
Marcela Carena and Carlos Wagner, November 13, 2025

Georg’s Fest

BSM (SUSY) Higgs Physics and Gravitational Waves



Coming Back to Hamburg
We did our Ph.D. at DESY !



We arrived in September 1987, left in July 1989
Probably one of the fastest Ph.D.’s in any subject in any German University !   

It was so fast, that we did not need to pass the German language exam. 
Look at it : No laptops, no desktops, no e-mails, no smart phones !



We came back to Germany, to the MPI, in 1991, before moving to CERN in 1993. 
Through the years, many friends in Germany

Georg among the closest ones



Of course, we all changed a little bit…



Eventually, Georg became one of our most frequent collaborators

Many proceedings, of course, but several relevant articles :  
Predominant subject : Higgs in SUSY

?



Marcela and Georg were members of the PDG



We continue working regularly, and meeting periodically
This is at Herbi’s Fest :  Where is Marcela ?





Our First Work, on Higgs at LEP2, 
after Georg and Sven produced the first two loop diagrammatic calculation of the MSSM Higgs Mass, 

competing with our effective potential calculations.

These were exciting times, and the four of us were either at CERN or DESY
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Suggestions for Improved Benchmark Scenarios

for Higgs-Boson Searches at LEP2→
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Abstract

We suggest new benchmark scenarios for the Higgs-boson search at LEP2. Keeping

mt and MSUSY fixed, we improve on the definition of the maximal mixing benchmark

scenario defining precisely the values of all MSSM parameters such that the new mmax
h

benchmark scenario yields the parameters which maximize the value of mh for a given

tan β. The corresponding scenario with vanishing mixing in the scalar top sector is

also considered. We propose a further benchmark scenario with a relatively large

value of |µ|, a moderate value of MSUSY, and moderate mixing parameters in the

scalar top sector. While the latter scenario yields mh values that in principle allow to

access the complete MA–tan β-plane at LEP2, on the other hand it contains parameter

regions where the Higgs-boson detection can be difficult, because of a suppression of

the branching ratio of its decay into bottom quarks.

December 1999

∗Contribution to the Workshop on “New Theoretical Developments for Higgs Physics at LEP2”, CERN,
Geneva, Switzerland, October 1999.

†On leave from the Theoretical Physics Department, Fermilab, Batavia, IL 60510-0500, USA
‡On leave from the High Energy Division, Argonne National Laboratory, Argonne, IL 60439, USA

and the Enrico Fermi Institute, Univ. of Chicago, 5640 Ellis, Chicago, IL 60637, USA



What was the situation then ?

In 1995, the top quark was discovered at the Tevatron collider at Fermilab in Illinois through the 
collisions of protons with antiprotons.  The top mass range was anticipated by the consistency
of the electroweak theory with experiment at the quantum level

Amazing Feature :  Mathematical consistency predicts the existence of a particle and also its mass !   
Actually, the gauge symmetries are broken in the absence of a top quark



Top quark mass knowledge

Once the top was discovered, the fermion content was “complete” although new generations could be present.     
The consistency of the theory with experiment at the quantum level, however, suggested no such particles.

There was still no experimental evidence of the Higgs boson, but we knew of a logarithmic  dependence of the 
electroweak observables on the Higgs mass, [in the case of the top quark it was quadratic]

Very refined experimental techniques at the electron positron colliders ( LEP  at CERN and SLC at SLAC) suggested 
a certain preferred range for the Higgs mass !  

The Higgs was simultaneously search for at LEP, in associated Z—Higgs production at a center of mass up to 209 
GeV.  No signal was found. 

Situation in year 2000

<latexit sha1_base64="H4+1hM2n1svudtsT0y2Kam4ABKY="></latexit>

⇠2 : Ratio of bounded

production coupling

squared to the Standard

Model expected value

Seeds of the  
95 GeV Higgs



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and  
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96
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APPROXIMATING THE RADIATIVELY CORRECTED HIGGS MASS

IN THE MINIMAL SUPERSYMMETRIC MODEL
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and
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Abstract

To obtain the most accurate predictions for the Higgs masses in the minimal su-

persymmetric model (MSSM), one should compute the full set of one-loop radiative

corrections, resum the large logarithms to all orders, and add the dominant two-loop

effects. A complete computation following this procedure yields a complex set of for-

mulae which must be analyzed numerically. We discuss a very simple approximation

scheme which includes the most important terms from each of the three components

mentioned above. We estimate that the Higgs masses computed using our scheme

lie within 2 GeV of their theoretically predicted values over a very large fraction of

MSSM parameter space.

CERN-TH/95-216

September, 1996

∗The postscript file of this preprint, including figures, is available via anonymous ftp at ftp://www-ttp.physik.uni-

karlsruhe.de (129.13.102.139) as /ttp95-09/ttp95-09.ps or via www at http://www-ttp.physik.uni-karlsruhe.de/cgi-

bin/preprints/.

low-energy parameters. This is accomplished by using one-loop renormalization group
evolution to relate λ(MS)v2(MS) to λ(mt)v2(mt). In this way, one finally arrives at the
expression2
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The last two terms in eq. (23) reflect the two-loop single logarithmic dependence induced
by the two-loop β-function contribution to the running of the quartic Higgs self-coupling.
It is interesting to note that these two terms are numerically close in size, and they tend
to cancel each other in the computation of the Higgs mass. Eq. (23) differs from the one
presented in ref. [9] only in the inclusion of these terms, which although sub-dominant
compared to the remaining terms, should be kept for comparison with the diagrammatic
result.

The full two-loop corrections to m2
h at O(m2

th
4
t ) have not yet been calculated in the

diagrammatic approach; thus we neglect terms of this order in what follows.3 With a
slight rewriting of eq. (23) we finally obtain the expression that will be compared with
the diagrammatic result in the following sections:
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where we have introduced the notation MS, Xt to emphasize that the corresponding
quantities are MS parameters, which are evaluated at the scale µ = MS :

MS ≡ MMS
S (MS), X t ≡ XMS

t (MS), (25)

and mt ≡ mMS
t,SM(mt) as defined in eq. (3).

3 Diagrammatic calculation

In the diagrammatic approach the masses of the CP-even Higgs bosons are obtained by
evaluating loop corrections to the h, H and hH-mixing propagators. The masses of the
two CP-even Higgs bosons, mh and mH , are determined as the poles of this propagator
matrix, which are given by the solution of

[
q2 →m2,tree

h + Σ̂hh(q
2)
] [
q2 →m2,tree

H + Σ̂HH(q
2)
]
→
[
Σ̂hH(q

2)
]2

= 0, (26)
2In the “leading m4

t approximation” that is employed here, there is no distinction between mh(mt)
and the on-shell (or pole) Higgs mass, mh.

3As noted below eq. (23), terms ofO(m2
th

4
t ) can be as numerically important as terms ofO(m2

th
2
tαs).

Hence, in a complete phenomenological analysis, one should not neglect terms of the former type.

7



There were intriguing features in Georg’s two loop computation, mostly induced by the on-shell renormalization. 
We clarified them in this article. Excellent agreement of the strong coupling corrections after gluino threshold 

corrections were included, and proper leading logs were taken into account.
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Abstract

The mass of the lightest CP-even Higgs boson of the minimal supersymmetric extension
of the Standard Model (MSSM) has previously been computed including O(ααs) two-
loop contributions by an on-shell diagrammatic method, while approximate analytic
results have also been obtained via renormalization-group-improved effective potential
and effective field theory techniques. Initial comparisons of the corresponding two-loop
results revealed an apparent discrepancy between terms that depend logarithmically
on the supersymmetry-breaking scale, and different dependences of the non-logarithmic
terms on the squark mixing parameter, Xt. In this paper, we determine the origin of
these differences as a consequence of different renormalization schemes in which both
calculations are performed. By re-expressing the on-shell result in terms of MS pa-
rameters, the logarithmic two-loop contributions obtained by the different approaches
are shown to coincide. The remaining difference, arising from genuine non-logarithmic
two-loop contributions, is identified, and its effect on the maximal value of the lightest
CP-even Higgs boson mass is discussed. Finally, we show that in a simple analytic
approximation to the Higgs mass, the leading two-loop radiative corrections can be ab-
sorbed to a large extent into an effective one-loop expression by evaluating the running
top quark mass at appropriately chosen energy scales.



