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Roman Kogler

Overview

‣ 42 excellent talks with  
many new results!

‣ 1. Higgs Physics

‣ 2. Higgs as a Probe of BSM

‣ 3. New Particles and Forces 

‣ 4. Dark Matter

‣ 5. SUSY
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Disclaimer:  
Huge number of brand new results 
from experiments and theory - 
personal selection shown here!Figure 1: Left: The physics programme of a high-energy e+e� machine like the ILC rests

on three pillars: its Higgs physics and top physics programmes as well as its search potential
for new physics (BSM). Right: stability diagram of the electroweak vacuum, depending on top,
Higgs, and BSM physics, base plot from [11].

In the history of particle physics, there always was a fruitful interplay between hadron and
lepton machines which profited from each other tremendously. Examples are the (guaranteed)
discovery of the weak gauge bosons W and Z at the CERN SppS proton-antiproton collider
operating 0.54 TeV which was prepared by many measurements at lepton machines, particularly
by neutrino beams. Next, there was the (guaranteed) discovery of the top quark again in proton-
antiproton collisions at the Fermilab Tevatron at 1.8/1.96 TeV, prepared by e+e� data from
DORIS/SLC/LEP at 0.01 TeV and 0.091 TeV. They provided the mass range for the top quark
which together with the theory predictions for the QCD cross sections gave the guarantee for
a successful discovery. Then, there was the discovery of the Higgs boson at LHC operating at
7/8 TeV (now also 13 TeV) which was prepared by the measurements of SLC and LEP I/II
operating at 0.09 TeV and 0.21 TeV. This was not as guaranteed as the two beforementioned
discoveries, but assuming the non-existence of vastly di↵erent electroweak sectors (which would
have led to spectacular, unexpected discoveries at LHC in the first run), it was at the same
level of security than the other two.

Particle physics at the moment is at a stage where there is only a single running high-
energy collider (for the first time in at least more than 40 years) world-wide, and that there is
no guarantee for a future discovery at any technically feasible collider experiment in the near
future. There are many preparations for a high-energy hadron collider beyond the LHC that
could energies of 60, 80 or even 100 TeV. However, also such a collider should have a preparation
by measurements at an e+e� collider of energies in the range of 0.35 TeV, 0.5 TeV, or 1 TeV.
This would be the ILC with its physics programme. Another issue connected to this which
has not been too much stressed up to now, are the benefits of precision QCD measurements
at the ILC, which include the strong coupling constants, but more importantly fragmentation
functions, especially for bottom and charm.
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[A.D. Martin et al., EPJC63, 189 (2009)]

Roman Kogler

The LHC at 13 TeV
Transition from Run 1 to Run 2

3 Higgs and BSM Summary

100 1000
1

10

100

 

 gg
 Σqq
 qg

WJS2013

ratios of LHC parton luminosities: 13 TeV / 8 TeV

 

lu
m

in
o

si
ty

 r
a

tio

M
X
 (GeV)

MSTW2008NLO

_

SM Processes:  
Factor 2-4

New physics:
Factor 10-103

Luminosity:
8 TeV:   20 fb–1

13 TeV: 40 fb–1

‣Largest increase in √s since the start of the LHC 
‣Luminosity doubling will need some time
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News from the Higgs

4 Higgs and BSM Summary

1. Measurements (diboson couplings) 
2. Searches (fermion couplings)
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Higgs→ZZ*→4l

5 Higgs and BSM SummaryDIS2017, April 3-7, 2017, Birmingham UK

•Exploit properties of the event 
- 4l vertexing constraint in event selection. 
- m12 (+FSR photons) kinematically constrained to mZ to 
improve the resolution.
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H->ZZ*->4l
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Figure 4: (a) The m4` distribution of the selected candidates, compared to the background expectation in the low
mass region. (b) The distribution of data (filled circles) and the expected signal and backgrounds events in the
m34 – m12 plane with the requirement of m4` in 115–130 GeV . The projected distributions are shown for (c) m12
and (d) m34. The signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The
expected background contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV
(yellow histogram), are shown in (a), (c) and (d); the systematic uncertainty associated to the total signal plus
background contribution is represented by the hatched areas. The expected distributions of the Higgs signal (blue)
and total background (red) are superimposed in (b), where the box size (signal) and colour shading (background)
represent the relative density.
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• Main background is 
ZZ* production 

- qq->ZZ simulated at 
NLO with POWHEG, 
QCD+EW 
corrections as 
function of mZZ. 

- gg->ZZ simulated at 
LO with gg2VV, with 
k-factor for higher-
order QCD effects

Reducible background 
from Z+jets and tt 
estimated using data-
driven methods

14.8 fb-1

ATLAS-CONF-2016-079
William Leight 
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Fiducial Cross-Section

• Fiducial cross-section is independent of assumptions about acceptance 
or BR. 

- Reduces model dependence 
- Only need to correct for detector efficiencies and resolution (C) 
- Fiducial region based on lepton pT and η, dilepton masses, and the lepton 

separation 
• Fiducial cross-section is obtained from a likelihood fit to the m4l distribution 
for 115< m4l <130 GeV. 

- Total cross-section is then obtained assuming SM BR and acceptance and 
mH=125.09 GeV. 8
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Figure 6: The values of the test statistics �2� ln L as a function of (a) the fiducial cross section and (b) of the total
cross section. The solid black (blue) lines shows the observed (expected SM) results including all uncertainties
while the dashed red lines show the observed results without including the systematic uncertainties.

7.3 Cross sections by production mode from event categorisation

The number of expected and observed events in each of the categories, which were introduced in Section 2
and are used to enhance the sensitivity to the di↵erent Higgs boson production modes, are summarized in
Table 12.

Table 12: The expected and observed yields in the 0-jet, 1-jet, 2-jet with mj j > 120 GeV (VBF-enriched), 2-jet
with mj j < 120 GeV (VH-enriched) and VH-leptonic categories. The yields are given for the di↵erent production
modes, assuming mH = 125 GeV, the ZZ⇤ and reducible background for 14.8 fb�1 at

p
s = 13 TeV. The estimates

are given for the m4` mass range 118–129 GeV. Full uncertainties are provided.

Analysis Signal Background Total Observed
category ggF + bb̄H + tt̄H VBF WH ZH ZZ⇤ Z + jets, tt̄ expected

0-jet 11.2 ± 1.4 0.120 ± 0.019 0.047 ± 0.007 0.060 ± 0.006 6.2 ± 0.6 0.84 ± 0.12 18.4 ± 1.6 21
1-jet 5.7 ± 2.4 0.59 ± 0.05 0.137 ± 0.012 0.091 ± 0.008 1.62 ± 0.21 0.44 ± 0.07 8.5 ± 2.4 12

2-jet VBF enriched 1.9 ± 0.9 0.92 ± 0.07 0.074 ± 0.007 0.052 ± 0.005 0.22 ± 0.05 0.24 ± 0.11 3.4 ± 0.9 9
2-jet VH enriched 1.1 ± 0.5 0.084 ± 0.009 0.143 ± 0.012 0.101 ± 0.009 0.166 ± 0.035 0.088 ± 0.011 1.6 ± 0.5 2

VH-leptonic 0.055 ± 0.004 < 0.01 0.067 ± 0.004 0.011 ± 0.001 0.016 ± 0.002 0.012 ± 0.010 0.16 ± 0.01 0
Total 20 ± 4 1.71 ± 0.14 0.47 ± 0.04 0.315 ± 0.027 8.2 ± 0.9 1.62 ± 0.07 32 ± 4 44

The distributions of the BDT output used in each category are shown in Fig. 8. The cross section for the
di↵erent production modes are evaluated assuming the mH =125.09 GeV. Given the limited sensitivity
to the tt̄H and bb̄H production mechanisms, their cross sections are evaluated together with the ggF
under the assumption that the relative contribution of these production modes follows the SM prediction.
Figure 9 shows the negative log-likelihood scans as function of the measured cross sections as well as
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Uncertainties are still statistically dominated.  
Compatible with SM at 1.6 σ.

cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level

�tot =
Ns

A.C.B.Lint

�fid
channel =

Ns

C.Lint

Ns: # of observed signal
events

A: kinematic and
geometric acceptance in
the fiducial region

C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.

 [fb]fid
4lσ

2 4 6 8 10 12 14

 ln
(L

)
∆

-2
 

0

1

2

3

4

5

6  PreliminaryATLAS
 4l→ * ZZ→H 

-113 TeV, 14.8 fb

Obs. stat. + syst. unc.
Obs. stat. unc.
Exp. stat. + syst. unc.

