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LHC Collider Physics
Many breakthroughs in the last ~15 years 

‣ Higgs boson discovery 

‣ Fermion-H couplings: ttH and H→ττ, bb 

‣ EW precision measurements 
• sin2θeff and MW 

‣ Top quark mass and αs 

‣ Observation of rare processes 
• pp→Bs, tγq, tWZ, tttt,… 

‣ Approaching H→μμ, cc, di-Higgs 

‣ Huge number of BSM searches
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Many precision results

LHC Collider Physics
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[CERN Courier, Sep 9 (2024)]

[CERN Courier, Nov 20 (2024)]



SM Internal Consistency
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LHC: Status and HL-LHC
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we are here



Physics Potential of the HL-LHC

Sensitivity scales with luminosity:  

For measurements: 
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More realistic estimates
Huge effort by the LHC  
Collaborations + theory to  
estimate the physics potential 

‣ Cumulated in CYRM-2019-007 
• Standard model 
• Higgs physics 
• BSM searches 
• Flavour physics 
• Heavy ions 

‣ Existing analyses derived  
expected sensitivities  
• Higher luminosity 
• Better systematic uncertainties 
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CERN Yellow Report,  
Vol. 7 (2019)

Somewhat bleak outlook for collider physics



Content: Beyond the YR estimates

1. Experimental techniques 
• Four top production 

2. Novel methods 
• Top quark mass from boosted jet mass 

3. Going differential 
• EFT constraints in the Higgs sector 

4. Sensitivity from rare processes 
• tWZ production  

5. Optimal analysis strategies 
• Search for t*→tg
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1st Example: Four Tops 
(Experimental Techniques)
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Four Top Quark Production
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‣ σ(tttt) ≈ 13 fb  
‣ Very sensitive to BSM effects 
‣ Challenging from experimental and theoretical sides 
‣ CMS analysis done in same-sign dileptons  

and multileptons 
• 35.9 fb−1 

• Sensitivity reached: 1σ [CMS, EPJC 78 (2018) 140]
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Four Tops: Expectations
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-1CMS 2018, 35.9 fb

-1CMS 2023, 138 fb

[CMS, EPJC 78 (2018) 140]

[CMS-PAS-FTR-18-031]
‣ Same-sign 

dileptons and 
multileptons 

‣ Extrapolation to 
HL-LHC reaches 
4.2σ for 
optimistic 
uncertainties

https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211


Four Tops: Improvements
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Physics Letters B 847 (2023) 138290
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The CMS Collaboration

Fig. 2. Efficiency of selecting prompt leptons as a function of the misidentification probability for nonprompt leptons evaluated in simulated tt̄ events for the electron 
(red solid line) and muon (blue dashed line) ID BDT, shown for leptons with 10 < 𝑝T < 25 GeV (left) and 𝑝T > 25 GeV (right). Indicated with filled markers are the 
efficiencies for the ID criteria applied in this measurement and with empty markers those for the ID criteria applied in Ref. [41], where red circles and blue squares 
are used for electron and muon criteria, respectively.

Fig. 3. Schematic representation of the event selection and categorization.

events with two leptons, the SRs and CRs additionally require both lep-
tons to have the same sign, and events with opposite-sign leptons are 
used as a sideband for the estimation of the charge-misID background. 
In events with four leptons, we additionally require the sum of the lep-
ton charges to be zero. No requirement on the lepton charges is imposed 
in events with three leptons. For the SR and CR definitions, the number 
of jets and b jets (𝑁j and 𝑁b), the scalar 𝑝T sum of all jets (𝐻T), and the 
invariant mass 𝑚(𝓁𝓁) of opposite-sign same-flavor (OSSF) lepton pairs 
are used. A schematic representation of the SR and CR definitions is 
shown in Fig. 3.

For the events with two same-sign leptons (2𝓁 channel), the SR-2𝓁
is defined by 𝑁j ≥ 4, 𝑁b ≥ 2, and 𝐻T > 280 GeV, and additionally ei-
ther 𝑁j ≥ 6 or 𝑁b ≥ 3. The CR-2𝓁-45j2b, enriched in tt̄W production, 
comprises all events with 4 ≤ 𝑁j ≤ 5, 𝑁b = 2, and 𝐻T > 280 GeV. The 
CR-2𝓁-23j1b, used to constrain both tt̄W production and nonprompt-
lepton backgrounds, is defined by all events with 𝐻T > 200 GeV that fail 
exactly one of the requirements 𝑁j ≥ 4, 𝑁b ≥ 2, or 𝐻T > 280 GeV.

The SR-3𝓁 for events with three leptons (3𝓁 channel) is defined 
by 𝑁j ≥ 3, 𝑁b ≥ 2, 𝐻T > 200 GeV, and the requirement that there is 
no OSSF lepton pair with |𝑚(𝓁𝓁) − 𝑚Z| < 15 GeV (referred to as “Z
candidate”). The last requirement, which uses the world-average Z
boson mass [95], rejects events consistent with leptonically decaying 
Z bosons. The CR-3𝓁-2j1b, used to constrain nonprompt-lepton back-
grounds, consists of events that pass the SR-3𝓁 requirements except that 
they have 𝑁j = 2 or 𝑁b = 1. To constrain tt̄Z production, the CR-3𝓁-Z is 
defined by requiring 𝐻T > 200 GeV, the presence of a Z candidate, and 
that at least one jet passes the medium DEEPJET WP.

No additional jet requirements are imposed on events with four lep-
tons (4𝓁 channel). Events that have no Z candidate form the SR-4𝓁, 

while events with exactly one Z candidate form the CR-4𝓁-Z enriched 
in tt̄Z production.

