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What do we know about the signal at 126 GeV so far?
Conclusions I!
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H Decay Channels – Event Rates 

Mass    

Signal Strength 

0.36σ (1.64σ) 

4.1σ    (3.2σ) 

3.3σ    (3.7σ) 

2.1σ    (2.1σ) 

6.8σ    (6.7σ) 

4.3σ    (5.8σ) 

3.2σ    (4.2σ) 

7.4σ   (4.3σ) 

6.6σ   (4.4σ) 

3.8σ   (3.8σ) 

Obs.     (Exp.) 

Significance 

Obs.     (Exp.) 

125.5± 0.2(stat)± 0.55(syst.) 125.7± 0.3(stat)± 0.3(syst.)
ATLAS CMS γγ+ZZ  combined                                

µ = (! !") / (! !")SM

γγ+ZZ  combined* 

µ =1.09!0.32
+0.36

µ = 0.83!0.24
+0.24

Combined 

Combined 

* Results as of Moriond 2013 

(private) 
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What do we know so far about the discovered signal?

3

Determination of the properties

of the state at ∼ 126 GeV

Mass: statistical precision already remarkable with 2012 data

⇒ Need careful assessment of systematic effects
for γγ and ZZ∗ channels,

e.g. interference of signal and background, . . .

Spin: Observation in γγ channel ⇒ spin 0 or spin 2?

At which level of significance can the hypothesis spin = 1
be excluded (2 γ’s vs. 4 γ’s)?

Spin can in principle be determined by discriminating between
distinct hypotheses for spin 0, (1), 2 ⇒ spin 0 preferred

Discrimination against two overlapping signals?
– p. 19
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Mass measurement: the need for high precision
Measuring the mass of the discovered signal with high 
precision is of interest in its own right

But a high-precision measurement has also direct implications 
for probing Higgs physics

MH: crucial input parameter for Higgs physics

BR(H → ZZ*), BR(H → WW*): highly sensitive to precise 
numerical value of MH 

A change in MH of 0.2 GeV shifts BR(H → ZZ*) by 2.5%! 

Need high-precision determination of MH to exploit the 
sensitivity of BR(H → ZZ*), ... to test BSM physics

4

⇒
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CP properties

5

CP properties

CP-properties: more difficult situation, observed state can be
any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties
(H → ZZ∗,WW ∗ and H production in weak boson fusion)
involve HV V coupling

General structure of HV V coupling (from Lorentz invariance):

a1(q1, q2)g
µν + a2(q1, q2)

[

(q1q2) g
µν − qµ1 q

ν
2

]

+ a3(q1, q2)ε
µνρσq1ρq2σ

SM, pure CP-even state: a1 = 1, a2 = 0, a3 = 0,

Pure CP-odd state: a1 = 0, a2 = 0, a3 = 1

However, in many BSM models a3 would be loop-induced and
heavily suppressed ⇒ Realistic models often predict a3 $ a1

– p. 20
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CP properties

6

CP properties

⇒ Observables involving HV V coupling provide only
limited sensitivity to effects of a CP-odd component

Hypothesis of a pure CP-odd state is experimentally
disfavoured

However, there are only very weak bounds so far on
an admixture of CP-even and CP-odd components

Channels involving only Higgs couplings to fermions provide
much higher sensitivity

– p. 21
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Couplings

7

Coupling determination

What is meant by measuring a coupling?
A coupling is not directly a physical observable; what is
measured is σ × BR (within acceptances), etc.
⇒ Need to specify a Lagrangian in order to define the

meaning of coupling parameters

The experimental results that have been obtained for the
various channels are not model-independent
Properties of the SM Higgs have been used for
discriminating between signal and background
Need the SM to correct for acceptances and efficiencies

The total Higgs width cannot be measured at the LHC
without additional assumptions
⇒ Can in general only determine ratios of couplings,

not absolute coupling values
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 48
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Higgs coupling determination at the LHC

8

Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: e+e− → ZH,
Z → e+e−, µ+µ−)

Production × decay at the LHC yields combinations of Higgs
couplings (Γprod,decay ∼ g2prod,decay):

σ(H)× BR(H → a+ b) ∼
ΓprodΓdecay

Γtot
,

Large uncertainty on dominant decay for light Higgs: H → bb̄

⇒Without further assumtions, total Higgs width cannot
be determined

⇒ LHC can directly determine only ratios of couplings,
e.g. g2Hττ/g

2
HWW

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49

Total Higgs width cannot be determined without further 
assumptions (see below)

LHC can directly determine only ratios of couplings,
e.g.  

Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: e+e− → ZH,
Z → e+e−, µ+µ−)

Production × decay at the LHC yields combinations of Higgs
couplings (Γprod,decay ∼ g2prod,decay):

σ(H)× BR(H → a+ b) ∼
ΓprodΓdecay

Γtot
,

Large uncertainty on dominant decay for light Higgs: H → bb̄

⇒Without further assumtions, total Higgs width cannot
be determined

⇒ LHC can directly determine only ratios of couplings,
e.g. g2Hττ/g

2
HWW

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49

⇒
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``Interim framework’’ for analyses so far
• Deviations from the Standard Model will in general affect both the 

absolute values of the couplings and the tensor structure ⇒ need 
coherent treatment for determination of couplings and CP properties

• Simplified framework for analysis of LHC data so far; deviations from 
SM parametrised by ``scale factors’’ ϰi. Assumptions:

• Signal corresponds to only one state, no overlapping  resonances, etc.

• Zero-width approximation

• Only modifications of coupling strengths (absolute values of the 
couplings)  are considered 

⇒ Assume that the observed state is a CP-even scalar
9
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Determination of coupling scale factors

10

[CMS Collaboration ’13]
Summary'of'coupling'results'

•  Results'for'generic'
fit'of'all'couplings'

•  First'6'paramaters''
all'from'the'same'
simultaneous'fit'
(but'uncertainties''
are'correlated)'

•  Last'is'BRBSM'from'
fit'with'κV'≤'1'
constraint'

HC'13:'15/10/2013' 25'G.'Petrucciani'(CERN,'CMS)'

Compatible with the SM 
with rather large errors

⇒ 

Assumption ϰV ≦ 1allows 
to set an upper bound on 
the total width

⇒ Upper limit on branching 
ratio into BSM particles:
BRBSM ≲ 0.6 at 95% C.L.
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Determination of coupling scale factors

11

[ATLAS Collaboration ’14]

Determination of ratios 
of coupling scale factors

⇒ 

5.5.3 Summary

Under the hypothesis that all tree level couplings of the new boson to SM particles are fixed to their SM
values, no significant deviations are observed in the e↵ective couplings to photons and gluons (k� and
kg, respectively) regardless of the assumption on the total width. Releasing the assumption on the total
width constrains BRi.,u. to < 0.41 at 95% CL.

5.6 Generic models

In the previous benchmark models specific aspects of the Higgs sector were tested by combining coupling
scale factors into a minimum number of parameters that are sensitive to the probed scenario. Within the
following generic models the couplings scale factors to W, Z, t, b and ⌧ are treated independently, while
for the gg ! H production, H! �� decay and the total width �H either the SM particle content is
assumed or no assumptions are made.