In Appendix A, we have obtained explicit results for ∆m2
t̃1
, ∆m2

t̃2
and Mt/mt(MS).

Inserting the appropriate expressions for these quantities into eq. (40), one observes that
the functional form for X t is the same for XOS

t > 0 and XOS
t < 0 [i.e., the sign difference

in eq. (40) is compensated by the term (∆m2
t̃2
→ ∆m2

t̃1
)]. As a result, it is no longer

necessary to distinguish between these two cases. The case XOS
t = 0 (which formally

would have to be treated separately) is understood as being included in eq. (40).
Using the expansions given in Appendix A and setting the gluino mass according to

eq. (29), we obtain to leading order in mt/MS

M 2
S = M2,OS

S →
8

3

αs

π
M2

S , (41)

X t = XOS
t

Mt

mt(MS)
+

8

3

αs

π
MS . (42)

As previously noted, it is not necessary to specify the definition of the parameters that
appear in the O(αs) terms. Thus, we use the generic symbol M2

S in the O(αs) terms
of eqs. (41)–(42). The corresponding results including terms up to O (m4

t/M
4
S) can be

found in Appendix B.
Finally, we need to evaluate the ratio Mt/mt(MS). The relevant expression is given

in eq. (A.14). Using the expansions given at the end of Appendix A, we find to leading
order in mt/MS

mt(MS) = mt

[

1 +
αs

π
ln

(
m2

t

M2
S

)

+
αs

3π

Xt

MS

]

, (43)

where mt ≡ mMS
t,SM(mt) is given in terms of Mt by eq. (3). The corresponding formula,

where terms up to O (m4
t/M

4
S) are kept, can be found at the end of Appendix B. Note

that the term in eq. (43) that is proportional to Xt is a threshold correction due to the
supersymmetry-breaking stop-mixing effect. Inserting the result of eq. (43) into eq. (42)
yields:

X t = XOS
t +

αs

3π
MS

[

8 +
4Xt

MS
→

X2
t

M2
S

→
3Xt

MS
ln

(
m2

t

M2
S

)]

. (44)

It is interesting to note that X t #= 0 when XOS
t = 0. Moreover, it is clear from eq. (44)

that the relation between Xt defined in the on-shell and the MS schemes includes a
leading logarithmic effect, which has to be taken into account in a comparison of the
leading logarithmic contributions in the EFT and the two-loop diagrammatic results.

The above results are relevant for calculations in the full theory in which the effects
of the supersymmetric particles are fully taken into account. However, in effective field
theory below MS, one must decouple the supersymmetric particles from the loops and
compute with the Standard Model spectrum. Thus, it will be useful to define a running
MS top-quark mass in the effective Standard Model, mMS

t,SM(µ), which to O(αs) is given
by:

mMS
t,SM(µ) = mt

[

1 +
αs

π
ln

(
m2

t

µ2

)]

. (45)

At the scale MS, we must match this result onto the expression formt(MS) as computed
in the full theory [eq. (43)]. The matching is discontinuous at µ = MS due to the
threshold corrections arising from stop mixing effects.
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Figure 2. Comparison of the diagrammatic two-loop O(m2
th

2
tαs) result for mh, to leading order

in mt/MS [eqs. (46) and (47)] with the “mixed-scale” one-loop EFT result [eq. (49)]. Note that

the latter now includes the threshold corrections due to stop mixing in the evaluation of mt(MS) in

contrast to the EFT results depicted in fig. 1. “Mixed-scale” indicates that in the no-mixing and

mixing contributions to the one-loop Higgs mass, the running top quark mass is evaluated at different

scales according to eq. (48). See text for further details. The two graphs above are plotted for

MS = mA = (m2
g̃ +m2

t )
1/2 = 1 TeV for the cases of tanβ = 1.6 and tanβ = 30, respectively.
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In the meantime, while waiting for further  
Higgs searches at colliders, we worked together in exotic scenarios 
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Do electroweak precision data and Higgs-mass constraints rule out
a scalar bottom quark with mass of O(5 GeV)?

M. Carena1, S. Heinemeyer2, C.E.M. Wagner3 and G. Weiglein4
1 Fermilab, Box 500, Batavia, IL 60510-0500, USA

2 HET, Physics Department, Brookhaven Natl. Lab., Upton, NY 11973, USA
3 High Energy Division, Argonne National Laboratory, Argonne, IL 60439, USA

and the Enrico Fermi Institute, Univ. of Chicago, 5640 Ellis, Chicago, IL 60637, USA
4 Theoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland

We study the implications of a scalar bottom quark, with a mass of O(5 GeV), within the
MSSM. Light sbottoms may naturally appear for large tanβ and, depending on the decay
modes, may have escaped experimental detection. We show that a light sbottom cannot be
ruled out by electroweak precision data and the bound on the lightest CP-even Higgs-boson
mass. We infer that a light b̃ scenario requires a relatively light scalar top quark whose
mass is typically about the top-quark mass. In this scenario the lightest Higgs boson decays
predominantly into b̃ pairs and obeys the mass bound mh

<
∼ 123 GeV.

New light particles, with masses of the order of the
weak scale, are an essential ingredient in any scenario
beyond the standard model (SM) that leads to an ex-
planation of the large hierarchy between the Planck
mass and the weak scale. Although no clear evidence
of such a particle has been reported so far, searches
for new particles are usually performed under model-
dependent assumptions and hence the quoted bounds
may not be valid if these assumptions are relaxed. In
particular, we shall investigate whether a light scalar
bottom quark, b̃, with mass close to the bottom-
quark mass, mb, is consistent with present exper-
imental data [1]. A light b̃ is most naturally ob-
tained within supersymmetric theories [2] for large
values of tanβ, as required in minimal SO(10) sce-
narios [3]. Supersymmetric theories have received
much attention in the last years since they provide
an elegant way to break the electroweak symmetry
and to stabilize the huge hierarchy between the GUT
and the Fermi scales; they also allow for a consistent
unification of the gauge couplings. Supersymmetry
(SUSY) predicts the existence of scalar partners to
each SM fermion, and spin-1/2 partners to the gauge
and Higgs bosons.
Scalar particles, like the b̃, have been searched for

at current and past collider experiments. Despite be-
ing in the mass reach of these colliders, they may
have been overlooked for several reasons. Bottom
squarks give only a tiny contribution to the inclusive
cross section for e+e− → hadrons, smaller than two
percent of the total quark contribution for five fla-
vors of quarks, and therefore small compared to the
experimental error in these measurements [1]. Fur-
thermore, due to a p-wave suppression of the fermion

contribution to its decay width, a b̃¯̃b resonance would
be difficult to extract from background [4]. Concern-

ing the semileptonic decay of the b̃, b̃ → c l + missing
energy, if its branching ratio is small, for instance of
about the bottom quark one, the exclusion bound de-
rived by the CLEO collaboration does not apply [5].
If, on the other hand, the light b̃ decays into a light
quark and missing energy, due to its small mass and
the small mass splitting between the b̃ and its de-
cay products, it cannot be detected through missing
energy searches in e+e− or hadron colliders [1]. If,
instead, the b̃ decays fully hadronically with no miss-
ing energy, it will remain undetected due to its small
contribution to the hadronic cross section at hadron
and lepton colliders. Finally, the presence of a light b̃
will slightly affect the extrapolated value of the elec-
tromagnetic and strong gauge couplings, αem and αs,
at the scale MZ : the variation induced on αem(MZ)
is smaller than the difference between the two most
commonly used values of αem(MZ) [6]. The varia-
tions of both αem and αs(MZ) are smaller than the
present error on the respective coupling [1].
On the other hand, the hadronic observables

measured with high precision at the Z peak at
LEP1 [7] impose tight and fairly model-independent
constraints on this kind of new physics, provided that
the b̃ couples with sufficient strength to the Z. A nec-
essary condition for such a scenario within the min-
imal supersymmetric standard model (MSSM) to be
phenomenologically viable is thus a relatively small
coupling of the b̃ to the Z boson. The squark cou-
plings to the Z depend on the mixing angle, θq̃,

gZq̃1 q̃1 " g
(

T3 cos
2 θq̃ −Qq̃ sin

2 θW
)

,

gZq̃1 q̃2 " g T3 sin θq̃ cos θq̃,

gZq̃2 q̃2 " g
(

T3 sin
2 θq̃ −Qq̃ sin

2 θW
)

, (1)

where sin2 θW ≡ s2W = 1−M2
W /M2

Z ; in the following
the shorthand notation sq̃ ≡ sin θq̃ and cq̃ ≡ cos θq̃

1



IS HINCHLIFFE'S RULE TRUE?· 

Boris Peon 

Abstract 

Hinchliffe has asserted that whenever the title of a paper 

is a question with a yes/no answer, the answer is always no. 

