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H->WW
H—>WW—>2l2ν analysis updated with full 2016 data

• Signal regions targeting ggH, VBF and V(W/Z)H production
• Further divided based on number of leptons/jets and lepton 

charge/flavour 
• Signal extracted in template fits
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Figure 8: The merged STXS stage-1 regions [8] defined for the measurements. All regions enclosed by red boxes
are merged, except for the sum and di�erence indicated by the “±” sign connecting two merged gg ! H regions
with one qq ! Hqq region. The bbH region is merged with the gg ! H bins.

exists between the gg ! H 0-jet and gg ! H 1-jet pH

T < 60 GeV regions due to migrations between
experimental jet-bin categories. Finally, there is a substantial anti-correlation between the qq ! Hqq
pj

T < 200 GeV region and the similar gg ! H 2-jet region because of the experimental di�culty in
distinguishing between these processes.

The results show good overall agreement with the SM predictions in a range of kinematic regions of Higgs
boson production processes. The ten-dimensional compatibility between the measurement and the SM
prediction corresponds to a p-value of pSM = 9%.
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Data Measurement Interpretation

Differential  
cross sections

Pseudo-observables

Simplified template  
cross sections Effective field theory

Nicholas Wardle 26/03/2018
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Simplified Template XS

First STXS* measurement 
using combination of 5 decay 
channels

Extract production modes 
cross-sections in fiducial 
regions, profile ratios of 
branching ratios

*from YR4: arXiv:1610.07922 

Decouple (inclusive) theory 
uncertainties from 
experimental ones pSM ~ 17%
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Figure 1. Relative signal purity in the seven event categories in terms of the five main production
mechanisms of the Higgs boson in the 118 < m4ℓ < 130GeV mass window are shown. The WH,
ZH, and ttH processes are split according to the decay of the associated particles, where X denotes
anything other than an electron or a muon. Numbers indicate the total expected signal event yields
in each category.

The production of ZZ via gluon fusion contributes at NNLO in pQCD. It has been

shown [62] that the soft-collinear approximation is able to describe the background cross

section and the interference term at NNLO. Further calculations also show that at NLO

the K-factor for the signal and background [63] and at NNLO the K-factor for the signal

and interference terms [64] are very similar. Therefore, the same K-factor used for the

signal is also used for the background [65]. The NNLO K-factor for the signal is obtained

as a function of mZZ using the hnnlo v2 program [40, 66, 67] by calculating the NNLO

and LO gg → H → 2ℓ2ℓ′ cross sections at the small H boson decay width of 4.1MeV and

taking their ratios. The NNLO/LO K-factor for gg → ZZ varies from 2.0 to 2.6 and is 2.27

at mZZ = 125GeV; a systematic uncertainty of 10% in its determination when applied to

the background process is used in the analysis.

7.2 Reducible backgrounds

Additional backgrounds to the Higgs boson signal in the 4ℓ channel arise from processes in

which heavy flavor jets produce secondary leptons, and also from processes in which decays

of heavy flavor hadrons, in-flight decays of light mesons within jets, or (for electrons)

the decay of charged hadrons overlapping with π0 decays, are misidentified as prompt

leptons. We denote these reducible backgrounds as “Z+X” since the dominant process

producing them is Z+jets, while subdominant processes in order of importance are tt+jets,

Zγ + jets, WZ + jets, and WW + jets. In the case of Zγ + jets, the photon may convert

to an e+e− pair with one of the decay products not being reconstructed, giving rise to

a signature with three prompt leptons. The contribution from the reducible background

is estimated using two independent methods having dedicated control regions in data.
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Figure 3. Distribution of the reconstructed four-lepton invariant mass m4ℓ in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal with
mH = 125GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation,
whilst the Z+X background is normalized to the estimation from data. The order in perturbation
theory used for the normalization of the irreducible backgrounds is described in section 7.1. No
events are observed with m4ℓ > 1TeV.

In the case of the measurements which use event categorization, experimental and the-

oretical uncertainties that account for possible migration of signal and background events

between categories are included. The main sources of uncertainty in the event categoriza-

tion include the renormalization and factorization scales, PDF set, and the modeling of

the fragmentation, hadronization, and the underlying event. These uncertainties amount

to 4–20% for the signal and 3–20% for the background, depending on the category, and are

largest for the prediction of the gg → H yield in the VBF-2jet-tagged category. Additional

uncertainties come from the imprecise knowledge of the jet energy scale (from 2% for the

gg → H yield in the untagged category to 15% for the gg → H yield in the VBF-2jet-tagged

category) and b tagging efficiency and mistag rate (up to 6% in the ttH-tagged category).

10 Results

The reconstructed four-lepton invariant mass distribution is shown in figure 3 for the sum

of the 4e, 4µ, and 2e2µ channels, and compared with the expectations from signal and

background processes. The error bars on the data points correspond to the so-called

Garwood confidence intervals at 68% confidence level (CL) [71]. The observed distribution

agrees with the expectation within the statistical uncertainties over the whole spectrum.

