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Higgs Boson Results
• All observations from the LHC consistent with a Standard Model 

Higgs boson with mH~125GeV

2

• MH measured in ZZ and γγ final 
states consistent with 125GeV. 
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on the Higgs boson transverse momentum, evaluated as described in Sec. 4.6, has a negligible impact on the mass and
the inclusive signal rate measurements. The uncertainty on the integrated luminosity is given in Sec. 4.6, and has a
negligible impact on the mass measurement.

5.6. Results
Figure 6(a) shows the m4` distribution of the selected candidates for 7 TeV and 8 TeV collision data along with the

expected distributions for a signal with a mass of 124.5 GeV and the ZZ⇤ and reducible backgrounds. The expected
signal is normalized to the measured signal strength, given below. Figure 6(b) shows the BDTZZ⇤ output versus
m4` for the selected candidates in the m4` range 110–140 GeV. The compatibility of the data with the expectations
shown in Fig. 6(b) has been checked using pseudo-experiments generated according to the expected two-dimensional
distributions and good agreement has been found. Table 3 presents the observed and expected number of events forp

s = 7 TeV and
p

s = 8 TeV, in a mass window of 120–130 GeV, corresponding to about ±2�m4` .
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.
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Higgs Boson Results
• All observations from the LHC consistent with a Standard Model 

Higgs boson with mH~125GeV

3

• MH measured in ZZ and γγ final 
states consistent with 125GeV. 

• It is produced like a SM Higgs 
boson. 

Higgs Boson Results

All observations from the LHC 
consistent with a Standard Model 
Higgs boson with mH ~ 125 GeV.

5

➡It decays like a SM Higgs boson

➡It’s produced like a SM Higgs boson

➡mH measured in ZZ and γγ final 
states consistent with 125 GeV. 

Phys. Rev. D. 90, 052004 (2014)
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Higgs Boson Results
• All observations from the LHC consistent with a Standard Model 

Higgs boson with mH~125GeV

4

• MH measured in ZZ and γγ final 
states consistent with 125GeV. 

• It is produced like a SM Higgs 
boson.  

• It decays like a SM Higgs boson.
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.

6

Combined signal strength

8

iv.b Combining Coupling measurements

Combined signal strength results for µ and µVBF+VH/µggF+ttH:
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H � �� channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors � j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor �2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e�ective scale factors �� and �g for the processes H � �� and gg � H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors �t,
�b, �W, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e�ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8

Overall signal production strength: µ = 1.30+0.18
�0.17

Evidence for VBF+VH: µVBF+VH/µggF+ttH = 1.4+0.7
�0.5

10 / 21

µVBF+VH/µttH+ggF  
= 1.4+0.7-0.5Combined µ = 1.30 +0.18-0.17

3.7σ

4.1σ

ATLAS-CONF-2014-009



Timely Discovery
✦ Summer 2011: EPS and Lepton-Photon!

First (and last) focus on limits (scrutiny of the p0) 

✦ December 2011: CERN Council!
First hint 

✦ Summer 2012: CERN Council and ICHEP!
Discovery 

✦ December 2012: CERN Council!
Beginning of a new era of property measurement
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A'Textbook'and'Timely'
Discovery'

•  Summer'2011:'EPS'and'Lepton2Photon'
First'(and'last)'focus'on'limits'(scruLny'of'the'p0)'
'
'

•  December'2011:'CERN'Council'
First'hints'

•  Summer'2012:'CERN'Council'and'ICHEP'
Discovery!'

•  December'2012:'CERN'Council'
Begining'of'a'new'era'
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The Nobel Prize in Physics 2013 
François Englert and Peter W. Higgs

"for the theoretical discovery of a mechanism that 
contributes to our understanding of the origin of mass of 
subatomic particles, and which recently was confirmed 

through the discovery of the predicted fundamental 
particle, by the ATLAS and CMS experiments at CERN's 

Large Hadron Collider"
4

The Noble Prize in 
 Physics 2013



LHC/HL-LHC Plan

6

LHC → HL-LHC

15

http://hilumilhc.web.cern.ch/about/hl-lhc-project

today: LCWS’14
ILC running??

√s = 13 TeV 
bunch spacing 25 ns

√s = 14 TeV 
LHC injector upgrade

New interaction 
region layout!
Crab cavity

� ~ 1.6 × 1034 cm−2s−1#
Pile Up ~ 40

� ~ 2 × 1034 cm−2s−1#
Pile Up ~ 60

luminosity levelling!
� ~ 5 × 1034 cm−2s−1#

Pile Up ~ 140

Integrated 
luminosity



Cross section ratios

• Huge increase in cross section for many interesting processes. 

• but life may also become harder for states lighter than tt
7
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1.2 Cross section ratios: 13 TeV / 8 TeV 

Cross section ratios 

Hugely increased potential for discovery of heavy particles at 13 TeV 
But life may also become harder for states lighter than tt 

Physics Prospects for Run 2
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Near Future: Run-2 

14!

!  Increase in cross section by factor ~10 for M~2 TeV 
!  Discovery of TeV scale particles possible with a few fb-1 

!  Higgs measurement program enters new phase 
!  3x larger cross section and 5x more data 
!  Statistical precision improved by about a factor 4  

Huge increase in cross section for many 
interesting processes

•Increase in cross section by factor ~10 for M~2 TeV  

➡ Discovery of TeV-scale particles possible with a few fb−1 !! 

•5.5M Higgs boson events! ~100K useful for precision measurements  

•c.f. in run 1 ATLAS+CMS have 1400 Higgs event 19



Higgs Boson Decays and Couplings
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
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indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.
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Figure 3: Relative uncertainty expected for the determination of coupling scale factor ratios �XY in a
generic fit without assumptions, assuming a SM Higgs boson with a mass of 125 GeV and with 300 fb�1

or 3000 fb�1 of 14 TeV LHC data. The hashed areas indicate the increase of the estimated error due to
current theory systematic uncertainties. The numerical values can be found in model Nr. 15 in Table 5.
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Higgs Yukawa coupling Yt

• Indirect constraints on the Yt from measuring top-quark dominant loop-
induced process like gg→H or H→γγ decays.(No beyond-standard model 
particles) 

!

!

!

• Direct measurement of Yt in ttH production 

!