To enhance the separation of signal events and those from differ-
ent background processes, we employ multiclassification BDTs trained 
with the TMVA program [96]. The BDTs provide output scores for three 
classes of events: the tt̄t t̄ signal, associated tt̄ production with a heavy 
boson (tt̄Z, tt̄W, and tt̄H, referred to as tt̄X), and tt̄ production, which is 
the dominant contribution to the nonprompt-lepton and charge-misID 
backgrounds. Simulated event samples of tt̄t t̄, tt̄Z, tt̄W, tt̄H, and tt̄ pro-
duction are used in the training. Kinematic differences and different 
background compositions motivate separate BDT trainings per decay 
channel, but sufficient simulated events in the training samples are re-
quired as well. Since the size of the available 4𝓁 samples is limited, 
we train one BDT for the combined 3𝓁+4𝓁 channel and a second one 
for the 2𝓁 channel. Only events that pass the SR-2𝓁 (SR-3𝓁 or SR-4𝓁) 
selection requirements are used in the 2𝓁 (3𝓁+4𝓁) BDT training.

The variables used in the BDT training are listed in Table 1. From an 
initially wider set of input variables, we optimized the selection of vari-
ables by evaluating how much the removal of a specific observable from 
the training reduces the BDT performance, simultaneously taking into 
account the accuracy of all three classes, and retaining only those vari-
ables with a noticeable impact on the performance. This was done sep-
arately for the 2𝓁 and 3𝓁+4𝓁 channels, resulting in differences in the 
list of input variables. The highest ranked variables are DEEPJET scores 
of selected jets, angular separations between leptons and b jets, and in-
variant masses of two- and three-jet systems consistent with the decay 
of a hadronically decaying W boson or top quark. The modeling of each 
input variable in the simulated samples is validated in data. The BDT 
scores can be interpreted as measures of how likely an event is to origi-

‣ Lepton identification

[CMS, PLB 847 (2023) 138290]

Physics Letters B 847 (2023) 138290
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The CMS Collaboration

Fig. 7. Comparison of the number of observed (points) and predicted (colored histograms) events in the BDT score tt̄ t t̄ in the tt̄t t̄ classes of SR-2𝓁, shown for the ee
(upper left), eµ (upper middle), and µµ (upper right) categories, of SR-3𝓁 (lower left) and of SR-4𝓁 (lower middle). Additionally, the comparison is shown for all 
SRs combined as a function of log10(S∕B) (lower right), where S and B are evaluated for each bin of the fitted distributions as the predicted signal and background 
yields before the fit to data. Bins with log10(S∕B) < −1 are not included, and bins with log10(S∕B) > 0.5 are included in the last bin. The vertical bars on the points 
represent the statistical uncertainties in the data, and the hatched bands the total uncertainty in the predictions. The signal and background yields are shown with 
their best fit normalizations from the simultaneous fit to the data (“postfit”).

The JES and JER uncertainties are taken into account by applying 
variations to the energy of the reconstructed jets in simulated events, 
considering various uncertainty sources split between detector regions 
and data-taking years [55]. The JES variations, as well as an additional 
variation to account for uncertainty contributions from unclustered PF 
particles [56], are also propagated to the 𝑝missT . Corrections are applied 
to simulated events to match the shape of the DEEPJET discriminant in 
simulation to that in data, and uncertainties in the correction factors 
are evaluated separately for heavy-flavor and light jets [57].

Uncertainties in the background predictions include normalization 
uncertainties of 7.7% for tt̄H [100], 6.2% for WZ [110], 20% for 
ttt [101], 20% for other t [93], 6% for VV(V) [111,112], and 5% for 
Xγ [113]. The normalization of the tt̄Z and tt̄W background contribu-
tions are not constrained a priori but treated as free parameters in the 
fit. For the WZ and ZZ backgrounds, additional normalization uncer-
tainties corresponding to the statistical uncertainties in the scale factors 
per 𝑁j-bin are assigned. For the nonprompt-background prediction, the 
statistical uncertainties in the measured tight-to-loose ratio and the 
sideband region yields are considered, as well as an overall normal-
ization uncertainty. We assign normalization uncertainties separately 
for contributions with nonprompt electrons and muons. To account 
both for possible systematic effects in the method itself and for po-
tential year-to-year differences, we assign uncertainty components of 
20% each that are either fully correlated or uncorrelated between the 
data-taking years. Adding these components in quadrature, the overall 

normalization uncertainty of 30%, based on the validation tests dis-
cussed in Section 6, is retained. For the charge-misID background, the 
statistical uncertainty in the event yields in the sideband regions and a 
normalization uncertainty of 15% are considered.

Various modeling uncertainties are considered for the signal predic-
tions as well as for all simulated background predictions, including the 
tt̄Z and tt̄W background contributions whose normalization is deter-
mined by free parameters in the fit. The choice of the renormalization 
and factorization scales in the matrix-element calculations are assessed 
by individual and simultaneous variations up and down by a factor of 
2 (excluding the two extreme variations) [114], and evaluating the en-
velope of the six obtained variations in the fitted distributions. This is 
done separately for each process. The limited knowledge of the proton 
PDFs is taken into account using NNPDF replicas [60] and applying the 
procedure described in Ref. [115], resulting in 100 individual varia-
tions that are evaluated simultaneously for all processes. For the choice 
of the renormalization scale for QCD emissions in initial-state (final-
state) radiation in the parton shower simulation, individual variations 
by a factor of 2 up and down are considered, separately (simultane-
ously) for the considered processes. The variations associated with the 
modeling uncertainties generally affect the overall normalization, the 
simulated acceptance, and the shapes of the fitted distributions. Since 
background normalization uncertainties are assigned separately and no 
such uncertainty is required when measuring the cross section of the 

‣ Signal/bkg separation: BDTs

‣ b jet identification 
• DeepJet, improvement by 5-25% 

‣ Signal extraction 
• Likelihood fit 

https://doi.org/10.1016/j.physletb.2023.138290


Four tops, 5 Years Later
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-1CMS 2023, 138 fb

