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THE HIGGS MECHANISM
Why do the fundamental particles have mass?

Nobel Prize in Physics 2013: François Englert and Peter W. Higgs 

Their idea: 
Imagine a field that fills all space.  
Most particles couple to this field, and feel a resistance as they move 
though space — this gives rise to their mass! 
The stronger they couple to the field  
→ the stronger the resistance  
→ the larger the mass !
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apod.nasa.gov/apod/ap120501.html

THE HIGGS MECHANISM

Part II: phdcomics.com/comics.php?f=1684

http://apod.nasa.gov/apod/ap120501.html
http://www.phdcomics.com/comics.php?f=1684
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THE HIGGS BOSON
The Higgs mechanism makes a distinct prediction.

An excitation of the Higgs field will give rise to a new particle: 
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This particle has a mass, but we didn’t know which, and hence not how much  
energy was needed to make it. The search for the Higgs went on for 40 years …
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PART II
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Production & decay of Higgs bosons

gg→H Vector Boson 
Fusion, VBF

VH ≡ WH or ZH ttH

H
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Production & decay of Higgs bosons

gg→H Vector Boson 
Fusion, VBF
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Decay 
This determines the signature that the Higgs boson leaves.  
That is, what we look for to find the Higgs boson

H→γγ H→ZZ*→4l H→WW*→lνlν H→ττ

HH

γ

γ

H
τ

τ

H
𝓵
𝓵
𝓵

𝓵

𝓵
ν
𝓵

ν

𝓵 ≣ e or µ

0.228% 0.013% 1.09% 6.25%

In addition: 
H→bb 
H→WW* 
H→gg 
H→cc 
H→ZZ* 
. . .

57.1% 
22.1% 
8.5% 
2.9%  
2.7%

Production 
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Problem: Higgs production is rare!
The vast majority of collision produced at the 
LHC do not contain any Higgs bosons

Examples of processes  
much, much more common 

than Higgs boson production
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LHC strategy
Experimentalist

• To search for the Higgs boson (and other new particles) we need to 
produce collisions with sufficiently large energy

• Two partons inside the protons interact - each parton carry only a small 
fraction x of the proton’s energy, high x collisions are rare

• Collisions with sufficient energy are rare, we need a high rate of 
collisions to have a chance to see the Higgs!

Proton-proton collision occurs every 25 ns*; 40M per second — that’s a lot! 

* in 2010-2012 we have had collisions every 50 ns = 20 MHz 
   from now on (2015) we’ll run with full speed! 40 MHz 

“Produce as many collisions as possible as fast as possible” 
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LHC schedule
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LHC schedule
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Higgs discovery

Results expected 
summer 2017



The ATLAS detector
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protons



Dag Gillberg protonproton quark

Detecting particles

Energy, momentum, 
direction, and type  

are determined from  
the detector signals  

from the different 
sub-detector systems

cut-through view
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Higgs boson candidate

H � ��

⇥ ⇥ 40 fb

⇥ 70 signal events
expected in 4.9 fb�1

ggF: 87%
VBF: 7%
W/ZH: 5%

m2
�� =

2E1E2(1� cos�)

R. Ospanov: http://cdsweb.cern.ch/record/1436122This, and several of the following slides from

H

γ

γ

Photon energy and direction 
accurately measured in  
the EM calorimeters (green) 

Most important quantity: 
Diphoton invariant mass  
mγγ, reconstructed from  
photon 4-momenta 

   mγγ2 = ( pγ1 + pγ2 )2 

γ γ
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γ γ

H � ��: photon identification and isolation

I Fine � granularity in the
strip layer to reject ⇥0

I EM shower shape to reject
fake photons from jets
� O(8000) jet rejection
85% photon e�ciency

I Longitudinal segmentation
to measure shower
direction and to improve
energy measurement

I Select isolated photons

I Excellent description of data by
MC (cross-check)

I Uncertainty on event normalization
from the isolation cut is 5%

R. Ospanov

Fake photon suppression

Lots of other particles leave signals  
that look similar to photons from the 
Higgs boson 

Such particles are suppressed by 
looking at the shape of energy 
deposits in the detector

fake! 
π0 → γγ

Photon from 
Higgs
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How many Higgs bosons do we expect?

All Higgs events H→γγ Analysis selection
gg→H 390k 890 350

VBF, VH, ttH, bbH 61k 140 55
total 450k 1030 405

Number of expected collisions that produce Higgs bosons 
in the big 8 TeV dataset collected in 2012 (20.3 fb-1)

About half a million 
Higgs bosons in total !

1000 decay to photons 
BR(H→γγ) = 0.228%

Requiring photons to have 
sufficient energy and fulfil 

background rejection

gg→H VBF VH ≡ WH or ZH ttH

H

H

HH

W,Zq

q

g

g

t

tqq

qq

g

g
~87% ~6.8% ~4.1% ~0.9%
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The invariant mass of the diphoton system 
→ narrow resonance around the Higgs mass, mH = 125 GeV

H

γ

γ
Theory  
what a perfect detector 
would see 

Finding the Higgs boson
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The invariant mass of the diphoton system 
→ narrow resonance around the Higgs mass, mH = 125 GeV

H

γ

γ
Theory  
what a perfect detector 
would see 

this is actually a Breit-
Wigner distribution with a 
width of 4.1 MeV

Detector measurement 
wider due to non-perfect  
detector resolution

For us experimentalists it is extremely important to understand the detector 
performance, for example the energy response and resolution of photons. 

The resolution of the diphoton mass (width of distribution above) is measured to be: 
 Δmγγ = 1.5 ± 0.15 GeV

Finding the Higgs boson
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Finding the Higgs boson

The invariant mass of the reconstructed diphoton system 
from non-Higgs processes that fulfil the selection

g

g

γ

γ

+ 
many other  

“background” 
processes
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Finding the Higgs boson

This is what we expect to see. 
A small H→γγ signal on top of a smooth background distribution  

H → γγ 
and 

background 
processes
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What the data show

After subtracting background, 
data points produce a peak with the 
shape expected from H→γγ

Higgs-like 
resonance peak !

H

γ

γ

In the 2012 data (8 TeV): 

Expect: 
 403 ± 45 Higgs events  

Measure:  
570 ± 130 events

… we see a bit more Higgs 
boson than we expect
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How many Higgs bosons do we expect?

