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Higgs couplings
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LHC run1&2 allowed to study the Higgs boson properties
Main focus: mass and couplings 
•Signal strengths, k-framework, anomalous couplings used to 
quantify possible BSM effects

General strategy: identify selection/categories sensitive to different 
production/decay modes
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Introduction: Differential cross sections

4

• Jet multiplicity Njets & pT 
of the first jet pTjet1  

• New physics in the 
loop, sensitivity at 
high pT   

• Rapidity |yH|  

• Theory distribution 
mostly determined by 
the gluon PDF; 
possible test

Banfi, M
artin, Sanz (2014) [1308.4771]

Couplings are only sensitive to modification of the inclusive cross-section of a measurement
New physics might affect the shape of Higgs distributions, without affecting its overall production
Differential measurements are needed to identify such effects
Transverse momentum pT(H)
•Sensitive to modifications of effective Higgs Yukawa couplings
•Sensitivity to finite top mass effects
Jet multiplicity and pT

•New physics in the quark loop (especially at high jet pT)
Higgs rapidity:
•Effects on gluon PDF

Differential measurements: why
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Introduction: Differential cross sections
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• Transverse momentum pTH  

• Sensitivity to modifications of effective Higgs 
Yukawa couplings  

• Sensitivity to finite top mass effects 

H

yf 

yf = f · ySM
f

2

momenta pT . mh/2. This partly compensates for the
quadratic mass suppression m2

Q/m
2
h appearing in (1). As

a result of the logarithmic sensitivity and of the 2
Q de-

pendence in quark-initiated production, one expects de-
viations of several percent in the pT spectra in Higgs
production for O(1) modifications of Q. In the SM,
the light-quark e↵ects are small. Specifically, in compar-
ison to the Higgs e↵ective field theory (HEFT) predic-
tion, in gg ! hj the bottom contribution has an e↵ect
of around �5% on the di↵erential distributions while the
impact of the charm quark is at the level of �1%. Like-
wise, the combined gQ ! hQ, QQ̄ ! hg channels (with
Q = b, c) lead to a shift of roughly 2%. Precision mea-
surements of the Higgs distributions for moderate pT
values combined with precision calculations of these ob-
servables are thus needed to probe O(1) deviations in yb
and yc. Achieving such an accuracy is both a theoretical
and experimental challenge, but it seems possible in view
of foreseen advances in higher-order calculations and the
large statistics expected at future LHC runs.

Theoretical framework. Our goal is to explore
the sensitivity of the Higgs-boson (pT,h) and leading-
jet (pT,j) transverse momentum distributions in inclusive
Higgs production to simultaneous modifications of the
light Yukawa couplings. We consider final states where
the Higgs boson decays into a pair of gauge bosons. To
avoid sensitivity to the modification of the branching ra-
tios, we normalise the distributions to the inclusive cross
section. The e↵ect on branching ratios can be included in
the context of a global analysis, jointly with the method
proposed here.

The gg ! hj channel was analysed in depth in the
HEFT framework where one integrates out the domi-
nant top-quark loops and neglects the contributions from
lighter quarks. While in this approximation the two
spectra and the total cross section were studied exten-
sively, the e↵ect of lighter quarks is not yet known with
the same precision for pT . mh/2. Within the SM,
the LO distribution for this process was derived long
ago [17, 19], and the next-to-leading-order (NLO) cor-
rections to the total cross section were calculated in [20–
24]. In the context of analytic resummations of the Su-
dakov logarithms ln (pT /mh), the inclusion of mass cor-
rections to the HEFT were studied both for the pT,h

and pT,j distributions [25–27]. More recently, the first
resummations of some of the leading logarithms (1) were
accomplished both in the abelian [28] and in the high-
energy [29] limit. The reactions gQ ! hQ, QQ̄ ! hg
were computed at NLO [30, 31] in the five-flavour scheme
that we employ here, and the resummation of the loga-
rithms ln (pT,h/mh) in QQ̄ ! h was also performed up to
next-to-next-to-leading-logarithmic (NNLL) order [32].