[CMS, EPJC 78 (2018) 140]

‣ same-sign 
dileptons and 
multileptons 

‣ extrapolation to 
HL-LHC reaches 
4.2σ for 
optimistic 
uncertainties

[CMS-PAS-FTR-18-031]

[CMS, PLB 847 (2023) 138290]

2023: Updated 
methods and 
systematics: 
MVA lepton ID,  
BDTs to isolate 
signal

[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EPJC84, 715 (2024)]

https://doi.org/10.1140/epjc/s10052-018-5607-5
https://cds.cern.ch/record/2650211
https://doi.org/10.1016/j.physletb.2023.138290
https://inspirehep.net/literature/2757970


2nd Example: Top Quark Mass 
(Novel Methods)
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‣ Direct measurements 
• Likelihood fits to constrain 

experimental systematic 
uncertainties 

‣ Achieved precision: 
 about 400 MeV

The Top Quark Mass
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https://inspirehep.net/literature/2629755
https://inspirehep.net/literature/2629755
https://inspirehep.net/literature/2764068


‣ Direct determinations use event generators with PS, MPI, 
hadronization… 

mt: Interpretation
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[A. H. Hoang, arXiv:1412.3649]

[A. H. Hoang, C. Lepenik, and M. Preisser,  
 JHEP 09 (2017) 099]

Additional uncertainty  
of 250-500 MeV

https://inspirehep.net/literature/1333866
https://inspirehep.net/literature/1607800
https://inspirehep.net/literature/1607800


mt: Indirect Determinations
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4. Indirect extractions of the top quark mass 77
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Figure 46: The extracted values and their correlations for aS and mpole
t (upper left), aS and

gluon PDF (lower left), and mpole
t and gluon PDF (lower, right). The gluon PDF is shown at

the scale µ2
f = 30 000 GeV2 for several values of x. For the extracted values of aS and mpole

t , the
additional uncertainties arising from the dependence on the scale are shown. The correlation
coefficients r as defined in Ref. [65] are displayed. Furthermore, values of aS (mpole

t , gluon

PDF) extracted using fixed values of mpole
t (aS) are displayed as dashed, dotted, or dash-dotted

lines. The world average values aS(mZ) = 0.1181 ± 0.0011 and mpole
t = 173.1 ± 0.9 GeV from

Ref. [260] are shown for reference. Figure taken from Ref. [65].

the CMS work [234], the normalised triple-differential tt cross sections of Ref. [65] and further2159

data sets used therein, were included in the QCD fit together with the double-differential cross2160

section of inclusive jet production at
p

s of 13 TeV. With increased sensitivity to g(x) and the2161

value of aS(mZ), provided by the jet production measurements, the simultaneous extraction2162

of PDFs, aS(mZ), and mpole
t could be further refined. The value aS(mZ) = 0.1188 ± 0.0031 is2163

obtained at NLO [234], in good agreement with the world average, and the value of mpole
t =2164

170.4 ± 0.7 GeV is obtained with improved precision.2165

4.5 Top quark pole mass extracted from tt+jet events2166

Alternatively to the mt extraction using inclusive tt production, a novel observable was sug-2167

gested in Ref. [255] to extract mt using events where the tt pair is produced in association with2168

at least one energetic jet (tt+jet). Here, the dependence of the gluon radiation on mt through2169

[CMS, EPJC 80 (2020) 658]

https://inspirehep.net/literature/1729144
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Figure 54: Overview of top quark mass measurement results published by the CMS Collabora-
tion. The markers display the respective measured value of mt with the statistical (inner) and
total (outer) uncertainties shown as horizontal error bars. The measurements are categorised
into indirect extractions from cross section measurements and direct measurements of mMC

t
and are compared to the combined cross section measurement of the ATLAS and CMS Collab-
orations (red) and a CMS combination of Run 1 results (blue). Similar labelling as in Table 1 is
used. The figure is compiled from Refs. [48–65, 67–73].

‣ Achieved precision: Between 1.4-2.2 GeV in mt

[CMS, arXiv:2403.01313]

https://inspirehep.net/literature/2764068
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of Ref. [21] where it was shown that MPI in Pythia for
the ungroomed jet mass spectrum can be well modeled
by simply changing parameters in the nonperturbative
shape function. This occurs because the dominant im-
pact of MPI is to populate the jet with uncorrelated soft
radiation of somewhat higher energy than that associ-
ated to the soft hadronization. We adopt this approach
to account for hadronization plus UE, replacing

⌦��
nq ! ⌦��MPI

nq . (66)

Estimating that this treatment of UE is uncertain at
the . 30% level, this induces a residual uncertainty of
�mt . 0.3GeV for our soft drop top mass extraction,
compared to �mt . 1.4GeV without soft drop. With
additional dedicated studies this uncertainty may be fur-
ther reduced. Lastly, we note that from the work in
Ref. [17] we only know about the universality properties
of the first moment ⌦��

1q of the shape function, whereas
the higher moments n � 2 may depend on the grooming
parameters and the kinematic variables in a manner that

is not determined solely by Cq(pp)
1 , although its inclusion

does capture the proper power counting for these terms.
Technically, the higher moment ⌦��

2q should involve an
additional Wilson coe�cient which we have not derived.
Since ⌦��

2q gives a sub-dominant power correction our ap-
proximation should be reasonable.