This paper demonstrates that Hinchliffe's assertion is false, 

but only if it is true. 

• Accepted for publication in Annals of Gnosis. 

b̃1 masses of order 400 GeV and b̃ mixing angles of
the cases (I, II), this implies values of tanβ >→ 30.
Concerning the constraints from contributions of

the t̃–b̃ sector to ∆ρ, the present data leave some
room for a small but non-zero contribution to ∆ρ.
We use 2× 10−3 as upper bound for SUSY contribu-
tions [1]. We have checked that a limit on ∆ρSUSY

as tight as 3×10−4 does not qualitatively change our
results.
Regarding the Higgs mass constraints, beyond the

tree level, the main correction to mh stems from the
t–t̃ sector and, for large values of tanβ, also from
the b–b̃ sector. For a light t̃ and b̃ sector, the Higgs
tends to be light. For large values of tanβ and MA,
however, the Higgs may be heavy enough to avoid
LEP constraints, but tends naturally to be in the
range 110–120 GeV. Concerning the bounds obtained
at LEP2, one should note that the off-diagonal term
in the b̃ mass matrix of the order of the square of
the weak scale (i.e. a large value of (µ tanβ)) results
in a large coupling of these sbottoms to the lightest
CP-even Higgs boson. Therefore, for large tanβ and
MA the width of its decay into sbottoms,

Γ(h → b̃2
¯̃b2) → GF

√
2(mbµ tanβsb̃cb̃)

2/(8πmh), (3)

will be much larger than the corresponding one into
bottoms, Γ(h → bb̄) → GF

√
2(mhm2

b)/(4π).
The limits from LEP will depend strongly on

the decay modes of the sbottoms. As a con-
servative bound, we adopt the present lower
bound on the Higgs boson of the SM at LEP2,
mh

>→ 113.3 GeV [10]. This is consistent with the

assumption that the light b̃ decay channels are sim-
ilar to the bottom quark ones. However, if it de-
cayed fully hadronically with no missing energy or
into down (or strange) quarks and missing energy,
considerably weaker Higgs mass bounds would be ob-
tained.
For the case of a very light b̃, with a non-negligible

component on the left-handed b̃, the constraint from
the ρ-parameter demands a relatively light t̃. The
simultaneous requirement that the lightest CP-even
Higgs mass should be above the experimental bound
leads to strong restrictions in the t̃ sector. In the
numerical analysis, we use the following parame-
ters: mt = 174.3 GeV, mb = 3 GeV, tanβ = 40,
MA = 800 GeV, mg̃ = 200 GeV, µ = ±250 GeV,
M2 = 200 GeV. We have chosen a large value for
MA, yielding that the upper bound for mh within
this scenario is only weakly dependent on the actual
value of this parameter [12]. The dependence on mg̃,
µ and M2 is also weak.
The theoretical predictions for mh employed here

are based on the two-loop results of Refs. [8,11,13],

implemented in the programs FeynHiggs [14] and
subhpole [11,13]. We have checked that the results
for mh obtained with the two programs are close
to each other and therefore lead to similar conclu-
sions. ∆ρSUSY, including leading two-loop contribu-
tions [15], has been evaluated with FeynHiggs.
The analysis is performed for the cases (I, II) de-

fined above. It should be emphasized that, although
case (I) seems highly constrained, starting from the
requirement of a small b̃2 mass and a vanishing cou-
pling to the Z, and requiring the left-handed t̃mass to
be larger than the right-handed one, most solutions to
the precision observables and Higgs mass constraints
would lead to a small coupling of the lightest t̃ to
the Z.
In Fig. 1 the allowed parameter regions for mt̃1

and mt̃2
for the cases (I) and (II) are shown, obey-

ing the mh and ∆ρSUSY constraints. For both
cases a considerable part of the parameter space
is consistent with the constraints. In case (I) the
allowed regions are 70 GeV <→ mt̃1

<→ 220 GeV,

450 GeV <→ mt̃2
<→ 600 GeV. In case (II) the t̃ masses

obey the constraints for 70 GeV <→ mt̃1
<→ 330 GeV,

400 GeV <→ mt̃2
, and we considered values of mt̃2

≤
1000 GeV.
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b̃1 masses of order 400 GeV and b̃ mixing angles of
the cases (I, II), this implies values of tanβ >→ 30.
Concerning the constraints from contributions of

the t̃–b̃ sector to ∆ρ, the present data leave some
room for a small but non-zero contribution to ∆ρ.
We use 2× 10−3 as upper bound for SUSY contribu-
tions [1]. We have checked that a limit on ∆ρSUSY

as tight as 3×10−4 does not qualitatively change our
results.
Regarding the Higgs mass constraints, beyond the

tree level, the main correction to mh stems from the
t–t̃ sector and, for large values of tanβ, also from
the b–b̃ sector. For a light t̃ and b̃ sector, the Higgs
tends to be light. For large values of tanβ and MA,
however, the Higgs may be heavy enough to avoid
LEP constraints, but tends naturally to be in the
range 110–120 GeV. Concerning the bounds obtained
at LEP2, one should note that the off-diagonal term
in the b̃ mass matrix of the order of the square of
the weak scale (i.e. a large value of (µ tanβ)) results
in a large coupling of these sbottoms to the lightest
CP-even Higgs boson. Therefore, for large tanβ and
MA the width of its decay into sbottoms,

Γ(h → b̃2
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2(mbµ tanβsb̃cb̃)

2/(8πmh), (3)

will be much larger than the corresponding one into
bottoms, Γ(h → bb̄) → GF
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b)/(4π).
The limits from LEP will depend strongly on

the decay modes of the sbottoms. As a con-
servative bound, we adopt the present lower
bound on the Higgs boson of the SM at LEP2,
mh

>→ 113.3 GeV [10]. This is consistent with the

assumption that the light b̃ decay channels are sim-
ilar to the bottom quark ones. However, if it de-
cayed fully hadronically with no missing energy or
into down (or strange) quarks and missing energy,
considerably weaker Higgs mass bounds would be ob-
tained.
For the case of a very light b̃, with a non-negligible

component on the left-handed b̃, the constraint from
the ρ-parameter demands a relatively light t̃. The
simultaneous requirement that the lightest CP-even
Higgs mass should be above the experimental bound
leads to strong restrictions in the t̃ sector. In the
numerical analysis, we use the following parame-
ters: mt = 174.3 GeV, mb = 3 GeV, tanβ = 40,
MA = 800 GeV, mg̃ = 200 GeV, µ = ±250 GeV,
M2 = 200 GeV. We have chosen a large value for
MA, yielding that the upper bound for mh within
this scenario is only weakly dependent on the actual
value of this parameter [12]. The dependence on mg̃,
µ and M2 is also weak.
The theoretical predictions for mh employed here

are based on the two-loop results of Refs. [8,11,13],

implemented in the programs FeynHiggs [14] and
subhpole [11,13]. We have checked that the results
for mh obtained with the two programs are close
to each other and therefore lead to similar conclu-
sions. ∆ρSUSY, including leading two-loop contribu-
tions [15], has been evaluated with FeynHiggs.
The analysis is performed for the cases (I, II) de-

fined above. It should be emphasized that, although
case (I) seems highly constrained, starting from the
requirement of a small b̃2 mass and a vanishing cou-
pling to the Z, and requiring the left-handed t̃mass to
be larger than the right-handed one, most solutions to
the precision observables and Higgs mass constraints
would lead to a small coupling of the lightest t̃ to
the Z.
In Fig. 1 the allowed parameter regions for mt̃1

and mt̃2
for the cases (I) and (II) are shown, obey-

ing the mh and ∆ρSUSY constraints. For both
cases a considerable part of the parameter space
is consistent with the constraints. In case (I) the
allowed regions are 70 GeV <→ mt̃1

<→ 220 GeV,

450 GeV <→ mt̃2
<→ 600 GeV. In case (II) the t̃ masses

obey the constraints for 70 GeV <→ mt̃1
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Predicted stop and Higgs masses