5.6.1 Generic model 1: only SM particles in loops and total width fixed to the SM value

In this benchmark scenario, all couplings to SM particles, relevant to the measured modes, are fitted
independently. The free parameters are: kW, kZ, kb, kt, kt, while the vertex loop factors and the total
width are calculated as a function of these parameters (see Appendix A, Eqs. 6-9). Without loss of
generality the W and Z coupling scale factors are assumed to be positive. The relevant scaling formulae
can be found in Appendix A.5.1. Due to the interference terms in gg ! H and H! ��, Eqs. 2-3, the fit
is mainly sensitive to the relative sign between the W- and top-coupling (H! ��) and also slightly to the
relative sign between the top- and bottom-coupling (gg ! H). In principle H! �� is also sensitive to
the relative sign between W and ⌧, but the e↵ect is far too small to be observable. Figure 12 shows the
results of the fits for this benchmark scenario. The five-dimensional compatibility of the SM hypothesis
with the best-fit point is 13%. In Fig. 12(c), the negative minimum of kt is expected to be disfavoured,
but it is found to be comparable with the positive one, again due to the high signal strength in the H! ��
mode. The corresponding fitted values of the relative couplings can be found in Fig. 14(a).

5.6.2 Generic Model 2: allowing deviations in vertex loop couplings and the total width

In this case the five free parameters from model 1 are retained but here the assumptions about which
particles contribute to the loops and the total width are dropped. E↵ective coupling scale factors for
the gg ! H and H! �� vertices are introduced, resulting in a total of 7 free parameters. As before,
without the assumption on the total width, only ratios of coupling scale factors can be measured. The
free parameters are:

lgZ = kg/kZ

lWZ = kW/kZ

lbZ = kb/kZ

l⌧Z = k⌧/kZ

lgZ = kg/kZ

ltg = kt/kg

kgZ = kg · kZ/kH.

The relevant scaling formulae can be found in Appendix A.5.2.
Figure 13 shows the results for this benchmark. As the loop-induced processes are expressed by

e↵ective coupling scale factors, there is no sensitivity to the relative sign between coupling scale factors.

19
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HiggsBounds and HiggsSignals

• Programs that use the experimental information on cross section 
limits (HiggsBounds) and observed signal strengths 
(HiggsSignals) for testing theory predictions [P. Bechtle, O. Brein, S. 
Heinemeyer, O. Stål, T. Stefaniak, G. Weiglein, K. Williams ’08, ’12, ’13]

• HiggsSignals: [P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. Weiglein ’13]          

- Test of Higgs sector predictions in arbitrary models against 
measured signal rates and masses

- Systematic uncertainties and correlations of signal rates, 
luminosity and Higgs mass predictions taken into account

12
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Constraints on coupling scale factors from 
ATLAS + CMS + Tevatron data

13
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Figure 11: One-dimensional ��2 profiles for the parameters in the (V ,u,d,`,g,� ,BR(H !
inv.)) fit.

can be seen in Fig. 10. It is generated by the necessity of having roughly SM-like gg ! H ! �� signal
rates. The best fit point, which has �2

min/ndf = 82.6/78, is compatible with the SM expectation at
the 1� level, as can be seen in Fig. 10. The estimated P-value is ⇠ 33.9%. Note that BR(H ! inv.)
is much stronger constrained to  20% (at 95% C.L.) in this parametrization than in the previous
fits. The reason being that the suppression of the SM decay modes with an increasing BR(H ! inv.)
cannot be fully compensated by an increasing production cross sections since the tree-level Higgs
couplings are fixed. The partial compensation that is possible by an increased gluon fusion cross
section is reflected in the strong correlation between g and BR(H ! inv.), which can be seen in
Fig. 10.

3.6 General Higgs couplings

We now allow for genuine new physics contributions to the loop-induced couplings by treating g and
� as free fit parameters in addition to a general parametrization of the Yukawa sector as employed
in Sect. 3.4. This gives in total seven free fit parameters, V , u, d, `, g, � and BR(H ! inv.).
Note, that this parametrization features a perfect sign degeneracy in all coupling scale factors, since
the only derived scale factor, 2H , depends only on the squared coupling scale factors. For practical

23

[P. Bechtle, S. 
Heinemeyer, O. Stål, 
T. Stefaniak, G. W. 
’14]

HiggsSignalsATLAS + CMS + Tev:

Seven fit 
parameters

Significantly 
improved 
precision 
compared to 
ATLAS or CMS 
results alone

⇒
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Future analyses of couplings and CP properties

14

Effective Lagrangian approach, obtained from integrating out 
heavy particles

Future analyses: effective Lagrangian approach,

obtained from integrating out heavy particles

Assumption: new physics appears only at a scale
Λ!Mh ∼ 126 GeV

Systematic approach: expansion in inverse powers of Λ;
parametrises deviations of coupling strenghts and tensor
structure

∆L =
∑

i

ai
Λ2

Od=6
i +

∑

j

aj
Λ4

Od=8
j + . . .

How about light BSM particles?

Difficult to incorporate in a generic way, need full structure of
particular models

⇒ Analyses in terms of SM + effective Lagrangian and in
specific BSM models: MSSM, . . . are complementary

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 59
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Requirements for a suitable effective Lagrangian

• Needs to be sufficiently general (e.g.: should not 
assume a CP-even scalar from the start) and at the 
same time number of parameters needs to be 
practically feasible

• Predictions obtained within the effective Lagrangian 
approach need to recover the best Standard Model 
prediction, including all relevant higher-order corrections 
(QCD and electroweak), in the SM limit

15
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Current bounds from ATLAS + CMS on decays into 
new physics states

• Large range possible for scale factor ϰ and branching ratio into 
new physics final states without additional theoretical assumptions 

16

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W. ’14]

HiggsSignals
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current and prospective limits, respectively, on the total
width from o↵-shell Higgs production at the LHC [15,18].

Figure 2: Two-dimensional ��2 profiles for the fit parameters in the (,BR(H ! NP)) fit.

For a given upper limit of the total width scale factor, 2H,limit, we can thus infer the indirect bounds

  p
H,limit, BR(H ! NP) = 1 � �1

H,limit. (9)

For a current (prospective) upper limit of 2H,limit = 40 (10) at the (high-luminosity) LHC, this would
translate into   2.51 (1.78) and BR(H ! NP)  84% (68%). However, even when taking these
constraints into account there remains a quite large parameter space with possibly sizable BR(H !
NP). Hence, the LHC will not be capable to determine absolute values of the Higgs couplings in
a model-independent way. This is reserved for future e+e� experiments like the ILC, which will be
discussed in Sect. 4.2.

Returning to the current fit results displayed in Fig. 2, we can also infer from this fit a lower limit
on the total signal strength into known final states (normalized to the SM):

2 · [1 � BR(H ! NP)] � 0.81 (at 95% C.L.). (10)

Note, that this limit is irrespective of the final state(s) of the additional Higgs decay mode(s).

