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• h(125)➞aa group of searches motivated by 2HDM+S

• Br(h➞ aa) can be significant in NMSSM

• Existing ATLAS searches listed in the table

• Many searches in new final states coming out soon/end of Run 2

Introduction

1 Introduction

Many extensions of the Standard Model (SM) include phenomena that can result in final states consisting
of three or more photons. Extensions of the SM scalar sector [1–5], for example, often include pseudo-
scalar particles (a) with couplings to the Higgs boson [6, 7] (h) and branching ratios into photons that
would be visible at the LHC, in addition to scalars (H) with masses di↵erent from the SM-like Higgs
boson of mh = 125 GeV that can also decay via H ! aa ! 4�. Other models feature additional vector
gauge bosons that can decay to a photon and a new pseudoscalar boson, a, with the subsequent decay of
the a into a pair of photons, resulting in a three-photon final state [8]. Moreover, in the SM, the Z boson
can decay to three photons via a loop of W± bosons or fermions. The decay is heavily suppressed and the
branching ratio is predicted to be ⇠5⇥10�10 [9]. The current most stringent bound on this process comes
from the L3 Collaboration, which placed a limit of BR(Z ! 3�) < 10�5 [10]. The ATLAS detector has
collected ⇠109 Z boson events, and thus an observation of this decay would indicate an enhancement of
this decay rate and could be evidence of phenomena not predicted by the SM. Feynman diagrams for
some of these beyond-the-Standard Model (BSM) and rare SM scenarios are shown in Figure 1.

h/H

a

a

�

�

�

�

a
g

g

q̄

q

Z � a

�

�

�

q

q̄
Z

W+

W�
�

�

�

Figure 1: Feynman diagrams for possible beyond-the-Standard Model (top) and rare Standard Model (bottom) scen-
arios that result in final states with at least three photons.

To ensure sensitivity to these and other possible rare SM and BSM scenarios, an inclusive three-photon
search is performed using 20.3 fb�1 of LHC proton-proton collisions collected by the ATLAS detector
in 2012 at a centre-of-mass energy of 8 TeV. Such a model-independent search is the first of its kind,
as are the interpretations for a Higgs boson decaying to four photons via two intermediate pseudoscalar
a particles (for a Higgs boson of mh = 125 GeV and for Higgs-like scalars of higher masses) and for
three-photon resonances corresponding to a new vector gauge boson.

The dominant backgrounds include the irreducible component with three or more prompt photons, as
well as the reducible components consisting of combinations of photons and electrons or hadronic jets
misidentified as photons. The contributions from events with jets which are misidentified as photons
are calculated from data-driven methods, while simulation is used to estimate the contributions from the
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Process Run 1 Run 2

h→2a→2j2𝛄 (VBF) 1803.11145

h→2a→4b (Wh) 1606.08391

h→2a→2𝝉2µ 1505.01609

h→2a / 2Zd / ZZd→4ℓ 1505.07645 1802.03388

h→2a→4𝛄 1509.05051

https://arxiv.org/abs/1803.11145
https://arxiv.org/abs/1606.08391
http://arxiv.org/abs/1505.01609
http://arxiv.org/abs/1505.07645
https://arxiv.org/abs/1802.03388
http://arxiv.org/abs/1509.05051
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• Quote limits on Br(h ➞ aa ➞ xxyy) as a function of ma

Results
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FIG. 7: Branching ratios of a singlet-like pseudoscalar in the 2HDM+S for Type II Yukawa

couplings. Decays to quarkonia likely invalidate our simple calculations in the shaded regions.
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‣ Can easily interpret in 
different 2HDM 
scenarios
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• Some analyses show also 
limits as a function mh

calculated using frequentist hypothesis tests based on the
profile-log-likelihood ratio test statistic and approximated
with the asymptotic formulas [70]. The p-values are
evaluated in 50 MeV intervals below 15 GeV, then
100 MeV intervals up to 30 GeV, and 200 MeV intervals
up to mμμ ¼ 50 GeV. The minimum local p-value is found
for mμμ ¼ 47.4 GeV to be 0.0074, corresponding to a local
significance of 2.44σ. Correcting for the look-elsewhere
effect [71] gives a global p-value of 0.31, indicating that at
least one excess of this magnitude, or larger, is expected
from background fluctuations in at least 31% of
experiments.

