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Lecture Outline
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April 1st:       Newton’s dream & 20th Century Revolution 

April 8th:      Mission Barely Possible: QM + SR 

April 15th:    The Standard Model  

April 22nd:   Importance of the Higgs 

April 29th:    Guest Lecture 

May 6th:       The Cannon and the Camera  

May 13th:     The Discovery of the Higgs Boson 
May 20th:     Problems with the Standard Model 

May 27th:     Memorial Day: No Lecture 

June 3rd:      Going beyond the Higgs: What comes next ?
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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System

A lot of work goes into making/understanding these basic outputs.

The Basic Outputs: 
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e µ τ

u c t

d s b

ν ν νe µ τ

+ +



h

W/Z

W/Z

~ (mass of W or Z)

5

What do we know about the Higgs Particle:  A Lot 

matter: e µ τ / quarks

h

matter

~ (mass of matter)

Higgs is excitations of v-condensate  
    ⇒  Couples to matter / W/Z just like v X

Spin:    0     1/2    1   3/2    2

Only thing we don’t (didn’t!) know is the value of mH 

Reminder: The Higgs Boson



The Discovery of the Higgs Boson 

Today’s Lecture

6



Collide Protons !  
  (Really Quarks/gluons)

21

How to Make Higgs Bosons ?

7

Higgs interactions (couplings) matter known:
matter  
(e µ τ q)

h

matter

~ (mass of matter)
h

W/Z

W/Z

~ (mass of W or Z)
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How to Make Higgs Bosons ?

8

Collide Protons !  
Really Quarks / Gluons

Higgs interactions (couplings) matter known:
matter  
(e µ τ q)

h

matter

~ (mass of matter)
h

W/Z

W/Z

~ (mass of W or Z)

Proton Mass
 Top quark / W / Z are heaviest things in theory 
 Have the highest probability of producing Higgs

All things that exist in the proton light ! 
  ⇒ small of a coupling to Higgs 
  ⇒ small of a probability to produce Higgs 



How to Make Higgs Bosons
We really want to use processes like:
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Problem is we don’t have Top/W/Z colliders 
   ⇒ Have to make tops and W/Z from protons first

Vector-Bosons FusionGluon-fusion

h

top

top

~ (mTop) h~ (mW or mZ)

W/Z

W/Z

h

g

g

top W/Z

W/Z

h

q

q

 This is why the higgs was so hard to find!  
   - Couples very weakly to particles we have lying around 

   - Need to first create pair of (unstable!) massive particles  

  - These then interact to form a Higgs



Mass constraints pre-LHC

Where to look for the Higgs Boson ?

10

W

H

 50 < mH < 150 GeV (95%) 

 mH > 115 GeV

Limits from direct search Large Electron-Positron collider (LEP)

t

H

e -

e+ H

Z



How to look for the Higgs Boson ? 
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h
~ mass

P

P

h
~ mass

i

i

P
( )
P

( )
i

possibilities

Higgs wants to decay to heaviest particle around  (provided: mX < mH/2)

Branching Ratio  =  
      (for particle P)

Higgs Boson quickly decays to other particles.  
    - Basic Higgs interactions control how the Higgs can decay 
    - Fraction of decays to particular particle is: Branching Ratio



How to look for the Higgs Boson ? 
Higgs Boson quickly decays to other particles.  
    - Basic Higgs interactions control how the Higgs can decay 
    - Fraction of decays to particular particle is: Branching Ratio

12

Higgs wants to decay to heaviest particle around  (provided: mX < mH/2)

Branching Ratio  =  
  (for particle P)

h
~ mass

P

P

h
~ mass

i

i

P
( )
P

( )
i

possibilities
  mγ/mg = 0 but h→γγ/gg through loops
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++ + +

H → WW:  ~20%

H → γγ:H → ZZ:

Higgs decays

+ +

H → bb:  ~60% 

+

H → ττ:

+

~5% ~2% 0.2%

+

H → jj:  ~10% 

+Hopeless: Can’t TriggerHopeless: Too much background

Hopeless: in gg→h 

VBF hard, doable.  

