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LHC Run 1

proton-proton collisions at ATLAS and CMS  

‣ 2010 √s=7 TeV, 44 pb−1  

‣ 2011 √s=7 TeV, 6 fb−1 

‣ 2012 √s=8 TeV, 23 fb−1 

   Total ~30 fb−1
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Physics results! 

‣Over 700 submitted papers 
on collision data

IN

OUT



Over 6,000 ATLAS and CMS physicists operating the detectors; collecting and 
analysing the data.
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The Nobel Prize in Physics 2013 
François Englert and Peter W. Higgs

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

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

Large Hadron Collider"
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Higgs Boson Results

All observations from the LHC 
consistent with a Standard Model 
Higgs boson with mH ~ 125 GeV.
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More information from Aidan Randle-
Condein in Higgs session on Tuesday

http://arxiv.org/abs/1406.3827
https://cds.cern.ch/record/1728249
http://arxiv.org/abs/1407.0558


Run 1 was not all about the 
Higgs boson

•We didn’t find supersymmetry… 
!

•We didn’t find any other new physics… 
!

•We did confirm the Standard Model and learn more about top 
quarks
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–Johnny Appleseed

“Type a quote here.” 
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e.g. Observed limits on stop and LSP mass
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arxiv:1208.1447  
arxiv:1208.2590 
arxiv:1209.4186 
arxiv:1407.0583 
arxiv:1406.1122  
arxiv:1403.4853  
arxiv:1407.0608 

Simplified models 
with t ̃→ LSP + X



95% CL Limits on Masses of Exotic Phenomena in TeV
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CMS Exotica Physics Group Summary – ICHEP, 2014
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Run 1 Top Quark Properties
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Much 
more on top quarks at the LHC from 

Andrey Loginov in top session on 
Tuesday

arXiv:1403.4427 
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CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 
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 (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

CMS Preliminary

CMS-PAS-TOP-14-015

http://arxiv.org/abs/1403.4427
https://cds.cern.ch/record/1951019


First Evidence for Weak Boson 
Scattering

11

CMS-PAS-FSQ-12-035

‣ATLAS and CMS have also 
observed Zjj production 
consistent with W+W−jj→Zjj 

arXiv:1405.6241arXi:1401.7610

•Same sign ee, eµ, µµ signature 

‣ATLAS (CMS) observe 4.5σ 
(2.0σ) evidence for W±W±jj 
production
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CMS (preliminary)  (8 TeV)-119.4 fb

Data
-4 = 0.0 TeVT,0SM F

-4 = -5.0 TeVT,0aGQC F
-4 = +5.0 TeVT,0aGQC F

 CMS-PAS-SMP-13-015

http://cds.cern.ch/record/1601549/files/FSQ-12-035-pas.pdf
http://arxiv.org/abs/1405.6241
http://arxiv.org/abs/1401.7610
https://cds.cern.ch/record/1713393


First Evidence for Weak Boson 
Scattering

12

arXiv:1405.6241

http://arxiv.org/abs/1405.6241
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Higgs boson Rare DecaysBeyond Run 1



LHC → HL-LHC

14

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

today: LCWS’14
ILC running??

√s = 13 TeV 
bunch spacing 25 ns

√s = 14 TeV 
LHC injector upgrade

New interaction 
region layout!
Crab cavity

� ~ 1.6 × 1034 cm−2s−1#
Pile Up ~ 40

� ~ 2 × 1034 cm−2s−1#
Pile Up ~ 60

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

Pile Up ~ 140

Integrated 
luminosity

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


Physics Prospects for Run 2
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Near Future: Run-2 

14!

