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Outline

• Main tasks of the group: 
- Provide recommendations & guidance for neutral Higgs boson (h/H/A) predictions in the 

MSSM 
- Achieved by the definition of benchmark scenarios exhibiting relevant phenomenology, with 

predictions for masses, cross sections and branching ratios tabulated  

• In 2018 new benchmark scenarios were published 

• Main improvements included: 
‣ Updated SM parameters 

‣ N3LO for the light scalar gg→h and new bbφ predictions 

‣ Improved calculations of Higgs boson masses from NLL and partial NNLL resummation of large logs 
in latest version of FeynHiggs [Hahn et. al. ’13; Bahl Hollik ’16 ’18; Bahl et al. ’16 ’17 ’18]  ⇒ lowers mh by a few GeV 

‣ Account for latest sparticle exclusions from the LHC 

• Not all scenarios finalised this time last year - review the progress today
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Overview of benchmark scenarios

• Summary of new scenarios proposed and considered mA, tanβ ranges: 

• ROOT files on the twiki are recommended for use by the experiments 

• Two new scenarios Mh,EFT125 and Mh,EFT125(χ)̃ proposed earlier in the year, ROOT 
files now available 
- Discussed today 

• Remaining ROOT files will be available soon 
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New!

ROOT files?

✔
✔
✔
✔
✔

✔

✔

Coming 
soon!

[1901.05933 ]70-3000 1-10

[1808.07542 by Bagnaschi, Bahl, Fuchs, Hahn, Heinemeyer, Liebler, Patel, Slavich, Stefaniak, Wagner, Weiglein]
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Experimental status

• Complementary constraints from direct search channels and indirectly  via h(125) 
couplings 

• High mA ,low tanβ region remains challenging

4



A. Gilbert (NWU)17/10/19

Mh125 scenario - Recap

• 2HDM-like Higgs sector with ≥ 1 TeV SUSY 
- Only decays to SM particles for mφ < 2 TeV 

- Gluino and 3rd gen. squark masses above 
current LHC bounds 

• Large value of μ ⇒ largest SUSY effect in 

correction of bottom quark Yukawa (Δb) 
for high tanβ (~ 0.6) 

• Current exclusion from direct heavy Higgs 
searches (HiggsBounds 5.2.0) and from 
light Higgs  measurements (HiggsSignals 
2.2.0) is shown

5

Compatibility with 
observed Higgs boson 
mass: require Mh within 

125 ± 3 GeV

Hatched region (mA < 500-600 
GeV) excluded by light Higgs 

coupling measurements

Exclusion from Α/Η→ττ
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Results in new scenarios

• Plan is for full Run 2 search results to use the new scenarios almost exclusively 

• Some partial dataset interpretations already available:
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EFT-based scenarios

• Motivation: 
- Low tanβ region interesting to probe: 

φ→ττ not sensitive, but other channels, 
e.g. H→hh, φ→tt, A→Zh open up  

- Challenge is that most scenarios do not 
predict mh ~ 125 GeV in this region 

• Two approaches have been 
considered  so far: 
- hMSSM - fixes mh = 125 GeV 

everywhere in mA, tanβ - in turn fixes 
corrections to mh which, with 
assumptions, can be used to fix all mass 
and coupling properties 

- low-tanβ-high scenario 
[LHCHXSWG-2015-002]: increase MSUSY 

up to 100 TeV, based on SM EFT. Shown 
in subsequent work that mh still too 
low in parts of the parameter space

7
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Mh,EFT125

• Scenario based on 2HDM EFT with MSUSY up to 1016 GeV 
- All scalar fermion soft-SUSY breaking masses equal to MSUSY 

• All SUSY particles heavy ⇒ Phenomenology similar to a type-II 2HDM
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4.1 Input parameters

Following the recommendation of the LHC-HXSWG in Ref. [77], we make use of the following
SM input parameters:

m
pole

t = 172.5 GeV, ↵s(MZ) = 0.118, GF = 1.16637 · 10�5 GeV�2
,

mb(mb) = 4.18 GeV, MZ = 91.1876 GeV, MW = 80.385 GeV . (1)

The other lepton and quarks masses only have a minor influence on the Higgs-sector observables.
Therefore, we stick to the default values of FeynHiggs. There, however, is a strong dependence
of the light Higgs-boson mass, Mh, on the value of the employed top-quark pole mass. The
value recommended by the LHC-HXSWG is below the current world average of 173.21±0.51±

0.71 GeV [125]. In the scenarios considered here, a change of the top-quark pole mass of 0.7 GeV
would imply a change of ⇠ 0.8 GeV in the prediction for Mh.

