
Georg Weiglein,           

DESY & UHH, 10 / 2022

Probing the nature of Higgs 
physics with the latest 

experimental results 



Probing the nature of Higgs physics with the latest experimental results, Georg Weiglein, DESY Particle and Astroparticle Physics Colloquium, Hamburg, 10 / 2022

Finally: Dark Matter produced in the laboratory!
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A bit more than 10 years after the discovery of the                       
Higgs boson at 125 GeV (h125): high-precision measurement of the 
mass, detailed investigations of inclusive and differential ratesFROM RATES AND SIGNAL STRENGTHS TO FIDUCIAL AND DIFFERENTIAL CROSS SECTIONS 
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ttH

tH
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Introduction
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[CMS Collaboration ’22]

SM-like properties⇒
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Couplings to other particles:

  

Couplings
vs. mass

91 / 92
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[ATLAS Collaboration ’22]

Properties of the detected Higgs boson (h125)

Agrees with predictions of the Brout-Englert-Higgs (BEH) mechanism⇒

Higgs physics at Linear Colliders 

Higgs physics at ILC K. Desch - Higgs physics at ILC 2 

Nobel Prize 2013
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The Brout-Englert-Higgs (BEH) mechanism and the 
structure of the vacuum

6

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
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! 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

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

BEH mechanism ⇔ non-trivial structure of the vacuum

v: vacuum 
expectation 
value; 
fundamental 
property of the 
vacuum state

Higgs potential
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The vacuum structure is caused by 
the Higgs field through the Higgs 
potential. We lack a deeper 
understanding of this!

                                                                                                               

We do not know where the Higgs 
potential that causes the structure of 
the vacuum actually comes from and 
which form of the potential is realised 
in nature. Experimental input is 
needed to clarify this!
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Higgs potential

What is the underlying dynamics of electroweak 
symmetry breaking?

Single doublet or extended Higgs sector? (new symmetry?)


Fundamental scalar or compositeness? (new interaction?)



Probing the nature of Higgs physics with the latest experimental results, Georg Weiglein, DESY Particle and Astroparticle Physics Colloquium, Hamburg, 10 / 2022

Page 2/17| Higgs Pairs 2022 | Johannes Braathen (DESY) | June 2, 2022

Why study the Higgs trilinear coupling?

➢ Probing the Higgs potential:
Since the Higgs discovery, the existence of the Higgs potential is 

confirmed, but at the moment we only know:

→ the location of the EW minimum: 

v = 246 GeV
→ the curvature of the potential around the EW minimum: 

m
h
 = 125 GeV

However we still don’t know the shape of the potential, away from EW 

minimum →  depends on λ
hhh

➢ λ
hhh

 determines the nature of the EWPT!

 � O(20%) deviation of λ
hhh

 from its SM prediction needed to have a 

strongly first-order EWPT → necessary for EWBG [Grojean, Servant, 

Wells ’04], [Kanemura, Okada, Senaha ’04]

➢ New in this talk: studying λ
hhh

 can also serve to constrain the parameter space of BSM models!

Higgs potential: the ``holy grail’’ of particle physics
Crucial questions related to electroweak symmetry breaking: what is 
the form of the Higgs potential and how does it arise?
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Vacuum expectation value

Information about these questions can be obtained from the trilinear 
Higgs self-coupling, which will be a main focus of the experimental 
and theoretical activities in particle physics during the coming years

Only known so far:
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Trilinear Higgs self-coupling: experimental situation
The measurement of the trilinear Higgs self-coupling λhhh is a prime 
experimental goal, but a coupling by itself is not a physical 
observable


Experimental access via Higgs pair production (or indirectly via loop 
contributions involving λhhh): 

9
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➢ Double-Higgs production → λ
hhh

 enters at LO →  most direct probe of λ
hhh

  

Accessing λ
hhh

 via double-Higgs production

➢ Box and triangle diagrams interfere destructively 
→ small prediction in SM

→ BSM deviation in λ
hhh

 can significantly enhance 
hh-production!

➢ Upper limit on hh-production cross-section → limits on 
κ

λ
≡λ

hhh
/(λ

hhh
(0))SM
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[ Note: Single-Higgs production (EW precision observables) → λ
hhh

 enters at NLO (NNLO) ]

Box and triangle diagrams interfere destructively                       
Small cross section in the SM, can be much 
enhanced if λhhh deviates from the SM value 
⇒
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considered) of 73 fb at 95% CL, compared with an expected limit of 85 fb assuming no �� production.
When deriving the cross-section limits the theoretical uncertainties on their predictions are not included.
The cross-section limit as a function of the coupling modifier is shown in Figure 4(a). The signal acceptance
of the double-Higgs analyses has a strong dependence on the value of ^_, determining the shape of the
exclusion limit shown in Figure 4(a) .

(a) (b)

Figure 4: Observed and expected 95% CL exclusion limits on the production cross-sections of (a) the combined
ggF �� and VBF �� as a function of ^_ and (b) the VBF �� process as a function of ^2+ , for the three
double-Higgs search channels and their combination. The expected limits assume no �� production or no VBF ��
production respectively. The red line shows (a) the theory prediction for the combined ggF �� and VBF ��
cross-section as a function of ^_ where all parameters and couplings are set to their SM values except for ^_, and (b)
the predicted VBF �� cross-section as a function of ^2+ . The band surrounding the red cross-section lines indicate
the theoretical uncertainty on the predicted cross-section.

Constraints on the coupling modifiers are obtained by using the values of the test statistic as a function of ^_
in the asymptotic approximation and including the theoretical uncertainty on the cross-section predictions.
The ^_ parameterisation of NLO EW corrections in the Higgs boson decay and self-energy, as well as in
single-Higgs backgrounds, is included when deriving these results, though their impact on the constraints is
negligible. Under these assumptions, the observed (expected) constraints at 95% CL are �0.6 < ^_ < 6.6
(�2.1 < ^_ < 7.8). The expected constraint is derived under the SM assumption. More results with
di�erent assumptions on the other coupling modifiers are given in Section 6.

The combined double-Higgs channels are also sensitive to the VBF �� process, hence to the ��++
quartic interaction. The 95% CL observed VBF �� cross-section upper limit as a function of ^2+ is shown
in Figure 4(b). Constraints on ^2+ are derived using directly the test statistic value parameterised as a
function of the relevant coupling modifier. An observed (expected) 95% CL constraint of 0.1 < ^2+ < 2.0
(0.0 < ^2+ < 2.1) is obtained, with the expected values derived under the SM hypothesis.

6 Single- and double-Higgs combination results

Following the prescriptions described in Section 2 the double-Higgs and single-Higgs analyses summarised
in Table 1 are combined to derive constraints on ^_. Several fits to data are performed with di�erent
assumptions on the coupling modifiers to other SM particles.
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Current experimental bound on the signal strength of Higgs pair 
production: μhh < 2.4  


Experimental limit on Higgs pair production has been translated 
(taking into account also indirect information from single-Higgs 
production) into a limit on ϰλ = λhhh / λhhhSM, 0 under the assumption 
that new physics only affects the trilinear Higgs self-coupling:


      


        -0.4 < ϰλ < 6.3 at 95% C.L.     


Comparison, latest CMS limit: -1.2 < ϰλ < 6.5 at 95% C.L.
10

[ATLAS Collaboration ’22]

[CMS Collab. ’22]

Trilinear Higgs self-coupling: experimental situation
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Temperature evolution of the Higgs potential in the early universe:

The Higgs potential and the electroweak phase 
transition (EWPT)

h?2`K�H 2z2+ib �M/ i?2`K�H 2pQHmiBQM
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High temperature

Critical 
temperature 
(degenerate 
minima)

Transition 
temperature 
(strong first-
order EWPT)

Marcela Carena
Fermilab and UChicago

Higgs DAYS at Santander - Theory meets Experiment,  September 2022
ICFA, Santander, September 2022

Electroweak Baryogenesis and Signals at the LHC

Higgs off

Higgs on

Higgs off

Higgs on

Higgs on

Higgs off

V. Rubakov, 1955-2022

  Introduction: the FOEWPT

What is a FOEWPT?
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High temperature

Critical temperature 
(degenerate minima)

[D. Gorbunov, 
V. Rubakov]
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EWPT: are there additional sources for CP violation 
in the Higgs sector? 
Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a strong first-order electroweak phase 
transition (EWPT)                                                                                        


First-order EWPT does not work in the SM                                     
The amount of CP violation in the SM (induced by the CKM phase) is 
not sufficient to explain the observed asymmetry between matter 
and anti-matter in the universe


First-order EWPT can be realised in extended Higgs sectors      
could give rise to detectable gravitational wave signal


Search for additional sources of CP violation


But: strong experimental constraints from limits on electric dipole 
moments (EDMs) 12

⇒
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Comparison between experiment and theory for the properties of 
h125 requires a high level of sophistication in the predictions for 
signal and background processes at the LHC 


Example: inclusive Higgs production, total cross section (heavy top 
limit)

13

Marius Wiesemann    (MPP Munich) September 7th, 2022Differential Higgs production in the Full Theory at NNLO+PS 16

Why precision?

Convention: “theory uncertainty” (i.e. from missing higher 
orders) is estimated by change of  cross section when 

varying μ in range 1/2 → 2 around central value 14
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Scale dependence as the “THEORY UNCERTAINTY”

Here, only the renorm. scale 
μ has been varied. In real life 
you need to change renorm. 
and factorisation scales.

Higgs cross section (EFT)

[Anastasiou et al. '15], 
[Mistlberger '18]

[M. Wiesemann ’22]

Comparison between experiment and theory
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Full theory vs. heavy top limit: H inclusive and H + jet

14

Marius Wiesemann    (MPP Munich) September 7th, 2022Differential Higgs production in the Full Theory at NNLO+PS 26

H+jet: LO NLO

H incl.: LO NLO NNLO

H+jet
(pT>0)

H
(pT=0)

Contributions up to NNLO

LO NLO

LO NLO NNLO

Heavy-Top-LimitFull Theory

[M. Wiesemann ’22]

Marius Wiesemann    (MPP Munich) September 7th, 2022Differential Higgs production in the Full Theory at NNLO+PS 28

Contributions up to N3LO (HTL)

H+jet:

H incl.:

H+jet
(pT>0)

H
(pT=0)

LO NLO

LO NLO NNLO N3LO

NNLO

Heavy-Top-Limit

Heavy top limit:

~1/mt

~mt/v



Probing the nature of Higgs physics with the latest experimental results, Georg Weiglein, DESY Particle and Astroparticle Physics Colloquium, Hamburg, 10 / 2022
15

Renormalisation scheme uncertainties

[M. Kerner ’22]

Amplitude with massive internal particles (e.g. full theory result for 
the top loops) depends on the scheme chosen for the mass 
renormalisation                                                                                      
Higher-order uncertainty can be estimated by comparing on-shell 
scheme with       schemeMS

Renormalization Scheme Uncertainties

17

and Q according to Section 3.1.414. Since the scale dependence on µt is a monotonously falling

function, we evaluated the di↵erential cross section for four choices of the top mass, mt, mt(mt),

mt(Q/4) and mt(Q), for each bin in Q.

For the three c.m. energies of 14, 27 and 100 TeV the di↵erential cross sections are presented

in Figs. 14, 15 as a function of Q = mHH for the various definitions of the top mass. The lower

panels exhibit the ratios of the di↵erential cross sections to the ones in terms of the top pole mass

(OS scheme). It is clearly visible that the scale and scheme dependence of the top mass induces
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p
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Figure 14: The di↵erential Higgs-pair production cross section at NLO as a function of the invariant Higgs-pair
mass for a c.m. energy of 14 TeV for four di↵erent choices of the scheme and scale of the top mass. The lower
panel shows the ratio of all results to the default results with the top pole mass (OS scheme). PDF4LHC PDFs
have been used and the renormalization and factorization scales of ↵s and the PDFs have been fixed at our
central scale choice µR = µF = Q/2.

sizeable variations of the NLO Higgs-pair production cross section and thus contributes to the

theoretical uncertainties. For small Q values, the size pattern of the di↵erential cross section

due to the di↵erent scale and scheme choices is varying. For large values of Q, the maximum is

always given by the on-shell scheme and the minimum in terms of the MS-top mass mt(Q) with

14We do not separate the treatment of the top-Yukawa couplings and the propagator-top mass, since both
are linked by the sum rule emerging from the electroweak SU(2)⇥ U(1) symmetry, yt �

p
2mt/v = 0, which is

needed for the cancellation of divergences in electroweak corrections.

