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Higgs Results
Major progress in the 6 years since the Higgs discovery

Firmly established γγ, ZZ, ττ, WW decays

�4

L. S. Bruni

If more than one quadruplet passes all requirements, e.g. for VH or tt̄H, the channel with the highest
expected signal rate after reconstruction and event selection is selected, in the order: 4µ, 2e2µ, 2µ2e and
4e. In order to improve the four-lepton mass reconstruction, the reconstructed final-state radiation (FSR)
photons in Z boson decays are accounted for using the same strategy as in the Run-1 data analysis [111].
The invariant mass distribution of the four leptons of the selected events is shown in Figure 1. Only events
with a four-lepton invariant mass in the range 115�130 GeV are used in the extraction of the signal.
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Figure 1: Four-lepton invariant mass distribution of the selected events before the m4` requirement, corrected for
final-state radiation (FSR). The error bars on the data points indicate the statistical uncertainty. The SM Higgs
boson signal prediction is obtained from the samples discussed in Section 3. The backgrounds are determined
following the description in Section 6. The uncertainty in the prediction is shown by the hatched band, calculated
as described in Section 9.

The selected events are divided into bins of the variables of interest. The bin boundaries are chosen such
that each bin has an expected signal significance greater than 2� (where the significance is calculated
from the number of signal events S and the number of background events B as S/

p
S + B) and that

there are minimal migrations between bins, which reduces the model dependence of the correction for the
detector response.

5 Fiducial phase space

The fiducial cross sections are defined at particle level using the selection requirements outlined in
Table 1, which are chosen to closely match those in the detector-level analysis in order to minimize
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Higgs boson decay to di-bosons

2

Bosonic decay channels present quite low branching fractions, but have a clean signature and 
are a powerful tool for many Higgs boson properties measurements

H→WW*→lνlν  
BR ~1.5%, l=e,μ, !→lνν 

 S/B~0.14 
Good branching fraction 
Poor mass resolution 
Large backgrounds

H→ZZ*→4l 
BR ~0.013%, l=e,μ  

S/B~2.3 
Good mass resolution 
Best S/B ratio 
Limited stats

H→##  
BR~0.2% 
S/B~0.03  

Good mass resolution 
Moderate sample size 

L. S. Bruni
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H→WW*→eνμν analysis

5

 ATLAS-CONF-2018-004 Newest results!

Analysis strategySignal: two prompt opposite 
sign and flavour isolated 
leptons with  small opening 
angle and missing transverse 
energy

Backgrounds: 
•WW, tt,tW, Z/γ∗ → ττ : 
constrained with data 
control regions 

•Mis-identified leptons in W 
+ jets and multijets events:  
fake factor methods from Z 
+ jets data 

•Other diboson (WZ, ZZ, 
Wγ) from MC

Events  classified in three Signal Regions (Njets): 

gluon-gluon fusion (ggF): Vector Boson Fusion (VBF)
BDT used as discriminant 
built from jet/lepton kin. quantities

‣Njets ≥ 2 ‣Njets = 0 , Njets = 1

mT used as discriminant 

H→γγ H→ZZ* H→WW* 

see talk by
L.Bruni (parallel)
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Higgs Precision Measurements
Major progress in the 6 years since the Higgs discovery

Firmly established γγ, ZZ, ττ, WW decays
Higgs Physics has entered the precision era

�5

H→γγ and H→ZZ*

see talk by
L.Bruni (parallel)

L. S. Bruni

Cross-sections and  branching 
fractions expressed as ratios 
to cancel contributions from 
common systematic 
uncertainties 

H4ℓ, Hγγ combined production mode cross-section

12

Combined H→4ℓ and H→γγ for |y(H)| < 2.5 in Higgs boson 
production categories: ggF, VBF, VH and ttH

ATLAS-CONF-2017-047

Cross section normalized to SM
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Figure 3: Cross sections for ggF, VBF, VH, and ttH normalized to the SM predictions and measured with the
assumption of SM branching fractions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands indicate the theoretical uncertainties
in the predictions.
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Figure 4: Correlation matrix for the measured values of the production cross sections shown in Table 5.
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Quantity normalized to SM
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Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
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H
y = 125.09 GeV, |Hm
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l4/BγγB
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Figure 6: Results of a simultaneous fit for �ggF ·B4` , B��/B4`�VBF/�ggF, �VH/�ggF, and �
ttH

/�ggF. The fit results
are normalized to the SM predictions. The black error bars and pink and yellow boxes show the total, systematic,
and statistical uncertainties in the measurements, respectively. The blue bands show the theoretical uncertainties in
the predictions.