In the case of gg ! hj, we generate the LO spectra
with MG5aMC@NLO [33]. We also include NLO corrections
to the spectrum in the HEFT [34–36] using MCFM [37].
The total cross sections for inclusive Higgs production

Figure 1: The normalised pT,h spectrum of inclusive Higgs
production at

p
s = 8TeV divided by the SM prediction for

di↵erent values of c. Only c is modified, while the remain-
ing Yukawa couplings are kept at their SM values.

are obtained from HIGLU [38], taking into account the
NNLO corrections in the HEFT [39–41]. Sudakov loga-
rithms ln (pT /mh) are resummed up to NNLL order both
for pT,h [42–44] and pT,j [45–47], treating mass correc-
tions following [27]. The latter e↵ects will be significant,
once the spectra have been precisely measured down to
pT values of O(5GeV). The gQ ! hQ, QQ̄ ! hg contri-
butions to the distributions are calculated at NLO with
MG5aMC@NLO [48] and cross-checked against MCFM. The ob-
tained events are showered with PYTHIA 8.2 [49] and jets
are reconstructed with the anti-kt algorithm [50] as im-
plemented in FastJet [51] using R = 0.4 as a radius
parameter.
Our default choice for the renormalisation (µR), fac-

torisation (µF ) and the resummation (QR, for gg ! hj)
scales is mh/2. Perturbative uncertainties are estimated
by varying µR, µF by a factor of two in either direc-
tion while keeping 1/2  µR/µF  2. In addition, for
the gg ! hj channel, we vary QR by a factor of two
while keeping µR = µF = mh/2. The final total theo-
retical errors are then obtained by combining the scale
uncertainties in quadrature with a ±2% relative error as-
sociated with PDFs and ↵s for the normalised distribu-
tions. We stress that the normalised distributions used
in this study are less sensitive to PDFs and ↵s varia-
tions, therefore the above ±2% relative uncertainty is a
realistic estimate. We obtain the relative uncertainty in
the SM and then assume that it does not depend on Q.
While this is correct for the gQ ! hQ, QQ̄ ! hg chan-
nels, for the gg ! hj production a good assessment of
the theory uncertainties in the large-Q regime requires
the resummation of the logarithms in (1). First steps in

Bishara, Haisch, Monni, 
Re (2016) [1606.09253]

(a) (b)

Figure 1: Higgs transverse-momentum spectrum in the SM (black, solid) compared to (a) separate variations and
(b) mixed contribution of the dimension-six operator for 0 GeV pT  400 GeV. The lower frame shows the ratio
with respect to the SM prediction. The shaded lighter and darker grey bands in the ratio indicates the uncertainty
due to scale variations in NLL+NLO and NNLL+NNLO case respectively. See text for more details.

The spectra presented in Figure 1 (b) correspond to switching on all three SMEFT operators. We choose
scenarios with increased top-quark Yukawa coupling (up to ct = 1.5), as hinted by the excess on the tt̄H rate over
the SM prediction reported in ATLAS and CMS [23, 24]. As it was noticed also in the NLL+NLO case most of
the scenarios distort the shape of the spectra beyond the scale uncertainty, but the further reduction of the scale
uncertainty in the NNLL+NNLO case allows also for a better discrimination between di↵erent scenarios. 5

5 Conclusions

If New Physics will not be accessible at the LHC through direct searches, e.g., with the discovery of new resonances,
it will be crucial to fully exploit the data to study possible (small) deviations from the SM predictions. The formalism
that can be used for this purpose is SMEFT, which parametrises high-scale BSM e↵ects through appropriate higher-
dimensional operators. Bounds on the corresponding Wilson coe�cients of these operators can be set by comparing
to the experimental data.

