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Experimental particle physics has come a long way…

Event shows tracks produced in the 1200 litre Gargamelle bubble chamber 
that provided the first direct evidence of a neutral current (Z boson) 
interaction in 1973. EPS High Energy and Particle Physics Prize in 2009.

Nobel prize for Glashow, Salam and 
Weinberg in 1979 for EW theory



… over discovering the W and Z boons by UA1 & UA2 at CERN’s SPS 
collider in 1983

Displays show W (left) and Z (right) boson candidates from proton–antiproton collisions measured in the UA1 detector 

Electron

Neutrino (missing ET)

Nobel prize for Rubbia and van der Meer in 1984 
for their contributions to collider and experiments 
which led to the W and Z boson discovery



… to produce and observe this:

Display of a Higgs to diphoton candidate measured in CMS in 8 TeV pp collisions

Nobel prize for Englert & Higgs in 
2013 for the development of the BEH 
mechanism, confirmed by ATLAS & 
CMS Higgs boson discovery



… to producing and observing this:

Display of VBF H ® eeµµ + 2 jets candidate from 13 TeV pp collisions recorded in 2015 
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Display of di-jet event with mjj=9.3 TeV, produced in pp collisions at √s = 13 TeV in 2017. 
The two high-pT jets both have pT=2.9 TeV, one is at η=–1.2 and the other at η=0.9. 

… and this:



Producing the Higgs Boson and Searching for New Physics        
at the TeV Scale Requires a Huge Machine



LHC ring at CERN:
27 km circumference

70 — 140 m depth

CERN (Prévessin site)
LHC 
control 
room

SPS ring:
7 km circumference

CERN (Meyrin site)

CMS

ALICE

LHCb

ATLAS: a large, sophisticated 
general purpose particle detector

LHC: Superconducting proton/ion accelerator & collider installed in                                       
27 km circumference underground tunnel



LHC ring at CERN:
27 km circumference

LHC: Superconducting proton/ion accelerator & collider installed in                                       
27 km circumference underground tunnel

We are here

Phase-I:
Upgrade of ATLAS        
muon and trigger systems

Phase-II:
Massive detector        
and trigger upgrade
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LHC Run-2 (2015–2018)
√s = 13 TeV

High-luminosity comes with a challenge
Integrated pp luminosity during Run-2

Exceptional data taking (94%) and data quality (95%) efficiencies thanks to highly committed ATLAS 
operator and shifter teams. Integrated luminosity in Run-2 measured to 1.7% precision  ATLAS-CONF-2019-021

Month in Year
Jan '15
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Also collected 2.3 nb–1 of 5 TeV Pb-Pb data, and p-Pb & Xe-Xe data



Display of a Z ® µµ candidate event 
with 65 reconstructed pileup vertices



Same event zoomed into inner tracker
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LHC Run-2 (2015–2018)
√s = 13 TeV

The LHC is an everything factory

Broad physics potential by probing with high-precision Higgs and other Standard Model processes, 
detecting very rare processes, and exploring new physics via direct and indirect measurements

Widespread use of machine learning to increase event reconstruction performance and background 
suppression 

H Htt
WZ

BB B

t

tt
?
B

LHC

Particle Produced in 140 fb–1 at √s = 13 TeV

Higgs boson 7.8 million

Top quark 275 million

Z boson 8 billion (® ℓℓ, 270 million per flavour)

W boson 26 billion (® ℓ𝜈, 2.8 billion per flavour)

Bottom quark ~160 trillion (significantly reduced by acceptance)



Theory so far agrees with all measured cross sections
Across widely different processes
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Harvest of ATLAS cross 
section measurements 
confirms the predictive 
power of the Standard 
Model

Also huge progress on 
theoretical calculations 
(NNLO revolution)

Many more detailed fiducial 
and differential cross section 
measurements

> 4σ Evidence 
for weak triboson 
production by 
ATLAS using 
2015–2017 data 
arXiv:1903.10415
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Status: July 2019

ATLAS Preliminary

Run 2
p
s = 5,13 TeV

Theory

LHC pp
p
s = 5 TeV

Data 0.025 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section Measurements



Theory so far agrees with all measured cross sections
…and across centre-of-mass energies
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Top–antitop production measurements
Huge top–antitop statistics at LHC allows to measure multidimensional differential cross sections
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Analysis based on 36 fb–1 with high-precision in situ performance calibration
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High-statistics probes of top-quark charge asymmetry
Higher order QCD effects generate charge asymmetry in pp collisions
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Charge asymmetry measurement in top-antitop system using 
resolved and boosted top-quark decays in lepton+jets events

𝐴$%%̅ =
𝑁 ∆ 𝑦 > 0 − 𝑁 ∆ 𝑦 < 0
𝑁 ∆ 𝑦 > 0 + 𝑁 ∆ 𝑦 < 0 = 0.0060 ± 0.00114565 ± 0.0010474

Non-zero at 4σ —
first evidence at LHC
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ATLAS-CONF-2019-026 



Observation of light-by-
light scattering in 5.02 TeV 
ultraperipheral Pb+Pb
collisions taken in 2018
[ arXiv:1904.03536 ]
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-1Data 2018, 1.7 nb
)gg ® ggSignal (

gg ®CEP gg 
 ee® gg

Sys. unc.

