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Exploring the Terascale: open questions

2

What can we learn from exploring the

new territory of TeV-scale physics?

How do elementary particles obtain the property of mass:
what is the mechanism of electroweak symmetry
breaking? What is the role of the discovered particle at
∼ 126 GeV in this context?

Do all the forces of nature arise from a single fundamental
interaction?

Are there more than three dimensions of space?

Are space and time embedded into a “superspace”?

What is dark matter? Can it be produced in the
laboratory?

Are there new sources of CP-violation?
Can they explain the asymmetry between matter and
anti-matter in the Universe?

. . . Physics prospects, Georg Weiglein, CMS Upgrade Week, DESY, 06 / 2013 – p. 3
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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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Higgs 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

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

5
Implications of the Higgs signal for BSM physics, Georg Weiglein, Planck 2014, Paris, 05 / 2014

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

However: in many models (example: SUSY, 2HDM, ...) a3 is 
loop-induced and heavily suppressed

CP
CPCP
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CP properties

6

Observables involving the HVV 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

⇒
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Test of spin and CP hypotheses 

7

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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Spin 1 Spin 2 prod. via gluon fusion Spin 2 production via qq̅ 

H�VV combination on J>0 states 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

81 

!  Combination of H�WW�2�2ν and H�ZZ�4�. 
!  All tested hypotheses excluded at more than 99.9% CLS. 

[CMS-PAS-HIG-14-012] [CMS-PAS-HIG-14-014] 

Hypothesis test for 0+ vs. 1- 

[CMS Collaboration ’14]

Test of spin and CP hypotheses 
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CP properties

Strong suppression of CP-odd coupling in HVV:

Even a rather large CP-admixture would not lead to 
detectable effects in the angular distributions of                 
H → ZZ* → 4 l, etc. because of the smallness of a3

Channels involving only Higgs couplings to fermions could 
provide much higher sensitivity 

9

⇒
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Experimental analyses beyond the hypotheses of 
pure CP-even / CP-odd states

10

Spin zero amplitude in H�ZZ�4� 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

79 

!  Full final state available: 
!  Kinematic discriminants reduce 8D to 2D or 3D. 

!  2D scans of anomalous coupling fractions. 
!  Assuming real phases and floating the phases. 

!  No significant deviations from SM found. 

[CMS-PAS-HIG-14-014] 

Floating 
phases 

Real 
phases 

[CMS Collaboration ’14]

fa3

fa2

Going beyond the hypotheses of a pure CP-even

and a pure CP-odd state

Recent progress from CMS:

Write H → V V ∗ amplitude as A = A1 + A2 + A3,

where A3 is the CP-odd part

⇒ Derive limits on

fa3 ≡
|A3|2

|A1|2 + |A3|2

Note: fa3 is not the CP-odd admixture of the signal!

Since HV V coupling “projects” to the CP-even component:

|A3|$ |A1|, A2| (i.e., fa3 $ 1) does not necessarily imply that
the CP-odd admixture is small!

Physics prospects, Georg Weiglein, CMS Upgrade Week, DESY, 06 / 2013 – p. 18
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Experimental analyses beyond the hypotheses of 
pure CP-even / CP-odd states
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Higgs coupling determination at the LHC

12

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

LHC can directly determine only ratios of couplings,
e.g.  
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Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49

⇒
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Determination of couplings and CP properties need 
to be addressed together
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Determination of couplings and CP properties

need to be addressed together

Deviations from the SM: in general both the absolute value of
the couplings and the tensor structure of the couplings
(affects CP properties) will change

⇒ Determination of couplings and determination of
CP properties can in general not be treated separately
from each other

Deviations from the SM would in general change kinematic
distributions

⇒ No simple rescaling of MC predictions possible

⇒ Not feasible for analysis of 2012 data set

⇒ LHC Higgs XS WG: Proposal of “interim framework”
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 50
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``Interim framework’’ for analyses so far

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
14
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Determination of coupling scale factors

15

[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

16

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

17
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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

18

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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Present status, with a broad brush

The properties of the signal are so far compatible with 
the predictions for the Higgs boson of the SM, but 
many other interpretations are possible, corresponding 
to very different underlying physics

Need to discriminate between the different possible 
options in order to identify the nature of electroweak 
symmetry breaking!

