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ZH production
LHC precision Higgs measurements: 
Higgs-strahlung: WH and ZH 

Drell-Yan corrections known up to NNLO: Hamberg, 
Neerven, Matsuura, ’91, Harlander, Kilgore, ’02, Brein, Djouadi, 
Harlander, ’04 

Experimental searches with H decaying to bb:  
ATLAS and CMS: small excess above the background only 
hypothesis (arXiv:1409.6212 and arXiv:1310.3687) 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Additional NNLO contributions at                 : 
1) qq top-induced contributions:  

2) Gluon fusion contribution

Higher-order corrections 
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Figure 2: (a),(b) Diagrams of group VI and (c) group RI contributing to the process
qq̄ ! VH(g) at order g3�t↵

2
s.

LHC.

In this paper we consider another class of diagrams which are formally of order g3�t↵
2
s

and were neglected in previous analyses. For simplicity, we will refer to them as “top-
mediated terms” in this paper, even though they are not the only contributions involving
top-quarks, as noted above. Their numerical impact is at the percent level and therefore
within the current estimated theoretical uncertainty of the NNLO result (see Ref. [11]).
Note, however, that this uncertainty estimate is dominated by the e↵ects from PDFs and
↵s; once these will be known with higher precision, the results of this paper will be required
for the perturbative part to compete with this precision.

The remainder of this paper is organized as follows: Section 2 defines the e↵ects to be
calculated, briefly describes the methods applied, and presents analytical expressions for
part of the results. In Section 3, we study the size of the newly evaluated e↵ects and
present updated values for the total inclusive cross section for WH and ZH production at
the Tevatron and the LHC at collision energies of 7 and 14TeV.

2 Calculational details

2.1 Outline of the problem

The Feynman diagrams of the top-mediated terms considered in this paper can be divided
into four groups which will be described in this section.

Examples of diagrams of the first group, named VI in what follows, are shown in Fig. 2 (a)
and (b). They are characterized by the emission of a Higgs boson o↵ a top-quark bubble-
insertion into an internal (i.e. virtual) gluon line. They contribute to the total cross section
through the interference with the leading order amplitude (see Fig. 1 (a)).

The second group (RI), see Fig. 2 (c), can be viewed as the real emission counterpart of
group VI. It is obtained by radiating the Higgs o↵ a top-quark bubble-insertion into an
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methodology, and present results both at the parton level and after merging and matching

to a parton shower. In Section 3, we explore the results of various 2HDM scenarios using

the same calculation setup. We draw our conclusions in the final section.

2. Gluon induced ZH production in the SM

Representative Feynman diagrams contributing to the gg → ZH process in the SM are

shown in Fig. 1. Massive fermions, t and b−quarks, run in the box, while all flavours run

in the triangle. The contribution of the two light generations to the triangle vanishes as

required by the anomaly cancellation. In practice, it is only the axial vector part of the

heavy-quark-Z coupling that contributes to the amplitude. The amplitude for this process

was first computed in [25,26].
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Figure 1: Representative Feynman diagrams for ZH production in gluon fusion in the SM.

In what follows, we will first review the main features of the 2 → 2 process for gluon

induced ZH production before discussing the implications of the 2 → 3 one. A sample

of the relevant diagrams contributing to ZHj is shown in Fig. 2. In addition to the gg

initial state amplitudes, the qg and qq̄ channels also open up, when an additional jet is

allowed. The gg → ZHg amplitudes were used in [46] to calculate the gg part of the ZHj

cross-section at the LHC for various jet transverse momentum cuts. In what follows, we

will consider these along with the qg and qq̄ diagrams to discuss the behaviour of the 2 → 3

amplitudes and subsequently to obtain a merged sample of 0 and 1-jet multiplicitities.

