, their masses are correlated

General case: 3-state mixing
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• Milder bounds when both    and    are different from zero

• If also           , h2 and h3 are not decoupled, their masses are correlated

General case: 3-state mixing
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ElectroWeak Precision Tests

• H decoupled: couplings scale as           (         )

• S decoupled: larger effects
possible in general,
but limits on the mixing angle      
                no new constraint 
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∆Ŝ =
α

48πs2w
sin2 γ log

m2
h2

m2
hLHC

,

∆T̂ = − 3α

16πc2w
sin2 γ log

m2
h2

m2
hLHC

Relevant contribution from loops of the new Higgses?
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Figure 2. NMSSM at λ = 0.8 and ∆t = 75 GeV. Isolines of sin
2 γ (solid) and ∆ε1 (dashed). The

orange region is excluded at 95%C.L. by the experimental data for the signal strengths of h. The
red region is excluded by direct searches for h2 → ZZ [31]. This exclusion above the threshold

h2 → hh depends on the vacuum expectation value of S. Here we take �S� = 2v.

4 The Minimal Supersymmetric Standard Model

The MSSM with all s-particles sufficiently decoupled is another relevant example of a weakly

coupled quasi-natural theory of EWSB. The CP-even scalar sector is an admixture of two

doublet states: hv, that gets the vacuum expectation value v and its orthogonal combination

h⊥
v
. For the combination of standard MSSM parameters (µAt)/�m2

t̃
� below unity, the mass

matrix in the (hv, h⊥
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) basis is well approximated by
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 . (4.1)

This time one can trademA and∆t for the two mass eigenvalues, taken in the ordermh < mH ,

and express in terms of these masses and tβ the mixing angle δ, defined by

h = cos δ hv − sin δ h⊥
v
, H = cos δ h⊥

v
+ sin δ hv. (4.2)

An expression, accurate for mH � 400 GeV and any value of tβ, is
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From Eq. (4.2) and the fixed form of the supersymmetric Yukawa couplings, all the Higgs

couplings are

ghuū
gSM
huū

= cos δ +
sin δ

tan β
,

ghdd̄
gSM
hdd̄

= cos δ − tan β sin δ,
ghV V

gSM
hV V

= cos δ. (4.4)
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ElectroWeak Precision Tests

• H decoupled: couplings scale as           (         )

• S decoupled: larger effects
possible in general,
but limits on the mixing angle      
                no new constraint 
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Relevant contribution from loops of the new Higgses? NO
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Figure 2. NMSSM at λ = 0.8 and ∆t = 75 GeV. Isolines of sin
2 γ (solid) and ∆ε1 (dashed). The

orange region is excluded at 95%C.L. by the experimental data for the signal strengths of h. The
red region is excluded by direct searches for h2 → ZZ [31]. This exclusion above the threshold

h2 → hh depends on the vacuum expectation value of S. Here we take �S� = 2v.
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General solutions for the mixing angles

s2γ =
detM2 +m2
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h3
+m2

h1
(m2

h2
+m2

h3
− trM2)

,

sin 2α =
�
± 2|sγsσ|
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where M in the 1-2 sectorMis the 2x2 submatrix of
 (contains the dependence on λ and Δt)



Sketch of a model for λ ~ 1

W = λSSFuFd +MuFuF̄u +MdFdF̄d +muHuh̄u +mdHdh̄d + λtHuQ̄t

S, Ĥu = cuHu + suhu, Ĥd = cdHd + sdhd

Ŵ = λSĤuĤd + ytĤuQ̄t, λ = λSsusd, yt = λtcu

• Field content: NMSSM + vector-like Fu ~ 5, Fd ~ 5 of SU(5)

• PQ-symmetric superpotential W,  SU(5) broken only by mixings mu, md

•                                                                                            are massless

•  

•Add PQ-breaking soft terms at the Fermi scale

Fu ⊃ hu, Fd ⊃ hd with same quantum numbers as Hu, Hd

Growth of λ cured above Mu,d , mu,d < 1000 TeV (λ < 1.5)


