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Dedication
To the great minds who made a theoretical breakthrough 

half-a-century ago, which took so long to confirm 
experimentally, and Ad Memoriam Robert Brout (1928-2011)
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BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculte des Sciences, Universite Libre de Bruxelles, Bruxelles, Belgium

(Received 26 June 1964)

It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the

321

Vox.vMz 13,NvMaER 20 PHYSI C A I. R K V I K %" L K T7K R S 16Nova MszR 1964

from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.
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'~In addition to the usual problems encountered in
calibrating energy scales, the charging of the glass
and the existence of a residual plasma in the region
in which the electron beam traverses the gas stream
may play a role in establishing the potential in that
region.
' The elastic cross section in both molecular and
atomic hydrogen decreases with electron energy;
thus the transmitted current vs electron energy under
our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik, f C. R. Hagen, f.and T. %. B. Kibble
Department of Physics, Imperial College, London, England

(Received 12 October 1964)

In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland

(Received 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form
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13 ✦The Higgs boson playground

✦Happy birthday, Mr. Higgs!

✦Higgs boson production and decay

✦Experimental results:


๏Lucid Higgs boson

๏Visible Higgs boson

๏Not-yet-visible Higgs boson

๏Invisible Higgs boson

๏Invincible Higgs boson

๏Lesson from the Higgs boson discovery


✦Conclusions

Outline
�3



The Higgs  
Playground 
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High-Quality, Plentiful Data
✦ Excellent machine and detector performance resulted in large 

amount of data with very high quality: ~95% of delivered data are 
recorded, and ~90% of those are certified and used in physics 
publications!

๏ We publish based on ~85% of all the bunch collisions that took place 

at the LHC!

�5
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Successful Pileup Mitigation
�6
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The Higgs Story
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4th of July Fireworks
�8
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A New Boson Discovery
�9

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4ℓ and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → ℓνℓν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].

Phys. Lett. B 716 (2012) 1

Phys. Lett. B 716 (2012) 30
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Moriond 2013 - What a Week!
�10
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Happy Birthday, Mr. Higgs
✦ It’s been a great year for the Higgses (both Peter 

and the Boson)!

✦ Long journey in one year:


๏ Established the existence of new particle beyond any 
doubts (LHC+Tevatron)


๏ Mass measured to 0.50% precision, i.e. better than 
top (or any other) quark mass! (ATLAS+CMS)


๏ It is a 0++ boson responsible for EWSB, as evident 
from its relative couplings to W/Z vs. γ (ATLAS+CMS)	



๏ Established couplings to the third-generation 
fermions (CMS+Tevatron)


๏ Nearly excluded negative couplings to fermions 
(CMS)


๏ Big 5 → big 6: thanks to ttH (bb, γγ, and ττ)

�11
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Figure 3: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-

nels and for their combination.
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is specified. The best-fit value for the global signal strength factor µ does not give any direct information

on the relative contributions from different production modes. Furthermore, fixing the ratios of the

production cross sections to the ratios predicted by the SM may conceal tension between the data and the

SM.

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-

sional plots require either some µi to be fixed or several µi to be related. No direct ttH production has

been observed yet, hence µggH and the very small contribution of µttH have been grouped together as they

scale dominantly with the ttH coupling in the SM and are denoted by the common parameter µggF+ttH .
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Higgs Boson Mass
✦ Higgs boson mass:


๏ ATLAS: MH = 125.5 ± 0.2 +0.5
-0.6 GeV (0.43% precision)


๏ CMS:    MH = 125.7 ± 0.3 ± 0.3  GeV (0.34% precision)

✦ The Higgs boson mass has been already measured to a better 

precision than the top (or any other quark!) mass (0.50%)

�12 ATLAS-CONF-2013-014 CMS HIG-13-005
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Higgs Boson Signal Strength
✦ Consistency with the SM Higgs boson:


๏ ATLAS: µ = 1.30 ± 0.20 @ 125.5 GeV

๏ CMS:    µ = 0.80 ± 0.14 @ 125.7 GeV

�13

Has not been updated to the 
latest result of 1.00 ± 0.50

ATLAS-CONF-2013-034

CMS HIG-13-005
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Higgs Boson Signal Strength
✦ Consistency with the SM Higgs boson:


๏ ATLAS: µ = 1.30 ± 0.20 @ 125.5 GeV

๏ CMS:    µ = 0.80 ± 0.14 @ 125.7 GeV

�13

Has not been updated to the 
latest result of 1.00 ± 0.50

■ arXiv:1310.

ATLAS-CONF-2013-034

CMS HIG-13-005
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with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–
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Higgs Boson Spin
✦ Both ATLAS and CMS strongly prefer JPC = 0++ over the alternatives


๏ Pseudoscalar 0-+ and tensor 2++ hypotheses have been excluded at ~3σ 
level by each experiment

�14

p(2+) = 0.6%

6.3 Spin-parity measurements 17

loop with quarks, ttH). Two respective signal strength modifiers (µF, µV) are introduced as
scale factors to the SM expected cross section. A two dimensional fit is performed for the two
signal strength modifiers assuming a mass hypothesis of mH = 125.8 GeV. The likelihood is
profiled for all nuisance parameters and a 68% CL is reported by varying the likelihood by
2D lnL = 2.3. Figure 11 (right) shows the result of the (µV , µF) fit leading to the measurements

µV = 1.0+2.4
�2.3 , (3)

µF = 0.9+0.5
�0.4 . (4)

The measured values are consistent with the expectations from the production of a SM Higgs
boson.

6.3 Spin-parity measurements

It is crucial to determine the spin and quantum numbers of the new boson. We follow a sim-
ilar methodology with a kinematic discriminant which includes the description of the inter-
ference of identical leptons in the 4e and 4µ final states, as discussed in Sec. 4, but instead of
the signal-to-background probability ratio we construct the probability ratio for two signal hy-
potheses. The kinematics of the Higgs or exotic boson decay to the ZZ final state is sensitive
to its spin and properties [39, 72–84]. The full-case study has been presented in Refs. [39, 83].
The separation of the SM Higgs boson model and the pseudoscalar (0�) or minimal coupling
spin-2 resonance produced in gluon fusion (2+mgg) has been presented by CMS [12], with data
strongly disfavouring the pure pseudoscalar hypothesis. We expand here the analysis and test
new spin-parity hypotheses with respect to those covered in Ref. [12] and consider the models
JP = 0+, 0+h , 0�, 2+mgg, 2+mqq̄, 1�, 1+, as detailed in Table 3.

Table 3: List of models used in analysis of spin-parity hypotheses corresponding to the pure
states of the type noted. The expected separation is quoted for two scenarios, when the sig-
nal strength for each hypothesis is pre-determined from the fit to data and when events are
generated with SM expectation for the signal yield (µ=1). The observed separation quotes con-
sistency of the observation with the 0+ model or JP model, and corresponds to the scenario
when the signal strength is pre-determined from the fit to data. The last column quotes CLs
criterion for the JP model.

JP production comment expect (µ=1) obs. 0+ obs. JP CLs
0� gg ! X pseudoscalar 2.6s (2.8s) 0.5s 3.3s 0.16%
0+h gg ! X higher dim operators 1.7s (1.8s) 0.0s 1.7s 8.1%
2+mgg gg ! X minimal couplings 1.8s (1.9s) 0.8s 2.7s 1.5%
2+mqq̄ qq̄ ! X minimal couplings 1.7s (1.9s) 1.8s 4.0s <0.1%
1� qq̄ ! X exotic vector 2.8s (3.1s) 1.4s >4.0s <0.1%
1+ qq̄ ! X exotic pseudovector 2.3s (2.6s) 1.7s >4.0s <0.1%

The discriminant for signal hypothesis testing is constructed using the matrix element likeli-
hood approach discussed in Section 4 as follows

DJP =
PSM

PSM + PJP

=

"
1 +

PJP(mZ1, mZ2, ~W|m4`)

PSM(mZ1, mZ2, ~W|m4`)

#�1

, (5)

where PSM is the probability distribution for the SM Higgs boson hypothesis, PJP is the prob-
ability for an alternative model. As input we use the same kinematic observables as discussed
in Section 4, invariant masses mZ1, mZ2 and angles ~W.

0- is excluded at 97.8% CL 
1+ is excluded at 99.97% CL 
1- is excluded at 99.7% CL 
2+ is excluded at >99.9% CL

ATLAS Collaboration 
arXiv:1307.1432
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with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–
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The Road to the Holy Grail
✦ Impressive host of SM measurement leading to the Higgs 

boson discovery and measurement of its properties
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Higgs: Production 
and Decay
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Higgs Boson Production
✦ The following four mechanisms can be tested at the LHC and 

the Tevatron:

๏ (a) gluon fusion (19 pb @ 8 TeV)

๏ (b) VBF (WW or ZZ fusion)

๏ (c) Associated production (VH)

๏ (d) ttH production

�17
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Higgs Boson Decays
✦ The Nature has 

chosen the 
Higgs boson 
mass (~125.5 
GeV) maximally 
rich, but quite 
challenging 
experimentally


✦ The “big five”:

๏ H(bb) - 57%

๏ H(WW) - 22%

๏ H(ττ) - 6.2%

๏ H(ZZ) - 2.8%

๏ H(γγ) - 0.23%

�18
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The Matrix
✦ Production ⊕ decay are always sensitive to a linear combination of products of 

two couplings:

๏ Simple example: σ(gg → H(ZZ → 4l)) ~ |κtt κZZ|2 = κtt

2κZZ
2



๏ More complex: σ(ttH → H(γγ)) ~ |κtt(κtt - ακWW)|
2 
= κtt

4 + α2κtt
2κWW

2 
- ακttκWW


✦ Not easy to disentangle couplings; requires model assumptions

๏ Practically, only the H(γγ) channels offer direct sensitivity to the sign of the couplings 

(VBF and gg fusion have very little interference), unless we succeed with qb → q’tH

�19

         Decay 
Product. HVV Htt Hbb Hττ

Htt
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H(γγ)
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at masses greater than 2mZ is dominated by the irreducible ZZ background, where the two Z817

bosons are produced on shell.818
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Figure 9: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 2e2µ and 4µ channels. Points with error bars represent the data, shaded histograms
represent the backgrounds, and the unshaded histogram the signal expectation for a mass hy-
pothesis of mH = 126 GeV. Signal and ZZ background are normalized to the SM expectation,
Z + X background to the estimation from data. The expected distributions are presented as
stacked histograms. No events are observed with m4` > 800 GeV.

The number of candidates observed in data as well as the expected yields for background and819

several SM Higgs boson mass hypotheses are reported in Table 3, for m4` > 100 GeV. The820

observed event rates for the various channels are compatible with SM background expectation821

in the m4` region above 2mZ, while a deviation is observed in the lower region. Given that the822

excess of events observed in the 4` mass spectrum is localized in a narrow region in the vicinity823

of 126 GeV, the events expected in a narrower range, 121.5 < m4` < 130.5 GeV, are reported824

in Table 4. Table 5 reports the breakdown of the events observed in data and the expected825

background yields in the same m4` region in the two analysis categories, together with the826

expected yield for a SM Higgs boson with mH = 126 GeV, split by production mechanism. The827

m4` distribution for the sum of the 4e, 2e2µ, and 4µ channels, in the low-mass region, is shown828

in Fig. 10. Figure 11 shows the reconstructed invariant masses of the Z1 and Z2 in a m4` range829

between 121.5 and 130.5 GeV.830

The distributions of the Dkin
bkg versus m4` are shown for the selected events and compared to831

the SM background expectation in Fig. 12. The distribution of events in the (m4`,Dkin
bkg) plane832

agrees well with the SM expectation in the high-mass range (Fig. 12b), while discrepancies833

in the two dimensional plane are observed in the low-mass range (Fig. 12a), indicative of the834

presence of a signal. Figure 13a shows the same data points as in Fig. 12a, but compared with835
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H(ZZ→4l)
✦ Most sensitive, high-resolution channel for a 125 GeV Higgs!


๏ ATLAS: Cut-in-categories, FSR accounting, untagged + VBF+ VH

๏ CMS: MELA (angular analysis), FSR recovery, untagged + VBF

�21

of them fails the transverse impact parameter selection.
This procedure allows the t  t and Z+ jets backgrounds to
be estimated simultaneously from a fit to the m12 distri-
bution.

To determine the reducible ℓℓ + ee background, a
CR is formed by relaxing the selection criteria for the
electrons of the sub-leading pair: each of these elec-
trons is then classified as “electron–like” or “fake–like”
based on requirements on appropriate discriminating
variables [102]. The numbers of events with different
combinations of “electron–like” or “fake–like” objects
are then used to estimate the true composition of the
CR (in terms of isolated electrons, non-prompt electrons
from heavy-flavour decays, electrons from photon con-
versions and jets misidentified as electrons), from which
the expected yields in the signal region can be obtained
using transfer factors from the MC simulation.

Similar techniques are used to determine the back-
grounds for the VBF–like and VH–like categories.

5.4. Systematic uncertainties
The dominant sources of systematic uncertainty af-

fecting the H → ZZ∗ 8 TeV analysis are listed in Table 6
(see Ref. [2] for the 7 TeV analysis). Lepton reconstruc-

Table 6: FormH = 125 GeV and the 8 TeV data analysis, the impact of
the main sources of systematic uncertainty specific to the H → ZZ∗
channel on the signal yield, estimated reducible background, event
migration between categories and mass measurement. Uncertainties
common to all channels are listed in Table 1.

Source Uncertainty (%)
Signal yield 4µ 2µ2e 2e2µ 4e

Muon reconstruction and identification ±0.8 ±0.4 ±0.4 -
Electron reconstruction and identification - ±8.7 ±2.4 ±9.4

Reducible background (inclusive analysis) ±24 ±10 ±23 ±13
Migration between categories

ggF/VBF/VH contributions to VBF–like cat. ±32/11/11
ZZ∗ contribution to VBF–like cat. ±36
ggF/VBF/VH contributions to VH–like cat. ±15/5/6
ZZ∗ contribution to VH–like cat. ±30

Mass measurement 4µ 2µ2e 2e2µ 4e
Lepton energy and momentum scale ±0.2 ±0.2 ±0.3 ±0.4

tion, identification and selection efficiencies, as well as
energy and momentum resolutions and scales, are de-
termined using large control samples from the data, as
described in Section 2. Only the electron uncertainty
contributes significantly to the uncertainty on the signal
yield.

The background uncertainty is dominated by the un-
certainty on the transfer factors from the CRs to the sig-
nal region and the available number of events in the con-
trol regions.

The uncertainty on the population of the various cate-
gories (migration) comes mainly from the knowledge of

the theoretical cross sections for the various production
processes, the modelling of the underlying event and the
the knowledge of the jet energy scale.

The H → ZZ∗ → 4ℓ mass measurement is dis-
cussed in Section 7.2. The main sources contributing
to the electron energy scale uncertainty are described
in Section 4.4; the largest impact (±0.4%) is on the 4e
final state. Systematic uncertainties from the knowl-
edge of the muon momentum scale (discussed in detail
in Ref. [100]) are smaller. Mass scale uncertainties re-
lated to FSR and background contamination are below
±0.1%.
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Figure 3: The distribution of the four-lepton invariant mass, m4ℓ , for
the selected candidates in the data. The estimated background, as
well as the expected SM Higgs boson signal for mH = 124.3 GeV
(scaled by the signal strength obtained from fits to the data), are also
shown. The single-resonant peak at m4ℓ ∼ 90 GeV includes contribu-
tions from s-channel Z/γ∗ and t-channel (Z∗/γ∗)(Z∗/γ∗) production.