3.2 Couplings to gauge bosons and fermions

The next benchmark model contains one universal scale factor for all Higgs couplings to fermions, F ,
and one for the SU(2) gauge bosons, V (V = W,Z). This coupling pattern occurs, for example, in
minimal composite Higgs models [69], where the Higgs couplings to fermions and vector bosons can
be suppressed with di↵erent factors. The loop-induced coupling scale factors are scaled as expected
from the SM structure, Eqs. (4) and (5). Note that g scales trivially like F in this case, whereas �
depends on the relative sign of V and F due to the W boson-top quark interference term, giving a
negative contribution for equal signs of the fundamental scale factors. Due to this sign dependence
we allow for negative values of F in the fit, while we restrict V � 0. The assumption of universality

14

Common scale factor ϰ for all   
Higgs couplings

No assumptions on 
undetectable / invisible decays

⇒
• Constraints on total width, ϰH, are crucial!
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Total Higgs width: recent CMS analysis

• Recent CMS analysis exploits different dependence of on-peak 
and off-peak contributions on the total width in Higgs decays 
to ZZ(∗) 

• CMS quote an upper bound of 𝛤/𝛤SM < 4.2 at 95% C.L., where 
8.5 was expected

• Problem: assumes equality of on-shell and far off-shell 
couplings; relation can be severely affected by new physics 
contributions, in particular via threshold effects (note: effects of 
this kind may be needed to give rise to a Higgs-boson width 
that differs from the SM one by the currently probed amount)

17

[C. Englert, M. Spannowsky ’14]

[CMS Collaboration ’14]
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Some implications for SUSY models

18

Higgs physics in Supersymmetry

“Simplest” extension of the minimal Higgs sector:

Minimal Supersymmetric Standard Model (MSSM)

Two doublets to give masses to up-type and down-type
fermions (extra symmetry forbids to use same doublet)

SUSY imposes relations between the parameters

⇒ Two parameters instead of one: tan β ≡ vu
vd
, MA (or MH±)

⇒ Upper bound on lightest Higgs mass, Mh:

Lowest order: Mh ≤MZ

Including higher-order corrections: Mh
<
∼ 135GeV

Detection of a SM-like Higgs with MH
>
∼ 135 GeV would have

unambiguously ruled out the MSSM, signal at ∼ 126 GeV is
well compatible with MSSM prediction

Physics prospects, Georg Weiglein, CMS Upgrade Week, DESY, 06 / 2013 – p. 30

Interpretation of the signal at 126 GeV within the MSSM?
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Interpretation of the signal in terms of the light 
MSSM Higgs boson
• Detection of a SM-like Higgs with MH > 135 GeV would have 

unambiguously ruled out the MSSM (with TeV-scale masses)

• Signal at 126 GeV is well compatible with MSSM prediction

• Observed mass value of the signal gives rise to lower bound 
on the mass of the CP-odd Higgs:  

•                          : ``Decoupling region’’ of the MSSM, where the 
light Higgs h behaves SM-like

•      Would not expect observable deviations from the SM at the 
present level of accuracy

19

MA > 200 GeV

) MA � MZ

)
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The quest for identifying the underlying physics

In general 2HDM-type models one expects % level 
deviations from the SM couplings for BSM particles in 
the TeV range, e.g. 

20

„Required“ accuracy 

Higgs physics at ILC K. Desch - Higgs physics at ILC 32 

choose this value as a reference point, then, for tan � = 5 and taking c ' 1, the h0

couplings are approximately given by

ghV V

ghSMV V

' 1� 0.3%

✓
200 GeV

mA

◆
4

ghtt

ghSMtt

=
ghcc

ghSMcc

' 1� 1.7%

✓
200 GeV

mA

◆
2

ghbb

ghSMbb

=
gh⌧⌧

ghSM⌧⌧

' 1 + 40%

✓
200 GeV

mA

◆
2

. (13)

At the lower end of the range, the LHC experiments should see the deviation in the
hbb or h⌧⌧ coupling. However, the heavy MSSM Higgs bosons can easily be as heavy
as a TeV without fine tuning of parameters. In this case, the deviations of the gauge
and up-type fermion couplings are well below the percent level, while those of the
Higgs couplings to b and ⌧ are at the percent level,

ghbb

ghSMbb

=
gh⌧⌧

ghSM⌧⌧

' 1 + 1.7%

✓
1 TeV

mA

◆
2

. (14)

In this large-mA region of parameter space, vertex corrections from SUSY particles
are typically also at the percent level.

More general two-Higgs-doublet models follow a similar pattern, with the largest
deviation appearing in the Higgs coupling to fermion(s) that get their mass from the
Higgs doublet with the smaller vev. The decoupling with mA in fact follows the same
quantitative pattern so long as the dimensionless couplings in the Higgs potential are
not larger than O(g2), where g is the weak gauge coupling.

2.2.3 New states to solve the gauge hierarchy problem

Many models of new physics are proposed to solve the gauge hierarchy problem by
removing the quadratic divergences in the loop corrections to the Higgs field mass
term µ2. Supersymmetry and Little Higgs models provide examples. Such models
require new scalar or fermionic particles with masses below a few TeV that cancel the
divergent loop contributions to µ2 from the top quark. For this to work, the couplings
of the new states to the Higgs must be tightly constrained in terms of the top quark
Yukawa coupling. Usually the new states have the same electric and color charge as
the top quark, which implies that they will contribute to the loop-induced hgg and
h�� couplings. The new loop corrections contribute coherently with the Standard
Model loop diagrams.

28

For scalar new particles (e.g., the two top squarks in the MSSM), the resulting
e↵ective hgg and h�� couplings are given by

ghgg /
����F1/2

(mt) +
2m2

t

m2

T

F
0

(mT )

���� ,

gh�� /
����F1

(mW ) +
4

3
F

1/2

(mt) +
4

3

2m2

t

m2

T

F
0

(mT )

���� . (15)

Here F
1

, F
1/2

, and F
0

are the loop factors defined in [17] for spin 1, spin 1/2, and spin
0 particles in the loop, and mT is the mass of the new particle(s) that cancels the
top loop divergence. For application to the MSSM, we have set the two top squark
masses equal for simplicity. For fermionic new particles (e.g., the top-partner in Little
Higgs models), the resulting e↵ective couplings are

ghgg /
����F1/2

(mt) +
m2

t

m2

T

F
1/2

(mT )

���� ,

gh�� /
����F1

(mW ) +
4

3
F

1/2

(mt) +
4

3

m2

t

m2

T

F
1/2

(mT )

���� . (16)

For simplicity, we have ignored the mixing between the top and its partner. For
mh = 120–130 GeV, the loop factors are given numerically by F

1

(mW ) = 8.2–8.5
and F

1/2

(mt) = �1.4. For mT � mh, the loop factors tend to constant values,
F

1/2

(mT )! �4/3 and F
0

(mT )! �1/3.

