
Ok – so do you want to get hyped?

Treasure chest for theorists and phenomenologists:
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Do you have a new physics model and it impacts kinematics in the Higgs sector? Why not test it! Do you want to

know how well certain dim-6 operator hold up against the measurements? Want to do your own Spin test?

! Hype – (Hyp)othesis (e)valuator for unfolded distributions

Features:
i. Easily perform hypothesis tests between two or more hypotheses

ii. Plug-ins: µ and -type scans

iii. Direct import of Hep-Data measurements

iv. Easy to interface custom code

v. For hypothesis tests: automatically determines number of pseudo-experiments needed

Project home: https://hype.hepforge.org/
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Fiducial cross sections versus coupling strength measurements

2

How did we find the Higgs? — Illustrated for Higgs to di-photon or Higgs to di-tau

• In a signal strength fit, category II gets more statistical 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

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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Fiducial cross sections avoid such extrapolations

�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 fiducial region, 
i.e. unfold

fiducial 
phase space

reconstructed 
phase space

unfolding

experimental cuts

Fiducial cross sections versus coupling strength measurements
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Object isolation

• Isolation important in reconstructing leptons and photons 
in measurements.
• Typically require cone-type isolation and use tracks or 

clusters

• Need to be mapped to particle-level to avoid extrapolations

• ie. if a reco event is rejected due to high activity, so 
should a truth event.

4

 

C<DBDEF& G&?H@IJ&;'0#2'+*&!+(K&;)"2. &¾ Truth isolation 
• Reco 6 GeV calorimeter iso cut mapped to 14 GeV truth iso cut 
• A track iso cut also applied at reco, no corresponding truth cut 

¾ Extra fiducial volumes included which apply additional criteria in order to 
enhance certain physics 
• Jetty events Njets ≥ 1,2 
• VBF loose at least two jets with mjj > 400 GeV and |Δy(jj)| > 2.8 
• VBF tight VBF loose + |Δφ(γγ,jj)| > 2.6 
• Leptony events Ne + Nμ ≥ 1 
• DM enhanced ET

miss > 80 GeV   limits set 
 

Comments on H → γγ fiducial 
volume  

  

24/6/15 9 HXSWG Fiducial Task Force 

• Truth iso = the 4-vector sum of particles 
within a cone of R < 0.4, excluding μ,ν, then 
taking the ET 

• Cut value was determined by pairing truth 
and reco photons, plotting their isolation 
energies, and profiling slices of this 2D 
distribution to map 6 GeV reco onto 14 GeV 
truth (right) 

Fig. 29: (left) Illustration for correction factor which maps reconstructed yields to fiducial cross sections without

(red) and with (green) imposing a particle level isolation criterion are shown. Imposing particle level isolation

significantly reduces the differences between different Higgs boson production modes which minimizes the model

dependence. (right) The procedure to map a reconstructed isolation criterion to a particle level isolation criterion

using profiles is illustrated.

The nonfiducial signal contribution deserves special attention when the observ-840

ables used to define the signal region have poor experimental resolution (such841

as missing transverse energy, transverse momentum of jets, etc.). In those842

cases effects of migration of the signal events can be large, and it might be843

worth studying if the measurement can benefit (in terms of the overall model844

dependance) from relaxing the requirements on such observables at the fidu-845

cial level with respect to the reconstruction level. These effects have been dis-846

cussed in the light of the fiducial measurements of the Higgs boson transverse847

momentum in the H ! WW decay channel [5].848

The fraction of signal events within the fiducial phase space Afid, the recon-849

struction efficiency ✏ for signal events within the fiducial phase space for indi-850

vidual SM production modes and exotic signal models, as well as the fraction851

of signal events outside of the fiducial phase space fnonfid are listed in Table 7.852

Values are given for characteristic signal models assuming mH = 125.0 GeV,853 p
s = 8 TeV (for more details please see Ref. [4]), and the overall picture is854

similar in case of the pp collision at
p

s = 13 TeV (Ref. [14]).855

5.1.3 Signal definition856

In certain processes of the Higgs boson production and decay, such as H !857

WW ! 2`⌫ or H ! ZZ⇤ ! 4l, there can be important contribution from858

the processes with the same final state that are indistinguishable form the pro-859

cess via the Higgs boson resonance (the so called irreducible backgrounds).860

If the fiducial cross section measurement is performed only for the process861

that includes the Higgs bosons resonance in the corresponding diagrams by862

subtracting the irreducible background using SM MC simulation, it is recom-863

mended that the experiments also provide the measurements of the irreducible864

background from the fit in data. Alternatively, experiments can also provide865

the measurement of the fiducial cross section for the production of that final866
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YR4 illustration (Stephen Menary)

DRAFT

Assuming Standard Model weights means introducing model dependence, and the bigger the disagreement683

between the di�erent ci,s , the bigger the model dependence is.684

ci =
⌃swsndet

i,s

⌃swsnptcl
i,s

(9)

Model dependence is introduced whenever the choice of some modelling parameters can be varied within685

experimental constraints and the correction factors, ci change as a result. The three main e�ects are:686

