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Experimental situation (in a nutshell): 


•Higgs signal at 125 GeV:                                                       
the discovered particle looks SM-like so far


•No further clear sign of new physics so far


Higgs physics:


•Use the information from the properties of the detected 
signal, from search limits, as well as from electroweak 
precision observables, flavour physics,  etc. to explore the 
mechanism of electroweak symmetry breaking

3

Introduction
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Higgs physics: origin of mass, structure of the vacuum

4

The fact that we can produce Higgs bosons in a controlled way 
at the LHC provides us access to the origin of mass of 
elementary particles and to the structure of the vacuum.
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The structure of the vacuum

5

BEH mechanism, spontaneous symmetry breaking: vacuum state 
does not obey the underlying symmetry principle (gauge invariance)


BEH mechanism ⇔ non-trivial structure of the vacuum

1 The Brout-Englert-Higgs mechanism and the SM Higgs sector 3

gauge invariant mass term from coupling to Higgs field

SSB: L is invariant under symmetry transformation, but not the ground states
example: ferromagnet, pencil on the tip
goal: gauge-invariant mass term for gauge boson and fermion from couplings to scalar fields

1.3 Minimal version: SM Higgs sector

scalar SU(2) doublet field (complex) � =

✓
�+

�0

◆
with �� = (�+)† and

�+ = 1p
2
(�3 + i�4) and �0 = 1p

2
(�1 + i�2),

where all �i are real ! 4 degrees of freedom (dof)
generators for weak isospin: I3W
weak hypercharge: YW
electric charge: Q

SSB: SU(2)I⇥U(1)Y
SSB��!U(1)em

assignment of quantum numbers Q = I3W + 1
2YW

! weak hypercharge of �: YW = 1

Figure 1.2: Illustration of the potential V (�).

Higgs potential: V (�) = �
4 (�

†�)2 � µ2�†�
� � 0: potential bounded from below
µ2 > 0: SSB

Minimum of V : (�†�) = 1
2(�

2
1 + �2

2 + �2
3 + �2

4) =
2µ2

�

! non-vanishing vacuum expectation value (VEV) v: |h�i|2 = 2µ2

� =: v2

2
! infinite set of degenerate ground states
transform into each other under symmetry transformation

QFT: need to expand around ground state ! selection of specific ground state ! SSB
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Simplest version: BEH mechanism in the Standard 
Model (SM)

6
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The BEH mechanism in the Standard Model (SM)

4

The Higgs mechanism in the Standard Model (SM)

Postulated Higgs field: scalar SU(2) doublet Φ =

(

φ+

φ0

)

Higgs potential: V (Φ) =
λ

4

(

Φ†Φ
)2

+ µ2
(

Φ†Φ
)

, λ > 0

µ2 < 0

⇒ spontaneous
symmetry breaking

)
V
(|
Φ+ |

0
Φ| ,

|

|Φ

+|

Φ
0||

µ >02

µ<02

v/ 2

Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.11
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The Higgs field and the Higgs boson

7

The Higgs field and the Higgs boson
Higgs mechanism: fundamental particles obtain their masses
from interacting with the Higgs field
Higgs boson(s): field quantum of the Higgs field

SM Higgs field: scalar SU(2) doublet, complex Φ =

(

φ+

φ0

)

⇒ 4 degrees of freedom
3 components of the Higgs doublet −→ longitudinal
components of W+, W−, Z

4th component: H: elementary scalar field, Higgs boson

Models with two Higgs doublets (e.g. MSSM)
⇒ prediction: 5 physical Higgses

Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.14
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The BEH mechanism in the Standard Model (SM)

6

The Higgs mechanism in the Standard Model (SM)

Minimum of the potential at ⟨Φ⟩ =

√

−2µ2

λ
≡

v√
2

The state of the lowest
energy of the Higgs field
(vacuum state) does not obey
the underlying symmetry
principle (gauge invariance)

)
V
(|
Φ+ |

0
Φ| ,

|

|Φ

+|

Φ
0||

µ >02

µ<02

v/ 2

⇒ Spontaneous breaking of the gauge symmetry
Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.12
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Unitarity cancellation in longitudinal gauge boson 
scattering

7

Unitarity cancellations in longitudinal gauge
boson scattering

E.g.: WW scattering, longitudinally polarised: WLWL → WLWL

MV =

W

W

W

W

γ, Z
+ γ, Z +

= −g2 E2

M2
W

+ O(1) for E ≫ MW

⇒ violation of probability conservation

Compensated by Higgs contribution:

MS =

W

W

W

W

H

+ H

= g2
WWH

E2

M4
W

+ O(1) for E ≫ MW, gWWH = g2 MW
Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.18
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• Mass: ATLAS + CMS ⇒ MH = 125.1 ± 0.2 GeV : already a 
precision observable (0.16%)


• Spin: can be determined by discriminating between distinct 
hypotheses 0, 1, 2, ... unless signal consists of 
superposition of more than one states ⇒ spin 0 preferred


• CP properties: compatible with pure CP-even state (SM 
case), pure CP-odd state excluded, only very weak 
bounds so far on an admixture of CP-even and CP-odd 
components

8

Properties of the discovered signal
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Production of a SM Higgs at the LHC

9

Higgs Boson Production at 125 GeV 

ggH (87.4%) 
Gluon fusion 

VH (4.9%) 

VBF (7.1%) 
Vector boson fusion 

ttH (0.6%) 
Run I Run II 

7/8 TeV (2011/2012) 13 TeV (>2015)  

2.3x 

2.4x 

2.0x 
2.1x 

3.9x 

Observed production modes: ggF,  VBF 

Florencia Canelli - University of Zurich 4 

[F. Canelli, ICHEP 2016]
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  21

ttH coupling
PetruccianittH production: experimental status

10

[T. Gershon, Moriond 2017]
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Decay modes of a SM Higgs at 125 GeV

11

[F. Canelli, ICHEP 2016]Higgs Boson Decays at 125 GeV 

H!γγ 
Very rare (0.2%) 
S/B<1 
ΔM/M ~ 1-2% 

H!ZZ*!4l 
Rare (3%) 
S/B>>1 
ΔM/M ~ 1-2%  

H!bb  
Abundant (58%) 
S/B<<1 
ΔM/M ~ 10-20%  

H!ττ 
Abundant (6%) 
S/B<1 
ΔM/M ~ 10-20%  

H!WW*!2l2ν 
Very Abundant (22%) 
S/B<1 
ΔM/M ~ 30%  

H!gg (8.5%) 

H!cc (2.9%) 

Observed decay modes: 
γγ, ZZ, WW, ττ 
 
Missing bb,cc, µµ, Zγ  

Florencia Canelli - University of Zurich 5 
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[F. Canelli, ICHEP 2016]Higgs Profile in Run 1 
CMS and ATLAS combined 7 and 8 TeV 
results Run 1 legacy papers:  
 
Mass: Phys. Rev. Lett. 114, 191803 
Rates and couplings: arXiv:1606.02266 

–  Mass has been measured to 
0.2% precision 
mH=125.09±0.24 GeV 

–  Angular distributions 
consistent with spin 0 and 
even parity 

–  All couplings are consistent 
with SM within 2.5σ 

Precision test of Higgs boson coupling strengths 

µ =
σ
σ SM

Coupling strengths 

Florencia Canelli - University of Zurich 8 

Signal strengths from Run 1: ATLAS + CMS

Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Universität Siegen, 11 / 2013

ATLAS and CMS: individual channels and overall 
signal strengths

28

ATLAS & CMS  
Studies on Higgs  

Y. Enari 
Summary on HÆbosons  

ATLAS CMS 
Obs Exp Obs Exp 

HÆ JJ� 7.4 4.3 3.2 4.2 

HÆZZ 6.6 4.4 6.7 7.1 

HÆWW 3.8 3.8 4.0 5.1 

10 

P   1.30±0.20 P�  0.80±0.14  P =   V × Br 
( V × Br)SM  

Significance 

Each observed significance is > 3 V.  Rates are consistent with SM. 

• Split data sample to enhance S/B 
– Detector response, Physics backgrounds 
– Signal prod. process 

• MVA analysis 
– Both in Object IDs and final analysis. 
– More often used in CMS. 
 

�S = 7 TeV,  8 TeV  
          5 fb-1 + 20 fb-1 

MH =125.5±0.2stat±0.6syst GeV MH =125.7±0.3stat±0.3syst GeV 
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Higgs couplings to fermions: 𝛕𝛕, bb, μμ

13
  19

BEH couplings
Gaycken

Exciting prospects for 
improved H → bb,  ττ 

& Zγ results soon

Readioff

[T. Gershon, Moriond 2017]
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A possible hint for a deviation in H → bb?

14

[W. Murray, Moriond 2017]W. Murray  2

H→bb: Run 1 ATLAS+CMS 

μ=0.70+0.29
-0.27 

Bbb/Bzz=0.20+0.20
-0.12

Is all well?
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[W. Murray, Moriond 2017]

W. Murray  24

Conclusions

The first 3 have systematics ≥ statistics
Last two lag in sensitivity but may catch up?
There is a pattern of low rates of H→bb 

Naive average 0.2±0.4
Full statistics analyses urgently awaited!

Luminosity, fb-1 μ

ATLAS ttH 13.2 2.1+1
-0.9

CMS ttH 12.9 -0.19±0.80

ATLAS VH 13.2 0.21±0.51

CMS VBF 2.3 -3.7+2.4
-2.5

ATLAS VBF+γ 12.6 -3.9+2.8
-2.7

A possible hint for a deviation in H → bb?
Run 2 results:
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So, where do we stand?

16

Still some way to go to establish the properties of the 
discovered particle

⇒

[Traunstein, 
May 1st, 2017]
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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

17

⇒
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⇒

For a 125 GeV Higgs boson the branching ratios into              
BR(H → ZZ*), BR(H → WW*) are far below threshold                     
⇒ Strong phase-space suppression, steep rise with MH       
Sensitive dependence on MH, off-shell effects are important 

Mh = 125GeV

SM Higgs 
branching 
fractions:

[LHC Higgs XS WG ’14]

Reason for importance of off-shell effects (and high sensitivity to 
Higgs mass value) for BR(H → ZZ*), BR(H → WW*):  

[N. Kauer, G. Passarino ’12]

Relevance of off-shell effects for Higgs physics
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The SM is incomplete: in particular, it describes only three of the 
four fundamental interactions, i.e. it does not contain gravity. Thus, 
the SM cannot be the ultimate theory.  At best, the SM could be the 
low-energy limit of the (as yet unknown) more complete theory


Thus, the actual question is whether the low-energy limit of the more 
complete theory has just the matter content and the properties of 
the SM


However, this would mean that the gauge hierarchy, dark matter, the 
matter—anti-matter asymmetry in the Universe, … , would all have 
origins that are not directly related to low-scale physics 


``Hierarchy problem’’:  Higgs mass should be affected by physics at 
high energy scales (e.g. Planck scale, 1019 GeV, where gravity is of 
similar strength as the other interactions)

19

Why the discovered particle cannot be the SM Higgs
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Higgs Physics, Georg Weiglein, Nikhef Topical Lectures, Amsterdam, 04 / 2016

Unitarity cancellation in longitudinal gauge boson 
scattering

46

Unitarity cancellations in longitudinal gauge
boson scattering

E.g.: WW scattering, longitudinally polarised: WLWL → WLWL

MV =

W

W

W

W

γ, Z
+ γ, Z +

= −g2 E2

M2
W

+ O(1) for E ≫ MW

⇒ violation of probability conservation

Compensated by Higgs contribution:

MS =

W

W

W

W

H

+ H

= g2
WWH

E2

M4
W

+ O(1) for E ≫ MW, gWWH = g2 MW
Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.18

BSM Higgs physics

20

Extended Higgs sectors: where are the additional Higgses and 
how can we find them?


Composite Higgs: resonances, composite top partners, ... ?


…


Distinction possible via:


• Properties of the state at 125 GeV


• Impact on longitudinal vector boson scattering


• Search for additional states
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Higgs Physics, Georg Weiglein, Nikhef Topical Lectures, Amsterdam, 04 / 2016 76

Can it simply be the SM Higgs?

Can the SM be valid all the way up to the Planck scale?

Yes, in principle, but . . .

Do we live in a metastable vacuum?
[G. Degrassi et al. ’12]

Physics prospects, Georg Weiglein, CMS Upgrade Week, DESY, 06 / 2013 – p. 34Extended Higgs sector: contributions of additional Higgs states 
stabilise the vacuum

Vacuum stability in the SMCould there just be a single SM-like Higgs?

• Disregarding the hierarchy problem, could all the states of new 
physics sit at some very high scale?


• Vacuum stability in the SM:                                                  
meta-stable vacuum?