All Higgs events H→γγ Analysis selection
gg→H 390k 890 349

VBF, VH, ttH, bbH 61k 140 55
total 450k 1030 403

Number of expected collisions that produce Higgs bosons 
in the big 8 TeV dataset collected in 2012 (20.3 fb-1)

All Higgs events H→ZZ*→4l Analysis selection
gg→H 390k 49 13

VBF, VH, ttH, bbH 61k 8 2
total 450k 57 14.6

H → ZZ* → 4l

21
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Table 11: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states in a
window of 120 < m4` < 130 GeV. The second column shows the number of expected signal events for the full mass range,
without a selection on m4`. The other columns show for the 120–130 GeV mass range the number of expected signal events,
the number of expected ZZ⇤ and reducible background events, and the signal-to-background ratio (S/B), together with the
number of observed events, for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as for the combined sample.

Final state Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range p

s = 7 TeV

4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2
2e2µ 0.66 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.50 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1
4e 0.46 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1

Total 2.62 ± 0.26 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p
s = 8 TeV

4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.69 ± 0.13 1.7 8.33 ± 0.6 12
2e2µ 3.92 ± 0.39 3.45 ± 0.34 1.67 ± 0.08 0.60 ± 0.10 1.5 5.72 ± 0.37 7
2µ2e 3.06 ± 0.31 2.71 ± 0.28 1.17 ± 0.07 0.36 ± 0.08 1.8 4.23 ± 0.30 5
4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.07 1.7 3.77 ± 0.27 7

Total 15.6 ± 1.6 13.8 ± 1.4 6.24 ± 0.34 2.00 ± 0.28 1.7 22.1 ± 1.5 31p
s = 7 TeV and

p
s = 8 TeV

4µ 6.80 ± 0.67 6.20 ± 0.61 2.82 ± 0.14 0.79 ± 0.13 1.7 9.81 ± 0.64 14
2e2µ 4.58 ± 0.45 4.04 ± 0.40 1.99 ± 0.10 0.69 ± 0.11 1.5 6.72 ± 0.42 9
2µ2e 3.56 ± 0.36 3.15 ± 0.32 1.38 ± 0.08 0.72 ± 0.12 1.5 5.24 ± 0.35 6
4e 3.25 ± 0.34 2.77 ± 0.29 1.22 ± 0.08 0.76 ± 0.11 1.4 4.75 ± 0.32 8

Total 18.2 ± 1.8 16.2 ± 1.6 7.41 ± 0.40 2.95 ± 0.33 1.6 26.5 ± 1.7 37
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Figure 13: The distribution of the four-lepton invariant mass, m4`, for the selected candidates (filled circles) compared to the
expected signal and background contributions (filled histograms) for the combined

p
s = 7 TeV and

p
s = 8 TeV data for the

mass ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis of mH = 125 GeV
and normalized to µ = 1.51 (see text). The expected backgrounds are shown separately for the ZZ⇤ (red histogram), and
the reducible Z + jets and tt̄ backgrounds (violet histogram); the systematic uncertainty associated to the total background
contribution is represented by the hatched areas.
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What we do see
H

𝓵
𝓵
𝓵

𝓵Higgs-like 
resonance peak !

In the 2012 data (8 TeV): 

Expect:  
14.6 ± 1.5 Higgs events  

Measure:  
24 ± 6 events

… again, we see a bit more 
Higgs boson than we 
expect

What the data show
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After subtracting background, 
data points produce a peak with the 
shape expected from H→γγ

Higgs-like 
resonance peak !

Higgs-like 
resonance peak !

H
𝓵

𝓵
ν

ν

For H → WW → 𝓁ν𝓁ν, 
the neutrinos ν, cannot be detected 

Hence, it is not possible to directly  
reconstruct the Higgs boson mass. 
 
Instead, another observable, called  
the transverse mass mT is used.

What the data show
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Higgs boson 
precision  

measurements

PART III
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We have found a Higgs-like particle 
Next challenge: measure its properties

25
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mass

Spin quantum 
number

coupling to 
other particles

H
t

τ
W

Higgs boson properties

26

Measurements of cross sections and differential distributions 

Higgs boson kinematics 
   momentum, production angle … 
Multiplicity and properties of of 
associated particles 
Properties of the Higgs decay
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New Higgs physics scenarios

27

H

χ

χ

We clearly has seen a new particle ! 
Does it come with some surprises ?

Perhaps it sometimes is 
produced with some 

new, exotic particles ?

Could it be a Higgs 
boson “imposter” that 
have a different spin or 

Charge-Parity ?

Are there more Higgs bosons?  
The MSSM SUSY model suggest there 

might be five Higgs bosons 
A, H, h, H+ H-

Dark  
matter?

Is the Higgs truly a 
fundamental particle or does 

it have substructure ? 
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Measuring the Higgs boson mass
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γγ→H ATLAS

l4→ZZ→H ATLAS
γγ→H CMS

l4→ZZ→H CMS
All combined

Best fit
68% CL

Amount of  
measured 

Higgs bosons 
(relative to what 

we expect)

Expected amount

Four measurements shown: ATLAS and CMS, H→γγ and H→4l. They are compatible. 
Combination of the measurements give: mH = 125.09 ±  GeV
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coupling to 
other particles

H
t

τ
W

Measuring the Higgs boson couplings

H

γ

γ

t

t
t

Coupling between 
Higgs and top 

t

t
H

Coupling between the  
Higgs and the Z bosons  

H Z

Z

According to the Higgs mechanism, particle obtain their mass  
from the coupling to the Higgs field. 

A stronger coupling  
→ more interactions  
→ more produced Higgs bosons 

Example: coupling between Higgs and top quarks
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Measuring the Higgs boson couplings
St

re
ng

th
 o

f c
ou

pl
in

g 
to

 th
e 

H
ig

gs
 b

os
on

The measured  
strength of the  

coupling is 
proportional to 

the mass 
as expected !

coupling to 
other particles

H
t

τ
W

30



Dag Gillberg 

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as
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(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.
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Parameter value
2− 1− 0 1 2 3

|µκ|

bκ

|τκ|

tκ

Wκ

Zκ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

 intervalσ1
 intervalσ2

Figure 18: Best fit values of parameters for the combination of ATLAS and CMS data, and separately for each
experiment, for the parameterisation assuming the absence of BSM particles in the loops, BBSM = 0. The hatched
area indicates the non-allowed region for the parameter that is assumed to be positive without loss of generality. The
error bars indicate the 1� (thick lines) and 2� (thin lines) intervals. When a parameter is constrained and reaches
a boundary, namely |µ| = 0, the uncertainty is not defined beyond this boundary. For those parameters with no
sensitivity to the sign, only the absolute values are shown.

pressed as a function of a mass scaling parameter ✏, with a value ✏ = 0 in the SM, and a free parameter M,
equal to v in the SM: F,i = v · m✏F,i/M

1+✏ and V,i = v · m2✏
V,i/M

1+2✏ . A fit is then performed with the
same assumptions as those of Table 18 with ✏ and M as parameters of interest. The results for the com-
bination of ATLAS and CMS are ✏ = 0.023+0.029

�0.027 and M = 233+13
�12 GeV, and are compatible with the

SM predictions. Figure 19 shows the results of this fit with its corresponding 68% and 95% CL bands.

