
HEAVY HIGGS DECAYS AS 
A WINDOW TO THE 
SUPERSYMMETRIC WORLD

�1

BASED ON: 
HEP-PH 171X.XXXXX WITH STEFANIA GORI, ZHEN LIU  

HEP-PH 1703.07800 WITH SEBASTIAN BAUM, KATHERINE FREESE, NAUSHEEN SHAH

BIBHUSHAN SHAKYA 



�2

decay channel NMSSM Higgs Reference Reference

tested
p
s = 8TeV

p
s = 13TeV

H ! ⌧+⌧� hi, H3, A1, A2 [46–48] [49, 50]

H ! bb̄ h1, H3, A1, A2 – [51]

H ! �� hi, H3, A1, A2 [52–54] [55–57]

H ! ZZ h1, H3 [58] [59–65]

H ! WW hi, H3 [66–68] [69–72]

H ! hSMhSM ! bb̄⌧+⌧� hi, H3 [73–75] [76, 77]

H ! hSMhSM ! bb̄`⌫``⌫` hi, H3 – [78]

H ! hSMhSM ! bb̄bb̄ hi, H3 [79, 80] [81–83]

H ! hSMhSM ! bb̄�� hi, H3 [84, 85] [86, 87]

A ! ZhSM ! Zbb̄ A1, A2 [88, 89] [90]

A ! ZhSM ! Z⌧+⌧� A1, A2 [73, 88] –

hSM ! AA ! ⌧+⌧�⌧+⌧� A1, A2 [91] –

hSM ! AA ! µ+µ�bb̄ A1, A2 [91] –

hSM ! AA ! µ+µ�⌧+⌧� A1, A2 [91] –

hSM ! AA ! µ+µ�µ+µ� A1, A2 – [92]

A/H ! Zhi/A1 A2/H3, hi/A1 [93] –

TABLE II. Direct Higgs searches at the LHC used for this work. hi = h2 (h1) if the (second) lightest

scalar is SM-like.

computed directly from the NMSSM implementation in SusHi. We find agreement to better

than 5% in most cases, with deviations of up to 15% in rare cases, particularly for CP-

odd Higgs bosons with masses close to the top-resonance mAi ' 2mt. We address such

discrepancies by recalculating the gluon fusion production cross section with the NMSSM

implementation of SusHi for points with �(ggHi/ggAi) ⇥ BR(Hi/Ai ! final state) within

±20% of the respective LHC exclusion limit.

LHC searches for additional Higgs bosons with pairs of leptons, quarks, or photons in

the final states are applicable for the two CP-even neutral Higgs bosons not identified with

the SM-like Higgs boson, and for both CP-odd neutral Higgs bosons. Searches for Higgs
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LHC SEARCHES FOR HEAVY HIGGS BOSONS  
(DECAY INTO SM FINAL STATES): 

A COMPREHENSIVE PROGRAM

tt bb ττ μμ ZZ WW γγ hh

Searched
Run 1

Searchable
Run 2

H 

tt bb ττ μμ γγ Zh

tb τν cs Wh

A 

H± Heavy Higgs 
Search List

Approaching 
complete 
coverage

From Nathaniel Craig’s talk at Higgs Couplings ‘16

From hep-ph 1703.07800
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• strongest constraints from A/H -> ττ  

• strongest constraints at small mA + large tanβ  

• depends somewhat on the scenario (SUSY parameters) 

• difficult to probe large mA (> 500 GeV),small tanβ  (<10) 

(decays dominantly to tops, which is messy)

LHC CONSTRAINTS AND PROSPECTS

hep-ph 
1602.02782
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DECAYS BEYOND SM STATES

strongly interacting: will be 
discovered directly if lighter 

than heavy Higgs 

lighter generation sleptons: 
small coupling to Higgs bosons  

decay modes of interest : 
neutralinos     charginos      staus

low direct production rates at the LHC,                  
coupling to heavy Higgs bosons can be significant



ARE HEAVY HIGGS DECAYS TO 
THESE STATES VIABLE SIGNALS 
AT THE HIGH LUMINOSITY LHC?

BASED ON HEP-PH 171X.XXXXX  
WITH STEFANIA GORI, ZHEN LIU

* AS PROBES OF HEAVY HIGGS BOSONS 

* AS DISCOVERY CHANNELS OF THESE SUSY EW STATES 

* AS COMPLEMENTARY COVERAGE IN HEAVY HIGGS 

PARAMETER SPACE
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DECAY INTO NEUTRALINOS
SUSY Heavy Higgs
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Heavy Higgs often a portal to electroweakinos 
Reasonable cross section and distinctive kinematics 

[NC, D’Eramo, Draper, Thomas, Zhang  ’15] 

For example: SUSY benchmark w/ tanβ = 5, M2 = 300 GeV, M1 = 143 GeV 

More room for study of discovery potential for electroweakinos in heavy Higgs decays up to ~60% below ttbar threshold, O(10)% above, peaks at tan beta ~7

hep-ph 1504.04630

hep-ph 
1607.00676

IV. pp ! A/H ! �0�j , �j ! �0Z

[Old discussion]: We plot the neutralino production cross section through Higgs decay, and

its relative size to direct neutralino production (via Drell Yan), in Fig. 2 [this is an old plot,

can/should be updated as needed]. In this plot, for each M1, µ combination, the values of mA

and tan� are optimized to yield the highest cross section. We show both the cross section

(in fb) (left panel) as well as the cross section relative to that of the direct production of the

neutralinos and charginos (right panel). We only include information for the psedoscalar A, and

not the scalar H. [also, note that this plot lists total BR into all possible neutralinos/charginos

and hence is not directly related to the mono-Z signal we analyze in this section, and hence

probably should be moved to an earlier section when we start sorting things].
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FIG. 2. Left panel: log10(�(pp ! A ! �i�j)/fb). Right panel: log10(

�(pp!A!�i�j)
�(pp!�i�j)

). For each M1, µ

combination, the values of mA and tan� are optimized to yield the highest cross section.