To fix the SUSY parameters, we choose to set all scalar fermion soft-SUSY breaking masses
equal to a common scale MSUSY. In both scenarios, presented here, MSUSY will be adjusted at
each point in the (MA, tan �) plane such that Mh ⇠ 125 GeV is reached.6 We, however, do
not allow MSUSY to be larger than 1016 GeV. The minimal value of MSUSY in both benchmark
scenarios is ⇠ 6 TeV, when restricting to values of tan � between 1 and 10 and MA to be less
than 2 TeV.

In addition, in both scenarios, we choose for the gluino mass and the third-generation soft-
SUSY breaking trilinear couplings,

M3 = 2.5 TeV , At = Ab = A⌧ = 0 , (2)

respectively. Typically, large At values are chosen to reach Mh ⇠ 125 GeV for low MSUSY values.
In the scenarios considered here, we are interested most in the region of low tan� and low MA.
In this region, very high MSUSY values of up to 1016 GeV are needed to reach Mh ⇠ 125 GeV.
For such high values of MSUSY, there is only a mild dependence of the prediction for Mh on
the size of the stop mixing. And due to theoretical fine-tuning arguments, low At values are
preferred in case of a TeV-scale M3 and TeV-scale electroweakinos. Fixing M3 to 2.5 TeV, the
gluino mass is safely above current bounds from direct searches [126–131].

4.2 M125

h,EFT
scenario

The first benchmark scenario we propose is the M
125

h,EFT
scenario. All SUSY particles are chosen

to be heavy. Consequently, all MSSM Higgs boson collider observables are only mildly a↵ected
by SUSY particles and the phenomenology is very similar to that of a type-II 2HDM. This
scenario serves as a phenomenologically viable extension of the M

125

h
scenario presented in

Ref. [20] to low tan � values7. Hence, we choose the same Higgsino, bino and wino mass
parameters,

µ = 1 TeV, M1 = 1 TeV, M2 = 1 TeV, (3)

6Tables listing the MSUSY values are available as auxiliary material to this manuscript.
7Low values of tan � in an e↵ective 2HDM are also well motivated from flavor and stability constraints [132].
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Figure 1: The M
125

h,EFT
benchmark scenario shown in the (MA , tan �) plane. The green solid

contour lines indicate the required SUSY scale. The black dotted line and hatched area marks
the parameter space which is disfavored at the 2� level by the measured Higgs-boson signal
rates. The blue region with the black dashed edge is excluded at the 95% C.L. by LHC searches
for additional Higgs bosons (the dark blue band shows how the theoretical rate uncertainty
a↵ects the exclusion). The gray area is excluded because the mass of the SM-like Higgs boson
h is below 122 GeV.

respectively. The other input parameters are fixed according to Eq. (2). With this param-
eter choice, the scenario is similar to the old “low-tan �-high” scenario [18], where the elec-
troweakinos were also chosen to have masses around the TeV scale. The M

125

h,EFT
scenario is a

concrete realization of an MSSM scenario, which fulfills the assumptions used in the hMSSM
approach [36, 38, 39]: It is defined in the region of interest, i.e. low tan � and low MA, where
for low µ/MSUSY the dominant corrections to the Higgs-boson mass matrix stem from a single
element in the (2 ⇥ 2) CP-even Higgs-boson mass matrix. Therefore it is a perfect candidate
for a more detailed comparison of remaining discrepancies in Higgs-boson mass and mixing
predictions as well as Higgs-boson self-couplings and Higgs-to-Higgs decays, see e.g. Ref. [18].
Those discrepancies could reveal potential limitations of the hMSSM approach. We present a
comparison of the heavy CP-even Higgs-boson mass, MH , and the Higgs-boson mixing angle,
↵, in the following subsection.