6.3. Parameterisations related to the fermion sector

Common coupling modifications for up-type fermions versus down-type fermions or for leptons versus
quarks are predicted by many extensions of the SM. One such class of theoretically well motivated models
is the 2HDM [130].

The ratios of the coupling modifiers are tested in the most generic parameterisation proposed in Ref. [32],
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The Higgs inclusive cross section

31
H

γ

γ

H
𝓵
𝓵
𝓵

𝓵
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Example of four observables that we have measured 
1. Higgs boson momentum 
2. Number of jets (“quarks or gluons”) produced together with the Higgs 
3. The momenta of the first and second jets 
4. The angle between the photons produced in the Higgs decay

jet 1 Higgs pT
jet 2

Higgs boson distributions

32

Higgs boson 
momentum

Number of jets

jet 1 pT

jet 2 pT

H

γ

γ
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Measuring Higgs boson distributions

All events with 
3 or more jets

All events with no jets

33

All events with one jet

All events with two jets …
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1. The Higgs boson momentum

34

“Micro-anomaly”  
ATLAS Run-I 
measurement of Higgs 
boson transverse 
momentum suggest 
harder spectrum than 
expected.

Probability for agreement 
is only ~4% 

Higgs boson 
transverse 

momentum
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2. The number of jets

35

Number of jets

Run-I ATLAS data also 
indicate that Higgs 
bosons are produced 
with more jets … ?
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2. The number of jets
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Number of jets

? Run-I ATLAS data also 
indicate that Higgs 
bosons are produced 
with more jets … ?
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2. The number of jets

35

Number of jets

? Run-I ATLAS data also 
indicate that Higgs 
bosons are produced 
with more jets … ?
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After its discovery, focus of Higgs boson analyses are shifting to precision 
measurements of its properties.  

- Mass 
- Spin/CP,  limits on width 
- Cross sections in different kinematic regions 

The 2015+2016 dataset (~35 fb-1 @ 13 TeV) is effectively six times larger 
than the Run-1 dataset, results expected for summer conferences. 

Exciting times ahead!

Summary

36

H
t

τ
W

χ ?
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Thanks for your attention!
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Search for Higgs pair production

Expect one event in the signal region (a window around 125 GeV). 
Observe 4 events (!)



γγ + ZZ→4l combined
• Combination of the two 

spectra from the previous 
page 

• Red = γγ 
Green = ZZ→4l  
Black = combined 

• γγ and ZZ are independent 
datasets, still very good 
(surprisingly good) 
agreement
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FIG. 6. Di↵erential cross sections (left) and shapes (right) of the Higgs boson transverse momentum (top), absolute rapidity
(middle) and leading jet transverse momentum (bottom) of inclusive Higgs boson production at

p
s = 8 TeV measured in the

H ! �� and H ! ZZ⇤ ! 4` final states using 20.3 fb�1 of pp collisions. Both the combined measurements as well as the
individual channels are shown.
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Spin of the Higgs boson

49

H

γ

γ

Is the particle we have 
seen an “imposter” with 
different spin (or parity) 

That would change the 
helicity angle of the 
photons produced in the 
Higgs decay 

Many tests in the 
different Higgs decay 
channels suggest data 
agree with the Standard 
Model expectation

Helicity angel between of the photons in H→γγ
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Fiducial cross sections & “unfolding”

• Fiducial cross sections try to avoid extrapolations

(truth) fiducial 
phase space

reconstructed 
phase space

unfolding

In particle physics  
a fiducial cross-section is a cross-section measured only 
for the fiducial region, a clearly defined region in phase-
space in which the detector operates with high efficiency, 
without extrapolating to regions where the experiment 
has no sensitivity. 

The fiducial region are defined from the stable “truth” 
particles from the MC event record. Corresponds to 
what a perfect detector would see

The fiducial region is selected to correspond to the 
analysis selection (see above). The yields measured in 
data need to be corrected for detector effect 
(inefficiencies). This is called unfolding.

➡ Some things are harder to unfold than others

H→γγ fiducial definition 
2 photons with |η|<2.37 

pTγ1 / mγγ > 0.35 
pTγ2 / mγγ > 0.25

Side from Florian Bernlochner



Differential cross section measurement overview

43

1. Signal extraction 2. Unfold to particle level 
      and divide by integrated  
      luminosity and bin-width

3. Plot and compare with  
     theory

a) Spit dataset into bins of variable of 
interest (here 4 Njets bins) 

b) For each bin, extract s from a s+b fit 
to the mγγ spectra 

c) Large statistical uncertainty due to 
small s/b

a) correction for detector 
effects with bin-by-bin 
unfolding 

b) convert to (“differential”) 
cross section by dividing by 
int. lumi (and bin-width) 

a) compare to particle level 
prediction - i.e. no need for 
detector simulation 

b) Can also compare with 
analytical calculations 
(parton level) but then need 
small parton→particle level  
(NP) correction

20.3 fb-1  
(±2.8%)

correction factor  
for detector effects
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Signal extraction γγ
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20.3 fb-1  
(±2.8%)

correction factor  
for detector effects



Transverse momentum
• Differential cross sections as a function of transverse 

momentum of the Higgs-like resonance compared with 
theory for the γγ (left) and ZZ (right) fiducial regions

Consistent with SM theory predictions 
p-values 0.09-0.12 (γγ) 0.16-0.30 (ZZ)



Extrapolation to the inclusive phase space

• In principle one can also extrapolate the fiducial cross sections to the fully inclusive region. 

• Ok, given what we just discussed — why would you want to do that?  

• Not model independent, but still less model dependent than coupling measurements.  