Field strength of up to 1025 V/m         
gg luminosity ~ Z4 ~ 5 107

Look for low-energy back-to-back 
photon pair with no additional activity 
in detector

59 gg ® gg events observed for         
12 ± 3 expected background (8.2σ)

This opens the door to new studies and 
searches using the interaction of quasi-
real photons in Pb-Pb collisions



http://www.shardcore.org/shardpress
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The Higgs boson    
The LHC’s magnum opus

Discovery allows to access new sector of SM Lagrangian: 

• Yukawa couplings (new types of interaction)
• Gauge–scalar boson interactions
• Higgs potential (incl. self coupling)



Higgs boson production at the LHC
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σH,ggF ~ 49 pb at 13 TeV 

Weak boson fusion — VBF (σVBF ~ 3.8 pb): 

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

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

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 

All major Higgs production modes 
have been observed by ATLAS

Yukawa coupling: yt = 𝜐 / (m t √2) ~ 1 

Highly sensitive to 
new physics



Higgs boson production at the LHC
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ATLAS observes ttH in 
single diphoton channel 
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dataset

ATLAS-CONF-2019-004
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Higgs boson production at the LHC
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Uncertainties 3~12%

H(125 GeV) 
predicted 
branching 
fractions:

bb
58.2% 

cc
2.9% 

tt
6.3% 

µµ
0.02% 

WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
0.23% 

Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

Because Higgs boson couples to 
mass of particles: 

… the Higgs decays with preference 
to the heaviest particles allowed 

… and couples only via “loops” 
involving preferentially heavy particles 
(e.g., top, W ) to photons and gluons
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Find ~210 pp ® H ® ZZ* ® 4ℓ signal events within 115 < m4ℓ < 130 GeV in full Run-2 dataset
Clean separation in production channels using NNs. Main ZZ background from sideband fit

New ATLAS cross section measurements in 4-lepton channel
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8.3 Production mode cross sections714

Assuming that the relative signal fractions in each production bin are given by the predictions for the SM
Higgs boson, the inclusive H ! Z Z⇤ production cross section for |yH | < 2.5 is measured to be:

� · B ⌘ � · B(H ! Z Z⇤
) = 1.37 ± 0.11(stat.)+0.05

�0.03(exp.) ± 0.03(th.) pb = 1.37 ± 0.12 pb.

The SM prediction is (� · B)SM ⌘ (� · B(H ! Z Z⇤
))SM = 1.33± 0.09 pb. The data are also interpreted in

terms of the global signal strength, yielding

µ = 1.04+0.09
�0.08(stat.)+0.04

�0.03(exp.)+0.06
�0.05(th.) = 1.04+0.12

�0.10.

The measured cross section and signal strength are consistent with the SM prediction with a p-value of715

pSM = 73% and pSM = 71% respectively.716

The corresponding likelihood functions are shown in Figure 11. The dominant systematic uncertainty717

in the cross section measurement is the experimental uncertainty in the lepton e�ciency and integrated718

luminosity measurements. The signal strength measurement is also equally a�ected by the theoretical719

uncertainty of the ggF signal yield due to QCD scale variations.
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Figure 11: Observed profile likelihood as a function of (a) � · B(H ! Z Z⇤
) normalised by the SM expectation and

(b) the inclusive signal strength µ; the scans are shown both with (solid line) and without (dashed line) systematic
uncertainties.

720

The SM expected cross section, the observed values of � · B(H ! Z Z⇤
) and their ratio for the inclusive721

production and in each Stage-0 and reduced Stage-1.1 production bin are shown in Table 9. The722

corresponding values are summarised in Figure 12. The bbH production process is treated as a part of723

the ggF production bins. In the ratio calculation, uncertainties on the SM expectation are not taken into724

account.725

All Stage-0 and reduced Stage-1.1 ggF measurements agree with the predictions for the SM Higgs boson726

within 1.5 standard deviation.727

26th June 2019 – 20:16 31

Also: Inclusive, fiducial, differential, and template cross 
section measurements



Display of a Z(® µµ)+H(® µµee) candidate recorded in 2018



Find 6550 pp ® H ® 𝛾𝛾 signal events in full 
Run-2 dataset

Rich sample to study details of Higgs 
production and constrain new physics

New ATLAS cross section measurements in diphoton channel
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Full Run-2
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Constraints from direct and indirect ATLAS searches for H ® cc sensitive to 𝜅c ~ 10
More promising: H ® µµ, but challenging due to huge pp ® Z/𝛾* ® µµ background

Analysis strongly exploits expected features of signal and background via specific categories and BDTs
Robust empirical background modelling, validated against “spurious signal” using large simulated samples

Higgs boson coupling to (lighter) 2nd generation fermions

26

 [GeV]µµm

W
ei

gh
te

d 
Ev

en
ts

 / 
2 

G
eV

50

100

150

200

250

300  PreliminaryATLAS
-1=13 TeV, 139 fbs

µµ ® H
log(1+S/B) weighted

Data
Total PDF
Signal PDF
Bkg. PDF

 [GeV]µµm
110 115 120 125 130 135 140 145 150 155 160

D
at

a 
- B

kg
.