– 31 –

7

choice of mt = 172.5 GeV for the top pole mass to an MS
mass of mt(mt) = 163.02 GeV. The renormalisation of the
top mass has been adjusted accordingly. Taking the maxi-
mum and minimum of the differential cross section in Q

2

at four different values of Q
2 for a variation of the MS top

mass in the range between Q/4 and Q we obtain the follow-
ing variations of the Higgs-pair cross section,

ds(gg ! HH)

dQ

���
Q=300 GeV

= 0.0312(5)+9%
�23% fb/GeV,

ds(gg ! HH)

dQ

���
Q=400 GeV

= 0.1609(4)+7%
�7% fb/GeV,

ds(gg ! HH)

dQ

���
Q=600 GeV

= 0.03204(9)+0%
�26% fb/GeV,

ds(gg ! HH)

dQ

���
Q=1200 GeV

= 0.000435(4)+0%
�30% fb/GeV,

(20)

using PDF4LHC parton densities. The top-quark scheme un-
certainty is significant over the whole range of mHH . The
prediction involving the top pole mass, that we take as our
central prediction, is the maximal prediction for high mHH

values. The uncertainties induced by the top-mass scheme
and scale choice on the total cross section at NLO will be
given in a forthcoming publication [50].

6 Conclusions

We have presented the calculation of the full NLO QCD
corrections to Higgs-boson pair production via gluon fu-
sion for the top-loop contributions. This has been performed
by numerical integrations of the involved virtual two-loop
corrections to the four-point functions, while the results of
the single-Higgs case have been translated to the three-point
contributions that involve the trilinear Higgs self-coupling.
The one-particle reducible contributions that appear for the
first time at NLO have been inferred from the explicit analyt-
ical one-loop results for H ! Zg , where the Z-boson mass
plays the role of the virtuality of the gluon in the dressed
Hgg

⇤ vertex. In order to isolate the ultraviolet, infrared and
collinear divergences, we have performed appropriate end-
point subtractions at the integrand level and described the
explicit construction of infrared subtraction terms that al-
low for a clean separation of the infrared singularities from
the regular rest. The real corrections have been obtained by
generating the full matrix elements with automatic tools. We
have constructed the infrared and collinear subtraction term
as the heavy-top limit of the real matrix elements involving
the fully massive LO sub-matrix element. Adding back the
full results in the heavy-top limit completed the full real cor-
rections. The final results we have obtained agree with pre-
vious calculations for the individual finite parts of the real
and virtual corrections. We find finite NLO mass effects that

are up to �30% for large invariant Higgs-pair masses, while
the total NLO top-mass effects modify the total cross section
by about �15%.

We have studied the theoretical uncertainties related to
variations of the renormalisation and factorisation scales and
have found agreement with the previously known results
finding uncertainties at the level of 10� 15%. A novel out-
come of our calculation is the additional uncertainty induced
by the scheme and scale dependence of the top mass that
can be significant, amounting to +9%/� 23% at mHH =
300 GeV and +0%/� 30% at mHH = 1200 GeV. The in-
duced uncertainty on the total cross section will be given in
a forthcoming publication [50].

In the future we plan to extend our calculation to beyond-
the-SM models as e.g. the 2HDM or MSSM.
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choice of mt = 172.5 GeV for the top pole mass to an MS
mass of mt(mt) = 163.02 GeV. The renormalisation of the
top mass has been adjusted accordingly. Taking the maxi-
mum and minimum of the differential cross section in Q

2

at four different values of Q
2 for a variation of the MS top

mass in the range between Q/4 and Q we obtain the follow-
ing variations of the Higgs-pair cross section,

ds(gg ! HH)

dQ

���
Q=300 GeV

= 0.0312(5)+9%
�23% fb/GeV,

ds(gg ! HH)

dQ

���
Q=400 GeV

= 0.1609(4)+7%
�7% fb/GeV,

ds(gg ! HH)

dQ

���
Q=600 GeV

= 0.03204(9)+0%
�26% fb/GeV,

ds(gg ! HH)

dQ

���
Q=1200 GeV

= 0.000435(4)+0%
�30% fb/GeV,

(20)

using PDF4LHC parton densities. The top-quark scheme un-
certainty is significant over the whole range of mHH . The
prediction involving the top pole mass, that we take as our
central prediction, is the maximal prediction for high mHH

values. The uncertainties induced by the top-mass scheme
and scale choice on the total cross section at NLO will be
given in a forthcoming publication [50].

6 Conclusions

We have presented the calculation of the full NLO QCD
corrections to Higgs-boson pair production via gluon fu-
sion for the top-loop contributions. This has been performed
by numerical integrations of the involved virtual two-loop
corrections to the four-point functions, while the results of
the single-Higgs case have been translated to the three-point
contributions that involve the trilinear Higgs self-coupling.
The one-particle reducible contributions that appear for the
first time at NLO have been inferred from the explicit analyt-
ical one-loop results for H ! Zg , where the Z-boson mass
plays the role of the virtuality of the gluon in the dressed
Hgg

⇤ vertex. In order to isolate the ultraviolet, infrared and
collinear divergences, we have performed appropriate end-
point subtractions at the integrand level and described the
explicit construction of infrared subtraction terms that al-
low for a clean separation of the infrared singularities from
the regular rest. The real corrections have been obtained by
generating the full matrix elements with automatic tools. We
have constructed the infrared and collinear subtraction term
as the heavy-top limit of the real matrix elements involving
the fully massive LO sub-matrix element. Adding back the
full results in the heavy-top limit completed the full real cor-
rections. The final results we have obtained agree with pre-
vious calculations for the individual finite parts of the real
and virtual corrections. We find finite NLO mass effects that

are up to �30% for large invariant Higgs-pair masses, while
the total NLO top-mass effects modify the total cross section
by about �15%.

We have studied the theoretical uncertainties related to
variations of the renormalisation and factorisation scales and
have found agreement with the previously known results
finding uncertainties at the level of 10� 15%. A novel out-
come of our calculation is the additional uncertainty induced
by the scheme and scale dependence of the top mass that
can be significant, amounting to +9%/� 23% at mHH =
300 GeV and +0%/� 30% at mHH = 1200 GeV. The in-
duced uncertainty on the total cross section will be given in
a forthcoming publication [50].

In the future we plan to extend our calculation to beyond-
the-SM models as e.g. the 2HDM or MSSM.
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Amplitude with massive internal particles depends on mass-renormalization scheme
→ additional uncertainty can be estimated by comparing OS and 01 results

off-shell H production [see Jones, Spira in Les Houches `19
Mazzitelli 22] 
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for an invariant mass of Q = 600 GeV normalized to the cross section at the scale µt = Q/2.

with the numbers obtained for a c.m. energy of 14 TeV and using PDF4LHC15 NLO parton
densities with a NLO strong coupling normalized to –s(MZ) = 0.1185. At NLO the results for
the production cross section at di�erent values of Q are given by

‡(gg æ Hú)
---
Q=125 GeV

= 42.17+0.4%
≠0.5% pb, ‡(gg æ Hú)

---
Q=300 GeV

= 9.85+7.5%
≠0.3% pb

‡(gg æ Hú)
---
Q=400 GeV

= 9.43+0.1%
≠0.9% pb, ‡(gg æ Hú)

---
Q=600 GeV

= 1.97+0.0%
≠15.9% pb

‡(gg æ Hú)
---
Q=900 GeV

= 0.230+0.0%
≠22.3% pb, ‡(gg æ Hú)

---
Q=1200 GeV

= 0.0402+0.0%
≠26.0% pb

(IV.18)

These results indicate that the uncertainties related to the scheme and scale dependence of the
top-quark mass drop by roughly a factor of two from LO to NLO, but not more, i.e. about
one half of the parametric dependence is compensated by the logarithms involving the scale µt

and the scheme-transformation part of the NLO corrections. The reason for the sizable residual
scale and scheme dependence is the large size of the NLO corrections that will be compensated
further by the mass e�ects of the NNLO corrections. The latter are only approximately known
in terms of a large top-mass expansion at present which cannot be used for large values of
Q [381,382,995–998].

3.3 O�-shell H
ú æ ““

Uncertainties due to the scheme and scale choice of the top mass will also play a role for o�-shell
Higgs decays Hú

æ ““, since above the tt̄ threshold destructive interference e�ects between the
5Note that these choices are incompatible with a consistent LO prediction, but the relative uncertainties related

to the scheme and scale choice of the top mass will be hardly a�ected by this inconsistency.
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Figure 1: Ratio of the o↵-shell Higgs production cross section in the MS scheme to the corresponding
OS prediction, as a function of m⇤

H
. The ratio is computed at LO (gray), NLO (red) and NNLOSV

(blue), for a scale µ = m⇤
H

(left) and µ = m⇤
H
/2 (right). In the left panel the NLOSV prediction is

also shown (red-dotted line).

the ratio between any two scales to be not larger than 2. This procedure corresponds to the

customary 7-point variation in the OS scheme, while in the case of the MS predictions, where

one additional scale is present, it leads to a 15-point variation, as introduced in ref. [27] in the

context of top-quark pair production.

We are interested in studying the di↵erences between the OS and MS predictions. Therefore,

in figure 1 we present the ratio between the MS and OS results, �̄NiLO/�NiLO, as a function of

the invariant mass m
⇤
H
. For the sake of clarity, we do not include in this figure uncertainty

bands, but rather present results for fixed values of the renormalization and factorization scales.

The results in the left (right) panel correspond to µ
m

= µ
R
= µ

F
= µ with µ = m

⇤
H

(µ =

m
⇤
H
/2). Note that the same perturbative order and scale choice is used in the numerator and

denominator for the construction of each curve.

We first discuss about the validity of the soft-virtual approximation. To that end, we present

as well NLOSV predictions (red-dotted line in figure 1, left panel) which can be compared to the

results obtained with the full NLO corrections. As can be seen from figure 1, the NLOSV results

reproduce the full NLO curve with a very high accuracy, in particular much higher than the

size of the e↵ects we are aiming to gauge (that is, the di↵erence between MS and OS results).

The di↵erence between the NLO and NLOSV curves in figure 1 is below 1% for most of the

distribution, with a larger deviation found only around the peak that is however always below

3%. We therefore consider the NNLOSV results to be an excellent proxy for the full NNLO

prediction in the context of this study.

We now focus on the comparison between the two schemes at the di↵erent perturbative

orders. In the first place, we can observe that in the whole invariant mass region and for both

scale choices the di↵erences between the two schemes are reduced from LO to NLO, and from

NLO to NNLOSV as well. The gap between the OS and MS predictions is larger for µ = m
⇤
H
,

which is expected since a higher scale generates a smaller value of mt(µ), and therefore a larger

di↵erence w.r.t. Mt. In the region m
⇤
H

< 400 GeV, the MS scheme predicts a larger cross

section. The maximum deviation is about 50% at LO for µ = m
⇤
H
, going down to 35% and 27%

5
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Renormalisation scheme uncertainties
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Figure 4. Ratio of Higgs pT distributions at LO.

central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for
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Figure 5. Ratio of Higgs pT distributions at NLO.

the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.