2.1 Calculation setup

In this work, we employ the MadGraph5 aMC@NLO framework [20]. The one-loop

amplitudes squared for ZH and ZHj can be obtained with the help of MadLoop [47],

which computes one–loop matrix elements using theOPP integrand–reduction method [48]

(as implemented in CutTools [49]). A reweighting procedure is then employed to over-

come the present limitations concerning event generation for loop-induced processes 1. A

reweighting method has been employed already for a series of processes within the Mad-

Graph5 aMC@NLO framework [34,51,52] both at LO and NLO accuracy. This procedure

involves generating events through the implementation of a tree-level effective field theory

(EFT), in this case obtained by taking the limit of infinite top-quark mass with all other

quarks being massless. In practice, a UFO model [53,54] including the effective theory in-

teractions is imported in the simulation framework. After event generation, event weights

1Automated event generation for loop-induced processes is currently being finalised [50].
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NNLO HZ cross-section
Contribution �[fb] 8TeV 14TeV

Total 386 885

Drell-Yan 364 801

Gluon-fusion 17.6 70.6

Top-induced 4.93 13.0

Contribution �[fb]
Total 885

Drell-Yan 801

Gluon-fusion 70.6

Top-induced 13.0

1

~10% of the 
NNLO at LHC14

gg is basically a LO channel:  
Large gluon fusion scale uncertainty (~30%) dominates the 
NNLO uncertainty  
        Need for more accurate predictions in this channel

From vh@nnlo (Brein, Harlander, Zirke ‘12)
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HZ in gluon fusion
Why do we care about the gg 
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HZ in gluon fusion beyond LO 
(formally part of ZH at N3LO)
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ZH in gluon fusion
Ideally: Fully differential exact NLO computation  

+ Matching to PS (MC@NLO) 

Available: 1) Total cross-section results:  
                  infinite top mass limit k-factor  
                  2) LO parton-level differential results for ZH 
                  and ZHj (gluon-fusion related)                       
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Figure 2: Representative Feynman diagrams for gluon induced ZHj production in the SM.

obtained from the tree-level EFT amplitudes are modified by the ratio of the full one-loop

amplitude over the EFT ones, i.e., r = |M2
Loop|/|M2

EFT |, where |M2
Loop| represents the

numerical amplitude as obtained from MadLoop. In our case, reweighting proves to be

efficient in terms of the computational speed, as the loop amplitudes have to be calculated

for significantly fewer phase-space points than what would be needed to integrate them

directly. Moreover the EFT leads to distributions that are in general harder in the tails,

and therefore the EFT events populate regions that are later suppressed by the exact loop

matrix elements, resulting to no significant degradation of the statistical uncertainty.

2.2 Parton level results

Before proceeding to the technical setup and presenting results of the merging-matching,

we consider the salient aspects as observed at the parton level. The findings of this study

will reveal some previously unnoticed features of gg → ZH and will act as a motivation to

employ a merging-matching procedure in the following section.

In our computation the heavy quark masses are set to: mt =173 GeV and mb =4.75

GeV, while the Higgs mass to mH =125 GeV and the heavy quark Yukawas are given by

yq/
√
2 = mq/v. We note here that finite width effects in the propagators of the loops can be

taken consistently into account within MadGraph5 aMC@NLO via the implementation

of the complex mass scheme [55,56]. The effect of a non-zero top width is shown in Fig. 3,

where the matrix element squared for gg → ZH, for 900 scattering, is shown as a function

of the invariant mass of the ZH system. The correction is more important at the tt̄

threshold, where it reaches 20%. Finally, when integrated over all centre-of-mass energies

and scattering angles, we find the top-quark width to modify the gg → ZH cross-section

by ∼2% at 14TeV, an effect similar to that observed for single and double Higgs production

– 5 –
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Parton-level results (1)
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Parton-level results (2)
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Merging-Matching in gluon fusion

More realistic description of the distribution shapes? 

Merging-Matching

                    Consistent combination of 0 and 1jet  
                    multiplicities and matching to PS 
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Technical setup
Merging-matching in MG5_aMC@NLO/Pythia8:
1) Loop-induced process
(Before the loop automation: see Olivier’s talk) 
Reweighting approach: 
• Tree-level event generation with some EFT (infinite top mass limit) 
• Reweight on an event by event basis based on |Mexact|2/|MEFT|2 

• Loop amplitudes: MadLoop  

2) PYTHIA8.2: PT-ordered showers
Recent implementation of merging-matching in Pythia8.2 allows: 
• MLM matching (kT-MLM + shower-kT) 
• CKKW-L 
• UMEPS 
• FxFx 
• UNLOPS

12
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Merging-matching results (1)
Invariant mass of the HZ system 