• Can combine differential quantities with different channels, e.g. H to four leptons 

• Mostly account for object (photons, leptons) acceptance, i.e. more tied to objects than 
production specifics.

inclusive phase 
space

�i =
ni

L ci
�i =

ni

L ci ↵i B
Side from Florian Bernlochner

(truth) fiducial 
phase space

reconstructed 
phase space 

(analysis cuts)

unfolding

e.g. H→γγ all of Higgs production!

Fiducial cross section

Inclusive 
cross section



Extrapolation to the inclusive phase space

• In principle one can also extrapolate the fiducial cross sections to the fully inclusive region. 

• Ok, given what we just discussed — why would you want to do that?  

• Not model independent, but still less model dependent than coupling measurements.  

• Can combine differential quantities with different channels. 

• Mostly account for object (photons, leptons) acceptance, i.e. more tied to objects than 
production specifics.
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Can be estimated using a bootstrap method:

Can use all kinematic distributions in a combined analysis and probe 
for New Physics:

Overview

Analysis idea: Simultaneous fit to measured fiducial cross section with cross
correlations can be used to constrain new physics in the Higgs sector

Fit parameters of interest: Wilson coe�cients ci

LSM +
X

c̄iOi

Extend the SM with point-like interactions;

cg

H+
t

t
t̄

SM NP

Power counting in dimensionality of operators (mass dim. 6 or 8 or beyond), need to be cancelled by dimensionality

of Wilson coe�cient in order to keep action (S =
R
d x4 L) dimension-less

Thus for dimension-six operators, ci =
c̄i
⇤2 , where ⇤ is a scale that characterizes

the new physics.
2 / 24

DRAFT

can be specified by54

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃� Õ� + c̃g Õg + c̃HW ÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,55

respectively, and the dimension-six operators Oi are those described in Refs. [5, 7]. The O� and Õ� operators56

introduce new interactions between the Higgs boson and two photons. The Og and Õg operators introduce57

new interactions between the Higgs boson and two gluons and the analysis presented in this paper is sensitive58

via the gluon fusion production mechanism. The OHW and ÕHW operators introduce new HWW , H Z Z and59

H Z� interactions. The H Z Z and H Z� interactions are also impacted by OHB and ÕHB and, to a lesser60

extent, O� and Õ� . The analysis presented in this paper is sensitive through the vector boson fusion and61

associated production mechanisms.62

Other operators (ÕT , ÕH ) can modify Higgs boson interactions, but are found to have a very small e↵ect on63

the H ! �� cross sections. The Õu and ÕW operators a↵ect the H ! �� branching ratio at the one-loop64

level, but are expected to have negligible impact [5] and are not included in the tree-level implementation [7]65

used in this analysis.66

3 Experimental details67

The ATLAS detector [8] is a multipurpose particle physics experiment with a forward-backward symmetric68

cylindrical geometry and nearly 4⇡ coverage in solid angle.1 Events were selected using a trigger that69

requires two photons, with leading (subleading) transverse momentum, pT, greater than 35 (25) GeV. The70

objects used to define the kinematic distributions, namely photons and jets, are described in detail in Ref. [4].71

In the following, a brief summary is given.72

A photon is reconstructed as a cluster of energy with |⌘ | < 2.37 deposited in the electromagnetic calorimeter,73

excluding the poorly instrumented region 1.37 < |⌘ | < 1.56. The photon energy is corrected using a calib-74

ration derived in data from Z ! e+e� decays [9]. Photons have to satisfy ‘tight’ identification criteria [10]75

and be isolated in the calorimeter and inner detector [4]. Events are required to have two isolated photons76

with leading (subleading) pT > 0.35 (0.25) m�� , where m�� is the invariant mass of the diphoton system.77

Jets are reconstructed from three-dimensional topological calorimeter clusters using the anti-kt algorithm [11]78

with a radius parameter of 0.4. The jets are corrected for soft energy deposits originating from pileup [12]79

and calibrated using a combination of simulation-based and data-driven correction factors [13, 14]. Jets are80

required to have pT > 30 GeV and |y | < 4.4 and pass a ‘jet vertex fraction’ requirement to remove jets81

that originate from pileup interactions [12]. Jets are required to be separated from photons (�R > 0.4) and82

electrons (�R > 0.2). Electrons are reconstructed from clusters of energy in the electromagnetic calorimeter83

matched to inner detector tracks. They are required to have pT > 15 GeV and |⌘ | < 2.47, to satisfy the84

‘medium’ identification criteria [15, 16], and to be isolated in the inner detector and calorimeter.85

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) at the centre of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upward. Cyl-
indrical coordinates (r,�) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln[tan(✓/2)].
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Effective Field Theory Analysis of differential cross sections
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by
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5 Limit-setting procedure

Limits on the Wilson coe�cients are set by constructing a �2 function

�2 =
⇣
~�data � ~�pred

⌘T
C�1
⇣
~�data � ~�pred

⌘
,

where ~�data and ~�pred are vectors from the measured and predicted cross sections of the five analysed ob-
servables, and C = Cstat + Cexp + Cpred is the total covariance matrix defined by the sum of the statistical,
experimental and theoretical covariances. The predicted cross section ~�pred and its associated covariance
Cpred are continuous functions of Wilson coe�cients. Scans of one or two Wilson coe�cients are carried
out and the minimum �2 value, �2

min, is determined. The confidence level (CL) of each scan point can be
calculated as

1 �CL = n
Z 1

�2(ci)��2
min

dx �2(x; m) ,

with �2(ci) being the �2 value evaluated for a given Wilson coe�cient ci, and �2(x; m) being the �2 distribu-
tion for m degrees of freedoms and n = 1 or 1

2 for two-sided or one-sided limits. The coverage of CL and the
e↵ective number of degrees of freedom are determined using ensembles of pseudo-experiments.3

3 For one-dimensional limits on the CP-even (odd) Wilson coe�cients, good agreement is found between the asymptotic formula
and the pseudo-experiment test statistic with m = 1 and n = 1 ( 1

2 ). For the two-dimensional limits on c̄g versus c̃g, and c̄HW

versus c̃HW , good agreement between pseudo-experiments and asymptotic formula is found for m = 1 and n = 1. For the two
dimensional limit on c̄g versus c̄�, good agreement between pseudo-experiments and asymptotic formula is found for m = 2 and
n = 1.
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the
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These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
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2 Higgs e↵ective field theory framework
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with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
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where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2

➡ Extends SM by adding point-like interactions

 [f
b]

fid
σ

1

10

210 data
Standard Model

 = 0.0001gc
 = 0.05HWc

[GeV] γγ
T
p jetsN [GeV] jjm jjφ∆ [GeV] j1

T
p

0-
20

20-30
30-40
40-50
50-60
60-80
80-100
100-200

0= 1= 2= 3≥ 0-
200

200-400
400-650
650-1000
0-

/3
π

/3-
π

/3
π2

/3-
π2

/6
π5

/6-
π5
π

30-50
50-70
70-100
100-140

-1 = 8 TeV,  20.3 fbs,  γγ → H → pp
ATLAS

Figure 3: The input data from Ref. [9] is compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1⇥10�4

and c̄HW = 0.05, respectively.