• Extended Higgs sector: contributions of additional Higgs states 
could stabilise the vacuum


• High-scale SUSY as the UV-completion of the SM?
21

[G. Degrassi et al. ’12]
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Vacuum stability and high-scale SUSY

• SM cannot be matched to the MSSM if the scale of the MSSM 
particles is above about 1011 GeV  [G. Giudice, A. Strumia ’12]  

• 2HDM with and without light higgsinos / gauginos matched to the 
MSSM at high scale


Supersymmetric UV completion + stable vacuum + Higgs at 125 
GeV works for 2HDM as low-scale model and for 2HDM + light 
higgsinos 


Does not work for split SUSY case (light higgsinos and gauginos)

22

[E. Bagnaschi, F. Brümmer, W. Buchmüller, A. Voigt, G. W. ’15]

⇒
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2HDM + light higgsinos at low scale, other MSSM 
states at high scale

23
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Figure 3: Contours of the lightest Higgs mass Mh in the mA(Mt) – tan� plane for the case where
the spectrum at the electroweak scale consists of the THDM with higgsinos, with µ = 200 GeV, for
MS = 2 · 1014 GeV (top row) and MS = 2 · 1017 GeV (bottom row). The Higgs mass prediction is
computed for Mt = 173.34± 0.76 GeV (solid black, dashed green and dotted blue). Left: full range of
tan�, low mA(Mt); right: region of low tan�, large mA(Mt). Unshaded regions are allowed by vacuum
stability. In the orange region, the electroweak vacuum is unstable but its lifetime is larger than the
age of the universe. Red regions are excluded by vacuum stability. Grey regions are uncalculable
because perturbative control is lost.

14

[E. Bagnaschi, F. Brümmer, W. Buchmüller, A. Voigt, G. W. ’15]

Mt = 173.34 GeV Mt = 174.1 GeV Mt = 172.58 GeV

Figure 3: Contours of the lightest Higgs mass Mh in the mA(Mt) – tan� plane for the case where
the spectrum at the electroweak scale consists of the THDM with higgsinos, with µ = 200 GeV, for
MS = 2 · 1014 GeV (top row) and MS = 2 · 1017 GeV (bottom row). The Higgs mass prediction is
computed for Mt = 173.34± 0.76 GeV (solid black, dashed green and dotted blue). Left: full range of
tan�, low mA(Mt); right: region of low tan�, large mA(Mt). Unshaded regions are allowed by vacuum
stability. In the orange region, the electroweak vacuum is unstable but its lifetime is larger than the
age of the universe. Red regions are excluded by vacuum stability. Grey regions are uncalculable
because perturbative control is lost.

14

unstable vacuum

meta-stable vacuum

stable vacuum

Mh

Stable or meta-stable vacuum possible for low tanβ and large MA⇒
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Higgs phenomenology beyond the SM

Standard Model: a single parameter determines the whole
Higgs phenomenology: MH

In the SM the same Higgs doublet is used “twice” to give
masses both to up-type and down-type fermions
⇒ extensions of the Higgs sector having (at least) two
doublets are quite “natural”

⇒ Would result in several Higgs states

Many extended Higgs theories have over large part of their
parameter space a lightest Higgs scalar with properties very
similar to those of the SM Higgs boson
Example: SUSY in the “decoupling limit”

Higgs & SUSY, Georg Weiglein, Dine–Haber Symposium, UCSC, 01 / 2013 – p.8

The Higgs-boson mass as a test for BSM physics  
(focus here on models with extended Higgs sectors)
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The minimal supersymmetric extension of the 
Standard Model (MSSM)

25

The Minimal Supersymmetric Standard Model

(MSSM)

Superpartners for Standard Model particles:
[

u, d, c, s, t, b
]

L,R

[

e, µ, τ
]

L,R

[

νe,µ,τ
]

L
Spin 1

2

[

ũ, d̃, c̃, s̃, t̃, b̃
]

L,R

[

ẽ, µ̃, τ̃
]

L,R

[

ν̃e,µ,τ
]

L
Spin 0

g W±, H±

︸ ︷︷ ︸
γ, Z,H0

1 , H
0
2

︸ ︷︷ ︸
Spin 1 / Spin 0

g̃ χ̃±

1,2 χ̃0
1,2,3,4 Spin

1

2

Two Higgs doublets, physical states: h0, H0, A0, H±

General parametrisation of possible SUSY-breaking terms
⇒ free parameters, no prediction for SUSY mass scale

Hierarchy problem ⇒ expect observable effects at TeV scale
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 17

How does SUSY breaking work?

Exact SUSY ⇔ me = mẽ, . . .

⇒ SUSY can only be realised as a broken symmetry

MSSM: no particular SUSY breaking mechanism assumed,
parameterisation of possible soft SUSY-breaking terms

⇒ relations between dimensionless couplings unchanged

⇒ cancellation of large quantum corrections preserved

Most general case: 105 new parameters

Strong phenomenological constraints on flavour off-diagonal
and CP-violating SUSY-breaking terms

⇒ Good phenomenological description for universal
SUSY-breaking terms (≈ diagonal in flavour space)

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 18
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The Higgs sector of the MSSM

26

What else could it be?

Supersymmetry: MSSM, NMSSM, . . .
Additional symmetry between fermions and bosons ⇒ large
corrections (hierarchy problem) cancel out

Minimal Supersymmetric Standard Model (MSSM)
⇒ “Simplest” extension of the minimal Higgs sector:

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 the one parameter (MH) of
the SM: tan β ≡ vu

vd
, MA (or MH±)

Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.37
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Higgs potential of the MSSM

27

Higgs potential of the MSSM

MSSM Higgs potential contains two Higgs doublets:

V =
(

|µ|2 +m2
Hu

) (

|h0
u|

2 + |h+
u |

2
)

+
(

|µ|2 +m2
Hd

) (

|h0
d|

2 + |h−

d |
2
)

+
[

b (h+
u h

−

d − h0
uh

0
d) + h.c.

]

+
g2 + g′2

8
︸ ︷︷ ︸

(

|h0
u|

2 + |h+
u |

2 − |h0
d|

2 − |h−

d |
2
)2

+
g′2

2
︸︷︷︸

∣
∣h+

u h
0∗
d + h0

uh
−∗

d

∣
∣
2

gauge couplings, in contrast to the SM

Five physical states: h0, H0, A0, H±

Parameters (besides g, g′):

µ: mixing term of the two Higgs doublets in superpotential, µHdHu

mHu
, mHd

, b: soft SUSY-breaking parameters
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 30
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The ``μ problem’’ The "µ problem"

MSSM contains term µHdHu in superpotential

µ: dimensionful parameter

For EW symmetry breaking required: µ ∼ electroweak scale

But: no a priori reason for µ ̸= 0, µ≪MPl

Possible solution: µ related to v.e.v. of additional field

⇒ Introduction of extra singlet field S, v.e.v. s ⇒ “NMSSM”

Superpotential: V = λHdHuS + 1
3κS

3 + . . .

Physical states in NMSSM Higgs-sector:

S1, S2, S3 (CP-even), P1, P2 (CP-odd), H±

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 33
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Higgs mass bound in the MSSM

29

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
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Higgs mass predictions in the MSSM: important 
test of the model
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Predictions for Higgs mass and potential in SUSY: 
full model (MSSM) vs. effective field theory (EFT)

• Contributions of all particles in the loop:                                   
contributions from all sectors of the model


• Diagrammatic / effective potential methods


• Mass effects of all particles taken into account: every possible 
mass pattern can be considered


• Very large higher-order corrections:                                              
tree-level upper bound: 91 GeV ⟶ observed value: 125 GeV


Relative effect of higher-order corrections in Mh2: ≳90%

31

Full model (MSSM, NMSSM, …):
t̃, b̃, q̃, l̃, �̃±, . . .

radiative corrections

⇒

�m2
h ⇠ m4

tGF log

 
m2

t̃

m2
t

!

+ …
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• Roughly: 1 GeV change in (effective value of) mt ⇒ 1 GeV change in mh 


• FeynHiggs (fixed order contribution): Two-loop result in on-shell scheme 
+ (optional) reparametrisation in terms of mt (mt) + (see below)                                                    
TeV scale: both log terms and non-log terms are numerically important!     


• Estimate of remaining theoretical uncertainties from unknown higher-
order corrections: ~ 3 GeV uncertainty, depending on the parameter 
region (uncertainties are relatively large in region of large stop mixing) 


• Full model (MSSM): preferred method for relatively light SUSY


• Improvement: need 3-loop, … contributions; all contributions of O(αtiαsj) 
needed; compensations between different contributions expected 
Partial 3-loop results available [S. Martin ’07] [R. Harlander, P. Kant,            
L. Mihaila, M. Steinhauser ’08]        

32

Full model (MSSM), continued
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Effective field theory (EFT) approach
What if the SUSY particles (or part of the spectrum) sit at very high scales 
(1014 GeV, MPl, …)? High-scale SUSY, split SUSY, …                                   
⇒ very large logs, log terms dominate, need to be resummed ⇒ EFT       


Heavy SUSY particles integrated out                                                                  
Low-scale model is just the SM (1 Higgs doublet), or split-SUSY type 
scenario with 1 doublet, or 2HDM, …                                                           
Large mass gap between different scales required! 


Impact of heavy particles only via boundary conditions + threshold 
corrections at high scale                                                                                       
High-scale SUSY: renormalisation-group (RG) running + Higgs-mass 
computation involve only SM contributions                                           
SUSYHD [J. Pardo Vega, G. Villadoro ’15], FlexibleSUSY [P. Athron, J.-h. Park, 
D. Stöckinger, A. Voigt ’14], MhEFT [G. Lee, C. Wagner ’16], …   


In case of several thresholds: need to integrate out part of the spectrum
33
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If some SUSY particles are much heavier than O(1 TeV): larger log 
contributions ⇒ improvement with resummation of leading logs                                             
First step: diagrammatic fixed-order contributions up to two-loop order 
+ resummation of leading and next-to-leading logs

34

Hybrid approach: leading log improvement of fixed-
order result for heavy SUSY particles

Leading log resummation relevant for MS ≳ 2 TeV⇒

⇒

Interpretation of the Higgs Signal in SUSY, Georg Weiglein, 573. W. und E. Heraeus-Seminar, Bad Honnef, 11 / 2014

Numerical impact of new contributions
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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.

5000 10000 15000 20000
MS [GeV]

115

120

125

130

135

140

145

150

155

M
h [G

eV
]

FH295
3-loop

4-loop

5-loop

6-loop

7-loop

LL+NLL

FeynHiggs 2.10.0

Xt = 0

Xt/MS = 2

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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Current status of hybrid approach predictions

FeynHiggs:                                                                                                      
[H. Bahl, T. Hahn, S. Heinemeyer, W. Hollik, S. Paβehr, H. Rzehak, G. W. ’16, 17’] 
Combination of fixed-order result up to the two-loop level in the on-
shell scheme with a log resummation in the MSbar/DRbar scheme 
Resummation of full LL, NLL + NNLL at O(αtαs, αt2)                       
Logs already contained in the fixed-order result are consistently 
subtracted      

Pure EFT result agrees very well (Δ Mh ≲ 0.1 GeV) with SUSYHD for 
high-scale SUSY scenario, if NNLO top Yukawa coupling is used in 
SUSYHD (shift by ≈ 0.5 GeV for NNNLO top Yukawa coupling)


Recent implementations of hybrid approach also for         
FlexibleSUSY [P. Athron, J.-h. Park, T. Steudtner, D. Stöckinger, A. Voigt ’16]                    
and SPheno [F. Staub, W. Porod ’17]

35



Higgs physics: where are we and what next?, Georg Weiglein, Vienna, 05 / 2017

Comparison: hybrid and EFT approach

Numerical comparison below is done for simplest case of high-
scale SUSY model: Msoft = μ = MA ≡ MSUSY (single-scale 
scenario)


In realistic cases the task is to provide the most accurate 
prediction for the Higgs masses, decay and production 
processes for a given SUSY spectrum (appropriate combination 
of fixed-order result and log resummation) together with a 
reliable estimate of the remaining theoretical uncertainties


Significant progress during the last years: ``KUTS’’ Workshop 
series (Workshops on precision SUSY Higgs Mass calculations, 
7th meeting: Karlsruhe, July 2017)
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Comparison: hybrid and EFT approach
In decoupling limit, Msoft = μ = MA ≡ MSUSY ≫ MZ, imaginary parts 
neglected:


EFT result:


Result of hybrid approach:

37

where �v2OS is defined in Eq. (5).2

Having clarified how to obtain vMS, we calculate the SM MS Higgs tree-level mass by
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Expanding the Higgs self-energy around the Higgs tree-level mass of the MSSM m2
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where the ellipsis stands for higher order terms in the expansion.
We discuss the current status of EFT calculations in Section 5.