5.5. Results
The reconstructed four-lepton mass spectrum after

all selections of the inclusive analysis is shown in
Fig. 3. The data are compared to the (scaled) ex-
pected Higgs boson signal for mH = 124.3 GeV and
to the estimated backgrounds. At the maximum devi-
ation from the background-only expectation (occurring
at mH = 124.3 GeV), the significance of the observed
peak is 6.6σ for the combined 7 TeV and 8 TeV data,
to be compared with 4.4σ expected from SM Higgs bo-
son production at this mass. This result establishes a
discovery-level signal in the 4ℓ channel alone.

Table 7 presents the numbers of observed and ex-
pected events in the peak region. Out of a total of

9

6.6σ (4.4σ exp.)

6.8σ (6.7σ exp.) @ 125.7 GeV

ATLAS Collaboration, arXiv:1307.1427
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mH = 126 GeV. A signal-like clustering of events is apparent at high values of Dkin
bkg and for837

m4` ⇡ 126 GeV. Figure 13b shows the distribution of the kinematic discriminant Dkin
bkg in the838
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of mH = 125.6 GeV. The likelihood is profiled for all nuisance parameters and 68% and 95%1114

C.L. contours in the (µggH, ttH, µVBF, VH) plane are obtained. Figure 22b shows the result of the fit1115

leading to the measurements of µggH, ttH = 0.80+0.46
�0.36 and µVBF, VH = 1.7+2.2

�2.1. The measured val-1116

ues are consistent with the expectations for the SM Higgs boson, (µggH, ttH, µVBF, VH) = (1, 1).1117

With the current limited statistics, we cannot establish yet the presence of VBF and VH produc-1118

tion, since µVBF, VH = 0 is also compatible with the data. Since the decay (into ZZ) is vector-1119

boson mediated, it is granted that such a coupling must exist in the production side and that1120

the SM VBF and SM VH production mechanisms must be present. The fitted value of µVBF, VH1121

larger than one is driven partly by the hard p4`
T spectrum of the events observed in data when1122

compared to the expectation from the production of the SM Higgs boson (Fig. 14).1123

13.4 Spin and parity1124

To measure the spin and parity properties of the new boson, the methodology discussed in1125

Section 10 is followed. In addition to the models tested in Ref. [32] (0� and gg! 2+m), seven1126

additional models are examined: 0+h , qq ! 1�, qq ! 1+, qq ! 2+m, gg! 2+h , gg! 2�h , gg!1127

2+b . The discrimination is based on 2D probability density functions (Dbkg,DJP), where the1128

kinematic discriminants Dbkg and DJP are defined by Eqs. (8) and (9). The 1± and 2+m signal1129

hypotheses are also tested by relying only on their decay information, i.e. in a production-1130

independent way, using pairs of kinematic discriminants (Ddec
bkg ,Ddec

JP ), defined by Eqs. (10)1131

and (11). All models and discriminants, discussed in Section 10, are listed in Table 2.1132

For spin and parity studies, the event categorization based on jets is not used in order to reduce1133

the dependence on the production mechanisms. Consequently, the VBF discriminants, p4`
T and1134

Djet, are not used, resulting in the LJP

2D model defined in Eq. (15). Events in the mass range 106 <1135
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Figure 14: (a) Distribution of p4`
T versus m4` in the low-mass range 0/1-jet category with col-

ors shown for the expected relative density in linear scale (in arbitrary units) of background
plus Higgs boson signal for mH = 126 GeV. No events are observed for pT > 150 GeV. The
points show the data and horizontal bars represent the measured mass uncertainties. (b) Dis-
tribution of p4`

T in the 0/1-jet category for events in the mass region 121.5 < m4` < 130.5 GeV.
Points with error bars represent the data, shaded histograms represent the backgrounds, and
the red histograms the signal expectation, broken down by production mechanism. Signal and
background histograms are stacked.

The likelihood Lµ
3D includes the kinematic discriminant to differentiate the Higgs boson877

signal from ZZ background, defined in Eq. (7). As the third dimension of the fit, depend-878

ing on the category, the production mode sensitive discriminant p4`
T of Eq. (12) (0/1-jet879

category) or Djet of Eq. (13) (dijet category) is used. These discriminants are defined in880

Section 8. The template distributions used as probability density functions for P(p4`
T |m4`)881

and P(Djet|m4`) are derived in the same way as for the P(Dkin
bkg|m4`), which is discussed882

later in this section.883

2. For the measurement of the mass and width of the resonance we use the following 3D884

likelihood:885

Lm,G
3D ⌘ Lm,G

3D (m4`,Dm,Dkin
bkg) = P(m4`|mH, G,Dm)P(Dm|m4`)P(Dkin

bkg|m4`) . (14)

In this case, the information about the per-event mass uncertainty, Dm, based on the esti-886

mated resolution of the single leptons, as described in Section 8.1, is used. The probability887

density function P(Dm|mH) is used for the simulated signal, while P(Dm|m4`) is used for888

backgrounds. The parameterization of the P(Dm|mH) and P(Dm|m4`) probability den-889

sity functions is discussed later in Section 13.2.890

3. For the spin-parity hypothesis tests, the following two-dimensional (2D) likelihood is891

used:892

G
re

g 
La

nd
sb

er
g 

- H
ig

gs
 B

os
on

s 
Se

ar
ch

es
 a

t t
he

 L
H

C
 - 

W
H

EP
P 

20
13

H(ZZ→4l) Results
�22

µ = 0.93+0.26-0.23+0.13-0.09

ATLAS Collaboration, arXiv:1307.1427

CMS PAS HIG-13-002

±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
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the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production

16

±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
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the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.
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matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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occurs throughVBF (as Fig. 9 shows, the probability for
a vanishing value of µVBF/µggF+ttH , given the observa-
tion in the data, is 0.04%). The inclusion of preliminary
H → ττ results [117], which also provide some sensi-
tivity to this ratio, would give a significance of 3.1σ.

7.4. Couplings measurements
Following the approach and benchmarks recom-

mended in Refs. [119, 120], measurements of couplings
are implemented using a leading-order tree-level moti-
vated framework. This framework is based on the fol-
lowing assumptions:

− The signals observed in the different search chan-
nels originate from a single resonance. A mass
of 125.5 GeV is assumed here; the impact of the
uncertainty reported in Eq. (2) on the results dis-
cussed in this section is negligible.

− The width of the Higgs boson is narrow, justifying
the use of the zero-width approximation. Hence
the predicted rate for a given channel can be de-
composed in the following way:

σ · B (i→ H → f ) =
σi · Γ f
ΓH

(6)

where σi is the production cross section through
the initial state i, Γ f the partial decay width into
the final state f and ΓH the total width of the Higgs
boson.
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Figure 8: Measurements of the µVBF+VH/µggF+ttH ratios for dibo-
son final states and their combination, for a Higgs boson mass mH
=125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1σ and ±2σ uncertainties indicated by the dark-
and light-shaded band, respectively, and the statistical uncertainties
by the superimposed horizontal error bars. The numbers in the second
column specify the contributions of the statistical uncertainty (top),
the total (experimental and theoretical) systematic uncertainty (mid-
dle), and the theoretical uncertainty (bottom) on the signal cross sec-
tion (from QCD scale, PDF, and branching ratios) alone. For a more
complete illustration, the distributions of the likelihood ratios from
which the total uncertainties are extracted are overlaid.

− Only modifications of coupling strengths are con-
sidered, while the tensor structure of the La-
grangian is assumed to be the same as in the Stan-
dard Model. This implies in particular that the ob-
served state is a CP-even scalar.6

The coupling scale factors κ j are defined in such a
way that the cross sections σ j and the partial decay
widths Γ j associated with the SM particle j scale with
κ2j compared to the SM prediction [119]. With this no-
tation, and with κ2H being the scale factor for the to-
tal Higgs boson width ΓH , the cross section for the
gg → H → γγ process, for example, can be expressed
as:

6The spin-CP hypothesis is addressed in Ref. [10].
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occurs throughVBF (as Fig. 9 shows, the probability for
a vanishing value of µVBF/µggF+ttH , given the observa-
tion in the data, is 0.04%). The inclusion of preliminary
H → ττ results [117], which also provide some sensi-
tivity to this ratio, would give a significance of 3.1σ.

7.4. Couplings measurements
Following the approach and benchmarks recom-

mended in Refs. [119, 120], measurements of couplings
are implemented using a leading-order tree-level moti-
vated framework. This framework is based on the fol-
lowing assumptions:

− The signals observed in the different search chan-
nels originate from a single resonance. A mass
of 125.5 GeV is assumed here; the impact of the
uncertainty reported in Eq. (2) on the results dis-
cussed in this section is negligible.

− The width of the Higgs boson is narrow, justifying
the use of the zero-width approximation. Hence
the predicted rate for a given channel can be de-
composed in the following way:

σ · B (i→ H → f ) =
σi · Γ f
ΓH

(6)

where σi is the production cross section through
the initial state i, Γ f the partial decay width into
the final state f and ΓH the total width of the Higgs
boson.
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tion (from QCD scale, PDF, and branching ratios) alone. For a more
complete illustration, the distributions of the likelihood ratios from
which the total uncertainties are extracted are overlaid.

− Only modifications of coupling strengths are con-
sidered, while the tensor structure of the La-
grangian is assumed to be the same as in the Stan-
dard Model. This implies in particular that the ob-
served state is a CP-even scalar.6

The coupling scale factors κ j are defined in such a
way that the cross sections σ j and the partial decay
widths Γ j associated with the SM particle j scale with
κ2j compared to the SM prediction [119]. With this no-
tation, and with κ2H being the scale factor for the to-
tal Higgs boson width ΓH , the cross section for the
gg → H → γγ process, for example, can be expressed
as:

6The spin-CP hypothesis is addressed in Ref. [10].
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occurs throughVBF (as Fig. 9 shows, the probability for
a vanishing value of µVBF/µggF+ttH , given the observa-
tion in the data, is 0.04%). The inclusion of preliminary
H → ττ results [117], which also provide some sensi-
tivity to this ratio, would give a significance of 3.1σ.

7.4. Couplings measurements
Following the approach and benchmarks recom-

mended in Refs. [119, 120], measurements of couplings
are implemented using a leading-order tree-level moti-
vated framework. This framework is based on the fol-
lowing assumptions:

− The signals observed in the different search chan-
nels originate from a single resonance. A mass
of 125.5 GeV is assumed here; the impact of the
uncertainty reported in Eq. (2) on the results dis-
cussed in this section is negligible.

− The width of the Higgs boson is narrow, justifying
the use of the zero-width approximation. Hence
the predicted rate for a given channel can be de-
composed in the following way:

σ · B (i→ H → f ) =
σi · Γ f
ΓH

(6)

where σi is the production cross section through
the initial state i, Γ f the partial decay width into
the final state f and ΓH the total width of the Higgs
boson.
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which the total uncertainties are extracted are overlaid.

− Only modifications of coupling strengths are con-
sidered, while the tensor structure of the La-
grangian is assumed to be the same as in the Stan-
dard Model. This implies in particular that the ob-
served state is a CP-even scalar.6

The coupling scale factors κ j are defined in such a
way that the cross sections σ j and the partial decay
widths Γ j associated with the SM particle j scale with
κ2j compared to the SM prediction [119]. With this no-
tation, and with κ2H being the scale factor for the to-
tal Higgs boson width ΓH , the cross section for the
gg → H → γγ process, for example, can be expressed
as:

6The spin-CP hypothesis is addressed in Ref. [10].
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Seeing Light Higgs w/ Light
�23

✦ One of the most challenging and sensitive channels:

๏ Small branching fraction (0.23%), compensated by large cross 

section

๏ Large QCD background from direct diphotons, and direct photons 

with j → γ	


✤ Thorough optimization; background estimated from sidebands


๏ Ambiguity with primary vertex selection

✤ ATLAS - photon pointing

✤ CMS - dedicated MVA technique


๏ Analysis is done in categories:

✤ ATLAS: untagged (9 sub-categories), lepton-tag (WH/ZH), MET tag 

(Z(νν)H, 8 TeV only), VBF (1 or 2 categories)

✤ CMS: untagged (4 sub-categories), lepton-tag, MET tag, VBF (1 or 2 

categories); also a cut-in-categories cross-check analysis

๏ Takes advantage of higher boost of the Higgs boson with respect 

to background (gluons radiate more than quarks!)
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ATLAS H(γγ) Results
�24

in the range 84 GeV < meγ < 94 GeV are not consid-
ered.
EmissT category (8 TeV data only): This category tar-

gets mainly VH events with W → ℓν or Z → νν. An
EmissT significance (defined as EmissT /σEmissT

, where in this
case σEmissT

= 0.67 GeV1/2
√
ΣET with ΣET being the

event total transverse energy) greater than five is re-
quired, corresponding to EmissT > 70 – 100 GeV depend-
ing on ΣET .
Low-mass two-jet category (8 TeV data only): To se-

lect VH events where theW or Z boson decays hadron-
ically, a pair of jets with invariant mass in the range
60 GeV < mj j < 110 GeV is required. To reduce the
ggF contamination, the pseudorapidity difference be-
tween the dijet and diphoton systems is required to be
|∆ηγγ, j j| < 1, and the component of the diphoton trans-
verse momentum orthogonal to the diphoton thrust axis
in the transverse plane3 [94, 95] is required to satisfy
pTt > 70 GeV.
High-mass two-jet categories: These categories are

designed to select events produced through the VBF
process, which is characterised by the presence of two
forward jets with little hadronic activity in the central
part of the detector. Jets are reconstructed as described
in Section 2. The selection for the 8 TeV data is based
on a multivariate technique using a Boosted Decision
Tree (BDT), whose input quantities are: the pseudora-
pidities of the two jets (η j1, η j2) and their separation
in η; the invariant mass of the dijet system; the differ-
ence η∗ = ηγγ − (η j1 + η j2)/2, where ηγγ is the pseu-
dorapidity of the diphoton system; the minimal radial
distance (∆R =

√

∆φ2 + ∆η2) of any jet–photon pair;
and the difference ∆φγγ, j j between the azimuthal angles
of the diphoton and dijet momenta. The BDT training
is performed using a signal sample, as well as a back-
ground sample composed of simulated γγ events com-
bined with γ j and j j components obtained from data.
The BDT response distributions for data and simulation
are shown in Fig. 1. The BDT output is used to define
two high-mass two-jet categories: a “tight” category
corresponding to BDT ≥ 0.74, and a “loose” category
for 0.44 ≤ BDT < 0.74. For the 7 TeV data, the same
cut-based selection as described in Ref. [2] is applied,
namely mj j > 400 GeV, |∆η j j| > 2.8 and |∆φγγ, j j| > 2.8.
Untagged categories: Events not selected in any of

the above categories are classified in nine additional cat-
egories according to the properties of their diphoton sys-

3pTt = |(pγ1T + p
γ2
T ) × t̂|, where t̂ =

pγ1T −p
γ2
T

|pγ1T −p
γ2
T |
denotes the thrust

axis in the transverse plane, and pγ1T , p
γ2
T are the transverse momenta

of the two photons.
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Figure 1: Distribution of the VBF BDT response after applying the
selection of the inclusive analysis and requiring in addition the pres-
ence of two jets with |∆η j j | > 2 and |η∗ | < 5. The data in the signal
sidebands (i.e. excluding the mγγ region 120–130 GeV), the expected
background, and the expected signal from VBF and ggF production
are shown. They are all normalised to unity except ggF, which is
normalised to the ratio between the numbers of ggF and VBF events
passing the selection described above.

tem. Events with both photons unconverted are classi-
fied into unconverted central if |η| < 0.75 for both pho-
tons, and unconverted rest otherwise. Events with at
least one converted photon are similarly separated into
converted central if |η| < 0.75 for both photons, con-
verted transition if 1.3 < |η| < 1.75 for either photon,
and converted rest otherwise. Finally, all untagged cat-
egories except converted transition are split into low pTt
and high pTt sub-categories by a cut at pTt = 60 GeV.
This classification is motivated by differences in mass
resolution and signal-to-background ratio for the vari-
ous categories.

