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Outline
 pp collision reach: where we stand today (!!!)                    

 High-Luminosity (HL) at LHC: generalities

 HL-LHC Physics potential (3000 fb-1 vs 300 fb-1):

 Higgs Physics (+ VV scattering ➜	
 EWSB closure test)

 Rare processes

 New heavy resonances (reach)

 SUSY states (reach)

 Summary
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focus on  ATLAS+CMS physics
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Warning !
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Provisional scenario presented here
for  HL-LHC ! 

Could be much affected after further 
LHC discoveries/findings at 14 TeV  

before  HL-phase  start-up !

(just think of our expectations for  next  LHC  phase in  case  
Higgs  resonance  had not yet  been observed  at  7-8 TeV...)

(here, not an exhaustive review of present studies anyway...)
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main  references
 Contributions to the 
Update of the European Strategy for Particle Physics,
CERN Council Open Symposium,
Kracow, 10-12 September 2012 
   [ notes submitted by ATLAS and CMS 
   + subsequent updates   (Oct-Nov 2012)  for 
   Physics Briefing Book (Jan. 2013) ]
  HL-LHC Physics Potential Section :

Higgs couplings, confirm spin, CP and self-couplings 
Vector Boson Scattering  
SUSY 
Exotics 
SM: Vector Boson TGCs and top quark FCNC

 talks by R. Aleksan and A. Nisati 
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pp collisions: where we stand today
LHC run at 7-8 TeV [ ∫ L ~ 5 + 20 fb-1] 
( just initial LHC phase ! ) ➜ results well above 
expectations... 
SM tested at high accuracy in a new √s range : 
QCD (many regimes), top physics, EW processes, flavor
“direct” exploration of SM EWSB sector started up with 
observation of a  (quite light) Higgs-like resonance !!!
still a lot of room for a non-SM EWSB sector
bounds on new heavy states predicted by many BSM 
models widely extended wrt pre-LHC era
no real hint of BSM physics !
SM hierarchy-problem solution getting harder...
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     LHC upgrade schedule ➜	
 HL-LHC
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aim: collect ~ 3000 fb-1 at  √S ~ 14 TeV in 10-12 years
H. Pernegger,  LHCP 2013!ATLAS detector upgrade! ! ! ! ! ! ! page 10!
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major detector upgrades needed at HL-LHC

harsher running conditions :
higher rates
4-5 times higher pile-up than today (~140 events/bunch-crossing)

want to keep performance on Physics Objects similar to 
present one !
needed:

improved trigger

new tracking

improved forward detectors

. . . faster inner detector, with high granularity and 
           redundancy, to cope with large occupancy

 HL-LHC physics potential will crucially depend on final 
trigger + detector performance (not yet known...) !
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how does 10 x ∫L impact on Physics?

all rare processes (of course) benefits from that 

moderate-to-small-σ processes benefit a lot, too
[➜ higher sensitivity in  Higgs physics,
                       and  EW  (SM+BSM)  sectors] 

precision physics !

(milder) gain in extending phase-space for heavy 
state production 
(latter benefit more from higher √S)  ➜ ➜ ➜
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10 x ∫ L increase versus ~ 2 x √s  increase
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10 x L increase versus ~ 2 x √s  increase
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 test gHXX (magnitude and structure) to vector bosons (EWSB),fermions  
and  selfcouplings

how close is the LHC signal to a SM Higgs ?
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threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.
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FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few

II-18 ILC-Reference Design Report
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top priority at Future Accelerators : test H sector

a) precision measurement of  mH and  ΓH

b) determination of spin and parity, JP, and CP properties 

c) measurement of gHVV’s and gHff’s

d) measurement of self-coupling strength gHHH (hard !)
e) Extended Higgs sector ? Search for possible partners      
(neutral/charged) of this boson 
f) is this particle a fundamental object, or is it composite? 
g) dependence with energy of Vector Boson Scattering 
cross sections (WW, WZ and ZZ) 
h) Hierarchy problem	
 ➜  search for effects beyond SM, 
such as SUSY, Extra-Dims, Technicolor models...
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present (2-param) gHXX determination
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universal  modifier  of 
HWW  and  HZZ  couplings

gHV V = CV gSMHV V ,

universal  modifier  of 
H f f   couplings

Yf = Cf Y SM
f ,

ATLAS-CONF-2013-034
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more statistics ➜ more d.o.f’s  in  the gHXX fits

14
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starting phase of new exciting chapter of experimental 
measurements  (regardless of possible further new-state 
discoveries at the LHC !) 

new generation of  Precision Tests opened up with 
excellent sensitivity to BSM effects   
                                    (➜  cf. EWPT’s at LEP)
i.e., one-loop decays (H➜γγ) and production (gg➜H) are 
very sensitive to new heavy degrees of freedom that do 
not decouple !
ability to reach accuracies on  gHXX’s as large as  
possible crucial to test the theory !
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 present accuracy : ΔgHXX ~ 20% !
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HL-LHC projection on ΔgHXX  by ATLAS and CMS
ASSUME: same (2012) level of detector and trigger performances !
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Scenario 1: all syst. uncertainties kept unchanged. 
Scenario 2: th. uncertainties scaled by 1/2, other syst uncertainties scaled by √L 
Scenario 3: th. uncertainties set to zero, to show interplay with the exp. uncertainties.

(CMS) ΔTH other syst Δ
Scenario 1 as now as now

Scenario 2 scaled by 1/2 scaled as √ L

Scenario 3 0 . . .

realistic
 range

(i.e. upgraded detector and trigger will offset radiation damage and 
complications due to larger instantaneous lumi and larger event pileup)

ATLAS : fast simulation (parametrize trigger and detector response to different 
physics objects). Functions describing  resolution, and reconstruction and trigger 
efficiencies defined by extrapolations from the existing data sample, and MC 
simulations that include up to an average pileup of 69 

substantial 
simulation 
effort, taking 
into account
realistic pile-
up conditions

QUITE CONSERVATIVE !
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10 fb-1 (7-8 TeV)  ➜  300 fb-1 (14 TeV)
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CMS   ultimate  ΔgHXX  (⇒ ΔkX)  
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ATLAS projection on ΔgHXX
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Higgs Couplings at the HL-LHC 
•! ATLAS has performed projection studies to HL-LHC, 

assuming up to 3000 fb-1 of data 

•! focused on the main channels already under study with 
LHC data, plus a few rare decay channels sensitive to 
top and muon couplings 

•! ZH,H!bb was studied, but S/B is bad and it it very 
difficult at present to estimate systematic uncertainties 
at L=5x1034 cm-2 s-1 " not included in the available ES 
ATLAS studies 

ggF VBF H WH ZH ttH 

H!!! ! ! ! ! ! 

H!ZZ* ! 

H!WW* ! ! ! 

H!"" extrap. ! 

H!µµ ! ! 