For the Pythia8 results we use the Monte-Carlo mass
mMC

t = 173.1GeV as input and employ the default
Monash 2013 tune [29] of the Lund string fragmenta-
tion model for its hadronization corrections. To achieve
a meaningful comparison of our factorization prediction
with the Pythia8 results we carry out a simultaneous
fit for mMSR

t (Rm,0 = 1GeV), ⌦��
1q and x2 entering the

formula in Eq. (64) to the Pythia8 results simultane-
ously including pT � 750GeV and pT � 1000GeV bins.
For the fit range we take MJ 2 [173, 180]GeV and utilize
10 MJ bins in this range, over which the central fac-
torization curve and the Pythia curve are also normal-
ized. The fits are carried out independently for Pythia8
with only hadronization (with the results shown in
Figs. 13a,b), and for Pythia8 with both hadronization
and MPI (with the results shown in Figs. 13c,d). The
resulting best fit values for mMSR

t (1GeV), ⌦��
1q (⌦��MPI

nq )
and x2 (xMPI

2 ) are displayed in the panels of Fig. 13. For
the fits to Pythia8 with both hadronization and MPI
turned on we expect from our treatment of MPI e↵ects
modified fit results for the non-perturbative parameters
⌦��MPI

1q and xMPI
2 in comparison to ⌦��

1q and x2 obtained
without MPI while the fit result for mMSR

t (1GeV) should
remain unchanged.

The jet mass spectra obtained from the factorization
theorem and Pythia8, shown in the panels of Fig. 13,
are in quite good agreement for both pT bins as well as
for the di↵erent treatments of MPI. As expected from the
general structure of the factorization theorem the peak is
essentially at the same location for each pT bin. However,
there is a noticeable di↵erence between the factorization

a)

b)

c)

d)

FIG. 13. Comparison of Pythia8 without and with MPI to

the factorization theorem at NLL with mt in the MSR mass

scheme.

theorem results and Pythia8 for the tail on the left of the
peak. This is related to the grooming of radiation that is

[A. H. Hoang et al., PRD 100 (2019), 074021]

W
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t
p p
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ν

tag
ℓ

b

t
‣ Distribution in mjet 
• Direct sensitivity to mt 
• Can be measured at the 

LHC, at the level of stable 
particles

‣ Analytical calculation 
possible for fully-merged  
final states (SCET) 

‣ Current calculations 
• Soft drop mass for R=1.0 
• pT > 750 GeV

https://inspirehep.net/literature/1615202


‣ Measurement at 8 TeV 
(2012 data) 

‣ Ungroomed jet mass  
for R=1.2 
• pT > 400 GeV 
• Uncertainties on mt: 

± 6 (stat)  
± 2.8 (syst)  
± 6 (theo) 

First measurement of mjet
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https://inspirehep.net/literature/1518399
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[CMS, PRL 124, 202001 (2020)]
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Figure 50: Display of a simulated tt event. Each point marks the position of a particle at the
particle level in the h-f plane. Decay products of the top quarks are highlighted with triangles
or larger circles. The red triangles mark the three quarks from the hadronic decay; the black
triangle, black circle, and open circle correspond to the b quark, charged lepton, and neutrino
from the leptonic top quark decay, respectively. The jet areas are shown as coloured shapes.
The left panel shows the first clustering step with N = 2 and R = 1.2, while the right panel
shows the subjet clustering.
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Figure 51: Normalised jet mass distribution at the particle level for the two-step XCone clus-
tering (blue solid) used in Ref. [67, 71] and CA jets with R = 1.2 (red dotted) used in Ref. [60].
Only events where all top quark decay products are within DR = 0.4 to any XCone subjet or
within DR = 1.2 to the CA jet are shown.

5.4 Reconstruction effects in the jet mass2593

The event selection at the detector level is very similar to the particle level phase space detailed2594

above in order to minimise migrations in the detector response matrix used in the unfold-2595

ing, such that the respective corrections are small. The data are selected with a single-lepton2596

trigger, which usually provides high efficiency in the selection of high-energy tt events in the2597

lepton+jets channel. Moreover, a few well known and understood selection criteria, such as2598

2-step jet clustering 
‣ Inherent grooming 
‣ Dynamical effective radius

https://doi.org/10.1103/PhysRevLett.124.202001
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Jet mass with XCone
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‣ Improved statistical 
uncertainty 

‣ Less susceptibility to UE and 
hadronization 

‣ Unfolding to particle level:  
• Reduction of all 

uncertainties 
‣ mt = 172.6 ± 2.5 GeV

[CMS, PRL 124, 202001 (2020)]

https://doi.org/10.1103/PhysRevLett.124.202001


Jetmass: Further Improvements
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‣ XCone method allows for calibration of jet mass scale using mW 

‣ Additionally:  
FSR modelling constrained through jet substructure 
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[CMS, EPJC 83 (2023) 160]

https://doi.org/10.1140/epjc/s10052-023-11587-8
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[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EPJC84, 715 (2024)]
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The extraction of mt from the mjet distribution in decays of Lorentz-boosted top quarks will2970

also benefit from the increased centre-of-mass energy and the large data set expected after the2971

HL-LHC upgrade. While the possibility of a precision mt measurement from high-energy top2972

quarks has been demonstrated with the data collected already today, the full potential of this2973

measurement is not reached yet. Already for the generator based extraction of mMC
t more data2974

will allow to make the unfolding more granular and even to perform the measurement dif-2975

ferentially in jet pT. With the CMS Run 2 data set, corresponding to an integrated luminosity2976

of 138 fb�1, about 52 000 events were selected in the measurement region. This number is re-2977

duced to 21 500 when requiring jets to have pT > 500 GeV and even drops to below 3000 events2978

for pT > 750 GeV, which would coincide with the space for which analytical calculations ex-2979

ist. Figure 60 shows a study where the possible jet pT threshold is calculated as a function of2980

integrated luminosity in order to achieve the same statistical precision as in the latest Run 22981

measurement [71]. After the HL-LHC upgrade, a data set corresponding to 3000 fb�1 in combi-2982

nation with a slightly increased tt production cross section at higher
p

s is expected. Thus, the2983

phase space at very high pT becomes available experimentally.2984
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Figure 60: Scan of the jet pT threshold in the measurements of the jet mass against integrated
luminosity resulting in the same event yield in data after the full selection as in the most recent
measurement [71]. The projection is obtained by scanning the jet pT spectrum observed in data.
The markers correspond to 138 fb�1 of LHC Run 2 data used in Ref. [71], to an estimated data
set for the combination of Run 2 and Run 3, and to the HL-LHC scenario. For simplicity a con-
stant centre-of-mass energy of 13 TeV and a similar detector acceptance to Run 2 are assumed
in all scenarios.