1. dependence on production mechanism (as described)687

2. dependence on Monte Carlo generator, parton shower and hadronisation688

3. dependence on the tune of the underlying event689

4. dependence on the modelling of pileup – Study in progress690

It can be said that the choice of fiducial volume governs the model dependence of the correction factors691

which is then propagated through to the measured cross sections due to Equation 8.692

A.2. Theory considerations693

A common concern about the use of particle level isolation is illustrated in Figure 8. Quasi-collinear694

splitting of a parton can cause it to migrate across the boundary of a fixed cone such as that used for695

isolation, causing the measured isolation energy to change. This e�ect is more prominant in SM diphoton696

production because the photons are created by objects with colour charge, allowing for the presence of697

coloured partons in the isolation cone. Since the Higgs has no colour charge, we expect this e�ect to698

be less important in H ! �� events and covered by the uncertainty assigned due to varying the parton699

shower and hadronisation models.700

γ particle γ
particle

radiative emission

Figure 8: Diagram showing a common concern about isolation cones in theory calculations. In the case on the left:
a particle is created at the same vertex as the photon and lies within its isolation cone. In the case on the right: the
particle undergoes a quasi-collinear splitting, migrating across the cone boundary. The measured isolation energy
is therefore dependent on the modelling of real emissions in the final state. We do not expect this to be a significant
problem in the case of H ! �� because the Higgs has no colour charge and so high energy coloured partons in the
isolation cone are rare.
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DRAFT

A. Particle level isolation and the fiducial volume650

The fiducial volume is the phase space defined by the particle level selections. This becomes the phase651

space of the final cross section since the measured signal yield is corrected for detector e�ects as described652

in Section 8.653

Some care must be taken when defining the fiducial volume in order to satisfy certain objectives. Important654

considerations are:655

1. Similarity to detector level. As explained in Section 1, a key motivation for fiducial cross section656

measurements is to avoid extrapolating through phase space, which would assume knowledge of the657

production rate in unsampled regions of phase space and so introduce model dependence. This is658

achieved by making the detector and particle level cuts as similar as possible whilst still fulfilling659

the other considerations.660

2. Simplicity. A simple fiducial volume is easier to interpret, calculate and combine with other decay661

channels.662

3. Ability to compare to theory. Some common detector level objects or quantities are di�cult to663

include in theory calculations and so introduce uncertainties into these calculations. Since the aim664

of fiducial cross section measurements is to be comparable to many theory predictions, such objects665

should be avoided where possible.666

4. Model independence. Even when the detector and particle level cuts are chosen to be very similar,667

some residual model dependence may be present. This is discussed further in Section A.1.668

This appendix describes some studies into the choice of fiducial volume (or, equivalently, the choice of669

particle level cuts).670

A.1. Model dependence and the fiducial volume671

The choice of fiducial volume can introduce model dependence into the measured cross sections through672

the correction for detector e�ects, described in Section 8. Consider the formulae used to apply this673

correction, showed in Equation 8 where �i is the measured cross section in bin i, ci is the correction674

factor, ⌫sigi is the measured signal yield and Lint is the integrated luminosity. The correction factor is675

determined from the expected detector and particle level yields, ndet
i and nptcl

i respectively, as calculated676

using Monte Carlo simulations. Here we absorb the diphoton branching ratio into the cross section for677

brevity.678

�i =
⌫sigi

ci ⇥ Lint
where ci =

ndet
i

nptcl
i

(8)

Model dependence is introduced if di�erent physics models yield a di�erent correction factor, ci . If ci is679

the same when calculated using simulations of the five di�erent production mechanisms then the choice680

of ci is trivial. However, if ci di�ers between samples then one has to determine the final correction factor681

by assuming Standard Model weights, ws where s 2 {ggF,V BF,W H, Z H, ttH } as given by Equation 9.682
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Run 1 results 

• Measurement of fiducial differential cross sections of gluon-fusion production of Higgs bosons decaying to 
WW∗→eνμν with the ATLAS detector at sqrt(s)=8 TeV, ATLAS Collaboration, arXiv:1604.02997

• Measurement of the transverse momentum spectrum of the Higgs boson produced in pp collisions at sqrt(s)=8 
TeV using the H→WW decays, CMS Collaboration, CMS-PAS-HIG-15-010

• Measurement of differential and integrated fiducial cross sections for Higgs boson production in the four-lepton 
decay channel in pp collisions at sqrt(s)= 7 and 8 TeV, CMS Collaboration, arXiv:1512.08377

• Measurement of differential cross sections for Higgs boson production in the diphoton decay channel in pp 
collisions at sqrt(s)=8 TeV, CMS Collaboration, arXiv:1508.07819

• Constraints on non-Standard Model Higgs boson interactions in an effective field theory using differential cross 
sections measured in the H→γγ decay channel at √s=8 TeV with the ATLAS detector, ATLAS Collaboration, 
arXiv:1508.02507