Table 6: Best-fit values and uncertainties of �ggF · B4` and the ratios of cross sections and branching fractions.

Quantity Result
Uncertainty

SM prediction
Total Stat. Exp. Th.

�ggF·B4` [fb] 6.6 +1.2
�1.0

⇣
+1.1
�1.0 ±0.4 ±0.2

⌘
5.6+0.3

�0.4

B��/B4` 12.5 +2.8
�2.3

⇣
+2.6
�2.2

+0.9
�0.7 ±0.2

⌘
18.1 ± 0.2

�VBF/�ggF [10�2] 21.5 +8.5
�6.3

⇣
+7.3
�5.6

+2.8
�1.7

+3.6
�2.2

⌘
7.9+0.4

�0.6

�VH/�ggF [10�2] 0.2 +4.5
�3.4

⇣
+4.2
�3.2

+1.2
�0.9

+0.9
�0.4

⌘
4.5+0.2

�0.3

�
ttH

/�ggF [10�2] 0.7 +1.0
�0.9

⇣
+1.0
�0.9

+0.2
�0.1 ±0.1

⌘
1.3 ± 0.1

14Exclusive kinematic regions 
targeting specific production 
modes are defined to reduce 
model dependance 
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Simplified template cross section measurements
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Figure 9: Best-fit results of STXS measurement regions given in Table 7. The fit results are shown normalized (top)
and not normalized (bottom) to the SM predictions for the various parameters. The black error bar shows the total
uncertainty on each measurement.
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Simplified template cross sections:
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Coupling to heavy quarks: Observations

Main decay mode B(H→bb) = 0.58
Combined all datasets (7, 8 & 13 TeV)
ATLAS result: Observed significance 

3.6σ (expected 4.0σ)
�6

Evidence for Hàbb Decay
• Run2(36.1fb-1)+ Run1(4.7fb-1+20.3fb-1) combination
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Observed significance 3.6σ
(Expected 4.0σ) Di-jet mass analysis (Fit to mbb) gives

consistent results with MVA
Run2 only : μ(mbb) = 1.30 vs μ(MVA)=1.20 

see talk by T. Masubuchi (parallel)
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Results

• 2 same-sign (light) leptons “2lSS” and 3 (light) leptons “3l”
∆ Most sensitive channels

• Dominant systematics: signal & background modelling, JES & JER,
non-prompt light-lepton estimate, flavour-tagging, ·had-ID

• Visible signal above background after combining channels
∆ Significance: 4.1‡ observed, 2.8‡ expected
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W/Z H(bb)

Largest Yukawa coupling
All channels with 36.2 fb-1 at 13 TeV
ATLAS result: Observed significance 

4.2σ (expected 3.8σ)

see talk by J.Geisen (parallel)

ttH
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hh → γγbb with 36.2 fb-1 at 13 TeV
ATLAS result: Observed significance 22 x σSM (expected 28 x σSM)

Most sensitive result: hh → bbbb with 36.2 fb-1 at 13 TeV
ATLAS result: Observed significance 13 x σSM (expected 21 x σSM)

Higgs Boson Pairs

�7

Searches for

Higgs boson pair

production with

ATLAS

Arnaud Ferrari

Introduction

hh ! bbbb

hh ! bb��

hh ! WW��

Conclusion

SM Higgs boson pair production
Gluon-gluon fusion:

h
h

h

Due to the destructive interference between the box and Higgs
self-coupling diagrams, the SM Higgs boson pair production
cross-section is very small (33.4 fb at 13 TeV).