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

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

Huge increase in cross section for many 
interesting processes 

‣ but life is harder for states lighter than t t̅

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

➡ Discovery of TeV-scale particles possible with a few fb−1 !!
15



The Challenge of Pileup
•Pileup = number of proton-proton collision per bunch crossing

16

Simulated pileup in ATLAS tracker

Run 1 
Pile up of 23

HL-HLC 
Pile up of 230



CMS Upgrade

•Long Shutdown 1: 

•Complete Muon coverage 

•New HCAL photo-detectors  

•Long Shutdown 2: 

•New Pixel detector (2017)  

•New HCAL electronics  

•L1-Trigger upgrade  

•For HL-LHC: 

•Tracker replacement, L1 Track-
Trigger 

•New forward calorimetry, muons 
and tracking 

•High precision timing for pileup 
mitigation 

17

CMS PAS FTR-13-003

CMS trigger upgrades 

!  Upgrades result in significant improvement in 
triggering on Higgs bosons 11!

Greater trigger efficiency



ATLAS Upgrades
•Long Shutdown 1  

•New beam pipe at r=25mm  

•New insertable b-layer at 31 < r/mm < 40 

•Refurbished pixel readout 

•More complete muon coverage: extended 
endcap installation complete 

•Fast Tracking for L2-trigger will come online 
during run 2 

•Long Shutdown 2  

•New muon small wheel forward 
spectrometer  

•Topological L1-trigger processors  

•New forward detectors   

•For HL-LHC 

•Completely new trigger architecture with 
new hardware at L0/L1  

•Completely new tracking detector  

•Calorimeter electronics upgrades 18



Run 2 and HL-LHC Analysis Techniques

!

•High mass final states and high collision 
energy lead to highly boosted and close 
objects e.g. W→jj, Z→jj, t→Wb→jjb 

•Jet substructure techniques will be key 
to reconstruct some of these signals; 
may be crucial for new high-mass 
objects.

19

More on LHC jet 
reconstruction in Djamel Boumediene’s 

talk 

Jet Substructure

High Pileup 
!

High pileup requires 
improved algorithms 
e.g. primary vertex 
reconstruction, b-
tagging, pileup jet 
rejection.

With pileup correction 



Projection for Run 2 and HL-LHC

•Projections from refining current analyses or designing new ones 

•Different systematic uncertainty scenarios often considered, in particular 
the different theoretical uncertainties on the signal cross section. 

•Results are presented for 300 fb−1 (2022) and/or 3000 fb−1 (2035?) 

•Many results are presented in the context of specific models.

20
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Higgs Boson Prospects
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

Higgs Boson Decay Sensitivity

22

arXiv:1307.7135             
ATL-PHYS-PUB-2013-014
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The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

3000 fb−1

300 fb−1

Dashed band includes 
current TH unc.

Scenario 2:  
TH unc. scaled by 1/2 
EXP unc. scaled by √�

http://arxiv.org/abs/1307.7135
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


Higgs Boson Couplings Fit
•Assuming ΓH is sum of SM widths, calculate uncertainties on Higgs boson couplings. 

•Deviations from the SM are quantified using κ multiplier, in SM κi = 1, e.g.:

23 Yκ
Xκ∆=XYλ∆

0 0.1 0.2 0.3

)Zγ(Zλ

Zγλ

gZλ

Zµλ

Zτλ

tgλ

WZλ

gZκ

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

0.78→

Figure 23: Relative uncertainty on the expected precision for the determination of coupling scale factor
ratios �XY in a generic fit without assumptions, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb�1 and 3000 fb�1. The hashed areas indicate the increase of the estimated
error due to current theory systematics uncertainties. The numerical values can be found in model Nr. 5
in Table 19.

35

ATLAS combined results do not 
include new information for 
Zγ, VH(γγ), ttH(γγ) & VH(bb)

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson signal strength

expected uncertainty

γ γ →H 

 WW→H 

 ZZ→H 

 bb→H 

τ τ →H 

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

0.00 0.05 0.10 0.15

CMS Projection

Expected uncertainties on
Higgs boson couplings

expected uncertainty

γκ

Wκ

Zκ

gκ

bκ

tκ

τκ

 = 14 TeV Scenario 1s at  -13000 fb

 = 14 TeV No Theory Unc.s at  -13000 fb

Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

3000 fb−1

300 fb−1

(� · BR)(gg � H � ��) = �SM(gg � H) · BRSM(H � ��) ·
�2

g · �2
�

�2
H

arXiv:1307.7135             
ATL-PHYS-PUB-2013-014

Scenario 2:  
TH unc. scaled by 1/2 
EXP unc. scaled by √�

http://arxiv.org/abs/1307.7135
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


Still the Golden Channel: H→ZZ*→4ℓ
•H→ZZ*→4ℓ: very clean signature and small backgrounds.   