Not used discovery

Higgs search focused on these  
  three signatures



�W/Z ⇠ ↵W
(mW/Z)2

⇠ ( 1
50 )(

1
100 )

2 GeV�2

Warm-up: How often do we make a W/Z ?

Estimate out how often we make a Higgs.

14

How much data do we need ?

q

q

W/Z

�pp ⇠ GeV�2 ⇒ 1 W/Z for every 1 million proton collisions

⇠ 2 · 10�6 GeV�2



Same game for the Higgs

First estimate out how often we make a Higgs.

15

How much data do we need ?

g

g

h
�H ⇠ 1

16⇡2

↵2
S↵W

(mH)2 ⇠ 1
160 (

1
10 )

2( 1
50 )(

1
100 )

2 GeV�2

⇠ 1 · 10�10 GeV�2

�pp ⇠ GeV�2 ⇒ 1 Higgs for every billion proton collisions

Good target: ⇠ 100 h!��
year ⇠ 105 h

year
year
✏·107s ⇠ 1 h

second

⇒ need billion proton collisions per second
Only have beams crossing 40 million times per second … 
  ⇒ Need ~25 proton collisions per crossing !
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Higgs Discovery

18
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GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13
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assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

11. Combined Higgs Results 274

Figure 11.5: Event display of a selected H � �� event. The photons are shown in yellow, and
correspond to localized high energy deposits in the calorimeter not matched to tracks in the inner
detector. The photons have a combined invariant mass of 126.9 GeV. The upper-left panel shows the
projection of the detector in the plane perpendicular to the beam line. The lower-left panel shows the
projection of the detector along the beam line, running left to right in the panel. The lower-middle
and lower-right panels are zoom-ins of interesting regions. The middle-right panel depicts the energy
deposited in the calorimeters as a function of ⇤ and ⇥.

+

H → γγ
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energy depositions projected into azimuthal and longitudinal coordinates, i.e. unrolling the 431 
calorimetry. The measured mass of this photon-candidate pair is 126.9 GeV.  432 
 433 

 434 
Fig. 6 Distributions of the mass, mγγ, of diphoton candidates. The selected events are weighted 435 
by category-dependent factors that reflect the signal-to-background ratio predicted for a SM 436 
Higgs boson. The result of a fit to the data of the sum of a signal component fixed to mH=126.5 437 
GeV and a background component described by a fourth-order polynomial is superimposed. The 438 
residuals of the weighted data with respect to the fitted background are displayed at the bottom. 439 
The inset shows the same data where all events are given a weight of one; the signal peak is still 440 
visible, but, as expected, is less prominent. 441 
 442 

 443 
Fig. 7 The distribution of the mass of the selected H→ZZ→llll candidate events, m4l. The small 444 
peak at 90 GeV corresponds to a single Z boson decaying to four leptons, while the broad 445 
structure around 200 GeV results from the direct production of Z bosons. An excess is seen 446 
around 125 GeV; the expected signal from a Standard Model Higgs boson at that mass (light 447 
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11. Combined Higgs Results 270

Figure 11.1: Event display of a selected H � ZZ(�) � llll event with four identified electrons.
The electrons are shown in red, and correspond to localized high energy deposits in the calorimeter
matched to tracks in the inner detector, indicated by the red lines. The electrons have a combined
invariant mass of 124.6 GeV. The upper-left panel shows the projection of the detector in the plane
perpendicular to the beam line. The lower-left panel shows the projection of the detector along the
beam line, running left to right in the panel. The upper-right and lower-right panels are zoom-ins
of interesting regions. The middle-right panel depicts the energy deposited in the calorimeters as a
function of ⇥ and �.
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H → ZZ → 4e

+ +
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energy depositions projected into azimuthal and longitudinal coordinates, i.e. unrolling the 431 
calorimetry. The measured mass of this photon-candidate pair is 126.9 GeV.  432 
 433 

