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• Intro

• Analysis

• Results

• VBF + ETmiss
• ATLAS-CONF-2020-008 (April 2020)
• https://cds.cern.ch/record/2715447

• VBF + ETmiss +γ
• ATLAS-CONF-2021-004 (March 2021)
• https://cds.cern.ch/record/2758212 

• Detector signature
• Motivation

• Signal models
• Dominant backgrounds
• Event selection
• Systematics

• Higgs to "invisible"
• Higgs to "dark photon" +γ
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• ATLAS geometry

• VBF jet pair

• ETmiss

• For +γ

• η along the beam direction
• φ azimuthal angle

• High pT
• Wide gap in η
• Not back-to-back in φ
• Large mjet-jet 2 TeV →
• Low hadronic activity in between

• pT imbalance 840 GeV →

• High-pT photon 540 GeV →
• mT(ΕΤmiss, γ) 1.1 TeV →
• Its η in between jets
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• Higgs portal to Dark Matter (χ)

• Higgs portal to Dark Photon (γd)

• Without γ: Most sensitive production channel in VBF
• With ISR γ: Powerful reduction of strong backgrounds
• Also scan mscalar for Higgs-like scalar production

• Can probe H → γ γdark

• Also scan mscalar for Higgs-like scalar production

   TM HongMotivation
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• H portal to χ

• H portal to γd

• VBF H125 w/ POWHEG NLO
• VBF H125 + γISR w/ MG5_aMC@NLO

• S-to-B is higher with mjj, ETmiss, see →

• VBF H125 → γγdark w/ POWHEG v2
• mT(ΕΤmiss, γ) as proxy for mH, see →

Transverse mass of ETmiss and γ
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Dijet invariant mass pT imbalance
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• Weak boson bkg'd
• Z → νν No leptons
• W → ℓν Loses a lepton

• Signal Region
• ETmiss trigger, > 150 GeV
• "Centrality" of γ, 3rd jet
• For +γISR, 15 < pTγ < 110 GeV
• For +γdark,         max(110,0.7 mT)

• Control Region
• For W → ℓν,Require a lepton
• Lepton trigger, > 30 GeV
• Reverse γ centrality cut
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• Statistical
• √N
• MC

• Theoretical
• Wγ, Zγ theory

• Experimental
• JES, JER

   TM HongUncertainties, for +γ
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Evaluated by fixing parameters to their best-
fit values and quadratically subtracting from 
the total nominal systematic uncertainty

The observed (expected) upper limit on Binv is 0.37 (0.34+0.15
�0.10) at 95% confidence level (CL). The impact

on the limit from di�erent sources of uncertainties is shown in Table 5. It is evaluated by fixing the nuisance
parameters corresponding that group of systematic uncertainties to their best fit values, and subtracting
in quadrature the new limit’s 1� uncertainty band from the original one. The statistical uncertainties on
the yields of simulated events and data in the SR have the largest impact on the limit constraint. A small
anti-correlation is observed among the di�erent sources of uncertainty.

Table 5: The contributions on the Binv and B(H ! ��d) 95% CL limit ±1� uncertainty band from di�erent sources
of systematic uncertainties. The evaluation is performed by fixing a given group of systematic uncertainties to their
best-fit values and quadratically subtracting the limit 1� uncertainty from the nominal case including all systematic
uncertainties. Due to residual correlations between categories, the quadratic sum of systematic uncertainties can
di�er from the actual number. The uncertainty due to a finite number of data events (“Data stats.”) is obtained by
fixing all systematic uncertainties to their best-fit values. The sum of all systematic uncertainties is estimated by
quadratically subtracting the above uncertainty from the total one. The experimental uncertainties and the uncertainty
related to the size of MC simulated samples (“MC stats.”) are treated as separate categories. The impact of systematic
uncertainties is computed from a fit to data with Binv = 0 or B(H ! ��d) = 0 for each respective column.