19

⇒
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Phenomenology of CP-violation in the Higgs 
sector: SUSY as an example

20

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 125 GeV within the MSSM?
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Higgs potential of the MSSM

21

Higgs potential of the MSSM

MSSM Higgs potential contains two Higgs doublets:

VH = m2
1H

∗
1iH1i + m2

2H
∗
2iH2i − εij(m2

12H1iH2j + m2
12

∗
H∗

1iH
∗
2j)

+
1

8
(g2

1 + g2
2)(H

∗
1iH1i − H∗

2iH2i)
2 +

1

2
g2
2|H∗

1iH2i|2

(

H11

H12

)

=

(

v1 + 1√
2
(φ1 − iχ1)

−φ−
1

)

(

H21

H22

)

= eiξ

(

φ+
2

v2 + 1√
2
(φ2 + iχ2)

)

Complex phases arg(m2
12), ξ can be rotated away

⇒ Higgs sector is CP-conserving at tree level
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.5
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Higher-order corrections in the MSSM Higgs sector

22

Higher-order corrections in the

MSSM Higgs sector

Quartic couplings in the Higgs sector are given by the
gauge couplings, g1, g2 (SM: free parameter)

⇔ Upper bound on the lightest Higgs mass

Large higher-order corrections from Yukawa sector:

⇒ Leading corr.: ∆m2
h ∼ Gµm4

t

Can be of O(100%)

⇒ Higher-order corrections are phenomenologically very
important (constraints on parameter space from
search limits / possible future measurements)

Can induce CP-violating effects
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 35

Higgs mass bound in the MSSM

Prediction for Mh, MH, . . .

Tree-level result for Mh, MH:

M2
H,h =

1

2

[

M2
A +M2

Z ±
√

(M2
A +M2

Z)
2 − 4M2

ZM
2
A cos2 2β

]

⇒Mh ≤MZ at tree level

MSSM tree-level bound (gauge sector): excluded by LEP!

Large radiative corrections (Yukawa sector, . . . ):

Yukawa couplings: emt

2MWsW
, em2

t

MWsW
, . . .

⇒ Dominant one-loop corrections: Gµm4
t ln
(

mt̃1
mt̃2

m2
t

)

, O(100%) !
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 34

Higher-order corrections are phenomenologically very important 
(constraints on parameter space from Higgs sector observables)    
Can induce CP-violating effects

⇒
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MSSM interpretation of the observed signal, case I: 
signal interpreted as light state h
• Most obvious interpretation: signal at about 125 GeV is 

interpreted as the lightest Higgs state h in the spectrum

• Additional Higgs states at higher masses

• Differences from the Standard Model (SM) could be detected 
via:

• properties of h(125): deviations in the couplings, different 
decay modes, different CP properties, ...

• detection of additional Higgs states: H, A → 𝛕𝛕, H → hh,     
H, A → 𝛘𝛘, ...

23
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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 125 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

24

MA > 200 GeV

) MA � MZ

)
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MSSM interpretation of the observed signal, case II: signal interpreted 
as a state H of an extended Higgs sector that is not the lightest one

Extended Higgs sector where the second-lightest (or higher) 
Higgs has SM-like couplings to gauge bosons

Lightest neutral Higgs with heavily suppressed couplings to 
gauge bosons, may have a mass below the LEP limit of 114.4 
GeV for a SM-like Higgs (in agreement with LEP bounds)

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

A light neutral Higgs in the mass range of about 60-100 GeV      
(above the threshold for the decay of the state at 125 GeV into 
hh) is a generic feature of this kind of scenario. The search for 
Higgses in this mass range has only recently been started at 
the LHC. Such a state could copiously be produced in SUSY 
cascades. 25

⇒
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Higgs physics in the MSSM with complex parameters

26

Higgs physics in the MSSM with

complex parameters

Five physical states; tree level: h0, H0, A0, H±

Complex parameters enter via (often large) loop corrections:

− µ: Higgsino mass parameter

− At,b,τ : trilinear couplings

− M1,2: gaugino mass parameter (one phase can be
eliminated)

− M3: gluino mass mg̃ + complex phase

⇒ CP-violating mixing between neutral Higgs bosons h1, h2, h3

Lowest-order Higgs sector has two free parameters

⇒ choose tan β ≡ v2
v1

, MH± as input parameters
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 40



Higgs properties and prospects for CP-violation searches, Georg Weiglein, IPA 2014, QMU London, 08 / 2014

