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• Review what we have learned about the Higgs coupling to 
fermions since the discovery three years ago 

• July 2012 discovery driven by bosonic decay channels: 

• H→γγ, H→ZZ, H→WW 

• Indirect evidence of fermion coupling from loop 
contributions 

• Fortunately at mH = 125 GeV many opportunities to study 
fermion couplings directly at the LHC 

• Leptons: H→ττ, H→μμ 

• Quarks: H→bb, ttH̄ and tH production
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H→ττ

• Branching fraction @ 125 GeV: ~6.3% 

• Consider all ττ final states: μτh, eτh, τhτh, eμ, μμ, ee 

• Target production modes: 

• ggH, VBF, VH, ttH
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• Main backgrounds: Irreducible Z→ττ, Reducible W+jets, 
QCD multi-jet 

• Need good τ ID performance & di-τ mass estimation 

• Exploit event categorisation and multivariate methods to 
increase sensitivity
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Analysis Techniques

• Need to distinguish Z→ττ and H→ττ mass peak 

• Likelihood method to estimate full mττ 

• Better separation and mass resolution 15-30%
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tbeμτ

• Data-driven background estimates where possible 

• Control regions to predict and normalise backgrounds 

• E.g. high mT(lep, ETmiss) for W+jets 

• “Embedding” of Z→μμ data events to model Z→ττ bkg. Ev
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Signal Extraction
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• Loose pre-selection splits events into Boosted 
and VBF categories 

• BDT discriminator: mττ, event kinematics,  (PT1,2, 

mT), topological variables (centrality, Δφ1,2), VBF 
properties (mjj, Δηjj) + others 

• Fit control regions simultaneously to constrain 
backgrounds

• Split events into categories to improve 
sensitivity + dedicated WH, ZH selections 

• Discriminator: di-tau invariant mass 

• Low S/B 0-jet categories constrain uncertainties 
in 1-jet and VBF categories
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Results
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• ATLAS: 

• CMS:
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H→μμ / ee

• Branching ratio @ 125 GeV: 

• H→μμ: 2.2 x 10-4    

• Observable at  > 5σ with HL-LHC (need > 300 fb-1) 

• H→ee: ~ 5 x 10-9 

• With Run I data test if Higgs⇔lepton coupling is 

flavour-universal or proportional to mass  

• Look for a narrow signal peak on top of the 
dominant Drell-Yan background
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• Strategy: 

• Categorise events to target ggH and VBF production modes as well as leptons in 
the best-measured detector regions

CMS PLB 744 (2015) 184

ATLAS PLB 738 (2014) 68-86
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Signal Extraction
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ggH Categories 

• Categorise on pTµµ (higher 
in signal) and central vs. 
non-central leptons (better 
mass resolution)

VBF Categories 

• high mjj and Δηjj 
requirements to increase 
signal purity
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Results
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• No excess over-background only expectation 

• Limits on the H→μμ and H→ee branching fraction imply 
lepton coupling is non-universal (i.e. unlike Z→l+l-)
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H→bb

• Branching fraction @ 125 GeV: ~58% 

• Overwhelming multi-jet background to ggH production: focus on associated W/Z 
production 

• Decay channels: 

• Backgrounds from W/Z + HF, tt,̄ W/Z + LF, diboson 

• Strategy:  

• b-tagging of jets to identify candidate H→bb decay 

• Exploit V-H recoil with pT(V) categorisation 

• Reconstruct mbb and combine with other variables in a multivariate discriminator
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Analysis Techniques

• b-jet energy corrections 

• CMS: multivariate regression 

• ATLAS:  response correction & 
likelihood fit 

• mjj resolution improves 15-30%
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Signal Extraction

• Categorise events on pT(V) 

• Fit “cascade” of BDT outputs designed 
to constrain specific backgrounds 

• Input variables include b-tagging 
discriminators, di-jet kinematics & 
event topology
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• Categorise events on pT(V), number of 
jets, b-tagging criteria 

• Fit BDT distribution in most sensitive 
categories 

• Input variables cover di-jet kinematics 
& event topology

ATLAS CMS
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VBF H→bb

• 4 jet final state with background dominated by QCD 
multi-jet production 

• BDT discriminator to separate signal: 