But we soon went back to Higgs Searches

ar
X

iv
:h

ep
-p

h/
02

02
16

7v
1 

 1
6 

Fe
b 

20
02

ANL–HEP–CP–02–017 BNL–HET–02/7
DCPT/02/24 EFI–02–64
FERMILAB–Pub–02/024–T IPPP/02/11

hep-ph/0202167

Suggestions for Benchmark Scenarios

for MSSM Higgs Boson Searches at Hadron Colliders∗

M. Carena 1†, S. Heinemeyer 2‡, C.E.M. Wagner 3,4§ and G. Weiglein 5¶

1 Theoretical Physics. Dept., Fermilab National Accelerator Lab.,
Batavia, IL 60510-0500, USA

2 HET, Physics Dept., Brookhaven Natl. Lab., Upton, NY 11973, USA

3 HEP Division, Argonne Natl. Lab., 9700 Cass Ave., Argonne, IL 60439, USA

4 Enrico Fermi Institute, Univ. of Chicago, 5640 Ellis Ave., Chicago, IL 60637, USA

5 Institute for Particle Physics Phenomenology, University of Durham,
Durham DH1 3LR, UK

Abstract

The Higgs boson search has shifted from LEP2 to the Tevatron and will subse-
quently move to the LHC. Due to the different initial states, the Higgs production and
decay channels relevant for Higgs boson searches were different at LEP2 to what they
are at hadron colliders. We suggest new benchmark scenarios for the MSSM Higgs
boson search at hadron colliders that exemplify the phenomenology of different parts
of the MSSM parameter space. Besides the mmax

h scenario and the no-mixing scenario
used in the LEP2 Higgs boson searches, we propose two new scenarios. In one the main
production channel at the LHC, gg → h, is suppressed. In the other, important Higgs
decay channels at the Tevatron and at the LHC, h → bb̄ and h → τ+τ−, are suppressed.
All scenarios evade the LEP2 constraints for nearly the whole MA–tan β-plane.
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Higgs Properties are not fixed by type II scenario

SUSY Higgs sector is not precisely type II and SUSY particles affect Higgs physics

Figure 4: [σ×BR]MSSM/[σ×BR]SM is shown for the channels W ∗ → Wh → Wbb̄ (left plot)
and W ∗ → Wh → W τ+τ− (right plot) in the MA − tanβ-plane for the small αeff scenario.
The white-dotted area is excluded by LEP Higgs searches.

In Fig. 4 we show [σ×BR]MSSM/[σ×BR]SM for the channels W ∗ → Wh → Wbb̄ (left plot)
and W ∗ → Wh → W τ+τ− (right plot) in the MA − tan β-plane. Significant suppression
occurs for large tan β, tanβ >∼ 20, and small MA, MA

<∼ 250, 400 GeV, for h → bb̄ and
h → τ+τ−, respectively. Thus, Higgs boson search via the W production channel and the
WW fusion channel (see also Ref. [11]) will be difficult in these parts of the parameter
space. The same applies for the channel tt̄h → tt̄bb̄. The complementary channel, h → γγ,
is unsuppressed compared to the SM case for large parts of the MA − tanβ-plane.

3 Conclusions

We have presented four benchmark scenarios for the MSSM Higgs boson search at hadron
colliders, evading the exclusion bounds obtained at LEP2. The different scenarios exemplify
different features of the MSSM parameter space, such as large mh values and significant
gg → h or h → bb̄, h → τ+τ− suppression. In the benchmark scenarios proposed above,
we have briefly analyzed the possible suppression of several Higgs production and decay
channels, showing possible “problematic” regions of the MSSM parameter space.

With the exception of the gluon fusion mediated process, which is significantly suppressed
in the gluophobic Higgs scenario, the production processes at the Tevatron and the LHC
considered here, W ∗ → Wh, tt̄ → tt̄h, WW → h and gg → h, are close to their SM values
for most of the allowed parameter space of the benchmark scenarios. Hence, deviations of the
rate of the Higgs search processes at hadron colliders compared to the SM case are mainly
due to the SUSY corrections affecting the Higgs decay modes.

In all the cases analyzed in this note, we have found a complementarity between the
h → bb̄, h → τ+τ− and the h → γγ channels, i.e. in the parameter regions where the search
for the Higgs in one of these channels becomes problematic, in at least one of the other
channels it becomes easier than in the SM case. It is difficult to find exceptions to this

6

Effects of coupling to 
the wrong Higgs

is more effective for small t̃ masses and hence for relatively large values of the t̃ mixing
parameter, Xt. The partial width of the most relevant decay mode, Γ(h → γγ), is affected
much less, since it is dominated by the W boson loop. The parameters are:

mt = 174.3 GeV, MSUSY = 350 GeV, µ = 300 GeV, M2 = 300 GeV,

XOS
t = −750 GeV (FD calculation), XMS

t = −770 GeV (RG calculation)

Ab = At, mg̃ = 500 GeV . (5)

Figure 3: [σ × BR]MSSM/[σ × BR]SM is shown for the channels gg → h → γγ (left plot) and
tt̄ → tt̄h → tt̄bb̄ (right plot) in the MA − tanβ-plane for the gluophobic Higgs scenario. The
white-dotted area is excluded by LEP Higgs searches.

In Fig. 3 we show [σ × BR]MSSM/[σ × BR]SM for the channels gg → h → γγ (left plot)
and tt̄ → tt̄h → tt̄bb̄ (right plot) in the MA − tanβ-plane. The gg → h → γγ channel can
be strongly suppressed over the whole MA − tanβ-plane, rendering this detection channel
difficult. The tt̄ → tt̄h → tt̄bb̄ channel, on the other hand, is always enhanced compared
to the SM case (except for MA

<∼ 100 GeV). The same qualitative behavior holds for the
WW fusion channel with subsequent decay to bb̄ or τ+τ−.

2.4 The small αeff scenario

Besides the channel gg → h → γγ at the LHC, the other channels for light Higgs searches at
the Tevatron and at the LHC mostly rely on the decays h → bb̄ and h → τ+τ−, see Sect. 2.1.
If αeff is small, these two decay channels can be heavily suppressed in the MSSM due to the
additional factor − sinαeff/ cos β compared to the SM coupling. (h → bb̄ can also receive
large corrections from b̃-g̃ loops [17, 18].) Such a suppression occurs for large tan β and not
too large MA (in a similar way as in the large-µ scenario [7]) for the following parameters:

mt = 174.3 GeV, MSUSY = 800 GeV, µ = 2.5MSUSY , M2 = 500 GeV,

XOS
t = −1100 GeV (FD calculation), XMS

t = −1200 GeV (RG calculation)

Ab = At, mg̃ = 500 GeV . (6)

5

SUSY corrections to  
the gluon coupling
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The competition of the Tevatron and  
the LHC was on, with the last one having much better chances
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Abstract

The Higgs boson search has shifted from LEP2 to the Tevatron and will subse-
quently move to the LHC. The current limits from the Tevatron and the prospective
sensitivities at the LHC are often interpreted in specific MSSM scenarios. For heavy
Higgs boson production and subsequent decay into bb̄ or τ+τ−, the present Tevatron
data allow to set limits in the MA–tan β plane for small MA and large tan β values.
Similar channels have been explored for the LHC, where the discovery reach extends
to higher values of MA and smaller tan β. Searches for MSSM charged Higgs bosons,
produced in top decays or in association with top quarks, have also been investigated
at the Tevatron and the LHC. We analyze the current Tevatron limits and prospective
LHC sensitivities. We discuss how robust they are with respect to variations of the
other MSSM parameters and possible improvements of the theoretical predictions for
Higgs boson production and decay. It is shown that the inclusion of supersymmetric
radiative corrections to the production cross sections and decay widths leads to impor-
tant modifications of the present limits on the MSSM parameter space. The impact
on the region where only the lightest MSSM Higgs boson can be detected at the LHC
is also analyzed. We propose to extend the existing benchmark scenarios by including
additional values of the higgsino mass parameter µ. This affects only slightly the search
channels for a SM-like Higgs boson, while having a major impact on the searches for
non-standard MSSM Higgs bosons.
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Searches at Hadron Colliders

The  Tevatron, where the top quark was discovered could look for the Higgs provided it decayed into 
weak bosons.  Nothing was found. Smalll excess for masses around 125 GeV.



