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✦ pTH&;&Kinematics,&
and&probe&of&QCD&
model&in&ggF&
production.

✦ |yH|&;&Kinematics,&
and&probe&of&PDF.&
Will&be&used&in&
future&PDF&fits.

✦ Njets&;&Jet&
multiplicity&varies&
by&production&
mode.&&

✦ pTj1&;&Modeling&of&
partonic&radiation&
in&ggF.
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Likelihood&Systematics

Acceptance&Systematics
✦ PDFs&;&Took&envelope&of&the&eigenvector&variations&of&the&baseline&

(CT10)&and&alternative&(MSTW&and&NNPDF)&PDFs.&&
✦ Scale&;&Varied&the&renormalization&and&factorization&scale&

uncertainties&together&and&independently&by&a&factor&of&0.5&and&2&
from&their&nominal&values.&&

✦ Production9modes&;&VBF&and&VH&fractions&were&varied&by&factors&of&
0.5&and&2&with&respect&to&the&SM&prediction&and&the&ttH&fraction&was&
varied&by&factors&of&0&and&5.&&

✦ HRes&;&Reweighted&the&baseline&pT&distribution&to&the&HRes2&
calculation.&

✦ Higgs9mass&;&varied&by&0.4&GeV&to&account&for&the&mass&window&
approach&used&in&the&H&→&4l&channel.& 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✦The&measurements&from&both&channels&are&found&to&
be&in&good&agreement.&p;values&obtained&from&χ2&
compatibility&tests&are&in&the&range&of&56–99%.&

✦The&combination&allows&to&significantly&reduce&the&
total&uncertainties&on&the&differential&Higgs&cross;
sections&as&compared&to&the&individual&channels&by&
25;40%&depending&on&bin&and&variable.

Normalized&Shape&Results

Combined&cross&section&&
calculated&by&minimizing&;2&Log&L&

Shape&combination&does&not&divide&by&
branching&ratio&and&ignores&
uncertainities&that&affect&

normalization&(e.g.&luminosity)&& Fiducial&Inclusive&Result

H&→&4l:&35.0%±%8.4%(stat)%±%1.8%(sys)%pb%&

H%→%γγ:%31.4%±%7.2%(stat)%±%1.6%(sys)%pb%&

Combined:&33.0%±%5.3%(stat)%±%1.6%(sys)%pb%

✦ Total&cross&section&higher&than&all&predictions,,&both&in&inclusive&and&
differential&distributions&(almost&2σ&for&LHC;XS).&&

✦ LHC?XS&;&Used&for&LHC&Run&I&publications.&
✦ ADDFGHLM&;&Best&calculation&to&date,&at&N3LO. 

Agreement

Total cross-section calculations
LHC-XS NNLO+NNLL a,b,c
ADDFGHLM N3LO a,b,c
Analytical dif erential cross-section predictions
HRes 2.2 NNLO+NNLL a,e,f
STWZ, BLPTW NNLO+NNLL c,d,e,g,h
JetVHeto 2.0 NNLO+NNLL a,c,e

MonteCarlo event generators
SHERPA 2.1.1 H +0,1,2 jets@NLO i,j
MG5 aMC@NLO H +0,1,2 jets@NLO i,k,l

Powheg Nnl ops NNLO≥0j , NLO e,l,m≥1j
a Considers b- (and c-) quark masses in the gg→ H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo (αs from PDF set)
d Uses π2-resummed gg→ H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g This corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme
k Software version 2.2.1, NLO merged using FxFx scheme
l Interfaced with Pyt hia8 for parton showering
m Uses Minl o method & yH reweighting to HNNLO.

✦The&systematic&uncertainty&for&both&ZZ*&→&4l&and&γγ&
differential&XS&measurements&were&typically&below&
20%&of&the&total&uncertainty.&

arXiv:1504.05833&[hep;ex]
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Probing the Higgs Boson in the diphoton channel

H→ɣɣ decay is a rare process in the SM:

2

7 HIGGS DECAY TO PHOTONS VIA W-BOSON LOOP
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Figure 6: Some diagrams contributing to the decay to two photons. Note that one has to add the
diagrams with photons crossed which makes in total 26 diagrams.

14

Loop induced as photons do not directly 
couple to the Higgs

BF(H→ɣɣ) = 0.228 %

i.a Higgs Boson Production

Existence of Higgs field essential for mass genera-
tion of Weak vector bosons + quarks & leptons in
Standard Model

#
Spontaneous symmetry breaking in Higgs Mecha-
nism produces new scalar particle: the Higgs boson

i.a Higgs Boson Production

Existence of Higgs field essential for mass genera-
tion of quarks & fermions in Standard Model

#
Spontaneous symmetry breaking in Higgs Mech-
anism produce new scalar particle: the Higgs boson

#
In pp collisions Higgs Boson produces via gg ! H,
VBF, ZH, WH & ttH
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In pp collisions Higgs Boson produces via gg ! H,
VBF, ZH, WH & ttH

Cross section for various mH at
p

s = 8 TeV:
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• Higgs Boson’s discovery 2012 put mass generation of the Standard Model on 
firm footing.  

• More and more transition from discovery to precise measurements; characterizing 
Higgs production, decay and mass. 

• For general properties see talk from Peter Rados (Monday), ttH talk from Julian 
Bouffard (Tuesday), Couplings talk from Mairo Lacer (Tuesday), High mass talk 
from Graham Cree (Friday). 
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Connection to supersymmetry and Unification and fundamental Interactions? 

3

Search for Dark Matter in Events with Missing Transverse Momentum and a Higgs
Boson Decaying to Two Photons in pp Collisions at

p
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration
(Dated: June 4, 2015)

Results of a search for new phenomena in events with large missing transverse momentum and
a Higgs boson decaying to two photons are reported. Data from proton–proton collisions at a
center-of-mass energy of 8 TeV and corresponding to an integrated luminosity of 20.3 fb�1 have
been collected with the ATLAS detector at the LHC. The observed data are well described by
the expected Standard Model backgrounds. Upper limits on the cross section of events with large
missing transverse momentum and a Higgs boson candidate are also placed. Exclusion limits are
presented for models of physics beyond the Standard Model featuring dark-matter candidates.

PACS numbers: 14.80.Bn

Although the existence of dark matter (DM) is well
established, nearly nothing is known of its underlying
particle nature [1]. Many DM candidates have been pro-
posed, and attempts made to connect them to physics
beyond the Standard Model (SM) at the scale of elec-
troweak symmetry breaking [2] that would naturally ac-
commodate the observed relic density [3].

Collider searches for weakly interacting dark matter
rely on the inferred observation of missing transverse mo-
mentum [4] Emiss

T

recoiling against a visible final-state
object X, which may be a hadronic jet [5, 6], photon
(�) [7, 8], or W/Z boson [9–11]. The discovery of a Higgs
boson [12, 13] (H) creates a new opportunity to search for
beyond-the-SM (BSM) physics giving rise to H + Emiss

T

signatures [14]. In contrast to the aforementioned probes,
the visible H boson is unlikely to be radiated from an
initial-state quark or gluon. This has the important con-
sequence that the H+Emiss

T

signature directly probes the
structure of the e↵ective DM–SM coupling; see Fig. 1.

If the mass of the DM particle is less than half of the
Higgs boson mass mH , the Higgs boson may decay di-
rectly to DM. Such decays have been searched for us-
ing LHC data, and null results provide powerful con-
straints on the invisible branching ratio of the Higgs bo-
son in several di↵erent production modes including WH
or ZH [11, 15, 16], and qqH [17, 18]. However, the mass
of the DM particle may be larger than mH/2, in which
case these searches are not sensitive, and approaches such
as analysis of H + Emiss

T

events are required.

Two approaches are commonly used to model generic
processes yielding a final state with a particle X recoiling
against a system of noninteracting particles. One option
is to use nonrenormalizable operators in an e↵ective field
theory (EFT), which is agnostic about the details of the
theory at energies beyond the experimental sensitivity.
Alternatively, simplified models that explicitly include
the particles at higher masses can be used. The EFT ap-
proach is more model-independent, but is not valid when

H

�

�

q, g

q, g

H, Z, �,
Z �, S, ...

FIG. 1: Schematic diagram for production of DM particles �
in association with a Higgs boson in pp collisions, mediated by
electroweak bosons (H,Z, �) or new mediator particles such
as a Z0 or scalar singlet S. The gray circle denotes an e↵ective
interaction between DM, the Higgs boson, and other states.

the typical momentum transfer approaches the scale of
the high-mass particles that have been integrated out.
Simplified models do not su↵er from these concerns, but
include more assumptions by design and are therefore
less generic. The two approaches are thus complemen-
tary and both are considered here.

In this Letter, results are reported from a search for
H +Emiss

T

events in data collected by the ATLAS detec-
tor from pp collisions with center-of-mass energy

p
s =

8 TeV and corresponding to an integrated luminosity
of 20.3 fb�1, produced by the Large Hadron Collider.
The H ! �� decay mode is used exclusively, as the
small branching ratio is mitigated by the distinct dipho-
ton resonance signature and the low expected number
of background events with significant Emiss

T

[14]. AT-
LAS measured previously the di↵erential cross section of
H ! �� production with respect to several kinematic
quantities [19], including Emiss

T

; the search reported here
uses a subset of those data optimized for sensitivity to
production of dark matter in association with a Higgs
boson.