 434 
Fig. 6 Distributions of the mass, mγγ, of diphoton candidates. The selected events are weighted 435 
by category-dependent factors that reflect the signal-to-background ratio predicted for a SM 436 
Higgs boson. The result of a fit to the data of the sum of a signal component fixed to mH=126.5 437 
GeV and a background component described by a fourth-order polynomial is superimposed. The 438 
residuals of the weighted data with respect to the fitted background are displayed at the bottom. 439 
The inset shows the same data where all events are given a weight of one; the signal peak is still 440 
visible, but, as expected, is less prominent. 441 
 442 

 443 
Fig. 7 The distribution of the mass of the selected H→ZZ→llll candidate events, m4l. The small 444 
peak at 90 GeV corresponds to a single Z boson decaying to four leptons, while the broad 445 
structure around 200 GeV results from the direct production of Z bosons. An excess is seen 446 
around 125 GeV; the expected signal from a Standard Model Higgs boson at that mass (light 447 
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12. Combined Higgs Results 305

Figure 12.9: Event display of a WW event in the e⌅e⌅ channel. The electrons are shown in yellow
and correspond to localized high energy deposits in the calorimeter matched to tracks in the inner
detector, indicated by the red and orange lines. The dashed line, label Emiss

T , indicates the direction of
the measured momentum imbalance. The left panel shows the projection of the detector in the plane
perpendicular to the beam line. The upper-right panel shows the projection of the detector along the
beam line, running left to right in the panel. The lower-right panel depicts the energy deposited in
the calorimeters and the direction of the Emiss

T , as a function of ⌥ and ⇥.

this challenge has been the subject of this thesis.

The dominant backgrounds are continuum WW production and top-quark production, each of

which have real W pairs in the final state. Other important backgrounds include Z/�⇥ and W+jet

events. Figure 12.10 shows the best estimate of the Higgs mass for selected events using the observed

leptons and the measured momentum imbalance. The data is shown after subtracting the estimated

backgrounds, along with the corresponding signal distribution with mh = 125 GeV. An observed

excess of events over the predicted background is seen. The observed excess is consistent with the

expectation of a signal with mh = 125 GeV.

The results are interpreted statistically as described above. Figure 12.11 shows the observed p0,

as a function of the tested Higgs mass, using the combined 8 TeV and 7 TeV data sets. The results

+ +

H → WW → eνeν
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blue) is added for comparison. The hatched area indicates the systematic uncertainty in the 448 
background estimation.  449 
 450 
 451 

 452 
Fig. 8 A candidate event for H →WW→ eνµν shown in transverse (upper left) and longitudinal 453 
(lower left) projections through the complete detector. Under the SM Higgs boson hypothesis 454 
with mH=126 GeV, 90% of such events are background. The electron (green) and muon (red) 455 
signals are on the opposite side of the detector from a significant amount of !T!"## (magenta), and 456 
they both come from the same vertex (lower right). The plot on the top right shows the energy 457 
deposition projected into azimuthal and longitudinal coordinates; as !T!"## is only defined in 458 
azimuth, the line representing it is arbitrarily placed at the farthest longitudinal position.  459 
 460 

 461 
Fig. 9 The distribution of transverse mass, mT, for H→WW→eνµν candidates in the 8 TeV data 462 
taken during April-June 2012. The red histogram indicates the predicted enhancement of the 463 
distribution for mH=125 GeV. The hatched band indicates the total uncertainty on the 464 
background estimation. 465 
 466 
 467 
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 468 
Fig. 10 Combined search results: The measured (solid) 95% CL upper limits on the signal 469 
strength as a function of mH and the expectation (dashed) under the background-only hypothesis. 470 
The dark and light shaded bands show the ±1σ and ±2σ uncertainties on the background-only 471 
expectation. In the broad region where the expected limit is below the signal strength for the SM, 472 
µ = 1, there is sensitivity to exclude a Higgs boson in its absence. There are two regions of Higgs 473 
boson mass that are not excluded by the data. There is a mild failure to exclude at high mass and 474 
a significant failure to exclude around mH= 126 GeV. 475 
 476 
 477 

 478 
Fig. 11 Combined search results: The observed (solid) local p0 as a function of mH and the 479 
expectation (dashed) for a SM Higgs boson signal hypothesis (µ = 1) at the given mass. The 480 
shaded band indicates the expected ±1σ variation of the signal prediction.   481 