In this note we have presented an extension of the recently published NLL+NLO calculations of the Higgs pT

spectra augmented with SMEFT operators [1] to NNLL+NNLO level of accuracy. We start with state-of-the-art
SM predictions and scale them by relative SMEFT/SM e↵ects at NLL+NLO (i.e. the ratios plotted in the lower
panels of the Figures).

We found that variations of di↵erent SMEFT operators manifest themselves in di↵erent regions of the Higgs pT
spectrum: a modification of the bottom Yukawa coupling (O3) induces e↵ects almost exclusively at small pT , while
a direct coupling of the Higgs boson to gluons (O1) changes the shape of the distribution in the high-pT tail and
the top Yukawa coupling primary a↵ects the normalisation. We notice from the presented spectra that the shape of
the transverse momentum distribution depends on the mass of the particle that mediates the Higgs-gluon coupling.
The lower the mass of that particle, the softer is the resulting spectrum, and thus the enhancement of bottom
loop leads to the softest spectrum, while an enhancement of the point-like coupling (corresponding to infinite mass
particles in the loop) to the hardest one.

Finally we mention the limitation of our study. The NNLL+NNLO SM predictions are known only in the heavy
top limit, with just approximate inclusion of top mass e↵ects, and thus the approach involving a scaling of the

5For more discussion on the SMEFT operators impact on the spectra refer to [1].

3

Grazzini, Ilnicka, Spira, 
Wiesemann (2017) 

[1705.05143]
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Differential measurements: how
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Defined by experimental and analysis constraintsFiducial Volume

Observables and binning

Response matrix

Unfolding

Interpretation

Probe production and decay kinematics. Binning 
compromise between statistics, resolution and migration

Relates the number of truth values and the expected 
number of reconstructed values (usually from MC)

Correct for detector effects
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Fiducial and Simplified template cross-section
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Fiducial cross-section
•Optimized for maximal theoretical 
independence

•Fiducial in Higgs decay
•Smallest acceptance corrections
•Simple signal cuts
•“Exact” fiducial volume
•Targeted object definitions
•Agnostic to production mode
Can be done with single and differential 
distributions
Only feasible in HZZ,H𝛄𝛄,HWW
Combination not straightforward

Simplified templates cross section
•Target maximum sensitivity, while keeping 
theoretical dependence as small as possible

•Cross section split by production mode
•Cross section divided in exclusive regions 
of phase space (bins)

•Larger acceptance corrections
•Abstracted fiducial volumes
•Inclusive in Higgs decay
•Allows complex event selections, 
categorisation

Common abstracted object definitions
Can be done in all decay modes
Explicitly designed for combination
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Simplified templates cross section
•Target maximum sensitivity, while keeping 
theoretical dependence as small as possible

•Cross section split by production mode
•Cross section divided in exclusive regions 
of phase space (bins)

•Larger acceptance corrections
•Abstracted fiducial volumes
•Inclusive in Higgs decay
•Allows complex event selections, 
categorisation

Common abstracted object definitions
Can be done in all decay modes
Explicitly designed for combination
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signal fraction
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Low signal rate, but very clear topology with a small background (mainly qqZZ, 
Z+jets)
• 4 isolated leptons in final state combined in 2 Z pairs
• Can exploit kinematical information (matrix element KD discriminants) to 
separate signal and background and categorise events in different production 
modes.

• Can probe 4 different production modes (ggH, VBF, ttH, VH) 

JHEP 11 (2017) 047
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Cross sections
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Good agreement between prediction and observation

Slight overfluctuation in ggH→ZZ forces the other production modes to ~0
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Differential distributions
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No significant deviation from SM predictions

Experimental uncertainties are reaching NLO theoretical uncertainties (in the 0-jet bin)

JHEP 11 (2017) 047
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The H→𝛄𝛄 channel 
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• Very clean channel for discovery and signal 
strength measurements