In this section, we study the topology pp ! A/H ! �1�j, �j ! �1Z, where �1 is the

lightest neutralino (as well as the LSP). This gluon fusion process gives the same neutralino

topology as the Drell-Yan (DY) production, but we can make use of the fact that it is produced

through a heavier Higgs decay and use the transverse mass distribution as a tool to extract

the signal. Here, note that the o↵-shell Z in DY only couples to the Higgsino component of

the neutralinos, whereas the Higgs couples to a bino-Higgsino combination. Hence in the limit

4

contours of

(wino decoupled, mA, tanβ  optimized)

PRELIMINARY

heavy Higgs decay can be the 
dominant production source of  

neutralinos at the LHC
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DECAY INTO STAUS

• coupling proportional to Atau, constrained by vacuum stability  

• BR(A/H->staus) can also be ~O(10)%; comparable/larger than BR(A/H->tau), 
scales similarly with tan beta  

• same final state in signal as A/H -> tau search channel, with more MET
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DIRECT PRODUCTION VS VIA HEAVY HIGGS DECAY 

• tree level, but small 
production cross section 

• off shell mediator, no 
kinematic information

• loop level (if gluon fusion), production 
cross section can still be larger 

• on shell mediator: can possibly use 
information of the parent (Higgs)

recent work in this direction for neutralinos: 
hep-ph 1607.00676, 1504.04630

• neutralinos: Z couples only to Higgsino component; W to wino or Higgsino 
components. Higgs to gaugino-Higgsino combination 

• staus: heavy Higgs couplings to staus (vs taus) enhanced by trilinear Atau term
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MANY POSSIBLE FINAL STATES,  
SOME BETTER THAN OTHERS…5 Other electroweak-ino channels

I would put here the discussion/plots of the rates for the other channels we considered and
that we concluded to be rather challenging

5.1 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1h

The presence of a Higgs instead of a Z in the final state enables us to avoid the problematic
tt̄ background. We can then look for events where h æ bb (4b+MET final state), or even to
““. In Fig. 9 we show the number of events expected at the 13 TeV LHC with 300/fb in the
““ channel [needs a denser scan to iron out the irregularities]. We see that ≥ 50 ≠ 100 events
can be expected, and since this should be relatively clean, we can hope to extract this signal.
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Figure 9. The number of events for pp æ bbA/H, A/H æ ‰1‰j (where j=2,3), ‰j æ ‰1h with
300/fb of data at the 13 TeV LHC. Here we simply multiply the bbA result by 2 to include bbH;
BR(h æ ““) = 2.3 ◊ 10≠3 has been included.

One can also consider h decays to gauge bosons, although these are not very ideal either
(BR into fully leptonic channels are quite small).

5.2 ttA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

Although there is a price to pay for top pair production, this channel o�ers a way to avoid the
problematic tt̄ background. The number of events expected at the 13 TeV LHC with 300/fb
of data is shown in Fig. 10; O(10) events are expected at low values of tan—. This channel
might be better suited for 3000/fb.

– 11 –

where the LSP is a pure bino, DY will not produce �j�0 (i.e. does not contribute directly to

the channel of interest), but Higgs decays will.

To optimize the reach of the decay chain of interest, we consider the case m�3 ⇡ m�2 ⇡
m�1 + 100 GeV, so that both of the heavier neutralinos decay into the LSP and a Z boson

since decays to LSP+h are kinematically forbidden. Likewise, we take m�3 ⇡ m�2 ⇠ µ and

m�1 ⇠ M1 so that the LSP is bino-like and the heavier neutralinos are Higgsino-like. For

such setups, the most stringent LHC bounds on direct neutralino production comes from the

topology pp ! �2�
±
1 ! �1�1ZW [1, 2]. The bounds in these papers are for production of wino-

like chargino-neutralino production, and roughly scaling them for Higgsino-like neutralinos and

charginos gives significantly weaker bounds: m�2 & 240 GeV for e↵ectively massless LSP, and

m�2 & 150 GeV for m�2,3 �m�1 ⇡ 100 GeV. Likewise, there are bounds on heavy Higgs bosons

from A/H ! ⌧⌧ decays from ATLAS [3] and CMS [4] (ATLAS results are more user-friendly).

With this setup, we perform a scan over parameter space using SUSY-HIT, scanning over tan�

over the range 2� 20 (currently in steps of 3), mA between 500� 1000 GeV (currently steps of

100 GeV) (also, note that for such heavymA we are already in the decoupling limit in the MSSM

independent of other parameter choices), and µ between 250� 500 GeV (currently steps of 50

GeV). For these points, we calculate the cross section for pp ! H/A ! �2,3+�1 ! �1�1Z. We

find that A/H can have a combined branching ratio into �2,3�1 of up to 30% (peaking around

tan� ⇠ 7, where the combined decays into tt̄ and bb̄ are minimized). We have verified that the

contribution from A/H ! �2�3,�
+�� as well as from direct production of neutralinos to the

final state of interest is always negligible (percent level or less). [What about contribution

from direct production via Drell Yan?]

For this topology, we study the reach of the 14 TeV LHC with 3000/fb of data by [Zhen,

please fill in details of your procedure here]. The results are shown in [insert figures

once kinks have been ironed out]. We find that the reach improves with decreasing tan�

since the gluon fusion production cross sections for both A and H increase as tan� is lowered

from 20 to 2. Our cross sections / results are roughly in agreement with those in [5].

One can then compare the reach with this search strategy to the projected LHC reach for

neutralinos and Higgs bosons. The projected LHC reach with 300 and 3000/fb of data is given

in [6]; we find that the reach is not very strong in the m�2,3 �m�1 ⇡ 100 GeV regime (is around
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6 Old stu�

Here we list some other topologies that we considered but were not promising / topologies
that might be interesting to look into in the future.

6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
However, we find that the final state bbZ su�ers from a huge tt̄ background, and it is extremely
di�cult to extract a signal, even with a cut on the invariant mass of the leptons to a mZ (see
Zhen note on dropbox). In general, we find that it is di�cult to extract any signal for which
tt̄ is a background.

6.3 tbH±, H± æ ‰±‰1, ‰± æ ‰1W ±

This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.

– 13 –

6 Old stu�

Here we list some other topologies that we considered but were not promising / topologies
that might be interesting to look into in the future.