• tH produce,  a small contribution due to a destructive interference, while 
sensitive to the sign of Yt
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Motivation
After the Higgs discovery main focus is on the measurement of its properties
‣ couplings to fermions and gauge boson
Top quark is the most strongly-coupled SM particle ( Yt ~ 1)
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1 Introduction

After the decades-long search for the Higgs boson [1–3], a particle consistent with the Standard Model
(SM) Higgs boson has been discovered recently at the Large Hadron Collider (LHC) [4, 5]. A notable
property of the SM Higgs boson is its predicted large Yukawa coupling to top quarks, YSM

t . The mea-
surement of Yt is particularly important for understanding electroweak symmetry breaking and allows
for testing theories beyond the SM (BSM).

The value of Yt is indirectly tested by measurements sensitive to gluon-gluon fusion, ggF, the dom-
inant Higgs production mechanism at the LHC, which receives large contributions from loop diagrams
involving the top quark. In addition, Yt is probed in the decay of the Higgs boson to two photons,
H ! ��, as the decay width also involves loop diagrams with top quarks [6]. However, Yt can be di-
rectly measured in the production of top-antitop quark pairs, tt̄, in association with a Higgs boson [7–11],
tt̄H.

The production of the Higgs boson in association with a single top quark, tH 1, is also sensitive to Yt.
Three processes contribute to tH production [12–16]: tHqb production, WtH production and s-channel
tH production, where the latter is neglected in this note due to the much smaller cross section compared
to tHqb and WtH production. Example Feynman diagrams for tHqb and WtH production are shown in
Fig. 1.

g

q

t

q0

H

b

(a)

g

q

t

q0

H

b

(b)

b

g t

H

W

(c)
b

g W

H

t

(d)

Figure 1: Feynman diagrams [17] showing examples for tHqb (a, b) and WtH production (c, d). Higgs
boson radiation o↵ top quark and W boson lines is depicted. The tHqb process is shown in the four-flavor
scheme where no b-quarks are assumed to be present in the proton [18].

In the SM, tH production is suppressed by the destructive interference between t-channel diagrams
with Higgs bosons emitted from W boson and top quark lines, as for example shown in Fig. 1 (a) and
(b). In BSM theories, however, Yt can have non-SM values, and in particular the relative sign of Yt
and the Higgs boson-W boson coupling, gHWW , can be di↵erent from the SM prediction, which could
lead to constructive instead of destructive interference in tH production. Hence, the tH production cross
section is not only sensitive to magnitude of Yt, but in contrast to tt̄H production, it is also sensitive to
the relative sign of Yt and gHWW . A scale factor, t, is introduced to describe the relation between Yt and
its SM value: Yt = tYSM

t . Values of t , 1 imply modifications of the Brout-Englert-Higgs mechanism
and are assumed here to leave the top quark mass and decay properties unchanged. Furthermore, only
SM particles are assumed to contribute to the decay width of the Higgs boson.

This note reports the search for H ! �� in association with top quarks channel using data recorded
with the ATLAS detector [19]. Measurements in the H ! �� decay channel are challenging due to
the small SM BR(H ! ��) = 2.28 ⇥ 10�3 for Higgs boson masses, mH , around 125 GeV. However,
the diphoton final state allows mH to be reconstructed with excellent resolution, strongly reducing the
contribution from backgrounds that have a falling spectrum of the reconstructed invariant diphoton mass,
m��, called continuous background in the following. The contribution from the continuous background
can be derived from data sidebands, thus not relying on theory assumptions. A previous search for tt̄H
production at the LHC has explored the H ! bb decay of the Higgs boson [20], setting an upper limit at

1For simplicity, tH refers equally to t̄H in this note.

1



ttH: H→γγ and H→bb
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ttH: H→γγ
• Clean signal allows to probe ttH 

production. 

!

• The measurement limited by 
current theoretical uncertainties on 
Higgs boson production
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These final sum of non-Higgs background representations plus MC Higgs samples are used as PDFs to
generate toy-MC events used in this analysis.

A signal+background model is then fitted to the toy-MC generated events. The background model
used is an exponential function and the signal model is a Gaussian with mean set to 125 GeV and
width set to the value expected from MC simulation for each of the categories. Signal and background
yields are obtained by integrating the signal and background fits in the mass range 122 GeV < m�� <
128 GeV. Signal yields are also computed from MC expectations, integrating the signal-only di-photon
mass distribution in the same mass range and are in good agreement with those from the fit.

The systematic uncertainty on the parametrization of the background was estimated as the di↵erence
in the number of background events under the signal peak when fitting a high statistics (300 ab�1 equiv-
alent) toy-MC background-only distribution with an order-4 and order-6 Bernstein polynomial and the
nominal exponential function.
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(c) WH
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(d) ZH

Figure 3: Invariant mass distribution of the two isolated photons in the final state on the ttH-1` (top
left), ttH-2` (top right), WH (bottom left) and ZH (bottom right) categories. Small statistics background
simulation samples are replaced by toy MC generated distributions from exponential fits.

The resulting invariant mass distribution of the two isolated photons and the corresponding sig-
nal+background model fit is shown in Figure 3 for all four categories in the analysis. The background
subtracted mass distribution is also shown. The signal and background yields obtained from the fits are
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�µ̂/µ̂ (%)

Production mode Total Statistical Experimental Theoretical

tt̄H +21
�17

+13
�12

+5
�4

+17
�11

WH +26
�25

+21
�20

+13
�12

+10
�8

ZH +35
�31

+32
�29

+7
�7

+12
�8

ggF +19
�14

+3
�3

+1
�1

+19
�14

VBF +29
�29

+18
�18

+1
�1

+23
�23

Table 5: Expected relative uncertainties on the signal strength measurements per production mode and
their statistical, experimental and signal theoretical components for di-photon decay channel of the Higgs
boson. The experimental component includes the uncertainty on the background estimate in the Higgs
mass peak region as described in the text and the luminosity uncertainty on the signal.

tt̄H WH ZH VBF
Significance 8.2 4.2 3.7 3.8

Table 6: Signal significances of H ! �� produced in tt̄H, WH, ZH gluon-gluon fusion and vector-boson
fusion production modes.