Other production modes: even smaller cross-sections...
p

s 8 TeV 13 TeV 14 TeV
ggF hh 10.2 33.4 39.6
VBF hh 0.46 1.62 1.95
W/Z + hh 0.36 0.86 0.98
tt + hh 0.17 0.77 0.95
�hh

NLO in fb (https://arxiv.org/abs/1610.07922)

CIPANP, Palm Springs (USA), 29 May - 3 June 2018 3

Searches for

Higgs boson pair

production with

ATLAS

Arnaud Ferrari

Introduction

hh ! bbbb

hh ! bb��

hh ! WW��

Conclusion

hh ! bb�� – results
Non-resonant hh production:

Loose selection used to set
95% CL limits on the Higgs
self-coupling �! �! �! �!

=) �8.2 < � < 13.2 @ 95% CL!

No significant excess.
Tight selection used to set 95%
CL limits on the cross section
for non-resonant production:

Observed �1� Expected +1�
22 20 28 40

(� = �/�SM)

CIPANP, Palm Springs (USA), 29 May - 3 June 2018 18

New!

see talk by
A. Ferrari (parallel)

σ(pp→hh) = 33 fb at 13 TeV

hh → γγbb

Higgs self-coupling is 
check of electroweak 
symmetry breaking
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Precision Measurements: W Mass

• Other results
• Multiboson production 
• EW mixing angle from Z boson measurements

�8

F.BALLI — W mass measurement with the ATLAS Detector — CIPANP 2018

 20

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
26th January 2017

Measurement of the W-boson mass in pp collisions

at
p

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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mW + − mW −  = −29 ± 28 MeV 

Standard Model

mW = 80370 ± 7 (stat) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV

see talk by M.Spalla (parallel)

see talk by A.Bodek (parallel)

see talk by
F.Balli (parallel)

F.BALLI — W mass measurement with the ATLAS Detector — CIPANP 2018

Post-fit data-mc plots (W-, electron)
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Exotic Higgs Searches

see talks by E.Reynolds, A.E.Dumitriu 
and S.Somalwar (parallel)

Higgs is possible gateway to physics beyond the SM
Program of searches for exotic decays of the SM Higgs, standard decays of 

exotic higgs and more complex combinations

�9

H ! a
0
a
0 & ZDZD ! ```` - Results 8/16

arXiv:1802.03388
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Elliot Reynolds Rare & BSM Higgs Decays CIPANP 2018

Sunil Somalwar, CIPANP’18

hÆaaÆ(PP)(WW)Æ(PP)(eP/eWh/PWh/WhWh)
(HIG-17-029)

35

• Signature: at least 2 muons. 

(hÆaaÆ4W is a volunteer signal)

• Background: ZZÆ4l, pencil jets

H→XX→4ℓ, X=a,Zd H→aa→2μ2τ
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Searches for Dilepton Resonances
High mass searches use ~100 fb-1 limits beyond 4-5 TeV!

�10Sébastien Rettie - CIPANP 2018May 31, 2018

• Require exactly one high-pT isolated lepton 
and large missing transverse momentum

• Transverse mass used as discriminating 
variable

• Multi-jet background estimated with the data-
driven matrix method, all other backgrounds 
estimated with MC
• Dominant background is W —> lν