4.3. Background estimation

The background is obtained from fits to the diphoton
mass spectrum in the data over the range 100–160 GeV
after the full selection. The procedure, the choice of
the analytical forms for the background and the deter-
mination of the corresponding uncertainties follow the
method described in Ref. [2]. Depending on the cate-
gory, the analytical form is either a fourth-order Bern-
stein polynomial [96] (used also for the inclusive sam-
ple), an exponential of a second-order polynomial, or a
single exponential. In these fits, the Higgs boson signal
is described by the sum of a Crystal Ball function [97]
for the core of the distribution and a Gaussian function
for the tails.
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Figure 2: Invariant mass distribution of diphoton candidates after all
selections of the inclusive analysis for the combined 7 TeV and 8 TeV
data. The result of a fit to the data with the sum of a SM Higgs boson
signal (withmH = 126.8 GeVand free signal strength) and background
is superimposed. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

4.5. Results
The diphoton invariant mass distribution after selec-

tions for the full data sample is shown in Fig. 2. At the
maximum deviation from the background-only expec-
tation, which occurs for mH ∼ 126.5 GeV, the signif-
icance of the observed peak is 7.4σ for the combined
7 TeV and 8 TeV data and the category-based analysis
(compared with 4.3σ expected from SM Higgs boson
production at this mass), which establishes a discovery-
level signal in the γγ channel alone. Table 5 lists the

Table 5: For the H → γγ analysis of the
√
s = 8 TeV data, the num-

bers of events observed in the data (ND), the numbers of background
events (NB) estimated from fits to the data, and the expected SM Higgs
boson signal (NS ) for mH = 126.8 GeV, split by category. All num-
bers are given in a mass window centred at mH = 126.8 GeV and con-
taining 90% of the expected signal (the size of this window changes
from category to category and for the inclusive sample). The predicted
numbers of signal events in each of the ggF, VBF, WH, ZH and t  tH
processes are also given.

Category ND NB NS ggF VBF WH ZH t  tH
Untagged 14248 13582 350 320 19 7.0 4.2 1.0
Loose high-mass two-jet 41 28 5.0 2.3 2.7 < 0.1 < 0.1 < 0.1
Tight high-mass two-jet 23 13 7.7 1.8 5.9 < 0.1 < 0.1 < 0.1
Low-mass two-jet 19 21 3.1 1.5 < 0.1 0.92 0.54 < 0.1
Emiss

T significance 8 4 1.2 < 0.1 < 0.1 0.43 0.57 0.14
Lepton 20 12 2.7 < 0.1 < 0.1 1.7 0.41 0.50
All categories (inclusive) 13931 13205 370 330 27 10 5.8 1.7

observed number of events in the main categories, the
estimated background from fits to the data (described in

Section 4.3), and the predicted signal contributions from
the various production processes.

Additional interpretation of these results is presented
in Section 7.

5. The H→ ZZ∗→ 4ℓ channel

Despite the small branching ratio, this channel pro-
vides good sensitivity to Higgs boson studies, e.g. to
the coupling to Z bosons, mainly because of the large
signal-to-background ratio.

Events are required to have two pairs of same-flavour,
opposite-charge, isolated leptons: 4e, 2e2µ, 2µ2e, 4µ
(where final states with two electrons and two muons
are ordered by the flavour of the dilepton pair with mass
closest to the Z-boson mass). The largest background
comes from continuum (Z(∗)/γ∗)(Z(∗)/γ∗) production,
referred to hereafter as ZZ∗. Important contributions
arise also from Z + jets and t  t production, where two
of the charged lepton candidates can come from decays
of hadrons with b- or c-quark content, misidentification
of light-quark jets, and photon conversions.

The analysis presented here is largely the same as that
described in Ref. [100] with only minor changes. The
electron identification is tightened in the 8 TeV data to
improve the background rejection for final states with
a pair of electrons forming the lower-mass Z∗ boson.
The mass measurement uses a constrained fit to the Z
mass to improve the resolution. The lepton pairing is
modified to reduce the mis-pairing in the 4µ and 4e fi-
nal states, and the minimum requirement on the mass
of the second Z∗ boson is relaxed. Final-state radiation
(FSR) is included in the reconstruction of the first Z(∗) in
events containing muons. Finally, a classification which
separates Higgs boson candidate events into ggF–like,
VBF–like and VH–like categories is introduced.

5.1. Event selection
The data are selected using single-lepton or dilepton

triggers. The pT threshold of the single-muon trigger is
24 GeV (18 GeV) in 2012 (2011) and the ET threshold
of the single-electron trigger is 24 GeV (20–22 GeV).
The dielectron trigger threshold is ET = 12 GeV and
the dimuon trigger threshold is pT = 13 GeV (10 GeV
in 2011) for both leptons. In addition, an asymmetric
dimuon trigger and electron–muon triggers are used as
described in Ref. [100]. The efficiency for events pass-
ing the offline analysis cuts to be selected by at least one
of the above triggers is between 97% and 100%.

Muon and electron candidates are reconstructed as
described in Section 2. In the region |η| < 0.1, which
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Figure 2: Invariant mass distribution of diphoton candidates after all
selections of the inclusive analysis for the combined 7 TeV and 8 TeV
data. The result of a fit to the data with the sum of a SM Higgs boson
signal (withmH = 126.8 GeVand free signal strength) and background
is superimposed. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

4.5. Results
The diphoton invariant mass distribution after selec-
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√
s = 8 TeV data, the num-

bers of events observed in the data (ND), the numbers of background
events (NB) estimated from fits to the data, and the expected SM Higgs
boson signal (NS ) for mH = 126.8 GeV, split by category. All num-
bers are given in a mass window centred at mH = 126.8 GeV and con-
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numbers of signal events in each of the ggF, VBF, WH, ZH and t  tH
processes are also given.
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Untagged 14248 13582 350 320 19 7.0 4.2 1.0
Loose high-mass two-jet 41 28 5.0 2.3 2.7 < 0.1 < 0.1 < 0.1
Tight high-mass two-jet 23 13 7.7 1.8 5.9 < 0.1 < 0.1 < 0.1
Low-mass two-jet 19 21 3.1 1.5 < 0.1 0.92 0.54 < 0.1
Emiss

T significance 8 4 1.2 < 0.1 < 0.1 0.43 0.57 0.14
Lepton 20 12 2.7 < 0.1 < 0.1 1.7 0.41 0.50
All categories (inclusive) 13931 13205 370 330 27 10 5.8 1.7

observed number of events in the main categories, the
estimated background from fits to the data (described in

Section 4.3), and the predicted signal contributions from
the various production processes.

Additional interpretation of these results is presented
in Section 7.
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the coupling to Z bosons, mainly because of the large
signal-to-background ratio.

Events are required to have two pairs of same-flavour,
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(where final states with two electrons and two muons
are ordered by the flavour of the dilepton pair with mass
closest to the Z-boson mass). The largest background
comes from continuum (Z(∗)/γ∗)(Z(∗)/γ∗) production,
referred to hereafter as ZZ∗. Important contributions
arise also from Z + jets and t  t production, where two
of the charged lepton candidates can come from decays
of hadrons with b- or c-quark content, misidentification
of light-quark jets, and photon conversions.

The analysis presented here is largely the same as that
described in Ref. [100] with only minor changes. The
electron identification is tightened in the 8 TeV data to
improve the background rejection for final states with
a pair of electrons forming the lower-mass Z∗ boson.
The mass measurement uses a constrained fit to the Z
mass to improve the resolution. The lepton pairing is
modified to reduce the mis-pairing in the 4µ and 4e fi-
nal states, and the minimum requirement on the mass
of the second Z∗ boson is relaxed. Final-state radiation
(FSR) is included in the reconstruction of the first Z(∗) in
events containing muons. Finally, a classification which
separates Higgs boson candidate events into ggF–like,
VBF–like and VH–like categories is introduced.

5.1. Event selection
The data are selected using single-lepton or dilepton

triggers. The pT threshold of the single-muon trigger is
24 GeV (18 GeV) in 2012 (2011) and the ET threshold
of the single-electron trigger is 24 GeV (20–22 GeV).
The dielectron trigger threshold is ET = 12 GeV and
the dimuon trigger threshold is pT = 13 GeV (10 GeV
in 2011) for both leptons. In addition, an asymmetric
dimuon trigger and electron–muon triggers are used as
described in Ref. [100]. The efficiency for events pass-
ing the offline analysis cuts to be selected by at least one
of the above triggers is between 97% and 100%.

Muon and electron candidates are reconstructed as
described in Section 2. In the region |η| < 0.1, which
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ATLAS Collaboration, arXiv:1307.1427 mH = 126.8 ± 0.2 ± 0.7 GeV

±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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hypothesis. The overall compatibility between the sig-
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tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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Differential Measurements
✦ “One event - discovery; two events - differential cross sections; three events - partial-wave 

analysis”

✦ Given a strong signal, ATLAS proceeded with determining differential distributions for H(γγ)


๏ Similar selection, detector unfolding

๏ Observed somewhat harder pT spectrum than predicted at NLO (POWHEG, MINLO) or NNLO

+NNLL (HRes)

๏ No deviations seen in the leading jet spectrum, but a slight excess in the back-to-back dijets is 

seen

✦ N.B.: important to understand whether effect is real: we assume SM production in the 

search and if the pT spectrum is harder, the results may be biased 
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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Figure 5: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, �� j j and p�� j j

T . The jet veto fraction �Njets=i/�Njets�i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

p
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H ! �� branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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CMS H(γγ) Results
✦ Main analysis: MVA; cross-check: cut-in-categories (CiC)


๏ Significances:

✤ MVA: 3.2σ (4.2σ expected)

✤ CiC: 3.9σ (3.5σ expected)


๏ Mass: 125.4 ± 0.8 GeV

�26

µ-values:
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CMS H(γγ) Results
✦ Main analysis: MVA; cross-check: cut-in-categories (CiC)


๏ Significances:

✤ MVA: 3.2σ (4.2σ expected)

✤ CiC: 3.9σ (3.5σ expected)


๏ Mass: 125.4 ± 0.8 GeV
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µ-values:
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Angular/Width Analysis
✦ Use CiC/MVA H(γγ) analyses to:


๏Look for additional Higgs bosons (with SM-
like couplings; in gg fusion only; and VBF 
only)


๏Look for nearly mass-degenerate additional 
Higgs bosons


๏Set a limit on the Higgs boson width

๏Study the Higgs boson spin-parity 


✦ ΓH < 6.9 (5.9 exp.) GeV - first direct limit on the 
width

�27

CMS PAS HIG-13-016

SM-like

(σ x Br)SM = 0.044 pb @ 8 TeV
7.3 Search for two near mass-degenerate states 9
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Figure 2: Exclusion limit on s ⇥ BR for another Higgs state with SM couplings taking the
observed state at 125 GeV as part of the background
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Figure 3: Exclusion limits on s ⇥ BR for a second Higgs-like state produced with gluon-fusion
only (left) or vector-boson-fusion and vector-boson-associated production only (right) taking
the observed state at 125 GeV as part of the background.

only relevant production mechanism. We assume that the state near 125 GeV has SM cou-
plings, with floating mass and signal strength, and search for additional states with only gluon-
fusion production (Fig. 3a) and only vector-boson-fusion and vector-boson-associated produc-
tion (Fig. 3b). The local p-value at the most significant excess, which in both cases is where
mH=136.5 GeV, is found to be 2.73s for gluon-fusion production only and 2.15s for vector-
boson production only.

7.3 Search for two near mass-degenerate states

Because of the high resolution of the diphoton channel, there is some sensitivity to a pair of
nearby states. The analysis uses the one-Higgs search event selections but the signal model is
re-parameterized such that two mass variables, mH and mH2 = mH + Dm, refer to two similar
but independent signals. The relative strength of the two signals, parametrised by the variable
x, is allowed to float such that the two signals are modulated by rx and r(1 � x) respectively,

VBF only

10 8 Spin hypothesis separation

where r is the total signal strength and x is the fraction of signal contained in the state lower
in mass. A 2D scan of Dm and x is obtained by profiling over mH and r, shown in Fig. 4 for
the expecation (left) and observation (right). We expect to be sensitive in regions where Dm is
close to or greater than the experimental mass resolution and where both signal strengths are
significant. The data disfavours at 95% C.L. cases for which the signal lower in mass is around
4 times the strength of the signal higher in mass, where the signals are separated by greater
than 4 GeV.
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Figure 4: A 2D negative-log-likelihood scan for two near mass-degenerate states parametrised
by Dm (the mass difference between the states) and x (the fraction of signal in the lower mass
state). The black cross shows the best fit value, the solid and dashed lines correspond to the
68% and 95% confidence level contours respectively for the expectation (left) and observation
(right).

8 Spin hypothesis separation
8.1 Event categorisation

The effect of the photon selection cuts on the distributions of | cos(q⇤CS)| is illustrated in Fig. 5.
Before any acceptance cuts, Fig. 5 (left), the | cos(q⇤CS)| distribution of the 0+ processes is flat.
This is not the case for the 2+m processes (gluon-fusion and quark-antiquark annihilation). After
the selection cuts are applied these distributions are considerably distorted, Fig. 5 (right). As a
Higgs produced from vector-boson-fusion, which is ⇠8% of the total (compared to ⇠88% from
gluon fusion), is typically produced at higher transverse momentum there is some additional
contribution of 0+ signal at high values of | cos(q⇤CS)| compared to the 2+m production modes
after the selection cuts.

A robust analysis is possible because although the acceptance ⇥ efficiency varies considerably
as a function of | cos(q⇤CS)|, the shape of this variation is largely independent of the spin-parity
model. This is also true in restricted ranges of h and R9 which allows us to extract the signal
yield in bins of | cos(q⇤CS)| in a comparatively model independent way. Figure 6 shows the
efficiency ⇥ acceptance ratio between the 2+m (with gluon-fusion production only) and 0+ (all
SM production modes) as a function of | cos(q⇤CS)| in the |h| and R9 categories defined in Table 2.
It is clear that the acceptance ⇥ efficiency between the spin-0 and spin-2 models is independent
of | cos(q⇤CS)| apart from at high values of | cos(q⇤CS)| where the vector-boson-fusion production
in the SM plays a role. This motivates the choice of | cos(q⇤CS)| category boundaries described
below where all the categories have similar efficiency ⇥ acceptance apart from the bin highest
in | cos(q⇤CS)|.
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Figure 7: The mT distribution in the eµ final state for the 0-jet and 1-jet categories combined
for observed data superimposed on signal + background events and separately for the signal
events alone (left) and background-subtracted data with best-fit signal component (right). The
signal and background processes are normalized to the result of the template fit to the (mT,
m``) distribution and weighted according to the observed S/(S+B) ratio in each bin of the m``

distribution integrating over the mT variable. To better visualize a peak structure, an extended
mT range including mT=[40,60] GeV is shown, with the normalization of signal and background
events extrapolated from the fit result.
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Figure 8: The m`` distribution in the eµ final state for the 0-jet and 1-jet categories combined
for observed data superimposed on signal + background events, and separately for the signal
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distribution integrating over the m`` variable.

6.2 The zero-jet and one-jet ggH tag 11

Table 3: Summary of the estimation of the background processes in dilepton categories in cases
where data events are used to estimate either the normalization or the shape of the discriminant
variables. A brief description of the control/template sample is given. The WW estimation in
the 2-jet category is purely from simulation.