IX. RESULTS

A simultaneous fit of the full background model is
performed on the mμμ spectra in the two signal regions
(SRμ and SRe), with mμμ in the range from 2.8 to 70 GeV.
The observed mμμ distribution and the background-only fit
are shown in Fig. 4; the data are well described by the fit. In
the fit, all region-independent parameters are constrained
by the results of the fit to the control regions, reported in

Table III. The strong correlations between some of the
region-independent parameters, which are reported in
Sec. VI, are not explicitly accounted for in the fit to the
two signal regions. This simplification is found to have a
negligible effect on the results of the fit. The fitted values
and uncertainties of the remaining parameters, as well as
the corresponding values from the fits to the control and
validation regions, are shown in Table IV. No significant
correlations are found between the parameters listed in
Table IV. The consistency with the background-only model
is evaluated by scanning the local p-value as a function of
mμμ from 3.7 to 50 GeV, using the same calculation, ma

TABLE IV. Measured values and uncertainties of region-
dependent parameters. The mμμ distribution is fit between 2.8
and 70 GeV for all regions, except for CRb, which has a lower
bound at 15 GeV. There is no contribution to the total background
from the ψ or ϒ resonances.

Parameter fΥ½ ϒ
ψþϒ$ (%) fRes½ψþϒ

Total$ (%) ftt̄½ tt̄
Total$ (%)

CRj 32.6% 0.3 14.7% 0.1 6.1% 0.9
CRb N/A N/A 87.2% 5.1
VRμ 35.8% 6.0 18.8% 2.3 28.2% 3.2
VRe 36.3% 9.2 12.2% 2.3 34.2% 3.6
SRμ 25.8% 4.9 15.2% 1.6 20.4% 4.1
SRe 24.5% 6.6 11.8% 1.6 23.5% 5.0
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FIG. 5 (color online). Observed p-value as a function of mμμ,
with downward fluctuations of the data represented by a p-value
of 0.5. The p-values are evaluated in 50 MeV intervals below
15 GeV, then 100 MeV intervals up to 30 GeV, and 200 MeV
intervals up to mμμ ¼ 50 GeV. The p-values shown have not
been corrected for the look-elsewhere effect.
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FIG. 6 (color online). Observed (solid red) and expected
(dashed black) limits with the expected %1σ and %2σ bands
shown in green and yellow respectively. The top figure shows the
expected and observed limits on the rate ðσðgg → hÞ × BRðh →
aaÞÞ relative to the SM Higgs boson gluon-gluon fusion
production cross section (σSM) as a function of ma with mH
set to 125 GeV. The limits are evaluated in 50 MeV intervals
below 15 GeV, then 100 MeV intervals up to 30 GeV, and
200 MeV intervals up to ma ¼ 50 GeV. Shown in the bottom
figure is the total rate ðσðgg → HÞ × BRðH → aaÞÞ as a function
of mH with ma set to 5 GeV, evaluated at 50 GeV intervals from
mH ¼ 100 GeV to 500 GeV and at mH ¼ mh ¼ 125 GeV. The
width of the black band in the bottom figure indicates the
theoretical uncertainty on the SM gg → H cross section [56].
In both figures, the observed and expected limits have been scaled
by anOð1Þ parameter, BRða → ττÞ2, to account for the branching
ratios assumed in this analysis, and facilitate reinterpretation of
the results.

SEARCH FOR HIGGS BOSONS DECAYING TO aa IN … PHYSICAL REVIEW D 92, 052002 (2015)
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Figure 8: Upper limit at 95% CL on �(WH) ⇥ BR, where BR = BR(H ! aa) ⇥ BR(a ! bb)2, versus ma. The
observed (CLs) values (solid black line) are compared to the expected (median) (CLs) values under the background-
only hypothesis (dotted black line). The surrounding shaded bands correspond to the 68% and 95% CL intervals
around the expected (CLs) values, denoted by ±1� and ±2�, respectively. The solid red line indicates the SM
pp ! WH cross section, assuming BR(H ! aa) ⇥ BR(a ! bb)2 = 1. Markers are not drawn if they are outside
the y-axis range.
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• Would be nice to reinterpret the existing analyses in other benchmark models

• Simple reinterpretations (maybe even only at generator level) could serve as an “appetizer” 
to give a broad sense of sensitivity and motivate a new search

• List of NMSSM models on the Twiki

• Those involving a light Higgs decaying into two lighter bosons, e.g. BP2_1, could be re-
interpreted with the existing analyses

• Probably not so sensitive to other models since:

‣The 4-object mass usually constrained to 125 GeV
- Can't just reinterpret for high-mass H scenarios, unless the analysis includes that scan

‣Usually assume 2a of equal masses
✓can apply powerful kinematic constraints to reduce backgrounds
- hard to re-interpret in a1/a2 cases

‣Some analyses use BDTs dedicated to their signature

NMSSM reinterpretations

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/NMSSMBenchmarkPoints
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• Lots of interesting signatures to look at and very reduced person power working in this 
group.
• It is important to “motivate” people to come and join us!
➡Have a very explicit and understandable motivation (we are experimentalists ☺) 

to search for NMSSM
➡Have a list of few models that are most motivated by the current experimental 

constraints or some kind of “ranking”
➡Do sensitivity studies/provide ideas on how to search for those most motivated 

models

• Unexplored cases:
‣h(125) ➞ a1a2 / aa*
‣H(heavy) ➞ aa / a1a2  ==> scan H/a

➡ Provide instructions on how to generate MC samples for benchmark models

Benchmark models
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• Most recent and future analyses use Powheg + Pythia setup 