The ATLAS detector [20] is a multipurpose particle
physics experiment with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid an-
gle. Events were selected using a trigger that requires two
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Figure 6: Some diagrams contributing to the decay to two photons. Note that one has to add the
diagrams with photons crossed which makes in total 26 diagrams.
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Loop induced as photons do not directly 
couple to the Higgs

BF(H→ɣɣ) = 0.228 %

Supersymmetry
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text) as a function of the number of primary vertices per event
when using the true diphoton production vertex from the MC
simulation (points), the production vertex reconstructed by
the multivariate algorithm described in Sec. V (open squares),
and the production vertex reconstructed using only the pho-
ton trajectories (triangles). The events from di↵erent pro-
duction processes are weighted according the SM cross sec-
tions and are required to fulfill the diphoton selection criteria
(Sec. V) with no categorization applied.

these two variables for the jet background and that the
sidebands (the regions where either the photon identi-
fication or isolation is loose) are essentially populated
by jets. The small signal contamination in the control
regions is estimated using the MC simulation and ac-
counted for. The method is cross-checked with alterna-
tive in situ techniques as described in Refs. [100, 101].
The number of events for each component in the selected

diphoton events sample, obtained independently in each
bin of m�� , is shown in Fig. 10. The fractions of the
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small e+e� contribution from the Drell–Yan process. The er-
ror bars on each point represent the statistical uncertainty on
the measurement while the colored bands represent the total
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three contributions, integrated over the m�� spectrum,
are found to be 84±8% (77±3%), 15±8% (20±2%), and
1±1% (3±1%) for the 7 TeV (8 TeV) data, respectively.
The MC components mentioned above are combined ac-
cording to these fractions and di↵erent background tem-
plates are derived for each category by applying the spe-
cific event selection of the category. The combined back-
ground samples are then normalized to the numbers of
events observed in these categories (Table IV). Since this
representative background sample for each category con-
tains many times more events than the corresponding
data sample, the invariant mass distribution normalized
to the data has negligible statistical fluctuations relative
to the statistical uncertainties that are taken from the

irreducible background (~77%)

remaining reducible background (~23%)

• Events selected by dedicated diphoton 
triggers 

• Photon energies calibrated using energy scale 
derived from Z→e+e- and others processes.
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the generator-level and reconstructed jets. In addition,
for the 8 TeV data, the pileup dependence of the jet re-
sponse is suppressed by subtracting the median E

T

den-
sity for the event multiplied by the transverse area of
the jet [90, 91]. A residual pileup correction that is pro-
portional to the number of reconstructed primary ver-
tices and to the average number of interactions per bunch
crossing further reduces the pileup dependence, in par-
ticular in the forward region. Finally, the jet energy is
corrected by an absolute scale factor determined using
�+jet, Z+jet and multijet events in data, and a relative
⌘-dependent factor measured with dijet events in data.
In order to suppress jets produced by pileup, jets within
the tracking acceptance (|⌘j | < 2.4) are required to have
a jet vertex fraction2 (JVF) [91] larger than 0.5 (0.25)
for the 7 TeV (8 TeV) data, respectively.

In order to identify jets containing a b-hadron (b-jets),
a NN-based algorithm is used to combine information
from the tracks in a jet: the network exploits the mea-
surements of the impact parameters of the tracks, any
secondary vertices, and the outputs of decay topology
algorithms as discussed in Refs. [92, 93]. Four di↵erent
working points with e�ciencies for identifying b-jets (re-
jection factors for light jets) of 60% (450), 70% (140),
80% (29), and 85% (11) are used in the analysis. The ef-
ficiencies and rejection factors at the working points are
calibrated using control samples of data.

D. Missing transverse momentum

The measurement of the magnitude of the missing
transverse momentum Emiss

T

is based on the transverse
energy of all photon, electron and muon candidates, all
jets su�ciently isolated from the photon, electron and
muon candidates, and all calorimeter energy clusters not
associated with any of these objects (soft term) [94]. In
order to improve the discrimination of multijet events,
where Emiss

T

arises mainly from energy resolution ef-
fects, from events with a large fraction of Emiss

T

due
to non-interacting particles, an Emiss

T

-significance is de-
fined as Emiss

T

/�Emiss
T

, where the square root of the
scalar sum of the transverse energies of all objects
⌃E

T

is used in the estimator of the Emiss

T

resolution

�Emiss
T

= 0.67 [GeV1/2]
p
⌃E

T

. The proportionality fac-

tor 0.67 [GeV1/2] is determined with fully reconstructed
Z ! `` events by removing the leptons in the measure-
ment of Emiss

T

[95].

2 The jet vertex fraction (JVF) is defined as the sum of p
T

of the
tracks associated with the jet that are produced at the diphoton’s
primary vertex, divided by the sum of p

T

of the tracks associated
with the jet from all collision vertices.

V. EVENT SELECTION

The measurement of the signal strengths of Higgs bo-
son production is based on the extraction of resonance
signals in the diphoton invariant mass spectra of 12 in-
dependent categories of events that are described in the
next section. Common diphoton selection criteria are ap-
plied to all events. At least two photon candidates are
required to be in a fiducial region of the EM calorime-
ter defined by |⌘| < 2.37, excluding the transition re-
gion between the barrel and the end-cap calorimeters
(1.37 < |⌘| < 1.56). Photon candidates in this fiducial re-
gion are ordered according to their E

T

and only the first
two are considered: the leading and sub-leading photon
candidates are required to have E

T

/m�� > 0.35 and 0.25,
respectively, where m�� is the invariant mass of the two
selected photons. Requirements on the E

T

of the two
selected photons relative to m�� are found to give m��

spectra that are described by simpler parameterizations
than for the constant cuts on E

T

used in Ref. [13], as
discussed in Sec. VIIB.
The typical signal selection e�ciency of the kinematic

cuts described above ranges between 50% (for events
from WH production) to 60% (for events from tt̄H pro-
duction).
The invariant mass of the two photons is given by

m�� =
p
2E

1

E
2

(1� cos ↵),

where E
1

and E
2

are the energies of the leading and sub-
leading photons and ↵ is the opening angle of the two
photons with respect to their production vertex. The se-
lection of the correct diphoton production vertex is im-
portant for the resolution of the ↵ measurement and thus
for the precise measurement of m�� . A position resolu-
tion on the diphoton production vertex of about 15 mm
in the z direction with the photon trajectories measured
by the EM calorimeter alone is achieved, which is su�-
cient to keep the contribution from the opening angle to
the mass resolution smaller than the contribution from
the energy resolution. However, an e�cient procedure to
select the diphoton production vertex among the primary
vertex candidates reconstructed with the tracking detec-
tor is necessary. This selection allows the information as-
sociated with the primary vertex to be used to compute
the track-based quantities used in the object definitions,
such as the computation of photon isolation with tracks
(Sec. IVA) and the selection of jets associated with the
hard interaction (Sec. IVC).
The diphoton production vertex is selected from the

reconstructed collision vertices using a neural-network al-
gorithm. For each vertex the algorithm takes the follow-
ing as input: the combined z-position of the intersections
of the extrapolated photon trajectories (reconstructed by
exploiting the longitudinal segmentation of the calorime-
ter) with the beam axis; the sum of the squared trans-
verse momenta

P
p2
T

and the scalar sum of the transverse
momenta

P
p
T

of the tracks associated with the vertex;

Invariant Mass:

Opening angle with respect to their production vertex
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• Analysis idea: 
• Look for an excess in Higgs boson to diphoton Events associated with 

Missing transverse momentum.
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FIG. 2: Distribution of the diphoton invariant mass m�� .
An unbinned maximum-likelihood fit to the spectrum is used
to estimate the number of events from the continuum back-
ground and from H ! �� decays; the individual components
are shown as well as their sum.

To distinguish contributions from processes that in-
clude H ! �� decays from those that contribute to the
continuum background, a localized excess of events is
searched for in the m�� spectrum near the Higgs boson
mass, mH = 125.4 GeV. Probability distribution func-
tions that describe the H ! �� resonance or the contin-
uum background are defined in the range 105–160 GeV as
described below. The contributions from each source are
then estimated using an unbinned maximum-likelihood
fit to the observed m�� spectrum.

The m�� spectra of the signal models of H+DM pro-
duction and SM Higgs boson background processes are
modeled with a double-sided Crystal Ball [37] function;
the width and peak positions are fixed to values extracted
from fits to simulated samples. An exponential function,
eam�� with free parameter a is used to describe the m��

distribution of the continuum background. The chosen
continuum fit function is validated using simulated sam-
ples of the irreducible background processes and in three
data samples adjacent to the signal region, but with re-
laxed requirements on Emiss

T

, on p��
T

, or on photon iden-
tification. Results of the fit to data in the signal region
are shown in Fig. 2.

Systematic uncertainties from various sources a↵ect
the number of SM Higgs boson events in the resonant
background, the predicted shape and location of its peak,
as well as the e�ciency of the selection for the signal
models considered.

