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Outline
• HL-LHC Introduction
• Higgs prospects for:
• Individual decay channels
• Combined couplings (global analysis)
• BR(Higgs → inv) 
• Higgs Width
• Higgs pair production

• Conclusions
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The roadmap to the HL-LHC
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Plan to extend the LHC physics program to study the Higgs
boson properties and to maximize new physics discovery
potential.
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q x10more delivered integrated
luminosity (3000	fb-1)	

q x5	- x7.5	nominal instantaneous
luminosity

HL-LHC Upgrade plan with respect
to the original LHC design

q Expect 140-200 p-p interactions per 
bunch crossing

q Detector systems will be upgrated to 
cope with unprecedented high pile-
up conditions and event rate while
keeping performance

The roadmap to the HL-LHC



Detector upgrades in a nutshell
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Brand new silicon
tracker detectors
extended to 𝜂 ~	4

Fourth
muon 
detector 
layers

New muon 
small wheels
(Ph1)

• Trigger updates
i. Possibly a new level of 

hardware trigger (ATLAS)
ii. Information from tracking at 

L0/L1
iii. New inner barrel trigger

chambers MS
• New calorimeter and muon system

FE electronics (CMS & ATLAS)
• Possibly new high granularity

timing detectors

Possibly
Forward muon 
tag 𝜂 ~	4



Detector performance highlights
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Light-jet 
rejection
better with
the upgraded
detectors

Compared to 
Run II

ATLAS-TDR-025
Extended 
tracker to |𝜂|< 4
Achieve good
pile-up jet and 
fake-tau 
rejections

LHCC-P-008

ATL-PHYS-PUB-2016-026

CMS-DP-2016-065

Run	2



HL-LHC Higgs Physics Program

• Observe and measure full set 
(accessible) of production & decay
modes of the Higgs

• Measure Higgs boson couplings to 
leptons and bosons with high
precision

• Look for possible deviations from the
SM in the Higgs sector (or elsewhere)

• Measure Higgs differential cross
section observables (estimations for
the HL-LHC are ongoing)

• Constrain significatively triple-Higgs
coupling constant (𝝀hhh)

• Observe Higgs pair-production
6

A long road ahead
toward Higgs

coupling
precision era
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Performance assumptions
q ATLAS:

— Scale signal and backgrounds yields of current analyses

— Similar performance of the upgraded detector to the current detector under Run 2 (or Run 1)
conditions, full systematic uncertainties unless otherwise stated (exp+th)
— Efficiency, resolution and fake rate functions taken from full simulation applied to generator
level physics objects

q CMS:
— Scale signal and backgrounds yields of current analyses
— Two scenarios for systematic uncertainties
Scenario 1(S1): Systematic uncertainties remain the same
Scenario 2(S2):  Theoretical uncertainties scaled by ½, other systematic uncertainties scaled by
1/√L
ECFA 2016
Scenario 1+(S1+) and 2+(S2+): Same as S1and S2 but including upgraded detector performance 
and pile-up conditions using DELPHES fast simulation code

9

Claim: Upgraded detectors will keep or improve current performance



Performance assumptions
q ATLAS:

— Scale signal and backgrounds yields of current analyses

— Similar performance of the upgraded detector to the current detector under Run 2 (or Run 1)
conditions, full systematic uncertainties unless otherwise stated (exp+th)
— Efficiency, resolution and fake rate functions taken from full simulation applied to generator
level physics objects.  

q CMS:
— Scale signal and backgrounds yields of current analyses
— Two scenarios for systematic uncertainties
Scenario 1(S1): Systematic uncertainties remain the same
Scenario 2(S2):  Theoretical uncertainties scaled by ½, other systematic uncertainties scaled by
1/√L
ECFA 2016
Scenario 1+(S1+) and 2+(S2+): Same as S1and S2 but including upgraded detector performance 
and pile-up conditions using DELPHES fast simulation code
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Claim: Upgraded detectors will keep or improve current performance

Default approach used by ATLAS, unless otherwise stated



Individual decay channels
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𝑡𝑡𝐻 → 𝛾𝛾 + 1𝑙

𝐻 → 𝛾𝛾
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ATL-PHYS-PUB-2014-012  

• ATLAS Expects observation of ttH with 8.2 σ
significance

• Last CMS result find 10/4% (Scenarios S1+/2+) 
uncertainty on signal strength.