Putting It All Together

22
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 482 
Fig. 12 Confidence intervals in the (µ,mH) plane for the ! → !!, H→ZZ→llll and H →WW→ 483 
lνlν channels, including all systematic uncertainties. The markers indicate the maximum 484 
likelihood estimates (µ,mH) in the corresponding channels (the maximum likelihood estimates 485 
for H→ZZ→llll and H →WW→ lνlν coincide). 486 
 487 

 488 
Fig. 13 Measurements of the signal strength parameter µ for mH=126 GeV for the individual 489 
channels and their combination. The vertical dotted line at !=1 indicates the expectation for a 490 
SM Higgs boson. 491 

Signal Strength 
µ = σ/σMC

Triumph of Humanity !
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Higgs Post-Discovery 
What We Know and Where We are Going
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energy depositions projected into azimuthal and longitudinal coordinates, i.e. unrolling the 431 
calorimetry. The measured mass of this photon-candidate pair is 126.9 GeV.  432 
 433 

 434 
Fig. 6 Distributions of the mass, mγγ, of diphoton candidates. The selected events are weighted 435 
by category-dependent factors that reflect the signal-to-background ratio predicted for a SM 436 
Higgs boson. The result of a fit to the data of the sum of a signal component fixed to mH=126.5 437 
GeV and a background component described by a fourth-order polynomial is superimposed. The 438 
residuals of the weighted data with respect to the fitted background are displayed at the bottom. 439 
The inset shows the same data where all events are given a weight of one; the signal peak is still 440 
visible, but, as expected, is less prominent. 441 
 442 

 443 
Fig. 7 The distribution of the mass of the selected H→ZZ→llll candidate events, m4l. The small 444 
peak at 90 GeV corresponds to a single Z boson decaying to four leptons, while the broad 445 
structure around 200 GeV results from the direct production of Z bosons. An excess is seen 446 
around 125 GeV; the expected signal from a Standard Model Higgs boson at that mass (light 447 
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events are needed to constrain the slope of the exponential
background model, the categories with low expected yields
are assumed to have the same shape parameters for the
7-TeV and the 8-TeV data. The VH Emiss

T , one-lepton, and
dilepton categories are defined to have low yield since the
probabilities to observe two events in the 7 TeV data are
less than 1% based on the numbers of events observed in
the corresponding 8-TeV data categories.
To test the signal strengths of individual production

processes or groups of them, the hypothesized number of
signal events and invariant mass distribution are decom-
posed into individual contributions,

μNS;c →
X

p

μpNp;c; ð6Þ

where μp is the hypothesized signal strength for production
process p ∈ fggF;VBF; ZH;WH; tt̄H; bb̄H; tHg andNp;c
is the number of signal events predicted by the SM in
category c for production process p [the nuisance param-
eters are not shown in Eq. (6), but they follow the
decomposition]. In several of the results in the next section
some of the signal strengths are required to have the same
value, such as for the measurement of the combined signal
strength where all seven are set equal. For the measure-
ments of individual signal strengths and signal strength
ratios, μbb̄H and μtH are held constant at 1, thus treating
them effectively as backgrounds.
The total uncertainty þδμþ

−δμ− at the 68% confidence level
(C.L.) of a measured signal strength μX with best-fit value μ̂X
is estimated by finding the points where Λðμ̂X þ δμþÞ ¼
Λðμ̂X − δμ−Þ ¼ 1. The statistical component of the total
uncertainty is estimated by fixing all the 146 constrained
nuisance parameters associated with systematic uncertainties
summarized in Table XIII to their maximum likelihood
values and finding the new points where ΛstatðμXÞ ¼ 1.
The total systematic uncertainty is given by the quadratic
difference between the total and statistical uncertainties. The
separate contributions of the total experimental and total
theoretical uncertainties are estimated by finding the points
where Λstat⊕exptðμXÞ ¼ 1 and Λstat⊕theoryðμXÞ ¼ 1, respec-
tively, when fixing the 123 (23) constrained nuisance
parameters associated with experimental (theoretical) uncer-
tainty to their maximum likelihood values, and subtracting
the resulting uncertainties in quadrature from the total
uncertainty. For cases where the confidence intervals are
approximately symmetric around the best fit value of μX, the
positive and negative uncertainty contributions are reported
as a single value %δμ.