The uncertainty on the integrated luminosity, 2.8%, is
derived following the same methodology as that detailed
in Ref. [38] using beam-separation scans. Uncertainties
on the e�ciency of the photon isolation requirement, pho-
ton identification requirement, and trigger selection are
measured in an inclusive SM Higgs boson sample to be
2.8%, 2.1%, and 0.2%, respectively. Uncertainties in the
photon energy scale and resolution lead to respective un-

certainties of 11% and 0.3% in the position and width of
the H ! �� peak. Additional uncertainties on the jet
energy scale and resolution as well as the calibration of
unclustered hadronic recoil energy contribute to uncer-
tainty in the Emiss

T

, leading to 1.2% uncertainty from the
Emiss

T

and p��
T

requirements. The impacts on the selec-
tion e�ciency of the uncertainties on the levels of initial-
state and final-state radiation are assessed by varying the
Pythia8 parameters, as in Ref. [10]; these are found to
be typically at the level of 1%. The total uncertainty on
the selection e�ciency for peaking SM Higgs backgrounds
and signal models is 4.0%.
The theoretical uncertainties on the WH and ZH pro-

duction cross sections come from varying the renormal-
ization and factorization scales and from uncertainties
on the parton distribution functions [30, 39–41]. The
Higgs boson decay branching fractions are taken from
Refs. [42, 43] and their uncertainties from Refs. [44, 45].
The total theoretical uncertainty on the H + Emiss

T

con-
tribution is 6%.
The number of events observed in the data corre-

sponds to a 1.4 � deviation using the asymptotic for-
mulae in Ref. [46]. As the events observed these data
do not include a statistically significant BSM compo-
nent, the results are interpreted in terms of exclusions
on models that would produce an excess of H + Emiss

T

events. Upper bounds, detailed below, are calculated
using a one-sided profile likelihood ratio and the CLS

technique [47, 48], evaluated using the asymptotic ap-
proximation [46], which was ensured to be valid for the
available number of events.
The most model-independent limits are those on the

fiducial cross section of H + Emiss

T

events, including SM
and BSM components, �⇥A, where � is the cross section
and A is the fiducial acceptance. The latter is defined
using a selection identical to that defining the signal re-
gion but applied at particle level, where Emiss

T

is the vec-
tor sum of the momenta of the noninteracting particles,
photon isolation requirements are not applied, and a sim-
pler requirement on photon pseudorapidity |⌘| < 2.37 is
made. The limit on � ⇥ A is derived from a limit on the
visible cross section �⇥A⇥✏, where ✏ is the reconstruction
e�ciency in the fiducial region. An estimate ✏ = 56% is
computed using the simulated signal samples described
above with no quark or gluon produced from the main
interaction vertex; the e�ciencies vary across the set of
models by less than 10%. The observed (expected) up-
per limit on the fiducial cross section is 0.70 (0.43) fb at
95% confidence level (CL). These limits are applicable to
any model that predicts H +Emiss

T

events in the fiducial
region and has similar reconstruction e�ciency ✏.

Limits on specific models of BSM H + Emiss

T

produc-
tion depend on the prediction of theH+Emiss

T

component
produced via ZH or WH; calculations of this theoreti-
cal quantity will improve with time and may depend on
the details of a specific BSM theory. Following the pro-

Emiss
T > 90GeV, p��T > 90GeV

Search for Dark Matter in Events with Missing Transverse Momentum and a Higgs
Boson Decaying to Two Photons in pp Collisions at

p
s = 8 TeV with the ATLAS

Detector

ATLAS Collaboration
(Dated: June 4, 2015)

Results of a search for new phenomena in events with large missing transverse momentum and
a Higgs boson decaying to two photons are reported. Data from proton–proton collisions at a
center-of-mass energy of 8 TeV and corresponding to an integrated luminosity of 20.3 fb�1 have
been collected with the ATLAS detector at the LHC. The observed data are well described by
the expected Standard Model backgrounds. Upper limits on the cross section of events with large
missing transverse momentum and a Higgs boson candidate are also placed. Exclusion limits are
presented for models of physics beyond the Standard Model featuring dark-matter candidates.

PACS numbers: 14.80.Bn

Although the existence of dark matter (DM) is well
established, nearly nothing is known of its underlying
particle nature [1]. Many DM candidates have been pro-
posed, and attempts made to connect them to physics
beyond the Standard Model (SM) at the scale of elec-
troweak symmetry breaking [2] that would naturally ac-
commodate the observed relic density [3].

Collider searches for weakly interacting dark matter
rely on the inferred observation of missing transverse mo-
mentum [4] Emiss

T

recoiling against a visible final-state
object X, which may be a hadronic jet [5, 6], photon
(�) [7, 8], or W/Z boson [9–11]. The discovery of a Higgs
boson [12, 13] (H) creates a new opportunity to search for
beyond-the-SM (BSM) physics giving rise to H + Emiss

T

signatures [14]. In contrast to the aforementioned probes,
the visible H boson is unlikely to be radiated from an
initial-state quark or gluon. This has the important con-
sequence that the H+Emiss

T

signature directly probes the
structure of the e↵ective DM–SM coupling; see Fig. 1.

If the mass of the DM particle is less than half of the
Higgs boson mass mH , the Higgs boson may decay di-
rectly to DM. Such decays have been searched for us-
ing LHC data, and null results provide powerful con-
straints on the invisible branching ratio of the Higgs bo-
son in several di↵erent production modes including WH
or ZH [11, 15, 16], and qqH [17, 18]. However, the mass
of the DM particle may be larger than mH/2, in which
case these searches are not sensitive, and approaches such
as analysis of H + Emiss

T

events are required.

Two approaches are commonly used to model generic
processes yielding a final state with a particle X recoiling
against a system of noninteracting particles. One option
is to use nonrenormalizable operators in an e↵ective field
theory (EFT), which is agnostic about the details of the
theory at energies beyond the experimental sensitivity.
Alternatively, simplified models that explicitly include
the particles at higher masses can be used. The EFT ap-
proach is more model-independent, but is not valid when

H

�

�

q, g

q, g

H, Z, �,
Z �, S, ...

FIG. 1: Schematic diagram for production of DM particles �
in association with a Higgs boson in pp collisions, mediated by
electroweak bosons (H,Z, �) or new mediator particles such
as a Z0 or scalar singlet S. The gray circle denotes an e↵ective
interaction between DM, the Higgs boson, and other states.

the typical momentum transfer approaches the scale of
the high-mass particles that have been integrated out.
Simplified models do not su↵er from these concerns, but
include more assumptions by design and are therefore
less generic. The two approaches are thus complemen-
tary and both are considered here.

In this Letter, results are reported from a search for
H +Emiss

T

events in data collected by the ATLAS detec-
tor from pp collisions with center-of-mass energy

p
s =

8 TeV and corresponding to an integrated luminosity
of 20.3 fb�1, produced by the Large Hadron Collider.
The H ! �� decay mode is used exclusively, as the
small branching ratio is mitigated by the distinct dipho-
ton resonance signature and the low expected number
of background events with significant Emiss

T

[14]. AT-
LAS measured previously the di↵erential cross section of
H ! �� production with respect to several kinematic
quantities [19], including Emiss

T

; the search reported here
uses a subset of those data optimized for sensitivity to
production of dark matter in association with a Higgs
boson.

The ATLAS detector [20] is a multipurpose particle
physics experiment with a forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid an-
gle. Events were selected using a trigger that requires two
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FIG. 3: Profile likelihood ratio (�) as a function of �BSM,fid,
the fiducial cross section for production of a BSM H+DM
process in the �� + Emiss

T channel taking into account the
contribution of the SM component. The solid blue likelihood
curve shows that the number of events observed in the data
corresponds to a 1.4 � deviation using the asymptotic for-
mulae in Ref. [46]. The dotted green likelihood curve only
includes statistical uncertainties. The dashed red likelihood
curve allows for modifications of the central value and uncer-
tainty on the SM component as described in the text.

posal of Ref. [49], the profile likelihood ratio of the cross
section for BSM H+DM production in the �� + Emiss

T

channel is provided with the SM component fixed to
the central value of the theoretical calculation, which al-
lows later reinterpretation for any modified prediction
and uncertainty, as shown in Fig. 3. This approach re-
quires knowing how a change in the SM-like component
modifies the best-fit BSM component; in this case where
the SM-like and BSM components are indistinguishable,
�N

BSM

= ��N
SM-like

. The limits on the parameters
of the specific BSM models considered in this Letter are
calculated using the prediction and uncertainty for the
SM component as described above.

Limits on DM production are derived from the cross-
section limits at a given DM mass m�, and expressed
as 95% CL limits on the suppression scale ⇤ or coupling
parameter � for the e↵ective field theory operators; see
Fig. 4 for limits for �†@µ�H†DµH and �̄�µ�Bµ⌫H

†D⌫H
operators. For the lowest m� region not excluded by
results from searches for invisible Higgs boson decays
near m� = mH/2, values of ⇤ up to 6, 60, and 150
GeV are excluded for the �̄i�

5

�|H|2, �†@µ�H†DµH,
and �̄�µ�Bµ⌫H

†D⌫H operators, respectively; values of
� above 25.6 are excluded for the |�|2|H|2 operator. As
discussed above, the e↵ective field theory model becomes
a poor approximation of an ultraviolet-complete model
containing a heavy mediator V when the momentum
transferred in the interaction, Q

tr

, is comparable to the
mass of the intermediate state mV = ⇤

p
gqg� [53, 54],

where gq and g� represent the coupling of V to SM and
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FIG. 4: Limits at 95% CL on the mass scale ⇤ as a function of
the DMmass (m�) for two of the four EFT models considered.
Solid black lines are due to H + Emiss

T (this Letter); results
where EFT truncation is applied are also shown, assuming
coupling values g =

p
gqg� = 1, 4⇡. The g = 4⇡ case overlaps

with the no-truncation result. The blue line indicates regions
that fail the perturbativity requirement of g < 4⇡, the red
line indicates regions excluded by Z boson limits [50] on the
invisible branching fraction (BF), and the pink line indicates
regions excluded by the LUX Collaboration [51].

DM particles, respectively. To give an indication of the
impact of the unknown ultraviolet details of the theory,
limits are computed in which only simulated events with
Q

tr

= m�� < mV are retained; these limits are shown
for values of

p
gqg� = 1 or 4⇡ in Fig. 4. This proce-

dure is referred to as truncation. In addition, limits are
derived on coupling parameters for simplified models as
shown in Fig. 5. For a vector-mediated model, limits
are placed on the coupling gq of the mediator to quarks,
assuming maximal coupling g� to dark matter. For the
scalar-mediated model, limits are placed on the param-
eter  ⇥ sin(✓

mix

), where sin(✓
mix

) is the mixing angle
between the scalar S boson and the Higgs boson, and 
is a scaling constant; however, current calculations [14]
of the gg ! HS production mode may be overestimated
due to approximations made in evaluating the top-quark
loop.