In addition, systematic uncertainties can be further reduced. On the experimental side, the2985

calibration of the jet mass scale can be extended to include a measurement of the jet mass2986

resolution in order to constrain this dominant uncertainty and become independent from the2987

pT driven calibration of the jet energy resolution. Modelling uncertainties will benefit from2988

a more granular unfolding process. This involves increasing the number of bins in the mjet2989

and jet pT measurements, as well as incorporating additional observables. These steps will2990

help to separate the model dependencies more effectively. This is particularly relevant for2991

reducing uncertainties related to the choice of mMC
t in simulations. By adopting a more detailed2992

approach, we can better distinguish between the correlations of jet pT and mjet, thus reducing2993

this uncertainty. With more data available, one cannot only increase the jet pT threshold to a2994

[CMS, arXiv:2403.01313]

Energy correlators - uncertainties
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‣ New techniques in development, more data coming

[J. Holguin, arXiv:2311.02157]

https://inspirehep.net/literature/2719279
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Higgs Physics
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Study sensitivity of measurements in EFT framework 
‣ Focus on operators with Higgs involvement  
‣ Do not consider operators constrained by EWPO 
‣ 8 operators of interest left

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 44, 45])

LSILH =
c̄H
2v2
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�
H†H

�
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�
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2v2
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 22, 46])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [22, 47].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [48]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [49], which we have
cross checked and introduced in [50]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [51] that inter-

faces FeynArts, FormCalc, and LoopTools [52, 53]
using a model file output by FeynRules [54–56] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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Therefore, we can divide the simulation of the underlying
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parts in the following.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
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using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
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}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
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}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
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H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Oxford                     Seminar      Michael Spannowsky             19.11.2015                   15

Focus on linear contribution: 

Results for linearised LO EFT approach
[Englert, Kogler, Schulz, MS ’15]

2

narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
c̄H
2v2
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ic̄HW g

m2

W
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H†HBµ⌫B
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H†HGa
µ⌫G
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
c̄H
2v2

@µ
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i +
ic̄Bg0

2m2
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ic̄HW g
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(DµH)†�i(D⌫H)W i
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W
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2

m2

W

H†HBµ⌫B
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c̄gg2S
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W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|
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and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
c̄H
2v2
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m2

W

H†HBµ⌫B
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H†HGa
µ⌫G
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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H†Hū(i)

L Hcu(i)
R + h.c.

⌘
+
⇣ c̄d,iyd,i

v2
H†Hd̄(i)L Hd(i)R + h.c.

⌘

+
ic̄W g

2m2

W

⇣
H†�i !DµH

⌘
(D⌫Wµ⌫)

i +
ic̄Bg0

2m2

W

⇣
H† !DµH

⌘
(@⌫Bµ⌫)

+
ic̄HW g

m2

W

(DµH)†�i(D⌫H)W i
µ⌫ +

ic̄HBg0

m2

W

(DµH)†(D⌫H)Bµ⌫

+
c̄�g0

2

m2

W

H†HBµ⌫B
µ⌫ +

c̄gg2S
m2

W

H†HGa
µ⌫G

aµ⌫ .

(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
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}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-
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narrow width approximation calculations,

�(pp! H ! X) = �(pp! H)BR(H ! X) . (2)

Therefore, we can divide the simulation of the underlying
dimension six phenomenology into production and decay

of the Higgs boson. We discuss our approach to these
parts in the following.

We consider the set of operators known as the strongly-
interacting light Higgs basis in bar convention (for details
see Refs. [9, 11, 42, 43])

LSILH =
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2v2
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H†HBµ⌫B
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H†HGa
µ⌫G
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(3)

In particular we assume flavour-diagonal dimension six
e↵ects and in order to directly reflect the oblique cor-
rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing

M = MSM +Md=6 , (5)

we obtain a squared matrix element of the form

|M|
2 = |MSM|

2 + 2Re{MSMM
⇤
d=6

}+O(1/⇤4) , (6)

and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.
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rection subset of LEP measurements of S, T we decrease
the number of degrees of freedom in the fit by identifying
(see also [9, 11, 21, 44])

c̄T = 0 , c̄W + c̄B = 0 . (4)

We do not include anomalous triple gauge vertices to our
fit [21].

A. Higgs Production and Decay

We rely on eHdecay to include the correct Higgs
branching ratios in the dimension six extended Standard
Model [45]. We sample a broad range of dimension six
parameter choices and interpolate them using the Pro-

fessor method detailed in the appendix A. This also
allows us to identify already at this stage a “meaningful”
Wilson coe�cient range with a positive-definite Higgs de-
cay phenomenology.

We find an excellent interpolation of the eHdecay out-
put (independent of the interpolated sample’s size and
choice) and we typically obtain per mille-level accuracy
of the Higgs partial decay widths and branching ratios,
which is precise enough for the limits we can set. Inter-
polation using Professor is key to performing the fit in
the high dimensional space of operators and observables
in a very fast and accurate way.