• VBF topology 

• b-tagging information 

• quark/gluon discriminating variables 

• Fit mbb distribution in bins of BDT score
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ttH

• Strategy: 

• Target as many combinations of the tt ̄final 
state (0,1 or 2 leptons) and Higgs decay as 
possible 

• Analyses for bb, leptons and γγ Higgs decay 

• Exploit high jet and b-jet multiplicity 

• Extract signal using MVA or matrix element 
methods
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• Want to measure top-quark Yukawa coupling:  yt  ~ O(1) in the SM 

• Indirect evidence from ggH production and H→γγ decay via loop contribution 

• But possibly modified by BSM contributions 

• ttH production is the best handle for tree-level coupling, but σ ~ 130 fb 

CMS  
JHEP 09 (2014) 087 (comb) 

EPJ C 75 (2015) (bb ME)

ATLAS  
arXiv:1506.05988 (leptons) 

arXiv:1503.05066 (bb) 
PLB 740 (2015) 222-242 (γγ)



A. Gilbert23/7/15

ttH
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tbeμτH→bb

• Single lepton and dilepton selections to suppress large multi-jet background 
• Remaining backgrounds from tt+bb, mis-tagged tt+light and tt+cc, tt+V and single t 

• Categorise on jet and b-tagged jet multiplicity, multivariate discriminator for signal extraction 
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Fig. 2 Single-lepton channel: (a) S/
p
B ratio for each of the regions assuming SM cross sections and branching fractions, and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (4, 5, �6), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 3 Dilepton channel: (a) The S/
p
B ratio for each of the regions assuming SM cross sections and branching fractions and

mH = 125 GeV. Each row shows the plots for a specific jet multiplicity (2, 3, �4), and the columns show the b-jet multiplicity
(2, 3, �4). Signal-rich regions are shaded in dark red, while the rest are shown in light blue. The S/B ratio for each region is
also noted. (b) The fractional contributions of the various backgrounds to the total background prediction in each considered
region. The ordering of the rows and columns is the same as in (a).
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Fig. 13 Single-lepton channel: comparison of data and prediction for the discriminant variable used in the (� 6j, 2b) region
(a) before the fit and (b) after the fit, in the (� 6j, 3b) region (c) before the fit and (d) after the fit, in the (� 6j,� 4b) region
(e) before the fit and (f) after the fit. The fit is performed on data under the signal-plus-background hypothesis. The last
bin in all figures contains the overflow. The bottom panel displays the ratio of data to the total prediction. The hashed area
represents the uncertainty on the background. The dashed line shows tt̄H signal distribution normalised to background yield.
The tt̄H signal yield (solid) is normalised to the SM cross section before the fit and to the fitted µ after the fit. In several
regions, predominantly the control regions, the tt̄H signal yield is not visible on top of the large background.
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Fig. 15 Dilepton channel: comparison of data and prediction for the discriminant variable used in the (� 4j, 2b) region (a)
before the fit and (b) after the fit, in the (� 4j, 3b) region (c) before the fit and (d) after the fit, in the (� 4j,� 4b) region
(e) before the fit and (f) after the fit. The fit is performed on data under the signal-plus-background hypothesis. The last
bin in all figures contains the overflow. The bottom panel displays the ratio of data to the total prediction. The hashed area
represents the uncertainty on the background. The dashed line shows tt̄H signal distribution normalised to background yield.
The tt̄H signal yield (solid) is normalised to the SM cross section before the fit and to the fitted µ after the fit. In several
regions, predominantly the control regions, the tt̄H signal yield is not visible on top of the large background.
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• CMS: 2 analyses: 1 BDT based, 1 matrix element 
method (MEM) 

• ATLAS: Neural network with MEM input

μ̂ = 1.5 ± 1.1 @ 125.0 GeV μ̂ = 0.7 ± 1.9 @ 125.6 GeV
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6.2 Event categorisation 9

are constructed by superimposing two Gaussian functions with different mean and standard
deviation. Such an asymmetric parametrisation provides a good description of both the core
of the detector energy response and the low-energy tail arising from semileptonic B hadron
decays. The parametrisation of the transfer functions has been derived from MC simulated
samples.