‘Subtract’ Standard Model signal

Expect ~1+1 signal+bgk events in the peak region, but see ~3.
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calculated using the prediction and uncertainty for the
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containing a heavy mediator V when the momentum
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are placed on the coupling gq of the mediator to quarks,
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eter  ⇥ sin(✓

mix

), where sin(✓
mix

) is the mixing angle
between the scalar S boson and the Higgs boson, and 
is a scaling constant; however, current calculations [14]
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In conclusion, a search for DM produced in association
with a Higgs boson decaying to two photons has been
conducted. Prior to these results, no bounds have been
placed by collider experiments on the H+DM models
discussed here. In addition, upper limits are placed on
the cross section of events with large missing transverse
momentum and a Higgs boson.
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the central value of the theoretical calculation, which al-
lows later reinterpretation for any modified prediction
and uncertainty, as shown in Fig. 3. This approach re-
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of the specific BSM models considered in this Letter are
calculated using the prediction and uncertainty for the
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DM particles, respectively. To give an indication of the
impact of the unknown ultraviolet details of the theory,
limits are computed in which only simulated events with
Q
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= m�� < mV are retained; these limits are shown
for values of

p
gqg� = 1 or 4⇡ in Fig. 4. This proce-

dure is referred to as truncation. In addition, limits are
derived on coupling parameters for simplified models as
shown in Fig. 5. For a vector-mediated model, limits
are placed on the coupling gq of the mediator to quarks,
assuming maximal coupling g� to dark matter. For the
scalar-mediated model, limits are placed on the param-
eter  ⇥ sin(✓

mix

), where sin(✓
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) is the mixing angle
between the scalar S boson and the Higgs boson, and 
is a scaling constant; however, current calculations [14]
of the gg ! HS production mode may be overestimated
due to approximations made in evaluating the top-quark
loop.
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for values of

p
gqg� = 1 or 4⇡ in Fig. 4. This proce-

dure is referred to as truncation. In addition, limits are
derived on coupling parameters for simplified models as
shown in Fig. 5. For a vector-mediated model, limits
are placed on the coupling gq of the mediator to quarks,
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dure is referred to as truncation. In addition, limits are
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• Analysis idea: 
• Combine H→ɣɣ and H→ZZ*→4l fiducial event yields by accounting for the 

difference in branching fraction and acceptance 

➡  Can also be done for differential distributions, e.g. Higgs boson pT spectrum

Extrapolation to the inclusive phase space

• In principle one can also extrapolate the fiducial cross sections to the fully inclusive region. 

• Ok, given what we just discussed — why would you want to do that?  

• Not model independent, but still less model dependent than coupling measurements.  

• Can combine differential quantities with different channels. 

• Mostly account for object (photons, leptons) acceptance, i.e. more tied to objects than 
production specifics.

truth fiducial 
phase space

reco fiducial 
phase space

inclusive phase 
space

unfolding

�i =
ni

L ci
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ni

L ci ↵i B

acceptance branching fractionunfolding correction
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detector phase  
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2

range 56–99%.
In the binned maximum-likelihood fit, the statisti-

cal uncertainty of the H ! �� event yield is modeled
using a Gaussian distribution, while the event yield
in the H ! ZZ⇤ ! 4` channel follows a Poisson dis-
tribution due to the small sample size. Experimen-
tal and theoretical systematic uncertainties a↵ecting the
signal yields, detector e�ciencies, branching fractions
and fiducial acceptance corrections are taken into ac-
count in the likelihood as constrained nuisance param-
eters. Nuisance parameters describing the same uncer-
tainty sources are treated as fully correlated between
bins and channels. Systematic uncertainties on the
H ! �� and H ! ZZ⇤ ! 4` background estimates and
e�ciency correction factors, as well as the uncertainty
on the integrated luminosity, are described in detail in
Refs. [8, 9]. The branching fraction uncertainty due to
the assumed quark masses and other theoretical uncer-
tainties are evaluated following the recommendations of
Ref. [16], considering uncertainty correlations between
the H ! �� and H ! ZZ⇤ ! 4` decay channels. Un-
certainties on the acceptance correction related to the
choice of PDF set are evaluated by taking the envelope
of the sum in quadratures of eigenvector variations of
the baseline (CT10 [17]) and the central values of alter-
native (MSTW2008NLO [18] and NNPDF2.3 [19]) PDF
sets. Uncertainties on the acceptance correction asso-
ciated with missing higher-order corrections are evalu-
ated by varying the renormalization and factorization
scales coherently and individually by factors of 0.5 and
2 from their nominal values, and by reweighting the pHT
distribution from Powheg-box to the prediction of the
HRes 2.2 calculation [20, 21]. The envelope of the max-
imum deviation of the combined scale variations and the
pHT reweighting is used as the systematic variation. To
account for the uncertainty in the mass measurement,
the Higgs boson mass is varied by ±0.4 GeV. To as-
sess the systematic uncertainty due to the assumption of
SM cross-section fractions of the Higgs boson production
modes, the VBF and VH fractions are varied by factors of
0.5 and 2 from the SM prediction and the fraction of tt̄H
is varied by factors of 0 and 5. These factors are based
on current experimental bounds [22–26]. The total un-
certainties on the acceptance correction range from 1%
to 6%, depending on the channel, distribution and bin.

The total systematic uncertainties on the combined dif-
ferential cross sections range from 4% to 12%, depending
on the distribution and bin. For the kinematic variables
pHT and |yH|, the largest systematic uncertainties on the
di↵erential cross sections are due to the luminosity and
the background estimates in both channels. For the jet
variables Njets and pj1T , the largest systematic uncertain-
ties on the di↵erential cross sections are due to the jet en-
ergy scale and resolution. In the shape combination, the
normalization uncertainties including luminosity, branch-
ing fractions, and e�ciency uncertainties do not apply.
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FIG. 1. Measured total cross section of Higgs boson produc-
tion compared to two calculations of the ggF cross section.
Contributions from other relevant Higgs boson production
modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions
are presented in Table I.

Statistical uncertainties dominate all resulting distribu-
tions, ranging from 23% to 75%.

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLL a,b,c

ADDFGHLM [27–30] N3LO a,b,c

Analytical di↵erential cross-section predictions

HRes 2.2 [20, 21] NNLO+NNLL a,e,f

STWZ [31], BLPTW [32] NNLO+NNLL c,d,e,g,h

JetVHeto 2.0 [33–35] NNLO+NNLL a,c,e

Monte Carlo event generators

SHERPA 2.1.1 [36, 37] H + 0, 1, 2 jets @NLO i,j

MG5 aMC@NLO [38, 39] H + 0, 1, 2 jets @NLO i,k,l

Powheg Nnlops [40, 41] NNLO�0j , NLO e,l,m
�1j

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g In the notation of Ref. [31], this corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme [42–44]
k Software version 2.2.1, NLO merged using FxFx scheme [39]
l Interfaced with Pythia8 for parton showering
m Uses Minlo method & yH reweighting to HNNLO [41, 45, 46].
The total pp ! H cross section is determined in the

H ! �� channel to be 31.4±7.2 (stat)±1.6 (sys) pb and
in the H ! ZZ⇤ ! 4` channel to be 35.0 ± 8.4 (stat) ±

• Inclusive cross section result: 
- Compared to N3LO result from Anastasiou 

et al. 
- Good agreement between channels. 
- Cross section a bit high in comparison to 

SM

http://arxiv.org/abs/1503.06056
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1.8 (sys) pb. Combining the analyses yields �pp!H =
33.0± 5.3 (stat)± 1.6 (sys) pb. Figure 1 presents a com-
parison of these measurements with two ggF predictions
to which contributions from other relevant Higgs boson
production modes (VBF, VH, tt̄H, bb̄H) are added us-
ing cross sections and uncertainties from Ref. [10]. The
LHC-XS ggF prediction, recommended in Ref. [10], is ac-
curate to next-to-next-to-leading order (NNLO) in QCD
and utilises threshold resummation accurate to next-to-
next-to-leading logarithms (NNLL). A significant e↵ort
has been undertaken by the theory community to provide
ggF cross sections beyond this precision through various
improvements in the perturbative calculations [31, 47–
51]. Recently, the ADDFGHLM group has provided a
fixed-order calculation accurate to next-to-next-to-next-
leading order (N3LO) [27–30]. A PDF uncertainty of
+7.5
�6.9% is assigned to the LHC-XS prediction, derived fol-
lowing the recommendations in Ref. [16]. This uncer-
tainty is increased by +0.3

�0.1% for the ADDFGHLM pre-
diction corresponding to the change in uncertainty of the
MSTW2008nnlo PDF set when changing the calculation
from NNLO to N3LO. The PDF uncertainty is treated
as uncorrelated with the QCD scale uncertainty.

The central value of the measured total cross section
is larger than the SM predictions presented in Fig. 1.
A likelihood-ratio test statistic is used to quantify the
agreement, using a bifurcated Gaussian to model the
asymmetric theory uncertainties. The resulting p-values
are 5.5% and 9.0% for the agreement between data and
the predictions from LHC-XS and ADDFGHLM, respec-
tively. The ratio of the measured cross section to the
LHC-XS prediction is higher than the results presented
in Refs. [22, 23], which use an event categorization based
on the expected SM yields in the di↵erent Higgs boson
production modes.

Figure 2 shows the comparison of the combined cross
sections in di↵erent inclusive and exclusive jet multiplic-
ity bins with state-of-the-art predictions, including NLO-
accurate multi-leg (ML) merged ggF MC event genera-
tors (further details are given in Table I). Jets are re-
constructed using the anti-kt algorithm [52] with a ra-
dius parameter R = 0.4 [53], and are required to have
pT > 30 GeV and |y| < 4.4. Simulated particle-level
jets are built from all particles with c⌧ > 10 mm exclud-
ing neutrinos, electrons and muons that do not originate
from hadronic decays. Photons are excluded from jet-
finding if they lie inside a cone of radius �R < 0.1 of an
electron or muon, and neither the photon nor lepton orig-
inate from a hadron decay. To allow comparisons with
the unfolded measurements, the analytical calculations
are corrected for e↵ects of hadronization and multiple
particle interactions. These correction factors and their
associated uncertainties are obtained using the Pythia8
and Herwig [54] MC event generators with di↵erent
tunes [55–57]. The obtained total cross sections from the
MLmerged predictions are lower than from fully inclusive
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FIG. 2. Measured Higgs boson production cross sections
in inclusive and exclusive jet multiplicity bins compared to
di↵erent theoretical predictions (see Table I for details and
references).