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level
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Ns: # of observed signal
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A: kinematic and
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C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.
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Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
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for the SM predictions, the errors are taken from Ref. [26] .
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acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :
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to be compared with the expected SM value �tot,SM = 55.5+3.8
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measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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for 14.8 fb�1 at
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s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
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Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .
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In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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final state, and A is the kinematic and geometric acceptance.270
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criteria, cannot be directly measured in data since most of the non-fiducial events are not detectable (they272
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S. Zenz - High Mass Scalar to Diboson DIS17 WG3 - 4 April 2017

H → ZZ* → 4l

4

Seth Zenz

Higgs width

On-shell only:       ΓH < 3.9 GeV 
On- and off-shell:  ΓH < 41 MeV  
Assumes SM cross sections and  
no SM particles in loops

Fiducial cross section

12.9 fb−1



Roman Kogler 6 Higgs and BSM Summary

H+jets in gluon-gluon fusion at NLO
x LHC Run II is collecting data very fast. This 

will soon allow for precise Higgs boson
studies at 13 TeV

x Higher order corrections are particularly
sizable in Higgs boson production in 
gluon-gluon fusion

04/04/2017 - Gionata Luisoni DIS2017, Birmingham

x For a precise determination of the most
important observables (e.g. the Higgs
transverse momentum spectrum) a good
control over higher multiplicities is relevant 

x Furthermore:

x How large are finite mass corrections, 
what is their dominant effect?

x Which observables are most affected and
where do the effective field predictions
break down?

DIS2017, April 3-7, 2017, Birmingham UK

Production Mode Cross-Sections

• Reconstructed events are divided into 13 exclusive categories 
enriched in different production modes. 

• A simultaneous fit is performed to the mɣɣ distributions in all 
categories.
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Figure 6: The invariant mass spectrum in the tt̄H leptonic production mode category. The black data points show
the measured distribution, the blue dashed curve shows the result of a background-only fit to the data, the green
curve shows the signal+background distribution based on the predicted SM signal for a Higgs boson mass of mH =
125.09 GeV, and the red curve shows the signal+background distribution based on the fitted signal yields from the
combined fit to all event categories.
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Figure 7: The invariant mass spectrum combining all production mode categories. The black data points show
the measured distribution, where each event is weighted by the signal-to-background ratio of the event category it
belongs to. The blue dashed curve shows the result of a background-only fit to the data, the red curve shows the
signal+background distribution based on the fitted signal yields, and the black curve shows the signal component.
The bottom inset displays the residuals of the data with respect to the fitted background component (bkg).

9 Systematic uncertainties

Several sources of systematic uncertainty are considered in this measurement, which can be grouped into
three categories: uncertainties associated with the parameterisation of the signal and background when
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DIS2017, April 3-7, 2017, Birmingham UK

•Signal strength results from Run-1 and Run-2 are not directly comparable 
- N3LO ggH cross-section used in Run-2 is 10% larger 
- For a direct comparison the full Run-1 analysis would have to be re-run 

•Stage-0 STXS results are for |yH|<2.5 
- VH assumes WH/ZH production ratio follows the SM 

•All results agree with the SM within 1-2 !
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Figure 14: The signal strength measured for the di↵erent production processes (ggH, VBF, VH and tt̄H) and
globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [13]. The error bar
shows the total uncertainty. The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross
section based on Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon
fusion production cross section is larger by approximately 10%.

10.2.3 Impact of fixing the Higgs mass

Figure 9 shows that the nuisance parameter associated with the photon energy scale uncertainty is slightly
pulled, which indicates that the best value for the Higgs boson mass in the dataset analysed here is a bit
di↵erent from 125.09 GeV. When the Higgs boson mass is left free in the fit, the measured cross sections
and signal strengths di↵er only by a small fraction of the statistical uncertainty from the results with
mH = 125.09 ± 0.24 GeV. The fitted Higgs boson mass is compatible with mH = 125.09 ± 0.24 GeV
within its statistical uncertainty.

11 Conclusion

Measurements of the Higgs boson cross sections in the Higgs boson diphoton decay channel are per-
formed using pp collision data recorded by the ATLAS experiment at the LHC. The data were taken at
a centre-of-mass energy of

p
s = 13 TeV and correspond to an integrated luminosity of 13.3 fb�1. Fidu-

cial cross sections in several phase space regions and di↵erential cross sections as a function of several
kinematic variables are performed in an almost model-independent way. The fiducial cross section is
measured to be �fid = 43.2±14.9 (stat.)±4.9 (syst.) fb for a Higgs boson of mass 125.09 GeV decaying to
two isolated photons that have transverse momentum greater than 35% and 25% of the diphoton invariant
mass and each with absolute pseudorapidity |⌘| < 2.37, excluding the region 1.37 < |⌘| < 1.52. The Stan-
dard Model prediction for the same fiducial region is 62.8 +3.4

�4.4 fb. Simplified template cross sections and
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Production Mode Cross-Sections
be

�ggH ⇥ B(H ! ��) = 63 +30
�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

�VHhad ⇥ B(H ! ��) = �2.3 +6.8
�5.8 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

They avoid the extrapolation to the full phase space by restricting the measurement to |yH | < 2.5. The
�VHlep ⇥ B(H ! ��) is only based on leptonic decays of the vector bosons, W ! `⌫, Z ! ``, and
Z ! ⌫⌫ (` = e, µ), and �VHhad ⇥ B(H ! ��) is only based on hadronic decays of the vector bosons,
following [12]. The VH production cross sections are determined under the assumption that the ratio of
the WH and ZH production cross sections is as predicted by the SM, and includes both production from
quark and gluon initial states (see Section 4).

10.2.2 Total production process cross sections and signal strengths

The production mode cross sections for mH = 125.09 ± 0.24 GeV are measured to be

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

The VH production cross sections are determined under the assumption that the ratio of the WH and
ZH production cross sections is as predicted by the SM, and includes both production from quark and
gluon initial states (see Section 4). The corresponding signal strengths measured for the di↵erent pro-
duction processes, and globally (i.e. assuming one common signal strength parameter for all production
processes), are summarised in Figure 14, which also shows the global signal strength measured in Run-I.
The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross section based on
Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon fusion
production cross section is larger by approximately 10%.

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,
whilst slightly overshooting the prediction at large transverse momentum. Although these features are
not significant, they impact upon the measurements of the production cross sections and signal strengths,
which rely on the predicted Standard Model Higgs boson kinematic distributions to separate the di↵erent
Higgs boson production processes.

The slightly high measured VBF cross section is qualitatively compatible with the slightly high measured
fiducial cross section in the VBF-enriched phase space region (see Table 5).
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Stage 0 simplified template cross-section measurements

ATLAS-CONF-2016-067

Higgs→γγWilliam Leight 

Run-2: similar precision  
achieved as in Run-1!

Reaching 400 GeV!
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Gionata Luisoni

H+jets: Large impact of finite top 
quark mass effects at large pT

Higgs production in association with jets

Hadronic Higgs decays

Joshua Davies

State of the art of the theoretical predictions
x Gluon fusion calculations in effective and full theory:
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Latest results: Latest results:

[I tried not to miss any contribution, 
my apologies for any omission]

ME level Shower/Hadron level New result (2015-2017)Approximate
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EFT for Higgs Physics
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Ken Mimasu

Ambresh Shivaji

No light new particles:

VH and VBF

H→4l implementation of H decays in the EFT

EFT@NLO in QCD



Duc Bao Ta - DIS 2017 - Birmingham 13

• Simultaneous fit of all BDT outputs from all categories
• Fit for signal strengths in each lepton category, for WH and ZH and 

all combined 
 
 
 
 
 
 
 
 
 
 
                                                 with significance of 0.42 " (exp. 1.94 ")  
                                                  and µ<1.2 (exp. 1.0) @95%CL

ATLAS-CONF-2016-091

              VH, H ! bb̄

All discriminant bins combined

Roman Kogler 9 Higgs and BSM Summary

Duc Bao Ta H→bb, μμ

Duc Bao Ta - DIS 2017 - Birmingham 13

• Simultaneous fit of all BDT outputs from all categories
• Fit for signal strengths in each lepton category, for WH and ZH and 

all combined  
 
 
 
 
 
 
 
 
 
 
                                                 with significance of 0.42 " (exp. 1.94 ")  
                                                  and µ<1.2 (exp. 1.0) @95%CL

ATLAS-CONF-2016-091

              VH, H ! bb̄

All discriminant bins combined

VH, H→bb

Duc Bao Ta - DIS 2017 - Birmingham 13

• Simultaneous fit of all BDT outputs from all categories
• Fit for signal strengths in each lepton category, for WH and ZH and 

all combined  
 
 
 
 
 
 
 
 
 
 
                                                 with significance of 0.42 " (exp. 1.94 ")  
                                                  and µ<1.2 (exp. 1.0) @95%CL

ATLAS-CONF-2016-091

              VH, H ! bb̄

All discriminant bins combined

Full 13 TeV dataset!

