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Physics Goals at HL-LHC
§ test the Standard Model at highest energies with unprecedented precision (e.g. Higgs / Flavour sector, …)  
§ decipher fundamental questions like nature of dark matter, origin of baryon asymmetry of the universe
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Figure 1: Summary plots showing the total expected uncertainties on (a) the per-production-mode cross-sections
normalised to the SM predictions and (b) the coupling modifier parameters (^), for the combination of ATLAS and
CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey box while the statistical,
experimental and theory uncertainties are indicated by a blue, green and red line respectively. In addition, the
numerical values are also reported. [3]

2.1.2 Di�erential measurements

Di�erential measurements can significantly extend the sensitivity of the LHC data to the Higgs boson
mechanism beyond the reach of inclusive measurements of the product of production modes and branching
ratios. Extrapolations of the di�erential distributions of gluon-gluon fusion production cross-sections
in the // , WW and 11̄ final states as a function of the Higgs boson transverse momentum ?

�

)
, angular

distributions of decay products, and number of jets can be found in Refs. [36, 41]. In the higher ?�
)

region,
the precision will improve as the dataset grows but will remain limited by statistical uncertainties at the
HL-LHC. Improved analysis techniques exploiting jet substructure tools to reconstruct the decay products
of the Higgs boson produced with large ?

�

)
can significantly enhance the sensitivity of these analyses.

With the larger samples available, rarer production modes will become accessible for in-depth studies. A key
example is CC̄� where the measurements will be limited by theoretical uncertainties in signal and background
modeling, particularly in the � ! 11̄ mode. The large dataset will enable precise measurements of the
di�erential cross-sections in ?

�

)
bins, at the level of 20–40% with the � ! WW channel as shown by CMS

in Ref. [42]. In channels where the Higgs boson 4-momentum can be reconstructed (CC̄�,� ! WW and
CC̄�,� ! 11), a measurement of the ?

�

)
spectrum can further improve the constraint on the top quark

Yukawa coupling. Projections also show that a sensitivity close to the SM cross-section could be reached
for the top-Higgs (C�) associated production [36].
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The production of pairs of Higgs bosons is dominated by the gluon-gluon fusion (ggF) process followed by
the vector-boson fusion (VBF) one. The small SM cross-sections of these processes implies that the main
experimental signatures will be those where at least one of the two Higgs bosons decays into a final state
with a large branching ratio, i.e. � ! 11̄. Among all the possible channels, the most sensitive signatures
are �� ! 11̄11̄, �� ! 11̄g

+
g
� and �� ! 11̄WW, with branching ratios of 33.9%, 7.3% and 0.26%

respectively. Other channels, such as 11̄// , 11̄,+
,

�, ,+
,

�
WW, g+g�WW are also explored. Due to the

di�erent experimental advantages of each decay channel, these analyses are complementary to target BSM
physics e�ects in ��. Even though at the end of the LHC Run 2 some of the systematic e�ects of these
searches are starting to play a role, statistical uncertainties are the dominant source of uncertainty limiting
the sensitivity to the search of the SM �� process. At the HL-LHC, the impact of systematic uncertainties
will become more important due to the significant reduction of statistical uncertainties.

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL]  
0.5 < !" < 1.5 [68% CL]

!"
Figure 11: Negative-log-likelihood scan as a function of ^

_
, calculated by performing a conditional signal+background

fit to the background and SM signal. The colored dashed lines correspond to the combined ATLAS and CMS results
by channel, and the black line their combination. [3]

In the YR, combined projections of the ATLAS and CMS Collaborations [69, 70] showed that a discovery
significance of 4.0f can be achieved with 3000 fb�1. When systematic uncertainties were neglected,
statistical significance was shown to increase to 4.5f. In addition to the significance, the combined ATLAS
and CMS sensitivity to ^

_
was also assessed through likelihood scans, as shown in Figure 11. These

curves illustrate the analysis likelihoods when the shapes and normalizations of the �� signal distributions,
as well as the normalizations of the single Higgs boson background distributions, are modified with ^

_
.