6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
However, we find that the final state bbZ su�ers from a huge tt̄ background, and it is extremely
di�cult to extract a signal, even with a cut on the invariant mass of the leptons to a mZ (see
Zhen note on dropbox). In general, we find that it is di�cult to extract any signal for which
tt̄ is a background.

6.3 tbH±, H± æ ‰±‰1, ‰± æ ‰1W ±

This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.

– 13 –

6 Old stu�

Here we list some other topologies that we considered but were not promising / topologies
that might be interesting to look into in the future.

6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
However, we find that the final state bbZ su�ers from a huge tt̄ background, and it is extremely
di�cult to extract a signal, even with a cut on the invariant mass of the leptons to a mZ (see
Zhen note on dropbox). In general, we find that it is di�cult to extract any signal for which
tt̄ is a background.

6.3 tbH±, H± æ ‰±‰1, ‰± æ ‰1W ±

This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.

– 13 –

6 Old stu�

Here we list some other topologies that we considered but were not promising / topologies
that might be interesting to look into in the future.

6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
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This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.
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• invisible 

• mono Z 

• bbh 

• ttZ 

• final states suffer from ttbar background 

• ZZ, Zh from multiple/cascade decays

etc… see also 1711.00056
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MANY POSSIBLE FINAL STATES,  
SOME BETTER THAN OTHERS…5 Other electroweak-ino channels

I would put here the discussion/plots of the rates for the other channels we considered and
that we concluded to be rather challenging

5.1 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1h

The presence of a Higgs instead of a Z in the final state enables us to avoid the problematic
tt̄ background. We can then look for events where h æ bb (4b+MET final state), or even to
““. In Fig. 9 we show the number of events expected at the 13 TeV LHC with 300/fb in the
““ channel [needs a denser scan to iron out the irregularities]. We see that ≥ 50 ≠ 100 events
can be expected, and since this should be relatively clean, we can hope to extract this signal.
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Figure 9. The number of events for pp æ bbA/H, A/H æ ‰1‰j (where j=2,3), ‰j æ ‰1h with
300/fb of data at the 13 TeV LHC. Here we simply multiply the bbA result by 2 to include bbH;
BR(h æ ““) = 2.3 ◊ 10≠3 has been included.

One can also consider h decays to gauge bosons, although these are not very ideal either
(BR into fully leptonic channels are quite small).

5.2 ttA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

Although there is a price to pay for top pair production, this channel o�ers a way to avoid the
problematic tt̄ background. The number of events expected at the 13 TeV LHC with 300/fb
of data is shown in Fig. 10; O(10) events are expected at low values of tan—. This channel
might be better suited for 3000/fb.
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where the LSP is a pure bino, DY will not produce �j�0 (i.e. does not contribute directly to

the channel of interest), but Higgs decays will.

To optimize the reach of the decay chain of interest, we consider the case m�3 ⇡ m�2 ⇡
m�1 + 100 GeV, so that both of the heavier neutralinos decay into the LSP and a Z boson

since decays to LSP+h are kinematically forbidden. Likewise, we take m�3 ⇡ m�2 ⇠ µ and

m�1 ⇠ M1 so that the LSP is bino-like and the heavier neutralinos are Higgsino-like. For

such setups, the most stringent LHC bounds on direct neutralino production comes from the

topology pp ! �2�
±
1 ! �1�1ZW [1, 2]. The bounds in these papers are for production of wino-

like chargino-neutralino production, and roughly scaling them for Higgsino-like neutralinos and

charginos gives significantly weaker bounds: m�2 & 240 GeV for e↵ectively massless LSP, and

m�2 & 150 GeV for m�2,3 �m�1 ⇡ 100 GeV. Likewise, there are bounds on heavy Higgs bosons

from A/H ! ⌧⌧ decays from ATLAS [3] and CMS [4] (ATLAS results are more user-friendly).

With this setup, we perform a scan over parameter space using SUSY-HIT, scanning over tan�

over the range 2� 20 (currently in steps of 3), mA between 500� 1000 GeV (currently steps of

100 GeV) (also, note that for such heavymA we are already in the decoupling limit in the MSSM

independent of other parameter choices), and µ between 250� 500 GeV (currently steps of 50

GeV). For these points, we calculate the cross section for pp ! H/A ! �2,3+�1 ! �1�1Z. We

find that A/H can have a combined branching ratio into �2,3�1 of up to 30% (peaking around

tan� ⇠ 7, where the combined decays into tt̄ and bb̄ are minimized). We have verified that the

contribution from A/H ! �2�3,�
+�� as well as from direct production of neutralinos to the

final state of interest is always negligible (percent level or less). [What about contribution

from direct production via Drell Yan?]

For this topology, we study the reach of the 14 TeV LHC with 3000/fb of data by [Zhen,

please fill in details of your procedure here]. The results are shown in [insert figures

once kinks have been ironed out]. We find that the reach improves with decreasing tan�

since the gluon fusion production cross sections for both A and H increase as tan� is lowered

from 20 to 2. Our cross sections / results are roughly in agreement with those in [5].

One can then compare the reach with this search strategy to the projected LHC reach for

neutralinos and Higgs bosons. The projected LHC reach with 300 and 3000/fb of data is given

in [6]; we find that the reach is not very strong in the m�2,3 �m�1 ⇡ 100 GeV regime (is around
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6 Old stu�

Here we list some other topologies that we considered but were not promising / topologies
that might be interesting to look into in the future.

6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
However, we find that the final state bbZ su�ers from a huge tt̄ background, and it is extremely
di�cult to extract a signal, even with a cut on the invariant mass of the leptons to a mZ (see
Zhen note on dropbox). In general, we find that it is di�cult to extract any signal for which
tt̄ is a background.