The input data vector is compared in Fig. 3 to the SM hypothesis as well as two non-SM hypotheses specified
by c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.

The covariance matrix for experimental systematic uncertainties is constructed from all uncertainty sources
provided by Ref. [9], which include the jet energy scale and resolution uncertainties, photon energy and
resolution uncertainties, and model uncertainties. Identical sources are assumed to be fully correlated across
bins and variables and the sign of an error amplitude is taken into account when computing the covariance
matrix. The statistical uncertainties on the cross correlation have a negligible impact on the results reported
here.

The covariance matrix for the theoretical uncertainties is constructed to account for missing higher-order
corrections and PDF uncertainties in the SM reference predictions. The uncertainties in the gluon fusion
reference samples are: (i) a shape uncertainty, estimated by simultaneously varying the factorisation and
renormalisation scales in MG5_aMC@NLO by a factor of 0.5 or 2.0, and (ii) uncertainties from missing
higher-order corrections and PDF associated with the normalisation to the NNLO+NNLL QCD plus NLO
electroweak total cross-section prediction, which is taken from Ref. [3], and assumed to be fully correlated
among bins and observables. For VBF, ZH and WH, shape uncertainties are neglected because their impact
is expected to be negligible with respect to all other theory uncertainties. Normalisation uncertainties for
these processes are taken from Ref. [3].

The benefit of using more than one di↵erential distribution in the analysis is quantified using an ‘Asimov
dataset’, which is a representative dataset of the median expected cross-section measurement assuming the
SM. For c̄g and c̃g, the use of a single inclusive distribution (p��T or Njets) results in the same expected limits
as the full five-dimensional fit. For c̄� and c̃�, the most sensitive variable is found to be p��T , with a 5%
improvement in the expected limits obtained from using the five-dimensional information. For c̄HW and
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Figure 4: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄� and c̄g Wilson coe�cients. All other
coe�cients are set to zero. The shaded area represents the allowed region of parameter space and the marker indicates
the SM value.

c̃HW , the most sensitive variable is �� j j and an 18% improvement in the expected limits is obtained from
using the five-dimensional fit. In summary, the expected sensitivity for c̄g, c̃g, c̄� and c̃� arises mainly from
the normalisation of the di↵erent production mechanisms, and can be probed using the inclusive distributions
that distinguish between the di↵erent processes, whereas the c̄HW and c̃HW coe�cients benefit more from
the full five-dimensional information due to the induced shape changes in the kinematics of the VBF+VH
process.

6 Results

The 68% and 95% confidence regions for a two-dimensional scan of c̄� and c̄g are shown in Fig. 4, after
setting all other Wilson coe�cients to zero. These additional interactions can interfere with the correspond-
ing SM interactions. Destructive interference, for example, causes the H ! �� branching ratio to be zero at
c̄� ⇠ 2 ⇥ 10�3 and the gluon fusion production cross section to be zero at c̄g ⇠ �2.2 ⇥ 10�4. The impact of
these e↵ects is evident in the structure of the obtained limits in the two-dimensional parameter plane.

The 68% and 95% confidence regions for a two-dimensional scan of c̄g and c̃g are shown in Fig. 5, after
setting all other Wilson coe�cients to zero. The �� j j distribution is sensitive to the c̃g parameter through
the gluon fusion production mechanism (Figs. 2 and 3) and the limit on c̃g is improved with the inclusion of
this data in the fit. This is evident in Fig. 5 where the limit band is constricted at the largest values of c̃g.
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Figure 5: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄g and c̃g Wilson coe�cients. All other
coe�cients are set to zero. The shaded area represents the allowed region of parameter space and the marker indicates
the SM value.

The 68% and 95% confidence regions obtained from scanning c̄HW and c̃HW are shown in Fig. 6, after
setting c̄HB = c̄HW and c̃HB = c̃HW to ensure that the partial width for H ! Z� is unchanged from the
SM prediction.4 As discussed in Section 5, these Wilson coe�cients produce large shape changes in all
distributions and the obtained limits are strongest when fitting all five distributions simultaneously.

The 95% confidence regions for c̄HW and c̃HW can be translated into the Higgs Characterisation frame-
work [35] and compared to the ATLAS results for non-SM CP-even and CP-odd HVV interactions, which
were obtained using an angular analysis of the decay products in the WW⇤ and ZZ⇤ decay channels [36].
The translated limits are �0.08 < ̃HVV/SM < 0.09 and �0.22 < tan(↵) · ̃AVV/SM < 0.22, where the
variables ̃HVV, ̃AVV, SM and ↵ are defined in Refs. [35, 36]. The limits obtained in this analysis are a
factor of approximately seven stronger than those in Ref. [36], due to increased sensitivity to the di↵erent
Higgs boson production channels arising from the inclusion of rate and jet kinematic information in the EFT
hypothesis.

The observed limits on c̄HW and c̃HW are also not excluded by current signal strength measurements. For
example, the signal strength in the H ! ZZ⇤ and H ! WW⇤ channels is predicted to be approximately 1.3
for c̄HW = 0.1, which is consistent with the dedicated measurements [37, 38].

The 95% confidence regions for a one-dimensional scan of the Wilson coe�cients are given in Table 1.

4 Values of |c̄HW � c̄HB| > 0.033 lead to a very large decay rate for the H ! Z� process that is contradicted by the experimental
constraints reported by ATLAS [34].