•Large statistics will allow a probe of all main production modes. 

•Higgs boson production cross-section uncertainty constrained to O(10%) 

•Allows measurement of CP properties of the Higgs boson.
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Figure 3: Invariant mass distribution of the 4-lepton system for the ttH-like (a), VH-like (b), VBF-like (c)
and ggF-like categories (d).
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~30 t t̅H, H→4ℓ events
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Higgs CP Studies
•H→ZZ→4ℓ used to reconstruct the full angular decay 

structure. 

!
!

•Very sensitive to non-SM (CP = 0+) contributions.

25

SM tree processes loop CP-even 
contributions

CP-odd 
contributions 

(BSM)

{ { {

�ai = arg
�

ai

a1

�
fai =

|ai|2�i

|a1|2�1 + |ai|2�i

A(H � ZZ) = v�1
�
a1m

2
Z��

1�
�
2 + a2f

�(1)
µ� f�(2),µ� + a3f

�(1)
µ� f̃�(2),µ�

�

•Fit fraction of event (fai) and phases (ϕi) to observed decay:



Higgs CP Studies

•Extra contributions constrained to |f| ~ 10 % with 3000 fb−1.

26

Loop-induced CP-even contribution

ATL-PHYS-PUB-2013-013
arXiv:1307.7135

18 5 Discovery Potential: Supersymmetry

Table 4: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time of
the pre-approval. Uncertainties are 1/2). These values are obtained at

p
s = 14 TeV using

an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are % uncertainties on the
measurements estimated under [scenario2, scenario1], as described in the text.

L (fb�1) kg · kZ/ kH k

g

/kZ kW/kZ kb/kZ k

t

/kZ kZ/kg kt/kg k

µ

/kZ kZg

/kZ
300 [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] [13,14] [22,23] [40,42]
3000 [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 15. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

Figure 15: Distribution of expected �2 lnL for fa3 for the projection to 300 fb�1 (green, dotted)
and 3000 fb�1 (magenta, dot-dashed).

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [34–39] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal

CP-odd contribution

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013/
http://arxiv.org/abs/1307.7135


WW, bb̅
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ATL-PHYS-PUB-2014-011 
ATL-PHYS-PUB-2013-014

One-lepton Two-lepton One+Two-lepton
Stat-only Significance 15.4 11.3 19.1

µ̂Stats error +0.07 � 0.06 +0.09 � 0.09 +0.05 � 0.05
Theory-only µ̂Theory error +0.09 � 0.07 +0.07 � 0.08 +0.07 � 007

Significance 2.7 8.4 8.8
Scenario I µ̂w/Theory error +0.37 � 0.36 +0.15 � 0.15 +0.14 � 0.14

µ̂wo/Theory error +0.36 � 0.36 +0.14 � 0.12 +0.12 � 0.12
Significance 4.7 - 9.6

Scenario II µ̂w/Theory error +0.23 � 0.22 - +0.13 � 0.13
µ̂wo/Theory error +0.21 � 0.21 - +0.11 � 0.11

Table 14: Expected signal sensitivity as well as the precision on the signal strength measurement for
mH = 125 GeVfor the one-lepton, two-lepton and combined searches with 3000 fb�1 with hµipu = 140
after including the perspective of a more performant analysis.

come 3.9� and �µ̂ =+0.27
�0.26 for 300 fb�1 (for hµipu = 60) and 8.8�, �µ̂ = ±0.14 for 3000 fb�1 (for

hµipu = 140).
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VH, H→bb̅ expected significance in 3000 fb−1 

Large WW stats for 
dσ/dpT(H), dσ/dNjets

ZH, H→bb̅ VBF, H→WW 

These final sum of non-Higgs background representations plus MC Higgs samples are used as PDFs to
generate toy-MC events used in this analysis.

