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CMS H ® gg candidate event

Discuss Higgs boson properties here, but the 
HL-LHC is obviously much more than Higgs !



Higgs boson production at the LHC

At the LHC, the Higgs boson is dominantly 
produced via gluon fusion for σH,total = 56 pb
at √s = 13 TeV for mH = 125 GeV 

Cross section steeply falling with Higgs mass
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σH,ggF ~ 49 pb at 13 TeV 

Weak boson fusion (σW/Z+H ~ 3.8 pb): 

Higgs-strahlung (σW/Z+H ~ 1.4/0.9 pb): 

“ttH” production      
(σttH ~ σbbH ~ 0.5 pb): 



Higgs boson production at the LHC
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Uncertainties 3~12%

H(125 GeV) 
branching 
fractions:

Because of the coupling to the 
mass of the decay particles: 

… the Higgs decays with 
preference to the heaviest 
particles allowed 

… the Higgs does not couple 
directly to photons and gluons, 
but only via loops involving 
preferentially heavy particles 
(e.g., top, W )

bb
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cc
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tt
6.3% 

µµ
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WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
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Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

0.008% (e,µ)

At the LHC we measure:

Rate(&& → ( → )) ∝ ,- .
/0→1
/0

Higgs boson width Γ- not directly 
accessible (except using tricks)

Absolute coupling measurement 
requires extraction of ,- . Γ-→3
Therefore, only coupling ratios 
model-independent at LHC



Higgs boson production at the LHC
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H(125 GeV) 

Leptonic (e/µ) and photonic 
final states provided best 
discovery significance 

H ® γγ / ZZ*(® 4ℓ) have 
best mass resoluton

H ® WW* ® 2ℓ2" good 
trigger, sustainable 
background level, and 
large branching fraction

Decay channel Mass resolution

H ® γγ 1–2%

H ® ZZ*® 4ℓ 1–2%

H ® WW* ® 2ℓ2" 20%

H ® bb 10%

H ® ττ 15%



A long time passed since the July 2012 discovery of a “Higgs-like” boson…
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Higgs to 
diphoton and 
four-lepton 
discovery 
channels              

Using up to 80 fb–1

13 TeV data from 
Run-2
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ATLAS & CMS Run-1 combination of 
Higgs coupling measurements

Signal strength parameter: µ = σ(exp) / σ(SM)

Combined ATLAS & CMS Higgs analysis — Run-1 legacy

Higgs production processes

Higgs decay processes

Agreement among experiments
Overall signal strength (Run-1): µ = 1.09 ± 0.11 (A & C)

Run-2: 1.17 ± 0.10   (CMS) 

1.13          (ATLAS)

Note that the 
least model-
dependent 
observables 
at the LHC 
are ratios of 
couplings

Observed 
in Run-1

Observed 
in Run-1

+ 0.09
– 0.08 

arXiv1606.02266
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Combined ATLAS & CMS Higgs analysis — Run-1 legacy
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Couplings to massless particles mediated 
by loops involving heavy particles

Powerful test for new physics (eg, excludes 
SM-like heavy 4th fermion generation)
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Higgs boson Highlights in 2018: fermionic channels
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Observation of H ® bb (ATLAS & CMS)
H ® bb (BR: 58%), best channel: W/Z+H ® 0 (+MET), 1, 2 leptons + H 
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Extremely challenging analysis requiring multivariate techniques to suppress background, and 
data driven constraint of background uncertainties. Powerful validation channel: W/Z+Z(®bb)

arXiv:1708.03299 (ATLAS), 1808.08242 (CMS)
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µ(VH(bb)) = 1.01 ± 0.20 (ATLAS)
1.04 ± 0.20 (CMS)
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Observation of ttH production (CMS & ATLAS)
Direct probe of Higgs–top coupling
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1806.00425 (ATLAS) 
1804.02610 (CMS)
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Heavy use of data-driven constraints 
and multivariate classification

Measurements agree with prediction
Strong rise with collision energy

Combine large variety of final state depending on top and Higgs decays
Distinguish: tt+H(®bb), tt+H(®WW*, !!), tt+H(®γγ), tt+H(®ZZ*)

ttH multi-lepton analysis
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Framework:))Higgs)couplings)O>)BSM)

July)7,)2015) E.)Feng)(CERN))O)New)Physics)via)Higgs)Couplings)&)Invisible)Decays) 6)

•  Assume)a)single)narrow,)CPOeven)resonance)of)mass)125.36)GeV)
•  DeviaFons)from)SM)Higgs)parametrized)using)

scaling)factors)κ)))(SM:))κ=1))

•  LoopsOinduced)couplings)can)be)resolved)or)leg)as)“effecFve”)couplings)
)

•  Couplings*are*then*re0expressed*in*terms*of*BSM*parameters*in*each*model*
•  For)example)Higgs)compositeness)scale)f,)mA)and)tan)β)in)hMSSM,)etc))
•  Then)fit)is)redone)including)full)correlaFons)in)systemaFcs,)not)just)reO
interpretaFon)of)public)numbers)

ProducFon) Decay) Width)

The Higgs boson as a “portal” to beyond the SM physics

Higgs mass   (GeV)
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ΓH = 4.1 MeV

Higgs is narrow: 4.1 MeV

For comparison:

ΓW = 2.1 GeV
ΓZ = 2.5 GeV
Γtop = 1.3 GeV

Even small couplings 
to new light states can 
measurably distort 
branching fractions

® Search for invisible 
Higgs boson decays

? Invisible dark matter?
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Search for dark matter through invisibly decaying Higgs

Invisible Higgs 
decays can be 
probed by 
associated 
production 
(VBF, VH, …)

q
q

q'
q'

H

˜

˜

χ

-χ

H

χ-

χ

W/Z

W/Z

q

q

-

f

f

-

g

g

H
χ

χ

g

-
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Inventory of Higgs boson property measurements
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Mass: Run-1 (ATLAS & CMS): 125.09 ± 0.24 GeV  |  confirmed by ATLAS and CMS with Run-2 data