X. RESULTS

The observed diphoton invariant mass distribution for
the sum of the 7-TeV and 8-TeV data is shown in Figs. 13
and 14 for the sums of categories most sensitive to different
production modes. In all cases, for illustration purposes,

each event is weighted according to the expected signal-to-
background ratio S90=B90 for the relevant category and
center-of-mass energy. The results of signal plus back-
ground fits to these spectra with mH set to 125.4 GeV are
shown together with the separate signal and background
components. Both the signal plus background and back-
ground-only curves reported here are obtained from the
sum of the individual curves in each category weighted in
the same way as the data points.
The signal strengths are measured with the extended

likelihood analysis described in Sec. IX. The profile of the
negative log-likelihood ratio λðμÞ [Eq. (5)] of the combined
signal strength μ for mH ¼ 125.4 GeV is shown in Fig. 15.
The local significance Z of the observed combined excess
of events, given by

ffiffiffiffiffiffiffiffiffi
λð0Þ

p
, is 5.2σ (4.6σ expected). The

best-fit value of μ, determined by the minimum of λðμÞ, is
found to be

μ ¼ 1.17% 0.23ðstatÞþ0.10
−0.08ðsystÞþ0.12

−0.08ðtheoryÞ
¼ 1.17% 0.27;
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FIG. 13 (color online). Diphoton invariant mass mγγ spectrum
observed in the sum of the 7-TeV and 8-TeV data. Each event is
weighted by the signal-to-background ratio in the dataset and
category it belongs to. The errors bars represent 68% confidence
intervals of the weighted sums. The solid red curve shows the fitted
signal plus background model when the Higgs boson mass is fixed
at 125.4 GeV. The background component of the fit is shown with
the dotted blue curve. The signal component of the fit is shown with
the solid black curve. Both the signal plus background and
background-only curves reported here are obtained from the
sum of the individual curves in each category weighted by their
signal-to-background ratio. The bottom plot shows the data relative
to the background component of the fitted model.
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energy depositions projected into azimuthal and longitudinal coordinates, i.e. unrolling the 431 
calorimetry. The measured mass of this photon-candidate pair is 126.9 GeV.  432 
 433 

 434 
Fig. 6 Distributions of the mass, mγγ, of diphoton candidates. The selected events are weighted 435 
by category-dependent factors that reflect the signal-to-background ratio predicted for a SM 436 
Higgs boson. The result of a fit to the data of the sum of a signal component fixed to mH=126.5 437 
GeV and a background component described by a fourth-order polynomial is superimposed. The 438 
residuals of the weighted data with respect to the fitted background are displayed at the bottom. 439 
The inset shows the same data where all events are given a weight of one; the signal peak is still 440 
visible, but, as expected, is less prominent. 441 
 442 

 443 
Fig. 7 The distribution of the mass of the selected H→ZZ→llll candidate events, m4l. The small 444 
peak at 90 GeV corresponds to a single Z boson decaying to four leptons, while the broad 445 
structure around 200 GeV results from the direct production of Z bosons. An excess is seen 446 
around 125 GeV; the expected signal from a Standard Model Higgs boson at that mass (light 447 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5.5. Results
The reconstructed four-lepton mass spectrum after

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

Table 7 presents the numbers of observed and ex-
pected events in the peak region. Out of a total of
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blue) is added for comparison. The hatched area indicates the systematic uncertainty in the 448 
background estimation.  449 
 450 
 451 

 452 
Fig. 8 A candidate event for H →WW→ eνµν shown in transverse (upper left) and longitudinal 453 
(lower left) projections through the complete detector. Under the SM Higgs boson hypothesis 454 
with mH=126 GeV, 90% of such events are background. The electron (green) and muon (red) 455 
signals are on the opposite side of the detector from a significant amount of !T!"## (magenta), and 456 
they both come from the same vertex (lower right). The plot on the top right shows the energy 457 
deposition projected into azimuthal and longitudinal coordinates; as !T!"## is only defined in 458 
azimuth, the line representing it is arbitrarily placed at the farthest longitudinal position.  459 
 460 