Duc Bao Ta - DIS 2017 - Birmingham 16

• Parametric functions for signal 
and background pdfs for  
mµµ distributions:

• signal: Crystal-ball + Gaussian

• purely data-driven background: 
exponential + BW + Gaussian for Z

• Simultaneous fit of mµµ 
distributions in all eight 
categories

µ=-0.07 ± 1.5 with µ<3.0 (3.1) @95%CL  
 

• In combination with run-1 result:  
µ=-0.13 ± 1.4 with µ<2.8 (2.9) @95%CL  

ATLAS-CONF-2017-014

H ! µµ

Duc Bao Ta - DIS 2017 - Birmingham 16

• Parametric functions for signal 
and background pdfs for  
mµµ distributions:

• signal: Crystal-ball + Gaussian

• purely data-driven background: 
exponential + BW + Gaussian for Z

• Simultaneous fit of mµµ 
distributions in all eight 
categories

µ=-0.07 ± 1.5 with µ<3.0 (3.1) @95%CL  
 

• In combination with run-1 result:  
µ=-0.13 ± 1.4 with µ<2.8 (2.9) @95%CL  

ATLAS-CONF-2017-014

H ! µµ

New for Run-2: VBF selection
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DIS2017	-	Birmingham,	UK	 Elemer	Nagy	-	CPPM	 2	

The	Yukawa	coupling		Yt		of	the	Higgs	boson	to	the	top	quark	is	a	key	parameter	of	the	SM.	

One	of	the	most	direct	ways		is	by	measuring	the	signal	strength	μ	of	the	6H	produc:on.	

Results	on	μ	obtained	by	the	ATLAS	collabora:on	

in	Run	I:	√s	7-8	TeV,	Lint	=	4.5-20.3	^
-1		

in	part	of	Run	II:	√s	=	13	TeV,	Lint	=	13.3	^
-1		

Details	on	several	selected	final	states	will	be	also	given.	

g	

g	

H	

t	

t	

t	-	

t	-	

μ	=	σ6H/σ6H
SM		≈	Yt

2		

Any	significant	devia:on	of	μ	from	1	would	be	a	signal	for	BSM	physics.		

are	presented	here.	

Elemér Nagy 

BDT (ttH,tt/ttV) bin
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ttH Rares Charge mis-m.
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ttZ   Conv. 

Preliminary CMS  (13 TeV)-135.9 fb

BDT (ttH,tt/ttV) bin
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D
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1.6
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H→WW→leptons

Full 13 TeV dataset!

MVA methods for suppression of irreducible backgrounds  
(tt+bb,tt+cc,ttV)

Georgios Krintiras

DIS2017	-	Birmingham,	UK	 Elemer	Nagy	-	CPPM	 8	

Distribu:ons	of	the	final	discrimina:ng	variables	from	all	regions	par:cipate	
in	the	construc:on	of	the	profile	likelihood	ra:o	test	sta:s:cs.		
One	derives	(i)		the	observed	value	of	μ	by	fiyng	the	nuisance	parameters	
																							(ii)	and	the	upper	limits	using	the	CLs	method	

SL	 DL	

The	6+≥1b	and	6+≥1c	normaliza:ons	have	been	fi6ed	to	1.33+0.18-0.17		and	to	1.31+0.53-0.40,	respec:vely		

H→bb
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Combina:ons	and	Outlook	

Run	I	

Run	II	

Significant	improvement	is	

expected	soon:	

	
Run	II	sensi:vity	already	outperforms	

that	of	Run	I		and	

~2x	more	sta:s:cs	in	Run	II	is	available	

Combina:on	with	CMS:		μ		=	2.3	+0.7	-0.6	

Hàbb	 All	channels	

h6ps://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/	

Similar sensitivity between  
Run-1 and Run-2 (half the data)

Elemér Nagy 

bb

ττ
WW/ZZ/ττ

ZZ→4l

Key improvements in ttH; obviously more data

Multileptons && dedicated τh  searches

improved handling of reducible backgrounds

better signal extraction and validation of ttV 

bb searches

improvement of the signal extraction 

modeling of tt+(b-) jets 

CMS JHEP 06, 177  (2016)

 γγ searches
 statistics limited

bb sensitivity comparable with 
Run I dataset

rest of channels on the pipeline

 
Outlook  

Roman Kogler 11 Higgs and BSM Summary

Georgios Krintiras

Full 13 TeV dataset!

3.3σ (2.5σ expected) for ttH production

γγ

LHC Run-1
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Precision ttH Modelling
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Tomáš Ježo

NLO+PS matching for ttbb with 
massive b’s  
(irreducible background to ttH)

Dependence on scale choice reduced  
through resummation

Motivation Threshold Resummation Application for 2 ! 3 Hard matching coefficient Numerical Results

Results
[Kulesza, Motyka, Stebel, VT, in preperation]

PDFs used: PDF4LHC
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Thank you for your attention

Threshold resummation for tt̄H 16 V. Theeuwes

Vincent Theeuwes 

Soft Gluon Resummation for ttH 

Shower corrections less significant
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Higgs Pair Production

14 Higgs and BSM Summary

Matthias Kerner

Full top-quark dependence for 
HH at NLO+PS

Juan Rojo

Prospects for HHVV coupling

In the absence of the Higgs boson, the amplitude for vector-boson scattering (VBS) grows with the partonic 
center-of-mass energy, until eventually unitarity is violated!

In the SM, the Higgs boson unitarizes the high-energy behaviour of VBS amplitudes

7

EW symmetry breaking: what we don’t know

at high energies

!

On the other hand, VBF 
production has very 
little sensitivity to the 
Higgs self-coupling …

Juan Rojo                                                                                                                   DIS2017, Birmingham, 04/04/2017

Idealized study in 4b channel
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C. Asawatangtrakuldee — DIS20175 April 2017

LFV h→eμ,e/μτ 

22
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8 TeV [Phys. Lett. B 749 (2015) 337]:

Observed

Expected

 (13 TeV)-12.3 fbCMSPreliminary

Br(h➞eμ) < 0.035%  
(0.048% expected)

Br(h➞eτ) < 0.69%  
(0.75% expected)

Br(h➞μτ) < 1.20% 
(1.62% expected)

CMS PAS HIG-14-040 CMS PAS HIG-16-005

No excess is observed 
(2.4! at 8 TeV from h➞μτ not confirmed but comparable results)

13 TeV 2.3 fb-18 TeV 20 fb-1

Higgs and BSM Summary

Higgs boson decaying to ! "
Possibility to access strange-quark Yukawa 
coupling, unconstrained by existing 
measurements. 

Very small branching fraction predicted by 
SM, BR~10-6. 

Larger values would be a clear indication 
of new physics.

4

H

!

"

K+

K-

Select events with: 

At least two opposite charge tracks 
from the PV with a very small 
opening angle. 

! meson reconstructed based on 
the mass of the two tracks. 

Photons reconstructed from clusters 
of energy in the LAr calorimeter. 

Isolation and (K+K-, ") pairs to be 
separated.

! + " candidates in ATLAS 

Phys. Rev. Lett. 117, 111802 
arXiv:1607.03400

H→Φγ, BR~10−6

access s quark coupling

Higgs boson decaying to ! "
No significant excess of events has been found above the 
background. 

Set upper limits on the branching fractions for the Higgs (and the 
Z) boson decays to !"

6

SM prediction: 
BR(H→ !") = (2.31 ± 0.11) × 10-6 

BR(Z→ !") = (1.17 ± 0.08) × 10-8

Provides a baseline for a 
potential measurement at a 
future high-luminosity LHC

Excluded 
amplitudes

Higgs boson decaying to ! "
No significant excess of events has been found above the 
background. 

Set upper limits on the branching fractions for the Higgs (and the 
Z) boson decays to !"

6

SM prediction: 
BR(H→ !") = (2.31 ± 0.11) × 10-6 

BR(Z→ !") = (1.17 ± 0.08) × 10-8

Provides a baseline for a 
potential measurement at a 
future high-luminosity LHC

Excluded 
amplitudes

Roger  
Armadans

First  
measurement!

C. Asawatangtrakuldee — DIS20175 April 2017

LFV h→eμ,e/μτ 
✦ Similar signature to the SM h→ττ and h→μμ searches but significant kinematic 

differences 
✦ Provide direct constraints on the off-diagonal Higgs Yukawa couplings

21

h➞eμ 
> Very clean but branching ratio strongly 

constrained!  
> 10 channels (barrel/endcap leptons mix 

with 0-1-2 jets) 
> unbinned likelihood fit to Meμ distribution

h➞eτ and μτ 
> 3 categories (0,1,2 jets) from τhad and τlep 
> large background leads to high systematic 

uncertainties  
> binned likelihood fit to the distributions of Mcol 

(mh estimated with collinear approx.) 
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(2.4𝞼 at 8 TeV from h➞μτ not  
confirmed, comparable sensitivity)

Chayanit 
Asawatangtrakuldee
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April 4th, 2017 Kyungwook Nam (SNU)

Invariant Mass Spectra: X → !!
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X→γγ

Upper cross section limits: fb region
Also: X→Zγ searches

Kyungwook Nam 

High Mass Searches H→aa→4μ

Dark photon  
interpretation

Low Mass Searches

C. Asawatangtrakuldee — DIS20175 April 2017

✦ Dark SUSY Interpretation :  
‣ predict cold dark matter at ~1TeV scale  
‣ U(1)D is broken, giving rise to light dark photons (γD)  
‣ γD weakly couples to SM particles via small kinetic mixing (ε)  
‣ Lightest neutralino (n1) is no longer stable and can decay to a dark                        

neutralino (escape from detection) and a dark photon “n1 → nD + γD”

h→aa→4μ
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σ(pp → h → 2γD + X)Br(h → 2γD + X)  
‣ colored contours represent different values 

of Br(h → 2γD + X) in the range 1-40% 
‣ assumed mn1 = 10 GeV, mnD = 1GeV

CMS PAS HIG-16-035
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Teresa Lenz Imma RiuCharged Higgs search:  H±→tb 