• Measurements of the Total and Differential Higgs Boson Production Cross Sections Combining the H→γγ and 
H→ZZ*→4  Decay Channels at √s=8 TeV with the ATLAS detector, ATLAS Collaboration, Phys. Rev. Lett. 115, 
091801 (2015)

• Fiducial and differential cross sections of Higgs boson production measured in the four-lepton decay channel in 
pp collisions at √s=8 TeV with the ATLAS detector, ATLAS Collaboration, Physics Letters B 738 (2014) 234-253

• Measurements of fiducial and differential cross sections for Higgs boson production in the diphoton decay 
channel at √s=8 TeV with ATLAS, ATLAS Collaboration, JHEP09(2014)112
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Run 1 Gallery 
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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Figure 4: Differential Higgs boson production cross section as a function of Higgs boson pT,
after applying the unfolding procedure. Unfolded data values are shown, together with sta-
tistical uncertainty (azure band) and systematic uncertainty (gray band). The vertical bars on
the data points correspond to the sum in quadrature of the statistical and systematic uncer-
tainties. The model dependence uncertainty is also shown (red band). The pink and green
lines and dashed areas represent the SM theoretical estimates in which the acceptance of the
dominant gg!H contribution is modeled by HRes and Powheg 2.0 (PowhegV2) respectively.
The sub-dominant component of the signal is denoted as XH=VBF+VH and it is also shown
separately.

10 Summary

Differential and integrated fiducial cross sections for the Higgs boson production have been
measured using the H!WW leptonic decays with an oppositely charged electron-muon pair
and a pair of neutrinos in the final state. Measurements have been performed using pp colli-
sions at a centre-of-mass energy of 8 TeV collected by the CMS experiment at the LHC. Collision
data correspond to an integrated luminosity of 19.4 fb�1. The differential cross section has been
measured as a function of the Higgs boson transverse momentum in a fiducial phase space, de-
fined to match the experimental kinematic acceptance. An unfolding procedure has been used
to extrapolate the measured results to the fiducial phase space and to correct for detector ef-
fects. The measurements have been compared to SM theoretical calculations using the HRes
and Powheg 2.0 programs, showing a good level of agreement within the experimental uncer-
tainties. The inclusive production cross section times branching fraction in the fiducial phase
space has been measured to be 39 ± 8 (stat)± 9 (syst) fb, consistent with the SM expectation.
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Figure 5: Results of the differential H ! 4` fiducial cross section measurements and com-
parison to the theoretical estimates for the transverse momentum of the leading jet (top left),
separation in rapidity between the Higgs boson candidate and the leading jet (top right), as
well as for the jet multiplicity (bottom). The red error bars represent the systematic uncer-
tainties, while black error bars represent the combined statistical and systematic uncertainties,
summed in quadrature. The additional systematic uncertainty associated with the model de-
pendence is separately represented by the grey boxes. Theoretical estimations, in which the
acceptance of the dominant gg ! H contribution is modelled by POWHEG+JHUGEN+PYTHIA,
and POWHEG MINLO HJ+PYTHIA generators, as discussed in Section 3, are shown in blue and
brown, respectively. The sub-dominant component of the signal XH is indicated separately in
green. In all estimations the total cross section is normalized to the SM estimate computed at
NNLL+NNLO accuracy. Systematic uncertainties correspond to the accuracy of the genera-
tors used to derive the differential estimations. The bottom panel shows the ratio of data or
theoretical estimates to the POWHEG MINLO HJ theoretical estimations.

timations is p = 0.13. It is computed from the difference between the �2 log(L) at its best
fit value and the value with the cross sections fixed to the theoretical estimation based on the
POWHEG+JHUGEN description of the gg ! H process. Furthermore, we have performed the
measurement of the differential Z ! 4` cross sections at 8 TeV for the same set of observables
used in the H ! 4` measurements, including the jet multiplicity, and have found a good agree-
ment with the theoretical estimations. The p-values for the differential distributions of Z ! 4`
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Fig. 2: Differential unfolded cross sections for the transverse momentum pT,H and rapidity yH of the Higgs
boson, the invariant mass of the subleading lepton pair m34, the magnitude of the cosine of the decay angle of
the leading lepton pair in the four-lepton rest frame with respect to the beam axis | cos θ∗|, the number of jets
njets, and the transverse momentum of the leading jet pT,jet in theH → ZZ∗ → 4ℓ decay channel compared to
different theoretical calculations of the ggF process: Powheg, Minlo and HRes2. The contributions from
VBF, ZH/WH and tt̄H are determined as described in Section 2 and added to the ggF distributions. All
theoretical calculations are normalized to the most precise SM inclusive cross-section predictions currently
available [60]. The error bars on the data points show the total (stat.⊕syst.) uncertainty, while the grey bands
denote the systematic uncertainties. The bands of the theoretical prediction indicate the total uncertainty.
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Figure 6. The di↵erential cross section for pp ! H ! �� as a function of (a) the leading jet
transverse momentum, pj1

T

, (b) the leading jet absolute rapidity, |yj1 |, (c) the scalar sum of jet
transverse momenta, H