NNLO+NNLL calculations. However, for Njets � 1, the
MC predictions formally have NLO accuracy, which is the
same as the analytical calculations. Contributions from
other relevant Higgs boson production modes are gener-
ated using Powheg for VBF and Pythia8 for VH, tt̄H,
and bb̄H, and are scaled to the cross sections in Ref. [10].
Uncertainties are assigned to all MC predictions from
QCD scale and PDF variations. The ML-merged ggF
predictions also have uncertainties due to the choice of
merging scale. The SHERPA uncertainties further in-
clude resummation scale variations. The measured cross
sections are higher than the predictions for all measured
jet multiplicities. The poorest agreement with data can
be found in the inclusive and exclusive 1-jet bins, with
p-values ranging between 0.1% and 3.6%.

The combined di↵erential cross sections as a function
of pHT, |yH|, and pj1T are shown in Fig. 3 (left). The
measured pHT and |yH| distributions are compared to
the HRes calculation and the pj1T measurement is com-
pared to STWZ and JetVHeto predictions. Figure 3
(right) shows the comparisons of the normalized shapes
to predictions from the MC event generators NNLOPS,
SHERPA 2.1.1, and MG5 aMC@NLO, as well as the
HRes calculation. The uncertainties on the predicted
shapes are evaluated following the same approach as for
the di↵erential cross-section predictions. They are de-
rived from the impact of QCD scale, merging scale and
PDF variations. The mean of the measured pHT distri-
bution is 40.1 ± 3.0 GeV, while the means of the MC
predictions range from 34 to 37 GeV.

2

range 56–99%.
In the binned maximum-likelihood fit, the statisti-

cal uncertainty of the H ! �� event yield is modeled
using a Gaussian distribution, while the event yield
in the H ! ZZ⇤ ! 4` channel follows a Poisson dis-
tribution due to the small sample size. Experimen-
tal and theoretical systematic uncertainties a↵ecting the
signal yields, detector e�ciencies, branching fractions
and fiducial acceptance corrections are taken into ac-
count in the likelihood as constrained nuisance param-
eters. Nuisance parameters describing the same uncer-
tainty sources are treated as fully correlated between
bins and channels. Systematic uncertainties on the
H ! �� and H ! ZZ⇤ ! 4` background estimates and
e�ciency correction factors, as well as the uncertainty
on the integrated luminosity, are described in detail in
Refs. [8, 9]. The branching fraction uncertainty due to
the assumed quark masses and other theoretical uncer-
tainties are evaluated following the recommendations of
Ref. [16], considering uncertainty correlations between
the H ! �� and H ! ZZ⇤ ! 4` decay channels. Un-
certainties on the acceptance correction related to the
choice of PDF set are evaluated by taking the envelope
of the sum in quadratures of eigenvector variations of
the baseline (CT10 [17]) and the central values of alter-
native (MSTW2008NLO [18] and NNPDF2.3 [19]) PDF
sets. Uncertainties on the acceptance correction asso-
ciated with missing higher-order corrections are evalu-
ated by varying the renormalization and factorization
scales coherently and individually by factors of 0.5 and
2 from their nominal values, and by reweighting the pHT
distribution from Powheg-box to the prediction of the
HRes 2.2 calculation [20, 21]. The envelope of the max-
imum deviation of the combined scale variations and the
pHT reweighting is used as the systematic variation. To
account for the uncertainty in the mass measurement,
the Higgs boson mass is varied by ±0.4 GeV. To as-
sess the systematic uncertainty due to the assumption of
SM cross-section fractions of the Higgs boson production
modes, the VBF and VH fractions are varied by factors of
0.5 and 2 from the SM prediction and the fraction of tt̄H
is varied by factors of 0 and 5. These factors are based
on current experimental bounds [22–26]. The total un-
certainties on the acceptance correction range from 1%
to 6%, depending on the channel, distribution and bin.

The total systematic uncertainties on the combined dif-
ferential cross sections range from 4% to 12%, depending
on the distribution and bin. For the kinematic variables
pHT and |yH|, the largest systematic uncertainties on the
di↵erential cross sections are due to the luminosity and
the background estimates in both channels. For the jet
variables Njets and pj1T , the largest systematic uncertain-
ties on the di↵erential cross sections are due to the jet en-
ergy scale and resolution. In the shape combination, the
normalization uncertainties including luminosity, branch-
ing fractions, and e�ciency uncertainties do not apply.
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FIG. 1. Measured total cross section of Higgs boson produc-
tion compared to two calculations of the ggF cross section.
Contributions from other relevant Higgs boson production
modes (VBF, VH, tt̄H, bb̄H) are added using cross sections
and uncertainties from Ref. [10]. Details of the predictions
are presented in Table I.

Statistical uncertainties dominate all resulting distribu-
tions, ranging from 23% to 75%.

TABLE I. Summary of the ggF predictions used in the
comparison with the measured cross sections. The second
column states the order in QCD perturbation theory and
which threshold resummation is applied, if any. Further de-
tails are provided in the footnotes. All predictions are for
mH = 125.4 GeV and

p
s = 8 TeV.

Total cross-section calculations

LHC-XS [10] NNLO+NNLL a,b,c

ADDFGHLM [27–30] N3LO a,b,c

Analytical di↵erential cross-section predictions

HRes 2.2 [20, 21] NNLO+NNLL a,e,f

STWZ [31], BLPTW [32] NNLO+NNLL c,d,e,g,h

JetVHeto 2.0 [33–35] NNLO+NNLL a,c,e

Monte Carlo event generators

SHERPA 2.1.1 [36, 37] H + 0, 1, 2 jets @NLO i,j

MG5 aMC@NLO [38, 39] H + 0, 1, 2 jets @NLO i,k,l

Powheg Nnlops [40, 41] NNLO�0j , NLO e,l,m
�1j

a Considers b- (and c-) quark masses in the gg ! H loop
b Includes electroweak corrections
c Based on MSTW2008nnlo [18] (↵s from PDF set)
d Uses ⇡2-resummed gg ! H form factor
e NNLO refers to the total cross section
f Based on the CT10nnlo PDF set
g In the notation of Ref. [31], this corresponds to NNLL0
h Includes 1-jet resummation included at NLL0+NLO
i Based on the CT10nlo PDF set
j Uses MEPS@NLO method and CKKW merging scheme [42–44]
k Software version 2.2.1, NLO merged using FxFx scheme [39]
l Interfaced with Pythia8 for parton showering
m Uses Minlo method & yH reweighting to HNNLO [41, 45, 46].
The total pp ! H cross section is determined in the

H ! �� channel to be 31.4±7.2 (stat)±1.6 (sys) pb and
in the H ! ZZ⇤ ! 4` channel to be 35.0 ± 8.4 (stat) ±

• Inclusive and Exclusive Jet 
cross sections

http://arxiv.org/abs/1503.06056
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measured by combining the H ! �� and H ! ZZ⇤ ! 4` channels. The measured variables are the Higgs boson transverse
momentum pHT (top) and its rapidity |yH| (middle), and the transverse momentum of the leading jet pj1T (bottom). The 0–30 GeV
bin of the pj1T distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented,
using the same bin widths as the measurement.
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FIG. 3. Di↵erential cross sections (left) and normalized cross-section shapes (right) for inclusive Higgs boson production
measured by combining the H ! �� and H ! ZZ⇤ ! 4` channels. The measured variables are the Higgs boson transverse
momentum pHT (top) and its rapidity |yH| (middle), and the transverse momentum of the leading jet pj1T (bottom). The 0–30 GeV
bin of the pj1T distributions corresponds to events without jets above 30 GeV. Various theoretical predictions are presented,
using the same bin widths as the measurement.

A bit more boosted than expected.
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Figure 5. The di↵erential cross section for pp ! H ! �� as a function of (a) the jet multiplicity for
pjet
T

> 30 GeV and (b) the jet multiplicity for pjet
T

> 50 GeV. The data and theoretical predictions
are presented the same way as in figure 4, although the SM prediction is now constructed using
the Minlo HJ prediction for gluon fusion and the default MC samples for the other production
mechanisms. The Minlo HJ prediction is normalised to the LHC-XS prediction using a K-factor
of K

ggF

= 1.54.

The di↵erential cross sections as a function of the dijet rapidity separation, |�yjj |,
and the azimuthal angle between the diphoton and dijet system, |����,jj |, for events

containing two or more jets, are shown in figure 7. These are standard variables used to

discriminate between gluon fusion and vector-boson fusion production of the Higgs boson

at the LHC [14]. The data are compared to the SM prediction provided by Minlo HJJ

for gluon fusion and the default MC samples for the other production mechanisms. The

shape of the SM prediction is in satisfactory agreement with the data.

The di↵erential cross section as a function of the cosine of the photon decay angle in the

Collins–Soper frame, |cos ✓⇤|, is shown in figure 8(a). This distribution is sensitive to the

spin of the Higgs boson. The data are compatible with the results of earlier dedicated spin

studies [11], where the signal yields were extracted under the assumption of a particular

spin hypothesis and not corrected for detector e↵ects. The data are compared to the SM

prediction defined using the Hres prediction for gluon fusion and the default MC samples

for the other production mechanisms. The SM prediction is in good agreement with the

data.