In figure 4, the reconstructed four-lepton invariant mass distributions are split by event

category, for the low-mass range.

The number of candidates observed in data and the expected yields for the backgrounds

and the Higgs boson signal after the full event selection are reported in table 1 for m4ℓ >

70GeV. Table 2 shows the expected and observed yields for each of the seven event

categories and their total.
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Figure 10. The measured fiducial cross section as a function of
√
s (top left). The acceptance is

calculated using nnlops at
√
s = 13TeV and hres [39, 40] at

√
s = 7 and 8TeV and the total

cross sections and uncertainties are taken from ref. [34]. The fiducial volume for
√
s = 7 and 8TeV

uses the lepton isolation definition from ref. [22], while for
√
s = 13TeV the definition described

in the text is used. The results of the differential cross section measurements are shown for pT(H)
(top right), N(jets) (bottom left) and pT(jet) of the leading associated jet (bottom right). The
acceptance and theoretical uncertainties in the differential bins are calculated using powheg and
nnlops. The subdominant component of the signal (VBF + VH + ttH) is denoted as XH. In the
differential cross section measurement for pT(H), the last bin represents the integrated cross section
for pT(H) > 200GeV and is scaled by 1/50 for presentation purposes. No events are observed with
pT(H) > 200GeV.

scan with the systematic uncertainties removed, so that its uncertainty is included in the

statistical uncertainty. As in the measurement of the signal strengths, the relative fraction

of 4e, 4µ, and 2e2µ signal events is fixed to the SM prediction. If the relative fractions are

allowed to float, the change in the fitted mass value is much smaller than the uncertainty.

The best fit masses and the expected increase in the uncertainty relative to the 3D fit

with them(Z1) constraint for each of the six fits are shown in table 6. The nominal result for

– 26 –
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Organization

WG2 twiki summarizes topics 
and links to recent meetings 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG2 

STXS/FidXS subgroup with conveners 
Nicolas Berger, Predrag Milenovic, & 
Frank Tackmann 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGFiducialAndSTXS 

Documenting progress in 
LHCHXSWG internal notes 

Collect into a WG2 summary of 
strategies and tools for the end of Run 2
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WG2 session

25/03/2018, 20*14The 14th Workshop of the LHC Higgs Cross Section Working Group (26-27 March 2018) · Indico

Page 3 of 4https://indico.cern.ch/event/665524/timetable/?print=1&view=standard

 → 19:00
� 222-R-001WG1

16:50 ggF: experiment  � 20m

Speaker: Andrea Massironi

17:10 ggF: theory  � 20m

Speaker: Bernhard Mistlberger

17:30 ggF: discussion  � 10m

Speaker: All

17:40 VBF: theory  � 20m

Speaker: Michael Rauch

18:00 VBF: experiment  � 20m

Speakers: Claudia Bertella , Yacine Haddad

18:20 VBF: discussion  � 10m

Speaker: All

 → 10:30
� 40-S2-C01 - Salle CurieWG2

09:00 Introduction  � 20m

Speaker: Chris Hays

09:30 FidXS & STXS  � 20m

Speakers: Frank Tackmann, Nicolas Berger , Predrag Milenovic

10:00 Electroweak WG  � 20m

Speaker: Yusheng Wu

 → 10:50
� Multiple locationsCoffee Break �  20m

 → 12:30
� 40-S2-C01 - Salle CurieWG2

10:50 EFT in Top Physics  � 20m

Speaker: Gauthier Durieux

11:20 Benchmark models for EFT  � 20m

Speaker: Francesco Riva

11:50 Updated Global SM EFT Fit  � 20m

Speaker: Jonathan R. Ellis

WG3
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Differential and simplified-template XS

Differential cross-sections: Standardized binning defined for combinations

Standardize differential production cross 
sections & combine across channels? 

Include ratio of decay rates?

Fiducial Cross Sections

Choice of Observables and Binning.

Notes on fiducial/differential XS measurements for General HXSWG meeting, CERN, 13-14th July 2017

Choice of differential observables!and binning
&
Observables considered:
• 1D distributions:! !

pT(H),!N(jets), |Y(H)|, pT(jet 1), !
pT(jet 2), |pT(H) - pT(jet 1)|, |Y(H) - Y(jet 1)|,!|Y(jet 1) - Y(jet 2)|, Mjj.

• 2D distributions: pT(H) x!N(jets), pT(H) x |Y(H)|. !
!
Still need to agree on the exact set of 1D/2D variables.

Binning:
• Need to have!aligned coarse bin boundaries.

• Criteria for bin boundaries related to the uncertainty on the expected yields

• ATLAS: having > 2" expected significance in each bin,

• CMS: somewhat stronger requirement on the exp. signal yield uncertainty,

     Exceptions: overflow or boundary bins., match STXS boundaries if possible (for convenience) !
!
    Experiments have agreed (or are about to agree) on!the bin boundaries. !
!