Acknowledgements

We thank S. Catani, G. Luisoni, F. Maltoni and P. Na-
son for interesting discussions and A. Schweitzer for his
contribution in the earlier development of the interface
of multi-loop amplitudes with MadGraph5 aMC@NLO.
H.F. has received funding from the European Union’s
Horizon 2020 research and innovation program under the
Marie Sk lodowska-Curie grant agreement No. 847523
‘INTERACTIONS’, and has been partially supported by
a Carlsberg Foundation Reintegration Fellowship. M.H.
is supported by the European Research Council under
ERC-STG-804286 UNISCAMP. R.B. is partly supported
by the italian Ministero della Università e della Ricerca
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tribution of the bottom quark, and thus of the top-
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the interference induces a non trivial change of shape.
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Renormalization Scheme Uncertainties
Scheme uncertainties of similar size also for other processes:

HJ production (using DiffExp approach)

LO NLO

ZH production (using SecDec & HE expansion)
Chen, Davies, Heinrich, Jones, MK, Mishima, 
Schlenk, Steinhauser 22
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Scheme uncertainty typically reduced by factor of ~2 going from LO to NLO,
but still O(20-50%) at large *, ,'

[M. Kerner ’22]

Estimate of electroweak corrections: parameterisation in terms of GF 
vs. α, etc. 
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Higgs pair production, prediction and uncertainties
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[M. Spira ’22]

Electroweak corrections: top-Yukawa contributions
[J. Davies et al. ’22][M. Mühlleitner, J. Schlenk, M. Spira ’22]
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• Properties of h125:                                                                            
The comparison between experiment and theory is carried out at 
the level of signal strengths, STXS, fiducial cross sections, … , and 
to a lesser extent for ϰ parameters (signal strength modifiers; see 
example of ϰλ below) and coefficients of EFT operators 


Public tools for confronting the experimental results with model 
predictions: HiggsSignals (signal strengths, STXS), Lilith (signal 
strengths), … 


• Limits from the searches for additional Higgs bosons:                
Public tools for reinterpretation / recasting of experimental results:  
HiggsBounds (limits on σ x BR, full likelihood information 
incorporated where provided by exp. collaborations)                  
Recasting tools:                                                                 
MadAnalysis 5, Rivet, ColliderBit, RECAST (ATLAS-internal), …

18

Comparison between experiment and theory

[H. Bahl et al. ’22]New versions: HiggsTools 
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Figure 8: Mono-Z + E
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T

final state: transverse momentum distribution of the di-muon
system evaluated for BP1 (upper left panel), BP2 (upper right panel), BP3 (lower left
panel), and BP4 (lower right panel). All different curves of the 1vs1 topology are contained
in the turquoise band; the curves of the 2vs1 balanced topology in the dark blue band;
the curves of the 2vs1 unbalanced topology in the green band; and, the curves of the 2vs2
topology in the red band. The ISR topology curve is shown in orange.
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Simplified models for BSM Higgs searches

High sensitivity to different simplified model topologies,                 
spins of mediators and invisible particles have relatively small impact

19

[H. Bahl, V. Martin Lozano, G. W. ’21]
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Simplified models for BSM Higgs searches

(Acceptance x efficiency) maps, can easily be utilised to obtain 
exclusion limits for a wide range of models

20

⇒

[H. Bahl, V. Martin Lozano, G. W. ’21]
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Figure 16: Acceptance ⇥ efficiency maps for the gg-initiated mono-Higgs plus E
miss
T

simplified model topologies derived by recasting the ATLAS mono-Higgs plus E
miss
T

search
of Ref. [51]. The results are shown in the (m�, mI) parameter plane for the 1vs1 topology
(upper left panel), in the (mM, mI) parameter plane for the 2vs1 balanced topology (upper
right panel), in the (m�, mM) parameter plane for the 2vs1 unbalanced topology (lower
right panel), and in the (mM, mI) parameter plane for the 2vs2 topology (lower right
panel). The kinematic constraints for each topology are depicted by gray lines.
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Application: expected limits for simplified model 
topologies from search in bbZ + ETmiss final state

21

[D. P. Adan et al. ’22]
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Figure 5: Upper limits on the cross section (including branching fraction, as indicated

in the text) for a 1D variation of one of the mass parameters in each topology. The

X axis indicates the corresponding mass scan performed while the Y axis represents the

upper limit obtained at a 95% CL for various scenarios: central limit obtained using

only the Standard-SR (red dotted line), central limit obtained using only ForwardJets-SR

(blue dotted line), and central limit obtained combining the two signal regions (lack solid

line). The yellow and green uncertainty bands correspond to the 68% and 95% interval

coverage for the combined limit. The results are shown for the 1-vs-1 unbalanced (upper

left panel), 2-vs-1 balanced (upper right panel), 2-vs-1 unbalanced (lower left panel), and

2-vs-2 balanced (lower right panel) topologies. The varied mass parameter and the choice

for the other two fixed masses are indicated in the X axis label and in the legend for each

signal topology.
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Signal region with 
forward jets has 
sizeable impact

⇒
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Figure 5: The SM-like Higgs boson mass Mh as a function of bXt. Left : The blue
curve represents the value of Mh computed in a single-scale scenario with
MSUSY = 10 TeV, t� = 8, all BSM mass terms set to MSUSY, and all tri-
linear couplings other than At set to zero. The gray points are obtained by
varying the mass parameters and trilinear couplings randomly in the range
[1/2MSUSY, 2MSUSY]. The orange band represents the value of the combined
ATLAS/CMS measurement for Mh together with its 1� uncertainty. Right :
Same as left but for the green curve MSUSY = 100 TeV and t� = 3.

This is illustrated in Fig. 4 showing Mh as a function of bXDR

t for t� = 20 (calculated
using FeynHiggs 2.18.1 [17–25]).6 In the left panel, all soft SUSY-breaking masses (as
well as the A boson mass MA and µ) are chosen to be equal to MSUSY which is set to
1 TeV (red), 10 TeV (blue), or 100 TeV (green). For the solid lines, mt̃L = mt̃R is set;
for the dashed lines, mt̃L = 0.5mt̃R .

For MSUSY = 1 TeV, Mh shows a quite strong dependence on bXDR

t varying between
⇠ 111 GeV and ⇠ 123 GeV within the given range of bXDR

t .7 Especially in light of
the already achieved experimental precision on Mh, this implies the potential for a
precise extraction of Xt (assuming further progress on the reduction of the theoretical
uncertainty in the prediction of Mh). Even if mt̃L = mt̃R is not assumed but e.g. mt̃L =

0.5mt̃R (dashed lines), the prediction for Mh only changes significantly for | bXt| & 2.5,
showing the robustness of the dependence of Mh on Xt. Even for very large SUSY
scales of 10 TeV (blue curves) or 100 TeV (green curves), Mh still exhibits a sizeable
dependence on bXt.

6
FeynHiggs computes Mh including full one-loop corrections as well as the leading two-loop correc-
tions in the limit of vanishing electroweak gauge couplings. Moreover, leading, next-to-leading, and
next-to-next-to-leading logarithms are resummed using an effective field theory approach. For the
numerical analysis, all trilinear coupling (except of At) are chosen to be zero. The stop sector is
renormalised in the DR scheme (see Section 4.4).

7Outside the range �3 . bXt . 3, colour-breaking minima can occur rendering this region in large
parts unphysical (see e.g. [26, 27]).
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Properties of the observed Higgs boson at 125 GeV

High-precision measurement of the Higgs mass puts important 
constraints on BSM physics even if new physics scale is very high!22

Higgs mass as a precision observable: Mh125 = 125.25 ± 0.17 GeV       
Comparison: Mh prediction for heavy SUSY (MSUSY = 100 TeV)

⇒

[H. Bahl, J. Braathen, 
G. W. ’22]

Xt : mixing in 
the scalar top 
sector= Xt /MSUSY

Mass parameters 
and trilinear 
couplings varied in 
[1/2 MSUSY, 2 MSUSY]
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CP properties of h125
It has been experimentally verified that h125 is not a pure CP-odd 
state, but it is by no means clear that it is a pure CP-even state


The main testing ground are processes involving only Higgs 
couplings to fermions


e.g.: 


with H → 𝛕𝛕, bb, …

23

Intro Model Relevant processes Global fit Conclusions
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Intro Model Relevant processes Global fit Conclusions

Relevant processes: ttH and tH production
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Test of CP violation in the tau Yukawa coupling

Constraints on the CP structure of the tau Yukawa coupling from          
h125 → 𝛕𝛕 decays using angular correlation between decay products:

24

  

24 signal regions included in the fit. Best fit: f
t
 = (9  16)° 

Pure CP-odd hypothesis is disfavoured at 3.4s

CP-violating scenarios (ie. admixtures) are not ruled out

Tau-Higgs Interaction (using H → tt)
75 / 92

[ATLAS Collaboration ’22][CMS Collaboration ’21]
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Effect on global CP analysis of Higgs-fermion couplings

Incorporation of recent CMS result on the CP structure of the tau 
Yukawa coupling from h125 → 𝛕𝛕 decays using angular correlation 
between the decay products

25

[H. Bahl et al. ’22]

Terascale 23/11/2021 Elina Fuchs (CERN|Hannover|PTB) – Yukawa CP structure 13

CP structure of Higgs couplings - τ
Bahl, Bechtle, EF, Heinemeyer, Katzy, Menen, Peters, Saimpert, Weiglein (in preparation) 

preliminary

CMS 2110.04836
hS ττ CPV analysis

CMS analysis excludes large           Ring-structure from upper/lower bound on BR

preliminary

SM
Best fit

can also be analyzed in EFT 

                   almost 
degenerate minima 
of  

See talk tomorrow
by Andrea Cardini

Global fit using HiggsSignals + recent analyses

4 Results
In this Section, we present the results of our numerical fits for specific realizations of the
scenarios defined in Section 2. First, we focus on the constraints set by LHC measurements
(supplementary results are provided in Appendix A). In a second step, we investigate the
interplay with the eEDM constraint and the obtainable BAU in the VIA.

4.1 LHC results

In the following, all presented results are based on the LHC data set, defined in Section 3.1,
except for Fig. 2(a), where the CMS H ! ⌧+⌧�

CP measurement is excluded. Accordingly,
the �2 value of the SM point in the plots below is always �2

SM = 89.36 (except for Fig. 2(a)).

4.1.1 1-flavor models
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Figure 2: Results of fits to the LHC measurements in the (c⌧ , c̃⌧ ) parameter plane where

in the set of input measurements the CMS H ! ⌧
+
⌧

�
CP result [15] is (a) omitted and

(b) included. The coupling modifiers c⌧ and c̃⌧ are treated as free parameters while all

other parameters are fixed to their SM values. The color corresponds to the profile ��
2

of

the global fit, and the 1�, 2� and 3� confidence regions are shown as white, light-gray and

dark-gray dashed contours, respectively. The best-fit point and the SM case are marked

by a white star and an orange cross, respectively.

⌧ Yukawa coupling We first investigate the two-dimensional plane of the CP-even and
CP-odd tau Yukawa coupling modifiers, c⌧ and c̃⌧ , respectively, treating only these two pa-
rameters as free-floating in the fit. The tau Yukawa coupling is constrained by measurements
of H ! ⌧+⌧� decays, and by measurements of H ! �� decay rates in which tau leptons
enter at the loop-level. In practice, the former dominates the current constraint due to the
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Terascale 23/11/2021 Elina Fuchs (CERN|Hannover|PTB) – Yukawa CP structure 11

Electron’s Electric Dipole Moment
ACME [Nature ‘18]:

Using [Panico, Pomarol, Riembau ‘18], [Brod, Haisch, 
Zupan ‘13], [Brod, Stamou ‘18],...