Decay →
Production ↓ gg ZZ* WW* bb cc tt µµ Zg Combined

ggF Observed Observed Observed UL – Evidence UL UL Observed

VBF UL UL UL UL – Evidence UL – Observed

VH UL UL UL Evidence UL UL – – Observed

ttH Evidence UL Evidence* UL – Evidence* – – Observed

Combined Observed Observed Observed Observed UL Observed UL UL

Spin / CP: Spin 1, 2 excluded with high significance  |  CP-even, but CP-odd admixtures possible

Width: < 1.1 GeV from direct measurement  |  < 9.2 MeV from off-shell coupling  |  <  7 MeV from fit

SM production and decay channels:

SM: 4.1 MeV

BR(H ® invisible):  < 26%  (assuming SM production)

* both channels 
together

(both results are model-dependent)

Differential cross section measurements (pT (H ), Njets, …): performed in most channels (+ STXS)

Di-Higgs production: < 6.7 x sSM (33 fb at √s = 13 TeV), strongest channels: bbgg, bbtt

Upper Limit
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Is the scalar sector just that of the SM ?
Higgs sector may be non-minimal and/or Higgs boson may couple to new physics

BSM 
Higgs 

searches

Light or heavy neutral Higgs bosons

Charged Higgs boson

Di-Higgs production 
(resonant or not)

Higgs as portal to hidden sector

Lepton flavour violating Higgs decays

Exotic Higgs decays

Higgs in BSM decay chains

Diverse search programme at the LHC:

No sensitivity yet to  SM di-Higgs production

So far no deviation 
from SM found in any 
of these searches

Higgs potential
Is it just the simplest model?

Link to dark energy ?

Carries the seed of new physics ?



The next steps
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Phase-II:
The High-Luminosity LHC

We are here



Expected integrated luminosity of LHC & HL-LHC

2015 2019 2023 2035
0

500

1000

1500

2000

2500

© P. Ferreira da Silva at Moriond EW, 2016 

We are here

2027 2031

Run-3

Run-4

Run-5

HL-LHC

3000

Day in 2016
17/04 17/05 17/06 18/07 18/08 18/09

]-1
Total

 Integ
rated

 Lum
inosit

y [fb

0

5

10

15

20

25

30

35

40
 = 13 TeVs     ATLAS Online Luminosity

LHC Delivered
ATLAS Recorded

-1Total Delivered: 29.3 fb
-1Total Recorded: 27.1 fb

7/16 calibration
Run-2

We will be 
going here

Possibly up 
to 4 ab–1

7th May 2018

Increased pile-up 
from 20 (LHC nominal) via 60 (LHC today)  

to 140 (HL-LHC baseline) or even 200 (HL-LHC ultimate) with L=7.1034Hz/cm2 

Triggering on low-pT objects for precision physics 
Low occupancy detectors, highly segmented

From LHC to HL-LHC

�6

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS Phase-II Upgrade
Trigger and Data Acquisition

Technical Design Report
Draft 1.0, 15th December 2017 16:52

Table 1.1: Comparison of the nominal LHC parameters with those of three possible HL-LHC schemes.
The levelled luminosity is assumed for µ ' 140. The levelling time assumes no emittance growth.

Parameter Nominal LHC Nominal HL-LHC 25ns
[Design Report] [standard] [BCMS] [8b4e]

Beam energy in collision [ TeV] 7 7 7 7
Number of protons per bunch [⇥10

11] 1.15 2.2 2.2 2.3
nb 2808 2748 2604 1968
Number of collisions in IP1 and IP5 2808 2736 2592 1960
Beam current [A] 0.58 1.09 1.03 0.82
crossing angle [µrad] 285 590 590 554
beam separation [�] 9.4 12.5 12.5 12.5
�⇤ [m] 0.55 0.15 0.15 0.15
✏n [µm] 3.75 2.50 2.50 2.2
✏L [eVs] 2.5 2.5 2.5 2.5
Levelled luminosity [⇥10

34
cm

�2
s
�1] - 5.32 5.02 5.03

Events / crossing 27 140 140 140
Levelling time [hours] - 8.3 7.6 9.5

Table 1.2: Comparison between the planned HL-LHC nominal and ultimate luminosity parameters.

Linst

R
L per year

Configuration [1034cm�2
s
�1] hµi [fb�1]

Baseline 5 140 250
Ultimate 7.5 200 >300

cope with pile-up up to hµi ' 200 2, the ultimate HL-LHC scenario shown in Fig. 1.2b could495

be realised. Table 1.2 presents a comparison between the two configurations. After the Long496

Shutdown 4 (2030) the instantaneous levelled luminosity could reach L = 7.5 ⇥ 10
34
cm

�2
s
�1,

resulting to more than 300 fb�1 per year and up to 4000 fb�1 at the end of the HL-LHC lifetime.497

1.2 Physics Drivers for the HL-LHC Upgrades498

The Phase-II TDAQ upgrade must support the broad ATLAS physics programme for the HL-499

LHC; this programme has been presented and discussed in detail in several documents, here500

listed in chronological order: (i) the Phase-II Upgrade Letter of Intent [1.4], dating from 2012, (ii)501

the two reports submitted to the European Committee for Future Accelerators (ECFA) [1.5][1.6],502

published in 2013 and 2014 respectively, and (iii) the Scoping Document [1.1] released in late503

2015. Table 1.3 presents the wide spectrum of physics goals and a representation of analy-504

ses that will be carried out by ATLAS to exploit the full potential of the HL-LHC. Also given505

are the corresponding trigger signatures. These goals include unveiling the paradigm of elec-506

troweak symmetry breaking through precision measurements of the properties of the Higgs bo-507

son, improved measurements of all relevant Standard Model parameters including the study of508

rare Standard Model processes, searches for Beyond the Standard Model (BSM) signatures and509

flavour physics. The trigger has to address also specific challenges of the heavy-ion physics510

2A benchmark scenario with a hµi of approximately 200 is obtained by assuming nb = 2808 and a peak instan-
taneous luminosity of L = 7.5⇥ 1034 cm�2s�1. For more details, see the HL-LHC Technical Design Report [1.2].
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Upgrade of several components of  
the LHC and injector 