6

Core Results / Nice to have 

Frank Tackmann Update from fidXS/STXS subgroup 2017-07-14 10 / 32

Measurement distributions defined 
More to add?  E.g. 𝚫𝛟(j1,j2), decay distributions 

Also: combined resonant (Higgs) + non-
resonant (background) measurements in signal 
and control regions

(Nicolas Berger’s talk)

ST cross-sections: Refine categories and extend uncertainty estimates 

Uncertainties: VBF and VH correlation strategy recently defined 

Category updates: 
ggF pTH binning (200-350, 350-500, >500; split 0-60 to 0-15, 15-60?) & merge ggF+bbH 
ggF/VBF signed 𝚫𝛟(j1,j2) bins? 
Split ttH to pTH 0-200, >200 
Should revisit VBF categories (mjj bins?) 

p
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BSM

p
j1
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p
Hjj
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p
Hjj
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(+) ! 3j

≃ 2j
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≥ 2-jet VBF cuts ≥ 2-jet VH cuts Rest(+)
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STXS vs optimized analysis

We want to know how the STXS compare to an optimized parameter probe 
Dedicated study for VH performed by J De Blas, K Lohwasser, P Musella, K Mimasu 
https://indico.cern.ch/event/699709/contributions/2907961/attachments/1606017/2548177/WG2_STXS_vs_EFT.pdf

23/2/2017 STXS vs EFT 4

Set up and benchmarks

Focus on associated ZH production

• Study the experimental sensitivity to one particular Dim-6 
operator

• LEP + run 1 bounds on the wilson coefficient

• BENCHMARks
23/2/2017 STXS vs EFT 4

Set up and benchmarks

Focus on associated ZH production

• Study the experimental sensitivity to one particular Dim-6 
operator

• LEP + run 1 bounds on the wilson coefficient

• BENCHMARks

23/2/2017 STXS vs EFT 8

EVENT Generation

Roughly 400k events per process generated (in fid. 
Phase space)

Fid. phase space

p
T
(jet) > 20 GeV |h|<2.5

p
T
(lep) > 25GeV |h|<2.5

n(lep)  = 2

n(bjets) = 2 (e(btag) = 0.7)

75 < M
ll
 < 105

60 < M
bb

 < 140

• Norm. cross sections computed with 
MG5_aMC@NLO + eHDecAY + ROSETTA
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EVENT Generation

Roughly 400k events per process generated (in fid. 
Phase space)

Fid. phase space

p
T
(jet) > 20 GeV |h|<2.5

p
T
(lep) > 25GeV |h|<2.5

n(lep)  = 2

n(bjets) = 2 (e(btag) = 0.7)

75 < M
ll
 < 105

60 < M
bb

 < 140

• Norm. cross sections computed with 
MG5_aMC@NLO + eHDecAY + ROSETTA

Distributions raise the question of applicability 
of STXS

https://indico.cern.ch/event/699709/contributions/2907961/attachments/1606017/2548177/WG2_STXS_vs_EFT.pdf
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STXS vs optimized analysis

23/2/2017 STXS vs EFT 10

STXS
Stage 1 and stage 2  STXS binning implemented

• Events binned after ZBB rejection cuts (as it would be done by THE 
experiments. 

• Large efficiency difference for differeNT benchmarks (but much 
reduced when restricted to single bins)

SAMPLE Sel. efficiency
Zbb <0.01

SM VH 0.19

c
HW

 = 0.03 0.31

c
HW

 = -0.03 0.14

c
HW

 = 0.01 0.23

c
HW

 = -0.01 0.16

23/2/2017 STXS vs EFT 10

STXS
Stage 1 and stage 2  STXS binning implemented

• Events binned after ZBB rejection cuts (as it would be done by THE 
experiments. 

• Large efficiency difference for differeNT benchmarks (but much 
reduced when restricted to single bins)

SAMPLE Sel. efficiency
Zbb <0.01

SM VH 0.19

c
HW

 = 0.03 0.31

c
HW

 = -0.03 0.14

c
HW

 = 0.01 0.23

c
HW

 = -0.01 0.16

Ideally compare reconstruction efficiency in each STXS bin 

BDT analysis gives ~5% sensitivity improvement to cHW in VH production 

Could check STXS applicability by fitting for cHW in BDT and STXS analyses 

Worthwhile to perform exercise on VBF production
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Pseudo-observables

ATLAS has probed YR4 pseudo-observables in H→4l decay 
https://indico.cern.ch/event/682466/contributions/2796809/attachments/1573127/2482949/andrea_workshop.pdf

PO in Higgs decay

7

- Higgs decay to four lepton, di-photon and di-lepton channels can be 
described in terms of:

- at the moment only few parameters 
have been studied in ATLAS 

- focus on di-lepton invariant mass 
spectra

�

�SM
=

 Eur.Phys.J. C75 (2015) 128,  Eur.Phys.J. C75 (2015) 8 385, Eur.Phys.J. C76 (2016) 3 158

PO in Higgs decay

8

- contact term interaction εL vs εR 

- at the moment lepton flavour universality is 
assumed (“e=µ”) due to low stat with 36 fb-1 

- different values of εL/εR change the di-lepton 
invariant mass 

- relative BR (εL,εR)/BRSM  as a function of 
the 2 couplings: each contour 
corresponds to the same expected XS
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a.
u.

a.
u.