Testing Higgs’ hypothesis :  Looking for the Higgs boson
 

The Large Hadron (proton against proton) Collider (LHC)
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A Higgs with a mass of about 125 GeV allows to study many decay channels

LHC Higgs Production Channels 
and Decay Branching Ratios

We collide two protons (quarks and gluons) at high energies : 

H

24



The Higgs Discovery in July 2012 has established
the Standard Model (SM) as the proper low energy 
theory describing all known particle interactions



Still, the Higgs could have properties different from the  Standard Model one,  
and we defined scenarios that emphasize these distinguishing  properties 
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Abstract

A Higgs-like particle with a mass of about 125.5 GeV has been discovered at the
LHC. Within the current experimental uncertainties, this new state is compatible with
both the predictions for the Standard Model (SM) Higgs boson and with the Higgs
sector in the Minimal Supersymmetric Standard Model (MSSM). We propose new low-
energy MSSM benchmark scenarios that, over a wide parameter range, are compatible
with the mass and production rates of the observed signal. These scenarios also exhibit
interesting phenomenology for the MSSM Higgs sector. We propose a slightly updated
version of the well-known mmax

h scenario, and a modified scenario (mmod
h ), where the

light CP-even Higgs boson can be interpreted as the LHC signal in large parts of
the MA–tan β plane. Furthermore, we define a light stop scenario that leads to a
suppression of the lightest CP-even Higgs gluon fusion rate, and a light stau scenario

with an enhanced decay rate of h → γγ at large tan β. We also suggest a τ -phobic

Higgs scenario in which the lightest Higgs can have suppressed couplings to down-type
fermions. We propose to supplement the specified value of the µ parameter in some
of these scenarios with additional values of both signs. This has a significant impact
on the interpretation of searches for the non SM-like MSSM Higgs bosons. We also
discuss the sensitivity of the searches to heavy Higgs decays into light charginos and
neutralinos, and to decays of the form H → hh. Finally, in addition to all the other
scenarios where the lightest CP-even Higgs is interpreted as the LHC signal, we propose
a low-MH scenario, where instead the heavy CP-even Higgs boson corresponds to the
new state around 125.5 GeV.

∗ E-mail addresses: 1carena@fnal.gov, 3Sven.Heinemeyer@cern.ch, 4oscar.stal@fysik.su.se,
5cwagner@hep.anl.gov, 6Georg.Weiglein@desy.de



Higgs to diphotons seemed to be enhanced !

Scenarios were adapted to the new reality

Figure 7: Left: The MA–tanβ plane in the light stau scenario, with the same color coding
as in Fig. 3. Right: The effect of light staus on the decay rate h → γγ, where the quantity
rγγ is defined in analogy to rgg in Eq. (25).

3.5 The τ -phobic Higgs scenario

Besides the loop effects on the Higgs vertices described in the previous sections, also propaga-
tor-type corrections involving the mixing between the two CP-even Higgs bosons of the
MSSM can have an important impact. In particular, this type of corrections can lead to rel-
evant modifications of the Higgs couplings to down-type fermions, which can approximately
be taken into account via an effective mixing angle αeff (see Ref. [73]). This modification
occurs for large values of the At,b,τ parameters and large values of µ and tan β.8

The scenario that we propose can be regarded as an update of the small αeff scenario
proposed in Ref. [21]. The parameters are:

τ -phobic Higgs :

mt = 173.2 GeV,

MSUSY = 1500 GeV,

µ = 2000 GeV,

M2 = 200 GeV,

XOS
t = 2.45MSUSY (FD calculation),

XMS
t = 2.9MSUSY (RG calculation),

Ab = Aτ = At ,

mg̃ = 1500 GeV,

Ml̃3
= 500 GeV . (28)

8 Large values of At,b,τ and µ are in principle constrained by the requirement that no charge and color
breaking minima should appear in the potential [74], or at least that there is a sufficiently long-lived meta-
stable vacuum. However, a detailed analysis of this issue is beyond the scope of this paper, and we leave it
for a future analysis.
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Figure 9: Modification of the decay rate for the lightest CP-even Higgs boson into bottom
quarks (rbb, left) and τ -leptons (rττ , right) in the τ -phobic Higgs scenario, where rbb and rττ
are defined in analogy to rgg in Eq. (25).

3.6 The low-MH scenario

As it was pointed out in Refs. [10, 12, 16], besides the interpretation of the Higgs-like state
at → 125.5 GeV in terms of the light CP-even Higgs boson of the MSSM it is also possible,
at least in principle, to identify the observed signal with the heavy CP-even Higgs boson of
the MSSM. In this case the Higgs sector would be very different from the SM case, since
all five MSSM Higgs bosons would be light. The heavy CP-even Higgs boson would have a
mass around 125.5 GeV and behave roughly SM-like, while the light CP-even Higgs boson
of the MSSM would have heavily suppressed couplings to gauge bosons. Due to the rather
spectacular phenomenology of such a scenario, the available parameter space is already
affected by existing search limits, and the prospects for discovering a non-SM like Higgs in
the near future would be very good.

The most relevant limits probing such a scenario at present arise from the searches
for MSSM Higgs bosons in the gg, bb̄ → h,H,A → ττ channel, but also the search for a
light charged Higgs in top quark decays has an interesting sensitivity. The results for the
gg, bb̄ → h,H,A → ττ channel have recently been updated by CMS [58]. However, it is
difficult to assess the impact of those new results on the viability of such a scenario, since
they have been presented only for the mmax

h scenario (i.e., no cross section limits have been
provided which could readily be applied to other scenarios; an attempt to incorporate a
rough estimate of the new CMS result has been made in HiggsBounds 4.0.0 [56,57], which
we have used for producing the plots in this paper). Besides Higgs search limits also limits
from flavor physics can place relevant constraints on this kind of scenario. It was found in
Refs. [12, 14] that flavor constraints could lead to tension with the allowed parameter space
(which might be aleviated by taking into account some Non-Minimal Flavor Violation [75]).
We do not take these indirect constraints into account in this analysis. In view of the rich and
interesting phenomenology, we include a scenario of this kind among the benchmarks that
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Light staus could 
enhanced the decay rate into  

photons

The decay rate into  
taus and bottoms was 

still uncertain
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The more we knew about the Higgs, the more subtle the differences were
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Abstract
We propose six new benchmark scenarios for Higgs boson searches in the Minimal Su-
persymmetric Standard Model. Our calculations follow the recommendations of the LHC
Higgs Cross Section Working Group, and benefit from recent developments in the predic-
tions for the Higgs-boson masses and mixing. All of the proposed scenarios are compatible
with the most recent results from Run 2 of the LHC. In particular, they feature a scalar
with mass and couplings compatible with those of the observed Higgs boson, and a signif-
icant portion of their parameter space is allowed by the limits from the searches for SUSY
particles and additional Higgs bosons. We define a scenario where all SUSY particles are
relatively heavy, and two scenarios with light colorless SUSY particles (charginos, neu-
tralinos and, in one case, staus). In addition, we present two scenarios featuring alignment
without decoupling, realized with either the lighter or the heavier scalar being SM-like,
and a scenario with CP violation.
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H couplings with more general assumptions

10

Measurement assuming effective 
couplings for ggH, Hɣɣ, and HZɣ  

Assuming also H decays to 
invisible(≔missing pT) & undetectable 
(≔non-closure of other BR’s to unity) 

Stat. unc ≅ syst unc except for 
kμ and and kZɣ

Both invisible and undetectable 
BR’s compatible with zero

Generic coupling

How: Similar to previous setup with this time 
allowing for non-SM particles in loop processes, 
with effective coupling strengths. 

Two scenarios: with and without invisible and 
undetected non-SM Higgs decays. 

Highlights:

● SM compatibility (p-value): 61% (Binv = Bu = 0)
● Upper limits on Binv of 0.13 (0.08) and Bu of 

0.12 (0.21) at 95% CL 
○ To include Binv  and Bu one has to add some extra 

constraint (κV≤1 )

14Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point.