New super-conducting triplet: lower β* 

Injector upgrade 

Increased beam charge 

Luminosity levelling 

High availability 

Aim at 3000 events/fb (4000 events/fb)

maximizing luminosity 
luminosity for round beams: 
 

maximize 
total beam  

current 

maximize  
brightness 

(injectors &  
beam-beam limit) 

maximize energy 
& minimize β* 

compensate reduction 
factor R 

 
crossing angle 

 hourglass effect 

HL-LHC:

17

Year
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HL-LHC inclusive Higgs sample will be 23 times larger (30 times 
for 4 ab–1) than that of the full Run-2 (~150 fb–1 at 13 TeV)

With 3 ab–1: 190 million H and 120 thousand HH (ggF) produced (SM)
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Upgrades of HL-LHC (Phase-II) detectors designed to recover Phase-0 performance under high pileup

• Improved trigger (L1 tracking, µ, e/g, (b-)jets, ET
miss), latency and bandwidth (~10 kHz output rate)

• Improved pileup rejection (extended tracking acceptance, better z-vertex resolution, timing detectors)

• Improved radiation hardness

ATLAS & CMS Detector performance
The performance of trigger and physics object reconstruction degrades with pileup

20

Expected 
flavor tagging 
performance 
at HL-LHC

Parallel p-flow MET resolution vs. pileup density 
in Z ® µµ events using PUPPI pileup mitigation



Higgs physics programme at the HL-LHC in a nutshell
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Higgs properties: 

• mass (well known, expect to improve to ~33 MeV in H®4µ), width (through interference measurements)

• spin (0+ established), CP (odd admixture possible) — not discussed today

Rare Higgs decays: 

• Observation of H ® µµ, H ® Zg, HH production (constraint on Higgs self coupling)

• Search for very rare (eg, H ® Mg, M=J/!, ", #), difficult (H ® cc) or anomalous decays (invisible                 
or new particles, or flavour violating)

Higgs couplings: 

• Study of Higgs production and anomalous couplings by differential cross-section measurements

• Global and partially global coupling fits: experiments moving from “kappa” interpretation to EFT

New physics in Higgs production or other scalar states

• Search for anomalous FCNC through top decays, Higgs production via SUSY cascades, etc.

• Search for additional scalar particles



Coupling to 2nd generation: Higgs decay to H ® µµ   (BR: 0.022% in SM)

22

Upgraded detectors feature improved di-muon mass resolution

If SM branching fraction, H ® µµ could be observed in Run-3         
(ATLAS & CMS combined)

Cross-section times branching fraction measurement                                
to ~14% (ATLAS), 10% (CMS) precision for 3 ab–1

Challenging data-driven Drell-Yan background determination

Best (central) 
category, expected 
resolution ~1.05%

~25%  improved 
mass resolution

CMS Tracker TDR: 
CERN-LHCC-2017-009  

ATLAS ITk Strip TDR: CERN-LHCC-2017-005



Rare loop decay to H ® Zg (BR: 0.15% in SM, 0.010% with Z ® ee, µµ)

23

Large background from Z production with radiative photons

Observation with combined ATLAS & CMS dataset expected 
with 3 ab–1

Combined statistical precision of about 17% on cross-section

Challenging data-driven background determination
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Figure 4: The mass shapes are fitted with background-only (B-only) models in each category. The differ-

ences between the S+B or B-only shapes and the fitted models is shown in the bottom difference plots.

The error on the difference plots is the expected statistical error on the sum of signal and background

events.
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Figure 1: mµ+µ�� (upper plots) and p
µ+µ��
T (lower plots) projections of the simultaneous fit. The pseudo-data

correspond to the expected event yields for 300 fb�1 (a) and 3000 fb�1 (b). In the figure, for reference only, the
Higgs and Z signal are shown assuming SM branching ratio enhanced by factors of 100 and 10, respectively.
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Also searches for, eg,          
H ® J/! g with expected 
sensitivity of 15 times SM 
prediction (BR: 2.9 10–6)



Di-Higgs production 
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HH ggF cross section predicted to 37 fb at 14 TeV,                                    
ie, >1000 times smaller than for single Higgs production

Sophisticated analyses needed, room for innovation;                               
Extrapolation uncertainty in continuum background prediction

Projection to HL-LHC: 3.0s significance for ATLAS, CMS: 2.6s

Currently ATLAS (36 fb–1 combination at 13 TeV): µHH < 6.7 (10.4exp), CMS: 22.2 (12.8exp)
Best expected sensitivity in ATLAS from bbtt (14.6) !

Best channels: bbgg (BR = 0.26%), bbtt (7.3%), bbbb (34%), bbWW, 25% ® combination 
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67

H

H
(a)

H
H

H
(b) (c)

Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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HH ggF cross section predicted to 37 fb at 14 TeV,                                    
ie, >1000 times smaller than for single Higgs production

Sophisticated analyses needed, room for innovation;                               
Extrapolation uncertainty in continuum background prediction

Projection to HL-LHC: 3.0s significance for ATLAS, CMS: 2.6s

Currently ATLAS (36 fb–1 combination at 13 TeV): µHH < 6.7 (10.4exp), CMS: 22.2 (12.8exp)
Best expected sensitivity in ATLAS from bbtt (14.6) !

Best channels: bbgg (BR = 0.26%), bbtt (7.3%), bbbb (34%), bbWW, 25% ® combination 
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67
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Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84
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It remains to be seen which of the three 
main channels will eventually be best

The bbbb channel strongly depends on 
the lowest jet pT trigger threshold and on 
top background modelling

Combining ATLAS & CMS in all channels,  
hoping for analysis improvements, and 
including new channels may give 4s HH 
sensitivity with 3 ab–1



Constraints on Higgs trilinear self coupling lHHH

26

LO diagrams contributing with negative 
interference to SM HH production

Box diagram dominates inclusive production

Sensitivity to H self coupling rises at low mHH

Constraint on lHHH by comparing data to NLO m HH
distributions for different lHHH values. Effects on total HH 
cross section and acceptance 

Projection to HL-LHC (combined channels)