 461 
Fig. 9 The distribution of transverse mass, mT, for H→WW→eνµν candidates in the 8 TeV data 462 
taken during April-June 2012. The red histogram indicates the predicted enhancement of the 463 
distribution for mH=125 GeV. The hatched band indicates the total uncertainty on the 464 
background estimation. 465 
 466 
 467 

Then

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

Njet = 0 Njet = 1 Njet ≥ 2

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

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

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

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

in Section 7.

7. Higgs boson property measurements

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

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

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
Λ(α). The latter depends on one or more parameters of
interest α, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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Figure 5: The transverse mass distributions for events passing the full
selection of the H→WW∗→ ℓνℓν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Higgs Program Beyond Discovery

25

Establish signals in harder channels:   
    h→ττ (done)  / direct h→tt (close) / h→bb (close) 

Compare measured/predicted interaction strengths 
   - Study production cross sections and branching ratios 

Measure Spin of new particle 

Search for un-predicted decays



N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

Draft version 1.0

ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license. ggF+ttH

fµ
0 1 2 3

VB
F+

VH
f
µ

1−

0

1

2

3 Run 1 LHC
CMS and ATLAS γγ →H 

 ZZ→H 
 WW→H 
ττ →H 

 bb→H 

68% CL Best fit SM expected
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VBF+VH) plane for the combination of
ATLAS and CMS, as obtained from the ten-parameter fit described in the text for each of the five decay channels
H ! ZZ, H ! WW, H ! ��, H ! ⌧⌧, and H ! bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

mass measurements in the di↵erent channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [122–125], possibly with di↵erent coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [126, 127]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [128]. This test accounts both
for missing measurements, such as the H ! bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.
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Figure 22: Fit results for the reduced coupling-strength scale factors yV,i =
q
V,i
gV,i
2v =

p
V,i

mV,i
v for weak bosons

and yF,i = F,i
gF,ip

2
= F,i

mF,i
v for fermions as a function of the particle mass, assuming a SM Higgs boson with a mass

of 125.36 GeV. The dashed line indicates the predicted mass dependence for the SM Higgs boson.

boson decays to invisible or undetected decays. When imposing the physical constraint BRi.,u. � 0 in
the inference on BRi.,u., the 95% CL upper limit is BRi.,u. < 0.49 (0.68) under the constraint V < 1
(on = o↵) on the Higgs boson total width. The nine-dimensional compatibility of the SM hypothesis
with the best-fit point is 73% when BRi.,u. is fixed to zero. The compatibilities for the fits with the
conditions V < 1 and on = o↵ imposed are 80% and 57%, respectively.

Similar to the results of the benchmark model in Section 5.2.2 the upper bound of the 68% CL interval for
the scenario on = o↵ should be considered to be only approximate due to deviations of the test-statistic
distribution from its asymptotic form. The deviation of the asymptotic distribution was shown to be
negligible for o↵-shell signal strengths corresponding to the upper end of the 95% asymptotic confidence
interval (Table 11).

Also shown in Fig 23 are the resulting ranges of the total width of the Higgs boson, expressed as the ratio
�H/�SM

H . These estimates are obtained from alternative parameterisations of these benchmark models,
where the e↵ective coupling-strength scale factor g is replaced by the expression that results from solving
Eq. (8) for g, introducing �H/�SM

H as a parameter of the model. The figure shows that the upper bound
on the Higgs boson width from the assumption on = o↵ is substantially weaker than the bound from the
assumption V < 1. These results on �H/�SM

H represent the most model-independent measurements of the
Higgs boson total width presented in this paper.

