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Many decays accessible at 126 GeV 
bb dominates, but is difficult 
γγ small branching ratio, but clean

SM Higgs @ the LHC
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Production and Decay of the Standard Model Higgs @ the LHC
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)

Kyle Cranmer

Brookhaven National Laboratory

outin

Gluon fusion: produced with little pT 
Vector boson fusion: hard jets, high pT 
Associated: extra handle from leptons
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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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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.

Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are given integrated over the full mass measurement range m4` > 100 GeV and for
7 and 8 TeV data combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 77 ± 10 191 ± 25 119 ± 15 387 ± 31
Z + X background 7.4 ± 1.5 11.5 ± 2.9 3.6 ± 1.5 22.6 ± 3.6
All backgrounds 85 ± 11 202 ± 25 123 ± 15 410 ± 31
mH = 500 GeV 5.2 ± 0.6 12.2 ± 1.4 7.1 ± 0.8 24.5 ± 1.7
mH = 800 GeV 0.7 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 3.1 ± 0.2
Observed 89 247 134 470

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 1.1 ± 0.1 3.2 ± 0.2 2.5 ± 0.2 6.8 ± 0.3
Z + X background 0.8 ± 0.2 1.3 ± 0.3 0.4 ± 0.2 2.6 ± 0.4
All backgrounds 1.9 ± 0.2 4.6 ± 0.4 2.9 ± 0.2 9.4 ± 0.5
mH = 125 GeV 3.0 ± 0.4 7.9 ± 1.0 6.4 ± 0.7 17.3 ± 1.3
mH = 126 GeV 3.4 ± 0.5 9.0 ± 1.1 7.2 ± 0.8 19.6 ± 1.5
Observed 4 13 8 25
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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 SMHiggs
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 tt̄H
processes are also given.

Category ND NB NS ggF VBF WH ZH tt̄H
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
EmissT 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 tt̄ 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 = 12GeV and
the dimuon trigger threshold is pT = 13GeV (10GeV
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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Mass Measurement

Mass measurements updated in high resolution channels
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~2.4σ discrepancy
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13.2 Mass and width 37

reduced information available to the fit in the case of 2D or 1D models. Figure 20 (right) shows
the likelihood scans for the combination of all the final states separately for the Lm,G

1D , Lm,G
2D , and

Lm,G
3D models.

Table 7: Best fit values for the mass of the Higgs boson candidate, measured in the 4`, ` = e, µ
final states using Lm,G

3D model. For the combination of all the final states H ! 4`, the separate
contribution of the statistical and systematic uncertainty to the total one is given.

Channel Measured mass (GeV)

4e 126.2+1.5
�1.8

2e2µ 126.3+0.9
�0.7

4µ 125.1+0.6
�0.9

4` 125.6 ± 0.4 (stat.) ± 0.2 (syst.)

The mass distribution for the Z ! 4` decay exhibits a pronounced resonant peak at m4` =
mZ close to the new boson (80 < m4` < 100 GeV). Hence, the Z ! 4` peak can be used
as validation of the measurement of the mass of the new boson using the same techniques
as for the Higgs boson. The mass of the reconstructed Z boson in Z ! 4` decays, with the
assumption of the Particle Data Group (PDG) [146] value for the Z boson natural width, is
consistent in each sub-channel. The measured value for the combination of all the Z ! 4` final
states is mZ = 91.1 GeV, compatible with the PDG value (91.1876± 0.0021 GeV) within the total
estimated uncertainty of 0.4 GeV [146].

 (GeV)Hm
122 124 126 128 130 132

 ln
  L

6
-2

 

0

1

2

3

4

5

6

7

8

9

10
Combined
Combined (stat. only)

 4e A ZZ AH 
 µ 2e2A ZZ AH 

 µ 4A ZZ AH 

-1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbsCMS                 

 (GeV)Hm
122 124 126 128 130 132

 ln
 L

6
-2

 

0

1

2

3

4

5

6

7

8

9

10

Km,
D1L
Km,
D2L
Km,
D3L

 (stat. only)Km,
D3L

-1 = 8 TeV, L = 19.7 fbs ; -1 = 7 TeV, L = 5.1 fbsCMS                 

Figure 20: (left) Scan of the negative log-likelihood �2D lnL versus the SM Higgs boson mass
mH, for each of the three channels separately and the combination of the three, where the
dashed line represents the scan including only statistical uncertainties, when using the 3D
model. (right) Scan of �2D lnL vs mH for the combination of the three channels, and using
the 1D fit (Lm,G

1D ), 2D fit (Lm,G
2D ), and 3D fit (Lm,G

3D ). The horizontal lines at �2D lnL = 1 and 3.84
represent the 68% and 95% CL, respectively.

Figure 21 shows the scan of the 3D likelihood versus the width of the SM-like Higgs boson with
an arbitrary width. In this scan, the mass and the signal strength µ are profiled, as all other

30 9 Summary

To consistently measure deviations of the fermionic and the bosonic couplings of the Higgs
boson, the H ! WW contribution is considered as a signal process in this likelihood scan. For
the VBF production of a Higgs boson that decays to a WW pair, the bosonic coupling enters
both in the production and in the decay, thus providing sensitivity to the bosonic coupling
despite the small expected event rates. All nuisance parameters are profiled for each point in
the parameter space. The observed likelihood contour is consistent with the SM expectation of
kV = kf = 1.
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Figure 17: Scan of the negative log-likelihood difference, �2D lnL, as a function of mH (left)
and as a function of kV and kf (right). For each point, all nuisance parameters are profiled. For
the likelihood scan as a function of mH, the background-only hypothesis includes the pp !
H(125 GeV) ! WW process for every value of mH. The observation (solid line) is compared
to the expectation (dashed line) for a SM Higgs boson with mass mH = 125 GeV. For the
likelihood scan as a function of kV and kf, the H ! WW contribution is treated as a signal
process.

9 Summary

We report a search for the standard model Higgs boson decaying into a pair of t leptons. The
search is based on the full proton-proton collision sample recorded by CMS in 2011 and 2012,
corresponding to an integrated luminosity of 4.9 fb�1 at a centre-of-mass energy of 7 TeV and
19.7 fb�1 at 8 TeV. The analysis is performed in six channels corresponding to the final states
µth, eth, thth, eµ, µµ, and ee. The gluon-gluon fusion and vector-boson fusion production
of a Higgs boson are probed in the one-jet and two-jet final states, respectively, whereas the
production of a Higgs boson in association with a W or Z boson decaying leptonically is tar-
geted by requiring additional electrons or muons in the final state. An excess of events over
the background-only hypothesis is observed with a local significance in excess of 3 standard
deviations for Higgs boson mass hypotheses between mH = 115 and 130 GeV, and equal to 3.2
standard deviations at mH = 125 GeV, to be compared to an expected significance of 3.7 stan-
dard deviations. The best fit of the observed H ! tt signal cross section for mH = 125 GeV
is 0.78 ± 0.27 times the standard model expectation. This constitutes evidence for the coupling
between the t lepton and the 125 GeV Higgs boson discovered in 2012 by the ATLAS and CMS

H ! ⌧⌧

27
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Figure 13: Combined observed 95% CL upper limit on the signal strength parameter µ =
s/sSM, together with the expected limit obtained in the background-only hypothesis (left), and
the signal-plus-background hypothesis for a SM Higgs boson with mH = 125 GeV (right). The
background-only hypothesis includes the pp ! H(125 GeV) ! WW process for every value
of mH. The bands show the expected one- and two-standard-deviation probability intervals
around the expected limit.

2-jet (VBF-tag) categories are each of the order of 20 to 30%; hence, it is not possible to fully
disentangle the two production modes.

The combined distribution of the decimal logarithm log(S/(S + B)) obtained in each bin of the
final discriminating variables for all event categories and channels is shown in figure 16. Here,
S denotes the expected signal yield for a SM Higgs boson with mH = 125 GeV (µ = 1) and
B denotes the expected background yield in a given bin. The plot illustrates the contribution
from the different event categories that are sensitive to the different Higgs boson production
mechanisms. In addition, it provides a visualization of the observed excess of data events over
the background expectation in the region of high S/(S + B).

Figure 17 left presents a scan of the negative log-likelihood difference, �2D lnL, as a func-
tion of mH. For each point in the parameter space, all nuisance parameters and the µ pa-
rameter are profiled. The background-only hypothesis includes the contribution from the
pp ! H(125 GeV) ! WW process for every value of mH. The difference between eval-
uating this additional background at mH = 125 GeV or at the corresponding mH value for
mH 6= 125 GeV is small. At the mass value corresponding to the minimum of the mass scan,
the combined statistical and systematic uncertainties from the likelihood scan amount to 6 GeV.
Additional contributions to the overall uncertainty of the mass measurement arise due to un-
certainties in the absolute energy scale and its variation with pT of 1 to 2% for th candidates,
electrons, muons, and the Emiss

T , summing up to an uncertainty of 4 GeV. Given the coarse mH
granularity, a parabolic fit is performed to �2D lnL values below 4. The combined measured
mass of the Higgs boson is mH = 122 ± 7 GeV.

Figure 17 right shows a likelihood scan in the two-dimensional (kV, kf) parameter space for
mH = 125 GeV. The kV and kf parameters quantify the ratio between the measured and the
SM value for the coupling of the Higgs boson to vector bosons and fermions, respectively [49].

Measuring the mass fixes all properties of SM Higgs 
Look for deviations from SM in 

• exotic production or decay modes 
• deviation from SM predictions 

• there are 59 dim 6 operators 
• several can be tested at LHC 
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In summary, we have presented constraints on the total Higgs boson width using its relative
on-shell and off-shell production and decay rates to four leptons or two leptons and two neu-
trinos. The analysis is based on the 2011 and 2012 data sets corresponding to integrated lumi-
nosities of 5.1 fb�1 at

p
s = 7 TeV and 19.7 fb�1 at

p
s = 8 TeV. The four-lepton analysis uses

the measured invariant mass distribution near the peak and above the Z-boson pair produc-
tion threshold, as well as a likelihood discriminant to separate the gluon fusion ZZ production
from the qq ! ZZ background, while the two-lepton plus two-neutrino off-shell analysis relies
on the transverse mass distribution. The presented analysis determines the independent con-
tributions of the gluon fusion and VBF production mechanisms from the data in the on-shell
region. It relies nevertheless on the knowledge of the coupling ratios between the off-shell and
on-shell production, i.e. the dominance of the top quark loop in the gluon fusion production
mechanism and the absence of new particle contribution in the loop. The presence of anoma-
lous couplings in the HVV interaction would lead to enhanced off-shell production and would
make our constraint tighter. The combined fit of the 4` and 2`2n channels leads to an upper
limit on the Higgs boson width of GH < 22 MeV at a 95% confidence level, which is 5.4 times
the expected width of the SM Higgs boson. This result considerably improves upon previous
experimental constraints on the new boson decay width from the direct measurement at the
resonance peak.