T

, and (d) the subleading jet transverse momentum, pj2
T

. The first bin in
(a) and (c) represent 0-jet events that do not contain an additional jet with p

T

> 30 GeV. Similarly
the first bin in (d) represents 1-jet events that do not contain an additional jet. 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 (or Minlo HJJ) prediction for gluon fusion and the default
MC samples for the other production mechanisms. The Minlo HJ and Minlo HJJ predictions are
normalised to the LHC-XS prediction using K-factors of K

ggF

= 1.54 and K
ggF

= 1.10, respectively.
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Figure 5: The H ! gg differential cross section for H+jets events as a function of (upper left)
Njets, (upper right) pj1

T , (lower left) |ygg � yj1|, with jets within |h| < 2.5, and (lower right)
mjj with jets within |h| < 4.7. All the SM contributions are normalized to their cross section
from Ref. [20]. Theoretical uncertainties in the renormalization and factorization scales, PDF,
and branching fraction are added in quadrature. The error bars on data points reflect both
statistical and systematic uncertainties. In each distribution, the last bin corresponds to the
sum over the events beyond the bins shown in the figure. For each graph, the bottom panel
shows the ratio of data to theoretical predictions from the POWHEG generator.

From left to right: H → ɣɣ, H → ZZ* → 4l, H → WW → 2l2ν
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Interpretations

Fiducial measurements are a great starting point, to constrain new physics.

7

Disclaimer: Not an official ATLAS 
result, no one reviewed this and 

hacked together in one day

Ok – so do you want to get hyped?

Treasure chest for theorists and phenomenologists:
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Do you have a new physics model and it impacts kinematics in the Higgs sector? Why not test it! Do you want to

know how well certain dim-6 operator hold up against the measurements? Want to do your own Spin test?

! Hype – (Hyp)othesis (e)valuator for unfolded distributions

Features:
i. Easily perform hypothesis tests between two or more hypotheses

ii. Plug-ins: µ and -type scans

iii. Direct import of Hep-Data measurements

iv. Easy to interface custom code

v. For hypothesis tests: automatically determines number of pseudo-experiments needed

Project home: https://hype.hepforge.org/
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MC Generator with some NP effect

Rivet routine
that applies fiducial cuts

Confront 
with fiducial

cross sections

 Benefits:
• There are no cut-flows and reco selections 

you need to replicate; all detector effects 
are accounted for

• Everything is unfolded to particle-level
• Measurement nearly independent of 

underlying theory, ie. fully consistent tests 
are possible

non-perturbative effects

Chapter 1. Theoretical Introduction 3

The evolution of a jet is illustrated in Figure 1.1. The left picture depicts a parton level

jet. A parton is a common name for a quark or a gluon. A parton that has not yet

undergone fragmentation is sometimes referred to as a parton level jet.

A moving parton is a moving colour charge, and will radiate gluons and create quark-

antiquark pairs. This process is called fragmentation, and the resulting spray of partons

is usually referred to as a parton cascade. The coloured particles within such a cascade

are combined into colourless hadrons through a process called hadronization. The shower

of produced hadrons is usually referred to as a particle level jet.

Particle level jets produced from a given type of partons might vary widely in shape and

particle content. When we try to measure a jet in a calorimeter there is also substantial

blurring due to finite energy resolution and calorimeter cell granularity. Some particles

of the jet may also escape undetected, for instance neutrinos or particles passing trough

uninstrumented regions. This means that not all the energy of the jet will be measured

in the calorimeter. A jet reconstructed from the energy deposited in a calorimeter by a

particle level jet is referred to as a calorimeter level jet.

This study involves calibrating calorimeter level jets so that we can accurately reconstruct

the energy of the particle level jets.

Figure 1.1: A parton (quark) radiates a gluon before hadronizing into a jet

unfolding

Not 
observable 
in nature

Not only from hard 
scatter
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Results with Run 1 data:  fits

Partial expressions for F and V :

�SM

gg!H!�� ⇥
2

F

�
1.59 2

V + 0.07 2
F � 0.66 V F

�

0.25 2
V + 0.75 2

F

�SM

VBF,H!�� ⇥
2

V

�
1.59 2

V + 0.07 2
F � 0.66 V F

�

0.25 2
V + 0.75 2

F

�SM

gg!H!4` ⇥ 2
F 2

V

0.25 2
V + 0.75 2

F

�SM

VBF,H!4` ⇥ 4
V

0.25 2
V + 0.75 2

F

See [ATLAS-CONF-2015-007] for more information
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A lame example

8

Results with Run 1 data: Higgs signal strength µ fits

Analyze two di↵erential distributions with Hype simultaneously: p��
T and p4`

T
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Blue: SM; green: non-ggF contribution

Simplest test:

! fit ’global’ signal strength µ

or

! production mode dependent coupling strengths µggF+ttH :µVBF+VH
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Disclaimer: Not an official ATLAS 
result, no one reviewed this and 

hacked together in one day

Time to play! — Let’s do a kappa fit
• Use ATLAS H → ɣɣ & H → ZZ* → 4l Higgs pT spectra
• Modify SM cross sections according to the formula on 