1-

0

1

ATLAS-CONF-2019-028

50% sensitivity improvement over 2018 (80 fb–1) analysis

σ(obs) / σ(SM)  = 0.5 ± 0.7
< 1.7 at 95% CL

Sensitivity: 0.8σ, for 1.5σ expected 
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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
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ΓH = 4.1 MeV

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

? Invisible dark matter?

Higgs is narrow: 4.1 MeV (SM)

For comparison:

ΓW = 2085 MeV
ΓZ = 2495 MeV
Γtop = 1350 MeV
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Search for dark matter through invisibly decaying Higgs
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Sensitivity to WIMP mass < mH / 2, complementary to direct dark matter searches
Also sensitivity to higher WIMP masses if mediated by heavy new particle (eg, Z’) 
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ATLAS Run 1+2 combination:

Constraints on spin-independent    
WIMP-nucleon scattering cross section 
(used: fN = 0.308 ± 0.018)

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

BR( H ® invisible) < 0.26 (0.17          expected)+0.07
–0.05
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The Brout-Englert-Higgs mechanism is real !

Non-universal coupling

The scalar sector is directly connected 
with profound questions: naturalness, 
vacuum stability & energy, flavour

The Higgs boson discovery allows us 
to directly study this sector, requiring   
a broad experimental programme that 
will extend over decades 



Top quark

Gravity

H. Murayama

Photon

Neutrinos

Electrons

Weak boson

Symmetric phase – early universeEarly universe: symmetric phase, 
fundamental particles are massless                  
® gauge symmetry is respected
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The Brout-Englert-Higgs mechanism at work



® Action of the Higgs field 
creates “vacuum viscosity”

Higgs quantum liquid in broken phase

H. Murayama
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Top quark

Gravity

Photon

Neutrinos

Electrons

Weak boson

Early universe: symmetric phase, 
fundamental particles are massless                  
® gauge symmetry is respected
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Interaction with Higgs 
field alters chirality of 
massive Dirac fermion

At a phase transition at ~TEW (~several 10-11 s 
after big bang, causal domain of few cm) the
Higgs field displaces the ground state 
breaking gauge symmetry

It fills all space time (but without orientation   
as it has no spin)

Particles interact with Higgs field and 
effectively reduce their velocity. Acquired 
mass proportional to interaction strength 

(not in the classical sense of friction)

The Brout-Englert-Higgs mechanism at work



The electroweak sector needs the Higgs boson
Higgs boson acts as “moderator” to unitarise high-energy longitudinal vector boson scattering

32

Unitarity: if only Z and W are exchanged, the amplitude 
of (longitudinal) WLWL scattering violates unitarity
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Higgs boson restores unitarity of total amplitude:

HH
mH must not be 
too large (which 
is fulfilled)
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Strong production

Look for VBS scattering in high 
dijet invariant mass distributions

Same-sign WW selection greatly reduces background from 
strong production and removes s-channel Higgs process:

QGC vertex



The electroweak sector needs the Higgs boson
Higgs boson acts as “moderator” to unitarise high-energy longitudinal vector boson scattering
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Strong production

Look for VBS scattering in high 
dijet invariant mass distributions

ATLAS observed vector boson 
scattering at 6.9σ in WW, 5.3σ in WZ, 
and 5.3σ in ZZ channel in agreement 
with SM predictions

Same-sign WW selection greatly reduces background from 
strong production and removes s-channel Higgs process:

Unitarity: if only Z and W are exchanged, the amplitude 
of (longitudinal) WLWL scattering violates unitarity
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Higgs boson restores unitarity of total amplitude:

arXiv:1906.03203, arXiv:1812.09740, ATLAS-CONF-2019-033
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Searches for new physics 
Cover all areas: high mass, electroweak production, long-lived particles, forbidden decays, …
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Theory-agnostic, signature based 
searches, as well as highly targeted 
model-dependent ones

Model !, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WW → qqqq 0 e, µ 2 J − 139 k/MPl = 1.0 ATLAS-CONF-2019-0031.6 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → "" 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → "ν 1 e, µ − Yes 139 CERN-EP-2019-1006.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WZ → qqqq model B 0 e, µ 2 J − 139 gV = 3 ATLAS-CONF-2019-0033.6 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ

CI ""qq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗
Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y = 0.4, λ = 0.2, m(χ) = 10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 1,2 e ≥ 2 j Yes 36.1 β = 1 1902.003771.4 TeVLQ mass

Scalar LQ 2nd gen 1,2 µ ≥ 2 j Yes 36.1 β = 1 1902.003771.56 TeVLQ mass

Scalar LQ 3rd gen 2 τ 2 b − 36.1 B(LQu
3 → bτ) = 1 1902.081031.03 TeVLQu

3
mass

Scalar LQ 3rd gen 0-1 e, µ 2 b Yes 36.1 B(LQd
3 → tτ) = 0 1902.08103970 GeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) ATLAS-CONF-2019-0076.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton "∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → "" 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → "τ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ "τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: May 2019

ATLAS Preliminary∫
L dt = (3.2 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).



High-mass resonance searches to probe new TeV scale symmetries or forces 

Highest-mass central dijet event of 8.0 TeV selected in resonance search



High-mass resonance searches to probe new TeV scale symmetries or forces 

O(10–10 m)
Several 10–15 m

10–15 m

< 10 –19 m

O(10–9 m)

Do quarks have substructure? 
Can they be excited?