• Dominating DY backgrounds are estimated 
with MC at NLO approximation with k-factor 
for NNLO QCD and NLO EW
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q̄
<latexit sha1_base64="CtkjbgkoMvY/OUhSXGfv2cOE2vk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3FtRKIecJLyIKZDJSLBKFqp3Qupzh+n/WrNrbtzkFXiFaQGBZr96ldvkLAs5gqZpMZ0PTfFIKcaBZN8WullhqeUjemQdy1VNOYmyOfnTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jsZCM0ZyokllGlhbyVsRDVlaBOq2BC85ZdXSeui7rl17/6y1rgp4ijDCZzCOXhwBQ24gyb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD5lVj7o=</latexit><latexit sha1_base64="CtkjbgkoMvY/OUhSXGfv2cOE2vk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3FtRKIecJLyIKZDJSLBKFqp3Qupzh+n/WrNrbtzkFXiFaQGBZr96ldvkLAs5gqZpMZ0PTfFIKcaBZN8WullhqeUjemQdy1VNOYmyOfnTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jsZCM0ZyokllGlhbyVsRDVlaBOq2BC85ZdXSeui7rl17/6y1rgp4ijDCZzCOXhwBQ24gyb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD5lVj7o=</latexit><latexit sha1_base64="CtkjbgkoMvY/OUhSXGfv2cOE2vk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3FtRKIecJLyIKZDJSLBKFqp3Qupzh+n/WrNrbtzkFXiFaQGBZr96ldvkLAs5gqZpMZ0PTfFIKcaBZN8WullhqeUjemQdy1VNOYmyOfnTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jsZCM0ZyokllGlhbyVsRDVlaBOq2BC85ZdXSeui7rl17/6y1rgp4ijDCZzCOXhwBQ24gyb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD5lVj7o=</latexit><latexit sha1_base64="CtkjbgkoMvY/OUhSXGfv2cOE2vk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKpi20oWy2m3bpZhN3J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3FtRKIecJLyIKZDJSLBKFqp3Qupzh+n/WrNrbtzkFXiFaQGBZr96ldvkLAs5gqZpMZ0PTfFIKcaBZN8WullhqeUjemQdy1VNOYmyOfnTsmZVQYkSrQthWSu/p7IaWzMJA5tZ0xxZJa9mfif180wug5yodIMuWKLRVEmCSZk9jsZCM0ZyokllGlhbyVsRDVlaBOq2BC85ZdXSeui7rl17/6y1rgp4ijDCZzCOXhwBQ24gyb4wGAMz/AKb07qvDjvzseiteQUM8fwB87nD5lVj7o=</latexit>
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<latexit sha1_base64="bzNC6HQSwFQ6BxJ8nQmeqQVfRy0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOyS5idzCZDZmaXeQhhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMYyxykNpp/1qza/7c6BVEhSkBgWa/epXOEiJFVQawrHWvcDPTJRjZRjhdFoJraYZJmM8pD1HJRZUR/n84Ck6c8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkusoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMKi6EYPnlVdK+qAd+Pbi/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c1T3ov37n0sWkteMXMMf+B9/gAhmZCc</latexit><latexit sha1_base64="bzNC6HQSwFQ6BxJ8nQmeqQVfRy0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOyS5idzCZDZmaXeQhhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMYyxykNpp/1qza/7c6BVEhSkBgWa/epXOEiJFVQawrHWvcDPTJRjZRjhdFoJraYZJmM8pD1HJRZUR/n84Ck6c8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkusoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMKi6EYPnlVdK+qAd+Pbi/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c1T3ov37n0sWkteMXMMf+B9/gAhmZCc</latexit><latexit sha1_base64="bzNC6HQSwFQ6BxJ8nQmeqQVfRy0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOyS5idzCZDZmaXeQhhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMYyxykNpp/1qza/7c6BVEhSkBgWa/epXOEiJFVQawrHWvcDPTJRjZRjhdFoJraYZJmM8pD1HJRZUR/n84Ck6c8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkusoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMKi6EYPnlVdK+qAd+Pbi/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c1T3ov37n0sWkteMXMMf+B9/gAhmZCc</latexit><latexit sha1_base64="bzNC6HQSwFQ6BxJ8nQmeqQVfRy0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOyS5idzCZDZmaXeQhhyVd48aCIVz/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMYyxykNpp/1qza/7c6BVEhSkBgWa/epXOEiJFVQawrHWvcDPTJRjZRjhdFoJraYZJmM8pD1HJRZUR/n84Ck6c8oAJalyJQ2aq78nciy0nojYdQpsRnrZm4n/eT1rkusoZzKzhkqyWJRYjkyKZt+jAVOUGD5xBBPF3K2IjLDCxLiMKi6EYPnlVdK+qAd+Pbi/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c1T3ov37n0sWkteMXMMf+B9/gAhmZCc</latexit>
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<latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit>

[ATLAS-CONF-2018-017]New for 

CIPANP 2018!