Shower/merging insensitive observable:  
no significant shape variation

Merged results: MLM 
Shower-KT 
QCut=30GeV
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Merging-matching results (2)
Higgs PT

Shower-sensitive observable 
Merged results: Stable 

Non-merged: Large shower uncertainty

Shower scale variation bands: 
μf/2<μPS <2μf
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Merging-matching results (3)

Extremely shower-sensitive observable (=0 at parton level) 
Merged results: Stable 

No big shape changes but significant reduction of 
shower related uncertainty
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gluon induced Zφ in the 2HDM

φ
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Z
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Z

(a) (b) (c)

Figure 1. Leading order Feynman diagrams: (a) Drell-Yan-like contribution σVφ
DY; (b,c) gluon-

initiated contributions σggZφ. Couplings which differ between SM and 2HDM are highlighted.
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Figure 2. Contribution to (a) σVH
I and (b) σZH

II .

2HDM, generically denoting them as φ ∈ {h,H0, A}, in association with a weak gauge

boson V ∈ {W,Z}. The main differences to the SM are as follows:

• The couplings gφV V are different from the SM gHV V coupling.

• The bottom Yukawa coupling can be significantly enhanced and thus cannot be ne-

glected in general.

• In addition to an off-shell gauge boson, also one of the three neutral Higgs bosons

can occur as internal particle.

The implications of these changes are as follows. The DY contribution σVφ
DY is obtained

from the SM expression simply by reweighting the Higgs coupling to the gauge bosons:

σVφ
DY =

(

gφV V

)2
· σVH

DY . (2.2)

A

h/H0

Z

h/H0

A

Z

(a) (b)

Figure 3. Additional contributions to gluon-initiated Higgs Strahlung in case of the 2HDM.

The 2HDM version of the gluon-initiated process, σggZφ, on the other hand, depends

on gφZZ as well as on the relative Yukawa couplings gφb and gφt . In addition, instead of the

intermediate Z boson in Fig. 1 (b), a (virtual) CP-odd/even Higgs boson φ′ can be produced,

which decays into a real CP-even/odd Higgs boson and a Z boson, see Fig. 3 [44–46, 48–

50]. As we will see, this contribution is absolutely essential for the correct description
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Possibility of resonances

10 7 Results and interpretation
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Figure 4: Observed and expected (with ±1, 2s bands) 95% CL upper limit on s ⇥ B(A !
Zh ! ``bb̄) as a function of mA in the narrow-width approximation, including all statistical
and systematic uncertainties.
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CMS search for heavy 
pseudoscalar decaying to Zh 

and 2HDM interpretation: 
exclusion limits

CMS-PAS-HIG-14-011
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Zφ in 2HDM scenarios

tan β α/π mH0 mA0 mH± m2
12

B1 1.75 -0.1872 300 441 442 38300

B2 1.20 -0.1760 200 500 500 -60000

B3 1.70 -0.1757 350 250 350 12000

Table 4: Parameter choices for the different 2HDM benchmarks used in our study. All masses are
given in GeV. The lightest Higgs mass is fixed in all cases to mh0 = 125 GeV.

ĝh0tt ĝh0bb ĝH0tt ĝH0bb ĝA0tt ĝA0bb gA0Zh0 gA0ZH0 ĝZZH0 ĝZZh0

B1 0.958 1.118 -0.639 1.677 0.571 1.75 -0.069 -0.998 -0.0689 0.998

B2 1.108 1.108 -0.684 -0.684 0.833 -0.833 0.141 -0.990 0.141 0.990

B3 0.987 1.034 -0.608 1.679 0.588 1.700 -0.020 -1.000 -0.020 1.000

Table 5: Normalised heavy–quark Yukawa couplings and Higgs Z couplings for the different 2HDM
benchmarks defined in Table 3. Yukawa couplings are normalised to their SM counterparts as
discussed in the text, while for the A0ZH0 and A0ZH0 couplings we show the proportionality
constants of Eq. 3.3.

• Benchmark B3: Another type-II 2HDM scenario with a reversed mass hierarchy

between the heavy scalar H0 and the pseudoscalar A0. The small tan β value allows

us not to over-suppress the ĝA0tt coupling, while the ĝA0bb is enhanced. Thanks to

the inverted mass hierarchy mh0 < mA0 < mH0 the resonant production of A0 with

a Z boson due to the heavy neutral Higgs decay becomes kinematically allowed.