• Run II CMS result using 36.1 fb-1 of data on overall
Δ𝜇 uncertainty is at 14% level already. Can go
more differential to exploit the full HL-LHC statistics

ATLAS

FTR-16-002-pas

Extrapolated from Run2

Uncertainties dominated by statistics and theory

Run 1 di-photon Trigger
efficiency and mass resolution



𝐻 → 𝑍𝑍∗ → 4𝑙
• Very pure signal, sensitive to the 5 

production modes
• Only sensitive to ttH at HL-LHC
• CMS expects 8/5% in S1+/S2+ on 𝜇

uncertainty
• CMS differential studies show that
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Extra discrimination of VBF against ggF
H->ZZ Using 3 BDT signal regions

6%	reduction wrt to	previous result

ATL-PHYS-PUB-2016-008

ATL-PHYS-PUB-2014-012  

ATLAS

ATLAS

FTR-16-002-pas

𝑀?? > 130 GeV, 
𝑝A > 30 GeV
Jet tracking 
extended to 

|𝜂|<	4.0,	leptons within
|𝜂|<	2.4

statistics will
be a limiting
factor even for
HL-LHC in the
High pT(H)
region



• a1,a2 couplings depend on non-SM CP-even coupling g2
• CP-odd (even) couplings, can be strongly constrained

with ATLAS 10% (3.7%) and CMS (S1+) 1.5% (<1%) HL-LHC 
data

• Different parametrization and fit model used in each case
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𝐻𝑍𝑍	- Anomalous couplings
𝐴 𝐻 → 𝑍𝑍 ~ 𝑎L𝑚N

O +
𝑘L𝑞LO + 𝑘O𝑞OO

ΛLO
𝜖L∗𝜖O∗ + 𝑎O𝑓UV

∗(L)𝑓 O ,UV + 𝑎W𝑓UV
∗(L)𝑓X O ,UV

CP-oddCP-even

Unchanged
systematics

FTR-16-002-pasATL-PHYS-PUB-2013-013



𝐻 → 𝑊𝑊∗ → 𝑙𝜐𝑙𝜐
• Increase in ttbar rate and pile-up 

conditions degrade sensitivity

• Channel dominated by exp & theory syst

uncert

• CMS expects 7/4% (scenarios 1/2) on 𝜇

uncertainty
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ATLAS

ATL-PHYS-PUB-2014-012  

0,1 and ≥2 jets categories for ggF and VBF 

production modes

ATL-PHYS-PUB-2016-008

Analysis revisited for the scoping
reference scenario no sensitivity lost

CMS	arxiv:1307.7135

ATLAS

ATLAS



𝐻 → 𝑏𝑏
• Expected sensitivity would reach

8.8𝜎 with an uncertainty on 𝜇 of 14%
• Improved b-tagging efficiency wrt

to previous result & MVA sig-bkg
separation

• 1+2 lepton signal categories
combined

• CMS expects 7/5% (scenarios 1/2) 
on 𝜇 uncertainty
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𝐻 → 𝜏𝜏
ATL-PHYS-PUB-2014-011  

CMS	arxiv:1307.7135

ATL-PHYS-PUB-2014-018
• ATLAS VBF 𝜏lep𝜏had 8-24% uncerainty

on 𝜇 is found depending on f-jet 
pile-up rejection eff 50%-90%

• Projection based on Run1 analysis
same MC and MVA technique

• Embedding pile-up jets on 2012 
data, degrade MET and MMC res

• CMS expects 8/5% in scenarios 1/2 
including several channels

CMS	arxiv:1307.7135



𝐻 → 𝜏𝜏 (MSSM	Limits)
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• One of the most sensitive channels
for constraining extended Higgs
models

• Cross section limits on ggF and bb
associated production

• Model dependent limits on mh
mod+

scenario (Lightest CP-even Higgs is
the SM Higgs )