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

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

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

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

5

t t̅H, H→γγ; 1 lepton

ATL-PHYS-PUB-2014-012γγ, WW, bb̅

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-011/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-012/
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Higgs boson Rare DecaysHiggs Boson Rare Decays



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

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

•Run 1 limit is 7 × SM 

•With 3000 fb−1:  

‣Observation at ~7σ   

‣ uncertainty of 20-25 % on signal strength 
(~8% on κµ)
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

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

8.3 Signal and Background Modelling

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

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

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

8.4 Results

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

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

uncertainty from the background estimation of the fit is shown. The expected signal significance and the
precision on the combined signal strength µ are obtained from the complete distributions in the full fit
range of 100 GeV to 160 GeV taking into account the signal and background shapes. With an integrated
luminosity of 3000 fb�1, the H ! µ+µ� channel can be observed, with an expected significance of 7.0�.
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Figure 16: (a) Distribution of the µ+µ� invariant mass of the signal and background processes generated
for
p

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

8.3 Signal and Background Modelling

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

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

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

8.4 Results

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

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

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

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

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

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

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

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

30

‣Run 1 limits are 10 × SM 

‣At 3000 fb−1 a precision of 20-30% on the signal strength (~10% on κZγ)

SM

e.g. new scalar contribution

•SM prediction is BR(H→Zγ)= 1.54 × 10−3 

•H→Zγ sensitive to potential new particles in loop



Di-Higgs Boson Production
•We want to probe the shape of the Higgs potential 

•Observation of di-Higgs production is a first step…  
but very challenging

31

•Production dominated by box diagram, 
negative interference with self-
coupling diagrams 

arXiv:1401.7340
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Figure 1. Sample Feynman graphs contributing to pp → hh+X.

We begin with a discussion of some general aspects of double Higgs production, before

we review inclusive searches for mh = 125 GeV in the pp → hh+X channel in section 2.3.

We discuss boosted Higgs final states in pp → hh + X in section 2.4 before we discuss

pp → hh + j +X with the Higgses recoiling against a hard jet in section 3. Doing so we

investigate the potential sensitivity at the parton- and signal-level to define an analysis

strategy before we apply it to the fully showered and hadronized final state. We give our

conclusions in section 4.

2 Higgs pair production at the LHC

2.1 General remarks

Inclusive Higgs pair production has already been studied in refs. [33–37] so we limit our-

selves to the details that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as the LHC via a range of partonic

subprocesses, the most dominant of which are depicted in figure 1. An approximation

which is often employed in phenomenological studies is the heavy top quark limit, which

gives rise to effective ggh and gghh interactions [42]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2.1)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (2.2)

Studying these operators in the hh + X final state should in principle allow the Higgs

self-coupling to be constrained via the relative contribution of trilinear and quartic inter-

actions to the integrated cross section. Note that the operators in eq. (2.2) have different

signs which indicates important interference between the (nested) three- and four point

contributions to pp → hh+X already at the effective theory level.

On the other hand, it is known that the effective theory of eq. (2.2) insufficiently

reproduces all kinematical properties of the full theory if the interactions are probed at

momentum transfers Q2 ! m2
t [28] and the massive quark loops are resolved. Since our

analysis partly relies on boosted final states, we need to take into account the full one-loop

contribution to dihiggs production to realistically model the phenomenology.
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We begin with a discussion of some general aspects of double Higgs production, before

we review inclusive searches for mh = 125 GeV in the pp → hh+X channel in section 2.3.