Source 1� Uncertainty on Binv 1� Uncertainty on B(H ! ��d)
Data stats. 0.106 0.0051

V�+ jets theory 0.056 0.0028
MC stats. 0.045 0.0026

Jet Scale and Resolution 0.045 0.0011
Photon 0.032 0.0011

e ! �, jet! e, � Bkg. 0.026 0.0024
Pileup 0.025 0.0004

W�+ jets/Z�+ jets Norm. 0.021 0.0005
E

miss
T 0.012 0.0003

Signal theory 0.004 0.0010
Lepton 0.002 0.0008
Total 0.148 0.0071

8.2 Fit model and results for H ! ��d search

In the search for Higgs boson decaying to a ��d pair, the most discriminating observable is the photon-Emiss
T

transverse mass mT(�, Emiss
T ); therefore, this is the observable used to search for a new physics signal. The

events entering the dedicated SR�d (see Section 6) are split in 5 mT bins, as described in Section 6.3. Given
a di�erent relative contribution of H ! ��d signal produced through ggF and VBF production, events
are also split in two categories, those with mjj < 1 TeV and those with mjj � 1 TeV. A total of 10 bins
enters the likelihood function definition, which is, therefore, equivalent to the one in Eq. (5) other than
having a di�erent number of bins in the SR, and a di�erent signal benchmark model for the interpretation
in the context of H ! ��d search. The SR bin-by-bin yields are shown in Table 6 for the background
contribution and recorded data yields in a fit to the background only contributions. The background-only fit
is shown because there is a small deficit that results in a negative fitted B(H ! ��d) signal normalization
when the signal is floating.

The result of the maximum likelihood fit with the B(H ! ��d) signal normalization floating in the ten SR
bins and four inclusive CRs is shown in Fig. 5, with the best fit model propagated in all the regions. Data
and simulated background predictions are in agreement within the reported uncertainties, apart from a small
deficit in the data in the bins corresponding to the highest mT values. The pre-fit background predictions in
the highest mT bins are pulled down by the fit to data, and uncertainties describing these di�erences, which
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and simulated background predictions are in agreement within the reported uncertainties, apart from a small
deficit in the data in the bins corresponding to the highest mT values. The pre-fit background predictions in
the highest mT bins are pulled down by the fit to data, and uncertainties describing these di�erences, which
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   TM HongResult: Higgs to "invisible" +γ
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• Analysis strategy
• Dense Neural Network w/ Keras+Tensorflow
• 3 blocks of 384 neurons with ReLU activation
• 4 signal region bins in output score
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• Result for +γ
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   TM HongResult: Higgs to γγdark
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• Dark photon
• Analysis strategy: mT bins (not DNN)
• Observed limit Bdark of 0.014

• Expected limit Bdark of 0.017 ± 0.006
• Scalar mass scan (NWA)

• Previous results
• CMS limit Bdark of 0.029 observed

0.021 expected
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• VBF + ETmiss (+γ)
• Probes Higgs coupling to DM
• Probes Higgs coupling to γdark

• Consider other scalar masses

• Results
• Limit Binv of 37% (for +γ 139 fb-1)

13% (139 fb-1)
• Limit Bdark of 1.4%

• Scanned mscalar up to 5 TeV
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Scalar mass125 GeV
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12

• Dark photon
• Scalar mass scan (NWA)
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Transverse mass of ETmiss and γ

• Dark photon
• mT bin fit
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Table 1: Summary of generators used for simulation. The details and the corresponding references are provided in
the body of the text. The V in V+jets represents either a W or a Z boson.

Process Generator ME Order PDF Parton Shower Tune

Signal Samples

ggF Higgs P����� v2 NNLOPS NNLO PDF4LHC15 P�����8.230 AZNLO

VBF Higgs+� M��G����5_aMC@NLO 2.6.2 NLO PDF4LHC15 H����� 7.1.3p1 A14

ggF Higgs! ��d P����� v2 NNLOPS NNLO PDF4LHC15 P�����8.244p3 AZNLO

VBF Higgs! ��d P����� v2 NLO CTEQ6L1 P�����8.244p3 AZNLO

Background Samples

Strong V�+ jets S����� v2.2.8 NLO (up to 1-jets),
LO (up to 3-jets)