!"#

$%&'()*+'(,-'!./!'..0#

- focus on main channels under study with present data, plus a 

few rare decay channels sensitive to gHtt and gHµµ couplings 

 ZH,H➜bb  considered ⇒ bad S/B  and syst. uncertainties  for 
3000 fb-1  difficult to estimate today
⇒ not included in present ATLAS Eur.Str. studies
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rare processes

20

The ttH initial state is of special interest, as it yields a precise measurement of the square of the
top-Yukawa coupling, which is otherwise not easily accessible. Figure 1 shows the expected signal
in the ttH 1-lepton final state and Figure 3(a) shows the expected measurement precision.
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Figure 1: Expected �� invariant mass distribution for the tt̄H,H ⇤ �� channel in the 1-lepton selection
for an assumed integrated luminosity of 3000 fb�1 at

⌅
s =14 TeV.

• H ⇤ µµ: this channel has also a low signal rate at the LHC with a signal-to-background ratio
of only ⇥ 0.2%. However, the expected narrow signal peak allows a signal extraction at very
high luminosities, resulting in an expected signal significance larger than 6⇥ with 3000 fb�1 for
the inclusive channel. The analysis follows Ref. [9] with changes to maximise the sensitivity
for an inclusive µµ signal. Figure 2 shows the expected signal compared to the large continuous
background and Figure 3(a) shows the expected measurement precision.
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after the subtraction of the fitted background.
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cleanest: S/B ~ 20% 
S/√B~ 6 

The ttH initial state is of special interest, as it yields a precise measurement of the square of the
top-Yukawa coupling, which is otherwise not easily accessible. Figure 1 shows the expected signal
in the ttH 1-lepton final state and Figure 3(a) shows the expected measurement precision.
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S/√B > 6  
S/B ~ 0.2% but narrow reson.

Also the exclusive ttH,H ⇧ µµ channel was studied. While the expected signal rate is only
⌅30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⌅25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (⇥ ⇥ BR)/(⇥ ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⇤⇤ final state the thin brown
bars show the expected precision reached from extrapolating all ⇤⇤ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ⇧ ⇤⇤ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⇤⇤ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-
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Integrated Signal (S) and 6 + 6i 6i 4 + 4i
Luminosity Background (B)
100 fb�1 S = 158; B = 110 3.0 2.4 2.2
200 fb�1 S = 316; B = 220 4.2 3.3 3.1
300 fb�1 S = 474; B = 330 5.2 4.1 3.8

Table 1: Expected separation in number of sigma to reject a CP violating state in favour of a 0+ hypothe-
sis in the case of a signal produced by a 0+ boson decaying to ZZ(⇥) ⌅ 4l final states. The result is given
as a function of the integrated luminosity and for di�erent values of the CP-odd form factor a3 (see text).

Also the processes ttH,H ⌅ µµ and ttA, A ⌅ µµ were studied for a CP separation. As both the
initial and final state is fermion-coupling induced, no suppression of the CP-odd state, as it may happen
in vector boson couplings, is expected. A preliminary analyses shows that the expected event counts
are too small to allow for more than a ⇤ 1⇤ separation between a pure CP even and pure CP odd state
even with 3000 fb�1. However more detailed studies are needed to make a firm statement on the physics
potential of HL-LHC for the Higgs boson CP separation using this final state.

2.2 Measurements of the Higgs boson couplings

While Higgs boson coupling measurements have already started at the LHC, the luminosity of the HL-
LHC will provide substantially improved statistical precision for already established channels and allow
rare Higgs boson production and decay modes to be studied. From the combination of the observed rates
in all channels, detailed measurements of the Higgs boson coupling strength can then be extracted.

For an estimate of the precision with which the SM Higgs boson couplings to other particles can be
measured at the HL-LHC, the following Higgs boson decays, that are already addressed in the current 7
and 8 TeV analysis, are considered:

• H ⌅ �� in the 0-jet and the 2-jet final state, the latter with a vector-boson fusion (VBF) selection.
The analysis is carried out analogously to Ref. [1].

• Inclusive H ⌅ ZZ⇥ ⌅ 4⇧ following a selection close to that in Ref. [1].

• H ⌅ WW⇥ ⌅ ⇧⇥ ⇧⇥ in the 0-jet and the 2-jet final state, the latter with a VBF selection. The
analysis follows closely that of Ref. [1].

• H ⌅ ⌅+⌅� in the 2-jet final state with a VBF selection as in Ref. [8].

For all channels, changes to the trigger and the photon/lepton selections needed to keep misidentification
rates at an acceptable level at high luminosities are taken into account. For the VBF jet selection, the
cuts were tightened to reduce the expected fake rate induced by pileup to be below 1% of the jet activity
from background processes.

In addition to these channels, final states targeted to the measurement of couplings with high lumi-
nosities have now been studied:

• WH/ZH,H ⌅ �� and tt̄H,H ⌅ ��: these channels have a low signal rate at the LHC, but one can
expect to observe more than 100 signal events with the HL-LHC. The selection of the diphoton
system is done in the same way as for the inclusive H ⌅ �� channel. In addition, 1- and 2-lepton
selections, dilepton mass cuts and di�erent jet requirements are used to separate the WH, ZH and
ttH initial states from each other and from the background processes. The ttH initial state gives
the cleanest signal with a signal-to-background ratio of ⇤20%, to be compared to ⇤10% for ZH
and ⇤2% for WH.
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Also the exclusive ttH,H ⇧ µµ channel was studied. While the expected signal rate is only
⌅30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⌅25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.
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Figure 3: (a): Expected measurement precision on the signal strength µ = (⇥ ⇥ BR)/(⇥ ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⇤⇤ final state the thin brown
bars show the expected precision reached from extrapolating all ⇤⇤ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ⇧ ⇤⇤ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.
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300 fb�1 3000 fb�1

⇥V 3.0% (5.6%) 1.9% (4.5%)
⇥F 8.9% (10%) 3.6% (5.9%)

Table 2: Expected precision for the determination of the coupling scale factors ⇥V and ⇥F for 300 fb�1

and 3000 fb�1. Numbers in brackets include current theory systematic uncertainties.

2.3 Observation of the Higgs self coupling

In order to completely determine the parameters of the Standard Model and establish the Higgs mech-
anism as being responsible for electroweak symmetry breaking, the measurement of the Higgs self-
couplings and subsequent reconstruction of the Higgs potential is important. A direct analysis of the
Higgs boson trilinear self-coupling ⇤HHH can be done via the detection of Higgs boson pair produc-
tion. At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and for centre-
of-mass energies of 14 TeV, the production cross section of two 125 GeV Higgs bosons is estimated1

to be 34 +18%
�15% (QCD scale) ±3% (PDF) fb. Due to the destructive interference of diagrams involving

gg ⌅ HH, the cross section is enhanced at lower values of ⇤HHH; cross sections for ⇤HHH/⇤S M
HHH = 0

and ⇤HHH/⇤S M
HHH = 2 are ⌅⇤=0 = 71 and ⌅⇤=2 = 16 fb respectively.