High-mass resonance searches to probe new TeV scale symmetries or forces 

O(10–10 m)
Several 10–15 m

10–15 m

< 10 –19 m

O(10–9 m)

Do quarks have substructure? 
Can they be excited?
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Highest-mass dielectron event 
found during Run-2: 4.1 TeV. 
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Elusive supersymmetry (could solve naturalness problem, unification, dark matter) Full Run-2

New search for squark & gluino production, reaching beyond 2 TeV mass sensitivity, increased use of machine learning

Very diverse signatures. Missing-ET based searches for scenarios with R-parity conservation, 
resonance signatures otherwise

40

Also focus on naturalness-driven searches: direct electroweak production, 
3rd generation squark production
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And what if new physics is all different? For example long-lived?

41

Long-lived particles can occur in case of weak couplings, small phase space 
(mass degeneracy), high virtuality (scale suppression)

Displaced leptons, 
lepton-jets, or 
lepton pairs

Displaced 
multitrack vertices

Multitrack vertices in 
the muon spectrometer

Meta-stable charged 
particles

Trackless, 
low-EMF jets

Emerging jets

Non-pointing 
(converted) photons

Disappearing or 
kinked tracks

Diverse set of signatures 
that need to be pursued 
by dedicated, usually 
non-standard analyses, 
some requiring special 
triggers



And what if new physics is all different? For example long-lived?

Search for a long-lived particle with 
displaced vertex and muon

Clean signature of large track 
multiplicity and vertex mass 
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q

R-parity violating signature 
with long-lived stop

Full Run-2
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Phase-II:
The High-Luminosity LHC

We are here



Expected integrated luminosity of LHC & HL-LHC
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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
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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].

8 1 An Introduction to the TDAQ Phase-II Programme

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 E* 

compensate reduction 
factor R 

 
crossing angle 

 hourglass effect 

HL-LHC:

44

Year



HL-LHC

• Higgs factory for precision Higgs coupling                                                             
measurements (see figure) and increased rare & new physics sensitivity

• Detector upgrades required for improved pileup and radiation robustness

ATLAS Phase-II detector upgrade
Designed to recover current performance under high pileup (~35 ® 200, Lpeak ~ 7×1034 cm–2s–1)

ATLAS developed novel detection technologies at the 
forefront of speed, granularity and radiation hardness

• Silicon tracking detectors with > 1B channels

• Timing detector based on fast silicon LGAD technology 
(30 ps timing resolution per layer)

• High granularity topological trigger and high-
performance DAQ architecture

• New compute technologies and massive parallelisation: 
use of high-performance computing, possibly GPUs, 
machine learning

• 6 TDRs approved (1 more to come), MoUs being signed 
by funding agencies

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Expected uncertainty

γZκ
µκ
τκ
bκ
tκ

gκ
Zκ

Wκ
γκ

9.8 

4.3 

1.9 

3.7 

3.4 

2.5 

1.5 

1.7 

1.8 

6.4 7.2 1.7 

1.7 3.8 1.0 

1.5 0.9 0.8 

3.2 1.3 1.3 

3.1 0.9 1.1 

2.1 0.9 0.8 

1.2 0.7 0.6 

1.3 0.8 0.7 

1.3 0.8 1.0 
Tot Stat Exp Th
Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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Challenges and 
opportunities

Particle physics has entered an era of uncertainty: we have a beautiful theory, and many proofs 
that it is incomplete. Contrary to the Fermi (electroweak) scale, we do not know the next new 
physics scale. Naturalness has been an important and successful guiding principle in physics, 
but it is challenged by the experimental data of the LHC (and elsewhere).

We have observed the Higgs boson, but in spite of precise SM predictions none of the 
properties of this most peculiar scalar particle can be taken for granted and must thus be 
probed by experiment.  

We live in data-driven times, experiment must guide us to the next stage. This requires a broad 
and diverse particle physics research programme.

The LHC, ATLAS together with its cousin experiments represent the flagship of particle physics 
at the energy frontier for decades to come. The huge Run-2 and future data samples offer the 
opportunity to study matter and force in unprecedented detail and diversity. 

ATLAS is up to take the challenge with 900 papers on collision data produced to date.
Follow us on: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithData2018, http://atlas.cern

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ResultswithData2018
http://atlas.cern/
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Luminosity — single most 
important quantity

• Luminosity drives our ability to detect low cross-section processes
“Cross section” given by Nature
“Efficiency” of detection optimised by 
experimentalist
Integrated luminosity delivered by LHC

𝑁]^]_54`a4 = cross section × efGiciency × h𝐿 ; 𝑑𝑡

• Luminosity is a function of the LHC beam parameters

𝐿 =
𝑓m]^𝑛ao_pq𝑁rO

4𝜋𝜎u𝜎v
; 𝑅 𝜃y, 𝜀, 𝛽∗, 𝜎~

Reduction factor
Crossing angle (0.3 mrad) and 
“hourglass effect” (σz ~ 4–6 cm)

crossing angle

hour glass



Reaching to low cross section electroweak processes
Sensitive to anomalous triple and quartic gauge couplings
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Evidence for production of WVV, V = W, Z