2.3 Hybrid calculation

In FeynHiggs, the fixed-order approach is combined with the EFT approach [33, 34]. The basic idea is to
include all logarithmic contributions resummed using the EFT approach into Eq. (8),
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hh = 0. (16)
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The subscript ’logs’ indicates that we take only logarithmic contributions into account. Note that in
⌃̂MSSM

hh (m2
h) the logarithms appear only explicitly when expanding in v/MSUSY. For more details on the

combination of the fixed-order and the EFT result, we refer to [34, 33].
Plugging the expression for �⌃̂hh into Eq. (16), we obtain for the physical Higgs mass
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We use the label ’nolog’ to indicate that we take only terms not involving large logarithms into account
for the labelled quantity. We again note that the large logarithms (and thereby the meant non-logarithmic
terms) appear only explicitly in ⌃̂MSSM

hh (m2
h) when expanding in v/MSUSY

Before comparing the various approaches in depth, we also shortly comment on the renormalization
scheme conversion needed for the combination of the fixed-order and the EFT calculation. As mentioned
before, in FeynHiggs the stop sector is renormalized using the OS scheme. In contrast, in the EFT calcula-
tion, i.e. the calculation of �(Mt), all SUSY parameters enter in DR-renormalized form. As argued in [34],
it is su�cient to convert only the stop mixing parameter Xt using only the one-loop large logarithmic terms,
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where M2
S = Mt̃1

Mt̃2
, ↵s = g23/(4⇡) (with g3 being the strong gauge coupling) and ↵t = y2t /(4⇡) (with yt

being the top Yukawa coupling).

2Note however that here we wish to obtain the SM MS vev. Therefore, only SM contributions have to be taken into account
when calculating �v2OS.
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where the ellipsis stands for higher order terms in the expansion.
We discuss the current status of EFT calculations in Section 5.

2.3 Hybrid calculation

In FeynHiggs, the fixed-order approach is combined with the EFT approach [33, 34]. The basic idea is to
include all logarithmic contributions resummed using the EFT approach into Eq. (8),
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�⌃̂hh contains all logarithmic contributions obtained via the EFT approach as well as subtraction terms
compensating the logarithmic terms already present in the diagrammatically calculated ⌃̂MSSM
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The subscript ’logs’ indicates that we take only logarithmic contributions into account. Note that in
⌃̂MSSM

hh (m2
h) the logarithms appear only explicitly when expanding in v/MSUSY. For more details on the

combination of the fixed-order and the EFT result, we refer to [34, 33].
Plugging the expression for �⌃̂hh into Eq. (16), we obtain for the physical Higgs mass
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We use the label ’nolog’ to indicate that we take only terms not involving large logarithms into account
for the labelled quantity. We again note that the large logarithms (and thereby the meant non-logarithmic
terms) appear only explicitly in ⌃̂MSSM

hh (m2
h) when expanding in v/MSUSY

Before comparing the various approaches in depth, we also shortly comment on the renormalization
scheme conversion needed for the combination of the fixed-order and the EFT calculation. As mentioned
before, in FeynHiggs the stop sector is renormalized using the OS scheme. In contrast, in the EFT calcula-
tion, i.e. the calculation of �(Mt), all SUSY parameters enter in DR-renormalized form. As argued in [34],
it is su�cient to convert only the stop mixing parameter Xt using only the one-loop large logarithmic terms,
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where M2
S = Mt̃1

Mt̃2
, ↵s = g23/(4⇡) (with g3 being the strong gauge coupling) and ↵t = y2t /(4⇡) (with yt

being the top Yukawa coupling).

2Note however that here we wish to obtain the SM MS vev. Therefore, only SM contributions have to be taken into account
when calculating �v2OS.
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Comparison: hybrid and EFT approach

• Hybrid approach contains non-logarithmic terms of O(v/MSUSY) 
that correspond to higher-dimensional operators in the EFT 
approach


• Differences in the parametrisation of the non-logarithmic 
contributions (on-shell/MSbar parameters, …)


• Higher-order terms arising from the determination of the 
propagator pole: differences in non-SM contributions cancel 
out in the limit of a heavy SUSY scale if all relevant terms at a 
given order are included (cancellation with subloop 
renormalisation)


• Parameter conversion DRbar ⟷ on-shell
38
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Obstacle for detailed comparison: parameter conversion

• Comparison of fixed-order results in different schemes:                    
Parameter conversion, e.g.                                                                 
Differences at higher orders, indication for possible size of 
unknown higher-order corrections


• For results containing series of (resummed) higher-order logs: 
correct form of higher-order logs needs to be maintained, would be 
affected by parameter conversion as above                                       
Perform parameter conversion in fixed-order result rather than in 
infinite series of higher-order logs                                                      
Fixed-order result in FeynHiggs for DRbar parameters in the stop 
sector                                                                                                    
For on-shell input parameters: only logarithmic terms included in 
conversion

39

The form of the higher-order logarithms obtained in one scheme can manifestly be maintained if the
fixed-order part of the calculation is consistently reparametrized to this scheme. In order to enable this
approach for DR input parameters, we have extended FeynHiggs such that the results are provided both in

terms of the on-shell parameters XOS
t , Mt̃1

⌘ mOS
t̃1

, Mt̃2
⌘ mOS

t̃2
(as before) and the DR parameters XDR

t ,

mDR
t̃1

, mDR
t̃2

.

4.1 Conversion between DR and OS parameters applicable to fixed-order res-
ults

The most straightforward method used for the conversion of DR input parameters to OS parameters in fixed-
order results is to derive the shift between a parameter p in the two schemes according to pOS = pDR +�p
at the considered loop order, see e.g. [45]. Accordingly, at the full one-loop level, including logarithmic as
well as non-logarithmic terms, the conversion from DR to OS parameters for the stop mixing parameter and
the stop masses, which are particularly relevant in the context of MSSM Higgs mass predictions, reads (for
explicit formulas see [16, 22, 18, 43])

XOS
t = XDR

t +�Xt, (40)
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, (41)

Mt̃2
= mDR
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Here �mt̃1,2
is given by the corresponding di↵erence of the DR and the OS counterterm. In FeynHiggs, the

shift of Xt is obtained by first calculating the OS stop masses and the OS stop mixing angle ✓OS
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then used to obtain XOS
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Relating this prescription for XOS
t to the DR input parameters XDR

t , mDR
t̃1

, mDR
t̃2

, one can see that Eq. (43)
contains products of one-loop contributions and therefore involves higher-order terms. Alternatively one
could have used an expression for the conversion that is truncated at the one-loop level. The di↵erence
between the two prescriptions would be of the order of unknown higher-order corrections in a fixed-order
comparison. The on-shell parameters obtained as described avove are then used as input of the fixed-order
OS renormalized calculation. This means in particular that the knowledge of the initial DR parameters is
not used any further once the conversion to OS parameters has been carried out. While this procedure is
suitable for fixed-order results, it leads to problems if results containing a series of higher-order logarithms
are meant to be converted.

Indeed, applying the described parameter conversion to the case of a DR result that incorporates higher-
order logarithms generates additional higher-order terms causing a deviation in the logarithmic contributions.
This can be seen by investigating the Higgs self-energy up to the two-loop level where the parameter XOS
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involving the renormalized SM Higgs boson self-energy (denoted by a tilde)
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which is renormalized accordingly in the MS scheme at the scaleMt but with the Higgs tadpoles renormalized
to zero, i.e. the tadpole counterterm is chosen to cancel the sum of the tadpole diagrams, T SM

h , for the
Higgs field,
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With all these ingredients, the Higgs pole mass is now obtained as the solution of the equation
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Expanding the Higgs self-energy perturbatively around the tree-level mass m2
h of the MSSM yields

(M2
h)EFT = 2v2

MS
�(Mt)� ⌃̃SM

hh (m2
h)

� ⌃̃SM0
hh (m2

h) ·
h
2v2

MS
�(Mt)� ⌃̃SM

hh (m2
h)�m2

h

i
+ · · · , (16)

where the ellipses indicate higher order terms in the expansion.
We discuss the current status of EFT calculations in Section 5.

2.3 Hybrid calculation

In FeynHiggs, the fixed-order approach is combined with the EFT approach [33, 34]. The basic idea is to
include all logarithmic contributions resummed using the EFT approach into Eq. (8),
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compensating the logarithmic terms already present in the diagrammatically calculated ⌃̂MSSM
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The subscript ’logs’ indicates that we take only logarithmic contributions into account. Note that in
⌃̂MSSM

hh (m2
h) the logarithms appear only explicitly when expanding in v/MSUSY. For more details on the

combination of the fixed-order and the EFT result, we refer to [34, 33].
Plugging the expression for �⌃̂hh into Eq. (17), we obtain for the physical Higgs mass
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We use the label ’nolog’ to indicate that we take only terms not involving large logarithms into account
for the labelled quantity. We again note that the large logarithms (and thereby the meant non-logarithmic
terms) appear only explicitly in ⌃̂MSSM

hh (m2
h) when expanding in v/MSUSY

Before comparing the various approaches in depth, we also shortly comment on the renormalization
scheme conversion needed for the combination of the fixed-order and the EFT calculation. As mentioned
before, in FeynHiggs the stop sector is renormalized using the OS scheme. In contrast, in the EFT calcula-
tion, i.e. the calculation of �(Mt), all SUSY parameters enter in DR-renormalized form. As argued in [34],
it is su�cient to convert only the stop mixing parameter Xt using only the one-loop large logarithmic terms,
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where M2
S = Mt̃1

Mt̃2
, ↵s = g23/(4⇡) (with g3 being the strong gauge coupling) and ↵t = y2t /(4⇡) (with yt

being the top Yukawa coupling).
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Effect of parameter conversion on higher-order 
logarithmic contributions within FeynHiggs

If parameter conversion is done as for a fixed-order result:            
Generation of logarithmic higher-order effects which are 
numerically large for high SUSY scales                                        
FeynHiggs result with DRbar stop-sector parameters is 
numerically stable for large SUSY scales

40
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Figure 1: Left: Mh as a function of MSUSY for XDR
t /MSUSY = 0 (solid) and XDR

t /MSUSY = 2 (dashed).
The results using a DR to OS conversion of the input parameters (blue) and a DR renormalization of the
fixed-order result (orange) are compared. Right: Same as left plot, apart that Mh is shown in dependence

of XDR
t /MSUSY for MSUSY = 1 TeV (solid), MSUSY = 5 TeV (dashed) and MSUSY = 20 TeV (dot-dashed).

• higher order threshold corrections,

• higher dimensional e↵ective operators, respectively terms suppressed by the heavy SUSY scale (for a
detailed discussion of the size of this terms and a refined uncertainty estimate of the EFT calculation
see [32]),

• higher order corrections to the matching to physical observables at the low energy scale.

More details on the uncertainty estimate of SUSYHD are given in [31].

6 Numerical results

In this Section, we present a numerical investigation of the e↵ects discussed in the previous Sections and
compare the result obtained by FeynHiggs to SUSYHD as an exemplary pure EFT code. We restrict us to
the single scale scenario defined in Eq. (2). We furthermore set

tan� = 10. (49)

All soft-breaking trilinear couplings except the one of the stop quarks are choosen to be

Ae,µ,⌧,u,d,c,s,b = 0. (50)

If not stated otherwise, we use a parametrization of the non-logarithmic contributions in terms of the SM
MS NNLO top mass and vGF (see Section 3.2), corresponding to choosing runningMT = 1 as FeynHiggs

flag.
We first look at the numerical di↵erence between employing a conversion from DR to OS input parameters

and using a DR renormalized fixed-order result (see discussion in Section 4). The left plot of Fig. 1 shows

the two options for XDR
t /MSUSY = 0 (2) as solid (dashed) lines as a function of MSUSY. One can see that

for MSUSY . 5 TeV the di↵erence between the two methods leads to an approximately constant shift in the
prediction for Mh. For vanishing mixing the prediction obtained by using a DR renormalized fixed-order
result is ⇠ 0.5 GeV larger than the one obtained by a naive scheme conversion of the input parameters.
For Xt/MSUSY = 2, the shift is larger. The result obtained using a DR fixed-order result is ⇠ 1� 1.5 GeV
smaller than the one obtained by conversion of the input parameters. We observe this not only for scales of
a few TeV, but also for very low scales (MSUSY ' 0.3 TeV). Therefore, we conclude that at low scales the
observed shifts are mainly caused by non-logarithmic three-loop or even higher order terms induced in the

14
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Comparison of FeynHiggs results with SUSYHD
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Figure 3: Left: Mh as a function of MSUSY for XDR
t /MSUSY = 0 (solid) and XDR

t /MSUSY = 2 (dashed).
FeynHiggs with various options is compared to SUSYHD. Right: As left plot, but Mh is shown in dependence

of XDR
t /MDR

SUSY for MSUSY = 1 TeV (solid), MSUSY = 5 TeV (dashed) and MSUSY = 20 TeV (dot-dashed).

of the terms arising from the determination of the propagator pole, we now turn to a direct comparison of
FeynHiggs to SUSYHD5. The left plot of Fig. 3 shows Mh as a function of MSUSY for XDR

t /MSUSY = 0 (2)
as solid (dashed) lines. Various FeynHiggs results are compared to the SUSYHD result. First, we show the
result obtained using a conversion of the input parameters (blue), corresponding to the blue curve in Fig. 1.
Secondly, we show the result using a DR renormalized fixed-order calculation (orange), corresponding to the
orange curve in Fig. 1. Thirdly, we show the result obtained using a DR renormalized fixed-order calculation
with a subtraction of the momentum dependent terms investigated in Fig. 2 (green).