We wish to thank our theoretician colleagues and in particular Fabrizio Caola for providing
the theoretical uncertainty in the gg ! ZZ background K factor, Tobias Kasprzik for provid-
ing the numerical calculations on the EW corrections for the qq ! ZZ background process,

Higgs Width at the LHC
The width of the Standard Model 
Higgs is 4.15 MeV << O(GeV) resolution 

➡ ambiguity as Rate ∝ Br = Γ/ΓSM
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1 Introduction

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the
ATLAS and CMS collaborations has been recently reported [1–3]. The mass of the new boson
(mH) has been measured to be around 125 GeV, and the spin-parity properties have been further
studied by both experiments, favouring the scalar hypothesis [4–7]. The measurement was
found consistent with a single narrow resonance and direct constraints of 3.4 GeV at the 95%
confidence level (CL) in the 4` decay channel [7] and of 6.9 GeV at the 95% CL in the gg decay
channel [8] on the new boson width (GH) have been reported by the CMS experiment. With the
currently available data, the sensitivity for a direct width measurement at the resonance peak
is therefore far beyond the expected width of around 4 MeV for the SM Higgs boson.

In a recent paper [9], it has been proposed to constrain the Higgs boson width using the off-
shell Higgs boson production and decay in ZZ away from the resonance. In the gluon fusion
production mode, the off-shell production cross section has been shown to be sizeable at high
ZZ invariant mass (mZZ) [10, 11], with a ratio relative to the on-peak cross section of the order of
8% at a center-of-mass energy

p
s = 8 TeV. This ratio can be enhanced up to about 20% when a

kinematical selection used to extract the signal in the resonant region is taken into account. This
arises from the vicinity of the on-shell Z pair production threshold, and is further enhanced at
the on-shell top pair production threshold.

The production cross section as a function of mZZ can be written as:

dsgg!H!ZZ

dm2
ZZ

µ g2
ggHg2

HZZ
F(mZZ)

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH (gHZZ) is the coupling constant of the Higgs boson to gluons (to Z bosons), and
F(mZZ) is a function which depends on the (virtual) Higgs and Z boson production and decay
dynamics. In the resonant and off-shell regions, the integrated cross sections are

s
on�peak
gg!H!ZZ µ

g2
ggHg2

HZZ

GH
, s

off�peak
gg!H!ZZ µ g2

ggHg2
HZZ . (2)

The on-peak cross section is therefore unchanged if the squared product of the coupling con-
stants g2

ggHg2
HZZ and the total width are scaled by a common factor. On the contrary, away from

the resonance the cross section is independent of the total width and therefore increases lin-
early with the above factor. From Eqs. (1, 2) it is evident that the ratio of off-shell and on-shell
production and decay rates in the H ! ZZ channel leads to a direct measurement of GH as
long as the ratio of coupling constants remains invariant, e.g. if there are no new light particles
in the gluons fusion loop which would affect the coupling constants differently at the low and
high mZZ values. The above formalism is presented for the gluon fusion process, but it equally
applies to the vector boson fusion (VBF) production.

In this document, a method for the measurement of the Higgs boson width is presented. From
the significant H ! ZZ ! 4` on-shell signal we infer the lower bound GH > 0 and the upper
bound is obtained from the ratio of off-shell production and decay rates in the H ! ZZ ! 4`
and H ! ZZ ! 2`2n channels to the above on-shell rate, where ` = e, µ. The analysis is based
on the dataset collected by the CMS experiment during the 2012 LHC running period. The data
correspond to an integrated luminosity of 19.7 fb�1 of pp collisions at a center-of-mass energy
of
p

s = 8 TeV. The analysis uses the same algorithms for lepton, jet, and missing transverse
energy reconstruction and event selection as presented and used in Refs. [7, 12].

F. Caola and K. Melnikov, [arXiv:1307.4935]	

See also: N. Kauer, G. Passarino, Campbell et al

H→ZZ→4ℓ
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Higgs’ JPC

Have we observed a scalar?

Spin  ⇆ angular distribution of final decay products
 spin-1: forbidden by Landau-Yang’s theorem (ie Bose symmetry)
                        and

 spin-0: flat in cos θ* 
 spin-2: quartic in cos θ*: 

 
 

gg ! X ! �� qq̄ ! X ! ��

M = 125 GeV: Non-SM-Higgs-like objects: Spin-2

Test spin of Higgs-like object using angular distributions.

1) Diphoton signal: gg ! X ! �� and/or qq̄ ! X ! ��

Spin-0: distribution of X decay products is flat in cos ✓⇤

Spin-2: distribution of X decay products is quartic in cos ✓⇤
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Figure 2: The �� angular distribution of d�/d� given in (33).

The contributions of the two possible final polarization states �� +
1 �� +

2 and �� �
1 �� �

2 to
the total �� cross section d�/d� are identical, and we have

d�

d�
� 1

4
+

3

2
cos2� +

1

4
cos4� , (33)

which is plotted in Fig. 2.
We see in Fig. 2 that the total �� angular distribution in the X2 centre-of-mass

frame di�ers substantially from the isotropic angular distribution expected for the
decay of a spin-zero particle such as the Higgs boson. In particular, the �� final state
is suppressed at large angles � relative to the beams. This suggests that a careful
study of the �� angular distribution might o�er some discrimination between the
spin-two and spin-zero hypotheses. However, any conclusion on this possibility would
require a realistic simulation of the �� signal in an LHC detector.

4 The Process gg � X2 � W �W + � ���+��

4.1 Lepton Angular Distributions in W Decays

4.1.1 W � � ���

As preparation for this Section, we first consider the decay W � � ���. We consider
a W � at rest and denote the momenta of the final-state particles by

pµ
�� = (p, p sin �1 cos �1, p sin �1 sin �1, p cos �1) , (34)

pµ
⌫ = (p, �p sin �1 cos �1, �p sin �1 sin �1, �p cos �1) , (35)
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which is plotted in Fig. 2.
We see in Fig. 2 that the total �� angular distribution in the X2 centre-of-mass

frame di�ers substantially from the isotropic angular distribution expected for the
decay of a spin-zero particle such as the Higgs boson. In particular, the �� final state
is suppressed at large angles � relative to the beams. This suggests that a careful
study of the �� angular distribution might o�er some discrimination between the
spin-two and spin-zero hypotheses. However, any conclusion on this possibility would
require a realistic simulation of the �� signal in an LHC detector.

4 The Process gg � X2 � W �W + � ���+��

4.1 Lepton Angular Distributions in W Decays

4.1.1 W � � ���

As preparation for this Section, we first consider the decay W � � ���. We consider
a W � at rest and denote the momenta of the final-state particles by

pµ
�� = (p, p sin �1 cos �1, p sin �1 sin �1, p cos �1) , (34)

pµ
⌫ = (p, �p sin �1 cos �1, �p sin �1 sin �1, �p cos �1) , (35)
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see, e.g., Ellis & Hwang arXiv:1202.6660

H. Logan & C. Grojean BSM Higgs: theory HXSWG workshop, May 25, 2012

5

e.g., Gao et al  ’10

gg ! X ! ZZ? ! 4l

gg ! X ! WW ? ! 2l2⌫
Ellis, Hwang ’12

De Rujula et al. ’10Choi et al ’02

Parity  ⇆ angular distribution of final decay products
 CP-odd: couplings to W and W are loop-induced only! Hard to explain data.
 angular distribution of leptons in                       
 angular distribution of jets produced in VBF 
 spin correlations in 

gg ! X ! ZZ? ! 4l

X ! ⌧⌧

Plehn et al ’01

Berge et al ’08

Can be solved at LHC8 (may be), LHC14 (for sure)
too academic questions? Sensitivity to degree admixture of admixture even/odd?

JPC outlook Sept. 2012
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2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and
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CP odd fraction: !

13.4 Spin and parity 41

nominal SM Higgs boson signal strength (µ = 1, as indicated in parentheses for expectations
quoted in Table 8), while the cross sections for the alternative signal hypotheses are taken to
be the same as for the SM Higgs boson (the 2e2µ channel is taken as a reference). Since the
observed signal strength is very close to unity, the two results for the expected separations are
also similar. The observed values of the test statistic in the case of SM Higgs boson versus
pseudoscalar boson are shown with red arrows in Fig. 26 (left). Results obtained from the test
statistic distributions are summarized in Table 8 and in Fig. 27.

Table 8: List of models used in the analysis of the spin and parity hypotheses corresponding to
the pure states of the type noted. The expected separation is quoted for two scenarios, where
the signal strength for each hypothesis is predetermined from the fit to data and where events
are generated with SM expectation for the signal cross section (µ = 1). The observed separation
quotes consistency of the observation with the 0+ model or JP model and corresponds to the
scenario where the signal strength is floated in the fit to data. The last column quotes the CLs
value for the JP model.