• Search strategy: peak over (abundant) and 
regular background

• Vertex+photonID+kinematic BDT to select and 
classify the events

• Indirect probe of coupling through production 
loopsDiphoton BDT score
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Untagged 3

Untagged 2

Untagged 1

Untagged 0
rejected Categorisation (for STXS analysis): 

• 4 untagged categories with different relative contributions of  VH/ggH
• 2 ttH-tagged categories leptonic/hadronic top decay
• 3 VBF-tagged categories BDT-based
• 5 VH categories W/Z H leptonic, VH hadronic, VH+MET, VH lept. loose
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H→𝛄𝛄 Results, fiducial and STXS

�11

Fiducial cross section measurement phase space: 
•2 isolated photons, |η| < 2.5, pT1(2)/m𝛄𝛄 > 1/3(4)
•3 categories based on σm/mdecorr

Both fiducial and STXS result in good agreement with SM expectations
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H→𝛄𝛄 Results, differential
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No deviations observed in the differential distributions
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Combination of Higgs channels
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Combination of all Higgs channels
Most general parametrisation: product of production x decay signal 
strength with all parameters floating
•5x5 matrix 𝜇i={ggH, VBF, WH, ZH, ttH} x 𝜇f={𝛄𝛄, ZZ, WW, bb, ττ}
•22/25 measurements available 

CMS-PAS-HIG-17-031

16 6 Signal strength and cross section fits

luminosity measurement and in the modeling of additional collisions in the event (pileup) are
correlated between all of the input channels. Certain channels, namely the H ! tt, VH(bb),
and ttH(bb) channels are able to further constrain the jet energy scale uncertainties determined
in auxiliary measurements. The jet energy scale uncertainties are correlated among these chan-
nels but uncorrelated with the other channels. The jet energy scale uncertainties are assumed
to be correlated between the channels which are not able to constrain these uncertainties. The
uncertainties in the b tagging efficiency are correlated between the ttH channels, but are uncor-
related from the VH(bb) channel which is sensitive to different kinematic regions. A separate
set of nuisances parameters to describe the uncertainty in the b tagging efficiency is used in the
H ! WW, H ! gg, and H ! ZZ channels. Finally, the uncertainties in the lepton efficiency
and misidentification rate in the ttH-th and ttH-e/µ event classes are correlated, since the same
reconstruction and identification algorithms were used. In other channels, different algorithms
were used and therefore the uncertainties are assumed to be uncorrelated.

The free parameters describing the shapes and normalizations of the data-driven background
models, and discrete nuisances which allow for switching the background parametrization
choice in each of the H ! gg analysis categories are fully determined by the data without any
additional constraints, and are therefore assigned to the statistical uncertainty of a measure-
ment. The remaining uncertainties are assigned to the systematic uncertainty.

6 Signal strength and cross section fits

The signal strength modifier µ, defined as the ratio between the measured Higgs boson yield
and its SM expectation, has been extensively used to characterise the Higgs boson yields. How-
ever, the specific meaning of µ varies depending on the analysis. For a specific production and
decay channel i ! H ! f , the signal strengths for the production, µi, and for the decay, µ f , are
defined as,

µi =
si

(si)SM
and µ f =

BR f

(BR f )SM.
(2)

Here si (i = ggH, VBF, WH, ZH, ttH) and BR f ( f = ZZ, WW, gg, tt, bb) are, respectively,
the production cross section for i ! H and the decay branching ratio for H ! f . The sub-
script ”SM” refers to their respective SM predictions, so by definition, the SM corresponds to
µi = µ f = 1. Since si and BR f cannot be separately measured without additional assumptions,
only the product of µi and µ f can be extracted experimentally, leading to a signal strength µ

f
i

for the combined production and decay,

µ
f
i =

si · BR f

(si)SM · (BR f )SM
= µi ⇥ µ f (3)

In this section, results are presented for several signal strength parametrizations, starting with
a single global signal strength µ, which is the most restrictive in terms of the number of as-
sumptions assumed. Further parametrizations are defined by relaxing the constraint that all
production and decay rates scale with a common signal strength modifier.