We discuss boosted Higgs final states in pp → hh + X in section 2.4 before we discuss

pp → hh + j +X with the Higgses recoiling against a hard jet in section 3. Doing so we

investigate the potential sensitivity at the parton- and signal-level to define an analysis

strategy before we apply it to the fully showered and hadronized final state. We give our

conclusions in section 4.
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Higgs pairs are produced at hadron colliders such as the LHC via a range of partonic
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signs which indicates important interference between the (nested) three- and four point

contributions to pp → hh+X already at the effective theory level.

On the other hand, it is known that the effective theory of eq. (2.2) insufficiently

reproduces all kinematical properties of the full theory if the interactions are probed at

momentum transfers Q2 ! m2
t [28] and the massive quark loops are resolved. Since our

analysis partly relies on boosted final states, we need to take into account the full one-loop

contribution to dihiggs production to realistically model the phenomenology.

– 3 –

�"

http://arxiv.org/abs/arXiv:1401.7340


H→γγ, H→bb̅ candidate event at √s=8 TeV
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arXiv:1406.5053

http://arxiv.org/abs/1406.5053
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Higgs boson Rare DecaysHiggs beyond the Standard 
Model



Additional Heavy Higgs bosons
•Additional Higgs doublets predicted in many models, including Supersymmetry. 

•e.g. A two-Higgs doublet (2HDM) model includes four new Higgs boson: 

!
!
!

•tanβ is the ratio between the vev of the Higgs doublets
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Figure 5: Expected 95% confidence level upper limits for an integrated luminosity of 300 fb−1 (dashed

line) and 3000 fb−1 (solid line) on the gluon-fusion production cross section of a CP-odd Higgs boson A

times its decay branching ratio to A → Zh → llbb are presented as a function of the A boson mass, mA.

The structures in the limit seen near 260 and 370 GeV are a result of the background shape, which can

be seen in the left of Fig. 4.

in the region where the gluon-fusion production cross section for a h boson followed by the decay into

vector bosons differs from the expectation for a SM Higgs boson by less than 0.1%. The reach in the

2HDM parameter space for 300 fb−1 deteriorates to cos(β−α) ∼ 0.005 for mA ∼ 340 GeV and tan β ∼ 1.

Similar conclusions can be drawn for the 5 σ discovery potential, where the maximum discovery reach

in cos(β − α) is about 0.009 for mA ∼ 340 GeV. The sensitivity and the discovery potential with 3000

fb−1 are increased significantly at higher tan β with respect to 300 fb−1 due to the rapid drop of the

gluon-fusion cross section as tan β increases (Fig. 1).

7

A→Zh → ℓℓbb reconstruction (2HDM)

h0 A0H+H0H−

125 GeV CP odd

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-016/


Additional Heavy Higgs bosons
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Prospects for ϕ→µµ production
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Figure 15: The 5 σ contours of the expected significance of an excess of events over the background for

the φ→ µµ search in the MSSM parameter space in the (a) b-veto and (b) b-tag categories.
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the φ → µµ search in the MSSM parameter space for the statistical combination of the b-tag and b-veto

categories.
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5 Projected sensitivity for H → ZZ → 4l

An estimate of the sensitivity of the search for a heavy Higgs boson decaying to ZZ → lll′l′, where

l, l′ = e or µ, is obtained by projecting the current ATLAS results described in Ref. [3] to 300 and 3000

fb−1 at
√
s = 14 TeV.

The selection described in [3] is applied to a heavy SM-like Higgs boson with a mass in the range

200 – 1000 GeV. The same systematic uncertainties as in [3] are assumed. The natural width of the

Higgs boson is considered to be the same as for a SM-like Higgs boson with the same mass. The quoted

cross sections for the gluon-fusion (ggF) and vector-boson-fusion (VBF) mechanisms, as well as the

Higgs boson line-shapes, have been calculated with the complex-pole-scheme [40]. The interference

with the SM continuum ZZ cross section is taken into account implicitly, by assuming an additional

uncertainty in the ZZ production prediction as in Ref. [41]. Background cross sections where scaled to

the higher
√
s accordingly to predictions obtained with MCFM [42,43].