The di↵erential cross section as a function of the azimuthal angle between the jets in

events containing two or more jets is shown in figure 8(b). The data are compared to the

SM prediction defined using theMinlo HJJ prediction for gluon fusion and the default MC

samples for the other production mechanisms. There is an upward deviation in data with

respect to the SM prediction in the bin at |��jj | ⇠ ⇡, with an associated significance of
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Figure 4. The di↵erential cross section for pp ! H ! �� as a function of (a) the diphoton
transverse momentum, p��

T

, and (b) the absolute rapidity of the diphoton system, |y�� |. The data
are shown as filled (black) circles. The vertical error bar on each data point represents the total
uncertainty in the measured cross section and the shaded (grey) band is the systematic component.
The SM prediction, defined using the Hres prediction for gluon fusion and the default MC samples
for the other production mechanisms, is presented as a hatched (blue) band, with the depth of
the band reflecting the total theoretical uncertainty (see text for details). The small contribution
from VBF, V H and tt̄H is also shown separately as a dashed (green) line and denoted by XH.
The Hres predictions are normalised to the total LHC-XS cross section [57] using a K-factor of
K

ggF

= 1.15.

cross section that does not contain a jet with p
T

> 30 GeV. This variable directly tests

the probability of hard quark and gluon emission from inclusively produced Higgs boson

events. The jet veto e�ciency is measured to be 0.50+0.10
�0.13 (stat.) ± 0.03 (syst.). This is

approximately reproduced by the theoretical prediction from JetVHeto, which is 0.67±0.08

for gluon fusion. The inclusion of all production mechanisms is expected to reduce the jet

veto e�ciency by approximately 0.06, bringing the theoretical prediction into even better

agreement with the data.

Figures 6(a) and 6(b) show the di↵erential cross section as a function of the leading

jet’s transverse momentum and rapidity, respectively. Figure 6(c) shows the di↵erential

cross section as a function ofH
T

. The shape of all these distributions are in good agreement

with the prediction provided by Minlo HJ for gluon fusion and the default MC samples

for the other production mechanisms. Figure 6(d) shows the di↵erential cross section as a

function of the subleading jet transverse momentum, the shape of which is satisfactorily

described by the theoretical predictions provided by Minlo HJJ for gluon fusion and the

default MC samples for the other production mechanisms. The Minlo HJJ prediction is

normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.10.
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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

2.3�. This deviation remains present if the azimuthal angle between the jets is constructed

using only central jets (|y| < 2.4) with an increased JVF cut, which suggests that pileup is

not responsible for the additional back-to-back jets. Similarly, the contribution of double

parton scattering to H+2 jet production was estimated to be just 1.3%, using the e↵ective

area parameter for double parton scattering measured in W +2 jet events at ATLAS [110].

The azimuthal angle between the jets is sensitive to the charge conjugation and parity

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a

peak at ⇡/2 and dips at 0 and ⇡ [19–21]. For VBF, the SM prediction is approximately flat

with a slight rise towards |��jj | = ⇡ [18]. Any additional anomalous CP-even or CP-odd

contribution to the interaction between the Higgs boson and weak bosons would manifest

itself as an additional oscillatory component, and any interference between the SM and

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡

[18]. The shape of the distribution is therefore sensitive to the relative contribution of

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions

between the Higgs boson and gluons or weak bosons. To further quantify the structure of

the azimuthal angle between the two jets, an asymmetry is defined as

A
�� =

�(|��| < ⇡
3

)� �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)

�(|��| < ⇡
3

) + �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)
(10.1)
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Figure 1: Statistical correlations between the measured cross sections in bins of the diphoton transverse momentum
and jet multiplicity distributions. The quoted uncertainties refer to the total statistical uncertainty due to the finite
number of bootstrapped samples and the finite number of data events.

As part of this Letter, the correlations computed above are made publicly available in HEPDATA [15],
allowing the analysis to be repeated using other EFT frameworks or other models with non-SM Higgs boson
interactions.

4 EFT model construction

The e↵ective field theory Lagrangian has been implemented in FeynRules [10]. Particle-level event samples
are produced at the parton level for specific values of Wilson coe�cients by interfacing the universal file
output from FeynRules to the Madgraph5 [16] event generator. Higgs boson production via gluon fusion is
produced with up to two additional partons in the final state using leading-order matrix elements. The 0-,
1- and 2-parton events are merged using the MLM matching scheme [17] and passed through the Pythia6
generator [18] to create the fully hadronic final state. Event samples containing a Higgs boson produced
either in association with a vector boson or via vector-boson fusion are produced using leading-order matrix
elements and passed through the Pythia6 generator. For each production mode, the Higgs boson mass is set
to 125 GeV [19] and events are generated using the CTEQ6L1 parton distribution function and the AUET2
parameter set [20]. All other Higgs production modes are assumed to occur as predicted by the SM.

Event samples are produced for di↵erent values of a given Wilson coe�cient. The particle-level di↵erential
cross sections are produced using Rivet [21]. The Professor method [22] is used to interpolate between
these samples, for each bin of each distribution, and provides a parameterisation of the EFT prediction. The
parameterisation function is determined using 11 samples when studying a single Wilson coe�cient, whereas
25 samples are used when studying two Wilson coe�cients simultaneously. As the Wilson coe�cients
enter the e↵ective Lagrangian in linear fashion, second-order polynomials are used to predict the cross

Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.

4

• Analysis idea: 
• Simultaneous analysis of several differential 

cross sections to probe for New Physics. 
• Problem: all measured from same data → 

need statistical correlations.

Can be obtained using bootstrapping approach 
i.e. exploit large amount of background to estimate 
correlations.
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Figure 5. The di↵erential cross section for pp ! H ! �� as a function of (a) the jet multiplicity for
pjet
T

> 30 GeV and (b) the jet multiplicity for pjet
T

> 50 GeV. The data and theoretical predictions
are presented the same way as in figure 4, although the SM prediction is now constructed using
the Minlo HJ prediction for gluon fusion and the default MC samples for the other production
mechanisms. The Minlo HJ prediction is normalised to the LHC-XS prediction using a K-factor
of K

ggF

= 1.54.

The di↵erential cross sections as a function of the dijet rapidity separation, |�yjj |,
and the azimuthal angle between the diphoton and dijet system, |����,jj |, for events

containing two or more jets, are shown in figure 7. These are standard variables used to

discriminate between gluon fusion and vector-boson fusion production of the Higgs boson

at the LHC [14]. The data are compared to the SM prediction provided by Minlo HJJ

for gluon fusion and the default MC samples for the other production mechanisms. The

shape of the SM prediction is in satisfactory agreement with the data.

The di↵erential cross section as a function of the cosine of the photon decay angle in the

Collins–Soper frame, |cos ✓⇤|, is shown in figure 8(a). This distribution is sensitive to the

spin of the Higgs boson. The data are compatible with the results of earlier dedicated spin

studies [11], where the signal yields were extracted under the assumption of a particular

spin hypothesis and not corrected for detector e↵ects. The data are compared to the SM

prediction defined using the Hres prediction for gluon fusion and the default MC samples

for the other production mechanisms. The SM prediction is in good agreement with the

data.

The di↵erential cross section as a function of the azimuthal angle between the jets in

events containing two or more jets is shown in figure 8(b). The data are compared to the

SM prediction defined using theMinlo HJJ prediction for gluon fusion and the default MC

samples for the other production mechanisms. There is an upward deviation in data with

respect to the SM prediction in the bin at |��jj | ⇠ ⇡, with an associated significance of
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Figure 4. The di↵erential cross section for pp ! H ! �� as a function of (a) the diphoton
transverse momentum, p��

T

, and (b) the absolute rapidity of the diphoton system, |y�� |. The data
are shown as filled (black) circles. The vertical error bar on each data point represents the total
uncertainty in the measured cross section and the shaded (grey) band is the systematic component.
The SM prediction, defined using the Hres prediction for gluon fusion and the default MC samples
for the other production mechanisms, is presented as a hatched (blue) band, with the depth of
the band reflecting the total theoretical uncertainty (see text for details). The small contribution
from VBF, V H and tt̄H is also shown separately as a dashed (green) line and denoted by XH.
The Hres predictions are normalised to the total LHC-XS cross section [57] using a K-factor of
K

ggF

= 1.15.

cross section that does not contain a jet with p
T

> 30 GeV. This variable directly tests

the probability of hard quark and gluon emission from inclusively produced Higgs boson

events. The jet veto e�ciency is measured to be 0.50+0.10
�0.13 (stat.) ± 0.03 (syst.). This is

approximately reproduced by the theoretical prediction from JetVHeto, which is 0.67±0.08

for gluon fusion. The inclusion of all production mechanisms is expected to reduce the jet

veto e�ciency by approximately 0.06, bringing the theoretical prediction into even better

agreement with the data.

Figures 6(a) and 6(b) show the di↵erential cross section as a function of the leading

jet’s transverse momentum and rapidity, respectively. Figure 6(c) shows the di↵erential

cross section as a function ofH
T

. The shape of all these distributions are in good agreement

with the prediction provided by Minlo HJ for gluon fusion and the default MC samples

for the other production mechanisms. Figure 6(d) shows the di↵erential cross section as a

function of the subleading jet transverse momentum, the shape of which is satisfactorily

described by the theoretical predictions provided by Minlo HJJ for gluon fusion and the

default MC samples for the other production mechanisms. The Minlo HJJ prediction is

normalised to the LHC-XS prediction using a K-factor of K
ggF

= 1.10.
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Figure 7. The di↵erential cross section for pp ! H ! �� as a function of (a) the dijet rapidity
separation, |�yjj |, and (b) the azimuthal angle between the dijet and diphoton systems presented
as |⇡ �����,jj |. The data and theoretical predictions are presented the same way as in figure 4,
although the SM prediction is now defined using the Minlo HJJ prediction for gluon fusion and
the default MC samples for the other production mechanisms. The Minlo HJJ prediction is
normalised to the LHC-XS prediction using a K-factor of K

ggF

= 1.10.