Very generally, then, such models predict deviations of the loop-induced Higgs
couplings from top-partners of the decoupling form. Numerically, for a scalar top-
partner,

ghgg

ghSMgg

' 1 + 1.4%

✓
1 TeV

mT

◆
2

,
gh��

ghSM��

' 1� 0.4%

✓
1 TeV

mT

◆
2

, (17)

and for a fermionic top-partner,

ghgg

ghSMgg

' 1 + 2.9%

✓
1 TeV

mT

◆
2

,
gh��

ghSM��

' 1� 0.8%

✓
1 TeV

mT

◆
2

. (18)

A “natural” solution to the hierarchy problem that avoids fine tuning of the Higgs
mass parameter thus generically predicts deviations in the hgg and h�� couplings at
the few percent level due solely to loop contributions from the top-partners. These
e↵ective couplings are typically also modified by shifts in the tree-level couplings of
h to tt and WW .

The Littlest Higgs model [18,19] gives a concrete example. In this model, the one-
loop Higgs mass quadratic divergences from top, gauge, and Higgs loops are cancelled

29

by loop diagrams involving a new vector-like fermionic top-partner, new W 0 and Z 0

gauge bosons, and a triplet scalar. For a top-partner mass of 1 TeV, the new particles
in the loop together with tree-level coupling modifications combine to give [20]

ghgg

ghSMgg

= 1� (5% ⇠ 9%)

gh��

ghSM��

= 1� (5% ⇠ 6%), (19)

where the ranges correspond to varying the gauge- and Higgs-sector model parame-
ters. Note that the Higgs coupling to �� is also a↵ected by the heavy W 0 and triplet
scalars running in the loop. The tree-level Higgs couplings to tt and WW are also
modified by the higher-dimension operators arising from the nonlinear sigma model
structure of the theory.

2.2.4 Composite Higgs

Another approach to solve the hierarchy problem makes the Higgs a composite bound
state of fundamental fermions with a compositeness scale around the TeV scale. Such
models generically predict deviations in the Higgs couplings compared to the SM due
to higher-dimension operators involving the Higgs suppressed by the compositeness
scale. This leads to Higgs couplings to gauge bosons and fermions of order

ghxx

ghSMxx

' 1±O(v2/f2), (20)

where f is the compositeness scale.

As an example, the Minimal Composite Higgs model [21] predicts [22]

a ⌘ ghV V

ghSMV V

=
p

1� ⇠

c ⌘ ghff

ghSMff

=

⇢ p
1� ⇠ (MCHM4)

(1� 2⇠)/
p

1� ⇠ (MCHM5),
(21)

with ⇠ = v2/f2. Here MCHM4 refers to the fermion content of the original model
of Ref. [21], while MCHM5 refers to an alternate fermion embedding [23]. Again,
naturalness favors f ⇠ TeV, leading to

ghV V

ghSMV V

' 1� 3%

✓
1 TeV

f

◆
2

ghff

ghSMff

'
8
<

:
1� 3%

⇣
1 TeV

f

⌘
2

(MCHM4)

1� 9%
⇣

1 TeV

f

⌘
2

(MCHM5).
(22)

30

Peskin et al 

⇒ Need very high precision for the couplings
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What if the signal at 126 GeV corresponds to a state of 
an extended Higgs sector which is not the lightest one?

21

Option 4: The second-lightest Higgs of an

extended Higgs sector

Extended Higgs sector where the second-lightest Higgs at
∼ 126 GeV has SM-like couplings to gauge bosons

⇒ Lightest neutral Higgs with heavily suppressed couplings to
gauge bosons, may have mass below the LEP limit of
MHSM

> 114.4 GeV (in agreement with LEP bounds)

Possible realisations: 2HDM, MSSM, NMSSM, . . .

Example: “Low MH benchmark scenario” of the MSSM

⇒ Observation of a SM-like signal at ∼ 126 GeV provides a
strong motivation to look for non SM-like Higgses
elsewhere

⇒ The best way of experimentally proving that the observed
state is not the SM Higgs would be to find in addition
(at least one) non-SM like Higgs!

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 74
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Would such a light Higgs be detectable at the LHC?

22

Would such a light Higgs be detectable at the LHC

?

Not in decays of the state at ∼ 126 GeV if mass of lightest
Higgs >∼ 63 GeV

This possibility has not been explored at the LHC so far;
first LHC searches for light Higgses in this mass range are
in progress

In case of SUSY, such a light Higgs could be produced in
a SUSY cascade, e.g. χ̃0

2 → χ̃0
1h; could be similar for other

types of BSM physics

– p. 22
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Observables:

  ⇒ 𝛘2 reduced compared to the SM, (slightly) improved fit quality

µi =
(� ⇥ BR)i
(� ⇥ BR)SMi

HiggsSignals

SUSY interpretation of the observed Higgs signal: light Higgs h
Fit to LHC data, Tevatron, precision observables: SM vs. MSSM

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

h → WW → !ν!ν (0/1 jet) [8 TeV]
h → WW → !ν!ν (2 jet) [8 TeV]

V h → VWW [8 TeV]
h → ZZ → 4! (VBF/VH like) [8 TeV]

h → ZZ → 4! (ggH like) [8 TeV]
h → γγ (conv.cntr. high pTt) [8 TeV]
h → γγ (conv.cntr. low pTt) [8 TeV]
h → γγ (conv.rest high pTt) [8 TeV]
h → γγ (conv.rest low pTt) [8 TeV]

h → γγ (unconv.cntr. high pTt) [8 TeV]
h → γγ (unconv.cntr. low pTt) [8 TeV]
h → γγ (unconv.rest high pTt) [8 TeV]
h → γγ (unconv.rest low pTt) [8 TeV]

h → γγ (conv.trans.) [8 TeV]
h → γγ (high mass, 2 jet, loose) [8 TeV]
h → γγ (high mass, 2 jet, tight) [8 TeV]

h → γγ (low mass, 2 jet) [8 TeV]
h → γγ (1!) [8 TeV]

h → γγ (ETmiss) [8 TeV]
h → γγ (conv.cntr. high pTt) [7 TeV]
h → γγ (conv.cntr. low pTt) [7 TeV]
h → γγ (conv.rest high pTt) [7 TeV]
h → γγ (conv.rest low pTt) [7 TeV]

h → γγ (unconv.cntr. high pTt) [7 TeV]
h → γγ (unconv.cntr. low pTt) [7 TeV]
h → γγ (unconv.rest high pTt) [7 TeV]
h → γγ (unconv.rest low pTt) [7 TeV]

h → γγ (conv.trans.) [7 TeV]
h → γγ (2 jet) [7 TeV]

h → ττ (boosted, hadhad) [8 TeV]
h → ττ (boosted, lephad) [8 TeV]
h → ττ (boosted, leplep) [8 TeV]
h → ττ (VBF, hadhad) [8 TeV]
h → ττ (VBF, lephad) [8 TeV]
h → ττ (VBF, leplep) [8 TeV]

V h → V bb (0!) [8 TeV]
V h → V bb (1!) [8 TeV]
V h → V bb (2!) [8 TeV]