5 Conclusions

An analysis based on jet and lepton multiplicity and identification of Z bosons implemented along with
latest ATLAS detector performance parametrizations corresponding to the HL-LHC running conditions
is performed to estimate the projected signal and background yields and signal excess significance of the
Higgs boson in the di-photon decay channel produced in association with t quarks or W or Z bosons. This
is an improved version of a previous analysis [10, 12]. Higgs boson production in all three production
mechanisms are expected to be observed with 3000 fb�1 of data collected by ATLAS at the HL-LHC.
Evidence for WH and ZH production is expected. Although the ttH-2` category alone does not allow for
observing a significant signal, when it is combined with the 1-lepton category a clear observation of the
tt̄H production mode with H ! �� at the 8.2� level is expected. The projected signal strength precision
is between 17% and 35%, depending on the production mode. Clear signals in the di↵erent production
mechanisms are the first step to perform precision measurements on the coupling of the Higgs boson to
leptons and vector bosons.
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generate toy-MC events used in this analysis.

A signal+background model is then fitted to the toy-MC generated events. The background model
used is an exponential function and the signal model is a Gaussian with mean set to 125 GeV and
width set to the value expected from MC simulation for each of the categories. Signal and background
yields are obtained by integrating the signal and background fits in the mass range 122 GeV < m�� <
128 GeV. Signal yields are also computed from MC expectations, integrating the signal-only di-photon
mass distribution in the same mass range and are in good agreement with those from the fit.

The systematic uncertainty on the parametrization of the background was estimated as the di↵erence
in the number of background events under the signal peak when fitting a high statistics (300 ab�1 equiv-
alent) toy-MC background-only distribution with an order-4 and order-6 Bernstein polynomial and the
nominal exponential function.
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(d) ZH

Figure 3: Invariant mass distribution of the two isolated photons in the final state on the ttH-1` (top
left), ttH-2` (top right), WH (bottom left) and ZH (bottom right) categories. Small statistics background
simulation samples are replaced by toy MC generated distributions from exponential fits.

The resulting invariant mass distribution of the two isolated photons and the corresponding sig-
nal+background model fit is shown in Figure 3 for all four categories in the analysis. The background
subtracted mass distribution is also shown. The signal and background yields obtained from the fits are
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ttH: H→ZZ

• Possible to measure 
the signal strength 
with a reasonable 
precision.
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Figure 3: Invariant mass distribution of the 4-lepton system for the ttH-like (a), VH-like (b), VBF-like (c)
and ggF-like categories (d).
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between 115 and 130 GeV. The total uncertainties on the corresponding estimates are also given. Fig-
ure 3 shows the invariant mass distributions of the lepton quadruplets coming from the various Higgs
production mechanisms and background for the di↵erent category selections.

Category True Origin
ggF VBF WH ZH ttH Background

ttH-like 3.1 ±1.0 0.6 ±0.1 0.6 ±0.1 1.1 ±0.2 30 ±6 1.6 ±1.0
ZH-like 0.0 0.0 0.01 ±0.01 4.4 ±0.3 1.3 ±0.3 0.06 ±0.06
WH-like 22 ±7 6.6 ±0.4 25 ±2 4.4 ±0.3 8.8 ±1.8 13 ±0.8
VBF-like 41 ±14 54 ±6 0.7 ±0.1 0.4 ±0.1 1.0 ±0.2 4.2 ±1.5
ggF-like 3380 ±650 274 ±17 77 ±5 53 ±3 25 ±4 2110 ±50

Table 1: Mean expected number of events in each category assuming mH = 125 GeV and 3000 fb�1 of
data. For each category, the expected number of events from the various Higgs production mechanisms
is specified. Estimates are given in the lepton quadruplet mass interval between 115 and 130 GeV, along
with their total uncertainties.

The expected relative uncertainty on the combined signal strength, µ, along with that of di↵erent
production modes, is summarized in the Table 2. Results are shown for the 300 and 3000 fb�1 data
samples. The uncertainty on µggF is significantly reduced compared to the result using the 2011 and
2012 data and is dominated by theoretical uncertainties. With the HL-LHC a significant improvement in
the VBF and VH associated production modes is obtained and makes it possible to measure the signal
strength in the ttH production mode with a reasonable precision.

�µ/µ Total Stat. Expt. syst. Theory
Production mode 300 fb�1

ggF 0.152 0.066 0.053 0.124
VBF 0.625 0.545 0.233 0.226
WH 1.074 1.064 0.061 0.085
ttH 0.535 0.516 0.038 0.120
Combined 0.125 0.042 0.044 0.108

3000 fb�1

ggF 0.131 0.025 0.040 0.124
VBF 0.371 0.187 0.225 0.226
WH 0.390 0.375 0.061 0.085
ZH 0.532 0.526 0.038 0.073
ttH 0.224 0.184 0.034 0.120
Combined 0.100 0.016 0.036 0.093

Table 2: Expected relative uncertainties on the signal strength, for samples of 300 fb�1 and 3000 fb�1,
for the various Higgs production mechanisms and their combination.
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H→µ+µ-

• SM Prediction is BR(H→μ+μ-)=2.19×10-4 

• Observation of H→μ+μ- gives access to Higgs 
coupling to 2nd generation of fermions. 

• Run1 limit: 7*SM 

• With 3000 fb-1: Observation at 7σ; uncertainty 
of ~20% expected.
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H→µµ
•SM prediction is BR(H→µµ)= 2.19 × 10−4 

•Observation of H→µµ gives access to Higgs 
coupling to 2nd generation of fermions. 

!

‣Run 1 limit is 7 × SM 

‣With 3000 fb−1: Observation at ~7σ  ; 
uncertainty of 20 - 25 % expected by ATLAS/
CMS
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.

24

 [GeV]µµm
80 100 120 140 160 180 200

Ev
en

ts
 / 

0.
5 

G
eV

210

310

410

510

610

710

810

910

1010 ATLAS Simulation Preliminary

-1dt = 3000 fb L
  ∫

 = 14 TeVs
=125 GeV

H
, mµµ →H 

µµ →Z 

tt
νµνµ →WW

(a)

 [GeV]µµm
100 110 120 130 140 150 160

(D
at

a 
- B

ac
kg

ro
un

d)
 / 

0.
5 

G
eV

-5000
-4000
-3000
-2000
-1000

0
1000
2000
3000
4000
5000

ATLAS Simulation Preliminary
 = 14 TeVs

-1dt = 3000 fb L
  ∫

S+B toy Monte Carlo

S+B model

B-only model

(b)

Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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L [fb�1] 300 3000
NggH 1510 15100
NVBF 125 1250
NWH 45 450
NZH 27 270
NttH 18 180
NBkg 564000 5640000
�

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

S+B 750 2380
Signal significance 2.3� 7.0�
�µ/µ 46% 21%

Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.