Fitting  differential variables such as m HH, 
pT,H allows to improve the constraint on l
[See, eg, 1607.07441]

lHHH also affects single-H production at NLO 
through internal H loops ® Complementary 
information from differential H cross-section 
measurements
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produced, for example, through the gluon-fusion mode shown in Figure 1 (c). Models with two Higgs53

doublets [5], such as the minimal supersymmetric extension of the SM [6], twin Higgs models [7] and54

composite Higgs models [8, 9] involve the addition of a second complex scalar doublet. This implies55

the existence of a heavy Higgs boson that could then decay to two of its lighter, SM-like, partners. In56

addition, the Randall-Sundrum model of warped extra dimensions [10] predicts both spin-0 radions and57

spin-2 gravitons that could couple to a Higgs boson pair in this way.58

In addition to the resonant production discussed above, there can also be non-resonant enhancements to59

the di-Higgs cross-section. These can either come through loop-corrections from new particles, such as60

light, coloured scalars [11], or through non-SM couplings: either additional couplings not present in the61

SM or alterations to SM couplings between the Higgs boson and other particles. Anomalous couplings,62

such as contact interactions between two top quarks and two Higgs bosons [12], can also enhance the63

SM cross-section, although no interpretation in terms of such processes is considered here. Deviations64

from SM couplings can be quantified using �, which measures deviations in the Higgs self-coupling65

(� = �HHH/�SM), and t , which measures deviations in the Yukawa coupling between the top quark and66

the Higgs boson (t = yt/yt,SM ), where the SM subscript refers to the SM value of these parameters.67
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Figure 1: Leading-order production modes for Higgs boson pairs. In the SM, there is destructive interference between
(a) the heavy-quark loop and (b) the Higgs self-coupling production modes, which reduces the overall cross-section.
BSM Higgs boson pair production could proceed through changes to the Higgs couplings, for example the tt̄H (red
vertices) or HHH (blue vertices) couplings which contribute to (a) and (b), or through an intermediate resonance,
X , which could, for example, be produced through a quark loop as shown in (c).

This paper describes a search for the production of pairs of Higgs bosons in pp collisions at the LHC. The68

search is carried out in the ��bb̄ final state, and considers both resonant and non-resonant contributions.69

For the resonant search, the narrow-width approximation is used, focusing on a resonance with mass (mX)70

in the range 260 GeV < mX < 1000 GeV. Although this search is for a generic scalar decaying to a pair71

of Higgs bosons, the simulated samples used to optimise the search were produced in the gluon-fusion72

mode. Previous searches have been carried out by the ATLAS [13] and CMS [14] collaborations in the73

��bb̄ channel at
p

s = 8 TeV, as well as in other final state searches [15–18] performed at both
p

s = 8 TeV74

and
p

s = 13 TeV.75

Events are required to have two isolated photons, accompanied by two jets, at least one of which is tagged76

as originating from a b-quark. These jets are required to have dijet invariant mass (mj j) compatible with77

the mass of the Higgs boson, mH = 125.09 GeV [3]. Events with one or two b-tagged jets are classified78

into separate signal regions. Two analysis selections are defined, one which is more sensitive at the low79

end of the resonance mass range and the other which is more sensitive for high masses – hereafter these80

are termed the ‘low mass’ and ‘high mass’ selections. For non-resonant production, the signal consists81

of a narrow peak around mH in the diphoton invariant mass (m��) spectrum on top of a smoothly falling82

background and can be extracted using an appropriate fit to the m�� distribution of the selected events.83

For resonant production, the signal consists of a peak in the four-object invariant mass (m�� j j) spectrum84

6th April 2018 – 16:49 5

l

λκ

1− 0 1 2 3 4 5 6 7 8

)
=1

λ
κ

 / 
L

λ
κ

-ln
(L

0

1

2

3

4

5

6

7

8
bbbb
ττbb
γγbb

Combination

σ1

σ2

ATLAS Preliminary
 = 1λκ, -1 = 14 TeV, 3000 fbs

Simulation and Projections from Run 2 data

Systematics uncertainties included

ATL-PHYS-PUB-2018-053

95% CL limit: –0.4 < l / lSM < 7.3

l / lSM = 1 –0.8
+0.9 [ Note: ~20% measurement expected at HE-LHC with 15 ab–1 ]



Higgs production: differential cross-section measurements
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The H ® gg, 4ℓ channels will dominate most precise differential cross-section measurements at the HL-LHC

Inclusive spectra with 5% statistical uncertainty up to 400 GeV

Sensitive to Higgs to b/c coupling and QCD at low pT, and to top coupling and BSM at high pT
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Off-shell coupling measurement — constraining the Higgs boson width

Both CMS and ATLAS have constrained the Higgs off-shell coupling and through this obtained upper limits     
on the Higgs total width ΓH. 

The method uses the independence of off-shell cross section on ΓH and relies on identical on-shell and        
off-shell Higgs couplings. One can then determine ΓH from measurements of µoff-shell and µon-shell

28
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1 Introduction

This note presents a study on the o↵-shell Higgs boson signal strength in the Z Z ! 4l final state at the
High Luminosity LHC (HL-LHC). Using the framework for Higgs boson coupling deviations as described
in Ref. [1], the o↵-shell signal strength in the high-mass region selected by the analysis described in this
note at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:

µo↵-shell(ŝ) ⌘
�gg!H

⇤!VV

o↵-shell (ŝ)

�gg!H ⇤!VV

o↵-shell, SM (ŝ)
= 2

g,o↵-shell(ŝ) · 2
V ,o↵-shell(ŝ) , (1)

where g,o↵-shell(ŝ) and V ,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤

production and the H⇤ ! VV decay 1. The o↵-shell signal strength and coupling scale factors are
assumed in the following to be independent of ŝ in the high-mass region selected by the analysis. The
o↵-shell Higgs boson signal cannot be treated independently from the gg ! VV background, as sizeable
negative interference e↵ects appear (calculated in Ref. [2]). The interference term is proportional top
µo↵-shell = g,o↵-shell · V ,o↵-shell.

This study uses the same analysis in the H ! Z Z ! 4l final state as those described in Ref. [3]. It is
structured as follows: Section 2 will cover the production and validation of MCFM Monte Carlo samples
generated at

p
s=14 TeV. Section 3 will describe the method to obtain the extrapolation for the HL-LHC

scenario using the generated samples at
p

s=14 TeV while Section 4 will report the results of the o↵-shell
coupling measurement.