•  Analysis introduction: 
–  Channel similar to ttH 
–  pp � [b]tH± � [b](bjj)(bb�l)  
    topologies 

•  Selection: 
–  1 lepton, ≥4 jets (≥2 b-tags) 
–  Split SRs and CRs based on #jets 

and #b-jets 
–  In the SRs: use BDT output to 

separate signal and background 
–  In the CRs: use HT

had 

•  Main backgrounds: 
–  tt+jets dominated by tt + ≥1b 

•  Normalizations tt +≥1b/c free 
–  Single top and ttH 

5 April 2017                     Imma Riu ATLAS searches for Heavy Higgs bosons                       DIS 2017 8 / 17 

HT
had = ΣpT

jets 

BDT output 

Exclusion limits on tan(β) vs mH+
 

ATLAS-CONF-2016-089 

CRs 

SRs 

BDT output for the ≥6j ≥4b SR 

13.2 fb-1 

4F 
5F 

H+ production in association with a top 

CR to control the 
background and  
constrain the 
syst. uncer. 

mh
mod− These 

2 contr. 
are underest 
by the simulations 
hence normali 
left free in the fit 

A fit to the 
data is performed 
simultaneously 
in all categories 

H+→tb

Search for a charged MSSM Higgs boson æ ·‹ 13 TeV
CMS-PAS-HIG-16-031

Final observable: Transverse mass between /E
T

and tau lepton

 (GeV)Tm
0 100 200 300 400 500 600 700 800

D
at

a/
Bk

g.

0

0.5

1

1.5

 syst. unc.⊕Bkg. stat.

Ev
en

ts
 / 

bi
n

4−10

3−10

2−10

1−10

1

10

210

310 Data
 (data)hτMis-ID. 

tt
W+jets
Single top quark

*+jetsγZ/
Diboson

 syst. unc.⊕Bkg. stat.

 (13 TeV)-112.9 fbCMSPreliminary

 (GeV)+Hm
200 250 300 350 400 450 500

β
ta

n 

10

20

30

40

50

60

Observed
Excluded

σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

mod+
hmMSSM 

æ Exclusions up to mH± ¥ 450 GeV in the mmod+
h scenario

æ Model independent limits on ‡ · BR up to ¥ 2 pb for mH± = 180 GeV
Teresa Lenz Higgs measurements and searches in fermionic final states 12

H+→τhadνSearch for resonant Higgs pair production æ ··bb 13 TeV
CMS-PAS-HIG-17-002

I Mass reconstruction of mhh with kinematic fit

 [GeV]KinFit
HHm

300 400 500 600 700 800 900 1000

 [1
/G

eV
]

Ki
nF

it
HH

dN
/d

m

3−10

2−10

1−10

1

10

210

310 Data
tt

QCD
Drell-Yan
Other bkg.
SM Higgs
bkg. uncertainty

 = 750 GeVSm
 HH) = 1 pb→(SΒ×S)→(ggσ

h
τµboost. bb 

preliminary
CMS

channel

 (13 TeV)-135.9 fb

95% CL Excluded:
Observed  Expectedσ 1±
Expected  Expectedσ 2±

CMS
Preliminary

 (13 TeV)-135.9 fb

 [GeV]Am
200 250 300 350 400 450 500

β
ta

n

1

1.5

2

2.5

3

3.5

 =
 2

50
 G

eV
H

m

 =
 2

70
 G

eV
H

m
 =

 2
80

 G
eV

H
m

 =
 3

00
 G

eV
H

m

 =
 3

50
 G

eV
H

m

 =
 4

00
 G

eV
H

m

 =
 4

50
 G

eV
H

m

 =
 5

00
 G

eV
H

m

hMSSM

æ Exclusions between mA ¥ 230 GeV ≠ 370 GeV in the hMSSM
æ Model independent limits on ‡ · BR up to 600 fb for mH ¥ 270 GeV
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Search for resonant Higgs pair production æ ··bb 13 TeV
CMS-PAS-HIG-17-002

I Resonant pair production of SM
Higgs bosons possible in many
BSM models (including MSSM)

I Many possible final states
(today: H æ hh æ ··bb)

Peculiarities:

I For mH > 700 GeV the two b-jets overlap
æ Reconstructed as one large-cone jet + 2 small-cone jets
æ Clear separation from tt events possible
æ “Boosted” category

I Mass reconstruction of m·· , mbb and mhh
Teresa Lenz Higgs measurements and searches in fermionic final states 13

Full 13 TeV  
dataset!

H/A→hh

MA ~ 300 GeV for small tanβ excluded

Starting to cover 
the tanβ / MH+ 

plane with 13 TeV
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Type-II Seesaw model
Type-II Seesaw adds a Higgs triplet to the SM doublet: 

Yukawa terms lead to lepton number violation and LFV: 

Neutrino masses are given by  

The partial decay width is

The neutral component �0 has the vacuum expectation value (vev) v�, and generates the

Majorana masses of the light neutrinos M⌫ . The interaction of � with the two lepton

doublets is given by,

LY (�,�) = Y�Lc
Li⌧2�LL + h.c. . (3.2)

Here, c denotes the charge conjugation transformation �̃ = i�2�⇤, while Y� is the Yukawa

matrix. The light neutrino mass matrix is proportional to the vev v�, with

M⌫ =
p
2Y�v� , (3.3)

where the triplet vev v� is v� = µ�v
2
�/(

p
2M2

�), and v� is the electroweak vev. We

note that an equivalent description of the Type-II seesaw is with the triplet Higgs field

� that gets integrated out and generates the dimension-5 operator LiLjHH/⇤ with the

coe�cient Cij = Y�µ�/M
2
�. The Yukawa Lagrangian generates the following interaction

terms between the doubly charged Higgs field �++ and the pairs of leptons (µ, ⌧) and

(µ, µ):

LY (�
++) = Yµ⌧µc⌧�++ + Yµµµcµ�++ + h.c. . (3.4)

In addition to the Yukawa Lagrangian, the Higgs triplet � interacts with the SM Higgs

and gauge bosons through the scalar potential and the kinetic Lagrangian. For a com-

plete description of the scalar potential and the other interactions, see [88]. The trilinear

interaction of the � with the SM Higgs doublet is governed by the following Lagrangian:

V (�,�) = µ��
Ti⌧2�

†�+ h.c. . (3.5)

The Higgs triplet � carries lepton number +2. The simultaneous presence of Y� and µ�

gives rise to lepton number violation in this model, while the o↵-diagonal elements in Y�
give rise to flavour violation.

The interaction of the doubly charged Higgs with the two charged leptons gives rise

to the lepton flavour violating Higgs decays li ! ljlkll. The partial decay width for

⌧⌥ ! µ±µ⌥µ⌥ is given by [89],

�(⌧⌥ ! µ±µ⌥µ⌥) =
m5

⌧

192⇡3
|C⌧µµµ|2 , (3.6)

where the coe�cient C⌧µµµ has the following form:

C⌧µµµ =
Y⌧µYµµ
m2

�±±
=

M⌫(⌧, µ)M⌫(µ, µ)

2v2�m
2
�±±

, (3.7)

where m�±± is the mass of the doubly charged Higgs and is given by,

m2
�±± = M2

� � v2��3 � �4

2
v2� . (3.8)

In the above, �3,4 are the couplings of the potential [74, 88]. The LFV rates for the process

⌧⌥ ! e±µ⌥µ⌥ can be obtained by replacing M⌫(µ, ⌧) with M⌫(e, ⌧) in Eq. (3.6). For
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet

� with hypercharge Y = +2,

� =

 

�+

�0

!

, � =

 

�+
p
2

�++

�0 ��+
p
2

!

. (3.1)
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See-saw mechanism

(a) (b)

(c) (d)

Figure 2: Current and future branching ratio limits in the parameter plane of µ� and v�
for the Type-II Seesaw Model. (a) Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and

(b) shows the limits from the decay ⌧⌥ ! e±µ⌥µ⌥. The same two decay processes are

shown in (c) and (d) but with the conservative estimates for the projected limits instead.