Figure 24 shows profile likelihood ratios as a function of selected coupling-strength scale factors. In
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Figure 1: Distributions of (starting from upper left) �⌅  , m  , p  
T , and Emiss

T,rel for JP = 0+ (solid red line)
and 2+m (dashed blue line) events with two opposite-charge leptons, Emiss

T > 20 GeV, and zero jets. The
definitions of these quantities are discussed in the text. The distributions are normalised to unit area.

from fake leptons.108

The main Drell-Yan contribution is comprised of Z ⇥ ⇤⇤ ⇥   + Emiss
T events. This contribution109

can be suppressed by requiring Emiss
T,rel above 20 GeV, because Emiss

T,rel still tends to be small in these events,110

owing to the fact that the neutrinos from the ⇤ decays are usually back-to-back. The background in-111

volving top quarks is suppressed by vetoing events containing jets with pT > 25 GeV and |�| < 4.5, as112

reconstructed using the anti-kt algorithm [30] with distance parameter R = 0.4. The jet pT threshold is113

increased to 30 GeV in the forward region 2.5 < |�| < 4.5 to reduce the ine⇤ciency of the jet veto arising114

from jets produced by pile-up. The lepton selection, Emiss
T,rel and jet veto cuts comprise a set that will be115

referred to as “pre-selection cuts” in the following text.116

Further lepton topology cuts are then applied to optimise sensitivity for both 0+ and 2+m signals117

simultaneously, namely on the transverse momentum of the dilepton system, p  
T > 20 GeV, on the118

invariant mass, m  < 80 GeV, and on the azimuthal angular di⇥erence between the leptons, �⌅  < 2.8119

radians. These cuts significantly reduce the amount of WW continuum and Drell-Yan background. The120

combination of all of these cuts defines a sample enriched with both 0+ and 2+m events. These lepton121

topology selections are looser than those used in the rate measurement, which assumes a SM scalar Higgs122

particle. A comparison of the selection for the spin measurement to that used in the H ⇥ WW(�) ⇥  ⇥ ⇥123

rate measurement is shown in Table 2. This set of cuts will be referred to as “signal region cuts” in the124

following text.125

Spin 0+  
Spin 2+ (graviton-like)

- Massive Spin 1 resonance cannot decay to γγ  (QM+Relativity) 
- Use decay angle to separate spin 0 and 2  

H → WW → eνµν

Δφ
ΔφSpin-0 Spin-2
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Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Current statistics allow a limited number of tests of data w.r.t expectation. 

In practice introduce coupling modifiers “κ”,   where κ = 1 is SM.

Compatibility w/SM Higgs Couplings

29

Test against few specific benchmark scenarios.
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Figure 26: Top: negative log-likelihood contours at 68% and 95% CL in the (F , V ) plane on an enlarged scale for
the combination of ATLAS and CMS and for the global fit of all channels. Also shown are the contours obtained
for each experiment separately. Bottom: negative log-likelihood contours at 68% CL in the ( f

F ,  f
V ) plane for the

combination of ATLAS and CMS and for the individual decay channels as well as for their global combination (F
versus V ), assuming that all coupling modifiers are positive.
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Test for differences in boson and fermion couplings: assume (κw = κz) 

Assume: 
   - no decays to unknown particles
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Figure 17: Negative log-likelihood contours at 68% and 95% CL in the (�, g) plane for the combination of ATLAS
and CMS and for each experiment separately, as obtained from the fit to the parameterisation constraining all the
other coupling modifiers to their SM values and assuming BBSM = 0.

coupling modifiers decrease, such that the values of �i(~) · Bf remain consistent with the observed signal
yields. The p-value of the compatibility between the data and the SM predictions is 74%.

A di↵erent view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 19. New parameters are derived from the coupling modifiers, to make explicit the dependence
on the particle masses: linear for the Yukawa couplings to the fermions and quadratic for the gauge
couplings of the Higgs boson to the weak vector bosons. These new parameters are all assumed in this
case to be positive. For fermions with mass mF,i, the parameters are F,i · yF,i/

p
2 = F,i · mF,i/v,

where yF,i is the Yukawa coupling strength, assuming a SM Higgs boson with a mass of 125.09 GeV,
and v = 246 GeV is the vacuum expectation value of the Higgs field. For the weak vector bosons with
mass mV,i, the new parameters are

p

V,i · gV,i/2v =
p
V,i · mV,i/v, where gV,i is the absolute Higgs boson

gauge coupling strength. The linear scaling of these new parameters as a function of the particle masses
observed in Fig. 19 indicates qualitatively the compatibility of the measurements with the SM. For the
b quark, the running mass evaluated at a scale equal to mH , mb(mH) = 2.76 GeV, is used.