9

HWc
-0.2 -0.1 0 0.1 0.2

H
W

c~

-0.4

-0.2

0

0.2

0.4 ATLAS internal
-1 = 8 TeV, 20.3 fbs, γ γ → H →pp 

HWc
-0.2 -0.1 0 0.1 0.2

H
W

c~

-0.4

-0.2

0

0.2

0.4 ATLAS internal
-1 = 8 TeV, 20.3 fbs, γ γ → H →pp 

c̄HW = c̄HB

c̃HW = c̃HB

Standard Model

95% CL
68% CL

St
at

is
tic

al
 c

or
re

la
tio

n 
[%

]

0
10
20
30
40
50
60
70
80
90
100

 [GeV]γγ

T
p

je
ts

N

74.8
0.5±

7.7
1.0±

4.7
1.1±

2.8
1.0±

40.1
1.0±

14.3
1.1±

7.3
1.1±

2.0
1.0±

23.0
1.2±

23.0
1.1±

9.0
1.0±

5.2
1.0±

12.5
1.2±

29.4
0.9±

9.7
1.0±

5.2
1.0±

4.1
1.0±

28.6
0.9±

12.7
1.0±

7.9
1.0±

3.7
1.0±

30.0
0.9±

22.5
0.9±

10.4
1.0±

-1.3
1.0±

19.4
1.0±

21.6
1.0±

10.5
1.0±

0.3
1.1±

15.3
1.0±

20.5
1.0±

20.9
1.0±

0=

1=

2=

3≥

0-20 20-30 30-40 40-50 50-60 60-80 80-100 100-200

-1 = 8 TeV,  20.3 fbs,  γγ → H → pp   PreliminaryATLAS

Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coe�cients. All
other Wilson coe�cients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW and c̃HW , respectively.
The shaded area represents the allowed region of parameter space and the marker indicates the SM value.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated
within an e↵ective field theory framework. Limits are placed on anomalous CP-even and CP-odd interac-
tions between the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five di↵erential
cross sections previously measured by ATLAS in the H ! �� decay channel at

p
s = 8 TeV [9]. No

significant deviations from the SM are observed. To allow a simultaneous fit to all distributions, the statist-
ical correlations between these distributions have been determined by re-analysing the candidate H ! ��
events in the proton-proton collision data. These correlations are made publicly available to allow for future
analysis of theories with non-SM Higgs boson interactions.
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➡ No significant deviation from 
SM observed.



Run 2: Simplified cross section framework

https://indico.cern.ch/event/399923/LHC HXS WG meeting about fiducial cross sections:

Measurement vs. Interpretation.
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Measurement Interpretation

where “Theory dependence” includes 2 aspects
Dependence on underlying physics model:

I Assume/test a specific model (Lagrangian)
I Dependence on kinematic distributions

Dependence on theory systematics/uncertainties
I In theory predictions that are needed to extrapolate to total cross sections
I Perturbative and parametric (PDFs, ↵s, ...)
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Meet somewhere in the middle
Simplified Cross Section Framework.

H!⌧⌧
· · ·
· · ·
· · ·

H
!

�
�

VBF loose (MVA)

high pTt

VBF tight (MVA)

low pTt

tt̄H leptonic

VH leptonic

H!ZZ
· · ·
· · ·
· · ·

= 0-jet

H
!

W
W

= 1-jet

� 2-jet VBF cuts

H
!

b
b̄

MVA high pT (V )

MVA low pT (V )

· · ·

· · ·

· · ·

�(tt̄H)

�
(V

H
) low pV

T

high pV
T

very high pV
T

ratios of ��� �ZZ �WW �bb̄ �⌧⌧ (�Z� �µµ)

= 0-jet

� 1-jet

�(bb̄H) �(tH)

Rest

�
(V

B
F)

� 2-jet VBF cuts

high-q2 BSM

' 2-jet

& 3-jet

= 0-jet

� 1-jet

�
(g

gF
)

� 2-jet VBF cuts
· · ·
· · ·

· · ·
· · ·

· · ·
µi,i

gk

EFT
coeffs

specific
BSM

Frank Tackmann (DESY) Simplified Cross Section Framework 2015-06-24 6 / 18

gg ! H: Small.

= 0-jet � 1-jet � 2-jet VBF cuts
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https://indico.cern.ch/event/399923/session/3/contribution/20/material/slides/0.pdf

Jim Lacey (Carleton) has written a Rivet  
routine that will act as 

https://indico.cern.ch/event/399923/
https://indico.cern.ch/event/399923/session/3/contribution/20/material/slides/0.pdf
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ATLAS Run II results at high mγγ
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2878 events (mγγ > 200 GeV)

SPIN-0 ANALYSIS SPIN-2 ANALYSIS

5066 events (mγγ > 200 GeV)
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•  Largest deviation from B-only hypothesis
"  mX ~ 750 GeV, ΓX ~ 45 GeV (6%)

"  Local Z = 3.9 σ
"  Global Z = 2.0 σ

•  mX = [200 GeV - 2 TeV]
•  ΓX/mX = [1% - 10%]

•  Largest deviation from B-only hypothesis
"  mG ~ 750 GeV, κ/MPl  ~ 0.2 (ΓG ~ 6% mG) 

"  Local Z = 3.6 σ
"  Global Z = 1.8 σ

•  mX = [500 GeV – 3.5 TeV]
•  κ/MPl = [0.01 – 0.3]

SPIN-0 ANALYSIS SPIN-2 ANALYSIS

Slide from M. Delmastro, Moriond talk
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CMS results - magnet on

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 19

Mass spectra – 3.8TMass spectra – 3.8T

3.8T3.8T

Slide from Pascale Musella’s, Moriond talk
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CMS result - magnet off
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Mass spectra – 0T Mass spectra – 0T 
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improved sensitivity by more than 20%.

Results interpreted in terms of scalar 
resonances and RS gravitons production 
of diRerent widths.

Observation generally consistent with 
SM expectations.

Modest excess of events observed at 
m

X
 = 750(760)GeV for the 8+13TeV(13TeV) 

dataset.

Local signi5cance is 3.4(2.9)s, reduced to 1.6(<1)s after accounting 
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Figure 21. Reconstructed to particle level response matrices for the diphoton p
T

(a), rapidity
(b), |cos ✓⇤| (c), the azimuthal angle between the leading two jets (d), their invariant mass (e), and
the azimuthal angle between the dijet and diphoton system (f). For each reconstructed level bin,
the fraction of events in the di↵erent truth bins are given.