Sébastien Rettie - CIPANP 2018May 31, 2018

• Require exactly one high-pT isolated lepton 
and large missing transverse momentum

• Transverse mass used as discriminating 
variable

• Multi-jet background estimated with the data-
driven matrix method, all other backgrounds 
estimated with MC
• Dominant background is W —> lν

• Dominating DY backgrounds are estimated 
with MC at NLO approximation with k-factor 
for NNLO QCD and NLO EW
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• Largest systematic uncertainties in SM 
background at 2 TeV:
• Fake electron background (7%)
• Muon reconstruction (7%)
• Lepton momentum scale  

and resolution (3-4%)
• PDF Variation (7-8%)

• No significant deviation from the SM expectation 
in the transverse mass spectrum

• Masses for W’SSM excluded up to 5.6 TeV at 
95% CL

• Mass limit is dominated by the electron 
channel due to a better resolution of lepton 
energy at high transverse momenta

mW 0 lower limit [TeV]

Decay Expected Observed

W 0 ! e⌫ 5.4 5.7

W 0 ! µ⌫ 4.9 4.8

W 0 ! `⌫ 5.5 5.6

New for 

CIPANP 2018!

[ATLAS-CONF-2018-017]
Using 2017 data

see talks by S.Rettie 
and S.Somalwar (parallel)

New!



S.Gori & V. Martinez Outschoorn

New Techniques - Trigger

Novel “trigger-level analysis” (ATLAS) 
or “scouting” (CMS) allows to probe 

lower mass

�11Javier Duarte 
Fermilab

T W O - L E V E L  T R I G G E R

!17

• Level-1 Trigger (hardware) 

• 99.75% rejected 

• decision in ~4 μs 

High-Level 
TriggerL1 Trigger

1 kHz 
1 MB/evt

40 MHz

100 kHz

• High-Level Trigger (software) 

• 99% rejected 

• decision in ~100s ms

• After trigger, 99.99975% of events are gone forever

Probing Lower Masses
How do you access lower masses?
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Initial State Radiation (ISR) Selection
Examine a boosted signature by 

requiring an ISR photon or jet to pass 
the trigger threshold

Trigger Level Analysis (TLA)
Lower the trigger threshold by reducing 

amount of data saved per event, 
keep only trigger level objects  

see talks by P.Mcnamara 
and J.Duarte (parallel)
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Dijet Resonance Searches

Status after 8 TeV searches at the LHC

�12

Javier Duarte 
Fermilab
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• More to dijets than meets the eye
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Figure B.10: Representative Feynman diagrams showing the pair produc-
tion of dark matter particles in association with a radiated gluon from the
initial state (left) and the pair production of quarks (right) via a vector or
axial-vector Z0

B
mediator. The cross section and kinematics depend on the

mediator and dark matter masses, and the mediator couplings to dark mat-
ter and quarks respectively: (mmed, mDM, gDM, g

0
q) [255].

the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
q

Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

see talks by P.Mcnamara 
and J.Duarte (parallel)
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Dijet Resonance Searches
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• More to dijets than meets the eye
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S U M M A R Y  A N D  O U T L O O K

• Dark matter 

• Data scouting 

• Jet substructure 

• b-tagging 

• Machine leaning 

• Higgs couplings 

• New triggers 

• and more…

• Looking forward to the rest of Run 2 and Run 3!
Javier Duarte 
Fermilab
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the minimal decay width of the mediator is given by the sum of the partial
widths for all decays into DM particles and quarks that are kinematically
accessible:

Gtot = Gcc + 3 Â
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Gqq (B.4)

The partial widths are given by:
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where mmed is the mediator mass, mDM is the mass of the DM particle,
which is assumed to be a Dirac fermion, and mq is the quark mass. The two
different types of contribution to the total width vanish for mmed < 2mDM

and mmed < 2mq, respectively.

To derive the limit on g
0
B

in this model in the case of a nonzero mediator
decay width to DM particles Gcc, it is simplest to begin with the limit on gB

Major gains in sensitivity
Also take advantage of ISR, dedicated b-tagging triggers

see talks by P.Mcnamara 
and J.Duarte (parallel)
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Dark Matter Searches at the LHC
Major program of searches for Dark Matter at the LHC

Direct searches for DM → Mono-X signatures, searches for new dark mediators

LHC searches complementary to direct searches, providing improved sensitivity 
to low DM masses 

�14

see talks by Y.K Kim and 
S.Narayanan (parallel)
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Looking Ahead at the LHC

Detector upgrades to take advantage of increased luminosity in HL-LHC
Higgs and SM precision measurements

Searches for new phenomena

�15

Roadmap to High Luminosity LHC 

� The high-luminosity LHC (HL-LHC)  is intended to provide 300 fb−1 of data each 
year during an operating period of roughly 10 years.  