For the production we rely on an implementation of
dimension six operators analogous to [46], which we have
cross checked and introduced in [47]. The Monte-Carlo
integration of the Higgs production processes is per-
formed with a modified version ofVbfnlo [48] that inter-

faces FeynArts, FormCalc, and LoopTools [49, 50]
using a model file output by FeynRules [51–53] and we
only consider “genuine” dimension six e↵ects that arise
from the interference of the dimension six amplitude with
the SM. Writing
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and we consistently neglect the dimension eight contribu-
tions that arise from squaring the dimension six e↵ects.
Similar to higher order electroweak or QCD calculations,
the di↵erential cross sections are not necessarily positive
definite in this expansion, but negative bin entries pro-
vide a means to judge the validity of the Wilson coe�-
cient and the dimension six approach in general.
For parameter choices close to the SM, including

|Md=6|
2 is typically not an issue and the parameters c2i

are often numerically negligible for inclusive observables
such as signal strengths. However, to obtain an inclusive
measurement, we marginalise over a broad range of ener-
gies at the LHC and a positive theoretical cross section
might be misleading as momentum dependencies of some
dimension six operators violate a naive scaling c2i < ci in
the tails of momentum-dependent distributions. For this
reason, we choose to calculate cross sections to the exact
order ⇠ 1/⇤2 and later reject Wilson coe�cient choices
that lead to a negative di↵erential cross section for in-
tegrated bins of a given LHC setting when this part of
the phase space is resolved; such negative cross sections
signal bigger contributions of the d = 6 terms than we
expect in the SM, and we cannot justify limiting our anal-
ysis to dimension six operators if new physics becomes as
important as the SM in observable phase space regions.

Focus on linear contribution 
of EFT for theory prediction:

Included production 
and decay modes:

6

tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧
+
⌧
� 100 75 75 80 80 30

H ! 4l 70 30 30 20 20 30
H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ
+
µ
� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧

+
⌧
� 2.8

pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! µ

+
µ
� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

son coe�cients are set to zero. We construct expected
signal strength measurements for all accessible produc-
tion and decay modes. Additionally, di↵erential cross
sections as function of the Higgs transverse momentum
are simulated with a bin size of 100 GeV. Comparing
our predictions for the signal strength measurements for
14 TeV using an integrated luminosity of L14 = 300 fb�1

and L14 = 3000 fb�1, with the expectations published by
ATLAS [89, 90] and CMS [91, 92], we find good agree-
ment with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [65–67]. We assume the same size of
theory uncertainties for the SM predictions as for calcu-
lations using the EFT framework.

A. Results for Run 1

In the following we will evaluate the status of the e↵ec-
tive Lagrangian Eq. (3) in light of available run 1 analy-
ses. Similar analyses have been performed by a number
of groups , see e.g. [19, 21, 23, 93]. Comparing the above
fit-procedure to these results not only allows us to vali-
date the highly non-trivial fitting procedure against other
approaches, but also to extend these results by includ-
ing additional measurements which have become avail-
able in the meantime. We include experimental analy-
ses using HiggsSignals v1.4 [94, 95], based on Higgs-

Bounds v4.2.1 [96–99].
Specifically we include the following analyses. Higgs

decays to bosons have been measured in the channels
H ! �� [72, 74], H ! ZZ(⇤)

! 4l [79, 86] and
H ! WW (⇤)

! 2l2⌫ [80, 81, 87, 100]. These analy-
ses have sensitivity to the gluon-fusion, H + 2j and V H

production modes. The coupling to leptons has been
probed in the H ! ⌧+⌧� channel [77, 78], with some
evidence for H ! bb̄ in V H production [73, 101] and
a search for H ! µ+µ� [85]. The coupling to top
quarks has been addressed through tt̄H production in
the H ! bb̄ decay [68, 69] and in leptonic decays, sensi-
tive to the H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧�

channels [69, 102]. This results in a total of 77 mea-
surements included in the fit. Correlations between the
measurements are introduced due to the acceptance of
a given experimental measurement to a number of pro-
duction and decay modes. These correlations are taken
into account. Also, the theoretical uncertainties from the
normalisation of the signal strength measurements to the
SM prediction, as included in the experimental results,
are taken to be fully correlated among the experimental
measurements [94, 95]. Correlations due to theory un-
certainties in the calculations with dimension six e↵ects
are included as well.
The results are shown in Fig. 2. We note that we are

in good agreement with [21]; with slight di↵erences that
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. The fit con-
verges with a minimum value of �2 of 87.9 for 69 degrees
of freedom (ndof), corresponding to a p-value of about
0.06. Without theory uncertainties the value of �2 in-
creases to 96.8. The goodness-of-fit is slightly worse than
the result of a �2 test of the SM hypothesis, which gives a
minimum value of �2/ndof = 91.3/77 = 1.19, or a p-value
of 0.13. The smaller p-value for the dimension-six fit with
respect to the SM result can be understood because of
the addition of free parameters not needed to describe
the data, in other words, some dimension-six coe�cients
are not constrained by the current data.

Let us compare these limits to the SM to get an
estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.03 ⇥ 10�3 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [103–105] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

'
↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (9)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.23 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rela-
tive deviations in the tails for this operator can easily be
as big as factors of two (see e.g. [47, 54, 55]), which high-
lights the necessity to resolve this deviation with energy
or momentum dependent observables during run 2 and
the high luminosity phase to best constrain the presence
of non-resonant physics using high momentum transfers.

(incl.theory 
uncertainties) 4

and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) (7)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (8)

For the e�ciency to reconstruct a specific final state, we
rely on experimental results from run 1, where avail-
able. The e�ciencies used are ✏p,tt̄h = 0.10 [68–71],
✏p,ZH = 0.12, ✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 72–74].
We assume a value of ✏p,H+j = 0.5 [75] (see also [76])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [72, 74],
✏p,GF = 0.01 for H ! ⌧+⌧� [77, 78], ✏p,GF = 0.25 for
H ! 4l [4, 79], ✏p,GF = 0.10 for H ! 2l2⌫ [80, 81],
✏p,GF = 0.10 for H ! Z� [82, 83], and ✏p,GF = 0.50 for
H ! µµ [84, 85]. The H ! bb̄ decay is not considered for
the gluon fusion production mode. Taking a conservative
approach we assume the same reconstruction e�ciencies
for measurements at 14 TeV, independent of the Higgs
transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤
! 4l: We consider Z decays into electrons

and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧

+
⌧
� 15

pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ
+
µ
� 150

TABLE II: Relative statistical uncertainties for each produc-
tion and decay channel in %.