H couplings to fermions and vector bosons

9

● Coupling modifiers k to quantify couplings 
deviations from SM predictions 

H couplings vs particle mass

○ Compatibility with SM within 10%

○ ~5✕ improvement wrt discovery

Likelihood scan of (kf, kV)

k μ =
 k

τ =
 k

b =
 k

t =
  

kZ = kW =  

○ Agreement with SM for 
masses within 0.1 - 200 GeV

Coupling to each particle
How: 

● All modifiers assumed to be positive
● Only SM particles in loop processes
● No invisible or undetected non-SM Higgs 

decays 
● Two setups: with and without κc to cope with 

low sensitivity 

Highlights:

SM compatibility (p-value): 
56% (κc=κt ) and 65% (κc free-floating)

Coupling precision: 

● Fermions (t, b, τ ): 7% -12% 
● Vector bosons (W, Z): 5%
● Upper limit on κc of 5.7 (7.6) x SM at 95% CL 

11Nature 607, 52–59 (2022)Paolo Francavilla - Higgs Hunting 2022

Correlation between masses and couplings consistent
with the Standard Model expectations
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We can reach the same conclusion by using Eq. (21) for s� in this regime,
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This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ
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Ũ

Q̃ Q̃

H1

H2

(b)

H1

H1

Q̃

Q̃

Ũ
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3
βcβX

3
t Yt for (a) and (b); h4t s

3
βcβX

2
t for (c) and (d); and

h4t s
3
βcβXtYt for (e) and (f).

where we have used Eq. (46) to write v2s4βh
4
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t/v
2. Using Eqs. (55) and (56) in the
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 Higgs Decay into bottom quarks is the dominant one

 A modification of the bottom quark coupling affects all other decays

Carena, Haber, Low, Shah, C.W. ‘14
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case

Small μ µ/MSUSY = 2, At/MSUSY ' 3

M. Carena, I. Low, N. Shah, C.W.’13

1.0

Tuesday, November 19, 2013
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Our benchmarks included now Alignment

100 200 300 400 500 600 700 800 900 1000
MA [GeV]

5
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ta
n

�

M
125
h

(alignment) scenario Mh [GeV]

125
124

122

Figure 9: Constraints on the M
125
h

(alignment) 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).

focus on the region with 100 GeV  MA  1 TeV and 1  tan �  20. The green solid lines
show that, as a result of the dependence of Xt on tan �, the mass of the lighter CP-even scalar
is maximized for tan � ⇡ 6. The decrease of Mh with increasing MA, which contrasts with
the usual tree-level behavior, originates from two-loop diagrams involving squarks and a heavy
Higgs boson.6

The shape of the hatched region ruled out by HiggsSignals shows that, in this scenario,
the limit of alignment without decoupling is realized for tan � ⇡ 7. Indeed, around this value
of tan � we see a wedge-shaped region in which the lighter CP-even scalar can be identified
with the observed Higgs boson for values of MA as low as 170 GeV. When MA increases, the
allowed region opens up towards both smaller and larger values of tan �, as a consequence of
the usual decoupling behavior. However, even at large values of MA the requirement that Mh

be compatible with the measured Higgs mass (within the theoretical uncertainty of the MSSM
prediction) limits the allowed region to the band in which 4 . tan � . 10.

Finally, the blue region ruled out by the searches for heavy Higgs bosons at the LHC, as
determined by HiggsBounds, is similar to the corresponding regions in the M

125
h

and M
125
h

(⌧̃)

6In view of the large hierarchy between the respective masses, a resummation of terms enhanced by powers
of ln(MS/MA) may be necessary for MA . 500 GeV, but that is not yet implemented in FeynHiggs.

27

This happens when the quartic couplings 
are such that the mixing between the SM-like 

Higgs and the non-standard Higgs vanish

<latexit sha1_base64="G/bnDo4E29lXyHJ0EGJxQKN+7ME="></latexit>

cos(� � ↵) = 0

arXiv:1808.07542



After all relevant corrections were included, 
we joined a big effort to define the final Higgs mass predictions

DESY 20-229, IFT-UAM/CSIC-20-184, FR-PHENO-2020-021,
KA-TP-23-2020, MPP-2020-235, P3H-20-086, TTK-20-53

Higgs-mass predictions in the MSSM

and beyond

P. Slavich
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e
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Predictions for the Higgs masses are a distinctive feature of supersymmetric extensions
of the Standard Model, where they play a crucial role in constraining the parameter space.
The discovery of a Higgs boson and the remarkably precise measurement of its mass at the
LHC have spurred new e↵orts aimed at improving the accuracy of the theoretical predic-
tions for the Higgs masses in supersymmetric models. The “Precision SUSY Higgs Mass
Calculation Initiative” (KUTS) was launched in 2014 to provide a forum for discussions
between the di↵erent groups involved in these e↵orts. This report aims to present a com-
prehensive overview of the current status of Higgs-mass calculations in supersymmetric
models, to document the many advances that were achieved in recent years and were dis-
cussed during the KUTS meetings, and to outline the prospects for future improvements
in these calculations.ar
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MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3
LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

G. Lee, C.W.  arXiv:1508.00576

P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro ’14, Bahl et al’17

P. Slavich, S. Heinemeyer et al, arXiv:2012.15629



Stop Searches

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for sbottoms and 600 GeV for stops.
Islands in one search are covered by other searches. 

We are starting to explore the mass region suggested by the Higgs mass determination !
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Figure 8: The 95% CL upper limit on the production cross section of the T2tt (upper left),
T2bW (upper right), and T2tb (lower) simplified models as a function of the top squark and
LSP masses. The solid black curves represent the observed exclusion contour with respect
to approximate NNLO+NNLL signal cross sections and the change in this contour due to
variation of these cross sections within their theoretical uncertainties (stheory) [64–74]. The
dashed red curves indicate the mean expected exclusion contour and the region containing
68 and 95% (±1 and 2 sexperiment) of the distribution of expected exclusion limits under the
background-only hypothesis. For T2tt, no interpretation is provided for signal models for
which |met � mec0

1
� mt | < 25 GeV and met < 275 GeV as described in the text.
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Figure 9: The 95% CL upper limit on the production cross section of the T2ttC (upper left),
T2bWC (upper right), and T2cc (lower) simplified models as a function of the top squark mass
and the difference between the top squark and LSP masses. The solid black curves represent the
observed exclusion contour with respect to approximate NNLO+NNLL signal cross sections
and the change in this contour due to variation of these cross sections within their theoretical
uncertainties (stheory) [64–74]. The dashed red curves indicate the mean expected exclusion
contour and the region containing 68% (±1 sexperiment) of the distribution of expected exclusion
limits under the background-only hypothesis.
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: The “smoking-gun”A → ZH → Ztt̄

T.Biekotter et al JCAP03(2023)031

• “Smoking-gun” collider signature for FOEWPT in 2HDM 


• Type-II 2HDM constraints pushes   2  in parameter 
region featuring FOEWPT

mH ≥ mt

• BRs for H  bb and H   become  small


• H  tt much more promising 


→ → ττ

→

10/16/2024
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Phase Transition in 2HDM
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Two Higgs Doublets : Extra Heavy Physical state, a CP-odd (A), a CP-even (H) and a charged Higgs Boson
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• Standard Model and its shortcomings


• Two Higgs doublet model 


• Motivation for  


• LHC and CMS detector 


             CMS Pixel detector


• Search for 

A → ZH → lltt̄

A → ZH → lltt̄
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Not confirmed by CMS

<latexit sha1_base64="46U70EMi+y6JhufQnt0Js6EaWIE="></latexit>

(mA, nH) = (650, 450)GeV



Georg and collaborators reanalyzed this scenario
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Figure 2: Top: The parameter plane as shown in Fig. 1, with zones featuring qualitatively different
thermal histories of their vacuum structure labelled as A, B, C, D, E and F. The red line separates the
region with a zero-temperature global minimum at the origin of field space (left) from the region with a
zero-temperature electroweak global minimum (right). Bottom: characteristic temperature dependence of
vmin for the local minima of the potential for each of the six labelled regions. The blue lines indicate the
temperature evolution of vmin evaluated at the minimum where the electroweak symmetry is broken. The
orange lines denote how the minimum where the electroweak symmetry is unbroken evolves. The dashed
black lines show the vacuum configuration adopted by the universe taking into account phase transitions
between co-existing minima. The vertical red lines show the critical temperature, and the labels “origin”
and “EW” indicate the global minimum of the potential.
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The trap in the early Universe: impact on the interplay

between gravitational waves and LHC physics in the 2HDM
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Abstract