Experimental constraints on phases that are 
important for Higgs phenomenology
• Most important for Higgs phenomenology:

• EDM constraints affect mainly the phases of the first and 
second generation sfermions (depending on their mass scale) 
and 

• Constraints on                                are generally weaker, 
depend on the mass scale,            + theoretical uncertainties of 
the EDM predictions

27

'At ,'Ab ,'M3

'µ

'At ,'Ab ,'M3

tan�
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CP-violating MSSM: complex parameters + 
unstable particles

28

CP-violating case: SUSY with complex parameters
Renormalisation for unstable particles

Occurrence of imaginary parts:

From complex parameters

From absorptive parts of loop integrals
↔ unstable particles

⇒ MSSM with complex parameters:
absorptive parts of loop integrals can contribute to real part
of 1-loop quantities

⇒ Consistent renormalisation procedure needed for complex
parameters and unstable particles
[A. Bharucha, A. Fowler, G. Moortgat-Pick, G. W. ’12]
[A. Fowler, G. W. ’09]

Collider Physics (Hamburg), Georg Weiglein, Theory Jamboree, 02 / 2013 – p.18
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Impact of complex phases

29

Impact of complex phases

Example: g2hV V for h1, h2, h3: [M. Frank, S. Heinemeyer, W. Hollik, G. W. ’03]

-1.5 -1. -0.5 0 0.5 1. 1.5
1x-2

5x-2

1x-1

5x-1

1x0

g
h
V
V

ϕAt

full: h1, dashed: h2, dotted: h3

Parameters:

MSUSY = 500 GeV,

M2 = 500 GeV,

µ = 2000 GeV,

|At| = 1000 GeV,

MH± = 150 GeV, tan β = 5

⇒ Complex phases can have large effects on Higgs couplings

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 41
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Possible consequence: a light Higgs with 
suppressed couplings to gauge bosons

30

MSSM with complex parameters:
a very light SUSY Higgs?

MSSM with CP-violating phases (CPX scenario):
Light Higgs, h1: strongly suppressed h1V V couplings
Second-lightest Higgs, h2, possibly within LEP reach (with
reduced V V h2 coupling), h3 beyond LEP reach
Large BR(h2 → h1h1) ⇒ difficult final state

[LEP Higgs WG ’06]mt = 174.3 GeV
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⇒ Light SUSY Higgs not ruled out!
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.18

Example from the past: ``holes’’ in the LEP coverage for light Higgs masses
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CP-violating Higgs phenomenology: mixing 
between all three neutral Higgs bosons

31

Higgs propagator-type corrections
Mixing between h,H,A

⇒ loop-corrected masses obtained from propagator matrix

∆hHA(p2) = −
(

Γ̂hHA(p2)
)−1

, Γ̂hHA(p2) = i
[

p21l − Mn(p2)
]

where (up to sub-leading two-loop corrections)

Mn(p2) =







m2
h − Σ̂hh(p2) −Σ̂hH(p2) −Σ̂hA(p2)

−Σ̂hH(p2) m2
H − Σ̂HH(p2) −Σ̂HA(p2)

−Σ̂hA(p2) −Σ̂HA(p2) m2
A − Σ̂AA(p2)







⇒ Higgs propagators: ∆ii(p
2) =

i

p2 − m2
i + Σ̂eff

ii (p2)
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.12
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Determination of the Higgs masses from the 
complex poles

32

Determination of the masses from
the complex poles

Σ̂eff
ii (p2) = Σ̂ii(p

2) − i
2Γ̂ij(p2)Γ̂jk(p2)Γ̂ki(p2) − Γ̂2

ki(p
2)Γ̂jj(p2) − Γ̂2

ij(p
2)Γ̂kk(p2)

Γ̂jj(p2)Γ̂kk(p2) − Γ̂2
jk(p2)

Complex pole M2 of each propagator is determined from

M2
i − m2

i + Σ̂eff
ii (M2

i ) = 0,

where
M2 = M2 − iMΓ,

Expansion around the real part of the complex pole:

Σ̂jk(M2
ha

) ≈ Σ̂jk(M
2
ha

) + i Im
[

M2
ha

]

Σ̂′
jk(M

2
ha

)

j, k = h,H,A, a = 1, 2, 3
SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.13
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Higgs mixing: possible interference effects

33

General case: inclusion of interference effects
Total cross section:

σtot = σ(bb̄H) + σ(bb̄A) (incoherent sum)

holds only in the CP-conserving case

But: in reality we don’t know whether CP in the Higgs sector is
conserved or not

In the general case:
Complex parameters ⇒ loop corrections induce CP-violation
Two Higgs states, nearly mass degenerate, large mixing
⇒ Large (destructive) interference possible

MSSM Higgs at the LHC: Interpretation of limits and search reach, Georg Weiglein, CMS Higgs Meeting, DESY, Hamburg, 11 / 2011 – p.13
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Higgs decays into bottom quarks: impact of the 
gluino phase 

34

[K. Williams, H. Rzehak, G. W. ’13]

⇒ Large impact of gluino phase, arises from large correction 
to the relation between b-quark mass and b-Yukawa coupling
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Figure 15: The decay widths of the two lightest neutral Higgs bosons to two b-quarks in the
CPX scenario with tan β = 20 at various values of φM3. Solid: ha = h1, dashed: ha = h2.

the full 1-loop genuine vertex corrections and are combined with propagator corrections6

obtained using neutral Higgs self-energies from the program FeynHiggs [6–10], which include
the leading 2-loop contributions. The 1-loop propagator mixing with Goldstone and Z bosons
is also consistently incorporated. These results take into account the full phase dependence
of the supersymmetric parameters. For the ha → bb̄ decay width, the ∆mb corrections are
resummed in a way that preserves the phase dependence. We take all other decay widths
from the program FeynHiggs [6–10] (these decay modes are subdominant in most of the
regions of MSSM parameter space).

Fig. 16 (left plot) illustrates the pronounced dependence of the h2 → h1h1 branching
ratio on tanβ and Mh1 . We see that this decay mode is significant and often dominant in
almost all of the regions where it is kinematically allowed. We can see that the characteristics
of the h2 → h1h1 branching ratio are largely determined by the behaviour of the h2 → h1h1

decay widths (in Fig. 10 we showed this decay width for two slices of CPX parameter space).
Note, in particular, the narrow ‘knife-edge’ region of very low h2 → h1h1 branching ratio,
which occurs at tan β ∼ 4.5, where the h2 → h1h1 decay width tends to zero. The behaviour
of the h2 → bb̄ branching ratio is also heavily dependent on the h2 → h1h1 decay width
where the h2 → h1h1 decay is allowed kinematically, since in this region, the h2 → h1h1

decay usually makes up the majority of the total decay width. Over the majority of CPX
parameter space, BR(h2 → h1h1)+BR(h2 → bb̄)+BR(h2 → τ+τ−)∼ 1, and BR(h2 → τ+τ−)
is comparatively small.

6Notice also that there are some points within the CPX parameter space that are shown here without a
branching ratio value and that the edge of the allowed parameter region is uneven. These are points where
either the mass calculation or the Z-factor calculation did not produce a stable result because the terms
involving double derivatives of self-energies were non-negligible, as described in eq. (17).
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'M3

Decay widths of h1 (solid) and h2 (dashed) into      :bb̄

CPX scenario,  
tan� = 20
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Higgs cascade decays: h2 → h1 h1, ...

35

Higgs cascade decays: h2 → h1h1, . . .
Higgs cascade decays:

Important for Higgs searches: h2 → h1h1 is in general the
dominant channel where it is kinematically allowed

Access to Higgs self-coupling (difficult for SM Higgs at
LHC (and LC)) ⇒ reconstruction of the Higgs potential
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Complete one-loop results in the MSSM with complex
parameters + two-loop propagator-type corrections
[K. Williams, G. W. ’07]

SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.20

For h1 = h(125): important channel for the search for heavy Higgses
For h2 = h(125): constraints on light Higgses below 63 GeV 
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Higgs cascade decays: impact of higher-order 
corrections and complex phase

36
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Figure 10: The decay width Γ(h2 → h1h1) in the CPX scenario as a function of tan β at
Mh1 = 40 GeV (left) and as a function of Mh1 at tβ = 6 (right). MH± is adjusted to give the
Mh1 as required. All results include the propagator corrections. ‘tree’ indicates that the tree
level triple Higgs vertex has been used. ‘leading Yukawa’ includes the leading genuine vertex
corrections given in eqs. (76)–(89). ‘f,sf p2=0’ includes contributions to the genuine vertex
corrections from fermions and sfermions only and approximates the external momenta to
zero. The curve labelled ‘full’ shows the result including the full genuine vertex corrections.

full result.