For vanishing stop mixing and MSUSY & 0.5 TeV, we observe an excellent agreement of the green curve
with the SUSYHD result. Even for very large scales MSUSY ' 20 TeV, we find agreement within ⇠ 0.1 GeV
in our simple numerical scenario, in which all SUSY scales are chosen to be equal to each other. We
observe that the use of the conversion of input parameters as well as the subtraction of terms arising from
the determination of the propagator pole is necessary to reach this level of agreement. For low scales
(MSUSY . 0.5 GeV), it can be seen that the FeynHiggs result is shifted by up to ⇠ 1 GeV upwards with
respect to the SUSYHD result. The origin of this di↵erence are terms suppressed by the SUSY scale, which
are included in FeynHiggs but not in SUSYHD, as will be discussed below.

For XDR
t /MSUSY = 2, we basically observe the same behavior as in case of vanishing stop mixing. The

overall agreement in our simple numerical scenario is very good (within ⇠ 0.5 GeV for MSUSY & 0.5 TeV)
when using a DR renormalized fixed-order result and subtraction of terms arising from the determination of
the propagator pole. For low scales (MSUSY . 0.5 GeV), the FeynHiggs result is shifted downwards with
respect to the SUSYHD result by up to ⇠ 1 GeV. This is, as in the case of vanishing stop mixing, due to
terms suppressed by the SUSY scale, as will be discussed below. In contrast to the case of vanishing stop
mixing, however, we recognize a slowly increasing di↵erence between FeynHiggs and SUSYHD for MSUSY &
1 TeV. This di↵erence is not very significant (. 0.5 GeV) but notable. Below, we investigate this remaining
di↵erence more closely.

In the right plot of Fig. 3, we investigate the di↵erence between FeynHiggs using a DR renormalized fixed-
order result and subtraction of terms arising from the determination of the propagator pole to SUSYHD as a
function of XDR

t /MSUSY for MSUSY = 1, 5, 20 TeV, shown as solid, dashed and dot-dashed lines, respectively.
Again one can see an overall very good agreement between both codes (within 1 GeV) in our simple numerical

scenario. The agreement is especially good for small |XDR
t /MSUSY|. For large |XDR

t /MSUSY|, it is slightly
worse.

In Fig. 4, we investigate these remaining di↵erences between FeynHiggs and SUSYHD observed Fig. 3. We
plot the di↵erence between the results of FeynHiggs and SUSYHD for M2

h (not for Mh). Since in both codes

5 We remind the reader that we use SUSYHD with the top Yukawa coupling evaluated at the NNLO level. Using instead the
NNNLO value would shift the results of SUSYHD shown here downwards by ⇠ 0.5 GeV.
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Impact of different parametrisations of non-
logarithmic contributions

42
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Figure 4: Left: Di↵erence of M2
h calculated using FeynHiggs and SUSYHD as a function of MSUSY for

XDR
t /MSUSY = 0 (solid) and XDR

t /MSUSY = 2 (dashed). For the parametrization of the diagrammatic result
of FeynHiggs the SM NNLO MS top mass is chosen. Right: Same as left plot, but for the parametrization
of the diagrammatic result of FeynHiggs the OS top mass is chosen.

actually M2
h is calculated, taking the square root of these results can obscure the true dependences of the

di↵erence. As an example, if the di↵erence in M2
h is constant when varying MSUSY, we would not observe a

constant di↵erence when comparing the di↵erence in Mh.
In the left plot of Fig. 4, we show the di↵erence inM2

h if the fixed-order result of FeynHiggs is parametrized
in terms of the SM NNLO MS top mass. For MSUSY . 3 TeV, we observe, for both vanishing mixing

and XDR
t /MSUSY = 2, large gradients. This is due to terms suppressed by the SUSY scale MSUSY. For

larger scales (MSUSY & 3 TeV), the di↵erence is only slowly increasing when raising MSUSY. For vanishing
stop mixing, the di↵erence is growing by ⇠ 40 GeV2 when raising MSUSY from 3 TeV to 20 TeV. For
XDR

t /MSUSY = 2, similarly a growth of ⇠ 40 GeV2 is recognizable. This behavior is mostly due to the
di↵erences in the EFT calculation discussed in Section 5. In addition however, we observe a constant shift
away from the zero axis for MSUSY & 3 TeV. For vanishing stop mixing, it is small (⇠ 40 GeV2), whereas

for XDR
t /MSUSY = 2, the shift is more significant (⇠ 120 GeV2).

The right plot of Fig. 4 shows, as the left plot, the di↵erence in M2
h between FeynHiggs and SUSYHD.

But in contrast to the left plot, the fixed-order result of FeynHiggs is parametrized in terms of the OS top
mass Mt. We again observe that the di↵erence between both codes is nearly constant for MSUSY & 2 TeV.

For vanishing stop mixing, the nearly constant shift again amounts to ⇠ 40 GeV2. For XDR
t /MSUSY = 2

however, the di↵erence is much larger (⇠ 520 GeV2) than the one observed if parametrizing the fixed-order
result in terms of the MS top quark mass.

The nearly constant di↵erence between both codes can be traced back to the di↵erent parametrization
of the non-logarithmic terms discussed in Section 3.2. We analyse further the influence of the di↵erent
ways to parametrize the non-logarithmic terms in the left plot of Fig. 5. It shows the di↵erence in M2

h

calculated using a diagrammatic calculation of O(↵t,↵s↵t,↵2
t ) using di↵erent parametrizations of the top

quark mass and the vev for the non-logarithmic one- and two-loop terms (see Section 3.2 for more details).
Note that these non-logarithmic terms, apart of O(v/MSUSY) contributions, stay constant when varying

MSUSY. We see that for XDR
t /MSUSY = 2 the di↵erence between a parametrization in terms of the SM

NNLO MS top quark mass and vGF in comparison to using vMS amounts to ⇠ 170 GeV2. This di↵erence
is almost completely responsible for the main part of the constant shift observed in the left plot of Fig. 4.
Similarly, the di↵erence between a parametrization in terms of the OS top mass and vGF in comparison to a
parameterization in terms of the SM NNLO MS top quark mass and vGF amounts to ⇠ 600 GeV2. Again,
this di↵erence is responsible for the main part of the constant shift observed in the right plot of Fig. 4.

Having clarified the origin of all major di↵erences between both codes in the considered simple scenario,
we move on to the discussion of the uncertainty estimates of both codes (see Section 5 for details). We
show this comparison in the right plot of Fig. 5. For vanishing stop mixing, the estimate of SUSYHD is
nearly constant when varying MSUSY (±0.6 GeV). The main contribution to this estimate is the uncertainty
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Larger deviations for small SUSY scales
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Uncertainty estimates of FeynHiggs and SUSYHD
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Different sources of higher-order uncertainties considered    
Work in progress towards improved parameter-space 
dependent estimate of remaining theoretical uncertainties
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Figure 5: Left: Di↵erences due to the di↵erent parametrization of the top quark mass and the vev in a
fixed-order O(↵t,↵s↵t,↵2

t ) calculation, taking into account only non-logarithmic terms, as a function of

XDR
t /MSUSY. The di↵erences between the result parametrized in terms of the MS NNLO top quark mass

and vGF and the one parametrized in terms of the MS NNLO top quark mass and vMS (blue) as well as
the di↵erence between the result parametrized in terms of the OS top quark mass and vGF and the one
parametrized in terms of the MS NNLO top quark mass and vMS (red) are shown. Right: Mh as a function

of MSUSY for XDR
t /MSUSY = 0 (solid) and XDR

t /MSUSY = 2 (dashed). The uncertainty estimates obtained
by FeynHiggs and SUSYHD are compared.

originating from the matching to physical observables, especially the extraction of the MS top Yukawa
coupling (⇠ ±0.5 GeV). In contrast, the estimate of FeynHiggs is smaller (. ±0.1 GeV) for low scales.
Increasing MSUSY, the estimate increase to up to ±0.6 GeV. This increase is nearly completely caused by
the scale variation (at the one- and two-loop level). The parametrization of the top quark mass and the
resummation of the bottom Yukawa coupling only have minor influence on the estimate (. ±0.1 GeV).
For Xt/MSUSY = 2, the estimate of SUSYHD is rather large for low scales (±10 GeV). This is due to the
estimate of terms suppressed for large MSUSY. For large scales, it decreases to ±1 GeV. This remaining
uncertainty originates again mainly from the uncertainty in the extraction of the MS top Yukawa coupling
(±0.7 GeV). The estimate of FeynHiggs amounts to ±2 GeV for low scales and increase to ±2.5 GeV when
raising MSUSY. As in the case of vanishing stop mixing, the increase is caused by the scale variation. We find
the resummation of the bottom Yukawa coupling to be negligible in the considered scenario. The remaining
approximately constant contribution of ±2 GeV is caused by the reparameterization of the top quark mass.
This uncertainty dominates for large |XDR

t /MSUSY|.
Finally, we shortly comment on the di↵erences between FeynHiggs and other codes observed in the

literature. Most prominently, in [31], di↵erences between FeynHiggs and SUSYHD of up to ⇠ 9 GeV have

been observed for MSUSY = 2 GeV and XDR
t /MSUSY ⇠ p

6. As already noted in [31], this di↵erence reduced
to ⇠ 4 GeV if the NNLO MS top mass was employed in the calculation of FeynHiggs.6 At this time, the
EFT calculation of FeynHiggs was not at the same level of accuracy as the one of SUSYHD. Even so, the
here presented Fig. 3 clearly shows that the di↵erence observed in [31] was primarily caused by issues related
to a conversion of input parameters from the DR to the OS scheme. The comparison figures shown in
[58, 40] exhibit similar di↵erences between FeynHiggs and other DR codes. These are again mainly caused
by conversion issues. We stress again that the other codes are plagued by the same issue if the comparison
is performed using OS parameters.

6At this time, by default the NLO MS top mass was used in FeynHiggs. This was formally correct since only a resummation
of LL and NLL contributions was included in FeynHiggs.
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SM-like Higgs in extended Higgs sector: one of the neutral 
Higgs mass eigenstates has to be approximately aligned with 
the direction of the Higgs v.e.v. in field space                                                     
Limit of a SM Higgs: ``alignment limit’’ 


Alignment limit in an extended Higgs sector is realised if all 
additional Higgs states are heavy: ``decoupling limit’’


Other possibility: ``alignment without decoupling’’                         
Occurs generically in 2HDMs, requires for h as SM-like state a  
cancellation between tree-level and loop-contributions in MSSM 

44

Higgs phenomenology in extended Higgs sectors
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Global fit in the MSSM, h125 as light MSSM Higgs

45
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Figure 6: Preferred parameter regions in the (MA, tan�) plane (left) and the (MA, µAt/M
2
S) plane

(right) for the light Higgs case. The color coding is the same as in Fig. 5.

Figure 7: Stop mixing parameter, Xt/MS , versus the light stop mass, mt̃1
, for the light Higgs case for

the full scan (left) and the low-MA selection (right). The color coding is the same as in Fig. 5.

points are found only in the positive Xt/MS branch for Xt/MS & 2. Here, the lowest light stop
mass value in the preferred parameter region is found at around mt̃1 ⇠ 580 GeV.

In order to understand why the favored parameter points near the limit of alignment without
decoupling are found only at Xt/MS = At/MS � (µ/MS) cot � & 2, we show the correlations
of the parameters At/MS and µ/MS in Fig. 8 for the full scan (left) and the low-MA selection
(right). While we find preferred parameter points at both positive and negative At/MS values
for µ/MS > 0 in the full scan, the low-MA selection features favored points only for very large
and positive values of At/MS and µ/MS. In particular, we find most of the preferred parameter
points in the low-MA region in a narrow range 2.4 . At/MS . 3, while the range in µ/MS is
larger (roughly between 1.4 and 3). In the full scan (left) it can be seen that even values with
At/MS and µ/MS close to zero can yield a very good fit. Consequently, the quite large best fit
value of µ, see also Tab. 5, should be regarded as accidental.