Expected 95% confidence level CLs limits are calculated for the ggF and VBF production mecha-

nisms separately and are shown in Fig. 17. The limit plots assume that the Higgs boson is produced

only through ggF production mechanism in Fig. 17 (a) and only through VBF production mechanism in

Fig. 17 (b). In both plots the SM Higgs boson production cross section times branching ratio to 4ℓ is

shown for comparison.

The expected upper limits are ∼ 0.01–0.1 fb for ggF and ∼ 0.008–0.04 fb for VBF production for the

mass range from 200 to 1000 GeV assuming 3000 fb−1 of integrated luminosity. Even with 300 fb−1 the

expected 95% confidence level exclusion in the absence of signal is about 4 – 40 times better than the

prediction for an assumed SM Higgs boson in the same mass range.
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Figure 17: Expected 95% confidence level upper limits on the production cross section times branching

ratio of a SM-like H → ZZ → lll′l′ (l, l′ = e or µ) for (a) ggF and (b) VBF production as a function

of the Higgs boson mass. The black line corresponds to the expected exclusion assuming an integrated

luminosity of 3000 fb−1, while the blue line corresponds to 300 fb−1. The expected SM cross sections

times branching ratio are also presented (red dashed line).

6 Conclusions

The studies reported here have investigated the ATLAS sensitivity to various signatures for beyond-

SM Higgs bosons using datasets corresponding to integrated luminosities of 300 fb−1 and 3000 fb−1 at√
s = 14 TeV. A 2HDM-motivated scenario has been examined, in which a gluon-fusion produced CP-
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Supersymmetry Searches



SUSY production at the LHC

37

gluinos

neutralinos (χ͠ 0) & charginos (χ͠±): 
superpositions of Higgsinos, Wino, Bino

h

A

H±

h ̃

Ã

H̃±

stops

squarks

The lightest neutralino (LSP) is candidate to explain dark matter.  



Stop and Sbottom Searches
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ATL-PHYS-PUB-2013-011
ATL-PHYS-PUB-2014-010

Stop pair production; ̃t� t�̃0
1 Sbottom pair production; b̃1 � b�̃0

1

Simplified SUSY model

CMS-PAS-FTR-13-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-011/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-010/
https://cds.cern.ch/record/1607141


Strong and Weak SUSY Production Limits
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Large uncertainties on σ from 
knowledge of PDFs   

Strong SUSY:            

Gluino pair production

Weak SUSY: Chargino and 
neutralino decaying via WZ 

!
!

�±1 �W±�0
1,

�0
2 � Z�0

1

CMS-PAS-FTR-13-014
ATL-PHYS-PUB-2014-010

Simplified SUSY model

https://cds.cern.ch/record/1607141
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-010/
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And More…
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•New physics could appear anywhere!   

‣ Look for resonances in di-leptons, γγ, t t̅, di-bosons (WW, WZ, ZZ) and extra 
missing transverse momentum. 

•With 3000 fb−1 probe t t̅  resonances up to 6.7 TeV and di-lepton resonances up to 
7.8 TeV.

4 TeV Kaluza-Klein gluon, gKK→ t t̅  5 TeV Z’→µ+µ−

Resonance Searches ATL-PHYS-PUB-2014-007 
ATL-PHYS-PUB-2013-003

6.2 Searches for Monoleptons+MET 27
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Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.
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Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is

Z’→e+e−

arXiv:1307.7135

http://cds.cern.ch/record/1708859/
http://cds.cern.ch/record/1516108
http://arxiv.org/abs/1307.7135


WIMP searches
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•WIMP = weakly interacting massive particle → look for large missing-ET signature
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Dark Matter (DM) Searches 

 
Assume SM-DM couples via contact interaction   
(mass of mediator >> invariant mass of DM) 

 
 
 
 
 

Both the ATLAS and CMS Collaborations have provided 
limits on WIMP pair production within an 
Effective Field Theory (EFT) approach [4, 5] where the 
SM-WIMP coupling is via a contact interaction. 