• Requires combination of many different final 
states involving 2–4 leptons

• Use BDT to suppress large backgrounds

• 4.0σ (3.1 σ) observed (expected) sensitivity
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Ultimate precision is possible at the LHC
W boson mass to 0.02% and top quark mass to 0.3% precision 

Measurement uses W ® e𝜈, µ𝜈 events
Excellent agreement of results among e / µ channels, W+ / W– and pT,ℓ / mT

m W (ATLAS) = 80370 ± 7stat ± 11exp syst ± 14 mod syst MeV
= 80370 ± 19 MeV
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W boson mass arXiv:1701.07240
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Higgs boson production at the LHC
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Total production of almost 8 million Higgs bosons 
expected in ATLAS during Run-2 — that’s huge, but …

Channel Produced Selected Mass resolution
H ® 𝛾𝛾 18,200 6,440 1–2%
H ® ZZ* 210,000 (® 4ℓ)             210 1–2%
H ® WW* 1,680,000 (® 2ℓ2𝜈)     5,880 20%
H ® 𝜏𝜏 490,000 2,380 15%

H ® bb 4,480,000 9,240 10%

H(125 GeV)  — approximate numbers

Our goal is to measure the couplings of the Higgs boson to all particles and their 
dependence of the event kinematics and topology as precisely as possible
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New ATLAS combination establishes observation of all major production modes
• Includes 𝛾𝛾, ZZ*, µµ, VH(bb), ttH(𝛾𝛾) with 80 fb–1

• All other channels using 36 fb–1

New ATLAS Higgs combination, including data up to 80 fb–1

Overall σ(exp) / σ(SM)  

Cross-section normalized to SM value
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 76%
SM

p             Total     Stat.    Syst.

ggF   1.04  (  0.09±  ,  0.07±  ) 0.06-
 0.07+ 

VBF   1.21  (  0.22-
 0.24+  ,  0.17-

 0.18+  ) 0.13-
 0.16+ 

WH   1.30  (  0.38-
 0.40+  ,  0.27-

 0.28+  ) 0.27-
 0.29+ 

ZH   1.05  (  0.29-
 0.31+  ,  0.24±  ) 0.17-

 0.19+ 

tH+ttH   1.21  (  0.24-
 0.26+  ,  0.17±  ) 0.18-

 0.20+ 

6.5σ

5.3σ

5.8σ

The correlation coe�cients presented in this note are constructed as symmetric around the observed
best fit values of the parameters of interest using the second derivatives of the negative log-likelihood
ratio. Hence, the shown correlation matrices are not fully representative of the asymmetric uncertainties
observed in the measurements. While the reported information is su�cient to reinterpret the measurements
in terms of other parameterizations of the parameters of interest, this provides only an approximation
to the information contained in the full likelihood function. For this reason, results for a number of
commonly-used parameterizations are also provided in Sections 5 to 7.

5 Combined measurements of signal strength, production cross sections
and branching ratios

5.1 Global signal strength

The global signal strength µ is determined following the procedures used for the measurements performed
at

p
s = 7 and 8 TeV [3]. For a specific production mode i and decay final state f , the signal yield is

expressed in terms of a single modifier µi f , as the production cross section �i and the branching fraction
Bf cannot be separately measured without further assumptions. The modifiers are defined as the ratios of
the measured Higgs boson yields and their SM expectations, denoted by the superscript SM,

µi f =
�i

�SM
i

⇥
B f

BSM
f

. (3)

The SM expectation by definition corresponds to µi f = 1. The uncertainties on the SM predictions
are included as nuisance parameters in the measurement of the signal strength modifiers, following the
methodology introduced in Section 4.

In the model used in this section, all the µi f are set to a global signal strength µ, describing a common
scaling of the expected Higgs boson yield in all categories. Its combined measurement is

µ = 1.11+0.09
�0.08 = 1.11 ± 0.05 (stat.) +0.05

�0.04 (exp.) +0.05
�0.04 (sig. th.) ± 0.03 (bkg. th.)

where the total uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties on signal and background modeling, following the
procedure outlined in Section 4. The signal theory component includes uncertainties due to missing
higher-order perturbative QCD and electroweak corrections in the MC simulation, uncertainties on PDF
and ↵s values, the treatment of the underlying event, the matching between the hard-scattering process and
the parton shower, choice of hadronization models, and branching ratio uncertainties. The measurement is
consistent with the SM prediction with a p-value of pSM = 18%, computed using the procedure outlined in
Section 4 with one degree of freedom. The value of �2 ln⇤(µ) as a function of µ is shown in Figure 1, for
the full likelihood and the versions with sets of nuisance parameters fixed to their best-fit values to obtain
the components of the uncertainty as described in Section 4.

Table 3 shows a summary of the leading uncertainties in the combined measurement of the global signal
strength, with uncertainties computed as described in Section 4. The dominant uncertainties arise from the
theory modeling of the signal and background processes in simulation. Further important uncertainties
relate to the luminosity measurement; the selection e�ciencies, energy scale and energy resolution of
electrons and photons; the estimation of lepton yields from heavy-flavor decays, photon conversions or
misidentified hadronic jets (classified as background modelling in the table); the jet energy scale and
resolution, and the identification of heavy-flavor jets.