6.3.2 Effective coupling approximation for the lightest neutral Higgs boson

As we have seen, the effective triple Higgs vertices obtained using the leading corrections
in the Yukawa approximation (as given in eqs. (76)–(89)) and the effective triple Higgs
vertices obtained using the fermion/sfermion corrections at p2 = 0 in the genuine vertex
corrections and combining with the propagator corrections have both performed rather well
as approximations to the h2 → h1h1 or H → hh decay width. We have also seen that
it is possible to get a large enhancement in these decay widths from the genuine vertex
corrections. We shall now apply these approximations to the triple coupling of the lightest
Higgs boson.

Fig. 13 shows this effective coupling squared, supplemented by propagator corrections
and normalised to the tree level SM value (with equal Higgs mass). We can see that there
is a suppression with respect to the tree level SM value if no genuine vertex corrections are
included. This holds even in the limit of largemA. This is because the SM tree-level coupling
involves the square of the physical Higgs mass whereas the effective coupling in this limit
involves the square of the tree-level mass of the lightest MSSM Higgs boson.

In Fig. 13, we also show the areas which are already excluded at the 95% CL by the
LEP Higgs searches, which we have determined using the method described in Sect. 10.2
below. Including the genuine vertex corrections gives an overall enhancement of the effective
couplings squared of approximately 1.2 to 1.6 in the parts of this parameter space which are
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Figure 11: The dependence of the h2 → h1h1 decay width on the phase φ = φAt = φAb
=

φAτ = φM3 (CPX scenario at tanβ = 11, MH± = 300 GeV). The full result is compared
with different approximations, which are the same as those specified in Fig. 10.

not yet excluded. This could have interesting implications for the sensitivity of searches at
the LHC and LC to effects of the triple-Higgs coupling in the MSSM.

7 Higgs decay to SM fermions

7.1 Calculation of the ha → bb̄ decay width

We use the general expression for two-body decay widths given in eq. (72) to obtain:

Γ(ha → bb̄) =
Nc

8πM2
ha

Mha

2

√

1−
4m2

b

M2
ha

|M|2 , (106)

where Nc is the number of colours. The mass dependence of the squared matrix element
|M|2 will be affected by the CP properties of the Higgs boson. For example, at lowest order,

Γtree(ha → bb̄) =
Nc

8π

Mha

2

(
1−

4m2
b

M2
ha

)x ∣∣λtree
habb̄

∣∣2 , (107)

where
∣∣λtree

hbb̄

∣∣2 = λ(0),2
b s2α,

∣∣λtree
Hbb̄

∣∣2 = λ(0),2
b c2α and

∣∣λtree
Abb̄

∣∣2 = λ(0),2
b s2β with x = 3/2 for the CP

even states h,H and x = 1/2 for the CP odd state A. λ(0)
b was defined in eq. (37).
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[K. Williams, H. Rzehak, G. W. ’13]

⇒ Very large higher-order corrections, strong phase dependence

' = 'At = 'Ab = 'A⌧ = 'AM3

'/⇡

CPX scenario
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Higgs decays into neutralinos and charginos

37

[A. Bharucha, A. Fowler, G. Moortgat-Pick, G. W. ’13]

Figure 1: Tree-level diagrams for the decay of neutral Higgs bosons h, H and
A to charginos �̃+

1 and �̃�
2 .

fore be written as

�

tree(hk ! �̃+
i �̃

�
j ) =

1

16⇡m3
hk

⇣
(|CR

ijhk
|2 + |CL

ijhk
|2)(m2

hk
,m2

�̃±
i
,m2

�̃±
j
)
�
m2

hk

�m2
�̃±
i
�m2

�̃±
j

� �4CR
ijhk

CL
ijhk

(�1)�k3m�̃±
i
m�̃±

j

⌘
, (78)

where
(x, y, z) = ((x� y � z)2 � 4yz)1/2. (79)

As explained in Sec. 2, we ensure the correct on-shell properties of the mixed
neutral Higgs bosons by the use of finite wave function normalisation fac-
tors Ẑij, which contain universal propagator-type contributions up to the
two-loop level. With the aim to investigate the e↵ect of the genuine vertex
contributions for this process, we will compare our full one-loop result to
an improved Born result which incorporates the (process-independent) nor-
malisation factors Ẑij. Accordingly, we define the improved Born result by
summing over the tree-level amplitudes for the three neutral Higgs bosons
hk weighted by the appropriate Ẑ factor,

ĜImp.Born

�̃+
i �̃�

j ha
=

X

k

ẐakG
Born
�̃+
i �̃�

j hk
(M2

ha
). (80)

As mentioned above, by definition the Ẑ factors do not include contributions
due to mixing with the neutral Goldstone boson or the Z boson, and therefore
the relevant one-loop contributions of this type must be explicitly included
in the calculation.