In Fig. 1 we present the current constraints on the M
125

h,EFT
scenario in the (MA, tan �)

parameter plane. As described above, the SUSY mass scale, MSUSY, is adjusted at every point
in order to obtain Mh ' 125 GeV throughout the parameter plane. In the gray area, however,
Mh < 122 GeV, since MSUSY would have to be raised above our imposed upper limit of 1016 GeV

8

MSUSY needed 
for mh ~ 125 

GeV

Hatched region (mA < 600-700 GeV) 
excluded by light Higgs coupling 

measurements (Higgs-signals 2.2.1beta)

Exclusion from direct 
MSSM searches

mh below 122 GeV

Eur. Phys. J. C (2019) 79
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Mh,EFT125(χ)̃

• Phenomenology features H and A decays to light neutralinos and charginos
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Figure 4: The M
125

h,EFT
(�̃) benchmark scenario shown in the (MA , tan �) plane. The green solid

contour lines show the required SUSY scale. The black dotted line and hatched area depict the
2� disfavored region arising from the Higgs boson signal rate measurements. The blue region
with the black dashed boundary is excluded at the 95% C.L by LHC searches for additional Higgs
bosons (the dark blue band shows how the theoretical rate uncertainty a↵ects the exclusion).
The gray area is excluded because the mass of the SM-like Higgs boson h is below 122 GeV.

4.3 M125

h,EFT
(�̃) scenario

The second benchmark scenario we propose is the M
125

h,EFT
(�̃) scenario. In contrast to the M

125

h,EFT

scenario, this scenario features light neutralinos and charginos whose presence significantly
alters the Higgs phenomenology. We choose for the Higgsino, bino and wino mass parameters

µ = 180 GeV, M1 = 160 GeV, M2 = 180 GeV , (4)

respectively, such that this scenario represents an extension of the M
125

h
(�̃) scenario [20] to low

tan � values. The other input parameters are fixed according to Eq. (2), and the SUSY scale is
again adjusted at every parameter point in order to obtain a light Higgs mass of Mh ' 125 GeV.

In Fig. 4 we present the M
125

h,EFT
(�̃) scenario in the (MA, tan �) parameter plane. The green

contour lines show again the MSUSY values required to reach Mh ' 125 GeV. The presence of
light electroweakinos leads to an upwards shift of the SM-like Higgs-boson mass of ⇠ 1.5 GeV,
therefore, smaller MSUSY values are required as compared to the previous scenario. Again, we
encounter a parameter region (gray area) at very low MA . 200 GeV, for which MSUSY would
have to be chosen above 1016 GeV to obtain Mh � 122 GeV. However, in comparison to the
M

125

h,EFT
scenario, this region is slightly smaller due to the aforementioned contribution of the

light electroweakinos to the light Higgs-boson mass.
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Figure 6: Left : Decay width of the light CP-even Higgs boson h into photons (green contour
lines) in the (MA, tan �) plane in the M

125

h,EFT
(�̃) scenario, normalized to the corresponding SM

prediction. Right : Branching ratio of the decay h ! ��, normalized to its SM prediction (green
contour lines). In each plot, the gray exclusion region and the boundaries of the blue and the
hatched exclusion regions (shown as dashed and dotted black lines, respectively) of Fig. 4 are
also depicted.

comparison to the previous benchmark scenario, see Fig. 2, the Higgs-boson mass contours are
shifted by approximately half an order of magnitude to lower MSUSY values. As mentioned
before, this shift originates from the presence of light electroweakinos in this scenario which
lead to an upwards shift of the light Higgs-boson mass. For comparison, we also show the
approximate position of the M

125

h
(�̃) scenario of Ref. [20], for which MSUSY = 1.5 TeV and

X
OS

t
= 2.5 TeV. Keep in mind the di↵erent renormalization schemes: Ref. [20] employs X

OS

t
,

whereas this work is based on X
DR

t
.

We now discuss in detail the impact of the light electroweakinos on the decays of the MSSM
Higgs bosons. Such decays were already considered in early discussions of discovery prospects
of the CMS detector [141–143] and were advocated by theorists in recent years [46, 144–152],
see e.g. Ref. [153] for a thorough analysis on the sensitivity in a class of benchmark scenarios.
The electroweakino spectrum is fixed at tree-level by the choice of µ, M1, M2 and the value of
tan � and exhibits a strong wino-Higgsino mixing in both the neutralino and chargino sector.
This mixing, which pushes the wino and Higgsino mass eigenstates away from each other,
is enhanced for small values of tan �, such that at tan � = 1 the spectrum is slightly less
compressed than at tan � = 10. The lightest neutralino mass increases from ⇠ 85 GeV to
⇠ 112 GeV between tan � = 1 and tan � = 10. In the left panel of Fig. 6 we show the partial
width of the decay h ! �� normalized to the SM prediction. The decay width is enhanced by
& 20% for low tan � . 2. This enhancement originates from loop corrections involving light
charginos. As discussed above, our choice of M2 = µ in this scenario leads to a significant
wino-Higgsino mixing in the chargino sector, which, in turn, results in a large coupling of
the charginos to the MSSM Higgs bosons. Hence, we have a sizable contribution to h ! ��

from charginos in this scenario. The distortions for MA . 200 GeV are due to sizable mixing
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Figure 7: Branching ratios of the decays of the heavy CP-even Higgs boson H (left) and
the CP-odd Higgs boson A (right) into electroweakino pairs, shown in the (MA, tan �) plane
in the M