Following the phenomenological model suggested in Ref. [129], the coupling modifiers can also be ex-

42

Test loops diagrams

Assume: 
   - κF = κV = 1  
   - no decays to unknown particles
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Figure 16: Observed (solid line) and expected (dashed line) negative log-likelihood scan of BBSM, shown for the
combination of ATLAS and CMS when allowing additional BSM contributions to the Higgs boson width. The
results are shown for the parameterisation with the assumptions that |V |  1 and BBSM � 0 in Fig. 15. All
the other parameters of interest from the list in the legend are also varied in the minimisation procedure. The red
horizontal line at 3.84 indicates the log-likelihood variation corresponding to the 95% CL upper limit, as discussed
in Section 3.2.

6.2. Parameterisation assuming SM structure of the loops and no BSM decays

In this section it is assumed that there are no new particles in the loops entering ggF production and
H ! �� decay. This assumption is supported by the measurements of the e↵ective coupling modifiers
g and �, which are consistent with the SM predictions. The cross section for ggF production and the
branching fraction for the H ! �� decay are expressed in terms of the coupling modifiers of the SM
particles in the loops, as indicated in Table 4. This leads to a parameterisation with six free coupling
modifiers: W , Z , t, ⌧, b, and µ; the results of the H ! µµ analysis are included for this specific case.
In this more constrained fit, it is also assumed that BBSM = 0.

Figure 18 and Table 18 show the results of the fit for the combination of ATLAS and CMS, and separately
for each experiment. Compared to the results from the fitted decay signal strengths (Table 13) or the global
signal strength µ = 1.09 ± 0.11 (Section 5.1), this fit yields values of the coupling modifiers lower than
those predicted by the SM. This is a consequence of the low value of b, as measured by the combination
of ATLAS and CMS and by each experiment. A low value of b decreases the total Higgs boson width
through the dominant �bb partial decay width, and, as a consequence, the measured values of all the

41

Compatibility w/SM Higgs Couplings

Test loops diagrams and unknown decays 
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Assume: 
   - κF = κV = 1 

best fit

upper limit

Unknown  
BR < 0.35

Branching fraction to unknown particles
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What we don’t know

33

- If established couplings modified at level of ≤ 20% 
- If Higgs decays in unexpected way ≤ 30% of the time 
- Lots of un-observed interactions

e µ τ
ν ν νe µ τ( ) ( ) ( ) u c t

d s b( ) ( ) ( )
Leptons: Quarks:

W Z gγ

- Very important unobserved interaction:    H

Higgs self-interaction:
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Expanding about minimum: V (�) ! V (v + h)
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- Shape of potential gives relationship between λhhh and mh, v 
- Measuring λhhh important probes the shape of the Higgs potential 
- hh production interesting because it measures λhhh 

V (�) = �µ2�2 + ��4

Higgs mass term 

µp
�
⌘ v 246 GeV

Measure Potential with hh

�hhh = m2
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Standard Model:

Energy of Higgs field: Higgs potential
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Small in Standard Model 
 - Leading hh diagrams higher order in series (have extra vertices)   
 - 2 heavy particles (fraction of proton energy needed larger) 
 - Two diagrams with relative minus sign
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p

1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Small in Standard Model 
 - Leading hh production diagrams higher order in perturbation series  
 - Reduced phase space: 2 heavy particles in final state. 
 - Destructive interference among diagrams
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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2
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Standard Model Total Production Cross Section Measurements Status: August 2016
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SM hh-production 
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W bosons: 4 kHz
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~4/hour ~  (1e-3 Hz)

SM hh sensitivity interesting only w/full LHC dataset (more on thiis later)
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Ultimate goal in the program to measure the Higgs 
  - Direct probe of shape of Higgs potential 
  - Deep connections w/fundamental problems   
      associated to the Higgs boson. 

Pick up here next time. 
       