In the following we will analyze in detail which observables and constraints lead to this par-
ticular favored region of parameter space in the alignment limit. We recall the parametric depen-

27

Best-fit point: ``decoupling 
region’’, other Higgses are heavy``Alignment without decoupling region’’, 
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Extended Higgs sectors with heavy new states
Most obvious possibility: state at 125 GeV corresponds to the 
lightest state of an extended Higgs sector


Heavy additional Higgs states ⇒ decoupling behaviour


Interference effects can be important for heavy Higgs 
phenomenology


Examples: 


• Interference effects of the heavy Higgs signal with the background 
and with the state at 125 GeV


• MSSM with CP-violation: h2, h3 are typically nearly mass-
degenerate, have a large mixing

46
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In a large variety of models with extended Higgs sectors the 
squared couplings to gauge bosons fulfill a ``sum rule’’:


•The SM coupling strength is ``shared’’ between the Higgses of an 
extended Higgs sector, ϰV ≦ 1

•The more SM-like the couplings of the state at 125 GeV turn out 
to be, the more suppressed are the couplings of the other Higgses 
to gauge bosons; heavy Higgses usually have a much smaller 
width than a SM-like Higgs of the same mass

• Searches for additional Higgs bosons need to test compatibility 
with the observed signal at 125 GeV! 

47
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Search for additional Higgs bosons
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2 Relation of the Higgs mass and width to the complex pole

of the propagator

Before we start our discussion of off-shell effects in H → V V (∗) in the subsequent section,
we shortly elaborate on the relation between the mass and total width of the Higgs boson
and the complex pole of the propagator. Denoting with m0 the tree-level Higgs mass and
with Σ̂ the renormalized self-energy of the Higgs propagator, the complex pole is obtained
through the relation M2 −m2

0 + Σ̂(M2) = 0, where the complex pole can be written in the
form M2 = m2

H
− imHΓH . Therein mH is the physical Higgs mass and ΓH the total width of

the Higgs boson. Expanding the inverse propagator around the complex pole yields

p2 −m2
0 + Σ̂(p2) ≃ (p2 −M2)

{

1 + Σ̂′(M2)
}

(1)

in the vicinity of the complex pole. Accordingly, the Higgs propagator in the vicinity of the
complex pole can be expressed in the well-known form of a Breit-Wigner propagator with
constant width ΓH ,

∆H(p2) =
i

p2 −M2
=

i

p2 −m2
H
+ imHΓH

. (2)

Away from the pole, i.e. in the far off-shell region with p2 ≫ m2
H
, the Higgs width is not of

relevance. For the specific processes that are considered in this paper our choice is equivalent
to the complex-mass scheme [41, 42], which is known to provide gauge-independent results.
Differences with respect to the scheme defined in Refs. [43–45] are expected to be small, in
particular since the constant width ΓH is close to the width therein [45]. For our subsequent
discussion we fix mH = 125GeV and ΓSM

H
= 4.07 · 10−3 GeV, the latter in accordance with

the prescription of the LHC Higgs cross section working group (LHC-HXSWG) [9–11].

3 Off-shell contributions in H → ZZ(∗) and H → W±W∓(∗)

Given the two dominant production processes for a Higgs bosonH at a linear collider, e+e− →
ZH and e+e− → νν̄H, we discuss the validity of the zero-width approximation (ZWA) for
the Higgs decays H → WW (∗) and H → ZZ(∗) within this section. The relevant Feynman
diagrams are presented in Fig. 1. Our discussion follows Refs. [12–14], which are specific to
the dominant production process at the LHC, gluon fusion.

e+

e−

Z

V

V (∗)

H

e+

e−

ν̄
V (∗)

V

ν

W

W H

(a) (b)

Figure 1: Feynman diagrams for (a) e+e− → ZH → ZV V (∗); (b) e+e− → νν̄H → νν̄V V (∗).

Supplementing the ZWA for the production and the decay part of the process with a
Breit-Wigner propagator, the differential cross section e+e− → ZH → ZV V can be written

3

Sensitivity to the small signal of an additional heavy 
Higgs boson in a Two-Higgs-Doublet model (2HDM) 
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ILC: Potential sensitivity beyond the kinematic reach of Higgs pair 
production

⇒
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muūdd̄ [GeV]

E
ve
nt
s
N e+e− → νν̄uūdd̄,
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muūdd̄ [GeV]

E
ve
nt
s
N e+e− → νν̄uūdd̄,
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Figure 15: Event rates for e+e− → e+e−uūdd̄ for
√
s = 1TeV and

∫

Ldt = 500 fb−1 after the
cut pT,4j > 75GeV as a function of the invariant mass of the 4 jets muūdd̄ in the context of
a type II 2HDM with tan β = 1 for different values of (a,b) sβ−α := sin(β − α) = 0.95; (c,d)
sβ−α = 0.98 and (e,f) sβ−α = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.
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Higgs couplings

68

Higgs couplings

Higgs couplings, tree level:

ghVV = sin(β − α) gSMHVV, gHVV = cos(β − α) gSMHVV, V = W±, Z

ghAZ = cos(β − α)
g′

2 cos θW
, gHAZ = sin(β − α)

−g′

2 cos θW

⇒ ghVV ≤ gSMHVV, ghVV, gHVV, ghAZ, gHAZ cannot all be small

In decoupling limit, MA ≫MZ (already realized for MA
>
∼ 150 GeV):

cos(β − α)→ 0

⇒ h is SM-like, H and A decouple from gauge bosons

⇒ Cannot use WBF channels for production of heavy SUSY

Higgses; no H → ZZ → 4µ decay
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 36
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√
s = 1TeV

Pol(e+, e−) = (0.3,−0.8)
2HDM, sβ−α = 0.98
mh = 125GeV, mH = 600GeV

(c) (d)

200 400 600 800 1000

101

102

103
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Figure 15: Event rates for e+e− → νν̄uūdd̄ for
√
s = 1TeV and

∫

Ldt = 500 fb−1 after the
cut pT,4j > 75GeV as a function of the invariant mass of the 4 jets muūdd̄ in the context of
a type II 2HDM with tan β = 1 for different values of (a,b) sβ−α := sin(β − α) = 0.95; (c,d)
sβ−α = 0.98 and (e,f) sβ−α = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.

27

200 400 600 800 1000

101

102

103
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muūdd̄ [GeV]
E
ve
nt
s
N e+e− → νν̄uūdd̄,
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√
s = 1TeV and

∫

Ldt = 500 fb−1 after the
cut pT,4j > 75GeV as a function of the invariant mass of the 4 jets muūdd̄ in the context of
a type II 2HDM with tan β = 1 for different values of (a,b) sβ−α := sin(β − α) = 0.95; (c,d)
sβ−α = 0.98 and (e,f) sβ−α = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.
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Searching for heavy Higgs bosons.
Check of the Run I analysis.

We did our study also for the full process with GoSam:
Double-resonant W and Z contributions:

H

g

g

µ�
µ+

e+
e�

Z

Z
H

g

g

e�
⌫̄e

e+
⌫e

W�

W+

�

g

g

e�
⌫̄e

e+
⌫e

W�

W+

g

g

e�
⌫̄e

e+
⌫e

W�

W+

g

g

µ�
µ+

e+
e�

Z

Z
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Single- and non-resonant W and Z contributions:

Stefan Liebler 11 / 23

Analysis of gg → e+e-μ+μ-  and gg → llνν including signal, background and    
H-h, H-background interference: 

LHC: sensitivity to an additional heavy Higgs boson 
of a Two-Higgs-Doublet model (2HDM) 

[N. Greiner, S. Liebler, G. W. ’15]
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Figure 8: Sample diagrams for single- and non-resonant diagrams for the three types of
subprocesses under consideration.

leptons via two intermediate electroweak gauge bosons a sensible choice is to consider the
transverse mass of the underlying two boson system. In our case the two boson system can
be ZZ as well as WW . We therefore define a general transverse mass via

m2
V V,T = (ET,ll + ET,⌫⌫)

2 � |~pT,ll + ~pT,⌫⌫ |2 , (5)

with

ET,ll =
q
p2ll + |~pT,ll|2 , and Emiss

T = ET,⌫⌫ = |~pT,⌫⌫ | . (6)

As we are interested in the heavy Higgs and its interference with the background we put an
additional cut on the invariant mass. For the scenarios where the heavy Higgs is 400 GeV,
we require m4l > 350 GeV for the muonic process, for the neutrino process we apply the
same cut but on m2

V V,T . For the scenarios where the heavy Higgs is 200 GeV, the invariant

mass cut is m4l > 100 GeV or m2
V V,T > 100 GeV respectively. For the other employed cuts

we refer to Section 3.
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Figure 9: (a) Invariant mass distribution for gg ! e+e�µ+µ� and (b) transverse mass
distribution for gg ! e+e�⌫l⌫̄l for scenario S2 at

p
s = 13TeV.

As in the previous Section 4.1 we start the discussion of the numerical results with sce-
nario S2. Fig. 9 shows the invariant mass distribution of the four leptons for gg ! e+e�µ+µ�

and the transverse mass distribution using the definition in Eq. (5) for the processes involving
final state neutrinos. In this plot and in the following we distinguish four di↵erent contribu-
tions. In red, denoted with ’All’, we plot all contributions that lead to the given final state in
the considered scenario. In green, we only plot the contribution from the heavy Higgs boson,
whereas in blue we also add the interference of the heavy Higgs boson with the background
and the light Higgs boson. The contribution |h+B|2, plotted in black, contains besides the
contributions without any Higgs also contributions of the light Higgs as well as the interfer-
ence contributions of the light Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg ! e+e�µ+µ�, see Fig. 9 (a), the two Higgs boson peaks at

14

gg → e+e-μ+μ-, invariant mass distribution

50

[N. Greiner, S. Liebler, G. W. ’15]

Pronounced h and H signal peaks 

Small interference effects in the sample scenario chosen by ATLAS

Larger interference effects possible for higher values of tanβ

Interference effects can be important (enhanced sensitivity for 
heavy Higgs H!) for searches with more statistics

⇒

sin(β-α) = -0.995, MH = 200 GeV, tanβ = 2 (ATLAS scenario for 13 TeV): 
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CMS results for h, H, A → 𝛕𝛕 search

Analysis has started 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

51

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

52

[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

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), 
up to 30%, for rel. small tanβ possible 
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CMS results for h, H, A → 𝛕𝛕 search
mhmod  benchmark 
scenario


Test of compatibility 
of the data to the 
signal of h, H, A 
(MSSM) compared 
to SM Higgs boson 
hypothesis


``Wedge region’’, 
where only h(125) 
can be detected; 
difficult to cover in 
𝛕𝛕 channel also with 
more luminosity 53

[CMS Collaboration ’14]

15

Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.
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Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.
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• 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

Incorporation of cross section limits and properties of 
the signal at 125 GeV:  HiggsBounds and HiggsSignals
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Higgs mixing: possible interference effects
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



Higgs physics: where are we and what next?, Georg Weiglein, Vienna, 05 / 2017

Higgs production via gluon fusion in the MSSM 
with CP-violation: extension of the SusHi code

56
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[S. Liebler, S. Patel, G. W. ’16]gg → h2h3, dependence on phase ɸAt:  

Only production process shown here  

Full result for σ x BR needs to incorporate interference contribution⇒
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Higgs production via gluon fusion in the MSSM 
with CP-violation: extension of the SusHi code

57

[S. Liebler, S. Patel, G. W. ’16]
Phase dependence for dominantly CP-even state ``he’’:  

Significant reduction of theoretical uncertainty w.r.t. LO result⇒
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Figure 8: LO (red) and best prediction gluon-fusion cross section (blue) for he in fb as a function
of (a) �At and (b) �M3 in the mmod+

h -inspired scenario with tan� = 40. The black dot-dashed

curves depict the best prediction cross section without squark contributions (except through Ẑ
factors). In the lower panel we show the K-factor �/�LO. The depicted uncertainties are scale
uncertainties.

is similar as in the previous plots. The K-factors in the lower panel show that the dependence
of the NLO cross sections on the phases �At and �M3 follows a similar trend as the LO cross
section. In the plot on the right, the asymmetric K-factor dependence on �M3 is related to the
direct dependence of �b on the phase �M3 .

In Fig. 9 we separately analyse the squark contributions for the LO cross section, i.e. the predic-
tion omitting the squark loop contributions (black dot-dashed curves) is compared with the ones
where first the pure LO squark contributions are added (depicted in cyan), and then the resum-
mation of the �b contributions to the bottom-quark Yukawa coupling is taken into account. For
the latter both the results for the full (�b2, blue) and the simplified (�b1, red) resummation are
shown. While the the pure LO squark contributions are seen to have a moderate e↵ect, it can
be seen that the incorporation of the resummation of the �b contribution leads to a significant
enhancement of the squark loop e↵ects. We furthermore confirm that for the heavy neutral
Higgs bosons considered here the simplified resummation approximates the full resummation of
the �b contribution very well. The curves corresponding to �b2 and �b1 hardly di↵er from each
other both for the variation of �At and �M3 . As before all curves include the same Ẑ factors
obtained from FeynHiggs. The results for ho, which are not shown here, are qualitatively very
similar. The LO squark contributions are less relevant for the ho cross section, since those con-
tributions are absent in the MSSM with real parameters. We also note that the curves for ho
follow a similar behaviour as the ones for he, which implies that there are no large cancellations
expected in the sum of the cross sections for the two heavy Higgs bosons times their respective

24
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• complex Mmod+

h scenario with µ = 1000GeV, interference included via rescaling by ⌘̃a.