1.0

0.5

1.5

1.0

0.5

1.5

12 20 30 40 50 60      GeV50 60 70 80 90 100      GeV

Z1 mass Z2 mass

PO double diff XS

9

- possible observables at reconstruction level: 
- invariant mass of the leading Z: m12 
- invariant mass of the sub-leading Z: m34 
- m12 vs m34 (inclusive: 4µ+4e+2e2µ+2µ2e)
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- the red-pentagon is defined by our selection cuts  
- the bins are defined following these criteria: minimize migrations, 

significance per bin > 2 σ and BSM sensitivity

1D remapped  

version

Use unfolded measurement of bins in m12-m34 plane to constrain  
contact interactions and rate assuming lepton universality

PO in Higgs decay

8

- contact term interaction εL vs εR 

- at the moment lepton flavour universality is 
assumed (“e=µ”) due to low stat with 36 fb-1 

- different values of εL/εR change the di-lepton 
invariant mass 

- relative BR (εL,εR)/BRSM  as a function of 
the 2 couplings: each contour 
corresponds to the same expected XS
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Pseudo-observables

Proof-of-principle result, sensitivity not optimized 

Future results could optimize sensitivity in decays 
Add to STXS? 

Also can add production modes and other channels

PO -VBF/VH

14

- sensitivity to the quark contact terms: 
εZu, εZd, εWu  

- VBF: 
- tag the VBF topology: forward jets 

and high mjj 

- double diff XS pTj1 vs pTj2 
- H4l alone suffers the low stat <5 

exp events with 36 fb-1 

- VH: 
- tag the VH topology 
- possible observables:  

pT,W/Z/H or pT,VH 
- H4l alone suffers the low stat < 3 

exp events with 36 fb-1  (WH+ZH) 
  

- combination with other channels? 
using STXS? 

numbers for 36 fb-1

Eur.Phys.J. C75 (2015) 128
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Pseudo-observables

HL-LHC prospects for POs studied by A Greljo, S Isakovic, N Selimov 
https://indico.cern.ch/event/682466/contributions/2796809/attachments/1573127/2482949/andrea_workshop.pdf

Use ATLAS bins in m12-m34 plane to project to HL-LHC
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Figure 3: Measured data yields compared to SM Higgs-boson signal and background processes for the transverse
momentum of the four leptons pT,4` (a), the number of jets Njets (b), the invariant mass of the subleading lepton pair
m34 (c), and the invariant mass of the leading vs the subleading pair m12 vs m34 (d). Subfigure (d) also includes an
illustration of the chosen bins, as well as the two-dimensional distributions of data and prediction. The error bars
on the data points indicate the statistical uncertainty. The systematic uncertainty on the prediction is shown by the
dashed band.
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Simulation results

Xbin,cat matrices (20 in total)
Example:

Slučaj 2e2µ.

X2e2µ

0 =

2

66664

1.00000000 2.63048619 �1.91483139 5.58937990 �4.66916693
0.00000000 2.44859650 0.47920050 5.42811425 �4.78785450
0.00000000 0.00000000 2.59936900 �5.59394900 5.27983025
0.00000000 0.00000000 0.00000000 12.73511825 �0.32701475
0.00000000 0.00000000 0.00000000 0.00000000 12.95134050

3

77775

M2e2µ

1 =

2

66664

1.00000000 2.73143905 �2.50763765 4.23725210 �3.71418826
0.00000000 3.56651425 0.48111750 5.82226300 �4.89156475
0.00000000 0.00000000 3.76160650 �5.17347725 4.35520950
0.00000000 0.00000000 0.00000000 7.88516050 1.14888825
0.00000000 0.00000000 0.00000000 0.00000000 7.72679625

3

77775

X2e2µ

2 =

2

66664

1.00000000 0.69770444 �0.66890591 4.32359102 �4.04217992
0.00000000 0.46636675 �0.04726425 1.88201700 �1.77146525
0.00000000 0.00000000 0.44394950 �1.49270550 1.54829950
0.00000000 0.00000000 0.00000000 10.13352500 �0.51361225
0.00000000 0.00000000 0.00000000 0.00000000 9.97430475

3

77775

X2e2µ

3 =

2

66664

1.00000000 0.08490929 �0.10616875 5.11649338 �4.36728058
0.00000000 0.07030725 �0.02324450 0.21832475 �0.48969300
0.00000000 0.00000000 0.06039400 �0.49830775 �0.07005275
0.00000000 0.00000000 0.00000000 11.63728050 �0.40260775
0.00000000 0.00000000 0.00000000 0.00000000 11.67018675

3

77775

X2e2µ

4 =

2

66664

1.00000000 �0.10437613 �0.13557274 5.32695662 �4.56314827
0.00000000 0.05796325 �0.02427825 0.49689575 0.19762775
0.00000000 0.00000000 0.04500850 0.68637500 0.41964600
0.00000000 0.00000000 0.00000000 12.43511725 0.55998450
0.00000000 0.00000000 0.00000000 0.00000000 12.43865675