JP model JP production Expected (µ = 1) Obs. 0+ Obs. JP CLs
0� any 2.4s (2.7s) �0.9s +3.6s 0.09%
0+h any 1.7s (1.9s) �0.0s +1.8s 7.1%
1� qq ! X 2.6s (2.7s) �1.4s +4.8s 0.001%
1� any 2.6s (2.6s) �1.7s +4.9s 0.001%
1+ qq ! X 2.1s (2.3s) �1.5s +4.1s 0.03%
1+ any 2.0s (2.1s) �1.9s +4.5s 0.01%
2+m gg ! X 1.7s (1.8s) �0.8s +2.6s 1.9%
2+m qq ! X 1.6s (1.7s) �1.6s +3.6s 0.03%
2+m any 1.5s (1.5s) �1.3s +3.0s 1.4%
2+b gg ! X 1.6s (1.8s) �1.2s +3.1s 0.9%
2+h gg ! X 3.7s (4.0s) +1.8s +1.9s 3.1%
2�h gg ! X 4.0s (4.5s) +1.0s +3.0s 1.7%

For many distributions, the observed value of the test statistic is larger than the median ex-
pected for the SM Higgs boson. This is due to strong kinematic correlations between different
signal hypotheses, most prominently seen in the mZ2 distributions. The pseudoscalar (0�) and
all spin-one hypotheses tested are excluded at a 99.9% or higher CL All tested spin-two models
are excluded at a 95% or higher CL The 0+h hypothesis is disfavored with CLs value of 7.1%.

In addition to testing pure JP states against the SM Higgs boson hypothesis, a measurement
for a possible mixture of CP-even and CP-odd states or other effects leading to anomalous
couplings in the H ! ZZ decay amplitude in Eq. (6) is performed. The D0� discriminant
is designed for the discrimination between the third and the first amplitude contributions in
Eq. (6) when the phase fa3 between a3 and a1 couplings is not determined from the data [49].
For example, even when restricting the coupling ratios to be real, there remains an ambiguity
where fa3 = 0 or p. The interference between the two terms (a1 and a3) is found to have a
negligible effect on the discriminant distribution or the overall yield of events. The parameter
fa3 is defined as:

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3
, (18)

where si is the effective cross section H ! ZZ ! 2e2µ corresponding to ai = 1, aj 6=i = 0. The 4e
and 4µ final states may lead to either constructive or destructive interference of identical lep-
tons and therefore slightly different cross section ratios. When testing the CP-odd contribution,
the second term in the amplitude is assumed to be zero (a2 = 0). The measured value of fa3

20 10 Kinematic discriminants

mZ2, fully describe the kinematic configuration of a four-lepton system in its center-of-mass
frame, up to an arbitrary rotation around the beam axis. These observables provide significant
discriminating power between signal and background, as well as between alternative signal
models. A matrix element likelihood approach is used to construct kinematic discriminants
related to the decay observables [20, 32].

Figure 8: Illustration of the production and decay of a particle H, gg(qq) ! H ! ZZ ! 4`,
with the two production angles q⇤ and F1 shown in the H rest frame and three decay angles
q1, q2, and F shown in the Z1, Z2, and H rest frames, respectively.

In addition to the four-lepton center-of-mass frame observables, the four-lepton transverse mo-
mentum and pseudorapidity are needed to completely define the system in the lab frame. The
transverse momentum of the four-lepton system is used in the analysis as an independent ob-
servable because it is sensitive to the production mechanism of the Higgs boson, but it is not
used in the spin-parity analysis. The four-lepton rapidity is not used because the discrimina-
tion power of this observable for events within the experimental acceptance is limited.

Kinematic discriminants are defined based on the event probabilities depending on the back-
ground (Pbkg) or signal spin-parity (JP) hypotheses under consideration (PJP ):

Pbkg = Pkin
bkg(mZ1, mZ2, ~W|m4`)⇥ Pmass

bkg (m4`), (4)

PJP = Pkin
JP (mZ1, mZ2, ~W|m4`)⇥ Pmass

sig (m4`|mH), (5)

where Pkin is the probability distribution of angular and mass observables (~W, mZ1, mZ2) com-
puted from the LO matrix element squared, and Pmass is the probability distribution of m4` and
is calculated using the parameterization described in Section 12.1. Matrix elements for signal
are calculated with the assumption that mH = m4`. The probability distributions for spin-
zero resonances are independent of an assumed production mechanism. Only the dominant
qq ! ZZ background is considered in the probability parameterization.

For the alternative signal hypotheses, nine models have been tested, following the notations
from Refs. [42, 43]. The most general decay amplitude for a spin-zero boson decaying to two
vector bosons can be 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

⌘
, (6)

 - = 0 PJ  + = 1 PJ  - = 1 PJ  m 
 + = 2 PJ
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Details
Channels are sub-divided to enhance sensitivity either for 
experimental reasons or take advantage of production features
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March 8, 2013 – 16 : 11 DRAFT 3

For each analysis category (k) the number of signal events (nk
signal) is parametrized as:60

nk
signal =

⎛
⎜⎜⎜⎜⎜⎝
∑

i

µiσi,SM × Ak
i f × εk

i f

⎞
⎟⎟⎟⎟⎟⎠ × µ f × Bf ,SM ×Lk (1)

where A represents the detector acceptance, ε the reconstruction efficiency andL the integrated luminos-61

ity. The number of signal events expected from each combination of production and decay is scaled by62

the corresponding product of µiµ f , with no change to the distribution of kinematic or other properties.63

This parametrization generalizes the dependency of the signal yields on the production cross sections64

and decay branching fractions, allowing for a coherent variation across several channels. This approach65

is also general in the sense that it is not restricted by any relationship between production cross sections66

and branching ratios. The relationship between production and decay in the context of a specific theory67

or benchmark is achieved via a parametrization of µi, µ f → f (κ), where the κ are the parameters of the68

theory or benchmark under consideration as defined in Section 5. In the simplest cases the product µiµ f69

Table 1: Summary of the individual channels entering the combined results presented here. In channels
sensitive to associated production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕
represent direct products and sums over sets of selection requirements, respectively. The abbreviations
listed here are described in the corresponding Refs. reported in the last column. For the determination of
the combined signal strength µ in Section 4 the inclusive H→ZZ(∗)→ 4ℓ analysis [8] is used.

Higgs Boson Subsequent Sub-Channels
∫

L dt Ref.Decay Decay [fb−1]

2011
√

s =7 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag} 4.6 [8]

H → γγ – 10 categories 4.8 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF}
H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 4.6 [9]

H → ττ
τlepτlep {eµ} ⊗ {0-jet} ⊕ {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 4.6
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 4.6 [10]
τhadτhad {1-jet, 2-jet} 4.6

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 4.6
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV
H → ZZ(∗) 4ℓ {4e, 2e2µ, 2µ2e, 4µ, 2-jet VBF, ℓ-tag}} 20.7 [8]

H → γγ – 14 categories 20.7 [7]{pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet VBF} ⊕ {ℓ-tag, Emiss
T -tag, 2-jet VH}

H → WW (∗) ℓνℓν {ee, eµ, µe, µµ} ⊗ {0-jet, 1-jet, 2-jet VBF} 20.7 [9]

H → ττ
τlepτlep {ℓℓ} ⊗ {1-jet, 2-jet, pT,ττ > 100 GeV, VH} 13
τlepτhad {e, µ} ⊗ {0-jet, 1-jet, pT,ττ > 100 GeV, 2-jet} 13 [10]
τhadτhad {1-jet, 2-jet} 13

VH → Vbb
Z → νν Emiss

T ∈ {120 − 160, 160 − 200,≥ 200 GeV} ⊗ {2-jet, 3-jet} 13
W → ℓν pW

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13 [11]
Z → ℓℓ pZ

T ∈ {< 50, 50 − 100, 100 − 150, 150 − 200,≥ 200 GeV} 13
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Disentangling multiple production modes
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Figure 12: The weighted distribution of the invariant mass of diphoton candidates for the combined

7 TeV and 8 TeV data samples. The weight wi for category i from [1, 14] is defined to be ln(1 + S i/Bi),
where S i is the expected number of signal events in a mass window that contains 90% of the signal

events, and Bi is the integral in the same window of a background-only fit.
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Figure 13: The observed signal strength µ for the 14 categories of the 8 TeV data analysis.
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Table 5: Summary of the impact of systematic uncertainties on the signal yields for the analysis of the

8 TeV data.
Systematic uncertainties Value(%) Constraint

Luminosity ±3.6
Trigger ±0.5

Photon Identification ±2.4 Log-normal

Isolation ±1.0
Photon Energy Scale ±0.25

Branching ratio ±5.9% − ±2.1% (mH = 110 - 150 GeV) Asymmetric
Log-normal

Scale ggF: +7.2−7.8 VBF: +0.2−0.2 WH: +0.2−0.6 Asymmetric

ZH: +1.6−1.5 ttH: +3.8−9.3 Log-normal

PDF+αs ggF: +7.5−6.9 VBF: +2.6−2.7 WH: ±3.5 Asymmetric

ZH: ±3.6 ttH: ±7.8 Log-normal

Theory cross section on ggF Tight high-mass two-jet: ±48 Log-normal

Loose high-mass two-jet: ±28
Low-mass two-jet: ±30

signal composition (%)
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Figure 9: Decomposition of the expected signal from the various production processes for each category

at mH = 126.5 GeV for
√
s = 8 TeV.
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AARON ARMBRUSTER

Signal Parametrization

• Assumptions for properties measurements

– CP even scalar

– Single resonance: same boson in all channels

– Narrow width: (σ × B)(ii→ H → ff) = σii ·
Γff

ΓH

• nk
Signal =

(

∑

µiσi,SM × Ak
if × εkif

)

× µfBf,SM × Lk

– σi = µiσi,SM is the ith hypothesized production cross section

– Bf = µfBf,SM is the f th hypothesized branching fraction

– Detector acceptance Ak
if , reconstruction efficiency εkif , and

integrated luminosity Lk are fixed by above assumptions

• Fixing µ ratios to SM may conceal tension between data and SM

– Separate signal contributions from different modes

SIGNAL PARAMETRIZATION 14. MARCH 14, 2013
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Model-independent presentation
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Compare fermion and
vector boson based
production modes

• Updates with full
dataset from
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Nicholas Wardle - Imperial College London , On Behalf of the CMS Collaboration 13
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Can’t compare contours directly, b/c there is a different BR for axis 
All coupling measurements pass through this σᵢ x BRj space

See also [arXiv:1401.0080] for new approach to decouple theory uncertainty from experimental results
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Model-independent presentation
Can’t compare contours directly, b/c there is a different BR for axis 
But, BR cancels when considering slope in this plane 
‣ mild sensitivity to theory uncertainties (jet veto, ggH+2jet contamination,...)
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>3σ evidence for VBF Higgs production!
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Di-jet Tagged EventDi-jet Tagged Event
Mγγ = 121.9 GeV
E
T
(γ1) = 193.9 GeV

E
T
(γ2) = 78.0 GeV

η(γ1) = -0.405
η(γ2) = 0.037
M
jj
 = 1460 GeV

E
T
(j1) = 288.8 GeV

E
T
(j2) = 189.1 GeV

η(j1) = -2.022
η(j2) = 1.860

Uses of Multivariate Methods

Complex final state of VBF H → WW → llEmiss
T well-suited for multivariate methods

Used 7 variables:
∆ηll, ∆φll, Mll, ∆ηjj, ∆φjj, Mjj, MT

Compared Neural Networks, Genetic Program-
ming, and Support Vector Regression

q

q

W

W

H
W+

W−

ν

l+

l−

ν̄

Ref. Cuts low-mH Cuts NN GP SVR
120 ee 0.87 1.25 1.72 1.66 1.44
120 eµ 2.30 2.97 3.92 3.60 3.33
120 µµ 1.16 1.71 2.28 2.26 2.08
Combined 2.97 3.91 4.98 4.57 4.26
130 eµ 4.94 6.14 7.55 7.22 6.59

Table 1: Expected significance in sigma after 30 fb−1 for two cut analyses and three multivariate analyses for
different Higgs masses and final state topologies.