125

h,EFT
(�̃) scenario. The contributions from all kinematically allowed combinations of

electroweakinos in the final state are summed. In each plot, the gray exclusion region and the
boundaries of the blue and the hatched exclusion regions (shown as dashed and dotted black
lines, respectively) of Fig. 4 are also depicted.

e↵ects between the h and H bosons. In the right panel of Fig. 6 we show the branching ratio
of the decay h ! �� normalized to its SM prediction. In comparison to the partial width,
the enhancement of the h ! bb̄ decay width in the low-MA regime leads to an additional
suppression of the branching ratio of the h ! �� decay. For large MA values above around
800 GeV and tan � . 2, the branching ratio is enhanced by & 15%, which yields the exclusion
from the h ! �� signal rate measurement at very low tan � values, which persists in the
Higgs decoupling regime (MA � MZ). Future precision measurements of this Higgs-boson
decay mode thus o↵er the possibility to indirectly probe for light electroweakinos within this
scenario, even if the remaining Higgs bosons are very heavy. On the other hand, if the branching
ratio h ! �� remains to be consistent with the SM predictions in the future, the lower bound
on tan � will be increased. This will in turn lead to a more stringent upper bound on the SUSY
scale (see Fig. 5).

Fig. 7 shows the branching ratios for the decays of the heavy Higgs bosons H (left panel)
and A (right panel) into pairs of charginos and neutralinos. The contributions from all kine-
matically accessible electroweakino final states are summed. For both H and A the branching
ratio into electroweakinos exceeds 80% for tan � & 4 and MA & 500 GeV. When decreasing MA

below 500 GeV, we encounter kinematic thresholds where some decay modes into electroweaki-
nos become inaccessible, leading to a gradual decrease with sharp transitions of the inclusive
Higgs-to-electroweakino branching ratio. The structures at MA ⇠ 340 GeV are caused by the
kinematic threshold for the decays into a pair of top quarks. The large branching ratios for the
decays into electroweakinos strongly motivates dedicated LHC searches for these signatures.
We will discuss the most promising signatures in detail below.

The presence of light electroweakinos also a↵ects the decay rates of the charged Higgs
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h→γγ enhanced by loop 
corrections from 

charginos at low tanβ

Several promising channels that could be explored: 

scenario 1 scenario 2 scenario 3 scenario 4

µ [GeV] 180 180 280 280
M1 [GeV] 160 160 260 260
M2 [GeV] 180 180 280 280

tan � 2.5 7.5 2.5 7.5

Neutralino and chargino masses, production and decay rates

m�̃1 [GeV] 95.8 110.0 194.8 207.9
m�̃2 [GeV] 164.6 164.7 264.6 254.7
m�̃3 [GeV] 183.8 188.8 282.4 285.6
m�̃4 [GeV] 263.4 254.1 362.9 353.0
m

�̃
±
1

[GeV] 108.9 122.7 207.9 220.4

m
�̃
±
2

[GeV] 256.6 250.3 355.7 348.1

�(pp ! �̃1�̃3) [fb] 407.0 329.0 58.7 52.3
�(pp ! �̃3�̃4) [fb] 77.1 77.1 18.8 19.2
�(pp ! �̃±