A Higgs boson mass mH ⇤ 125 GeV implies a number of potential channels to investigate, due to a
wide spectrum of decay modes. Sensitivity studies at the generator level2 for the HL-LHC upgrade were
performed on just two channels, HH ⌅ bb�� and HH ⌅ bbW+W�, chosen for their clean signature and
high branching ratio, respectively3.

2.3.1 HH ⌅ bbW+W� channel

The branching ratio of the HH ⌅ bbW+W� channel is 25%, which results in 25k expected events in
3000 fb�1 at 14 TeV including all possible W boson decay modes. However the final state is identical
to tt-production giving a huge potential background to this decay mode. For this study the semi-leptonic
channel, where one W boson decays hadronically and the second one leptonically, is chosen.

Events are selected if they contain exactly one lepton, at least four jets with at least one of them
b-tagged and missing transverse momentum. The W- and the Higgs bosons are reconstructed using a ⇧2

fitting-technique and events are selected if the masses of the WW- and bb-systems are close to the Higgs
boson mass.

The signal to background ratio before applying any smearing or object reconstruction e⇥ciencies is
of the order of 10�5, consistent with the results of Ref. [14]. The analysis cuts reduce the background
by two orders of magnitude but also a�ect the signal e⇥ciency so that no constraints on the Higgs self-
coupling can be obtained from this channel.

2.3.2 HH ⌅ bb�� channel

The HH ⌅ bb�� channel has a branching ratio of 0.27%, resulting in a predicted yield of 260 events
in 3000 fb�1 of 14 TeV pp collisions. Several main backgrounds are considered; the irreducible ��bb,
bbH(H ⌅ ��), Z(Z ⌅ bb)H(H ⌅ ��), ttH(H ⌅ ��), and tt (with two electrons faking photons) which
have ⌅ ⇥ BR of 111, 0.124, 0.044, 1.71 and 5 ⇥ 105 fb respectively, compared to 0.087 fb for the signal.

1Cross sections at NLO calculated using the HPAIR package [13]. Theoretical uncertainties provided by Michael Spira in
private communications.

2Event files produced by Dolan, Englert and Spannowsky as described in [14].
3The bbbb final state has the highest branching ratio, but is expected to be too di⇥cult to extract from the huge background
4Cross-section taken directly from generator output
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1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ! 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for
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sH = 14TeV and
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L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
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A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lenghty and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publically available code HPAIR [42] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

µ0 = µR = µF = MHH , (7)

where MHH denotes the invariant mass of the Higgs boson pair. The K–factor, describing
the ratio of the cross section at NLO using NLO PDFs and NLO αs to the leading order

6

NLO corrections, where top loops are taken into account in the infinite top mass
approximation and bottom loops are neglected.

In the following we will present results for MH = 125 GeV. Note that the results for the
total cross sections and uncertainties are nearly the same for MH = 126 GeV. The total
cross sections at the LHC for the four classes of Higgs pair production processes are shown
in Fig. 7 as a function of the c.m. energy. For all processes the numerical uncertainties
are below the permille level and have been ignored. The central scales which have been
used are (µR = µF = µ0)

µgg→HH
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Figure 7: The total cross sections including higher-order correction at the LHC for Higgs
pair production in the main channels – gluon fusion (red/full), VBF (green/dashed),
Higgs-strahlung (blue/dotted), associated production with tt̄ (violet/dotted with small dots)
– as a function of the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has
been used and higher–order corrections are included as discussed in section 2.

As can be inferred from the figure and also seen in Table 1 the largest cross section is
given by the gluon fusion channel which is one order of magnitude larger than the vector
boson fusion cross section. All processes are ∼ 1000 times smaller than the corresponding
single Higgs production channels, implying that high luminosities are required to probe
the Higgs pair production channels at the LHC.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K–factor for this process of about 1.5 − 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
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√
s [TeV] σNLO

gg→HH [fb] σNLO
qq′→HHqq′ [fb] σNNLO

qq̄′→WHH [fb] σNNLO
qq̄→ZHH [fb] σLO

qq̄/gg→tt̄HH [fb]

8 8.16 0.49 0.21 0.14 0.22

14 33.89 2.01 0.57 0.42 1.09

33 207.29 12.05 1.99 1.68 8.37

100 1417.83 79.55 8.00 8.27 82.69

Table 1: The total Higgs pair production cross sections in the main channels at the LHC
(in fb) for given c.m. energies (in TeV) with MH = 125 GeV. The central scales which
have been used are described in the text.

of the uncertainties due to the missing higher order corrections can be obtained by a
variation of the factorization and renormalization scales of this process. In analogy to
single Higgs production studies [33,35] we have estimated the error due to missing higher
order corrections by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0. (21)

As can be seen in Fig. 8 we find sizeable scale uncertainties ∆µ of order ∼ +20%/−17%
at 8 TeV down to +12%/−10% at 100 TeV. Compared to the single Higgs production
case the scale uncertainty is twice as large [33,35]. However, this should not be a surprise
as there are NNLO QCD corrections available for the top loop (in a heavy top mass
expansion) in the process gg → H while they are unknown for the process gg → HH .
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Figure 8: Scale uncertainty for a scale variation in the interval 1
2µ0 ≤ µR = µF ≤ 2µ0 in

σ(gg → HH) at the LHC as function of
√
s at MH = 125 GeV. In the insert the relative

deviations to the results for the central value µ0 = µR = µF = MHH are shown.

3.1.2 PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical
uncertainty. First there are pure theoretical uncertainties coming from the assumptions
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1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ! 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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fundamental test of SM potential

tiny σ’s !



Barbara Mele Tohoku  University,  7 June  2013

Higgs  self-coupling : ev/3000fb-1
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Higgs Self-Coupling 

•! The “trouble” with a 125 GeV Higgs: it 
decays in many final states with similar 
“small” B.R. This is very good for couplings, 
but opens real challenges for HH final states, 
characterized by small production rates. 

•! The selection of HH processes has to 
account for: 
–! Final states experimentally clear and robust 

–! Final states with large enough production 
rates 

Expected SM HH yields for proton-proton collisions at !s = 14 TeV and L=3000 fb-1 

Two channels have been 

considered by ATLAS for 

the “European Strategy”: 

1.! HH!bbWW 

2.! HH!bb"" 
 

!"#

$%&'()*+'(,-'"./"'..0#
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selection of HH processes has to account for: 
- final states experimentally clear and robust 
- final states with large enough production rates
ATLAS studied  HH	
 ➜	
 bbWW [challenging !  S(~103)/B(tt pairs)~10-4]
             and  HH ➜	
 bbγγ    for Eur.Str.