3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the

previous paragraph. We start by considering the total cross section for each process, which

is shown in Table 6. The heavy quark masses are again set to 173 and 4.75 GeV for top and

bottom quarks, and the light Higgs mass to 125 GeV. The rest of the calculation details,

such as the scale and PDF choices follow closely those of the SM calculation. We note here

that where possible, we compared our results with the vh@nnlo version described in [29]

and found very good agreement between the two implementations.

Before moving to the discussion of some differential results, we first comment on the

results in Table 6. First we notice that the cross-section for the Zh0 process can be signif-

icantly enhanced. To be more precise, benchmark B3 leads to a cross section nearly twice

the SM prediction, benchmark B1 to a 60% enhancement, while B2 is gives a smaller ∼20%

increase. The main source of the increase in the cross-section is the presence of the resonant

decay A0 → Zh0, which is kinematically allowed in all three scenarios. The relative change

in the Zh0 cross section is strongly correlated with the mass of the pseudoscalar and the

value of the A0Zh0 coupling. We remind ourselves that this coupling is proportional to

cos(β − α), i.e., it tends to zero in the alignment limit. For all scenarios considered here,

its value remains small as seen in Table 5. Consequently, it is not possible for this process
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Non-excluded 2HDM benchmarks
gg → Zh0 gg → ZH0 gg → ZA0

B1 113 +30%
−21% 686 +30%

−22% 0.622 +32%
−23%

B2 85.8 +30.1%
−21% 1544 +30%

−22% 0.869 +34%
−23%

B3 167 +31%
−19% 0.891 +33%

−21% 1325 +28%
−21%

Table 6: Cross sections (in fb) for gluon induced Z Higgs associated production at the LHC at√
s = 14 TeV for three 2HDM benchmarks. The uncertainties (in percent) refer to scale variations.

No cuts are applied to final state particles and no Higgs or Z branching ratios are included.

to receive extremely large contributions from the resonance. This is in contrast with what

we have seen in light Higgs pair production where the resonant decay of the heavy Higgs

can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].

The most interesting feature of Table 6, is the potential size of the cross section for the

ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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Zφ in 2HDM scenarios
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bottom quarks, and the light Higgs mass to 125 GeV. The rest of the calculation details,
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widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
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its value remains small as seen in Table 5. Consequently, it is not possible for this process
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Table 6: Cross sections (in fb) for gluon induced Z Higgs associated production at the LHC at√
s = 14 TeV for three 2HDM benchmarks. The uncertainties (in percent) refer to scale variations.

No cuts are applied to final state particles and no Higgs or Z branching ratios are included.

to receive extremely large contributions from the resonance. This is in contrast with what

we have seen in light Higgs pair production where the resonant decay of the heavy Higgs

can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].

The most interesting feature of Table 6, is the potential size of the cross section for the

ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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Table 4: Parameter choices for the different 2HDM benchmarks used in our study. All masses are
given in GeV. The lightest Higgs mass is fixed in all cases to mh0 = 125 GeV.

ĝh0tt ĝh0bb ĝH0tt ĝH0bb ĝA0tt ĝA0bb gA0Zh0 gA0ZH0 ĝZZH0 ĝZZh0

B1 0.958 1.118 -0.639 1.677 0.571 1.75 -0.069 -0.998 -0.0689 0.998

B2 1.108 1.108 -0.684 -0.684 0.833 -0.833 0.141 -0.990 0.141 0.990

B3 0.987 1.034 -0.608 1.679 0.588 1.700 -0.020 -1.000 -0.020 1.000

Table 5: Normalised heavy–quark Yukawa couplings and Higgs Z couplings for the different 2HDM
benchmarks defined in Table 3. Yukawa couplings are normalised to their SM counterparts as
discussed in the text, while for the A0ZH0 and A0ZH0 couplings we show the proportionality
constants of Eq. 3.3.

• Benchmark B3: Another type-II 2HDM scenario with a reversed mass hierarchy

between the heavy scalar H0 and the pseudoscalar A0. The small tan β value allows

us not to over-suppress the ĝA0tt coupling, while the ĝA0bb is enhanced. Thanks to

the inverted mass hierarchy mh0 < mA0 < mH0 the resonant production of A0 with

a Z boson due to the heavy neutral Higgs decay becomes kinematically allowed.