2.3�. This deviation remains present if the azimuthal angle between the jets is constructed

using only central jets (|y| < 2.4) with an increased JVF cut, which suggests that pileup is

not responsible for the additional back-to-back jets. Similarly, the contribution of double

parton scattering to H+2 jet production was estimated to be just 1.3%, using the e↵ective

area parameter for double parton scattering measured in W +2 jet events at ATLAS [110].

The azimuthal angle between the jets is sensitive to the charge conjugation and parity

properties of the Higgs boson interactions. For example, in gluon fusion, a CP-even coupling

has a dip at ⇡/2 and peaks at 0 and ⇡, whereas a purely CP-odd coupling would present as a

peak at ⇡/2 and dips at 0 and ⇡ [19–21]. For VBF, the SM prediction is approximately flat

with a slight rise towards |��jj | = ⇡ [18]. Any additional anomalous CP-even or CP-odd

contribution to the interaction between the Higgs boson and weak bosons would manifest

itself as an additional oscillatory component, and any interference between the SM and

anomalous couplings can produce distributions peaked at either |��jj | = 0 or |��jj | = ⇡

[18]. The shape of the distribution is therefore sensitive to the relative contribution of

gluon fusion and vector-boson fusion, as well as the tensor structure of the interactions

between the Higgs boson and gluons or weak bosons. To further quantify the structure of

the azimuthal angle between the two jets, an asymmetry is defined as

A
�� =

�(|��| < ⇡
3

)� �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)

�(|��| < ⇡
3

) + �(⇡
3

< |��| < 2⇡
3

) + �(|��| > 2⇡
3

)
(10.1)
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the
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Figure 2: Ratio of di↵erential cross sections predicted by specific choices of Wilson coe�cient to the di↵erential cross
sections predicted by the SM.

5 Limit-setting procedure

Limits on the Wilson coe�cients are set by constructing a �2 function

�2 =
⇣
~�data � ~�pred

⌘T
C�1
⇣
~�data � ~�pred

⌘
,

where ~�data and ~�pred are vectors from the measured and predicted cross sections of the five analysed ob-
servables, and C = Cstat + Cexp + Cpred is the total covariance matrix defined by the sum of the statistical,
experimental and theoretical covariances. The predicted cross section ~�pred and its associated covariance
Cpred are continuous functions of Wilson coe�cients. Scans of one or two Wilson coe�cients are carried
out and the minimum �2 value, �2

min, is determined. The confidence level (CL) of each scan point can be
calculated as

1 �CL = n
Z 1

�2(ci)��2
min

dx �2(x; m) ,

with �2(ci) being the �2 value evaluated for a given Wilson coe�cient ci, and �2(x; m) being the �2 distribu-
tion for m degrees of freedoms and n = 1 or 1

2 for two-sided or one-sided limits. The coverage of CL and the
e↵ective number of degrees of freedom are determined using ensembles of pseudo-experiments.3

3 For one-dimensional limits on the CP-even (odd) Wilson coe�cients, good agreement is found between the asymptotic formula
and the pseudo-experiment test statistic with m = 1 and n = 1 ( 1

2 ). For the two-dimensional limits on c̄g versus c̃g, and c̄HW

versus c̃HW , good agreement between pseudo-experiments and asymptotic formula is found for m = 1 and n = 1. For the two
dimensional limit on c̄g versus c̄�, good agreement between pseudo-experiments and asymptotic formula is found for m = 2 and
n = 1.
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Figure 3: The input data from Ref. [9] is compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1⇥10�4

and c̄HW = 0.05, respectively.

The input data vector is compared in Fig. 3 to the SM hypothesis as well as two non-SM hypotheses specified
by c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.

The covariance matrix for experimental systematic uncertainties is constructed from all uncertainty sources
provided by Ref. [9], which include the jet energy scale and resolution uncertainties, photon energy and
resolution uncertainties, and model uncertainties. Identical sources are assumed to be fully correlated across
bins and variables and the sign of an error amplitude is taken into account when computing the covariance
matrix. The statistical uncertainties on the cross correlation have a negligible impact on the results reported
here.

The covariance matrix for the theoretical uncertainties is constructed to account for missing higher-order
corrections and PDF uncertainties in the SM reference predictions. The uncertainties in the gluon fusion
reference samples are: (i) a shape uncertainty, estimated by simultaneously varying the factorisation and
renormalisation scales in MG5_aMC@NLO by a factor of 0.5 or 2.0, and (ii) uncertainties from missing
higher-order corrections and PDF associated with the normalisation to the NNLO+NNLL QCD plus NLO
electroweak total cross-section prediction, which is taken from Ref. [3], and assumed to be fully correlated
among bins and observables. For VBF, ZH and WH, shape uncertainties are neglected because their impact
is expected to be negligible with respect to all other theory uncertainties. Normalisation uncertainties for
these processes are taken from Ref. [3].

The benefit of using more than one di↵erential distribution in the analysis is quantified using an ‘Asimov
dataset’, which is a representative dataset of the median expected cross-section measurement assuming the
SM. For c̄g and c̃g, the use of a single inclusive distribution (p��T or Njets) results in the same expected limits
as the full five-dimensional fit. For c̄� and c̃�, the most sensitive variable is found to be p��T , with a 5%
improvement in the expected limits obtained from using the five-dimensional information. For c̄HW and
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Figure 4: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄� and c̄g Wilson coe�cients. All other
coe�cients are set to zero. The shaded area represents the allowed region of parameter space and the marker indicates
the SM value.

c̃HW , the most sensitive variable is �� j j and an 18% improvement in the expected limits is obtained from
using the five-dimensional fit. In summary, the expected sensitivity for c̄g, c̃g, c̄� and c̃� arises mainly from
the normalisation of the di↵erent production mechanisms, and can be probed using the inclusive distributions
that distinguish between the di↵erent processes, whereas the c̄HW and c̃HW coe�cients benefit more from
the full five-dimensional information due to the induced shape changes in the kinematics of the VBF+VH
process.

6 Results

The 68% and 95% confidence regions for a two-dimensional scan of c̄� and c̄g are shown in Fig. 4, after
setting all other Wilson coe�cients to zero. These additional interactions can interfere with the correspond-
ing SM interactions. Destructive interference, for example, causes the H ! �� branching ratio to be zero at
c̄� ⇠ 2 ⇥ 10�3 and the gluon fusion production cross section to be zero at c̄g ⇠ �2.2 ⇥ 10�4. The impact of
these e↵ects is evident in the structure of the obtained limits in the two-dimensional parameter plane.

The 68% and 95% confidence regions for a two-dimensional scan of c̄g and c̃g are shown in Fig. 5, after
setting all other Wilson coe�cients to zero. The �� j j distribution is sensitive to the c̃g parameter through
the gluon fusion production mechanism (Figs. 2 and 3) and the limit on c̃g is improved with the inclusion of
this data in the fit. This is evident in Fig. 5 where the limit band is constricted at the largest values of c̃g.

8
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Figure 5: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄g and c̃g Wilson coe�cients. All other
coe�cients are set to zero. The shaded area represents the allowed region of parameter space and the marker indicates
the SM value.

The 68% and 95% confidence regions obtained from scanning c̄HW and c̃HW are shown in Fig. 6, after
setting c̄HB = c̄HW and c̃HB = c̃HW to ensure that the partial width for H ! Z� is unchanged from the
SM prediction.4 As discussed in Section 5, these Wilson coe�cients produce large shape changes in all
distributions and the obtained limits are strongest when fitting all five distributions simultaneously.

The 95% confidence regions for c̄HW and c̃HW can be translated into the Higgs Characterisation frame-
work [35] and compared to the ATLAS results for non-SM CP-even and CP-odd HVV interactions, which
were obtained using an angular analysis of the decay products in the WW⇤ and ZZ⇤ decay channels [36].
The translated limits are �0.08 < ̃HVV/SM < 0.09 and �0.22 < tan(↵) · ̃AVV/SM < 0.22, where the
variables ̃HVV, ̃AVV, SM and ↵ are defined in Refs. [35, 36]. The limits obtained in this analysis are a
factor of approximately seven stronger than those in Ref. [36], due to increased sensitivity to the di↵erent
Higgs boson production channels arising from the inclusion of rate and jet kinematic information in the EFT
hypothesis.

The observed limits on c̄HW and c̃HW are also not excluded by current signal strength measurements. For
example, the signal strength in the H ! ZZ⇤ and H ! WW⇤ channels is predicted to be approximately 1.3
for c̄HW = 0.1, which is consistent with the dedicated measurements [37, 38].

The 95% confidence regions for a one-dimensional scan of the Wilson coe�cients are given in Table 1.

4 Values of |c̄HW � c̄HB| > 0.033 lead to a very large decay rate for the H ! Z� process that is contradicted by the experimental
constraints reported by ATLAS [34].
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Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coe�cients. All
other Wilson coe�cients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW and c̃HW , respectively.
The shaded area represents the allowed region of parameter space and the marker indicates the SM value.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated
within an e↵ective field theory framework. Limits are placed on anomalous CP-even and CP-odd interac-
tions between the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five di↵erential
cross sections previously measured by ATLAS in the H ! �� decay channel at

p
s = 8 TeV [9]. No

significant deviations from the SM are observed. To allow a simultaneous fit to all distributions, the statist-
ical correlations between these distributions have been determined by re-analysing the candidate H ! ��
events in the proton-proton collision data. These correlations are made publicly available to allow for future
analysis of theories with non-SM Higgs boson interactions.
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• Started Run 2 data taking 
• Diphoton mass distribution 

(background is not subtracted) 

•  Excited to get 13 TeV results!