Barbara Mele Tohoku  University,  7 June  2013

HH	
 ➜	
 bbγγ  (BR~0.27%)
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0 and λHHH = 2, in order to investigate the potential for observing or excluding the different cases. Yields

of approximately 18 and 6 events are obtained for the λHHH = 0 and λHHH = 2 cases, respectively, which

have cross sections σλ=0 = 71 fb and σλ=2 = 16 fb. Given these signal and background yields, evidence

for Higgs boson pair production is possible in the case where λHHH = 0, and the λHHH = 1 case would

only require a small increase in the selection efficiency for evidence to be claimed. However, the statistics

obtained would not be sufficient to offer significant discrimination between these two cases.

simulated events passing events expected

sample σ×BR (fb) events selection in 3000 fb−1

HH → bbγγ (λHHH = 1) 0.09 1020 42 10.7

HH → bbγγ (λHHH = 0) 0.19 1020 32 17.9

HH → bbγγ (λHHH = 2) 0.04 1230 66 6.4

γγbb 111 3.1 × 104 1 1.1

ZH(Z → bb̄,H → γγ) 0.04 5 × 105 11600 2.8

bbH(H → γγ) 0.124 5 × 104 71 0.5

γγ j j 2 × 103 5 × 105 0.004 0.1

j j j j 1.8 × 108 4.6 × 106 0 0

ttH(H → γγ) 1.71 1.2 × 105 379 13.6

tt (≥ 1 leptonic W decay) 5.0 × 105 1 × 107 74† 1.1

Total Background - - - 19.2

Table 1: Signal and background MC samples for HH → bbγγ. The tt yield marked by † represents the
number of events passing the selection with every electron treated as a photon, before application of the

e → γ fake-rate of 1 × 10−4. Note that the numbers of events passing selection in the 4th column are
without reweighting to 3000 fb−1.

3 HH → bbW+W− channel

The branching ratio of the HH → bbW+W− channel is 25%, which results in 2.6×104 expected events in
3000 fb−1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |η| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |η| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W− system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, pνz , is determined by solving

the second degree equation given by the mass constraint m(&ν) = m(W):

m2W − m
2
&

2
= E&

√

p2νx + p
2
νy + p

2
νz − p&x pνx − p&y pνy − p&z pνz . (1)

In the case of having two real solutions, the smallest pνz is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W−(= j3 + j4 + Wlep) systems, a

kinematic χ2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for
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The branching ratio of the HH → bbW+W− channel is 25%, which results in 2.6×104 expected events in
3000 fb−1 at 14 TeV. These include all possible W boson decay modes. For this study the semi-leptonic

channel, where one W boson decays hadronically and the second one leptonically, is chosen, and the

electron and muon channels are treated separately.

Events are selected if they contain exactly one lepton with pT > 25 GeV and |η| < 2.5. Events
where a second lepton satisfies the kinematic quality cuts are rejected. In addition, at least 4 jets with

pT > 25 GeV and |η| < 4.5 are required, with at least one of them tagged as a b-jet. Finally, a cut on the
Emiss
T
of 30 GeV and 20 GeV is applied to events with electrons and muons, respectively.

To reconstruct the bbW+W− system the following procedure is applied. First, to reconstruct the

leptonic W boson the longitudinal component of the neutrino 4-momentum, pνz , is determined by solving

the second degree equation given by the mass constraint m(&ν) = m(W):

m2W − m
2
&

2
= E&

√

p2νx + p
2
νy + p

2
νz − p&x pνx − p&y pνy − p&z pνz . (1)

In the case of having two real solutions, the smallest pνz is taken; if no real solution is found, the

event is dropped. Secondly, to reconstruct the bb(= j1 + j2) and W
+W−(= j3 + j4 + Wlep) systems, a

kinematic χ2 fit is done in which the Higgs boson mass is used as a constraint. The jet combination for

3

combining with another channel with similar performances 

(HH➜ττbb ?) and 2 exp.s, one should reach ΔgHHH ~30% !

ATLAS-PHYS-PUB-2013-001
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Accelerator à  
quantity  ↓

LHC 
300 fb-1/exp 

HL-LHC 
3000 fb-1/exp

Approx. date
NH 

ΔmH (MeV)
ΔΓH/ΓH
ΔΓinv/ΓH

ΔgHγγ/gHγγ
ΔgHgg/gHgg
ΔgHww/gHww
ΔgHZZ/gHZZ
ΔgHHH/gHHH

ΔgHµµ/gHµµ
ΔgHττ/gHττ
ΔgHcc/gHcc
ΔgHbb/gHbb
ΔgHtt/gHtt
Δmt (MeV)
ΔmW (MeV)

2021 2030-35 ?
1.7 x 107 1.7 x 108

100 50
-- --

Indirect (? ) Indirect (?)
6.5 –  5.1% 5.4 – 1.5% 
11 –  5.7% 7.5 –  2.7%
5.7 – 2.7% 4.5 – 1.0%
5.7 – 2.7% 4.5 – 1.0%

-- < 30% 
(2 exp.)

<30% <10%
8.5 – 5.1% 5.4 – 2.0%

-- --
15 – 6.9% 11 – 2.7%
14 – 8.7% 8.0 – 3.9%
 800-1000  500-800

~10 Aleksan

ΔgHXX ~ 3-9% for 300 fb-1

          ~ 1-4% for 3000 fb-1

with scaling of syst. errors
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Acceleratorà
Quantity  ↓

HL-LHC 
3000fb-1 /exp

ILC (250)
250 fb-1 

ILC 
(250+350+1000)

LEP3
240 
4 IP

TLEP
240 +350

4 IP 
Approx. date

NH 

ΔmH (MeV)
ΔΓH/ΓH
ΔΓinv/ΓH

ΔgHγγ/gHγγ
ΔgHgg/gHgg
ΔgHww/gHww
ΔgHZZ/gHZZ
ΔgHHH/gHHH

ΔgHµµ/gHµµ
ΔgHττ/gHττ
ΔgHcc/gHcc
ΔgHbb/gHbb
ΔgHtt/gHtt
Δmt (MeV)
ΔmW (MeV)

2030-35 2030-35? >2045? 2035? 2035?
1.7 x 108 5 104

 ZH (105 ZH) 
(1.4 105 Hvv) 

4 105ZH
 

2 106 ZH
 

50 35 35 26 7
-- 10% 3% 4% 1.3%

Indirect (?) 1.5% 1.0% 0.35% 0.15%
1.5% -- 5% 3.4% 1.4%
2.7% 4.5% 2.5% 2.2% 0.7%
1.0% 4,3% 1% 1.5% 0.25%
1.0% 1.3% 1.5% 0.65% 0.2%

< 30% 
(2 exp.)