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 25)

Kyle Cranmer

Brookhaven National Laboratory

VBF 2-photon candidate



ETmiss=102 GeV, mjj=1.04 TeV and mττ=127 GeV
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VBF H→ 4l candidate
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1 VBF candidate observed (m4l=123.5 GeV)   [0.7 expected, S/B~5]
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Ratio of Branching Ratios
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It is nevertheless possible to use their ratio to eliminate the dependence on the branching fraction and146

illustrate the relative discriminating power between ggF+tt̄H and VBF+VH, as well as the compatibility147

of the measurements in each channel. The relevant channels have the following proportionality:148

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ
σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) (3)

σ(qq′ → qq′H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ
σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as149

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest of the ratio between VBF + VH and ggF + tt̄H scale150

factors.151

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all param-152

eters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ153

channels and their combination. For this combination it is only necessary to assume that the same bo-154

son H is responsible for all observed Higgs-like signals and that the separation of gluon fusion like155

events and VBF like events within the individual analyses and based on the kinematic properties of156

events is valid. The measurements in the four channels as well as the observed combined ratio of157

µVBF+VH/µggF+tt̄H = 1.2+0.7
−0.5 are fully compatible with the SM expectation of unity. The p-value3 when158

testing the ratio of µVBF+VH/µggF+tt̄H = 0 is 0.05% corresponding to a significance against the vanish-159

ing vector boson mediated production assumption of 3.3σ. The ratio of µVBF/µggF+tt̄H , where the signal160

strength µVH of the VH Higgs production process is profiled instead of treated together with µVBF, shows161

the same result of µVBF/µggF+tt̄H = 1.2+0.7
−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding162

to a significance against the vanishing VBF production assumption of 3.1σ.163

In another approach the dependence on the individual production µi cancels out when taking the ratio164

of µi × BR within the same production mode. This results in a ratio of relative BRs, ρ defined as:165

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to SM expec-166

tations. The relevant channels have the following proportionality:167

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test of µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the Profile Likelihood Test Statistic.
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.
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Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν channels for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
The dashed curves show the SM expectation.
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in the SM, the individual channels must separate the signal contribution from various production modes.125

A test of the SM combining multiple decay modes is complicated by the fact that the underlying cou-126

plings between the Higgs and other particles affect both the production and the decay. Furthermore,127

parametrization of these effects is subject to a number of assumptions on the presence or absence of new128

particle states in loop-induced couplings and unobserved decay modes affecting the total width of the129

Higgs boson.130

Since several Higgs boson production modes are available at the LHC, results shown in two dimen-131

sional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production has132

been observed yet, hence the strength factor µggF for gluon fusion production (ggF) and the very small133

contribution of µttH have been grouped together as they scale dominantly with the ttH coupling in the134

SM and are denoted by the common parameter µggF+tt̄H . Similarly, µVBF and µVH have been grouped135

together as they scale with the WH/ZH gauge coupling in the SM and are denoted by the common136

parameter µVBF+VH . The resulting contours for the H→ γγ, H→ZZ(∗)→ 4ℓ and H → ττ channels at137

mH=125.5 GeV are shown in Fig. 2.138
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factor B/BSM, which can be different for all final states.
The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF and VH)
production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are
also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to illustrate a deficit of events from the139

corresponding production process. As described in Ref. [12], while the signal strengths may be negative,140

the total probability density function must remain positive everywhere, and hence the total number of141

expected signal+background events has to be positive everywhere. This restriction is responsible for142

the sharp cutoff in the H→ZZ(∗)→ 4ℓ contour. It should be noted that each contour refers to a different143

branching fraction B/BSM, hence a direct combination of the contours from different final states is not144

possible.145
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Figure 3: Likelihood curves for the ratio (a) µVBF+VH/µggF+tt̄H and (b) µVBF/µggF+tt̄H for the H→ γγ,
H→ZZ(∗)→ 4ℓ, H→WW (∗)→ ℓνℓν and H → ττ channels and their combination for a Higgs boson mass
hypothesis of mH = 125.5 GeV. The branching ratios and possible non-SM effects coming from the
branching ratios cancel in µVBF+VH/µggF+tt̄H and µVBF/µggF+tt̄H , hence the different measurements from
all three channels can be compared and combined. For the measurement of µVBF/µggF+tt̄H , the signal
strength µVH is profiled.
The dashed curves show the SM expectation for the combination.

Fig. 4 shows the likelihood as a function of the ratios ρXX/YY , while profiling over the parameters
µggF+tt̄H;H→YY and µVBF+VH/µggF+tt̄H . For the three shown cases, the best fit values are

ργγ/ZZ = 1.1+0.4
−0.3

ργγ/WW = 1.7+0.7
−0.5 (7)

ρZZ/WW = 1.6+0.8
−0.5 ,

in agreement with the SM expectation of one.
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Figure 4: Likelihood curves for the relative ratios of branching ratios (a) ργγ/ZZ , (b) ργγ/WW and (c)
ρZZ/WW from pairwise ratios of the H→ γγ, H→ZZ(∗)→ 4ℓ and H→WW (∗)→ ℓνℓν channels for a Higgs
boson mass hypothesis of mH = 125.5 GeV.
The dashed curves show the SM expectation.
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A model independent approach less sensitive to theory uncertainties
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Status of VH production
VH production not yet firmly established 

‣ Channels:   
● H→ γγ: simple lepton tag, few events 
● H→ bb: complicated analyses 

‣ Sensitivity at ~2x SM rate 
ATLAS & CMS both see a convincing diboson 
peak in H→ bb with slight Higgs-like excess 

‣ evidence for VH at Tevatron

19

Higgs results
7TeV

2� deficit in 7TeV data

Observed in previous analysis
8TeV
⇠ 1� excess in 8TeV data

Combination
Result is a very small excess

�H = 0.2±0.5(stat)±0.4(syst)
Compatible with both �= 0 and
�= 1

Observed limit 1.4�SM, 1.3
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are consistent with the presence of a diboson signal from
ZZ and WZ channels, with Z ! b !b, 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 mðjjÞ 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 ! ¼ 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% C.L.

upper limits on the production cross section, relative
to the standard model prediction, are 1.4 and 2.0,
respectively.

B. Diboson signal extraction

As a validation of the multivariate technique, BDT dis-
criminants 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 data set only.
The observed excess of events for the combined WZ and
ZZ processes, with Z ! b !b, differs by over 7 standard
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deviations from the event yield expectation from the
background-only hypothesis. The corresponding signal
strength, relative to the prediction from the diboson
MADGRAPH generator mentioned in Sec. II, and rescaled
to the cross section from the NLO MCFM generator, is
measured to be !VV ¼ 1:19þ0:28

#0:23.

IX. SUMMARY

A search for the standard model Higgs boson when
produced in association with an electroweak vector boson
and decaying to b !b is reported for the Wð!"ÞH, Wðe"ÞH,
Wð#"ÞH, Zð!!ÞH, ZðeeÞH, and Zð""ÞH channels. The
search is performed in data samples corresponding to
integrated luminosities of up to 5:1 fb#1 at

ffiffiffi
s

p ¼ 7 TeV
and up to 18:9 fb#1 at

ffiffiffi
s

p ¼ 8 TeV, recorded by the CMS
experiment at the LHC.

Upper limits, at the 95% confidence level, on the VH
production cross section times the H ! b !b branching
fraction, with respect to the expectations for a standard
model Higgs boson, are derived for the Higgs boson in the
mass range 110–135 GeV. For a Higgs boson mass of
125 GeV the expected limit is 0.95 and the observed limit
is 1.89.

An excess of events is observed above the expected
background with a local significance of 2.1 standard devi-
ations. The expected significance when taking into account
the production of the standard model Higgs boson is also
2.1 standard deviations. The sensitivity of this search, as
represented by the expected significance, is the highest
for a single experiment thus far. The signal strength

corresponding to this excess, relative to that of the standard
model Higgs boson, is ! ¼ 1:0& 0:5. The measurements
presented in this article represent the first indication of the
H ! b !b decay at the LHC.
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Narrow width approximation
The basic starting point for the various parametrizations : 
!
!
!
!
No useful direct constraint on total width at LHC (but getting close) 
‣ ideally, allow for invisible or undetected partial widths 
‣ leads to an ambiguity unless something breaks degeneracy 

Various strategies / assumptions break this degeneracy 
‣ Assume no invisible decays 
‣ Fix some coupling to SM rate 
‣ Only measure ratios of couplings 
‣ Limit  

● valid for CP-conserving H, no H++, ... 
● together with  
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2 Summary of Higgs boson channels

In order to determine the properties of a physical state such as a Higgs boson, one needs at
least as many separate measurements as properties to be measured, although two or more
measurements can be made from the same channel if different information is used, e.g., total
rate and an angular distribution. Fortunately, the LHC will provide us with many different
Higgs observation channels. In the SM there are four relevant production modes: gluon fusion
(GF; loop-mediated, dominated by the top quark), which dominates inclusive production;
weak boson fusion (WBF), which has an additional pair of hard and far-forward/backward
jets in the final state; top-quark associated production (tt̄H); and weak boson associated
production (WH, ZH), where the weak boson is identified by its leptonic decay. 1

Although a Higgs is expected to couple to all SM particles, not all these decays would be
observable. Very rare decays (e.g., to electrons) would have no observable rate, and other
modes are unidentifiable QCD final states in a hadron collider environment (gluons or quarks
lighter than bottom). In general, however, the LHC will be able to observe Higgs decays
to photons, weak bosons, tau leptons and b quarks, in the range of Higgs masses where the
branching ratio (BR) in question is not too small.