I plotted the excluded and allowed points in Fig. 10.6 in my thesis (=Fig. 1(a) here).
As a cross check, I could directly reproduce the results for the real Mmod+

h scenario with µ = 200GeV and
µ = 1000GeV. However, in the complex scenario (even neglecting the interference) I obtained a stronger
limit than Oscar due to the Ẑ-factor enhanced individual cross sections of h

2

and h
3

with the FeynHiggs flag
higgsmix=3. Only if I set higgsmix=2 (not appropriate in the complex case), I can reproduce the bounds
from Oscar’s HiggsBounds run, also the intermediate results CS bb hj ratio and CS gg hj ratio. So I sent
him a comparison of our results, a description of what I did and asked him in some emails if he had adjusted
higgsmix. Because I did not get an answer (I fully understand that he is busy in his new job, but I should
finally finish this comparison...), I read his file that he used for his HB scan. There were flags and comments to
switch on/o↵ the ⌘ contributions and to set �At = 0 or ⇡/4. On the other hand, higgsmix=2 and there was
no comment to change it.
Conclusion: higgsmix=2 instead of 3 seems to explain the di↵erence between Oscar’s and my results. I
continue with my results where I set higgsmix=3 in the complex scenario. The conclusion also implies that
Fig. 10.6 of my thesis (see Fig.1(a)) is not completely “kosher”. The qualitative e↵ect remains the same, but
the bounds shift noticeably.
Confirmation: When I just finished writing this paragraph, an email from Oscar arrived! He confirmed that
it is very likely that higgsmix=2 was used in his scan file.

2.2 Implementation of ⌘bb
a and ⌘gg

a

The interference terms in the bb̄- and the gg-initiated processes are taken into account in the following way:

�MSSM(bb̄ ! ha)

�SM(bb̄ ! ha)
�! �MSSM(bb̄ ! ha)

�SM(bb̄ ! ha)
· (1 + ⌘bba ), (9)

�MSSM(gg ! ha)

�SM(gg ! ha)
�! �MSSM(gg ! ha)

�SM(gg ! ha)
· (1 + ⌘gga ). (10)

Fig. 1(a) shows the previous result where the interference is included only in bb̄ and higgsmix=2 is used despite
the complex scenario. In contrast, Fig. 1(b) is based on higgsmix=3 and shows the exclusion bounds if no
interference is considered (blue), interference in only gg (gray), bb (black) and a combination of both (red)
according to Eqs. (9,10).

(a) Old: only ⌘bba , higgsmix=2. (b) New: ⌘bba and ⌘gga , higgsmix=3.

Figure 1: Parameter regions excluded by HiggsBounds for µ = 1000GeV, �At = ⇡/4 without the interference term

(blue) and including the interference term (red) by modifying the input data for HiggsBounds with ⌘ (see text).

2.3 Next steps

Discuss this new result, include it in Blois proceedings. Then replace FH production prediction by complex
SusHi.

2

Search for heavy Higgs bosons at the LHC: impact 
of interference effects

58

[E. Fuchs, G. W. ’17]Exclusion limits from neutral Higgs searches in 
the MSSM with and without interference effects:

CP-violating case,

ɸAt = π / 4

H, A are nearly 
mass degenerate: 
large mixing 
possible in CP-
violating case!


Incoherent sum is 
not sufficient!

⇒ Large CP-violating interference effects possible 

mhmod+  scenario,

μ = 1000 GeV
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Interpretation of the signal in extended Higgs sectors 
(SUSY): signal interpreted as next-to-lightest state H

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.

⇒
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Figure 22: Branching ratio of the top quark decay into a charged Higgs boson and a bottom quark,
with the successive decay of the charged Higgs boson into a tau lepton and neutrino, in the heavy
Higgs case. The color coding is the same as in Fig. 15.

Many of our favored and most favored points have MH± > mt (and are thus not visible
in Fig. 22). Charged Higgs bosons with masses above the top quark mass are searched for in
the pp ! tH± production channel with H± ! ⌧⌫⌧ [42, 43, 151] or H± ! tb [43, 152]. These
searches, although concentrating on the charged Higgs mass region that is relevant for the
heavy Higgs interpretation, are not yet sensitive to constrain the favored parameter space.
However, they will become more sensitive with increasing integrated luminosity. Furthermore,
we emphasize again that the decay H± ! hW± is possible and unsuppressed in large parts of
the parameter space, but currently not directly searched for at the LHC. In Sect. 4.4 we will
present specific benchmark scenarios, inspired by our best-fit point in the heavy Higgs case,
that can be employed to study the sensitivity of these searches.

We will now turn to the discussion of the phenomenology of the light CP-even Higgs boson,
h, in the preferred parameter region in the heavy Higgs case. The light CP-even Higgs boson
has a mass in the range (20�90) GeV and a strongly reduced coupling to vector bosons. This is
shown in the top left plot of Fig. 23, where the squared coupling g2

hV V is displayed, normalized
to the corresponding coupling in the SM with the same value of the Higgs boson mass. One
can see that the squared coupling is reduced by a factor of 103 or more with respect to the SM,
as the heavy CP even Higgs boson H in this scenario acquires the coupling to vector bosons
with approximately SM Higgs strength. This results in a strongly reduced cross section for
the LEP Higgs-Strahlung process, e+e� ! Zh. Consequently, the light Higgs boson in this
case would have escaped detection in corresponding LEP Higgs searches. The limits from the
Higgs searches at LEP occur for higher values of the relative squared coupling g2

hV V and are
not visible in this plot.

The reduced light Higgs coupling to vector bosons furthermore leads to a reduced rate of the
h ! �� decay, which happens through a W -boson loop (amongst other contributing diagrams).
In contrast, the light Higgs coupling to gluons is up to ten times stronger than the SM Higgs
boson coupling at very low light Higgs masses, Mh, as shown in the center left plot of Fig. 23,
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60

Global fit in the MSSM, h125 as heavy MSSM Higgs

Figure 23: Light Higgs boson (h) phenomenology, in dependence of the light Higgs mass Mh, in
the heavy Higgs interpretation: (SM normalized) squared hV V coupling, g2hV V , (top left) and hgg
coupling, g2hgg, (middle left), LHC 8 TeV signal rate for the process gg ! h ! �� (bottom left),

branching fractions for the decays h ! bb̄ (top right), h ! ⌧+⌧� (middle right) and the Higgs-to-
Higgs decay H ! hh (bottom right). The color coding is the same as in Fig. 15.

where the (SM normalized) squared light Higgs-gluon coupling, g2
hgg, is shown in dependence

of Mh. This results in an abundant production of the light CP-even Higgs boson via gluon
fusion. The resulting LHC cross section for gg ! h (at 8 TeV) with subsequent decay h ! ��
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Figure 16: Preferred parameter regions in the (MA, tan�) plane (left) and the (µ/MS , At/MS) plane
(right) in the heavy Higgs case. The color coding is the same as in Fig. 15.

4.3.2 Parameter space

We show the fit results for the heavy Higgs interpretation in Fig. 16 in the (MA, tan �)
plane (left) and the (µ/MS, At/MS) plane (right). The preferred parameter points expand
over only a narrow range in the parameters determining the Higgs sector at lowest order,
MA ⇠ (140, 185) GeV and tan � ⇠ 6 � 11. Compared to our previous results [19], where
we found smaller values MA ⇠ (110 � 140) GeV being preferred, the favored parameter re-
gion has shifted towards larger MA values, caused by several reasons. Firstly, at small values
MA . 150 GeV the CP-odd Higgs boson A potentially contributes to the predicted signal rate
at 125 GeV in the ⌧+⌧� channel.19 In that case, the predicted signal rate would tend to be
higher than the total observed ⌧+⌧� rate, resulting in a larger �2 from HiggsSignals. In
Ref. [19] we also took a possible signal overlap of H and A in the ⌧+⌧� channel into account;
the measurements at that time, however, were not accurate enough to notably a↵ect the fit
outcome. Secondly, parameter points with charged Higgs masses MH+ below 160 GeV are
strongly constrained by exclusion limits from LHC searches for a charged Higgs boson in top
quark decays, t ! H+b, with successive decay to ⌧ leptons, H+ ! ⌧+⌫⌧ [42, 43]. At tree-level,
the CP-odd and charged Higgs masses are related as M2

H±,tree = M2
A + M2

W , thus, these con-
straints apply in particular at low values MA . 140 GeV. In Ref. [19] we found good discovery
prospects for the heavy Higgs case in t ! H+b ! (⌧⌫⌧ )b searches. Based on the most recent
limits from such searches performed by ATLAS and CMS [42,43] the favored parameter regions
of Ref. [19] are now excluded and the new preferred parameter space has moved towards larger
MA values in the light of the updated limits. Thirdly, another reason for disfavoring MA values
below ⇠ 150 GeV is the prediction of somewhat too large values of BR(B ! Xs�), as will be
discussed below.

19HiggsSignals automatically adds the signal rates of Higgs bosons that overlap within the combined exper-
imental and theoretical mass uncertainties. For most Higgs channels with ⌧+⌧� final states, the experimental
mass resolution is assumed to be 20% · mH ⇡ 25 GeV, thus the signals of a 125 GeV heavy Higgs H and a
150 GeV CP-odd Higgs A would be added.
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Very light Higgs h is compatible with the experimental results 
Tight constraints in the MSSM from charged Higgs searches
⇒

[P. Bechtle, H. Haber, S. Heinemeyer, O. Stål, T. Stefaniak, G. W., L. Zeune ’16]
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Mass of the lightest and next-to-lightest Higgs in the NMSSM: 

Variation of λ leads to cross-over behaviour between 
doublet-like and singlet-like state                                      
The case where the signal at 125 GeV is not the lightest 
Higgs arises generically in the NMSSM

The NMSSM: two Higgs doublets and a singlet
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Figure 1: Mass of the lightest and next-to lightest CP-even Higgs-states, mh1 (left) and
mh2 (right), at tree-level, one-loop and two-loop order. At one-loop order all corrections
of the NMSSM are included with their momentum-dependence. The two-loop corrections
are approximated by the MSSM-type contributions of O(–t–s, –b–s, –2

t , –t–b) including the
resummation of the leading and next-to-leading logarithms (see text). The dotted line repre-
sents 125 GeV. The ⁄ values for which a cross-over behaviour between the masses occurs are
at the tree-level ⁄(0)

c ¥ 0.26, at one-loop order ⁄(1)
c ¥ 0.22 and at two-loop order ⁄(2)

c ¥ 0.23.

at equal footing, the SM-like state is most sensitive to genuine NMSSM-type contributions
in the region of the cross-over behaviour.

3.3 Numerically leading Contributions at the one-loop Level
For the prediction in the MSSM the top/stop sector contributions are numerically leading.
In the studied scenario, given in tab. 2, the genuine NMSSM-corrections are suppressed
w.r.t. the corresponding MSSM-like stop-corrections since ⁄ . 0.32 < Yt, see the discussion
in sect. 2.4. Thus, the genuine NMSSM corrections from this sector are expected to be
sub-leading.

In order to study the impact of the genuine NMSSM contributions we compare the ap-
proximation based on the leading MSSM-type one-loop corrections in the gauge-less limit of
O(Y 2

t ), labelled as “t/t̃-MSSM” in fig. 2, with the one where the genuine NMSSM correc-
tions of O(⁄Yt, ⁄2) are incorporated. The di�erence between the mass predictions in the two
approximations is plotted as a function of ⁄ for mh1 and mh2 in the left plot of fig. 2.8 We
find that for the whole range of ⁄ in the plot the impact of the genuine NMSSM corrections
of O(⁄Yt, ⁄2) remains less than 0.5 GeV. The largest di�erence between the two approxima-
tions occurs for the light singlet-like state h1 at large values of ⁄ close to the upper limit of
⁄ ¥ 0.32 shown in the plot. In fact, for mh1 the di�erence between the two approximations
is seen to rise sharply for increasing values of ⁄. On the other hand, at the ⁄ value where
the cross-over behaviour occurs, ⁄(1)

c , the di�erence between the two approximations is seen
to have a local maximum but remains small, below 0.1 GeV. For the doublet-like state,
which has a one-loop mass of more than 130 GeV (see fig. 1), the corrections from genuine

8The prediction for the heaviest CP-even state, mh3 , is not shown here since the di�erence between the
two approximations does not exceed 10 MeV in our sample scenario .