2 Monte Carlo event generation at
p
s=14 TeV

Monte Carlo generation at
p

s=14 TeV is performed with MCFM as in Refs. [4][5] for gg ! H⇤ !
Z Z ! 4l signal, gg ! Z Z !4l continuum background and gg ! (H⇤) ! Z Z ! 4l (the full process
that includes signal, background and interference between signal and background, hereafter referred to
as SBI). The Higgs boson mass is set to mH=125.5 GeV and the QCD factorisation and renormalisation

1 In this note the symbol V is used to denote a generic SM vector-boson V = W, Z .

2

(L1) = 1.00+0.24
�0.81 (stat only), (L1) = 1.00+0.32

�0.84 (stat+sys).

(L2) = 1.00+0.12
�0.14 (stat only), (L2) = 1.00+0.19

�0.29 (stat+sys).

4.2 Determination of the total width

As explained in Ref [3], the ratio of the o↵-shell and on-shell Higgs boson couplings can be used to
measure the total width under several assumptions briefly summarized in the following. The cross-section
for on-shell Higgs production allows a measurement of the signal strength:

µon-shell =
�gg!H!ZZ

on-shell

�gg!H!ZZ

on-shell, SM

=
2
g,on-shell · 2Z,on-shell

�H/�SM
H

, (3)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs couplings, the
ratio of µo↵�shell to µon�shell provides a measurement of the total width of the Higgs boson. This assump-
tion is particularly relevant to the running of the e↵ective coupling g (ŝ) for the loop-induced gg ! H
production process, as it is sensitive to new physics that enters at higher mass scales and could be probed
in the high-mass mZZ signal region of this analysis. More details are given in Refs. [13–17]. It is also
assumed that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell coup-
lings i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable
kinematic modifications to the o↵-shell signal nor new, sizeable signals in the search region of this ana-
lysis unrelated to an enhanced o↵-shell signal strength [18].

Assuming that the on-shell couplings will be measured at high luminosity with much higher precision,
the projection on the o↵-shell Higgs boson coupling can be translated into a projected determination of
the Higgs boson total width at 3000 fb�1 (10% systematic uncertainty on RB

H⇤):

�(L2)
H
= 4.2+1.5

�2.1 MeV (stat+sys).

5 Conclusion

The measurement of the o↵-shell signal strength of the Higgs boson using Z Z events in the 4l channel
has been explored in the HL-LHC scenarios, i.e.

p
s=14 TeV for integrated luminosities of 300 fb�1 and

3000 fb�1.
The measurement of µo↵-shell is carried out in the same way as in the standard analysis, explicitly by em-
ploying a likelihood fit using ME-based templates that have been scaled in order to account for di↵erent
luminosity and energy conditions. A simple treatment of the theoretical uncertainties, considering both
normalisation and shape variations, is also introduced in the model. The best fitted value returned by
the likelihood fit on µo↵-shell at 3000 fb�1 allows to determine the parameter of interest in the fit with an
accuracy of approximately 50% at the 1� level. Assuming that the on-shell couplings will be measured
with much higher precision, this projection (under the assumptions mentioned in Ref. [3]) can be trans-
lated into a projected determination of the Higgs boson total width of �(L2)

H
= 4.2+1.5

�2.1 MeV when the
systematic uncertainty on RB

H⇤ is set to 10%.
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µ(L2)
o↵-shell = 1.00+0.23

�0.30 (stat only), µ(L2)
o↵-shell = 1.00+0.43

�0.50 (stat+sys).

4.1 The  coupling parametrization model

Another way of parametrizing the Higgs boson o↵-shell couplings is to use the  formalisms defining:
µo↵-shell = 2o↵-shell. In this way the measured yields are sensitive to the relative sign of the o↵-shell
couplings with respect to the Standard Model (SM) background process. where  is the product of the
couplings of the Higgs boson to the initial and final states. This parametrization is particularly suitable for
the description of beyond SM scenarios because it is sensitive to possible non-SM positive interference
resulting in negative values of . The likelihood curves for the projections at 300 fb�1 and 3000 fb�1 are
illustrated in Figures 7 and 8. The treatment of the systematic uncertainties on this measurement follows
the prescriptions reported in Section 3.1. As for the previous case, the 1� error on the fitted value is
reported and the assumed systematic uncertainty on RB

H⇤ is 10%:

(L1) = 1.00+0.24
�0.81 (stat only), (L1) = 1.00+0.31

�0.82 (stat+sys).

(L2) = 1.00+0.12
�0.14 (stat only), (L2) = 1.00+0.15

�0.29 (stat+sys).

If the systematic uncertainty on RB

H⇤ is set to 30%, the following values are extracted:
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4.2 Determination of the total width

As explained in Ref [3], the ratio of the o↵-shell and on-shell Higgs boson couplings can be used to
measure the total width under several assumptions briefly summarized in the following. The cross-section
for on-shell Higgs production allows a measurement of the signal strength:

µon-shell =
�gg!H!ZZ

on-shell

�gg!H!ZZ

on-shell, SM

=
2
g,on-shell · 2Z,on-shell

�H/�SM
H

, (3)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs couplings, the
ratio of µo↵�shell to µon�shell provides a measurement of the total width of the Higgs boson. This assump-
tion is particularly relevant to the running of the e↵ective coupling g (ŝ) for the loop-induced gg ! H
production process, as it is sensitive to new physics that enters at higher mass scales and could be probed
in the high-mass mZZ signal region of this analysis. More details are given in Refs. [13–17]. It is also
assumed that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell coup-
lings i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable
kinematic modifications to the o↵-shell signal nor new, sizeable signals in the search region of this ana-
lysis unrelated to an enhanced o↵-shell signal strength [18].

Assuming that the on-shell couplings will be measured at high luminosity with much higher precision,
the projection on the o↵-shell Higgs boson coupling can be translated into a projected determination of
the Higgs boson total width at 3000 fb�1 (10% systematic uncertainty on RB

H⇤):

�(L2)
H
= 4.2+1.5

�2.1 MeV (stat+sys).