For a Higgs in the intermediate mass range, the total width, Γ, is expected to be small
enough to use the narrow-width approximation in extracting couplings. The rate of any
channel (with the H decaying to final state particles xx) is, to good approximation, given
by

σ(H) × BR(H → xx) =
σ(H)SM

ΓSM
p

·
ΓpΓx

Γ
, (1)

where Γp is the Higgs partial width involving the production couplings and where the Higgs
branching ratio for the decay is written as BR(H → xx) = Γx/Γ. Even with cuts, the
observed rate directly determines the product ΓpΓx/Γ (normalized to the calculable SM value
of this product). The LHC will have access to (or provide upper limits on) combinations of
Γg, ΓW , ΓZ , Γγ , Γτ , Γb and the square of the top Yukawa coupling, Yt. 2

Since experimental analyses are driven by the final state observed, we classify Higgs
channels by decay rather than production mode, and then discuss the different production
characteristics as variants of the final state. However, some initial comments on production
modes are in order. First, experimental studies mostly do not yet include the very large
(N)NLO enhancements known for gg → H [9–11]. Even if background corrections are
as large as for the signal, which they typically are not, the statistical significance of the
GF channels will be greater than estimated by the current studies (which we have used
for this paper). Furthermore, the NNLO calculations may reduce also the theory systematic
uncertainty for the signal. Second, experimental studies do not consider WBF channels above
30 fb−1 integrated luminosity, because the efficiency to tag forward jets at high-luminosity
LHC running is not yet fully understood. This is a very conservative assumption. We also
discuss a scenario where a higher luminosity is available in the WBF channels.

The literature on Higgs channels at LHC is extensive. We refer here only those analyses
which we use in our fits. Mostly, these are recent experimental analyses which contain

1We do not consider diffractive Higgs production since its rate is in general small and also quite uncertain,
which limits the usefulness of this channel for Higgs coupling determinations.

2We do not write this as a partial width, Γt, because, for a light Higgs, the decay H → tt̄ is kinematically
forbidden.

2

bottom quarks. Here we follow a different approach. We perform general fits to the Higgs
couplings with the mildest possible theoretical assumptions, starting with the constraint

ΓV ≤ ΓSM
V (2)

(V = W, Z) which is justified in any model with an arbitrary number of Higgs doublets (with
or without additional Higgs singlets). I.e., it is true for the MSSM in particular.

Even without this constraint, the mere observation of Higgs production puts a lower
bound on the production couplings and, thereby, on the total Higgs width. The constraint
ΓV ≤ ΓSM

V , combined with a measurement of Γ2
V /Γ from observation of H → V V in WBF,

then puts an upper bound on the Higgs total width, Γ. It is this interplay which provides
powerful constraints on the remaining Higgs couplings, allowing for their absolute determi-
nation, rather than simply ratios of their magnitudes.

3.1 Fitting procedure

Our analysis of expected LHC accuracies closely follows the work of Dührssen [7]. First, a
parameter space (x) is formed of Higgs couplings together with additional partial widths to
allow for undetected Higgs decays and additional contributions to the loop-induced Higgs
couplings to photon pairs or gluon pairs due to non-SM particles running in the loops. We
assume that the measured values correspond to the SM expectations for the purpose of
determining statistical uncertainties, then form a log likelihood function, L(x), which, for a
given integrated luminosity, is based on the expected Poisson errors of the channels listed in
Sec. 2 and on estimated systematic errors [7], which are tabulated in the Appendix.

As an alternative, in particular for the specific MSSM scenarios discussed in Sec. 4, we
use a Gaussian approximation to the log likelihood function, i.e., a χ2 function constructed
from the same error assumptions that enter the log likelihood function. We take each of the
channels considered in Ref. [7] as a bin in the χ2. To mimic the effect of Poisson statistics on
channels with low numbers of events, we discard any channel with ≤ 5 total events (signal
plus background) in both approaches. This is relevant only in the case of low luminosity
data. We have checked that the resulting accuracy estimates for coupling measurements are
consistent for the two approaches.

Relative to SM expectations, we compute the variation of either 2L(x) or χ2(x) on this
parameter space and trace out the surface of variations by one unit. The 1σ uncertainties on
each parameter are determined by finding the maximum deviation of that parameter from
its SM value that lies on the ∆χ2 = 1 (∆L = 1/2) surface. We repeat the procedure for
each Higgs mass value in the range 110 ≤ mH ≤ 190 GeV in steps of 10 GeV.

We perform the fits under three luminosity assumptions for the LHC:

1. 30 fb−1 at each of two experiments, denoted 2×30 fb−1;

2. 300 fb−1 at each of two experiments, of which only 100 fb−1 is usable for WBF channels
at each experiment, denoted 2×300 + 2×100 fb−1;

3. 300 fb−1 at each of two experiments, with the full luminosity usable for WBF channels,
denoted 2×300 fb−1.

The second case allows for possible significant degradation of the WBF channels in a high
luminosity environment, while the third case shows the benefits of additional improvements
in WBF studies at high luminosity.

6

�2
V /� = meas ) �vis  �  �2

V,SM/meas

Gunion, Haber, Wudka (1991)

eg. Dührssen et. al, Peskin, ...
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Approach: scale couplings w.r.t. SM values by factor κ 
‣ Expansion around SM point with state-of-the-art predictions 

Option 1) relate ggH and γγH assuming no new particles in loop 
!
!
!
!
!
!
Option 2) introduce κg and κγ as effective coupling to ggH and γγH 

22

Parametrizing the couplings



Kyle Cranmer (NYU)

Center for 
Cosmology and 
Particle Physics

Blois, May 19, 2014

Benchmark models
Fully model independent fit is not very informative with current data 

‣ Benchmarks proposed by joint theory/experiment LHC XS group 
!
Probe Fermionic vs. Bosonic couplings: 
!
Probe W vs. Z couplings (custodial symmetry) 

!
Probe up. vs. down fermion couplings 
!
Probe quark vs. lepton couplings 
!
Probe new particles in ggH and γγH loops 
!
Probe invisible decays
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Example Coupling results
Here, evidence for fermion couplings is indirect

24

where the values and uncertainties for both σSM(gg → H) and BRSM(H → γγ) are taken from Refs. [23,

24, 26] for a given Higgs boson mass hypothesis.

The simplest model assumes that all couplings are modified by a single scaling parameter κ. In this

case the fit to the data yields a value of

κ = 1.19 ± 0.11 (stat) ± 0.03 (syst) ± 0.06 (theory)

corresponding to the square root of the global signal strength µ shown in Figure 1.

More refined benchmark models to probe the couplings of the observed Higgs-like particle have been

elaborated in Ref. [3], and references therein, to address specific questions on its nature, under various

assumptions. These assumptions will change depending on the question being discussed.

In the forthcoming subsections the following fundamental questions related to the coupling properties

are addressed. The relative couplings to fermions and bosons are tested in Section 6.1, assuming two

common scale factor for these two sectors. The ratio of couplings to W and Z bosons, related to the

custodial symmetry, is discussed in Section 6.2.1 . The ratio of down to up quark type couplings, that is

very interesting for several extensions of the SM, is discussed in Section 6.2.2. The ratio of couplings to

the lepton and quark sectors is given in Section 6.2.3. The possible effect of beyond SM particles on the

indirect coupling to gluons and photons, that in the SM proceeds via loops and therefore is particularly

sensitive the new physics, is given in Section 6.3.

The main results discussed herein are compared with the results expected from the presence of a

mH=126 GeV Standard Model Higgs boson in the Appendix.

6.1 Couplings to Fermions and Vector Gauge Bosons

This benchmark is an extension of the single parameter µ fit, where a different strength for the fermion

and vector coupling is probed. It assumes that only SM particles contribute to the H→ γγ and gg → H

vertex loops. The fit is performed in two variants, with and without the assumption that the total width of

the Higgs boson is given by the sum of the known SM Higgs boson decay modes (modified in strength

by the appropriate fermion and vector coupling scale factors).

6.1.1 Assuming only SM particles contribute to the total width

The fit parameters are the coupling scale factors κF for all fermions and κV for all vector couplings:

κF = κt = κb = κτ (22)

κV = κW = κZ (23)

Figure 4(a) shows the result of the fit to this benchmark. Only the relative sign between κF and κV

is physical and some sensitivity to this sign is gained from the negative interference between the W-loop

and t-loop in the H→ γγ decay. The fit gives a small preference to the local minimum close the SM

point. The likelihood as a function of κF when κV is profiled and as a function of κV when κF is profiled

is illustrated in Figure 5(a) and Figure 5(b) respectively. Figure 5(a) shows in particular to what extent

the sign degeneracy is resolved.