ATLAS

← −4.36

6.1→

10.44→

HiggsSignals-1.2.0pMSSM7 best fit point Measurement

−1 0 1 2 3

h → WW

h → γγ

h → ττ

h → bb

DØ
4.2→

−1 0 1 2 3

[8 TeV] h → WW → 2!2ν (0/1 jet)
[8 TeV] h → WW → 2!2ν (VBF)
[8 TeV] h → WW→ 2!2ν (VH)
[8 TeV] V h → VWW (hadr. V )
[8 TeV] Wh →WWW →3!3ν
[8 TeV] h → ZZ → 4! (0/1 jet)
[8 TeV] h → ZZ → 4! (2 jet)
[8 TeV] h → γγ (untagged 0)
[8 TeV] h → γγ (untagged 1)
[8 TeV] h → γγ (untagged 2)
[8 TeV] h → γγ (untagged 3)
[8 TeV] h → γγ (2 jet, loose)
[8 TeV] h → γγ (2 jet, tight)
[8 TeV] h → γγ (ETmiss)
[8 TeV] h → γγ (e)
[8 TeV] h → γγ (µ)
[7 TeV] h → γγ (untagged 0)
[7 TeV] h → γγ (untagged 1)
[7 TeV] h → γγ (untagged 2)
[7 TeV] h → γγ (untagged 3)
[7 TeV] h → γγ (2 jet)
[8 TeV] h → µµ
[8 TeV] h → ττ (0 jet)
[8 TeV] h → ττ (1 jet)
[8 TeV] h → ττ (VBF)
[8 TeV] V h → ττ
[8 TeV] V h → V bb
[8 TeV] tth → 2! (same sign)
[8 TeV] tth → 3!
[8 TeV] tth → 4!
[8 TeV] tth → tt(bb)
[8 TeV] tth → tt(γγ)
[8 TeV] tth → tt(ττ)

CMS

4.25→

5.34→

5.3→

← −4.8

h → WW
h → γγ
h → ττ
V h → V bb
tth → ttbbCDF

7.81→

9.49→

µ̂
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Best fit prefers enhanced 𝛾𝛾 rate from light staus

24

7.3. Results 157

Figure 7.21: Enhancement of the h → γγ partial width in the presence of light staus for
the light Higgs case. The left plot shows the result of the 2012 analysis, the right plot
shows the update.

Figure 7.22: Original 2012 analysis: Enhancement of the h → γγ partial width in the
presence of light staus for the heavy Higgs case.

and the GUT relation between M1 and M2. Relaxing these assumptions would allow
for a larger enhancement of Γ(h → γγ)/Γ(h → γγ)SM, as is clear from the sharp rise
of this rate seen in Fig. 7.21 for low mτ̃1 . For mτ̃1

>∼ 300 GeV a decoupling to the SM
rate is observed. Through the contributions of light scalar taus it is thus possible to
accommodate enhanced values of Rh

γγ , while maintaining Rh
bb and Rh

V V at the SM level.
While the best fit point has mτ̃ ∼ 100 GeV, the most favoured region covers the entire
mτ̃ range.

Also in the updated analysis (right plot of Fig. 7.21) the preference for light staus
is clearly visible. Since the latest bb̄ measurements restrict the Rh

bb to values close to
1, light staus are the dominant source of the Rh

γγ enhancement. Even though Rh
γγ ∼ 1

belongs to the most favoured region, heavy staus (! 600 GeV) are less favoured by
the fit. This feature stems from the fit to (g − 2)µ, since in the updated fit we choose

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

158 Chapter 7. Fitting the MSSM to the observed Higgs signal

Figure 7.23: Original 2012 analysis: Dependence of the rates RH
γγ and RH

bb (VH) on the
stop mixing parameter Xt/Mq̃3 for the heavy Higgs case.

Figure 7.24: Original 2012 analysis: Correlation of the µ parameter to the value of MA

(left), and dependence of ∆b corrections on µ tanβ (right), both in the heavy Higgs case.

MẼ1,2
= ML̃1,2

= Ml̃3
.

In the heavy Higgs case, on the other hand, as shown in the right plot of Fig. 7.22,
the favoured region is located close to one, and light staus do not contribute to a possible
enhancement of RH

γγ .
Similarly to the light Higgs case, we investigate the dependence of the rates on the

stop sector parameters for the heavy Higgs case. The results are shown in Fig. 7.23. As
in Fig. 7.16, the favoured regions are given for large and positive Xt/Mq̃3, where we find
0.8 <∼ RH

γγ
<∼ 1.6 and a corresponding suppression of 0.6 <∼ RH

bb
<∼ 1.0. The ∆b corrections

can also in this case be largely responsible for the suppression of the RH
bb̄ rate, as we show

in Fig. 7.24. Here one can see that in the heavy Higgs scenario only values of ∆b between
∼ 0.3 and ∼ 0.6 are favoured, which are realised for 10 TeV <∼ µ tanβ <∼ 35 TeV, i.e.
smaller values than in the light Higgs case (of the original 2012 analysis).

In order to summarise the discussion on favoured MSSM parameter regions, we list in

≈20% enhancement of partial width
Fit assumes slepton mass universality: 
⇔ Also impact from gμ - 2

⇒
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Interpretation of the signal at 126 GeV in terms of 
the light Higgs h of the MSSM

25

MSSM fit, preferred values for the stop masses:
[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’14]

152 Chapter 7. Fitting the MSSM to the observed Higgs signal

Figure 7.14: Original 2012 analysis: Stop mixing parameter Xt/Mq̃3 vs. the light stop
mass (left), and the light vs. heavy stop masses (right) in the light Higgs case.

Figure 7.15: Updated analysis: Stop mixing parameter Xt/Mq̃3 vs. the light stop mass
(left), and the light vs. heavy stop masses (right) in the light Higgs case.

In the heavy Higgs case only values of the charged Higgs boson mass below the top
mass (MH± < mt) are found, which offers the possibility to test this scenario at the
LHC by searching for charged Higgs bosons in top quark decays. We therefore show in
Fig. 7.13 the fit results for BR(t → bH+) as a function of MH± . The current upper limit
on this decay mode [55] (published after this analysis was performed) sets very stringent
constraints on this interpretation. Comparing the limit presented by ATLAS, which is
displayed in Fig. 4.6 (and which is additionally shown as a black line in Fig. 7.13) with
the favoured region obtained from the fit, one sees that the most favoured region (and
most of the favoured region) is excluded at the 95% CL. However there are still allowed
(blue) points not excluded by the limit of Ref. [55], for which the mass of the heavy
CP-even Higgs is close to the observed signal. We are currently working on an update to
investigate to what extent the interpretation of the signal in terms of the heavy CP-even
Higgs in the MSSM is still viable.