The solid black lines represent constant values of the mass of the doubly charged Higgs

�±±.

detailed discussions on the LFV decays with the other bounds, see [90–93]. Other LFV

processes, such as µ⌥ ! e±e⌥e⌥, depend on a di↵erent combination of Yukawa couplings

and can be suppressed for a large range of neutrino oscillation parameters and phases while

still allowing for sizeable LFV ⌧ lepton branching ratios. This was discussed in detail in

[90], for both hierarchical and quasi-degenerate neutrino masses, where branching ratios

of as large as 10�8 for ⌧⌥ ! µ±µ⌥µ⌥ were obtained, while still being consistent with

the other bounds. In this work, we only consider bounds derived from the LFV ⌧ lepton

decays - we do not perform a full study of the e↵ect of variations of the neutrino oscillation

parameters in regard to the consistency with other bounds.
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mΔ++ ≈  
15 TeV

Neutrino mass m1=0.1 eV 

Belle

LHCb

Belle-II
FCCee

ATLAS

mν ~
0.1eV

Imma Riu
H±± → e±e± analysis search 

•  Analysis introduction: 
–  Doubly-charged Higgs can arise e.g. in 
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Type-II Seesaw model
Type-II Seesaw adds a Higgs triplet to the SM doublet: 

Yukawa terms lead to lepton number violation and LFV: 

Neutrino masses are given by  

The partial decay width is

The neutral component �0 has the vacuum expectation value (vev) v�, and generates the

Majorana masses of the light neutrinos M⌫ . The interaction of � with the two lepton

doublets is given by,

LY (�,�) = Y�Lc
Li⌧2�LL + h.c. . (3.2)

Here, c denotes the charge conjugation transformation �̃ = i�2�⇤, while Y� is the Yukawa

matrix. The light neutrino mass matrix is proportional to the vev v�, with

M⌫ =
p
2Y�v� , (3.3)

where the triplet vev v� is v� = µ�v
2
�/(

p
2M2

�), and v� is the electroweak vev. We

note that an equivalent description of the Type-II seesaw is with the triplet Higgs field

� that gets integrated out and generates the dimension-5 operator LiLjHH/⇤ with the

coe�cient Cij = Y�µ�/M
2
�. The Yukawa Lagrangian generates the following interaction

terms between the doubly charged Higgs field �++ and the pairs of leptons (µ, ⌧) and

(µ, µ):

LY (�
++) = Yµ⌧µc⌧�++ + Yµµµcµ�++ + h.c. . (3.4)

In addition to the Yukawa Lagrangian, the Higgs triplet � interacts with the SM Higgs

and gauge bosons through the scalar potential and the kinetic Lagrangian. For a com-

plete description of the scalar potential and the other interactions, see [88]. The trilinear

interaction of the � with the SM Higgs doublet is governed by the following Lagrangian:

V (�,�) = µ��
Ti⌧2�

†�+ h.c. . (3.5)

The Higgs triplet � carries lepton number +2. The simultaneous presence of Y� and µ�

gives rise to lepton number violation in this model, while the o↵-diagonal elements in Y�
give rise to flavour violation.

The interaction of the doubly charged Higgs with the two charged leptons gives rise

to the lepton flavour violating Higgs decays li ! ljlkll. The partial decay width for

⌧⌥ ! µ±µ⌥µ⌥ is given by [89],

�(⌧⌥ ! µ±µ⌥µ⌥) =
m5

⌧

192⇡3
|C⌧µµµ|2 , (3.6)

where the coe�cient C⌧µµµ has the following form:

C⌧µµµ =
Y⌧µYµµ
m2

�±±
=

M⌫(⌧, µ)M⌫(µ, µ)

2v2�m
2
�±±

, (3.7)

where m�±± is the mass of the doubly charged Higgs and is given by,

m2
�±± = M2

� � v2��3 � �4

2
v2� . (3.8)

In the above, �3,4 are the couplings of the potential [74, 88]. The LFV rates for the process

⌧⌥ ! e±µ⌥µ⌥ can be obtained by replacing M⌫(µ, ⌧) with M⌫(e, ⌧) in Eq. (3.6). For
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Figure 1: Characteristic Feynman diagrams for the decay ⌧⌥ ! µ±µ⌥µ⌥ in (a) the

Type-II Seesaw Model, (b) the LRSM and (c) the MSSM.

future, a circular e+e� collider with a centre-of-mass energy on the Z resonance could

further improve constraints by two orders of magnitude. Table 1 summarises the current

and projected limits on the ⌧⌥ ! µ±µ⌥µ⌥ branching fraction, and Table 2 shows the

equivalent limits for ⌧⌥ ! e±µ⌥µ⌥ and ⌧⌥ ! e⌥µ⌥µ±.

3 Standard Model extensions with lepton flavour violating interactions

Following the e↵ective field theory (EFT) approach, lepton flavour violating interactions

li ! ljlkll can be induced via the dimension-6 operators Ô6 = cijkl liljlkll/⇤2. These LFV

operators are generated from the high-scale BSM theories once the heavy particles of the

BSM theory are integrated out. As the prototype examples, in the following subsections

we consider three BSM extensions: the Type-II Seesaw Model, the Left-Right Symmetric

Model and the Minimal Supersymmetric Standard Model. It is worth noting that the

chosen seesaw models can generate large LFV rates li ! ljlkll at tree-level and hence can

be highly constrained by the present and future LFV searches. For the MSSM, large flavour

violation arises at a loop-induced level. An example Feynman diagram for the process

⌧⌥ ! µ±µ⌥µ⌥ for each model is shown in Fig. 1. For the computations of the branching

ratios in the Type-II Seesaw Model and the LRSM, we use the program MadGraph5 aMC@NLO

[60] with the model files generated by FeynRules [61]. For the loop-induced decays in the

MSSM, we use the spectrum generator SPheno [62, 63], with the source code for the flavour

observables produced by SARAH [64]. We note that the BSM particles that produce this

indirect signature could also be directly produced at colliders. For a recent discussion on

the collider studies of the seesaw models, see [65–87].

3.1 Type-II Seesaw Model

The model consists of the SM Higgs doublet � supplemented by an additional Higgs triplet

� with hypercharge Y = +2,

� =

 

�+

�0

!

, � =

 

�+
p
2

�++

�0 ��+
p
2

!

. (3.1)
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See-saw mechanism

(a) (b)

(c) (d)

Figure 2: Current and future branching ratio limits in the parameter plane of µ� and v�
for the Type-II Seesaw Model. (a) Shows the limits from the decay ⌧⌥ ! µ±µ⌥µ⌥, and

(b) shows the limits from the decay ⌧⌥ ! e±µ⌥µ⌥. The same two decay processes are

shown in (c) and (d) but with the conservative estimates for the projected limits instead.

The solid black lines represent constant values of the mass of the doubly charged Higgs

�±±.

detailed discussions on the LFV decays with the other bounds, see [90–93]. Other LFV

processes, such as µ⌥ ! e±e⌥e⌥, depend on a di↵erent combination of Yukawa couplings

and can be suppressed for a large range of neutrino oscillation parameters and phases while

still allowing for sizeable LFV ⌧ lepton branching ratios. This was discussed in detail in

[90], for both hierarchical and quasi-degenerate neutrino masses, where branching ratios

of as large as 10�8 for ⌧⌥ ! µ±µ⌥µ⌥ were obtained, while still being consistent with

the other bounds. In this work, we only consider bounds derived from the LFV ⌧ lepton

decays - we do not perform a full study of the e↵ect of variations of the neutrino oscillation

parameters in regard to the consistency with other bounds.
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Volume 129, number 1,2 PHYSICS LETTERS 15 September 1983 

The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant ma s s M is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant ma s s M is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 

133 SSM Z’:  
MZ’ > 4.5 TeV

Yanlin Liu

 𝓵𝓵/𝓵ν Resonances p p

ℓ/ν

ℓ

Halil SakaZ’→ττ
higher backgrounds
from multijet prod.



Roman Kogler 21 Higgs and BSM Summary

Invariant	Mass	of	Selected	e+e- or	μ+μ-

4/5/17 Yanlin	Liu/DIS	Conference 13

Acc*Eff:	71%	for	3	TeV Z'→ee Acc*Eff:	40%	for	3	TeV Z'→μμ

ØNo	data	excess	over	background	observed	comparing	with	prediction

Ø Highest	mass	events	in	data:	2.90	TeV (e

+

e

-

)	and	1.99	TeV (μ

+

μ

-

)

ATLAS-CONF-2017-027

ee

‣ Historic example:  
Discovery of W/Z bosons 
at UA1 & UA2
[UA1, PLB126, 398 (1983)  
 UA2, PLB129, 130 (1983)]

Volume 129, number 1,2 PHYSICS LETTERS 15 September 1983 

The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
tional criteria for electron identif icat ion.  We use mea- 
surements  of  the response of  various parts o f  the de- 
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Fig. 2. Invariant mass distributions (a) of the 24 pairs which 
pass cut 1 of table 1, (b) of the eight of these 24 pairs for 
which all cuts of table 1 are satisfied by at least one electron. 
The three events in which both electrons pass all cuts of ta- 
ble l are cross-hatched. 
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The forward calorimeter  clusters consist of  at most 
two adjacent cells having the same azimuth (here the 
cell is far from the interact ion point  and much larger 
than the lateral extension of an electromagnetic shower, 
and the dead region between cells at different azimuths 
is too large to allow clustering across it). 

In both  cases the cluster energy Ecl is defined as 
ffcl = Eem + Ehad where Eem is the sum of  tile ener- 
gies deposited in the electromagnetic compar tments  
of  the cluster cells and Eha d is the corresponding sum 
for the hadronic compar tments .  

The invariant mass is calculated under  the assump- 
t ion tha! tile event vertex is at the centre of the ap- 
paratus. We use the cluster centroids to define the 
momenta .  