8.5 t tH, H ! µµ
A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.
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H→µµ
•SM prediction is BR(H→µµ)= 2.19 × 10−4 

•Observation of H→µµ gives access to Higgs 
coupling to 2nd generation of fermions. 

!

‣Run 1 limit is 7 × SM 

‣With 3000 fb−1: Observation at ~7σ  ; 
uncertainty of 20 - 25 % expected by ATLAS/
CMS
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.

8.3 Signal and Background Modelling

The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.

24

 [GeV]µµm
80 100 120 140 160 180 200

Ev
en

ts
 / 

0.
5 

G
eV

210

310

410

510

610

710

810

910

1010 ATLAS Simulation Preliminary

-1dt = 3000 fb L
  ∫

 = 14 TeVs
=125 GeV

H
, mµµ →H 

µµ →Z 

tt
νµνµ →WW

(a)

 [GeV]µµm
100 110 120 130 140 150 160

(D
at

a 
- B

ac
kg

ro
un

d)
 / 

0.
5 

G
eV

-5000
-4000
-3000
-2000
-1000

0
1000
2000
3000
4000
5000

ATLAS Simulation Preliminary
 = 14 TeVs

-1dt = 3000 fb L
  ∫

S+B toy Monte Carlo

S+B model

B-only model

(b)

Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
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s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.
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Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.
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A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
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of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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25

ATLAS Preliminary

H→µµ
•SM prediction is BR(H→µµ)= 2.19 × 10−4 

•Observation of H→µµ gives access to Higgs 
coupling to 2nd generation of fermions. 

!

‣Run 1 limit is 7 × SM 

‣With 3000 fb−1: Observation at ~7σ  ; 
uncertainty of 20 - 25 % expected by ATLAS/
CMS

27

 [GeV]µµm
80 100 120 140 160 180 200

Ev
en

ts
 / 

0.
5 

G
eV

210

310

410

510

610

710

810

910

1010 ATLAS Simulation Preliminary

-1dt = 3000 fb L
  ∫

 = 14 TeVs
=125 GeV

H
, mµµ →H 

µµ →Z 

tt
νµνµ →WW

(a)

 [GeV]µµm
100 110 120 130 140 150 160

(D
at

a 
- B

ac
kg

ro
un

d)
 / 

0.
5 

G
eV

-5000
-4000
-3000
-2000
-1000

0
1000
2000
3000
4000
5000

ATLAS Simulation Preliminary
 = 14 TeVs

-1dt = 3000 fb L
  ∫

S+B toy Monte Carlo

S+B model

B-only model

(b)

Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
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s = 14 TeV and L = 3000 fb�1. (b) Background subtracted invariant mass distribution of a toy MC
sample generated under the signal-plus-background hypothesis for L = 3000 fb�1.
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The final discriminating variable in the H ! µ+µ� searches is the µ+µ� invariant mass distribution.
The shape and normalisation of the total background is estimated from data by fitting the signal and
background parametrisation introduced in Ref. [18] to the invariant mass distribution.

A binned likelihood fit of the total µ+µ� invariant mass distribution is performed in the mass range of
100 GeV to 160 GeV to estimate the free parameters of the background model. The resulting fit param-
eters define the background estimate. Uncertainties on the shape and normalisation of the background
estimate are obtained from the fit uncertainties of the individual model parameters. A negligible system-
atic uncertainty in the background model is assessed by using alternative functions, either an exponential
together with a 4th order Bernstein polynomial, or the model from the 2011 MSSM h/A/H ! µ+µ�.

Figure 16 (b) shows the estimated background subtracted from a toy MC sample generated from the
signal-plus-background hypothesis expected for an integrated luminosity of 3000 fb�1. For comparison
the tested signal-plus-background and background only hypotheses are shown as well.

8.4 Results

The resulting number of signal and background events in a mass range of 122 GeV to 128 GeV are
shown in Table 13 for the two scenarios with

p
s = 14 TeV and 300 fb�1 or 3000 fb�1, respectively. The

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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L [fb�1] 300 3000
NggH 1510 15100
NVBF 125 1250
NWH 45 450
NZH 27 270
NttH 18 180
NBkg 564000 5640000
�

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

S+B 750 2380
Signal significance 2.3� 7.0�
�µ/µ 46% 21%

Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.

8.5 t tH, H ! µµ
A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.
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ttH: H→µ+µ-

• A direct measurement of top and µ- Yukawa coupling 

• Valuable for CP nature determination 

• expected signal:  33,  expected background: 22 

• Allow to be observed with the HL-LHC
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from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
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H→Zγ
• H→Zγ sensitive to potential new particles in loop
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1 Introduction118

In July 2012 a new particle with a mass of about 125 GeV decaying to dibosons (gg , ZZ, WW ) was119

discovered by the ATLAS [1] and CMS [2] experiments. The observed properties of this particle, such120

as its couplings to fermions and bosons [3, 4] and spin and parity [5, 6], are consistent with those of a SM121

Higgs boson with a mass near 125.5 GeV [3]. The most significant results were found in Higgs decays122

to gg and ZZ⇤. This note presents the search for Higgs decays to Zg , where Z ! `+`� (`= e,µ) and the123

searched boson is assumed to have SM-like spin and production properties. The integrated luminosity124

presently available limits the results to the exclusion of large anomalous couplings to Zg , compared with125

the SM prediction.126

The SM Higgs boson decays to Zg via loop diagrams similar to H ! gg (Figure 1). For a Higgs127

boson mass of 125 GeV the predicted pp ! H cross section is s = 17.4 (22.1) pb at 7 (8) TeV, and128

the branching ratio B(H ! Zg) = 1.54⇥ 10�3 [7]. Including B(Z ! `+`�) = 6.7% [8] reduces the129

total cross section to 1.8 (2.3) fb, roughly similar to that of pp ! H ! ZZ⇤ ! 4` and only 5% of that130

of pp ! H ! gg . Although the background level for H ! Zg is reduced compared to H ! gg , it is131

expected to be orders of magnitude higher than that for H ! ZZ⇤ ! 4`. The reconstructed final state can132

also be produced from internal photon conversion in Higgs boson decays to diphotons (H ! g⇤g ! ``g)133

or from radiation emission by leptons in Higgs boson decays to dileptons (H ! ``⇤ ! ``g) [9]. The134

selection applied in this study suppresses these additional H ! ``g decay processes.135

H

W

W

W

Z

a

H

f

f

f

Z

a

H

W

Z

a

Figure 1: Leading Feynman diagrams for the H ! Zg decay. Note that in the case of the fermion loop,
top quarks dominate.