Comparison with the existing EDM constraints


Analysis of the resulting amount of baryon asymmetry in the universe

Terascale 23/11/2021 Elina Fuchs (CERN|Hannover|PTB) – Yukawa CP structure 15

Complementary (τ): LHC, EDM, EWBG
See also

Brod, Haisch, Zupan ‘13
De Vries, Postma, van de Vis ‘18

EF, Losada, Nir, Viernik ‘19, ‘20, ‘20
Aharony-Shapira 2106..05338

Brod et al (in preparation)
preliminary

Bahl, Bechtle, EF, Heinemeyer, Katzy, Menen, Peters, Weiglein (in preparation) 
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Caveat: “optimistic” scenario, 
large uncertainty
(vev-insertion approximation)
           almost upper bound

Cline, Kainulainen 2001.00568
Cline, Laurent 2108.04249

Postma 2107.05971
Kainulainen 2108.08336
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Figure 9: Constraints on the CP-even and CP-odd modifiers of (a) the tau-Yukawa, (b)

the bottom-Yukawa, as well as (c) the top-Yukawa interactions based on LHC measure-

ments (black), eEDM limits (red), and the ratio Y
VIA
B

/Y
obs
B

(blue contours and vertical

scale on the right). The green colored areas indicate the parameter regions satisfying the

LHC and eEDM constraints for which Y
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Allowed by LHC, 
EDM constraints 
and baryogenesis!

Could work    
even for the 
case where CP 
violation occurs  
just in the 𝛕 
coupling (in 
optimistic 
scenario)!

CP violation in 𝛕 coupling could yield correct baryon asymmetry!⇒

CP structure of the Higgs-fermion couplings
[H. Bahl et al. ’22]
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Higgs pair production: theory predictions

27S. Jones

[S. Jones, G. Salam]
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Effects of BSM particles on the trilinear Higgs coupling

Trilinear Higgs coupling in extended Higgs sectors: potentially large 
loop contributions

28Page 26/17| Higgs Pairs 2022 | Johannes Braathen (DESY) | June 2, 2022

One-loop non-decoupling effects
➢ Leading one-loop corrections to λ

hhh
 in models with extended sectors (like 2HDM):

                                           SM top quark loop                              BSM scalar loops 

: BSM mass scale, e.g. soft breaking scale M of Z
2
 symmetry in 2HDM

: # of d.o.f of field Φ

➢ Size of new effects depends on how the BSM scalars acquire their mass: 

First found in 2HDM:
[Kanemura, Kiyoura, 
Okada, Senaha, Yuan ‘02]

Huge BSM 
effects possible!Large effects possible for sizeable splitting between         and <latexit sha1_base64="FduRyJChgdVInetN+2ecNxm5IDs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkkpfeyKblxWsLXQDiWTZtrYTDIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89QSy4sQh9eLm19Y3Nrfx2YWd3b/+geHjUNSrRlHWoEkr3AmKY4JJ1LLeC9WLNSBQIdhtMLzP/9p5pw5W8sbOY+REZSx5ySqyTutFw0J7wYbGEygghjDHMCK7XkCPNZqOCGxBnlkMJrNAeFt8HI0WTiElLBTGmj1Fs/ZRoy6lg88IgMSwmdErGrO+oJBEzfrq4dg7PnDKCodKupIUL9ftESiJjZlHgOiNiJ+a3l4l/ef3Ehg0/5TJOLJN0uShMBLQKZq/DEdeMWjFzhFDN3a2QTogm1LqACi6Er0/h/6RbKeNauXpdLbUuVnHkwQk4BecAgzpogSvQBh1AwR14AE/g2VPeo/fivS5bc95q5hj8gPf2CbVejz4=</latexit>m�

<latexit sha1_base64="L2oRkuXf2OT1ryzGm4kUDhNIDxI=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXJSmlj13RjRuhgn3AdCiZNG1DM8mQZIQy9DPcuFDErV/jzr8x01ZQ0QOBwzn3knNPGAtuLEIf3tr6xubWdm4nv7u3f3BYODruGJVoytpUCaV7ITFMcMnallvBerFmJAoF64bTq8zv3jNtuJJ3dhazICJjyUecEuskvx8RO6FEpDfzQaGISgghjDHMCK5VkSONRr2M6xBnlkMRrNAaFN77Q0WTiElLBTHGxyi2QUq05VSweb6fGBYTOiVj5jsqScRMkC4iz+G5U4ZwpLR70sKF+n0jJZExsyh0k1lE89vLxL88P7GjepByGSeWSbr8aJQIaBXM7odDrhm1YuYIoZq7rJBOiCbUupbyroSvS+H/pFMu4WqpclspNi9XdeTAKTgDFwCDGmiCa9ACbUCBAg/gCTx71nv0XrzX5eiat9o5AT/gvX0C0m6Rog==</latexit>

M⇒
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Simple example of extended Higgs sector: 2HDM

29
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The Two-Higgs-Doublet Model
➢ 2 SU(2)

L
 doublets Φ

1,2
 of hypercharge ½ 

➢ CP-conserving 2HDM, with softly-broken Z
2
 symmetry (Φ

1
→Φ

1
, Φ

2
→ -Φ

2
) to avoid tree-level 

FCNCs   

➢ m
1
,m

2
 eliminated with tadpole equations, and 

➢ 7 free parameters in scalar sector: m
3
, λ

i 
(i=1,..,5), tanβ≡v

2
/v

1

➢ Mass eigenstates: h, H: CP-even Higgses, A: CP-odd Higgs, H
±
: charged Higgs, α: CP-even 

Higgs mixing angle

➢ λ
i 
 (i=1,..,5) traded for mass eigenvalues m

h
, m

H
, m

A
, m

H±
 and angle α

➢ m
3
 replaced by a Z

2
 soft-breaking mass scale
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The Two-Higgs-Doublet Model
➢ 2 SU(2)

L
 doublets Φ

1,2
 of hypercharge ½  

➢ CP-conserving 2HDM, with softly-broken Z
2
 symmetry (Φ

1
→Φ

1
, Φ

2
→ -Φ

2
) to avoid tree-level 

FCNCs   

➢ Mass eigenstates: 

h, H: CP-even Higgs bosons (h → 125-GeV SM-like state); A: CP-odd Higgs boson; 

H
±
: charged Higgs boson; α: CP-even Higgs mixing angle

➢ BSM parameters: 3 BSM masses m
H
, m

A
, m

H±
, BSM mass scale M (defined by M

2
≡2m

3

2
/s

2β
), 

angles α and β (defined by tanβ=v
2
/v

1
)

➢ BSM-scalar masses take form 

➢ We take the alignment limit α=β-π/2 → all Higgs couplings are SM-like at tree level 

→ compatible with current experimental data!

In alignment limit, α = β - π/2 : h couplings are SM-like at tree level 
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➢ First investigation of 1L BSM contributions to λhhh in 2HDM: 

[Kanemura, (Kiyoura), Okada, Senaha, Yuan ‘02, ‘04]

➢ Deviations of tens/hundreds of % from SM possible, for 

large ghΦΦ or ghhΦΦ couplings 

(new class of couplings not present at tree level 

→ no issue with perturbativity!)
➢ Non-decoupling effects, now found in various models 

(2HDM, inert doublet model, singlet extensions, etc.)

Non-decoupling effects in λ
hhh

 
➢ Non-decoupling effects confirmed at 2L in [JB, Kanemura 

‘19] 

→ leading 2L corrections involving BSM scalars (H,A,H±) 

and top quark, computed in effective potential approximation 
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Two-loop predictions for the trilinear Higgs coupling 
in the 2HDM vs. current experimental bounds
The largest loop corrections to λhhh in the 2HDM are induced by the 
quartic couplings between two SM-like Higgs bosons h (where one 
external Higgs is possibly replaced by its vacuum expectation value) 
and two BSM Higgs bosons ɸ of  the form

30

2

limit by fixing ↵ = � � ⇡/2 [31]. This ensures that
the tree-level couplings of the h boson are exactly equal
to their SM values and in particular that the tree-level

trilinear Higgs coupling �
(0)

hhh
is equal to its SM coun-

terpart, (�SM

hhh
)(0) = 3m

2

h
/v. The remaining input pa-

rameters for our numerical analysis are mH , mA, mH± ,
M

2 = m
2

12
/(sin � cos �), and tan �. Relations between

these parameters and the parameters of Eq. (1) are listed
e.g. in Ref. [25].

In order to obtain our predictions we make use of re-
sults from Refs. [29, 30, 32] for the leading two-loop
corrections to �hhh in various BSM models, including
an aligned 2HDM. These calculations were performed
in the e↵ective-potential approximation, including only
the leading contributions involving heavy BSM scalars
and the top quark. This implies that we are neglecting
all subleading e↵ects from light scalars, light fermions
or gauge bosons. Moreover, an on-shell renormalisation
scheme is adopted for all the mass parameters that en-
ter the expressions we use, i.e. the masses of the top
quark and the Higgs bosons, as well as the Z2 symmetry
breaking scale M (for the prescription chosen to deter-
mine the counterterm for M , we refer to the discussion
in Refs. [29, 30]). We find that the largest type of quar-
tic coupling appearing in corrections to �hhh (with one
external Higgs boson potentially replaced by the corre-
sponding vacuum expectation value), both at the one-
and two-loop level, are those between two SM-like and
two heavy BSM Higgs bosons, of the form

ghh�� = �
2(M2

� m
2

�
)

v2
, (2)

where � 2 {H, A, H
±

}. We obtain results for �hhh and
� = �hhh/(�SM

hhh
)(0) at the one- and two-loop level.

The limit on � obtained in Ref. [1] relies not only on
the assumption that all other Higgs couplings are SM-
like (which is the case in the 2HDM alignment limit) but
also that non-resonant Higgs-boson pair production only
deviates from the SM via a modified trilinear Higgs cou-
pling. The additional Higgs bosons of the 2HDM can,
however, also give rise to further modifications of Higgs-
boson pair production. While the resonant contribution
with an H (A) boson in the s channel is zero in the align-
ment limit (in the CP-conserving case) of the 2HDM, at
the loop level the additional Higgs bosons can contribute
beyond their e↵ects on the trilinear Higgs coupling. How-
ever, our calculation includes the leading corrections to
Higgs-boson pair production in powers of ghh�� (at NLO
and NNLO), which we find to be the source of the large
loop corrections in our numerical scan. Therefore, we ex-
pect our calculation to capture the dominant e↵ects on
Higgs-boson pair production, justifying the application
of the experimental limit on �.

NUMERICAL RESULTS

While we expect similar results for all 2HDM types,1

for our numerical study we concentrate here on the
2HDM of type I. Regarding our predictions for �, we
apply various other constraints of both experimental and
theoretical nature on the considered parameter space:

• vacuum stability [33] and boundedness-from-
below [34] of the Higgs potential,

• NLO perturbative unitarity [35, 36],

• electroweak precision observables (EWPO) cal-
culated at the two-loop level using the code
THDM EWPOS [37, 38],

• compatibility of the SM-like scalar with the
experimentally discovered Higgs boson using
HiggsSignals [39, 40],

• direct searches for BSM scalars using
HiggsBounds [41–45],

• b physics [46].2

We use ScannerS [47] to evaluate all of these con-
straints apart from the NLO perturbative unitarity and
the EWPO constraints, which are evaluated separately.
If applicable, we demand the constraints to be passed at
the 95% C.L. Taking into account these constraints on
the parameter space, we obtain for each parameter point
the one- and two-loop predictions for �. We note that
as ScannerS does not define a renormalisation scheme
for the 2HDM mass parameters, we choose to interpret
these as on-shell renormalised inputs when used in the
two-loop calculations of the EWPOs and �hhh.

Parameter scan

In order to identify the regions with significantly en-
hanced �hhh we perform a random scan of the 2HDM
parameter space. While we fix mh = 125 GeV and
↵ = � � ⇡/2, we scan over values of the BSM scalar
masses in the range [300 GeV, 1500 GeV], of tan � be-
tween 0.8 and 50, and of m

2

12
between 0 and 4 ·106 GeV2.