1
�̃1) [fb] 8661.0 5206.0 754.0 579.4

�(pp ! �̃±
1
�̃2) [fb] 974.0 866.0 135.0 128.3

�(pp ! �̃±
1
�̃3) [fb] 660.0 547.0 102.0 91.9

�(pp ! �̃±
1
�̃4) [fb] 87.7 99.0 18.7 20.0

�(pp ! �̃±
2
�̃2) [fb] 132.0 136.0 31.0 31.5

�(pp ! �̃±
2
�̃3) [fb] 154.0 160.0 37.3 38.7

�(pp ! �̃±
2
�̃4) [fb] 331.2 371.0 92.9 102.3

�(pp ! �̃±
1
�̃⌥

1
) [fb] 4613.0 2999.7 440.0 352.2

�(pp ! �̃±
1
�̃⌥

2
) [fb] 71.4 65.6 15.2 14.3

�(pp ! �̃±
2
�̃⌥

2
) [fb] 199.0 217.2 54.5 58.9

BR(�̃2 ! . . . ) 100.0% (�̃±
1
W⌥ ⇤) 99.0% (�̃±

1
W⌥ ⇤) 100% (�̃±

1
W⌥ ⇤) 100% (�̃±

1
W⌥ ⇤)

54.8% (�̃±
1
W⌥ ⇤) 55.5% (�̃±

1
W⌥ ⇤) 52.2% (�̃±

1
W⌥ ⇤) 52.4% (�̃±

1
W⌥ ⇤)

BR(�̃3 ! . . . )
45.2% (�̃0

1
Z⇤) 44.5% (�̃0

1
Z⇤) 47.8% (�̃0

1
Z⇤) 47.6% (�̃0

1
Z⇤)

BR(�̃0
4

! . . . ) 99.5% (�̃±
1
W⌥) 99.1% (�̃±

1
W⌥) 99.8% (�̃±

1
W⌥) 99.5% (�̃±

1
W⌥)

BR(�̃±
1

! . . . ) 100% (�̃0
1
W± ⇤) 100% (�̃0

1
W± ⇤) 100% (�̃0

1
W± ⇤) 100% (�̃0

1
W± ⇤)

BR(�̃±
2

! . . . )
53.4% (�̃±

1
Z) 51.5% (�̃±

1
Z) 53.7% (�̃±

1
Z) 52.7% (�̃±

1
Z)

38.0% (�̃0
1
W±) 41.8% (�̃0

1
W±) 40.1% (�̃0

1
W±) 44.7% (�̃0

1
W±)

Table 1: A detailed view on two parameter points from the M
125

h,EFT
(�̃) scenario (scenario 1 and

2), as well as two variations (scenario 3 and 4): relevant parameters for the electroweak sector
(top panel); masses and rates for the dominant production modes (for the LHC at 13 TeV) and
decay modes of the neutralinos and charginos (bottom panel).

For the heavy CP-even Higgs boson H we identify the cascade decay

H ! �̃
±
1
�̃

⌥
2

! (�̃1W
± ⇤)(�̃⌥

1
Z) ! �̃1�̃1W

± ⇤
W

⌥ ⇤
Z (5)

as the most frequent process, with a total rate of around 17.7% (16.8%) for tan � = 2.5 (7.5).
Despite their o↵-shellness, one can still expect reasonably high-pT leptons from the W -bosons,
provided that MH � (m

�̃
±
1

+ m
�̃
±
2
), as is the case in this example. This process can therefore

lead to a spectacular signature with up to 4 reconstructable leptons, missing transverse energy,

21

BR ~ 17%

scenario 1 scenario 2 scenario 3 scenario 4

µ [GeV] 180 180 280 280
M1 [GeV] 160 160 260 260
M2 [GeV] 180 180 280 280

tan � 2.5 7.5 2.5 7.5

MSSM Higgs boson production and decay rates for MA = 1TeV

�(gg ! H) [fb] 19.0 1.8 19.0 1.8
�(bb̄ ! H) [fb] 0.6 5.1 0.6 5.1
�(gg ! A) [fb] 24.6 3.6 24.6 3.6
�(bb̄ ! A) [fb] 0.6 5.1 0.6 5.1
�(pp ! tH�) [fb] 3.7 0.7 3.7 0.7

33.1% (�̃±
1
�̃⌥

2
) 32.6% (�̃±

1
�̃⌥

2
) 33.0% (�̃±

1
�̃⌥

2
) 36.0% (�̃±

1
�̃⌥

2
)

BR(H ! �̃�̃) 11.1% (�̃3�̃4) 18.4% (�̃±
1
�̃⌥

1
) 10.9% (�̃1�̃3) 14.4% (�̃±

1
�̃⌥

1
)

9.8% (�̃1�̃3) 12.6% (�̃3�̃4) 10.4% (�̃3�̃4) 12.4% (�̃3�̃4)
20.2% (�̃±

1
�̃⌥

1
) 26.8% (�̃±

1
�̃⌥

1
) 19.6% (�̃±

1
�̃⌥

1
) 26.1% (�̃±

1
�̃⌥

1
)