Through estimation of 68% CL (1f) ^
_

intervals, these curves express the separation power of the single
and combined �� searches between the hypotheses ^

_
= 1 and ^

_
< 1. After combination, the total 68%

CL intervals are expected to be

0.52  ^
_
< 1.5 with systematic uncertainties, (1)

0.57  ^
_
< 1.5 without systematic uncertainties, (2)

The second minimum at ^
_
⇡ 6.0, caused by the limited signal acceptance of some analyses, was shown to

be excluded at 99.4% CL after combination of all the di�erent analyses. The hypothesis corresponding to
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Snowmass White Paper Contribution:

Physics with the Phase-2 ATLAS and CMS

Detectors

The ATLAS and CMS Collaborations

The ATLAS and CMS Collaborations actively work on developing the physics program for
the High-Luminosity LHC. This document contains short summaries of physics contributions
to the Energy Frontier and to the Rare Processes and Precision Measurements groups of
Snowmass 2021. The summary is based on the physics potential estimates that were included
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and
also contains a number of recent results.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

Means: 
§ operation of upgraded LHC at highest possible instantaneous luminosity from 2029 until ~ 2040
§ major upgrades of detectors to record and reconstruct events from collisions  
§ extended federated IT infrastructure to store, manage and analyse enormous data volume
§ precision predictions and simulation of known and hypothetical new physics (à talk by Steffen Schumann)

ß Higgs-boson coupling   
modifiers kx

Higgs-boson self-coupling 
modifier k l à
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Collision rate increased by increase by up to factor 4
Events more complex due to overlayed pp interactions 
Stored data will exceed volume of several Exabyte in 2030 

Sufficient and excellent federated IT infrastructure
indispensable to transform data into knowledge 

Input to many tasks: single collision event 
(simulation, reconstruction, selection, …)
à high “trivial” distributed parallelisation possible

Final user analysis typically on derived tertiary data sets
exploit machine  learning  and complex statistical analysis



In Germany 10 Sites and 3 Funding Agencies 
Helmholtz Centres DESY, GSI, KIT   
Tier-1 centre GridKa at KIT                  (100%  Tier1-D)
Tier-2 centres at DESY and GSI           (58%     Tier2-D)
Max Planck Institute for Physics Munich (MPP) 
Tier-2 centre integrated in MPCDF    (7%       Tier2-D)
Universities: 5 Tier-2 centres           (35%     Tier2-D)
Aachen, Freiburg, Göttingen, Munich (LMU), Wuppertal 

Provisioning of WLCG-Resources in Germany (status)

RWTH-
Aachen (C)

U-Wuppertal (A)
U-Göttingen (A)

GSI (ALICE)

KIT (all)
U-Freiburg(A) MPP (A)

DESY

DESY

LMU (A)
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(A,C,L)

A=ATLAS  
C=CMS  
L=LHCb

(A,C,L)

WLCG:  World Wide LHC Computing Grid
• Approx. 170 federated sites worldwide with tiered structure 
• Very successful operation for almost two decades

with very high availability and reliability
• Resources are pledged and available 24/7
• German share corresponding to fraction of authors 

between 10 and 25%  depending on experiment
• Involvement of universities important for education

and recruitment of young scientists in the area of 
federated HPC and HTC computing 

5 Universities provide 34% (57%) 
of German Tier-2 resources 
for CMS (ATLAS) experiments 



Resource Requirements in the HL-LHC Era

Despite successful R&D for more efficient software, modified compute models
and technological advancement in hardware flat budget probably not sufficient

Significant increase of required resources for HL-LHC  (here example of ATLAS experiment shown) 

CPU Disk Storage Tape Storage @ Tier-1 $7/$6�6RIWZDUH�DQG�&RPSXWLQJ�+/�/+&�5RDGPDS��YHUVLRQ����

)LJXUH �� SURMHFWHG HYROXWLRQ RI GLVN �WRS� DQG WDSH �ERWWRP� XVDJH IURP ���� XQWLO �����
XQGHU WKH FRQVHUYDWLYH �EOXH� DQG DJJUHVVLYH �UHG� 5	' VFHQDULRV� 7KH JUH\ KDWFKHG
VKDGLQJ EHWZHHQ WKH UHG DQG EOXH OLQHV LOOXVWUDWHV WKH UDQJH RI UHVRXUFHV FRQVXPSWLRQ LI WKH
DJJUHVVLYH VFHQDULR LV RQO\ SDUWLDOO\ DFKLHYHG� 7KH EODFN OLQHV LQGLFDWH WKH LPSDFW RI
VXVWDLQHG \HDU�RQ�\HDU EXGJHW LQFUHDVHV� DQG LPSURYHPHQWV LQ QHZ KDUGZDUH� WKDW WRJHWKHU
DPRXQW WR D FDSDFLW\ LQFUHDVH RI ��� �ORZHU OLQH� DQG ��� �XSSHU OLQH�� 7KH YHUWLFDO VKDGHG
EDQGV�LQGLFDWH�SHULRGV�GXULQJ�ZKLFK�$7/$6�ZLOO�EH�WDNLQJ�GDWD�

�
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$7/$6�6RIWZDUH�DQG�&RPSXWLQJ�+/�/+&�5RDGPDS��YHUVLRQ����

)LJXUH �� SURMHFWHG HYROXWLRQ RI GLVN �WRS� DQG WDSH �ERWWRP� XVDJH IURP ���� XQWLO �����
XQGHU WKH FRQVHUYDWLYH �EOXH� DQG DJJUHVVLYH �UHG� 5	' VFHQDULRV� 7KH JUH\ KDWFKHG
VKDGLQJ EHWZHHQ WKH UHG DQG EOXH OLQHV LOOXVWUDWHV WKH UDQJH RI UHVRXUFHV FRQVXPSWLRQ LI WKH
DJJUHVVLYH VFHQDULR LV RQO\ SDUWLDOO\ DFKLHYHG� 7KH EODFN OLQHV LQGLFDWH WKH LPSDFW RI
VXVWDLQHG \HDU�RQ�\HDU EXGJHW LQFUHDVHV� DQG LPSURYHPHQWV LQ QHZ KDUGZDUH� WKDW WRJHWKHU
DPRXQW WR D FDSDFLW\ LQFUHDVH RI ��� �ORZHU OLQH� DQG ��� �XSSHU OLQH�� 7KH YHUWLFDO VKDGHG
EDQGV�LQGLFDWH�SHULRGV�GXULQJ�ZKLFK�$7/$6�ZLOO�EH�WDNLQJ�GDWD�

�

WLCG strongly recommends for the future provisioning of resources:  
§ Consolidate mass storage at  fewer sites in data lake model (fewer copies, better QoS)
§ Common and simultaneous usage of HPC centres and other heterogeneous resources 