Process Normalization Shape Control/template sample
WW data simulation events at high m`` and mT
Top-quark data simulation top-tagged events
W + jets data data events with loosely identified leptons
Wg simulation data events with an identified photon
Wg⇤ data simulation Wg⇤ ! 3µ sample
Z/g⇤ ! µµ & Z/g⇤! ee data simulation events at low Emiss

T
Z/g⇤ ! tt data data t embedded sample

the 2-jet category, the dijet variables which are used to distinguish VH production from VBF
production are shown in Fig. 2. Control regions in a similar kinematic topology are studied to
cross-check the background normalization and distribution.
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Figure 1: Distributions of the dilepton invariant mass in the 0-jet category (left), and in the 1-jet
category (right), in the eµ final state for the main backgrounds (stacked histograms), and for a
SM Higgs boson signal with mH = 125 GeV (superimposed and stacked open histogram) at the
WW selection level. The last bin of the histograms includes overflows.

6.2 The zero-jet and one-jet ggH tag

The analysis in this category provides good sensitivity to identify Higgs boson production, and
to test the spin-0 hypothesis against the spin-2 hypothesis. The majority of the SM Higgs boson
events originate from the gluon fusion process, and the event selection relies entirely on the
Higgs boson decay signature of two leptons and Emiss

T .

While the dominant background is the non-resonant WW production, a relatively small con-
tamination from W + jets and Wg(⇤) production nevertheless contributes sizeably to the total
uncertainty in the measurements since these processes are less precisely known and can mimic
the signal topology. Separating the analysis in lepton flavor pairs isolates the most sensitive eµ
final state from the ee/µµ final states, which have additional background contributions from
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H(WW→lνlν)
✦ High-yield, low-resolution 

channel

๏ Most discriminating 

variables: Mll and MT 
(dilepton transverse 
mass)


๏ Search done in 0-, 1-, 
and 2-jet categories; in 
the ee, eµ, and µµ 
channels


✦ ATLAS: fit to the MT 
distribution


✦ CMS: 2D analysis in Mll 
vs. MT for the eµ channel 
and cut-based analysis 
for the same-flavor 
channels (also as a cross-
check in eµ)

�28

predictions for these backgrounds, and good agreement
is observed.

6.3.1. W+jets
The W+jets background is estimated using a CR in

the data in which one of the two leptons satisfies the
identification and isolation criteria, and the other lep-
ton (denoted here as “anti-identified”) fails these crite-
ria but satisfies looser requirements. All other analysis
selections are applied. The contribution to the signal re-
gion is then obtained by scaling the number of events
in the CR by transfer factors, defined as the ratio of the
number of fully identified lepton candidates passing all
selections to the number of anti-identified leptons. The
transfer factors are obtained from a dijet sample as a
function of the pT and η of the anti-identified lepton.

6.3.2. Z/γ∗

The Z/γ∗ yield in the ee/µµ channels for Njet ≤ 1 is
estimated using the frecoil requirement efficiency in data
for DY and non-DY processes. The former is measured
in ee/µµ events in the Z-boson peak region. The latter
is measured in the eµ signal region, taking advantage
of the fact that the frecoil distribution is nearly identical
for all non-DY processes including the signal, as well
as for eµ and ee/µµ final states. The DY normalisation
in the ee/µµ signal region can then be extracted, given
the two measured efficiencies and the total number of
events in the ee/µµ signal region before and after the
frecoil requirement. For the ee/µµ channels with Njet ≥ 2,
the two-dimensional distribution (Emiss

T , mℓℓ) in the data
is used to estimate the total Z/γ∗ yield, as in Ref. [103].

The Z → ττ background is normalised to the data
using an eµ CR defined by the back-to-back configu-
ration of the leptons, ∆φℓℓ > 2.8. For the correspond-
ing CR with Njet ≥ 2, no b-tagged jets are allowed, and
|ptot

T |< 45 GeV is required in addition, in order to reduce
the contamination from top-quark production. A sepa-
rate CR in the Z → ℓℓ peak region is used to correct the
modelling of the VBF-related event selection.

6.3.3. t  t and single top-quark
The top-quark background for the Njet = 0 category

is estimated using the procedure described in Ref. [2],
namely from the number of events in data with any num-
ber of reconstructed jets passing the Emiss

T, rel requirement
(a sample dominated by top-quark production), multi-
plied by the fraction of top-quark events with no recon-
structed jets obtained from simulation. This estimate is
corrected using a CR containing b-tagged jets. The top-
quark background in the Njet ≥ 1 channels is normalised
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Figure 4: The mℓℓ distribution of eµ events with Njet = 0 for the 8 TeV
H→WW∗→ ℓνℓν analysis. The events withmℓℓ < 50 GeV correspond
to the signal region except that the ∆φℓℓ < 1.8 requirement is not ap-
plied here, and the events with 50 GeV < mℓℓ < 100 GeV correspond
to the Njet = 0 WW control region. The signal is stacked on top of
the background. The hatched area represents the total uncertainty on
the sum of the signal and background yields from statistical, exper-
imental, and theoretical sources. The lower part of the figure shows
the ratio of the data to the predicted background. For comparison, the
expected ratio of the signal plus background to the background alone
is also shown.

to the data in a CR defined by requiring exactly one b-
tagged jet and all other signal selections except for the
requirements on ∆φℓℓ and mℓℓ.

6.3.4. WW
The WW background for Njet ≤ 1 is normalised us-

ing CRs in data defined with the same selection as
the signal region except that the ∆φℓℓ requirement is
removed and the mℓℓ bound is modified: for Njet = 0
50 GeV≤mℓℓ < 100 GeV is required, while for Njet = 1
mℓℓ > 80 GeV is used to define the CR. Figure 4 shows
the mℓℓ distribution of eµ events with Njet = 0 in the 8
TeV data. The level of agreement between the predicted
background and the data for mℓℓ > 100 GeV, a region
with negligible signal contribution, validates the WW
background normalisation and the extrapolation proce-
dure based on the simulation. The Njet ≥ 2 prediction is
taken from simulation because of the difficulty of iso-
lating a kinematic region with enough events and small
contamination from the top-quark background.

12

Table 9: For the H→WW∗→ ℓνℓν analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet ≤ 1 and mT < 1.2mH for Njet ≥ 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet ≥ 2

Observed 831 309 55
Signal 100±21 41± 14 10.9±1.4
Total background 739±39 261±28 36±4

WW 551±41 108±40 4.1±1.5
Other VV 58±8 27± 6 1.9±0.4
Top-quark 39±5 95± 28 5.4±2.1
Z+jets 30±10 12± 6 22±3
W+jets 61±21 20± 5 0.7±0.2

those used to normalise the backgrounds, illustrates the
quality of the background estimates. The expected num-
bers of signal and background events at 8 TeV are pre-
sented in Table 9. The VBF process contributes 2%,
12% and 81% of the predicted signal in the Njet = 0, = 1,
and ≥ 2 final states, respectively. The total number of
observed events in the same mT windows as in Table 9
is 218 in the 7 TeV data and 1195 in the 8 TeV data.
An excess of events relative to the background-only

expectation is observed in the data, with the maxi-
mum deviation (4.1σ) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8σ is observed,
compared with an expected value of 3.8σ for a SM
Higgs boson.
Additional interpretation of these results is presented

in Section 7.

7. Higgs boson property measurements

The results from the individual channels described in
the previous sections are combined here to extract infor-
mation about the Higgs boson mass, production proper-
ties and couplings.

7.1. Statistical method
The statistical treatment of the data is described in

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
Λ(α). The latter depends on one or more parameters of
interest α, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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Figure 5: The transverse mass distributions for events passing the full
selection of the H→WW∗→ ℓνℓν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Figure 21: Expected 95% CL upper limits on the H ! WW production cross section relative to
the SM expectation, shown as a function of the SM Higgs boson mass hypothesis, individually
for each search category considered in the combination, and the combined result from all cat-
egories (top). Expected and observed results are shown with no assumptions on the presence
of a Higgs boson (bottom left) and considering the SM Higgs boson with mH = 125.6 GeV as
part of the background processes (bottom right). As expected, the excess observed on the bot-
tom left distribution is reduced on the bottom right by considering the SM Higgs boson with
mH = 125.6 GeV as part of the background processes.

✦ Significant excess is observed:
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Figure 23: Observed s/sSM for mH = 125.6 GeV for each category used in the combination. The
observed s/sSM value in the ZH ! 3`n 2 jets category is 6.41+7.43

�6.38. Given its relatively large
uncertainty with respect to the other categories it is not shown individually, but it is used in
the combination.
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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Figure 21: Expected 95% CL upper limits on the H ! WW production cross section relative to
the SM expectation, shown as a function of the SM Higgs boson mass hypothesis, individually
for each search category considered in the combination, and the combined result from all cat-
egories (top). Expected and observed results are shown with no assumptions on the presence
of a Higgs boson (bottom left) and considering the SM Higgs boson with mH = 125.6 GeV as
part of the background processes (bottom right). As expected, the excess observed on the bot-
tom left distribution is reduced on the bottom right by considering the SM Higgs boson with
mH = 125.6 GeV as part of the background processes.

✦ Significant excess is observed:
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.
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The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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strengths is also found for the various categories of the
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8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
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duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
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µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1σ inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (∼ 1.9σ) observed in the H → γγ channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H → γγ, H→ ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H → ττ [117]
and H → b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb−1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the different production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for different decay
modes, the signal strengths of different production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity offered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH × B/BSM)/(µggF+ttH ×

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1σ uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood Λ(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
−0.3 (stat) +0.6

−0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3σ level that a fraction of Higgs boson production
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Adding VH(WW)
✦ A bit extra help from the VH(WW) in 3-

lepton (ATLAS+CMS), 4-lepton (ATLAS), 
and lljj (CMS) final states


✦ ATLAS: combination with the H(WW) 
analysis:


๏ 4.0σ (3.8σ exp.) significance at  
mH = 125 GeV
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Figure 12: 95% CL upper limit on the ZH production cross section as a function of the Higgs boson
mass, normalised to the SM Higgs boson expectation, from the 4-lepton analysis of the 8 TeV data (full
line). The expected limit in the absence of a signal is also shown (dashed line) with its ±1� and ±2�
uncertainty bands.

9.3 Combined VH result

The results from 2011 and 2012 and the 3-lepton and the 4-lepton analyses have been combined to
derive the expected and observed limits, the local p0 and the local p1. The limits are presented in
Figure 13. The expected and observed limits, at mH=125 GeV, are 3.6 and 7.2 times the SM cross
section respectively. For mH=125 GeV, the data are compatible with the background-only hypothesis at
the 2.0� level (p0 = 2.1%) and with the signal plus background hypothesis at the 1.4� level (p1 = 7.9%),
while the fitted signal strength is 3.7+1.9

�2.0 times the expected SM Higgs boson signal.
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Figure 13: 95% CL upper limit on the VH production cross section as a function of the Higgs boson
mass, normalised to the SM Higgs boson expectation, from the 3-lepton analysis of the 7 TeV and 8 TeV
data and the 4-lepton analysis of the 8 TeV data (full line). The expected limit in the absence of a signal
is also shown (dashed line) with its ±1� and ±2� uncertainty bands.

22

ATLAS-CONF-2013-075

11

Higgs mass [GeV]
110 120 130 140 150 160 170 180 190 200

SM
σ/

σ
95

%
 C

L 
lim

it 
on

 

1

10

210
CMS preliminary

 (cut-based)ν 3l3→VH 

 (8 TeV)-1 (7 TeV) + 19.5 fb-1L = 4.9 fb

 observed
 median expected

σ 1± expected 
σ 2± expected 

Figure 5: Upper limits at 95% CL in 24.4 fb�1 in the SM Higgs scenario. The observed limit,
when a SM Higgs boson at mH = 125 GeV, differs little from the observed limit without such a
signal.
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Figure 6: Upper limits at 95% CL in 24.4 fb�1 in the SM Higgs scenario for the shape-based
analysis. The observed limit, when a SM Higgs boson at mH = 125 GeV, differs little from the
observed limit without such a signal.
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VH(bb) in ATLAS
✦ Search done in 0-, 1-, and 2-

lepton categories, further split in 
bins of pT(V)

๏ µ = 0.2+0.7

-0.6 

๏ Limit: µ < 1.4 (1.3 exp.) at  
mH =125 GeV
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Figure 14: The mbb distribution in data after subtraction of all backgrounds except for the diboson pro-
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T intervals, and data
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ratio (right). The backgrounds are evaluated according to the results of the global Higgs-boson fit. The
Higgs boson signal contribution is shown both with its fitted signal strength (indicated as “best fit”) and
as expected for the SM cross section ( indicated as µ = 1.0). The size of the combined statistical and
systematic uncertainty on the fitted background is indicated by the hashed band.
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Figure 12: The fitted diboson signal strength µVZ for the 7 TeV, 8 TeV, and combined datasets, and for the

three channels separately and combined. The individual µVZ-values for the lepton channels are obtained

from a simultaneous fit with the signal strength for each floating independently.
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from a simultaneous fit with the signal strength for each floating independently.
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individual µ-values for the lepton channels are obtained from a simultaneous fit with the signal strength
for each floating independently.
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Figure 8: Dijet mass cross-check analysis. Left: weighted dijet invariant mass distribution,
combined for all channels. For each channel, the relative dijet mass distribution weight for
each boost region is obtained from the ratio of the expected number of signal events to the
sum of expected signal and background events in a window of m(jj) values between 105 and
150 GeV. The expected signal used corresponds to the production of the SM Higgs boson with
a mass of 125 GeV. The weight for the highest-boost region is set to 1.0 and all other weights are
adjusted proportionally. The solid histograms for the backgrounds and the signal are summed
cumulatively. The line histogram for signal and for VV backgrounds are also shown super-
imposed. The data is represented by points. The bottom inset shows the ratio of the number
of events observed in data to that of the Monte Carlo prediction for signal and backgrounds.
Right: same distribution with all backgrounds, except dibosons, subtracted.
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Figure 5: Left: The expected and observed 95% CL upper limits on the product of the VH pro-
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using the 2011 (7 TeV) and 2012 (8 TeV) data. The red dashed line represents the expected limit
obtained from the sum of expected backgrounds and the SM Higgs boson signal with a mass
of 125 GeV. Right: local p-values and corresponding significance (measured in standard devi-
ations) for the background-only hypothesis to account for the observed excess of events in the
data.

The best-fit values of the production cross section for a 125 GeV Higgs boson, relative to the
standard model cross section (signal strength, µ), are shown in the left panel of Fig. 6 for
the W(`n)H and W(tn)H channels combined, for the Z(``)H channels combined, and for the
Z(nn)H channel. The observed signal strengths are consistent with each other, and the value
for the signal strength for the combination of all channels is 1.0 ± 0.5. In the right panel of
Fig. 6 the correlation between the signal strengths for the separate production processes, WH
and ZH is shown. The two production modes are consistent within uncertainties. This figure
contains slightly different information than the one on the left panel as some final states con-
tain signal events that originate from both WH and ZH production processes. The WH process
contributes approximately 20% of the Higgs boson signal event yields in the Z(nn)H channel,
resulting from events in which the lepton is outside the detector acceptance, and the Z(``)H
process contributes less than 5% to the W(`n)H channel when one of the leptons is outside the
detector acceptance. The dependency of the combined signal strength on the value assumed
for the Higgs boson mass is shown in the left panel of Fig. 7.

In the right panel of Fig. 7 the best-fit values for the kV and kb parameters are shown. The
parameter kV quantifies the ratio of the measured Higgs boson couplings to vector bosons
relative to the SM value. The parameter kb quantifies the ratio of the measured Higgs boson
partial width into bb relative to the SM value. They are defined as: kV

2 = sVH
�

sSM
VH and

kb
2 = Gbb

.
GSM

bb̄ , with the SM scaling of the total width [64]. The measured couplings are
consistent with the expectations from the standard model, within uncertainties.
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Figure 4: Combination of all channels into a single distribution. Events are sorted in bins
of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminant (trained with a Higgs boson mass hypothesis of 125 GeV).
The two bottom insets show the ratio of the data to the background-only prediction (above)
and to the predicted sum of background and SM Higgs boson signal with a mass of 125 GeV
(below).

and the signal of a SM Higgs boson with a mass of 125 GeV.