Large stop mixing required
Best fit prefers heavy stops beyond 1 TeV
But good fit also for light stop down to ≈300 GeV

⇒
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Global fit in constrained Model: CMSSM
Signal at 126 GeV interpreted as light Higgs h

26

[O. Buchmueller et al ’14]

Preferred region extends to very large scalar masses⇒

MasterCode
9

Figure 3. A compilation of parameter planes in the CMSSM for µ > 0, including the (m0,m1/2) plane
(upper left), the (m0, tan�) plane (upper right), the (tan�,m1/2) plane (lower left), and the (MA, tan�)
plane (lower right), after implementing the ATLAS 20/fb jets + /ET , BR(Bs,d ! µ+µ�), Mh, ⌦�h

2,
LUX constraints and other constraints as described in the text. The results of the current CMSSM fit are
indicated by solid lines and filled stars, and a fit to previous data [21] using the same implementations
of the Mh, �

SI
p and other constraints is indicated by dashed lines and open stars. The red lines denote

��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines denote ��2 = 5.99
(95% CL) contours.

parameter space, so we do not include them in
our analysis. The lower limit on m0 and the low-
mass ‘island’ corresponds to the stau LSP bound-
ary and the nearby coannihilation strip. The re-
gion at large m0 and m1/2 containing the best-fit
point is in the rapid-annihilation funnel region,

with the upper bound on m1/2 being provided by
the cosmological constraint on ⌦�h

2. The region
at small m1/2 and large m0 is in the focus-point
region.

Looking now at the (m0, tan�) plane in the
upper right panel of Fig. 3, we see that the low-

14

Figure 5. The one-dimensional �2 likelihood functions in the CMSSM for µ > 0 for mg̃ (upper left), mq̃R

(upper right), mt̃1
(lower left) and m⌧̃1 (lower right). In each panel, the solid line is derived from a global

analysis of the present data, and the dotted line is obtained from a reanalysis of the data used in [21],
using the implementations of the Mh and �SI

p constraints discussed in Section 2.

larger BR(Bs,d ! µ+µ�) is largely due to the di-
rect experimental constraint on this quantity, but
the steep rise at lower BR(Bs,d ! µ+µ�) is due
to the other constraints on the CMSSM, which
are hard to reconcile with Rµµ < 1. The rise
at large BR(Bs,d ! µ+µ�) found from the data
set used in [21] is less steep, reflecting the evolu-
tion in the measurement of BR(Bs,d ! µ+µ�).
The right panel of Fig. 7 displays the (m�̃0

1
,�SI

p )
plane, again with solid (dashed) lines represent-
ing the current analysis (the constraints of [21]),
respectively, with the filled (open) green star de-

noting the corresponding best-fit point whereas
the red (blue) lines representing 68 (95)% CL
contours, respectively. We see that a range
10�47cm2 <⇠ �SI

p
<⇠ 10�43 cm2 is allowed at the

95% CL, and the best-fit point yields a value in
the middle part of this range ⇠ 10�45 cm2. The
mass of m�̃0

1
at the best fit point is 935 GeV.

3.1.4. Comparisons between Analyses

We restrict our attention here to the only
other analysis that incorporates the latest AT-
LAS 20/fb jets + /ET constraint. Preliminary re-

Result based on Run 1 data (solid) and on 7 TeV data only (dashed) 
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Improved prediction for the mass of the light Higgs h 
of the MSSM for large stop masses
• Combination of fixed-order Feynman-diagrammatic result up to 

two-loop order with all-order resummation of leading and sub-
leading logarithmic contributions from top / stop sector (from 
two-loop RGEs for λ, ht, gs)

• Requires consistent merging of diagrammatic results in the on-
shell scheme with leading logarithmic contributions in the 
MSbar scheme:

• Results are implemented in the public code FeynHiggs
27

[T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. W. ’14]

Here v ∼ 174 GeV denotes the vacuum expectation value of the SM. Three coupled RGEs,
the ones for

λ, ht, gs (10)

are relevant for this evolution, with the strong coupling constant given as αs = g2s/(4 π). Since
SM RGEs are used, the relevant parameters are given in the MS scheme. We incorporate
the one-loop threshold corrections to λ(MS) as given in Ref. [30],

λ(MS) =
3 h4

t (MS)

8 π2

X2
t

M2
S

[

1−
1

12

X2
t

M2
S

]

, (11)

where as mentioned above Xt is an MS parameter. Furthermore, in Eq. (11) we have set
the SM gauge couplings to g = g′ = 0, ensuring that Eq. (9) consists of the “pure loop
correction” and will be denoted (∆M2

h)
RGE below. Using RGEs at two-loop order [46],

including fermionic contributions from the top sector only, leads to a prediction for the
corrections toM2

h including leading and subleading logarithmic contributions at n-loop order,

Ln and L(n−1), L ≡ ln

(

MS

mt

)

, (12)

originating from the top/stop sector of the MSSM.
We have obtained both analytic solutions of the RGEs up to the 7-loop level as well as

a numerical solution incorporating the leading and subleading logarithmic contributions up
to all orders. In a similar way in Ref. [45] the leading logarithms at 3- and 4-loop order have
been evaluated analytically. Most recently a calculation using 3-loop SM RGEs appeared in
Ref. [47].

A particular complication arises in the combination of the higher-order logarithmic con-
tributions obtained from solving the RGEs with the fixed-order FD result implemented in
FeynHiggs comprising corrections up to the two-loop level in the OS scheme. We have used
the parametrisation of the FD result in terms of the running top-quark mass at the scale mt,

mt =
mpole

t

1 + 4
3παs(m

pole
t )− 1

2παt(m
pole
t )

, (13)

where mpole
t denotes the top-quark pole mass. Avoiding double counting of the logarithmic

contributions up to the two-loop level and consistently taking into account the different
schemes employed in the FD and the RGE approach, the correction ∆M2

h takes the form

∆M2
h = (∆M2

h)
RGE(XMS

t )− (∆M2
h)

FD,LL1,LL2(XOS
t ) ,

M2
h = (M2

h)
FD +∆M2

h . (14)

Here (M2
h)

FD denotes the fixed-order FD result, (∆M2
h)

FD,LL1,LL2 are the logarithmic contri-
butions up to the two-loop level obtained with the FD approach in the OS scheme, while
(∆M2

h)
RGE are the leading and sub-leading logarithmic contributions (either up to a cer-

tain loop order or summed to all orders) obtained in the RGE approach, as evaluated via

4

Eq. (9). In all terms of Eq. (14) the top-quark mass is parametrised in terms of mt; the
relation between XMS

t and XOS
t is given by

XMS
t = XOS

t

[

1 + 2L

(

αs

π
−

3αt

16 π

)]

(15)

up to non-logarithmic terms, and there are no logarithmic contributions in the relation
between MMS

S and MOS
S .

Since our higher-order contributions beyond 2-loop have been derived under the assump-
tion MA " MZ , to a good approximation these corrections can be incorporated as a shift
in the prediction for the φ2φ2 self-energy (where ∆M2

h enters with a coefficient 1/ sin2β). In
this way the new higher-order contributions enter not only the prediction for Mh, but also
consistently the ones all other Higgs sector observables that are evaluated in FeynHiggs,
such as the effective mixing angle αeff or the finite field renormalization constant matrix
Zn [20].

The latest version of the code, FeynHiggs 2.10.0, which is available at feynhiggs.de,
contains those improved predictions as well as a refined estimate of the theoretical uncertain-
ties from unknown higher-order corrections. Taking into account the leading and subleading
logarithmic contributions in higher orders reduces the uncertainty of the remaining unknown
higher-order corrections. Accordingly, the estimate of the uncertainties arising from correc-
tions beyond two-loop order in the top/stop sector is adjusted such that the impact of
replacing the running top-quark mass by the pole mass (see Ref. [10]) is evaluated only for
the non-logarithmic corrections rather than for the full two-loop contributions implemented
in FeynHiggs. First investigations using this new uncertainty estimate can be found in
Refs. [17, 48].