RHS

• Just build a simple 𝝌2 between data points and predictions

• Do a scan for kV (scaling coupling of Higgs to vector bosons) and 
kF (scaling coupling of Higgs to fermions)
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Figure 7: Results of fits for the two-parameter benchmark model defined in Section 5.2.1 that probes di�erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the total width:
(a) Results of the two-dimensional fit to �F and �V , including 68% and 95% CL contours; overlaying the 68% CL
contours derived from the individual channels and their combination; profile likelihood ratios as functions of the
coupling strength scale factors (b) the same measurement, without the overlays of the individual channels, (c) �F

(�V is profiled) and (d) �V (�F is profiled). The dashed curves in (c) and (d) show the SM expectations. In (d)
the sign of the chosen profiled solution for �F changes at �V � 0.8 , causing a kink in the likelihood. The profile
likelihood curves restricting �F to be either positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red(green) horizontal lines indicates the cuto�
values on the profile likelihood ratio corresponding to a 68%(95%) confidence interval on the parameter of interest,
assuming the asymptotic �2 distribution for the test statistic.

28

Fairly good agreement with o�cial ATLAS results!
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Results with Run 1 data:  fits

Partial expressions for F and V :
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See [ATLAS-CONF-2015-007] for more information
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A lame example

9

Disclaimer: Not an official ATLAS 
result, no one reviewed this and 

hacked together in one day

Time to play! — Let’s do a kappa fit
• Use ATLAS H → ɣɣ & H → ZZ* → 4l Higgs pT spectra
• Modify SM cross sections according to the formula on 

RHS

• Just build a simple 𝝌2 between data points and predictions

• Do a scan for kV (scaling coupling of Higgs to vector bosons) and 
kF (scaling coupling of Higgs to fermions)
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Results with Run 1 data: Spin 2 testsTest statistic for r = 100:
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Scan for statistic for r = [100, 0.01]:
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1 � CLs(2
+) for r = [100, 0.01]:
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Can convert this into a limit of r � [0.33, 10] 90% CLs

13 / 16

Much of param. space excluded at 90%

All results shown here are based on only
��cos ✓⇤�� distri-

bution. Significant improvement in sensitivity if one also

would include p
��
T

information.

12 / 19

A slightly less lame example

10

Results with Run 1 data: Spin 2 tests

Is the H(125) a Spin 2 imposter? Not a nested Hypothesis as µ and 

Zero Hypothesis: SM

Alternative Hypothesis: Spin 2+ with given set of couplings

Example Analysis: Spin analysis with H ! �� ATLAS Run 1 data

Zero Hypothesis: SM from MiNLO HJ + Py8 (ggF) + Powheg + Py8(VBF) + Py8(VH & tt̄H)

Alternative Hypothesis: Spin 2+

E↵ective Lagrangian of alternative hypothesis: arXiv:1306.6464v3

L = �
�

�

f =q,`

f T f
µ� Xµ�

2 � 
�

�

V=Z ,W ,�,g

V TV
µ� Xµ�

2

H ! �� sensitive to variations in q & g

⇤ Explore models with free parameter to change overall normalization: /�

! only relevant degree of freedom between various models: r = g/q

⇤ Perform a scan over 19 working points in r ranging from 0.01 to 100

Predictions generated with aMC@NLO + Herwig++

Caveats: No theory uncertainties, no interference with background taken into account, private MC production!

9 / 16

Fit result for r = 100:
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Variable sensitive to spin: |cos ✓⇤|

Hype generates pseudo-experiment ensembles to calculates

test statistic distributions for CLs test.
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Time to play! — Let’s do a Spin 
hypothesis test

• Use ATLAS H → ɣɣ measurement of |cos ΘCS|
• aMC@NLO templates for Spin 2

• Just build a simple 𝝌2 between data points and 
predictions

• Do a scan for kg/kq (coupling strength of Spin 2 particle and 
gluons or quarks)

Disclaimer: Not an official ATLAS 
result, no one reviewed this and 

hacked together in one day

Results with Run 1 data: Spin 2 testsTest statistic for r = 100:
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Scan for statistic for r = [100, 0.01]:
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1 � CLs(2
+) for r = [100, 0.01]:
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Much of param. space excluded at 90%

All results shown here are based on only
��cos ✓⇤�� distri-

bution. Significant improvement in sensitivity if one also

would include p
��
T

information.
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Constraining effective operators using differential measurements 

11

That’s nice, and I can see that with that I can do combined fits with one distribution 
per channel and experiment. But what if you want to fit several distributions at once?

• All distributions use the same data; bins are statistically (not so trivial) and 
systematically (trivial) correlated
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Constraining effective operators using differential measurements 

12

That’s nice, and I can see that with that I can do combined fits with one distribution 
per channel and experiment. But what if you want to fit several distributions at once?

• All distributions use the same data; bins are statistically (not so trivial) and 
systematically (trivial) correlated

For high-statistics channels there is an 
elegant way to derive such correlations 
from the data:

Bootstrapping — analyzing a 
weighted subset of the data to 
extract the correlation information
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A non-lame example
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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 alternative effective Lagrangians, complete EFT frameworks, or
other models with non-SM Higgs boson interactions.