H ! WW ⇤
! 2l2⌫: Only lepton decays into electrons

and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�: Each muon is assumed to have a reconstruc-
tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the various
experimental analyses, each channel has a unique back-
ground composition, resulting in di↵erent additional sta-
tistical uncertainties on the measurements. We approx-
imate those by adding uncertainties from the produc-
tion and decay channels in quadrature. The uncertainties
used are given in Tab. II.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each channel
is plagued by individual experimental systematic uncer-
tainties. For the individual channels studied at a center-
of-mass energy of 8 TeV, we adopt flat systematic uncer-
tainties as published by the experiments [3, 4, 68, 72, 74,
77–88], see Tab. III. In channels where no measurement
has been performed or no information is publicly avail-
able, e.g. pp ! H+2j, H ! Z�, we choose a conservative
estimate of systematic uncertainties of 100%. In addition
to the uncertainties listed in Tab. III, we include a sys-
tematic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, systematic uncertainties are likely

to improve with the integrated luminosity. Hence for
our results at 14 TeV we use the 8 TeV uncertainties
as a starting point, as displayed in Tab. III, and rescale
them by

p
L8/L14 for a given integrated luminosity at

14 TeV L14. This results in a reduction of statistical
and systematic uncertainties by a factor of about 0.3 for
L14 = 300 fb�1 and about 0.1 for L14 = 3000 fb�1.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
are constructed using the SM hypothesis, i.e. all Wil-

Oxford                     Seminar      Michael Spannowsky             19.11.2015                   15

Number of predicted events:

Each channel has own prod. and decay efficiencies:
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Blind directions in SMEFT fits: compensating effects
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Figure 4. Constraints from a global fit, as described in the text, on the SILH-basis operators OW and
OHW . The blue-shaded area shows constraints from inclusive measurements, while the red-shaded area
refers to constraints including di↵erential pT,H measurements. Evaluating these constraints at various
integrated luminosities, ranging from 100 fb�1 to 3000 fb�1 highlights that di↵erential measurements
are needed to resolve the blind direction residual to inclusive measurements, thereby improving in the
direction cW ' �cHW over any anticipated

p
L scaling.

of the dimension six amplitude with the Standard Model, i.e.

|M|
2 = |MSM|

2 + 2 Re {MSMM
⇤
d=6}+O(1/⇤4). (4.2)

Including Higgs production modes, where the Higgs boson is produced in association with

jets, top quarks or gauge bosons, results in a finite transverse momentum distribution. Thus,

the fit can explore the sensitivity of Higgs boson measurements in exclusive phase space

regions. We bin the Higgs boson’s transverse momentum in each production channel in five

100 GeV bins, from 0 to 500 GeV. To tension the theoretical predictions with experimental

data, we rely on measurements obtained by ATLAS and CMS and their respective systematic

and theoretical uncertainty projections. Concretely, we include unfolded pT,H distributions

for the production processes pp ! H, pp ! H + j, pp ! H + 2j, pp ! t̄tH and pp ! V H.

Decay modes of interest, included in the fit, are H ! b̄b, H ! ��, H ! ⌧+⌧�, H ! 4l,

H ! 2l2⌫, H ! Z� and H ! µ+µ�. For bins to be included in the fit, we require

Nevents = ✏p✏d�(H +X)BR(H ! Y Y )L & 5 , (4.3)

where ✏p and ✏d refer to the reconstruction e�ciencies specific to the respective production and

decay modes. A detailed description of e�ciencies, acceptances, and systematic uncertainties
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Differential 
measurements 
lift degeneracy 

Major improvement in sensitivity with same data!
[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EPJC84, 715 (2024)]

Blind directions in SMEFT fits: compensating effects

https://inspirehep.net/literature/2757970


4th Example: pp→tWZ 
(Rare Processes)
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Top-Electroweak Interactions
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b t

W/Z

q j

B/T

Z/W

b Z/W

t

q j

B/T

W/Z

‣ Complement direct searches by SM measurements sensitive to dim-6 operators  
• Similar to BSM t-channel exchange for large mass/width resonances 
• Probe large unchartered parameter space 

‣ Sensitivity to dim-6 operators increases ~E and ~E2 
• Differential measurements of very rare single-top associated production  

‣ Constrain top-EW interactions with global fits in EFT parameter space 
• Better sensitivity than from ttγ, ttW, ttZ or ttH measurements   

‣ Improve the physics potential of the (HL-)LHC

s-channel BSM t-channel BSM Effective field theory

b t

W/Z

q j

Z/W

Sensitivity to narrow resonances Access large width Generalisation of BSM effects



• CMS has recently published the first evidence for the 
TWZ process. 

• Very challenging process: 
‣ Small predicted cross-section (σtWZ = 127 fb). 
‣ Large irreducible background (TTZ process): 

• New physics could arise from bW    tZ vertices leading 
to energy growth in specific kinematic distribution. 

• The TWZ process allows the analysis of SMEFT 
operators only loosely constrained.