The 68% CL intervals of κF and κV when profiling over all other parameters are:

κF ∈ [−1.0,−0.7] ∪ [0.7, 1.3] (24)

κV ∈ [0.9, 1.0] ∪ [1.1, 1.3] (25)

These intervals combine all experimental and theoretical systematic uncertainties. The 95% confidence

intervals are

κF ∈ [−1.5,−0.5] ∪ [0.5, 1.7] (26)

κV ∈ [0.7, 1.4] (27)

8

7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg → H production and
H → γγ decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. κi=1). Effective scale factors κg
and κγ are introduced to parameterise the gg → H and
H → γγ loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

κg = 1.04 ± 0.14 (14)
κγ = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.
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Figure 12: Likelihood contours for the coupling scale factors κγ and κg
probing BSM contributions to the H → γγ and gg→ H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (×) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple χ2-like compatibility test with
the SM is therefore not meaningful.
The coupling of the new particle to gauge bosons κV

is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5σ are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, κW/κZ , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg → H
and H → γγ loops are observed.
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1σ and ±2σ un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb−1
at
√
s = 7 TeV and

√
s = 8 TeV, have been analysed

to determine several properties of the recently discov-
ered Higgs boson using the H → γγ, H→ ZZ∗→ 4ℓ and
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Example Coupling results
Updated results from ATLAS with fermionic channels
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Main coupling results from CMS 
coming soon after update to H→γγ

See: Combinations of results of Higgs boson 
production at the LHC (production rates, couplings) 
Presented by Christian MEINECK on 21 May 2014 at 14:40 
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Probing undetected decays
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic
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Figure 10: Fits for benchmark models described in Equation (44) probing contributions from non-SM
particles in the H→ γγ and gg → H loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors κγ and κg; (b) coupling scale factor κγ (κg is profiled);
(c) coupling scale factor κg (κγ is profiled). The dashed curves in (b) and (c) show the SM expectation.
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Figure 11: Fits for benchmark models described in Equations (47,48) probing contributions from non-
SM particles in the H→ γγ and gg → H loops, while allowing for potential extra contributions to the
total width: (a) branching fraction Bi,u = BRinv.,undet. to invisible or undetectable decay modes (κγ and κg
are profiled); (b) coupling scale factor κγ (κg and BRinv.,undet. are profiled); (c) coupling scale factor κg
(κγ and BRinv.,undet. are profiled). The dashed curves show the SM expectation.
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Figure 15: The 2D likelihood scan for kg and kg parameters, assuming that GBSM = 0, i.e. no
new Higgs boson decay modes are open. The cross indicates the best-fit values. The solid,
dashed and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively. The yellow
diamond shows the SM point (kg, kg) = (1, 1). The partial widths associated with the tree-level
production processes and decay modes are assumed to be unaltered (k = 1).
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Figure 16: (Left) The likelihood scan versus BRBSM = GBSM/Gtot. The solid curve is the data and
the dashed line indicates the expected median results in the presence of the SM Higgs boson.
The partial widths associated with the tree-level production processes and decay modes are
assumed to be unaltered (k = 1). (Right) Correlation between kg and BRBSM. The solid, dashed
and dotted contours show the 68%, 95% and 99.7% CL ranges, respectively.

See: “Higgs exotic decays” 
Presented by Prerit JAISWAL on 21 May 2014 at 18:10 

As BR(inv) increases, κg must increase 
As κg → ∞ B(gg)→ B(gg)SM ~10% 
Thus BR(inv) < 1-B(gg)SM

Here total width modified by: 
‣ uses effective coupling for ggH and γγH loops 
‣ everything else is SM-like (namely VBF production) 

Disfavors large BR to invisible  

https://indico.cern.ch/event/296546/session/4/contribution/11
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Invisible decays
ATLAS & CMS directly probing 
invisible decays with associated 
production
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Experimental Apparatus Intro To Invisible Higgs Boson Samples and Modeling The Search Strategy Uncertainties Results Conclusion References

Invisible Higgs and ZZ Production

Signal: Invisible Decay Modes
I Z boson Higgs-strahlung
I Higgs decay products invisible to

detector
I Not a Standard Model

phenomenon
I Model-independent search

I Some theorized decay modes:
I Decay into pair of Stable neutral

Lightest SUSY Particles (LSP)
I neutralinos (1)

I Large extra dimensions
I Higgs oscillates into a

graviscalar and disappears from
our brane (2)

I Decay into pair of graviscalars
(3)

I Decay into light neutrino and
heavy neutrino (4)

I Explore range of Higgs masses
I 105-145 GeV

The Search for Invisible Higgs Boson Production, With the CMS Detector at the LHC 6/25
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Summary of what we have established
Mass, spin, CP, and flavor 

• mH ~125.5 ± 0.5 GeV 
• looks like 0+ as in SM, though only marginally favored over some alternatives 
• fraction of CP odd coupling in ZZ is < ~50% 
• no FCNC seen, BR(t→ Hc) ≲ 1% 

Production: 
• discovery established ggF production & now VBF production also firmly established 
• evidence for VH ~2σ 
• ttH: not yet, look out for Run-II 

Decays: 
• γγ, WW, ZZ >> 5σ 

• ττ at ~4σ  (lack of µµ as expected ⇒ not a flavor-universal coupling) 

• bb ~2σ 
• BR(H→invisible/undetected) < ~60% 
• total width < ~4.2x SM 

Overall coupling pattern: 
• consistent with the SM, though ~2σ tension seen 
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Future Colliders
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A very active area
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Abstract

This report summarizes the work of the Energy Frontier Higgs Boson working group of the 2013 Community
Summer Study (Snowmass). We identify the key elements of a precision Higgs physics program and document
the physics potential of future experimental facilities as elucidated during the Snowmass study. We study
Higgs couplings to gauge boson and fermion pairs, double Higgs production for the Higgs self-coupling, its
quantum numbers and CP -mixing in Higgs couplings, the Higgs mass and total width, and prospects for direct
searches for additional Higgs bosons in extensions of the Standard Model. Our report includes projections of
measurement capabilities from detailed studies of the Compact Linear Collider (CLIC), a Gamma-Gamma
Collider, the International Linear Collider (ILC), the Large Hadron Collider High-Luminosity Upgrade (HL-
LHC), Very Large Hadron Colliders up to 100 TeV (VLHC), a Muon Collider, and a Triple-Large Electron
Positron Collider (TLEP).

1.1 Introduction

The quest to understand the origin of mass spans at least four major energy frontier facilities in the last
25 years – from the SLC linear e+e� collider at SLAC and LEP circular e+e� collider at CERN, to the
Tevatron proton-antiproton collider at Fermilab, and finally to the LHC at CERN. Now, for the first time,
Higgs physics is experimentally verified to be an inextricable part of the universe and the physical laws
that govern it. While we do not know at this time whether the simplest possible incarnation of the Higgs
mechanism is what occurs in Nature, the fact that the new boson was discovered in the search for the Standard
Model Higgs boson indicates that the basic features of the Higgs mechanism are correct. Any significant
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ILC: Linear e+e− collider,
√
s = 250 – 1000 GeV

based on superconducting cavities (cold technology)

Schematic:

Energies:
√
s = 250 GeV, 350 GeV, 500 GeV . . .1000 GeV . . .91 GeV

Possible features:
− two detectors in one interaction region (push-pull)

− undulator based e+ source

− polarized beams for e− and e+ (Pe− = 80%, Pe+ = 60%)

− tunable energy

− GigaZ: high luminosity running at the Z pole

Sven Heinemeyer – Snowmass: Seattle EF WS, 07/01/’13 3

Table 1: Preliminary values of the luminosity for TLEP in each of the four planned configurations [8]. Other
parameters relevant for the physics potential of TLEP (beam size, RF cavity gradient, number of bunches, total
power consumption and integrated luminosity per year at each IP) are also listed.

TLEP-Z TLEP-W TLEP-H TLEP-t
p
s (GeV) 90 160 240 350

L (1034 cm�2s�1/IP) 56 16 5 1.3
# bunches 4400 600 80 12

RF Gradient (MV/m) 3 3 10 20
Vertical beam size (nm) 270 140 140 100
Total AC Power (MW) 250 250 260 284

Lint (ab�1/year/IP) 5.6 1.6 0.5 0.13
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Fig. 3: Instantaneous luminosity, in units of 1034 cm�2s�1, expected at TLEP (full red line), in a configuration
with four interaction points operating simultaneously, as a function of the centre-of-mass energy. For illustration,
the luminosities expected at linear colliders, ILC (blue line) and CLIC (green line), are indicated in the same
graph. As explained in the text, the TLEP luminosity at each interaction point would increase significantly if fewer
interaction points were considered. The possible TLEP energy upgrade up to 500 GeV, represented by a dashed
line, is briefly discussed in Section 5.

(as opposed to a naive factor 2 reduction), hence would increase the statistical uncertainties reported
in this article by about 20%. The physics potential of either configuration is summarized in Table 8
(Section 3.3) and Table 9 (Section 4). Although there is some debate as to the functional dependence of
the beam-beam parameter on the damping decrement, any modifications to the formula of Ref. [14] will
have minor effects on the conclusions of this analysis.

Also displayed in Fig. 3 are the luminosities expected for the two linear collider projects, ILC [15,
16] and CLIC [17], as a function of the centre-of-mass energy. It is remarkable that the luminosity ex-
pected at TLEP is between a factor 5 and three orders of magnitude larger than that expected for a linear
collider, at all centre-of-mass energies from the Z pole to the tt̄ threshold, where precision measure-
ments are to be made, hence where the accumulated statistics will be a key feature. Upgrades aimed at
delivering luminosities well beyond the values given above are also being investigated – although they

8
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Some general comments on e+e- 
Because 4-momentum of initial state known at e+e- → ZH, it is possible to                 
use recoil of Z in to reconstruct Higgs in a decay-independent way 

• allows for measurement of absolute branching ratios 
• story changes a bit now that LHC probing Higgs width via interference, but not 

same level of precision (1-5%) achievable at lepton colliders 
• theoretical uncertainties at e+e- generally much smaller than at hadron colliders 

Top mass measurement at hadron colliders has large theoretical uncertainties in 
connecting to pole mass (needed for vacuum stability etc.).  

• High-energy e+e- colliders can measure top mass via threshold scan.
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .

Community Planning Study: Snowmass 2013

5.3. Probing the top quark vertices at the ILC
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Figure 5.2. Illustration of a top quark threshold meausurement at the ILC. In the simulation, the top quark mass
has been chosen to be 174. GeV. The blue lines show the e�ect of varying this mass by 200 MeV. The study is
based on full detector simulation and takes initial state radiation (ISR) and beamstrahlung (BS) and other relevant
machine e�ects into account: (left) the simulated threshold scan. (right) error ellipse for the determination of mt

and –s. From [34].