BR(A ! �̃�̃) 13.2% (�̃±
2
�̃⌥

2
) 16.6% (�̃±

1
�̃⌥

2
) 12.5% (�̃±

2
�̃⌥

2
) 14.0% (�̃±
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�̃⌥

2
)

12.2% (�̃1�̃1) 14.8% (�̃1�̃1) 12.2% (�̃1�̃1) 15.2% (�̃1�̃1)
12.7% (�̃1�̃

+

2
) 19.9% (�̃1�̃

+

2
) 12.3% (�̃4�̃

+

1
) 17.4% (�̃1�̃

+

2
)

BR(H+
! �̃�̃+) 12.6% (�̃4�̃

+

1
) 16.0% (�̃4�̃

+

1
) 11.2% (�̃1�̃

+

2
) 16.6% (�̃4�̃

+

1
)

9.4% (�̃2�̃
+

2
) 13.1% (�̃2�̃

+

1
) 9.5% (�̃3�̃

+

1
) 13.1% (�̃3�̃

+

1
)

BR(h ! ��)MSSM/SM 1.12 1.02 1.02 0.98

Table 2: A detailed view on two parameter points from the M
125

h,EFT
(�̃) scenario (scenario 1 and

2), as well as two variations (scenario 3 and 4): relevant parameters for the electroweak sector
(top panel); rates of the dominant production modes (for the LHC at 13 TeV) and decay modes
to electroweakinos of the heavy Higgs bosons H, A and H

+, for fixed MA = 1 TeV (bottom
panel).

and for larger tan � values possibly two additional b-jets, if the heavy Higgs boson is produced
in association with bottom quarks. Moreover, many of the other possible cascade decays also
lead to final states with multiple W - and or Z-bosons. In contrast, the direct (invisible) Higgs-
boson decay into two lightest neutralinos, H ! �̃1�̃1, as well as decays leading to a Z +��ET

final state (e.g., via H ! �̃1�̃3 ! �̃1�̃1Z) occur with smaller rates, e.g. with branching ratios
of 3.4% and 4.4%, respectively, in scenario 1.12

For the CP-odd Higgs boson A, the most frequent process is

A ! �̃
±
1
�̃

⌥
1

! �̃1�̃1W
± ⇤

W
⌥ ⇤ (6)

with a rate of 20.2% (26.5%) for tan � = 2.5 (7.5). Experimentally more promising, however,
might be the cascade

A ! �̃
±
2
�̃

⌥
2

! (�̃±
1
Z)(�̃⌥

1
Z) ! �̃1�̃1ZZW

± ⇤
W

⌥ ⇤ (7)

12Our scenario(s) are therefore phenomenologically very di↵erent to those considered in Ref. [153], where the
final state Z +�ET is regarded as the most promising search channel.
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BR ~ 20-25%

Kinematics can be 
notably different  than in 

general SUSY searches

Eur. Phys. J. C (2019) 79
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MH125 scenario

• Scenario in which the heavier CP-even 
Higgs is SM-like 

• Allowed region constrained by light 
H+/- searches, SM Higgs couplings and 
heavy neutral A→ττ searches 
- Hatched regions accounts for 

contributions of h and A to SM rates 
when masses are within experimental 
resolution

10

Exclusion from 
H+→τν searches

Exclusion from A→ττ 
searches

Decay H+→hW+ dominates 
in this region

Orange region 
excluded by H→hh 
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Status of the ROOT files

• Models are linked from the twiki page: 
- https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral 
- Citation guide for analysts is also provided - please check this carefully if you make use of 

the scenarios! 

• Access tools (C++/python) are provided to make extracting numerical values 
straightforward

11

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral
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Planned developments

• Remaining ROOT files will be added to the twiki soon 
- All to be updated to include specific sparticle decay branching ratios - currently only the sum 

available 

• A revised hMSSM scenario is well motivated 
- Update with the most recent SM input parameters 
- Proposal to include one-loop top-quark corrections to the trillinear Higgs self-coupling 

[1810.10979] 

- Motivates a detailed comparison of H→hh BR between EFT and this improved hMSSM approach 

• A variant of the Mh125 scenario with opposite sign μ is of interest for the A/H→bb 
channel 
- Δb correction then enhances the Hbb and Abb coupling instead of suppressing them 
- Further studies are ongoing to find a combination of MSSM parameters that maximizes the ratio of 

the Hbb coupling to the Htautau coupling 

• A XSWG note will be prepared to detail the scenarios and how the predictions have been 
determined 