6.3 tbH±, H± æ ‰±‰1, ‰± æ ‰1W ±

This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.
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6.1 bbA/H, A/H æ invisible

to put some of this discussion in the intro and to refer to the paper of Nathaniel
BM1, is not particularly interesting as the only exotic decay modes are given by

BR(H æ ‰1‰1) ≥ 3%, BR(A æ ‰1‰1) ≥ 6.9%. (6.1)

for a heavy scalar mass of 380 GeV and tan — = 7. Taking a look at the b(b)+ MET topology,
we get S/B ≥ 0.1 pb/100 pb (for this result, we simply cut on MET) showing that it is going
to be tough to see this signal. Also [7] confirms this finding. In particular in Fig. 13, they
show that at mA = 380 GeV, they are able to exclude a ‡(pp æ b(b)H/A æ MET) ≥ 5 pb
at the 8 TeV LHC. For our benchmark model pp æ H ≥ 100 fb! This avenue therefore does
not look very promising.

6.2 bbA/H, A/H æ ‰1‰3, ‰3 æ ‰1Z

BM2 is more interesting since it predicts several other decay modes

BR(H æ ‰1‰2) ≥ 19.6%, BR(H æ ‰1‰3) ≥ 4.9%,

BR(A æ ‰1‰2) ≥ 6.1%, BR(H æ ‰1‰3) ≥ 14.7%,

BR(H± æ ‰1‰±
1 ) ≥ 27.9%, BR(H æ ‰3‰±

1 ) ≥ 2%, (6.2)

with mA = 600 GeV and tan — = 8. The additional spectrum is given by m‰1 ≥ 140 GeV, m‰2 ≥
260 GeV, m‰3 ≥ 260 GeV, m‰± ≥ 255 GeV. This spectrum is safe towards the present
searches of heavy Higgs bosons (see eg [? ]) and electroweakino searches [add references].

For this benchmark, ‰2,3 æ Z, so that we have visible decay products from the Z decay.
However, we find that the final state bbZ su�ers from a huge tt̄ background, and it is extremely
di�cult to extract a signal, even with a cut on the invariant mass of the leptons to a mZ (see
Zhen note on dropbox). In general, we find that it is di�cult to extract any signal for which
tt̄ is a background.

6.3 tbH±, H± æ ‰±‰1, ‰± æ ‰1W ±

This again runs into the tt̄ background issue; however, a di�erent decay mode, e.g. H± æ
‰±‰2, might give some additional handle?

6.4 Cascade decays and more complicated spectra

Another option is to consider more compacted spectra and decay channels that produce more
final state particles. For instance, H æ ‰2, ‰3,with both neutralinos then decaying to the
LSP. Or, H æ ‰3, ‰1, followed by ‰3 æ ‰2Zú and ‰2 æ ‰1Zú. This likely requires the entire
neutralino spectrum (i.e. all gauginos and Higgsinos) to be light.
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• invisible 

• mono Z 

• bbh 

• ttZ 

• final states suffer from ttbar background 

• ZZ, Zh from multiple/cascade decays

etc… see also 1711.00056



• require dilepton pair to reconstruct Z mass (85-95 GeV) 

• optimize: lower cut on missing transverse energy, and upper cut on 

!

!

!

Background: dominant: ZZ, subdominant: WW 
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DECAY TO NEUTRALINOS

where the LSP is a pure bino, DY will not produce �j�0 (i.e. does not contribute directly to

the channel of interest), but Higgs decays will.

To optimize the reach of the decay chain of interest, we consider the case m�3 ⇡ m�2 ⇡
m�1 + 100 GeV, so that both of the heavier neutralinos decay into the LSP and a Z boson

since decays to LSP+h are kinematically forbidden. Likewise, we take m�3 ⇡ m�2 ⇠ µ and

m�1 ⇠ M1 so that the LSP is bino-like and the heavier neutralinos are Higgsino-like. For

such setups, the most stringent LHC bounds on direct neutralino production comes from the

topology pp ! �2�
±
1 ! �1�1ZW [1, 2]. The bounds in these papers are for production of wino-

like chargino-neutralino production, and roughly scaling them for Higgsino-like neutralinos and

charginos gives significantly weaker bounds: m�2 & 240 GeV for e↵ectively massless LSP, and

m�2 & 150 GeV for m�2,3 �m�1 ⇡ 100 GeV. Likewise, there are bounds on heavy Higgs bosons

from A/H ! ⌧⌧ decays from ATLAS [3] and CMS [4] (ATLAS results are more user-friendly).

With this setup, we perform a scan over parameter space using SUSY-HIT, scanning over tan�

over the range 2� 20 (currently in steps of 3), mA between 500� 1000 GeV (currently steps of

100 GeV) (also, note that for such heavymA we are already in the decoupling limit in the MSSM

independent of other parameter choices), and µ between 250� 500 GeV (currently steps of 50

GeV). For these points, we calculate the cross section for pp ! H/A ! �2,3+�1 ! �1�1Z. We

find that A/H can have a combined branching ratio into �2,3�1 of up to 30% (peaking around

tan� ⇠ 7, where the combined decays into tt̄ and bb̄ are minimized). We have verified that the

contribution from A/H ! �2�3,�
+�� as well as from direct production of neutralinos to the

final state of interest is always negligible (percent level or less). [What about contribution

from direct production via Drell Yan?]

For this topology, we study the reach of the 14 TeV LHC with 3000/fb of data by [Zhen,

please fill in details of your procedure here]. The results are shown in [insert figures

once kinks have been ironed out]. We find that the reach improves with decreasing tan�

since the gluon fusion production cross sections for both A and H increase as tan� is lowered

from 20 to 2. Our cross sections / results are roughly in agreement with those in [5].

One can then compare the reach with this search strategy to the projected LHC reach for

neutralinos and Higgs bosons. The projected LHC reach with 300 and 3000/fb of data is given

in [6]; we find that the reach is not very strong in the m�2,3 �m�1 ⇡ 100 GeV regime (is around

5

using the following two observables, a low cut on the missing energy /ET and an upper cut on

the clustered transverse mass of the whole `+`� + /ET system mcT (``, /pT ), defined as,

m2
cT (``, /ET ) = (

q
(p``T )

2 +m2
`` + |/pT |)2 � (p``T + /pT )

2, (VIII.1)

where /pT is the three vector of the missing energy.

We sample signal benchmark points with a 50 GeV increase per step for Heavy Higgs masses

and 25 GeV increase step for neutralino masses and construct a signal e�ciency grid in two

dimensions of /ET and mcT (``, /pT ), after imposing the dilepton invariant mass cut. The same

e�ciency grid are generated for large sample of background events as well. We then choose

the optimal cut for each signal benchmark points over background to optimize the significance.