– 63 –
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Reconstructed to particle level response matrices1076
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Figure 20. Reconstructed to particle level response matrices for the jet multiplicity with the
default 30 GeV (a), and a 50 GeV (b), p

T

threshold, the leading jet p
T

(c) and rapidity (d), and
the second jet p

T

(e) and the scalar p
T

sum of all jets (f). For each reconstructed level bin, the
fraction of events in the di↵erent truth bins are given.
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sidered. Production of ZH and WH is modeled with183

Pythia8 using CTEQ6L1 PDFs [29]. The cross sections184

for WH and ZH production were calculated at next-185

to-leading order (NLO) [30], and next-to-next-to-leading186

order (NNLO) [31] in QCD, respectively, with NLO elec-187

troweak corrections [32].188

Di↵ering pileup conditions as a function of the instan-189

taneous luminosity are taken into account by overlaying190

simulated minimum-bias events generated with Pythia8191

onto the hard-scattering process such that the observed192

distribution of the average number of interactions per193

beam crossing is reproduced.194

The simulated samples are processed with a full AT-195

LAS detector simulation [33] based on Geant4 [34] and196

a simulation of the trigger system.197

To distinguish contributions from processes which in-198

clude H ! �� decays from processes which contribute to199

the continuum background, we search for a localized ex-200

cess of events in the m�� spectrum near the Higgs boson201

mass, mH = 125.4 GeV. Probability distribution func-202

tions which describe theH ! �� resonance or the contin-203

uum background are defined in the range 105-160 GeV as204

described below. The contributions from each source are205

then estimated using an unbinned maximum likelihood206

fit to the observed m�� spectrum in which systematic207

uncertainties are treated as nuisance parameters.208

The m�� spectra of the signal models of H+DM pro-209

duction and SM Higgs boson background processes are210

modeled with a double-sided Crystal Ball [35] function;211

the width and peak positions are fixed to values extracted212

from fits to simulated samples. An exponential function,213

eam�� with free parameter a is used to describe the m��214

distribution of the continuum backgrounds. The choice215

of the continuum fit function is validated using simulated216

samples of the irreducible background processes and in217

three data samples adjacent to the signal region, but with218

relaxed requirements on Emiss

T

, on p��
T

or on photon iden-219

tification. Results of the fit to data in the signal region220

are shown in Fig 2.221

Systematic uncertainties from various sources a↵ect222

both the number of SM Higgs boson events in the res-223

onant background, the predicted shape and location of224

its peak, and the e�ciency of the selection for the signal225

models considered.226

The uncertainty on the integrated luminosity is 2.8%227

derived following the same methodology as that detailed228

in Ref. [36] using beam-separation scans. Uncertainties229

on the e�ciency of the photon isolation requirement, pho-230

ton identification requirement and trigger selection are231

measured in an inclusive SM Higgs boson sample to be232

2.8%, 2.1% and 0.2%, respectively. Uncertainties in the233

photon energy scale and resolution – both included as234

nuisance parameters in the fit – lead to respective un-235

certainties of 11% and 0.3% in the position and width of236

theH ! �� peak before profiling of nuisance parameters.237

Additional uncertainties on the jet energy scale and res-238
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FIG. 2: Distribution of the diphoton invariant mass, m�� .
An unbinned maximal likelihood fit to the spectrum is used
to estimate the number of events from the continuum back-
ground and from H ! �� decays; the individual components
are shown as well as their sum.

olution as well as the calibration of unclustered hadronic239

recoil contribute to uncertainty in the Emiss

T

, leading to240

1.2% uncertainty of the Emiss

T

and p��
T

requirements. Im-241

pact on the selection e�ciency of the uncertainties on the242

levels of initial-state and final-state radiation are assessed243

by varying the Pythia8 parameters, as in Ref. [11]; these244

are found to be typically at the level of 1%. The total un-245

certainty on the selection e�ciency for peaking SM Higgs246

backgrounds and signal models is 4.0%.247

The theoretical uncertainties on the WH and ZH pro-248

duction cross sections come from varying the renormal-249

ization and factorization scales and from uncertainties250

on the parton distribution functions [28, 37–39]. The251

Higgs boson decay branching fractions are taken from252

Refs. [40, 41] and their uncertainties from Refs. [42, 43].253

The total theoretical uncertainty on the H + Emiss

T

con-254

tribution is 6%.255

The excess observed in the data corresponds to a 1.4 �256

deviation using the asymptotic formulae in Ref. [44]. As257

the events observed in data do not include a statistically258

significant BSM component, the results are interpreted259

in terms of exclusions on models that would produce an260

excess of H + Emiss

T

events. Upper bounds, detailed be-261

low, are calculated using a one-sided profile likelihood262

ratio and the CLS technique [45, 46], evaluated using263

the asymptotic approximation [44] which was ensured to264

be valid for the available statistics.265

The most model-independent limits are those on the266

fiducial cross section of H + Emiss

T

events, including SM267

and beyond-the-SM (BSM) components, � ⇥A, where �268

is the cross section and A is the the fiducial acceptance.269

The latter is defined using a selection identical to that270

defining the signal region but applied at particle level,271

where the particle-level Emiss

T

is the vector sum of the272

momenta of the non-interacting particles. The limit on273

� ⇥ A is derived from a limit on the visible cross section274

ETmiss > 90 GeV 
pTγγ > 90 GeV 
Target: “Mono Higgs”, Higgs + DM
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3. The momentum of the jets

49

jet 1jet 2

Also the highest-momentum (jet 1) and next-to-
highest momentum (jet 2) jets are measured to be 
moving faster (higher pT) than predicted …

Jet 1 Jet 2
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Also the highest-momentum (jet 1) and next-to-
highest momentum (jet 2) jets are measured to be 
moving faster (higher pT) than predicted …
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Comparing analytical ggF predictions with data

67

gluon fusion other production modes 
XH = VBF+VH+ttH

Non-perturbative correction factor 
accounting for hadronization and  

underlying event activity

ggF cross section

Kinematic acceptance for 
Higgs decay product to  

fulfil fiducial requirements
Efficiency for photons to  

fulfil particle level isolation 
(part of γγ fiducial definition 

not used for ZZ)

�
fid

= �
ggF

B ↵
kinem

↵
iso

f
NP

+ �
fid,XH

Branching ratio

�
fid

= �
ggF

B ↵
kinem

↵
iso

f
NP

+ �
fid,XH

Analytical calculated cross sections can be corrected for acceptances and non-perturbative effects 
using provided correction factors for each fiducial region/bin of differential cross section 
SM is assumed for provided values. Uncert. from QCD-scale, PDF, MPI/fragm. tune variations

Example for H→γγ inclusive fiducial cross section, mH = 125.4 GeV

LHC-XS: 19.15 pb 0.228%
~63% ~98% 1.00 ~4 fb

= 30.5 fb



H→γγ fiducial cross sections

68
  [fb]fidσ

-110 -110×2 1 2 3 4 5 10 20 30 210

 > 80 GeVmiss
TE

1≥ leptonsN

VBF-enhanced

 3≥ jetsN

 2≥ jetsN

 1≥ jetsN

Inclusive   PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL
data syst. unc.