3

77775

24
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Figure 3: Measured data yields compared to SM Higgs-boson signal and background processes for the transverse
momentum of the four leptons pT,4` (a), the number of jets Njets (b), the invariant mass of the subleading lepton pair
m34 (c), and the invariant mass of the leading vs the subleading pair m12 vs m34 (d). Subfigure (d) also includes an
illustration of the chosen bins, as well as the two-dimensional distributions of data and prediction. The error bars
on the data points indicate the statistical uncertainty. The systematic uncertainty on the prediction is shown by the
dashed band.
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is dominated by Higgs-boson events produced through ggF, while the � 2-jet bin is enriched with VBF
events. No significant deviation is seen, as indicated by the p-values which reflect the agreement for the
three jet bins together, treating them as a two-dimensional distribution. The higher values of the measured
cross sections in the � 2-jet bin reflect the observations on Figure 9(a). The m12 vs m34 kinematic plane
is divided into five regions and projected onto a one-dimensional distribution, as shown in Figure 3(d).
The agreement between the data and the predictions is good.
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Figure 11: Limits on modified Higgs-boson decays within the framework of pseudo-observables [13, 72]. In
subfigure (a), the limits are extracted in the plane of "L and "R, which modify the contact terms between the
Higgs boson and left- and right-handed leptons, assuming lepton-flavour universality. In subfigure (b), the tested
parameters are "L and . The latter modifies the coupling of the Higgs boson to Z bosons. The allowed observed
area at the 95% CL is surrounded by the red solid line. This can be compared to the SM expectation, which is
indicated by the black star and the black dotted line. The coloured scale indicates the values of �2 ln⇤.

The di�erential fiducial cross sections can be interpreted in the context of searches for physics beyond the
SM. In the absence of significant deviations from the SM expectations, limits are set on modified Higgs-
boson interactions within the framework of pseudo-observables [13, 72]. In this note, the couplings
related to the contact-interaction of the Higgs-boson decay are considered, "L and and "R, which modify
the contact terms between the Higgs boson and left- and right-handed leptons, assuming lepton-flavour
universality. Since the contact terms have the same Lorentz structure as the SM term, they only a�ect the
dilepton invariant mass spectra, while the lepton angular distributions are not modified. The di�erence in
�2 between the measured and predicted cross sections in the m12 vs m34 parameter plane is therefore used
to constrain the possible contributions from contact interactions. Assuming the SM values for all but the
tested parameters, limits are set on the contact-interaction coupling strength as shown in Figure 11. Two
parameter planes are considered: "L vs "R, as well as "L vs , where  is the coupling of the Higgs boson
to the Z bosons and "R = 0.48 · "L [72]. Since the addition of the contact terms changes the Higgs-boson
production rate, in principle limits could be set based on the inclusive Higgs-boson cross sections alone.
In this case, the obtained allowed area in Figure 11(a) would be circular, but the addition of the invariant
mass spectra improves the limit, especially for negative "L and positive "R. The addition of the shape
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Example: Universality test
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Stronger limits!
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Five PO fit at 3000 fb-1
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same flavour,  L versus R

[AG, Isaković, Selimović], 
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The external parameters we add, in the HPO4f block, describing the WW , ✏WW , ✏CP
WW

and the ✏W `, �W ` are:

kWW, eWW, eWWCP, eWe, eWmu, eWtau, phiWe, phiWmu, phiWtau,

with interaction order HPO=1.

2.6 Zf̄f and W `⌫ PO

The PO describing on-shell Z ! ff̄ decays, gf
Z
, and W ! `⌫ decays, gf

W
, are related to

the PO used at LEP [9] by3

g
f

Z
=

2mZ

vF
g
LEP
Zf

, g
f

W
=

p
2mW

vF
g
LEP
Wf

. (19)

In the SM, at tree-level, gLEP
Zf

= T
3
f
� Qf sin

2
✓W and g

LEP
Wf

= 1. More precisely, the
best SM prediction for the Z-pole couplings is [9]: g

SM
Z`L

= �0.2692, gSM
Z`R

= 0.2321, and
g
SM
Z⌫

= 0.5020.
The external parameters, in the WZPole block, corresponding to g

LEP
Zf

and g
LEP
Wf

, and
their default values taken from the central values in Refs. [9, 10], are:

gZeL gZmuL gZtauL gZeR gZmuR gZtauR gZv gWe gWmu gWtau

�0.2696 �0.269 �0.2693 0.2315 0.232 0.2327 0.500 0.994 0.991 1.025
,

where we introduce only one common coupling for the three neutrino species. While
in general gWf can be complex, we assume them to be real. It should be pointed out
that, while the Z-pole PO are taken directly from Ref. [9], the W ones are derived as

gW ` '

⇣
B(W!`⌫̄`)

B(W!`⌫̄`)SM

⌘1/2

from the values of the measured branching fractions and the SM

prediction B(W ! `⌫̄`)SM = 0.1083 shown in Ref. [10]. This assumes that the real total
W decay width does not deviate from the SM, which is a good approximation given the
experimental result �exp

W
/�SM

W
= 0.997± 0.020 [11].