6.2 Event categorisation

To aid the evaluation of the MEM probability density functions at LO, events are classified into
mutually exclusive categories based on different parton-level interpretations. Firstly, the set of
jets yielding the largest contribution to the sum defined by Eq. (1), determines the four (tagged)
jets associated with bottom quarks; the remaining Nuntag (untagged) jets are assumed to orig-
inate either from W ! qq0 decays (SL channel) or from initial- or final-state gluon radiation
(SL and DL channels). There still remains a twelve-fold ambiguity in the determination of the
parton matched to each jet, which is reflected by the sum in Eq. (3). Indeed, without distin-
guishing between b and b quarks, there exist 4!/(2! 2!) = 6 combinations for assigning two jets
out of four with the Higgs boson decay (H = ttH), or with the bottom quark-pair radiation
(H = tt+bb); for each of these possibilities, there are two more ways of assigning the remain-
ing tagged jets to either the t or t quark, thus giving a total of twelve associations. In the SL
channel, an event can be classified in one of three possible categories. The first category (Cat-1)
is defined by requiring at least six jets; if there are exactly six jets, the mass of the two untagged
jets is required to be in the range [60, 100]GeV, i.e. compatible with the mass of the W boson.
If the number of jets is larger than six, the mass range is tightened to compensate for the in-
creased ambiguity in selecting the correct W boson decay products. In the event interpretation,
the W ! qq0 decay is assumed to be fully reconstructed, with the two quarks identified with
the jet pair satisfying the mass constraint. The definition of the second category (Cat-2) differs
from that of Cat-1 by the inversion of the dijet mass constraint. This time, the event interpreta-
tion assumes that one of the quarks from the W boson decay has failed the reconstruction. The
integration on the right-hand side of Eq. (3) is extended to include the phase space of the nonre-
constructed quark. The other untagged jet(s) is (are) interpreted as gluon radiation, and do not
enter the calculation of w(~y|H). The total number of associations considered is twelve times the
multiplicity of untagged jets eligible to originate from the W boson decay: Na = 12Nuntag. In
the third category (Cat-3), exactly five jets are required, and an incomplete W boson reconstruc-
tion is again assumed. In the DL channel, only one event interpretation is considered, namely
that each of the four bottom quarks in the decay is associated with one of the four tagged jets.

Finally, two event discriminants, denoted by Ps/b and Ph/l, are defined. The former encodes
only information from the event kinematics and dynamics via Eq. (3), and is therefore suited
to separate the signal from the background; the latter contains only information related to
b tagging, thus providing a handle to distinguish between the heavy- and the light-flavour
components of the tt+jets background. They are defined as follows:

Ps/b =
w(~y|ttH)

w(~y|ttH) + ks/bw(~y|tt+bb)
and Ph/l =

f (~x|tt+hf)
f (~x|tt+hf) + kh/l f (~x|tt+lf)

, (4)

where the functions f (~x|tt+hf) and f (~x|tt+lf) are defined as in Eq. (1) but restricting the sum
only to the jet-quark associations considered in the calculation of w(~y); the coefficients ks/b and
kh/l in the denominators are positive constants that can differ among the categories and will be
treated as optimisation parameters, as described below.