5 Conclusion

The measurement of the o↵-shell signal strength of the Higgs boson using Z Z events in the 4l channel
has been explored in the HL-LHC scenarios, i.e.

p
s=14 TeV for integrated luminosities of 300 fb�1 and

3000 fb�1.
The measurement of µo↵-shell is carried out in the same way as in the standard analysis, explicitly by em-
ploying a likelihood fit using ME-based templates that have been scaled in order to account for di↵erent
luminosity and energy conditions. A simple treatment of the theoretical uncertainties, considering both
normalisation and shape variations, is also introduced in the model. The best fitted value returned by
the likelihood fit on µo↵-shell at 3000 fb�1 allows to determine the parameter of interest in the fit with an
accuracy of approximately 50% at the 1� level. Assuming that the on-shell couplings will be measured
with much higher precision, this projection (under the assumptions mentioned in Ref. [3]) can be trans-
lated into a projected determination of the Higgs boson total width of �(L2)

H
= 4.2+1.5

�2.1 MeV when the
systematic uncertainty on RB

H⇤ is set to 10%.
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ATLAS: ATL-PHYS-PUB-2015-024

Large theory uncertainty (~30%) from gg ® ZZ (GeV)l4m
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If dark matter (DM) is a thermal relic of the early universe and it is light enough so the Higgs can decay to it,         
it leads to invisible Higgs decays

Such decays can be detected through Higgs VBF, ZH or ISR-jet production, or in a model-dependent way 
through the coupling fit (eg, assuming SM couplings to SM particles)18 References
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Figure 12: Expected 95% upper limit on BR(H!inv.) as a function of luminosity, for vector
boson fusion production of a Higgs boson.

References

[1] ATLAS Collaboration, “Observation of a new particle in the search for the Standard
Model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 129.

[2] CMS Collaboration, “Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC”, Phys. Lett. B 716 (2012) 3061.

[3] CMS Collaboration, “Observation of a new boson with mass near 125 GeV in pp
collisions at

p
s = 7 and 8 TeV”, JHEP 06 (2013) 081,

doi:10.1007/JHEP06(2013)081, arXiv:1303.4571.

[4] CMS Collaboration, “Technical Proposal for the Phase-II Upgrade of the CMS Detector”,
Technical Report CERN-LHCC-2015-010. LHCC-P-008. CMS-TDR-15-02, 2015.

[5] CMS Collaboration, “Projected Performance of an Upgraded CMS Detector at the LHC
and HL-LHC: Contribution to the Snowmass Process”, in Proceedings, Community
Summer Study 2013: Snowmass on the Mississippi (CSS2013): Minneapolis, MN, USA, July
29-August 6, 2013. 2013. arXiv:1307.7135.

[6] DELPHES 3 Collaboration, “DELPHES 3, A modular framework for fast simulation of a
generic collider experiment”, JHEP 02 (2014) 57,
doi:doi:10.1007/JHEP02(2014)057, arXiv:1307.6346.

[7] P. Fayet, “Supergauge invariant extension of the Higgs mechanism and a model for the
electron and its neutrino”, Nucl. Phys. B 90 (1975) 104 – 124,
doi:http://dx.doi.org/10.1016/0550-3213(75)90636-7.

[8] P. Fayet, “Spontaneously broken supersymmetric theories of weak, electromagnetic and
strong interactions”, Phys. Lett. B 69 (1977), no. 4, 489 – 494,
doi:http://dx.doi.org/10.1016/0370-2693(77)90852-8.

C
M

S PAS FTR-16-002 

Best limit of ~3% on H ® invisible branching fraction 
at 3 ab–1 (reminder: current limit: 26%)

However, systematics limited so difficult extrapolation

ECFA16 S1

ECFA16 S2

1/√L scaling



Higgs couplings from global fit — ATLAS (Status 2018)

30

Consider two scenarios: S1 (Run-2 systematics), S2 (halved theory systematics, baseline shown here)

Luminosity uncertainty 1%, neglected spurious signal and MC statistics uncertainties

Most cross section measurements dominated by systematic uncertainties

Cross section norm. to SM value
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 0.034 ) ± 0.008 ± 0.035 ( ± 

 0.051 ) ± 0.020 ± 0.055 ( ± 

 0.084 ) ± 0.041 ± 0.093 ( ± 

 0.052 ) ± 0.034 ± 0.062 ( ± 

 0.065 ) ± 0.019 ± 0.068 ( ± 

Total Stat. Syst.

Total        Stat      Syst

 PreliminaryATLAS
Projection from Run 2 data

-1 = 14 TeV, 3000 fbs
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VBF
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ZH

Htt

BR norm. to SM value
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7
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 0.035 ) ± 0.012 ± 0.037 ( ± 

 0.035 ) ± 0.016 ± 0.038 ( ± 
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Global signal strength:
S1 (S2)
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Consider two scenarios: S1 (Run-2 systematics), S2 (halved theory systematics, baseline shown here)

Luminosity uncertainty 1%, neglected spurious signal and MC statistics uncertainties

 Parameter value
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Consider two scenarios: S1 (Run-2 systematics), S2 (halved theory systematics, baseline shown here)

Luminosity uncertainty 1%, neglected spurious signal and MC statistics uncertainties

gk
0.9 0.95 1 1.05 1.1

gk

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

 PreliminaryATLAS

Projection from Run 2 data
-1=14TeV, 3000 fbs

SM prediction
Combined 68% CL

Combined 95% CL

Run-1 ATLAS + CMS 
combination, 68% CL

Assumes B BSM = 0



Higgs couplings from global fit — ATLAS & CMS

33

Combination of ATLAS and CMS not yet released, expect following approximate precision on couplings

Coupling Total  
uncertainty (%) Comments

!" ~ 1.5 Similar stat, exp, theo uncertainties

!# ~ 1.5 Similar stat, exp, theo uncertainties

!$ ~ 1.3 Best precision, similar stat, exp, theo uncertainties

!% ~ 2 Dominated by systematic (theo) uncertainties

!& 3 ~ 4 Dominated by systematic uncertainties

!' ~3 Dominated by systematic (theo) uncertainties

!( 1.5 ~ 2 Similar stat, exp, theo uncertainties

!) ~ 4 Statistics dominated

!$" ~10 Statistics dominated

LHCb adds sensitivity to H ® cc of ~5 ⋅ BR(SM) with 300 fb–1 [LHCb-CONF-2016-006]