For all channels an excess of events over the expected background contributions is indicated by
the fits of the BDT output distributions. The probability (p-value) to observe data as discrepant
as observed under the background-only hypothesis is shown in the right panel of Fig. 5 as a
function of the assumed Higgs boson mass. For mH = 125 GeV, the excess of observed events
corresponds to a local significance of 2.1 standard deviations away from the background-only
hypothesis. This is consistent with the 2.1 standard deviations expected when assuming the
standard model prediction for Higgs boson production.

The relative sensitivity of the channels that are topologically distinct is demonstrated in Table 9
for mH = 125 GeV. The table lists the expected and observed limits and local significance for
the W(`n)H and W(tn)H channels combined, for the Z(``)H channels combined, and for the
Z(nn)H channel.

Table 9: The expected and observed 95% CL upper limits on the product of the VH production
cross section times the H ! bb branching fraction, with respect to the expectations for the
standard model Higgs boson, for partial combination of channels and for mH = 125 GeV. Also
shown are the expected and observed local significances.

mH = 125 GeV s/sSM (95% CL) s/sSM (95% CL) Significance Significance
median expected observed expected observed

Z(nn)H 1.6 2.6 1.3 1.3
Z(``)H 1.9 2.8 1.1 0.8

W(`n, tn)H 1.6 2.3 1.3 1.4
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13 ✦ Combines the W(lν) (including τ), Z(ee,µµ,νν) 

channels; BDT is used in most

✦ Mbb resolution ~10%, after regression

✦ Observed a 2.1σ excess (2.1σ expected)


๏ Over 7σ significance for the VZ(bb) signal

✦ Corresponding signal strength: 


๏ μ = 1.0 ± 0.5 at MH = 125 GeV

VH(bb) in CMS

>7σ

2.1σ

�33

CMS Collaboration 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Figure 6: Left: The best-fit value of the production cross section for a 125 GeV Higgs boson
relative to the standard model cross section, i.e., signal strength µ, for partial combinations of
channels and for all channels combined (band). Right: The best-fit values and the 68% and 95%
CL contour regions for the µZH, µWH signal strength parameters for a 125 GeV Higgs boson.

8.1 Results for the dijet mass cross-check analysis

The left panel of Fig. 8 shows a weighted dijet invariant mass distribution for the combination
of all channels, in all boost regions, in the combined 7 and 8 TeV data, using the event selection
for the m(jj) cross-check analysis described in Section 5. For each channel, the relative event
weight in each boost region is obtained from the ratio of the expected number of signal events
to the sum of expected signal and background events in a window of m(jj) values between
105 and 150 GeV. The expected signal used corresponds to the production of the SM Higgs
boson with a mass of 125 GeV. The weight for the highest-boost region is set to 1.0 and all other
weights are adjusted proportionally. Figure 8 also shows the same weighted dijet invariant
mass distribution with all backgrounds, except diboson production, subtracted. The data are
consistent with the presence of a diboson signal from ZZ and WZ channels, with Z ! bb),
with a rate consistent with the standard model prediction from the MADGRAPH generator,
together with a small excess consistent with the production of the standard model Higgs boson
with a mass of 125 GeV. For the m(jj) analysis, a fit to the dijet invariant mass distribution
results in a measured Higgs boson signal strength, relative to that predicted by the standard
model, of µ = 0.8 ± 0.7, with a local significance of 1.1 standard deviations with respect to the
background-only hypothesis. For a Higgs boson of mass 125 GeV, the expected and observed
95% CL upper limits on the production cross section, relative to the standard model prediction,
are 1.4 and 2.0, respectively.

8.2 Diboson signal extraction

As a validation of the multivariate technique, BDT discriminants are trained using the diboson
sample as signal, and all other processes, including VH production (at the predicted standard
model rate for a 125 GeV Higgs mass), as background. This is done for the 8 TeV dataset only.
The observed excess of events for the combined WZ and ZZ processes, with Z ! bb, dif-
fers by over 7 standard deviations from the event yield expectation from the background-only
hypothesis. The corresponding signal strength, relative to the prediction from the diboson
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Figure 9: Expected and observed 95% confidence level limits on the signal cross section in
units of the SM expected cross section, as a function of the Higgs boson mass, including all
four higher ANN event categories. The limits expected in the presence of a SM Higgs boson
with mass 125 GeV are indicated by the dotted curve.
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7 Analysis of the invariant mass distribution

The ANN response for the signal peaks close to unity but it has a considerable tail towards
lower values. In order to use the ANN response information, the search is conducted simul-
taneously in four bins of the ANN response (categories). The number of the categories and
the boundaries between them are chosen such that the sensitivity is maximized. The expected
yields per category for all the samples are shown in Table 2; the category with the lowest ANN
response (< 0.52) is not used in the signal search.

Table 1: ANN output boundaries for the definition of preselected event categories.

Cat. 0 Cat. 1 Cat. 2 Cat. 3 Cat. 4
ANN < 0.52 0.52  ANN < 0.76 0.76  ANN < 0.90 0.90  ANN < 0.96 ANN � 0.96

In each ANN event category the mbb spectrum is fitted with a background template with three
parts: a fifth degree Bernstein polynomial representing the non-peaking QCD background,
a Z/W template taken from simulation, and a top template that combines the tt̄ and single-
top contributions, also taken from simulation. The parameters of the polynomial are floating,
while the normalization of the Z/W and top components are fixed to the SM cross sections.
The three parts form the model for the null hypothesis, as opposed to the signal hypothesis,
which contains in addition the signal template with free normalization. The fits are performed
in the 70 GeV < mbb < 250 GeV mass range.

7.1 Fit of the Z peak

Dedicated fits of the Z peak in the bb invariant mass distribution using the same techniques em-
ployed to search for the VBF Higgs boson signal have been performed, to validate the method-
ology used to search and extract the Higgs boson bb signal. No systematic uncertainties have

CMS PAS HIG-13-011✦ Interesting channel, directly comparable with VH(bb)

✦ New analysis from CMS @ 8 TeV

✦ Based on an ANN, with input variables describing properties 

of the two b-jets in the event and two VBF tagged jets

๏ See a clear Z(bb) peak after preselection


✦ Combination done with the VH(bb) results
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four higher ANN event categories. The limits expected in the presence of a SM Higgs boson
with mass 125 GeV are indicated by the dotted curve.
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7 Analysis of the invariant mass distribution

The ANN response for the signal peaks close to unity but it has a considerable tail towards
lower values. In order to use the ANN response information, the search is conducted simul-
taneously in four bins of the ANN response (categories). The number of the categories and
the boundaries between them are chosen such that the sensitivity is maximized. The expected
yields per category for all the samples are shown in Table 2; the category with the lowest ANN
response (< 0.52) is not used in the signal search.

Table 1: ANN output boundaries for the definition of preselected event categories.

Cat. 0 Cat. 1 Cat. 2 Cat. 3 Cat. 4
ANN < 0.52 0.52  ANN < 0.76 0.76  ANN < 0.90 0.90  ANN < 0.96 ANN � 0.96

In each ANN event category the mbb spectrum is fitted with a background template with three
parts: a fifth degree Bernstein polynomial representing the non-peaking QCD background,
a Z/W template taken from simulation, and a top template that combines the tt̄ and single-
top contributions, also taken from simulation. The parameters of the polynomial are floating,
while the normalization of the Z/W and top components are fixed to the SM cross sections.
The three parts form the model for the null hypothesis, as opposed to the signal hypothesis,
which contains in addition the signal template with free normalization. The fits are performed
in the 70 GeV < mbb < 250 GeV mass range.

7.1 Fit of the Z peak

Dedicated fits of the Z peak in the bb invariant mass distribution using the same techniques em-
ployed to search for the VBF Higgs boson signal have been performed, to validate the method-
ology used to search and extract the Higgs boson bb signal. No systematic uncertainties have

CMS PAS HIG-13-011✦ Interesting channel, directly comparable with VH(bb)

✦ New analysis from CMS @ 8 TeV

✦ Based on an ANN, with input variables describing properties 

of the two b-jets in the event and two VBF tagged jets

๏ See a clear Z(bb) peak after preselection


✦ Combination done with the VH(bb) results
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CMS PAS HIG-13-011✦ Interesting channel, directly comparable with VH(bb)

✦ New analysis from CMS @ 8 TeV

✦ Based on an ANN, with input variables describing properties 

of the two b-jets in the event and two VBF tagged jets

๏ See a clear Z(bb) peak after preselection


✦ Combination done with the VH(bb) results
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Figure 9: The best-fit value for the signal strength µ in the individual channels and the combination.
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the statistical uncertainty (top, black), the total (experimental and theoretical) systematic uncertainty
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H(ττ) in ATLAS
�35

ATLAS-CONF-2013-108

✦ Analysis has just been updated to full 8 TeV statistics

๏ 7 TeV has not been reanalyzed yet since ATLAS-CONF-2012-102 


✦ Uses multivariate technique with mττ as one of the most discriminating variables

✦ μ = 1.4+0.5

-0.4; significance 4.1σ (3.2σ exp.) - strong evidence for H(ττ) coupling
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H(ττ) in CMS
✦ Updated to full statistics; based on eμ, 
μμ, eτh, μτh, and τhτh channels


✦ Analysis is done separately in 0-, 1-, 
and 2-jet (VBF) categories


๏ 0- and 1-jet categories are 
each split in two, depending 
on the pT of the τ-decay products


๏ τhτh doesn’t use 0-jet category and the 
1- and 2-jet categories are not split


✦ Also include VH(ττ) channels

✦ Optimized ττ mass reconstruction 

(SVFIT) with ~20% resolution

✦ Benefits significantly from particle-flow 

reconstruction

�36

Embedding (replace µ with  
simulated τ in Z(µµ) sample);  

normalization from Z(µµ)  
(5% syst.)

Dominated by W+jets; 
shape from simulation; 

normalization from control 
regions (10-20% syst.)

QCD: from SS sample  
(10% syst.)

CMS Twiki HIG-13-004  
Dec 2013 update
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CMS: H(ττ) Results
�37

CMS Twiki HIG-13-004 
Dec 2013 update

3.6σ 
3.4σ 



Not-yet-Visible 
Higgs
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H(Zγ) Results
�39

✦ Similar branching fraction to H(γγ) (0.16%), but an additional price to pay 
for the leptonic branching fraction of the Z


✦ Decay can be enhanced/suppressed independently of H(γγ)

๏ Sensitive to new physics via loops


✦ Not sensitive to the SM Higgs boson (yet), set the following limits:

๏ ATLAS: μ <  18.2 @ 95% CL (13.5 exp.) 
๏ CMS: μ < 10 @ 95% CL (10 exp.)
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admixture, already strongly disfavoured from the analysis of the angular distributions of the210

lepton pairs in H ! ZZ decays [4], are now excluded.211

7 Summary212

A search has been performed for a Higgs boson decaying into a Z boson and a photon. The213

analysis used a dataset from proton-proton collisions at a center-of-mass energy of 7 and 8 TeV,214

corresponding to an integrated luminosity of 5.0 and 19.6 fb�1, respectively. No excess above215

standard model predictions has been found and the first limits on the Higgs boson production216

cross section times the H ! Zg branching fraction at the LHC have been derived. The expected217

exclusion limits at 95% confidence level are between 5 and 16 times the standard model cross218

section in the 120 –160 GeV mass range and the observed limit ranges between about 4 and 25219

times the standard model cross section. The observed and expected limits for m``g at 125 GeV220

are within one order of magnitude of the standard model prediction.221
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Figure 5: The exclusion limit on the cross section times the branching fraction of a Higgs boson
decaying into a Z boson and a photon divided by the SM value.
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H(µµ/ee) Results
✦ Observing H(μμ) decay may be the only way to prove non-

flavor-universal couplings of the Higgs boson

๏ N.B. Coupling to charm is very hard to probe


✦ Requires very large statistics for observation: a strong case 
for HL-LHC


✦ First searches have been done already:

๏ ATLAS: μ < 9.8 (8.2 expected) @ 95% CL 
๏ CMS: μ < 7.4 (5.1 expected) @ 95% CL; 

Br(H→ee) < 1.7 x 10-3 @ 95% CL

�40
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H(µµ) Projections
✦ CMS: 5σ discovery w/ ~1.2 ab-1 @ 14 TeV


๏ Measure muon coupling with 8% precision with  
~3 ab-1 @14 TeV 


๏ Reach SM branching fraction sensitivity already in 
Run 2, with ~150 fb-1


✦ ATLAS: ~6σ discovery with ~3 ab-1

�41

The ttH initial state is of special interest, as it yields a precise measurement of the square of the
top-Yukawa coupling, which is otherwise not easily accessible. Figure 1 shows the expected signal
in the ttH 1-lepton final state and Figure 3(a) shows the expected measurement precision.
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Figure 1: Expected �� invariant mass distribution for the tt̄H,H ! �� channel in the 1-lepton selection
for an assumed integrated luminosity of 3000 fb�1 at

p
s =14 TeV.

• H ! µµ: this channel has also a low signal rate at the LHC with a signal-to-background ratio
of only ⇠ 0.2%. However, the expected narrow signal peak allows a signal extraction at very
high luminosities, resulting in an expected signal significance larger than 6� with 3000 fb�1 for
the inclusive channel. The analysis follows Ref. [9] with changes to maximise the sensitivity
for an inclusive µµ signal. Figure 2 shows the expected signal compared to the large continuous
background and Figure 3(a) shows the expected measurement precision.
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after the subtraction of the fitted background.
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ttH - the New Player

✦ Very challenging mode, requires tour-de-force analysis

✦ Important backgrounds from tt+X, typically poorly known theoretically and 

experimentally

✦ The only channel that offers direct probe of the Htt coupling at tree level

✦ Long history: from the first paper suggesting this as a promising channel at the 

Tevatron (2001), to “oscillations” on whether it is feasible at the LHC, to first 
successful analysis a decade later


๏ First search: CDF, PRL 109 (2012) 181802 (August 2012)

๏ First LHC search: CMS, JHEP 05 (2013) 145 (March 2013)


✦ Today, we are close to an answer to the feasibility question!

�42
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pp̄ ! tt̄H: A Discovery Mode for the Higgs Boson at the Fermilab Tevatron

J. Goldstein,1 C. S. Hill,2 J. Incandela,1 Stephen Parke,3 D. Rainwater,3 and D. Stuart1
1Particle Physics Division, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

2Department of Physics, University of California, Davis, California 95616
3Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

(Received 28 June 2000)

The production of a standard model Higgs boson in association with a top quark pair at the upcoming
high luminosity run (15 fb21 integrated luminosity) of the Fermilab Tevatron (

p
s ! 2.0 TeV) is revis-

ited. For Higgs masses below 140 GeV we demonstrate that the production cross section times branching
ratio for H ! bb̄ decays yields a significant number of events and that this mode is competitive with
and complementary to the searches using pp̄ ! WH, ZH associated production. For higher mass Higgs
bosons the H ! W1W2 decays are more difficult but have the potential to provide a few spectacular
events.

DOI: 10.1103/PhysRevLett.86.1694 PACS numbers: 14.80.Bn, 13.85.–t

One of the untested features of the elegant and highly
successful standard model (SM) of electroweak interac-
tions is the Higgs mechanism for spontaneous electroweak
symmetry breaking. The Higgs sector of the SM consists
of one doublet of complex scalar fields which is used to
break the SU!2" 3 U!1" electroweak gauge symmetry to
U(1) electromagnetism. This mechanism gives rise to the
masses of the W and Z bosons and is also used to give
masses to the charged leptons and quarks. An additional
physical neutral scalar particle is also produced, the undis-
covered Higgs boson. All properties of this boson are pre-
dicted by the SM except for its mass. Most extensions to
the SM’s electroweak symmetry breaking mechanism pre-
dict more than one physical scalar state; however, one of
these states tends to have properties very similar to the SM
Higgs boson.