The joint distribution of the (Ps/b, Ph/l) discriminants is used in a two-dimensional maximum
likelihood fit to search for events resulting from Higgs boson production. By construction, the
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(SL and DL channels). There still remains a twelve-fold ambiguity in the determination of the
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out of four with the Higgs boson decay (H = ttH), or with the bottom quark-pair radiation
(H = tt+bb); for each of these possibilities, there are two more ways of assigning the remain-
ing tagged jets to either the t or t quark, thus giving a total of twelve associations. In the SL
channel, an event can be classified in one of three possible categories. The first category (Cat-1)
is defined by requiring at least six jets; if there are exactly six jets, the mass of the two untagged
jets is required to be in the range [60, 100]GeV, i.e. compatible with the mass of the W boson.
If the number of jets is larger than six, the mass range is tightened to compensate for the in-
creased ambiguity in selecting the correct W boson decay products. In the event interpretation,
the W ! qq0 decay is assumed to be fully reconstructed, with the two quarks identified with
the jet pair satisfying the mass constraint. The definition of the second category (Cat-2) differs
from that of Cat-1 by the inversion of the dijet mass constraint. This time, the event interpreta-
tion assumes that one of the quarks from the W boson decay has failed the reconstruction. The
integration on the right-hand side of Eq. (3) is extended to include the phase space of the nonre-
constructed quark. The other untagged jet(s) is (are) interpreted as gluon radiation, and do not
enter the calculation of w(~y|H). The total number of associations considered is twelve times the
multiplicity of untagged jets eligible to originate from the W boson decay: Na = 12Nuntag. In
the third category (Cat-3), exactly five jets are required, and an incomplete W boson reconstruc-
tion is again assumed. In the DL channel, only one event interpretation is considered, namely
that each of the four bottom quarks in the decay is associated with one of the four tagged jets.

Finally, two event discriminants, denoted by Ps/b and Ph/l, are defined. The former encodes
only information from the event kinematics and dynamics via Eq. (3), and is therefore suited
to separate the signal from the background; the latter contains only information related to
b tagging, thus providing a handle to distinguish between the heavy- and the light-flavour
components of the tt+jets background. They are defined as follows:

Ps/b =
w(~y|ttH)

w(~y|ttH) + ks/bw(~y|tt+bb)
and Ph/l =

f (~x|tt+hf)
f (~x|tt+hf) + kh/l f (~x|tt+lf)

, (4)

where the functions f (~x|tt+hf) and f (~x|tt+lf) are defined as in Eq. (1) but restricting the sum
only to the jet-quark associations considered in the calculation of w(~y); the coefficients ks/b and
kh/l in the denominators are positive constants that can differ among the categories and will be
treated as optimisation parameters, as described below.

The joint distribution of the (Ps/b, Ph/l) discriminants is used in a two-dimensional maximum
likelihood fit to search for events resulting from Higgs boson production. By construction, the
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• Fit 2D distribution of Ps/b and Ph/l 

• Ps/b: Ratio of signal (ttH) and bkg (tt+bb) likelihoods 
computed from LO matrix elements with transfer 

functions to model experimental resolution → similar 
ratio used in ATLAS analysis 

• Ph/l: likelihood of b-tagging observables 

• ~30% improved sensitivity compared to BDT 
analysis

CMS Analysis:

μ̂ = 1.2 +1.6-1.5 @ 125.6 GeV
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ttH
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tbeμτ

H→WW/ZZ/ττ
• Categories:  2l (same-sign),  3l,  4l,  l+2τh 

• Backgrounds: tt/̄W/Z+jets with non-prompt leptons, tt+̄V, VV
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• Signal Extraction 

• ATLAS: Split di-lepton categories into events with 4 or ≥5 jets. 

Simultaneous fit to data of yields in all categories. 

• CMS: Fit output of a BDT discriminator in 2- and 3-lepton 

categories. Excess of events visible in μ±μ± final state
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ttH

• Despite small H→γγ BF, exploit clean signature and excellent resolution of mγγ
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tbeμτ
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• ttH signal strength from Higgs combinations (*): 

• CMS: 

• ATLAS: 

ttH - Results

20

tbeμτ

μ̂ = 2.9+1.1-0.9 @ 125.0 GeV
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• Novel channel to probe the sign of kt and search for new physics: single top tHq production 

• t and W couple to H with opposite sign 

• Destructive interference of main diagrams 

• SM cross section of ~ 18 fb 

• But enhanced by factor of 15 if yt = -1 

• Utilised in ATLAS ttH→γγ analysis via effect on ttH and tH cross sections and BR(H→γγ)

Single top + Higgs Production
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tH Production

• CMS: Analyses target tHq production in three decay channels, set limits on σ predicted for kt = -1
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tbeμτ
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Combination Results

• Assuming signal from a single particle and narrow-width approximation holds: 