      

– An instantaneous luminosity of  ℒ~7.5 × 1034cm−2s−1  
     

– An average of 200 inelastic proton-proton interactions per bunch crossing (pile-up, 
< 𝜇 > = 200)  

 

3 

4000fb−1 ( ultimate )  

< 𝜇 > 60~80 < 𝜇 > ~200 < 𝜇 > 20~40 

see talks by O.Cerri, P.Liu, 
I.Dutta, B.Lefebvre (parallel)



S.Gori & V. Martinez Outschoorn

The HL-LHC Environment

Event with 130 reconstructed vertices
Expected to increase to ~200 in HL-LHC

�16

LHC 2016 event with 130 reconstructed vertices from special run in 2016 4

see talk by
O.Cerri (parallel)
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Timing Detectors

• Major increase in efficiency 
for Higgs program at CMS
• H→ZZ*→4ℓ ~26%
• HH → γγbb ~22%

�17

see talks by
O.Cerri and I. Dutta 

(parallel)
Adding a dimension

p-p interaction are spread 
independently in z and time

6

Adding a dimension

p-p interaction are spread 
independently in z and time

6

Target timing precision ~30ps

Irene Dutta, CIPANP 2018, 06/02/2018Irene Dutta, CIPANP 2018, 06/02/2018

MIP Timing Detector

9CERN-LHCC-2017-027/LHCC-P-009

Irene Dutta, CIPANP 2018, 06/02/2018Irene Dutta, CIPANP 2018, 06/02/2018

ETL Sensor R&D

New Production addressing:

● Increased radiation tolerance
● Large sensor production
● Improved fill factor

20

Conceptual design of  
HPK Mask 
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Theory talks

1. Higgs & 
electroweak

T.Neumann,
A. Joglekar

2. Effective
field 

theories
D.Liu,

C.Murphy

3. New Physics
models & 

Dark Matter 
S.Ipek, S. Shin, 

N.Kidonakis, B.Shuve

4. New techniques 
to look for

the unknown
A.Monteux, R.D’Agnolo

5. Upgrades &
new experiments

R.Huo

Physics at 
High

Energy  
(PHE)

+ joint sessions with Dark Matter & 
Tests of Symmetries and the Electroweak Interaction (M.Gorshteyn) 

GORSHTEYN
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Higgs and electroweak, precision
With the Large Hadron Collider (LHC) discovery of the Higgs boson 
in 2012, a new era of particle physics has started

           Precision determination of the Higgs properties

Theory predictions have to become more and more accurate to
keep up with the more accurate measurements 

�19

great progress of 
theory calculations
see talks by
S. Dawson (plenary)
T.Neumann (parallel)

Bonvini, Marzani, 1802.07758



S.Gori & V. Martinez Outschoorn

Higgs and electroweak, new processes
With the Large Hadron Collider (LHC) discovery of the Higgs boson 
in 2012, a new era of particle physics has started

           New Higgs processes to discovery

Many Higgs processes are rare and need a luminosity much larger
than the presently available luminosity

�20
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Higgs and electroweak, new processes
With the Large Hadron Collider (LHC) discovery of the Higgs boson 
in 2012, a new era of particle physics has started

           New Higgs processes to discovery

Many Higgs processes are rare and need a luminosity much larger
than the presently available luminosity

Example: di-Higgs production
(SM cross section ~2000 smaller 
the single Higgs production)

�21

 Not yet observed
 Weak available bounds
 New Physics models

can affect the rate
see talk by A.Joglekar
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Effective field theories (EFT)
Many (theoretical and observational) motivations to study physics
beyond the Standard Model 
(dark matter, neutrinos, matter-anti matter asymmetry, flavor, …) 
If the new physics (NP) particle is beyond the LHC reach, it can still 
be detected through its effects on SM processes that the LHC 
measures precisely
The LHC is also a precision machine!