The kinematics of H ! Z(`+`�)g decays can be described by three angular variables, as shown in136

Figure 2: Q, the polar angle between the Zg axis and the beam axis in the Higgs rest frame, and q` and f`,137

the polar and azimuthal angles of the leptons in the Z decay frame [10, 11, 12]. For a scalar SM Higgs,138

the distributions of Q and f` are isotropic, while the rate versus q` has a distribution proportional to139

(1+cos2 q`). Knowledge of this distribution could potentially be useful to reduce backgrounds, or given140

a sufficient sample size, discriminate between Higgs spin assignments. However, the analysis presented141

in this note is based essentially on the three-body invariant-mass distribution of the final state products142

in order to maintain both simplicity and model independence. The angular correlations have not been143

examined here, but will be studied as part of future updates to this work.144

The main backgrounds are expected to originate from Z + g events, either from diboson production145

in the t, u channel (also referred to as initial state radiation), from final-state-radiation (FSR) in radiative146

Z boson decays (Z ! ``g) or from parton-to-photon fragmentation, and production of a Z boson in147

association with jets, followed by a Z ! `` decay, and misidentification of a jet as a photon. Smaller148

contributions arise from other backgrounds (tt̄ and W/Z processes). After our full selection, as will be149

described later, the relative contributions from the different backgrounds to the selected data are about150

82%, 17% and 1% for Z+g , Z+jets and tt̄, respectively.151

Measurements (or limits) of the H ! Zg decay rate can also provide insight into models beyond152

the SM. The decay rate can differentiate between the Higgs boson and other electroweak singlets and153

triplets. Secondly, because the H ! Zg decay proceeds via electroweak loop coupling to the Higgs, it154

H→Zγ
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‣Run 1 limits are 10 × SM 

‣ ~20-30% precision on signal strength (~4σ) expected by CMS/ATLAS

SM

e.g. new scalar contribution

•H→Zγ sensitive to potential new particles in loop

tic [60]. Higgs boson decays to final states other than ℓℓγ are
expected to contribute negligibly to the background in the se-
lected sample. For each fixed value of the Higgs bosonmass be-
tween 120 and 150 GeV fits are performed in steps of 0.5 GeV
to determine the best value of µ (µ̂) or to maximise the likeli-
hood with respect to all the nuisance parameters for alternative
values of µ, including µ = 0 (background-only hypothesis) and
µ = 1 (background plus Higgs boson of that mass, with SM-like
production cross section times branching ratio). The compati-
bility between the data and the background-only hypothesis is
quantified by the p-value of the µ = 0 hypothesis, p0, which
provides an estimate of the significance of a possible observa-
tion. Upper limits on the signal strength at 95% CL are set
using a modified frequentist (CLs) method [61], by identifying
the value µup for which the CLs is equal to 0.05. Closed-form
asymptotic formulae [62] are used to derive the results. Fits to
the data are performed to obtain observed results. Fits to Asi-
mov pseudo-data [62], generated either according to the µ = 1
or µ = 0 hypotheses, are performed to compute expected p0 and
CLs upper limits, respectively.
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Fig. 2. Distribution of the reconstructed ℓℓγ invariant mass in data,
after combining all the event categories (points with error bars). The
solid blue line shows the sum of background-only fits to the data per-
formed in each category. The dashed histogram corresponds to the
signal expectation for a Higgs boson mass of 125 GeV decaying to Zγ
at 50 times the SM-predicted rate.

Figure 2 shows the mℓℓγ distribution of all events selected
in data, compared to the sum of the background-only fits to
the data in each of the ten event categories. No significant
excess with respect to the background is visible, and the ob-
served p0 is compatible with the data being composed of back-
ground only. The smallest p0 (0.05), corresponding to a signif-
icance of 1.6 σ, occurs for a mass of 141 GeV. The expected
p0 ranges between 0.34 and 0.44 for a Higgs boson with a mass
120 < mH < 150 GeV and SM-like cross section and branch-
ing ratio, corresponding to significances around 0.2 σ. The ex-
pected p0 at mH = 125.5 GeV is 0.42, corresponding to a sig-
nificance of 0.2 σ, while the observed p0 at the same mass is
0.27 (0.6 σ).

Observed and expected 95% CL upper limits on the value of
the signal strength µ are derived and shown in Fig. 3. The ex-
pected limit ranges between 5 and 15 and the observed limit
varies between 3.5 and 18 for a Higgs boson mass between
120 and 150 GeV. In particular, for a mass of 125.5 GeV, the
observed and expected limits are equal to 11 and 9 times the
Standard Model prediction, respectively. At the same mass the
expected limit on µ assuming the existence of a SM (µ = 1)
Higgs boson with mH = 125.5 GeV is 10. The results are dom-
inated by the statistical uncertainties: neglecting all systematic
uncertainties, the observed and expected 95% CL limits on the
cross section at 125.5 GeV decrease by about 5%.
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Fig. 3. Observed 95% CL limits (solid black line) on the production
cross section of a SM Higgs boson decaying to Zγ divided by the SM
expectation. The limits are computed as a function of the Higgs boson
mass. The median expected 95%CL exclusion limits (dashed red line),
in the case of no expected signal, are also shown. The green and yellow
bands correspond to the ±1σ and ±2σ intervals.

Upper limits on the pp → H → Zγ cross section times
branching ratio are also derived at 95% CL, for

√
s = 7 and

8 TeV. For
√
s = 8 TeV, the limit ranges between 0.13 and 0.5

pb; for
√
s = 7 TeV, it ranges between 0.20 and 0.8 pb.

