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Test of CP properties

• Suppose the signal at 125 GeV, h(125), actually consists of two states, a CP-
even one and a CP-odd one. Consider the benchmark scenario in the 2HDM 
proposed by the LHCHiggsXSWG (see next slide)


• Apply the usual methods for testing CP properties to this scenario, in 
particular angular distributions in h(125) → 4 leptons. Can one distinguish the 
above scenario from a pure CP-even state in this way?


• Which other observables could one use to experimentally detect the presence 
of two degenerate states at 125 GeV?
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Test of CP properties, 2HDM benchmark scenario

BP1: Howard Haber, Oscar Stål 
Phenomenological benchmarks for the CP-conserving 2HDM with softly-
broken Z_2-symmetry. https://twiki.cern.ch/twiki/pub/LHCPhysics/
LHCHXSWG3Benchmarks2HDM/HH_OS_2HDM_Benchmarks.pdf
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Scenario B (low-mH)

Scenario B corresponds to a “flipped” 2HDM benchmark scenario. In this scenario both h and H are
light, but it is the heavier of the two which has mH = 125 GeV and is SM-like. Since mh < mH , the
lighter Higgs must have strongly suppressed couplings to vector bosons to be compatible with direct
search limits which forces sβ−α → 0. Input parameters are given in the hybrid basis.

Scenario B (low-mH)
mh (GeV) mH (GeV) cβ−α Z4 Z5 Z7 tan β Type

B1.1 65 . . . 120 125 1.0 −5 −5 0 1.5 I
B1.2 80 . . . 120 125 0.9 −5 −5 0 1.5 I
B2 65 . . . 120 125 1.0 −5 −5 0 1.5 II

Scenario C (CP-overlap)

In this work we have restricted ourselves to benchmarks for a 2HDMHiggs sector with CP-conservation.
Nevertheless, we consider one scenario where overlapping CP-odd and CP-even Higgs bosons simul-
taneously have mass close to 125 GeV [13]. Since the CP-odd Higgs boson does not couple to vector
bosons at tree level, there are surprisingly few channels where it is possible to distinguish this scenario
from the case with a single light Higgs, h. The most important channel where the CP-odd contribution
to the total rate could reach O(1) is through gluon (bb̄) fusion, followed by the decay h/A → τ+τ−.
Input parameters are given in the physical basis. Note that the choice of λ5 = 0 in this scenario is
equivalent to m2

12 =
1
2
m2

A sin 2β.

Scenario C (CP-overlap)
mh mH mA mH± cβ−α λ5 tan β Type

C1 125 300 125 300 0 0 1 . . . 10 I
C2 125 300 125 300 0 0 1 . . . 10 II

Scenario D (short cascade)

This scenario is constructed with a SM-like h by fixing cβ−α to be zero. The mass hierarchy can be
modified allow for either one (or both) of the decay modes H → AZ or H → H±W∓ to be open.
These decays can be dominant in the mass window 250 GeV < mH < 350 GeV (below tt̄ threshold).
Other decay modes that can be potentially of simultaneous interest is H → hh and H → AA (when A
is very light). Realizations of Scenario D for all the interesting cases are given below. Input parameters
are given in the hybrid basis.

Scenario D (short cascade)
mh (GeV) mH (GeV) cβ−α Z4 Z5 Z7 tan β Type

D1.1 125 250 . . . 500 0 −1 1 −1 2 I
D1.2 125 250 . . . 500 0 2 0 −1 2 I
D1.3 125 250 . . . 500 0 1 1 −1 2 I
D2.1 125 250 . . . 500 0 −1 1 −1 2 II
D2.2 125 250 . . . 500 0 2 0 −1 2 II
D2.3 125 250 . . . 500 0 1 1 −1 2 II
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2HDM
• SM with extra Higgs Doublet, leading to 5 bosons (h,H,A,H±) 

• Free parameters: Masses, Ratio of vacuum expectation values 
(tan β), Mixing angle between h,H (α) 

• Alignment limit: cos(β - α) = 0: h is SM-like 

• Our case: h,A mass degenerate (125 GeV) and alignment limit 

• Type I: only one doublet couples to fermions (Fermiophobic) 

• Type II: one doublet couples to down quarks, charged 
leptons; other couples to up quarks (MSSM-like). Coupling 
ratio: tan β
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Properties of a 
pseudoscalar Higgs

• Spin 0, pseudoscalar interaction with fermions 

• Parity conservation: coupling to vector bosons allowed only at loop 
level via fermions 

• In type I: All fermionic interactions suppressed by tan2 β 

• In type II: Up-quarks coupling suppressed by tan2 β compared to 
down-quarks, leptons 

• Two signatures:  

• Angular dependence in h → VV 

• Branching fractions of h → bb or h → τ τ
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Angular dependence