The remaining data sample conta ins  7427 events. 
These events are then fully reconstructed and their 

invariant mas sM is calculated again, this time taking 
into account  the exact posit ion of the event vertex. 
The difference between this new value and the pre- 
vious one does not  exceed 2 GeV/c 2. 

At this stage the event sample is domina ted  by two- 
jet events [ 11]. However, while Ecl measures correctly 
the energy of jets produced in tlle central region, it is 
in general a gross underest imate  of that of  forward 
jets, for which the calorimeter thickness is only 88% 
of  an absorpt ion length. As a consequence,  the sample 
contains  many more events having both clusters in 
tire centra] calorinreter than events with at least one 
cluster in tire forward regions, because the jet momen-  
tum dis t r ibut ion falls off steeply with increasing jet 
transverse m o m e n t u m  [ 1 1 ]. 

In order to select events with sinrilar characteris- 
tics in the central  and forward regions and to enhance 
the electron signal, we further reduce the sample by 
requiring that both clusters have a small lateral size in 
the electronragnetic compar tmen t  of the calorimeter 
and a limited energy leakage in the hadronic conrpart- 
ment .  

For clusters in the central calorinreter, cluster sizes 
R o, R¢~ are calculated from the cluster centroid  and 
the values of the angles 0 and ~b at ttre cell centres, 
weighted by their energy depositions.  The condi t ions  
R o, R 0 < 0.5 cell sizes are required. 

In the two forward calorimeters we require that tire 
sum of tire energies deposited in the cells adjacent to 
tile cluster cells does not  exceed 3 GeV. 

Tile condi t ion  that tire showers have only a snrall 

energy leakage in the hadronic compar tments  of  the 
calorimeters is applied by requiring that the ratio H = 
Ehad/Ecl does no t  exceed a value H0, equal to 0.02 
for the forward calorimeters, and 0.023 + 0.034 
X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
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events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
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X In Ecl, where Ecl is in GeV, for the central one. 

The cuts applied at this stage are very loose and 
are satisfied by more than 95% of  isolated electrons 
between 10 and 80 GeV, as verified exper imental ly  
using test beam data. They reduce the event sample to 
24 events, whose invariant mass dis t r ibut ion is shown 
in fig. 2a. There are 12 events with both clusters in 
the central region, 8 events with one cluster in the 
central and the other  in the forward regions, and 4 
events with both  clusters in the forward regions. 

The sample with both clusters in the central region 
has been reduced by a factor ~ 4 3 0  by the cuts on 
cluster size and hadronic leakage. 

In the following step we define a series of  addi- 
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MZ’ > 4.5 TeV

Yanlin Liu

 𝓵𝓵/𝓵ν Resonances p p

ℓ/ν

ℓ

  

Narrow Narrow Z’ Z’ resonancesresonances

Bump searches for narrow 
resonances are marginally 
affected by photon interactions.

The inclusion of the PI 
events in the AFB* is 
important since they 
reduce its SM prediction.

In the AFB* observable 
systematic uncertainties 
are sensibly reduced. 

Juri Fiaschi DIS 2017 - Birmingham 05/04/2017 18

Photon induced contribution to 
the dilepton spectrum

Juri Fiaschi

Halil SakaZ’→ττ
higher backgrounds
from multijet prod.
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MJJ = 8,12 TeV
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High Mass Search for Resonant Phenomena
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Figure 2: Final mjj distributions for the dijet analysis in the signal regions using 35.9 fb�1 of
13 TeV data. On the left, the HP, and on the right, the LP categories are shown for the WW, WZ,
and ZZ categories from top to bottom. The solid curve represents a background-only fit to the
data distribution where the filled red area corresponds to the 1 sigma statistical error of the fit.
The data are shown as black markers.
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Vector Like Quarks (VLQ) searches

I To solve the hierarchy problem many BSM scenarios predict VLQ
I They don’t receive mass through BEH mecanism
I VLQ would contribute to Higgs mass loop correction

ATLAS search for VLQ (TT̄ ) pair production

T

T̄ W−, Z

b̄ ¯, t

H

t

g

g

I T has same electric charge than top-quarks (Q=+2/3)
I Considering only T decays :

T ! Zt, Ht, Wb
8 / 16
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I Main sytematics are jet modeling and
heavy-flavours tagging

I Each analysis well sensitive to the
branching ratio (BR) it is dedicated to
probe

I Excluding up to 1.1 TeV for BR=100%
I Wb+X (BR=100%) limit can also be

reinterpreted in terms of Y�4/3

production
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T’ÆZt (single prod.) 

      signature:  
� two leptons (Mll ~ MZ) 
� hadronically decaying top 
� forward jet 
� additional b/top quark  

� 10 event categories 
� μμ or ee 
� no or ≥ 1 forward jet  
� top tag, W tag and b tag or three 

small-cone jets 

� reconstruction of T’ candidate 
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Vector Like Quarks, Width Effects
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Heavy quark decays to DM 
beyond the NWA

Hugo Prager

Width impact on total cross-
section and mass exclusion
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17Oleksii Turkot Contact interactions limits from HERA

Evaluated CI limits

95% C.L. limits (TeV)

Measured Expected

L- L+ L- L+

LL 22.0 4.5 5.9 6.2 6.5

RR 32.9 4.4 5.7 6.1 5.6

VV 14.7 9.5 11.0 11.4 24.8

AA — 4.8 - 10.4 7.9 7.8 0.7

VA — 3.6 - 10.1 4.1 4.1 2.1

X1 — 3.5 - 6.6 5.7 5.6 0.3

X2 10.8 6.8 7.8 8.2 23.1

X4 7.6 9.2 8.0 8.6 60.3

p
SM

(%)

HERA and NA62
Limits on quark  
radius Rq and  
eq contact 
interactions
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14Oleksii Turkot Contact interactions limits from HERA

Contact interactions

Four-fermion eeqq contact interactions provide a convenient method to 

search for possible eHects due to the virtual exchange of new particles with 

mass much higher than center of mass energy.

ℒ CI= ∑
i , j=L ,R
q=u , d

ηij

eq( ē i γ
μ
ei)(q̄ j γμq j)

+η +η +η +η

+η −η −η +η

+η −η +η −η

+η −η

+η +η

+η +η

+η

+η

Model

LL

RR

VV

AA

VA

X1

X2

X4

ηL L

eq ηL R

eq ηR L

eq ηR R

eq

Considered models:

η ij=ϵij⋅
4π

Λ2

ϵij=±1;0

Full HERA-2  
combined data

Oleksii Turkot 

 Rq < 0.43⋅10−18  m

Heavy neutrinos in kaon-decay 

Measurement Strategy

Chris Parkinson                              New limits on heavy neutrino at NA62                                      5th April 2017

3

• Many existing limits require the heavy neutrino to decay within the 
fiducial volume of the experiment

• This is not required at decay-in-flight Kaon experiments like NA62 where 
“missing mass” methods can be used

• NA62 makes a measurement of heavy neutrino production
– NB limits on production scale linearly with the number of Kaons 

• The missing mass is the 
mass of the heavy neutrino

pK
pμ

pN

mh
2 = pN

2 = ( pK – pμ )2

NA62 simulationComparison with existing measurements

Chris Parkinson                              New limits on heavy neutrino at NA62                                      5th April 2017

12

• NA62 (2007) sets the world’s most stringent limit on
heavy neutrino production in the mass region 325 < mh < 375 MeV/c2

First limit in  
this region!

Prospect with  
2015 data

Chris Parkinson
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Mono-Higgs, H ! bb (36.1 fb�1) Brand NEW Link

Search similar to mono-H(! ��): final state now with b-jets

resolved region: two distinct b-jets,
6ET < 500 GeV

merged region: 6ET > 500 GeV: boosted
Higgs ! large-R jet with substructure

shape-fit to mjj or mJ in di↵erent
categories of 6ET and #b-jets,
two dedicated control regions

main backgrounds: W/Z+jets, tt̄

dominant uncertainty: b-tagging, luminosity,
JES, jet mass
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Dark Matter Production

Mono-X Searches 

‣ Recoil of SM particle against DM system
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1 Introduction

Several theories beyond the Standard Model (SM) of particle physics try to address the naturalness
problem [1] and o�er mechanisms through which the quadratic divergences, that arise from the radiative
corrections to the Higgs boson mass, are resolved. One of the most straightforward extensions of the SM
is the inclusion of a heavy fourth quark generation. However, fourth generation quarks with SM-like chiral
couplings are excluded as they contribute through loops to the couplings of the Higgs boson, altering
the cross sections of the Higgs to values incompatible with observation [2, 3]. These constraints on
chiral quarks can be evaded by vector-like quarks [4, 5], hypothetical spin-1/2 colored particles, where
the left-handed and right-handed states have the same coupling. Vector-like quarks could dampen the
unnaturally large quadratic corrections to the Higgs mass by contributing to strong loop corrections. They
appear mainly in the “Little Higgs” [6, 7] and “Composite Higgs” [8] class of models.