The one-loop corrections therefore involve vertex diagrams, examples of
which are shown in Fig. 2, and the self-energy diagrams involving the Z
and the Goldstone boson, examples of which are shown in Fig. 3. These are
calculated following the procedure outlined earlier. In order to obtain UV
finite results at the one-loop level, the three-point vertex function defined
at tree-level in Eq. (75) must be renormalised, i.e. we need to calculate the
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+ higher-order corrections
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Figure 7: Sum of the decay widths in GeV for h2 ! �̃+
1 �̃

�
2 and h3 ! �̃+

1 �̃
�
2

as a function of the phase �At . The solid (dashed) lines show the 1-loop
corrected (improved Born) results for Mq̃3 = 600 (blue, left) and 800 (red,
right) GeV.

decay width by, at most, 0.4%. In Fig. 8 we display the decay width for
polarised charginos in the final state, �(h2 ! �̃+

1,L�̃
�
2,R). We find that the

numerical impact of the proper treatment of the absorptive parts can amount
up to a 3% e↵ect in the decay width. On the other hand, as expected, the
e↵ect is seen to vanish for the case of real parameters, i.e. �At = 0, ⇡. The
spikes seen in these plots arise due to the fact that at these values of �At

the masses of the h2 and h3 bosons cross. The spikes are seen to vanish for
example on changing Mq̃3 to 520 GeV, as the Higgs masses no longer cross
for any value of �At , shown in the lower row of Fig. 8. While there may
be a chance to determine the polarisation of charginos through the angular
distribution of their decays products, a detailed study of the prospects at the
LHC is yet to be undertaken.

4.2 Chargino production at a future Linear Collider

As a second example, we now investigate chargino production at a Linear
Collider, �(e+e� ! �̃+

i �̃
�
j ). High-precision measurements of this process

in the clean experimental environment of an e+e� Linear Collider could be
crucial for uncovering the fundamental parameters of this sector and for
determining the nature of the underlying physics. A treatment addressing
the most general case of complex parameters is mandatory in this context.

At leading order, in the limit of massless electrons, the process �(e+e� !
�̃+
1 �̃

�
2 ) is described by the two diagrams shown in Fig. 9 (there is one addi-

tional diagram for the �̃+
1 �̃

�
1 and �̃+

2 �̃
�
2 final states). The transition matrix
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Dependence on       of the sum of decay widths:'At
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as a function of the phase �At . The solid (dashed) lines show the 1-loop
corrected (improved Born) results for Mq̃3 = 600 (blue, left) and 800 (red,
right) GeV.

decay width by, at most, 0.4%. In Fig. 8 we display the decay width for
polarised charginos in the final state, �(h2 ! �̃+

1,L�̃
�
2,R). We find that the

numerical impact of the proper treatment of the absorptive parts can amount
up to a 3% e↵ect in the decay width. On the other hand, as expected, the
e↵ect is seen to vanish for the case of real parameters, i.e. �At = 0, ⇡. The
spikes seen in these plots arise due to the fact that at these values of �At

the masses of the h2 and h3 bosons cross. The spikes are seen to vanish for
example on changing Mq̃3 to 520 GeV, as the Higgs masses no longer cross
for any value of �At , shown in the lower row of Fig. 8. While there may
be a chance to determine the polarisation of charginos through the angular
distribution of their decays products, a detailed study of the prospects at the
LHC is yet to be undertaken.

4.2 Chargino production at a future Linear Collider

As a second example, we now investigate chargino production at a Linear
Collider, �(e+e� ! �̃+

i �̃
�
j ). High-precision measurements of this process

in the clean experimental environment of an e+e� Linear Collider could be
crucial for uncovering the fundamental parameters of this sector and for
determining the nature of the underlying physics. A treatment addressing
the most general case of complex parameters is mandatory in this context.