Further refinements of the RGE resummed result are possible, in particular

• extending the result to the case of a large splitting between the left- and right-handed
soft SUSY-breaking terms in the scalar top sector [36],

• extending the result to the case of small MA or µ (close to MZ),

• including the corresponding contributions from the (s)bottom sector.

Some details in these directions can be found in Ref. [47]. We leave those refinements for
future work.

4 Numerical analysis

In this section we review the analysis of the phenomenological implications of the improved
Mh prediction for large stop mass scales, as evaluated with FeynHiggs 2.10.0. Here and in
the following Xt denotes XOS

t (for MS the difference in the two schemes is negligible). The
other parameters are MA = M2 = µ = 1000 GeV, mg̃ = 1600 GeV (where M2 is the SU(2)
gaugino mass term, µ the Higgsino mass parameter and mg̃ the gluino mass) and tanβ = 10.

In Fig. 1 we show Mh(Xt/MS) for various values of MS (as indicated by different colors),
evaluated with the full new result as implemented into FeynHiggs 2.10.0. It can be seen

5

Here v ∼ 174 GeV denotes the vacuum expectation value of the SM. Three coupled RGEs,
the ones for

λ, ht, gs (10)

are relevant for this evolution, with the strong coupling constant given as αs = g2s/(4 π). Since
SM RGEs are used, the relevant parameters are given in the MS scheme. We incorporate
the one-loop threshold corrections to λ(MS) as given in Ref. [30],

λ(MS) =
3 h4

t (MS)

8 π2

X2
t

M2
S

[

1−
1

12

X2
t

M2
S

]

, (11)

where as mentioned above Xt is an MS parameter. Furthermore, in Eq. (11) we have set
the SM gauge couplings to g = g′ = 0, ensuring that Eq. (9) consists of the “pure loop
correction” and will be denoted (∆M2

h)
RGE below. Using RGEs at two-loop order [46],

including fermionic contributions from the top sector only, leads to a prediction for the
corrections toM2

h including leading and subleading logarithmic contributions at n-loop order,

Ln and L(n−1), L ≡ ln

(

MS

mt

)

, (12)

originating from the top/stop sector of the MSSM.
We have obtained both analytic solutions of the RGEs up to the 7-loop level as well as

a numerical solution incorporating the leading and subleading logarithmic contributions up
to all orders. In a similar way in Ref. [45] the leading logarithms at 3- and 4-loop order have
been evaluated analytically. Most recently a calculation using 3-loop SM RGEs appeared in
Ref. [47].

A particular complication arises in the combination of the higher-order logarithmic con-
tributions obtained from solving the RGEs with the fixed-order FD result implemented in
FeynHiggs comprising corrections up to the two-loop level in the OS scheme. We have used
the parametrisation of the FD result in terms of the running top-quark mass at the scale mt,

mt =
mpole

t

1 + 4
3παs(m

pole
t )− 1

2παt(m
pole
t )

, (13)

where mpole
t denotes the top-quark pole mass. Avoiding double counting of the logarithmic

contributions up to the two-loop level and consistently taking into account the different
schemes employed in the FD and the RGE approach, the correction ∆M2

h takes the form

∆M2
h = (∆M2

h)
RGE(XMS

t )− (∆M2
h)

FD,LL1,LL2(XOS
t ) ,

M2
h = (M2

h)
FD +∆M2

h . (14)

Here (M2
h)

FD denotes the fixed-order FD result, (∆M2
h)

FD,LL1,LL2 are the logarithmic contri-
butions up to the two-loop level obtained with the FD approach in the OS scheme, while
(∆M2

h)
RGE are the leading and sub-leading logarithmic contributions (either up to a cer-

tain loop order or summed to all orders) obtained in the RGE approach, as evaluated via

4
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Figure 1: Mh as a function of Xt/MS for various values of MS , obtained using the full result
as implemented into FeynHiggs 2.10.0.
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Figure 2: Mh as a function of MS for Xt = 0 (solid) and Xt/MS = 2 (dashed). The full
result (“LL+NLL”) is compared with results containing the logarithmic contributions up to
the 3-loop, . . . 7-loop level and with the fixed-order FD result (“FH295”).

6

[T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. W. ’14]

Full result ⟶

Fixed-order result ⟶

Sizable upward shift for       ≳ 2 TeV 
Large impact for confronting CMSSM, etc. with signal at 126 GeV  

mt̃⇒ [O. Buchmueller et al ’14]
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variety of interpretations is possible, corresponding to very 
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MSSM with light Higgs h as signal at 126 GeV: good description of 
the data, good fit for enhanced 𝛾𝛾 rate from light staus  

Interpretation where the second-lightest Higgs corresponds to the 
signal at 126 GeV is also possible in BSM models

MSSM: Improved prediction for the light Higgs mass in the region 
of heavy stop masses, combination of Feynman-diagrammatic 
result with all-order resummation of leading and next-to-leading 
logarithmic effects
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What has been discovered?
Search channels at the LHC:
Dominant production processes for a SM-like Higgs at the
LHC:
gluon fusion: gg → H, weak boson fusion (WBF): qq̄ → q′q̄′H

t

t

tg

g

H

q̄

q

q̄′

q′

W+

W−

H

Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.22
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Main decay channels

Good mass resolution:

H → γγ (loop induced)
H → ZZ∗ → l+l−l+l−, l = e, µ

Poor mass resolution:

H → WW ∗ → ν̄l−νl+, l = e, µ

H → τ+τ−

H → bb̄

Higgs & SUSY, Georg Weiglein, Dine–Haber Symposium, UCSC, 01 / 2013 – p.7
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21 

Combined Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

0+ against 0- 

0+ against 1+/- 

Combined HZZ and HWW analysis 
excludes those hypotheses up to 99.7%  

HZZ analysis excludes the 0- hypothesis at 97.8% CLs 

The SM 0+ has been tested against 
different JP hypotheses using the 
three ATLAS discovery channels   

 1+ hypothesis has been excluded at 99.97% 

 1- hypothesis has been excluded at 99.7% 

[ATLAS Collaboration ’13]
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[ATLAS Collaboration ’13]
22 

Combined Analysis 

Higgs Couplings 2013. Freiburg 14-16 October 2013.                                                     Yesenia Hernández  

0+ against 2+ 

 All three analysis have excluded the 2+ model 
with different qq fractions in favour of SM 0+.  
 
 From the combination of all of them, the 2+ 
hypothesis is rejected up to 99.9% CLs for all 
fractions of qq.    
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7.3. Results 149

Figure 7.10: Higgs sector tree-level parameters (MA, tan β) in the light Higgs case for
the original 2012 fit (left) and the updated fit (right).

light staus in the loop-induced h → γγ decay, as we already mentioned in the previous
chapter. This possibility, which is favoured by the current data, will be discussed in
more detail below.