• Sensitivity at high mA still
dominated by statistics

bb𝜙 3000	fb-1

300	fb-1

FTR-16-002-pas



𝐻 → 𝜇𝜇
• Sensitive to second generation

coupling
• CMS expects 7.9𝜎 @ 3ab-1 and 5𝜎 @ 

1.2 ab-1 Uncertainty on 𝜇 20/14% for
scenarios 1/2

• ATLAS expects 7𝜎 @ 3ab-1 and 21% 
uncertainty on 𝜇

• ttH production should be visible

18

CERN-LHCC-2015-010

Hig13007TWiki

ATL-PHYS-PUB-2013-014ATLAS-TDR-025

Expected resolution on m𝜇𝜇
better than Run II



𝐻 → 𝑍𝛾
• ATLAS expects to reach a sensitivity of 

3.9𝜎 with 3ab-1

• Error on 𝜇 dominated by stats and 
mass resolution syst.

• CMS expects 24/20 % in Scenarios 1/2 
on 𝜇 uncertainty

19

ATL-PHYS-PUB-2014-006

Current RunII ATLAS result: 
arxiv:1708.00212
Upper limit of 6.6xSM
CMS RunI result is ~ 10xSM
arxiv:1307.5515



Other rare processes
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𝐻 → 𝐽/𝜓𝛾

• Sensible to H-cc coupling
• Uncertainty of 2-5 % in the background

estimation.

• ATLAS reaches a sensitivity of 15 x SM value

• Several improvements possible

𝐻 → 𝑒𝑒
• Run I limit by CMS, its observation would reveal

departure from SM Higgs (SM BR~5𝑥10de)

• Ratio for 𝜎xBR limit for 𝐻 → 𝑒𝑒	𝑎𝑛𝑑	𝐻 → 𝜇𝜇 is 1.4

No projections yet for other rare decays

H→𝜙𝛾(2.3x10-6), H→𝜌𝛾(1.68x10-5) or H→ϒ𝛾(9x10-9) 

ATL-PHYS-PUB-2015-043

HIG-13-007-pas

𝑚UUi 𝐺𝑒𝑉



Signal strength precision
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ATL-PHYS-PUB-2014-016

Arxiv:1307.7135

FTR-16-002-pas

𝛾𝛾 WW ZZ bb 𝜏𝜏 Z𝛾 𝜇𝜇
CMS* [4,8] [4,7] [4,7] [5,7] [5,8] [20,24] [20,24]
ATLAS [4,9] [5,11] [4,9] [12,14] [15,19] [27,30] [12,16]

• Significatively more precision than @ 300 fb-1

• ATLAS assume full and no theory sys
• CMS theory sys/2 and scale sys with 1/ 𝐿�

Dashed area
corresponds to 
theory systematics Run	I

Run	II
36.1	fb-1

ATLAS: Do not include
improved detector designs or
improvements in analysis
techniques

Run I and II results already
quite good !

* CMS global fit doesn’t include ECFA 2016 updated ZZ and 𝛾𝛾 results

CMS



Couplings
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Arxiv:1307.7135

• Total width assumed to be sum of 
components (ATLAS).

• Up to a factor of 2 times more 
precise than with 300 fb-1

• Rather old results

* CMS global fit doesn’t include ECFA 2016 updated ZZ and 𝛾𝛾 results

k𝛾 kW kZ kg kb kt k𝜏 kZ𝛾 k𝜇
CMS* [2,5] [2,5] [2,4] [3,5] [4,7] [7,10] [2,5] [10,12] [8,8]
ATLAS [4,5] [4,5] [4,4] [9,5] [10,12] [8,11] [9,10] [14,14] [7,8]

𝜅o = q
𝜅?OΓ?st

Γost

�

o→?