At leading order, in the limit of massless electrons, the process �(e+e� !
�̃+
1 �̃

�
2 ) is described by the two diagrams shown in Fig. 9 (there is one addi-

tional diagram for the �̃+
1 �̃

�
1 and �̃+

2 �̃
�
2 final states). The transition matrix
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improved Born

loop-corrected

⇒ Sizable phase dependence
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Figure 8: Ratio of the 1-loop corrected decay width to the tree-level decay
width, as defined in Eq. (86), for h2 ! �̃+

1,L�̃
�
2,R as a function of the phase

of At, �At , showing the e↵ect of absorptive parts of the self-energies in the
chargino field renormalisation constants. The solid (dotted) line indicates the
result with (without) taking the absorptive part into account. Parameters are
as in Tab. 2, except Mq̃3 = 500 GeV for the upper plots and Mq̃3 = 520 GeV
for the lower plots.

element can be written as [111],

M↵�(e
+e� ! �̃+

i �̃
�
j ) = i

e2

s
Q↵�

⇥
v̄(e+)�µ!↵u(e

�)
⇤ ⇥
ū(�̃�

j )�
µ!�v(�̃

+
i )
⇤
, (87)

in terms of the helicity amplitudes Q↵�, where ↵ refers to the chirality of the
e+e� current, � to that of the �̃+

i �̃
�
j current, and summation over ↵ and �
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Higgs decays into charginos and neutralinos

38

[A. Bharucha, A. Fowler, G. Moortgat-Pick, G. W. ’13]

'At/⇡

Loop corrections, impact of absorptive parts:

absorptive parts included

⇒ Importance of absorptive parts for analysis of CP-violating effects
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Figure 8: Ratio of the 1-loop corrected decay width to the tree-level decay
width, as defined in Eq. (86), for h2 ! �̃+

1,L�̃
�
2,R as a function of the phase

of At, �At , showing the e↵ect of absorptive parts of the self-energies in the
chargino field renormalisation constants. The solid (dotted) line indicates the
result with (without) taking the absorptive part into account. Parameters are
as in Tab. 2, except Mq̃3 = 500 GeV for the upper plots and Mq̃3 = 520 GeV
for the lower plots.

element can be written as [111],

M↵�(e
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⇥
v̄(e+)�µ!↵u(e

�)
⇤ ⇥
ū(�̃�
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+
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, (87)

in terms of the helicity amplitudes Q↵�, where ↵ refers to the chirality of the
e+e� current, � to that of the �̃+

i �̃
�
j current, and summation over ↵ and �
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without absorptive parts
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CP-violating asymmetry

39

CP-violating asymmetry
[A. Fowler, G. W. ’10]
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⇒ Large asymmetries possible

Condition for sizable asymmetries:
CP violation (complex parameters) + absorptive parts

SUSY Higgs Production and Decays at the LHC, Georg Weiglein, Higgs Days at Santander 2010, Santander, 10 / 2010 – p.43
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Conclusions
The discovered signal is compatible with a SM-like Higgs, but a 
variety of interpretations is possible, corresponding to very 
different underlying physics 

Significant room for possible effects of CP violation in the Higgs 
sector  

• Signal at 125 GeV: Mixed CP state or pure state? Modifications 
of couplings from CP-violating phases? Decay mode into a pair 
of additional light Higgses? 

• States of extended Higgs sector: Neutral heavy Higgses, nearly 
mass degenerate, large mixing between H, A states, resonance-
type behaviour possible! h2 → h(125) h(125) decays!                  
h2 → 𝛘𝛘, high sensitivity to CP phases, CP asymmetries!

40

⇒

Good prospects for exploring possible effects of new CPV sources⇒
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Backup

41



Higgs properties and prospects for CP-violation searches, Georg Weiglein, IPA 2014, QMU London, 08 / 2014

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
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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. 

43

⇒ Need very high precision for the couplings

Implications of the Higgs signal for BSM physics, Georg Weiglein, Planck 2014, Paris, 05 / 2014

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.
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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)
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Peskin et al 

⇒ Need very high precision for the couplings
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Possibility of a sizable deviation even if the couplings to gauge 
bosons and SM fermions are very close to the SM case

• If dark matter consists of one or more particles with a mass 
below about 63 GeV, then the decay of the state at 125 GeV 
into a pair of dark matter particles is kinematically open

• The detection of an invisible decay mode of the state at 125 
GeV could be a manifestation of BSM physics

• Direct search for H → invisible

• Suppression of all other branching ratios

44
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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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Search for non-standard heavy Higgses

46

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

• A signal could show up in H → ZZ → 4 l as a small bump, very 
far below the expectation for a SM-like Higgs (and with a 
much smaller width)

• Particularly important search channel: H, A → 𝛕𝛕

• Non-standard search channels can play an important role:       
H → hh, H, A → 𝛘𝛘, ...