After all these process, we obtain a projected sensitivity to neutralino pair productions through

this channel.

In Fig. 5 we show the expected discovery and exclusion limits for neutralino pair production

through heavy Higgs decay for various values of tan � in the mH,A-m�0
2
plane in the MSSM. We

note here that �0
2 and �0

3 are nearly degenerate in this case and are essentially Higgsinos. The

colors on each benchmark point tile represent the projected significance of our analysis at 13

TeV HL-LHC. The dashed and solid curves represent the 2-� exclusion limits and 5-� discovery

limits, respectively. We show the projection for 13 TeV LHC at 300 fb�1 and 3000 fb�1 in

black and red curves, respectively. 1

[1] Search for new physics in final states with two opposite-sign, same-flavor leptons, jets, and missing

transverse momentum in pp collisions at
p
s = 13 TeV, Tech. Rep. CMS-PAS-SUS-16-034 (CERN,

Geneva, 2017).

[2] Search for electroweak production of charginos and neutralinos in multilepton final states in pp

collision data at
p
s = 13 TeV, Tech. Rep. CMS-PAS-SUS-16-039 (CERN, Geneva, 2017).

1 My enlarged background sample still has some fluctuations that I need to generate more or figure out a clever

way to handle the statistics. So far I have increased the background sample to 1 million events and I am

going to increase another order of magnitude and hopefully the result will look more smooth.

10

setup: bino LSP, Higgsino NLSP, splitting ~100 GeV 
(winos decoupled)

g

g

�i

hSM

�1

�1

�j

(Higgs topology) (neutralino topology)

g

g

�

�1

�1

hSM

�2/3

FIG. 7. Illustration of the two channels we consider for producing mono-hSM signatures in the

NMSSM. For the left diagram (the “Higgs topology”), �i = A2 and �j = A1 or �i = H3 and

�j = hi. For the right diagram (the “neutralino topology”), � can be either A2 or H3.

SEmiss
T

, which makes it detectable at the LHC with L = 300 fb�1. The other benchmarks

BP2 and BP3 have mono-Higgs cross sections too small to be detectable, and are shown to

illustrate how points close in parameter space to BP1 can fail to produce sizable mono-Higgs

signals for various reasons. BP2 has 2m�1 > mA1 ,mhi , such that only the neutralino topology

in Fig. 7 can be realized. Similarly, BP3 has small branching ratios into (hSM+A1) and (hSM+

hi) due to its coupling parameters and phase space suppression, hence mono-Higgs signatures

are again dominantly produced via (A2 + H3 ! �1�3 ! �1�1hSM). The decay chain from

the neutralino topology generically results in smaller Emiss
T and consequently softer SEmiss

T

distributions, as the visible hSM is produced via a secondary decay (in contrast with the

Higgs topology from Fig. 7, where the visible and invisible Higgs bosons are produced back

to back at the primary vertex). When combined with the smaller cross sections, this puts

BP2 and BP3 out of reach of the LHC.

We evaluate the reach of mono-Higgs searches with �� + Emiss
T final state for a range of

the involved masses, {m�2 ,m�1 ,m�1} for the Higgs topology and {m�,m�3 ,m�1} for the

neutralino topology, at the 13 TeV LHC with 300 fb�1 of data. We compare the simulated

signals to the background taken from Ref. [110] scaled up to 300 fb�1 of data. For each

combination of involved masses, we optimize the SEmiss
T

cut and find the minimal detectable

cross section �min, where we define detectability as S > 5 and S/
p
B +�2B2 > 2, with S and

B the number of signal and background events after the relevant cuts. In the latter condition,

the two terms in the denominator represent the statistical and systematic uncertainties

22
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Figure 3. The background and signal distrubitoins in the /ET -McT plane shown in the left panel
and right panel, respectively. The signal is chosen to be a benchmark for heavy Higgses and slightly
compressed phase space for the neutralinos. In the left panel, we show in green dashed lines the
direction of the selection grid desribed in the text. In the right panel, we show the signal distribution
behavior as one vary the heavy Higgs masses or the neturalino masses with the green arrows with text
around.

the /ET and mcT (¸¸, /ET ) strongly correlated in the diagonal lines. This can be understood
as in the limit where p¸¸

T and /ET are equal in size and opposite in sign, and m¸¸ perfectly
reconstruct the on-shell Z-boson mass where detector resolution and parton shower e�ects
are neglected, Eq.(3.1) reduces to

mcT (¸¸, /ET ) =
Ò

/E2
T + m2

Z + /E2
T ƒ 2/ET , (3.2)

for the background. For the signal, as shown in the right panel of Fig. 3, the simple relation
for the background does not hold due to the massive final state involved. In constrast, for the
benchmark we choose to present here where the mass spliting between the heavy reasonant
Higgs and the final state neutralino pairs being merely 50 GeV, the clustered transverse mass
is very much reduced, while the /ET distribution is more spreaded towards higher values. We
show in this figure for the singal how the distributions vary as one chagnes the benchmark
values of the heavy Higgs masses mH and neutralino masses m‰, as lablled in the figure.
For lower values of the heavy Higgs mass, in the same compressed regime where the sum
of the neutralino pair masses are close to the heavy Higgs mass, less kinematic energy are
avaible and hence result in a lower value in /ET . For lower values of the neutralino mass,
it approaches the limit of the SM background where the mass e�ect become less and less
relevant, and consequently, the mcT grows to higher values and eventually along the diagonal
line as the SM background behavior.