The combined measurement of the common signal strength modifier is,

µ = 1.17+0.10
�0.10

= 1.17+0.06
�0.06 (stat.) +0.06

�0.05 (sig. th.) +0.06
�0.06 (other sys.),

(4)

Vκ
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 (13 TeV)-135.9 fbCMS Preliminary

Different interpretations possible by 
applying constraints on 𝜇i, 𝜇f, i.e. 
STXS, ratios of cross sections

Global signal strength: 𝜇=1.17±0.10

Picture consistent with SM 
expectations
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Combination Result
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Parameter value
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Observed
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Ratio of signal strengths: helps 
reducing systematic uncertainties. 

ggH→ZZ used as a reference as it 
is the most precise

Combined results STXS interpretation also provided  
(in the Stage-0 bins)

BRs are allowed to float in the fit
Measurement performed in fiducial region |yH|<2.5
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Future prospects: HL-LHC
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Projection of pT(H) differential distribution at 3ab-1

H→ZZ channel only

Uncertainties in each bin in the order of 5-10%

Slight dependence on the systematics scenarios

Still significant statistical component

Much better than current theoretical uncertainties

Correct th. uncertainties reached at ~300fb-1
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Summary and Conclusions
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The CMS Collaboration is producing its first results on differential Higgs distributions at 13TeV

Fiducial and differential cross-section measurements have been reported in the H→ZZ and 
H→𝛄𝛄 channels

The simplified template cross-section measurement has been reported for individual CMS 
channels and for their combination, displaying a nice agreement with SM expectations

Combination of the differential results is underway

Experimental sensitivity in (some) differential observables is reaching the NLO precision

No significant deviations from the SM prediction have (yet?) been observed

CMS-PAS-HIG-17-031
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Stage 0

H→WW, STXS
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Differential H observables are still out of reach

Stage-0 STXS analysis shows general agreement with  
the SM predictions 

2σ excess in VH-hadronic bin, mostly driven by 3-leptons 
WH-tagged category
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  2.7 events

  5.6 events

  19.6 events

  31.2 events

  103.3 events

  92.7 events

  313.3 events

  240.3 events

  509.4 events
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K-framework and PO

�19

At first, signal strengths 𝜇 (ratio of observed cross-section to 
SM predictions)

• Good to verify H(125) properties and to check compatibility 
with SM

• Not ideal parametrization when introducing NP

Second step, K-framework:  
• Disentangles production and decay mechanisms. Notation kf 

= {kt,kb,k𝛕} ; kV = {kW,kZ}
• Effective coupling modifiers for processes with loops (kg, kγ, 

kH…) 
• Also possible to describe as coupling modifier ratios  λij=κi/κj
• Production processes:  ggF, VBF, WH, ZH, ttH
• Decay channels: HZZ,WW,γγ,ττ,bb,µµ 

Next step: PseudoObservables (not for this talk)
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H→𝛄𝛄

�20

• Very clean channel for discovery and 
signal strength measurements

• Search strategy: peak over (abundant) 
and regular background

• Vertex+photonID+kinematic BDT to 
select and classify the events

• Indirect probe of coupling through 
production loops

Categorisation: 
• 4 untagged categories with different relative contributions of  VH/ggH
• 2 ttH-tagged categories (leptonic/hadronic top decay)
• 3 VBF-tagged categories (BDT-based)
• 5 VH categories (W/Z H leptonic, VH hadronic, VH+MET, VH lept. loose
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HWW, yields
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Category
2-jet