-- ~30% -- --

<10% -- -- 14% 7%
2.0% 3,5% 2.5% 1.5% 0.4%

-- 3,7% 2% 2.0% 0.65%
2.7% 1.4% 1% 0.7% 0.22%
3.9% -- 15% -- 30%

 500-800 --  20 --  20
~10 -­‐-­‐ ~6 -­‐-­‐ <	
  1

Aleksan
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Vector Boson Scattering (VBS)
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VV Scattering at LHC - Paolo Giacomelli Higgs Quo Vadis

Vector Boson Fusion (VBF)

9

•Once the vector bosons decay, we have a six-fermion final state

•The full set of qq!6 fermions diagrams has to be considered

•In order to investigate EWSB, one has to isolate VV processes from all 

other  six-fermion final states

! Apply tight kinematic cuts

Typical kin. cuts

pT,j > 20 GeV     |"j|<5     pT
tag > 30 GeV     |!j1-!j2|>4.0   

!j1"!j2 < 0      mjj > 600 GeV

Signature: forward-backward 

“spectator” jets with very high 

energy

Generic  diagram for vector boson fusion (VBF) process

q

q

Monday, 11 March 13

-unitarity restoration in VBS amplitudes     
strictly linked to EWSB mechanism.
-a SM Higgs does the job exhaustively.
-a non-SM Higgs needs further mechanism  
(heavy VV resonances ?)

Challenging !  both for TH (interferences with qq➜6f amplitudes) 
and EXP.s  (small yields, wide y coverage, many channels) !!!

VV Scattering at LHC - Paolo Giacomelli Higgs Quo Vadis

VV scattering as a probe for EWSB

5

VV Scattering spectrum, !(VV"VV) vs M(VV)

is the fundamental probe to test the nature of the Higgs boson or to find 

an alternative EWSB mechanism

Search for possible resonances in VBF spectrum

!"#$%#&'()*+',)!"#$#%&"#$#%&$'()*+,%-&(%(./$,$0)-.)!/0#1123%+2+')45676)8'+9(':

%#1;)#%)79+3%)<=>)%')82+#3?#12)@'+;3A'$)4B2$%)CDEE:F

!SB<1TeV

SB sector 
weakly coupled

SM No-Higgs

Unitarity violation

eg, strongly interacting light Higgs (SILH)

other possible scenarios:

SB sector strongly coupled

!SB>1TeV

BSM models predict TeV-
scale resonances “paired” 
with a light scalar particle 

Monday, 11 March 13

courtesy of P.Giacomelli
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Search for resonances in VBS spectrum 
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15% statistical precision 
on the SM  VV  contribution  

with 3000 fb-1

VV Scattering at LHC - Paolo Giacomelli Higgs Quo Vadis

Vector Boson Fusion (VBF)

9

•Once the vector bosons decay, we have a six-fermion final state

•The full set of qq!6 fermions diagrams has to be considered

•In order to investigate EWSB, one has to isolate VV processes from all 

other  six-fermion final states

! Apply tight kinematic cuts

Typical kin. cuts

pT,j > 20 GeV     |"j|<5     pT
tag > 30 GeV     |!j1-!j2|>4.0   

!j1"!j2 < 0      mjj > 600 GeV

Signature: forward-backward 

“spectator” jets with very high 

energy

Generic  diagram for vector boson fusion (VBF) process

q

q

Monday, 11 March 13

Process σ BR (fb)

tt̄ 43.0 × 103

a4 = 0 2.21

a4 = 0.003 3.33

a4 = 0.01 7.11

a4 = 0.03 18.7

Table 2: Summary of WW production cross sections at
√

s = 14 GeV, with a5 = 0.

model 300 fb−1 1 ab−1 3 ab−1

a4 0.066 0.025 0.016

Table 3: Summary of expected upper limits for a4 at the 95% confidence level using the pp → WW +

2 j→ eµ + 2 j search at pp collision center-of-mass energy of 14 TeV.

6.3 Event Selection

Events are considered VBS WW candidates provided they meet the following criteria:

• Exactly one selected muon and one selected electron with opposite charges

• At least one selected lepton must fire the trigger.

• At least two selected jets

• At least 50 GeV of Emiss
T

6.4 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for backgrounds

plus WW signal at different values of a4. Here mll j j is the 4-body invariant mass of the two leading

leptons and the two leading jets in the event, which we found to be a robust and sensitive variable

since calculating the true WW invariant mass is not possible when two neutrinos are present. At each

value of a4, the likelihood function of the floated signal cross section is defined as the Poisson probability

product over all mll j j bins for the pseudo-data given the expectation in each bin. The diboson background

normalization is given by the theory cross section, while the tt̄ background is floated and is effectively

constrained by the low-mll j j region. The WW scattering background in the absence of new physics is

included in this analysis by considering the case a4 = 0. The expected upper limits on a4, which we

quote as a measure of sensitivity, are shown in Table 1. The distribution of mll j j and a representative

limit curve as a function of a4 are shown in Figure 1.

7 ZZ in the Four Lepton Final State

This analysis is new since the Cracow submission [1].

7.1 Introduction

The fully leptonic ZZ j j → """" j j channel has a small cross section but provides a clean, fully recon-

structible ZZ resonance peak. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production. Figure 2 shows the jet-jet invariant mass distribution

4

fully reconstructed ZZ resonance peak !

a forward m(jj) >1 TeV requirement reduces events 
from jets accompanying non-VBS diboson production

Vector Boson Scattering 
•! At LHC VBS are tagged with two forward high-pT jets on 

either side, the remnants of the quarks that have emitted the W/
Z bosons in the central rapidity region: WW+2jets, WZ+2jets, 
ZZ+2jets 

•! ATLAS has performed preliminary studies of the process pp! 
ZZjj ! 4l+jj within the “Pade’” unitarization (IAM, Inverse 
Amplitude Method) and using the WHIZARD generator (it 
allows to generate weak boson scattering mediated by a new 
high-mass resonance in presence of a Higgs boson with 126 
GeV mass) 
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Process σ BR (fb)

non-VBS ZZ j j 6.66

SM VBS ZZ 0.80

SM VBS + 500 GeV Resonance, g = 1.0 1.03

SM VBS + 1 TeV Resonance, g = 1.75 0.91

SM VBS + 1 TeV Resonance, g = 2.5 0.98

Table 4: Summary of ZZ → 4" production cross sections. The non-VBS ZZ j j background was generated

with a jet pT > 20 GeV requirement.

• At least one selected lepton must fire the trigger.

• At least two selected jets

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

7.4 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ resonances, the background-only p0-value

expected for signal+background is calculated using the m4" spectrum. In Table 5 the p0-values have

been converted to the corresponding number of Gaussian σ in significance. The increase in significance

with integrated luminosity is shown for different resonance masses and couplings.

model 300 fb−1 3000 fb−1

mresonance = 500 GeV, g = 1.0 2.4σ 7.5σ

mresonance = 1 TeV, g = 1.75 1.7σ 5.5σ

mresonance = 1 TeV, g = 2.5 3.0σ 9.4σ

Table 5: Summary of expected sensitivity to anomalous VBS ZZ signal at
√

s = 14 TeV, quoted in the

terms of the expected number of Gaussian σ in significance.