15

Higgs production processes, 
assuming decays to follow SM

ATLAS-CONF-2019-005

Not yet including 
latest ttH(𝛾𝛾) result
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STXS allow to combine different 
channels in well defined phase space 
regions* with reduced theory input

Combined measurement of 
simplified template cross 
sections (STXS) 

ATLAS-CONF-2019-005

Not yet including 
latest ttH(𝛾𝛾) result

gg→H 

gg→H, ≥ 1 jet, p
T

H ≥ 200 GeV 

gg→H, 0-jet

gg→H, 1-jet, p
T

H < 60 GeV

gg→H, 1-jet, 120 ≤ p
T

H < 200 GeV

gg→H, 1-jet, 60 ≤ p
T

H < 120 GeV

gg→H, ≥ 2 jet, p
T

H < 200 GeV

qq → Hqq

qq → Hqq, p
T

j ≥ 200 GeV 

qq → Hqq, VBF topo + Rest

V(lep)H

qq→ H1ν, p
T

V < 250 GeV 

qq→ H1ν, p
T

V ≥ 250 GeV 

gg/qq→ H11, p
T

V < 150 GeV 

gg/qq→ H11, 150 ≤ p
T

V < 250 GeV 

gg/qq→ H11, p
T

V ≥ 250 GeV ttH + tH

qq → Hqq, VH topo

Parameter normalized to SM value
10- 5- 0 5 10 15

Total Stat.
Syst. SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 89%

SM
p

           Total    Stat.    Syst.

ZZB ´, 0-jet H®gg )0.08-
0.09+ ,  0.15-

0.16+   (0.17-
0.18+  1.29  

ZZB ´ < 60 GeV H
T

p, 1-jet, H®gg )0.22-
0.23+ ,  0.35-

0.37+   (0.41-
0.43+  0.57  

ZZB ´ < 120 GeV H
T

p £, 1-jet, 60 H®gg )0.15-
0.18+ ,  0.31-

0.33+   (0.34-
0.38+  0.87  

ZZB ´ < 200 GeV H
T

p £, 1-jet, 120 H®gg )0.30-
0.39+ ,  0.65-

0.71+   (0.72-
0.81+  1.30  

ZZB ´ 200 GeV ³ H
T

p 1-jet, ³, H®gg )0.32-
0.43+ ,  0.64-

0.73+   (0.72-
0.84+  2.05  

ZZB ´ < 200 GeV H
T

p 2-jet, ³, H®gg )0.26-
0.32+ ,  0.44-

0.46+   (0.51-
0.56+  1.11  

ZZB ´, VBF topo + Rest Hqq®qq )0.21-
0.27+ ,  0.32-

0.36+   (0.38-
0.45+  1.57  

ZZB ´, VH topo Hqq®qq )0.24-
0.32+ ,  1.11-

1.31+   (1.13-
1.35+ -0.12  

ZZB ´ 200 GeV ³ j
T

p, Hqq®qq )0.72-
0.69+ ,  1.29-

1.34+   (1.48-
1.51+ -0.95  

ZZB ´ < 250 GeV 
T
Vp, nHl®qq )0.55-

0.71+ ,  0.85-
1.02+   (1.01-

1.24+  2.28  

ZZB ´ 250 GeV ³ 
T
Vp, nHl®qq )0.66-

1.81+ ,  1.00-
1.44+   (1.19-

2.32+  1.91  

ZZB ´ < 150 GeV 
T
Vp, Hll®gg/qq )1.22-

0.76+ ,  0.98-
1.01+   (1.57-

1.26+  0.85  

ZZB ´ < 250 GeV 
T
Vp £, 150 Hll®gg/qq )0.70-

0.79+ ,  0.90-
1.02+   (1.13-

1.29+  0.86  

ZZB ´ 250 GeV ³ 
T
Vp, Hll®gg/qq )0.71-

2.38+ ,  1.33-
1.87+   (1.50-

3.03+  2.92  

ZZB ´ ttH + tH )0.19-
0.24+ ,  0.27-

0.30+   (0.33-
0.39+  1.44  

2- 0 2 4 6 80.5

5

                      Total    Stat.     Syst.

ZZ/BggB )0.06-
0.07+ ,  0.11-

0.12+   (0.12-
0.14+  0.86  

ZZ/BbbB )0.22-
0.27+ ,  0.18-

0.22+   (0.28-
0.35+  0.63  

ZZ/BWWB )0.11-
0.12+ ,  0.11-

0.13+   (0.16-
0.18+  0.86  

ZZ/B-t+tB )0.14-
0.19+ ,  0.19-

0.22+   (0.24-
0.29+  0.87  

Definition of “Stage-1” STXS used in the analysis

*incl. regions sensitive to new physics (such as high 
pT) that might not manifest itself in total cross-section



gk
0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

g
k

0.8

0.9

1

1.1

1.2

1.3  PreliminaryATLAS
1- = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H
y = 125.09 GeV, |Hm

 = 88%
SM
p

Best fit
68% CL
95% CL
SM

55

Unprecedented precision on Higgs boson couplings

Couplings to massless particles mediated by 
loops involving heavy particles

Powerful test for new physics (eg, strongly 
excludes SM-like heavy 4th fermion generation)
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Strong constraints on new physics via loops
• Coupling modifiers: κ = κ(exp) / κ(SM), modifier ratios: λab = κa / κb

𝜅�

𝜅>

7.6 Generic parameterization using ratios of coupling modifiers

The five absolute coupling strength scale factors and two e�ective loop coupling scale factors measured in
the previous benchmark model are expressed as ratios of scale factors that can be measured independent
of any assumptions on the Higgs boson total width. The model parameters are defined in Table 12. All
parameters are assumed to be positive. This parametrization represents the most model-independent
determination of coupling-strength scale factors that is currently possible in the -framework. The numerical
results from the fit to this benchmark model are summarized in Table 12 and visualized in Figure 17. All
model parameters are measured to be compatible with their SM expectation. The compatibility of the SM
hypothesis with the best fit point corresponds to a p-value of pSM = 85%, computed using the procedure
outlined in Section 4 with seven degrees of freedom.