�22
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Effective field theories (EFT)
Many (theoretical and observational) motivations to study physics
beyond the Standard Model 
(dark matter, neutrinos, matter-anti matter asymmetry, flavor, …) 
If the new physics (NP) particle is beyond the LHC reach, it can still 
be detected through its effects on SM processes that the LHC 
measures precisely
The LHC is also a precision machine!
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see talk by
D.Liu, C.Murphy

operator of dimension 6
only containing SM particles Scale of NP

LEPLHC
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New Physics particles
Many open questions:
1. Is the Higgs the only source of EWSB? Are there new Higgs bosons?

2. What is the origin of neutrino masses?                                           
many theories of neutrino mass generation can be tested at the LHC
Example:                                                                                                          
inverse see-saw with                                                                                          
SUSY pseudo-Dirac Binos

�24

Models with new Higgs bosons 
(charged Higgs bosons, talk by N. Kidonakis; neutral Higgs bosons talk by S.Shin) 
with new phenomenology to explore

see talk by S.Ipek
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New Physics particles (at high mass) 

�25

see talk by S.Ipek

Many open questions:
1. Is the Higgs the only source of EWSB? Are there new Higgs bosons?

2. What is the origin of neutrino masses?                                           
many theories of neutrino mass generation can be tested at the LHC
Example:                                                                                                          
inverse see-saw with                                                                                          
SUSY pseudo-Dirac Binos

Models with new Higgs bosons 
(charged Higgs bosons, talk by N. Kidonakis; neutral Higgs bosons talk by S.Shin) 
with new phenomenology to explore
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New Physics particles (at low mass) 
The LHC will have reach to more and more massive particles
At the same time, we should not leave holes in the search for light        
(< 100 GeV) particles!
Many models are only very weakly probed. Dark sectors

�26

Challenges (soft objects, needs for low threshold triggers, …)
and opportunities for the LHC
Complementarity with high intensity and precision experiments

dark photon

dark 
photon

dark 
Higgs

see talk by B.Shuve
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New techniques to look for the unknown
Two interesting talks on ways to spot anomalies in data                          
(if compared to the SM prediction) in a model independent way
1. Talk by A.Monteux “A true signal will usually populate multiple 
neighboring signal regions, while background fluctuations are more 
often confined to individual bins.”

  

�27

Technique: aggregate together nearby bins in a rectangle R and compute the          
likelihood of observing a deviation as large as observed in the data, assuming 
New Physics only contributes to that rectangle. 

Technique: learn the data distribution 
& check if it is different from the 
reference one (the Standard Model)

2. Talk by R.D’Agnolo: use of neural network
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2. Effective
field 

theories
D.Liu,

C.Murphy

3. New Physics
models & 

Dark Matter 
Y.K Kim, S.Narayanan, 

P.Mcnamara, J.Duarte, A.Ferrari, 
A.E.Dumitriu, J.Hirschauer, 
S.Sun, I.Ochoa, S.Rettie, 

S.Somalwar, S.Ipek, S.Shin, 
N.Kidonakis, B.Shuve

4. New techniques 
to look for

the unknown
A.Monteux, R.D’Agnolo

5. Upgrades &
new experiments

O.Cerri, P.Liu, I.Dutta, B.Lefebvre, 
R.Huo

Physics at 
High

Energy  
(PHE)

Thanks to all the 
speakers for the great talks! 

To conclude…
1. Higgs & 

electroweak
M.Spalla, T.Masubuchi, 

J.Geisen, L.Bruni, 
E.Reynolds, F. Balli, 

A. Bodek, T.Neumann,
A. Joglekar
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EXTRA

�29
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Diboson Searches
Substructure techniques (for jets, b-tagging) used for maximizing sensitivity 

to boosted topologies, large mass range
Includes using the Higgs as a discovery tool (“Higgs-tagging”)

�30
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W/H/Z+ɣ searches (II)

Inês Ochoa, CIPANP2018

• Main backgrounds: SM ɣ + jet production, smaller contributions from ɣ + top, ɣ + V.