⇒
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CMS result for h, H, A → 𝛕𝛕 search

Analysis starts to 
become sensitive to 
the presence of the 
signal at 125 GeV

Searches for Higgs 
bosons of an extended 
Higgs sector need to 
test compatibility with 
the signal at 125 GeV        
(→ appropriate 
benchmark scenarios) 
and search for 
additional states

47

Search for MSSM ��ττ 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

87 

!  Minimal SuperSymmetric 
Model predicts: 
!  h0, H0, A0: generically �. 
!  H+ and H-.  

!  Based on SM analysis but: 
!  Using extra b-tags 

(production). 
!  Extended to up to mττ = 1.5 

TeV: 

[CMS-PAS-HIG-13-021] 

Observation 
compatible with 
presence of SM 
Higgs boson. 

Not shown: model-independent limits on gg�� and gg��bb̅. [CMS Collaboration ’14]

⇒
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mhmod benchmark scenario

• Small modification of well-known mhmax  scenario where the light Higgs h can be 
interpreted as the signal at 125 GeV over a wide range of the parameter space

• Large branching ratios into SUSY particles (right plot) and sizable BR(H → hh) for rel. 
small tanβ possible 48

[M. Carena, S. Heinemeyer, O. Stål, C. Wagner, G. W. ’14]

Figure 4: Upper row: The MA–tan � plane in the mmod+
h (left) and the mmod�

h scenario
(right). The exclusion regions are shown as in Fig. 3, while the color coding in the allowed
region indicates the average total branching ratio of H and A into charginos and neutralinos.
In the lower row M2 = 2000 GeV is used, and the color coding for the branching ratios of H
and A into charginos and neutralinos is as in the upper row. The regions excluded by the
LHC searches are shown in light red in these plots. For comparison, the excluded regions
for the case M2 = 200 GeV (as given in the plots in the upper row) is overlaid (solid red).

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the ⌧+⌧� and bb̄ final states are significantly a↵ected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan �, leading to a corresponding reduction of the branching
ratios into ⌧+⌧� and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod�
h (right)

14

Figure 3: The MA–tan � plane in the mmod+
h (left) and mmod�

h (right) scenarios. The colors
show exclusion regions from LEP (blue) and the LHC (red), and the favored region Mh =
125.5± 2 (3) GeV (green), see the text for details.

mmod�
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = �1.9MSUSY (FD calculation),

XMS
t = �2.2MSUSY (RG calculation),

Ab = A⌧ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)

Figure 3 shows the bounds on the MA–tan � parameter space in the mmod+
h (left) and

mmod�
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.4 As anticipated, there is a large region of parameter space at moderate and large
values of tan � where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tan �. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

4The light red color in Fig. 4 has a di↵erent meaning.

13
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MSSM realisation: very exotic scenario, where all 
five Higgs states are light

Before charged Higgs results from ATLAS: global fit yielded acceptable fit 
probability 

49

MSSM interpretation in terms of heavy Higgs H:

where is the light Higgs h in this case?

[P. Bechtle, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’12]

⇒ Light Higgs with Mh ≈ 70 GeV, in agreement with LEP limits
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 77

Lightest Higgs: mass and couplings to gauge bosons (blue: HiggsBounds-allowed)
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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)

50

[C. Englert, M. Spannowsky ’14]

[CMS Collaboration ’14]
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Test of spin and CP hypotheses 

51

[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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V  1

Prospects for Higgs-coupling determinations at 
HL-LHC and ILC

52

BR(H → inv.)
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(a) Assume BR(H → NP) ≡ BR(H → inv.).

BR(H → NP)
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0.0 0.01 0.02 0.03 0.04 0.05

(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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Prospects for Higgs-coupling determinations at 
HL-LHC and ILC

53

BR(H → NP)
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HiggsSignals

HL− LHC (Γtot free)

HL− LHC⊕ ILC 250 (σtotal
ZH )
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HL− LHC⊕ ILC 1000
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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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