As input parameters, defined in the SMPARAM block, we use vF = 246.22 GeV from
the muon decay, ↵�1(mZ) = 128.941 and ↵s(mZ) = 0.119. The electroweak gauge bosons
masses and widths are also added as inputs from the experimentally measured values:
mZ = 91.186 GeV, �Z = 2.4952 GeV, mW = 80.385 GeV and �W = 2.085 GeV.

All Zf̄f and Wf̄f
0 PO, and the electromagnetic coupling e ⌘

p
4⇡↵(mZ), have

interaction order QED = 1. The strong coupling gs ⌘
p
4⇡↵s(mZ) has interaction order

QCD = 1.

3In Ref. [9] the gLEP
Zf

PO are called gLf or gRf , depending on the specific fermion.

8

Reason: Numerical values

Remove assumption of lepton universality
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Effective field theory

If new physics is confined to a high scale we can describe it with EFT 

Few-particle scenario: benchmarks described by limited number of EFT parameters 
February WG2 meeting on scenarios, document in preparation (Francesco Riva’s talk) 

Many-particle scenario: model-independent global fit for EFT parameters 
Various strategies for global fits, e.g.: 

Electroweak data fit including EFT uncertainties (Berthier, Bjorn, Trott)  
Electroweak fit without flavor universality (A Falkowski, M Gonzalez-Alonso, K Mimouni) 
Electroweak + Higgs global fit & few-particle interpretation (John Ellis’s talk)  

A global fit to LHC data will need electroweak and top data 
Operators affecting Higgs data can be constrained by these measurements 
LHC WG activities in talks from Yusheng Wu (EW) & Markus Seidel (top) 
Comprehensive documentation on top EFT now available (Gauthier Durieux’s talk) 

Existing EFT constraints from ATLAS use HEL implementation of SILH basis  
https://indico.cern.ch/event/682466/contributions/2796813/attachments/1573262/2483194/WG2_dec.pdf
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Effective field theory

ATLAS use individual H→𝛾𝛾 differential XS or H→𝛾𝛾 + H→4l STXS combination 
Individual channel results in 2-parameter fit, combination constrains 6 parameters

 normalized to SM4l B× iσ
1− 0 1 2 3 4 5 6

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction
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Figure 9: Best-fit results of STXS measurement regions given in Table 7. The fit results are shown normalized (top)
and not normalized (bottom) to the SM predictions for the various parameters. The black error bar shows the total
uncertainty on each measurement.

19
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Effective field theory

Parameter value
-2 0 2

Fit to ATLAS STXS measurements (ATLAS-CONF-2017-047)

LHCHXSWG-INT-2017-001

 ]-4cG [ 10

 ]-4cA [ 10

cu

 ]-1cHW [ 10

 ]-1cWW - cB [ 10

Parameter value
-2 0 2

γγ → ZZ* and H →Observed HEL constraints with H 

-1 = 13 TeV, 36.1 fbs
ATLAS Preliminary

 ]-4cG [ 10

 ]-4cA [ 10

cu

 ]-1cHW [ 10

 ]-1cHB [ 10

 ]-1cWW - cB [ 10

(a)

Parameter value
-2 0 2

γγ → ZZ* and H →SM expected HEL constraints with H 

-1 = 13 TeV, 36.1 fbs
ATLAS Preliminary

 ]-4cG [ 10

 ]-4cA [ 10

cu

 ]-1cHW [ 10

 ]-1cHB [ 10

 ]-1cWW - cB [ 10

(b)

Figure 3: The (a) observed and (b) SM predicted best-fit values and 68% C.L. intervals for each of the six parameters.

Table 3: The fit values and 68% C.L. uncertainties from the fit for six EFT parameters using the Stage 1 STXS
binning to relate the data to the parameters. The observed and SM expected results are shown.

Operator Fit result (observed) Fit result (SM expected)
Og cG = �0.05+0.27

�0.28 ⇥ 10�4
cG = 0.00+0.38

�0.26 ⇥ 10�4

O� cA = 0.3+1.9
�1.8 ⇥ 10�4

cA = 0.0+2.8
�2.2 ⇥ 10�4

Ou cu = �0.50+0.45
�0.81 cu = 0.00+0.24

�0.28

OHW cHW = �0.052 ± 0.028 cHW = 0.000+0.041
�0.043

OHB cHB = 0.026 ± 0.077 cHB = 0.00+0.14
�0.16

OW , OB cWW � cB = 0.078 ± 0.049 cWW � cB = 0.000+0.057
�0.074

8

ATLAS fit uses more categories than measured STXS 
Fit to STXS measurement can only constrain five parameters 

https://indico.cern.ch/event/682466/contributions/2796820/attachments/1573120/2482936/WG211Dec2017.pdf
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Effective field theory