in community overarching effort 

$7/$6�6RIWZDUH�DQG�&RPSXWLQJ�+/�/+&�5RDGPDS��YHUVLRQ����

KHOG RQ GLVN� DQG WKH QXPEHU RI UHSOLFDV DQG YHUVLRQV RI GDWDVHWV ZLOO EH VLJQLILFDQWO\
UHGXFHG�

7KH FXUUHQW PRGHO GRHV QRW DWWHPSW WR WDNH LQWR DFFRXQW SRVVLEOH IXUWKHU GLYLVLRQV �L�H�
EH\RQG GLVN DQG WDSH� LQ WKH VWRUDJH TXDOLW\ RI VHUYLFH SURYLGHG E\ WKH :/&* VLWHV� DQG LW
DVVXPHV RQO\ &38 UHVRXUFHV ZLWKRXW DFFHOHUDWRUV ZLOO EH DYDLODEOH� 7KH XQFHUWDLQWLHV ZKHQ
LQFOXGLQJ DFFHOHUDWRUV LQ WKH UHVRXUFH HVWLPDWH �H�J� VSHHG LPSURYHPHQW IDFWRUV LQ HDFK
SURFHVVLQJ VWHS� UHODWLYH FRVWV RI &38 YV DFFHOHUDWRU� DYDLODELOLW\ RI DFFHOHUDWRUV RQ VLWHV�
DUH WRR ODUJH WR PDNH VXFK DQ H[HUFLVH XVHIXO� $V 5	' SURMHFWV FRQFOXGH DQG WKHVH
XQFHUWDLQWLHV DUH UHGXFHG� DQG RQFH WKH :/&* KDV XQGHUWDNHQ D GLVFXVVLRQ RI WKH SOHGJH
PHFKDQLVP IRU WKHVH UHVRXUFHV� WKH PRGHO ZLOO EH H[WHQGHG WR LQFOXGH WKH LPSDFW RI
DFFHOHUDWRUV�

)LJXUH �� SURMHFWHG HYROXWLRQ RI FRPSXWH XVDJH IURP ���� XQWLO ����� XQGHU WKH FRQVHUYDWLYH
�EOXH� DQG DJJUHVVLYH �UHG� 5	' VFHQDULRV� 7KH JUH\ KDWFKHG VKDGLQJ EHWZHHQ WKH UHG DQG
EOXH OLQHV LOOXVWUDWHV WKH UDQJH RI UHVRXUFHV FRQVXPSWLRQ LI WKH DJJUHVVLYH VFHQDULR LV RQO\
SDUWLDOO\ DFKLHYHG� 7KH EODFN OLQHV LQGLFDWH WKH LPSDFW RI VXVWDLQHG \HDU�RQ�\HDU EXGJHW
LQFUHDVHV� DQG LPSURYHPHQWV LQ QHZ KDUGZDUH� WKDW WRJHWKHU DPRXQW WR D FDSDFLW\ LQFUHDVH
RI ��� �ORZHU OLQH� DQG ��� �XSSHU OLQH�� 7KH YHUWLFDO VKDGHG EDQGV LQGLFDWH SHULRGV GXULQJ
ZKLFK�$7/$6�ZLOO�EH�WDNLQJ�GDWD�

�

5 years ago
gap of factor ≥ 5
btw. requirements
and flat budget



Transformed Model for WLCG Resources in Germany
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Helmholtz-Centres

Universities

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Compute Resources for LHC-Computing

NHR-Centres

Storage Resources for LHC Computing

Helmholtz-Centres

Universities

High Lumi LHCLHC Run 3 Shutdown

Helmholtz-Centres

Strategic vision by particle physics community in Germany for HL-LHC era: 
§ Complete pledged WLCG mass storage to be provided by Helmholtz Centres (DESY, GSI, KIT) and MPP 
§ CPU pledge from University Tier-2 Centres to be provided by NHR centres

strong believe that NHR centres predestined for this task according to their mandate  
(consensus after long and wide discussion btw. all involved parties and current resource providers)

Transition period  2025-2028:
• already available hardware 

will be operated at university 
sites

• new resources to  be 
installed and provided at 
Helmholtz and NHR centres  
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2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Compute Resources for LHC-Computing
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Storage Resources for LHC Computing
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Universities
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„The proposed transformation builds  an important  headstone for a furthermore powerful and 
concurrently even more energy- and resource-efficient LHC computing in Germany“
From strategy document by KET https://www.ketweb.de/sites/site_ketweb/content/e199639/e312771/KET-Computing-Strategie-HL-LHC-final.pdf

Ø Reduction of cost for invest and operation
Ø Increase of energy efficiency compared 

to usage of smaller sites
Ø Contribution to ecological sustainability 

of  LHC  computing
Ø Foster synergies between different 

science fields 
Ø R&D work beneficial for and portable 

to other research fields  

https://www.ketweb.de/sites/site_ketweb/content/e199639/e312771/KET-Computing-Strategie-HL-LHC-final.pdf
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Required CPU resources to replace University Tier2-pledges 

Granting CPU resources
Ø NHR:     university groups apply for amount of CPU hours for specific research project  
Ø WLCG:  university sites pledge a constant amount of CPU resources for next year
à desirable to find a common solution to allow delivering of NHR resources to the LHC experiments 

(discussions with NHR-Verein and NHR-Strategieausschuss have been initiated) 

Abbildung 1: Erwartete Entwicklung der CPU-Anforderungen für die universitären Tier2-Zentren
und die NHR-Zentren in Deutschland.