‣ Use existing LHE files with Powheg generated SM Higgs

‣Use Pythia for the h ➞ aa ➞ xxyy decay and showering
- Change pdgId 25(h0)➞35(H0) to allow the use of “useBSM” option in Pythia

- Then decay to aa setting Br(aa ➞ xxyy )=100% for a given xxyy channel

• Very general setup w/o considering possible model-dependent kinematic changes

• Ongoing discussion: Are the CP/spin correlations of a-decays conserved in Pythia?

‣ Atm. we avoid cutting on CP sensitive variables, but having this implemented correctly 
would enable us to study e.g. Higgs CP violations

Signal generation
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• What would be the best generators to calculate the effect of SUSY partners, 
especially light sparticles, on the Higgs sector (both h(125) and H(heavy))?

‣ Production cross-sections, branching ratios & kinematics for various Higgs bosons

‣ What order are these calculations valid to

• And similar question for Higgs effects on SUSY rates and kinematics

Would be very helpful if theorist could, along with proposed benchmark 
models, provide also a correct MC setup

Higgs and SUSY interplay
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• Very motivated to increase the scope of our searches!

‣Prioritize best-motivated benchmark models
‣Recommendations how to properly generate these signals
‣ Currently using precise calculations for pp➞h but simplistic models for 

h➞aa➞xxyy

‣Limited by person-power so would benefit greatly from theory guidance & 
common ATLAS+CMS benchmarks

• At least three new analyses are currently ramping up and preparing for full Run2 

dataset result

‣ They would be happy to include some of the interpretations or even have signal 

regions to probe some of these benchmark points

Summary
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Backup
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Results
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Figure 4: Left: Local p-values for the background-only hypothesis as a result of a resonance search with respect to
the BSM process h/H ! aa ! 4�, for mh = 125 GeV (top row) and mH = 600 GeV (bottom row), as a function
of ma, determined via a search for local excesses in the m23 spectrum. Right: Upper limits, at the 95% C.L., on
(�/�SM)⇥BR(h! aa)⇥BR(a! ��)2 (top row) and �H⇥BR(H ! aa)⇥BR(a! ��)2 (bottom row). Also shown
are the ±1 and 2� uncertainty bands resulting from the resonance search hypothesis tests, taking into account the
statistical and systematic uncertainties from simulated signal samples which are used to determine signal e�ciency
and Gaussian resonance width due to detector resolution for each mass hypothesis.
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Figure 8: (a) Model-independent per-channel e�ciencies ✏c calculated in the fiducial volumes described in the
1 GeV < mX < 15 GeV and 15 GeV < mX < 60 GeV columns of Table 5 (i.e. separate phase spaces are defined
for mX above and below 15 GeV). The dark band is the statistical uncertainty and the lighter band is the systematic
uncertainty. (b) Upper limits at the 95% CL on fiducial cross-sections for the for the H ! X X ! 4` process. The
step change in the fiducial cross-section limit in the 4µ channel is due to the change in e�ciency caused by the
change in fiducial phase-space definition. The shaded areas are the quarkonia veto regions.

2HDM+S model with tan � = 5) is estimated only for the H ! X X ! 4` search. The acceptances
are used in a combined statistical model to compute upper limits on �H ⇥ B(H ! Z Zd ! 4`) and
�H ⇥B(H ! X X ! 4`) for each model. The Zd model assumes partial fractions of 0.25:0.25:0.25:0.25
for the 4e:2e2µ:4µ:2µ2e channels, whereas the a model assumes 100% decay to 4µ. These cross-section
limits are converted into limits on the branching ratios of H ! Z Zd, H ! ZdZd and H ! aa by using
the theoretical branching ratios for Zd ! `` and a ! µµ from each benchmark model [14, 15], and
assuming for �H the SM cross-section8 for Higgs boson production at

p
s = 13 TeV [93]. The limits

on these branching ratios are shown in Figures 9 and 10 for the H ! Z Zd ! 4` and H ! X X ! 4`
searches, respectively. The observed limit for B(H ! aa) (Figure 10(b)) for ma > 15 GeV is greater than
1 (i.e. this search has no sensitivity to this model in that mass range). The limit on the branching ratio for
H ! ZdZd ! 4` improves on the Run 1 result of Ref. [39] by about a factor of four, which corresponds
to the increase in both luminosity and Higgs boson production cross-section between Run 1 and Run 2.