We plot the results of our parameter scan in the (mH �

mH± , mA � mH±) parameter plane in Fig. 1. All shown

1
The di↵erence between the 2HDM types appears only in the

down-type and lepton Yukawa couplings, which play no role in

the corrections to �hhh at the level of the leading contributions

employed in our calculation.
2
In practice, the fit results of Ref. [46] are used to obtain 2�
constraints in the m

H±–tan� plane of the 2HDM parameter

space.

Leading two-loop corrections involving heavy BSM Higgses and the 
top quark in the effective potential approximation


Incorporation of the highest powers in ghhɸɸ 


                                                                                                   
Analysis is carried out in the alignment limit of the 2HDM (α = β - π/2) 
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pling. The additional Higgs bosons of the 2HDM can,
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boson pair production. While the resonant contribution
with an H (A) boson in the s channel is zero in the align-
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the loop level the additional Higgs bosons can contribute
beyond their e↵ects on the trilinear Higgs coupling. How-
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• compatibility of the SM-like scalar with the
experimentally discovered Higgs boson using
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• direct searches for BSM scalars using
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We use ScannerS [47] to evaluate all of these con-
straints apart from the NLO perturbative unitarity and
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If applicable, we demand the constraints to be passed at
the 95% C.L. Taking into account these constraints on
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the one- and two-loop predictions for �. We note that
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for the 2HDM mass parameters, we choose to interpret
these as on-shell renormalised inputs when used in the
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[J. Braathen, S. Kanemura ’19, ’20]

⇒

⇒

[H. Bahl, J. Braathen, G. W. ’22]
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The assumption that new physics only affects the trilinear Higgs self-
coupling is expected to hold at most approximately in realistic 
models


BSM models can modify Higgs pair production via resonant and 
non-resonant contributions 


The current experimental limit can only probe scenarios with large 
deviations from the SM                                                                                          
Direct application of the experimental limit on ϰλ is possible if      
sub-leading effects are less relevant

31

Check of applicability of the experimental limit on ϰλ

⇒
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Check of applicability of the experimental limit on ϰλ

Alignment limit: h has SM-like tree-level couplings


Resonant contribution to Higgs pair production with H or A in the     
s channel is absent in the alignment limit


The dominant new-physics contributions enter via trilinear coupling


The leading effects in ghhɸɸ to the Higgs pair production process are 
correctly incorporated at the 1- and 2-loop order via the corrections 
to the trilinear Higgs coupling!
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Can we apply hh-production results for the aligned 2HDM?
➢ Current strongest limit on κλ are from ATLAS double-Higgs searches -1.0 < κλ < 6.6  [ATLAS-CONF-2021-052]

➢ What are the assumptions for the ATLAS limits?

• All other Higgs couplings (to fermions, gauge bosons) are SM-like 

→ this ensured by the alignment ✓ 

• The modification of λhhh is the only source of deviation of the non-resonant Higgs-pair production cross section 

from the SM

→ We correctly include all leading BSM effects to double-Higgs production, in powers of ghhΦΦ, up to 

NNLO! ✓

➢ We can apply the ATLAS limits to our setting!

not included included

(Note: BSM resonant Higgs-pair production cross section also suppressed at LO, thanks to alignment)

[recall κ
λ
≡λ

hhh
/(λ

hhh
(0))SM ]
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Two-loop prediction for the trilinear Higgs coupling 
Parameter scan with exp. and theoretical  constraints

33

[H. Bahl, J. Braathen, G. W. ’22]
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A parameter scan in the aligned 2HDM
[Bahl, JB, Weiglein 2202.03453]

 Our strategy:

1.  Scan BSM parameter space, keeping only points passing various theoretical and experimental constraints (see below) 

2.  Identify regions with large BSM deviations in λhhh

3.  Devise a benchmark scenario allowing large deviations and investigate impact of experimental limit on λhhh

 Here: we consider an aligned 2HDM of type-I, but similar results expected for other 2HDM types, or other BSM models with 
extended Higgs sectors

 Constraints in our parameter scan: 

• SM-like Higgs measurements with HiggsSignals

• Direct searches for BSM scalars with HiggsBounds
• b-physics constraints, using results from [Gfitter group 1803.01853]            

• Vacuum stability

• Boundedness-from-below of the potential

• EW precision observables, computed at two loops with THDM_EWPOS [Hessenberger, Hollik ‘16]

• NLO perturbative unitarity, using results from [Grinstein et al. 1512.04567], [Cacchio et al. 1609.01290]

 For points passing these constraints, we compute κλ at 1L and 2L, using results from [JB, Kanemura ‘19]

Checked with ScannerS
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Results for the Two-Higgs doublet model (2HDM)
[H. Bahl, J. Braathen, G. W. ’22]
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Two-loop prediction for ϰλ:                    Comparison with one-loop result:

Large effects possible, can be probed with the LHC limits!⇒

Displayed points are in agreement with the exp. and theo. constr. 
Enhancement up to factor 10 w.r.t. SM possible                            
2-loop corrections can reach 70% of the 1-loop effects

Exp. limit
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Results for the Two-Higgs doublet model (2HDM)
Prediction for ϰλ up to the two-loop level: [H. Bahl, J. Braathen, G. W. ’22, 

to appear in Phys. Rev. Lett.]

Current experimental 
limit excludes important  
parameter region that 
would be allowed by all 
other constraints! 


Experimental limit on the 
trilinear Higgs coupling 
already has  sensitivity 
to probe extended Higgs 
sectors!

⇒
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[H. Bahl, J. Braathen, G. W. ’22]

LHC limits exclude parameter regions that would be allowed by all 
other constraints; high sensitivity of future limits / measurements!

⇒

Sensitivity to ϰλ at  
the HL-LHC

Excluded by other 
constraints:          
Higgs physics, 
boundedness from 
below,                    
NLO perturbative 
unitarity, …
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Figure 1: Constraints from perturbativity and vacuum stability, and region featuring a strong FOEWPT
in the plane of the mass of the heavy CP-even scalar mH and the masses of the CP-odd scalar and the
charged scalars mA = mH± in the type II 2HDM, with the other parameters specified in Eq. (34). The
displayed points pass all the theoretical and experimental constraints discussed in section 2.1. The color
bar indicates the energy scale ⇤4⇡ at which one of the quartic couplings of the parameter point reaches the
naive perturbative bound 4⇡ (for points with ⇤4⇡ < 10TeV). Points with ⇤4⇡ < mA or mH are indicated
in gray, and points with a short-lived EW vacuum are shown in red. Yellow points feature ⇤4⇡ � 10TeV.
The black line circumscribes all the points that feature a strong FOEWPT (see text for details).

sensitivity in order to assess whether such signals could be detectable at LISA. Finally, in section
4.3 we compare the prospects of a GW detection at LISA with the collider phenomenology of the
corresponding 2HDM parameter regions in order to address the question whether those regions
could also be probed in a complementary way by (HL-)LHC searches.

4.1 The cosmological evolution of the vacuum in the 2HDM

In this section we will investigate possible realizations of non-standard cosmological histories in the
2HDM. Even though the motivation for the analyzed parameter plane was its suitability for the
occurrence of FOEWPTs, as described above, we point out that the considered parameter space
also features a rich variety of thermal histories in terms of the patterns of symmetry breaking and
symmetry restoration.

Before we start the discussion of the 2HDM cosmological history, we briefly inspect the ad-
ditional constraints from the RGE running of the parameters, that we have applied in order to
restrict the analysis to parameter benchmarks for which our perturbative analysis is applicable.
Since we are interested in FOEWPTs, we explore a parameter space region where relatively large

14

Connection between the trilinear Higgs coupling 
and the evolution of the early universe
2HDM, N2HDM, … : the parameter region giving rise to a strong 
first-order EWPT, which may cause a detectable gravitational wave 
signal, is correlated with an enhancement of the trilinear Higgs self-
coupling and with ``smoking gun’’ signatures at the LHC


2HDM of type II:


37

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]

Parameter region 
giving rise to a 
strong first-order 
EWPT

alignment limit, 
tanβ = 3
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2HDM of type II: region of strong first-order EWPT

Constraints from 
``vacuum trapping’’: 
the universe may 
remain ``trapped’’ in a 
symmetry-conserving 
vacuum at the origin, 
because the 
conditions for a 
transition into the 
deeper EW-breaking 
minimum are not 
fulfilled
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Figure 3: The parameter plane as shown in Fig. 1, where for both plots the points shown in light gray
feature a second-order EW phase transition or a FOEWPT with ⇠c < 1, whereas for the dark gray points
the global minimum is in the origin (corresponding to the area of the gray points and the zones A and
B in Fig. 2), and accordingly the points do not feature an EW phase transition within the investigated
temperature range. The colored points feature a critical temperature Tc at which the EW minimum
becomes the global one, where the color coding of the points indicates the value of ⇠c. The dashed black
line circumscribes all points that feature a FOEWPT with ⇠n > 1. In addition to what is shown in the
left plot, the black points in the right plot (which are painted above the points displaying the value of
⇠c) indicate the parameter region that is excluded as a consequence of vacuum trapping, and the vertical
black line in the color bar indicates the maximum value of ⇠c that is found after the incorporation of the
constraint from vacuum trapping.

light gray region depicts parameter points that, while featuring a zero-temperature global EW
minimum, do not meet the condition imposed on the strength of the transition based on Tc,
see Eq. (36). The dashed black line circumscribes the points that meet the more appropriate
requirement for a strongly FOEWPT based on Tn, defined in Eq. (35) (coinciding with the solid
black line in Fig. 1 and the zone E in Fig. 2). The left plot of Fig. 3 shows that the region with the
highest values of ⇠c (corresponding to the pink points) lies at the border with the dark gray region,
and features transition strength values up to ⇠c ⇠ 6, which would be particularly well suited for
EW baryogenesis. However, taking into account the constraint from vacuum trapping (zone D in
Fig. 2), indicated by the black points in the right plot of Fig. 3, which are painted above the points
displaying the value of ⇠c, one can see that the parameter region featuring the highest ⇠c values is
in fact excluded as a consequence of vacuum trapping. After taking into account this constraint,
the maximum allowed value for ⇠c is ⇠c ⇠ 1.8 (instead of ⇠c ⇠ 6), indicated by a vertical black line
inside the color bar on the right plot of Fig. 3. At the same time, Fig. 3 highlights that vacuum
trapping not only has a strong impact on the maximum values of ⇠c that can be achieved in the
physically viable parameter regions, but it is also crucial for determining the 2HDM parameter
region that features a FOEWPT: the constraint from vacuum trapping excludes the parameter
region in the left plot of Fig. 3 with the largest values for the mass splitting mA � mH for a
fixed value of mH . This has important consequences for the prospects of probing 2HDM scenarios

20

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]
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N2HDM (two doublets + real singlet) example

39

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’21]

``Smoking gun’’ collider signatures: A → Z h2, A → Z h3             
Nucleation temperature for the first-order EWPT, N2HDM scan:

Lower nucleation temperatures, i.e. stronger first-order EWPTs, 
are correlated with larger signal rates at the LHC!

⇒
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Figure 8: Correlation of the cross sections for the processes A æ Zh2 and A æ Zh3 for the N2HDM
benchmark scenarios defined in Table 4. The color coding is the same as in Figure 7 (right).

are generally open in scenarios with a FOEWPT, except when h3 is very singlet-like (and can
thus e�ectively decouple from the FOEWPT dynamics, mh3 ∫ v).