In terms of measuring the integrated cross section for the purely-electroweak SM process pp→ ZZ+

2 j→ 4"+2 j, a statistical precision of 10% is achievable with 3000 fb−1, compared to 30% with 300 fb−1

in the signal-enhanced kinematic region of m j j > 1 TeV and the 4-lepton invariant mass m4" > 200 GeV.

In the higher mass range of m4" > 500 GeV, the corresponding statistical precision achievable would

be 15% or 45% with 3000 fb−1 or 300 fb−1, respectively. The larger integrated luminosity is required to

enable definitive measurements of the cross section for this important process.

8 Conclusions

We have shown results of sensitivity studies for high-mass WW and ZZ scattering in an extended Higgs

sector, comparing ATLAS datasets of 300 fb−1, 1 ab−1 and 3 ab−1 of integrated luminosity at a pp

collision center-of-mass energy of 14 TeV. We have used the a4 parameter in the generalized electroweak

chiral Lagrangian and the mass and couplings of VV resonances as benchmark parameters. The increase

of a factor of ten in integrated luminosity makes ATLAS sensitive to potential high-mass BSM VV

resonances and a4 values smaller by a factor of four.

For a range of parameter values in models of new physics, new resonances in weak boson scattering

in the ZZ → 4" final state can only be discovered with the increased integrated luminosity. The increased

integrated luminosity is also needed to make a definitive measurement of the SM cross section and to

6

Process σ BR (fb)

non-VBS ZZ j j 6.66

SM VBS ZZ 0.80

SM VBS + 500 GeV Resonance, g = 1.0 1.03

SM VBS + 1 TeV Resonance, g = 1.75 0.91

SM VBS + 1 TeV Resonance, g = 2.5 0.98

Table 4: Summary of ZZ → 4" production cross sections. The non-VBS ZZ j j background was generated

with a jet pT > 20 GeV requirement.

• At least one selected lepton must fire the trigger.

• At least two selected jets

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

7.4 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ resonances, the background-only p0-value

expected for signal+background is calculated using the m4" spectrum. In Table 5 the p0-values have

been converted to the corresponding number of Gaussian σ in significance. The increase in significance

with integrated luminosity is shown for different resonance masses and couplings.

model 300 fb−1 3000 fb−1

mresonance = 500 GeV, g = 1.0 2.4σ 7.5σ

mresonance = 1 TeV, g = 1.75 1.7σ 5.5σ

mresonance = 1 TeV, g = 2.5 3.0σ 9.4σ

Table 5: Summary of expected sensitivity to anomalous VBS ZZ signal at
√

s = 14 TeV, quoted in the

terms of the expected number of Gaussian σ in significance.

In terms of measuring the integrated cross section for the purely-electroweak SM process pp→ ZZ+

2 j→ 4"+2 j, a statistical precision of 10% is achievable with 3000 fb−1, compared to 30% with 300 fb−1

in the signal-enhanced kinematic region of m j j > 1 TeV and the 4-lepton invariant mass m4" > 200 GeV.

In the higher mass range of m4" > 500 GeV, the corresponding statistical precision achievable would

be 15% or 45% with 3000 fb−1 or 300 fb−1, respectively. The larger integrated luminosity is required to

enable definitive measurements of the cross section for this important process.

8 Conclusions

We have shown results of sensitivity studies for high-mass WW and ZZ scattering in an extended Higgs

sector, comparing ATLAS datasets of 300 fb−1, 1 ab−1 and 3 ab−1 of integrated luminosity at a pp

collision center-of-mass energy of 14 TeV. We have used the a4 parameter in the generalized electroweak

chiral Lagrangian and the mass and couplings of VV resonances as benchmark parameters. The increase

of a factor of ten in integrated luminosity makes ATLAS sensitive to potential high-mass BSM VV

resonances and a4 values smaller by a factor of four.

For a range of parameter values in models of new physics, new resonances in weak boson scattering

in the ZZ → 4" final state can only be discovered with the increased integrated luminosity. The increased

integrated luminosity is also needed to make a definitive measurement of the SM cross section and to

6

WHIZARD ➜	
 generates VBS 
mediated by a heavy resonance 
in presence of a Higgs boson

ATLAS-PHYS-PUB-2012-005
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New Di-lepton and Di-top Resonances

Strongly (gKK)- and weakly (Z’Topcolor)-produced tt resonances 

pp → gKK, Z’Topcolor→ t t

pp → Z′SSM →ee, µµ

30

ATLAS‐PHYS­PUB‐2013-003

- benchmarks for cascade decays 
containing leptons, (b-)jets  and Emiss

- provide opportunity to study highly 
boosted topologies

- need lepton measur. at very high pT 
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Figure 3: The reconstructed resonance mass spectrum (left) and limits (right) for the Z′
topcolor

→ tt̄ search

in the lepton+jets channel with 3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-mass bin

includes the overflow.
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Figure 4: The reconstructed dielectron mass spectrum (left) and limits (right) for the Z′S S M search with

3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-mass bin includes the overflow.
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Figure 5: The reconstructed dimuon mass spectrum (left) and limits (right) for the Z′S S M search with

3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-mass bin includes the overflow.

5.3 Statistical Analysis

This study employs the same statistical analysis used for the tt̄ studies above. Templates of the m!!
spectrum are constructed for the background plus varying amounts of signal at different resonance masses

5

model 300 fb−1 1000 fb−1 3000 fb−1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)

Z′
topcolor

3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 1: Summary of the expected limits for gKK → tt̄ and Z′
topcolor

→ tt̄ searches in the lepton+jets

(dilepton) channel for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

4.3 Dilepton Event Selection

Events are considered tt̄ candidates in the dilepton channel provided they meet the following criteria:

• Exactly two selected opposite-sign leptons

• At least one lepton must fire the trigger

• At least two selected anti-kt jets with R = 0.4 (b-jets)

• Emiss
T
> 60 GeV

In order to reduce the Z+jets background, the dilepton system is required to have an invariant mass

outside of the Z mass window (81 GeV < m!! < 101 GeV) if the leptons are of the same flavor.

4.4 Statistical Analysis

In the lepton+jets (dilepton) channel the statistical analysis is performed by constructing templates of

the mtt̄ (HT ) distribution for background plus varying amounts of signal at different resonance masses

and cross sections. Here HT is defined as the scalar sum of the transverse momenta of the two selected

leptons, the two leading jets, and the Emiss
T

. The likelihood function is defined as the Poisson probability

product over all bins for the pseudo-data given the expectation in each bin.