• Introduce parameters that allow for deviation with respect to SM values:
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28 7 Compatibility of the observed data with the SM Higgs boson couplings

7 Compatibility of the observed data with the SM Higgs boson
couplings

Whereas in Section 6 the production and decay of the boson were explored separately, the
studies presented in this section simultaneously investigate the couplings of the boson to SM
particles in the production and decay processes. In this way, correlations are handled consis-
tently between the production modes and the decay modes. For example, the coupling of the
SM Higgs boson to the Z boson is involved both in the ZH production mode and the H ! ZZ
decay mode, such that more information can be extracted from a simultaneous modelling of
the production and decay modes in terms of the couplings involved.

Following the framework laid out in Ref. [171], we assume the signal arises from a single par-
ticle with JPC = 0++ and a width such that the narrow-width approximation holds, permit-
ting its production and decay to be considered independently. These assumptions are sup-
ported by the results of Section 6.6 on the presence of more particles at the same mass, those
of Refs. [40, 41] regarding alternative JP assignments and mixtures, and those of Ref. [27] con-
cerning the width of the particle.

Under the assumptions above, the event yield in a given (production)⇥(decay) mode is related
to the production cross section and the partial and total Higgs boson decay widths via

(s B) (x ! H ! yy) =
sx Gyy

Gtot
, (7)

where sx is the production cross section through process x, which includes ggH, VBF, WH, ZH,
and ttH; Gyy is the partial decay width into the final state yy, such as WW, ZZ, bb, tt, gg, or
gg; and Gtot is the total width of the boson.

Some quantities, such as sggH, Ggg, and Ggg, are generated by loop diagrams and, therefore, are
sensitive to the presence of certain particles beyond the standard model (BSM). The possibility
of Higgs boson decays to BSM particles, with a partial width GBSM, can also be accommodated
by considering Gtot as a dependent parameter so that Gtot = Â Gyy + GBSM, where Â Gyy stands
for the sum over partial widths for all decays to SM particles. With the data from the H(inv)
searches, GBSM can be further broken down as GBSM = Ginv + Gundet, where Ginv can be con-
strained by searches for invisible decays of the Higgs boson and Gundet corresponds to Higgs
boson decays not fitting into the previous definitions. The definition of Gundet is such that two
classes of decays can give rise to Gundet > 0: i) BSM decays not studied in the analyses used in
this paper, such as hypothetical lepton flavour violating decays, e.g. H ! µt, and ii) decays
that might not be detectable with the existing experimental setup because of the trigger condi-
tions of the experiment, such as hypothetical decays resulting in a large multiplicity of low-pT
particles.

To test the observed data for possible deviations from the rates expected for the SM Higgs
boson in the different channels, we introduce coupling modifiers, denoted by the scale factors
ki [171]. The scale factors are defined for production processes by k2

i = si/sSM
i , for decay

processes by k2
i = Gii/GSM

ii , and for the total width by k2
H = Gtot/GSM, where the SM values are

tabulated in Ref. [171]. When considering the different ki, the index i can represent many ways
to test for deviations:

• For SM particles with tree-level couplings to the Higgs boson: kW (W bosons), kZ
(Z bosons), kb (bottom quarks), kt (tau leptons), kt (top quarks), and kµ (muons).
Unless otherwise noted, the scaling factors for other fermions are tied to those that
can be constrained by data.
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Summary

• Evidence for Yukawa couplings from H→ττ decays in 
both ATLAS and CMS analyses 

• Non-detection of H→μμ/ee implies this coupling is not 
lepton flavour universal 

• Excess of events in the H→bb and ttH searches 
compatible with SM expectation 

• Limits set on the enhancement of tHq production 

• Overall picture in combined coupling fits shows 
consistency with the SM
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Backup

25
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Combination Results

• Alternatively parametrise loops with effective couplings, e.g.: κγ, κg 

• Tests for presence of BSM particles in the loops 

• Fermion couplings only from tree-level contributions
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Combination Results

• Assume κV = κW = κV, κF = κb = κt = κτ 

• Show 68% CL confidence regions for separate channels as well as the full 
combination 

• Compatible with SM prediction κF = κV = 1
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