In this analysis, a vector-like top partner (T) with a charge of Q = +2/3 |e| is searched for. The three possible
decay modes are: T ! Zt,T ! Ht,T ! W b, when assuming couplings to only the third generation of
quarks [9], as favoured by their large masses [10]. For masses above about 0.8 TeV the branching ratios
converge to BR (T ! W b) ' 50 % and BR (T ! Zt) ' BR (T ! Ht) ' 25 % for a weak-isospin singlet
model and to BR (T ! Zt) ' BR (T ! Ht) ' 50 % for a weak-isospin doublet model. The doublet
prediction is valid for a (X5/3,T ) doublet, where the superscript refers to the charge of the particle, as well
as for a (T, B) doublet, as long as the generalised CKM matrix elements fulfil |VTb | ⌧ |VBt | [9, 11]. In
addition to these two models, the case of arbitrary branching ratios of the three possible decay modes is
considered.

T

T̄
g

g

Z,H,W

t, t, b

Z,H,W

t̄, t̄, b̄

Figure 1: Representative diagram of the production and decay of a vector-like top quark pair.

Vector-like top (VLT) quarks could be produced singly or in pairs at the LHC. This analysis targets the
pair production pp ! TT̄ channel, as shown in figure 1. The production cross-section is predicted to
be 0.044 ± 0.005 pb for a T mass of 1 TeV, calculated at next-to-next-to-leading order (NNLO) in QCD
including next-to-next-to-leading logarithmic (NNLL) soft-gluon resummation using T��++ 2.0 [12–17].
Previous searches for pair-produced vector-like T quarks by ATLAS and CMS at centre-of-mass energies
of 8 TeV [18–21] and 13 TeV [22] set lower limits on the VLQ mass in the range of 550-900 GeV, depending
on the branching ratio considered.

This analysis focuses on the channel TT̄ ! Zt + X , where the Z boson decays into a neutrino pair and
exactly one charged lepton is produced in either the top quark decay or from the other leg of the VLQ
pair decay. This channel gives rise to a final state with one lepton, multiple jets and a high missing
transverse momentum (Emiss

T ) mainly due to the invisibly decaying Z boson. A single-bin signal region

2

q

q DM

DM

γ, g, Z, W, H, tt…Mono-Jet

8

High pT jet

A. Madsen - Direct search for dark matter in the mono-X final state with 13 TeV data | Rencontres de Moriond EW 2017 

Large ET
miss

Angular separation

angular separation

high PTmiss

high PT

H(bb) + PTmiss

Cora Fischer

Full 13 TeV dataset!

boostedresolved
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Interpretation in Simplified Models
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Combination of Exclusions I

Combining dark matter searches in terms of simplified models with an axial-vector
mediator model:
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Dark Matter Searches at the LHC

How to look for dark matter?

WIMPs can only be recognised as 6ET at the
LHC: need a recoiling object: jets, W/Z, �, Higgs
boson

focus on simplified models

event signatures denoted as Mono-X:

- jet + 6ET

- � + 6ET

- W/Z + 6ET

,! di↵erent decay modes

- Higgs + 6ET

,! di↵erent decay modes
,! Higgs directly involved in
WIMP production

q

q̄

Z
0

Z
0

h

�

�̄

dark matter+heavy flavour production:

di-jet resonant production:
mediator can also decay to quarks

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39

�/a

g

g

t(b)

�

�̄

t̄(b̄)
Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).

the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m�, m�,a, g�, gq (and ��,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m� and m�,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m�, m�,a, g�, gq (and ��,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m� and m�,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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Combination of Exclusions II

With less ’optimistic’ coupling to standard model quarks: gq = 0.1:
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! dilepton results shown, coupling suppressed: g` = 0.01
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the pMSSM) privilege the coupling of spin-0 mediators to down
generation quarks. This assumption motivates the study of final
states involving b-quarks as a complementary search to the tt̄+DM
models, to directly probe the b-quark coupling. An example of such
a model can be found in Ref. [BFG15] and can be obtained by re-
placing top quarks with b quarks in Fig. 2.22. Note that, because
of the kinematics features of b quark production relative to heavy t
quark production, a bb̄+DM final state may only yield one experi-
mentally visible b quark, leading to a mono-b signature in a model
that conserves b flavor.

Dedicated implementations of these models for the work of
this Forum are available at LO+PS accuracy, even though the state
of the art is set to improve on a timescale beyond that for early
Run-2 DM searches as detailed in Section 4.1.5. The studies in this
Section have been produced using a leading order UFO model
within MadGraph5_aMC@NLO 2.2.2 [Alw+14; All+14; Deg+12]
using pythia 8 for the parton shower.

2.2.3.1 Parameter scan

The parameter scan for the dedicated tt̄+/ET searches has been stud-
ied in detail to target the production mechanism of DM associated
with heavy flavor quarks, and shares many details of the scan for
the scalar model with a gluon radiation. The benchmark points
scanning the model parameters have been selected to ensure that
the kinematic features of the parameter space are sufficiently rep-
resented. Detailed studies were performed to identify points in the
m�, m�,a, g�, gq (and ��,a) parameter space that differ significantly
from each other in terms of expected detector acceptance. Because
missing transverse momentum is the key observable for searches,
the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m� and m�,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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Dark Matter Searches at the LHC

How to look for dark matter?

WIMPs can only be recognised as 6ET at the
LHC: need a recoiling object: jets, W/Z, �, Higgs
boson

focus on simplified models

event signatures denoted as Mono-X:

- jet + 6ET

- � + 6ET

- W/Z + 6ET

,! di↵erent decay modes

- Higgs + 6ET

,! di↵erent decay modes
,! Higgs directly involved in
WIMP production

q

q̄

Z
0

Z
0

h

�

�̄

dark matter+heavy flavour production:

di-jet resonant production:
mediator can also decay to quarks

dark matter benchmark models for early lhc run-2 searches:
report of the atlas/cms dark matter forum 39
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Figure 2.22: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with tt̄ (or bb̄).
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the mediator pT spectra is taken to represent the main kinemat-
ics of a model. Another consideration in determining the set of
benchmarks is to focus on the parameter space where we expect
the searches to be sensitive during the 2015 LHC run. Based on a
projected integrated luminosity of 30 fb�1 expected for 2015, we
disregard model points with a cross section times branching ratio
smaller than 0.1 fb, corresponding to a minimum of one expected
event assuming a 0.1% efficiency times acceptance.

The kinematics is most dependent on the masses m� and m�,a.
Figure 2.23 and 2.24 show typical dependencies for scalar and
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DM+tt/bb 

► Assuming minimal flavour violation, spin-0 

(scalar and pseudoscalar) mediators couple 

to quarks with Yukawa structure → couple 

preferentially to heavy quarks 

 

► 4 final states analysed: tt (hadronic, 

semileptonic, dileptonic) and bb 

 

► tt hadronic 

► MET > 200 GeV 

► Multivariate top-tagger to identify 

hadronic top decays to 3 jets 

► Categorize by number of resolved 

top tags 

► Dominant background is tt(1l) 
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Q: what is efficiency of RTT? 
 
The predicted rates of the bb + 
c¯c 189 process, 190 which is 
generated in the 4-flavor scheme, 
are adjusted to match the cross 
sections calculated 191 in the 5-
flavor scheme [15, 43]. 

Coupling to quarks proportional to 
the quark mass (like the SM Higgs 
boson) 

Additional selections are used to define eight 
independent regions of data sensitive to DM 
signals: 
two b¯b+pmiss 
T , one semileptonic t¯t+pmiss 
T , three dileptonic t¯t+pmiss 
211 T , and two all-hadronic 
t¯t+pmiss 
212 T regions. Control regions (CRs) enriched 
in various background processes are also 
de213 
fined and are used to improve background 
estimates in the signal regions (SRs). In the 
CRs, 
214 individual signal selection requirements 
are inverted to enhance background yields 
and to pre215 
vent event overlaps with the SRs. The 
selections used to define the SRs and CRs are 
described 
216 in Sections 4.1 and 4.2 and summarized in 
Tables 1 and 2, respectively. 

EXO-16-005 
2.2 fb-1 (2015) 

Background estimation , 
control regions in data 

hadronic (2 top-tags) 

the dominant residual 
background is semileptonic SM 
272 t¯t production. By contrast, 
selected signal typically includes 
events in which both top quarks 
273 decay hadronically. The 
resolved top quark tagger (RTT, 
introduced in Section 2) is 
employed 
274 to suppress the 
semileptonic background by 
identifying potential hadronic 
top quark decays. 
275 The RTT is applied to the all-
hadronic search region to define 
a category of events with two 
276 hadronic top quark decays. >=4 jets, >= 1 b-tagged, 

veto leptons 

Mono-top 

► Select events with MET > 250 GeV 
and a boosted hadronic top. Veto 
leptons, photons, and additional b-
tagged jets 

 

► Top-tagging: R=1.5, mass 110-210 
GeV, τ3/τ2, subjet b-tag 

 

► Dominant backgrounds are tt, 
Z(νν)+jets, and W(lν)+jets 

► Estimate with seven control 
regions in data 

 

► MET shape analysis 

10 

– Larger jet cone to cover 

broader range of top pT 

spectra 

 

Analysis Similar to  monojet/V 

● Mono-top DM models involve 

BNV or FCNC 

pTjCA15 > 250 GeV, mass 110-

210 GeV, !32, subjet b-tag 

 

Exactly one fat jet 

Veto leptons, photons, 

additional b-jets 

 

Top tagging 13% efficiency 

Use PUPPI for pileup removal: 

JHEP10(2014)059 

 

• FCNC vector up to 1.5 TeV, 
charged scalar 900-2700 GeV 

excluded 

EXO-16-040 

12.9 fb-1 (2016) 
This decay channel has the largest 

branching fraction and is fully 

reconstructible 

These backgrounds are estimated 

using constraints from seven control 

regions, defined by selections for 

dimuon, dielectron, g + 

jets , single muon (b-tagged and anti-

b-tagged), and single electron (b-

tagged and anti-b-tagged) 

events. 