3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the

previous paragraph. We start by considering the total cross section for each process, which

is shown in Table 6. The heavy quark masses are again set to 173 and 4.75 GeV for top and

bottom quarks, and the light Higgs mass to 125 GeV. The rest of the calculation details,

such as the scale and PDF choices follow closely those of the SM calculation. We note here

that where possible, we compared our results with the vh@nnlo version described in [29]

and found very good agreement between the two implementations.

Before moving to the discussion of some differential results, we first comment on the

results in Table 6. First we notice that the cross-section for the Zh0 process can be signif-

icantly enhanced. To be more precise, benchmark B3 leads to a cross section nearly twice

the SM prediction, benchmark B1 to a 60% enhancement, while B2 is gives a smaller ∼20%

increase. The main source of the increase in the cross-section is the presence of the resonant

decay A0 → Zh0, which is kinematically allowed in all three scenarios. The relative change

in the Zh0 cross section is strongly correlated with the mass of the pseudoscalar and the

value of the A0Zh0 coupling. We remind ourselves that this coupling is proportional to

cos(β − α), i.e., it tends to zero in the alignment limit. For all scenarios considered here,

its value remains small as seen in Table 5. Consequently, it is not possible for this process
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ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as
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Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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a Z boson due to the heavy neutral Higgs decay becomes kinematically allowed.

3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the

previous paragraph. We start by considering the total cross section for each process, which

is shown in Table 6. The heavy quark masses are again set to 173 and 4.75 GeV for top and

bottom quarks, and the light Higgs mass to 125 GeV. The rest of the calculation details,

such as the scale and PDF choices follow closely those of the SM calculation. We note here

that where possible, we compared our results with the vh@nnlo version described in [29]

and found very good agreement between the two implementations.

Before moving to the discussion of some differential results, we first comment on the

results in Table 6. First we notice that the cross-section for the Zh0 process can be signif-

icantly enhanced. To be more precise, benchmark B3 leads to a cross section nearly twice

the SM prediction, benchmark B1 to a 60% enhancement, while B2 is gives a smaller ∼20%

increase. The main source of the increase in the cross-section is the presence of the resonant

decay A0 → Zh0, which is kinematically allowed in all three scenarios. The relative change

in the Zh0 cross section is strongly correlated with the mass of the pseudoscalar and the

value of the A0Zh0 coupling. We remind ourselves that this coupling is proportional to

cos(β − α), i.e., it tends to zero in the alignment limit. For all scenarios considered here,

its value remains small as seen in Table 5. Consequently, it is not possible for this process

– 19 –

Non-excluded 2HDM benchmarks
gg → Zh0 gg → ZH0 gg → ZA0

B1 113 +30%
−21% 686 +30%

−22% 0.622 +32%
−23%

B2 85.8 +30.1%
−21% 1544 +30%

−22% 0.869 +34%
−23%

B3 167 +31%
−19% 0.891 +33%

−21% 1325 +28%
−21%

Table 6: Cross sections (in fb) for gluon induced Z Higgs associated production at the LHC at√
s = 14 TeV for three 2HDM benchmarks. The uncertainties (in percent) refer to scale variations.

No cuts are applied to final state particles and no Higgs or Z branching ratios are included.

to receive extremely large contributions from the resonance. This is in contrast with what

we have seen in light Higgs pair production where the resonant decay of the heavy Higgs

can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].

The most interesting feature of Table 6, is the potential size of the cross section for the

ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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between the heavy scalar H0 and the pseudoscalar A0. The small tan β value allows

us not to over-suppress the ĝA0tt coupling, while the ĝA0bb is enhanced. Thanks to

the inverted mass hierarchy mh0 < mA0 < mH0 the resonant production of A0 with

a Z boson due to the heavy neutral Higgs decay becomes kinematically allowed.

3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the

previous paragraph. We start by considering the total cross section for each process, which

is shown in Table 6. The heavy quark masses are again set to 173 and 4.75 GeV for top and

bottom quarks, and the light Higgs mass to 125 GeV. The rest of the calculation details,

such as the scale and PDF choices follow closely those of the SM calculation. We note here

that where possible, we compared our results with the vh@nnlo version described in [29]

and found very good agreement between the two implementations.