In Figure 8 we show as result of our parameter scan defined in Table 4 the predictions for
the signal rates pp (gg) æ A æ Zh2 and pp (gg) æ A æ Zh3 at the LHC with

Ô
s = 13 TeV,

where the production cross section has been calculated with SusHi v.1.6.1 [105, 106], and the
branching ratios have been obtained with N2HDECAY [27, 78]. Since the production cross section
‡(gg æ A) is constant in our scan (it only depends on mA and tan —), Figure 8 e�ectively
shows the interplay between BR(A æ Zh3) and BR(A æ Zh2). As a result, we find that
(stronger) FOEWPTs with smaller nucleation temperatures are correlated with larger values
for these branching fractions. However, the largest values of the signal rates for each of the
two processes in our scan correspond to unphysical trapped-vacua scenarios. The detection
of the processes pp æ A æ Zh2 and pp æ A æ Zh3 at the LHC would open the possibility
to infer details about the thermal history of the Universe that would have occurred in the
N2HDM. Regarding the current status of LHC searches of this kind, ATLAS and CMS have
searched for the pp æ A æ Zhi (with hi ”= h125) signature within their 8 TeV [107] and
13 TeV [108, 109] data sets, assuming that the Higgs boson hi decays into a pair of bottom
quarks or a pair of · -leptons. It should be noted that our scan shows that for scenarios
featuring a FOEWPT in the N2HDM the masses of both h2 and h3 could easily be above
the decay threshold into top-quark pairs. In fact, for the rather small value of tan — = 2 in
our scan the discovery potential for the “smoking-gun” signatures in the N2HDM scenarios
could be higher for the decay of h2,3 æ t̄t. Thus, our results motivate to explore the signature
pp æ A æ Z(hi) æ Z(t̄t) within the programme of experimental searches at the LHC (see

32

No first-order EWPT: 
universe is trapped 
in a ``false’’ vacuum
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Figure 10: Parameter points of the scan discussed in Sect. 4.1 in the (mH ,mA) plane, with the color coding
indicating the value of ⇠n for the points that feature a strong FOEWPT, i.e. ⇠n > 1. The remaining points
are shown in gray. The red dashed lines indicate the projected 95% C.L. exclusion regions resulting from
the (HL-)LHC searches for the process pp ! A ! ZH with H decaying into a pair of top quarks (see
text for details).

parameter regions giving rise to a potentially observable GW signal at LISA. Thus, the prospects
for observing a GW signal at LISA crucially depend on the outcome of the high-luminosity phase
of the LHC.

Among the possible collider signatures of the heavy 2HDM scalars, the most promising ones to
probe the 2HDM parameter region featuring a FOEWPT consist of Higgs boson cascade decays,
due to the sizable mass splittings between the BSM Higgs bosons. Specifically, the production
of the CP-odd Higgs boson A that then decays into a Z boson and the heavy CP-even scalar
H is a smoking-gun collider signature of FOEWPT scenarios in the 2HDM [28]. This signature
has been searched for at the LHC with

p
s = 8TeV and 13TeV assuming that A is produced

via gluon-fusion or in association with a pair of bottom quarks, and utilizing the leptonic decay
modes of the Z-boson. The scalar H was required to decay either to a pair of bottom quarks or
to a pair of tau leptons [126–128]. However, as already pointed out in Ref. [25], the combination
of the current theoretical and experimental constraints in the type II 2HDM pushes mH to be
above the di-top threshold in almost the entire parameter region featuring a FOEWPT. Then,
the branching fractions for H ! bb̄ and H ! ⌧

+
⌧
� become very small (except for large values of

t�), and searches via these final states do not yield relevant constraints on FOEWPT scenarios.
It is instead much more promising to search for A ! ZH signatures with H decaying into a
pair of top quarks, and preliminary studies of this final state exist in the literature [129, 130].
Efforts to analyze the Z tt̄ final state are ongoing by both the ATLAS [131] and CMS [132, 133]

28

2HDM, projections for pp → A → ZH → Ztt search

Good prospects for probing the regions giving rise to strongest first-
order EWPTs and to a potentially observable gravitational wave signal

40

⇒

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]

alignment limit, 
tanβ = 3
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2HDM, 1-loop predictions for the trilinear Higgs 
coupling vs. current bound and future sensitivities

Region with potentially detectable GW signal and strong first-order 
EWPT is correlated with significant deviation of ϰλ from SM value
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⇒

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]

alignment limit, 
tanβ = 3

region with 
potentially 
observable 
gravitational 
wave (GW) 
signal

current bound

HL-LHC 
sensitivity

ILC sensitivity region with 
strong first-
order EWPT
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Figure 13: Prospects for the determination of the Higgs self-coupling � from various proposed colliders
as a function of the value of �/�SM, in terms of (a) �meas/�true (b) �meas/�SM. The error bars illustrate
the expected measurement uncertainties from HL-LHC and ILC.

sensitivity of the cross section to � is assumed to be independent of the coupling value. For � > �SM,
these assumptions are all optimistic, since in reality the other channels have a worse S/B and will
therefore be more strongly a↵ected by the decreasing cross section, and since �(�) is approaching its
minimum. Still, the expectations from HL-LHC become about 40% worse for large values of �. In
contrast, the measurement from ZHH at 500 GeV profits from a rising cross section and an enhanced
sensitivity of the cross section on �, which results on significantly better prospects for the case of
� > �SM. The combination with the 1 TeV analysis leads to very good prospects for this di�cult
measurement for any value of �.

In the case � < �SM the HL-LHC prospects improve due to an increased production cross section,
but no deviation from � = 0 larger than 2 � can be established. On the other hand, the ILC500
prospects become worse in this region. Here the ILC1000 weak boson fusion measurements will be
crucial to yield precise results. Around � ⇠ 0 both colliders show similar precisions. For even smaller
values, �/�SM

<
⇠ �0.5 the ILC determination improves again and yieds substantially better results than

the HL-LHC. Concerning the comparison of HL-LHC and ILC it should be kept in mind that the HL-
LHC analysis assumes that the other Higgs-boson couplings take their SM value without experimental
uncertainty, whereas for the ILC analysis it has been shown that the inclusion of the variation of the
other Higgs-boson couplings within their anticipated uncertainties does not lead to a degradation of the
anticipated precision [641] (assuming SM values for the Higgs-boson couplings).

3.2.9 Testing unitarity

The process of V V scattering is a corner stone in the investigation of the EWSB mechanism. The
scattering of longitudinally polarized gauge bosons corresponds to the scattering of the Goldstone boson
modes, where unitarity must be preserved. Even after the discovery of a Higgs boson at ⇠ 125 GeV
the mechanism of preserving unitarity must be tested. The study of triple and quartic gauge boson
couplings remains an important test, where deviations from the SM could be encountered.

At the ILC the relevant processes are e+e�
! ⌫⌫̄/e+e� WW/ZZ (and similar chains), which would

allow to test gauge-boson scattering at high energies. Detailed ILC studies for
p

s = 1 TeV have
been performed in Ref. [122], employing full six-fermion matrix elements and assuming an integrated

38

Prospects for measuring the trilinear Higgs 
coupling: HL-LHC vs. ILC

42

[J. List et al. ’21]

For ϰλ ≈ 2: much better prospects for ILC500 than for HL-LHC 
Reason: different interference contributions

⇒

SM value

value preferred 
for GW signal, 
first-order EWPT

HL-LHC: 
70%

ILC500: 
10%

HL-LHC: 60%

ILC500: 27%
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anyH3: automated one-loop predictions for λhhh  

renormalisation: δλhhhCT, different choices for SM-type and BSM parameters
43
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Example: doublet and triplet extensions of the SM
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[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]

Mass splitting within the same multiplet yields large loop corrections 
for large values of MBSM

⇒
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Possible hints from searches for additional Higgses
Excess in the CMS search for A → tt at about 400 GeV:

45

Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The tt̄ excess” at ⇠ 400 GeV

[CMS: 1908.01115]
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[https://cms-results.web.cern.ch]

Local excess of 3.5� at ⇠ 400 GeV
Global significance below 2�

Consistent with a pseudoscalar Higgs boson at
⇠ 400 GeV

Most significant for �A/mA = 4% and cAtt̄ ⇠ 1, but
also consistent with slightly di↵erent mA and �A/mA

! �2
tt̄
(mA, �A/mA, cAtt̄)

Corresponding ATLAS limits only for mA > 500 GeV
and only 8 TeV data [ATLAS: 1707.06025]

4 / 17
[CMS Collaboration ’19]
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CMS: excess in search for A → tt at about 400 GeV

46

Overview
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[A. Anuar ’21]

Signal-background interference yields 
peak-dip structure


Analysed using angular correlations of 
the top and anti-top decay products 
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Search for additional Higgs bosons: H, A → tt
Excess in CMS search at about 400 GeV:

47

CMS, best fit value for ΓA/mA = 2.5%

[CMS Collaboration ’19]
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Search for additional Higgs bosons: H, A → tt
Excess in CMS search at about 400 GeV:

48

Good description of the A → tt excess at 400 GeV in models with 
extended Higgs sectors (N2HDM, NMSSM)

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Introduction Collider excesses N2HDM interpretation NMSSM interpretation Conclusion

“The 96GeV excesses” (LEP and CMS)

[LEP: hep-ex/0306033]

⇠ 2� local excess at 96 - 98GeV

Extracted signal strength:
µLEP

�
e
+
e
� ! Zh ! Zbb̄

�
= 0.117± 0.057

[1612.08522]

[CMS: 1811.08459]

Run I/II data: Local excess of & 3�

Extracted signal strength:
µCMS (gg ! h ! ��) = 0.6± 0.2

! �2
96(µLEP, µCMS) assuming no correlation between µLEP and µCMS

Many model interpretations with common origin of both excesses, including N2HDM and NMSSM
see [T.B, M. Chakraborti, S. Heinemeyer: 2003.05422] for a list models

8 / 17

[CMS Collaboration ’18]

Further hints for an additional light Higgs boson: 
excesses at about 95 GeV at LEP and CMS

[LEP Higgs Combination ’06]
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Possible hint for an additional light Higgs boson: 
CMS excess in h ⟶ 𝛾𝛾 search vs. ATLAS limit

50

65 70 75 80 85 90 95 100 105 110
Mh [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
æ
/æ

S
M

CMS obs. limit
CMS exp. limit
ATLAS obs. limit
ATLAS exp. limit
CMS excess

Could these excesses in the search for light additional Higgs 
bosons also be accommodated in the considered models?
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[T. Stefaniak ’18]
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Combined interpretation of excesses at 400 GeV (tt) + 95 GeV

N2HDM, type II:

51

The A → tt excess at 400 GeV and the CMS 𝛾𝛾 and LEP excesses at    
about 95 GeV can be described very well simultaneously!

⇒

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Latest news: CMS result for the 𝛕𝛕 channel

52

[CMS Collaboration ’22]

The low-mass search shows an excess near 95 GeV that is 
compatible with the one observed in the 𝛾𝛾 channel at Run I and II

⇒
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Can the CMS 𝛾𝛾, CMS 𝛕𝛕 and the LEP excess near 
95 GeV all be described simultaneously?
Next-to-Two-Higgs doublet model (N2HDM):

53

The past The present The future

The Next-to 2 Higgs Doublet Model: N2HDM

N2HDM = SM(�1) + Second Higgs Doublet(�2) + Real Scalar Singlet(�s)

N2HDM = 2HDM(�1,�2) + Real Scalar Singlet(�s)

Higgs sector

V = m2
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Symmetries: Z2: �1 ! �1, �2 ! ��2 and �s ! �s , only softly broken by m2

12

Symmetries: Z 0
2: �1 ! �1, �2 ! �2 and �s ! ��s , spontaneously broken by vs

Extension of Z2 to Yukawa sector ) 4 types of the (N)2HDM

�LYuk =

2X

i=1

p
2mf

v
chi f f̄ f f hi

Type u-quarks d-quarks leptons

I �2 �2 �2

II (Susy-like) �2 �1 �1

III (lepton-specific) �2 �2 �1

IV (flipped) �2 �1 �2

7 / 14

[T. Biekötter, S. Heinemeyer, 
G. W. ’22]
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N2HDM vs. excesses in Higgs searches near 95 GeV

54

The past The present The future

N2HDM interpretation: ⌧+⌧� and �� and bb̄
Can we additionally explain the LEP excess?