• Timeline: end of 2019 - start of 2020

12
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Summary

• Significant progress on finalising the new scenarios proposed in arXiv:1808.07542 
and arXiv:1901.05933 

• In particular the EFT-based scenario ROOT files are now available 
- MH125 expected very soon 
- Phenomenology of decays to charginos and neutralinos explored in detail 

• A long-standing goal is also to provide ROOT files which give the gluon fusion A/
H pT spectrum as a function of mA, tanβ (see backup) 
- We hope to attract new interest in completing this from within CMS and ATLAS 

13
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Backup

14
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Mh125 (τ)̃ scenario

• Scenario with light staus  
- Allows for BR(H/A→ττ̃)̃ ~ 10-20% for high 

tanβ, decays to SM particles reduced 

- Modifies h→γγ branching ratio, enhanced at 
high tanβ

15
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Mh125 (𝛘̃) scenario

16

• Scenario with light electroweakinos  

- Opens significant BR(H/A→�̃�i𝛘̃j), up to 80% 
for mA > 500 GeV and 5 < tanβ < 10 

- H+→�̃�0𝛘̃+ can be a dominant channel for MH+ 
> 600 GeV, but experimentally challenging
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Mh125 (alignment) scenario

• In a general 2HDM the alignment limit, 
where one Higgs has SM-like couplings, 
usually features decoupling: 
- Lightest CP-even h associated with SM 

Higgs 
- Other Higgs bosons significantly heavier 

• Scenarios proposed that feature 
alignment without decoupling 

• This version keeps the SM-like Higgs as h 

• Under tension from vacuum stability

17

Wedge-like region around tanβ ≈ 7 
where alignment occurs  

⇒ mA down to ~ 430 GeV still viable
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CP-violating scenario

• h, H, A mix to three mass eigenstates h1,2,3 

through phase in trilinear coupling At 

• Parameters chosen to have strongest 
interference in region close to the current 
exclusion in other benchmarks 

• Model is now under tension from latest EDM 
measurements [Nature 562, 355-360 '18] 

• Interference factors for I→hi→f process 
calculated:

18

Region where interference reduces σxB for h2,3→ττ

Fuchs, Weiglein ’16 ’17
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bbH production

19

• Progress has been made in matching 4FS and 5FS calculations 
- Up to now we have relied on the "Santander" empirical matching scheme

Chapter IV.2. Neutral Higgs Boson Production in Association with Bottom Quarks 519
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Figure 262: Pictorial representation with sample diagrams appearing in the computation of the bbH cross section,
grouped according to the different perturbative countings adopted in the 4FS (green), 5FS (blue areas) and the
matched resummed result of Ref. [1154] (red).

With this simplification, expanding the all-orders result for the matched cross section in powers of
↵s = ↵s(µF ), the following perturbative expansion is obtained

LO+LL � = ↵2
sC̄

(2)
ij ⌦ f [5]

i ⌦ f [5]
j + ↵s4C(1)

bg ⌦ f [5]
b ⌦ f [5]

g + 2C(0)
bb̄

⌦ f [5]
b ⌦ f [5]

b

NLO+NLL + ↵3
sC̄

(3)
ij ⌦ f [5]

i ⌦ f [5]
j + ↵2

s4C(2)
bk ⌦ f [5]

b ⌦ f [5]
k + ↵s2C(1)

bb̄
⌦ f [5]

b ⌦ f [5]
b

NNLO+NNLL + ↵4
sC̄

(4)
ij ⌦ f [5]

i ⌦ f [5]
j + ↵3

s4C(3)
bk ⌦ f [5]

b ⌦ f [5]
k + ↵2

s(2C(2)
bb̄

+ 2C(2)
bb ) ⌦ f [5]

b ⌦ f [5]
b

+ . . . . (IV.2.15)

The factors of two and four account for the exchange of partons among the two protons and (to a first
approximation) the equality f [5]

b = f [5]
b̄

. A sum over light quark and gluons is implicitly assumed when
latin indices i, j, k, ... are repeated. The superscripts on the coefficient functions indicate the order in ↵s

to which these are computed. In Figure 262 the counting of Eq. (IV.2.15) is pictorially summarized and
compared to the 4FS and 5FS counting.