Recent and upcoming tools make a global experimental fit possible 

SMEFTsim: complete flavor-general implementation of dimension-6 operators 
Also includes a U(3)5-symmetric version

Last modified on 09/18/17 16:41:21

Standard Model Effective Field Theory -- The SMEFTsim package

Authors

Ilaria Brivio, Yun Jiang and Micheal Trott

ilaria.brivio@nbi.ku.dk, yunjiang@nbi.ku.dk, michael.trott@cern.ch

NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen

The model description

The Standard Model Effective Field Theory (SMEFT) is constructed out of a series of SU(3)C × SU(2)L × U(1)Y invariant higher dimensional operators L6, L7,
... built out of the SM fields.
The SMEFTsim package provides a complete implementation of the lepton and baryon number conserving dimension-6 Lagrangian adopting the Warsaw
basis arXiv:1008.4884

The SM Lagrangian is included and extended with the SM loop-induced Higgs couplings to gg, γγ and Zγ. 

The SMEFTsim package provides implementations for 3 different flavor assumptions and 2 input scheme choices, for a total of 6 different models.

The flavor assumptions adopted are (see arXiv:1709.xxxxx for a detailed description)

The flavour general case
The U(3)5 flavor symmetric case, with possible non-SM CP-violating phases
A linear Minimal flavor violation (MFV) ansatz arXiv:0207036, in which non-SM CP-violating effects are neglected, but linear flavor-violating spurion
insertions are allowed in quark currents

For each model it is possible to choose between two input parameters sets for the electroweak sector, namely:

α scheme: {αem, mZ , Gf}
mW scheme: {mW, mZ , Gf}

Importantly, field rotations required to have canonically normalized kinetic terms and parameter redefinitions following from the choice of an input
parameters set are automatically applied in the Lagrangian.

Two independent models sets (A and B) are supplied. Each set contains a main file, a number of subroutines and restriction files. The two sets differ in the
structure and in the technical implementation of L6, but they produce consistent results. The use of both sets is recommended for debugging and validation
of the numerical results.
Pre-exported UFO files to be interfaced with MadGraph5_aMC@NLO can also be downloaded from this page (see Table below).

We would appreciate if you could report to us any inconsistency or bugs.

Usage recommendations

The SMEFTsim package is designed to enable numerical studies of the LO interference of the SMEFT with the SM, while neglecting NLO corrections. In this
spirit, it has not been optimized for loop calculations in the SM or in the SMEFT. In particular:

the Lagrangian assumes unitary gauge. Using it in Rxi or Feynman gauge may lead to inconsistent results, as the ghost Lagrangian have not been
modified to account for L6 corrections.

the UFO files are not suitable for NLO evaluation in MadGraph5_aMC@NLO

Change log

v1.0 (17.09.2017) The first version released

References

I. Brivio, Y. Jiang and M. Trott, The SMEFTsim package, theory and tools, arXiv:1709.xxxxx

Model Set A

SMEFTsim-setA.zip This archive contains all the FeynRules files.
SMEFTsim-setA.nb Example of a Mathematica® notebook loading the model

Model Set B

In the master code two flags: Scheme and Flavor are established, which are used to identify the input scheme and flavor symmetry being adopted in
loading the model.

SMEFTsim-setB.zip This archive contains all the model files. Should be expanded in the FR model directory.
SMEFTsim-setB.nb Example of a Mathematica® notebook loading the model

Pre-exported UFO files (include restriction cards)

CP CP

nf = 1 ⇠ 23

nf = 3 ⇠ 46

U(3)5 ⇠ 52 ⇠ 17 ⇠ 24

⇠ 108 ⇠ 30

nf

U(3)5

U(3)5

23 46

v̄T /⇤ < 1

v̄T /⇤ < 1

An implementation to NLO in QCD is imminent 
https://indico.cern.ch/event/682466/contributions/2796827/attachments/1573310/2483453/nloeftstatus.pdf 

Will allow tests of EFT Hqq coupling in ggF loop  

https://indico.cern.ch/event/682466/contributions/2796827/attachments/1573310/2483453/nloeftstatus.pdf
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Effective field theory

Study of sensitivity to CP-odd observables using information geometry 
https://indico.cern.ch/event/682466/contributions/2796822/attachments/1573344/2483360/cern_cp_17.pdf

Tilman Plehn

CP vs T̂

Higgs sector

Information

WBF

ZH

Comparison

Application to WBF production

Testing CP in WBF

– four external 4-momenta ! 10 scalar products

four external masses

four C-even, P-even, T̂ -even

one C-even, P-odd, T̂ -odd

✏µ⌫⇢� kµ
1

k⌫
2

q⇢
1

q�
2

! O ⌘ ✏µ⌫⇢� kµ
1

k⌫
2

q⇢
1

q�
2

sign [(k1 � k2) · (q1 � q2)]

– azimuthal angle difference [lab frame]

O = 2E�(~q� ⇥ ~q+) · ~k+ ! sin ��jj

– CP asymmetry

a��jj ⌘
d�(��jj ) � d�(���jj )

d�(��jj ) + d�(���jj )