– 6 –

DECAY TO NEUTRALINOS 
BACKGROUND VS SIGNAL

Background: MET and clustered 
transverse mass correlated
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DECAY TO NEUTRALINOS 
REACH IN PARAMETER SPACE

We sample signal benchmark points with a 50 GeV increase per step for Heavy Higgs
masses and 25 GeV increase step for neutralino masses, with a fixed mass splitting between
the neutralinos m‰̃0

2,3
≠ m‰̃0

1
= 100 GeV. Motivated by the kinemtic feature shown in Fig. 3

and discussion above, we construct a signal e�ciency grid with 50 GeVsteps in the two-
dimensional plane of /ET and mcT (¸¸, /pT ), after imposing the dilepton invariant mass cut. The
direction in the /ET -mcT plane we employed to constrcutive the cut grid are as shown in the
green dashed line in in this figure. The same e�ciency grid are generated for large sample of
background events as well. We then choose the optimal cut for each signal benchmark points
over background to optimize the significance with either 300 or 3000 fb≠1 data, after having
asked for at least three signal events. After all these process, we obtain a projected sensitivity
to neutralino pair productions through this channel.
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Figure 4. The projected 2-‡ exclusion (solid lines) and 5-‡ discovery limit (dashed lines) for 13 TeV
LHC with integrated luminosity of 300 fb≠1 and 3000 fb≠1 in black and red curves, respectively. The
values of tan — are chosen to be 2 (left) and 2/3/4/5 (right). The colors on each benchmark point tile
represent the projected significance of our analysis at 13 TeV HL-LHC. We also show the projected
limits at HL-LHC for a recasted 13 TeV ATLAS Z + /ET search, the closest search that can capture
our signal in organe shaded region, and the limits vanished for the tan — = 3 case shown in the right
panel. The points below the green lines are projected exclusion from electroweakino pair production
through Drell-Yan processes search [2]. The blue dots indicate the simulated signal benchmark points
for this analysis.

In Fig. 4 we show the expected discovery and exclusion limits for neutralino pair produc-
tion through heavy Higgs decay for various values of tan — in the mH,A-m‰0

2,3
plane in the

MSSM. We note here that ‰0
2 and ‰0

3 are nearly degenerate in this case and are essentially
Higgsinos. The colors on each benchmark point tile represent the projected significance of our
analysis at 13 TeV HL-LHC. The dashed and solid curves represent the 2-‡ exclusion limits
and 5-‡ discovery limits, respectively. We show the projection for 13 TeV LHC at 300 fb≠1
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Direct production reach

• can probe the high mA, low tan beta regime 

• can probe neutralinos beyond what is in reach of direct production

mu=300 GeV

2σ exclusion contours for various values of tan beta 



BEYOND THE MSSM: 
CAN OTHER DECAY MODES 

DOMINATE HEAVY HIGGS 
PHENOMENOLOGY?

BASED ON HEP-PH 1703.07800  
WITH SEBASTIAN BAUM, KATHERINE FREESE, NAUSHEEN SHAH



• 125 GeV mass at tree level for λ~0.65,  tanβ~O(1) 

• In NMSSM, λ < 0.75 to avoid Landau pole below GUT scale. For 0.75 < λ < 2 
(“λ-SUSY”), Landau pole below GUT scale but above 10 TeV (consistent with 
all measurements) 
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NMSSM: MOTIVATION

I. INTRODUCTION AND MOTIVATION

Weak scale supersymmetry as a solution to the hierarchy problem [1–5] has faced severe

challenges from the observation of a Standard Model (SM) like 125GeV Higgs boson and the

absence of signals of superpartners at the Large Hadron Collider (LHC). This is particularly

serious in the Minimal Supersymmetric Standard Model (MSSM) (see e.g. Refs. [6–8] for

reviews of the MSSM), where large radiative corrections are required to yield a 125GeV

SM-like Higgs boson. In addition, the MSSM su↵ers from the so-called µ-problem [9], i.e. to

generate proper electroweak symmetry breaking the dimensionful MSSM parameter µ that

appears in the superpotential must be of the order of the electroweak scale rather than the

expected cuto↵ scale of the theory (the GUT or Planck scale).

These problems can be alleviated in the Next-to-Minimal Supersymmetric Standard

Model (NMSSM), see Refs. [10, 11] for reviews, which augments the MSSM particle content

with a chiral superfield bS uncharged under any of the SM gauge groups. In this paper, we

consider the scale-invariant NMSSM, where all dimensionful parameters in the superpoten-

tial are set to zero, yielding an accidental Z3 symmetry under which all superfields transform

by e2⇡i/3. This singlet field leads to the following additional terms in the superpotential:

W � �bS bHu · bHd +


3
bS3, (1)

where bHu, bHd are the up- and down-type Higgs doublets and � and  are dimensionless

coe�cients. The µ bHu · bHd term of the MSSM is forbidden in the scale-invariant NMSSM,

however an e↵ective µ-term is generated when the scalar component of the field bS gets a

vacuum expectation value (vev), µ = �hsi/p2. If the vev of the singlet is induced by the

breaking of supersymmetry, hsi is of the order of the supersymmetry breaking scale, thereby

alleviating the µ problem for low-scale supersymmetry.

Recall that in the MSSM, the tree-level mass term for the SM-like Higgs field is

m2
h ⇡ m2

Z cos2 2� . (90GeV)2. In the NMSSM, the F -term scalar potential leads to an

additional tree-level mass term for the SM-like Higgs field proportional to �2:

m2
h ⇡ m2

Z cos2 2� +
1

2
�2v2 sin2 2�, (2)

and hence the 125GeV Higgs mass can be obtained without significant fine-tuning (i.e.

without large loop corrections from stops) for a sizable � >⇠ 0.5 and low values of tan �.

2
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2

Higgs mass and fine-tuning considerations favor 

large  λ  (>0.6)  and tanβ~O(1)  

(	Agashe,	Cui,	Franceschini,	1209.2115	
Gherghe8a,	von	Harling,	Medina,	Schmidt,	1212.5243	)	
	Farina, Perelstein, Shakya, 1310.0459

• extend MSSM by a SM-singlet chiral superfield
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ADDITIONAL STATES+INTERACTIONS

I. INTRODUCTION AND MOTIVATION
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absence of signals of superpartners at the Large Hadron Collider (LHC). This is particularly
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SM-like Higgs boson. In addition, the MSSM su↵ers from the so-called µ-problem [9], i.e. to

generate proper electroweak symmetry breaking the dimensionful MSSM parameter µ that

appears in the superpotential must be of the order of the electroweak scale rather than the

expected cuto↵ scale of the theory (the GUT or Planck scale).