70 MeV for each uncertainty of 0.001 in the value of –s. Both sources of uncertainty should be
reduced by the time of the ILC running. In particular, the study of event shapes in e+e≠ æ qq at the
high energies available at ILC should resolve current questions concerning tensions between precision
determinations of –s. It is important to note that these estimates of the accuracy of mass values are
derived from a precision theory of the relation between the threshold mass and the top quark MS

mass. A comparable theory simply does not exist for the conversion of the top quark mass measured
in hadronic collisions to the MS value.

The precise determination of the top quark mass is likely to have important implications for
fundamental theory. We have given one example at the end of Section 2.1. In that case, the value
of the top quark mass, accurate at the level that ILC will provide, literally decides the fate of the
universe.

In principle, the contribution of the Higgs exchange potential to the tt threshold makes it possible
to measure that Higgs coupling to tt. However, the precision of this measurement is strongly limited
by the fact that the Higgs corrections are suppressed by the inverse square of the Higgs mass. For
a Higgs mass of mH = 120 GeV the study in [32] found that uncertainties of at least several 10%
should be expected in a measurement of the top quark Higgs Yukawa coupling. This coupling can be
measured more accurately from the cross section for e+e≠ æ tth, as is explained in Section 2.6 and
2.7 of this report.

5.3 Probing the top quark vertices at the ILC

At higher energy, the study of tt pair production at the ILC is the ideal setting in which to make
precise measurements of the the coupling of the top quark to the Z0 boson and the photon. In
contrast to the situation at hadron colliders, the leading-order pair production process e+e≠ æ tt

goes directly through the ttZ0 and tt“ vertices. There is no concurrent QCD production of top
pairs, which increases greatly the potential for a clean measurement. In the following section, we will
review the importance of measuring these couplings precisely. Then we will describe studies of the
experimental capabilities of the ILC to perform these measurements.
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Figure 2.2. Regions of stability and instability for the Higgs potential of the Standard Model, in the plane of mh

vs. mt, from [14]. The right-hand figure show the 1, 2, and 3 ‡ contours corresponding to the currently preferred
values of the Higgs boson and top quark masses.

precise knowledge of the heavy quark meson masses, are improvable. Electroweak radiative correction
calculations to NNLO are within the state of the art. The value of –s will be known with an error
well below 1% from event shape measurments at the ILC. In all, we expect that the theoretical error
on �(h æ bb) will be below 1% in the era when the ILC measurements on the Higgs boson are ready
for interpretation. Most of the considerations of this paragraph apply also to the partial width for
�(h æ cc). In particular, the same papers cited above also give consistent estimates of the MS

charm quark mass at 3 GeV, with an error on the lattice side of 0.6%. We expect that the total
theoretical error on this quantity can be brought down close to 1%.

Figure 2.1 plots the branching fraction of the Standard Model Higgs boson as a function of the
Higgs mass. The figure tells us that the Higgs boson mass mh ƒ 125 GeV provides a very favorable
situation in which a large number of decay modes have similar sizes and are accessible to experiments
that provide a large Higgs event sample. The ILC, including its eventual 1 TeV stage, will allow
measurement of the Higgs boson couplings to W , Z, b, c, · , and µ, plus the loop-induced couplings
to gg, ““, and “Z. The regularity of the SM that the Higgs couplings are precisely proportional
to mass can thus be verified or refuted through measurements of many couplings spanning a large
dynamic range.

A deviation of any of the tree-level Higgs boson couplings to WW , ZZ, or SM fermions indicates
that additional new physics—either additional Higgs bosons or electroweak symmetry-breaking strong
dynamics—is needed to generate the full masses of these particles and to assure good behavior of the
associated scattering amplitudes in the high-energy limit [9, 10].

The Higgs potential in the Standard Model has another very unusual feature to which we
call attention. These remarks apply specifically to the situation in which there is no new physics
close to the TeV energy scale. In that case, for large values of the top quark Yukawa coupling yt,
renormalization group running to small distance scales drives the Higgs coupling ⁄ negative and
creates an instability of the Higgs potential [11]. If the low-energy value of ⁄ is large enough, the
Higgs potential is stable for all values of È�Í below the Planck scale. However, it turns out that the
currently measured value of the top mass is too high to guarantee stability for a Higgs boson mass
value of 125 GeV. The minimum of the Higgs boson potential corresponding to the Standard Model
might still be metastable for times longer than the age of the universe [12].

The stability region of the Standard Model, in relation to the current value of the top quark mass
and the value near 125 GeV for the Higgs boson mass, is shown in Fig. 2.2 [13, 14]. There is a small
sliver of the (mh, mt) plane in which the Higgs potential is metastable, and the currently preferred
values lie in that region. However, as shown in the inset, these values are plausibly consistent with
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Invisible Higgs and ZZ Production

Signal: Invisible Decay Modes
I Z boson Higgs-strahlung
I Higgs decay products invisible to

detector
I Not a Standard Model

phenomenon
I Model-independent search

I Some theorized decay modes:
I Decay into pair of Stable neutral

Lightest SUSY Particles (LSP)
I neutralinos (1)

I Large extra dimensions
I Higgs oscillates into a

graviscalar and disappears from
our brane (2)

I Decay into pair of graviscalars
(3)

I Decay into light neutrino and
heavy neutrino (4)

I Explore range of Higgs masses
I 105-145 GeV
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1.3 Double Higgs production and the Higgs self-coupling

Measurement of the Higgs self-coupling allows one to probe the shape of the Higgs potential. In the Standard
Model, the Higgs potential can be written as (here h�i = (0, v/

p
2)T )

V = �µ2�†�+ �(�†�)2, (1.11)

yielding a Higgs vev and mass of

v =
p
µ2/� ' 246 GeV, mH =

p
2� v ' 125 GeV. (1.12)

The Higgs self-interaction Lagrangian, expanded about the minimum, is

�L = �1

2
m2

HH2 � gHHH

3!
H3 � gHHHH

4!
H4, (1.13)

where the triple- and quartic-Higgs couplings are predicted in the SM in terms of the known Higgs mass and
vev,

gHHH = 6�v =
3m2

H

v
, gHHHH = 6� =

3m2
H

v2
. (1.14)

Tests of these relations probe for non-SM physics in the Higgs potential.

The triple-Higgs coupling can be probed in double Higgs production: gg ! HH at hadron colliders or
e+e� ! ZHH, ⌫⌫̄HH at lepton colliders. The main challenge is the small signal cross section. The quartic-
Higgs coupling could be probed in principle through triple Higgs production, though the cross sections are
too small to be detectable at any foreseen future facility.

Henceforth we denote the uncertainty in the triple-Higgs coupling as ��/� ⌘ �gHHH/gHHH .

1.3.1 Standard Model predictions for double-Higgs production

The theoretical status of double Higgs production in pp collisions has been recently summarized in Ref. [90]
(Table 1-21). The most interesting process, gg ! HH, is currently known to next-to-leading order in QCD
with a theoretical uncertainty ⇠30%. This uncertainty will need to be reduced to match the anticipated
experimental uncertainty at the HL-LHC and higher energy pp colliders.

All double Higgs production processes involve not only the diagram with the trilinear Higgs coupling �, but
also additional diagrams that dilute the sensitivity of the cross section measurement to �. This dependence
has been quantified for pp colliders in Ref. [90]. Because of the di↵erent kinematic dependences of the
contributing diagrams, the two-Higgs invariant mass MHH and the Higgs pT distributions depend on �.
This has not yet been taken into account in LHC analyses, although an MHH weighting has been used in
ILC studies to increase the sensitivity to �.

In e+e� collisions, the full O(↵) electroweak corrections to both the double Higgs-strahlung process e+e� !
ZHH [91, 92] and the WW fusion-dominated process e+e� ! ⌫⌫̄HH [93] are known. The theoretical
uncertainties in these cross sections are well below the anticipated experimental precision.

1.3.2 Models that modify the triple-Higgs coupling

Beyond the Standard Model, the triple-Higgs coupling is in general modified. The size of the modification is
highly model-dependent, potentially providing model-discriminating power. Estimates of the self-coupling
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ZHH [91, 92] and the WW fusion-dominated process e+e� ! ⌫⌫̄HH [93] are known. The theoretical
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1.3.2 Models that modify the triple-Higgs coupling
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7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg → H production and
H → γγ decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. κi=1). Effective scale factors κg
and κγ are introduced to parameterise the gg → H and
H → γγ loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

κg = 1.04 ± 0.14 (14)
κγ = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.

γκ

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

g
κ

0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2 SM

Best fit
68% CL
95% CL

-1Ldt = 20.7 fb∫ = 8 TeV s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

, ZZ*, WW*γγ→Combined H

ATLAS

Figure 12: Likelihood contours for the coupling scale factors κγ and κg
probing BSM contributions to the H → γγ and gg→ H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (×) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple χ2-like compatibility test with
the SM is therefore not meaningful.
The coupling of the new particle to gauge bosons κV

is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5σ are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, κW/κZ , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg → H
and H → γγ loops are observed.

Parameter value
-1 0 1

ATLAS

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s
-1Ldt = 20.7 fb∫ = 8 TeV s

 = 125.5 GeVHm

, ZZ*, WW*γγ →Combined H 
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1σ and ±2σ un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb−1
at
√
s = 7 TeV and

√
s = 8 TeV, have been analysed

to determine several properties of the recently discov-
ered Higgs boson using the H → γγ, H→ ZZ∗→ 4ℓ and
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Figure 1-5. Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3�
measurement [125]. Points indicate central values and error bars indicate 1� deviations in the generated
experiments modeling di↵erent luminosity scenarios at proton (solid red) or e+e� (open blue) colliders.
Measurements in three topologies V H (triangles), VBF (squares), and decay H ! V V (circles) are shown.
Di↵erent energy and luminosity scenarios are indicated on the x-axis.

A study of CP -odd contribution in the ttH coupling has been studied in the context of ILC [132]. Cross-
section dependence on the coupling has been employed and an uncertainty of 0.08 (0.29) at 1000 (500) GeV
center-of-mass energy has been estimated. A beam polarization of (+0.2,�0.8) and (+0.3,�0.8) is assumed
at 1000 and 500 GeV, respectively. These estimates further improve to 0.05 (0.16) for the luminosity upgrade
of the ILC. Interpretation of a cross-section deviation as an indication of CP -odd coupling contribution is
strongly model-dependent, but allows access to anomalous ttH couplings.