[2203.13180]

TLDR: N2HDM Type IV can accommodate the excesses in

all three decay modes

11 / 14

N2HDM, type IV:

Good compatibility with all three excesses!⇒

[T. Biekötter, S. Heinemeyer, G. W. ’22]
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N2HDM vs. excesses in Higgs searches near 95 GeV

55

N2HDM, type IV:

Good compatibility with all three excesses!⇒

[T. Biekötter, S. Heinemeyer, G. W. ’22]

The past The present The future

N2HDM interpretation: ⌧+⌧� and �� and bb̄

Many good (blue) points!
1

[2203.13180]

�2

125: HiggsSignals

1
Blue = Describe the excesses within 1� confidence level: �2  3.53

12 / 14
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N2HDM: a 95 GeV Higgs and the CDF value of MW 

The N2HDM of type IV can 
simultaneously 
accommodate the three 
excesses in the Higgs 
searches near 95 GeV and 
an MW value that agrees 
with the new CDF 
measurement!

56
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Figure 2: The predictions for MW and sin2 ✓e↵ in the N2HDM. The color coding of the points indicates
the value of T . The light blue regions corresponds to the new CDF measurement within ±1 �. The
purple and the magenta ellipses indicate the 68% confidence level limits from the two individually most
precise measurements of sin2 ✓e↵ via AFB at LEP and ALR at SLD, respectively, whereas the gray ellipses
indicates the world average [100–102]. The orange cross indicates the SM prediction.

3.53 and �
2

M
N2HDM

W
 4. One can see that the parameter points that fit the new CDF measurement

of the W -boson mass feature also sizable modifications of sin2 ✓e↵ compared to the SM prediction.
The values of sin2

✓e↵ featured in the parameter points of our scan are smaller than the SM value,
not touching the current 1� ellipse. However, here it should be kept in mind that the current
world average is composed of two measurements that are compatible only at the ⇠ 3 � level: the
one using the forward-backward asymmetry in e

+
e
�
! bb̄ measured at LEP [102], and the one

obtained from the left-right asymmetry in e
+
e
�
! e

+
e
� measured at SLD [102]. It can be observed

that the data points preferred by the MW measurement of CDF are in better agreement with the
SLD measurement based on A

e

LR
, whereas the tension increases with the value of sin2

✓e↵ extracted
at LEP based on measurements of Ab

FB
. Similar observations were made in Refs. [31, 36, 44], and

the correlation between the e↵ective weak mixing angle and the mass of the W boson is expected
to arise generically in models in which the new CDF measurement of MW is accommodated mainly
via the breaking of the custodial symmetry by means of a non-zero T parameter (and not via, e.g.,
BSM vertex and box contributions to the muon decay). The presence of the additional singlet state
of the N2HDM compared to the 2HDM has no sizable impact on the distribution of parameter
points in Fig. 2 in the investigated scenario, because the mixing between the singlet-like state

7

[T. Biekötter, S. Heinemeyer, G. W. ’22]

⇒
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Observed Higgs boson at 125 GeV: LHC and EDM constraints are 
compatible with sizeable amount of CP violation in fermion couplings


The constraints on the trilinear Higgs coupling from the LHC have 
already sensitivity to the physics of extended Higgs sectors


Predictions for the trilinear Higgs coupling are closely related to the 
electroweak phase transition and the thermal evolution of the early 
universe, and have an impact on potentially detectable gravitational 
wave signals and ``smoking gun’’ signatures at the LHC


Excesses in BSM Higgs searches at 95 GeV and 400 GeV are well 
described in models with extended Higgs sectors (N2HDM, …)


Much progress expected during the next years from more data and 
improved theoretical predictions

57

Conclusions

⇒
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A bit of advertisement

Museum der Arbeit, 26.10.2022 bis 10.04.2023


Wissenschaft hautnah: Der Exzellenzcluster „Quantum Universe“ der Universität Hamburg zeigt 
gemeinsam mit dem Forschungszentrum DESY und dem Museum der Arbeit die 
Sonderausstellung Wie alles begann. Von Galaxien, Quarks und Kollisionen über den Ursprung 
und die Entwicklung des Universums. 

58

https://www.uni-hamburg.de/museen-sammlungen/urknall-ausstellung.html
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Backup

59
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Experimental constraints on ϰλ

60

[ATLAS Collaboration ’22]

(a) (b)

Figure 6: Observed (a) and expected (b) constraints in the ^_–^C plane from single-Higgs (blue), double-Higgs
(red) and their combination (black). The solid (dashed) lines show the 68% (95%) CL contours. The double-Higgs
contours are shown in the region ^C < 1.2.

exclusion constraints worsen by less than 5%. In this approach, the ++�� vertex is parameterised in terms
of the ^2+ coupling modifier for the VBF �� process but not in single-Higgs NLO EW corrections.

Table 2: Summary of ^_ observed and expected constraints and corresponding observed best fit values with their
uncertainties. In the first column, the coupling modifiers that are free floating in addition to ^_ in the correspondent
fit are reported.

Combination assumption Obs. 95% CL Exp. 95% CL Obs. value+1f
�1f

�� combination �0.6 < ^_ < 6.6 �2.1 < ^_ < 7.8 ^_ = 3.1+1.9
�2.0

Single-� combination �4.0 < ^_ < 10.3 �5.2 < ^_ < 11.5 ^_ = 2.5+4.6
�3.9

��+� combination �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.5 ^_ = 3.0+1.8
�1.9

��+� combination, ^C floating �0.4 < ^_ < 6.3 �1.9 < ^_ < 7.6 ^_ = 3.0+1.8
�1.9

��+� combination, ^C , ^+ , ^1, ^g floating �1.3 < ^_ < 6.1 �2.1 < ^_ < 7.6 ^_ = 2.3+2.1
�2.0

7 Conclusion

The single- and double-Higgs boson analyses based on the complete Run 2 LHC dataset collected with the
ATLAS detector have been combined to investigate the Higgs boson self-interaction and shed more light
on the Higgs boson potential that is at the origin of the EW symmetry breaking in the SM.

Using the three most sensitive double-Higgs channels, 11̄11̄, 11̄g+g� and 11̄WW, an observed (expected)
upper limit of 2.4 (2.9) at 95% CL has been set on the double-Higgs signal strength, defined as the sum
of the ggF �� and VBF �� production cross-sections normalised to its SM prediction. This process is

11
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Higgs self-coupling λ

Sensitivity of different processes crucially depends on the actual 
value of λ 

61

Measurement of Higgs Self-Coupling
Di-Higgs processes at hadron colliders: 
◦ ;(==) ≈ 0. 0/×;(=)
◦ Important to use differential measurements

Di-Higgs processes at lepton colliders
◦ ZHH or VBF production complementary

Single-Higgs production sensitive 
through loop effects, e.g. for @A = 1:
◦ Hadron colliders: ~3%
◦ Lepton colliders: ~1%

36

[B. Heinemann ’19]

Self-coupling λ of h125: experimental access to the Higgs potential
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NLO electroweak corrections

62

Relevance of electroweak (EW) corrections ΦTP2

Generic size O(α) ∼ O(α2
s ) ⇒ NLO EW ∼ NNLO QCD

typical: few per cent for inclusive observables

systematic enhancements

by (soft and/or collinear) photon emission:
kinematic effects, radiative tails
mass-singular logarithms ∝ α ln(mµ/Q) for bare muons
⇒ huge effects (> 100%) possible (in radiative tails)

at high energies:
EW Sudakov logarithms ∝ (α/s2w) ln

2(MW/Q) and subleading logs
⇒ EW corrections of several 10% in high-energy tails of distributions

or cross sections dominated by high scales

⇒ NLO EW corrections can be sizeable
⇒ must be included in theoretical predictions

Good news:
automation of (fixed order) NLO EW corrections basically done

MIAPbP, High-Precision LHC Physics, August 25, 2022 A. Denner (Würzburg) Electroweak corrections for LHC processes 2/26

[A. Denner ’22]

Combination of electroweak and QCD corrections in additive / 
factorised form
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anyH3: one-loop predictions for the trilinear Higgs 
coupling in (essentially) any model

63

[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]

Because of the importance of the trilinear Higgs coupling for 
constraining BSM scenarios, which will further grow during the next 
years, a tool providing in a quick and convenient way a one-loop 
prediction for ϰλ in a wide variety of models may be useful


This was the idea that led to the development of the Python code 
anyH3  

Disclaimer: the trilinear Higgs coupling is not a physical observable (see 
above); the provided result should be understood as a building block that 
contributes to the Higgs pair production process; the user needs to 
determine whether the experimental bounds on ϰλ are applicable to the 
considered model
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anyH3 workflow
[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]
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SM result

65

aBKTH2bi KQ/2H iQ +QMbB/2` 7Q` +`Qbb@+?2+F, aJ

G2�/BM; irQ@HQQT O(↵i(↵i + ↵b))Pa, O(+1.4W) (a2M�?� ǶR3) ("`��i?2M 2i �HX ǶRN)
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Individual contributions / scheme comparison as function of 
renormalisation scale:

[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]
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N2HDM vs. 2HDM

66

Prediction for λhhh in the N2HDM as function of the mixing angle α2   
No further constraints applied; α2 → π/2: 2HDM in the alignment limit 


Example 1: 2HDM limit corresponds to SM limit

0 º/8 º/4 3º/8 º/2

Æ2

°100

°50

0

50

100

150

200

∏
h
h
h

[G
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N2HDM Mh2 = 125.1 GeV, Mh1 = Mh3 = MA = MH± = µ̃ = 300 GeV, tØ = 2

N2HDM 1L, (Æ1 + Æ3 = Ø ° º/2), vS = 300 GeV

N2HDM 1L, (Æ1 + Æ3 = Ø ° º/2), vS = 3 TeV

N2HDM 0L, (Æ1 + Æ3 = Ø ° º/2), vS = 300 GeV

N2HDM 0L, (Æ1 + Æ3 = Ø ° º/2), vS = 3 TeV

2HDM 1L, (alignment limit Æ = Ø ° º/2)

2HDM 0L, (alignment limit Æ = Ø ° º/2)

[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]

Significant deviations between SM / 2HDM and N2HDM possible⇒
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N2HDM vs. 2HDM

67

Prediction for λhhh in the N2HDM as function of the mixing angle α2   
No further constraints applied; α2 → π/2: 2HDM in the alignment limit 


Example 2: BSM Higgs bosons of the N2HDM are heavy
[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]

Significant deviations between 2HDM and N2HDM possible⇒
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N2HDM 0L, (Æ1 + Æ3 = Ø ° º/2), vS = 300 GeV
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2HDM 1L, (alignment limit Æ = Ø ° º/2)

2HDM 0L, (alignment limit Æ = Ø ° º/2)
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N2HDM vs. 2HDM

68

Prediction for λhhh in the N2HDM as function of the mixing angle α2   
No further constraints applied; α2 → π/2: 2HDM in the alignment limit 


Example 3: N2HDM with a Higgs boson at 96 GeV
[H. Bahl, J. Braathen, M. Gabelmann, G. W. ’22]

Significant deviations between 2HDM and N2HDM possible⇒
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2HDM 1L, (alignment limit Æ = Ø ° º/2)

2HDM 0L, (alignment limit Æ = Ø ° º/2)
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Search for additional Higgs bosons (+ vector boson scattering): 
MSSM example

69
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Figure 1: Constraints on the M
125
h

scenario from Higgs searches at the LHC, in the (MA , tan �)
plane. The green solid lines are predictions for the mass of the lighter CP-even scalar h, the
hatched area is excluded by a mismatch between the properties of h and those of the observed
Higgs boson, and the blue area is excluded by the searches for additional Higgs bosons (the
darker-blue band shows the theoretical uncertainty of the exclusion).

and it opens up to higher values of tan � for increasing MA. The constraints at high values
of tan � arise essentially from the searches for H/A ! ⌧

+
⌧
� at the LHC with 13 TeV center-

of-mass energy [136, 137]. On the other hand, values of tan � lower than about 6 are ruled
out in the M

125
h

scenario by the prediction of a mass below 122.09 GeV for the SM-like scalar.
The hole in the blue area around MA ⇡ 250 GeV and tan � ⇡ 4 corresponds to a region of
the parameter space where H has significant branching fractions to ZZ and hh pairs, but no
individual search is strong enough to yield an exclusion. However, this region is ruled out by
the requirement that the properties of h match those of the observed Higgs boson.