ATLAS study indicates µ < 6.3 at 95% CL

Assumes B BSM = 0



Future e+e– collider

Several future e+e– collider options: linear (ILC, CLIC),  circular (FCC-ee, CEPC)
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2.4. Higgs measurements at ILC at 250 GeV

Figure 2.7

Production cross
section for the
e+e≠ æ Zh process
as a function of the
center of mass energy
for mh = 125 GeV,
plotted together with
those for the W W and
ZZ fusion processes:
e+e≠ æ ‹‹H and
e+e≠ æ e+e≠H.
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a di�erent
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already o�ers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC o�ers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e≠

æ Zh, with Z æ µ+µ≠ and Z æ e+e≠ decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ≠X final state
provides a particularly precise measurement as the e+e≠X channel su�ers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z æ µ+µ≠ that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

Ô
s, 0), are shown in Fig.2.8. In the e+e≠X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e≠
(n“) recoil mass. Fits to signal and background

components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ≠X (e+e≠X) channel. When the two channels are combined an uncertainty
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄SM ≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠

æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >

≥ 400 GeV.
The production cross section of the Higgs-strahlung process at

Ô
s ƒ 250 GeV is substantial

for the low mass Standard-Model-like Higgs boson. Its discovery would require only a few fb≠1 of
integrated luminosity. With 250 fb≠1, about 8. ◊ 10

4 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄SM ≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠

æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >

≥ 400 GeV.
The production cross section of the Higgs-strahlung process at

Ô
s ƒ 250 GeV is substantial

for the low mass Standard-Model-like Higgs boson. Its discovery would require only a few fb≠1 of
integrated luminosity. With 250 fb≠1, about 8. ◊ 10

4 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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Chapter 2. Higgs Boson
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).
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to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
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s = 250 GeV with the Higgs-strahlung process,
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æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of
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s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).
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dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above
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The production cross section of the Higgs-strahlung process at
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s ƒ 250 GeV is substantial

for the low mass Standard-Model-like Higgs boson. Its discovery would require only a few fb≠1 of
integrated luminosity. With 250 fb≠1, about 8. ◊ 10

4 Higgs boson events can be collected. Note that,
here and in the rest of our discussion, we take advantage of the ILC’s positron polarization to increase
the Higgs production rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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Dominant production mechanisms: e+e– ® ZH (Higgsstrahlung), !!H (W fusion), eeH (Z fusion)
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Several future e+e– collider options: linear (ILC, CLIC),  circular (FCC-ee, CEPC)
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Figure 1.2: Operation model for the FCC-ee, as a result of the five-years conceptual design study,
showing the integrated luminosity at the Z pole (blue), the WW threshold (green), the Higgs factory (red),
and the top-pair threshold (light blue) as a function of time. The hatched area indicates the shutdown
time needed to prepare the collider for the highest energy runs.

no more flexibility beyond the uncertainties in the theoretical calculations and in the input parameters.
Several experimental facts, however, reveal without any doubt that new phenomena must exist: non-
baryonic dark matter; the cosmological baryon-antibaryon asymmetry; the finite albeit extremely small
neutrino masses, etc., are all evidence for physics beyond the standard model. The agreement between
the predicted and observed W, top and Higgs masses, and the null result of experiments at colliders so
far, are an indication that either the new physics scale is too high and/or the pertaining couplings are too
small. Any new hint would be a major discovery, whether it is the observation of a new particle, a new
so-far unobserved phenomenon, or a non-trivial deviation from the standard model predictions.

As a result, the next accelerator project must allow the broadest possible field of research. This
is the case for the FCC. To begin with, the FCC-ee would measure the Z, W, Higgs, and top properties
in e

+
e
� collisions, either for the first time or with orders of magnitude increases in precision, thereby

giving access to either much higher scales or much smaller couplings. The FCC-ee is the most powerful
of all proposed e

+
e
� colliders at the electroweak (EW) scale — all things being equal, in particular the

duration of operation (Fig. 1.2). The FCC-ee proposes a broad, multifaceted exploration to

1. measure a comprehensive set of electroweak and Higgs observables with high precision,
2. tightly constrain a large number of the parameters of the standard model,
3. unveil small but significant deviations with respect to the standard model predictions,
4. observe rare new processes or particles, beyond the standard model expectations,

P R E P R I N T
3

Operational model for FCC-ee

FCC-ee Conceptual Design Report (V0.20, 8 November 2018)
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Figure 1.1: Baseline luminosities expected to be delivered (summed over all interaction points) as a
function of the centre-of-mass energy

p
s, at each of the five worldwide e

+
e
� collider projects: ILC

(blue square), CLIC (green upward triangles), CEPC (black downward triangles), LEP3 (pink dots), and
FCC-ee (red dots). The FCC-ee performance data are taken from Chapter 2 and include a 10% safety
margin, the LEP3 numbers result from adapting the FCC-ee optics to the shorter LEP/LHC tunnel, the
latest incarnation of the CEPC parameters is inferred from [13], and the linear colliders luminosities are
taken from [4, 6].

centre-of-mass energy calibration at the 100 keV level at the Z and W energies, a feature unique to
circular colliders. The FCC-ee is therefore genuinely best suited to offer extreme statistical precision
and experimental accuracy for the measurements of the standard model particle properties, it opens win-
dows to detect new rare processes, and it furnishes opportunities to observe tiny violations of established
symmetries.

Historically, such precise measurements or subtle observations have been precursors for the dis-
covery of new phenomena and new particles, and for a deeper understanding of fundamental physics.
These historical precedents have also shown the important role played by lower-energy precision mea-
surements when establishing road-maps for higher-energy machines. In the second half of the 1970’s,
precision measurements of neutral currents led scientists to infer the existence of the W and Z bosons, as
well as the values of their masses, from which the dimensions of the LEP tunnel were determined. The
W and Z were then observed in the early 1980’s at the CERN Spp̄S collider with masses in the predicted
range. Subsequently, as described in more detail in Section 1.2, the CERN LEP e

+
e
� collider measured

the properties of the Z and W bosons with high precision in the 1990’s [14, 15]. These precise measure-
ments could determine in a definitive way the number of light, active neutrinos, as well as allow inferring
the mass of the so far unseen top quark, which was soon observed at the Tevatron within the predicted
mass range. With mtop fixed by the Tevatron measurement, the ensemble of precision measurements at
LEP/SLC, at the Tevatron, and from low energy inputs led in turn to a ±30% accurate prediction for the
mass of the Higgs boson, which was observed in 2012 at the LHC within the predicted mass range. It
is important to note that these predictions were based on the Standard Model with no additional particle
content with respect to that known today.