Direct collider searches have so far ruled out a SM Higgs
boson with a mass less than #107 GeV [1] at the 95% con-
fidence level. The final run of the Large Electron Positron
collider (LEP) at CERN this year should be able to ex-
tend the exclusion limit or provide a 5s discovery up to
about 114 GeV. The next CERN collider, after LEP, is
the 14 TeV proton-proton Large Hadron Collider (LHC),
which will have the capability to discover a SM Higgs bo-
son of nearly any mass in multiple search channels. (In
the SM MH * 1 TeV is ruled out by unitarity constraints.)
However, the LHC is not scheduled to begin taking data
until 2005 at the earliest. In the meantime, the upcoming
Run II of Fermilab’s 2 TeV proton-antiproton collider, the
Tevatron, will have an opportunity to discover a Higgs bo-
son above the LEP exclusion limit and below 180 GeV. In
this Letter we will concentrate on the SM case over this
mass range.

The SM Higgs boson couples at lowest order to all SM
particles with a strength proportional to their mass. For
the massless photon and gluon a coupling is induced at
higher order via loops of heavy particles. Therefore there
are many ways for the Higgs boson to decay and also many
ways to produce it at a hadron collider. For the mass range

of interest here, 100 & MH & 200 GeV, the Higgs boson
decays predominantly to either a pair of b quarks (bb̄) for
a mass less than 135 GeV or to four fermions via real or
virtual W gauge bosons for a mass above 135 GeV. These
decays are referred to as H ! bb̄ and H ! W1W2, re-
spectively, and at 135 GeV they have approximately equal
branching ratios (43% to 40%, respectively). At this mass,
the remainder of the decay branching ratio is primarily into
t lepton, c quark, and gluon pairs.

Cross sections for various Higgs boson production
modes at the Tevatron are shown in Fig. 1(a) [2]. The
dominant mode is via gluon-gluon fusion, gg ! H,
which proceeds via a top quark loop. The next largest
mode is Higgs boson associated production with a W
or Z boson. At a still lower cross section is Higgs
boson production via bremsstrahlung off a top quark pair.
The current searches planned for the Tevatron Run II
concentrate on the dominant production modes: WH, ZH
associated production with decays H ! bb̄ [3], and
gluon fusion production gg ! H with subsequent decay
H ! W1W2 [4]. While detailed studies with detector
simulation and neural net analysis show promise, they
do indicate the need for large integrated luminosity, and
even with 30 fb21 these searches have difficulty in the
mass regions 130–150 GeV and above 180 GeV. In this
Letter we investigate the feasibility of a search in tt̄H
associated production, first proposed in Refs. [5] in the
context of the Superconducting Supercollider, and later
examined in more detail for the LHC in particular; see
[6] and [7]. Decays to both H ! bb̄ and H ! W1W2

are considered, with a varying number of tagged b quarks
and additional jets in the final state and at least one
charged lepton to help discriminate against the large QCD
backgrounds. [Top quarks decay predominantly to a W
boson and a b quark. The W boson subsequently decays
2$3 of the time to a pair of quarks (jets) and 1$9 of the
time into each of ene, mnm, and tnt . The neutrinos are
not observed and the t lepton further decays 2$3 of the
time to a jet plus neutrinos and 1$3 of the time to e or m

1694 0031-9007$01$86(9)$1694(4)$15.00 © 2001 The American Physical Society
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Figure 3: BDT output for dilepton events. Background-like events have a low BDT output
value. Signal-like events have a high BDT output value. The uncertainty band includes statis-
tical and systematic uncertainties that affect both the rate and shape of the background distri-
butions. The background is normalized to SM expectation. The ttH signal (mH = 125 GeV) is
normalized to the total background yield.
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CMS Search in ttH(bb+ττ)
✦ New analysis; supersedes recent publication arXiv:1303.0763 based on 5+5 fb-1


๏ Updated to the full 2012 statistics (7 TeV not reanalyzed) and added the ττ decay 
channel (8 TeV only)


๏ tt decays are reconstructed in the lepton+jets and dilepton channel; 2 or more b-tagged 
jets required for the ttH(bb) search


๏ H(ττ) decays are looked for in τhτh channel, with tt decaying  in lepton+jets, with 1 or 2 
b-tagged jets


๏ Signal extraction via BDTs; separate BDTs for each jet and  
b-tagged jet multiplicity

�43
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Figure 2: Final BDT output for lepton + jet events. Background-like events have a low BDT
output value. Signal-like events have a high BDT output value. The uncertainty band includes
statistical and systematic uncertainties that affect both the rate and shape of the background
distributions. The top, middle and, bottom rows are events with 4, 5, and �6 jets, respectively,
while the left, middle, and right-hand columns are events with 2, 3, and �4 b-tags, respectively.
The background is normalized to SM expectation. The ttH signal (mH = 125 GeV) is normalized
to 30 ⇥ SM expectation.
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Figure 4: BDT output for events in the tau channel. Background-like events, including Higgs
decays other than ttH ! tt, have a low BDT output value. Signal-like events have a high BDT
output value. The uncertainty band includes statistical and systematic uncertainties that affect
both the rate and shape of the background distributions. The top row is the 4 jet categories,
while the second and third rows are for the categories with 5 jets and �6 jets, respectively.
In each row, the columns are for the categories with 1 b-tag (left) and 2 b-tags (right). The
background is normalized to SM expectation. The ttH signal (mH = 125 GeV) is normalized to
100⇥the SM expectation.
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ttH Results
✦ ttH(bb+ττ) results:


๏ CMS: μ < 5.2 (4.1 exp.) @ 95% CL

✦ Also recent results in ttH(γγ) channel


๏ All-hadronic and semileptonic tt decays with  
loose selection and at least one b-tagged jet


๏ Analysis of the diphoton mass spectrum 
similar to that in the H(γγ) analysis


๏ CMS: μ < 5.4 (5.3 exp.) @ 95% CL, 

๏ ATLAS: μ < 5.3 (6.4 exp.) @ 95% CL

�44
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Figure 5: The observed and expected 95% CL upper limits on the signal strength parameter
µ = s/sSM for lepton + jets, dilepton, and t channels combined using the 2012 dataset.
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Figure 6: The observed and expected 95% CL upper limits (left) and the best-fit value (right) of
µ = s/sSM for lepton + jets, dilepton, and t channels separately and combined for mH = 125
GeV using the 2012 dataset.
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ttH in Multileptons
✦ New analysis exploring various top and Higgs decays 

resulting in like-sign dilepton, trilepton, and quadlepton 
final states


✦ An excess (~2.5σ) seen in likesign dimuons has been 
extensively scrutinized and demonstrated to have all the 
features of a statistical fluctuation


๏ Overall consistency with the SM: 3%
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Figure 4: Results of the searches in the three final states and their combination, in terms of the
signal strength parameter µ = s/sSM. Left panel: 95% CL upper limit on µ, observed (solid
markers), median expected under the background-only hypothesis (hollow markers), and in-
tervals containing 68% and 95% of the expected outcomes under that hypothesis (green and
yellow bands). Right panel: best fit values of µ and ±1s uncertainties, for the five individual
final states (solid markers with red error bars) and the full combination (vertical line and green
band). The signal strength in the four-lepton final state is not allowed to be below approxi-
mately 6 by the requirement that the expected signal-plus-background event yield must not be
negative in any of the three bins of jet multiplicity.

10 times greater than the rate of charge mismeasurement for electrons in order to explain the483

excess.484

The results obtained with the cross-check analysis relying on the multiplicity of hadronic jets485

instead of the multivariate discriminator for the dilepton and trilepton final states are in good486

agreement with the ones of the nominal analysis: the expected and observed upper limits are487

3.0 and 6.9, respectively, and the best fit signal strength is µ = 3.9+1.7
�1.5.488

10 Conclusions489

A search for the standard model Higgs boson produced in association with a top-quark pair490

has been performed at the CMS experiment using the full 2012 data sample, corresponding491

to an integrated luminosity of 19.6 fb�1 at
p

s = 8 TeV. Events are considered where the top-492

quark pair decays to either one lepton+jets (tt ! `nqq0bb) or dileptons (tt ! `+n`�nbb), `493

being an electron or a muon. The search has been optimized for the H ! WW⇤, H ! ZZ⇤, and494

H ! t+t� decay modes.495

Combining the results from the same-sign dilepton, three lepton, and four lepton channels, the496

observed and expected upper limits at 95% CL on the cross section for Higgs boson production497

in association with top-quark pairs for a Higgs boson mass of 125.7 GeV are 6.6 and 2.4 times498

the standard model expectation, respectively. The best-fit value for the signal strength µ is499

3.7+1.6
�1.4 (68% CL).500

The results of this search show an excess of signal-like events compared to the expectations501

from the SM Higgs boson and the backgrounds, but are still compatible with those predictions.502

More data, in this and other ttH searches, is needed to assess more accurately whether the503

production cross section for ttH is that predicted by the SM, or if there are any deviations504
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Figure 1: Examples of leading-order Feynman diagrams for ttH production at pp colliders,
followed by Higgs boson decays to tt, ZZ⇤ and WW⇤ (from left to right). The first, second, and
third diagrams are examples of the two same-sign lepton signature, the three lepton signature,
and the four lepton signature, respectively.

2 The CMS detector

The CMS detector [11] consists of different components. A superconducting solenoid in the
central region of the detector provides an axial magnetic field of 3.8 Tesla parallel to the beam
direction. The silicon pixel and strip tracker, the crystal electromagnetic calorimeter (ECAL)
and the brass/scintillator hadron calorimeter (HCAL) are located in concentric layers within
the solenoid. These layers provide coverage out to |h| < 2.5, where pseudorapidity is defined
as h = � ln

⇥
tan

�
q
2
�⇤

, and q is the polar angle of the trajectory of the particle with respect
to the beam direction. A quartz-fiber Cherenkov calorimeter (HF) extends the coverage to
|h| < 5.0. Muons are detected by gas detectors embedded in the iron return yoke outside the
solenoid. The first level of the CMS trigger system, composed of custom hardware processors,
is designed to reduce the input rate by a factor of 1000 by selecting the most interesting events
in less than 3 µs using information from the calorimeters and muon detectors. The High Level
Trigger processor farm further decreases the event rate to a few hundred Hz for data storage.
All of these components are used for the ttH search.

3 Data and simulation samples

We use the 2012 CMS dataset, corresponding to a total integrated luminosity of 19.6 fb�1. The
events are selected by the trigger requirement of the presence of either two leptons (electrons
or muons), or a triplet of electrons. The minimal transverse momenta of the first and second
lepton are 17 and 8 GeV for the double lepton triggers, and 15, 8, and 5 GeV for the triple
electron trigger.

Simulated samples for the SM Higgs boson signal and for background processes are used to op-
timize the event selection and to evaluate the acceptance and systematic uncertainties. The ttH
signal is modeled with the PYTHIA generator [12]. The background processes ttW, ttZ, tt+jets
(which includes ttg+jets), Drell-Yan (DY) + jets (DY+g+jets), W+jets (W+g+jets), the diboson
ZZ+jets, WW+jets, WZ+jets and the rare WWZ, WWW, and ttWW process are all simulated
with the MADGRAPH [13] tree-level matrix element generator, combined with PYTHIA for the
parton shower and hadronization. Single top production is modeled with the NLO generator
POWHEG [14–19] combined with PYTHIA.
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CMS ttH Combination
✦ CMS combined results:


๏ μ < 4.3 (1.7 expected) 
๏ μ = 2.5+1.1

-1.0; 2.5σ evidence for ttH production 
✦ Closing on the SM Higgs boson sensitivity!


๏ Soon to become the 6th of the “big” channels and can be 
moved into “visible” category of my talk!

�46
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Invisible Higgs
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Invisible Higgs Decays
�48

✦Given the accuracy of present measurement of 
Higgs branching fractions, there is a lot of room 
for non-SM decays, e.g. decays into invisible 
particles


✦ Many theoretical models predict such decays, e.g.:

๏ Higgs coupled to light dark matter

๏ Hidden valley models

๏ Right-handed neutrino models


✦Search is done in associated production with the 
Z boson decaying leptonically


๏Discriminating variables: MET (ATLAS),  
MT (CMS)


✦ATLAS (4.7+13.0 fb-1):

๏Br(H→χχ) < 65% (84% exp.) @ 95% CL,  

mH = 125 GeV

✦CMS (5+20 fb-1):


๏Br(H→χχ) < 75% (91% exp.) @ 95% CL,  
mH = 125 GeV

1 Introduction

Some extensions to the Standard Model (SM) allow a Higgs boson [1–3] to decay to stable or long-

lived particles that interact with the Higgs boson, but have only weak interactions with other elementary

particles. Results obtained so far in the search for the SM Higgs boson do not exclude the possibility of a

sizable branching ratio to invisible particles for the SM Higgs boson candidate at mH ∼ 125 GeV [4, 5].
Combined LEP results [6] have excluded an invisibly decaying Higgs boson for mH < 114.4 GeV under
the assumption that such a Higgs boson is produced in association with a Z boson at the rate expected

for a SM Higgs boson and that it decays predominantly to invisible particles. A further Higgs-like boson

decaying predominantly to invisible particles is not excluded for mH > 115 GeV. This note presents a
search for decays to invisible particles for a narrow scalar boson produced in association with a Z boson

with the same cross section as the SM Higgs boson and having a mass between 115 and 300 GeV. The

results are also interpreted in terms of the 125 GeV Higgs boson candidate, where the ZH production

cross section is taken to be that predicted for a SM Higgs boson.

2 Signal Model and Analysis Overview

The signal process searched for is the associated production of ZH. The Higgs boson is assumed to

decay to invisible particles as shown in the Feynman diagram in Figure 1. The Z boson decaying into

electrons or muons is considered for this analysis. The SM ZH cross section formH = 125 GeV is 316 fb

at
√
s = 7 TeV and 394 fb at

√
s = 8 TeV [7, 8]. It is calculated at NLO [9] and at NNLO [10] in QCD,

and NLO EW radiative corrections [11] are applied. Including the requirement that the Z boson decays

to e, µ, or τ reduces these cross sections to 31.9 fb and 39.8 fb respectively. A very small SM contribution
to the ZH → ℓℓ+ inv. final state arises when the Higgs boson decays to four neutrinos via two Z bosons.
The predicted cross section of this process for mH = 125 GeV is 3.4×10−2 fb at

√
s = 7 TeV and

4.2×10−2 fb at
√
s = 8 TeV. The present search is not sensitive to this particular process although it is

part of the signal, but instead searches for enhancements of the invisible decay fraction due to physics

beyond the Standard Model (BSM).

q

q

Z
H χ

χ

Z

l−

l+

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the Z boson must

decay to charged leptons and the Higgs boson must decay to invisible particles which are generically

represented by χ.

The POWHEG [12] interfaced with HERWIG++ [13] Monte Carlo (MC) generator is used to simu-

late the signal. In the simulation the associatively produced Z boson is forced to decay to e, µ, or τ. The
invisible decay of the Higgs boson is simulated by forcing the Higgs boson to decay to two Z bosons,

which are then forced to decay to neutrinos. For most distributions shown in this note the signal simu-

lation is normalized assuming the SM ZH production rate and a 100% branching fraction of the Higgs

boson to invisible particles. Signal samples are generated at Higgs boson masses of 115, 120, 125, 130,

150, 200, and 300 GeV.
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Figure 9: Distributions of Emiss
T
for signal events in the 2011 data taking period (a) and the 2012 data

taking period (b). The observed data are indicated by the black points and the histograms represent the

background predictions. The dashed line indicates the prediction from the signal model and is stacked

on the background prediction. The signal model assumes a SM Higgs boson having a mass of 125 GeV

and a 100% branching fraction to invisible particles.