The parameter �WZ in this model is of particular interest: identical coupling-strength scale factors for the
W and Z bosons are required within tight bounds by the SU(2) custodial symmetry and the ⇢ parameter
measurements at LEP and at the Tevatron [109]. The ratio ��Z is sensitive to new charged particles
contributing to the H! �� loop in comparison to H ! Z Z⇤ decays. Similarly, the ratio �tg is sensitive to
new colored particles contributing through the ggF loop as compared to ttH. The observed values are in
agreement with the SM expectation.

Table 12: Best-fit values and uncertainties of ratios of coupling modifiers. The second column provides the expression
of the measured parameters in terms of the coupling modifiers defined in previous sections. All parameters are
defined to be unity in the SM.

Parameter
Definition in terms

of  modifiers
Result

gZ gZ/H 1.06 ± 0.07
�tg t/g 1.10+0.15

�0.14

�Zg Z/g 1.12+0.15
�0.13

�WZ W/Z 0.95 ± 0.08
��Z �/Z 0.94 ± 0.07
�⌧Z ⌧/Z 0.95 ± 0.13
�bZ b/Z 0.93+0.15

�0.13
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Most model-
independent 
coupling ratios, 
independent of 
Higgs width



Di-Higgs production 
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HH ggF cross section predicted to 34 fb at 13 TeV,                                    
>1000 times smaller than single Higgs production

Sophisticated analyses needed, room for innovation
Best channels: bbgg (BR = 0.26%), bbtt (7.3%), bbbb (34%)

® combination 

ATLAS combination using 36 fb–1 analyses:
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DRAFT

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) (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
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X , which could, for example, be produced through a quark loop as shown in (c).
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Indirect constraints on Higgs self coupling through loops

Higgs self coupling also occurs in electroweak loops contributing to Higgs production

ATLAS performed 
global fit of 𝜆::: in 
NLO corrections to 
combined Higgs STXS 
measurements, 
assuming no other new 
physics present

(a)

(b) (c) (d)

Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.

1 Introduction

After the discovery of the Higgs boson by the ATLAS [1] and CMS [2] experiments, the properties of this
new particle have been probed by the two experiments, testing their compatibility with the prediction of the
Standard Model (SM). During the two runs of data-taking of the Large Hadron Collider (LHC) at CERN, the
Higgs production cross-sections and decay branching ratios in various channels have been measured with
an increasing precision, as well as the Higgs boson couplings with the SM particles [3–5]. Nevertheless
the properties of the Higgs scalar potential, and in particular the Higgs boson self-coupling, are still largely
unconstrained. The most recent constraints on the Higgs boson trilinear self-coupling, �HHH , have been
set in the context of a direct search of double Higgs boson production. Results are reported in terms
of � = �HHH/�SMHHH

, which is the ratio of the Higgs boson self-coupling to its SM expectation. It is
constrained to at 95% confidence level (C.L.) to �5.0 < � < 12.1 [6] and �11.8 < � < 18.8 [7] by
ATLAS and CMS, respectively, using up to 36 fb�1of Run-2 data.

An alternative and complementary approach to study the Higgs boson self-coupling has been proposed in
the Refs. [8–13]. Single Higgs processes do not depend on �HHH at leading order (LO), but the Higgs
trilinear self-coupling contributions need to be taken into account for the calculation of the complete
next-to-leading (NLO) electro-weak (EW) corrections. In particular, �HHH contributes at NLO EW
via Higgs self energy loop corrections and additional diagrams, as shown by the examples in Figure 1.
Therefore, an indirect constraint on �HHH can be extracted by comparing precise measurements of single
Higgs production yields and the SM predictions corrected for the �HHH -dependent NLO EW e�ects.
Refs. [8, 9] propose a framework for a global fit to constrain the Higgs trilinear coupling, where all the
Higgs boson production and decay channels are modified by parameters:

µi f (�) = µi(�) ⇥ µ f (�) ⌘
�i(�)
�SM,i

⇥
BR f (�)
BRSM, f
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Figure 1: Examples of one loop �HHH -dependent diagrams for the Higgs boson self energy (a) and the single Higgs
boson production in the VBF (b), VH (c), and ttH (d) modes. The self-coupling vertex is indicated by the filled
circle.
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Higgs self energy contributing 
to, eg, ggF Higgs production
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Figure 5: Profile likelihood scan, in terms of �2 ln⇤(�), performed as a function of � on Asimov datasets [32]
generated under the SM hypothesis for each Higgs boson production mode (a) and each decay channel (b). In (a) the
scan is performed parametrising all branching fractions and the selected production mode cross-section as a function
of �, while fixing the cross-section of the other production modes at the SM value, in (b) all production mode
cross-sections and decay branching fractions are expressed as a function of �, but only the categories of the selected
channel are included in the fit. The ttH multi-lepton categories are excluded from the H ! Z Z

⇤, H ! WW
⇤, and

H ! ⌧⌧ fits.

physics could a�ect only the Yukawa type terms (V = 1) of the SM or only the couplings to vector bosons
(F = 1), in addition to the Higgs boson self-coupling (� ) [34].