7. Conclusions

A search for a Higgs boson in the decay channel H → Zγ,
Z → ℓℓ (ℓ = e, µ), in the mass range 120-150 GeV, was per-
formed using 4.5 fb−1 of proton–proton collisions at

√
s =

7 TeV and 20.3 fb−1 of proton–proton collisions at
√
s = 8 TeV

recorded with the ATLAS detector at the LHC. No excess with
respect to the background is found in the ℓℓγ invariant-mass
distribution and 95%CL upper limits on the cross section times
branching ratio are derived. For

√
s = 8 TeV, the limit ranges

between 0.13 and 0.5 pb. Combining
√
s = 7 and 8 TeV data

and dividing the cross section by the Standard Model expec-
tation, for a mass of 125.5 GeV, the observed 95% confidence
limit is 11 times the SM prediction.
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H→Zγ

• With 3000 fb-1 at MH=125GeV: 

• Exp. CL limit: 0.52×σSM 

• Exp. significance: 3.9σ 

• Exp. signal strength:  

• With 300 fb-1: exp. significance=2.3σ

16

signal strength µ, defined as the signal yield normalized to the SM expectation, as well as on several

nuisance parameters that describe the shape and normalization of the background distributions in each

category and the systematic uncertainties.

The final model, obtained from the product of the likelihood functions for each event category, in-

cludes eight nuisance parameters describing theory uncertainties (five for the scales and two for PDFs

as in Table 3, one for the H → Zγ branching ratio) and five for the experimental uncertainties (lumi-

nosity, photon and electron ID, mass resolution and background modeling systematics). Including the

background normalization parameters (six, independently for ee and µµ final states) and the background

shape parameters (twelve) the total number of nuisance parameters is thirty-one. For each of the nui-

sance parameters describing systematic uncertainties the likelihood is multiplied by a constraint term

which exploits the experimental estimate of the systematic uncertainty evaluated as described in Sec. 2.2

and Sec. 2.3. For systematic uncertainties affecting the expected total signal yields for different lepton

flavours, a log-normal constraint is used.

Table 4 shows the number of signal and background events in the mass region 122 GeV< mllγ <128

GeV, and the signal to background ratio at 14 TeV for 3000 fb−1 of integrated luminosity. The average

FWHM on mllγ is 3.4 GeV. With 3000 fb−1data collected by the ATLAS detector, at mH=125 GeV,

• The expected CL limit in the absence of a Higgs signal is 0.52×σSM.

• The expected p0, assuming the presence of a SM Higgs signal with mH=125 GeV, is 3.9 σ

• The expected measured signal strength with the uncertainties is 1.00+0.25
−0.26

(stat.)+0.17
−0.15

(sys.). The

dominant systematic on the signal strength measurement is the signal mass resolution.

The prospects for obtaining an intermediate result with 300 fb−1of data collected by the ATLAS

detector at 14 TeV have also been studied, assuming that these data will be taken with a lower pile-up

rate of µ=60, allowing the 8 TeV photon ID efficiency to be used. With the fitting method and background

modeling uncertainties linearly scaled with luminosity at mH = 125 GeV from 8 TeV analysis [4], and

the other systematics mentioned in this note, the expected p0 is 2.3 σ.

Category high pTt low pTt low |∆ηZγ| low pTt high |∆ηZγ|
Final states eeγ µµγ eeγ µµγ eeγ µµγ

S 602 721 703 839 138 165

B 2.56 · 104 3.05 · 104 1.09 · 105 1.30 · 105 2.56 · 104 3.06 · 104

S/B (%) 2.4 2.4 0.64 0.64 0.54 0.54

S/
√

B 3.8 4.1 2.1 2.3 0.86 0.94

Table 4: Summary of number of expected signal and background events in each channel and signal to

(square root) background ratios for 3000 fb−1 and 122 < mllγ < 128 GeV
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Figure 4: The mass shapes are fitted with background-only (B-only) models in each category. The differ-

ences between the S+B or B-only shapes and the fitted models is shown in the bottom difference plots.

The error on the difference plots is the expected statistical error on the sum of signal and background

events.
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• One of the exciting prospects of HL-LHC. 

• Destructive interference 

!

!

• Cross section of H(bb)H(γγ) @14TeV: 0.11fb [NNLO]

Di-Higgs Boson Production

• Run I Non-resonant 95% CL limit: 

• σHHBRbbγγ<2.2(1.0)pb (2.4σ excess)
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2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-

man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from

the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling

constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-

tribution from the top quark. There is a relative minus sign between the two contributions, resulting

in destructive interference that effectively reduces the total Higgs pair production cross section in the

Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√

s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are

obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the

self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order

(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs

boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.
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boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.
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HH→bbγγ

• Signal significance: 1.2σ 

• Possible Self coupling measurement: 

• additional dependence of 
kinematic variables 

• a combination across several 
channels, as well as CMS.
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except the mbb (a) and mγγ (b) mass cuts. The individual shapes of the contributions are obtained

using the events surviving the event selection before the mass criteria and angular cuts are applied,

but normalized to the number of expected events after the full event selection. The ttX contribution

includes tt̄(≥ 1 lepton) and tt̄γ, while ‘Others’ includes cc̄γγ, bb̄γ j, bb̄ j j and j jγγ.
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Expected yields (3000 fb−1) Total Barrel End-cap

Samples

H(bb̄)H(γγ)(λ/λS M = 1) 8.4±0.1 6.7±0.1 1.8±0.1

H(bb̄)H(γγ)(λ/λS M = 0) 13.7±0.2 10.7±0.2 3.1±0.1

H(bb̄)H(γγ)(λ/λS M = 2) 4.6±0.1 3.7±0.1 0.9±0.1

H(bb̄)H(γγ)(λ/λS M = 10) 36.2±0.8 27.9±0.7 8.2±0.4

bb̄γγ 9.7±1.5 5.2±1.1 4.5±1.0

cc̄γγ 7.0±1.2 4.1±0.9 2.9±0.8

bb̄γ j 8.4±0.4 4.3±0.2 4.1±0.2

bb̄ j j 1.3±0.2 0.9±0.1 0.4±0.1

j jγγ 7.4±1.8 5.2±1.5 2.2±1.0

tt̄(≥ 1 lepton) 0.2±0.1 0.1±0.1 0.1±0.1

tt̄γ 3.2±2.2 1.6±1.6 1.6±1.6

tt̄H(γγ) 6.1±0.5 4.9±0.4 1.2±0.2

Z(bb̄)H(γγ) 2.7±0.1 1.9±0.1 0.8±0.1

bb̄H(γγ) 1.2±0.1 1.0±0.1 0.3±0.1

Total Background 47.1±3.5 29.1±2.7 18.0±2.3

S/
√

B(λ/λS M = 1) 1.2 1.2 0.4

Table 4: Expected yields in 3000 fb−1 for all events, events with both photons in the barrel calorimeter

region (“barrel”) and events with at least one photon in the endcap calorimeter region (“end-cap”).