• Background model:

• Unbinned fits of the mJɣ distribution performed in each category, in range 800 GeV up to 7 

TeV.

B(mJ� ;p) = (1� x)p1xp2+p3 log x

Wɣ Hɣ

NEW RESULT

x = mJ�/
p
s

�4

• In this talk: recent ATLAS searches, with focus on hadronic decay channels.

• W/Z/H+ɣ→qqɣ: arXiv:1805.01908

• WZ/WW/ZZ→qqqq: Phys. Lett. B 777 (2017) 91

• VH→qqbb: Phys. Lett. B 774 (2017) 494

• Y→XH→qqbb: Phys. Lett. B 779 (2018) 24

ATLAS searches in diboson final states

Inês Ochoa, CIPANP2018

NEW RESULT

Largest branching ratios. 
Best performance at high 

masses where SM 
backgrounds are smaller.

Common search strategy:

• Scanning of invariant mass distributions of 
diboson systems for evidence of a narrow 
resonant excess.

• Large range of resonance masses covered: from 
200 GeV to 6.8 TeV: boost of decay products will 
depend on the mass.

• Two general methods for background estimation.

Mass

# 
ev

en
ts

W/Z→qq, H→bb

�15Inês Ochoa, CIPANP2018

• Diboson final states are a powerful tool to look for new physics. 

• Latest ATLAS Run II results shown today, using 36.1 fb-1 of 2015+2016 data.

• Motivated by multiple models to probe the TeV scale.

• Taking advantage of advanced analysis techniques to maximize search sensitivity.

• There are new searches on the pipeline, more data to analyze and more data rolling in…

Summary

A high mass event from the 
all-hadronic VV analysis:

mVV = 1.8 TeV

Run Number: 311287
Event Number: 518319772
Date: 2016-10-23 07:05:27 CEST

A high mass event from the 
all-hadronic VV analysis:

m4j = 1.0 TeV

Stay tuned for more LHC data!

see talks by I.Ochoa 
and S.Somalwar (parallel)

New!
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SUSY Searches at the LHC
• Searches extending to more challenging scenarios

• Low rate processes
• Difficult regions of phase space
• More complex signals → long lived scenarios

�31
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Figure 4: Observed upper limit in cross section at 95% CL (indicated by the colour scale) as
a function of the eg and ec0

1 masses for simplified models that assume the production of pairs
of long-lived gluinos that each decay via highly virtual light-flavour squarks to the neutralino
and SM particles (T1qqqqLL). Each subfigure represents a different gluino lifetime: ct0 = 1
(upper left), 10 (upper centre), and 100 µm (upper right); 1 (middle left), 10 (middle centre),
and 100 mm (middle right); and 1 (lower left), 10 (lower centre), and 100 m (lower right). The
thick (thin) black solid line indicates the observed excluded region assuming the nominal (±1
standard deviation in theoretical uncertainty) production cross section. The red thick dashed
(thin dashed and dotted) line indicates the median (±1 and 2 standard deviations in experi-
mental uncertainty) expected excluded region.
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Figure 5: The 95% CL upper limits on the gluino and top squark mass, using the cloud model
of R-hadron interactions, as a function of lifetime, for combined 2015 and 2016 data for the
calorimeter search. We show gluinos and top squarks that undergo a two-body decay (left)
and gluinos that undergo a three-body decay (right). The discontinuous structure observed
between 10�7 and 10�5 s is due to the increase of the number of observed events in the search
window as the lifetime increases.
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Figure 6: The 95% CL upper limits in the gluino (top squark) mass vs. neutralino mass plane,
for lifetimes between 10 µs and 1000 s, for combined 2015 and 2016 data for the calorimeter
search. The excluded region is indicated by the yellow shaded area. We show gluinos that
undergo a two-body decay (upper left), top squarks that undergo a two-body decay (upper
right), and gluinos that undergo a three-body decay (lower).
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• Probes 10-15s < τ < metastable
• Complementary to long-lived gluino 

searches for out-of-time energy 
deposition in range 10-7 < τ < 106 s. 
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and S.Sun (parallel)