In the lepton+jets channel, the W+jets background normalization is given by the theory cross section,

while the tt̄ background is floated and is effectively constrained by the low-mtt̄ region. Similarly, in the

dilepton channel the Z+jets and diboson background normalizations are given by the theory cross section,

while the tt̄ background is constrained by the low-HT region. The resulting expected limits in the absence

of signal, which we quote as a measure of sensitivity using statistical errors only, are shown in Table 1.

The mtt̄ (HT ) distribution and the resulting limits as a function of the gKK pole mass for the lep-

ton+jets (dilepton) channel is shown in Figure 3 (Figure 2). The increase of a factor of ten in integrated

luminosity raises the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

5 Search for Dilepton Resonances

model 300 fb−1 1000 fb−1 3000 fb−1

Z′S S M → ee 6.5 7.2 7.8

Z′S S M → µµ 6.4 7.1 7.6

Table 2: Summary of the expected limits for Z′S S M → ee and Z′S S M → µµ searches in the Sequential

Standard Model for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.
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model 300 fb−1 1000 fb−1 3000 fb−1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)

Z′
topcolor

3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 1: Summary of the expected limits for gKK → tt̄ and Z′
topcolor

→ tt̄ searches in the lepton+jets

(dilepton) channel for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

4.3 Dilepton Event Selection

Events are considered tt̄ candidates in the dilepton channel provided they meet the following criteria:

• Exactly two selected opposite-sign leptons

• At least one lepton must fire the trigger

• At least two selected anti-kt jets with R = 0.4 (b-jets)

• Emiss
T
> 60 GeV

In order to reduce the Z+jets background, the dilepton system is required to have an invariant mass

outside of the Z mass window (81 GeV < m!! < 101 GeV) if the leptons are of the same flavor.

4.4 Statistical Analysis

In the lepton+jets (dilepton) channel the statistical analysis is performed by constructing templates of

the mtt̄ (HT ) distribution for background plus varying amounts of signal at different resonance masses

and cross sections. Here HT is defined as the scalar sum of the transverse momenta of the two selected

leptons, the two leading jets, and the Emiss
T

. The likelihood function is defined as the Poisson probability

product over all bins for the pseudo-data given the expectation in each bin.

In the lepton+jets channel, the W+jets background normalization is given by the theory cross section,

while the tt̄ background is floated and is effectively constrained by the low-mtt̄ region. Similarly, in the

dilepton channel the Z+jets and diboson background normalizations are given by the theory cross section,

while the tt̄ background is constrained by the low-HT region. The resulting expected limits in the absence

of signal, which we quote as a measure of sensitivity using statistical errors only, are shown in Table 1.

The mtt̄ (HT ) distribution and the resulting limits as a function of the gKK pole mass for the lep-

ton+jets (dilepton) channel is shown in Figure 3 (Figure 2). The increase of a factor of ten in integrated

luminosity raises the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

5 Search for Dilepton Resonances

model 300 fb−1 1000 fb−1 3000 fb−1

Z′S S M → ee 6.5 7.2 7.8

Z′S S M → µµ 6.4 7.1 7.6

Table 2: Summary of the expected limits for Z′S S M → ee and Z′S S M → µµ searches in the Sequential

Standard Model for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

3

(lep+jets) (2 lep)

TeV
TeV

TeV
TeV

ΔM  up to 2.4 TeV !
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Searches for squarks and gluinos
- 400-500 GeV rise in M(squark,gluino) sensitivity wrt  L=300 fb-1

- M(1st,2nd gen. squark)  up  to 3 TeV ; M(gluino) up to 2.5 TeV

31

Figure 5(b) reports the mbb invariant mass distribution for SM background processes and a benchmark
SUSY model with squarks and gluinos decaying in complex final states including Higgs bosons. For each
event, all the possible combinations of b-jet pairs are taken and their invariant mass considered with a
weight of 1/npairs. The excess of events at around 125 GeV has a local S/

⇥
B of approximately 9 for

3000 fb�1, whereas for 300 fb�1 the significance drops below the discoverability threshold.
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Figure 5: (a) Exclusion limits at 95% CL and discovery reach in a simplified squark–gluino model with
massless neutralino. The colour scale shows the

⇥
s = 14 TeV NLO cross-section. The solid (dashed)

lines show the 5� discovery reach (95% exclusion limit) with 300 fb�1 and with 3000 fb�1 respectively.
(b) The mbb invariant mass distribution for the benchmark supersymmetric point described in the text for
3000 fb�1.
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95%CL exclusion  (dashed)  and   5σ discovery (solid)

larger relat. impact 
when  moving from 
8 TeV to 14 TeV !

2.2 Signal region optimisation

For this search the signal region is based on the optimisation studies described in Ref. [33]. In particular,
the observables utilized in the search are HT defined as:

HT =

jets�

pT>30GeV

|pT|. (1)

and the Emiss
T significance calculated as Emiss

T /
⌅

HT . The signal region is then defined as follows:

• by vetoing events with electrons and muons with pT> 20 GeV. It is assumed that the lepton veto
e⇥ciency will not be significantly deteriorated despite the more challenging environment thanks
to the pertinent hardware and detector upgrades.

• by requesting at least 4 jets with pT> 60 GeV. This cut is set to characterise the final state origi-
nating from cascade decays of supersymmetric particles;

• by requesting Emiss
T /

⌅
HT > 15 GeV1/2. The Emiss

T /
⌅

HT variable discriminates events with real
missing momentum from multi-jet events for which the main source of missing momentum is
due to jet mismeasurement. In the ATLAS search for events with high jet multiplicities and no
leptons [34], the multi-jet background is seen to lie at Emiss

T /
⌅

HT < 4 GeV1/2. This is also the
region where the majority of the other secondary backgrounds lie, although these peak at slightly
higher values. A cut in Emiss

T /
⌅

HT > 15 GeV1/2 eliminates the Z ⇤ �� peak and is therefore
expected to reject most of the multijet background (Figure 3(a)).

The variable used as a discriminant is Me� , defined as

Me� = Emiss
T + HT. (2)

and shown in Figure 3(b).
The high Me� cut, combined with the cut in Emiss

T /
⌅

HT and the minimum jet multiplicity require-
ment, result in an implicit cut in Emiss

T at ⇥ 700 GeV and in the leading jet pT at ⇥ 500 GeV. These
Emiss

T and jet-pT requirements are expected to be stringent enough to avoid significant trigger bias from
jet–Emiss

T triggers.
Figure 4(a) shows the signal yield, scaled to cross-section and integrated luminosity, and Figure 4(b)

shows the signal acceptance of the signal region.

2.3 Expected Sensitivity

Figure 5(a) shows the expected limits and discovery potential achievable for q̃ and g̃ in the simplified
model with a massless LSP. An increase of integrated luminosity from 300 fb�1 to 3 ab�1 allows to
extend both the exclusion limit and the discovery contour by ⇥400 GeV.