For the Effective Field Theory Dark 
Matter operators, ATLAS and CMS have published limits on 
the suppression scale M∗ as a function of 
Dark Matter mass Mχ [1, 2, 3, 25, 26, 27, 28, 29, 30, 31]. 

Systematic uncertainties on the signal are neglected. 

In order to separate the effect on the increase of the sensitivity due to 
higher centre-of-mass energy from the impact of accumulating more 
data, we first compare the derived limits on the suppression scale M∗ 
estimated at the 95% confidence level (CL), with a similar amount of 
data at 8 TeV and 15 TeV 

EFT: Assume contact interaction 2->2 body processes, where mediator 
mass is heavier than inveriant mass of tow DM particles.  M suppresion 
is how much DM and SM coupling is suppressed due to heavy 
mediator mass 
Assume specific values for SM-DM couplings phi< sqrt g_sm g_dm 
<4pi to allow EFT to be god approximation 
What is D5 operator?  
Interesting right after start of phase 1 

Taking into account the ultimate precision on the Standard Model 
background determination (1% total systematic error), the reach 
extends to M∗ ∼ 2200 GeV with L = 300 fb−1 
and M∗ ∼ 2600 GeV for HL-LHC for a 
5σ discovery. 

minimum validity constraint for the 
EFT is to require Qtr < Mmed, where Qtr is 
scale of interaction in this case inv mass of DM 

The EFT validity issue can be resolved by using simplified models, such 
as a Z 0 light mediator. The increased sensitivity of the search at the 14 
TeV LHC observed with the EFT approach is confirmed when 
switching to simplified models. 

𝑀∗ =
𝑀
𝑔 𝑔

 

The bounds on the coupling constant can be further 
mapped to the dark matter-nucleon scattering cross 
section, and can be compared with dark matter direct 
detection experiments . he relationship between the 
invisible branching fraction, the coupling constant, and 
the dark matter-nucleon scattering cross section 
depend on the spin of the dark matter particle (ie: a 
scalar, vector, or majorana-fermion) 

Through 
ZH Higgs 
Production 

With high 
𝑝  jet 

The branching ratio of >23-32% (8-16%) 
is expected to be excluded at 95% 
confidence level with 300 fb-1 (3000 fb-1). 
Current exclusion is >65%. 

 

couplings of mediator 
to SM (DM) 

mediator mass 

Why only through Zh higgs production? 
 
Assume 1%/5% total systematic error 

Nikolina Ilic, University of Toronto 25 

~No improvement for 3000fb -1 

Current monojet 
ATLAS-CONF-2012-147 

Upper limits of 
Darm matter 
nuclean 
scattering 
cross section 

more limit plots in BACKUP ! 

•e.g. from invisible 
decay of Higgs 
boson, ZH→ℓ+ℓ−χχ
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Dark Matter (DM) Searches 

 
Assume SM-DM couples via contact interaction   
(mass of mediator >> invariant mass of DM) 

 
 
 
 
 

Both the ATLAS and CMS Collaborations have provided 
limits on WIMP pair production within an 
Effective Field Theory (EFT) approach [4, 5] where the 
SM-WIMP coupling is via a contact interaction. 

For the Effective Field Theory Dark 
Matter operators, ATLAS and CMS have published limits on 
the suppression scale M∗ as a function of 
Dark Matter mass Mχ [1, 2, 3, 25, 26, 27, 28, 29, 30, 31]. 

Systematic uncertainties on the signal are neglected. 