4 Theoretical predictions

The effective Lagrangian has been implemented in FeynRules [10].2 Parton-level event samples are produced
for specific values of Wilson coefficients by interfacing the universal file output from FeynRules to the
Madgraph5 [17] 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 [18] and passed through the Pythia6 generator [19] 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 [20] and
events are generated using the CTEQ6L1 parton distribution function and the AUET2 parameter set [21].
All other Higgs boson production modes are assumed to occur as predicted by the SM.

Event samples are produced for different values of a given Wilson coefficient. The particle-level differential
cross sections are produced using Rivet [22]. The Professor method [23] is used to interpolate between

2 The implementation in Ref. [10] involves a redefinition of the gauge boson propagators that results in unphysical amplitudes
unless certain physical constants are also redefined. The original implementation did not include the redefinition of these physical
constants. However, the impact of redefining the physical constants is found to be less than 1% on the predicted cross sections
across the range of Wilson coefficients studied. The relative change in the predicted Higgs boson cross sections as functions of
the different Wilson coefficients is also found to agree with that predicted by the Higgs characterisation framework [16], with less
than 2% variation across the parameter ranges studied.

4

Time to play! — Let’s constrain new physics
with an effective Lagrangian

• Uses 5 ATLAS H → ɣɣ differential distributions
• Takes into account their statistical correlations

• Build a 𝝌2 between data points and predictions

• Do a scan for various Wilson coefficients of the SILH 
Lagrangian, e.g.  cg (eff. coupling to gluons), cy (eff. coupling to photons), 
etc. + CP Conjugate counterparts

Overview

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector

Fit parameters of interest: Wilson coe�cients ci

LSM +
X

c̄iOi

Extend the SM with point-like interactions;

cg

H+
t

t
t̄

SM NP

Power counting in dimensionality of operators (mass dim. 6 or 8 or beyond), need to be cancelled by dimensionality

of Wilson coe�cient in order to keep action (S =
R
d x4 L) dimension-less

Thus for dimension-six operators, ci =
c̄i
⇤2 , where ⇤ is a scale that characterizes

the new physics.
2 / 24

DRAFT

can be specified by54

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃� Õ� + c̃g Õg + c̃HW ÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,55

respectively, and the dimension-six operators Oi are those described in Refs. [5, 7]. The O� and Õ� operators56

introduce new interactions between the Higgs boson and two photons. The Og and Õg operators introduce57

new interactions between the Higgs boson and two gluons and the analysis presented in this paper is sensitive58

via the gluon fusion production mechanism. The OHW and ÕHW operators introduce new HWW , H Z Z and59

H Z� interactions. The H Z Z and H Z� interactions are also impacted by OHB and ÕHB and, to a lesser60

extent, O� and Õ� . The analysis presented in this paper is sensitive through the vector boson fusion and61

associated production mechanisms.62

Other operators (ÕT , ÕH ) can modify Higgs boson interactions, but are found to have a very small e↵ect on63

the H ! �� cross sections. The Õu and ÕW operators a↵ect the H ! �� branching ratio at the one-loop64

level, but are expected to have negligible impact [5] and are not included in the tree-level implementation [7]65

used in this analysis.66

3 Experimental details67

The ATLAS detector [8] is a multipurpose particle physics experiment with a forward-backward symmetric68

cylindrical geometry and nearly 4⇡ coverage in solid angle.1 Events were selected using a trigger that69

requires two photons, with leading (subleading) transverse momentum, pT, greater than 35 (25) GeV. The70

objects used to define the kinematic distributions, namely photons and jets, are described in detail in Ref. [4].71

In the following, a brief summary is given.72

A photon is reconstructed as a cluster of energy with |⌘ | < 2.37 deposited in the electromagnetic calorimeter,73

excluding the poorly instrumented region 1.37 < |⌘ | < 1.56. The photon energy is corrected using a calib-74

ration derived in data from Z ! e+e� decays [9]. Photons have to satisfy ‘tight’ identification criteria [10]75

and be isolated in the calorimeter and inner detector [4]. Events are required to have two isolated photons76

with leading (subleading) pT > 0.35 (0.25) m�� , where m�� is the invariant mass of the diphoton system.77

Jets are reconstructed from three-dimensional topological calorimeter clusters using the anti-kt algorithm [11]78

with a radius parameter of 0.4. The jets are corrected for soft energy deposits originating from pileup [12]79

and calibrated using a combination of simulation-based and data-driven correction factors [13, 14]. Jets are80

required to have pT > 30 GeV and |y | < 4.4 and pass a ‘jet vertex fraction’ requirement to remove jets81

that originate from pileup interactions [12]. Jets are required to be separated from photons (�R > 0.4) and82

electrons (�R > 0.2). Electrons are reconstructed from clusters of energy in the electromagnetic calorimeter83

matched to inner detector tracks. They are required to have pT > 15 GeV and |⌘ | < 2.47, to satisfy the84

‘medium’ identification criteria [15, 16], and to be isolated in the inner detector and calorimeter.85

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) at the centre of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward. Cyl-
indrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)].
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these samples, for each bin of each distribution, and provides a parameterisation of the effective Lagrangian
prediction. The parameterisation function is determined using 11 samples when studying a single Wilson
coefficient, whereas 25 samples are used when studying two Wilson coefficients simultaneously. As the
Wilson coefficients enter the effective Lagrangian in a linear fashion, second-order polynomials are used
to predict the cross sections in each bin. The method was validated by comparing the differential cross
sections obtained with the parameterisation function to the predictions obtained with dedicated event samples
generated at the specific point in parameter space.