Abbildung 2: Erwartete Entwicklung des Bedarfs an Speicherplatz weltweit von ATLAS und
CMS.

5

Ø HEPSPEC06 (HS06 ):
standard benchmark in particle physics 

Ø 1 core typical  ~ 10 HS06

Ø preliminary estimate for needed
resources to realize KET strategy   

Abbildung 1: Erwartete Entwicklung der CPU-Anforderungen für die universitären Tier2-Zentren
und die NHR-Zentren in Deutschland.

Abbildung 2: Erwartete Entwicklung des Bedarfs an Speicherplatz weltweit von ATLAS und
CMS.

5

preliminary estimate

G. Duckeck, KET-Computing&Software-Panel (preliminary)  
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Model for „integration“ of NHR centres in WLCG 
Ø The technical realisation of the integration of multiple HPC centres in WLCG workflow 

has already been proven impressively and successfully (à talk by Manuel Giffels) 

Ø These are results of past and ongoing R&D efforts funded within the BMBF program ErUM-Data  
- development and optimisation of job orchestration on heterogenous resources 
- development and optimisation of caching solutions for operation of sites w/o mass storage
- development of monitoring and accounting frameworks 

Ø Suggestions for design of possible models of operations and definition of requirements
has started within the KET  community  (organized by KET Computing&Software Panel)

A Liste der technischen Anforderungen für WLCG@NHR

• Unterstützung von Containern (singularity, charliecloud, ...)

• CVMFS für Software Stack: idealerweise lokale Partition und als System Service, alternativ
cvmfsexec

• “User-Name-Space” aktiviert

• Cache Partition (O(300 TB)), falls kein WLCG Speicher System am Zentrum

• “Edge-Services” für Squids, ARC CE, ...

• Nach aussen offene Internetverbindung auf den Rechenknoten

• Schnelle WAN Verbindung (>100 Gb/s)

• Proxy/Pool Accounts für die Jobs der Experimente

B Integration NHR in HEP Services

Abbildung 3: Schema der verschiedenen Service Komponenten zur Integration eines NHR
Zentrums in HEP Umgebung: Die hell-gelben Boxen sind Services bzw. Anforderungen an NHR
Zentrum, hell-rote Boxen beziehen sich auf zentrale Services der Experimente und hell-blaue

Boxen bezeichnen Services, die von den HEP Gruppen an den NHR Sites betrieben werden.

7

Exp A,B, 
…

Exp C,D, 
…

preliminary considerations for operational models  
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Exp A,B, 
…

Exp C,D, 
…

preliminary considerations for operational models  

Model for „integration“ of NHR centres in WLCG (2) 
Requirements at NHR centres (prel. examples)
Ø support of container solutions
Ø implementation of specific edge services

and software stacks 
Ø in- and outgoing internet access of 

sufficient bandwidth on compute nodes 
Ø eventually small fast caches at NHR sites
Ø …..
( a consensus in KET should be reached by end Nov.) 