In order to separate the effect on the increase of the sensitivity due to 
higher centre-of-mass energy from the impact of accumulating more 
data, we first compare the derived limits on the suppression scale M∗ 
estimated at the 95% confidence level (CL), with a similar amount of 
data at 8 TeV and 15 TeV 

EFT: Assume contact interaction 2->2 body processes, where mediator 
mass is heavier than inveriant mass of tow DM particles.  M suppresion 
is how much DM and SM coupling is suppressed due to heavy 
mediator mass 
Assume specific values for SM-DM couplings phi< sqrt g_sm g_dm 
<4pi to allow EFT to be god approximation 
What is D5 operator?  
Interesting right after start of phase 1 

Taking into account the ultimate precision on the Standard Model 
background determination (1% total systematic error), the reach 
extends to M∗ ∼ 2200 GeV with L = 300 fb−1 
and M∗ ∼ 2600 GeV for HL-LHC for a 
5σ discovery. 

minimum validity constraint for the 
EFT is to require Qtr < Mmed, where Qtr is 
scale of interaction in this case inv mass of DM 

The EFT validity issue can be resolved by using simplified models, such 
as a Z 0 light mediator. The increased sensitivity of the search at the 14 
TeV LHC observed with the EFT approach is confirmed when 
switching to simplified models. 

𝑀∗ =
𝑀
𝑔 𝑔

 

The bounds on the coupling constant can be further 
mapped to the dark matter-nucleon scattering cross 
section, and can be compared with dark matter direct 
detection experiments . he relationship between the 
invisible branching fraction, the coupling constant, and 
the dark matter-nucleon scattering cross section 
depend on the spin of the dark matter particle (ie: a 
scalar, vector, or majorana-fermion) 

Through 
ZH Higgs 
Production 

With high 
𝑝  jet 

The branching ratio of >23-32% (8-16%) 
is expected to be excluded at 95% 
confidence level with 300 fb-1 (3000 fb-1). 
Current exclusion is >65%. 

 

couplings of mediator 
to SM (DM) 

mediator mass 

Why only through Zh higgs production? 
 
Assume 1%/5% total systematic error 

Nikolina Ilic, University of Toronto 25 

~No improvement for 3000fb -1 

Current monojet 
ATLAS-CONF-2012-147 

Upper limits of 
Darm matter 
nuclean 
scattering 
cross section 

more limit plots in BACKUP ! 

•e.g. with high-pT jet in SM-WIMP 
contact interaction model

M� =
Mmediator�
gSM gDM

[TeV]

ATL-PHYS-PUB-2014-007

ATL-PHYS-PUB-2013-014

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-007/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/


Top Quark Physics
•HL-LHC Measure top quark mass to 200 MeV.  

‣ Endpoint method, which probes the pole mass, can measure mt to 500 MeV 

•In SM BR(t→Wb) ≃ 100% Many models predict enhancements, interesting range 
starts at ~10−4 ⇒ Observing decays to other modes clear sign of new physics 

‣ HL-LHC will probe BR(t→qZ), BR(t→qγ) at ~3×10−5 at least and BR(t→cH) at ~10−4
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Rare Decays of Top quark 

!  In SM top quark decays to Wb 
nearly 100% 
!  Observing decays to other 

modes clear sign of new physics 
!  Many models predict 

enhancements 
!  Interesting range starts at ~10-4 

!  HL-LHC will probe ~3x10-5 at 
least 47!
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Outlook
•We’ve come a long way, baby, but there’s still far to go… 

•With 3000 fb−1 the LHC will offer a comprehensive physics programme:
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Precision Higgs physics: 
measure production rates 

to a few %

SUSY: Assuming light LSP (<1 TeV) 
discover squarks up to 1.1 TeV 
discover gluinos up to 2 TeV

Sensitivity to generic 
resonances and missing 
energy up to O(7 TeV)

Measure mtop to 200 MeV 
Sensitivity to rare top 
quark decays of <10−4

Discovery of additional Higgs 
bosons up to O (1 TeV)

Theory uncertainty dominant 
for many analyses

di-Higgs boson triple-Higgs bosonH→cc̅

•Some analyses do remain challenging at HL-LHC: 

Observation of 
H→Zγ and H→µ+µ−
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higher collision energy &  
more integrated luminosity 