4Alberto Belvedere

arXiv:1904.05637 arXiv:2111.03080

THE TWZ PROCESSFeynman diagrams
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Top-Electroweak Interactions
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BSM effects in top-EW section poorly constrained 
‣ pp → tWZ powerful probe of BSM effects 

‣ Small cross section of 127 fb on top of  
large irreducible background: ttZ 
(and other reducible ones of same size) 

‣ Recent evidence for tWZ production by CMS 

‣ New physics could arise from bW→tZ vertices leading 
to anomalous energy growth 

[CMS,PLB 855 (2024) 138815]

b/b̄ W±

Z

g t/t̄

Sensitivity to:

O
(3)
'Q
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CMS Measurement (Recast)
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Signal strengths in ttZ and tWZ
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Observed μtWZ is 2σ higher than SM.
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Extrapolation to HL-LHC
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EFT constraints to probe sensitivity

13

PROSPECTS FOR SMEFT CONSTRAINTS FROM TWZ/TTZ

Alberto Belvedere

• Consider SM values for sensitivity estimates. 
• Extrapolate measurement to HL-LHC luminosities.
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→ Systematically limited!
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Some improvement,  
but nearly insubstantial
→ systematically dominated



Extrapolation to HL-LHC
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EFT constraints to probe sensitivity

13

PROSPECTS FOR SMEFT CONSTRAINTS FROM TWZ/TTZ

Alberto Belvedere

• Consider SM values for sensitivity estimates. 
• Extrapolate measurement to HL-LHC luminosities.
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S2:  
‣ Improve systematics to  

half the size at 3000 fb−1 

‣ Improve signal/background  
separation by 30%



Change Strategy: Differential
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[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EPJC84, 715 (2024)]

https://inspirehep.net/literature/2757970


5th Example: Searches 
(Optimal Analysis Strategies)
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t*→tg
CMS Result based on 36 fb−1 (2016 data) 

‣ Search in reconstructed mt* spectrum 
• 1μ, ≥6 jets, 2 b jets 
• Background: smoothly falling fit function 
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Figure 2: The mt+jet spectrum for data (points), the signal+background fit (green), the back-
ground component of the signal+background fit (blue), and the expected spectrum for a sim-
ulated 800 GeV signal process (red dashed) normalized to the integrated luminosity of data.
Since there is no significant excess of signal found in data, the signal+background curve over-
laps the background-only component. The distributions for the µ+jets data are shown on the
left while those for e+jets data are shown on the right. The probabilities of the Kolmogorov–
Smirnov test between the data versus the signal+background model and between the data
versus the background component are denoted by Kall and Kbkg, respectively.

To ensure that the log-normal function is sufficient to model the background, a likelihood ratio
test is conducted by comparing the results of fitting the spectrum of the simulated SM back-
ground to an extended log-normal functions of the form:

fbkg,N(m) =
1

m
p

2p
exp

✓
�a2 ln2

✓
m
m0

◆
� a3 ln3

✓
m
m0

◆
� . . . � aN lnN

✓
m
m0

◆◆
. (3)

Increasing the number of parameters does not improve the description of the background.

The results of the fit performed on data with the 800 GeV signal spectrum are shown in Fig. 2.
The distribution of events in data is in agreement with a null hypothesis. Based on the results of
the Kolmogorov–Smirnov tests, the signal+background model and the background-only model
both yield good fits to the data.

7 Systematic uncertainties
The impact of experimental and theoretical sources of uncertainties is considered and summa-
rized in Table 2. For each source of uncertainty, alternative templates for the distribution of
mt+jet are generated by adjusting the relevant parameters in the simulation.

The uncertainties in the jet energy scale and jet resolutions depend on the pT and h of the
jets. Alternative mass templates are generated by rescaling the nominal jet four-momentum in
the simulation by ±1 standard deviation (s.d.) of the associated uncertainties in energy scale
and resolution. Such uncertainties are also coherently propagated to all observables, including
pmiss

T . Varying the jet energy used for reconstruction has <0.1% impact on the signal acceptance.

The b tagging and lepton selection scale factors for residual differences between data and sim-
ulation have their respective systematic and statistical uncertainties. Alternative templates are
generated by shifting the correction scale factors by ±1 s.d. for their respective uncertainties.
On average, the b tagging scale factor and lepton scale factors affect the signal acceptance by
2.8 and 2.5%, respectively.

[CMS, PLB 778 (2018) 349]

https://inspirehep.net/literature/1639443


t*→tg: Run 2 Update

CMS Result based on full Run 2 data 

‣ Replaced reconstructed mt* by ST 
‣ Include variable-radius jets 
‣ ML to separate signal  

from background 
‣ Background obtained  

from sideband region
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§ Top quark partner predicted in many BSM theories
§ Could solve the Higgs mass naturalness problem

§ Excited top quark t* characterized by decay: t* ➜ tg
§ Search for pair production "∗ ̅"∗ → "9 ̅"9 (single ℓ)
§ Different spin scenarios possible:

spin ./ and spin 0/

§ Final state similar to " ̅", with two additional jets
§ Mass reconstruction challenging:

instead use energy sum :' as sensitive variable

20.07.24 Finn Labe | ICHEP 2024 13

t*t* ➜ tgtg: overview

:' = )'ℓ + )'()** +=)'234*
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[CMS, arXiv:2410.20601]

https://inspirehep.net/literature/2844507


Excited Top Quark Search
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[CMS, arXiv:2410.20601]

https://inspirehep.net/literature/2844507


Excited Top Quark Search
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Sensitivity improved by factor of 10!
Expected from √s scaling: factor 2

[CMS, arXiv:2410.20601]

https://inspirehep.net/literature/2844507


Conclusions

‣ We live in exciting times 
• Times will continue  

to be exciting 
‣ Unprecedented physics  

potential of the HL-LHC 
• Precision has been  

grossly underestimated,  
will improve  
much better than √L 

‣ While we discuss the future in the context of the ESPP, the LHC will 
continue to deliver results with high precision / high sensitivity
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‣ New techniques, uncovered corners of phase space, theory 
developments and bright ideas will shape the field