Ø Our wish: start detailed discussions with NHR-Verein before end of the year 
in order to identify a common solution for an operational model 

Ø Operation of WLCG and experiment specific services to be provided and  
continuous R&D  for needed tools (orchestration, caching, monitoring, accounting, ..)
to be performed by university groups currently operating WLCG Tier-2 centres 

Ø R&D work and expertise in operation by university groups should be beneficial for NHR-Verein
à foster new synergies and cooperation between different science fields



Summary 

Helmholtz-Centres

Universities

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Compute Resources for LHC-Computing

NHR-Centres

Storage Resources for LHC Computing

Helmholtz-Centres

Universities

High Lumi LHCLHC Run 3 Shutdown

Helmholtz-Centres

LHC physics potential in HL-LHC era is phantastic and unique

Harvesting the huge future data set and to transform 
it into knowledge requires significantly extended, powerful
and sustainable federated IT infrastructures

KET community has developed a vision for a transformed 
provisioning of compute resources in the HL-LHC era
- mass storage at Helmholtz centres and MPP
- CPU resources at Helmholtz centres, MPP and 

NHR centres (replacing contribution of universities)  

Technical challenges are demanding but solvable
Ongoing successful R&D work 
Design of operational models by KET has started 
Discussion and cooperation with NHR-Verein to be intensified

Looking forward to a fruitful synergetic cooperation of NHR-Verein and particle physics community 
10

The production of pairs of Higgs bosons is dominated by the gluon-gluon fusion (ggF) process followed by
the vector-boson fusion (VBF) one. The small SM cross-sections of these processes implies that the main
experimental signatures will be those where at least one of the two Higgs bosons decays into a final state
with a large branching ratio, i.e. � ! 11̄. Among all the possible channels, the most sensitive signatures
are �� ! 11̄11̄, �� ! 11̄g

+
g
� and �� ! 11̄WW, with branching ratios of 33.9%, 7.3% and 0.26%

respectively. Other channels, such as 11̄// , 11̄,+
,

�, ,+
,

�
WW, g+g�WW are also explored. Due to the

di�erent experimental advantages of each decay channel, these analyses are complementary to target BSM
physics e�ects in ��. Even though at the end of the LHC Run 2 some of the systematic e�ects of these
searches are starting to play a role, statistical uncertainties are the dominant source of uncertainty limiting
the sensitivity to the search of the SM �� process. At the HL-LHC, the impact of systematic uncertainties
will become more important due to the significant reduction of statistical uncertainties.

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

           HL-LHC prospects 3 ab-1 (14 TeV)ATLAS and CMS

SM HH significance: 4σ

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

bbbb

ττbb

)νlνVV(lbb

γγbb

ZZ*(4l)bb

Combination

68%

95%

99.4%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

Combination

γγbb

ττbb

bbbb

ZZ*(4l)bb

)νlνVV(lbb
68% CL

95% CL

99.4% CL

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

σsignificance: 4
SM HH signal

 < 1.5 [68% CL]λ0.5 < k
 < 2.3 [95% CL]λ0.1 < k

0.1 < !" < 2.3 [95% CL] 
0.5 < !" < 1.5 [68% CL]

!"
Figure 11: Negative-log-likelihood scan as a function of ^

_
, calculated by performing a conditional signal+background

fit to the background and SM signal. The colored dashed lines correspond to the combined ATLAS and CMS results
by channel, and the black line their combination. [3]

In the YR, combined projections of the ATLAS and CMS Collaborations [69, 70] showed that a discovery
significance of 4.0f can be achieved with 3000 fb�1. When systematic uncertainties were neglected,
statistical significance was shown to increase to 4.5f. In addition to the significance, the combined ATLAS
and CMS sensitivity to ^

_
was also assessed through likelihood scans, as shown in Figure 11. These

curves illustrate the analysis likelihoods when the shapes and normalizations of the �� signal distributions,
as well as the normalizations of the single Higgs boson background distributions, are modified with ^

_
.

Through estimation of 68% CL (1f) ^
_

intervals, these curves express the separation power of the single
and combined �� searches between the hypotheses ^

_
= 1 and ^

_
< 1. After combination, the total 68%

CL intervals are expected to be

0.52  ^
_
< 1.5 with systematic uncertainties, (1)

0.57  ^
_
< 1.5 without systematic uncertainties, (2)

The second minimum at ^
_
⇡ 6.0, caused by the limited signal acceptance of some analyses, was shown to

be excluded at 99.4% CL after combination of all the di�erent analyses. The hypothesis corresponding to
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