Figure 10 shows the interpretation in the first scenario, where the recently observed Higgs-like boson

around 125 GeV decays invisibly. The confidence level (CL) is plotted against the BR(H → invisible).
Red lines indicate the 68% and 95% CL. Assuming the ZH production rate for a 125 GeV SM Higgs

boson, limits are set on the invisible branching fraction at 95% confidence level. The observed exclusion

is for branching fractions greater than 65%, and the expected limit is 84%.

For the second scenario, where a Higgs-like boson with a significant branching fraction to invisible

particles exists in the mass range of 115 GeV to 300 GeV, limits are set considering only the hypothesis

of a single invisibly decaying Higgs-like boson. Thus the limits do not consider possible multiple Higgs

boson candidates, including the 125 GeV candidate state, all having non-negligible invisible branching

fractions. Figure 11 shows 95% confidence level limits on the ZH production cross section multiplied

by the invisible branching fraction of such a Higgs boson in the mass range mH = 115 GeV to mH =

300 GeV for the considered data taking periods in 2011 and 2012, as well as the limit achieved from the

combination of both periods. No excess is observed over the mass range.

10 Summary and Conclusion

A direct search for evidence of invisible decays of a Higgs boson at the LHC has been performed. While

the invisible branching fraction for a SM Higgs boson is too small to be accessible, this measurement

is sensitive to enhancements of the invisible branching fraction, such as from decays to dark matter

particles. After the full selection, 27 events are observed compared to a SM expectation of 32.7 ± 1.0
(stat.) ± 2.6 (syst.) background events in 4.7 fb−1 of data taken at

√
s = 7 TeV during the 2011 run

and 71 events are observed compared to an expected 78.0 ± 2.0 (stat.) ± 6.5 (syst.) background events
in 13.0 fb−1 of data taken at

√
s = 8 TeV during part of the 2012 run. No significant excess over the

expected background is observed and limits are set on the allowed invisible branching fraction of the

recently observed 125 GeV Higgs boson candidate. Assuming the ZH production rate for a 125 GeV

SM Higgs boson, limits are set on the invisible branching fraction at 95% confidence level. The observed

exclusion is for branching fractions greater than 65%, and the expected limit is 84%. Limits are also set
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9

of events are modeled as a Poisson random variable, where the mean value is the sum of the
contributions from signal and background processes. The mT distributions used in the analysis
are shown in Figure 2 .
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Figure 2: Transverse mass distributions used in the analysis. The expected distributions from
different background processes are stacked on top of each other while a signal corresponding
to mH = 125 GeV is superimposed. The grey bands are total statistical and systematic uncer-
tainties of backgrounds. 7 TeV (8 TeV) events are shown on the left (right). Electron events and
muon events are combined.

The 95% observed and median expected confidence level upper limits computed with the CLs
method are shown in Figure 3. For a Higgs boson with mH = 125 GeV, assuming the SM
production rate, the observed (expected) upper limit on the branching fraction to invisible par-
ticles is 75% (91%) at 95% CL, comparable with indirect limits from fits of coupling deviations
by ATLAS [10] and CMS [9]. The performance of the cross-check analysis is comparable with
respect to the principal analysis, as summarized in Appendix A.
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Figure 3: (left) Expected and observed 95% CL upper limits on the cross section times branching
fraction, sZH ⇥BR(ZH ! ``+ invisible). The blue dash line is SM ZH production cross section
multiplied by BR(Z ! ``) with theoretical uncertainties, assuming BR(H ! invisible) is 100%.
BR(Z ! ``) is the branching fraction of a Z boson decaying to all three types of charged
leptons [47]. (right) Expected and observed 95% CL upper limits on sZH ⇥ BR(H ! invisible)
relative to the SM Higgs production cross section.
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More on Invisible Higgs
�49

8 6 Results
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Figure 4: Expected 95% CL limit on the production cross section times invisible branching
fraction as a function of Higgs mass.
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Figure 5: Expected 95% CL limit on the production cross section times invisible branching
fraction, normalised to the SM Higgs VBF production cross section, as a function of Higgs
mass.
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CMS PAS HIG-13-013 
CMS PAS HIG-13-018

✦ CMS also studied a VBF production of invisibly 
decaying Higgs boson: 


๏ Br(H→inv.) < 69% (55% exp.) @ 95% CL

✦ Also in HZ(bb): 


๏ Br(H→inv.) < 182% (199% exp.) @ 95% CL

✦ Two most sensitive direct searches have been 

combined

✦ Further improvement could come from 

combination with the similar indirect limit B < 
0.52 @ 95% CL
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✦ CMS also studied a VBF production of invisibly 
decaying Higgs boson: 


๏ Br(H→inv.) < 69% (55% exp.) @ 95% CL

✦ Also in HZ(bb): 


๏ Br(H→inv.) < 182% (199% exp.) @ 95% CL

✦ Two most sensitive direct searches have been 

combined

✦ Further improvement could come from 

combination with the similar indirect limit B < 
0.52 @ 95% CL
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More on Invisible Higgs
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✦ CMS also studied a VBF production of invisibly 
decaying Higgs boson: 


๏ Br(H→inv.) < 69% (55% exp.) @ 95% CL

✦ Also in HZ(bb): 


๏ Br(H→inv.) < 182% (199% exp.) @ 95% CL

✦ Two most sensitive direct searches have been 

combined

✦ Further improvement could come from 

combination with the similar indirect limit B < 
0.52 @ 95% CL



Invincible Higgs
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In 2HDM Speramus!
✦ Many extensions of the  

SM predict more than one 
Higgs doublet


✦ A classic realization of  
2HDM (two-Higgs-doublet  
model) is SUSY, or its  
constrained version,  
MSSM

๏ Additional heavy CP-even 

neutral Higgs boson H,  
CP-odd neutral A, and H±


✦ Thus, it’s very important to  
continue searches for additional Higgs bosons at high and low 
masses, in both SM and exotic decay channels


✦ This has been by now realized even by the journal editors!

�51
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2HDM Search for H(WW)
✦ Look for heavy CP-conserving Higgs boson H(WW) decays

✦ Consider separately VBF and gluon fusion production

✦ Probe two type of 2HDM:


๏ Type I  - all quarks couple only to one doublet

๏ Type II - all up-type right-handed quarks couple to one doublet, and down-type to the other


✦ Ratio of VBF and gluon fusion production is modified

✦ Important parameters: tanβ - the ratio of two vevs, and cosα, which determines 

coupling of H to fermions (~sinα/sinβ in Type I or to up quarks in Type II)
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Figure 7: Exclusion contours in the cosα–mH plane for type-I 2HDMs.
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Figure 8: Exclusion contours in the cosα–mH plane for type-II 2HDMs.

19

tanβ=20

tanβ=20

ATLAS-CONF-2013-027

tanβ=20



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- H

ig
gs

 B
os

on
s 

Se
ar

ch
es

 a
t t

he
 L

H
C

 - 
W

H
EP

P 
20

13

MSSM Higgs Searches
✦ Most recent results on the H/A(ττ), including the new LHCb search 

exploiting τ’s in the forward region

✦ Also, limits on charged Higgs from top decays in τν (ATLAS+CMS) 

and cs (ATLAS) channels and search for NMSSM h → a0a0 → 4μ 
(CMS, D0), 4γ (ATLAS) and a1

 → 2μ (ATLAS & CMS), as well as  
Υ(1S,2S) → a0γ → ττγ, µµγ (BaBar, Belle); and ggγ, and ssγ (BaBar)
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Figure 6: Expected (dashed line) and observed (solid line) 95% confidence level CLs limits on tan β

as a function of mA for the statistical combination of all channels along with the 1 ± σ (green) and

±2σ (yellow) bands for the expected limit are shown on the left plot. The 95% confidence level CLs

limits along with the ±1σ band for the expected limit for each of the µµ, τeτµ, τlepτhad and τhadτhad
final states are shown on the right plot.
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Figure 7: Expected and observed 95% confidence level CLs limits on the cross section for gluon-

fusion and b-associated Higgs boson production times the branching ratio into τ and µ pairs, respec-

tively along with the ±1σ (green) and ±2σ (yellow) bands for the expected limit. The combinations

of all ττ and µµ channels are shown.
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Figure 2: Model independent combined limit on cross-section by branching fraction for a Higgs
boson decaying to two tau leptons at 95% CL

s

as a function of M
�

0 is given on the left. The
background only expected limit (dashed red) and ±1‡ (green) and ±2‡ (yellow) bands are
compared with the observed limit (solid black) and the expected SM theory (dotted black) with
uncertainty (grey). The combined MSSM 95% CL

s

upper limit on tan — as a function of MA0

is given on the right and compared to ATLAS (dotted maroon and dot-dashed magenta), CMS
(dot-dot-dashed blue and dot-dot-dot-dashed cyan), and LEP (hatched orange) results.

using Asimov datasets [23].

The upper limit on the cross-section times branching fraction of a model independent

Higgs boson decaying to two tau leptons with 2.0 < ÷ < 4.5 is plotted on the left of Fig. 2

as a function of the Higgs boson mass. The upper-limit on tan — for the production

of neutral MSSM Higgs bosons, as a function of the CP -odd Higgs boson mass, MA0
, is

provided in the right plot of Fig. 2. Previously published exclusion limits from ATLAS [25,

26], CMS [27, 28], and LEP [29] are provided for comparison.

4 Conclusions
A model independent search for a Higgs boson decaying to two tau leptons with pseudo-

rapidities between 2.0 and 4.5 gives an upper bound, at the 95% confidence level, on the

cross-section times branching fraction of 8.6 pb for a Higgs boson mass of 90 GeV with

the bound decreasing smoothly to 0.7 pb for a Higgs boson mass of 250 GeV.

Limits on a MSSM Higgs bosons have been set in the mmax

h0 scenario. Values above

tan — ranging from 34 to 70 are excluded over the CP -odd MSSM Higgs boson mass

range of 90 to 140 GeV. For MA0 < 110 GeV, these are comparable to the limits obtained

by ATLAS and CMS using the 2010 data sets but are considerably less stringent than

the ATLAS and CMS results using 2011 data. The forthcoming running of the LHC
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MSSM Higgs Searches
✦ Most recent results on the H/A(ττ), including the new LHCb search 

exploiting τ’s in the forward region

✦ Also, limits on charged Higgs from top decays in τν (ATLAS+CMS) 

and cs (ATLAS) channels and search for NMSSM h → a0a0 → 4μ 
(CMS, D0), 4γ (ATLAS) and a1

 → 2μ (ATLAS & CMS), as well as  
Υ(1S,2S) → a0γ → ττγ, µµγ (BaBar, Belle); and ggγ, and ssγ (BaBar)
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Figure 6: Expected (dashed line) and observed (solid line) 95% confidence level CLs limits on tan β

as a function of mA for the statistical combination of all channels along with the 1 ± σ (green) and

±2σ (yellow) bands for the expected limit are shown on the left plot. The 95% confidence level CLs

limits along with the ±1σ band for the expected limit for each of the µµ, τeτµ, τlepτhad and τhadτhad
final states are shown on the right plot.
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of all ττ and µµ channels are shown.
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using Asimov datasets [23].

The upper limit on the cross-section times branching fraction of a model independent

Higgs boson decaying to two tau leptons with 2.0 < ÷ < 4.5 is plotted on the left of Fig. 2

as a function of the Higgs boson mass. The upper-limit on tan — for the production

of neutral MSSM Higgs bosons, as a function of the CP -odd Higgs boson mass, MA0
, is

provided in the right plot of Fig. 2. Previously published exclusion limits from ATLAS [25,

26], CMS [27, 28], and LEP [29] are provided for comparison.

4 Conclusions
A model independent search for a Higgs boson decaying to two tau leptons with pseudo-

rapidities between 2.0 and 4.5 gives an upper bound, at the 95% confidence level, on the

cross-section times branching fraction of 8.6 pb for a Higgs boson mass of 90 GeV with

the bound decreasing smoothly to 0.7 pb for a Higgs boson mass of 250 GeV.

Limits on a MSSM Higgs bosons have been set in the mmax

h0 scenario. Values above

tan — ranging from 34 to 70 are excluded over the CP -odd MSSM Higgs boson mass

range of 90 to 140 GeV. For MA0 < 110 GeV, these are comparable to the limits obtained

by ATLAS and CMS using the 2010 data sets but are considerably less stringent than

the ATLAS and CMS results using 2011 data. The forthcoming running of the LHC
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Additional Higgs Searches
✦ γγ/WW channels (shown earlier in the talk)

✦ Invisible channel:                         ✦    Heavy Higgs decaying into ZZ(llνν) or ZZ(lljj)
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Figure 11: 95% confidence level limits on the cross section times branching fraction of a Higgs-like

boson decaying to invisible particles for the 2011 data taking period (a), 2012 data taking period (b), and

combination of both periods (c). Dashed lines show the background only expected limits and solid lines

show the observed limit.
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9

of events are modeled as a Poisson random variable, where the mean value is the sum of the
contributions from signal and background processes. The mT distributions used in the analysis
are shown in Figure 2 .
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Figure 2: Transverse mass distributions used in the analysis. The expected distributions from
different background processes are stacked on top of each other while a signal corresponding
to mH = 125 GeV is superimposed. The grey bands are total statistical and systematic uncer-
tainties of backgrounds. 7 TeV (8 TeV) events are shown on the left (right). Electron events and
muon events are combined.

The 95% observed and median expected confidence level upper limits computed with the CLs
method are shown in Figure 3. For a Higgs boson with mH = 125 GeV, assuming the SM
production rate, the observed (expected) upper limit on the branching fraction to invisible par-
ticles is 75% (91%) at 95% CL, comparable with indirect limits from fits of coupling deviations
by ATLAS [10] and CMS [9]. The performance of the cross-check analysis is comparable with
respect to the principal analysis, as summarized in Appendix A.
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Figure 3: (left) Expected and observed 95% CL upper limits on the cross section times branching
fraction, sZH ⇥BR(ZH ! ``+ invisible). The blue dash line is SM ZH production cross section
multiplied by BR(Z ! ``) with theoretical uncertainties, assuming BR(H ! invisible) is 100%.
BR(Z ! ``) is the branching fraction of a Z boson decaying to all three types of charged
leptons [47]. (right) Expected and observed 95% CL upper limits on sZH ⇥ BR(H ! invisible)
relative to the SM Higgs production cross section.
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Figure 5: Evolution of the upper limit on the signal strength, µ, as a function of the Higgs
boson mass. The limits are shown separately for the 7 TeV (left) and 8 TeV data (center). The
combination of both data periods is shown on the right.

of the two gauge eigenstates (SM and singlet) become inter-related by unitarity and the original
coupling strength of the light Higgs boson is therefore reduced with respect to the SM case. If
we define C (C0) as the scale factor of the couplings of the low (high) mass with respect to the
SM, one can write C2 + C

02 = 1 as the unitarity condition to be preserved. The EWK singlet
cross-section is also modified by a factor, µ0, and the modified width is G0; they are defined as:

µ0 = C02 · (1 � BRnew) (2)

G0 = GSM · C02

1 � BRnew
(3)

where BRnew is the branching ratio of the EWK singlet to non-SM-like decay modes. Indirectly
we can set an upper limit at 95% CL on C

02 < 0.446 using the signal strength fits to the H(125)
candidate as obtained in [43].

In our analysis we have focused on the case where C02  (1 � BRnew). In this regime the
new state is expected to have an equal or narrower width with respect to the SM case. Most
of the analysis is also focused on the BRnew = 0 benchmark: the high mass of the singlet
and the indirect limits from the H(125) observation are expected to constrain significantly this
parameter [5]. The extension with BRnew 6= 0 is nevertheless exemplified in the end. Small
differences in the final results are expected with respect to the limits obtained for the simple
BRnew = 0 case.