3.5 Scenarios with light superparticles

Light superparticles, in particular charginos and neutralinos – which we collectively denote as
electroweak (EW)-inos – and third-generation sfermions, can substantially influence the Higgs
phenomenology, see e.g. Refs. [15, 181–186]. This may happen through loop contributions to
the Higgs boson couplings to SM particles, as well as, when kinematically possible, through
direct decays of the Higgs bosons into superparticles.

14

HiggsBounds: area excluded by Higgs   
search limits, H, A → 𝛕𝛕

HiggsSignals: 
area is not 
compatible 
with the 
properties of 
the detected 
Higgs signal 
h125 (indirect 
sensitivity)

[H. Bahl et al. ’18]

Allowed region, could be probed by dedicated searches for H, A → BSM part.

Higgs physics at the LHC (Run 3, HL-LHC)
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Non-standard decays of heavy Higgses, e.g. 

70

H → χ̃χ̃

Figure 6: Left: Decay width of the lighter CP-even scalar into photons as a function of MA and
tan � in the M

125
h

(�̃) scenario, normalized to the corresponding width of a SM Higgs boson of
the same mass. Right: same as the left plot for the branching ratio of the decay h ! ��. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Figure 7: Branching ratio for the decays of the heavier CP-even scalar H (left) or the CP-odd
scalar A (right) into EW-ino pairs, as a function of MA and tan � in the M

125
h

(�̃) scenario. A
sum is taken over all the kinematically allowed combinations of particles in the final state. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.

23

Decays of heavy Higgs bosons H, A into charginos and neutralinos:

Branching 
ratios of more 
than 80% 
possible!

Dedicated searches for heavy Higgs decays into 
SUSY particles could probe the ``LHC wedge’’ region
⇒

[H. Bahl et al. ’18]
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Theoretical description: N2HDM and NMSSM

71

Scans in the N2HDM (Higgs sector consists of two doublets and a 
real singlet) and the NMSSM (MSSM + Higgs singlet + superpartners), 
taking into account the constraints from collider searches, the signal 
rates of the Higgs at 125 GeV, flavour physics, electroweak precision 
observables, vacuum stability and perturbative unitarity


NMSSM with MA = 400 GeV and low tanβ: ``alignment without 
decoupling’’ region


                                             𝝌2 = 𝝌2125 + 𝝌2tt + … 


                                             Require: 𝝌2 ≦ 𝝌2SM 

[T. Biekötter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger, G. W. ’21]
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Figure 2: combined limits at 95% CL, 500 fb≠1 @ 250 GeV

10

LEP, Φ➞bb, observed limit

ILC, recoil method

ILC, Φ➞bb

HL-LHC: indirect sensitivity

m!/GeV 

HL-LHC

ILC

HL-LHC/ILC: indirect sensit.

Higgs factory: discovery potential for a low-mass Higgs; 
Sensitivity at 250 GeV with 500 fb-1 

72

[P. Drechsel, G. Moortgat-Pick, G. W. ’20]

Higgs factory at 250 GeV will explore a large untested region!⇒

Indirect HL-LHC 
sensitivity from 
measurements 
of the Higgs at 
125 GeV

Excluded 
from

LEP 
searches

Higgs factory sensitivity:

h ⟶ bb search

Higgs factory 
sensitivity:

Recoil method

✓
ghZZ

gHSMZZ

◆2

Mh/GeV

Could 
probe the 
excesses 
from LEP 
and CMS 
at about 
96 GeV
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Large corrections to MW in the 2HDM

MW values as large as the CDF one can be accommodated in 
the 2HDM without violating other constraints                       
Better agreement with SLD value for sin2θef 
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mH±) plane. In the right plot, we show for the same points the size of the two-loop non-SM corrections to MW against the
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Results for the 2HDM (alignment limit)

Leading BSM one-loop contribution:
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All parameters can be assumed to be real, because we
focus on the CP-conserving case. After minimization of
the Higgs potential, the Higgs doublets are decomposed
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After rotating to the mass eigenstate basis, the Higgs
boson spectrum consists of the CP-even Higgs bosons
h and H (obtained by rotating the �1,2 states by the
angle ↵), the CP-odd A boson and the neutral Goldstone
boson G (obtained by rotating the �1,2 states by the
angle �), as well as the charged Higgs boson H

± and
the charged Goldstone boson G

± (obtained by rotating
the �
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states by the angle �). We identify the CP-even
mass eigenstate h with the observed SM-like Higgs boson
and work in the so-called alignment limit by enforcing
↵ = ��⇡/2 [18]. The remaining input parameters for our
numerical analysis are mH , mA, mH± , tan �, and M
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and the parameters of Eq. (2) are listed e.g. in Ref. [19].
The leading 2HDM corrections to the EWPOs are in-

duced via corrections to the ⇢ parameter, which is de-
fined as the ratio of the neutral and charged current
four-fermion interactions. In the 2HDM, ⇢ is equal to
one at the tree-level. This tree-level value is, however,
a↵ected by loop corrections, which are associated with a
breakdown of the custodial symmetry. As discussed in
detail in Refs. [14, 20–25], the custodial symmetry is re-
stored in the scalar sector at the one-loop level if either
mH = mH± or mA = mH± . In the former case where
mH = mH± , a restoration of the custodial symmetry in
the scalar sector at two loops happens only if the ad-
ditional constraint of either tan � = 1 or m
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where sW and cW are the sine and cosine of the weak
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While Eqs. (3) and (4) allow for a qualitative understand-
ing of the 2HDM e↵ects on the MW prediction, a precise
higher-order calculation is essential for a comparison with
the experimental results. In order to predict MW (as well
as sin2

✓
lep

e↵
and �Z) we use the code THDM EWPOS which

is based on Refs. [14, 15]. It incorporates the full one-
loop non-SM corrections as well as the leading non-SM
two-loop corrections. To be more specific, the two-loop
non-SM corrections are calculated in the limit of vanish-
ing electroweak gauge couplings (keeping the ratio of MW

and MZ constant). Moreover, all quarks and leptons ex-
cept for the top quark are treated as massless for the non-
SM two-loop corrections. For the calculation of the two-
loop corrections, all Higgs boson masses are renormalized
in the on-shell scheme. The SM corrections are included
via the parameterization given in Ref. [26]. They contain
the complete one-loop [27, 28] and the complete two-loop
results [29–44], as well as partial higher-order corrections
up to four-loop order [45–54].2

The remaining theoretical uncertainties of the predic-
tions for MW , sin2

✓
lep

e↵
, and �Z arise on the one hand

from unknown higher-order contributions. On the other
hand, a parametric uncertainty is induced by the experi-
mental errors of the input parameters, e.g. the top-quark
mass. Since the discrepancy between the CDF value for
MW and the SM prediction is much larger than those the-
oretical uncertainties we will not give a detailed account
of those uncertainties in the following.

NUMERICAL RESULTS

For our numerical results, we aim at answering the
question of whether an MW value close to the CDF mea-
surement can be obtained in the 2HDM without being
excluded by other constraints. A more comprehensive
global fit to the electroweak precision data should be car-
ried out in the future once a new world average value for
MW has been worked out.

While we expect similar results for all 2HDM types,3

we concentrate here for our numerical study on the

2 See also Refs. [55–58] for further higher-order contributions in-
volving fermion loops and Ref. [59] for a prediction of MW em-
ploying the MS renormalisation scheme.

3 The di↵erence between the 2HDM types appears only in the
down-type and lepton Yukawa couplings. Since the two-loop
non-SM correction implemented in THDM EWPOS uses the approx-
imation of massless down-type quarks and leptons, the choice of
the 2HDM type does not a↵ect the EWPO calculation.
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four-fermion interactions. In the 2HDM, ⇢ is equal to
one at the tree-level. This tree-level value is, however,
a↵ected by loop corrections, which are associated with a
breakdown of the custodial symmetry. As discussed in
detail in Refs. [14, 20–25], the custodial symmetry is re-
stored in the scalar sector at the one-loop level if either
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While Eqs. (3) and (4) allow for a qualitative understand-
ing of the 2HDM e↵ects on the MW prediction, a precise
higher-order calculation is essential for a comparison with
the experimental results. In order to predict MW (as well
as sin2
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and �Z) we use the code THDM EWPOS which

is based on Refs. [14, 15]. It incorporates the full one-
loop non-SM corrections as well as the leading non-SM
two-loop corrections. To be more specific, the two-loop
non-SM corrections are calculated in the limit of vanish-
ing electroweak gauge couplings (keeping the ratio of MW

and MZ constant). Moreover, all quarks and leptons ex-
cept for the top quark are treated as massless for the non-
SM two-loop corrections. For the calculation of the two-
loop corrections, all Higgs boson masses are renormalized
in the on-shell scheme. The SM corrections are included
via the parameterization given in Ref. [26]. They contain
the complete one-loop [27, 28] and the complete two-loop
results [29–44], as well as partial higher-order corrections
up to four-loop order [45–54].2

The remaining theoretical uncertainties of the predic-
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from unknown higher-order contributions. On the other
hand, a parametric uncertainty is induced by the experi-
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mass. Since the discrepancy between the CDF value for
MW and the SM prediction is much larger than those the-
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question of whether an MW value close to the CDF mea-
surement can be obtained in the 2HDM without being
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global fit to the electroweak precision data should be car-
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3 The di↵erence between the 2HDM types appears only in the
down-type and lepton Yukawa couplings. Since the two-loop
non-SM correction implemented in THDM EWPOS uses the approx-
imation of massless down-type quarks and leptons, the choice of
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Large contribution 
possible for sizeable 
splitting between the 
BSM Higgs bosons
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Prediction for the electroweak precision observables in the 2HDM 
(alignment limit) at 2-loop order                                                              
THDM_EWPOS

⇒
[H. Bahl, J. Braathen, G. W. ’22]

[S. Hessenberger, W. Hollik ’16]

Plots on next slides:                                                                              
All displayed points are in agreement with other relevant experimental 
and theoretical constraints                                                                
Red: points in the 1-sigma range of the CDF measurement
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Prediction for the electroweak precision observables at 2-loop order, 
2HDM in the alignment limit; example type I
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Large corrections to MW in the 2HDM
[H. Bahl, J. Braathen, G. W. ’22]
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FIG. 1. Upper left: parameter scan of the type-I 2HDM in the (MW , sin2
✓
lep
e↵ ) plane. The red points are located within the 1�

interval of the recent MW measurement by the CDF collaboration. Upper right: same as upper left panel, but the (MW ,�Z)
plane is shown. Bottom: same as upper left panel, but the (sin2

✓
lep
e↵ ,�Z) plane is shown.
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FIG. 2. Parameter scan of the type-I 2HDM, where the red points are located within the 1� interval of the recent MW

measurement by the CDF collaboration. In the left plot, we show the points from the parameter scan in the (mH �mH± ,mA�

mH±) plane. In the right plot, we show for the same points the size of the two-loop non-SM corrections to MW against the
total result for MW .

Large effects on MW arise from mass splitting between heavy Higgses 
2-loop effects can be very important!                                                  
No significant impact on results for trilinear Higgs coupling (see above) 