We analyze the thermal history of the 2HDM and determine the parameter regions fea-
turing a first-order electroweak phase transition (FOEWPT) and also much less studied phe-
nomena like high-temperature electroweak (EW) symmetry non-restoration and the possi-
bility of vacuum trapping (i.e. the Universe remains trapped in an EW-symmetric vacuum
throughout the cosmological evolution, despite at T = 0 the EW breaking vacuum is deeper).
We show that the presence of vacuum trapping impedes a first-order EW phase transition
in 2HDM parameter-space regions previously considered suitable for the realization of elec-
troweak baryogenesis. Focusing then on the regions that do feature such a first-order tran-
sition, we show that the 2HDM parameter space that would yield a stochastic gravitational
wave signal potentially detectable by the future LISA observatory is very contrived, and will
be well probed by direct searches of 2HDM Higgs bosons at the HL-LHC, and (possibly) also
via measurements of the self-coupling of the Higgs boson at 125 GeV. This has an important
impact on the interplay between LISA and the LHC regarding the exploration of first-order
phase transition scenarios in the 2HDM: the absence of new physics indications at the HL-
LHC would severely limit the prospects of a detection by LISA. Finally, we demonstrate that
as a consequence of the predicted enhancement of the self-coupling of the Higgs boson at
125 GeV the ILC would be able to probe the majority of the 2HDM parameter space yielding
a FOEWPT through measurements of the self-coupling, with a large improvement in precision
with respect to the HL-LHC.
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The non-restoration results 
are induced by features of the 
Arnold Espinosa resummation 

scheme.
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Searches at the LHC

print('Total decay width A:', pt.wTot['A'])

print('Total decay width Hp:', pt.wTot['Hp'])

where the predictions for the branching ratios are computed via the interface to the AnyHdecay

library.

B Comparison to previous CMS projections

In Ref. [24], we estimated the projected (HL-)LHC sensitivity for the process A → ZH in the Z tt̄

final state for several integrated luminosities. We used the results for the expected sensitivity in
this channel obtained in a Master thesis for the CMS Collaboration [42, 43] and applied them to the
(mH , mA) parameter plane also investigated in this paper, with tanω = 3 and mH± = mA. Here we
aim to compare these prior sensitivity projections with those based on the ATLAS expected limits,
as detailed in Section 3.3. In Fig. 7 we present the resulting expected 95% C.L. exclusion limits
corresponding to integrated luminosities of 300, 600, 1000, 3000 fb→1, projected for future (HL-)
LHC runs. On the left-hand side, we display the exclusion regions derived from a straightforward
rescaling of the CMS expected limits for di!erent luminosity values, thus not accounting for changes
in systematic uncertainties. On the right-hand side we show the exclusion regions resulting from
a similar rescaling process, albeit based on ATLAS expected limits, again without accounting for
possible changes in systematic uncertainties. The color code shows the phase transition strength
εn for parameter points featuring a FOEWPT with εn > 1. The blue region indicates the area
that features electroweak symmetry non-restoration at high temperatures (see Ref. [24] for details).
The comparison demonstrates good agreement between both sets of projections, reinforcing the
robustness of our conservative estimate of the future prospects.
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Figure 7: Projected exclusion regions in the (mH , mA) plane with tanω = 3 and mH± = mA and for
integrated luminosities of 300, 600, 1000, 3000 fb→1, expected to be collected in future runs of the LHC. The
displayed limits are derived from rescaled CMS (left) and ATLAS (right) expected limits for the ϑ

+
ϑ
→

tt̄ final
state. The color bar indicates the strength of the phase transition. The blue points indicate the parameter
region that features electroweak symmetry non-restoration at high temperatures (see Ref. [24] for more
details).
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First shot of the smoking gun: probing the electroweak
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Abstract

Recently the ATLAS collaboration has reported the first results of searches for heavy scalar
resonances decaying into a Z boson and a lighter new scalar resonance, where the Z boson
decays leptonically and the lighter scalar decays into a top-quark pair, giving rise to ω

+
ω
→

tt̄

final states. This had previously been identified as a smoking-gun signature at the LHC for a
first-order electroweak phase transition (FOEWPT) within the framework of two Higgs doublet
models (2HDMs). In addition, ATLAS also presented new limits where the Z boson decays into
pairs of neutrinos and the lighter scalar resonance into bottom-quark pairs, giving rise to the
εεbb̄ final state. We analyze the impact of these new searches on the 2HDM parameter space,
with emphasis on their capability to probe currently allowed 2HDM regions featuring a strong
FOEWPT. We also study the complementarity of these new searches with other LHC probes
that could target the FOEWPT region of the 2HDM. Remarkably, the ATLAS search in the
ω
+
ω
→

tt̄ final state shows a local 2.85ϑ excess (for masses of about 650 GeV and 450 GeV for
the heavy and light resonance) in the 2HDM parameter region that would yield a FOEWPT
in the early universe, which could constitute the first experimental hint of baryogenesis at the
electroweak scale. We analyze the implications of this excess, and discuss the detectability
prospects for the associated gravitational wave signal from the FOEWPT. Furthermore, we
project the sensitivity reach of the ω

+
ω
→

tt̄ signature for the upcoming runs of the LHC. Finally,
we introduce the python package thdmTools, a state-of-art tool for the exploration of the 2HDM.
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Alternative computation of EWPT
using Partial Dressing resummation scheme

Figure 5: The strength of the FOEWPT, measured by vn/Tn, in the mH → mA plane

of the 2HDM. In the top panel, we show the results using the PD resummation scheme.

The bottom panels present results for the AE (left) and Parwani (right) schemes. In

the AE scheme, EWSNR appears as an e!ect of the resummation procedure rather than

a negative thermal mass. Regions labeled “Vacuum trapped” indicate parameter space

where the system does not tunnel to the EW minima.

ingly, PD and Parwani do not support this conclusion. In Sec. 4.3, we examine the results

for the EWSNR at high temperatures of each resummation method in more detail and

discuss the fate of the transition in this region of parameter space.

The strength of the phase transition varies significantly between di!erent resummation

methods. This is especially relevant for the AE approach, which predicts a much weaker

phase transition than the other methods. In contrast, PD and Parwani produce similar

qualitative features, although their quantitative predictions di!er. We explore these di!er-

ences in more detail in Sect. 4.5, particularly in the context of predicting the GW signal

– 23 –
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Figure 8: GW energy density spectrum with respect to frequency for the benchmark

scenarios, BP1 and BP2, illustrated against the experimental sensitivity curves of various

proposed GW detectors such as LISA, TAIJI, BBO, ALIA, and U-DECIGO. The red,

blue, and black solid line indicates the overall GW energy density estimated considering

the PD, Parwani, and AE prescriptions, respectively. The peak frequency for BP1 is fpeak =

0.0066 Hz and 0.0009 Hz, and the peak amplitude is !GWh
2

peak
= 5.2→10→13 and 9.5→10→11,

for the PD and Parwani prescriptions, respectively. In the AE prescription, BP1 does not

produce a GW spectrum, as it predicts symmetry non-restoration at high temperatures and

no FOEWPT. In the case of BP2, the peak frequency is fpeak = 0.0183 Hz, 0.0025 Hz and

0.0471 Hz, and the peak amplitude is !GWh
2

peak
= 7.1→10→14, 7.4→10→13 and 8.7→10→18,

for the Parwani, PD and AE prescriptions, respectively.

To illustrate the impact of thermal resummations on the prediction of GW production

from an FOPT, we select two benchmark scenarios, BP1 and BP2. As discussed in the pre-

vious section, BP1 is selected to demonstrate that the AE prescription predicts symmetry

non-restoration at high temperatures, whereas the Parwani and PD prescriptions exhibit

symmetry restoration at high temperatures and also predict an FOEWPT. Additionally,

we introduce another benchmark scenario, BP2, detailed in Tab. 3, for which all three

resummation prescriptions predict an FOEWPT, as shown in Tab. 4. The corresponding

GW energy density spectrum (!GWh2) as a function of frequency (f) for the benchmark

scenarios BP1 and BP2 are displayed in Fig. 8. The left plot of Fig. 8 shows that the

PD prescription predicts a lower GW amplitude compared to the Parwani scheme. Specif-

ically, the di”erence in peak amplitudes, (!GWh2)peak, is approximately a factor of 220,

while the peak frequency, fpeak, di”ers by about a factor of 3. Although both prescriptions

indicate that the spectrum lies within the sensitivity region of LISA, the signal-to-noise

ratio for the PD scheme would be significantly smaller than that of the Parwani scheme.