The theory parametrization used in this study in terms of cross section dependence on � and V or F
assumes partial factorization of the changes to the cross section induced by the single-Higgs coupling
modifiers V , F , and those induced by the self-coupling modifier �. While this assumption is not
justified in the presence of large deviations from the SM expectations, it also reflects the fact that NLO
EW correction are not theoretically well defined after introducing LO-motivated single-Higgs coupling
modifiers. While a more complete theoretical framework (such as an E�ective Field Theory approach) is
needed to overcome these di�culties, the results presented in this section give a rough indication of the
simultaneous sensitivity to both Higgs boson self-coupling and single Higgs boson couplings with the data
statistics currently available for the input analyses. The results are summarised in Table 6.

Figure 6 shows negative log-likelihood contours on the (�, F ) and (�, V ) grids obtained from fits
performed in the V = 1 or F = 1 hypothesis, respectively. As expected, including additional degrees of
freedom to the fit reduces the constraining power of the measurement. In particular, the sensitivity to � is
not much degraded when determining F at the same time, while it is degraded by 50% (on the expected
lower 95% C.L. exclusion limit) when determining simultaneously V and �. An even less constrained fit,
performed by either fitting simultaneously �, V and F , or fitting simultaneously � and a common single
Higgs boson coupling modifier ( = V = F ), results in nearly no sensitivity to � within the theoretically
allowed range of |� | < 20.
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Asymptotic freedom in strong interactions verified at % level

Electroweak unification tested to high precision

Higgs mechanism for electroweak symmetry breaking confirmed,   
Higgs boson SM like

Quark sector: CKM picture for quark mixing & CP violation confirmed 
(some anomalies in flavour sector )

Lepton sector: massive neutrinos, unknown nature, masses, CP 
violation, sterile 𝜈’s ? No flavour violation in charged lepton sector. 
Lepton universality tested to per-mil level

No compelling sign of new physics found at high mass scales, or 
anywhere else, yet. E.g.: no electric dipole moments (EDM), no dark 
matter particles (gravitational hints only), no axions, no proton decay

γ

γ

µ µ?

QED tested to parts per million accuracy (slight anomaly in muon g–2 )
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Two beautiful, extremely precise 
theories…

The Standard Model of 
EW and strong 
interactions

Predicting, e.g., the anomalous 
magnetic moment of the electron to a 
relative precision of better than 10–9

in agreement with experiment

General relativity — theory of 
gravitation

Tested up to an accuracy of order 10–5

(Cassini probe [B Bertotti et al., Nature 425, 2003])

Unfortunately, the SM and general relativity don’t work in regimes 
where both are important (ie, at very small scales)
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Scalar sector

• Single doublet or more
• Elementary or composite
• Form of potential
• Origin of Yukawa couplings

Dark matter

• Composition: WIMP, axions, sterile 
neutrinos, hidden sector particles, 
gravitational effect only

• Single or multiple sources

Expansion of Universe

• Primordial expansion via inflation; 
which fields, role of quantum gravity?

• Accelerated expansion today: 
cosmological constant problem

Quarks and leptons

• Origin of families, mass, mixing, CPV 
• Matter–antimatter asymmetry
• Baryon and lepton number 

conservation (proton decay)

Neutrinos

• Origin and values of neutrino masses
• Nature: Majorana or Dirac
• CP violation
• Sterile neutrinos

High-scale physics

• Hierarchy problem and new physics 
at TeV scale

• Grand unification of forces
• Unification with gravity
• Quantum gravity, string theory

Strong CP problem

And many open questions remain…



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.

 (GeV)s
200 250 300 350 400 450 500

C
ro

ss
 s

ec
tio

n 
(fb

)

0

100

200

300

400
=125 GeV

h
)=(-0.8, 0.3), M+, e-P(e

hfSM all f
Zh
WW fusion
ZZ fusion

=125 GeV
h

)=(-0.8, 0.3), M+, e-P(e

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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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).

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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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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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.
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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)).

We can see that the Higgs-strahlung process attains its maximum at around
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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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s >
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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), 𝜈𝜈H (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

𝜅> 1.8 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]

𝜅� 1.7 1.7 1.3 0.5

𝜅� 1.5 0.35 0.25 0.22

𝜅� 2.5 2.2 1.7 1.0

𝜅% 3.4 ~5% @ ILC-500 – –

𝜅� 3.7 1.8 1.4 0.7

𝜅y UL 2.3 1.8 1.2

𝜅� 1.9 1.9 1.4 0.8

𝜅� 4.3 13 10 9

𝜅�> 9.8 – – –

Γ:
~50% 

(model dep.) 3.8 1.8 1.6

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

Uncertainties in %