The quoted errors are from MC statistics only. The final two rows show the total background and the

resulting signal significance, S/
√

B, in 3000 fb−1 ; combining the “barrel” and “endcap” categories in

quadrature the final significance reaches ∼ 1.3σ.
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H→invisible

• Run 1: Br(H→inv)<0.37(0.39)@95% CL 

• Indirect constrant from Higgs coupling measurement: 

• 300fb-1Br(H→inv)<0.22(0.19)@95%(90%) CL 

• 3000fb-1Br(H→inv)<0.13(0.09)@95% (90%)CL 

• Higgs Portal to Dark Matter: 

• Invisible branching ratio 

• Coupling constant λHXX 

• Dark matter-nucleon cross section 19
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Figure 18: Emiss
T distributions for 300 and 3000 fb�1 14 TeV data samples.

9.2 Systematic uncertainties

Two scenarios are considered to predict the systematic uncertainties.
For the so-called conservative scenario, an experimental uncertainty of 5%, theoretical uncertainty

of 4.7%, and jet veto systematic uncertainties of 5.5% are assumed for the ZZ and WZ backgrounds.
For the so-called realistic case, the uncertainty is expected to become smaller due to large statistics.

From the expected yields of the ZZ ! 4` and WZ ! `⌫``, the overall uncertainty of the ZZ background
is estimated to be 6.7% for 300 fb�1 and 2.2% for 3000 fb�1. Similarly, the overall uncertainty of the
WZ background is estimated to be 3.0% for 300 fb�1 and 1.0% for 3000 fb�1.

The WW, top quark, and Z ! ⌧+⌧� backgrounds are estimated to have the overall uncertainty of
8.8% for 300 fb�1 and 2.3% for 3000 fb�1, considering the expected event yields in the eµ control
region. The Z background is assumed to have an uncertainty of 10%, but this background is expected to
be suppressed significantly by the d�(Emiss

T , ~pmiss
T ) selection, which is not applied in this note.

For the signals, an experimental uncertainty of 4.0%, theoretical uncertainty of 5.0%, and a jet veto
systematic error of 5.5% are considered for all cases.

9.3 Results

The limits are calculated with the CLs modified frequentist formalism using a maximum likelihood fit
using the Emiss

T distributions with a profile likelihood test statistics. During the limit setting, the theoretical
uncertainty of the ZZ and WZ backgrounds are assumed to be fully correlated, whereas for the jet veto
systematics, the correlation among the signals, ZZ and WZ backgrounds are taken into account. The
uncertainty coming from the MC statistics is not considered during the limit setting, as it is expected to
be significantly reduced in the future. Table 16 shows the expected limits for the two scenarios. The
branching ratio of 23-32% (8-16%) is expected to be excluded at 95% confidence level with 300 fb�1

(3000 fb�1) of data at
p

s = 14 TeV.

BR(H !inv.) limits at 95% (90%) CL 300 fb�1 3000 fb�1

Realistic scenario 23% (19%) 8.0% (6.7%)
Conservative scenario 32% (27%) 16% (13%)

Table 16: Expected limits with 95% (90%) CL on the invisible branching ratio of the Higgs boson are
shown. The Standard Model cross section for ZH production is assumed.

27

9.4 Interpretation with Higgs-Portal Models

The invisible decay of the Higgs boson can be interpreted in the context of the dark matter particles
coupling to the Higgs boson. Such dark matter models are called the Higgs-portal models [22–25].

In those models, the limits on the invisible branching fraction of the Higgs boson can thus be inter-
preted as the bounds on the strength of the interaction between the dark matter and the Higgs boson. We
define the strength as the coupling constant, �h��. The bounds on the coupling constant can be further
mapped to the dark matter-nucleon scattering cross section, and can be compared with dark matter direct
detection experiments [26–33]. The relationship between the invisible branching fraction, the coupling
constant, and the dark matter-nucleon scattering cross section depend on the spin of the dark matter par-
ticle [23–25, 34]. Three spin scenarios are considered in this note: a scalar, vector, or majorana-fermion.

Figure 19 shows the 90% CL upper limits on the dark matter-nucleon scattering cross section. The
ATLAS interpretation is specific to the Higgs-portal models, whereas the results from the direct detection
experiments are generic. Figure 20 shows the upper limits on the Higgs-dark matter couplings.
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Figure 19: Upper limits (90% CL) on the dark matter-nucleon scattering cross section in Higgs-portal
scenarios, extracted from the expected Higgs to invisible branching fraction limit and from direct-search
experiments. The results are shown for three spin scenarios of the DM candidate: a scalar, vector or
fermion particle. The hatched areas correspond to the uncertainty of the nucleon form factor.
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28

5

 [GeV]Hm
150 200 250 300 350 400

in
v.

) [
fb

]
→

H
 B

R
(

× 
ZHσ 

0

100

200

300

400

500

600
,SMZHσ

Observed 95% CL limit

Expected 95% CL limit

σ1±

σ2±

ATLAS

ZH → ℓℓ + inv.

-1 L dt = 4.5 fb∫ = 7 TeV, s
-1 L dt = 20.3 fb∫ = 8 TeV, s

FIG. 3. Upper limits on �ZH ⇥ BR(H ! inv.) at 95%
CL for a Higgs boson with 110 < mH < 400 GeV, for the
combined 7 and 8 TeV data. The full and dashed lines show
the observed and expected limits, respectively.

didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [62], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [63–70].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [71].
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Higgs portal model as a function of the mass of the dark matter particle, shown separately for a scalar,
Majorana fermion, or vector boson WIMP, with 3000 fb�1 of data at

p
s = 14 TeV and including

all systematic uncertainties. The hashed bands indicate the uncertainty resulting from the form factor
fN . Excluded and allowed regions from direct detection experiments at the confidence levels indicated
are also shown [75–82]. These are spin-independent results obtained directly from searches for nuclei
recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs boson
exchange in the Higgs portal model.
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Direct Width measurement
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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 versus 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’s, respectively.