Htt + VH  =  VBF + HX
HXLHC-XS + 
HXHRes 2.2 + 

HXSTWZ + 
HXJetVHeto + 
HXBLPTW + 
HXMiNLO HJ + 
HXMiNLO HJJ + 

are corrected to the particle level to allow comparison to data, using diphoton acceptance,570

photon isolation and non-perturbative correction factors and accounting for the Higgs bo-571

son branching ratio to two photons. The total uncertainty on these predictions is taken to572

be the sum in quadrature of the scale, PDF, branching ratio, diphoton acceptance, photon573

isolation and non-perturbative uncertainties.574

The cross section for Higgs boson production via gluon fusion in the one-jet and two-575

jet regions can also be calculated at NLO+LL accuracy in QCD using Minlo HJ and576

Minlo HJJ, respectively. The uncertainties on each prediction associated with missing577

higher orders in the calculation is taken to be the envelope of cross-section predictions578

obtained by simultaneously varying the renormalisation and factorisation scales by a factor579

of 0.5 or 2.0 (all combinations of scales are considered when forming the envelope, except580

those for which the renormalisation and factorisation scales di↵er by a factor of four).581

The uncertainty from the choice of parton distribution function is estimated in the same582

way as for Hres, taking the envelope of variations obtained using the CT10 eigenvectors583

and the central values and uncertainties of MSTW2008nlo and NNPDF2.3. The small584

uncertainties associated with non-pertubative modelling is included for both predictions,585

and is estimated in the same way as for the non-perturbative correction factors discussed586

above. Minlo HJ is also used for di↵erential distributions containing one or more jets and587

Minlo HJJ is used for di↵erential distributions containing two or more jets.588

The contributions to the Standard Model predictions from VBF, V H and tt̄H produc-589

tion are determined using the particle-level prediction obtained from the Powheg-Pythia590

and Pythia 8 event generators, with the samples normalised to state-of-the-art theoreti-591

cal calculations as discussed in section 4. The uncertainty from scale and PDF variations592

on the VBF, V H and tt̄H contributions are taken from these calculations, with an addi-593

tional shape-dependent scale uncertainty derived for the VBF component by simultaneously594

varying the renormalisation and factorisation scale in the event generator by factors of 0.5595

and 2.0.596

9 Fiducial cross section measurements and limits597

The measured fiducial cross sections and cross-section limits are compared to a variety598

of theoretical predictions for SM Higgs boson production in Figure 3. The measured and599

predicted cross sections are also documented in table 3 and table 4, respectively. The SM600

predictions are defined at the particle level and, in each fiducial region, are the sum of601

cross-section predictions for gluon fusion, VBF, V H and tt̄H, for mH = 125.4 GeV, as602

discussed in section 8.603

The fiducial cross section for pp ! H ! �� measured in the inclusive fiducial region

is

�
fid

(pp ! H ! ��) = 43.2± 9.4 (stat)+3.2
�2.9 (syst)± 1.2 (lumi) fb.

This can be compared with the Standard Model prediction of 30.5 ± 3.3 fb, constructed604

using the LHC-XS prediction for the gluon fusion cross section. The measured cross section605

is a factor of approximately 1.4 larger than this theoretical prediction, which is consistent606

with a dedicated measurement of the Higgs boson signal strength in the diphoton decay607

– 17 –

30.5 fb
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Higgs couplings

69

• Search for deviations from the SM Higgs coupling to other particles by 
introducing multipliers using a tree-level motivated benchmark model 
following the LHC Higgs XS WG recommendations: 1209.0040
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Matter particles

Force carriers
(gauge bosons)

The Higgs can interact with 
(couples to) all massive, 
fundamental particles

κZ

κW
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VBF production. The observations by ATLAS and CMS ex-

clude a value of ρV BF+V H,ggH+ttH = 0 at an even greater level

of confidence.

IV.2.5. Measurement of the coupling properties of H

(i) From effective Lagrangians to Higgs observables

All 8 operators of the effective Lagrangian Eq. (13) that

were unconstrained before the Higgs data induce, at tree-level,

deviations in the Higgs couplings that respect the Lorentz struc-

ture of the SM interactions, or generate simple new interactions

of the Higgs boson to the W and Z field strengths, or induce

some contact interactions of the Higgs boson to photons (and to

a photon and a Z boson) and gluons that take the form of the

ones that are generated by integrating out the top quark. In

other words, the Higgs couplings are described, in the unitary

gauge, by the following effective Lagrangian [180,38]

L = κ3
m2

H

2v
H3 + κZ

m2
Z

v
ZµZµH + κW

2m2
W

v
W+

µ W−µH

+ κg
αs

12πv
Ga

µνG
aµνH + κγ

α

2πv
AµνA

µνH + κZγ
α

πv
AµνZ

µνH

+ κV V
α

2πv

(

cos2 θWZµνZ
µν + 2 W+

µνW
−µν

)

H

−

⎛

⎝κt

∑

f=u,c,t

mf

v
ff + κb

∑

f=d,s,b

mf

v
ff + κτ

∑

f=e,µ,τ

mf

v
ff

⎞

⎠ H.

(22)

The correspondence between the Wilson coefficients of the

dimension-6 operators and the κ’s is given in Table 11. In

the SM, the Higgs boson does not couple to massless gauge

bosons at tree level, hence κg = κγ = κZγ = 0. Nonetheless,

the contact operators are generated radiatively by SM particles

loops. In particular, the top quark gives a contribution to the 3

coefficients κg, κγ , κZγ that does not decouple in the infinite top

mass limit. For instance, in that limit κγ = κg = 1 [19,20,181]

(the contribution of the top quark to κZγ can be found in

Ref. [181]).

January 9, 2014 16:22

Effective Lagrangian describing the  
Higgs couplings in unitarity gauge 
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