The model implemented in FeynRules fixes the Higgs boson width to be that of the SM, ΓH = 4.07 MeV
[3]. The cross sections are scaled by ΓH/(ΓH +∆Γ), where ∆Γ is the change in partial width due to a specific
choice of Wilson coefficient. The change in partial width is determined for each Higgs coupling using the
partial-width calculator in Madgraph5 and normalised to reproduce the SM prediction from Hdecay [24].

The leading-order predictions obtained from Madgraph5 are reweighted to account for higher-order QCD
and electroweak corrections to the SM process, assuming that these corrections factorise from the new phys-
ics effects. The differential cross section as a function of variable X for a specific choice of Wilson coefficient,
ci is given by

dσ
dX
=

∑

j

(dσ j
dX

)ref
·
(dσ j
dX

)MG5

ci
/

(dσ j
dX

)MG5

ci=0
,

where the summation j is over the different Higgs boson production mechanisms, ‘MG5’ labels the Mad-
graph5 prediction and ‘ref’ labels a reference sample for SM Higgs boson production.

The reference sample for Higgs boson production via gluon fusion is simulated using MG5_aMC@NLO [25]
with the CT10 parton distribution function [26]. The H + n-jets topologies are generated using next-to-
leading-order (NLO) matrix elements for each parton multiplicity (n = 0, 1 or 2) and combined using the
FxFx merging scheme [27]. The parton-level events are passed through Pythia8 [28] to produce the hadronic
final state using the AU2 parameter set [29]. The sample is normalised to the total cross section predicted
by a next-to-next-to-leading-order plus next-to-next-to-leading-logarithm (NNLO+NNLL) QCD calculation
with NLO electroweak corrections applied [3]. The reference sample for Higgs boson production via vector-
boson fusion (VBF) is generated at NLO accuracy in QCD using the Powheg Box [30]. The events are
generated using the CT10 parton distribution function (PDF) and Pythia8 with the AU2 parameter set. The
VBF sample is normalised to an approximate-NNLO QCD cross section with NLO electroweak corrections
applied [3]. The reference samples for Higgs boson production in association with a vector boson (VH,
V=W ,Z) or a top–antitop pair (tt̄H) are produced at leading-order accuracy using Pythia8 with the CTEQ6L1
PDF and the 4C parameter set [21]. The ZH and WH samples are normalised to cross sections calculated at
NNLO in QCD with NLO electroweak corrections, whereas the tt̄H sample is normalised to a cross section
calculated to NLO in QCD [3].

The ratio of the differential cross sections to the SM predictions for some representative values of the Wilson
coefficients are shown in Fig. 2. The impact of the c̄g and c̃g coefficients are presented for the gluon fusion
production channel and show a large change in the overall cross section normalisation. The c̃g coefficient
also changes the shape of the ∆φ j j distribution, which is expected from consideration of the tensor structure
of CP-even and CP-odd interactions [31, 32]. The impact of the c̄HW and c̃HW coefficients are presented for

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

ing SM interactions. Destructive interference, for example, causes the H → γγ branching ratio to be zero at
c̄γ ∼ 2 × 10−3 and the gluon fusion production cross section to be zero at c̄g ∼ −2.2 × 10−4. The impact of
these effects 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 coefficients to zero. The ∆φ 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.

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 → Zγ is unchanged from the
SM prediction.5 As discussed in Section 5, these Wilson coefficients 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 [16] 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 < κ̃HVV/κSM < 0.09 and −0.22 < tan(α) · κ̃AVV/κSM < 0.22, where the
variables κ̃HVV, κ̃AVV, κSM and α are defined in Refs. [16,36]. The limits obtained in this analysis are a factor
of approximately seven stronger than those in Ref. [36], due to increased sensitivity to the different Higgs

5 Values of |c̄HW − c̄HB | > 0.033 lead to a very large decay rate for the H → Zγ process that is contradicted by the experimental
constraints reported by ATLAS [35].
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Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coefficients. All
other Wilson coefficients 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.

boson production channels arising from the inclusion of rate and jet kinematic information in the signal
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 coefficients are given in Table 1.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated us-
ing an effective Lagrangian. Limits are placed on anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five differential cross sections
previously measured by ATLAS in the H → γγ decay channel at

√
s = 8 TeV [9]. No significant deviations

from the SM predictions are observed. To allow a simultaneous fit to all distributions, the statistical correla-
tions between these distributions have been determined by re-analysing the candidate H → γγ events in the
proton-proton collision data. These correlations are made publicly [15] available to allow for future analysis
of theories with non-SM Higgs boson interactions.