CMS



Coupling ratios

kg·kZ/kH k𝛾/kZ kW/kZ kb/kZ k𝜏/kZ kg/kZ kt/kg k𝜇/kZ kZ𝛾/kZ
CMS* [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

ATLAS [2,6] [2,3] [2,3] [7,10] [8,9] [5,9] [5,9] [6,6] [14,14]
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• Most generic model, remove the assumption on
the total width

• Only ratios of the coupling scale factors could be 
determined at the LHC

ATL-PHYS-PUB-2014-016

* CMS global fit doesn’t include ECFA 2016 updated ZZ and 𝛾𝛾 results

Dashed area
corresponds to 
theory systematicsArxiv:1307.7135



ZH￫ll + inv
• Direct search for invisible 

branching fraction

• Complements indirect limit
determined from global analysis

• CMS expects ~20/5% upper limit on
the inv-BR (S1/S2+)

• DM couplings to Higgs h𝜒𝜒

24

ATL-PHYS-PUB-2013-014

CMS

ATLAS

FTR-16-002-pas



H Width
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• A key ingredient for the global
𝜅 analysis

• The total width of the Higgs
boson can be measured (set
upper limits) at the LHC
comparing on-shell and off-
shell production of H→ZZ

• ATLAS result indicates that
under a number of
assumptions, the SM Higgs
boson width can be estimated
with a systematic uncertainty
of ~2 MeV at the HL-LHC

ATL-PHYS-PUB-2015-024
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Higgs pair production (𝝀HHH)
• Very challenging measurement
• Sensible to the triple Higgs

coupling
• Very small production cross

section in the SM make this
process only accessible at HL-LHC

• QCD and ttbar backgrounds are 
huge

𝐻𝐻 → 𝑏𝑏𝜏𝜏 𝐻𝐻 → 𝑏𝑏𝑏𝑏



Higgs pair production (𝝀HHH)
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Channel Sensitivity/	
Exclusion Limit

HH→bb𝜏𝜏
ATL-PHYS-PUB-2015-046

0.6	𝜎 (combined)	/
-4.3	<	𝝀HHH /𝝀SM	<	12

HH→bbbb (Run2 extrap)
ATL-PHYS-PUB-2016-024

/
-3.5<𝝀HHH /𝝀SM	<11

HH→bb𝛾𝛾
ATL-PHYS-PUB-2017-001

1.05	𝜎 /
-0.8<𝝀HHH /𝝀SM	<7.7

ttHH→ttbbbb
ATL-PHYS-PUB-2016-023

0.35𝜎 /	

FTR-16-002-pas

ATL-PHYS-PUB-2017-001

• Combination of projections planned for 2018, 
current expected comb. sensitivity below 2𝜎

• ATLAS uses parametrized performance on MC 
samples (except 4b) to put limits on 𝜅𝜆, CMS uses 
Run2 extrapolations to estimate sensitivity
(expept bbW(jj)W(l𝜈))

Estimated with simulation

CMS

ATLAS

𝐻𝐻 → 𝑏𝑏𝛾𝛾



Conclusions
• The ATLAS and CMS upgraded detectors with HL-LHC data 

will be able to probe Higgs couplings deviations w.r.t. SM 
with a precision of a few percents

• The ATLAS and CMS upgraded detectors with HL-LHC data 
will be able to measure rare Higgs decay modes as 𝐻 →
𝜇𝜇	𝑜𝑟	𝐻 → 𝑍𝛾		and ttH production mode in all 5 main H 
decay modes

• Higgs pair production is an important topic for HL-LHC and 
the experiments are trying to use as many final states as 
possible to attack HH from different angles

• New results will come out from current TDR studies and 
implementation of recent Run2 analysis tools

28
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Backup
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4 3 HGammaGamma

is also given split in components: statistical uncertainties (“stat.”), experimental systematic
uncertainties (“exp.”) and theoretical systematic uncertainties (“theo.”). In scenarios S2 and
S2+, the experimental systematics uncertainties are dominated by luminosity, reduced to 1.5%,
and JES.