13

NMSSM version of FeynHiggs                                                            

⇒

[P. Drechsel, L. Galeta, S. Heinemeyer, G. W. ’16]
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[F. Domingo, G. W. ’15]

⇒

in the particular configuration of Fig.4). Note that varying tan� (or the squark spectrum) displaces the
favoured region in the {, �} plane: indeed the magnitude of the mass-contribution, which originates
from the mixing among Higgs-states and optimizes the mass of the light doublet state with respect to the
LHC signals, changes accordingly. Another reason for the improved fit values in the presence of a light
singlet is associated with small deviations (at the percent level) from the standard values in the couplings
of the light doublet to SM particles: the mixing with the singlet results in an increased flexibility of the
doublet-composition of the state, which in turn allows for a possibly improved match with the measured
signals.

Figure 5: Same scan as in Fig.4 but showing the characteristics of the CP-even states (mass, singlet-
composition, relative coupling h1ZZ, mass-shift of the doublet-like h2).

The composition of the two lightest CP-even states in the scan of Fig.4 is displayed in the upper part
of Fig.5: Sij denotes the orthogonal matrix rotating the CP-even Higgs sector from the gauge eigenstates
– second index ‘j’; j = 3 stands for the singlet component – to the mass eigenbase – first index ‘i’; the
mass states are ordered with increasing mass. One observes that significant singlet-doublet mixing up
to ⇠ 20% can be reached in the vicinity of mh0
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⇠ 100 GeV, although best-fitting points show a mixing
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Coupling of the lightest Higgs to gauge bosons:

SM-like Higgs at 125 GeV + singlet-like Higgs at lower mass  
The case where the signal at 125 GeV is not the lightest Higgs 
arises generically if the Higgs singlet is light                      
Strong suppression of the coupling to gauge bosons⇒

NMSSM with a light Higgs singlet
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NMSSM interpretation of the observed signal

Extended Higgs sector where h(125) is not the lightest state: 
NMSSM with a SM-like Higgs at 125 GeV + a light singlet              

63
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Best fit values 
[F. Domingo, G. W. ’15]

Additional light Higgs with suppressed couplings to gauge 
bosons, in agreement with all existing constraints
⇒
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Light NMSSM Higgs: comparison of gg →h1 → 𝛾𝛾 
with the SM case and the ATLAS limit on fiducial σ

64

[F. Domingo, G. W. ’15]

⇒ Limit starts to probe the NMSSM parameter space                     
But: best fit region is far below the present sensitivity


Such a light Higgs could be produced in a SUSY cascade, e.g.                 

Figure 11: On the left: gluon-gluon-fusion cross-section for the mostly-singlet state, then decaying into
a pair of photons, for a center of mass energy of 8 TeV, in the scan of Fig.9; the corresponding value
for a SM Higgs boson is given by the green curve. On the right, a reproduction of the ATLAS limit on
the fiducial cross-section for a light Higgs state (in the presence of the ⇠ 125 GeV one) decaying into
photons.

points of the scan. Unconventional decay rates also appear as a possibility when the singlets are beyond
⇠ 125 GeV (blue points), even though maximal diphoton rates remain below ⇠ 1%.

In Fig.11, we study how the Higgs production cross-section at 8 TeV compares to the ATLAS limits
on the fiducial cross-section for the diphoton decay channel [43]. We estimated the cross-section for the
light Higgs states of the scan of Fig.9 in the following way: we multiplied the SM gluon-gluon-fusion
cross-section delivered by SusHi [45] by the squared e↵ective coupling of h0

1 to gluons, relative to its
SM value at the same mass, and the diphoton branching ratio of h0

1. We observe that the cross-section
may almost reach the order of magnitude probed experimentally, both when the singlet is heavier or
lighter than 125 GeV (note that in the immediate vicinity of 125 GeV, comparing the cross-section of the
mostly-singlet state with the ATLAS limit has limited sense, due to the possibly large mixing between
singlet and doublet states), although the best-fitting points tend to cluster around much smaller values
– at or below the 1 fb range. Further searches in the low-mass region, in the diphoton but also in the
fermionic channels, would be an interesting probe and place limits on the light-singlet scenario.

In Fig.12, we vary tan� and � somewhat so as to modulate the strength of the F-term contribution to
the tree-level doublet Higgs mass. As a result, larger singlet-doublet mixings are favoured: the two-state
mixing uplift can indeed compensate the decreased tree-level contribution and thus help maintain the
mass of the light doublet state in the vicinity of ⇠ 125 GeV. In agreement with our discussion in section
4, we observe that large singlet-doublet mixing, up to ⇠ 25%, may be achieved for a singlet mass in the
range [90� 100] GeV, with excellent fit-values to the Higgs measurement data. Therefore, this low tan�
regime also motivates the search for a light singlet state, possibly responsible for the ⇠ 2.3 � excess in
the LEP e+e� ! h! bb̄ channel. The magnitude of the mass uplift for the doublet state in this region
may again reach up to 6� 8 GeV, as we observe on the plot on the bottom left-hand side of Fig.12.

Concerning the prospects of discovery of the light state in pair production, the Higgs-to-Higgs cou-
plings in the scan of Fig.12 are displayed on the right-hand side of this figure. The typical magnitude
would be close to 10�40% of gSM

H3 for h2�h1�h1, 0�30%, for h2�h2�h1, and 85�100%, for h2�h2�h2

(in the region where the lightest state is a singlet). The impact of the singlet-doublet couplings on the
apparent Higgs pair production cannot be simply estimated as the latter depends on several interfering
diagrams. We see however that the typical couplings reach ⇠ 30% of the pure-doublet value.

Although all these observations are essentially similar to our discussion in section 4, the crucial point
rests upon the fact that such a Higgs phenomenology is also achievable in this low tan� / large �
regime, without relying on large radiative corrections to the Higgs masses. This provides a motivation
for relatively-light supersymmetric spectra (at least, as far as the third generation is concerned). In the
(ever less likely) case where the search for stops at the LHC would crown this configuration, deviations
of the Higgs couplings from the SM expectations could be generated at the loop level and be considered

18

Would such a light Higgs be detectable at the LHC

and / or the ILC?

LHC:

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

∼ 63 GeV

So far there are no LHC searches for light Higgses in
this mass range

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

ILC:

Pair production, e.g. SUSY case: e+e− → hA
+ tt̄h production, . . .

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 78

[O. Stål, G. W. ’11] [CMS Collaboration ’15]
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Studying the properties of the detected particle with high 
precision will help us to better understand the mechanism of 
electroweak symmetry breaking


Higgs self-coupling: the ``holy grail’’ of Higgs physics, 
provides access to the Higgs potential and the structure of 
the vacuum                                                                       
HHH: very difficult even at HL-LHC, ILC, …                       
HHHH: seems out of reach in foreseeable future


Higgs physics as a window to new physics                              
Example: Higgs → dark matter decays

65

What next?
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• 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                      


• Note: invisible decays ≠ undetectable decays (decay 
products that are buried under the QCD background, e.g. 
non-b jets, gg, ...)

66

Sizeable deviations possible even if the couplings to gauge 
bosons and SM fermions are very close to the SM case

⇒

Higgs decays to dark matter particles
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Example: SUSY global fit for SUSY GUT models or pMSSM10 


Observables / constraints:                                                          
Higgs sector: signal strengths of observed signal + search limits

67

The constraints

The constraints
Indirect measurements
… (g� 2)µ. 3.4� discrepancy may be

explained with O (100) GeV smuons.
… MW ,MZ, Mh and EWPO.
… Flavor observables (Bs!µµ, b! s� ).

Dark matter
… Relic density and direct detection.

Collider – GUT models
… Limits are independent of

A0, tan�,m2
Hu

and m2
Hd

.

… Due to unification, limits on squarks
and gluinos are relevant also for
sleptons and electroweakinos.
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Introduction

Physical motivations

Global fits
… In the unconstrained MSSM 105 new free parameters (masses, mixing angles and

phases). Impossible/uninteresting to probe.
… Define a simplified model based on reasonable assumptions and a minor number of

free parameters.
… Use of the available collider data, electro-weak precision observables and DM

constraint to fit the best value and the likelihood profile of the model parameters.
… Effectively implement interplay between different searches (e.g. collider vs direct

detection for DM).

Experimental constraints

SUSY models

MasterCode
Frequentist

fitting
framework

Best fit point

Allowed parameter range

Prospects for Supersymmetry after current LHC results Emanuele A. Bagnaschi (DESY) 3 / 19

Where are the additional Higgses and other BSM states?
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The constraints

The constraints – collider pMSSM10
Three classes of constraints

Colored sparticle production
We have combined the following CMS
searches:
… 0-lepton MT 2
… 1-lepton MW

T 2
… 2-lepton OS/SS
… � 3 leptons.

Compressed stop scenarios
This scenario is separately in a way similar to
the EWK SMS. The stop cross-section is set to
zero.

Electroweakinos production

… Simplified ModelS (SMS) approach.
Limited mass hierarchies.

… Slepton production.
… �̃±1 �̃ 0

2 via sleptons.

… �̃±1 �̃ 0
2 via WZ.

 [GeV]±

1
χ∼m

100 200 300 400 500 600

 [
G

e
V

]
0 1χ∼

m

0

50

100

150

200

250

300

350

400

)
theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

 = 7 TeVs, -1ATLAS 4.7 fb
 (103.5 GeV)

±

1
χ∼LEP2 

ATLAS
 = 8 TeVs, -1 Ldt = 20.3 fb∫

All limits at 95% CL

0

1
χ∼ν l× 2 →l) ν∼(νl

~
 × 2 → 

-

1
χ∼

+

1
χ∼

)/2 0

1
χ∼

+m
±

1
χ∼

 = (m
l
~
,ν∼

m

)0

1χ∼

) <
 m

(

±
1χ∼

m
(

Prospects for Supersymmetry after current LHC results Emanuele A. Bagnaschi (DESY) 7 / 19

SUSY search limits for pMSSM10
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1

/�̃0

2

that have masses nearly degenerate with �̃0
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Prospects for SUSY searches after Run 1 of the LHC 

69

MasterCode: Global fit in the MSSM with 10 parameters
[K. de Vries et al ’15]
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features of our 68% CL region. On the other hand, the overall sparticle mass scales, in particular of the
coloured sparticles, are poorly determined.

Figure 12. Summary of mass ranges predicted in the pMSSM10. The light (darker) peach shaded bars
indicate the 95% (68%) CL intervals, whereas the blue horizontal lines mark the values of the masses at
the best-fit point.
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Best fit region and prospects at the LHC with 300 / 3000 fb-1:

⇒ Good prospects for Run 2 of the LHC and the ILC 

Best fit points

68% / 95% 
C.L. contours

300 / 3000 fb-1
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The discovery of a Higgs boson at the LHC has provided us 
with a window to the mechanism of electroweak symmetry 
breaking and the structure of the vacuum                           
We will learn a lot from the further exploration of the 
properties of the new particle!


The discovered particle looks SM-like so far, but it could be 
part of an extended Higgs sector or even a composite state     
The underlying physics could be very different without 
spoiling the present compatibility with the experimental data


Test of BSM models requires precise prediction for the mass 
of the SM-like Higgs to determine available parameter space   
If some of the BSM particles are heavy:                     
Combination of fixed-order and EFT approach

70

Conclusions

⇒

⇒

⇒
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Higgs phenomenology in extended Higgs sectors:                 
Interference effects can be important for phenomenology of 
heavy Higgs bosons                                                      
Additional Higgs bosons need not be heavy, can also be 
below 125 GeV!                                                                             
Case of a light non-SM like Higgs happens generically in 
singlet extensions 


Global SUSY fits:                                                                              
Preference for scenarios where at least a part of the colour-
neutral spectrum is relatively light   


Rich physics programme at LHC, HL-LHC and future e+e- 
collider(s)

71

Conclusions

⇒
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Backup
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Total Higgs width: recent analyses from CMS and ATLAS
• Exploit 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 < 5.4 at 95% C.L., where 
8.0 was expected, ATLAS: 𝛤/𝛤SM < 5.7 at 95% C.L., 8.5 expect.