Under the BSM hypothesis summarised above we use the C02 definition (as well as BRnew 6= 0)
to generate different widths of the singlet scalar boson. We adopt in our analysis the recommen-
dations of the “LHC Higgs Cross Section Working Group” [6] which we describe below. The
generated SM signal mass line shape generated by POWHEG is re-weighted in order to simulate
the singlet scalar line shape. In this re-weighting procedure we set as target line shape a rela-
tivistic Breit-Wigner with a narrower signal width with respect to the width of the SM Higgs
boson. Notice that due to the poor resolution of this channel departures from the Breit-Wigner
approximation are not expected to modify significantly the final results. The contribution from
the interference term between the BSM Higgs and the background is furthermore assumed to
scale according to the modified coupling of the Higgs boson as: (µ + I)BSM = µSMC02 + ISMC0

where µ (I) is the signal strength (interference) in the BSM and SM cases. This assumption is
based on the hypothesis that the couplings are similar to the SM case and simply re-scaled due

CMS PAS HIG-13-014

CMS PAS HIG-12-024
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13 ✦ A combined high-mass ZZ search to full statistics

๏ Probes SM-like heavy Higgs up to ~900 GeV

๏ Also explore modified couplings and reduced (by C’2) 

width of an additional Higgs boson

✤ C2 + C’2 = 1

High-Mass Higgs Boson
�55

HIG-13-014
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Higgs: Boosted Topology

12 9 Conclusions
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Figure 6: The 95% CL limit on s/sSM for a Higgs boson decaying to WW ! lnqq̄0.
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Figure 7: On the left, BSM exclusion limits for a signal mass hypothesis of 600 GeV as a function
of mass for various values of C02 where BRnew = 0. On the right, BSM exclusion limits for a
signal mass hypothesis of 600 GeV as a function of BRnew for various values of C02 where
mH = 600 GeV.
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✦ New search in the W(lν)W(“j”) channel in a 
boosted regime


๏ Sensitive to Higgs masses above ~600 GeV

✦ Also tt resonance searches can be 

reinterpreted as limits on a heavy Higgs boson
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Higgs Discovery Implications
✦ Light Higgs boson discovery implies that the SM can not 

be a complete theory up to the Planck scale

✦ It’s light enough to be a MSSM Higgs, but yet too heavy 

to obviously prefer MSSM vs. SM!

๏ Had it been just 10% heavier we would probably stop 

talking about low-scale SUSY! 

✦ If we found the SM Higgs boson, we now need to explain 

the EWSB mechanism, i.e. what makes the Higgs 
potential what it is (explain the origin of the λ term in the 
Lagrangian)


๏ It looks more and more like the SM Higgs boson, but there 
is still room for surprises!


✦ Vacuum stability arguments require new physics to come 
at a scale ~10

11
 GeV or less


๏ Curiously points to a similar scale as suggested by the 
neutrino mass hierarchy via see-saw mechanism


✦ Nevertheless, a metastable vacuum could survive w/o 
new physics


✦ In a sense, a 125 GeV Higgs boson is maximally 
challenging and rich experimentally, but also inflicts 
“maximum pain” theoretically, as it is not so easy to 
accommodate
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Figure 4: The instability scale ⇤I at which the SM potential becomes negative as a function of the
Higgs mass (left) and of the top mass (right). The theoretical error is not shown and corresponds
to a ±1GeV uncertainty in Mh.

The O(↵↵s) term, that is the parametrically smallest correction, is equivalent to a tiny shift

in Mt below 0.1 GeV. This e↵ect is well below the O(⇤QCD) irreducible non-perturbative

uncertainty on the top-quark mass determined at hadron colliders (see e.g. ref. [35]), that

is responsible for the theoretical error in eq. (62). More explicitly, we estimate an irre-

ducible theoretical error of ±⇤QCD ⇡ ±0.3GeV in Mt from non-perturbative e↵ects, and an

additional uncertainty of ±0.15GeV from missing O(↵4
s) threshold corrections.

Next, applying the threshold corrections discussed in section 2, we determine the following

value for the Higgs self coupling in the MS scheme renormalized at the pole top mass:

�(Mt) = 0.12577 + 0.00205

✓

Mh

GeV
� 125

◆

� 0.00004

✓

Mt

GeV
� 173.15

◆

± 0.00140th . (63)

The residual theoretical uncertainty, that is equivalent to an error of ±0.7 GeV in Mh, has

been estimated varying the low-energy matching scale for � between MZ and 2Mt.

For completeness, we also include in the one- and two-loop RG equation the contributions

of the small bottom and tau Yukawa couplings, as computed from the MS b-quark mass,

mb(mb) = 4.2GeV, and from M⌧ = 1.777GeV.
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Example: Prediction for MW in the SM and the MSSM :
[S.H., W. Hollik, D. Stockinger, G. Weiglein, L. Zeune ’12]

168 170 172 174 176 178
mt [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

] MSSM

MH = 123 GeV

MH = 127 GeVSM

Mh = 123 .. 127 GeV

MSSM, Mh = 123..127 GeV
SM, MSSM

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’12

experimental errors 68% CL:

LEP2/Tevatron: today
MSSM band:

scan over

SUSY masses

overlap:

SM is MSSM-like

MSSM is SM-like

SM band:

variation of MSM
H

Sven Heinemeyer – Snowmass preparation workshop, BNL, 04/05/’13 3

Heinemeyer  
arXiv:1301.7197
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Just-So Higgs?
✦ The simultaneous measurement of the Higgs boson and top quark masses allowed 

for the first time to infer properties of the very vacuum we leave in!

๏ We are in a highly fine-tuned situation: the vacuum is at the verge of being either stable 

or metastable!

๏ ~1 GeV in either the top-quark or the Higgs boson mass is all it takes to tip the scales!


✦ Perhaps Nature is trying to tell us something here?

๏ Very important to improve on the precision of top quark mass measurements, including 

various complementary methods and reduction of theoretical uncertainties

๏ Tevatron is still leading with the new combined Mt result, but LHC is catching up quickly!

�59

Degrassi et al, arXiv:1205.6497
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

 [GeV]topm
166 168 170 172 174 176 178 180 1821

10

Tevatron March 2013  0.61± 0.36 ± 0.51 ±173.20 

LHC September 2013  0.88± 0.26 ± 0.23 ±173.29 

-1 = 3.5 fbint   L

CMS 2011, all jets  1.23± 0.69            ±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46± 0.43            ±172.50 

-1 = 4.9 fbint   L

CMS 2011, l+jets  0.98± 0.33 ± 0.27 ±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50± 0.64            ±173.09 

-1 = 4.7 fbint   L

ATLAS 2011, l+jets  1.35± 0.72 ± 0.23 ±172.31 

-1 - 4.9 fb-1 = 3.5 fb
int

 combination - September 2013,  LtopLHC m

 = 7 TeVsATLAS + CMS Preliminary, 

      (syst.)    (iJES)    (stat.)
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Future of Higgs Studies
✦ Number of dedicated studies from ATLAS and CMS


๏ ESPG submissions, Nov 2012

✤ ATLAS-PUB-2013-004

✤ CMS Note 2012/006


๏ Snowmass contributions, July 2013

✤ ATLAS: arXiv:1307.7292

✤ CMS: arXiv:1307.7135


๏ ECFA submission, October 2013

✦ CMS: two scenarios


๏ Scenario 1: all systematics are unchanged

๏ Scenario 2: experimental systematics scale as 1/√∫Ldt; 

theory uncertainties are halved�60
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Higgs: Signal Strength
�61

14 4 Higgs Boson Properties

systematic uncertainties and their correlations.

Table 1: Summary of the information on the analyses used as input in this combination, includ-
ing decay mode, production channel (tag), final states, analysis categories, mass resolution, and
documentation.

H decay prod. tag exclusive final states cat. res. ref.

gg

untagged gg (4 diphoton classes) 4 1-2%

[6]VBF-tag gg + (jj)VBF 2 <1.5%
VH-tag gg + (e, µ, MET) 3 <1.5%
ttH-tag gg (lep. and had. top decay) 2 <1.5% [23]

ZZ ! 4` Njet < 2 4e, 4µ, 2e2µ

3 1-2% [7]
Njet � 2 3

WW ! `n`n

0/1-jets (DF or SF dileptons) ⇥ (0 or 1 jets) 4 20% [8]
VBF-tag `n`n + (jj)VBF (DF or SF dileptons) 2 20% [24]
WH-tag 3`3n (same-sign SF and otherwise) 2 [25]

tt

0/1-jet (eth, µth, eµ, µµ)⇥ (low or high pt

T) 16
15% [10]1-jet thth 1

VBF-tag (eth, µth, eµ, µµ, thth) + (jj)VBF 5
ZH-tag (ee, µµ)⇥ (thth, eth, µth, eµ) 8 [26]WH-tag thµµ, theµ, ethth, µthth 4

bb
VH-tag (nn, ee, µµ, en, µn with 2 b-jets)⇥x 13 10% [27]

ttH-tag (` with 4, 5 or �6 jets) ⇥ (3 or �4 b-tags); 6 [28](` with 6 jets with 2 b-tags); (`` with 2 or �3 b-jets) 3
Zg inclusive (ee, µµ)⇥ (g) 2 [29]
µµ 0/1-jets µµ 12 1-2% [30–32]VBF-tag µµ + (jj)VBF 3
invisible ZH-tag (ee, µµ)⇥ (MET) 2 [21]

4.3 Signal Strength

The signal strength modifier µ = s/sSM, obtained in the combination of all search channels,
provides a first compatibility test. Figure 11 and Table 2 show the µ uncertainties obtained
in different sub-combinations of search channels, organized by decay mode for an integrated
dataset of 300 fb�1 and 3000 fb�1. We predict a precision 6–14% for 300 fb�1 and 4–8% for a
dataset of 3000 fb�1. Studies show that future measurements of the signal strength will be lim-
ited by theoretical uncertainty of the signal cross section, which is included in the fit. Figure 13
(left) shows the uncertainty on the signal strength omitting the uncertainties from QCD scale
and PDFs for signal and background.

Table 2: Precision on the measurements of the signal strength per decay mode for a SM-like
Higgs boson. These values are obtained at

p
s = 14 TeV using an integrated dataset of 300

and 3000 fb�1. Numbers in brackets are % uncertainties on the measurements estimated under
[Scenario2, Scenario1], as described in the text. For the direct search for invisible Higgs decays
the 95% CL on the branching fraction is given.

L (fb�1) gg WW ZZ bb tt Zg µµ inv.
300 [6, 12] [6, 11] [7, 11] [11, 14] [8, 14] [62, 62] [40,42] [17, 28]
3000 [4, 8] [4, 7] [4, 7] [5, 7] [5, 8] [20, 24] [20,24] [6, 17]

The direct search for invisible Higgs decays in events produced in association with a Z boson
yields a 95% confidence level upper limit on the branching fraction of 28 (17)% for Scenario 1
and 17 (6.4)% for Scenario 2 for 300 (3000) fb�1.

µ
µ∆
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γγ→H

 (+j)γγ→H

γγ→VBF,H

γγ→ttH,H

γγ→VH,H

 WW→H

 WW→VBF,H

 ZZ→H

ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS  Simulation

 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫
 extrapolated from 7+8 TeV-1Ldt=300 fb∫

4.4 Coupling-Modifier Fit 15

0.00 0.05 0.10 0.15
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Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 
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τ τ →H 
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 = 14 TeV Scenario 2s at  -1300 fb
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expected uncertainty
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 ZZ→H 

 bb→H 
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 = 14 TeV Scenario 1s at  -13000 fb
 = 14 TeV Scenario 2s at  -13000 fb

Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon
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fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
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where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
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Table 4: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time of
the pre-approval. Uncertainties are 1/2). These values are obtained at

p
s = 14 TeV using

an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are % uncertainties on the
measurements estimated under [scenario2, scenario1], as described in the text.

L (fb�1) kg · kZ/ kH k
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3000 [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 15. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

Figure 15: Distribution of expected �2 lnL for fa3 for the projection to 300 fb�1 (green, dotted)
and 3000 fb�1 (magenta, dot-dashed).

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [34–39] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal
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Table 4: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time of
the pre-approval. Uncertainties are 1/2). These values are obtained at

p
s = 14 TeV using

an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are % uncertainties on the
measurements estimated under [scenario2, scenario1], as described in the text.
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Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 15. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

Figure 15: Distribution of expected �2 lnL for fa3 for the projection to 300 fb�1 (green, dotted)
and 3000 fb�1 (magenta, dot-dashed).

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [34–39] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal
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was used to generate SM and non-SM VBS WZ production. Each W boson was required to decay to an

electron and neutrino or a muon and neutrino, and each Z boson was required to decay to an electron or

muon pair.

5.2 Event Selection

Events are considered VBS WZ candidates provided they meet the following criteria:

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated into an opposite

sign, same flavor pair and an additional single lepton

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

5.3 Statistical Analysis

The statistical analysis is identical to that employed in Sec. 4.3. Figure 2 shows the signal significance

as a function of fT1/Λ
4. In Table 2 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. As in the ZZ → 4ℓ channel, the reconstructed 3ℓν mass is the

process
√

ŝ, and the study of its distribution directly probes the energy-dependence of the new physics.

300 fb−1 3000 fb−1

fT1/Λ
4 1.3 TeV−4 0.6 TeV−4

Table 2: Summary of expected sensitivity to anomalous VBS WZ signal at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT1/Λ
4.

6 VBS W±W± → ℓ±νℓ±ν

The potential for new physics via dimension-8 gauge-invariant operators is presented in the scattering of

same-sign W bosons (ssWW). The dimension-8 operator

LS ,0 =
fS 0

Λ4
[(Dµφ)

†Dνφ)] × [(Dµφ)†Dνφ)] (3)

is chosen to parameterize the new physics in terms of the magnitude of the coefficient fS 0/Λ
4. This

analysis is new since the European Strategy submission.

The two leading jets are used to tag the vector boson scattering process pp → W±W± + 2 j →
l±νl±ν + 2 j where l is electron or muon. We protect against pile-up jets by requiring the tagging jets to

have pT > 50 GeV.

6.1 Monte Carlo Predictions

The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [17, 18, 19] calculations within 2% for the SM

VBS process and within 10% for non-zero values of fS 0/Λ
4.
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.

 [TeV]ν3lm

0.6 0.7 0.8 0.9 1

E
n
tr

ie
s

50

100

150

200

250

300

350

400

450 VBS WZ (SM)

-4 = 1.0 TeVT1 f
SM VBS WZ +

VBS WZ (SM)

SM WZ QCD

 Simulation PreliminaryATLAS

-1
 L = 3000 fb∫

]-4) [TeV
-
l

+
lν±l→Z± (VBS W4Λ/T1f

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

]
σ

S
ig

n
ifi

ca
n
ce

 [

0

1

2

3

4

5

6

7

8

9

10

-13000 fb

-1300 fb

ATLAS
Simulation
Preliminary

Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [10]. MadGraph 1.5.9
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✦Higgs physics remains the apex of the LHC  
program


✦Amazing progress since the discovery of a  
Higgs boson just a year ago:


๏Seen beyond any doubts in three bosonic  
channels


๏Looks more and more like the SM Higgs boson

๏No evidence for non-SM decays yet

๏No evidence for additional Higgs bosons at  

higher or lower mass so far

✦Coupling to the top quarks has been established 

indirectly via gluon fusion production mechanism

✦Couplings to the down-type third-generation fermions are established directly at 

~4σ level

✦The spin and the mass of a new state have been determined

✦Many new directions of studies, with an exciting LHC program that will last some 

two decades

๏Cf. nearly 20 years of beautiful top physics since its discovery in 1995


✦The goal is to shrink the error bars to dots on the “Regge plot” above and fill it in
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