Expected uncertainty
0.1− 0 0.1 0.2 0.3 0.4 0.5

ttH
γγµ

VBF
γγµ

ggH
γγµ

γγµ

ECFA16 S1 
ECFA16 S2 

ProjectionCMS

γγ→H

TeV)(13-1fb300

0.03 (theo.)±0.02 (exp.) ±0.04 (stat.) ±
0.06 (theo.)±0.08 (exp.) ±0.04 (stat.) ±

(a)

Expected uncertainty
0.1− 0 0.1 0.2 0.3 0.4 0.5

ttH
γγµ

VBF
γγµ

ggH
γγµ

γγµ

ECFA16 S1+ 
ECFA16 S2+

ProjectionCMS

γγ→H

TeV)(13-1fb3000

0.03 (theo.)±0.02 (exp.) ±0.01 (stat.) ±
0.06 (theo.)±0.08 (exp.) ±0.01 (stat.) ±

(b)

Figure 1: Projected symmetrized uncertainties for the H ! gg signal strength relative to the
standard model, inclusively and per production mode. Projections are given for 300 fb�1 (a)
and 3000 fb�1 (b), under the scenarios described in the text.

Table 1: Projected symmetrized uncertainties for the H ! gg signal strength relative to the
standard model, inclusively and per production mode. The inclusive signal strength is also
given split in components: statistical uncertainties (“stat.”), experimental systematic uncer-
tainties (“exp.”) and theoretical systematic uncertainties (“theo.”). Projections are given for
300 fb�1 and 3000 fb�1, under the scenarios described in the text.

Projected uncertainty in the H ! gg signal strength (%)

300 fb�1 3000 fb�1

ECFA16 S1 ECFA16 S2 ECFA16 S1+ ECFA16 S2+

µgg
ggH 13 7 11 5

µgg
VBF 35 21 29 13

µgg
ttH 30 27 17 11

3 µgg 11 5 10 4

(stat.)± (exp.)± (theo.)

µgg 4 ± 8 ± 6 4 ± 2 ± 3 1 ± 8 ± 6 1 ± 2 ± 3

3.1 Timing studies

Existing planned upgrades to the barrel Electromagnetic Calorimeter electronics and cooling
in the central region, as well as the High Granularity Calorimeter in the forward region may

Expected Higgs signal strength
uncertainties per channel

31ATL-PHYS-PUB-2014-016

8 4 H ! ZZ

Expected uncertainty
0 0.2 0.4 0.6 0.8

 (13 TeV)-1300 fbCMS Projection

l 4→ ZZ* →H 

ZZµ  0.07 (theo.)± 0.07 (exp.) ± 0.05 (stat.) ± 
 0.04 (theo.)± 0.04 (exp.) ± 0.05 (stat.) ± 

ZZ
ggH
µ

ZZ
VBF
µ

ZZ
VH
µ

ZZ
ttH
µ

ECFA16 S1 ECFA16 S2

(a)

Expected uncertainty
0 0.2 0.4 0.6 0.8

 (13 TeV)-13000 fbCMS Projection

l 4→ ZZ* →H 

ZZµ  0.07 (theo.)± 0.04 (exp.) ± 0.02 (stat.) ± 
 0.03 (theo.)± 0.03 (exp.) ± 0.02 (stat.) ± 

ZZ
ggH
µ

ZZ
VBF
µ

ZZ
VH
µ

ZZ
ttH
µ

ECFA16 S1+ ECFA16 S2+

(b)

Figure 4: The projected 68% CL uncertainties in the Higgs boson signal strength for different
production modes at 300 fb�1 (a) and 3000 fb�1 (b), with S1(+) in green and S2(+) in red.
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Figure 5: Projections for the differential fiducial cross section measurement of the Higgs bo-
son transverse momentum at 300 fb�1 (a) and 3000 fb�1 (b). The theoretical uncertainty in
the differential gluon fusion cross section, which does not affect the measurement, is taken at
NLO and shown in magenta. The statistical uncertainty of the measurement ranges from 10
to 29% (4 to 9%) for 300 (3000) fb�1. The last bin represents the integrated cross section for
pT(H) >200 GeV and is scaled by 50 for presentation.

FTR-16-002-PAS

Extrapolated from Run2

Extrapolated from Run1



Main CMS	Detector	Upgrades
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Main ATLAS	Detector	Upgrades
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