NNPDF3.0nnlo S�����
MEPS@NLO

S�����

EW V�+ jets M��G����5_aMC@NLO 2.6.5 LO NNPDF3.1lo P�����8.240 A14

EW VV+jets S����� v2.2.1 or
S����� v2.2.2

LO NNPDF3.0nnlo S�����
MEPS@LO

S�����

VV+jets S����� v2.2.1 or
S����� v2.2.2

NLO (up to 1-jet),
LO (up to 3-jets)

NNPDF3.0nnlo S�����
MEPS@NLO

S�����

EW V+ jets H����� 7.1.3 or H����� 7.2.0 NLO MMHT2014nlo68cl H����� 7.1.3 H����� 7

Strong
W (! µ⌫) + jets/
W (! ⌧⌫) + jets

S����� v2.2.8 NLO (up to 2-jets),
LO (up to 4-jets)

NNPDF3.0nnlo S�����
MEPS@NLO

S�����

tt̄� M��G����5_aMC@NLO 2.2.3 NLO NNPDF2.3lo P�����8.186 A14

tt̄ P�����B�� v2 NLO NNPDF3.0nlo P�����8.230 A14

� + jet S����� v2.2.2 NLO (up to 2-jets),
LO (up to 4-jets)

NNPDF3.0nnlo S�����
MEPS@NLO

S�����

Systematic Samples

V�+ jets ↵4

interference
M��G����5_aMC@NLO 2.6.2 LO NNPDF3.1lo P�����8.240 AZNLO

5
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Table 3: Summary of the requirements defining the di�erent regions considered in this analysis. Where present, the
values in squared brackets are referring to the regions defined in the search for H ! ��d signal. The leading and
subleading jets must satisfying the fJVT requirements mentioned in Sec. 5. In the SR and Z

�
Rev.Cen. CR definitions

E
miss,lep-rm
T ⌘ E

miss
T since no lepton is present.

Variable SR W
�
µ⌫ CR W

�
e⌫ CR Z

�
Rev.Cen. CR Fake�e CR

pT ( j1) [GeV] > 60
pT ( j2) [GeV] > 50
Njet 2,3
Nb-jet < 2
��jj < 2.5 [2.0]
|�⌘jj | > 3.0
⌘( j1) ⇥ ⌘( j2) < 0
C3 < 0.7
mjj [TeV] > 0.25
E

miss
T [GeV] > 150 – > 80 > 150 < 80

E
miss,lep-rm
T [GeV] – > 150 > 150 – > 150

E
jets,no-jvt
T [GeV] > 130
��( ji, E

miss,lep-rm
T ) > 1.0

N� 1
pT (�) [GeV] > 15, < 110 [> 15, <max(110,0.733 ⇥ mT)]
C� > 0.4 > 0.4 > 0.4 < 0.4 > 0.4
��(�, Emiss,lep-rm

T ) > 1.8 [–]
N` 0 1 µ 1 e 0 1 e

pT (`) [GeV] > 30

centrality C� [102] is defined as

C� = exp
✓
� 4

(⌘1 � ⌘2)2 (⌘� �
⌘1 + ⌘2

2
)2
◆
, (1)

where the subscripts indicate the first- and second-highest pT jets in the event. C� equals 1 when the photon
is centred between the two jets characterizing the VBF signature, equals 0 when the photon is infinitely
farther forward in ⌘, and equals 1/e when it aligns with one of the two jets.

Another characteristic of the EW processes in the VBF topology is reduced hadronic activity in the large
rapidity gap between the two leading jets, caused by the absence of color connection between the two
quarks. To suppress the contribution from the strong V� + jets production with additional jets from QCD
radiation with respect to the benchmark signal, the equivalent centrality C3 is defined for the third-leading
jet in the event, replacing ⌘� in Eq. 1 with the third-leading jet pseudo-rapidity ⌘3.

Events are assigned to the SR if they satisfy a set of requirements which have been optimized to maximize
the sensitivity of the search for the VBF Higgs boson invisible signal. These requirements are summarized
in the following.

As discussed in Section 3, events are selected with the E
miss
T -trigger algorithm. To ensure a trigger e�ciency

more than 97% in this topology, the o�ine E
miss
T , after full o�ine reconstruction and calibration of all

11

ηγ, ηj2

8 variables 
fed to DNN
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