ggH-tagged
2-jet

VBF-tagged
2-jet

VH-tagged
3-lepton

WH-tagged
4-lepton

ZH-tagged
ggH 80.4 (100.6) 11.6 (14.6) 13.9 (17.4) < 0.1 (< 0.1) < 0.1 (< 0.1)
VBF 10.3 (13.3) 19.2 (24.5) 0.4 (0.6) < 0.1 (< 0.1) < 0.1 (< 0.1)
WH 7.2 (9.3) 0.2 (0.2) 3.6 (4.6) 5.4 (7.2) < 0.1 (< 0.1)
ZH 3.3 (4.3) < 0.1 (< 0.1) 1.5 (2.1) 0.2 (0.2) 2.7 (3.5)
tt̄H 1.6 (2.1) < 0.1 (< 0.1) 0.1 (0.2) < 0.1 (< 0.1) < 0.1 (< 0.1)
bb̄H 0.6 (0.7) < 0.1 (0.1) < 0.1 (< 0.1) < 0.1 (< 0.1) < 0.1 (< 0.1)
Signal 103 (130) 31 (40) 20 (25) 5.6 (7.4) 2.7 (3.5)
± total unc. (± 16) (± 3) (± 3) (± 0.7) (± 0.3)
WW 1048.3 (860.1) 69.4 (46.0) 52.0 (33.5) < 0.1 (< 0.1) < 0.1 (< 0.1)
top 5196.9 (5186.9) 157.0 (158.3) 229.9 (229.2) < 0.1 (< 0.1) 0.3 (0.3)
Nonprompt 358.8 (305.0) 29.8 (20.0) 41.5 (37.1) 19.2 (21.2) < 0.1 (< 0.1)
DY 110.2 (112.4) 20.4 (18.5) 28.9 (30.0) < 0.1 (< 0.1) < 0.1 (< 0.1)
VZ/Vg⇤ 136.0 (137.1) 7.1 (6.9) 10.5 (10.4) < 0.1 (< 0.1) < 0.1 (< 0.1)
Vg 58.8 (52.6) 2.8 (2.8) 4.2 (4.6) 3.8 (9.6) < 0.1 (< 0.1)
Other diboson 2.1 (2.3) 0.3 (0.3) 1.2 (1.3) 28.6 (32.8) 12.7 (12.6)
Triboson 15.2 (15.3) 0.3 (0.3) 2.0 (2.0) 2.1 (2.1) 0.4 (0.4)
Background 6926 (6672) 287 (253) 370 (348) 57 (70) 13.3 (13.3)
± total unc. (± 502) (± 17) (± 37) (± 7) (± 0.6)
Data 6802 285 386 85 15
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Combination Result, stage 0
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Uncertainty Uncertainty

Parameter Best fit Stat. Syst. Parameter Best fit Stat. Syst.

sggH · BR
ZZ 1.00

+0.19

�0.16

+0.16

�0.15

+0.09

�0.07
BR

bb
/BR
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0.96
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�0.32

+0.32
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(+0.18

�0.16
) (+0.16
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�0.25
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BR
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+0.24

�0.20

+0.17

�0.13
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) (+0.14

�0.11
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)
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Higgs properties
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The excellent resolution and high S/B ratio makes the HZZ4l channel one of the best we 
have to determine the Higgs properties
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No evidence for anomalous 
HZZ couplings so far

Signal strengths in run2 are consistent 
with SM expectations

ttH production is being reported for 
the first time by CMS in the ZZ 
channel

JHEP 11 (2017) 047
Phys. Lett. B 775 (2017) 1
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 (13 TeV)-135.9 fbCMS Preliminary

  2.7 events

  5.6 events

  19.6 events

  31.2 events

  103.3 events

  92.7 events

  313.3 events

  240.3 events

  509.4 events

H→WW
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•Signature: at least two opposite sign leptons + large ETmiss

•Subcategories based on leading lepton pT, lepton flavours
•Separate e𝛍/𝛍e categories to exploit differences in fake 
rate

CMS-PAS-HIG-16-042

•Neutrinos in the final state: poor resolution, but larger 
BR wrt ZZ

•Different discriminant variables used in various 
categories