– separating dimension-6 effects

Need to ensure CP-sensitive 
observables are included in 

differential and ST cross sections

Vector 
boson 
fusion

Tilman Plehn

CP vs T̂

Higgs sector

Information

WBF

ZH

Comparison

Application to ZH production

Testing CP in ZH production

– same 10 scalar products as for WBF

– CP-odd and T̂ -odd angle

O1 = ✏µ⌫⇢� kµ
1

k⌫
2

q⇢

`+
q�
`� sign((k1 � k2) · (q1 � q2)) ! sin ��``

– CP asymmetry

a��``
⌘

d�(��``) � d�(���``)

d�(��``) + d�(���``)

– CP-odd and T̂ -even, requiring second phase

O2 ! �E`` O3 ! �pT ,``

– separating dimension-6 effects

ZH production
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Summary

WG2 working towards a comprehensive strategy for measurements and 
interpretations for Run 2 

Recent interpretation tools can feed back to measurement strategies 
Expect further iteration before end of Run 2 

WG2 meetings every 3-6 months 

Documenting progress in LHCHXSWG internal notes 
STXS/FidXS update (soon) 
STXS mapping to HEL operators (posted) 
Benchmark EFT scenarios (to appear) 
EFT tools and fits (envisioned) 

Collect into summary document for end of Run 2
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Extras from December meeting
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9

Sensitivity vs. generality

SMEFT (LO/NLO) / HEFT

PO

STXS

Data

"Light NP model" Explicit models

Unfolded
distribution

• With each step the sensitivity reduces.

• Each layer adds robustness (model-
independency) to the analysis.

Where is the balance?

STXS-PO complementarity
David Marzocca

Procedurally STXS→PO is the same as STXS→EFT

PO characterizes an amplitude; EFT characterizes all amplitudes
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Higgs self-coupling

HXSWG WG2 kicko⌫, CERN, 2017/05/08Stefano Di Vita (DESY) 25

Compare & combine w/double-Higgs

Double-Higgs drives the bound on �
λ

while, single-Higgs observables are
essential in order to constrain the
other coeXcients deforming (hh)σ

Double-Higgs drives the bound on �
λ

while, single-Higgs observables are
essential in order to constrain the
other coeXcients deforming (hh)σ

DiMerential (mhh) double-Higgs removes
degeneracy due to second minimum

DiMerential (mhh) double-Higgs removes
degeneracy due to second minimum

Warning: here the assumption is that of linearly realized EW symmetry.
Non-linear EFT requires more parameters!

Stefano Di Vita

HH will dominate sensitivity and differential Mhh measurement breaks degeneracy

Time to add to STXS?  To follow up
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K. Mimasu 08/05/2017

New EFT scale uncertainty
• Scale variation uncertainty approximates missing higher 

orders in perturbative expansion 
• EFT description contains an additional source of scale dependence from 

the running/mixing of Wilson coefficients 

• Proposal for a new scale uncertainty component 
• Take ci defined at scales 2μ0 & μ0/2 and run back to the central scale

8

[Maltoni, Vryonidou & Zhang; JHEP 1610 (2016) 123] 

Does not cancel in 
e.g. cross section 
ratios for which 
traditional scale 
uncertainty drops out

EFT in Madgraph to NLO in QCD 
Ken Mimasu

Does running of EFT coefficients already capture the uncertainty?
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K. Mimasu 08/05/2017

SMEFT@NLO in QCD
• Merger of HELatNLO and Top/Higgs-EFT  

• Use Warsaw basis but basis independent input choice will be provided by 
Rosetta (also preparing an MG5_aMC plugin)

17

Gauge/Higgs

O' ('†')3 – –

O'⇤ ('†')⇤('†') – –

O'D ('†Dµ')†('†Dµ') – –

O'G '†'Gµ⌫
A GA

µ⌫ O'G̃ '†'Gµ⌫
A G̃A

µ⌫

O'W '†'Wµ⌫
i W i

µ⌫ O'W̃ '†'Wµ⌫
i W̃ i

µ⌫

O'B '†'Bµ⌫Bµ⌫ O'B̃ '†'Bµ⌫B̃µ⌫

O'WB '†�i'Wµ⌫
i Bµ⌫ O'WB̃ '†�i'Wµ⌫

i B̃µ⌫

O3W ✏ijkWi, µ⌫W
⌫⇢
j Wµ

k, ⇢ O3W̃ ✏ijkW̃i, µ⌫W
⌫⇢
j Wµ

k, ⇢ CP violation

Higgs vev & 
kinetic term

Gauge/Higgs & 
gauge kinetic 
terms/mixing

mZ (cust. sym.)

Triple gauge,…

EFT in Madgraph to NLO in QCD 

Subset of operators, taking requests

Order ~1 month timescale
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Mixed contributions of all three operators

• Scenario with top Yukawa enhanced, 
inspired by the higher than SM rate of ttH 
in first CMS and ATLAS results 

• Leads to the softer spectrum 
• Combination of all previous effects 

Higgs pT in EFT