• Problem: equality of on-shell and far off-shell couplings 
assumed; 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)

73

[C. Englert, M. Spannowsky ’14]

[CMS Collaboration ’14] [ATLAS Collaboration ’14]

⇒ SM consistency test rather than model-independent bound
Destructive interference between Higgs- and gauge-boson contributions 
(unitarity cancellations) ⇒ difficult to reach 𝛤/𝛤SM ≈ 1 even for high statistics
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Standard method at a Linear Collider for the 
model-independent determination of the total width

Linear Collider (LC): absolute measurements                            
of ZH cross section and Higgs branching                            
ratios possible


Model-independent determination of the                              
total Higgs width 

74

The case for an ILC in view of recent LHC results, Georg Weiglein, Partikeldagarna 2013, Lund, 10 / 2013

Total width

43
2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)� �
�

Total width and coupling extraction 

Z⇤

Z

H

e�

e+

W�

W+

H

e�

e+

⌫

⌫̄

�H = �(H � XX)/BR(H � XX)

BR(HZZ*)�

Γ(HZZ*)�
Γ(HWW*)�

BR(HWW*)�

To extract couplings from BRs, we need the total width: 

To determine the total width, we need at least one pair of partial width and BR: 

g2
HXX � �(H � XX) = �H · BR(H � XX)

Combining 250 GeV (250 fb-1) + 500 GeV (500 fb-1) measurements�

∆ΓH/ΓH ≃ 5%

⇒

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41

e+e� ! ZH,Z ! e+e�, µ+µ�

2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)�
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LC: constraints on the Higgs width via off-shell effects

75

[S. Liebler, G. Moortgat-Pick, G. Weiglein ’15]

Limited sensitivity even with high integrated luminosity

Qualitative behaviour at the LHC is the same!

⇒
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Figure 12: Normalised event rates N(r)/N(1) as a function of r for the process e+e− →
νν̄ + 4jets for

√
s = 1TeV and a fixed polarisation with 95% uncertainty bands for different

integrated luminosities.

to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(15)

and that the observed rate equals the SM rate, i.e. Nobs = N(1). Accordingly, values of r
are excluded in this way if Nobs(r) lies outside of the 95% band of the Poisson distribution
P(Nobs|N(r)). The corresponding exclusion limits for r are also shown in Tab. 6. The inter-
ference term I lowers the sensitivity to r even for quite high statistics as it can be seen from
Fig. 12, where the exclusion limits on r are shown for three values of the integrated luminosity
at

√
s = 1TeV. The minimum of N(r) is in the vicinity of r = 1, so that a measurement of

N(r) in this region has the least sensitivity to r. If N(r) differs sufficiently from the minimum
value, a high-precision measurement of N(r) could result in a two-fold ambiguity in r. The
latter might only be resolved within this method by taking into account different final states.

√
s 350GeV 500GeV

N0 (
∫

Ldt = 1 ab−1) 430 1024
R1 0.026 0.006
R2 0.005 0.006

Limit on r (
∫

Ldt = 1 ab−1) 9.5 15

Limit on r (
∫

Ldt = 1.5 ab−1) 5.4 8.2

Table 7: N0, R1 and R2 as a function of the cms energy for e+e− → µ+µ− + 4 jets with
m4j > 130GeV. The upper limits on r at 95% have been obtained according to our simplistic
Bayesian approach, using the assumptions specified in the text.

For the process e+e− → µ+µ− +4 jets the situation is different, since for this process the
interference term is positive and also no background events of the type NB as specified in
Eq. (14) need to be considered. The corresponding results are shown in Tab. 7. However, for
this process the achievable statistics limits the sensitivity to the Higgs width via this method.

22

Large negative signal - 
background interference

(reason: unitarity cancellations)

to the inclusion of higher order electroweak effects as reported in Section 4.3 however, simple
rescaling of cross sections is obviously wrong. Already in the pure SM the factor κV (mV V )
for mV V > 2mt rescales the top-(bottom-)quark-induced one-loop contributions to H → V V .

In the following we want to quantify the sensitivity of a linear collider to the Higgs width
from off-shell effects, where we restrict ourselves to rather small deviations from the SM having
in mind the above assumptions/problems. We consider again the process e+e− → νν̄+4 jets
simulated with MadGraph 5. We apply the same cuts as described in Section 5. Assuming a
signal strength of µ = 1, the dependence on r can be written in the form

N(r) = N0(1 +R1
√
r +R2r) +NB . (13)

Note, that N0 differs from NwoH by on-shell Higgs events. NB are background events e+e− →
e+e− + 4 jets with undetected leptons and can be taken from Tab. 5. Their dependence on r
is negligible for r < 10. We provide the parameters N0, R1 and R2 in Tab. 6, where N0 are
the number of events for an integrated luminosity of

∫

Ldt = 500 fb−1 at the given energy.
As expected the interference term, reflected in R1, is large and negative and thus lowers the
sensitivity around r ∼ 1. For smaller

√
s on the other hand VBF is of less importance and

the interference term is therefore reduced in its relative size. To claim a possible exclusion of
large values of r, we perform a simplistic Bayesian approach: The probability P (N(r)|Nobs)
with N(r) being the expected number of events and Nobs the observed number of events
is related to P(Nobs|N(r)) through a prior π(N(r)), which we suppose to be constant as a
function of small r. Suppose the events to be distributed according to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(14)

and the observed rate equals the SM rate, i.e. Nobs = N(1), then we can exclude values of r,
where Nobs is not within the 95% uncertainty band of the Poisson distribution P(Nobs|N(r)).
The corresponding exclusions are added to Tab. 6. The interference term I lowers the sen-
sitivity to r for large

√
s even for quite high statistics as it can be seen from Fig. 12. The

minimum of N(r) is in the vicinity of one, thus either erasing the sensitivity to r completely
or providing an ambiguity of two possible values for r if statistics is high enough. The latter
might only be resolved by taking into account different final states.

√
s 350GeV 500GeV 1TeV

N0 (
∫

Ldt = 500 fb−1) 263 1775 8420
R1 −0.017 −0.010 −0.098
R2 0.026 0.019 0.048

Limit on r (
∫

Ldt = 500 fb−1) 7.0 3.8 2.8

Limit on r (
∫

Ldt = 1 ab−1) 5.1 3.1 2.5

Table 6: N0, R1 and R2 as a function of the cms energy for e+e− → νν̄ + 4 jets with
m4j > 130GeV and pT,4j > 75GeV. Upper limits on r at 95% according to our simplistic
Bayesian approach.

In contrast for the process e+e− → µ+µ− + 4 jets the interference term is positive and
no background events NB need to be considered. Tab. 7 shows the corresponding result.

20

r = 𝛤/𝛤SM

Same theoretical assumptions 
as in LHC analyses
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CP properties

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

76
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

77

Observables involving the HVV coupling provide only 
limited sensitivity to effects of a CP-odd component, 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  

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 could 
provide much higher sensitivity 

⇒
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Test of spin and CP hypotheses 

78

21 

Combined Analysis 

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

0+ against 0- 

0+ against 1+/- 

Combined HÆZZ and HÆWW analysis 
excludes those hypotheses up to 99.7%  

HÆZZ 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   

¾ 1+ hypothesis has been excluded at 99.97% 

¾ 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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Experimental analyses beyond the hypotheses of 
pure CP-even / CP-odd states

80

13.4 Spin and parity 39

cross sections for alternative signal hypotheses are left floating in the fit. The same approach is
taken for the SM Higgs boson hypothesis: i.e., the overall SM Higgs boson signal strength µ is
the best-fit value as it comes out from data. This way, the overall signal event yield is not a part
of the discrimination between alternative hypotheses. Consequently, for pairwise tests of alter-
native signal hypotheses with respect to the SM Higgs boson, the test statistic is defined using
the ratio of signal plus background likelihoods for two signal hypotheses q = �2ln(LJP /L0+).
The expected distribution of q for the pseudoscalar hypothesis (blue histogram) and the SM
Higgs boson (orange histogram) are shown in Fig. 26 (left). Similar distributions for the test
statistic q are obtained for the other alternative hypotheses considered. The pseudoexperiments
are generated using the nuisance parameters fitted in data.

To quantify the consistency of the observed test statistics qobs with respect to the SM Higgs
boson hypothesis (0+), we assess the probability p = P(q  qobs | 0+ + bkg) and convert it into
a number of standard deviations Z via the Gaussian one-sided tail integral:

p =
Z •

Z

1p
2p

exp
��x2/2

�
dx. (18)

Similarly, the consistency of the observed data with alternative signal hypotheses (JP) is as-
sessed from P(q � qobs | JP +bkg). The CLs criterion, defined as CLs = P(q � qobs | JP + bkg)/P(q � qobs | 0+ + bkg) <
a, is used for the final inference of whether a particular alternative signal hypotheses is ex-
cluded or not with a given confidence level (1 � a).

The expected separations between alternative signal hypotheses are quoted for two cases. In
the first case, the expected SM Higgs boson signal strength and the alternative signal cross
sections are equal to the ones obtained in the fit of the data. The second case assumes the
nominal SM Higgs boson signal strength (µ = 1, as indicated in parentheses for expectations
quoted in Table 8), while the cross sections for the alternative signal hypotheses are taken to
be the same as for the SM Higgs boson (the 2e2µ channel is taken as a reference). Since the
observed signal strength is very close to unity, the two results for the expected separations are
also similar. The observed values of the test statistic in the case of the SM Higgs boson versus a
pseudoscalar boson are shown with red arrows in Fig. 26 (left). Results obtained from the test
statistic distributions are summarized in Table 8 and in Fig. 27.

The observed value of the test statistic is larger than the median expected for the SM Higgs
boson. This happens for many distributions because of strong kinematic correlations between
different signal hypotheses, most prominently seen in the mZ2 distributions. The pseudoscalar
(0�) and all spin-1 hypotheses tested are excluded at the 99.9% or higher CL All tested spin-2
models are excluded at the 95% or higher CL The 0+h hypothesis is disfavored, with a CLs value
of 4.5%.

In addition to testing pure JP states against the SM Higgs boson hypothesis, a measurement
for a possible mixture of CP-even and CP-odd states or other effects leading to anomalous
couplings in the H ! ZZ decay amplitude in Eq. (6) is performed. The D0� discriminant
is designed for the discrimination between the third and the first amplitude contributions in
Eq. (6) when the phase fa3 between a3 and a1 couplings is not determined from the data [48].
For example, even when restricting the coupling ratios to be real, there remains an ambiguity
where fa3 = 0 or p. The interference between the two terms (a1 and a3) is found to have a
negligible effect on the discriminant distribution or the overall yield of events. The parameter
fa3 is defined as

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3
, (19)

6.2 Constraints on and exclusions of exotic models 27

0

5

10

15

20

25

)a2φ cos(a2f
-1 -0.5 0 0.5 1

) 1
Λφ

 c
os

(
1

Λf
-1

-0.5

0

0.5

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 

π = 0 or 
1Λ

φ, 
a2
φ

(a)

0

1

2

3

4

5

6

7

8

9

a2f
0 0.2 0.4 0.6 0.8 1

1
Λf

0

0.2

0.4

0.6

0.8

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 

(b)

0

2

4

6

8

10

12

14

16

)a3φ cos(a3f
-1 -0.5 0 0.5 1

) 1
Λφ

 c
os

(
1

Λf

-1

-0.5

0

0.5

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 

π = 0 or 
1Λ

φ, 
a3
φ

(c)

0

2

4

6

8

10

12

14

16

a3f
0 0.2 0.4 0.6 0.8 1

1
Λf

0

0.2

0.4

0.6

0.8

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 

(d)

0

2

4

6

8

10

12

14

)
a3
φcos(a3f

-1 -0.5 0 0.5 1

)
a2φ

co
s(

a2f

-1

-0.5

0

0.5

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 

π = 0 or 
a3
φ, 

a2
φ

(e)

0

2

4

6

8

10

12

14

a3f
0 0.2 0.4 0.6 0.8 1

a2f

0

0.2

0.4

0.6

0.8

1
95% CL
68% CL
Best Fit
SM

CMS (preliminary)  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 ln
 L

Δ
-2

 
(f)

Figure 8: Observed likelihood scans for pairs of effective fractions fL1 vs fa2, fL1 vs fa3 and
fa2 vs fa3 (from top to bottom). Left column shows the results where the amplitudes are con-
strained to be real, and all other amplitudes are fixed to the SM predictions. The right column
shows the results where the phases of the amplitudes, as well as additional ZZ amplitudes are
profiled. Results are obtained using the kinematic discriminant method.

The expected separations from the test statistic distributions for all the considered models are
summarized in Table 9 and in Figure 13. It can be appreciated that the data has disfavoured
all tested spin-two hypotheses in favour of SM hypothesis 0+ with CLs value larger then 95%

[CMS Collaboration ’14]
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Loop suppression of a3 in many BSM models 


Even a rather large CP-admixture would result in only a very 
small effect in fa3!


Extremely high precision in fa3 needed to probe possible 
deviations from the SM


The Snowmass report sets as a target that should be achieved 
for fa3 an accuracy of better than 10-5! 


81

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

⇒

⇒
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High-scale FlexibleSUSY

High-scale SUSYHD

Note: large effects also occur within the DRbar scheme 
Different options for doing the full model calculation

Differences are of higher order, much larger than uncertainty estimated in SUSYHD
82

Option 1: Higgs mass computation at scale                                                      
Option 2: First run parameters down to scale Q = mt, compute Higgs mass there 

FlexibleSUSY

Q =
p
mt̃1mt̃2

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

⇒
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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

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. 

„Required“ accuracy 
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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
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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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⇒ Need very high precision for the couplings