Beam polarization in the photon and muon colliders would be essential for CP measurements in the ��H
and µµH couplings. Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context
of the photon collider [133–135]. The A1 parameter can be measured as an asymmetry in the Higgs boson
production cross-section between the A++ and A�� circular polarizations of the beams. This asymmetry
is the easiest to measure, but it is proportional to Im (a2a⇤3) and is zero when in Eq. (1.15) a2 and a3 are
real, as expected for the two loop-induced couplings with heavier particles in the loops. A more interesting
parameter:

A3 =
|Ak|2 � |A?|2
|Ak|2 + |A?|2 =

2Re (A⇤
��A++)

|A++|2 + |A��|2 =
|a2|2 � |a3|2
|a2|2 + |a3|2 = (1� 2fCP ) (1.18)

can be measured as an asymmetry between two configurations with the linear polarization of the photon
beams, one with parallel and the other with orthogonal polarizations. In Ref. [5] careful simulation of the
process has been performed. The degree of linear polarization at the maximum energies is 60% for an
electron beam of energy E0 ⇡ 110 GeV and a laser wavelength � ⇡ 1µm. The expected uncertainty on A3

is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity. This translates to a fCP uncertainty of 0.06.
The CP mixture study at a photon collider was also shown based on a sample of 50,000 raw �� ! h events
assuming 80% circular polarization of both electron beams [86]. This study corresponds to a A1 asymmetry
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nominal SM Higgs boson signal strength (µ = 1, as indicated in parentheses for expectations
quoted in Table 8), while the cross sections for the alternative signal hypotheses are taken to
be the same as for the SM Higgs boson (the 2e2µ channel is taken as a reference). Since the
observed signal strength is very close to unity, the two results for the expected separations are
also similar. The observed values of the test statistic in the case of SM Higgs boson versus
pseudoscalar boson are shown with red arrows in Fig. 26 (left). Results obtained from the test
statistic distributions are summarized in Table 8 and in Fig. 27.

Table 8: List of models used in the analysis of the spin and parity hypotheses corresponding to
the pure states of the type noted. The expected separation is quoted for two scenarios, where
the signal strength for each hypothesis is predetermined from the fit to data and where events
are generated with SM expectation for the signal cross section (µ = 1). The observed separation
quotes consistency of the observation with the 0+ model or JP model and corresponds to the
scenario where the signal strength is floated in the fit to data. The last column quotes the CLs
value for the JP model.

JP model JP production Expected (µ = 1) Obs. 0+ Obs. JP CLs
0� any 2.4s (2.7s) �0.9s +3.6s 0.09%
0+h any 1.7s (1.9s) �0.0s +1.8s 7.1%
1� qq ! X 2.6s (2.7s) �1.4s +4.8s 0.001%
1� any 2.6s (2.6s) �1.7s +4.9s 0.001%
1+ qq ! X 2.1s (2.3s) �1.5s +4.1s 0.03%
1+ any 2.0s (2.1s) �1.9s +4.5s 0.01%
2+m gg ! X 1.7s (1.8s) �0.8s +2.6s 1.9%
2+m qq ! X 1.6s (1.7s) �1.6s +3.6s 0.03%
2+m any 1.5s (1.5s) �1.3s +3.0s 1.4%
2+b gg ! X 1.6s (1.8s) �1.2s +3.1s 0.9%
2+h gg ! X 3.7s (4.0s) +1.8s +1.9s 3.1%
2�h gg ! X 4.0s (4.5s) +1.0s +3.0s 1.7%

For many distributions, the observed value of the test statistic is larger than the median ex-
pected for the SM Higgs boson. This is due to strong kinematic correlations between different
signal hypotheses, most prominently seen in the mZ2 distributions. The pseudoscalar (0�) and
all spin-one hypotheses tested are excluded at a 99.9% or higher CL All tested spin-two models
are excluded at a 95% or higher CL The 0+h hypothesis is disfavored with CLs value of 7.1%.

In addition to testing pure JP states against the SM Higgs boson hypothesis, a measurement
for a possible mixture of CP-even and CP-odd states or other effects leading to anomalous
couplings in the H ! ZZ decay amplitude in Eq. (6) is performed. The D0� discriminant
is designed for the discrimination between the third and the first amplitude contributions in
Eq. (6) when the phase fa3 between a3 and a1 couplings is not determined from the data [49].
For example, even when restricting the coupling ratios to be real, there remains an ambiguity
where fa3 = 0 or p. The interference between the two terms (a1 and a3) is found to have a
negligible effect on the discriminant distribution or the overall yield of events. The parameter
fa3 is defined as:

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3
, (18)

where si is the effective cross section H ! ZZ ! 2e2µ corresponding to ai = 1, aj 6=i = 0. The 4e
and 4µ final states may lead to either constructive or destructive interference of identical lep-
tons and therefore slightly different cross section ratios. When testing the CP-odd contribution,
the second term in the amplitude is assumed to be zero (a2 = 0). The measured value of fa3● H→VV 

▲ pp→HV 
qq→qqH 

▲ e⁺e⁻→ VH

Target precision for CP-odd fraction  
to WWH, ZZH where pseudo-scalar  
coupling is loop suppressed

2

FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and

Target precision for CP-odd fraction in 
ττH, ttH, γZH is 1%, which may be 
attainable at ILC or HL-LHC, but more 
studies are needed
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Figure 6: Constraints on the flavor violating Yukawa couplings |Ye⌧ |, |Y⌧e| (upper left panel), |Yeµ|,
|Yµe| (upper right panel) and |Yµ⌧ |, |Y⌧µ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h ! ⌧e, h ! µe and h ! ⌧µ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g � 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(Y↵�Y�↵) [Im(Y↵�Y�↵)]. We also show limits

from a combination of g � 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g � 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji . mimj/v2 (see Sec. II).
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Higgs couplings to µe
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Top Flavor Violation
But, top decays are interesting:
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Figure 8: Predictions for various flavor changing neutral current (FCNC) processes mediated by the

flavor violating Yukawa couplings Yct, Ytc or Yut, Ytu of a 125 GeV Higgs boson. Where appropriate,

we have approximated the diagonal Yukawa couplings by their Standard Models values. Blue

dashed contours indicate the branching ratio for h ! t⇤q, red solid contours the one for t ! hq

(where q denotes a charm or up quark). The red dotted line is a recent limit on t ! hc (or hu)

from an LHC multi lepton search [41].

Strong constraints on Yqt and Ytq are also obtained from the non-observation of anomalous

single top production. The flavor violating chromomagnetic operators

L
single top

� gs
mh

t̄�µ⌫(tqg,LPL + tqg,RPR)
�a

2
q Ga

µ⌫ , (34)

are generated trough loop diagrams similar to Fig. 1, but with leptons replaced by quarks

and the photon replaced by a gluon. Here gs is the strong coupling constant, �a are the Gell-

Mann matrices, Ga
µ⌫ is the gluon field strength tensor, and tqg,L, tqg,R are dimensionless

e↵ective coupling constants which depend on Yqt and Ytq according to

tqg,L =
1

96⇡2

mt

mh

YttY
⇤
tq

⇣

� 4 + 3 log
m2

h

m2

t

⌘

. (35)

The analogous expression for tqg,R is obtained by replacing Y ⇤
tq ! Yqt and Ytt ! Y ⇤

tt .

Limits on tqg,L, tqg,R have been derived by the CDF and DØ collaborations [40, 42]

and most recently by ATLAS [43]. In the notation of [43], we have |tgf |/⇤ ⌘
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Lepton Flavor Violation

current limits ~2% 
projected much stronger

Fermions can get a mass from several sources.    
For example:

Higgs Couplings: New Physics

Y ij
1 H1f

i
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j
R + Y ij

2 H2f
i
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j
R

Y ijHf i
Lf

j
R + Ŷ ij |H|2

⇤2
Hf i

Lf
j
R

2 doublet model:

Higher dim. op:

- or - 

Two sources can be misaligned 
in flavor and/or in phase.

Conclusions
Probing the Higgs requires many sensory tools!   

LHC

Higgs Factory

A strong program of precision & rare processes.

A deviation from the SM could                                        
show up in any of these.
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Conclusions
Since the discovery less than two years ago enormous progress 

• we are just getting to know our new friend 
• there is much left to be done at the LHC and HL-LHC 

!
The Higgs is one of the best handles we have to probe physics 
beyond the standard model 
!
Future high-energy colliders and precision measurements will be 
necessary to probe at a satisfactory level of precision 

• huge efforts to establish: 
• possible physics program of ILC 
• community study of possible future circular e+e- and hadron colliders 

!
Thank you!
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Other presentations
Impossible to cover everything, please see detailed presentations: 
!
Study of Higgs boson production in bosonic decay channels at the LHC 

Presented by Roberta VOLPE on 21 May 2014 at 14:00  !
Study of Higgs boson production in fermionic decay channels at the LHC 

Presented by Vivek JAIN on 21 May 2014 at 14:20 !
Combinations of results of Higgs boson production at the LHC (production rates, couplings) 

Presented by Christian MEINECK on 21 May 2014 at 14:40 !
Higgs boson studies at the Tevatron 

Presented by Lidija ZIVKOVIC on 21 May 2014 at 15:00 !
Higgs and EW precision data 

Presented by Andrea TESI on 21 May 2014 at 15:20 !
Measurements of the Higgs Boson Spin and CP at the LHC 

Presented by Roko PLESTINA on 21 May 2014 at 16:30 !
Searches for BSM Higgs Bosons at the LHC 

Presented by Claire SHEPHERD-THEMISTOCLEOUS on 21 May 2014 at 16:50 !
Higgs exotic decays 

Presented by Prerit JAISWAL on 21 May 2014 at 18:10 !
Studies of Higgs Boson Properties in Future LHC Runs (Snowmass & ECFA studies) 

Presented by Rostislav KONOPLICH on 21 May 2014 at 18:30 
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