95% CL The expected upper limit is 2.8 GeV.
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Figure 21: Scan of the average expected and observed negative log likelihood �2D lnL versus
the tested SM Higgs boson width GH obtained with the 3D fit (Lm,G
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13.3 Signal strength

The measured signal strength is µ = s/sSM = 0.93+0.26
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category, respectively. The median expected signal strength is µ = 1.00+0.31
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obs.(exp.)@ 95% CL H→γγ H→ZZ

ATLAS 5.0 (6.2) GeV 2.6 (6.2) GeV

CMS 2.4 (3.1) GeV 3.4 (2.8) GeV

Standard Model predicts a width of Γ=4.2MeV (3 order of 
magnitude smaller)



Off-shell Higgs coupling properties measurement

• Sizeable off-shell contribution, large negative interference. 

• No assumption on gg->ZZ continuum background:

21

Further constraint the Higgs width via indirect measurements based 
on off-shell higgs production
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Indirect width measurement in H->ZZ

• Dominated by the Stat. Un. and QCD 
scale uncertainty 

• It would be more promising in 
HL_LHC and with more precision 
theory prediction.

22
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Likelihood profiling 

• Reminder : SM predicts : 
• ΓH = 4.2MeV 

 
• 95% C.L. Limits on ΓH : 

• Expected : 33MeV  
• Observed : 22MeV 

 
• ΓH  Measurement : 

• Expected : 4.2+13.5
-4.2 MeV 

• Observed : 1.8+7.7
-1.8  MeV 

 
• Combination improves the 

individual limits by ~20% 
 

• Compatibility between the 
observed results and the SM 
hypothesis lead to a  
p-value of 0.24 
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Γ/ΓSM =obs.(exp.) CMS ATLAS

4l 8.0(10.1) 7.2(10.2)

2l2ν 8.1(10.6) 11.3(9.9)

combined 5.4(8.0) 6.7(7.9)



Indirect width measurement in H→γγ 

• Interference in diphoton: 

•  SM shift of approximately 
30MeV. 

• Use pT dependence of 
shift(~200MeV limit 3ab-1)
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2. The real component is odd around the Higgs boson mass, and does not change the yield. However,
when folded with the experimental resolution, it engenders a negative shift in the apparent mass
(see Figure 10).

In the SM, this shift was originally estimated using a simplified resolution model to be approximately
80 MeV [6], and for a width 20 times larger than the SM value, the shift was estimated to approximately
400 MeV. In this analysis, which use a more sophisticated resolution model and slightly adjusted selec-
tion, the shifts come out a bit smaller (about 50 MeV for the SM). The size of this shift decreases at
large transverse momentum of the Higgs boson decay system, which means that the total Higgs boson
width is reflected in the di↵erence in the apparent masses between events with low and high pH

T . This
analysis relies on this feature and splits the dataset by pH

T , at 30 GeV, and separately measures the mass
di↵erence between these two subsets. A limit on the Higgs widths is then extracted from the measured
mass di↵erence.
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(b) Real term after detector smearing
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(c) Apparent mass shift

Figure 10: The real component of the interference (a) is odd around the Higgs boson mass, with a
sharp spike but long tails. Smearing this shape with the experimental resolution broadens observed cross
section (b), and adding this to the nominal signal model (c) leads to a shift in the apparent mass. The
interference and signal line shapes were provided by Dixon and Li, the experimental m�� resolution
corresponds to the Run I resolution.
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sharp spike but long tails. Smearing this shape with the experimental resolution broadens observed cross
section (b), and adding this to the nominal signal model (c) leads to a shift in the apparent mass. The
interference and signal line shapes were provided by Dixon and Li, the experimental m�� resolution
corresponds to the Run I resolution.
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5.2 Selection

This sensitivity study follows the assumptions made in the common H ! �� projections for 300 fb�1

of LHC data, and 3000 fb�1 of HL-LHC. The degradation of the photon identification e�ciency and
rejection are applied simply by appropriate scalings of the signal and background samples, as described
in Section 3 and shown in Table 3. The selection follows the recent analysis of di↵erential cross sections
in H ! �� [14]. Two isolated photons fulfilling the “tight” particle identification criterion are selected
and required to be within the the detector acceptance of |⌘| < 2.37 and the leading (subleading) photon
must have p�T/m

�� > 0.35 (0.25). The diphoton invariant mass is constructed from these photons.
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(a) Mass shift for 1 ⇥ �SM and pH
T < 30 GeV
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(b) Mass shift for 1 ⇥ �SM and pH
T � 30 GeV
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(c) Mass shift for 200 ⇥ �SM and pH
T < 30 GeV
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(d) Mass shift for 200 ⇥ �SM and pH
T � 30 GeV

Figure 11: The mass distributions for the low- and high-pH
T regions for 1 ⇥ �SM and 200 ⇥ �SM after

background subtraction are illustrated: the data points correspond to a randomized sample of 3000 fb�1,
the green dashed line corresponds to the BW without any interference, the magenta line shows the inter-
ference correction, and the solid yellow line the summed signal and interference contribution. The red
curve is a fit with a Gaussian signal PDF to illustrate the apparent mass shift.

5.3 Systematic uncertainties

This measurement benefits from extremely small systematic uncertainties as most of them, such as the
dominant photon energy scale (PES) uncertainty, are correlated between the subsets and hence cancel
to a very large degree when taking the mass di↵erence. In the low-pH

T sample, the leading and trailing
photons balance, so their momenta are fairly similar. At high-pH

T , the leading photon tends to be of
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(c) Mass shift for 200 ⇥ �SM and pH
T < 30 GeV
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Conclusion
• We’ve come a long way, but there’s still far to go … 

• With 3000fb-1, the LHC will be able to offer a comprehensive 
physics programme: precision Higgs production rates to a few % 

• 3000fb-1 offers significantly better physics reach than 300fb-1 

• Theory uncertainties become dominant for many key processes 

• Challenge for the HL-LHC:  

• di-Higgs and triple-higgs observation 

• Model independent measurement.
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