• For h,A → VV→ 4 𝓁, angular distributions of final 
state leptons dependent on CP-state
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MadGraph

• Generate events for both CP even and CP odd 
Higgs 

• In this case h,A → WW→ 2𝓁2ν
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Angular distributions  
h,A → WW 
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Angular distributions  
h,A → WW 
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Distributions  
h,A → WW 
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Decay modes of a 
pseudoscalar Higgs

• Loop contributions from 
A → VV possible at 
O(0.1%) 

• At tree level h → bb and 
h → τ τ the most 
promising candidates
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2HDMC

• Package for C++ to calculate branching fractions 
and decay widths for 2HDM 

• See https://2hdmc.hepforge.org 

• Used output to plot BR, decay width as function of 
tan β
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Decay widths of h,A
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Branching Ratios of h,A
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• When concerning two jets 
a clear separation  in 
angular jet distributions 
between scenario’s is 
possible

8 F. Demartin et al.: Higgs characterisation at NLO in QCD: CP properties of the top-quark Yukawa interaction
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Fig. 4. Same as fig. 2, but for �⌘ and �� distributions between the two tagging jets. For ��, the distribution with the
additional ⌘ jet ordering is also shown by a dashed line for the 0± case.

mjj > 250 GeV 500 GeV 500 GeV
+ jet veto

0+ 22.7 % 6.6 % 5.0 %
LHC 8 TeV 0� 21.4 % 5.7 % 4.5 %

0± 21.5 % 6.2 % 4.6 %

0+ 26.3 % 9.0 % 6.4 %
LHC 13 TeV 0� 25.4 % 8.6 % 6.2 %

0± 25.6 % 8.6 % 6.2 %

Table 7. Selection e�ciencies after each requirement from left
to right for pp ! X0jj. The jet veto is defined in (14).

the forward and backward tagging jets,

min
�
⌘(j1), ⌘(j2)

 
< ⌘(jveto) < max

�
⌘(j1), ⌘(j2)

 
. (14)

Table 7 collects the selection e�ciencies on the NLO+PS sam-
ples after mjj > 250 GeV and 500 GeV cuts, and mjj >
500 GeV plus the central jet veto, with respect to the accep-
tance cuts only. As already seen in fig. 1, the e�ciencies are
very similar among the di↵erent scenarios. The additional jet
veto could be useful to enhance the sensitivity to CP-mixing,
especially for the 13-TeV run. Indeed we have checked that the
size of the variation in the ��jj distribution in fig. 4 becomes
slightly larger. The related jet binning uncertainties have been
discussed in detail in ref. [90].

Finally, we discuss the theoretical uncertainties for the CP-
sensitive observables. Figure 5 displays, from left to right, nor-
malised distributions of the pT of the di-jet system (which is

equivalent to pT (X0) only at LO), the pseudorapidity and the
azimuthal di↵erence between the two tagging jets for pp !
X0 + 2 jets in GF (solid lines) at the 13-TeV LHC. The ac-
ceptance cuts and the invariant mass cut mjj > 500 GeV are
imposed. The middle panels show the scale and PDF+↵s un-
certainties for each scenario, while the bottom ones give the
ratio of NLO+PS to LO+PS results with the total theoreti-
cal uncertainties. The total uncertainty is defined as the linear
sum of the scale and PDF+↵s uncertainties. The scale uncer-
tainty is dominant, as observed in table 6, and the both scale
and PDF+↵s uncertainties change very mildly over the phase
space. In all cases NLO corrections are relevant and cannot be
described by an overall K factor.

In the main panel, we also draw a comparison with the VBF
contributions (dashed lines). The pT (j1, j2) and �⌘(j1, j2) dis-
tributions show that in the SM VBF case the Higgs boson is
produced more centrally while the tagging jets are more for-
ward than in GF production. For the three HD VBF cases,
conversely, the jets are more central. We recall that the type
of operators are the same both for the GF and the HD VBF,
i.e. the dimension-five operators X0Vµ⌫V

µ⌫ and X0Vµ⌫
eV µ⌫ .

We track down the slight di↵erence between GF and HD
VBF in�⌘jj to the presence of the mass of the t-channel vector
boson, i.e. massless gluons vs. massive weak bosons. On the
other hand, the slightly weaker modulation for ��jj in GF is
due to the presence of the gg and qg initiated contributions [18,
21]. We note that the interference between GF and VBF can
be safely neglected [91,92].

ggF+2jets



Conclusion
• Angular distributions between leptons do not show 

a clear separation between even and odd 

• Deviation in bb or tau tau branching fraction 
measurements could be explained by 
pseudoscalar contribution 

• Angular distributions between jets do show a 
separation between even and odd
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–Johnny Appleseed

“Type a quote here.” 