With the Higgs boson discovery, the standard model seems complete and its predictions have

2
P R E P R I N T

Baseline luminosity scenarios

THE FUTURE CIRCULAR COLLIDERS

Figure 2.2: Luminosity as a function of centre-of-mass for the FCC-ee with two interaction points. The
simulated luminosity is shown, together with a slightly more conservative one. Also shown are those
estimated for the ILC – assuming a 500 GeV upgrade – CLIC and CEPC, at the time of submission

increased sensitivity of possibly up to 5� to the Higgs self-coupling from its energy-dependent effect on
the ZH cross-section [11].

Table 2.1: Run plan for FCC-ee in its baseline configuration with two experiments. The number of WW
events is given for the entirety of the FCC-ee running at and above the WW threshold.

Phase Run duration Centre-of-mass Integrated Event
(years) Energies (GeV) Luminosity (ab�1) Statistics

FCC-ee-Z 4 88-95 150 3 ⇥ 10
12 visible Z decays

FCC-ee-W 2 158-162 12 108 WW events
FCC-ee-H 3 240 5 106 ZH events
FCC-ee-tt 5 345-365 1.5 106

tt events

The FCC-ee experimental environment and detectors have been discussed in Chapter 7 of the
FCC-ee CDR Volume, Experiment environment and detector designs. A few important features are
summarised below.

The Machine-Detector Interface governs the geometry of the detector that is close to the beam
line. The central detector magnetic field is limited to 2 Tesla by the fact that the beams cross at a 30 mrad
angle, to avoid that the residual transverse fields generate emittance blow up and loss of luminosity.

The strong focusing of the beams ( �y ' 1 mm) requires a short distance between the focusing
quadrupoles L⇤

= 2.2 m. This forces the luminosity detectors to stand even closer; a luminosity mea-
surement with a relative experimental precision of 10

�4 will require a mechanical tolerance of 1 µm on
the radial dimension of the luminosity calorimeter. Several observables rely on an excellent luminosity
measurement (the Z line shape, the W pair threshold and the Higgs and top production cross-sections
and mass determination).

A small beam pipe (1.2 cm radius) and the possibility to bring a vertex detector to a small distance
from the interaction point are results of the strong beam focusing. This, combined with a state-of-the art
vertex detector, would lead to an excellent impact parameter resolution of �d0 = a � b/p sin

3/2 ✓, with

PREPRINT submitted to Eur. Phys. J. C
11

Run plan for FCC-ee
baseline configuration 
with two experiments

> 105 × LEP
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Numbers taken from Nov 2018 FCC CDR (Physics case)

Coupling HL-LHC ILC
240 GeV, 2 ab–1

FCC-ee
240 GeV, 5 ab–1

FCC-ee
® 365 GeV, 6.5 ab–1 Comments

!" ~ 1.5 6.4 4.7 3.8 All e+e– uncertainties are 
statistical only

Experimental systematic 
uncertainties expected to 
be small, unlike at LHC

BRinv sensitivity ten times 
better at lepton colliders 
than LHC

FCC-ee numbers taken from 
recent CDR

CEPC numbers similar to 
FCC-ee[240]

!# ~ 1.5 1.7 1.3 0.5

!$ ~ 1.3 0.35 0.25 0.22

!% ~ 2 2.2 1.7 1.0

!& 3 ~ 4 ~5% @ ILC-500 – –

!' ~3 1.8 1.4 0.7

!( UL 2.3 1.8 1.2

!) 1.5 ~ 2 1.9 1.4 0.8

!* ~ 4 13 10 9

!$" ~10 – – –

Γ, ~50% 
(model dep.) 3.8 1.8 1.6

-,,, ~ 60% ~30% @ ILC-500 ~40% through loops + EFT FCC-hh: ~5%, CLIC: 10~15%

Uncertainties in %



Some conclusions

We live in data-driven times, experiment must guide us to the next stage. That means we    
need a broad and diverse research programme. Higgs physics is key in that programme.

The HL-LHC will make a strong impact on Higgs property measurements. It has sensitivity to 
discover rare Higgs decays to µµ and Zg, to study couplings to bosons and third generation 
fermions to (few) percent precision, and to significantly constrain invisible decays. 

Most coupling measurements will be limited by theoretical uncertainties highlighting the 
importance of improving these. 

Di-Higgs production can likely be seen, but a significant measurement of Higgs self-coupling 
seems beyond reach. However, important constraints can be obtained.

Higgs measurements in conjunction with other SM sectors such as diboson and top will allow     
to obtain coherent information in the framework of EFT or model extensions of the SM.

Precision measurements in the SM sector will contribute to these constraints.

Hadron and lepton colliders have complementary strengths
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Combined coupling fit (CMS)
2016 data, √s = 13 TeV
CMS-PAS-HIG-17-031
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Figure 11: Summary plots of the k-framework model in which the ggH and H ! gg loops
are scaled with effective couplings. The points indicate the best-fit values while the thick and
thin horizontal bars show the 1s and 2s CL intervals, respectively. For the summary plot on
the left the constraint BRBSM = 0 is imposed, and both positive and negative values of kZ are
considered while kW is assumed to be positive. For the summary plot on the right, both kW
and kZ are assumed to be positive with the constraint |kW|, |kZ|  1, while BRinv. > 0 and
BRundet. > 0 are free parameters.
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Cross section measurements
2015+2016 data, √s = 13 TeV
ATLAS-CONF-2018-002
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Combination of cleanest gg and 4-lepton channels provides currently most sensitive differential 
cross section measurements, but still a long way to go to achieve good precision
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Simplified template cross (STXS) section measurements
2015+2016 data, √s = 13 TeV
ATLAS arXiv:1712.02304, 1802.04146, ATLAS-CONF-2018-018

STXS define particle-level bins to maximize measurement 
precision and reduce theory dependence
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