The exclusion limit shown in Ref. [32] uses S/
⌅

B as the significance variable. In that case, it was
required that S/

⌅
B > 5 for discovery and S/

⌅
B > 1.962 for exclusion.

2Two sided confidence interval.
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select  true  Emiss  from  
jet  mis-measurement

(phase-space 
saturation matters in 
strongly produced 
states !)
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Searches for stop 
•! Probably this will be 

one of the most 
important points in 
SUSY for the 
immediate future: 
naturalness requires 
stop mass not larger 
than ~ 1 TeV 

•! Rates will be modest 
! HL-LHC represents 
an ideal machine for 
this search 

The 95% CL exclusion limits for 3000 fb-1 (dashed) 

and 5 sigma discovery reach (solid) for 300 fb-1 and 

3000 fb-1 in the stop, neutralino_1 mass plane 

assuming: 

!"#

$%&'()*+'(,-'./"0'//"#####

stop-pair searches
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3000 fb-1 in the stop, neutralino_1 mass plane 

assuming: 

!"#

$%&'()*+'(,-'./"0'//"#####

95%CL exclusion  (dashed)  and   5σ discovery (solid)

M(stop) ≤ 1TeV could alleviate EWSB hierarchy problem !

σ~10 fb

final states 
containing 
t,b,W,Z,h,Emiss

reach in        for
10xL increases by 
100-150 GeV ;
➜	
 3000 fb-1 tests 
up to ~ 1 TeV !

3 Search for direct production of top squarks

3.1 Physics Motivation

Naturalness arguments ([35, 36]) require the light top squark mass eigenstate to be significantly below 1
TeV, which now appears to be significantly lighter than the other squarks.

At
⇤

s = 14 TeV the direct stop pair production cross-section, calculated to NLO in the strong
coupling constant, including the resummation of soft gluon emission at next-to-leading-logarithmic ac-
curacy (NLO+NLL), is shown in Fig. 6. For 600 GeV stop mass it is 240 fb and it decreases to 10 fb
for mt̃ = 1 TeV. Stops can decay in a variety of modes which are very much dependent on the param-

⇥
S = 14TeV

�NLO+NLL
�
pp � t̃1

¯̃t1 +X
⇥
[pb]

mt̃1 [GeV]
1000900800700600500400300200100

104

103

102

101

100

10�1

10�2

10�3

Figure 6: Direct stop pair production cross-section at
⇤

s = 14 TeV calculated to NLO in the strong cou-
pling constant, including the resummation of soft gluon emission at next-to-leading-logarithmic accuracy
(NLO+NLL) [37]

eters of the SUSY model assumed. Typically, SUSY final state events contain top or b-quarks, W/Z or
Higgs bosons, and an LSP. Pair production signatures are thus characterised by the presence of several
jets, including b-jets, large missing transverse momentum and possibly leptons. In some cases (e.g. the
loop-dominated t̃ ⇥ c + �̃0

1 decay in the very compressed scenario, or if the stop mass is close to the
mass of the electroweak gauginos) the dominant decay chains will be di�cult to separate from the SM
background and dedicated analyses — not subject of this document — must be employed.

3.2 Description of the models

Two models among the possible scenarios are considered in this study.
First, the pair-produced stops are assumed to decay to a top quark and the LSP (t̃ ⇥ t + �̃0

1) with
100% BR, requiring that m(t̃) � m(�̃0

1) > m(t). The final state for such a signal is characterized by a top
quark pair produced in association with large missing transverse momentum from the undetected LSPs.
A signal grid is generated with a step size of 50 or 100 GeV both for the stop and LSP mass values.

The second model assumes BR=100% for stop decaying via b + �̃±1 , with subsequent decay of the
charginos as �̃±1 ⇥ W± + �̃0

1. This decay mode of the stop requires that m(t̃) � m(�̃±1 ) > m(b). A signal

9
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Figure 10: (a) The missing transverse momentum distribution in three-lepton events for the background
and two signal scenarios. (b) The 95% CL exclusion limits (dashed lines) and 5� discovery reach
(solid lines) for charginos and neutralinos undergoing ⇥̃±1 ⇥̃
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2 ⇤ W (⇥) ⇥̃0
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and 3000 fb�1 are reported.
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direct chargino/neutralino production

benefits a lot from 
300	
 ➜	
 3000 fb-1 !
discovery reach for 
chargino masses:
500	
 ➜	
 1000 GeV !

similar reach for
χ±1 χ02 → W χ01 h χ01  
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3 leptonsEW σ ➜	
 HL-LHC makes a real difference!
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Figure 3: (a) Distribution of Emiss
T /

⇤
HT for all the backgrounds considered and the two benchmark

points descibed in the text, normalised to 3000 fb�1. The events selected have passed the lepton veto and
the jet multiplicity requirement. (b) Distribution of Me� for all the backgrounds considered and the two
benchmark points described in the text, normalised to 3000 fb�1. The events selected have passed the
Emiss

T /
⇤

HT > 15 GeV1/2 cut, the lepton veto and the jet multiplicity requirement.

2.4 Search for Higgs bosons in squark-gluino cascade decays

If large deviations are observed with respect to the SM background estimates, the kinematics of the
events can be studied in detail and decay products in the SUSY particles decay chain be identified. In
particular, it is interesting to look for light Higgs bosons produced in SUSY cascades in the decay of a
chargino or a neutralino into a lighter chargino or neutralino, respectively. This case has been studied
using a benchmark point with mq̃,g̃ ⇥ 2 TeV and m�̃0

1
⇥ 390 GeV.

The analysis strategy is similar to the one used for the previous study of the discoverability of heavy
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2.4 Search for Higgs bosons in squark-gluino cascade decays

If large deviations are observed with respect to the SM background estimates, the kinematics of the
events can be studied in detail and decay products in the SUSY particles decay chain be identified. In
particular, it is interesting to look for light Higgs bosons produced in SUSY cascades in the decay of a
chargino or a neutralino into a lighter chargino or neutralino, respectively. This case has been studied
using a benchmark point with mq̃,g̃ ⇥ 2 TeV and m�̃0
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The analysis strategy is similar to the one used for the previous study of the discoverability of heavy
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SUSY : HL-LHC versus HE-LHC  

- going to higher energy, sensitivity increase is more  
pronounced for heavy squark-gluinos ; 
- recall parton luminosity behavior vs √s :
in gg (qq) at MX> 1(3)TeV, HE-LHC33TeV better than HL-LHC !
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Summary
substantial gain in LHC Physics Reach for 300➜3000 fb-1  
( assuming constant trigger + detector performance )

accuracy on signal strengths for main Higgs channels 
better by factor 2-3

ΔgHVV,Hff ~ 1-4%,  ΔgHHH ~ 30 %

access to rare H decays

HL crucial in VBS for measuring SM VV rates
increased sensitivity to new heavy states 

last but not least : HL  valuable  asset in case of new 
findings at LHC with 300 fb-1 !
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