This highlights the substantial impact that di”erent resummation prescriptions can have

on the predicted GW spectrum, potentially altering the detection prospects of a given BP

at various proposed GW detectors. For instance, in the case of BP2 (right plot of Fig. 8),

the PD prescription predicts a higher GW amplitude than both the Parwani and AE pre-

scriptions. Under this benchmark scenario, the PD scheme suggests that the signal falls

within LISA’s sensitivity, whereas the Parwani (AE) prescription predicts an amplitude

– 29 –
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Features found by Georg 
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Alternative Region of Parameters

Figure 8: GW energy density spectrum with respect to frequency for the benchmark

scenarios, BP1 and BP2, illustrated against the experimental sensitivity curves of various

proposed GW detectors such as LISA, TAIJI, BBO, ALIA, and U-DECIGO. The red,

blue, and black solid line indicates the overall GW energy density estimated considering

the PD, Parwani, and AE prescriptions, respectively. The peak frequency for BP1 is fpeak =

0.0066 Hz and 0.0009 Hz, and the peak amplitude is !GWh
2

peak
= 5.2→10→13 and 9.5→10→11,

for the PD and Parwani prescriptions, respectively. In the AE prescription, BP1 does not

produce a GW spectrum, as it predicts symmetry non-restoration at high temperatures and

no FOEWPT. In the case of BP2, the peak frequency is fpeak = 0.0183 Hz, 0.0025 Hz and

0.0471 Hz, and the peak amplitude is !GWh
2

peak
= 7.1→10→14, 7.4→10→13 and 8.7→10→18,

for the Parwani, PD and AE prescriptions, respectively.

To illustrate the impact of thermal resummations on the prediction of GW production

from an FOPT, we select two benchmark scenarios, BP1 and BP2. As discussed in the pre-

vious section, BP1 is selected to demonstrate that the AE prescription predicts symmetry

non-restoration at high temperatures, whereas the Parwani and PD prescriptions exhibit

symmetry restoration at high temperatures and also predict an FOEWPT. Additionally,

we introduce another benchmark scenario, BP2, detailed in Tab. 3, for which all three

resummation prescriptions predict an FOEWPT, as shown in Tab. 4. The corresponding

GW energy density spectrum (!GWh2) as a function of frequency (f) for the benchmark

scenarios BP1 and BP2 are displayed in Fig. 8. The left plot of Fig. 8 shows that the

PD prescription predicts a lower GW amplitude compared to the Parwani scheme. Specif-

ically, the di”erence in peak amplitudes, (!GWh2)peak, is approximately a factor of 220,

while the peak frequency, fpeak, di”ers by about a factor of 3. Although both prescriptions

indicate that the spectrum lies within the sensitivity region of LISA, the signal-to-noise

ratio for the PD scheme would be significantly smaller than that of the Parwani scheme.

This highlights the substantial impact that di”erent resummation prescriptions can have

on the predicted GW spectrum, potentially altering the detection prospects of a given BP

at various proposed GW detectors. For instance, in the case of BP2 (right plot of Fig. 8),

the PD prescription predicts a higher GW amplitude than both the Parwani and AE pre-

scriptions. Under this benchmark scenario, the PD scheme suggests that the signal falls

within LISA’s sensitivity, whereas the Parwani (AE) prescription predicts an amplitude
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Conclusions

• We celebrate Georg’s sixtieth birthday 

• He has been a great friend and collaborator for the last 30 years 

• Thanks Georg for making our scientific career more productive and enjoyable ! 

• Looking forward for the next 30 years :)
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There may be surprises at the LHC

● The 2/3l soft and ≥3l analyses complement each other in the compressed region
○ Orthogonal lepton pT ranges but different selections (e.g. MET for 2/3l soft)

                            → Challenging to be fully optimal in the  crossover regime

                          The combination closes the gap between the analyses around Δm~40 GeV
                 We observe a mild excess (~2σ) at Δm~30-40 GeV - due to both 2/3l soft and ≥3l analyses

21

Production chargino and neutralinos: WZ compressed
Wino-like chargino and neutralino (Bino-like LSP, χ1̃

0) with small mass-splittings

SUSY	&	BSM	Searches	in	ATLAS	-	Analyses	&	Anomalies	|	Judita	Mamužić	|	SUSY	2023	-	Southampton,	UK	|	17th	July	2023

SUSY:	 	Wino/higgsino	2lOS/3l χ̃0
2, χ̃±

1

8

•Target:	
•Motivated	by	extending	sensitivity	to	the	wino/
higgsino	production	of	 	with	decays	into	
WZ(*)	and	Wh	

•Final	state:	
• 	+	jet	+	 	(compressed)																										
ATLAS	SUSY-2018-16,	PRD	(2020)	
• 	+	 	ATLAS	SUSY-2019-09,	EPJC	
(2021)	

•Background:	
•Fake	leptons	from	W+jets	

•Strategy:	
•Multi-bin	fit,	cut	and	count	

•Highest	significance:	
• :	~2 	for	wino	WZ	 	=	20	GeV	
• :	~2 	for	wino	Wh	DFOS	
• 	+	 :	<2 	for	higgsino	 	=	25	GeV	
•CMS:	~2 	for	higgsino	 	~	20	GeV		CMS	
SUS-18-004,	JHEP	(2022)

χ̃0
2, χ̃±

1

2lOS Emiss
T

3l Emiss
T

2l σ Δm
3l σ
2l 3l σ Δm

σ Δm

Wino

WinoHiggsino

Excesses in regions consistent
with co-annihilating Dark Matter

First weak evidences of SUSY electroweakino sector ?
Eagerly waiting for Run3 results :) Manimala Chakraborti, Sven Heinemeyer, Ipsita Saha,

arXiv:2403.14759

https://arxiv.org/search/hep-ph?searchtype=author&query=Chakraborti,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Heinemeyer,+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Saha,+I


Results of the ML Analysis

Results are optimistic, ignoring probable systematic errors. 
One can probe currently allowed parameter space, although discovery
will demand higher luminosities.   

Figure 5: Projected exclusion (Z = 2, dashed contour lines) and discovery reach (Z = 5, solid contour lines) in

the [m�̃0
2
, m�̃0

2
�m�̃0

1
] plane applying the optimized sequential cut-based strategy (SCB, green), the Binned-

Likelihood approach (BL, orange), and the Machine-Learned Likelihood method (MLL, violet). All points

in this parameter space lead to values of �aµ close to 2 ⇥ 10�9
(see Table 1). Direct detection constraints

are shown as a light-blue region, including the recent LUX-ZEPLIN results [119]. LHC bounds [114] are

shown as a gray-shaded region. The red band indicates where the model parameters explain the observed

DM relic density.

Z = 2 level is within the parameter space of interest and in the same region as the Z = 5 reach
provided by ML methods.

As can be seen in Table 1, the entire parameter space reproduces the value of the muon gµ � 2

within 2�. The models where the neutralinos reproduce the observed DM abundance is shown as a
red band, while points below (above) produce DM under (over) abundance, but may be viable by
additional SM modifications without affecting the collider signatures. LHC exclusion bounds taken
from Ref. [114] are shown in gray and covers almost all the region with Z � 5, but a small space
with 275  m

�̃
0
2
 305 GeV and 10  m

�̃
0
2
�m

�̃
0
1
 15 GeV. Direct detection limits including the

recently announced LUX-ZEPLIN results [119] are shown in light-blue, and are complementary to
the LHC bounds excluding important regions with high neutralino masses and mass differences. We
would like to highlight that the new direct detection results are almost an impressive one order of
magnitude stronger than previous constraints that only excluded the region above m

�̃
0
2
�m

�̃
0
1
' 40

GeV. In Appendix C we show the results considering a more stringent selection criteria consistent
with current LHC triggers, specifically, a cut on the missing transverse energy of E

miss
T

> 200
GeV. It can be seen that both results are compatible, but the latter suffer from larger statistical
uncertainties due to a lower number of events.

Remarkably, almost all the allowed parameter space in Figure 5 can be probed with Z � 2 by
the machine-learning methods described in this article, and can be divide in three regions:

• A region with 275  m
�̃
0
2
 365 GeV and m

�̃
0
2
� m

�̃
0
1
 20 GeV, where an additional DM

component besides the lightest neutralino would be needed.

• A small region where the lightest neutralino can reproduce the right amount of dark matter
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