• Showed you many exciting Run 1 results using the Higgs boson to 
diphoton channel.  
• Transition from discovery to more precision results. 
• Probe the SM character by performing as model independent 

measurements as possible.  
• Excluded large non-SM contributions of individual operators. 

• All measurements are consistent with the SM. 
• Information public so that outsiders can perform similar tests.
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How did we discover the Higgs?

• Examples: Higgs to diphoton or Higgs to tau tau

The diphoton thrust axis, t̂, is defined as:

t̂ =
p⃗

γ1
T − p⃗

γ2
T

| p⃗γ1
T − p⃗

γ2
T |

,

where the p⃗
γ1
T and p⃗

γ2
T are the transverse momenta of the two selected photons. The transverse momentum

of the diphoton system, p
γγ
T , is given by:

p⃗
γγ
T = p⃗γ1

T + p⃗γ2
T .

The pTt is then calculated as follows:

p⃗Tt = p⃗
γγ
T − (p⃗γγ

T · t̂) · t̂,
pTt = | p⃗γγ

T × t̂|.

Four of the aforementioned five categories are split into a low pTt category and a high pTt category,

separated at pTt = 40 GeV. The categorization based on the pTt variable leads to a better sensitivity
for the Higgs boson signal than one based on p

γγ
T due to the resolution of pTt being better than that of

p
γγ
T . Moreover, the shape of the mγγ distribution based on the pTt categorization can be better described

with an exponential shape, which is not the case for the p
γγ
T categorization. By introducing these pTt

categories, the expected sensitivity of the analysis is improved by 5 – 10% depending on the hypothesized

Higgs boson mass. The number of data events in each of the nine categories are shown in Table 2.

Table 2: The number of events found in 4.9 fb−1 of data for the nine categories.

Category Conversion and η pTt cut Number of data events

CP1 Unconverted central pTt≤ 40 GeV 1763

CP2 Unconverted central pTt> 40 GeV 235

CP3 Unconverted rest pTt≤ 40 GeV 6234

CP4 Unconverted rest pTt> 40 GeV 1006

CP5 Converted central pTt≤ 40 GeV 1318

CP6 Converted central pTt> 40 GeV 184

CP7 Converted rest pTt≤ 40 GeV 7311

CP8 Converted rest pTt> 40 GeV 1072

CP9 Converted transition No cut 3366

Total 22489

4 Signal and Background Modelling

4.1 Signal Model

The Higgs boson signal is studied using MC samples which are then passed through a full detector

simulation [15] using Geant 4 [16]. POWHEG [17] is used for gluon fusion and vector boson fusion

(VBF) production, interfaced with PYTHIA [18] for showering and hadronization. PYTHIA is used to
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Figure 2: Composition of the inclusive data sample as a function of mγγ , extracted from the double two-

dimensional sideband method after the inclusive event selection. The various components are stacked on

top of each other. The error bars correspond to the statistical uncertainties on each component separately.

The gray bands show the overall uncertainty on each component.

• Unconverted central: both photons are unconverted and located in the central part of the barrel
calorimeter (|η | <0.75). This is the category with the best invariant mass resolution;

• Unconverted rest: both photons are unconverted and at least one photon does not lie in the central
part of the barrel calorimeter;

• Converted central: at least one photon is converted and both photons are found in the central part
of the barrel calorimeter;

• Converted transition: at least one photon is converted and at least one photon is located near the
transition between barrel and endcap calorimeter (1.3< |η | <1.75). Given the larger amount of
material in this region, the energy resolution, in particular for converted photons, can be signifi-

cantly degraded;

• Converted rest: all other events with at least one converted photon.

With the increased data set corresponding to 4.9 fb−1 it is possible to further split some of the cate-
gories to optimize the sensitivity to a potential Higgs boson signal. This analysis therefore introduces a

new diphoton observable, pTt, which is defined as the component of p⃗
γγ
T transverse to the diphoton thrust

axis [13, 14], as shown in Figure 3.
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Figure 3: Sketch of the pTt definition.
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How did we discover the Higgs?

• Examples: Higgs to diphoton or Higgs to tau tau

The diphoton thrust axis, t̂, is defined as:

t̂ =
p⃗

γ1
T − p⃗

γ2
T

| p⃗γ1
T − p⃗

γ2
T |

,

where the p⃗
γ1
T and p⃗

γ2
T are the transverse momenta of the two selected photons. The transverse momentum

of the diphoton system, p
γγ
T , is given by:

p⃗
γγ
T = p⃗γ1

T + p⃗γ2
T .

The pTt is then calculated as follows:

p⃗Tt = p⃗
γγ
T − (p⃗γγ

T · t̂) · t̂,
pTt = | p⃗γγ

T × t̂|.

Four of the aforementioned five categories are split into a low pTt category and a high pTt category,

separated at pTt = 40 GeV. The categorization based on the pTt variable leads to a better sensitivity
for the Higgs boson signal than one based on p

γγ
T due to the resolution of pTt being better than that of

p
γγ
T . Moreover, the shape of the mγγ distribution based on the pTt categorization can be better described

with an exponential shape, which is not the case for the p
γγ
T categorization. By introducing these pTt

categories, the expected sensitivity of the analysis is improved by 5 – 10% depending on the hypothesized

Higgs boson mass. The number of data events in each of the nine categories are shown in Table 2.

Table 2: The number of events found in 4.9 fb−1 of data for the nine categories.

Category Conversion and η pTt cut Number of data events

CP1 Unconverted central pTt≤ 40 GeV 1763

CP2 Unconverted central pTt> 40 GeV 235

CP3 Unconverted rest pTt≤ 40 GeV 6234

CP4 Unconverted rest pTt> 40 GeV 1006

CP5 Converted central pTt≤ 40 GeV 1318

CP6 Converted central pTt> 40 GeV 184

CP7 Converted rest pTt≤ 40 GeV 7311

CP8 Converted rest pTt> 40 GeV 1072

CP9 Converted transition No cut 3366

Total 22489

4 Signal and Background Modelling

4.1 Signal Model

The Higgs boson signal is studied using MC samples which are then passed through a full detector

simulation [15] using Geant 4 [16]. POWHEG [17] is used for gluon fusion and vector boson fusion

(VBF) production, interfaced with PYTHIA [18] for showering and hadronization. PYTHIA is used to
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Figure 2: Composition of the inclusive data sample as a function of mγγ , extracted from the double two-

dimensional sideband method after the inclusive event selection. The various components are stacked on

top of each other. The error bars correspond to the statistical uncertainties on each component separately.

The gray bands show the overall uncertainty on each component.

• Unconverted central: both photons are unconverted and located in the central part of the barrel
calorimeter (|η | <0.75). This is the category with the best invariant mass resolution;

• Unconverted rest: both photons are unconverted and at least one photon does not lie in the central
part of the barrel calorimeter;

• Converted central: at least one photon is converted and both photons are found in the central part
of the barrel calorimeter;

• Converted transition: at least one photon is converted and at least one photon is located near the
transition between barrel and endcap calorimeter (1.3< |η | <1.75). Given the larger amount of
material in this region, the energy resolution, in particular for converted photons, can be signifi-

cantly degraded;

• Converted rest: all other events with at least one converted photon.

With the increased data set corresponding to 4.9 fb−1 it is possible to further split some of the cate-
gories to optimize the sensitivity to a potential Higgs boson signal. This analysis therefore introduces a

new diphoton observable, pTt, which is defined as the component of p⃗
γγ
T transverse to the diphoton thrust

axis [13, 14], as shown in Figure 3.

thrust�axis

p
T

!!
p

Tt

p
Tl

p
T

!1p
T

!2

Figure 3: Sketch of the pTt definition.

5

N
um

be
r o

f E
ve

nt
s

pTt

C
at

eg
or

y 
II

C
at

eg
or

y 
I

Higgs Signal

Background

• In a signal strength fit, category II gets more weight than category I due to the expected S/B  
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All of phase space Problem:  

i. if efficiencies are wrong, get a biased result 

ii. Pretend to measure all of phase space, but effective 
sensitivity from a small, very specific region. 
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• In a signal strength fit, category II gets more weight than category I due to the higher expected S/B  

• Events from a very specific region of phase space can get very high weight in a combined fit. 

Sensitivity

Problem:  

i. if efficiencies are modelled wrong, get a biased result 

ii. Pretend to measure all of phase space, but effective 
sensitivity from a small, very specific region. 
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• Fiducial cross sections try to avoid such extrapolations

truth fiducial 
phase space

reco fiducial 
phase space

unfolding

�i =
ni

L ci

In particle physics  

a fiducial cross-section is a cross-section measured only for 
the fiducial region, a clearly defined region in phase-space in 
which the detector operates with high efficiency, without 
extrapolating to regions where the experiment has no 
sensitivity.

To obtain a cross section, one needs to 
account for migrations in & outside the 
‘true’ or ‘truth’ fiducial region.

This is called ‘unfolding’ 
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Fiducial and Differential Cross Section 
Measurements in the diphoton channel
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• Analysis idea straightforward: 
• Bin measured Candidates in 

observables of interest. 
• Perform Signal + Background fit in 

mɣɣ to extract H→ɣɣ events. 
• Account for detector migration and 

overall efficiency effects and unfold 
yields into truth fiducial region.
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sigi Si(m

j
�� ;mH) + ⌫bkgi Bi(m

j
��)

i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sigi is the fitted number of295

signal events, ⌫bkgi is the fitted number of background events, ⌫i = ⌫sigi + ⌫bkgi is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sigi

ci
R
L dt

, (5.2)
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• Analysis idea straightforward: 
• Bin measured Candidates in 

observables of interest. 
• Perform Signal + Background fit in 

mɣɣ

• Account for detector migration and 
overall efficiency effects and unfold 
yields into 
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