At this point, it is important to point out that the construction of the coefficient functions C̄ij

is formally the same as the corresponding construction in the the FONLL approach [1155] (and to a
hypothetical S-ACOT construction). There are however, two main differences between these approaches.
Firstly, the matched NLO+NLL result of Refs. [1154, 1166] counts the effective b-quark PDF as an
O(↵s) perturbative object, which follows from including all perturbative ingredients in the perturbative
counting, as explained above. Secondly, the results of Refs. [1154, 1166] and those provided here,
explicitly include an estimate of the resummation uncertainty associated with the 5F resummation by
varying the (in principle arbitrary) matching scale µb.

At present, all coefficient functions in Eq. (IV.2.15) except C̄(4)
ij and C(3)

bk are known [565, 1085,
1086, 1167]. Therefore, the highest possible accuracy that can be currently achieved is NLO+NLL and
it is not yet possible to produce full NNLO+NNLL results, which would require knowledge of the full
NNLO 4FS result. However, the two-loop coefficients C(2)

bb̄
and C(2)

bb are known [565], and can in prin-
ciple be added to the NLO+NLL result. In our counting this provides a partial NNLL result, denoted as

• Two new consistently matched schemes: 
- FONLL-B (Forte, Napoletano, Ubiali) 

- arXiv:1508.01529, arXiv:1607.00389  
- NLO+NNLLpart+ybyt (Bonvini, Papanastasiou, Tackmann) 

- arXiv:1508.03288, arXiv:1605.01733  
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Figure 264: Comparison of the inclusive bb̄� production cross sections for the different matching procedures, i.e.
Santander matching, FONLL-B and NLO+NNLLpartial+ybyt. The lower plot displays the ratios to the central
Santander-matched prediction.

IV.2.3 Differential Monte-Carlo predictions

In this section, we present Monte-Carlo predictions at the 13 TeV LHC for both total rates with and
without cuts, and several differential distributions, reconstructed from the final-state momenta in bb̄�
production, and compare them among the different generators under consideration.

Before introducing the different Monte Carlo generators under consideration, let us summarize the
available computations for differential bb̄�-production in the literature. The first distributions in the 4FS
cross section have been presented (to a very limited extent though) through NLO QCD in Refs. [1085,
1086]. A more comprehensive study of differential quantities in the 4FS and the first matching of the
NLO cross section to the PS has later been performed in Ref. [431] within the MC@NLO approach
[340]. Recently, the corresponding computation in the POWHEG framework [342, 343] was done in
Ref. [1169]. The number of differential computations in the 5FS is considerably larger. At parton-
level NLO corrections are known for the H + b and H+jet processes [1170, 1171], as well as NNLO
corrections for the jet-vetoed rate [1172] and the fully-differential cross section [1167]. The transverse
momentum distribution of the Higgs boson was studied analytically at NNLO [1173] and including
resummation at NLO+NLL [1174] and NNLO+NNLL [1175]. NLO+PS predictions in the 5FS were
computed in Ref. [431].

Both predictions in agreement, ~ 15% higher 
than Santander matched
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Higgs pT reweighting

• Higgs pT distribution requires 
resummation - currently define 
separate scales μ for different 
contributions: 
- Implemented in POWHEG [JHEP 1202:088,2012, 

JHEP 01 (2016) 056], aMCSusHi [JHEP07(2014)079, arXiv:

1504.06625], MoRe-Sushi [JHEP11(2014)116] 

• In the MSSM the relative strength of 
the top and bottom Yukawa couplings 
affects the pTH distribution 

• CMS has published results showing 
the "model independent" gluon-fusion 
limits are sensitive to the relative top-
bottom contributions 
- Changes the acceptance for mφ < 130 GeV
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Higgs pT reweighting

21

• Effort to provide tool for determining 
distribution for arbitrary mA, tanβ: several 
ingredients needed to construct the total 
spectrum: 

• All Higgs pT distributions will be packaged 
within a RooFit workspace inside a ROOT file  
- Advantages: no additional code or interface needed, 

format widely used within CMS and ATLAS 
- Simply set parameters and look-up desired values:

pT	distributions	to	reweight	MC	(given	some	reference,	e.g	PY8

Cross	sections	in	2HDM	at	
reference	tanβ values

Yukawa	couplings	for:	2HDM	at	
reference	values + MSSM	vs	mA,tanβ

auto w = (RooWorkspace*)file->Get(“workspace”);
w->var(“mA”)->setVal(1000.);
w->var(“tanb”)->setVal(30.);
double xs = w->function(“ggA_t_MSSM_xsec”)->getVal();