Before moving to the discussion of some differential results, we first comment on the

results in Table 6. First we notice that the cross-section for the Zh0 process can be signif-

icantly enhanced. To be more precise, benchmark B3 leads to a cross section nearly twice

the SM prediction, benchmark B1 to a 60% enhancement, while B2 is gives a smaller ∼20%

increase. The main source of the increase in the cross-section is the presence of the resonant

decay A0 → Zh0, which is kinematically allowed in all three scenarios. The relative change

in the Zh0 cross section is strongly correlated with the mass of the pseudoscalar and the

value of the A0Zh0 coupling. We remind ourselves that this coupling is proportional to

cos(β − α), i.e., it tends to zero in the alignment limit. For all scenarios considered here,

its value remains small as seen in Table 5. Consequently, it is not possible for this process
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we have seen in light Higgs pair production where the resonant decay of the heavy Higgs

can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].

The most interesting feature of Table 6, is the potential size of the cross section for the

ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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the inverted mass hierarchy mh0 < mA0 < mH0 the resonant production of A0 with

a Z boson due to the heavy neutral Higgs decay becomes kinematically allowed.

3.2 2HDM results

In this section we present our results for the three 2HDM benchmarks introduced in the

previous paragraph. We start by considering the total cross section for each process, which

is shown in Table 6. The heavy quark masses are again set to 173 and 4.75 GeV for top and
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can lead to an enhancement of up to a factor of 60 for the gg → h0h0 cross section [51].
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ZH0 process. We find that this can exceed 1 pb when the pseudoscalar A0 is sufficiently

heavy to allow the resonant decay into the heavy Higgs and a Z. This has been noticed and

discussed recently in [78], as a signature for a cosmologically motivated 2HDM scenario. It

is remarkable that even if the production threshold lies significantly higher, this process can

lead to larger cross sections compared to the Zh0. This is possible as the relevant coupling,

ZH0A0, as shown in Table 5, is not suppressed by the “SM-like” light Higgs constraints.

Despite the fact that the prospects for discovery depend strongly on the resulting decay

products of the heavy Higgs, it is worth noting that even in the scenarios where H0 decays

predominantly into bb̄, the current experimental searches for ZH set a cut on the invariant

mass of the bb̄ pair close to the light Higgs mass and would therefore miss this signal.

Finally, we note that the ZA0 production cross section remains very small in the scenarios

where the A0 is heavier than H0, but can reach the picobarn level in a scenario such as

benchmark B3, as a result of the inverted mass hierarchy.

Further interesting information on these processes can be extracted from the differential

distributions. For brevity we present only those for the invariant mass of the system and the

transverse momentum of the Higgs, but our setup is fully differential and any distribution

can be plotted. We show these in Fig. 12, for the cases in which the cross section is not

negligible. The results shown here are obtained with merged samples of 0 and 1-jet matched

to Pythia 8 for parton shower, in the same setup as that described in Section 2 for the

SM.

For the Zh0 final state we also show the SM prediction for comparison. Resonance

peaks arise in all scenarios for Zh0, each time located at the mass of the pseudoscalar

A0. The sharpness of the peak varies with the mass of A0, as heavier A0 have larger

widths going from 0.01 GeV for B3, to 7 GeV for B1 and 35 GeV in B2. We also notice

various interesting interference patterns, clearly visible for benchmarks B1 and B2. The

A0-mediated diagram interferes with the SM-like amplitude, with the interference switching

sign at
√
ŝ = mA0 . Comparing scenarios B1 and B2, we see that the Zh0A0 couplings have

opposite signs and therefore in one case the dip appears right before the resonance peak,
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• Resonance peaks in ZH mass 
• Interference with SM-like 

diagrams 
• Small Higgs couplings 

modifications 
• Production of ZA and ZH at 

the picobarn level
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Conclusions-Outlook
• Higgs associated production yet to be measured 

accurately at the LHC 
• Gluon-gluon fusion component important for high pT 

searches at the LHC 
• Additional jet ZHj loop amplitudes contributing significantly 

in the high Higgs pT region 
• More accurate description achieved by merging and 

matching of 0 and 1-jet amplitudes  
• Interesting possibilities in the 2HDM: resonant production 

and decay of the heavier states
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Thank you for your attention
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