10
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Figure 3: The input data fromRef. [9] is compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1×10−4
and c̄HW = 0.05, respectively.

with χ2(ci) being the χ2 value evaluated for a givenWilson coefficient ci, and f (x;m) being the χ2 distribution
for m degrees of freedoms and n = 1 or 12 for two-sided or one-sided limits. The coverage of CL and the
effective number of degrees of freedom are determined using ensembles of pseudo-experiments.4

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 ref-
erence samples are: (i) a shape uncertainty, estimated by simultaneously varying the factorisation and renor-
malisation scales in MG5_aMC@NLO by a factor of 0.5 or 2.0, and (ii) uncertainties on the NNLO+NNLL
QCD plus NLO electroweak total cross-section prediction [3], arising from missing higher-order corrections
and PDF uncertainties; these uncertainties are assumed to be fully correlated among bins and observables.

4 For one-dimensional limits on the CP-even (odd) Wilson coefficients, good agreement is found between the asymptotic formula
and the pseudo-experiment test statistic with m = 1 and n = 1 ( 12 ). 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 c̄γ, good agreement between pseudo-experiments and asymptotic formula is found for m = 2 and
n = 1.
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the SM value.

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 differential 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 (pγγT or Njets) results in the same expected limits
as the full five-dimensional fit. For c̄γ and c̃γ, the most sensitive variable is found to be pγγT , with a 5%
improvement in the expected limits obtained from using the five-dimensional information. For c̄HW and
c̃HW , the most sensitive variable is ∆φ 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, c̄γ and c̃γ arises mainly from
the normalisation of the different production mechanisms, and can be probed using the inclusive distributions
that distinguish between the different processes, whereas the c̄HW and c̃HW coefficients 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 c̄γ and c̄g are shown in Fig. 4, after
setting all other Wilson coefficients to zero. These additional interactions can interfere with the correspond-

8
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But fiducial cross sections are not for everyone (yet)

Similar methods might work for H → ɣɣ, H → ZZ* → 4l, H → WW → 2l2ν
• Many kinematic distributions that characterize Higgs production and decay
• Many sensitive to new physics
• Combination of various distributions can be pretty powerful
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Measurement vs. Interpretation.
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Measurement Interpretation

where “Theory dependence” includes 2 aspects
Dependence on underlying physics model:

I Assume/test a specific model (Lagrangian)
I Dependence on kinematic distributions

Dependence on theory systematics/uncertainties
I In theory predictions that are needed to extrapolate to total cross sections
I Perturbative and parametric (PDFs, ↵s, ...)

Frank Tackmann (DESY) Simplified Cross Section Framework 2015-06-24 1 / 18

But: fiducial cross sections are not for everyone (yet)
• Channels with low sensitivity or channels that rely on MVAs won’t be able to quote fiducial cross sections for a while
• Is there a path in the middle? 

Illustration from Frank Tackmann, Kerstin Tackmann
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But fiducial cross sections are not for everyone (yet)

Similar methods might work for H → ɣɣ, H → ZZ* → 4l, H → WW → 2l2ν
• Many kinematic distributions that characterize Higgs production and decay
• Many sensitive to new physics
• Combination of various distributions can be pretty powerful
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But: fiducial cross sections are not for everyone (yet)
• Channels with low sensitivity or channels that rely on MVAs won’t be able to quote fiducial cross sections for a while
• Is there a path in the middle? 

Illustration from Frank Tackmann, Kerstin TackmannSimplified Cross Section Framework.
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Simplified template cross sections
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Summary (1/2)

Fiducial cross sections can be a powerful tool to constrain new physics
• Nearly independent of underlying theory
• Detector effects are reverted, distributions unfolded to particle level
• Quoted inside a well defined fiducial volume, many analyses provide Rivet 

routines that can be used
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Ok – so do you want to get hyped?

Treasure chest for theorists and phenomenologists:
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Do you have a new physics model and it impacts kinematics in the Higgs sector? Why not test it! Do you want to

know how well certain dim-6 operator hold up against the measurements? Want to do your own Spin test?

! Hype – (Hyp)othesis (e)valuator for unfolded distributions

Features:
i. Easily perform hypothesis tests between two or more hypotheses

ii. Plug-ins: µ and -type scans

iii. Direct import of Hep-Data measurements

iv. Easy to interface custom code

v. For hypothesis tests: automatically determines number of pseudo-experiments needed

Project home: https://hype.hepforge.org/
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MC Generator with some NP effect

Rivet routine
that applies fiducial cuts

Confront 
with fiducial

cross sections
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Summary (2/2)
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The YR4 has chapters about fiducial and simplified template  cross sections 
• If you are interested, check it out!

https://cds.cern.ch/record/2157092 (fiducial cross sections)
https://cds.cern.ch/record/2138079 (simplified template cross sections)

Thank you for your attention! 
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