8 This assumes that the presence of BSM decays of the Higgs boson does not signicantly alter the Higgs boson production
cross-section from the SM prediction.
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calculated using frequentist hypothesis tests based on the
profile-log-likelihood ratio test statistic and approximated
with the asymptotic formulas [70]. The p-values are
evaluated in 50 MeV intervals below 15 GeV, then
100 MeV intervals up to 30 GeV, and 200 MeV intervals
up to mμμ ¼ 50 GeV. The minimum local p-value is found
for mμμ ¼ 47.4 GeV to be 0.0074, corresponding to a local
significance of 2.44σ. Correcting for the look-elsewhere
effect [71] gives a global p-value of 0.31, indicating that at
least one excess of this magnitude, or larger, is expected
from background fluctuations in at least 31% of
experiments.

IX. RESULTS

A simultaneous fit of the full background model is
performed on the mμμ spectra in the two signal regions
(SRμ and SRe), with mμμ in the range from 2.8 to 70 GeV.
The observed mμμ distribution and the background-only fit
are shown in Fig. 4; the data are well described by the fit. In
the fit, all region-independent parameters are constrained
by the results of the fit to the control regions, reported in

Table III. The strong correlations between some of the
region-independent parameters, which are reported in
Sec. VI, are not explicitly accounted for in the fit to the
two signal regions. This simplification is found to have a
negligible effect on the results of the fit. The fitted values
and uncertainties of the remaining parameters, as well as
the corresponding values from the fits to the control and
validation regions, are shown in Table IV. No significant
correlations are found between the parameters listed in
Table IV. The consistency with the background-only model
is evaluated by scanning the local p-value as a function of
mμμ from 3.7 to 50 GeV, using the same calculation, ma

TABLE IV. Measured values and uncertainties of region-
dependent parameters. The mμμ distribution is fit between 2.8
and 70 GeV for all regions, except for CRb, which has a lower
bound at 15 GeV. There is no contribution to the total background
from the ψ or ϒ resonances.

Parameter fΥ½ ϒ
ψþϒ$ (%) fRes½ψþϒ

Total$ (%) ftt̄½ tt̄
Total$ (%)

CRj 32.6% 0.3 14.7% 0.1 6.1% 0.9
CRb N/A N/A 87.2% 5.1
VRμ 35.8% 6.0 18.8% 2.3 28.2% 3.2
VRe 36.3% 9.2 12.2% 2.3 34.2% 3.6
SRμ 25.8% 4.9 15.2% 1.6 20.4% 4.1
SRe 24.5% 6.6 11.8% 1.6 23.5% 5.0
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FIG. 5 (color online). Observed p-value as a function of mμμ,
with downward fluctuations of the data represented by a p-value
of 0.5. The p-values are evaluated in 50 MeV intervals below
15 GeV, then 100 MeV intervals up to 30 GeV, and 200 MeV
intervals up to mμμ ¼ 50 GeV. The p-values shown have not
been corrected for the look-elsewhere effect.
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FIG. 6 (color online). Observed (solid red) and expected
(dashed black) limits with the expected %1σ and %2σ bands
shown in green and yellow respectively. The top figure shows the
expected and observed limits on the rate ðσðgg → hÞ × BRðh →
aaÞÞ relative to the SM Higgs boson gluon-gluon fusion
production cross section (σSM) as a function of ma with mH
set to 125 GeV. The limits are evaluated in 50 MeV intervals
below 15 GeV, then 100 MeV intervals up to 30 GeV, and
200 MeV intervals up to ma ¼ 50 GeV. Shown in the bottom
figure is the total rate ðσðgg → HÞ × BRðH → aaÞÞ as a function
of mH with ma set to 5 GeV, evaluated at 50 GeV intervals from
mH ¼ 100 GeV to 500 GeV and at mH ¼ mh ¼ 125 GeV. The
width of the black band in the bottom figure indicates the
theoretical uncertainty on the SM gg → H cross section [56].
In both figures, the observed and expected limits have been scaled
by anOð1Þ parameter, BRða → ττÞ2, to account for the branching
ratios assumed in this analysis, and facilitate reinterpretation of
the results.
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Figure 4: Left: Local p-values for the background-only hypothesis as a result of a resonance search with respect to
the BSM process h/H ! aa ! 4�, for mh = 125 GeV (top row) and mH = 600 GeV (bottom row), as a function
of ma, determined via a search for local excesses in the m23 spectrum. Right: Upper limits, at the 95% C.L., on
(�/�SM)⇥BR(h! aa)⇥BR(a! ��)2 (top row) and �H⇥BR(H ! aa)⇥BR(a! ��)2 (bottom row). Also shown
are the ±1 and 2� uncertainty bands resulting from the resonance search hypothesis tests, taking into account the
statistical and systematic uncertainties from simulated signal samples which are used to determine signal e�ciency
and Gaussian resonance width due to detector resolution for each mass hypothesis.
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