These problems can be alleviated in the Next-to-Minimal Supersymmetric Standard

Model (NMSSM), see Refs. [10, 11] for reviews, which augments the MSSM particle content

with a chiral superfield bS uncharged under any of the SM gauge groups. In this paper, we

consider the scale-invariant NMSSM, where all dimensionful parameters in the superpoten-

tial are set to zero, yielding an accidental Z3 symmetry under which all superfields transform

by e2⇡i/3. This singlet field leads to the following additional terms in the superpotential:

W � �bS bHu · bHd +


3
bS3, (1)

where bHu, bHd are the up- and down-type Higgs doublets and � and  are dimensionless

coe�cients. The µ bHu · bHd term of the MSSM is forbidden in the scale-invariant NMSSM,

however an e↵ective µ-term is generated when the scalar component of the field bS gets a

vacuum expectation value (vev), µ = �hsi/p2. If the vev of the singlet is induced by the

breaking of supersymmetry, hsi is of the order of the supersymmetry breaking scale, thereby

alleviating the µ problem for low-scale supersymmetry.

Recall that in the MSSM, the tree-level mass term for the SM-like Higgs field is

m2
h ⇡ m2

Z cos2 2� . (90GeV)2. In the NMSSM, the F -term scalar potential leads to an

additional tree-level mass term for the SM-like Higgs field proportional to �2:

m2
h ⇡ m2

Z cos2 2� +
1

2
�2v2 sin2 2�, (2)

and hence the 125GeV Higgs mass can be obtained without significant fine-tuning (i.e.

without large loop corrections from stops) for a sizable � >⇠ 0.5 and low values of tan �.

2

into a mostly doublet-like A and mostly singlet-like aS mass eigenstate. In the alignment

limit, the singlet-like mass eigenvalues, taking into account the first non-trivial corrections

to m2
hS

⇠ M2
S,33 and m2

aS
⇠ M2

P,22, are [35]

m2
hS

' µ

�

✓
A +

4µ

�

◆
+

�2v2M2
A

8µ2
s42� �

1

4
v2�

�
1 + 2c22�

�
s2� � 1

2
v22 µ2

M2
A

c22�, (28)

m2
aS

' 3


3

4
�v2s2� � µ

✓
A

�
+

3v2µ

2M2
A

◆�
. (29)

Such approximate formulae are useful to infer possible parameter combinations compatible

with physical Higgs spectra; for instance, from the above equations form2
aS

andm2
hS
, one can

infer that  < 0 can lead to large negative contributions to m2
aS
. In particular, contributions

to m2
aS

linear only in  are significantly larger than those to m2
hS
. Hence, prohibiting aS from

becoming tachyonic when randomly sampling NMSSM parameters leads to a preference for

positive values of .

It is interesting to note the correlations between the Higgs and the neutralino masses

due to the presence of a SM-like Higgs. Consider the region of parameters containing non-

decoupled singlet Higgs bosons || . �, where approximate alignment must be fulfilled for

consistent Higgs phenomenology. From Eq. (26), we see that µ is generically lighter than

MA – we find that typically 2 . M2
A/µ

2 . 8. This leads to the singlet-like states hS and

aS being lighter than the doublet-like H and A, whose masses are mostly degenerate and

controlled by MA (cf. the mass matrices Eqs. (10)–(15), Eq. (17) and Eqs. (28)–(29)

and discussion in Ref. [35]). Furthermore, due to the relationship between MA and µ, the

singlinos (meS ⇠ 2µ/�) and Higgsinos (m eH0
u
= m eH0

d
⇠ µ) are also lighter than A and H.

However, we emphasize that while MA (controlling mA and mH), mhS , meS, m eH0
u
and m eH0

d

are all strongly correlated with |µ|, this is not necessarily the case for maS : A can be used

to vary maS independently of the value of µ. Hence the presence of a 125 GeV SM-like Higgs

and light (. 1 TeV) additional Higgs bosons folds the extended NMSSM parameter space

such that the entire Higgs and neutralino mass spectrum is essentially driven by the two

mass scales µ (or MA) and maS .

The NMSSM parameters � and  induce additional couplings beyond the MSSM within

the Higgs sector and between the Higgs bosons and neutralinos, which can change the

Higgs collider phenomenology significantly. In particular, apart from decays into SM

particles, the branching ratios of (Hi ! HjHk/AjAk), (Ai ! AjHk), (Hi/Ai ! �j�k),

8

gives rise to triple Higgs and Higgs-neutralino-neutralino couplings

decays of the form

can dominate heavy Higgs phenomenology !

not present in the MSSM!

additional fields: singlet scalar, pseudoscalar, fermion (singlino)
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FIG. 4. Cross sections for NMSSM specific Higgs search channels at
p
s = 13TeV with visible

final states. The upper left panel shows �(ggA2 ! hSMA1 ! hSMbb̄) in the lower and �(ggH3 !
hSMhi ! hSMbb̄) in the upper triangles. The upper right panel shows �(ggA2 ! Zhi ! Zbb̄)

and �(ggH3 ! ZA1 ! Zbb̄) in the lower and upper triangles. The lower panels show the same

processes for hi ! WW and A1 ! tt̄ final states. The gap around hi = 125GeV (visible in upper

triangles in the left panels, lower triangles in the right panels) is due to the presence of the 125GeV

SM-like Higgs.

18

CROSS SECTIONS: 
FULLY VISIBLE FINAL STATES 

@ 13 TeV LHC
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FIG. 4. Cross sections for NMSSM specific Higgs search channels at
p
s = 13TeV with visible

final states. The upper left panel shows �(ggA2 ! hSMA1 ! hSMbb̄) in the lower and �(ggH3 !
hSMhi ! hSMbb̄) in the upper triangles. The upper right panel shows �(ggA2 ! Zhi ! Zbb̄)

and �(ggH3 ! ZA1 ! Zbb̄) in the lower and upper triangles. The lower panels show the same

processes for hi ! WW and A1 ! tt̄ final states. The gap around hi = 125GeV (visible in upper

triangles in the left panels, lower triangles in the right panels) is due to the presence of the 125GeV

SM-like Higgs.
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FIG. 7. Illustration of the two channels we consider for producing mono-hSM signatures in the

NMSSM. For the left diagram (the “Higgs topology”), �i = A2 and �j = A1 or �i = H3 and

�j = hi. For the right diagram (the “neutralino topology”), � can be either A2 or H3.