 

B-tagged for tt 

Anti-b-tagged for W 
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Fully-hadronic channel:  
No PTmiss in SM tt

Christian Laner Mono-top 

► Select events with MET > 250 GeV 
and a boosted hadronic top. Veto 
leptons, photons, and additional b-
tagged jets 

 

► Top-tagging: R=1.5, mass 110-210 
GeV, τ3/τ2, subjet b-tag 
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12.9 fb-1 (2016) 
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branching fraction and is fully 

reconstructible 
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effLow m
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Intermediate
eff

High m

 6≤ jet N≤4 

 8≤ jet N≤7 

 9≥ jetN

0L-LL

0L-IL

0L-HL

0L-LI

0L-II

0L-HI

0L-LH

0L-HH

0L-ISR

Multi-b Analysis - Overview

g̃

g̃
p

p

χ̃0
1

b

b

χ̃0
1

b

b

Final state: 0/1 lepton + 3-4 b-jets + Emiss
T

effLow m
eff        m

Intermediate
eff

High m

 7≤ jet N≤6 

 8≥ jetN

1L-IL

1L-HL

1L-II

1L-HI

1L-HH

10 discovery-oriented SRs optimised using (b)jet multiplicity, 
meff, mT, total large-R jets mass to target compressed, 
intermediate and large mass splitting scenarios.

Benchmark models

Exclusion-oriented SRs optimized ranging from low to high 
meff and Njet to cover broad range of mass spectra.  
Combined fit over all bins to enhance exclusion power.

Cut and count analysis

Multi-bin analysis

5th April 2017                      Squarks & Gluinos  - Danijela Bogavac (LMU München)                               9
Roman Kogler

Strong production

‣ 0, 1, 2, multi-leptons

‣ Categorize in Njet, Nb-jet, HT, PTmiss…
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p

p

g̃

g̃

t̄

t

�̃0
1

t

t̄

�̃0
1

1 lepton with Δφ

5/Apr/2017 Ignacio Suárez Andrés - DIS2017 11

CMS-PAS-SUS-16-042

Dominant 
background:

tt̄, mostly
dileptonic with

a lost lepton

Categorization 
based on:

𝑁b jets
𝑁jets
𝐻T
𝐿T

≥ 1 b

Selection:
1 lepton, ≥ 5 (6) jets (if ≥ 1 b jet)

𝑝T
𝑗1 > 80 GeV

𝐿T = 𝑝Tmiss + 𝑝Tℓ > 250 GeV
𝐻T > 500 GeV
Δ𝜙 Ԧ𝑝Tℓ, Ԧ𝑝Tℓ + Ԧ𝑝Tmiss minimum threshold 
dependent on 𝑁jets, 𝑁b jets, 𝐿T
Veto on low-𝑀T2

ℓ𝑡 isolated tracks

Ignacio Suárez Andrés

Full 13 TeV dataset!

1-lepton + b

‣ 0/1 lepton, multiple b-jets, PTmiss

Multi-b Analysis - Interpretation

• Excluded gluino masses up to 1.92 TeV for g→bb+X0 and up to 1.97 TeV for g→tt+X0. 

5th April 2017                      Squarks & Gluinos  - Danijela Bogavac (LMU München)                              12

Simplified Model:  
mg > 1800 GeV~

Danijela Bogavac



Roman Kogler

Chargino/Neutralino Production

‣ Electroweak production → smaller cross sections
‣ Multitude of final states

37 Higgs and BSM Summary

2⌧ (OS) Signal Models ATLAS-CONF-2016-093

C1C1 & C1N2 production

Signal

stau is the only light slepton

at least two hadronically decaying tau leptons and
missing transverse momentum

dominant backgrounds:
processes with at least one
“fake” tau (multijets), W+jets
and dibosons

dedicated CR designed to
estimate multijet background
with a data-driven method ,
“ABCD”.

mT2 most powerful
discriminator against top
background

using ditau + Emiss
T trigger

Nicky Santoyo EWK SUSY Searches 5

2/3` Signal Models ATLAS-CONF-2016-096

C1C1 production

decays via sleptons
have higher BR wrt
decays via bosons

�̃+
1 �̃

�
1 (�̃±

1 �̃0
2) can lead

to two opposite-signed
(three) leptons with
large Emiss

T in the final
state

C1N2 production

- dominant Backgrounds: Dibosons:
WW (2`) and WZ (3`)

- triggers: dileptonic triggers

- optimisation strategy: focus on
intermediate/high mass regions

- 2` channel: main kinematic
discriminators variable mT2
requirements and jet veto

- 3` channel: main requirements on the
Emiss
T and lepton pT

Nicky Santoyo EWK SUSY Searches 7
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- triggers: dileptonic triggers
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- 2` channel: main kinematic
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requirements and jet veto

- 3` channel: main requirements on the
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τ final states

light leptons

Nicky Santoyo Castillo 
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14

Electroweak-ino searches 
@ CMS with  13 TeV Data 
are presented

various ..
production modes
mass ranges
final states

No significant excess indicating 
presence of physics beyond the 

Standard Model has been observed …TeV range limits
Ece Ası̧lar 

Full 13 TeV dataset!
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Natural SUSY, tt production
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RPV SUSY and Long-lived Particles
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Lepton and high jet multiplicity

N. Bernard 3 DIS2017
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• single lepton / large jet multiplicity
• 0-4+ bjets
• dominant bkgd: ttbar, W/Z + jets
• data driven bkgd estimate:
• find b jet multiplicity templates at 

lower jet multiplicities 
• extrapolate to high jet multiplicity 

using scaling parameterization
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� 8 jets � 9 jets � 10 jets
Process 0b � 3 b 0b � 3 b 0b � 3 b
tt̄+jets 4.0± 1.7 15.7± 2.3 0.44± 0.21 2.7± 0.7 0.06± 0.04 0.38± 0.27
W+jets 9.0± 2.9 0.18± 0.07 1.2± 0.7 0.02± 0.02 0.05± 0.07 < 0.01
Others 2.3± 0.9 2.4± 0.7 0.16± 0.05 0.45± 0.15 0.06± 0.03 0.14± 0.05
Z+jets 1.7± 0.5 0.06± 0.02 0.23± 0.14 0.03± 0.01 0.02± 0.03 < 0.01
Multijet 0.8± 0.4 < 0.01 0.30± 0.15 < 0.01 0.16± 0.08 < 0.01

Total Bkd. 17.8± 2.9 18.4± 2.2 2.3± 0.9 3.2± 0.7 0.35± 0.13 0.52± 0.27
Data 21 14 3 1 1 0
p0 (�) 0.27 (0.6) 0.5 (0) 0.34 (0.4) 0.5 (0) 0.18 (0.9) 0.5 (0)

• no excess is seen

• limits set in various 2D mass 
planes.

gluino → neutralino

stop → neutralino

gluino → stop

gluino → neutralino

 λ’  λ’’

 λ’’
 λ’’

1ℓ + 10 jets!

Long Lived Particles
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• There is no reason to expect most BSM particles to have negligible lifetime (i.e. 
prompt)

• non-negligible lifetimes arise from:
• Small couplings, heavy mediators, small mass splittings, etc…

• for example wino-like LSP scenarios favor long-lived charginos with lifetimes of 
a fraction of a ns

• semi-stable decays inside the detector typically require non-standard analyses

Disappearing tracks from long-lived particles

Disappearing track

N. Bernard 9 DIS2017
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ATLAS-CONF-2017-017

•  look for high pT partial track in ID
• IBL allows for pixel tracklets
• SM Background:

• hadronic decay, photon emission, 
combinatoric

• smear standard tracks to reproduce 
pixel tracklet pT spectrum 

• fit and extrapolate pT spectra

hadronic radiation combinatoricImproved efficiency through IBL

Nathan Bernard



Roman Kogler

SUSY Extensions

40 Higgs and BSM Summary

BLSSM: Extended Gauge group 

Simon King

• Solution to Hierarchy problem
• Similar fine-tuning as MSSM
• Right-handed neutrinos
• Dark Matter candidates

MSSM and U(1)′: UMSSM
Z′ decays to charginos, neutralinos 
and SM particles 

Gennaro Corcella

Z′ phenomenology in 
supersymmetry at the LHC



Roman Kogler

On the verge of discovering direct  
Hbb and Htt couplings 

Keep looking for the unexpected! 

Thanks to all speakers and to the 
organisers for a very stimulating 
DIS2017! 
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