Turning to Fig. 7.9, we show the rate correlations for the heavy Higgs case (original
analysis). Similar results as in the light Higgs case are visible in the heavy Higgs data,
with the notable difference in the τ+τ− rate, mainly due to the inclusion of the contri-
bution from the CP-odd Higgs A. The favoured regions are found at values for RH/A

ττ

between 2 and 4, while RH
bb remains below 1.

We now briefly discuss what mechanisms can alter the branching ratios in the manner
observed, and what the consequences are for the favoured regions of the MSSM param-
eter space. In Fig. 7.10 we show the scan results for the light Higgs case in the plane of
the Higgs sector tree-level parameters (MA, tanβ), where the results of the original (up-
dated) fit are shown in the left (right) plot. Starting with the left plot one can note the
region at low MA, high tanβ which is excluded by direct MSSM Higgs searches (mainly
H/A → τ+τ−). The excluded region appears smaller in this plane than the correspond-
ing results published by the experiments [246,281], since their results are shown only for
one particular benchmark scenario (the so-called mmax

h scenario [253]). We see that the
regions of very high tan β ! 40, and also low tan β " 8, are disfavoured by the fit. At
high tan β this results from a poor fit to (g−2)µ and flavour observables, whereas for low
tanβ the fit to the LHC Higgs observables becomes worse. For low tanβ it also becomes
increasingly difficult to fit the relatively high Higgs mass value. Low values of MA are
disfavoured by the fit results. The region in which we find points with Mh close to the
observed signal starts at MA ! 150 GeV. The preferred region starts at MA ! 170 GeV
(and the most favoured region at MA ! 230 GeV). Taking the rate information into
account therefore suggests somewhat higher mass scales for the MSSM Higgs sector than
what is required by the M̂H ∼ 125.7 GeV Higgs mass measurement alone [48]. The rel-
atively large MA values imply that the MSSM is in the decoupling region (MA $ MZ),
where the light Higgs has (almost) SM-like couplings. Note that this is already a con-
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(a) Assume BR(H → NP) ≡ BR(H → inv.).
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(b) Assume κV ≤ 1.

Figure 19: Prospective model-dependent Higgs coupling determination at the ILC in comparison with
the (optimistic) HL-LHC scenario.

While the κZ scale factor can be probed already quite accurately at the early ILC stage at 250 GeV
due to the dominant Higgs-Strahlungsprocess, the κW determination is less precise, δκW ∼ 4.0%. This
picture changes at the later stages of the ILC with higher center-of-mass energies (denoted as ILC500
and ILC1000) where the W -boson fusion process becomes the dominant production mode. Here, all
scale factors in this parametrization except κγ can be determined to a precision of ! 2.5% using only
ILC measurements. After the luminosity upgrade (denoted ILC1000 (LumiUp)), even the κγ coupling
can be probed with an accuracy of ! 2.5% and the remaining couplings are determined at the ! 1%
level, using ILC measurements only. In the case where κV ≤ 1 is imposed instead of assuming an
invisible Higgs decay, the upper limit on BR(H → NP) inferred from the fit improves significantly at
the ILC from 8.5% to 3.3% at the 95% C.L..

As stated earlier, the assumptions made in the previous fits are unnecessary at the ILC once the
total cross section measurement of the e−e+ → ZH process is taken into account. Therefore, model-
independent estimates of the Higgs coupling accuracies can be obtained, which are shown in Fig. 20(a)
and (b) for the ILC only and HL-LHC⊕ ILC combined measurements, respectively. The values are also
listed in Tab. 12. The estimates obtained for the ILC-only measurements in this model-independent
approach are only slightly weaker than obtained under additional model-assumptions, cf. Fig. 19. A
model-independent 95% C.L. upper limit on BR(H → NP) of ! 5.8% can be obtained at the early
ILC stage (ILC250), which improves to ! 4.1 − 4.4% at the later (baseline) ILC stages. The more
precise measurement of the e−e+ → ZH cross section with a luminosity upgrade at 250 GeV pushes
the limit further down, such that we have BR(H → NP) ! 2.2% at the ultimate ILC stage.

38

HiggsSignalsAssumed:
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Figure 21. Future precision of Higgs couplings using the ultimate HL-LHC measurements alone
and in combination with ILC measurements. In all scenarios, the total width is not constrained by
assumptions on the additional Higgs decay or limited scale factor ranges (e.g. κV ≤ 1). (TS: This
plot can easily be done also for the 8-dim. fit.)
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[Higgs Working Group Report, Snowmass process 2013]
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Table 1-16. Uncertainties on coupling scaling factors as determined in a completely model-independent fit for di↵erent e+e� facilities.
Precisions reported in a given column include in the fit all measurements at lower energies at the same facility, and note that the model
independence requires the measurement of the recoil HZ process at lower energies. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to TLEP and CLIC numbers without accounting for the
additional running period. ILC numbers include a 0.5% theory uncertainty. For invisible decays of the Higgs, the number quoted is the
95% confidence upper limit on the branching ratio.

Facility ILC ILC(LumiUp) TLEP (4 IP) CLICp
s (GeV) 250 500 1000 250/500/1000 240 350 350 1400 3000

R Ldt (fb�1) 250 +500 +1000 1150+1600+2500‡ 10000 +2600 500 +1500 +2000

P (e�, e+) (�0.8,+0.3) (�0.8,+0.3) (�0.8,+0.2) (same) (0, 0) (0, 0) (0, 0) (�0.8, 0) (�0.8, 0)

�H 12% 5.0% 4.6% 2.5% 1.9% 1.0% 9.2% 8.5% 8.4%

� 18% 8.4% 4.0% 2.4% 1.7% 1.5% � 5.9% <5.9%

g 6.4% 2.3% 1.6% 0.9% 1.1% 0.8% 4.1% 2.3% 2.2%

W 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% 2.6% 2.1% 2.1%

Z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% 2.1% 2.1% 2.1%

µ 91% 91% 16% 10% 6.4% 6.2% � 11% 5.6%

⌧ 5.8% 2.4% 1.8% 1.0% 0.94% 0.54% 4.0% 2.5% <2.5%

c 6.8% 2.8% 1.8% 1.1% 1.0% 0.71% 3.8% 2.4% 2.2%

b 5.3% 1.7% 1.3% 0.8% 0.88% 0.42% 2.8% 2.2% 2.1%

t � 14% 3.2% 2.0% � 13% � 4.5% <4.5%

BRinv 0.9% < 0.9% < 0.9% 0.4% 0.19% < 0.19%
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Model-independent (not possible at the LHC):
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[Higgs Working Group Report, Snowmass process 2013]
Model-dependent,  no non-SM production or decay modes assumed:
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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SUSY Higgs: non-standard heavy Higgses

"Typical" features of extended Higgs sectors:

A light Higgs with SM-like properties, couples with about
SM-strength to gauge bosons

Heavy Higgs states that decouple from the gauge bosons

For “non-standard” Higgs states:

⇒ Cannot use weak-boson fusion channels for production

⇒ Possible production channels: gg → H, bb̄H, . . .

Cannot use LHC “gold plated” decay mode H → ZZ → 4µ

⇒ Search for heavy Higgs bosons H,A,H± is very different
from the SM case

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 42