SEmiss
T

, which makes it detectable at the LHC with L = 300 fb�1. The other benchmarks

BP2 and BP3 have mono-Higgs cross sections too small to be detectable, and are shown to

illustrate how points close in parameter space to BP1 can fail to produce sizable mono-Higgs

signals for various reasons. BP2 has 2m�1 > mA1 ,mhi , such that only the neutralino topology

in Fig. 7 can be realized. Similarly, BP3 has small branching ratios into (hSM+A1) and (hSM+

hi) due to its coupling parameters and phase space suppression, hence mono-Higgs signatures

are again dominantly produced via (A2 + H3 ! �1�3 ! �1�1hSM). The decay chain from

the neutralino topology generically results in smaller Emiss
T and consequently softer SEmiss

T

distributions, as the visible hSM is produced via a secondary decay (in contrast with the

Higgs topology from Fig. 7, where the visible and invisible Higgs bosons are produced back

to back at the primary vertex). When combined with the smaller cross sections, this puts

BP2 and BP3 out of reach of the LHC.

We evaluate the reach of mono-Higgs searches with �� + Emiss
T final state for a range of

the involved masses, {m�2 ,m�1 ,m�1} for the Higgs topology and {m�,m�3 ,m�1} for the

neutralino topology, at the 13 TeV LHC with 300 fb�1 of data. We compare the simulated

signals to the background taken from Ref. [110] scaled up to 300 fb�1 of data. For each

combination of involved masses, we optimize the SEmiss
T

cut and find the minimal detectable

cross section �min, where we define detectability as S > 5 and S/
p
B +�2B2 > 2, with S and

B the number of signal and background events after the relevant cuts. In the latter condition,

the two terms in the denominator represent the statistical and systematic uncertainties
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search for mono-Higgs+MET by both ATLAS and CMS 

focus on higgs -> diphoton  (mono-Higgs 
studies find it to be the best channel)

repeat the analysis 
from ATLAS

FIG. 13. Branching ratios BR(A2 ! A2hSM) (left panel) and BR(A2 ! �1�3) (right panel) giving

rise to mono-Higgs signals in the Higgs and neutralino topologies from s-channel production of an

A2 Higgs boson. Note that the scales on the y-axes di↵er between the panels. The color coding is

the same as in Fig. 12. The branching ratios BR(H3 ! hihSM) and BR(H3 ! �1�3) are similar,

hence we do not plot them separately.

similar, hence we do not plot them separately. These plots together illustrate that the most

promising points (large red dots) are driven by large mass splittings [mA2 � (mA1 +mhSM)]),

giving rise to significant branching ratios in the (A2 ! A1hSM) mode and large Emiss
T .

For comparison with the MSSM heavy Higgs searches, Fig. 14 shows the distribution of

points in the traditional mA2 � tan � plane. Note that the most promising points populate

the large mA2(> 2mt) and small tan � region, which is traditionally dominated by tt̄ decays

and therefore di�cult to probe. The mono-Higgs channel provides a particularly clean and

powerful probe of this theoretically well motivated region of the NMSSM parameter space.

It is instructive to plot the distribution of points in terms of the NMSSM couplings � and

; these are shown in Fig. 15. The left panel shows the distribution in the ��mA2 plane. The

most promising points are clustered around � ⇠ 0.65,mA2 ⇠ few hundred GeV, consistent

30
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FIG. 11. Distribution of scan points within reach of the LHC for the Higgs topology (left panel)

and neutralino topology from Fig. 7 (right panel). The color coding shows the cross sections in

terms of the reach �3000 fb�1
min of the LHC at

p
s = 13TeV and L = 3000 fb�1. Thick red dots

indicate points within reach with L = 300 fb�1. See the text for definitions of the reach.

triangle), as the gluon fusion production cross section for the former can be approximately

a factor of 2 larger than that of the latter at the same mass. Furthermore, A1 has a larger

branching ratios into neutralinos than hi because the decay of A1 into pairs of vector bosons

is forbidden at tree level. For (gg ! A2 ! A1hSM), we find that TeV scale pseudoscalars can

already be probed at the 13TeV LHC with 300 fb�1 of data. We also find that a significant

part of parameter space has mono-Higgs cross sections within O(1) of the LHC reach with

3000 fb�1 of data, implying that improved search strategies or an improvement in background

rejection can render them accessible. In the remainder of this paper, we combine the reach

from all topologies, such that the color coding for each point shows the more promising of

the two reaches in the Higgs or neutralino topology from Fig. 7.

In Fig. 12, we show the relevant mass splittings ratios for the primary decays of A2 (left

panel) and H3 (right panel) Higgs bosons. The x-axis corresponds to the respective decay

28

Higgs topology provides better reach: Higgs comes out of 
the primary vertex and is back to back with missing energy

REACH (IN MASSES)
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FIG. 14. Potentially detectable points in the mA2 � tan� plane.

FIG. 15. Potentially detectable points in the in the mA2 � � (left) and � � plane (right).

31

REACH (IN PARAMETER SPACE)

good reach at low tan beta,  
can probe heavy Higgs bosons up to the TeV scale 
even in the regime traditionally plagued by ttbar

FIG. 14. Potentially detectable points in the mA2 � tan� plane.

FIG. 15. Potentially detectable points in the in the mA2 � � (left) and � � plane (right).
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heavier masses can be probed for 
larger lambda



SUMMARY

Heavy Higgs bosons can have large branching ratios to 
supersymmetric electroweak particles (neutralinos, staus) - 

promising new decay modes to look for 

neutralino, stau production via Higgs decay can be larger than 
direct production; additionally, can use the information that they 

come from Higgs decays to aid in searches (MSSM) 

decays to lighter higgs or neutralinos can be enhanced with new 
large couplings (NMSSM); can give new channels that dominate 

heavy Higgs phenomenology 

possible to probe TeV scale Higgs bosons in the problematic low  
tanβ, heavy mA regime
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